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3rd Generation Synchrotron Radiation User Facilities in Europe
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3rd Generation Light Source User Facilities: SLS Beamlines (2010)

Number of Beamlines: several tens Photon Spot Sizes: sub-um - few 100 um
Photon Energies: THz - >100 keV Photon Beam Stability: o /10 (21 um)
Flux: <10" ph /(s 0.1%BW) Photon Pulse Widths:  few ps - 300 ps
Brilliance: < 102" ph/ (s mm? mrad? 0.1%BW) ~100fs (FEMTO-slicing)
TomCat ADRESS
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Source: u19/
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Typical Layout & Accelerator Parameters of a 3rd Generation Light Source

Pre-Injector LINAC Parameters

Operation Modes:
Typ. Energy:
Max. Charge:
AEJE:

Energy Stability:
Timing Jitter:
Typ. Emittance:
Rep.-Rate:

Booster Synchrotron Parameters

M A cControl Room &

single bunch / bunch train - Offices

100 — few MeV
<2nC /<5nC
<0.5% (0.2 %)
<0.1% (0.1%)
<100 ps (10 ps)
<50 mm mrad
<10 Hz

Front Ends
: Booster

Synchrotron

g Storage
il Ring

Energy Ramp:
Ramp Times:
Design Current:
Design Emittance:
Efficiency:
Rep.-Rate:

Storage Ring Parameters (European Light Sources)

few 100 MeV - few GeV
~100 ms

<3mA

<250 nm mrad

~80%

<10 Hz

Experimental & R

Electron Energies:
Beam Currents:
Life Times:

MTBF / Beam Loss:
Circumferences:
Revolution Frequ.:

Optics Hutches . courtesy of DIAMOND Light Source
105 MeV - 6 GeV Horiz. Emittances: 1 - 100 nmrad Filling Pattern: single & multiple bunches
100 pA - 500 mA Coupling: <01 -1% camshaft to uniform
10 - 75h Vert. Emittances: 23 pmrad RF Frequencies: 100 — 500 MHz
top-up operation Horiz. Beam Sizes:  few tens of um Bunch Spacings: 10 - 2ns
<175h Vert. Beam Sizes: few um Bunch Lengths: few ps - 300 ps
48 - 2300 m Horiz. Divergence: few tens of urad  Orbit Stability: <1 um (MTF to 200 Hz)
6.25 - 0.130 MHz Vert. Divergence: few urad
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Diagnostics Requirements for 3rd Generation Light Sources

the key parameter to be optimized in 3" generation light sources is the spectral brilliance

B o N sorons o L. Number of Photons
0, 0,0,0, EE, smm” mrad”0.1% bandwidth

— high beam current - ideally ,top-up“ operation
highly efficient, low loss injector chain

— small beam emittances - ideally low coupling (< 0.1%)

measurement of small beam sizes with high resolution SR monitors

— high beam stability - ideally ,,top-up“ operation with fast and slow orbit feedbacks
high resolution electron and photon BPM systems
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Overview of Diagnostics Devices for 3rd Generation Light Sources

Beam Position Monitors:

Button BPMs: X, ¥, |, (k=BPMindex)
— commissioning & injection studies
— orbit correction & FOFB
— tunes and chromaticity
— local and global coupling / resonances

Bunch Charge & Current Monitors:
ICT/BCM in LINAC and TLs
— transmission and injection efficiency
MPCT in booster synchrotron
— beam current and transmission on the ramp

DCCT / PCT in storage ring
— injection efficiency and stored current
— beam lifetime

Transverse Profile Monitors:

OTR and scintillator screens
— beam profiles, emittance & AE/E in LINAC & TLs
— injection matching in booster & storage ring

synchrotron radiation monitors
— beam size, emittance & coupling

Longitudinal Profile Monitors:

Wall Current Monitors, FCTs
— bunch pattern in LINAC & TLs
— bunch purity in LINAC & TLs

Streak Camera
— bunch length / lengthening in storage ring
— longitudinal instabilities in storage ring

Fast Diodes / PMs
— bunch pattern / bunch pattern FB in storage ring
— bunch purity (in photon counting mode)

Beam Loss Monitors & Scrapers:

— local and global beam loss (low gap undulators)
— lifetime

— dynamic aperture studies
— limitation of storage ring aperture

Photon Beam Monitors:

— photon beam position (undulator gap compensation)
absolute orbit reference & long term stability

_)
— FOFB ,,out of loop monitors*
— more potential...!

Volker Schlott
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Beam Position Monitors: Modes of Operation & Specifications

injection & commissioning mode:

Ll L

X, Y and |, upon injection trigger (k = BPM index)
data processing & transfer in batches

position resolution:
absolute accuracy:
intensity / charge res.:
dynamic range:
current dependency:

turn-by-turn mode:

A

<500 um (rms)

<500 wm (with respect to quad)
~10% [ 250 pC

<05 -5mA

<500 wm (within 10dB range)

X,, Y for several thousand turns (k = BPM index)
data processing & transfer in batches

position resolution:
absolute accuracy:
measurement bandwidth:
dynamic range:

current dependency:

drift (8h - 1 month):
reproducibility (bunch pattern):

~1 um (rms)

<200 um (with respect to quad)
<1MHz

5 - 100 mA

not critical for BD studies
not critical for BD studies
<500 um

closed orbit correction mode:

Ll L

1

X Y (k=BPM index)
measurement rate:

position resolution:
absolute accuracy (after BBA):
measurement bandwidth:
dynamic range:

current dependency:
drift (8h - 1 month):
reproducibility (bunch pattern):

few samples per second

<0.2 um (rms)

<1 um (with respect to quad)
few kHz

10 - 100 mA

100 - 500 mA

<1 um (10 dB range)
<tum [ <5um

<1um

global fast orbit feedback mode:

