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Mo#va#on	
  for	
  Low	
  emi/ance	
  Electron	
  Beams	
  

FEL 
ERL 

Compton Source 

Linac	
  based	
  new	
  light	
  sources	
  have	
  strong	
  requirement	
  for	
  low	
  emi/ance	
  in	
  order	
  
to	
  operate	
  at	
  a	
  certain	
  wavelength	
  or	
  achieve	
  high	
  brightness	
  

X-ray	
�
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γ
<
λrad
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:	
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  emi/ance	
  
:	
  the	
  reduced	
  beam	
  energy	
  
:	
  FEL	
  radia#on	
  wavelength	
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γ

Economics	
  of	
  the	
  FEL	
  facility	
  also	
  demand	
  low	
  emi/ance	
�

D.	
  H.	
  Dowell	
  -­‐-­‐	
  P3	
  Workshop,	
  2010	
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1.5 Angstroms
3.4 kiloamps peak current
Energy spread 0.01%
80 m saturation length
LCLS undulator
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1.5 angstroms
13.6 GeV
3.4 kA peak current
Deflection parameter, K = 3.5
Undulator period = 3 cm
Energy spread 0.01%

LCLS 
Saturation 
Length & 
Emittance

LCLS Undulator
Fixed average beta = 20m

Optimized average beta

2x Lower Emittance

Reduces Undulator
Cost  ~$10M

High energy electron beams are expensive
 Gain length and undulator cost vs. emittance




photoinjector 

The	
  Role	
  of	
  the	
  Photocathode	
  RF	
  gun	
  

From SXFEL	
�

The	
  final	
  beam	
  quality	
  is	
  set	
  by	
  
the	
  linac	
  and	
  ulCmately	
  by	
  the	
  
injector	
  and	
  photocathode	
  gun	
  

photocathode	
  gun 



Lecture 1
D.H. Dowell, S. Lidia, J.F. Schmerge

Evolution of Beam Quality

SPARC

Recent LCLS results

SPARCSPARC

Recent LCLS results
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sub-harmonic injectors

1st RF gun 

High Brightness Electron Injectors for 
Light Sources – June 14-18, 2010

D.	
  H.	
  Dowell	
  ,	
  	
  High	
  Brightness	
  Electron	
  Injectors	
  for	
  Light	
  Sources-­‐2010	
�

Where	
  we	
  are	
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The ideal electron source…

Q (nC)

LCLS

Argonne Wakefield
Accelerator
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the trade offs: ‘H vs Q’ or ‘H vs IAVG’ or etc.

Match application source

“1 Pm per nC”

John	
  Power,	
  Advanced	
  Accelerator	
  Workshop	
  2010	
�

εn = 0.2mm mrad  at Q = 20pC

εn = 60mm mrad  
at Q =100nC

εn =1mm mrad  for Q =1nC



background 

X-ray signal 

experiment simulation 

Tsinghua	
  Thomson	
  sca/ering	
  X-­‐ray	
  source	
  (TTX)	
�

2 2

1
2
e l

X off th
ex lx

N N
N C

π σ σ
= Σ

+

0.05n

ex

u
ε
σ⊥Δ = ≤



sample 
chamber 

photocathode rf 
gun 

solenoid deflecting 
cavity 

Streaking an electron diffraction pattern
single-shot diffraction pattern with Al foil sample
 single-shot diffraction pattern with  Au foil sample


R&D	
  on	
  MeV	
  UED	
  at	
  Tsinghua	
  Univ.	
  since	
  2009	
  	
� a	
  new	
  dedicated	
  FRED	
  system	
  under	
  commissioning	
  now	
  

MeV	
  ultrafast	
  electron	
  diffrac#on	
�

Improving	
  resolu#on	
  in	
  diffrac#on	
  pa/erns:	
  low	
  emi/ance	
  beams	
  with	
  low	
  charge	
  	
�



6	
  PC	
  guns	
  were	
  developed 

–  TTX	
  at	
  Tsinghua	
  

–  DUV	
  FEL	
  at	
  SINAP	
  

–  MeV	
  UED	
  at	
  BNL	
  

–  High	
  brightness	
  beam	
  research	
  at	
  University	
  of	
  Science	
  and	
  

Technology	
  of	
  China	
  

–  MeV	
  UED	
  at	
  Tsinghua	
  

From	
  2002	
  to	
  2012 



Master	
  
Oscillator 

Laser 

RF	
�

electrons	
�
photocathode	
�

bucking	
  coil	
�

emi/ance	
  
compensa#on	
  
solenoid	
�

The	
  efforts	
  to	
  lower	
  the	
  emi/ance	
  of	
  electron	
  source	
  

Main	
  components	
  of	
  electron	
  source	
  using	
  PC	
  RF	
  Gun	
  

n  Photocathode	
  
n  Gun	
  cavity	
  
n  Drive	
  laser	
  
n  Beam	
  dynamics	
�

n  Power	
  source	
  
n  Solenoid	
  	
  
n  Diagnos#cs	
  
n  …	
  



A	
  good	
  photocathode	
  with:	
  
•  High	
  quantum	
  efficiency	
  
•  Be/er	
  to	
  be	
  driven	
  by	
  visible	
  light	
�
•  Long	
  life#me	
  
•  Low	
  intrinsic	
  emi/ance	
  
•  Vacuum	
  robust	
  
•  Prompt	
  response	
  #me	
  

Commonly	
  used	
  photocathodes	
  for	
  RF	
  guns	
  
•  Metals	
  
-  Bare	
  metal:	
  Cu,	
  Mg,	
  Pb,	
  Y,Nb,	
  …	
  
-  Coated	
  metal:	
  Cu-­‐CsBr,	
  Cu-­‐MgF2,	
  Cu-­‐Cs,	
  W-­‐Cs,	
  …	
  

•  Semiconductors	
  
-  PEA	
  mono-­‐alkali:	
  Cs2Te,	
  Cs3Sb,	
  K3Sb,	
  …	
  
-  PEA	
  mul#-­‐alkali:	
  K2CsSb,	
  Na2KTe,	
  …	
  
-  NEA:	
  Cs:GaAs,	
  Cs:GaN,	
  Cs:GaAsP,	
  …	
  

•  …	
  

Commonly	
  used	
  photocathodes	
  for	
  RF	
  guns	
  

Not	
  including	
  field	
  emi/ers	
  and	
  thermionic	
  cathode	
�



Metal	
  cathodes 

Advantages	
  
-  fast	
  response	
  

fs	
  pulse	
  capability,	
  applica#on	
  for	
  high	
  peak	
  brightness	
  beams	
  
-  long	
  opera#onal	
  life#me	
  

in-­‐situ	
  cleaning	
  for	
  QE	
  recovery:	
  Laser,	
  H	
  ion	
  or	
  Ozone	
  cleaning	
  
-  Tolerant	
  of	
  poor	
  (nTorr)	
  vacuum	
  

High	
  peak	
  brightness	
  RF	
  guns	
  ogen	
  use	
  metal	
  cathodes	
  
the	
  prominent	
  example	
  is	
  Cu	
  (simplicity)	
  	
  and	
  Mg	
  (higher	
  QE)	
�

Disadvantages	
  
-  High	
  work	
  func#on,	
  requires	
  UV	
  light	
  
-  Typical	
  QE	
  of	
  10-­‐5	
  (Cu)	
  to	
  10-­‐3	
  (Mg)	
  



