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&tract, Using t h e  EiSU source tes t ing faci l -  
i ty ,  the  phase space density of a cyclotron-type 
ion source has been computed from ax ia l  and rad ia l  
emittance-area measurements a t  a variety of arc  
conditions and fo r  a number of source geometries. 
Studies t o  date have a l l  employed a 1.5 X 9 mm 
source output s l i t .  Arc currents have been varied 
from 0.5 t o  5 amps. Geometrical variations have 
thus f a r  been principally concerned with explora- 
t ions of the  focusing effects  of various source 
face shapes. Both ax ia l  and rad ia l  emittance areas 
from a normal f l a t  source a r e  found t o  have a con- 
siderable admixture of coherent motion which re- 
su l t s  i n  ineff ic ient  use of aperture and also, i n  
combination with non-linear f ie lds ,  can lead t o  an 
effective di lut ion of the  phase space density, 
Moderate recessing of the  source contributes a fo- 
cusing force i n  both r and z and makes the  phase 
space volume much more compact, 

The effects  of plasma boundary and space 
charge a re  evidenced i n  the  ax ia l  measurements. 
The ax ia l  plasma boundary i s  found t o  be concave, 
with the resu l t s  t h a t  ions emitted from the top 
and bottom of the  ion source s l i t  a re  focused to- 
ward the  median plane. Space charge effects  are  
c lear ly  discernable; the  a x i a l  width of the  beam 
l inear ly  increases a s  a function of t o t a l  beam cur- 
rent. I n  the  r a d i a l  emittance area measurements, 
an asymmetry of the  r a d i a l  position of m a x i m u m  c m  
rent  which varied a s  a r c  current was found and 
traced t o  a shif t ing plasma boundary which was the  
resu l t  of a s t ra in  displacement of the  ion source 
filament . 

B. L. Cohen has studied the  relationship be- 
tween the best resolution obtainable with an a c c e s  
erator magnetic analyaing system and the  r a t e  a t  
which reaction-product par t ic les  a re  received a t  
the  detector1. The resu l t s  of the  study show t h a t  
the  beam from the  accelerator, i n  a l l  ordinary 
cases, more than f i l l s  the  phase-space volume ac- 
cepted by the  analyzing system and t h a t  the  opti- 
mum resolution i n  t h i s  case depends on t h e  phase 
space density of the  accelerator beam t o  the  v6.5 
power. The extracted phase space density of an 
accelerator i s  l inear ly  proportional t o  the  phase 
space density of the  ion source. Hence increasing 
the phase space density of the  cyclotron ion sour= 
w i l l  have the  desirable resu l t  of improving the 
resolution of any nuclear reaction experiment. 

Let the  coordinates r and a designate dis- 
placements a t  r ight  angles t o  the  principle direc- 
t i o n  of motion of a beam of particles,  and p, and 
pz the  corresponding conjugate nomentar The phase 
space density of some small element of the  beam i s  
then the current (par t ic le  per uni t  time) i n  the  
element divided by the product of the  spreads i n  
energy, i n  r, pr, a and pz of the  element. 

D = I 
(Ar) (bp,) (As) (hp,) (A E) 

(1) 

In the  apparatus used in t h i s  experiment the  
energy spread (AE) was primarily due t o  t h e  volt- 
age r ipple  of t h e  - 30 kV dc "deen power supply 
and t h i s  was found t o  be very small r e s u l f i w  i n  a 
negligible coupling effect  of hE on the  other 
functions. Consequently, the  A r ,  A&, AZ, Bpz 
projection (P) of t h e  t o t a l  phase space density i s  
considered here. 

= (Ar) ( A P T ) f  p 
(2) 

I n  actual  practice, the  function which i s  
usually calculated i s  not p but the  l ~ o s i t y  L. 

L = L  
W, 

(3) 

where i s  the  r a d i a l  emittance area and i s  de- 
fined a s  t h e  product of t h e  r a d i a l  beam spread A r  
and the  rad ia l  angular divergence A+ (bar = ayp 
f o r  small angles) f o r  a given current I (p i s  t e 
momentum). 

