Introduction to
Beam Instrumentation and Diagnostics
Lecture |

Michal Krupa — CERN BI Group
(based on previous lectures by Rhodri Jones)

®
m Advanced CAS 24 Introduction to Beam Instrumentation and Diagnostics |



Outline

* Lecture | - today

* Introduction

* Beam position monitoring

- Beam intensity monitoring

* Beam loss monitoring
* Lecturell-tomorrow

* Transverse beam profile monitoring

* Tune measurements
Coupling measurements
Chromaticity measurements
Diagnosing accelerator issues
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Introduction
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Beam instrumentation

* Instruments that observe the beam and its behaviour — "eyes” of the operators
* Ultimate limit to quantify the performance of an accelerator
* Typical Bl system architecture:

sensor — processing electronics|— digitizer — processing software

discussed in these lectures

* Bl expertise: applied and accelerator physics; mechanical, electronics, and software
engineering

* Bl system size: from 1 sensor / accelerator to 1000’s sensors / accelerator
* Commonly measured beam parameters:
* Transverse beam position: horizontal and vertical, all along and in specific places
* Beam intensity (and lifetime): bunch-by-bunch charge and total current
* Beam loss: for protection and optimization
* Beam profiles: transverse and longitudinal distribution of beam particles
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Beam diagnostics

* Making use of beam instrumentation — extracting useful
infFormation from (a combination of) beam observables

* Examples of beam diagnostics:

* Daily operation of accelerators: measurements and
correction of beam orbit, tune, chromaticity...

 Understanding of accelerator limitations: beam losses,
instabilities, emittance growth...

 Improvement of accelerator performance: luminosity,
brilliance, feedbacks

* Detection of equipment Faults: aperture restrictions, magnet
polarity inversion, wrong setting
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Accurate Inaccurate

Measurement quality syt are)

Precise

* Accuracy - trueness
* Precision - reproducibility
* Resolution —smallest
measurable change (reproducibilty error)

* Dynamic range - ratio of the
largest and smallest measurable
signal

* Timescale — multi-turn full
beam / turn-by-turn / bunch-by-
bunch

* Availability — continuous / on-
demand

Improved Improved
Precision True Accuracy True

PDF
PDF

Valfu'r'e' Value "
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Beam Position Monitors (BPMs)
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Image current
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Beam image current properties

Equal to the beam current (non-DC components) but with the
opposite sign: |;,qe = lpeam
* Good proxy for beam/bunch intensity measurements

Current density around the vacuum chamber correlated to the
transverse beam position

* Good proxy for beam/bunch position measurements

Same longitudinal charge distribution as the beam for highly-
relativistic beams

* Good proxy for longitudinal measurements
Often referred to as the “wall current”
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Wall Current Monitor

the principle
- \"
—
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Wall Current Monitor - beam response

Magnitude of V
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Electrostatic BPM
the principle

@sgge!sg%s"@ OOEEBREXEVSHXRC

®
m Advanced CAS 24 Introduction to Beam Instrumentation and Diagnostics |



Electrostatic BPM - beam response

gnitude of V

Ma
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Electrostatic BPM 1 j\
position sensing G V| =




Electrostatic BPM - position sensing
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Electrostatic BPM - button pick-up

* Low cost - most popular electrode type "
* Non-linear —requires corrections for large 16
beam displacements 12 .
Transfer impedance .
Z = A E
f>>f.) >
= Qzr)xexc, -
Low cut-off frequency 12
1 16
f|_ — -20
272'R0 Ce 20 -16 -12 -8 -4 0 4 8 12 16 20

X [mm]

C, — button capacitance

R, —load resistance X =2.30-10°X,° +3.70-10 °X,* +1.035 X, +7.53-10 ° X, *,” +1.53-10° XY,
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Normalisation of BPM measurements

* Required to make measurement independent of beam / bunch intensity
Vipry € Lppor” (1 + 4 % + higher-order terms) '

* Three main methods:

vV d
 Phase: ArcTan <V_A> ~ ArcTan <2 Z)

B

» Logarithm: Log(74) = Log(V,) — Log(V,) ~ Log (25
B

(Va—Vp) A

 Difference /Sum: —
Va+Vg) X

~ 4

d
A
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Normalisation of BPM measurements

