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J.\. pressure-i?sulated elcctros-(;atj.c Gcnerator has been ,built to serve 

as a.n injoctor of 4 ;~cv protons' into the .linear acoelerator.· This machine 
t 

is 0:(' tha 1;/isconsin horizontal type and' is housed in a pross1.1re vassel 
;~ 

eight feet in diD.1';lcter an.G 27 feet long, designed for a maxim:um operating 

pr0,~Sl',ro of ;),00 p.s.i.G. A ;Length of 15 -'feet is provided fOl' the insul-

ating support structure, includinG c~.n.rGinG belt fOmd accolerflting tube. 

The air sap bet'woen'Ghe high potc:i.1.tial electrode and tCl1k 'Imll is 20 

" 
in,oh0Z, · .. lith a second. electrodo operating a.tone .. half the to'~al v:oltage. 

cubdinc.in~~ th:i.s Gap into two lO-inch gaps. Dependable opcr3.tion at the 
I 

4 million volt level is realized 'l."rlt!l 100 p.s.i.g. nitrogen ~,{-ith about 

5 porcent bY'l.'reir;ht of Freon 12 (CC12 F2 ). Proton pulses at 4 Mev of up 
, I 

to om: ;:-:til1ic..tl.pcro height and 500 microsecond duration at a .:lornal rep-

cti"tiion rate of 30 per second are no"':" available focused into a spot clia-

motor 0:1 1/16" - 1/8"0 I, The pulse r~petition rate can be increased to 

giv0 an average proton beam current of about 50 microamperes. 

• 
\ 

1/':\( 

i 
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1 
The Berkeley electrostatic generator was designed and built pr~- ' 

marily to serve as the injector or ion source for the proton linear aceel-
'2 ~ 

~ erator in this laboratory. The basic requirements for line~r, 'accelerator 
J 

injection ares (a) To have the injected beam current as large as possible, 

and (b) to hare the energy above a certain minimum value which is set by 
/ 

considerations of drift tube design and focusing. 
, I 

The drift tube array in the accelerator is 40 feet lo~g, with a 

3/411 diameter opening through which the beam passes. ' Neglecting the focus­

ing forces, this sets the 'order of magnitude of the angular d1ivergence 
I ' 

which can be to,lerated in the injected beam without excessive loss at 10-3 

radians. It appeared that an electrostatic type accelerator could deliver 
l 

'a larger current into this acce~tance,angle than could a cycl~tron. due to 

the inhere:c,t ability of an electrostatic machine to deliver a' beam ,of smaI,l 
~, 

diameter I together with small and controllable angular sprea~" 

, 
, The injection energy of 4 million'volts chosen for the: present 

machine was arrived at from the following considerations: (1) It was in­

itinliy planned to use thin conducting foils to close the dri'f+; ,tube opening' 
''\ . ff . 

". 
on the high energy side of each gap to secure first order focusing. ,This 

rt 

required an injection energy high enough, to avoid prohibi ti ve, 'scattering in 
( 

the eax:ly stages where the proton en'er,gy"isi low.' (2) It Was,.desired to have 

----------------~----------------~----J.This article is intended to describe only the essential features of the 
machine. See U. C. Radiation Laboratory Report UCRL-\323 for greater detail., . . . . .-....-.. ~. ~, . 

2l1Bor1celey Proton Linear ,Accelqratorl II (University of' Ca.lifornia~ Radia.tion 
Laboratory Report No. 236, dated 11/30/48.) . '. 
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... ' 0. ma.chine with 0. high enough operating voltage to :malee it a useful research 

'" '. ," 
{" ..... -: 

........ 
. . ~ 

I ... 

. . , 

.\ . 
instrument in itself •. (3) The' art 
I' ' 

di6a:ted that 4killion ~ol t~ was a 
I : 

'. . . . . 1 • .'~~:·r . . 
of electrostatic generatoTjdesign in- ; 

t . 

safe design figure and4'~;11ion'volts , 
·1 ' 

app~ared 
I 

adequa~e to fulfill the first·two requiTements. ~ " , . (I I 
I 

I 1 

'( 

, . 3,4,6 
The Wisconsin horizontal machine was chos~m as the basic model 

for the Berkeley machine because of its satisfactory perfonnance and be-

cause its eX'brapolation to give dependable op~ration at the 4 million 'volt. 
i • 1\: . 

level appeared to be a safe undertaking. A horizontal machine was also 

, 
,",,' 

preferred for linear accelerator injectfon, since it avoids the .problems .. ~ __ ~~ "'"," 
~ .' .:. "'~',::-"J1"'~ 

·#1 

of defocusing and sensitivity of beam position to energy associated with 
.- ~ 

the :900 deflection that is r~quired vdth a vertical machine •. : 

.' 
Experience with' the Wisc~nsin ~chine showed that therhighest volt-

.• j' 

..• .i .. ' 

~' , 

age at which it would operate steadily and dependably on 'a production basis 

. , 

I' .' 

. ~ .' 

! 
I 

, 
" I ; ~ 
',< f 

.; ~; 

.... i 

I 

was near 3.~ million, alth0':1gh intermit~~nt! operation' ''?-th ft~queJ?t- spark- . 

ing at voltages as high as 4.5 milliori'.~s . attained in earlY,te'st ;"ork .. .. ,." ",'.\. '", ... , 

' . 
. ~. :. ~ .. ~} .. 

...... 

The basic limitation in the 3.5 million. volt region ~ms air gap breakdown# 
. . 

although in the highest voltage test w9rk, some damaging sparI,cs occurred 

along the charging belt near 4~5 million. The changes that ap~eared nec­

essa.ry in order to 'insure sat1"s.factory operation at the. 4 million volt level 

were~ (1) Increa.sing the strength of th~ air gap against direct sparkove~, 

(2) Increasing·the·strength of , the' charging belt 'against'flashoveri' and 
, 

---------~-------------------------~~-3R. G. Herb, C. lil. Tu~ner ... C. M. Hudson, R.E .. War'ren: . Phys~i~Rev.~, 579,· 
(1940). . . '. or .;.: . 

