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Abstract Magnet strengths are commonly expressed utsarg-
fer functions,
The primary purpose of the magnetic measuremperts
formed on the ALS storage-ring lattice-magnets was to as- F=Txl @
certain their compliancevith the strict tolerances estab- . .
lished for this third-generation synchrotriight source. In Where F is the integrated fundamental strength [FBy dz
the course ofthe dataevaluation, a novel approximationfor a dipole,F = [ (B/r) dzfor a quadrupoleetc.; T the
method has been developed that leads to four-pararepter transfer function valugassumed to beonstant);and | the
resentations of all magnet transfer-functioasd includes excitation current. This representation, however, is too
saturation and residual field effects. These transfer functigisple to take into account seemingly miredfects which
were used to change the standard working point of the Ak& quite relevant for third-generation light-sources wéth
storage ring at 1.5-GeV beam energy from the upper to #teve strengthtolerances of 18 andbelow. Therefore a
lower hysteresis branches, and later to ramp theaimgggy more complicatedclass of functions wadeveloped in the
from 1.5 GeV to the maximum design value of GV in course ofthis work to represent rmgnet strengthsinder
one uninterrupted process that did not requireialgymedi- varying excitation conditions. The essentia@batures of
ate tune correction. Likewis@redictedmagnet setvalues these new magnatansferfunctionsarethat they allow to
for 1.0-GeV conditions were applied and very clodetyto distinguishbetweenthe two hysteresis brancheme con-
the standard betatron tunes. stant at low excitation values; are free of turning points ov-
er their entire rangegccurately represetihe measured sat-
uration effects;and donot fall off too steeplybeyond the
1 INTRODUCTION highest measured excitation-current value. It is worthwhile
noting that simple polynomial approximations do fdt
This paper isconcernedwith characterizingthe integrated fil most of these conditions. On the othaand, even the
fundamental strengths of the ALS [1] lattice magnets in thest transfer function expressiostdl requirethe magnets
form of analytical expression3here aresix families of to be be given avell-definedhistory of excitation that un-
ALS lattice magnets, i.ebend magnets with substantial ambiguously defines a working point on either the upper or
gradient producing a defocusinguadrupole component; the lower hysteresis branch.
threefamilies of quadrupolesproper; and two families of
sextupoles. During the storage-ring construction-phase, the
relative spread of fundamentstrengths withineach of the 2 ELEMENTS OF TRANSFER FUNCTIONS
six families was thgarameter bywhich the placement of
individual magnets along the ring was to fuelged; con- In deriving magnet transféunctions from reasured data,
veniently thespreads turnedut to be low enough for all one can distinguishthree zones of the excitatiocurve,
threequadrupolefamilies and the bend magnets to allow F(l), dependent on whether 1), residual field effects are dom-
arbitrary positioning, but the two sextupole families reinant, 2), the excitatioourve islinear, and 3), saturation
quired insertion of customized currenshunts tonarrow effects begin to show, see Fig. 1. In thaperthe expres-
their spread. sion hysteresis is being used rather loosely because none of
To ascertainthe fundamentalstrengths,and also to the magnets has ever been brought to full saturation and the
obtain reasonablenterpolation valuedbetweenthe meas- magnetization direction was never reversed for anthein.
ured excitation points for energy ramping purposes, the ofihe maximum excitationcurrents applied during the
ginal magnetic measuremedata which showed relative magnet measurement activities, howewegre nearly equal
errors in theorder of2x103 had to besmoothedFurther- to the ones that are now beiagplied inday-to-day condi-
more, the ever present drive to pushaanelerator's perfor- tioning after their installation in the storage riniherefore
mance beyond the original design limits led to ¢juestion the measured excitation curves canrdgarded asruly rep-
how the strengths of the lattice magnetsild be extrapol- resentative of the actual magnet operation conditions, and
ated beyondthe highest excitation conditions dar ex- we use the term hysteresis loop for the twanches of the
plored, representing an electron beam energ$.8fGeV. excitation curve that are followed when running tuerent
Analytical approximationsare very convenient forboth between zero, the power-supply imposedit, and back
purposes, but the important problem is which type of funagain to zero.
tions to use for the approximations @nder tobestrepres-
ent the magnet properties.
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2.1 Residual field effects the standard deviation for all available, reduced measurement
points. The actual values fofEand C are onlyneeded for

