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  LEBT	
  Purposes:	
  
•	
  Extrac+on	
  and	
  low	
  –	
  energy	
  accelera+on	
  of	
  the	
  beam	
  	
  
•	
  Match	
  beam	
  out	
  of	
  the	
  ion	
  source	
  to	
  the	
  transport	
  channel	
  
•	
  Dispose	
  of	
  electrons	
  emi?ed	
  along	
  with	
  the	
  ions	
  
•	
  Match	
  beam	
  into	
  the	
  RF	
  Accelerator	
  (RFQ)	
  
•	
  Provide	
  beam	
  diagnos+cs	
  and	
  test	
  facili+es	
  
•	
  Provide	
  fast	
  switching	
  (chopping)	
  before	
  the	
  RF	
  Accelerator	
  to	
  
introduce	
  +me	
  structure	
  of	
  the	
  beam	
  

	
  	
  	
  Beam	
  Physics	
  Issues:	
  
•	
  Electrosta+c	
  vs	
  magnetosta+c	
  LEBT	
  
•	
  Minimiza+on	
  of	
  emi?ance	
  growth	
  
•	
  Beam	
  space	
  charge	
  compensa+on	
  	
  
•	
  Short	
  neutraliza+on	
  +me	
  

LEBT	
  FuncBons	
  and	
  Requirements	
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Ion	
  Sources	
  

Schematics of a plasma ion source (from M.Reiser, 1994.)	
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Duoplasmatron	
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LANSCE	
  Duoplasmatron	
  

Side	
  view	
  of	
  assembled	
  LANSCE	
  duoplasmatron	
  ion	
  source	
  with	
  Pierce	
  electrode.	
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LANSCE	
  H-­‐	
  Ion	
  Source	
  

Mul+-­‐cusp	
  bucket	
  source	
  with	
  cesiated	
  converter	
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H-­‐	
  Ion	
  Source	
  Parameters	
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Electron-­‐Cyclotron	
  Resonance	
  (ECR)	
  Ion	
  Source	
  

Cross	
  sec+onal	
  view	
  of	
  RIKEN	
  18	
  GHz	
  ECRIS	
  	
  
(T.Nakagawa	
  et	
  al,	
  NIM-­‐A	
  396,	
  p.9	
  (1997)	
  

	
  2D	
  image	
  of	
  the	
  129Xe17+	
  ion	
  beam	
  
of	
  the	
  energy	
  of	
  255	
  keV	
  and	
  
current	
  of	
  12	
  eμA	
  extracted	
  from	
  
the	
  mVINIS	
  Ion	
  Source,	
  together	
  
with	
  the	
  image	
  of	
  the	
  16O2+	
  beam.	
  	
  

ECR	
  resonance	
  condi+on:	
   ω c =ω RF
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The ultimate goal of accelerator designers is to minimize emittance as much as possible. An 
intrinsic limitation of beam emittance in particle sources comes from the finite value of 
plasma temperature in an ion source, or the finite value of cathode temperature in an electron 
source. Equilibrium thermal particle momentum distribution in these sources is in fact, close 
to the Maxwell distribution: 
 

f (p) = n ( m
2πkT

 )3/2 exp (- p2

2mkT
) 

 
Rms value of mechanical momentum is 
 

<px
2> = mkT  

Beam radius is usual ly adopted to be double the root-mean-square beam size, R  = 2 <x 2> . 
Fortunately, for particle sources, one can assume that <xPx>  = 0 because there is n o 
correlation between particle position and particle momentum. Therefore, the normalized 
emittance of a beam, extracted from a particle source, is 
 

ε = 2R kT
mc2  

 

Thermal	
  Beam	
  EmiUance	
  in	
  ParBcles	
  Sources	
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Some sources can be operated only in presence  of a l ongitudinal magnetic field, which 
produces an additional limitation on the value of the beam emittance. For instance, in an 
electron-cyclotron-resonance (ECR) ion source, charged particles are born in a longitudinal 
magnetic field Bz, fulfilling the ECR resonance condition 2 L = RF, where L is the 
Larmor frequency of electrons and wRF is the microwave frequency. Canonical momentum 
of an ion, Px = px - qAx, in a longitudinal magnetic field Bz is: 
 

