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Introduction

Beam position measurement
Beam intensity measurement
Beam loss monitoring

Beam profile monitoring & diagnostics
— Tune, Coupling & Chromaticity measurement & feedback
— Making Accelerators work using beam instrumentation
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Profile Monitoring using Screens

— Luminescence / Scintillating
Screens

+ Destructive (thick) but work
with low intensities

— Allows use of CCD camera
+ gives 2D information
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Profile Monitoring using Screens

— Radiation emitted when a Beam/ \ 19_>

charged particle goes through
an interface with different OTR g, Exit window
dielectric constants Screen

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

» Can use multiple screens with

v
single pass in transfer lines \I[ ﬂ:ﬂ
+ Can leave it in for hundreds of
turns e.g. for injection matching \MII’I‘OI’

Lens

— Much less destructive (thin) but requires
higher energy / intensity beam
— Can be used for extremely high resolution
measurements
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Profile Monitoring using Wires

— Move thin wire across beam

— Low energy : correlate wire position with secondary emission

— High energy : correlate wire position with secondary shower
Seconchry Partices

grnerated by bearm
vacnriube ] _":T,.a_wmwm

Farticle beam

-
/' Cantrol and acquisition
Electronics
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Limitation of WireScanners

— Brittle or Plastic failure (error in motor control)
— Melting/Sublimation (main intensity limit)
« Due to energy deposition in wire by particle beam

— Heat capacity, which increases with temperature!
— Cooling (radiative, conductive, thermionic, sublimation)
« Negligible during measurements (Typical scan 1 ms & cooling time constant ~10-15 ms)

— Good mechanical properties, high heat capacity, high melting/sublimation point
— E.g. Carbon which sublimates at 3915K
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Synchrotron Light Monitors

Dipole
Magnet

¥, x1fyrad

— Emitted from a moving charge bent in a magnetic field

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

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

— Standard CCD cameras for average beam size measurements
— Gated intensified camera
» For bunch by bunch diagnostics

— Streak cameras
* For short bunch diagnostics

The three main componanents of an image intensifier tube Image Phosphor Screen

Microchannel
Plate (MCP)

Phatocalhod . . : | Intensified
image

" Multiplied
electrons

Photon-generated
electrons

. _’ Existing
ambient light

PHOTONIS
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Synchrotron Light Imaging

— LHC single bunch
~1.1e11p @ 3.5 TeV

— Acquisition accumulated
over 4 turns at 200Hz

Profile
Fit

— Aberrations
» Mitigated by careful design
— Diffraction i

* Need to go to lower
wavelengths as the beam
size becomes smaller
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Longitudinal Profile Measurement

p* @ LHC 250ps

H- @ SNS 100ps

- Use ultra short bunches to e @ILC o
increase brightness or

improve luminosity e @CLIC 130fs

e @ XFEL 80fs

e @LCLS <75fs

— Direct Observation

» Produce light & observe with dedicated instruments
— Streak camera resolution ~200fs

» Use of RF techniques
* Use laser pulses and sampling techniques
— Indirect Calculation

» Reconstruct bunch length from frequency spectrum
— Either directly from the bunch or through its radiation spectrum
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— Converts time information to spatial
information

— Coupled to spectrometer also provides
energy information
— Destructive technique
— Resolution down to 1.3 fs
« X-band RF cavity
+ Linac Coherent Light Source (SLAC) Energy

Energy
Distribution

€——— Time

E. Ferrari (FERMI@Elettra)
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Measuring Ultra Short Bunches

Birefringent crystal placed close to the beam
» Non-destructive technique
Bunch passes simultaneous to chirped (time varying wavelength)
laser pulse
Intensity of bunch electric field modifies polarisation of light in crystal
» Longitudinal bunch distribution mapped to wavelength
Wavelength v. Intensity gives longitudinal bunch distribution
» Can be done in a variety of ways (simplest example below)
* Resolution down to 30 fs possible

To Tc grating
ZnTe ﬁ \
optical /

fs laser stlroetcher || || “ 7 —
P P . W =

i [/ %

Spectral Decoding  mm  —mm - — _ ] \

Limited to >250fs by laser bandwidth
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Optics Measurement in LINACs

profile measurement
(e.g. SEM grid)
-

quadrupole
magnet(s)

beam path
........................................... S e

’\/‘« Linear Mapping of measured beam size onto initial phase space

. YETEY

rms ellipses
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Optics Measurement in LINACs

— Linearly map measured profiles onto initial phase space
— Use tomography to reconstruct particle density distribution
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Optics Measurement in LINACs

— lteratively vary Twiss parameters & track to the measurement locations including space-charge
— Comparing measured & simulated rms beam sizes
— Continue until the simulated beam sizes converge to measured profiles

