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Introduction 

The ORIC extraction system was described 
previously in i ts  component par ts .  Several 
modifications have been performed and experience 
has  been gained in the operation of the system. 
The system shown in Figure  1 consists of both 
electrostatic and electromagnetic elements.  The 
electrostatic channel consists of an aluminum 
deflector electrode, water cooled, and operated 
a t  60 to 70 kV a c r o s s  a gap of 1 to l .  5 c m  to a 
graphite septum 0 . 8  m m  thick. Both the septum 
and deflector curvature can be varied by a remote 
control system f rom the control room. The 
coaxial magnetic channel follows the electrostatic 
channel and provides a 4 kG maximum field 
reduction over a length of 2 2  cm.  The third 
element of the extraction system, a compensated- 
i ron channel, can provide up to 9 kG of field 
reduction along the path of the deflected beam. 

To minimize the divergence of the extracted 
beam the pole tips a r e  oriented so that the major  
portion of 'the fringe field is  crossed a t  right 
angles to field contour lines, a s  shown in Figure  1. 
The radial  divergence, a s  a resul t  of th is  is  l e s s  
than *O.  6O. 

The modifications to the above system in-  
clude the incorporation of the curvature adjust-  
ments on the electrostatic channel, a remotely 
controlled motion adjustment for  the exit of the 
compensated-iron channel and improvements in 
the water cooling lead arrangements  of the co- 
axial  channel. The f i r s t  two of these allow 
greater  flexibility in the range of particles which 
can be extracted. The water lead modification 
remedied a propensity for  leaking which caused 
a considerable loss  of operating time. 
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Operation 

In operation,the system has provided ex-  
t racted beams of protons f rom 18 to 65 MeV, 
deuterons f rom 22 to 40 MeV, alpha particles 
f rom 44 to 80 MeV, and 3 ~ e  particles f rom 25 
to 55 MeV. Extraction efficiency i s  6070 for  
most  particles but drops to -3070 for the highest 
and lowest energy protons. Lower energies for  
e l m  = 112 particles could be obtained but no 
demand for these energies exists.  Also, no 
program a t  present  requires  3 ~ e  above 55 MeV, 
but no problem i s  anticipated in obtaining 100 
MeV for  this particle.  

The initial decision to begin extraction a t  a 
radius where v i s  st i l l  greater  than 1. 0 was 
made to avoid t%e loss  of beam associated with 
passing through the outer resonances.  It was 
found, while the extraction system was s t i l l  
under construction, that the introduction of a 
harmonic in the magnetic field by coils near  the 
center region produces controllable and coherent 
oscillations about the magnetic center .  These 
oscillations can provide good orbit  separation a t  
the entrance of the septum. The value of v must  
remain relatively constant and be slightly grreater 
than 1. 0; the amplitude of the oscillations must  
remain within the stability l imits of the phase- 
space region, and the phase width of the beam must  
be relatively narrow to prevent loss  of coherence. 
If these conditions a r e  available, controllable 
l inear  oscillations can be provided by use of the 
harmonic coils,  and good extraction efficiency 
can be obtained. The effect of this oscillation i s  
shown in Figure  2. F o r  this case  v i s  about 1 .05  
in the region of the extraction radiug. The v a r i -  
ation of beam density vs radius i s  indicated by the 
current  on probe 2 where the radial  width exceeds 
318 inch. The total current  on probes 1 and 2 
shows smal l  dips where the beam density is  high- 
es t .  These dips result  f rom increased scattering 
f r o m  the probe leading edge and provide a good 
indication of s t ructure  without the segmented 
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probe.  The radiation a l so  indicates variat ion of 
density by the stepwise inc reases  a t  regions 
containing many tu rns  and high energy gain. 

The choice of the combination of e l ec t ro -  
s ta t ic  and electromagnetic e lements  was  made  
because  of the d e s i r e  to avoid the necess i ty  f o r  
v e r y  high potential gradients and the result ing 
operational  problems.  The magnetic e lements  
provide a t  these  energies  much s t ronger  ex -  
t rac t ion fo rces  than could possibly be obtained 
with an  e lec t ros ta t ic  sys t em.  The lower gradient 
requirement  of the  e lec t ros ta t ic  deflector a l so  
allows the use  of the graphite septurq which makes  
the radiation problems inside the cyclotron f a r  
m o r e  t rac table .  It i s  possible to go into the  
cyclotron and pe r fo rm work fo r  s e v e r a l  hours  
within a shor t  t ime  (8 hours )  a f t e r  the cyclotron 
has  been operated with 30 mic roamperes  of 60 
MeV protons f o r  seve ra l  days.  

