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SOME PECULIARITIES OF MAGNETIC FIELD BEHAVIOR IN DUAL BORE
MAGNETS
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In this brief report we described the field interference in dual bore focusing magnets.

Introduction
® For CESR next stage upgrades the dual rges with superconducting coiere proposed [1Each
of theselenses is a combination ®&vo quadrupole magnets that share faene iron yoke. Distance
between axes required aboutr@th Dual bore superconductimgultipole (sextupole, skew quadrupole or
octupole and dipole) magnets supposed tonbtalled in series withhese quads in theamecryostat.
The field quality required for quadrupole lens is about
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® For this highfield quality required, however, the pathay of the magetic field lines inthe ironyoke

influence tothe field quality inthe lensaperture.Really,one can see that the patitegral formagnetic

field vector over closed loop around the current can be split inwo parts(in practical units Gs, cm,
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where B, (X) is the field across the apertu,is a gradientG =
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F|t(r*)| IRON — I-Tt(F)| ar» Whereindices nand t stand for normal and tangential to the iron components of
the vector, so one can obtain
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For quadrupole field this yields
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where Ry stands for the radius of inscribed circje,is theeffective magnetic permeability alotige line in

iron. We would like to havéhe second term in the bracketssasall aspossible. In typical magnet,
however, L., =R, , so from (4) yields even for relatively high magnetic permeabilify 251000
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or noticeable change of gradient with chandipgy . Situation becomesnuchworse,whenthe ironyoke
becomesaturated. This effect, howevedoes noinfluence tothe symmetryof problem ifthelens is a
single aperture one. One cémm the poles insymmetrical way toadjust the field. For naeling the
problem calculation within 45is enough for mostly cases.



Cross interference of the fields

® When dualbore lenses sharethe same yoke and placed closee to another, some magic lines
travel around both centers, Fig.1. So in the presenceemhboring lens, magnetic lindsse its
guadrupole symmetry in the yoland, hence iall lens. Now not only quadrupole-associatdghrmonics
allowed. Dipole and sextupole componeatg the strongest amorajlowed now. The same happens,
sequentially, for the whole lens.

® So one needs thaveability for effective compensation of this effect. Thmechanisrmeeds to be
simple and effective. The lenses, wh#re polesand the coils actingtogetherfor the field generation
were chosetiinally for the next stage of CESR upgrade [Phis type oflenswas suggested in [3]. The
superconducting coils are a racetrack type of single layer windings.

® We will consider asymmetricalase, wherthe gradients in botheighboring lenses havtke samesign
andabout thesame value. This means thhe neighboringcurrents on theides ofthe septum &ve the
same value and there is no, hence, vertical component of magnetic induction in the iron septum.

® The shortestvays havehe lines that tavel around currents in the center of kwes. Example of such
behavior is clearly seen in Fig. 1.
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Fig. 1. The magnetitines of dual bore lens. Windingsare singlelayer racetrack likecoils,
which are thin in the drawing scal@hey occupythe whole straight sections. The
gradients in botlhenses havéhe same sign. The distance between quadrupole axes is
79mm Yoke septum is &/am Printout from MERMAID [4].

Here in Fig. 1 theexample withsuperconducting coils iepresented. Theimilar behavior, however, has

any dualboresymmetrical lense©ne can also see from Fig. 1, tiia linesspaced at theame distance

from the center of each quadave differentpath lengths irthe material of yokeSo, as wementioned

above, the quadrupoymmetry isbroken hereThis effectyields asextupole(and so on) component of

the field at the center of each quadrupole.

® How big is this sextupole and how to compensate it? To estimate the sextupole value one can compare
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thedifference inthe path for central arglde lines, vaat isapproximately equal tthe height a of vertical
side.

1
So the difference in field values will leB = GR, E% = %‘ and sextupole
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where we supposed that= R,. At the distancex= R, relative field variation will be
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Substitute hereagain 1 =1000 one can estimatelative variation as 2B I6 what affectsthe field
quality required.

® To compensate this effect, some appropmate-symmetrical deformation ¢iie poles required. Let us
consider sextupole component. The pptefile could be found from expressidor complex potential
which must be constant on the pole surface, [3]

Re{(-i)[G 2’ + SIZ] = Const (8)

whereG andS stand for quadrupole and sextupotesfficients correspondinglyz = x + iy, i* = -1, x and
y are Cartesian coordinates, Fig.1. The dagiression (8) yields the formula for the pole profile as

S
2xy+5Eﬂy3—3x2y)= R, (9)

whereR, stands for the radius of inscribed circle. At the vertical level equal to the radius of afprture
y = Ry the equation (9) becomes

zx+§cqpe§—3x2)=ie,, (10)

and relative deviation of the pole from hyperbol¥Y2= R could be estimated as
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where B(sext) and B(grad) stand for the sextupole and quadrupfiédd amplitude onthe radiusR*

correspondingly. If we require that the raB¢sex) / B grad=5010" at the radiuR = 27mm then for

the radius of inscribed circle d®, = 35mm, controlled deformation of the pole profile must be of the order

3 5 : .
6=§5ELU4EI§—7[35: 00085mm, or 8.5 micrometers at the vertical level y = R,. The same

considerations could be applied to the radial dispositiom.
® We can alsdreat theconsideration represented above in a different Wamely, if we fix, that the
accuracy of thdield required is of the@rder B(sex) / B grad =5[10*, then the accuracy ¢brication

must bed = 85010 mmfor the point aroung = R,. One can see, that if wixed the sextupoldield
variations on the radiu® and we would like to know what is tkeviation ofthe profile allowed at bigger
radius, then we can scdlee absolutaleviationd = x— X quadratically with the radius increaseThis
example gives an idea for the accuracy of fabrication required.

