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: I INTRODUCTION

' heevy ions, they played no part

,alpha partlcles flrst observe::by

1ijaooeler orerif the avallabiflty
It had'been apparent for some‘tﬁn

i particles accelerated by a cyclotron.

I;NDTE: This paper is a revision an
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r:';to be 3uch a reliable deviee, w1th eamfintensities far beyond the most optimistlo

hopes of 1ts originators.; At the ,am tlme, it ‘was realized that to make a competitive i

rlinear eoolerator for protons or euterons would require far hlgher power then was

then available at very short wavel' gths. Although prewar r.f. linear accelerators

: are responsible ‘for our present knowledge of the production of xnrays by high speed .

ncreasing our knowledge of the nucleuso (Klnsey'2

' reports that high speed Li 1ons mplnging on hydrogenous material glve the well—known

Cookcroft and Weltono)

Interest in linear aoeelerato was revived toward the end of the war for several

led'to the development of vaeuum tubes oapable'

- The main -

’inegf eeoeleratorecforfeIEEtrops:end 1ight

en _naflgrm postwar ‘interest in linear

ols had been the only fe 'or'lnvolved..

at there was an upper energ 11m1t for

The 184-ineh oyclotron was origlnally
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' ::N°W at Pagosa Springs, Colorado. Gy
Now. with the Department of Phyeies,lstanfbrd Uhiversity, Stanfgrd, Calif,
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designed with the purpose,of extendingfthat limit:as far as possible;'but the
goal was only about 100 Mev deuterons, even though a dee voltage in the -
neighborhood of l 5 x 106 was to be used. S

Since no significant theoretical 11m1t is apparent for linear eccelerators,l

it was felt that they,should be reinVestigeted 88 & means of reeching,energies

in excess of 100 Mev. Similar reasoning was applied to the electron case,

where the betatron was knowu to have a practical energy limit only a few
times greater than that of the cyclotron.% No electron linear accelerators
hed been built before the war, but o description of the type now opersting

3~'Snch accelerators

in & number of laboratories was given in 1941 by D. H. Sloan.
have been treated in detail by several authors,4 and as they present quite
different problems, they will not be discussed in this article on proton
acceleratorsa |

The situation &g outlined sbove: was drastically altered in 1945 by the
introduction of the synchrotron concept.5 In principle this removed the
cyclotrcn,npper linit, end raised it considerebly in the betatron cesefto
about 2,000 Mev. Clearly the.linearddcceleretor must have had some other
apparent adventage to have remained- in ths picturee Although recent. studies
have shown that the original arguments for undertaking the construction of
8 proton linear aeceleretor were not basic, the state of the art at that time

did not sllow them to be contradicted in & con11ncing menner.

The argument was essentially a8 fbllows: The cost of & relativistic

‘magnetic accelerstor varies roughly as the cube of the energy, so 1ong as the

basic design ‘is merely scaled in its,linear dimension, proportionalfto~the'

“energy.r On the other hand, the ccst of ‘a linear accelerator varies direetly

es the first power of the energy. If"these cost vs, energy curves sre plotted

“on double logarithmic peper,‘they w111 clearly'be straight lines w1th slopes

three and one. There will always be an 1ntersection of the two lines,and
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—sf'mlgh'b be more complex then 8 'ync:

,to be ms.de on economlo grounds

: ;7,7}two conditions are reversed. jTh

R Wi;éﬁii:;:‘oﬁe" 'oast : féw* yearsf’for:.
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"cross-over energy, the cost of a linear mach:.ne

- is quite high i,n thls reglon, 'it v

o-cyclotron, ‘the design dec:.sion mlght have

o ,The new con31deratlon which altered our thinkmg m 'bh:Ls ma'bter is

j',rthat beyond 8 certain energy,r thef "gnetio machines can be changed 1n besic

: f'design. = Instea.d of- aoceleratmg mi'.h ‘oonstant field and changing radius, the -

1 portant change is that a ring magnet can
then be used. This ring—shaped magnetic machine A wh:.oh 1s really a proton

',synchrotron, was proposed b 7iphan'b”in 194:4 ‘before the work “of ?Veksler and

Molhlla.n, but it was generally elt or' some time, in 'bhls country, that

B 'V'although Olipha.nt's plan was % t'bre.otive in many ways, so many unsolved

,,9-‘1?1"59,?,1.9?5 tpro'bl'ems‘ wereinyo}.ye" in'i'bs practical realization that other

a]:ternativemethodsofattain 1 energy Qrotons should be” xplored. ;

examination of the whole question by two

at w:.thout questn.on, all th 'problems are

,5-';3591’717 Laboratoryr a.'nd tho : B::oold;ay,ern Nat:. onal

or ﬁrotons'. ,.

ith: 1ope equal to three. : The rguments of

be less than 'bhat of the oiroular "maohme. Since the oost of e:.ther maehma

felt that even though 8 1inear aooelerator .
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were made for extending the length oI‘ the machine beyond the original 40 feet,

but it was assumed that this question would be explored after suocessful

operation of the first section. If at that time it appeared wise to continue
on to higher energies, such a decision oould then be meade. In v1en of the
present status of the proton synchrotron at Berkeley, no extens:.on of. this
maohine is planned here. It should be pointed out that at the present 7
.time 2 we know of no technical reason which makes ‘this extension imposs:LbIe or
even difficult. In fact, J, H, Williams at Minnesota is now building k-] proton
7 linear aceelerator of the same type, whioh is 100 feet long, end m.ll give

protons of 65 Mev.*

For the moment, then, we are conoentrating on using the 40-foot aocelerator
a8 a research tool, The machine hasra number of edvantages over the'synchro-
oyclotron as & physics research todii,fﬁ;fin particular, the characterist'ics of
the external beam of the linear acoelerator are most attractive. Eighty-five
percent of the beem is ccncentrated within e circle of 3 mm diameter, the
angular divergence of the beam is approximately 10'5, end the energy homogeneity
is about 3 x 10~5, The average external ‘beam is ebout 10° times that ‘of the
184~inch cyclotron, and the average external beam current dens:.ty is about
10 times as great, |

(2) General Design Characteristics. The general design characteristics

pertaining to linear accelerators have reoently been discussed in detail by
Slater,S ‘In partioular, Slater points out that the attainable voltage v cf ;
& linear accelerator of length £ heing fed at & pesk power P is glven bys
vex QA s - @
where )\ is the free-space wavelengtho reThe constant K depends on- the detailed
geometrical arrangement, and nmnerical values for the Berkeley aocelerator will

be discussed later. A. linear acoelerator contains essentially different types '

*The British Atomic Energy Establishment is actively engaged in the design
of & 600 Mev proton linear accelerator.
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f(e) average power, (d) energy per pulse.

L 1ength of Y resonant eeceleret

7 V'Eq. (1) therefore beoomes;

'letter point of view, it 1s part

However, there aro sevev,ra,,l:reas,,
- ';°f sza.intsining the proper fi'ld

"the eleetrieel length of the

;Vfoomes from" the neoessity of P

"i'if;;,gri foousing is used. ‘lt 18 o

 An inportant resson for the orig

equipment 1s no longer used

. ioriginal choice of wavelength wa

e _f';rﬁc,R;,;zse ,Revised‘

All these factors effeet the choice

' "—of wavelength, length of the mea.c:hine,r,i end duty eyole of operation. = ‘l'he rpulse

y .' 1s given by3

Taqkw, @)

' '7in order to permit full build-np:oi‘ field; in terms of: energy per pulse, U,

V= = K Ul"/2 kl/z

"if'rhe we.velength dependenoe of powe requirement for & given volta.ge and Iength

"5*1s therefore smell ( ?\/2 ) ’ but he mvelength dependenoe of energy per. pulse ’

“on which ‘the cost of the pulse guipment depends, is large (7\ ) From‘the

1e.r1y,, oes ireble to choosﬁe,a gsmellf wavelength.

3',f'ai’eani§£omisé. As ig shownfin*the ext"iseetion onf—oerity ﬁbaé’é’; :the: rdiffioulty

7t ernr in B standing wave eceeleretor increases

as the square of the eenty lengt & "'wavelength ratio. (This ratio is ocalled

: ;A:second reason for using 1ong wavelength

This :

ently le.rge drift tu‘be eperture.

esser. importanoe the.n the eleetrioal length

'he ’present eoeeleretor ed Twrth ?\ = 150 om (200 rmegaoyoles)

1iohoice of this wevelengt 'was' the

nt:in this re.nge. Although fhis radar

: he " eoeelerator, it e.ppears Lfthat the

eryri i‘ortunete.
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by matching the cost of the length proportional items end the. power (or energy)

UCRL-236 Revised

It night appear as if the balanceihetween length end power'ionld~be made : et

proportional items.. Actually in this and'all other machines underrdesign, as ' . hd ;

mnch power per unit length is applied as is feasible, compatible w1th electrical fj

breakdown or available power sources. - For & machine of the type discussed

_here,'this limitation originally permited'energy gains of only aboutrtwo to L3

three million electron volts. per meter. At “higher gradients, x-rayeemission

from the machine requires that extensive shielding be employed. 7(?he x-ray
yieloiincreaSes és about the sixth;po;erfofethe gradient.) Recent;stndies at;

the Radiation\LabOratory have shonn%that}surfaee layers of pnmp'oil{are;responsible
for most of the electron emission at energy geins of three Mev per meter; 8

kThe use of mercury or ion pumps permits ‘energy gradients of more than twice
this value to be employed, with practieal values of x=ray emission and sparking

rate, °

(e ]

The choice of duty cycle is aiotated'by oonsiderations ofjponer;oonSumption,
cavitchooling,'and tube power dissipation;,iInorease in’ repetition rete will not
appreciably increase the cost of the pulse eouipment, the. pulse length is therefore
chosen to give & duration of the pulse equal to seversal “build-up txmes‘;
the repetition rate is then chosen in acoordanoe with available powers o

" The injection energy in- the Berkeley accelerator was ohosen 68 4 Mbv. '
The reason for this ohoice was twofold- (l) 4 ¥ev is e reasonable voltage to

attain w1th an eleotrostatic generator and the construction of snch 8 machine

was desirable et this laboratory es a general researoh tool. (2) At “the time , - o

of design, it wes intended to accomplish focusing by means of thin beryllium : w

fbils. Mnltiple scattering in these foils8 made it necessary to choose e _ S

high injection energy. The 10 Mevflinear'accelerator which is to inject protons"

into the 6 Bev "Bevatron® is- deslgned to acoept 500 Kev protons from a Cookcroft- , i

Walton generator.

