Beam Diagnostic Regquirements Overview

Gero Kube
DESY (Hamburg)

= Measurement Principles
= Specific Diagnhostics Needs for Hadron Accelerators @

= Specific Diagnostics Needs for Electron Accelerators
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Accelerators world wide

@ accelerator applications
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R.W. Hamm, M.E. Hamm, Industrial Accelerators

and their Applications, World Scientific (2012)
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@ particle species

» lepton beams: electrons, positrons

» hadron beams: protons, anti-protons, heavy ions
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Accelerator Applications

@ cathode ray tubes
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@ electron beam welding
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PAVAC Energy Corp., welding
and machining
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@ medical treatment
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Siemens Eclipse Cyclotron (11 MeV)
marketed for PET isotope production

@ circular collider

Lo
2006

OKADK BONVK  20KASK  ASCAI

POINT 4
- —~— e
A:@, SECTOR4s VR, | _‘PC"NT L

k A
< SECTOR34  © CMS  SECTOR 56 "G

G
\\i( 5
/N o
/

f &
“v SECTOR 23 :‘-%
\

1 9
Y
= —
POINT 2 Q‘ I SPS
ALICE SECTOR 12 fj SECTOR7S.
y N 5
e P
N | p P
\ ot £~ POINT 8
— et ~

ATLAS 7 Apr 2011

Beamline Storage ring

@ 39/ 4" generation light source

@ linear collider
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Beam Parameters and Diagnostics
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@ Dbeam position

e e B e

> orbit, lattice parameters, tune, chromaticity, femzh,...

pe o
] o
z quw:-:m‘r‘i“‘ﬁr——w‘fvrj"m‘” i

@ Dbeam intensity

»dc & bunch current, coasting beam, lifetime, effices,...

@ Dbeam profile

> longitudinal and transverse distributions, emittances

@ beam loss

»identify position of losses, prevent damage of components

@ beam energy REEEEEETE L4

> mainly required by users,... =l

y q y B —— - e pEEEsEE —'I NNNNN :

@ luminosity (collider) e
» key parameter, collision optimization...

and even more: charge states, mass numbers,... M e e O

ve mode 164655 2/2/2007

Gero Kube, DESY / MDI Beam Instrumentation CAS, Tuusula (Finland), 2-15 June 2018



Reminder: Beam Signal Generation
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@ hadron/ electron machines

»difference in signal generation and underlying physicadgples (— rest mass)

‘ distinguish between hadron / electron beam diagnostics

@ program for the following lectures
» Hadron Accelerators
— Collider, Storage Ring
incl. Injector Chain (Linac, Injector Synchrotroiransfer Line)
— Spallation Neutron Source
— Hadron Therapy Accelerator
> Electron Accelerators
—  Circular Collider
Synchrotron Light Source '{3eneration)
Linac based Free Electron Laser
Outlook...

Lol
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@
(Q The CERN Accelerator School

Hadron Collider
(incl. Injector Chain)

* Linac
= Injector Synchrotrons

= Transfer Line

/_\ » Storage Ring
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Hadron Collider
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(Storage Ring)

HERA @ DESY
Halle Ost fHERM

Halle Nord (H1)
Hall North (H1)
Hall East (HERMES)

a— Eleldronen / Positranen
Electrons / Positrons

Halle West
Hall West

Protonen
Protons

<y Photonenstrahlung
Photon Radiation

Halle Sd (ZEUS)
Hall South rzeu

- prot
- fons

Production
antiprotons

W Existing facility

I Planned facility

I Experiments

./n-mF

neutrons

LHC @ CERN @ collider key parameter

CMs

> luminosity £
— collider performance

N=L-o

G. Cross section

(property of interaction)

AD  Antiproton Decelerator

LNAC 3 7
BS  Pioton Synchiotren NTOF  Neutron Time OF Flight
ons. antiprotons SPS  Super Proton Synchrotron AWAKE Advanced Wakefield Experiment
- electrons LHC Large Hadron Collider CTF3  CLIC Test Facility 3
» neutrinos

@ modern hadron collider (storage ring) with high bearargn

» superconducting magnetsto achieve required particle bending
— parts of diagnostics located in cold vacuum
— beam-loss monitor system for quench protection reduire

»long injector chain to reach final energy
— pre-accelerators / transfer lines with differentragaoperties

— different requirements for beam diagnostics

Beam Instrumentation CAS, Tuusula (Finland), 2-15 June 2018

Gero Kube, DESY / MDI



Comments: Injector Chain (1)
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@ luminosity of collider 12
: . X —
» assumption (for simplicity) . € |,
— identical beamsi; = 1,=1, ¢=¢=¢

‘ small beam emittances for high luminosity

CERN Courier, August 2013

@ beam emittances in circular machines

» lepton beams: formation ofequilibrium emittancesbecause ofadiation

dampingandquantum excitationdue to synchrotron radiation

» hadron beams: synchrotron radiation emission suppresséecause of large

particle masses

=) emittance essentially determined in injector chain

@ consequences for beam diagnostics in injector chain

1) accurate beam characterization already importattvinenergy machines

=

i) minimum disturbing instrumentation in order to avanhittance blow up

Gero Kube, DESY / MDI Beam Instrumentation CAS, Tuusula (Finland), 2-15 June 2018



