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Orbit Stability at the SLS

SWISS LIGHT SOURCE

e Pre-Injector Linac
— 100 MeV

e Booster Synchrotron
— 100 MeV —-2.4(.7) GeV @ 3 Hz
— ¢, =9 nmrad

e Storage Ring
— 2.4 (.7) GeV, 400 mA
— ¢, =5 nmrad

e Eight Beamlines:
MS —4S uXAS —5L,
DIAG —5D, PX-6S
LUCIA —7M, SIS-9L,
PXIl —10S5 SIM —11M

SLS Layout'
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Orbit Stability at the SLS

SWISS LIGHT SOURCE mm

LS

-

Booster - Desig:'

—+ 15 mmx + 10 mm Vacuum Chamber

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

— 3 FODO arcs with 48 BD (+SD) 6.44T@&nd 45 BF (+SF) 1.1296
— 3 x 6 Quadrupoles for Tuning, 54 BPMs 254 Correctors

— Energy:100 MeV — 2.7 GeV, Repetition Rate3 Hz, Circumference270 m

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 | 05
Injection Q % 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
1 10 1520 2 Radiation | oss keV/turnf 233
Energy pread, rms 0.075 %
Partition numbers (X,¥,) (1.7,1,1.3)
Damping times (X,¥) | ms (11, 19, 14)

p IWBS2004
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F=) Orbit Stability at the SLS SN

SR - Desigd

Beta functions [m] Dispersion [m]

e 12TBA:8°/14°/8° 40 . 04
y
e 12 Straight Sections: s0f——\ /\ /\ 02

RWAATVAIAN)
e vezas T
_fzzLTI]E(SnEISVIL)JE54 \/ UUU U\

Oo T Tac (TBA8-14-8)  siml  arc(TBA8-14-8) 8_0'4
— 6 x4m(nS)
Energy [GeV 2.4 (2.7
* 2xX RF, W61, 2xU19 Circumference [m 88
RF frequency [MHZz 500
. Harmonic number (&3x5 =) 480
o Energy. 2.4 (7) GeV Peak RF voltage [M 2.
Current [MA] 400
® c,..5nNm rad Single bunch current [mA4] <10
Tunes 20.38/8.1
e Current:350 mA (400 mA) Natural chromaticity —66 / -2]
Momentum compaction 0.00064
. ) Critical photon energy [keV] 5.
® Clrcumference. 288 m Natural emittance [nm raH] 5.0
. Radiation loss per turn [keY] 51
e Tune:20.43/ 8.73(Femt0 OptICS) Energy spread (1§ 0.9
Damping times (h/v/l) [mq] 9/9/4}
e Natural Chromaticity-66/-21 Bunch length [mm| 3.5 /
IWBS2004
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X
N
S

8x10

6x10

4x10

2x10

normalised flux through pinhole

SR - Lattice Calibration - Energy Spread, Energy'

7th harmonic of UZ24 at 8 mm gap
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Resonant Spin Depolarization;;,, = 5.45,Pcq ~ 91 % with1, = 30 min
— Beam Energy = 2.4361+5-10"° GeV
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SWISS LIGHT SOURCE

Orbit Stability at the SLS LS

174 Quadrupoles with Individual PS 30

3. Correct< 3; > with -0k; <
4. Measure< 3; > again 8"
g 10

e Results:
— Horizontal 5 Beat:~ 4 %
— Vertical 3 Beat:~ 3 %

; IWBS2004

\ SR - Lattice Calibration - Beta Functions.

—_——> 25 |
Gradient Correction: Ex
e Procedure: 25
1. Measure< §3; > fori=1..174 "
Sv=—1 ¢ B(s)5k(s)ds i
Precisioni~ 1.5/ 1.0% %0

2. FitErrorsok; to < 3; > (SVD) 25 |

Michael Bogew



F=) Orbit Stability at the SLS SN

SR - Stabillity - Requirementsl

o 5,=14m3,=0.9matID position of section 8 —
o, =84pum, o, =7 pmassuming emittance coupling/e, =1 %

e With stability requirementAc = 0.1 x ¢ —

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 7.9/1.5 um
Attenuation by orbit feedback =55 =35 dB
— Maximum Orbit jitter hor. /vert. 40/30 130/30 nm

p IWBS2004 /
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Orbit Stability at the SLS

SWISS LIGHT SOURCE mm

p IWBS2004

‘ SR - Stability - Noise Sourcei

e Short term (<1 hour):

Ground vibration induced by human activities, mechanieaiaks like
compressors and cranes or external sources like road toaffential-

ly attenuated by concrete slabs, amplified by girder resceamand s-
patial frequency dependent orbit responses, ID changsspdariza-
tion switching IDs<100 Hz), cooling water circuits, power supply (PS)
noise, electrical stray fields, booster operation, slowngea of ID set-
tings, “top-up” injection.

