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Introduction

This is the first of a geriéshqf four artiqles descripipg recent research
in high energy ngclear physics at the University of California Radiation Labora-
tory in Berkéley._ The permwﬂhighlene?gyﬁ_is used here to distinguish the energy
region above gbqqtvzo Mév_f;ém_thgtmbgloﬁ,rthe }atte{ having sometimes been
called the region of "classical nuclear physics,"“ Tpié dividing line has a mani-
fold theqretiqgl sigqifigance“wpiqh will be~m543:clgar"in th§_subsquent:articles.
Experimentelly, 20 Mev is also sbout the energy at which relativistic effects
begin to be'notiqgable:in problems of acceleration. The adjectives "high-energy"
and "relativisfig," in reference to nuclear particles; will be used intérchange-
ably in these 'zav.r’c‘icles.

It seems appropriaﬁe,zin an account of @he‘high epergy_physicsuyesggrch'éﬁ
fhe‘Radiatiop Laboratory, to begin with = de;g?iption“pfbfhe three new accelerators
which éfg\t@?nbgsic tqols, Thesg are th?,P?Oton linear aqbelergtof, ?bg_}84-v
inch Sthhfocycloﬁron, épd tﬁe synchrqtroﬁ._‘Alllthreg have béeﬁ_inmoPeration
for less than three years. The other operating research accelerators at the
Radiation Laboratqry are non-relativiétic cyclOtrons ofna_design'which has been
widely puﬁligized, They will not be_describéd"again ﬂereo

All pracfical accelerators depend upon thenpos$¢§§io? of an electric charge
by the partidle_which is‘tq_be gcoelerated? The forqes ﬁg_gn a Rartigle with

charge, e, in an eleétromagnetic'field is given by the Ldrentz equation,
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F=e E—(;XH) (1)

where E and ﬁ are the elgctric and magnetic fields ip”p.g.sauunits,'g is the
velocity of the pgrtigle,‘and c is the ve}ociﬁy“of_light,“>An electric‘field
is, therefore, required to increasé the energy of avpgrticlee_bgtlg magnetic
field can be used tq‘cu?vg the orb??.igva_particularly convenient way., The
electric field ﬁay in‘somgdcgses, as for instance in the betatron, be prbduced
by a changing mggnetic field. ,
In using eq@ation_(l),'the';elativistiq mass of'the‘pérticle must be employed
if the velogity v is not small compared with c. Thus, if we Wish to write

F = a% (m ¥), the mass must be understood as

m = 0 | (2)

where m, is the rest mass., The relativistic mass increase is not very important

for the proton linear accelerator but it dominates the operation of the other
two machines.,
For each accelerator there will be three main topics of interest: (1) The

geometrical configuration which allows a particle to fall through a "potential

difference," | £ °‘d:v, producing its final energy. U(Z)_The fooussing and

stability characteristics of the bean. (5) The performangé of the machine; that

is, its capabilities as a research tool. The second point is usually passed

’

over in qualitative discussions, although it is of crucial practical importance.

Focussing and stability will receive a considerable share of our attention.

The Berkeley Proton Linear Acceleratofl

The name "proton linear accelerator" is descriptive and accurate. This

Lrhis section is largély-abstracted freme ¢omplete report by L. W. Alvarez,
H, Bradner, H. Gordon, W. K. H. Panofsky, C. Riclman, and J. R, Woodyard, to
be published in the Reviews of Scientific Instruments.,
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machine accelerates protons in a st;g?ght line, producing a collimated mono-
energetic.external beam, The ggneral princigle;vupqn whigh the Berkeley linear
accelerator is based have been understood for twenty years, 'Widérggz in 1929"7“
published a description of a two gap linear accelerator, and_Sloannand“ngrenqe3
built a mu;ti-gaplmachine in l931_which_$gcces$fully_@nployedva radiofrequency
electric field to accelerate mercury lons, Neverthe}ess?Aﬁhe;e‘was a general
feeling before World War iI that radiofrequency linear adcelerators would never

be appropriate for nuclegt researqh; To gccelerate nuclear pgrticles in this'way
to energies in the?ﬁilligp‘volt region required far higher power than was then
available at short wavelengths, The great éucoess_of the cyclotron made the pros-
pect of'g'competitive linear acceierator seem‘émdil indeed.

During the war, the main technical bars to the construction of linear accele-
rators were femgygq, Radar reséarch led to the development of vacuum tubes capable
of producing megewatts of pulsed radiofrequency power dowm té the microwave range.
It seemedsgtoéglas if an upper limit at around 100 Mev to the energy attainable

by cyclotroné wpuldnsoon be reached, TWe shall see later that this difficulty
was ciréumveptedg but at the time it led to. 2 regwakening of interest in linéar
accelera’cor§9 which ?ossessed no such_lim.itationo At‘Berkeley, L,‘W?‘Alvarez
was the chief supporter of the "linac," and he sgperviéed“thg gpnstrggtioﬁ_of‘
the present 40 foot machineo‘ TﬁgyBerk?ley acogleratqr Waglactually originally
designed as a pilot mode;Afor_é“maghihe_which might eventually réach fhe_bil}ion
volt enérg& regionlh An extension to the 200-300 Mev range may still be made, but
at present, the original plans have been dropped in favor of the "bevatron" or

proton synchrotrori° The 40 foot accelerator is being used now as a research tool,

%yiderde, Arsch. . Electrotechnik 21, 387 (1929)

35loan and Lawrence, Phys. Rev. 38, 2021 (1951)
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General Description of the "Linac"

A direct quotationAfrmﬁrrefefence_(1)_will_serve as 8 basis for describing
the mach%ne, "The accelerator consis#s>§f_a“qavity 40 feet long and 39 inches in
diameter5\é#6ifed at resonance in a loﬁgitudinal.e}ect;ic mode with a radio
frequency power of about 2.5 megawatts peak at 202,5 meggéyqies, Acce}e;&tion is
made possible by the introductigp qf 46.axia1 drift fubgs into‘the cavity, which
is designed such that thejgérticles traverse the distance between the centers of
successive tubes in one cycle of ﬁhe rofcipqwero"_.