! RadiusR, where the fields arising from different harmonics are compared, called normalization radius.
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® So one can see that tpeofile is rather complicated. Isimplestcase, however, when hyperbola is
approximated by an arc of constant radius, the arc radius déftlaad right poles could be madightly
different keeping the vertex of the arcs in the same place.

® One can see also, that sextupol@as theonly multipole allowed bybroken quadrupolsymmetry.
From theotherside, for thdens described [3], if it is far from neighboring letisg field quality could be
obtaineddeal (confirmed by computer calculations down to numerical noise of the computer, wii#x is 5
®) in all cross-section of thiens. So we chose a differempproach to th@roblem solutionNamely we
keep the radiuses all polesthe samgbut different from optimal, obtained, whehe lens is farapart
from neighboring one.

* Below we represent the graphsatisolutedeviation of the field for different pole radfus
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Fig. 2. Calculated field deviation (kG) from linear behavior for different pole radius.

The snallest deviation from linear law indicatéise lens withthe pole radius of 37.4Bim Maximum
deviation 0f0.15Gaussoccurs at distanc225cm Magneticfield value, associated withure quadrupole
having gradientG = 1075kG/ cm (for this particular radius and fork&Vcaoll) is 2.4187kG . So,relative

deviation in this point is .015 2418% . 62 “10Namely this radius was chosen for manufacturing.

® The lens was fabricated and tested. Results of measurements are represented in Fig. 3.
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Fig. 4. Measured relative field deviation in one of the dual bore aperture.

2 We would like to mention that absolute value of gradient is also slightly different in each case.
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The graph plotted is a reconstruction of a veston of different harmonics measured in assembled dual
bore magnét

LHC example
® In muchmoredifficult situation were designers of LHC dumdre quad (and dipole). As the exaoil
dimensionsare notavailable, we can makenly some general remarks in this case, see Fig. 3toMe
dimensions from the publication [5]
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Fig. 3. LHC duabore quadrupoléens. ¥ othelens isshown. Diameter of theiner space
is 56 mm Outerdiameter of theoils is110 mm Outerdiameter of theollar is 172
mm This fraction is enougfor correctcalculations. Indeed, calculatiorwithin 45
or 9C is not enough for the correct answer.

® One can see that the symmetry is broken here also. We considered the case with equal gradients in bo
apertures. The case with opposite gradienesvésn moredifficult from the point of perfecfield
generation. We suggested current-turns in a single cbhigasas150kA. In Fig. 4 there is represented a
difference between calculated gradient for the model, represented in full Fig. 3 and the model limifed by 90
line in Fig. 3. Roughness on the cumsplained bythe mesh size chosedor modeling. One can sekat

the difference is bigger &he center of théens. This has a natural explanation in fact thatinfluence of

the iron becomes more significant for magnetic lines, what is closer to the center of the lens, see Fig. 3.

* The gradient line behavior as a function of transverse positimidés bettefor 90° modef. Typically,

this variation is keepingero on Fig. 4 down to center of thens. At big displacementhie gradient
behavior defined mostly by the coils, $ere is ndig difference irgradient behavior at distance's/3 of

full aperture.

* As the gradient is about 11k&/cm) therelative variation imbout 0068 114 50 18. Of causehis

value can be sdy compensated by slight motion of left up coil in azimuth directoanter-
clockwise and left lower coil clock wise.

% Measurements were carried out in a standard cryostat. argcoil was rotated inside the space arranged with two

coaxial stainless steel tubes going through the magnet. Tubes in between were vacuumed and wrapped with superinsulation,
see [2].

4 Which might be out of date, of case. This may slightly affect the absolute value of effect.

® As one can expect.
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® One can see, that this is, basically, the same problem what is present in our lens.
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Fig. 4. The difference in absolute gradiefmtsdifferent modelingareas for dual bore
LHC lens as a function of radiglbsition. Full gradient is about 11k&/cm
For 90 model there is no absolute gradient deviations at the center.

Conclusion
® The nonlinarities arisen from broken quadrupole symmetry into iron can be taken into acquamicy
choice of problem for modeling. The level of nonlinarities required (1) yields a strong dependeide of
on magnetic properties of the yoke material.
* We alsotook into consideration the magnetization of timen® (not described herejrising from
circulating current.
® The same ideas weapplied toothermultipole elements (such asxtupole, skew quadrupole, octupole
and dipole corrector) of the ring.
® Serially installedquads and sextupoles in each module ahlsy give the way for adjustment the
resulting field quality for all unit.
® Howeverthis isthe only smallpartamong peculiarities of dubbre magnets. Mostlgtronginterference
occurs at the magnet edge. Solutiorthe problem in application tthe dual bore magnetlesigned was
found, proved experimentally and will be described in other place.
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® The current 3A, circulating in the ring generates the field in the i@ A}/ 2Q cni [ 0 150€for our geometry).
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