The basic assumption about residfield effectsmadehere determination of the constant part of thansferfunction,

is that the twobranches othe hysteresigurve are linear T;,.- once this term is known the sign gfi$ the onepara-

and parallel to each other at low currents. A look attite  aier that allows to distinguish between upped lower

responding diagranig. 1, suggests that in thisase We panch ofthe hysteresis curve. For the ALS latticeg-

can unify the two branches into opervethat starts at the nets, the optimization was performed empirically on spread-

origin if we substitute the actual excitatioarrent Iwith  opaats at first determining individubest values of s

! _ o ; ,

an effect!ve currentely = | + I where |, the COCTCIVE " and C for all magnets of one family following a stritan-

current, is subtracted to represerthe lower hysteresis c%zrird-deviatiomptimization andthen again, trying tckeep

branch and added for the upper branch. Equ. (1) then readgg jngividual values close to theveragesor the entire fa-

B . mily while allowing thestandarddeviations toslightly ex-
Fu = Tx (I lo). (@ ceed the absolute minimum values.

where the indices u and | stand for uppedlower branch.

In the following formulae, these two indices are left out fgr 2 Saturation effects

the sake of simplicity, and the distinctibetweenthe two

branches is implied by thesign only. ALS lattice magnets typically show faw percent satura-
tion at excitationgorresponding to 1.9-GeV beam energy,

i and this drop is significant in view of theleranceband of
1073 relative strength for each magnet type. To represent sa-
turation, Equ. (2) is modified by introducing a denominator,

\

- Tlin (I * Ic) (4)

A
NED

and now contains foysarameters in addition tthe excita-
tion current | as independenariable. Theformer transfer
function T is now called f, to emphasize¢hat in terms of

Equ. (1) it represents the linear part of the excitatiawe
only.

The evaluation of all fiveransferfunction parameters
(including the damping factor C) for every individual mag-
Actual hysteresis, lower branch _ netis performed in iterations, optimizingsidual field and
/ | Excitation Carrent - saturation effects iseparatdoops. After preliminary para-

F, Integrated Fundamental Strength

Maximum power supply current

meters foreachmember of one magnet familgre estab-
lished the exponent A and the dampjragameter C are av-

. h ic ofah - ith eragedfor the entire family,and new iterationsare per-
Figure 1. Schematic of a ysteresis loop with magned- e for eachmagnet tofind the definitive values of the
surementdata, kmeas (open circles). Residudield and iher parameters.

saturation effects are exaggerated in this illustration.

In the case of the ALS, the original ten excitation mea- 3 ACTUAL TRANSFER FUNCTIONS
surementdiadbeen taken aftecompleting three unipolar
conditioning loops withcurrentsettings rising fronzero, An example of acalculated transfefunction is given in
see Fig. 1; and thifact makes it morecomplicated toder-  Fig. 2. In addition to théransferfunction calculatedaccor-
ive a value for theoercive currentvithout direct measure- ding to the formalisndeveloped inthe precedingsection,
ment, even more sobecausethe residual fundamental the figure displays &raw transfer function” obtained by
strength, Fes Was notrecordedeither. The wayfollowed simply dividing measured integrated fundamersaiengths
hereconsists in extrapolating the linear part of theas- py the excitation currents, withowgardfor residualfield
ured excitationcurve back to zertstrength,therebydeter- effects. The low-current part of this curve (broken ||rup.
mining -lc and Res and then reducing all data points resents the transition from the upper to the lower hysteresis
Fi.meas in a graded manner: branches.
A list of the averagedtalculated transfefunction para-
Fired = Fimeas— 2 Fes/ exp {li/ (C Ic)} [1=<i<10] (3) meters in terms of Equ. (4), akerivedfrom the original
measurements [2] for the ALS lattice magnets, is given in
The constant C in the exponential damping term drable 1. Note that all entries in the third coluame given
the right hand side of Equ. (3) is found by empirical optinas integrated flux density values, in units of [ T mivjded
ization, iterating the evaluations gfdnd Fegto minimize by the excitation current in [ A ] and by a nominal radius of
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0.03 m elevated to the (nfApower, where n = 1 refers to a7x104 for the QF or QD families, respectively, if the total
dipole, n = 2 to a quadrupole, and n = 3 to a sextupole. error were ascribed tone of these families only. With the
generated rampintables, the ALSstorage-ring energy can

0.282 now be changed from 1.5to 1.9 GeV in 64 seconds, with-
out any appreciable loss in beam current.
\ For operation at 1.GeV ramping is unnecessary, and
0278 - one series of set values has been computed using the entries
in Table 1. To fullyrecoverthe customary workingoint
at this energy after the calculated magnet current values had

0.280 !

