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summary 
A 27-inch AVF cyclotron of fourfold symme- 

t r y  designed spec i f ica l ly  f o r  use i n  heEiJm-3 
act ivat ion analysis  i s  now i n  cperation at the 
Lawrence Radiation Laboratory i n  Berkeley. The 
fixed energy and modest beam qual i ty  requirements 
have resulted i n  an instrument of ninimum size,  
weight, power consunption, and fabricat ion costs.  

New techniques were developed t o  construct 
edge-cooled ta-oe-wound mgnet  co i l s  which are 
housed inside the vacuum chamber. Other unusual 
design f e a t w e s  include: .nit construction Bee 
l iners  hydraul ical ly  pressed t o  the pole t i p  con- 
toms;  two 55" dees-in-valleys operating i n  push- 
pull;  a rewvable  top yoke assembly which allows 
complete access t o  the pole area; a narrow gap 
with ar. average spacing of 1.5  inches making pos- 
s i b l e  m a x i m  u t i l i z a t i o n  of the pole diameter 
f o r  stable orb i t s .  I n  conjunction with the tape 
coi ls ,  the use of t h i s  small gap a l so  resu l t s  i n  
a magnet of very high efficiency. The cyclotron 
operates with an average f i e l d  of 16.6 kG and a 
gmuqded-grid t r iode provides LO kV dee-to-ground 

Power i s  supplied by 220 V, 3-phase service.  

(150 kevjturn).  

The magnet requires 17 kll, the  RF system uses 
1.7 kW, and the remaining i n s t r w n t s ,  punps, and 
controls use an additional 6 kW. The complete 
system, including vacuum pumps and power supplies, 
weighs 10.7 tons and occupies a floor space of 
37 x 64 inches. 

I n t  roduct i or. 

c3arged-particle act ivat ion analysis have gener- 
ated a high degree cf  i n t e r e s t  i n  the production 
of an inexpemive l ight- ion accelerator.  Further 
impetus has been arovided by the demand f o r  a 
s imi la r  instrument f o r  isotope production, sti-m- 
la ted  by the development of instruments ar,d tech- 
niqces f o r  the use of short-l ived positron exLt- 
t e r s  i n  biological  research and roedical diagnos- 
t i c s .  The invest igat ion of techniques for l ight-  
element y t i v a t i o n  analysis  by Markowitz and 
Mahoney, using 3He beams from the  Berkeley heavy 
ion l i n e a r  accelerator  and subsequent calculat ion 
3f 3He in te rac t ion  cross sections with neavier 
elements, have indicated the broad v e r s a t i l i t y  of 
t h i s  ion, both f o r  act ivat ion analysis  and f o r  
isotope production. 

The 27-in 3He cyc lo t ro i  described i n  t h i s  
report  was designed spec i f ica l ly  f o r  use i n  these 
f i e l d s .  We have, a t  the  same t i m e ,  attempted t o  
develop methods of fabr icat ion and design t h a t  
w i l l  make possible i t s  reproduction at the modest 
cost  that w i l l  be necessary i f  ;hese powerful 
ana ly t ica l  and diagnostic techniques are t o  have 
broad application. 

Recent advances i n  the  techniques of 

Design Considerations 

Although the u t i l i t y  of t h e  instrument in-  
creases with increasing ion energy, most work i s  
possible a t  about 10 MeV. We have chosen a maxi- 
mum of 18 MeV t o  allow f o r  the penetration of 
vacuuu and target windows. Since a moderate ener- 
gy spread i s  tolerable ,  energy can be varied with 
absorbers. A fixed-energy accelerator is  thus 
acceptable. The res t r ic t ion  on beam divergence 
i s  modest, demndlng only the a b i l i t y  f o r  focus- 
ing on a spot about 0.75 i n  d i m .  

cyclotron are high r e l i a b i l i t y  coupled w i t h  sim- 
p l i c i t y  of operation and maintenance. A second- 
ary objective i s  low cost, which ircplies minimum 
instruuk?nt weight and s ize ,  minimum power con- 
suxption, and the u t i l i z a t i o n  of fabr icat ion 
nethods that allow low-cost reproduction. 
object ives  are common TO the design of a l l  ana- 
l y t i c a l  instruments, but  e cost  analysis of the 
t o t a l  i n s t a l l a t i o n  and i n s t m m n t  operation must 
be given full consideration i n  order t o  indicate 
the degree of emphasis t o  be placed on each as- 
pect of the design. 

