Pick-Ups for bunched Beams uas

Outline:

» Time and frequency domain treatment & Fourier Transformation

» Signal generation — transfer impedance

» Capacitive button BPM for high frequencies

» Capacitive shoe-box BPM for low frequencies

» Electronics for position evaluation

» BPMs for measurement of closed orbit, tune and further lattice functions

» Summary
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Usage of BPMs uas

A Beam Position Monitor is an non-destructive device for bunched beams

It has a low cut-off frequency i.e. dc-beam behavior can not be monitored
The abbreviation BPM and pick-up PU are synonyms

1. It delivers information about the transverse center of the beam

Trajectory: Position of an individual bunch within a transfer line or synchrotron

Closed orbit: Central orbit averaged over a period much longer than a betatron oscillation
Single bunch position: Determination of parameters like tune, chromaticity, 8-function
Bunch position on a large time scale: bunch-by-bunch — turn-by-turn — averaged position
Time evolution of a single bunch can be compared to ‘macro-particle tracking’ calculations
Feedback: fast bunch-by-bunch damping or precise (and slow) closed orbit correction

N VVVYVYVY

. Information on longitudinal bunch behavior (see next chapter)

Bunch shape and evolution during storage and acceleration

For proton LINACs: the beam velocity can be determined by two BPMs
For electron LINACs: Phase measurement by Bunch Arrival Monitor
Relative low current measurement down to 10 nA.

YV V VYV
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Excurse: Time Domain <> Frequency Domain IUAS

Time domain: Recording of a voltage as a function of time:

e 100ms Instrument: Fourier
/\ Oscilloscope Transformation:
Lpranl®) g0 f(o)= | fhedt

—0o0

Ibeam

00 02 04 08 08B 1.0
time [us]

Frequency domain: Displaying of a voltage as a function of frequency:

T T T T T T T . 4 Voltage
0,=100 ns Instrument:

i > 0=16 MHz | OPectrumAn
L _ . | “ - = E frequency

R I R R P | time ‘
v B398 JJ9 @9 &

. ———
0 2 4 6 8 0 Time domain Frequency domain

frequency f [MHZ-| measurements . measurements
courtesy company Keysight

FFT ampl.

Care: Fourier Transformation of time domain data contains amplitude and phase
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Excurse: Properties of Fourier Transformation uas

[/ —C L )

Fourier Transform.: f~(a)) = j f(t)e”“dt WvFRT: f(t)= L I ?(a))eiwtda)
tech. DFT(f) 0 tech. IDFT(f)

—> a process can be described either with f(t) time domain’ or f(a)) ‘frequency domain’

We assume t, w, f(t) € R but f(w) € C; note: integral from —co to oo

Im(z) 1A #2
FT: f(w) € C— amplitude 4A(w) = |f(a))| or power P(w) |f(a))|2 @
~ >
& phase ¢(w) = arctan Z:((g tech: displayed for | w | = 0 Re(z)
No loss of information: If f(w) = f_oooo f(t)e @t dt exists, than f(t) = = f f(w) e*tdw

— the original function f(t) is ‘recovered’, or ‘you neither gain nor lose information’
Linearity: [__[afi(t) + bfy(D]e™ dt = af; (w) + bfy(w) fora,b € R

Similarity Law: For a #0 it is for f(at): |1/a]- f~(a)/ a) = J‘ f (at)e—icotdt
— the properties can be scaled to any frequency range; < ‘shorter time signal has wider FT’,
e.g. Gaussian f(t) = exp ( ) f(w) = exp ( W )Wlth Op = —

t
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Excurse: Properties of Fourier Transformation uas

Differentiation Law: For n'" derivative fi"(t) it is: (iw)" - f(w) = j f M (t)e""dt

—00

— differentiation in time domain corresponds to multiplication with i@ in frequency domain
Frequency shift: Modulation by w, it is f_()ooof(t)ei“)ot e ldt = f(w — wg)

Condition for FT: If f_oooolf(t)l2 dt < o and convergent, than f(t) is Fourier transformable

= e.g. f(t) = sin(w,t), polynomials f(t) =X a, t and f(t)=et are not Fourier transformable !
_9w)=0

12

0
o

10 -

Windowing: Def. fi, (w) = ffooo W(t) - f(t)e @t dt

05 |

with a window function W (t) € R = finite integration

= fw(w) = W(w) * f(w) as convolution

04

02

window function W(t)

|
o
o

FT window function W(w) / t,

00 V/\V/\V Vf\\//\\/%

0.0

1
-20 -10 0 10 20
*
norm. freqeuncy o * t|

= W(w) = 22290 = 2¢, sinc(wty)

i’ L 1 1 il
-15-10 -05 00 05 1.0 15
norm. time t/t,

1 for =ty <t<t
0 for|t] > 1

Zero-crossing at: sin(wty) =0 enrt =wty; © w=n- % with n € Z\{0}

Example: W (t) = {

antl % with n € Z\{0}

Scaling of maxima: max(w) = £ < sin(wty)=1 @ w=

2
w
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Excurse: Fourier Trans. — Convolution & technical Realization uas

Convolution Law: For the convolution f(t) = f, ()= f,(t) = J f(z)- f,(t—7)dr

= FT can be calculated as f (w) = f (o) f ,(w) ~
— convolution in time domain can be expressed as multiplication of FT in frequency domain

Application: Chain of electrical elements calculated in frequency domain more easily

parameters are more easy in frequency domain (bandwidth, f-dependent amplification.....)
amplifier high pass filter low pass filter rectifier

U,(t) ~ 'y Uouelt)
} ~ %
N ~

Engineering formulation for finite number of discrete samples:

Digital Fourier Transformation DFT(f): corresponds to math. FT for finite number time
Fast Fourier Transformation: FFT(f) dedicated algorithm for fast calc. with 2" increments
Transfer function H(@w) and h(t) are used to describe electrical elements

Calculation with H(a@) in frequency domain or h(t) time domain

— ‘Finite Impulse Response’ FIR filter or ‘Infinite Impulse Response’ IR filter
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Pick-Ups for bunched Beams juas

Outline:

» Time and frequency domain treatment & Fourier Transformation

» Signal generation — transfer impedance

» Capacitive button BPM for high frequencies

» Capacitive shoe-box BPM for low frequencies

» Electronics for position evaluation

» BPMs for measurement of closed orbit, tune and further lattice functions

» Summary
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Pick-Ups for bunched Beams juas

The image current at the beam pipe is monitored on a high frequency basis
i.e. the ac-part given by the bunched beam.

[ age() Beam Position Monitor BPM

equals Pick-Up PU

image charges 5. Most frequent used

O O 0000 O O O instrument!
(1)

beam

@@ CO® 6% For relativistic velocities,

the electric field is transversal:

EL,Iab (t)=y- EL,rest(t')

beam pipe
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Principle of Signal Generation of capacitive BPMs o
rﬂﬂ___ﬂ_'l A
The image current at the wall is . ) i

monitored on a high frequency basis
i.e. ac-part given by the bunched beam.

