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What is beam impedance?

e Beam impedance is just a normal impedance.

* However, it is very difficult to understand beam impedance because it
is not a lumped impedance but measured over a length.

* |n addition it is defined as the difference in impedance between an
accelerator equipment and a straight vacuum chamber. The straight
vacuum chamber must have constant cross-section; have the same
length as the accelerator equipment and have walls that are
superconducting (also called perfectly conducting PEC).

* A particle moving in a straight vacuum chamber with constant cross-
section and superconducting walls have no beam impedance.



What is beam impedance?

An accelerator without beam impedance does not have
instabilities. Beam impedance is not our friend!

Beam impedance gives the beam a kick i.e. a disturbing force
acting on the beam. The beam impedance forces will make the
beam oscillate, just like a mass suspended between springs:

Beam Impedance

RF system magnets

NB! Landau damping
is not shown because
itis not damping, in | ] S -
spite of the name!

Synchrotron radiation

Damping kicker .



What is beam impedance?

An example of transverse impedance, that gives the beam a transverse kick! Here measured with the beam

e- = e+, Driven bunch
= e- Witness bunch DU
Dipole Dipole
Andrea Latina ! - T
HOO ZhO - ———————— annﬁtream E‘PM5
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S Transverse offset deflected orbit
et 200
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—— Measurements
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What is beam impedance?

There are many types of beam impedance:

* Beam impedance from the currents in the
walls of accelerator equipment
(beam coupling impedance):

1) Resistive wall impedance @

2) Geometric impedance —__ e i

 Space charge beam impedance
1) Direct space charge impedance
2) Indirect space charge impedance

Zsc(w)

 Damping kicker impedance, Electron cloud, impedance, ...



What is beam impedance?

There are many types of beam impedance:

Beam impedance from the currents in the
walls of accelerator equipment
(beam coupling impedance):

1) Resistive wall impedance /

2) Geometric impedance —__

1.

Space charge beam impedance
1) Direct space charge impedance
2) Indirect space charge impedance
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Damping kicker impedance, Electron cloud, impedance, ...



What 1s beam impedance?

Vacuum chamber = Faraday cage

Contour The wall currents must

f Hdl = lge, + lway =0 OPPOSe the beam current, so
Contour that the fields outside the

vacuum chamber are zero



What 1s beam impedance?

| |
dZ/ d I =The beam impedance per length % g
' w M‘ o : I |
Equipment
The inductance per length C |
\ / The capacity per length %
| |

PEC vacuum pipe

The L and the C are characteristics
of the transfer line

When we calculate the beam impedance for an equipment,
we compare the equipment to a perfectly conducting (PEC)
vacuum chamber with the same dimensions at start and end.



What 1s beam impedance?

Classical thick wall regime:
R=wl

This area “¢ §(w) ” represents the
difference between superconducting

o(w) = %a where p = resistivity (PEFZ) vacuum chamber and one with
skin depth resistance.
Z(w) = R(w) + iwL(w) | = J-21b - §(w)
¢ = fbb+5(w) B(r) £ dr
Rw) = w-L(w) = 52 = 1490 £5(w)
2mb - o(w) [ = ¢ = #od(w) o
/ 41b

Curtesy of M.Migliorati

Current density estimation

J
A

[A/m?]

0 b+d(w)

10



What 1s beam impedance?

e G

T — _ (L+1) »L
eolwl= 27 (g/2) 06[w]

Skin depth: st = [ ——

Ohm,

CST _freq
Theory
HFSS_freq

CST_Wakefield

Collimator:

Length: 200 mm

Width: 120 mm

Height: 60 mm

Electrical conductivity of jaws: ¢ = 100 S/m




Beam impedance: R+jwL versus R-1wL

Circuit definition
R+jwl

Impedance: Z(w) =R+ joL
Voltage: V(r) = Vy-Cos(wg t)

Add imaginary part: V(r) = V- (Cos(wp 1)+ j-Sin(wgt))

_ 1_.:“ It.,_,r'u]:.r
Voltage for analysis: V(iw) =V,
Current for analysis: (@) =l e /®
Circuit equation: V(@) = (R4 jwol)-I(®)
Viw)
R+ jwol
_J”:p
R=+ |:h'“L:|l“
e 1®
W R+ (wol)?

