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e Computational model

 Parallel implementation

« Simulation of space-charge driven coupling resonance at PS
« Simulation of space-charge effects at PS2

« Simulation of space-charge driven microbunching instability at an
electron linac
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Particle-In-Cell Stmulation with Split-Operator Meth/éa}| §

Setup and solve
Poisson equation for
space-charge fields.

Advance positions " Advance positions
& momenta a half @Charge deposition & momenta a half
step using H,, on grid step using H,,,

\ 4

@®Field solution on grid

®Field interpolation at
particle positions

\

Rapidly vaifying s-dependence of external fields is decoupied from siowly varying space charge fields
Leads to vey efficient particle advance:

Advance momenta using
H

space charge

— Do not take tiny steps to push millions - billions of particles

. : 3
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Different Boundary/Beam Conditions Need —
Different Efficient Numerical Algorithms O(Nlog

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,”
IEFA Mini-Workshop om Beam-Bearm Effects im Hadrom Cottiders, March 18-22,2613: 4
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Green Function Solution of Poisson’ s Equation "“\l \
. reeeee ‘m‘
e (opcn boundary conditions) Sl

d(r) = f G(r,rp(r")dr'; ¥ = (x y2)
P(ri) = hlz:lG(ri —ri)p(ri)
G(x,y,z)= 1/\/(x2 +y°+2%)

Dlrect summation of the convolution scales as N2 !!!!
— (N,N,N ) grid number in each dimension

Xy 'z

Hockney s Aloorithm /zero padding:- scales as (2N)loo(2N)

= Ref: Hockney and Easwood, Computer Smlt sing Particles, McGraw-Hill Book Company, New York, 1985.

¢(}"l) thc(rz ri )pc(l"l)
qﬁ(r:) ¢(l"z) fori = 1, N ;

AAAAAAAAAAAAAAAAAAAAAAAAAAAAAA




Integrated Green Function Solution of Poisson’ s Equation

freee ‘m

A19C ASDC 4 . DCAITl W 1 ODCI1 DOUNAAr\ ONaC ONS

¢(7‘z) EGz(rz—rz)pc(l’z)
Gz(l’ r) ¢Gs(r I’)dl’ Gs(x,y,z)=1/\/(x2+y2+zz)

integrated Green function standard Green function

Comparison between the IG and SG
for a beam with aspect ratio of 30

0.002
Infegrated &resn funclioh —
N . . 0.0015
Integrated Green’s function is
. 0.001
needed for modeling large
aspect ratio beams! 000051
§ o of
N 10 N -0.0005 } S ]
(O( g )) With integrated
-0.001 | Green’s function -
K. Ohmi, Phys. Rev. E 62 (2000) 7287.
R. D. Ryne, ICFA Beam DynamicsMini -0.0015 }
Workshop on Space Charge Simulation,
Trinity College, Oxford, 2003

J. Qiang, et al., PRST-AB 9, 044204 (2006). "0.008 604 0005 0002 00T 0 0007 0002 0003 0004

V. Ivanov, Int. J. Mod. Phys. A, 24, p. 869 (2009). z 5
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Efficient Shifted Green Function Method to L
Calculate Image Space-Charge Effects .

‘ . Z

computational domain contains only the original beam

BERKELEY LAB

130 Shifted-green function P10 U (6120005 1472

1.0e-9/(4"pi*8.854187817e-12)&

Shlﬁed G]/’een funcl‘iOn Algorl'l-hmoAnalytical solution

(1) = f Gi(r,r)p(r)dr: .|
G(r,/)=G(r+ryr)
(O(N logN)) oot
J. Qiang, et al., PRST-AB 9, 044204 (2006). 60%-007 0-:)03 0»:309 0».01 0-';1 1 0-(.)12 0.013

distance (m)
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3D Poisson Solver with Transverse Rectangular Pi Yoo ’iﬁ

52 52 52
8.\'? + B)f N a:(f - 2)
with boundary conditions

¢(x=0,y,2) = 0,
¢(x=a,y,z) =0,
$(x,y=0,z) = 0,
¢(x,y=>b,2) = 0,

¢(x,y,z==x00) = 0,

Ni Ny
p(x,y,2)= Z Z '™ (2) sin(ayx) sin(Bn, ).
=1 m=1
Ni N
¢(x,y,2)=) > ¢'"(2)sin(@x)sin(Bny),
=1 m=1
where
p™(: / / p(x.y,2)sin(eyx) sin(Bny).
¢ (: / / ¢ (x,y, 2) sin(eyx) sin(Bny),

