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Abstract 

The small-angle source (SAS)’ ant1 4X sollrce2 are 
Penning surface-plaslna sources (SI’S) that produce high- 
brightness fI- ion l)eams for acc?lrrator al)plications. Ilow- 
ever, electrode cooling considerations 11avr limited the duly 
factor for pl&ed operation to l-:3% anti the maximum cw II- 
11eam to 2-4 mA. ‘The addition of son,? active cooling to t Ile 4X 
source has allowed l”&ed operation at 6% duty factor for arc 

parameters sllfficient to l)roduce -- 100 mA of ti- beam. R/lore 
vigorous cooling, now being added, should allow prodntt.ion 
of cw II- beams up t,o 20-40 mA. The cooled electrodes wcrr 
designed using the predict.ions of ‘L’UPAZ’LD, a 2-D t.ra.nsieut. 
conductive heat-transfer code.3 The lat,est resnlt,s, along wit.11 
the possibility of l>roducitlg even larger cw 11.. beam currents, 
will be discussed. 

was il,crraserl by enlarging thr millact area hrtwern the cath- 
ode aucl t.he Hat BN insulator. Loop 3 (anotlr) was added I)y 
inserting copper blocks (5) between the source housing and 
the lllagnet. yoke. ‘l’he ulagllet ytrke is freon cooled. These 
tllree chauges allowetl operation at 2% duty fact.or. Loop 4, an 
act iv? freon cooling loop, was ad&d to the cathode asse~nblg. 
This allower extrnding tile dklty factor to 6%. Tl~e discllarge 
voltage alld discharge currc*nt traces for 1.1~ 6% dllty fac(,or 
opera.lion are shown in Fig. 2. Diuing these exprriments, 

Introduction 

Originally conceived by Dudnikov,” t.he Penniug SPS is 
being used at several laboratories t,o provide brig111 13.. l)eanks 
for accelerator applications. 5-7 In addition, the t’pnnillg SPS 
(or a variation thereof) has been studied at a number of ot.llrr 
lal~orat.ories.R~~~l’ There are several review articles drscril)illg 
its operation and state of developn~ent.12-14 There is a limit, 
to the average discharge power that can be dissipated withollt 
overheating lhe source rlert,rodes. These electrode cooling con- 
siderations set a limit, to the average II- cllrrent that. cau IX 
extracted from the Penning SPS. ‘I’hr present linlii. for p~~lsed 
operation is -100 mA at l-3% dllt,y factor and for cw opera- 
tion, 2-4 mA. 

As accelerator techuology atlwtncrs, the demand for 
higher duty factor, pulsed, --LOO mA tl- beams is certain to 
tnarerialize. This denland may inclllde apl)licat inns for cw 

fI- beams in t,he same, or higher,‘5 cllrrc11t rrgimrs. We 
have begun an experimental prograIn to try to increase the 
average extracted II- beam curr?nt, whetller pldsed or cw, 
from our Penning SPS. We have chosen t.he Penning SPS 
because it produces II- beams of high current. and low 
en~ittance.‘3,‘6 Below, we describe our ailproach to this cl>& 
lenge, including the experiments ihat allowed us to atta.in 6% 
duty factor pulsed operation of the 4X source arc; the design 
mobificat,ions t.hat should allow prodrlction of 20-30 mA cw 
II- beams from the 4X source; and the scaling to a sollrcc 
(C!W--Source) that should produce 100.200 IIIA cw I1 - bealns. 

Experiment and Results for 6% Duty Factor 

The operation of t.he 4X sonrre, without, rooling m$- 
ficatious, is discussed in some detail m Hefs. 2 a11d li. ‘I’lus 
original configurat,ion has been operated plllsed at -1% duty 
fact.or. In an experiment to see if the pulsed cll1t.y fact.or could 
be raised, the modifications shown schematically in Fig. 1 were 
trade. The capacities of t.he t,wo ori inal cathode cooling loops 
were increased. Loop 1 (not shown was increased by enlnrg- k 
ing the cross-sectional area. of the copper cooling strap. Loop 2 
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Fig 1. The 4X source cooling lnodifications for 6% dut,y factor. 