Comments: Injector Chain (2)
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@ normalized emittancsg, conserved (Liouville)

EN _ pc (LHC: &y=3.75 mm mrad)
= — Wity =
24

mm) adiabatic shrinking with increasing beam energy

absolute emittance:| ¢

myc?

example LHC injector chain
»end of Linac Il 50MevV  — PBy=0.33 l « 1450
» extraction SPS 450 GeV — Py =480 x 15
» maximum energy LHC 7000 GeV — py=7460

@ consequences for beam diagnostics

» large emittances:
1) large beam spots and divergences
i) tight mesh of focusing magnets— little space for instrumentation

» low energies:
1) particles have small magnetic rigiditpyB — easy to bend
i) change of particle speed with acceleration
lii) space charge effects (especially heavy ioeams)
Iv) high energy deposition in matter (Bethe-Bipc

Gero Kube, DESY / MDI Beam Instrumentation CAS, Tuusula (Finland), 2-15 June 2018



Source and Injector Linac @
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{ souce. MEBT | @ example: Hinjector Linac @ DESY

o
| ook " f ';ﬂ .  H- Sources:

Ea— H L -power

H 1K E {e"-"‘:"ﬂ"icﬁ 18 keV magnetron source and rf-driven volume source

1 tankn controls

N 0 Up == * Low Energy Beam Transport (LEBT)

AC 3
beam matching to acceptance of RFQ

tank I

Radio Frequency Quadrupole (RFQ)

tunnel

acceleration from 18 keV up to 750 keV

Medium Energy Beam Transport (MEBT)

4 debuncher|]

SRy
,':,f'.';==f beam matching to acceptance of Linac
]
H- Linac (Tank I —111)

- l'l'l'
HHH

R, =50.5m

a1 conventional Alvarez Linac, end energy,&= 50 MeV

\ 7
Aplo ~ » High Energy Beam Transport (HEBT)
HEBT— measure beam properties for Linac tuning

K1 match beam to synchrotron acceptance
BM 2 —N&N K2 o
K3 * Injection
injection—"" N\ Ka
H- multi-turn injection using stripper foil & p conversion)
scale Lusslsgsgl | [
0 10 20 30m
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Source and Linac Instrumentation
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@ Kkey devices for
» adjusting beam transport through linac sections
» tuning the RF system (phase, amplitude,...)

» indicate operating status

— permanently installed diagnostic beamline behindclisections

— moveable diagnostic test bench [ wansformer || stit-grid emittance | | trausformerl
pick-up ionization profile monitor | pick-up |
(allows full 6d phase space x . .
g s A pepper-pot emittance | Faraday cup
characterization after each &5 MY : —
section) ‘
> example
RFQ SEM-grid bunch shape monitor

— diagnostic bench for RFQ F—

commissioning @ GSI

courtesy: P. Forck (GSI)
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Linac: Current and Transmission
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@ destructive: Faraday cu
y cup moveable Faraday cup for GSlI linac

primary beam
of charged particles

backscattered
charged particle

ammeter

Cup electrod

» low energy particles stopped in material> Bethe Bloch)

» very low intensities (down to 1 pA) can be measured

i : P. Forck (GSI
@ non destructive: current transformer courtesy: P. Forck (GSI)

: . - commercially available devices
» beam acts as single turn pimary winding of transformer .

» measuring AC component of beam current

high permeability core

—~

I beam

¢| “Vout >

courtesy: P. Forck (GSI)

courtesy: J. Bergoz
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Linac: Beam Position
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@ position information via electro-magnetic fields possible
@ large bunch lengths, low acceleration frequencies

» beam spectrum contains low frequencies (typically kHD6 MHz)

» requires high sensitivity of pick-up at these freqcies
@ small signals (non-propagating field with loxy

» capture as much field lines as possible, i.e. latgetrodes

capacitive pick-up inductive pick-up

P.Forck, Lecture Notes on Beam
Instrumentation and Diagnostics,
JUAS 2006

W.Kriens, W.Radloff,
DESY-S1-68/1
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Linac: Transverse Beam Profile (1) @
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@ |luminescent screens
» destructive method

» part of deposited energy results in excited electromitest — light emission (CCD)

» used also for beam position (instead of BPMs)

> high energy deposition{ Bethe Bloch)

especially critical for heavy ion machines

courtesy: Ch.Wiebers (DESY)

»degradation of screen material

C.Bal et al., Proc. of DIPAC 2005 Lyon, France, 57

@ profile grid, harp, secondary emission monitor

»  less destructive method
»grid: wires in both transversal planes
harp: wires in one transversal plane

SEM: strips, larger surface than wire

P.Forck, Lecture Notes on Beam
Instrumentation and Diagnostics,
JUAS 2006
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Linac: Transverse Beam Profile (2)
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@ non-destructive: residual gas monitor

A

beam interaction with residual gas

— creation of residual gas ions and electrons

A

electrostatic field accelerates ionization prodtctgards

Microchannel Plate

— secondary electron generation (multiplication 9§10

-

readout via phosphor screen and CCD (optical) or via

wire array and guide field (electrical)

N

variant:residual gas fluorescence monitor T.Giacomini et al., Proc. BIW 2004, p.286

Instrumentation and Diagnostics,

= JUAS 2006
aver. pixel int.

