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Write-up and Hand-Outs

« The two lectures on beam instrumentation and
diagnostics contain a lot of wvisual information
(movies etc) which are not easy to reproduce 1n hand-
outs.

* On the internet a similar lecture from CAS2002 can
be downloaded from the url:

e In about 2 weeks the lectures of 2003 will be
available from the same url.
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A Starter

* o]

A Beam Diagnostics and Instrumentation activity shall design,
build, maintain and improve the diagnostic instruments that allow
the observation of particle beams with the precision required to
diagnose, tune, operate and improve the accelerators and associated
transfer lines.

This means that Beam Instrumentation combines the disciplines of
accelerator physics, mechanical engineering, electronic engineering
and software engineering.

In Short: One of the most fascinating fields of work I can imagine
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Starter Example:
Setup for Head-tail observations

Fast (2GS/s per channel)
Digital Oscilloscope

~

Straight
Stripline
Coupler

Difference

Bunch Synchronous
Trigger

VME
Acquisition

via GPIB (&g

User Interface




el ...snapshot of movies to follow...

Chromaticity = 5
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The Head-Tail Principle

Chromaticity = 0

Phase difference between Head and Tail
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The Head-Tail Principle

Chromaticity = 5

Phase difference between Head and Tail
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@w Deducible Beam Parameter: Chromaticity
(...more of this tomorrow 1n the diagnostics part)

Head-Tail Chromaticity Measurement Interface - 23-10-2001_171644 19100ms_449GeV+1-tim0.83.ht =] E3
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Outline for Today

e Focus on “What and How we Measure”

& the technologies involved

 Introduction
— What do we mean by “Beam Instrumentation™
— What instruments are involved

* Beam Instrumentation Selection
— Beam Position Measurement
— Beam Loss Measurement
— Beam Intensity Measurement

— Luminosity Measurement
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Introduction

 What do we mean by beam instrumentation?
— The “eyes” of the machine operators
* 1.¢ the instruments that observe beam behaviour

* What beam parameters do we measure?

— Beam Position
* Horizontal and vertical all around the ring
» Corrected using orbit corrector magnets (dipoles)
— Beam Loss all around the ring
» Especially important for superconducting machines
— Beam Intensity (& lifetime measurement for a collider)
 Circulating current and bunch-by-bunch charge
— Beam size
» Transverse and longitudinal distribution
— Collision rate / Luminosity (for colliders)

CAS 2003 Rhodri Jones (CERN - AB/BDI) Beam Instrumentation



More Measurements

e Machine Tunes

QD QF QD

QF

o Characteristic Frequency

of the Magnet Lattice

SD SD Produced by the strength of the
- . Quadrupole magnets

e Machine Chromaticities

Optics Analogy: Spread in the Machine Tune

Achromatic incident light due to Particle Energy Spread
Controlled by Sextupole magnets

Focal length 1s
energy dependent

Lens
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The Typical Instruments

* Beam Position

— electrostatic or electromagnetic pick-ups and related electronics

Beam Loss
— 1onisation chambers or pin diodes

* Beam Intensity

— beam current transformers

* Beam Size (transverse)
—> in diagnostics section of tomorrow

* Beam Size (longitudinal)
— RF pick-ups or synchrotron light

Luminosity
— 1onisation chambers or semiconductors

 Machine Tunes and Chromacitities
—> in diagnostics section of tomorrow
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@) LHC BPM System - General Layout

44 Warm BPMs -
24mm Button Electrodes

Total of 1158 BPMs for the LHC

and its Transfer Lines 24 Directional Couplers

& 44 Enlarged Button
BPMs for the
Interaction Regions

100 Warm, Button Electrode BPMs
Buttons Recuperated from LEP

922 Button Electrode BPMs (24mm)
for the
Main Arcs & Dispersion Suppressors

CEAM AC - HF267 . 04.07.1907




The Arc BPM - SSS Layout

Interconnect

w/ Ring Tunnel

The Interconnection
LHC
Short -
Straight e |\ N B
Section V1N~
Beam Vacuum
Pumping Manifold
Latfice Quadrupeole
Phase Separator MQ
Octupole MO
Beamn Tubes
) Auxiliary Bus Bar Tube

Quadrupole Cryostat

Technical Service Madule Wacuum Barrier
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LHC Arc Type BPM (String 2)