. . . ' •. . '" l'. ~, , ;.~, .' . ': • 

46. M. TurnerJ TJniversity of Wisconsin, PhoD. Thesis, 1943. : . .'}:. ;·r:,:':':"' ", : 
.. . . ',t'; f :: :~,: ::'<. :- . 

. ~. G. Herb, C. M. Turner, A. O. Hanson, to 'be published.·. :: .. i.C·':'·;~:.· . 

.... ____ ... _. . ._ ................... _ .. _.,":~,_m!'j;:~;~tL 

~,~,~ 
.;:!':' 

'." 

, 
", 

'J \ .• L_,. _. ~ 
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(3) Increasing; l~;reatly'themecha..."'l.icai ~treng;th of thl"1 insulating support 

, ~truct1.1re to ac~ommodate the considerably greater we~ght of e'~Uipment involved. 
i' 

Figu're 1 illustrates the general features of the Berkeley mnc:line, an~the 

... .... . phot,ogrnph of Figures 2, 3, 4, and 5 show the general appear,~c~ of the' _.:.~':"'~~.~~~~ 
'," 

machine. 
" 

TI1e air gap was strengthened by the following changesl (1) The dia-

"" meter of the pressure vessel was increased from 5-1/2 feet t6" 8 feet, and a 

sir;lU.ltaneous increase in the diameter of the high voltage eleotrode f,rom 34 
, 

inches to 56 inches gave an air gap length of 20 inches compared to 15 inches 

in i:;he i;";isconsin machine. (2) Ths maximum operating pressure: of the tank was 
, 

increased from 100 p.s.i.g. to 200 p.s.i.g.(3) Provision w~,s ma.de, if the 

necossity arose, to use a total of three equipotential shells" (in addition to 

tho·high potential electrode) to subdivide the air gap, although it was felt 

thu:b one would be sttfficient and only one is in use .. 

1 

The'danger of sparking along the charging belt was reduced somewhat 

by 'the' following two provisions. (1)' Three, eqtan.y.spaced sheet metal 

par-\,itions or diaphragms~ D11 D2~ and D3 , subdivide the insulating column 

into' four equal lengths. The belt runs through rounded 'slots in these 
,', 

diaphraf%S so, that electrically it is effectively divided into four equal 

short lengths. This helps to maintain the proper distribution of potential 

over the length of the belt and thereb.y reduces 'che likellihoqd of failure 

due to effects which are dependent on belt length. (2) Provision was niade 

for a complete system of belt shields as developed by Trump and Van de 

13' , 
Graafi' , although experience has shoi.m. that they are unnecessary for sat-

isfac'bory operationat4 million vol~s. 
. ~ ,., ~ 1,).. ~ . .. , '" .' , 

----------------------------------------. . ~,' 

GPhys. Rev,~ 55" '1160 (1939). -
, 

:' It ~ • . "'.: 

~1' : 

I , I 
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" 

The strength of the tripod support structure used in the Wisconsin' 
! 5 _, 'f' 

machine ;vras marginal • ' Since we had the' problem of supporti~g a, considerably 
;j." 

,grHCt.ter :?teight of equipm'ent -In the high potential elect~~de,~s' weil as a :" 
! 

granter weigh~ 'of equipotential shells and vacuum tubes, it Vii:l.s ~perative' 

,that the supportstructura be made much stronger.. This ,was accomplished by " 

7, ) 
.the following change.s, although the same material was used: (l The nlmlber' 

" ,f' 
of ~ tubes ,vas increased from 3, to 6 to form what we may call a, hexapod. 

(2,) The 's~,~.e. "oJ' the tubes was incre~s~d, from 3-3/4 inches outside diameter ~ I ,: 

by ;ri8 inch wall in the Wisconsin machine to 5 inches outside:~ diameter', , 
I ,.' 

by 13/32 inch wall. (3) The tubes are .arranged in groups of:3 above' and , 
i -'belo,vt':,;"at 300 angti1ar separation (Figure 1). An increase of.,vertical 

" ' .. < 

rigidi ty is gained with this method of grouping without sacri.ricing too." 
• 1, ' .' much lateral rigidity and at the same time the accessibilitY~,of vaCUlml 

tubes and belt from the sides is greatly increased. (4) 'The ~ibase diameter 

of ~e hexapod was increased10ver that of the tripod to give an included 
, \" . 

angle at the apex of 14-1/40 , while the corresponding angle for the tripod 
. 

(5) The apex of the hexapod is made conSiderably more rigid than 
, ' 

, 1 . 
~ . 

that of the tripqd. The tubes are anchored ri~idly to the large dural cast- .: 

,ing, .C, at the front of the high potential electrode, while the middle tubes 
, , 

, above and below'are effectively continued almost to the point of inter-

-:"sec't;ion by mea.I!-s of steel-lined Textolite tubes inside the M.gh voltage 
, ' , 

ten:rl.na1. (6) ;While it'was not initially planned to do so, 5~t was later 

found desirable to ~nstall diagonal braces from the ground end to ,the mid-
, ( " 

,poi:r#t of the machi'ne=" These braces ·'contribute greatly to the rigidity and 

~traightness 6~ the support structure. 
. i 

, . . . ; , ~ ; .' . 

-------~----------~-----~----~~-------
i 7Grade 1824 Textolite (Her~olite) manufactured by General El~~trir Campany~ 

. .,. 
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i 

The main body of the tank is mounted on a carriage and'rolls back 
, 
I 

on a track to give easy access to the generator mechanism. TIle process of 
. ~ . \. . 

disassembly consists oft (a) Removal, of the bolts in the mainflange: 

(b) Releasing the intermediate shell onto a sRecial c~adle placed in the 

tankJ (6) 
. ' , 

Removal of the highvCil-o'!?;ge -a'hrct-r-od~f -V'li-th aI?: overhead travel-
. ~ '4 

ing, crane. The whole ,procedure of disassembly can be ac'6omplished in 

abou'c 3/4 hour, but reassembly takes about twice as long, due to the careful 

cleaning that is requi;red. 

