IMPACT: A Parallel Multi-Physics Beam Dynamics
Simulation Package
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IMPACT: Integrated Map and PArticle TraCking

 The IMPACT(-Z depend.) started around middle of 90s (R. Ryne) including:
- Drift, Quadrupole, RF linear transfer map
- one 3D space-charge solver with open BCs
- a few thousand lines of High Performance Fortran (HPF) code
* Redesign of the IMPACT code around the end of 90s (J. Qiang):
- object-oriented design and implementation using F90
- domain decomposition parallelization using MPI
- multiple 3D space-charge solvers with open BCs, periodic BCs, conducting

pipes
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IMPACT: Recent Advances

e Current Features (with >100,000 lines of code) include:
— Z dependent and T dependent tracking
— Detailed 3D RF accelerating and focusing model, dipole, solenoid, multipole, ...
— Multiple charge states, multiple bunches
— 3D shifted-integrated Green’s function space-solver
— 3D spectral finite difference multigrid space-solver
— Structure + resistive wall wakefields
— CSR/ISR
— @Gas ionization
— Photo-electron emssion
— Machine errors and steering

e (Can be used to model beam dynamics in:
— Photoinjectors
— lon beam formation and extraction
— RF linacs
— Rings
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Governing Equations in the IMPACT Code
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One Step Particle-In-Cell Method

f(F,pt)=2.6(F-7,)5(p-P,)

particle deposition
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Split-Operator Method for Particle Advance

H=H H=H

ext SC

Multi-Particle

Magnetic : )
Simulation

Optics

W)=, (t)2) Y, (V) W () 2) + O(F)
7%=%ext 7%=7%sc
(high orden prasoctle via Ypoliida)

* Rapidly varying s-dependence of external fields is decoupled from slowly varying space charge
fields

* Leads to very efficient particle advance:
- Do not take tiny steps to push millions - billions of particles
- Do take tiny steps to compute ma
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Different Boundary/Beam Conditions Need
Different Efficient Numerical Algorithms O(Nlog(N)) or O(N)

FFT based Green function method:

» Standard Green function: low aspect ratio beam

» Shifted Green function: separated particle and field domain

* Integrated Green function: large aspect ratio beam

* Non-uniform grid Green function: 2D radial non-uniform beam

Spectral-finite difference method:

Multigrid spectral-finite difference method:

J. Qiang, S. Paret, “Poisson solvers for self-consistent multiparticle simulations,” HTHIT[_\E:S]PJ”L{I;EIE; = A TA P
ICFA Mini-Workshop on Beam-Beam Effects in Hadron Colliders, March 18-22, 2013. e




Green Function Solution of Poisson’ s Equation (I)
(open boundary conditions)

p(r) = [G(r,;r)p(rydr  ; r=(xy2)

FG)=h é{ G(ri- re)r()

G(X,VY,2) =1/\/(x2 +y® +2z%)

Direct summation of the convolution scales as N2 !
N - total number of grid points

FFT based Hockney ‘s Algorithm /zero padding:- scales as (2N)log(2N)

- Ref: Hockney and Easwood, Computer Simulation using Particles, McGraw-Hill Book Company, New York, 1985.

fe(ri) = ha Ge(ri- ri)re(r)
f(r)= fc(rz) fori = 1, N
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Integrated Green Function Method (ll)

fc(rl) a Gl(l"z

(large aspect ratio beam with open boundary conditions)

I"i') /’c(lf'z")

Gi(r,r") = oGi(r,r )dr\

integrated Green function

0.002
Integrated Green’s functionis |
needed for modeling large 0.001
aspect ratio beams! 0.0005 f

i

(O(N IOg N)) -0.0005 }
-0.001
-0.0015

J. Qiang, S. Lidia, R. D. Ryne, and C. Limborg-Deprey,
Phys. Rev. ST Accel. Beams, vol 9, 044204 (2006).
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3D Poisson Solver with Transverse Rectangular Pipe (I)