—

—

L

1l

X Y (k=BPM index)
measurement rate:

position resolution:
absolute accuracy (after BBA):
measurement bandwidth:
dynamic range:

current dependency:
drift (8h — 1 month):
reproducibility (bunch pattern):

10 kSamples per second

<0.2 um (rms)

<1 pm (with respect to quad)
few kHz

10 - 100 mA

100 - 500 mA

<5um (10 dB range)
<f1pm /[ <5pum

<1pm

Volker Schlott
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Beam Position Monitors: Signal Considerations for Button Electrodes

Examples of Button Electrodes: Flanged NSLS-Il Button Heat Load Simulation for NSLS-Il Button
Welded ESRF / DELTA Button HERA Button

SMA TYPE
CONNECTOR\ .
SMA Nt
g1

connector

BeCu CENTER
CONDUCTOR

MOLYBDENUM
CENTER PIN

ALUMINA

1 watt applied to each button
Al,0, 1 watt applied to the inside of
/ . . each sleeve.
2 s ] ] isolation 25°C, 10,000 W/m?-°C convection
applied to water channels
.| CuNi { -
<€ HOUSING 5
10.80 mm gb?—%ﬂ Total growth of button: 0.5ym

Induced Voltage on Electrode

T az R dI Vo!:a_qe at Storage Ring Button Electrode
with a = button radius (typ. 5-10 mm) Viston = . : ‘
b = BPM chamber radius (typ. 15 - 20 mm) 2xb B dt
p= 1 =
c = speed of light 2z a’ R I - I —
R =50 Q (termination, dominated by cable) - b /5 c f avg o]
f= processing frequency (typ. < 500 MHz)
0 1 V 2 e 68 6'9 7'0 7'1 7'2 7‘3
Signal Power for 100 mA Beam: P. = button T )
t signal 2 R courtesy of P. Hartmann, DELTA
with noise power in 1 MHz BW: ~ 114 dBm
in 10 KHz BW: ~ 134 dBm ~ 0.67uW ~-32dBm

For further reading see e.g.: R.E. Schafer, ,,Beam Position Monitoring“, AIP Conf. Proc. Vol. 212, pp. 26-58 (1989)
AIP Conf. Proc. 249, vol. 1, 612 (1992)
S. R. Smith, ,,Beam Position Monitor Engineering”, SLAC-PUB-7244, July 1996
P. Forck et al., ,,Beam Position Monitors*, CAS Beam Diagnostics 2008, 187, CERN-2009-005
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Beam Position Monitors: Storage Ring Chamber Geometries
Examples of Storage Ring BPM Chambers:

manti-chamber*
for synchrotron radiation '

APS Storage Ring BPM Chamber DELTA Storage Ring BPM Chamber (1)  (2) SOLEIL Arc Chamber
welded buttons 7;', 1 1 I
: C
“> 20mm | AY
‘ ‘?TJ C
|[> / 29.8 mm
A

Note...:

... due to heat load from synchrotron radiation, button electrodes have been placed outside of the beam plane

... BPM chamber is typically a massive SS block, which is welded or flanged to the storage ring vacuum chamber

... storage ring vacuum chamber should typically be supported at the locations of the BPM chamber for minimum displacements

Inside Viw of DELTA BPM Chamber ESRF Storage Ring BPM Chamber

e

courtesy of P. Hartmann, DELTA | courtesy of K. Scheidt, ESRF
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Light Source BPMs: Position Sensitivity & Non-Linearities

Determination of Horizontal Position: . ) Determination of Vertical Position:
_ 1 ,(I/1+V4)_(V2+V3) Y = 1 .(V1+V2)_(V3+V4)
P S ViV, +V+V, S, ViV, V4V,
4 3

Sensitivity parameters Sx, Sy depend on geometry of vacuum chamber, size and distance between electrodes

— general optimization of geometry is obtained by numercal simulations
—  Sx, Sy are typically determined by polynomial fits and given in [% / mm]

SESAME BPM Sensitivity Map (Varnasseri et al., DIPAC 2005) ALBA BPM Simulation Toolbox (Olmos et al., DIPAC 2007)
1 Sensitivities
0: 0.8 ‘0 :‘ T
34 06 * | I e H P S
- o':. . : . .0’00 . o 3 )
= o e 94 > S * 0. " 3 L
£ MR PI SIS S = E -
) ®2 0 0 5 o 000 ; / _____________________________
> &0 0o &0 & P S WN
1.5 1 oo05® ¢ 05, 1 115 - i Sx
o * ¢ i? Y e, S sy e Rt fooseaedennee
LA 5_4 PR LA i i i i
PS * o > > o PS -10 -5 0 5 10 0 50 100 150 200 250 300 350 400
LS 06 oo ® Beam displacement [mumn] Beam Cwirent [mA]
LN - *®
0. -0.8 4 :‘ IntRes vs.Beam Current IntRes vs. Bw
T T T 14 T
1 i
05 RRESH 2
’{ E L \ H R E
;Z =l & 2
o4 i 05
x oz ///
oy 10’ 10 10’ 10 10 10
) 06 Beam Cwrent [mA] Bw [kHz]
) ) http:/lwww.cells.es/Divisions/Accelerators/RF_Diagnostics/Diagnostics/OrbitPosition/Tools/BPMs_GUI
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Storage Ring BPMs: Some Mechanical Considerations & Stability Issues

Thermal Load on SLS Vacuum Chamber due to Synchrotron Radiation

Monitoring Mechanical Movements at SLS

4 — or ) ( A
deformation of SLS storage ring T s [ N\ QOuadmpole
vacuum chamber due to ' 5 /
thermal loads o ot @