N B , *
e g8l o
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'.1pefffoot,' at & wavelength of:iso'em.e‘(There is no apparent reason why the

3 -n CAVITY DESIGN

‘>., }, (1) Besic Geometry. A llnea ooelerator for protons start1ng from low

veloclties (ﬁ = v/o = .092 4 Mev)rcennot be practlcelly constructed on the

"'ba31s of 1oaded wave gulde geometry es is done for electrons..4 Loading whlch

ji'ku].d reduoe the phase veloclty toithis low flgure would lead to excessive

77~r.f, power loss.v For thls reasor ;1oad1ng &as suoh is not used.r Instead, the

'phase veloclty 1s mede 1nf1n1te that is, the electrlc fleld is everywhere

31n the seme phase, and smell holliw eonductlng "drlft tubes ere prov1ded to

;shield the protons whlle thexfleld is 1n the wrong dlrection., The drift

e tubes also cause a smell amount of 1eld perturbetlon whlch must be taken

Tl ,1nto aocount in de81gning the res efot,

The resonant cav1tyrls ess 11y a long cylindrieal cevxty operated in

-y

mthe axlel electric (0 1 0) mode thatiis, the mode in whlch an axlal eleotrlo

ﬁ;fleld w1thout e21muthal or transverse:nodes is produced s shown in Fig. 1.

—;Efficlent acoeleratlon in 8 sim 1ce 'ty is poss:ble only if 1ts axiel 1ength

oty

'iis shorter than ﬁ?\/@ where ;\‘is the- free-spece wavelength correspondlng to

ross thergap. Note that the particle

"wy
S

tubes. anh drift tube 1s che'?jd opp031tely at eaoh end, (no net charge on

JEIE U

BL 6481 os
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any tube) and all drift tubes are'eiéifed in‘phase. In the long wevelength

SloanéLewrenoe accelerator! (Fig. 3), the drlft tdbes have elternately plus '

and minus net charges, and the distance between drift tube mldp01nts is ﬁ;\/@
rather then BA &s it is in the oevity aocelerator. |

 The general field geometry in the "wnit cell"™ ABBA is very ﬁeerly the
geometry of a doubly re-entrant symmetrical cav:ty exolted in thei;owest mode,
such as is used in klystron resonetors,ff.R. boxes, etc. The entire accelerator

can ﬁherefore be con51dered as being a juxtapositlon of such eells repeatedly
excited 1n such a phase that the current flow1ng on opposite sldes ofmfhe
Joinlng,faces AB (see Figs. 2 and é)rosncels. Such e picture would"be exact
if each successive cell.were identieai?to the previous one;‘howerer;lipe to
the progre381ve change in B oorrespondlng to the gein in energy, the fleld
distribution of the actual aeoelerator will ‘not be exactly that corresponding
to the dlstributlon if the walls AB were aotually present. For purposes of
design, however, experimental and theoretioal data based on slngle oell
structure,models are entirely adequate, - | 7

The joining of the wnit oells'is,possible‘if"eaoh,cell‘is accurately
tuned to the same frequency. The tolerance. of the tuning of theripdiyionel

e ' : v _ L
cell will be discussed later. Published design figure39 on the resonant :

'frequeneles of this type of geometry'are not of sufflolent range to be usedv

here, and also the details of the meohanioel support structure- of the drlft

tubes and simllar dev1ations from.ideal geometry mede it neoessery to derive
the data pertalning to the resonant frequency of the unit cell from.models.

The resultant datal® are shown in Fig.rs ‘using the notation as inalceted

in Figse. 2 and 4. The data are plotted in terms of dlmens1on1ess retios to

perm;t easy scaling. These date can be fitted by the emplrlcal equation:'

E. (-1.271) . (1.53) e (1.096) L, (5 58) 5 : w

in the range of spplicetion used here”;

;648I”}19“
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e excessive cur’vature at the end o

: 'been :unpossible to f:.nd a se:b1sfar

: jcavr&y. To bu:le e multi-oavity

: induoti one

- P jr,UcizLezae'Rwiéed

a of t.he drli‘t tube decreases, 7’ ] s decrease will eventually 1ead to a pomt

where the des:.gn becomes n.mpreotioe.l due to insufﬁoient beam aperture and

he drlf’c tubes, with consequent hlgh surface

"flelds. For this reason, the diameter D of the outer oa.v:Lty must be ehosen
i small enough 'bo conform to this limltation for the hlghest values of ﬁ, Af 7

” ohosen too sznall 'bhe drift tubes ‘on ‘bhe 1ow g end m.ll beoome too 1srge in

: dza.meter w:Lth oonsequent :Lnorease in losses. ~In the 40' hnear aooelerator

""desorlbed here, it was possibleio ':'ompromlse between these two extremes by the .

"wohoice D/?\ = .66. (Ho’ce the.t e.n mloaded oylindrn.oal oavrby is resonant a'b

”D/?\ = .766.) Ir low energy injeetion had been used, it would probably have

:ry oompromise on the die.meter of the cavity

'which would have permitted the use_of f"reasonable" drif‘t tu‘be geometry ‘at the

two ends _of the ea.v:rby. The eu ¢ i'or {:h:.s would have ‘been to use & tapered

:fcevity, whloh would have 1ncreased he'meohan:.oal problems in fabr:.eatmg the

coelerator for- high energ:.es, one would no

fdoubt employ eantles m.th smeiler Iameters in the higher energy seetlons. '

17—?:"(2) Voltage Gein and Input ,,Power ;;The vol‘bage gam per unit oell is

: -:de’cermlned by three fe.otorss & eometry, bj power mpub, e) phese of particle '

: !i'f" xh’e' '—,,eieetﬁ'c 1 field 1in'es ‘a{re W's;simféd,ibfbjé 'pe’.ralielfajorossj;he fgep;:here

g Smoe the magnet:\.o f:.eld is everywhere in phase in the mode used here , N can

"be defined unlquely as: the surf' '"e :mtegral of the crest va.lue of the magnetic

MKS unlts are used throughoub.




' the skin depth of the cavity wall materlal. For a contmuing structure, Z '

'where & = A/2.61 is the radius,end § =
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¢ is the transit phase angle relatife;fio the phase
of & —particle crossing the center ofithe'gap at the time of maximmﬂ'voltage.

On the other hand WN is given in- terms of 'bhe power -losses in the walls

" (and bea.m loadlng, here cons:Ldered neglig:.ble) by & relation of the form:

- [ N I (65

where Zl. the shtmt-mpedance/unit oell, is detemined by the geometry “end

1
is proportional to the lenghh, - for 8 cylindrical unloa.ded ca.nty of

length l excited in the axiel electrlc (0 1,0) mode, the shunt mpeda.nce

is given by (neglectmg end-losses)z

o - L [R - tesf e 1 (ﬂ) woms

is the skin depth of the walls
of conductivity 6—, end where Qg = a/6 is the coﬁ;reﬁfionai Q-vaiﬁe ‘of the
cylindrical infinite cavity. To gudge the merits of comparative dui‘t tube
atructures and to estimate the voltage gain as a function of power :anu'b, it

is therefore necessary to evaluate the shunt .’L_mpedance per unit length (Zl/,Q) A

of the loaded cavity relative to the siﬁilar quantity for the unloaded cylindri-

‘cel strucfufe as given above. This evaluation was done semi-empirica.lly by

mapping ‘the magnetic field B across the az:.muthal plane of the cavz.ty, by
means of ‘an explor:mg loop, as shown in Fige 6. The shunt impedance Zl”and

the Q are then obtained by mnnerical ev'g.luation of the integrals) L -

, 2 ST
[BdA ' LT
'21 o 4ﬂ‘ Cross section of fiel S

[e Tt o

, Surfaoe

-

L



-

.-
«©.F

) )

L)

T

7 measurements. (The s:hnple theory {3 the' variatlons of Q and Z mdicates that 7

~ entire mccelerator.

From q measurement 72, ooo 311 x 10 2,06 x 106

e '13" o : : UCRL-ZSS Reiriéed
. fBzrdA, o Lo
4:1T Fleld

. Surface;

N

‘ zo/ﬁ‘ qm/éer#é?; R : Qo

s ii, Proton Energy g =1/ |2/
o (Mev) PR s

3752108 106,000 | 117,000

" Frequency 148 m.c.

Te.ble I B

The resulta.nt ‘values of Zl, Zo, dr,Qor requ:.re an add:.t:.onal correctlon factor

of approximately l/(1+ a/k) to correct for end losses in the cav:.ty. Note that

the shunt impedance/unit leng’ch of *hhe ‘loaded cavi’cy as calcula.ted from the field

Power for V = 28 Mev**(wat’cs)r

Lo From flux plo‘b 106,000 4572 105 1 40 x 106

P
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(3) Modes of a Long Carit&.,rln7designing the acceleretor catitj from date

obtained on unit cells, a definite aseumption has to bc made pertaining to the
voltage gain per cell. In order to join the cells w1thout partition, the wall

currents, and therefore the wall magnetic fields, must ‘be continuous.' Since, as
shown by megnetic flux plots, the retiorof total flux per unit length (and
therefore voltage gain per unit length) to the magnetic field at the edge veries
by onlyitorpercent from the injectionfendito'the output ‘end of—thejacceleretor,
(the'ratio being higher at the highftoltege‘end) it uustdecidedvtoidesign the
ecceleratcr for constant voltage. gein per unit length which results in 8 20
percent "taper of magnetic field along the cavity walls. The constancy of the
voltage gain per unit length is of course aleo desirable in order to equalize
the surface gradient along ‘the accelerator and to reduce the tendency to spark.

In order to assure equality of the mean electric field in & coupled structure
' involving 47 individual resonators,,the,ind171dual resonators mustrhavenvery
accurately the same resonant frequenci; This cen only'partially*Be—assured by
the model “unit cell' measurements referred to above, since: (d) the extension
from unit cells to the long accelerator of varying units is not exact, and (v)
slight mechanical changes frcmrthe model geometry will interfere vithrexect
: tranefer of the data, and (o) thereccurecy (epproximately .05 oercent)'oflthe
model frequency measurements ie'not'iuite:eufficient.1 For this reeeonfit is
necessary to adjuet the‘finalifield'dietributicn to its value required,for,
acceleraticn by correction epplied to the cavity as a wholeo S

The behavior of the cavity can best be described by'means of its mode |
depectrum. “The operating modes of the machine is on the 1cwer edge “of the pass

band‘of thercavity used as wave guide,vgnd therefore the mode separetion varies

quedratically as the linit'is'apprcached. Specifically,Afcr’enrunloeded cavity,

e

5431 14

[e)
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'the spectrum is g1ven by:,l;*

separation ( 17 percent) near the

: These appear at first sight to

rthat they are different aspects

Vrcan be expanded in terms of the

f7:Plﬁ° ’in thiS'report}'”fInstead,:

'jstructure of circular cross sec

. *:fiS glven by the Fourier serless

: 3 -
S T T
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,where fo is the frequency of the}lowest mode.: The low end of the spectrum of

7the 40-foot accelerator cavity is*plotted in F1g. Te 0w1ng to the small mode

mlt, tWo problems have to be oonslderedn

: a) the possibility of "mode jumplng;'to an adjacent mode, and b) the tolerances

'fin geometry required to assurerthat the lowest mode has the desired field pattern.

