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‘Lawrence Radiztion Labouﬁoryv .
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( " ABSTRACT
¢ A Von Afdenne-’éype ieﬁ source émi lens syaﬁem has been &eveloped
for use aé a premje:c‘&ez' tb the i8-Mev ﬁt?cnfr-foéuéing linear acceierafbr.
Proton bcam@ of 120 ma at a,n ion production eﬁwzency of 83% have been
obtained. o | |
| A magnetic beam-~confining system has been built, and a beam of
85 ma'haﬂ been trancported 82 in. The béam}enexgy was 370 kev, and its

emittance was 100 mrad-mm, The beam diameter was 1 cm. This is within

the linear accelerator!s calculated acceptance of 179 mrad-mm.
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. Robert W. Alligen, Jr., Bruce Cork, Robert M. Richter,
Joseph F. Smith, Glenn E. White, and Emery Zajec

. < ; i Lawm&ce Radiation L@boratory' .
: : ' University of California
Eeri‘eley. California S

August 3, 1961 ‘
1. INTRODUCTION

The interest of phyaiciém in low cmsé sécfcion reactions haso emphasized
&he necegsity of increasing the beam intensity of highaenergy accelerators. The
recent developmen& of sﬁ:z‘onw-focu@ing linear accelerators has made it pes@nble
to achieve f:hese intense beame. L 2’

A 2"‘%»301’ problem has bewx the pro&ucﬁ:wn and fecussmg of intense
low-ener rgy proton beames; in the limar accelerator 8 pfe-mjece,or. Ap part
of the Bevatron improvement program, a hz.gh«-zmenmty ion scm ce a,nd 1en¢3
system has been devempeci. | -

Reesv.ﬂts of this ngram, reported heve, .indicaﬁe.tha't 'a pxe'-iajector
can be built that will inject 85 ma of protons into aa 18 Mev linear accelerator.
Emi%’cancé éneazaux*emezaw show that this bearn will be accopted with a l-cm-diam
drift-tube boxe. | |

These tesm were performed using & 350 kev Cockeroft-Walton

accelerator, and a -magnetic-beam confining system.
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11 SOURCE ASSEMBLY AND CHARACTERISTICS |
" A.duo-plaematron ian'saurce. designed for pulsed operation, has beén
caﬁétr&céed Tﬁim seurcé is especiany eid&ptable for use on large . acceleraﬁeré.

- All of the internal parm. mciudmg_, toe eytz’actaon e‘iect 'cde. can be removed

. fmm the rear of the amaembiy' remova,};, xn thia faehmn. doess not affect the

.pm-mjecmr eleccrode alignment.
| ”‘igure lisa cross sectmn of the souzce. FiVé subaéseinblies are used:
| A, Source b@dy BEE |
" B. Aperture and eutractor véorixe'
C. Middle electrode {onout)
D." Fi};amém_ asse'fnbiy .

LR, Extractor{'élecf;rode“4’"

A Soﬁrcé Body s
In Fig. l. thé a‘qarce bé&hf consists of a miid-sﬁeel‘ f&c\e‘ piaf:e {1)
;,vhich has é'stai'ﬂeﬁ‘-é s&eei tube {2} welded into it. A solén&id (3) slips 'Girer
this mbe ‘and {s held in place by & split-ving clamp (4) which is recessoé,
PTON s‘idmg &lzgnment of the ynam: wsombly.
| ’I‘ne gource body bolts ontc the Cockcroft- Walton lens tank and ia held
in close aizgnment by a protruding lip, The face plate is threaded to receive

the aperture asgembly,

’B ' Aperture Ass@mbly . .
‘I‘hm assembly is a . cone shapmd invar digk (5) wx&h a molybdezmm
| caﬁ;h@de button (6) preeﬂed inta zt. This bm:tcm has a 0.020-in, «diam and
":0¢021§-m. ~deep aperture. The disk is aligned by a shoulder 30111‘?: in the source
body. | A
‘ A faiaamzer wrench, with & holding maqnet, éé,n be ingexted in the éisk to
.remove it. This wrench fite into the source budy, and the a.sﬁembly can be

chmged without removmg the source body from the lens syste'n. ‘

.' R
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_ B o5 Middle Electrode (Snout) o T
A mild-ateel electrode (7 ) mounting plata (8), and an alumina ln-' . .
3 veulator (9) form thie assembly. § The ateel electrode la threaded lnto the |
'. mounﬁmg plate. then welded in place. ‘Two "O" ringa and tho insulator olip
: “over the electrode. £orming vacuum-tlght jointl between the mountlng plato. :
inaulator. and the rear of the source holder, - Bocauoe of fllament hoat. -
Viton "OY rings must ‘be used. - It hhould be noted that thio is the woakoet |
part of the doolgn. _We feol that havlng the "inside" parts of the cource roadily

. accessible justifies this complicated multiple "O"-ring oeal.

