Pick-Ups for bunched Beams

BN\ . T . W /O TRERSSE ™

Outline:

» 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 Oj

BN O W T . W 7 REEmmE ™
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, g-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

NV VVVVYV

. 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.

VV VYV
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Excurse: Time Domain <> Frequency Domain i
BN o M T . WOW 7

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

I I I I .
—100me|  INStrument:
/\ Oscilloscope
g — .60 ®O
- _Im(t) . ! 9?;‘3230
- 25
| | | | e v

«2 = a a l a
00 02 04 06 08 1.0 - -
time [us]

Fourier
Transformation:

~

f (@) = letgy

% [ (e

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

| | | | | | | | |
-_ ¢,=100 ns | Instrument:
TE I > 0,=1.6 MHz Spectrum Analyzer
(U .
O\
= | 1 g '
N IR . - 3 | % %
0 2 4 6 8 0 = » ol Qest BRI
frequency f [MHz]
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Fourier Transformation
of time domain data

Care: Contains amplitude
and phase
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Excurse: Properties of Fourier Transformation i
B\ 3 A\ . N — [ E!_ . 2.0 N
Fourier Transform.: T () =— I f(t)e"dt Inv. F.T.: f(t)=—— j f(w)e'"dw
tech. DFT(f) or FFT(f) —~0 tech. ]DFTO? V2

= a process can be described either with T (t) “time domain’ or f (w) “frequency domain’

—> tech.: DFT is discrete FT, FFT is a dedicated algorithm for fast calculation with 2" increments
1 —lawt : _ 1 lo(t-7)

Nors j f (t)e~'“!dt exists, than f (t) = — j j f(r)e dedz

~ - Im@z)PA #7
FTis complex: f (@) e C — tech. amplitude A(w) =| f (@) | and phase @ (
@
For f(t)eR = A(w) isevenand ¢(w) is odd function of @ Re(>z)

No loss of information: If f (@)=

~ 1 .
Similarity Law: For a=0 it is for f(at); |1/a|-f(w/a)=—= | f(at)e"dt
y (at) Jor __[
— the properties can be scaled to any frequency range; ‘shorter time signal have wider FT’
Differentiation Law: (i@)" - f () = r j f M (t)e"dt
— differentiation in time domain corresponds tg multlpllcatlon with 1@ in frequency domain
Convolution Law: For f(t) = f,(t) = f,(t) = J' f. () f,(t—7)dz

- f (w) = f, (o) f. ,(@) — convolutionbe expressed as multiplication of FT
SN
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Excurse: Properties of Fourier Trans. — technical Realization Oj
BN o "R S P O R

Convolution Law: For f (t) = f,(t) * f,(t) = j f,(r)- f,(t—7)dr
= f(0)=f,(0)f,(o)

— 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

Uin(t) out(t)
’X/
>

Engineering formulation for finite number of discrete samples:

Digital Fourier Transformation.: DFT(f)

Fast Fourier Transformation: FFT(f), special numerical algorithm for 2" samples
Transfer function H(w) and h(t) describe of electrical elements

Calculation with H(w) in frequency domain or

h(t) time domain — ‘Finite Impulse Response’ FIR filter or ‘Infinite Impulse Response’ IIR filter

GSN
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Pick-Ups for bunched Beams

The image current at the beam pipe is monitored on a high frequency basis

I.e. the ac-part given by the bunched beam.

I 1'111age(t)

L. (1) Beam Position Monitor BPM
equals Pick-Up PU

image charges

C O L O O G
N \ . beftm

C:@i? © 00O 6} For relativistic velocities,

£z
the electric field 1s transversal:

EL,Iab(t) =) EL,rest(t )

Most frequent used instrument!

beam pipe

»Signal treatment for capacitive pick-ups:
» Longitudinal bunch shape
» Overview of processing electronics for Beam Position Monitor (BPM)
» Measurements:

» Trajectory and closed orbit determination
» Tune and lattice function measurements (synchrotron only).
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Principle of Signal Generation of capacitive BPMs - *’.

The image current at the wall is 5 L
monitored on a high frequency basis 1

l.e. ac-part given by the bunched beam.