Medium term (<1 week):

Movement of the vacuum chamber (or even magnets) due to ebang
of the synchrotron radiation induced heat load especiallgtacaying
beam operation, water cooling, tunnel and hall temperatarations,
day/night variations, gravitational sun/moon earth tigele.

Long term (>1 week):

Ground settlement and seasonal effects (temperaturdafiiresulting
in alignment changes of accelerator components includirtgs and
magnets.

mSsecC

sec

hours

days

weeks

years

Michael Bogem



Orbit Stability at the SLS

SWISS LIGHT SOURCE ®™

SLS™

SR - Stability - Short Term I

\

(Redaelli et al.).

; IWBS2004

measured on the slab and a girder
— Integrated RMS motion o, only ~0.4um -4 /3, !

frequency [Hz]

f[Hz] | Noise Source Vertical orbit amplification factor A, for planar waves:
S0E ' ' . " B
3 booster stray fields ZosE |10Hz 60Hz |0z - Wioutgmder o
: : S 20F e
12.4 helium-refrigerator S15E |vy=8.28(1a12) -~ a0
15-50 | girder resonances S G
- 5 oF ‘ ‘ with girder 3
S0 power supplies&pumps 0 50 100 150 200
10° ' ' ' ' ' ground wave frequency (c=500 m/s) [Hz]
Uy girder response Vertical orbit PSD (1-60 Hz) without and with orbit feed-
103 21.6 Hz
< 15.5 Hz 277 Hz back @ BPM 63/218 m):
I " 1.4 — . . .
=~ vertical cumulated vibration spectrum : : T
E v 1.2} o S IO — FOFBoff || . J5]. ... ]
= i~ 28 -=++ FOFB on @
« 10 T [ R A . —— T T B | OO O 4
D.>‘ N\ 51.5 4
100 - g 0.8 -g 1 _J ........... Integrated e ]
ground = 06} ’J/ ................... RMS noise |-} ]
ower spectrum o :
107 ; P . . € 0.4} e ] 17Hm ........... S5 H 1 DI i
° 10 20 >0 © S Girder Resonances |: ;
Frequency [ HZ] 02 - p— ................... ] ............ .. .'.“ ........... -
: : : i ol ] —— | L
Vertical vibration PSD (1-55 Hz) 0 7 =0 0 70 =D 50

Michael Bogem
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SWISS LIGHT SOURCE

=) Orbit Stability at the SLS SIS

SR - BPM/Corrector Layout I

sector

BPMs

Horizontal /Vertical Correctors

e 12sectors
e 6 BPMsand 6Horizontal\ertical Correctors pesector
e Correctorsin , BPMsadjacent tadQuadrupoles

p IWBS2004 /
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SWISS LIGHT SOURCE ®™

Orbit Stability at the SLS LS
‘ SR - Stability - BBA/Golden Orbit I

l
i

=1 i BB imm ams  gAEE fEas  ame 2@l B B 1m
0.5 mm Vertical Golden Orbit @ SLS ‘/fx”a Sile_e””g
1 E /\
= BN \ \
BBA Orbit
—0.5 mm 4S5 6S 7/m oL 11M
0 : phase [rad/2m] : - 8.47
1mm ‘ oﬁsetr
Golden Orbit: goes through centers of quadrupoles il PR R S Ry R
and sextupoles in order to minimize optics distortions i jL@ gl 1{1 g
leading to spurious vertical dispersion and betatron 2 Tiﬂ i ﬂ][ I [ﬁl in ol
coupling (emittance coupling) + extra steering @ IDs T R e S R
| | | “lmm
Beam-based alignment (BBA) techniques to find 0 " ring position [m{ ™ 288
offset BPM - adjacent quadrupole center N
alter focusing of individual quadrupoles, resulting RMS orbit change vertical

“I" BBA

is proportional to initial orbit excursion at location of quadrupole. L
Offset AN |

number of BPMs

BBA offset = convolution of mechanical and electronical properties of BPM

RMS offset even for well aligned machines >100 pm! o[

DC RMS corrector strength reduced when correcting to BBA orbit !

