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Lecture Summary Part 1

» Introduction to Collective Effects
« Wakefields and Impedance
« Longitudinal Multibunch collective effects and cures

Longitudinal coupled bunch instabilities
Measurements

Passive cures

The Robinson Instability

Harmonic RF systems

Feedback systems

 Transverse multibunch collective effects and cures

Transverse coupled bunch instabilities
Measurements

Passive cures

Feedback systems

Beam-lon instabilities

Electron cloud instabilities
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Lecture Summary Part 2 tal

« Longitudinal single bunch collective effects
— Short-range longitudinal wakefields and broadband impedance
— Potential well distortion
— Longitudinal microwave instability
— Measurements
— CSR microbunching instability

« Transverse single bunch collective effects
— Short-range transverse wakefields and broadband impedance
— Head-tail modes and chromaticity
— Measurements
— Damping with feedback

 Not covered here: Touschek and intrabeam
scattering

MePAS 2015, Guanajuato, 11-21 November 2015 “1 * ATAP

Errrrarawya | ACCELERATOR TECHNOLOGY & APPLIED PHYSICS DIVISION B



*"‘,
Introduction to storage ring collective effects ¢
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 Instabilities can significantly affect a storage ring by
Increasing the average transverse beam size, energy
spread, and reducing the bunch and average beam current

of the ring.

« Bad news! Most instabilities effecting storage rings have
been understood and cures for most are available.

* Good news! Users want more! We need to push the
capabilities of existing and new machines.

« This lecture provide an qualitative overview of the
collective effects in accelerators, with a strong bias
towards electron storage rings. The emphasis is on:

— minimizing their negative impact wherever possible
— experimental characterization of the effects.

MePAS 2015, Guanajuato, 11-21 November 2015 ““1 ATAP



In a real accelerator, there is another important source of e.m. fields to
be considered, the beam itself, which circulating inside the pipe, produces
additional e.m. fields called "self-fields*: ‘ ‘

~
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F=gq|EZ+(E - VB))X+(E +VvB)y|= F+F

there can be two effects on the test charge :
1) a longitudinal force which changes its energy,

2) a transverse force which deflects its trajectory.
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The longitudinal wake function is defined as the energy
g lost by the trailing charge q per unit of both charges q and ql:
T
AL VE_(ryz,7y,2,51)dz )
w,(ryr,T)=—=-"2 ; t="Ler [V/C]
q4q, 449, v
where qEz 1s the longitudinal component of the Lorentz force.
The coupling impedance or beam impedance 1s defined as
the Fourier transform of the wake function:
7 ¢ : —jT ! E
MePAS 2015, Gua Z(w)=[w.(1)e " dt :



Effect of a bunch distribution Tt

Yo
/, B \\\ Assume that the charge q1 is continuously distributed
I | - over z-axis according to the current distribution function
____________ ..qllit) such that: +x
q ; » a2 q = fl(T)dT
? N -0
‘ ’ ) i  The wake function w,(t) being generated by a point
B s N charge is a Green function (i.e. impulse response)
T o’ and allows to compute the wake potential of the

bunch distribution:

] =¥
W,(t)=— fi(t'w,(t-7")de’ [V/C]
. a ql i
We can use this version of , ., olution in the time domain is a

_Ohm’s Law if we know the product in the frequency domain.
impedance and the current

in the frequency domain.

T g W, (w) = V,(w) = I(0)Z(w)

8
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Example Wakes: Resonant Cawty w

_?‘

« The longitudinal wake of a resonant cavity is given by
0, for 7 < 0;
Vi(T) =
b(7) 2q1 ke (cos WiT — —}1- sin wﬁ) , forr>0

where

=5, w) :w,,.\/l—-—;i%g-, k= w,Re/20Q.

In the frequency domain, the wake becomes an
Impedance given by

R,
1+7Q (& - )

Z)(w) =
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Parallel Resonant Circuit Model Yol

O
» Treat impedance of an
Zin CI- R L iIsolated cavity mode as a
Bt parallel LRC circuit
o, : - ‘
parallel resonant circuit * Voltage gained is given by
| 1V’
Zin= L +L+(I)C) P R
(R joL ) )R
= R R_,/L_ 1
_ ~=1 4 =—==0L
1+jQ((1) _ _(00) Q C oC
W, O R
~ R =1 " oL
1+jQ2(60)) VLC =0,RC
(D()
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Resonant cavity: Quality Factor “‘9

Quality Factor Q,:

_ Energy stored in cavity oU
° Energy dissipated in cavity walls per radian P,
@,
=@,T, =
A, Lower surface

resistance gives
) (& higher Q. For a given
O = Dl JV PIH] R/Q, this gives higher
" R JdalHn > R. Lower external
A

power is required for
a given voltage V.
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EXamplie vwakes: broaaband
impedance St

« Short-range wakes are usually “
defined as those where the field
damps away before the next RF
bucket.

 Many vacuum chamber
components contribute to the
short-range wakes. In the
frequency domain, these are
known as the broadband
Impedance.

* The broadband impedance drives
single bunch instabilities.

« Much more on this later.

MePAS 20135, Guanajuato, 11-21 November Z. ..




Impedance properties r
:‘—3“‘:—/)

Because the wake function is causal, the impedance has several

properties
The impedance is a complex quantity
— Real (resistive) and Imaginary (reactive)

L(®)=Z,(0)+jZi(®)

— Z.and Z, are even and odd functions of omega, respectively

()= Z,(—®)
Zi(w)=-Z;(-w)
The real and imaginary parts are related via a Hilbert transform

Z.(®)cos(wT)dw = JZ-((o)sin((ur)d(o oY%
J r i Ifm(Z (u.)))r—-*l" / dw;Re(Z”(w))
—o00 —0o “ i w’ e (1) |
13
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Transverse Wake Potential fal

 The transverse wake function is
the kick experienced by the

= . q
trailing charge per unit of both ’
X q .
charges:  +o ry
QA gE+vxB) dz e con T T T T T T _‘___ ________
WL(T): pJ‘: s . t:Z—l-I-T ” o
441 q4 Y

» The transverse coupling (beam)
iImpedance is found by the
Fourier transform of the wake
function:

» Since the transverse dynamics is
dominated by the dipole transverse
wakes, we can define the

7, (@)= ijL(T)e_jde Q] tra_nsverse dipolg iImpedance per

N unit transverse displacement:

71 = ZLT(“’) [Q/m]

ATAP “ 8
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Beam signals tal

» The response of the circuit to a current | is the convolution of the
current with impulse response of the circuit.