Animation by Rhodri Jones (CERN)

Peter Forck, JUAS Archamps 2 Pick-Ups for bunched Beams



Model for Signal Treatment of capacitive BPMs IUAS

The wall current is monitored by a plate or ring inserted in the beam pipe:

amp
I,.(0 D‘
[

U_(9) equivalent circuit
beam pipe I — ground A
icku !~ B
PR 1 - ¢ C L (D Cc| R U, (1
Ibf.‘ﬂ.l'ﬂ(‘[) —

W

I I — ground
' I ' A: area of plate
The image current /. at the plate is given by the beam current and geometry:
dQ;.. (t —-A d t -A 1 di t A 1 .
L) = — Qim () _ _ Qbeam( ) _ _ ) beam( ) _ il peam (@)

dt 272l dt 2m o dt 2z fc

Using a relation for Fourier transformation: 1, = l,e™t = dl,,./dt = -iwl, .
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Transfer Impedance for a capacitive BPM

At a resistor R the voltage U,,, from the image current is measured.
The transfer impedance Z, is the ratio between voltage U;,, and beam current I,

in frequency domain: U, (w) =R - I, (w) =Z(w, B) - 1, ,m(W).

Capacitive BPM:

» The pick-up capacitance C:

plate <2 vacuum-pipe and cable.
» The amplifier with input resistor R.

» The beam is a high-impedance current source

R

Uim — - ) Iim
1+10RC

A 1

= Zt(wlﬁ) ) Ibeam
This is a high-pass characteristic with w_ .= 1/RC:

_ A 1 1 1eRC 1 _
27a fc C l+iaRC ™" 7
cut™
A 1 1 ol .,

Amplitude: | Zt(a)) |=

Peter Forck, JUAS Archamps

27a | ﬂC 6 \/1+C()2/C()2cut

11

equivalent circuit

A
11111(T) ‘ L_ R[] Uim(t)
V
“— ground
1 T 7 =1 __
5T wC < 2 = 1+iwRC

Phase: @(w)=arctan(aw,, / w)
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Example of Transfer Impedance for Proton Synchrotron

The high-pass characteristic for typical synchrotron BPM:

U, (w)=Z {w),,, (w) ~122 | _
LA L1l olo, a"%o
2ma ¢ C Y1+ 0? ] o’an _ 10|
@ =arctan (w,, / ©) S 10°
Parameter for shoe-box BPM: E* 10" E
C=100pF, I=10cm, 8=50% 2
fcut= w/2n=(2nRC)'1 L'% 10_3 ~ - - high impedance 1 MQ _
for R=50 O :>fcut= 32 MHz E 10 ; low impedance 50 0 3
for LM = e 1610 0 0T o o 1o 10 107 107 10"
Large signal strength — high impedance frequency f [MHz]

Smooth signal transmission - 50 QQ

Remark: For @ -0 itis Z,— 0 i.e. no signal is transferred from dc-beams e.g.
» de-bunched beam inside a synchrotron
» for slow extraction through a transfer line
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Signal Shape for capacitive BPMs: differentiated <> proportional uas

Depending on the frequency range and termination the signal looks different:
> High frequenc range w>>w,
ol o, o1 1 A

Z, oc —>1=U t— : : - t
1+|co/a)Cut m() C fc 2rma pean (1)

= direct image of the bunch. Signal strength Z, «cA/Ci.e. nearly independent on length
> Low frequency range w << w_,; :

ZtOC |C(-)/a)cut —)Ii — Uim(t):R.L.ia)lbeam(t):R' A ,dlbeam
1-|-|(()/(()Cut Wyt ﬁCZﬂa ,BC27za dt

= derivative of bunch, single strength Z, «A, i.e. (nearly) independent on C

> Intermediate frequency range w =~ w_,,: Calculation using Fourier transformation

Example: Synchrotron BPM with 50 Q2 termination (reality at p-synchrotron : 6>>1 ns):

derivative intermediate proportional
| | | | [ | | | | | | |
FaRN _ L _ N —
¢ v o=100ns ¢ T=1l0ns W g=1ns —
VAN ~ f,x/ \ I beam (t)

SN \ \

_.--'"'-) - g "\. ~ - _.--“':’// M, k o _.-/ \‘-\.
! o~ \‘\ i — -

S\ - Uin(®)

beam N x10
—U.

| im | | | | | | | | | | |

00 02 04 06 08 10 20 40 80 80 100 2 4 3] 3] 10
time [ps] time [ns] time [ns]
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Calculation of Signal Shape (here single bunch) Uas

The transfer impedance is used in frequency domain! The following is performed:

1. Start: Time domain Gaussian function I, .(t) having a width of o,

derivative intermediate proportional
| — I | | — inverse
. ;/\\ g=100ns /’\\ g=10ns g=1ns .
Fourier g . /\\\ /\ Fourier
trans. 3 s ] S trans.
- | --I_. 1) %10
—U_(t)
L L | | L

00 02 04 06 08 1.0 20 40 60 80 100 2 4 6 8 10
time [us] time [ns] time [ns]

2. FFT of I, ,m(t) leads to the frequency domain Gaussian Iy, ,q,(f) with Of= (ert)'l

T | T | T | T
Ut=100 ns |_ 0,=10 ns 1
N o,=1.6 MHz A o,=16 MHz

\ -+

\‘ o Ibeam(f) T T Ibenm(f) T

f N) I —U, 0 + U, (1) -
I [ i ! .

0 2 4 6 8 0 20 40 60 80 0 200 400 600 800
frequency [ [MHz]| frequency f [MHz] frequency f [MHz]

3. Multiplication with Z(f) with f, ;=32 MHz leads to U;,,(f) = Z{f) - 1poqm(f)
4. Inverse FFT leads to U;,,(t)

crtzl ns

= 0,=160 MHz

~

FFT ampl.
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Calculation of Signal Shape: repetitive Bunch in a Synchrotron uas
Synchrotron filled with 8 bunches accelerated with f, =1 MHz
BPM terminated with R=1 MQ =f, .>> f.+:
7 T T T 40 T T T T T T
14 =
g 6T 1 % 30 + 4 12 | — — — single bunch i
- 5 | _ -E- E l\\ bunch train
g g 510 F 1| -
,_;“4 i i = 20 k 4 - | \
E ut%i) % ° _I! \\ i
% 3 r 1 3 w0+ 1 oger \ .
o e r ] E & 4 ! \ -
8 & 0 ! .
=) L 4 = _
i 0ooooooy |y
0 | | | _10 | | | 0 ﬁ = 1
0] 2 4 6 B 0 2 4 6 8 0 2 4 6 8 10
time [us] time [us] frequency [MHz]

Parameter: R=1 MQ = f, =2 kHz, Z;=5 Q, all buckets filled
C =100pF, /I =10cm, = 50%, 0, = 100 ns = g, = 15m

» Fourier spectrum is composed of lines separated by acceleration frf

» Envelope given by single bunch Fourier transformation

» Baseline shift due to ac-coupling

Remark: 1 MHz< frf<1OMHz — Bandwidth leOMHz=10-frf for broadband observation
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Calculation of Signal Shape: repetitive Bunch in a Synchrotron

