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3 ·~;. ·' . .Alphi\ particles '(helium nuclei) 
· · ·, :.:Occ~siona.i.ly he-avier nuclei such as carbon B;na oxygen. 
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: ;··': A;Ll t'he :partic:Ces · hea:Gie~ than the electrons are- ions. Tbr.: .lf.ght¢~t, tbe · 
proton,'-;is ab~ut 2000 time~· heavie~ than the electron. 

.. ~ . -( • I 

-, 

~ . ' .. 

. ! 

' I ', 
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.Positrons 
Gamma rays 
Meson:{ 
.Neutrons. ...... . 

~· ~ :. : ~-. .< . 'In ma:hy- ca~es the _.production of beams of s'econdarY pa-r:ticles is a maJor purpose of 
.. operation. -
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A. General Prtnciples of Accelerat_ors 

All particle ac9ele~ators are ele~t~ical machines and accelefate parti~les by 
... virtue of their electrical charge. Each accelerating or guiding (focussing) fcirce 

is due to one of the follmving. two' physical principles: 

l. Force on a <;l:targe in an electric field is proportional to the. p:toduct' of charge 
and field.intens~ty: 

2. 

F = e X, 

where e = electronic chO.rgc nnd X = electric fi.eld gradient, electron voits/cril. 

Direction of the force is i.n the direction of electric field-. 

Force on a moving churge :l.n a rnaf}netic field is the product of charge, flold 
intQnsity rind velocity: 

F 300 
eDv 

c ' 

where e "" electronic' charge, 13 = mar,neU.c flux densi.ty :1 n gausGes, v = particle 
velocity, and c = velocity of light. 
The dlrt:~ctlon of the foree ls nt ri~Sht ungles to the di.rection of the fiel1i and 
t!ie motlon. -
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The mass of a.particle is ~roportional to it.s ·total energy, i.e., E 
so tqat -

2' = Me ,. · 

M = 
'. ~ ' 

E 

2' c 
; ;- ~whet~. :c. is the> velocity of light. The energy of a PO:I"ticle at rest is called its 
.· : ':r;est' energy, ·some values of which are as follows: 

• ~-: • l .•. ·. ' . ,' ~ ~ . ':' ' 'l_t •. • . ' • . 
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E
0 

(Ele.ctron) 
E0 (Proton) 
E0 (Deuteron) 

= 
== 
= 

.5 Mev 
l 937 Mev 

1847 Mev: • 

For'~xample, the mass of a proton at a' kinetic energy of 1000 Mev (= 1 B~v) '.is 
. o.pproxi~t.ely .double its rest mass. The mass of a particle is most convenieritly 
expressed in'equations by its equivalent energy. Acceleration near t~e.v.elocity 

' of'• light does not. increase velocity but increases mass. ' . . 

', .· ·. · · Velocities ~ttain~d ·by, accelerated particles may approach to wit bin less than 
:-· ... ~%. o:(th~·. velocity of light. As the velocity ce.nnot exceed the velocity of. ;'{ght, 

;the particle's energy i.s a more convenient quantity than .its velocity to use in 
·expressing power. output ••. Velocities can be divided into three regions, a~ follows: 

' . 

' .. 

·.. . . . ..... ~: 
1.:. .. Low • change in mass of particle is negligible. 

· 2-··Intermediate- mass incren.se and velocity increase must both be considered.· 
· ·3- ·High'- Velocity of parti.cle so close to velocity of ~igbt that change in 

velocity is n~gligible. 

Intermediate:· and ·high velocities are called "relativistic," since the· ~h.eory of . 
. , relativity must be used in calculating pFlrti.cle motions at these velocities. · 

t !{.• f 

The relations between muss, velocity and energy Dre important in understanding 
.any of the high-energy accelerators. At low (non-relativistic) velocities these 

·relations can be easily derived e.s follows: ''" 

Ek = ~ 11V2 ; = t Mt~2 (::)\ ,=. Eol2 ~ i 

. ' 1 

where p = --- • ) ,., . ·c2 \\2 
, Eo/ 

I!l this velocity range the mass is. substar:_tially constant. 

Ek is the kinetic energy of particles: 

.At intermediate and high velocities (relativistic 
involves t.he dependence Of ma·ss on veloci'ty. Only the .. 

M _ -~. = . E0 + Ek 
Mo Eo Eo. ·' 

E = 
. 2 
Me 1 .. 

velocities) the derivation 
results are given here: 

' •t 

... 

.l .... ..;. . ' .. ' ~ ·' ' ~ 

where (3 
2 

= 
' 

motion. 

2 
E 

E = total energy, E0 = rest energy, and ~k = energy due to 

In addition to the acceleration, practical accelerators must either provide 
for holding the particles .in the desired rath or orbit, or else m~et be effectively 
.so short that most of the particles can find· their way through the machine without 
striking obstructions. 
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The radius of·a.pa:t:t:i.cle -ih u magnetic field canbe derivecl at.hon-relativ

. · i sti c energies as foll&.rs: 
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; '· . ·"~; '' ·, ·.. Th~ powc; output. of;;-~ .·rll13~hj,ne ~·fs ·ex~~es.sed ltv the quant;ity of ptirtic les . acce ler-
-~· ~.; \ . . 'ated per unit tinie. ana: ·~pe-' a:Verage'-;kin~ti'c etiergy. of the ·particles~ The;,;.ki~etic. ·. 
' ' ·· ~nergy of p3.rt'icle'G. is ·:·e.x·r.:r·esscd th. ~1~ctron~v9lt units. Supplemeritb-ig ·the'deftn- · 
..... ·, :ition of. ev glven on'.pn.ge.j .. of.$et;#l o.f·these rsupplementar·y·rrot·es, .·tt:W-1~1 be 
. -~-·· ··n.oted :hat an ev' t.m:t··;_s·;e~a:e·~Jy ahu:!,.'ogoua·. to 'a mass of one pound mq\Ti~g. ~£9ough 
. ·.-·( . a· g;ravitational potqnt11H ?f oqc foot, and one electron volt equal~ 1.18 x ~0· · \ 
1 . :..· • . foot·-pounds. (':]:'able lj :p. 9, Set ff-1). In power units, one ev . per second equals 

>'<., ' L6.o2 X 19-19 W~ltts' or 2. 5 X 10~22 hor~epower .- . " 

•· 

... 
~· . 

