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SLS Layout'

e Pre-Injector Linac
— 100 MeV
e Booster Synchrotron
— 100 MeV -2.4(.7) GeV @ 3 Hz
- e =9nmrad
e Storage Ring
— 2.4 (.7) GeV, 400 mA
— e, =5nmrad

e Eight Beamlines: %‘fﬁ%'&wem A oot mem
MS —4S, uXAS — 5L,
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SHAS

4 .
Booster - DeS|g:I

— 3 FODO arcs with 48 BD (+SD) 6.44FX@nd 45 BF (+SF) 1.1296
— 3 x 6 Quadrupoles for Tuning, 54 BPMsx254 Correctors
—+ 15 mmx + 10 mm Vacuum Chamber

— Magnet Power205 kW, ¢, @ 2.4 GeV:9 nm rad

Maximum Energy GeV 2.7
Circumference m 270
Lattice FODO with 3

straights of 8.68 m

Harmonic number (15x30=) 450

Storage RF frequency MHz | 500
Ring Peak R F voltage MV 0.5
Injection Maximum current mA 12
Maximum rep. Rate Hz 3
Booster Tunes 12.39/8.35
Injection Chromaticities -1/-1

Momentum compaction 0.005

Equilibrium v alues & 2.4 GeV

Emittance nm rad 9
. 5 10 15 20 = Radiation loss keV/turn 233
ik J Linac Energy pread, rms 0.075 %
¥ Partition numbers (x,¥,) (1.7,1,1.3)
r s/ Damping times (x) | ms (11, 19, 14)
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— Energy:100 MeV — 2.7 GeV, Repetition Rate3 Hz, Circumference270 m
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SR - Desigd

~

Beta functions [m] Dispersion [m]
12 TBA: 8°/ 14° /8° a0 ; 04
By / X
12 Straight Sections: %0 \ A /\ B /\ /\ 02
— 3 x 11 m(nL) 0 \‘ / \ i \ / \ ) 0
x Injection, 2xUE212 U19 /\ /\ /\ /\ \/\ /\/\ /\
* 2X UE56, UE54 0 SN A ..‘.‘._‘.\.,‘. = .‘:.‘_.‘_‘.‘. ., — - -0.4
0 arc (TBA 8-14-8) sim] arc (TBA 8-14-8) 48
— 6x4m(ns) Energy [GeV] 2.4 (2.7
* 2x RF, W61, 2xU19 Circumference [m 28
RF frequency [MHZ] 50|
. Harmonic number (%3x5 =) 480
Energy' 2.4 (7) GeV P:ak(l)?cholljtag: M 2.
Current [mA] 4004
€x. 5 nm rad Single bunch current [mA4] <10
Tunes 20.38/8.1
Current:350 mA (400 mA) Natural chromaticity —66 /-2
M(_)r_nentum compaction| 0.0006
Circumference: 288 m Naturel eminance | fom ] 50
i Radiation loss per turn [keY] 5]
Tune:20.43/ 8.73(Femto Optics) Energy spread 18 0.9
Damping times (h/v/l) [mq] 9/9/4}
Natural Chromaticity=66/-21 Bunch length [mmi] 35 /
IWBS2004 : -
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SR - Lattice Calibration - Energy Spread, Energy'

/3 7th harmonic of U24 at 8 mm gap
X710 A A (LA
L pinhole size: 60 purad xi15 ur |

wiol@l
F o——o easured flux
12: — theoretical spectrum
x10
Fo Eoitron = 244 GeV, AE/E = 0.0
wroll b
H 550
<102 Mﬁ\\

7500 7600 7700 7800 7900 8000 8100 8200

energy [eV]

7th Harmonic ofU24 at 8 mm gap:

- 0.=0.910"3
— Beam Energy® = 2.44 GeV
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Resonant Spin Depolarization; i, = 5.45,Peq ~ 91 % with 7, = 30 min

— Beam Energy = 2.4361+5-10"° GeV
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SR - Lattice Calibration - Beta Functions.

