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Abstract The long arc section of permanent magmpetsluces

‘a total bend of 103.4%, with eachdipole and gradient
Protons are transported 760 m from the Booster eXtraCt'%]agnet bending the trajectory by.1®. The first 8
point to injection into 'ghe Fermilab Main Injectdipart dipoles havereverse berl1dselgtive. to .the remaining
from _tWO’ cgmparatlvely shor-t, s_peC|aI|z.ed optical magnets in the series, which serves to keep the beam well
matching sections theeansferlattice is described by 9 ¢jear of the existing Anti-Proton complex.

betatron phaseadvance arccells and missing-dipole

dispersion suppressing cells. Thispetative structure,

combinedwith the smallaverage benger cell makes it Magnet # L B B'
feasible to construct this section exclusively fréow- (m) (kG) (kG/m)
field permanent dipolesand gradient magnets. The

permanent magnet section is neadgvoid of powered Gradient | 65| 3.9751 | 1.4327| 4.6563
correctors: trajectory control and momentum error .

compensation isiccomplished instead byoving select Dipole | 45 | 2.4638 | 2.3116 0
gradient magnets transversely. Permanent magnets are Quadrupold 9| 0.5080 0 29.147
being used inthe transferline primarily to acquire the (I

manufacturingand operational experience necessary to

ensure success of the future FNAL Recycler Ring. Table 1 : Parameters of the permanent magrsed in

1 INTRODUCTION the 8 GeV line FODO section.

Protons extracted from the Boosteetransported/56 m The permanent magnet sectionasnstructed from
for injection into the FMI. The &eV transport line is just three different types of cells. These -cellsvere
comprised of threemajor sections: a matching sectiondesignedwith the intent toreplicate asclosely as was
betweenthe Boosterandthe mainbody ofthe beamline, reasonabléhe opticsandtrajectorydefined bythe earlier
which also incorporates thdescentfrom the Booster to electromagnet design. These cells depicted inFigure 1
Main Injector elevation; a long section périodic FODO below.
cells; and a final section to match the optietween the
beamline's FODO section and the FMI. * 48'3" >

As originally designedthe 8 GeV line was to be 25" 86" 86" 25"
constructed exclusively from magneexycledfrom Main
Ring and the present Booster to Main Rimgnsferline. Dipole | Dipole
This remains true for the optical matching sections at
each end of the line. However, in the long arc of repetitive
FODO structure all electromagnd®2 dipolesand 3Q52 Reverse Bend Half-Cell
quadrupoles)have been eliminatecand replacedwith
permanent magnet dipolesgradient magnets, and < 493"
quadrupoles. The design of the permanent magnets used in 135.5" 135.5"
the 8 GeV line are describedextensively elsewhere in
these proceedings [1-4]. — [ FCmdent} I DGradent—

In addition, unlike its electromagnetiqoredecessor _ 167" -
which had trim correctors assigned to eveguadrupole 34.5" 34.5"
location, trajectory control through the permanent magnet Dispersion Suppressor Half-Cell
arc will be accomplished largely by gradient magnet
movements. < 49'3" >
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2 PERMANENT MAGNET OPTICS
, . — [ Fomgenr 3 _DOeoe - Do | I Domdeml—
The transferline's permanent magnet sectiertends for

644 m and is constructed from 65 gradient, 45 dipole, and 5~
9 permanent quadrupoles. The relevant mapgagtmeters
are summarizetbelow in Table 1. The availablperture
at each magnet is 92.075 x 47.625 muorresponding to

the interior dimensions of a squashed 3" beampipe. Figure 1 :  Physical layout of the @rmanent magnet
cell types in the 8 GeV transfer line (not to scale).
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Lattice functions for the entire &eV line from to centering the beam on downstreamltiwires rather
Booster to Main Injectoare shown below in Figure 2. than for global trajectory controlnstead, awill also be
The 'reverse bend' section extends from quad Q880490 the case inthe RecyclerRing, anynecessary trajectory
and the regular long arc runs from 814 through to the firsbrrections will be performed by moving gradient
Injector-end powered matching quad at 847. magnets.

The gradient magnetsare designedand installed,
with the ability to 'float' transversely on the beampipe by
as much astl". With this feature the availablebeam
aperture isalways determinedsolely by thebeampipe
dimensionsand is independent dhe transverseposition
of the magnet. The dipole kickdue to horizontal
translation by an amoustis:

v\ 5 Aezw~6:614dly
A Bp cm
A 1 cm magnetdisplacement thereforeanslates into a
kick ~0.85% of the nominabend.This is comparable to
00 Peth Longth () the strength obtainable from a Main Ring trify (= 580
pr @ 5A). Fairly modest magnet movterefore provide
Figure 2 : Lattice functions of the proton@®eV line significant steering capability. Theffect of dipole field
from the Booster to Main Injector. errors onthe trajectory through the long arand the
consequent gradienmagnet movementsrequired for
The 'reverse-bendsection isconstructedirom two correction, have been investigated isimulations.
cells, each characterized by fermanent dipoles, 4 Randomfield error conpensation must baddressed by

permanent quadrupoles, and®&# betatron phasadvance any beamllne but, unllk(_e theaseW|_th electromagnet
per cell. These cellsepresent acompromisebetweeen transfer lines, systematic dipole field errors (or,
following as closely as possible the trajectory through tn@duivalently, a systematic beam momentuoffset)
tunnel defined bythe earlier electromagnetolution and Pecomes an important issue for permanent magnet lines.
achieving a smooth optical match to thésequeniong
arc of FODO cells.

