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Wake field calculation — estimation of the effect of the material
properties of the chamber on the bunch

Wake potential Impedance

15 Z—S
- Z(1o,1 @) =~ [ W(ror ) ds
C—oo
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HOM coupler
___ |RMShunchlength o, m
ILC 300
European XFEL 5-25
LCLS-II 25-1000

The difficulty of numerical calculation of wakefields can be assotiated
with a small parameter %%/4, where g, is the RMS bunch length and a
IS the typical size of the structure (f.e. iris radius)..
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G. Stupakov,
5 |ICFA Workshop on HOM in
A 7 e Superconducting Cavities,
' a 2s Chicago, 2014
S TP SRR, S TR >

For Gaussian bunch with RMS length o, = 25um and a = 35 mm the
formation length (~transient region) is ~ 25m .

It there is a long outgoing pipe we can stop a numerical calculation
after “geometry variation” und use “indirect integration™. Otherwise the
numerical simulations require huge resources.

On the other hand the small parameter °Z/, allows to develop
asymptotic analytical models.

*|. Zagorodnov, Phys. Rev. STAB 9, 102002 (2006)
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Optical Model

The length of the transition is much smaller than the formation length

L <<a’/ao,

Z||(r1,rz)=2—§° [ D@a(rr)D@s(r or)ds= | OPa(r 41 Ogg  or X IS real and independent

} In the optical regime Z,
S

=8 >4 of the frequency.
AP, 1) =~€570(r —r1;) A¢B(ri,r):_5615(r —r) i=12
r S, riSg
Pa(r;,r)=0 ¢s(ri,r)=0
rDaSA r DaSA

G. Stupakov, K. Bane, |I. Zagorodnov, Phys. Rev. STAB 10, 054401 (2007)
K. Bane, G. Stupakov, I. Zagorodnov, Phys. Rev. STAB 10, 074401 (2007)
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Optical Model
Step-In

Longitudinal and transverse wakes are 0!
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Optical Model

Step-Out, Long Collimator

b
| a
Zn:élnE ZD:ZOC(lz‘ 12)
T a wrr\a- b
W (S) = Z,co(9) W, (S) = wZ = const
C W
— Z - =
K 2\/7—702 | Ko > Z- = const
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Optical Model

Iris, Short collimator
¥

b
la
Z 2
Z”:Z(’Inb Z. = o© 12_a4
7T a 2T\ a© b

The longitudinal wake is the same.
The transverse wake is ~ two times smaller than for the long collimator.
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Optical Model

Transverse Impedance of Laser Mirror of RF Gun

M. Dohlus et al, EPAC 2008
. Z,(@y)=Zi (@) + Z{ (@)y1 + 2 (@)Y,
(R2 2a )a+ad 1+ In—

ZsonzwaRz a’+d 2

2 (a)= A [aR4d—4a3d R 2cr—a?(zd %3+R%+R%(Q—4d(a+,8)))}
2{ (@) = = [aol(R“(ol2 a )+(a +d )(R +6d 2)aQ)+ ( 2(R4—8d jﬁ+(R 4 g 7d 27)}

1

2™ () =

d _ -1 d -1 a
q =tarit| = B = cot [—j — tan (—j
g=05mm O 9 kS, aj Q d
\ \ \
BE | v | v 0=JR-a
Analytical 0124 131 121 B=a?+d? A= 477280 wa’R*d?

Numerical 0.120 13.1 11.6 -
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Optical Model

Transverse Impedance of OTR Screens

d,

“—>

777

Z{™(w) = o [F(a,h)-F(h,a)]

1
4ﬂ2£0aJaR
F(X,Y)= (R2 —2x2) y{cot‘l[\/ﬁ} tan‘l(%j}ay(\/ R2-x%+d Ir(d “+y 2))

M. Dohlus et al, DESY 10-063, 2010

Igor Zagorodnov | Benevento, Italy | 19. September 2017 | Seite 11




Optical Model

Longitudinal Impedance of Round-to-Rectangular
Transitions in Bunch Compressors

/?\
( /R/: v

(
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Optical Model .

