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Optics Measurement Techniques for Transfer Line

& Beam Instrumentation

CAS for Beam Injection, Extraction and Transfer Line
Erice, 16" and 17t of March 2017

Peter Forck
Gesellschaft fiir Schwerionenforschnung (GSI) and University Frankfurt

2"d part of this lecture covers:

» Transverse profile measurement techniques at transfer line and synchrotron
Application: transverse matching to synchrotron

» Emittance determination and transfer lines
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Measurement of Beam Profile Cm
BN\ LA TP L e 7 RSl ™S

The beam width can be changed by focusing via quadruples.

Transverse matching between ascending accelerators is done by focusing.
— Profiles have to be controlled at many locations.
Synchrotrons: Lattice functions £ (s) and D(s) are fixed = width oand emittance gare:

2
cZ(s)=¢&,/,(s) + D(s)% and o2(s)=¢,8,(s) (novertical bend)
D y yrry

Transfer lines: Lattice functions are ‘smoothly’ defined due to variable input emittance.
Typical beam sizes:

e -beam: typically @ 0.1 to 3 mm, protons: typically @ 1 to 30 mm

A great variety of devices are used:
» Optical techniques: Scintillating screens (all beams),

synchrotron light monitors (e—), optical transition radiation (e—, high energetic p),
ionization profile monitors (protons)

» Electronics techniques: Secondary electron emission SEM grids, wire scanners (all)

GSX
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Scintillation Screen Cm

SRS T

B\ " A\ . N
Particle’s energy loss in matter produces light

— the most direct way of profile observation as used from the early days on!

scintillation screen

beam

>

support

CCD camera movement

Pneumatic

Pneumatic feed-through
with @70 mm screen :

GSX
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Example of Screen based Beam Profile Measurement do'e

\ \U.W T L mOw /] RS ™
Example: GSI LINAC, 4 MeV/u, low current, YAG:Ce screen
Advantage of screens: —“—-
»Direct 2-dim measurement _— N I —
I Enable binning (EIEED or. projection I Enable binning (EHIES er. projection

»High spatial resolution

»Cheap realization

= widely used at transfer lines

Disadvantage of screens:
> Intercepting device

average pixel va
average pixel value
i i K
o = 5 ] :

-40 -20 0 20
left position [mm]

_ _ _ b/w CCD:
» Some material might brittle e -

. ~ artificial
» Low dynamic range =EEE false-color

»Might be destroyed by the beam

Observation with

a CCD, CMOS or video camera

Scintillation Screen (beam stopped)

+HH cinac

B

LINAC

SN
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First Turn Diagnostics: Profile from Scintillation Screen

BN\ . TN .- moaw S
Historical Example & CAS poster:

First turn diagnostics:
Synchrotron acts as a
transport line as 15t step of commissioning
» Current measurement with

Faraday Cup or transformer or BPM 15
» Profile measurement with

Screens, SEM-Grid or OTR
Installation: at injection, after one turn
& sometimes after each ‘sector’
for malfunction diagnostics

|

vertical [mm]
o

1
ol

-10

screen

synchrotron 15

further screens

injection

20  -10 0 10 20
horizontal [mm]

o

First turn at CERN LHC on September 10t, 2008
Protons 450 GeV, Al,O,:Cr screen mounted after injection

CERN Logbook on Sep. 10, 2008: It's 10.26 a.m. and the screen in the CCC shows the two
spots that indicate that beam has for the first time made a complete circuit of the LHC[.;SI
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Extraction Diagnostics: Profile from Scintillation Screen deo'@,
R ar ' v B
Direct measurement of position and beam distribution of extracted beam by a screen
Example: Test of emergency kicker at LHC (from CAS poster)
—ascending stored bunches are dumped at different locations to prevent for over-heating

emergency
1] kicker
vari. angle

| Iscreen

injection  extraction

' SN
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Light output from various Scintillating Screens cm
AN . N g s BN » WSS ./ ST ™
Example: Color CCD camera: Images at different particle intensities determined for U at 300 MeV/u

P43

YAG:Ce Herasil Quartz:Ce ZrO,:Mg

» Very different light yield i.e. photons per ion‘s energy loss
> Different wavelength of emitted light

GBS
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Material Properties for Scintillating Screens CA’)
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Some materials and their basic properties: Standard drive with P43 screen
Name Type Material | Activ. | Max. A | Decay

Chromox | Cera- Al O, Cr|700nm | = 10 ms

Alumina | mics Al 0O, Non | 380 nm | ~ 10 ns

YAG:Ce | Crystal | Y;ALO,, Ce | 550 nm | 200 ns

LuAG:Ce Lu;ALLO,, Ce | 535 nm 70 ns

P43 Powder | Gd,05S Tb | 545 nm 1 ms

P46 Y;ALO,, Ce | 530 nm | 300 ns

P47 Y;Si;0,, | Ce&Tb |400nm | 100 ns

Properties of a good scintillator:

» Light output at optical wavelength for standard camera
» Large dynamic range — usable for different ions

» Short decay time — observation of variations

» Radiation hardness — long lifetime

» Good mechanical properties — typ. size up to @ 10 cm
(Phosphor Pxx grains of @ ~ 10 um on glass or metal). —

Peter Forck, CAS 2017, Erice 8 Beam Measurements and Instrumentation IT
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Example: Light Output from various Screens

|\ r 4 A~ -
Example: Beam images for various scintillators irradiated by Uranium at ~
1 [@P43 phosphor #1 [ YAG:Ce #5 II
10° l| P46 phosphor#2 [O]A999 #6
— | [@P46 phosphor #3  [@#]AI203:Cr #7
g | #¥YAG:Ce #4
@ E‘Eﬁ
5 10° _
-—
Sl T we®
5 E@fl -
— i — -
5107 B H,,ﬁ-*
- (@]
o lef o 101
Q
106 . | . L L L Lo 1
10’ 10°
Results:

number of irradiated particles per pulse [ppp]

» Several orders of magnitude different light output

» = material matched to beam intensity must be chosen
» Well suited: powder phosphor screens P43 and P46

» — cheap, can be sedimented on large substrates of nearly any shape
» Light output linear with respect to particles per pulse

Peter Forck, CAS 2017, Erice 9
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300 MeV/u at GSI

Courtesy P. Forck et al., IPAC’14,
A. Lieberwirth et al., NIM B 2015
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Measurement of Beam Profile cm
BN - TS - moaow S o

Outline:
» Scintillation screens:
emission of light, universal usage, limited dynamic range
» SEM-Grid: emission of electrons, workhorse, limited resolution
Multi Wire Proportional Chamber for slow extr. : gas ionization, limited resol.
» Wire scanner
> lonization Profile Monitor
» Optical Transition Radiation
» Synchrotron Light Monitors
» Summary

) GSH
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Excurse: Secondary Electron Emission by Ion Impact Cm
BN O WL T . W [ O EEEETSE ™
Energy loss of ions in metals close to a surface:

Closed collision with large energy transfer: — fast e with E,;,>> 100 eV
Distant collision with low energy transfer — slow e~ with E,;, < 10 eV

— ‘diffusion’ & scattering with other e™: scattering length L, ~#1 - 10 nm

— at surface ~ 90 % probability for escape

Secondary electron yield and energy distribution comparable for all metals!