Animation by Rhodri Jones (CERN)
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Model for Signal Treatment of capacitive BPMs

B\ ialll. EVERE T oo N
The wall current is monltored by a plate or ring inserted in the beam pipe:

amp
o %
o |

U (1) cquiva lent circuit

__lf_ground ‘ A
h>\\ C Iim(T) ¢ Rl Ulﬂl(t)
Z Ibeam(t) _— [
+ + + + + :z>€_ -
- Vv
“— ground
: A: area of plate
The image current I at the plate is given by the beam current and geometry:
Iim(t) — inm(t) _ A _ deeam(t) A 1 dlbeam(t) A 1 ol beam(a))
dt 2mal dt - 27ma ,Bc dt 278 ﬂc
Using a relation for Fourier transformation: 1, = I, =dl,,, /dt = -iwl,,,, .
GSN
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Transfer Impedance for a capacitive BPM i

BN\ . T . W /O TRERSSE ™

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,

n frequency domain: Uim(w) =R - I,-m(w) = Zt(w, ﬂ) . Ibeam(w)'

Capacitive BPM: equivalent circuit
» The pick-up capacitance C: A
plate < vacuum-pipe and (.:able. L (1) C R U ()
> The amplifier with input resistor R. @ — [] im
» The beam is a high-impedance current source:
R
Uim = - ) Iim Y
1+10RC _ “— ground
:iii |oRC o l_14,.e7=_2F
27a fc C l+ieRC °®" Z R T T+iwRC

= Zt(a)ug) ) Ibeam
This 1s a high-pass characteristic with o= I/RC:

A 1 1 ol o
P— > CUtZ Phase: (@) =arctan(w,,, / )
2ma ﬂC C \/14‘(0 | w cut T
Peter Forck, JUAS Archamps 9 Pick-Ups for bunched Beams
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Example of Transfer Impedance for Proton Synchrotron i
BN o LA TN L A [ i REReE TR

The high-pass characteristic for typical ynchrotron BPM

5100
|m(w) Zt(w) Ly (@) 75 |
s 50
zp AL L oloy 2% -
t "
27a IBC C \/1+ G)Z/Cf)zcut = 10" =
@ =arctan(a,,, / ) 5 10° g
Parameter for shoe-box BPM: E* 10" <
C=100pF, I=10cm, #=50% . 102
ot E
fcut= w/27t=(27TRC)-1 Eﬁ . impedance 1 MQ
for R=50 Q) :)fcutz 32 MHz E 10 i low impedance 50 () E
for R=1 MQ = f,.,~ 1.6 kHz 107t L T A T I

10°10° 10" 10° 10" 10° 10° 10
. o frequency f [MHz]
Large signal strength — high impedance

Smooth signal transmission — 50

SN
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Signal Shape for capacitive BPMs: differentiated < proportional @

B\ LA T . W 7 PREERSSE ™
Depending on the frequency range and termination the signal looks different:

> High frequen?y range o >> g 11 A

Z, oc w_ Sy1=U (H)=——- - t
1+iolw m (1) C fc 2na sear (1)

cut
= direct image of the bunch. Signal strength Z, o A/C i.e. nearly independent on length

> Low frequency range o << .

Zoow 1% i Oy ty=R— P gl ) =R Glben
1+iw/ o, W, pc-2ma pc-2za dt

= derivative of bunch, single strength Z, «c A, 1.e. (nearly) independent on C
» Intermediate frequency range o ~ o, Calculation using Fourier transformation

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

derivative intermediate proportional
| | | | | | | | |
FRN o
¢ o=100ns ¢/ a=10ns N, o=Ins —
/f\_ v / \ / Ibeam(t)
A\ AN /
e ! \\ b - e i b - = X, =
o I \"-. T \ _____,.---'_'_ —— U |m (t)
beam \Alﬂ
—U,
| im | | | | | | | | | |

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

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
| | | | | \ | | |
,° \\ ag=100ns ,’\\ g=10ns g=1ns
\ / \
— / AN \ N
— // S //\ N X
55 \/
- T Ibeam(t) %10
_|Uim(|t) | L | | L

0.0 02 04 06 08 1.0 20 40 60 80 100 R 4 6 8 10
time [us] time [ns] time [ns]

2. FFT of Iy, ,,,.(¢) leads to the frequency domain Gaussian I, (f) with af:(27m't)'1

TN —U,,(0) 1 U0 1
I PR . L | L )

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

3. Multiplication with Z,f) with f. =32 MHz leads to U;,,(f) =Z ()L}, ()
4. Inverse FFT leads to U;, (1)
SN
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Calculation of Signal Shape: Bunch Train i
Example for low energy proton synchr.: Train of bunches with R=1 MQ = f>> 1.
7 T T T 40 T T T T T T T
— 14 + i
E °T | % 30 + - 12 . — — — single bunch
HE 5 -4 - = I bunch train
. F o0 | | o i
24T 1 s 88 l1| |\ |
v 3 | i s 7 | \
5 ° 10 . 5 6 i
o > = I \
o 2 1S S 4 M A 7
o & 0 t .
3 - - ‘® _
: 0ooooooy <] |y
0 | | | _10 2I | | 0 W AT

o
o

4 6 4 6 8 0 2 4 6
time [us] time [us] frequency [MHz]

