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one particle



one particle

instantaneously

http://www.shintakelab.com/en/enEducationalSoft.htm
— Radiation 2D Simulator Free Download




one particle

Lienert-Wiechert

charge q, on trajectory 7, (¢)

retarded time
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fields
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one particle

near and far

T=t+R/c,
t+ ot - N .
[P dt > [S(F,T)-écdV
O
with Poynting flux in far zone
~ 2 |7 x |73 = B )x zil
F(t+01) 2 N (%j ( #ﬂ) f
% B CoEp \ATR (1_5.;3)

from radiation term

djgd = R*(1-7- B)SGF.T)




one particle

power loss

2

P, =10 76[52—(5X5)2j = q,E,

67 c,

.

linear acceleration Sx4=0

p —_ 4 74522 4, By dP._, 1 {1_ sin” $cos” ¢ ]

- 6rg,C, 67, R’ dQ ” (1- Bcos &) 7*(1- Bcos9)



near field



near field

circular motion

longitudinal component on arc R,,,
test particle at s=v¢, source particle at s=v(¢+17)
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near field

residual part

term 1 term 2
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both terms contribute to near-interaction!



near field

small angle approximation of residual part

E (r<0)= gy’ 32 0 p(8+4°)
e 4reR; 4+¢* 0g\ (4+4°)(12+¢%)

with 7= R—(g(¢/2 + 4 )24)
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power loss of one particle: | gc, =P



near field

power loss of two particles

P, =qyc(E,(-7)+ E,(0))

})2 = QOCEF (O)

1 10" — e
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head particle

tail particle

total power loss vs. distance
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near field

100 particles: total power loss vs. distance (first-last)

1) fully coherent

2) energy independent
3) cool beam

4) incoherent

N




multiple particles



multiple particles

superposition

for instance all (V) particles on the same trajectory 7, (1)=r.(t—-7,)
E(.0)=Y E\(Fi-1,)
B(7,t)=Y B,(F,t-1,)

random time delay

probability distribution of delay: p(z,,z,,--,7,)
independent delay: p(z,,7,,-,7,)=] [ po(z,)

(delay is not independent for systems with longitudinal dispersion + self effects!)

expectation of spectral power density (in principle)

(o))=|F, (o) x v+ N(N-1)B(io)’| with P(io)=]p,()exp(~iot)d:
O —

white “coherent”
\ J J
Y Y
one particle “collective term”




multiple particles

spectral power density (loss) for circular motion

power loss of all particles

E. s (T): ZEV (T - Tv)

Pr,z = %CZ Er,z (Tu): %cz E, (T,u _7v)
r V.U

impedance of residual part E (r)= ﬁfZ;(ia))e"“”da)

27

0.1



multiple particles

impedance of residual part

Re{Z;(ia))}:ZcS(ﬁl with S(‘f):ﬂ‘fTKW(x)dx
@, 8z "k .
and [S(&)dE =1
3 0
@, = Sre critical frequency
2 R,
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circular motion & shielding



circular motion & shielding

radiated power of Gaussian bunch in circular motion
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circular motion & shielding

' i o : R
energy independent regime 1<<;<<N3/4 with 0'027/_(3)
0
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circular motion & shielding

. . o i R
energy independent regime  I<<—<<N  with 0-027/_(3)
0
f.i. LCLS 2009 curvature in BC magnets R, ~10m
Gun N =~ 250 pC/q0
& LIX
(9m) (320m) (540m) %
\ LIS [ 12 13 Collimator
-—::=:”q§=!lm14limmdllllllllﬂk*¥iﬁ I kascocons Bty RS :
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135 MeV  250:MeV 4.3:GeV 2.8 - 15.8 GeV
Opuney, = 0.83 mm Opuncy = 0.19 mm Opune, = 22 pm
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circular motion & shielding

. . o _ R
incoherent regime N <~ with o,="¢
0 /4
B F -7 = 1
100 Ffuly | coherent, N ~
P 4 [coherent | energy independent | ineoherert
5 | : 2 4
rlf | - By =B =% 27
10° | | - 6rs, R,
10 [ i i -
L | i 1 F 1§ i*\’rﬁ“ | | f.i. HERA-E 7 ~ 50000
1 100 — 10° 10° R, =500 o, ~0.13mm
O-/O-ﬂ T N ~ 1010
O puney > 3 MM
R
. = N3/4 0
’ a fi. PETRA 7 ~=12000
R, =200 o, = 3.7 mm
N ~10"