The regularlattice section isconstructedfrom two Rather than using the true lattice configuration,
types of cells -regularcells with 4 permanent dipoles trajectory errorsimulationswere performedvith a lattice
plus 4 gradient magnets per celland missing-dipole constructedrom 7 regularplus 12dispersion suppressor
dispersion suppressing cells withgdadientmagnets per cells to mimic the repetitive optics of the long archil&/

cell. Both types of cellbave ~9@ of phaseadvance but re_sults from the_ simulations should ‘not be_seqsitive to
are not perfectly matcheaptically. This mismatch is the this approximation, trajectory correction is simplified by
consequence dhtentionally creating additional space in P€ing amenable tosolution via thecannedalgorithms
the lattice to accommodatethe possible insertion of intrinsic to MAD [5]. _ ) )
further diagnostics in the future. As a restipersion __ The optics of this approximate lattiege shown in
neither reaches precisely zero anywherenor is it Figure 3 In all following dlscus.smns of simulations the
optimally minimized through the arc.However, beam is assumed to bdescribed by 4@ mm-mr
horizontal dispersion becomes as small as 0.12 m a@@nittance (95%normalized)with a momenturspread of
doesnot exceed3.71 mm, which isacceptable. \th a  OP/p = 0.2%.

maximump = 47 m andp/p = 0.2% thdransversebeam

size is less thatl6 mm for a 4& mm-mr (95%
normalized)emittance, which is compatible with the 48  1sf
mm (V) x 92 mm (H) aperture ahe beampipe. With s ]
each dipole and gradient magnet produdint® of bend, = an A feo A A e e
the sagitta is only 5.9 mnand 9.5 mm respectively. AACNAMNAA AN el Dal T TRATAY
Again, this is compatible with the available aperture.
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3 FIELD ERROR PROPAGATION &
COMPENSATION

Every cell boundary inthe 8 GeV line has a BPM

associated with it and every electguadrupole inthe line -25

also has aecycled Main Ring correction dipole nearby. e e b L b L

Additional correctors are located at the entranceessitdof T e

the long arc to provide beam position and angle

adjustment. Figure 3 : Lattice functions of the 'approximate' repetitive
The mainbody ofthe permanent magnet section isFODO lattice employed in simulations of error

nearly devoid otrims, andtheseare situatedwith an eye propagation and correction.
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o It can be seefrom Figure 6 that nccorrection of
3.2 Systematic Field / Momentum Errors the orbit is strictly necessary -- there is amgperture for

A systematic 1% dipole field error (much larger thardossless beam transmissionHowever, with small
any realisticerror source imaginedyas assigned toeach adjustments to just 12 of the F-gradient magnets, moving
of the 28 dipoles, 38 F-gradienand 38 D-gradient 4 by 1.25 mm, 6 by 1.00 mnand 2 by0.5 mm, the
magnets in the approximate lattice. Figure 4 shows tigjectory deviation can be reduced to the level achieved for
resulting horizontal beam trajectomnd envelope. The the 1% systematicerror case. Figure 7 showshis
solid bars intruding from the top and bottom of graph corrected trajectory, where orbit excursions have heen
indicate the available beampipe apertuP@sition and dropped taix(rms) = 1.2 mm andx(max) = 3.0 mm.
angle of the incoming beam have been optimized to
minimize thetransverseexcursions. The resulting rms
displacement of the orbit &x(rms) = 18.5 mm and, with .,
maximum displacements ofAx(max) = 31.0 mm, the
beam scrapes at all high dispersion locations. s
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.Figure 7 : Trajectory and envelope after compensation for
the 0.25% random field errors.

4 DISCUSSION

) ) ] There are additional sources efror intrinsic to the
Figure 4 : Horizontal beam trajectompdenvelope for a permanent magnets that have not been addressed here. The
1% systematic field (or momentum) error. two most important of thesare probably the field
) ) strength variation withtemperatureand the systematic
Figure 5 shows the beam trajectaamd envelope ,jys random bend center errors. To a large extewever

after correction. Moving just the F-gradient magnets, 8 biye agverseeffects ofthese flaws can be eliminated by
10 mm, 12 by 7.5 mmand 18 by Smm, theexcursion  sorting the magnets prior to installation.

of the beam is dramatically reducedAg(rms) =1.7 mm What has been denstrated bythe simulation
andAx(max) = 3.2 mm. results presented here is that very large momentum offsets
from nominal and/or large field errors can bmrrected
through fairly modest movements gfadient magnets,
without the necessity of separate correction elements.

i
0 100 200 300 400 500
Path Length (m)

¥ [mm]

REFERENCES

[1] 'Permanent Dipole Magnets for the &V Transfer
Line at FNAL', H.D. Glass et al, these proceedings -
2P.12.
‘Stability Tests of Permanent Magnets Built With
Strontium  Ferrite’, H.D. Glass et althese
3.3 Random Field Errors proceedings -- 2P.13.

[3] 'Permanent Gradient Magnets for the 8 GE¥nsfer
Random field errors can be treated analogously to the Line at FNAL', H.D. Glass et al, these proceedings —

0 1o 200 300 400 oS00
Path Length {m)

Figure 5 : Horizontal beam trajectoand envelopeafter 2]
moving magnets to correct for the 1% systematic error.

systematic errors. Uniformly distributedandom dipole
errors in the range +0.25% were assigned toall 104
magnets in the approximate lattice. The beamjectory
resulting from 20random generator seedss calculated.
The worstcasetrajectory, whichhad anorbit wobble
characterized byAx(rms) =3.7 mmandAx(max) =13.0
mm, is illustrated in Figure 6 below.
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Figure 6 : Horizontal beam trajectory and envelope for the

'‘worst case' random 0.25% field errors.
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