If the drift tgbes are tempbrarily ignored,—one_has;‘t@erefgrg, allarge N
cylindrical cavity with copper conducting Walls in @ﬁich a standing electromagnetic
wave is set up. _In thngarticulg;:que chosgn, ﬁhe glectric figld is parallel to
the axis of the“qylinder, its mggnitudeabeing a maximum-at the qent§r of the tank
-énd falling_tgyzero_gﬁnthé radial wallse The eclectric field, in this simplified
situation does not vary along -the axis Qf;fhe cylinder,

At any instapt, ?he lines of éiectrig force would look as in Fig.ml; with
an amplitude varying sinusoidally in time, (The‘igstantaneogs powé?'f;ow, how-
ever, is radial not longitudinal.) Thelperiéd is easily calculated, since the
situatiqn is exactly like that of“a éircularﬂmembrane;'where

w /e = 2.4/rddius

Here ¢ is the velocity of light, so we find

2T di ' .
T - - 2,62 2B |45 x 1077 sec
()

or a frequency of about 230 megacyqles; vThe actual reéonapce frequency, quoted

above, is lower>bquuse”of the presence of the drift tubes.

There is, qf course,”at gll times in tbis mode a‘magnetic field perpgndiqular
to the electric, The magnetic }ineé’ofAforce are circumferential, as shown in
the cross ;egﬁiqn of the cavity, Fige. 2. Thevmagpet%c intensity on the axis is

zero although it does not vanish on the redial walls, It plays no direct role
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either in the %996;?r§ti°9,9r focussing of the_p?otgns sigqe.t@?y must travel
near thévaxig and never acquire extreme relativistic velocities, The cavity is
excited howeverxvia_thg magnetic field, whose time variation is then responsible
for the electric field.

The scheme o? acceleration is now clear, Protons are introduced into one
end of the tank on the axis, 'When‘the elegtric field is ig ﬁhe corregtrdirection,
the protons are accelerated_along the axis, .If”tbe protons could traverse the
entire length of‘?he cavity in h@lfvabperiod,?ioeag before the electric field
could obange sign, there would be no'need §f“further complications, It turns out,
however, that about 4é.periak;are required to make the trip, so 46 "3rift tubes?
are introduced along the axis to shield the protons from:the advgrsé_half‘cycleé

of the electric field, A photograph of these drift tubes is shown in Fig, 3b.

. They aré siﬁply cylindricai'sectipns of a heavy.copper tube, cut in apérop;iate

1engths,‘uiheirﬁpr9sence in_the cavityrmodifies the electromagnetic field so
that the crude considerations given bove do not sulfice for the actual problen of
design, For more detail, readers are referred to the complete repo?t¢1

The ques?ion naturally arises as to what limits the amplitgde of tbe elec-
tric field along ﬁheNaxis when there is & supply of power to the cavity. The
answer is that the copper cavity ﬁallsvare_not perfect conductors apd-fhg@léhere
is a f}ow of energy into thg walls which is dissipated as heat, When this power
loss equals thelpower input,_ﬁhe elgctyig_field has-réaphed i?s‘mgximﬁm emplitude.
Putting it the other way around, the value of the desi?ed elecﬁrig field ampli-
tude determines the power input required,. In practice, power is supplied in
pulgés, not.continuouély, ané it turns out that for a fixed electric fie}@
emplitude the gnergylrqui;ed per pulse is inversely proportional to the square
of the resonance frequency. ~Since the costhgf important portions of the equip-
ment is prqportional_ﬁo theuenergy_pgf pulseq_tye advantage of 2 bigh'frequency

is obvious., High frequencies, of course, mean small cavity radii, and the limit
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is set by the question of geometrical aperture as well as by availability of
equipmento

Stability of the Linac Beam

The very important question of beam stability has two quite different
aspects, which will be called "phase focussing" and "radial focussing," respec-
tively.  FPhase focussing refers to those restoring forces which act in the longi-

tudinal direction and tend to keep the protons arriving at the successive gaps

at the proper time or "phase"™ with respect to the oscillations of the electric

field, Radial focussing has to do with the radially acting forces which keep the

protong on or near the axis of the cavity,

-

It is clear that the centers of two successive pans betwesn drift tubes must

be separated by just the distance which & proton will traverse in cne period of
the electric field oscillation,
Thus, if the average velocity of the proton in the nth drift tube is vy,

X =V Tp
n Ti
where x is defined in Fig. 4 and T is the oscillation péricd, The drift tubes
n . T B L + . .
at the exit end of the cavity are, therefore, longer than those at the input end

in the ratic of exit to input proton velocity, Even with this condition satisfied,