' v\ \ X 20°C | BPM chamber
\ support of vacuum chamber
at location of BPMs improves
9 mechanical stability Y, i
BPM support
Mechanical Movements of SLS BPM Chambers :
250 T T T 0 . |
T _|J no movement! b LIL \_ girder alignment rail /
200 : -2
\/J o sum| \ L dial gauges equipped
150 ot LT 4 E with linear encoders
g 15h v —\LL E (0.1 - 0.5 um resolution)
§ 100 Ll top-up @ 200 MA_—— == decaying beam | %" § as sensing devices are
e § attached to adjacent
g s 2 quadrupole magnets
\k BBA results provide
s B ifl* | Top-Up Operation is the Cure...I! | absolute reference
dump beam beam current [mA] — dump beam . . pOSItlonS
POMSH-02SE reading [im] —— > — thermal & mechanical stability

05/05/2002
06:00:00

05/05/2002
09:00:00

05/05/2002
12:00:00

05/05/2002
15:00:00

05/05/2002
18:00:00

050572002
21:00:00

05106/2002

00:00:00

— no BPM current dependency

Volke

r Schlott
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Schematic of Light Source Beam Position Monitor Electronics

facc—> .
Timing

frev —>|

fsample

?

“— D & g
slow data
o I output
BP filtering Var Gain Amp ADC Gain & Digital Down Converter Digital
for for | typ. Input I/ Q mixing & LPF-2..n
noise reduction matching of | 16 bit Corrections decimating filter
rejection of spurious ADC 160 MS/s high BW FOFB
harmonics input voltage | data output data output
/\\/ I A
()— 7\\/\/ >_r D ”
//\\\// . A .
/\\/ D ]
I
W —IRY {2 ‘
f\\/ ! D
' VVV YV VL YV Y
iri turn-by-turn BPM FOFB BPM
analog d'g 'tal data processing data processing

Volker Schlott

13 DITANET School on Beam Diagnostics, Stockholm, March 7t - 11t 2011



PAUL SCHERRER INSTITUT

ﬁ@ DITANET Lecture on Light Source Diagnostics

Typical Performances of Light Source Beam Position Monitor Electronics

Digital BPM Systems provide: ... selectable bandwidth of BPM data (turn-by-turn, ramp, FOFB...)
.. high resolution, low current dependency, low drift and high reproducibility

.. in future direct sampling of BPM pick-up signals should be possible

Examples of Light Source BPM System Performances for Different Operation Modes

SLS DPBM Performance (measurements from 2003) DIAMOND Libera Performance (G. Rehm et al., DIPAC 2005)
Power Level [dBm] G T T
-80 -70 -60 -50 -40 -30 -20 -10 0 ® O mean
1 r T g — T ——rrrr © A mean+std.dev.
? c 3 2 2 7 © V¥V  mean-std.dev.
é e : ] ¢ & — — —spec
- . T TT T T T |
S wi, : ; : 10’ 6 |
z 0.1 - ... 3 o R B e v e e - <Y | |thn by-turn bandwidth=267 kHz l
= Fe L s : L e —
2 s, RS : . : .
l:qé i e .'.°’tto° . 1 s 9% eeA
L o K .I 808 . Sto..t SR 5 8 %é\% @_@_@_@_A____
0.01 HERREN ... SSag. .0 _ s 64 “Sos 8
: !. I‘= ; 3 2 9 @ v @ @ o)
. ] e il v A Nl
n..._-.___..__ ] ol Sa |
0.001 ftials.. o, teadees, Vb
E : : ] vOoga |
: . ¢ vVoo$ R ——
L Gl sz G3 G4EG5G6 G7 G8 V,\_/,vgé @@@
; 5 : v v B anxd
0.0001 A, Lo SRR PR |, ] L ) | | \/\C/\)‘
0.1 1 10 100 1000 10 o e
Beam Current [l]lA] beam current [mA]

Some Remarks: ... due to ,,top-up“ operation, SLS DBPM system is operated at constant gain levels
.. position resolution follows the bandwidth restriction (~ VBW relation)
.. hext generation DBPM system Libera (Brilliance) provides already improved position resolution
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BPM Applications I:

Measurement & Optimization of Storage Ring Injection

Pinciple of ..4 Kicker Injection:

1 all 4 kickers ,fired“:

the stored beam performs a ,,closed bump*,

the injected beam enters the storage ring through the septum
2/3 all 4 kickers turned off:

the ,,closed bump“ of the stored beam fades away, /\ / \ /
the orbit of the injected beam oscillates around the stored beam

4/5 all 4 kickers off:

betatron oscillation of injected beam damps down
— beam is injected and stored on closed orbit

Establlshment of Closed Obit from all BPMs (I, X and Y)

'om«

Single BPM Turn-by-Turn Meas. of Injection Kick

akicker 1234
current > <rev

I
tim

\ damping

volution

5 injected beam septum
magnet
e stored ;

1beam mJectlon kic

t

ime

AXx(t)

I

1 Fome” | B

Betatron-

I

oscnllatlon

/./

ALY

k;i-l.!——b

Fam . DA— R .
AN 3= 1

X POSITION [mm]
10
S
3 i Simulation of SLS Injection Kick
g turns
0 10 20 30 0 50
x =8 : . :
-10 E [
0 5 10 152 % 30 B & 4 50 B 60 6 = 9
o 6 To? b
¥ POSITION [mn] -@ L .
10 4 o, [ $
<:| <Ar ]
§ - Lo
5 I N
% 0 2F f ]
8 r :
» ¢ o ¢ o ]
0 '.0?9 Q?? ojog.",eef,?e'
B T e RNV R M RN AR TR
SRR L SRR 2 o O 50 o]
0 5 10 15 20 25 30 35 40 45 50 55 60 65 5 68 %8 °38 $ g
Turns / Tine 2l Lo uaaaay Lavau iy Lo ay iy Loy
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BPM Applications ll: Tune Measurement