" #3/30/2001

[ —

L,
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Interaction Region BPMs

Liquid Helium
Capillaries
s g

Electrode

Q2 Coupler

 Directional stripline couplers
— Outputs signals only from the upstream port

— Can distinguish between counter-rotating beams
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Electromagnetic (Directional) coupler

« Is a transmission line (strip line) which couples to
the transverse electromagnetic (TEM) beam field

Z, .= 60 In[(r+h)/r] = Z*[a/2n(r+h)]

» Z,1s the characteristic impedance
* a,r, h,1are the mechanical dimensions

» t=1/c is the propagation time in the coupler

* Two termination ports
— Upstream: usually used to acquire signal.

« Same signal seen whether Downstream port is
open, shorted or terminated on Z,

— Downstream: 3 cases
 Upstream terminated on Z;, = no signal
* Downstream open = delayed signal
» Upstream short circuit = delayed & reversed signal
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@ Coupler frequency & time response

3000 MHz

—— Coupler 15 cm long

40

Pulse width= 1.6 ns / I = 1e’p/b

—30cm
—50cm
—75cm

— Sinusodal amplitude response
*Maximum signal for = 1/4*t
Zero signal for f=1/2%t

— Time domain:

*Bipolar pulse

Pulse width=4.8ns / I = 1e’p/b




Electrostatic PU (Button)

e Variant of electrostatic PU

d

« Low cost = most popular / I
Reference

orbit

Z..=d/2nrC,

Low frequency cut-off
T =R,C, (few hundreds MHz)
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@ Button Frequency

MHz 10

& Time Response

Button; Ce = 8 pF / Rl = 50 Ohm

Button; Ce= 8 pF / Zt=11Q/ Q=1¢p/b

* Frequency domain:

— Impedance transformers

improve the low frequency
levels at the expense of the

high frequency

e Time domain:

— Differentiated pulse

— Amplitude is exponentially
bunch length dependent




What does a real (LHC) electrostatic
button monitor look like?

"
ING HOLE




& Processing system families
s DIGITIZER

Heterodyne Synchronous\ | | -
y POS = (A-B) |

no.turnhy turn

Derection
Heterodyne POS=A/Z
Electrodes . : Sample, Trac -
Switch. gain ’ ’ POS=A/% or
A B Amplifier Integr. & Hold —¥ = (A-B)/(A+B)

Individua Logarithm. Differential POS - [log(A/B)]
Legend: = [Iog(:)g-log(B)]
turn hy turn

: Passive Amplitude Limiter, -
Wide Band g At to Ampl. )

Narrow band
Amplitude Limiter,
to Fl’Dhase ¢ to Ampl [POS = [ATN(A/B)] |
Normalizer
Processor

From G.Vismara: BIW 2000; highly recommended
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Criteria for Electronics Choice

so called “Processor Electronics”

* Accuracy: mechanical and electromagnetic
errors, electronic components

e Resolution

 Stability over time

* Sensitivity and Dynamic Range

* Acquisition (Measurement) Time

* Linearity (over aperture & intensity)
« Radiation tolerance
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@i LINEARITY Comparison

1
1

Transfer Function

,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,, 05

— A/X | 3
— Atn(a/b) 1 ~ Normalized
— loga-logb 1 ~ Position (V)

- Computed
| Position (V)




Simple Example:
Sampling of Individual Detector Signals

LP

A

N

Position

s (A-B) / (A+B)
. B

Y
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@ A Real System:

=" LHC Amplitude to Time Normaliser Schematics

WIDE BAND TIME NORMALISER PRINCIPLE

&

(WBTN)

— A
OUTPUT

B

&

CAS 2003 Rhodri Jones (CERN - AB/BDI) Beam Instrumentation




@ The Wide Band Time Normaliser

A + (B + 1.5ns)
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@—’] The Wide Band Time Normaliser

A+ (B + 1.5ns)
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@ The Wide Band Time Normaliser

Amplitude A

A+(B+1.5ns)

N
o

O
o
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Amplitude to Time Normaliser Evaluation

Advantages Limitations

e Reduced number of
channels (x2)

 No need for gain selection bunched beams
* Input dynamic > 50 dB » Tight time adjustment

 Signal dynamic independent
on the number of bunches

* Mainly reserved for

* Propagation delay

+ ~10 dB compression of the stability and switching

position dynamic time uncertainty are the
(recombination) limiting performance
e Auto-trigger e e