& negligible number of protons could stay in correct phase for the whole 46

cyoleé if there were no phase focli;sing0  It will be recalled thét_the slectric

field is not counstant in time aé the proton crosseé é gap. Suppoese tﬁat aApfoton
passing Cé (Fig. 4) at the correct time is going slightly faster.than the velo-

city for which‘the tube length‘and separation were designed, fThe'prqton will

arrive at the next gap too soon and will consequently en@ountef an electric field

which isAeither stronger qr‘weaker thgn had been intended, depending on whether .
the field is decreasing or increasing, If the field i1s stromger, the proton's_ ' ;
velocity is throwm even farther out of line, agd it eventually falls oompletély

out of phase, If the fisld is weaker, however, the proton receives a smaller
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kick than normal so tha@_its velocity after crossing the gap is closer to the
selected valgg‘than before, An analogous situation exists if'the‘proton starts

out too.sloWQ;Wiﬁh'gil stateméntsujust reversed. Again it is the increasing

field wﬁibﬁ_hﬁhhchesé and the decreésing field which "debunches" the protons; so

that of the'half cycle during which the electric field is‘in the correct direction

for acceleration, only the 1ncreas1ng portlon can be used,

We can define the proton's phase at the nth gap, ¢(n}, as the difference
between lts actua}Aarrlval time at C, end the sg}ected t;mevfor this arrival, ex-
pressed in radians. From the arguments_of the above paragraph we see that_the
selected time must be during the quarter cycle wh%ch'has e positive and increasing
field. Ir the'protqﬁ is injected into the first gap with a velocity not too far

from the proper‘valuéiand with only a smell phase, ¢ (1), theﬁ during the passage

»thfough the_§§yiﬁy_;ts phase will oscillate about zero due to %he’cqntinupus re-

storing influence described above, In the 40 feet of acceleraticn there will be
about two éu¢£¥£ha§e oscillations., The largest permissible initial phase ampli-
tude'depéndéign the selected time. It is about 309 in actual dperation, when
the selectgd:phése is 20° before_thg;maximum.‘ (See Tig, 5.)

The second stability p;qblem c§ncerns radialrosciila#ibns. Whatlﬁérces
are there tbskeep the protons in a narroﬁ beam along the axis of the cévity?

It has already been pointed out that the magnetic field has nch*glble 1nf1uence.

It there‘were no radlal components in the electrlc field, one might hope to

inject a Well focussed beam and get it back again at the output end. ‘The‘field
between drift tubes necessarily has a radial component for any poin® off the
axis, however, just because the longitudinal component has to vary along the

w

r to be non-zero vf

exises In other words, the condition, div E = 0, requires
JE,
0z

inside the drift tube and non-zero in the gap. Consequently if the radiel

: or
fails to venish. We lkmnow that E 2 the longitudinal component, 1s zero




"ELECTRIC FIELD
IN FIRST GAP
PROTONS AGCEPTED
TIME —— \ —
: o
 Fige 5

Time 'vé.riation‘of‘ the 'eléctric field; showing

‘the interval during which protons can be accepted

for stable acceleration. .- ‘ . -,
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componento_Ero is zéquon the axis, it is«not_zego a finite distance»gwgy from
the axis and may be such as to either‘focuﬁ or defocus the beam radially. It
can be prgvéd_ﬁhgt'unless a grid o;»foil‘ishintroduced across ﬁhg_entragqs énd
of thevdrif? tubésg_the radig} field defocuggg whep.tbe_conditignswarewqq:rect
for §tab1e phase_os@illations° Qualitatively, this point can be understood as
fol}ow§s The electric lines of force béﬁween‘drift tubes look roughly as in
Fige. 6, in the absence of foils or grids,

The fifst_half of the gap is a focussing regiqn and the second half de-
focussingox‘The electric field intensity must be increasing with time, however,
to achieve phase stability, and this means that the second half of the'gap out-
weighs the_firsto_ The netveffectlisuaechussingo This simple”argument is only
true if the fractional increase in proton_velocity ?gr gap is small so that the
tiﬁé spent‘éﬁ eaéh half of the gap is about the same, |

» Thg only way to avoidhthis defocu§§ing is to introduqe‘charge intq"thg
‘beam, aliqwing!ﬁh? electric lines of force to end abruptly without swinging

/

out again; _Thi§ can be done by means of a grid or foll across the entrance of _
each drift tubeo' In the new situation the lines of_férce mey look as in Fié. Ts
so that ﬁhe net effect_now 1s one of focus;ingf | |

At the time the linear acgelerator was plamned, it was thought that foils
were more dgsirabie thgn grids, since the latter give’an exponential.attepuation
with ingreasing nﬁmber° Consqugntlys an injection energy of 4 Mev ﬁas gsed, in
order to bypaés ?ﬁe prbblem at low energies, where multiplevsggt£§r§ngwin the
foiis would attenuate the be@n éeriously.o (Multiple scattering increases rapidly
with decreasing gnergyo)_lThe 4 Mev injection beam was obtgined from a'pressure
Ven de Graaff generator of conventional design,_ Actual tests showed later that
féils&were destroyed by sparking in the tank? énd grids replaced them with

apparently just as good focussing properties, The present grids are extremely
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transparent, the whole'setmof'éﬁl:gmoving»oplywabgqt’half the beam, Since the
miltiple scattering problem doos not exish with grids, it would now be possible

to inject at a much lower energy, (The grid attenuation in & 1ong machine

could be ellmlnated by changlng over to foils at high energy; where the scatterlng
loss is small ) Howevera the Van de Graaff generator is working so well that the

status quo will be maintained,

Linac Perfor@ance‘4

In June, 1949, the performsnce of the Berkeley proton linesr ascelerstor
wes 85 followss Power was suplied to the cavity in pulses 50 bimes per second,
each pulse 1gstingVﬁbolmic?osecondss qf;w@ich‘SZS microgeconds were useful, l.e.,
at meximun field amplitude, A fraction, 1/30, of the 1,0 milliampere injeotion
current from the Tan de Graaff was scoepted for acceleration, snd of this, sbout
onemba}fAWas_removed’by the grids, What_remained amounted to an average current
of 0,25 micrﬁamperes, or a peak current ofr;G migroqus during ?hebpglseso__The
‘average energy of the emerging protons is_beﬁwegnv3105 and 32 Mev, with ajgpfead
of less than 100 kev (OOB_percen’t})° The beam is verijell collimated, about
85vperc¢nt pés§ing througy‘a circular hole 1/@ inch in diemeter, The angular
divergence is 10™° radians,