O-bunch ~ 13 mm



circular motion & shielding

a simple shielding model = parallel conducting planes

: . o /R
real part of impedance is short-circuited below a cutoff frequency @, , =3c,|—
’ h

RC{Z; (C() < a)c,sh )} ~ O

spectral power density:




circular motion & shielding

a simple shielding model = parallel conducting planes
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general trajectories
and transients



general trajectories and transients

retarded particles, seen from head particle

seen from the head (1) before, (2) in and (3) after a 90 degree bending magnet

(1)

(2)

(3)

for instance:

o

yvertaking length”

L =3/24R} for I>>R)/y

(@)

[=10pum, y =1000 > L =20m

[=10um, y =1000, R, =10m — L, =29cm, [ >> R,/7* =10nm




general trajectories and transients

longitudinal field in the center of a Gaussian spherical bunch

that travels through a bending magnet

R, =10m
0 I I I I I I I I I I I
E \
MV/m
T _1 - -
o, =20 pm
1 1 q
=1 E £, :3\5(27[)3/2 Rg/304/38_0 g =1nC =
| | | I | 1 I 1 | | |
0 1 2 3 4 5

beamline coordinate S/ M —»

e I T
note: E=E, (all =% contributions cancel for the center of the distribution)
r



general trajectories and transients

transient CSR field, injection of a Gaussian bunch

|t
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general trajectories and transients

transient CSR field, ejection of a Gaussian bunch

04 T T T T T T T T 1 T T T
E
£
EC 02 =
o ——
—02 - —
04 R
—06 }— —e
-08 parameter -
~ L
-1 b x - L_d -
and L, =3[24R’c )
| | | | | | | | 1 | | |
=10 -8 =7 6 =5 -4 -3 -2 -1 2 3

bunch coordinate / ¢



general trajectories and transients

some remarks

sloppy notation: “residual” part (of longitudinal E-field) is called CSR-field

for free space: interaction by CSR-field (CSR-interaction) is tail-to-head interaction
significant part of interaction is over long distance
— weak sensitivity on transverse offset

— 1D model

energy independent model for o >>R, /7’

closed environment (metallic chambers):
tail-to-head and head-to-tail interaction

h ST \‘ .S
th t h ]

influence of finite conductivity

1D model (follows)



general trajectories and transients

vertical offset dependency: Gaussian bunch in circular motion

E 04 T T T T T T T T T
o =100 um, y =1000, R, =10 m

Ay = 23/Ry0?

. 000: Ay =1mm
o XXX:Ay =0
-061 e Ay=0 =
-08 ; 3 M
: Ay = \/Ry0? ~4.6 mm
b £l H_j

“Ar ‘ £ | shielding parameter N

I X ;

|

-12 l 1 1 - | I |
=3 -4 =3 =2 = 0 1 2 3 4 5
head tail

bunch coordinate / ¢



general trajectories and transients

closed environment, long range

metallic chamber walls
chamber height: 8 mm

100 mm magnet .)N

quartz window




projected model



projected model

phase space

.
xl
’ transverse coordinates (local system)
X(2)=|",
Y
S . . . . .
E longitudinal coordinates (bunch coordinate ~ time, energy)

beamline coordinate

projected model, equation of motion

particle index 0
0
d 0
d—ZXV :fext(xv’Z)+ O +FSC(XV) +
0
external forces
| VFsr (SvaZ)_



projected model

line charge density
particles

75(Z)

ideal trajectory

projected particles to ideal trajectory (neglect all coordinates but s)
generate continuous function A(s,Z) by binning and smoothing techniques

collective longitudinal self-force

F(s,,Z)=[A(s, —x,Z)K(x, Z )dx in principle

F(s,,Z)=[A(s, —x(%),Z2)K(X,Z)dX  in practice, with retarded source position ¥

v



projected model

kernel function

—_ —

47,812(sz): ﬁ'ﬁ-(és ‘50)—,82(1—eseo)—7—2 = m
R s+ PR

energy independent approximation with S —1, ¥ > =0 observer particle

retarded source particle

approximations

n
no transverse forces partial compensation of transverse effects, see SLAC-PUB-7181
no transverse beam dimensions
local rigid bunch approximation Z(S,Z)E /I(S)
only residual part

