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Study of the Regenere~tive Extractor of the 
Berkeley 184-lnch Synchrocyclotron 

Arthur C. Paul 

April 24, 1968 

ABSTRACT 

UCRL-18211 

The behavior of the regenerative extractor of the Berkeley 184-Inch 
cyclotron has been studk~d by separating the properties of the incident beam 
from the properti.es of the regenerator. T'ais was accomplished by consider
ing the extraction efficiency as the product of two quantities, the di:t:fer
ential extraction efficiency determined by the m~gnetic field perturbations, 
and the ph.ase space density determined by the quality of the beam incident 
upon the regenerator. 

The calculations are based on. the study of some 1500 particles 
representing a sampling over energy (radial amplitude), radial betatron 
phase (azimuth of maximum radial amplitude)~ vertical betatron amplitude, 
and vertical betatron phase. 

The particles are started inside the stable region of the radial 
betatron phase space and accelerated "chrough at least one complete preces
sional oscillation (4Q..IOO revolutions) before gaining su.fficient energy to 
cross the separatrL~ of the phase space diagram and begin regeneration. 
lhring this precessional revolution they sample entry into the regenerator 
without extraction. Once outside the stable region, regeneration sets in 
with the cessation of the' radial betatron precession. 

Five distinct mechanisms of particle loss have been found associated 
with the beam extraction system, Fig. 1: Mode l==axial growth and subsequent 
vertical loss of the low energy beam penetrating into the regenerator field 
but not deep en~1. for the onset of regeneration; Mode 2=-resumption of 
radial precession during regeneration, . resulting in, vertical loss of the 
beam or exit from the magnetic field at the wrong.a.zimuth; Mode 3--success
fully regenerated beam failing to pass through .the me~gnetic channel aperture; 
Mode 4--vertical loss of the successfully regenerated beam at 11 = 1/2 by 
overfocusing :tn the last. several turns in the ra,pidly fa.ll:l.ng f~inging field 
of the cyclotron (peeler field); and Mode 5-=mismatch between the phase 
space acceptance of the external beam and the emittance of the beam leaving 
the cyclotron. The relative importance of the various modes of loss depends 
on the betatron oscil.1Btion amplitudes and, hence, is determined by the 
quality of interna 1 beam inc:!.dent on the regenerator. 

The extraction efficiency for the l84-inch cyclotron is found to be 
dominated by the vertical beam growth at 11 = 1/2 and the radial width of . z 
the magnetic chann.el. The results of the computer study based on the 
measured magnetic field data of the l84-inch cyclotron have been verified 
by actual measurements carried out at the cyclotron. Favorable comparison 
has been obtained betrween predicted and measured values, including: 
1) extraction efficiency, 2) dependence of extract.i.on efficiency on the 
radial and vercical-betatron oscillati.on amplitudes, 3) external beam energy; 



R 

Successful 
internal 
beam--

81.5 

Kerst Serber 
type motion. 

R _ ( 82.4" at 735 Mev) 
- 83.7" at 600 MeV R = 88" 

Entrance into 
regenerator 
without regeneration; 
radial precession 
continues. 

Regeneration. 
Alternate 
passes throUgh 
regenerator 
and peeler. 
No radial betatron 
precession. 

24% incident loss 

last pass 
through peeler 
(cyclotron 
fringing 
field). 

35% incident 
loss 

Magnetic 
channel. 

6afo incident 
loss 

Cyclotron 
fringing 

. field. 

53% incident 
loss 

Steering 
magnet. 

Quad 
triplet 

2% incident loss 

100% 
beam~======~r=============~========~==========~====~=======*====~====~======~=====*============~9% 

2% of i~ternal 
beam loss 

axial growth of 
low energy beam 

24% of internal 10% of inter-
beam loss nal beam loss 

} 

14 
-------------- ---------J I 

Mode 1 loss 
Vertical loss 
of low energy 
beam. Accounts 
for almost com
plete loss of 
low energy 
beam. Unimpor
tant at full 
energy. 

12 
Mode 2 
Precession 
resumes during 
regeneration. 
Beam hits 
channe 1 or lost 
vertically. 
Most important 
for large Z 
and low energy. 

Mode 4 
Vertical 
loss of beam 
due to strong 
overfocus ing 
in last two 
turns in 
peeler. 
Important for 
all energies. 

Mode 3 
Beam hits 
channel 
septum. 
Spproximately 
independent 
of energy and 
Z amplitude. 
emittance. 

Mode 5 
External 
beam 
acceptance 
phase space 
mismatch 
to cyclotron 
beam 

LAST TURN .. 

Successful external 
beam. Passes 
through channel 
with median plane 
displacement less 
than 2 in. and 
does not exceed 
±4 in. along beam 
pipe. 
Approximately 5-lafo 
internal beam. 

XBL685-27428 

Fig. 1. Loss mechanisms of the extraction system for the 184-inch synchrocyclotron. 
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4) exter~al beam energy distribution~ and 5) spacial beam profiles. The 
calculated extraction efficiency of 9% compares favorably with present 
machine o~ration. . 
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1. INTRODUCTION 

Widespread use has be~n made of regenerative ex-cractionfor the 
removal of internal beams from synchrocyclotl~onsoMagneticfield perturba
tions iclose to the final radius of the cyclotron build up the radial ' 
oscillation amplitude of the internal beam sufficiently to allow particles 
to emerge froIJl th~ magnetic fie14 o~)the cyclotron. Systems employing 
either lineart1,2) or non-linea"'U, fields have been s·cudied and applied 
to almost ,all synchrocyc1otrons l5-9) around the world. In practice, 'almost 
'all the machines exhibit an extraction efficiency of only a few percent, 
even. though they differ greatly in size, ener8'J', and configuration. The 
need for, h:f.gher intensity external, beams for the performance of difficult 
experj.ments he.s inspired attempts to improve the synchrocyclotron output. 
The strong possibility of a large increase in the internal current of , 
synchrocyclotrons by reduction of the space charge blcrW'up near the source, (10) 
combined with, the requirement of large external beam il:ltensities and the 
nea.r-Iill?l.Xil'J!L1m int.ernal radiation activation limit of present machines, makes 
very desira.ble a better u-71derstanding of the poor extractj,on efficiency and 
its subsequent :i.mprovement~ 

1 K. J. leCouteur, The Regenerative Daflectjor: for, Synchrocyclotrons, Proc. 
Pnys. Soc. (London) B64, 1073 (1951). 

2 ' , 
A. Vo ,Crewe, K. J. leCouteur, Extraction of Beam From the Liverpool 

~ Synch.1'ocyclotron, Proc. Roy. Soc. (wodon) A~2, 242 (1955). " 

3 K. J. leCouteur, S. Lipton, Non-Linear Regenerative Extraction of 
Sychrocyc1otron Beams, Phil. Mag. 46, 265(1955).· . 

4 K. J. leCouteur, Perturbations in the MagnetiC Deflector for Synchro
cyclotrons, Froc 0 Phys. Soc. B64, 25 (1952) 0 

, .--, 
5 S.KU.llander et al., (Uppsala 185 MeV,Cyclotron, 1% extraction efficiency) 

IEEE Transactions NS-12, 106 (1966)0 . , 
6 Ken Crowe (Berkeley 750 MeV Cyclotrol1 J 5% ex'/;raction efficiency) William 

and Mary Conference on Cyclotron Improvement, 108 (1964). 
7 A. V. Crewe, K. J. IeCouteur (Liverpool 380 MeV Cyclotron, 3% extraction 

efficiency) Rev. Sci. Inst.r. 26,725 (1955). 