Synchrotron filled with 8 bunches accelerated with f, =1 MHz
BPM terminated with R=50 Q2 =>f, << f. s
7 T T T 2 T T 1-0 T T T
g 61 | %‘ 08 + — — — single bunch i
-_; s L i Ho1 . g bunch train
o E 3
:"4 i il 2 4% 0.6 - N .
; g 0 ] AN
t 3 r 7] = b - A -
g CITTTTTTTN et 1
S g 7] E_l L - 8-. / \
g 1 \ %0 0.2 —If \\ _
L
/ ~
0 | \ I ll _2 | | | 0.0 I\ |

o
o
o
[AV]

4 6 2 4 6 8 4 6 8 10
time [us] time [us] frequency [MHz]

Parameter: R=50 Q) = f. =32 MHz, all buckets filled
C =100pF, /= 10cm, = 50%, 0, = 100 ns = ;= 15m
» Fourier spectrum is concentrated at acceleration harmonics

with single bunch spectrum as an envelope.
» Bandwidth up to typically 10*f

acc

Peter Forck, JUAS Archamps 16 Pick-Ups for tibﬁ:hed Beams



Calculation of Signal Shape: Bunch Train with empty Buckets iuas

Synchrotron during filling: Empty buckets, R=50 Q:

Fl.r' | | | 2 | | | lﬂ | | | |
E" 61 | T ng — — — gingle bunch 4
- 5 L | .E. 1 r . B bunch train

i 4 :
= = 06
LT 1 s V]
ol A e
2 S 5 0.4
o 2
a2 . T L 1 &

—1

: B 02
a lr J 7 "

Q Jlll LIJIL 1 J|l|.|lk JIL _a | | | 0.0

0 4 0 2 4 0 2 4 & a 10
time [pa] titne [rez] frequency [MHz]

Parameter: R=50 Q) = f, =32 MHz, 2 empty buckets
C = 100pF, / = 10cm, #=50%, 0, =100 ns = 0;= 15m

» Fourier spectrum is more complex, harmonics are broader due to sidebands
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Calculation of Signal Shape: Filtering of Harmonics uas

Effect of filters, here bandpass:

-~

|ma |
Y

Troar
o)

bunch current I

o L JL.J[ .

0
time [pa]

m [(MV]

signal wveoltage 17

-

Lalal  alalal
T TR

power spectrum

1.0 T T T T

08 F — — — single bunch 4
bunch train

08 - -

0.4 -

D2 =

0.0 W I | |

4
titne [rez]

g 2 10

4 8
frequency [MHz]

Parameter: R=50 Q, 4" order Butterworth filter foyi=2 MHz  n*" order Butterworth filter,

C = 100pF, / =10cm, 8 = 50%, o = 100 ns

» Ringing due to sharp cutoff
» Other filter types more appropriate

math. simple, but not well suited:
(0] )"

|H

low

H filter — Hhigh ‘H

|:
JL+ (@] @)

low

and | Hyign |=

\/1+ (0 a,)”"

Generally: Z, J(w)=H_ (W) - Hﬁ,ter(w) Homp(W) « .. -Zy{w)

Remark: For numerical calculations, time domain filters (FIR and IIR) are more appropriate

Peter Forck, JUAS Archamps
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Examples for differentiated & proportional Shape UaS

Proton LINAC, e -LINAC&synchtrotron:
100 MHz <ff< 1 GHz typically

R=50 Q) processing to reach bandwidth
C=5 pF = f,,+ =1/(2nRC)~ 700 MHz
Example: 36 MHz GSl ion LINAC

0.6 low energy 0. 12 MeV/u

04
c2
—0.0

voltage |V]

_ Wi
:Eji_ \/ \/ \/

| J
5 Ihlgher energy 14 MeV/u

10 i [ [
05 - [ [ |
0.0 / | . J I; ,,JI |

voltage |V]

w7

~1.0 | | | | | | | |

0 20 40 60 80
time [ns]|

Proton synchtrotron:

1 MHz <frf< 30 MHz typically

R=1 MQ for large signal i.e. large Z,
C~100 pF = f,,+ =1/(2rRC) ~10 kHz
Example: non-relativistic GSI synchrotron
f:0.8 MHz — 5 MHz

50

voltage [mV]
L o
o o O

—100

150 +
100 +
50 +

voltage [mV]

-100

25+

o

750 L

0

time [us]
1 2 3 4 5
T T T T

begin acceleration.: 11 MeV

0

50 100 150 200

synchrotron circumference [m]
time [us]

0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8
T T T T T T T

end acceleration: 1000 MeV

50 100 150 200
synchrotron circumference [m]

Remark: During acceleration the bunching-factor is increased: ‘adiabatic damping’.

Peter Forck, JUAS Archamps
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Principle of Signal Generation of a BPMs: off-center Beam Uas

rﬂﬂ—_}!’” yY

[

The image current at the wall is
monitored on a high frequency basis
i.e. ac-part given by the bunched beam.

{1

Animation by Rhodri Jones (CERN) f_j'
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Principle of Position Determination by a BPM uas

The difference voltage between plates gives the beam’s center-of-mass
—most frequent application

‘Proximity’ effect leads to different voltages at the plates:

U —-U beam pipe I |U
y: 1 . up down _|_5y(a)) up

S,(®) Uy, +Ug pick up y from AU = U, - Uyo,,n,
_ 1 AUy S Ihemn LY 7
o . i —_— -
s, U, ;
Correspondingly: %t least:
X 1 Uright left

= - +0 () = I I AU <<3U /10
S, () Uright+UIeft () Udown <=/

S(w,x) is called position sensitivity, sometimes the inverse is used k{w,x)=1/S(w,x)
S is a geometry dependent, non-linear function, which have to be optimized
Units: $=[%/mm] and sometimes S=[dB/mm] or k=[mm].
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The Artist’s View of a BPM

Peter Forck, JUAS Archamps
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Outline:
» Signal generation — transfer impedance
» Capacitive button BPM for high frequencies
used at most proton LINACs and electron accelerators
» Capacitive shoe-box BPM for low frequencies
» Electronics for position evaluation
» BPMs for measurement of closed orbit, tune and further lattice functions

» Summary
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2-dim Model for a Button BPM

‘Proximity effect’: larger signal for closer plate

Ideal 2-dim model: Cylindrical pipe — image current density

via ‘image charge method’ for ‘pencil’ beam:

| beam |

22 — 2

jim(¢) —

27a

al2
Image current: Integration of finite BPM size: |. = a-J‘ / Jim(9)do
-al?2

1.0 ' \ ‘ T
aperture a=25 mm,6 0 = Q0
- 08 Lk r=2mm RS _
= r=6mm ;A
2 [
= oo
w ] \
T 08 - ----- r=15mm |, L *
w 1 1
IS / \
— B 'f \‘ |
-E’ 0.4 '; \\
w T - v
b (P R
L] e Ty
8 0.2 7____..:’_-_,’.4’;/ ST T a
00 L | | I
—180 —90 0 90 180
¢ [degree]|
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a®+r° —2ar-cos(¢—0)

1.5

1.0

0.5

0.0

Signal

—0.5

—-1.0

—-15

24

I I
a=256mm,6=0°%a=30°
— AU R
————— AU/XU o

"""" log(Uright/ Uleftq)_.g‘-'"’

*

-
- .
-

AU =U ight =Ugett

—20

—10 0 10 20
real beam position [mm]
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2-dim Model for a Button BPM

Ideal 2-dim model: Non-linear behavior and hor-vert coupling:

Sensitivity S is converts signal to position X =

with S [%/mm] or [dB/mm]

i.e. S is the derivative of the curve S, =

For this example: center part S=7.4%/mm < k=1/5=14mm

AU

U
ox

05 |

Horizontal plane:
I I I
- a=25mm, a=30° -
— §=0°
---- 6=20° T
- - - §=60° ~

-10 0 10
real beam position [mm]
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1 AU

S 22U

butt

, here S, =S, (x, y)i.e. non-linear.