Y — |
N IWBs2004 )

Michael Bogem 12




SWISS LIGHT SOURCE mm

Orbit Stability at the SLS SIS

\
‘SR - Stability - Orbit Correction I

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

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

— n # m: non-square matrix by design or due to BPM failures and/arecbor
saturation— solution:

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

A = VBili o [mv — |¢p; — ¢;]|] containing the orbit “response” BPM i to a change of

2 sin wv

Corrector jinto matricesV,W,V with A = U « W « V1. W is a diagonal matrix containing
the sorted eigenvalues df. The “inverse” correction matrix is given by

A=V x1/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 “MICABOpPerfluous

IWBS2004 j
5200 Michael Bogem 13




SWISS LIGHT SOURCE mm

=) Orbit Stability at the SLS SIS

4 N

‘SR - Stability - Orbit Correction I

Remarks on matrix inversion:

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

— resulting RMS corrector strength is still moderate (typyca=100 prad)

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

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

Remarks on horizontal orbit correction:

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

e A gradual build-up of a dispersiab related corrector patterE A;L.lDZ- with a nonzero mean
must be avoided- leads together with rf frequency change to a corrected atlatdifferent

beam energy.
e Subtract patteni: Aj_z.lDZ- from the actual corrector settings before orbit correctioorder to

remove ambiguity.
; IWBS2004 j
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(==L Orbit Stability at the SLS SiiaE

SR - Stability - Medium Term I

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

e Stabilization of tunnel, cooling water temperature andtdigdPM electronics tox +0.1°and
the experimental hall tez +1.0°.

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

e Stiff BPM supports with low temperature coefficients and itammg 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 curter:0.1 % (“top-up” operation):

400.0 T 7 [ L T T 7 .
350.0 Beam current [mA] from 25. May 2004 to 31. May 2004 .
300.0
250.0
200.0
150.0
10016 300(+1) mA top—up @ SLS ~6 days
50.0

A.Ludeke THPKF012
0.0 L L | i L | 5 L 1 L | ' 1 | L T 1 L

p IWBS2004 j
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SWISS LIGHT SOURCE mm

=) Orbit Stability at the SLS SIS

4 )

SR - Stability - Medium Term - Top-up I

e “Top-up” operation guarantees a constan-

t electron beam current and thus a cons 2o ; 0
t heat load on all accelerator components T et LLL

also removes the current dependence of ™ o N ”
M readings under the condition thatthe bu ) - .
pattern is kept constant (B. Kalantari) on N

S top-up @ 200 mA 120 mA

i—»| <+— decaying beam

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

beam current [mA]
=
o
S]

POMSH-02SE reading [ pm]

" .
c of the SLS storage ring with resp lL

t to the adjacent quadrupole in the cas¢ o r B {H o
beam accumulatigftop-up” @ 200 MA anc | ot e — i
decaying beam operatiat 2.4 GeV. o m o s oweam e oans

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

— “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

p IWBS2004 j
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Orbit Stability at the SLS

SWISS LIGHT SOURCE m™

SLS™

-

‘ SR - Stability - Transition from Slow to Fast Orbit Feedback.

mode

horizontal

x’r’ms xk’r’ms

vertical

ykrms

yrms

SOFB(250)