Px = px - q 
Bz y
2  

The rms value of canonical momentum is given by: 
 

<Px
2> =  <px

2> - q Bz <px y> + q
2  Bz

2

4
 <y 2> 

 
The first term describes the thermal spread of mechanical momentum of ions in plasma, and 
is given by <px

2> = mkT . The middle term equals zero because there is no correlation between 
px and y inside the source. The last term is proport ional to t he rms value of the transverse 
coordinate <y 2> = R2/4. As a result, we can rewrite <Px

2> as follows: 
 

<Px
2> = <px

2> + ( q Bz R
4

)2 
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The normalized beam emittance , extracted from the source is 
 

ε = 2R kTi

mc 2
 + ( q Bz R

4 mc
)2  

 
Therefore, the presence of a longitudinal magnetic field at the source acts to increase the 
value of the beam emittance. 
 

AddiBonal	
  sources	
  contribuBng	
  to	
  beam	
  emiUance	
  :	
  
	
  •	
  irregulari+es	
  in	
  the	
  plasma	
  meniscus	
  extrac+on	
  surface	
  
•	
  aberra+ons	
  due	
  to	
  ion-­‐source	
  extrac+on	
  op+cs	
  	
  
•	
  op+cal	
  aberra+ons	
  of	
  the	
  focusing	
  elements	
  of	
  the	
  LEBT	
  
•	
  non-­‐linearity	
  of	
  the	
  electric	
  field	
  created	
  by	
  the	
  beam	
  space	
  charge	
  
•	
  beam	
  fluctua+ons	
  due	
  to	
  ion-­‐source	
  instability	
  or	
  power	
  regula+on	
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*From M.Reiser, Theory and Design of Charged Particle Beams, Wiley, 1994	
  

Space	
  Charge	
  Effects	
  in	
  the	
  ExtracBon	
  Region	
  of	
  ParBcle	
  
Sources:	
  Child-­‐Langmuir	
  Law	
  

*
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Current-voltage relation at constant  cathode temperature (from 
S.Isagawa, Joint Accelerator School, 1996 ). 

15	
  



On derivation of Child-Langmuir law 
between spherical surfaces.	
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Scheme of simplified ion optics in beam extraction region (J.R.Coupland et al., Rev. 
Sci. Instruments, Vol. 44, No 9, (1973), p.1258. 
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Extraction gap showing defocusing effect (S.Humphries, 1999). 
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d 2r
dz2

= −
q
mvz

2 r
1
2
∂Ez

∂z

ψ = Δ(dr
dz
) = − q

2mvz
2 r

∂Ez

∂z
dz =∫

q
2mvz

2 rEz =
rEz

4Uext

= r
3d

ω = θ +ψ = 0.625 r1
d
(Pb
Po

−1)+ r1
3d

= 0.29 r1
d
(1− 2.14 Pb

Po
)
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Three	
  electrode	
  beam	
  extrac+on	
  system	
  (B.Piosczyk,	
  FZ	
  Karlsruhe).	
  

•Extrac+on	
  electric	
  field	
  is	
  a?rac+ve	
  for	
  neutralizing	
  par+cles	
  resul+ng	
  in	
  beam	
  decompensa+on	
  

•	
  Repelling	
  electrode	
  (trapping	
  electrode)	
  is	
  inserted	
  upstream	
  of	
  the	
  extrac+on	
  electrode.	
  This	
  
electrode	
  creates	
  a	
  poten+al	
  barrier	
  to	
  keep	
  the	
  neutralizing	
  par+cles	
  within	
  the	
  beam	
  by	
  
preven+ng	
  them	
  to	
  be	
  a?racted	
  toward	
  the	
  ion	
  source.	
  

Repeller	
  Electrode	
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Four-­‐Electrode	
  ExtracBon	
  System	
  

Layout	
  of	
  ion	
  source	
  and	
  extrac+on	
  system.	
  Duoplasmatron	
  source	
  is	
  on	
  the	
  leh.	
  
Extrac+on	
  electrodes	
  are	
  in	
  the	
  center	
  and	
  the	
  1st	
  LEBT	
  solenoid	
  is	
  on	
  the	
  right.	
  