'I'ho snout assembly is aligned by the preclae fit of tho alumina {nsulator
K in the sourco aplit ring. 'rhis insulator lo ground to & 0.0005 in. on all diameters.
The magnetic path from tho solenoid is thtough the sourco plate (1) . |

and the invar disk (5). across a 0.060-in. gap to the snout electrode (7). through

the mouatmg plato (8). acroso a emall air gap. ‘and thou back fo tho aolanold

through the split ring (4) L f e

| - .Fiber aleovea and waahers insulate clamplng bolta (A) from tho eloctrodo. |
: Voltage is applied from a divider to mounting plate (8). IO
| D. Filament Str'aotixio' '

' The filament (lO). a 0.035-in. ~diam. 1/ Z-ln. loop of tantalum. ie

S ,mmmted on two insulated copper rods (ll) 'rhe ceramlc aealo (12) aro soldered

o ' into the ﬁlameat mounting plata (13) Alignment of thio structuro io insured 5

-~

by a receased joint similar to that described above,
o To change a filament. no romovos bolta (B) aad puun off the mounting

plate. ' The filament wiro le aetacrewed to the aupporta: a naw ono can roadlly

- be subatxtuted.

 Are voltago io appliod to the filament and. n mentloned above. tho

snout. Since the filament mounting’ plato iu at snout potontial. hydrogon-from |
a palladium leak~ig fod to the sourco’ through au ineulatod Jolnt on thio plato. a

: y . .‘; '\.“-“_:.g, TR
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greater than 48 hr,
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B Extractor Electrode L
" The. extractor (14) is mounted on a epider (15) It re‘an-be' i‘eplaeed

by removing the fxlament. eeout. and apetture aasembliee. then ineerting a

'cellet emractmg tool into the eource body. : The epider is rigidly monnted

: mand. once aliened. will not move when the extrector ie removed. Voltage is

epplied to the extractor through a vacuum feedthreugh. The extra.ctor is 8

invar and the ep;der is No. 316 atainleee eteel. A lens’ gap bf 0.070 in, is
normauy ueed. thie gap has held 100 kv ior extended periede. Normel operating .

veltage ie 70 kv. Figure 2is an’ equipotential plot of the ex&racting field.

LT ;4..'-.A\ :"' AR ,-., P T T R " e, L ST
oy “.!,.,.k‘ LR A :,_4.,15.‘ EE T A Y z_ 2 P LR B { .{ R ,‘x

‘ III SOURCE QPERATING CHARACTERISTICS -
v Fxgure 3isa simpliﬁed eircmt diagram of the source and electrode

connections, ' 'I'he azrc power eupply ig’ all eolid state and ueee two triggered

“dicdes.’ "‘hie eupply is eeeentially a one-ehot multi’nbrator and is triggered

cn and off. The ocutput is 250 v at 25 amp. Pulee length is variable. but iz
usually set at 1 msec. The rvepetition frequency ie 2 pps8.
The maximum amal field of the arc magnet is 3 kgauee. '\Tormal'

operaexen is at about 1. 2 kgause. The magnetic ﬂux in the enout aperture gap

' hae not been meaeured. ‘but may be quite high here. " . AL

‘Figure 4 ehowe 2 family of arc volt-empere curves for var:oue magnetic

izeld settinga, Note that the axjc impedance ‘can be’ raxaed by mcreaei_ng the

R
- !
‘e

Figure 5 shows the effect of filament current on arc impedance.

- ‘Normal velt-a.mpere ghape is represented by the 68-amp cuwe. No adequate

L.

measurement of filament life has been made yet. Ma.ximwn life appeare

The dependence of proton efﬁcxency on arc current has been etudied.
s

~ Table I shows the results, ;- - 'I',-" ;. B P
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lgeutral-atom ei_ﬁcienéiea l.mve‘not Been measured. Normal operation
is at 20 amp. - ‘ ; | y | |
. Table II showra the beams obtainable £rom various aperturea. Af_
2.0 amp arce current. an ion. density of 60 amp/cm is obtained. ‘ |
| In operatxon this source has been very sta'ble. and ptoton beams of

4 £ .

