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Abstract

A nested quadrupole and sextupole ccil
system to enhance proton beam extraction from the
Bevatron is discussed. The integrated quadrupole
field, nominally 50 kG-in./in., is obtained with
four current sheets, epproximated with 32 conduc~
tors. Internal to the quadrupole coil, a six-
conductor coil produces the sextupole field. A&
clear beem aperture of 3.5 in. by 3.0 in. is
provided with good field in the 2.5 im. by 1.5 in
central region.

The coil system, housed in a stainless steel
support structure, is located in the gap of the
main guide field megnet and in the Bevatron's
main vacuum system just upstream of the accelera-
tor beam exit port. Remote positioning of the
coil system is accomplished with motor driven
screw drives for different extraction beam orbits.
Focusing coils and nositioning equipment were
instelled in June, 1972, and have operated
successfully during tests.

Background

Beam losses have existed within the Bevatror
in transporting all the reasonantly extracted
internel proton beam to the externel proton beam
first focus. The problem has been due primarily
to the fact that the extranted beam must pess
through the Bevatron's outer fringe field which
acts as a strong horizontelly-defocussing quad-
rupole with an integrated gradient of 100 kG-in./
in., for the highest energy beam (6.6 Gev/e).
Consequently, just downstream from the fringe
fileld some of the extracted beam is lost to the
vacuum tank of the Bevatron, causing highly un-
desirable radiation damasge. Currently a new
50 Mev injector for the Bevatron is being install-
ed. The enticipated increased beem intensity
and verticel emittance will eggravate this
rediation problem. Also, focussing elements
downstream from the fringe field are too far
away to efficiently cancel the fringe field de-
focussing.l

How can these difficulities be overcome?
One solution to this beam transport prohlem
would be to move the focussing elements upstream
end enlerge the vacuum tenk of the Bevatronm,
where beem interference exists. Tnis solution
was copsidered, but would be very costly, both
in dollar cost and in shutdown time of the
Bevatron.

#Jork performed under the auspices of the
U.S. Atomic Energy Commission.

NOTICE

This report was prepared as an account of work
spansored by the United States Government, Neither
the United States nar the United States Atomic Energy
Curf:musion, nor any of their employees, nor any of
their or their ployees,
makes sny warranty, express or implied, or assumes any
legal liabllity or respansibility for the Bccuracy, €Om-
oleteness or usefulness of any information, apparatus,
product or process disclased, or represents thaot its use
would not infringe privately owned rights,

A more realistic solution was pursued,
namely, by plecing focussing elements in the
Bevatron's outer fringe field to partislly cancel
the defocussing effect of the fringe field. With
orbit calculations, a scheme was worked out with
a focussing coil of about 46 kG-in./in. integrat-
ed gradient for a 6.6 Gev/c beam. This coil
placed in the gep of the main guide field megnet,
outside the internally circuleting beem envelope,
and just upstream from the accelerator Yeam exit
port, would allow all the extracted beam to be
transported to the external proton beam first
focus using existing elements and apertures.
Further, it was found that the non-linear Bevatron
fringe field mekes it desirable to also insert =
sextupole coil into this o.ter fringe field regim
to enhance the beam phase space.l

Requirements

From beam anelysis work, two beam extraction
focussing elements were specified, & guadrupole
coil and & sextupole coil, with design require-
ments given in Table No. 1.2

Although the coils had to be located in the
gap of the Bevatron main guide field magnet, they
could not interfere with beam injection and beam
acceleration in the Bevatron. These considera-
tions placed further limitations on the design
as follows:

1l. The coil system had to be conteined in
an approximste volume of 73" x 50" retangular
horizontal ares and 12" vertical height.

2, The coil system had to be placed in the
10-7 torr Bevatron main vacuum system.

3. The use of any magnetic materiel was
precluded because magnetic materisl in the gep
of the main guide field magnet would perturb the
accelerating guide field.

L, Pulsed operation of the coils so that
the injected beam would not be lost during low
energy beam escceleration.

5. A 50 gauss-in. eddy current field
limitation produced in the coil and support
structure by the sccelerator guide field to min-
imize loss of the injected beam.

6. A strong coil support structure to con-
tain the coil forces.

T. A reasonebly radiation resistant coil
insuletion system.
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Fig. 1. (Cross-Sectionsl View of the Beem Extraction Focussing Coils
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TABIE TI.

Reguirement

Specified Design Requirements for the Beasm Fxtraction Focussing Coils

Quedrupole Coil Sextupole Coil

Aperture

Fleld Strengths

Field Accurecy

3.5" horizontal (X=£1.75")
by 3.0" vertical (y=%1,50")
cleer eperture

Same es quedrupole coil

Cradient « Effective Length
product (integrated gredient)
Ky leppq = 50KG-in./in.

where BlyQ = Rq end By(f KQX

Sextupole Coefficient -
effective length product
Ks leffS = 2,25 E;iu.

