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Abstract

One of the major goals for present and future light sources is to achieve
sub-micron orbit stability of the electron beam at the photon beam
source points over a large frequency range. This puts tight constraints
on the design of the various accelerator components including girders,
magnets, power supplies and diagnostic hardware. Fast orbit feedback
systems based on high performance RF- and X-BPMs become essen-
tial to suppress residual orbit distortions. Furthermore, the “top-up”
operation mode which guarantees a constant electron beam current
and thus a constant heat load in 3rd generation light sources is one of
the key ingredients to reach sub-micron stability.
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Abstract with emittancee, by centroid motion resulting ia.,, pro-
jected to the vertical phase space at an aperture located at a

One O.f the major goals .for presgnt ar_uj future ligh ertain distance from the source point. The effect of beam
sources is to achieve sub-micron orbit stability of the elec ,

tron beam at the photon beam source points over a large
frequency range. This puts tight constraints on the design
of the various accelerator components including girders,
magnets, power supplies and diagnostic hardware. Fast or-
bit feedback systems based on high performance RF- and
X-BPMs become essential to suppress residual orbit dis-
tortions. Furthermore, the “top-up” operation mode which
guarantees a constant electron beam current and thus a con-

stant heat load in 3rd generation light sources is one of the . h db . .
key ingredients to reach sub-micron stability. Figure 1: Emittance growth caused by centroid motion [1].

vertical
aperture

instability on flux transmitted through a phase space aper-
BEAM STABILITY REQUIREMENTS ture depends on the time scale of the fluctuation relative
to the detector sampling and data integration times. For
Specific requirements for beam stability for synchrotrofluctuation frequencies much larger than sampling and inte-
radiation experiments vary considerably, depending on tlgration rates, the beam distribution is effectively "sneehr
sensitivity of photon-sample interaction and experimersut”’ in phase space, increasing its area but not introduc-
tal setup to beam parameter fluctuations. This sensitiviipg any new noise. The effective beam emittance is thus
is a function of the beam line component configurationgiven bye.s = €9 + €cm. Centroid motion 0&=30 % of
detector and measurement method, sample characteristits beam size and divergence’ causes only a 10 % in-
and photon beam properties. Nevertheless generic syabilitrease inc.g ignoring possible aliasing effects. Fluctua-
specifications can be estimated from stability criteria fotion frequencies in the range of or less than data integratio
measurement parameters common to a majority of experates are more harmful. In this case, the beam can move
ments (see Table 1). As a result the electron beam motiselative to the aperture on a sample-by-sample or scan-by-
] - ] scan basis, introducing new measurement noiseghs
Table 1: Typical stability requirements for selected mearpresented by the envelope of emittance ellipse displace-
surement parameters common to a majority of experimen§entse s ~ ¢, + 2, /Eoem + €cm [1] @s shown in Fig-

(adapted from [1]) ure 1. Centroid motion of5 % causes a 10 % increase
M easurement parameter Stability requirement in e.¢. Beam motion occurring over periods much longer
Intensity variationA7 /T <0.1 % of normalized than measurement times may have no effect on data qual-
Position and angle accuragy <1 % of beamy ando”’ ity since the bea}m is essentially stable. This is especially
Energy resolutiom\E/ E <0.01 % true if the experiment can be realigned or recalibrated be-
Timing jitter <10 % of criticalt scale| tween measurements. The most demanding beam stabil-
Data acquisition rate ~10-3-10° Hz ity requirements arise for a fluctuation frequency interval
Stability period 10-23)-10° sec approximately bounded at the high end by data sampling

rates and at the low end by data integration and sample scan
has to be stabilized in its 6-dimensional phase space suiimes, so that beam noise is not averaged out. Noise spikes
that the above stability requirements for the photon beawy infrequent jumps that do not contribute significantly to
parameters are met. the RMS noise floor can be harmful for experiments, par-
Experiment sensitivity to electron beam instability caricularly those employing difference measurements.
be characterized in phase space where the photon beam iSince most 3rd generation light sources feature low beta
represented by a spectral flux density distribution (flux pgf=1 m) straights in order to allow for low gapc(lO mm)
unit of photon frequency bandwidth). The beam line anihsertion devices (IDs), and operate at very small emigtanc
experimental sample are represented as a system of apmrupling <1 %) values with horizontal design emittances
tures forming an acceptance volume within this space [2&f just a few nmrad, the requirements compiled in Table 1
If the measurement signal is defined as the total flux withitead to sub-micron tolerances for the vertical positional
the acceptance volume, then measurement noise is caused angular stability of the electron beam at the ID source
by fluctuations of the beam density distribution in this vol-points ¢, <1um, o, <lurad) over a large frequency
ume. Figure 1 depicts the displacement of the photon beaange 10°5-10*®) Hz.