J •· ·'!. . ·. • 

As indicated p,bove,·power in the accelerated-benm is the product .of energy per 
. ··:particle t;imcs the nur~ber of' particles per second: · The· quantity' of particles per 

• J· . •• .. . 

s~<;ond is expressed as· flow of electric charge, i.e., electric current.~ Units are 
amperes or, more 1 sped.fically; microEimperes. Then the energy in Mev ~imes· tlfe .: 

·current in microamperes ls the power in v;atts. Thus P '"" EI, which for .acceler-. 
ators is simply a reinterpretation of a concept familiar to engineers. '· · · · 

Acceleration must al1-rays take place in a lli3;h vacuum to avoid collisions 
resulting in energy loss and sco.ttering of the beam by air molecules. 

•' 

... 
·. 

In addition to accelerating means, all acce1era_tors require i;l.n ion or electron 
source. Also, in many types a waBnet is used to produce a field .at the particle's 
orbit, a deflecting means is provided to remove the particle from the mogn~tic field, 
and ,a target is present on 1vhich the benm impinges . 

. ln the following Section B the principal types of nccelerntors are discussed. 
These are compared in Table I, page 5.4. Topics of :Lmportnnce in the design ,Qf 

< c.omponents are outlined in Section C, page 5. :lf!,, end figuTes Ulustrating some 
·of the. components are included. The main references and a list of syo1bols used· 

· in this disbussion arc at~acbed at the end of the t3per. 
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Of machines ·existipg_ or planned . , .. . r . . 

Although-protons are usua~y used, -these_ machfne_s ean be designed :for o:ther heavy· :pa:r.tf,.~le$. 
Not including sui..all 'ma.chines for. industrial. a:r:l.d ~e'dical . purposes. · · ': ·· ·· \, ,: 
T-his is. the !:'.laximum ene.rgy ·in .the case of -pr9ton acceleration. . .' · ·' · 
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Deecription ·of pperating 'Principles of t'he Prihcip~l Types of Ac.celerates •. 

1. Statitron , r. 
~. "". 

• ....... 1. ,· 

The distinguishing fea.t.u.re 8r the Stati tron is the presence 9f a vqltage equal 
to the pa,rticle energy divided by its charge. r:e ·., if 10 Mev particles are ac·cel
.erated' 10 million volts exist 'between the entrance and exit of the accelerator.. . 

· ·· -~Genero.tor ~~ , 
_ .. ____ ,, __ , -··- .. ()------~ .. ~.--.. ·--------- ---- ---·l 
1 .......... · ... --·· . .. .. _.·--- ...... ·-· ----· f-Electrodes 
! I - - -'- -- -· - ·- · - - - -~::~......:.:--" ----Target 
·- ~- ' 

Source---~---=- .. =-=---~-------~~----·- - - -·- _-=:-_.--: .... <-yacuum Tube Ion 

Fig. 1 

The vacuum tube is generally filled with ring electrodes to provide focussing 
·fields. Volto.ge is graded or divided aruong gaps. Radial components of the .electric 
field provide focussing anddefocussing forces. The focussing effect is due to 'the 
shorter time spent in defocussing than in focusstng regi-ons due to the particle's 
acceleration in passing. 

Lines 

The focussing action is generr:tlly strong and the beam· very concentrated, say 
l mm diameter. The limitation of the machjne is in holding high volt8.ges across 
reasonable distan.ces. 

. ": 

Machines are generally named according to methods of producting the high voltage, 
s11ch as Cockcroft-Walton .(voltage multiplier, similar to convenUonal voltage· doubler 
in radio receivers), V::m·de Graaff generator (belt type "static 11 mnchine), impulse 
generator, or high-v.oltage transformer. The last two are not very desirable, since 
the voltage is not steady. 

2. Electron· Linear Accelerator· 

.Thesd machines use a ra<tio-frequency accelerating voltage to avoid insulation 
problems w~th high DC voltages. Their design i~.based on the properties of resonant 
cavities. 
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FilS. 3 Fields inn ide Resonnnt CavFi ty on SncC~,essJve Quo.rter Cycles of Rod io 
· r~quen,~y Wnvo 
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.: The electric fie.ld.'bet:'Weep! the,,ends· of ··a, cavity c·a.n be ,used to accelei-ate.· 

. ,,· .pa.rticles which pass .th:.o,.tgp --~~~.:;:~~~~·_.a: t.~~ pr~~er; time: (-.phase)~ ,_ :/: _ ~--~,_'·-~t · . 
·. Two types of electro:l.e.ccel~r.;,t'di!3 ilre built, standing. wave rind~ti'n.vc~ihg \Tave,;. 
{l..s.nlustrntcd in the l'itr·xre's bglow: _ · : · 

·l 

·, ' ~I ...... · •' ' RF- .Power Input ' . ' ~~: ~ . ..·.·-· ' . K 
.- . . : ~L- ___ J_- · _ _l_ L L. · -¥ ~ -L . .- t:. · -

.•• B_ unches· of ··. --~, . - -·-- j-- ·---- . S'' '.' T ; . , I ·,- -I - .'· I T l 
·.'Particles-: · ;~ -·,.,~--.:: -~..:...-·-,~4~·--· _______ ...._ ~------- -- ll---:__ ·-:-·--~Beam Path 

. ~..:...,-1 « ,.. 'J..;.;;:__ ·I·~ I ~- 14-- 1-- I 
-----~ :: ~, . ·., ... : .. : -~~~:.~~·-·-- .. . . . --

(Electr1cli'-i~ld .>:•,.,.-' · 1 . ..~ r. . 