Semiconductor	
  cathodes	
�

The	
  primary	
  candidates	
  to	
  high	
  average	
  brightness	
  photocathode	
  RF	
  guns	
�

Advantages	
  
-  High	
  QE,	
  ~10%	
  
-  May	
  use	
  visible	
  light	
  (K2CsSb…)	
  
-  Polarized	
  electrons	
  possible	
  (GaAs)	
  

Disadvantages	
  
-  UHV	
  condi#ons,	
  10^-­‐10	
  torr	
  
-  Limited	
  Life#me	
  
-  Sensi#ve	
  towards	
  contamina#on	
  



-   High	
  QE,	
  10%	
  at	
  UV	
  
-  ~ps	
  response	
  #me	
  
-  Long	
  life	
  #me,	
  months	
  with	
  QE>1%	
  
-  Survives	
  in	
  high	
  electric	
  field	
  
-  Capable	
  to	
  produce	
  high	
  current	
  density	
  	
  
-  UHV	
  condi#ons,	
  10^-­‐9	
  torr	
  
-  Requires	
  UV	
  laser	
  
-  Sensi#ve	
  to	
  contamina#on	
�

Examples	
  of	
  semiconductor cathode 
Cs2Te	
  	
   K2CsSb	
  	
  

-  High	
  QE,	
  15%	
  at	
  532	
  nm	
  
-  Fast	
  response	
  #me	
  
-  RF	
  gun	
  tested	
  32	
  mA	
  average	
  beam	
  

current	
  at	
  25%	
  duty	
  factor	
  	
  
-  UHV	
  condi#ons,	
  10^-­‐10	
  torr	
  
-  	
  life	
  #me,	
  hundreds	
  of	
  hours	
  
-  Sensi#ve	
  to	
  contamina#on	
  

Sven	
  Lederer,	
  Workshop	
  on	
  Photocathodes	
  for	
  RF	
  guns	
  2011
	
�

10-20% QE, 
reproducible 

T.	
  Rao,	
  FLS2010	
�



Photoemission Theory 

High Brightness Electron Injectors for 
Light Sources - January 14-18 2007

Lecture 2
D.H. Dowell, S. Lidia, J.F. Schmerge

Photo-Electric Emission(1)
• Photoelectric emission from a metal can be described by the three 

steps of the Spicer model:
1.  Photon absorption by the electron
2.  Electron transport to the surface
3.  Escape through the barrier

Metal Vacuum

1)Photon 
absorbed

2)Electrons 
move to surface

3)Electrons 
escape to vacuum

Direction normal to surface

E
ne
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y

Fermi
Energy

Potential barrier 
due to spillout electrons

Optical depth
Ophoton

e- e- e-

occupied
valence
states

Metal Vacuum

1)Photon 
absorbed

2)Electrons 
move to surface

3)Electrons 
escape to vacuum

Direction normal to surface
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due to spillout electrons

Optical depth
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e- e- e-e-
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Three-­‐step	
  model	
�
1. Electron	
  is	
  excited	
  with	
  absorp#on	
  of	
  photon	
  
2. Electron	
  transit	
  to	
  surface	
  
3. Escape	
  from	
  surface	
  	
  

Krolikowski	
  and	
  Spicer,	
  Phys.	
  Rev.	
  185	
  882	
  (1969)	
  
D.H.Dowell,J.F.Schmerge,Phys.Rev.Spec.Top.Accel.Beams	
  12	
  074201	
  (2009)	
  
L.	
  Jensen	
  et	
  al.,	
  J.	
  Appl.	
  Phys.	
  104,	
  044907	
  (2008)	
�

Applied	
  to	
  photocathode	
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photoemission in metals
[Dowell and Schmerge]

� Theory predicts ‘Quantum Efficiency’ and ‘Normalized 
intrinsic emittance of cathode per unit beam size’

� is in good agreement with experiment

O�laser (nm)
Q

ua
nt

um
 E

ffi
ci

en
cy

X

N

V
H

photon energy (eV)

excess  energy

excess  energy

-  Predicts	
  QE	
  and	
  intrinsic	
  emi/ance	
  of	
  cathode	
  
-  in	
  good	
  agreement	
  with	
  experiment	
�
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Beyond	
  the	
  present	
  Three-­‐Step	
  Model	
�
-  Consider	
  once-­‐sca/ered	
  electrons,	
  electron	
  hea#ng,	
  Space	
  Charge,	
  band	
  bending	
  effects…	
  
-  Spa#al	
  varia#on	
  in	
  reflec#vity,	
  field,	
  work	
  funtcion	
  
-  Incorporate	
  dark	
  current	
  models	
  
-  …	
�



Coated metal	
  cathodes 
Metal	
  cathodes	
  with	
  coa#ng	
  to	
  lower	
  work	
  func#on	
  or	
  increase	
  photon	
  absorp#on	
�

- UCLA,	
  MgF2	
  coated	
  Cu	
  
•  Improves	
  scratch	
  resistance,	
  act	
  as	
  an#-­‐reflec#ve	
  coa#ng	
  
•  Reduce	
  reflec#vity	
  @	
  800	
  nm	
  from	
  80%	
  to	
  15	
  %	
  	
  
•  Applied	
  to	
  mul#photon	
  emission	
  

Pietro	
  Musumeci,	
  P3	
  workshop,	
  2010	
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Maximum	
  Q.E.	
  Measured	
  in	
  uncoated	
  Cu

Enhancement	
  of	
  >50X	
  Q.E.	
  in	
  CsBr/Cu

After	
  air	
  exposure

Laser	
  Power	
  Density~4x105	
  W/cm2

HCl	
  Treated	
  sampleP=5x10-­‐10 torr

- SLAC,	
  CsBr	
  coated	
  Cu	
  
•  50	
  #mes	
  higher	
  QE	
  
•  intrinsic	
  emi/ance	
  and	
  QE	
  following	
  the	
  3	
  step	
  model	
  
•  survived	
  short	
  pulse	
  opera#on	
  without	
  abla#on	
  

Juan	
  R.	
  Maldonado,	
  P3	
  workshop,	
  2012	
  

- ANL,	
  MgO	
  coated	
  Ag(001)	
  
•  Reduce	
  work	
  func#on	
  from	
  4.64	
  eV	
  to	
  2.92	
  eV	
  
•  tune	
  the	
  shape	
  of	
  the	
  surface	
  bands	
  and	
  thus	
  the	
  
emi/ance	
  (sensi#ve	
  to	
  number	
  of	
  overlayers)	
  

10/14/2010 3P/BNL

Can we tune the shape of 

the surface bands 

and thus the emittance?

Coloring

of atoms:

Mg

O

Ag

K. Németh et.al, Physical Review Letters, 

104, 046801 (2010)

The transverse intrinsic emittance is a function
of the number of MgO overlayers, with
a minimum at n

MgO
=2,3 and with 

ε
nintr

=0.06mm mrad, better than the critical 

value of ε
nintr

=0.1mm mrad required for new xray 

sources. Maximum sensitivity to n
MgO

 can be 

 achieved with thin Ag (<<8ML) and MgO on
both top and bottom surfaces. The work function
greatly reduces from ~4.6 eV (Ag) to 2.92eV 
(MgO/Ag) due to the MgO overlayers.

