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" ABSTRACT

The operation of the Be_rkeley'SS-inch spiral ridge cyclotroh in the past
year is reviewed. Internal beam qualities and intensities, and the stability,

reproducibility, and lifetime of.various machine components are discussed.

‘vEx‘a'mples-Of_ the use of phase diagrams obtained from 1 vs R-curves to tune

- the magnetic field shape are prese'nted.
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INTRODUCTION
The Berkeley 88-inch cyclotron is a 3-sector AVF variable-energy

cyciotron des‘igned to accelerate protons up to 60 MeV, deuterons up to 65

MeV, ‘and heavier ions up to cofnparable energies per nucleon. The shaping .

of the magnetic f'ieldlthat‘is' required to ensure isochronous acceleration is

| accomphshed by means of 17 trim c011s - For first-harmonic shaping of the |

f1e1d flve sets of valley coils are used A plan view of the pole face is shown .

in Fig. 1, which shows some of the 1mportant‘mach1ne components, Construc-

tion details and an account of the early beam-development work were given in

several papers presented at the 1962 International Conference on Sector-

Focused Cyclotrons. 1

Internal Eeams.of.protons, deuterons, and q‘part'icles have been de—'
vel'oped, of energies up to and-including maximum design energies. A summary
of vthese is presented in.Table I; a particles and d‘euterons are shown together
in the table as no difference in the ma.gnetic field settings iv‘s reqnired in chang-
ing from one of these to the other. The largest internal beam currents run to
date-na've been on the order of 500 wA, for short periods of time. The more

usual internal beam current is-on the order of 50 RA; of which we are able to

‘extract 20 LA for the external beam. The area of radial phase space occupied
by 90% of the deflected 65-MeV 'a beam is 50 millimeter milliradians (mm mrad),

~ vertically 90 mm mrad. ‘The. amount of extracted beam obtainable is being

gradually push»ed upWard as we learn how to make septa that will withstand -

large beam currents and at the same time permit efficient extraction,
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BEAM DEVELOPMENT

A':history of the effort required to obtain a béam of 130-MeV a particles

- will illustrate the methods employed. The field shaping,’ which must be done by

‘the trim coils; is most exacting for this case. The first step was the calculation

of the optimum main field and trim-coil currents with a linear programming
meth_odf?' that minimizes the phase excursions of the particles, .consistent with

the suitable field gradients required for radial and axial stability, and with

constraints imposed by trim-coil limitations, With the currents set according
. to this calculation, the beam was obtained out to 36.5 in. [Fig. 2(a)]. We later

B found a small error in the fi,eld'data fed to the computer. Without this error

the beam would have probably come out soméwhat farther. The’H2+ .béam shown

was found 89 kc/sec below the a resonance. This beam was from a source which

_ had been running with helium’for over 24 hours. To prex)ent confusion when
- working with a new beam, we found that itiis a good idea to identify both

resbnances.

The phaée behavior of the a beam was then deduced from records of beam
current vs radius for several frequencies above and below the optimum frequency

[Figs. 2(b) and 2(c)] , Ey using a method devised by Garren and Smith, 3 Having

‘concluded from pr_oBe measurements that the loss. of beam between 35 and 37 in.

is 'due to phasé loss, it is clear that the beam particles lag the rf by - Tr/Z in

' “chis__reg:l‘on, .as_‘ a small increase in frequency (causing additiorial phase lag)

~results in a liarvge"loss of beam at 35 in:, " while a relatively large decreasé in.

frequency causes only a small loss. These changes locate points 1 and 2 on

the phase diagram [Fig. 3(a)] as the limit of the beam in phase at the optimum.

frequency of 12.513 Mc'/se_c.v Now When the frequency’is shifted an ‘amo'unt'vA_f, |

- each particle is shifted an advdi’cion.alt amount in phase, given approximately by

Casimgx ELEIR af o
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. where m 1is the mass and q the charge of the partlcle, V the dee voltage,

and R is the radlus For Af = +1 kc/sec, the partlcles of the beam wh1ch are

llaggmg by 17/2 are at pomts 3 and 4. The p051t10n on the phase dlagram

[Fig. 3(a)] is then found by .c-omputlng sin ¢ = (l 0 -vA s1n¢) for.each point.

The edges obtai‘n.ed by theuother positive frequency shifts are plotted in the ’

| same manner : With’ Af = -10’kc/sec and less, ‘the particles are. leading the

- rf by 17/2 when the- beam dlsappears and the position on -th'ef‘ph.ase p’lot‘is

found as ‘sin c]> - (1.0 - A sing). In completlna the dlagram,' use is made of

the fact that the phase width remains constant with radlus as long as the phase is
,within_ the iln/Z» limits. A check on the accuracy of the data is afforded by the.

