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Introduction

= Vast subject — large range of technologies

= Fields involved include:

= Accelerator physics — particle physics — RF technology — optics —
mechanics — electronics — software engineering — ...

» Harsh environment:
= Radiation (SEE, radiation ageing, activation)
= Many sources of measurement noise and background
= Place readout close to detector, but = radiation
» RF heating by the beam
= Accessibility and maintenance
= Sometimes: cryogenic temperatures
= Mostly: must operate in vacuum and be UHV compatible
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Introduction, cont’d

= Aim: assist in commissioning, tuning and operating the accelerator
and to improve performance

= |nstrumentation varies:

= LINAC and transport lines: Single pass, can have separate
measurement lines «» Synchrotron: multi pass

» Protons/lons: non-relativistic for E;;, < 1 GeV/u
= Total Beam Energy (beam particles x particle energy) low < high
= Non-intercepting < Intercepting < Destructive (often
depending on beam energy)
= In this presentation:

= Explain working principles of some of the most important
instruments

= Give indication on achievable performance

= Give selected examples from operating machines and current
developments
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Resources and References

= Peter Forck: Lecture on Beam Instrumentation and Diagnostics at the
Joint University Accelerator School (JUAS),
see also the extended Bibliography

= CERN Accelerator Schools (CAS):
and

= Rhodri Jones and Hermann Schmickler: Introduction to Beam
Instrumentation and Diagnostics, CERN-2006-002.

= Daniel Brandt (Ed.), 2008 CAS on Beam Diagnostics for
Accelerators, Dourdan, CERN-2009-005 (2009).

= Heribert Koziol, Beam Diagnostic for Acclerators, Univ. Jyvaskyla,
Finland, CERN 94-01,
(1993).

» Jacques Bosser (Ed.), Beam Instrumentation, CERN-PE-ED 001-92,
Rev. 1994
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Measured Quantities

= Beam intensity
» |deally: 6D phase space of the beam

» Real measurements: mean values and 1D-projection, some 2D-
projections
» Transverse position (mean X, y)
Transverse profile
Bunch length
Mean momentum and momentum spread

Emittance and 2D phase space reconstruction (transverse and
longitudinal)

= Beam halo measurements
Tune, chromaticity, coupling, beta function, dispersion,
Beam Losses
Polarisation
Luminosity
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Classification of Selected Devices

» Different devices .
' PROPERTY MEASURED 2 @
(techniques) to HEE R g | & |Effect
measure the same 18|15 58Sl | +|S]on
quantity < Same — | 2| 8|S EIQE|5| B 5|0
. QL o - e
device to measure Elsl= =285 &|n-+ D
different quantities Beam transformers o 10 X
Wall-current monitors ® O ® O X
Pick-ups o0 o ® O X
= Effect on beam depends gafad? cup - : o' ole X
: econdary emission monitors o X | X
on circumstances Wire scanners ® 0o X
N none Wire chambers ® o X | x
- slight, negligible Beam loss monitors o [0 |o . X
+ perturbing Residual-gas profile monitors ® o o X
D d . Scintillator screens ® o X | X | X
estructive Optical transition radiation o0 | o X
Synchrotron radiation ® O o o o X
. LASER-Compton scattering ® O ® (x
- Dl_ﬁerent Labs _ Scrapers and meas. targets ® 0| o X
(different machines) Schottky scans o o |- oo |x
have different names _
for the same device! H. Koziol, CAS

517. WE-Heraeus-Seminar, Bad Honnef Eva Barbara Holzer October 17, 2012 6



Beam Position Monitors




Capacitive Pick-Ups for Bunched Beams

= Among the most numerous instruments

= Measurements: BPM Pickups
" ~~ beam
» Transverse beam position X,y —— 7 N\ o
jectory
0, 0 08p 0.

(typically next to focusing
elements) %*\(T‘i
| i 0 ' B

= Beam trajectory or closed orbit

= injection oscillations \\ / / M. Wendt

= Tune and lattice function in Focusing elements
synchrotrons (e.g. quadrupoles)

Working principle:
Image current in vacuum chamber walls: equal size and opposite
sign of the AC beam component
Monitor the image wall current with a plate inserted in the beam pipe
Adapt BPM electronics integration time

= Single-bunch < multi-bunch

= turn-by-turn (single pass) «» multi-turn average
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Capacitive Pick-Up — The Principle

* Image current in vacuum
chamber walls: equal size and
opposite sign of the AC beam
component

* Monitor the image wall current
with a plate inserted in the beam

Rhodri Jones, CAS 2011
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Schematics and Simplified Equivalent Circuit

equivalent circuit

P. Forck, JUAS NP
L (O V
R U ®
beam pipe I I __I__ground
pekw | ¢
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J. () R
I
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“— ground

A 11 iwRC
2ma Bc C 1 +iwRC 'beam

= Zi(w, B) * lpeam(w)

Z; ... longitudinal transfer impedance

Uim(w) =

— High pass characteristics with a
cut-off frequency, f.;