The hexapod support structure is anchored to the rigid steel frame­

wor~', F, which in turn'is attached to the tank at three points where pro':' 

vision for adjustment permits accurate centering of the hexap?~ within the 
, .. ~ 

'tank. The diaphragm:s,. in addition to breaking the machine up'into shorter 
t· 

leng-chs electrically, se,'rve to hold the textolite tubes at the correct sep-

aration at these intermediate po'sitions and provide support for the vacuum 

tube (or tubes), and belt guide bars. The stiffness of the hexapod, in-

eluding the braces to the midpoint, is such th~~ 100 pounds gives a deflec­

tion of about .08 inches. To prevent the structure from overturning due to 

its overhang VJhen the tank is wi thdra-vm,the short end of the tank is sup­

ported by a frame1.'fork which erlends well beyond the center of gravity" 

In order to provide adequate spnce for mounting of equipment'nec­

,essa'ry for operation of a high current ion'source, a relatively large (6 
, (-. ,'\. 

, ~ " 

feet long by 56 inches diameter) high voltage terminal is used. The ex-

, tensions into the high voltage terminal "of the middletextolite tubes top 
. \ ~ . 

and bottom provide a oonvenient means of supporting and insulating the ion 

. .'. 
r ,.' 

/ 

I ' 

I 
I 
j 

I 
I . ." 

J.f 
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soui'ce equipment.' The intermediate electrode divides the overall 20-inch 
i 

air gap equally into 10 inch gaps, and it'is supported entirely by attach-
.' I 

mant to ,the hexapod at the open end of the shell, thus avoiding the com-
, i 

plications associated vdth the use of an auxiliary support fJr the outer 

end. 

e 
The' charging belt is 20 inches wide and is driven l.lt a speed of 

90 feet per second. It is kept properly centered on the pull~ys (6 

i~ches in diamJter by 22 inches long) by a 0.9
0 

taper oxtending over a 
i 

I 

di:s'tance of 4 inches from each 'end, together 'with a mechaniSln by means ot 

vrhich the rear pulley can be tilted. A pneumatic cylinder U'igure 1)' 

keeps the belt under a constant tension of about 800 pounds to take up 
. . 

stretch, elimi~ate sag, and avoid pulley slippage in tranmnitting power to 
9 

the generator inside the high voltage terminal. Zircon guide rods keep 

the belt accurately positioned where it passes through the diaphragms. 
~ , 

'. 

The charginG system consists o~ a spray comb with needles spaced 1/4 inch 

apart and abou~ 1/4 inch from the belt connected to a 0-60 kv voltage 'doubler. . , 
~ 

Negative ch~rge can be applied to the outgoing belt run by means of a 
,. 

standard charge doubling system in the high voltage terminal. 

Provision is made in the design 'for two identical vacuum tubes 

side by side bEmoath the belt (Figure 1), with the second tube being h 
If' ,I 

ori,ginully planned for differential pumping on the ion s.ouroe. This plan 
. ft. 

WU[; later abandoned in favor ·of the dif1,'e,rential pumping system desQribod 
" 

later in connection with the ion sour,ce. so only one tube i?~heing used, 

~n the machi~eat the pres~n~ ~ime. ,The:a~celer~ting tube design is 

----------------------------------~-~ ~~ur-ply. endless woven ~otton, manufactured by Arthur S. Brcmn, Co'.,. 
Tilton. N.H. " 

9Uigh dielectric strength' ceramic: containing zirconium ,OXide. . .. 
. " t ~ : I 

.' ;,." ,: 

, . 

I 
I 

;r.: 
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i 
ptactically identical to that used in the Vlisconsin machine 3,4,6 except 

that 1/32 inch gaskets are being used instead. of .01 "inch. Tfe ~be is 

ascembled in four subseotions, each consisting of 17 porcelairi;sections 

and spiruungs, which join at the diaphragms. A jack screw a,r;.d, gimbal ring 
I . . 

'assembly at the ground end pushes the assembled tube against springs, at 

the high voltage end ;,lith a force of about 5,000 pounds to hold it to-
: i 

gether and maintain the vacuum seals. 
.~ .. 

Hoops made of 3/4 inch diameter dural tubing spa:'ced'1-1/4 inch' 

apart on'close the hexapod structure and negative point-plate : corona. gaps 
./ 

" 
give the, required ~iform gradient 9f potential along them. In the plane 

of each hoop. shield rings made of 1/2 inch dural rod are situated bot~ 

inside and outside each textoli te tube (Figure 6) to insure a unifonn 

gradient along them. 

The beam' from the Van de Graaff generator mus"i:; be injected into 
" . 

the i linear accelerator accurately along the axis of the drift tube assem-

'bly to minimize losses. Proper alignment is secured by moans of the 

stcclring magnets shc:;:,,"U in F:lgure 1 which are about :3 foct ap~:rt and which' 

are oonstructedso that each 'magnet. COll deflect' the beom in oi ther the 

'horizontal or vertical plane. This ponnits correction for both displace-
': 

mont and lack of paralleliSm between the axes of the t .... ,ro machines. 
. '\' 

';" .-
"'In order to minimize the danger of damage' to the maehine by fire. 

nitrOGen gas is used with about 5°1'! by weight "of Freon 12 ·added to in-

creaso the breakdovm voltage. NitroEcn gas is suppiied from a high pres-

10 . 3 ) , 
surt) stor.age system vmich stores 20,000 fte of nitrogen (NTP at 2;000 

, . , - _ ... -- -_ ........ - -- - ... -- -- - .............. ~ .... -- .. -- .... -- - - - -'- - - _ ... -'_. 

10Installed and kopt 'charged by the 10ca1- Linde Ai:t:'. Products" Company. 
I . , I. 