» Strategy: derive the beam signal in time and frequency domain
and either convolve or multiply with PU response.

a) =
V() = f dti(t )W (1t —t)
i, Zy e
V(0)=1(0)Z (®)
b)
jé ;é T j:‘ — 4 5
MePAS 2015, Guanajuato, 11-21 November 2015 e § ATAP o8
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Single Particle Current fal

« Consider a point particle going around a storage with revolution
period T, and rotation frequency f,=1/T0. The current at a fixed point
in the ring is given by

Nn=+oco

l(t): € n:z:_m S(t—nTO) —=e (DO; ejnﬂ)ot

T ef0+2ef0nz::1 COS(n(’)Ot) (Negative frequency components can be

folded onto positive frequency. AC

The FT of this given by components are 2X DC component.)
I(w)=e ooog, O(w-kwy) /
2
5
E
0d
0 1 2 3 4 5 0 1 2 3 4 5
Time/ Ty Frequency / fo 3
: - 16 F
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Example: resonant cavity f*

» Given a particular fill pattern or bunch spectrum, how do we calculate the signal
induced in a RF cavity or a pickup? If the cavity or pickup represent a beam
impedance Z||(w), (with a corresponding impulse response W(t)), the total signal
out is a convolution of the input with the response. In the frequency domain, this
is just a multiplication of the beam spectrum with the impedance.

impedance\:f:

5 beam spectrum/ v

Frequency
3 2
V(o)=I(0)Z (o) P=(L) Y [1(nwy)|%Z (o)
27 10
V(’OZ%H:O I(nwy)Z, (nwgle ™ = 58
MePAS 2015, Guanajuato, 11-21 November 2015711 ATAP ' §
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Example: ALS Harmonic Cavity '
,f#ﬁ,\,ﬂ
The hlgh-Q Cavity modes can be 20 7cavl%ty signal I I | fr15:1.5068G|Hz, Q:ZIS(;O -
tuned using the single bunch B M0
spectrum excited in the cavity probe. -
The Q and frequency can be found to g
fairly high accuracy using this method. %
<
We regularly use this technique to
tune the fundamental and TMO11 (first
monopole HOM) 1.498 1.500 1.502 1.504 1.506 1.508 1.510 1.512
Frequency (GHz)
I I I I

30+ f,.=2.324 GHz, Q=17000 —

40 - —

-70 — —

-80 — |

] ‘ | | ] ]
2.321 2.322 2.323 2.324 2:325 2.326
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Spectrum of bunch distribution

The bunch is a distribution of
particles

For a single bunch passage, the

spectrum is just the transform of
the bunch

For a repetitive bunch passage,
the spectrum is the series of
comb lines with an envelope
determined by the single passage
spectrum

Assumes the bunch distribution is
stationary. More on this later.

1) [

Ip(w)i frequency dom
ol i I
ATAP ®
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Example: Broadband bunch spectragg—;gig

 Measured spectrum on a spectrum analyzer is the
product of the bunch spectrum and the pickup
impedance (button pickup, feedthru, cable)
0 i | I I =

it 2mA

( 55 mA
= | | | :
= -10—}f ***************************************** A |
= | ? ‘
5. |
& | 1
LG P2t b A 2 i d M it b s S Sl L et S L yse |
5
S B S o S SR S O aE e s s i

| ; . |

0 5 10 15

Frequency (GHz)
Neo ey ATAP) 2



Single particle signal i
w/synchrotron oscillations Sy
* Now add synchrotron oscillations with an amplitude

tau

i(t)=e 2 8(t-nTy+t,cos(w,t))

The FT of this given by

I()=e @, einon(titcosn,) P2 [ Tm ()€™

=€ (0(); j_m]m(wts)g 6((D—Hn(’)s_k(*)O)

The sideband spectrum is very similar to that of phase (or

frequency) modulated signals
MePAS 2015, Guanajuato, 11-21 November 2015 1| ATAP ~ = &



Single particle signal gy
w/synchrotron oscillations

 The comb spectrum has added FM sidebands which are
contained within Bessel function envelopes.

1.0

0.8

0.6

0.4

Jim(x)

0.2

0.0 k<

-0.2

-0.4

3 4 5

Rotation harmonics follow J,, first order sidebands follow J,, etc.

1.2F
{1 T —— S m=0
ffffffffffffff ot Note that JO~1
*qc')' 0.8 and J1~x for x<<1
=06
] -
O o4l m=1 | A
B ”“/”VIJAl/ ‘L
02} m=2 -
0.0 ,TLj 7ll — l» ’/r — 1’Jv - |l \T - T |I ] 7|r /|
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Introduction to coupled bunch gy
instabilities ot

Wake voltages which last long enough to affect a B
subsequent bunch can couple the synchrotron or
betatron oscillations. Under certain
circumstances, this results in exponential growth
of the oscillations, degrading the beam quality.

In the frequency domain, the normal modes
appear as upper and lower sidebands. The
stability of a mode depends of the overlap with
impedances.

RF cavity

0 1 23 4 5 6 7 § 9 3
M Frequency /f,

P
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Simple model of a LCBI fal

« Consider a single bunch with
synchrotron oscillations interacting
with a high-Q resonator.

 Upper and lower sidebands can be
considered a part of the synchrotron
oscillation with too little and too much

a) no effect

(]
B

(h-1) g 1) o energy, respectively. (For cases above
b) stable transition)
real part of cavit °
impedance Case a) Resonant mode tuned

> symmetrically. Upper and lower

: : : sidebands lose equal energy. No
5 \ 3 effect.

;(h_l)w'.o han +(h+1)\m\ Case b) Lower sideband (higher 2
energy) loses more energy to resistive

impedance. Oscillation damped.

» Case c) Upper sideband (lower
energy) loses more energy. Oscillation
anti-damped.