Impedances of Round Misaligned Pipe
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Diffraction Model

Cavity and Gap Wakes _ _
The optical theory ignores

diffraction effects. It predicts
zero impedance for the

a pillbox cavity or periodic
A B irises.
g
|" " K.Bane, M.Sands, SLAC-PUB-4441 (1987)
Z.c |( 2 J2zZ,c
W (S) = —= \f W, (S) = 0" /gs
M J2rPal's S Vs
Z,C 1) /9 2 Z,c (3
= C = .= k. =——-T|—|{JgOo
k|| 4aﬂ2.5 (4) o ] a3 5 (4) g

This impedance can be derived from parabolic equation (PE) approach.
G.Stupakov, New Journal of Physics 8, 280 (2006)
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Diffraction Model

Periodic chain of cavities

K. L. F. Bane, K. Yokoya, in Proceedings of
h the 1999 PAC99, New York.
T
2a T 1
o Z
u

2,00 = 52 =ik

ap\/ZTT a(y)=1-0.4648/y - (+ 210.464§)
g

2
ZC < S a
w (s) =—everfc| |— S = J
g % 2\ a(g/p)p
Igor Zagorodnov | Benevento, Italy | 19. September 2017 | Seite 15




Diffraction Model

Periodic array of irises

Bane-Yokoya Stupakov
-1 -1
(1-i) (1-1i) 1
= Kk =|—*a.okmr+—
n= { 5 a\g ﬂ} = { 5 9 2}

a =0.4648

G. Stupakov, in Proceedings of the 1995 PAC, Dallas, Texas (IEEE,

Piscataway, NJ,1996), p. 3303.
Igor Zagorodnov | Benevento, Italy | 19. September 2017 | Seite 16 %



Diffraction Model

Periodic array of irises (G.Stupakov)

-1
. L N1 |gmr .1
Z,(k) =i ;2 {1+(1+|)—a ‘ /—gk aH_ka}

Periodic array of cavities (my guess)

-1

Z,(k) =i Z°2 1+(1+i)£ a8 +i£i

7ika a\kg | p a kg

(1-1) kr, 1p]

— |
7= —a(g) o —ﬂ+_£}

2 P g 2909
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Diffraction Model

W, (S) = ﬁegerfc > —fromexact Fourier transform of B
1 naz %

vl awm)
2\ a(g/p)p

S S

ZC s s

wW,(s)=—=e '* *
i’
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51_50(4) > 51(2 4 agj
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Diffraction Model

o=10um, a=0.7/mm~== 0.98h= 0.5mi
x 10™° Irises (g~p)

- W5 (s)

——-—-

_67 ‘ ‘ N o \/\/]_(S)
-2 0 2 4

@
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Diffraction Model

w(s) °

VI/IC

10

-15

og=10um, a=1.2mm~= 0.1h= 0.5mI
P

x 10%° Small gaps (g<<p), a is large

- Wo(s)

g
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Diffraction Model

o=10um, a=1.2mm== 0.1h= 0.5mr
W(s) H o

V /Q( 10%® Small gaps (g<<p), ais large
@) | ‘ ‘ |

-5- / WZ(S)
ECHO
arabolic
10l (P ic) B
\\\ ‘I"” \/\/]_(S)
15, 0 > 4 6 =
g
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Surface impedance

Round Resistive Pipe with Roughness and Oxide Layer

-1
/ (k) — i -1 _ ikE M.Dohlus. TESLA 2001-26, 2001
I 2 T 2 A.Tsakanian et al, TESLA-FEL 2009-05
1 oy K
/7(0)) — 0 K(C() — _0
Z, \ k() 1+ jor

The effect of the oxide layer and the roughness can be taken into
account through the inductive surface impedance

_ . L -1
() =n(w) + | L :,uo( ~ d_, +0.0Jdroughj £ ~2

r
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Surface impedance

K. Bane and G. Stupakov, Phys.

Rectangular Rev. STAB 18, 034401 (2015)

1 | | -
Z,(Xos yo,x,y,k):WZ’IZ(yo,y,kXm k)sink, X, )sink, . x ), k, ==

Z (Yo, ¥k, k)= Z% (k, k) coshk,y, Jcosti(y ¥Z= K, k )sink(y, )sink(y

-1
Z%(k k) :Zz—isecﬁ X {n‘l—ika tanQ(X )} X =ak,

Z%(k,,k) :Zz—ifcscﬁ (X {/7"1—ika coth(X )}_

Corrugated structure Conductive layer
-1 -
1-i k1 _ 1 jiay
n= ua g P [— + _B I =
2 \p) Vg 2g LoV K
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Limiting Value of the Wake at the Origin

