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Effects of the GEM solenoidal magnetic field
on SSC beam dynamics
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We study the effect of the GEM solenoidalmagneticfield on the SSC beam

dynamics.The principal effect is inducedxy betatroncoupling, and this is within

the correctionrangeof the skew quadrupolecorrectors. To reducethis coupling

during normal operation,we recommendthat the solenoidalfields of GEM and

SDC be antiparallel.
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INTRODUCTION

The GEM solenoidproducesanunshieldedfield [1]. Thelongitudinal field B rotates

the beamthroughan angle
9_fBdl

1
B0 p

where dl is a differential length alongthe solenoidalaxis. The effectivebendingfield B0

of bendingradiusp is relatedto the beammomentump through

eBop=p, 2

where c is the electric charge. At collision this rotation for a GEM field strengthof 1.0

Tesla is 9, ‘- 600 prad, and at injection it is ten times this value. This canproducexy

couplingof the transversebetatronmotionsof the beam.We definetheeffectivecoupling

constantasthe coefficient of the term driving thedifferenceresonancein the equationsof

motion. If $,, /3 arethe betafunctionsat the locationof the solenoid,thenthis effective

coupling constantdueto the solenoidmeasuredin radiansis

3

With equalbetafunctionsat theinteractionpointIP, thecoupling coefficient is equalto

the rotation angle. Theeffect of this coupling on the beamcan be determinedusing the

beamsimulationcodeTEAPOT [2]. Additional effectson the beamcould appearif the

detectorsolenoidalfield hasmultipole moments.Thesecouldresultfrom the gravitational

distortion of the magneticfield from its circular axial symmetry. This turns out not to

be significant becausethe magnetis stressedinto a circular shapewhen the magnetis

powered. The solenoidal detectorSDC [3] producessimilar effects. In the simulation,

the couplingeffectsare investigatedwhenboth detectorsarepresent.

Numericalvaluesfor thelongitudinal componentB for the GEM solenoidareshown

in Figure la through ic. This field extendswell outsidethe end of the detector,and it

hasa value of approximately.05 Teslaat the locationof the final focusing quadrupoles.

In the presentdesignof the InteractionRegions,the final focusingquadrupolemagnets

start at 20.5 m from the IP for SDC while for GEM this distanceis 35 m. The radial
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component B,. of the solenoidal field, resulting from a 1 cm transverseoffset of the

solenoid,is shown in Figure 2a through Figure 2c for z values from 0 to 35 m. These

field valuesare in generalsmall, approachingzero beyond30 m, and thelargestvalueis

at the locationof the forward field shaper.Therearecomponentsin oppositedirections

which give oppositecontributions to f Brdl, and the larger contributions tend to act

over short distancesalongthe solenoidalaxis. Thepresenceof the radial componentcan

contributeto the distortionof the closedorbit. If the axisof the solenoidis misalignedin

the transversedirectionby approximately1 cm, thentheseradial componentsresult in a

small bendingangleof the beam,which canbe easilycorrected.The amount of bending

producedby a radial componentis given by

j’B,.dl
4

Bop

For an estimateduniform valueof B,. = .004 Tesla, the angulardeflectionat collision is

approximately

9,. = l[m] x 6 x io rad/m.

For I r..e 2 m, the deflectionangleis - 0.012 prad. At injection the deflectionis ten times

this value,and this is well within correctionrangeof the steeringcorrectors.

The dipole, quadrupole,and sextupolemagnetsin the Collider lattice contributeto

the inducedskew quadrupoleerror. This effect is representedin terms of the coupling

coefficient per cell. Measuredin radians,this is given by [4]

= /aveosq, 5

where

= [usqD + c39Q + uaqS]hI’2.

The error contributionsper cell from the dipoles,quadrupolesand sextupolesarerespec

tively a3D, csqQ, andcsqS. They aredeterminedby variouserrorsasfollows

-

_____

- [1.25x1r2m1]E1.51939x102rad]crsq
..