.• ·, 

'Fig_; '4\ s,t.anding: W~v.e Accelera;tor 
~--~(··. ': __ , ,~- ,• 

.· 
' \ -~ 

. ( 

Fig:.2..:. Traveling Wave Accelerator ... 
In the standine wo.ve type each cnv'.tJ oscillates independently but ~all are 

kept. in phase by·a comuon radio-frequency supply. The troveling wuve type acts like .. 
a -wnveguide with phu.se velocity equB.l to the electron veloctty. The pur.pose-of the 
diaphragms is to produce the required phase veiocity. A. surfboard is an;example of 
particle accelerated by a traveling wave. As the energy of the electrons· is high 
compared to their rest energy throughout all but the first few feet of the acceler

·a.tor, the velocity is practically constant nt c, the velocity of light, and all 
'cavities a:re alike. The practical-problem exists _in tuning all ~nvi'ties 'cloS:ely 
enough to the same frequency, 

, · Electrons stay on the axis of the machine because of the relat.ivisti_c contrac
tfon of dimen.sions of the machine u.s observed at tbe speed of t}le electrons.· That 
is, the muss of .particle ~.ncree.ses so rapidly that defocus sing impulse~ have only 
slight effect on its motion. 

To make the machin_e length reasonable, high fields (up to five million. volts 
~pe'r foot) are required. The circulating currents in the cavity requir~d to set up 
these -fields result in large r 2R power loss, especially as the skin depth is only a 
,fraction of a mil. For example the Stanford Linac requires 2000 KW per foot. HiglJ 
frequencies reduce the power requirements and it has only been the development of 
high-power frequency oscillators that hns.made these machinea practical. T~ reduce 
average pciwer the beatn.is·accelcrnted in short bursts; at·Ste.nford this is f.l,bout 
one microsecond. 

3· Proton Linear Accelerator 

This TTk'lchine differs from the. electron linac because of the low velocit:v of 
the pai·ticle accelerated. Rr.thcr than attempting to reduce the ph1.1sc v0loci ty of 
u traveling wv.ve, or to tune many sepnrate cavit.ics '\dt.hin the required tolerunc0) 
a few long cavitjes arc uaed wi.th the particles shielded from the electric field 
d~ring half of th~ RF cycle by "drift tubes, •i 

• i 

'· 

•' 

., 

.· 

j· 

I 

' 
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This numb.er can be calculated for' t't1e iojection ond final enel"g~tes, <the differ~ 

··' ence being the numbet: .of dr~ft 'tubes required, ·-:. ; ",,_. •'·. · · · 
if '·' ~ \ ' "' ."· ,. . ' ; . 

f 
1 

·The drift tube diameter must be ·a small fraction, say t'en per cent ot' :the · • . 
. cavity diameter'~ to keep the electrico.l .losses low. For this ren.son' proton iinear 

•. ·accelerators ha.¥e beeri bui~t, fot ·§1-botit te.n times the wavelength of. elec·tron lineat: 
l I';. ?CCelerators (200 COtnpc-i_i-e'd t0;2!)00' megacyCles per second, for eXtltnple) in Ordet to 
·. · · •' .obtain rensonabtle · i::.pertures through. the drift tubes. ·· ', . . . 
·r .. , .. ·t.. : ~ , ~ · •. I'· . .' . . . .· . . · .. _:_. . .· ·. , . .. . ; 
' ~~~.! I 

·. , Since. the electrict'field. in' a 'linear accelero.tor acts in the direct'ion to accel,;. 
. ernte the particles for only halt' of the radio-frequency cycle' the parti~les mus't .. 

. . , ' .. not fall out of step with the ·radio frequency. Fortunately this is~ taken care of. 
:· ., ·· automatically -by the phenomenon of phase st;nbility. Particles cross'ing the drift •. 

~ube ·gaps in t"he proper }:)art of· the RF cycle encounter a greater o.ccelerating impulse 
·! 

"' . ,.·· .. '( i . ·~· 

.,, 

if they fall behind. in phase and· a smaller impulse if they get ahead, provided the 
ma~itilum voltage gradient"is rt'lor,e than enough to permit the particle to keep up with 

. its proper position. A particle just keeping up with the radio freguent:y.witnout 
. getting ahead or behind is said to be in phD.se equilibrium a.nd crosses ·the· gaps at 
.. -hht l 0 · ·h ·r. !ictue.l energy gain per cycle If the ph. ·<>r-"'' "'ngle a .t" use a.ng e _1 , w ere cos ~1- = . . 1 · "'"'" "" . · · max1mum energy gn1n per eye e . 

. , , be9omes negntiv:e the pat:ticle ·requires more acceleration than is availab.le to co.tch up 
' ' and hence ·rapidly falls out of step. In genernl; particles are injected into the. · 

. accelerator. continuously and those .whose phase excursion lies between G = 0 and · . 
.. · ~ Q = ~ Q_l ar12 o.Cc·elernted. P.hase ·stabil~.ty is not O~aitled nor required in the 

,I 

electron linear accelerator, since the velocity is substantially constant at the 
veloc~ty of light. However, ;Pl:.ase shifts between cavities must be carefully e.-voided •. 

Focussing of the bcwm in. the proton linear accelerator is provided by the 
electric field between the electrodes. Three types of focussing nre distinguished: 
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Velocity focuss_ing -.the same a.s tha.t described under tlle. S~atitron~ 
• • " • ' : .. :; '-~- --~ : " .. t ~ • 

Phase focussing - cf'tective \rhen \h'e particle is passing thro~gh :tne 
gap while the electric field is decreasing. The focussing for~e 'in'.": 
the first half of tLe gap. is therefore greater tbo.n in t~e s~:Corid'half. 