 Reduced N° of bits at
equivalent resolution
(Normalisation)

* No Intensity information
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LHC Beam Position System Layout

'LHC' BEAM'POSITION MEASUREMENTY

O 0 O O

)
S0Q A IBRATOR Intensity

CABLE |‘ Measurement

7

\ .
PICK-UP rigger l —

OPTICAL
LINK
Auto
Trigger
50Q  CALIBRATOR
CABLE

E ; E } TUNNEL SURFACE
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@ WBTN - Linearity v Intensity

For LHC Arc BPMs 1% ~ 130um
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@ WBTN - Linearity v Position

For LHC Arc BPMs 1% ~ 130um

O Calibration Point
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Calibrated Value
o Linearised Value

1 1
5 R
SIS

S
(7))
3
©
©
V4
=
©
T
+—
=
=
e
(@]
—
| -
LLl
(D)
(@)]
(4]
i)
C
(D)
(@]
| S
(D)
al

0 0.5
Normalised Position




WBTN - Radiation Issues

 The Front-end Electronics for the Arc BPMs will be
located under the main quadrupoles

— can expect to see a dose of some 12Gy/year

* Tests in the SPS-TCC2 area during 2000 showed that
use of components 1n the tunnel

— Most memories and FPGA’s too easily corrupted
— Qualification of components long & difficult
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WBTN - Radiation Issues

el

-,

* In 2001 : Fibre-Optic Link added to LHC BPM system
— only the mmimum of analogue electronics kept in tunnel
— all sensitive digital electronics located on the surface
— allows easy access to most of the acquisition system

* Cost of large scale fibre-optic installation compensated by
— elimination of 13km of expensive low loss coaxial cable
— reduction in number of acquisition crates

— no bunch synchronous timing required in the tunnel
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WBTN - Radiation Test Results

hd

Test TCCZ
15.08.M
Diose = 35Gy

/
1
i
i
i

| 6ps rms jitter g

{

T S

|
|
e e S s e S EE, S By

scale  165.000 hitz/div

1d dev 607607 pll
prp 44

offzet 0.0 hitsz

median  10.05085708 U ptlo 6924
hits  29.76400 hits pza 96.0%
peak  BA0.000 hits pdg 99,89

After 650Gy no significant /
deterioration 1n the performance

1s visible

CAS 2003 Rhodri Jones (CERN - AB/BDI)

2001 Test results of the
very front-end WBTN card
with Fibre-Optic Link

S~

Initial performance

Test TCC?

13.09.07
Uose = Bh0GyY

offset 0.0 hits

e 10 BT median  10.06542851 1 plo 68 .4%
std dev  6.50678 pll hits  67.33300 hits i 96.5%
pop 4657 pll peak  1.308000 hits ptdo 90.0%
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The LHC BPM Acquisition System

Very Front-End WBTN Card

70MHz Low Pass Filters
Supplied by TRIUMF (Canada)

1310nm Diode Laser Transmitter

l Surface
VME based
Digital Acquisition Board
TRIUMEF (Canada)
(2 x 12bit 40MHz Acq)

WBTN Mezzanine Card
(10bit digitisation at 40MHz)
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Operational Prototype Results in 2001

System extensively used in SPS for electron cloud & instability studies.

3PS Bunch to Bunch Position Measurement Interface -

File Settings Drawing oOptions

SPSDAB-04092001 -PROTONZ - 0ms- MTG#350352.1xt

Acquisition:

Acquisition Time

First Bunch S
First Bumch

72

Humber of Bunches 1 _1_i =
Mmber of mmches

1000

Number of Turns [ o=
Twrns

Bingle Acquisition
Start Repeat

Bunch by Bunch Oscillation Amplitude (mm)

1000 —

800+

600+

400

Dataviewer Control:

Oscillation amplitude _4

Bunch Evolution I

1

| B =
Bunch on Dataviever

200+

2D/3D Graph Control:

HORIZONTAL'

2D View

| T

OOKFEKFNWWEB OO, -]

CAS 2003 Rhodri Jones (CERN - AB/BDI)

Beam Instrumentation



The Typical Instruments

*Beam Position

— electrostatic or electromagnetic pick-ups and related electronics
*Beam Loss
— 1onisation chambers or pin diodes
* Beam Intensity

