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The concept of Wakefields and Impedance

Wake Field = the track left by a moving body (as a ship) in
a fluid (as water); broadly : a track or path left

Impedance = Fourier Transform (Wake Field)
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Electric Field of a Bunch

Point charge in a beam pipe Gaussian Bunch, Step out transition
Opening angle . -
| 0.511 MeV _
Q = E Wakefields
E = 10MeV,=> 1
¢ = b50mrad = 2.89° |

T T T T T
0. 0._250 o._500
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Geometric wakefields and resistive wall wakes

Geometric Wake Resistive Wall Wake

Material roughness, Oxide layers

o =57010°(Qm)™" Cu
o =37010°(Qm)™" Al
o =1.500°(Qm) ™" Steel
(1 Qm=10° Q)

0 100 200 300 400 500 600 700
—» z/um
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Short and Long Range Wakefields

Example: small cavity

0.00 -~

0.00 D425 8.50

Transient effect: within one bunch, head interacts with the tail

Long range wakefields:

0.06 I T

GO

0.00

One or many modes are excited in the cavity
bunch interacts with other bunches
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Effects on a test charge

Change of energy

Bunch charge q,
Test charge 0,

S.000E-02

E. (r, z.t)depends on
the total bunch charge q;

Equation of motion

Q;- z=ct

(oJ% Z=cCct-s
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Effects on a test charge (cont.)

Lorentz force:

—

F=q2(E+cUZ><B

|
~———

The electric and magnetic fields
are generated by the bunch charge q,

test charge g,
 change of energy
e transverse kick
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Approximations

Numerical calculation of a wakefield of a Gaussian bunch traversing a cavity

The concept of a Wakefield assumes the

Rigid Beam Approximation

» The wakefield does not affect the motion of the beam

 The wakefield does not affect the motion of the test charge
(only the energy or momentum change is calculated)

The interaction of the beam with the environment is not self consistent.

Nevertheless, one can use results from wake field calculations for
a turn by turn tracking code - sometimes cutting a beam into slices.
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Wakefield effects and their relation to important beam parameters

o100

Beam Parameter:

5_nooE-03 i

Total bunch charge q; o. 1 . .
Bunch length (and shape) q, s d,
Transverse dimensions AE(s) =g [dzE.(r,z,t = (s+2)/c)

(Emittance, Beta-function)

Number of bunches Transient effects:
Total beam current Wakefield depends on

Synchrotron tune « bunch charge and charge distribution
Betatron tune

Damping time (Synchrotron Rad.) e geometry change or material properties

Chromaticity
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Example: Beam parameters of PETRA Il

Design Parameter PETRA I

Energy / GeV 6

Circumference /m 2304

RF Frequency / MHz 500

RF harmonic number 3840

RF Voltage / MV 20

Momentum compaction 1.22 103

Synchrotron tune 0.049 N |
Total current / mA 100 LULOE_E;m
Number of bunches 960 40 _ T
Bunch population / 1010 0.5 12 Tiedion

Bunch separation / ns 8| 192 sy
}Enrrnnittance (horz. / vert.) 12/0.01 w iff oo PETRA Il
Bunch length / mm 12

Damping time H/V/L / ms 16/16/8

Coupled bunch instabilities
threshold current ~ 10 mA

om 00m 20m 300m s

— powerful broadband
feedbaCk neccessary Rainer Wanzenberg | Impedance & Instabilities | June 2017 | Page 10




Wakepotential

Longitudinal Wakepotential:

Wi (s) = qil/dz E.(r,z,t(s,2))

(Unit V/C) T
Electric field
of a Gaussian
bunch
time of the
head: t=z/c test charge
tail: t=(s+z)lc

(or test charge)

energy loss/gain:

AE =e g, W,(s)

A

G.000E-02

F.000E-02

DDDDDDD

3.000BE-0Z

DDDDDDD

G.000E-0Z

3.000E-0Z

E_000E-0Z2
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&
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Transverse Wakepotential

Lorentz Force

F(ra,t) = g2 (E(r2,t) + v X B(r2, t))

Longitudinal Wakepotential

W (s) = qilfdz E,(r, z,t(s, 2))

