


The CERN Accelerator School

Instabilities Part II:
Longitudinal wake fields —
impact on machine elements
and beam dynamics

Giovanni Rumolo and Kevin Li

2

07/09/2017 Beam Instabilities Il - Giovann i Rumolo and Kev in Li




QOutline <£X)

The CERN Accelerator School

We will close in into the description and the impact of longitudinal wake
fields. We will discuss the energy balance and then show some examples of
phenomena linked to longitudinal wake fields such as beam induced heating,
potential well distortion, microwave and Robinson instabilities.

Part 2: Longitudinal wakefields —
impact on machine elements and beam dynamics

* Longitudinal wake function and impedance

* Energy loss — beam induced heating and stable phase shift

* Potential well distortion, bunch lengthning and microwave instability
* Robinson instability
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* We have learned about the concept of particles, distributions and macroparticles as
well as some peculiarities of multiparticle dynamics in accelerators, decoherence,
filamentation.

 We have learned about the basic concept of wake fields and how these can be
characterized as a collective effect in that they depend on the particle distribution.

* We now have a basic understanding of multiparticle systems and wakefields and are
now ready to look at the impact of these in the longitudinal and transverse planes.

Part 2: Longitudinal wakefields —
impact on machine elements and beam dynamics

* Longitudinal wake fields and the longitudinal wake function
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Recap: wake functions in general ' Te'e
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. Source, q;

. Witness, g,

Definition as the integrated force associated to a change in energy:

* In general, for two point-like particles, we have

AEQ = /F(.I‘l,ZEQ,Z,S) ds = —({d142 w(iﬁl,.’Bz,Z)

w is typically expanded in the transverse offsets of source and witness particles. This
yields the different types of wake fields (dipole, quadrupole, coupling wakes)
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Longitudinal wake function ' Te'e
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- ‘ Source, q,

‘ Witness, g,

‘ j\ Ax, (or Ay,)

——————————————————————————————— > >
. z ‘Fsz(orAyz)

* Longitudinal wake fields

e

sz(xl, Z2,%,8)ds = —q1q2 (W) (2) HO(Az1) + O(Azy)

l—l

Zeroth order with source and test centred

usually dominant
Higher order terms

Usually negligible for small offsets
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Longitudinal wake function ' Te'e
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- ‘ Source, q,

‘ Witness, g,

‘ j\ Ax, (or Ay,)

——————————————————————————————— > >
. z ‘Fsz(orAyz)

* Longitudinal wake fields

AFE, (72_1) Apo Energy kick of the witness

Do particle from longitudinal wakes

G ]
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Longitudinal wake function =

goe,
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AFE 250 AFE
Wiz)=-—= ==  Wj(0)=——5

2
d142 q2—q1 q7

~

The value of the wake function in z=0 is related to the energy lost by the source
particle in the creation of the wake

* W,,(0)>0since AE;<0

W, (z) is discontinuous in z=0 and it vanishes for all z>0 because of the ultra-
relativistic approximation

N Wl |(Z)

Beam loading theorem

e wi) = 2w0)

\/ Z

CE/RW
{
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Longitudinal impedance (fx)

The CERN Accelerator School

WH(Z) = — — > WH(O) = — 5
qd142 q2—q1 q7

 The wake function of an accelerator component is basically its Green function in
time domain (i.e., its response to a pulse excitation)

- Very useful for macroparticle models and simulations, because it can be used to
describe the driving terms in the single particle equations of motion!

 We can also describe it as a transfer function in frequency domain

— This is the definition of longitudinal beam coupling impedance of the element under

study
Zy(w)|= /_ Z Wi (2)|exp (—“’ZZ) dc”‘
| \
€] €2/ s]
O .
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The energy balance 0D
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W (0) = 1 /oo Re (Z” (w)) dow — — AE1  what happens to the energy lost by
0

s q% the source?

* Inthe global energy balance, the energy lost by the source splits into:

o Electromagnetic energy of the modes that remain trapped in the object
— Partly dissipated on lossy walls or into purposely designed inserts or HOM absorbers
- Partly transferred to following particles (or the same particle over successive turns),
possibly feeding into an instability!
o Electromagnetic energy of modes that propagate down the beam chamber
(above cut-off), eventually lost on surrounding lossy materials
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The energy balance (‘:\')
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1 = AFE) What happens to the energy lost b
WH(O) = — / Re (Z”(w)) dw = — 5 pp? gy Yy
T Jo q1 the sourcer

* Inthe global energy balance, the energy lost by the source splits into
O t

bsorbers

The energy loss of a particle bunch e turns),

= causes beam induced heating of the machine elements
o (damage, outgassing) hamber

= feeds into both longitudinal and transverse instabilities
through the associated EM fields

= is compensated by the RF system determining a stable
phase shift

N e W
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* We have specialized the general definition of the wake function to the specific case
of the purely longitudinal wake function.

* We have seen how longitudinal wake functions are related to the energy loss of the
source particles.

* We have discussed the energy balance which containes all the fundamental
underlying mechanisms for collective effects related to wake fields and impedances.