. . . ~ ,_; '--~. : .. -
Grid j'e,cussing " if U grid. is placed across the opening Of the'. ; '!". ' . 

electrode entered' the defO(!USSing f~eld Js elimin.<cted. 1
' ., 

' ' t> • : 

'_,., 

1/. · 1 , t . . 'unforuuna tely the phase rang~ required for phase stabU.i ty is different from :'·'"··· r ·i :. ;that required.fm:•: phase focuseing. Unless stei.'bili~y is to depend on the relatiyely ;'' :< .. / t '1:Vteak, 'velocity' f()CUSSing grids are. nece'~sary. 'The~.r disadvantage is the red~,tction ' 
·. "'!'·/ :· ... :?:f the td'fective _.aperture,. but. this is. ·minimiZed by making them as much a~ 97%· open 
!h· ·! ·.': ,.erid usi·ng only ·eqough. to -c~t -the total aperture the order· of 50%·. 

-~ ,,; , ': ...... :' I ' ,. 1 

.~:. · > ·: ~·,: . '; 4 • Tlie: Cyclotron . , r. 
·,. 

. . .. The cyclotron passes the part1cles t_hrough the same S;ccelerating~electrod_e~ ·. 
,, .· ;· · , : ·:many times in· succe·ssion, thUs making-~ large· reduction in the radio-frequency power 
,· .. :: · .. : ·. ; ·at the expense of a magnet. , It also has. advantages in focussing, The cyclotr.on,. 

,'invented by Lawrence in 1932, was the first su.cces"sful high-en~rgy accelerator; . · .·' .. ·1. ".,. 
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From this we can see that the time per revolution is con3tant in a -uniform· 
magnetic field and that the radius· of the path increases directly as the velocity and 

: .. as the square root of the energy. This . property of constant time per revolution 
., permitG a single frequency to accelerate ions at all radii Aimultaneouoly1 perJJlitti.ng 

a large beam current with a simple radio-frequency supply. 
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Focussi.ng'in the cyclo~~ 

Radial and axiol focussjng is provided in the cyclotron by sligLtly decreasing 
tre strength of the macnetic with increaainG radi~s. The resulting curvature of the 
T'i ::!ld lines produces un axial component of force on the movi.ng ion directed tm;arC:. 
t.be central "median" plane, as shown in Fig. 8. 

,-1.....__ ..---- . ~ 
-A\._ ______.. ~-- I ..,.-·; ;--- " J ----,/ / .---,___ 'f'... -----

/ ( · I -i. - ·- 0 f 
Poles of . I I . '~; \ '" M 4:' 11 

of Orbit 
' \ 'l' f' ·-"!'> ' I 

0 -::::: R ,. t--.~.-J,A_.~ ~C-u.- .I'- I . ~- ~ '~ . . 'I)~;,.·-. ··''::> 
I'· . C((' 0' ~-t'\1 -, .---'- ,.....___ . ' ..... -\, -....... '. ' .--- . -- . ---- . - . . . 

R l" . I;) ' A ; t I ~;': ('I I~ \. . ~~ -~ ~ ::,:_____. _ _s~------~=::::_:_:_ __ y . ;;....___.._~~ .... ::.t~- 6\f"LQ <tj 1_ ~- \ .-l_ '·~ • L d,) 
'I'· I "-.. I'~ { I,_,_ .. _,.. ,, (l_J _.{<-•:t-"-') . • h,.:~ . .J' (\ r . <1 I 0" 

1 _..,.,....-._ . ~-- n~ .... A~)........ ~-. ,~ . ~ 8 , }p ~ t 

1'\..,.~ /I;~~) ~~·p •• ~-· ·-- 0 __ t •• jl) u.t··p"' t~ n ... :-l-. . .: · cJ.;~·Aci._ t:: 
~~ fl•,·Jr~;~·;t.'CIM~h'·\ ('<·,~:J_::.~tr:l~r:.,.....=- 'VI'.I·•.L .. :_. ,, . 

The l'adius of CUl'Vatn e of the field -unes increases continuously' from infinity 
at the center, l.lut must hot become grc(:!.tcr than the radius of the orbit, for at ttis 
·point the field is spherical and the orbit can rotate to any angle. Radial focus
sing is due to the va-riation in strength of the field with ro.utus. If the orbit is 
eccentric the field is higher on the slde farthest from the center and lower on tbe 
opposite side, produci.ng a net· restoring force tending to center the orbit. 'l'hc 
circulating ions in gener(:!.l cncillate radi11lly and axially about the equilibrium 
orbit. \~here thes~ oscillation frequcncic::s have simple integral re.tios, energy con 
be transferred f~om one Inode to the other. Iri practice the ions c~nnot reach a 
radius g1·eater tho.h that corres}Jondine:; to o. two-to-one freq1'Cncy ratJ.o, where the 
radtus of curvature of the field lines is five times thr.t of tLe orbit. 

Plillse focussing does not exi.st tn the conv~n~io~al cyclotron .. The maBnetic 
field and frequerccy nrc adjusted with great cm·e to enallle the ions to pass through 
the machine wi thuut fall·i ng so far out of pbase tbat they are decelerated r:-.nd lost. 
As has been noted above, tbe sillll)le tlleory of the cyclotron depends on a constant 
radi.o frequency dU<J to a conntnnt mass of the ion accelerntcd. Ro\o!ever, nt u::;eful 
energies the .mass of tbe tons start to incn.'a::;e and their rot!lt:i.on rate starts to 
decrease) causing them to full behind the phase of the accelerating voltaQc. Un
fortunately, the decrease in ma~netic field with increasing energy acts in the snme 
manner, tbE: tote 1 lr.:.s be ins due to the sum of the two effects. For this reason tbe 

. dee voltnce m~st incr0asc rnpidly (npyroximatcly as tt~ squcre) of the cutrut energy, 
so that the mcn;Jrr,um useful cnerr.:y ts limited to the order of 30 t-·:cv for p1·otuns 
wl1ere the voltage· required between dees is nronnd a quarter of a tiiillion volts. 