1

Transfen Function
05 7
— A/ i
— Atn(a/b) 1 Normalized
— loga-logb Position (V)
e O A
-1 -0.5 0 0.5
Z -0.5
/ .
Computed
| Position (V)
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High-precision BPMs
e Standard BPM electrodes:
Vaprr € Ty~ (1 +45+ H.O.T)

* Strong beam / bunch intensity
component — difficult to suppress

* Rather weak dependence on the beam
position
* Another approach: Cavity BPMs

* Separate the intensity component
§TMO10§ and the position component
TM110) in the frequency domain

* |Intensity component still needed for
normalisation

* Not suitable for circular accelerators

o E-field TM110
/

: beam

Eo— +

%

antenna 1J

"\ E-field TM010
antenna 2

B

signal level

1 1 -
fo10 1,0 frequency

®
m Advanced CAS 24 Introduction to Beam Instrumentation and Diagnostics |




. u/n
CaV| ty B PM Use waveguides to couple out only Monopole o
the dipole mode and suppress the mode o
monopole mode
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© e
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Frequency [GHZ]
Courtesy of D. Lipka, e | Ere g

e-field (£=5.65) [pic]
Component  Normal
DESY Ham bu rg Maxinum-3d 639869 U/m at © / 2 / O
! Frequency  5.65
Phase 0 degrees
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Prototype Cavity BPM for ILC Final Focus

* Required resolutionof 2 nmina6 x 12 mm oval beam pipe

* Demonstrated with beam: astonishing resolution of 8.7 nm
at ATF2 (KEK, Japan)

main cavity piece

S - Entries 489
coupling slot 18 rms  22.02

B 16
s 23 VA
- 5, ,

f ﬂ ; * o ‘ ; 10

) 8
&y 6 +-10nm
grooves % realon
for wire filler : F fegion_
wave guide o Eceocnnllall?, i vl o O

-100 -80 -60 -40 -20 0 20 40 60 80 100

Courtesy of D. Lipka & Y. Honda Residual (ADC ch)
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Electrostatic and cavity BPM - resolution comparison
— B

* XFEL (Germany) results from 2017 beam commissioning:
* Red dots: button BPMs (78 mm and 40.5 mm aperture)
* Green dots: re-entrant cavity BPMs (78 mm aperture) — —{“q
* Blue dots: cavity BPMs (40.5 and 10 mm aperture) :

Feedthrough -Port

position resolution / pm
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BPM data acquisition system families

Multiplexing

Hybrid

POS = A-B
(with AGC on sum)
no turn-by-turn

diff/sum

BPM
electrodes
A and B

Individual
treatment

Synchronous
ﬁ .
—)1 Heterodyne detection
—I I_’ Homodyne
»| Heterodyne > detection

Passive
normalisation

Active circuitry

Normalisation step

CAS 24

; Amplitude to >

| - Amplitude to .

Down
conversion

Direct
digitisation

Afternoon course project

POS = (A-B)/(A+B)
turn-by-turn

Logarithmic -
amplifiers

Differential
amplifier

POS = Log(A) - Log(B)
turn-by-turn

time

Limiter, dt to
amplitude

POS=A/B
turn-by-turn

phase

Limiter, phase
to amplitude
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Modern BPM data acquisition system

* Each electrode treated individually

* Frequency-domain processing — telecommunications industry approach

* Requires good-resolution and fast-sampling analogue-to-digital converters
* BPM signal down-conversion to match the ADC characteristics

* Minimal analogue circuitry — most processing done digitally

A-Electrode Analogue Conditioning

2l N mb- L

DL——a> CLK &
---> B, C, D Channels treated the same as A Timing
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Initial accelerator commissioning using BPMs

* Beam threadingin the LHC
* One beam at atime, ~1 hour per beam
* Beam intercepted by the closest downstream collimator
* Correct trajectory, open collimator, carry on

h

.........

first beam event seen in AT!

zzzzz
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Accelerator beta function measurement with BPMs
4 B (m) Beam Size « /B
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Accelerator beta function measurement with BPMs
1 B (m) Oscillation Amplitude and Beam Size « \/E
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Accelerator beta function measurement with BPMs

t B(m) — Model
----- Reality

BPM BPM BPM
M SPhEg BPMA
| pBPM1 _ BPM1 ({COt‘Plz — C0t¢13}mea5ured> )
measured model {C0t§012 _ C0t§013}model

ol U ol
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Online analysis of BPM data

* Easy identification of polarity errors with 45° BPM sampling
* Quick indication of phase advance errors
* Verification of optics fFunctions (e.g. injection matching)

/ RMS = 3,053 / Dp = -0.06

Optics phase
error

H Pos [mm]
P ST S Y M
<
|
T
| I
!
!
)
3 .

