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A SMALL HELIUM-3 CYCLOTRON* e
R. M. Main, M. R. Curtis, R..Grazier RS

'P B. Kennedy, B. H. Smith, D. A. Spence

Lawrence Radiation Laboratory

Summary
. A 27-inch AVF cyclotron of fourfold symme -
try designed specifically for use in helium-3
©-jactivation analysis is now in operation at the
. 'Iawrence Radiation ILaboratory in Berkeley. The

fixed energy and modest beam quality requirements -

‘have resulted in an<instrument of minimum size,:
‘weight, power consumption, and fabridation costs.,

New .techniques were developed to construct -
. 'edge-cooled tape-wound magnet coils which are
housed inside the vacuum.chamber. Other unusual
design features include: unit construction dee

liners hydraulically pressed to the pole tip con- .

tours; two 55° dees-in-valleys operating in push-
pull; a removable top yoke assembly which allows
‘cOmpleté@ access tO the pole area; a narrow gap
with en average spacing of 1.5 inches making pos-
isible maximum utilization of the pole diameter
§for steble orbits. In conjunction with the tape
;coils, the use of this small gap also results in
'a magnet of very high efficiency. The cyclotron
‘operates with an average field of 16.6 kG and a

grounded grid triode prov1des Lo kV’dee ~-to-ground

(150 keV/turn).

Power is supplied by 220 V, 3-phase service. :

The magnet requires 17 kW, the RF system uses
17 kW, and the remaining instruments, pumps, and
icontrols use an additional 6 kW. The complete

‘systeng including vacuum pumps and power supplies,

‘weighs 10.7 tons and occuples a floor space of
37 x 6% inches.

Introduction

Recent advances in the techniques of
‘charged-particle activation analysis have gener-
ated a high degree of interest in the production -
‘of an inexpensive light-ion accelerator. Further
-impetus has been provided by the demand for a

:similar instrument for isotope production, stimu- :

_lated by the development of instruments and tech-
niques for the use of short-lived positron emit-
-ters in biological research and medical diagnos-
itics. The investigation of techniques for light-
;element activation analysis by Markowitz and-
‘Mahoney,  using 3He beams from the Berkeley heavy
-ion linear accelerator and subsequent calculation
cof 3He interaction cross sections with heavier
‘elements, have indicated the broad versatility of
‘this ion, both for activatioh analysis and for
1sotope production.

§ *  The 27-in 3He cyclotron described in thls

ireport was designed specifically for use in these

‘fields. We have, at the same.time, attempted to
idevelop methods of fabrication and design that

" iwill make possible its reproduction at the modest
‘cost that will be necessary if these powerful
f°“alytical and diagnostic techniques are to have
uroad appllcatlon. ’

University of California
Berkeley, California

Design Considerations !

Although the utility of the 1nstrument in- agi,

‘ereases with increasing ion energy, most work is
.;possible at about 10 MeV.
‘mum of 18 MeV to allow for the penetration of
vacuum and target

We have chosen a maxi-,

windows. -Since a moderate ener¥

"igy spread is tolerable, energy can be varied with -

i
‘
:
,

absorbers. A fixed-energy accelerator is thus ;,“
acceptable. The restriction on beam divergénce
is modest, demanding only the ability for focus-

ing on a spot-about 0.75 in diam.

The prlmary design objectives for the 3Hef ‘

‘ cyclotron are high reliability coupled with sim-

plicity of operation and maintenance. A second- -

_;ary objective is low cost, which implies minimum.
instrument weight and size, minimum power con-
;sumption, and the utilization of fabrication

methods” that allow low-cost reproduction. These

objectives are common to the design of all ana-
‘1lytical instruments, but a cost analysis of the
‘total installation and instrument operation must

be given full consideration in order to indicate
the degree of emphasis to be placed on each as~

_pect of the design.

To be generally useful, the cyclotron must .
be capable of installation, with minimum building -
alterations, in existing laboratories. The ne-

_cessity for heavy concrete neutron shielding is

the predominant factor in the cost of the instal-
lation. The space requirements of either acti-
vation analysis or isotope production are rela-
tively modest; clearance of a few feet around the
cyclotron is adequate..  Floor-area requirements
of the eyclotron thus greatly affect the enclos-

' ure area requirements which, in turn, determine

“the floor loadlng.

