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Artificial Schottky noise in computer beams

Intrinsic feature of Particle-In-Cell (PIC) simulations using
M macro-particles, grids and Poisson or Maxwell solvers.

Because the real particle number N>>M the noise in
computer beams is much stronger than the Schottky
noise in real beams.

The noise in computer beams has been used to predict
the Schottky noise spectra in real beams (see example).

Like in real beams: Schottky noise <-> IBS and diffusion.

It would be useful to have scaling laws for the resulting
emittance growth due to ‘artificial’ IBS (Intrabeam Scattering)
as a function of:

macro particles M, real particles N, grid spacing,....
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P (arb. units)

P (arb. units)

P (arb. units)

Head-tail modes with space charge
seen in the computer noise spectrum
(R. Singh et al., PRST-AB 2013)
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iI= =1L
PIC simulation scheme (for beams)

q: ' E (x.,y.,
bi]am ion charge = K(5)x, — gk (x, y2 s) _0
. my
Q= g, macro particle charge Yoo
: E (x.,y.,s
N: number of beam ions Y+ K(s)y, — 9E, y2 ):()
M < N : number of macro-particles YoV
M
Integrate equation of motion, 0(x,9,9)=0Y S(Z—%,)
-> ‘artificial’ collisions of assign fiew coordinates: ; |
macro-particles Q — axst)|
and beam particles q.
Weighting: Weighting:
E,— F @ Xi = Pp Yy Ax
. U S(xX, —x.)(X,— X, '
E=zQQ(, (X, ,3) _—
J=0 4”6070mvg|3?,~—)?j’ E0 ) —P(X,yas)
, Integrate Poissons's equation -Ox bx
(Coulomb’s law) on the grid: p, — E, < )
3/4
g=Ze (beam particle)
Q=Z,e (test particle) Depending on particle shape S the - N
3Ax

macro-particles have a finite width: A = Ax %
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Effect of the grid: =
Artificial heating in plasma PIC codes

A. B. Langdon, Effect of the spatial grid in simulation plasmas, J. Comput. Phys. (1970)

Temperature increase if the grid is too coarse: Ax > A,  (Debye length)

How does this relate to (computer) beams ?

1
Beam temperature: k,T. = Emv2 = mPBocy e Debye length:

o,
) 607/0k I, L e
D q n A,LL X
Space charge induced phase advance shift
(per length L):

Al _ e’ZZ'N A=qZ'N
L 2T, MV, Y €.,

S

€ /
rms beam radius:&l

(line charge density)

Space charge dominated beams: o, > A,
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Effect of the finite number of particles: I=== 1L
Artifical collisions and fluctuations in PIC codes

R.W. Hockney, Measurement of the Collision and Heating Times in a 2D Thermal Computer Plasma,
J. Comput. Phys. (1971)

!OO: T T T TTT1TIT
- e NGP
slowing-down [ ;&¢"
time (friction) | °"e° ;g
0 =
: % ]
= Ag&
13 / 1
- oK Tg N E
f (=)<
& K| =0.98 £0.2
Q.4 [ B AR ool o1 i
oJ | ) 100
Ne =n()~%+W2)

macro-particle number M

SPECTRAL DENSITY

A.B.Langdon, C.K. Birdsall, Theory of Plasma Simulation using Finite-Size Particles,
Phys. of Fluids (1970)

) =9 [ |k =)
V)= Q) =

2m*? (2m)’

(Diffusion) (Fluctuations/Noise spectrum)

For computer beams: Work by J. Struckmeier
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Artificial collisions and emittance growth I=== 1L
in computer beams

J. Struckmeier, Stochastic effects in real and simulated charged particle beams, PRST-AB 2000

k, T : : :
B (Einstein relation) —
m
05 F(‘)QO'with SI.S"cell/er'tgth . . MA[')-X5.0(')420 22'/03/140'9.16440
£
Xv y 0
Yol H, =60

275 A

D=v

325

B (m)
B (m)

Entropy/Emittance growth only for
anisotroptic (beam) temperatures: 1, #7,

275

25 L 225

ds 1, (I,-T)) lde dS nsto
—=ckyy———— ——=—, £=¢g¢ L
dt 2 T.T, edt dt g st

125

75

(2D beam) (4D emittance) Y

2.5 66— v v v v v v v T 25
0.0 2. 4. 6 8. 10. 12. 14. 16. 18.  20.

s (m)

For weak space charge:

Emittance growth along a transport channel (length L):

3 ~ole beta-function) A 3
ﬁx X X ( ﬁ

A€ &P ¢

80 gy ﬂx 8x ﬂy

(anisotropy factor for a cell)

Collision frequency (for 2D and 2.5D computer beams) ?
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== 1L
Coulomb collisions in 2D (and 2.5D)

In a 2D beam the beam macro-particles are rods: Collision angle independenton b !

