Field Calculations for Bunch Compressors
(non-1D and 1D)
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1 Calculation Methods

1.1 Direct Time Domain Calculation

e.g. FDTD - method with particle tracking
PIC codes (Particle In Cell)

a) calculation window
b) dispersion
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a) calculation window

linear motion
(v=rcy)

curved path

— S= path length
| Z = chicane length
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b) dispersion

| numerical integration:
JA ~ @
- o)

A = step width
N = order of integration (e.g. FDTD N=2)

A
—=1

o)

N
erroroc";_Am1 e.g. FDTD: L

typical interaction length: L, =3/24R’c
e.0. 6 =100um, Ry=1m, = A o< 3um

algorithms with low numerical dispersion needed:
o) compensation for one direction of propagation

N
B) higher order algorithms error o< L;ANH
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1.2 Retarded Sources

a) point charge (Liénerd-Wiechert fields)

exact solution known;
problems: very fast time structure of 1-particle field 7 < R,/y°c, very many
singularity at source point particles needed;

b) distributed sources

eg. J(F,t) and p(F,t) known
1 [ p(r',t) A

D(F,t) = ~ 2 ldv’ 3 3
Arey ) |F—T E(F,t)=-V®-9,A
ATty =to | 2 g, B(F.H)=Vx A
Az ) ||F T

4

problems: Jand p have to be known for all points (x,y,zt);
3d integration for every observation point
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c) simplified distributed sources

ensemble of simplified source distributions
“sub-bunches”

paths of
sub-bunches
(self consistent

tracking of test particles simulation)
Initial conditions

source distribution

computer codes: N.N. (R.Li, Jefferson Lab)
TraFiC4 (M.Dohlus, T.Limberg DESY, A.Kabel SLAC)
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1.3 Tracking

a) partial cancellation of transverse forces

Transverse Effects of Microbunch Radiative Interaction
Y.S.Derbenev, V.D.Shieltsev

KAE+F, |

X'+ (K?=n)x=

KAE = KAE, +Kg, [CSRdt + Kay(®, — D)

F.=..+0,KV-A

singular for 1D beams (~In(r))
singularities cancel !
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K(s) = 1/R,(s) = curvature
AE = energy offset
F.(sx,t) = transverse force

® = scalar potential

A = vector potential



approach 1 (TRAFIC4): calculate forces, solve EOM
KAE + F,

X +(K?=n)x=

avoid singularities:
real transverse beam dimensions have to be taken into account

“cancellation”:
F, calculated by field solver
AE calculated by EOM solver

approach 2 (R.Li): modified LHS, EOM

X"+ (K?—n)x= RAG +F,

KAE = KA, + Kgy®, + Kg, [CSRat
F =..+Q,K V- A-Kg,®

“cancellation” calculated by field solver
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b) self consistent tracking

t=t source distributions
0

track particles

vy
extrapolated path
for t >t
(only magnets)

calculated path
for t <t,

= extrapolated fields for t > t, ; tracking step

calculated path

/\ fort,<t<t,
/—\ t=1
AF|> €

|AF]|< e = new step
calculated path
fort<t,
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new extrapolated path
fort>t;




example: bunch compressor

principle:

Ty—>
2 [E,

—al> >

problem: EM fields generated by the bunch
e.g. energy loss of the bunch due to CSR

AE=f(particle position), bump is not closed — emittance growth
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without self-interaction

_ _ _1 mm 7 7
///_ i x\\
Im
with self-interaction
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80 particles, self consistent
1000 particles, self consistent

s

v

_ T

Im

80 particles, self consistent
field of 80 particles
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longitudinal phase space

80 particles, self consistent

1000 particles, self consistent

— 1%

| | | | |
S 1 mm

80 particles, self consistent
field of 80 particles

~ =\
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1.4 1D-Approach

e.g. Elegant
M. Borland

neglect transverse forces

neglect transverse beam dimesions

neglect ®: A& = AE,+1q, ICSRdt

neglect deformation of retarded distribution: A(st’) = A(s-Cqt)
(local rigid bunch approximation)

A(s,t)

CSR(s,t) = [A'(3-ct")K(s,9)d5

X X 0
X X 0
= R(s, s+ ) +&é CSR(s+z,5/¢,)
Z Z o Co 0
AS/E, o, s A8/8, | 1)
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or: sub-bunch approach
A(st) = Z qv/l(sub) (s—7,(t)—Cyt)

[ A (9)ds=1
CSR (g (S:1) = [l (5ot YK (5, 9)d5

pseudo Green’s function

CSR(s,t) = > 0,CSR 4 (St +2,/C,)
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e.g. benchmark example
gaussian bunch
g=1nC, £ =500MeV, 0,=200um

benchmark example
gaussian bunch
g=1nC, E=5GeV, 0, =200um

—_

0.z

0.4

0.4

0z

0.