/ A U dlpeam A 1 / ()
.= _— = — il w
T 2mal\ Be dt 2mal e Peem A
frequency domain: Ip,,, = Ioe 't S /[
2 1
U, ... voltage measured due to image current S f =—
R ... amplifier input resistor 2 “ 27RC
w ... frequency =
Bc ... beam velocity >
0 0 Frequency (Hz)
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Transfer Impedance

W/ Wy

ﬂm:ZﬂRC

R=50 Q = f, = 32 MHz

ut

R=1MQ=f,. ~16kHz

ut

= large signal at lower
frequencies
= high impedance

= smooth signal transmission
= 50 Q

phase ¢
[V
o

10

2

-]

transfer imp. ZL| [Q]

—
-~
—

P. Forck, JUAS

10" |

4 TR RRETI B Lol Lol

- —-high impedance 1 M(}

——low impedance 50 0}

010" 10" 10° 10

3 4

10° 10° 10
frequency f [MHz]

| = 10 cm long cylindrical pick-up with a
capacitance of C = 100 pF and anion
velocity of B = 50%
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Operational Regime Determines Signal Shape

t(w)lbeam (w)

(/W ey Alpeam .
— ) . —
Zt X 1+ iw/wcut dt LW Ipeam U.',m(w) Z
"W << Wgyt: Uiy (t) b;:m , phase shift 90° - derivative signal

| =10 cm long cylindrical pick-up
with a capacitance of C = 100
pF and an ion velocity of § = 0.5,

R=50 O
f..=32MHz

I or U

Operational regime
depends on the bunch
length!

FFT ampl.

Uim (t) & Ipoqm(t), NO phase shift

P. Forck, JUAS
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Beam Position

Standard BPMs give intensity signals which need to be subtracted
(top - bottom, or left - right) to obtain a difference which is then
proportional to position of the beam center of mass

The difference signal (AU) is normally at least a factor 10 lower than

the sum signal (2U) |
= Position: x = ! .av
Sy(wxy) ZU

Difficult to do electronically without some of the intensity information
leaking through

When looking for small differences this leakage can dominate the
measurement

Resolution for typical apertures:
= =tens uym turn-by-turn
= = um multi-turn resolution
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Example: Button Pick-up

Low cost = most popular

X Non-linear

= requires correction algorithm
when beam is off-centre

X =230-10°X,"+3.70-10° X, +1.035X, +

7.53-10°X .,y +1.53-10° x,v*

LHC buttons

| 1

Jeu = T RC 2% 500 X8 PF

A zx(1 2mm)2

Z: =

ELECTRODE

=400MHz

=1.2Q

foo

2ra)xexC, (27 x24.5mm)xcx(8pF)

Y [mm]

-20

-20 -16 -12 -8 -4 0 4 8 12 16 20

X [mm]

R. Jones
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Improving Position Resolution

= Development driven by electron machines with very small beam sizes

(FEL, linear collider final focus region, CLIC main linac)

= Cavity BPMs allow sub micron resolution
» Design the detector to collect only the difference signal

= Dipole Mode TM,, proportional to position & shifted in frequency with

respect to monopole mode

Frequency Domain

S 4 E-field TM110
=
3 antenna 1—/ / beam
.
-— !
° 4 dx!
1. .
71X S
ot |0 — E-field TMO10
’ 0 2 4:1 6 4 s s
c f D. Lipk ez
ourtesy of D. Lipka, N N N
DESY, Hamburg u-Q  U~lr u~Q
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Today’s State of the Art BPMs

= Obtain signal using waveguides that only couple to dipole mode, further
suppression of monopole mode

Dipole Mode

Courtesy of D. Lipka,
5 DESY, Hamburg

= Required resolution of 2nm (yes nano!) in a 6x12mm diameter beam pipe
= Achieved World Record (so far!) res. of 8.7nm at ATF2 (KEK, Japan)

Lipka & Y. main cavity piece 22 E
2 i - E
coupling slot 12 g -

Courtesy of D
P ‘Hon Entries 489

rms  22.02

+-10nm

region

‘;\
e
o s

| bk kil Rk RRA L Ll bl R Rl |

grooves
for wire filler

wave guide

= | T A PP n
A I - -100 -80 -60 -40 -20 O 20 40 60 80 100
cavity - Residual (ADC ch)

1 [
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New LHC Collimators with Integrated BPMs

= Beam-based setup currently with BLM signal — time consuming
= Tighter tolerances will be required for future LHC operation

= BPM integrated in the tapered end of the collimator jaws (10.6mm
retraction from jaw surface)

= Drastically reduce set-up time
= Allow constant monitoring of beam position to jaw position

(D. Wollmann, HB2012)

» <25 um difference to BLM setup
- believed to be dominated by the
BLM setup method

= single pass (transfer line):
<90um rms
= no disturbance observed from

protons hitting the jaws or from
shower particles

= Successfully tested in the SPS I
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Beam Current