As far as reliability of operatiqh_is_ooncerpedp‘ﬁﬁere nge only three
.openings of the tgnkvfor_repairs.inyolving)legksa etc., during the first year
of éperationo Time lost in repairing the power supply units wés negligiple,
Originally the main source of trouble was the Van de Graaff generatorg but this
is now veryvrellable° The machine is oPerated 16 hours a day, 6 days a week,
with besm available 85»99_pero¢n?-ofvth§ time. At present a quificat@gn is'
under wey which, it is hoped, will reise the sverage current by s factor of
more than- 10, Ihe fraction of ﬁhe_injected beam which arrives in an acceptable

phase will be increased by an appropriate bunching of the protons before they
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emter the oavity, in the namer onployed in Klystrons. Two large osolillators
will evééfgéliy rgplgce the 27 now useds This will invoive only four vacuum
tubes inéfeéd Q£ 108.

The perfoﬁmancg of thg“%%pgg?_gggglg?gtor, for proper evaluation, must be
compared with that gf the synchrocyclotron, to be de;cribedlnextob»The.external
‘beam will be seen to be SOOO‘times more intense in pulses ;09000 timés as long,
although at a much lower energy. Thg prgg9s§d”§;pgnsions of the 1inear_accelerator
should be able to overcome the enefgy‘diScrepancy while still maintaining the

advanfage in intensity and pulse length.

The lBé—inch Synchrocyclotron -

| Beforefthe{last war, work had begup at_Berke1ey;gnder‘ﬁpg_gngouragemént_of )
E. 0. Lewrenco on what wes thought of then as a gient.eccelerator, The object was to
push to thé' limiting energy permitted by the cyclotron pfincipleo The'basis of cone
ventional cYcl@#ron operation is the factvthat the orbital period of an ion circula-
ting in a unifdrm‘magnetic fiel@ is independent of the velocity sc long as the
1atter_i% smaii_éompared with ¢, The period is given bj

| vofpE ®

which caﬁ_bé‘derived"from equatipn;(l)o ;Thus, an elg?tric fiéld"acrogs 8, diaf_
Retral gap, vhich osoillates with just this frequency, will alweys find the ion
in the,correc? phgse'tp be accelérated‘if_itvstarted in this phase.° One would
expect the maximﬁm‘egergy attainable for a fixed magnetic field to be set only
by the outer radius of the cyclotron (the orbital rédius expends in proportion
to the ion mom@ntum), and to bQ independént o£ the amplitu@e of the-applied
electric field, However, in equation (3) the ma;s‘appeérsg Whigh means that as
cause the ?eriod tollengthen. Ir tqo meny cicrulations in the cyclotron are.

requiredﬂandftoo_high e velocity acquired, the ion will eventually fall out of
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phase withcfhe electfic‘fig;é andnnonlgnggr"bemgcqelergﬁedo' To reach a high
energy, therefore, the applied electric field must be so strong that not meny
circulatiqn; are necessary, ?hevqriginal'plgns_for the lggwinch Berkeley cyclo-
tron envisaged a doo voltege of one to two millions voltsi Tnis mecessitated o
80, the maximum energy for deuterons was.to be only 76 Wev, T§ go higher seemed
impossible.

After‘therar work on thqubig‘ma?hipe Was_rg;uqu pndgr'thg_supervi§iop'qf
R. L. Thornton, but before completion, T, I, Holfillen® at Berkeley snd V. Veksler
in Russie independently proposed a soheme fo remove the upper Linit on the energies
attainable aﬁd'elimina?g the need for large dee voltages, - Oliphant, ip_@ngland
during the war, hed also thought of the schame Vhich is based on the existonce
of phasé’stéb;g_orbitsq‘ Sinoe not only the_ synch?ocyc;qtggn“but a}gg tye elegu
tron synchrotron and the proposed bevatron or proton synchrotron depend on this

pfihciples it is worthwhile to devote a separate section to it,

The Principle of Phase Stability

The increase of orbit period with velocity, which was an undesireble feature
in the conventional cyclotron, actually makes tﬁe phase stable O?bits,EQSSible°
.In direct cqntrag? tg.ﬁhe_li§ear‘acqele?aﬁor, the fgstgrmg_par?igle“gqgg in_g
cyélotrons the longer it tékes to make the trip between successive gaps., This
is because the radius of éurVatgre increases and thellongqr'path‘mqrg than.comf
pensates the increased vélocity,» Therefore, the same type of argument that was
applied o the "Linac® will in this case show that if the ion arrives st the
gap when the eleétrigAfield is decreasing, phése stability can result, This

means that for a fixed magnetic field H and a fixed frequency c of the electric

4Eo M, McMillan, Phys, Rev. 68, 143 (1945)

5. Veksler, J, Physs U.S.S.R. 9, 153 (1945)
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'field, an ion of mass near
el
m = —
we
or total energy near
2 Hec . v 7
E =me® == - (4)

can revolve indefinitely ina cyclotron orbiﬁ With the'apprcpriate radius, If

its energy is;momentarily 1aré¢r than the resonance valus above, it arrives ét

the gap 1ater, rélative to theféhase of the ggpvvoltaégs on each successive turn
end eventually finds a retardiﬁé'field to slow it down, If th¢”énergy'is’smallér
then the resonance value, the reverse is true. The "synchronous phase” in this
case, about which the phase of the ion will oscillate, corresponds to that time

ai which the electric,field is zero, going f;qﬁ poéitive to negative. (See Figo 8.)