— beam current transformers

* Beam Size (transverse)
—> in diagnostics section of tomorrow

* Beam Size (longitudinal)
— RF pick-ups or synchrotron light
* Luminosity
—> 1onisation chambers or semiconductors

 Machine Tunes and Chromacitities
—> in diagnostics section of tomorrow
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The LHC Beam Loss System

Role of the BLM system:
1. Protect the LHC from damage
2.  Dump the beam to avoid magnet quenches

3. Diagnostic tool to improve the performance of the LHC

« Acquisition requirements:
— Calculation of quench level equivalent chamber signal
— Electric currents from 600 pA to 300 uA
— A dump should be requested at 50% of the quench level
— 1.e. from 300 pA to 150 pA
— Extend dynamic range for sufficient sensitivity at low losses
— Measuring current from 60 pA to 300 pA

— Arc BLM acquisition rate not faster than one turn (89 us)
— Fastest total loss 1s ~ 6 turns & will be detected by special BLMs.
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@] Structure of the BLM Readout Chain

* Jonisation Chamber
— transforms particle losses into an electric current

— 6 per quadrupole (3 for each LHC ring) = ~3000 monitors
* Analogue Front-End
— measures current and transmits data from Tunnel = Surface

e Dump Controller

— processes data and interfaces to the beam interlock system

Ionization Tunnel Surface
-
Chamber

Dump
Analog Controller
max. 400 m Front end max. 2 km

ﬁ<—|—> /

—

/ N
Analog Slgnals

Digital Signals




Quench Level Equivalent
Chamber Current

|
—o— 450 GeV max

—— 450 GeV min ||
—a— 7 TeV max
—«7 TeV min
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Charge-Balanced Converter

Integrator

Treshold
comparator

Reference
current source




@’ Current-Frequency Characteristics

Frequency versus input current with linear error (with 400 m)
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The Typical Instruments

*Beam Position

— electrostatic or electromagnetic pick-ups and related electronics
Beam Loss

— 1onisation chambers or pin diodes
Beam Intensity

— beam current transformers

* Beam Size (transverse)
—> in diagnostics section of tomorrow

* Beam Size (longitudinal)
— RF pick-ups or synchrotron light
* Luminosity
—> 1onisation chambers or semiconductors

 Machine Tunes and Chromacitities
—> in diagnostics section of tomorrow
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Fast Beam Current Transtormer

 Installed in the SPS and LHC transfer lines
« LHC fast BCT will be a scaled version
 Capable of 40MHz bunch by bunch measurement

* Dynamic range to cover 5x10° to 1.7 x 10!! ¢cpb
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Acquisition Electronics

* Analogue Acquisition based on a fast integrator chip

— Designed by the Laboratoire de Physique Corpusculaire, Clermont-
Ferrand for use in the LHCb Preshower Detector.

— Uses interleaved, 20MHz integrators and sample & hold circuitry to
give 40MHz data.

* Digital Acquisition
— PMC size Mezzanine card developed by CERN & contains
 Fast integrator chip
« 12bit, 40MHz ADC

* Timing provided by the TTCbi module, part of the Timing,
Trigger & Control system developed for the LHC experiments

Mezzanine sits on the same VME 40MHz Data Acquisition
Board developed for the LHC Beam Position System (TRIUMF,

Canada)
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Differential

Input from
Fast BCT

Fast Integrator Chip

E\ [ Track
? _& Hold

%?];9

" Track
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I
[2OMHZ Clock Creation 1

To VME
Digital
Acquisition
Board

[ 12-bit
ADC

40MHz TTC Input from TTCbi|
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Data taken on LHC type beams at the CERN-SPS (2002)



@l Results from the CERN-SPS (2002)

—| sPs Bunch to Bunch Position Measurement Interface - FSTBCT-06092002-PROTON2-Oms—-MTGHL. txt || |

File Settings Drawing Options Help

Acquisition: Multi Acquisition I CERN/SL XDataviewer 6.4 Z0O0OMIN:Pick first point
. . - Views Subview External Editor 1 Select
Acquisition Time 0 ms

N
i Plot Grid OFF Zeroline OFF OF ONE . Box ”

