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- 
The impre'csive. . . rstie 'of pa r t i c le  l o s s  by ve r t i c a l  beat - f requendy (VBF)  

~ blowup in the low e l e c t r i c a l  f ie ld  of a synchrocyclot ron sugges t s  the  app l ica -  

tion. of a .  r ad io f requency  to induce,  growth of r ad i a l  osci l la t ion 
. . . . 

ampli tude fo r  b e a m  ex t rac t ion .  The use of a n  e l e c t r i c a l  f ield with a ' l i n e a r  

gr 'adient  on the ou tward  s ide  of a r e f e r e n c e  o rb i t  and  extending 60' in a z imu th  
. . 

h a s  been  s tudied.  The  rad iof requency  i s  chosen to m a k e  rad'ial. osc i l l a t ions ,  

' d e s c r i b e d  by a n  equation of the Hil l  type,  unstable .  Orb i t  ca lcula t ions  f o r  a 

. '  cyc lo t ron  with 50-Mev deu te rons  in  a 17, 000-gauss  f ie ld  have been  made  on a 

digital  c0mpute.r .  Two e s s e n t i a l ' f e a t u r e s  w e r e . o b s e r v e d :  ( a )  a  reasonab le  

s epa ra t i on  .between succe s s ive  t u rn s  influenced by the per tu rba t ion ,  and (b )  

a phasing of o r b i t s  s o  that  the m a x i m a  following a n  i n c r e a s e  in  ampl i tude  
2 

o c c u r  n e a r  one . az imu th .  An e l e c t r i c a l  g rad ien t  of 4. 3 kv/cm w a s  used  in  

the computat ions .  The appl ica t ion of th i s  sys,terq t o  va r i ab l e  - ene rgy  constant  - 
f requency  cyc lo t rons  and  very-h igh-energy  a c c e l e r a t o r s  i s  under s tudy.  The  

PO s si.bility of changing the e l e c t r i c a l  f requency  and  grad ien t  to  m a t c h  opera t ing  

condit ions e l im ina t e s  d i f f icul t ies  a r i s i n g  in magne t ic  ex t r ac t i on  s y s t e m s  f o r  

va r i ab l e  - ene rgy  ,mach ines .  
/' 
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I .  INTRODUCTION 

In experiments  involving beail1 storage in the 184-inch cyclotron, a 

mechanism was observed which effectively increase'd the par t ic les '  ver t ica l  
1 amplitude and quickly destroyed the beam. The process ,  called ver t ica l  

beat -frequency (VBF) loss ,  occurs  when the frequency of axial  oscil lation 

i s  re lated to the rotational frequency of the par t ic les  in the cyclotron and the 

frequency of the accelerat ing voltage of the cyclotron. The relationship i s  

given in .the following equation': 

where f e q u a l s 6  fo ,  f . i s  the rotational frequency of the par t ic le ,  f , i s  the 
z 0 

frequency of the cycloti.on osci l la tor ,  and n i s  the conventional' cyclotron 

magnetic field pa ramete r .  The relation 

i s  one requi red  condition for this p rocess  to occur ,  while the other necessa ry  

condition i s  that there  be a ver t ica l  e lec t r ic  field which i s  proportional to the 

vert ical  displacement of the par t ic le  f rom the midplane of the cyclotron. In 

the weak ver t ica l  field component of the accelerat ing voltage in the 184-inch 

cyclotron the beam loss  was impressively fas t .  An analysis  shows that under 

these two conditions the equation of par t ic le  motion i s  absolutely unstable. 

The application of a s imi l a r  se t  of conditions for the radial  motion of a pa r t i -  

cle a t  the outer rad i i  of the cyclotron i s  suggested a s  a means  of extract ing 

par t ic les  f rom a cyclotron. 

Computations on the IBM 650 have been undertaken to determine the 

possibil i t ies of this method of extract ion.  The study of a deflecting sys tem 

* 
P r e s e n t  address :  Graduate School of A r t s  and Sciences,  University of 
Cincinnati, Cincinnati 21, Ohio. 



for a variable--energy constant.-frequdncya (VECF) . cyclotron..is- . of in te res t .  
. .  . 