Overview of Current Measurements

= Beam Current measurement is essential for all machines

» Faraday cups: Measurement of the beam’s
. beam .
electrical charges - > i

vacuum chamber

. A
» Low energies only Y t
) . ou
= Particles are stopped in the
device flange e
- Destructive )
- movement S;Zflgﬁ%mnh
= Sensitive to low currents o

= Absolute accuracy:
= = 1% (some monitors reach 0.1%)
= Particle detectors: Measurement of the particle’s energy loss in
matter
» Used for low currents at high energies e.g. for slow extraction

= For example: scintillators, ionization chambers, secondary e— emission
monitors

» |nterceptive

Faraday Cup at GSI LINAC, P. Forck, JUAS
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Overview of Current Measurements, cont’d

* Mostly: Beam Current Transformer (BCT)
= Measurement of the magnetic field of the beam
= Non-interceptive
» |[ndependent on beam energy
= Beam as primary winding of a transformer

Magnetic field

N Turn winding
U=L-dl/dt
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Current Transformers

» Magnetic field of the
beam is very low
(Example: 1 YA,

mductance L.

— compared to earth
WIIe — . .
secondary magnetic field of
windings ~50 uT)
beam = primary winding = Aim of the Torus:

= Capture magnetic field
lines with cores of high

relative permeability
= Signal strength nearly

independent of beam

Transformer Inductance position.
= (CoFe based
I
L= o a3 wN*In-2 amorphous alloy
27T I Vitrovac: y.= 105)
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Adapt Droop Time with Active Transformer

R¢
beam Ry Ls R
Y beam L
| L
CiT——R c. ——
N windings 2 >
Q. N windings
torus mductance L e torus inductance L —

» Use a trans-impedance amplifier
(current-to-voltage converter) for
k observation of beam pulses > 10 ps,
Rice Tlme Droop Time e.g. at pulsed LINAC

] = Droop time constants of up to 1s
e

R = L onger rise times as well (to reduce
high frequency noise of the amplifier

wmﬂnnn " .y

S ayj _ -
U ‘"“T R/JA+R, R,
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Transformer Housing

» [mage current passing outside of the
transformer torus

» High permeability material shields the
transformer against external magnetic
fields

\

1:40 Passive
Transforme

Image
Current

e

Eeram_ic
ap
T —- '+" e o el b e ol I B o B e —> --------- CERN SPS Fast Beam
Current Transformer
BEAM (FBCT)
\ |
’_ RRLLU 80nm Ti Coatir!
=202 to improve
Calibration winding = impedance
500 MHz Bandwidth; Low droop (< 0.2%/ms)
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CERN FBCT Readings of LHC Type Beams in the SPS

= 4 batches each containing 72 bunches separated by 25 ns

i
1 ps

A MY

331 my

58 ns
ZHBA mY

.

331 my

1

| i 1
_lI',I q

In

IJI L

i Hlu I aw\\ H‘IJ nll\‘ 1

s

|

U

\

L |
] ,Jiughm
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Performance

= Achievable performance Fast Beam Current Transformers (FBCT):

= Absolute accuracy: 1%
= Reproducibility / relative precision: 0.1%
= Dynamic range: 108 (10%)

» Performance LHC DC Beam Current Transformers (DCCT):

= Absolute accuracy: 0.2%
= Noise floor 2 UA
= Dynamic range 106 (WA — 1A)
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Current Developments at CERN

= DC: Cryogenic Current Comparator, CCC (A. Peters, GSI,
BIW1998, T. Watanabe, RIKEN, BIW10)

For low current beams (AD and ELENA)

Uses SQUID (Superconducting Quantum Interference Device) as null
detector for the magnetic field which can detect extremely small changes

of the magnetic field. _— == Iic
Sub-nA resolution for 100 nA beams hildin ;d'
has been obtained. =
Independent of beam position paricle o

beam

Very delicate to implement

modulation

— see poster F. Kurian SQUH%’”Q """" Skt
- coil
electronics _Z)' E\::BI\CY\: SQUID
cartridge

DC SQUID SQUID \matching
input coil transformer
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DCCT: DC Beam Current Transformer

» DC current dB/dt = 0 [J no voltage induced

= Use two identical toroids

» Take advantage of non-linear magnetisation curve

= Modulation of
opposite sign
drives toroids into
saturation

= Sense windings
measure the modulation
signal

= Signals from the two
toroids cancel each

other as long as
there is no beam

I

V1

modulation [’\/ 1 kHz modulation ]
| mod I mod
—— —-—
torus |
beam
/
beam @I NHHNa. NN
~ilf—
T Iwmp
I sense | sense
Sensin g demodulator

compensation

driving dc—voltage
L. 7

l

comp ensation current

/

measured current
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DCCT Principle — Case 1: No Beam

Hysteresis loop B
of modulator cores

Modulation Current - Core 1

—t
v
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DCCT Principle — Case 1: No Beam

dB
dt

>

I

dB/dt - Core 1 (V1)
dB/dt - Core 2 (V2)
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DCCT Principle — Case 2: With Beam

