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Demands on Beam Diagnostics =50

Standard instrumentation is discussed only!

Some hints to recent developments & comparison electron & proton instrumentation.
Laser wake-field accelerators are not covered.

General usage of beam instrumentation:
» Monitoring of beam parameters for operation, beam alignment & accelerator development
» Instruments for automatic, active beam control e.g. orbit feedback

Non-invasive ( = 'non-intercepting’ or ‘non-destructive’) methods are preferred:
» The beam is not influenced = the same beam can be measured at several locations
» The instrument is not destroyed due to high beam power by proton beams

Non-scanning, ‘single shot’ methods are preferred: Beam fluctuations at LINACs are visible
Observation during entire cycle are preferred: Consistent beam evolution visible at synchr.

General tendencies:

» Electron accelerator: High spatial &temporal resolution due to small beams, short pulses
» Proton & ion accelerator: Non-invasive methods due to high beam power, radiation hardness

long pulses t,,. > 1 ps (except for laser-wakefield acceleration)
» Both: High accuracy required to critical beam setting
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Outline of the Tutorial on Beam Diagnostics

Topics of this tutorial:

» Beam current and bunch charge by transformers
1. Broadband, ‘fast’ current transformer FCT
2. dc current transformer DCCT e.g. for synchrotron
3. Integrating current transformer ICT for short pulse at LINAC-FELs

» Beam center-of-mass by Beam Position Monitors BPM
» Transverse profile measurement techniques

» Longitudinal profile = bunch shape measurement
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Magnetic field of the beam and the ideal Transformer

»Beam current of N, charges with velocity S

part
Loam = g€ —2 =qe-ﬂc-Np"”
eam magnetic field B
» cylindrical symmetry at radius r:
- only azimuthal component B~ 1/
= Ibeam — E} “_g'(p
B = Mo . e(p
21T

Example: I =1pA, r=10cm = B,,,,,= 2pT, earth B,,,,= 50uT

beam current I

Idea: Beam as primary winding and sense by sec. winding.

— Loaded current transformer

II/IZ= NﬂVI = Isec =I/N - Ibeam

» Inductance of a torus of p, Torus to guide the magnetic field
1 = Hotr a2 4y Tour \
27 o -
> Goal of torus: Large inductance L~ pean ]
and guiding of field lines. <\l>

Definition: U =L - dl/dt
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Fast Current Transformer FCT == I

Simplified electrical circuit of a passively loaded transfor

simplified equivalent circuit

L Ce R
S U(t
beam RL L |-source @ E— 0

ke represents
1

N Ihc:um(tJI

— ground

Equivalent circuit for analysis of
torus inductance L — sensitivity and bandwidth

(without loss resistivity R,)

A voltages is measured:
—>» U=R-l_=R/N-Il,,. =S"l,,,With S sensitivity [V/A],

equivalent to transfer function or transfer impedance Z

courtesy Company Bergoz
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Response of a Transformer: Rise and Droop Time

Time domain description:

Droop time:t,,,,,= 1/( 21tf,, ) = L/R

Rise time:
Rise time:

A beam current

Tie = 1/(21tf,;, ) = 1/RC (ideal without cable

Tise = /(27 frqp ) = VLGC, (with cables)
R,: loss resistivity, R: for measuring.

beam bunch

Trise = /L Cs

=> No transformation of dc-signals

test
pulse tlme tlme
output volt.
tdroop L/R
t|me t|me
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transfer imp. |2, L[]

|-source

represents

]
N Ihmm(t}

Bandwidth

simplified equivalent circuit

L/ Cql R

1 - U

— ground

| | ‘| “ |‘ |
H “ H \“| ‘| H ‘u‘ {|| H

1 i Un '../. { |

{\,I

Baseline: Uy, ¢ 1 - exp(-t/7,,,,,)
positive & negative areas are equal

0.001 4 01 10q0 100000
Tfrequency f [MHZ}%
Zﬂflow Z"fhigh
-R/L | |=1/RC,
6
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Example for Fast Current Transformer

For bunch beams e.g. during accel. in a synchrotron
typical bandwidth of 2 kHz < f< 1 GHz

<10 ns<t,,,; <1usiswellsuited
Example GSI type:

Inner / outer radius 70 /90 mm

Windings 10

0.2ms

Droop time z,,,, = L/R

Bandwidth 2 kHz ... 500 MHz

injection
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From
Company Bergoz

@200 mm

Fast extraction from GSI synchrotron:

[ [ [ [ [ [
Emo i Beam: i
£ 3.10%0 N7
+ L 300 Me¥V /1 _
= 100 / FWHM=140ns
o
2
50
&
lin]
Q
e
0

| | | | | | |
—600 —400 —200 O 200 400
time [ns]|

600
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Example for Fast Current Transformer From
Company Bergoz

For bunch beams e.g. during accel. in a synchrotron
typical bandwidth of 2 kHz < f< 1 GHz

<10 ns<t,,,; <1usiswellsuited
Example GSI type:

Inner / outer radius 70 /90 mm

Windings 10

@200 mm

Droop time z,,,=L/R 0.2 ms

Example: U3+ from 11 MeV/u (= 15 %) to 350 MeV/u

-~~~ ~ -

Bandwidth 2 kHz ... 500 MHz

0,10 ———————————

0,08 P

0,06

Revolutions in SIS18 [1073]

RMS bunch length [L:s]

30 60
Revolutions in SISI8 [10']
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Longitudinal Bunch Diagnostics inside Synchrotron by FCT =SS

» Acceleration and bunch 'gymnastics’ are performed inside synchrotrons

» Bunch shaping for fast, single turn extraction

Example: Bunch merging at upper flattop
using 2 cavities at GSI synchrotron
Beam: 10° U73* at 600 MeV/u, FCT

Example: ‘Bunch compression’ prior to extraction
Beam: U’3* at 300 MeV/u at GSI synchrotron

—'pre_ compression

0. SA : -Ev | —— compression
s 9] ] After acceleration
0.4 1 3 85 ns | before & after
_ l £ bunch compression
i) I b}
) I £
g 03 an -
= T e s00 -04 -(I) n%eo[ CS)]Z 04
S : | \: 8 = 10 1al topic:
> 0.2 At A M. _
© : o o ographic
S 4 0.62 :
I - nstruction of
0.1 ey %< 0.50
| 07 s
: UUUL &g 0 o itudinal
o 0.25 N
, 1turn = 025 >e.space
0 fe > 0.070 1ding space charge
0
ti t -
o timel or] 8 704-020 02 04
Courtesy H. Klingbeil, U. Hartel, et al. GSI time [us]

... . ) tesy O. Chroniy, GSI
Further application: Input for cavity regulation loop

Remark: At synchrotron light sources, bunch shape by streak camera recording synchrotron light.

Example shown in talk by J.G. Hwang for BESSY-VSR
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Shielding of a Transformer =51

Task of the shield:
» The image current of the walls have to be bypassed by a gap and a metal housing.
» This housing uses p-metal and acts as a shield of external B-field

(remember: I,,.,,=1pA, r=10 cm = B,,,,, = 2pT, earth field B,,,,, = 50 uT)

earth

metal shield I “ signal
Wlthbt'ligh image magnetic shield & ‘ transformer
permeability . current current bypas - i
image Orus yp tori
current
—— .
pipe
beam -
—
ceramic { -
e acuun g 150 mm

ceramic
gap

courtesy Company Bergoz
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The dc Transformer DCCT IS I

How to measure the DC current? The current transformer discussed sees only B-flux changes.
The DC Current Transformer (DCCT) - look at the magnetic saturation of two tori.