NOISE SOURCES in the orbit PSD measured by an rf beam position monitor

he followi . d . (BPM) (3,=18 m) for the spectral range 1-60 Hz as shown
In the following an attempt is made to categorize impory Figure 3. The integrated vertical RMS motion without

tant noise sources discussed throughout the paper on Oﬁ{bit feedback (red curve) is calculated to 5@.7 um
ferent time scales: . .

The stray fields of the booster which is mounted to the
e Short term (<1 hour): Ground vibration induced by inner wall of the storage ring tunnel are responsible for a
human activities, mechanical devices like compresweak 3 Hz componentin the PSD which is otherwise dom-
sors and cranes or external sources like road traffipated by the contribution of the mains at 50 Hz. The sit-
potentially attenuated by concrete slabs, amplified by 14

girder resonances and spatial frequency dependentor- 12} T=me ‘
1 j

surep

bit responses, ID changes (fast polarization switching
IDs <100 Hz), cooling water circuits, power supply
(PS) noise, electrical stray fields, booster operation,

ampl. [um?]

0.8f ="
0.6}

ampl. [me/Hz]
o

. . 4 ) ‘

slow changes of ID settings. Sources of beam motion i Girder Resonams[
associated with synchrotron oscillations and single- N/ VAt 1 i

and coupled bunch instabilities are not considered [1]. 0 10 20 30 40 50 60

N frequency [Hz]
e Medium term (<1 week): Movement of the vacuum

chamber (or even magnets) due to changes of the sylRigure 3: Vertical orbit PSD and cumulated spectrum with-
chrotron radiation induced heat load especially in desut(red) and with(blue) orbit feedback measured by a BPM
caying beam operation, water cooling, tunnel and ha(l3,=18 m) at the SLS [5].

temperature variations, day/night variations, graV'tal]ation described is typical for modern light sources. Gird-
tional sun/moon earth tide cycle.

e Long term (>1 week): Ground settlement and sea-cr> ar¢ deS|gn_ed to allow grouping and very precisb(t
20 pm) pre-alignment of individual magnets. The over-

sonal effects (temperature, rain fall) resulting in align- ! PP . . :
. - all orbit amplification is reduced since the orbit motion
ment changes of accelerator components mcludlng o
. IS most sensitive to quadrupole-to-quadrupole movement
girders and magnets. o R
which is strongly suppressed by the rigid girder assembly.
SHORT TERM STABILITY In case of SOLEIL [6] the orbiF amplifica_tion factors are
reduced from 30(10) to 16(3) in the horizontal (vertical)
Figure 2 depicts the vertical power spectral densitieglane. Nevertheless mechanical resonances of the girder ar
(PSDs) simultaneously measured on the 40 cm thick corangement can significantly amplify ground motion which
crete slab and a girder mounted quadrupole at the SliSespecially dangerous at low frequencie2Q Hz) where
for the spectral range 1-55 Hz. The relatively quiet noisehe excitation through the ground and the slab tends to be
, large. At the SOLEIL site a pronounced 2.5 Hz compo-
> fEclabion  girder response nent with an amplitude 0&300 nm was measured. It
216z could be partially traced back to heavy trucks on the nearby
goTE| 2TTHe roads featuring suspension resonance frequencies close to
2.5 Hz. Figure 4 depicts the present SOLEIL girder as-

Quadrupole
50.5 Hz:
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Figure 2: Vertical PSDs simultaneously measured on the :
slab and a girder mounted quadrupole atthe SLS [3].  Figure 4: Example of a SOLEIL girder assembly.