?7?? add collective SC forces



projected model

implementations

(incomplete list)

Elegant only one magnet

CSRtrack projected model, alternatively 2.5D model
Impact-T + collective SC forces

Bmad

GPT



bunch compressor



bunch compressor

4 magnet bunch compressor

0 >
L 52 (b) (c)
in principle i gb
O T
>
o - ——
[}
magnetic chicane
int. bunch coordinate {
low energy
NANNNNNNNL high energy
AVAVAVAVAVAVAVAVAVAS
accelerating resonator
growth of emittance
d nd energy sp read without self effects “top” view (hqrizontal plang), "cplor" = partiqle energy

Irad et nd

with “CSR” extreme example for visualization

/fv




bunch compressor

|)I III

“typical” beam dimensions in a “typical” bunch compressor

example: benchmark BC from CSR workshop 2002
http://www.desy.de/csr/csr_workshop 2002/csr_workshop_2002_index.html

B2 B3

. D . sl
\Parameters \Symbol | Value | Unit \Parameter LS)fmbo! | Value | Unit
tBend magnet length (projected) F‘b ] 0.5 | m tNominal energy IEo | 0.5/5.0 | GeV
Drift length B1->B2 and B3->B4 (projected) Lo [50 [ m bunch charge R 05,10 [ =nC
[Driﬁ length B2->B3 lLi } 1.0 [ i Fncoherent rms energy spread |(DE),_,_rms ’ 10 I keV
IPost chicane drift ILf ‘ 2.0 m |]inear energy-z correlation la | +36.0 | m!
Bend radius of each dipole magnet R [1035 [ m ’total initial rms relative energy spread kDEon)ms ‘ 0.720 I %
Bending Angle £ [ 277 [deg | [initial rms bunch length ki [ 200 [ pm
'Momentum compaction IR56 ’ -25 | Hm )ﬁnal rms bunch length Ff ‘ 20 | um
bnd order momentum compaction |T566 ‘ +37.5 [ mm linitial wonmdlized oo enitiaace len.x /eny | 10/1.0 |mm-mrad
’Total grcyetod It shinte FL = I s ‘ = linitial betatron functions at 1st bend entrance lbx /by ‘ 40/13 | m
fooceil el gtk e 1255 ][ mm [initial alpha-function at 1st bend entrance lax /ay ‘ +2.6/+1.0 |




bunch compressor

o ° 124 ° ° ° o ° V24
typical” beam dimensions in a “typical” bunch compressor
rms bunch dimensions
2 T T T T T T
A
4 \ .
B2 B3 |
Bl sl T B4
7_.,/1 ‘ .*"" i
:q LO »> }—lb -+ Iﬂ > - Lf >
14
3U T T T T T i
longitudinal dispersion
26 E _
Ts6 |
20 B
mm
15+ ] 14
1[]_ — T T T T T
200 .
5 ] sl O .
100 F l,lm B
0 1 A
50 | r AR
-5 . I : . I I 0 ] ] ] ] ] |
0 2 4 b 8 10 12 14 0 5 n e s 10 19 14
beamline coordinate/ m ———> beamline coordinate/ m ———>

usually (but not always) the bunch is short after magnet3



bunch compressor

simple model for emittance growth in last magnet

assumption: (1) neglect all self effects before last magnet
(2) represent total energy loss in chicane by discrete loss AE before magnet

X=[x ¥ y ¥ s E]p[x ¥ y ¥ s E+AE]

[ Ll

growth of emittance ¢= \/802 +£,B($AE,, /E.;)

with ¢,,¢ emittance before / after magnet
S beta function at magnet (lattice)
¢ deflection angle

AE_ energy spread of particle bunch
(slice or full bunch)

E.. energy of particle bunch
AE__depends weak on energy (energy independent CSR regime)

therefore: S — small; focus of lattice function in last magent
E... — high



bunch compressor

again the “typical” bunch compressor
compression 600 A (1 nC) — 6 kA at 5 GeV

CSR induced energy change along BC

rms energy spread of bunch
bk

-4

3 .
s 1F ll 1
- - I~ - B C
5 |B s @ . E-F 5
-1_'| c = C e =
g e g ¥ i
w E E E - .“
3 central particle ™~ - mean energy of bunch

energy of particle in bunch center

(=N |
%]
F =Y
(=
(=]
=]
—
%)

the rms energy is created essentially: end of magnet 3, drift m3—>m4 and magnet 4