Calculation:l beam(t)i) Ibeam(a)) — Uim (C()) — Ztot(w) ) Ibeam(a)) vy >Uim (t)
Parameter: R=1 MQ = f ,=2kHz, Z;=5Q all buckets filled, no amp
C=100pF, [=10cm, f=50%, 0,100 ns = ¢;=15m
> Fourier spectrum is composed of lines separated by acceleration f ¢
» Envelope given by single bunch Fourier transformation

» Baseline shift due to ac-coupling
Remark: 1 MHz< f+ <10MHz = Bandwidth *<100MHz=10-f; for broadband observation

GSN
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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 Q = £, ..<<f.,;

7 T T I 2 I T 1.0 I T | T
[ | 6 | _ —
E = 08 L — — — single bunch |
.5 L i B 1t 1 & bunch train
g 8 5
— ) L -
4 + - + 0.6 -
- [ 5}
g 3 0 & T
B3 4 3 . / \
3 S g 0.4 \ N
3] & ! .
g2 1 Er 1 Al \
= ) 02 -/ N -
g 1} - @ / \
/
0 J Jkl l JJ\ ll { _o I 1 1 0.0 I\\l“-i-
0 2 4 6 8 0 2 4 6 8 0 2 4 6 8 10
time [us] time [us] frequency [MHz]

Parameter: R=50 Q = f ;=32 MHz, all buckets filled
C=100pF, /=10cm, f=50%, 6,100 ns = o;=15m
» Fourier spectrum is concentrated at acceleration harmonics
with single bunch spectrum as an envelope.
» Bandwidth up to typically 10*f

acc

SN
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Calculation of Signal Shape: Bunch Train with empty Buckets
B\ "W T maw S
Synchrotron during filling: Empty buckets, R=50 Q:

'? I I I E I I I lﬂ I I I I
E 6 T = ng — — — agingle bunch |
- 5 L 4 .E. 1 N g bunch train
i A :
o += 0.6
2 T 1 s, . g
¢ .l 1 27T -
: = b 0.4
U b 2
| 2 B n E'—l | — g-l
: B 02
a lr | ”
a JlllJLIJIL I J|l|.|lk1||l —3 L L ! 0.0

o]
e
o
o

4 = 4 4 8 8 14
time [pa] titne [rez] frequency [MHz]

Parameter: R=50 Q = f_ ;=32 MHz, 2 empty buckets

C=100pF, /=10cm, =50%, 6100 ns = o,=15m

» Fourier spectrum is more complex, harmonics are broader due to sidebands

SN
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B\

Effect of filters, here bandpass:
f T T T

-

Calculation of Signal Shape: Filtering of Harmonics

O
e

. T . W/ TRESSTE T

a T T T 1.0 T T T T
g 61 ] ';E'.| 08 F — — — single bun_ﬂh 4
- 5 L | T . E bunch train
i s :
— | B '|:' ﬁ D.E - —
s 4 o pfalal _ alalall 3
ki
E E E J4 ,"H .
2 1 0= 2 :
E Eu_l i 1 " 02 Ff " s
E 1 - W I.f .
a JlllJLIJIL 1 J|l|.|lk1||l _3 ] ] ] 0.0 oy L_::l.‘“w.__l 1
0 2 4 6 8 0 = 4 g a8 o = 4 8 14
time [pa] th time_l',u,s] frequency [MHz]
Parameter: R=50 Q, 4~ order Butterworth filter at f. ;=2 MHz

C=100pF, 1=10cm, =50%, =100 ns

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

Generally:

n" order Butterworth filter, math. simple, but not well suited:
(0! o,,)"
|H and |Hhigh|:

low

|=
1+ (0] o)™
- Hhigh H

\/1+ (o] w,)""
H

filter low

Ziot(®) = Heaple(w) °Hfilter(w) 'Hamp(a’) ()

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 i
BN o LM TR . W R

Proton LINAC, e™-LINAC&synchtrotron:

100 MHz < f s < 1 GHz typically
R=50 Q processing to reach bandwidth
C=5 pF = f 1 =1/(22RC)~ 700 MHz
Example: 36 MHz GSI ion LINAC

o
o

low energy 0. 12 MeV/u I

/\/\/\
A%

| I
|
higher energy 14 MeV/u

o
i~

voltage |V]
&b oo
[V I R AV

|
2«
=

l

V]
o
T

|
|

voltage

o o o
oo W
|

&\_—_
[~
—
|

|
=
o

0 20 40 80 80
time [ns]|

Proton synchtrotron:

1 MHz <f <30 MHz typically

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

time [us]
500 1 2 3 4 5
= 25+ begin acceleration.: 11 MeV
E o}
9 —25¢
8 50+
e —5¢
—-100 L - : .
0 50 100 150 200
synchrotron circumference [m]
time [us]

