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"?yf elso used to produce X-rays for medical and industrial use.

SRS Particles accelerated are-- e ’.v- e

"qli Secondary particleo produced at 1mpac+ of accelerated particles with tergets -

iff vclocmﬁies.- Particle‘eccelerators are. used for scientific research in nuclear
- physics. and the production ot radioactlve materials.  Eleétron’ acceleretérs'are i
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All the particles hcavier than the electrons are ions, Thr 1*ghtest thefp l{f
proton, 15 about 2000 trmes hedv1er fhan the electron.
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; In ‘wmahy cases the product1on of beams of aecondary partlcles is a major purpose of_
‘ operatlon.

A; Gcneral Prjnc{ples of Accelerators J: ' _ . R .

¥

All particle acceleratoro are electrical machinos and accelerate partlcles by -

Fv}; virtue of thelr electrical . charge. Fech accelerating or guiding (focuss1ng) force

, 1s due to one of the following two. physical principles:

1. Force on a charge in an electrlc flcld is proportional to the. product of churge
N and Tield. intensity:

F,. = e X,

L]

where e = electronic charge and X = electric field gradient, electron volts/cnm.

‘Direction of the force is in the direction of electric field.

2. TForce on a moving charge 1n a magnetic flG]d is the product of charge, fleld

~intens ity and vclOC]ty~

‘ eBv
F = SOO -—E—,

where e = electronic charge, B = magnetic flux density in gausses, v = particle
‘velocity, and ¢ = velocity of light, ' ,
The. mogoct1on of the force is ot right ungles to the direction of the field and
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!VvA Lt The mass of a. partlcle is pr0portiona1 to its ‘total ener y, 1.e., B = Mc ;"
- BRI so that ' o . . c E = . h I
o . o ;\ . : “ B . B . 02 . . i [

where ¢ 15 the: velocity ‘of light. The erergy of & particle at rest is called its

rest energy, ‘some values of which are as follows- o

L E, (Electron) = .5 Mev fl ‘.
G ' Eg (Proton) = § 937 Mev . .1 .
S E, (Deuteron) = 1847 Mey .. - 5' S

For example, the mass of a proton at & kinetic energy of 1000 Mev (= l Bev). 13"
epprox1mately -double’ its rest mass. The mass of a particle is ‘most conveniently
expressed in’ equatlons by its equivalent energy. Acceleratlon near the velocity
~of™ light does not 1ncrease ve10c1ty but 1ncreases mass. TSR

o © Velocitles attalned by accelerated partlcles may approach to within less than
e T 1% of the. velocity of light. As the Velocity cennot exceed the velocity of. light,
T ,‘”‘ ithe particle's energy 15 & more convenient quantity than its velocity to use in
o exPressing power outpat.* Veloclties can be dlvided into three regions, as, follows'—
N . . - ‘89 .
fsf}.; e o l-, Low - change in mass of particle is negllglble. _
- - : 2= Intermediate - mass incrense and velocity increase must both dbe considered.‘

ST 3- High' - Velocity of particle so close to velocity of llght that change in
B ,'- ~,'.'» ve1001ty is negllglble. ‘

Intermed1ate and high velocitles are talled "relativ1st1c," since the: theory of

1 relatlvity must be" used in calculatlng partlcle motions at these velocit1es.

L ,"... - * b

L e The. relations between mass, velocity and erergy ere important in understanding :

- any of the high energy accelerators. At low (non-relativistic) velocities these
~ relations can be edsily dEerGd es follows:

R
2

- where 51 _i;?‘ - In this velocity range the mass 1s,substantiallyvconstant.-'
. o / IR
Ek is the kinetlc energy of particles.

At 1ntermed1ate and high velocities (relativlstlc velocities) thé derivatlon
’ 1nvolves the dependence of mass on velocity. Only the results are given here:

' +
E = ‘M2, | {D:II__ < %_ | B Ek A.
v‘ M - v = ‘ “"—"‘“——————1—-«1 X | : L "‘_ﬂ' : :! ‘.‘. ‘:‘ 'M! . .: \_ : :
E° - Eg2 | ! | T
3 ‘where @ = . — , E = total energy, E, = rest energy, cnd By = energy due to
: : : E : S _ ‘ R k © A |
motion.