; : g
viewport size
|
i 18E
"fi g8 . . .
- B residual gas fluorescence monitor: image of
—— T
~== 1o a 2.5 mA At beam at vacuum pressure of
“‘é;i ) 10° mbar from GSI LINAC
S
1 (-
l = P.Forck, Lecture Notes on Beam
<H
I

0
5
0
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Linac: Transverse Emittance
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@ principle of slit-scan method .
> low energy beams often space charge limitesl cutting out small beamlet X1 -+
»slit produces vertical slice in transverse phase space
> measure intensity as functionxf (— propagate beamlet along drift space) X
» moving of slit — scan of phase spacél,(x N,. measurements) | i
- Slit
Beam position Trajectory angle
selecting slits selecting slits
git ______ Faraday cup > monitor withx' resolution instead of scan:
- - with current

SEM, profile grid, ...

— N, measurements

X :
I~ e
Z

M.P.Stockli, Proc. BIW 2006, p.25

@ 2-dimensional extension: Pepper pot

P.Forck, Lecture Notes on Beam

g’ope, l,ie‘vs . . .
o0 Ogo,p/ roey Instrumentation and Diagnostics,
9,
0p 00 JUAS 2006

lonBeam| 0 Y0, Y0,

y
X

— 1 measurement

N, x N,. holes
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Linac: Longitudinal Plane @
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Detector

@ momentum and momentum spread

» dipole magnet spectrometer (small rigiditp88 ~ NC_ |

» transformation of momentum (spread) ) N¥ I— X

_

Ax B Ap {Dpole

X0 Po

into position (spread)

» spatial resolving detector (screen, SEM,...)

— alternative method:time of flight (TOF)

@ bunch shape and time distribution

hadron beam

» Bunch Shape Monitor (BSM) L 7
» primary beam hits thin wire— potential -10 keV
»conversion of primary hadron beam into low energ | secondary electrons
[ O=-Y,. V. sin(ot) v
secondary electrons .‘r = s —
i . . D=-10kV l ————-_j_____________
» RF deflector converts time into space coordinates D=V -V sin(0) i
_ _ target focusing lens MCP
— operation close to RF zero-crossing wire RF deflector
»intensity profile — with spatial resolving detector A. Perry etal., Nucl. Instrum. Meth. A735 (2014) 163

Gero Kube, DESY / MDI Beam Instrumentation CAS, Tuusula (Finland), 2-15 June 2018



Injector Synchrotron: DESY Il

HELMHOLTZ

Test Beam @ first synchrotron in injector
T Area
H- Linac Y chain of HERAp
LINAC 1l T —— > mean radiu$0.42 m
» RF frequencyd.27— 10.33 MHz

-

= " Bos » cycle time3.6 sec
b-Synchrotron Injectionenergy0.31 GeV/c

DESY Il > extractionenergy7.5 GeV/c

e-Synchrotron
DESY II

@ diagnostics purposes

Il stripping™ > optimize injection / extraction

jl Foil: H—p
p Beam e
e*’- Beam

—_e* to DOR(S i
s » parameter control during ramp

» fault finding

G. Hemmie and J.R.Maidment, Proc. PAC 1987, p. 172

Gero Kube, DESY / MDI Beam Instrumentation CAS, Tuusula (Finland), 2-15 June 2018



Injector Synchrotron Diagnostics (1)
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@ beam current DCCT principle
» measurement of injection efficiencf~ single bunch charge)

~ 200 Hz
average current and coasting beam ~,

» AC current transformer (ACCT) >
. | | Ibeam

» parametric or DC current transformer (DCCT) = - =

» circular accelerator— one monitor sufficient Upse 2 har,
< Demodulator

Q@ beam position ! courtesy: F. Sannibale (LBNL)

» measurement of beam orbit (oscillation, closed orbit,...)
» position monitors
— usually 4 per betatron oscillation (phase shift)90

» large bunch lengths, low acceleration frequencies
stripline monitor

— high pick-up sensitivity @ frequencies of intre

DESY lll: inductive pick-ups
other schemes: shoe-box types (capacitive)

higher acceleration frequencies and energieslisg&p

courtesy: M. Pelzer (DESY)

Gero Kube, DESY / MDI Beam Instrumentation CAS, Tuusula (Finland), 2-15 June 2018



Injector Synchrotron Diagnostics (2) @
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Q@ tune
» eigenfrequency of betatron oscillations in circular. kicker

» characteristic frequency of magnet lattice, produk WNWH "
‘} e .U tk!‘“']”\"'\”\ma s
| il ‘\I] | W'W‘,}liinnmﬂ’

i

i

¥ [mm]
-

strength of quadrupole magnets

@ principle of tune measurement

> excite coherent betatron oscillatiolfs> kicker)

» observe dipole moment due to (coherent)

IFFT(y)l [a.u.]

transverse beam oscillation

— primary observable: time sequence of turn-by-turrtjprs ] w iw

05 055 06 065 07 075 08 085 09 095
non-integer part of tune

» FFT of response

Q@ comments
» excitation leads to emittance blow-up @ example: DESY Il
— small excitation required » notune measurements in standard operation
— high pickup sensitivity necessary » tune measurements only in dedicated machine studies

