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Beam Instrumentation

Basic CAS 2021 — Video course



Introduction

The “eyes” of the machine operators
 i.e. the instruments that observe beam behaviour
» “An accelerator can never be better than the instruments measuring its performance!”

Design, construction & operation of instruments to observe particle beams
R&D to find new or improve existing techniques to fulfill new requirements

A combination of the following disciplines
» Applied & Accelerator Physics; Mechanical, Electronic & Software Engineering

Beam Position
Beam Intensity (& lifetime measurement for a storage ring/collider)
Beam Loss

Beam profiles



More Measurements

o0 QF QD Characteristic Frequency

oF QF . .
A&TM% of the Magnetic Lattice
sb Sk SD

SF SF

Spread in the Machine
Tune due to Particle
Energy Spread

Optics Analogy: Lens

Focal length is
Achromatic incident light energy dependent
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* Luminosity Measurements
(dedicated arrangements close to the IP)

 Direct Emittance Measurements

(simultaneous measurement of size and
divergence)

 Particle identification, Time of flight...
(relevant for secondary beam lines)
» Synchronization,

beam arrival time monitors
...this needs a full course on its own



....In general...

* In every instrument we
- intercept information of the particle beam
- convert it to an electrical signal
- digitize it and transmit it to the control room
- display it, use it for the computation of corrections,
use it in real-time feedback loops...
- store it for further analysis

* What can we intercept?
- the beam particles themselves
(typical: beam screen, beam loss monitors...)
- the electromagnetic field of the beam
(most instruments, important: beam position monitors)
- light emitted by the beam
(typical: transverse and longitudinal profiles)



Accuracy, Precision, Resolution

Very often confused in day-to-day language

e Accuracy:= also called trueness of measurement

e Precision:= how well can | reproduce my measurements

Resolution:= smallest possible difference in successive measurements

Accurate Inaccurate
{systematic error)

Precise

Improved

Precision

Improved
Accuracy True

PDF
PDF

Imprecise
(reproducibility error)

Xy n t
Value Value

Ex: BPM: Mechanical and electrical offsets, gain factors influence the

accuracy, various noise sources or timing jitter influence the precision, ADC
resolution can limit the resolution.



The Typical Instruments

— beam current transformers

— electrostatic or electromagnetic pick-ups and related electronics

— secondary emission grids and screens

— Wwire scanners

— synchrotron light monitors

— lonization and luminescence monitors

— femtosecond diagnostics for ultra short bunches

— lonization chambers or pin diodes



The Typical Instruments

— beam current transformers



taken from w.Herr's lecture (Monday)







AC (Fast) Current Transformers

amorphous alloy
Vitrovac: p,= 10°




AC (Fast) Current Transformers







AC (Fast) Transformer Response

— Impedance of secondary winding decreases at low frequency
— Results in signal droop and baseline shift
— Mitigated by baseline restoration techniques (analogue or digital)




SPS Bunch to Bunch Position Measurement Interface - FSTBCT-06092002-PROTON2-0ms—-MTGH#1.txt

ZO0OMIN:Pick first point

Acquisition Time

1
First PBunch | =¥ = 06/09/02 17:07:19
First Bwmch Bunch Intensit
-3.6 | 746

72
Number of Bunches i1 =

Mawber of bwmches

____0.04]

Number of Turns

gtart Acquisition
start Repeat Btop Repeab

Dataviewer Control:

X r ‘“
L] . A . I|”| “h"“lmm.
kS B e 1 i et L T —————————
o i o o i
s 3 S

Trace I on Dataviewver b I @ DO RIS pa) 3 Y D3R Do
S IQCERIIES S B e me s

2

T D=

Trace 2 on Dataviever
4 : Cu 47.8789 -0.1241




The Typical Instruments

— electrostatic or electromagnetic pick-ups and related electronics
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Principle of Beam Position Monitors
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* To make It iIndependent of intensity
* 3 main methods:




Modern BPM Read-out Electronics

— Use of frequency domain signal processing technigues
» Developed for telecommunications market

— Rely on high frequency & high resolution analogue to digital converters
« Minimising analogue circuitry
» Frequency down-conversion used if necessary to adapt to ADC sampling rate
« All further processing carried out in the subsequent digital electronics

QDP NEEEmEN |

CLK &
Tlmlng
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Beam Threading

— One beam at a time, one hour per beam.

— Collimators were used to intercept the beam (1 bunch, 2 x 10° protons)

— Beam through 1 sector (1/8 ring)
 correct trajectory, open collimator and move on.