P¢ % P¢__p
ax2 8y 822 e
with boundary conditions

¢(x=0,y,2) =0,

¢(x=a,y,z) =0,
¢(x,y=0,2) =0,
p(x,yv=5b,z) =0,
d(x,v,z==x00) = 0,
Ny Ng
p(x,y,2)=Y Y p"(2)sin(erx)sin(Byy),
I=1 m=1
Ni Ny
$(x.y, J—ZZ@’”" 2) sin(x) sin(Bny),
I=1 m=1
where
4 r : .
(2)=— f f p(x,y, ) sin(x) sin(fpy),
ab
¢'™(7) = ffqb(x v, 7) sin(oy x) sin( B, v),

J. Qiang, and R. Ryne, Comput.ﬂPh)L;'s. Comm. 138, p. 18 (2001).
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3D Poisson Solver with Transverse Rectangular Pipe (ll)
(Spectral-Green Function Method and Spectral Method)

ajq'fifm[.?:} 2 dmgon ,!j{ml(-?:}
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K Im _1 1 Im /s 1
" (2) = —— [exp(~7n | 2= 2" (2')z
27/|m‘90
Green function method < ¢""(z)— Zp'm )G(z-1;)
Y im€o j
z'+h/2
| GE-7)= [exp(pi,lz-thet
z'-h/2

" (2)=>¢,"H (2); P (2) =D p,"H,(2)

spectral method < j‘ Hn(Z)Hm(Z)dZ —l n!\/;5mn

1 m 1 . . .
| SO -G @D+ AT+ (1 2N+ DA, = A,

J. Qiang, in Proc. of HB2014.
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Space-Charge Driven Energy Modulation vs.
Distance in a Drift Space
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Efficient Method to Calculate Longitudinal and
Transver§¥e Wakefields
F.(s)=qVr(s- s)x(s")/ (s")ds’

Operations comparison using
the direct summation and the FFT based method

Y
F.(s)= V. (s- s')/ (s")ds’ N
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J. Qiang et al., Phys. Rev. ST Accel. Beams, 12, 100702 (2009).
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Efficient Integrated Green Function (IGF) Method to
Calculate Longitudinal (CSR) Wakefield

typical CSR calculation:
a)no short-range interaction E(s) = _/dﬁ’
b)with numerical filtering

new IGF based method : FE(s) = fdz’).{ﬁ’}w{a —5'). lesq than 1 um

I Ry V| 1/6 —u®/18 —u'/64
W) = ey P e ey
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J. Qiang, et. al, NIMA 682, 49 (2012).
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IGF Significantly Reduces the Numerical Grid Points:
A Comparison in 1-D models with Transient Effects

1nC, 50 ym Gaussian bunch at 150 MeV; bend with radius R = 1.5 m*

25 ; : ; 1.5
2 Bendentry | |jmity->c0 >\ 1 Bend exit
15/ (Case A & B) T (Case C & D)
i —~ 05/
£ 25} 1 é
~ >
> 0 = 0
> =
05} IGF 1024 1w
ol 4l | ©-05}
S~ Non-IGF 104312
1.5+ |
AL ]
ol 014 mintoa 0.5 end ] 0.05 m into a drift that follows a 0.1 m bend
25 ‘ : : 1.5 ' :
-10 -5 0 5 10 -10 -5 n 5 10
z/0
IGF method obtains the same accuracy IGF 1024 points
as direct integration with a factor of 100 Non-IGF 104312 points
fewer sample points Limit y — oo
*G. Stupakov and P. Emma, Proc. EPAC 2002, Paris, France, 1479 (2002). C. Mitchell, et. al, NIMA 715, 119 (2013).
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Modeling the Photo-Electron Emission from Three Step Model
(Includes both Material and External Schottky Work Function Effects)

 photo-electron beam quality born out of the photo-cathode sets the limit
of the final beam brightness for next generation light sources

Three-Step Photo-Emission Model
F(E)=Q- T (E)) Tp (E—hV)