Clearly_the_iqn, on the‘gverage,'gains no energy frdm»the electric field .

and the amplitude of the latter can be very small. If now I is increased"and/br
w dgcr?ased;by & small fra?tionql amount, the‘resoﬁancs eﬁergy incrég§¢s‘by a
Qorrespondingly;sma}l amqgnt;  The ion is able to readjust itself and will oscil-
late about the'hew energy. in the précesé it has gained some energy from the
electric field; and if the sﬁall ghanges in d or w continuegifhe_enéfgy of"the
ion can be}increased indefinitely. It is neéessafy,vof course, to haye'a_véry
good vacuum in the cyclotrqn tank soAthat in the course of this long trajeétory
the ions are not scattered.

Bohm and Foldy6 have giﬁen aAoomplete d{scussion of the phase oscillations in
which they point out the analpgy‘ﬁo & pendulumvwhiqh_is acted upqn”by a constant
torque, A given rate of change of thednagnetio field or the frequency corresponds
to a certain rate of increase of energy which must be supplied by ﬁhe eléctric

fields This is the external "torque" and it displaces the synchronous phase

6D,'Bohm and L. Foldy, Phys, Rev, 70, 249 (19486)
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Fige 8

Time variation of the electric field at the accelerating
gap, showing two possible positions of the synchronous
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(or rest point of the pendulu@) as shown in Fig. 8. If the initial digplaqegent
of the don phae from this rest point is mob too great, it vill execute 989?_—
lations with s enplitudo which decreases with increasing enorgy. An iom once
trapped’in'afstable orbit will stay trapped. The only prcblem is to get it properly
started,_ | v
That thg phase stable orbits could actually be used to accelerate an apprecigble

number of ions wes proved in 1946Hby_exp§rimentqup the old 37-inch Berkeley cyclo-
tron,7 Although the maximum energy was only 7 Mév, this was aohievga with a peak )
potential 8cross the gap of 3 kevll The time average current was 0,2 microamperes,
This is adequate for many purposes, even though several hundred times less than

can be achieved by conventional COntinuqus opefatian Thé relativistic mass in-
crease expeéted at higher energies was simulated by qauéing the magnetic field
intensity to fall off radially, This Was‘then compensated by,decreasing_the fre-
quency §f_§}§gt?ig’field ogcil;atiqn_during ?he acceleration. As expscted, there
was no éppfégigble’ghange in‘the number of ions in a pulse during theySQOQ_revolu—
tions reégif§d9d ThewliﬁitationbonAthe current lay in the ability of the ion source
to»del%véf“a#mthgifight place and.in[the right phase at ﬁhe start,

General Description of the Synchrocyclotron

When it-becéme evident that a dee voltage of only a few tens of kilovolts would
bevadquaﬁggmitvwas poséible to modify the»dgsign of the.}nginch cyclotron so
as to réaqh;mgre than twice tﬁe»energy originally hoped for,_mThe magnetic gop
could be'reduced to 19 inches, allow?ng a fileld of 15,000 gausé_ at thercéﬁtér,_
To achieve the synéhronous operqtion,fit was necessary to modulate the_frequéncy
and not the magnetic field, since the magnet (alreadyvbuilt) was not constructed

of laminated iron. The required frequency variation was obtained from & rotating

7 , : .
J. R, Richardson, K. R. MacKenzie, E. J. Lofgren, and B. T. Wright,
Phys. Rev, 69, 669 (1946) ~



Fige 9

(&) Dee configuration in conventional cyclotron,

(b) Dee configuratioﬂ'in Berkeley synchrocyclotron.

0Z 653



.
T,

UCRL 444

=25 e

condenéer which mqqulgtgq the_qapacitancg‘of”thefngillatqrvgi;ggit,

With the stronger magnetic field and the possibility of utilizing almost
the full radius, therfollowipg maximqm_partiglg_epgrgies have been achieved§
190 Me& fOr deute?ogs, 380 Mev for alpha particles, and 350 Mev for protons. The
deé voltage usually employed is 20 kévvbut this figure is notvaf allwcritical..
Each.ion makes. about 1Q4Yrevglu?ions, picking up 7 or 8 Mev each time around and
taking aboﬁt a millisecond té_complete its total trajectory. The cycle is repeated
120 times a sedond{uthe ion source at the center being pulsed to coincide with the
start of.each cycle., |

Because electric chu;sing is 50 ipqonsequenﬁial in the 184=-inch machine (see’
next seotion), it was possible to have only a single dee rather than the dowble
dee gr;éngqmeptvcf ghgonventiopal cyclotrqn'(see‘Fig._S)._‘This is a welcome simpli-

fication and facilitates access to the tank., The heighf within the dee available

. to the beam is five inches.

The deflection scheme which can be used to ggt_pgrt_of_the_c?rcglatingjions
outside the_#ank is quite interesting. _Wh§n_a>grdupzdfviqns has reached its;
maximum radius (about 81 incheg, see nextrgection), it can be gi%ep_a rgd;alnkick
by en suxiliary electric field. This displaces the cen#er»of.the orbit, as in
Fige 1l. The next time around the ions come much closer to'the'ogter‘edge of the
pole faces and encounter a region where the magnetic field has been intentionally
weakened.v They cean thenveséape'down_a_specially construct§d~chann§1_through the

shielding, The resulting pulse has a duretion df ﬂ“iofslseo, This elaborate

- scheme is necessary because of the close spacing of successive turns, precluding

the possibility of "peeling off" an outer orbit as in a conventional cyclotron

deflector.

