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Tha neucral beam group at Oak 2idge Nationmal
Laboratory has construsted neutral beam generators
for the ORMAK and PLT davices, is prasencly cone
structing ncutral bess devices for the ISX and PDX
davices, and is contesplacing the construction of
neucral beam systems for the advanced TNS device.
Thesa nautral beam devices scem froa tha pioneering
work on ion sources of G. G. Kelley and 0. 3.
Morgan. '~} Us describe the ion sources under de-
velopment at chis laboratory, the beam optics ex-
hibiced by chase sources, as well as some theorecical
consideracions, and f£izally tha remainder of the
beanline design.

1. 1I0N% SQURCES

The ion sources considered at this labaratory
are (a) the hollow cathode cusp field duoPIGatroa,
(b) aagnetic mulcipola cusp field source, and (c) the
LaBrg hollow cathode cusp f1eld source. The prin-
cipal line of sources under deveispmmmt originates
froa modificacions of a duoplasmatron and is called a
duoPlGacron.*~? It conaists, as shown schematically
in Fig. 1, of a tharmionic csthode discharge followed

' : o *
ORNL POSITIVE ION NEUTRAL BEAM PROGRAM

| Foamuy
Lid
LT
i
anc
v
w0 A
0
0unE
o Ty framiery
—— . TR TR
av ATy
»a LV TRt .G
g ¢ ol
A 2 - oy | om0
L 1 10 VWi
I
AR, ARME,

Fig. 1. Schematic of 22-cm ion sourcs.
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by a collision doninated dischacrge followed by axial

axtraction. lore detailed Lllustrations of duoc- ¢
PICatron lon sources aud cusp zagnetics ara found {n’ :
Refs. 4-9. Tha plasma genaracor consists of hot
cathodes, an incurmediata slectrode, anode 1, anods 2,
nagnetic cusp fields, arw a plasma grid. Tha inter-
zadiaces electrode serves as a magascic pole 2o
provide an axial magnecic field, tha source fisld, in
the anode region. A pulaed arc voltage is applied
batvesn tha anodas and hot cathodes. The incer-
madiate electrode and target cathode are returned to
che arc supply positive cerminal through appropriate
biasing resistors.

The source contains a cachode plasma and a PIG
plasza separated by an incerasdiate plasma doudle
layer. The cathode plasma is jroduced wichin tha
intermadiate slzxctrode chambar by primary eleccrons
smicted from the hot cathodes. In this region of
zero saguscic fiald, ths plasms density is decermined
aszantially by che atc curreat and the gas prassure,
which operates at a relacively low aleccron kinetic
anergy of <30 eV,

The anode plasma is produced in che region
saclosed by the anodes, the intermsdiate electrods,
and plaswa grid. This anomalous glow discharge is
craated assentially by anergetic cleccrons which
originate from che cachode plasma and which are
accelsrated through the double Layer ssparzating che
cathode and anode plassa. The electrons are then >
confined by the applied magnetic f£iald and {onize the
gas 1n the upper region of anode 1 and anode 2 )

(Fig. 1) as they oscillace betwasn tha intermsdiace :
electrode and the plasma electrode. Becauss of their ;
high energy, they create a dense anode plasma; con-
sequently, the deasi:y of the anode plasma is zainly
affected by the applied magnetic fizld, gas prassurs, !
arc voltage, and arc current. >
While the cathode plasma vorks as an alectron
source and supplies ionizing elaectrons to the ancde
discharge, the anode plasma works as a source of ions
aod supplies lons to the extraction electrodes in
order to form a high current ioa besm. The double
layer vorks as a concrolling mechanism vhich deter- ;
mines the annde plasmz uniformity and the souzce 3
raliability. The axial potential as inferred from
the discharge mschanism and deduced from measurssents
with a Langemir probe is shown {ia Fig. 2. :
The applied magnecic field in the ancde region :
cousists of che axial field of the source alectroe. :
magnet acd the azimuchal cusp fleld of the perzanent ;
zagnats. The axtal fiald, originacing from the
incermediate slectrode channel, controls the radial
disteibution of lonizing electrons ia the anode
ragion and thus influences che uniformity of che
plasza created. Figure 3, che densicy profile as
measured by a Langmiir probe in a plane 1 cm above
the plasma grid, indicates that as che magnatic fileld :
is lowared, tha plasma uniformicy is improved but the )
density 1s lovered. With che permanenc magnet on ]

anoda 2 to form the cusp field, the confinemsnt of- .
tha ionizing electrons and the plasma ctuMASI
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AXIAL POSITION OF ELECTROOES