0 0.1 0.2 0.3 04 05 0.6 0.7 0.8
= 150 | end acceleration: 1000 MeV ]
g 100
° 50+
« 0or
=
S 50}

~100

0 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 Position Determination by a BPM

BN .S T W S TRESSE T
The difference voltage between plates gives the beam’s center-0f-mass
—most frequent application

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

U, —U beam pipe I |U
y _ 1 . up down +§y(w) — up
Sy(@) Uy +Ugoun pick up y from 4U = U, - Ugoun
| y
T Y beam____4 :

= . + y -
Sy U y w
1 U= Y It is at least:

X = : +0, (o
Sx(a)) Uright + UIeft X( ) I I L’Tdﬂwu AU <<2xU /10

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: S=[%/mm] and sometimes S=[dB/mm] or k=[mm].

SN
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The Artist 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 LINACSs 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

GSN
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2-dim Model for a Button BPM
RN O A~
‘Proximity effect’: larger signal for closer plate

Ideal 2-dim model: Cylindrical pipe — 1mage current density
via ‘image charge method’ for ‘pensile’ beam:

32 _ 2
Jlm (¢) — beam ) 2 2
2ma \ a®+r°—2ar-cos(¢—0)

al2
Image current: Integration of finite BPM size: |, =a- J‘ Jim (4)dg

1.0 T T T T T T 1.5 I l
aperture a=25 mm a=25mm,6=0%a=30°
— " 10 - — AU _."

- 08 r=2mm RS - o
-E ----- r=5mm ,:' '\i ----- AU/EU .
g ——-r=10mm |} 05 e log(Uright/Uleft)ﬁf"’ -
S08 [ ----- r=15mm ,' i - s
w \ i} L
5 [ 500 | .
o P/ N -,-tl—'ﬂ
-E 04 _ ;‘/ \‘\ 7 2
5 / \ 05 .
e
&
5 o

o AU =U ight—Ujett |

. right left
-15 -~ :
—20 —10 0 10 20
¢ |degree] real beam position [mm]
SN
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2-dim Model for a Button BPM O
BN O LM SR W [ a

Ideal 2-dim model: Non-linear behavior and hor-vert coupling:
Sensitivity: x=1/S-AU/ZU with S [%/mm] or [dB/mm]
For this example: center part S=7.4%/mm < k=1/S=14mm

- ‘ . . J
Horizontal plane: POSll‘lon Map'.
T T T T
1.0  a=25mm, a=30° - zobutton __________________________ AU S S—
: :ooomooomooomooo: :
9=0° iooogoooc}oooq)oooi
05 F m_-9=mw : iooo¢oga?pqo¢oooi :
. 10N }ﬂ@ﬁﬂ@@e@s%&ﬁ@&@+wmm+m
i iooowbqowoodwoooi :
D ___9=mw : 5000§Q®©©©00§0005
W = ; iooqmo@eme@cmpooi |
~ . 7 g OF-iffdoamrdia s w-d2- - gede0-Goo b o
D - iood®O®e®@©0®booi |
<] ioo&éoe@©©eoéooo§

iooo@,o’do(bob’o.@oooi

ooooo

oooc)ob’o'm'o’éocpoooi | ..
T o el position
. . . | 20 """"""" T o ___! """ T "'"m'e'asured POSI.
—20 —-10 o . 10 20 30 20 0 0 10 20 30
real beam position [mm] x [mm]
_ 1 AU : .
The measurement of U delivers: X= S_ su here S, = S, (X, y) i.e. non-linear.

GSN
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Button BPM Realization - \’.
—-wl N\

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

- N-CONNECTOR

Button BPM with 50 Q = |y (
m

FLANGE

Example: LHC-type inside cryc
24 mm, half aperture =25 m
= f..~400 MHz, Z,= 1.3 Q ab

cut

From C. Boccard (Cl
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Button BPM at Synchrotron Light Sources | %

u — BT \ /.'J
0
The button BPM can be rotated by 45 Example: Booster of ALS, Berkeley

to avoid exposure by synchrotron light:

Frequently used at boosters for light sources

. button

SR

1 . (Ul +U4)_(U2 +U3)
U, +U,+U,+U,
1 ) (U1+U2)_(U3+U4)

vertical:  y=—
S U,+U,+U,+U,

horizontal : x =

GSN
Peter Forck, JUAS Archamps 24 Pick-Ups for bunched Beams



Button BPM at Synchrotron Light Sources - “ﬁ
BN A . L \
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)-U;+Us)
S, U;+U,+Us;+U,

