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DEVELOPMENT OF A l 00-ma. PrtOTON SOURCE AND 
LENS SYSTE!-.4 FOR THE BEVATRON !v!ARK·l! INJEC1'0R 

Robert W. Allison, Jr. • Bruce Corko Robert M. Richter. 
Joseph F. Smith, Olenn E. White, and Emery Zajec 

' ·Lawrence Radiation Laboxa.tory . 
. Univezsity of Califor~.ua 

Be;:'keley, California · • . 

ABSTRACT 

AVon Ardenne-type ion source and lens system has ~een developed 

for use as a preinjector to the 18-Mev st.rong-focusing linear accelerator. 
~ 

Proton beams of 120 ma a.t en ion. production efficiency of 83o/o ha:ve been 

obtained. · 

A ;:nagnetic beam-confining systen"l has been builto and a beam of 

85 ma has been tranepo:;:-ted 82 :h1. Tho beam energy was 370 kev. and ita 

emittal'l.Ce was 100 mrad ... mm. The beam diameter was 1. em. Thia hJ within 

the linear a.cceleratot-' s calculated accep'~ance of 179 mrad~m.m. 
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DEVELOPMENT OF A 100-ma PROTON SOURCE Arm 
LENS SYSTEM FOR THE BEVATRON MAPJ\.·ll INJECTOR 

·. Robert W. 'Allison, Jr., Bruce Cork, Robert M. Richter, 
Joseph F. Smith,· Glenn E. W'hite, · and Emery Zajec 

Law!'ence Radiation Laboratory 
University of Califo~.-nia 

Berh.eley, California 
August 3, 1961 

t. INTRODUCTION 

I , 

, .· 

The interest of physicists in low erose section reactions has emphasized 

the necessity of increasing the beam intensity of high-energy accelerators. The 

recent developl'l"lCnt of strong-focusing lineat• accelera:tol'"S has made it poasible 
. . 1 l 3 

to achieve these intense beams. • • 

A major problen1. ha~ been the production and focusing of intense 

low•ene:rgy proton bea.ms1' in the linear accelerator's pre-injector. .Ae part 
. . 

of the Bevatron improvement program, a high .. inteneity ·ion. $ou.rce and lena 

syotem ha.s been developed. 

Reaults of this program, :s:-epoxtsd hereG indicate that a pre ... injector 

can be built tb.at Win inject SS rna cf p1"otonG i:a.to an 18 :t/!.ev linear acceleratol". 

Emit'c:a.nca measurements ohow tha~ thi!J bear:.n v;rill bs accepted vJi.th a 1-cm-diam 

drift-tube bore. 

These tests were performed using a '350 kev Cockc$'o:Ct-~1jalton 

accelc:n:atol", and a ·magnetic-bea.:;.:n confini1'lg system. 

j 

. ~· 

0 ' .. ~ •• -. •• ... • •' -· ~ M ~·· 0 . -.... '' :-.:"; : ~~-; ·- ,. ·:· ~ .. -."; .. --~---. . ' .. · ... ~ ._: ' 
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II. SOURCE ASSEMBLY AND CHARACTERISTICS 
.. 

A ~uo-plasmatron ion source, designed £or pulsed opel"ationo hac been 
. . 

.·o: .conatructed., This sou.r~e is eGped.ally adaptable for use on large _acceler.ators. 

· All o£ the internal pa_rts. including the e%traction electrode, can be removed 

from the xear of the assembly; removal, . in this ~aehion, doe a not affect the 

. pre-injector electrode alignment. 

' ' 

Figure 1 is ~ eros s' section of the source. Five subassemblies are used: 
. . . 

! . A. Source body · ... 

B~· Aperture and ,e~ractor cone 

. ' •.' 

: ' .. ~: • . I 

· · C •. Middle .electrode (snout): 

D.,, Filainent assembly 

E. Extractor electrode · . 

.. ;. . 

A. Source Body 

.r. 

, I ~ . 

' 
Iri Fig. 1, ·the source body conoiots oS. a 1-nild-a'G:eel face plate (1) 

which has a stainless steel tube (l) welded into it. A tDolenoid (3) slips over 

thi~. tube and is held in pl~ce by a spl:it..,;;::ing clamp q4) which im recesoed. 

providing alignment of the snout aoe:cmbly. 

· ,The source body bolte onto the Cocke roft ... Walton lens tan...~· and is held 
I 

in close alignr.aent by a p1·otruding lip. · The face plate ia threaded to :receive 

the aperture asse1nbly. 