MMMMMM

onitor

—| YASP DV LHCRING / INJTEST-ramp-5Tev_VIQR0_[START] / beam 1
Byviews | R w5 ] ] mare | A5 Vertical kick

.708 / RMS = 5.940 / Dp = 0.03

BPM polarity
error

T T T T T T T T T
&0 70 S0 80 100 110 120 120 140 150
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Beam Intensity Measurements with
Beam Current Transformers (BCTs)
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AC / Fast BCT - the principle

MM IrRTIr8)

Image =-Beam

Image =-Beam

% - Z
Ceramic insert
> Beam
% Z
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AC / Fast BCT - beam response

* High-pass characteristics—no D)
low frequency signal components %jj )

* Impedance of secondary
winding « frequency

* Baseline droop —analogue or
digital restoration

a) 4 log(A), log(9)
9 - BCT + amplifier

Z
ol \ amplifier \\\\
/ BCT \\

I . >
ch fcl Iog( f )

v
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DC BCT

* AC BCTs cannot measure DC beam current (no dl/dt)
* DC beam current measurement needed in storage rings

 DC BCTs - take advantage of non-linear magnetisation curve and

use two identical cores magnetized in the opposite way
B %

| — magnetizing current (i.e. beam current)

B — magnetic filed in the core

—
\ 4
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DC BCT - the principle B

Hysteresis loop
of modulator cores
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DC BCT - the principle B

|
>

V1 (Core 1) x dB/dt

Output voltage =V1-V2

L}
el " Tmle” " Sal  mle el P S R »
L]
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DC BCT - the principle B

l; = beam current

|
>

V1 (Core 1) x dB/dt

Output signal at twice
the modulation frequency

V

5

v
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Zero Flux DC BCT

- Synchronous
[ |
—— detector
v, ——] Vv,
Modulator
Power supply

Compensation current

V=R x Ibeam I R IFeedback = - Ibeam
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passage =0

LHC electron cloud diagnostics with BCTs

i

Beam screen

L 25 ns ) Typical e~ densities ~10'2 e-/m=3
G. ladarola, G. Rumolo, G. Arduini (CERN)

* Secondary Emission Yield (SEY) — emitted / impacting electrons

* When SEY > threshold — multipacting (avalanche effect)
* Possible detrimental consequences:

* Beam quality degradation: instabilities, emittance growth

* |Impact on the machine: vacuum degradation, background, heat load
* SEY can be reduced through electron bombardment (scrubbing)
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LHC electron cloud diagnostics with BCTs

35 lel4

* Instabilities in tails of bunch trains — = F_—_—\\“\\\\\
increasing beam size — beam losses T
* Countermeasures: B
» Chromaticity e e
* Transverse feedback 5
* Beam scrubbing
- Diagnostics: : e e B W
* Fast BCTs - bunch-by-bunch A ERTCAL
intensity measurements Pl g
* Synchrotron Light Monitor - Bootodlo o db g
bunch-by-bunch profile R RN RN AN A
measurements ke ol A S L AN R

800
BUNCH #
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RF capture diagnostics with BCTs

—| SPS Bunch to Bunch Position Measurement Interface - FSTBCT-06092002-PROTON2-Oms—MTG#l.txt | .| |
File gettings Drawing Options Help
Acquisition: Multi Acquisition I CERN/SL XDataviewer 6.4 Z00OMIN:Pick first point
. ) m Views Subview External Editor Select
Acquisition Time 10 ms
E Plot Grid OFF Zeroline OFF OP OME . Zoom In Box
First Bunch = Profiles 06/09/02 17:07:19
First Bwmch Bunch Intensit;
-3.6 Bunch 746
72
Tum 1
Number of Bunches | L1 =

Number of bunches
1

Humber of Turns
Tarns

Start Acquisition
start Repeat

Dataviewer Control:

Batuh Bvelubion I

2

= || = 39 ms

Trace 1 on Dataviever
2

= T — |p ms

Trace 2 on Dataviever !