1ndependent, but 1t w111 be shown shortly

'1the;same problem. The first is solvable

by proper dlspoeition of the exfrt g oscillators or by careful tuning, and will

‘be - dlscussed later.~ The second ‘ean be;analyzed by & simple perturbation calculation

‘Vfin‘which we assume that the aotual 1eld dlstrlbution excited in e single mode

1modes'of a cavity-whcse mode distr1butxon isg .

the desired one,* hereafter called he Vldeal" cavity. - f),fi*

'ilA;detalled derivation of the urbatlon theory equatlcns would be out of

utline of the method of attaok w111 be given

The long cav1ty is treated as & hollow

ther wath the f1na1 working uation.1

:he radius varies as a functlon of z,: and ,

;functlon of z. The conneetlon between the

_<iz)

- ‘Such ‘an - expansion is always possible 81nce the normal modes 1n a cavlty form

E 2

oomplete orthogonal set of. fUn t;cns. -
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We express the axial eleotric fi€ld in the hollow cavity asi T v
A Jwb g ) a . a2 : ' . :
E, = o(kzr) e3°°E°1,+:z:: Eﬁ'eos I '—r;:(ls) : .
n=l f H
‘This field must satisfy the fbnc'”v;‘ing"aifferential equations 7
B | o <
13 [E| % qu /. SR
, ?a‘?{' }+a—z 1+Q o (14)
The boundary conditions are 1ntroduced through the requirement that Jo(Kza ) a 0,
(tangentlal electric fleld =0atsa eenﬁuetor) This requirement introduces
Eqe (11) into the problem. | !
The solution of the problem shows thet the coefficient E depends only
on the coefflcient P; =Pps a caV1ty w1th ‘only en nth harmenic radius variation
will have only an n*® harmonic perturbetion in the field pattern of its operatzng
field. The megnitude of en is related to that of P, by the equation: ' -
- ' 3
s R - . ' A -
€!J. 5 Py i (15) :
, n R ‘ o .
where N is the ®electrical length® of the cavity, L/A. To show ﬁhe relation
between field distortion end modefeeperation in an ideal cavity, Eq. (15) may .
be combined with Eq. (10}, to yield:
o o . T i
I S o o - ae)

(A1l of these equations are approxﬁnatiens which are good for low modes in

long cavitieso)

N is 8.3 for the present acce ‘ator, 803

€, = 5—502& o R - (17)

n U
It is apparent from Eq. (17) that a first harmonio tuning error of & give‘i :

amplitude, -Pl, will give rise to a first harmonic field error 550 times greater,

*It should ‘be noted that P was defined as the Fourier coefficzent of the radius e

- variation; by Eq. (12), 1t will have opposite 31gn when used as the tuning error

coefficient.

.
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,;adjustments need be made only af

r'ments; 'hey are stable for week

i condltlon that Eq. (15) mayijrft

frthe two halves of the cav1ty'Wer

had'the seme natural frequency, - Th

 length segments of;the,acceleraﬁorf Q;ff,

a7 ucRLezss Revised

'lThe ampllflcatlon factor,” 8N2/n » is of such a form that tunlng errors in the
' ihlgh harmonlcs do not dlstort the fleld patterns appreclably. As ‘an example of

7 7ﬁpthe hlgh degree of accuracy w1th which the various cells in the accelerator

'Vmust be tuned we w111 calculate the permlssible flrst harmonlc tunlng error,
Vfif the fleld is to be "flat* to L 5 percent (61 = 0.05) P"s 0.009 percent.
,This meens that the average frequeno1es of the two halves of ﬁhe accelerator

émust be the same to withln aboutrone part in 104 (The corresponding tolerance

on’ drift tube lengths is about D.Del“:) Th1s 1s too severe a tolerance to be

rmet mechanically, even if the design data were aoourately enough known. In

' practlce, the end tuners,“ orivarlable length half—drlft tubes at the two ends

of the cav1ty, are used to alter‘Pﬂiand Pz. Such alteratlons can be made while

Vthe oav1ty is excited at 1ts ope tlng fleld strength, by motor controls.  These

the accelerator has been opened for adjust-

urlng operatlon.

- he last paragraph was c, c ”ed'w1th the problem of keeplng the accelerator

- :1n adgustment. The more serious

oblem is in first puttlng 1t 1nto such a

7as*a gulde for the flnal adgustments. If

de?tunedrfrom each other b"one~peroent, the

"7 Slnce the equatlons Were developed

"of El would be greater

v—ffrom 8 perturbatlon theory (E <<:1),fhey are ‘no longer appllcable when Pl 1 percent.,

6 newly constructed accelerator caV1ty, they

V'thad flrst,to be e11m1nated by another,prooedure. A moveable ,end wall“ wes placed

ubes. The resonant frequencies of the two

ured 1ndependently. The pos1tions of the

648i,fl?iif
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“under operating conditions, by the use of the end tuners, so oné cen’ 1gnore o - =

even though the modes were 10 times closer. However, a cavity 10 tlmes as

k,f:tlmes -its present length, the tolerances could probably be met by attentlon to

oo =18- . UCRL-236 Revised

After these preliminery adgustments, ‘the cavity could be exclted to-give a " !
perturbed Nzeroth mode field pattern (Flg. 8a). Thls field pattern was . Fourier .
analyzed,rand the coefficients Enfwere,determlned. From Eq. (16),~the tuning

error coefficients, Py

s Were determineo.[ZGSing these coefficients;{eerurier R isé
synthesis y1e1ded the tuning error as a functlon of z. (Flg. 8c)s Model work
yielded df/dﬁ. the varlation in natural frequency of a given unlt eell with

drift tube length. The tunlng error curve together w1th df/al gave & “drift

tube length error curve.” Mechanical shims were constructed accordlng to this

last curve,rand inserted under the removable ends of the 1nd1vidua1 drlft ‘tubes.
The new field pattern, which was acceptably flat, is shown in Fig.ng."
The discussion ebove has been simplified to the extent of'treetingrthe o e

axial electric field as proportional to the surface magnetic field.i;Tnis is

very nearly so, but the constant of broportionality changes sloﬁlyfeioiééthe

length of the accelerator., It is a 31mple matter to "tilt the field pattern

the small lack of constancy of I?z/ﬁaa(z). In practice, one tilts the ‘field to . '
yield & proton beam at the,lowest threghcld electric f1e1d in the cav1ty. .

¥

Ifrthe accelerator cavity were to be maede 3.15 times longer than it,is;

N2 would be 10 times as great. This‘would cut the frequency separation of the

&

lowest two modes to one-tenth of its present value (340 KC/&O = 34 KC) The
modes would still be distlnct s1nce the width of the tunlng curve is. of order =

fyﬁ = 2 x 105 KC/% x 10%'= 3 xc. Mbde jumping would therefore not be a problem,

long as the present‘one would have problems connected with mode jumping. (One: s

could not assure that the field pattern would be constant in tlme, 31nce the r#i T

tuning curves of the lowest modes would overlap ) o o e =,

The effect of increase length on the £1eld pattern in the operatlng mjdeu. B :

also goes as Na or inversely as the mode separatlon. If the eav1ty were J

5481 18 -
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8 cavities, which were tightly coupled.:

'7 case.; If accelerators of this

"'; and power ampllfiers, rather'w
N —nour accelerator.
';3 52 master oscillator by e servo:syr

7>'nake~the—f1e1d flatness proble eas

”°*;Aiong:the'axis is needed.,
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de‘be.:.l but if the cavity were 10 imes as long, the problem of ma:.ntaining a

rlat mode would probably be tOO‘E ere.f The last paragraph shows that mode

at about the same length., It might be

jumping difficulties would come

thought that these problems?o:uIN: efcircumvented by making several 1ndependent

However, the same problems exiet in that

"re to be built with large values of N,

: they will probably have several independent cavitlcs fed by e master oscillator

frthe selfbexclted oscillator used with

The 1ndependent avities could easily be kept tuned to the

and'then 1ndividual short 1engths would

;ofrsolntxon. The Minnesota accelerator

ti_:loop method is shown in Fig. 9. Tote

As:wzll be explained later, the entrance of each

T T
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E? and E2 are normalized to unity over the total volume of the 'eavitya )
If the measurement is made along the axis, H = 0 and: ,/ o ’: :
# .p2 ‘SCEZCW" ’ - N : R
—r - / Qe
fo f Ezdv e o o o
cavity- ,‘ B i <
é.ﬁ = K E° 8V - (20)

An axial field plot for a- typieal drlft tube geometry is shown in Fig. 10. s

These data were teken on a 1000 me. ses.le ‘model using & heterodyne frequency
measuring method. The metallic sphere was supported on & stretched thread. .
III. ~BEAM DYNAMICS®

(1) General Equetions of Motion. A particle of cherge e and mass M,; traveling

in the lineer ac'celerator » is acted on by both radialf and longitudinal forces.
‘The longitudinel forces are due to the- exial comporent of the radio frequency :
electric field; the transverse forces are due to a) the transverse radio freqﬁendy '
electric fi:eldv end b) the effect of the radio fsequeneﬁ magnetic field.

In o‘rdef te kmow the motion precisely, the electric field components E, (rsz,t), ¢

. ‘
E (r,z,t) and the r.f. magnetic field Bﬂ(:,z,t) heve to be known. For a sinusoidal

-}

time variation the equations of motiron, ares

p- -

d ¥, dz T . 7
- = e E:(r,z,t)OOS(wt*§) ' ;
st [—1,_‘!2 at {[ - B (1) N
| sBg(r,2)GE sin(wtsd)] T

- -

| % ar o | oy
x|l x| = e[ﬂ (r,z)cos (wWt+ §) , g
1-p2 | g | (22) .
- : -B%(r,z)a% sin(@t4 é)] ;
The superscnpt ° denotes 'bhe amplitude of the respective fields. If'exsct‘ L

results are needed one has to integrate these equat:.ons numerically using empirleal

For details of the caleuleta.ons presented in this section see UGRL-IOQE..
!
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;:’learned W1thout exaot integration.

Vif the energy gain per gap de
'"j'be the oase if one hes relati

o ;stages of the aoeelerator whe

*zfif the drlft tube aperturesr
“'i' find ‘some reasoneble approximati’

;,equation at oonstent re - Stnr

1'”fphase and the magnetic field:

,7; ﬁéRL;236'R§vised

iifields. Ebwever, many generalifaots about the nature of the motion oan be

In general es Eqs. (21) an 22) show, the radial and longitudinal motion

:@ of a: partiole on “the linear aooelerator ere ooupled.— This coupling is important

'S'mnrkedly on the radial position, whieh'would

1y. large drift tube epertures°relso in +the early

herphase motion,( z motion) has not yet damped

,”1ont there is oonsiderable eoupIing between the radial,and exial motions. However,

smell, which is the oese of interest, one can

srtorthe phese motion by integratlng the

e esulting phase motion damps repidly with

' "5,: N it 1s elso possible to arrive et)eiuseful solution for the radlal motion.