13_,"-! Ap~r'tu.re Aasein~ly 

Thie assembly is a cone-shaped invar disk (5) with a. molybdenum 

cathode button (6) p:reaaed into it. This button b..aa a O.OZO·in. _.diam and 

0.024-in. -deep aperture. The diGk is' aligned by a shoulder joint in the source 

body. 

A spanner wrench. 'I>Vith a holding 1na.gnet, can be inserted in the diek to 

remove it. This wrench .fits into the source body, and the aas~mbly can be 

changed 'vithout r~moving the sourc~ body £~o~ the lena system.. · 
. . • I . . 

I J • • 

.. 
,I • ""'7'" .·-;' ; >!... •·, :. ;• .... ~ .~ ~ • .-: ;• • "'··:·""'" ' • j .·- .• , ..• ··.' ._. 
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C •. Middle Electrode (Snout) .. 
. . . . ·:. 

· ·. ~ mi~d-f:!teel electrode (7), ·mounting plate (8), and a.n alumina h\• 
...1 . ·, 

':t • ': ' sulator (9) 'io·rm this assembly.· ·~ The _'ste~l ,electrode le thr~aded into the . 
'\. . .. ' . . ' ' . . 

. ' .. · 

.. , 

mounting plate, then welded ln place.· Two "0" rings and the iDeulator ·allp 
. ' . ' . 

. '··:·."··over ~e electrode, forming vacuum-tight Joint• bet~ee~.the mo\Ultlng plate, . 
I • ' . • 

inaulato~~ and'the rear o£ the souc:e holde·r •. ·Because of.fU•~eDt heat~. ·.· . 

. . 

'part of ~e. design. We feel that hAving the "inaid.ettpart• of the eourceSteaclily 
. ' ( . . . . ' .. . . ' . . . 

accessible justifies this complicated multiple ~·o••·ring eeal~ , .... · 

.The sno~ assembly la aligned by the ~~ecis~ fit ~f th~ alumina insulator 

in the source spUt ring.· This. insulator ta.g,ound to. • 0.0005 ~-. ~n all dlamet~re. 

The magnetic path from the ·solenoid ls through 'the ao~rce plate U) . 

and the inyar disk($), across a·0.060~in~ ::gap to tb~ sno~ ~lectrode .(7), th~ough 

the mo~ing plate (8), acrose' a small air gap. &tid then b&ck te» ~· aolenoicl 

through the split ring (4) •. . . ,• 

.•• • .. •: •. I 

· . Fiber sleeves and washers: insuiate clamping bolts ,(A) !'rom the el.ectrode • 

. Voltage is ~pplied from a div?-de:r to mounting plat.• (8). . . -: 

D. FUainent StructUre· 

· The filament (10), a 0.035-in. -diam, 1/1-in. ·loop of tantalum., ia 

-- mo~ed on two insulated copper l-ode (11).· The ceram!c aeala (12) are aolderecl 
~ , /' . . ,' ........ . 

' •· ,· 

into the filament mounting plate (13). · .Alignment of tbia et:ructuro ia izunttecl 
. • • • .' ; (·,: .... /' . ·• •• ·• J • • • ' .r . 

by a recea~ed joint similar to tluit described above. · 

To c~ge a filament, one ·removes bolt a (.8) a.llCl pulle otf the mount ins 
,: . ' . ~ \ . 

_ plate. · The. filament wire ie --etserewed ~o tho aupport•~ a new one. can readily 

·be substituted. 
! ~ . ~ • • 

Arc voltage is applied to the filamel'At azicl, aa .mentlonecl above, the . 
. I . ' 

snout. Sirl~e the filament mounting.plate i~ at .IDout potential, b.ych-ogen~from 

·a. palladium leak-is feel to ~· aource" through ·.a lnaulatecl Jo~ oa W.a plate.-
J • • I ;_ 

. ' 

" ' 

i 
. l 

' 

·' . . ·.. . . 

o - •· '•' •0-··•• •· ,.~:.~~o"T-~~- ~ -L~- :,,:, '.·~· o ~-:~.-·::: ·' ~,.:~~-i;:4;,..~,t.i~~4{,0~o~: .. ~;~, ~_;, • 0 Ao-'' 
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. :• . ~ . ) ' ·, 

.The. ~~·~actor (14) 'is ~~tmt~d ~~ ~ 1~pid~r .(iS)~ It c~ be replaced 
-~ ' . 

• . . . • • . ~· ' ~ . . ' . ·: • ' . . • ' ' ' • t . • . . . 