7 L

1 Z,(s)
27 (0.5L, + AS)

rough estimation of steady state field in magnet |E|«E, = LZf

—>AE —e&>¢,
and transient in drift £~-




bunch compressor

projected emittance and slice emittance

&= \/<x2 ><x'2> — <xx’>2 with <a> = %Z a,

|H

again the “typical” bunch compressor

initial emittance: &, =1.00 um

projected emittance: use all particles: &, ~1.52 um

Bend—plane normalized emittance

e [um]
[ R
N Dd O

3

OI-‘

2 4 6 8 10 2 14
S/m

16

from P. Emma

slice emittance: use particles of a certain slice: few percent growth



bunch compressor

growth of slice emittance (in principle)

last magnet

blue: particles z, = const+small in one slice before the chicane,
they are not in the same slice in the chicane, ...

I I I
x/ m | top view: a bit before last mégnet x/m directly after last magnet
slice

0.001f *%1in the middle of the bunch |

o Un .

-0.001 ~o.001= ]

| | | | ZI / m : : : : z / m
p = -1.10°  -5.10 % 0 5.0 1100

-15.0 °-110° -5.10° o 5.10° 1.10°

... but they come to the same slice after the chicane

in the chicane these particles may be in different slices and may observe different
longitudinal fields (, even with the projected CSR model)



bunch compressor

growth of slice emittance, the “typical” bunch compressor

5 220

Y4

R ang

180

160

140

120

100

a0

B0

40

20

rms length of an initial slice

rms bunch length

E..=5GeV

2 !

6

10 12 14
beamline coordinate/ m ——>



bunch compressor

growth of slice emittance, the “typical” bunch compressor

5 220

Y4

R ang

180

160

140

120

100

a0

B0

40

20F

same compressor, but low energy version:
1

rms length of an initial slice

E . =500 MeV

rms bunch length

10

I
12 14
beamline coordinate/ m ——>



other forces / effects



other forces / effects

rough estimation / scaling

for Gaussian bunch with peak current [ =

cq
\N2ro,
q 1 Z,1

space charge E, o« oc for yo_ >>0,
| Arze, (702)2 39, 4

1 Z,1
CSR, circular motion E oc —=0 L =3/24R}c
[ T LO 0 0~z
O-z >> R0/7/3
1 Z. 1
CSR, after magnet | o 0
(distance S) 27 (0.5L, +5) G ccny?
<<2y°o,

2
resistive wall wake E, o Zyl o >>S, = a
(round pipe, radius a) 8a\0.KZ, \ 247,



other forces / effects g =1nC

o, =100 pm

beam current

1500

o il

\

m 1IN

03 -4 -3 -2 -1 0 1 2
resistive wall wake (per length)
2.10°
a =10 mm
1-10° [
0 — ]
-110¢ | steady state g
alu /
-210° 2
steel \V
-3.10*
5 -4 -3 -2 -1 0 1 2
K= 1,5-106 a:=001
it T

S-a-\fc-x-zo

TESLA cavity / length

0 \
-1-10* \
-2-10* \
L
J_,__-ﬂ""
-3.10° =
-5 -4 -3 -2 -1 0 1 2 4
4 space charge wake (per length)
4-10
116" /\ IBtWiSE =10m
/ \ ye =1pum
0 N — —
| 130 Mev el
-2:10
500 MeV Sl
-4.10°
=5 -4 “3 -2 =1 0 1 2 3 4

Z0-1

2
o ).
0511

=234 x ll)4




other forces / effects

g =1nC
o, =100 pm
: CSR wake
1-10
L] R, =10m
0
T\
\\—*///
-110° /
\ steady state
-210° |
L L w35 i \\/
: < Lo
4
it -4 -3 -2 -1 0 1 2 3 4
. resistive wall wake (per length)
210
a=10mm
1-10* /
,.-JL [~
0 e -~ o /
-110¢ | steady state g
alu /
-2.10* =
steel \V
-3.10* - 3
5 -4 -3 -2 -1 0 1 2 3 4