In addition to the acceleration, practical accelerators must(eithef provide
for holding the particles ifi the desired path or orbit, or clsc must be effectively

50 short that most of the perticles can find their way through the machine without
striking obstructions.,
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L The radiue of a. partlcle in a magnetic field can be deiivéd.at;ﬁOn-rglativ- 
w1 dstic cnergles as follcws: . ' - T

. v " . R S ' - A e
L0 : _ F O ¢ : T T
. } i \R f., NVC . - .
3 _“'.'_‘,‘ 3CO Be’ . .
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- ] At xelat&viétic'energleg;’ e v S o L

- . . . ST . . - - . ey “
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TR 04 _ The powcr output of a ﬁach:ne is expressed bv the quantity of particles acceler—
S ’ated per unit time and the average klnetlc energy of the particles, Thé;; kinetic

o %, energy of rarticlés’ is expressed in electron-volt units. Supplementing the dcfin—'
SO LTl ition of ev g:ven on’ p%gé’3 of Set. #l of- these supplementary notes, 1t Mill be |
:f}Qf"'_-~ﬁnoted that an ev " unit-is: exactij unalogoue to 'a mass of one pound moving tEﬁough _
- . a gravmational potential’ of one' foot, and. one electron volt equals 1.18 x lO

;" .+« foob-pounds. (Table 1, p. 9, Set #1). .In power units, one ey  per second equals

?5ﬂ”.",i'v‘1 602 x 10'19 watts, or 2.5 x 10722 horscpower._ o ' ,1'u

Y 1nd1catcd above, power in the accelerated- beum is the preduct of enerpy per
»1partlcle times the nurmber of particles per second. The quantlty -of- particles per

. second is expressed as flow of electric charge, i.e., electric current,: Units are:
ampe¥és or, mcre'specnchally, microemperes. Then the energy in Mev times the

N ‘current in microamperes is the power in watts. Thus P = &EI, which for acceler o

P ators is 31mply a reinterpretatlon of a con(ept familiar to englneers. :

Te omar e b ek
L3

- _ Accpleratlon must always take rlace in a high vacuum to avoid COlllSlOnS
p v . resulting in energy loss and scotterlng of the beam by air molecules. C

U ' In addition to acceleratlng means, all accelerators require an ion or electron

' LT source. Also, in many types a magnet 1s used to produce a field.at the particle's

‘ orbit, a deflecting means is provided to remove the particle from the magnetlc field,
© . and a target is present on which the beam impinges.

_ In the folloW1ng Section B the principal types of accelerators are dlscussed
These are compared in Table I, page 5.4, Topics of importance in the design of f
components are outllncd in Section C, page 5.33 and figures jllustratin§'some
rof the.conmponents are included. The main referencos and a list of symbols used
in this discussion are attached at the end of the paper.

.
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TABLE I- COMPARISON OF. ACCELERATOR TYPES fbi;;ff{

cCeleratlpg

Accelerating|

P oy e

STATITRON
ELECTRON LINEAR ACCFLERATOR
FROTON LINEAR ACCELERATOR
CYCLOTRON |

SYKCHRO CYCLOTRON

RETATRON

ELECTRON SYNCEROTRON

PROUTON SYNCEROTRON

(2) Mev_

a H
¥ .- - e

12 &

1000
£6
30(5)

| 1s0l5)

\

300

l
]
i
i
i
H
!

|

| 300 |
6000 |

Arny .

i Electron

Proton.
'P,,D, or A
P, D, or A
Electron<
Electron :

“Proton

1048

: Low:
P . High,

" Low
. Low

.intermediat
£ High'

_ Blgh
Intermedlat

s

cp____,_' T‘-“""‘_""_"ﬂ"'"“‘—"f“.“?"l; :

(‘5_'anAbe vari ed sllgh+ly for startlng.

(2}
(3)
()
(5)

Of machines -existing or planned : ST
Although protons are usually used, these machlnes ean be de51gned for other heavy partlcles.

Not including small machines for. 1ndustrial and medical purposes. - . '
Thls is. the maximum energy 4n. the case of proton acceleratlon. .

o < e v ophin o ey oo (i i e s e e s v g e v+ ] 4 e e
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Shape- 1 . .Force Force ‘f- Fleld .Field Freg:;  Field
STATITRON straight | Electric Eléctric 'é, ?DC ’ . DR U R
ELECTRCN LINEAR ACCELERATCR =~ | e " .. TNone i RF i Constant. .| = -
“PROTON LINEAR ACCELARATOR(3) " K ! Blectric . & AT P e S
CYCLOTRON f}syiralf | " fMagﬁeﬁiéi_g'%' 3F:=' v " Constant | Varying
SYNCHRO' CYCLOTRON PR S e CRECC 'E' Verying - |- s " e ;
BETATRON | o cirélg' ~|'Megnetic A ﬂé LOw;Fréq,': | . o | Verying | Consfantf_
ELECTRON SYHCEROTRON - R '}‘Elegtric» | %_ fﬁf .if RF wé _(?73t¢éay h f ;'f " ;
PROTON SYNCERCTRON(3) P é' " i '%{ RF " Verying "g’ " ! S
_ ; . ] e 5 LS
fMaximum Earﬁic}f T NOmﬁer | Number I Ve}ogity';f°
Energy CAcceleraCed built o plznned ) .Region '

>

‘ogeemugn R



e AR -

s

CU9 061 3usg ;-’_7' 4 o L
e .'.:t,uan;éaa"é“

FAI

‘B, Desoription'of Operétiﬁé’Pﬁinciples of tne Principal Types othpcelereﬁesg.‘*-"

-~

- -

The dlstingulshlng feature of fhe Statitron is the presence of a voltage equal

" to the particlé energy divided by its charge. I.e,, if 10 Mev particles sre accel-.

eratcd lO milllon volts ex1st ‘between the entrance and exit of the accelerator.

