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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




* 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

— electrostatic or electromagnetic pick-ups and related electronics
— beam current transformers

— 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

— electrostatic or electromagnetic pick-ups and related electronics



taken from w.Herr's lecture (Monday)










Principle of Beam Position Monitors

* Intercept “beam image current” in the vacuum chamber on two
isolated (capacitive) pickups.

e Other pickups (more involved): shoebox (linear) pickups, stripline
directional couplers....

» Use high precision Rf electronics to shape the signals (short bunches
deliver signals with high frequency content)
- amplifiers
- filters
- down converters
* Digitize the individual pickup signals
* Eliminate the intensity information from the pickup signals
(= “normalization”)

* Compute the position from the pickup-signal difference
* Linearize the pickup response
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Realization of Button BPM at LHC i
B\ N T WY 7 TRESSE ™
Example LHC: & 24 mm, half aperture a=25 mm, installed inside cryostat

Critically: 50 2 matching of button to standard feed-through.

From C. Boccard, C. Palau-Montava et al.(CERN).

SN
Beam Position Monitors: Principle and Realization
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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




Orbit Acquisition

~”

Thu Oct I8 I2:20:70 20021

Start Tasks I Operaticn I SPS Toplo IEDUMP Reset IPZ Resetl active Tasks

SPS_orbit
G N - Loading correct THISS file... le BSBupercycle Hel
QUIT SPS XORBIT V9.01/2K+1 Done Info | e R = = |
— = Inilializinyg Twiss for 724 elemenls Running SC 946

724 elements copied to Twiss Proton 1

Referenee Orbit Referenee Catalog Send Correction
CLOSED ORBIT : 1871072001 13:19:12

5C = 946 PROTOH [# 598551

ne reference set HOMENTUHM -— 14.900 GaV

Cancel Correction THISS ft_inj_ w2001

no date GAIN/TIME g f 1000 ms

AVERACE 1

DP/P 0.16 permill Proton 1
0 — 94z70ms (9920ms)

Skeleton

Data stored in fusr/fopt/forbit/hpslx

Ready .

MD Specials

Other Tools

¥dataviowar

ZO0MIM: “irst point

— = Horizontal

Monitor horizontal

GLOBAL: mean — 0386 RMS - 0.936 #pu - 112

Da 63.0000 041000 dy 6.66746 BEPH.41209 ’Th iS O rb it eXCU rS i O n
0.006 RMS = 0.520 #pu= 113 : iS too Iarge!

BRI A




Orbit Correction (Operator Panel)

~”

Thu Oct 182 12:24:20 2001

EDUMP Reset §P2 Reset | Active Tasks

start Tasks I Operation I SP5 Topio
2PE_orbit SP2 Selection

ile Supercycle He
RBIT V9.01/2K+1 Done E Info | MDV. 42707 . ;I
_____ HDV. 22307 o Bunning $C 946

HDVA. 21032 o Proton 1
MDVA.21703

Reference Orbit Reference Catalog

no reference sct MDV. 42707

MON & COD Cancel Correctlon MDV.22307
no date HDVA.21932

HDVA. 21703

HDV. 42507 -0. Proton 1
Skelcton Humber of iterations required (max 0 — 9420ms (9420ms)
E # iterations = &b

Ready .

Load Orbit Difference

Acquisition Time

Closed Orbit dpip-offset shown MD Specials

Other Tools

Settings & Sperials

Reject at

18/10/01 13:23:45

Cu 35.9502 -1.0417 mon

[
Da 4.00000 0.73520 dy -0.7352 BPY.10909 Cu 3.88267 0.00000 res




CERMASL HDatawiewsr 6,4

ZOOMIMzPick first polnt

Views Subview External Editor LoadfSawve Help I Select
Flot — | Grid OFF — I feroline OFF — I OF OME — | Zoom In — I Box =1
Predicted Correction Hesults 18/10/01 13:23:45
0.0 Before Carrectian 112.0
GLOBAL: mean = —0.006 RMS = 0.520 #pu =113
.--.-_-_--ll.._.-.--_.ll_-_- I _I---I.-__I..lI___I-I_I-.--l----I..-___-l_..ll_.ll-.--.-.I.ll_._l_-__llI.-_lII-

Da 51.0000 1.13000 dy 4.38471 BPWV.3250!

0.0

GLOBAL: mean = 0023 RMMS = 0328 {

pu =1

Cu 50.9724 5.51471 mon

Difference 112.0

Da 51.0000 —0.4302 dy 4.253372 BPV.325

0.0

GLOBAL: mean — 0017 NMMS - 0.403

Cu S0.8729 3.8235 diff

u — 1

After Correction 112.0

a

Lra 51.0000 0.59981 dy 6.80019 EPvV.32509

Cu 511718 7.50000 res



Beam Threading

« Threading the beam round the LHC ring (very first commissioning)
— One beam at a time, one hour per beam.