floor on the slab with an integrated amplitude=e?0 nm Quadrupoles,_sextupoles and BP.MS. are ri_gidly mqunted on
for frequencies>4 Hz gets significantly amplified~(10 girders. Bending magnets are bridging adjacent girders [6]
times) by magnet girder resonances in the range from 15embly. Quadrupoles, sextupoles and BPMs are rigidly
50 Hz. On the other hand a pronounced peak at 12.4 Hmounted on girders, while bending magnets are bridging
induced by a nearby helium-refrigerator is not amplifiecdjacent girders. Careful design involving an additional
by the girder [3]. Furthermore the orbit motion is notcentral jack allowed to push the first dangerous eigenmodes
particularly excited by planar waves at spatial frequescieof the assembly to frequenciesA0 Hz. Remotely con-
<15 Hz. At higher frequencies horizontal (vertical) orbittrolled girder movers which give the option to perform
response factors of 8(5) at 30 Hz and 25(5) at 60 Hz hav@am-based girder alignment as in the SLS case [7, 8] are
been estimated [4] amplifying especially the girder resoaot foreseen. This suggests that a proper mechanical de-
nances. Consequently these resonances are clearly visibign can assure short term orbit stability on the micron or



even sub-micron level. Thus the operation of the installeghatrix is non-square and the solution is no longer unique.
IDs becomes the dominant contribution to the short terrA very flexible way to handle these scenarios is offered
noise. Since most of the disturbances are of systematiy the SVD algorithm [11]. This numerically very robust

nature and therefore reproducible, feed-forward comecti method minimizes the RMS orbit and the proposed RMS
tables can help to minimize the perturbation. Nevertheles®rrector strength changes at the same time if the num-
the remaining noise is significant and needs to be attenber of correctors is larger than the number of BPMs whilst
ated by orbit feedback systems featuring large correctidhe RMS orbit is minimized in the reverse case. By intro-

bandwidths>100 Hz. ducing cutoffs in the eigenvalue spectrum for small eigen-
. values only the most effective corrector combinations are
Orbit Feedbacks selected and the correction gets less sensitive to BPM er-

Orbit feedbacks can be divided in two classes: rors [12]. Thus this technique makes “Most Effective Cor-

rector” and “MICADOQ” like long range correction schemes
» Global feedbacks compensate for perturbations gen-syperfluous. Since modern light sources are built with very
erated by all IDs based on global orbit and/or photogight alignment tolerances and BPMs are well calibrated
beam positions by means of global correction. with respect to adjacent quadrupoles, orbit correction by
e Local feedbacks compensate for perturbations genmatrix inversion in thenxn case which is equivalent to
erated by individual IDs based on local orbit and/ogn svpD employing all eigenvalues has become an option
photon beam positions by means of local correctiogjnce the resulting RMS corrector strength is still moderat
in the vicinity of the IDs. (typically ~100urad), BPMs are reliable and their noise is