— Deduce new distribution of density in phase space from which particles fall on which wires
— Generate new beam distribution & use for next iteration

. . . ho : th i ;
Initial test beam 2nd jteration 5™ jteration 10t iteration
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— Filamentation
— Machine Settings Mismatch
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Electron cloud
creates instability in
tail of bunch trains
Increases the size of
the bunches towards
the end of each
bunch train
Leads to losses for
these bunches
Machine parameters
adjusted to counter

Chromaticity
Transverse feedback
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Bunch by Bunch Diagnostics
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Machine Tune

Qb _QF QD Characteristic Frequency
QF QF . .
of the Magnetic Lattice
Given by the strength of the
8 s SF . sD oF Quadrupole magnets

Q : Full betatron tune
q : Fractional tune (operating point)

tum n+1

um 42

horizontal & vertical oscillations couple
betatron motion at large amplitudes non-linear
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— can be seen in orbit
response

— H: 59, V: 64 for LHC
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Tune Measurement
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Tune Measurement — the principle

e closed orbit TERRaL

pick-up

beam response

,"n n:ﬂ 5 s S

— an excitation needed for globally exciting the beam
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Tune Measurement — the principle

— For LHC nominal beams that means nanosecond
pulses with amplitudes up to ~100 V

— Such signals are very difficult to simulate in the lab

@
0123
n n+1 n+2 n+3  t/T., U
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Position

Tune Measurement — the principle

defined by incoherent betatron motion of
all particles

gives spread in focussing by quadrupoles

gives rise to spread in the frequency of
the betatron oscillations (chromaticity)

coherent oscillations will de-cohere

once hit they oscillate (practically) forever
any excitation must be kept very small

rtical ampiiy al.;-:J

Y

0 o0 150 200 50
rm

If o
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Tune Measurement — the principle
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— Signals related to betatron oscillations are small with respect to beam offset signals
— Even for centred beam leakage is of order 1-10 % (of 100V!) for ns beam pulses
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The LHC Tune Measurement System

— RF Schottky diode can handle up to 50 V from beam pulses

* more possible with a few diodes in series (LHC detectors has 6 diodes)
— Betatron modulation downmixed to low frequency

+ Allows efficient signal processing with inexpensive 24-bit audio ADCs
— Just AM receiver — so what’s new?

» Slow discharge & use of low noise, high impedance amplifiers

+ Brutal filtering of revolution line & everything outside band of interest
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LHC Tune System Performance

e AL B e B B i B e e
L Hexcitation —* | |4 damper V excitation
at 0.17 (3.8 um rms) at 018 (3.9 um rms)
] —— Hplane
1L — Vplane
— a V spectrum shifted by 0.001 1
E (upper freq. axis)
E 0.1:— -
% £ ]
& | | :
=) L - .
= 001k ! "t A .

Sensitivity down to the 10 nanometre level
Enough to see resndual beam oscnllatlon W|thout added exmtahon |

0.001
0. 05 0 15 0 25 0.35 0.45
Frequency [f]
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Tune Measurement in the SPS

#acquisition

00 0.05 0.1 0.15 0.2 025 0.3 0.35 0.4 0.45 0.5

fractional tune
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% "0.05 0.10.15 0.2 0.25 0.3 0.35 0.4 0.45 0.5

fractional tune fractional tune
— Tune hardly visible — Tracking achieved throughout cycle
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Tune Feedback in the LHC

Hor. spectrum with Tune-FB OFF Hor spectrum with Tune-FB ON
45 :

40

35
30
25
20
15
10

time [minutes]

5

0. #27

0.31 032
frequency [f _

0.31
frequency [f ]

— Uses peak fit on FFT with 0.1..0.3 Hz bandwidth
— Feedback on trim quadrupoles
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Coupling Measurement

— Only horizontal tune shows up in horizontal FFT

FFT of Horizontal

— Vertical mode shows up & frequencies shift Acquisition Plane

Ver

Amplitude

Hor

Frequency -

Dr. Rhodri Jones — CERN Beam Instrumentation Group Beam Instrumentation and Diagnostics - CAS 2017

Coupling & Tune Control

Set Measured -
— 1 1 2 o=
0.0=0 +1A-1\X +|C"|

— Often called the ‘normal modes’ or ‘eigenvalues’

— What tunes would be in absence of coupling
— Can be calculated with knowledge of coupling

— Often called ‘minimum tune split’ or AQ,;,
— ‘Forbidden zone’ in a system of coupled oscillators

— Difference between the set horizontal & vertical tunes

— Conventional tune control no longer works
— Magnet system applies correction to the wrong plane
— Tune feedback becomes unstable
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At several points measured tune is defined by coupling