Károly	
  Németh,	
  P3	
  workshop,	
  2010	
  



Nanostructured	
  and	
  plasmonic	
  cathodes	
  (MIT,	
  BNL,	
  LBNL,	
  UCLA)	
�

LBNL 

A plasmonic grating 

P3 October, 2012 
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6 orders increase in non-linear photoemission 

A plasmonic grating	
�

Aleksandr	
  Polyakov,	
  Photocathode	
  Physics	
  for	
  Photoinjectors	
  2012	
�

-  Tunable	
  plasmonic	
  nanostructures	
  for	
  
strong	
  absorp#on	
  and	
  field	
  enhancement	
�

-  Puung	
  the	
  nano-­‐structure	
  into	
  a	
  real	
  gun	
�

charge yield map
 3-photon process	
�P.	
  Musumeci	
  and	
  R.	
  K.	
  Li,	
  Photocathode	
  Physics	
  for	
  Photoinjectors	
  2012	
�

Diamond	
  Amplifier	
  cathode	
  (BNL)	
�
-  Secondary	
  current	
  can	
  be	
  >178x	
  primary	
  current	
  
-  Diamond	
  acts	
  as	
  vacuum	
  barrier	
�
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John	
  Smedley,	
  Workshop	
  on	
  Future	
  Light	
  Sources	
  2010	
�

Novel	
  cathode	
  opera#on	
  



Emi/ance compensa#on	
  

S.	
  Lidia,	
  High	
  Brightness	
  Electron	
  Injectors	
  for	
  Light	
  Sources,2007	
�

εn ≈ εthermal
2 +εdynamics

2

-  Decrease	
  non-­‐linear	
  force	
  as	
  small	
  as	
  possible	
  
-  Tune	
  the	
  phase	
  of	
  the	
  emi/ance	
  oscilla#on	
  of	
  slice	
  by	
  controlling	
  the	
  focusing	
  
parameters,	
  reduce	
  the	
  project	
  emi/ance	
  due	
  to	
  slice	
  depend	
  linear	
  force	
  
-  Place	
  the	
  accelera#ng	
  tube	
  in	
  proximity	
  of	
  the	
  minimum,	
  the	
  project	
  emi/ance	
  
is	
  frozen	
  at	
  its	
  minimum	
  value	
  
B.	
  E.	
  Carlsten,	
  Nucl.	
  Instr.	
  and	
  Meth.	
  Phys.	
  Res.,	
  Sect.	
  A	
  285,	
  313	
  (1989)	
  
L.	
  Serafini,	
  and	
  J.	
  B.	
  Rosenzweig,	
  Physical	
  Review	
  E	
  55,	
  7565	
  (1997)	
�



Simula#on tools	
  

-  The	
  space	
  charge	
  fields	
  and	
  RF	
  gun	
  components	
  are	
  generally	
  nonlinear	
  
-  Accurate	
  evalua#on	
  of	
  nonlinear	
  effects	
  can	
  be	
  achieved	
  only	
  by	
  simula#on	
  tools	
  
-  Some	
  of	
  commonly	
  used	
  codes	
  

ASTRA,	
  GPT,	
  IMPACT-­‐T,	
  PARMELA,	
  HOMDYN	
  
-  Finds	
  the	
  globally	
  op#mal	
  solu#on	
  with	
  Mul#objec#ve	
  gene#c	
  algorithms	
  
-  1	
  to	
  1	
  par#cle	
  representa#on	
  by	
  large	
  numbers	
  of	
  par#cles	
  simula#on	
  

along the bunch length for five different values of initial
uncorrelated energy spread. It is seen that for 2 keV initial
energy spread, there exist large amplitude short wave-
length fluctuations driven by the microbunching instability.
For 5 keV initial uncorrelated energy spread, the fluctua-
tions become much smaller and move towards longer
wavelength. Throughout most of the bunch, beyond
5 keV initial energy spread, the final energy spread shows
a linear dependence on the initial energy spread due to the
bunch compression. The microbunching instability has
been sufficiently suppressed by the incoherent motion of
electrons with large initial energy spread.

Figure 11 shows the longitudinal phase-space distribu-
tion at the end of the linac from a simulation using one
billion macroparticles (left) and five billion macroparticles

(right) with 5 keVuncorrelated energy spread, and 0.75 mm
mrad transverse emittance. It is seen that the full width of
the final relative energy spread is on the order 10!4 for a
major part of beam (the rms relative energy spread is 4"
10!5). Such a small energy spread will be especially
important for seeded FEL utilizing a high gain harmonic
generation technique [21]. There is a small energy modu-
lation in the longitudinal phase space with a period of
around 15 !m. After accounting for the compression fac-
tor, this modulation period is in a good agreement with the
gain function of the microbunching instability from the
linear theory. This modulation comes from the initial shot
noise in a 0.8 nC beam sampled with one billion macro-
particles, and is further amplified through the linac due to
the microbunching instability. With an increasing number
of macroparticles, the initial shot noise is reduced. The
final phase-space modulation as seen in the right plot of
Fig. 11 using five billion macroparticles becomes smaller
than that in the case of one billion macroparticles.
Figure 12 shows the current profile at the end of the

linac. The peak of the current profile reaches about 1.2 kA
with a reasonably flat distribution along a major part of the
beam.
The simulations shown above were carried out on a

Cray-XT4 parallel computer, Franklin, at the National
Energy Research Scientific Computing Center. Here, we
have used 512 processors (cores) for one billion macro-
particle simulations. Each processor has a theoretical peak
performance of 9:2 GFlop= sec and 2 GB of memory. The
computing node is connected to a dedicated SeaStar2
router through HYPERTRANSPORT with a 3D torus topology
to ensure high performance, low-latency communication
for message passing interface jobs [27]. The computing
time for such a simulation is about two hours. The total
memory usage of the simulation is about 112 GB. The rms

FIG. 11. (Color) Longitudinal phase space at the end of the linac using one billion (left) and five billion macroparticles (right) with an
initial 5 keV rms uncorrelated energy spread.
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effective thermal energy allows the illuminated spot size at
the photocathode to be larger, reducing the effects of space
charge.

E. Emittance versus bunch length versus charge

Choosing the optimal parameters for an injector deliver-
ing a particular charge per bunch is a complex task. Often
the exact trade-offs affecting the final beam quality are not
known, and frequently (as in the case of an injector for an
ERL light source) the beam quality requirements depend
on the particular application. Knowing the Pareto-optimal
front provides one with invaluable information for choos-
ing those injector parameters that will be fixed by design,
and provides guidance for selecting those parameters that
are variable.

We performed multivariate optimizations of our injector
design with three objectives: emittance minimization,
bunch length minimization, and bunch charge maximiza-
tion. The result of these optimizations is shown in Fig. 11.
The population size for this optimization had to be in-
creased because of higher dimensionality of the problem
(3 objective functions). The optimization required a total of
about 105 injector simulations. The data in Fig. 11 can be
well approximated by !x ! q"0:73# 0:15="2:3

z $, where !x
is in mm mrad, q is the bunch charge in nC, and "z is the
rms bunch length in mm. Figure 12 shows the longitudinal
emittance for the same data.