_ *
= Y =const. * dE/dX (Sternglass formula) Different targets:

S5—
x Mg 12 Aorset
4? ® Al I3 Aorset
sA1 13 Hil
- Curve | 0Fe 26 Aarset
e \ c 3 sNi 28 Aorset
— $-ra = oCu 29 Hill
beam y = oMo 42 Hill
) (<) - a Ay 79 Aarset
o —— vPb 82 Aarset
%) ¢Pb 82 Hill
- c
e S
]
8]
DL Lo
L ot
~ 8-
L.~ 10 nm °r
S
5 1 I T T N W I I 1 |
4 2 3 4 5 678910 20 30
From E.J. Sternglass, Phys. Rev. 108, 1 (1957) E-Proton Energy in Mev

. GSN
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Secondary Electron Emission Grids = SEM-6rid Cm

Beam surface interaction: e~ emission — measurement of current.
Example: 15 wire spaced by 1.5 mm:

SEM-Grid feed-through on CF200:

GSH
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@
Secondary Electron Emission Grids = SEM-6rid (m

Beam surface interaction: e~ emission — measurement of current.
Example: 15 wire spaced by 1.5 mm:

SEM—grid  eam \L* range select
[ /U converter
i : R,
T —— u..l.‘ i * R integrator
. . -’é‘i’&‘*" L"'L =N _\_:L I_ one per wire
‘l . : | [\ 'S
S : ; ° p— g— E range
N i :
‘ . R E ADC
\ I/U converter| . R integrator T%D
: one per wire | \ 1 If = address
Each wire is equipped with one 1/U converter ’—1 dllglral _
—  electronics

different ranges settings by R;

— very large dynamic range up to 106. |
GSH
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Properties of a SEM-6rid Cm

Secondary e- emission from wire or ribbons, 10 to 100 per plane.

Specifications for SEM-Grids at the GSI-LINAC:

Diameter of the wires
Spacing

Length

Material

Insulation of the frame
number of wires

Max. power rating in vacuum
Min. sensitivity of I/U-conv.
Dynamic range

Number of ranges

Integration time

0.05 to 0.5 mm
0.5 to 2 mm
50 to 100 mm
W or W-Re alloy
glass or Al,Os
10 to 100

1 W/mm

1 nA/V

1:106

10 typ.

I pstols

Example: Ribbon type SEM-Grid

=~

Care has to be taken to prevent over-heating by the energy loss!
Low energy beam: Wires with ratio of spacing/width: =~ 1mm/0.1mm = 10 — only 10 % loss.
High energy Ey;, > 1 GeV/u: typ. 25 pm thick ribbons & 0.5 mm width — negligible energy loss.

Peter Forck, CAS 2017, Erice
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Example of Profile Mesurement with SEM-Grids Cm

B\ . T W 7 TREESE T
Even for low energies, several SEM-Grid can be used due to the ~80 % transmission

= frequently used for beam optimization: setting of quadrupoles, energy....

SEM-Grid is installed in vacuum — for sufficient signal I(t) for fast extraction only
Example: C%* beam of 11.4 MeV/u at different locations at GSI-transfer line

Profilgitter %l [TK6061 L1z 12C © 11.450 HeV/u |[Tnt][ zcow |[programm Em’
| [TkSDG2 U12 '2C © 11.450 MeV/u |[sP]

27.Jan 00 11:09:35 |Neld
[ TkSDGL 12 '2C © 11.450 MeV/u |Eopy
S LK hOfiZOntal S 200 VEertica ¥ TK6DG1 |

LN Sa 2.0 Acc ”ﬁl.'_ 12
[ AL 4 LR

Default || mapstéblich l

500 nA |[+|[ 8

manuell | H:e;n 9

mafotiblich
ohrme Drahtpos
00:00:01. 10"500 as
T T T T T T T T : T T T

Referenz | 169

§ 0. M o TK50G2
@ 0§ % 141 = iz
: oL al SEM-

manuell |[Messun L. R ) H
Eﬂ,,;n::ch - " injection  extraction Grids
EEYTI TR for fast
00:00:04.1!' 500 us

Referenz 41 eXt raCt I 0 n

PR K [»n TK5061 Onlyl
S 5.5 S 055 acc_|[][+]12][F]
b 14m 4 0

500 na |[+][ 8][-]

ﬁ:“?ﬁ-:; SEM-Grids
T s sl FH Cinac HEH Linac —H—

X |Referenz | 42

L I T N T I S I N T N I

SN
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Gas Amplification with MWPC Jde@,
BN\ .S T . W/ TRESSE ™
MWPC: Multi Wire Proportional Chamber —

) Anode wire

Electron avalanche due to high electric field at signal wire
Typical gas: 80 % Ar + 20 % CO, or CH,

)
|
: . )] ! |
Amplification factor: 100 ... 1000 compared to IC |
used for slow extraction |
o — —  Minimum electric field
i for avalanche formation
Incident Particle ém\w)’
Cathode a \ Multiplication r
Planes

7 See—t>
i Electron avalanche
?{// Anode Sense Wires due to hlgh E-fi@'d

t~ 0.1 mm at wire
MWPC

for
slow extr.

injection  extraction

GSH
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Gas Amplification with MWPC
LM TN . W [ F =

MWPC: Multi Wire Proportional Chamber

Electron avalanche due to high electric field at signal wire

Typical gas: 80 % Ar + 20 % CO, or CH,
Amplification factor: 100 ...

1000 compared to IC

Example: Art8*at 300 MeV/u slow extraction by

quadrupole variation of 2 s

TIME SLICE COUNTS x10°
= |
20 = ' 140
|= 1 120
15°
‘ —100
- |
v 1.0F
= g ‘ i
F ok i
[ —
34 %
al 20

6 8 10 12
Coordinate [mm]
MWPC

for

slow extr.

injection  extraction

| Peter Forck, CAS 2017, Erice 17

,14 .

étr

Minimum electric field
for avalanche formation

- Multiplication

2(5_;im ~100 pm.
— Electron avalanche

due to high E-field
t ~ 0.1 mm at wire

‘GBS
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Example of a Multi-Wire-Proportional-Chamber (MWPC) OO

/' W

The MWPC hardware:
» Detector head, wire spacing 1 mm (left),
» Assembly (right)
» Mechanical drive (bottom)
with Ar + CO, gas-filled volume: ‘Pocket’

— Steel window of 50 pum thickness
— p =1 bar pressure inside ‘pocket’
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Measurement of Beam Profile cm

Outline:
» Scintillation screens:
emission of light, universal usage, limited dynamic range
» SEM-Grid: emission of electrons, workhorse, limited resolution
Multi Wire Proportional Chamber for slow extr. : gas ionization, limited resol.
» Wire scanner: emission of electrons, workhorse, scanning method
» lonization Profile Monitor
» Optical Transition Radiation
» Synchrotron Light Monitors
» Summary
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Slow, linear Wire Scanner deo'e
BN\ . T . maw /o F -
Idea: One wire is scanned through the beam!
Slow, linear scanner are used for: A
» low energy protons
> high resolution measurements e.g. usable at e™-e~ colliders . 3
by de-convolution 6?q,m=02meas—wire N
= resolution down to 10 um range can be reached
> detection of beam halo.

movement

bc

wire for horizontal profile

wire for vertical profile

Peter Forck, CAS 2017, Erice 20 Beam Measurements and Instrumentation IT



Slow, linear Wire Scanner CQ')

Idea: One wire is scanned through the beam!

Slow, linear scanner are used for:

» low energy protons

> high resolution measurements e.g. usable at e™-e~ colliders
by de-convolution 6%, ,m=0%meas—@wire
= resolution down to 10 um range can be reached

» detection of beam halo.

movement

bc

wire for horizontal profile

beam pipe

wire for vertical profile

=N
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Wire Scanner Cm

In a synchrotron one wire is scanned though the beam as fast as possible.