-

____________________
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- 2/a# - [2v’]{0.5x103 rad]
csqQ

- - 62.405m

-

______

- [‘][1O- m][2]
csq

_ -

f’lave [62.405m][1.314m]

wherea1 is the skew quadrupolefield error in eachdipole, 9ceu is the bendingangleper

cell, it is the number of dipoles per cell, 5A is the rms roll-angle alignment error per

quadrupole,f is the focal length of a quadrupolein eachcell, a is the rms vertical

orbit deviation, r is the ratio of the total chromaticity to the natural chromaticity due

to the quadrupoles,and qave is the averagedispersionin eachcell.

With i’$ave = 131.8m,one finds

Cccii = 0.0096rad. 6

The correspondingnumberscontributedby eachsolenoidare,

C110, *-s 0.006rad
7

Ccojjjs ion " 0.0006rad.

At presentit is envisaged[5] that a total of 32 skew quadrupoleswill correct for the

coupling due to all the cells and specialquadrupolesin the Collider. Even when both

solenoidsarepoweredwith parallelB fields, the extracoupling is small enoughthat no

additionalcorrectorsarerequiredto removetheeffectsdue to thesolenoids.TheCollider

canbe decoupledby using the abovementionedset of 32 skewquadrupolesandwithout

any significant increasein thestrengthsof thesecorrectors.

SIMULATION

The effect of the solenoidalfield on the propertiesof the beam can be estimated

using the simulationprogramTEAPOT, This simulationtakesaccountof therotational

effect of the axial field and transversekick effect of the fringe field. The presenceof a

solenoidinduceszy coupling. This effect is parameterizedby the eigenplaneangle, the

angleby which thebeamellipse rotatesin the transversex - y plane. In the simulation,
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two solenoidswith an uniform axial field of 1 Teslaand an integratedfield of 41 Tesla

m eachare present. This is greaterthan the actual values for the detectorsolenoids,

which areapproximately18 Tesla-mfor SDC and 26 Tesla-mfor GEM. Thelargervaiue

usedin the simulationensuresthat the suggestedcompensationschemediscussedbelow

remainsvalid evenif the integratedfields of the detectorswereto increase.Without the

solenoids,coupling is inducedas a resultof the skewquadrupolecontributionsfrom the

dipoles, quadrupolesand sextupolesin the lattice. The coupling is determinedby the

set of systematicand randomerrors in the lattice. The specificationsfor theseerrors

are listed in the Collider 3B document [61, and for our simulations we studied one

lattice with a particularset of randomerrors. For this lattice the eigenangleis within

±0.05 radiansat injection, alter correctionby the 32 skew quadrupoles.The resulting

eigenangledistribution throughoutthe lattice at injection is shownin Figure 3a. When

bothsolenoidsareturnedon with parallelfields and no correctionis donefor their effects,

the eigenanglesincreaseto a maximaof approximately±0.09radians.Themaximaoccurr

nearthe IPs. The eigenangledistribution for this caseis shownin Figure 3b.

The observedcoupling can be reducedin one of two ways. The simplest is to cancel

the couplingdueto onesolenoidby theother, If the currentsin the two detectorsolenoids

flow in oppositedirections,thedirectionof rotation of the beamsin thesesolenoidsis also

oppositeandthe beamsremainnearlydecoupled.Thecloserthebetatronphaseadvances

betweenthe solenoidsin the two planesare to eachother, the more completeis the

cancellation.Figure 3c showsthat the eigenangledistribution in this caseis very nearly

the sameasin thecasewithout solenoids.If theaxial magneticfields in the solenoidsare

in the samedirection, their effectscanstill be removedby increasingthestrengthsof the

32 skew quadrupolecorrectors. The requiredstrengthsof thesequadrupolesare shown

in Table I. The largestchangeoccursfor one of the weakestquadrupoleswhosegradient

increasesfrom 0.107 T/m to 0.289 TIm. For all quadrupoles,the strengthsrequiredto

correctfor thesolenoidsarewell within thespecifications.Thelimits are123 TIm for the

