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The peeler-regenerator system, which i s  based on the ideas of Tuck and Teng 

and of Le ~ o u t e u r '  ), w a s  worked ou t  i n  d e t a i l  f o r  the Birmingham 40-inch cyolotron2) 

by E i n l a y 3  Since the system has been i n  operation f o r  only a shor t  t ine ,  and 

a t  present  depar ts  sl i g h t l y  from the  computed arrangements, i t  has not ye t  been 

poss ible  to make a de ta i l ed  comparison between theory and experiment; however, there 

is  good q u a l i t a t i v e  agreement with r i n l a y  'a 

work. 

I n  t h i s  system p a r t i c l e s  near the 

ex t rac t ion  radius  e n t e r  the peeler  and 
0 

regenerator,  which a r e  l e s s  than 180 apar t .  

They receive an outward de f l ec t ion  i n  the  

pee le r  and an inward de f l eo t ion  i n  the 

regenerator. This ac t ion ,  with a su i t ab le  

choice of values,  s tops  them precessing 

round the  cyclotron c e n t r e  and oausee them 

to  penetra te  f u r t h e r  in to  the pee le r  and 

regenerator. I n  t h e  l i n e a r  system, t o  

which the present  case approximates, the 

de f l ec t ion  i e  proportional  t o  the  depth of 

penetra t ion and, oonsequently, the turn 

separa t ion i n  t h e  region between peeler  og 
Pig. 1 Arrawenent of poeler, def lector and regenerator. and regenerator a l s o  inoreases l inea r ly .  

The entranoe to the ex t rac t ion  channel is 

plaoed a t  a s u i t a b l e  radius  near the  point  

of m a x i m m  turn separation. Accompanying 

the spread i n  o r b i t  cen t res  i n  the  

d i r e c t i o n  of the channel ( the  r d i rea t ion)  

i a  a compression of o r b i t  cen t res  a t  

r i g h t  angles t o  t h i s  ( the  r '  d i rec t ion) .  

Presen t arrangements 

The pee le r  and the regenerator,  

shown i n  Fig. 1 and Fig. 2, a r e  e h C t r 0 -  Pig. 2 Sections through peeler and deflector ohannel. 
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s t a t i c  dev i ce s  opera t ing  w i th  nega t ive  and p o s i t i v e  p o t e n t i a l s  r e spec t i ve ly .  They 

a r e  s i t e d  on e i t h e r  s i d e  of the  d e f l e c t o r  i n  t he  c e n t r e  of a h i l l ,  and t h e i r  main 

a c t i o n  begins a t  a r a d i u s  o f  17.6 inches.  They a r e  4 i n .  long and a p o t e n t i a l  of 

V k i l o v o l t s  corresponds t o  a s t r eng th ' '  of 0.01 V. The c e n t r e  of the  en t rance  t o  

t he  d e f l e c t o r  channel is a t  17.6 in .  r ad iu s  and i t s  width increa.ses  from 0.2 t o  

0.3 in., the  e x i t  being a t  20 in .  r ad iu s .  A t  3 in .  from the en t rance  t h e r e  is a 

3 in. gap t o  accommodate the i on  source tube. The septum, which has a 1.25 in .  

long V-slot and is 0.062 in .  thick near  t h e  en t rance ,  is s p l i t  i n t o  t h r e e  p a r t s ,  and 

the c u r r e n t  t o  each can  be measured. Figure 3 shows one of t he  dee-box cover  p l a t e s  

w i t h  t h e  pee l e r ,  d e f l e c t o r ,  and septum i n  pos i t i on .  The i n s u l a t o r s  a r e  s i m i l a r  t o  

those used on the cyc lo t ron  at the Univers i ty  of I l l i n o i s .  va lues  f o r  t he  average 

magnetic f i e l d  and t h e  v e r t i c a l  and hor izonta l  o s c i l l a t i o n  f requenc ies  a r e  given i n  

Fig. 4. 