Vo

Solution for I: I{w) =

Convert to time domain: [I(f) = V- e

Remove imaginary part: [(t) = ————=-Cos(wot —

R*+ (wolL)*
where ¢ = ArcTan( “—‘RLL]I

“American” Fourier Chinese and European Fourier
R+jwl R—iwl
Voltage: Vir) =Wy -Cos(wyt) Voltage: V(r) =V -Cos(wo 1)
N . di
Circuit equation: V(r) =R+L d{:) Circuit equation: V(1) =R+ LJLEIJ
Fourier Transform: V(@) =R-l{w)+ jo-[{®) Fourier Transform: V(@) =R-I(®) —iw-I(®)
Viw) =(R+ joL) (o) V(w) — (R—iwl)-I(w)
_ Viw) Viw
Solution for I (@) = R+ joL Solution for I: I{w) = R—{i'u:L
) . Vo(R Cos(wp t) +woL Sin(wg t)) Vol R Coslw +wpl. Sinlw
Inv.Fourier Transform: I(r) = R3+wﬁL3 Inv.Fourier Transform: I(r) = ol f“'['r'r;el;i ._1.:;;_:3 in(wot))
Vo V.
0) (1) = ———= -Cos(wgr — ¢) 1) = 0 . Cos(wnf —
R woL? 0 = TR (el =)
where ¢ = ArcTan( =) where ¢ = ArcTan( %}

In my experience, accelerator components have only resistive and inductive coupling impedance.
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Beam impedance modelled as lumped impedance
Definition of beam impedance:

L
V(s) = —/ E(s,z) dz = Voltage over equipment
0

ﬂ Z) V(i) =V(s),wheres =v-¢
Z v
i D 1;(t) = q4-8(¢t) Drive particle act as a current.
; (It’s a Dirac delta function)
Viw) ZFWV(@E) [TV(E)e ™ dt
L I J Z(W) — — _
] La(w) — Z(1a(0)) 4a
Z(w) =f VVH(I) e~ W gz , Where VV”(;) — ?
oo P

Definition of lumped impedance:

Dirac Delta

— Z(w) = Viw) _ F(V() _ JZ h@)e™ dt

Iw)  ZU@)  [-.6() e ™ dr
< h(t)= Z(w) = f_ Z h(r) e di

h(t) = impulse response




Beam impedance modelled by lumped impedance

The wake function W, (1) is the

Lis,2) v equipment response function, i.e. the

° response to a Dirac delta function. The
impedance is, according to normal
theory, just the Fourier transform of the
! response function:

L
t | E(s,z) d
W (1) = 40 = Vq(é) = Jo (‘;’Z) < , where s =v -1
d d

qd
Z(w) = W (7) e ™ dt

14



:/_Zm|(t) e M g

S=vV-1 Z=¢C-1

In other texts (See e.g. Ref. [6]) one will often find this definition:

1wz \ dz
ZH / W| ‘ exp ( ) —
C C




Wall currents generate
electro-magnetic fields ——\ Photons

i.e. photons when bend
along the cavity walls. --%—r -----------------

—_)

The electro-magnetic fields stays in the
cavity and generates a resonance, which
will disturb i.e. kick the following bunch.

A resonance is modeled as a RLC-circuit:

1]
i
™y
=)
—

RLC-circuit definition
used for resonance

NB! This definition of the loss factor
is only valid for a bunch that is a
dirac delta function. The more
general definition will be given later.

(“Amerjcan” Fourier)
Z,(w)= ) W, (t)e™™dt
0

kloss - The energy lost, is equal to the loss
40 T factor “k,,..”multiplied with the

,\ square of the charge of the bunch:
The bigger R/Q

2
the bigger the Eloss — kloss "Qbunch

energy loss. y



The Longitudinal beam impedance is a function of
the transverse position of the drive and test particles
i.e. 4 variables. It can therefore be decomposed into

15 parameters (20, 71, ,, Z1,,, etc..) that represent all
combinations of the 4 variables:

Z|xd,xt,yd,yt| = Z0

+Z1yqg - xd+Zly -xt +Zlyg - yd +Z1y; -yt

+Z2xdxd - Xdxd + Z2xsxs - Xtxt + Z2yqyq - YAYA + L2ty - ViYL
+ Z2xdxs - Xd Xt + Z2xayq - Xdyd + Z2y 4y - xdyt

+ Z2xtyd - Xtyd + Z2xys - X1Vt + 224y - ydyt

New formula for longitudinal beam impedance

17



New formula for longitudinal beam impedance

Holomorphic decomposition:

Any two dimensional field, and very importantly a field that can really
exist (so not an artificially constructed field), can be decomposed into
multipolar components. This is the same idea used in Fourier
transforms. The holomorphic decomposition expands the field into

normal and skew multipolar functions:

2y
f(x,y) = A0 + A1 normal * X + Q1 skew * Y T A2 normal * ( 2 2 ) a2, skew * (l}?) + ...
S 1 , ' \ / v )
Zero order first order second order

NB! Notice that the coefficients for x squared and y
squared are same numerical value but opposite signs
18



New formula for longitudinal beam impedance

The normal and skew multipolar functions are well known from
accelerator magnets: 22
y

f(xay) = A0 + A1 normal * X + Q1 skew * Y T A2 normal * (

) | A skew (W) =+ ...