Beam Current |5

Output signal is at twice
the modulation frequency

>

I
dB/dt - Core 1 (V1)
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DCCT in the “Zero Flux” Scheme

» The length of the pulses is a measure

for the beam current

= Zero-flux scheme: compensate for the beam current and measure the
magnitude of the compensation current

modulation [r\-' 1 kHz modulation ]
| mod I mod
—_— —
torus beam
——
beam @) ) JETT T _
e EEEEEE——
T T comp
Isense I sense
Se‘nsing demodulator

driving de—voltage

/

l

measured current

C()”]})(}”.\"(?”’O” 4| COl'l'lpCllel[iOll current ]

J
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Transverse Profile and Emittance Measurement




Overview

* Emittance Measurement:
* Linear machine
» Transverse profile (o) and angular distribution at one location
= Slit-grid device (1D) or Pepper pot (2D) (for E;,, < 100 MeV/u)

» ‘Three grid’ method: transverse profile at different location and linear
transformation

» Quadrupole variation: transverse profile at one locations with different
setting of quadrupole

: o : : : o?
= Circular machine in a dispersion free region ¢ = 5

» Accuracy = 10% (because of uncertainties on optics parameters)

= Beam Profile measurement SEM grids and wire
» Secondary emission grids and screens scanners:
= Wire scanners Used as reference
= Synchrotron light monitors measurement for the
= |onisation and luminescence monitors other methods
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Secondary Emission (SEM) Grids

» When the beam passes through,
secondary electrons are emitted

from a wire, proportional to beam
intensity

» The current flowing back onto the
wires is measured using one
amplifier/ADC chain for each wire

= Very high sensitivity, semi-transparent
= Good absolute measurement

IR R

= Spatial resolution limited by e e
wire spacing to <= 0.25mm | Filill
= Dynamic range: = 10° . s

Step: 1.000 mw 7.0% ADC Range

BTH.MSFO2

0.38
No 9 BaseLine Vire Nbs Step: 0.500 mm  14.6% ADC Range
BIM.MSFO3 spline fit

45218

2 .66 T pum
0.12mm
1.96mm |
50.29
. 0.06
05 10 15 20 -0.42
Step: 1.000 rm 11.4% ADC Range
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Scintillation Screens

= Typically for setting-up with low intensities, thick screens (mm)
—> emittance blow-up

= Workshop in 2011 at GSI to look at resolution possible with various
screen materials:

= Sensitivities of different materials vary by orders of magnitudes
— see poster E. Guetlich

> A_Chromlux7(Licht) e =101 x|

Abbreviation Material  Activator max. emission decay time
Quartz Si09 none 470 nm < 10 ns
Csl Tl 550 nm 1 ps
Chromolux Al5Og Cr 700 nm 100 ms
: YAG Y3Al50q9 Ce 550 nm 0.2 us
_ _:.f ! o 4 i) @3 Li glass Ce 400 nm 0.1 ps
. T | P11 ZnS Ag 450 nm 3 ms
"I P43 GdoO9S Th 545 nm 1 ms
| | P46 Y3Al50q9 Ce 530 nm 0.3 ps
"1 P47 Y9SisOs Ce&Tbh 400 nm 100 ns

Approximate values for inorganic scintillators

P. Forck, JUAS
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Optical Transition Radiation (OTR) Screens

= Radiation emitted when a charged particle beam goes through the
interface of two media with different dielectric constants

» Surface phenomenon allows the use of very thin screens (~10mm)
= much less intercepting, but requires higher intensity

OTR Screen

B_efn/\@—'

.  Exit window

Intensifier -
CCD

L ens CERN SPS at injection
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Beam Profile Monitoring Using Screens

= Combine several screens in one housing e.g.
= AlLO, scintillation screen for setting-up with low intensity
= Thin (=10um) Ti OTR screen for high intensity measurements
» Carbon OTR screen for very high intensity operation

= Cameras:
= CCD cameras are radiation sensitive
= Analogue VIDICON camera can be used with high radiation

517. WE-Heraeus-Seminar, Bad Honnef Eva Barbara Holzer October 17, 2012
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Wire Scanners

= A thin wire (down to 10 um) is moved across the beam
» Has to move fast to avoid excessive heating of the wire

= Rotational scanner up to 10 m/s with
special pneumatic mechanism
(linear scanners slower)

= Detection

= Secondary particle shower detected
outside the vacuum chamber e.qg.
using a scintillator/photo-multiplier
assembly

» Secondary emission current detected
as for SEM grids

= Correlating wire position with detected
signal gives the beam profile

= Wire vibrations limit position
resolution

= | ess invasive than screen or SEM grids
517. WE-Heraeus-Seminar, Bad Honnef Eva Barbara Holzer October 17, 2012 38
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New Wire Scanner being developed at CERN

= Design goals:

= Spatial resolution of few um (using high resolution angular position

sensor )
= Dynamic range: 104
= Usage of sensor with large
dynamic (diamond)
= Automatic electronic
switching of gain ranges
= Minimize fork and wire
deformations