:' ~', 
,..,......:.- .. ~- ..... _c·." .. '" ":·'-~~''''-~-':·';t.;...;- .... ,,!,,:~ •• 'i.\.~ k.l~ 

•• '-. 1 
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,I I 

p.s~i.g.;' which is: sufficient to fiil the Van de Graaff tank ibout three times.; 
j 

Froim is introduded into tho ~anlc by means of a standard refi'igeration com-

,pr03sor. The. bas charge is vented to the atmosphere vrhen it 'is nece-tsary to 
I ; 

ope;, th~to.n1::. I l'::oisturo and oxygen presont in tho atmospherf", are removed 

''1hen tho tanlc ~ s closed after servicing by evacuation for a i'e,:, hours by 
i ' , 

moxas of a 750 :c.f .m. Beach-Russ pump. Since the gas admiti?o'd to the tank 
1 I 

is! oxtre~ely dry, further drying equipment has been found unh~oessary. 
, ! . 

ION 'SOURCE SYSnm 

An instantaneous RF power input of 2.5 mogavrntts is necessary to 

operate the linear accelerator reson~.t cavity at the required voltage level. 

This means that pulse techniquos must be employed to koep th~ average povrer 

level at a value such that the cavity walls can be kept cool and such that 

tho pmvor costs are not prohribitive., A pulse length of 300 microseconds and 

a pulse repetition rate of 15 ncr second giving a duty cycle of about 1/200 
( . 

have been elnployed until recently "rhen the maximum available duty ,cycle w!l-s , 

increased to about 1/50 by doubling both the pulse length an~ repetit~on 

rate. During each p';'lse, stable acceleration takes place"o~er only about 
, . :', 

100/0 of each RF cycle, and the focusing grids which t1.1"e now used in the 

drift j;ubes in place of the originally planned foils intercept about 500/0 
of tho bewm. Those factors combine to give an efficiency for utilization of 

7-
a steady injected beam of only about 10-v. Since the instantaneous current 

that can be handled by/the linear c..ccelerator without ~xcessive loading is of 

the order of 10 milliamperes, the beam available from the injector will 

clearly be the limiting factor on tho output of tho machine. This mwces it 

not only desirable but essential to get 'as large beams as p~ssible from the 

:o( 
r 

.. j 

1 
, I 

f 
I. 

I, 
I 1 

I 

i 
, ! 

I, 
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The production of high c,-;rrent, high ,energy ion beams with a Van 
i 

de .Graai'f electrostatic genera.tor presents first the problem"of generating. 

, by neans of a suitable ion sourco, an ion current of the 
'I i, ' ' 
I " I 

and; second, the problem of 

desiredmagziitUde: ' 

I 
to 4igh energy' acceleration of ,this' :ion beam 

, 1 t 
I 

I , , 

, '.j, through a suitable accelerating ,tube. Inasmuch as the basic ;,requirements for 
(1<:"-' 

, a satisfactory high current ion source are determined almost: entirely by 
":,: ~',! ; ." . . 

,'~,;;processEis ,occut:'ring \vithin the accelerating tube, 'bhe latteri,will b~' reviewed 
; 

f: I ,~ . , , 
'. first. I, 

, I 

I 

' .... , . ,:I 

, Accelerating Tube 'Processos I .;' , 

',I 

i' 

<. 

, 
,I 
I 
I' 

. I 

',:,---

'D:l:fficulties are encountered when an attempt is madf3 to accelerate' 

large ion beams through the moderately long accelerating tub(~ requ:1.re'd for ,_, 

'high voltage acceleration due to the presence of residual ga1' in the tube. 

'"J,' ' 

.. ! .... 

'. ~ . , 

-. 

C:."· 

, ,I ':' .. 

Ions traversing the tube mw{e ionizing collisions with the molecules of 
I , . 

I 

, , residual gas, creating further ions. and free electrons Which in turn lead to 
1 ' '. ,I • 

: tlfe following additional processeS. (1) Positive ions fo~ed' in the tube' 
t • .J'... '\ .... • • • : "" : . 

create further: positive ions., (Z)Se,condary positive ions can cotlide vrl~ 
J 
I 

, "'.. " 

the iiuba electrodes causing emission of secondary e'lectrons., as '\'fell as out-

of residual gas. (3) The" 
I .I" 

gas sing ,';hich contribute s further to the pre s sure 

electrons liberated 'in the ionization process and 
. . • ~- k-. . ~ :..:--.; :':;:;::-::r:~~' 

possibly,by"secondary .. -

emi.ssion from tho electrodes are' accelerated toward ~ho high:'voltage ~nd of 
, '[,... '.: .: 

, : ' " " " , .,~", , !', , 

the tube and can in principle multiply further in transit by; striking :the ",,:\":" . . .. . . . .. ; ~, , 

;:11 .': 

tU:be electrodes and by producing ions in the gas .. They. wi 1;!; in genera~ ac~;";::, 
, . 

. , .. . ~ I!i, : ;" . ' 

quire sufficient energy before striking either .the "tube electrodes 9r t,he:'::~" .'. . ~ .. '; .. 
• .\.. ,,! .. • 

hir.h voltage. end of the tube to produce ,pEmetratin~, X-radiai,ion for which 
." , 

adequate shiolding must be provided. 

. I" ': " ' . '.' '~ .,. 

A limit to tho":current-carrYing capacity of a tube 'can"in"prin-

1\ 

I, 

,,' 

• 'I 

r 
jl~:"rr 

,",,' . 
i"·' .• 
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« 

ciplo bo set ~.f either of the two following meChnn~Sllls. (l)jSecondary ion-< < 

ization occurring inside the tube can increase the ion load{ng to the point 
, 

where it e=~ceeas I tho chrlrginC; capacity of the system "'hich t.taintains the 

voltaofl"e. 
: ! 