F o r  values of v g r e a t e r  than 1 . 0  the c o r -  
responding values of a r e  smal l ,  hence the 
axia l  width of the b e a g  i s  l a r g e r  and the cu r ren t  
density on the septum i s  s m a l l e r  than they would 
be af ter  v = 1. This  reduces  the problems 
as soc ia t ed  with maintaining and cooling the sep -  
tum. Axially, the beam i s  ext remely  well  
defined a s  i t  leaves  the cyclotron,  with a v i r tual  
source  that  appea r s  to be located n e a r  the  ion 
source .  

External  Beam Charac te r i s t i c s  

Emittance Measurements  

The radia l  and axia l  emittances, a s  ca lcula-  
ted f rom measuremen t s  made  on a n  ext rac ted  
beam of 36 .6  MeV H ~ +  a r e  55 mi l l ime te r -mi l l i -  
radians  in the radia l  direction and only 14 
mi l l ime te r  -mill iradians in the axia l  direction.  
The radia l  v i r tua l  source  i s  in the middle of the 
compensated-iron channel and has  an  apparent  
s i ze  of 2. 5 m m .  The in teres t ing  possibil i ty of 
compensating fo r  the remaining field gradient in 
the region where  the beam leaves  the i ron  channel 
and eliminating the need f o r  Quadrupole Number 
1 by having an  essent ia l ly  para l le l  beam leaving 
the cyclotron has  been considered.  

Energy  Spread 

The energy sp read  of the beam f r o m  ORIC 
has  been m e a s u r e d  by two methods.  Both sys t ems  
uti l ize the 6-ft radius 153O analyzing magnet and 
the entrance-sl i t  sys t em.  The f i r s t  method s c a t -  
t e r s  beam a t  15O f r o m  a 112 m m  wide plast ic 
t a rge t  a t  the image s l i t  position of the analyzing 
magnet.  The beam i s  p repa red  by the object s l i t  
to p resen t  a l -mm wide beam to the magnet.  A 
detec tor ,  carefully coll imated,  s e e s  only the 
sca t t e red  beam.  The p r i m a r y  beam i s  moved by  
the  magnet s o  that f i r s t  one edge of the analyzed 
beam i s  str iking the t a rge t  and then the other 
edge of the beam s t r ikes  the t a rge t .  The peak 
separa t ion of the two sca t t e red  beams  i s  observed 
on a pulse height analyzer .  Use of a plast ic t a r -  
get containing carbon allows the 4. 43-MeV ex-  
ci ted s ta te  to be used a s  a calibration.  I t  was 
found that  this  measuremen t  was  consistent  with 
a method which s imply  u s e s  the energy difference 
corresponding to a magnet cu r ren t  difference 
obtained by adjusting the  two edges of the analyzed 
beam to the center  of a phosphor sc reen .  Alpha 
par t ic les  a t  full energy,  80 MeV, have a n  energy 
sp read  of 0.  370 full width a t  half maximum. 
Protons  a r e  not so  well  defined,with a n  energy 
sp read  of 170 FWHM f o r  60 MeV. The probable 
r easons  f o r  this  a r e  d iscussed l a t e r .  

Phase-Width Measuremen t s  

Both in ternal  and external  phase width of 
the beam have been measured .  Results  a r e  very  
consistent  f o r  e l m  = 112 particles, but some  diffi- 
culty was  encountered in resolving the  differences 
in the proton c a s e s .  The development of a high- 
resolution sys t em f o r  measuremen t  of the external  
pulse width has  allowed a n  explanation f o r  the 
differences in these  measuremen t s .  

Internal  Phase  Width 

The in ternal  phase width of the beam has 
been m e a s u r e d  using the method desc r ibed  by 
Smith and G a r r e n .  Resul ts  of these  rneasure -  
men t s  a r e  shown in F i g u r e s  3 and 4 fo r  40-MeV 
protons and 68-MeV alpha par t ic les .  The phase 
width f o r  both corresponds  to A s ine  @ = 0. 3, o r  
about 20° f o r  isochronous conditions. The phase 
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history shown i s  not particularly good but ex-  
traction efficiency for  both beams i s  over 5070. 