To be generally useful,  the cyclotron must 
be capable of ins ta l la t ion ,  with minimum building 
a l te ra t ions ,  i n  exis t ing laboratories.  The ne- 
c e s s i t y  for heavy concrete neutron shielding is  
the predominant f a c t o r  i n  the cost  of the i n s t a l -  
l a t ion .  The space requirements of e i t h e r  a c t i -  
vation analysis  o r  isotope production are rela- 
;ively modest; clearance of a few f e e t  around the 
cyclotron is adequate. Floor-area reqcirements 
of the cyclotron t h s  great ly  a f f e c t  the enclos- 
ure &rea requiremnts  which, i n  turn, determine 
the t o t a l  mass of shielding and, more importw.t, 
the  floor loading. The floor loading a l so  de- 
pends on the height of the shielding, so that, 
i f  spec ia l  foundations a re  t o  be avoided, re- 
s t r i c t i o n s  on the instrument height and required 
overhead clearance must be observed. The f l o o r  
loading m d e r  the cyclotron i t s e l f  must a lso be 
minimum f o r  the same reason. 

Operational costs  t h a t  are affected by de- 
s ign are those concerned w i t h  power consumption. 
In  estimating the cyclotron operating costs, we 
'nave assumed a power cost of $O.O15/kWh and 
2.7 ftj/kWh of cooling water at $.OOlg/ft3. A t  
65% over-al l  eff ic iency each instrument kilowatt  
requires 1.5 kW of input power. 
t i m e  of 30 000 hours, the operating cost  per in- 
s t m n t  kilowatt  is therefore $880, $700 f o r  
power and $180 f o r  coolir-g water. For each in- 
stnunent kilowatt an addi t ional  cap i ta l  cost  of  
$280 i s  estimated f o r  power i r -s ta l la t ion and 
power supplies.  Conventionally designed cyclo- 
t rons of the s ize  considered here generally re- 
quire  i n  excess of 1OC khT and, over t h e i r  l i f e -  
tines, the cos t  of power and power supplies 

The primary design objectives f o r  the 3He 

These 

AssWng a l i f e -  
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exceeds the cost  of the instrument. 

emphasis tha t  we have pleced on minimizing size,  
weight, and power consumption i n  the des ign  of 
the 3He cyclotron. 

These considerations have led t o  the extreme 

Magnet Construct ion 

The magnet material  i s  Type 1008 low carbon 
The yoke and legs  were cut from one & i n  s t e e l .  

th ick s lab and both poles from one 5-in thick 
slab.  The tolerance requirements for  these 
pieces are  r e l a t i v e l y  lax, with the following ex- 
ceptions: the inner surfaces of the yokes must 
be f l a t ;  the  two legs must be of ident ica l  length 
with t h e i r  ends f la t  and para l le l ;  and the faces 
of the poles must be f l a t  and para l le l .  The re- 
quired precision o f  parallelism and f la tness  t o  
within 0.0002 i n  and with a 16 p i n c h  f i n i s h  was 
e a s i l y  and inexpensively achieved with a Blanchard 
grinder. For es the t ics ,  other  surfaces on the 
magnet were rough machined o r  rough ground. 
poles were mounted on a mandril through center 
holes, which w e r e  used for adjustable magnetic 
center plugs, and turned together on a lathe,thus 
ensuring concentricity of the center holes and 
ident ica l  diameters of the poles. 

ax i a l ly  aligned on the mandril t o  within a few 
tenths  mil and posit ioning dowels placed i n  match- 
d r i l l e d  holes a t  the r a t i n g  surfaces of the legs 
and yokes. With the magnet excited t o  operating 
f i e l d  strengths the pole t i p s  are  p a r a l l e l  t o  
within about 0.0002 i n  across the 27-in diam. 
peated removal and replacement of the top yoke- 
pole assembly causes no detectable change i n  par- 
a l le l ism,  and concentricity of  the poles remains 
within 0.0005 in.  