8 A•V• Crewe" V. E. Kruse (Chicago 450 MeV Cyclotron30f0 extraction efficiency) 
Rev. Sci. Lustr. gz, 5 (1956)0 

9 MSC Staff Proposal for the Improvement of the 600 MeV Synchrocyclotron, 
CERN (1967), private communicatj.on (5% extract:i.on ef:f1ciency). 

10 . . 
K. R. MacKenz~e, Synchrocyclotron Conversion, IEEE Transactions NS-13, 
220 (1966). 
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Kim(11,12) has suggested possible improvements for synchrocyclotrori 
regenerative extractors, One possible improvement here lies in the energy 
comp~ession of the beam entering the regenerator by a time-varying field 
harmonic, This appears to give a reasonable improvement in extraction 
efficiency for sufficiently large radial oscillation amplitudes provided 
it does not force the beam through the Walkinshaw resonance, where v = 2v • 
However, the calculations presented here show tha~c the improvement f5r z 
the observed particle distribution of the 184=inch cyclotron would be very 
small. More important is the loss in~urred by the vertical amplitude 
growth at the end of regeneration,(13; Here, the deep penetration into 
the peeler field on the last two revolutions produces too strong a vertical 
focusing force to be compensated by the regenerat.or. The vertical motion 
is driven into resonance at v = 1/2 in the same manner as the radial 
motion is driven by regeneratron into resonance at vr = 1. 

The calculation of ~?xtraction efficiency is based on the study of . 
particles accelerated through at least one radial precessional motion into 
regenerative action. A representative sampling is made in energy (radial 
amplitude), radial betatron phase (azimuth of maxi.mum radial amplitude), 
vertical betatron amplitude and phase. The experimentally measured. phase 
space density is used. The calculated extraction efficiency and energy 
distributions in the external beam compare with the measured values to 
within the experimental uncertainties. The calculated beam profile compares 
favorably with. that determined from beam photographs. 

The calculations assume that ~ 1.) the integration of the exact 
differential equations of motion u.sJ_ng only the first.-order terms in' a 
Taylor series expans ion of the magnetic field about the median plane 
adequately describe the partic'le motioI); 2) the magnetic field changes 
made since the last field measurements~14) produce no significant altera
tions in the operation of the regenerator; 3) the details of the calcula
tions do not depend on the r.ate of energy gain of the particles provided 
that this rate is sufficiently small; 4) the sampling of a single radial 
petatron precession before regeneration begins is sufficient to sample 

lIDo J.CIark, Hogi1 Kim, K. R. MacKenzie, J. Vale, Modification Studies 
for the 184-Inch Cyclotron, Ns=i3, 235 (1966). 

12Hogil Kim, Regenerative Beam Extraction, IEEE Transactions NS-13, 58 (1966). 

13Ao C. Baul, Lawrence Radiation Laboratory Peport UCID-3142 (1968). 

14The last complete field measurements were made in June 1957. Since that 
time a ·pancake has been remov.ed from. the lower main coil and the main and 
auxiliary coil excitations have been increased. The net result has been 
to increase the magnetic field by about :tOO G. Also, the regenerator has 
been physically moved 1/4:tn.outward in radius; and the magnetic channel 
has been ph~S ically moved 13/16 in. inward in radius 0 . 

II· 
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particle behavior inside the extraction radius,; 5) sampling over the 
vertical p~ase space is represented by vertically conjugate pairs of 
particles;l15) and 6) the synchrotron oscillations can be neglected since 
they are small compared with the betatron oscillations. 

II. GENERAL FEATURES OF THE 184-INCH EXTRACTION SYSTEM 

The regenerative extraction system of the t84-inch ~yclotron was 
installed in 1957 and reported by Stubbins et al. 16,17,18) The physical 
features' are typical of a non=linear regenerator using the fringing field 
of the cyclotron as a peeler. The layout is shown in Fig. 2. The magnetic 
field perturbations of the regenerator begin at 81.5 in. and extend over 
a 10-deg azimuthal interval centered at 116deg, Figs. 3 and 4. The 
regenerator reaches a peak perturbation of 6 kG at 88 in. and falls to 
zero at 91 in. On the last revolution particles pass behind the regenera
tor at 91 in. and enter the magnetic channel. The channel has a peak 
gradient of 1400 a/in. in the reverse direction to the cyclotron fringing 
field. The channel shown in Fig. 5 is horizontally :~ focusinguaIidc [' 
does not deflect the central (paraxial) ray. The . radial field used in .' 
the orbit calculations is given in Table 1 and corresponds to a main coil 
excitation of 0.48663 V (1530 A) and an auxiliary coil excitation of . 
0.4698 V (2660 A) • (19) ,The field perturbations p;,odv.ced by the regenerator 
and magnetic channel are given in Tables 2 and 3.~20) 

15By a vertically conjugate pair of particles, I mean one of maximum 
amplitude z with P = 0 and the other with z = 0 and maximum momentum 
P corresp~nding t~ the vallie of z ,; i.e., (z,O) and (O,p ), Fig. 11-

z , 'm· z m 
lh , 
VI. F. Stubbins, E. L. Kelly, J. T. Vale, K. Crowe, Bull. Amer. Phys. Soc. 
II.2, 382 (1957). 

17W• F. Stubbins, lawrence Radiation laboratory Report UCRL-3476 (1957). 

lSw. F. Stubbins, Rev. Sci. Instr. 29 (1958). 

19The auxi.liary coil shunt calibration of June 12, 1957, gives 5.67 A/mV 
and the main coil shunt calibration ~.133 A/mV, while the present shunt 
calibrations measured Feb. 23, 1968, gives 5.4313 A/mV and 3.0024 A/mV 
respectively. 

20The basic data is taken from magnetic field measurements group Log 
book 282 (6-21-57), Runs 205-228. The channel perturbations are 
taken from this same book while the regenerator perturbations are 
based on analyzed data of Runs 698-712. 
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Table 1. The radial magnetic field of the 184-inch cyclotron and related parameters. Index == - dB R/dR B, 

1 == (1- (32)-%, E = Eo 1; F== eB/21T mc, vr == (1- n)%, and v = z rn. 
R B N = E F Vz vR .' (in.) (G) field 1 (MeV) (MHz) 

index 

'-, 

1 23347 .00090 1·0002 .2 15.64 .0300 .'J996 
2 21327 .00169 1.00UI . -, :i5.59 .0412 .9992 
'3 23306 .002"" loon16 1.5 J5.53 • 0 ~;2 7 .9986 
4 2J284 .00]97 1.0(t~9 ? .1,. ]5.45 .0(130 .• 998° 
5 23~61 .• U0499 1.004 '+ 1~.2 15.;36 .0/0' .9975 
r, 23cJ8 .!)05()t 1·0064 6.0 15.25 • ()"IS] .9972 
1 2~,211 .00603 1.onH7 B.l 35.14 .07"0 .9910 
8 2119H .U0623 1.0113 10.6 35,.02 .07A9 ~9969 
9 231~1 .00654 1.()}42 13.4 ]It. 89 .0809 .9967 