(2) Synohronous conditio ba81o geometry of’ the lineer ‘eccelerator

' *'is shown in Fig. 11. At a given imeithe eleotrio fields are everywhere in

ruadrature with the eleotrio field. Let Ly
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In order to smplify the d:l.scuss:.cn we will assume that the machn.ne is
constructed so that for certain injection oondrbions the phase § of the perticle
at each gep is independent of n.r Thls partlola is called & synchronous particle
and all quantities associated with this "particle, energy, momentum, etc., will
be denoted 'by a subscript s. The phase angle § is: called the synchronous
pheses In principle » the machi.ne cannot be designed to have & synchronous partlcle
w1thout knom.ng the motion; the motion ca.nnot be determined without knomng the
flelds in the machine., In particular,ﬁif;fractional velccity cha.nge per gep
is 'ia'r'g'e, the design can only be donél by succcssive':approninafions : VHoweser o if

the fractional velocity change is _snall then the,synchronotis condition will be:
- Ln ) - \ B
50 (Poa1,6*Pn,e)/2 o - (28)

‘A= free space wave length,

The synchronous particle will increase its total relativistic energy by:

, : o (wz
wnosﬂwn-l,,s = {e E, cos (Vs- + %s) dz | (27)

Vg is the synchronous velocity. In general, using the definition of the

electrical center, we cen write Eq. (27) as:

Wnns—wn_].’s' = e AT EO Gnss %En-l,s) cos bs
=e T E, L, cos &s

where , :
Eq :L E:(z)dz /[ dz o (29)
7 ap ap T

is the mean effective field, ands

T =[E:(z) vcos(ggni)dz /fE:(z)dz ' - (30)

is the "transit time factor.® For a "square wave" field which is uniform in

(28)

the gap' end gero in the drifi; tubes,:'f '

T sm(rr ) - ,(31)\.’ "

8481 22
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Eenoe, we can rwrite for the
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Whet length of such en aooele;ator;&éolorbe oopsidered "long® in this'oense_

depends of coufseron the toleranoes oﬁ;ipjootion condiﬁions, voltogo,gradient, etc.,
which can be hel&.‘ We shall show'laférfthatrthe poriods of the various oscillations
dopend on the number N = n#n,, i.e., the otal effective oumbefkof drift tubes
including tho.injector. A linear accelerator of this type is thus ‘long?fin the
sense of requiring stability if it inoreases the injection momentuﬁ;by anlarge

faotor.' Aklérge injection voltage thus tends to meke an accelerator effectively

"short.®
:Phose stability is produced iﬁéarlinear'aooelerator if & late particle receives

2 large degree of acoeleration. Tﬁis;fip,%he cese of & linéaf oooelérétor. means.

that the particle would traverse'tho'oénter of each gep at & bime when the field

is 1ncrea31ng.‘ Specifically, the oondition for phase stability in- a field

ad§£[oz z, qi)do] >0 ‘ .- ’J(sﬁ)‘

The conditiono for radial stability are more complicated. Focusing 1s obtained

Ez(z,cot) iss

by the fol}oﬁing ﬁoohanisms: 1) jolooitj focusing, sometimes oailedreloctrostafio
or seoood order foousing, 2) phase focusing, 3) foousing produoedioy cherges
or currents oontained within the beam, | |

b, Incompatibility of‘sihnltaneoos radiel end phase stebility.

If no charge is contained in the beam, & particle crossing & gap"will oroos
asvmanQVIines directed toﬁardo the gxis as eway from tho exis. A not :odial ,‘
momentum is-tﬁoovﬁfoduood ifs o)hﬁhe oart;ole oﬁangesﬂits velocityrwoon orossing
the gap,;onorb)uif the field varies iﬁ tiﬁe. The former meohanism;io'tﬁe’oﬁoh
whioi oooouﬁfs‘for»the fooosiné inrolooérostatic'lonses. In the aooelerator this
effect is important only in the first few gaps of a machine with low injeotion

energyo The second effeot rapidly becomes domlnant in the later gaps. It is

clear that ﬁhe condition for phase foousing is thet the field be deoreaszng

Note thet this is the inverse of the condition pertaining to phase stability
of e circular eccelerator.. -~ -

6481 24 ..
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artifice in geOmetryo ,:,

ﬂ of phase stability w1thout grids or

' even if the particle crosses the

~;’~focusing lenses and the use-of
*f{anglels The latter, when ane
"iiof radio frequenoy field amplitude.j;

:TECRL-236 Rovised
This oondition appears :

Mcnlllanls

'!iiié;' Radial osoillations,

r(Figo 123

'losed by a grid or foil.

oilsn, However, the analysis shows that

ento}=of the gaep at,the'ereét}offthe rofo

wave, the time of passing the ntranoe and exit of the gap are not symmetrioal

with respect to the time of passing:the oenter; the partiele spending more time

ho center° Due to the tlmo variatlon of

the field the fbousxng field ar the” entrance‘will be weaker than the defoousing

ases with the gap length and counteraets

field at the exit. This effbrﬁ

In fnot there is a critical gap 1ength

theneffeots of velocity focusingn

The field configuration

al accelerators,'

the foil. This term cen onlyrb "1uated for a partzcular fielda Calculations

)fexternal foou81ng dev1oes, such as strong
‘periodic modulation of the synohronous phase
lyzed in detaills requiresra very preclse control

| '{_6481 25

*To these conditions cen be added
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radisl oscillation in the phase feéitéﬁ:'

T Ly '
.2.( ) §< /2 Q. + r..
Fige 13 shows the region of stable vfogrusrirng and phase stability for gn/'l.‘1 = o253

the motion is completely stable for -%’- < @ <0, If EL-:->%'- foil or grid focusing

is ineffective. An asymptotic solutiqn for the radial oscillation can be obtained,

for large n. | f R 1/2 (‘é) dn
e 1/4 (n+n )1/2 [1 + (n+ng)? W 2j_7"'

rp < By »e (39)
e\ ,
&n 2 én
- Oo{i-;l—f- §n) =2 sin:;l— sin @n
K= TE 3 ) (40)
2sin—‘-‘- S e.n008 %p o
Non-relativistically one can obtain exactly:

rh= VE (A3 (2/EF) +B T (2 ,/Ksn)} (a)

This hes been plotted for n, = 24 eand various values of és in Fig. 14.

The effects of small angle'mul'l:iplg scattering in the case of foil ,focus:ixvlg ,
heve been treated by Serber.8 The 1limit on the trensparency of the —grids which
can be used is set by the field concentration on the grid wires.

d. FPhase oscillations, '

The nature of the phase oscillations has been investigafed analyticallyi
and the following expressions have been obtained which describe the 'pixase motion

in the non-relativistic and extremely relativistic ranges:

dccmcos (2,/-21T'tan'§ Fo-S) (42) (N.R.) |

. ’“'Sn
whereG= l-rn—cot

7w 537; cos | 2 (,/ -2n-tan£ A ) - (42)(B.R0)
where g = §, - §, e |

‘Thus in the extreme relativistio ‘regio,n’ ‘the phase motion becomes noﬁédééiliatory

as demanded by the aéymptotic constency of velocity.
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i3Whethar or not & partiele, E écﬁedlginto'the_machine, ﬁii;{bé aceelerated'

1fthrough the machine ‘depends on the éﬁdéé énd'velocity.whiehiit héé:hﬁ the entrance

: to the machme° Calculatlons"of herphase acceptance of a linear accelerator are

ifsummarized in Fig. 15. This is & plot ef ﬁ' VSo 1L /% [SHVW5, the oharacteristic

fparameter for this phenOmenon,'forfvarious § A-Ei.s the fractional variaticn

fin ingection energyo Any partiele 1nside one of the closed curves will be phase

’fstable but not necessarily radzawly st&bleo It can be seen that for 1ower injection

ﬁ3'”energies (smaller no) the tolerances on the injection voltage becomes less critical.
'é;, Uhstable operaticnc VV | | |

7;”'It is cleer thet 1f & linear ccelerator is short enough it cen be “operated

”wlthout grids. It w111 then b e trrr,phase unstable or radially unstablec The

' or1gina1 rof, linear acoelerator 1 Sloan and Lawrence was clearly operated in
*ET* % X

isuchva'mannero» Experlments WlJ —40-f00t linear accelerator without grids

*have shown thet one can obtain unstable beam of essentially the same magnztudev

r;as is obtainable with grids. ow er, the oritlcality of adjustment is greatly

'increasedol

HomcHANICAL DESIGN

'(1) Tank. The resonan¥ -oav

'”°'inches thzcko The tank is 'iv e

;ifrqm an end of the tanko The eas end pad rests on & 2-foot 10ng 2~inch diameter
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steel bar which can roll east-west”enra”steel plate that in turn is fastened
to thefconcrete floor. The west end pad rests on two similer bars Wthh give
some rotational stability to the tank. The 2-foot long bars are sufficient to
keep the tenk from- falling over, but additional stabilzty against rotation is : ' ‘}*f
provided by resting the pump manifold on the floor. The tenk is thus mounted

so that it can expand freely'w1th temperature changes.,

VThe resonant cavity is also monntedrso that it is free to expand and
contract with temperature changesuindependently of the steel tank. In the
southeast and southwest oorners of the;tank, groove pads with tnergroave:pointed??
_east-west are mounted at the height of the middle of the liner. in the north
center of the tank there is a similar pad'with its greove oriented‘northﬁsonth.
The liner is:not'sufficientiy rigiditeibe supported at just these three points,b
so 15 spring loaded pads with hardened flat ground surfeces are equelly spaced -
around the sides of the tank to~distritute the support points., On the liner, ;
there are 3/@ inch bolts with hardened steel balls soldered to the ends so that -
the resonant cavity is supported et 18Vpoints, of which three constrain 1ts *
pesition and motion. This elaborate mounting was installed after it was noticed

that the steel vacuum tenk warped in pleces es much as 1/? inch when the 1id

L Y]

was raised and lowered. Methods of accommodating for this warp in the attachments
between liner and tank, i.€., r.f. trensmission lines, water cooling lines, and
end tuning motors; are‘indicated elsewhere in this report.

The tank, opened by the hydraulic 1ifts, is shown in Fig. id.