The momas pole h i l l s  are 35-deg sectors,  
truncated 0.75 inches from the center of the pole. 
These h i l l s  were produced as follows: the sectors  
were cut from a single piece of Type 1008 low- 
carbon s tee l ,  ground f l a t  on one side, match 
dr i l led ,  and screwed t o  a f l a t ,  precision-dril led 
lathe-backing plate .  A rough contour, derived by 
calculation and in tu i t ion ,  was machined on the 
h i l l  surfaces with a t racer  la the.  They were ther, 
positioned on the pole t i p s ,  measurements of the 
mgnet ic  f i e l d  were made and Bave as a function 
of radius was computed.2J A th in  (C.O1O-in) shim 
was placed under each h i l l  and the f i e l d  measJre- 
m n t s  were repeated. From this idormation the 
dependence of Ba, on h i l l  height a t  a l l  r a d i i  
was derived, and contour corrections t o  the h i l l s  
were calculated to  produce the isochronous f i e l d  
which has been predicted by a second computer pro- 
gram.3 The corrected contour was machined on the 
h i l l s  and the measuring process repeated -pLth suc- 
cessively thicker  shims placed under the h i l l s  t o  
posit ion the contour t o  the proper height.  After 
the isochronous f i e l d  was produced, a new s e t  of 
shims was machined t o  the proper height and con- 
tour.  
the proper contour. 

t h a t  necessary f o r  beam clearance at the ouzer 
edge; more than adequate f o r  the actual  1/4-in 
beam height experienced a t  extraction &ius.  

The 

The magnet was assembled with the poles co- 

Re- 

X v e  measurements were -required t o  prod.xe 

A minimum pole gap of 0.7-in was chosen as 

Since no shims are used i n  the valleys,  the Thomas 
h i l l  shims are tapered i n  height and the  resul t ing 
configuration allows for  the extension t o  the dees 
over the h i l l s  a t  the center of the pole with ade- 
quate spacing for  the high voltages, as shown i n  
Fig. 1. 

Magnet Coils 

and power consumption demands the design of a mag- 
net system t h a t  i s  highly e f f i c i e n t .  For the 
c o i l s  t h i s  requirement implies the use of copper 
with a high packing factor ,  the placement of the 
co i l s  near the magnet’s median plane, and the 
la rges t  possible c o i l  cross section consistent 
with e f f i c i e n t  s t e e l  configuration. This l a t t e r  
r e s t r i c t i o n  on c o i l  cross section involves the 
use of the shof ies t  possible pole height (and thus 
c o i l  height)  t o  achieve maxim magnetic e f f ic ien-  
cy and at  the same tie minimum steel weight. 

These considerations have led t o  a c o i l  sys- 
tem that i s  unconven2ional i n  three important as- 
pects: first, the use of edge-cooled copper tape 
c o i l s  wlth a packing f a c t o r  of about go$; second, 
the placemect of the c o i l s  t o  within 0.75-in of 
the pole- t ip  edge; and, t h i r d ,  the inclusion of 
the coi ls ,  with large areas of exposed epoxy, 
within the cyclotron’s vacuum chamber. 

O.027-in by 3.5-in copper tape wound on a O.125-in 
copper m x d r i l ,  with turn-to-turn insulation pro- 
vided by a layer  of epoxy (Hysol Type C-35) a d  
0.002-in glass  cloth.  After winding, the co i l s  
were r e s i s t i v e l y  heated t o  progressively higher 
temperatures t o  cure the epoxy, with a f i n a l  2-h 
cure a t  1 6 0 ” ~ .  
machined f l a t  and p a r a l l e l  and subsequently etched 
with n i t r i c  acid so tha t  tine glass-epoxy insula- 
t i o n  extended approximately 0.003-in beyond the 
copper. Tie cooling p la te  consists of a O.5-in 
th i ck  aluminum plate  i n  which water channels were 
machined, and a 0.06-in thick cover plate  welded 
a t  the inner and outer  edges. The en t i re  outside 
of the cooling plate  was hard anodized t o  a depth 
of abom O.CO2-in t o  provide insulat ion between 
‘he plate  and the c o i l  edge. The p l a t e  was bonded 
t o  the c o i l  with a thermally conducting grease 
(G.E. Irsulgrease l o .  G-640) End sandwiched be- 
tween the c o i l  and magnet yoke. The grease bond 
a l so  serves as a vacuum seal .  Fig. 2 shows the 
d e t a i l s  of the c o i l  munting. 

cyclotron stand-cabinet, and power is  brocght d i -  
r e c t l y  from the supply t o  the co i l s  on a concen- 
t r i c  bus system through the bottom yoke. Bussing 
between the bottom and top co i l s  i s  inside the 
vacuum system. Removal of the sop yoke-pole 
assembly t o  provide access t o  the cyclotron in-  
t e r i o r  requires only a quick disconnect of t h i s  
bussing. 