CSR wake

0 ~ \\ P
ol S=1 nN /
-4.10* k\\/// //
-6-10* : : \
—-Z0- = 5479 x IO4
AR N
S a2 3 a4 4 0 1 2 3 4
4 space charge wake (per length)
4-10
116" /\ IBtWiSE =10m
/ \ ye =1pum
0 N — —
| 130 Mev |
-2-10
500 MeV 1 g
-4.10°
-5 -4 -3 2 -1 0 1 2 3 4




other forces / effects

compression work

z)= el z
p(r,z) NTEp g(z/o.)g(r/o,)

Yy —>®

E.(r.z) = %g(z/cfz)(l ~2rg(r/s,))

TENN O,

B,(r,z)=c,E.(r,2)




other forces / effects

compression work

simple example:

—
R=1cm
o, =200 um o, =20 ym
o, = 100 um
g=1nC
W= 0.107mJ AW, ,=0.958 mJ W= 1.065m]

for comparison: steady state CSR energy loss in magnet

R,=10m,L=0.5m, 0,=20 um— P =375kW, P L/c, = 0.625m]J



transverse effects

see: Transverse Effects of Microbunch Radiative Interaction
Y. Derbeney, V. Shiltsev, SLAC-PUB-7181



transverse effects

example: the “typical” bunch compressor (5 GeV case)

methods for tracking: projected model

full field, approach (1)
full field, approach (2)

} “sreens”

o H V24 H
energy loss of one “typical” particle
KO*dE/EQ (particles@-sigma)
I‘ T T T T
o \\ .
B S \
64010 ¢ . 7
6210 * - - ! ! ! ! ! - !
5 6 7 8 9 10 11 12 13 14 15
transverse phase space after chicane
8=131m 2=131m 2 (s)
o" . . ”n A I ! rln (S) I A I I I
on axis particles 2(0)=0, =" (0)=0 s(0)=0
s(0)=-30...3a
15 - 0 = —
e 2 B
. w2 g W
: s - 3 - 9 g & e .
= £ "oy = = =
s . 10 2 o F 1 —
i =
. . i
i B R ot ® g -
projected %, projected @
gresen’s 3 gresen’s
-5 ] ] ] | | -10 1 | |
-m -15 -0 -5 0 5 10 -150 -100 -50 50 100
shi sfum

middle slice



transverse effects

equation of horizontal motion

)c”Jr(K2 —n)x+x' EE, = KAEEJFFX

external fields: K(z):l/R inverse curvature

n(z) external focusing quadrupole field index

energy: E=E_ + AEch|+ AE g

chirp

horizontal CSR force: F.=q, (E)(CCSR) _VB£CSR))

_ KAE,, +HKAE . +F.
E.. +AE,

to first order:  x”" + (K2 — n)x

ref



transverse effects

example: the “typica
test particle particle with (x x' » " s),=(0 0 0 0 -o0)

I”

relative long. field (patticles@-sigma)

T | | T T
S/E i
0
N P
1
4
il
1
—210* i
i)
|'.
—“10t
=] -+
T e
&0 g
o - \ | | \ \ -
610
5 8 9 10 11 12 13

F.JE

KO*dE/EQ (particles@-sigma)

magnet 3

\ Projected mode|

%

3z
~a
-----

-

magnet 4

I
K AE/E ==
0 =
6.8.10 © |
6610 5 T
6410 ¢ |-
1
D
;i‘
6210 * \
5 6 T

210 °

-2.0°

4

7:10

6.8.10 ¥

6.610 *

e410

bunch compressor (5 GeV case)
and E,=

ref

Fx/EQ (particle@-sigma)

+E, (s)

g A
[ - A -
7
[
H 1
1 ]
1
1
1
=
3 3 E
—_ 2 b
- ! ! | | -
6 8 9 10 1 13
x"+(K2 n) KAE+F,
64010 * T
1 as] I
3 i |z
i g | &
g = ) 2
4 -esl0t |
| m—, | v
[ ™ /
| 1 i 4
H 1 e
i | | —4
[ i | | 7 e’ o
1 1 1 1
1 1 1 1
1 1 1 1
1 1) 1 1
1 1 1 1
1 1 1 1
: : i 1 -4
| i H i 70"
1 ) 1 1
] 1 1 1
] 1 1 1
1 ) 1 1
] ] i i
| | 1 |
P [
55 6 713 115 25 13




transverse effects

compensation

F =qoéx-(l:7+17xl§) F =qe. - —VCI)—(Z—?+\7><V><2)

dr

=g, |~ V(- A7) d‘z)
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