*Work performed under tl,e mq,icrs of the U.S. Dvpt.of Energy and 
supported by the 11.53. Ar*ny Strategic Defense Cot~u~uud. 
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Fig. 2. Tljc 4S sotIrcr rq>cralion will1 6% rlllty factor (pulse 
lcngtll, 4 ,115; repetition rate, 1.5 11~). Ilpper trace: discharge 
voltage, 1,ower Trace: discharge rltrrent. The droop shown 
in the last 0.7 nis of tile tlisrhar- e-currrllt. trace arises from 

7 sat Ilration of tl1e toroirl pic.kllp co1 ‘rhis droop is not present 
in the discharge crlrrent itself. 

we also achieved 10.uls-long arc ptllscs from Ihis nlodified -IX 
so,Irce. ‘IYlis shows that it’ t llerr is a linlit to (he tinle this source 
call be operalrtl witholI1 losing the proper cesituri coverage on 
(lie active catI~otlr stIrfaces, it is at least, :-- 10 1n.s. From the 
resu1t.s of t lie 6% dl1t.y factor experiment.s, we estimate that the 
umxillluni opera(ing tellrperaturr of the act,ive cathode surface 
(t lie cathode sru,fare contacting the source plasma) is 500°C’. 
Hased on t.his obsrrvat.ion, two cathode assetnhlies designed to 
handle 2 alId 4 kW of total cw arc power, respectively, a.re 
bring constructed for tests. 

Design of 2-.and 4-kW Modified 4X Source 

In the base-cooled cat hotle design ( Fig. 3), the discharge 
power deposi t.ed on lhe art,i ve ca.t.hode surface is t.ransport.ed 
by conduction t.hrough the tnolybdentun tips a.nd a copper 
filler to a wat.er-cooled surface, where the heat. is removed. 
The base-cooled cathode is designed t,o handle total cw dis- 
charge power up to 2 kW. The tip-cooled cathode assemlJly 
(Fig. 4) transports the discharge power directly from the act.ive 
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Fig. 3. The base-cooled cathode assenlbly ill the 4X source. 
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Fig. 4. Tipcooled cat.hode assetttbly. 

ntolyhdetu~ttt catlmtle surface tllrmtgh 01tly :3 tunl of 111olyl~dt‘- 
tltmi to the water-coolittg cl~atutrl, wllerr tltr heal is re~nnved. 
The ihernial resistance from the active ca.t.ltode stlrface to tllfz 
wa.t cr is nlt~ch lower for the tiJ’-cooled cat Itotle; t herrfore, it can 
handle more cw discharge power, III) to 4 kW. Discharge power 
is dS0 depositr~l cm t.lie act.ive anode sttrface (Ill? 
ailodr surface t.liat clirrct.ly cont.act,s 1 he sottrce Jbiasnta). ‘1’0 
remove heat from this surface, we have modified tllc design 
of tlie etnissiott-slit cover and anode a~srntl~ly as shown iti llte 
cross section iii Fig. 5. The power deposited on tlie altotIe 
stlrface is first. transported ~hrortgl~ t.he tnolyl~de~~~ut~ anode, 
tlmi t lirottgl~ tlie utolyl,clettrtttt-c~~J~J~~,r cotiiposit~ einissiotl-slit 
covu to the water-cooling cl~+tittels in the copper portion oft Ite 
t*iiiissioii-slit cover. \Vr estiutate the anode coolinq loop shmlld 
Ittaint ai11 tlir active atiodc, I etttJ)erat me l~low 500°C’ for total 
tlischarge power ltp to 4 kW. 
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Fig. 5. C’oolcd allodr!‘eniissioti-slit schenlalic. 

Thernlal Analysis of the 2- a11r1 4-kW Designs 

We analyzrd the lmse-conletl ca( Ilode assrn~bly with tllr 
l’Ol’AZ21) colll])lttrr rotlc~‘. Ueraltsc we arc’ rlcaling with a :i- 
1) prc~l~lr~t~. wc have to make an al)l”.“xiltlatiolI to arlnlyze 1.ljis 
gtmnlctry witlr ‘I‘OPAZ2J). \1 ‘e collapst~tl I’r<)~n tht~re lo tw(> tli- 
Inrnhi<ltis as s11ou.11 iii (11r Icft inset of Fig.6: t lie setnicirciilar 
rrnss srcl ion iy r~011ct.~l to it r~i anptlar. rrm8 section of tltr 
s;r111e arrx. ‘l‘lle prxwr is lIten luiitorttily aJ)plictl lo tlte active 
(.a~ Itr~rlr a.rea as SI~CPWII itI tllr rigllt inset of Fig. 6. We make 
tire asslinlptinll that tlic Jjower to melt electrode surface is one- 
t 1lit.d of t llr total tliscllarge power. l8 ‘J’OPAZ21~ cnlcule.ted the 
lr~ttiperature at, t.lle tip Tl, at the edge of the discharge clos- 
est II, tllr waler-cooled intrrfacr Tz, and ill lhe middle of tile 
\I-aler-cooled iclterface Tg (right inset, of Fig. 6) as a fttnct.iott 
UC the waler-interface filnt coefliciettt, at three different total 
arc ~H>\VVT’ levels; 2, 3, and 4 kW. ‘I’lte results of t,llis calcttla- 
ii011 t;,r 2k\V are shown in Fig. 6. For a film coefficient of 
40 k\\‘/m”K, which corresponds to a water velocity of 5.5 n/s 
illr~ntgl~ tllr 2-nlnl-thick channel, we can achieve a tnaximnm 
cai 11otle surface temperature of under 500°C for 2 kW of total 
arc pmvc”‘. 