The magnet operates at an average f i e l d  of 
16.6 kG with a current of 265 A (81 000 ampere- 
tu rns)  an 
2700 A/in . The t o t a l  power of 16.0 kW i s  con- 
d.xted across 800-in2 of grease bond (20 W/in2) 
with a temperature r i s e  across tne band of about 
1 5 ° C .  

The emphasis we have placed on m i c i m m  cost 

The c o i l s  consis t  of 152 turns  each of 

The edges of the cured c o i l s  were 

The magnet power supply i s  located i n  the 

a current density i n  the c o i l s  of $ 
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These c o i l s  have been i n  operation mre than 
two years and no fa i lures  t h a t  can be a t t r ibu ted  
t o  the method of c o i l  winding o r  cooling p la te  
bonding have occurred. The f a i l u r e s  experienced 
were caused by arcing i n  the bussing system. 

Magnet Performance 
With an average gap f i e l d  of 16.6 kG a9prox- 

imately 8% of the reluctance is i n  the gap, with 
about three quarters of the s t e e l  reluctance a t  
the pole bases. Ax increase i n  yoke thickness i s  
thus not warranted, and calculations Lndicate t h a t  
only &nor improvement i n  over-all  system e f f i c i -  
ency would result f r o m  tapering of the pole. 

The narrow gap a l l o r s  achievement of isochro- 
nous f ie lds  t o  within 1 inch of the pole edge, re-  
su l t ing  in  a highly e f f ic ien t  system. The pole 
was shimmed t o  provide isochronous f i e l d s  f o r  3He 
( e / ~ 0 . 6 6 )  par t ic les ,  but the f a c t  t h a t  the Thomas 
shims are  more saturated a t  the outer edge then a t  
the center of the pole results i n  an unexpected 
advantage with r e g a d  t o  protons and 0-par t ic les .  
If the exci ta t ion i s  reduced s l i g h t l y  the cent ra l  
f i e l d  i s  lowered, but the edge f i e l d  remains con- 
s tant .  The resul t ing prof i le  c losely approximates 
the proton (e/&=l.O) isochronous f i e l d .  Converse- 
ly ,  a s l igh t  increase i n  exci ta t ion produces the 
f l a t t e r  prof i le  necessary f o r  e/m=O.5 isochronism. 
The i n s t m n t  i s  thus adequate f o r  a l l  of the 
l i g h t  par t ic les  without the necessity of aux i l i a ry  
prof i le  co i l s .  

The shimming of the pole was accomplished 
with a precision such tha t ,  with the designed op- 
e ra t ing  dee voltage of 40 kV the 0-deg p a r t i c l e  
phase excursion i s  limited t o  15-deg. Correction 
of the phase slippage occurring a t  the center  i s  
made with the adjustable plugs and by adjustment 
of the r a d i a l  f i e l d  prof i le  with exci ta t ion,  as 
discussed above. 

The azimuthal f i e l d  prof i le  a t  several  rad i i  
is  show- i n  Fig. 3. The narrow gap mkes  possible 
the production of f l u t t e r  a t  a very small radius; 
s ignif icant  focusing i s  avai lable  at 2.0 in .  The 
ver t ica l  tune is  appmximately constant a t  about 
0.16 from 2.5 t o  10 in,  then increases t o  about 
0.23 at the extract ion radius of 12.5 i n .  

the magnetic f i e l d  are shown i n  Fig. 4. 
a t ive ly  constant f i rs t  harmonic amplitude a t  large 
r a d i i  i s  accounted f o r  by the nonparallelism of 
the pole faces;  the larger  value at small radii i s  
probably caused by misali@;nment of the shims at 
the center. The second harmonic i s  due t o  the tm 
fold symraetry of the yoke-leg s t ructure .  
of these harmonics i s  large enough t o  be of s ig-  
nificance. 