‘agree-rnent between‘points obtained from the +'Tr/2v loss with poin'ts obtained

from_‘— -1T/2 loss. ~With the phase ‘plot thus obtalned as a gulde, ad_]ustments

were made to ‘the trlm c01l currents, Whlch brought the beam to the max1mum

A radlus, 40 in. on the target probe [Fig. 3(b)].

- “The large decrease in beam intensity occurring inside 27 in. is not .

due vt‘o phase loss, however, but apparently to particles following the spiral

ridges; hence we called the beam a spurious beam or '"spurium.' This beam -

| does-not‘di'sapp_ear when another probe is run into the center of the machine,‘ ‘

' ’which of co.urse would stop all of the orthodox beam [Fig 3(b )] The dis'-: :

‘ :appearance of this spurlous beam beyond 27 in. occurs. because the splral rldge
'jcurves away from the probe track in this reglon This beam was ehmlnated

?by movmg the ion source and puller, while observmg orthodox beam on the

dee probe and spurlous beam on the target probe untll.a p051t10n was reached o
in Whlch the spurious beam 1argely dlsappeared and the orthodox beam in-

tens1ty was unlmpalred [Fig. 3(c)]. A 3- flnger probe record is. shown in

Fig. 4. The effect of lowerlng the dee voltage shown in Flg 5, is to extract

less beam from the center reglon. The flat I vs R curves show that the beam

is not lost in phase as the voltage is lowered. This is a good test of isochronism.’
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Records made with the three probes in .turn showed that the beam was

off center about 1 in. toward the target.probe The direction of this off-center

‘dlsplacement could be readlly changed to any az1muth by usmg the valley coils.
_ Center:mg was tried by rep051tlon1ng the ion source, but thls was not successful.
© With the valley c01ls however it was possible to obtain a beam that was well

Acentered The. method employed was to p031t10n the. dee, target ‘and deflector

: probes. at 20 in., then adjust the currents in valley coils 1 andv 2- until all -three

' probes re-ad the same beam current. As the probes are.symmetrically located

relative to.the particle orbits, this should be a good test of centering. Th‘e process

,was‘repeated by using valley coil 3 with the probe positions at'25 in, ,- valley -

'.coil 4 with probe positions at 30 ln.-, and valley coil 5 with probe positions at -

37.5 in, The distribution of intensity on the three probes was not very sensitive
to frequency when?the beam was centered in this fashion.
Sparkmg dlff1cult1es with the electrostatlc deflector have so far pre- '

vented extractlon of the 130- MeV a beam, Extensrve work has -been done

with the' 65—,MevV a be_am to 1nvest1gatej properties hecessary for good extraction

efficiency. ‘ Typical probe records are shown in Figs. 6 and 7, and phase g

‘diagrams.i‘n Fig, 8 " The l9—kV-d‘e'e voltage represents an effort to achieve

.the maximum number of part1cle orbits and stlll get some beam out. In thi-s
:machlne probably the lowest dee voltage is determlned by the center reglon o
jgeornet_ryi rather than by the‘thresholdv voltage for part1cle extractlon from the".

ion source

The use of valley c01ls doubles the extractlon eff1c1ency of the 65 MeV o
a beam We do not understand at present why thlS is’ s0. Attempts to obtaln

similar results without valley c01ls have been unsuccessful The records of _

Fig. 9 show that the effect of these c01ls on the beam is to reduce greatly the

‘ amount,of beam loss at extractlo_n radius. The beam centerlng is essentlally

unaffected, alt‘hough‘.in this case the valley-coil tuning was done by looking at
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the external beam without regard for centering. The improvement in beam

‘is evidently’ in less phase loss, because a spec‘ial probé which records blowup

shows no significant change in intensity between the two cases. It is probable

‘ - that evaluation of beam-centering studies, such as shadow measurements, would

"th‘row sorne light on this result, but we can report little progress SO far in such

attempts.
- Shadow measurements made with the three probes are reproduced in

Fig. 10. With a complétely symmetrical centered beam, these records would

-be identical. "They show that the beam is less than l_/Z in, off center, as well

as having a different structure in the three sectors,

Being able to construct precise phase plots such as ‘Figs._ 3(a) and 8
from records that require only.a few minutes to obtain allows trim-coil cor-
rections to be made quickly and with confidence, and contributes greatly to the

operator's understanding of machine operation. Also, since with fairly crude

trim-coil settings the beam can be brought out to one-half or greater radius

and then improved, it is poésible to arrive at isochronous trim-coil settings

- without the aid of machine calculations.