~

174 Quadrupoles with Individual PS ofo o Lo measuement o

betax beat ~4% : model

measurement-mode|

——

Gradient Correction:

N
a

N
o

e Procedure:
1. Measure< g; > fori=1..174
ov = —ﬁ fﬂ(s)ék(s)ds

wwww

average betax [m]

= =

o (&)
_.__.
ﬁ
-___
_.__
_—-§—l
g
=

Precision:x~ 1.5/1.0% S L méasurement | ©
. betay beat 3% measurement-| E[())?iill
2. Fit Errorsék; to < ; > (SVD) 2| | |
3. Correct< 3; > with -dk; "
4. Measure< 3; > again

average betay [m]
= N

(& o

T

[N
o
T

e Results:
— Horizontal 5 Beat:~ 4 %

o
T

o
T

— Vertical g Beat:~ 3 %
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SR - Stability - Requirementsl

e 3,=14m3,=0.9matID position of section 8 —
oy =84 pum, o, =7 pmassuming emittance coupling/e, = 1 %

e With stability requirementAc = 0.1 x 0 —

Requirement: Orbit jitter <1 um at insertion devices

Worst case Noise estimate 30 60 Hz
Seismic measurements 300 30 nm
Damping by hall’s concrete slab neglected
Girder resonance max amplification <10 <10
Closed orbit amplification hor./vert. 8/5 25/5
—  Maximum Orbit jitter hor./vert 24/15 7.5/1.5 um
Attenuation by orbit feedback -55 -35 dB
— Maximum Orbit jitter hor. /vert. 40/30 130/30 nm

L IWBS2004
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Orbit Stability at the SLS

SWISS LIGHT SOURCE mm
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D AN

tings, “top-up”

magnets.
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SR - Stability - Noise Sourcei

e Short term (<1 hour):
Ground vibration induced by human activities, mechanieaicks like
compressors and cranes or external sources like road tpaféntial-
ly attenuated by concrete slabs, amplified by girder rescemand s-
patial frequency dependent orbit responses, ID changssfdariza-
tion switching IDs<100 Hz), cooling water circuits, power supply (PS)
noise, electrical stray fields, booster operation, slowngea of ID set-

injection.

e Medium term (<1 week):
Movement of the vacuum chamber (or even magnets) due to ekang
of the synchrotron radiation induced heat load especiallggcaying
beam operation, water cooling, tunnel and hall temperatariations,
day/night variations, gravitational sun/moon earth tigele.

e Longterm (>1 week):
Ground settlement and seasonal effects (temperaturdatiresulting
in alignment changes of accelerator components includirtgis and

msec

hours

days

weeks

years

Sec

Michael Boge
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SHAS

SR - Stability - Short Term I

f[Hz] | Noise Source

Vertical orbit amplification factor A, for planar waves:

~

3 booster

stray fields

12.4 helium-refrigerator

15-50 | girder resonances

50 power supplies&pumps

30F _ _
225 ; 10 Hz 60 Hz 90Hz i v:/{thout girder . 3
S 20F L o

§ 151 | vy=8.28 (=14 Ha) BRI
Q. = Y E
E10E ] o 4
% S 3 et with girder 3

o

50

— FE calculation
X

21.6 Hz
15.5Hz

Py(f)[nmlez]

10 Ground
ground

,| Power spectrum

girder response

27.7 Hz

100
ground wave frequency (c=500 m/s) [Hz]

150

200

0 10 20

(Redaelli et al.).
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30 40 50
Frequency [ Hz |

Vertical orbit PSD (1-60 Hz)without and with orbit feed-
back @ BPM (3,=18 m):

1.4 vertical cumulated vibration spectrum - - (1

12} =2 S P — FOFBoff |..|. . A5]....]
N : N .=+« FOFB on 3
2o o e r—— St P | DN N
Ng 0.8 i J Integrated R
Z06f . R RMS noise 0 SRR
Q. . B
E 04l gk LU LB e
© 0.2k, . ;... Girder Resonances ] ............ I A O DO

Vertical vibration PSD (1-55 Hz) 0 <

20

J
A

measured on the slab and a girder

0 10 30 50 60
frequency [Hz]
— Integrated RMS motion o, only ~0.4um -4 /3, !
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\ Dipole
\
Quadrupole

e 12sectors

e Correctorsin

L IWBS2004

SR - BPM/Corrector Layout I

# —
g =R 68 885 g

N

Horizontal /Vertical Correctors

e 6 BPMsand 6Horizontal\ertical Correctors pesector

, BPMsadjacent taQuadrupoles

L
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SR - Stability - BBA/Golden Orbit I

Beam-based alignment (BBA) techniques to find
offset BPM — adjacent quadrupole center

alter focusing of individual quadrupoles, resulting RMS orbit change
is proportional to initial orbit excursion at location of quadrupole.