External Phase Width 

To measure  the width of the external beam 
pulse a 50-ohm constant-impedance Faraday cup 
was designed and constructed. This device i s  
water-cooled and capable of collecting beam 
currents  in excess of 25 microamperes .  The 
signal generated in this device is  delivered to a 
sampling oscilloscope with a 50-ohm input t e r m i -  
nation and a r i se  t ime of 0. 35 nanoseconds. 
Typical pulse widths observed for  22, 40 and 60- 
MeV protons and 47, 68 and 80-MeV alpha 
particles a r e  shown in Figure 5,with half maxi-  
mum pulse widths of 360, 33O, 30°, 18O, 23O, 
and 20° respectively. The time scale i s  2 nano- 
seconds per  division for  a l l  but the 47 MeV alpha 
particles,which i s  5 nanoseconds per  division. 

Comparison of Internal and External Measure - 
ments 

Within the l imits of the resolution of the 
measurements ,  the resul ts  of the internal and 
external measurements  for the alpha beam case 
a r e  quite consistent. The protons a t  40 MeV, 
with a nearly identical internal phase width, show 
a much wider external phase width than seems 
reasonable. It was decided to investigate the 
external pulse width of the 40-MeV protons in 
greater  detail since this particular beam, partial  
ly because of bet ter  extraction efficiency and 
higher beam current  available, displayed some 
s t ructure  in the external beam pulse. Some of 
the resul ts  of these tes ts  a r e  shown in Figure  6. 
The horizontal t ime scale for these pictures i s  
2 nanoseconds per  division, and each represents  
the shape of the external beam pulse for the dee 
voltage a s  given. The dee voltage is  adjusted 
for maximum extracted beam for  each case  and 

value. This indicates that each picture repre -  
sents extraction on a different precessional cycle 
and represents  a condition of dee voltage for  
minimum beam density a t  the septum entrance. 
The pulse s t ructure  can be explained by referring 
to Figure  3 and noting that a rapid phase ex-  
cursion occurs  a t  the extraction radius so  that 
if several  turns a r e  extracted each would have 
a different phase and would be spread in t ime in 
the external beam. 

Conclusions 

The extraction system for ORIC has proved 
to be stable,  reliable,  and easy  to operate.  The 
harmonic necessary to achieve the coherent 
oscillations i s  not easy to calculate but can be 
obtained in operation and optimized without 
difficulty. 

Alpha particles have nearly ideal conditions 
for extraction and the extraction efficiencies and 
beam quality obtained indicate that this extraction 
method can be very successful.  

The la rger  v , typically 1. 08, for higher 
energy protons andrthe smal ler  change in radius 
per  turn compress  the coherent oscillations so 
that it i s  m o r e  difficult to extract the beam with 
high efficiency. Reduction of the phase width of 
the beam by the incorporation of defining s l i ts  
allows the possibility of improving extraction 
conditions for protons by increasing the co- 
herence of the beam. 
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F i g u r e  1. The Beam Extrac t ion System in ORIC. W 

Figure  2. 

Beam Cur ren t  on the Movable P r o b e  
a s  a Function of Radius. Radiation 
was  m e a s u r e d  with a neutron detec tor  
located in the  cyclotron vault. 
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Figure  3 .  Phase vs R a d i u ~  Measured for 40- 
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Figure  4. Phase vs Radius Measured for  68- 
MeV Alpha Par t ic les .  
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D I S C U S S I O N  

TENG: You get 60% efficiency by taking advan- 
tage of the coherent oscillation? 

0 0 

o o o a  DATA --- EXTR4POLATED 

68 M.V A L P H A  

WHITE: Very definitely. The separation between 
turns  i s  presented by the actual coherent radial  
oscillation of the beam; a r e a s  of high density a r e  
followed by a r e a s  where the radial  gain i s  very 
large. 

Figure  6. External Beam Pulse  Shapes for 40- 

TENG: And the 4070 loss  i s  to the septum? 

WHITE: Almost a l l  of this i s  lost  on the septum. 

0 5 -  MeV Protons.  Dee voltage is  varied, 
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Figure 5. External Beam Pulse Widths for 
Protons and Alpha Par t i c les  of 
Various Energies.  All horizontal 
scales  a r e  2 nsec per  division, except 
47-MeV alpha particles, which is  5 
nsec per  division. 

each picture represents  extraction 
on a different precessional cycle. 

WEGNER: What did you mean by the statement 
that the virtual source of your beam was a t  the ion 
source? 

WHITE: In the axial direction the beam comes 
out essentially parallel .  The radial  virtual source 
i s  a t  about the middle of the compensated-iron 
channel. 
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