Depictive statement:
A single transformer needs varying beam — DCCT: The trick is to ‘switch two transformers’!

> Modulation of the primary windings modulation [A" 1 kHz modulation ]

forces both torii into saturation

: I I
twice per cycle mod mod
» Sense windings measure the modulation torus / Lcam
—
signal and cancel each other. beam NN | N —_Trmrress
» But with the /,,,,,,, the saturation is
shifted and /.. is not zero oo T comp

» Compensation current adjustable until
/

sensing demodulator

sense 15 ZEFO ONCe again driving dc—voltage

measured current

compensation 4[compensati0n current J]
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B without beam current B\
B torus 1 torus 2

The dc Transformer

Working principle:

»Modulation without beam: J( \_/ \_/ time
. . —Bsat ‘\ ______ ”’ ‘\ ______ ,I{ ‘\‘ _____

X
:
S

Typ. 9 kHz modulation to B-saturation

= Nho net ﬂUX B Avtvfh beam Currenti;)rus 1 torus beam add to modulating field
» Modulation with beam:

Saturation reached at different times

= net flux ~Byy
» Net flux: Double frequency than modulation
» Feedback: Compensating current for large sensitivity
» Two magnetic cores: Must be very similar.

. time  beam substract from
: modulating field

At down sum of both fields

modulation [’\J 1 kHz modulation ]

Resolution: I;, =1 pA at 100 Hz
Reason: Noisy orientation change of magnetic domain
called Barkhausen noise beam @RI

sensin, g demodulator
driving dc—voltage | /

measured current

Remark: Same principle used for power suppliers compensation compensation current
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The dc Transformer

B without beam current B )
Working principle: Bat T /mﬂl\ ,‘331_1_.%_2\ /— f
»Modulation without beam: \_/ \_/ e "
typ. 9 kHz modulation to B-saturation —Bsth( e N e
= no net flux Bj ) Aﬁm beﬁ’_’_?__c_l_menttomsl ,_EO_‘}___" beam add to modulating field

» Modulation with beam:
saturation reached at different times

— net flux

B

AL

» Net flux: double frequency than modulation

» Feedback: Compensating current for large sensitivity

» Two magnetic cores: Must be very similar.

down sum of both fields

dc transformer

2 cores mounted

Torus radii =135 mmr,=145 mm

Torus thickness d=10 mm

Torus permeability b, =10°

Saturation inductance | B,,;=0.6T

Number of windings 16 for mod.& sens. ,12 for feedback
Resolution 1M eam = 2 MA

Bandwidth Af =dc .... 20 kHz, 1, = 10 ps

Temperature drift

1.5 yA/°C

\\ //A\ /\\ //\/ Aty > At o

. time  beam substract from
. modulating field

Example: The DCCT at GSI synchrotron

ac transformers
(two types)
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Integrating Current Transformer ICT for short Pulses

KL T..~1ns

pulse rise

Short, single pulse at FELs: Too short to be recorded by FCT due to rise time t
= depictive statement: ‘analog stretching of signal information’ yields charges per bunch

output after sample&hold

beam
Q,,, ps time range

\

ringing at 1°" "1~

.F! \
i -\ lpsrange
> Uoutoc Qin

-» e_ » rl A
JL A Y Signal View -
ICT operation principle for ps pulses:
> Image current on shell with gap torus 1 torus 2: FCT for readout
> Storage of induced charges at C;, slotted shell around tori with gap
> ‘Slow’ recombination of charges integrating C;, .~ nF
» Sensing this current with FCT
bunche sample
= stretched pulse, length beam amplifier bandpass 2hold
independent on input — called ICT X
» Torusl for correct inductance: £ A% S&HI=
PR - - windings X
damped resonant circuit of entire devices N ~ 10 R,,,=50Q
» Broad bandpass filter = ringing signal, signal = stretched (| ringing
pulse pulse

to enlarge sensitivity —called Turbo-ICT
Tutorial: Beam Diagnostics
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Integrating Current Transformer ICT for short Pulses =5

Typical parameter of a Turbo-ICT as used at FELs and Laser Plasma Accelerators:

Tori thickness | = 5 mm respectively flange

Full scale range 500 fC ...1 nC b

Resolution 10 fC,,.. <> 105 e-/ bunch Nchey b

aQ
Max. pulse repetition | 500 ns for single pulses
Dynamic range 80 dB by logarithmic amp. fc;:’amlc >y 4 {( apacitor Cint
Y~/
torus 1 "4':, torus 2: FCT
ICT operation principle for ps pulses:
» Image current on shell with gap torus 1 torus 2: FCT for readout courtesy Company Bergoz
> Storage of induced charges at C;, slotted shell around tori with gap
> ‘Slow’ recombination of charges integrating C;, .~ nF
» Sensing this current with FCT
bunche sample
= stretched pulse, length beam amplifier bandpass &hold
independent on input — called ICT X
» Torusl for correct inductance: - A S&HI=
PR - - windings X

damped resonant circuit of entire devices N ~ 10 R,,,=50Q
» Broad bandpass filter = ringing signal, signal = stretched (| ringing

to enlarge sensitivity —called Turbo-ICT pulse pulse
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Intermediate Summary for Current Measurement =55 I

Transformer: Measurement of the beam’s magnetic field
» Magnetic field is guided by a high u toroid
» Types of transformers:
FCT for bunches: Broadband obseravtion, I_. =~ 30 pA, BW = 10 kHz ... 500 MHz

7 "min

DCCT for dc beams: Two toroids + modulation, I_. ~ 1 pA, BW =~ dc ... 20 kHz

7 "min

ICT short pulses: Image charge storage — analog pulse stretching, Q,.. = 10 fC, no timing

min

» Non-destructive, used for all beams
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Pick-Ups for bunched Beams =51

Outline:

» Button type for general purpose

» Linear—cut type for proton synchrotrons
» Cavity BPM for short pulses

A Beam Position Monitor is an non-destructive device for bunched beams
It delivers information about the transverse center of the beam:

» Trajectory: Position of an individual bunch within a transfer line or synchrotron
» Closed orbit: Central orbit averaged over a period much longer than a betatron oscillation
» Single bunch position: Determination of parameters like tune, chromaticity, #function

Remarks: - BPMs have a low cut-off frequency < dc-beam behavior can’t be monitored
- The abbreviation BPM and pick-up PU are synonyms
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Pick-Ups for bunched Beams =51

The image current at the beam pipe is monitored on a high frequency basis
i.e. the ac-part given by the bunched beam.

I image(t)

Ibeam (t)

Beam Position Monitor BPM is the
most frequently used instrument!

image charges

QO L O O O

beam(t) For relativistic velocities,

I
@6 OO @% the transversal electric field is:

beam pipe EJ_,lab (tlab) =Y El,rest(trest)
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Principle of Signal Generation of a BPMs: off-center Beam =

A

The image current at the wall is
monitored on a high frequency basis
i.e. ac-part given by the bunched beam.

Animation by Rhodri Jones (CERN)
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Principle of Position Determination by a BPM

The difference voltage between plates gives the beam’s center-of-mass
—most frequent application

‘Proximity’ effect leads to different voltages at the plates:

1 U—U

down
Y=

S(a)) U+ U
1 AU

+ 0
S ZU Y

1 U

right U
" S(@) U

[ eft

ri ght l eft

+0, ()

beam pipe I

pick up
|

beam

e

| U up

Ay

E—

%t least:

I U down

y from AU = Uyp- Ugown

Z

AU << 3U /10

S(w,x) is called position sensitivity, sometimes the inverse is used k{w,x)=1/S(w,x)
S is a geometry dependent, non-linear function, which have to be optimized
Units: S=[%/mm] and sometimes S=[dB/mm] or k=[mm].