Fast pendulum scanner for synchrotrons; sometimes it is called ’flying wire’:
out

GSH
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Usage of Wire Scanners Cm
B\ WS T . maw /7 RS ™
Material: carbon or SiC — low Z-material for low energy loss and high temperature.
Thickness: down to 10 um — high resolution.

Detection: Either the secondary current (like SEM-grid) or
high energy secondary particles (like beam loss monitor)
flying wire: only sec. particle detection due to induced current by movement.

Secondary particles: Proton impact on

Proton beam — hadrons shower (=, n, p...) 7%0050C§nner at CERN-PS Booster:

Electron beam — Bremsstrahlung photons.
Pion threshold
beam 20800 o T
|
secondary o computer . .
particles scintillator ) B 1000-T = "
— counter g 5_-
;;5;55:__;:;;::___::::::'_::fl:l ) Z 10000 + u Rest mass:
wire - PM ' <000 . m_, = 140 MeV/c?
5000 + =
. . . — — 2
Wn reading - m,, = 135 MeV/c
rotation 0+—= = : : |

. . . . 0 200 400 600 800
Kinematics of flying wire: Kinetic energy (MeV)

\elocity during passage typically 10 m/s = 36 km/h and typical beam size & 10 mm

= time for traversing the beam t ~ 1 ms
: SN
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Comparison between SEM-6Grid and Wire Scanners Cm
BN LA TG O Sl T

Grid: Measurement at a single moment in time

Scanner: Fast variations can not be monitored
— for pulsed LINACSs precise synchronization is needed

Grid:  Not adequate at synchrotrons for stored beam parameters
Scanner: At high energy synchrotrons flying wire scanners are nearly non-destructive

Grid:  Resolution of a grid is fixed by the wire distance (typically 1 mm)
Scanner: For slow scanners the resolution is about the wire thickness (down to 10 um)

— used for e—-beams having small sizes (down to 10 um)

Grid: Needs one electronics channel per wire
— expensive electronics and data acquisition

Scanner: Needs a precise movable feed-through — expensive mechanics.

GSH
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Measurement of Beam Profile

Outline:
» Scintillation screens:
emission of light, universal usage, limited dynamic range
» SEM-Grid: emission of electrons, workhorse, limited resolution
» Wire scanner: emission of electrons, workhorse, scanning method
Multi Wire Proportional Chamber for slow extr. : gas ionization, limited resol.
» lonization Profile Monitor:
secondary particle detection from interaction beam-residual gas
» Optical Transition Radiation
» Synchrotron Light Monitors
» Summary
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Tonization Profile Monitor at GSI Synchrotron m
E "\

BN . T - mow /-
Non-destructive device for proton synchrotron: Realization at GSI synchrotron:
> beam ionizes the residual gas by electronic stopping (IPM with 175 x 175 mm clearance)

» gas ions or e” accelerated by E -field =1 kV/cm
» spatial resolved single particle detection

V—clectrode® L

HYV electrode voltage divider 2 ;

I — 1E6kv beam St e ]
o C Ld & ' “E'

] beam H +5kv MCP: 100 x 30 mm?2 | PR o
I_I — — I_I + 4 kV S e |
T E ( ‘ H +3kv
T | Ion H +2kv |

\ 2 e.g. H*
H |—I + 1 kV

e — 0 kV
= DAGSSSSSSSAASASSSY MCP
%)ne device per plane

|
: |
3 LN | A |
: B
® (| > R
: o L A
¥ Py |
g e f |
v ] 4 <P ]
" .":'- T”’ S
P A

4

», h ; - ‘53 N N | A
) 63 wires, 2 mm spacing
7 1 ,l

300 mm flange

anode | position readou

Typical vacuum pressure:
Transfer line: N, 107%...107% mbar = 3-108...3.101%m"3

Synchrotron: H, 10711...10™ mbar = 3-10°...3-10"cm3

, GSH
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Ionization Profile Monitor Realization cm
BN WA T . W -
The realization for the heavy ion storage ring ESR at GSI: Realization at GSI synchrotron:

(IPM with 175 x 175 mm clearance)

3 ,r.-.

IPM support e ———
& UV lamp -
Horizontal 1PM: T beam St Wes [
orizonta : .'_—"‘” ' e\ \ertical IPM T - 5 H
. B S et || T Ay MCP: 100 x 30 mm~ ||
E-field box <& ‘ 11 s — il

E-field separation disks
View port @150 mm

Jb\_ 63 wires, 2 mm spacing

300 mm flange ®

) GSH
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Ionization Profile Monitor Realization cm
BN a0 | /8 §
The realization for the heavy ion storage ring ESR at GSI: Realization at GSI synchrotron:

IPM support
& UV lamp

Horizontal IPM: _

E-field box
Electrodes

pea®

ATy e E-field sepjis ==

e L View port @150 mm G

Horizontal camera % \v
T \

Peter Forck, CAS 2017, Erice  _y |PM measure 28




Electron Detection and Guidance by Magnetic Field

00

Alternative: e~ detection in an external magnetic field

— cyclotron radius I, =,/2M,E, , /eB = r,<0.1mmforB=0.1T

Eyin, given by atomic physics, 0.1 mm is internal resolution of MCP.

HV electrode

voltgqulvufe_r 6 kV

L:Er‘ﬁéﬁéﬁﬁéaaaaaaaaa.hﬂ(ﬂb

1

R
A A beam Hj-sxv
== I N . H-4kv
1 |E|BC " H -3kv
] electron HL-2kv
T - 1kv

0 kv

anode

position readout

Time-of-flight: =1 ns — 2 or 3 cycles.

-

vertical (acc.) axis [mm]
20 L
o o

30

10 ] I | | \
beam (radius r==2.5 mm)
. -, B=0 | z H,*
E e, B=0.1T r .
Pk ~
&-10+ ~e, B=0.1T
g 20 r 1 N
5 l ‘
>—30 - - \
0.95 1.00 1.05 y
horizontal axis [mm] | \
| | | | | |
-3 —2 -1 Q 1 2 3

horizontal (detection)

B-field: By dipole magnets with large aperture — IPM is expensive device.

Peter Forck, CAS 2017, Erice
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IPM: Magnet Design deo'@,

B\ AN
Magnetic field for electron guidance: Corrector
Maximum image distortion: Vertical IPM
5% of beam width = 4B/B <1 %

Challenges: Horizontal IPM

» High B-field homogeneity of 1 % Corrector

» Clearance up to 500 mm

» Correctors required 480mm
to compensate beam steering

> Insertion length 2.5 m incl. correctors

300mm

For MCP wire-array readout
lower clearance required

Peter Forck, CAS 2017, Erice 30 Beam Measurements and Instrumentation IT



IPM: Magnet Design deo'@,
Magnetic field for electron guidance:
Maximum image distortion:

5% of beam width = 4B/B <1 %
Challenges:
» High B-field homogeneity of 1 %
» Clearance up to 500 mm
» Correctors required
to compensate beam steering
> Insertion length 2.5 m incl. correctors

For MCP wire-array readout
lower clearance required

) GSH
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'‘Adiabatic’ Damping during Acceleration (L\’)

The emittance € = [ dxdx'is defined via the position deviation and angle in lab-frame
before acceleration after acceleration

After acceleration the longitudinal velocity is increased = angle ¢ is smaller

The angle is expressed in momenta: x’=p, / p; the emittance is <xx’>=0: ¢ = X -x’ = x-p, /p,

— under ideal conditions the emittance can be normalized to the momentum p, = y-m- Bc

= normalized emittance g, = B 7- € is preserved with the Lorentz factor y and velocity g=v/c

Example: Acceleration in GSI-synchrotron for C®* from
6.7 > 600 MeV/u (B=12 — 79 %) observed by IPM

—
12 L — at injection

theoretical width: (x) s = B‘ Vi (x)l

= 0.33 : (x)i
measured width: (x)r = 0.37 - (x);
IPM is well suited
for long time observations

without beam disturbance
— mainly used at proton synchrotrons.