2 2
S , \ v J
Zero order first order second order
/ /
e el

Dipole Quadrupole Sextupole Octupole




New formula for longitudinal beam impedance

Using the holomorphic decomposition for both the
drive and test particles , knowing that the coefficients
for the squared values of xd & yd and xt & yt must be of
opposite sign, the formula can be reduced to 13 terms:

Z\xd,xt,yd,yt] = Z0

+Z1 g xd+Zly -xt +Z1yq-yd +2Z1y -yt

+ Z2 4rive - (xdxd — ydyd) + Z24eg - (xtxt — ytyt)
+ Z2dxt - XAXt + 22 4yq - Xdyd + Z2 4y - Xd Yt
+Z2iyq - xtyd + L2y - X1yt +Z2y 4y, - YAyt




New formula for longitudinal beam impedance

Using a property, called the Lorentz reciprocity principle, which says that if we
exchange the positions of the drive and test particles. the beam impedance stays
unchanged, i.e. Z|xd,xt,yd,yt| = Z|xt,xd,yt,yd]|.
This leads to 5 equanties:

Zlyy =Zly, Zlyd — Zlyt: Z2 grive = L2test, szdyd — sz:tyr: szdyr — Zzﬂyd
The new formula for longitudinal beam impedance finally has only 8 terms:

Z\xd,xt,yd,yt| = Z0
+Z1,- (xd+xt)+Z1, - (yd +yt)
Z24 - (xdxd — ydyd + xtxt — ytyt)
Z2p - (xdyd +xtyt) +Z2¢ - (xdyt + xtyd)
+Z2p - xdxt + Z2F - ydyt
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New formula for longitudinal beam impedance

Using a property, called the Lorentz reciprocity principle, which says that if we
exchange the positions of the drive and test particles. the beam impedance stays
unchanged, i.e. Z|xd,xt,yd,yt| = Z|xt,xd,yt,yd]|.
This leads to 5 equanties:

Zlyy =Zly, Zlyd — Zlyt: Z2 grive = L2test, szdyd — sz:tyr: szdyr — Zzﬂyd
The new formula for longitudinal beam impedance finally has only 8 terms:

Z\xd,xt,yd,yt| = Z0
+Z1,- (xd+xt)+Z1, - (yd +yt)
Quadrupolar term > + Z24 - (xdxd — ydyd + xtxt — ytyt)
Z2p - (xdyd +xtyt) +Z2¢ - (xdyt + xtyd)
Dipolarterms H& V> + 72 - xdxt + Z2F - ydyt




The longitudinal beam impedance have 8 parameters

Interchanging the drive and test particles,
will give the same beam impedance.

It is caused by the Lorentz reciprocity theorem
(well known to RF people as the identity S21=512):

-‘-f

24



The longitudinal beam impedance have 8 parameters

The Lorentz reciprocity theorem is responsible for coupling
primary and secondary windings in a transformer:

I, I,
——) | —_—

N
Vi = —A-Moﬂr . NNy dD E

d
X V= —N, - 22
1 2
N +N, dI,
—Afopr - T g

C dt

J

—

6=B-A
SECBdl = MoMr1y - Nl_,

- = ¢ = A popr - @

25



The longitudinal beam impedance have 8 parameters

The Lorentz reciprocity theorem is responsible for coupling
O

primary and secondary windings in a transformer: . ()

This is why the name of a beam impedancE

that is generated by the wall currents is a

. Ny beam coupling impedance e dI,
C we e V)

¢ dt

N /

_ — A. DNy
4 Bdl=pouls - Ny_ — ¢ Hokr =" 11




The longitudinal beam impedance have 8 parameters

The new formula shows that
90 degree symmetrical
structures only have dipolar
impedance and that this

impedance is the same in all
directions

27



New formula for longitudinal beam impedance

This new formula is not valid for resonances nor for non-relativistic beams g <1,
because both are spread out in 3D.