= Study of dynamic behavior
of fork/wire system

= Vibration mode optimized
acceleration profile

= Current Wire Scanners at CERN:

Feed-through
-
Optical fiber - -I’";/ optical
-—-l"—\ = ~ disc
—
" _;-F"P _..-- »
Solid roter _— e Shaft
resolver - -~ e
_ Roller
" bearing
Beam-pipe
-
___.-"
Stator
Carbon wire . ~
=~ Beam
Vacuum _ L __Fork
chamber

= Dynamic range 100; accuracy 5-10%; spatial resolution 50 pm
(linear type) and 200 pum (rotational)
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(Quasi) Non-Invasive Beam Size Measurement
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Luminescence Profile Monitor

» Beam Induced Fluorescence (BIF)

* |nsensitive to electric and magnetic
fields (e.g. beam space charge)

Sensitive to radiation — leading to
background

Low signal yield — gas injection (e.qg.
N2, Hp)
Dynamic range: = 103

N,-fluorescent
gas
equally

Lens, Image-Intensifier
and CCD FireWire-Camera

cch
1 [MCP]

To signal
processing

400 I/s

viewport size

e

20 40

A

Y
iy e

vert. profile [mm]

1©
e

0 o 0 ol
v =

aver. pixel int.

M.Schwickert, P.Forck, F.Becker, GSI
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Luminescence Profile Monitor — Example CERN SPS

Beam size shrinks as
beam is accelerated

Fast extraction _ _
L | Injection
1 Slow extraction

87
74
62
49
37
25

12 3D
Image

0 50 100 150 200
Beam Size

Sigma H : 676 um Super Cycle number : 15850

= Profile Collected every 20ms

= | ocal Pressure at =5x10-7 Torr

e& | 180,000 . /
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IPM (lonization Profile Monitors)

Residual Gas lonisation

Luminescence

= High voltage

= Guiding magnetic field

= Compensation
magnets for the beam

T. Giacomini et al., GSI

dynamic range: up to 103
= 10 times more sensitive than

Image broadening due to space charge
More complicated to build

Measured Normalized Beam Intensity [a. u.]

Comparison of BiF and iFivVi Profiies in Different Gases

1.0
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M.Schwickert, P.Forck, F.Becker, GSI
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Synchrotron Light Monitor

= Only for electrons & very high energy protons/ions (LHC)
For linear machine: difficult to separate the light from the beam

Difficult to get absolute calibration:
Image correction factors typically bigger than the beam size

Dynamic range 200 (10° by changing the attenuation)
Accuracy 30%
Spatial resolution 50um

—Bunch per Bunch Slice @ T=RED LINE ABOVE

5] —=— HORIZONTAL

. :j 4 3 : —*—ﬂVERTI(}AL

10

LHC: transverse blow-up of J
individual bunches

R ERT R
L
. -
g
.
X
*

1 A 1 ! ' Il L I ' ! 1 1 Il 1 I il Il 1 L Il
500 1000 1500 2000 2500 3000
BUNCH #
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Electron Beam Scanner

= Electron beam scanner (SNS, PAC’'11, HB2012, W. Blokland)

= Electrons are deflected by proton beam and measured on a
fluorescent screen

Image with overlays | Final Profiles

Ver (pixels)

REREEERNAREEY

| Cory Quad, Quad Screen
Gun Deflector B
L A_ =
b2
Cor, Marker
v / -
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Laser wire scanner

= Good candidate for H (and p HoFe -
electrons) - Il
» Electron is stripped from the H, « & e 0" /»
deflected and measured \ =
(e.g. Faraday cup) i & Nescan
= Can measure down to um level =
= dynamic range: up to 10° Deflecto :
Wire ‘b@a
— see poster S. El Mousati Seanner 7

Courtesy of A. Alexandrov

Amplitude (arb. unit)

1 MW beam power
Y. Liu, SNS, PAC’11

Horizontal Vertical X(Y) (20 mm/div)
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Beam Loss Measurement

for Protection and Diagnostics




Common types of monitors

= Long ionisation chamber (charge detection)
= Up to several km of gas filled hollow coaxial cables
» | ongitudinal position information by arrival time measurement
= e.9. SLAC — 8m position resolution (30ns) over 3.5km cable length
= Dynamic range of up to 104
= Cherenkov fibers
= Time resolution 1 ns
Minimal space requirement
Insensitive to gamma background, E and B fields
Radiation hard (depending on type)
Combination fiber / readout can adapt to a wide dose range
Dynamic range 10 seems feasible
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Common types of monitors cont’d

= Short ionisation chamber (charge detection)
= Typically gas filled with many metallic electrodes and kV bias
= Speed limited by ion collection time - tens of microseconds
= Dynamic range of up to 108

= PIN photodiode (count detection)

y—quant charged

= Detect charged particle paricl

» |[nsensitive to photons from synchrotron N N e
radiation due to coincidence counting in coise: a4 o1
two back-to-back mounted PIN diodes - 3’ N

= Count rate proportional to beam loss

= Speed limited by integration time U

= Dynamic range of up to 10°
= Scintillators plus photo-multipliers
= efc. ...
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LHC BLM System