5, Synchro-Cyclotron 
" 

To overcome the 0nargy limit of the conventional cyclotron caused by the ch~nGe 
in rotation frequency of the ions, it i.s possible to vary the radio frequency on the 
ucce:lcruting elcctrodt.:n as the iono :;pic[ll out. This is done in the Synchro-Cyclot.ron. 
This type of op(:;rr.tt'i.on rcqui.res tllo.t tbc ion~3 sta.y in step with the ro.c1io frcyu~ncy; 
wh1ch tbc·y do automnti.'co.lly thr<,U[~h the yhenorncna of rhasA stability or"pho.sl; i'ocus
si.ng." Tbe prOl'IJSS of p~w.sr.: focuG::Jing is similar to tht..tt in the rroton linear 
ncc-elerator, w.L tt, ttc liw'i tntlon on nlll)Wnbla l;hnse rn.nrc du': to trnnsvcrsc focucn i..t:g 
requ.l rcrncntG rul!oved. 
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;-:' .. · rn the synchrocyclotrori, an ion enter lng the dee at a constant phase angle of 

• , , • • 0 the radio-frequency wave mOVE.:S OUt along a Spiral Whose radius is determined by t.he 
- . ·.' r,~dio frequenc'y, the .maf?S of the ion and the strength of the magriet.ic field. The 
.' ;" ::r·auius of t{ds ion. can be C".lled the eqnilibrium radius.- If the ion is low in 

. ~ . , ~t·n~rgy it will be•insi'de'.the equilibr~um·radius and due to the decrease in. magnetic· 
.· · {:!:cld with radius :i.t wU1 be· in ·a stronger· magnetic field than that at ·the equilibr-i.um 

. ·.~-;r(;l..dius and hence its rotation frequency "trill be higher. It will then enter 'the ·dEfe ' 
, ,; .. · ~xt .an .·earlier pha~e. n:ngle dh. each re_v.olution· and if) it is ;_n the stable p~a~e. r~nge 

.{ 

· ,. >w·ill. receive· a greater impulse wbicb. in· t;ime will cause 1, t to catch up with tl1e 
;~,-· ·.·:-" ~:.:. e<rY.ilil:>ri\lmrf!.di,us.and in general overshopt it. Ions aQ.eaSl of the _equilibrium .r~.dius 
, .... .',ill::l:qorresp·ondingly_ receive a smaller impulse end drop back •. Thus a.ll :the ions 

.. · .· o.e·ceieratcd will oscillate; about the equilibriwn radius which increases as the 
/\ ' · ;~c~e-~crati¢\n pr0ceeds. ' · .. , · 

... ~ ... ~ "~'!';:~ I ' ·-.,, ~ 

"·· · ,, : .,: ·.: ·(,·:" .. ·~he ·requirement ,of h'igh' dee voltage .of .the conventional cyclotro~ is~· :al~~ · 
·· ·; ... ,. lax:ge.ly elim:inated in tbe .synchrocy·clot~on •. ·The effect of lower -~·ee volt~g;e" is 'that 

' . ~'.the. ·i.oris must spiral out,-tard more·'slowly and ·fewer pulses per second can-.b~ -,~roducNl.' 
· · The ~oe voltage must be, $Uffi·cient to .enable the ions to keep up with the energy in-

. . c.re~se. .required bjr .the rate of varj,at:i.on in frequen.cy imp()Sed by t·he 'radio frequency 

. '. ·supply.··. Operation at low dee voltc.ge is much stee,dter· than is ust,ta.l with ~he con-
;~\~ ··.; ·~ ·-·•ventiona_l cyclotron~ and qsually. only a sin~le insulated. dec is used·.· .The' princip'al· 
~. · ·. ~ ·- ,,; · di.sadvnntag.e is t·Qe fo.~t that the beam·, emerges iri short pulses corresponding·. to .the 

·. · · frequency modulo.tion cycle re:petiUon rate, resulting 'in a low average beam cw:tent, 
· .. but this is lnrgely · off~et b;Y. the. high energi8s rca.ched._ · , · · · 

.. 
r • > 

· 'r~1e cyclotron is not adhpt~d ·toithe .a~;;cele~ati6ri of -electrons hecaus,e tbe grea~ 

t'"'l' 

The Elect~ Sy.richrotroil' ···l · 
.... ·~ 

.. 
. , >.: increase j.n mass during acce1-~yation wo<.tld t.equir.e an impossibly wide r~~ge of .. :rre- · .. 

, quency modulation. Electron's .are so light that most of their acc'eleration ·occurs so 

.. 
... I I .... l: ,,· 

I 
q,, 

I' 
\-' ...... , 
'' ~ • .. ·{~.f. 

;' .. :;.close to the velocity .of light that the;x: c'an be assuin~d. to. trnvel .. ex'actly at ~tht.tt 
· · velocity. · It is therefore . mos:t convenient to keep, them in an orbit of constant radius 

where theh rotating· speed j_s. constant and· they cnn be accelerated by an electrode · 
(dec) exci tec1 at a constant radio frequency.~ . The electron synchrotron, .-invented
independently by McMillan at, U .C. and Veks1:er ,·in Russia,' provides thef?e· c'ondi tfons 

t with' the .:ppysj.cal arrangement shown· in· F:i.g. 9. ' ~ r. . .. · · 

...... ' '. 

... I 
\'l 

Axial Magnetic. ·f ..---~---· 
1 Field at . ~ 

Orbit -~t ; .. ~// 

'--.. ____ T -----· . 
I 

Orbit 

I 
fi:>.RF Generator 

r 

.. . In order to maintaj.n the orbtt radlus ,.,ith increasing encrgy(and mass but not 
:velocity), the mngnetic field must increase continuously.during acceleration. An 
alternatlng current maGnet is· therefore used, excited at the pow·er system frequency 
or ·sHghtly hie;h9r. 

·'. 

.,. 