1.0um | 410 nrad

750 nm | 230 nrad

1.0um | 120 nrad

300 nm 80 nrad

FOFB

0.7 um 17 nrad

60 Nnm 15 nrad

L IWBS2004

8000 4000 T T
FOFB Yms  + FOFB ! Wops  +
FOFE Hms %

- 60 nm - 15 nrad 17 nrad :
5 7000 SOFB (250 ms ramped) 5 3500 : ;
2 T = ‘ e o ol
- E + ‘H 15 |- SOFB (250 ms ramped)-+——- (T
n + : o
E 6000 hl Y e 3000 1t Lt SOFB (closed orbit
= i = L + LY Lo L]
= ‘ SOFB 1250iniramped| i % K = g o ﬁ%ﬁ& B
I 5000 : g i g é B (clor it -1 I 2500 i N 3": 0
E SOFB (closed orbit) % % y s E SOFB (closed orbit)  F
- = b L 9 FOFB| - B
" 4000 300 nm | Ll EE i LT 2000 80 nrad 120 nrad 1L |
= - 3 - J©
g N oank EE L i =) o5t
7 i T N 9 f i
S 3000 , 1 2 1500 ks "
E ; o 20 a0 =
3 | week number #/ 3 | ;
S 2000 H-fof - : : 5 1000 Hif-F-¥ . :
g T . SOFB (250 ms ramped) 3 SOFB (250 ms ramped)
5§ ] " 750 nm E 230 nrad 410 nrad
2 1000 {1 ke i ; 2 500 i3 :

r : H

0 J h P s 0 4 i
0 05 1 1.5 2 2.5 0 0.2 0.4 0.6 0.8 1
Yrms [um] K [1rad]

Temporal mean of the RMS orbit deviation from the BPM referesettingsc,s / yrms and the
corresponding RMS corrector strength, s / yk,ms IN 2003 for three different operation modes:

\
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Orbit Stability at the SLS

SWISS LIGHT SOURCE

SLS™

PSDs on tune BPM (off-loop)

45 —~ —

Al [ == FOFB off B
< 3.5H — FOFB on == FOFB on | -
; gf .
[aV) .
€ 25 horizontal - 8
S O S |
g- 15 e e e ST I N
© 1 L .

0.5 2 ey by 0 100 ]
O \ ke -
0 100 150
frequency [Hz]
1 4 i vertical cumulated vibration spectrum
12k T FOFB off | HETTRIOTIOTUR nm FOFBoOff | [ e __
— — FOFB on i 25 == FOFBon ¢
N .
T 1 b e frommmmmeee e . -
~ )
”5' 0.8 i .
e
. 0.6 =
a 5 0.5 "'; —’—"A
% 04F- ‘ ...................... I: ...................... A /—J i
0.2 o e AA ......................... 20 - T 100. ]
00"‘ - 160 150
frequency [HZz]
horizontal vertical
FOFB off on off on
1-100 Hz | 0.83 um - VB, |[0.38 pm - VB, | 0.40 um - VB, | 0.27 um - VB,
100-150 Hz | 0.08 pm - VB, |[0.17 pm - VB, | 0.06 pm - VB, [0.11 pm -\,
1-150 Hz | 0.83 pm - VB, ||0.41 pm VB, | 0.41 um- B, |0.29 um - VB,
J. Krempasky et al. THPLTO023, B. Kalantari et al. THPLT024, T.Schilcher et al. THPLT186

SR - Stability - Fast Orbit & X-BPM Feedback

Feed‘back on X-BPM @ U24

€ . orbit ref. offset 055B ——
2 .| FOFB reference orbit tbi : | s
© hal] air|temperature 1 27.
g changesH ) PAW\ ; N
: AN T AT 17 <
g, Hﬂﬂﬂﬂ il e A PRI el
>
5 265 =
ML vl [ aes €
- (=X
5, /ﬂ W"”Wmﬂm Wt 26 E
5 WW T 2
T {255
§ s |without ]illing pattern feedback ”s
04/29/2004 04/29/2004 04/30/2004 04/30/2004 05/01/2004
00:00:00 12:00:00 00:00:00 12:00:00 00:00:00
time [h]
g 4 orbit ref. offset 055B —— ‘27
o 3 i%Mé?ai:ﬁre N hall air temperature 1265
€, p filling pattern feedback off — 5
: 42 oty Ui ki =
% 1 IJ' m UUMJLR‘JJ uﬁuuﬂ - i i HLJ - Mn 1.3 2 deg
g ! RNV Kl
§ 0 m 255 %
g g MWM%W A ' :
S g
= ) 425
o - I . g
z |II|ng pattern feedback
> 3 . L 245
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 LD gay 19
% 15 ' le =
9 X-BPM readin u24 1¢ E
£ 0 10um " 9@ -
g ‘/gap change 1, 8
a 5 f o
c
£ 0 horizantal 16
S ~&— 2 days top-up @ 300 mMA ————=
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]

