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This paper isconcernedwvith operational characteristics ofwas used afirst for all lattice-magnet families. This loop
the Advanced.ight Source (ALS) storage ring, synchro- represents the fastest way daohieve well-definedvorking
tron light source of the third generatidhat is capable of points after bringing the magnets dar into saturation as
operating betweerd.0 and1.9 GeV beam energyEven the power supplies would allow, and it establishesibe
though the magnetic properties of its lattice magnets #mg points on the upper hysteresis branches.

peared to be very well understood an anomaly etserved This simple conditioningprocedure workedrery well
with the measuredetatron tunes when the workimqpint  during the initial operation phase, but it sdoecameclear

of any of the three quadrupole families or bemdmagnets that it was not optimal inseveral regards. itth the
was switched from the upper to the lower hysteresis branakiailable 1.5-GeV synchrotron injector, the storage ring
In no case was it then possible rexoverthe standard hor- has to beramped up to reach.9 GeV energy,and this
izontal and vertical tune values simultaneously at any givprocess by definition shifts the magnet working points to
excitation current; either one was considerably off normisle lower hysteresis branches. Furthermore, the requirement
when the other one was set to firepervalue. Thenature to retune at least some of tiggiadrupoles to compensate
of this so-called “tune-split effect” was investigated, and tier tune changes when insertion-devigaps are being
solution to the problem ipresentedhere, together with an varied[2] imply that theconcept ofwell-defined working
outlook on consequences for operational scenarios resulfimints on either one of the hystereksianches nght have

from this effect. to be given up entirely.
1 INTRODUCTION 2 CONDITIONING AND HYSTERESIS
EFFECTS

The ALS electron storage ring [1] designed to operate

betweenl.0 and1.9 GeV beam energy. Its betatron tune®peration of the ALS storage ring requires very presiae
have to be kept constant during operatiathin 5 kHz to  bility and working-point reproducibility for all lattice mag-
maintain the radiation source-points in staplesitions. nets to always maintain the one beam orbit {vatides
This implies that the integrated fields of thend andquad- the customary source point locations to the light-source us-
rupole magnet families, see Fig.Have to be helavithin  ers. Therefore the ALS magnets undergo a specific conditio-
about 0.03%; and therefore these magnets are subjectediing process thadefinestheir history of excitatiorand al-
standardizecconditioning procedurewhich guarantees the ways leads to the same working points, on the dananech
proper fields anominal currentset-points. In thecase of of the hysteresis loops when setting the magnatents to
ALS, a single conditioning loop frormero to maximum nominal values. It is very impractical, however, dioeck
excitationcurrentandthen down tothe nominal set point the effectiveness of the conditioning routine with actual
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Figure 1. ALS storage-ring lattice showing one out of twelve arc sections. HVCM, horiandtadrtical corrector; QF,
focusing quadrupole;QD, defocusing quadrupole)FA, secondfocusing quadrupole; B, bendnagnet; SF, focusing
sextupole; SD,defocusingsextupole. BPM, beam-position monitor. Thend magnets have gradients generating a
defocusing quadrupole. All magnets are open towards the outside of the ring (C-type yakeg) itderceptingsynchro-
tron radiation.
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field measurements. Instead, the horizontal and vetiital 05

atron tune values of the machiaretaken as indicators of x
global magnet-field reproducibility. The relative resolution 0.4 | ominal horizontal —
of tune measurements amounts to 5 kHz or 0.00% 0 (uprewfan"h) /"/H‘;'im”ta” ne
units and corresponds tabout 3x104 relative change in 2 03
the total focusing strength of a quadrupole family. g Y e _

The concept of hysteresis generally would imply that 3 o § [ Vertical tung
for a given magnet there should tveo working points T /) ********* e I R \D\ﬂ*
wherethe integrated fundamental fields aexactly equal, o1 3 1
one point on thdower branch othe hysteresis loop and Nominal vertical | Tune Split Effec N
one on the upper branch, at properly reduced excitation o (upper branch) | \ '§
rent, seeFig. 2. This assumptiodid not hold truehow- ‘300 400 401 402 403 404 405 406 407
ever, when the working points of the ALS lattice-magnets QFA Current [A]

had to be moved from the upper hysteresis branettese
they hadbeen duringhe commissioningand early opera- Figure 3. Tune-splieffect. Measuredfractional betatron
tion phases of the storage ring, to tbever branches in tune values are shown as a function of the QFA excitation
order to allow ramping of the beam energy from 1.5 to 1crrent, after changing the working point from the upper to
GeV. For a variety of reasons such as power supply limitie lower hysteresis branch. The machine reaches the nomi-
tions, time consumption, and unnecessary increaslafé nal vertical tune at significantly higher excitaticarrent
tion losses at higheenergies it istotally unfeasible to than the nominal horizontal tune.
bring the magnets back to the upper hysteresis branches for
a beam energy of 1.9 GeV.
3 QUANTIFICATION OF TUNE-SPLIT
EFFECTS

-
-

Tune spliteffectsoccurredwith all three quadrupole fami-
lies and with thegradientmagnets; to a lesseegree even
with the two sextupole families. To quantify thesféects,
the difference inthe excitation currentsyhere either the
horizontal or the vertical nominal tune is obtainedtalsen
and expressed as a percentagimefmean of both currents.
Linear approximations to theeasured data are used to id-
entify these currents acurately apossible. Results are
given in Table 1.
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Table 1. Tune-split effects found with ALS lattice-magnets.