\g/Generotor»s

o e Q | | __Flectroges -,

‘

R w_l__”_ '_::,;%T Erarget

\——Vacuum Tube

The vacuum tube is generally filled with rlng electrodes to provide f0cussing
‘fields. Voltage is graded or divided among gaps. Radial components of the electric’
field provide focussing and defocussing forces. The focussing effect is due to the
shorter time spent in defocussing than in focussing regions due to the particle's
acceleration in passing. ’

O U

"“‘:>Ring'Electrodesv

SRRy e =

/’\ s e it e

R \‘\“'-WW"Electrlc Field Lines
e T :
S U S IR o L
. . L | -« _—Defocussing Field
Focussing Field ™~
Fig, 2

" The focussing action is generally strong and the beam very concentrated, say -
1 mm diameter. The limitation of the machine is in holding high voltages across
‘ressonable dlstances.
Machlnee are generally ndmed mccording to methods of producting the high voltage,
such as Cockeroft-Walton (voltage multiplier, similar to conventional voltage doubler

* in radio receivers), Van de Graaff generator (belt type "static" machine), impulse

generator, or nigh-voltage transformer. ‘The last two asre not very desirable, since

_ the voltage is not steady.

\

2., Electron Linear Accelerator

, Tnese machines usc a radio-trequency accelerating voltage to avoid 1nsulation
problems with high DC voltages. Their design is based on the properties of resonant
oav1ties.‘ . . '

_~Electric Field ~Current in Wall
a VA rmranan o e e

| T | -

@ o : l e s

i 3) ) ® ' - 4-.._.1.’\..

: ¢ o Q ! R Z“__
! e T ! -~
NORACJ <

i ) P . S IR

Magnetic Field ™

Fig. 3 Tields inside Resonant qu1t¥qggn§ncc0bqjve Quarter Cycles of Radio
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: The clectric field between the ends of a, cavity can be used to accelerate )
particles which pass thrOugh bhe cavty at the proper time. (phase).:"s;;_ ; %f:f

] - 1‘,.*v".'

WO types of electron accelerators ere built, standing wave &nd’ trnveling Wave,
as jllustrated in the 1iuurns below- : : : :

/‘.

Bunches of’/
Purtlcles

: (Electric Fleld }*7i1”{;?_, S , v ‘ o
‘ Fig h\ S,?{énéi;?@i‘(év‘e"Ac"celerqtor s . N SR
~.. ' RF Power Imput . . ’ " particles
.“ » \!/ . ‘ T -.',v‘-‘ 'A B . . ‘ '”/ v o T
. N 1 .." - ] . - l B 1 [ // [ ‘ -
B e e I et N E - e

.‘).[ ' <‘r‘" i —\r' | (”)7 .'-”"
“Eléctric Field

, - _Fig. 5. Traveling Wave Accelerator SN

4

In the standing wave type each cavity oscillates independently but all are’

*":”1je“f R . : BP Power Input ‘r'

v\f

kept in phase by a comnon radio-fréquency supply. The traveling wave type acts like '

a waveguide with phuse velocity egual to the electron velocity. The purpose-of the

. diaphragms is to produce the required phase velocity. 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 thronghout all but the first few feet of the acceler-

‘ator, . the velocity is practically constant at c, the velocity of light,. and all
" cavities are alike. The practical problem exists in tuning all cavities closely

enough to the same frequency. . . :
3

L ‘Electrons stay on the axis of the machine becausc of the relativistic.contrac-

tion of dimensions of the mochine as observed at the speed of the electrons.’ That
i8, the mass of particke incresses so rapidly that defocussing impulses have only
slight effcct ofi its motion.. : ,

To make the machlne 1ength reasonable, high fields (up to five‘miliion.Volﬁs

'per foot) are reéquired. The circulating currents in the cavity required to set up

these fields result in large 12R power loss, especially as the skin depth is only a

'vwfractlon of a mil, For example the Stunford Linac requires 2000 KW per foot. High

frequencies reduce the power requirements and it has only been the development of

hlgh-power frequency oscillltor” that has made these machines practical. To reduce

average power the beam is accelerated in short bursts; at Stenford this is about
ohe microsecond

3. PrOton Linear Accelerator

This machine differs from the. electron linac because of the low velocity of -

the particle accelerated, Rether than attempting to reduce the phase velocity of

u traveling weve, or to tune many separate cavities within the required tolerunce,

o few long cavities arc used with the particles shielded from the electric iield

during half of the RF cycle by "drift tubes."

4

RO P U
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Dmft Tube e "',/M ' ', .: h A Fig 6.