: I 
(2) Ion and olectron drain to the accelerating electrodes can dis-
. I 

I 

tort th3 distribution of p,otential along the tube to the point w'here break-
. I 

d01·m is initia-ped. The relative importance of these tvlO mOChf:!.l.lisms depends 
< I ' 
entirely on what happens to tho secondary ions and electrons ,formed in the 

tube. If most: of them ,traverse tho full lr:meth of the tube and arrive at the! 

ends wi'(;hout striking the electrodes, 1tfO may expect the firat process to be 

thE) more important, but if a substC',ntial fraction of thorn reach the olec­

trodes, we can expoct trouble vnlen this current becomes comparable to that 
, I 

flovring: along the bleeder system which maintains the unifonn,: distribution 

of potential along the machine. ;~ 

Irrespective of which of these two processes is the more important, 
! 

it is apparent that the Buccessful han~ling of larse beams is dependent on 
" / 

': ' 

trlinimizingthe secondary ionization. The dependence of scco,ndary: ioniza~ion 
~ ; 

in tho ;cube on residual gas pressure can be expected to {,be ~,xi?onential since 
I 

the mul;tiplication process is qualitatively similar to that· of electron av.a-·: 
'~ l . ' 

lanching in a. < gas. If No is the number of ions por second ri!n:tcring 1;11.0 tube 

from the i~n s'ource, Ux is the number crossing a plano at <distance x do·vt.n< 
!, 

tho tube, and A is tho average free path betWeen ionizing collisions; thon ,r 
t1-' 

tho follO't'ring relation should apply, r 
J 

x< 
(1) N <=N T x .. 0 e . I. 

For x c L, Whore L is the length of the tube, 

Ii 
(2 ) NL = No o"F 

J' 

. 
'j 

\ 

I 

I 

i 
I 

<' 
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whore NL is the number of positive ions por second arriving at'#the ground end 
~' :. , 

of the tube, asstmlin~ no loss to the electrodes in transit. The back electron 

c~rrcnt s1.10uld be essent~ally equal to NL also (assuming NL» No),' since each 

ionization process liberates 'equal positive ar.d negative' charges.' For, ~,:given 

vol to.ge, ~he X-ray background from the machine should be direo'cly proportional 

to the back electron current and hence it provides a means of checking equation 

(2). ~ X~ray measurements show ~ linear dependence on primary berun iourrent and 
I 

an ex.ponential dependenoe on pressure as predioted. 

Since ionization in tho tube is exponentially dopendent on residual, 

gas prossure, it is clearly of primary importance to minimize this pressure. , 

Posi tive ions are generated in an ion source by ionization of '9, suitable gas, 
~ 

, . 
and it is some of this gas which enters the accelerating tub~along With the 

: ;', . I '. , 
ions,that causesitrouble.· The quantity of gas entering per mi~ro~pere of ion 

I I I ' 
be~ depends on the officiency for conversion of gas to ions, 'but in th~ best 

sources, this is only a few percento The, residual prossure in the accelerating 

tube due to this floVl of gas' varies inversely as' the, pumping sipeed of the tube, 

so it is desirable to USe a tubo with as high a pumpin~ speed as is practicable. 
... . 

Hmvever, the best solution to the gas problem appears to be that of differential 

pumping ,on the ion sourceo By suitably arranging the electrodes ot the ion 

, ' , .' 
source, the ion beam c,an be made to' pass through a small opening whichoffe'rs 

relatively high imp~dance to the flow of gas prior to its entr~ce into'the ac~el-
I _. ',f, , , 

oratj,ng tube. If SJ. is the speed for flow of gas through thi~, opening and a 
,I 

/. 

'/ 

, 
.' ! 

pumping system with speedSs is connected to the space ahead o:f :~is openiIig,~,~,-: .. - I' 

"r .'" ' 

than tho fraction of gas leaving 'the ion source that gats into the 'acoele'rating 
;., . 

This arrangement is known as differentia.l pumpIng, and it is .. 
,~ 

"" -I , . 
• . • " ••. j. 

';-, " 

I , 
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make; SJS2 of the order of a feV{ percent so a large·reduction in 
I 

of gas entering the ·tube can be attained in this manner • 

Differential pumping can in principle be accomplished bya variety 
'11 j 

of methods, eaCh of which has certain advantf).ges and di oadvan"!-ages. The most 

COTi'lli1(ln mothod is .that of a pumping tube similar:in construction to the ion 

accelerating tube sorving as a conduit for gas from the ion source to PtU!l.P~.,"!t"~~:T~flr 
! 

the p;rolli1.d end. fro 'are using analternati ve method described later in which a. 

complete pumping system is· operated inside the high voltage terminal. 

I ,,' 
I 

Ion SouX=ce PUlsirig 

Since the linear accelerator is, pulsed, the beam from the injector .'. 
can likovdse be pulsod in synchronism, and it turns out to be,advan.tageous to 

do ~o for the following reasons. (1) For a given instantaneous injection cur-

rent, pulsing cuts the average ion load on the machine by a factor equal to the 
I . 

duty cycle (about 100).. This permits ~cceleration of beams of the order of a 

milliompere vlhich would far exceed the capacity of the machine on a, steady. 

basis. (2) Experience with both pulSed and steady beams has indicated that it 

is tho average cu~rent through an accelerating tube that sets the limit on what 

it will handle 17atherthan the instantanoous current. This means that a tube 
I 

limi'i;od to 5 microamperes in a steady beam will give satisfactory performance 

with·/1 500 microampere pulsed beam ata 1% duty cycle,. For .thesereasons, 

most of our effort has ~one into development of pulsed ion source.s. 

. f . 

It should be noted that the cap~city between a,ccelerating tube elec-

trodes is sufficient to· proVide· a stabiliZing efrect for pulsod. operation, 
• ,,, " ~ I' ~ , " .' j,. ~ .' ,. . '. . .,. . ~ of _ , " • 

- -.. .... .-- ... _-- --- --- ... -- -- .. ---'-- ... __ ........ - -----
,. .'-
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,) 
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since the stored charge opposes any change of the potential diptribution by 
i 

charges c~l1ected on the electrodes. , 
; : 

1 
1 ' 

\ 

I"; 

'.' 

,t····' . 
;( 

f! . 