IPM

norm. distribution

synchrotron with
acceleration

40 20 0 20 40
coordinate [mm]

extraction

injection

GSH
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Emittance 'Control’ via Chopped Injection

Example: C®* at 6.7 MeV/u, up to 6-10%ions per fill
Sl synchrotron, 5us/turn

For a multi-turn injection the emittance
can be controlled by beam chopping

Bumper magnet action: - B o ® Mt ey
» First beamlet injected on central path Z 08 ] ol X 1
» Successive filling of ‘outer’ phase space < § 3t
; . ] g~ -3
= stored horizontal emittance varies 5 02 | N
:> Vertical emittance un-Changed » E1—0;or.—;c(t))ordiréf.ite xz[omm] 40- ’ o?:hopigr tlilrltx)le i?lle.erv?il? t 160[#50
= injected current increase for longer t,, [tz 10 [o vertioal wiatn 5]
5 1.0 =~ Cup=ddus ® horizontal width .-+ 77
- - _g - tmp:f)ﬁus ‘ Tel ///i |
Monitoring by IPM 2 os [~ twwal i\ g 5 ¥ 5]
w08 i\ s 8T @ ;7
o P /'{" \ £ ar 7
chopper transmission & ) 2 e
/I\ 1:chop R y N 7

Peter Forck, CAS 2017, Erice

L0

with multi-turn injection at G

1.2

7

1™’ variation 0 20 o 20 40

4

~

vert. coordinate y [mm]

N\

njected beam current

N bumper magne%

current

time

o 1 1 1 1 1
0 20 40 60 80 100 120

chopper time interval t,  [us]
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Emittance Enlargement by Injection Mis-steering

B\ W

Jo'e

. T . W /7 TRESSE ™

Emittance conservation requires Example: Variation of vertical injection angle by magnetic steerer
Beam: C®* at 6.7 MeV/u acc. to 600 MeV/u, up to 6-10%ions per fill

with multi-turn injection, IPM integration 0.5 ms i.e. ~ 100 turns

precise injection matching
Wrong angle
of injected beam:

» injection into outer 14

12

0

phase space — large

ibution

» might result in ¢ oal ) )] o
¢ s 5 i W o vertical width
hollow’ beam Rozp J N\ ?m S Bﬂﬂrgztm@ﬂbwéﬂ?g?e
> filling of acceptance " 02010 0l 20 20 f8f AL
i.e. loss of particles Vertical proflle afteracc.. sef - ?*ﬁﬁ
U 14 F DL L % 4r
— Hadron beams: larger 2| raer - ® 2} @‘?‘%‘" s
. . | ot S eer = + 0. | a r aCC
emittance after acceleration 2'° ol——H1= ‘

injection:
angle
mismatch

norm. distribution
o o o
)

o
o

vertical
steerer

Peter Forck, CAS 2017, Erice

Vertical profile at injection:

1.0

P-amplitude i.e. large beams os|

T 08 |

" —--- steer = - 0.137
steer = + 0.10]
— — - gteer = + 0.39

- 2 b
T T T

Schematic simulation:
Courtesy M. Syphers

-20 -—10 0 10 20
vert. coordinate y [mm]

misplace injection

0.0
stesring value If@rbui

Horlzontal proflle at injection:

12 r

norm. distribution
(=]
[++]

—— - steer = — 0.13]
steer = + 0.10]
e steer = + 039

AN

—30 —20 10 0

14

=" =
=
T T

o
>
T

norm. distribution
[=] =]

n @

T

0.0

filamentation

10 20 30
hor. coordinate x [mm]

] Horlzontal proflle after acc.:

o
=)
T T

Z-2- steer = — 0.13]
steer = + 0.10 |
— — - steer = + 0.39

i
o ey el | e ———

—-20 —10 0 10 20
hor. coordinate x [mm)]

larger emittance
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Injection Matching into a Synchrotron: Phase Space Mismatch @

B\ A~ U [ TSN W%
Ideal case of injection matching:
Orientation of injected beam matches .
phase space as given by synchrotron _ phase space N™ turn
Twiss parameters a, B, and ¥ i.e. ‘machine emittance’ i /)
9 / irst turn
< no change after each turn < stable storage & gl /7 -l
<> The beam ellipse o, correspond to the %ﬂ &4
machine ellipse at injection point for N=0 i.e. % synch. acceptance
p —a
Gbeam(N =0) = €peam (_;ynch % synch)
synch synch pr ofile
= only in this case stable storage (math: t — o) - N turn
Opeam(N = 0) = Opegm (N — ) t
b first turn
e
ja

coordinate x

GSH
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Injection Matching into a Synchrotron: Phase Space Mismatch @

B\ " S T W /RSN T
Ideal case of injection matching:
Orientation of injected beam matches
phase space as given by synchrotron
Twiss parameters a, B, and ¥ i.e. ‘machine emittance’
< no change after each turn < stable storage
Mis-matched case:
» The beam ellipse o,.,, has different orientation

as machine ellipse at injection point for N=0 i.e.

» Transformation after one turn profile

phase space

forth turn

divergence x

o-beam(N =1) = MGbeam(N =0) M’ ) forth turn
#  Opeam (N =0) t

I.e. rotation in phase space by the tune = first turn

I.e. phase advance per turn 2. \

Depictive argument: Always particle on both ellipse / \

Observable quantity: Beam profile oscillates oordinate «

After many turns:

Particle have different tunes e.g. by longitudinal momentum deviation and chromaticityg—f = 'on_f

or space charge AQ;.,n = Entire transverse phase space is filled i.e. beam with enlarged emittance
SN
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Injection Matching into a Synchrotron: Phase Space Mismatch CA’)

"W T oW S
Mis-matched injection into a synchrotron:

B\

Can be monitored by beam profile measurement:
Example: Injection of a 80 ns bunch of protons

into CERN PS at 1.4 GeV/u (2.2 ps revolution time)
Profile measurement by SEM-Grid

» Turn-by-turn profile variation related to tune

» Used for improvement of injection parameters

wr

n=1 mean = 1.86 mm n=2 mean = 1.65 mm
RMS = 4.53 mm RMS = 5.7 mm
= =
2 : 2
@ @
” M. | Il
______ .'I Il-—-_. ___-_I.II III‘_._
-20 -10 0 10 20 -20 -10 0 10 20
position (mm) position (mm)
n=3 mean = 3.27 mm n=4 mean = 4.97 mm
RMS = 4.31 mm RMS = 488 mm
= =
w w
= . = X
3 il il
il | | -.-.III M
-20 -10 0 10 20 -200 -10 0 10 20
position (mm) position (mm)
n=5 mean = 4.72 mm n=g mean = 2.99 mm
. RMS = 5.96 mm . RMS = 420 mm
@ @
c c &
[} [ ,
” || illl
_____._-illl Ilﬁ-._ I | |
-20 -10 0 10 20 -20 -10 0 10 20
position (mm) position (mm)

From M. Benedikt et al., DIPAC 2001
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phase space

forth turn

gacond turn

B
L
[
-
L
=0
o
]
e
i
40 | Emittance orientation error
S A AR VAR VN V™
Lo} e
" _L_ (g, non-integer tune)
Z'qh qh g
0 5 10 15 20
furn number
s! Position error
£e *
I
y
2
*1 -
— (g}, non-integer tune)
0 9dh . . .