The wakefield experienced by a point-like charge (loss factor) in a
waveguide of fixed transverse dimensions is independent of the detailed
properties of the slowdown layer (dielectric, conductive, corrugations)

- - =

(a) (b) (©)
Figure 1. Cherenkov wakefield cones of a point-like charge moving along (a) a waveguide with
a thin arbitrary slowdown layer on a metal surface; (b) waveguide with a thick layer; (¢) infinite

medium.

x
\

1 1

K = =
c 2w 2 p 2 ?
27a g, 2ra €, 16

K.L.F. Bane, SLAC-pub-11829, (2006).
K.L.F. Bane and G. Stupakov, Phys. Rev. ST-Accel. Beams 6, 024401 (2003)
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Limiting Value of the Wake at the Origin

¥ ki b 1 no EM fields in this region

4
/ \ b shockwave ~—_self-field + radiation
= A.,V ((D) - . -
i

bunch cross section

K| = (1+3(r,/a.)): 1, /a, <<1.
zale,

. Baturin and A. D. Kanareykin, Phys. Rev. Lett. 113, 214801 (2014)
. Baturin and A. D. Kanareykin, Phys. Rev. AB, 19, 051001 (2016)

’ 7
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Limiting Value of the Wake at the Origin

Optical
model

w(s) ~ &(s)

w;(s) =0(1)

W, (S) :O£ g)

Diffraction
model
(cavity)

o T

w.(s) =0(Vs)

Igor Zagorodnov

Diffraction Slow down
model layer

(cavity chain)

w(s) =0()

W, (s) =O(s)
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Combining Computations and Analytics

Wakefunctions of TESLA Cryomodule

Cryomodule 1 Cryomodule 2 Cryomodule 3
1 8 1 8 1 8
8 cavities + 9 belows =12m 12m 12m

» Wakes for short bunches up to 50um have been studied

» To reach the steady state solution 3 cryomodules are considered

» For longitudinal case the wakes were studied earlier by A. Novokhatski
et al’. The transverse results are calculated with ECHO™.

"Novokhatski A et al, DESY, TESLA-1999-16, 1999
“Weiland T., Zagorodnov |, DESY, TESLA-2003-19, 2003
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Combining Computations and Analytics

Wakefunctions of TESLA Cryomodule

Periodic structure

w (s) = A ZOZ exp4/s/s,) ~O (@)
2 Z,C _
== A= 2s(1-(1 ) ~0
W (S) = — A—— s (1-(1+ 5/, )e ™) ~0)

a — iris rtadius, g — cavity gap

A's,,s, - fit parameters

K.L.F.Bane, SLAC-PUB-9663, LCC-0116, 2003
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Combining Computations and Analytics

Wake functions of TESLA Cryomodule

W /V/pC/m WS /V/pC/m
-600 \ 600 ‘
=700
400 g = oam 400
200 200
) ; /Wake fuhction |
-5 0 s/ o 5 0 0.1 0.2 0.3
s/cm

Comparison of numerical (grays) and analytical (dashes) transverse wakes

W (S) = 344 expt,/s/s, )[V/pC/module O(l),s - 0

W (S) :103[1—[1+ \/g} eX[E— ssln{prm\:modUIJ O(s),s - 0

§=17410° s§=0.9210° A=1.46 a=a=3557mm
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Combining Computations and Analytics

Recently another method was suggested*.

The idea behind the method is to use a combination of computer
simulations with an analytical form of the wake function w,(s) for a given
geometry in the high-frequency limit (optical or diffraction model).

W(s) = wg(8) +d(9)

W,(S) = —%In(bjé'(s) d(s) = (a + B9)6(s)

0 a

The crucial element of the method is that the smooth
function d(s) can be obtained from simulations with long
bunch by fitting to the formula.

