Space charge and Impedances 2 Dvenanar
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- Introduction: Interplay of space charge and impedance related effects.

- Betatron tune shifts from space charge and impedances.

- Beam response and stability with space charge and impedances (coasting beams).

- Instability thresholds with space charge: Resistive wall, TMCI.
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Introduction

Incoherent space charge: beam pi!oe

g,V -E = p (in the rest system of the beam) ( \ © {\

: . N 4 1
tune shift: AQ L 2L <0.3-0.5

-> pbeam intensity and emittance limits

Wakefields and impedances: U > U
~ ~ Image current

vxi=-28 VXE:,LL0]+%—
ot c” dt (lab system)

- image currents in the beam pipe
-> heat load and resistive wall instability

Electron clouds:
created by residual gas or wall emission.

The interplay of collective mechanisms can lead to complex
effects, usually studied in computer simulations.

Here we will focus on space charge and impedances and on
analytical models (mostly).

Beam-beam interaction:
Can be incoherent and/or coherent
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Betatron tune shifts
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Betatron oscillations with beam induced forces:

’ F (X, X,s ,
x4 Doy - Bl X05) (only horizontal)

R?™ my(Bc)’ s
Assuming small offsets:
2
”+?{X20X:m L 2(85 +8Iix Y]
}/(ﬂC) 8)( x=0
Incoherent tune shift:  Q,=Q,, +AQ"  AQ =- R x,
. X x0 X X 2QX07m(ﬂC)2 OX o
Beam offset oscillations (coherent): Coherent tune shift:
2 ; F F
gy Qog_ 1 Z(aFX 7.+ OF: Y] AQ® ——_R 2(6 | L J
R m)/(ﬂC) ax x=0 2onm7/(ﬁC) ax X=0 ax x=0
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Transverse space charge force in a coasting beam

Beam in a vacuum pipe
\ E
1 r
charge density: current density:
P =P 1= PV
Charge
J X
Currrent ®
L
2¢,
N Gauss law: EOI E,dA= jpdv E, =
L e r
Constant beam density: 0
_ . _ _ Vo
p(r)= 2y(S), T <a : r Stokes: jB¢ds = yovojpdA = B, "
0,r>a a
’ Defocusing force on a beam patrticle:
beam current:  I(s) = za’v,p, oE Qi
:q(Ex_VOBx):q(l_ﬂz)Ex - 2X = X

line density:  1(S) =qv,A(S) " /4 2me,a’y”
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Transverse space charge force: Oscillation of a beam inside a pipe.
. QE, (x=X) q°A _
F (X, X)=—2 = X—X
«(%X) 2 2ng,y’a’ (x=%)
Incoherent tune shift:
2 Nr R
AQS =- i zaFX = 2 g 2
2Q0ym(pec)” ox| ., 2Py a’Qy
Maximum space charge tune shift;
R e )X
AQM = A e @ b
2nfBy e, B, | Q.o

Space charge field moves
(bunching factor) (beam envelope)  with the beam center
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Space charge tune spread in bunches NSl
U612 Tyne footprint i
= - (CERN PS simulation,
€V L o Y | Franchetti 2003) 2
(in the rest system of the beam) ot Z
m

i T e

¢
«— (), j(71) sooT
Vo — ,800 |
B,=0.1—0.99 Bunch (rms length: 0.1 m—dc) ~ %2 62z 62 s
\} Bunch length >> pipe diameter \} Q,

Maximum space charge tune shift:

. A inc _ Nro gf
-> Lecture by G. Franchetti (Saturday) ! Q= 7Bz,
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Image currents and force in a cylindrical pipe
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beam with a horizontal offset

Ay

conducting beam pipe Image charge/current

@(r = b) = const. —q4, -1
O—
e : i
| h= bt |
Z X |
Image fields in the beam pipe: Force on the beam center (for small offset):
g4 | _ qE 9°AX
== B = = — = X —
© 2mg,h Y 2rxh = F=a(E-vB,) y: 2ng,y°h’
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1 | | I 3T | I I
21— . " — 2 - i —
B
T i \G> LT ]
| / (@\)\
0| * | — _
0 e | | N | u
-1 Q 1 2 3 2 3

x/R x/R

M. Furman, Phys. Rev. ST-AB (2007)
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Transverse impedance of a cylindrical beam pipe 2 UNIVERSITAT