"* The dr1ft tube spvc1ng must be equaI to the distance a pazticle goes in oné

" . ‘.; : . .t T 1‘ woog . . . Co ,,‘ )
LT At non-relativistﬂc veloc1ties ‘the number of drift ‘tubes passed bj a particle

12 .»etartmng from Zero energy is’ properbional to the veloc1*y of the particle. phisja
: number is: obtained from the electric fleld gradient ae follows" : . e

b ;J~ V% at
B T ' C ’ - ’ ’
F ° Xe . o e n -
= =. =< ) v . t = =
. S TRTW v”ﬁ e f ‘
o . . - _“ . n; - . L A-'{'A - "S . R
R SR - oM MR 8 Eo@ e
ﬂ(fw"‘ vgeece,‘,v N - : F .“"xe N - Xe;\ 5, XejA : S e
JVIFi;e ”ffx This number can ve celculqted for the 1mjectlon and final enes giee,‘gpbegﬁiffer4'
L~ vt ence being the number .of drift tubes requircd. v B
4 h»' T : L e,
Lgi . - The drift tube dlamefer must be B small fractlon, say ten per cent of the S
“ L-.hcaV1ty dlameter, to keep the electrlcol losses low. For this reason proton linear

f i "f'accelerators have been built Torp’ about ten times the wavelength of electron linear -
‘v - eccelerators (200 comp&rea "to 2000" megacycles per second, for example) in erder to'
‘ '*f,obtain reesonabﬂe cpertures through the drift tubes. , : PR

o . RN L ) v Do i N
w0 T since the electric’fleld in® a llnear acceler tor acts in the direction to accel-
... erate the particles for only half of the raedio-frequency cycle, the particles must
© %+ . not fall out of step with the radio frequency. Fortunately this is-teken care Of
uautomatically by the phenomenon of phase stability. Particles crossing the drift..
" tube gaps in the proper part of :the RF cycle encounter a greater accelerating impulse
A if they fall behind. in phase and' a simaller impulse if they get ahead, provided the
“14'5‘ maX1mum voltoge gradiént is more than enough to permit the particle to ‘kecp up with
U its prOper position. A particle just keeping up with the radio freguency.without
K 3getting ahead or behind is said to be in phese equ:llbrium and crosses the gaps at
actual energy gain per cycle X If the phaqe angle
. maximum energy gain per cycle
+ “becomes negative the particle requires more acceleration then is available to cntch up :
R and hence rapidly falls out of step. In general; particles are injected into the ’
_accelerator continuously and those.whose phose excursion lies between @ = 0 and
- 7@ =2 ey are accelerated. Phase stability is not obtained nor required in the
S electron linear accelerator, since the velocity is substantially constent at the
oo velocity of light. However, phase shifts between cavities must be carefully avoidedﬂ

”’:i». 'a Phase angle 01, where cos Ql

Focussing of the beam in the proton linear accelerator is prov1ded by the
electric field between the electrodes. Three types of focussing are distinguished;
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";11 Velocity focuss1ng - the same .as that described under the statitron.

:,d I

4 _~i;;ﬂy’“»“‘l~2¥f'Phase focu651ng - effective when the particle is passing through tbe
. - - . - gap while the dectric field 1s decreasing. The focussing forge in~.
W oot 7 the first half of the gap. is therefore. greater than in the second half.

Yot 2T 3. grid fOCHaSing S if o grid 1s placed across the opening of the «Eafgt

S T electrode entered, the defocussing fleld is eliminsted, ' o

.€ o Unfortunately the phase range required for phase stability is different from
‘ gthat réquired. for phase focussing. Unless stability is to depend on the relatively
: fﬁvcak velocity, focuSS1ng grids are necessary. ‘Their disadvantage is the reduction
of" the effective aperture, but. this is minimized by making them as much ag 97% open
end u51ng only eqough to cut the total aperture the ozder of SO% o .

v '..'.' :

A'%h; The: Cyclotron' "\';'v' ?:{.Jvl

The cyclotron passes the particles through the same acceleratlng electrodes
many times in succession, thus making-a. large reduction in the radio-frequency power
at the expense of a magnet. .It also has advantagea in focussipg, The cyclotron,
invented by Lawrence in 1932 was the first successful high energy accelerator..

.~ "Axial’ Maanetic Field

S Steoo oL Electpodes - ‘*’“ﬂmmﬁff\“‘ e
T (Dees) \& - v ' v o
‘ T o A R N .
R P o j;){?&
‘ .,. h ,, '. a) . . ' . ;/ \\
9 :.‘{ s / \ .// : . .
f« ) el Ion Source;i
_ ,;, ? : Radio Frequency-GenefétOT
\f -g,‘ : Electrostatic Deflector Required-Is Not Shown.
CLpET e Fig 7. 'Physical Arrangement of the Cyclotron .