*Podobedov B., Stupakov G., PRST-AB 16, 024401 (2013)
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Impedance Database

Wake function model

w(s) = W (s) + % + Red(s) - c%[LcJ(s) + w<‘1>(s)}

N Y
e ~— N —

regular part singular part
(cannot be tabulated directly)

Z(a) = 2O () -+ R+iw[L +z<‘1>(w)]

1 C
capacitive 7 resistive inductive
W~jA(s)ds W ~ A(s) W~ A'(s)

0 (- _
0_ ( 1)(S) =0(S 1), S — 0, it describes singularities s, a<1
S

O. Zagorodnova, T. Limberg, in Proceedings of 2009 PAC,(Vancouver, 2009).
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Impedance Database

w(s) = w9 (s) + é + Red(s) - c% [ Lco(s) +w™D (s)}

Pillbox Cavity

_ ZC /Q _ Z /—
W(S) - = S W( 1) _— 0
2772a * (S) \/_ 27T°a

Step-out transition

Zy
wW(s) = cﬂ (a)d(s) ‘ R:éln(gj
T a

Tapered collimator

__ 2 %o oy | O
w(s) = -c (R_[r drjgé(s) M = Zo jr'dr
4rrC
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Impedance Database

Wake potential for arbitrary bunch shape

S ’ ’ , 1 S ' ’
W(s) = —_J;OW(O)(s—S))I(S)ds —E_J;O)I(s)ds —RcA(s) -
~c?L)'(s)-c¢ j W (s=¢)1'(s)ds

N

derivative of the bunch shape
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Impedance Database

Impedance Budget (list of elements)

Accelerator wakes. Q=1nC

Eltype Num. Loss (kV/nC) % Spread (kV/nC) % Peak (kV/nC) %
BPMF 4 4 075E+01 0 1.858E+01 0 5.804E+01 0
coL 7 6.725E+03 19 3.373E+03 22 1.058E+04 21
KICK 3 3.645E+03 10 1.459E+03 9 5.283E+03 10
PIP20 1 5.116E+03 14 3.661E+03 24 B8.959E+03 18
PUMCL 78 5.605E+02 2 2.363E+02 2 7.946E+02 2
CAV 808 1.481E+04 42 8.842E+03 57 2.814E+04 56
CAV3 8 8.084E+01 0 3.010E+01 0 1. 117TE+02 0
FLANG 500 1.330E+03 4 5.610E+02 4 1.886E+03 4
TDS 8 1.507E+03 4 7.348E+02 5 2.17T4E+03 4
OTRB 8 1.584E+02 0 7.251E+01 0 2.254E+02 0
STEP1 1 3.010E+00 0 5.969E-01 0 3.441E+00 0
BPMA 107 5.654E+02 2 2.896E+02 2 B8.670E+02 2
OTRA 12 3.078E+02 1 1274E+02 1 4 494E+02 1
BPMC 56 4 431E+01 0 2.138E+01 0 6.805E+01 0
BPMR 26 2.993E+02 1 1.304E+02 1 4.501E+02 1
DCM 4 1.644E+01 0 7.47T9E+00 0 2.315E+01 0
BPMB 27 5.744E-02 0 1.587E-01 0 6.023E-01 0
BAM 5 3.319E+00 0 1.494E+00 0 4 TBBE+00 0
TORA 3 3.147E+01 0 1.609E+01 0 4 763E+01 0
TORAO 6 1.856E+02 1 7.684E+01 0 2.700E+02 1
3.530E+04 100 1.540E+04 100 5.037TE+04 100

“warm” pipe
14%

collimators
2%

1%
1%
1% cavities  **%
2%
O CcoL O CAV O7TDS

OBPMA  HOTRA OBPMR
B TORAO OKICK W PIP20
EPUMCL BFLANG
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Impedance Database

Longitudinal+Transverse Wakes 3D

Taylor Expansion of wake function
( Test particle coordinates — {x,, v;} )

W (XX 0. s)=wp(s) +

S
[y (s)

W, ()

W, (5)

Ly (s)

AT

S -FT

In the special case (monopole+dipole wake)
non-vanishing coefficients are:

{ w(s)  wpls)  wis(s) wls) || X
Wi (s) ~Wig(S) nys(s) () || ¥
wiz(s)  wns(s) wgg(s)  wy(s) || X

g (s) ey (s) wgy(s) —Was(s) /L v,

wy (8) = W™ (5)

Wis (5) = why (5) = 0.5- ;™" (5)

Wake file is in ASCIl format and is a “multi-table” describing up to 13coefficient functions.
Each function is described by following model:

w(s) = wO(s) + é +Red(s) - c%[Lcé‘(s) + (D (s)]

M. Dohlus et al, DESY 12-012, 2012.

|. Zagorodnov et al, NIM A 837 (2016) 69-79.
https://github.com/ocelot-collab/ocelot
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