10 21164, _,00716 1 .• 0175 16.4 ]4.76 .OH40 .9964-
11 2114-' .• I) OHOb ·1.02ll \9.8 ]4.61 .O~9U .9960 
12 23130 ,UO'l()4 1.0;?Sl 2.i.5 34.45 .0951 • 995~; 
1'3 231t2 .01012 \.0293 27 .. 5 J'~. 28 ~lO06 .91149 
14 23;)'-J'~ .01132 1.03-~9 31.8 j'~. 1 0 .101,4 .9943 
15 2]Ul tj .0121tl 1.0387 36.3 ]3.92 .1114 .993(\ 
.16 2'iu56 .U1315 1.1)439 41.1 :33.72 .1 l4 7 .993.'· 
17 2]03( .01336 1.0,~93 46.3 :n.52 .1156 .991J 

.1 q 21IJ?1) ,0129 6 1.05~O 51.6 .n.31 .1138 .993~ 

19 21vi)4 .01234 1.0611 57.3 ]3.10 .1111 .993 8 
20 2~990 .Ul\99 1.0674 63.2 ]2.88 .1095 '.9940 
21 2?,'H7 .011 AS 1.0139 6'J.4 32.60 .lOA9 .99/.1 
.2? 221.J64 _,01171 1~o8n'3 75.8 ]?,i+4 .1085 .9941. 
23 2;?'J5). .01195 1.08-'9 82.5 32.21. .1093 .9940 
24 22~40 .01260 1.0'J')) 89.4 31.9H .ll?] .9'13

' 25 2~~c~ ,01361 1,-1029 96.6 31.74 .1160 ,9932 
26 2?~t5 .01482 1.'1l O~ 10 3 •. 9 :n .50 , 1 ~ 1'7 '~9926 
27 22 9,')2 '.01596 1, ) } A9 111.5 :n .25 .1263 .. 992° 
.28 22tHHi .01676 1·)?72. 1l'J.3 11.0U .1295 .• 991 6 
29 22 13 "4 .on69 1.n5-' 127.] ]0.75 .1330 .9911 
30 22 d 60 .01922 1_1445 135.5 ]0.50 .1386 ~99n3 
3\ 22H45 ,-02051' 1'1534 143.9 30.2'. .1432 .91":J97 
32 2283\1 .02065 1.Jfl26 1'.)2.5 29.98 .1437 .9~9.o 

33 2?dlb ~-l)2023 -j.lipr 161.3 29 0 72 • li+2? .9~9f1 

34 22 8 ]2 .02004 101 A15 170.3 29.40 .l'tl 0 ,9~99 , 
35 '! '2 ·(.'19 .U 1997" ·1~191i T79~4 29.21 .141] .9900 
36 2?776 .1J197A 1.2012 1A8.8 28.95 .141'17 .• 990 1 '", 
37 2?"64 ,01951 1 • 21 13 198.3 28.69 .1391 ,,991.1 2 
38 22 75 2 .Ol'J17 1·?21~. 20 7 .9.. 28.43 .1384 .990 4 
39 22141 .Old~3 1.2321 217.8 2~.]8 .1172 ~99n5 
40 22731) • 01861 J.?4,?~ . . 227.A 27.92 .136'+ . .99n7 ... 

41 22/20 .OlU85 1.2536 238.0 21.61 .1373 .991)~ 
42 ??/Q9 .l11983 h 216'.6 248.3 27.42 .1401-3 ~99()O 
43 2,?b98 ,112091 1.27~7 2511.7 21.16 .1446 ;9895 
44 220~7 .02139 J.'2 8 !O 269.3 26.91 .1':'62 .9892 
45 22 6 76 .0217i 1.29.iVt 2~O.O 26.66 .1475 .9891 
46 2~b6" .02267 1.:UOO 290.8 26~42 .15n6 .98A6 
47 22 6 54 .02386 -i"~~3if6 -]oi.-ij 26.17 .1545 .'980i) 
48 22 0 42 .02499 _t!J.~~_4 .312.8 25.92 .:_~ 581 .9874 
49 22 0 30 .02603 1-3454 ]24.0 25.68 ,16}3 .9869 
50 22 0 18 .02691 1-3574- 335.3 25.44 _1640 .9865 
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51 
52 
53 
54 .. 
55 
5(' 
57 
58 
59 
60 
61 
62 
63 
,.,4 
65 
66 
'67 
6R 
69 
70 
71 
72 
"73 
14 
75 
76 
77 
7R 
'79 
80 
8\ 
82 
83 
84 
85' 
86 

~ 
87 
BA 
89 
90 

01 91' 
92 
93 
94 
9S 
96 
97 
98 
99 

100 

B 
(GI 

22 6 06 
2?~Y4 

.l?5!:lJ 
22'="7. 
2~~6 i . 
2?"Sl 
2?'j41 
2?531 
22ij~0 

22~10 
22:>()3 
22498 
22'+93 
22481 
22'+79 
221+70 
22t+51.j 
22447 
22'+35 
22 4 23 
2~412 
22403 
22 395 
2?3H7 
22374 
22371 
22362 
22354 
22346 
22 338 
22 326 
221:.'98 .. 
22i36 
22116 
21 916 
21618 
21io9 
20 685 
20U43 
lqi65 
18347 
17321 
16256 
15180 
f41:36. 
13133 
121~9 
11~50 
103tlO 

9560 

N = 

field 
index 

.02'20 

.02655 

.02573 

.020;64 
,021)63 
• 1)2485 
.Oc~05 
.u2773 

.• 021332 
.0226(\ 
',01563' 
• 0 1321 
.01'.96 I 

.01905 

.02460 

.03020 

.03466 
.• 03716 

.03.,27 

.03513 

.03167 

.02810 
,02574 
.02535 
.02671 
.02884 
.-02965-
.02906 
.Oc716-
.03031 
.06330 
.15350 

., 

.32496 

.59454 

.95t10£f 
).39921 
1 .9101"7 
2.47363 
3,14499 
,.9"7455 
4.84340 
5.59~60 
f.~18222 
".58749 
6. 81:3244' 
7.19028 
7.50'974 
7.19896 
A,ObI1S 
A.~OO87 
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Table 1. (contd.) 

'Y 

1.3~9S 
1..181 8 
1.~941 
1.40':'6 
1.41Y3 
1.43?'0 
1.4448 
1.4517 
1.4707 
1.4A18 
l'~4q"Tl 
1.51(15 
1.C:;2'+1 
1.53-(6 
1.5513 
1.5649 
1~518~ 
1.5921 
1.601:)8 
1.~195 
1;f,334 
1.64 74 
1;66i5 
1.67~7 
1.f,A99 
1.704 2 
1.7185 
1.7328 
-1,"/472 
1.16i7 
1;1166 
J '78~5 
I.ROI0 
1.8r93 
y';~121 
1.8102 
1.8008 
1.7840 
T.1596 
).1264 
1.6A4r 
1.6~S2 
1~5R29 
1.5301 
1,.4192 
1.430A 
1- 3FF.9" 
1.3419 
1.3621 
1.2657 

E 
(MeV) 

346.7 
358.2 
369.~ 

3fih5 
393.4 
405.3 
4) 7 •. 3 
429. '+ 
441.6 
453.9 
466.4 
479.0 
491.7 
504.4 
51.7.2 
530.0 
542~1 
555.5 
568.3 
501.3 
594.3 
601.4 
°20.6 
633.9 
641.3 
660.1 
674.1 
681.5 
'701.1' 
"14.7 
-'2B .1 
740.7 
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Table 2. Regenerator perturbations, in gauss. 
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Table 3. Magnetic channel perturbations. in gauss, 

Azimuth 
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III. G:l1:NERA,L FEATURES OF' BEGENEHL~TIVR EX"TRACTION 