Typical desired position resolution: Ax~ 0.3

Peter Forck, ARD ST3, 19t Oct. 2019
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.. 0.1 - o, of beam width
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2-dim Model for a Button BPM

Ideal 2-dim model: Non-linear behavior and hor-vert coupling:

Sensitivity S is converts signal to position X =

with S [%/mm] or [dB/mm]

i.e. S is the derivative of the curve S, =

AU
U
0x

1_AU
S XU

, here S, =S, (x, y)i.e. non-linear.

For this example: central part S=7.4%/mm < k=1/5=14mm

Horizontal plane

I I )
1.0 | a=25mm, a=30°
— 0=0°
05 |~~~ 6=20°
= - - - 6=60° '
Q V4 |
-
<]
1 1 1
—20 -10 0 10 20

real beam position [mm]

Peter Forck, ARD ST3, 19t Oct. 2019

y [mm]

Position Map

button=—= =~ 3 ;
L s S SR
; loccodoo00do0c ool ;
fooodoocodooodoo o |
| ©00809.:0¢pg 08000 |
0o W T T T b
z looodnidddopigdooo | z
: §ooo:$.ae®¢®eo.§‘_~cooi |
00 dupen ® & 8O B DG, 00 | :
0 PCRRCAR: 28 TR TOCRE SRR TSR NN SRET ORRES
oo d'doeedsecdboo |
fooot'veese evdooo |
foo o‘.?s'p’,c’ ) p:o.‘ég.‘o oo |
Qe heere s T P B T L R P For ..
' ooos ot inidt o000 O realposition
iocvodooodooodoo oo : L.
e lcocdooosoondooo  ® megsured position
7o) O S RN AR, P SPUSOPUPENUS SO S s
i ] | e | i i
-30 -20 -10 0 10 20 30
X [mm]
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Button BPM Realization IS I

LINACs, e-synchrotrons: 100 MHz <frf < 3 GHz — bunch length = BPM length

Example: LHC-type inside cryostat: — 50 Q) signal path to prevent reflections

24 mm, half aperture a =25 mm, C=8 pF
= f..= 400 MHz, Z, = 1.3 Q above f, ,,

Courtesy C. Boccard (CERN)
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Simulations for Button BPM at Synchrotron Light Sources =5

Example: Simulation for ALBA light source for 72 x 28 mm? chamber

Optlmlzatlon horlzontal dlstance and size of buttons from A.A. Nosych et al., IBIC'14
2 button 2 button 1 | 1ol —— V= 20 mm
L L —— y=10mm
10l B T —— — | sl ——'74 omm
T i £
£ 0 3 o}
- 1 mm steps E S, (center) = 7.8 %/mm
1ol P X 5t for |x|<5mm & y=Omm |
) R — 0 S,(center) = 7.2 %/mm
20} | ~ button3  button 4 | . for y]< 5mlm & x=0mrrl1
30 20 -1 0 0 — . -20 -10 0 10 20
p05|t|on X [mm] real beam position x [mm]
20+ ' ' y
button 2 button 1 18 mm
— button 2 <—> button1
- s
= y
E 0 y D7 mm
- L—)
-10¢+
S
20} button 3 button 4 button 3

30 20 10 0O 10 20 30 button 4
position x [mm] —

Result: non-linearity and xy-coupling occur in dependence of button size and position
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Linear-cut BPM for Proton Synchrotrons

Frequency range: 1 MHz <ff< 100 MHz = bunch-length >> BPM length.

Signal is proportional to acti

lright =(a+x)-tanca, [ =
l.-1.
— x=g° right “left U et 1
[+
right left

In ideal case: linear read;

Uright o Uleft _
X=d:- =d
Urlght + Uleft
041 i i
: : g | ©Hor(y=20)
| W Hor (y=0)
A Hor (y=+20)
W Ver (y=-20)
g O Ver (y=0)
T | @ Ver(y=+20)

o9

| |

L] 1
-0 60 40 20 O 20 40 60 80
beam position [mm]
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, beam 200x70 mm?2
vertica
Uright
i
a beam

horizontal

guard rings on
ground potential

Linear-cut BPM:
Advantage: Linear, i.e. constant positio

<> no beam size depende
Disadvantage: Large size, complex mec

high capacitance

24

n sensitivity §
nce

hanics
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Technical Realization of a linear-cut BPM ESI

Technical realization at HIT synchrotron of 46 m length for 7 MeV/u— 440 MeV/u
BPM clearance: 180x70 mm?, standard beam pipe diameter: 200 mm.

Quadrupole

4l Linear Ampl.
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Technical Realization of a linear-cut BPM =5 I

Technical realization at HIT synchrotron of 46 m length for 7 MeV/u— 440 MeV/u
BPM clearance: 180x70 mm?, standard beam pipe diameter: 200 mm.

channel
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Cavity BPM for FEL-LINACs: Principle =5

High resolution on t << 1 us time scale can be achieved by excitation of a dipole mode
Depictive statement: ‘The position information is stored due to cavity mode excitation’

pillbox cavity For pill box the resonator modes given by geometry:
» Monopole mode TM14 With fp10

antenna : .
1 — maximum at beam center = strong excitation
» Dipole mode TMy;1 With fp14
— minimum at center = excitation by beam offset
EUREUEURERITRIO —> Detection of dipole mode amplitude
antenna
2 ] .
) i .
" e |
I = S monopole TMy,q I - 1-..Mmonopole [V
Application: > i | |
srﬁgll e beams S v Ib‘f‘"" U loeam Ax
and short pulses < ns R oo 1
‘S-excitation’ followed ey e
by oscillation with ’ : y ;
~ 1000 and t=2Q/2#f ~ 100 ns
a~ Q/27f = frequency f[GHZz]
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Cavity BPM: Example of Realization =510

Basic consideration for detection of eigen-frequency amplitudes:

Dipole mode f;; separated from monopole mode .
Q.
due to finite quality factor Q = Af=f/Q =
» Frequency f;;0~1..15 GHz
»Waveguide house the antennas
Task: Suppression of TMy;5 monopole mode . |
Aptenna for foto f110 frecﬁency
ENAL realizati dipole mode
realization: : )
- Waveguide Cavity §113mm pillbox cavity
Cavity: & 113 mm input for di
Gap 15 mm mode antenna 1 dipole
Dipole. f;,7=1.5GHz Gap
110 15 mm
Qjoqq =600
, . Beam pipe'= = = = = b
=> ‘0.1 pm resolution #39mm
within 1 ps’
monopole
Antenna for e— i
, Antenna for ™
dipole mode monopole Irnooleantenna 2 010

Courtesy M. Wendt (CERN)
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Cavity BPM: Suppression of monopole Mode =500

Suppression of mono-pole mode: waveguide that couple only to dipole-mode

due to .fmono <.fcut <.fdipole

fdipole*,hori= 5.7 GHZ' fdipole,ven‘= 6.4 GHz main GaVitY plece

Dipole-pole mode

coupling slot

grooves
for wire filler

Courtesy of D. Lipka,
DESY, Hamburg

wave guide

E-Field (peak)
e-field (f=5.65) [pic]

L} | t Normal
Cavlty ‘ 3d 639869 U/m at 8 / 2 / 8

5
Prototype BPM for ILC Final Focus:
Achieved resolution (i.e. 3 BPM relative) of 8.7 nmin a 6 X 12 mm beam pipe at ATF2 (KEK, Japan)