J. Qiang, and R. Ryne, Comput.OPhys. Comm. 138, p. 18 (2001).
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h‘: Im¥r €0 ’

qb[”i = exXp(—Yimh; )(f)lm n=20,
d)zl\'"ii-l = eXp(—}q,nh:)qu," , n=N.

Numerical Solutions vs. Analytical Solutions

de-13 T T
Analytical solution
Numercal sohtion -------
Analytical solution ------
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Parallel Implementation ceceeet] i
P

« Parallel Implementation of PIC Simulation

— Particle decomposition
— Domain decomposition
— Particle-field decomposition

9
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Particle Decomposition ’:\| g
i
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Domain Decomposition ceceend]
p =y
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Particle-Field Decomposition ceceer ‘.h
_

@)
Pt o
° ° h | S "-
g [ @ b
b '. '__.. (O] b ]
]
b 't
» ] B @
[ | 9 0] 5
0]

PEI PE2 PE3

J. Qiang, M. Furman, and R. Ryne, J. Comp. Phys. vol. 198, 278 (2004). 12
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Scalability with large number of macroparticles (500)%9]‘1
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particle-field decomposition domain decomposition
10000 g 10000
b \L —— TOTAL ——
; drift - drift ---x---
charge ---#- charge BT
[ osson - o foisson o
- orce orce
comm. [ comm.
1000 : 1000
] [ Trm—— T ———
5 | L | :
g 100 | g 100
o ] - * ] ®
£ e i £ | h
- S = ] ¥
10 : —f : 10
*
1 1
256 512 1024 2048 4096 8192 256 512 1024 2048 4096 8192

Processors Processors

Fig. 5. Computing time as a function of number of processors on Cray XT4 using the particle-field decomposition scheme (left) and the domain decomposition scheme (right)
in the strong scaling test A with 32 x 32 x 2048 grid points and 1 billion particles.

J. Qiang and X. Li, Comput. Phys. Comm., 181, 2024, (2010). 13
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Scalability with small number of macroparticles (5) pe/f_:@]]l ‘.R
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particle-field decomposition domain decomposition
1000 1000
OTAL —— OTAL ——
drift drift
charge e [char e %
oisson --a-- Qissén - -8
—~——— i _ﬁ force force
[comm. comm,
100 fp-— 100
8 —
0 Fo ) : 0
8 il 8 i
g 10 - g 10
: " :
3 = f-
K2
1 1
E
0.1 0.1
32 64 128 256 512 1024 32 64 128 256 512 1024
Processors Processors

Fig. 6. Computing time as a function of number of processors on Cray XT4 using the particle-field decomposition scheme (left) and the domain decomposition scheme (right)
in the strong scaling test B with 128 x 128 x 128 grid points and 10 million particles.
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IMPACT Code Suite rm y

‘m

« IMPACT-Z: parallel PIC code (z-code)
« IMPACT-T: parallel PIC code (t-code)

* Envelope code, pre- and post-processors,...
* Key Features

— Detailed RF accelerating and focusing model, beam line
elements of linac and ring

— Multiple 3D Poisson solvers

» Variety of boundary conditions: transverse round/
rectangular, longitudinal open/periodic, ...

3D shifted-integrated Green Function
— Multi-charge states, multi-bunches

—Machine error studies and steering

— Wakefields

— CSR/ISR

—Gas ionization 15

LAWRENCE BERKELEY NATIONAL LABORATORY I
—Run on both serial and multivle processor combputers



Space-Charge Driven Coupling Resonance at PS A\I ‘.h
E—

Proton flux / Beam power

* Proton-Synchrotron (PS) is amonc . .

injectors the oldest, and will continu 2. L Line2 ’

the LHC at least for the next 25yea | I

- Space-charge effects is a dominar &&= (LP)SPL

limiting the bunch intensity. sscev [PS péz

* Montague Resonance: IR — _Esr—‘—t
2Qx-2Qy=0 Slancey  [SPS] [gpe

- can cause particle due to e
unequal aperture size In LHC /
horizontal and vertical AT SEEICH
dimensions. e

* benchmark space-charge codes

Refs: B. W. Montague, CERN-Report No. 68-38, CERN, 1968.
E. Metral et al., Proc. of EPAC 2004, p. 1894.
I. Hofmann et al., Proc. of EPAC 2004, p. 1960. 16
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Space-Charge Driven Coupling Resonance at PS A\I ‘.D

“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; v/

- step (2) using a linearized version of the AG lattice; v/

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

- 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.