¢) unstable

By

24

+

(htyon  heo ~ wmoeo yember 2015 ﬁ
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olmple model or a LCBI: time =,

& giz'i "ﬂ{
d ] ig ' & s
Vo, 4.
omain e
1.0 — a)cavitytuneciexactlytoRFfrequencgy;noeffect % COHSIder a Slngle bunCh Wlth
o5 synchrotron oscillations interacting
with a high-Q resonator.
0.0 —
« Early and late arrival of the
7 carfy \ | tate synchrotron oscillation correspond to
10 \ too little and too much energy,
% 1.0 4 b)cavity tuned below RF frequency; stable \ I"eSpeCtlve|y (For cases above
£ oos- transition)
e » Case a) Resonant mode tuned
S s symmetrically. Early and late arrival
z early \/x lose equal energy. No effect.
G -1.0- late )
o — abovemequemy;m}\ « Case b) Late .arrlval Io_ses. more energy
\ than early arrival. Oscillation damped.
0.5 — f
Case c) Early arrival loses more
7 .\ energy than late arrival. Oscillation
0.5 I-
A <« anti-damped.
-1.0+ early
0 1 2 3
Turn Number ==

25 |
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ACCELERATOR TECHNOLOGY & APPLIED PHYSICS DIVISION |

MePAS 2015, Guanajuato, 11-21 November 2015




Multibunch modes %

» The long-range wakes couple the motion of successive bunches.
We can describe the motion of N coupled bunches and N normal
modes. Each mode, |, has a relative oscillation phase of A(b—N
For the case of 3 bunches, a snapshot of the ring for the 3
modes is shown below.

a) mode 1=0
@ ® PY o

W
o
B
a, ! b) mode 1=1
<
c
8
<
T;J c) mode 1=2
® / \ /\

I [ I
0.0 0.5 : 1.0

MePAS 201 5 GuanaJ Fractlonal Distance Around Storage Rm’\\ ATAP
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Multibunch spectrum

« Even though each bunch is oscillating at its natural frequency, the
multibunch modes show up as upper and lower sidebands of the rotation

harmonics.

a)mode /=1 bunch 1 ® signal sampled

»-mr//——
at detector

iy '
" 1
Ny 1

o
N i i

bunch 2 bljll’lCh 3

g b) model =2 bunch 1

Oscillation Amplitude (arbitrary units)

bunch 3 | bunch?2

| | | | |
0 2 4 6 8
Time (in units of revolution period)

EEEEEEEEE

|
10

14 ATAP 27 B
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.
e »31-}»—_ B
» 4 -~ e

Multibunch beam signal I

§ . W
7\«‘@»\3 54V
e ot ,\,"

« Each multibunch mode can appear at a number of frequencies.

a) mode =1 l;unchl
. g

_‘ w . L | rai Y L o m;
‘:“‘\ :‘I. 5:' Yy [ ',' o Yo e Fih
W S {17 1% 71| @ sampled signal
¥ Yoo : O at detector

----- aliased frequencies

H [} rH

q [
1

HiAE

M [

PALO A D NE et PR R
) -l!!llI!l:' '.‘.: A 5 .: .'. R '|‘ H '-l :'-| bunch 3
i Pl R Verdorommnnd
bunch 2

4 [ WV A
s \! t i I
N\ ol e al
o L) %oaed
."' * "“‘

00 01 02 03 04 05 06 07 08 09 10
Time (in units of revolution period)

==
&
~—n
PR _'_'.'U\-.'.'::
LS

ommne®
L1 ———

Oscillation Amplitude (arbitrary units)

oo 291 1|2 00 241 1(2 0(0 2|1 1|2 0}0

l

0 1 2 3 4 5 6 7 8 9 28
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Longitudinal growth rates it

Longitudinal growth rate

1_1 1 BV _1 ho E)V
T 2EJE 2EQ.Jdb

V=154L0Z = oq)o( ;ﬁ kﬁZn

This gives

1 1 Il
T 2(E/e)0, 1Z1]

Effective impedance

O = an'— e D e

p=tee

®, . 2
2] p;, o "7 2 (@)

note frequency dependence of impedance

3 ¢o

General growth can be
found from the fractional
energy change for a small
energy offset.

Sum over all impedances

Note that phase
modulation for a given
time modulation is larger
at higher frequencies:
higher frequencies have
larger effective
Impedance.

BBBBBBBBBBB
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Multibunch aliasing ol

» Because of the periodic
nature of the beam
pulses, the long-range
wakes are aliased into
the sampling bandwidth
of the beam. ' ' ; ! ' .

 For example, a beam ik
rate of 500 MHz (2 ‘ ol
nsec bunch spacing),
all wakes are aliased
iInto a 250 MHz

bandwidth.
Turn Number “
MePAS 2015, Guanajuato, 11-21 November 2015 1| ATAP = &



Example:ALS RF Cavity HOMs fol

NV
_(»*,f%",,s,&
# éeq(MHz) Q \ Rs(kOhm)
1 1050
2 1275.1 3000 33
3 1553555 3400 26.52
4 18.8
5 16.8 ~
6 1807.68 2900 13.34 g
7 3260 1500 6 .
8 3260 1500 1.535 E
9 2124 .61 1800 7.56
10 2419.3 7000 5.53
11 1309.34 810 5.508
12 3183 1500 1.86
13 1007.96 840 1.764
14 2817.4 1000 1.6
15 3149 1500 1.125 : : :
16 1846.72 2200 0.88 _ _ : 56
17 3252 1500 0.81 Frequency (GHz)
18 2266.6 2200 0.55
;g E%S? 1288 81@; Narrowband impedances for ALS main
21 2968 1500 0.075 RF cavity up to beam pipe cutoff
22 2979 1500 0.075
23 3243 1500 0.03
1 150 1700
5 T\/Ieasﬂ?oéd L
val 31
MePA ato, 11-21 November 2015 1§ ATAP
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Effective Impedance (

10

10

10

10

10

Aliased Longitudinal Impedance

Aliased longitudinal impedance with thresholds for radiation
damping and feedback (at maximum damping of 3/msec.)