Pumps	
  are	
  above	
  and	
  below	
  electrodes.	
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Electrode	
  geometry	
  and	
  beam	
  extrac+on	
  for	
  a	
  35	
  keV,	
  18	
  mA	
  H+	
  beam.	
  	
  

Beam	
  ExtracBon	
  from	
  4	
  -­‐	
  Electrode	
  ExtracBon	
  Geometry	
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Divergnece	
  of	
  the	
  Beam	
  in	
  4-­‐Electrode	
  Extractor	
  (J.Kim	
  et	
  al,	
  J.Appl.	
  Physics,	
  49(2)	
  (1978),	
  p.517	
  )	
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  Nonlinear	
  Effects	
  in	
  Beam	
  OpBcs	
  (Lejeune,	
  1983)	
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Nonlinear	
  OpBcs:	
  SimulaBons	
  (Whealton	
  et.	
  al,	
  1980)	
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Experimental	
  Analysis	
  of	
  Extracted	
  Beam	
  EmiUance	
  (J.Aubert	
  et	
  al,	
  1983)	
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Parameters	
  of	
  High-­‐Intensity	
  LEBT	
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  ElectrostaBc	
  LEBT	
  

Pro:	
  
•	
  no	
  transient	
  +me	
  for	
  space	
  charge	
  compensa+on	
  	
  
•	
  no	
  repelling	
  electrode	
  for	
  the	
  neutralizing	
  par+cle	
  trapping	
  is	
  needed-­‐	
  design	
  of	
  
electrosta+c	
  LEBTs	
  are	
  simplified	
  	
  
•	
  the	
  beam	
  lines	
  are	
  compact,	
  which	
  tends	
  to	
  minimize	
  the	
  beam	
  losses	
  by	
  charge	
  
exchange	
  

Con:	
  
•	
  no	
  space	
  charge	
  compensa+on	
  (neutralizing	
  par+cles	
  are	
  a?racted	
  or	
  re-­‐	
  pulsed	
  by	
  the	
  
electric	
  field	
  induced	
  by	
  the	
  focusing	
  elements).	
  
•	
  vulnerable	
  to	
  beam	
  losses	
  that	
  can	
  lead	
  to	
  high	
  voltage	
  breakdowns	
  and	
  beam	
  trips	
  
•	
  Einzel	
  lenses	
  intrinsically	
  induce	
  op+cal	
  aberra+ons	
  that	
  creates	
  beam	
  halo	
  and	
  
emi?ance	
  growth	
  
•	
  Electrosta+c	
  LEBTs	
  are	
  intensity	
  limited.	
  Beam	
  divergence	
  and	
  size	
  will	
  increase	
  rapidly	
  
with	
  its	
  intensity	
  (especially	
  for	
  current	
  of	
  several	
  tens	
  of	
  mA).	
  Its	
  seems	
  difficult	
  to	
  
operate	
  the	
  LEBT	
  with	
  a	
  higher	
  current	
  than	
  the	
  design	
  current	
  without	
  expec+ng	
  beam	
  
losses	
  or	
  drama+c	
  emi?ance	
  growth.	
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SNS	
  Injector	
  Beam	
  Parameters	
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MagnetostaBc	
  LEBT	
  

Pro:	
  
•	
  beam	
  is	
  neutralized	
  by	
  the	
  ioniza+on	
  on	
  the	
  residual	
  gas	
  	
  
•	
  smaller	
  emi?ance	
  growth	
  due	
  to	
  nonlinear	
  space	
  charge	
  forces	
  than	
  that	
  in	
  electrosta+c	
  	
  
	
  	
  	
  LEBT	
  
•	
  beam	
  emi?ance	
  can	
  be	
  improved	
  with	
  a	
  higher	
  pressure	
  in	
  the	
  beam	
  line	
  	
  
•	
  for	
  posi+ve	
  ion	
  beam,	
  an	
  addi+onal	
  source	
  of	
  neutralizing	
  par+cles	
  exists:	
  secondary	
  
electrons	
  are	
  produced	
  when	
  a	
  beam	
  hits	
  the	
  beam	
  pipes	
  
•	
  magne+c	
  lenses	
  have	
  less	
  spherical	
  aberra+ons	
  than	
  electrosta+c	
  lenses	
  with	
  the	
  same	
  
focal	
  length	
  

Con:	
  