The measurements t o  be descr ibed  were ob ta ined  w i th  11 MeV deuterons a t  dee 

vo l t age s  between 28; and 21; kV. These cond i t i ons  correspond t o  between 200 and 

250 p a r t i c l e  r evo lu t i ons  and t o  t u r n  s epa ra t i ons  of 0.045 t o  0.034 in.  a t  f u l l  

rad ius .  I n  no ca se  was the  component of t u r n  s epa ra t i on ,  caused by the dee v o l t a t e ,  

s u f f i c i e n t  t o  c l e a r  the septum entrance.  

Peeler-Regenerator C h a r a c t e r i s t i c s  

Pre l iminary  t e s t s  were made i n  t h e  l i n e a r  r eg ion  w i th  t he  p e e l e r  and 

r egene ra to r  a t  16.75 in .  from t h e  r eg ion  of f i e l d  f a l l - o f f .  A t a r g e t  which could  

I I I I I 4 I m e a s u r e t u r n s e p a r a t i o n s a n d a l s o v e r t i c a l  

1 5 . ~ 1  - o s c i l l a t i o n  ampli tudes g r e a t e r  than 0.125 in 

w a s  p laced  a t  180' azimuth and 16.55 in .  

r ad iu s .  According t o  the  l i n e a r  theory,  

with vr > 1, the p e e l e r  a lone  should i n t r o -  

duoe some t u r n  eepara t ion ,  bu t  t he  

r egene ra to r  a l one  should not.  This  tendency, 

t oge the r  w i th  the  o t h e r  p r e d i c t i o n s  of the 

theory, was confirmed but i n  genera l  the 

measured t u r n  s epa ra t i ons  were too l a rge ,  

probably because of o f f - s e t  o r b i t s  and 

I I I I spur ious  beams. The i nc r ea se  i n  amplitude 
U I7 I1 19 

- of v e r t i c a l  o s c i l l a t i o n s  wi th  s t r o n g  

- r egene ra to r s  and weak p e e l e r s  i s  c l e a r l y  

- shown i n  the measurements of Fig. 5. They 

- a l s o  show t h a t  a p e e l e r  on i t s  own w i l l  

- in t roduce  a small i nc r ea se  i n  v e r t i c a l  
I I 

16 I 7  IO amplitude. I t  was confirmed t h a t  the  
m u s  (Iwnes) 

Fig. 4 Average magnetic field and vertical and horizontal vertical oscillations were qu iok ly  
oscillntion frequencies versus radius. 
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Fig. 3 Photograph of dee-box cover, with the  peeler,  d e f l e c t o r  and septum i n  p o s i t i o n .  
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Fig. 5 Percentage of total benm with vertical amplitudes Fig. 6 Turn separations for different peeler and 

greater than 0.125 versus peeler and regenerator regenerator values, measured at extraction radius. 

voltagee. 

e s  tabl i shed and t h a t  t h e r e a f t e r  t h e i r  amplitude remained cons tant  as the t a rge t  was 

withdrawn. 

A fu r the r  s e t  of measurements was taken with the  peeler  and regenerator a t  the 

ex t r ac t ion  r ad ius  of 17.6 in. and the t a r g e t  a t  17.5 in., 0.1 in. beyond the r ad ius  of 

the  last tu rn  at 180' azimuth. There was now l e s s  spurious beam. In  comparison with 

the l i n e a r  region there  were two outstanding d i f f e rences  caused by the peeler- l ike 

ac t ion  of the f i e l d  f a l l -o f f .  A t u rn  separa t ion  was obtained using the  regenerator  

alone, and the amplitude of v e r t i c a l  o s c i l l a t i o n s  w a s  g rea t ly  reduced. The graph of 

Fig. 6 shcws the tu rn  separa t ions  measured f o r  various combinations of pee ler  and 

regenerator  voltages.  A computed va lue  i s  given f o r  comparison, and a l s o  an experi- 

mental poin t  obtained more recent ly  under ex t r ac t ion  condit ions using the de f l eo to r  
0 

e lec t rode  and septum a s  t a rge t s  ( the  value has been normalised t o  l80 azimuth). 