Transverse Wakepotential

1 oo
Wi(r2.,8) = q_/ dz[E (r21,2,t) +cus X Bi(r21,28)]i—(aq2y/e
1 J—o0

Change of momentum of a test charge g,
1
Ap(ra,,s) = —R2a W(rz,, s)
Kick on an electron (g,) due to the bunch charge g,

O(r2),s) = Za Wi (r2y,s)

E
\ Rainer Wanzenberg | Impedance & Instabilities | June 2017 | Page 12
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Example: TESLA cavity

cavity length ~ 1 m +

rms bunch length S t_v)l 20
noine
=30 - _ / \
. - w:msun-ﬁ_v) 1

o = 250 um

C
o=1mm {:v)-l U
Wearlon -1— —" |
— ¢ \\____‘_‘___....-—-"'"'#-
Przch, 30 —20 l"“\ +++++ creet
AE=¢e 1 nC (-20 kV/nC) / -
= 20 keV a0
e - | 0 1 2 3 4 5
Energy spread: )
20 keV /20 MeV = 0.1 % slo

assuming an accelerating gradient of 20 MV/m
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Wake: point charge versus bunch

Longitudinal Wakepotential r

Point charge

W”(s) = q—ll/dz E: p.e.(r, z,t(s,2))

Bunch S

W) (s) = qilffﬂz E:(r,z,t(s,2))

5.000=-02

W” (T‘:)_,J_, S) = /(} ds’ )\(S — SI) W” (?‘QJ_, S!)

The fields E and B are generated by the charge distribution p and the current density j.
They are solutions of the Maxwell equations and have to obey several boundary conditions.

.10 . : :
VxB=poj+ 5. E V-B=0 J=cuzp Line charge density
1 1 s2
A(s) = - exp (—§ 022)

VXE:_B_()tB V-E=—p P=qi AL A

€0
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Longitudinal Impedance

Longitudinal Impedance
= Fourier transform of the point charge wake

| s W
Z)(roL,w) = = f ds W) (ra_L, s) exp(—-z; s) :
C J —oo " i 1.q_lv; cus
e t
Wakepotential of a Gaussian bunch B v
= convolution of point charge wake and charge P ..o il
distribution Bunch
(o ®) , 05 |
W”(T‘QJ_,S) = / ds )\(S—S’) W”(TQJ_,S!)
. : il
TN
Fourier transform of the wakepotential of a \
Gaussian bunch 05 ¢ \\
e i 2 w
Aw) Z) (re,w) = — /_ _ dsWjlrai,s) exp(~& ) R B R TR

I ﬁImpedance

Fourier transform of the charge |
diStribution Rainer Wanzenberg | Impedance & Instabilities | June 2017 | Page 15



Transverse Impedance

Transverse Impedance
= Fourier transform of the point charge transverse wake

—g e W
Z,(r2),w)= ?f dsW (rq,s) exp(—&t; s)

v
Gz "J—l*
"le TiL

Panofsky-Wenzel-Theorem

0 W
— W (ra1,s) = —VQJ_I*VH('PQJ_. s) E Z_]_(T'QJ_,LU) = VL Z”(ng_,w)

s

Relation between the transverse and longitudinal Wakepotential

a 1 fee 13 10
—W, (re,,8) = —/ dz [——EJ_(rgJ_,z,t) +ce; % _‘_B('r2_]_.z,t)i|
Js q1 J _ s c ot

c ot t=(s+z)/c

Maxwell " ‘a o
equation VrE=—pgt — @&xgl=gu
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Multipole expansion of the wake

Longitudinal Wakepotential "

W”(leT'chpla(anS): ‘ ‘

> ™™ W™ (s) cos(m (w2 = 01))
m=0

| s |

Multipole expansion in Cartesian coordinates:

W) (z1,y1,22,y2,8) = Wﬁo)(s)
+ (22 21 +y2 y1) W[ ()
S i ((3?22 —y2?) (z1® —y1®) + 22292 221 Y1) Wﬁz)(s)

Using the Panofsky-Wenzel-Theorem: Wim)(s) _ _/' i W”(m)(S,)

(@1 e+ y1 1y) Wf)(s) / Transverse dipole wake

(22 Ue — Y2 uy) 2 (212 — 1) WP (s)