BBA offset = convolution of mechanical and electronical properties of BPM
RMS offset even for well aligned machines >100

DC RMS corrector strength reduced when correcting to BBA orbit !

L IWBS2004

pm!

ems g fEms s s B B B &y E B oim
0.5 mm Vertical Golden Orbit @ SLS ‘/fx"a Sie””g
1 E b [\ /\
i é i IR L - ¢ j A A j ‘“
N \/“ \/“
BBA Orbit
-0.5mm 4S 6S  7m oL 11M
0= : phase [rad/2m] - 8.47
1mm oooooo —_—
_ A i
Golden Orbit: goes through centers of quadrupoles g
and sextupoles in order to minimize optics distortions i, I ﬂﬂj c i d L
leading to spurious vertical dispersion and betatron e M ‘lﬂ l ﬂJl IETY Wﬂl bl
coupling (emittance coupling) + extra steering @ IDs %‘V
-1m

m 50 . e 250
0 ring position [mf

2 Vertical
£ BBA
:°[ Offset AN
56 -
.
2
i b
-0.5 mm 0.5mm
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SR - Stability - Orbit Correction I

e “Response Matrix’A;;, mappingCorrector j(1 < 5 < n) to the corresponding BPM pattern
BPMi (1 < i < m) (from model or orbit measurements) needs to be “invertadirder to get
Corrector jfor givenBPM i

— n = m: square matrix witl independent eigenvectors not ill-conditionedunique
solution by matrix inversion

— n #% m: nhon-square matrix by design or due to BPM failures and/orecbor
saturation— solution:

e Singular Value Decomposition (SVD) Decomposes the “Response Matrix”

Ay = ;f;i{j cos [t — |¢; — ¢;|] containing the orbit “response” BPM i to a change of

Corrector jinto matrices/, W,V with A = U « W « VT, W is a diagonal matrix containing
the sorted eigenvalues @f. The “inverse” correction matrix is given by

ATl =V 1 /WxUT

— n > m: minimizes RMS orbit and RMS corrector strength changes

— n < m: minimizes RMS orbit

— n = m & all eigenvalues: matrix inversion

— “Most Effective Corrector” combinations by means of cusafi the eigenvalue spectrum
— SVD makes other long range correction schemes like “MICABOPerfluous

L IWBS2004 /
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SR - Stability - Orbit Correction I

Remarks on matrix inversion:

e Since modern light sources are built with very tight aligmtn®lerances and BPMs are well
calibrated with respect to adjacent quadrupoles, orbiection by matrix inversion in thexn
case has become an option since

— resulting RMS corrector strength is still moderate (typicaz100 urad)

— BPMs are reliable and their noise is small (no BPM averagingeiformed which is similar
to a local feedback scenario)

e This allows to establish any desired “golden orbit” withire timitations of the available
corrector strength and the residual corrector/BPM noise.

Remarks on horizontal orbit correction:

e Dispersion orbits due to “path length” changes (circumiess model-machine differences, rf
frequency) need to be corrected by means of the rf frequgncy

e A gradual build-up of a dispersiob» related corrector patterE: A;il D; with a nonzero mean
must be avoided- leads together with rf frequency change to a corrected atlatdifferent
beam energy.

e Subtract patterlz Aj_i1 D; from the actual corrector settings before orbit correctioarder to
\ remove ambiguity. /
IWBS2004
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S Orbit Stability at the SLS SILS™
SR - Stability - Medium Term I

In this regime high mechanical stability is needed to adhigebility on the sub-micron level:

e Stabilization of tunnel, cooling water temperature andtdid®8PM electronics tex £0.1°and
the experimental hall tez £1.0°.