» high space charge at injection (acceptance occupied . reproducible set-up of machine

— excitation can lead immediately to particle losses

Gero Kube, DESY / MDI Beam Instrumentation CAS, Tuusula (Finland), 2-15 June 2018



Injector Synchrotron Diagnostics (3)

@ transverse profiles / emittances

» screens (destructive)

— for commissioning, if doubts about signals from othenmtor

» wire scanners (less destructive)
— thin wire quickly moved across the beam (> 1 m/sec)
— simultaneous detection of secondary particle showesideit

vacuum chamber with scintillator/photo-multipliesambly

secondary particle shower intensity in dependencd primary beam energy

800 T

HELMHOLTZ

U.Raich, Proc. of DIPAC'05,
Lyon (France), 2005, p.1

SEM mode

Scintillator mod

25000
ol
o @ threshold. for beam energy below n |
£ 15000 ¢ et 150 MeV use instead |
Sl ¥ - secondary emission |
R (SEM) current of isolated 200 |
mounted wire 1007

’ 0 ) 2(;0 4!)0 6(;0 800 0-40 —3‘0

Kinetic energy (MeV)

» residual gas monitor (non-destructive)

+ t + t +
-20 -10 0 10 20 30

Position (mm)

— vacuum pressure in sycnchrotron much bettet{ttbar) than in linac/transfer line (26 102 mbar)

— much lower signal — local pressure bump...

Gero Kube, DESY / MDI Beam Instrumentation CAS, Tuusula (Finland), 2-15 June 2018



Injector Synchrotron Diagnostics (4)

i HELMHOLTZ
ve(t) 9 Lir
@ bunch lengths and time structure s E
. . . . 1s5(t) HF
» measure bunch lengfhk> nsec)and longitudinal oscillations | EAA
» wall current monitor Ceramis insertion
— offers bandwidth up to a few GHz . i) L
@ losses
» indication of beam losses in specific critical places D. Belohrad, Proc. DIPAC2011, Hamburg (2011) 564
— optimization of injection and extraction
» Beam Loss Monitors (BLMs) e Talw Temme % WORGS nin ww
Ref Lav Marker -92.19 d8n CF.Stp 1.500 kHz X
0% -72.00 dim 4,55952 NHz tnit (48
@ comment: pbar and heavy ion machines o
703
» source emittance worse, adiabatic emittance shrinkihguificient — =: (Cocled Beam
0%
: : ) LT
for final beam quality o SIS Syl =210
. . . ox ncooled Beam ~ |
— emittance improvement (for bunched beams) by elecinoiing !o=mmw@”ﬂw ““&Fm ,33 e
0% .

Start Soan Center Sneeg Stop
14,5520 Wz 15.000 kiz 14,5505 Mz {505 14,5679 MHz

» smaller cooling time at smaller beam energy

Longitudinal Schottky scan at the 10 harmonic of Ar'S+ at the GSI storage ring.

. . . The broad curve is the frequency spectrum at injection with Ap/p = 1-10~% and the narrow
— COOIIng performed typlcal Iy In |0W energy SynCh rmro curve is recorded after electron cooling down to a momentum width of Ap/p = 21072,

» Schottky diagnostics P.Forck, Lecture Notes on Beam
Instrumentation and Diagnostics,
— exploit individual particle behavio(Schottky noise)n beam spectrum JUAS 2006

Gero Kube, DESY / MDI Beam Instrumentation CAS, Tuusula (Finland), 2-15 June 2018



Example: LEIR @ CERN

@ Low Energy lon Ring LEIR

M. Chanel, Proc. of EPAC 2002, Paris (France), 2002, p.563

Transformer  @Pick-up

A Schoitky @Longitudinal WB Pick-up
PS RING

W MTV @ Tune Pick-up
S

! SEM grid B Pepper pot

)
P
ETL Line b
- @& m md md

£y,
\ Ké{f ‘e
Z

LEIR RING

Layout of the LEIR complex and instruments.

C. Bal et al., Proc. of DIPAC'05, Lyon (France), 2005, p.258
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Transfer Line Diagnostics

HELMHOLTZ

@ transfer line

»linking circular machines while matching the optical bepanameters
B.Goddard, CAS 2004

» adjust beam transport

..... Transfer

o - B x> ol B """""" ..
| 1x M1 1y Py | 0,(8). By(s) . %(S). BV(S) |

— control transfer efficiency:

AC current transformers

| aZx*- BZX 2 a2y*- BZy |

— control beam position (steering)
BPMs and/or screens

Injection

The Twiss parameters can be propagated
when the transfer matrix M is known

. . B, c? -208 ST |4
» determine beam quality HM _H[C S}H {a]{w SO SS,HO[]
x, 1—=2 X c s’ x’ 21 '7' - g 1
. . . - 2 c?2 —2CS” 52
— transverse emittance via beam profiles " ‘

1)  measure beam size versus quadrupole field strengtig usie device

i)  measure beam size using multiple measurement defocésed optics

screens, residual gas monitors,...
» protect machine
— control of beam losses, machine interlock

BLMs
Gero Kube, DESY / MDI Beam Instrumentation CAS, Tuusula (Finland), 2-15 June 2018




Transfer Line Diagnostics (2)