Metal Vacuum
&

_ 2)Electrons 3)Electrons f ( E) — L
? move to surface escape to vacuum FD l L+ e (E-Eg)/kgT
=
= & —> & —>

1)Photon .

absorbed Potential barrier f (9 y ¢) = SIN (H )

Fermi due to spillout electrons

Energy ° P, =+ 2mE sin(8) cos(¢)
occupied [.‘lpl;mldﬂpth py = 2mE Sln(e)SIn(¢)

states

valence it
> — _ . YAy
Direction normal to surface p z \/2 m ( E E F ¢eff ) p X p y

D. Dowell et al., PRSTAB 20009.
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A 2"d Order Numerical Model to Simulate Photo-Emission
Significantly Reduces the Number of Emission Steps
photocathode

Current Profile with Different Number of Emission Steps
(2" order vs. 15t order emission model)

0,00102
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Some Ap-plicaﬁon Exam-pl-e's
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Modeling of the ALS Streak Camera Using
IMPACT - with Space Charge Effects

Au Photocathode

View from side

-10 kV
_0.25 Magnetic lens MCP Recorded

mm |J: Streak image

I . . ———| = qE_)
D
. ———— N

Sample in ! Plates parallel —
transmission to timing slit Phosphor Space

or reflectlonAnode Mesh (0 V)

1 S ——— Space-Charge Effects in Streak Camera
s, Wwilhoul kngitudinal magnificaiorn
08 t ., .
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=04 | | | O
0z | B ]
£ ' | ' LS
0 : : : — : £ s s
05 1 15 2 25 3 35 4 S R A S S I—
1/temporal separation (ps*-1) )
X-ray streak camera temporal reslution improvement T S B P B
using a longitudinal time-dependent field o B
o T ;
J. Qiang et al., Nuclear Instruments & Methods in Physics Research A 598, 465 (2009). 0 ° 10 Z(lgl) 20 2 30

J. Feng, et. al, Proceedings of SPIE, V0l.5920, 592009 (2005).

U.%. DEPARTMENT OF Office of

EN ERGY Science

ACCELERATOR TECHNOLOGY & -ﬁ
abriies prvsics ovision A 1 A 2/




z._ max=0.1 (m)

5.00 7<>

-5.00

0.00

0500 7




A Movie Showing Dark Current Halo Electrons Transport/Get Lost
Using Field Data from Unstructured Grid
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Integration of Parallel Multi-Objective Optimization
with Parallel Beam Dynamics Simulation of a Photo-Injector

cathode
Control Parameters (10):

Initial laser transverse size

and pulse length (2)

Gun cavity phase (1)

Solenoid strength and position (2)

RF module starting position (1)

Cavity 1 phase and amplitude (2)
2

Cavity 2 phase and amplitude (2) 3 » N

g ° X * NSGA-II

iE_I * .X . o xK
VPES-PMDE shows much faster & oe ><>|< ° ) % x
convergence than the popular —3 » < X
genetic algorithm NSGA-ll with ~ © . X
800 function evaluations! S2t "5 Te

: il “‘w

-

% 1L .ﬂ ..‘. ®

2 VPES- PMDE
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IMPACT Application in Electron Linac for Next Generation

Beam Light Sources

:nezjnipulation Beam distribution and

conditioning individual beamline tuning
~2 GeV CW

superconducting linac

————————————————————

" i 1
no sc, no csr
~0.035 |
w
3
_ ‘E 0.03 -
Low-emittance, Laser systems, -
high rep-rate timing & 5
. . @ 0.025 |
electron gun synchronization
.o C
FEL Power/ f en @ 0056 o2 -o'.2b - 0 i )o'.z 0.4 0.6
~ unch length (ps
undulator length X g ¢ The longitudinal phase space of a beam

at the exit of a ling
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Longitudinal Space-Charge Effects:
Microbunching Instability