‘have assumed a power cost of $0.015/kWh and

:requires 1.5 kKW of input power.
“time of 30 000 hours, the operating cost per in-

the total mass of shielding and, more 1mportant, i
The floor loading also de-
pends on the height of the shielding, so that,

if special foundations are to be avoided, re-

‘strictions on the instrument height and required

overhead clearance must be observed. The floor

.loading under the cyclotron itself must also be
jmlnlmum for the same reason.

Operational costs that are affected by de-

~sign are those concerned with power consumption. ..

In estimating the cyclotron operating costs, we

2.7 ££3/kWh of cooling water at $.0015/ft3. At
65% over-all efficiency each instrument kilowatt |
Assuning a life-§

strument kilowatt is therefore $880, $700 for :
power and $180 for cooling water. For each in- ...

‘strument kilowatt an additional capital cost of

$280 is estimated for power installation and
power supplies. Conventionally designed cyclo-
trons of the size considered here generally re-

‘quire in excess of 100 kW and, over their life-
times, the cost of power and power supplies......
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exceeds the cost of the 1nstrument.

These considerations have led to the extreme -

empha51s that we have placed on minimizing size,
.weight, and power consumption in the de51gn of

.the SHe cyclotron.
Magnet Construction
The magnet material is Type 1Q08 low carbon
_steel. The yoke and legs were cut from one 8-in

.thick slab and both poles from one 5-in thick
slab. The tolerance requirements for these
pieces are relatively lax, with the following ex-
‘ceptions: the inner surfaces of the yokes must
‘be flat; the two legs must be of identical length
w1th their ends flat and parallel; and the faces
‘of the poles must be flat and parallel. The re-
auired precision of parallelism and.flatness to
.within 0.0002 in and with a 16 p-inch finish was
‘easily and inexpensively achieved with a Blanchard
igrinder. For esthetics, other surfaces on the
magnet were rough machined or rough ground. The
poles were mounted on a mandril through center
éholes, which were used for adjustable magnetic
‘center plugs, and turned together on a lathe,thus
" nsuring concentricity of the center holes and
jidentical diameters of the poles.

.- ... The magnet was assembled with the poles co- |

‘ax1ally aligned on the mendril to within a few

itenths mil and p051t10n1ng dowels placed in match--:

‘drilled holes at the mating surfaces of the legs
‘and yokes. With the magnet excited to operating
:field strengths the pole tips are parallel to
‘within about 0.0002 in across the 27-in diam.
‘peated removal and replacement of the top yoke-
‘pole assembly causes no detectable change in par-
~a11ellsm, and concentricity of the poles remains
within Q .0005 in.

The Thomas pole hills are 35-deg sectors,
‘truncated 0.75 inches from the center of the pole.
-These hills were produced as follows: the sectors
were cut from a single piece of Type 1008 low-
carbon steel, ground flat on one side, match

drilled, and screwed to a flat, precision-drilled

lathe-backing plate. A rough contour, derived by
calculation and intuition, was-machined on the
hill surfaces with a tracer lathe. They were then
positioned on the pole tips, measurements of the
magnetic field were made, and Bgve &s a function |
of radius was computed.® A thin (0.010-in) shim
‘was placed under each hill and the field measure-
ments were repeated. From this ihformation the
dependence of Bgye on hill height at all radii
was derived, and contour corrections to the hills
were calculated to produce the isochronous field
which has been. predicted by a second computer pro-
-gram. The corrected contour was machined on the
‘hills and the measuring process repeated with suc-
cessively thicker shims placed under the hills to
position the contour to the proper height. After
the isochronous field was produced, a new set of
‘'shims was machined to the proper height and con-
tour. Five measurements were requlred to produce
the proper contour.

A minimum pole gap of O.7-in was chosen as
that necessary -for beam clearance at the outer
‘sdge; more than adeguate for the actual 1/L-in
‘beam height experienced at extraction radius.

) Re-i:

.copper.
" thick aluminum plate in which water channels were

“tween the coil and magnet yoke.

. 2700 A/in“. 1
" queted across 800-in® of grease bond (20 W/in?)

UCRL-17274

"Since no shims are used in the valleys, the Thomas

hill shims are tapered in height and the resulting
configuration allows for the extension to the dees
over the hills at the center of the pole with ade-
quate spacing for the high voltages, as shown in

Fig. 1.