Accelerating System 

The first and second azimuthal harmonics O f  
The rel- 

Neither 

The removable top yoke-pole s t ructure  allows 
quick access t o  the e n t i r e  i n t e r i o r  of the cyclo- 
tron. Simple and accurate posit ioning of the RF 
s t ructures  i s  thus possible, and the system can be 
designed with r e l a t ive ly  close spacing of the RF 
surfaces. 

have u t i l i  ed the dee-in-valley configuration of 
MacKenzie.' This configuration requires a four- 
f o l d  symmetry of the pole-tip,  with the two dees 

To minimize the KF power requirements, we 

i n  opposite valleys and operated i n  push-pull. 
The maxim gain-per-turn with 55" dee angles i s  
3.7 vdee eV. Following MacKenzie, we have also 
broadened the t i p s  of the dees a t  the center of 
the pole where the minimum h i l l  shim height allows 
adequate clearance (see Fig. 1). 
turns  thus receive f u l l  dee voltage gain Prom each 
dee, and the par t ic les  are rapidly accelerated 
away from the center and Through the region of 
zero ver t ica l  mgnet ic  focusing (about 1.5 inches 
radius ) . 

The Tsonant system consists of the two dees 
and, for  He, a 6-turn coi l ,  28-in long and 6-in 
diam. The en t i re  system is  supported from the 
f l o o r  of the vacuum chamber by two 6-in long alpha 
alunina insulators a t  the outer ends of these dee 
stems and, a t  the center of the co i l ,  by the co i l -  
dee cooling-water coupling l ine .  Frequency change 
of the system, necessary f o r  acceleration of d i f -  
ferent  ions, can be .-e by changing the co i l .  

(EIYAC 3'Vr5OOO), supported on the remvable back 
wall of the c o i l  chamber and capacit ively coupled 
t o  one side of the c o i l  by an adjustable shoe. A 
grounded balancing shoe, a lso mounted on the back 
-11, is  capacit ively coupled t o  the opposite end 
of the co i l .  Adjustment of these two coupling 
shoes provides f o r  variable step-up ra t io ,  dee 
balancing, and t r i m  tuning of the system. An addi- 
t i o n a l  capacitive tuner f o r  each dee i s  mounted on 
the side wall of the vacuum chamber. The eEtire  
back wall of tk RF c o i l  chamber i s  removable,al- 
lowing unobstructed access t o  the coi l .  The coil 
i s  held i n  positior. by s i x  screws on each side,  so 
t h a t  rapid change i s  possible. 

A second EIMAC 3W5000 t r iode is  used as a 
hard tube plate  mdulator  f o r  dee voltage regula- 
t ion  and high speed spark protection. The osc i l -  
l a t o r  operates at approximtely 70% efficiency, 
providing 8 kW o f  RF power t o  drive the dees t o  
the normal operating potent ia l  of 40 kV, resul t ing 
i n  a rnaximwn energy gain/turn of 1-50 KeV. An ad- 
d i t i o n a l  7 kW i s  diss ipated i n  the osc i l la tor ,  mod- 
ulator ,  and power supply. 

The close dee-gmund spacing and high RF 
voltages result i n  high VE values, and the f a c t  
t h a t  the system i s  frequently l e t  up t o  atmosphere 
makes it mandatory t h a t  a method be provided f o r  
fast bake-in of the high voltage surfaces. During 
bake-in the enerQy t h a t  can be dissipated i n  
sparks must be res t r ic ted ,  since high-energy 
sparking can produce p i t s  i n  the copper surfaces. 
The system used allows delivery of power in to  
glows but detects  the fast current r i s e  of a spark 
as a signal f o r  RF turn-off and, after a delay t o  
allow the gases produced by the spark t o  be pumped, 
RF turn-on. Both the turn-off t i m e  and the turn- 
on delay can be adjusted t o  provide for  the most 
e f f i c i e n t  bake-out. In  practice,  5 t o  10 sparks 
per second can be produced, and a very rapid bake- 
out resu l t s .  After a normal let-down t o  atms- 
phere, s table  RF operation i s  achieved after 10 
minutes of bake-out and f i n a l  pumping. 
pump-down bake-out cycle takes about 25 minutes. 

copper, hydraulically pressed t o  mirror-imge dies  , 
jigged together on 0.5-in ODwater-cooling l i n e s  

The f i r s t  l - l / Z  

The o s c i l l a t o r  is a grounded-grid t r iode 

The e n t i r e  

Each dee i s  made of two sheets of 0.03O-in 

PAC 1967



736 IEEE TRANSACTIONS OM NUCLEAR SCIENCE, JUNE 1967 

terminating i n  a machined coaper bloc, and oven- 
brazed. 

t o  a d ie  ( the  prototype h i l l s  and lathe-backing 
p l a t e )  i d e n t i c a l  t o  the pole t i p ,  except f o r  
rounded edges added a t  sui table  posi t ions.  Fhe 
l i n e r s ,  of 0.03O-in copper, a re  cooled only by 
contact with the pole t i p s  (as  shown i n  Fig.  1). 

t o  be qui te  inexpensive, and most rewarding is the 
f a c t  t h a t  a l l  contours are stmath i n  the high-KF 
f i e l d  regions. 

