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ABSTRACT

The Berkeley Hilac\?O mHz préétripper rf cavity is breséntly being
modified to éécept particles with a charge-tofmaés rafio of 0.09 at an
injection énergy of T71.5 keV/nucleon (Bﬁ0.0123)} Magnetic quadfupole
focusiﬁg for these parameters using the NNSS configuratioh requires
gradients of 1k4.5 kg/cm in the early drift tubés. Achievement of these
gradients within the limited space available with modest power ahd with
reasonable magnet impedance has been accomplished with tape coils having a
packing factor of about 0.85.

Prototypes of these elements providing a 1.5;cm beamvaperture have
been fabricated and tested. Coin fabrication techniques are discussed and
measurement data of the prototypes are preéented. Design of the pole-ycke
structure and methods of deriving the pole tip contours to reduce the

objectionable higher order harmonics due to magnet ends are also discussed.
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I. INTRODUCTION

The:Berkeley heavy?ion accelerator (Hiiac) pfe-stripper syStem'consists
of SSOkV Cockroft—Walton iﬁjecfof and a 15 ft. long grid-focused Alvarez
linac operatiﬁg at 7OMHz(withvé maximum electric éradient of 500 kV/ft. This
system accelérates particles with a minimum charge-to-mass ratio (e) of 0.140
tb‘an eﬁergy of:l MeV/nucleon. At this energy the particles are stripped
to‘a minimum éfof 0.30 and agcelerated to a maximum of 10 MeV/nuéleon in a
90 ft. long magnetic quadrupole focuséed Alvarez linac (post-stripper cavity)
at the same frequency and maximum electric grédient. The system operates
with pulse rates vérying from 0 to 40 per_secbﬁd and pulse ﬁidths 1 to 20 msec.
The maximum duty factor, limited by poﬁer aissipation of the rf cavities,
varies from lS%Ifor the heavy ions (afgon, M=k0) to 80% for the light ions.

Limitations on the masé_of fhe ion which can be presently accelerated
in usable intensities are primarily those of the ion source. Kryptqn-Bh
ions invthe +12 charge state (e=0.143) can be prOduéed in intensities of
approximately lOll per second and subsequent losses due to duty factor,
pre-stripper acceptance, grid attenuation and stripping reduce this by ébout
a factor of 1000. The beam from the ion source consists, predominate, of
the lower charge states; for example,vKrypton +8's are approximateiy 200
times more abundant than +12's. The production of usable‘beams of these
heavy ions, therefore, requires the modification df the pre-stripper system
to accept particles of a lower charge-to-mass ratio and the use of gquadrupole
focusing to reduce the acceptance losses and grid attenuation in the rf
cavity. Intense beams of light'ions at low charge states will also be
available from the source, apd sputtering of the grids by these.beams would

be a severe problem. This fact dictates the use of quadrupole focusing
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_throughout the system.

In the design of the imprbveménts,vlimitation of funds required that
as much as possible of existiﬁg:equipment berused in.the modified‘system:
the modified pre:strippef cavity waé designed tb be compatible with exiéting
vacuum and rf equlpment the post stripper caV1ty could neither be moved nor
substantlally modified (both the frequency and the l MeV/nucleon stripping
energy must be maintained). Similarily, modlflcatlons to the bulldlng to
gain additional space were ruled out. The sevérely reétricted ekisting'
'épace must be judiciously distribuied_between‘the injector terminal, the
dc acéelerating column; space'for buncéhing and beam handling, the linac, and
space for the strippef. With'space the éontrolling factbr, the injector
potential should be as low as possible, consistent with achievable magnetic
quadrupoie gradients within the early drift tubes and with electric fields
within the early gaps.