Likewise, A, is the  a x i a l  emittance area and 
i s  defined a s  the  product of the  a x i a l  spread A Z  
and t h e  ax ia l  angular divergence Aa, (Aa, = ApJp 
f o r  small angles) f o r  a given beam current. 

The luminosity i s  then re la ted t o  P by 

The problem of finding L can be reduced t o  
measuring &, and A, separately (but f o r  equal cur- 
rent)  i f  no coupling exis ts  between A r ,  A p ,  and 
A,, bpz. This i s  the  case encountered i n  a uni- 
form magnetic f i e l d  and considerable design e f fo r t  
was made t o  ensure t h a t  the  cyclotron ion source 
operated i n  such a f i e ld  i n  the  t e s t  f ac i l i ty .  
Certain experimental parameters were maintained 
constant throughout t h i s  ser ies  of measurements, 
namely, magnetic f i e l d  (4.2 M), dee voltage (- 30 
kV dc) , as  flow (1.5 cc/min. of H2), and arc  
voltage $100 volts). Geometrical va r i  atiom of the  
ion source chimney a r e  i l lus t ra ted  i n  Fig. 1. 
They a re  face angles of oO, loo and 20° and barrel  
diameters of 0.500~ (S) and 0.720n(L). 

Axial Emittance Area Measurements and Results 

I n  measuring the ax ia l  emittance area, the  
beam f i r s t  illuminates an adjustable horizontal 
aperture which determines an a x i a l  beam height. 
Secondly, a t  some point fur ther  along the  beam 
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trajectory, the axial angular divergence is deter- 
mined by measuring the beam spread with a differ- 
ential-current probe. Figure 2 shows the locatiom 
of the various probes for  the axial  measurement, 
The dotted l ine  indicates a beam trajectory. 

Figure 3 is  the axial  emittance area for  a o0 
chimney face angle a t  1 amp arc current. The emit- 
tance area i s  278 m-mad for  a current of 4.24 nA. 
The dashed l ines are density contours obtained for  
87.5% and 7'7.0% of the t o t a l  beam current and are 
126 and 90 mol-mrad, respectively. Tables I and II 
are the &a1 emittance area resul ts  for  different 
chimney configurations a t  1 and 5 amps arc current, 
respectively. 

Figure 4 is  the axial  emittance area of oO, 
10' and 20' chimneys a t  1 amp arc current. The 
focusing effect of the chimney face angle i s  evi- 
denced by the rotation of the axial  emittance area 
about zero momentum, i.e., for  a 0' chimney the 
ions are defocused while for  a 20' chimney the 
ions are focused. 

m i a l  Emittance Area Measurements and Result% 

The measurements of the radial  emittance area 
are quite similar t o  the axial  measurements. How- 
ever, i n  the radial  case there are certain posi- 
t ions where it is more advantageous t o  locate the 
radial  momentum probe a d  radial  width probe due 
t o  magnetic focusing. The best position t o  locate 
the momentum s l i t  i s  a t  the 90' beam position 
where a t  90' the maximum radial  beam width i s  ob- 
tained for a given angular divergence. The best 
positions for  the radial  width probe are a t  beam 
positions of 0' and 180'; the location a t  180' 
beam position was chosen since it is impossible t o  
locate a probe a t  o0 due t o  high voltage problems, 

The radial  emittance area measured a t  180° 
beam position i s  i n  the shape of a horseshoe and 
th i s  is  the resul t  of a focusing aberretion due t o  
ions starting with different angular divergence. 
In  fact,  t h i s  aberration was used i n  axperiment- 
a l l y  locating the f i n a l  radial probe position. 
This aberration, of course, does not affect  the 
measured value of the radial  emittance area. 
Figure 5 i s  the radial  emittance area for  a 0' 
chimney face angle a t  1 amp arc current. The area 
i s  3-70 nm-mrad for  a current of 4.26 nA. The 
dashed lines are density contours obtained for  90% 
and 70% of the t o t a l  beam current and the areas 
are 206 and 131 mol-mrad, respectively. Tables I11 
and TV are  the radial  emittance area resul ts  'for 
different chimney configurations a t  1 and 5 amps 
arc currents. 