Inside the radius of the :regenerator pert~urb~~tions the particles 
execute osc::Ulations determined by th<:~ azim:;:Ghally independent weak 
focus ing fielCi. Regeneration begins "Then the :p::::'ecess ion of the maximum 
rad:i,al displacement is stopped. Then the radial amplitude increases 
exponentially by the alternate, action of t.he ~regenerator perturbations 
and the influence of the peeler field. 'rhe ra.dius. at which this begins 
depends on the particle energy and ranges between 82.0:i.n. for full 
energy beam and 83.2 in. for a 700··~IJeV etlergy beam .. loss of particles 
by axial blowup nF..ls+'; be· eliminated for effie i(~nt l"emoval of the beam 
from the cyclotron.. At. present 25<>30% .of the :.ntef'nal :beam is loat 
vertically before leaving the face free plate of t;b,e cyclotron. This 
beam loss is b:cou.ght abO'<:lt by the: pe,=ler FS, d:riclf:tng the v:ert;ical motion 
at. v '= 1/2., . ,z I· 

Cons),.d.c.;T. particles of' fsmall rs.d:i8.1 os~ille.t.ion ampl~ltude being 
slowly accelerated into the regenerat,l,ve ~riiel(lJ Fig> 6. After regenera .. 
''-J'o'" .... eOl'l.'n'" ·p",,~·t·1cles at tho ",,,,,,,,,{·c..r -,p _',1.,,,, :r'~'g''''''''''''~''''''O''' (1"'6 deg) are LI ... J .. ~, 1) "~;1 l"-'J _C-.4._.!. ~ j "4!;,;O ....... ~_.!,.lvl;;;:- W.Il.. ;"oA!r.;;:; c' ~Jl.t. .... ,J~r..t.'''' .11. .,.\.; 

8.,;>'~tected im-lard by regenerator pe:i:'ttu:'liat:1.ons of" such'strength that they 
C),:JSS the equilibrium orbit at about 168 deg a::::trml"i:;ho The particles so 
dei'1ected begin a :radial cscillation of J.ax'ger amplitude passing through 
a I~ode close to zero degrees e.~z;imutb.. T.hey now pi?ss flli.-tber into· the 
peeler (farther out in radius } and experir:;lnce a 10leaker magnet:tc field 
tha.n. bef'ore~ this C2;1).ses them to rea.ch tiae az:i.nrllth of the regenerator at 
still a larger ra.d:iu.s and experience an eW:1:J. st~!'(m.ge:r' regenerator field 
wl::'.ich dri.ves them even mo~re strongly :ic.mN'arclo The :regenerator builds the 
amplitude up to a maximum of 9 i..1"1. on th~ ls>.st turn '(·d.th a tu.rn separation. 
of 8.bout 3 in. at. the regenerator azinru:Gh 0 'l::'.1f.; particles no-w have a 
radius of 91 :tn 0 at 116 deg azimuth 8.nc. pass 'behJ.no. the regenerator and 
into the horizon.tally focusing magnetic channeL 

Fj.gc.re 6 .sho·wsthc.'ee typical orbit:s 0 (b.1e orbitj Or'tl1.t A, is 
successful].;)" regenerated into the external bea:m; Orbit :a runs out of 
regenerator field and begins to preces!i'! ~ '~rhile O!."b:tt C hit.s the channel 
Orbit B spends a large amount of time at le.rge rE~diu8 -where the field 
index is large i:md, therefore, precesses ra.pidlyo "If l.t manages to 
encounter the regenerator at a favorable phase of this precessional 
motion, it rfI.E.y, on the next t;u~m, emerge th:cou,gb. tb.fJmagneti.c channel. 
HoweveX'~ more typ:i.cally, it will. precess l.:mti.l its yer-deal amplitude 
has increased suffici,::mtly to be lost to the ].nt.2:rnaJ. ape:.."ture of the 
cyclotron. Particles so lost are cOlm,ted as a precessional loss even 
though they may be lost vertically. 

IV. BETA'rRON PF,.ASE 8 Pi!',CE 

The 700 MeV static (non~accelerated.) rad.iaJ. betatron Ihase space 
at 116 deg az:i.IDuth,..,ts shewn in Fig. 7. Cyclotron uni,ts {cu} are 'Used in 
these phase plots 0 -s-'- In this set of units tr~e radius is measured in units 

-----------_. -
21 ( Gordon and Welton) Oak Ridge National La,boratory Report, ORNL- 2765 1959). 
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Particles precessing 
before onset 
of regeneration 
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\ 
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/ 
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- 'I 
Normal regenerative \' / / / 
action first 17 turns \ "' / / 

----Particle successfully \ '\. y' / 
regenerated \ • 19 / 

- - - Particle running out of \ /(21) 
regenerator field (Mode 2) , / 

60 120 180 240 300 360 
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XBL686-2955 

Fig. 6. Regenerative buildup of radial oscillation amplitude, 
showing normal particle (A) and precessional particle 
(B) ----. 
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1.66 

1.62 

1.42 

XBL686-2956 

Fig. 7. Radial betatron phase plot of 184-inch cyclotron at 700 MeV; 
and 1160 azimuth. Cyclotron units are used: 1 in. =0.018951 cu. 
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of c/wO' where Wo is the rotational frequency of a particle of rest massmO 
(wO = eB/cmo) in a magnetic field B, and mome:ntum is measured in units of 
mOc (1 in. = 0.018951 cu for the 184-in. cyclotron). At 700 MeV the 
equilibrium orbit. is located at 1.50, o. Particles executing radial betatron 
oscillations about the equilibrium orbit precess around the phase plot, 
forming closed orbits corresponding to different radial betatron oscilla
tion amplitudes. The number of revolutions associated with the amplitude 
precession increases as the orbits get closer to the unstable fix point 
at 1.57, =0.01. An orbit headed directly at the unstable fix point would 
require an infinite number of revolutions to reach it • This limiting, 
closed orbit is called the' separatrix of the phase diagram. Orbits of 
larger amplitude that lie outside the separatri.x are not closed and are 
unstable in the sense that after a comparatively few revolutions the 
particles escape from the ma.gnetic field. Orbits inside the separatrix 
are closed and stable si:o.1.ce they remain inside fo!' all time. 

Accelerated particles of a given radial betatron amplitude started 
inside the separatrix have precessional mot:i.ons relative t,o an equilibrium 
orbit which is gaining energy and, as a consequence, moves to larger 
radius with time 0 This rad.ial motion of the equilibrium orbit by rf 
acceleration eventually carries a particle of given radial betatron 
oscillation amplitude across the separatrix. Figure 8 shows two particles 
of the same radial amplitude start.ed at 700 MeV energy with di.fferent 
radial betatron phases 0 Particle.A does not gain sufficient energy going 
from I to 2 to cross the separatrix. Its precessional motion is slowed 
down at 2 with sufficient energy gain there so that on the next preces
sional motion it crosses the separatrix and begins regeneration at point 3. 
Twenty-four revolutions are required to complete.regeneration. Particle B, 
on the other hand, started at a different azimuth (ra.dia.l phase) gains 
more energy in the first indicated precessional revolution so that it 
approaches closer to the unstable fix point. This slows down its preces-
sional motion more than . particle A so that it gains more energy here than·" 
particle A'and on resumption of precession crosses the separatrix 
earlier in its next precessional revolution. Consequently, particle B 
begins regeneration at3 fart.b.er from the unstable fix point and so 
requires fewer revolut ions to complete regeneration; e.g 0, 16 turns.' 