I 
t 

A Zinn type ion source was empioyeduntilrecentlY~len it was re-

pla~cc1 by another source using a PIG (Phillips Ion Gauge) type disoharge. which 
1 I 

has proved to be better' in everY respect • '!his source uses no filament, operates . 
at a hydrogen pros sure aboutono-tenth that requi~ed for the Zinn arc. and 

i 

delivers into a more sharply focused beam greater currentu than were available 
I I 

from >I:;ho Zinn source o Figure 7 illustrates the essential features of th:LS 

source. The two soft aluminum cathodes 01 and Os andstainloss steel anode A 

are r:ituated in a uniform axial magnetic field generated by coil S. The 

volume defined axially by the cathodes and radially by tho hole in the anode 
-or 

is a' region in which electrons are trapped. They cannot escape axially because 
I r 

j ,.{ 

they: are in' a potenti"altrough, a.nd th~y can escape radially across the magnetic 

'. fiold only after. making many collisions with gas molecules. Upon applicat~on of 

the anode vo ltage, tho di scharge is initiated by a free electron from some 
I ." 

built up and maintained by secondary electron emission from the 
I 

source 

cath-

odes'due to positive ion bo~bardment. A much larger percontaGe of the povror in 

a discharge of this type goes into creation of ions the.n in an ordinary discharge I 
I 

wnerc each electron traverses the gas only OLce. A small hole in the center of, 

I 
one' of the cathodes permits those ions to emerge that would·o~Ghenv:i.se have 

struck it., The pres'ently used sourc~ is designed only for pulsed operation, 

alth')ugh adequate' cooling of the cathodes would permit steady operation if 

desired.' Hormal operating parameters for this source, are about 20 nucrons 
., 

hydrogen pressure. 1-2 amperes pulsed arc'current and., 800 gauss magn~tic field. 
- ! 

... ,- - , 
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The nOl~nl running voltage of the arc is about 300 volts, but varies some de-

ponding on the condition of the cathodes. In order to permit,the arc to 

sOl!lk'; its own TUrming voltage,' the arc current is supplied by a: high impedance 
! 

or essentially constant current source. It was found that maximum ,beam currents ' 

were obt~£ned using a 900 cone and probe geometry • 

Figur~ 8 shows a schematic of the complete ion source system. Ions 

produced in the discharge are accelerated and focused into a ~ali di~eter 

beDm by 1jhe probe, and lonses L1 and L2 • Tho focus of the beron at tho ground 

I • 
ana of the accelerating tube depends principally on the ,va It ages acros s L1 and 

L2 , f.,a ,'roll as th0 voltagos across tho first two gaps of the accelerating tube , . 
which dan be varied by means of adjustable corona gaps. l~e probe voltage has 
, r 

on~y a sinall effect on beam focus. 'With the machine operating at 4 million 
)' 

I , 

volts, the bost boron. and focus are obtainable with a' probe voitage of about 

10 kilovolts negative, L1 atl2 kilovolts ,negative, and L2 at 60 kilovolts neg­

ative. Tho first' two accelerating tube gaps are' ostimated to: have about 1/2 , 

the normalvoltago of 60 kilovolts across them. If the voltage of 'the macp.ine 
jo;( 

is reduced below 4 million volts, a focus can be maintained principally by 
I 

, " 

varying the volt~ges'" a~ross L:I. and L2 * 
" 

I 
Differential pumpil1g is accomplished by means oi' a 4" diameter,; 

3 stage gas coole,d diffusion pump which has a speed for hydrogon of about 100 

lit7rs/~ocond. " The speed for escs;pe of hydrogen into the accelerating tube is 
, I" 

about 30 li t~rs/scc,ond, which means that about 750/0 of the ~;as that would 

othorvrise ontoir the, accelerating tube isl'removod by the pump.. Cooling gas for 

I " 
th~ pump is for:ced up through the Textolito tubes by a centr:Lfugalblo'IVor, trom 

! 

a ..... later ,cooled; heat exchanger at, the ground ond. (FigUre .,1 ).' , 'rhediffusion 
. , , 

pump is backed -by a CencohypClrvac_mechanical pump, .YJtt_:lch together 'With its 
i 

! ' 

,. 
I, 4' . _._-:, .... 

J 
, i 

I 

I 
'[ . , , , 

I , 
" Jr 
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is 6nclosed inside a small steel pres,sure vossel to protect it 

from' the 'high prossure atmosph~re in the ,main tank. A pressure of o!+f$,o,tmos-
'I 

,J?hor~ of hycirog9n is maintainod inside the hyperv~c tank to p,:/ovide a olosed ,I 
, 

I I 

circulo.t:inb system whichoporatos as folloVls. HJrdrogenfrom t!;he tank passes 
". ' 

, I", , ' 
thr10'llgh tho oillv?-por filter and palladium loak into 

i 

hydrog~n removed by the pumpinG system is discharged 

I ' : 
a .03 11 (Uo. 70 d~ill) holo i'or escape ot ions, the gas 

at :NTP o 

i' ", 
the ,arc chamber. The 

! ' 

back int,~ the tank.. With 

flow is/about 20 oo/hour 
q, 

The voltages requirod for tho probe and the two accolorating and focus-: 

i!lg' Gaps arc furniohcd by sepnrate and indClpendontly adjustable pow'er supplies. 

Pulsing is accomplished by applying a positiv~ aign~l to the grid 

of a serios control tube (Figure 8'). The timing ~gnal which "starts the 

,~ 

oscillators on the linear accelerator resonant cavity also triggers a pulsed 
~ 

light; sottrce 1\'hich projects a beam of light through one of the' toxtoli te support 
, I'" 

tub.";l:J to a photomultiplier tube in "Ghe' high voltage terminal. 
';~--~-' *-T',!IIJI 

The ,signal i'rom 
I' '. 

tho l~hotomultiplier and its amplifier operates a multivibrator vrhich drivos the 
h . 

Gri~l i of the seri'os control tube positive for the' desired leng~? of time.. The 
~ p 

timb delay in starting of tho arc (about 10 microsoconds) .. " plus the tran~it 
" , 

time of protonc through tho accelerating tube is small conlpared to the timo' 

required for buildup of tho ,accolerator cavity' to ,full vOltag(. 
" ;r-

The bost porformance roalizable ''tvith the ,Zinn source installation was 

about 50-100 micro~peros ot protons in a pulsod beam and 5-10mioroamperes in 

a steady boam. '. 
.!-

I I 
t ' 

! 