Experience with the present pre-stripper rf cavity indicates that,
with a élight increase iﬁ gap spaéing at the entraﬁce, the.system will ;

.operate.with'a maximum eleétric gradient of‘650kv/fﬁ. Space is available to |
increase the cavity length to 20 ft. and with an injection pétential of é
750kV (the maximum deemed feasible), theﬁminimum charge-to;mass ratio thatv
can be accepted is 0.095, (p=0.0123). The cavity will c?ntain 48 drift tubes,
varying in length from 1.59 to 5.83 inches. With NNSS configuration the
required magnetic gradients vary from 37 kG/inch (14.5 kG/cm) at the entrance
fo 15.8 kG/inch (6.25 kG/cm) a% the exit. These requirements are appreciably %
more stringeﬁt than those ﬁormally encountered to proton accelerators, and

have led to considerable effort expended in the devélopment-of small high-

gradient de quadrupoles. The following is a description of these gquadrupoles’

)
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and a discussion of the fabrication techniques.
IT. TAPE COILS

The coils coﬁsist of two copper tapes insulated from each other,
excépt atuthe inner turn, wound together on a circularvmandrel.l Holes are
cut into thé‘coil for the poles and slots in the tape at the ends_of the
poles providé ;a current path which alternates aroundvbppoéite ends of
adjacent poles, Figure i shows!the tapes as they would appear if’the coil
were unwound, with the currentbﬁaht indicated. Bach turn of each tape provides
one half turn to each of the four poleé, the other half turn being provided
by the other tape. |

Wifh this type of coil, the slot beﬁween poles can be completely filled
with copper (épproxiﬁately 9% packiﬁg faétor) independent of the width of
bhe coil over-hand. Complete freedom is aliowed in the adjustment of the
ratio of coil length to pole length. in @he early drift tubes, where spacé
is severely r;stricted, the enfire drift tube can be filled with coil. It.
should be noted, however; that only half ofdthevcopper across tﬁe ends of the
poles is active, so thét the paqking density for this portion of the coil is
about 45%. The design of a magnet with minimum pole widfh is, therefore,
of considerable importance, barticularly in the early drift tubes where 75%
of the total power is dissipated across the pole ends.

The coils are intrinsicially symmetric so that fhe inner turn caﬁvbe
positioned close to the pole tip without concern for pqssible degradation
of .quadrupole quality due to winding assymetries. The fraction of the total
flux that appears in the aperture is thus increased, the pole base width can

be descreased, resulting in decreased power requirements, as note above.
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With the exception of variation on packing factor,Athe power required
is independent of thg tépe thicknesé, allbwing cbnSiderable latitude in ﬁhe
adjustment of the coil impedance.' The Hilac quadrupqles have been designed
to operate at about 4500 ampere-turn per'pole, provided by 225 amperes %
flowing.through 40 turns of 0.032-in. copper tape insulated With 0.006 in.
epoxy-nylon paper (each turn provides on-half turn per pole). Aperfures and
quadrupole iengfhs are varied to maintain this current appraximately constant
along the length of the accelerator. Powéf_requirements vary from 0.8 to
1.1 kilowats per magnet (not inclﬁding busing), depending on the space:

available in-the drift tube for coil overhang beyond the pole.
ITTI. COIL FABRICATION

The coil fabrication method described here, although involving numerous
steps, is simple and,.excéptrfor the double feed winding machine (and the
equipment designed to facilitate quantity prodﬁction), requires no special
tooling. _ |

Tobachieve éyﬁmetry, it is necessary that the poles (and the slots:
in the tape at the ends of the poleS) be located accurately with respect to
bothvthe inner.and the outer ends of-the tape. This keying is provided by
1/% x 1/2 x 1 inch long bars soldered to £he inner end of each tape. In
winding, the bard protrude thrdugh slots in a 1/4 each wall bakelite mandrel
into key-ways in a solid steel winding mandrel (Fig..?a). Sﬁbséquently, the
bars serve as reference keys in for the slotting and sawing operations. . \J

The method of producing the slots at the ends of thé poles requires
the windiﬁg of two separate Qoiis; Each of the coils is wound with two tapes

separated by insulation, under a tension of about 30 pounds per inch of tape
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width. After winding, the coiivis secured With a hosé clamp’éndvthe pole
end slots cut with a band saw, cbmpletelyiacrdss its face, the cut on one
end perpendicular .to that.on the bthér. The second coil is similarily slotted,'
with the slots:oriented‘ 90 degrées from those of the first coil (using the
keys as reference). The éloté of both coils are then etched with nitric acid
to remove thevsharp edges'produced by the saw cut.