100 ma are readzly ob&aiuable. IO ,i oo

U

. GOGKCROFT-WALTON LENS DESIGN AND_PER?ORMANCQ |
. o A, Computational Methods - | | .

_ | When it was decided to construct a high-intensity injector, it was
apparent tha& the preeem electrostatxc leaa aystem wauld not handle the beam
required, - o o _
" The best wa§ of obt:iﬁning .béam o;c-bits appéaréd to be the use of 2
wedge tank and & digital computer. Accordingly. a tank was constructed and
calibrated uging the method developed by Fechter and sﬁriegl.é The tank was |
24 in, X 20 in. and was accurate to 0.1% in’ the center and 1% near the walls,
with & wedge angle of 2.5 deg. Electrods shapes were appro:dmated by plane
‘sectzom made of 1/16 in.. copper. |

Beam orbita were computed usmg an IBM 650 computer. In all cases .

- . a hondoger_xeous beam of protons was asaumed._- fI‘he diﬁ'erential e_quation. solved

was

20,581
"+ v'/zv r' + v"/4v T Sy
S AL

_ where ¥ is in cenﬂtxmeters. V in kilovolta. and Iin amperea. Primes indicate

= 0,

) o denvatives with respeét to Z.

' - In practzce. the electrode system was modeled in the ta.nk. and then
. ‘, the p@tential varaatmn along the axie wag obtained. This wag ied into the

;
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computer, and the aeceeéary d@rivaiivea ‘w'ez'e célculatéd. using fihite-diiferenée

e:»mresszons. !n addxtion. the beam radius and divergence at the second field

polnt was awumed From the orbzta obtained and an equipotential plot we were

.--a.bie to get the desired lens shapea. o

' . - B. Colurnn Désian | - {.:_v.
'Iwo i*,rpc—zs cf acceleratmg columna were inveatigated. These were the '
standard hnea.r-gradient column and the power-law column of Harrmon. 5 |
'"‘heoretically the Harrigon column will conﬁne an, in..enae beum. however, it L
would be dxificult to construct oms fc:e 500 kev. Therefore we decided to use '
the linear accelerating tube. and to &eaign a lens that would match the source
and colu;mn. o L | | o s
J.he beam characteriatm@ were studied by rayotracmg backwards
throusvh the column. 6', Tho final emergy waa 480 kev, and i;he entrance energy
was set at 60 k ,.""h:.s was detemined by the expected volf:age standooff -
characte'"is*ics of the new injector. Fiaure 6 shows eome tyoxcal orbits. -
Ressmta of the calculatmns for a. 76-cm column mdxcate tha‘t a large -
.,@approx 6-cm~d1a~n) convergent beam ia requzred v
RN Matching Lens besigﬁ ; B
Figure 7 shows the lens used to match the source and CQlumn. It iav
2 four-elecwode accel. ~accel, -decel —-accel. t'yne ‘I‘he beam emerging from
“the source is acceleraﬁ:ed té» ab;ut 100 kev 'by the extractor and focus electrodes.
- Then the beam is decelerated by the El -focus gap to increase its radms. Thia

.gap %s cc;nverging. so that a balance can be obtained between the lens focusing

forces and the beam blowup, thereby allowing control of the radius. The "‘1"Ez _‘

gap and the first column gap give the beam a ra’dia.lly inward push, causing it to
become slightly cén&ergent. while accelerating it to i‘:hé‘prope:.r i:olumn-injection

energy. o oA
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.F“igures 8and 9 shéw the lens eq@ipcténﬁals. as well as the axial
‘ poteﬁ?ial and its firet and :alecond deriva&ivés. . T‘heviafge ‘cﬁrvature of the
_éff.-‘axr;s. ‘equ'ipotez{iials vhélp.s to keep the beam Wéll cénfix?ed. : |
-'I‘ypical beam or‘oi.ts are ehown ia Fig. 10. I- 'Thé currents ali have the:
_ ‘same mitial cozmxtxona (R = Q. 25 cm and Ro' s 7 deg) At‘thé‘ §6ltagéq u.s.edl
there is no crosaover. B _{ L e \ S

3

PP D._ Lena-System Pemormam:e o g

Thie lens has performed well. We h,ave achieved a tatal beam oi
150 ma 2t ! in. from the cglumn exit. -'lfhe« waist diameter was 1.6 cm, and
80% of the béam was within a éliameéer of 1 cm. The beam profiles show some
logs on E,; thm has been observed expemmentauy. However. 90% of the beam
is %mnemxmed thraugh the lens. To achzeve &his, lens concemricity io held