All particles with relative velocities less than collision angle:

7 Z'e2 beam rod: Z’ 27 7 b
v_zL =P are deflected by angles > 90° ' 0(b) = —"— arccos —
27?6 m . . 7l'€0ml/t D
0 impact parameterb: § . _____________
- - 2 —\ A - .
F,(V)=mvv= mjd vdbuf (V)Av (2D friction force) Test beam ion: Z, Z’Zpez
4 2 7 \? B 2TE T
v e/ 7/ oA 0
= v=|-=+|mwl,=N| —= LD o N Z*
Vv e, m V€. (2D ‘Coulomb’ force)
(2D collision rate)
N M N N2
2D computer beam: sz—Z = vi %—vi n——n Vo — Vo —
M M N M

N3/2 A
Collision frequency for finite sized macro-particles: V o< (

I—— ~
AD] A

25D =2D: Ax,Ay<Az = v_>v. Collisions are 2D in 2.5D codes
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Example case:

FODO channel with 2D space charge

RMS envelope equations
(used for matching):

2
2K
a’+K(s)a, ——=— -0
. a.ta,
2
2K
a/+K(s)a, — =5~ =0
a +a
y X y
Perveance:
1
K=—9 __«7’N
2me,me’ By

space charge induced
phase advance shift:

A‘th = Ith _ ILLXO oc ZzN
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FODO cell:
K,=—K,, £ =E¢,
= A>0
FODOxx cell:
K,=-K,, € =§
= A=0

No emittance growth

expected.

A [m]

. [m]

f, [m]

f, [m]

s [m]

s [m]



I= 5= 1L
Simulation results for FODO channels

PATRIC (2D): Emittance growth after 1000 cells.

noise/resonance dominated PyORBIT (with 2D space charge)

18 1i9: & o I | |
R — il G
: ' collision : : o
dominated 102 P B
§102 l § DL
| < 10-3 S. Appel |
) —_— N3/2
10° e ¢—¢ FODOxx
4 ]
#—¢ FODOxx, M=5000 ° M F?DO
1 i i1 |e—e FODO, M=5000 TR — N
10™ NS S S ‘ ‘ — 103 : S S S | |
10 20 30 40 50 60 0 10 20 30 40 50 60
—Au
A, [ N [deg]
A€ 3 3
A‘LL 3/2 1 N3/2 - =~ [),OCLV(A + G) G = ﬁx/:max + ﬁy/,\max )
V o< S oc 80 <ﬂx> <ﬁy>
L) M M |
(emittance growth) (ripple factor)

(2D collision rate for a computer beam)

FODO > FODOxx (only) by factor 2 in emittance growth/collision rate
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iI= =1L
Artificial ‘Schottky’ fluctuation spectrum

P=ldP +|Ac P +O(A>Y, ) DeP=YP

k
k=1 k=2 k>2 Diffusion Electric field
dipolar quadrupolar higher order fluctuations

‘Harmonic decomposition’ of Fluctuation spectrum after 1000 cells.

2
the electric field fluctuations 10 — Ap=-1°
21 101 . A o
E, = | E,(R.0)exp(ik0)do 100 x i
0 1071} — An=-D ,
“ — Ap=-30°
1072 f
1073}
10744
10—} high frequency -
beam pipe 10-6 ‘collisions’
0 20 40 60 80 100
low order k

Remark: Saturated ‘self-consistent "fluctuation resonances

spectrum does not depend on the initial random macro-particle seed !
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iI= 5= Il
Effect of the macro-particle number

‘weak coupling’: ‘strong coupling’:
small angle collisions dominate large angle collisions dominate
102 ‘ —
,,,,,,, M—l : M = 2000

& FODO: Ay — —15
—¢ FODOxx: Ay = —15"
—¢ FODO-FODOxx: Ap = —15°

\
8y
\

A 32 1 3/2
VOC( ux) N

Ae/eg

1/ M scaling tested up
to 50000 macro-particles.