When the clamps are removed, the released coils unwind sufficiently |

.that the tapes can be separated and the insulation spacer removed. The tapes

are etched all over to provide a good‘su}face for the subsequent epoxy bonding.
The coils are then reassémbled with the two inner tapes intérchanged

between the two coils. Insulation material (two layers of Nomex nylon paper)

'(Fig. 2b) of the same thickness as used in the original winding are placed

between the tapes and the coils rewound, (Fig. 2c¢) similar to the winding
ofia clockspfing. When the coils are wound tight, the siots line up along
the diameter of the original saw cut, i.e., the slofs of one tape afe to be
perpendicular coils with'the‘pole windings in the opposite, sense.

The rewound coils are'securéd with a hose clamp, vacuum-pressure
impregnated.with Hysol-C35 epoxy and cured at progressively higher temperature
for 12 hours,with a final cure at 1350 C.

Radial holes are then-drilled through the coil to accept the band saw
blade used fo cut the holes for the poles. The holes are sawed with a
circular spiral toofh blade capable of cuttiné in any direction. This blade,
although slow, (0.050 in per miﬁute with a 5 in., deep cut)bprdduces a cut
that can be éontrolled to within about 0.005 in; forvthe straight sided
poles the blade is threaded completely through the coil and the two,opposing'

holes are sawed simultaneously. To produce the 60 coils necessary for the
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~ Hilac, we have motorized an X;Y table éo fhat aftéf the Weldiﬁg’éf the saw

blade, the complete cut (twd.pbies)ié made automatically without attention

(Fig. 2e). ‘Sawing of the four holes requires approximately 3 hours.

| For the sawing, the coil is mounted on an index head and, after:the‘ f

completion of one saw cut, the coil isfrotated 900.for the second cut. The

résﬁltiné hbles are perpendicular and can bé accurateiy positioned with respect

to the center of the coil to Wi?hin about 0.010". The cléée fit of the poles

to the hoies assures the assembly of the magnef; The saw cut is sufficiently

smooth so that no subséquent surfacing is.reqﬁired,’except for the etching

' to'reduée the level bf the c§p§er below the.insuiatioﬁ. The sawingvoperation

also removes'the bakelite mandrél.énd thé mandrel keys;-which are no longer

required for indexing. |
To this point in the fabricaﬁion, the two tapes are isolated from each

other so that continual checking for>turn to turn shorts can be made. After

a final check for shorts the tapes are soldered together at the inner radius

and the outer busing provided. The quality of the coil is then checked by

# harmonic analysis of the central fields produced by the coil without steel.»
Approximately 8 houfs labor per coil are required for the complete

fabrication when the coils are produced in quéntity.

IV. YOKE-POLE DESIGN
The yoké—pole configurations are designed with the assistance pf the .
computer pfogram MIRT, which combines a mégnetostatic analysis program TRiM2 kJ
with a progrém for the inversion of system analysis PISA.3 TRIM is a two .
dimensional program that isvcapable of including the effects non-uniform

current'distribution and of finite permeability materials. PISA is a weighted

least squares optimization program incorporating a linearization and iteration
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procedure that allows the optimization of non-linear systems.

In MIRT the field diStribution of a specified polé geometrj, and
alterations of this_distribution due to suitably chosen modifications to fhe
geometry, are calculated.by TRIM. This’information is used by PISA to find
the modifications for optimum performance of the magnet (least square fit
any desired field disfribuﬁion)f Figufev3 is a Calcomp plot of a MIRT-
designed/l iﬁch aperture Quadrupole of.infinite length with the current
distribution as in a tape coil.b The pole tip contour conéists of a hyperpola
(originally specified)*with superimposed pafabolas matched in slope at their -
intersecting points, and optimized to produce minimum deviation from a cohstant
gradient on the transverse axis. ‘The program also indicates the fiéld
distribution at all points including the steel, assisting in the optimum
(minimum steel) design of the yoke-pole structure.

Sin¢e the end effects in the Hilac quadrupoles are of coﬁsiderabie.

importance, the contours generated by MIRT can be used only as an approximation.