Part 2: Longitudinal wakefields —
impact on machine elements and beam dynamics

* Energy loss — beam induced heating and stable phase shift
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Bunch energy loss per turn 00

e We remember the energy loss for two particles due to a longitudinal wake
field:

AFEy = — q1q2 W) (2)

e This can be generalized to an energy loss for a multi particle distribution for
a single passage:

AFEiota = —62/)\(2) /)\(z’) W(z —2')dz" dz

Vo

xAFE(z)

e which in frequency domain becomes

f‘)\ Re [Z)(w)] dw

* If instead, we consider a multi particle distribution over multiple passages
spaced by 2rt/w,, we arrive at

82(,00

AFE = — Gy i ‘S\(I)wo)r Re [le(pwﬂ)}

p=—00
G .
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Beam energy loss per turn 00
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The bunch energy loss is given by the bunch/beam spectrum and the real part of the
machine longitudinal impedance

2 > 2
e~ W >
AE = — > Z AMpwo)| Re [ZH(pwoﬂ
p=—00
15— !
\ Ab (CU) E—bungc:h speo’grum
Bunch spectrum osl | | ,\\ _______ AL | et

Aw)

Beam spectrum

Abeam (Cd)

Frequency[Hz] X 108

CERN
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Energy loss of a train of bunches de @

eeeeeeeeeeeeeeeeeeeeeeee

A2

A train of M identical equally spaced
bunches circulating in a ring

A f —->
e A
S 2m
CTp T — ——
hbdo
M—1 r i M—1
Abeam (2) = Z ANz —nerp) <= Apeam(w) = A(w) Z exp(—inwTy)
n=0 n=0
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Energy loss of a train of bunches de @

eeeeeeeeeeeeeeeeeeeeeeee

A2

A train of M identical equally spaced
bunches circulating in a ring

->
Wmﬂﬂﬂﬂﬂﬂﬂﬁﬂﬂ
>
hbdo
_ o M
e2w0 1 — cos( Wh p)
AFyeam = Z IA(pwo)|*Re 1 Z))(pwo)] - 3P
p=—00 1— COS(T)
(iﬁw 07/09/2017 Beam Instabilities Il - Giovanni Rumolo and Kevin Li 16 ®
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Application to the SPS extraction kickers de'@)

The CERN Accelerator School

—bunch spectrum
vectrum

“'I e e AR AR LT Er TR T TR CERT T T LT R RIRLRLE B R R 27I'Mp
i T cos( )
Z A pw0)| Re [Z||(Pwo)} ' 27}Tlp ]
osk -t 1ib b oAy i __OO ________________ S . d COS(T)
xﬁ_z o
T s e S

~ Frequency[Hz 8
@ ‘ q y[Hz] ¥ 10
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Application to the SPS extraction kickers de e,
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AWnke 14

AVVMKESER —25E ns beam
12 P ...................................... ................................... 4

—50 ns beam

£ 10] S N .................................... 3

 ATMKESER 4

8.1 0.15 0.2 0.25 0.3
c[m]
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Application to the SPS extraction kickers de @)
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~ 17h run with 25 ns beams at
26 GeV after technical stop

Timeseries Chart hetween 2012-04-25 12:48:00.000 and 20120426 12:48:00.000 (LOCAL_TIME)

AFERATURE_UF i P ER A UF ot : il P tE_LP ot TEMPERATURE_UP

2012 07h 26 2012 10h

CE/RW
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* We have further dived into the mechanism of energy loss and have seen the impact
of longitudinal impedances on machine elements as these lead to beam induced
heating.

 We have found that beam induced heating depends on the overlap of the beam
power spectrum and the impedance of a given object.

* We have seen a real world example of the impact of an objects impedance on the
beam induced heating.

Part 2: Longitudinal wakefields —
impact on machine elements and beam dynamics

* Potential well distortion, bunch lengthning and microwave instability

CERN
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Recap: formal description of a beam instability ¢ 0‘ O
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* The mode and thus the instability is fully characterized by a single number
defined by an eigenvalue problem:

the complex tune shift Q

* For the case of longitudinal wake fields, two regimes can be found:

o Regime of potential well distortion (i.e. perturbations to equilibrium solutions
are damped)
= Stable phase shift
= Synchrotron frequency shift
= Different matching (= bunch lengthening for lepton machines)
o Regime of longitudinal instability (i.e. perturbations to equilibrium solutions grow
exponentially):
= Dipole mode instabilities
= Coupled bunch instabilities
= Microwave instability (longitudinal mode coupling)

CERN
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Potential well distortion and Haissinki equatione 0‘ 0

* The equilibrium distribution in the presence of a longitudinal wake field can
be found analytically. The (linearized) longitudinal Hamiltonian with
longitudinal wake fields is given as:

2 2 z 00
1 2 1 Ws 2 € /" / / /" !/
H = —5775 ~2 (—) 2 +52EC Ek /0 dz /;H dz" N(2'+kC)W) (2" —2'—kC)

* We assume a Gaussian beam distribution:

6(est) = exp (02 ) AG)

2
205

* The equilibrium (matched) line charge density is then given by the self-
consistency equation (Haissinski equation):

2 2 z 00
_ _ Wse € /" Iy () "o
Az) = exp (( 27706/8(3) + 102 B EC Ek /0 dz /z” dz" N(2" + kC)W) (2" — 2z kC))