Injection and Stability of the Synchrocyclotron Beam

It has already been pointed out that the beem is phase stable and that the
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VIEW OF SYNCHROCYCLOTRON WITH SHIELDING PARTIALLY
IN PLACE. EACH BLOCK IS FIVE FEET THICK.
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MAGNETIC FIELD WEAKENED HERE.

AUXILIARY ELECTRIC
FIELD APPLIED HERE
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~3chematic drawing of deflection scheme to obtain external beam.
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main problem‘iswthg_injectiqn,v-Bo@m and_Foldy? have made a‘detgi}eq“thggretical
study of the ipjeqtion diffiqult;esvig;qrq?; to determine the synchronous or equi-
librium phase which maximizes tﬂe effioiepgy'of oapﬁure_intq-thg'portiqn of the

rf cycle'giving,phase stability,. If“ﬁhe equilibrium phagewis oo gregt, meagured
from the time when the field gqe§_thrqggh zero, the capture'efficien@y is limited
by theinarrow'rangg of phase stability, (See Figs. 8 and 90) If the equilibrium

"~ phase ié tgo small, the grbitgl rgdius_expand$>so”§10w1y thaﬁ the ions @ay return
to the center in theif first redial osci}lation»(geé‘belqw) and be lost, The-
optimum phase, both theoret;callyvand.Q;pgrimentélly{ turné_ou@ to be near 30°%,
This corresponds to & capture efficiency Qf;th? order thl,Pe?°¢4?°,

The radial and vertical "free oscillations" in the synchrocyclotron are
stable by virtue of the magnetic field design; The adjective "free" igiused_to
distingui§h“ﬁh¢se moﬁions'from the slow ?adial oséillaﬁions which are due éo small
variations in the energy of thq partiglé._ The_f?ee oscillations have a frequency
which is comparable to the frgquency ofvrdtétiqp, while the phase o;oillations
have a period long compared té‘that of rotation. Therefore, the two can be con-
sidered in@épendently, Thevqondition_fqrftbe stability of free oscillations is
the same as inhﬁhe betatron_orrsynthotroﬁ_or in any mgohing in WhiCh"the electric
focussing is negligible;’ The vertical‘magnetic field intensity must fall off
radially. “From(ths Maxwell equation, curl'ﬁ'=_0, one can easily prove that this
implies avradial_componént which quenches any attempt by the ion to leave the
median pianeo In the 184-inch synchrocyclotron, the magnétic field intensity
decreases linearly to a fadius of 80 inches, where iis value is_$§ percent that
at the center, From that point on»itmdecreasesvmgqhvmorg rapidly, so that the

beam actually "gets lost" at 8l inches, due to a coupling between radial and

8 - ' )
D. Bohm and L. Foldy, Phys. Rev, 72, 649 (1947)
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vertical oscillations. The latter will invariably occur if the field intensity
decreases too fast. The shaping of the magnetic field is accomplished by the
appropriate placing of shims inside the vacuum chamber.

Performance of the Synchrocyclotron

The time average internal ourrent is about 0.9 microamperes for protons and
deuteron§, and soméwhat_less_for alpha particles, If it is necessary to bring the
beam out, a factor of ten thousand is lost. ;Opeﬁation caq:be changed from one type
of ion to another in only a few minutes. Because of the moderate dee voltage,
problems of spérking and elsctri§a1 breskdown in the tank are greatly reduced.

Ao the nstural stability of the syachronous operstion males it umnecsssary to
maintain a critical relaﬁiqn between the frequency and magngtiq fieldg. For such
reasons-tﬁe‘internal beam operation is“remarkably steady, often shdwing many
minutésvéfzéﬁératioﬁ ﬁithout sparking grwbeam vgriatiqn of more than a few pergent.

Access to the internal beam for experiments is obtained through vacuum locks so

~as to avoid loss of the taﬁk vacuun condition.

The_percent of time in whicﬁ the cyclotron is availabie foerperétion hes
consistently averaged‘over:QQ percent and for one qonths“period was 97 percent,
The percentage of time during‘which theMbeg@_was actually operated has averaged
about 60 percént, the difference being accounted‘for by experimental set-up times,

target changés; etc,

The Synchrotron, An Electron Accelerator

The acceleration of electrons to energiés_qf the ordgr"ofFMQVVgnd'bigher B
poses quite a different problem than dbes.t@e”aqcelgratiqn of nuclear part%cles.
The mass of an electron is almost 2000 times smaller than that of a proton, and
relativistic éffects become impqrtant_at a proportionatelyvlower energy. <Lhis
is‘why the conventional cyclotron ig_uselésé for electrons.

The first successful high energy accelerator for electrons was the betatron,
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41 by Kerst™ at the University of Illinois., The betatron substitutes

us circumferentisal ulCCtrlC field for the cyclotron arrangement of

lectric field applied across a gap., This obviously aveids any difficulty

The continuous circumfiers:

inle of induction., The mubnotio flux
o8 inducing the electric field slong the orbit., Using bthe

: 1 3¢
Eds = w~ =~ -6-%'

, where ¢ is the total flux throu
c S '

ig sasy to show that 1f the electron is to be held at - redius,

the acceleration, then the follow1ng relation bhe astic

at the orbit must be satisfied:
¢ =2me? Hw | (5)

th must be provided if the electron is teo reach a hig

cyclotron, and i

sd vo avolid eddy currents.