Pinciple of Tune Measurement:

— excitation of betatron oscillation by kicker magnet (e.g.: septum, MBF kicker)
— BPM measures turn-by-turn data (e.g.: 4096 horizonatl & vertical psitions)
— FFT on position readings provides integer part of the tune
Tune Definition:
betatron phase advance over one turn Ax, = @ sin(u+ ¢, +27 Q”)

kicker 1o[

¥ [mm]

phase BPM 05

advance horizontal beam position

4096 turn-by-turn BPM readings

! L L L
0 1000 2000 3000 4000

betat toal horizontal fractional tune ]
etatron ' FFT of BPM readings ]
oscillation E bos|- \ ]

276 C n.0ok . Lowles J] . N 0 JJJJ‘JL ]

frac.tune
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BPM Applications lll: Chromaticity and Beta Function / Orbit Response

Chromaticity is a momentum-induced tune shift

P=P
— tune spread depends on AQ Ap " p>p,
momentum spread 0 po | T === 12 == T
. . ‘. ~AQ/
Pinciple of Chromaticity Measurement: e
— measure tune Q,
— change Ap/p (e.g. RF frequency) and measure tune Q, BPMs measure in turn-by-turn mode
— determine tune shift AQ =Q,-Q,
B-Function / Orbit Response Measurement Methods
. o . 1o AK BL
— determination of tune shift induced by quadrupole strength modulation AQ = y f AK B(s)ds = i
g JU
— each BPM records position change induced by orbit kick from each corrector u= Aij 0
— orbit response matrix A relates orbit positions & corrector deflections
. . . / . Y '\Iﬁiﬁj COS(““[_MJ"_”Q)
— fit of B-functions by , linear optics from closed orbit“ (LOCO) A, = 257 0)
! sin(7Q
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BPM Applications IV: Orbit Correction & Establishment of Golden Orbit

courtesy of Michael Boege, PSI

SLS ,.bare orbit” without corrections: x,,,=23mm,y,  =1mm

— upper limit of sextupole & quadrupole alignment errors of < 30 um

= r
8 3% 3533 00FE 0533223388 3F 2 FFGi332233:335822823383§312 I ' e TR R TR T TR e
L L | I - 111 | 11 11 | 11 11 | 11 1l 11 1 1 1A 1 i fTINNan 11l 1101 ATt ITITne TNTET}
5
A
A A A
£ o £ 0 *‘* 41\# i )thw =y k3 -k"/’ﬁ J i :*Tf, i +*+
i § )7 S — = w7 ]
- N #l * X*/ ‘»jl lif
1n ‘ :
phase*2pi [rad] phase*2pi [rad]
Vaveforn Index mmﬁ,+ Mean: -0.030 wm Sdev: 2.229 Nux: 20.420 Print Vaveforn Index ,i:— Mean: 0.024 Sdev: 0.968 Nuy: 8.170 Print
. L . . e .
— global orbit correction is achieved by ,single value decomposition“ (SVD) of response matrix 4,

SLS ,.golden orbit"” after CO correction: x,, =1um,y, =1um
— each beamline receives its individual position and angle settings

= [=TET [=I0Ix]
>
dHedHI i Edg R aHaE Bl dEEEa B A B B Ao HEE Ea g II =t sEm amE GrEe Ama TEy  ames smm  ames 25al 00 =9
£E:EE£% 528 1212 2 EEEEE I 8 £ % 5% % % : 2EE22EE 2 = 2= 2=z == 55 =3 S22 S 2 SEE EE: Fhr=r T=E3 Al
EEEEEREERREEEREEREREEEREEREEEEREEEREEEEREERREEEER G ﬁz b3~ AR R Eﬂ_ﬁ?‘ =3 2 AgmE po=a pap=o=d w% 2'??2:‘.;‘2'2' AFES R A3
e I O VS S Oy | S S O S S S Y P S O S S N —————————— [ [T TN LI L L LI TN L LILL LI L L LI TN L LILL LI L i)
5 2 0.4
D F A
0.2] 0.2 \ )
. - A At 8
£ 1 ‘ 7 \ g
i H il : | \ /"
Yof i
S | \ \‘}
T T T T T
10 20 2 4 5
Phaserzpi [radl Phase"2pi [radl
vavoforn dex 00 [ B T T S Mean: 0.000mn  Sdov: 0.001mn Nux: 20.420  Brint vaveforn Tndex  [ZNTY N OO BT T > Yeam: 0.000mm  Sdev: 0.002m Nay: 8.170 Print
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BPM Applications V: BBA & Reproducibility of Golden Orbit

courtesy of Michael Boege, PSI

— scan local bumps through each quadrupole

0.014 T T T T T T T
ARIDI-BPM-07ME——
» . " " ] L] fit(offset = 47.5 +- 0.5pm) ——
— variation of quadrupole strengths to minimize global rms orbit _ ooz —
NE 001 % <«——— local bump scan ——
BPM horizontal offsets X0 =
and measured displacement delta X g 0008
15 R % 0.006 -
BBA x consts+ mechanical measurement 8
—delta X ¥ S 0004 | BPM offset
10 % 47.5um
' 0.002 |- i

horiz. offset [mm]

-0.5

BPM vertical offsets YO
and measured displacements delta Y

0 L L
-04 -03 -02 -0.1 0 0.1 0.2 0.3 0.4

Yopm [Mm]
BBA dx/dy error histograms for the SLS BBA dx/dy histograms for the SLS
25 T
BBA Error H 25 T T T
hefisonia B3A Enor Hisogram =3 = overtcal B34 Heogram —
ol || <5um|  <10um +-50 um
20
- changes
- between two
15 15 shutdowns

