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ABSTRACT 

UCRL-9632. 

The structure and operation of cyclotron& are discussed. Factors limiting 

cyclotron size and energy are given. Improvements to the basic continuous-wave 

cyclotron are described, including frequency modulation, strong focusing, and 

variable-energy faciUties. 
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/ The cyclotron (Fig. 1) invented by E. 0. Lawrence in 193Z, ua~a a strong 

magnetic guide field and one or more accelerating electrodes. called deea, to 

accelerate cha.raed particles to eneraiee of millions of electron volts. The 

frequency of the dee voltage ie ch_oaen to synchronize with that of the rotation 

ol the charged particles, so that the particles are accelerated each time they 

croaa a dee edge. This condition ia called cyclotron resonance. The an.gula.r 

frequency w ~- ia 

(l) 

where 9. is the cbarg., and !!! the mass of the particle, and B is the magnetic 

field intensity. For protons, this relation reduces to: 

(l) 

where !! is in gause and fr is in cycles per second. As the particles are 

accelerated, the orbit radius increases until the particles reach the final 

radius p ; the momentum 2 oi a particle te then 

(3) 

:' : \ * . \ 
This work waa done under the auspices o! the U.S. Atomic Energy Commiasto~. 
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The particle energy is ~~~ 

u • uo [ V1 + ( m~c )z - 1] 
where ~ is the rest mass of the particle, and c is the velocity of light. 

For protons, Eq. (4) becomes 

u = 938 [.A + 6.61 x 1·0-13 (BR)z - 1). (Mev) 

where R is the final orbit radius in inches, 

(4) 

(5) 

The particles to be accelerated start from an ion source which is located 

near the center of the cyclotron. In the ion source, a gas is ionized by a stream 

of electrons from a hot filament; these ions escape into the accelerating chamber 

through a hole in the ion-source housing, The type of gas determines the type 

of particles available. For example, for protons, hydrogen is used; for deuterons, 

de.uterium; for alpha particles, helium. Heavier ions also may be produced by , 

the appropriate choice of gas. 

Usually the particles are extracted from the source by the electric field 

from the dee. The particles cross the dee edges many times; each time they pick 

up an amount of energy corresponding to the instantaneous potential af the dee at 

the time of the crossing. Ultimately the particles acquire enough energy to reach 

the final radius of the magnet. Then they are guided out of the magnet by a deflector. 

There are two factors that limit the practical size of cyclotrons. First, as 

a particle is accelerated to higher energy, its mass increases, and the required 

• 



tJCRL-<)632 

rf £requen¢y clecreauee as shown by Eq. (1). Tbue, the frequency requi~ed. to 

a~c:elerate particles at amall radii itt incompatible with that required at large 

Yadii. Thfr aeeond £actor ~· t~J.r:-qwrement of a magnetic guide field that provides 
~ . ' ~.. ·;-··· ... . . 

a· f9cuaini force for the beam and a cet\):ering force f·or- the orbits. This req\Urement 

\! .. ~9~CQW.Plishecl by tapering the ~agne.t polee 1Jo that the field decreases slightly 
'• ., .. ~ ' . . 

~it~ inere,.j~.·~adius. This tapelng causes the magnetic·f~eld lines to bbw out· 
. . ~.,; ~·:~~~N· .> • • . • .. • • 

ward slightly, prod».-'=i.ng a component ot force on the particles ,tQw:~rd the median 
. . ~ . . . . ,.' ,)'!-\ .·. 

p~a• .(the, plane:· Of equilibriu~ mi4way between the magnet poles). Like the 

relat~"i.stic mas.e increase. tals decrea.oe in magcetic; field also reduces the r·e.: .;J •• '""' 

qui:recl frequency for cyclotron resonance at the larger radii. Theee· two factO~£!,,., '·' 
·, .: ~ .. , 

limit the beam to about 150 turn• and restrict the energy o£ ~roton cyclotrons to 
·~'._._.,:1$-,,Nil:o> 

a~liif:'·'zo Mev. 

McMillan and Vekeler independently cliaeovered the principle of phase 

et•bility. One ot the coneequencee of this diacov~ry was the realisation that 
. . 

~~e ener:gy ·limitation of cyclotrons eoulct be circumvented by frequency .. mod.ulating 

the dee voltaae. Machine a of this type are call~ eync:hrocyc;:lotrons. The 

frequency of the ciee voltaae atar~•"-.t the .Partic1e-etarting frequency (i.e •• the 
,.... ~:/~-~-..~: . 

. , 

. •t ' <iyc~otroa frequency eorre•ponding to rest mase) and is swept down to that which 

.rw:·:teq'liired ·for full radiue. With each sweep. a group ot particles is accelerated'"~', .. : 

' ' ·, ) .. to f\lll energy. F).«aay eynchrocyclotrona &t'e in operation: the higheat•en"rgy 
~ >'··.. . .... ~- y 

. -.~.... . 
machlo.e pt'odueeia 730·Mev protons. . .. 

ln. 1938. L. H. Thomas found another method.. of dreu.mventlng the two . .-s, 

.. . ~ 
timitationa of c;yclotrons. He "howed that by varyins. the magnetic field azi~~tha.lly 

. . . ~~ ·. . ~· . 

according to a certain formula, one could achieve ieochrontam (equal transit time a ··· · . . \ ., 

for aU orbit) while maintainitlg loeueing of the beam e.nd centering of the or.li.dt,j,~. 

While Thomaa• theory preceded McMillan and Vekalera• theory of phase stabiU~y 
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by many years. it wa.e not ehecketl experimentally ctil 1950 at the UQlveysity 

of Ca.U.fornla Rad.ladon LaboratoJ"y in Bel'keley. Aa 'a result,· the ayac.uoeycl~J>one 

p:recedecl the Thomaa cyclotrons. 

· D. W. ·Kerst iul95i extendecl.Tbomaa• theory by allowtna that. forming the 

magUt•pote billa into apbal J:ldsea reeultl in ltl'~geJ'· loeutlng ~d IDOI'e et::Otio~lcal 

uee ol the magnet steel. ¥achinea of thla type are ~alt.d. apiral-rl<lge cyclotrou. 
. ' . 

'' 
..... ,.. 

In 1954. a· eeconclaeur-att.on of cyclotr:one at.ar•e4. ·.,At Uwrm••• c_a.utorai$., 
. ' . 

aocheatear. New Yol'k. aBel Lo• Alamoe, N~~ w.·'fd.G~. varlallle"tSmtrgy ~yclotrou. 
' . . 

weJ"e built ac;. that phyaideta &acl chemi·lta eould at:~y uueleat' J"eactiou b~ !~fUCD. 
mol'e detail. These tlrat machines covered. the_,~,~ge'trom 1 to IS Mev. AU .of,· · 

·--~~nn~~·. ~ ,_ · ·~ · - , 
the cyclotrQI)S that have beea built einee hi.ve lMlt». ~l'lable~~aergy machinea. · 

.~ ~t,. 

Those neadn& c:omptetion at pre seat will exteDCl the ruge ot vatlable .energy kama 

to 75 Mev. 

To pr~w:e a vuiab.le-eneray euerul beam, the. r! ft-equeacy and m.aacf.ttc 

ltetd must be adjustablC!t so that cyclotron reeonance can 1M mat"Dtained. Jn aMltt.,_, 
' . . 

•~icient precialon of the maanetic field must be ~ail'ltalned ·throughout tt• range·.· 

boduction of ·auc~ ~gaeta a.a be_come a fine art aa4 fleW rart1el .of s oio 1~ t~' _ 

oae are t"eadily producecl. 

. '' 
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