.

N - - FoYRpwp .
et L:I'Oﬂm are eXponslve, heraf O‘ = because o

ment., There is also an upper limit to the energy which they o)
an effect which is negligible for nuclear particles, This is the radi~

ation emitt

to the fourth

oy i I
[GXeke] ~‘:w . I

crer going

pariodic electric field.

a considerably higher emergy than in the betatronn

ed by an accslerabing charge., In a circular orbit, ©

power of the ratio of the total energy of a ;

t ig estimated that the rac 1iation loss will nrevs

above about 400 ¥ev

the discovery of the principle of phase stebility, it became possible

slechrons 8.5

o]
o

well as nucleons the cyclotroa

This allows the radiation loss to be compe

in this

110 1imit is set

loao“w, Kerst, Phys. Reve 60, 47 (1941)
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by the maximun gap veltage which can be achieved, The 1init is net really knowm,
but electron energies of_one or two Bev are conceivable,

Anothor advantage over the betatron is of more umnculwbm 1mpolunnc
is no need, with the xt rnal electric field, to have a tro mendous flux througn
the center of the orbit, The consequent saving in iron provably cuts down the
oversll costvby a Tactor ui vures, lhlS'WaS ‘the primary con51dcra+1on which led
in 1945 to the’'planning of a 300 Mev eleqtygp synchrotron at Berkeley., It was
built under the supervision of E. M. McMillargcmaofﬁhe three in&entors, and first
dperated at full emergy cn Jamuary 1?9 1949,

General Description of the Synchrotron

The only basic differencecs between the synchrotron and the synchrocyclotron
are that the former accelerates electrons rather than nuclear particles and that

modulation of *the magnetic field ra ther than the freguercy is employed. . Decause

of its small rest mass, the tobtal eunergy, E, of an

to its kinetic snergy if the latter is more than

N
i

either H or w by a factor of several hundred in reaching the hundred Mev range,

(Eq, (5)), and the former task seemed egsigrn In addition, if w is held constant,
the radius of the electron orbit is also very néarly constant during the entire
aocelerationo Thiz cen be seen from the relation, r =‘v/20 P connecting’the
unbular end 1i near velocities., Except at the very beginning of the cycle, there-
fore, the orbital radius is cloge tQ ?hervglue C/Qu sincé the electron velocity

is almost that of light. The radius of the Berkeley machine was chosen to be

ing to a frequency of Q797 megacycles,
It is clearly necessary to reutrlct the orbit if the saving in iron mentioned
sbove is to be achieved, How then is ong_?o‘get past the sﬁarting region when
the electron moves relativel ly slowly? Some suppl,duntary means must be found
to carry out the acceleration up to oﬁg or two Hev, at which point the sym -rotron

can take over., This is accomplished by operating the machine as a betabtron in

~\s

T
I]
&
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low energy region., A few flux bars'(lmninated iron bars whiqh carry flux
th”ovgn‘the center of the orbit) can satlsfj the Deuaqron_copdition (5) until
the magnetic field at the orbit'reaches_a value off ~80 gausé? Tl flux bars
saturate at this point, when the electrons have energy of 2 Mev, énd_play no
further role, The rf field is now turned on, catching half or more of the circu-
lating electrons in stable crbits, gnd‘these‘are carried up to the peak magnetic
field of 10,000 gauss by synghtotron Qperationo

In Fig, 12 the entire magnetic field oycle is shown, with the varicus stages

external

%

of electron acceleration indicated, No attempt has beén made to get
electron beam; the rf is turned off just before the peak of the magnetic field 1s
reached, The orbit then contracts and strikes a solid torget projecting from

the inner wall of The accelera tlng chamber, Brmﬂ”str&hluiv results, giving a
beam of photong WHOSe energy ranges ffom 355 Hev JOUﬂ to zero., This x-ray bean
penetrates the ghamber'walls almqst unaffected and can be collim&ted‘with sxbernal

T A
tool than o besm 0f

53
o)
H
C
o
@

monochromatic 300 liev electrons, but it can be shown that the properbie
two are almost identical,

'The accelerating chamber is a hollow donut made of silica, with internal
oy
4

dimension 2- S/L inches vertically by S 3/8 inches horizontally, he vacuum must

<

be very high, .02 microns of merciry, One segment of The donut, occupying one-

eighth of the circumference, is copper plated except for =a 2/§m1n0p frahsvo""c sap

ey

at one end, This segment forms a resonant cavity in which the accelerating rf

electric field is produced., The maximum gap voltage is 2.5 kev, while the average

gain per turn is about 0.7 kev,
The ‘excitation of the magnet presents quite a different problem from that

. ° o ) u
in a cyclotron, where the magnetic field is constant. “ere the wmagnel is

N

inductance of a huge oscillating circuit, An 305 microfarad cepacitance, which
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be
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RECHARGE
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Fige 12

The magnetic field in the synchrotron, The relative -
duration of some parts of the cycle are exaggerated
so that they may be clearly visible.
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requires a bank of 3528 Lnd1v1au&1 condenopr ‘units, mekes up the otner ﬂmL o

The natural frequency of this ecircuit is 30 c.p.s. but it is triggered only six
times a second by an electronic switch, In each pulse the switch is closed just
long enough to allow one complete cycle,

Injection and Stability of the Synchrotron Beam

The orlglnal 1nge tion intc the donut presents the same problem as in an
ordinary betatron, It has nsver been well understood, the chief difficulty arising