09/08-18/10/07

Number of BPMs
Number of BPMs

b BBA y constst mechanical measurement st 1 sl Jﬂ ]
05 ol LB
| 00 OI!J]-F’-‘ 0.01 = 0(‘)15 0.02 0 = = |_| y : =
_ 04 : Beam»BasedAlwénmeni Error[mm}’ : ! o Beami!asedAllgr?r‘r?jntConsla:;‘[mm} e o
§. 0.2
s AR .
A Beam Based Alignment
... aligns orbit to quadrupole axes
.. accounts for mechanical & electrical BPM errors
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BPM Applications VI: Global Fast Orbit Feedback & Short Term Stability

— ground motions below few hundred Hz typically define the short term stability at light sources

— amplification by girder response and beam optics cause disturbing beam motions for the users

Typical PSDs due to Ground Motion SLS Girder Response to Ground Motion
10* 10*

= ) velocity PSD of ground motion at various laboritories girder response

NE 100 10° 21.6 Hz

-\g 10 E ||15:5 Hz 27.7 Hz

é‘ 10” . 10° x fﬁi Quadrupole

a . E b 50.5 Hz

2@ 10 =

— o 1

g 100 Mo = 1

2 — (C i o>

g 100 —im f* 10°

- — \I\,\II ) ) .

Ll =T T Dowor spectrum

L — S1AC \ lowest observed 107" cou rtesy of
T a0t o 0 0 1010 seismic noise levels Y et M

Frequency (Hz) V.D. Shiltsev Frequency [Hz] Michael Boege, PSI

global fast orbit feedback system (FOFB) stabilizes electron beam to the ,,golden orbit*

Ingredients of Global Fast Orbit Feedbacks

— BPM data acquisition rate of a few (typically 10) kHz with only a few hundred nm integrated noise

low noise corrector magnet power supplies with a few kHz bandwidth
a centralized or distributed fast data distribution network for BPMs and corrector magnets
calculation of orbit corrections through SVD or matrix inversion

Ll

feedback loop is closed by (digitally implemented) PID controller
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BPM Applications VII: Global Fast Orbit Feedback & Short Term Stability
SLS Global Orbit Distortions without Fast Orbit Feedback

horizontal power spectral density

vertical power spectral density

1.4

— FOFB off — FOFB off
4
1.2
vacuum
35 s horizontal cumulated vibration spectrum ] pumps ? vertical cumulated vibration spectrum
3 § ~ 2.5
¥ _? § .
= < = £
€ 25 =4 o 08 girder 244
= 23 =a . g
s 2 " . eigenmode S
£ ; g 05
~ % 20 20 60 80 100 0.4} booster, ) 0 20 40 60 80 100
frequency [Hz] ¥ frequency [Hz]
1 |
Il J N IL/\
0| — - N OM , "
0 50 100 150 0 100 150

frequency [Hz]

frequency [Hz]

* measured at tune BPM outside of feedback loop (§3, =11 m, , = 18 m)
* no ID-gap changes
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BPM Applications VII: Global Fast Orbit Feedback & Short Term Stability

Performance of SLS Global Fast Orbit Feedback

horizontal power spectral density

---- FOFB off
— FOFBon

orizontal cumulated vibration spectrum

A o0 o N

ampl. [um?]

2

frequency [Hz]

150

vertical power spectral density

---+ FOFB off
12 — FOFB on
vertical cumulated vibration spectrum
9 SO VUL, R B S i
2.5
¥
& 08
£
=
506
£
©
04 0 20 ‘rﬁguenw [6'-(')1] 80 100
1
[
o] W
i
0 Bl Am )
0

* measured at tune BPM outside of feedback loop (§3, =11 m, , = 18 m)

* no ID-gap changes

FOFB — Accumulated Power Densities (1 — 150 Hz)

frequency [Hz]

horizontal vertical Examples (1 - 150 Hz):
1 Fl(())??{ 0.83 o VB, | 0.38 - VB, | 0.40 o vB, [0.27 - VB, +tune BPM (B, = 18 m): o, = 1.2 um
= V4 o m ° o m ° . m ° . m ° = . -
100-150 Hz | 0.08 tm VB, | 017 tm VB, | 0.06 im : \/[3_: 0.11 im : \/[3_: IS I e R
1-150 Hz | 0.83 um - VB, | 0.41 um-VB, | 0.41 um- VB, | 0.29 um - VB,
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Photon BPMs: FOFB ,Watchdog” Function and Slow ID Feedbacks

Example of Photon Beam Stability at SLS Beamlines

X-BPM position [um]
«a

+ systematic electron BPM effects are suppressed by
slow, high level feedbacks on photon BPM readings

22 24

26

28

30
time [h]

32

34

36

38

* resulting photon beam stability at the location
of first optical elements of beamlines <1 um !