In  the luminosity calculations, the beam cur- 
rent must be known accurately for the correspondirg 
radial  and axial  emittance areas. The differen- 
t i a l  probe used in  the emittance measurements gave 
an a r t i f i c i a l l y  high current reading due t o  sec- 
ondary electron loss. To determine the detection 
efficiency for  the different ial  probe, a series of 
measurements were made with an integral probe. 

The integral probe had previously been checked for 
secondary electron loss by applying a potential t o  
the probe i n  a Faraday-cup arrangement. The emit- 
tance data i n  combination with the current cali- 
bration then allows evaluation of the luminosity, 

Figure 6 is  the luminosity calculated for  the 
10° chimney for different arc current values and 
indicates that  the luminosity increases approxi- 
mately linearly with arc current. Table V i s  the 
luminosity for  different chimneys a t  1 and 5 amps 
arc currents and for 85% beam current. Compari- 
son of chimney barrel sizes indicates that  lumino- 
s i t y  is  larger for  the smaller diameters. A s  a 
function of chimney face angle the luminosity is  
largest a t  oO, approaches a minimum a t  10' and 
then s t a r t s  t o  increase again a t  20'. 

Livingston and  ones^ have found that  the 
position of the plasma column and the thickness of 
the chimney a t  the s l i t  causes large variations i n  
output current, Variation of the plasma coluun 
position and chimney width for  the different chim- 
ney configurations used in t h i s  experiment may 
account for the differences i n  measured luminosi- 
t ies .  These factors w i l l  be investigated i n  
later experiments . 

The best source of data for  estimation of the 
luminosity of a cyclotron ion source i s  from a de- 
ta i led study of the Canberra cyclotron cent ra l re -  
gion done by W. I. B. ~mith3. Smith inserted a 
series of s l i t s  a t  different positions and adjust- 
ed the areas of the s l i t s  t o  allow passage of the 
beam. Blosser and ~ordon4 estimated the lumino- 
s i t y  from the above data and found L(dc, 251) keV) 
= 39 l/.u?sr. ~ p p w i n g  the energy copection 
factor give L(dc, 30 keV) = 4.68 A/cm sr. Com- 
parison of the above resul ts  with a typical value 
of Table V shows a factor of 10 larger for  the 
measured luminosity. 

Axial Plasma Bound- 

The focusing peaks observed a t  the top and 
bottom of the axial  emittance area are an inter- 
esting phenomenon which we believe t o  be due t o  a 
concave plasm boundary a t  the ends of the source 
s l i t .  The l e f t  side of Fig. 7 i s  a cross section 
of the chimney showing such a plasma curvature a t  
the chimney s l i t .  The arrows represent ion tra- 
jectories and indicate that  ions emitted a t  the 
top ancl bottom of the chimney slit are focused 
toward the median plane. 

The right side of Fig. 7 shows a similar 
plasma boundary for  a special chimney with a 
0.031" diameter tantalum wire inserted i n  the 
center of the chimney s l i t .  Insertion of the 
wire causes the plasma t o  form two concave sur- 
faces. The axial  emittance area is now divided 
into two sections, each section having two focus- 
ing peaks. Figure 9 is the measured ax ia l  emit- 
tance area with the wire inserted i n  the chimney 
and shows two emittance areas, each with focusing 
peaks i n  accord with expectation. 
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Swce Charne Effects 