Tune feedback breaks down at these points
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Measured and calculated tunes

Coupling & Tune Feedback

— Measure coupling & feed-back on skew quadrupole families
» Maintains a decoupled machine
— Coupling & Tune feedback ON
+ Easily tracks & correct tune throughout acceleration cycle

0.74

0.715

07
o

Tunes with coupling feedback ON and OFF  [Feb 06]

easured OuRlina ecouplj
g!genlune 2 aop Bop Seire
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g
5
= 072
[
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S
X
0.69
0.68
300 o 100

END
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RHIC ramp tunes (tune & coupling feedback ON) [Feb 06]
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\
i e
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Chromaticity

Spread in the Machine

Optics Analogy: ens Tune due to Particle
Energy Spread
‘ Focal length is
Achromatic incident light energy dependent
First Order Generalised
-1
Ap (1 Af
AQ=Q'—=|5-a| Q'— (n)
p \y f o = o 0

Q

e

Ap
66(’” 6 F=
p
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Measurement Techniques

Tune change for different beam Standard method used on all machines.
momenta g <> | Can be combined with PLL tune tracking
to give on-line measurement
. Model dependent, non-linear effects, not
Z\;'g]thir?f ttlijr:(; peak or & | compatible with active transverse
ping damping
. . Difficult to exploit in hadron machines
I;-\i?eptl)lzin?ji ratio of synchrotron <& | with low synchrotron tune,
Influence of collective effects?
Used on many machines & ideally suited
Width ratio of Schottky sidebands <& |to unbunched or ion beams.
Measurement is typically very slow
Bunch spectrum variations durin Difficult to disentangle effects from all
betatronposcillations 9 <& | other sources — e.g. bunch filling
patterns, pick-up & electronics response
Head-tail phase advance Good results on several machines but
same as above, but in time requires kick stimulus = emittance
( b but in ti = ires kick stimul itt
domain) growth!
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RF Momentum Modulation Techniques

— Apply time varying RF modulation
— Continuously measure the tune
+ Amplitude of tune variation proportional to chromaticity

Fvem | SR o um G T B 58
QUL W (1010715 SRR o @ camweLy s e T
* un © o
i g : | \. ¢ — Sinusoidal RF modulation
BESEI0 BSR40 ORSESE URAEN IRRL M [ B S e B T ] at 005HZ
o — T — 5| — Tune continuously tracked
|| oEEE s S A in all planes of both beams
o Oy - - Ay, il X / .
e N AN ThEmn SN A — Chromaticity calculated
! Iy e Ny o Ve 4 N SN \ / once acquisition complete
i MR SR ml areen mm [+ 1 [ o] I&Sﬂﬂ hehe orlEld RN
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RF Momentum Modulation Techniques

— Apply time varying RF modulation
— Continuously measure the tune
* Amplitude of tune variation proportional to chromaticity

- n
==—+—"— - Triangular RF modulation
e == — Allows sign to be easily
B e determined
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Example from LEP B-squeeze

1 OOPNTSTORYC Lumne ¥ 21404492 0121200
horizantal bune wersus Lime
L) Tlme F33.0

12

.29

L

0.273380¢

Cu 760256 028535 61:11: 36: 360
Da FEO.DBO 0. 28497 dy 0.00437

vertical tuse wersms Lime
-E

Tlne 395.0

0. ZZIEREE
-

Ture

LE0ETaE4

|

Cu 2689222 622309 01:10:41: 260
Da 263.000 021548 dy 00076

Dr. Rhodri Jones — CERN Beam \nstrume[r?tlajt\on Group Beam Instrumentation and Diagnostics - CAS 2017

Example from LHC Acceleration Ramp

— LHC Ramp
* RF continuously modulated
+ Tune measured using the very sensitive Base Band Tune (BBQ) system
» Tune calculated from peak fitting of resulting frequency spectrum
» Tune feedback is switched off (rely on Q feedforward)
» The orbit FB can cope with the modulation as it subtracts the RF offset

rrTTp— 4 BIV _result

Chroma

Aaeranime T — ! — o i e S e - e e S s e s
0 2 4 6 8 ([ T T 1]
Time [min )

Horizontal tunes

aerases +—t | — + + 1 1 faze

17 e [ e [h 1w
Lo T
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Adpge [1E-E mm}

-

0.6987

0556
05540
1=

0,590

0.688]

L3

Example from RHIC

— RHIC
+ Algorithm needs to be calibrated for use with tune feedback
» Tune & coupling feedback introduce both phase shift & gain change