Fig. 2. Axial potencisl distribuction. The sysuol
T.C. corrasponds to the plasma gris Ia Fig. 1.
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Fig. 3. ﬁcui.:y profila for varisus source magustic
fialds (demoted by I ).

improved substantially. Thus, a unifora and dense
plasma is readily created at a relacively wesk axial
flald (Fig. 4). Moreover, the columi number of the
permansnc magnets affects the plasma uniformity as
shown in Fig. 5. .

The ionization rats in tha anode region usually
increases with the gas pressure thers. For the
7=cm, 10=cm, and l5-cz grid diameter sources, the
pressura increase is obtained by {acreasing che gas
fesd into the intermediate electrode chamber. For
the 22-cm source, Che pressurm increase is also .
controlled by the extra gas feeds into both the anode
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zeglon and the uppar section of the gss cell. Under
nornal operation of these large sources, tha gas feed
into the intermsdiace electrode chamber should ba cha

ainimm for rsliable operacion. The gas feed inco .

tha andde region should be adjusted for the desired
plasaa density or ion beam currene density. Then the
gas feed into the gas call is used to provide the
desirad equilibrium fraction of neutrals in the beam.
With che proper arrangement of gas feeds, tha soucce
perforvance is improved, particularly the arc effi- _
ciency and monatomic species fraction. With the
optimization of gas feed as mantioned above, tha
sourcs tends to be oparated in a high impedance moda,
{.a., high arc voltage (grestar than 100 V) and low
are current (less.than 700 A). However, if tha gas
feed into the intermediace eslectrode is too high, the
source tends to be operaced in 2 low impedance mode,
i.a., low arc volcage (less than 90 V) and high are

. current (greacer than 900 A). For example, 31 60-A

ion beam can be formed from an ioa source with two
differenc arc conditions: 90 V/900 A and 100 V/60G A.




Hence, the source operated in the high impedance mode RT BUTTON I I : An/r,
is ch;:;ctazizld with high arc efficiency, 0.%=A INSE m “arc Pr 9

beam current per kilowatt of arc power for this (A) (A) (mTorr) (%)
particular case, 1he bast arc efficiency achieved so ® YES NO 24 79 45 27.5
far 13 about 1.1 A/kW.
In addition co the optimization of the applied - O YES YES 24 79 45 t0.5
sagnetic fialds and gas feeds, the opcimizatiom of 210
source alectrodes is also important for source =
performanca. The electrodes of importance are 2 ; °
anode 1, the inctermediate electrods, and che hot g
cathode. They can influence the socurce reliabilicy a '
and arc afficiency. arc efficiency, which variss - \
with the dimensions of anode 1, .a showa in Fig. 6. D a8 |+
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. i @ 1082 (1978) (sT7)
The optisus shape used in 8 22-cum source for PLT 2
injectors is conical. The insert and axial buttons of 2 sl ¢84PS 20
che intermadiate slectrode are also optimired for a 1363 (1973)
plasza uniforaicy, source reliabilicy, aad high aczc
efficiency. Figure 7 shows cthe «ffect of the button
on the uniformity. The filamenc lifetins problem is 10— @ BAPS 19— .
- teduced by usiag aultiple off-axis filameacs ia 8PS17 92 (1974) I
combinacion with the optimized interzediace elec= 974 (1972) BAPS 18
crode. Ia addition to reducing damage caused by 1324 (1973)
backstresming ions and electrons, che increase in sl ¢ BNL I |
enission azan raises the maximm arc current, stab- (197¢) el -
ilizes the double layer, and thus reduces the noise
lavel, Far a 7-cm source,® the noise lavel (<10 kiiz)
is *30%; for a 10-cm source,’ the noise level (<10 o
kHz) i3 £52; for a 2Z-cm source,? the noise laval T 72 T3 74 7S T®@ TT 8 ™
(<10 kHz) 1s =3,52 and (<1 MHe) is =15%. TIME
The 22-cm source for PLT injectors normally —
cperates ot ths test scand for 100 ms pulses every Pig. 8. Tllustration of scalability of the iom saurce.
10 s. The plagms gensrator has been reliably run for . . ’ .
500-ms arc sulees for extracting 60 A at 40 kA. A fraction of neutral pover ends up in chese low energy
€0=A beam has been extracted for 250 ms z¢ 40 kV. components, a8 dascribed {n Secc. 3; they are un~
Rncu!:ly. a 10=cm source for ORMAK injectors has been desirabla because they do not serve to heat che
rut for 10-s beam pulses at 6 A/23 kV. In addition plasma and may even have deleterious effects (Secz. 1
to the accelsracing grids, the filament lifetioa is belov); and chey are unrecoversble because they ara
velavant for long pulse operations. Sources with neutral. Monatomic species fractions of 0.350-0.:33
different alactron feeds are being studied and will Vara reported on earlisr versions of these ion
be reaporzed later. The scalabilicy of the modified spurces.'S Predissociation of the gas befors it