•	
  In	
  a	
  magne+c	
  LEBT	
  the	
  rise	
  +me	
  of	
  the	
  pulsed	
  beams	
  is	
  dominated	
  by	
  the	
  space	
  charge	
  
compensa+on	
  transient	
  +me	
  (several	
  tens	
  of	
  μs)	
  
•	
  a	
  fast	
  chopping	
  system	
  have	
  to	
  be	
  inserted	
  to	
  reach	
  a	
  rise	
  +me	
  in	
  the	
  order	
  of	
  the	
  
hundreds	
  of	
  ns.	
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Layout	
  of	
  New	
  LANSCE	
  35	
  keV	
  H+	
  Injector	
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LANSCE	
  H-­‐	
  80	
  keV	
  	
  Low	
  Energy	
  Beam	
  Transport	
  	
  

35	
  



Effect	
  of	
  the	
  Beam	
  Space	
  Charge	
  NeutralizaBon	
  on	
  Residual	
  Gas	
  

(Leh	
  )Measured	
  ver+cal	
  beam	
  
emi?ance	
  at	
  TBEM3	
  and	
  (right)	
  
BEAMPATH	
  simula+ons	
  at	
  different	
  
values	
  of	
  beam	
  pulse	
  length	
  
(simula+ons	
  performed	
  with	
  current	
  
I	
  =	
  15	
  mA	
  for	
  t	
  =	
  50-­‐100	
  ms	
  and	
  with	
  
current	
  I	
  =	
  0	
  for	
  τ	
  ≥	
  150	
  μs.)	
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Effect	
  of	
  Space	
  Charge	
  NeutralizaBon	
  on	
  Beam	
  Parameters	
  

Varia+on	
  of	
  80	
  keV	
  H-­‐	
  beam	
  parameters	
  during	
  pulse	
  length.	
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Low	
  Pressure	
  (Vacuum)	
  Measuring	
  Devices	
  

Electrons	
  emi?ed	
  from	
  the	
  filament	
  
move	
  several	
  +mes	
  in	
  back	
  and	
  forth	
  
movements	
  around	
  the	
  grid	
  before	
  
finally	
  entering	
  the	
  grid.	
  During	
  these	
  
movements,	
  some	
  electrons	
  collide	
  
with	
  a	
  gaseous	
  molecule	
  to	
  form	
  a	
  pair	
  
of	
  an	
  ion	
  and	
  an	
  electron	
  The	
  number	
  
of	
  these	
  ions	
  is	
  propor+onal	
  to	
  the	
  
gaseous	
  molecule	
  density	
  mul+plied	
  by	
  
the	
  electron	
  current	
  emi?ed	
  from	
  the	
  
filament,	
  and	
  these	
  ions	
  pour	
  into	
  the	
  
collector	
  to	
  form	
  an	
  ion	
  current.	
  Since	
  
the	
  gaseous	
  molecule	
  density	
  is	
  
propor+onal	
  to	
  the	
  pressure,	
  the	
  
pressure	
  is	
  es+mated	
  by	
  measuring	
  the	
  
ion	
  current.	
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Residual	
  Gas	
  Analyzer	
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Pressure	
  Units	
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Residual	
  Gas	
  Spectrum	
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Space	
  Charge	
  NeutralizaBon	
  Time	
  

τ N = 1
nsσ iβc

Time	
  required	
  for	
  ioniza+on	
  of	
  residual	
  gas	
  
by	
  the	
  incoming	
  beam	
  with	
  velocity	
  of	
  βc	
  	
  

ns	
  is	
  the	
  density	
  of	
  sca?ering	
  gas	
  centers,	
  σi	
  is	
  
the	
  ioniza+on	
  cross	
  sec+on.	
  	