The radial amplitude growth during regeriere:tlon is exPonential so 
that the radius of the final turn is determined by the location of point 3, 
which is different for the two particles. T'tle end of the regenerator tail 
of the phase diagram cl9I.n be divided into three regions such that particle 
passage through a given region will determine if the particle 1) is 
successfully regenerated into the magnetic channel, 2) begins precession 
by running out of regenerator field, or 3) hits the magnetic channel. 
These three regions can be transformed back down the regeneration tail of 
the phase diagram as shown in Fig. 9(b). It can then be seen that there 
are bands of acceptable radial phase (starting azimuth) which will cause 
particles to enter the regeneration region such that they will be success
fully regenerated into the external bearru. The particles which fall into 
these bands are indicated by a (X). Particles which will not be success
fUlly extracted are ind~cated by a (a). Since the betatron Phase diagram 
is for a specific azimuth' (e.g., 116 deg), the particles move discontinu
ously from point to point on the' phase diagram, Nqnetheless I have 

! 
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Fig. 8. Accelerated radial betatron phase motion for two particles 
of different starting azimuths. 
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Fig.9 (bl 
J, 

XBL686-2958 

Fig. 9(a). Typical radial betatron phase plot showing location 
of successfully extracted particle and regions of loss. 
The particles are accelerated through the separatrix. . 
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Fig. 9(b). Expanded portion of radial betatron phase space 
tail shown in Fig. 9(a). 
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connected the pOints with a line and indicate the regions between points 
where certain particles will suffer loss at other azimuths due to the 
indicated mode, Fig, 9(a), 

The number of successful extraction bands is determined by the rate 
at which the particles gain energy and, therefore, how close they approach 
the lL'1stable fix point, The total number of particles is independent· of 
the rate of energy gain per'turn, Experimentally, it is found that the 
extraction efficiency is about the same for the stretched beam as for the 
fast spill beam and therefore does not depend on the rate of energy gain 
.per turn. . 

Figure 10(a) shows the 73o..MeV racHal phase space diagram on the 
same scale as the 700=MeV diag:':"am. The future of an unsuccessful 
particleVs beginning precessional motion after nearly completing regenera
tion is also ind.icated 0 This partic le precesses rapidly about a second 
stable fix pOint corresponding to an equilibrium orbit on the back of the 
regenerator. Of course, this precessional particle is not executing 
oscillations about this equilibriup'l orbit. After comparatively few 
revolutions, these particles either blow up vertically or encounter the 
regenerator azimuth at a favorable phase ~oas to be knocked out of the 
magnetic field. 

The phase space diagrams disc~~sed so far and shown in Figs. 7, 8, 
9(a), 9(b), and 10(a) are at a fixed azimuth with particle motion shown as 
the locus of pOints at that azimuth for each revolution. One can 
equally well follow the particle motion around the phase diagram in time 
(azimuth) as shown in Figs. lO(b) and (c). Here a 730':'MeV particle of 
1/4-in, initial vertical amplitude has been a.ccelera.ted into regeneration. 
The radial and vertical betatron phase space motion is shown for the last 
three complete revolutions in the cyclotron before the particle escapes 
from the· magnetic field. In regenerative build~up of the rad:ial oscilla
tion amplitude is appa.rent. The build=up of the vertica.l oscillation 
amplitude by deep penetration into the peeler is seen in Figs. lO(c) and 
23(b). ' . 

v 0 CALCULATION OF THE EXTRACTION EFFICIENCY 

Each particle, KJ' tracked in the computer is distinguished by the 
specification of the im .. tial values of the four parameters of integration: 
energy E(r), radial betatron 'phase e(r/P'), vertical betatron amplitude 
z, and vertical betatron Phase ~{p). A Eymbolic parameterization for 
the jth particle gives: Z 

K. == K.(E,e,zJP ) 0 

J J Z 

let a superscript 0 indicate the initial particle before 
acceleration and extraction. The vertical phase space for a particle 
of energy E and radial phase e is then r.~p~esented by the two vertically 
conjugate particles OK.' 0K~ shown in Fig. 11 where. * indicates the 

J J 
particle initially started with z =: O. If we choose 
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Fig. 10(a). 730-MeV radial betatron phase space showing 
comparison with 700-MeV phase plot. 
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10(b). Regenerative buildup of the radial betatron oscil
lations for a 730 MeV 1/4-in. vertical amplitude conjugate 
pair. The center line of the regenerator at 1160 azimuth 
is shown. The concurrent vertical phas~ space motion is 
shown in Fig. 10(c). 
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Fig. 10(c). "Peelerative" buildup of the vertical betatron oscil
lations for the 730 MeV conjugate pair whose radial motion 
is shown in Fig. 10(b). The initial vertical amplitude was 
1/4 inch. The diamond (\) markers indicate the center 
of the regenerator. The v'Yrtical amplitude vs azimuth for 
this conjugate pair is shown in Fig. 23(b). 
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pair. 
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o 1/2 

( 
z.n ) o J 

pz~ == --.......,-...... -.-. p , 
J . r . 

where P is the momentum corresponding to E, we findthatOp * gives the 
Zj 

o 
same initial vertical oscillation amplitude as z .. Then 

J 

oK .. == °K.(:E,z,O,e) , 
, J . J 

o *' 0 ( K. == K. E,O,P ,S) . 
J J z· 

These two particles, oK. and °K~, comprise a verti'cally conjugate pair. 
J J 

The sum of. these conjugate particle pairs over the radial phases is the 
total number ofstartiI:\/S vertical phase spaces at each energy 'and vertical 
amplitude ~ .j' 

oK °K* =: 1 
j j:' 

nV(E,z)._ == E °K.oK-I!' • 
, 0 . ~ . J J 

.,) 

The number of conjugate pairs that begin regeneration is 

nl(E,z) = no(E,zHl - ~l(E"z)] , 

whe;e ~, eE, z) represents the fractional loss of beam by vertical blowup 
before fegenerat10n (Mode '1) . Particles which begin regeneration but 
fail to complete regeneration due to the onset of radial precess ion are 
lost by subsequent vertical blOlNUP or escape from the magnetic field at 
the wrong azimuth. The fractional loss of these' Mode 2 particles is 
reflected by the factor ~2(E, z). The number of conjugate particles 
starting the last. regeneration turn (turn N) is given by 

These particles repi~esent a large fraction of the internal beam. We can 
define the regeneration efficiency t.b be 

R(E,z) 
nN(E,z) 

== .....;;.:!--- ; 

n (E,z) 
o 

i.e., the ratio of the number of particles starting the last revolution 
in the cyclotron to the number present before entry into the regenerator 
perturbation. Clearly 

This represents the fraction of particles not ~mdergoing Mode 1 or Mode 2 
losso 

... 
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.. Define the internal cyclotron phase space loss factors 1-14 (E, z) and 
iJ. (E,z) giving the fractional passage ·through the effective vertical 
irlternal aperture of the'cyclotron and the fractional passage through the' 
radial magnetic focusing channel aperture D Their values reflect' the 
relative importance of the Mode 4 loss due to the strong overfocusing of 
the peeler field and the relative importance of Mode 3 loss originating 
from the finite radial width of the channeL The beam pass ing through 
the magnetic channel is then 

. where lambda is the differential emittance of the regenerator-cyclotron. 
geometry representillg the fract~onal emission of particles of energy E 
and amplitudez fx;om the magnetic channel: 

A(E,z) = [1 - iJ.l(E,z)][l C~ !l2(E;z)Hl ~ JJ.
3

(E,z)](1 - iJ.4(E,z)] . 