V BEA.M TFANSPORT SYS'I"‘?M
Because space-charge effects are still la.rge at 500 kev. it was

necessary to ce_azzsi:ruct a beam-comming system. We used s_qlenondal focusing
-because of its sirhplici;y. This, of course, .has the dieza..&vamfagelof. requiring'
" high-power magnets, ' R - S ‘ o
Figuée iDis a J:.ayo;u;t_‘ of ,thé &z'anspbrjt system. Two solenoids .al.reiused.
. The ii:ést one is an integral yartof the column aséeﬁbly. It i's located as close
to the column waist as posaible. This magnet is 10-3/ 4 in. long and has an
- inside diameter of 3in. It iswoundin eight layers thh 23 turns per'layer..
| 'i‘he ccﬂ leads are brought out to permit mazximum coohng. In windiﬁg. cdn-
giderable care mugt be used to insure coil umformity. othﬂrwiae the lens will
| have large abnrrationa. This me gnet has a coil resmte.nce (zenes coxmection)

E

of 29mohnanéa.peukfxeldof9Bkgauea at lka. : . ' VA

Lot e
‘

i.
i:
)
[
|
i
;
{
i
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¢ -~ The gecond magnet is placed 33 in, from the exit of the column solenoid.
This magnet is 20 in. long and has a 2~m. inside diameter. It has a coil

» res}.utance of 21 m"’z. The peak fneld is 7 kga.use at 1 ka. \

-

r

Wzth ﬁ;hcae magne ts we ha.ve achieved 85 ma of pz'otons 82 in. (point 1,

F igure EO) frcam the exit of the first aolenmd. :

VL .BEAM QUALITY MEASUREMENTS
o Matchmg of the Cockeroft-Walton beam to i:he lmear accelerator is
.l done by measurmg the emiﬁiance of the beam. Thia techmque haa recenﬂy come.
into wzde use in several laboratomes. .89 | o | |
At ?;he foch of @he two solenmda we have determined the emxttance oi
the buam and x‘m pm‘&oa ccmtem:. | | " | o
| Our emmauce meas urcment waaz made m a manné§ @Iogous to that
of Marsic:mnm arvd Lallwren. 7 Fz«ure 11 showes a tvpical semp. 'I‘he beam
Immo&enity was cheuk@d by using various apermfed cupa a.nc! calculatmg the
ion dens;«,ty The beam was homobcnecus to wzthin 5% We determined the
center of gravvfzy of the ‘beam by scanaing at pointa (1) and {2} thn two karaday
cups. The beam waa focused sh«*htly &heud gf pmm (i) The cup aperwrea

wére I-mm clzam. ‘A l-mm apermz'e was inserted at pamt (1) and moved along

the X and ¥ axes. of the beam. At each apezrture pomtwn the beam zeTos were

- e

meagured by the cup at point (2); :‘.Then the divergence of the beatﬁ‘was caléulated
by &raasfarmmg the aperture Iocat{:‘mﬁ from péint ‘(P.)' fto péing {2) and dividing -

by m@ cup separation. | | | 1 L ‘ |
| " The emmittance is ob‘famed ‘by plottmg the dwergences as a function of

- radius., The avea under the curve is ﬁ:hen dete rmined. Then the beam emittance

-

is given by

area under curve . , ,
[} k .
7 T

E -]
since me emmamce plot of & p@rfect beam is an empue.