\

/
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=) Orbit Stability at the SLS SIS

4 )

SR - Stability - X-BPM & Bunch Pattern Feedback.

e The bunch pattern feedback maintains the bunch pattern@®€hes {1 mA)) within <1 %

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

10

T I T T
22/11/04 top—lup @ 350+1 mA

i U =

L | L

5r X-BPM reading [um]

il

busaibrrins s s anaromsiois,

| bunch pattern

restoration
RF-BPM reference [um] '
|

-10

-15

0 2 4 6

Time [h]
L IWBS2004
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(== Orbit Stability at the SLS

SWISS LIGHT SOURCE

SLS™

-

feedback

110 T T T l I
1 ‘ ‘ ‘ PM FB off, FF off

1 X-BPM X, X-B

| _ X-BPM Y, X-BPM FB off, FF off

FF+X BPM FB off  <epm X, X-BPM FB off, FF on
X-BP.

X0B6SA-FE-BM1:X [um]

= :

50 i i i i i i i i i

6.5 7 7.5 8 8.5 9 9.5 10 10.5 11

X06SA-ID-GAP:READ [mm]
p IWBS2004

70

10

‘ 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

XO0B6SA-FE-BM1:Y [um]

\

Michael Bogem



=D Orbit Stability at the SLS SIS

: N

SR - Stability - Medium Term - Top-up I
e Change of the vertical BPM reference within the X-BPM fearklaop for decaying beam
operation (0-4 h) and “Top-up” (Time constant for gettingl#o thermal equilibrium-=1.7 h):
380 T T T T T T T 0005
| | current [mA]
vertical reference ARIDI-BPM-03SB [mm]
; s ‘ ‘ ‘ ‘ 1~1.7h -
360 T T o T T _
: : s ! s s : : O l'l m E-
B0 | T o A S A 2
| | time constant 1=1.1 2
A R I ; 5
% 3 : o | - -0.005 a
= iy — x
£ <
3 300 e | - 3
; 0.1pm/mA 4V
280 § -0.005 —— f - -0.01 Hg__"
AR I R~ I I T | S
@ 001 /jVj‘//ﬂ_j/ y g
260 ?ﬁ rrrrrrrrr
= 15 pum
240 60 80 ::)r(:em - 320 340 360 |
0 2 4 6 8 10 12 14 16 18
time [h]

p IWBS2004
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=D Orbit Stability at the SLS SIS

‘ SR - Stability - Long Term Stability I

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

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

400 T T T T T T T T T T T T T

| 1 1 1 1 1 1 1 ‘ pomsy 50— T -3
R T T l lpomsx Step outsideiempt)ﬁlratu;ﬁ
pathlength —— | 55
mA | ; 0.5um 40
300 +SOO+

iZZ ] l lm{“l * l i eeeee aliy, I

O IS S I 1 R N S O SN 2 B S

200

150

outside temperature [°C]
A pathlength [mm]

100

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

O 1 1 1 1 1 1 1 1 1 1 1 1 1
33 34 35 36 37 38 39 40 41 42 43 44 45 46 47
Week #/2002 week #/2002-4

10 18 26 34 42 50 58 66 74 82 90 98 106114122130 138146

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

p IWBS2004 /
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=) Orbit Stability at the SLS SIS

4 )

‘ SR - Stability - Long Term Stability I

e Fitted circumference change over 3 years of SLS operationd) circumferencex 2 mm) as a
function of the fittecbutside temperature(left plot)

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

-0.5 T T T

‘ ‘ ‘ Circumference Change 5 , ‘ , , , ,
01/ 2002 : : of the SLS Storage R|ng A pathlength( tunnel temperature1—224.65 ;Cg +
; ; + .2 MM/°C  m—
0 | | e over 3 Years -
‘ | | 7 //
= 05 01/2003 " e S S T 3 N
£ | ‘ = .t #82 . o .
E : : : : : 07/ 2002 E T ' nn; . H : | ‘ i i
2 101/ 2004 i \; £ N + i ‘ o Rl § e ‘
;é: | \ g 2 y - 1 HHHH ; B #130
g 3 3 3 3 ‘ _Do07/2003 § | s
e L A e S B / D E Pt i
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e Stabilization of theunnel temperature to ~ +0.1°is needed to guarantee sub-micron
movement !
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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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