The differential extraction efficiency l1(E, z) gives the energy and 
vertical amplitude dependence of the cyclotron-external beam geometry and 
represents the common phase space overlap between the differential . 
cyclotron emittance and the radial and vertical external beam phase space 
acceptance factors 0 (E, z) and 0 (E, z): x y 

l1(E,z) = l(E,z) 0 (E,z) 0 (E,z) ; x y 
-

l1(E, z I is the percentage of particles at energy E with vertical 
amplitude z which satisfy the radial and vertical acceptance criteria 
for transmittal down the external beam line to the phySiCS cave'snout, 
Fig. 2L The actual nu.mber of particles at this energy and vertical 
amplitude is calculated' by weighting the differential extraction efficiency 
by the number of part ic les in phase space, a (E, z) =:' 0" (E) 0" (z ): 

i 

n(E,z) = ~(E,z)a(E,z) . 

The total number of particles successfully extracted in each energy 
interval is given by , 

\ 

This determines the energy distribution of the external beam. The total 
number of accelerated particles contributing to the external beam, n, 
is given by 

n = J n(E) dE, • 

The extraction efficiency € is the ratio of n to the total number of 
start ingpart ic lesiN 

J n(E) dE 
~ = --------------

laCE, z)dE dz 
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VIo - THE VERrICAL DISTRIBUTION 

The number of part,icles per unit area in the vertical phase space is 
observed to be constant except for a ta:tl at large amplitudes. The phase 
space area dA associated -1-l'J:th an amplitude l~ange zl- to z2 is; the 
difference. in area (?rzpz ) 'between t;wo ~l1ipses ot· the -same eccentricity, . €, 

dA "" 7dl _ .2)1/2 1 2 2) ~ - ,,_ E: _ 'I.,z2 = zl _ 

The number of particles with runplit,'u.c.e z is proportional to the 
amplitude for a const9.nt interval: size . oz. 

The relationship between the phase space density p{z) = dnldA 
(number of particles peruni.t area) and the nUlIlber of particles per unit 
amplitude a(z) = dn/dz is -

l' ! \ _ f - 2 ~ 112 
cr~z) == p\,zJ 2711'\,1 ~. e) z. 

The vertical amplitude distribution was measured with a rotatable 
finger probe limIting the bee,m height at 70 in 0 radius. 'Yhe beam reaching 
78 in. radius was measured by CouX'lt:!_ng the neut.rons produced by a target 
at that radius with a fission chamber as a function of the vertical 
amplitude (determined by distance between finger and median plane). Figure 
12 shows the vert:tcal phase space density remains appro:ximately constant 
out to 5/8inu, d:roppi:ag to zero at; 7/8 in. with ha'll maximUm at 0.725 in. 
Thedistribu.tior<. from the above e'i11.ation for' Z = 23/32 is also 
indicated. Half of the internal beam at 70 i:n~£:adius a.s a vertical 
ampl:i.tude greater than 1/2 :l.n 0 • 

VII 0 TP,E RADIA:L DISTRIBu'TION 

The relati.on betWeen the x'8,dial betatron ampl~.tude determining 
the number of particles in the radial phase space and the energy of' 
extraction is somewhat non~linear beca.use the radi.us of' the equilibrium 
orbit expansion varies with energy and.the radial position of the point 
of start of regeneration is energy dependent. These effects are shown 
in Fig. 13. The cu.mber of' :ps.:rt:tcles G(E) within the energy interval 
Ei to E o'H can be ca.lculated from the radia.l interval r i to r '+1 
associat~d with this energy, Fig. l4~ ~ 

2' 2 o' b,) 0:, (~ - r ) 
\'~i+1 'i 

O(E) = f(r~E) a(r} , 

where f(rJE) is a nu.merically determined relation between the energy 
where a given radia.l betatron oscilla.t.ion ampli.tude reaches 81.5 in. and 
the energy of the start of regenerat:1..on. 

The radial beta.tron phase space distribution was measured by 
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observing the time dependence of the output of a scintillator looking at 
a target at 78 in. radius. This time dependence was converted to a 
radial dependence from the known relations between measured frequency and 
time and radius versus frequency (inferred from the magnetic field as a 
function of radius). The results are shown in Fig. 15. The distribution 
seems to be approximately gauss ian to within experimental error, Fig. 24, 
and characterized by an incr~asing density out to about 1/4 in., then 
constant density to 1 in., dropping to zero at 3 in 0 with a half-maximum 
value at 1-1/2 in. Normal' operation at present yields this 3 in. maximum 
radial oscillation amplitude. Oscillation amplitudes of up to 6 in. have 
apparently been observed under certai~ operating conditions with a 
reported extraction efficiency of 5%. \,,22) 

VIII" EXTERNAL BEAM ACCEPTANCE FACTORS 

Tlie orbit calculatj.ons end inside the cyclotron fringing f:i.eld at 
105 in. radius; 166~172 deg azimuth. The field here is approximately 
5000 G. The subsequent particle trajectories are not calculated through 
the remaining fringing field. Rather, the matrix from the cyclotron' 
orbit exit (106 in., 166 deg), along the opt ic axis th.rough th.e fringing 
field to each element of the external beam line, is calculated for,typical 
values of operating field of the various external beam ma.gnets. \23) These 
matrices are then inverted' so that the vertical and horizont.al apertures 
of .the external beam magnets can be transformed backward to the phase 
space at the end of the cyclotron calculations· (106 in.) 166 deg). These 
transformed apertures drawn in the emittance phase space of the cyclotron, 
determine the regenerated partic-le contribution to the external beam for 
each starting energy and a.mpli tude J Figs. 16 and ~ 7, and determine the 
radial and vertical acceptance factors, 0 (E,z) and 0 (E,z). The 
apparent 90-degrotationbetween the radial acceptance a~d emittance may 
reflect the non=tuned operation described by the magp..et:i.c field used in 
the calc'l.llations. This field is approximately 100 G low (see Section I) 0 

The actual f'ield of the machine is tuned for me.xlmum transmission, which 
at the higher excitation and saturation may rotate the figures into better 
alignment, 

IX. ORBIT CAICUlATIONS 

Particle orbits were calculated with a General Orbit Code(24) in 
the magnetic field of the 184-ino cyclotron. Approximately 1500 particles 

22 
Ken Crowe, Dtonference on High Energy Cyclotron Improvement, CD College 
of William and Mary, 108 (1964). 

23 L. Moore, S. Howry, H. Butler. TRANSPORI'; A Computer Code for DeSigning 
Beam Transport Systems, Stanford Linear Accelerator Report (1964). 

24n. I. Hopp, ~General Orbit Code, O~ UCLA TeChnical Report p=67 (1965), 
. based on Gordon and Welton, ORNL-2765 (1959). 
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Fig. 16(a).- Calculated 730-MeV vertical phase space at 106" 
1660 for Z In = 1/8, 1/4, 3/8, and 1/2 in. 