The dee- l iners  are  a l s o  hydraul ical ly  formed 

The method of hydraulic press  forming proved 

Vacxun Systen 
The 27-in cyclotron design represents a var- 

i a t i o n  from usual cyclozron vacuum-system design 
i n  two aspects: f irst ,  the inclusion of the mag- 
net  c o i l s  with r e l a t i v e l y  large areas o f  exposed 
epoxy within the vacuum chamber and, second, the 
requirement f o r  frequent let-down t o  a i r  which de- 
,mnds that the  system be desigced for rapid recov- 
e r y  from atmsphere.  

The vacuum chamber consis ts  of four walls 
with O-ring gasketing t o  the two magnet yokes, 
which form the top and bottom of the chamber. A 
14-in exzension of the chamber beyond the magnet 
contains the c o i l  acd a l s o  serves as a pumping 
manifold. 
speeds a l l  around the pole- t ip  edge. The single- 
sheet  dee l i n e r s ,  which cover the magnet c o i l s  
completely, prevent degassing of the underswface 
of the l iners ,  the pole shims, and the magnet 
c o i l s  d i r e c t l y  i n t o  the region of the dees. 
back w a l l  of the extension, which supports the KF 
o s c i l l a t o r  and coupling system, i s  removable t o  
allow for quick change of the RF c o i l .  

aechanical pum? and an o i  diffusion pump w i t h  an 

a fore-pressure tolerance of 0.5 tor r .  The pumps 
are  c3upled a t  one s ide of  the KF c o i l  chamber 
through a 10-in diam elbow equipped with a single- 
bounce louver baf f le  and a pnemtical ly-operated 
gate valve, 6-in i n  diameter. The mechanical pump 
is  coupled t o  both the diffusion p u p  and the 
vacuum chamber through a three-way b a l l  valve t o  
allow i t s  use i n  both rough and fore pumping. 

and a x e  speed of 1200 1 /s  , measured a t  the pole 
edge. 
1/s the operating system pressure i s  about 3.5 
x 10-2 t o r r .  

atmosphere t o  operating pressures within 15  nLn. 
Ion Source 

This arrangemnt allows high punping 

The 

3 The pumping system consis ts  of a 21-ft /min 

a i r  speed of 1700 1/s, a 4% e speed of 2100-1/s and 

e system has an air  speed of aboxt 1000 1/s 

With an ion source through-put of 4 t o r r -  

The chamber pressure can be reduced from 

Fhe ion source i s  of the d u a l  cold-cathode 
hooded-arc FIG type, similar t o  the one used for 
the production of mu1 iply-charged heavy ions at 
the Berkeley H i l a c . 5 ~ ~  It i s  simple i n  construc- 
t ion,  is long lived, and i s  par t icu lar ly  applic- 
able for  use i n  a small narrow-gap cyclatron where 
over-al l  height i s  res t r ic ted .  

The plasma column i s  approximately 0.25-ir 
i n  diameter by 0.75-in long and, with aluminum 
cathodes, operates a t  about 4 0  V with currents 
of about 0.1 A .  With this arc-current a beam of 

3 t o  4 UA of 9e+2 i s  extracted from a 0.050-ir. 
d i a m  hole i n  the center  of the anode. Gas con- 
sumption is approximately 1 STP-cc/min. 
e r a t i c n  of the cyclotron t o  date has been r e s t r i c -  
ted t o  these low beam i n t e n s i t i e s  because of a 
lack of shielding. However, with water-cooled 
cathodes t o  allow high arc  currents,  and an in-  
crease i n  the ion window area, the source i s  ca- 
pable of producing currents of He'' as high as  the 
calculated space-charge l i m i t  of the cyclotror 
(approxirmtely 75 PA).  