10
turn number

0 5 15

37

20

forth turn

first turn

coordinate x
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Measurement of Beam Profile (m

Outline:
» Scintillation screens:
emission of light. universal usage, limited dynamic range
» SEM-Grid: emission of electrons, workhorse, limited resolution
» Wire scanner: emission of electrons, workhorse, scanning method
Multi Wire Proportional Chamber for slow extr. : gas ionization, limited resol.
>
» lonization Profile Monitor:
secondary particle detection from interaction beam-residual gas
» Optical Transition Radiation:
crossing material boundary, for relativistic beams only
» Synchrotron Light Monitors
» Summary ;
SN
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Optical Transition Radiation: Depictive Description

Optical Transition Radiation OTR for a single charge e:

Assuming a charge e approaches an ideal conducting boundary e.g. metal foil
Image charge is created by electric field
dipole type field pattern

YV V VYV

emission of radiation with dipole characteristic
9 maxz 1/}/

vacuum

vacuum| perfect

charge e metal
velocity S

vacuum perfect

charge e metal

velocity S

‘dipole
image age radiation,
E-field charge -e charge <6
pattern velocity -f velocity -
dipole type

00

EVERE ' B o N

field distribution depends on velocity B and Lorentz factor ¥ due to relativistic trans. field increase
penetration of charge through surface within t < 10 fs: sudden change of source distribution

perfect
metal

o>

charge e
inside
metal

sudden change charge distribution
rearrangement of sources < radiation

Other physical interpretation: Impedance mismatch at boundary leads to radiation

Peter Forck, CAS 2017, Erice 39
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Optical Transition Radiation: Depictive Description

B\ A<

approximated formula

00

RV ' o N

TS Wm0
Optical Transition Radiation OTR can be described in classical physics:
d’W 2e°B*® sin’6-cos®

for normal incidence

& in-plane polarization:
1.4

T L B E

- —— =10 E=4.5 MeV

2 {9 | ----y=30 E=14.5 MeV i
< —— y=100 E=49.5 MeV

c 1.0 .
o

~

Z 0.8 ]
e

£ 0.6 R
17

5 0.4 R
c ~

o 0.2 \\%
C

5 0.0 —

-400 —200 0 200 400

radiation angle 6 [mrad]
Angular distribution of radiation in optical spectrum:
» lope emission pattern depends on velocity or Lorentz factor y
> peak atangle 8~ 1/y
> emitted energy i.e. amount of photons scales with W oc 2
» broad wave length spectrum (i.e. no dependence on w)
— suited for high energy electrons

Peter Forck, CAS 2017, Erice 40

dé da)N 7T C (1—,32 cos? 9)2

0 max”™~ 1/7
vacuum

radiati

W: radiated energy

w. frequency of wave

perfect
metal

o>

charge e
inside
metal

sudden change charge distribution
rearrangement of sources < radiation
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@
Optical Transition Radiation with 45° incidence: Depictive Descriptfof \)

B\ WS T . maw /7 RS ™
OTR with 45° beam incidence and observation at 90° :
approximated formula for 45° incidence& in plane polarization: observation
d’W  2e?p° ( sing ___ cosd jz
dddew 7c \1-pcos@ 1-psiné 0. ~1y

—_
W

——'y=10I E=45 MéV
12 | ----7=30 E=14.5 MeV .
— =100 E=49.5 MeV

NN 1
Y

o

0.6 -

04

photon distri. dN/dQ [arb.u.]
o
o
T

400 200 0 200 400
radiation angle 6 [mrad]

Angular distribution of radiation in optical spectrum:
» emission pattern depends on velocity

> peak at angle 8~ 1/y

» emitted energy scales with W oc 2

» symmetric with respect to @ for ¥ > 100

Peter Forck, CAS 2017, Erice 41

‘dipole

radiati

vacuum 37 perfect
metal

Remark: polarization of emitted light:
» in scattering plane — parallel E-vector

» perpendicular plane — rectangular E-vector

GBS
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Technical Realization of Optical Transition Radiation OTR cm

B\ A~ - [T TSN T
OTR is emitted by charged particle passage through a material boundary.
. _ 2
Photon distribution: AN photon N 2¢’ ,3 log Avegin , 0
o _ do beam ° c 1 o 5
within a solid angle dQ and end y 46
Wavelength interval Apqqin t0 Agpg
» Detection: Optical 400 nm < A <800 nm mirror
using image intensified CCD /
> L iagnal f lativistic b >> 1 , /\/ / lens + filter sensitive
arger signal for relativistic beam y window \9 0D e

» Low divergence for y >> 1 = large signal

— well suited for e beams
= p-beam only for E,;,> 10 GeV & y > 10

beam pipe

OTR screen

» Insertion of thin Al-foil under 45°
» Observation of low light by CCD.

GSH
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OTR-Monitor: Technical Realization and Results Cm
BN LA T L W 7 EEReSE TS

Example of realization at TERATRON:
xamp e Results at FNAL-TEVATRON synchrotron

» Insertion of foil _
e.g. 5 um Kapton coated with 0.1um Al with 150 GeV proton

Advantage: thin foil = low heating & straggling Using fast camera: Turn-by-turn measurement

2-dim image visible 6 4 2 0o 2 4
4001 " - - - -
; ’ 6 =1.03mm
rad-hard 2 300
camera = o
é e Intensity (Arb Units)
Lens J s 8 g B
i . . . . = O @] o O o
Filter c=066mm | 3
wheel 2
! -1
H Window 0
1
Beam 2
pIpe 3
6 -4 -2 0 2 4
X {mm)
Courtesy V.E. Scarpine (FNAL) et al., BIW’06
SN
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OTR-Monitor: Prove of Radiation Hardness

BN

L0

. T . W /7 TRESSE ™

Application: New OTR-screen
Permanent observation of bam profile

direct in front of a target

Advantage of OTR:

» Thin foil i.e. low straggling and nuclear reactions
» Higher radiation hardness as scintillation screens

» 2-dim image as compared o 2 x 1-dim for SEM-Grid

Y (mm)

-10

0 10
X (mm)

WHorz centroid = -0.33978 mm
98 mm

Y (mm)

Irradiated screen

10
5

0
-5
-10
-15

-10 0
X (mm)

8000t Horz centroid = -0.37092 mm

Horzo =10 ~
Example for target diagnostics at FNAL: o0 gooo) 1029 = 1.1946 mm
Insertion of OTR in front of NuMI target 5000| oo
2000}

120-150 GeV protons for neutrino physics
Online profile observation possible
OTR foil: 120 nm Aluminum on 6 pm Kapton

/’ I\
O — e —
' 10 0 10

X nroiection (mm)\

; \
(0] e St g R
' -10 0 10

X projection (mm)

OTR and SEM Horizontal Sigmas

- - 2 . TP & % ; e g. E
Radiation hardness test at FNAL: £ ele A

7-10%° protons with 120 GeV in 70 days ;E; '1 " , \

— half signal strength but same width reading g e Tk xR  OTR
D 0.5} - . e T
x X Xe ol Lox xE ok ook n. Sl ] SEM
0 20 40 60 80
Time (days)

Courtesy V.E. Scarpine (FNAL) et al., PAC’07 ——

Peter Forck, CAS 2017, Erice

Beam Measurements and Instrumentation IT



Optical Transition Radiation compared to Scintillation Screem

B . TS - W S W
Installation of OTR and scintillation screens on same drive :

- i = Example: ALBA LINAC 100 MeV
i W:: I“ | S

T i | |

-] |/ ‘\1_

Zi %M.ﬁ Wf’ﬂwwj hhh

0.5 B . —

Results: o 3t . ;; ]
> Much more light from YAG:Ce £ |’ é, ) i

for 100 MeV (=200) electrons & . 4 : ;

. =) i 4 4

light output I\, ~10 5 51k g 02 3 ‘g‘ w ¥
> Broader image from YAG:Ce 01} 1

due to finite shoulders b e

or CCD saturation(?) 14 16 18 2 22 24 26

Courtesy of U. Iriso et al., DIPAC 09 quad current, iq [A]

) GSH
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B\

OTR:
Scint.

