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ANL Leadership Computing Facility (ALCF)

Intrepid (IBM Blue Gene/P)
• 40 racks, 40,960 quad-core nodes 

(163,840 processors)  
• 80 terabytes of memory. 
• Peak performance is 556 teraflops.
• 512Mbs/processor

9 PB 
storage

Current 
557 TF/s

80 TB4096 
CPU/rack

3D torus network
10 GB/s between any node
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TOP500 list (11/2009)

No Organization Country Cores
Speed

(Tflops)

1 Oak Ridge National Laboratory United States 224162 1759

2 DOE/NNSA/LANL United States 122400 1042

3
National Institute for Computational 
Sciences/University of Tennessee United States 98928 831.7

4 Forschungszentrum Juelich (FZJ) Germany 294912 825.5

5
National SuperComputer Center 

in Tianjin/NUDT China 71680 563.1

6 NASA/Ames Research Center/NAS United States 56320 544.3

7 DOE/NNSA/LLNL United States 212992 478.2

8 Argonne National Laboratory United States 163840 458.611



Challenges

• There are many challenges of BDS: scalability, visualization, I/O, etc.

• particles can be simulated one-to-one and end-to-end in accelerators now.

• High intensive beam may contain             particles.

• I/O challenges:        particles generate 180GB data.

• Transferring 180GB to hard drive takes half hours with 100MB/s network bandwidth!

• particles will generate 185 TB data! (SC08)

910

18~1210

1210
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Status and 
Challenges

Status
• Commercial software: Particle Studio, PARMILA, etc

• Academic software: IMPACT, ELEGANT, COSY, 

TRACE3D, TRANSPORT, VORPAL, TRACK,  ……

• Some can be run on tera-flops supercomputers

• Peta-scale computing has many challenges

910

100,000,000



Numerical Methods and Peta-scalable Algorithms

Numerical methods for plasma and charged beam

Numerical methods for Poisson’s equation
• Finite Difference, Finite Element, Fourier Spectral Method, Fourier hp-
Finite Element, hp-Finite Element, Multi-grid, Wavelet Method, etc
• Scalability for peta-scale computing

Particle-In-Cell method (PIC)

Direct methods for solving the Vlasov equation (DVS)
• Vlasov equations in 2D and 4D phase spaces 
• Structured vs. unstructured mesh
• Semi-Lagrangian method
• Discontinuous Galerkin method 

Domain decomposition in high dimension

Comparison of PIC and DVS solvers

7
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Beam Dynamics Simulation     Plasma Simulation 

o Numerical models for plasma simulation
• Microscopic model (N-body problem in 6N dimension)
• Kinetic model (Boltzmann or Vlasov + Maxwell Eqn. in 6D)
• Fluid model (MHD or two-fluid model in 3D)

o Particle-In-Cell (PIC) method is a simplification in kinetic model to 
solve Vlasov Eqn.  PDE→ODE.  (Birdsall & Langdon, 1985)

o Advantages: Easy to implement, fast speed, small grid
o Disadvantages: Noise decreases as           , hard to predict detailed beam 

structures, such as beam halo.
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Parallel Algorithm for the PIC code-PTRACK

Beam was accelerated through electromagnetic forces in LINAC.

t
EJB

B
t
BE

E

∂
∂

+=×∇

=⋅∇
∂
∂

−=×∇

=⋅∇

r
rr

r

r
r

r

000

0

0

μεμ

ε
ρ

Suppose external fields are known
or develop our own EM solvers

φ

γ

∇⋅=⋅==

==

-qEFv

vpx

rrr

r
rr

q
td
d

mtd
d

Space charge kick in velocity space

t=0 time1 2 3 4 5

Electromagnetic field simulation:

Particle Tracking, 100% Electromagnetic Fields, 0~100%
(external EM and space charge) 

Parallel 
Efficiency

4th order Runge-Kutta Scheme

0

2

ε
ρφ −=∇



10

Any type of RF resonator (3D fields)
Static ion-optics devices (3D fields)
Radio-Frequency Quadrupoles
Solenoids with fringe fields
Bending magnets with fringe fields
Electrostatic and magnetic multipoles
Multi-harmonic bunchers
Axial-symmetric electrostatic lenses
Entrance and exit of HV decks
Accelerating tubes with DC voltage
Stripping foils or film (for FRIB)
Horizontal and vertical jaw slits

PTRACK: Z-Based 
Code and 
Current Capability
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PTRACK Benchmarks

32768=
32*32*32

4096=
16*16*16

4096=
16*16*16

1024=
16*16*4

CPU#

1353611014I/O time(s)
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Tot Time(h)

SC Grid
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26.4k
323232 ××323232 ×× 323232 ××323232 ××

CPU Time/cell 
(s)

Particle # Parallel 
Efficiency

256 384 55M 100%

512 384 110M 100%

1024 388.7 220M 98.8%

2048 400.6 440M 95.8%

4096 385 880M 99%

CPU Time/cell 
(s)