Frequency (MHz)

Foo Z.4<0 (drives lower sideband) i I

B Z.;>0 (drives upper sideband) 2324 MHZ\h. L,=400 mA
F radiation damping threshold 808 MHz N=328 ]
B feedback threshold 2853 MHz / -
B 1554 MHz B
i 2353 MHz B
= 2419 MHz _
- 2125 MHz 1808 MHz 3260 MHz
i \ y £ i
' Y i
3 | vy L
; ! 1275 MHz -
E [ l [ L | =
0 50 100 150 200 250

100

10

O
—_

0.01

P
=
o
2
o
=
2
(¢”)
®
=
1N
>
—
~
3
w
@
\&¥
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ALS Longituainal Multibunch N
Spectrum o

Measured spectrum of first-order synchrotron sidebands at ALS with beam
longitudinal unstable (LFB off)

Amplitude (dBm)

688.56

499.64 499.66 542.30 542.32 644.36 644.38 688.54

Frequency (MHz)

PV e

: — 33
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ALS Longitudinal Multibunch
Spectrum

Spectrum of first-order
synchrotron sidebands at
ALS with beam longitudinally
unstable (LFB off). Compare
with the calculated Z 4 from
the measured cavity modes.

This can be used to identify the
driving HOMs.

MePAS 20135, Guanajuato, 11-

Phase (degrees)

< ldl"qn‘t‘\,‘

Phas

ce (k§2)

Effective Impedan

\.’,(3\: : //‘%‘.\,'
f“’)-A,L’“ 1
,Fﬁ ’:ffﬂf S%
% 4K
37 S yj,
P e
I 1 1 I
10 = | nA, buncl —
1 -
i+ N
_ | ™ J —
0.1 ’ | U ' J ‘” N 'mm ‘m | MRN \’1 il ‘
: | 1 ] I
10 b) [=95 mA, 328 bunches =
LE E
il f
i W
i f
‘” 'JH Him ‘ll W i ‘
o WAL Ll \ b0 II ||I llﬂlllhl [
0 F € Re([Z, Jg) < © (lower sb dri I =20 mA é 10
2 lf;-:fu‘, ;. 0 1, ser sb driven) 805 Mz =
o radiation dampi rate - :
11 I
) :E 1554 MHz IR63 MHz M3 1275 MH ? 'g‘
N 1 1 1 | MHz ‘.,‘ 14 3260 MH2 =
e Rt S B 10° »
= r , : =
N ;_ 10 §
,-E : : o 10"
‘ f l ] 1 \
500 550) &0 a50 700 :5.34
Frequenc v (MH2z)



) e
o JWE

Coherent Frequency Shift

* In general, the interaction with the impedance, creates a
complex coherent frequency shift.

— Resistive (real) impedance gives damping or anti-damping of
beam oscillations

— Reactive (imaginary) impedance shifts the frequency of the
beam oscillations.

— Assuming the growth rate and frequency shifts are small
compared to the oscillation frequency, we can write the complex
frequency shift as

aly

 AQ = Z w(nwy +
; 4rElev, off (1% + )

1/7 = Re ] AQ]

MePAS 2015, Guanajuato, 11-21 November 2015° " ATAP 35
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Controlling narrowband impedances  fu7

« Damping of cavity High Order Modes (HOMs)
— heavy damping required to decrease growth rates
— decreases sensitivity to tuners, temperature
— most desirable approach if possible

« HOM tuning

— done using plunger tuners or with cavity water temperature
— requires HOM bandwidth less than revolution frequency
— difficult for many HOMSs

* Vacuum chamber aperture (transverse only)
— strongly affects transverse resistive wall impedance (Z~1/b3)

— trends in insertion device design are going to small vertical
aperture (<5 mm)

36 |,
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HOM Tuning

The ALS uses a combination
of LFB and tuning of HOMs to

control instabilities. Tuning of g
HOMs in the main cavities is ¢
done mainly with cavity water
temperature. Tuning is done
using 2 tuners in HCs.

This tuning scheme requires _
that the modes are high g’
Q. If insufficiently damped, %

the growth rates could
actually increase.

MePAS 2015, Guanajuato, 11-21 November 2015 e ) ATAP
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150
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main cavity TM011 mode
Q=21000, R=1.05 MOhm
j
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- =n
s
e}
| =
3
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Frequency (GHz)
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Concepts for HOM-damped cavities

 Instability Threshold

R

1",' Ithrcshold o Zror = Nc(—] Qe.rr
HOM

=0 .

* Reduce impedance by

e Minimize total number
of cells

— Large R/Q for
fundamental

— Large voltage/cell

* Minimize R/Q for
HOMSs
— Cavity shape design

* Minimize Q for HOMSs
— HOM-damping

Copper cavity Rg optimisation
by nose cones

HOM-damping by
three wave guides

frf < fcutoﬂ‘ < fHOM

MePAS 2015, Guanajuato, 11-21 invverver zuio

Superconducting cavity shape
inherently low R/Q

7N

HOM-damping by ferrites
in the beam tube

ferrite / \

A

38
§

| ‘ o W AV e Y | g
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HOM Damping foud
sr~"£’£’n

Modern damped normal-conducting cavity designs use waveguides coupled to
the cavity body, dissipating HOM power in loads without significantly affecting the

fundamental.
102 Tk | I I
damped cavity 0-pole modes
10" - fundamental | undamped cavity 0-pole modes|-
~ e SR T | equivalent impedance from
% 10° g radiation damping (|
F ——- - LER long. FB capability
2 o for gain=600 V/mrad
(>U 10 7 i : ~
= Hraia R
Y BN e e et ) | |
2 100 | NNy S s DA I KR M N =
© = ! :
o i i '
8 3
= 10
E 4
2 10
@)
1%
1o L | L ThRE
0.5 =10 1.5 2:0< 25 39 &
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SOLEIL Cavity

Cryogenic transfer line
and phase separator

v -~

Tuning system

Transition fube
4°K = 300°K

200 kW power coupler
CERN LEP type

Tapers (lossy
stainless steel)

T

Insulation
vacuum vessel

HOM couplers

352 Mikz
Nb/Cu cavity

+ Nb sputtered on Cu
+ 4 coaxial loop type HOM couplers
¢+ 2 coaxial input couplers
200 kW each
+ cooling capacity:
100 Wat45K, 20 /h LHe