HELMHOLTZ

@ Dbeam steering philosophy
» entry of transfer line: extracted beam information
— position/angle: pair of pick-ups

— gualitative shape: screen

» central section: stepwise steering & beam quality

best sensitivity

— for measurement / contro]

— maximum of #-function

(i.e. close to quads)

— each steering magnet paired witick-up (phase advance ~90

— emittance measurementscreen(sjn dispersion-free section

» exit of transfer line: precision steering
— two steerer magnets used as doublet
— adjust angle/position at

septum to match condition

for closed orbit of next J_ IJ_ J_ J_
eenT T -I_

accelerator section T scr
pick-up

P.J. Bryant, Proc. CERN Accelerator School, CERN 94-01, Vol.1

(i) entry . (i) central section for stepwise steering, . (iii) doublet for
diagnostics emittance measurement, . '

precision steering

L l

....... I._)
steering T T

dipole

90 deg

Gero Kube, DESY / MDI

Beam Instrumentation CAS, Tuusula (Finland), 2-15 June 2018



Storage Ring (Collider) Diagnostics
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Q@ intensity

» bunch charge, stored dc curreiifetime, coasting beam

@ orbit

» lattice parameters (cocomparison between design and real machine

»injection: elimination of mismatches (oscillations)

@ tune, chromaticity, coupling

» working point: avoid instabilities and losses

@ beam distribution, emittance
» beam profilecontrol of beam quality for luminosity
»Injection mismatchoptimization of injection

»instabilities:observation of shape oscillations

@ luminosity

»count rate in experimentaining of collision at IP

@ energy @ quench protection

» cms energy for particle production > loss monitorsprevent damage of magnets

Gero Kube, DESY / MDI Beam Instrumentation CAS, Tuusula (Finland), 2-15 June 2018



Storage Ring Diagnostics: Remarks
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heat exchanger pipe helium-fl

@ superconducting magnets and consequences

superconducting coils

vacuum
vessel

»cold environment because of liquid He
HERA@ 44K, LHC@ 18K oo i

» consequence for beam diagnostics

superconducting
bus bar

iron yoke

— beam instruments in cold environment

non-magnetic
collars

— careful instrument design: minimum heat transfer

radiation screen

from beam instruments to the environment

(e.g. by HOM heating)

— no intercepting diagnostics in (close to) cold setwio pmm.;’d'[.;a

thermal shield

auxiliary
bus-bar tube

instrumentation
feed-throughs

CERN Courier, October 2006

because particle shower may lead to magnet quenches

— protect beam intercepting monitors against possildese, i.einterlock system

@ common strategy
»concentration of beam instrumentation in straight sestfnsertiong without need for particle bending

— most instruments can be placed in warm environment
» BPMs (which has to be placed all around the ring for dosdit) partly in cold environment

— BLMs (not in vacuum) installed all around the ring

Gero Kube, DESY / MDI Beam Instrumentation CAS, Tuusula (Finland), 2-15 June 2018



Storage Ring Diagnostics (1)

Q@ intensity

> bunch charge, filling patternAC current transformer (ACCT)

/

/

examples:from HERA p diagnostics

= Bunch-bisplay Version 1.20 vom 19.04.05
Fie  Options

Help

ncheumme Tmal, Bunch 1 (4] | Max, Bunch [1A], | Anzahl der Bunche:

66.66| 383 | 583 150

Status: Lumi Run

HERAp iy °

[uA]

ACCT

Energie: 92005 GeV

a0 100 15

[uA'] [l Bunch H1 (WA | Max Bunch WA} | |- Anzahl T
HERAe 13.36| 100 116 153

BKRXPHERACONCD4 | 21.08.2005 08.57.00

Status:

Lumi Run
Energie: 27.59 GeV

Q@ intensity related parameters

Npunch

»coasting (unbunched) beam: Icp = Ipc — Lacqi

i=1

1dN

life time: YT

7

()

mean current: DC or parametric current transformer (DCCT)

Printing  Select Mac

hine  Display Options  Data Selection  Expert Juri

K

Hera-P 92.598 mA

575.1 GeY de-bun .65 mA
120

199.41 h

191.597 h

-7 -2
Jun 30 20:56:02 2007

Vertical Scale
¥ N

92.707 | 92.598
209.031 199.407

2o =l
=i =

Autoscale

Time Axis

Sfp o eonn |
2f +

:[7— ch

0 yom 18,8107

HELMHOLTZ

DCCT

EIEE

% I | i orter= avty [Te 6] 040707 230153 BERPIERACONG:

s S 3]

RUN END IN ABOUT 18 MINUTE(S)

3

Gero Kube, DESY / MDI
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Storage Ring Diagnostics (2)

@ orbit, trajectory, oscillations

HELMHOLTZ “00 s

> BPMs: for cold andwarm environment "“"I”“ o= | | | |
» choice of type depends on: o — " 5 e
linearity, dynamic range, resolution é:"“'!'i:'”" ] ] | ",'
— stripline monitor, button electrode pick-up? 22 e = =
LHC resolution achieved: LHC orbit during
commissioning

< 150um (single bunch & single turn), < 10n (avg. orbit of all bunches)

LHC cold button pick-up

HERA p cold stripline

courtesy: Ch. Boccard (CERN)

courtesy: S.Vilcins (DESY)