(2) Liner Design. With the decision to separate the mechanical and

'electrical functions of the linear'aecelerator resonant cavity,ceme"the need
for the design of en eccurate, rigid -end lignt weight tubular lining for the

2
vacuum tank. This “llner became & structure basically slmilar to 8 monocoque:
_airplane fuselage of frame, strlnger, and sheet constructlon save that the sheet

surfaces were on the inside. Since it was desired to av01d clrcumferentlel

Joints in the sheet, igrfaces, and 31nce the cross section was constant, 1t

5481



:cculd be more easily maintained
':in the tank 18 dicgrammed .m Fig.

o 'of 38-1/8 inch dimensicn across

- into two unegual perts, of 160°

C ;;iéag “the 'hcrizonfal L ieeni:ei-lines;

' 7cne-ha1f inch wide by 12 inches'
'7fonr inches. Thirty-three cirof,

'.072 inch 24 sr e.luminum alloy.’

rroould then be cut 'bhrough the

l UCRL-ZSS Revised

o 'Vbecame practioeble to roll- copper strip stook into pannels of the length of

the liner, with flanges end oorrugations to serve es longitudinal stringers.

f’,By using die-formed circumferentiali frames with a polygonal inside cross section.

'l:he longitudinal panels could 'ber ,i‘iat and tho necessary dimensional tolere.nces

The cross section of the liner as situated

i‘he liner is of dodecagon ‘crose section
lats, '480 inch lengbh s.nd split longitudinally

210 ’ to pemit support of the lower part

(3) Liner Gonstruction. = ngvitudinal copper panels were rolled from

en .052 inch thick by 13 inch 'wid byr 60 foct long copper strip to ha.ve e flenge

"';turned np a.t each edge and to heve - seunioiroular channel in the center to

reoeivc & 5/8 inch ccpper oool ng- ,ter tube. A tctsl of 40 pump ont" slots

ong were used. with the slcts strapped wery
eren‘hial frames were made in two parts from

The internal flange, to which the copper

ached angles. The fre.mes were finished

, 7with frsme position. Support of th rdrift tube wae accomplished By two clamp

3

mformed the rsil. (Fig. 18.) Thrse-inch diameter holes were punched in the end

—'—and the side of the liner, opposite "glsss viewing ports in the vacumn ’cenk.
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Vertical aluminum braces ere etteehed betweenrtheAend of the liner and the

"end tuner® structure, to provide rigidlfy to thertuner. An end tuner consists

of a drift tube ~extending into the resonent _cavity frOmlthe end of the liner,
w1th length controllable by = - worm gear which is driven by a flexlble shaft

leading to 2 motor outside the vaeuum,tank. Electrical contact is made between

this drift tube and the end of the-liner,by means of a tight fitt1ng slotted
collar of silver-plated steel, fltting around the drlft tube, end bolted to
the liner. The west end (entrance) tuner drift tube is 4,750 inches diameter,

and adjustable in length from 2 ineﬁes to 4 inches. The east end tuner drift

g tube 1s 2. 750 1nches diameter and 4 inches to 7 inches long.

i

(4) Drift Tube COnstruction and Support. The drift tubes are baeically 8

cylinder of varient length and diamete:, supported by & single stem perpendicular
.to the liner exis at the center line of eaeﬁ drift tube, The drift tqbe diameter
varied frem 4-3/4 inches to 2-3/4 inchee, the first eleven drift ‘tubes being
constant at 4-3/42 and the remeining 35 drift tubes diminishing to 2-3/§£'in |
steps of approximately sixty-thousands of an inch. The drift tube lengths vary
from sbout 4-3/8'for the first drift tube to 11 inches for the last drift tube.

The drift tube body is mede of a copper tube, with the end at the beam exit

.made from = coppe; plate hard sol@ered:into the tube, and with & threaded ring
in the oppesite end. Into this threaded ring is screwed a cep, whichrie turn
receives a grid holder. The exit end of the drift tube has a re-entrant opening;
formed by & brass tail tube about 3 inches in length, and varying'f}om,lrinch
inside diemeter to 1-1/2 inches inside diasmeter, for the range ofrd;lft tube
sizes., All external edges are uniformly rounded with arradiusrofrs/% inch. The
threaded cep was originally designed to be screwea into the drift tupe body
after the grid holder had been inserted froﬁ the ineide. On the initlelrruns,
serious sparking was found to have occurred across the ‘contact surface between

the drift tube cap and body, even though special effort hed been taken to

8481 ~3G
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jinsure high contact pressures at this point. Thus i‘c became necessary to solder

S the dr1f‘b tube ce.p to the body"m :"low temperature eutectlc alloy, a.nd to

8 redesign the grid holder so 'bhat At oould be 1nserted from the front of the drift

. tube. 'I'he threaded oonstruetionr however, did permit the dr:.ft tube lengths

N to be changed by shims after the voltage distrl’oution measurements Were completed.

‘J.‘he drift tube s'bems e.re mede of one 4nch diemeter brass tubing, soﬁ: soldered

'into e reamed 'boss on- the trensverse eenter line of "bhe driﬁ: tube. Through this

'f'stem is passed ) quarter ineh diame r oopper tube > that makes a 1oop e.round the

':mside of the drift tube 'body to hieh it is soft soldered, e.nd then returns

- through the stem for circuletion :'ooling water.r The use of brass stems wasg

Py

ubiseiuently;found reee'ssery;tfoisllirer plate

found to be Y mistake, and it Vwa

the"drift tube"body and- stem,,,, duce r.fs losses ‘in‘fhe"ﬁ’,’ﬁifigs?tém and tail tube.

The drift tube stem is elosed by {Slﬁg:ﬁhi.ch- eerries' a tﬁrfeeded:ex’{;ension; The

'dr:l.ft tube components e.re diagrmnme anig. 19.

'l'he drlft tubes are supporte (see rFig. 18) by e pair of plates whieh clemp

7 '7 fre.mes. ﬁne of these cle.mp pl

,is provided with a seat for s ph

S rspeeed about the seat. ’i’he:three.ded extens:.on of the drlﬁs tube stem passes -

"'through ) oross of steel heet ea_:'d_ to e spring temper, and"?then through kY

| rf—;'r' hemispherleal washer, where ;it ermmated with e nut. Wrbh,the hemispherical

. wesher resting in: the seat pro in the cla.mp plete ’ and with four oep sCrews |

the drlft tube

. through the threaded holes bearin ;e.geﬁirnst the arms of ,th?,QEQS,S,:

o is held f:.rmly in posrltion, and:

' ffby means of ‘the two pairs o:t‘ sorews on' opposite sldes of ﬁle stem, end by means

L of the two pe.irs of screws on'opposi:be 31des of the stem, and 'by mee.ns of the

i

-

nut on the three.ded ex‘benszon.ﬁ
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(5) Liner and Drift Tube Gooling;l\A semi-circular distribution menifold

is soldered to the end plates of the liner on’' both top and bottqm parts. From
this manifold radial tubes lead to flttlngs on the ends of the 40 foot tubes
soldered to each liner panel; thus, the penels are cooled by water‘flow1ng through
these long tubes in parallel, in circuits that comelthrough the tank at one end,

through the distribution meanifold, along the panels into the collection manifold,

and out through a discharge lead at the- opp031te end of the tank. Separate

circuits are maintained for the upper and lower parts of the liner.r 1/

The drift tubes are also cooled in parallel by a third water cooling circuit.
Two tubes are supported in openings in the liner frames, with one tube serving -
_asrsupplyiheader,ieod the other as collection header. These tubes have nipples
herd soldered to them adjacent to eachjo;;;£ tube, into which therl/@ inch
copper tube passing through the drift tube stems are soldered. By inﬁroducing,
the water at one end of the tank and removing it”from'the other, ‘the oooling
water pressure drop through each parallel flow path is maintained ﬁhersahesiﬂChecks
upon the operation of the parallel flow system are made by putting hot water
through the lines, and feeling all the tubes to see that they are receiving ?heir
quota of weter, and tyat no obstruoﬁions exist in t@e individuel circuits.

(6) Grids. As was shown in Section III of this paper, radial focusing and
phase stability.can only be achieved in the machine by introducing charge witﬁin
the beam, i.e., by.arranging the entrance end of drift tubes so that electrlc

field lines termlnate within the beam., This was first done by putting 3 x 107 =5

jinch‘thlck beryllium foils across the entrance of each drift tube, - However,
sparking in the tank destroyed them, and grlds were used instead. ,Therefis, of

course, greater fleld concentration on grids than on flat foils. To”e'first

approxima%lon, if one considers a grid to be merely a foil with meny holes

punohea out, the field is increased by & factor equal to the ratio of the total

ﬁi area to the erea oecupled by conductors, since the same number of lines of force

end on the conductor; but on & smaller area.
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grid of structure similar *bo a klystron grid, instead of & perforated plate, ginoce.

,some of the field line w111 teminate on- the flat sides of the slats. Fig. 20

) ""put in short geotions of ’chis 33
: :r'rings mounted on a ca.rbon mandrel were slit by a multi’oand saw to a depi'h of 72
) mils." The bent strips were put

rim, which was then given a finishing lathe cut. The" grids were pol:.shed to

' r—passing 5 amps., .00 for 5 seconds'
":'They were next soldered w:.th pure tin copper holders which hid the brass ring,

: re.nd could be screwed in‘bo ‘bhe en: ance end oi" the drift tubes.

'Um;ése Revised

The ratio of aper‘bure to field strength ce.n be 1mproved 'by using L sle.t

shows severe.l grid shepes which ave been used and a.lso the beryllium fOilSo

Grids were febricated from 3002 x 1/16 inch tungsten ribbon., A 95 bend was

'i ‘by means of modified nse-grip pliers. Copper

these slots and hard soldered around the

approxima‘te 'hhe optimum “rounded" hs.pe » by ixmnersing in 2 molar NaOH and

etween *bhe fmished grid and a tungsten rod.v

Grids were given‘

.010 inch diameter pinhole, photronic ,cell. It is interesting ‘bo note ’che.t this"

If

' "{:,',;5 minutes run-in time o they wer

I,f;Fig. 21. At the present tme
- j’ ixi::!:ﬁe "x-xjay backgmtnid' frbmrj;tli

; 7,7:01’ the electron dra:.n in the 'ma. ines : -
: :  pas1 3%

~ %4 al. the diffracted comnonen'h;—of “the beem is mot recorded by - the photocell.,

: :,rth 3 cold emission was 1ess than 50 Va afber the grids had been ;éiven up to

ecepted. A grid in its mounting is shown in

rid -aperture hes 'been cons:.derably mcreesedv

: by removing all but the four central I. sheped slatso No :significs.nt increase

snk aceompanied this cha.nge o w’nich shows that

S 3 field emission from other parts ofr the dr:.f‘b tube is still respensible for most
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In'practice » We do not 'believe*thé.tfthe ‘etching procedure wes necessary.
We tested several grids electrically, which had not been etched and could not
find any significent difference: from the normal ones. :