— Collimators were used to intercept the beam (1 bunch, 2x10° protons) .
— Beam through 1 sector (1/8 ring)

* correct trajectory, open collimator and move on.

Beam 2 threading

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

‘ 2008-09-10 00:37
””””'“LlCan Stream izgp

e [T PELAENY
AT AS

é Ml LMY
rvnrmurm'

http //atlas.ch




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

— beam current transformers






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)

= P = I P = - = =




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:

[ r "
| L] N - . ||”| ||“||\I|un...
kS Attt A AU A A Mttt
o i o i i
3 3

Trace I on Dataviever pa I > 5 3 83 5 S Y % ¥ 0 8NP o
TIQLIIIZS S 88583

2

T D=

Trace 2 on Dataviever
4 : Cu 47.8789 -0.1241



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

U. Raich, CERN School of Accelerators, Chavannes 31
2013/14



Results from TV Frame grabber
The CERN Accelerator School

BTV - LHC.USER.ALL

File Tools
© P @ o [ ®Sep 10 10:03:28 LHC - LHC e-0 @ = &
F- t f II t Selecti LHC.BTVSEA4L6.BL
I r rn Device: LHC.ETYSE A4L6.B1 = isiti 3 . . T
¢ of 1 acquisitions) ) Cycle: LHC SCNb: 1 Date: 2008/09/10 10:03:04.266999 |
LHC.BTVSE. A4R6.B2 Eﬂ ) -
LHC.BTVS|.ATR7.B2 g project

as seen by the s

TD68.BTVD.683458.81

BTV =
10/9/2008 e e

I T

Mode: 0N

Controk REMOTE

T T T T T U
-30 -20 -10 0 10
One extractiol

|| Un-captured
|| beam sweeps
|| through he

| U
= si[XIrelr=ra|-
5 z|[||g =
=4
&
AR A
A AOr
4Cr 4O»
E E
K1 K| KN KT {X3 | EB|XRIEN

= T T T T U U
-30 -20 -10 0 10 20 30 -20 -10 o 10 20 30

dUIIIp line Ximm) ¥immy
Acquisition Type:  One extraction Camera Switch: RAD ON Screen: Al Video Gain: x 1 First Lamp: 99
1 Acquisition Number: 1 Mire: OFF Filter  Out Second Lamp: 99

oo s |

& 10:03:05- No such il 0

* 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

— Has to move fast to avoid excessive heating of the wire

— Secondary particle shower detected outside vacuum chamber using scintillator/photo-multiplier

Beam Wire Seanner
Profileur




Beam Profile Monitoring using Wire-Scanners

Vacuum tube




Wire scanner profile

The CERN Accelerator School

Wire Scanner Application .
@] ¢ @ ~ rexmeoe | @ [%] 8] 0 [m] &= 0| R[50 ngh speed needed

q

Device 4 |}|[ Profiles & Fits | Key Param Line Graphs | Key Param Histograms | Measurement Resuhts | Time Plots | Expert Options | becau Se Of h eatl n
[Lhc.ews.5L4.62H1 [+ Bviews | IH B C more | LA 0 b |[Fits [Chiss g '

N 17 N7 e [ . N7 7 ' 1
Y | WS, 5L4. R ZHL LHC.BWS.5L4.B2H1 #1:1 AX] .. u 01:07:00 [08/07/10 0L:07:.. §5 3 | LHC.BWS.5L4.B2H1 #1:1 AXI ... u 01:07:00 [08/07/10 01:07:.. &5 6F
i ] Trofile Data for LHCBWSSLATIH
H 0 | THCOWS SLADINA #14 AXT . a 010710 0.45 %
- i — Fitof profile —+ Fit of profile I - . .
Status is OK, HOME Al Center=0.783 Ll Cemer=0576 I
i ;iegtmrl-““l‘mnz Sigma=0.992 Ia a IC al I Ipl ng
- 4 a bamma= . -
Wire Status Chisg=0.003 m;;:m;':;“”-nz
HOME | LlE e Tl LR Kin Energy=449.182
B Emitiphys, 10)=0.008 Emitiphys, 10)=0,008
: Emiit {hor m, 10)=3.892 Emit(norm, 10)=3.819
Status Property 4 "
= Current increase due to
Acquisition Property
= speed Increase
Gains 2|
YTy _ J
Gam:| 1500 v | s 0.35
vy i
Speeds of up to 20m/s
Acq Delay:| 3000 ms K
ey 3
ddddd - >
In/OutDly:| 500 ms H - g acce e ra I O n
vy g
High Voltage is ON H
Eeam Conditions E T T T T T T T T T T T T T T
: -15  -10 -5 0 5 10 15 20 -15  -10 -5 0 5 10 15
mm mm

e T P

Beam Conditions: Now

Auto Scaling j No data Smoothing - ik dda
Flags: @ 9@ @@ § - ErrorBar: | 0.030
H 5 param Gauss Fit '“ Show as Mountain Range ¥ A

E1 Intensity: 77.0610 &) :
01:07:20 - Subscription update { of LHC.BWSE.SLE B2H Y Acquisition, Thy Jui 08 01.07.20 CEST 2010 fa

U. Raich, CERN School of Accelerators, Chavannes 35
2013/14
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* Wire Breakage — why?