Da 48.0000 0.0056 dy -0.1297 Cu 47.8789 -0.1241 pl_tracel

Dataviewer
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Beam Loss Monitors (BLMs)
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Beam Loss Monitoring

* Main functions of a BLM system:
* Protect the accelerator from damage
» Safely extract the beam to avoid superconducting magnet quenches
* Provide diagnostics data to improve accelerator performance

LHC beams and loss limits

Stored Energy

Beam 7 TeV 2 X 362 MJ

Quench and Damage at 7 TeV

Quench level ~ 1mJ/cm3

y ol - g~

Z e ' Damage level ~ 1 J/lcm?3
2008 SPS incident: 2 MJ beam lost at 400 GeV
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Long BLMs

* Long ionisation chambers
* Several km long coaxial cables filled with gas
* Detection of direct and reflected pulse - spacial resolution of several meters
* Dynamic range of up to 104
* Fibre optic BLMs
* Electric signals replaced by light generated via Cherenkov radiation

A\

Y
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lonisation chamber BLMs
* Formed by metal plates, Filled

with inert gas, high potential Visualisation of ion chamber operation
across the plates
* Electron-ion pair creation by Anode E
high-energy particles = current ncidont o
on electrodes parice~ | T T . +
 Dynamic range of < 108 flectric | & i f Poe P oo
* Slow response (Js) due to ion field | i I S| I -
drift time Tl
* Very radiation tolerant, long _
lifetime (20+ years) W
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PIN photodiode BLMs

MIP

Two reverse-biased PIN Photon
photodiodes mounted face-
to-face

Detect coincidence of ionising N
particles crossing both diodes v

100 microns
depletion layer

beam loss - limited by
integration time

Can distinguish X-rays (low
coincidence) and ionizing
particles (high coincidence)

Dynamic range up to 10°

Count rate proportional to T/ P /J \-
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Diamond BLMs

 pCVD diamond between two
metal electrodes

* lonizing particles crossing the
diamond generate current
flow between the electrodes

* Very fast response time (ns)
* Used in the LHC for bunch-by-
buncosses

s ' - <

| |

Turn clock

1fns

A
v

Loss proﬁle
' < DBLM

MWWWWWM

< lonization
Chambers

Zoomxt00
Bunch trains

8 bunches 3 8 bunches 8 bunches

<—> I <> <—>

10 us

S
>

Courtesy of E. Griesmayer
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“LHC 16L2" diagnostics with BLMs — motive

24-Aug-2017 17:41:44 Fill #:6128 Energy: 59 GeV [{(B1); 0.00e+00 1{(B2): 0.00e+00

® B l t ATLAS ALICE CMS LHCb
€dm 105t over

a n d Ove r a g a i n Instantaneous Lumi [{ub.s)A-1] -0.000 0.000 0.000 0.000

BRAN Luminosity [{ub.s)"-1] 0.6 0.0 ] 0.0

d U e to exce SS i Ve Fill Luminosity {(nb)~-1 0.000 0.000 0.000 540.173

Beam 1 BKGD 0.000 0.000 0.000 0.000

lo S S e S Beam 2 BKGD 0.000 0.000 0.000 0.000
LHCb VELO Position Gap: -0.0 mm SETUP TOTEM:

Performance over the last 24 Hrs Updated: 17:41:44

* Significant impact | w

on the LHC g
availability in 2017 | =

7000
6000
5000 5
%
4000 £
=
3000 5
=
e
2000
1000

Dump RF Dump Dump Dump

#1 issue #2 #3 #4

5.9TeV /TeV 0.9TeV 0.8TeV
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“LHC 16L2" diagnostics with BLMs - first event