Photon BPM Stability vs. E-BPM Systematic Effects

22/11/04 ‘ ' ' ! " toprup @ 350+1 mA
™
I

X-BPM reading [um]

| bunch pattern |

restoration |

RF-BPM reference [um] '
| |
| |
mwwm
i | | d

&

bunch pattern feedback OFF : ON
!
LAANAAA AT S
2 4 6 8 10 12 14 16 18
et courtesy of Michael Boege, PSI

Photon BPM FB and Undulator Gap Variations

T 70

T

110 T T T

" xB

FF+X-BPM FB off %8
XB

XB

BPM FB off, FF off
BPM FB off, FF off
BPM FB off, FF on
Bl

X,
Y,
X,
Y

[ P

2 i s R ., %
D80 / 40 @
\ n e

ISR« (] ST b}

X06SA-FE-BM1:X [um]
i
%éi
P
jﬁ
ESNE
L
X06SA-FE-BM1:Y [um]

FF+X-BPM FB on

70
| FF+X-BPM FM o

60
R

10

50 I I I I I I I I
6.5 7 75 8 8.5 9 9.5 10 10.5 1 1.5 12

X06SA-ID-GAP:READ [mm] .
"™ courtesy of Michael Boege, PSI
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Photon BPMs: Front End Layout & BESS - FMB Blade Monitor Design
Photon BPM Layout with SPMs and XBPMs in Beamline Front Ends

BESSY - FMB-Berlin Photon BPM Design

!'A

photon BPMs provide better position resolution
than electron BPMs due to larger lever arm

absolute position reference to photon BPM
alignment accuracy

photon BPM FB compensates electron heam
motions due undulator gap variations

“out-of-loop” reference for global FOFB
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Photon BPMs: Principle of SPM & XBPM Blade Monitors
,,Staggered Pair* Blade Monitors for Wiggler & Bending Magnet Beamlines

Schematic of SPM Arrangement for Wiggler & Bending Magnets Vertical Photon Beam Position
, Beam Direction b -b b.—b
5 |b1 b2 1 3 + 2 4
R i b1 + b3 b2 +b N
g, ’_,__,_ ey i : Photon Pv — -A
b 36 Ln@D'reCtlon/ Tungsten Blade - (bl _b3 ) _(bz _b4)
5 Isolator bl +b3 b2 + b4
E oppe Bl0C B
o)
0

with 2-A = blade offset

X-Ray BPM Blade Monitors for Undulator Beamlines Position Determination (like e-BPMs)

v - k. (1+1,)-(1,+1,)
e YL+ L+ L+,
;o (L+0)-(1,+1,)
e Voo L+ L+ L+,

calibration required: SR contaminations from bends

[ undulator small K

 wiggier mode. optical mode / gap changes

] downstream dipole

Photo-induced currents (typ. nA — uA) are read out by low noise current amplifier & digitized for position processing
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Gas Monitors — Example of Alternative Photon BPM for Light Sources
PSI Development of MYTHEN-based Gas Photon Monitor *

\ 2 Photon Beam Direction

10 - 40 kV - N ® 4 !
[ % | opening 4t _beal_:T!

MY THE detector direction

AN MYTHEN detector
p— located below slits

isolator -

* courtesy of Thomas Webhrli, PSI

Photon Beam Profile ° Photon Beam Position ° Preliminary Results from SLS *
x 10" T * position resolution: Ax, y,, =2.9 um (rms)
=5 RO ¢ e * profile resolution: o, =4.4 um
@ e ’30 * h . R . o Y]
@10 £ ] bty ""{"r e 7 " * resolutions are close to statistical limit
% E >0;.0” 0:“ .’I‘ A ":i . . . .
3 . g s 8 b f oo * photo-ions promise improvement of profile
§5[*  vw o e resolution by Vmass
® .
N s . . ) & - . * integrating EIGER detector for SwissFEL
500 600 700 800 900 ° 0 5 10 15

strip number time [s] ° photo-electrons @ 17 kV, 3.3 10-¢ mbar N,, 100 ms integration time
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Beam Current Measurement: DC Parametric Current Transformer

Principle of the DC Parameteric Current Transformer (introduced by K. Unser, CERN 1966):

 a modulator sends a current (few 100 Hz) through two coils, which are excited in opposite directions

the pick-up coils are connected in series so that the resulting voltage (sum signal) V. is zero

a beam current I, induces a bias in the cores, so that V, becomes non-zero and
a 2"d harmonic of the modulator frequency will appear, which is converted to DC by the demodulator

a compensating current |, which cancels the beam current |, is sent through the windings

the measurement of I which corresponds to the beam current |, is done with a precision resistor

moduster Commercially available NPCT from Bergoz Instrumentation
— C—
ﬁ;[ l& \ vl«beam
L\ ) ] \\ ) =
I
—) — compensating
VS current I  NPCT with 96-mm apertd
* resolution of 1 uA — 107 of stored beam currents
controlled . . .
power sunnly - careful magnetic shielding and temperature control necessary
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Beam Current Measurement: Injection Rate & Beam Lifetime

ESRF Status — Beam Current SLS Top-Up Operation
Fri Mar 04 17:06 D
80.57 mA [m=
Litime
- ]
T oo 7 days of top-up operation 1.
= « “constant” beam current £ Lifetime ~8 h for:
« “constant” beam height 19% - 400mA
g“” r 20 § - Coupling 0.13 %
2.1 1. g - €= 7 pmrad
1000 1100 1200 1300 1400 1500 16:00 l.'l"lo g’ §
B 100 bl ey 4 —inject ~TmA
6.5 m B a2 ] every 100sec
553 WY 3 476 o Y 03577 | 2
M 264.4 um RS 0. 5.78e-10 mbay oL . . . L,
vooEEE N FER R - - S
.
without a failure. All-time ESRF record is - @ @ - “e we
— precise beam current measurement provides.... .. Injection Rate:  I(¢) = I It
o 1 1 1 1 1
... Beam Lifetime: —- = + + +
T Tquantum TTouschek Telastic Tinelastic

Tquantum  PArticle losses due to quantum emission and radiation damping
Trouschek PArticle losses due to elastic collisions of electrons in bunch
T.astic  Particle losses due to elastic scattering with residual gas molecules

Tneiastic  Particle losses due to inelastic scattering — photo-emission / Bremsstrahlung
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Synchrotron Radiation Monitors: Transverse Profiles and Emittance
beam emittance: projected area of transverse phase space volume