\ 
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} .. · ·~·.·~ · ' Fos:u~s~w~ ·~n the'· s)·nchrotroh. Radial and axial focus sin~ occurs in the·~ same manner . 
·::·· .. as. in the cyclotron. Tbepro"ccss of phase focussing is slightly different, ·'inasmuch 
;;~, as :the ·velocity of tlf,e elE:c;tron remains constant. An electron staying at 'the .:cor.-·~ 
· -~::' .. · ' . st'o.nt,'denigh phMe rTill remain ·at. a constant radius as the magnetic field ·rises,· - . 

' •. ,. ' •. ' • ,.·. !-. . • ~ • : . <. . t ~-. • ·;<. ~.. ~ fr#ning ,.just enough ener13y on each passage. thrpugb the uccderating electro~e to in-. 
:~; · :····'.crease its l'no.ss 1.1t .the· requj.r.ed rnt'e ;' .An .ele.ctrofi 'bts:hind in phase will be lower . 
. ::f'. •." ·. \than normal in energy: and mess and theraf.ore will decrease in radius.· At the: smaller 
:,r' >' ' ;. taditi.'s 'if .. wiil r.evolve fastet, will enter the electrode at an earlier pliase; and t:e 
;·,~·" ·.,.·;·:;-·i:t/i~·;iri thcstablo phcse-runge it wi-il receive a. la-r:ger accelerating imp~J;se •. An·. 
:-.··. ·_·,· el,(ic~r'on abead :j:n IJhase will.move',in 0. larger ci:tcl~'c~ind.receive less aacwle:ration. 
··, . · ,. · ·':<J;ihus: th.e. elcc;trons will osci'llate- .around the equilibrium radius. " ' · 
/:\- . ·.· ~ ~. ·r\ :: ·/ ~ .. . . .. . . .. 
·:; .. ,·.·.Starting. 'while mo.st of the accelerati~n. occurs s~b~tO:~tialiy at the v~locHy of ·., 
·, ; : ·', :·' ·~:i:gl_1t,, the .electrons m:ust stnrt from rest; Sta.rting can be. accomplished by several 
· .;:_·.·,: _',)tmqth6qs.' One is to. accelerate the electrons to the highest DC voltb.ge· available, 
. ··;.: · ; . · ~~a}j ·5QO.,i{V at .which· their velocity is about 90ofo .of c, arid to vary .the rndio frequency 
: ~\·~··.: · :(: ... ,tlie ne~essary amount. to bring theq up to speed. Another way. is to Mcelerate :t'ro:n 
·. >- . '; ).ow·'dnergy ·to -tipproximately 2 f~ev as· a betatron and to switch en the radio :t:requency 
·'·~· I _,_·.·,j'Ust·b~for·e th,e' beto.tron acceleration cee.ses •. At 2 Mev the velocity is so nearly 
.:.~ ·· ·. ·' ,: ·. eq1ial ,to ;c. 'that' :frequency modul~.tion is not required. Another !Jit)thod is to inject 
-;.;, .i . '1 wf.th.an 'G1ectron line.~r accele:rn:tor at 2 Mev or higher. . 

'.,. . .',;:". _:·')·~.· J; .. J\;, ~~~.Proton Synch~o_t_ron . ··· ,:.:'.(:·.···.'·. . . . i 
- , · --- ;~"·.r: . ..r:·=-···_,~·· 

:{., :. ·~,· ... ~: > •. : . ;.~ · e·ri~rgies h:i.&her· than. a~~~t ·:·6. 5 -'Bev the cost of a synchrotron becomes l.~ss 
. ,.,,. .··than"that of a ,cycl0tion, owing to the red·uced area of the ring-shaped region -rather 

~~.,"~ ' I ~· . ' t . • ·· ' ' 'l . . , 

'. 

, :· • ·t>:;, .t~in.tne :d.isk~iHie.ped ·region ,ofmngnetic fit,:ld. In accelerating protons, :the 
•'t

1
;·: c:, f· :: .·· S,Yric9rat.i-on must operate tbroug? a 1·ange of· veloc:Lty as in the case of electron accel~ ·· 

:-:· ;,· :·: ... erp-tibn~ Because Of the h~Gh energies in tbe range of 1 to 10 Bev and th~ corres-
,'-:,.,"., ; • ' . "~~nd~ngly large radii re~uiredJ proton synchrotrons are impressively large machines • 

. . .;,: - ' .,_ . . . ' . 
• •. ! • • I ', ··.·· 

. ;. • 1 •..•. , Th~ geometry of a proton synchrotron is oc.si cally the· same as for an ele~tron 
1·1./ ,., ; ·~ synchr<?tr·on. · Protons are .. 11,1j~ctcid at as high nn energy as practical,· 4 to 10: Mev · ! · · · '\'for example,· as the higher· the inje'dion velocity tho Slaaller the frequency :range 
;~. ·:;to be' covered. After i·~,iecti~n. ·the ·radi.o frequency is switched on and a~. the m~gnetic 
·c _., ··.field rises the frc:quency is continually incraa:sed to correspond to the increa.sing 

' .... 
.. ,;: 
:.• "{'· ~ ( .•.' . 

.·~; ; ::velocity. o{ the proton. Through the action of phnse focussing ·the ;r:requency de-··~ 
'_term:l.nes:. the :radius of· the· ~<;Uilibrhltn orbit which must be held near the center· of the 
, vi9-th of the rtia,.gnet:I.c field. The 'vid.t: range of frequency va:i:'iation and t.he exacting 't·:' \. 

· ' requir~mi.mts for its control ar€}: the main special features of this ruachine •. Phase 
fOQtissing i.s ~accomplished at· low energy' as described un~ the synchro ... ~yc1otron, 

~.. ' . ·, ·. ·E.rid o.t' high: energy 'as 'described. under the synchrotron •. Radial and axial~ focussing 
•1 I . ~ • f .> 0 

' . · . - • • -1 ' 

.. ( ·. \ : ~re accompli shed by the .methods d()scr.i bgd under the eye lot ron~ 
:! .·,.~ .···~"'A ' ' ·- $_.,.:~~·\· • •,,f ~·--·.· .. ·~· 

· ·:'. (8. Th'e· Eeto.trori ' · 

'· 
• · ·· '·· ,' . The 1:-etatron differs 'ftotn. the accele:rato~s previously descl:-.ibed, iri that t'be 

:i·.' , .. < 

1 ~cc.elerating force is produce~l by a magnetic ·instead of an e),ectric fteld •. ·It was. 
}rivented (before the ·synchrotron. or synchro-cyclotron) by Hideroe in Ge,imai:ly ,and 
(ie'veloped by Kerst in ~his c01.1ntry. f.. betatron of 300 Hev output e11ere;y 'is·. in 
pperation at the University o;t' Illinois. 