CERN
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Potential well distortion and Haissinki equatiort 0‘ 0
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* The equilibrium distribution in the presence of a longitudinal wake field can
be found analytically. The (linearized) longitudinal Hamiltonian with
longitudinal wake fields is given as:

2 2 z 00
1 1 w e
H=_—p&f-——|= 2 §j dz" dz' M2 +kOYW, (2 =2 —kC
277 277 (ﬁc) Z+52EC k[; Z /;~ < (Z+ ) ||(Z < )

A simple Taylor expansion in z already qualitatively reveals some of the
effects of the longitudinal wake fields onto the beam:

1. First order:

shift in the mean position (stable phase shift)
2. Second order:

change in bunch length accompanied by an (incoherent) synchrotron tune shift

2 2 z 00
_ _ Wse € /" Iy () "o
Az) = exp (( 27706/8(3) + 102 B EC Ek /0 dz /z” dz" N(2" + kC)W) (2" — 2z kC))

G ]
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Bunch energy loss per turn and stable phase (‘:\')

The RF system compensates for the energy loss by imparting a net
acceleration to the bunch

Therefore, the bunch readjusts to a new equilibrium distribution in the
bucket and moves to an average synchronous angle A®D,

A(2)

Above
transition

N
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Bunch lengthening and MW instability (fx)
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0.0200

0.0175

Below MWI threshold

Examples of numerical simulations —
SPS bunch with single broad-band
resonator wake:

Initializing a matched bunch at low
intensity, two regimes are found:

e Bunch lengthening/emittance
blow up regime with roughly
linear increase of the synchronous

0.16

RMS buch length [m]
=

phase and bunch length with
intensity

e Unstable regime (turbulent bunch
lengthening)

0.14 MM//

0.0

0.2

0.4

0.6
Intensity [1ell ppb]



Bunch lengthening and MW instability

0.0200
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0.0175

Mean position [m
o
o
H
o
o

Below MWI threshold

Above MWI threshold

0.16

RMS buch length [m]
=

0.14

0.0

0.2

0.4

0.6
Intensity [1ell ppb]

0.8

1.0



Bunch lengthening and MW instability 00
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0.0200 Turn# 0 - bunch intensity: 100.00% of initial
0.0175 Below MWI threshold 0.008 010
T 0.0150 0.006 | 0.08
S 0.0125 o E, boe
= 0.002 5
% 0.0100 7 0o
o ©w 0.000 z 8_
A9 0.02
§ 0.0075 / -0.002 %
[«}]
= 0.0050 = 000

/ -0.004
0.0025 -0.006 | -0.02 | . |
0.0000 -/ 40 Z[m] s Tumns

o
J
N

 nd
o

o
o]
o
o
©

RMS bunch length [m]
2
o
o

RMS buch length [m]
o
=
[we]
Line charge density [normalized]
o
(@]

0.175
0.4
0.150
0.16 0.2
0.125
0.0 0.100
0.14 -0.5 0.0 0.5 0 50 100 150 200 250 300
'__._*—*P*d Z[m] Turns
0.0 0.2 0.4 0.6 0.8 1.0 1.2
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Bunch lengthening and MW instability 00
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Turn# 0 - bunch intensity: 100.00% of initial

Above MWI threshold

0.008 0.10
0.006 ' 0.08
0.004 =
E 006
0.002 5
= 004
w
© 0.000 S
N 0.02
-0.002 E
[«}]
0.00
-0.004 =
-0.006 | -0.02
-0.008 -0.04
Z [m] Turns
1.2 0.300
=3 0.275
N 10
E —
g E 0.250
o 08 S
£ 5 0.225
£ 3
2 06 = 0.200
(8]
(] c
© =
@ 28 0175
204 %)
< =
@ 02
[ =
£ 0.125
0.0 0.100
-0.5 0.0 0.5 0 50 100 150 200 250 300
z[m] Turns
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* We have learned about the impact of the longitudinal impedance on the beam.

* We found the Haissinki equation and discussed the potential well distortion along
with the stable phase shift and synchrotron tune shift.

* We looked at some generic wake fields and the two regimes of potential well
distortion with bunch lenthening and its transition to the microwave instability.

 We will now look specifically at multi-turn wake fields and the phenomenon of
Robinson instability and damping.

Part 2: Longitudinal wakefields —
impact on machine elements and beam dynamics

* Robinson instability

CERN
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The Robinson instability ' Te'e
* Toillustrate the Robinson instability we will use some simplifications:

o The bunch is point-like and feels an external linear force (i.e. it would execute
linear synchrotron oscillations in absence of the wake forces)

o The bunch additionally feels the effect of a multi-turn wake

Unperturbed: the bunch executes
synchrotron oscillations at o,

G ]
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The Robinson instability ' Te'e
* Toillustrate the Robinson instability we will use some simplifications:

o The bunch is point-like and feels an external linear force (i.e. it would execute
linear synchrotron oscillations in absence of the wake forces)

o The bunch additionally feels the effect of a multi-turn wake

The perturbation also changes
the oscillation amplitude —
unstable motion

Unperturbed: the bunch executes
synchrotron oscillations at o,
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The Robinson instability ' Te'e
* Toillustrate the Robinson instability we will use some simplifications:

o The bunch is point-like and feels an external linear force (i.e. it would execute
linear synchrotron oscillations in absence of the wake forces)

o The bunch additionally feels the effect of a multi-turn wake

The perturbation also changes
the oscillation amplitude —
damped motion

Unperturbed: the bunch executes
synchrotron oscillations at o,
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The Robinson instability ' Te'e
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* Toillustrate the Robinson instability we will use some simplifications:

o The bunch is point-like and feels an external linear force (i.e. it would execute
linear synchrotron oscillations in absence of the wake forces)

o The bunch additionally feels the effect of a multi-turn wake

* Longitudinal Hamiltonian

2 2 z o0
__1 Q_L & 2 € II/ / / nor
H = 2775 (56) 2 +62ECZ,€:/0 dz . dz" M(2" + kC) W (2" — 2" — kC)

21
2
1 1 [ws Ne? > :
p— —5']’] 62 - % (@) 252 —|— ﬁ2EC /O\ dZH W” (Z(t) - Z(t - ]fTO) - k'C)

* Expansion of wake field (we assume that the wake can be linearized on the scale of a
synchrotron oscillation)

W) (2(t) — 2(t — kTo) — kC) = W) (kC) 4+ W (kC) (z(t) — z(t — kTo))

dz(t
~ W) (kC) + Wﬁ(kC) KTy Zg )

CERN
\W ¢

7~/
07/09/2017 Beam Instabilities Il - Giovanni Rumolo and Kevin Li 35




The Robinson instability ' Te'e
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* The first term only contributes as a constant term in the solution of the equation of motion,
i.e. the synchrotron oscillation will be executed around a certain zO and not around 0. This
term represents the stable phase shift that compensates for the energy loss

* The second term is a dynamic term introduced as a “friction” term in the equation of the
oscillator, which can lead to instability!

 Equations of motion

d*z . o Nen Ooj i
W—I—wsz -~ Cmoy kzoo

G ]
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The Robinson instability Cfx)
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* The first term only contributes as a constant term in the solution of the equation of motion,
i.e. the synchrotron oscillation will be executed around a certain zO and not around 0. This
term represents the stable phase shift that compensates for the energy loss

* The second term is a dynamic term introduced as a “friction” term in the equation of the
oscillator, which can lead to instability!

 Equations of motion

d?z Ne?n
72 + wf z Omw ZM

* Ansatz
?: oo
2(t) o< exp (—i2t) O > (pwo Z) (pwo) — (pwo + ) Z (pwo + Q))
p=—00
E ' i
e Solution xpressed in terms of impedance
Ne?n &
2 2\ _ ,
(97 —uf) = -5 — kzm[(l —exp (—szTO)) W] (kC)
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The Robinson instability
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We assume a small deviation from the synchrotron tune:
o Re(Q - w,) = Synchrotron tune shift

o Im(Q - w,) 2 Growth/damping rate, only depends on the dynamic term, if it is positive
there is an instability!

Solution:

Tune shift:
e? Nn

Aws; = Re (2 —w;) = 0 20 T2

o0

Z (pwo Im [ZM (pwo) — (pwo + ws) Im [ZH] (pwo + ws))
p=—00
Growth rate:
e? Nn

i ((pwa + Ws) Re [Z“] (pwo + ws))

=—00

—1
—Im[Q — w,] =
T m[ (JJ] mOC2 2w8,_)/T02p

CE/RW
{

N2
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The Robinson instability ' Te'e
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e We assume the impedance to be peaked at a frequency w, close to hwgy > wq
(e.g. RF cavity fundamental mode or HOM)

Only two dominant terms are left in the summation at the RHS of the equation
for the growth rate

Stability requires that  and ARe [Z)] (pwo) have different signs

e Solution:

2 o0

1 e Nn ( )
— I Q - s) — S Z S
T m ( Ws) o 2y T2 E (pwo + ws) Re(Z))(pwo + ws)

p=—00
B e Nnhwy
- moc? 2w T

(Re [2)] (hwo +w,) = Re [)] (o — w)
(el o)

1.05‘ o

e Stability criterion:

0.8:

06

n-A(Re[Z)] (hwo)) <0

041

02/

3,
_I\J
\
%\—¥
g 0
l
-
g
o

00

\
1

|
<
o
o
—

-04 :

0“‘2“‘4“‘6“‘8“‘16
G ]
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The Robinson instability 00
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* Stability criterion: 7. A(Re 1Z,] (hwg)) <0

(a) wr < hwy 1 oR (b) w, > hwo T

Re Z§ () Re Z; ()

A(Re 1 Z)j] (hwo) ) <0

Figure 4.4. |llustration of the Robinson stability criterion. The rf fundamental mode is detuned
so that wy is (a) slightly below hwy and (b) slightly above hwg. (a) is Robinson damped above
transition and antidamped below transition. (b) is antidamped above transition and damped
below transition.