‘Position Map’:

putton—> — —~
L HRAMALUIAL LIRS R e R
| lococodooodooodooo |
| 100000000000 OO0 O |
© 099 099.:898,30%000
10 b W B A a g = SR SRR S
) o;;»‘b,’q Q00 p',d‘&.o oo
I :ooo:".aewa‘zuea.@‘:ooo: \
'E |00 GG ® & B3 @ DG OO |
R T L
- \ ooq:~one§6@c~¢:poo l
coomb'ree e ovdooo
coo'%Pded e b.‘q'é‘?.’o oo
Y PR S AT : !
-10f- e ":‘.', ‘-.'?".9':9,*.53*"?"9'5"0"7 """"""" T
§ccc¢oé‘o¢’c‘éo¢oooiorea
ceocdooodbooodooo H
coodoccobcocdooo i®11CAY
-20-+ proveees froseeneehe e e o
I I S st | I i
-30 -20 -10 0 10 20 30

| position

sured posi.

25

0
0
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Button BPM Realization Uas

LINACs, e-synchrotrons: 100 MHz <frf < 3 GHz — bunch length = BPM length
— 50 Q) signal path to prevent reflections

- N-CONNECTOR

Button BPM with 50 Q = . (
Im

FLANGE

Example: LHC-type inside cryos
(324 mm, half aperture =25
= f,=400 MHz, Z, = 1.3 Q aba

From C. Boccard (CEl
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Button BPM at Synchrotron Light Sources

The button BPM can be rotated by 45°

to avoid exposure by synchrotron light:

Frequently used at boosters for light sources

. button

SR

norizontal - x = + . UitUa) = U, +U;)

U +U,+U,+U,
i,(U1+U2)_(U3+U4)
S U,+U,+U,+U,

vertical :  y=
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Button BPM at Synchrotron Light Sources uas

Due to synchrotron radiation, the button insulation might be destroyed
—=>buttons only in vertical plane possible = increased non-linearity

HERA-e

realization

1 (Up+Uy)-Uy+Us)
S, U;+U,+Uz;+U,
1 Up+Uy)-(Usz+Uy)
U, +U,+Uz+U,

horizontal : X =

vertical: y =

PEP-realization
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Simulations for Button BPM at Synchrotron Light Sources uas
Example: Simulation for ALBA light source for 72 x 28 mm? chamber
Optlmlzatlon horlzontal dlstance and size of buttons from A.A. Nosych et al., IBIC’14
201 button 2 button 1 | 1ol —— V= 20 mm
— — —— y=10mm
ol e e |5l =% omm
= £
£ 0 E ol
- 1 mm steps £ S,(center) = 7.8 %/mm
1ol P X 5t for |x|<5mm & y=0mm |
) ”y ; — 0 S,(center) = 7.2 %/mm
200 ~ button3 button4 L . for |yl< >mm & x=0mm
30 20 -10 0 10 20 30 -20 -10 0 10 20
p05|t|on X [mm] real beam position x [mm]
20f ' I
button 2 button 1 18 mm
button 2 H button 1
5
B v '
EO0 ’ X
>
10}
-
20}t | . butFon 3 | buttgn 4 button 3

-30 -20 -10 0 10 20 30
position x [mm]

Result: non-linearity and xy-coupling occur in dependence of button size and position
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Outline:
» Signal generation — transfer impedance
» Capacitive button BPM for high frequencies
used at most proton LINACs and electron accelerators

» Capacitive shoe-box BPM for low frequencies

used at most proton synchrotrons due to linear position reading

> Electronics for position evaluation

» BPMs for measurement of closed orbit, tune and further lattice functions

» Summary
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N
Shoe-box BPM for Proton Synchrotrons iuas
Frequency range: 1 MHz <ff< 10 MHz = bunch-length >> BPM length.
Signal is proportional to actual plate length: | beam Size: 200x70 mm?
ligne =(@+X)-tana, |4 =(a- X) tano horizontal
— X=ga- Iright'lleft W | left vertica
o :
ght left :
] ] _< ‘ figh
In ideal case: linear reading 1. Zo)
X =a. Uright_UIeft — 3. AU
_L_Jrlght + U Ieft - ZU beam
| ' w g |oror=2 guard rings on
W Hor (y=0) ground potential
A Hor (y=+20)
me=20  Shoe-box BPM:
g 0 Ver.(y=0)
(s

@ Ver (y=+20)

bt

| |

L] 1
-80 60 -40 -20 0 20 40 60 80
beam position [mm]

Peter Forck, JUAS Archamps

Advantage: Very linear, low frequency dependence

i.e. position sensitivity S is constant
Disadvantage: Large size, complex mechanics

high capacitance
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Technical Realization of a Shoe-Box BPM Uas

Technical realization at HIT synchrotron of 46 m length for 7 MeV/u— 440 MeV/u
BPM clearance: 180x70 mm?, standard beam pipe diameter: 200 mm.
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Technical Realization of a Shoe-Box BPM U8Ss

Technical realization at HIT synchrotron of 46 m length for 7 MeV/u— 440 MeV/u
BPM clearance: 180x70 mm?, standard beam pipe diameter: 200 mm.

T =

"o 2 %D O SN
\l
o

| ¥ /EBRight
= & S channel
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Comparison Shoe-Box and Button BPM

Shoe-Box BPM

Button BPM

Precaution

Bunches longer than BPM

Bunch length comparable to BPM

BPM length (typical)

10 to 20 cm length per plane

(J1to 5 cm per button

Shape

Rectangular or cut cylinder

Orthogonal or planar orientation

Bandwidth (typical)

0.1 to 100 MHz

100 MHz to 5 GHz

Coupling

1 MQ or =1 kQ (transformer)

50 Q

Cutoff frequency (typical)

0.01... 10 MHz (€=30...100pF)

0.3... 1 GHz (C=2...10pF)

fr£<10 MHz

Peter Forck, JUAS Archamps

Linearity Very good, no x-y coupling Non-linear, x-y coupling
Sensitivity Good, care: plate cross talk Good, care: signal matching
Usage At proton synchrotrons, All electron acc., proton Linacs, frf

> 100 MHz

guard rings on
ground potential
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Outline:
» Signal generation — transfer impedance
» Capacitive button BPM for high frequencies
used at most proton LINACs and electron accelerators
» Capacitive shoe-box BPM for low frequencies
used at most proton synchrotrons due to linear position reading
> Electronics for position evaluation
analog signal conditioning to achieve small signal processing
» BPMs for measurement of closed orbit, tune and further lattice functions