(b). Cafcufated 1/8-in. vertical phase space at 106" 
1660 for E= 730, 720, 715, and 710 MeV. No vertical 
or radial internal apertures. 
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were started inside the stable region of the radial betatron phase space 
and accelerated through at least one complete precessiona16sc:illation 
(40-100 revQllltions) before gainlng sufficient energy to cr6ss the 
separatrix of ,the phase space diagram, Fig. 9(13.), '. During this, precessional 
revolution they sampie entry into the regenerator without extraction. Once 
outside the stable region~ regeneration sets in with the cess'ation of the 
radialbetatron .precess,ton and the'radialamplitude begins to grow. The' 
calculations stop when. the J:jart::t,c1es are about 2 in., from the end. of the 
magnetic f:l.,eld in' the computer'memory (l08-in, radius) or have a vertical 
amplitude larger than 100 ino Particles which have successfully negotiated 

.. _ the magnetic channel are between 166-172 deg azillDlth' at 106 in. radius. , , 

The resulting fate 'of the particles started in. the computer is 
shown in Tables ~. and 5. Here particles listed under no loss, some loss, 
and severe loss meet the magnetic channel radial acceptance criteria with 
the indicated degrees of vertical acceptance. Particles which begin 
regeneration but do not complete it are listed under precession and are 
characterized by orbits of type B of Fig. 6 (Mode 2 16SS) , Particles 
which are extracted but, fail the channel acceptance criteria are listed 
under WJn,it channel 60 (Mode 3 lOss). Particles which never begin regenera
tion are lost vertically at low energy (Mode 1 loss which occurs at less 
than 715 MeV and corresponds to a large radial Oscillation amplitude). 
These various modes of loss occur at distinct regions of the phase space 
diagram,.. as shown in Fig. 9(a) 0 

The calCulated regenerat ion effic iency, R(E, z ) , is shOWn in 
Fig. 19. Seventy-;five percent of the :i,nternal beam is successfully 
regenerated to the last two turns as found by integrating. R(E,z) over 
the observed part;:l.,c1e distribution a (E, z) (Mode 1 al?-d 2 loss only): 

·f R(E,z)a(E,z) dE dz 
~R = -. " .' m " = 75'10 • 

f cr(E,z) dE dz 

The calc'Illlated dlfferentialextraction efficiency i'!(E,z),illclUding Mode 1, 
2, 3~ a.nd 4 losses, :ts shown. in Figs. 20 and 21. We can hypothetically 
remove the;, vertical restrict:i,ons by setting ,0 = l.!,Il4- = O.·'· .. ;Thisliwould 
correspon~ to correction of. the vertical overtgcusing 1n the peeler 
(Mode 4). The 'extraction effi.ciency rc;:then amoullts to 32'/0. F:t,gu.re22 
shows '. 

[1 = lkl(E,z)Hl = /-12(E j z'}][l = JJ.3,(E,z)]Ox(E,z) 

as a function of energy and vertical amplitude. This figure should be 
compared. to Fig. 21 where ° ~ 1 and /-14 ~ 0, y . 

Figure 23(a) shows a vertical phase space ellipse at 116 deg 
azimuth typical for all initial vertical amplitudes satisfying the radial 
external be'am acceptance criteria. This group of particles sampled one 
complete radial precession bef.ore regenera.tion and regenerated through 
turn 90 without Significant increase in the axial displacement. No 'loss 
of partic.les ha,s occurred. 0 Turn 92 is the last revolution where the 
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Table 4. Complete channel acceptance. 

Amplitude' No SOme Severe Partial Total' 
Energy vertical vertical verti~al vertical Mode 1 Mode 2 mode J number of 
(MeV) (in. ) loss loss los's loss loss 1 '. particles ..... oss 

'.' 
735 0 20 0 0 0 7 16 43 

1/4 10 6 0 0 6 21 43 
1/2 2 4 7 0 8 22 . 43 

730 0 25 0 0 0 0 18 43 
1/8 17 -,6 0 0 2 18 43 
1/4 4 18 0 0- 6 15 43-
3/8 0 18 3 0 6 16 43 
1/2 1 4 14 0 10 14 43 
3/4 0 5 13 0 14 11 43 

725 
, 

0 29 0 0 0 44 
1/8 18", 0 0 12 14 44 
1/4 6 7 0 17 14 44 
1/2 0 

720 0 29 0 0 0 6 14 49 
1/8 7 2 0 9 7 25 
1/4 6 8 0 3 8 25 
1/2 0 5 7 4 9 25 

715 0 16 0 0 0 .1 14 31 
1/16 8 9 0, 1 13 31 
1/8 4 7 0 2 18 31 
1/4 3 2 4 2 9 13 31 
3/8 2 3 4 4 17 31 
1/2 0 

710 0 0 
1/16 6 2 4 6 11 29 
1/8 3 2 2 9 13 29 
1/4 0 7. 12 31 

700 0 12 0 0 0 7 12 31 
1/16 0 0 0 15 16 0 31 

., 
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Table 5. Calculated differential regenerator transmission (~). 

E(MeV)/z(in. ) 735 730 720 715 710 700 

3/4 50 

11/16 

5/8 

9/16 

1,/2 7· 50 100 7· 

7/16 

'3/8 11- 1. .. 8. 

5/16 
! 

, 1/4 17: 17· 7. 240 6. 

3/16 

1/8 30. 27. 20. 15. 10. 

1/16 28. 21- o. 

0 46. 58. 66. 59· 52. 39. 
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Fig. 19. Regeneration efficiency as a function of the vertical 
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FIg. 20. Differential extraction efficiency ,,(E, z) in the E 
, plane . 
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Fig. 23(b). The vertical am.plitude vs azim.uth for the conjugate 
particle pair whose phase space m.otion was shown in Figs. 
10(b) and (c). The vertical defocusing of the regenerator is 
noticeable at 1160

• Note also the v. = 1/2 resonant buildup 
of the vertical am.plitude. Z 
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particles have been brought to a strong vertical focus at 105 deg.' Although 
the displacement of these particles' is nowhere more than 3/8 in. before 
revolution 90,they will be displaced by '4 'in. from the median plane at 
the face plate df the cyclotron and will suffer severe loss by the time 
they reach the quadrupole. The problem is cleariy identified with vertical 
overfocusing during the last few revolutions in the peeler. This can be 
seen in the real space representation of Fig. 23(b) showing the vertical 
amplitude versus, azimuth for ~,two particles of the same initial energy and '-' 
vertical amplitude, but differing in verticalst'a,rt!!;ng.phases .~!._,Wh~,;peeler 
drives the veftical motion at v = 1/2 on the last several turns. " z 

X. RE8UJ.[US 

The half-width half-maximum amplitude of the vertical density 
experimentally found before entry into the extraction system is 23/32 in. 
The energy distribution of the external beam. is; insensitive to this 
amplitude since very few particles with amplitude larger than about. 3/8 in. 
contribute to the external beam (see Fig. 21, l1(E,z).]. The, eXtraction 
effic iency, however" depends on z x since this is a factor in the 
determination of the total number ~ particles started. 

/ The total integrated extraction efficiency is given in Table 6 for 
several values of the maximum radial and vertical amplitudes and several 
distribution functions shown in Fig. 24. 

r max 
{in. ) 

3 

6 

Table -6. Calculated extraction efficiencies. 

Vertical Radial distribution 
,square 

wave 
z' Uniform . Linear tail 'Gaussian ta:U max ! 