‘1.0 ulalyze t IIC 1 iI)-cooled cathode (Fig. 4), we used a 
ol~~~-(liltl~~llstotlal annlvsis. Here t.he temrlerat ure of t.lte act,ive 
ci~~l~o(l~~ 5111 fits is drleuuilled by the sutu of t.lte tcmp~rature 
111’ tlir waler. 111~ icllll~rature drop across the filln itttcrface 
I W~IV~YYI tllis WR(U alt<l 1 ltr, molyl~irn~~ni surface, i\lld the iron- 
IMY:II utrr dilft~rctlc(~ I~*lwr~~i llie water-coolecl mr~lyl~tle~r~~~n s:11r- 
twc and 1 Ii<. art ive ~iiol~ldci~~~~t~ ml Itotlc 511rfilc(%. “l’liis l~rchl~~tu 
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Fig. 6. C’ailtotlr t.etnperat.ure vs water film coeficiettt. lt for the 
base-cooletl cathode. ‘l’tte locations of the points ‘I’!, ‘l’z, and ‘r3 
ark given in the rigltt inset. The t.wo-tlitlietisiottal aJq>roximat,ion 
is tile dashed line in the lelt inset.. The tot,al arc power for this 
case is 2 kW. The heal flux q = 0.35 kWjctn’. 

was programmrd into a computer and computations were J’er- 
formed for a range of flow velocities in the entrance channel for 
a wall tltickttess of 3 mm, inlet cl~am~rl widtll and thickuess of 
1.74 and 0.15 cm, respectively, inlet bulk-water temperalure of 
,j”C!, and a heat, flux of 694 W/cm2 (corresJ,ottding t,o 4 kW of 
total arc power). Results of this calcrtlation are shown in Fig. 7. 
Note t.ltaf. the predicted ttlaxitttltttt cnlhodr tentpera,tttres are 
well below 5OO’C:. For low w&u-flow velocities, the water pres- 
sttre tttust be high to preclude boiling. JJowever, high velocities 
are expected to cause scriotts erosion. A velocit,y in the range 
front 6 to 8 m/s is selected as a reasonable comJ~rotnise. 
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Fig. 7. C’athodf tentperatltre Tc attd water pressrlre Pcr~ vs 
water-How velocity for the tip-cooled cathode assembly. 

Projected Performance of the 2- and 4-kW 4X Source 
Designs 

‘ral,le J gives tile performance arltieved with the 4X sotlrce 
iii its original cotlfigttraf.ion. ‘l‘ltrorlgll a combination of het- 
ter source perfortnarlce with a slit etnitt,er than wit.11 a cirnl- 
liar eutit,ter plrts a larger slit-etnitt.er arra t hatt rircttlar-emit ter 
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TABLE I 
Pulsed Operation Results for the 4x source 

Apert,ure Slit 
Parameter 0.54 cw dianl 0.28 x 1.14 cm2 

Discllargv voltage, V 730 93 
Lxscha.rge CII1.I.Cllt) A 140 197 
Magnetic field, T 0.15 0.05 
Gas flow, SCClll 230 50 

PUIFP length, 111s 1 1 

Repctitiml rate, Hz s 5 
H cllrrent 1 mA 100 250 
Ii- lmm, keV energy, 29 20 

FI- beillll noise, 7% f20 $11 

(Imk-t.o-l>ea~k) 
es, 7T~clll.Illrad" 0.022 0.015 
tyr T~clll.lllrarlU 0.023 0.029 

_-__- __~ 
“Two-dinlellsiollal, normalized rn~ emittance. The x direction 
is along the arc magnetic field; z, along the beam direction; 
alit1 y. along the other transverse direction. 

area, we have ol)t.aillcd about 2.5 t imcs more 1~~1lsetl II- r~lrre~lt 

wil II the slit emitter. We will use the slit,-emitter geometry ill 
our cw arc, water-cooled electrode experiments. 