Helium tank

HOM-damped SC :cavities -

CESR-B Cavity

LHovemel  NOCOW | IN2 shickd
"~._~}\“ \ /
! T R Syl .', Small gate valve
= uner - \ .
l‘ . I".‘ RBT transation .
. .\ /l/ JOM shsoeber
Sttt K #
i s ' = |
L C1J T 1[4
: ) X e N
l"l [ - _r;- T Nb \u;._cguj&:______--l"f_' SIS
lafgc.g:nc valve : .| HEX | [
Ra A S %
3 27010s
— ‘1 \\\ Won pusp
RF \\H’:":V'-\ P"m'""u box Elbow
(with two 60 I's ioo pumps)
¢ Nb sheet matenal Cavity used at
¢ 2 cylindrical HOM loads
¢+ rectangular waveguide CLS/Canada
input coupler, 500 kW gSLSZEIT aiwan
I - na
+ cooling capavity:
DIAMONDYEnglad)
1M00Wat42K 9
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ATF cavity, 714 MHz, 250 kV, 1.8 MQ
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Bessy HOM-damped design

« Developed to be a commercially available NC HOM-
- damped cavity design

 Used at ALBA
Prototype cavity installed

tapered circular double ridged in the DELTA ring
HOM-waveguide with coaxial transition (CWCT)

SO0 coaxial lmne
| 4/\-’@ absarber)




Passive techniques o

* Damp instabilities by increasing
synchrotron frequency spread within a
bunch (Landau damping)

* Decoupling the synchrotron oscillations by
varying the synchrotron frequency along a
bunch train

* Modulate synchrotron motion at multiples
of synchrotron frequency

» Difficult to predict effects in advance.
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Longitudinal Feedback g

Systems

Design Issues:

*Bandwidth>1/2 bunch frequency
(M*revolution freq) to handle all
possible unstable modes

*PUs: phase or radial( energy)

*PUs in dispersive region
*no phase shift required and much less
signal processing.
sensitive to DC orbit and betatron
oscillations
*insensitive to beam phase shifts
*phase:
susually more sensitive and less noisy
than radial PU
srequires 90 degree phase shift (1/4
synchrotron period delay)
*AC coupling of each bunch signal
Sufficient system gain to damp fastest

growth rate

BBBBBBBBBBB

o e
Bunch-by bunch | 5ngit.
., filters Kicker
Longit.
Pick-up :// *-J —
{86 B Eoat
_/
"—_/ Modulator
—/.—/
— {2~
{2 - EE ] () Fast
Amplitude
— -
Modulator
RF Drive
44 L
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ALS LFB system

LA
NV

ku,g”“'\: 53
=~

*PUs operate at 3 GHz (6*Frf); phase detection following comb filter

*synchrotron oscillations downsampled by factor 20

*QPSK modulation scheme from baseband to 1 GHz (2*Frf)
*TWT 200 W amplifier drives 4 2-element drift tubes kickers.

1-1.25 GHz

timing control

——

\/

processors

MePAS 20135, Guanajuato, 11-21 November 2015

digital signal accelerator

) ATAP)
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LFB Issues:

«drifting phase of beam
wrt. master oscillator
evariation of
synchronous phase/
synch. frequency along
bunch train.

strong growth rates
(>1/msec)

«excitation of Robinson
mode




ALS LFB Kicker bl

The ALS uses a series drift-tube
structure as an LFB kicker. Thje drift
tubes are connected with delay lines
such that the kick is in phase.

e :.
\\\\\\ % ::

Era RN '
‘g S : Other rings have designed
e a heavily loaded cavity as
a kicker. (DAFNE,BESSY-
2, 0?6 0.18 1?0 1.12 1?4 Il )
Frequency (GHz)
Beam impedance for 1,2, and 4 series drift-tubes.
46 |
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LFB Diagnostics

The dlgltal LFB SyStem in use Oscillation Envelopes in Time Domain Evolution of Modes
at ALS, PEP-II, DAFNE, PLS,

Bessy-Il, and many other light o4 /;@” - 02
sources has built-in diagnostic g2 41\ . 5015
features for recording beam  8°2] ./ s g 01
transients. This is useful for O™ 0.05,

oL

measuring growth rates.

Bunch No. 0 Time (ms) Mode No. 0 0 Time (ms)
Exp. Fit to Modes (pre-brkpt) Growth Rates (pre-brkpt)
) 0.2 G .
0.2 |
§0.15, §0.15
§, 0.1 //,;h. ]
0.05- g 0.1
o
04
0.05}
6
i
| Mode No. 00 Time (ms) 0 50 100 150
. Mode No. 47
MePAS 2015, Guanajuato, 11-21 INOVEMDET 2ZU1D L[| /1
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The impedance of a
driving mode can be
determined by measuring
the growth rate and
frequency shift of the PR AT S R S e Kt
I o0} HE @8@@2

i i i i i i i )

300 oo ...................... ....................... ...... — 100

1y L ey T e e S SR

real Z (kOhm)
©
ETd
|
=)
(wyOY) Z Sewr

Example: Measurements to ! I [P oo I I
characterize a cavity mode showed i i i i '
significantly higher impedance than PR FEL A T e e el RRl=yhinr, oI Ao et L 200
was expected. The mode was tuned oo B :

by varying the-cavity water
temperature. By measuring the
frequency sensitivity to temperature,

the Q can be found. 207 o 100
A0 e ......................... ......................... ........................ [] ........................ R i ...................

— 300

_ : B - 100
iy A BRI Yol A ! B gl

real Z (kOhm)
©
|
o
(wyo) Z Sewr

— -200

R St S i
i i I I I NEA| q—-
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Effect of FB on beam quality

The effect of the feedback systems can be
easily seen on a synchrotron light monitor (at a
dispersive section)

Energy oscillations affect undulator harmonics

(&P (7)

VFB off, LFB, HFB on

T T T T T T
1.0 - courtesy A. Warwick, LBL 17 mA, single -
« 152 mA, multi
S 08| _
o
g
S 06 _
5 all FB on
& 04l .
=
g
] 0.2 -
Z.
00 -~ _
I I I I I |- - -—----
420 425 430 435 440 445 450
Photon energy (eV)
MePAS 2015, Guanajuato, 11-21 November 2015 ﬁ " ATAP
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Beam loading and Robinson Instabilities 77

» Basics of beam loading

« Examples of beam loading for ALS

* Robinson’ s analysis of beam cavity
interaction

* Pedersen model of BCI

BERKELEY LAB ACCELERATOR TECHNOLOGY & APPLIED PHYSICS DIVISION [
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Beam Cavity Interaction: Equivalent Circuit’ <.’

the cavity via a circulator.