duoPICacron ion source is shown ia Fig. 3. There
appear o ba mo paysical bounds on source size as
vet.

encers the source and provision of hot walls leads to
3 sigaificant improvemant,!? as shown in Fig. 9.
Hydrogen molaculas can be dissociated effectivaly by

The fraction of momatomic species ions extracted pegsing the gas through a cungsces oven which is at a
from an ion source is extremsly importamt since high temparatyre (>2400K). If an equilibrium is
molecular spaciss generate gluttonous,!® yndesir~ established at these high camperatures, abour 95% of
able,!! wnrecovereble!? fractionsl energy neucrals. the gas becomes dissociated chrough multiple col<

They are gluttonous because a disproportionste lisions with the hot tungstea surface. Recombination
_ . ) ’ .
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Ion speciss distributicns at the detectar.

ARC CURRENT (A)

Opan poincs represemt tha discributicas wicth predisso-

ciation, filled points repressnt tha discribusions

wichout predissociacion.

dus £o cullisions batween particles is expected to ba

small since che ion sourcs gas prassure is norselly
__low (<0.: tarr). Surface intersctions vill ba a

T

panc sechanism for che geunsration of molecular
hydrogen.

This surfece recombination, howaver, can
ba reduced considerably by pecziding hot tungstan

valls inside the 100 sourca.
of hydrogsn from a tungsten surface yialds molecular
faydrogen {f tha temperstura is below ~1100K.
therefora dasirable to kasp ths temperature of all

—_ .. .the _walls above this temparature.

|
i

Pigure 10 shows a calorimetric scan of the full,
hali, and one=third snergy ion peaksl™ of a 22-ca
source without predissociscion. This scan was
ohtained by placing a single Q.6-ca~ID swirl tube
calorimeter in tha immge region of che deflection
zagnat, as shown in Pig. 1ll1.
specias were nessursd as the sagnatic field was

varied.

high gas prassure.

Figura 12 shows che species ratios as
mezsured at che iloo dump and the interprated speciss
at ths ion source and ancering tha tokasak plasma.
The high sonatomic yield observed (852) can probably
be attributed to the following:
the cusp fiald arrangement i3 capable of producing a
cold, dense plagma (with low arc power densitiss) at
(2) Due to the high gas pressurs,

In gensral, desorpcion

(1) The souzce with

The three separated ion

the primary ionizisg electrons caa lose encugh energy

third energy ion pesks from the neuerslizer cell.
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Fig. 10. Calorimseric scan of tha full, half, and one=