In both cases a certain global reference orbit often refierréMall (N0 BPM averaging is performed which is similar to
to as the “golden orbit” needs to be established. Preferabfy/ocal feedback scenario). This allows to establish any de-
this orbit is going through the centers of quadrupoles angjred “golden orbit” within the_I|m|tat|ons of the avalla_bl
sextupoles in order to minimize optics distortions whiciforrector strength and the residual corrector/BPM noise.
lead to spurious vertical dispersion and betatron coupling For the horizontal orbit correction it is crucial to take
and thus an increased emittance coupling. Usually soniigto account path-length effects due to circumference or rf
extra steering in the vicinity of the IDs is added. In ordefrequency changes by correcting the corresponding disper-
to find this orbit “beam-based calibration” techniques [9Bion orbits by means of the rf frequency. A gradual build-
need to be employed which determine the offset of thep of a dispersion related corrector pattern with a nonzero
BPM zero reading with respect to the magnetic center ¢hean must be avoided since this leads together with an rf
the adjacent quadrupole. This offset is determined by afrfequency change to a corrected orbit at a different beam
tering the focusing: + Ak of individual quadrupoles and energy. Thus itis desirable to subtract the pattern from the
measuring the resulting RMS orbit change which is detefctual corrector settings before orbit correction in ortder
mined by the product of the knowhk and the initial orbit remove this ambiguity.
excursion at the location of the modulated quadrupole. A In order to implement a global orbit feedback based on
comparison with the corresponding reading of the adjacettie described algorithm which stabilizes the electron beam
BPM reveals the offset. Even for well aligned machinesvith respect to the established “golden orbit” up to frequen
these offsets can be of the order of a few 100 [10] cies~100 Hz BPM data acquisition rates of at least-
since they represent a convolution of mechanical and eleg-kHz are needed. If sub-micron in-loop orbit stability is
tronical properties of the BPMs. As a result the remainingequired the integrated noise contribution from the BPM
DC RMS corrector strength is usually significantly reduce@lectronics must not exceed a few hundred nanometers
when correcting to the “golden orbit”. which is achieved with modern digital four channel (paral-
The correlation between correctors and BPMs is estakel) BPM [13] as well as analog multiplexed systems [14].
lished by superimposing the BPM pattern for the excitatioi fast network needs to be established which distributes the
of every single corrector. Very often the horizontal andicquired BPM data around the ring or to a central point in
vertical plane are treated independently assuming a smalider to be able to determine the individual correction val-
betatron coupling. The coefficients of the two resultingies which in general depend on all BPM readings. Since
correlation matrices also called response matrices can thee necessary matrix multiplications with the BPM vec-
derived analytically from the machine model or from ortor can be parallelized a distribution on several CPU units
bit measurements. To turn this into a correction algorithrhandling groups of correctors is a natural solution. Furthe
it is necessary to “invert” the matrices in order to get thenore the “inverted” matrix can be sparse depending on the
corrector pattern as a function of a given BPM pattern. IBPM/corrector layout such that most of the off-diagonal
the correlation matrix is a squarexn matrix and has:  coefficients are zero. In these cases only a small subset of
independent eigenvectors and is not ill-conditioned this iall BPM readings in the vicinity of the individual correcsor
easy to accomplish and one gets a unique solution for tlietermines their correction values. At the SLS where all
problem by matrix inversion. In reality the number of cor-72 BPMs have adjacent correctors in both planes and the
rectors and BPMs can be already different by design or dyghase advance between correctors: i8¢ the structure
to BPM failures and magnet saturations. As a result thef the inverted 72x72 matrix resembles a correction with



interleaved closed orbit bumps made up from three succegmable 2:

Compilation

of operational global,
sive correctors [15]. The feedback loop is usually closed byroposed globaland operational local fast orbit feed-

means of a PID controller function optimizing gain, bandback systems at light sources (adapted from [19])

width and stability of the loop (see Figure 5). Notch filters

J , k SR Facility BPM Type | max.BW | Stability
allow to add additional “harmonic suppression” [16, 17] 0 ALS RE-BPMs <50 Hz <1pm
particularly strong lines in the noise spectrum. The effe¢t y pg RE&X-BPMs 50 Hz <1um

o - ESRF RF-BPMs | 100Hz | <0.6um
I SN o |8 NSLS RF&X-BPMs | <200Hz | 1.5um
.10} {o2]%5 SLS RF&X-BPMs | 100Hz | <0.3um
2-20f 11057 Super-ACO RF-BPMs | <150Hz | <5um
g0 e o | 2|8 BESSY RF-BPMs | <100Hz | <1um
T ] DELTA RF-BPMs | <150Hz | <2pum

10° 0 equency (Ha 10° DIAMOND RF-BPMs 150Hz | 0.2um
SOLEIL RF-BPMs 150Hz | 0.2um

Figure 5: Fast orbit feedback closed loop transfer funstion SPEAR3 RF-BPMs 100Hz | <3pum
in the horizontal (blue) and vertical (red) plane at the SLS. SPring-8 RF-BPMs 100 Hz <lpm
Damping is achieved up t8100 Hz [5]. APS X-BPMs 50 Hz <1 pm
BESSY X-BPMs 50 Hz <1 pum

of the minimum applicable correction strength which is de- L ETTRA RF-BPMs 80 Hz 0.2um

fined by the PS resolution for a given current range must Daen APPLE 11 ID [23]. ELETTRA implemented a feedback

within the BPM noise and is typically of the ordefl0 nrad for an electromagnetic elliptical wiggler (EEW) based on a
corresponding te=18 bit (=4 ppm) resolution for a PS with new type of digital “low gap” BPM [16]. If several global

+1 mrad maximum s.trength. Modem PS Wlth. d.lg'tal COM S nd/or local feedbacks are operated they need to be decou-
trol have reached noise figures-afl. ppm providing kHz