The formula is practically valid for beams with B ~ 1, even though theoretically

. ) 1 :
there will always be other terms, but these terms are proportional to ol so will
not be important in practice:

Z\xd,xt,yd,yt| = Z0

+Z1, - (xd+xt)+Z1,- (yd +yt)

+Z24 - (xdxd — ydyd + xtxt — ytyt)

+Z2p - (xdyd + xtyt) + Z2¢ - (xdyt + xtyd)
+Z2p - xdxt +Z2E - ydyt




The rigid bunch approximation states that The force acting on the test particle:
the beam motion is little affected during

the passage through the structure. So the
beam shape is rigid and it always moves VXF = VX q(E +vXB)
Wakefield unchanged with the bunch.

F(x,y,z,t) =q(E(x,y,z,t) + vXB(x,y,2,1t))

Using Maxwell’s equations:
dB(x,y,z,t)
dt

VXE(x,y,z,t) = —

v = fice
hee V-B(x,y,2,t) =0

dB dB
VXF = Q’—E—ﬁﬁa

29



Very important:
Because the wakefield is only
a function of “s” then:

oF,

VXF =

z)?+(

When inserting the partial
differentials on the right, the
terms in the bracket cancels
out and gives zero.

ﬂx_

This leads to

\

Z=Vf—8 — —

ﬁosition of drive partic
Position of the test particle:

ds _
ot
ds

/




Very important:

Because the wakefield is only

a function of “s” then:
This leads to

[ @B 0B
VXF=gq ’_E — CE]
X vy 2z
U = da d d _ (@Fz B
dx dy 0z dy 0z
E, F;._,F E,

Panofsky Wenzel theorem

When inserting the partial
differentials on the right, the
terms in the bracket cancels
out and gives zero.

e (- 5+ ()

B(s)

/

ﬁosition of drive particle:

Z=vi—8 — —

\

2z

Position of the test particle:

Bs_
at

das
= -1

ver

Z

/

31



To obtain the theorem in terms of impedance, one can simply start from the wake function form:

ow
Viw(x,y,2,1) = s (x,v,2,7)

Then change the § derivative with the time derivative. Use as — va’r — ﬁc a’r:
1 6
Viw(x,v,2,T xX,V,2ZT

Finally take the Fourier transform on both sides:

+00 +00
, 1 . ow,(x,y,2,T)
V e Ty (x,v,2,T)dT = — e Wt
J.j z( y ) .8': j 61’
“oo — 0o NB! The transverse impedance is

W defined with a complex i factor:

ViZ|(x,y,z,w) = —Z,(x,Y,2,w) +oo
ﬁl': — =T
Z,(x,y,z,w)=i | e "“Tw,(x,y,21)dt
Panofsky Wenzel theorem J 5




ZJ__x - a ZJ_,x(m):ZIx—FZZzA'If—|‘ZZB'yI—|—ch-yd+ZZD-xd
’ 144 xt
ZL,y(a)) = Zly — 27224 -yt + 228 - xt +2Z2¢c - xd +Z2g - yd
, _Bc 97
By W 9yt Zlxd,xt,yd, yi] = Z0

+Z1x (xd +xt)+Z1y - (yd +y1)

+Z24 - (xdxd — ydyd + xtxt — ytyt)

+Z2p - (xdyd +xtyt) + Z2¢ - (xdyt + xtyd)
+Z2p - xdxt +Z2 - ydyt
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Z) (@) =Z1x+2Z24 -xt +Z2p -yt +Z2¢c-yd +Z2p - xd

ZL,y(a)) = Zly — 27224 -yt + 228 - xt +2Z2¢c - xd +Z2g - yd

Z|xd,xt,yd,yt] = Z0

Panofsky Wenzel theorem +Z1x- (xd+xt)+Z1y - (yd +y1)

In differential form + 224 - (xdxd — ydyd + xtxt — ytyt)

+Z2p - (xdyd + xtyt) +Z2¢ - (xdyt + xtyd)
+Z2p - xdxt +Z2 - ydyt

34



v a
= E =
\_~/

Because of the rigid bunch approximation, which states that the beam motion is
little affected during the passage through a structure, the wake field is the same

before and after the passage of an equipment.

Therefore, it is as if B is only a function of “s”. A criterion for the Panofsky-Wenzel
theorem is therefore that the vacuum chamber has to have the same cross-section
before and after the equipment — otherwise the B-field is not the same.