= N in case of a ,flat lattice“ (low coupling) with n, = 0
Vey - . _ 2
— horiz. beamsize ¢ = \/ p.E. +(a(3 nx)
use location with n, = 0 for ¢, measurement
F = me

— vertical beam size 0, =./p, €,

— bheam divergence O =4/YE

* B-functions and dispersion are well known in light sources — ¢ can be determined from beam size ¢

« synchrotron radiation from bending magnets (undulators and wigglers) are non-invasive sources

 small opening angle © ~ 1/y (typ. << 1 mrad) of synchrotron radiation limits spatial resolution due to diffraction

— spatial resolution limit: Ao=A/2A® =250um for A =500 nmand A® =1 mrad

measurement of small beam sizes...: — X-ray pinhole camera
— interferometeric techniques (UV, visible radiation)
— X-ray (VUV) imaging
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Synchrotron Radiation Monitors: X-Ray Pinhole Camera

X-ray pinhole camera resolution is limited by: Example from ALBA, U. Iriso et al., EPAC 2006
90 _blurring ——
lurri w(L +L,) aifecion with L, = 6m
... blurring Opr =7 T g | |- et e image Lty oy L, =12m
vI2-L, s A = 12nm (17 keV)
3
—_— € a0 Wopt — w=20 um
diffracti 12 1AL,
... diffraction O, =(——
o 47 w % 20 40 60 80 100

pinhole width, w [um]

typical resolution limitation of x-ray pinhole cameras ~ 10 um

Example: PETRA lll Pinhole Camera ESRF ID-25 X-Ray Pinhole Camera

CCD
© 18 um hole in 500 pm thick Tungsten plate camera

100
Moveable Cu :Z
3 mm Al attenuator Lens & a0
window 500
600
€™ beam / _ 700
= _ - — - ey - = 800
900

Mirror

Bend]ng magnc[ F]UOI'CSCCN 200 400 600 800 1000 1200
Cu absorber screen courtesy of K.Scheidt, ESRF

Pinhole
courtesy of G. Kube, DESY

P.Elleaume, C.Fortgang, C.Penel and E.Tarazona, J.Synchrotron Rad. 2 (1995), 209
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Synchrotron Radiation Monitors: X-Ray Pinhole Array
BESSY Il X-Ray Pinhole Array

Phosphor screen K. Holldack et al. | Nuclear Instruments and Methods in Physics Research A 467468 (2001) 235-238
X Pinhole array &
Al filter 5
d -—R l P ¢(1 >0 \5‘,‘-‘
|' Source ]
400 | ,55 =
<7 —— | — <
' 4 swf ‘%L,
5 g
| mf g
l« ; 100 F ;,
IntenSlty _R R 0 20 4‘0 60 80 100 120 140 160 180
™ 2 ale l »
- e lal grey value

W.B. Peatman, K. Holldack, J.Synchrotron Rad. (1998) 5, 639-641

diffraction limited resolution: ~11 um

simultaneous measurement of.... — beam size through single pinhole image

— beam divergence through envelope
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Synchrotron Radiation Monitors: Principle of Interference Monitors

a two-beam (double-slit) Michelson-type interferometer adapted from stellar interferometry by T. Mitsuhashi

— beam size is estimated from the visibility of interferogram, indicating the degree of complex coherence

van Citert-Zernike's theorem
relates a transverse distribution £{3) of an object with the degree of spatial coherence y(y) via Fourier Transform:

Y(V) = f f(y)exp(—iZJrvy)dy with spatial frequency v = %
0
. . : o . (2 2w D
intensity of interference pattern is given by: I(yo) =1, [smc(—flg yo) 1 +M COS( )J\.TR Yo+ ¢”

D2
and the fringe visibility y is realted to the rms width of the interference pattern op by: y = eXp(— = )
D

— beam size of an object is given by:

AR 1 ( 1 ) spectral filter  polarizer

e

o = - .|—In
Y D \2
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Synchrotron Radiation Monitors: Principle of Interference Monitors

a two-beam (double-slit) Michelson-type interferometer adapted from stellar interferometry by T. Mitsuhashi
— beam size is estimated from the visibility of interferogram, indicating the degree of complex coherence

D

V=—"r

van Citert-Zernike's theorem
relates a transverse distribution £{3) of an object with the degree of spatial coherence y(y) via Fourier Transform:
with spatial frequenc

p q y 2 R,

y(v) = [ f(y)exp(~i2vy)dy

. . : .. . [2ma 2n D
intensity of interference pattern is given by:  1(y,) = /, [Slnc(ﬁ yo) : 1+MCOS( o +¢”
D2
and the fringe visibility y is realted to the rms width of the interference pattern op by: y = exp(— = )
D
— beam size of an object is given by:
spectral filter  polarizer
o AR 1 (1 | Aot A 44 Yo
Y aD \2 \y ____ﬂ-——-ﬁ ______ I:IH s
————————————— D . = :'_i_:I‘ ]
 ghbi e —— uy _________ HH :
R, 2a~" “1 ) R :
33 DITANET School on Beam Diagnostics, Stockholm, March 7t - 11t 2011
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Synchrotron Radiation Monitors: ATF Interference Monitor (with mirror Optics)
T. Naito and T. Mitsuhashi, Phys. Rev. ST Accel. Beams 9 (2006) 122802