» Summary

Peter Forck, JUAS Archamps 35 Pick-Ups for bunched Beams



General: Noise Consideration Uas

1. Signal voltage given by: U, (f)=Z,(f) I (T)
2. Position information from voltage difference: X=1/S-AU />2U

3. Thermal noise voltage given by: U, (R,Af) = \/4kB T -R-Af

— Signal-to-noise AU,-m/Ueff is influenced by:

Example: GSI-LINAC with frf=36 MHz

150

> Input signal amplitude E w0

— large or matched Z, > 156 e
» Thermal noise at R=50 Q for T=300 K time [ns]

(for shoe box R =1 kQ ...1 MQ2) = | FlFT of blunch slignal .
> Bandwidth Af o -Ta 095 s ?Fﬂ MHz bandwidth i

—> Restriction of frequency width 08 - U .

because the power is concentrated
on the harmonics of f

amplitude [arb.u.]
e o
-9 [n:]
—
|

L
C_

0 100 =00 200 400 500
frequency [MHz]

Remark: Additional contribution by non-perfect electronics typically a factor 2
Moreover, pick-up by electro-magnetic interference can contribute = good shielding required
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Comparison: Filtered Signal <> Single Turn

Example: GSI Synchr.: U73+, E,-nj=11.5 MeV/u— 250 MeV/u within 0.5 s, 107 ions

H 1.0

H 0gl | » Position resolution < 30 pm
o 0'6 ! (BPM half aperture a=90 mm)
95 T 1000 turn average for closed orbit » average over 1000 turns

4 0.4 1  corresponding to =1 ms

: 0.2 Variation < 10 pum (sufficient for application) - or ~1 kHz bandwidth

= 0.0 e —

m 0 1 & 3 4

. turn *10°

E 1.0 » Turn-by-turn data have

? 0.8¢ much larger variation

2 06¢

'E 04| Single turn e.g. for tune

;* 0.2k Variation ~ 150 um

ol 1 1 . . . . ! . . . . 1

3 0.00 1 2 3 4

turn *10°

However: not only noise contributes but additionally beam movement by betatron oscillation
= broadband processing i.e. turn-by-turn readout for tune determination.
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Broadband Signal Processing

amp./att. lowpass ADC
Broadband processing I\ ~x, | diff or left

_____ N
2 |0 /\o| A I/

7x,| sum or right

————— /‘\\'/
\/

amp./att. trigger

» Hybrid or transformer close to beam pipe for analog AU & XU generation or Ulest & Uight

» Attenuator/amplifier
» Filter to get the wanted harmonics and to suppress stray signals

> ADC: digitalization = followed by calculation of of AU /2U

Advantage: Bunch-by-bunch possible, versatile post-processing possible
Disadvantage: Resolution down to = 100 um for shoe box type, i.e. #0.1% of aperture,

resolution is worse than narrowband processing
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Narrowband Processing for improved Signal-to-Noise Uas

) acc. frequency + offset
Narrowband processing synchronous
band pass detector ADC

l\amp.,="att. - LO X _j left

L~ IF%

mixer

IC%\I B R ?\% ‘j right
W amp./att. | IF X
trigger

acc. frequency + offset
Narrowband processing equals heterodyne receiver (e.g. AM-radio or spectrum analyzer)
» Attenuator/amplifier

» Mixing with accelerating frequencyf,f:> signal with sum and difference frequency
» Bandpass filter of the mixed signal (e.g at 10.7 MHz)
» Rectifier: synchronous detector

> ADC: digitalization = followed calculation of AU/ZU

Advantage: Spatial resolution about 100 time better than broadband processing

Disadvantage: No turn-by-turn diagnosis, due to mixing = 'long averaging time’

For non-relativistic p-synchrotron: — variable frf leads via mixing to constant intermediate freq.
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Excurse: Mixer and Synchronous Detector B

Mixer: A passive rf device with

> Input RF (radio frequency): Signal of investigation  Agr (t) = Agp COS gt

> Input LO (local oscillator): Fixed frequency A 5(t) = A o COS @, ot
> Output IF (intermediate frequency) RF IF
A”: (t) = ARF . ALO COS C()RFt - COS C()Lot

LO
= Ae - ALolcos(wrg — @y o)t +CoS(app + o)t ]
= Multiplication of both input signals, containing the sum and difference frequency.
Synchronous detector: A phase sensitive rectifier
U.sin2 ot low pass filter
input
U {t)=U,sin ot output U, .c U,

limiting ampl.

+U,,, if sinat>0
-U,,, if sinawt<0
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Analog versus Digital Signal Processing uas

Modern instrumentation uses digital techniques with extended functionality.

Traditional analog processing

BPM analog | Analog frequency Analog demodulator digital
—_— _ —
signal translator and filter output
Analog
Digital Digital processing (triggered by telecommunication development)
BPM analog | Analog frequency Digital Digital digital
—_—> — — — . —_
signal translator filter Signal Proc. output

Digital receiver as modern successor of super heterodyne receiver

» Basic functionality is preserved but implementation is very different

» Digital transition just after the amplifier & filter or mixing unit

» Signal conditioning (filter, decimation, averaging) on digital electronics e.g. FPGA
Advantage of DSP: Versatile operation, flexible adoption without hardware modification
Disadvantage of DSP: non, good engineering skill requires for development, expensive
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Comparison of BPM Readout Electronics (simplified)

Type Usage | Precaution | Advantage Disadvantage
Broadband p-sychr. | Long bunches Bunch structure signal Resolution limited by noise
Post-processing possible
Required for fast feedback
Narrowband all Stable beams High resolution No turn-by-turn
synchr. | >100 rf-periods Complex electronics
Digital Signal all Several bunches | Very flexible Limited time resolution by
Processing ADC 125 MS/s High resolution ADC — under-sampling

Trendsetting technology
for future demands

complex and expensive

Peter Forck, JUAS Archamps

42

Pick-Ups for bunched Beams



Outline:
» Signal generation — transfer impedance
» Capacitive button BPM for high frequencies
used at most proton LINACs and electron accelerators
» Capacitive shoe-box BPM for low frequencies
used at most proton synchrotrons due to linear position reading
» Electronics for position evaluation
analog signal conditioning to achieve small signal processing
» BPMs for measurement of closed orbit, tune and further lattice functions
frequent application of BPMs

» Summary
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Trajectory Measurement with BPMs

Trajectory:

The position delivered by an individual bunch within a transfer line or a synchrotron.

Main task: Control of matching (center and angle), first-turn diagnostics

Example: LHC injection 10/09/08 i.e. first day of operation !

= YASP DV LHCRING / INJ-TEST-NB / beam 2

|5 i

RBviews | R (m &e]| @] (@ more | k45

FT - P450.12 GeV/c - Fill # 830 INJPROT - 10/09/08 15-01-58

10 —

horizontal

'g‘ 1 ‘

=0 /

x 9 H H
10 2 : ’ [cus]

T T
0 100 200 300 400
Monitor H

T
400

500

Monitor number (530 BPMs on 27 km)
Tune values at LHC: Q, = 64.3, Q,=59.3

From R. Jones (CERN)
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Close Orbit Measurement with BPMs

&
d

uas

Single bunch position averaged over 1000 bunches — closed orbit with ms time steps.