P An ion moving in a magnetic fleld at low (non-relativistic velocities) obeya
- the following relat10n5° ;’;~‘ R f_,i« - .

i,

S NS v - - j\_'“ BeR

SRR SR N , o v = 300 == Ve
e - v .. Be Bee
o . w=. g = 3005 = 30030

From this we can see that the time per revolution is conatant in a uniform ,
a magnetic field and that the radius of the path increases directly as the ve1001ty and
el a8 the square rdot of the encrgy, This property of constant time per revolution
oy .permits a single frequency to accelerate ions at all radii simultaneously, permitting
‘ ;o8 large beam current with a simple radio frequency supply.
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Focussing in the cyclotron

Radiual and axial focussing is prov1ded in the cyclotron by slightly decreasing
tre strength of the mugnetic with increasing radius. The resulting curvature of the

‘Ti21d lines produces an axial componeunt of force on the moving ion dirécted touard

the central "median" plane, as shown in Fig. 8.

’ e
P el iV
e »
Poles of / o « e E
Magret .| ’ Plune of Orbit
B B » . -\"‘ f;\. - - ‘
R "= RL : {\M«AAJLO\-] brubw_q\\ \ g FoC ) ® ,
. T Sl e g
& ¥ < 'J‘t ' »-u L [{L r‘tuu TR ) T > t Mb S éf\yu‘ ol & ’hwj é’“nﬂ
. . } . ’,-" s . . ‘ 1"&4-%0‘ '] tAA’)-(A
, < Big, O CA SITIPN l/rvx/;p g Ab'lmid f
\ g%z ’f:\:, ~rQ;,,,{« l"‘"T oy f'.r)./."”-(."’v‘i,-&;) "3’1( o - ( A

The 1adius of curvature of the field “1ines increases continuously from infinity
at the center, but must not become grcater than the radius of the orbit, for at this
point the field is spherical and the orbit can rotate to any angle. Radial focus-~
sing is due to the variation in strength of the field with radius. If the orbit is
eccentric the field is higher on the side farthest from the center and lower on the
opposite side, producing & net restoring force tending to center the orbit. The
circulating ions in genersl cscillate radially and axially about the equilibrium
orbit. Where thesc oscillation frequencies have simple integral retios, energy con
be transferved from one mcde to the other. In practice the ions cannot reach a
radius greater than that corresponding to a two-to-one fregquency ratio, where the
radius of curvaturec of the field lines is filve times that of the orbit.

Phese focussing does not exist in the conventional cyclotron,. The magnetic
field and frequency are adjusted with great core to cnoble the ions to pass through
the machine without falling so far out of phase that they are decclerated snd lost.
As has been noted above, the simple theory of the cyclotron depends on a constant
radio frequency duc to a constant mass of the ion acceleratcd. However, at useful
energies the mass of the ions start to increase and their rotation rate starts to
decrease, causing them to full behind the phase of the accelerating voltage. Un-
fortunately, the decrease in magnetic field with increasing energy acts in the sape
manner, the totel lag being due to the sum of the two effects. For this reason the

. dee voltage must increase rapidly (approximatcely as the square) of the cutput energy,

80 that the moximum useful cnergy is limited to the order of 30 Mev for protons
where the voltage required between dees is around a quarter of a million volts.
[ =4

5. Synchro-Cyclotron

w

To overcome the cnergy limit of the conventional cyclotron caused by the chunge
in rotation {requency of the ions, it is possible to vary the radio frequency on the
sceclerating electrodes as the ions spiral out., This is done in the Synchro-Cyclotron.
This type of  operation requires that the ions stay in step with the radio frequcncx
which they do automatically thraupgh the phenomena of phase stubility or'"phase focus-
sing.'"  The process of phasc fOLUublhg is similar to that in the proton lincar
accelerator, with the limitntion on allowable phase ranpe dus to transverse focuosing
requircments roemoved,
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"&fxf . In the synchrocyclotron, an ion enterrng the dee at a constant phase angle of

""l* ."*radio frequency, the mags of the ion and the strength of the magnetic fileld, The -
J'_i radius of this ion.can be czlled the equilibrium radius. If the ion is low in
’ fﬂqergy it will be: 1ns ide’ the equilibr1um radius and due to the decrease in magnetic

L radius and hence its rotation frequenoy will be hlgher. It will then enter the dee
L;fg#“ o at an: earlier phase angle on. each revplution and if' it is in the stable. phase range
vb‘Vijlv -will. receive & greater 1mpulse which 1n time will cause it to catch up with the
’7"*v;;;equ111brium radius and in general overshoot it.  7Tons ahead of the equilibrium radius.
Cwill] correspond*ngly receive a stialler. 1mpulse and drop back, Thus all the ions
f acceleratcd will oscillate. about the equilibrium radlus wblch increases as the
ucreleratlon proceeds. S : g
i The requirement of high dee voltage of the conventional cyclotron is also- o
L ]argely eliminated in the. synchrocyclotron. - The effect of lower dee voltage is- 'that
L ‘"the -ons must spiral outward more’ ‘slowly end fewer pulses per second can-bg produced
The dee voltage mist be, sufficient to enable the ions to keep up with the energy in-
;‘ crease required by .the rate of var:atlon in frequency 1mposed by. the ‘radio frequency
L fﬂ supply. -Operation at low dee voltdge 1§ much. stecdiér  than is usual with the con-
:y % ;ventional cyclotron and usually. only a single insulated dec is used. The pr1nc1pal
disadvantago is the foct that the beam emerges in short pulses corresponding to the .
-E frequencv modulstion cycle repctit:on rate, resulting in a low average bcam current,
but thls is largely offsct by the hlgh enezgies reeched S e N