In these optimizations the positions of various elements
were allowed to change (with the shortest distance between
the photocathode and the first SRF cavity limited to no less
than 1 m). The general tendency is that for higher charge
per bunch the optimal beam element locations move closer
to the gun and the spot size at the photocathode increases,
as can be intuitively expected, to minimize space-charge
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FIG. 10. (Color) The minimum transverse normalized rms emittance from injector as a function of the effective thermal energy from
the photocathode for (top) 80 pC and (bottom) 0.8 nC bunch charge, respectively.
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Emi/ance Manipula#on	
  
-  The	
  longitudinal	
  emi/ance	
  from	
  photoinjector	
  is	
  much	
  be/er	
  than	
  needed	
  for	
  FEL	
  
- Make	
  εx>>εy	
  	
  using	
  flat	
  beam	
  technique,	
  and	
  εy	
  is	
  small	
  enough	
  
- With	
  emi/ance	
  exchange	
  equipment,	
  make	
  εx	
  exchange	
  with	
  εz,	
  let	
  εx	
  and	
  εy	
  both	
  
small	
  enough	
�
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 M C!k" #
1 0 0 0
0 1 k 0
0 0 1 0
k 0 0 1

2
6664

3
7775; (20)

where k is related to the cavity voltage V0, cavity dimen-
sion a, and beam energy in the cavity E0 by

 k $ V0

aE0
: (21)

The emittance exchange scheme studied in Ref. [21] con-
sists of a dipole-mode cavity flanked by two doglegs of
opposite sign (i.e., the cavity is in the middle of a chicane)
with the transfer matrix:

 M EX #MD!%!;"; L"MC!k"MD!!;"; L": (22)

It was shown that Eq. (22) produces an approximate emit-
tance exchange if 1% !k!"2 # 0. The exchange in this
system is not perfect, due to a residual transverse-to-
longitudinal coupling term, although this was not a signifi-
cant limitation with the 5-to-1 emittance exchange ratio
described in Ref. [21]. However, as the larger initial emit-
tance is increased (#"xo # 10 $m) and the smaller initial
emittance is decreased (#"zo # 0:1 $m), the limitation
due to imperfect exchange becomes significant. The resid-
ual coupling term can be reduced to arbitrarily small levels
by decreasing the dispersion in the chicane (i.e., weaker
chicane bends and stronger rf kick). However, a second-
order dispersion aberration arises after the cavity, which is
inversely proportional to the dispersion and therefore limits
this coupling reduction.

Fortunately, an exact exchange optics was found by one
of us (K.-J. K.) [22] that is similar to that described above,
but with the second dogleg identical to the first one as
shown in Fig. 2. The corresponding transfer matrix is

 M EX #MD!!;"; L"MC!k"MD!!;"; L": (23)

If the dispersion ! and the kick strength k are chosen so
that

 1& k! # 0; (24)

it is then easy to show that the 4' 4 x-z transfer matrix
becomes

 M EX #
0 B
C 0

! "
; (25)

where

 B # kL !& kL"
k k"

! "
; C # k" !& kL"

k kL

! "
:

(26)

The transfer matrix, Eq. (25), is in the form of an exact
emittance exchange.

We introduce the 4' 4 beam matrix !, whose elements
are the second central moments of phase-space variables:

 !ij # hXiXji: (27)

Here h( ( (i represents taking the average over the ensemble
of particles and !X1; X2; X3; X4" $ !x; x0; z;%". The 4' 4
beam matrix before the exchange is

 ! b # !x 0
0 !z

! "
; (28)

where the 2' 2 submatrices are

 ! x # "x
&x 0
0 1=&x

! "
; !z # "z

&z 0
0 1=&z

! "
;

(29)

and &x and &z are the beta functions in the x- and
z-directions, respectively. After the exchange the beam
matrix becomes

 ! a #MEX!bMEX
T # B!xBT 0

0 C!zCT

! "
: (30)

Here the superscript T denotes the transpose operation.

IV. SIMULATION STUDY

A numerical optimization of a photoinjector capable of
providing the needed parameters has been performed. This
numerical study is for a proof-of-principle demonstration
that effects not included in the previous sections do not
seriously degrade the performance of the phase-space ma-
nipulation scheme. Thus the specific parameters in this
section are somewhat different than described above. In
particular, we have chosen here to start from an electron
beam with smaller transverse emittance and less longitu-
dinal current to keep the transverse-longitudinal aspect
ratio to a level that can be handled easily.

A. The injector

The electron source is a 1.5-cell radio-frequency (rf)
gun operating at 2.6 GHz producing a 7.5-MeV electron
bunch. The gun is surrounded by two magnetic solenoids.
One provides a nonzero field on the photocathode surface,
as needed for producing an angular-momentum-dominated

η
kk

MMDD

MMCC
MMDD

η

LL

rectangular RFrectangular RF
deflecting cavitydeflecting cavity

dipoledipole
magnetmagnet

FIG. 2. (Color) Schematic diagram for exact longitudinal-to-
transverse emittance exchange, consisting of two identical dog-
legs (MD) and a transverse cavity (MC). The matrix for MD and
MC are given by Eqs. (19) and (20), respectively.
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available energy gain at growing beam currents. For this
reason, high-current SRF guns usually consist of one or
two cells and deliver not more than moderate emittances,
especially at short bunches with a high charge (see BNL/
AES). An improvement can be achieved by reducing the
bunch charge. In this case, the brightness remains approxi-
mately unchanged but the average current is limited by the
available rf frequency (see HZB).

The same is true for quarter wave cavities. In compari-
son to elliptical cells, they cannot be paired easily with
each other and therefore they are limited to one cell.
However, the availability of suitable couplers and rf
sources at low frequencies allows high beam power up to
1 MW. In addition, the longer oscillation period allows
high bunch charge just by extending the bunch length. In
this case a bunch compressor is additionally needed. An
exception is the WiFEL gun, but one has to wait whether
the blow out mode will work in the planned manner.
Nevertheless, a current upgrade to more than 1 mA is
difficult because this would require a multi-MHz laser
with high peak and high average power.

By the way, the same is true for the low QE cathode of
the PB=NB hybrid gun.

As of today, the planned sources of WiFEL, Pb=Nb,
BNL and HZB determine the boundary of the technical
feasibility. This is qualitatively indicated by the red curve
in Fig. 18. Conservative designed sources include a safety
margin and thus are situated below the curve. The FZD
gun, for example, might be capable to deliver up to 5 mA
(limited by the rf coupler) while the limit of the NPS gun is
anticipated to be at 500 mA or above.