A few measurements made w i t h  t h e  peeler  and regenerator  a t  17.8 in. r ad ius  show 

t h a t  turn  separa t ions  up t o  0.5 in.  can be obtained without  any los s  of beam and 

indica te  t h a t  t he  optimum radius f o r  ex t r ac t ion  may be a l i t t l e  f u r t h e r  out. 

Ext rac t ion  

The search f o r  an ex te rna l  beam w a s  begun when i t  was only poss ib le  t o  hold 

45 kV on the def lec tor .  The o r b i t  cent res  were var ied  by changing the  ion  source, dee 

and dumy-dee pos i t ions ,  and the d e f l e c t o r  vol tage  was slowly ra ised .  With a 

de f l ec to r  voltage of 50 kV and the i n i t i a l  o r b i t s  of f -se t  by approximately 0.375 in.  

a t  260°, a small external  beam was detected. This o f f - se t ,  which is almost ce r t a in ly  

~ . o t  the optimum, remained unchanged throughout the measurements. 
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"f l l l I l A t yp ica l  p l o t  of c u r r e n t  d i s t rubu t ion  
I W t U U  1U*l *I 1%) I* . Kum l(IV versus  i n t e r n a l  t a r g e t  r a d i u s  i s  shown i n  Fig. 7. \ :::: - I t  w i l l  be seen  t h a t  nea r ly  a l l  the i n t e r n a l  beam 

s t r i k e s  the septum (most o; i t  on the f i r ~ t  t h ree  

I 4 . 1  X - 
I 

inches) .  I t  i s  i n f e r r e d  from t h i s  curve,  and 

l* - - a l s o  from a measurement of c u r r e n t  s t r i k i n g  the  
trim 11m1 

d e f l e c t o r  w i t h  the  vo l t age  of f  ( t o  remove 
I 

I? I* 8 
wn ~ ~ s )  emission c u r r e n t s ) ,  t h a t  only  about 1% of the  

Fig. 7 Current t o  i n t e r n a l  t a r g e t ,  septum and 
e x t e r n a l  t a r g e t  v e r s u s  i n t e r n n l  t a r g e t  i n t e r n a l  beam h i t s  the d e f l e c t o r .  The p la teau  
rndius.  (Double beam condi t ion) .  
Averaged f o r  a number of rune. P a r t  of i n  the cu rves  of the c u r r e n t  t o  the i n t e r n a l  
septum o u r r e n t  is deducod from mensure- 
merits made with zero d e f l e c t o r  t a r g e t  and t o  the  septum i s  a t  too small a r ad ius  

f o r  the  vr = 2vZ resonance and occurs because a t  

t h i s  time the i n t e r n a l  beam w a s  s p l i t  i n t o  two separa te  components. The l a r g e r  

component (which g ives  r i s e  t o  the ex te rna l  beam) is of reasonable q u a l i t y  whi le  the  

o t h e r  component i s  poor wi th  c e n t r e s  o f f - se t  by a n  inch  o r  two. I t  appears  t h a t  the  

o f f  -met beam was caused by u n s t a b l e  components near  the  c e n t r e  which were l a t e r  captured  

i n t o  a s t a b l e  o r b i t .  The s t e e p  d i /d r  c h a r a o t e r i s t i c  as the t a r g e t  is f i n a l l y  withdrawn 

is more l i k e l y  t o  a r i s e  from the  compression of o r b i t  c e n t r e s  i n  the  r '  d i r e c t i o n ,  

r e f e r r e d  to  e a r l i e r ,  than from a high q u a l i t y  bean. While the  energy spread is  not  a t  

p re sen t  known, it could  b e  q u i t e  la rge .  

With the  above arlaangement a 2% e x t r a c t i o n  e f f i c i e n c y  f o r  t he  'on c e n t r e '  

component w a s  achieved wi th  a maximum d e f l e c t e d  beam of 45 pA. During the  ex t r a c t i o n  

process  the beam was l e s s  than 0.125 in. high and accu ra t e ly  on t h e  median plane. The 

spot  s i z e  a t  the end of the  d e f l e c t o r  channel w a s  about  1 mm high and 3  m wide. 