Wizt y1, T2, 3,8) =

(Y2 Ua + T2 uy)2 (221 y1) W (s).
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Wakepotential of a cavity

Numerical calculation with the CST Studio suite (commercial 3D code)

5 CST PARTICLE STUDIO - [E‘Wigﬁ
* Eile Edit View WCS Curves Objects Mesh Solve Results Macros Window Help

DE-B| v Y {eY+aAR | EeBE O FGR| e T iBG-o (L|E|B %S -|Q

‘@O0 HOR - Plo B Bl iV B EOO BRN» | =W

Navigation Tree | # video: 1D Results\Particle Beams\ParticleBeam1\Wake potential* - |Of x|
= L8 Components
| B9 Wm;p"':““ 1D Resuits\Particle Beams\ParticleBeam1\Wake potential
ﬁ Groups 08
w Cg Mateiials
@ Faces
-~ £8 Curves 0.6 1
-G8 WCS
58 Wies
- [ Lumped Elements 0.4
= Gg Particle Beams
. 3P PatticleBeam1
[ Ports
£ [ Excitation Signals
i default
g Field Monitors
[ Voltage and Current Monitors
b ﬁ Probes
[ Mesh Control
=& 1D Resuls
| 03 Energy

= £ Particle Beams -0.4 1

; =0 ParticleBeam! '
“J& Curnent

|4 Charge distribution (tin ey

Js# Charge distribution (di: '

|2 Charge distribution sp«

= [ Wake potential 08
& Reference Pulse -

Reference Pulse

X B video*
i

0.2 1

0

Wis) / (v / pC)

-0.2 1

[ Wake impedance X
[ Wake impedance Y
- Wake impedance Z

| ] wake integration info:

- [& 2D/3D Results

- [ Tables

Maimum number of time steps: 5338
Time step width:
without subcycles: 2.941911e-004 ns

used: 2.941911e-004 ns
Number of threads used: 8
b ]

35 pipe rad Length
60 cavity rad Length
50 cavity gap Length E|

< Name Value | Description -
12 75 pipe length Length

Parameter List

@ @ Maximum simulation time reached, solver stopped.

Ready |Wakefield |Raster=20.000 |Meshcells=11,680,320 |PEC |mm [GHz |ns [k 4




Numerical calculations

There exist several numerical codes to calculate wakefields.
Examples are:

Non commercial codes (2D, r-z geometry)

= ABCI, Yong Ho Chin, KEK
http://abci.kek.jp/abci.htm

= Echo 2D, Igor Zagorodnov, DESY
http://www.desy.de/~zagor/WakefieldCode ECHOz/

Recently development: Echo3D (version 1.0)
Commercial codes (3D)
= GdfidL

» CST (Particle Studio, Microwave Studio) ——

The Maxwell equations are solved on a grid
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Impedance of a cavity

Fourier transform of the time domain calculation

5 CST PARTICLE STUDIO - [Cooperation License] Hi[=] E3
© File Edit View WCS Curves Objects Mesh Solve Results Macros Window Help

DS v Fd ee+RQ|IEE|E[E O MG R e T BG-w (B|[E|B i%|s-|Q
BOBOOW - eI EREER AR 1120 R A SN )

[8 Groups ‘I

w0 Materials
L8 Faces
-8 Curves
g xf:s Bl video
0@ LumpedElements | || 180 f----fd--e o S S [T
=) ﬁ Particle Beams v
P ParticleBeaml
0@ Ports
=0 Excitation Signals
default
{3 Field Monitors
£ Voltage and Current Monitors

Wake impedance Z Am

g
i

ececcccccnccnadacccccncnccenechccaccaaaaa

u - ==
‘%\\\ : I
\ ) x N

G Probes i ; { ‘ \ :
L@ MeshControl | || & 100 googmmm)emmmmmimmmm g m s g mmm s mm s s W
=-[& 1D Results : f : :
& Eney : e oo R e

=[] Patticle Beams H ' RN, :
=3 ParticleBeam1
|2 Curent : : '
[s# Charge distribution (time 1 . WY A e S | O S SOy . SRS | S S . S o (-
|z& Charge distribution (dist. )
| Charge distribution spec

=3 Wake potential

.................