This cyclotron i s  envisioned a s  accelgrating deuterons to about 50 Mev in 
. :  i 

about a 17, Ca) gauss field. ~ b w e v e r ,  the initial 'computations apply to a 
. . 

conventional cyclotron which has  a magnetic . .. f ie ld 'decreasing . with radius.  

In o r d e r  to. use the pa ramete r s  which have been suggested for the VECF 

cyclotron, we have selected a 50 -Mev deuteron a t  33. 7-in. rad ius .  We have 

a l so  chosen n = 1/10. While this i s  r a the r  ar t i f ic ial ,  i t  nevertheless  does 

provide a t e s t  of the rf field stre-tlg'th.,required to per turb  the part ic les ,  and 

i t  will sug'gest a number of fea tures  of the p e r l u ~ l e d  s rh i t c .  

In the 'conventional cyclotron, the linearized equaliwrl I u r  radial  o 6 6 i l l a  = 

3 .. . . tion;about 'a re ference  orbi t  .is . 

where ,p is .  the depar ture  f rom a synchronous orbit .  

We introduce a s  a perturbing fo rce  a sinusoidal e lec t r ica l  variation which 

i s  proportional to the outward displacement f rom the synchronous orbi t .  We 

have chosen an az imuthal  extent of 6u0 And a l i n e a r  gradient.  The per turba-  
. . 

tion has  the'  fo'rm . . . .  . . . . . . . 

F = Ap cos a t  . . 

for  p :> 0 in region of perturbation, and. 

fo'r .all 0th-er. regions. '  . , . 

We change. var iab les  and obtain . , 

. . . . .  , . . . 

. . . .  . 4 2) 
. , dq2 . ' 

. for  p > 0 in region of perturbation; - o r  : .  . . . . , . .  . 

. . e lsewhere .  : ' . . . .  . . .. 
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11. CONDITIONS FOR INSTABILITY IN RADIAL MOTION 

An 'examination of Eqs.  (2)  and (3)  shows that the par t ic le  motion i s  

unstable when A # 0 and if o i s  chosen so that the f i r s t  t e r m  in the bracket of 
2 

Eq .  (2)  equals P , where I= 1, 2, 3, . . . . The frequencies of the per turb-  

ing radial  voltage that will resu l t  in an absolute instability in the radial  

equation of motion a r e  tabulated below for a conventional cyclotron. 

o = w ' &  o 2 for $.= 1 

= oo b'iT A= 2 

= wO 2/3 &= 3 

I 

It i s  an  advantage to choose the smallest  value o f l ,  since the choice allows 

I the l eas t  sensit ivity in matching the perturbing frequency to the part ic le  
I 
I motion. '  This i s  useful in the case  where the radial  oscil lation frequency 

I changes owing to a rapidly changing edge field of the cyclotron. 
~ 

111. THE SYSTEM CHOSEN FOR PRELIMINARY STUDY 

The radia l  motion of 50-Mev deuterons in a 17-kilogauss magnetic field 

of a conventional cyclotron was calculated by integrations of the rad ia l  and 

azimuthal component equatidtis of the Lor.entz equation. The axial  motion 

was disregarded.  The equatio'ns are.:  

2 .  
d r 

- de - - I -  [Pz 4- t c ,k-r0]  cos z+ 
d +2 

where c = 0 except in region, + . 7,  and p = B ~ / B ~ .  

The magnetic field i s  given in general  by: 

In these calcu1atio.n~ we used the following values: 

B = 17,000 gauss  
0 

r = 33.68 inches 
0 . . 

k = -,0. 1 (n = 0. 1) 

f = 0. 



The amplitude' of',the per turbing force i s  re lated to the t e r m s  in Eqs.  (2),  (3),  

and (4)  ,by :. .. 
. . 

L 
where we use E = 4. 3 k v / c m  a s  the electr.ica1 gradient. M y i s  the relat ivis-  

2 
t ic m a s s  of the deuteron. This rf electrical.-field gradient, lc  s s  than 5 kv/cm, 

i s  believed to be easi ly  obtainable by a n  oscil lator which is independent of 

the cyclotron oscil lator and which can be tuned to the optimum frequency a.nC1 

ampli t  U ~ C  . 