T 85 o 5 0T~
[ 8
E . ’ 8 E 6 5 d = e
g 75 O@ @O.Q' L 2o E
E T @ * £ ORB-x
: 955

2 6.5 o8 S 3 — ORB-y
Q . B é -t - —IMPx
[T] o : - —
£ 55 1 'S 00‘ 4 g 4.5 IMP-y
E 'J_—\—‘ 0 ~—MIC-x
$ 45 n AQ_‘_ E a5 - —MICy
é 3.5 - J,-"" ® 2 25 T T - ,
;’ : - . e u 1 10 100 1000 10000

250 A u:’:.'. L Turns

6.15 6.16 6.17 6.18 6.19 6.20 6.21 6.22 6.23 6.24 6.25

Horizontal tune
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Physical Parameters of PS

Physical parameters:

RF frequency = 3.5 MHz
RF voltage =27 kV

Ek =1.4 GeV

Emit x =7.5 mm-mrad
Emit y = 2.5 mm-mrad
Rms bunch length =45 ns
Rms dp/p=1.7 x 1073

Horizontal tune: 6.15 — 6.245
Vertical tune: 6.21
Synchrotron period: 1.5 ms
Half Aperture = 7cm x 3.5cm

[=1.0x10"2 8
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Static Montague Resonance Crossing at PS f\l i
= -

. measurements
— ¢ Emit_H (norm, 2 &) [um]
'8 35 ¥ m Emit_V (norm, 2 ¢) [um]—
*
T 30 L o
E * ¢
~— 25 =
o .
O 2 % )  §
C | |
S8 O o
.": - [] [
£ 01 ——— IMPACT simulation
5 ; . . . 40 T T T T T T T T horiz:r)t'ai _._
6.15 6.17 6.19 6.21 £.23 £
Horizontal tune :5 *
$ sol\.\ . m A
& . //'
~ 5 \“I 1
% \‘I —~
O i
C ;;:,,,7—7‘:J -
-9 o I\
O ¢ = i B
10 b
5(5.15 B:lB 5:17 5:18 8119 5..2 5:21 5:22 8123 8124 6,25
6.24448, 7,26239 hOrlzontal tune 17
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Dynamics Montague Resonance Crossing at PS (l)r:r_:>| ‘.h

BERKELEY LAB

100 ms dynamic Crossing

; measurements
l ¢ Emit H (norm, 2 ) [um]
3 8 Emit V (nom, 2.0) Jum] —
Yo
30 +
25 '
Yo
2 —+—1 —
il A 0

{5 -
04—

5 [ | | |

6.15 6.17 6.19 6.21 6.23

Horizontal tune

6.25

emittances (m-rad)

6.17947, 1.75178

40

Eil

30 F

25 F

20 F

15 F

10p

IMPACT simulation:
fully 3D+non|inear lattice

" horizontal -
vertical ——

5
6,15

6,16 6,17

horizontal tune

20
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Initial and the Final Phase Space Distribution of t
Dynamic Resonance Crossin