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

Al

AJ
2 EXPERIMENT
http://atlas.ch

L !
A L N S i

first t;eam event seen in ATLAS




Kind of boring: orbit corrections....but:

Beam physics data derived from BPM rawdata:

Examples:
orbit difference for different beam momenta—->

Orbit difference for different beam
Intensities -2

Turn by turn trajectory on each BPM; beam
forced on constant oscillation -



The Typical Instruments

— secondary emission grids and screens

— Wwire scanners

— synchrotron light monitors

— lonization and luminescence monitors

— femtosecond diagnostics for ultra short bunches



Beam Profile Monitoring using Screens

— Luminescence / Scintillating Screens
 Destructive (thick) but work with low intensities

— Optical Transition Radiation (OTR) screens
* Much less destructive (thin) but require higher energy / intensity beam

— Radiation emitted when a
charged particle goes through
an interface with different
dielectric constants

— Surface phenomenon allows use
of very thin screens (~10um)

 Can use multiple screens with
single pass in transfer lines

« Can leave it in for hundreds of
turns e.g. for injection matching




Screen mechanism

7

« Screen with graticule

The CERN Accelerator School
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Results from TV Frame grabber
The CERN Accelerator School

BTV - LHC.USER.ALL

File Tools
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* For further evaluation the video
signal is digitized, read-out and
treated by program

U. Raich, CERN School of Accelerators, Chavannes 32
2013/14



Beam Profile Monitoring using Wire-Scanners

Vacuum tube




Wire scanner profile

The CERN Accelerator School
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* Wire Breakage — why?

« Temperature evolution depends on

« Wire Choice




Synchrotron Light Monitors

?\T!.

—_

— Emitted from a moving charge bent in a magnetic field

— The main “raison d’'étre” for light sources

— Also a very useful, non-invasive, powerful diagnostic tool
— Can even be observed with protons & lead ions in the LHC



* Proton Beam Example

o Limitations

Profile
Fit
Horizontal profile

Vertical profile

Traces

FEC fit




Measuring Ultra Short Bunches

— Use ultra short bunches to

Increase brightness or
Improve luminosity

— Direct Observation
* Produce light & observe with dedicated instruments
« Use of RF techniques
« Use laser pulses and sampling techniques

— Indirect Calculation

« Reconstruct bunch length from frequency spectrum
— Either directly from the bunch or through its radiation spectrum
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» RF Deflection

A

E. Ferrari
/ (FERMI@Elettra




The Typical Instruments

— lonization chambers or pin diodes



The Typical Instruments

— lonization chambers or pin diodes



Beam Loss Detectors

— Protect the machine from damage
— Dump the beam to avoid magnet quenches (for SC magnets)
— Diagnostic tool to improve the performance of the accelerator

Beam 7 TeV 2 X 362 MJ Quench level ~ 1mJ/cm?3

2011 Beam 3.5 TeV  above 2 x 100 MJ Damage level ~ 1 Jlcm3

— June 2008
— 2 MJ beam lost at 400GeV




Beam Loss Detectors

— Long ionisation chamber (charge detection)
» Up to several km of gas filled hollow coaxial cables

» Position sensitivity achieved by comparing direct & reflected pulse
— e.g. SLAC — 8m position resolution (30ns) over 3.5km cable length

« Dynamic range of up to 104

— Fibre optic monitors
 Electrical signals replaced by light produced through Cerenkov effect




Visualisation of ion chamber operation

lon Current
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radiation
particle
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Beam Loss Detectors

— PIN photodiode (solid state ionisation chamber)

Detect coincidence of ionising particle crossing photodiodes

Count rate proportional to beam loss with speed limited by integration time
Can distinguish between X-rays & ionising particles

Dynamic range of up to 10° —

Photon

100 microns
depletion layer

n-Si




Loss profile

< |lonization
Chambers

Zoom x100

Bunch trains
8 bunches . -8 bunches 8 bunches




The Typical Instruments



&Nl Measurement of Q (betatron tune)

~”

o)) QF QD

QF H QF Characteristic Frequency
- _
“U of the Magnet Lattice
S Produced by the strength of the

SF SIF Quadrupole magnets

* Q — the eigenfrequency of betatron oscillations in a
circular machine

— One of the key parameters of machine operation

« Many measurement methods available:
— different beam excitations
— different observations of resulting beam oscillation
— different data treatment



dee, Amplitude modulation

The CERN Accelerator School

Carmier Signal
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Basic CAS 2021 H.Schmickler



m;ERNA;ceeratkors;m. Relevant example of amplitude modulation: A

stimulated betatron oscillation(or: tune measurement)

taken from R.Jones,
proc. of BI-CAS 2018

- AVe
% ﬁ
= 4 << m
o C w o ©
B a 2 P8 @8 I O
o = 5 01 23 o C
fran = Q. t
S 0 J 1 l 2 3 oY ™ O

JL L JL L JL. L y L -

L L 77 L} Ll L 7 L} -

n n+l n+2 n+3 t/Tm,
Turn Beam Position Monitor

Fig. 4: Detecting oscillations using a beam position monitor. The oscillation information 1s superimposed as a
small modulation on a large mtensity signal.

Beam centre of charge makes small betatron oscillation around the closed orbit
(- stimulated by an exciter or by a beam instability)

Depending on the proximity to an EM sensor the measured signal amplitude varies.