®
Comparison between Scintillation Screens and OTR Cm
> N T W O P'ESEES T
electrodynamic process — beam intensity linear to # photons, high radiation hardness
Screen: complex atomic process — saturation possible, for some low radiation hardness

OTR:

Scint.

thin foil Al or Al on Mylar, down to 0.25 um thickness
— minimization of beam scattering (Al is low Z-material)
Screen: thickness ~ 1 mm inorganic, fragile material, not radiation hard

OTR:
Scint.

low number of photons — expensive image intensified CCD
Screen: large number of photons — simple CCD sufficient

OTR:
Scint.

complex angular photon distribution — resolution limited
Screen: isotropic photon distribution — simple interpretation

OTR:
Scint.

large y needed — e -beam with E,;, > 100 MeV, proton-beam with E;, > 100 GeV
Screen: for all beams

Remark: OTR not suited for LINAC-FEL due to coherent light emission (not covered here)

but scintilation screens can be used.
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Measurement of Beam Profile cm

Outline:
» Scintillation screens:
emission of light, universal usage, limited dynamic range
» SEM-Grid: emission of electrons, workhorse, limited resolution
Multi Wire Proportional Chamber for slow extr. : gas ionization, limited resol.
» Wire scanner: emission of electrons, workhorse, scanning method
» lonization Profile Monitor:
secondary particle detection from interaction beam-residual gas
» Optical Transition Radiation:
crossing optical boundary, for relativistic beams only
» Synchrotron Light Monitors
photon detection of emitted synchrotron light in optical and x-ray range
» Summary

-
SN
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Synchrotron Light Monitor cm
BN\ . T A may S B o\

An electron bent (i.e. accelerated) by a dipole magnet emit synchrotron light.

This light is emitted
Into a cone of
opening 2/y in lab-frame. Lo, orbit of electrons
—Well suited for rel. e 3
For protons:

Only for energies E,;, > 100 GeV

Rest frame of electron: Laboratory frame:

orbit of electrons

~ radiation field

| Ppower: Pocy 4 p?
The light is focused to a \ =+, opening angle
intensified CCD. cone of synch. radiation |

radiation field
detector

angle o0 A

Advantage: ¢—beam
Signal anyhow available!

VU intensified
dipole magnet lens filter CCD camera
beding radius p

GSN
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Realization of a Synchrotron Light Monitor

BN g \ W
Extracting out of the beam’s plane by a (cooled) mirror

— Focus to a slit + wavelength filter for optical wavelength
— Image intensified CCD camera
Example: CERN LEP-monitor with bending radius 3.1 km (blue or near UV)

Focusing spherical mirror (motorized)
Motorized mirrors
Ao
Light origin selecting slit
\ th filter
Density filter

Detector : pulsed intensifier
TS and CCD chip
\‘ "-:'.'.7"'

Injection  extraction

Courtesy C. Bovet (CERN) et al., PAC’91

SN
Peter Forck, CAS 2017, Erice 49 Beam Measurements and Instrumentation IT



Result from a Synchrotron Light Monitor m
\ . T O W T RS ™
Example: Synchrotron radiation facility APS accumulator ring and blue wavelength:

0 500 1000 1500 2000
LI I

,=0.165 mm

B
=
>

COUNTS (ARB. UNITS

)
SynCh rotron 800 Courtesy

G,=0.797 mm
B.X. Yang (ANL) et al.
PAC 97

@
(=1
©

Injection  extraction

(5]

=]

©
1

COUNTS (ARB. UNITS)

[=]
1

X (mm)

Advantage: Direct measurement of 2-dim distribution, only mirror installed in the vacuum pipe

Realization: Optics outside of vacuum pipe

Disadvantage: Resolution limited by the diffraction due to finite apertures in the optics.
SN
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@
Synchrotron Light Monitor overcoming Diffraction Limit do'e

B\ > N T Y 7 T RESSE ™s
Ll_mltat_lonSE ] ] | lens diffraction pattern
Diffraction limits the resolution angloq - N width 2%
due to Fraunhofer diffraction electron  emitted photon | i

) /3 trajectory i D P(x)
= 02=0.6- (/1 / p)l ~~_with wavelength .~~~ "~ N (
~100 um for typical case bendingradiusp 7\ T 1 T
| X
distance L | distance L.
Improvements: Photo-detector

» Shorter wavelength:

Using x-rays and an aperture of @ 1mm

— ‘x-ray pin hole camera’,
achievable resolution o = 10 um

» Interference technique:
At optical wavelength

using a double slit
— Interference fringes
achievable resolution o = 1 um.

Double slit

interference
fringe

band-pass fileter

GSH
Peter Forck, CAS 2017, Erice 51 Beam Measurements and Instrumentation IT



Summary for Beam Profile Measurement de'e,
BN\ LA TN L W [ eSS TN

Different techniques are suited for different beam parameters:
e -beam: typically @ 0.1 to 3 mm, protons: typically @ 3 to 30 mm

Intercepting <> non-intercepting methods

Direct observation of electrodynamics processes:

» Optical synchrotron radiation monitor: non-destructive, for e -beams, complex, limited res.
» X-ray synchrotron radiation monitor: non-destructive, for e -beams, very complex
» OTR screen: nearly non-destructive, large relativistic y needed, e -beams mainly

Detection of secondary photons, electrons or ions:

» Scintillation screen: destructive, large signal, simple setup, all beams

» lonization profile monitor: non-destructive, expensive, limited resolution, for protons
» Residual fluorescence monitor: non-destructive, limited signal strength, for protons
Wire based electronic methods:

» SEM-grid: partly destructive, large signal and dynamic range, limited resolution

» Wire scanner: partly destructive, large signal and dynamics, high resolution, slow scan.

GSH
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Measurement of transverse Emittance Cm
BN\ "W T oW S
The emittance characterizes the whole beam quality, assuming linear
behavior as described by second order dlfferentlal equation.

It is defined within the phase space as: €x = —jdXdX

The measurement is based on determination of:
either profile width ¢, and angular width &, ' at one location
or o, at different locations and linear transformations.
Different devices are used at transfer lines:
> Lower energies E,;, <100 MeV/u: slit-grid device, pepper-pot
(suited in case of non-linear forces).
» All beams: Quadrupole variation, ’three grid’ method using linear transformations
(not well suited in the presence of non-linear forces)

Synchrotron: lattice functions results in stability criterion

2
— beam width delivers emittance: g, = L [D(s) pﬂ and &, = Oy
ﬂx(S) p By(s)
SN
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®
Excurse: Particle Trajectory and Characterization of many Par*ficlem

A
3 Es)=Veps) > Single particle trajectories are
x[mm]‘2 \(

~_ ___ forming a beam
= > They have a distribution of

A

start positions and angles

single particles

. — Characteristic quantity is
trajectory

envelope of all particles
the beam envelope

» Goal:
Transformation of envelope
* & behavior of whole ensemble

Focus. || drift Focus. || drift
quad. quad.