Ideal 
Time (s)

Parallel 
Efficiency

512 384 384 100%

1024 225 192 85.3%

2048 107 96 89.7%

4096 63 48 76.1%

Strong scaling for 110 M particlesWeak scaling

150 GBs
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Noise due to finite number of macro particles in PIC method.
Suppose using 1M macro particles, each macro particle corresponding to 865 real particles. It is hard 
to simulate beam halo where particle number is less than 865. 
Simulated the actual number of particles in a 45 mA proton beam at 325 MHz accelerated in a RFQ 
from 50 keV to 2.5 MeV 865 M particles on 32768 processors.
Some beams have          particles! 
PTRACK is ready, and has been used in large scale optimizations.

14

One to One Beam 
Dynamics Simulations
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Large Scale Optimization
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Comparison of DVS and PIC Methods

Advantages:
– Avoids random fluctuations caused by finite number of macro-particles
– Can resolve fine structures in low density regions of phase space
– Easy to simulate pure modes and detect instability

Disadvantages:
Curse of dimensionality:        grid points needed in d dimensions.dN 2

Liouville Theorem:
Phase-space distribution function is constant
on the trajectory of the system

Follow work from E. Sonnendrucker, F. Filbet, M. Gutnic, etc.

High-order method + large scale computing

Semi-Lagrangian method

Discontinuous Galerkin method
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1D1V Vlasov Equation and Numerical Techniques
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Beam propagating at constant velocity       along z axis.

Vlasov equation in 2D2V space: Paraxial Approximation
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Parallel Poisson and Vlasov Solver

o Continuous Galerkin method
o Iterative vs. Direct methods
o Domain decomposition for parallelization
o Iterative: Conjugate Gradient Method
o Direct: Fast speed, but need large memory 

if solve globally. 
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Benchmark on Poisson 
& Vlasov Solver
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Benchmarks: Landau Damping

Linear Landau Damping

Nonlinear (Strong) Landau 
Damping
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Strong 
Landau 
Damping

T=0

T=16 T=32 T=48

T=32

FilamentationSimulations can 
help to understand 
physics, which is 

difficult in 
theoretical analysis.
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Other 1P1V Plasma Simulations
Bump-on-Tail Instability
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Kapchinky-Vladimirsky Distribution
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The KV distribution

where a, b are the solutions of the so-called envelope equation

Use Trace2D to solve these envelope equations

Mathieu-Hill Differential Equation: Force field linear to (x, y)
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Equivalent Beams
Two beams of identical particles defined by their distribution function f  are 
equivalent if they have same energy, same total number of particles and same 
2nd order moments. (Sacherer and Lapostolle)
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Comparison TRACE2D (solid) and TRACK (dotted) 
simulations using a KV beam:



Comparison of TRACK (solid) and Vlasov (dotted) 
simulations using a Gaussian beam
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(x, y)

(x’, y’)

(x, x’)

(y, y’)
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Simulation Results
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Discontinuous Galerkin Method

Advantages: 
Strong stability
Local mass matrix, 
easy to invert , 
easy parallelization
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2D2V Unstructured Mesh 

-0.1 0 0.1
x

-0.1

-0.05

0

0.05

0.1

y

Data 
Structure

4D Phase Space

256
256

65,536=64k

Nodal Based
hp FEM

For E=1586, P=3 in 2D plane

Solving                                  
2D transport equations

Each of the equation has
15860 dof!

Total dof is 0.5 billion! 

327201015862 =××

J. Xu, P.N. Ostroumov, J. Nolen and K.J Kim, “Scalable Direct Vlasov Solver with Discontinuous Galerkin
Method on Unstructured Mesh”, Submitted  to SIAM Journal on Scientific Computing.



Equivalence between PIC and DVS
Macro particles vs. Grid points
Lagrange vs. Euler approach
Uniform sampling vs. non-uniform sampling
Both solving Poisson’s equation on fixed grid
Statistics over particles vs. grid points

35

Semi-Lagrange vs. DG method
Both have strong stability;  
DG has limitation on time step;
Concentrated distribution function presents the 
challenges for DVS;
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Summary and Prospect

• Systematic software packages have been developed for Beam dynamic simulations 
(BDS) on peta-scale supercomputers;

• Scalable Poisson solvers have been developed and applied in BDS;

• Semi-Lagrange method has been used to solve Vlasov equation in both 1D1V and 
2D2V on structured mesh;

• Discontinuous Galerkin method has been used to solve Vlasov equation in 2D2V 
on unstructured mesh;

• Semi-Lagrange method will be applied on unstructured mesh in the future;

• Numerical diffusion is the critical challenge for successful DVS;

• Developed DVS solvers can be applied to some plasma and 2D beams in 
accelerator devices;

• 3D3V simulations can use same algorithms as 2D2V, but need more scalable 
algorithms and faster supercomputers.
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