It differs from ideal orbit by misalignments of the beam or components.
Example: GSI-synchrotron at two BPM locations, 1000 turn average during acceleration:

rTime & Date & Info Wirt. Acc ~Timing Settings -Amplifier Settings
|2z3. Mov 2012 15:0752 [|11 I Select: Start Evant: rg start| Start Delay: 20 e - Galn (GUI40dE
117323200238 U THHAD Wt A, 1 Stop Event: | Flatton| Stap Dalay: 0 5| || o 10 ADO0 ,,,'gh Caln (devlzal 40dE
rOperatien Controls = Systemn Status
Int Start | Stop ] | Reset System | Iﬁ:émizilxﬂu Aptlvioy: Measurement running gl:IuS: o
Closed Orbit Trending
_.C Ein Siza [bunches]:| 1000 Paint in Time: | £ ms grrianc: (2] gwaraging O Bin Size [punches); 1000 =l
1 | ! end P
— 6 horizontal = P W‘_ﬂj |
£ |
e — 4
c 0 N = 0 | horizontal position at 2 BF"I\/IS
= 5 ’ (@]
= = B
N n
3 -6 - . _
2] long sy g 7 timet=0.. 640 ms
<€ 10 & —>
> lo o2 o W | | | ! ! . .
'12 _-‘.f_-{’_‘."_‘é”i,._-sl_ ‘ai . A ” 0 100 20 =0 400 500 £00
Thme [ms]
Intensity o 3
BPM: [G50900 [+ il | : = N
_ 4 vertical position a%BEMf
] i E 2 [ e
K signal strength ” E 2 RS
g 15 e
z S 0 .
% 34 — —
5 fimet=0..600ms 2 \l_,x t|met—0...600rns)
= 324 - —
N EL._\H__
301 ( e .2 B
o —
26 , =
0 100 20 300 40 500 00 0 100 210 =00 amn 200 510
Time [m3] Thnea [mn£]
£ 11 gL
15:87.22 - Virtua Ascelerelor List Symchrorized wth Detehers
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Closed orbit:

Beam position
averaged over many turns

(i.e. betatron oscillations).
The result is the basic tool
for alignment & stabilization

Remark as a role of thumb:
Number of BPMs within

a synchrotron: Ngpy, =~ 4 -Q
Relation BPMs <> tune due to
close orbit stabilization feedback

(justification outside of the
scope of this lecture)
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Closed Orbit Feedback: Typical Noise Sources

c
o))
7

Experimental hall activities

Beam mOvement: ] Ground vibrations
! Insertion Devices
Short term (min to 10 ms): Cycling Booster
: operation mains +harmonics
> Traffic *  Thermal effects Frequency (Hz
. T T ) T T T
»Machine (crane) movements 102 101 1 10 102 103
> Timeﬂeriod (s)
I ] | I 1 1
Water & vacuum pumps ] : 401 102 100
» 50 Hz main power net = i B Rt
] ] E osed Loop PSD - closed-loop data
Medium term (day to min): E G\ L i3] interp. of open-ioop dat
» Movement of chambers E BRI i
> ‘ad IRORICRND O, U ST, S PO B S S O S Lo R
due to heating by radiation il S Rt R B
[ = J SRR IR, VSO
> Day-night variation B [N
» tide, moon cycle g
w -1— ...................
Lang term ( > days): Q 107 3%
»Ground settlement g iy
>Seasons, temperature variation & [
o+ Model fitted to measurement .
0:01 0.1 1 10 100 1000
frequency [Hz]

From M. Boge, PSI, N. Hubert, Soleil

Peter Forck, JUAS Archamps
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Close Orbit Feedback: BPMs and magnetic Corrector Hardware UaS

Orbit feedback: Synchrotron light source — spatial stability of light beam
Example from SLS-Synchrotron at Villigen, Swiss:

e
cheen 8 041 68 Bes gy 1y,

;::Fﬂnounint wm ‘l, Dipole
| | |
VA
Quad |
Procedure: nadiipoe

1. Position from all BPMs Horizontal / Vertical Correctors

BPMs

/ \
/

!

/

From M. Boge, PSI

2. Calculation of corrector setting via feedback
Orbit Response Matrix Acc. optics Position from all BPMs €
3. Digital feedback loop 2

— regulation time down to 10 ms »| Calculation of corrector strength

\ 2

Setting of correctors

= Role od thumb: ~ 4 BPMs per betatron wavelength

Uncorrected orbit: typ. <«2>_ .~ 1 mm

Corrected orbit: <¢2>__~1 um up to 100 Hz bandwidth!
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Close Orbit Feedback: Results UAS

Orbit feedback:
Example: 12 beam positions at GSI-SIS during ramping from 8.6 to 500 MeV/u for Ar18*

feedback off T feedback on
//Jk lg.
position x(t) at 12 BPMs | =
0 100 200 300 400 100 200 300 400
time [ms] time [ms]
Procedure:

1. Position from all 12 BPMs

2. Calculation of corrector setting on fast (FPGA-based) electronics

3. Submission to corrector magnets

4. New position measurement

= regulation time down to 10 ms

Role of thumb:

Movement related to tune i.e. ‘natural oscillations by periodic focusing

To determine the ‘sine-like’ oscillation 4 BPMs per oscillation are required

= 4 BPMs per tune value (but detailed investigation required to determine the # of BPMs
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Tune Measurement: General Considerations UaS

Coherent excitations are required for the detection by a BPM
Beam particle’s in-coherent motion = center-of-mass stays constant

Excitation of all particles by rf = coherent motion
—> center-of-mass variation turn-by-turn

Pick-up

Acquistion

Signal generator
Graphics by R. Singh, GSI
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Tune Measurement: General Considerations IUAS

The tune Q is the number of betatron oscillations per turn.

The betatron frequency is fz = Q- f,,.

Measurement: excitation of coherent betatron oscillations + position from one BPM.
From a measurement one gets only the non-integer part g of Q with Q=n*g.
Moreover, only 0 < g < 0.5 is the unique result.

Example: Tune measurement for six turns with the three lowest frequency fits:

q = 0.23 077

AN

To distinguish
forg<0.50rqg>0.5:

| Changing the tune slightly,
the direction of g shift differs.

displacement
\
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Tune Measurement: The Kick-Method in Time Domain

The beam is excited to

coherent betatron oscillation
— the beam position measured
each revolution ("turn-by-turn’)
— Fourier Trans. gives the non-integer tune gq.

Short kick compared to revolution.

kicker
.

un—destored .-~ “\\ ..
orbit ~ . BPM

*

AOCA
TZ"‘I\
it
'

beam excited to
', coherent oscillations

The de-coherence time limits the resolution:

N non-zero samples
= General limit of discrete FFT:

1
AQ > —
a 2N
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uas

-
(=]

=

o
T
I

|
&
o

T

1

displacement [arb.u.]
L=
[
—

|
=
]

=

50 100 150 200

turns
I ] T T

._.
o
|
|

=

m
T
|

=
[81]
T
L

&
e
T
I

FFT amplitude [arb.u.]