Fig. 11. The MEST? naucral beamline schemstic.
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through collisions to fall beneath the ionization
threshold energy as they migrate towvard the excraction
region. Moreover, their deasicy will ba too low to
creats maxy ions in this region. (3) The coid plasas
electrons (<5 eV) have sufficient energy to disso~ .
ciste moleculsr fons and molecules efficiently but
have not the snergy to ionize tHex. The alectrops" ~———— ——— ——=--——-
aolecular ion collision frequency is about 5.6 times
highar than the alectron-atomic ion collision fre-
quency. (4) Tha deift velocity of atomic lons s
higher than that of molecular ions. Consequently,
the ions in the extraccion region which make up the
besa current are dominated by atomic ions originating
ia the plasma volums. Applying predissociastion to
the 22-cm sourcs, as was done for a 10-ca source!
(sea Fig. 9), in combination with providiag hot walls
may lncrease the proton fraction further.
The undesirabiiity of a large molecular specias
fraction is illustrated in the following calcuyla-
tion.l! Tt shows thac {f, for a particular tokamask,
tha penetration of the full anergy beam component i3
marginal, penetraf.ion of the undesirable half anargy
component i{s poor and these particles will heat the
outside of ths plisma. This may be delecerious
bacause a thick, cool edge region praveants energetic
particles from hitzire the wall. Also, energy
depasicad nesr the plasma dge leaves fascer and is
thus lass effective in hearing the plasma., To
emnhasize chis point, conaider typical 80-keV 857 and
60% acomic yield sources (Table 1). Although the 852
proton source in the axazple dalivers two-chirds che
pover of the 60% proton ecurce, it is bacter for
hezting the center of the plasma since it has more

Table 1
Percent Current inZg Neutralizer Neutral Power
Energy powar neutralizer efficiency current delivered
85% proton source, 45 A into nsuzralizer
80 keV as% 38.2 A 252 9.6 A 17 kW
40 keV 10% 9.0 A 60% 5.4 4 216 W
27 eV 5% 6.75 A 70% 4.7 4 127 kW
6G% proton source, 50 A into neucralizer
80 kev 60% 30.0 A 252 1.5 A 600 kW
40 keV 0% 30.0 A 60% 18.0 A 720 kW
27 keV 10% 15.0 A 70% 10.5 a 280 kW
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Fig. 13. BSemm deposition in Doublet IIL for che
parasacers of Table 1, assming no Lossas before
injeccion.

powur in the high energy cosponent snd much less ia
the two low snargy componants. The total besa powsr
per unit voluma deposition profiles for tangential
injection into the top half of Doublet III are showm
for four cases in Fig. 13. The iznarmost point of
Fig. 13 is arcifically “igh dus to tha large (coaupared
to the beam width) size of the firat flux surfacae.
The conclusion from this is thac it is essencial co
hava a very high acomic hydrogea fraciion ia che
source in oxder to hest tha ceacsr of s large dease
tokamak.!! v

Aoocher source which has raceived soss actencion
at chis laboratory is the magnecic multipola line-
cusp plasss generscor.!5-18 The magnetic wmaltipole
line~=cusp davice davaloped by MacKsnzie and assacistes
has heen adapted for use as a neutral beaa ion sourcs.
It has produced high densicy, large volums, quiescenc,
uniform hydrogen plasmas. The device i{s 2 water-
cooled cylindrical copper discharge chamber (25 cz= in
dianeter by 36 cm long) wich ons end enclosed by a
set of axtraccion grids with a 15-ca-dism aultiaper-
ture pattarn, as shown in Fig, l4. The chamber wall
serves as an anode and is surrounded by an axternal
system of samarium cobalt magnets arranged in a line=
cusp geomatry of 12 cusps; plassa is pruduced by
alectron amission from & hot cacthode assembly. This
source has achieved extracted beam cuTrents of 14 A
at 18.5 kV (see Fig. 15), radial plasma densicy
unifornities of =5Z over a 1l5-cm diamecer, noise
levels of less than =0.52, aod arc efficiencies (beam
curreat/are powar) of 0.6 A/IH.
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Fig. 14. Schamaric of myltipole line cusp source.
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Fig. 15. Extracted besa from multipole lins cusp
source as a function of arc power and {ilsment
voleage.