The records of Fig. 11 show a beam that was developed by first using

a simple graphical procedure to select trim=-coil currents for two energies

- (50- and 80-MeV a), where the currents were chosen to be as similar as

pqssibie in the two cases. By using the phase plots of the resulting beams,

‘trim-coil corrections were made which brought the beams out to extraction -

radius. Then, working from thesei two cases, it was possible to obtain any

" ene'rgy'f‘r.o'_i'n 25 to 80 MeV without exceeding allowable tx_'i'm.—_coil'cur'r.ents or

having’ to change polarity. ~Changes in the main-field shape require a new .set ..

| of sol'u-ti'ons,‘ aboive. 80 MeV.
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OPERATING STABILITY .
‘ Aﬁ"impé_rt'a.nt:éritefion-ih constrru(':tinvg_the cyclotron was to secure a

high degree of stability in Qperafion so that a beam of constant intensity would

. be _availéble‘ for many hours at a time,: with 'o_nly”occa's'ional adj'ustme_rit_s nec- I

essary by the operator. Of equal importance.is the. reproc.iu‘cib'ility of machine

. settings.  Many man-hours of work may be necessary to achieve a pa.i'ticular

-sa'tilsfact.or-y ,resul't, and thfis work can be partly or thlly wasted if the ‘machi.n-e ‘

‘conditions are not precisely reproducible. These considerations are familiar

to every experimenter, and the following discussion will indicate how they

apply to this c’yclqtron.

: The output with a particular beam will depend, among other things, upon

the behavior of the beam in phase. Particles which have a phase shift near

'.ﬂ:Tr/Z' at any radius will not be further accelerated if a frequency or field change

causes a phase shift greater than Tr/Z or less than - 1r/2 to occur. The mos’p

"sensitive region is in the'outer few inches, for the phése shift due to such a

change is proportional to the square of the radius. In addition, the greatest

‘departuife from the isochronods field (and hence the greatest phase shift) is

likely to occur at the edge of the magne.t,.vs}here the trim coils make the greatest
contribution.

" The experience with the 130-MeV a beam was that to maintain a beam

‘intensity constant within 10% at 39 in. radius, the frequency had to be stable to

5 parts in 10~ (for corresponding stability of the 65-MeV a beam, about 1 part

in lOé is required). ‘The main-coil current requires a corresponding stability,
while the trim-coil currents must be held constant to 1 partin 107. For re-
producibility of a beam the trim coils require a control and readout of comparable

accuracy, while the frequency and main-coil current can tolerate an order of .

magnitude less, since the frequency can be tuned. For beam diagnostics, how- .

ever, a frequency readout accurate to 100 cycles is essential."
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" The '-88-‘in-ch cyclotron does.meet the above requi'reme'nts. .The mainlf

..coil-current regulation is about 3 parts in 107, and the frequency regulation -

.

1is about 5 parts in' 107, For short periods of time, under quiet conditions, a

"more favorable condition can be realized.

OPERATING EXPERIENCE

The machine operating time is divided about equally between (1) physicé

. expefimehts, (2) targ'et bombardments for nuclear chemistry, and ('3) beam

development and maintenance (typically, one maintenance shift per week). The
arnount of unplanned shutdown time has been small, less than 5.%.
- The 88-inch cyclotron has a hooded ion sQurce5 with a watercooled

éopper anode. The filament and the oppositely positioned cathode are‘ made -

' from tantalum. With an average internal beam of 40-pA, 65-MeV a, the filament

lasts 100 to 150 hours. The cathode is exchanged about every three filament

- changes. The copper anode, after 500 hours of operation, is shown in Fig. 14.

Since the anode is a rather complicated mechanical piece and the slit is the

only part that wears out, we inserted a tantalum piece containing the slit

(Fig. 15). This insert is quickly exchanged and shows much less wear than the

original éoppe r slit.

" 'The particles are extracted from the ion source by a carbon puller at

.dee potential. The pﬁller shown in Fig. 16 was used for 500 hours of o.pera.t‘ion..

The beam has eroded a’lateral groqvé. Both the ion source and puller are

positioned by remote controi. Use of a télescope' to see these parts is a help.
The use of three sy}mmetricaliy located probes has been found in-

valuable in beam diagnostics, especially in centering. They are water cooled,

will stand about 3 kW of beam, and can be remotely posifioned to an accuracy:

of 0.03 in. Utility of the internal phase probe (see Fig. 1) has suffered because
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‘of rf pickup problems and a lack of 'sensitivity. A different tYpe of phase probe-

suggested by Homer C_onzett of our Laboratory has been constructed; it uses a

‘fo'il'to scatter particles into a solid-state detector. So far this has been used
" only in the external beam. Tentative results of measurements made with the

65-MeV a beam show a.phase {x'/idth about one-third to one ,—half that of the in-

te'rhal ‘beam.