: : . L led. Either they are well separated in frequency which
small-signal bandwidth [18] which opens the possibility td. . X .
use theqsame corrector[s f(}r DC ang fast corfection. édgwdently leads to correction dead bands [20] or they run in

currents induced in the vacuum chamber should not signi\él%lcasc"’ujlEd master-slave configuration [28, 20, 14, 5].

cantly attenuate or change the phase of the effective correc
tor field up to the data acquisition rate. Since eddy currentévI EDIUM AND LONG TERM STABILITY

are proportional to the thickness and electrical condigtiv | this regime high mechanical stability is needed to

of materials, only thin laminations{(l mm thickness) or 5chieve stability on the sub-micron level:
air coils should be used for correctors and low conductive

materials preferred for vacuum chambers. Eddy currents in
vacuum chambers usually impose the most critical band-
width limitation on the feedback loop. Global fast orbit
feedbacks are operational or have been proposed for a larg€
number of light sources, see Table 2. ALS [14], APS [20],
ESRF [21], NSLS [17], SLS [5] and Super-ACO [22] (op- *
erated<12/03) have running configurations in user opera-
tion. BESSY [23], DELTA [24], SPEARS3 [25] and SPring-

8 [26] have proposals, some of them [24, 26] test setups.
The upcoming machines DIAMOND [27] and SOLEIL[6] °
have proposals for fast global orbit feedbacks. Local fast ®
orbit feedbacks (see Table 2) stabilize orbit position and
angle at ID centers locally without effecting the orbit else“Top-up” operation guarantees a constant electron beam
where which is accomplished by a superposition of symeurrent and thus a constant heat load on all accelerator
metric and asymmetric closed orbit bumps consisting afomponents. It also removes the current dependence of
>4 correctors per plane around the ID. Photon BPMs (XBPM readings under the condition that the bunch pattern
BPMs) which are located in the beam line frontends meas kept constant [5]. Figure 6 depicts the horizontal me-
suring photon beam positions provide very precise inforchanical offset of a BPM located in an arc of the SLS stor-
mation about orbit fluctuations at the ID source point at age ring with respect to the adjacent quadrupole in the case
typical bandwidth ok2 kHz. With two X-BPMs position of beam accumulation, “top-up” and decaying beam oper-
and angle fluctuations can be disentangled. Unfortunatedyion at 2.4 GeV. During accumulation and decaying beam
the reading depends on the photon beam profile and thus operation BPM movements of up to/&m are observed.

the individual ID settings. APS is operating X-BPM basedrhe position does not change during “top-up” operation at
feedbacks on their dipole and ID X-BPMs at fixed gap [20]200 mA after the thermal equilibrium is reached1(5 h).
BESSY has the prototype for an X-BPM based feedback ofPS [29], SLS [30] and very recently SPring-8 [31] are

e Stabilization of tunnel, cooling water temperature and
digital BPM electronics [5] tex +0.1°and the exper-
imental hall tor~~ +1.0°.

Minimization of thermal gradients by discrete photon
absorbers and water-cooled vacuum chambers.
Mechanical decoupling of BPMs with bellows, stiff
BPM supports with low temperature coefficients (In-
var [6], Carbon Fiber [16]) and/or monitoring of BPM
positions [13].

Monitoring of girder positions [7].

Full energy injection and stabilization of the beam
current to~0.1 % (“top-up” operation).
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Figure 6: Horizontal mechanical offset of a BPM located i
an arc of the SLS storage ring with respect to the adjacent

guadrupole in the case of beam accumulation, “top-up”
decaying beam operation [30].

9]
(10]

(11]
(12]
(13]

14]

)

running “top-up” as preferred mode during user operation16]
It is a difficult task to guarantee sub-micron long-term sta-
bility. But since beam lines can be realigned or recalilarate
between measurements campaigns which require short and
medium term sub-micron stability this seems acceptable.[17]

CONCLUSIONS

(18]

It has been shown that short and medium term sub-
micron orbit stability can be achieved in 3rd generatiomg]
light sources. Fast orbit feedback systems and “top-up”
operation are key ingredients to reach this level of stghbili [20]
The stability of beam line components apart from X-BPMs
has not been discussed. But it is evident that the aChieVEﬂ
stability needs to be maintained throughout the beam line.
To this end fast feedbacks on monochromators and other

optical components have the potential to improve the
bility of the beam line optics considerably [23].
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