- A 2
where ByS KS (x2- Y2)

A combined error, A (]ayQ . lefo)'l' A (Bys * Loppg)

B .

” lefo+Bys' 1

effsS

within a few percent in the central portion of the aperture;

-1.25 <X €£1.25 end- 0.75 € Y £ 0.75

8. Minimum internel modificetion of the
Bevatron because of the awkward working erees
end somewhat redioective exit beam port area.

Also, for different energy extracted beams,
the beem orbits are different through the fringe
field, which faet requires remote positioning of
the focussing coils.

Design

A nested quadrupcle and sextupole coil
system was developed with the aid of computer
programs QCOIL and POISSON® for the beam extrac-
tion focussing coils. The integrated guedrupole
field, nominelly 50 kG-in./:Ln., is obtained with
four current sheets, =mpproximated with 32 con-
duetors. Inside the guedrupole, e six conductor
coil produces the sextupole field. These are
shown in cross sectiorel view of the coils,
Figure No. 1%, A plen view of the besm exit
area of the Bevatron with the focussing coils
is shown in Figure No. 2.

Fields

For the coil configuretion shown, two
dimensional coil fields were celculated consid-
ering the shaped Bevatron pole tips infinitely
permeeble, setireted at their highest operating
field, and with the pole tips removed. A little
veriation in the fields in the central portion
of the eperture was noted considering these
three conditions.

The quedrupole gradient wes found to be about 1%
higher with the pole tips considered infinitely
permeeble as compared to the pole tips removed
which seemed reasonzble.

With the quedrupole coil, it wes necessary
to meke two coil sections longer than the other
two which introduced e dipole field at the ends
of the coil. The total calculated integrated
dipole field of 7.9 kg-in. was found =cceptable.

Field error calculations, for the case where
the Bevatron pole tips were satureted, indicated
a guedrupole coil meximm vertical field deviation
from a linesr gredient of ebout 3% at the extrem-
ities of the centrsl aperture (Xt1.25").
Considering thet the mesgnitude of the calculated
sextupole field errors was insignificant when
compared to the megnitude of the quedrupcle field
errors, the 3% represented the combined error end
was deemed scceptable.

Paremeters
Celculeted design persmeters, based on the

éesign requirements from Table No. 1, for these
two coils ere given in detail in Teble Ro. 22,



TABLE II. Calculzsted Design Perameters for the Beem Extraction Focussing Coils

Parameter

Quadrupole Coil

Sextupole Coil

1.

Magnetic

1.1 Effective length
(‘eff)

1.2 Credient (KQ)
1.3 Sextupole Coefficient (Ks)

1.k TIntegrated dipole field

1.5 Current

1.6 stored Energy

Physical

2.1 Total turns per coil
2.2 Number of ccil sections

2,3 Number of turns per coil
section

2,4 Conductor

2.5 (Coil length per section

2.6 Total coil length

Electricel

3.1 Design current(105% of 1.4)

3.2 Peak current density

3.3 FRms current denslty

3.4 Coil Resistence @ 40 C.

3.5 Coil D.C. voltage

3.6 Power duty fector(based on
a 1 sec. flat pulse with a
0.1 sec, lineer rise end fall
every 6.9 sec.)

3.7 Coil power

3.8 Coil inductance

3.9 Coil electricel time constant

3.10 Mutual inductance

3.11 Coil inductive voltage

(measu:.'ed ha, 2™y
1.269 kG/in.

7.9 kG=-in.

(measured 9.1 kﬁ-iu.)

5815 Amps
670.6 J

16

0.467" sq. x 0.275"
ID Hollow copper

36.6 £t
6.4 £t

6100 Amps
38,900 A/1n®
15,300 A/in®
8.36 x 1073 g
51.0 volts

0.155

8.1 kW

39.7 x 10°% H
4,75 x 1072 sec,
-1.5 x 10798

2.31 volts

u

(measuéed 48.7)
0,0488 xG/in®

1114 Amps

1.66 J

0.255" Sq. x 0.125
ID Hollov copper

29,6 £t

29.6 £t

1370 Amps
22,500 Af/in®
8,830 A/in?
5.09 x 1079 p
5.7 volts

0.155

1.08 W
2.67x10 81
0.525 x 1072 gec.
-1.5 x 1078 H

0.029 volts
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Parameter Quadrupole Coil Sextupole Coil

4, Cooling
4.1 Deslgn water temperature 20°C 20°C
differential

4,2 Total water flowraste 9,14 gpm 0.21 gpm
4,3 Tumber of water circuits 4 1

4.4 Water flowrate per circuit 2.28 gom 0.21 gpm
4,5 circuit water pressure drop 53.9 psi 27.1 psi
4.6 Coil thermal time constant 3.1°C/sec. 1.1°¢/sec.