\

Z f Ohm

[s2 Reference Pulse p :

[ % t t
A Y 15 20 5 30 35 40
ez Frequency / GHz

#-£3 Wake impedance X

50 vz | | I The results for the impedance can ==

B8 Re Name Value T Description
- : 7 ppe ngth strongly depend on the mesh and
(] Wake integration infos a ] pipe rad .
[& 2D/3D Results b 60 cavity rad !
the range of the wakepotential !
. Talie :I 9 2 cavity gap o =] Q) Masimurn simulation time reached, solver stopped.
4 | > Global = -
Ready [Wakefield |Raster=20.000 |Meshcells=11,660,320 [PEC [mm [GHz [ns [K 4
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Equivalent circuit model for the longitudinal wake

L C_ R with ¢ = (2 k)_l loss parameter k
‘I' I(t) -2 AE = k
A LC = w, .
I V(t) no losses: R - o
N bunch current; i(t) = qd(t)
- voltage: V(t > O) =-2 kCOS(a,m t)
Y
with losses: R= % =Qw, L= Zan shunt impedance

longitudinal impedance (one mode):
1 . i
z(w):M:_(;HW;j :_ZQ(MiQ(w_ %D
(w) \iwL R W, W W
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Frequency domain analysis

-l Home Modeling Sirmnulation Post Processing Wi (20430 Plak

| == |
I ( : R o Time Sigrals~— @-ﬂ Q @ [ = | El‘ 7 Delete Resulks
E ield analysis [ Thermal Losses é‘ Logfile ~
u Import/Export | S-Parameter i Combine Loss Cylinder Template: Based .
I ( t) Calculations (= Network Parametars~ | Resulbs | andQ  Gesn [ | Lorentz Forces Post Processing | (s Parametric Propertiss
- -
Exchanige Signal Post Processing ield Post Processing Result Templates Manage Resulks
7
A Mavigation Tree X
=4 Components
=5 companent]
V t o [ solid!
- Groups
—_— -0l Materials
[l Faces
—_—
~[@ Curves
ﬁ WS
@ Anchor Pairts
g wires
[ Voxel Data
[ Dimensions
a Lumped Elements
a Plane \Wave
V (3 Farfield Sources
a Field Sources
a Ports
_1 - Excitation Signals
— T Ficld Moritors
— a Voltage and Current Monitors & i (e 7 A
R — a Probes Mode 1 {peak} 3 i -
ﬁ Mesh Control 30 Maximum [¥im]:  34.61e+06 — "
-2 ( : = 1D Resuls Frequency: 209808 2 G H Z s
L C —_ % =-[& 20730 Resulis Phase: 0
- % B0 Modes a0 | Schematic
=7 Mode 1 e —— =
_ Parameter List X Messages
 tame  |Epresson el [pescriptin [1vme 1 2.095775GHe  2.494e-007 T
L =75 75 Length it Marked 928 of 3194 For refinement.
2 ] ES] Length = Refinement successful
= Length =
: Z én o 2 —| @ Pass2:
hE‘ Tangential .%ﬁa | [
=5 Eneray Densiy e parameta! (3) Eigenmods solver results:
H RE‘ Electric Mode  Freguency Accuracy L
F& Magretic 1 20%08GHz  3.003e-007
B-G h -
B1-G Suitace Cureht (3) Desired accuracy limit reached, mesh adaptation stopped. Ed
--[3& Farfields @ Eigenmode solver successful
=-[& Tables | &) creating parametric 10 results For Run D 1 -
TEQQ|EH D =

frequency G, =2n f_
loss parameter K =V2/ 4U
quality Q

JRIQ" Q=2k/a,
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Frequency domain post processing

How to obtain the k=v?/(4U)

loss parameter of a mode
2 TR Pyl
k —— R ] GBS e, .
'||_ T i i s S i I N S
4 U R T | e - - Dol o e T A R
‘
0.00 0.100 0.200