,'lilt ·. 

,, ... 
~ ' 

t.. .. . ' 
'~ 1 ~ 

' .I . . . ·.• ·• . 
> · .. Tho magnetic field of. th~~ 1:5e"·,atron c.cnsists of t'vo parts. The outer or guide 
field is· identlcnl t-o tho.t of the synchrotron in its focussing properties and :i.ts · · 
-pr'6vis;i.on for an orbit of constant radius. The second part is called the central 

· · · · flux whi.ch po.s ses through the· center of ~he orbit. · The change in central flux causes 
.. ,, 

' ' 
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·.·-·~'··'>'-: ',t~e•-acd.~+er'atib~--~f.the.,e,lectr~ns,· while tlJ:e_change in the guide rield }fold::i .. t·perilr·:--. 
·.,:.} ': ;\~ !=1-t-~ cpnstant :radius ·~s ., theti.r e~ergy. (m?4 mEiSS) increases. The acceleratin~ ~c~iop . 
· · /' ~-- .-c~r,. b~ ~xplahied.'Qy 'the. fact that, the .magnet'ic .lines of force move radial,ly .. acr0€!9,. 

·.\ _-· :.'- til:J.e orb_it as the central. flux' .increa ~~·s ~ ,Thi's motion of ttie field at tight Jl.n:gle.s. 
·. · ·:: ;:;" t'o '.its·-. direc'tion 'ptoduces·· ~ tuagnet'ic .torce i,n the electric· charge in_ the .. tb~r~: > · 
~i' ·.}' !.~ ~d;irec·Hon which accelerate.~ 'the 'electron~ The energy gain per tur.il. is. the voltage 
t ... :~:~:•'.>:;~.: .. _~:P.E~-tf.~ci~.td be tnd.uced .in a sirigle ~urn of wire locate<i on the orbit due to the t;}:L~-e 
. :,. ;; ~,··~~r.:r.::-:-. ,··qf' cba11ge of the' c'entra,l flux as: .. ' · . . .,~, '• · 

r:.:rJJR·~: .. :.~,;:~:~·~ .. ~ ~~ ;: :o·~ •. ~ ~. ~~ ~ · . "· · , ; 
:··<·:·fi}::; .':.(; c.;:r,pl:\i's.:~r1ergy gain must be· just sufficient to keep the e·lectron a.t the'~ center of 
~e··:~:'·!.!' .. 'tl1e gtii'ae·,fteid •. This is called the "betatron condition" for -which the ratio of 
;;""L-;:;_~.: ··.:cel).tiai 't'l.t~x. to· guid.e fi~ld streh:igtp can be calculated for high. energies as follows: 

·";~~f,ifl\~';t:.\;~"~;;~:~;;:·~ ioti'' d ¢, , ~· = ~o~: 6 ¢ = 300 ~ :· 6 Be, .. 

;~.·~~;~~:; ;be~:~·, iBl· -.· C.hange in average .magnetic field inside orbit.. . , 

),;,; .. ;".~t·~·.J)' .·E. = . 300;B0 e R, whefe B0 = ~ognetic field at orbit, 

- :,.~. · ~-: tlence~' joo :.8
0 
.. e ·n · -= · 300 e R A Be, or !:, Be - 2B

0 
•. 

. ::_:·~~ ·::.~··:;' ::::. -'~: ~L · ... · .) . ; ... : ·<· ~. . -
' ·· .·· .. ;. · . Thi·S cOnd'ition·; which .actuully holds 

-~, :·.:·:· ·_.th~· :a~erage 9harige in f'l~ density inside 
.::-~ ···:, de'm:li.ty at the .orbit • 

A.t all energies, therefore requires that· 
the orbit equal twice the change in.flux· 

. . ;.: .~·. I ¥<, ~ ·, '' ··~ ·:~: ... ·. •, ~;- : ' • ' ' 
.. ·.·' .. :-~ · · :. r: ~~ia'l; and exj,al focussing. is provided by the decrease i_n field vri th·.radius as 

- ··~. , . dc'sb~ibe'd. under the synchrotron. Phase . focussing is not involved, since the central 
• '• ·~:;• 'I' • ' ' ' ! . { • ~· I ·, ' ' • ' • .. .. 'I . . • • ' \ .. 

.. ~ : ·. ·: '. ,f.l,1..u( r:1ses steadily dur1.ng the accelerating penod, produc1.ng a steady acceler.ating 
. ·· ;,'~: 1~ · f~r~·f)jo.n t~e. electron regardless of its position or energy, In small sizes, '·say 20, 

·· ·: . ·Mev, :l;ietanrona are simpler than synchrotrons and a large number (at least over 50) 
-~. ,_·. have. 't;>eEhi built for. X-Ray generators. In the larger sizes, the cost of providj.ng 

' '·:~: -~ · the_-:central flux is greater than tl':lat of the radio ;frequency, system of the synchro
..•. '1,: · tror{, .fan9. t_he latter is usually. preferred. 

t· ' • ~ •. .: ..... ~ . ··, . . _; .' . 

-:": 

' ' • rt ~ :. 

.-

. : .. ~ ~e-tatroris ~nq. synch~otrons are .lttni ted ,in e~ergy to the order of 1 Bev by 'radia- · 
. tion· ·of ~ne'rgy by electrons trave Hng 'in a circle. This limit does not exist _in the . 