« Temperature evolution depends on

« Wire Choice




Synchrotron Light Monitors

1n*

10k

- 10|

10~

len

je.bent in a magnetic field |
ightrsources
sivie| powerful diagnostic tool |
Hrotons S tead ions i the LHG

3 mc

itted.from a movi

_—
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~="AISO a very useful;
= Can:even be observ

Proton Energy [TeV]

Critical Wave




« Using various cameras

The three main compononents of an image intensifier tube Image

Microchannel
Plate (MCP)

Photocathode
/ -

Photon-generated
electrons
« . Existing
ambient light

Phosphor Screen

" Intensified
image

Multiplied
electrons

PHOTONIS


http://www.photonis.com/en/
http://www.photonis.com/en/

* 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

Dhndri
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» RF Deflection

A

E. Ferrari
/ (FERMI@Elettra




@)

~/_~

 Electro-Optic Samplino

Polarization of Light Waves

Polarizer 1 Polarizer 2
(Vertical) (Horlzontal)\ —

Incident Beam
(Unpolarized)

Vertically
Polarized
Light Wave




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
Incident

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



)’ 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)

SPECTRAKISTORY

fixlury of xpuctess
H

Cu 354.628 100.000

Da 355.000 1% 040 dy 8.0
Last spectiran of anplitudesCiind
2.80%

N i mehe

) Y % 2
¢~‘ oy . - -'

5 fo' -«.-"'q, samoT

2
v N T s
1, 1{* g™ ,Q\;“Is .;5;*

Cu 0.26620 0.00271
Oz 026712 0.00037 dy 0.DO238

19/04/92 1¢:28:51
telatlve
ole.2 vt

SPLETRANISTORY 137647592 1/7:B6:13
Hizlory of speciraz Prlative

“Cu 510.736 25.1553

Na 511.000 24,0000 dy 1.15528

Last specirum of sepliluduxile)
-1, s

T 3zloctes zzactrun 1z rumban

;.

l ‘ ‘ ] - -'
-ﬂ.ﬁc‘%"wve. '92"-6‘" MWM»-
In 0. 49366 0. 00110
Na 0.50008 0_00015 dy 0_00094

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



©) Network Analy3|s

~”

1. EXxcite beams with a
sinusoldal carrier

2. Measure beam
response

3. Sweep excitation
frequency slowly
through beam
response

0.2 .22 0.24 900‘.26 0.28

frequency

LC School 2016 H.Schmickler (CERN-BE-BI)
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Principle of PLL tune measurements

This PLL system
looks to the 90 deg.
point of the BTF

Phase detector

AB sin(2 ot +)cos(o)
N\

Frequexcy control:
«
ABCOs(0) Lowpass




&N llustration of PLL tune tracking

~”

A \ Single carrier PLL locks

® on 90° point of BTF,;

/ g
T/

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




&) Example of PLL tune measurement

1506792 11:21: 33

In this case continuous tune
tracking was used whilst
crossing the horizontal and
e | : vertical tunes with a power
Tt SOEnEr e Y

s time

Closest tune approach is
a measure of coupling

TLu 802,171 U.UBHﬁ? 11:23:02:880
Da 802.000 D_01941 dy 0. 0/982



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

- Gan= 4.7

&= 9.0
- Ep= 143

&n= 19.7
- S = 249
- &= 305
Set 7- §,= 4.6
Set 8- §,= -89
Set 9- E, =-13.0
Set10- §,=-17.3

R dD0NEWN -

Central tRl" =4156.7 +/- .




Applied Frequency Shift
A F (RF)

©) Time resolved Q° Measurement

re TV E R R T

£
3
.
w
-

D 1338

Amplitude & sign of chromaticity
calculated from continuous tune plot



I\/Ieasurement Example during LEP 3-squeeze

1 DOPHTISTORY  Lune > 21704792 01:12:00

horitzantal tune wersus Liae
£.0

Cu 760.256 0.28935 01:11:36:360
Da /60.000 0.28497 dy 0.90437

vertical tuese versus Lime
8.E

“Cu 269.222 0.22209 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 at technical stop
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Zoomon QL1




©) & 10 metres to the right ...

Unsociable sabotage: both bottles were empty!!




Reserve slides
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Type
Monitor
Conponent
Maximum-3d
Frequency
Phase

Amplitude I

E-Field (peak)

e-field (f=3.88) [pic]

Hormal

1.17338e+887 U/m at -3.5 / 3.5 /7 B
3.88

8 degrees

Type
Honitor
Component
Haximum-3d
Frequency
Phase

E-Field {peak)

e-field (f=5.65) [pic]
Mormal

639869 U/m at 8 /7 2 / @
5.65

8 degrees

Dipole Mode




Prototype BPM for ILC Final Focus
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