IV. FEATURES O F  ORBITS CALCULATED ON THE 
IBM 650 FOR THE PRELIMINARY EXAMPLE 

Calculations on the IBM 650 have been done in the median plane only. 

The perturbation i s  introduced when tlie particle i s  beyond the synchronous 
0 0 r a d i u s  iti a r6gion f rom 100Otb 160 . An initial azimuth of 0 i s  a s sumed  

f o r  a l l  the orb i t s  that hate been kxamined. .Sta'rting of 0, 60, 120, 

180, 240 and 300 degrees  have been used. '  

Unperturbed orb i t s  with radial  oh cillations were  examined and their  

per iods checked to see that the solution matched the expected performance.  

La te r ,  par t ic les  which initially had a radial  oscillation amplitude up to 1/2 

i n .  urerc examined with the various s tar t ing phases.  The interval  of integra-  

tion was chosen to be about 1/10 of one radian,  e,xcept that in ' the region where 

the perturbation occurred ,  about 1/5 of this value was used. 

The r e su l t s  of the orbi t  computat'ions confirm the expectation that the rf 

per turbat ion would be effective in changing the' radial  oscillation amplitudes . 
Of g rea t  in te res t  i s  the amount of radial  amplitude increase  between adjacenl 

turns  and the amount of preferent ial  orieutation of orb i t s  i n  the re ference  'L 

f ra rne  of the cyclotron. Preferent ia l  orientation means  that maxima of the 

rad ia l  oscil lation occur  repeatedly o r  at  l eas t  quasi-repeatedly-near one 

. azimuth. A substantial  increase  in amplitude between successive turns  would 

allow the introduction of a channel o r  a deflecting sys tem to separa te  the ex-  e 

t rac ted  par t ic1 .c~  f rom the-~i~rculatin~.~articlks. . In the case  of a Thomas 

machine, "falling over  the edge of a hill" may  be employed i f  the deflecting 

sys t em i s  placed so  that the maxima occur  a t  a given hill.  The advantage of 

this technique was demonstrated in a n  electron model .of the Thomas machine 

a t  this Laboratory in ,1952. 2 
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A possible a r rangement  of the sys tem i s  shown in Fig.  1. In Fig. 2 we 

have plotted the amplitude ve r sus  the azimuthal position a t  which the maxima 

occur .  An impress ive  change in amplitude has  been observed between succes-  

sive turns in the region immediately following the perturbation. These orb i t s  

have an  outward excursion in the perturbation region. However, orb i t s  p r e -  

c e s s  and af te r  a few influential encounters with the perturbation, the pa r t i -  

c les  tend to m i s s  i t  altogether.  For  severa l  turns the amplitude remains  

a lmost  unchanged and the maxima occur fa r ther  around the cyclotron. Later  

another s e r i e s  o.f changes in amplitude takes place.  

Several  orbit3 made a [lumber of turns before precessing into the pe r tu r -  

bation.. Some orb i t s  had their  amplitudes decreased  substantially by the p e r -  

turbation, but because of the precess ion  of orb i t s  a l l  par t ic les  a r e  ultimately 

perturbed to la rge  rad ia l  oscillation amplitudes.  

V. THE ACTION O F  THE PERTURBATION ON HIGHER ENERGY PARTICLES 

The ef fec t  of perturbatton upon higher energy par,t icles was computed f o r  

par t ic les  with a synchronous radius  1/2 in. l a r g e r  than the synchronous 

radius  used in the. ca.lculations of S e c .  IV. These orb i t s  r ep resen t  par t ic les  

whose energy ( 5  1 .5  Mev) i s  somewhat l a r g e r  than the design energy fo r  Sec. 

IV. The synchronous rad ius  passes  through the perturbation. 

Initial conditions have been chosen for par t ic les  with 1/2 in.. of osci l la-  

tion amplitude about the new synchronous orbi t .  A part ic le  on a synchronous 

orbi t  (no oscil lation amplitude) was a i so  computed for  this higher energy case .  