5/8 6.06 10.2 11.4 
3/4 4.21 7·1 7·9 
7/8 3·1 5.2 5.8 

5/8 2.87 5·57 6.70 
3/4 2.0 3.87 4·7 
7/8 1.47 2.84 3.4 

Observed 

12.7 
8.8 
6.5 

8.20 
5.7 
4.2 

The energy distribution of the external beam is shown in Fig. 25 for the 
oQserved vertical distribution of amplitude 23/32 in. (1tWHM) and the 
observed radial distribution of 3 in. amplituqe and an assumed amplitude 
of 6 in. (Fig. 14). The histogram is the experimentally determined energy 
distribution of the external beam of Friesen and Barkus. (25) The histogram 

258 • Friesen and W. H. Barkas, Lawrence Radiation laboratory Report, 
UCID-'613 (1959). 
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Fig. 24. Radial and vertical distributions used in Table 6. 
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Fig. 25. Energy distribution of external beam. Histogram is 
measurement of Friesen and Barkas (UCID- 613). Dist. 1 
is based on measured radial and verticle particle distri
butions. Dist. 2 and Dist. 3 are attempted fits to Barkas' 
curve. See Fig. 14. 
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has been moved down 20 MeV in energy' to account for the magnetic field 
difference between actual machine operation and the orbit calculations. 
The general shape of the distribution can easily be understood, Fig. 26. 
At high energy we have few particles in the radial phas'e space (small 
radial amplitude) but high extraction efficiency. As the energy is 
lowered, the number of particles increase, but the extraction efficiency 
decreases unti~ at 690 MeV it is essentially zero. 

Recently we performed a range energy measurement at the physics 
cave snout with a helium ion chamber and copper absorbers. The observed 
data is reasonably fit by a calculated curve for 746-MeV protons with a 
lOoMeV energy spread. (5 MeV standard deviation). This energy spread is 
cons.istent with the observed 3-in. radial amplitude distribution (Fig. 2.5). 
Tv10 phys:i.cally separate beams. emerge from the cyclotron. Both beams are 
of the same energy (746 MeV) and are of about equal :f.ntensity. 

lJ.'he relative extraction eff:i.cir:mcy as a function of vertical 
amplitude was measured with the rotatable finger probe. The internal 
beam with vertical amplitude less than Zfinger was monitored. by counting 
the neutrons from an internal target. The regenerated beam reaching the 
physics cave snout was measured with a helium ion chamber and is plotted 
as normalized pOints in Fig. 27 as a fun~tion of vertical amplitude. The 
solid curve is the calculated ext.raction efficiency obtained by using the 
particle distribution inferred from the neutron yield of the target probe 
as a function of vertical' e.mplitude. This: dist.ribution was noticeably 
different from themess'vred. dist.ribution obtained earlier. A calculated 
curve based on the "vertical distribution of Fig. 11 is shown (dashed). 

A computer-calculated beam spot is shown in Fig. 28. No vertical 
or horizontal restrictions have been imposed. Each X represents one or 
more particles and is located in the (y,R) physical space at 166 deg, 
106 in. All particles have been successfully regene rat eo. with the group 
on the right meeting the :radial channel passage c::riteria. The group on 
the left will hit the channel septum bar. Figure 29 shows a beam spot 
photograph obtail1'!;;d at the p..1-J.ys :Lcs es.ve snout. The di vis ion of the beam 
into two groups :!.s evident 0 The two groups arrive a.t the same time and 
with the same energy and are of apprOXimately the same intensity. The 
origtn of this division is not UIlderstood. 

XI. EWEC'I' OF LOW ENERGY PENETRATION INTO THE REGENERATOR 

The extraction efficiency can be low if a significant portion of 
the beam entering the regenerator has a large radial oscillation amplitude. 
The : radius at which regenerative extraction begins depends 'on the energy 
of the entering beam. Presently, rf acceleration of the beam continues 
throughout the entire extraction process, so a beam of large radial 
betatron oscillation amplitude enters the regenerator at correspondingly 
smaller energy. This low energy beam must penetrate deep into the 
vertically defocusing regenerator before extraction begins. During this 
period of deep penetration, the vertical ampl:l..tude can be increased 
sufficiently so as to incur vertical loss and drive other loss mechanisms. 
A beam of smaller radial betat.ron oscillation amplitude enters the regen
erator later in time and, thus, at a higl1.er energy. Such deep penetration 
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Fig. 26. Origin of the external beam spectrum shape. 
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Fig. 29. Beam. spot at physics cave snout. 
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is not required for this higher energy beam i12 order for regenerative action 
to begin; no vertical loss occurs 0 

"'--

'. Cciupling of the radial betat.ron oscillation amplitude to the 
vertical loss by premature penetration ::I,nte ~ the regenerator can be 
elimiriated by the addition of a time=d,ependent magnetic pertur1>ation to 
the existdng magnetic field," The time dependence of thj.s pert,urbation 
is determined by the beam pulse repetition frequency of the cyclotron. 
This magnetic perturbation 'Would produce an off-centering.of the orbits 
so that no particles enter the regenerator and so none are lost vert.ically. 
The rf acceleration is tUl.-tled off. Ext:"actio!l begins by reducing the 
magnetic field perturbat,ion strength. The energy sp!:'eaa. of all particles 
in the machine is then that aSBociated wf~th t.,he synchronous phase 
oscillations and is i.'1depe:ndent of the radi.al bet, at ron , oscillation 
amplitude 0 This energy is sufficiently small so that a lmif'mmly small 
penetration into the regemel'ator is required in ord6:r to ir.,itiate extrac
tion'at full energy, 'Where no vertical loss oeC'iU'S. 

. . The importance of this Mode 1 1085 as a i'Dnction of energy was: 
investigated by tracking unaccelerated orb:J.ts inside the stable region of 
the radial betatron phase space of' the dr::,si):"ed energy. Each orbit had 
sufficient regenerat.or penetration so as to maKE the seme nu.mber of 
revolu.tions near the unstable fix point. The vertical amplitude growth 
du.ring',penetration int.o the regenera.tor is shown in Fig. ,30. '1"1'11.S 
vertlciiil grOwth is su.ff:lclent at law energies so a.s i"o cause comple"l,e 
loss of the beam} Fig. 31. At. hig,.'ler ene:r'gy the vertical amplitude is 
s imply increased. Mode 2 a.."1d Mode 4 B.re: sens iti ve -:''';0 the vertical 
amplitude and hence Mode 1 drives these loss mechani.sms. T'nis is 
indic:at~d by lines 12 and 14 of Fig. L 

The .following conclusions can be drawn foY' the measured phase 
space, distributions scaled to a 6~i:n. maximum radial oscill.ation amplitude: 

10 The extraction efficiency is 4=5%. 

2 0 . The energy distribution of the external. 01am agrees ,dth that 
measured by Friesen and Barkas (22 MeV FWBM). t26, 

30 Beam is lost vertically before the start; of regenere,tion du.e to 
low energy penetration :int.o the regenerator (Mod E.! ]. lOss). Thi,s 10SS 

accounts for somethlng like 5C% .of the internal beam, 

4. A time-varying magnetic perturbat.ion will improve the extraction 
efficiency up to a maximum of 40% of the internal beam provided sufficient 
fringing field modificatioI'?s are made to prevent crossing the Walkinshaw 
resonance and over. focusing'in thepeele:r. 

26S F" .::I W H Ba 1~~ T~ D~d 0 t'" lab .... D~ rt . rJ.esen anv. 0 • rAas, i.tl.,,,,rence .!:\!:!. ~a .i.on ora ... o.r'Y J.~po 

UCID~613, (1959) 0 

t.! 
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Fig. 30. Axial growth of beam due to Mode 1 (low energy 
penetration into regenerator). 
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Fig. 31. Vertical loss vs energy for Mode 1. 
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However, '''hen the measuredrne..x;imum radial amplitude of 2-1/2 to 3 in. 
is used, the following conclusions are drawn: 

1. The extraction efficiency is 9% for integration over the measured, 
phase space dis'tributions •. 

2. The energydistriQution of the external beam is about half the 
width measured by Friesen and Barkas but agrees with the energy spread 
inferred from the measured Bragg peak. 

3. No significant portion of the beam is lost from low energy 
penetrat ion into the regene,rator • 
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