recceee|

Turn =0 __Tumn=0

0,005 0,015 T T T T
. Xpx - . t-pt
Y7PY . .
transverse phase space - longitudinal phase space
0,005 4
0,002 | 4
I
£ 0,001 F g —_ 0 4
= o
2 2
5 ob J >
X & 0,005 4
-0,001 F .
-0,01 4
-0,002 F .
-0,003 | 1 -0,015 . . L
_0‘004 A i i ) i i A ) ] i i
-0,04 -0,03 -0,02 -0,01 0 0,01 0,02 0,03 0,04 -0,02 " L " " " " " "
x ory (m) =200 -150 =100 -50 0 50 100 150 200 250
0,00913350, 0,00515283 t (ns)
T —_— 44032 251,143, -0,0144207 T - 44032
0,005 T urn T T T T 0,015 T T T urn T T T T
X-pX - t-pt
Y=PY
0,004 4
0,01 F 4
0,003 4
0,005 4
0,002 -
i
£ 0,001 - — 0F 4
< o
2 g
5 0 J =
S & -0,005 | .
-0,001 -
-0,01 4
-0,002 -
-0,003 E -0,015 F E
-0,004 : . s : . .
-0,04 -0,03 -0,02 -0,01 01 0,02 0,03 0,04 -0,02 = = = L = =

0 0. A .
o of¢ ) -200 -150 -100 -50 0 50 100 150 200 250
0.0202653,  0,00261627 X’y u('ﬂn T (ﬂS)
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Emittance Evolution w/o Longitudinal Synchrotron Metiq‘n .
Frreeer ‘m

6.197.6.21

Se

rms emittances (m-rad)

-06

e-06

e-06

e-06 |-

e-06 |-

e-06 |-

e-06 |-

e-06

long. frozen
long. frozen
long. synch.
long. synch.

1]

200 400 600 800 1000

turn

Synchrotron motion enhances the emittance exchangze !
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Space-Charge Simulation of a Proposed Synchrotron;f%a 0
f\’

BERKELEY LAB

»PS2 was proposed for LHC upgrade with higher injection energy (4 Ge\
to mitigate the space-charge effects to reach higher number of protons

per bunch (4 x 10'1).

Proton flux / Beam power

1.4 GeV PSB
EI A aa (LP)lSPL
Z 26 GeV PS
T a— — 02
s r 3
£ 450 Gev SPS
Slitey T _l Pt
LHC/
"?.T.e.V“ ______________ SLHC DLHC
~ 14 TeV

Figure 1: Overview on the CERN injector complex
upgrade programme: stage 1 (green). stage 2 (orange).

Figure 2: Integration of PS2 within the existing and future
CERN accelerator complex.

M. Benedikt, et al., PAC09, WEIGRIO§3
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Goals of PS2 Space-Charge Simulation %

» Space-charge effects limit the performance of PS2 by degrading
the beam quality, causing halo formation and particle losses

e Fully 3D self-consistent simulation help evaluate the potential
dangers of the space-charge effects
 Identify the intensity limit of the space-charge dominated beam

* Optimize the PS2 accelerator design to minimize the space-charge
causing beam quality degradation and particle losses

24
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Physical Parameters for PS2 Simulations r_:r>| i

|||‘
_

Vrf = ramping with f =39.3 MHz
Ek =4 GeV

Emit x = Emit y =3 mm-mrad
Emit z=.098 eV-sec

Half Aperture = 6.3cm x 3.25¢cm
[=4.0x10"

70 SC per turn

65x65x128 grid points
939,000 macroparticles

25
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Betatron Tune Footprint with O Current and

with SC but no Synchroton Motion f\l !
4

0,75

0.7

085 F - N
0.6 [

0,55 p

0.5 — —~

0,6 0,65 0.7 0,75 0.8
bt

0,723837, 0,547353
26
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Betatron Tune Footprint with O Current and

with SC and Synchroton Motion f\l 0
.

0,79

0.7 h

065 F . °

0.5 |

0,55

0'5 " \"h

0.6 0,65 0.7 0,75 0.8
E3

0,701703, 0,568776
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Transverse Emittance Growth N

with/without Synchrotron Motion f\l i
4

1 . L]
¥ - with synchrotron motion =——
¥ - with synchrotron motion ——
¥ = no syncrhotron motion —
Y - no syncrhotron motion =——
0,8 F

0.6 F

0.4

emittance growth (%)

0.2

0 200 400 600 800 1000 1200

turn
-134,756, -0,0938776

28
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Tune Footprint around 4 GeV, 6 GeV and 8 GeV E erey| |i)ﬁ

EERKEI._EY LAB

0.75

0.7

0.65

0.6

0.55

0.5
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Nominal and New RF Voltage Ramping reeeed