1 (Up+Uy)-(Uz+Uy)
U,+U,+U;+U,

GSN
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horizontal : x =

vertical: y =

PEP-realization




Simulations for Button BPM at Synchrotron Light Sour'ces @

BN\

Example: Simulation for ALBA light source for 72 x 28 mm? chamber

Optlmlzatlon horlzontal dlstance and size of buttons

201 button 2 button 1
I i -
E
£0 '
> 1 mm steps
10}
L I
20} . _ button 3 buttqn 4 . |
30 20 -10 0 10 20 30
posmon X [mm]
20 button 2 button 1
I
10t :
€
£0
>
10} |
S
20+ button 3 button 4
-30 -20 -10 0 10 20 30

position x [mm]

| —— Y= 20 mm
—— y =10 mm
T y= 0mm
S,(center) = 7.8 %/mm
for |x|< 5mm & y=0mm |
S,(center) = 7.2 %/mm
for ly|< 5mm & x=0mm
-20 -10 0 10 20
real beam position x [mm]
18 m

button 1

button 2 ii @

\\\\ d7mm

button 4 V_7

button 3

Result: non-linearity and Xy-coupling occur in dependence of button size and position

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

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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Shoe-box BPM for Proton Synchrotrons ?

BN S T . W RSN TS
Frequency range: 1 MHz < f ¢ < 10 MHz = bunch-length >> BPM length.

Signal 1s proportional to actual plate length: | beam Size: 200x70 mm?
ligne = (@+X)-tana, | =(a— X) tana horizontal
| -] vertica
Iright + IIeft _l>_
In ideal case: linear reading 1.
X_a.Uright_UIeft _ AU ; ;
Urlght +U Ieft ZU - a beam
: i g | ¢ Forly=20) guard rings on
W Hor.(y=0) sround potential
A Hor (y=+20)

W Ver.

y=

= 2‘” Shoe-box BPM:;
g O Ver.(y=

(

0 Ver.y- +2“) Advantage: Very linear, low frequency dependence

AU/SU

1.e. position sensitivity §' is constant

= — & = . . .
SRR ARER AR Disadvantage: Large size, complex mechanics

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

high capacitance
SN
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Technical Realization of a Shoe-Box BPM O.

B\ S T W /RSN T
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.

GSN
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Technical Realization of a Shoe-Box BPM i
BN A T L e J
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.

/IR 1ght
: channel

SN
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Comparison Shoe-Box and Button BPM i
BN\ S T W /RSN ™
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 1 to 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 (C=30...100pF) | 0.3... 1 GHz (C=2...10pF)
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,
f.r< 10 MHz frf> 100 MHz

horizontal

guard rings on
ground potential

Peter Forck, JUAS Archamps




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

GSN
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General: Noise Consideration i
B\ ‘ WL T . W 7 RS ™
1. Signal voltage givenby: U, (f)=Z.(f)-1,..(f)
2. Position information from voltage difference: X =1/S-AU />U

3. Thermal noise voltage given by: U (R,Af)= \/4k5 T -R-Af

—> Signal-to-noise AU /Uggs Is influenced by:  Example: GSI-LINAC with f,~36 MHz

— 150 I I I I I I
> Input signal amplitude E L §
— large or matched Z, b 1% LV | | | | | L]

1] 20 40 80 a[4] 100 120 140

» Thermal noise at R=50 Q for 7=300 K time [ns]
I I I I

(for shoe box R=1kQ ...1 MQ) 12 - FFT of bunch signal A
> Bandwidth Af o o %31 8 MHz bandwidth i
o L af, 5t 8f, |

= Restriction of frequency width
because the power is concentrated
on the harmonics of f;

amplitude [arb.u.]
e o
B o
T
l

.
C_

0.0

0 104 =0 200 400 500
frequency [MHz

Remark: Additional contribution by non-perfect electronics typically a factor

Moreover, pick-up by electro-magnetic interference can contribute = good shielding required

SN
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Comparison: Filtered Signal < Single Turn “t
w . TN . maw S/
Example: GSI Synchr.: U73+, Ein/‘:H'S MeV/u— 250 MeV/u within 0.5 s, 10” ions

1000 turn average for closed orbit

Variation < 10 pm (sufficient for application) -
0 1 2 3 4
turn *10°
Single turn e.g. for tune
Variation =~ 150 pm
0 1 2 3 4

turn *10°

1 » Position resolution < 30 pm

(BPM half aperture a=90 mm)

1 » average over 1000 turns

corresponding to ~1 ms
or ~1 kHz bandwidth

» Turn-by-turn data have
much larger variation

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

Peter Forck, JUAS Archamps 34
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Broadband Signal Processing i
amp./att. lowpass ADC
Broadband processing ,\ x| diff or left

amiv

ZWOOA

"X, | sum or right

_____ N X
Pani

amp./att. trigger

£33
oees.
Telelel
[ SeSes
e
sesese.
e

beam

» Hybrid or transformer close to beam pipe for analog AU & XU generation OF Uq & Uright
» 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