35



Lab measurements of beam impedance. Wire #1

We can measure the beam impedance with wire measurements

This is based on the assumption that a bunch interacts with an equipment in
exactly the same way as a coaxial cable (i.e. a wire inside the equipment):

Ultra-relativistic B (o) = 7o (o) — 209 (_ -fz)
beam field (7 w) oH (7, w) o P\
t
TEM mode B (r,w) = ZoHy(r,w) = Zo— exp (—j 2
coax waveguide r c

See A.Mostacci: http://pcaenl.ing2.uniromal.it/mostacci/wire method/care impedance.ppt

36
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Lab measurements of beam impedance. Wire #2

Network analyzer Network analyzer

Port 2 DUT=Device under test

Port 1 V- dZ/dI /

/\ ——
—
iZ/ d l =The beam impedance per length
p
T — —
The inductance per length C
\ / The capacity per length
e C are characte
i

REF = Reference = PEC vacuum
chamber — same length as DUT



Lab measurements of beam impedance. Wire #3
dZ/ d I=The beam impedance per length

(TR
WU
L
The inductance per length C
\ / The capacity per length
\ —i-w\/CREFLREF - (1+ “/ar ) 1
The L and the C are characteristics REF “REF i'(U'LREF
of the transfer line SZ 1DUT =e — |:>

S21ppp = g~ i@ CREF'LREF " |

Beam impedance:

s21 i’Ln[SMDUT]
— dz L] — 9. . DUT| S21REF
ZLongitudinal — /dl l=—2-Zy" Ln [521REF] 14 2.0

This is the improved log formula, which is used for wire measurements

38



Lab measurements of beam impedance. Wire #4

Vot Zy1
S b _wm _VetZl  VerZl  Ll+Zl 2%
21,DUT a p;;}./%j VW+ 2ol Vo+Zil+Zgl Zgl+Zil+Zgl 2Zy+Z;
Vot ZyI
2V Zy ZO ZO

S21,REF = v 77 =1 al, B
2V'Zy % 1 V, Vs b g

< | —
Sa1,puT 24

So1,ReF 229+ Z1 -
/

ZL ) S21,REF

= 2
Zy  Sa1,pUT .




Lab measurements of beam impedance. Wire #5
DUT

180°
Matching  hybrid
resistors

180°

hybrid Matching
resistors

Vector
Network
Analyser




Lab measurements of beam impedance. Wire #6

DUT

hybrid Matching

= :D - S21 1. Ln[S21 ]
7, — Bc Zo Ln REF | |4 n|S21pyr]

N [ 4 OA2 S21pyr Ln|S21geF)
Network AN - - B
Analyser
Characteristic impedance Z, oftwo wires, each with diameter “d” and with

distaWen them “A” is (See https://en.wikipedia.org/wiki/Twin-lead):
120 A Example:

o ~ ﬁ Ln|2— A=10.0mm  Z=120/1"In(40) ~ 450 Ohm
r

- d- d = 0.5mm i.e. 225 Ohm per wire

Two wire measurement give Subtract 50 Ohm, as usual, this gives 175 Ohm

only the dipolar impedance per wire. So it is always 175 Ohm per wire —
independent of the chamber diameter! “



https://en.wikipedia.org/wiki/Twin-lead

Lab measurements of beam impedance. Wire #7
D U T only the dipolar impedance

180°

hybrid Matching
resistors

180°
Matching  hybrid
resistors

Adapted load

Voltage = —(—I-Z|—a,—a,0,0|+1-Z[a,—a,0,0]) +
= I % (4@222;3) = dipolar impedance

(I-Zla,a,0,0| —1-Z|—a,a,0,0])

The distance between the wires is 2 a: S =
A=2a

-

o

I

[o—

I

e
O 6 W >
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Another measure of transverse beam im

An example of transverse impedance, that gives the beam a transverse kick! Here measured with the beam

e- = e+, Driven bunch
= e- Witness bunch DU
Dipole Dipole
Andrea Latina ! - T
HOO ZhO - ———————— annﬁtream E‘PM5
| l_'_'_l [\ |
5,
S Transverse offset deflected orbit
et 200

—— Gdfidl simulations (renormalized) |
—— Measurements

Transverse wakefield [V/pC/m/mm]

0 002 004 006 008 0.1 012 014 016  0.18 02  Refll]
s [m]



Lab measurements of beam impedance. Wire #8

Easy method to firmly straighten the wire.
Make hole in connector and solder a thin wire to the resistor.

This method was invented by Muzhaffar Hazman *



Lab measurements of beam impedance. Wire #8

Easy method to firmly straighten the wire.
Make hole in connector and solder a thin wire to the resistor.

