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•  Reference	
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•  Field	
  solvers	
  	
  
-  	
  electrostaMc/magnetostaMc	
  -­‐	
  FFT,	
  mulMgrid;	
  AMR;	
  implicit;	
  cut-­‐cell	
  boundaries	
  

-  	
  Fully	
  electromagneMc	
  –	
  FDTD,	
  PML,	
  MR,	
  new	
  prototype	
  spectral	
  solver	
  

•  Accelerator	
  laJce:	
  general;	
  non-­‐paraxial;	
  can	
  read	
  MAD	
  files	
  

-  solenoids,	
  dipoles,	
  quads,	
  sextupoles,	
  linear	
  maps,	
  arbitrary	
  fields,	
  acceleraMon.	
  

•  ParLcle	
  emission	
  &	
  collisions	
  

-  parMcle	
  emission:	
  space	
  charge	
  limited,	
  thermionic,	
  hybrid,	
  arbitrary,	
  

-  secondary	
  e-­‐	
  emission	
  (Posinst),	
  ion-­‐impact	
  electron	
  emission	
  (Txphysics)	
  &	
  gas	
  emission,	
  

-  Monte	
  Carlo	
  collisions:	
  ionizaMon,	
  capture,	
  charge	
  exchange.	
  

	
   2	
  

Warp*:	
  PIC	
  modeling	
  of	
  beams,	
  accelerators,	
  plasmas	
  
	
  

y	
   z	
  

x	
  

Z	
  (m)	
  

R	
  
(m

)	
  

AutomaMc	
  meshing	
  
around	
  ion	
  beam	
  

source	
  emicer	
  

VersaMle	
  conductor	
  generator	
  
accommodates	
  complicated	
  

structures	
  

*warp.lbl.gov (open source, BSD license) 



δx 
δy 
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Warp	
  ParMcle-­‐In-­‐Cell	
  workflow	
  

Deposit	
  charge/current	
  

Push	
  parMcles	
   Mme	
  

Clouds of 
particles 
(linear/
quadr./
cubic)* 

Newton-­‐Lorentz	
  

Plasma=collecMon	
  of	
  interacMng	
  
charged	
  parMcles	
  

Field	
  solve	
  
Poisson/Maxwell	
  

Gather	
  forces	
  

*H. Abe, N. Sakairi, R. Itatani, H. Okuda, High-order spline interpolations in the particle simulation,  
Journal of Computational Physics 63, 247 (1986) 
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Warp	
  ParMcle-­‐In-­‐Cell	
  workflow	
  

Deposit	
  charge/current	
  

Push	
  parMcles	
   Mme	
  

Gather	
  forces	
  

Newton-­‐Lorentz	
  

Field	
  solve	
  
Poisson/Maxwell	
  

Clouds of 
particles 

Plasma=collecMon	
  of	
  interacMng	
  
charged	
  parMcles	
  

AbsorpMon/Emission	
  

+	
  absorpMon/emission	
  (injecMon,	
  loss	
  at	
  walls,	
  secondary	
  emission,	
  ionizaMon,	
  etc),	
  

Add	
  external	
  forces	
  

+	
  external	
  forces	
  (accelerator	
  lahce	
  elements),	
  

potenMal/fields	
  
Filtering	
   Filtering*	
  

charge/currents	
  

+	
  filtering	
  (charge,currents	
  and/or	
  potenMal,fields).	
  