· ., by rem~ving the· filament, snout~ and aperture as·semblies;· then inserting a. 
' . 

~collet extracting tool into the source body~ '. The opider is. :rigidly rrx)unted: . ., . 
t .. • • • • ~ ' • • : __ - .' • .. .. ~ t 1. : ': .· . I ' . . -- . . ,I • ' 

and, once alig~ed, ·will not move when tha extractor 'is removed.· j Voltage is 
I ' ' I , ' . ~ ' > ' ' • ' • , ' ~ • • ', i I f 

applied to the. extractor through a ~acuum feeclthrous~ ·The extractor is 

, i~~ar ·and .the spid~r is No~· 316 .stainle~'s steel.:·· :A le:ns: gap of :0·~~070 ~ is 

normally used;: this. gap ~a .he1d;l00 kY·f~~'eit~nded periOds~.~ No·nnal operating 
' t _... . l .. ·· : . . 

' -. • • ' • , 1 , ' ., \ I ~ 

. ~·~, ·.;·:~-!-~.t.!;~-q/,L .. : ~: ;_-~:. l i·,_·,,)iJ. ~~';i; ·'-tt/·j, :~-'~ · .i''" 1 !,;.·:~·~:1 1 .'f·~ {;_t<·:~:~\~-·: .. t ... 1 :·~.; ~,; ~:.;· 

!• ••• "\: ", ~-:.<,:1~·~·~•'·': :, '\~1 I~! ·,:_ 

,. ' 
f," ' .• • ·'' ·" ' ' ' j ' ,' ' ' ' I ; ' ' • • •' . • · . . '·m.' .·SOURCE OPERATING CHARACTERISTICS·, .. ,.,~· : ~. · ·. ·, 

' - . . . 
· ' · '· · :Figure: 3 is:a simplified ·cir~uii·dl~gram:of the· e~urce·arid electrode · 

~om1ectiotl.a·.·: The ·atc''power suppl~ ts<ati soiid. st~te and use~'two triggered· 

·diodes.·· This a·upply is essentially a.· one-shot muttiWbra.toi-· and is triggered . 

... ... ;.,. 

on ~ci of£. : The output is zso v at: 'zs :amp/ Pulse length is variable, but is' I ; ' 

usually set at 1 msec. The repetition'ireCf~encyis i pps. · .· 

The maximum axial fiel~ of t~e arc magnet is 3 kgauss. ··Normal 
' .. 

operation ia at about l.Z kgauss. :The magnetic flux in. the &~out aperture gap 

bas not been measured, but may.be quite high here. : '·- : · · · · :· (·;·. ,; · ·· · · 

·Figure 4 shows~ family. of arc volt~ampere curves for various magnetic 

field settingS'e Note that the, &J;'C impecl.a.nce 'can be' raised by increasing the .. 
• • /"' .. ~· ' . ' ! . • . ~ 

. '-~ 

• # 

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

. . Normal volt ... ampere. shape is represe~ed by the 68-am~ curve •. No adequate r 

measurement of filament life has be~n made yet. Maximum lite appears 

greater than 48 hr. · .t' .. 
I 

.··The depe~dence of proto~ efficie~cy on arc current has.been studied. 

,' I. 
Table 1 shows the results. , : 

. /, 

_. '. 
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Neutral-atom efiiciencies have not been measured. Normal operation 
' 

is at ZO ?mp. 

Table n shows the beams obta.mable from various apertures. At :, . . ·. . . . . ' . . ' . z. . . 
20 amp arc current, an ion density of 60 amp/em is obtained. .. - . . ' . 

! ! I •' 

·:In operation this source ·baa been very stable, and ·proton beams of 
· r · .' '· : • I · . · 

100 ma are readily obtainable. _I' . 

\. 

. ' . . 
IV~ . COCKCRO.FT-WALTON LENS DESION AND PERFORMANCE. 

A. C~rnputational Methods · . 
. . 

When it was decided to construct a high-intensity injector, it was 

apparent that the pre~ent electrostatic lens system would not handle the beam 

required. ... 

The best way o! obtaining beam orbits. app~ared to be the use of a 

wedge tank and a digital computer. Accordingiy, a tank was constructed and 
~ . 

.. . .. '4 ., . . 
calibrated using the method developed by Fechter and Striegl~ The tank was . 
i4 in~ XZO ~ and was accurate to 0.1% in' the center and. lrl/o near the walla, 

with a. wedge angle of z. 5 de g. Electrode shapes were approximated by plane 

sections made of 1/16 in. copper. 
/ . 