Our previous experience shows we can expect 1 tnh of 
IV per ampere of discharge current. lh-a.llse WC rxlwct the 
(liscllarge voltage to be Ilear 100 V for the cw arc, ancl lfrulllsc 
t IIC I)asr-cooled and til)-cooled ca.thode assenrl,lies can hanclle 
2 and :I kLV of arc power: resprct,ively, discharge currents of 
3J a11c1 IOA, respectively, are allticipated. Tllus, wr expect 
20 LILA of II- current frown tile 4X source ectltippcd wit11 the 
lmse-cooltd cathode and 40 mA from the t il)-cooled cathode. 

C)the~,s liave rnrolmtered l)rnl,lems either est,ablisllillg or 
lnailltaining optimal cesilun cuvcarage tlllring oprratiull of silll- 
ilar, but. not itlrlIt ical, SI’S soltrces wit 11 cooled electrodes. il’e 
may erlcolu~trr similar diffinllt ies. Howrvn, the l’eiming Sl’S 
IlaS at1 0~~tilIl~IllL discharge voltage bt+\vvl*t*n 50 (Ref. 19) ancl 
100 V (‘P&lr 1). ‘I’llis is in the rallgr t.llat 710111l)a. cL+l.‘O folltltl 

oj>t inlal for ma.illtainill~ t hc low work I'~I~cI iou of a cesiru- 
cuat?tl ~nolvl~d~~~u~~r stlrfa.ce ~lntlrr c’s’- bon~lmrrln~rmt. 

Wr Will oljerate t,he arc iI1 a cw mod? wit,11 these two 

water-cooled cathode a.ssrmhlies, but we will ext.ract t,lle II- 
loam fro111 the 4X source with an extraction system that is 
~)uls~tl at ahout 1% tlllty factor. U’e will uperate m this ma.njier 
because of the anticil,ated clectrou loatlillg in t.he extractl0Ll 

gap. i$‘e do not yet know how to handle the 40-80 mA of 
extracted electrons that would rtlslllt in 11~. dnlnl~ing of 800- 
1600 IV of *juwer on the exl rartiull elect rode asseilrl,ly if t lie 
extraction were cw at 20 kV. E’lllsing the cbxtraction a.sse~nl~l~ 

at lye duty factor reduces the electron l)eanl [>ower to X-16 b’, 
low enough To reqrlire 110 extract ion-elect rode cooling. 

Scaling to a 100-200 mA cw Source 

11’~ scale from tile 4X SOIII‘CC pl~lxc-(l rrslllts for the slit 
unit tcr ('l'al)lv 1) to a propost source enl;~rgrtl in eacll of tllrer 
dilnrt3sifu,s I,y a faclc,r of 4. ITsing tlte scaliilg laws ill Ref. 17, 
tilt, calclllatetl iuld ass~mccl lm1’al~lvlvrs fur ihr rcsul(illg <‘h- 
Sorlrcc are givru ill ‘Ikblc I I. Note thnl the cathode ,>owcr loarl- 
inq is down to 0.4 kLl’/ cm2 fcbr this sollfce, low rno11gh that tllr 
arc c-olllcl be operated cw (llM71 tlllty factor) at all arc pen-er 
level sr[lticiclrt to l>rodtlce 160 IIIA of 11 .- I)ram cllrrellt. 

Coliclusions 

Tile lX source ect\Gppe(l wit II water-coo1t.d clrctroclrs is 
exl~ctrd t.0 produce “l> to 4U illA of cw tl- clu’rcut. Scaling 
tire 4X so,Ircc clrsigrl ,1,> I)y a factor of 4 ii> racll of tile tllrec 
linear dimensions resl1lt.s iu a sotlrce rlcsiq t lint can ~~asc~tlal)ly 
be expectd to produce 100-200 11111 of &w li- beam clurent. 

TABLE II 
Scaling from 4X Source to CW-Source 

Parameter 4X Source CW-Source 
Catlmtle-cathode gq), mu1 17 68 
Arc slot width, mn1 17 68 
.4rc slot lcngtll, m1n If lx 
Arc magnetic field, ‘1‘ 0.05 lJ.013 
Eluit ter dimensions, cm2 0.28 x 1.1 1.1 x 1.1 
L)ischarge voltage. V 93 100 
I)iscliargr rl~rrrnt, A 197 500 
II- current, mA 250 160 
Cathode ljower load, kW/cm’ 2.2 0.39 
Anode power load, kW/cm’ 0.54 0.094 
Duty fa.ctor, % 4-6” 100 

a In other t,est,s t,lle t1lit.p factor has heru 4.6%. For the paran~- 
et,ers IisLed here, the duty fa.ct.or was 0.5%. 
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