*C. Birdsall, A. Langdon, Plasma physics via computer simulation, Adam-Hilger, 1991. 
J.-L. Vay et al, Journal of Computational Physics 230, 5908 (2011) 



•  ParallellizaLon:	
  MPI	
  (1,	
  2	
  and	
  3D	
  domain	
  decomposiMon)	
  	
  

	
  

	
  	
  	
  	
  

	
  

	
  

•  Python	
  and	
  FORTRAN*:	
  “steerable,”	
  input	
  decks	
  are	
  programs	
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Warp	
  is	
  parallel,	
  combining	
  modern	
  and	
  efficient	
  programming	
  languages	
  

Parallel	
  strong	
  scaling	
  of	
  Warp	
  3D	
  
PIC-­‐EM	
  solver	
  on	
  Franklin	
  
supercomputer	
  (NERSC)	
  	
  

From warp import * 
… 
nx = ny = nz = 32 
dt = 0.5*dz/vbeam 
… 
initialize() 
step(zmax/(dt*vbeam)) 
… 

Imports	
  Warp	
  modules	
  and	
  rouMnes	
  in	
  memory	
  
	
  
Sets	
  #	
  of	
  grid	
  cells	
  
Sets	
  Mme	
  step	
  
	
  
IniMalizes	
  internal	
  FORTRAN	
  arrays	
  
Pushes	
  parMcles	
  for	
  N	
  Mme	
  steps	
  with	
  FORTRAN	
  rouMnes	
  

*hcp://hifweb.lbl.gov/Forthon	
  (wrapper	
  supports	
  FORTRAN90	
  derived	
  types)	
  –	
  dpgrote@lbl.gov	
  



Markers	
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Warp’s	
  versaMle	
  programmability	
  enables	
  great	
  adaptability	
  

Standard	
  PIC	
  

Non-­‐standard	
  PIC	
  

Laboratory	
  frame	
   Moving	
  window	
   Lorentz	
  Boosted	
  frame	
  
Example:	
  	
  	
  
	
  	
  Alpha	
  anM-­‐H	
  trap	
  

Example:	
  	
  
	
  	
  Beam	
  generaMon	
  and	
  transport	
  

Example:	
  
	
  	
  Laser	
  plasma	
  acceleraMon	
  

Steady	
  flow	
  

Example:	
  	
  Injector	
  design	
  

Quasi-­‐staMc	
  

Example:	
  	
  electron	
  cloud	
  studies	
  
2-­‐D	
  slab	
  of	
  electrons	
  

3-­‐D	
  beam	
  

s 

SPS	
  -­‐	
  CERN	
  

p+	
  bunches	
  

e-­‐	
  clouds	
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Space	
  charge	
  dominated	
  beams	
  
InjecMon	
  

Transport	
  

NeutralizaMon	
  

Warp-­‐Posinst	
  
SPS	
  	
  

Electron	
  cloud	
  effects	
  

MulM-­‐charge	
  state	
  beams	
  

LEBT	
  –	
  Project	
  X	
  

Traps	
  

Warp	
  

Alpha	
  anM-­‐H	
  trap	
   Paul	
  trap	
  

Courtesy	
  H.	
  Sugimoto	
  

3D	
  Coherent	
  Synchrotron	
  RadiaMon	
  Laser	
  plasma	
  acceleraMon	
   Free	
  Electron	
  Lasers	
  

Beam	
  dynamics	
  in	
  rings	
  

UMER	
  	
  

MulM-­‐pacMng	
  

“Ping-­‐Pong”	
  effect	
  0.000 0.001 0.002 0.003
-1.0

-0.5

0.0

0.5

1.0

10^+7

Vy vs Y

Y

Vy

z window0 = -2.2400e-02, 2.2400e-02

Vy vs Y

Y

Vy

z window0 = -2.2400e-02, 2.2400e-02
Step     240, T =    1.1628e-9 s, Zbeam =    0.0000e+0 m
Rectangular Waveguide: BDC=0; E=34.22kV/m
dt= 4.8ps;nx,ny,nz=64x8x128;egrdnx,ny,nz=22x16x44

R.A. Kishek                   warp r2                        rect!_MPC!_noB!_01

22

Sample	
  applicaLons	
  

In	
  de
velop

ment	
  

In	
  de
velop

ment	
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INJECTOR 

MATCHING 
SECTION 

ELECTROSTATIC 
QUADRUPOLES 

MAGNETIC 
QUADRUPOLES 

Benchmarked against High Current Experiment (HCX)!