Magnet Coils

The émphasis we have placed on minimum cost
and power cqonsumption demands the design of a mag-
net system that is highly efficient. For the
coils this requlrement implies the use of copper
with a high packing factor, the placement of the

‘coils near the magnet's median plane, and the

largest possible coil cross section consistent
with efficient steel configuration. This latter
restriction on coil cross section involves the .
use of the shortest p0551ble pole height (and thus
coil helght) to achieve maximum magnetic efficien-
cy and at the same time minimum steel weight.
These considerations have led to a coil sys-
tem that is unconventional in three important as-
pects: first, the use of edge-cooled copper tape .
coils with a packing factor of about 90%; second,
the: placement of the coils to within 0.75-in of

the pole-tip edge; end, third, the inclusion of
ithe coils, with large areas of exposed epoxy,

within the cyclotron's vacuum chambexr.
The coils consist of 152 turns each of

0.027-in by 3.5-in copper tape wound on & 0.125-in
-copper mandril, with turn-to-turn insulation-pro-'
'vided by a layer of epoxy (Hysol Type C-35) and

:0.002-in glass cloth.

After winding, the coils
were resistively heated to progressively higher
temperatures to cure the epoxy, with a final 2-h
cure at 160°C. The edges of the cured coils were’
machined flat and parallel and subsequently etched
with nitric acid so that the glass-epoxy insula- -
tion extended approximately 0.003-in beyond the
The cooling plate consists of a 0.5-in

machined, and a 0.06-in thick cover plate welded
at the inner and outer edges. The entire outside
of the cooling plate was hard anodized to a depth
of about 0.002-in to provide insulation between
the plate and the coil edge. The plate was bonded
to the coil with a thermally conducting grease
(¢.E. Insulgrease No. G-640) and sandwiched be-
The grease bond
also serves as a vacuum seal. Fig. 2 shows the
details of the coil mounting.

The magnet power supply is located in the

‘cyclotron stand-cabinet, and power is brought di-

rectly from the supply to the coils on a concen-
tric bus system through the bottom yoke. Bussing
between the bottom and top coils is inside the
vacuun system. Removal of the top yoke-pole
assembly to provide access to the cyclotron in-
terior requires only a quick disconnect of this
bussing. . -

The magnet operates at an average field of

16.6 %G with a current of 265 A (81 000 ampere-

current density in the coils of.

turns ) ang &
The total power of 16.0 kW is con-

with a temperature rise across the bond of about.

“15°C.



_ fold symmetry of the yoke-leg structure.

only
- ency

‘hous
sulting in a highly efficient system.
‘was shimmed to provide isochronous fields for 3He

‘phase excursion is limited to

MonVanmia,

'

two years and no failures that can be attributed

to the method of coil winding or cooling plate

bonding have occurred. The failures experienced
were caused by arcing in the bussing system.

Magnet Performance

With an average gap field of 16.6 kG approx-
imgtely 80% of the reluctance is in the gap, with
about three quarters of the steel reluctance at
the pole bases. An increase in yoke thickness is
thus not warranted, and calculations indicate that
minor improvement in over-all system effici-
would result from tapering of the pole.

The narrow gap allows achievement of isochro--
fields to within 1 inch of the pole edge, re-
The pole

(e/m=0.66) particles, but the fact that the Thomas'

N These coils have been in operation more than o

shims are more saturated at the outer edge then at

the center of the pole results in an unexpected
advantage with regard %0 protons and CQ-particles.

If the excitation is reduced slightly the central

field is lowered, but the edge field remains con-
stant. The resulting profile closely approximates
the proton ( e/m—l 0) isochronous field. Converse-
ly, a slight increase in excitation produces the
flatter profile necessary for e/nFO 5 isochronism.
The instrument is thus adequate for all of the
light particles without the neces51ty of auxiliary
profile coils.

The . shimming of the pole was accomplished
with~a precision such that, with the designed op-
.erating dee voltage of 40 kV the O-deg particle
15-deg. Correction
of the phase slippage occurring at the center is
made with the adjustable plugs and by adjustment
of thevradial field profile with excitation, as
dlocu;sed above. -

The azimuthal field profile at several radii
is shown in Fig. 3. The narrow gap makes possible
the production of flutter at a very small radius;
significant focusing is available at 2.0 in. The
vertical tune is approximately constant at about
0.16 from 2.5 to 10 in, then increases to about

‘0.23 at the extraction radius of 12.5 in.

The first and second azimuthal harmonics of
the magnetic field are shown in Fig. 4. The rel-
atively constant first harmonic amplitude at large
radii is accounted for by the nonparallelism of
the pole faces; the larger value at small radii is

- probably caused by misalignment of the shims at

The second harmonic .is due to the two
Neither
of these harmonics is large enough to be of sig-
nificance.

the center.