.:"“'#i/"‘ﬁ

From the point of view of a rigid RF source | CAVITY | Beam
beam current source, beam 7 | . |
loading can be represented by I | ¢ R, L |
excitation of of a parallel RLC 5 <R /B | v _|C | I,
circuit. This approximation is I Ve |
valid for a generator coupled to | | |

I I

| |

| |

The coupling to the cavity is set

to make the beam-cavity load The beam loading appears to the

appear to be a resistive load to generator as an additional resistive and

the external generator and inductive load. We can adjust the cavity
matched at some beam coupling (beta) and the detune the cavity to
current. make it appear to be a perfect match.

For zero beam, the optimal
coupling (beta) is 1. To match
at nonzero beam, the optimal
beta is 1+ Pb%,m/Pca\,Ity

MePAS 2015, Guanajuato, 11-21 November 2015 w
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Phasor representation

The beam and generator voltages can
represented as phasors. Common

usage has either the cavity voltage or
beam current as the reference phase.

Conditions for detuning to get
minimum generator power.

Current (A)

I,(1+Ysing,) _» H+Fy

_Lo+1psingy _
- cos @, Vcosg,

I =
( cos @,

J

_Iytan ¢, —I,cos g, _tang, —Ycosg,
tan g, = I,+1,sin ¢, 1+Ysin ¢,

Minimum generator current by detuning cavity 10 obtain ¢;= 0:

tan ¢Z = (1;3 / Io)COS ¢B

MePAS 2015, Guanajuato, 11-21 November 2015 e

Voltage (MV)

-0.6 -0.4 -0.2 0.0

0.2

I,=04A
U,=337.335kV
V. =0.6 MV
R =45 MQ

Beta=2.7
Ncell =2

..._Wg

-1.0 -0.5 0.0

Current (A)

0.5

ATAP
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Current (A)

1.0

-1.0

Phasor diagram

Voltage (MV)

-0.2 0.0 0.2 0.4 0.6

I I I I

-2*Ib

—-0.2
LL=04A
U, = 337.335 kV "'Vg
V_y=0.6 MV s
R,=4.5MQ
Beta=2.7
Nccl] =2 SIR%E
L | L l
-1.0 -0.5 0.0 0.5 1.0
Current (A)

Voltage (MV)

(AIN) @3e3[07

Impedance (MOhm)

MePAS 2015, Guanajuato, 11-21 N

vV e mmme~ - -

1.5F

0.0
0.5k —
total voltage
—— beam voltage
-1.0F generator voltage -
9% 1
1501 | | | | |
0 1 2 3 4 5 6

Phase (rad)

_ ‘lfreﬂuency (MHz)

(8ap) aseyq
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Low current

Voltage (MV)
0.6 04 0.2 0.0 0.2 0.4 0.6
06 - 1 T T [ T T T
- 06
04}
: —{ 04
02
; - 02
pu -Yiib Itot
< \/v 2
= ' Vv I
A0 s b ()L G A S -2 00
5 ; 'é
; —-0.2
02} ;
I,=0.04 A ;
U, = 337335 kV :
V=06 MV i st
04 [R=45MQ ;
Beta=2.7
Nce]] =2 E G s
0.6 | I i | | I
0.6 04 0.2 0.0 0.2 0.4 0.6
Current (A)

Voltage (MV)

(AIN) d8eyjop

Impedance (MOhm)

1.5

1.0

0.5

0.0

-20

0
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Phase (rad)

(8op) aseyq

54




Current (A)

MePAS 20135, Guanajuato, 11-21 November 2015

High current limit

Voltage (MV)

I,=0.875 A
1= |U,=337.335 kV
V= 0.6 MV
R, = 4.5 MQ
Beta=2.7

Nce[l =2

I | i |

-2 -1 0 1
Current (A)

Robinson high current limit
occurs when the phase
focussing from the generator
voltage is lost. This corresponds
to the Robinson mode freq.->0.

-0.2

-0.4

-0.6

Voltage (MV)

(AIN) 33e30A

Impedance (MOhm)

1.5F

total voltage
— beam voltage

1.0 generator voltage

-15 | | | |

Phase (rad)

05

e

— 80
— 60
— 40
— 20

—{-20
—{-40

,,,,,,,,,,,,, o] -80

-80x10° 40 20 0 20

Frequency (MHz)
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L= Z*IDC (A)

Af (kHz)
-40 30 20 10 0
3.0 F— v i | | [
i V=12 MV
25f i R =4.5 MQ, B=2.7
i L 2 rf cells
o E=1.9 GeV
| i U,=337.335 KeV
2'0 l v
ml 1 \
\ \
1 1
Y \ \
1.5 | ;o
[ \ \
vt
.
1.0}
1 300 kKW
05}
0.0 L . . _
-80 -20 0

High current limit (cont.)
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Transients beam loading effects "
The unequal filling of the ring (i.e. gaps) create a transient loading of the
main RF systems, causing bunches to be at different RF phases (i.e.
different arrival times.)
| t0 0 t0
time time
For the main RF only, this effect is small (few degrees).
: \‘ 57 *z
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Lecture Summary 2

 Transverse multibunch collective effects and
cures

— Transverse coupled bunch instabilities
— Measurements

— Passive cures

— Feedback systems

— Beam-lon instabilities

— Electron cloud instabilities

MePAS 2015, Guanajuato, 11-21 November 2015 \\,'\'\' ATAP>
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Dipole and monopole modes P

* Monopole mode (m=0, TM,,,) have
— uniform azimuthal symmetry
— Negligible dependence of longitudinal field on transverse
position
* Dipole modes (m=1, TM,,,) have
— Lateral symmetry with two polarizations
— Linear dependence of long. field on transverse position.

ey CAVITY
Antenna 1 S
= ._
| / l 5x
---------------------------------------- \--oe P eeeeene¥eee
-1 IDEAL ORBIT
o/
= ELECTR. FIELD TM010
Antenna 2 -
- ELECTR. FIELD TM110 59 ©
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Dipole modes Tt

« Characterized by one full period of variation around the azimuth (m=1)

 For TM modes this means there is no longitudinal field on axis and that the
field strength grows linearly with radius close to the center, with opposite
sign either side of the axis.