Gas/Electron 
Experiments 

1 MeV, 0.18 A, t ≈ 5 µs,  
6x1012 K+/pulse, 2 kV space charge!
Tune depression ~0.1!

Beams have long memory 
Modeling of source is critical 
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Vay	
  -­‐	
  ICNSP	
  2011	
  

SimulaMon	
  of	
  ion	
  source	
  using	
  AdapMve	
  Mesh	
  Refinement	
  (AMR)	
  	
  
	
   	
   	
   	
   	
   	
  -­‐-­‐	
  speedup	
  from	
  AMR	
  x10	
  

Run! Grid size! Nb particles!

Low res.! 56 x 640! ~1M!
Medium res.! 112 x 1280! ~4M!

High res.! 224 x 2560! ~16M!

Low res. + AMR! 56 x 640! ~1M!

R	
  
(m

)	
  

Z	
  (m)	
   Z	
  (m)	
  

AutomaMc	
  mesh	
  refinement	
  follows	
  gradients:	
  	
  
emihng	
  area,	
  beam	
  edge	
  and	
  front.	
  	
  

Z	
  (m)	
  

R	
  
(m

)	
  

zoom	
  

0	
  .	
  0	
   0	
  .	
  1	
   0	
  .	
  2	
   0	
  .	
  3	
   0	
  .	
  4	
  
0	
  .	
  2	
  
0	
  .	
  4	
  
0	
  .	
  6	
  
0	
  .	
  8	
  
1	
  .	
  0	
   	
  Low	
  res.	
  	
  	
   	
  Medium	
  res.	
  

	
  High	
  res.	
  	
   	
  Low	
  res.	
  +	
  AMR	
  

Em
ic
an
ce

	
  (m
m
.m

ra
d)
	
  

Z	
  (	
  m	
  )	
  Vay – ICAP 2012 



Details of the distribution evolve with resolution.!

Low res." Medium res." High res." Low res. + AMR"

R
’
 (r

ad
.)"

R (m)"

R
’
 (r

ad
.)"

R
’
 (r

ad
.)"

R
’
 (r

ad
.)"

R (m)" R (m)" R (m)"
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WARP success at UMD!

14 



Identification of source halo*!

15 *I. Haber, et al. NIM-A 606, 64 (2009) 



Prediction of virtual cathode oscillations in UMER gun!

16 *I. Haber, et al. NIM-A 577, 157-160 (2007) 



Soliton wave trains in electron beams!

17 *Y. Mo, et al. PRL 110, 084802 (2013) 
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Warp	
  and	
  Posinst	
  integrated	
  in	
  a	
  modular	
  “combo”	
  package	
  

Pipe	



e-	



gas	



e-	


bunch 1	

bunch 2	



 Beam ions 
 Electrons  

I0
Ir

Ie

Its
true sec. 

back-scattered  
elastic 

re-diffused 

Posinst provides advanced secondary electrons model. 

Monte-Carlo 
generation of electrons 

with energy and 
angular dependence. 

Warp’s mesh refinement & 
parallelism provide efficiency. 

	
  Enabling	
  fully	
  self-­‐consistent	
  modeling	
  of	
  e-­‐	
  cloud	
  effects:	
  build-­‐up	
  &	
  beam	
  dynamics:	
  
•  Beyond	
  standard	
  pracMce	
  of	
  simulaMng	
  e-­‐	
  cloud	
  buildup	
  (ECLOUD,	
  Vorpal,	
  etc)	
  and	
  then	
  its	
  
effect	
  on	
  beams	
  (Headtail,	
  SYNERGIA,	
  etc)	
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– 	
  Bunch	
  
• 	
  energy	
   	
   	
   	
   	
  W=26.	
  GeV	
  
• 	
  populaMon	
  	
   	
   	
   	
  Np=1.1×1011	
  

• 	
  RMS	
  length	
   	
   	
   	