By vary ing  the c e n t r e  trimming o o i l s  i t  was found t h a t  t h e  e x t r a c t i o n  e f f i c i e n c y  

was s e n s i t i v e  to  changes i n  t h e  value of  the  c e n t r a l  magnetio f i e l d  ( t h e  i r o n  g ives  a 

decrease of 100 gauss over the f i r s t  3  in.)  and t o  the  he ight  of the  median plane a t  

the  cent re .  S u i t a b l e  adjustments  caused the  of f - s e t  beam t o  d isappear  and brought the 

ove ra l l  e x t r a c t i o n  e f f i c i e n c y  t o  3%. .It has not y e t  been poss ib l e  t o  explore t h i s  

s i t u a t i o n  i n  d e t a i l ,  b u t  the changes involve  only a few t ens  of gauss and r e s u l t  i n  an 

i nc rease  i n  t he  va lue  of the  c e n t r a l  f i e l d  bump. 

The above cond i t ions  gave the  b e s t  r e s u l t s  s o  f a r  obtained. With a  dee vo l t age  

of 25 kV and a n  e x t r a c t i o n  e f f i c i e n c y  of 3% the i o n  source c u r r e n t  was slowly increased.  

For ex te rna l  c u r r e n t s  up t o  40 pA t h e r e  w a s  no no t i ceab le  change i n  e f f i c i e n c y ,  but  

above t h i s  l e v e l  t he re  was a small decrease.  Because of mioalignments o e r t a i n  oarbon 

components i n  the machine become excess ive ly  hot a t  high c u r r e n t s  and i t  has no t  been 

poss ib l e  t o  run a t  maximum output ,  neve r the l e s s  an e x t e r n a l  beam i n  excess  of 60 pA 

has  been obtained. 

To a s s e s s  t he  accuracy r equ i r ed  i n  s e t t i n g  va r ious  c o n t r o l s  each was v a r i e d  

u n t i l  the ex te rna l  c u r r e n t  f e l l  t o  ha l f  value on e i t h e r  s i d e  of tune. The s u r p r i s i n g l y  
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wide range permi t ted  is  shown i n  Table I; i n  f a c t ,  the only c o n t r o l  wi th  a  

r e l a t i v e l y  sharp  tuning c  h a r a c t e r i s  t i c  is the d e f l e c t o r  v01 tage. 

Table I 

Typical  Tuning Charac t e r i s t i c s .  

Range of Cont ro ls  t o  Halve Externa l  Beam 

Cen t ra l  Magnetic F i e l d  15.7 k.gauss ? 18 gauss 

Harmonic Co i l s  a t  5  inoh r ad ius .  Amplitude 36 gauss k 36 gauss 

60' 
Azimuth 260' f 1 0 0 ~  

Harmonic Co i l s  a t  13 inch radius .  Amplitude 12.5 gauss t 25 gauss 

Azimuth 120' 2 40' 

Dee Voltage + 4 kV 
2405 kV - > 4.5 kV 

Pee le r  Voltage 24 kV t 17 kV 

Regenera t o r  Voltage 30 kV + kv - 17 kV 

Def l ec to r  Voltage 
+ 6 kV 

54*5 kV - 4.5 kV 

Vol tage Breakdown Charac t e r i s  t i c s  

The th ree  high vo l t age  e l e c t r o d e s  and the  f i r s t  three  inches of the septum a r e  

copper, and the r e s t  of the surroundings a t  e a r t h  p o t e n t i a l  a r e  of carbon. 

There i s  nothing very  unusual about the behaviour of the two negative 

e lec t rodes .  The d e f l e c t o r  w i l l  hold 65 t o  70 kV without  a beam and a l i t t l e  over 

55 kV wi th  one; t h i s  corresponds t o  a vo l t age  f i e l d  s t r eng th  product  of 

0.6 x lo4 kvZ cm-'. The equiva lent  f i g u r e s  f o r  t he  p e e l e r  a r e  70 kV wi thout  a beam 

and 50 kV wi th  one. There has been no requirement f o r  vo l t ages  h igher  than t h i s ,  

but  the  performance g ives  the  impression t h a t  they could be obtained i f  des i red .  The 

d e f l e c t o r ,  on the  o t h e r  hand, g i v e s  the  impression t h a t  i t  would be d i f f i c u l t  t o  

o b t a i n  s i g n i f i c a n t l y  higher v o l t a g e s  with the p re sen t  arrangement. 