» This transverse gradient to the longitudinal field gives rise to a transverse
voltage kick which is proportional to the beam current and the beam offset.

» Therefore, no transverse kick to the beam without a longitudinal field
gradient (Panofsky-Wenzel Theorem)

R ‘: /\j .' />/ ’I E-field_ / ( angle 0
beau}_____’{‘/fi( \\ )'//T S -8 1.
// \* \/ 1* ""'E-field ,
(N -"\ - \ . H-fi H@ ® ®
_J'/”'/\\_ // beam axis - I-- :
L length 1
H ONONO
&)/ reh
DO | .
' IM11 ° B
MePAS 2015, Guanajuato, 11-21 Noven__ __ **'110 %
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Resistive Wall Impedance Yoy

* As the beam passes through the vacuum chamber, it takes time
for the beam fields to penetrate the skin depth of the metallic
surface.

— Negligible effect on long-range longitudinal wake

— Large effect on long-range transverse wake; small gaps critical; low modes
affected
ARe {Z }

-~

Z (w)=(1+ RZO 2
§ / @3) \ g @)

’ 0-th mode spectrum
Z,=120*pi Ohms 0t .
R=average ring radius i :
B=pipe radius i unstable :
Sigma=conductivity 5 L | |
_10 I | I 1 | 1 I 1 | 1 | | 1 l 1 | | l 161‘—

MePAS 2015, Guanajuat -4 2 0 2 4



Transverse growth

rates

i I | | i
Re([Z].¢) >0 L,=400 mA| _
Re([Z] ) <0 1122 MHz N,=328
Transverse growth rate il radiation damping o
- threshold E
REEs =l - FB threshold 7
T _J E/ (ZJ_(CO )) § ‘ | 1802 MHz 7
( ) g - 1370 MHz
= j |
'§ 10° :— - 10°
i D g ; 1519 MHz oy B
The resistive wall e o 2336 Mz
impedance cannot be ; / /
avoided by tuning. £ 10k v H10
] e e i M L
10' o 10’
I | | |
0 50 100 150 250
Frequency (MHz)
Aliased vertical impedance for the ALS.

EEEEEEEEE
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Transverse beam spectrum

[ [ [ [ [
a0l vertical sideband spectrum w/VFB off |
The unstable spectrum of
betatron sidebands can be 5 il ]
used to identify the driving %
beam modes. z
IS -60 H+ —
E
5
S
m-m_ )
H ‘ | H | ] H IR l[
Re([Z )i > 0 1122 MHz k}’f;lgg mA | ]
E 10° E iegftiloflfl);a?nping / — —§ 1
g E threshold 1802 MHz E
g FB threshold ] Q
[= - i 1370 MHz )
§ 10° L | -1 g:;-
Q. E 3
:é E 1519 MHz e 3 g
% 10° | I / <01 %
e A e
% r i L B T e
10' El
. i ! ! | L 1 ] -
= 0 50 100 150 200 250 §
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Transverse feedback systems fout

Design issues:
*Bandwidth>1/2 bunch frequency
(M*revolution freq) to handle all
possible unstable modes
*Phase shift from PU to pi/2
options:
*properly locate PU and kicker-
sensitive to lattice configuration
suse quadrature PUs/kickers
euse multiturn delay
*Suppress DC orbit offset (wastes
expensive broadband power)
options
ezero orbit at PUs
electronically suppress orbit
offset
*notch filters

MePAS 2015, Guanajuato, 11-21 November 2015 "L

Kicker

Power E \5
Amplifier

92 Fiter  Delay

Typical transverse damping system

*Total system gain must provide damping rate
faster than fastest growth rate (minus radiation
and Landau damping)
*Noise
total system noise must drive oscillations
at small fraction of beam size
simportant at high gain settings
-Amplifier power scaled to damp largest mode ¢,
AIAF
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ALS TFB system Pl

*high gain/low noise receivers (3 GHz heterodyne detection), current dependent gain
2 PUs w/quadrature processing

*150 W ampilifiers driving stripline kickers (single plate only), maximum kick of ~1 kV
«2-tap analog notch filter for removing DC orbit offsets

*system upgraded to homodyne detection in summer 1999.
SYSTEM

beam

power
amplifiers

delay

. H2 filter variable
TFB |SSUGSI receiver attenuators

: . ; 2
sincreased gain req d to _>V2 ——¢> )

damp a few dipole modes

«analog notch filter creates B S N S Ve S LRI ST Wy S ) PSS KIS Ny ) LA S Kl
dispersion across system ' BPF P = (C+D)- Hif |
bandwidth. : oy N RSEg [ier P>
T oy M A I

I 3 GHz P 6xRF  0-250 |

L N e S T

— L= -l cn o

I B-C (A+C) Receiver 1 |

Eromerare — o - .ot o - Saaaae =

~

e y ATAP

r
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ALS TFB Kicker

Stripline kickers at with L=30
cm are driven at baseband to
gain the advantage at low
frequency against the RW.

10000 FF | | |
S
) Horizontal kicker impedance
S Sl LT ) e o A A 5050 5 1=15 —
i =15 cm (s3/4)
2 — 1=30 cm (s3/2)
£
= 6000 — o—1.1 —
"2 b=0.035 m
"E’ Z,=50 Q
s 4000 |-
]
M
2
o
by 2000 =T R e S b
=
S
=
0 b= I I
0.0 0.1 0.2 0.3 0.4 0.5

Frequency (GHz)

MePAS 2015, Guanajuato, 11-21 November 2015 ﬂl

Baseband operation requires
an amplifier which extends to
lower frequency of lowest
betatron frequency. More
amplifiers are available in the
higher operational bands.

ATAP 5 3
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Time domain growth rates
can be measured by

Betatron mode is
measured with SPA in
zero-span mode.

TFB diagnostics Pt

modulating the FB on/off.

;\mpli':vdo fddhg

N Yo i . ' The TFB system can be
} Lliiamas SEE | | adjusted be measuring
N A\ .