SN
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Narrowband Processing for improved Signal-to-Noise

BN\ . T . moaow S
. acc. frequency + offset
Narrowband processing synchronous
band pass detector ADC
I\amp att. g ALO 3 loft
7 ﬁ
L~ F |0

mixer

e B >—=

IF
beam %mp., all. 10

ﬂ right

trigger

s

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

» Mixing with accelerating frequency f,,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/2U

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 f,,f leads via mixing to constant intermediate freq.
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Peter Forck, JUAS Archamps 36 Pick-Ups for bunched Beams



@,

Mixer and Synchronous Detector i
B\ o WL T L W 7 RS TR
Mixer: A passive rf device with

> Input RF (radio frequency): Signal of investigation Agp(t) = Ajp COS iyt
> Input LO (local oscillator): Fixed frequency A 5(t) = A o COS o ot

» Output IF Sintermediate frequency)
Ar (t) = Agp - A o COS aRpt - COS @ ot

= Are - Ao [COS(CORF — o)t +Cos(awrpg + a)LO)t]

— Multiplication of both input signals, containing the sum and difference frequency.

Synchronous detector: A phase sensitive rectifier
Input Output

V(1+a cos,t) cos®@t @ /\\ I @ Low-pass a(1+a COS(DM;)

< R Filter ©
A T
Limiting

Amplifier

GSN
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Analog versus Digital Signal Processing T
BN\ VLR TN L W 7 REeSSE TN

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

| —> - i : —
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 FPGA

Advantage of DSP: Versatile operation, flexible adoption without hardware modification

Disadvantage of DSP: non, good engineering skill requires for development, expensive

SN
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Trendsetting technology
for future demands

Comparison of BPM Readout Electronics (simplified) i
A\ ' .S T mOT /T REET T
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
Processing ADC 125 MS/s | High resolution by ADC — undersampling

complex and expensive

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
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

GSH
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Trajectory Measurement with BPMs g
BN\ . TN . maw S B o
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 | |_|]
Bviews| R [m/ 2] Q=] T E More | A4S

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

10 -0.336 / RMS = 2.868 / Dp = -0.37 ; H : :
. ; ; h orizo ntal ﬁ ;

&

=Y ! |
(Bl H :

< : ‘ : ,
_10 | TLAS [Chis] DUMP-52]

0 100 200 200 400 500
Monitor H
FT - P450.12 GeV/c - Fill # 830 INJPROT - 10/09/08 15-01-58 - ) : ? : A
1 ~vertical ,

— { ]

=

=0 | ’
e i :

_>1‘0 | ] | (& iz
0 100 200 300 400 500
Monitor number (530 BPMs on 27 km)
From R. Jones (CERN)
GSH
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Close Orbit Measurement with BPMs
WM T . mow ;o

BX

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: GSl-synchrotron at two BPM locations, 1000 turn average during acceleration:

F_|Ie |_|ew D_ptlons £Il-d Made  Help
rTime & Date & Info Wirt. Acc ~Timing Settings -Amplifler Settl
|2z3. Mov 2012 15:0752 [|11 I Select: Start Evant: rg start| Start Delay: 20 e Galn (GUDA0dE
117323200238 U THHAD Wt A, 1 Stop Event: | Flatton| Stap Dalay: 0 5| || o 10 ADO0 ,,,'!h Caln (devlzal 40dE
rOperatien Controls = Systemn Status
Int Start | Stop ] | Reset System | i?;r;;?::: Aptlvioy: Measurement running gl:IuS: o
Closed Orbit Trending
. Bin Siza [bunches]:| 1000 Paint in Time: | e tris rrvane: (6] a¥araging O Bin Size [punches]; 1000 &
- 1
6 horizontal A
E E 5 W‘_‘“‘_‘“W—’*L
£, £
s 0 ~ = 0 | horizontal position at 2 BPMs
= E ] o
o -
8-6 long sy g o T
- B s 4/01g S 810 x"'“/ timet=0...600 ms
-12 ‘.f_.—“'.‘_‘f’qy_ ‘‘‘‘‘ gj- -&F?i-tr ‘ ” 0 10 200 =0 400 =00 500
.|m¢n,|tr . Thme [ms] .
BPH: | G5030% |~ i T T
— 4 vertical position at 2 BBM&"
40 [y |
] i £ M e
. signal strength ’ £ 2 R
E 26 [l *
= s 0 time t=0... 600
timet=0..600ms & . imet=0... s
= 32-( .g
30+ S ) H—-—H—___.a—-.__\
26 , -&] ! ! ! ! !
0 100 20 300 40 500 00 o 100 0 am 500 10
Time [ms] Thnea [m£]
ENT 2L
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 & stabilzation

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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Tune Measurement: General Considerations Q
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

Signal generator | Acquistion
Graphics by R. Singh, GSI [
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Tune Measurement: General Considerations i
The tune Q is the number of betatron oscillations per turn.