First Bunch | S | 06/09/02 17:07:19
First Bumch Bunch Intensit
e -3.6 |

Humber of Bunches i _Li
Mmber of wmches

1

74.6

___0,04]

Number of Turhs

Tuarns
Btart Acguisition

Start Repeat

Dataviewer Control:

Batoh Bvoeliugbion I

2

| = |Eg ms
Trace 1 on Dataviewer

2
=g = |IQ ms
Trace 2 on Dataviewer

Da 48.0000 0.0056 dy -0.1297 Cu 47.8789 -0.1241

Bad RF Capture of a single SPS LHC Batch (72 bunches)
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The Typical Instruments

Beam Position
— electrostatic or electromagnetic pick-ups and related electronics

Beam Loss
— 1onisation chambers or pin diodes

*Beam Intensity

— beam current transformers

* Beam Size (transverse)
—> in diagnostics section of tomorrow

* Beam Size (longitudinal)
— RF pick-ups or synchrotron light

*Luminosity

— 1onisation chambers or semiconductors

 Machine Tunes and Chromacitities
—> in diagnostics section of tomorrow
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Luminosity & Beam-Beam Tune Shift

Luminosity
Normalized emittance

. Nr
Beam-beam tune shift AT 4—p <0.006 (LHC)

N

[ —f MNvyAv

v
B.

To maximize L and minimize the stored energy,
increase N to the tune shift limit, choose large M
and small 3.
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[@_w Nominal locations of the front quadrupole
— (TAS) and neutral (TAN) absorbers

Tos D27 0t TIHIIEP TRPLET

OFB | MOM  MER DOR TAM MBX [FE TAS

l' - H I
7438 |26 '3
945

» The TAS absorbs forward collision products that have escaped the beam
tube in front of Q1 (mostly charged pions and photons)

» The TAN absorbs forward neutral collision products (mostly neutrons and
photons) and 1s placed in front of the outer beam separation dipole D2



13600 13650 13700 13750 13800 13850 135900 13950 14000

Path Length (cm)

* Peak power density of 1-10 W.kg-'.m™! (location of ionization chamber)

« A 3m radiation hard cable will allow electronics to be located in a region with
power density < 10> W kg''.m'! (100 Gy/year for nominal operation)
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LHC Luminosity Measurement

Requirements:
» (Capable of 40MHz acquisition

 Has to withstand high radiation dose: ~10% Gy/year
— estimated 10'® Neutrons/cm? over its lifetime (20yrs LHC operation)
— estimated 10!¢ Protons/cm? over its lifetime (20yrs LHC operation)
* No maintenance

Candidates:

e Jonisation Chambers
— developed by LBL

— Good radiation hardness
— Difficult to get working at 40MHz

e (CdTe detectors

—> developed by CERN in collaboration with LETI (Grenoble)
— Fulfills 40MHz requirement
— Not yet proven for the highest levels of radiation
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Polycrystalline CdTe Detectors

* Experience at CERN with CdTe X-RAY detector

— running in LEP for beam emittance measurement

— was used up to the end with total dose 104 Gray

« Advantages

— large number of e- created per MIP (~5 x Diamond)
— very fast response time
— simple construction
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CdTe Detectors — Test Set-up

‘ Bias Voltage \ \
Digital
Oscilloscope

50 ohm cable




@ Polycrystalline CdTe Detectors

Comparison of charge collection

(normalized for a thickness of 470 microns)

® det 253 / 2 GhZ linear Amplifier
m det172 / integrating amplifier
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Irradiation Test Results

L

. CERN-SPS (2001)

— Irradiation test up to 10! neutrons/cm?

Time response of CdTe samples
before irradiation: sample 172REF
after irradiation sample 172N (10215 n/cm2)
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@ Irradiation Test Results

* Triga type reactor (Ljubljana,Slovenia - 2002)
— Irradiation steps
10" neutrons/cm?
 10% neutrons/cm?

* 10'% neutrons/cm? activation of all set-up
— next step 1018 neutrons/cm? (2003)

Carrier lifetime measurement
CdTe detector n:417 (326 microns /400 Volts)

—&— After 10216 n/cm2
—a— before irradiation

—
=}
<
&
o2
» 3
[/}
L
- ©
5 2
Q =
©
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g

Time in nanosecond




We have seen a wide variety of
technologies and applications

Tomorrow we will see how to use the
instruments to run and optimize
accelerators

Accelerator Diagnostics
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