= A l beam transfer functions on a
\\' M I\ 1.\, 1 network analyzer. Shown is
v | M M f an open-loop measurement

" 56 ! ! of x channel.

= |

gl

CENTER 177.884 775 kH= SPAN 200 H=

: - 67 |
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lon Iinstabilities

« Even in ultra-vacuum, circulating electrons collide
with the residual gas and ions created.

- lons may be trapped |n the electrostatlc potential of
the electrons.

« Trapped positively charged ions perturb electron
motions.
« Effects of ions on the electron beam:
— Beam size blow-up
— Limitation in stored beam current
— Reduction in lifetime due to addltlonal collisions
— Tune shifts
— Two-beam instability

« These undesirable effects were observed in many
early light sources (DCI, ACO, SRS, KEK-PF, (Tf%%bgagaigjrtyiﬂtygﬁgegﬁu%};Igtlg/:gss)
UVSOR, NSLS, Aladdin, ...) ' |

ATAP
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lon (and Dust!) Trapping

* lons are focussed in the linear part of the beam potential

1 T rr T 1

S N T TN TN TN S TR TS TN N TN TN TN S Y TR T S L S T TR T S S T 1 P T 1
MW HS BT 6543200123 456789N J0H 8T 654320010123 45678900

* The stability of the motion can be broken by
iIntroducing gaps in the beam filling pattern, allowing
lons to drift to the walls. nghter lons are more

unstable.
_ I'b . _
- ...:,.. _,:
(R e = o}
MePAS 201>, Guanajuato, 11-21 INovemper 2U1d =1 A1 AP
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lon instability cures Pt

 Introduction of beam gaps

— Destabilize ion motion. Effective for lighter ions
« Use of clearing electrodes

— Electric move ions to wall

» Electron beam shaking
— Indirectly resonantly drive ions via electron beam. Shake at ion
frequency.
 Shift of chromaticity to positive/Use of octupoles

« Use of positron beams. In particular, positron beams were used
in a number of light sources (DCI, ACO, KEK-PF, APS, ...)

— Although the problems of ions are cleared with positrons, high current
positron operation can suffer from electron cloud instability. ;

70 hz
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Introduction to the FBIl ol

\iw*’

P s
i .

"classic" ion trapping occurs when the motion of ions is stable in the
beam's potential well over many beam passages. The ion motion
becomes unstable for large enough gap in the filling pattern (i.e.
clearing gap). This is the typical "passive" solution for curing ion
problems.
For high currents and low emittances, transient interactions between
the beam and ions can cause significant beam oscillations.
ct=s+2z (time

ST

Electron Bunch train lons

References:
T. Raubenheimer and F. Zimmermann, Phys. Rev. E, 52 5487 (1995)

G. Stupakov T. Raubenheimer and F. Zimmermann, Phys-Rev. E, 52, 5499 (1995) 71"
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The vacuum pressure was deliberately increased (pump off/He-
gas injection) and the existence of FBII as well as its
characteristics were compared with theory in ALS, PLS, ESREF, ...

=» Observed results were in qualitative agreement with theory

160 bunches

100 I 1 1 1 | P=0.4nTorr P=InTorr
) 100 200 - 0 100 00 (normal) w/o He injection
Beam current after moving a vertical Dual sweep streak camera image of a bunch train

scraper towards the beam

(M. Kwon et al., Phys. Rev. E57 (1998) 6016)
(J. Byrd et al., PRL, 79 (1997) 79)

s — 72
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Dedicated FBIl Expt

Setup conditions where the FBIl is
expected with growth rates at
least an order of magnitude above
growth rates from cavity HOMs
and resistive wall impedance
*Use He gas because it is not
pumped well by passive NEG
pumps

*He at 80 ntorr gives growth rates
<1/msec

*Use bunch patterns where ion
trapping of helium not expected
(typically 1/2 ring filled with 2 nsec
spacing.)

MePAS 2015, Guanajuato, 11-21 1
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Synch light monitor image at nominal
and high pressure. Vertical blowup
evident but much smaller than
typically vertically blowup due to

HOM-driven instability. 3




Vertical beam size increase L E

300 F e S T T T B

1 1
nom. pressure, 80 mA, 160 bunches
He added, 85 mA, 160 bunches

250 — J —AF =
o= 11443.1 um

0= 34.3+0.39 ym

200

Counts
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*\We see between a factor 2-3 increase in average vertical beam
size. Horizontal size is unaffected.

*Single bunch images show no increase with higher gas pressure.
*Simulations show a similar saturation effect.

evariation of vertical FB gain has no effect on beam size or

sidebands
74

R
A TR

ATAP

ACCELERATOR TECHNOLOGY & APPLIED PHYSICS DIVISION h‘?

BBBBBBBBBBB



100

80

60

Vertical RMS size (um)

40

MePAS 2015, Guanajuato, 11-21 November 2015 w "ATAP

Indirect Growth Rate Measurement 7
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-at a given pressure, we can vary the instability growth rate by varying the length of
the bunch train (using a fixed current/bunch)
for the experimental conditions, the theory predicts a growth rate of ~1/msec at
about 8 bunches. Our FB damping rate for 0.5 mA/bunch is ~1.2 msec.
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erecord the amplitudes of all vert betatron sidebands over 250 MHz range
eplot the linear difference of lower-upper sideband amplitude
e peak frequency of sideband pattern agrees with calculated coherent ion frequency
e coherent oscillations not always observed (decoherence? 4-pole mode?) T
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*Peak frequency of the sideband spectrum shows fair agreement with the
calculated ion frequency

*Detailed agreement requires precise knowledge of the vertical beam size which is
difficult to determine when the beam is unstable.

*Coherent signal is not always visible on the spectrum analyzer, even though the
beam is clearly vertically unstable.
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lon instability summary Lot

* lon trapping was a serious issue in early light sources
and many studies (theory and experiment) made to
overcome it.

« Improved vacuum engineering and the use of beam
gap manages to avoid ion trapping in most 3rd GLSs
and no serious problems of ion trapping reported.

* No serious effect of FBIl encountered in light sources

« However, FBIl could become a serious issue for
future light sources operating at high current with low
emittance, and further studies required.
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