Remark: - Separated, smaller cavity for monopole mode to have same frequency for normalization
- For typical proton beams not required due to long pulses t, ... > 1 us

pulse

Courtesy of D. Lipka and Y. Honda Phys. Rev. Accel. Beams 11, 062801 (2008)
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Intermediate Summary: Comparison of BPM Types (simplified) =S

Type Linear-cut Button Cavity
Usage p-synchrotron p-LINACs, e LINACs (e.g. FEL)
all e acc.
Precaution Long bunches Short bunches Short pulses
frf <10 MHz frf > 10 MHz
Advantage Large signal Simple mechanics | Very sensitive
Very linear, no xy-coupling | Broadband ‘stores’ information
For large beams
Disadvantage | Complex mechanics Non-linear, Very complex,
x-y coupling High frequency

Actual challenge for electron & proton accelerators

» Precise electronics with low drifts to determine position within 10% of beam Wldth
— online calibration required e.g. permanently by ‘pilot tone’

» Best performing digital signal processing to achieve highest resolution
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Transverse Profile Measurement =51

Outline:

» Scintillation screens and Optical Transition Radiation OTR screens

» Wire scanner and SEM-Grid

» Non destructive methods
Proton accelerators: lonization Profile Monitor, Beam Induced Fluorescence Monitor
Electron accelerators: Synchrotron Radiation Monitor

Typical beam sizes:
e -beam: typically @ 0.01 to 3 mm, protons: typically @ 1 to 30 mm

Peter Forck, ARD ST3, 19t Oct. 2019 31 Tutorial: Beam Diagnostics



Scintillation Screen: Principle 5

Scintillation: Particle’s energy loss in matter causes emission of light

— the most direct way of profile observation
— 11ced fram the earlv dave nn R dailv nneration!

Example: Pneumatic drive
with @70 mm phosphor screen

scintillation screen

beam

-

support

CCD camera movement
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Scintillating Screens: Material

Some materials and their basic properties:

Name Type Material Activ. | Max.A | Decay

Chromox | Cera- Al,O4 Cr | 700nm | =~ 10ms
Alumina | mMics Al,O4 Non [ 380nm | ~10ns
YAG:Ce Crystal | Y;AlO,, Ce | 550nm | 200ns
LYSO Lu,; gY,SiOg Ce | 420nm 40ns
P43 Powder | Gd,0;S Tb | 545nm 1ms
P46 of gains Y;AlLO,, Ce | 530nm | 300ns

@~10um )
P47 on glass Y5Sis0;, Ce&Tb | 400nm | 100ns

These scintillator have about factor 100 different light yield
Properties of a good scintillator:
» Optical wavelength — standard CCD can be used

» Large dynamic range — usable for different currents

» Short decay time — observation of variations

» Large radiation hardness — long lifetime

» Good mechanical properties — typ. size up to @ 10 cm

Peter Forck, ARD ST3, 19t Oct. 2019
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Image from
70 mm YAG:Ce
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Limitation scintillation Screens: High lonization Density

Observation:

Example: XFEL, 14 GeV, 1 nC/bunch G~ 100 um

“Smoke-ring“ shaped profiles @ XFEL . 2dim image

for LYSO:Ce scintillator — wrong measure!

Possible explanation: 850/
» lonization channel related to
secondary electron range

950~

2000[-

1) R i
: |

Intensity

: |
: {1

sof

200 650 700 750 800

100800

650

» Quenching of fluorescence close to electron track
= Important for high flux beam (high current, short bunch & transversally focused
» Depends on scintillator material, e.g. YAG:Ce might be better

low charge density beam

Electron passage

A

through scintillator:

ionization channel

bea‘m impact
Proton beam image deformation due to:
» High ionization density leads to thermal quenching and saturation
> Radiation damage!

750 800 x [pixel]

G. Kube DESY et al., IBIC 2018

high charge density beam

beam impact

—> Careful choice of scintillation material in dependence of application
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Optical Considerations for small Beam Measurement =S

Optics: Old principles & recent realization

regular Scheimpfug
> i inciple: depth of field 4
Schelmpflug principle o | % > <&
object, image & lens plane coincide in one point O

+ tele-centric lens
= sharp focus & no image deformation

» Screen thickness 100 pum > ~10 um beam
(thickness given by free-standing crystal)
—> optimal angle depends on index of refractivity
= condition for angle beam <> observation

YAG:Ce @162 mirror
OTR
=
e-beam cone
detection

» FELs: Suppression of coherent OTR (see below)
= optimal angle depends beam energy

Remark: Coherent OTR occurs for high intensities if wavelength ~ bunch size (long.or trans.)

Courtesy S. Gibson RHUL, R. Ischebeck PSI, Phys. Rev. ST Accel. Beams 18, 082802
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Optical Considerations for small Beam Measurement =5

Optics: Old principles & recent realization ple: DESY XFEL design
> Scheimpflug principle: Scheimp
object, image & lens plane coincide in onegg
+ tele-centric lens

= sharp focus & no image deformation

» Screen thickness ~100 um > =10 pm beam
(thickness given by free-standing crystal)
—> optimal angle depends on index of refractivity

= condition for angle beam <> observation 200 |

YAG:Ce @162 mirror

detection

» FELs: Suppression of coherent OTR (see below)
= optimal angle depends beam energy

Courtesy S. Gibson RHUL, R. Ischebeck PSI, Phys. Rev. ST Accel. Beams 18, 082802
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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

YV V VYV

vacuum

charge e
velocity B

E-field /

pattern of
dipole type

perfect
metal

image
charge -e
velocity -8

Image charge is created by electric field
Dipole type field pattern
Field distribution depends on velocity # and Lorentz factor y due to relativistic trans. field increase
Penetration of charge through surface within t < 10 fs: sudden change of source distribution

Emission of radiation with dipole characteristic

vacuum perfect

charge e metal

velocity S

O e~ 1y

vacuum

Image
charge -e
velocity -8

radiation’

perfect
metal

P

charge e
inside
metal

sudden change charge distribution
rearrangement of sources < radiation

Other physical interpretation: Impedance mismatch at boundary leads to radiation
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Optical Transition Radiation: Depictive Description SN

Optical Transition Radiation OTR can be described in classical physics:

approximated formula 4 W 262,6’2 sin? @-cos’ 6
for normal incidence ~ .

~ - W: radiated energy
2 2
& in-plane polarization: dt do e (1_18 COS 9)

. frequency of wave

0 max 1/
vacuum| perfect
metal
p
dipole ~ | g o

radiation’ charge e

inside

Angular distribution of radiation in optical spectrum:
» Lope emission pattern depends on velocity or Lorentz factor ¥ metal
» Emitted energy i.e. amount of photons scales with W o 82
» Broad wave length spectrum up to plasma frequency

= suited for medium and high energy electrons

sudden change charge distribution
rearrangement of sources < radiation
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Technical Realization of Optical Transition Radiation OTR =S

OTR is emitted by charged particle passage through a material boundary.