For further comparison, the chart was expanded by the
DC and NCRF high-current sources summarized in [47]

and the three existing high brightness injectors of Spring8
[48], Flash [49], and Linac Coherent Light Source [50]. All
parameters refer to the exit of each injector. Fields marked
with (*) are measured values, while all others are taken
from design reports. Today, the best high brightness
sources demonstrate very high beam quality at least for
low currents. Its increase is possible, but only at the ex-
pense of bunch brightness. All existing sources (Boeing,
JLAB, BINP) as well as the planned ones are lined up in
the same area as the SRF guns. Remarkable in this context
are the WiFEL and the Pb=Nb gun. Both are planned to
deliver high brightness beams, only known from NCRF
guns, but at much higher average current.
Besides the known technological challenges of DC and

NCRF guns, the SRF guns have to deal with a supercon-
ducting cavity and its technologically sophisticated cryo-
genic clean room environment. Particular attention is
focused on the interaction with the NC cathode. To date,
the sole experience at Rossendorf does not show any deg-
radation of intrinsic quality factor. However, two projects
pursue alternative approaches to avoid the anticipated prob-
lems, but creating new ones elsewhere. The use of a SC
cathode, for example, is causing difficulties in application
and preparation of the lead spot as well as in obtaining the
electric field (hybrid guns). A different approach at the
PKU has to grapple with the problems of DC guns and
for the same reason it is limited in the bunch charge.
All remaining projects, following the Rossendorf model,

use either normal conducting Cs2Te or CsK2Sb cathodes.
In both cases a choke filter is required, whereas at low
frequencies a simple quarter wave structure might be suf-
ficient. Nevertheless, for all guns these filters pose a prob-
lem in cleaning and assembly. So far, experiences are

FIG. 18. Comparison of some electron sources by plotting bunch brightness versus average current. The colored squares are
representing the three types of guns. An anticipated trend for SRF guns is shown by the red curve.
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Gun technology 

-  The	
  choice	
  of	
  technology	
  depends	
  on	
  the	
  applica#on	
  
NCRF	
  guns,	
  DC	
  guns,	
  SRF	
  guns	
  

-  High	
  gradient	
  at	
  cathode	
  is	
  prefered	
� Bn
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-  Minimize	
  RF	
  mode	
  bea#ng	
  with	
  increased	
  0	
  	
  and	
  π	
  mode	
  separa#on	
  
-  Eliminate	
  dipole	
  and	
  quadrupole	
  RF	
  fields	
  with	
  dual	
  RF	
  feed	
  and	
  racetrack	
  

shape	
  in	
  full	
  cell	
  
-  Adopt	
  z-­‐coupling	
  to	
  minimize	
  pulsed	
  hea#ng	
  for	
  long	
  gun	
  life	
  
-  Improved	
  cooling	
  for	
  120	
  Hz	
  opera#on	
  at	
  up	
  to	
  140	
  MV/m	
  
-  Cathode	
  surface	
  roughness	
  <40	
  nm	
  peak-­‐to-­‐peak,	
  low	
  dark	
  current	
  

Design	
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PITZ	
  L-­‐band	
  RF	
  gun 
-  Developed	
  for	
  FLASH	
  and	
  European	
  XFEL	
  

-  1.6	
  cell	
  1.3GHz	
  NC	
  rf	
  cavity	
  with	
  a	
  Cs2Te	
  photocathode,	
  
	
  coaxial	
  coupler	
  

-  Dry-­‐ice	
  sublima#on-­‐impulse	
  cleaning	
  to	
  reduce	
  dark
	
  current	
  by	
  a	
  factor	
  of	
  ~10	
  	
  

-  Has	
  demonstrated	
  key	
  parameters	
  for	
  the	
  European	
  XFEL	
  
•  low	
  emi/ance	
  
	
  
	
  

•  high	
  average	
  power	
  opera#on	
  
10	
  Hz,	
  7	
  MW,	
  0.7	
  ms	
  RF	
  pulse	
  length	
  ~50	
  kW	
  av.
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a.	
  ellip#cal	
  iris	
  
b.	
  curved	
  corner	
  
c.	
  Larger	
  hole	
  

beam	
  charge:	
  210pC	
�

Tsinghua	
  S-­‐band	
  RF	
  gun 
-  A	
  modified	
  BNL	
  type	
  S-­‐band	
  photocathode	
  RF	
  gun	
  	
  
-  Gun	
  profile	
  	
  improvement	
  

•  zero	
  mode	
  suppression	
  
•  high	
  Q	
  factor	
  	
  

-  cathode	
  seal	
  	
  with	
  matsumoto	
  gasket	
  
-  Mul#pole	
  field	
  elimina#on	
  

•  Asymmetric	
  design	
  of	
  vac	
  port	
  for	
  dipole	
  field	
  suppression	
  
•  4-­‐port	
  design	
  for	
  quadruple	
  field	
  suppression	
  



NEG modules

Tuner plate

Cathode

Beam exit
portSolenoid

RF Couplers

Cathode
injection/extraction

channel

Frequency  187 MHz	



Operation mode CW	


Gap voltage 750 kV	



Field at the cathode 19 MV/m	


Q0 30887	



Shunt impedance 6.5 MΩ	



RF Power 90 kW	



Stored energy 2.3 J	


Peak surface field 24 MV/m	



Peak wall power density 25 W/cm2	



Accelerating gap 4 cm	


Diameter/Length 70/35 cm	



Operating pressure < 10-11 Torr	



-  Produce	
  high-­‐brightness	
  electron	
  beam	
  at	
  1	
  MHz	
  repe##on	
  rate	
  
-  Work	
  at	
  187MHz,	
  increase	
  cooling	
  area,	
  plenty	
  of	
  pumping	
  slots	
  
-  10^-­‐11	
  Torr	
  vacuum	
  capability	
  ,	
  flexibility	
  in	
  photocathode	
  materials	
  

-  VHF	
  cavity	
  is	
  RF	
  condi#oned	
  
-  Characteriza#on	
  of	
  dark	
  current	
  
-  First	
  beam	
  with	
  Cs2Te	
  cathode,	
  10kHz	
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CW	
  NCRF:	
  the	
  challenge	
  is	
  cooling	
  for	
  huge	
  wall	
  losses	
�

1)  Find#the#beam#and#the#acc.#phase#at#low#repe<<on#rate#(100#Hz)#

4)#increase#the#repe<<on#rate#to#1KHz#and#10#KHz#(4μA#for#1#hour),##
to#debug#current#measurements.#A#quick#loo#to#the#beam…#

Finish$the$installa3on$of$slow$and$fast$EPS$systems$$
for$high$current$runs$

steering$coil$measurement$

750$keV$

2)####Measure#the#energy#to#verify#the#acc.#field#(20MV/m)#

400#pC##
QE~11%#

3)###Single#bunch#diagnos<c#debugging#



 

In order to find principle design limitation two 1.3 GHz 

cavities were built and tested at 2 K. And in fact strong 

multipacting barriers appeared in the folded quarter wave 

choke filter [25]. Whose mitigation is planned by 

applying anti-multipacting grooves at the inner choke 

surface, use high temperature bake to reduce SEY and 

bias the cathode stalk compared to FZD. 

 

 

Figure 2: 703.75 MHz – half cell BNL/AES cavity. 

Courtesy AES. 

 

Today the project is in a very advanced stage [26]. The 

injector fabrication is underway at AES. The vertical test 

bench at JLAB and the following hermetic string 

assembly are planned in the fall of 2009. The cryomodule 

completion is expected for spring 2010. The SC solenoid 

is already fabricated. In addition, the cathode transporter 

carts are delivered and the deposition system is tested up 

to 1x10
-10

 Torr. Lumera built a 5 W, 355 nm, 10 ps, 9.38 

MHz laser system that is under commissioning now. The 

500 kW CW coaxial couplers with “Pringles tip” are 

designed and fabricated by CPI and their conditioning 

will be done in - house using a 1 MW klystron. 

In addition, a 1.3 GHz plug gun test system was built to 

investigate lifetime Q.E. and beam properties of GaAs 

under superconducting conditions. 