04

0z

0

- (0.1s)
| 1040 A9
4(0)
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25 T T T T T

modulated gaussian bunch
g=1nC, £=500MeV, 0,=200um
initial modulation =10 %

initial wavelength =200 um

& =5GeV | | | | |
same Iinitial distribution L -
02 -
06 - 7]
04 7]
02 -
T e e R T
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small signal gain

benchmark example
g=1nC, 0,=200um, o,=0

4>G)

100

10

&E=5GeV

2 4 & 2 10 12 14 1a
I ﬂmod /Hm

wavelength after compression
Oyp=0.2um

. o o
maximal gain limited by: uncorrelated energy spread A = Zﬂ&eg‘g

e.g.. R, =25cm, %:2-10‘5 A ~3um

sub bunch length of numerical simulation
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small signal gain,
no compression,

&E=5GeV

Martin Dohlus
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2 Effects

2.1 Compression Work
2.2 Surface Impedance
2.3 Longitudinal Field
2.4 Transverse Effects
2.5 Transients

2.6 Shielding
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2.1 Compression Work

p(r,2)= @‘j)_ —9(z/0,)9(/0))

z=r

Y=
__ 4 _
E(12) =5 9(Fo-2rg(/a)
B,(r,2) =c,E (r,2)
y>>R/0o,

q° R
W, =W,+W_ = > In
Ar¥?’c0, |\ 150,
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R=1cm

o, = 200 um o,= 20 um
o, =100 um
g=1nC
W, = 0.107mJ W, = 1.065mJ
compression work AW, =0.958mJ change of potential energy

CSR: R,=10m, 0,=20um, L =0.5m
P =375kwW P L/c, =0.625mJ
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flat chamber

CSR field:

0.044 q

E_ o
csr R)m o3 £,

o=20um
R,=10m

Es q75kV 1
q m nC

2.2 Surface Impedance

- w=10cm

W h 7 - 1 Z.
2w, ik, hzg
2 Z,
resistive wall wake:
40 I I I I I
T o=20um
h=1cm
W
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2.3 Longitudinal Field

L 9.
E'%|:_V¢'§|_§A'%|

-2 2 — a A = — 1 d(I) a(I)
— . _— . V@ . —_ — —_

- . 1100 1dd 10

E-é = = 100 L 2y A .
QI 7/2 VvV ot v dt v ot (ﬂ )
;ﬁg?gcfn potential “CSR”
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Longitudinal CSR Field of a Thin Beam

rigid bunch model:  A(S—Vt) observer: T
r(S) _>0 = V_>0
1 a 2 N =
E.w =—— (B DP-A-V
CSR ﬂco at (ﬁ )

—

— 2 —_> .
Ecw :ijﬂ’(% ,BR—vt)l % 4s
4re, R

R(s) =i, ~T ()|
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Longitudinal Field of a Thin Beam on a

- 1100 1dd
E-€=—7— -
y v ot v dt

coherent radiated power:

_I'(56) gg 1
~47[$2-§/6 g, %/30_4/3

e.g.. q=1nC
R,=10m
o =20pum

P = 375kW
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CSR Field of a Tilted Thin Beam

e.g. R, =10m,o, =100pm,o,, =2mm — X=0.43
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... CSR Field of a Tilted Thin Beam
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2.5 Transients

retarded particles, seen from the head particle:

L =3/24R4 for |>>R/y°
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potential in center of bunch
Example: | I | I |

()
arc radius R, = 10m ﬁ] 0a | .
arclengthL=1m
Y: 104 02 r T
bunch length ¢ =100 um

. IR —
bunch radius 10pum
I:lIII.S IIZI EIIS I1 1|5 IE 25
———»5/m
field in center of bunch
R R 05 | T 1 T T
E+Vx BT centrifugal
— f—
E. .
L, =3%/24R’c =~ 0.621m 03 o .
longitudinal
for Ly<<s—s,;<<L, N |
E ~ _/1 | | I | |
(. -0.5 0 0.3 1 1.5 2 25
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Transient Longitudinal Field: Injection
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Transient Longitudinal Field: Ejection
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2.6 Shielding

a) shielding by horizontal conducting planes:

mirror charges:

N))

§
=
=

: W

general path
transient effects
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Shielding: Longitudinal Field

04r-

02

-2

-04

-06 -

-0%

e.g.:R,=10m, o0 =100um, h=1cm — h=21
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c) benchmark example
(1D approach):

gaussian bunch
q=1nC, & =500MeV, ¢, =200um
— 0,=20um

shielding by horizontal
conducting planes, h=1cm
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-15

gaussian bunch
q=1nC, & =500MeV, ¢, =200um
— 0,=20um

no shielding
h=1cm

-3 -2 -1 0 1 2
— 90,
Martin Dohlus
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