When soldering the resisto
p the

This method was invented by Muzhaffar Hazman



Lab measurements of beam impedance. Wire #9
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Lab measurements of beam impedance. Wire #10

-10 1_ . http://cds.cern.ch/record/1035461/files/
~_MKE-LS8, no shielding ab-note-2007-028.pdf
P |7 movex0y0.s1p | T Kroyer, F. Caspers, E. Gaxiola
~ MKE-10, printed fingers
_3ol _S21slp J| MKE Kicker measurements
_40 T
)
= 50} ]
o
"
_60 n
_70 e e S
_80 = i
-90 i ! !
0 500 1000 1500 2000

47
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http://cds.cern.ch/record/1035461/files/ab-note-2007-028.pdf

Lab measurements of beam impedance. Wire #11

- 450U I I T !
' — No insert ﬁ ?
s Vetallic sthps Gn CBraMIG (== sommmsigmmmmmmmes.
===+ Fingers painted on ferrite ' ‘
3500 —— Fingers printed on ferrite

3000+

I

4000

J

|
. | | , :

G
—~ 2000
N

T

N’

& 1500+ 4 A I Y . T T

1000+

PR

I
T T L =N

500

.....

| "ﬁ§ﬁ~".“"\" =
Ly s
{ ~g’ -~ - e ’.- \ =

T i%ia ot o ma " AT\t

An example of serigraphy in the SPS -500

: , 0 200 400 600 800 1000
Extraction Kicker Magnets (SPS-MKE) Frequency [MHz]



Lab measurements of beam impedance. Wire #12

Beam pipe

\ "7
\ A/
I/
\ 14/
\ 4/ |
/-

__-."‘l“.

Collimator jaw

Longitudinal RF fingers

?

Kicker Transition piece, i.e. keep electrical connection with the vacuum chamber

49



Lab measurements of beam impedance. Wire #13

Vacuum Tank ;

€——__ [ransverse contacts/RF

Collimator Jaws finger

Kicker Transition piece, i.e.
keep electrical connection
with the vacuum chamber

Springs

= =
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Lab measurements of beam 1mpedance ere #14

SLAC Fot.Coll. M=1, E=55GeV plateau N =1.3e11,0 _D 1199

6 8 10 14 16 18 o ' BN . T
half gap [mm] ’ p \

Collimator measurement

https://indico.cern.ch/event/436682/contributions/107
6818/attachments/1140261/1633077/SLAC _RC _SPS pla ' i \
n.pdf N. Biancacci, P. Gradassi, T. Markiewicz, S. Redaelli, |y '

B. Salvant, G. Valentino = .



https://indico.cern.ch/event/436682/contributions/1076818/attachments/1140261/1633077/SLAC_RC_SPS_plan.pdf

Lab measurements of beam impedance. Probe #1

Two probe setup

Short probe

To VNA Port 1 To VNA Port 2

Copper adapter

One probe setup

Long probe

To VNA Port 1

Copper adapter
Close on adapted
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Lab measurements of beam impedance. Probe #2

1e-013farad ‘ 1e-011farad ‘ 1e-013farad
| N -t s Jofarad | ort2
|| —T ||
1l 0  Z=500hm | 1e-009 Z=5000hm | 0
— P=1mm P=tmm —
1e-01 Sfarad ‘ 1e-l£@rad

e -

_ 10 Z=500hm | 1e-p09

— P=1mm




Lab measurements of beam impedance. Probe #3

Two probe setup

Short probe

To VNA Port 1 To VNA Port 2

Copper adapter
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Lab measurements of beam impedance. Probe #4

smith chart

4
Im(Z)  in (D)

open circuit

/

4 Re(D)

short circuit

short circuit — ZL - ZO \
/ r Zi +2o —
EF ~ ] iEIZJ A —— \ | k\ 0

matched load

)

2
’

//
/]
\/

matched load
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Lab measurements. Measure Q reflection. Probe #5

C —_ L Rext

--—QD—-——

f — 0 f = fr.f'; ———————— oxt — —
> Re Three different types of Q: 1 _ 1 + 1
1) The loaded Q (Q:) =
S ® Rg } 2) The unloaded Q (Qo) QL QD ng,t

3) The Q of the external world (Qext ).
A resonance is a circle

inthe smith diagram. e want Qg but we can only measure Q, and (3:

fres RU
QL=-— =
- / ﬁf ﬂ Rext

Qo=0Qr(1+p)
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Lab measurements. Measure Q reflection. Probe #6

PI# S11 smith (R+ix) Scale 500.0mU [FL Dal]