Voltage = integrated electric field with phase factor

vV =/ dz E,(r, 2) exp(iw z/c)

o0

Stored energy
Point cahrge wake potential

of one mode (s > 0) EO

W, S U — — dg?n'E(T)'Z

S r
I’V”(.s) Ry —2 k” cos(wy ;) exp(——— f) 2

2t e
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Frequency domain post processing: Dipole modes

Numerical Solution of the Maxwell Equations
Mode frequency
Electric and magnetic field

Basic post processing
Q-value
stored energy in the E, B field of the mode
voltage with phase factor

Loss parameter at beam offset r, R/Q. R For Dipole modes
R g 2k ||( r) 2

-y ) = OE unit v/c g = 77w unitOhm/m
_(RY _R

% _ 2k£}(r), unit Ohm (Q) (? —z( o unit Ohm

-z, =22 15 ynit Ohm

) R:%Q:w,unitOhm - Q Iw/ Q,
m=(8)

=« RJ_

0.103 7 |
5.165E-02 & = f. 0tk froaiy g 211' ! * '
LI I

H A uf' 13
Vi \ L HN;\ TR i

._._.'_'.‘_‘.'_f._!_*J_L‘_G Lt.ﬁ.;.+44+_¢+_++_ _.} A +i+4—i¥—¥+—H— SRR JEE AN IR N I LT G wd
T T

0 0.650 130
Tesla CaVity, 1.62 GHz DIpOle mode Rainer Wanzenberg | Impedance & Instabilities | June 2017 | Page 24
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Wakefield effects and their relation to Important beam parameters

Beam Parameter:

1 oo
Wi(re,,s) = q_f dz[E 1 (T21,2,t) +cuz X Bi(T21,2,)]1—(s12)/e
1 J—o0

Total bunch charge q,
Bunch length (and shape) _i oo

Z,(re1,w) = 71/ dsW (roy, s) exp(—i% s)
Transverse dimensions
(Emittance, Beta-function) Kick on the test charge:
Number of bunches .
Total beam current O(r21,s) = a1 Wi(r2,, s)
Synchrotron tune
Betatron tune
Damping time (Synchrotron Rad.) y(s) ~ exp(—i€2s/c)
Chromaticity

+ j1!

/ AN

Betatron frequency growth / damping rate
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Equation of motion (rigid beam approximation)

d2 w5 - e oe 1
(1)
_— s-l—(—) 5] = —y(s—nC) W (nC
LAC) —) u(s) mc?v,;)Cy( ) Lé )
. X
sum: n tuns _ dipole wake
C = Circumference of the storage ring
ansatz for the solution: y(s) ~ exp(—z€2s/c)
Equation of motion is transformed: ngoexp(i n Q) W¥(nC) = Ti(, E ZP (2 + pwo)
2 2 _ _. €49 ¢ &
Q _wﬁ—_zmcz'yTg p_Z_:OOZJ_ (€2 + pwo) Q4+ wg = 2wg

Impedance is related to betatron frequency shift and instability growth rate

1 egqg e =@
2. Z" (wp + pwo)

N —wg=—1
7 2wg mc?vy T#
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Beam-pipe geometry and materials and their impact on impedance

0.06 7

Geometric Wake
Resistive Wall Wake  °* =

Loss parameter and Kick parameter
1
ktot = ds )\(S) W(S) k= [ ds )\(S) T'_QWJ_(TQ, 8)
‘ = aggx}::’ Line charge density: ——
1 1 s? ]
R (—5 oz2)
R : :
Loss parameter of a mode: 2k = w, 0 Kick parameter and dipole wake
— (1)
ktot = k exp (—w,,2(0: )2) ki = fds A(s) W1 (s)
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Example: CMS experimental chamber

ENDCAP SUPPORT Z=10600

oy — / ds A(s) W(s)

s >
=, e
\aﬁf}\ﬁi@/

o 1 / " h(w) R(Z))(w)

T Jo

sl loss oamrncher _ _ revolution frequenc
I .. s Transient heating / AHeney
40 + r 2 (0)
Q 30f e - P o i\'be qb "'||tot
S N 2.4V /nC /
} 20 + % . ,\
10 S . \ . Number of bunches single bunch charge
5 A fhi, et o
4 45 5 5.5 6 65 7 7S5 8
o, /cem HL-LHC parameters: P ~100W
rms bunch length -2 (2800 bunches, 35 nC)