Above transition (n > 0) stable unstable

Below transition (n < 0) unstable stable

G ]
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Robinson damping and instability Jo @
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0.5 Examples of numerical simulations —
04 SPS bunch with single narrow-band
E resonator wake:
@
T 03
% Initializing an otherwise matched
£ 02 bunch with a slight momentum error,
2 two regimes are found:
o 01
O

o.oW° Regime of Robinson damping

when the resonator is detuned to
0.300 hw, — w,. Initial dipole oscillations
0.275 are damped.

* Regime of Robinson instability

when the resonator is detuned to
S5 hw, + w,. Initial dipole oscillations
2 0175 start to are grow exponentially.

-2.0 -15 -1.0 -0.5 0.0
Fraction of ws



Robinson damping and instability
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o I~ o
N w I

Dipole amplidude [m]
o
=

-2.0 -15 -1.0 -0.5 0.0 0.5
Fraction of ws

1.0

1.5

2.0



Robinson damping and instability
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0.5 Turn# 0 - bunch intensity: 100.00% of initial
0.008 0.20
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(o))
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o
S 03 E
= 0.002 . S 005
o : =
£ 02 ©  0.000 . S 000
CU N
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2 01 2
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2 o
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B —
E 0.250 E E, 016
o S 08 %
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3 0225 2 5
= 9 0.6 =
= c S 0.12
£ 0.200 S 5
@ S 0.4 » 0.10
@© 0.175 8 oE:
2 o 0.08
0.2
> 0.150 £
=] » 0 ¢ 0 0 o 0O 0O O 0.06
® 0.125 00
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0.100
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Robinson damping and instability

Turn# 0 - bunch intensity: 100.00% of initial

0
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0.008 0.20
0.006 0.15
0.004 i’ 010
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0.002 5 005
]
©  0.000 S 000
N
-0.002 S -0.05
Q
-0.004 Z 010
-0.006 -0.15
-0.008 -0.20
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12 0.20
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N 10
£ E 016
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= 0.14
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% 06
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Other longitudinal instabilities ' Te'e
* The Robinson instability occurs for a single bunch under the action of a
multi-turn wake field

* It contains a term of coherent synchrotron tune shift which depends only on the
imaginary part of the longitudinal impedance

* |t results into an unstable rigid bunch dipole oscillation where the growth rate
depends on the real part of the longitudinal impedance

* Other important collective effects can affect a bunch in a beam — some of
them of which we have also seen

* Potential well distortion (resulting in synchronous phase shift, bunch lengthening
or shortening, synchrotron tune shift/spread)

* High intensity single bunch instabilities (e.g. microwave instability)
* Coasting beam instabilities (e.g. negative mass instability)
e Coupled bunch instabilities

* To be able to study these effects we would need to resort to a more detailed
description of the bunch(es)

* Vlasov equation (kinetic model)
* Macroparticle simulations

CERN
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w The CERN Accelerator School

* We have discussed longitudinal wake fields and impedances and their impact on
both the machine as well as the beam.

* We have learned about beam induced heating and how it is related to the beam
power spectrum and the machine impedance.

* We have discussed the effects of potential well distortion (stable phase and
synchrotron tune shifts, bunch lengthening and shortening).

* We have seen some examples of longitudinal instabilities (Microwave, Robinson).

Part 2: Longitudinal wakefields —
impact on machine elements and beam dynamics

* Longitudinal wake fields and the longitudinal wake function

* Energy loss — beam induced heating and stable phase shift

* Potential well distortion, bunch lengthning and microwave instability
* Robinson instability

CERN
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Backup - wakefields
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More heat loads and heat loads with exotic
bunch spacings
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Application to the LHC beam screen de @

The CERN Accelerator School

- All along the arcs and in other cold
regions of the LHC, a beam screen is
interposed between the beam and the
cold bore

« The LHC beam screen is made of
stainless steel with a layer of few mm of
co-laminated copper

- Due to the production procedure, there
is a stainless steel weld on one side of
the beam screen that remains exposed
to the beam.

« The screen has holes for pumping on
top and bottom
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Application to the LHC beam screen de @

The CERN Accelerator School

0.018

0.016

0.014

Impedance [(2/m]

o o o
o o © o
o o o =
=S

0.004

\ I I | I
0 0.1 0.2 0.3 0.4 05 0.6 07 0.8 0.9 1
Frequency [GHz]

0 | i | |

- The impedance model includes the weld on one side of the beam screen, which
means a small longitudinal stripe of exposed StSt, as well as the pumping holes
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Application to the LHC beam screen de @

The CERN Accelerator School

fill 3286 started on Wed, 14 Nov 2012 00:14:24

a A NN
o o © O

Energy [TeV]

(6)]

Inten. [p x10*13],

(2 beams)

Heat load [W/m]

—0.05 ; ; ; : ; ;
..0 2 4 6 8 10 12
Time [h]

Heat load measurement from

* Estimation (impedance + synchrotron rad.)

cryogenics
2w Mp
Py S - , 1 — cos( )
ABpeam = —— Y, |A(pwo)*Re [Z) (pwo)] - o
T p
p=—00 1-— COS(T)

- The heat dissipated on the beam screen can be calculated for a beam made of
bunches spaced by 50 ns and compared to the measurement from cryogenics
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Beam energy loss: a doublet beam Cm

AbmuJL]L[LLML/LKML >
Adoublet(z)AiL MM /ULM\ MM MM M .