Beam orbits were computed using an IBM 650 computer. In aU cases 

· .. a homogeneous beam of protons wao assumed.- The differential equation_ solved 
... /. 

,•' 

wa.a 
.•' 

rtt t :Y•Jav~•. + vn/4V t- + 20
•
58 I = 0, 

. . . . . . . . ; < v3/'l r 
where r is in centimeters,' V .in kilovolts, and lln amperes. Primes indicate 

derivatives with respet.:t to z., 
In practice, the electrode. system was modeled in the tank, and then . 

. ' . 
. the potential variat,ion along the axle was obtained."_· This was fed into the 

~· 
I 

't, ·. ' -

·~· 
.• I . \ . .. 

. I ~.' . ,. 
'~ l. 

. -. ,.·. ' . 
..... '.-l • 

. . 
.. £ ... ~ ..... -~ •. .~ ~. ,..... · , , .~~. : ... \~ .~-~-:.·· :r --~ . ; .. ~_ ..... ::- ~~-~··-i~:~.!.::.·; \~.~-;~~-r.~\~~;.,_~.~_-: ..... :-·~ .. ·~~<~s~-~:.-:~~~.-~:~ ... ·-:.;::-~~.;,~ .. :.;~:'7 ... ~...,~ .... : . .:.;. .. _ .... ---:·-:~~~ .. -.; ::·f~ ~':'--~~""'~--:---·/··:~· 
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computer~ and the necessary derivatives were calculated, using finite-difference 

expressions. In addition, the beam radius and divergence at the second field 
¥ • • } 

·, point was assumed~ From the- orbits obtained and an equipotential plot we were 
I • 

able to get the desired lens shapes. . 
•';: '! • 

j' : :> I 
,! I . ' 

. ' . ~. 

B. Column Design '·· 
\ .. 

· Tw~ typ~a of ~ceelerating columns were investigated.· These were the · 
. ' 

standard li~eal"-gradient column_ and the ·powe:r-l~w column o£ Harrison. 5 
. ' - . ' . ' . ' 

'rheoreticalty the Harrison colu..'"lln will.confine an_intens.e ·beam; however, it 
' ·.. . . . . . .· 

' 
would be difficult to construct one for 500 kev. Therefore we decided to use 

. ~ . . . 

•J: 

and column •... 

The beam cha~actedstics were studied by ·ray .. traciri.g backwards 
. . ~ . . . . . ·. 6. . . ' . 

through the column. . The final energy waa 480 lri:.ev, and the entrance energy 

was set at 60 kev •.. This was determined by the expected voltage stand-off 
. . ' ' 

characteristics of the new injector. Figure 6 shows some typical orbits. 

Results ofthe calculations for a 76-c:::m. column indicate that a large 

: (a.pprox 6-cm-diam) convergent beam. is ~equired. , 

.·I· 

'. 
. .: C. Matching Lens Design · 

Fig?-re 7 shows the lens used to match the source and column. It is 
. . 

a four-electrode accel • ...;~c~;el. -decal. -acc_el. type. The beam emerging from 
/ t ,;• 

·the source is accelerated to aboUt 100 kev by the extractor and focus electrodes. 
I 

Then the beam is decelerated by the E 1-£ocus gap to .i~crease its radius. This 

. gap i.s converging, ·so that a' balance can be obtained between the lens focusing 

forces and the beam blowup, thereby allowing control of the radius. The E1 -E~ 
' . 

gap and the first· column gap give the beam a radially inward pusJt, causing it to 
I ~ . , 

j 

become slightly convergent, while accelerating it to the proper col'wnn-injection 

energy. .· /'•'' 

·' 

'· 
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. Figures 8 and 9. show the lens equipotentials, as well as the aXial 

. poten.~ia.~ and its first and second derivatives •. · nie.large curvature of the 

off-axis equipotentials helps to keep the beam well confined •. 
. . . '' ' . 

Typical beam orbits are shown in Fig• .10. · The ·C:arrents all have the. 

"same ini~i~l·condltiono (:R0 = 0.25 c~ and R0 •: ~ t deg) •. ·At the v<.>ltag~~ used 
. ' . . . . . 