CERN-ATS-Note-2013-018 TECH
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Example: PETRA Il Vacuum chamber

Resistive wall impedance o =57010°(Qm)™* Cu Arc:  Al, 80 mm x 40 mm

o =3700°(Qm)™ Al

analytic formula (valid for long bunches) 0 =15010°(Qm)™ Steel
(1 Qm=10° Qmr*)

7" (w) = (1 _ Y z) Lt 1/l“’l a b = pipe radius
|w] 2rb V 20 L = pipe length

1 c 2 0
210 (w) = — = Z)" () g= 2
e w| po
Loss and Kick parameter/length: b=2cm
Al chamber
Z 3 =
D - | Zo r) 0,= 10 mm
I 4n2bo.32 V20 ‘4
Loss parameter
Ko ¢ Zo pd,y 1.1V/(nC m)

L om2pd oL V20 4

3 |
I'(C)=1.225 T(-)=3.626 _
4 4 Rainer Wanzenberg | Impedance & Instabilities | June 2017 | Page 29



Example: European XFEL

http.//www.xfel.eu/
First laser light May 4, 2017

main linac, L, =1179 m SASE1 L,=225m
L, =640 % 1.038 m =664 m L,;=35%x496m=174m

- ¥ v \ Fu \ ) » ) 1 ‘\‘ 03 - el o1
5 A~ ol e s A
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Example: European XFEL

3rd harmonic dogleg 4 accelerator 12 accelerator main coIIimator
modules modules linac
:@ﬂ/".. =.—= =——.—=-! - - |
Gun | _ BCO
Iaser bunch compressors SASEL
heater
Before the Undulator: Impedance In the Undulator: Impedance
total energy loss = 35.3 MeV 80% is related to material properties
total energy spread = 15.4 MeV energy spread 14 MeV ( 35 sections)
14% 2% collimators 8%

3%
5%
8%

M El. Pipe

E Pump

B Absorber

B Round Pipe
O Bellow

M R/E transition
H BPM
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cavities
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B TORAO OKICK W PIP20
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An Introduction to beam instabilities

Longitudinal

Energy spread

) W o L 1 1 L O AR ) |

Transverse
' Fo— Head - Tail
Kick on tail due to the wake
- @@  iihehea
2 10 ,
e
i / ‘ B(r2,s) = 70 Wi (r2y,s)

I
/0y
./'. Rainer Wanzenberg | Impedance & Instabilities | June 2017 | Page 32



Head tail instability

Wakefield: Tail € Head

Circumference C ‘\‘

B | AEE AE/E | AEE

Synchrotron oscillations:
Positions of @ 2 %
Head and Tail are exchanged

after one synchrotron oscillation period

Storage rin

Equation of motion 0 ... T/2 (time for a synchrotron period)

N/2 = bunch population of the head

w 2
v’ + (—6) y1 =10 _ _
- Wake potential of the storage ring
/ (also the total kick parameter could be used here)

wg ' 2 1 e?

"

1 () = Wi = —2.818 . 1071°
¥a c Y2 2vC U1 Ry €9 My 2 m
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Head Tail Instability (cont.)

phasor notation: c jAvE /ﬁ | ABE
Y2 =Y12+1 Y1, { : ¢ :
w3 - N AP

0..TJ2
2
Y1 : 1 0 U1 ™ N rgc
~ = exp(—t w T3/2)( . ) ( ~ ) Y =
(y2 )s=0T3/2 ’ +T 1 Y2 /=0 4y Cwpwy +
0..T,
Y1 : 1 27 1 0 Y1
~ = exp(—t wg T, . ~
(5 ). movciom (65) (V) (30)
\ J
|

Stability requires pure imaginary eigen values of the matrix which can be translated

into a criteria for:
YT <2
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Single bunch instability: TMCI

TMCI = Transverse Mode Coupling Instability mode coupling

[

Macro particle model /
W+ O

Tail € Head ‘\'

Modes of the charge distribution
(Vlasov equation with wakefields)

betatron tune @

synchrotron @~ o,

Measurement (2009) PETRA I side band
Vert. tune versus mtensity
I | ' Intensitj;
- s T, 1
AQ,=—2 "0 (B)k AQ,< Q.=
_ B 4mEle s £ Ts2
A
AP \ \
AT mA
0 = U; T : Tune shift with intensity Kick parameter