CTq

Abeam (w) — Adoublet (Cd) — Abeam (W) [1 + eXp(_iWTd)]

\ 4

262w0 - 2 o ((PW0Tq
Al?doublet — - Z ‘Abeam(pw())’ COS ( 9 )Re [Z||(pw0)]

p=—00
N.B. in this example the doublet has double total
intensity than single beam
CE/RW .
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Beam energy loss: a doublet beam 00

The CERN Accelerator School

* No additional impedance energy loss is expected with the doublet beam with
respect to nominal beam for same total intensity

* Beam power spectrum is modulated with cos? function and lines are weakened by
this modulation

* For higher doublet intensity, global effect depends on the impedance spectrum
* Example = LHC injection beam stopper (TDI)

14
3 5% 10
—:beam spéotrum (25ns)
3_. ......................................................... —beam Speotrum (25[’]8 doublet)
— Impedance model
250 e e e e e |
2 | Example for LHC beam in TDI:
. | | | 25 ns (1.2 x 10! p/b) vs. 20+5 ns

| | doublet (1.5 x 10%! p/doublet )
1_./f"—....... S O O O O SO o R .......................... W(25 nS) = 456 W
| W(doublet) =338 W

o:{ m i,

|
0 0.2 0.4 0.6 0.8 2 1.4 1.6 1.8
Frequency [GHz]
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Beam energy loss: collider’s common 00
chamber  -mEIL

ool L)L
NNV

<
Ao(2) = Az — 2s)
: s~
-~ - 1P s
AFpeami(s)= 62/)\(,2) / AW p1(z = 2') = A" = 28)W)ppa(z — 2')] d2'd=
d
Wi (2) = Wi (2) + WD )y + W' (2),
d
Wina(2) = WiV (2) + WD (2)ya + W' (2):
with Wjj%(z) = W, %(z)
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Beam energy loss: collider’s common 00
chamber  -mEIL

ool LD
ENEEENENI

EIP S

Wit (z), W;(2) PN 75 (w) W (z é 7 (w
A be|3|am1(5)_|_”AEbeam2(S): || H( ) H( )
S A o) {Re [ 2 )] + [ (5) + a(5)] Re [ Z] o)} - sin® (222)
AWCC’ — ;d_;:_ 0 [AEbeaml (3)+AEbeam2(S)] ds
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Beam energy loss in the LHC triplets OO

Q1-IR1 Q2a-IR1
30 T 30 p— =y
______________ | —— " v N
IP1 | af Q3 | D1 e N ( )
i I 1 10 10
: | I | : CH H H H ] 'E‘ 0 (0] 0 (ap)
Lo__Qa _a»_ ___ = o
le3d : -10 -10 )
E4f
_é 3+ —30 \\.\_‘1‘-‘_‘_—#“// 90 \\\ //I
£ 2 -30 -30 ]
-E —30 20 10 O 110 20 30 -3 - -0 0 0 20 30
z ; Q2b - IR1 Q3-IR1
0 30 T —— 30 [ ——
o | e . N / ™\
E | 7 < 7 S
s 40 10 10
7 op : T D
9 - E D 0
%_4_ :..LL.___‘-. et -~ @ — - = = C)
3 a : "‘-—-.,I..-. : -10 —-10
0 20 40 60 a0 100 20 N, / o0 b /
5 [m)
P L L
3931] -20 -0 [1] ] 110 20 30 _3931] 20 -10 [1] i 0 20 30
* Application to the LHC inner triplets
* Beams are separated vertically (IP1) or horizontally (IP5)
 Strongly off-axis for ~30m, all relative delays between beams swept
* Asymmetric chamber in the direction of separation because of the weld
CE/RW e — °
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Beam energy loss in the LHC triplets OO

The CERN Accelerator School
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-"|I'I'I[Zﬁ{{l}}] ..................... ""J__. 0.3
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|
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o=
-
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for a typical 50 ns fill of the LHC
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Beam energy loss in the LHC triplets

25 1 1 ! ' 1 ! !

- — Int. beam 1 |-
) Int. beam 2
— Energy

Energy [TeV]
S o

E:.C‘ri.h

Intensity [p x10%13],

Impedance [¥m]

tloa
I
=
T

e

Estrm‘atronﬁ‘om
....Limpedance model:

0.0

0.5

1.0

1.5

2.0

5

3.0

elow measurement

* Indication of a do%pg%&q@r%ﬁigmfm@qﬂpn cloud, also enhanced by the

two-beam effect

2
e Comparison with measur (ﬁjratav(L_.T Vi)
e Estimated heat load moréhanlo\?acﬁr %O
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Panofsky-Wenzel Theorem

G ]

7~/
07/09/2017 Beam Instabilities Il - Giovanni Rumolo and Kevin Li 60




Relation between transverse and longitudinal o A
wakes (Panofsky-Wenzel theorem) X

v.-E="F V.B =0

€0

OF . OB
ot VX b= ot

Source terms (displaced point charge traveling along s with
speed v) in Cartesian coordinates:

p(z,y,8,t) = q1d(z — 21)0(y — y1)d(s — vt)