Schematic Set-Up of ATF Interference Beam Size Monitor

Band pass filter

400 nm +/- 80 nm \l VN

= ° Interferogram
/ = minimal measured beam size:
S ———— e_
o, = 4.73 * 0.55 um
. Optical flat Parabolic mirror
Double slit (off axis) f = 2000 mm
Example of an Interferogram Beam Size vs. Shutter Time and Fit of Interferogram
oAl T Tl\‘wfvv ‘ kmm“ 12 1200 - - -
—— Measurement
—Fitting
10 | _ 1000 |-
§ )0
~ 8F S 800
g &
;; 6l r % g 600
o 41 % T :;‘3 400 +
2| 200 |
0 : . . L 0 7 = . . . -
0 0.5 1 1.5 2 2.5 50 100 150 200 250 300
Shutter speed(ms) Position (arb. unit)
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SR Monitors: Imaging of Vertically Polarized Optical Radiation

courtesy of Ake Andersson, MAX-lab

for an ideally “flat beam” (o, =0)  — only horizontal polarization in the midplane
— vertical polarization only above and below the midplane

for a “real beam” (o, > 0) — some vertical polarization can also be observed in the midplane

= polarization: dependency on o,
23

— 0
— 10 um

imaging vertically polarized SR in the visible
— two peaked distribution
— fringe visibility depends on vertical beam size o,

10"? Photons / sec/ 0.19%BW / mm>
=

0 = n "
<200 150 -100 -50 0 50 100 150 200

Schematic Set-Up of Visible Light SR Monitor at SLS g

polarizer
grey frlter band pass

air blades to set aluminized flat mirror ﬁ U
horizontal acceptance / I E D .
B —>
> - L|J CCD -
hol silica—
pinhole array lens e L %

X-ray branch [ B Jzoomlens
e\ecrroﬂbea SIC fiat a'um'lf";;“ window / 1 ‘
finger mirror |  Molybdenum filter ana § ‘
absorber phosphor screen L e

vertical beam size o, = 5.8 um for §, =13.5m — vertical &, = 2.5 pm_ (natural limit from 1/y: &, = 0.2 pm)

fused silica window

111
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SR Monitors: Imaging with X-Ray (Focusing) Optics

Reflective Optics:

— Kirkpatrick-Baez mirror scheme of grazing incidence (6 < 0.5°) with pair of ellipsoidal / cylindrical curved mirrors

Example:  Advanced Light Source Diagnostics Beamline
T.R. Renner, H.A. Padmore, R. Keller, Rev.Sci.Instrum. 67 (1996) 3368

Diffractive Optics:

— Fresnel Zone Plates: spacing of rings (e.g. Si, Au) result in constructive interference of light waves in focal point

Examples: X-Ray Beam Imager at Spring-8
S. Takano, M. Masaki, H. Ohkuma, Proc. DIPAC05, Lyon, France (2005) 241 and NIM A556 (2006) 357

Fresnel Zone Plate Monitor at ATF (KEK)
K. Ida et al., NIM A506 (2003) 49 and H. Sakai et al., Phys. Rev. ST Accel. Beams 10 (2007) 042801

Refractive Optics:

— many (30 - 100) Compound Refractive Lenses made from Al or Be for focusing hard X-ray radiation (20 keV)

Example:  PETRAIIl Diagnostics Beamline for Emittance Measurements
G. Kube et al., Proc. IPAC‘10, Kyoto, Japan (2010), MOPD089, 909
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Bunch Length Measurement with Visible SR: Streak Camera

Principle of Streak Camera Measurement Streak Camera Timing Diagram
sweep streak image on

Lo [ sweepcicut_|
rigger signal
ggersig electrode phosphor screen

/

TRIGGER SIGNAL —rl PHOSPHOR IMAGE
/
| /

SWEEP VOLTAGE

slit photo-
cathode

INCIDENT LIGHT

accelerating =  MCP phosphor
mesh screen

space

« visible light pulses from synchrotron radiation (bending magnet) are converted on the SC photo-cathode

into a number of photo-electrons, which are proportional to the incident light distribution

« the photo-electrons are accelerated along the streak tube, transverse (vertically) swept by deflecting plates
to convert the incident time distribution in a spatial distribution on the MCP

« the photo-electrons are amplified by the MCP and converted back to visible light on the phosphor screen
« an initial spatial offset of the light pulses at the entrance slit is preserved on the phosphor screen

« at synchrotron light sources ,,dual-sweep“ synchroscan streak cameras are typically used to observe
electron bunch lengths along the storage ring filling pattern and / or during several turns around the storage ring
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Examples of Synchroscan Streak Camera Measurements (by M. Ferianis, ELETTRA)

Four Bunch Mode - Stable Beam

Four Bunch Mode — Unstable Beam

c =22.72ps

c =22.99ps -«

o =20.42ps
E=2GeV, I=100mA:
stable beam
c =23.59ps =

441ps full screen

Multi-Bunch Mode - Stable Beam

Longitudinally stable
Multi Bunch beam
10% gap

110mA@2GeV

6=23.86ps "

I=295mA:
6=30.59ps e unstable beam

<>

0=21.49ps 882ps full screen

0'=26.57s .

88.33us
=>
11.321kHz

full screen
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nght Source DiﬂgﬂOStiCS - Summary (personal opinion...)

various diagnostics devices and measurement examples have been presented...

Electron BPMs...:

Photon BPMs...:

Current Monitors...:

l

l

!

l

l

!

!

key diagnostic for synchrotron light source
turn-by-turn and high resolution (FOFB) measurement modes provide
tunes, chromaticity, B-functions (orbit response) and beam stability

provide higher resolution than electron BPMs but many systematic effects
“watch-dog” functionality for electron BPMs
slow feedbacks to compensate undulator gap variations and systematic e-BPM effects

high resolution DCCT allows current measurement at 10 level (1 nA)
determination of beam lifetime and injection efficiency (important for top-up operation)

SR Monitors...: — determine transverse emittances through measurement of (vertical) beam sizes
— bunch lengths, filling pattern and longitudinal stability with diodes or streak camera
— application of pinhole camera, interference monitors and X-ray imaging
— use of visible light for bunch length and filling pattern
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