. 6l4 The Dlectron Synchrotron "
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-,};;_ : The cyclotron is not adapted to thc arceleratlon of electrons bccause the great_
.. increase in massg durlrg accclerqtion tould require an- impossibly wide range of fre-‘f

*the radio-frequenoy wave moves out along a spiral whose radius is determined by the o

field with tadius it. wsll be in a stronger magnetic field than that at- “the equilibrium

r

. . . . . . ) B . wo.
».':‘ . ¢ . e r- P .

; quency modulation. Electrons are £0 llght ‘that most of their acceleratlon occurs so\:

.close to the velocity of light that tbey can be assumed to travel exactly at that

C 1_"* velocity. It is therefore most convenient to keep,them in an orbit of constant radlus'

where thejr rotating- .speed i6 .cons tant -and: they can be accelerated by an electrode -
(dec) excited at a constant radio frequenéy. . The electron. synchrotron, Anvented -
independently by McMillan at,U. C. and Veksler cin Ru551a, provides these cbndltione»

v

{:’ . y w1th the physncal arrangcmenf shown in Fag a. _ P
T - - | L. : r
4P!l_ @ v Axial Magnetic - i € L ! 'f' E

T
V(?§ZRF Generator

Sl GFedst V-
,_i?g,r'. . P . " i éibit M'9L' //

. . / S L
PR ‘ - Orbit
L : Fig., 9

In ordcr to maintain the orbit radius with increasing encrgy(and mass but not
veloeity), the magnetic field must incresse continuously. during acceleration. An

. alternating current magnect is therefore uscd, excited at the power system frequency
,Or -slightly higher. . S .

A
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: Focus91ng ‘in the s*nchrotron. Radlal and axial focussing occurs in the’ sate manner ,
;-~. 48, in the cyclotron. The process of phase focu551ng is slightly different, “inasmich +
o as “the VelOCltJ of the electron remains constant. An éle¢tron staying at the con-’{
stant de sign phase Vlll remain et.2 constant radius. a8 the magnetic field rises,:
G gajning JU”t cnough energy’ on- each passage thrcough the uccelerating. electrode to in-.
;%J’f' "cresse its moss at the required ratel An slectron behind in phase will be, lower ,
@ than,normal in energy. and mess and: therefore will decrease in radius.. At the smaller
;radlus 1t will revolve faster, will enter the electrode at an earlier phase, and 1if
it iﬁgln the stablc ph se range it will receive a larger accelerating 1mpulse. TAn'
2 elcctron abcad in phase will move in a larger circle ‘and receive less acceleration.
QiThus the electrons will oac111ate around the - equillbrium rudlus.

Startlng. Whlle most of thc acceleration occurs substantlally at the velocity of '
=ht,(thc electrons must start from rest. - Stqrting can be accomplished by several °
' One is to accelerate the electrons to the highest DC voltage evallable,
%ay 500 KV at which their velocify is about 90% of ¢, and to vary the radio frequency
the nccesoary amount to bring them up to speed, Another way 1s to sccelerate from
'ow éncrgy to. approxlmate]y 2 Mev as a betatron and to switch cn the radio frequcncy
st before the’ betatron acéeleration. ceases, . At 2 Mev the velocity is 8o néarly
‘ﬁHV cqual to ‘¢’ that frcquency modulation is not reéquired. Another method is to injecét

: . .w th an electron llncar accelcrvtor at 2 Mev or hlghcr. ' i

h R . o

The Proton Synchrotron it L

. .
[ 3 N

: ( _ :

X At enerﬁipo hwgher ‘than. about O 5 Bcv tbe cost of a synchrotron bccomes less
'gs' “than-‘that of a cyclotron, owing to the reduced area of the ring-shaped region rather
,thhnn the dlsk—dheped region «©of magnetic field. 1In accelerating protons, the .
p,7synchﬂ1ron.must oberate through a - range of veloCLty as in the case of electron-accel- -
eratlon. Because of the hiph cnergleb in the range of 1 to 10 Bev and the corres-
pondingly 1arge radil required proton synchrotronu are 1mpres51vely large chhines.