‘csq’ skewquadsand 75 T/m for the others. The eigenanglevariationwith path length

is shownin Figure 3d.
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Name Gradient
without SolenoidsTim

Gradientwith
Solenoidsat Injection T/m

% Change

csq -0.170 -0.171 0.784
csq -0.284 -0.264 -7.059
csq -2.008 -1.975 -1.661
csq 0.361 0.377 4.436
csq -2.962 -2.909 -1.802
csq -2.675 -2.628 -1.746
csq 1.321 1.388 5.051
csq -1.581 -1.568 -0.844
csq 1.334 1.194 -10.500
csq -2.588 -2.435 -5.928

csqel -3.462 -3.482 0.578
csqe3 1.935 1.788 -7.586
csqe5 -4.296 -4.216 -1.863
csqe7 0.502 0.287 -42.895

csquel -1.041 -0.961 -7.692
csque3 -0.107 -0.289 170.625

csq -0.416 -0.552 32.745
csq -0.102 -0.084 -17.647
csq -0.310 -0.303 -2.366
csq -1.054 -1.107 5.063
csq -1.087 -1.094 0.613
csq -1.341 -1.414 5.473
csq -1.995 -1.975 -1.003
csq -1.321 -1.334 1.010
csq -0.629 -0.625 -0.636
csq 0.095 0.093 -1.408

csqwl -2.422 -2.422 0.000
csqw3 1.715 1.715 0.000
csqw5 0.887 0.887 0.000
csqw7 -1.815 -1.808 -0.368
csquwl 1.154 1.161 0.578
csquw3 1.434 1.434 0.000

Table I. Injection lattice: Correctorskew quadrupolestrengths.
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At collision, the maximum eigenanglewithout solenoids lies within ±0.07 radians.

The rotation anglesdue to the solenoidsareten times smaller thanat injection and the

effectsof the solenoidsarenegligible. Figure4a showsthe eigenanglesat collision without

the solenoids,and Figure 4b shows the eigenangleswhenthe currentsin both solenoids

are in the samedirection. The two distributions arenearly identical. Consequentlyno

decouplingis requiredfor the solenoidsat collision.

In addition to the zy coupling inducedby the solenoidalfields thereis alsoan induced

tune shift. The tune shifts associatedwith parallel solenoidalfields are shown in Thble

II. Whendecouplingis done at injection in either of the two waysmentionedabove,the

tuneshift falls below 1.0 x 1O.

Case ‘Jr v,

Collision < 1.0 x iO -1.0 x 10

Injection 8.0 x 10 -8.0 x 1O"

Table II. Tuneshifts for the caseswhen both detectorsare active with their magnetic

fields parallel.

CONCLUSIONS

The simulationresultsshow that the coupling inducedby both solenoidaldetectors

canbeeasilycorrectedat injection while no specialcorrectionis necessaryin thecollision

mode. Since both detectorsare likely to be powered at the sametime, it would be

best to havethe axial fields in oppositedirections. This reducesthe coupling and tune

shifts resulting from the detectorsat all times. Furthermore,if one of the solenoidsis

not powered,thenless correctionis requiredto removethe coupling inducedby a single

solenoid.Evenwhenbothdetectorsareoperatingwith thelongitudinal fields in the same

direction, theseeffectscanbe correctedwith the existing skewquadrupolecorrectors.
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Fig. la The GEM longitudinal magneticfield B Tesla vs Z=0-21 m.
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Fig. 2a The GEM radial magneticfield 1 cm axial offset B,. Tesla vs Z=0-21 m.
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Fig. 3a The eigenanglevs path length without solenoidalfields at injection.
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Fig. 3c The eigenanglevs path length with antiparallelsolenoidalfields at injection
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Fig. 4a The eigenanglevs path length without solenoidalfields at collision
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Fig. 4b The eigenanglevs path length with parallelsolenoidalfields at collision.