1 B844.36341 MHz 6B.377 0 -202.51 mQ " pF

2 B44.5710% MHz 14.811 0 -24.418 77173 pF

>3 B44.15276 MHz 14.712 Q 23, 4.3521 nH

»1  844.47308 MHz -43.776 dB
Ew: 171.4000000 kHz
cent: 8444740770 MHZ
Tow: 844, 3883770 MHz
high: 844.5597770 MHz

Qi 40926.9

loss: -43.776 de QI = 2018
1+B =2
Q0 =4036

PR S11 smith (R+3>) Scale 500.0mu [F1 pel]
1 954.62770 MHz 49,916 @ 1,0670 @
2 ©34.70436 MHZ 15.425 0 -19,152
18. %

>l B55.22779 MHz -45.642 dB >3 634044888 WAz 141276 Q

Bw: 182.1950000 kHz
cent:  955,22096340 mMHZ
TJow:  955,.1385370 MHz
high: 955.3207320 MHz

1052; —jg?éﬁg de X QI = 2763
1+B =2
Q0 =5526

Courtesy of C.Vollinger and T.Kaltenbacher
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Energy loss when beam pass through an equipment

Shuntimpedance

The energy lost, when the particle passes a resonance,

Accelerator definition: r RLC-circuit dEﬁnllggaﬁaﬁtO: Elloss =kxqT2
L o= m
_ — " Y — T JuT ) . .
V=|E&e “dz Z(@) ,[H.'["T}E 'ﬂaﬁvhere k is the loss factor, which is equal to:
| | I:I
! . = klloss factor =wl0 /2 -R/Q
S al’ F e i 1
r=— 0= = ke =— [ R, (@)}de
F Q@ al o And q is the charge of the particle.
i . F* 1 {As you can see, the bigger R over Q, the bigger the energy
E"-=li_:_-|"-':':! -"':-1=_.-;.|:':.-!= - .l_':-_:ll:|= ;Q:R S
g 4L JLC i
_ ._r_'-_:-l:l F R Wake Loss Factor
.I:':.'! = —_—— En [._r_'_:-::. = The wake loss factor (k) for the longitudinal component is calculated by:
40 | oo L JO@ @ — @y [
https://_lmpedance.web.ce_rn.c_h/Ihc_-mpedance/CoIhmato_rs{‘R‘l‘:C 05 2.15'.[)0'; a0
Shunt mpedance,flﬁ:lrcwt definytion, Acceler?to:e%ﬁAlexej Grudiev k _ J.;L(S) Wh (S:) dS
r=2RK =30 5
- were lambda(s) describes the normed charge distribution function over s (to obf

to multiply this function by g1). It is given in [V / pC].

. i i f the equipment, 61
Use loss(kick) factor instead of impedance e equipmen


https://impedance.web.cern.ch/lhc-impedance/Collimators/RLC_050211.ppt

_— m The energy lost, when the particle passes a resonance,

|§| is equal to: £lloss =FkxqgT2
- Where k is the loss factor, which is equal to:
l klloss factor =wl0 /2 -R/Q

And g is the charge of the particle.

As you can see, the bigger R over Q, the bigger the energy
[ =—> limators/RLC_050211.ppt
S— 5 tor definition, Alexej Grudiev

q: q: q:
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The longitudinal beam impedance have 8 parameters

The beam impedance is now decomposed into 13 parameters :
Z [xd, xt, yd, yt] =Z0

+Z1XD xd+Z1XT xt+Z1YD yd+Z1YT yt

+Z2XYDXYD (xd2-yd2)+Z2XYTXYT (xt2- yt2)

+Z2XDXT xd xt+Z2XDYD xd yd+Z2XDYT xd vyt

+Z2XTYD xt yd+Z2XTYT xt yt+Z2YDYT yd vyt

The new formula is identical to the previous from Tsutsui:
Z = Zpo+ (1 —jy1) 21+ (21 + Jyi1)Z-10 + (2 + jy2) Zo1 + (22 — JY2) Zo,—1
(21 — jy1)* Zoo + (21 — jyn) (T2 — Jy2) Z1, -1 + (@2 — jy2)* Zo, 2
+(z1 — Jyr) (@2 + Jy2) Z1g + (21 + Jy1) (02 — Jy2) 21,1
(21 + jy1)*Z 20 + (21 + jy1) (22 + jy2) Z_11 + (@2 + jy2)° Zo 2
+O((21, 41, 22, Y2)°).