‘The poles are fabricated with the MIRT contour approximated by a series of

three steps giving six free parameters which can be used to produce the desired
field configuration. A harmonictanalysis of the complete magnet, including
fringe regions, is made for each arbitrary modification of three of these

six parameters. PISA uses this information, (similar to that provided by

/

TRIM, above) to calculate the modifications to the original contour necessary

" to produce the optimum magnet, in this case minimum higher harmonic content.

'
i

This general procedure has been previously described,u however, the use of
PISA considerably reduces the number of pole modifications necessary to
achieve the desired field configuration.

In order to confine the fields to the region of the pole, the pole



.8 -  UCRL-18240

~ends are not contoured. The integrated higher harmoniés'are thus minimiéed

only for a limited operating range, and the correction must be made at

-»

operating gradients. .
V. YOKE-POLE FABRICATION - o b
The effects of misalignments of the magnets on the beam has been

5

investigated using the hP computer-progrém. This program is similar to
PARMILA? indicating the phaée space charaéferistics of the beamxat various‘
points along the accelerator, but also includes the effects ofbvgriéus

lens aberations as well as thosé dﬁe to arbitra?y misalignments of the elements.
Thé criferion used in the establishment of allowable_misélignments of the
magnet system are thése Which-prbduce a 20% increase in the.phasé ares,

at the exit of the accelerator. These displacements are:

Tongitudinal Axis 0,010 in rms

Transverse Axis 0.002 Radian rms
The location of the longitudinal magnetic axis with respect to the
_drift tube presents no problem. The positioning of.the transverse axis to
the required accuracy and the achie&ement of the.symmetry“necessary for the
" elimination of o08d order harmonics requires considerable care in the
fabrication»and.assembly of the magnets.. The methodrof fabrication we have
developed takeﬂ_advanﬁages of the stepped pole tip described by Danby and

Jackson.h

o

The bore tube is a heavy walled cylinder into which four key slots
are milled using a precision indexing head. (See Fig. 4). One end of the- B gé
tube is machined to accept the bore of the drift tube face. The other_end is

machined with a land to position the pole tips axially and a taper extending

beyond the pole tips. The keyed-taper serves as radial and azimuthal
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reference in subsequent assembiy operations. After welding of thewcompletely

assembled magnet to the stems, the azimuthal‘reference is transfered to one

stem, and the tapered end of the bore tube machined to accept‘the drift
tube facef |

Thé poles are machined £o the contour derived as described ébove and
the steps; when fitted into the.precision keyed bofe tube, serve to position
on the tip both fadially and azimuthally.

Both the pole base and the matching c&lindrical yoke are machined
with a slight axial taper. On assembly, (Fig. 5), the four poles are wrapped
with a layef of paper,.pushed through the holes in the coils and positioned
on the keyed bofe tube. The yoke is ﬁhen placed over thelpoles; the matched
taper forces the poles radially inward to fit snuggly égdinst the bore tube
and at the same time elimihates the possibility of non-uniform gaps at the
base of the pole. A small hoie is matéh-drilled through the yoke into each

pole and reamed to accept a taper pin. The entire structure is then vacuum

potted and the faces machined to the proper length. In this machining operation

they keyed tapef end of the bofe}tube is used to position ﬁhe entire magnet
structure.

An analysis of this errors involved in the fabrication of the jigging
and in the magnet assembly leads us té expect variations of the_magnetié
radial and transverse axis from those indicated by the‘keyed-taper of about
0.000% in. and 0.0008 radian, réspectively.