The betatron frequency is fﬂ = Qf,.
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=nzq.
Moreover, only 0 < g < 0.5 is the unique result.

Example: Tune measurement for six turns with the three lowest frequency fits:
q =023 123 0.77

To distinguish
forg<0.50rqg>0.5:

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

displacement

SN
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Tune Measurement: The Kick-Method in Time Domain

B\

The beam 1s excited to

coherent betatron oscillation

— the beam position measured
each revolution (’turn-by-turn’)

— Fourier Trans. gives the non-integer tune g.

Short kick compared to revolution.
kicker

- -

un—destored .-°~
orbit

phase u

v beam excited to
. coherent oscillations
‘

-
-----

The de-coherence time limits the resolution:

N non-zero samples

= General limit of discrete FFT:  Aq > i

2N

displacement [arb.u.]

FF'T amplitude [arb.u.]

O
<

—

1.0

o
)
T
|

o
o
T

|
o
(9]

|

!

I
=
o

100
turns

150 200

—
o

o
@

o
o
T
|

o
o~
T
]

o{m
j

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

N = 200 turn = 4q > 0.003 as resolution
(tune spreads are typically 4g ~ 0.001!)

Peter Forck, JUAS Archamps
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Tune Measurement: De-Coherence Time i

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 |

JA //A\\ //A\\ //A\\\ /A\\\ RN/ IMA\I}N\II

center—of—mass [ ' ' '
\/ \V \/ (VARVERS

> 4 6 8 10
turns or time

displacement

o

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 =

B\ A~ U (N

Instead of one kick, the beam can be excited by a sweep of a sine wave, called ‘chirp’
— Beam Transfer Function (BTF) Measurement T

as the velocity response to a kick T AMPLITUDH NETWORK

ANALYZER

Prinziple: PHASE | FPAIPA

Beam acts like a driven oscillator! LEIA tg%s

Using a network analyzer: pe— =

> RF OUT is feed to the beam by a S

KICKER

kicker (reversed powered as a BPM) %
» The position is measured at g
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

A
2

BEAM
POSITION
MONITOR
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Tune Measurement: Result for BTF Measurement i
B\ " .S T Wy / TRREESE ™
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=25%-harmonics: — beam acts like a driven oscillator:
1.2 T T T T o
f ~=(h—q)f f *=(h+q)f © 0 [ ' ' ' i
10 . ( q) ° . ( q) 0_ & —50 F phase -
~ Z_100 | R
5 08 4 % —150 _
L 29t I g | | | | f
o . '
o %[ i 1.0 r amplitude
3 53’ 0.8 b o5 .
-~ 04 — = -
'S_' h =25 :;" 06 lower sideband
g 02 | hf - B 04 T
0.2 -
0.0 L—d ! 0.0 | ] ]
25.8 26.0 26.2 26.4 26.6 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 Af; = nA—;)-hfo(h —q +£Q
n

Advantage: High resolution for tune and tune spread (also for de-bunched beams)

Disadvantage: Long sweep time (up to several seconds).

GSN
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Tune Measurement: Gentle Excitation with Wideband Noise ?

BN S T . W RSN TS
Instead of a sine wave, noise with adequate bandwidth can be applied

— beam picks out its resonance frequency: Example: Vertical tune within 4096 turn
»broadband excitation with white noise duration = 15 ms

N - at GSI synchrotron 11 — 300 MeV/uin 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

>
= Continues monitoring with low disturbance 5 -
vertical tune at fixed time = 15ms S 03—
2 _
% S excitation
= = 0.25- noise band
=l S ¥ .5Q.~0.05
e L o
(4] — |
0.2 0.25 0.3 0.35 S 0.2-1
vertical fractional tune g >
Advantage: S el
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

41
B\ . T . mow S
The position of dipoles and quadrupoles Example: GSI SIS100 ion synchrotron
» give the linear lattice functions Length [m] 1086
> at injection point D = 0 is favored Energy [GeV] 022
» chromatic correction with sextupoles, Tune h/iv | 18.84/18.73
o _ _ Max. dispersion |D| [m] 1.73
Definition of dispersion D(s): Max. g—function [m] v | 10.6/196
Xp(S) = D(s) -4p/pg Natural chromaticity & hiv | -1.19/-1.20
Definition of chromaticity & per turn: Injected emittance & [mm mrad] | h/v 35/15

A4Q/Q, = & -Ap/p, Injected Ap/p, [%] 0.05

L Lo o kbl ol

80

=
E,
< |
E —
IE = O e T e T T ———
FEm . mn. EE  Em
> _____ 1/60f SIS100: Length 181 m 180600.
|____"— Dispersion | |I|I| D.F Quadrupo|es . Dlp0|e
E5SN
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f-Function Measurement from Bunch-by-Bunch BPM Data Oi
BN\ WL TR L O [ RSl T

Excitation of coherent betatron oscillations: From the position deviation
X;)c at the BPM 1 and turn k the g-function f(s;) can be evaluated.