The longitudinal beam impedance have 8 parameters

101}

20}

10}

Ld)hm i

50+

30r

Real

Imaginary
Rea

lmaginary

CST

Interchanging the drive and test particles
always give the same beam impedance.

0 1 2 3 f LHIZL 64



The longitudinal beam impedance have 8 parameters

Z,Ixd, xt, yd, yt] =

Z0
+Z1X (xd+xt)+Z1Y (yd+yt)
+Z2XYDTXYDT (xd?+xt2-yd?- yt?)
+Z2XDTYDT (xd yd+xt yt)
+Z2XDTYTD (xd yt +xt yd)
+Z2XDXT xd xt+Z2YDYT vyd vyt



CST Wakefield example illustrating the 8 parameters

Z2YTIm,Z2YDIm
Z2YTRe,Z2YDRe

Prediction:
Z2XYDTXYDT (xd2+xt2-yd2- yt?)

1 2 4

Z2XTRe,Z2XDRe

Z2XTIm,Z2XDIm
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CST Wakefield example illustrating the 8 parameters

150000 -

J100 000

J150000

Z2XTYTIm,

Prediction:
Z2XDTYDT (xd yd+xt yt)

Z2XTYTRe, Z2XDYDRe
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CST Wakefield example illustrating the 8 parameters

1.0

0.5+

1.0t

Prediction:
Z2XDTYTD (xd yt +xt yd)

Z2XTYDRe, Z2XDYTRe,Z2XTYDIm,
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CST Wakefield example illustrating the 8 parameters

Ld)g?mL Prediction versus simulation
Example 1:
3 examples C yd=25,yt=25
B Example 2:
ol _ xd=1.0,yd=2.5
Example 3:

xd=-1.5, yd=2.0, xt=2.5

10}

Prediction Real

Simulation Real
Simulation Imaginary

20

2

4




The rotating wire method

One wire represents the drive
particle and the other wire
represents the test particle.

In this measurement, we do not
have a positive current in one
wire and a negative current in the
other

Both wires are measured
individually i.e. single-ended

In the additional slide, it is demonstrated how this measurement can derive all 8 parameters



The rotating wire method

Some implications of the new 8 parameter formula:
The offset term is not automatically zero,}

1) Transverse impedance _
depends on the shape of the equipment

ZLI([!J) = ZII+222A - Xt ——ZZB - Vi ——ZZC -yd+2,'25 - xd
Z) y(w) =21, —2Z24 -yt +Z2p - xt +Z2¢ - xd + Z2f - yd

2) Transverse impedance
Is it possible to shape a collimator e.g. in three-fold symmetric form
so that its transvers impedance is zero up to second order?

3) Transverse impedance
The beam oscillates during instability, is it possible to shape equipment
in such a way that the drive position works against the instability? =



Supporting material for slide

1% dzdl

soll:Solve[Srel zz E:-r.p[:l':.*l*w*"v' CCxL —-Lxlaxw= [1— ]*CC*L], dzr.:ll]

WL

-21-+/CCL wLog[Srel] -1 Log[Srel]?

\ 11
dzdl —
| L { 1 Log[Srel] | -214/CCL wLog[Srel] - i Log[Srel]?
-2 _ | — Log[Srel] |1+ ==
CC 21CCL W CClw

True



Longitudinal Beam Coupling Impedance of Device Under Test (DUT)

|
SUCO box % % Z. = Characteristicimpedance of beam pipe

matchingresistor=2Z_—50 (2
(removes reflectionsinside DUT)

|
g § 50 Q2 Cable
]

10 dB Attenuator

to remove the reflected wave that goes back to the Network analyzer. If
10 d B Atte nuator ( this wave hits the network analyzer, the measurement will be disturbed. )

calibration . . .
NB! The calibration must be done without the attenuators. It

is not yet understood exactly why, but it shown in test that
Y including the attenuators give incorrect calibrations.

Vector Network
Analyser

Vector network analyzer calibration to remove effects from cables and attenuators.

Measure transmission coefficient S, (=forward transmission) and then calculate impedance.
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Quadrupole Sextupole

Figure 3: Normal field patterns up to third order for re-
spectively a dipole, quadrupole and sextupole magnet. The
potentials are:

Dipole: x  Quadrupole: *"; — % Sextupole: %3 — xy? 14
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Quadrupole Sextupole

Figure 4: Skew field patterns up to third order for respec-
tively a dipole, quadrupole and sextupole magnet. The po-
tentials are: .
Dipole: y = Quadrupole: x - y Sextupole: x?y — % 75