  σz=0.23	
  m	
  (Gaussian	
  profile)	
  
• 	
  momentum	
  spread	
   	
   	
   	
  δp/p=2×10-­‐3	
  

• 	
  transverse	
  normalized	
  emicance	
  	
  εx=	
  εy=2.8	
  mm.mrad	
  
• 	
  longitudinal	
  normalized	
  emicance	
   	
  εz=0.3	
  eV.s	
  

– 	
  ⊥	
  :	
  conMnuous	
  focusing	
  
•  beta	
  funcMons 	
   	
   	
  βx,y=	
  33.85,	
  71.87	
  
•  betatron	
  tunes 	
   	
   	
   νx,y=	
  26.13,	
  26.185	
  
• 	
  chrom. 	
   	
   	
   	
  Qx,y=0.,0.	
  

– 	
  //	
  :	
  conMnuous	
  focusing	
  
• 	
  momentum	
  compacMon	
  factor	
   	
   	
  α=1.92×10-­‐3	
  

• 	
  cavity	
  voltage	
   	
   	
   	
  V	
  =	
  2	
  MV	
  
• 	
  cavity	
  harmonic	
  number	
   	
   	
  h	
  =	
  4620.	
  

– 	
  assumed	
  100%	
  dipole	
  
– 	
  Bunch-­‐to-­‐bunch	
  feedback	
  system	
  in	
  horizontal	
  plane	
  (gain=0.1)	
  
– 	
  10	
  interacMon	
  staMons/turns	
  

SimulaMon	
  parameters	
  for	
  SPS	
  at	
  injecMon	
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Warp-­‐Posinst	
  enabled	
  first	
  direct	
  simulaMon	
  of	
  a	
  train	
  of	
  3x72	
  bunches	
  	
  	
  
	
  	
  	
  	
  	
  	
  	
  -­‐-­‐	
  using	
  9,600	
  CPUs	
  on	
  Franklin	
  supercomputer	
  (NERSC,	
  U.S.A.)	
  	
  

SubstanMal	
  
density	
  rise	
  in	
  	
  
tails	
  of	
  batches	
  
between	
  turns	
  
0	
  and	
  800.	
  

Average	
  electron	
  cloud	
  density	
  history	
  at	
  fixed	
  staMon	
  

SubstanMal	
  density	
  rise	
  in	
  tails	
  of	
  batches	
  between	
  turns	
  0	
  and	
  800.	
  

J.-­‐L.	
  Vay,	
  et	
  al,	
  IPAC12	
  Proc.,	
  (2012)	
  TUEPPB006	
  	
  

2.5

2.0

1.5

1.0

0.5

0.0

n e
  [

x1
011

m
-3

]

6543210
Time [µs]

 Turn 0
 Turn 200
 Turn 400
 Turn 600
 Turn 800
 Turn 1000



E-­‐cloud	
  density	
  raise	
  coincides	
  with	
  growth	
  of	
  verMcal	
  emicance	
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⇒ PosiMve	
  coupling	
  between	
  the	
  e-­‐cloud	
  	
  
buildup	
  and	
  the	
  bunches	
  dynamical	
  response.	
  
	
  
	
  

e- density"

p+ density"

Y 
(c

m
)"

T (µs)"

2"
1"
0"

-1"
-2"

x1015"

6"
4"
2"
0"

Y 
(c

m
)"

T (µs)"

2"
1"
0"

-1"
-2"

x1013"

1

1"
"
"

0"

e- density"

p+ density"

Y 
(c

m
)"

T (µs)"

2"
1"
0"

-1"
-2"

x1015"

6"
4"
2"
0"

Y 
(c

m
)"

T (µs)"

2"
1"
0"

-1"
-2"

x1013"

1

1"
"
"

0"

Turn	
  200	
  

Turn	
  1000	
  



Pacern	
  of	
  stripes	
  in	
  the	
  history	
  of	
  verMcal	
  bunch	
  offsets	
  	
  

22 

⇒ phase	
  of	
  the	
  oscillaMons	
  is	
  not	
  purely	
  random	
  

E-­‐cloud	
  provides	
  coupling	
  between	
  bunches.	
  