e Minimization of thermal gradients by discrete photon absos and water-cooled vacuum
chambers.

e Stiff BPM supports with low temperature coefficients and itaming of BPM positions with
respect to adjacent quads (POMS).

e Monitoring of girder positions (Hydrostatic Leveling Sgat (HLS), Horizontal Positioning
System (HPS)).

e Full energy injection and stabilization of the beam curterst0.1 % (“top-up” operation):

400.0 T T T T T
350.0 Beam current [mA] from 25. May 2004 to 31. May 2004
300.0 v
250.0
200.0
150.0
1666 300(+1) mA top—up @ SLS ~6 days
50.0

A.Lideke THPKF012
0.0 1 1 L L L

L IWBS2004 /
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FED Orbit Stability at the SLS S

SR - Stability - Medium Term - Top-up I

e “Top-up” operation guarantees a constan-

t electron beam current and thus a cons = ; 0
t heat load on all accelerator components T r R HL
200 o )
also removes the current dependence of /J 35um ARG
M readings under the condition thatthe bu | v = .
pattern is kept constant (B. Kalantari) e 1} N
- || top-up @ 200 mA —»| =— decaying beam 1207mA

100

e Horizontal mechanical offset{0.5 um res:
olution) of a BPM located in an &

beam current [mA]

<)
POMSH-02SE reading [ ym]

5 s
c of the SLS storage ring with resp \k

t to the adjacent quadrupole in the cas¢ o T = H o
beam accumulatigftop-up” @ 200 MA anc [ ot s | —_
decaying beam operatiat 2.4 GeV: ot s oeews cooews Geoowr ooows ogpeo

— Accumulation and decaying beam opera-
tion: BPM movements of up to pm.

— “Top-up” operation: no BPM movemen-
t during “top-up” operation at 200 mAe 0.3 % current variation (350 (+1) mA) @
after the thermal equilibrium is reached 7 ~11h

(1.7 h). e Injection everyx 2 min for~ 4 sec

L IWBS2004 j
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8000

7000

1 year)

6000

10 mHz, time
o
2
1
g

=
3
H
8

number of samples (rate

SR - Stability - Transition from Slow to Fast Orbit Feedback

SRR KIS

4000

FOFB
|15 nrad 17 nrad

N

SOFB (closed orbit)
80 nrad 120 nrad

A
i

T Y
kams

T
SOFB (250 ms ramped]

) m.} =
SOFB (closed orbit)
308 4

week nunber 2005

SOFB (250 ms ramped)

230 nrad 410 nrad

FOFB Yims
FOFE ——
60 nm .
SOFB (250 ms ramped) 5 3500
i - g
R % - o 3000
B : + 2
507D (250 ms ramped) N ]
. H N
iy E £ closed orbit L 2500
SOFB (closed orbit) % » OFE (coset ety E
300 nm = n
i + n! o 2000
H 8
N a 1500
B E
3
5 1000
SOFB (250 ms ramped) 2
" 750 nm 5 o
‘ ay . N
3 &
54 h i ¥ 0
o 0.5 1 1.5 2 25
Yrms (]

) 0.z 0.4 0.6
Kims [rad]

Temporal mean of the RMS orbit deviation from the BPM refesesettingsc,m s / yrms and the
corresponding RMS corrector strength,-..s / yk,m s in 2003 for three different operation modes:

horizontal vertical
mode Trms Ty s Yrms YKkrms
SOFB(250) | 1.0um 410 nrad| 750 nm | 230 nrad
1.0pum | 120 nrad| 300nm | 80nrad
FOFB 0.7 um 17 nrad 60nm | 15nrad

~

J

L IWBS2004

Michael Boge

17

(F=0

Orbit Stability at the SLS

SWISS LIGHT SOURCE B®
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-

SR - Stability - Fast Orbit & X-BPM Feedback I

PSDs on tune BPM (off-loop)

100
frequency [Hz]

4.5
N H horizontal cumulated vibration spectrum
- I} =) o
_ael ; {=%ad ]
i 3k i 3 ]
o . i €
€ 25 horizontal - = -
= oL [ & -
215t i T
g 1f i i T ]
0.5k !! - L
ol A
0 50 150