L
[t
2

: i o
e oF oy 02a/1

tune/coupling feedback

Qx fune/coupling feedback -5 off (red)
off (red) on (blue)
on (blue) 01/29/11
e 1] 100 200 300

Time since associaled ev-accramo (first) event (sec)

| Gain change

01/29/11

0 100 200 300
Time since associaled ev-acerams (lirsl) evenl [sec)

Dr. Rhodri Jones — CERN Beam Instrumentation Group Beam Instrumentation and Diagnostics - CAS 2017

Amplitude of Synchrotron Sidebands

— RF modulation changes orbit - not compatible with user operation
— Looking for technique to measure chromaticity on-line

* Measure Beam Transfer Function (BTF) on single bunch
— Using transverse bunch by bunch feedback system
— Emittance blow-up of single bunch irrelevant

Normalised Beam Transfer Function (BTF)

10" T T T
%o

21 > 1

2 S -

° %
19/ Qo
18 °
0% 0
gl} °
o
©
16 2 °
°
15 2
<
14 o
a3k & ]
© G measured data|
12] = quadraic fit
016 018 0.2 022 024 026 028
Relative amlitude of upper sideband
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Amplitude of Synchrotron Sidebands

— Modification of tune spectra by space charge & impedance
— Measured using Base Band Tune system
— Relative heights & mode structure given by chromaticity

» Can be calculated with simplified analytical models

B

=]
18 D32 033 03
SE
B |
-
S i
& I,
2% 029 0.3 .31 0.32 033 0
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LEP Beams Lost During B-Squeeze

— OK when stepping through the B-squeeze slowly
— Beams lost when attempting to go straight through

W thmgh, & e .

At ~0- G o loge achial  syolllE

DPAL  bigyer | Migbe o bk oo amblang

Termpdintion oz _uo Ll Fecs !
= ndhuig pubudady sty

ré‘:") Mmﬂw quvb’i ool -w:{’fs.

Djyo 72 Cel) u-@so reolkporkt of 9% Gl
Ly ] P A o .o
o\ €.J;Jﬁ“. . 50 _,u"r.'(.‘:"-\‘- S -3
g1 cpel) GRS Ol-SE-26 Jers ~g

= 3 T - - - a1
luengbieiboey ol-8o -5 LUl F066

Dr. Rhodri Jones — CERN Beam Instrumentation Group Beam Instrumentation and Diagnostics - CAS 2017

The Diagnostics

— Tracked for different power converter ramp rates
{ Dagerds | Ailandhy L on rep k& fos L

TUNEHISTORY (tune & current)12_44 14 03/05/00 12:45:25
horizontal tune versus tim:
0.0

g

Da 538,000 0.27947 dy 0.00122 12:44:24:000 Cu 537.752 0.28068 TH_hortuneraw

vertical tune versus time]
0.0

Da 1138.00 0.18358 dy —0.0021 12:44:36:000 Cu 1137.55 0.18152 TH_vertuneraw

Dr. Rhodri Jones — CERN Beam Instrumentation Group Beam Instrumentation and Diagnostics - CAS 2017




The Explanation

— Each converter can deliver full current

Master |
Converter
Slave
.‘ U

Control

—p

U—IR+LdI
B dt

I_l_
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— Slave only needed to give increased voltage for fast current changes

e
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e RS 038 033 0 A5 260 0.4 D b

LEP — No Circulating Beam

— Phase advance from BPMs show that optics no longer correct after
specific quadrupole

.50 ertical phase aance Jiava]
(O o= 000 A= 0T dpu =408 (1P zoms /- (811
RSP 035 Pl .68 I L33 F: 050 QL10-L1i \
s , - ~| ]
f \ / /\ K\ \ [/\\ gh\ / 1 J‘I/ \ ' \‘
A R N R N S N A U A U Y B
\ f;' \ / \ [ ‘\ { \ /’ \ / \\. \ A \‘\ /
Vo \ /] ‘\ \ / \ oy
\ / . \
/ \ / / / ./ \ __/ \/
T \\/ v \/ \‘
Ta 89,500 0,778 oy L7788 ol

Positrons =——
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The Explanation

— & 10m to the right ....

QL10.L1 |

..... i e e B e, S, T

— Both bottles were empty!!

..... ‘:‘"""'“’""'"""Q""""""""'
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Summary

“Bread & butter” instrumentation for standard operation

Innovative instrumentation to address specific requirements or new
techniques to use traditional instrumentation in non-conventional ways

CERN ADVANCED ACCELERATOR SCHOOL
2007 -

Simulation software & “hands-on” laboratory measurements

Program and measure using your own DSP

Support
Booklet for the

Beam Instrumentation Course

“Hands-on” laboratory measurements

Group presentation of your Bl proposals for an accelerator
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