DARMSTADT
Transverse impedance (definition) beam pipe Offset oscillations
i _j X(t) = Xexp(—iwt)
__t e _ 7 B 2
Z (o) = T 'BR(EX +[Vyx B]X) [Q/m?]
® Image currents
oF,

=igZ, Bl =iq°Z, p*cA

x=0

oX
Example: Ideally conducting pipe

E X
Fx:q(Ex_VoBy):q 7 = : =1 Zo 212
277(5070) b

= Z,=(g,C) =377Q
y: 2me,y’b’ o =(4:C)
(imaginary impedance)

Resistive pipe (low frequencies): 5

luo O-Wa)

(skin depth)

S =

w

Z,(0) =

odo ' d <9, (resistive wall impedance)

W
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Coherent tune shift in a cylindrical pipe (ideal conductor)

2 2
Force: F (x,X) =L“(x—¥)+%i
TTEyY 4@ 2ng,y b
(incoherent: (coherent:
space charge) images)
R? oF oF Nr,R
Coherent tune shift:  AQ" =- ( o B ]=—
Zonym(IBC)Z OX x=0 OX x=0 ZﬂﬂzySbZQxOBf

Transverse “space charge” impedance:

47Z'Q0]/mC sc coh 22 R 1 1
— =<0/ (AOS A ¢ _j - =
R aer) = 2o )
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General pipe geometries
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inc _ NrR 2 2x _ 12 i
Q= QOX(hZ B2+ (1 ﬁ)azj

AQ;OhZ— NrR [(1 ﬁ)él ﬂqu“‘F,BZ;ZX]

Vﬂ Qox
See book by K.Ng, Chap. 3.

Beam force Images in Images in
components vacuum chamber pole faces Comments
electric magnetic magnetic

I{Fbeam) | €ly,z g2tz fly, 32 €2y,x incoherent
3y ly=o h? g? dc coherent

O(Fy, O(Fy, 1 1

( aeam) 4+ ( E_am) € yz,fﬂ _ﬁz 3 ‘yz,x ﬁz £2U21$ coherent
Y lg=0 99 ly—o A

o Fb. 1 € €

9Fbcam) iam) —3? Sy Cly,z 32 Sy oy ac coherent
oy y=0 h? g?
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Transverse beam stability (with space charge) "\ UNIVERSITAT
DARMSTADT
Simplified transverse particle equation of motion: X(s,6,) = Aexp(iQs/ (5c))
, L oF P 5 (coherent betatron frequency)
x”+QX2x= =X X X"+ ﬂzx:—Q;o (AQ" -AQY )X _
R 7oMmvy OX |,_, ( ,BC) R Wy = @,Q,
(incoherent betatron frequency)
Ansatz:  x(s,0) = Aexp(ind—iQs/ (fc)) 0 =0, + wyt
Az (50 2Q, (AQ™" - AQ ) A (AQ™" -AQY) A Frequency spread: o, =(n+Q)w,
= (pc X0
2 2 2 0
R [a)ﬂ—(na)o—Q) ] Q-nw, -, dw, _ (n+Q) daw, N dQ n
Dispersion relation (wave number n): (dp/p) (dp/p) (dp/p)
f(o,) __AQ Ao Ap
_ coh sc B _ . &= =-n
1—(00(AQX AQX )J.Q_na)o_a)ﬂda)ﬂ Q—QR+|Q| Ap/po @, 0 po

(chromaticity)  (frequency slip)

coh sc _ _
1:AQX AQX I 9(5)d5 Q_Q a)ﬂ r-]a)O

$5,, Q-0 S5, @, = Sw = (E—n,(n+ Q) 2P = S5
p

W, = @,Q,, + ®,AQ™

05.11.2015 | ETIT | Accelerator physics group | Oliver Boine-Frankenheim | 13



k75 TECHNISCHE
/~\ UNIVERSITAT
DARMSTADT

(Stable) unbunched Gaussian beams

Gaussian momentum distribution: Dispersion function:
1 5° AQY” —AQY 1 g(4) -
0)= exp| — 1=— | ———do = D(Q
9) J278,., p[ zafmsj SSime IQ—5 )

D(Q) = (AU +iAV —AU)r, (ﬁ) I,(2) = i\/%exp(—z2 /2)(1—erf(—iz/ x/§)) (complex error function)