* Initial density modulation induces energy modulation through long. impedance
Z(k), converted to more density modulation by a chicane = growth of slice energy

spread / emittance!
R56

DI b1

L O e

~~~ VA

Current modulation t
A Gain=10 10%
1% / 0

. N . t

Courtesy of Z. Huang
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lodeling the Development of the Microbunching Instability
from the Shot Noise
From the exit of BC1 through BC2 in an FEL driver.

3000

2000 t

1000

dE (keV)

-1000

-2000 F
-3000 F
-4000 - ' ' ' '
] -0.4 -0.2 0 0.2 0.4
(tail) bench length coordinate (mm) (head)
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Final Longitudinal Phase Space & RMS Slice Energy Spread
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Simulations Reproduce Experimental Observation of uBI:

AE (MeV)

Study Microbung s g stability at LCLS

ing et al., SLAC)

(in collaboratic
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Real Number of Electron Matters :

- = e ———— o
i —I: WS A S e R - W e .x-n-"'_,.'-u-'?,:_ﬂ:'v* e
h Ll L i i | 1 i e — A

fundamental 1 nm average power evolution (MW)

200 real number of electrons =——
sub-sampled electronsg ===
’é 250
— rd .
. 200f Sub_sampled 3 harmor“C 0333 nm
g (~900 k) average power evolution (MW)
8_. L50F L8 real number of electrons ;=
. Lo sub-sampled electror—l_.?' -------
& ..| exact part. dist.(~2 billiong) e
rd [ -
5 % LAT sub-sampled dist.
st Lot (~900K) T
) H
=2 1F
°% 15 5 D o o S0 o exact part. dist.(~2 billions)
distance (m) o 0.8
g 0.6
v
% 0.4
J. Qiang et al., Phys. Rev. ST Accel. Beams, vol. 17, 030701 (2014).  0-2f L
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3D Modeling Multi-Charge State lon Beam
NS Formation and Transport at ECR lon Source

Superconducting
Coil Structure °|

= = - Double-Focusing
@ Solenoid Lens Analyzing Magnet

Injection Side

 — - [ S —

o
- —
'
P R R i T

_____________________

,,,,,,,

/ron Yoke Plasma Volume

Movable
Extraction System

A~ Emittance Scanner &
Beam Diaanostic

01

0.08 F

R (m)

0.1

0 0.01 0.02 0.03 0.04 0.05 0.06 0.07 0.08 0.09
Z (m)

J. Qiang et al, Computer Physics Communications, vol. 175, 416, (2006).




SNS Beam Dynamics Studies: Space-Charge and

RF Nonlinearities Required for Accurate Model
MPACT model and measurement at the MEBT II\S/E!PACT model and the LWs measurements in SC linac
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Macroparticle Simulation of a Proton Beam Halo

Experiment
Evolution of the Normalized Cumulative Beam intensity

Yt LAE AIRI MR W UF S DR GRS RSPV L RPRTE P TR L S A A

Homalized Curlatve Beam Intensty

longituckng path £ |
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Horizontal Beam Profiles at 9 Wire Scanners Show Good
Agreement between Simulations and Measurements

a- 52 quadrupole FODO lattice
6.7 Me\V BPMs
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Space-Charge Driven Coupling Resonance at PS

“For this purpose increasing levels of complexity have been planned with simulations, first in
2D approximation and up to 2000 turns:

- step (1) in constant focusing approximation; [

- step (2) using a linearized version of the AG lattice; [l

- step (3) using the fully nonlinear lattice of the PS [7]); U

- step (4) the 21/2 D or 3D bunched beam simulation including all lattice effects;

- step (5) extension up to the full 13,000 turns of the measurements provided that necessary
CPU times - pre- sumably of the order of months - are not prohibitive.

At a later point, after suitable code optimization, the even more ambitious dynamical crossing
may be addressed, preferably after new measurements are carried out over less than the
demanding 44.000 turns of the 2003 experiment.” - I. Hofmann et al., Proceedings of 2005
PAC.
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3D IMPACT Simulation Improves Agreement in
Static Montague Resonance Crossing at PS

measurements
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3D IMPACT Simulation Improves Agreement in
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