Space charge effects  are ev-idenced by an 
ax ia l  expansion of the  beam a t  the  180' position 
which i s  a function of t o t a l  current. Figure 9 
gives the  height a t  180' versus t o t a l  current and 
indicates tha t  ax ia l  height is approximately 
l inear  with t o t a l  current fo r  a given chimney 
angle. T is agrees with an equation derived by 9 %cKenzie , (his approximation of zero focusing i s  
excellent fo r  our apparatus) : 

where I i s  the  current arriving a t  a height h, V 
i s  the  voltage per turn, wthe angular frequency, 
4 a fixed phase spread, and rm is the  radius a t  
which magnetic focusing occurs. The effects  of 
e lec t r i c  f i e ld  focusing i s  evidenced by a s h i f t  of 
the  curves i n  Fig. 9 t h a t  occurs between the  10' 
and 20' chimneys. The obvious important resu l t  of 
Fig. 9 i s  t h a t  shaping of the  chimney face angle 
can be used t o  give an e lec t r i c  focusing force. 

An asymmetry was detected i n  t h e  rad ia l  
emittance area measurements a s  a function of a rc  
current and t h i s  was traced t o  a s t r a i n  displace- 
ment of the  ion source filament which caused a 
rad ia l  plasma boundary shif t .  F i  ure 10 is the  B rad ia l  beam spread measured a t  90 position fo r  1 
and 5 amps a r c  currents f o r  di f ferent  rad ia l  por- 
t ions  of the  beam d i rec t ly  behind t h e  puller. A t  
1 amp a rc  current (curve (a) of Fig. 10) , the  peak 
containing the  maximum current i s  a t  the  centra l  
r a d i a l  position of t h e  beam. A t  5 amps a rc  cur- 
rent  (curve (b) of Fig. 9) the  peak with maxirmun 
current has shifted from the central  position t o  
the  right. Curves (c) and (d) of Fig. 10 shows 
measurements made a t  1 and 5 amps a rc  currents 
with a chimney having its s l i t  moved O.OIOn i n  the  
rad ia l  direction of t h e  plasma shif t .  I n  curve 
(c) the  mximum current peak for  1 amp i s  no 
longer located a t  the  central  beam position but 
has shifted t o  the  l e f t .  In  curve (d) the  m a x i m  
current peak fo r  5 amps i s  now located a t  t h e  cen- 
t r a l  r ad ia l  position. The s t a i n  displacement of 
the  ion source filament is the  resu l t  of the  in- 
teraction of filament current and magnetic field.  
Curve (e) of Fig. 10 i s  the  resu l t  obtained a t  5 
amps arc  current with the  direction of filament 
current reversed. The 5 amps maximum current peak 
has now shifted t o  the  l e f t  (compared with c w e  
(b)) of t h e  central  position of the  beam. To min- 
imize the  rad ia l  asymmetry the  alignment of f i l a -  
ment with slit should be rotated by 90'. 

The best design of t h e  ion source chimney has 
not been determined. Indications a r e  t h a t  lumino- 
s i t y  is larger f o r  small chimney barrel. Measure- 
ments a t  chimney face angles larger  than 20' a r e  
needed t o  determine t h e  correct angle. These and 
other ion source measurements a re  being planned. 
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TABLE I: A x u L  EMTTTANCE AREA 

Arc Current 1 amp 
Energy = 30 keV 

TBLE 11: BXULL EMITTANCE AREA 

Arc Current a 5 amps 
Energy = 30 keV 

* 
Degrees a r e  t h e  amount of recesses of chim- 
ney face. S means bar re l  diameter of 0.5005 
L means bar re l  diameter of 0.720". 
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TABLE 111: RADIAL EMITTANCE AREA 

Arc Current = 1 anp 
Energy = 30 keV 

TABLE IV: RADIAL EMITTANCE ARFA 

Arc Current = 5 amps 
Energy = 30 keV 

TABLE V: LUMINOSITY 

Energy = 30 keV 

Luminosity a t  
Chimngy 1 amp arc current 1- 85:2;;2;t'l'e& 

Luminosity a t  
5 amps arc current 
-85% t o t a l  current 

amos/cmdsr 

* 
Degrees are the amount of recesses of chimney 
face. S means barrel  diameter of 0.500"; L 
m&ns barrel diameter of 0.720". 