Verlical cumulated vibration spectrum

=om e i
o= FOFB on
End 2 1
E
i< 5 1
g
! i
0.5 -
2 et P
AN
0 100 150
frequency [Hz]
horizontal vertical
FOFB off on off on
1-100 Hz | 0.83 um - VB, |[0.38 um - VB, | 0.40 um - VB, [0.27 um -\B,
100-150 Hz | 0.08 um - VB, {[0.17 um - VB, | 0.06 um - VB, | 0.11 pm - VB,
1-150 Hz | 0.83 pm - VB, |[0.41 pm - VB, | 041 pm - B, |0.29 pm - VB,

Feedback on X-BPM @ U24

J. Krempasky et al. THPLT023, B. Kalantari et al. THPLT024, T.Schilcher et al. THPLT186

L IWBS2004

— 28
3 . bit ref. off: 055B ——
= | FOFB reference orbit orbit ref. offeet |
ﬁ changes hal, alr&ivn erature 275
5 2 i 1 )
27 o,
L Lhh ﬂuﬂw ey MLMWJ LTI s
o E
I VLIRS IRV i1 L LTV ESE
= =%
! "WW"A WWW ® k
g ,2\ 255
H 5 ‘ without ]illing pattern feedback 2
04/29/2004 04129/2004 04/30/2004 041302004 05/01/2004
00:00:00 12:00:00 00:00:00 12:00:00 00:00:00
time [h]
B 4 ‘ GrbIt ref. offset 0558 —— f7
k3 3| BPM rack hall air temperature 1265
£ ,|temperature filing patter feedback off —___ 5
$
g 1“ 2pm W"“J\U\r# ﬂﬁrﬂﬁw”\wuw & W wm l]‘j‘L 2 deg
% 0 Mﬂ 255 E
FR s i MM ' g
< P
S 2 —..
£ |II|ng pattern feedback
> 3
06/12/2004 06/12/2004 06/13/2004 06/13/2004 06/14/2004
00:00:00 12:00:00 00:00:00 12:00:00 00:00:00
time [h]
25 — 10
= ‘~500 nm RMS @ 8.60 m from ID (<0.5 Hz) ;
=20 vertical™|ID gai 9
s
= 15 ' =
g X-BPM readi u24 s £
2 10H+10pum - reading @ ‘s
£ _—gap change ; =
o P
8 5 u.w 4 L N a
= Yo o y
R harizontal % 6
s - 2 days top—up @ 300 mA
5 5
06/12/2004 06/12/2004 06/13/2004 06/13/2004 06/14/2004
00:00:00 12:00:00 00:00:00 12:00:00 00:00:00
time [h]

~

J
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F=D) Orbit Stability at the SLS SIPSE
SR - Stability - X-BPM & Bunch Pattern Feedback.

e The bunch pattern feedback maintains the bunch patterni@¢hes41 mA)) within <1 %

e The X-BPM feedback (slave) stabilizes the photon bea® h from source point) by means of
changes in the reference orbit of the fast orbit feedbacls{enpto~0.5 um for frequencies up
to 0.5 Hz

10

T T T

T I T T
22/11/04 top—lup @ 350+1 mA

T
U19 gap [mm] :
|

5 X-BPM reading [um]

b

O U AN TS

| bunch pattern
restoration

RF-BPM reference [um] !
|

o

-10 +

bunch pattern feedback OFF ON
|
.15 I Il Il
0 2 4 6 8 10 12 14 16 18
\ Time [h]
IWBS2004 : "
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(== Orbit Stability at the SLS JLS™
SR - Stability - Feed Forward & X-BPM Feedback.

e The feed forward tables (here foi24) ensure a constant X-BPM reading for the desired gap
range (here 6.5-12 mm) within a femm. The remaining distortion is left to the X-BPM
feedback

110 T T T T T T T T T 70
X-BPM X, X-BPM FB off, FF off
FF+X-BPM FB off 50N i XC8oM Fs off Fr on
100 X-BP on,FFon ¥ 60
F Y, X-BPM on +
FF+X-BPM FB ont
T 90 ; ) e . e 50 g
2wl o : w0E
ek e e ik
3 >
g FF+X-BPM FB Oj)’f) w0 S
Z'/r—r
o | FF+X-BPM FB off —" ”
%—ﬁj_’-
50 10
6.5 7 7.5 8 8.5 9 9.5 10 10.5 11 11.5 12
X06SA-ID-GAP:READ [mm]