' ... 
there is no crossover. 

i." ', I • 
, I ,' 

r· . ~ : ; ' ; 

D. ~ens-Sy~tem. Performance· 
·' .. 'I ' 

This lens .has performed well. We have achieved a. total beam of 

150 ma at 1 in.· from the col~n exit. The waist diameter was 1.6 em, ancl 

80% of the beam was within a diameter of 1 em. The bea.m profiles show some 

loss on E 2i this has.been. observed experimentally. 'However, 9Q% of the beam 

is tra.nemitted through the lena~ To achieve this, .lena concentricity is held 

to :f:: 0.002". \ ' 

• ':,1 ,''I 

•· 

V. BEAM TF..ANSPORT SYSTEM 
',,. 

Because space-charge effects are still large at, 500 kev~ it was 

necessary to construct a beam·confin.ing system. We u.aed solenoidal focusing 
I l 

·because of its simplicity. This, of course, h.a.s the disadvantage of requiring 

· high-power magnets. ' . '. 

Figure 111 is a layout of.the transport system. Two solenoids are used • 
. ,· 

The fi:rst one is an integral part of the column assembly. It is located as close 

to the column ~.mist as poaaible. This magnet is 10-3/4 in. long and has an 

i~aide diameter of 3 in. It is ·wound in eight layer a with 23 turns per layer. 

The coil leads are brought out to permit m.aximum cooling. In winding, con­

siderable care must be uaed to insure coil uniformity,· otherwise the lens will 
' 

h.a.ve large aberrations. This tr1E;.gnet has a coil resistance (&erie~ connection) 
' ' 

of 2.9 mohm and a peak field of' 9.8 kgausa at 1 ka.. 
' ' 

I ' 

., 
! 

';. 
r 

I· 
t~ 
I 

i· 
I 
F 
I 

} 

' ! 

,·· 
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The second magnet is placed 33 in. from the exit of the column solenoid. 

This magnet is 2.0 in. long and has a 2-in. inside diameter. 1t has a coil 

resistance of 21 mn. ·The· peak field ia 7 kgause at 1 ka., 
1
:. 

. ' . . . 

With these magnets we have achieved 85 ma. o£ protons 82. in. (point 1,· 
• o ' ' o • < I ' ' ' ~ 

Figure ·10) .£rom the e>:it of the :first solenoid. 

; . ... 

VL .BEAM QUAUTY ME.ASUREMENTS 

)·.· 

Matching of ~he Cockcroft-Walton beam to the linear accelerator is 

don.e by measuring the emitt~nce of the beam.- · This technique bas recently come 

. . ' : . . 
At the fod of the two solenoide we have determined the emittance of 

I· 

the beam and its proton content •.. 

our emittar-.tce measurement was made in ~ manner analogous to that 
. . ' . 7' ·. . . ... . .... 

of Ma:rsicanin and ·Tallgren. .Figure 11 showe ~ typical setup; The beam 

homogenity was checkoad by using various ape11:ured cupa ·and calculating thE) 

ion ·dens.ity. The beam wa.s homogeneous to withh'l So/o. We determined the 
. . 

cel'».ter of gravity of the "beam by scanning at points (1) and (2) with t~o Faraday 

cups. The beam wae focused slightly ahead of poh1.t (1). The cup apertures 

wez-e 1-mm diam. ·A 1-mm aperture was inserted a-,t point (1) s.nd moved along 

~he X and Y axe~ID.of the beam. .A!r. each aperture position the beam zeros were 

measured by the cup at point (2). . Then the divergence of the beam was calculated 
. ' 

by transforming the aperture location from point (l) to p~int (Z) and dividing 

by thG cup sepa1·adon. 

The e&Th."nittance is obtained. by plotting the divergences as a function of 
. '· ' 

xadiuz. The area under the curve 13 then determined. Then the bea.r.a emittance 

is given by 

area. under curve E = __ _.... _____ _ 
'if ' 

since th.e er;:ti'i:tance plot of a.· perfect bea.n'l ia an Gllipse. 

.... 

. •' 

. ;'• 

. :~ 

!:: 

.. ... 

{ . 

·. 
" . ·. 

•'.; ·. 

~.. . ... 

.:1 '•. I. A-
. .. 

·~~·1.-··,·:-, t,·· ·•• ~. ~-·· :• ··~\···~-...... - .. 

. --·::· .. 
,• ,. -.. :---· ... : ..... ;: .. ···~ ·-. .. - ~ .................. -··· .• ; .;. 
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:Figures 12. and 13. show the X and Y emittancea, respectively, for the 

oeco.nd n1.agnet focus •. 

Dr. Hugh He reward at -CERN has calculated that the acceptance of 
., I . 

their linear accelerator is '179 mrad-I~nn,·lO ~nd our beam ~ppears to be· 

within these limit a. · Ninety pe:L·cent of the bean'l is within a diameter of 4. 3 mm 

ar.~.d has an emittance o£ 7 3 mrad-m.m. ·\.: . 