Photon distribution: 2 2 2
dehoton - N 2e ,B 1 }‘begin 0

within a solid angle dQ and JO  \beam 108 ' ( > 2)2

Wavelength interval ﬂbegm to Agpd end y+0
» Detection: Optical 400 nm < A< 800 nm

using image (intensified) CCD mn?
» Larger signal for relativistic beam y >> 1 /\/ /
: i . lens + filter sensitive
» Low divergence for ¥ >> 1 = large signal window | © ; CCD camnera
— well suited for e” beams
— p-beam only for E; > 100 GeV < y > 100
beam pipe
Advantage: radiation\y
cone /
» Thin foil = low heating & straggling \,4
R — AN
» 2-dim image visible beam §
OTR screen

Remark: Comparable processes . Cant Vvl

» Optical diffraction radiation ODR Coir,;d ?A?itinoélrpmaXIar

» Smith—Purcell radiation from grid-

structure
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Optical Transition Radiation compared to Scintillation Screen =S

lnckallarian AFf NTD -\nnl ennnl-l"-\'l-lnn crvanng ON SAaMe drlve
/ ~  TYAG:Ce A - Example: ALBA LINAC 100 MeV
 —

-] prOJectlonf'

e

|
1] f
100C g ar /I

= OTR prOJe tion ==

gZWﬂWW‘F : ‘

10D 200 300 400 500 600 FOO 800 SO0 1000 (] 100 200 00 400 500 800 700
* [ixel] ¥ [pixed]

NTOUIL. R A
» Much more light from YAG:Ce o %t ‘ .3 t
for 100 MeV (y=200) electrons £ . A 532

: > 03 s
£ ( 3
(ratio depends on ) w027 g *, . ,é ’
5 '
» Broader image from YAG:Ce > oql § ‘é‘
due to finite YAG:Ce thickness . | | R
14 16 1.8 2 2.2 2.4 26
Courtesy of U. Iriso et al., DIPAC’09 quad current, iq [A]
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Coherent Optical Transition Radiation =SS

Observation of coherent OTR for compressed bunches at LINAC based light sources

Reason: Coherent emission if bunch length ~ wavelength (t,,,.,=2 fs < I, ,,c, =600 NmM)

or bunch fluctuations ~ wavelength | in-coherent emission || coherent emission
Parameter reach photons phot
for most LINAC-based FELs!

Beam parameter: FLASH, 700 MeV, beam

0.5 nC, with bunch compression
OTR screen scint. screen

OTR
screen

screen

prompt emission for OTR and scint. screen
— coherent and in-coherent OTR

(2t OTE. screen (o) LulAG serean . .
100 ns delayed emission

— no OTR as expected (classical process)
— emission by scint. screen due to lifetime
<> correct profile image!

Contrary of M. Yan et al., DIPAC’11 & S. Wesch, DIPAC’11

(k) OTE screen, +100ns delay (d) LuAG sereen, +100ns delay
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Comparison between Scintillation Screens and OTR ES

OTR: electrodynamic process = beam intensity linear to # photons, high radiation hardness
Scint. Screen: complex atomic process = saturation possible, for some low radiation hardness

OTR: thin foil Al or Al on Mylar, down to 0.25 pum thickness

= minimization of beam scattering (Al is low Z-material e.g. plastics like Mylar)

Scint. Screen: thickness down to 100 um inorganic, fragile material, not always radiation hard

OTR: low number of photons (energy dependent) = expensive image intensified CCD

Scint. Screen: large number of photons = simple CCD sufficient

OTR: complex angular photon distribution = resolution limited

Scint. Screen: isotropic photon distribution = simple interpretation

OTR: large y needed = e -beam with E;; > 100 MeV, proton-beam with E;;, > 100 GeV

Scint. Screen: for all beams

Remark: OTR questionable for LINAC-FEL due to coherent light emission .
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Secondary Electron Emission Grids = SEM-Grid =55 I

Beam surface interaction: e~ emission proportional to energy loss
Example: 15 wire spaced by 1.5 mm: SEM-Grid feed-through on CF200:

wire
, feedthru

«
\

# wires per plane  10...100

Active area (5...20 cm) 2
Wire & 25....100 um
Spacing 0.3...2 mm

At e” LINACs not used as too large pitch.
Material e.g. W or Carbon

Max. beam power 1 W/mm
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Slow, linear Wire Scanner =5 1r

Idea: One wire is scanned through the beam!

Wire diameter 1 um < d,,;, < 100 um Scanners used as
reference method!

wire
Slow, linear scanner are used for:

» Low energy proton cw-beam

» High resolution for e™ beam as reference method

- 2 — A2
by de-convolution o beam—ozmeas d* ire
= resolution down to 1 um range can be reached

movement

beam pipe

flange

wire for horizontal profile

Actual challange for FELs:
How to produce a thin = 1 um but stable wire?

wire for vertical profile
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Fast, Flying Wire Scanner at Proton Synchrotrons =55 I

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’:

Stepped Vacuum Magnetic Stopper
Barrel Motor
X Axis: Optical position sensor - \ \L \ / Resolver

Y Axis: Diamond Detector

A g
3

e

I pa rtiCIE pCVD Diamand Signal |Digital F.E.)
detector o L

Gauss. Fit:
Slgma 317.2 um
S5E 0.06526

Amplitude (a.u.)

From https://twiki.cern.ch/twiki/

N ) bin/viewauth/BWSUpgrade/
Injection extractio
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Usage of Flying Wire Scanners at Proton Synchrotrons DS R LS

Material: Carbon or SiC — low Z-material for low energy loss and high temperature.

Thickness: Down to 10 um — high resolution.
Detection: High energy secondary particles with a detector like a beam loss monitor

Secondary particles: Proton impact on
Proton beam — hadrons shower (m, n, p...) scanner at CERN-PS5 Booster:
Electron beam — Bremsstrahlung photons. 25000
b eam 1 o Pion threshold
computer 20000 . =
secondary 3 o
partICIeS ) g 15000 + - | ]
— | |
T T E .th.
——— 5 10000 + - Rest mass:
1T S
WHE . m_, = 140 MeV/c?
_position reading 2000 7 - m_, = 135 MeV/c?
rotation -
0 = I I 1
0 200 400 600 800
Kinematics of flying wire: Kinetic energy (MeV)
Velocity during passage typically 10 m/s = 36 km/h and
Y &P e TYP Y / / U. Raich et al., DIPAC 2005

typical beam size @ 10 mm = time for traversing the beam t ~ 1 ms
Actual challenges: Thin wire stability for fast movement with high acceleration,
thermal stability due to large beam power
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Comparison between SEM-Grid and slow Wire Scanners =SSN

Grid: Measurement at a single moment in time
Scanner: Fast variations can not be monitored

— for pulsed LINACs 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.
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lonization Profile Monitor at GSI Synchrotron

Non-destructive device for proton synchrotron:

» beam ionizes the residual gas by electronic stopping
» gas ions or e” accelerated by E -field ~1 kV/cm

» spatial resolved single particle detection

—

beam

= EANOOOOBSSORSASSY MCP

anode

Typical vacuum pressure:
Transfer line: N, 1078...107® mbar

Synchrotron: H, 10711...107° mbar

Peter Forck, ARD ST3, 19t Oct. 2019

"~y

~S

HV electrode voltﬁdivide_rl_ 6 kv

R
+5kV

+4 kV
+3 kV
+2 kV
+1kV
0 kV

position readout

3.108...3.101%m™3
3.10°...3-10’cm™3

48

Realization at GSI synchrotron:
One monitor per plane

[IPM with 175 x 175 mm clearance]

L3

beam

MCP: 100 x 30 mm? | E=REE

. ==

L

li 4 | i
63 wires, 2 mm spacing

_'5.__ A ‘ b q - § 1§.~

300 mm flange
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lonization Profile Monitor Realization =51

The realization for the heavy ion storage ring ESR at GSI: Realization at GSI synchrotron:
One monitor per plane

[IPM with 175 x 175 mm clearance]

IPM support
& UV lamp

V—c¢lectrode®

Horizontal IPM: \ Vertical IPM  heam “:

E-field box
electrodes

.y

MCP: 100 X 30 mm

2]

B 63 w1res 2 mm spacing

300 mm ﬂange -
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lonization Profile Monitor Realization =51