Vertical offset     (mm)"
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Fr
ac
Mo

na
l	
  t
un

e	
  

Comparison	
  with	
  experimental	
  measurements	
  
	
  	
  	
  	
  	
  	
  	
  -­‐-­‐	
  collaboraMon	
  with	
  SLAC/CERN	
  

Good	
  qualitaMve	
  agreement:	
  separaMon	
  between	
  core	
  and	
  tail	
  with	
  similar	
  tune	
  shi{.	
  

Warp	
  also	
  applied	
  to	
  study	
  of	
  feedback	
  control	
  system	
  (R.	
  Secondo	
  in	
  collaboraMon	
  with	
  SLAC)	
  

Warp-­‐Posinst2	
  

Bunch	
  29,	
  Turn	
  100-­‐200	
  

head tail head tail 

Fr
ac
Mo

na
l	
  t
un

e	
  

Bunch	
  slice	
  

Experiment1	
  

Bunch 119, Turn 100-200 

Nominal	
  
fracMonal	
  
tune=0.185	
  Bunch	
  slice	
  

1J.	
  Fox,	
  et	
  al,	
  IPAC10	
  Proc.,	
  p.	
  2806	
  (2011)	
   2J.-­‐L.	
  Vay,	
  et	
  al,	
  Ecloud10	
  Proc.,	
  (2010)	
  



RB1"
RB2"
…"

RA1"
RA2"
…"

So	
  far,	
  codes	
  developed	
  mostly	
  separately	
  

24	
  

RE1"
RE2"
…"

Developers	
   Codes	
  

J.	
  Qiang,	
  R.	
  Ryne	
  

pyOrbit	
  

Impact	
  

J.	
  Amundson	
  et	
  al	
  

Synergia	
  

M.	
  Furman	
  

POSINST	
  

RC1"
RC2"
…"

RD1"
RD2"
…"

D.	
  Grote,	
  J-­‐L	
  Vay	
  

Warp	
  

J.	
  Holmes	
  et	
  al	
  

… 



RB1"
RB2"
…"

RA1"
RA2"
…"

Although…	
  

25	
  

RE1"
RE2"
…"

Developers	
   Codes	
  

J.	
  Qiang,	
  R.	
  Ryne	
  

pyOrbit	
  

Impact	
  

J.	
  Amundson	
  et	
  al	
  

Synergia	
  

M.	
  Furman	
  

POSINST	
  

RC1"
RC2"
…"

RD1"
RD2"
…"

D.	
  Grote,	
  J-­‐L	
  Vay	
  

Warp	
  

J.	
  Holmes	
  et	
  al	
  

Warp-­‐POSINST	
  

field solver until ~2010 



Field solver A"
Particle pusher A"

…"

Further	
  integraMon	
  to	
  increase	
  capabiliMes,	
  reduce	
  duplicaMon	
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A	
  

B	
  

C	
  

D	
  

Python	
  driven	
  modules	
  

	
  	
  	
  1	
  

	
  	
  	
  3	
  

	
  	
  	
  4	
  

Developers	
   Users	
  

	
  	
  	
  2	
  

With	
  modular	
  programming,	
  we	
  can	
  share	
  modules	
  like	
  Lego	
  pieces.	
  
	
  

Having	
  Python	
  based	
  codes	
  makes	
  it	
  especially	
  easy!	
  