= =]
[ )
!

"0 1 2 3 4 5
non—integer part of tune g

N =200 turn = Aq > 0.003 as resolution
(tune spreads are typically Ag ~ 0.001!)
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Tune Measurement: De-Coherence Time UAS

The particles are excited to betatron oscillations, but due to the
spread in the betatron frequency, they getting out of phase ('Landau damping’):

smgle particle trajectories |

AWA //A\\ //A\\\ /A /A\\\ IR\ Il:\{\ll&\\l}ﬂ\ll

displacement
@)
)
5
ﬁ
)
"1
O
'—h
o |
(72}
(/)]

4 8 8 10
turns or time

®)
AV

Scheme of the individual trajectories of four particles after a kick (top)

and the resulting coherent signal as measured by a pick-up (bottom).
= Kick excitation leads to limited resolution

Remark: The tune spread is much lower for a real machine.
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Tune Measurement: Beam Transfer Function in Frequency Domain  jyas

Instead of one kick, the beam can be excited by a sweep of a sine wave, called ‘chirp

[/ —C L )

4

— Beam Transfer Function (BTF) Measurement R
as the velocity response to a kick AMPLITUDH NETWORK
BARAS
Prinziple: PHASE )
. . . RF OUTJA I B BAND-PASS
Beam acts like a driven oscillator! L 2| FILTER
e
Using a network analyzer: -
100 W
CLASS A

» RF OUT is feed to the beam by a
kicker (reversed powered as a BPM)
» The position is measured at
one BPM
» Network analyzer: amplitude and
phase of the response
» Sweep time up to seconds
due to de-coherence time per band
» resolution in tune: up to 1074

Peter Forck, JUAS Archamps

KICKER

100 W

S

CLASS A
BEAM
POSITION
MONITOR
courtesy: F.Sannibale (LBNL)
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Tune Measurement: Result for BTF Measurement UaS

BTF measurement at the GSI synchrotron, recorded at the 25th harmonics.

A wide scan with both sidebands at A detailed scan for the lower sideband
h=25th-harmonics: — beam acts like a driven oscillator:
1.2 | T T T Ty
f "=(h—q)f f *=(h+q)f o 0 e | | | ]
— o L h ( q) 0 h ( q.) 0_ %:0 _50 | phase i
x Z._100 -
ﬁ [} _
.E. 08 | 2q-f0 . §_150 - } } I I T
) - '
"g 06 i ° 1.0 1 amplitude
2 04 - EO'B_ ho=25 |
'E.. H;. 0.6 lower sideband
g |
o 0” E 0.4
0.2 -
0.0 0.0 ] ] ]
25.8 26.0 26 2 26 4 25.92 25.94 25.96 25.98 26.00

frequency [MHz] frequency [MHz]

From the position of the sidebands g = 0.306 is determined. From the width
Af/f ~5-10* the tune spread can be calculated via Afy, = ap hfo[h q+ fQJ
IO n

Advantage: High resolution for tune and tune spread (also for de-bunched beams)
Disadvantage: Long sweep time (up to several seconds).
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Tune Measurement: Gentle Excitation with Wideband Noise uas

Instead of a sine wave, noise with adequate bandwidth can be applied

— beam picks out its resonance frequency: Example: Vertical tune within 4096 turn
duration = 15 ms

> broadband excitation with white noise cs| A 11— 300 v/ 0
N : at synchrotron 11 —» MeV/u in 0.7 s
of ~ 10 kHz bandwidth vertical tune versus time

» turn-by-turn position measurement by fast ADC
» Fourier transformation of the recorded data

> o A
= Continues monitoring with low disturbance g k.
vertical tune at fixed time = 15ms g e P
—_ * '_ I 5Qy ~0.02
3 © : :
= 5 e 2 | excitation
B B 0.25- == =i | noise band
£ @ £ v 5Q.~0.05
£ “w
oL | | £ ==
0.2 025 03 0.35 O 0.2 mes
vertical fractional tune g, > ===
Advantage: e o
Fast scan with good time resolution 0O 200 400 600 750
Disadvantage: Lower precision time [ms]
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Excurse: Example of Lattice Functions uas
The position of dipoles and quadrupoles Example: GSI SIS100 ion synchrotron
> give the linear lattice functions Length C[m] 1086
> at injection point D =0 is favored Energy Ey;, [GeV/u] 0.2 52
> chromatic correction with sextupoles,| TUne Qs h/v | 18.84/18.73
Definition of dispersion D(s): Max. ;I;_spersmn l;:/ [m] ; 1'/73
Max. f-function g, ,, [m] h/v 19.6 /19.6
XD(S) =D(s) 'AP/PO Natural chromaticity &, ,, h/v | -1.19/-1.20
Definition of chromaticity & per turn: Injected emittance &, , [mm mrad] | h/v 35 /15
AQ/QO = 5 ’ Ap/po Injected mom. spread Ap/p, [%] 0.05

0. < ——————— 1/6 of SIS100: Length 181 m 189089
| ———= Dispersion | |I|I| D,F Quadrupoles . Dipole
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[-Function Measurement from Bunch-by-Bunch BPM Data Uas

Excitation of coherent betatron oscillations: From the position deviation
x; at the BPM i and turn k the S-function f(s;) can be evaluated.

The position reading is: (X amplitude, g4 phase ati, Q tune, sy reference location)

Xik = % - €08(27QK + 1) = %o -/ (51 | B(Sp) - €08(272QK + 14

— a turn-by-turn position reading at many location (4 per unit of tune) is required.

The ratio of Sfunctions at different location:

i 2 1 I I I
IB(Si) _ (ﬁ} -oé ® b o ® ®
IB(SO) )A(O g.u pe A,LL ° s [ [
The phase advance is: O o — Ly
_ © _monitor at s,
Ap = 1 — Ho o
Without absolute calibration, S
S-function is more precise: . . . . . ! , .

Si ds 0 2 4 6 8 '10

A,UZ 30 % turn number k
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Phase Measurement from Bunch-by-Bunch BPM Data UaS

Excitation of coherent betatron oscillations: From the position deviation
X; at the BPM i and turn k the betatron phase is measured. Au(s,) = j'

0,3()

Example: Phase advance yfs) compared to the expected g,y(s) by optics calculation e.g. MADX

at each BPM at CERN’s at LEP (e* - e collider with 27 km, previously in LHC tunnel)

. IP8
mid-arc _ ' mid-arc

LAY

Result: From J. Borer et al, EPAC’92

Phase advance

» Model does not describes the reality completely, corrections required
» At interaction point IP (detector location) an additional phase shift is originated
» Alignment by correction dipoles (steerer), quadrupoles or sextupoles.
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Phase Measurement from Bunch-by-Bunch BPM Data

Excitation of coherent betatron oscillations: From the position deviation
X; at the BPM i and turn k the beta-function can be determlne%lu( 5.) = j‘

ds
0 f3(s)

for each BPM at BNL for RHIC (proton-proton or ions C|rcuIar colllder W|th 3.8 km Iength)