0.276 !

Reduced

—% —+ been applied, only the QF magnet-family set-currents had
15 |y \< to be raised by 0.24%; for all other magnets ¢hleulated
N '\\ values could be used unchanged.
0.270 = < The success in predictirgprrectset values for allat-
0.268 Raly NN\ tice-magnet families under a variety of conditions confirms
~ the validity of the approachdevelopedhere. Thereader
0.266 - o T e o e o shOL_JId be quned, howe_ver, t_hat the expression fosdhe
Excitation Current [A] uration term in Equ. (4) is valid only as long as saéura-
tion current, J, is muchlargerthan the highesapplied ac-
tual excitation current,,. This is the case for all magnets
discussed in this paper.

0.274

0.272

Transfer Function [T/Am]

Figure 2.Transferfunction for sextupole #10bold line,
evaluated interms of Equ. (4); the full symbolepresent

five series of measuremerdfter datareduction. The open os

symbols represent one of these sebefore reductioncal-
culated by dividinghe measured fundamentsirengths by
the corresponding excitation currents according to Equ. (1). o4
Table 1.
Transfer-Function Parameters for the ALS Lattice Magnets§ 0.3 f-:- horizontal. ...t b b e
% = l "“HH—.__H_“_H,.,_HI
Type [ n Tin Ie A ls |
[T A-l m2-r‘1 [ A ] [ A ] * T vertical wﬁlﬁ;ﬂ:ﬁﬁ;ﬂ
B 1 0.001312 3 5.73 1739
QFA | 2 0.01722 256| 3.1 2250 o
QF 2 0.05292 0.661 2.8 604
(82[; é 06022784725 g;é# gi 15223 0'(1.50 155 160 1.65 170 1.E75 1.80 1.85  1.90
. . . Beam Energy [GeV]
SD 3 0.2744 2.844 2.4 1542

Figure 3. Fractional betatron tunes measured while ramping

the storage ringnergywith precalculatednagnet setval-

4 APPLICATION OEF TRANSEER FUNCTIONS ues. The fullstandardune values at 1.%5eV are 14.282
(horizontal)and8.192 (vertical), respectively, dsdicated

The list oftransfer function coefficients afll lattice-mag- PY the straight, broken lines.

net families underwent a first critical test when the working

points had to be moved from the upper hysteresiach to

the lower one, in view of futurenergyramping. Ramping

of the storage ring magnets rigcessary foall energy lev- . . . .

els significa%tly a%ovegl.fsev becaugmis is theg)ésign R. Alvis Qeserves credit and thanks for diligently processing

energy-limit of the booster synchrotron that injebsam and plotting the magnetataover andover before the final

into the storage ring. The working-point conversion on thgSults as presented here were achieved. Traml@so due

base of the predicted set values wemiothly and required to K. Halbach and A. Jackson for many helpful discussions

only very minor corrections to recover thndarcbetatron nd to F. 1azzourene, ELETTRA Trieste, for reviewing the
tune values. employed algorithms and pointing out an inconsistency.

To actually ramp the storage rimgergyfrom 1.5 to
1.9 GeV a finely-spacedable of set values (128 steps
corresponding to 3 MeV energy increase each) was comput-
e,d' For every S?ep, Equ. (4) was _mv,erted withegula fal- 41] "1-2 GeV Synchrotron Radiation Source, Conceptual Design Re-
si” method to findthe proper excitation-current set-values, ~ port,” LBL Pub. 5172 Rev., LBL Berkeley, 1986.
separately for each magnet family. The variations of the Ihg- Measurements performed at LBL Berkeley under the guidance of

. . . J. Tanabe, D. Nelson, and M. I. Green, 1991.
tatron tunes thabccurreddurmg the ramping [3]N|thOUt [3] The code for the control-system application that executed the

applying any cqrrectionare displayeq irFig. 3; theycor- ramping table was written by H. Nishimura, LBNL Berkeley,
respond to maximum transfer functierrors of 104 and unpublished work (1995).
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