HZB 1.3 GHz - 1.6 Cell SRF Gun 
In the fall of 2008, Helmholtz Zentrum Berlin (HZB), 

formally known as BESSY, came to the decision to built 

BERLinPro, an ERL test facility to demonstrate key ERL 

technologies and to establish ERL know-how at HZB 

[27]. Based on these experiences, then a layout of a full 

scale ERL-based next generation light source should be 

prepared.  

BERLinPro starts with the development of a 1.3 GHz 

1.6 cell SRF photo gun using an embedded semiconductor 

cathode to achieve the high brightness (1 mm mrad) and 

high average current (100 mA). To push this ambitious 

goal, the expertise of the hybrid gun group led by Jacek 

Sekutowicz and the resources of HZB (HoBiCaT, beam 

diagnostics) and MBI (drive laser) are put together [28] 

[29]. In the first step, a 1.5 cell hybrid gun will be 

installed inside the HoBiCaT cryo vessel. The primary 

objective of this HoBiCaT gun is beam brightness. The 

desired target parameter to enter the next iteration level is 

1 mm mrad normalized emittance @ 77 pC bunch charge. 

First beam operation is expected in late 2010. After 

successfully passing this baseline test, a 1.6 cell SRF gun 

with NC cathode stock and multi-alkaline cathode 

(CsK2Sb) is in charge to demonstrate high average current 

operation for BERLinPro (Fig. 3). The expected 

parameters for both cavities are listed in table 1. 

 

 

Figure 3: Generic design of the 1.3 GHz – 1.6 cell 

BERLinPro SRF gun. Courtesy Thorsten Kamps. 

NC CATHODE + DC GAP + SC CAVITY  

IHIP PU 1.3 GHz – 3.5 Cell DC-SC RF Gun 
The development of the hybrid DC-SC RF photo 

injector for PKU FEL started in 2001 at Peking 

University [30]. This alternative approach to overcome 

the contamination issue consists of a 100 kV DC Pierce 

gun directly connected to a 1.3 GHz superconducting 

cavity. The Cs2Te cathode is exposed to a DC electric 

field used for extraction and pre-acceleration of the 

electrons, before they enter the boosting cavity through an 

8 mm tube. The cut-off frequency of this tube is far above 

1.3 GHz and thus the arrangement prevents RF induced 

losses and dark current at the cathode surface. It also 

reduces the risk for cavity contamination and spares the 

use of choke filters.  

 

 

Figure 4: 1.3 GHz – 3.5 cell IHIP SRF gun cavity. 

Courtesy IHIP PU. 

 

Due to the comparably weak pre-accelerating field the 

achievable beam quality is slightly reduced compared to 

the other SRF gun projects. The first test with beam done 

in 2004 [31] proved the feasibility of the injector concept 

but to fulfil the requirements for the future PKU-FEL an 

improved 3.5 cell cavity was designed and manufactured 
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Figure 2: 703.75 MHz – half cell BNL/AES cavity. 

Courtesy AES. 

 

Today the project is in a very advanced stage [26]. The 

injector fabrication is underway at AES. The vertical test 

bench at JLAB and the following hermetic string 

assembly are planned in the fall of 2009. The cryomodule 

completion is expected for spring 2010. The SC solenoid 

is already fabricated. In addition, the cathode transporter 

carts are delivered and the deposition system is tested up 

to 1x10
-10

 Torr. Lumera built a 5 W, 355 nm, 10 ps, 9.38 

MHz laser system that is under commissioning now. The 

500 kW CW coaxial couplers with “Pringles tip” are 

designed and fabricated by CPI and their conditioning 

will be done in - house using a 1 MW klystron. 

In addition, a 1.3 GHz plug gun test system was built to 

investigate lifetime Q.E. and beam properties of GaAs 

under superconducting conditions. 

HZB 1.3 GHz - 1.6 Cell SRF Gun 
In the fall of 2008, Helmholtz Zentrum Berlin (HZB), 

formally known as BESSY, came to the decision to built 

BERLinPro, an ERL test facility to demonstrate key ERL 

technologies and to establish ERL know-how at HZB 

[27]. Based on these experiences, then a layout of a full 

scale ERL-based next generation light source should be 

prepared.  

BERLinPro starts with the development of a 1.3 GHz 

1.6 cell SRF photo gun using an embedded semiconductor 

cathode to achieve the high brightness (1 mm mrad) and 

high average current (100 mA). To push this ambitious 

goal, the expertise of the hybrid gun group led by Jacek 

Sekutowicz and the resources of HZB (HoBiCaT, beam 

diagnostics) and MBI (drive laser) are put together [28] 

[29]. In the first step, a 1.5 cell hybrid gun will be 

installed inside the HoBiCaT cryo vessel. The primary 

objective of this HoBiCaT gun is beam brightness. The 

desired target parameter to enter the next iteration level is 

1 mm mrad normalized emittance @ 77 pC bunch charge. 

First beam operation is expected in late 2010. After 

successfully passing this baseline test, a 1.6 cell SRF gun 

with NC cathode stock and multi-alkaline cathode 

(CsK2Sb) is in charge to demonstrate high average current 

operation for BERLinPro (Fig. 3). The expected 

parameters for both cavities are listed in table 1. 

 

 

Figure 3: Generic design of the 1.3 GHz – 1.6 cell 

BERLinPro SRF gun. Courtesy Thorsten Kamps. 

NC CATHODE + DC GAP + SC CAVITY  

IHIP PU 1.3 GHz – 3.5 Cell DC-SC RF Gun 
The development of the hybrid DC-SC RF photo 

injector for PKU FEL started in 2001 at Peking 

University [30]. This alternative approach to overcome 

the contamination issue consists of a 100 kV DC Pierce 

gun directly connected to a 1.3 GHz superconducting 

cavity. The Cs2Te cathode is exposed to a DC electric 

field used for extraction and pre-acceleration of the 

electrons, before they enter the boosting cavity through an 

8 mm tube. The cut-off frequency of this tube is far above 

1.3 GHz and thus the arrangement prevents RF induced 

losses and dark current at the cathode surface. It also 

reduces the risk for cavity contamination and spares the 

use of choke filters.  

 

 

Figure 4: 1.3 GHz – 3.5 cell IHIP SRF gun cavity. 

Courtesy IHIP PU. 

 

Due to the comparably weak pre-accelerating field the 

achievable beam quality is slightly reduced compared to 

the other SRF gun projects. The first test with beam done 

in 2004 [31] proved the feasibility of the injector concept 

but to fulfil the requirements for the future PKU-FEL an 

improved 3.5 cell cavity was designed and manufactured 

Beam Diagnostics 

Photocathode laser 
Cavity 

Cryovessel 

RF input 

Shielding Solenoid 

Cathode 
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PKU	
  cavity	
� NPS	
  cavity	
�
proposed 1.6 cell low loss hybrid Pb=Nb gun design. The
emitting lead spot (!< 3 mm) is located in the back wall
center of the cavity. The coupler section is equipped with
two HOM couplers, one input coupler and a pickup probe.
In order to reduce transverse kicks a coaxial inset is
planned [44]. A solenoid installed directly at the cavity
exit will be used for emittance growth compensation. All
expected parameters are listed in Table I.