F i g .  1. Drawing o f  median p l a n e  ( l e f t )  
and v e r t i c a l  ( r i g h t )  c r o s s  s e c t i o n  o f  a  
c y c l o t r o n  i o n  s o u r c e  chimney i n d i c a t i n g  
t h e  d i f f e r e n t  chimney g e o m e t r i c a l  v a r i -  
a t ions . .  

,031" WIRE I I 

F i g .  2 .  Median p l a n e  view o f  a x i a l  emi t -  
t a n c e  a r e a  p r o b e s .  The chimney i s  l o -  
c a t e d  a t  t h e  u p p e r  r i g h t ,  and t h e  dashed 
l i n e  i n d i c a t e s  a n  i o n  beam. The a x i a l  
p o s i t i o n  s l i t  i s  l i c a t e d  d i r e c t l y  beh ind  
t h e  p u l l e r  and t h e  a x i a l  a n g u l a r  d i v e r -  
gence  d i f f e r e n t i a l  c u r r e n t  p robe  i s  l o -  
c a t e d  a t  180' beam p o s i t i o n .  
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F i g .  8 .  The a x i a l  e m i t t z n c e  a r e a  o b t a i n e d  
f o r  a  chimney w i t h  a 0.031' '  d i a m e t e r  w i r e  
i n s e r t e d  i n  t h e  c e n t e r  o f  t h e  chimney s l i t .  

200 J00 400 . S00 600 oz AXIAL BEAM IIEIGIITII (i~ch.*) 

F i g .  9 .  The a x i a l  beam h e i g h t  ( a t  180' 
beam p o s i t i o n  measured a s  a  f u n c t i o n  o f  
t o t a l  c u r r e n t  f o r  a  10' a n d  20 '  chimney. 
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F i g .  1 0 .  Measu remen t s  o f  t h e  r a d i a l  a n  
a n g u l a r  d i v e r g e n c e  f o r  d i f f e r e n t  r a d i a l  
s l i t  p o s i t i o n s  as a f u n c t i o n  o f  a r c  
c u r r e n t  ( a )  a n d  ( b ) .  F o r  a  ch imney  s l i t  
s h i f t e d  0 .010  ( c )  a n d  ( d ) ;  a n d  f o r  r e -  
v e r s e d  f i l a m e n t  c u r r e n t  ( e )  . indicates 
c e n t e r  o f  beam. E 

DISCUSSION 

BLOSSER: I would like to call attention to the 
fact that all the axial and radial emittance fig- 
ures  a r e  a t  30 keV energy. If one corrects  them 
up to say 50 MeV, which is  a usual measuring 
place, they come down to be less  than 10 mm- 
mrad, indicating that the cyclotron source, a s  i t  
i s  normally used, i s  an extremely fine source. 

WEGNER: It has been my observation that, when 
the rf comes on in the cyclotron, the rf field 
from the port seems to affect the plasma in the 
chimney. You can actually see it snap back in- 
side. There is  also some evidence that test 
bench results with this type of source don't 
always agree with the performance in the ma- 
chine. Do these results come out the same on 
your machine a s  they do on the test bench? 

BLOSSER: You expect the plasma boundary to 
be shifted by the extraction field; the results a r e  

completely consistent with what one observes in 
the machine. One does not have sufficient infor- 
mation to make very detailed comparisons, but 
there i s  no inconsistency. 

REISER: Did you measure the fraction of mole- 
cular ions in your beams? 

MALLORY: We observed but didn't measure 
them. 

REISER: Perhaps the shifting of your intensity 
maximum could al+so be yxplained by a change in 
the fractions of H2 and Ha when the a r c  conditions 
changed. 

MALLORY: Agreed. There a re  other things 
that can change in the ion source. For  instance, 
Livingston and Jones have noticed that with a 
change in the width of the chimney slit, o r  a 
change in the diameter of the plasma column, 
these results may be varied. 
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