L IWBS2004
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Orbit Stability at the SLS SPSy

4 )

time [h]
L IWBS2004 J

SR - Stability - Medium Term - Top-up I

e Change of the vertical BPM reference within the X-BPM feedkbl@op for decaying beam
operation (0-4 h) and “Top-up” (Time constant for gettingk#o thermal equilibriumr=1.7 h):

380 . T . . . . . 0.005
: : current [mA]
| vertical reference ARIDI-BPM-03SB [mm] ———
: ; 1~1.7h ——
360 o S i I E
. 350 mA : | : : =
| MWW Opum E
340 [ B S S USROS SO %
: HE i o
time constant t=1"h <
< 320 7 : T o
£ ‘ 10005 Z
5 _ _ E
E 300 E 0 7] 8
= c
0.lum/mA - 5
e 4001 @
280 i =
e
g Lo /Jé/'j’/ J/ y %‘
3 >
260 /J//j? -
0.015 —15 |"l m
240 3 2 5 O m A 260 280 jl(‘)'?em - 320 340 360 |
0 2 4 6 8 10 12 14 16 18
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Orbit Stability at the SLS SISy
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SR - Stability - Long Term Stability I

e Horizontal BPM/Quadrupole offsets for BPM upstreani@24 over 14 weeks @ different
top-up currents (180, 200, 250, 300 mA) with 3 shutdowng flkft)

e Circumference change over 3 years of SLS operatien circumferencex~ 3 mm) (right plot)

400

w
@
=}

pomsy
pomsx - step outside temperature
mA * % 0.5um 10 A pathlength 125
180 180 | 250 20\1 |_250_Y_300 300Y |

LYY
il

w
=]
o

[

IN)
a

o
‘T;

[ Ve AR L Sl Le—fh/ Ilo pum

N I
-

l
L '
|
0
33 34 35 36 37 38 39 40 41 42 43 44 45 46 47

[ w
Week #2002

outside temperature [°C]
A pathlength [mm]

current [mA] and poms [1/10 mu m]
N
o
o

= =
o a
=) o

E\H

o
o

week #/2002-4

e Severe problems with the cooling capacity of the SLS duttireghtot summer 2003 (#82)! Again
“scheduled” problems in 2004 (#130) due to the cooling sysipgrade!

IWBS2004 J
5200 Michael Boge 22




Orbit Stability at the SLS
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e Fitted circumference change over 3 years of SLS operationY circumferencex 2 mm) as a

SR - Stability - Long Term Stability I

function of the fittecbutside temperature(left plot)

e Circumference change as a function of the avetagael temperature (right plot)

-0.5

~

Circumference Change 5 : . : :
01/ 2002 of the SLS Storage R|ng A pathlength( tunnel lempera&uve{.zzziﬁin‘;gjc) +
0 g [ over 3 Years 4 A
T
— 4 o
\ /
0501/ 2003 ~ o<
T — 3 o
£ \\\Q: > 0712002 E R < | T
2 1| 01/2004 \; g - . ;
! \\\\\ > \ 3 2 ‘ i : #130
S — 07/ 2003 g ok v
i 1 Fope
k\ / i . wuwfrﬁwrw 0
—— g e 1.2mm/°C
- 07/2004 - -
2 0 %W .
S — 5 um/°C/m
25 o L . s ‘
-4 0 4 8 12 16 20 24 28 -0.5 0 0.5 1 2 25 3

e Stabilization of theunnel temperature to ~ +0.1°is needed to guarantee sub-micron

outside temperature [°C]

tunnel temperature -24.65 [°C]

movement ! J
IWBS2004 -
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Conclusions.

e The fast orbit feedback and X-BPM
feedbacks guarantee excelleshort
term stability up to 100 Hz.

e “Top-up” Operation allows to maintain
this degree of stability on themedium
term scaleover weeks.

e Long term stability suffered from
problems with the cooling system dur-
ing the summer months over the last 2

years.
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