Baseline tests using two half cell resonators were done
to measure the lead QE at 2 K. The rf performance of these
hybrid cavities is reported in [45]. In order to improve lead
coating and cavity cleaning, two further half cell and one
1.6 cell TESLA cavity were built additionally.

The cathode depositions for these cavities were done by
the Soltan Institute using a mask for shielding the whole
inner wall of the cavity except for the cathode spot posi-
tion. After the coating the lead spot itself needs to be
protected from the acid of the cavity treatment procedures
by another mask. The preparation and the vertical tests
took place at TJNAF. During the first vertical tests after
lead coating, Q disease at all three cavities was observed.
The hydrogen in the air intestinally dissolved in the heated
niobium wall during the lead plasma deposition. Later
tests, using an improved lead deposition technique, showed
that the performance of both half cells was still not

satisfactory, whereas the 1.6 cell cavity achieved
46 MV=m without significant Q degradation (Fig. 17).
Further investigations of this gun type include detailed

studies of the coating process, the intrinsic Q and QE
variation during laser irradiation as well as the coaxial
coupling. A common goal with the BESSY group is the
generation of an electron beam for emittance measure-
ments in 2010 [46].

VII. SUMMARY

Initiated by the success of the FZD in 2002, lots of SRF
gun projects were advanced in recent years throughout the
world. These differ from each other depending on the
intended application in both the shape and the number of
cavity cells as well as in the type of cathodes. A compari-
son of the sources, in particular, with respect to beam
characteristics, is difficult because each is a compromise
between the requirements and the technical feasibility. For
some the focus is on a high average power while others
pursue more moderate currents with good emittance at
high bunch charge.
An attempt to present all electron sources despite their

different parameters in one chart is to use the bunch bright-
ness B. As shown in the following equation, it is defined as
the ratio of peak current Î and the product of the two
normalized transverse emittances "n;t:

B ¼ 2Î

!2"n;x"n;y
: (1)

The peak current of a Gaussian bunch follows from the
ratio of bunch charge and bunch length (FWHM). Both
the emittance and the peak current are determined by the
combination of accelerating field strength and laser pulse.
In Fig. 18, the brightness of all SRF guns (red squares) as

a function of the average current is shown. All required
parameters are taken from Table I. Based on the distribu-
tion, a trend can be seen, describing deterioration in beam
quality with increasing average current. This is caused by
technological limitations of the available lasers and cath-
odes as well as rf couplers and rf sources. For instance, the
limited power of rf couplers and amplifiers reduces the

FIG. 16. 1.3 GHz—1.6 cell Pb=Nb hybrid SRF gun cavity. Courtesy of Jacek Sekutowicz.
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FIG. 17. Vertical test result of the 1.6 cell hybrid gun cavity
with lead spot. Courtesy of Jacek Sekutowicz.

OVERVIEW ON SUPERCONDUCTING PHOTOINJECTORS Phys. Rev. ST Accel. Beams 14, 024801 (2011)
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Pb/Nb	
  hybrid	
  SRF	
  gun	
�
A.	
  Arnold	
  and	
  J.	
  Teichert,	
  PRSTAB	
  14,	
  024801	
  (2011)	
�

Advantages	
  
-  Poten#al	
  for	
  rela#vely	
  high	
  cathode	
  gradients	
  (~50MV/m)	
  
-  Excellent	
  vacuum	
  performance	
  which	
  allow	
  more	
  cathode	
  choices	
  
-  Produce	
  high	
  average	
  current	
  with	
  GHz	
  repe##on	
  rate	
  
Poten#al	
  limita#ons	
  
-  Control	
  the	
  mul#pac#ng	
  between	
  cathode	
  stem	
  and	
  cavity	
  
-  Cavity	
  contamina#on	
  from	
  evaporated	
  material	
  for	
  preparing	
  high	
  QE	
  cathode	
  

-  …	
  
Different	
  configura#ons	
  
-­‐  NC	
  cathodes	
  +	
  ellip#cal	
  cavity	
  	
  
-­‐  NC	
  cathodes	
  +	
  DC	
  gap	
  +	
  ellip#cal	
  cavity	
  
-­‐  NC	
  cathodes	
  +	
  quarter	
  wave	
  cavity	
  
-­‐  Superconduc#ng	
  (SC)	
  cathodes	
  +	
  ellip#cal	
  cavity	
  
	
  
	
  
	
  
	
  
	
  

SRF	
  gun 



FZD	
  SRF	
  gun 

J.	
  Teichert,	
  ICFA	
  Workshop	
  on	
  Future	
  Light	
  Sources	
  March	
  5-­‐9,	
  2012	
�

-  1.3GHz,	
  3.5	
  ellip#cal	
  cells,	
  Cs2Te	
  cathode	
  
-  first	
  beam	
  in	
  2007	
  
-  Long	
  life#me	
  of	
  cathodes	
  in	
  SRF	
  gun	
  (>1	
  yr,	
  total	
  

charge	
  35	
  C	
  @	
  QE	
  =	
  1%)	
  	
  
-  No	
  Q	
  degrada#on	
  since	
  4	
  years	
  of	
  opera#on	
  
-  Strong	
  mul#pac#ng	
  between	
  cathode	
  stem	
  and	
  cavity	
  

observed,	
  cured	
  by	
  DC	
  bias	
  voltage	
  and	
  grooves	
  	
  
-  Peak	
  field	
  at	
  cathode	
  limited	
  by	
  field	
  emission	
  to	
  
18MV/m,	
  gun	
  performance	
  not	
  as	
  expected	
  
-  New	
  upgrade	
  cavity	
  with	
  high	
  gradient	
  is	
  ready	
  



-  PC	
  guns	
  are	
  being	
  driven	
  with	
  state-­‐of-­‐the-­‐art	
  lasers	
  
•  25W	
  for	
  near	
  IR	
  laser	
  and	
  visible,	
  
•  2W	
  for	
  UV	
  laser	
  

	
  

	
  
-  fundamental	
  parameters	
  of	
  drive	
  laser	
  

•  Wavelength	
  	
  
high	
  energy	
  for	
  high	
  charge,	
  proper	
  wavelength	
  	
  for	
  low	
  intrinsic	
  emi/ance	
  

•  limited	
  ji/ers	
  and	
  fluctua#ons	
  
•  Reliability	
  	
  
•  repe##on	
  rate	
  
•  Temporal	
  and	
  spa#al	
  profile	
  

linearize	
  the	
  space	
  charge	
  forces	
  and	
  implement	
  emi/ance	
  compensa#on	
  

-  Laser	
  shaping	
  for	
  high	
  brightness	
  electron	
  beam	
  
•  op#mal	
  3D	
  distribu#on	
  beer	
  can	
  or	
  	
  uniform	
  filled	
  ellipsoid	
  

D.H.	
  Dowell,	
  et	
  al.,	
  Nucl.	
  Instr.	
  and	
  Meth.	
  A	
  (2010)	
  	
  
John	
  Power,	
  Advanced	
  Accelerator	
  Workshop	
  2010	
�

Drive	
  laser	
  for	
  RF	
  gun 



Spa#al shaping 

Clipped	
  with	
  aperture	
  
-  Overfilled	
  aperture	
  cuts	
  out	
  the	
  inner	
  flat	
  part	
  of	
  laser	
  

beam	
  
-  lossy	
  but	
  simple	
  and	
  widespread	
  for	
  photoinjector	
  

applica#on	
  

Hoffnagle et al, Appl. Opt 39, 6488 (2000) 