Normalised tune shifts: ol ' T ' ' :
AQ®" e N3 ! E ;
AU :_Sg AUsc:_gg ® ] ::\A( e =2 :
(impedance  (space charge 3 LHE r/’ Al =15 E

parameter) parameter) 3

o A

= i

Schottky power spectrum: g
P(f)) _ I:)0 (§2A) _
\1— D(Q)
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Measurement of transverse offset oscillations
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Schottky signals:
Using a pick-up + spectrum analyzer (SA)
BTFs:

Using exciter/pick-up + network analyzer (NA) ~easurementtime. = = 100 msees
1.0F — |
S SA or NA —i I —
; 5 I .
? g 0.8r Beam parameter: |
A - ';‘ i Arld* 11.4 MeV/u |
o 0.6 f,=215 kHz
! power -? ]
amplifiers preamplifiers = 0.4
J/ E .
\ =
T T 02
: beam I
exciter pick-up [0 (0] P——

10.60 10.61 10.62 10.63 10.64
Frequency [MHZz]
Paret, Boine-F.,Kornoliv, Phys. Rev. ST-AB (2010)
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Measurement of transverse offset oscillations Il AR SADT

Space charge parameter: Fit to a measured, modified Schottky band:
Aexp(—u?
AUS‘::SAa& =y BAU( ) :
rms Measurement time: = 100 msecs 1-BAU o w(u)
30 = T ¥ A = L R T Frr T oLy | LR T I RIS L Frrrot! ]
£ o Schottky A 8
2.5F QE-srtli:mated Ws i N=4'5*109 o
: R P N=3.9+107 ——
2.0F 2 e ® % _ 1.0 | N=1.1%10"
>15F L 6 > o '
ik ; R XX 3 s 08f Beam parameter:
: o P il f — [ Arid+ 11.4 MeV/u
0.5¢ _,.;;;-_g --------------- from RGM profiles 7 v 0L P d
0.0 }:@"ﬁ" | | | | B E fo=215 kHz ]
0o 2 4 6 8 10 a 04FfF -
N [10%] £ _
Example measurement: a2 1
Space charge tune shift from 0.0 [asnecammarCud g
Schottky/BTF is systematically 10.60 10.61 10.62 10.63 10.64
larger than the one from RGM profiles. Frequency [MHz]
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Beam transfer function (unbunched beams) UNIVERSITAT

Response function:

() _ A _ Offset amplitude () = (€2 o BN,
G  External exciter 1-D(QY) SS._w,
: 2.0 AU =—1 n I AU, = .1=
- T 'y AU =1
s AT (B
-g 10 L . , 4 QO
] 4 - /)]
£ g
e 0.5} .4
< e e
X0 M . ——
6 4 -2 0 2 4 6 6 4 -2 0 2 4 6
0 0
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Measurement of Beam Transfer Functions (unbunched beams)

25¢F T earB T T ]
Beam transfer : ﬁ;g‘;ggg; 5
function: 5 OF A ;
© [ ge}
A I (Q S | 1 3
rQ) ZL)A E 10} . 2
1- D(Q) % [ ] T
< - ]
St .
O- : L N
10.60 10.62 10.64
f/ MHz
Beam stability function 12r
1.0f
0.8
1 ) 0.6 F
—=U +1V > ”:
r(Q) S
0.2F
0.0F
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Resistive wall instability with space charge =/
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i 1 . . IR%C
(AU +IAV _AUSC) - A t= a)OSé‘rmsQI T_l = a)olm<AQCOh) ~ q
r(€2) “ ) 272QB,Ebdo,w
= |AU+iAV -AU|<F ) c
: . : Z, (o) =731
(circle approximation) 7b'do,w
“Loss of Landau damping”
10 [ ' ' ' i Beam offset vs. time observed in SIS 18
—~ oL foin =(N=Q,) fy =160 kHz | oF . . . . :
Ej Sy n=4 ) z - Xocexp(ct)
£ 20t : > 1
el 2
o -30 f — o g
Cgl -40 - . o 05
< T
= E -1
2 ;-
025 030 035 040 045 050 055 0.60

time (sec)
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Tune spectra from bunches RS AT
Transverse spectra Uin d (t) = (t)i(t)

| STORED CH B AMPLITUBE AN Pick-up

spectrum

coasting analyzer

beam

= Q,,0Q,
bunch

ROERRBE: 25232 "= lP0.MEglLY
CERN/SPS measurement (Linnecar, PAC 1981) X = const.

|

Synchrotron satellites (synchrotron tune Q.): -

Q =Q, +kQ, or AQ, =kQ, k=1: X(¢)
Tune spread in a rf bucket (rms bunch length o): -T—\——
2