Fabrication The bare wound sextupole coil wound from

0.£55" sq. x 0.125 diameter hollow copper, is
Coil Winding shown in Figure No. 4. Note the matching 11

degree bend which matches the quadrupole coil,
Figure No. 3 shows the deteils of the qued-

Tupole winding. The coll was wound in four
sections. Each section consists of four turns
each, wound fram ebout 40' of 0.L67" sq. by 0.275"
diameter hollow copper, with the leads exlting
from the Bevatron vazuum tenk, For e ressonably
compact end configuration and ease in fabrication,
two of the coil sections are somewhat longer than
the other two. This introduces a small vertinal
dipole field component at the ends of the quad-
rupole coil, The coil also has & 1—;— degree bend
in the middle of its length which gives the coil
an approximate fit to the extracted teem orbit
curve.

Fig. 4. Bare Wound Sextupole Coll.

Two insulation systems were considered for
insulating and vacuum potting the coil. One was
to use & mineral filled epoxy resin formuletion
with little glass (little gless is used so the
f£iller will not be strained out) to obtein a
resonably radietion resistent coil insulation.
Unfortunately, the mineral filled epoxy formula-
tions have some limitetions; nsmely they result
In a very brittle meterial enc they do not lend
themselves to & void free impregnation. The
ather epproach is to cram as much glass and Nema
N Quadrup 5 G-10 into the voids of the coll and then impreg-
Fig. 3. Bere Wound ole Coil. nate with e non-filled epoxy resin formuiletion
known to be comparitively radistion resistant,




tough, and cepeble of void free impregnation.
Since the coils had to Tte pleced in the msin
Bevatron vacuur system where voids are very un-
desirable and would be subjected to pulsing
forces, the nnn-filled epoxy Tormulation was
used.

Figure No. 5 shows some of the gless insula-
tion. All conductors were covered with either
two layers of 14 mil. thick breided tight-weeve
fiberglass sleeving or with 1,0" wide by 7 mil.
thick standerd weave tape, The minimum insula-

tion thiclmess between conductors was 45 mils,

Fiberglass Insulation Detail.

The coils were vecuum impregnated with a
wnmudified low viscosity epoxy resin (EPON 826),
Polyglycol diepoxide resin (DER 736) =and en
aromatic emine harderner (TONOX) formulation per
IBL Specification MROCH4,

Coil Support Structure

A metallic support was built to contain the
coil and coil forces, up to 360 1’b/:i.u.2.5 This
was done insteed of relying on the questionable
strength of the epoxy fiberglass insulation efter
radiation by the extracted Bevatron veam.
Annesled 304 stainless steel wes selected for
the support structure material becazuse of its
compar atively high elastic modules and high
electr.cal resistivity end accepieble megnetic
permeability of less then 1.02.

Besically, the support structure comsists
of three perts as shown in Figure lio. 1. The
inner shell is & 0.188" thick pipe that hes been
squashed into a rectemgular shape whi-h provides
the clear aperture of 3.5" by 3.0". Tre two

outer shells ere febriceted from —é—" plate and

and welded =zt the ends. To achieve welds “hat,
were crack free znd non-magnetic, a permeebility
of less than 1.02, Kromerc 55 (a Westinzhouse
trademark) welding rod wes used. Bolting et the
top and bottom was selected primarily to keep the
sunpori siructure horizontal radiel dimensions
small. This elicws for e maximm length coil.
Also, with the small horizonmiel ragial dimension
the eddy currents induced by the Bevetron verticsal
guide field ere less. All the sections of the
support structure are insulated from one enother
0 minimize eddy currents and greunded through
resistors. Calculations showed the eddy currents
to be less than 50 gauss-in. at the ou-er efdge of
the beem envelope. The support structure is
shown in Figrre No. 6 end also functioned as the
potting mocld for ke coils.

Support Structure and Coils After First
Potting.

Coil Febrication

Fabrication of the coils followed the follow-
ing besic steps.

1. Coil winding.

2. Coil inseting with fiberglass sleeving,
tape, =nd Neme G~10, snd assembling coil sections
with the coil support siructure.

3., First vecuum impregnetion of the coil.

4. Removal of outer coil support structure
and repair of cessting.

5. Coil lead forming.

6. Coil lead insulating with fiderglass
sleeving, tepe, end Neme G-10, reinstallsation of



the lead support structure.

T. Finel vecuum impregnetion of the colls
end leads. The finel impregnestion also included
the coll vwhich ellowed the coil shrinkege voids
from the Tirst impregnation to be filled,

Figure No. 7 shows the completed coil and
leads. The strange configuration for the leads
was a design restriction imposed by the Bevetron
vecuum extenslion tank where it wes convenient to
bring the utilities to the coil.