e

o {ja.ch . The geomefry of a proton synchxutron is e 31cally the same as for an electron -
Ty 'gsynchrotron. Protons are:injécted at as high an cnergy as practical, 4 to 10 Mev
7 i'for example, as the higher’ the injedtion velocity the sumaller the frequcncy ronge
_to be covered. After 1nJect10n the radio frequency is switched on and as the magnetic
c'_-'-’j{fleld rises the frequency is contlnually increased to correspond to the 1ncreasing '
| ";iveloc1ty of the proton. Through the action of phase focussing the frequency de~ '« _
; ;'#tcrmines the radius of- the equlibrivwm orbit which must be held near the center-of the -
Sy width of the magnetic field.  The wide range of frequency variation and the exacting
S requlrementa for its control are: the main specisl features of this wachine. Phase
ffocu531ng is.accomplished at low energy as described undgr the synchro~cyclotron,
gd;and at high:.energy as descrlbcd under the synchrotron.. Radial and. ax1al focu551ng
£ iare accompllshed by the methods described under the cyelotron.
S I TR : e ' :
Ry The Betatron ,' P

P
LIy

¢

;¢5a}p S The Petatron differs from the accelerators prev1ously descfibed 1n that the

»g;-acceleratlng force is produced by a mqgnetic iristead of an electric fieldg It was
.. invented (before the ‘synchrotron or synchro-cyclotron) by Wideroe in Germany and
L I fleveloped by Kerst in this country. £ betatron of 30C Mev cutput energy ig. in -
\;'.cﬁh' PperatiOn at the Unlver51ty of IllanIS.

- The mognetic field of. the betatron. consists of two parts. ‘Fhe outer or guide

T fiald is identical tq thot of the synchrotron in its focussing propertiés and its
’ pr@vis;on for an orbit of constant radius. The second part is called the central
'i'flux whlch passps thvouﬁhkthe ccnter cf the orbit, - The echange in central flux cruses

. ‘5‘ L .
.t .
C ot , . . !

Wt
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] 1?the acceleration of the electrons, while the change in the guide field holds them n
b am constant radius gs thebr energy (and mass) increases. - The. accelerating aotion
-capr be eyPlained by’Ehe fact that,the magnetic lines of force move radially across, O
the orbit &3 the central flux'.increa~ss, -This motion of the field at right- angles
to "its. direction produces a ‘wegnetic, Jorce n the electric charge in the.third:
adirection which dcceleratea the electron.. The energy gain per turh. is the voltage

that would be: 1nduced in a 51ngle turn of wire located on the orbit due to the rate

This energy gain must be Just sufficient to keep the electron at the center of
the guiﬁe field. This is called the "betatron condition" for vhich the ratio of

Y.v.‘z' . i . P . . -
Yo 3 e ' o 3_00 e A L 300 e___I_{_' B
T 2R ap, E = 2‘7rR'.7)‘_.~~2 4 Ber

Lt N
s - BN . . R

. hfciéhénge in.average magnetic field inside orbit..

.'13OO§BOYe'R,'where B, = magnetic field at orbit. - N
3oo By e R 199.59_3 AB or ABC = 2B,.

¥
p‘)_,. I

e This cOndition, which actually holds at all energies, therefore requires that
.L,'the average change in flux density inside the orbit cqual twice the change in flux
! "denolty at ‘the . orbit. :

» Radial and exial focussing is prov1ded by the decrease in field with radius as.
4w'dcshribed under the synchrotron. Phase focussing ié not involved, since the central -
[ 5flux rises steadily during the accelcrating period, producing a steady acceleratlng
. . fércelon the electron regdrdless of its position or energy. In small sizes, "say 20:
'.;fMev, betabrons are simpler than synchrotrons and a large number (at least over 50)
7.5 have, been built for X-Ray generators. In the larger sizes, the cost of providing -

' the central flux is greater than that of the radio frequency, system of the synchro-

_~" ‘Betatrons and synchrotrons are limlted in energy to the order of 1 Bev by radia-

. tion of energy by electrons traveling in a circle. This limit does not exist in the -
,case of electron linear accelerators, The radiation emitted by electrons in'a
‘betatroh is called "Bremsstrahlung." This is like continuous X-radistion and-is due

N to the centripedul force, effect1VL1y a deceleration or braking force, which holds
FUREE “the electrons in 3 circular orbit .

. v e : - : . B ,
T RIS, . . . - - . : . : Lo . *
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Y
e '6Q 'Particle.AcceléretOrv?iﬁesign‘of Components ‘o
AR ‘?, o , ' |
o {'i. Fiectron and Ion Sources - hot ‘cathode and cold cathode ("pig") dlscharges g
PR (Flg. lO) P . : , I
‘ f, Acceleratmng Systcms
,’»‘JK§7‘ (a) Dlrect current supplles for the Statitron - Belt charging and voltage

: ,'multiplier (Flg. ll) - Pressurlslng, potentlal division between electrodes.
ﬂ;?!; i(t) Radio Frequency Systems |

Sty (l) Resonant Cavities - Frequency, Power requirements snd Q of cavities -
. voltege eff1c1ency, transmit time and phasé ongle losses (Fig. 12)
Co e -~ Undesired modes anqnon-uniform voltage distribution.
Y (2) Resonent electrode -systems - Cyclotron dee systems (Fig. 13).
sh o ‘Sbnchrocyclotron varying frequency dee systems (Fig. lh) Calculation
P of frequency range snd power required --model tests, .
i ¢ - (3) Oscillators - coupling problems (Fig. 15) - Pre-excitation.
i (%) oscillator plate power supplies - load limitation, range of control,
R . pulse line supplies. (Fig. 16). : ,
oo © (5) Mechanicel design of electrodes, cooling - structural requirements,‘
! co ‘ RF Joints, eddy current losses in the Synchrotron electrodes, reduction
Con . of sparking and erosion, copper plating.