Aspheric	
  op#cs	
  	
  
-  UV	
  Gaussian	
  beam	
  can	
  be	
  mapped	
  into	
  a	
  flat-­‐top	
  

beam	
  by	
  the	
  op#cs	
  system	
  of	
  two	
  aspheric	
  lens	
  
-  High	
  transmission	
  (90%),	
  commercial	
  available	
  

systems	
  
-  Very	
  sensi#ve	
  to	
  input	
  laser	
  parameters	
  

Deformable	
  mirror	
  /	
  micro-­‐lenses	
  array	
  
-  Deformable	
  mirrors	
  are	
  formed	
  by	
  2D	
  array	
  of	
  movable	
  

elements	
  ,	
  adjustable	
  and	
  ac#vely	
  controllable	
  	
  
-  Flat-­‐top	
  has	
  been	
  demonstrated	
  using	
  gene#c	
  algorithm	
  
-  Reflec#vity	
  at	
  260	
  nm	
  70%	
  
-  Complex	
  op#miza#on,	
  needs	
  special	
  algorithm	
  



Temporal shaping 

!

Liquid	
  crystal	
  mask	
  spa#al	
  light	
  modulator	
  
-  The	
  4f	
  system	
  generates	
  the	
  Fourier	
  Transform	
  of	
  input	
  

laser	
  beam	
  
-  	
  Programmable	
  liquid	
  crystal	
  	
  array	
  placed	
  in	
  the	
  Fourier	
  

plane	
  modulate	
  the	
  amplitude	
  and	
  phase	
  of	
  the	
  
spectral	
  components	
  

-  Alignment	
  difficult	
  and	
  limits	
  for	
  tunability	
  	
  
A.	
  M.	
  Weiner,	
  Rev.	
  Sci.	
  Instrum.	
  71,	
  1929	
  (2000).	
  

!

Acusto	
  op#c	
  programmable	
  dispersive	
  filter:	
  DAZZLER	
  
-  A	
  co-­‐propaga#ng	
  acous#c	
  generates	
  a	
  transient	
  Bragg	
  gra#ng	
  

in	
  a	
  birefringent	
  crystal	
  (TeO2)	
  
-  Diffrac#on	
  happens	
  at	
  different	
  depths	
  for	
  different	
  op#cal	
  

wavelengths	
  
-  Op#cal	
  path,	
  or	
  phase,	
  is	
  wavelength	
  dependent	
  
-  Only	
  up	
  to	
  1kHz	
  Rep.rate	
  	
   P.	
  Tournois	
  et	
  al.,	
  Opt:	
  Comm:,	
  140,	
  (1997),	
  245	
  

F.	
  Verluise	
  et	
  al.,	
  Opt.	
  Le/.,	
  25,	
  (2000),	
  575	
  

Frequency	
  Domain	
  Pulse	
  Shaping	
  



Temporal shaping 
Time	
  Domain	
  Pulse	
  Shaping:	
  pulse	
  stacking	
  	
  

Pulse	
  stacking	
  	
  
-  Split	
  the	
  	
  input	
  beam	
  into	
  mul#ple	
  pulses,	
  recombine	
  and	
  

overlap	
  them	
  by	
  adjus#ng	
  the	
  delay	
  of	
  each	
  pulse	
  
-  The	
  rise	
  #me	
  and	
  the	
  ripples	
  depend	
  on	
  the	
  input	
  pulse	
  
-  Interference	
  between	
  pulses	
  is	
  avoided	
  by	
  cross	
  polariza#on	
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!

-  Several	
  “Pulse	
  Doubler	
  Unit”	
  cascaded	
  for	
  the	
  
genera#on	
  of	
  the	
  flat	
  top	
  distribu#on	
  

-  Alignment	
  can	
  be	
  difficult	
  

H.	
  Tomizawa,	
  Quantum	
  Electronics	
  37,	
  697	
  (2007)	
  



Temporal shaping 
Time	
  Domain	
  Pulse	
  Shaping:	
  pulse	
  stacking	
  	
  
Pulse	
  stacking	
  	
  
-  Use	
  birefringent	
  crystals	
  to	
  generate	
  delayed	
  pulses	
  along	
  the	
  

ordinary	
  and	
  extraordinary	
  axes,	
  which	
  reduced	
  complexity	
  
with	
  linear	
  setup	
  

-  The	
  #me	
  separa#on	
  depend	
  on	
  the	
  crystal	
  length	
  and	
  on	
  Δn	
  

BBO BBO

H
W

P

800nm/300ps

α-BBO serials

grating

Compressor

THG

BBO
DFG

LX	
  Yan	
  et	
  al.,	
  J.	
  Plasma	
  Physics	
  (2012),	
  vol.	
  78,	
  part	
  4,	
  pp.	
  429–431	
�

electron beam


time


!



Uniformly	
  filled	
  ellipsoidal	
  shaping 
The	
  most	
  desired	
  electron	
  distribu#on	
  is	
  ellipsoidal	
  shape	
  

Blowout	
  regime	
  
-  Driven	
  with	
  a	
  pancake	
  laser	
  pulse	
  (half-­‐circle	
  

spa#al	
  distribu#on)	
  
-  Very	
  short	
  beam	
  expands	
  longitudinally	
  	
  under	
  

its	
  own	
  space	
  charge	
  forces,	
  evolve	
  into	
  a	
  
uniform	
  ellipsoidal	
  beam	
  (Serafini-­‐Luiten)	
  

-  demonstrated	
  up	
  to	
  50	
  pC	
  charge,	
  distor#on	
  at	
  
higher	
  charge	
   Musumeci	
  et	
  al.,	
  Phys.	
  Rev.	
  Le/.	
  100,	
  244801	
  (2008)	
  

RF deflector 

Tim
e  

3D	
  ellipsoid	
  stacking	
  
-  Pulse	
  stacking	
  the	
  delay	
  laser	
  beams	
  that	
  

have	
  different	
  beam	
  size	
  
-  Not	
  been	
  demonstrated	
  yet	
  

Z.He	
  et	
  al.	
  Proc	
  of	
  PAC2011,	
  TUP200	
  

Carlo Vicario,	
  ICFA	
  Beam	
  Dynamics	
  Workshop	
  on	
  Future	
  Light	
  Sources	
  March	
  1-­‐5,	
  2010	
  



Summary 

p Photocathode	
  guns	
  are	
  the	
  workhorse	
  of	
  new	
  light	
  source	
  

	
  
p Low	
  emi/ance	
  RF	
  guns	
  with	
  high	
  average	
  current	
  are	
  

becoming	
  a	
  reality	
  
	
  
	
  
p New	
  technologies	
  will	
  lead	
  to	
  higher	
  brightness	
  beam:	
  novel	
  

cathode,	
  laser	
  shaping,	
  emi/ance	
  manipula#on…	
  



Acknowledgments	
  to:	
  
	
  Yingchao	
  Du,	
  Lixin	
  Yan,	
  Houjun	
  Qian,	
  Chuanxiang	
  Tang(TUB)	
  
Renkai	
  Li(UCLA)	
  
Gai	
  Wei,	
  John	
  Power(ANL)	
  	
  
all	
  members	
  of	
  the	
  photocathode	
  guns	
  community	
  