The 15 cycle r.f. pulses produce ﬁelds of 107 volts/meter between the
drift tq‘pe_s s or 4 gm,/cm on the drift tube ends. This pulsed force is sufficient
to loosen the grid holders, so set screws are used to lock them into the drift

tU.beSc

(7) Rediation Shielding. The stray radistion sround the 11g§g;i;¢ce;erator
has been investigated to determine —its ;sources end energies. The —rediation comes
almost entirely from x-rays produced- by electron bomhardmentof the’ drift tube
ends, - Thesew;sources were determined by ‘exposing x-ray plates throngh an iron -
slat collimator “telescope" laid on top of the accelerator. The ene'rgies of
the x-rays near the exit end of the accelerator were found by absorption
measurements to be up to 2 Mev, corresponding to electrons passing through one
or two gaps between No. 45 drift tube and the end of the liner. -

- One-<half inch of lead shielding hung.cn frames near the side_s andtop “of
the linear'accelerator hes reduced the 'x'-ray level, measured twofeet’from

the machine, to 10 M:R/h.r The shielding hss many openings ~ such s holes-

for the tra.nsmiss:.on lines, and & fcur-foot wide space 'below the, so that
there is,, scattered radistion throughout the room. The level 30 feet from tlx\evl ,
‘machine is “~§ WR/hr. ‘
_ Three inches of lead glass mre provided over the tank windowsjthrqughv'
which the inside of the liner can be viewed. &% 7
After the tenk has been let down to sir and re-evacuated, the radiation
level is higher by a factor of 2 to 5, but improves quickly with running of
the r.f. which serves to outgas the system. O\xtgassing ocan also be speeded
by running hot water through the liner coolmg lines, though that has very
seldom been done. After the accelerntcr he.s been run for several,months ,ﬂ.
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: ’to olean off the oil deposits.

bake-in time of- reasona’ole leng;bh,

B vaemm seals and joints,end sev
m:.ninmm. The.t this has'been do
BRI at present, “the- base pressure ie; 1
”m.th the pumps elosed off is as
es 4 hours have been reoordedo

. ',—,331,'%‘-3} 9,'ib9,°k9d by ‘two 43~'e.£r.m"

' :*:thorough refrigerated baffling 8;

v i'rspeed of the pump e.lone. '

| ﬂﬁan-'zss Revised

fthe x-ray level has slowly risen:byr a fector of five, due to oil deposits on the

' drift—*tu‘oe* surfaces.‘- (Flg. 22 ) The tank is usually opened e.'oout twiee a year |

(8) Vaouum System. The basio fequirements of the linea.r eooelerator veouum

system are, first, s base: preseurefm 5mm or less, and second, e. pmnp-down end

e.y, 8 hoursor To- fulfill these conditions

1n & steel tank 40 fee'b long, :

57000 1itere capacity, eontein:.ng e.'bout 500

rhtmdred feet of polyethylene ce‘ble, 11'. wes

”o‘oviously necessary to provide'e afestt pump, and keep lee.ks and outgassing %o & v

suooessfully can be seen from the feot that
out 2 x 10'6 mm, the re:be of pressure rise

7 mm/see., and- 'be.ke-in times as short

30 inoh three-stage diffusion pmnp with e

| '—j:;Pmes.' ‘rhe ‘pumps - used arex:
pumping speed of T000 litere/sec dien 8 inoh two-stage diffusion pump in

'inney rotary meohanloel pumps in parallel. The

whiohfis effeotively ]:ept out of the tenk by & :

The pumping speed measured mside the

, ,.i linar 1s 2,500 11ters /eec v whieh 5. onsidered a ree.sona’ole fraotion of ‘bhe

Ses.le a.nd Join‘bs., A very ide ariety of eeals is used on the 1inear e.eoelera-

Y ,tanlc gaske'b,

Perhaps the most noteworthy the gasket seals is the 'm

V‘rwhiehxruns completely around ‘bhe 'enlcrand is almost 90 feet long., To el:uninate

: the expense of‘ maehining 8 flange 40 feet long it was deoided to use a molded

: rubber gasket held to the flange Vwithr speeial sorews e.nd retained by 8 1/4 4inch

~6481'.3§3"
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square strip of steel tack—welded/teﬁtge fiange along the vacuum side'tFig. 23).
Despite the un-machised flange,~£he}§e;fgrmagcerof this gasket has exceeded ‘
our expectation. Three bolts”oﬁ eeeh side sﬁffice to hold the flanges together
and whenAthe pumps ere started, thegexternal air pressure exerts.emple ioree

to complete the seal. The heads ef,the screws act to separate the flenges and
prevent them from demeging the gasket;3

Vacuum Seals and Jbiﬁts.v Ihe,vscuum seal to the outside of the radio

frequency transmission line is made,witﬁ a‘standard>4'-diameter rubber "0-
ring,” (see Fig. 25). This seal snd the:transmission‘line'are installed and
removed totally from the outside ofwtﬁe"vacuum tank. This seal seldom leeks,

" although there is some motion of the transmzss1on line in it due to the
dlfferentlal thermal expansion between the liner and the vacuum tank and the_T,-
warpithof tge tank due to the change in pressure during pump down.

Tbe vacuum seal to the inner conductor of the transmission line is made‘

w1th flat teflon gaeskets in compression between the 1nsu1ator and the copper

conductors that make up the transmission line,
. ,;,w,@. =

et

Vo OSCILLATORS

The present machine was designed to operate with an average voltage
gradient of .90 megavolts per fbot,or a total end to end voltage of 36 mege-
volts (peak velue); This differs from the “energy gain (28 Mev) of the particles
 due to the operating phase angle and transit time loss. Since the shunt '
impedance of the liper on the funggmental mode is 316 megohms, the radio
frequency power reqsired by'the;e%eelerator is approximately 2.1 megawetts.
Since the machineiis pulsed "on® for Gooiﬁicrosesonds’fiffeen times per
second, i.e., & duty cycle of 111, the,aferage power is appioximately,ao

kilowatts,. -
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;approximately 85 kw from fourerfr
7, casua1ty rate while in operation,
| tube.'—”l
ieqnsistsrcf tnree-pre-exciter,os

,;each'connectedrtc the'linerfthro h-

r—loopo '};"

'through the multipactor region,'th

r,to start the power oscillatcrs.r

7;~two parallel metal plates spaced

'w@frequency voltage is applied betw

”cycle., If the energy of the eleE r

;; secondary;electron will be,relea

7'UCRL-236:3evised

347triode tubes in parallel ccnnectlon.

The GL-434 tubes, which werr obtained on war.surplus, hadfsuch a high'

with many actually becoming gassy on the .

,shelf, that 1t was decided to build an oscillator system u31ng 8 more rugged t

The oscillator system now in‘use'was 1nstalled in February; 1950, end

lIators and nine slngle tube power oscillators'

lseparate transmission line and “eoupling

The present pre-exciters cons;st of some slightly modified radar type

17‘50-677' oscillators which are loosely coupled to the llner.r These exciters

"perform three 1mportant funotion for:the machine: They excite the liner

selectxthe correct mode ofvoscillation

erand they supply the low level of adio'frequency energy'to the liner necessary

The multipactor action is almost'universally found in devices using hlgh

system is above that level itf”isappears.~ To illustrate this prccess, consider

small distance apart 1n a vaeuumo In

ggeneral the secondary electron‘emissionﬁratio for metals (with the usual o

"f surface contamination) w1llrb greater than unity., If an 1ncreas1ng radio

the plates, there will be found one value

7 of voltage ‘such that an electron cen 3ust cross the gap in exactly one-half

on is of the correct magnltude more then one

iand\these electrons w111 see a voltage :
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such &s to eccelerate ‘ohem backieei-oee’ ;'themgep again where they wili make still S
more electrons. This process bulldsupvery rapidly and cani di»ssip.atear large
amount of energy; With the geometry;’ound in the accelerator the multipactoring
limits the voltage to very low amplitudes. ' S - o

The stralghtforward cures are to make the electron transit time different \
in the two directions by a d.o. bias » ,or 'l:o raise the radio frequency vol’cage
s0 rapidly that there are not enough r.f. cycles in the ontioal region for
the discharge to become large. The 1ow energy end of the machine provides
extremely favorable geometry for suoh 8 discharge between drift tubes. The
speoings ’between the drlf‘l: tubes in th:Ls region are of the order of an inch end
it can be shown tho.t thj.s gap will be resonant for multipactor action at
eround 2000 volts. . In addition the'fe' ere many such geps, any one of 'wldich cen
be feeponsible for the discharge. 77 7 | 7

’fhe titet cure attempted was to isolate every other drift Vt'u‘oe from ground
for d.c. and to apply a bias svuch" as to make ‘the transit tinme diffefent inbone 2 | ' -
direction from that in the °t,h,é,f‘ Trhien;ethod worked, but brought o*iﬁh it meny [
diffioulties in providing = suitable d'edio frequency by-pass oondeﬁser from the | |
drift t;zbe” stems.to the liner. |

About this time the _problem was solved by the experimental di.soovery that v
three pre-exciters coupled in at the high energy end of the liner i(ozhe're the drift
tube spacings are the longest and the moét,uﬁsuﬁable for multipactoring) could _ <
deliver euffieient energy (taking edventeage rof the very low group velooityrof
propagation in the liner &s & waveguide at 'outoff) 4o drive the rest of the liner
up through the multipac’co; voitage"région so rapidly thet the 'multipecf;;oring .
did not have time to build np. 7 . - o

The correct mode is selected by oareful manual tuning of the three loosely- -

coupled pre-exoiter os‘o;i;lletors.
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: oscillators are turned on.r This

'. conneot the tube to the load (eou'

' appearing on the tube and load c oufbs.i

s 'I'Ioni;-,zse Revised

;peration cyole is 1nd1oated in Flg. 24.

iP”j anh ‘of the nine power os ators uses an Eimac ‘tube type 3“1°°°°A3 in

8 modlfled 'COlpitts cirouit - solllator is made of coaxial transmisslon
lines.w The inner (drive circuit nd the outer (plate clroult) coaxlal llnes

1ng'loop in the 1iner) through the output

transmission 11ne. The relativerzharaoteristio 1mpedanoesand the lengths of

o these llnes oontrol the amplitudes andrphases of the radlo frequency voltages

The phy51ca1 leyout,is shown in Flg. 25,

nd Fig. 26 1s the sohematlo eqnivalent oselllator oirouit dlagram. ”;7:

resonance dom1nates. These loop

The 1mpedanoe of the self

approxlmately 3/%" from the

tely*lSO ohms. The importanoe of thls

ilustrated ‘in Fig. 27. The ooupling 1oop

fself induotanoe to therosolllator for

frequenoles which are near. but ot on'the liner frequenoyu— This low impedance,

JESER R I

s i i i

i mesbeanidlo.
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anm otoillator unit_restson,'andislpartiallybenoloeedvby,amotal cabinet
with interlocked doors for personnelrproteotion. (See Figdreo 28 a, b.) All
hlgh voltage, air cooling and water oooling oonnections are made 1nside ‘this oablnet
and are designed to be quickly disconnected. The quick disoonnect“ 1dea was B
also applied in de81gning the "plug- in oonneotion between the oscillator and the
coaxial transmission thet feeds the radio frequency power from the oscilletor to
the liner. | o |

This qulck disconnect' feature”allows a faulty osoillator to be replaced in
approximately five minutese‘ 7

Each oscillator is pre-tested at & peak power output of more than 350 kw
(duty oyole of 111, plate voltage 18.5 kv, overall efficienoy of 50%) although
in actual operation it delivers 250 kw (plate voltege 15 kv).