.1 
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I 
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With tho PIG source" proton pulses at 4 Mov' of 1 milliampore have b6e'~ 

I rlJalized dopcndt:;l.bly, focused into a spot of 1/16 11 
- :t/811 diamoter.~Thile the 

.~' ,I, , 
PIGsourc<3 cSllllot be run stoacl,ily, tho pulse repoti tion ruto can be varied and 

it bas on occasion been increased to the point .mero an average' p.roton current Ct""" 

I 

I 
of' ZO microamperes has been attained. The relative yield of' protons, diatomic 

, I 

t; o.n1 itria-comic ibns from the source; is approximately 2:2,1. ~This means that 
1 .Jli' 

toto.l beam puls(3s of 2.5 millinrnperos have been accelerated and average currents 

of [}bout 125 microamperes. 
" , 

, .... '. 

Our exp'Grience with tho acceleration of' laq;e pulsed beams has led to 

the follovving conclusions and pOints of interest regarding accelerating tube 

bohavior. 

(1) 'Moasurements of' the total ion loading on the accelerating tube (made by , 

noting the differonce in charging current required to hold a given voltago with 

and "rithout ,an ,ion beam), and the distribution of bleeder curront along the 
, . , I 

potential distributing' corona system ~vi th and without a beam, have shown that 

I 

total ion loadIngs many times greater than the bleeder drain can be tolerated. 

This indicates tha-c only a small fraction of the ions and eloctrons formed in 

the ~ubc get .t6 the. electrodes. Estimates of momontum transfer and scattering 
12 

i11 tho procoss of ion formation indicate that ,it is Wllikely that either an 

ion or. a froe eloctron formed ncar the axis of. th~ tube will acquire sufficient 

radial volocity to carry.it out to the electrodes before it reaches the end of 

the tube. 

(2) Only small changes are noted on 'the lmeters along the blc'eder system with 

arid without a beam even when tho total ion load is sevoral times the bleeder 
~. ; 

dro.in. 7hi8 shows thnt any secondary electron multiplicatio~ occurring on .the 
. . .... ...'... :! ; .......... ~ -- - - - ~ ..... _ .... ..,; .... -- - -- _ .... - - -- -- ....... -- ... ~ _ .......... _ ...... -- ~ - ---
UCRL--323.' 
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I 
(3) Tho fact that it is possiblo to acoelerate large pulses t~ough a long accel-

i I / I 

erating tube indicatos that ionization of the gas by e loctrons traveling up the'. 
/ . . 

/ 

tube is nogligible compared to that of the positive ion beam;. as is to be ex­

pected on tho .basis of relativo velocities. Comparable cross, sections for 
I 

ionization by the t\'/'O methods would provide a mechanism for a Geiger typa dio-
: . I 
, I 

charge 1",.11.ich wO)-lld occur in a time of' tho ardor of tho pos~ tive ion transit 
I 

: tim06 'which is short compareJd to our pulso longth of 600 microseconds. 

(4) X-raYf: from back electron current vary linearly .... -nth ion beron current, and 

exponentially with residual gas pressure. l'Ic~:::;urGmonts with ~; X-:ray telo-

sc?pe show that most of tho X-rays originate at the ion source. 

. .. - ~~ -, '--1'!~' 

(5)~ The successful acceleration of large ion beams -to high energy appoars to 

be nlaterially aidod by injecting into tho tube a well-collimated beam of small. 
, 
i 

diru,lOtor which isproducod entirely by powor supplies it'ri'~~'lin~;:;he high ,voltage 

terminal. Focusing potentials obtained from taps on the, ele.ctrostat~c system 

'I 
are too easily!altered by ion and electr,on drains. 

,II 

The" principal difficulty encountered with thl!l usc of a gas-cooled 

oil diffusion pump in the high voltage terminal has been that. of keeping the 

vapor pressure of oil :::;ufficicntly low. Excessive oil v·).por in the differential 

pum['ing region causes scattering of tho ion beom and any oilvapor'which gets 

into tho accclcratine; tube a~:gravates the· problem of ion liluUiipli,cation. 

Sil:icono oil (LiCi 703) which was origil1aUy highly recommended for this appli-' 

cation Has lator1found to be far inferior to ordinary Litton'oil. The use of 
, 

an '?.cti vated charcoa.l trap and :teo wat;er· cooling of ·the hoat: ~xchanger has aided 

mat..orie.lJ.y in reducing the oil vapor. ':L'ho installation or ~:,freonr efrigerated , 
,. 

. . . 
. '" " 

.~ ~ .' ", 
~ ~ 
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the manifqld between pump and ion source is planno( for th6 near 
I r - • 

Tho factor of 10 reduction in the hydrogen e;as flow gained by the in-

I 

stallation of the PIG ion source roopens the question of th~' best method of 

differential pumping. At the -present time it appears that a pumping tube pro-
, 

vides tho b~st ultimate solution, unless somo unfor~seen difficulties are en-

cow.tored vdth the operation of such tubes in othor ~nstallations now being 

builto 

The overall ion opticai system of tho ion source and accelerating tube 

lilU:=::-r. be ! such as to por.ait focusing tho beam at tho ground end of the tUbe over, 
I 

'the'rtL'f1.[;O of voltag.e for which the machine is to be used. For the sake of 

" simplicity it was desired to avoid tho use ·of specially shaped focusfhg 1010c-

trodoG c,t the beginninG of t:'lO accelerating tube as is custoriari1y done. 
I " 

With 

',1 -,' th0 Zim. source installation, the geometry was not quito correct to satisfy , i 
,,' i .' 

simu1taneous1y:tho requirements of getting maximum beam -'chrqllgh the differential 

pukping baffle: and getting a good faGUS at the ground end. ".fuis difficulty wals 
, 

corrected on the PIG installation so it is now possib10 to g(3t both good li>eam 

focus and maximum beam over the full useful voltage range of' tho machine • 

. ,.,,' 

POY-fOr ancicontrois 

Electrical power -co energize the ion sourco circuits is supplied by 

13 
a permanent ma.gnet fio1d, 400 cycle generator having a capacity of 5 kilowatts 

,.0#''<, 

at 115 volts. ,This machine uses no slip rings or brunhes and has given reason-

ably trouble-free porformanco since-its' insta.1lation about .~. months ago. 
I, 

:. ",,' 