All the orb i t s  show that the perturbation causes their  amplitudes to g row 'a f t e r  

a sufficient number of turns .  The general  features  of the orb i t s  a r e  ve ry  

much like those descr ibed in Sec. IV. The orb i t s ,  on the average,  a r e  deeper  

into the perturbation than in the previous case ,  with the r e su l t  that the average  

amplitude change per  turn  i s  much g rea te r  than in Sec. IV. Figure 3 shows 

ten turns  of a perturbed orbi t .  F igure  .4 shows the maxima vs  azimuthal  

position f o r  seve ra l  initial phases  of orb i t s  with 0.  5-in. initial amplitude. 

Pa r t i c l e s  which gain enough energy pe r  turn to make a substantial  change i n '  

radius  in ' a  few turns  will approximate the conditions of this  case .  

The part ic le  with no initial oscillation amplitude was made to :oscillate 

immediately by the perturbation. Inspection of Fig.  3 shows that the pe r tu r -  

bation does not appear  to divert  the orb i t  abruptly; however, the r e su l t  of a 

number of p a s s e s  through the perturbation i s  a l a rge  inc rease  in oscillation 

amplitude. ' 

' 5  



Lsyichronous orbit ' 

MU- 16566 

Fig. 1. Arrangement of the perturbing system. Two parabolic 
and one flat electrode provide a linearily increasing rf field. 



Angle (deg.) 
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MU- 16567 

Fig. 2. Location of maxima of radial  amplitude vs azimuth. The 
notation 180° (30) designates the maximum point in the 30th 
turn of the orbit  with an initial phase angle of 180 . The line 
connects maxima of consecutive previous turns. The initial 
oscillation amplitude is 0.5 in. for all orbits. 



Angle (radians) 

Fig. 3.. Ten consecutive orbits experiencing the perturbation. 
"Amplitude change and preces  sivn through the perturbation 
. region a r e  observed. Departure f rom the synchronous orbit 
i s  plotted against azimuthal position .in the cyclotron. . An 
initial phase of 300° i s  used for  0.5-in. oscillation about a 
synchronous radius '0.5 in. l a rge r  than the s t a r t  of the 
perturbation. The dots represent  points in the integrated orbits 
where the perturbation i s  applied. 



MU- 16569 

F i g .  4. ~ o c a t i o n  of maxima of radial  amplitude vs azimuth for  
the higher energy part icles .  The notation is the same a s  f o r  
Figure 2. The marked point i s  for the tenth turn unless 
otherwise specified. The point designated "none" i s  for  a 
part icle  s tar ted  on a synchronous orbit, no oscillation 
amplitude initially. 



V. FURTHER INVESTIGATIONS 

The calculation of orb i t s ,  where k in-Eq.  . ( 6 )  i s  chosen to',be 0. 048, has  
r' 

been . . .  made prepara tory  to the study of orb i t s  in a sinusoidal Thomas-type 
.. . ... 

cyclotron, The orb i t s  in the increasing fields p r e c e s s  in the opposite sense 

to the previously considered orb i t s  a s  they oscil late about the c i rcu lar  . 

. (f = 0 in Eq. (6)) synchronous orbi t .  Under the influence of the perturbation, 

whose fr.quency was obtained f rom +=r/m s, t h e  orb i t s  experience a 

change in amplitude. A typical orbi t  of a 50-Mev deuteron i s  shown in. Fig.  5. 

The computation of o rb i t s  in a sinusoidal Thomas -type cyclotron 

( f  = 0..2., k = 0.048, N = 4 )  i s ,be ing  continued. 

The influence of a radiofrequency pertur.bation on orb i t s  of very-high- 

energy acce le ra to r s  is of in te res t .  A n  increase  in radial  ar~lplitude may be 
1 

hseful e i ther  for extracting par t ic les  f r o m  the acce lera tor  o r  causing the 

par t ic les  to s t r ike  a n  internal  target  without the energy los s  which occurs  in 

the Pip-edged ta rge ts  that a r e  commonly used. 
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Fig. 5. Ten cpnsecutive turns  experiencing the perturbation. 
Oscillations ar,e about a c i rcu lar  synchronous orbi t  in a 
magnetic field increasing with rad ius ; 'k  = 0. 048 and f = 0 in 
Eq. (6), with a n  init ial  amplitude of 0. 5 in. and phase of .O 
degrees  ,' Crosses  indicate region of perturbation. The . 

synchronous energy of the 'deuteron is 50 Mev. 
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