The present oscillator system had 4400 hours of "beam on" tlme in the 22 months ‘
"to November, 1952, compared to 2100 hours in the 30 months that the origlnal system

A -

was in use,

VI. THE POWER SYSTEM

(1) General Deéoription. Available electrical components, oooling'require-

ments and general power requirements diotate that the eccelerator be operated
8s & pulsed machine. The pulse length (600 @ sec maximum) is a
compromise between cavity build-up time and aveileble energy storageioapacity.
As high'a'duty as-fs permissible by powerrconsiderations is desiraole fromrthe
point of view of minimizing acoidemtal#ooincidenoes in coinoidencerooonting
experiments., | | | | o

For the paremeters involved here;emergy storage in rotating machinery is
not practioal. Accordingly, the system adopted is = pulse formlng synthetio
: transmission line continuously oharged through & reactor.
i The approximate;desigp specificatlone of the power supply are éiven im

) R , B o 7 7

e

‘. Teble I,

e,
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7?5 D.G. 1nput power 180 &k
1 - “voltage)
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total

- D.C. input power

voltage

S | “.. - current].
"]—fR.F. output power |-

peak

14.0 kv~
290 a

4000 kwf

2200 kw

average -

3.5 kw
14.0 kv (peak)
1258 . B
20 kv

sepedan

R

‘Cathode Power

30.6 kw .

| Repetition Rate

| Pulse length

'»;PRE-EKCITER SUPPLY-

- per: oscillator ’ - tot

current

e R.F. eutput power e

: 10 kv (peak)

| Repetition Rete

'7Impedance

'Céghqde'?ower

‘Pulse length
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To fulfill these specificatiéﬁsiif ﬁgsraécided to. use eombinafion; of é
stﬁndard three~phase mercury vapor rectifief circuit chaerging a pulse forming network
through a reactor. The network is dlscharged into the load by a triggered spark
gep through = pulse transformer.

7 The power osclllators ‘used 1n ‘the present design require that the cavity be
pre-excited before they can‘generétq“i;f@'power. This requires a sepgrate power
sysfém tq'feed the pre-exciter osciiiﬁﬁdrs; this systenm isridenticgl iﬁ design
to thq "main® supply outlined above qith,the exception that tﬁe,pulse forming

network is charged through en emission limited diode in place of the reactor,

‘and that no pulse transformer is used. The block diagram of the equipment is shown

in Fig. 29.

(2) Pulse Foming Networks. Thb'tse of pulse forming networks beceme common
usége in the later phases of radar p:acpice‘gnd their design principles are well

understood. As used here it is simply & synthetic open circuited transmission

line composed of a finite number of sections. Fige 30 shows the numerical constants

employed here. ,
If such a iiné is charged to a voltage 2V, it will store an energy of ZNVOZC
where N is the number of sections of capacity C and inductance L. If thé line is
discharged into & load of its charactefistic_impedance Zo ==¢f576‘ the‘load vbltage
will be Vy and will last for & time T = ZNJrEE”. The total energy dissipated is

thus equal to TVbz/Zo = zuvozc in agreement with the above. The odtpuf vditages,

_reflections under mismatch conditions can be studied by conventional transmission

The line shown in Fig. 30 differs from e simple line of jdentical sections
by the design of its leading section;*'if the line were condenser'términated'
(Tf-section) the voltage on discharge would rise to 2V, resulting in a bed voltage

overshoot. If the line were inductance terminated (T-section) the voltage would

L. 6481 42
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~seen by the 1oad on sw1tch1ng,l

' reactlve network, an energy equa

'i; charged to a voltage v = 2E. This
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first sectlon de31gn, as suggested
_.It assures that the—impedance, as
k'overshoot is thus avoided.

(3) Llne-eharging. The electrioal length of the pulse forming ‘line is

If a capacitor is charged fromrarflxed voltage source through any non-

mthe stored energy is d1s31pated in the

oharging network. Henoe 1f in orderrto produce a constant reetifler current,

the condenser bank is charged h gh en emission limlted diode, half the supply ‘

power will be dissipated on‘the diodeianode.— This is the system used in the

pre-exeiter supply where power'eco myiis not essentia1.~ B

If a capacitor of’ capaeity is eharged through a rectifier of voltage E

ss”reactor, the capacitor will always be

in series with an essentlally 1oss

is- required by energy conservatlon 31nce the

VV work'done by the rectlfler is G hile the energy storedﬁin"the;condenser o

is Cvzfﬁ. If the reactor is los this requires Vo= 2E;ianetnechanism of

the doubling aotion will differ depending whether the half period

I =.W!4_° "/“

The waveform occurring in’ the three ases T G" are shown 1n Fig.' 31.' If '.,)“«r'
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will be the portlon of the approprlate 31nus01d,symmetr1ca1 sbout the midpoint
of the charging interval. As frfiﬁﬂwthe"chargingmcycle‘gpproachgg'a saw=tooth
wave. Thé'principal advantage of;ariérge value ofrfT is the smeller current "
fluctuatioﬁ reflected in the power lihe; The prihcipal haz#rd of = iérge‘j"is
the lérge ﬁégnetic eﬁergy>st6rage inrﬁhe_réactof. ‘?his'resﬁltS‘in a voltage
overshpot on -the line in case the spﬁgk;gap accidentally:does not fire. .Voitager .
overload protection is thus needed.' |

Table II presents the relevant de31gn 1nformation of interest in charglng

system design,

case Peak current", S Reactor power loss 2.1 Voltage
' Average current (Av. current)< x Reactor resistence| overshoot
: ' : | ratio

Jeo— | o T/RT S L | /8 | | 1

Ter | - w | /e I Y

T | re/2d)sin™t fre2) “263 i -( 1*1-?5-‘3111(%9:)] ?:iﬁgﬁg} R

 TABLE II i

(4) Spark Geps and Pulse Transformer. The current switching is done by a

set of spark'gaés. -These gaps operate in air and aré made of simple spherical
copper electrodes. An air jet de-ionizes the arc mééhénically. Thé gaps are'7?a'j~:' : ;
mounted in a sound-proof box. - | 7 '

The mein oscillators are matched to the pulse forming lines by'ggiﬁst,pulser‘
transformer. The transformer qperateérat a turn ratio of 2:1, 'It:ﬁeiéﬁs approxi- - .
mately 2000 pounds, | 7 7777? |

The spark gaps ere trlggered by a 100 kv pulse of epproximately .1 p sec o R
duratlon. This pulse is provided by dlsoharglng a condenser through the primary : - ;

‘of a pulse transformer of the de51gn of Kerns and Baker17 by means of & hydrogen

| thyratron.' The grids of the thyratrons are drlven by & central pulse generator.
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Aa trigger pulse to the Ven de Greaff which keys the ion source on after the

rsoope sweeps, counter gates, eto.

rv1x.: ACCESSORY EQUIPMENT.,’

riexperimental equipment.

rﬂpieces 2-1/2' in diameter and -2

vertically, so that. they strlke
'[Thi'wmegnet can elso be ueed for
'Qiproton beem horizontally, an&'th

'fmdrlft;tube,space. The magnetiels'

”"Thie circuit delivers pulses 'o,the pre-exoiter and meln oscillstor thyratrons\

‘,w1th the proper timing. The repetition rate cen be set to any desired frequency,

rlup to the 1imit 1mposed by the allcwable duty cycle. The pulse generator supplles

:oav1ty is built up, end elso supplies mlscellaneous trigger pulses to actuate

(1) Electron Catoher Megnet>and Mbnoohromatlzlng MEgnetscﬂThe high axial

T r.f. eleotric flelds existing inr he resonent cavity can accelerate any free

”7or ges ionization can be accelereter to an energy of 1.1 Mevo These electrons ,

A emell electromagnet, produoing‘approximately 3,000 geuss between pole

pert; is provided to deflect these electrons

ieerbon cylinder, thus produclng only soft

':;rays which are ebsorbed in & Vee~inch lead shield eround the cylinder.

mell-angle vertical steering of the proton beam.

;(2) Deflectlng magnet. 8, OO gauss megnet is used to deflect the 32 Mev

separete it from the lower components of

Wﬁi4 end 8 Eev. The letter are’p du ed“by protone spending 2 r.f ;oycles in each

removes the 16 Mev Hz component 1f e 1/@ mil
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eluminum stripping foil is inserted shead of the field. Output ports are

: pfovidéd at -150, 00, 100,7200 and 30°, --The magnet is used primarily as =a

'switgh, to'moye the beam from one expe;imentalwsetwup to another.

(3) Boﬁbardmént facilities. After the beam has passed through the deflecting

magneﬁ; it is aiailable for the bomSa;dment pf_targets, Apparatus at this’end

of the machine is so similar to thaﬁ foﬁﬁd in cyclotron installations, that e
description of it seems out of plaee iﬁ;an‘arti61e on a linear acceiefator.

Two useful ifems are & Faraday ocup inriacqum, for beam integration; end & rotating
foil changer, which is employed for varying the energy of the beam. Space is
avgilable fof thé'installation ofrﬁ-fﬁyrspectrographs, cloud chambers, scattering

chembers, and other similar pieces of research equipment.

. ViII. PERFORMANCE

(1) Energy. The output enmergy of the linear accelerator has 5een determined
by raﬁge,measurements in aluminum, using the range energy relation as computed by
Aron, et aII% the energy can be varied over a range of %t 150 Kev, by moying'the
®end tuners,® or half drift tubes at the ends of the machine., The méasured energy
on & particuiar day will be close to 31.7 Mev. |

The energy spread of the beam can only be inferred at present from the

19 Clz(p,n)leo When the resulting

sherpness of the threshold of the reaction
excitation curve is corrected for sbsorber straggling, the r.m.s. energy width
of the beem cen be shown to be A E < 100 Kev on the high energy side. The
shape of the energy speptrum on the low energy side is not susceptible to
measuremeﬁt by'tﬁis technique. If one were to define the.beam by slits, and
subject it to a magnetic deflection, the inhomogeniety introduced by the passage
of protons through the slit pairs would certainly be greater then that already

present.

In eddition to the principal 32 Mev beam, there are two other beam components
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. (usually removed by a magne't) Qhese are 16 Mev Hz and 8 Mev H"’ s pert:.cles

r'wh:.ch spend two r.f. cycles 1n each drlft tube space and therefore emerge m.th (,

i,half the expected fina.l velocity.