The realization for the heavy ion storage ring ESR at GSI: Realization at GSI synchrotron:
0 650 MM One monitor per plane

IPM support
& UV lamp

Horizontal IPM:

’g: ._

E-field box
electrodes .
pea™® (g

MCP

SReeT . 1 E-field separ{ys
_i,/‘ View port 150 mm §
Horizontal camera IS8

=

Actual development:
» Usage of pixel detectors

» Correction of space charge influence
Remark: Not used at e —accelerators due
to resolution of particle detector =~ 50 um.
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Electron Detection and Guidance by Magnetic Field =5

lon detection mode: Electron detection mode:

HYV electrode voltage divide:L 6 kV HYV electrode voltage di‘\'idCl_‘ 6 kV

R R
+5kV S5 kv

beam A 4 beam
+4kV _4KkV
T —|—

E +3kV E\B 3KV
;on H* rakv electron -2kV
7 .g. . o
s e 29 . : 0kV

— IS SN M ep

anode

position readout anode

position readout

=> broadenine b haam’c alartrir fiald e detection in an external magnetic field

10 T T T T T . . mv
beam (radius r=2.5 mm) — cyclotron radius r¢ = e
7- 10 charges — T for Eginy =10eV& B=0.1T=r.~ 100 pm
0 \-'-‘——_ l‘\\l__———-/ ’ . . .
per 10 m bunc i E,;, from atomic physics, =100 pm resolution of MCP
L 1 e, B=0 f \ H' ion kin
—10 8 |en B=0.1T R -

¥ Time-of-flight: 1 - 2 ns = 2 - 3 cycles.
/ | B-field: Dipole with large aperture

vertical (acc.) axis [mm]

oo

<
veriichl axis
| |
W fiv] .L
=3 [=] 1=

095 100 1.05

!
!
!
{
!
f
!

— IPM is expensive & large device!
horizontal axis [mm]
_30 | | | | |
—3 —2 -1 0 1 2 3
horizontal (detection) axis [mm]
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Example for Space Charge Broadening at IPMs =SS

Example for SIS18, length € =216 m: 500 MeV/u with typical SIS18 parameters
H,* detection:

Extr.: Oj,pg = 25 NS i \ ol

: il
— final

Otrans = 2:3 MM
= broadening for

N > 10'°/bunch
e detection:

T T T

T
initial

1200 [—=— fial e btecton -
tarin= 4.511 ns o | N=101 o o
= no broadening £ 800 [ 18+ S
E 500 L E,= 70V/mm
10 T T T T T ‘_é 200 L |
. beam (radius r=2.5 mm) B=50mT
E 200
7- 10%° charges & o C_ ﬁ__—__:\/ ‘ ‘ . ! !
per 10 m bunch = Hr =0 20 o0 0 20
A L e-, B=0 f L H2+ ion
S-10f |en B=01T R . o .
s O ' Y = high intensities needs
= [d-w0f | | Ve B=0.T . o
g_go 3 20 i / - guiding magnetic field of B~ 100 mT
& B | |
> >=30 595 1.00 1.05 |
horizontal axis [mm] ! \
_30 | | 1 1 I |
-3 - -1 0 1 2 3
horizontal (detection) axis [mm]
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IPM: Magnet Design =55 10

Magnetic field for electron guidance: J=RARC Harizontal IPW& Qbmp. |

Maximum image distortion: l mreétg;M magnbt “corrector B =250 mT

5% of beam width = AB/B< 1% \ R e Gap 220 mm

Challenges: o Profile 32 strips
ges: 2.5 mm width

» High B-field homogeneity of 1%
» Clearance up to 50 cm
» Correctors compensating by beam steering

» Insertion length up to 2.5 m incl. correctors ‘

Actual Challenges for IPM:
» MCP single particle detector lifetime and calibration
Alternative: Silicon pixel detector
» Turn-by-turn readout due to low signal
Goal: e.g. control of transverse injection matching
» Correction of space charge broadening e.g. by machine learning for image reconstruction
Electron beams: Resolution of 50 um is insufficient, but sometimes used for photon beams
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Beam Induced Fluorescence BIF Monitor =5 I

Detecting photons from residual gas molecules, e.g. Nitrogen

N,-fluorescent gas

N, +lon — (N2+)*+ lon —> N2+ +1y+ lon equally distributed

390 nm< A< 470 nm

single photon detection scheme

Advantage:

» Nearly no installation inside vacuum

» High resolution (here 0.2 mm/pixel)
can be matched to application by optics

» Commercial Image Intensifier
Disadvantage:

» Low signal strength, ~ 104 of IPM ' fg

» Pressure bump up to 10® mbar required :'i leg
Usage: j %
At high power proton LINACs, B DZ

=R
—_———

e.g. GSI-UNILAC, ESS normal conducting E,;, < 90 MeV

|-
20
vert

1o
ey

Actual challenge:

0 o] [te) ol
- =

» Best performing gases, e.g. neutral Ne at 585 nm aver. pixel int.

. AplO+ — 11 -10°5
> Space charge influence correction Beam: Ar*®* at 4.7 MeV/u, 1=2.5 mA, 10** ppp, p=10" mbar
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Synchrotron Radiation Monitor =51

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

This light is emitted Rest frame of electron: Laboratory frame:
into a cone of

opening 2/y in lab-frame.
—>Well suited for rel. e’

For protons:

Only for energies E,;, > 100 GeV
i.e. only at CERN-SPS, BNL-RHIC detector
(and earlier at Fermilab, DESY)

orbit of electrons

orbit of electrons

» radiation field
| power: Py ¥/ p?
=~ opening angle

radiation field £7%

=+

The light is focused to a  ““"¢ of synch. radiation

sensitve camera e—beam |

Advantage:

Signal anyhow available! vV U tensified
lens filter CCD camera

dipole magnet
beding radius p
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Realization of a Synchrotron Radiation Monitor =5 0K

Extracting out of the beam’s plane by a (cooled) mirror
— Focus to a slit + wavelength filter for optical wavelength

— Image by sensitive camera

Example ESRF monitor from dinnle with hendins radiiic 22 m (hliie or near 11V)
I 1503 5600 to Src.

Example: APS synch. | de-magn=3.73 |
6,=0.165 mm ! O pt I Ca I ta b I e l
E | remote__ o, |
g . | control
trigger in ‘apeﬂur B — _
— _ _ . — -
s @ N
video gated CCD 6 ND filters
COUNTS (ARB. UNITS) ipix=(‘i.25um in revolver f—1185 [ |

B.X. Yang (ANL)> =
et al. PAC'97

COUNTS (ARB. UNITS)

Radiological Protection Wall

extr. mirror
S in vacuum Saph.