_case of electron linear accelerators. The radiation emitted by electrons in_a 
. ?~~a·troh .is called "Bremsstrahlung-. II Thi~ is li.ke continuous X-radi8tion and.'j,a. due ... 
to th~ centri.11edu.l force, effectively. a deceleration or braking force, which holds 

't:he ele.ctrons in a circular orbit. 
_, ,. •'\- . ' ~ 

t ... 'f 

. ':· 

., 
. : 

i 
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c. Partic.l'e.Acceldrator- Designof Components .;;._,_.......,;-------------.:;.· __ ........_.. ·--- .. , 

;· L Electron and Ion Sourc.es - hot cathode 'and cold cathode ("pig") discharges'":_ 
(Fig. ~0) ~ 

i 
,·i';2~· Accelerating Systems . ) ' 

., 
' ' 

• ;. i . :. :· ( t;t) Direct ·current supplies for the Statitron - Belt charging and voltage 
timltiplier (Fig. ll) -·Pressurizing, potential division between electr.odes • . l '. 

' J ,_ ....... ;. f ,• 
·' . ' :r .... (b) Rad~o Frequency Systems 
.. 
•. . ~ 

;' 

' '• ' 

• !, 

., 

(1) 

(2) 

(3) 
. (4 )· 

(5)' 

Resonant cayi ties • Frequency 1 Po'fler requirements nnd Q of cavitie·s 
.voltage efficiency; transmH time and phase angle losses (Fig. 12). · 
Undesired .modes and/non-unif.orm voltage distribution. 
Resonant electrode ·systems - Cyclotron dee systems (Fig., 13). · . 

· Synchrocyclotron varying frequency dee systems (Fig. 14). Calculation 
of frequency range und power required -·roodel tests, 
Oscillators - coupling problems (Fig. f5) - Pre-exci to.tion. 
Oscillator plate power supplies - load limitation, range of control, 
pulse line supplies. (Fig. 16). 
l4echani(:al design of electrodes 1 cooling - structural requirements 1 · 

RF joints, eddy current lossP.s in the Synchrotron electrod.es, reduction 
of sparking and erosion, copper plating. 

3. · No.gne~ 

(a) DC Magnets - flux densi ttes, model tests, coil design o.nd. space factors, 
flower required, shimming, field measurements.(Fig. 17). Constr]..lction 
accuracy • · 

.. .'. 

(b) DC magnet power supply, regulation and protection. 

/ 

. ~··. 

' 
(c) AC magnets - ei1ergY: in· magnetic._ficld -.effects of hysteresis ·and eddy, 

currents • 

• . (d).· AC magnet power suprlies - Resonant circuits, single pulse and continuous 
operation, flywheel generator - conver.ter (Fig; 18). 

' 

4~ .vacuum Syst~ms 

Operating pressures, pump requirements, outgass~ng, types of rumps -diffusion 
"'and mechanice.l, refrigereted traps. . 
. lvlechnnicnl design - rigidity, gasket design (Fig. 19), welding vacuum locks, 
· seels for moving parto, insulnted seals. 
Pressure meourtng inntruments, Mc ... Leod, Thermocouple, P:i.ra.ni ond ionization gages~ 
Lenk hunting - separate tests of ·components, freon and helium leak detectors. 

5. Miscell~neous 

Buildings and handling facilities 
Controls and interlocks 
Shieldingi - stnndard and heavy concrete 
Targets tmd hnnd1ing 
Deflectors for mngnetic machines. 
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power, wo.tts 
diameter, em 
length, em 
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Pig Ion Sourc.e 

Cockroft-Wo.lton 
Voltage Multiplier 

-:9-'~ 
.:.; . . 

b = skin depth, em 
A "" wnvelengtb, em 
V = peuk voltnge 

shunt impedo.nee, ohms 

.Formulas for Cav1ty Resonator :tn,Accelcrator Mode ~End Losses Neglecte0 
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Dee System 
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Fig. 14. Sy'pchrocyclotron Dee Systems 
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Fig. 15. Typieo,l Grounded Grid OscHlntor 
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Charging 
Choke 

Triggering Pulse->- 111 
··<--. ·-;?·. ~-·-[~-~-U-LT~-e-u~I.-.--. PJ..JUJ._I-r.--·~Jl..:t·v-+--o ;..,. ~ .· 

A~ ~~ .•.. T .•· T J T j Load 

"Metal to Metal" Gas·kets 

Air cooling 
Oil cooling 

water cooling 

Fig·. 19. Typical Gaskets 

.15 - '.25 
.4 - .5 
.6 - .e. 

Pipe Ltne Gasket 
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SYMBOLS USED 

force . 
.. 

magnetic flux density· 

·charge . 
·' 

\reldcity 

·V,elodt'y of light (constant) = 3 X 1010 
• •• ;l 

t·otal energy 'of a particle 
. • t . ' \ ·,; ~ . ' 

J . \ 

kinetic erier~y of~::particle· 

rest'energy·ofa'particle 

v 
c 

total mass of particle 

rest.mass 'of'particle 

~ccelerator 

ume 
'· . 

' 'i. ~· ~· •· ~ ; 

wavelength of.rad~o frequency 

number of turns or cycles 

frequency ·of· rt.ldi.o freq'ue~cy. .. 
'. • . . • . • f' ' ~ . 

electric ~ield. gra:di~n.t 

radius of path : 
' ~!: .. ·,. ~. 

I 4':,' 

pho.se angle~·.'( .. < . .' , .. 
. ~- ~. ',' !~ ..; J 

magneti~ '}~:.li?c·, ; .. 
..· .... 

; ' . 

... 

UCRL-29:36 ·· 

electron volts/em 

gauss 

electronic charges 

centimeters/sec 

centimete~s/s~c. 

electron volts 

II 

II 

dimensionless 

' 2 ' 2 
electron volts sec /em 

sees 

em 

cycles/se'c· 

volts/em 

em 

radius. 

·gauss. '.2 
Cm· 

l 

ro.dians/sec 

.. 

" 

·. 
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