Gero Kube, DESY / MDI Beam Instrumentation CAS, Tuusula (Finland), 2-15 June 2018



Storage Ring Diagnostics (3)

HELMHOLTZ
@ tune (chromaticity, coupling) — defines working poinof accelerator 4 —
s principle: transverse beam excitatior>  excite coherent transv. oscillationg
— FFT mode / Swept Frequency mode / PLL mode é 3 ' :?Eff?
»constraint:minimize emittance blowup due to excitation ié e
— high sensitivity pick-up detector _ - _
Fermilab Today, g : 0-‘5 ;

— minimum disturbing excitation scheme July 2015 R O

» excitations: 1) tune kicker: white noise kick, simple and robust (typically for conssibning)

i) tune shaker: swept frequency (sine wave)

HERA p tune spectrum (repetitive chirp excitation & resonant ,Schottky type* pick-up)

Hera P Tunes @@ I’E E]@@
Printing  Options  Expert help
B [ 0 Windows
couplin '
Plot Avgs Plot Avgs
EEN [ EEN ()
FFT Scale il i FFT Scale-
27 JENRd 27 RIES|
G min
ﬁ RIS
Q@ comments
> chromaticity: via head-tail phase shift D. Cocq, O.R. Jones, H. Schmickler, AIP Conf. Proc. 451 (1998) 281

> passive (without external excitation)Schottky spectrum contains informations about tune, robtaity, ...

Gero Kube, DESY / MDI Beam Instrumentation CAS, Tuusula (Finland), 2-15 June 2018



Storage Ring Diagnostics (4)

HELMHOLTZ

@ tune, chromaticity: dynamic effects in superconducting storage rings

7 S.C.

—

eddy currents / persistent currerggong influence on storage ring performancejgtction energy

affectmultipole componentsf s.c. dipole magnet HERA: most important sextupole component)

— arenot reaIIy perSiStent(decay with time) M.A. Martens et al., Proc. PAC 2005, Knoxville (USA), p. 725
-2
— need correction - ¢ Ramp after 1 hr ¢ Ramp after 6 sec
. : : E —Fitof H ic b2
»  persistent currents areinduced to their full strengthon s e alie 3
% E - e )
first steps of the ramp, approaching original hysteresise s E X’\}m M?Wﬁ
E 35 P 2
E = -4 = —
“Snap Back": S 0% Tevatron
‘ : : : 3 000000 (Fermilab)
requires reliable control during ramp 5 . . . .
-3 0 3 10 15 20

> online measurements (magnetic multipole componemts)ection tables, ... Time from start of ramp (seconds)

@ beam ramping up T =
> tune and chromaticity feedback H%)—
— HERA @ DESY: “Brain Locked Loop* (BLL) T
6 knobs (2 x tune, 2 x chromaticity, 2 x coupling) + {f TAT ﬁ )
experienced shift crew(at least two people) By ™ ™ = [2FHIE

dipole!
Tune/Coupling PLL Pl
Chromaticity Tracker/Feadback

Tune/Coupling Feedhack [ further. f,(PLL) » 4,01 = (@, C)

R. Steinhagen, Proc. CAS 2008, CERN-2009-005

— LHC @ CERN: Phase Locked Loop (PLL)

Gero Kube, DESY / MDI Beam Instrumentation CAS, Tuusula (Finland), 2-15 June 2018



Storage Ring Diagnostics (5)

@ transverse beam profile and emittance

HELMHOLTZ

> single pass diagnostics
— simple and robust, high sensitivity (single or femnbhes only), modest demand on accuracy

— luminescent screens

» profile diagnostics for few turns
— study of injection mismatch (betatron, dispersion matghaon first turns observing shape oscillations)

turn by turn acquisition (10-20 turns), modest demamdacuracy

only moderate beam blow up allowed, energy depositi@tieen is critical

— Optical Transition Radiation (OTRusing thin foils

» diagnostics for the circulating beam

— evolution of the rms beam size, emittance measuremidhtije to coupling

minimum beam blow-up-6 non-intercepting measurements), high accurac

— residual gas (luminescence) monitors _LHC wire scanner

oo Duf .t Parazes_Ovvice.

HERA p SyLi monitor

— fast wire scanners(flying wires, > 1 m/sec) -—

— synchrotron radiation monitor

(fringe field, short magnet, undulator)

Gero Kube, DESY / MDI Beam Instrumentation CAS, Tuusula (Finland), 2-15 June 2018



Storage Ring Diagnostics (6)

HELMHOLTZ

@ longitudinal beam distribution and time structure

. . . “H Longitudinal Proton Beam Pmﬁh_ o [
7 Iong|tUd|na| prOf”e Printing SwitchtD:ngScaJe_ Save  Skop Scanning
. L foov- L L1111 17]
— classical longitudinal bunch parameters: 0db) || HERAp WCM
bunch center of gravity, rms bunch length, core distidn g
[Woits]
» examples(lo values) 5 " 5 6 5 A

— LHC @ 450 GeV: o,~0.425 nsec
@ 7 TeV: o, ~ 0.250 nsec

LHC WCM: T. Bohl and J.F.Malo, CERN-BE-2009-06

- wideband Wall Current Monitor

» abort gap monitoring
— continuous monitoring that rise time gap of dump extrackiker is free of particles

if particles in gap would not receive proper kick whemgtusystem is fired:

LHC Longitudinal Density Monitor

a

damage of machine components 1500

» detection of ghost bunches

LDM counts

— may disturb BPM system read-out or physics data taking

. . . . -40 -30 -20 -10 0 10 20 30
- synchrotron radiation based diagnostics Time (ns)

A. Jeff et al., Proc. PRST-AB 15 (2012) 032803
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Storage Ring Diagnostics (7)

@ luminosity

HELMHOLTZ

> need: determines accelerator performance M
parameter for optimization of beam collisions at IP -
» principle: choose reaction channel with known cross seotign | | f%M
count rate measurement for events of this channel , } ||
—  luminosity: L = Nyo/0pc = g i, B
> problem: hadroniccross sections amot precisely calculabl&ecause of constituent particle nature

— reaction rates do not serve as absolute luminosityitors, i.e. only for optimization

— absolute luminosity determination complicated tasten duty of experiments

ZEUS Luminosity Spectrometer Upper detector

> example: ep colliderHERA, absolute luminosity determination via

Moving
collimator

Dipole magnet

Bremsstrahlung(Bethe-Heitler): | ep = ye'p’ Proton beam ipe

— cross section well known

U i S 2
92m to the of conversion
interaction point Lower detector
o e n e rgy =low ratel i
12m

| |
I |

> Importance: hadron-hadron collider absolute energy determinatitatively unimportant
— constituent nature of hadrons (quarks and gluons) wsdhelne beam momentum
— total energy in reaction only loosely related to bear@rgies

» measurementbeam momentum via dipole current is sufficient

Gero Kube, DESY / MDI Beam Instrumentation CAS, Tuusula (Finland), 2-15 June 2018



Storage Ring Diagnostics (8)

@ guench protection / loss monitors

» stored beam energy:

1000.00 — :
LHC top
energy 1]
2 100.00 LHC injection \
‘g‘ (12 SPS batches) Factor
g ] ~200
10.00
g e SPs fixed j
= ixe - 1
= = target [ | b = ERA
3 oo L] .
s - SPS batch to = = TEVATRON ==
2 LHC /
5 1 1 1 SPS
o RHIC ol
S 0.10 ‘ Lep2 L s ppbar
0.01 T/ ﬁ
1 10 100 1000 10000

Momentum [GeV/c]

> quench level of a cabledHERA @ 820 GeV

HELMHOLTZ

courtesy: R.Jones (CERN)

AT, = 0.8 K between He bath temperaturgF4.4 K and quench temperaturg ¥5.2 K |

» beam loss monitors

— gas ionization chambers, PIN diodes, photomudtipl& scintillators, SE multiplier tubes...

Gero Kube, DESY / MDI

Beam Instrumentation CAS, Tuusula (Finland), 2-15 June 2018



@
(Q The CERN Accelerator School

Examples for Hadron
Accelerator Diagnostics

= Spallation Neutron Source

= Hadron Therapy Accelerator

/—\ .

|

\ HELSINKL _ /
o INSTITUTEQF /
S PHYSICS -

Tuusula (Finland), 2-15 June 2018 HELMHOLTZ 05000 s



Spallation Neutron Source

@ motivation:
» fission (reactor)

— chain reaction

— continuous flow

— 1 neutron/ fission

» spallation (accelerator driven)

— no chain reaction

—  of interest: short pulse operation

n production mechanisms

@ proton
4 neutron

chain reaction
by moderated
neutrons

HELMHOLTZ

fast PE
protonsp - Lo
L
[a »
eg. 1Gev &%

allows time resolved experiments

— 20 ~ 30 neutrons / proton

@ beam characteristics

» proton beam energy

— number of neutrons proportional to E in range of 0.2 ..GHY

inter-nuclear

cascade

—

E=1...3GeV

» average beam power:  Pyoq,, [MeV] = E[GeV] - Lyuise [mA] - Atpuise [sec] - frep [Hz]

=

Ppeam=1 ...

5 MW

Gero Kube, DESY / MDI

Beam Instrumentation CAS, Tuusula (Finland), 2-15 June 2018



Spallation Neutron Source

normal or superconducting

HELMHOLTZ

@ general accelerator layout

high energy linac

chopper
I b))
14§
I R a
: / RFlQ drift tub>|inac (DTL) accumulator
H-source ring with H—p
and/or charge beam transport

exchange
injection i

coupled cavity linac (CCL)

» example: European Spallation Source ESS @ Lund (Sweden)

g Pammeter Units Value

- 1352.21 MHzC T 1704.42 MHzC——,_ —
m—s <« 1789m —

Dogleg

Source i Dump Line

Average beam power MW 5
Proton kinctic energy GeV 2.0
R. Garoby et al., Phys. Scr. 93 (2018) 014001 PRk EEpOULIoN 2 o A
Energy per pulse | 4] 357
. . Average pulse current mA 62.5
—  Spallation Neutron Source SNS @ Oak Ridge (USA) Macro-pulse length ms 286

— Japan Spallation Neutron Source JSNS of J-PARK, ToKdapan)
- standard hadron linac & injector synchrotron

—  Swiss Spallation Neutron Source SINQ @ PSI (Switaed): (continuous beam from cyclotron)

@ implications on beam diagnostics m) | handling of high beam power

Gero Kube, DESY / MDI Beam Instrumentation CAS, Tuusula (Finland), 2-15 June 2018



High Power Diagnostics

HELMHOLTZ

@ achieving high beam power

> systems to help understanding dynamics of intense beams

— beam halo measurements, ...