(0}
~ _9 ) ) )
6Q = kQ, ) head-tail oscillations

local dipole moment
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Bunches modes with space charge
Blaskiewicz, Phys. Rev. ST Accel. Beams (1998)

head-tail eigenmodes and transverse offset:

Longitudinal bunch distribution: s )
Yk (¢) = (X_,_’k + X—,k) / 2= COS(k7Z¢/¢b)e 'Z¢/¢oe 1Q,t

f(v,¢) = A[5(v, —V)+ (v, +V)]

i X ==6h 11
Synchrotron tune:Q, =fi\;—”|’ (bunch length | ) Chromatic phase: 0

O Ap Y(¢)A

Arv= _Uoﬂoc?
Vm
k=0, =0
> ¢
_Vm
> ¢
X, (¢,t) : transverse offset of particles with \E
V=4V k=1 =0 '
26) o AT
bunch profile AQ,, = const. head-tail tune shifts for the airbag distribution:

AQ, = —%iJ(AQSC 12)? +(kQ,)?
>¢ for AQ* =0 : AQ, =kQ,

P
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Tune spectrain bunched beams with space charge
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space charge parameter:

AQ® S1S-18/100: gq..=10-20
Shift of synchrotron satellites (synchrotron tune Q.): Osc = Q. CERN PSB/PS: q.. 2100