‘ . ! o Sal
SY-Booster N Window
Optics Lab
NOT to Scale

e bea

R=22000 Courtesy K. Scheidt et al.,

. DIPAC 2005
dipole
Remark: Time resolved observation with streak camera delivers bunch shape

e.g. talk by H.G. Hwang for BESSY-VSR
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Diffraction Limit of Synchrotron Light Monitor =55 I

~ 100 um for typical case

Limitations: , lens diffraction pattern
Diffraction limits the resolution mglea L N width 2%o
due to Fraunhofer diffraction clectron  emitted photon | i
trajectory \ ! D P(x)
- 2 |17/ 2 o
= 0=0.6-(#/p) ‘ ;
bending radius p o wavelengthd—_ |\ . T

X
distance L distance L
Improvements:
» Shorter wavelength: X-ray imaging , signal on CCD
. po=== o I. Y Emay
Using X-rays and an aperture of @ 1mi ] U o {0 e, SV
. ) == .
— ‘X-ray pin hole camera’, A —— \ 3 ,
achievable resolution o =~ 10 um ¥ P NG
. ] pinhole, mirror,
» Interference technique: oy
At optical wavelength :

. . interferometer . =
using a double slit / signal on CCD
— blurring of interference fringes fﬁ’lﬁ R ’f:: ——

. . J b = T — —_—
achievable resolution o = 1 um. vy e éfg S
Example: Talk by H.G: Hwang for BESSY * ¥ 4

* double slit
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Intermediate Summary for Profile Measurement =51

Different techniques are suited for different beam parameters:
e-beam: typically @ 0.01 to 3 mm, protons: typically @ 1 to 30 mm
Intercepting <> non-intercepting methods (proton beams might have high beam intensity)

Direct observation of electrodynamics processes:
» Synchrotron radiation monitor: non-destructive — e-beams, 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

» IPM & BIF: non-destructive, expensive, limited resolution — for high intensity 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.
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Bunch Length Measurement =51

Outline:

» Bunch length at non-relativistic proton LINACs
» Bunch length at FEL LINACs
- electro-optical methods

- transverse deflecting cavities

Remark: At proton synchrotrons the accelerating frequency is normally f; < 10MHz
= bunch shape can be measured by Fast Current Transformer

Peter Forck, ARD ST3, 19t Oct. 2019 59 Tutorial: Beam Diagnostics



Bunch Structure at low E,;, : Not possible with Pick-Ups DS R LS

Pick-ups are used for: Example: Comparison pick-up — particle counter:

» precise for bunch-center relative to rf
: Arb f 1.4 MeV =5.5%), f=108 MH
» course image of bunch shape roeam o eV/u (B ). f5 g

But: gzngunch Shape' NN
. . g . — 0.6 -Monitor s
For B <<1— long. E-field significantly modified: @ 0415=0.27 ns j\‘ .
S o
_dqu GzR/'Y '(,—)(1):8:|:::|::: ——+—] —
I ds L T 05F :
1 s é’ -8'(5)— .
g '1:07 ........ | ' -
__________________ 5 10F J I L
Z 0.5_ 1
0.0 ==
_ o 98  Capacitive Pick-up | ]
Example: Calculation of transverse eclectic field '_4' ' '_2' ' '0' ' '2' ' '4'
Time [ns]
<€ >
1/f,f =9.2ns

= the pick-up signal is insensitive

transverse field EL

to bunch ’fine-structure’
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Bunch Structure using secondary Electrons for low E,, Protons 5SS

Secondary e~ liberated from a wire carrying the time information.
- Bunch Shape Monitor BSM (sometimes called ‘Feschenko Monitor’)

Working principle: detector: SEM or FC

» insertion of a 0.1 mm wire at = 10 kV bunch shape
» emission of secondary e” within less
» secondary e~ are accelerated
» toward an rf-deflector rf—deflector

. ) (+ phase shifter)
» rf-deflector as 'time-to-space’ conver

» detector with a thin slit —@

» slow shift of the phase

aperture: about 1 mm

hs_cgdary electron from wire
° —

beam

> resolution ~ 1° of accelerating rf

wire on HV

(0.1 mm, 10 kV

SEM: secondary electron multiplier
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Bunch Structure using secondary Electrons for low E,, Protons 5SS

Secondary e~ liberated from a wire carrying the time information.
- Bunch Shape Monitor BSM (sometimes called ‘Feschenko Monitor’)

Working principle: detector: SEM or FC

» insertion of a 0.1 mm wire at = 10 kV bunch shape
» emission of secondary e” within less
» secondary e~ are accelerated

» toward an rf-deflector ri—deflector
_r , (+ phase shifter)
D S D of [ T ¥ T S R I

~m o~~~ P W)

rf-deflector @

aperture: about 1 mm

——+—secondary electron from wire
electron detector 4;\

;/ gﬂ]

movable
HV wire

.........

y electron multiplier
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Bunch Length Measurement by electro-optical Method =5

FELs — bunch length below 1 ps is achieved, i.e. below the resolution of streak camera

» Short laser pulses with t =~ 10 fs and electro-optical modulator

Electro optical modulator: birefringent, rotation angle depends on external electric field
Relativistic electron bunches: transverse field E. ... =VE. ___. carries the time information.

GaP or
Measurement by scanning ZnTe

Short laser pulsest < 10fs |fslaser l ‘ - SPO%tS l'

and delay line P
=> scanning method = —c cm e e e e e e e e ey e e - - - - -
Scanning Delay Sampling

Measurement spectral decoding GaP or gfatlng B
nTe
Short laser pulsest < 10 fs ‘ , H .!\:

fs laser [—2 optical
has broad frequency spectrum stretcher

and delay line
=> single shot determination

Spectral Decoding

Further methods used!

Bunch compressor ~ EO monitor

N
From S.P.Jamison et al., EPAC 2006 LINAC [—/" \—] LINAC 0 Undulator
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Hardware of a compact EOS Scanning Setup =55 I

Example: Bunch length at FLASH
100 fs bunch duration = 30 um length

W A(i)F:lCC - OO
26 = 110 3 (SASE)
1 0 1‘ >
time [ps]

B. Steffen et al, DIPAC 2009B. Steffen et al., Phys.
Rev. AB 12, 032802 (2009)
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Bunch Length by rf-Deflection: Principle =500

RF un\l

Transversal deflection of the bunch i.e. time-to-space conversion

40

ahsverse cavity

Size of the streak given by

\/ oo+ Ry k- o
k is determined by the rf-power
_ 27e-U,,
A E

From D. Xiang et al., IPAC’12
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Bunch Length by rf-Deflection: Hardware =51

Transversal deflection of the bunch i.e. time-to-space conversion

Max. rf power 5 MW
Total trans. volt. 4.9 MV
70 fs

Beam energy 320 MeV
Example: Cavity at FERMI, Trieste, Italy Typical beam size 0.2 mm
c— e = ' | ; .
. | Length 0.5m
| : Frequency 2.998 GHz

Time resolution

Bunch Length
from Injector
(6 ps fwhm)

Bunéh length
com;:)ression (1ps fwhm)

From M. Veronese, BIW’12
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Conclusion DS R LS

Diagnostics is required for operation and development of accelerators
Several categories of demands leads to different installations:

» Quick, non-destructive measurements leading to a single number or simple plots
» Complex instrumentation used for hard malfunction and accelerator development
» Automated measurement and control of beam parameters i.e. feedback

The goal and a clear interpretation of the results is a important design criterion.
General comments:

» Quite different technologies are used, based on various physics processes
» Accelerator development goes parallel to diagnostics development

Further instruments and diagnostic methods:

» Beam Loss Monitors, bunch shape monitors, laser-based methods for e~ & H-, luminosity monitors....
» Diagnostics for closed orbit & lattice parameters, Schottky analysis

Thank you for your attention!
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Backup slides
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Laser Scanner: Principle for H- Beams =51

Photo-detachment: H+y — H® + " binding energy E=0.75 eV <> A=1670 nm

Photo-detachment maximal at A=830 nm Lab frame |iser wavelength
Doppler shifted photon energy in rest-frame: § [T T
= L | | |
= . ol i 1 | 1
Eem=V(1-8)Ejap A A
r— : r
laser - !
H b B~20mT = 3 :
cum o :
= 27
o
electrons s N,
\> Faraday Cup E [
U o
O-------- FEPEES BN B
Example: SNS, CERN LINAC4 o 200 00 1200 1400

Wavelength (nm)