This type of ion source I s  also capable of 
producing large currents of both posi t ively ana 
negatively-charged hydrogen and deuterium.7 

The op- 

IRl le  c t o r  

i s  a conventional e l e c t r o s t a t i c  channel, 6-in i n  
length (23" a rc)  with a 0.005-in tungsten septum 
and a f la t tened O.75-h i n  diameter copper rod as  
a high-voltage electrode. 
the beam o r b i t ,  and i t s  width m y  be varied Prom 
1/8 t o  1/4 in .  The radius and entrance angle 3f 
the channel can be remotely adjusted d n i n g  oper- 
a t i o n  for naximum extract ion.  The beam e x i t s  the 
cyclotron approximately perpendicular t o  i t s  f ront  
face.  

pecding on channel width, operates with voltages 
from 30-50 kV. A 75-kV, 5-nA power supply, unreg- 
uleted at present, i s  used. 

The def lector ,  positioned as shown in Fig. 5, 

The channel conforms t o  

The system was designed for 65 kV and, de- 
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MAIN ET AL: A SMALL HELIUM-3 CYCLOTRON 

Magnet 
Dimensions 
Weight 
Pole 
Gap 
B( ave) 
Shinmicg 
T r i m  Coils 
Power Supply 
RF System 
gees 
Resonant System 
Operating Voltage 
Frequency 
Osc i l la tor  
Coupling , Pla t  e 
Couulinn, Cathode 

18 MeV 3He CYCLOTRON SPECIFICATIONS 

64-in x 37-in x 27.3-in high 
7.4 tons S tee l ;  0.46 tons Coi l  
27-in dim x 4.75-in high 
2.1-in max; 0.7-in min 
16.6 kG 
4 - 35' Thomas sectors 
None 
Full-Wave MagAmp, 1:5000 reg.  

!Cwo 55" in-valley push-pull 
Dees & Coil i n  Vacuum 
LO kV normal (50 kV max) 

EIMAC 3W5000 Grounded-grid 
Capacitive 
Inductive 

17 MHZ 

RF Power'Supply 
Yodulator EIMAC 3W5000, 1:lOOO reg. 

E lec t ros t a t i c  Deflector 
Length 6-ic (23" arc)  
Septum O.OO5-in Tungsten 
Voltage 40 kV 

10 kV, 2.5 A 

Dee B i a s  0-1 kV, 5 EA 

Ion  Source 

Arc 
Gas Consumption 
Vacuum System 
Mech. Pump 
Diffusion PurOy, 
Baffling 
Pressure (Operating) 
Normal Pmp Down 
Miscellaneous 
Power Input 
Cooling Water 
Total  Weight 

Fabrication Cost 

TYPe 

( inc .  pwr. supplies) 

737 

Cold-Cathode PIG 
400 V, 0.1 A, 40 W 
1 STP-cc/min 

2 1  ft3/min Kinney (KTC-2) 
6-in Dresser (DPD 6-18000) 
Louver i n  lg-ir. elbow 
3 x 5 x lo-' t o r r  
1 5  minutes 

40 kW, 220 V, 3@ 
13 gal/min 

10.7 tons 

Material  $22,000 
Labor ( ins ide)  3500 hr @ $7.50 26,500 
Labor (outside) 1500 h r  @ $8.OC 12,000 

Total  Fabricakion Cost .&O, 500 

Fig. 1. 27411 3He cyclotron with top yoke-pole as- 
sembly removed for access. 
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Smnless Steel Ccil Support / /Dee Liner 

341 Re!ainer and 

odce Outer Surface 

Fig. 2. Schematic cross section of coil mounting 
details. 

22 I 1 I I I I I I 1 

Fig. 3. Azimuthal magnetic field plotted at four 
radii. 

I 1 I I 1 I 
1st Harmonic 

n 2nd Harmnc 

Radius (lnchesl 

Fig. 4. The amplitude of the first and second mag- 
netic field harmonics for radii between 2-in 
and 12.5-in. 
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MAIN ET AL: A SMALL HELIUM-3 CYCLOTRON 739 

Beam Exit Port 

\Dee Support 
Insulator 

Anode Coupling 

ElMAC 3W5000 Oscillator 

Trim Tuner 

Grid Coupling LODP 

38" 

I 

-Beam 
Deflect or 

-Diffusion 
Pump 

Fig. 5. Schematic showing 3He cyclotron component layout. 
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