_Accelerating System

‘The removable top yoke-pole structure allows
quick access to the entire interior of the cyclo-
tron. Simple and accurate positioning of the RF
structures is thus possible, and the system can he
designed with relatively close spacing of the R
surfaces.

To minimize the RF power*requirements, we
have utlllﬁed the dee-in-vaelley configuration of

This conficvvration requires a four-

fold symmetry of the pole-tip, with the two dees

UCRL-1727h

in opposite wvalleys and operated in push-pull.

The maximum gain-per-turn with 55° dee angles is
3.7 Vgee €V. Following MacKenzie, we have also
broadened the tips of the dees at the center of
the pole where the minimum hill shim height allows
adequate clearance (see Fig. 1). The first 1-1/2
turns thus receive full dee voltage gain from each
dee, and the particles are rapidly accelerated
away from the center and through the region of-
zero vertical magnetic focusing (about 1.5 inches
radius ).

The resonant system consists of the two dees
and, for “He, a 6-turn coil, 28-in long and 6-in’
diam. The entire system is supported from the
floor of the vacuum chamber by two 6-in long alpha
alumina insulators at the outer ends of these dee
stems ‘and, at the center of the coil, by the coil-
dee cooling-water coupling line.. Frequency change
of the system, necessary for acceleration of dif-
ferent ions, can be made by changing the coil.

The oscillator is a grounded-grid triode
(EIMAC 3WS000), supported on the removable back
wall of the coil chamber and capacitively coupled
to one side of the coil by an adjustable shoe. A
grounded balancing shoe, also mounted on the back
wall, is capacitively coupled to the opposite end
of the coil. Adjustment of these two coupling
shoes provides for variable step-up ratio, dee
balancing, and trim tuning of the system. An addi-
tional capac1tlve tuner for each dee is mounted on
the side wall of the vacuum chanmber. The entire
back wall of the RF coil chamber is removable,al-
lowing unobstructed access to the coil. The coil
is held in position by six screws on each side, so
that rapid change is possible.

A second EIMAC 3W5000 triode
hard tube plate modulator for dee voltage regula-
tion and high speed spark protection. The oscil-
lator operates at approximately 70% efficiency,
providing 8 kW of RF power to drive the dees to
the normal operating potential of 40 kV, resulting
in a maximum energy gain/turn of 150 KeV. An ad-’
ditional 7 kW is dissipated in the oscillator, mod-
ulator, and power supply.

is used as a

The close dee-ground spacing and high FF
voltages result in high VE values, and the fact
that the .system is frequently let up to atmosphere
makes it mandatory that a method be provided for
Tast bake-in of the high voltage surfaces. During
bake-in the energy that can be dissipated in
sparks must be restricted, since high-energy
sparking .can produce pits in the copper surfaces.
The system used allows delivery of power into
glows but detects the.fast current rise of a spark
as a signal for RF turn-off and, after a delay to
allow the gases produced by the spark to be pumped,
RF turn-on. Both the turn-off time and the turn-
on delay can be adjusted to provide for the most
efficient bake-out. In practice, 5 to 10 sparks
per second can be produced, and a very rapid bake-
out results. After a normal let-dovm to atmos-
phere, stable KF operation is achieved after 10
minutes. of bake-out and final pumping. The entire
pump-down bake-out cycle takes about 25 minutes.

" Each dee is made of two sheets of 0.030-in
copper, hydraulically pressed to mirror-image dies,
jigged together on 0.5+in OD water-cooling lines



termlnatlnv in a machlned copper bloc, and oven-
brazed. ] .
The dee-liners are also hydraulically formed
to a die (the prototype hills and lathe-backing
plate) identical to the pole tip, except for
rounded edges added at suitable positions. The
liners, of 0.030-in copper, are cooled only by
contact with the pole tips (as shown in Fig. 1).

The method of hydraulic press forming proved
to be quite inexpensive, and most rewarding is the
fact that all contours are smooth in the high-~RF
field regions. _

Vacuum System

The 27-in cyclotron design represents a var-
iation from usual cyclotron vacuum-system design
in two aspects: first, the inclusion of the mag-
net coils with relatively large areas of exposed
epoxy within the vacuum chamber and, second, the
‘requirement for frequent let-down to air which de-
mands that the system be des1gned for rapid recov-
ery from atmosphere.