;('/L‘7 y? S? t) — p($, y? S? t)?7

V x B = HoJ + Ho€o—r
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Relation between transverse and longitudinal o A
wakes (Panofsky-Wenzel theorem) X

Source terms (displaced point charge traveling along s with
speed v) in cylindrical coordinates:

o(r,0,5,t) = L65(r —11)8p(0)5(s — vt) =

1

d1 > cos mb
= —0(r — — vt)
- (r—mr1)d(s —w Z T F )

m=0

j(’l“,(g,S,t) — ,O(T,Q,S,t)ﬁ = 50 with 6 ~ 1
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Relation between transverse and longitudinal o A
wakes (Panofsky-Wenzel theorem) X

OE,  OE, 0B, _p 0B, 0B, 0B,
Ox oy ds €0 ox oy 0s
aBS_%_lﬁEx:O aES—%+8B“”:o
oy Js c? Ot oy 0s ot
8Bx_8BS_18Ey:O 6Ex—8E8+%:O
Js oxr  c? Ot Os Ox ot
0B, 0B, 1 0F, OFE, OFE, 0B,
or oy o M ox oy ot "
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Relation between transverse and longitudinal o ~
wakes (Panofsky-Wenzel theorem) X

We want to find relations between the forces on the witness charge:

Fy = qa[(Ez — ¢By)2 + (Ey + cBy)j

FSZQQES
with
sS—clt =z
0 9, 10
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Relation between transverse and longitudinal o A
wakes (Panofsky-Wenzel theorem) X

OE,  OE,  OE, _ 9B;s _
Ox oy 0s 0s
0Bs 0B, 10k, 53:{;_0\
oy 0s 2 Ot ot
0B, 0Bs 10E, %—O
0s Jor  c? Ot ot .
0B, 9B, 109k 9B: _
Ox oy  c? Ot ot
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Relation between transverse and longitudinal ®
. oo

wakes (Panofsky-Wenzel theorem) =555
oF, O0Fs 0
0z ox N 8ﬁJ_
OF, OF, - 5, Vb
=0
oy 0z

L—)
(’9f0 FJ_dSZV /LFdS
az 1 0 S

Result known as Panofsky-Wenzel
theorem
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Relation between transverse and longitudinal o
. oo

wakes (Panofsky-Wenzel theorem) =555
8fL F)J_ds L
0 = VL/ F.ds
0z 0

L
/ Frds = Wy(2)Ax1 + Wi (2)x
0

Wi =we) S ZZw) = 2w

Who(2) =2W P (z) L %ZQx(w)zzsz‘”(w)
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Relation between transverse and longitudinal e

wakes (Panofsky-Wenzel theorem) O
8fL F)J_ds L
0 = VL/ F.ds
0z 0

L
/ Frds = Wy(2)Ax1 + Wi (2)x
0

The longitudinal and transverse wake
‘ functions are not independent, although in
general no relation can be established
/ __ 1/ between W, ,(z) and W, (z), which are the (dq)
Wi’; (Z) =V main wakes in the longitudinal and || (w)
transverse planes, respectively.

/ F W 2
Wha(z) =2W P (z) <= ZZQ:,,.(QJ):zZl(| D (w)
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Relation between transverse and longitudinal o A
wakes (Panofsky-Wenzel theorem) X

[aEx OE, OE, p} [an 9B, OB, }
+ g L e R

dr | Oy | 0s e dr ' Oy | 0Os

0B, 0B, 10B, 0, 0F,| 0B
83/ 0s 2| We can now use also these two sets of 0s | ot

(9Bx B 8BS B l ce)?ijsélalr;sszmd additional properties i 5’E8 . @ L
0s or | 2 Ot ) 0s oz ot

0B, 0B, 1 0FE, 0FE, OE, OB,

{amayczatw% [axay+ i 0}
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Relation between transverse and longitudinal e A
wakes (Panofsky-Wenzel theorem) o0

OF,  OF,

oz By ) | Wou(s) = —Way(e)
afOL FmdS afL Fde This is an interesting result!

— 0) The quadrupolar wakes in x and y must be
0w ay equal with opposite signs
OF, OF,
5 — 5 This relation means that the cross-wakes
Y L » between x and y must be equal.

I I We have so far ignored these terms in our
O f() }7’3j ds O fO Fy ds derivations.

oy Ox
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Synchrotron tune shift ' Te'e

The CERN Accelerator School

* The equilibrium distribution in the presence of a longitudinal wake field can
be found analytically. The (linearized) longitudinal Hamiltonian with
longitudinal wake fields is given as:

2 2
- 1 2 1 Ws 2 € 2 : 7 / / a7 /

* Remember the example of the harmonic oscillator:

H=-p* W
o P e

v

Coefficient determines frequency/tune

G ]
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Synchrotron tune shift ' Te'e

The CERN Accelerator School

* The equilibrium distribution in the presence of a longitudinal wake field can
be found analytically. The (linearized) longitudinal Hamiltonian with
longitudinal wake fields is given as:

2 2
1 1 s
H = —57752—% (w_) 22+62€EC Z/dz"fdz’)\(z’—I—kC)Wé(z"—z'—kC)
— k -
—

we make an expansion in z — factor out 2716;2(:2

* Remember the example of the harmonic oscillator:

1 1
H = -p*+Vql+ W ¢°
2 ol

v

Coefficient determines frequency/tune

v

Term determines center position/orbit

G ]
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Synchrotron tune shift ' Te'e

The CERN Accelerator School

* The equilibrium distribution in the presence of a longitudinal wake field can
be found analytically. The (linearized) longitudinal Hamiltonian with
longitudinal wake fields is given as:

2 2
1 5 1 [fws 5 e
H = —§n5 —— (E) 2 +62EC Ek /dz"fdz’)\(z'—I—kC)Wé(z"—z'—kC)

2
N e
—
expansion in z — factor W;QCQ
* It follows then quite easily that:
1 2 2
Awg & % 6E?7C(’3 /dz’ ANZYW"0(z — 2")
i e?nc? . W
- — /dw )\(w)Zo(w)— Remember, we make use of:
A ws EC c 0% — w? ~ 2w, Aws

* The synchrotron tune shift from an impedance is, hence, given as:

AQ. = — 4;8 (26;27)715 / oo w (w) Tm| Zo ()

G ]
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Measurements of synchrotron tune shift at SPS(,‘Q’)

The CERN Accelerator School

* The slope of the incoherent synchrotron tune shift with intensity, measured in
reproducible conditions over the years, shows the evolution of the imaginary part of
the machine impedance (E. Shaposhnikova, T. Bohl, J. Tuckmantel)

o The technique uses the quadrupole oscillations of a bunch injected with a mismatch
o Qs can be extrapolated from bunch length or peak amplitude measurements

340 _
C V=900 KV fea+b N 10
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1 ] : e
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IVieasurements ot potential well aistortion
Stable phase and bunch lengthening

Measurements at light sources

= Bunch lengthening @DIAMOND (left, R. Bartolini)

= Energy loss measured through the synchronous phase shift @Australian light source (right,

R. Dowd, M. Boland, G. LeBlanc, M. Spencer, Y. Tan, PAC07)

bunch lengthening: woliage 2.0 MY

goe,

The CERN Accelerator School

< 4 -
g . = 31 Juloy
= L % * +  lan03 |
g 3 * ¥ ¥ T T T T
= PR Apr s - |
- Lev A2 -l 0 At=mI+q o0 <
& 2r ’\’,,-”J. 16-04-08 2.0 W 2 ...{‘ + m= 0.78841 £ 0.164 [ps/mA] g
= & ,| = -1.0576 +0.0294 [ps
L | N e 2
2 1 J ] ] ] ] ] ] ] ] ] = —[" ;
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HmA) +-{- 410 @
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Examples of numerical simulations
debunching bunch with SPS impedance modet---

Microwave instability on a debunching bunch is used at SPS for probing the machine impedance
(E. Shaposhnikova, T. Bohl, H. Timko, et al.)

= Long bunch injected into SPS with RF off slowly debunches due to low momentum spread

= Spectrum of bunch profile reveals important components for the impedance

2e-3 2e-3 2e-3
8e-4 | E 8e-4 | E 8e-4
= = =
2 0e0 2 0e0 2 0e0 F
a a a
© © ]
-8e-4 E -8e-4 | E -8e-4
-2e-3 F E -2e-3 F E -2e-3 F
-15.0 -100 -5.0 0.0 5.0 100 15.0 -15.0 -100 -5.0 0.0 5.0 100 15.0 -150 -10.0 -5.0 0.0 5.0 10.0 15.0
z[m]| z[m]| z[m]

2e3 F 1 2e3 F 1 2e3 F
8e-4 F 8e-4 8e-4 F
= = =
L2 0e0 L2 0e0 F L2 0e0 F
a a a
o o o
-8e-4 -8e-4 | -8e-4 F
-2e-3 F 1 -2e-3 F -2e-3 F
-15.0 -10.0 -5.0 0.0 5.0 10.0 15.0 -150 -100 -5.0 0.0 5.0 10.0 15.0 -15.0 -10.0 -5.0 0.0 5.0 10.0 15.0
z[m] z[m] z[m]

1000 turns 1200 turns
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Examples of numerical simulations C{»\Q
debunching bunch with SPS impedance modet-—--

Microwave instability on a debunching bunch is used at SPS for probing the machine impedance
(E. Shaposhnikova, T. Bohl, H. Timko, et al.)
= Long bunch injected into SPS with RF off slowly debunches due to low momentum spread

= Spectrum of bunch profile reveals important components for the impedance

= Simulations with impedance model are used to match measured profile

12
—.0.012 2 — Q=15 R=0.33 M, w/o Zs
s = — Q=600,R=7MQ,w/Z
> . Measured S 10} Q W/ Zs
T 0011 % o
$ Sogf Simulated with impedance from
“EA 0.008f; g cavities, kickers, BPMs & (ZS)
o R )
te O
2 0.006}; i: o 6
2 i o
= [ o
£o0004)¢ + 4 2 4
< 13 § ©
2 ‘a‘ £
o 0.002} = 2
= £
0 . L L < 0 L 1 " M
0 500 1000 1500 2000 200 629 800 1400 2100

Frequency (MHz) Frequency [MHz]
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