Fig. T.

Focussing Coils and Support Structure

Electrical tests were performed at various
stages of febrication. After the first impregna-
tion, the quadrupole coil was successfully
impulse tested to 1600 volts with its outer
support shell removed. After finel potting, DC
high-pot tests to 3 KV were successTul between
the two coils amd from each coil to ground.®

Oydraulic tests were also done on the coils.
Flowrates were recorded through the various cir-
cuits et 40, 60, & 80 psi pressures end found to
be satisfactory.

Drive Units

The support structure assembly positioned
in the gap of the Bevatron main guide field is
movable in the radial direction snd restrained
in the verticel and azimuthel positicus.

Rediel positioning of the eoil is accom-
plished with two independent drives, zn upstream
and a downstreem drive unit. Each unit has a
stainless steel screw turning in e neval broze
nut, lubriceted with Apiezon H vecuum greese,
which gives redlel movement. The screws in turn
are driven with Slo-Syn motors through chain
drives. The upstresm end downstreem positions

are reed with counters. The upstreem drive unit
has & 1.9 in. normel travel renge end the down-
streem end & 0.6 in. normel travel renge. The
travel range limits are set by micro-switches.

If these fall, positive stops prevent the threeds
from locking.

‘[ne assembly is restrsined verticelly at
eacnh end, three points totel, with polished
stainless brackets, ettached to the coil support
structure, which slide between surfeces of Teflon
impregneted bronze Glacier DU beering materiel.
Azimuthnally the coll structure is restreined by
the upstreem drive unit which keas =2 trumion nut
to allow Tor horizontel rotation.

Fortunately, the net pulsing coil forces are
small, 7O lbs, ezimuthelly end 54 lbs. redial,
The major loeding on the coil is due to the
vecuum loading where the coil leads come through
the Bevetron vecuum extension tank. Bellows are
required with the leeds to ellow for the nec-
essery coil motion.5

Magnetic Measurements

Magnetic measurements were made on the
focussing coils prior to installation into the
Bevatron because:

1. Precise measurements were not needed.

2. It is very difficult to work im the
Bevatron in the area where the coils are located.

3., The area is also somewhat radiosctive.

Verticel field integral measurements were
taken Tor botk the quadrupole coil at 1800 amperes
and the sextupole coil et 420 emperes, is air and
also in a flat pole iron gap which approximated
Bevatron geometry. Measurements were mede with

two search coil, esch 66 inches long mounted

side by side with a 1} degree bend in the middle
corresponding to the centerline sxis of the colls,
o X-Y stages which positioned the coils and two
integrators with 2 digital voltmeter. Voltage
was induced in the search coll by turning the
megnet power supply om and off.

The measurements substantiated the field
calculetions except that the assumed calculated
effective lengths of the coils were less than
those measured which is good. A 1% increase in
the gradient of the quedrupole with the coil
measured in the iron gap was seen when compared
to the coil measured in =zir which was expected.

For the guadrupole coil measured in the flat
pole iron gap, in ihe centrel eperture, -1.25
<x <1.25 end -.75 €y € .75, meximum devietion
of the vertical field integral from a fitted
linear curve through the data points was 1%% at
the sperture extremlties(X=t1.25). The measure-
ment uncertainty was ebout %#1%. The calculated
field error for this geometry was 1% at tie
aperture extremities which indicstes that the



field measurements substantiete the celculations.
From the sbove, one should expsci to obtein the
calculated 3% Tield devistion from z linear
gradient for the ectual Bevatron geometry which
satisfies the design requirements. The sextiupole
coil vertical field measurementis gave expected
results with the megnitude of the errors being

less cthan the guadrupole coil field errors.®

In the central aperture, the verticae
integrals measured in the iron gap, as
of current are given oy® {

w o

Quadrupole Coil
”By . cu)QI (kG-in. )={1.568+9.277 X (in.))»
10731 (emp)
Sextupole Coil

(§3, - dl)SI(k.G-iu.)=2.133.10'3(X2(in2)-‘£2
(iua) *I (smp)

Installation and Operation

The focussing coils and positioning equip-
ment were installed during a five day vecuum
shutdown in the later part of Jume 1972. Figures
No. 8 end No. 9 show the upsiresm and downstream
sections of the focussing coils during installa-
tion.

Upstream End of rocussing Coil During
Installation.

Fig. 9.

Downstreem End of Focussing Coil
During Installation.

Hote that spasce is at a premium znd that the
support structure fills the entire gap. In
Flgure No. B., the cleer bore aperture can be
seen. Tne upstream threaded drive shaft and
trunion nut are behind the round disc which is the
outer stop. Figure Ho. 9 shows the downstream
drive shaft counter, and support bracket.

The focussing coils have operated success-
fully with the Bevatron proton beeam during test
and are currently undergoing beam development
tests,
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