  

Νumber	
  of	
  molecules	
  per	
  unit	
  volume	
  at	
  
pressure	
  p	
  and	
  temperature	
  T	
  determined	
  
from	
  the	
  ideal	
  gas	
  law:	
  

ng =
p
kT

Boltzman	
  constant	
  	
   k	
  =	
  1.38	
  ×	
  10-­‐23	
  J·∙K-­‐1	
  	
  

ns = 2ngDensity	
  of	
  sca?ering	
  centers	
  for	
  residual	
  gas	
  containing	
  2	
  
atoms	
  per	
  molecule	
  (H2)	
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IonizaBon	
  Cross	
  SecBons	
  of	
  H+	
  on	
  Different	
  Gases	
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τ N = 1
2ngσ iβc

= 57µs

Space	
  Charge	
  NeutralizaBon	
  Time	
  of	
  80	
  keV	
  H-­‐	
  Beam	
  in	
  H2	
  Residual	
  
Gas	
  with	
  Pressure	
  of	
  P	
  =	
  3.5	
  x	
  10-­‐6	
  Torr	
  	
  

Ioniza+on	
  cross-­‐sec+on	
  of	
  H2	
  by	
  H-­‐	
  
(red,	
  Ref.	
  	
  [1])	
  and	
  H+	
  (blue,	
  Ref	
  [2])	
  
collisions.	
  	
  

Density	
  of	
  H2	
  molecules	
  under	
  the	
  	
  
	
  pressure	
  of	
  	
   p = 3.5 ⋅10−6Torr ng =

p
kT

= 1.1⋅1017 1
m3

Neutraliza+on	
  +me	
  

(4.6 ⋅10−4 Pascal)

Ioniza+on	
  Cross	
  Sec+on	
  for	
  80	
  keV	
  	
   σ i = 2.1⋅10
−20m2
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Space	
  charge	
  neutraliza+on	
  of	
  
80	
  keV	
  H-­‐	
  beam	
  as	
  a	
  func+on	
  
of	
  beam	
  pulse	
  length.	
  

Space	
  charge	
  neutraliza+on	
  of	
  
35	
  keV	
  H-­‐	
  beam	
  as	
  a	
  func+on	
  of	
  
beam	
  pulse	
  length.	
  	
  

Measured	
  Space	
  Charge	
  NeutralizaBon	
  of	
  H-­‐	
  Beam	
  within	
  Pulse	
  Length	
  (H2	
  
Residual	
  Gas	
  with	
  Pressure	
  of	
  P	
  =	
  3.5	
  x	
  10-­‐6	
  Torr)	
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NeutralizaBon	
  Time	
  (μs)	
  for	
  35	
  keV	
  H+	
  Beam	
  in	
  Different	
  Gases	
  

τ n =
1

σ i ngas  v
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Improvement	
  of	
  66	
  mA	
  95	
  keV	
  H+	
  SILHI	
  Source	
  Beam	
  EmiUance	
  by	
  
Heavy	
  Gas	
  InjecBon	
  in	
  LEBT	
  (Rev.	
  Sci.	
  Instr.,	
  71,	
  3,	
  p.	
  1413,	
  2000	
  )	
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Cross	
  SecBon	
  for	
  Stripping	
  H-­‐	
  in	
  Different	
  Gases	
  (Atomic	
  Data	
  for	
  Controlled	
  Fusion	
  Research,	
  ORNL-­‐5206)	
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Beam transmission through LEBT as a function of 
vacuum conditions:  
(1)  4.6e-07  Torr, 
(2)  7.4e-06  Torr, 
(3)  1.3e-05 Torr,  
(4)  4.9e-05  Torr. 

TDEM1	
  emi?ance	
  scan	
  with	
  (leh)	
  nominal	
  
vacuum	
  of	
  7e-­‐07	
  Torr	
  and	
  (right)	
  with	
  vacuum	
  of	
  	
  
3e-­‐05	
  Torr.	
  

750	
  keV	
  H-­‐	
  Beam	
  Performance	
  Under	
  Different	
  Vacuum	
  CondiBons	
  

7 ⋅10−7  Torr 3 ⋅10−5  Torr
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Design	
  of	
  MagnetostaBc	
  LEBT	
  

Ini+al	
  Data:	
  
Beam	
  Current	
  
Space	
  charge	
  neutraliza+on	
  factor	
  	
  
Effec+ve	
  beam	
  current	
  
Unnormalized	
  beam	
  emi?ance	
  	
  
Ini+al	
  envelope	
  parameters	
  	
  
Final	
  envelope	
  parameters	
  
Distance	
  between	
  solenoids	
  

To	
  Be	
  Determined:	
  	
  	
  