. LA




-10- ' UCRL-9743 Rev
I"igures 12 and 13 show the X é:_m R4 emittances, respectively, for the
) sacond magnet focus. - - |
D=, r’ugh Hcreward at uLRN has calculated‘thac the acceptance of
their linear accelerator is 79 mrad-mm. 10, and our baam' appears to be .
‘within these limite. chty percent of thn beam m wii.hm a dzamcter of 4.3 mm
and hag an emmance of 73 mzrad-mrna, | | | ‘ |
| Al measuremencs were made at the stable voltage limzt cf the test
stand {370 I;e,v) The maximum’ vohage run with bzam waz 410 kev, Thm limit -
is due to room geometry and not to"the column et,ructu're.’ ‘e.g. sparkdown
. occv—.ri*éci from the ghell to; the roowm flooz.. | |
A zﬁaSS.spcctregram}i ha's been set up and the bce.m punty dcte'-"mn\,d
at the second focua, Fzgure 14 shows the resuh.ss. ’I‘he msv:rz.-'nunu had a
regolution of £ 1 amu at mass 30, Id m‘fxcauon of the proton yea.k was done by J k
wiremrbitiﬁg., T}se deflection amle wasg 30 dcg.
it is of mf:erest to note that the sclc&noids apparently analyze the beam.
Ve have obtained similar curves w;th a source efnf'wncy of 60%.  The first
small peak is probably low-emrgy protong, created by the dissociation of H;
in the c_olumn’.f-; o E | ' ~ |
\ e have ob‘amed 320 ma oi proccms at the fn-st focus. 'mth an arc
‘cn.z'rens of 20 amp.
Beam intensity hag beea measured tmin.g a v@hielded Faraday cup and
.a beam trwnszovmer. The cup ami tr ansformer aaree. as 10‘1g as the cup is
. 4 in. or more downstream from ﬁhe transformer. otherwwe. secondary electrons
from the cup face cause the transformer to read high. ‘ M@asurements with the
cup biased gave a plateau a;: -10 v, | | N |
. In addition, a calorimetric measurément ha.ns been made. With 80-—ma
‘p inczdem on the cup, the beam currenﬁ-—measur’-‘a thormally-was 106 ma.

This seems v%:o indicate that some neutral atoms are p:eaent in the'beam.‘ :
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‘Table 1. Proton efficiency as a function of arc current.

t

14 1
16, - - . 80
20" T e

Table II. Eeam extracted for various apertures. =

Aperture o . Probe ~ Avc current = Beam

Diam. = Depth | v} | (amp) - {(ma)

{in. ) _ {in. }

- 0.020 .o 0,090 o TTe 1T 48
0.020 - 0024 - . 70 . . - 20 o 120
0.026 - 0006 w0 - 20 .. .84

, .
[ . -
~ ' . -
" ’. .
o
t -
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- Figure Captions |
Fig, 1. Source détail. R
¥ if.-’;.' 2. Equii)otén‘itial Pl‘ot for the .extré;:tian éléctr.ode.:-“_-'i ERI
‘ i!_?ig; _3.l “Source and electrode comaectxons.  " A i -
Fig, 4, Plot of arc and anout voltage versus-arc current for a ﬁlamen‘-:

cu'vent of 63 amp. o X
Fag. 5. Plo“ of arc and snout 1mpedance versus are current for varioue

R A
L _,‘v.

”ilame;zﬁ curxents. | | |
Fzg. 6. Column backirace -beam énvelopea ag a f;xnctiom of output convergencé
Ra , where Ro is 0.5 cm_ and A is 0. ?62 cm. RN | |

| E‘ig. 7. Fouroelectx'cde lena asa\emb}.y. R |
Fig. 8. I:quipoc.ential plot for injector four-electrode lena.  ‘ on
Fzg. 9. Potentzal plots for injector four-electrode Ians. Extractor potential is

70 kv; focus potentza.l. 100 kv; El =21 kv; and E 55 kv. A '0.25 cm.

F A
Symbols dencting V, dV/dz, and d V/dv are ®, &, and @} veapectively.

E‘ig.. 10, Beam en\}einpes for injécﬁbr- fbﬁf-élécﬁrode'leaa. ~E5¢r5ctor potential
15 70 kv; focus potential, 100 kv, El 2 21 k‘v‘; and hz 55 kv A = 0.25 cm.

Fig. 11. Typical beam transpoﬁ system. ' ' A |

- Fig. 12. b emittance of second focus for 80-ma proton beam. - ’
e 375 kev o . 500 kev

. Emittdhce:o of total beam - 105 mrad-mm - YT mrad-mm

Emittance of 93% of 00 . 67 rnr_a.d—mm""‘,", "“."-,’_-*'58 mrad-mm
total beam RN : R

Fig. 13. b4 emmance at second focus ior Sa-ma proton b@am. S S
375 kev - - 500 kev

- Emittance of to‘&al beam ‘  : .127‘mrad-mm _. 110 mrade-mm '

Emittance of 92% of . 73 mrademm . 63 mrad-mm
to’caibeam.. C o o

Fig. 14. Plot of bmam currenﬁ: versus gpectrcgraph magnet current at the
second focus, Solenozds M1 and. M Z a.re adjusted for ma:-nmum I-I beam

into 3/ A—m. -dxam cup. Beam energy is 370 kev, . The Ml solenoid current

*
!

is 376 amp, The M 2 aolenoid current is 570 amp. L
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