BL

Magnet| Rel. Tune Splif Core Length Split/Length
: : Type [%] [m] | [%/m]
\,’ T = B 2.35 0.807 2.9

up o Excitation Current

Initial excitation curve QFA 1.38 0.470 2.9

after degaussing QF 0.60 0.318 1.9

Figure 2. Schematic of theffective hysteresis loopdes- QD 0.35 0.168 2.1
cribed when using a unipolar power supply. Two excitation
currentvalues, |, and |,,, respectivelygeneratethe same The data in Table 1 demonstrditet the tune-split ef-
(nominal) integrated field value B,l,, when operating the fect found with quadrupole-type magnets varies monotonic-
magnet on either the lower or the upper hystedasiach. ally, if not quite linearly, with thecorelength of the mag-
The magnitudes of hysteresis-loop width, saturatiffiects net type in question, even when including the bend magnets
at higher currentandcoercive fieldvalue, BL,, are exag- that in essence represent the inner halves ofcuadrupole
gerated in this schematic for illustration purposes. magnets. Thigrendpoints to aresidual-field effect which

would be stronger the more iron-dominated a magnet is.
With any of thequadrupole or gradiemmagnetfami-

lies, the change between hysteresis branches gave rise to an

abnormal behavior of the ringpere termedtune-split e 4 EXPLANATION OF TUNE-SPLIT EFFECTS

fect:” with rising excitation of one of these families one

betatron tune valueould beset to its nominal value at aTune-split measurements performed at one tenth ofuke
certain current, but the other one was still far off, afe&n tomary ramping speed gave identioasults,leading to the

the magneturrentwas raisedsomewhat more theecond exclusion of dynamics hypotheses sucheddy-current ef-
tune reacheits nominal value, but now the first one wagects or enhanced residual magnetization because aufast
significantly off. The tune-splieffect as foundwith the rent reversal. The pertinent clue was then obtained from lo-
QFA family is demonstrated in Fig. 3. cal Hall-probe measurements on two of the four pidees

Maximum power-supply current
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of one QFA magnet with high-resolutiodifferential read- result the betatron tunes changed+#®057 and+0.042 in
out [3]. the horizontaland vertical directions, respectivelyrrom

The magnet was conditioned and lefit standard ex- Fig. 3 onecanreadthat at 403.5 A excitation current, the
citation state on the upper hysteresis branch at nominal dunes are shifted from their nominal values by +0.064 and
rent. After changing theurrent to zercand then back to + 0.048, respectively. A comparison of orbit distortions
nominal, a 15-Ghange inthe differencevalue of the two measuredvhen the QFA family was brought to thmwver
probe readings was recorded. This field differencereadily hysteresis branch with simulated distortions from same
be explained by closer examining the remnant excitationtbEoretical study likewise shows a remarkable agreement.
the magnet back leg [4]. Those flux lines that pass through In the case of the bend magnets, a similar reasoning as
the back leg have quitedifferent total lengthsinside the followed for the quadrupoles,again involving different
iron, depending orwhetherthey connect the outer or thelengths of the flux lines in the return yokiepending on
inner pole pair, as illustrated in Fig. 4. Flux densiisso- where on the pole faces they start and end, leads tcothe
ciated with these two kinds of flux lines are about inversetyusion thateven parallel-faced C-shapedipoles have a
proportional to the line lengthsnd therefore anet mag- considerable quadrupomponent [7]. If thisquadrupole
netization effect results whiotreates a dipolenagnetfield component then has different hysteresis width than the
in the free space between the two uppedthe twolower main dipole component thebservedtune shifts upon
poles. When the magnet is brought from the upper to tlssvitching between hysteredisanches could be readily ex-
lower hysteresis branch the back leg magnetization is splained.
ject to a hysteresisffect aswell, amounting to thel5-G
difference measured.

5 OUTLOOK

After deriving a convincing explanation for th@bserved
tune-split effectsthe first consequencdor operating the
ALS storage-ring was to painstakingly follogstablished
conditioningproceduresor all lattice magnets. Secondly,
because othe ramping option, the working points of all
lattice-magnetswere changed tothe lower hysteresis
branches. As a third consequence, emenute downward
set-point corrections were prohibited.

But one effect cannot be tackled in this way, and that is
the change of vertical betatron tunes caused by variations of
the insertion-devicegap widths. Installation oback-leg
windings on all quadrupole magnets would be the best solu-
tion to this problem. Luckily it is nohecessary to com-
pensate the bend magnets for tune-split effects because they
Figure 4. Cross section of an Algbiadrupole. Ofhe flux Would not take part in a local tune-compensaseheme
lines, only the ones passing through thack leg are anyway.
drawn.

The dipole field resulting from the C-shape of the mag- 6 ACKNOWLEDGMENTS
net yoke,superimposed orthe mainquadrupolefield, is
equivalent to a purgquadrupole fieldvhosecenter ofsym- Thanks are due to Alan Jackson and Klaus Halbach for ma-
metry is shifted horizontally. This is a well-knovieature Ny discussions that contributed to uncovering the roots of
of C-shaped magnets and had been quantified for each oftfietune-split effect. It is also a pleasure to expresgyray
installed ALS quadrupolesduring the original magnetic titude towards thé\LS operators for their help inarrying
measurements [5], leading to individuabsitioning cor- Out the tune measuremerdnd the Hall-probe investiga-
rections for all these magnets. Whutd not beenrecog- tions of the QFA magnet.
nized atthat time was that the magnitude of thetufts
changes ashe magnetsare brought from one hysteresis
branch to the other. 7 REFERENCES
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