@ measuring high power beams

> diagnostic systems that can measure fundamental beametrs during full power operation
»challenging:transverse beam profiles

— laser systems for Hbeams, ionization profile monitors for p beams, ...

@ protecting the diagnostics

> protect diagnostic systems that cannot survive high pisams

— machine protection interfaces for intercepting devices,..

@ protecting the facility

> diagnostics that protect the facility from beam-inducethdge or activation

— loss monitors, beam-on-target diagnostics, ...

T.Shea (SNS/ESS), talk held at EPAC04

Gero Kube, DESY / MDI Beam Instrumentation CAS, Tuusula (Finland), 2-15 June 2018



Diagnostics for SNS @ ORNL

MEBT
6 Position
2 Current
5 Wires
2 Thermal Neutron
1 Emittance Horizontal
1 Emittance Vertical
1 Fast Faraday Cup
1 Mode-locked Laser
1 Faraday/Beam Stop
D-box video
D-box emittance
D-box beam stop
D-box aperture
Differential BCM

DTL
10 Position 5 Wire 12 Loss
5 Faraday Cup 6 Current
6 Thermal and 12 PMT Neutron
Differential BCM

HELMHOLTZ

1 Loss 1 Current

b RING
. Polsmon 44 Position 2 Ionization Profile
1 Wire 70 Loss 1 Current
1 Current 5 Electron Det. 12 FBLM
SN 2 Wire 1 Beam in Gap
CCL 2 Video 1 Tune
10 Position 9 Wire EDump
8 Neutron. 3 BSM. 1 Curent 4 Loss
2 Thermal 1 Wire
28 Loss 3 Bunch
1 Faraday Cup 1 Current
1 Dump RTBT
17 Position
/ 36 Loss
s | 4 Current
£ 5 Wire
/ \ 1 Harp
SCL HEBT 3 FBLM
32 Position 86 Loss 29 Position 11 Wire
2 [aser Wire 46 BLM. 3 FBLM LDump
7 PMT Neutron 4 Current 6 Loss
CCL/SCL Transition 6 Position
2 Position 1 Wire 1 Wire .1 BCM

courtesy:

T.Shea (ESS/SNS)

Gero Kube, DESY / MDI

Beam Instrumentation CAS, Tuusula (Finland), 2-15 June 2018




Hadron Therapy Accelerator

HELMHOLTZ

A
@ hadron therapy i
» damage DNA of tumor cells with high-energetic ion beams & 2g I iror crtca
» requirement: constant and high dose profile at tumor 8 40 w '
20 T ggannel

low dose at critical organs ——

Depth [cm]
@ 3D beam scanning over tumor region
» . . / _."
transverse directions — s - —e
—  pencil beam scanning l |
Scanning Magnets Tumor tissue
» longitudinal direction M. Durante and H. Paganetti, Rep. Prog. Phys. 79 (2016) 096702
— energy/intensity alignment of X 5 sosp
many Bragg-peaks allow creation 1| /\ % i,
of Spread-Out Bragg Peak (SOBP); . - -
¢ éepth in\bilanter(cm) ® ° sDem;hinj;:l'ateru:crn}15
Q |mp||Cat|0nS on beam d|agnost|cs Ch. E. Hill-Kayer et al., Front. Oncol., 06 Sept. 2011
»non destuctive diagnostics during patient treatment
» precise determination of position & size energy & intensity

Gero Kube, DESY / MDI Beam Instrumentation CAS, Tuusula (Finland), 2-15 June 2018



Facility Layout

HELMHOLTZ “00 s

@ example: Heidelberger lonenstrahl-Therapiezentrum (HEErmany

(1) ion sources
» 2 ion sources (p, K C*, O°)
» typical 130 pA G+ DC-beam

» four-rod RFQ-structure (400 keV/u)
» IH-DTL (7 MeV/u)
» 30us-Macropulse: 50 pASC

(3) synchrotron

A :

(4) heading towards treatment room » 64 m circumference

(5) treatment room » magnetic rigidity: 6.6 Tm
(6) position control » E= 48 - 220 MeV/u (proton)
(7) gantry » E= 88 - 430 MeV/u (carbon)

(8) treatment room in gantry » 6x10 Carbon

https://www.klinikum.uni-heidelberg.de/fileadmin/hit/dokumente/121019KV_SS_HITImage_engl_web_ID17763.pdf
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Beam Diagnostics for Medical Accelerators

HELMHOLTZ ©0icis

@ OMA: Optimization of Medical Accelerators
» EU project
—  https://www.liverpool.ac.uk/oma-project/

» organization

|7(U" UNIVERSITY OF

—  University of Liverpool m

@ Workshop about Beam Diagnostics:

P Topical Workshop on Diagnostics for Beam and
‘o) N

AR AV Patient Monitoring

4-5 June 2018 Search jo,
CERN

Europe/Zurich timezone
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