Weak space charge:AQ, <Q, or g, <1

1
A(\?k ~ st __AQSC
2 AQ, =Q -Q, = —%iJ(AQSC 12 + (kQ.)

2 U 1
positive k
1 \
Strong space charge AQ,. > Q, or g, >1 0f— 5
~~~ 0
- kQ.)? o =L .
positive ki AQ, = (kQ.) —0 e
AQ,. & -2
o a5
negative k: AQ, =-AQ, .
—sf strongly damped
-6 L L ! x J
Blaskiewicz, Phys. Rev. ST Accel. Beams (1998) 0 1 2 3 4 5 6
Boine-F., Kornilov, Phys. Rev. ST Accel. Beams (2009), Burov (2009), Balbekov (2009) AQs/ Qs
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Head tail modes with space charge and image currents o~ UNIVERSITAT

AQ,. +AQ,
AQ =~ et J(AQ, —AQ,)? 14+ (kQ,)?
3 ‘ ‘ ‘ ‘ ‘
= only space charge
2 = gpace charge and image current ||
""" AQI@ = 7AQsc
1
0
Akao — —AQCOh

>
’
’,
>
it
>, ]
"
Ty
"
"y
’,
> —
143
123 —
» i
>
"y
"
"
’y
’
>
7y
)
’, 1
<

AQSC/QS

Measurements/Simulations: Airbag model
describes the tune spectra for short bunches.
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Tune spectra

30l k= 2 -1 0 L 2 q,~17 ||

20; © ]

10r (€ ]

o \/\/-\ ]
. o

-10 ‘ : : :
o k=-2} -1 0 14 2 =
@ 30 g, 0.73 |
= 20 ) \/ ]
3 10! 1
S 187 \f ]
g —N_/\/_/-\/ ‘ ‘\\"\’_""’\

20} k= -1 0f 1i [q _-~014

i SC
o % \’\"'\r/\/w

0.28 0.29 0.3 0.31 032 033 034
Fractional Tune

5 ‘Hea‘d-ta‘il tune shifts |

0o 05 1 1.5qé 25 3 35
'SC

TOPAS: Tune, Orbit, Position, Measurement System (Forck, Singh, et al.)
Stripline Exciter

Shoe-box BPM

Bunched Beam

Excitation

Amplifiers Amplifier Chain

, 1 (50dB)
IntenSIty OUgwiten 189 ADC |~
U 1
- Y RF Clock FPGA
Signal f----=-=------¥---mmmm oo
Generatorf l_ _________

! Position, Tune ' Concentrator Serversi
and Orbit | ! FFT Averaging

AQ, = —%i\/(AQsc 12)? +(kQ.)?

Weak space charge:

Width of lines caused by nonlinear synchrotron motion.
Moderate space charge:

Width of the lines caused by nonlinear space charge

Singh, Boine-F., Chorny, Forck, et al., Phys. Rev. ST-AB (2013)
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Transverse Mode-Coupling Instability (TMCI) NSl
Observed in the CERN SPS/LHC. AQk
. . Qs k=1
Caused by the kicker impedance or e-clouds. ]
& B. Salvant et. al. 2008 :
o — : : A= running unstable wave
* SPS Measurements . o i
= HEADTAIL simulations | * | : P S
= 8 3 .
5 Dsmimmmie =i i ( Imaginary -
- R
= 4
2
[
=2
3 -1 1 Real 3
= - Y>1
-20
_2 ~
=-2
qIﬂAW 1lll|lllflllllllll!|l=lllllll
Intensity parameter: YI b2 xV Vx 0.0 0.5 1.0 1.-5 2.-0 R.5 3.0
45°E o, Bunch intensity
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TMCI and space charge: Airbag model

AQ_ = —%i\/(AQSC /2)? +(mQ.)?

T ]
7) spch only, no wake m=3
m=2 T .
1 f—m=1 -
;% - m=0
2 0 .
? |
<}
-1 | m=-1 £=0.3 i
-2 |- _m=-2 \-\'”\\_7 -
R e T N
0.0 0.5 1.0 1.5 2.0 25 3.0
Current Parameter Y Current Parameter Y
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Summary and conclusions
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o Example cases for the interplay of the (transverse) space charge force, image
forces and wakefields have been given.

o Space charge does modify the coherent oscillation modes and instability
thresholds.It can lower (Loss of Landau damping) or increase (suppress mode
coupling) the instability threshold currents.

o The study of the interplay of space charge, impedances, electron clouds, beam-
beam, ... becomes even more relevant as the machines are operated close to
the intensity limits.

o To study ,interplay” computer models are usually the tools of choice, as
analytical expressions can only be obtained for very reduced models (as in this
lecture).
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Backup
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Betatron oscillation of one beam slice: X(6,,t) = ke~ @'

Seen by a stationary observer (pick-up):
Y(@ t) _ )/Zei(nﬁ—a)t)
fast/slow mode: @, , = (N+Q,)w,

Lowest mode in SIS-18 ( Q, =3.24 ):
fin_ = (4—Qyo) f, =0.4f, =80 kHz

1:n,+ = (n +QO) 1:0

(betatron
sidebands

(n-Q)f, nfy (n+Q)fy
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Image wall charge and current
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Image charge/current cos(d)-superconducting magnet

i 1(9)
N ‘
O L1 o ®
) i
=2 —
- X L surface image current:j (7) = j.(0)cos(f)
Surface charge density: Surface current density:
/X 2 /X : IX 2 IX
r.(f)» gbz cosf /.= (f)bdf—EF Ji(1)»zoost 1=, §.(F)bdf b

(line charge on one half of the pipe) _ o
Dipole magnetic field:

IX
A5 _ 1
:—J p,(@)cospdg = qoxb y 2,Ub2

Dipole electric field:
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Transverse impedance of a resistive pipe

4y Image current
surface-density:

jo(f) = j(0)cos(f) B, = B, exp(- int)

Vertical B-field:

Y QFds=- OpdA
beam offset: (Faraday)
X(t) = Rexp(- int) X
image surface current density:
T . C

. o X Z zw)=——(E-vB) P  Z W)= Cd<d
Js = Jsexp(-imt)  j,(0) »p—gz ) bolk( < y) ) b’ds ,w "
longitudinal electric field: [resisiye el mjpeekince)
E=Eexp(-imt) E=s'j, s,=s,d d,= |—2— (skin depth)

. ms,w
(surface conductivity)
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Single particle oscillation spectrum
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Betatron oscillation: x(t) = acos(Q,u;t +7£;) Dipole moment: D(t) = x(t) I(t)
Apy D(t) = acos(Q,ust +7,)df, z d(g(t)- ge, - 2pm)

m=- oo

A :
/‘I‘\
/" PU
time (
-a
: = : o
Frequency domain: D(t) = qgaf,R Z exp[- i(n+Q,)w,t +f0]
Looking at positive f.=(nxQ,)f, (betatron sidebands)
frequencies only: ’
(synchrotron

satellites)

Only positive lines

can be seen by
the spectrum analyzer. (n-Q)fg nfo (n+Q)fy
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Single particle power spectrum .
j‘ DARMSTADT

h(f)= A, 2 J I:((n +0,)- Qé: )10 ’L’] Chromatic tune shift:
: Q. =x/h,

1.0} :

0.8f E Chromaticity:
< 0.6 i £ = AQ
g i Ap/ p,

0.4} E

095 s 7 6 3 10

f/fo
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