= Main purpose: prevent
damage and quench

= 3600 lonization chambers

= Beam abort thresholds:
= 12 integration intervals:
40us to 84s (32 energy levels)
- 1.5 Million threshold values

= Each monitor aborts beam
= One of 12 integration intervals over threshold
» |nternal test failed

= Requirements and Challenges
» High Dependability (Reliability, Availability, Safety)
= Threshold precision (factor 2)
» Reaction time 1-2 turns (100 — 200 us)
= Dynamic range: 108 (at 40us 10° achieved — 106 planned)

» Radiation hard: currently at CERN development of kGy
radiation hard readout to avoid noise from long cables
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Threshold Determination

= Quench and damage levels

" EXte n S ive S i m u | ati O n S d u ri n g SySte m 20510 20515 20520 20525 20530 20:535 20-5;0 20545 205%(? z (m)
. . pe . MB.B13R7 MB.C13R7 MQ.13R7 MB.A14R7
design (and experimental verificati

» Proton loss locations (MAD-X,
SIXTRACK)

» Hadronic showers through

= Typically: Applied threshold set to B oo ST Joo
30% of the magnet quench level Sre0st — mw”" e N
= Relate the BLM signal to the: gﬂ:ﬁ: L |E
= Number of locally lost beam particles & | 120
= Deposited energy in the machine g

— _._..-_-_'j_’-"if['

§
g10'E E
magnets (GEANT, FLUKA) £ F E
. 5 - —+proton 7
= Magnet quench levels as function of & 102¢ ok |
p energy and loss duration (SPQR) ¢ s |
= Chamber response to the mixed . mon |
o pion- i

radiation field (GEANT, FLUKA,
GARFIELD)

ETTT ERE T R |

10°  10° 107
kinetic energy [MeV]
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local cleaning inefficiency

Set-up and validation of collimation performance

= Find the beam

) Collimator
center with each
collimator jaw by l
stepping the
jaw towards the
beam and

observing the BLM signal

betatron losses B1 3500GeV hor norm F (2011.05.08, 01:00:47)

1 F

0.1 ¢

0.01

0.001 ¢

0.0001 ¢

1e-05 ¢

1e-06 ¢

1e-07 |

a
1e-08 |
0 5000 10000 15000

s [m]

~ cold
collimator
warm

1.0E-4

BLM Signal

signal [ au. |

LOE-5 Threshold

e

T T T T
20:17:00 20:17:20 20:17:40 :18:

Beam loss

3.004

2,00+

ns [mm]

1.00+ —
Jaw Positions

0.004

Jaw positio

-1.00+

-2.004

Time [

T T T T T
20:17:00 20:17:20 2001740 20:1800 20:18:20 2
time [hh:mm:ss]

20000 25000

‘loss map’: losses along the
ring normalized to the losses
at the primary collimator:
performance verification
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Diamond Detectors

= Fast and sensitive

Small and radiation hard ‘ T";:m@‘ ‘ ‘ |

Used in LHC to distinguish bunch by ! ,
bunch losses I .

Dynamic range of monitor: 10° | € DBLM

Temporal resolution: few ns —MW‘M—

Investigations now ongoing to see if I||“|I € fonization
Chambers

they can work in cryogenic conditions

Zoom x100

Buncﬁ trains
8 bunches 8 bunches 8 bunches
<> <> <—>

10 us

A
v
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Halo Measurements




Introduction

= Beam tails (10-2—103) are just within range of standard profile
measurements

= Halo (< 10%): need very high dynamic range >10°

* Not one of the ‘common’ measurements

» For high intensity machines it is mandatory to limit beam losses =2
good understanding of the beam tail and halo very helpful

= Halo typically not well understood (simulation codes do not reproduce
halo populations very well)

» Linear machines:

= Wire scanners shown to work well for halo measurements

= Often beam steered to minimize losses: steering on the beam halo rather
than on the beam core

» Halo can re-populate along the machine after being scraped
= Synchrotron: collimator or scraper or wire close to the beam >

» Measure (precise relative measurement) and destroy the halo at the same
time
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Overview

= Counting techniques:

» By increasing the measurement time, the dynamic range
iIncreases in proportion

= Transverse Halo Measurements
= Wire scanners and scrapers — slow
» Optical Methods — much faster
= Light generated by synchrotron radiation or screens

= | arge dynamic range readout
= CID (Charge Injection Device) cameras with RAl (random access
integration) mode (automatically adjusted integration time for each
pixel): dynamic range of up to 106
= Micro Mirror Arrays
= Blocking the core with coronagraph
» Longitudinal ‘Halo’ Measurements
= Optical methods based on synchrotron light and counting

= Scraping and loss measurements at momentum cleaning
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Wire Scanner for Halo Measurement

= Signal: SEM (secondary emission current) for low beam energy or by
scintillator for high beam energy or ‘vibrating wire’ method (measured
quantity: resonance frequency change due to wire heating — very
precise for few interactions)

= Use of special techniques to improve S/N ratio and enhance the
dynamic range

= Wire static in the halo for considerable time — suitable for linear
machines and transfer lines
= A Browman et al. PAC 2003:
measurement by SEM current
readout at the extraction line of the
Los Alamos Proton Storage Ring: .
= Each position averaging over < ..., _
several beam pulses

= dynamic range of 10°
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Wire Scanner cont.