The behaviour of t h e  r egene ra to r  w i th  a p o s i t i v e  p o t e n t i a l  is  dramatic. With 

a i r  p re s su res  above about 1.5 X 10-' mm Hg it i s  impossible t o  hold vo l t ages  i n  the 

r eg ion  of 4.5 kV because the emission c u r r e n t  i s  too high f o r  the power suppl ies .  

A t  h igher  vo l t ages  and below t h i s  c r i t i c a l  pressure  the re  i s  no d i f f i c u l t y  and the  

c h a r a c t e r i s t i c s  a r e  q u i t e  similar t o  a n  e l e c t r o d e  a t  negat ive  p o t e n t i a l .  The s i t u a -  

t i o n  i s  shown i n  Fig. 8, i n  which t h e  emission c u r r e n t  is  p l o t t e d  a g a i n s t  vol tage  

f o r  a range of pressures ;  t he  abso lu t e  va lues  a r e  not  too r e l i a b l e  because the 

emission c u r r e n t s  v a r i e d  between runs. The c u r r e n t  peak which is j u s t  over 1 mA a t  
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loor : r l l  I I l I t he  c r i t i c a l  p r e s su re  i nc reases  r a p i d l y  
FULL cwc U n US ~i' m N or m t h e r e a f t e r ,  but  a t  p re s su re s  only  a l i t t l e  
M U  C u l l  M. 1 2  m I* W118 

- 
above the c r i t i c a l  p o i n t  i t  is poss ib l e ,  w i th  

e 

I"t I I 
- 

the  e x i s t i n g  power supp l i e s  (which a r e  
.S 

I a o l  i 'i - designed f o r  a maximum load of 1 mA), t o  

break through t o  t he  h igh  vo l t age  r eg ion  by 

swi tch ing  on quickly.  

o + I# I + 30 The use of a 10 mA, 10 kV power supply 
nicm $ r r r * r s ~  +I0 

Big. 8 h i s s i o n  current versus regenerator  vo l tage  f o r  permi t ted  a v i s u a l  observa t ion  of t he  
various pressures 

r egene ra to r  ope ra t ing  under high c u r r e n t  

condi t ions ;  a glow discharge  was s een  c l o s e  t o  t h e  e l ec t rodes .  I t  seems t h a t  the 

phenomenon is  due t o  o s c i l l a t i n g  e l e c t r o n s  which i n  t he  r egene ra to r  geometry could  

have pa th  l eng ths  of hundreds of metres  and a t  e l ec t rode  p o t e n t i a l 8  of a few kV have 

a maximum i o n i z a t i o n  p robab i l i t y .  The c h a r a c t e r i s  t i c s  of the d ischarge  wi th  hydrogen 

gas a r e  similar except  t h a t  t h e  c r i t i c a l  p r e s su re  i s  higher .  Under ope ra t ing  

cond i t i ons  t he  d e t a i l e d  behaviour of t h e  r egene ra to r  is  complicated by the  r e l e a s e  of 

gas caused by l o c a l  h o t  s p o t s  and normal breakdown, but recovery is immediate and 

70 kV can be  he ld  wi thout  a beam and 50 kV wi th  one. I n  a  b r i e f  a t tempt  t o  p lace  a 

p o s i t i v e  vo l t age  on the d e f l e c t o r  i t  was n o t  p o s s i b l e  to  break through the glow d i s -  

charge, a l though the  pressure  was only 5 X 10-' mm Hg. 