Solenoid	
  Geometry	
  and	
  Fields	
  	
  
Distances	
  d1,	
  d2	
  	
  	
  

η

L	
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MinimizaBon	
  of	
  Beam	
  Size	
  in	
  LEBT	
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DeterminaBon	
  of	
  Lens	
  Parameters	
  and	
  Distances	
  d1,	
  d2	
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MinimizaBon	
  of	
  EmiUance	
  Growth	
  in	
  Lens	
  due	
  to	
  Spherical	
  AberraBons	
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Example	
  of	
  Solenoid	
  Design	
  

Solenoid	
  and	
  axial	
  field	
  distribu+on.	
  

Physical	
  length	
   	
   	
  25	
  cm,	
  	
  
Effec+ve	
  length	
  D	
   	
   	
  	
  17.63	
  cm,	
  	
  
Aperture	
  radius	
   	
   	
  5.4	
  cm,	
  	
  
Coil	
  current	
  density	
  	
   	
  3.1	
  Amps/mm2	
  	
  
Maximum	
  current	
  	
  
density	
  required	
  for	
  	
  
cooling	
   	
   	
   	
   	
  10	
  Amps/mm2	
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SeparaBon	
  of	
  Beam	
  Components	
  in	
  LEBT	
  	
  

Dynamics	
  of	
  2-­‐	
  component	
  
beam	
  in	
  LEBT	
  with	
  collimator	
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Bending	
  Magnet	
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Wien	
  Filter	
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Mismatch	
  Effect	
  in	
  Wien	
  Filter	
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Beam	
  Chopping	
  

Time	
  structure	
  of	
  different	
  currents	
  in	
  
LINAC	
  (P.Forck,	
  2011)	
  

LANSCE	
  slow	
  wave	
  transmission	
  line	
  chopper	
  

Pulse	
  structure	
  of	
  LANSCE	
  beam	
  

I = Q
T
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T_top	
  	
  	
  =	
  	
  20	
  ns	
  
T_front	
  =	
  10	
  ns	
  	
  

Chopper	
  pulse	
  

Short	
  pulse	
  	
  beam	
   Long	
  pulse	
  beam	
  

T_top	
  =	
  280	
  ns	
  
T_front	
  =	
  10	
  ns	
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BEAMPATH	
  SimulaBon	
  of	
  LANSCE	
  Beam	
  Chopping	
  

1	
  

2	
  

3	
  

4	
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Effect	
  of	
  LANSCE	
  Chopper	
  Pulse	
  Length	
  on	
  Beam	
  EmiUance	
  	
  

Chopper	
  Off	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  Chopper	
  pulse	
  290	
  ns	
   Chopper	
  pulse	
  36	
  ns	
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Different	
  Chopping	
  OpBons	
  for	
  LEBT	
  (C.PlosBnar,	
  ESS/AD/0022)	
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CERN	
  LEBT	
  Pre-­‐Chopper	
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FNAL	
  Einzel	
  Lens	
  Chopper	
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J-­‐PARC	
  RF	
  Deflector	
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  Beam	
  Matching	
  in	
  LEBT	
  

LANSCE	
  750	
  keV	
  H-­‐	
  Low	
  Energy	
  Beam	
  Transport	
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Beam	
  Tune	
  in	
  LEBT	
  

750	
  keV	
  LANL	
  injector	
  of	
  H+	
  /	
  H-­‐	
  Beams	
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Matching	
  of	
  the	
  H-­‐	
  Beam	
  with	
  750	
  keV	
  Low	
  Energy	
  Beam	
  Transport	
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EmiUance	
  Scans	
  for	
  Beam	
  Matching	
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Beam	
  Matching	
  Using	
  Envelope	
  Code	
  	
  

F = 1
2
(R + R2 − 4 ) −1

R = βexpγ s + βsγ exp − 2α expα s

Mismatch	
  factor	
  between	
  
expected	
  and	
  actual	
  beam	
  

F = 1
2
(Fx + Fy )

Average	
  mismatch	
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Beam	
  Matching	
  at	
  the	
  Entrance	
  of	
  LANL	
  DTL	
  

Matched	
  beam	
  ellipses	
  at	
  the	
  
entrance	
  of	
  DTL	
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