Wavelength in 1 GeV | [ Wavelength in 0.2 GeV
beam frame beam frame

Y. Liu (SNS) et al., NIM A 238, 241 (2010) , R.Connolly et al., Proc. LINAC’02
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Laser Scanner: Detection Scheme for H™ at SNS-LINAC =S

SNS installation:
Nd:YAG (4,,,=1064 nm, 100 mJ, 7ns) o glme  aEnR it

-

» One of 9 stations is served at a time {.(’ ' Magner

» Laser with spot size: 10 to 50 um i

BCM

e, o y 1. ¥ el
> e separation by B~ 20 mT b 2) ” ~ /{ -
m»\lﬁ i '

» Detection with Faraday Cup

o

Electron collector

Diagnoctic
Port (Laser Dump)

Dipole magnet

Y. Liu (SNS) et al., NIM A 238, 241 (2010),
Y. Liu (SNS) et al., Phys. Rev Accel. Beams 16, 2013)
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Laser Wire Scanner for Electrons: Principle =S

‘Inverse’ Compton Scattering by photon scattered at high energy electron:

Calculation: Regular Compton scattering in e rest frame & Lorentz Transformation to lab-frame
= Increase of photon energy by },2 for 90° scattering hv,. =22 -hv, i.e.upto GeV
Detection by j<ray detector e.g. thick scintillator

High Power Laser

Compton scattering ,’r
Target 2
electron _-° Recoil . I
atrest - o electron Beam Splitter
”u Hh & Gamma-Ray
€ ) Compton
. Ar g ) .\4 Scattered Detector
Incident L Bending Gammas
ph otan Scattered Mag net
photon A Deflector Electron Beam
! Trajectory
. f
Mirror
Scattered ‘
Electrons Electron
Detector

Laser Beam

Electron
Bunch
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Laser Wire Scanner at PETRA Il at DESY: Installation =5

LASER HUT Beai 2D scanner verical breadboard

Transport

Calorimeter

Optical
Compton
Ibreadboard photons
Beam position| Interaction Dipole magnet Bpei?);n
monitor - VESSE| PETRA tunnel
Laser beam
R G~ T TTTTTTToTooos

Q-switched laser

Peter Forck, ARD ST3, 19t Oct. 2019
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High power laser, e.g.
Nd:YAG laser:

A=532nm, t,
Wouise= 60 mJ,
Pouise~ 12 MW
scan duration = 100 s

ulsezs ns

Detector for scattered y:

» 3x3 PbWO,

» each 18 x 18 x 150 mm?3
» 95 % detection efficiency

T. Aumeyr (Uni. London) et al., PAC 2007, IPAC 2010
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Model for Signal Treatment of capacitive BPMs =SS

The wall current is monitored by a plate or ring inserted in the beam pipe:

NS

Equivalent circuit

Lo [+ |~ - cduvdemerest
et T T ey
beam pipe I I __lf_ground | Cc :I |
| 1c KR |
t [ |
e e [

| |
: IS
ol | capacitive coupling :I m= ground |

| I

: A: area of plate | — image current |

l

[

At a resistor R the voltage U,,, from the image current is measured.

Goal: Connection from beam current to signal strength by transfer impedance Z, (@ )

in frequency domain: U, (w)=R - I, (w)=2Z(w) - 1, ;m(W)

m
A 1 1 LwRC
Result: Z;(w) = : +— +———— € C i.e. complex function
2ra fc 1+iwRC
7
geometry stray capacitance frequency response
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Example of Transfer Impedance for Proton Synchrotron

The high-pass characteristic for typical synchrotron BPM:

- (w)= t(w) lpeam (w)

———high impedance 1 MQ

low impedance 50 ()

EIUU

S. 7H

» 50

|Z|=A-1.1. a)/a)cut d 25

¢ 20

27Z-a 'BC C \/1 + 0)2 /0)2cut — 101

@ = arctan(w,,, / @) = 10°

Parameter linear-cut BPM at proton synchr.: g 10"

C = 100pF, I = 10cm, 8 = 50% 510°

- — -1 7

feyt = W/2r = (2rtRC) £ 0|
forR=50 Q= f.,;= 32 MHz - ey
forR=1MQ = f. .= 1.6 kHz 10

3. .

2

10° 10" 10 10" 10° 10

frequency f [MHz]

Large signal strength for long bunches — high impedance

Smooth signal transmission important for short bunches — 50 Q2
Remark: For @ - 0itis Z,— 0 i.e. no signal is transferred from dc-beams e.g.

» de-bunched beam inside a synchrotron
» for slow extraction through a transfer line
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Workshop Scintillation Screens: Topic 3 — Applications for Hadrons =5

Test of different scintillators

TIMe  Light output

o+ AIZO3 (slow)

—
o
o

Tpy. scintillators <> Phosphor powder <> ceramics

4 AI203 (fast)

3 + —+ YAG:Ce (slow) e e ;:

%105 é YAG:Ce (fast) R -
Example: Irradiation with ions at GSI S mee—-""' _
» Lightyield: £ b ﬁ |

ﬂ# A. Lieberwirth GSl et al., NIM B 2015

Very different brightness (here factor 1000) 100 =7 e 108
number of particles per puise
Still linear with beam current even for large doses _ recorded vertical beam width ., fest extraction
. — .| Profile width .. Y R
> Profile: E” - P
. 1.7 "a _EI—‘ L . |
Most materials show correct results £ - T , :
o . ' R L e
Deviation understood and possible cures discussed g ..|” ** e T e
. . E # % P46 (ProxiVision) + 1 Al203 (pure)
Accelerators: = Material choice matched to beam b pas(Cy) v v YAGCe (Cryn)|
Radiation hardness tests 10 umber of parfides per pulse b
Example: Irradiation with 0.5 MeV/u and 300 MeV/u 10 [ et — ]

0,8 - m

» Damage by irritation depends strongly on
ion type and energy

» Model calculations discussed with experts o4 NIM B 359, 2015 ]

Accelerators: O ey ool o |

= Important finding for target diagnostics at SNS or ESS

oer S. Lederer GSl et al., ]

rel. Light yield [arb. u.]

“Cu @ 0.5 MeV/u

ia sassual i s aasaal A s asnual i s s assual PR | 2 a s aaanl
10° 10° 10" 10" 10" 10" 10"
Fluence [ions/cm?]

Corutesy B. Walasek-Hohne GSI
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X-ray Pin-Hole Camera SN

/3
The diffraction limit is = o0 =0.6- (/12 /,0)‘ —> shorter wavelength by X-rays.

Example: PETRA Il Courtesy K. Wittenburg, DESY
X—rav optic I monochromator
_ X—ray optics quads3 menochromator camenn (g

e ——

Two interchangeable % \
X-ray optics: e
Monochromat |

<]

c =44/um / \

 Analysic Z Analysis
Amplitude 17327 Amplitude 24149
Position 052 mm Position -0.37 mim
Sigma 44.15 um Sigma 31.58 um
Emittance  1.00 nm rad Emittance 28 pm rad

T »:
1 12)

| 4 BkrXpPeCon05 [13.09.13 09:05:17 Operations Mode [Expert] S
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Secondary Electron Emission by lon Impact =500

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:

x Mg 12 Aorset

® Al |3 Aorset

AAL I3 Hill
Curve | 0 Fe 26 Aarset
s Ni 28 Aorset
oCu 29 Hill
oMo 42 Hill
A Ay 79 Aarset
vYPb 82 Aarset
vPb 82 Hill

e'\ 3%

beam 6-ray

mI
Electrons per ion

L.~10 nm

L0 N
| I I

| ]
. K 6 7891
From E.J. Sternglass, Phys. Rev. 108, 1 (1957) E-Proton Energy in Mev
77
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