: . The vacuun .chamber consists of four walls
~with O-ring gasketing to the two magnet yokes,
~whichsf'orm the top and bottom of the chamber. A
1h-in extension of the chamber beyond the magnet
.conteins the RF coil and also serves as a pumping
menifold. This arrangement allows high pumping
:speeds all around the pole-tip edge.
sheet dee liners, which cover the magnet coils
completely, prevent degassing of the undersurface
of the liners, the pole shims, and the magnet
coils directly into the region of the dees: The
back wall of the extension, which supports the RF
oscillator and coupling system, is removable to
allow for qulck change of the RF coil.
The pumping system consists of a 21- ft3/m1n
. mechanical pump and an oil diffusion pump with an
air speed of 1700 1/s, a “He speed of 2100-1/s and
a fore—pressure tolerance of 0.5 torr. The pumps
are coupled at one side of the RF coil chamber
through a 10-in diam elbow equipped with a single-
bounce louver baffle and a pneumatically-operated
gate valve, 6-in in diameter. The mechanical pump
is coupled to both the diffusion. pump and the
vacuum chamber through a three-way ball valve to
allow its use in both rough and fore pumping.

Tﬂe system has an air speed of about 1000 1/s
and a THe speed of 1200 1/s, measured at the pole
edge. With an ion source through-put of L torr-
l/s the operating system pressure’ is about 3.5

x 1075 torr.

The chamber pressure can be reduced from
atmosphere to operating pressures within 15 min.

Ton Source

The ion source is of the dual cold-cathode
‘hooded-arc PIG type, similar to the one used for
the production of mul{iply-charged heavy ions at
the Berkeley Hilac.?s It is simple in construc-
tion, is long lived, and is particularly applic-
able for use in a small narrow-gap cyclotron where
over-all height is restricted.

The plasma column is approximately 0.25in
" in diameter by 0.75-in long and, with aluminum

cathodes, operates at about 400 V with currents
© of about 0.1 A, With this arc-current a beam of

The single- '

SLe

3 to 4 pA of He™?

from 30-50 kV.

UCRL—1727A

’
/

is extracted from a 0.050-in
diam hole in the center of the anode. Gas con-
sumption is approximately 1 STP-cc/min. The op-
eration of the cyclotron to date has been restric-
ted to these low. beam intensities because of a
lack of shielding. However, with waterLeooled
cathodes to allow high arc currents, and an in-
crease in the ion window area, the_source is ca-
pable of producing currents of He as high as the
calculated space-charge limit of the cyclotron
(approximately 75 ud).

This type of iony,source is also capable of
producing large currents of both positively and
negatively-charged hydrogen and deuterium,7

Deflector

The deflector, positioned as shown in Fig. 5,
is a conventional electrostatic channel, 6-in in

‘length (23° arc) with a 0.005-in tungsten septum

and a flattened 0.75-in in diameter copper rod as
a high-voltage electrode. The channel conforms to
the beam orbit, and its width may be wvaried from
1/8 to 1/4 in. The radius and entrance angle of
the channel can be remotely adjusted during oper-
ation for maximum extraction. The beam exits the
cyelotron approximately perpendicular to its front

face.

The system was designed for 65 kV and, de-
prending on channel width, operates with voltages
A 75-kV, 5-mA power supply, unreg-
ulated at present, is used.
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| Figure Captioné
_Fig. 1. The 27-ihch HéliquB Cyéloﬁron with the top yoke-pole assembly removed
for quick acceés. . |
Fig. 2. Schematic cross—seCtional‘view.shbwing the goil mounting detaiis.
Fig. 3. .Magnetié field values at féur radii plotted as a funétion of'azimuth.v
Fig. L. The amplitude of the first and secpnd magnetic field harmonicé'pléfted
at one-inch radial increments. » |
>

Fig. 5. Schematic plénview of the “He cyclotron showing the locations of the

ma jor components.
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This report was prepared as an account of Government
sponsored work. Neither the United States, nor the Com-
mission, nor any person acting on behalf of the Commission:

A. Makes any warranty or representation, expressed or
implied, with respect to the accuracy, completeness,
or usefulness of the information contained in this
report, or that the use of any information, appa-
ratus, method, or process disclosed in this report
may not infringe privately owned rights; or

B. Assumes -any liabilities with respect to the use of,
.or for damages resulting from the use of any infor-
mation, apparatus, method, or process disclosed in
this report.

As used in the above, "person acting on behalf of the
Commission" includes any employee or contractor of the Com-
mission, or employee of such contractor, to the extent that
such employee or contractor of the Commission, or employee
of such contractor prepares, disseminates, or provides access
to, any information pursuant to his employment or contract
with the Commission, or his employment with such contractor.
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