= Counting with the wire at constant position in the halo can be
combined with fast wire scan in the beam core

= Background reduction by coincidence method, for example with

scintillator telescope

K. Wittenburg,
CAS Dourdan

= A.P Freyberger, Jefferson Lab, PAC’'03

DIPAC’05: coincident counting; combining

multiple wires with different diameter
(also using a plate) at target station:

* huge dynamic
range: 108

P

/.).

—, -
T

100000

10000 2 glx)+h{x ) +back
e h{x+back

,
0.0001 __._'._+.!..

0.001

g EEE i y
0000 L Y
-4 ? Y

le-05

1 1 L L L L
36 38 40 42 44 46 48
¥(mm)
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LDM counts

More Examples

= Micro Mirror Arrays (adaptive

masking method),

HB2012 Hao Dai Zhang et al.

Ghost bunches

&

K. Wittenburg
CAS Dourdan

|

(4) Re-Measure

@

_ (2) Define core

=/

—

_/

Bunch one
Peak=129.000

_ (3) Generate mask

'\

.

= | DM: Longitudinal density monitor at
LHC base on synchrotron light; takes
some minutes for the whole ring

= Dynamic range: At LHC at least 103.
Theoretically 104 10°; but limited by
deadtime and afterpulse

= Temporal resolution: 50ps
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Further Reading on Halo Measurements

» Kay Wittenburg, Beam Halo and Bunch Purity Monitoring, CAS on
beam Diagnostics, Dourdan, CERN-2009-005 (2009).

= 29th ICFA Advanced Beam Dynamics Workshop on Beam Halo
Dynamics, Diagnostics, and Collimation, HALO’03, Montauk, Long
Island, New York.

» Proceedings ICFA workshops: HB2004, Bensheim, Germany;
HB2006, Tsukuba, Japan.
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Tune and Chromaticity in a Circular Machine




Tune

* The tune Q is the number of betatron oscillations per turn
» Measurement gives the non-integer partq; Q =n+q

» Measure with slightly shifted tune to distinguish g<0.5 from g>0.5
» Caveat: Excitation of hadron beam leads to emittance blow-up

o

» Excite the beam with
= Single kick (or white noise, or ‘chirp’)
* FFT analysis of position reading
from one BPM

= Betatron tune is the frequency
with the highest amplitude response

* |n the presence of external
excitation the method can even
work without kick.

= Example GSI synchrotron

=
(]

|
=]
[3)
1

displacement [arb.u.]
(=]
=
___-.—é

=
[

L]

o0 100 150 200
turns

= = [
o =] =

=
=

p W \‘\l“\'r\c—»;
.0 1 2 3 4 52
non—integer part of tune q

]
s

F'E'T amplitude [arbu ]

2
=
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Beam Transfer Function Measurement

= Tune measurement with a network analyzer

» Beam exited with sinusoidal wave; frequency is stepped over the
expected tune range

» Response of the beam (amplitude and frequency) is determined
» Beam acts like a harmonic oscillator

» Measurement of the phase response in general more precise than
amplitude measurement

= High precision: up to 104 but slow (up to minutes)

S R - w
:t_‘ : [ E} v &+T{T++ u+tl - L &
E [ =1 " [ q.
! e—— o, - -0 - s
’é 0.8
: / A'}a L1
Sk Ad
“ \\_ 1.6 - F . 'r:;,
10 o " : | 2
057 L.
H i 2} + 2 i
L ¢ et "}- +';4 Wt - : l
e *1, I' L -5
i 2.8 ¢ I e 't }
| il oy |
: A —3.2 I.J_I-_._I . 4'1 . PR
o D22 “0.24 026 0.28 0.2 0.22 0.24 ¢0.26 0.28 0.3
frequency
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Phase Locked Loop Tune Tracking

= A voltage controlled oscillator (VCQO) excites the beam with a sine
wave, measures the beam response and locks the excitation
frequency to the 90 degree phase difference. /l/

» Tracks any tune changes —
] Con‘“nuous read|ng ' (Beam Position Monitor)
‘ B sin(ot+d)
Beam Excitation
Phase detector
5,‘;;:;,';;?if:ﬁtf:r.::ff:srse.. i e e VCO ot VCONCO —| COS ¢ - cos(2wt+q)
s e PRI N _ regular intervals [e—| Conratea oselrer)
“‘"‘*—x_‘\x ! —— Frequency = tune! A sin(wt) Frequency Control
5
_,-"“"—H—‘_m"“\.-—-—-_-—-—
o T [ qv
¥
T e e Example of continuous tune tracking while
e e | | crossing horizontal and vertical tunes
e Closest tune approach is a measure for
g coupling
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High Sensitivity Tune Measurement by Direct Diode Det.