Courtesy K.Wille

, GSN
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Definition of Coordinates and basic Euqations

The basic vector is 6 dimensional:

—

X(s) =

— < < X x

o

N T . moaw S f

hori. spatial deviation
horizontal divergence
vert.spatial deviation
vertical divergence
longitudinal deviation

momentum deviation

'>

[mm]
[mrad]
[mm]
[mrad]
[mm]
[%0]

The transformation of a single particle from a location sy to s, is given by the

_ X(Sl) — R(S) ' X(So) _ o
The transformation of a the envelope from a location s, to s, is given by the

o(s,) =R(s) - o(s,) - R'(s)

Transfer Matrix R:

Beam Matrix o:

6-dim Beam Matrix

with decoupled

hor. & vert. plane: 0 =

| Peter Forck, CAS 2017, Erice

/011 o2 0 0 o5

0 0 J95
0 0 033034 0
0 0 034044 0
015 025 0 0 055
016 026 0 0 056

012 022

55

Horizontal
716 \ beam matrix:
026 ,
0 01, = <X >
0 \
o1, = (X-X")
056 ,
066 Oy = <X >

Beam width for
the three
coordinates:

ers — ‘\/ O-ll
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Definition of transverse Emittance Jde@,
The emittance characterizes the whole beam quality: &, = — J Agxdx'
: T
prsatz: =] U Glzjzg-( p _“J with ?:[X]
Beam matrix at one location: Glo Oy —a X'

It describes a 2-dim probability distr.

The value of emittance is:
Ex = Vdeto = \/011022 - 0122
For the profile and angular measurement:
X, =+Jo11 =+/§8 and
X'o =109 =&y
Geometrical interpretation:

All points X fulfillingXt- ¢ 1 - x=1
are located on a ellipse

6, X° — 26, ,xx‘ t o x“?=dete =¢2

oo

angle x' [0 ]

o

(A}

distr. P(x)

profile x [o ]

| Fp-<"P &
Peter Forck, CAS 2017, Erice 56 Beam Measurements and Instrumentation IT



@
The Emittance for Gaussian and non-Gaussian Beams Cm

B\ .S T . maw J TRESSTE ™
The beam distribution can be non-Gaussian, e.g. at:
» beams behind ion source
> space charged dominated beams at LINAC & synchrotron Covariance
» cooled beams in storage rings \Variances i e correlation

General description of emittance

using terms of 2-dim distribution:

It describes the value for 1 stand. derivation

For Gaussian beams only:

&ms <> interpreted as area containing a fraction f of ions: &(f)=-27¢,,-In(1-f)

faction of beam f %] | 15 39 63 86 95 98

Care: no common definition of emittance concerning the fraction f

GSH
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Measurement of transverse Emittance cm
B awr @@ , e <

Outline:
» Definition and some properties of transverse emittance
» Slit-Grid device: scanning method
scanning slit = beam position & grid — angular distribution

» Quadrupole strength variation and position measurement
» Summary

Peter Forck, CAS 2017, Erice 58 Beam Measurements and Instrumentation IT



The Slit-6rid Measurement Device

BN o

nw

Slit-Grid: Direct determination of position and angle distribution.
Used for protons/heavy ions with E;, < 100 MeV/u = range R <1 cm.

Hardware Analysis
movable movable hase space
 S——— slit, opening dy)jt SEM.-grld P <A P
profile ‘beamlet” g -
< o EEEE 0k distribution
beam Sht? o e X’
> e } .
r— . ‘ / Y Tk
= 1Stance o ,
J em_ittance
2rwi1.e:‘l:,'_f deire ellipse
Slit: position P(x) with typical width: 0.1 to 0.5 mm
Distance: 10 cm to 1 m (depending on beam velocity)
SEM-Grid: angle distribution P(x’)

Peter Forck, CAS 2017, Erice
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Slit & SEM-6rid cm

Slit with e.g. 0.1 mm thickness

T
Beam surface interaction: e~ emission

— Transmission only from Ax. — measurement of current.
Example: 15 wire spaced by 1.5 mm:

Example: Slit of width 0.1 mm (defect)
Moved by stepping motor, 0.1 mm resolution

X

Each wire is equipped with one 1/U converter
different ranges settings by R;
— very large dynamic range up to 10°.

(=P §
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Display of Measurement Results cm

The distribution of the ions is depicted as a function of
» Position [mm]

4000

» Angle [mrad] 1000 T 3750
. : : 3704 Y 3500
The distribution can be visualized by 300 N

» Mountain plot sa505 -

2000 AW “

Emittance value &, from 1750 - | "
> AL R 2250

_ 2 12 ' I

g _\/<x ><x >—<xx> o | il I
= Problems: 40 1750

» Finite binning results in limited resolution
» Background — large influence on <x?>, <x”?> and <xx’>

Beam: Ar%*, 60 KeV, 15 uA

Or fit of distribution with an ellipse
at Spiral2 Phoenix ECR source.
Plot from P. Ausset, DIPAC 2009

, GSN
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Outline:

» Definition and some properties of transverse emittance
» Slit-Grid device: scanning method

scanning slit -» beam position & grid — angular distribution
» Quadrupole strength variation and position measurement

emittance from several profile measurement and beam optical calculation
» Summary
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@
Emittance Measurement by Quadrupole Variation cm
BN\ N B\
From a profile determination, the emittance can be calculated via linear transformation,

If a well known and constant distribution (e.g. Gaussian) is assumed.
quadrupole magnet

profile measurement

transverse focusing const. k (e.g. SEM grid)

beam envelope

R(k) The beam width X, and
location: S| — - Sl 5
inear transformation _ .
X“max = 011(1, K) is measured,
= hase spdce - ase spdce - . .
o x| 7"(\ matrix R(k) describes the focusing.
= I
o o
coordinate x profile .
beam matrix: 2 mze asurement:
(Twiss parameters) S x(k)=o0,,(1,k)
a
61,(0). 61, (0), Gy, (0)
to be determined coordinate x

) GSH
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®
Emittance Measurement by Quadrupole Variation cm

BN . TS - mow
e The beam width z,,,, at s; is measured, and therefore oy (1, k;) = 22 _(k;).

e Different focusing of the quadrupole kq, ks...k, is used: = Rigeus(Fi).
including the drift, the transfer matrix is changed R(k;) = Rarift - Reocus(ki)-

e Task: Calculation of beam matrix o(0) at entrance sq (size and orientation of ellipse)

e The transformations of the beam matrix are: o (1, k) = R(k) - o(0) - RTU&:).

— Resulting in a redundant system of linear equations for ;;(0):

0'11(1, kl) = R%l (kl) . 0'11(0) + 2R11(A71)R12(;171) . 0'12(0) + R%Q(;‘l) . 0'22(0) fOCllSiI]g kl

o11(1,ky) = R3 (kn)-011(0) + 2Ryq (kn) Riz(ky) - 012(0) + Riy(ky) - 022(0) focusing k,

e To learn something on possible errors, n > 3 settings have to be performed.

A setting with a focus close to the SEM-grid should be included to do a good fit.
o Assumptions:

— Only elliptical shaped emittance can be obtained.

— No broadening of the emittance e.g. due to space-charge forces.

— If not valid: A self-consistent algorithm has to be used.