Basic CAS 2021 H.Schmickler 50
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Fig. 2: Time and frequency domain representation for a bunch of particles observed at one single location on the |
circumference of the accelerator. (a & b) continuous measurement without betatron oscillation; (¢ & d) continuous
measurement undergoing betatron oscillation (50% modulation); (e & f) sampled once per revolution.

Basic CAS 2021 H.Schmickler 51



)’ Fourier analysis of turn by turn BPM measurements

N

1) Stimulate transverse beam oscillation
with a kicker magnet (short dipole
kick during one revolution period)

2) Measure turn-by turn beam position

3) Fourier transform of data

4) Tune: = maximum of frequency
spectrum

5) Resolution: dg/g = 2/Nsamp

6) Problems:

- single shot measurement

- oscillation has to last during measurement
—> strong damping in some accelerators

—> large initial excitation (emittance growth in
case of hadron beams)

l |1

HH |\| |||\”||l\

l" ul‘w' H\u [

il

/

SP5 Running $€ 204, Proton {, Tune

VIEWS EXTERNAL

SUBVIEW NO GRID

ANPLITUDEC ] inear)
horizontal spectrum of amplitu
6.0

"Cu 0.21611 0.16827
Da 0.19200 0.15414 dy 0.01413
?ertical spectrun of amplitudes(lin) versus tune

13716793 08:54:48




Time Resolved Measurements

» To follow betatron tunes during machine transitions we
need time resolved measurements. Simplest example: i

— repeated FFT spectra as before (spectrograms)

SPECTRNHISTORY 19/04/92 1/:28:51 SPLETRRINIS TORY 19784792 17:06:13
fixlory of xpucless telatlve History of speciraz Erlative
5. e 6.2 “Event S.2 & SR

o

. & . 3 ) e & $ 2 8 g
Cu 354.626 100.000 { “tu 510.736 25.1552 Cu 164
Da 355.000 15,060 dy 8.0 A Bh ia 511.000 24.0000 dJ 1.15528 Da 147:

Last sprctran of anplitudesCliind l g srrc! un of 3epliluduxilie)
3.005

' un % mshes vy [ stes coactrun 1z rembar

~

. . - v - s -
- T AR N &5 &
a2 S s .l L - - .
9.-«; A S :";’«:f".\.«'--«“ ._)“' e o
. ...:,s o _.;.'0‘.'_

3 .! = »’%-\ ?p 5.""’ e
io- .s:.aww..,-. '3'3'5" ':‘WWM
Cu 0.26620 0.00271

< - "Cu 0. 49966 000110
£ . 1. BHZ3 3 J
Da 0.26712 0.00037 dy 0.BO238 Da 0.50008 0.00015 du 0.00094

LC School 2016 H.Schmickler (CERN-BE-BI)




EN Chromaticity (Q’ or &)

~”

Spread in the Machine Tune

due to Particle Energy Spread
Controlled by Sextupole magnets

Optics Analogy:

Achromatic incident light
[Spread in particle energy]

Focal length is
energy dependent

Lens
[Quadrupole]

LC School 2016 H.Schmickler (CERN-BE-BI)



Chromaticity Measurements. ..

Simply by using the definition:
- Measure betatron tune for different beam momenta;
- vary beam momentum by changing the Rf-frequency

Set
Set
Set
Set
Set
Sct

- Sn= 47

gh= 9.0
- Ep= 143

&n= 19.7
- Gp= 249
- &= 305
Set 7- §,= -4.6
Set 8- §,= -89
Set 9- E, =-13.0
Set 10- §,=-173

R dO0N S WN -

e’ beam
Central 'R“' =4156.7 +/- .




Time resolved Q° Measurement

B oVe 9,601V 18,38 5 1are (00aH:

; :

(R ] [

P A

g8 |

(R . B

i A A

- b » L’ &

b &

; Y »

S0 \

"’--1 "'.\.._-= o : .
[ Loy At me v w

CONTROL. cAC 20w RERRN

Applied Frequency Shift
A F (RF)

Amplitude & sign of chromaticity
calculated from continuous tune plot



I\/Ieasurement Example during LEP 3-squeeze

1 DOPHTISTORY Lune? 21704792 01:12:00

horilzantal tune wersus Liae
8.0 3.0

Cu 760.256 0.283935 01:11:36:360
Da /60.000 0.28497 dy 0.00437

vertical tuse versus Lime

“Cu 269.222 0.22309 01:10:41: 860
Da 269.000 ©.21548 dy 0_0076




©) [ast not least....

LEP after a technical stop
- no way to make the beam do one turn around the accelerator

- With BPM readings localize the problem to about 20 meters
- local check of equipment (quadrupole polarity...)
- radiography of beam pipe

- finally: cut beam pipe open




LEP — No Circulating Beam after a technical stop
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Zoomon QL1




©) & 10 metres to the right ...

Unsociable sabotage: both bottles were empty!!