	
  

FORTRAN/C/C++	
  funcMonaliMes	
  

Field solver B"
Particle pusher B"

…"

Field solver C"
Particle pusher C"

…"

Field solver D"
Particle pusher D"

…"



Field solver A"
Particle pusher A"

…"

Developers	
  can	
  also	
  collaborate	
  on	
  modules	
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A	
  

B	
  

C	
  

D	
  

Python	
  driven	
  modules	
  

	
  	
  	
  1	
  

	
  	
  	
  3	
  

	
  	
  	
  4	
  

Developers	
   Users	
  

	
  	
  	
  2	
  

Leveraging	
  competencies	
  will	
  lead	
  to	
  becer	
  more	
  capable	
  tools:	
  
•  offers	
  environment	
  for	
  improvement	
  via	
  collaboraMon/compeMMon/”natural	
  selecMon”.	
  

	
  

FORTRAN/C/C++	
  funcMonaliMes	
  

Field solver B"
Particle pusher B"

…"

Field solver C"
Particle pusher C"

…"

Field solver D"
Particle pusher D"

…"
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§  Warp	
  is	
  a	
  parallel	
  ParLcle-­‐In-­‐Cell	
  simulaLon	
  code/framework/module	
  for	
  the	
  
modeling	
  of	
  accelerators,	
  beams,	
  plasmas	
  and	
  laser-­‐plasma	
  interacLon.	
  

§  Has	
  been	
  successfully	
  applied	
  to	
  the	
  modeling	
  of	
  space	
  charge	
  dominated	
  beams	
  

§  with	
  extensive	
  benchmarking	
  against	
  experiments	
  

§  Increased	
  collaboraLons	
  would	
  leverage	
  various	
  efforts:	
  
§  enabling	
  more	
  capable	
  &	
  becer	
  performing	
  tools,	
  

§  greatly	
  facilitated	
  by	
  growing	
  number	
  of	
  codes	
  with	
  Python	
  front-­‐end,	
  	
  

§  developers	
  would	
  develop	
  funcMonaliMes	
  rather	
  than	
  codes,	
  then	
  assemble	
  end	
  tools	
  
by	
  assembling	
  the	
  “Lego”	
  pieces,	
  

§  note	
  that	
  this	
  does	
  not	
  exclude	
  coexistence	
  of	
  current	
  tools.	
  
	
  

§  For	
  quesLons	
  regarding	
  Warp,	
  email	
  to	
  DPGrote@lbl.gov,	
  JLVay@lbl.gov	
  or	
  AFriedman@lbl.gov	
  

Summary	
  



Warp	
  applied	
  to	
  muon	
  cooling	
  in	
  US	
  Muon	
  Accelerator	
  Program	
  

•  After capture, muon bunch requires extensive cooling!

•  During cooling, the beam shortens, and space-charge effects rise!

•  Warp is used to study and minimize space-charge effects!

Cooling Scheme
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Warp & ICOOL codes were combined via Python!

• Warp	
  provides	
  most	
  of	
  the	
  parLcle	
  tracking	
  plus	
  self	
  fields	
  
–  Advances	
  parLcles	
  
–  Applies	
  solenoid	
  and	
  RF	
  fields	
  
–  Calculates	
  and	
  applies	
  self	
  fields	
  	
  (ES	
  or	
  EM)	
  
–  DiagnosLcs	
  (some	
  ICOOL	
  diagnosLcs	
  replicated	
  in	
  Python)	
  

•  ICOOL	
  provides	
  absorpLon	
  
–  Warp	
  calls	
  setup	
  rouLnes	
  for	
  absorpLon	
  (specifying	
  absorbing	
  material)	
  
–  For	
  parLcles	
  in	
  the	
  absorber,	
  Warp	
  calls	
  DEDX	
  rouLne	
  from	
  ICOOL,	
  which	
  modifies	
  
the	
  momentum	
  

• No	
  changes	
  to	
  ICOOL	
  (except	
  skipping	
  main	
  rouLne)	
  
–  ICOOL	
  wrapped	
  using	
  Forthon	
  –	
  have	
  direct	
  access	
  to	
  data	
  in	
  commons	
  and	
  the	
  
needed	
  rouLnes	
  

• ParLcle	
  handling	
  in	
  Python	
  –	
  passing	
  appropriate	
  parLcles	
  to	
  ICOOL	
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