TR P Magnet | L o - E
(a) DC Magnets - flux densities, model tests, coll design and space factors,
- Dower required, shimming, field measurements, (Fig. 17). Construction
accuracy.' - -

_”Q’i;.' (b) DC magnet power supply, regulation and protection.

.-(c).‘AC magnets - energy ip magnetic ficld - effects of hysteresis and eddy
. currents. .

S 4;t;(d)f AC magnet power supplles - Resonant circuits, single pulse and contlnuous
. operation, flywheel generator - converter (Fig. 18) :

L, -Vacuum Svstems o

/ o Operatlng pressures, pumy requlrements, outgassing, types of Fumps - diffu31on
U -+and mechanical, refrigersted traps. .
73 S Mechanical design - rigidity, gasket deaign (Flg. 19), weldlng vacuum locks, L

~seals for moving parts, insulated seals,
Pressure mesuring instruments, Mc "Leod, Thermocouple, P:rani and ionization gaves,

- _"1A ‘ Leak hunting - separate tests of componento, freon and helium leak detectors.
.;4“ 9. Miscellaneous
C . Buildings and hendling facilities

Controls and interlocks

Shielding, ~ standard and heavy concrete
"Targets und handling

Deflectors for magnetic machines.
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Cockroft-Walton
Voltage Multiplier

PP
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0.707 D
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power, wattis
diameter, cm
length, cm,
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1.31 x

shunt impedanece, ohms

146 x 10 7(
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!)2 32

7

L D
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= skin depth, cm
A = wavelength, cm
V = peuk voltoge

12 .Formulas for Cavity Resonator in, Accelerator Mode - Tnd Losses Neglected
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Choke

o f 5\ 1)
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o Fig. l6v ' Pulse Lme ngh Voltage Supply I
15 7 NFa Spece Factérs: Air cooling
. 0 ./ o . : 0il cooling
T A2 Water coolin
¥.55 (< - . 8.
O0O0A T L
Ty 2 B . = flux densj ty, gauss P = power, kilowatt
10 ”_%}-B V - g '= gap, cm W= weight of copperf tons
'N§F = ampere turns T *
S . _ . < = current density in copper,
30&/\/ v ‘& = "magnet efficiency" A ‘omps
i lell N - . )
_&'f N qcﬁ b e ; L in% g
R "U e 3;, u) Ey .= energies in magnetic ' V = volume of ‘fi'eld - cm
' : e - 2

e : 0 'field,- joules
¢ .. . *¥STANDARD ANNEALED COPPER Am'ugc S

e Yo L Upldrgt €ange = " ' D[

s -?‘\P(n&hVDC Lo Fig-17-

I\hgnet Design Formulas®
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SYMBOLS USED

P : ,"force -i, o .' © electron V°1t$/°m ‘

_.Bi .-15 ;Vmagnetic flux density S o . gauss

“e. - ‘charge . _"';‘;' o ' o  electronic charges

-

v Yeloeity o —_— " centimeters/sec
cf;F:”F-aneloc1ty of 11ght (constant) =3x lOlo centimeters/sec. .
. total energy of a particle o o electron_voité

E
R kinetic. energy of Q particle

.EV 'rest energy of a particle

! . ) . . . R .
I _ 4 S ‘ ‘ S dimensionless
v S - : c PR ’

M total mass of ﬁarticle . ‘electron volts seca/cma_
My

rest mass of particle

o La ’ »accelcratcr-“; Lo cm/cecg__u~

| Jqﬁ St -u*u?i.time , 252?3' ;r?f’:c.“r;;,'l S Becs ]
t}i = ‘:fj .-ﬂ./k R vwavelength of radlo frequency . ) - ocm *

.. ﬂs }; é ?jlcvn . T number. of turne or cycles , g

t el : e :
. ’fvff i r "frequency of radio frequency . ~ cycles/sed’ L
v’ IREV ‘ B o ) -
L :‘i‘ff D 4 electric field gradient ,f . volts/cm T

‘ z't - é" : 'radlus of path; : Sb;fq, ;l . e ; {i cm f..f“' o
i ;? N Y 3 e g I3 o e e .1" ; ’ ’ . '

" : . phase angle ' radius -

TR g S o 2 T,

magnetic flux o 'f.;"“, R 'gauSS.'cmg-;V

B
H

CoT g rﬂngular‘ve19cit¥J o T radiens/sec
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