Prior 

to this, Vfe US-:ld 0. pair of 400 cycle gonoro.tors "'Ji th a pC component for field ex-

ci to.tiol1 vii th '::hich u prohib1 ti vo amount of trouble wua encountered' from ra.pid 

bn .. sh and comnrutator wear •.. 
l~~- -.~ - - - -- ... - ... - - - - - ~ - •. - ... - - - - - - - - - ~ - ... - -.- -' ..... -- -

;J.'tanufactured by Kobor Electric Co., Arlington., Virginia. wt 
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, Controls of two typ~s are required for operation of the ion source 

oquipmcnta (1) On-off controls, and (2) Mechanically' driven ~dovices, consist-
I ! 

ing! Iltostly of variacs. Relay circuits aro used to operat~ on';'(')f'f control 
I ~~. 

functions, while small 28 volt DC actuator motors are used for', all mechanically 

driven devices. ' All control circuits are connocted into a 21-position multi­
I 

deck selector 'S1'li~ch in such a way that each position of the s"I .. l.tch pennits 
1 ' 

opor(~tion of Oncl, control function (Figure 9). This switch is'itself actu,ator 

,operated lNith its position being shown by a solsyn driven ind~cn.torvisible' to 

the operator through a viewing port at tho ground end of the tank.. Communica-

tio:p. beti'{eon the ground end and high voltage torminal is accomplished by means 

of a loop of nylon r'iGhlint which operates a 4-position switch inside the high 

voltage -benninall • i Two points on this switch give forward or reverse rotation 
I 

to the 21-position selector switch which pennitsthe selection of the desired 
I 

control functio~1 While the other two points activate the selected control to 
, 

give, on or off, 'incr<;,ase or decrease, as the case may be. i', 

In orq.er to facilitate operation of the ion source tmd associateq, 

apparatus, 14 m~tors are provided in the high voltage terminal. These are 

readily visible through 'two viewing ports 'which are equipped with 6 'power 

monoculars. 

General .Performance 

Depondable operation at the 4 million volt level required for linear 

accelo~.ator injootion i& readily att~ined with 100 p.s.i.g. o~ nitrogen to which f 
. r: 

is addod about 30 pounds byvleight of froon 1'1hich giv~s a concentration of about 
tJ' 
(, 

50jo by i.V'(!Iight o Due to the eXMssive drain along the corona ":~ystem~ that occurs 

in a pure nitrogen atmosphere, it is impo'saible to build, upS;1?prociable voltage 
, ." , ,(. t 
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vnthout the adw':bion of some freon. ,This makes it impossible to get a ourve of 

spa.rking voltage vs. pressure of pur~ rJ.:::'~r6gen. It is possib~e. however', to 

ge~ a curvo of sp~rking voltage vs. prossure of N2 + kOlo freon where k is a 
1 • • • 

! , I 0 ,'. 
coristant (about 5 /0) by taking the curve as gas is released from the tank after 

~ . . 

tho normrll amount' of freon has been added to 100' p. s.i. g. ni trogan. 

One intermediate electrode for subdivision of the air gap has been 

found adequate for 4 million volt operation. Experience has shown that the belt 

shield system ib not needed for satisfactory operation, a·b 4 million volts if 
I ' 

tho bolt charging current is kept below 400-500 microamperes:: 'Sparks along 

the bolt occt~rod on several occasions during the early life of the machine 

when this value of charging current was exceeded. 

I The ultimate voltage limit of the machine has not boen explored with 
,I 

any degreo of thoroughness as yet, primarily because adequate voltage for ,the 

,purpose for which the machin~ was designed is attainable at only 100 p.soi.g. 

, '. 
Thore is some difficulty at higher pr6ssures with overloading of the belt 

, . 
drive mOicor and instability of the spray systenn,but these can be eliminated 

if desired. Eventual reconstruction of the accelerating tube using vinyl seal 

ass<!llUply' is con·Cemplated in orderg (a) to obtain greater: pumping speed. 

(b) to avoid th~ large amount of rubber at present required for gaskets, and 
~ , 

(c) to get accelerating electrodes made to closer tolorancos than our present 

onos. 

I 

The overall operational reliability of the ;machin<'l was initially 
• ~4 ., 

poor, due iargely to the gr(!)ater than normal amount of aquipme+.lt in tho high 

voltaca terminal, but it has ~mproved s·ceadily until at present it averages 

80_90
0/0' on a 16 hour day opera"bing schedul(!). N~ diffioulty;hasbeen, 

'. '." I 
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enco1,interod from sparks damaging the nylo~ control lino ~ 

now' averages about 1,000 hours~' 

, 
" 

~f , UCRlJ..352 
.~ , Page 25 

" ' 
'r 
! l~, ' , 

No ~duo deteri'ora .. ..... 

. " . ' 
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continued advic~ and encouragement during the course of this ,~orkJ, to 'members' 

i' 

of tho E-ilGincering Department,~ particularly :MroHayden Gordon" Mr .. A.W. Chester .. ' 

man and If.r •. Edward 'Day for contributions to the mechanical denign; to ,"/ 

Dro R. ,G~ Herb for valuable advice and assistance during initial t'asting; and' 

debugging of th~ machino ~ to Mr 0 Joseph Ballam and Mr. Bruce Cork for ex- , 

tonsive assistanco; to Mro John Foster for aid, in the dovelopment of the PIG 

ion: sources to J;ir o Saul Lissauer, now in charge of opcirationst and to Mre Rob-

ort Clack, former oporator" and to Mr. Albert Bartlett and l.1r o , Wendell Olson, 

l ' 
,present t)rincipal operators of the machine; to the many servioe groups of the 

, la.boratory 'whoso facilities and 'assisiance have been erlensivoly used, partic­

ularly the machine shops,the electronics maintenance and instaliation gro~p8 
.:-

I 

and the inspection and accelerator technician'groups; and finally to Miss 
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Velma' Turnar for valuable secretarial assistance. This work ,was 

. . .. ( financed by: 
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