Conclusion 

This  i n v e s t i g a t i o n  has shown t h a t  e l e c t r o s t a t i c  p e e l e r s  and r egene ra to r s  may be 

used i n  cyc lo t rons  under normal ope ra t ing  condi t ions .  For i n t e r n a l  t a r g e t  work they 

can be used t o  spread t h e  beam over a l a r g e r  a r ea ,  and f o r  e x t r a c t i o n  they a r e  

p a r t i c u l a r l y  s u i t a b l e  f o r  those  cond i t i ons  i n  which f l e x i b i l i t y  and sharp  changes i n  

f i e l d  va lues  a r e  more important  than  s t r eng th .  

I n  t he  immediate f u t u r e  a t t empt s  w i l l  be made t o  improve on the p re sen t  

e x t r a c t i o n  e f f i c i e n c y  of 3% by opt imis ing  the  i n t e r n a l  beam p o s i t i o n  and t h e  alignment 

of t he  d e f l e c t o r  channel.  I t  i s  hoped t o  fol low t h i s  w i th  e x t r a c t i o n  experiments on 

the  a x i a l l y  i n j e c t e d  beam. 
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DISCUSSION 

BLOSSER : The curves which you showed f o r  vr and vZ were unusually smooth. Would 
you comment on how t h e  curves were computed, and whether you f e e l  t he  f i e l d  is  r e a l l y  
as smooth as the  curves would ind ica t e?  

POWELL : I would th ink  the curves a r e  f a i r l y  accura te ,  but  t he re  a r e  c e r t a i n  small 
v a r i a t i o n s .  The curves  were ca l cu la t ed  from some magnetic f i e l d  measurements done on 
the  i r o n  wi th  the  c a l c u l a t e d  trimming c o i l  f i e l d s  added. A number of terms i n  the  
Smith and Garren formulas were used. 

ZUCKER : Your s l i d e  shows t h a t  t he  r egene ra to r  p o t e n t i a l  is much more e f f e o t i v e  f o r  
e x t r a c t i o n  than  the p e e l e r  p o t e n t i a l .  Why i s  tha t ?  

POWELL : The magnetic f i e l d  i t s e l f  behaves l i k e  a pee le r .  Hence, i n  p r i n c i p l e  there  
is a s e t t i n g  a t  which you can use j u s t  the  magnetic f i e l d  as pee ler .  This ,  I think,  is  
e n t i r e l y  the p r i n c i p l e  used i n  Fhl cyc lo t ron  ex t r ac t ion .  What perhaps I should po in t  
ou t  is t h a t  wi th  t h i s  system you can v a r y  the  r egene ra t ive  a c t i o n  of the magnetic f i e l d  
a t  w i l l ,  and you can a d j u s t  i n  d e t a i l  the  o r b i t  s lope  a t  the ent rance  to  t h e  de f l ec to r .  

RICHARDSON : I understand you have done eome work wi th  negat ive  ions. Could you 
comment on th i s .  

POWELL : Well, we d i d  a c c e l e r a t e  negat ive  deuterons mainly t o  s e e  i f  i t  was poss ib le .  
We found t h a t  we had t o  cu t  down the  s i z e  of the a p e r t u r e  i n  our hooded ion  source t o  
about  1/8n diameter. We had t o  work a t  r a t h e r  high gas  p re s su res  and when we d i d  t h i s  
we g o t  an es t imated  d.c. output  of  about 100 mA of negat ive  ions ,  which was reduced t o  
about  25 mA on the  f i r s t  turn. Gas pressures  a t  t h i s  time were no t  p a r t i c u l a r l y  good, 
of the order  of 9 X 1om6, and because t h e  deuterons  t r a v e l  slowly gas  s t r i p p i n g  was 
severe.  We got  s e r i o u s  gas s t r i p p i n g  as we moved out ,  and reached only a l i t t l e  
beyond half r a d i u s  before  c u r r e n t  had dropped of f  t o  below l mA. We a r e  now bu i ld ing  
a negat ive  ion  source  wi th  a x i a l  i n j e c t i o n  and hope t o  keep the pressure  r a t h e r  low t o  
avoid  gas s t r i p p i n g ,  
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