VI. DRIFT TUBE DESIGN

The hilac drift tubes are approximately 10" diameter and are supported

by two 60 in. long; 1.25 in. od by 0.5 in, id stems‘at 90 deg. At operating

gradients an unbalanced magnetic force between quadrupoles of about 4 pounds
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would produce axial drift tﬁbe'deflectioﬁs of approximately 0.060 in. if

shielding wére not provided. The inclusion of this shielding preseﬁts a

considerable mechanical problem and, in.addition reSultévin a subsﬁantial
decrease of.tﬁe'effective<lenéth’ofhthe quadrupoie. Figure,S;'a section of
the drift tube, shows our solution_fo the problem of Shielding. The.face

is 0;050 in. magnetic stainless steel (fype 430), coﬁpei plated 6n thé outer
surface %o a thickness of 0.015 iﬁ. ‘The'stainless steel érovides £he: |
required magnetic¢ shielding and cén'wifhstand the internal water préésures
(about 19 psi maximum) without‘éXCeésive ballonihg of the faces. With the
ekception.of'varying bore diameter, all of the drift tube faces are-identical»
pressings, and require only minimum maéhining.at theAbore and out edge.

In assembly, the stems are wélded to the magnet yoke, and the’keyedb
ﬁaper at the.end of the bore tupe‘removed; The drift tube faces are positioned
“Qn the bore tube énd afe then sppt;weldéd to the magnetic yoke (Which extend
ébout 0.060" beyond the coil), pfoviding additional stiffening to the drift
tube face. The seams at the outef edge ofvthé drift tube and at thevpore‘are
then soldered with low-tem?erature high-conductivity solder with local heating.

Water enters the drift tube through one stem, (Fig. 6) is channeled
through slots in the end of the yoke radially inward betwéen one end of the-j
coil and the drift'tube féce, axially along the bore tube, radially outward
on the opposite end of the coil,.aﬁd leaves the drift tube.through the ofher
stem. Maximum heating load, both magnet and rf, ﬁill be about 2.5 kilowatts,
requiring a water'flow of about 1.5 gallon per minute. A closed water circuit -
will be provided and operated so as to reduce the internal pressure in the

drift tube to about 10 psia when providing a 10 psi drop across the system.:
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' VII. MAGNET PERFORMANCE

The Hilac‘magnet system will.consist of fifty quadrupoles-dpefating
in the NNSS»cohfiguration. ,Three séparate.sets of magnets will be constructed.
The first eight will have vanadiﬁm;permendur poles wvarying in length from
O.85Ito 1.1 inch with a 0.7 inch diameter apertUre. Quadrupoles 9 through
16 will have straight sided vanadium-permendur poles, 1.4 inches long with

a 0.875 inch diameter aperture. The remaining magnets will have straight

‘sides, low carbon steel poies 2.0" long with a 1.0 inch-diameter aperture.

The apertures and lengths of the magnets have been chosen to maintain

the required excitation (4500 ampere turns per pole) approximately coﬁstant
along the acéeleratbr.' This excitation will'be pfovided by ideétical coils
(excépt fbrvlength) with inner and outer diameters of 2.0 and 5.5 inches.
During the development of the coii fabricétion techniques several
coils have been'constructed and tested. Powef distribution in these coils,
and total power, diffef only slightly from those calculated assuming current
densities'invefsely proportional tovtépe widths at various points in the coil.
Using 0.006 inch double layer insulation, we have had no problem with
turn-to-turn sﬁorts or current leakage. Turn-to-turn electrical strength
exceeds 1000 volts, with ultimate failure on the machined face. Similar coils
have operated for long periods imhersed in low conductivity water, with no
aprrent degradation .in performance. To increasé the electrical strength and
to inhibit corrosion, however, the Hilac coil faces will be coated with a
tMn(&C%:me]amrbfemm%

Preliminary measurements of pole tips designed with the assistance of

the Pisa computer program indicate that, with as few as four modifications of

the pole, the amplitudes of the 6th, 10th and 1lkth harmonics.can be reduced
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~to a few tenths percent of the quadrupole harmonic at 0.9 aperture radius.

.

“This will allow the use of almost the entire magnet for beam.

:J’ ~
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FIGURE CAPTIONS

Tape coil slotting detail.

Tape coil
Tape coil
Tape coil
Tape coil
Tape coil
" Tape coil

MIRT designed

fabrication.
fabrication.
fabrication.
fabrication.
fabrication.
fabrication.

quadrupole type 1010 low carbon steel lZ.S'kG/inch,

l-inch aperture.

Drift tube bore cylinder pole tipe positioning jig.

Drift tube assembly, cut-out.

Drift tube assembly.
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