Example: Measured ffs) compared to the expected f,(s) and normalized

0.50 [ 7520 . —
040l ||| it Bluering  EoeeRIegn o
Result: 0.30 | u'a|“| ' lll, o
M4 = s Bl l i [
» Model does not describes < gfg_ﬁﬂ%'ﬁ ,‘ : e%w? i “Emm 1
) it teL  %e2e it ? n & ":"W
the reality completely N 0-00§g il ?‘gﬁw L s i ﬂgJ &fﬁ% |
, 0.10 & [[]HH1 Free=ssll) wqm%eﬂm SO
» Corrections executed . I]] -
> Increase of the luminosity — P10 iPiz P2 iPd
Baseline,rms=9.4% r—e— _|
Remark: ) Cc-rrected rms=3.9% n—e—:—c |
Measurement accuracy depends on < o 1.9 11k, “ﬁ AT L ]
Z o, q%?am i T I3 ]
» BPM accuracy Y %ﬁf ‘jﬁl 11' =ﬂ. Q’”m | "y
. . . |" .l il 9I| [ . 'I||'III'I-:E*J=I‘Q{:I :
» Numerical evaluation method 10T | * b w" { .““ éi«mﬁ? mﬁé * "
Seee.g. 0 500 1000 1500 2000 2500 3000 3500

Longitudinal location [M]

R. Tomas et al., Phys. Rev. Acc. Beams 20, 054801 (2017)

A. Wegscheider et al., Phys. Rev. Acc. Beams 20, 111002 (2017) From X. Shen et al,,

Phys. Rev. Acc. Beams 16, 111001 (2013)
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Dispersion Measurement from Closed Orbit Data uas

Dispersion D(s; ): Change of momentum p by detuned rf-cavity

— Position reading at one location x; = D(s;) - App:

— Result from plot of x; as a function of Ap/p => slope is local dispersion D(s;)
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From J. Wenninger: CAS on BD, CERN-2009-005 & J. Wenninger CERN-AB-2004-009
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Dispersion and Chromaticity Measurement uas

Dispersion D(s; ): Excitation of coherent betatron oscillations and

A
—> Position reading at one location: X; = D(Si) . —p

p

— Result from plot of x; as a function of Ap/p = slope is local dispersion Dfs; ).

change of momentum p by detuned rf-cavity:

Chromaticity §: Excitation of coherent betatron oscillations and
momentum shift Ap/p |%]

change of momentum p by detuned rf-cavity: 02 01 0 _01 -02

- Tune measurement | |
(kick-method, BTF, noise excitation): : =0
o 284
]
AQ _ Ap T 282
©
Q P g 280
Plot of AQ/Q as a function of Ap/p g 278
= slope is dispersion é. =1L | . | . | .

—150 —100 50 0 50 100 150
frequency shift Af [Hz]
Measurement at LEP
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Appendix GSI lon LINAC: Position and mean beam energy Measure

c
i@
(&

‘ BPM: Capacitive type, for position and time-of-flight

total 25 device

Transfer to

Synchrotron
2
,,
VEVVA All ions, high current, 5 ms@50 Hz, 36&108 MHZ0 SIS T»//@ﬁ@—-—.
,” Foil, Stripper
Mgels AL Alvarez DTL »
o (‘3 \RFQ ) .
114 MeViu 5OF :n 8
2.2 keV/u B =0.16
B = 0.0022 Constructed in the 70th, Upgrade 1999,
120 keVlu further upgrades in preparation
p=0.016 1.4 MeV/u <p = 0.054
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Appendix GSI lon Synchrotron: Position, tune etc. Measurement

=as K

<]

Juas

2\3
acceleration .t S amy Vs : "
> o™ BPM: position 1 ustos
N
12 devices
o 0 4/5
Important parameters of SIS-18 O BPM: for tune measurement
1 Ion (2) 1—-92(ptoU) 1 device
12 Circumference 216 m 69 Exciter: for tune excitation
Inj. type Multi-turn S_
injec- Injection energy 11 MeV/u { O Schottky pick-up:
N i Max. final energy ~ 2 GeV/u extrac- Ap/p, Q, € ....
Ion . . i
o Ramp duration 0.1 >1.5s tion 1 device
118 Acc. RF 0.8 - 5 MHz .
Harmonic 4 (= # bunches) 6\
7

. Bunching factor 0.4 — 0.08

) -h

2 N Tune Q, & Q, 4.3 & 3.3 1>

“ 4 2. ’\\

10 4
AN
oy s> gl
10 g
/g Q\8 L] i0m
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Appendix: Synchrotron Light F. ALBA: Position, tune etc. Measure uas

BTS: o
_ Qpp.g.gooooo.o.o .....
4BPM 7 5557 26,000 o -ob /' SEXC
A e =
&2 STORAGE RING: Ooq%
g i Tor8 BPM/cell O%%
¢ 9 % (120 BPMs in total) WK %
2l isec Ny
) LTB: o
SMES | 3BPM '8
by 50 ' o
@_ BOOSTER:
SEXC 7| 11 BPM/quadrant <7
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DXL 1sexe Sy
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rbb'O%C) e O ;
- 0%6"9 -ﬁ(‘}f.’.:::b OO O uO'O
| O'(50‘0000 ooo-o-OO‘O

From U. Iriso, ALBA
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Beam position:
Center of mass

»Many locations!

» Frequent operating tool

» For position stabilization
i.e. closed orbit feedback

Abbreviation:

Meas. Stripline > SMES
Exc. Stripline - SEXC
Button BPMs - BPM o
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Summary Pick-Ups for bunched Beams =

The electric field is monitored for bunched beams using rf-technologies
("frequency domain’). Beside transfromers they are the most often used instruments!
Differentiated or proportional signal: rf-bandwidth << beam parameters
Proton synchrotron: 1 to 100 MHz, mostly 1 MC2 — proportional shape
LINAC, e--synchrotron: 0.1 to 3 GHz, 50 Q2 — differentiated shape
Important quantity: transfer impedance Z(w, 6).
Types of capacitive pick-ups:
Shoe-box (p-synch.), button (p-LINAC, e—-LINAC and synch.)
Remark: Stripline BPM as traveling wave devices are frequently used
Position reading: difference signal of four pick-up plates (BPM):
» Non-intercepting reading of center-of-mass = online measurement and control
slow reading — closed orbit, fast bunch-by-bunch— trajectory
» Excitation of coherent betatron oscillations and response measurement
excitation by short kick, white noise or sine-wave (BTF)
— tune q, chromaticity &, dispersion D etc.
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Closed Orbit Feedback: Results UAS

Orbit feedback: Compensating variations of different kind, goal: Ax ~0.1 - o,
Synchrotron light source — spatial stability of light beam
Example from SLS-Synchrotron at Villigen, Swiss:

'g 51 Uncorrected orbit:

= Beam offset and

@ 0l oscillation

""é 51 here < 2>, =2.3 mm

=

path along synchrotron [betatron phase]

'g (:)'i—g Corrected orbit:
‘E’ ) - Beam
.."u:’ 0 L A L 0 S 2 T N TR O 22 dynamically corrected
; 0.2 - here <x2>__=1um!
= ;

T
20

ath along s nchro:cnron betatron-phase
P &5y [ phase] From M. Bége, PS|
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