«

from lons striking the bad

injector on one of their first few turns. The

t1ll .lower than cne might hope for,

0

capture efficiency o machine is

and work is continuing on this point, It was expected theoretic 11y6 that after

irons would be easily caught in phase stable orbits

the original injection the &

at 2 Mev., This is indeed » cuse, more than half the beam meking the transition.

c oot
e
o

The stability of free oscillations in both betatron snd synchrotron orbits depends

t’"'i

on the seme requirement as in the synchrocyclotron. The magnetic field intensity

"

must decrease in the radial dirsction, Aecordinglyg the pole faces above and below

the donut are shaped so that —

- 2/59 a cholce which seems to work well.
dlinvr -

Synchrotron Performance
The largest beams so far obtained have had € x 108 electrons per pulse,

produc1nv an x-ray intensity et one meter 0¢ 2300 roentgens per hour. In the

y

irst six months of ope?a%ion for research, the machine was unavailable for =a
total of five weeks, due to breskdowns and conbtinuing efforts to improve the besm,
These interruptions should te pregressively less frequent, Under normal conditions,

the beam is available 90 et of the bime,

Shielding Problems at Ber

A considerable number of fast neutrons are necessarily produced in both
the cyclotron and linear -agcelerator wherever the ion oeamo strike solid matter.

For reasons of safeby, concrete shielding has been set up to prevent these neutrons
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from diffusing into areas where people must work, HNo such precautions need be
taken Withvthe‘synthotron, which 49§§'n9t‘produce neutrons, althéugh standing
directly in the x-ray bemn_isvtobe:ayoided.‘

The ¢yclotron shield;ng consists Qf & concrete enclosure, with tén foot
thiqk walis and a four foot_thiok rqof, whigh surréunds the entire machine (see
Fige 1Qb)o In the direction iﬁ which neutrons are deliberately produced by
allowing the proton or deuteron beam to fall on a solid target, an additional large
concrete block with collimating ?acilitig;_is set up, Under normal operating
conditions the energy delivered by fast neutrons outside the_shielding is”betﬁeen
50 and 500 Mev per-cm?vper sec, JSince the safe 1imit'is"suppos§d to be about
200 iev and sincg & further increase in beam intensity is COntemplated, another
five feét of congrete is to be added to tﬁe.sidevwalls.

?hesliﬁear aocelergtor produces ies;_penetrating neutrons than the_qyclotron
and to the present time, only the area immediately surrounding the external target
has been enclosec_l° The walls of this ehclo;ﬁre are only about one foot thiék and
there is no roof, Actually a considérable“number of neutrons are produced by

protons striking the drift tubes inside the tank and eventually these will have

to be restricted by some kind of cover shield.

Summary and Discussion of Research Facilities at Berkeley

The research problems which can be investigateq with the three operating
high energy_accg}erators at Berkeley can be, éqmewhat arbitrarily, divided iato
three éategories,_"The first is the study of nuclear reactions induqed by high
energy projectilgs,‘ The synchrocyclotron is the most versatile toql in this

field, being able to supply internal beams of protons, deuterons, or alphas for

" bombardments at any energy up to the maximum values listed above, It can pro-

duce weaker external beams &t the maximum energy. Neutrons of mean energy °0

Mev or 280 Mev can also be produced in the 184-inch cyclotron, as explained in
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the next paragraph., The linear accelerator gives protons only, and at a lower
energy, but they are available in an intense, well collimated, monoenergetic
external beam, Photonuclear reactions can be studied with the gamma rays from

the synohr’otror_l° The intensity is low, out with newly developed techniques, not

much is needed, Nuclear reactions will be the subject of the next article in this

series,
A second field of interest is the interaction between fmdamental particles.
Leaving out mesons, the four fundamental particles available at Berkeley for ex-

periment are protons, neubrons, photons and electrons, High energy neutrons are

- most conveniently produced by stripping 190 Mev deuterons in the 184~inch cyclotron.

The'deuteron is a rather loose combination of neutron and proton,}gnd the proton
can be stripped away in a nuclear collision allowing the neutron té continue on
with about half the energy of the initial deuteron., Thi§bstripping process is
itself an ihteresting nuclear reaction and wi¥llbe_diécussedbin the‘next article,
Neutrons with mean energy ét:qbgut ZSQ Mev)a?e projected forward from nuclei bom-
barded with the 340 Mev protons, . This process will also be discussed, Fast
electrons could be obtained indiregtlyvpy causing the gamma-rays from thé synchro=-
tren to producé positron~electron palirs, There is rarelyvanj advantage in this
because the mqst important interaotion of én electron with other partié}es is‘via”>
the electrgmagnetic field, The quanta of the eleq?romagnetic f;eld are, of course,

photons, so one may Just as well use them directiy,_ The fundamental interactions

are usually investigated with appropriate scattering experiments, e.g., neutrons

scattered by probtons, protons by protohsy ?hotons by eleqtronss and so on. Logi~
cally these are just the simplest type of regotions_and should be_discusééd first.
In.praoticeg however, they are treated in a quite different and more rigorous
way than other reactions and, therefore, will be.deferred to the third article

of the series.
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o The fourth article will be concerned with mesons, and aga{n the separation

N

£ is not cqmp}§te1y 1oéica1° HWesons are believed to be responsible for nuclear'
fbrceS'a@d ocour in many high energy reactions. However,'artificially'produced
mesons are & new ?hénoménonnagd of great current interest., In additidnf the
connection with nuclear forces is not yet understood, and any discussion af‘fhis
time must be on a semi-empirical basis, Enough information has accumulated,
however, to make a separaté article worthwhile,

The work described in this paper was performed under the auspices of the

Atomic Energy Commission,

Information Division
scb/9-28-49