All measu?ementa were made at the stable voltage limit o£ the test 

stand (370 kerv). · The maximum: voltage run with beam was 410 k.ev. This limit 

is due to roorn geornetry and .not to the cohunn st.ructui·e~ e~ g~ ·~ · sparkdown 

. occurred from the· shell to the l"OO:t.(t floor. . . 
A mass spectrograph has been set Up and the beam puritY' determined 

at tl1.e second focus. Figure H: shows the results. The instrument had a· 

resolution of :t 1 ar .. '1u at maru 30. ·. Identification. o£ tl~e p1·oton peak was done by 

wire-orbiting. ·The· deflection angle. was 20 deg. 

It is of interest to rwte that the solenoids apparently' analyze the beam. 

We have obtained sirnilar cu~ves with a source efficiency of 60%. T;he f'i:rst 

smali peak is probably low-energy protons, created b~ .the c1is.sociation of Hz+ 

in the collh-nn~ • · 

. \Ve have ~btained 120 ma of protons at the first focus; '\vith an arc 

·current of 20 amp. ;·' 

Beam intensity has been rr.1easured usin.g a shielded Faraday ~up .and 

a beam transformer. The cup artd tra.n31ormer agree, as long as the cup is 

4 in. o:r moxe dovmstrean'l £rom the transformer; otherwise, secondary electrons 

£rom the cup face cause the transformer to read high. Measurements ·with the 

cup biased gave a plateau. at -10 v. 

!naddltion, a calorirnetric measurement has been mad~. With BO·ma 

p + incident on the cup •. the bean.'l current-measur.ed therma.lly-wa~ 106 ma. 
·. ' 

This ~eems to indicate that aome .neutl•al atoms are present in the beam. 

.. ' 

.. 
•" ·--·.~' ·-~--- '"1 ...... ; '··, •• ,., •• - •. 
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Figure Captions 

Fig. 1. · Source detail. 

~ig. · Z~ . · Equipot~ntial plot .!or the e'ct:raction elect~ode •. · · 

Fig~ 3. :Source and. electrode connections. . '; ~ I ' ' : ' 

Fig. 4. Plot o£ arc and s'nout voltage v~rsus arc c~r~e~ £or a £Uament · · 
. I . 

current of 63 amp.· 
. .... . .,, '} ' 

Fig. 5. Plot of arc and snout impedance versus .arc current £or various 

Fig .. 

Fig. 

Fig. 

filament currents. · 
. . ~ :·;,I ! 

.1 ... . 
'•. I 

7. Four-elech·ode lens assembly.··· .. 
.,.,1 

:. ,· 
' 

8. Equipotenti~1 plot for injector foUr~electro4e lens •. · 
.I; 

9. Potential plots for inject~r £our ... electrode lens~ EXt~actor potential is 

70 kv; focus potential, 100 kv; E 1 =· Zl.kvi and Ez =· 5~ kv~ · A'=: 0.25 em. 
. . ' ' : . z ' z ' .·. ' 

Symbols denoting V, dV/dz, and 4 V/dV are 0, A-. and fl respectively. 

Fig. 10. Beam en~elopee £or injector fou~-~lectrode leni. · Extr~ctor potential 

~s 70 kv; focus potential• 1~0 kv; E 1 :: 21 lw; and E 2 = 55 kv •. A= 0.2.5 em. 

Fig. 11. Typical beam transport syst~nu~ 

Fig. 12. X emittance o! second focus for 80-ma. proton b~am~ 
.· 37 5 kev . 500 kev 

Emittah:c·e :-~;, of total beam !()!) n:n·ad·mm ' · ~1 :..urad-rom 

. Emittance of 93% of . 67 mrad•mm ;, ' ' 58 mrad-mm 
total beam ; 

r r t .•. ' 

Fig. 13. Y 13mi~ance at second focus ior 80-ma proton beam.· 
37.5 kev 500 kev. 

Emittance of total· 'beam , 

Emllttance of 92o/o oi ·. 
total beam 

iZ7 ml"ad-mm 

73 mrad-mm · 

. ' . . 

·· Ti 0 mra.d-mm 
63 mra.d-mm 

Fig. 1'4. Plot of beam current versus spectrograph magnet curre~t at the 
' ' ' . . . + 

second focus. Solenoids M 1 and M Z are adjusted for maximum H beam 

' , r. ~ 
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