GSI Helmholtzzentrum fiir Schwerionenforschung GmbH 11



iI= =1L
Effect of the grid spacing

Au, =-30°
0.10 ‘ ‘ |
T —¢ FODO, M =5000
0.08l collisions o—6 FODOXX, M—5000 |
< 0.06}
2
W
<0.04}
0.02}
O.OOO 1 5 2 I L
Az/Ap

in 2D: finite ‘particle-particle limit’ for Ax — 0
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B: (m)

B (m)

== 1L
Effect of (periodic) focusing

] A 3 3
FC‘]QO 'wiih SI.S" cell lflllgth . . MA[')-X5.0(').20 22{03/14 ()'9.16.4() 325 ﬁx ,max ﬁy ,Jmax
BSE B <V

pom® [ £ TBy By

325

By (m)

254"

(ripple factor)
0.20 ‘ ‘
1 [ e—& FODO, M=1000
754 L 75 —® FODOxx, M=1000
0.15| ,
S ) ] (’i,) § o o i 1 15207 G o
50-10* It seems there
— — -
29 FQZ}OwithlSCeIKIng’lh MADfXIS.()OTI25/03/]4]8.]6.19 29 IS a GthreShOId
28:- ( 3'\2 | ' | ' | ' u('):6'00 -28: : 0.057
N B} 0-0875 0.5 1.0 15 2.0
24. 4 L 24, G
., Emittance growth decreases
G—0 strongly with decreasing G and
ot (limitof constant vanishes for constant focusing.
A B A N A A focusing)
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_ _ I=5= 1
Low Noise or Noise Free Schemes

Noise free: Direct Vlasov solvers Vlasov simulation: 2D beam profile in a FODO channel
2D Vlasov simulations need a 4D grid !

VX
,'.:/‘e; )
23 of 3 _eEdf

A o Of m, v
e Sonnendricker, Vay, et al., CPC (2004)

Fx,v,t = Ar) Al-Khateeb, Boine-F., et al. PRST- AB (2003)
Pro: Noise free
X Con: Grid induced dispersion, 4D (6D) adaptive grid needed
Low noise: 6F-PIC scheme
o R o M L dw dln f,
f&x,p,s)=f,(X,p)+of(X,p,s) = p(x,y,s)zQZWiS(x—xi) E=—(l—w) "
i=0
known unknown: " .
(matched (halo ) Pro: Noise only from the ‘halo, (additional equation
P T not from the beam core. for particle weights)
distribution) _ :
Con: weight equation
SF-PIC: A)_/demir,.PoP (1994)
: . : Qin, Davidson, et al., PRST-AB (2000)
Standard scheme for PIC codes used in magnetic fusion ! Sonnendriicker, et al, (2013)
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I= 5= 1L
Conclusions and Outlook

The ‘numerical IBS’ induced emittance growth for an initially rms matched beam
distribution with 2D space charge and periodic focusing has been studied using two

different codes (PATRIC and pyORBIT).

The topic is a bit ‘academic’ as the emittance growth can be controlled by using more
macro-particles on modern computers (+ digital filters). Still:

o Scaling laws with M, current, grid spacing are useful to determine the required M.

o The artificial Schottky noise can be used as valuable diagnostics for computer beams.

We found a very approximate (!) scaling law for the numerical emittance growth:
Ag 3/2
—=tV(A+G) v N (1—%) (2D and 2.5D collision rate)

€, D

o G: ‘ripple’ (dominant contribution), A: anisotropy (adds a factor 2, roughly)
o for weak space charge: resonances + fluctuations dominate

o for strong space charge: artificial collisions dominate

o Open question: Exact origin of the emittance growth for A=0 ?

o Cures: Larger M + digital filters, &6f-PIC (very attractive !)
o 3D: please wait for Ingo’s presentation !
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Coulomb collisions in 3D === 1L

ZZe

O = ﬂbi . 2
: Z 7
471'8 mv beam ion: Z 0(b) = 2 arctan e’L, :
(cross section) _ Amwe,mu"b
impact parameter b:
77 o 2 T @
V=m0 =n. p o NZ* Test beam ion: Z,
l ( 4, mv>” ] ZZpe2
P Coulomb force
(collision rate) i 4775807’2 ( )
A A
F ()= m,va—mjd deuf(v)—Av L zlnb—D A=—"L>1
= 1
(friction force) (Coulomb log) (coupling parameter)
N N M N N’
Computerbeam: Z =—Z7 = b, —>—b, n—>—n V——Voc—
M M N M M
M isi N N (4

A— A _(close) coI.I|S|ons are more Vs 2 yee nl 22

N important in a computer beam ! M M A
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