(2) current. For mos’c purposes, fbhe time average current is of‘ most
impor'be.nce. During the paet si.x months » &n experimenter cculd be sure of heving
'71/4 mcroampere of average current ’ if he could use it. In many exper:\.ments,

the beam is purposely cut down by a lerge factor. Occaslonelly, ther}aeam is

',sanewhat h:.gher, and 0.37 p. emps zs the presen‘h record value of I. Tnese values -

e ,rare for operatlon at 15 cycles 'per second recurrence rate, Thirty cycle operat:.on

: of course doubles 'bhe current, but at the moment, the rellability of 'bhe

' ,pre-exci‘ber is poor at this recurrence.f There 1s no doubt tha.t when the newly

7 developed pre-exciter system is installed the assmned beam nll be doubled to

- 'g' :

1/2 p. amp. 7 7
At 15 cycles per second, the pulse\leng&h is 600 p. scc, so the duty cycle ‘

’ 7_‘is 1fin 111. The peak current at'i'f 1 .375 p amp is therefore 50 p amp. If the

current of 1.5 milliamps.' Nerbhe

Several changes have: been mvestigated, and two of them ere well under

. ,way. A radlo frequency "bunoher" hes'been bullt end tested. fi Protons from the

Van de Graaff are velocity modulated: by the buncher, and after a dnft space

: of 157 feet, are formed into smell groups wh:.ch occupy a. small phase engle as -

: ey enter the accelerator. :j'l'n 'ak outpu‘!: current from the accelerator has

: been 'br:.pled by the buneher. The encrgy tolerance on the maected beam must

e be decreased several fold to make,the bunchlng of practical importance. (o

mall change in average velocity of ’the ingected beam makes the hunch arrive
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et en improper phase, so the output oq;ges#Ais thereby‘deoreaseo,)rrh,pfogrem
to develop en energy stabilizing ciroﬁit'has'therefbre been'hndertaken. The
®error signel' is generated by the. proton bunches, when they pase through Y

catcher cavity® near the input end of the acoelerator. One merely measures

the phase of the r.f. in the catoher,cavity relative ‘to that in the eceelerator. '

The energy stabilizer returns the phase d;fferenoe to ZEro.

The second improvement is the use of eleotrostatic strong focusing lenses
of the Christofllos-Brookhaven(14) type. A quadrupole electrode system hes been
‘installed in each drift tube end when 1t is used the grlds are removed. Uhder
”these eondﬂtions, the external average beam hes been increased to 1/? i emp.

If the focusxng voltage could be ralsed to 1ts designed value, g ourrent would
haeve been about 1l p amp. " The increase 1n eurrent w1£h foousing ;oléage comes
from the larger phase angle &t whioh the defocusing forces are eoonter balanced
by the eleotrostatic focusing forces.. Uhfortunately, sparking in the lenses

limited the voltage ‘o the lower velue.' Deterioration of the oables has'forced

'l

t E &5

us to abandon the strong focusing feature, end return to grlds, but it is clear
that the difficulties would not have occurred if the machine had been de31gned
for strohg focusing et the start. It is surprising that enough space was

available inside the drift tubes to make the test as suocessful as it wes.

IX, ACKNOWLEDGMENTS 7

The oesige and construction of,fheﬂlinear accele;ator‘was in ese;y'sense
& cooperative affair, and oontribhtionsif:om & large number of men are involved.
The list of authors of this article has been arbitrerily restricted to those who |
had the responsibility for the mejor'deeign features, and who were hegbers of
the group for the period of two years during which the most intehsive work was
done. (The first 32 Mov beem was observed less than two years after the decision
to build the maohine, end ‘ancther six months elapsed before- reasonably steady

operation wes reached., At the moment;:the beam ie used on theraverage,ofrlz hours
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des:.gn groups of this laboratory. 'g_;——l"i

~ N'Kosher.r The la'boratory Electric

f'ipresent time. We wish to thenk'

3—end Fro.nk Grobelch. Fmally,ﬁi

' *'operation of the accelerator.

copgerenoe in December of 1953';

per de.y.) ‘Much of the work was done by graduate students in the Departrnent of‘

',Physios 3 and major oontributions w re made by the electrical and meehanioal

’ﬂ'e are mdebted to Profesaor E. 0. I.awrenoe for enoouraging us to em'bark

| 'on the projeet. The Manhatten Distriot of the U.S. Army Engineers gave us strong .

ba.cking in the ear].y days, and the Atomic Energy Commission oontmued this support. T

".l‘he Signel Corps generously done.ted large quantities of redar equipment ‘without

which we probe.bly would not have feen eble to build the accelerator.

lﬂr. Williem Baker is respon ‘ole i’or the redesign of the re.de.r osoillators,

without whieh there is a good possx'bility that the aeeelerator would never have

- produoed e beam. Among the graduater students, speoial aeknowledgments must ‘be

;;made of the valuable eleotronio 'ntributions of Le.wrenoe H. Johnston, B.o‘oert

A group of former re.dar te ians played en important role in the building

,:riof the maohine » end some of these men are operating and servicing it at the

,p/oially Phillip Cqmahe.n, Albert J. Bartlett,

,;”'iAlve.:R v Bavis. Jr., Wﬂfred VP Kimlinger. James A. MoFaden, Wendell W. Olson,

wish to ecknowledge the mportant oontributions

?l——in various fields, of Pre- Robert Serber, who developed the methematioal theory

' of ’beam ste.‘bility, Riehe.rd Crawford, David Garbellano, Velma :l'urner, Leonerd Deckard,

'*and Craig Nune.n. ‘\ For. the past few'years,Robert Watt haes’ been in charge of the

*ZH rand Craig Nuna.n supernsed the installation of

eleetrostetie strong focus:.ng“ 'enses, which was reported at the Brookhaven

5482.1. 43




X

-50= UCRL-236 Revised

REFERENCES

1.
2.
e
4,
L
6
7o
8.
9.
10.
11.
12.

13,

14,

15,
16,
17.
18.

19.

KinSey,_Al?hys. Rev. (), 50, 386 (1936) and private communication.
W. J. Sloan, Patent No. 2,398,162,
W. W. Hansen, Rev. Sci. Instr. 19, 89 (1948).

Veksler, Journ. Phys. U.S.S.R. 9, 153 (1945); McMillen, Phys. Rev. 68,
1943 (1945). ' , T

L. C. Slater, Rev. Mod. Phys. 20, 473 (1948).

H. Bradner, Rev. Sci. Instr. 19, 662 (1948).

R. Serber, Phys. Rev. (A), 73, 535 (1948).

‘Sperry Gyroscope Company, "Microwsave Transmission Design Data.."'

F. Oppenheimer, L. H. Johnston, C. Richmen, Phys. Rev. (a), 70, 447 (1946).

W. Panofsky, C. Richmsn, F. Oppenheimer, Bull. im. Phys. Soc. 23, C8, (1948).
L. C. Slater, Microwave Electronics, Rev. Mod., Phys. 18, 441 (1946); Sec. 7.
E. M. McMillan, Phys. Reve 80, 493 (1950). | ‘
J. P. Blewett, Phys. Rev. 88, 1197 (1952).

M. L. Good, Bull. Am. Phys. Soc. 27, No. 6 (1952).

L. B. Mullett, A.E.R.E. Gp/n-lei'/ (1953).

Beker, Edwards, Farly, and Kerns, Rev. Sci. Instr. 19, 899 (1948).
W. A, Aron, et al, "Range-Energy Curves," AECU-663 (1949).

L. W. Alverez, Phys; Rev. 75, 1815 (1949).



w) W

of @

.

¥

-y

.51- : - UCRL-236 Revised

+#. LINES OF H
—— LINES OF E

RN i i e s

(E AND H ARE-IN

O i The Jhe 0 TR S 4

+ o+ o+ o+ A A
Ry

£ 3
+

e

[ o et ~ B

i N

- Excited in Axial Electric 010 (TN

0

)

TIME. QUADRATURE) .

' 'Mode




~;

R S UCRL-236 Revised .

ol e

»

%

":‘l‘-
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R
st

‘ Fig. i Fields in "Unit Cell" of Accelerator. Note that a Gonductor
Across DC Would Not Change Distribution,
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o . . e

EXPLORING LOOP

INTRODUGE D . APPROXIMATELY
L TO ELECTRIC FIELD

Fig. 6 Schematic Disgram Showing Magnetic Field Mapping of the Unit Cell.
The Field Maps Permit Evaluation of the Integrals in Eq. (5) and (6).
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SIMPLE THEORY EXPERIMENT

; = 208 .00me. 207.16
q, g . - R

: 205.61 mc. 20506
. 203.90 me. 20364
. __ 202.89 mc. 202.81
R 7202.55 mec. - 202.55 .

n= NUMBER OF LONGITUDINAL NODES IN THE

; " FIELD PATTERN. - :

Fig. 7 - Mode Spectrum of Linear AcceleratorifQ?"i"??f —
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He, ARBITRARY UNITS —=

Fig. 8a Effect of Fourier Analysis in Correcti_ng Cavity :
LOriginal BE (2)]. ,
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Fig. 8¢ Effect of Fourier Analysis in Correcting Cavity.
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Fig. 12 Grid or Foil Geometry.
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Fig. 1 Radial Oscillations of Grid or Foil Focused Linear
Accelerator for Various Synchronous Phase Angles.
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Fig. 16 Photograph of Tank Opened for Receiving Liner.
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SUPPORT RAILS

OF LINER
CLAMP SCREWS ,
—UPPER GLAMP
CPLATE
[4 J s
ADJUSTING SCREWS ——=. — LOWER GLAMP PLATE
ADJUSTMENT —— SPHERICAL WASHER
SPRING - -
| ' DRIFT TUBE
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Fig. 18 Driff Tubevblamps and Arrangement.
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Fig. 20 Photograph of Various Types of Slat Grids and
Beryllium Foils Mounted in Holders.
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RADIATION LEVEL THRU 1" OF LEAD
0 SHIELD OK HICH VOLTAGE™ END OF
LINEAR ACCELERATOR TAKK. _ ] ovenarine
604 ' B ; VOLTAGE
, A RADIATION LEVEL AFTER CLEANING DRIFT TUBES -
50- ; ' o .
B RADIATION LEVEL APPROXIMATELY- THREE HORTHS . -
1 AFTER CLEANING . .
7 40 _ o N
é‘v . R
> 30-
=
20 -
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%
- . ” ___*___*_‘_-4‘
2 2% ' 30 v 40
TOTAL R.F. LIKER VOLTAGE (MEGAVOLTS)

Fig. 22 X-Ray Level Near Output End of the Linear Accelerator
as & Function of Operating Radio Frequency Voltage..
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Fig. 2 Plate and R.F. Voltage vs. Time.
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Fig. 26 Linac Oscillator Schematic.
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Fig. 30 Schematic Diagram of Pulse-forming Line,
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