RF voltage ramping

0.9 T T T T T T T
New
Nominal
0,85 4
0.8 4
0,75 4
0,7 J
= 0,69 b
0.6 4
0,55 4
0.5 kinetic energy evolution with nominal and new RF ramping
10000
0,45
0.4 N N N " " " " " 9000 F
0 5000 10000 15000 20000 25000 30000 35000 40000
turn
34485,5, 0,612810 . 8000 |
2
3
s 7000 b
o
= B000 |
5000 F
4000 : : : . : : : .
0 5000 10000 15000 20000 25000 30000 35000 40000 45000

turn
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Transverse Emittance Growth with /—*\I .
Frreeeoer ‘m

Nominal and New RF RamEing

transverse emittance evolution with nominal and new RF ramping

12 Ll L] Ll Ll Ll Ll Ll L)
¥ = Ney =—
¥ - Newy ——
¥ = Nominal =——
¥ - Nominal =———
10 F

emittance growth (%)
[y

0 5000 10000 15000 20000 25000 30000 35000 40000 45000

turn
21912,5, 7.77569 31
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Transverse Emittance Growth with /—*\l |
Freereer ‘m

Different Initial Emittances

3.4e-06 T T T T T

3.2e-06 - o ————————mT T [ ¥ |

3e-06 [T .

2.8e-06 o -

\

2.6e-06 = 1

emittance (m-rad)

2.4e-06 -

I

2.2e-06 -

2e-06 |- 1

1 .88-06 | | | 1 ] | ] 1
0 5000 10000 15000 20000 25000 30000 35000 40000 45000

turn
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Transverse Emittance Evolution with Different Protoﬂ@gﬁity

BERKELEY LAB

5.5e-06

5e-06

4.5e-06

4e-06

emittance growth (m-rad)

3.5e-06

3e-06

259‘06 1 1 1 1 1 1 1 1
0 5000 10000 15000 20000 25000 30000 35000 40000 45000

turn
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Space-Charge Driven Microbunching Instability in —

. . . Frrreeeer |'.||
Electron Linac for Next Generation Light Sources f\\
Beam
rannadnlpulatlon Beam distribution and
conditioning individual beamline tuning o [

~2 GeV CW
superconducting linac

A
/ \
-:';,».«Eww'm-- s

0.04
—.0.035
-
L
=
s
‘ g 0.03 -
o
. >
Low-emittance, Laser systems, S
. c
high rep-rate timing & ®0.025
electron gun synchronization

0.02 ‘ \ . . i
FEL Power/ _ f 8;1 @’ -0.6 -0.4 -o_2bunch Ie?mgth o9 0.2 04 06
ndulator length The longitudinal phase space of a beitm at
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Microbunchine Instabilit ceceeer] i
g Instability

* Initial current modulation (even shot-noise) induces energy
modulation through space-charge impedance Z(k), converted
to more current modulation by a chicane =» growth of slice
energy spread / emittance!

Energy modulation

Y U e W

v

AYAAV4Y
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Microbunching Instability Gain Curve ceccend] B

BERKELEY LAB

--------------------------

50 | oo = 0.005 MeV
: €xp = | um
40 | I, =73 A
= 30} [} ~O80A
S
20 ¢
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Final Uncorrelated Energy Spread vs. /—“\l .
Number of Macroparticles

500 T - T
5keV ——
2keV . .
400
>
)
=
g 300 F \
5 N
. 200 }
-
® 100 } —=
O L A .| 1
: 1 10 100 1000 10000

number of macroparticles (M)
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Final Longitudinal Phase Space Distribution /—*\l .
with One and Five Billion Macroparticles \""

five billion

one billion

0 0 r
500 500
450 \ 450
-0.06 | . -0.06 f .
400 400
- 4350 - 1950
-0.1 -0.1 i
g 1300 :\f, - 1300
5 {1250 3 | b d2s0
© o
-0.15 1o 015 1 B 200
150 150
-0.2 100 -0.2 1 100
50 50
-0.25 : : : : : : : -0.25 : : : : : : :
-04 -035 -083 -026 -0.2 -0.15 -0.1 -0.05 0 -04 -035 -03 -025 -0.2 -0.15 -0.1 -0.05 0
Z (mm) Z (mm)
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