The position reading is: (X; amplitude, z4 phaseat i, Q tune, s, reference location)
Xik = %; +08(27Qk + 4 ) = %o - B(5i)/ B(S0) - c08(22Qk + 1)

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

The ratio of g-functions at different location:

X 2 ] ] I |
IB(Si) _ (ﬁ] -E o e ® ® ®
IB(SO) )A(O gu ® AM ° P ° o
The phase advance is: O <> 000
A= g — o _monitor at s,
H=H —H %
Without absolute calibration, @
p-function is more precise: , . . . . . . : .
Sids 0 2 4 6 8 10
= — turn number k

S0 5(s)

Peter Forck, JUAS Archamps 51 Pick-Ups for bunched Beams



@,

Dispersion and Chromaticity Measurement i
BN LW T . W 7 RS TN

Dispersion D(s; ): Excitation of coherent betatron oscillations and
change of momentum p by detuned rf-cavity: Ap

— Position reading at one location: X; = D(Si) i

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

Chromaticity &: EXcitation of coherent betatron oscillations and

change of momentum p by detuned rf-cavity: mo?:n?f“ Sélift_of\f/lz ;%J
— Tune measurement | ' ' w |

(kick-method, BTF, noise excitation):

AQ _ . Ap
Q p

Plot of 4Q/Q as a function of Ap/p

¢ .286

=284

282

.280

278

fractional tune q

.76

= slope is dispersion &. oy
—150 —100 50 0 50 100 150

frequency shift Af [Hz]

Measurement at LEP T
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Summary Pick-Ups for bunched Beams Q

“h
B\ r 4 . T L Y/ RS s

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 MQ — proportional shape
LINAC, e—-synchrotron: 0.1 to 3 GHz, 50 QQ — differentiated shape
Important quantity: transfer impedance Zy(w, p).
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 g, chromaticity &, dispersion D etc.

GSN
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Appendix GSI Ion LINAC: Position and mean beam energy Meas.

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

total 25 device

Transfer to
Synchrotron

All ions, high current, 5 ms@50 Hz, 36&108 MHZ0 SIS T/ff/—!.

MEVVA
s
50 | Foil, Stripper
'V'%C'S T e Alvarez DTL '
PIG \ @
11.4 MeV/u t‘ N 9
2.2 keV/u p=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 Ion Synchrotron: Position, tune ect. Measurement :j
m A\ - 5 — (W TSN T
: = 3/
s B - 15 . -
accels;alon 3 O ‘ BPM: position 1 psto s
N 4 .
g >, 4. 12 devices
Important parameters of SIS-18 O BPM: for tune measurement
1 Ion (Z) 1 — 92 (ptoU) 1 device
12 Circumference 216 m Exciter: for tune excitation
) Inj. type Multi-turn
iniec- Injection energy 11 MeV/u { O Schottky pick-up:
tién Max. final energy ~ 2 GeV/u extrac- Aplp, Q, € ....
ok Ramp duration 0.1 >1.5s tion 1 device
11 % Acc. RF 0.8 » 5 MHz L

Harmonic 4 (= # bunches) i
. Bunching factor 0.4 — 0.08 f
. ah
R Tune Q, & Q, 4.3 & 3.3 :'
1116 A

10 O
AN
; £ gy e =
10 5 m
/9 q\8 h:-:‘:-::;O SN

Peter Forck, JUAS Archamps

Pick-Ups for bunched Beams



Appendix: Synchr'o‘l'r'on Light F.ALBA: “Position, tune ec1' Meas. 9

L, BIS: /,;:‘\\‘ M--‘G‘i‘h‘l‘.’“l; T Beam position:
4BPM /5% e0-.e. q"\../'SEXC

Center of mass

»Many locations!

» Frequent operating tool

»For position stabilization
I.e. closed otbit feedback

11
STORAGE RING:
7 or 8 BPM/cell

(120 BPMs in total)
1 SEXC

&a! BOOSTER:
SEXC % 11 BPM/quadrant
39| (44 BPMs in total)
~ g6\ 1SMES o
& 1 SEXC Abbreviation:

Meas. Stripline > SMES
Exc. Stripline - SEXC
Button BPMs - BPM o

From U. Itiso, ALBA
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