."A pulser‘for the rf "systenf; has been built ana found to be useful for - '

,‘obtamlng 1arge 1nstantaneous Values of beam current. If run-continuOusly,- such -

_ currenus would damage probes or other parts of the machine.

Slnce we have restrlcted ourselves so far to relatlvely modest beam
'currents (up to 20 uA external) neither residual radloact1v1ty no¥ neutron pr =i

ductlon has been-a problem We hope to keep the residual act1v1ty inside the

_ machme at less than 100 mr/h of B and vy after a 24-hour shutdown in order to-
"do work inside the vacuum tank. This can be done by carefully placing carbon
in front of exposed parts.. An exception is the septum; aotivity here has been:

‘measured as 50 r at 4 in, after a 34-hour shutdown.



-9~ o o . - UCRL-10758

.ACKNOWLEDGMENT 
.The- autho'fél Wish tdekpreéé their gr’atitude to the '88—iri'ch Cyclétron
group s a whole for thelr help in pcrformmg the. egperlmentsq In partlcular, |
“‘.'we WlSh to thank Dr E, L. Kelly for his wise Uuldanc and Dr. Lloyd Smith
_a.nd Dr A, A, Garren for their 1nvaluable help in 1nterpret1ng results;'_ We
o are indebted to the computer group and the engineeffm’g' support gljoup, eisﬁ.é.cially
fo R J,,_Cox, Arthur Hartwi’é,‘ A.‘ S. Kenney,' K. F Mirk, I-I C. vOWen'.s,v::a‘Lrid"' |
Dr. B. H. Smith. Furth'er‘, we are fhankful that the cuétomers éllowed'us the

machine time for this investigation.



10- ~ UCRL-10758"
Fod’fNOTE AN']:D‘REEE_REN.CES

>'k''v’\f\/"o'rl.(.don_e .unde;n; thé au"sp.icevs of the U. S.. Atomic Ehérgy vC"or‘n"mi.s s'vion..-l.

1. Nucl. Instr. Methods 18, 19 (19625,' | .

2. AL A Garren', Célcula‘ti'on of Cyclotron Trim—'-Coﬁ Currents vfor .Fiéld‘ s
Optimization by Linéar Progfarﬁming Methods, Op cit., p. 309. "

3.  A A Garren and L. _anith’, Diagnosis and Correction of Beam Be’ﬁaviof :
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Table I. Particle beams available at extraction radius; April 1963

No.

Particle = Energy Extraction Fig. " Remarks
' (MeV) (%)
25 - 12
. Proton’ ‘ -
50 1.5 12 Not available externally
with present deflector
et 125 - 13
‘ 65 40 6 © 20pA maximum external beam,
Alphaé' , v determined by §eptum héatlng
(deuterium i _ '
and HZ+ i 25 to 80 25 to 35 11 Any intermediate energy avail-
of 1/2 _ . - able (max external beam =0.45 kW)
energy) — '
' : 130 - - 3 Not available externally
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FIGURE LEGENDS

Fig. 1. Plan view of pole face.

Flg 2. Development of the 130-MeV a beam. (a) fI‘he-f_irst a beam obtained,
with the ;orresponding H2+ beam. (b) and (c) the d beam as a function of
frequency. ‘

'Fig. 3. Development of the 130-MeV a beam. . (a) The phase plot deduced
from the curves of Fig. 2 (b) and (c); (b) thevbeam obtai:ned after trim-
coil adjustments were made.. The spurious beam, obtained by blocking
the orthodox beam with another probe, is also show‘n.. (c) After center
region adjustment was made to elimixixate _spuriilrn.

Fig. 4. Record of 130-MeV a beam made with a 3-finger probe.

Fig. 5. The 130-MeV a beam; effect of §arying the dee voltage.

Flg 6. The 65-MeV a beam with which an extfaétion efficiency. exceeding
40% has been obtained.

Fig. 7. The 65-MeV a beém as a function of frequency.

Fig. 8. . Phase plots of the 65-MeV a beam. (a) By using curves of Fig, 7.
(b) By using curves made with a dee voltage of 19 kV.

Fig. 9. Use of valley coils 1,2, and 4 wifh the 65-MeV a beal;n. -Records of '(a;)
deflector probe, (b) target probe, and (c) dee probe. :

Fig. 10. Shadow measurements of the 65-MeV a beam.

“Fig. 11. The 2540 80-MeV a beam.. With minor trim-coil aajustments any

| iﬁp;rmédiate energy can be obtained.. .

Fig. 12 -2_5.-.v and 50-MeV protons.

Fig. 13. 25-MeV He3* bearn.

Fig. 14. Copper anode of ion source after more than 500 hours of operation.

Fig. 15. Ion source with tantalum insert,

Fig. 16. Puller after 500 hours of operation.
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