Q,=37.13, f =16.9 kHz
gz - sooj; ff* - 3%? I'<<:z Rainer Wanzenberg | Impedance & Instabilities | June 2017 | Page 35
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Multi bunch instabilities

Impedance: HOMs in PETRA Cavities

X |

.....
------

: Petra lll, h = 3840, rf- buckets
i\ N, = 960, 8ns (125 MHz)

= at PETRAIII
feedback systems are needed

f = 728 MHz, R/Q = 89 Ohm

often it helps to detune HOMSs
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lons

Equation for an ideal gas: p-V=N-kg-T

N

R — Boltzmann constant
Ny = 6.0221367 - |

R,,c = Nskp = 8.31447— .
g AT [I\ mol

Residual gas density at room temperature (300 K)

as N wo
dyas = 2998 T4 _ 9414.10%m™>, pyas = 1-10~° mbar

lon density bunch population

Aiﬂn — Qgas Tion NO = 2 Mbarn dga.s NO

Typical cross section for ionization:
2 Mbarn = 2 x 1018 cm?

Rainer Wanzenberg | Impedance & Instabilities | June 2017 | Page 37



Example PETRA IlI: ion density

Residual gas density

as N vo
dyas = 2295 "TAY _ 9414.10°cm ™3, pyas = 1-10~2 mbar
Rgas 300K

lon density
Aion = gas Tion No = 2 Mbarn dga.s Ny

= 0.24 ions/cm one bunch
with 5 x 10° electrons
(100 mA, 960 Bunche)
230 ions/cm 960 Bunchen
(after one turn)

compare with

20.8 x108electrons /cm

average electron density
bunch to bunch distance 8 ns oder 2.4 m
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lon Optics: linear model

Drift Quad (beam as a lense)
1 L, 1 0 1 alL
M:(O 1)(—&1) cos(@):ETT(M)=1— Zb

27, 1
oy,(0,+0y) A

LbZCAt {L:Nb

Trapped ions in the beam:

- o o o o O

critical ion mass number
lons:

Tp A= 2 H,
A=16 CH,

20, (0, + oy) A=18 H,0

A=28 CO,N,

_ A=32 0O,

= bunch population A=44 CO

oy beam dimensions ’

=1.535101 m
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lon effects

Effects of trapped ions on the beam:
iIncreased emittance, betatron tune shifts, reduced beam lifetime

The effect of the ion cloud on the beam can be W(z) = We(@2/2Q9 ip ;2
modelled as a broad band resonator wake field *) ‘ c
(linear approximation of the force)
Non linear interaction between
beam <-> ion cloud
_I_
+ T ® "
« Multi turn effects (trapped ions) “+ o N o ‘.—}
o, ® L
« Single pass effects -

(fast ion instability)

*) L. Wang et al. Phys. Rev. STAB 14, 084401 (2011)

Suppression of beam-ion instability in electron rings with multibunch train beam fillings
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Example lon effects at PETRA Il

PETRA Il vertical emittance increase (data from June 2015)

Print  Dwektion  Version 119

" s 1DC 1000130mA Feef, 23kHz Fe17.33Hz Fyed00kHz
Mongchromater - Server is synchronized E

ISR B I I IR IR R larger vert.
emittance 4
(~ factor 2)
i
“strange”
tune ‘
R — spectrum i R "‘W"'WWWW‘qx_w‘: I
e e 4 e + '
|5 s e S s o 55 additional lines
in the multibunch
spectrum

2014: Installation of new vacuum
chambers

The effects disappeared
with improved vacuum conditions A
(conditioning) T —————
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Conclusion: Less is More

less ions more beam current

less impedance > more luminosity
more brilliance

vacuum chamber design

small loss and kick parameters

Kot = [ds A(s) W(s) AQ,B :4'7‘3TET/°e <'8>k[| ) QS;

P=N,frap’ k)

||tot
Rainer Wanzenberg | Impedance & Instabilities | June 2017 | Page 42 %



Thank you for your attention !
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