) GSH
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Measurement of transverse Emittance Cm
BN . TN . maow S/
Using the ‘thin lens approximation’ i.e. the quadrupole has a focal length of f:

1 0 1 0 1+LK L
Rfocus(K):(_llf ]JE[K 1] — R(LiK):Rdrift(L)'Rfocus(K):( K 1j

Measurement of o(1,K) = R(K)-c(0)-RT(K)
Example: Square of the beam width at

ELETTRA 100 MeVe Linac, YAG:Ce: For completeness: The relevant formulas
S T o, (LK) = L’y,(0)- K*
6 P A P O S +2-( Loy (0)+L0,,(0) ) K
p=159%01[m 2
Cowl\ i a=98%04 +L0%(0)+0:,(0)
NE  y=86.1+05m"] | i [k =a-K? — 2ab-K + ab®+c
N:, ' : j : The o-matrix at q%adrupole is:
Ml : : : : : : : 011(0) = 75
: ] : ; : : /o f L2
R ) G e s ) T o12(0) = _% (%”)
E E X S 4/” E E
; ;; pean CAUNE I W) = e P8
0 .|_|25F l I IR} |4r5] K{‘i: ]1T 5 165 e L2 . ¢ 0 L2
ocusm stren t m-
g J e=+/det 0(0) =+/011(0)092(0) — 0%,(0) = v/ac/L?
G. Penco (ELETTRA) et al., EPAC’08 I
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@
The 'Three 6rid Method' for Emittance Measurement cm

BN\ [T TSN %
Instead of quadrupole varlatlon the beam width is measured at different locations:

quadrupole magnet

profile measurement

. .o. SEM orid
The procedure is: e ope /_\ (¢2-SPMgnd)

L ] L
o o o
» Beam width x(i) measured . : ——2 " beam path s
at the locations s; . — .
= beam matrix element . .
2/2) — ;
X (l) - 0-11('). . . location: S Sl R(2) . S2
> The transfer matrix R(i) is known. ° - RG) S,
(Without dlpOIe a 3 X 3 matriX) —: phase space —g phas&fce —: phase ?i —: phase spaij
> The transformations are: A=l S i
(i) = R()s(O)RT (i) 5 e e * e
- coordinate x g < 2
= redundant equatIOnS beam matrix: £ g E
(Twiss parameters) /\
641 (0), 6, (0), G, (0) coordinate x coordinate x coordinate x

measurement:
M=c,)  x@=0,,2) ‘B)=0,,3)

o11(1) = R3(1)-011(0) + 2R11(1)Ri2(1) - 012(0) + R2,(1) - 092(0)  R(1) : so — sy
011(2) = R3}(2)-011(0) + 2R11(2)R12(2) - 012(0) + Ri5(2) - 02(0) R(2): s — 52

to be determined

on(n) = Rij(n)-011(0) + 2Ry (n)Ria(n) - 012(0) + Riy(n) - 022(0)  R(n) : so — sp

Peter Forck, CAS 2017, Erice 66 Beam Measurements and Instrumentation IT



@
Results of a 'Three 6rid Method' Measurement cm

Solution: Solving the linear equations like for quadrupole variation
or fitting the profiles with linear optics code (e.g. MADX, TRANSPORT, Mirko).

Example: The hor. and vert. beam envelope and the beam width at a transfer line:
50 ' ' | pis ' '

Measured horizontal width Fitted beam hori. envelope

dipole  dipole
FDDF DF DF DD

Measured vertical width Fitted beam vert. envelope

Vertical size [mm] Hori. size [mm]

Ul
S
O pasm

' Path Length [m] _ 70
Assumptions: » constant emittance, in particular no space-charge broadening

»100 % transmission i.e. no loss due to vacuum pipe scraping

» no misalignment, i.e. beam center equals center of the quadrupoles.
SN
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@
Summary for transverse Emittance Measurement Cm
BN o LW T . WO

Emittance is the important quantity for comparison to theory.

It includes size (value of &) and orientation in phase space (O'ij or a, fand y)

( three independent values &,y,s = /011 " 022 — 012 = V< x2>< x'? > —< xx' >2
assuming no coupling between horizontal, vertical and longitudinal planes)

Transfer line, low energy beams — direct measurement of x- and x'-distribution
» Slit-grid: movable slit — X-profile, grid — x'-profile

Transfer line, all beams — profile measurement + linear transformation:
» Quadrupole variation: one location, different setting of a quadrupole

» ’Three grid method’: different locations

» Assumptions: > well aligned beam, no steering

» no emittance blow-up due to space charge.

Remark: For a synchrotron with a stable beam,
width measurement is sufficient using x,.,s = +/ &ms * B

Thank you for your attention!
SN

Peter Forck, CAS 2017, Erice 68 Beam Measurements and Instrumentation IT



Backup slides

GSH
Peter Forck, CAS 2017, Erice 69 Beam Measurements and Instrumentation IT



B\ A _~_ .

@
Broadening due to the Beam's Space Charge: Ion Detection (L)
| [ TSN W%

Influence of the residual gas ion trajectory by :
» External electric field E,
» Electric field of the beam’s space charge Eg,,

1
e.g. Gaussian density distribution for round beam: Eg,,..(r) =

2re,

2
e“In2 qN.d 1 N -d

1
| gap gap
471'801/mpC2 I eUex Uex

With the measured beam width is given by convolution: o2 . =c2 + 0?2

meas true corr

Estimation of correction: gy =

Example: U7+, 10° particles per 3 m bunch length, cooled beam with ¢, e = 1 mm FWHM.

i ' ' ' 1 i ' HV electrode __voltage divider, ¢ .\,
'E500 ___________________ -1 = 3.5 ion charge q=73 _'Rj
o E ion charge q=73 ° ] kv
> ex e 1 = ions per bunch N=10° ]
2400 Ions per bunch N=10° - o 3.0 p beam—>
o bunch length =83 m { 2 - \Espace +4kv
300 beam width o=1 mm 1 X 25 E ( "
E v | e +3kV
L=l = - -
. % 20 | 10N +2kV
ks o r
o E 15 - eg +1kV
: H*
1o N S - ) S 0 kv
0 5 10 15 20 25 30 0 5 10 15 20 = MCP
radius [mm] true beam width (FWHM) [mm]
anode | nosition readout
: SN
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@
Optical Transition Rad. with 45¢ incidence: Depictive Description cm

B\ . TS - mow S
OTR with 45° beam incidence and observation at 90° :
A charge e approaches an ideal conducting boundary under 45°
» image charge is created by electric field
> dipole rotated by 45° & deformed due to relativistic field propagation
» penetration of surface within t < 10 fs: sudden change of sources
> due to reflection on surface emission symmetric around 90° dipole

450 |

observation

radiati

I

|

1

32?;%? 5 vac chargee ydeuu
! i I
d ' /perfect  Velocity 'BE perfect 5
metal metal > o- 3
Image

charge <e charge -e vacuum >/ nerfect
velocity -8 velocity -8 metal

GSH
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Adiabatic Damping for an Electron Beam (m
A\ ' .S T MW ] TEEEE=T T
Example: Booster at the light source ALBA acceleration from 0.1 — 3 GeV within 130 ms

Profile measure by synchrotron light monitor. The beam emittance in influenced by:

0 ms 10 ms 30 ms » Adiabatic damping
=3 5 5 » Longitudinal momentum contribution
4 4 4 ' ] ] ] A
£ 13 3 3 via dispersion Axp(s) = D(s) - =
> |2 2 2 p
= |1 1 1 - Ap
S o 0 0 . total width Ax;,:(s) = \/ ef(s)+D(s) —
>|] 012345 012345 012345 _ _ o b
hor. x [mm] » Quantum fluctuation due to light emission
. 0.8 T T T T T T T
0 mis 90 ms 120 ms 3 — theorecal
5 3 |
4 3
3 5
:
1 < 0 ' ' ' ' ' ' '
0 20 40 60 80 100 120 140
GIEI 173465 time, ms

T
theoretical
. measurement

vertical sigma, mm

Courtesy U. Iriso & M. Pont | | | . .
(ALBA) et al. IPAC 2011 0 20 40 80 80 100 120 140

time, ms
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