* No aperture Fill 5725, 29t of May
. . = Il.
restriction seen ol Colimaor | |
after local 1ol AUCE I b 2
measurements 10162 - splpeoll. - - - Bur -
: 2 )
* Clearsignature of "o b
ATLAS ATLAS
losses from both 10 cMs
beams 0 - |RF -7,
" MMUM
10 ?0 5000 1 G!S‘OO 15000 20000 25000
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“LHC 16L2" diagnostics with BLMs - loss evolution

24.082017 16:30:08

ssssss

Octant 1 Octant 2 Octant 3 Ocant 4 Octant 5 Octant 6 QOgqtant 7 Octant 8
- m———— A Rmen — —_— i - mrem e
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“LHC 16L2" diagnostics with BLMs - extra sensitivity

* How to quickly improve BLM sensitivity by a fFactor of 15
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“LHC 16L2" diagnostics with BLMs - exact location

* BLM spatial patterns clearly indicate losses from one
specific interconnection: quadrupole 16L2 (within 1 m)

14 : k MQ.16L2

- @
4.2 MB.C17L2 = MB.B17L2 =  MB.A17L2 MBC16L2 =  MB.B16L2 =  MB.A16L2
. - - -

1t

Spread in pattern

| since BLM close

to loss location

(and due to different | Dumg
/| beam energies) Dum

08 |

eV (FIII 6066)

eV F 116101

L T

0.6 L

T

TeV (Fill 6386)
TeV

TeV

T

BLM signal/max signal

16 o
8 e
2
5 4
.5 FIII 6387) —¢
.5 F 11 6388) —»~
.5 TeV (Fill 6392) —¢
5 TeV (Fill 6393) -
Du mpOSTeV Fill 6394)
Dump 1.0 TeV Fill 6395)

f |
|

2580 2600 2620 2640 2660 2680
s (m)

®
m Advanced CAS 24 Introduction to Beam Instrumentation and Diagnostics |



“LHC 16L2" diagnostics with BLMs - addltlonal data

* Many dumps triggered by BLMs near
primary collimators (Far away from
16L2)

* Indication of a growing transverse

inStability Losses at BLM

Monitor Losses versus Time

[rw| @] BLMQI16L2B2130_M
0.014 Total Losses = 0.9279 [Gray/s]

12 ms =~130 turns

Fill: 6394, B2, Post Mortem, Turn before dump 100

nnnnnnnnn
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“LHC 16L2" diagnostics with BLMs - additional data

e Clearinstability in the tail of the bunches
* Simulations performed to recreate a similar instability
* Required conditions: large density of electrons over a short distance —ionised gas cloud

015 LHC Head-Tail Beam 1 - bunch 3282 - 112 turns before dump

8
o0 Measurement
E 0051 6--Simulation
g- 0.00 -x/\_\/\/w o 4
£ —0.0s1 0=
+= ©
~0.10 | g)é) 2
—0.15 g 2 0
0.6 gg
0.5 - ‘(3 E -2t
. 044 6 >
:? 031 -4
E_ 0.2 -6
, 8L . A l ‘
03 -02 -01 00 01 02 03
Z1.00 —0.75 —0.50 —0.25 0.00 0.25 0.50 0.75 1.00 z [m]

Time [ns]
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“LHC 16L2" - conclusion

* Some air was trapped on beam screen and cold bore during vacuum pump down
* Solid nitrogen and oxygen formed inside the beam vacuum
* Particles fall into the beam and immediately vaporise locally rising pressure
* Beam interactions produce an ionised gas cloud leading to losses and instabilities

(20 K)

Cold bore (2 K M_I Cold bore (2 K)

______ =

.. Surface covered with N,, O,, Ar

Thermal
anchor (50 K) Surface covered with H,0

5 Pumping port valve (293 K)

(same pumping group pumping beam 1 and beam 2)
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Summary

* Focus of today: general introduction, BPMs, BCTs and BLMs
* Principle of operation
* Diagnostics use
* Tomorrow's subjects:
* Transvers profile monitoring
* Tune, coupling and chromaticity measurements and feedback

* For those following the Bl afternoon course:

° 3 sessions on beam signals and BPM design: 2 x simulation software + 1 x
practical hands-on exercises

* Please install the Bl simulation software on your laptop today!

* 3 sessions on profile measurements (transverse and longitudinal): hands-
on experiments
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