" IH TS Marek Gasior,
, g , Faraday Cup Award 2012

uﬂ "W‘“*F“*’""

<«— pick-up —>|<—d|ode peak detectors (S&H) ~>| DC suppression—<—differential amplifier—=<—band-pass 0.1-0.5f,,—% amplifier —>

high frequency |

< low frequency >

» Peak detection of position pick-up electrode signals (“collecting just the cream”)

» f content converted to the DC and removed by series capacitors

» beam modulation moved to a low frequency range (as after the diodes modulation is on much longer pulses)
» A GHz range before the diodes, after the diodes processing in the kHz range

» Works with any position pick-up

= | arge sensitivity

» |Impossible to saturate (large f, suppression already at the detectors + large dynamic range)

= | ow frequency operation after the diodes

High reseclution ADCs available
Signal conditioning / processing is easy (powerful components for low frequencies)
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Normalised magnitude [dB]
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time [minutes]

Example LHC Tune Feed-back System

Hor. spectrum with Tune-FB OFF

Hor spectrum with Tune-FB ON

45
40 45 I-eo
40
35
35 -
30 70
30
25 25 _80
20 20
15 -0
-100
-110
(92 0.28 0.29 0.3 0.3 0.. (5).27 0.28 0.29 0.3 0.31 0.32
frequency [f _ frequency [f _ |
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Chromaticity Measurement

» Chromaticity é&,or Q' = &€ Q

AQ=0Q T

» Measure tune for slightly different beam energies (by varying the RF
frequency and keeping the magnetic filed constant) and calculate the

gradient.

» Correct with sextupole magnets
» Chromaticity can be tracked continuously by combining RF

modulation with PLL tune measurement

AQ

Q

Ap
p
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Thank you for your Attention




BLM for lons I

» BFPP simulations for ALICE: loss
positions (J. Jowett) and showers
through dipole magnet (R. Bruce)
—> additional monitors

= Main dipoles: ratio of energy
deposited in magnet versus
energy deposited in the BLM
detector is roughly the same as
for protons
= Ratio of quench (damage) level to
BLM signal about the same as for

protons - Similar threshold tables
for protons and ions

= standard BLMs (local aperture
limitations) at right position
= Future simulations (other EM
processes) might lead to more
requests for BLMs

E (GeV/particlexcm™)

-9
10 | - L1 1| I I — | | - ‘
0 200 400 600 800 1000 1200 1400

z (cm)

Energy position in the hottest part of the
coil and at the BLM location (FLUKA,
LHC Project Note 379, R. Bruce et al.)
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per year Requirement 2010 2011 (beam

(above 450 with damage
GeV) potential)

Damage risk <103 5x 104 - -

False dumps <20 10—-17 3 3
(7 — 14 per year of
standard operation)
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Example from GSI

passive transformer active transformer

For bunch observation

For observation of beam pulses > 10 ys e.g.

e.g. trans.fer be‘tween synchrotrons at pulsed LINAC
a bandwidth of 2 kHz < f<1 GHz
< 1 ns < ¢ <200 ps 1s well suited.

Example GSI type:
Inner radius r; = 70 mm . .
_ o = Torus inner radius
Outer radius ro, = 90 mm

Torus outer radius
Core thickness
Core material

Torus thickness [ = 16 mm
Torus material Vitrovac 6025:
(CoFe) 79 (MoSiB) g9

Permeability i, =~ 10° Core permeability
for f < 100 kHz, Number of windings
jtr x 1/ f above Max. sensitivity
Windings 10 Beam current range
Sensitivity 4 V/A at R =50 ), Bandwidth
10* V/A with ampl. Droop
Resolution 40 pA s rms resolution

r=30 mm

r, =45 mm

[=25 mm

Vitrovac 6025
(C uF_e)m% (MoSiB); .,

1 =10°

2x10 crossed

10° V/A

10 pA to 100 mA

1 MHz

0.5 % for 5 ms

0.2 nA for full bw

Taroop = L/ R 0.2 ms
Trise = VLsCs 1 1ns
Bandwidth 2 kHz to 300 MHz
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Example of Orbit Measurement

» Threading the first beam through the LHC
= One beam at a time, one hour per beam

= Collimators used to stop the beam after each sector

= Once the trajectory was corrected open the collimator for the next

T
0 100 200

—| YASP DV LHCRING / INJ-TEST-NB / beam 2 | -]_J
| Rviews | (] [m] = e8] (3] 18] more | 33
FT - P450.12 GeV/c - Fill # 830 INJPROT - 10/09;08 15-01-58 7

10 : :

a3 —EI;.336 / RMS = 2.868 z Dp = -0.37 i i i

n 0 m 1 i ] ! I
2 I 1 ; 1
T i i i ;

-5 | i |

1 ATLAS RF-B2 [cmg] DUMP-B2 IN)-52

I T T T

T
400

[Dump-63]

T T T
0 100 200
Monitor V

00

T
400
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