Another sourca being considered st this lshora=

' tory is a quisescent discharge obtained by replacing

the alaccron feed sud cathode plasma :ogion (soown in
Fig. 1) wicth an array of 60 filaments.!? The source,
gow under fabrication, is showm in Fig. 16, No
accention is given to filasent lifecime st chis stage
of developmenc, Sioce there i3 no source magnetic
f£ield, chis source is expscted to ba free of noise.

* In collabocatfon with O, ¥. Gosbel and A. T. Forrascar,20

a2 LaBg; hollow cachode structurs was affixed to a
22-ca source, replacing the cathode plasms. Prelimi-
n4ary testa snabled a 310-A {on haam to be extracted.
The noise level is approximately =22, wvhich is an
ordar of magnitude lower chan in a duoPIGatron.

: Prelininary asasuramsat of the procton fraction of

this source vagc measured to be 902 (the gas flow vaz
three cimes greater than in the duoPIGacton). .

Fig. 16. Quiescent discharge source.

' The hottom line far our source development is a
duoPlGacron with an 552 proton yield, an arc effi-
cisncy of 1.1 A/IS with 65-A extracted curreme,
negligible f£ilament pover (81 A/iW), and a nucleon
gas efficiency of 60-80Z% that can ba condicioned in
less cthan 50 hr of oparating time with a duty cycle
of 1%. Such sources have been used on ORMAK and PLT
injectors and will probably be used onm ISX and PDX
injeccors. .

2. TION OPTICS AND ACCELERATING STRUCTURES

We describe some theoretical machods acd develop~
mants pertaining to ion optics, the associated experi-
mental mechods and developmemts, and an examinacion
of accelerating structyrss. A two-dimensional solucion
was found to the Poisson-Vlasov equacion for ions
extracted from a collisionless plasma with a Bolczmann
aleceron distribucion.?! Poisson's equacion is
solved by a Einice diffarsnce mechod on a nesh wich
given source tarms, using the mechod of successive
overrelaxation (SOR). BHoundaries ara treated with a
procedura dus to Hormaby.22 The overrelaxation
coefficient ig aucomatically chosem using a aethod
due to Carré for the maximum rate of convergence. A
strecched grid in che axial diraction is chosem such




thac mesh points near the smitcer are relacively more expecitious iteration scheme=“ was fouad by not

closa togecher. Vlasov's equacion is solved indiveccly requizring 3 solution hefore igeratirg the 2lectroas
by solution of orbit equations for many inicial (denoced by B in Fig. 17). ")\ vec wire axpsditious
orbits eacering from the emitting surface toward the iteracion2* was found by acceleracting the underre-
hole with velocicies appropriate to the inicial laxation as wvall (denotad by C im Fig. 17 and oy
velocity discribucion specified. After consideration mathod I in Fig. 19). From Fig. 17 we see that

of electric fialds produced by che solution of the convergence problems are eliminacad wich scheme C, at
Poisson aquation and centripetal forces, the orbit laast in the sense of aumerical scabilicy. It should
squations are solved by a deferred limit integrator not ba infarred chac che iteracion schems used by W.
and ion charge is deposited on the mash points im S. Cooper is as inefZficient as Fig. 17 suggauta
- accovdance with tha continuity equation, (schema A), bacatse we ware using an. izararive

Electron charge is daposiced directly on che - solution to rhe Polsson equaction acd a siagle pre-

mash peincs by ucnu.n! and underrelaxing as sug~ cision IZ{ machine. (The powerful mash ganerator was
gesced by W. S, Caoper*? (denotad by A in Fig. 17), devsiopad by Hormsby and ves written with maay over-
uacil a2 soluciom is reachad. Ions are icerated after lays which maka it nonczivial to convert to double

a goluction is found for a previous iceracion. Am : precision.) Cooper dges not use an itarative schama
illustracion of the ion iteration scheme i3 shewa'in . and uses double precisiow. -This could-sigaificantly Commee
Fig. 18 vhare tha top part shows the ien icajectarias chaage ‘the’ radius of convergence of tha solucion and
through the vacuum gsolution =2=Z ctue bottom shows tha ics efficiency. A vat mora expeditious and accurate
converged solution =z the Poisson=Vlasov aquacion. A schema vas developed?S which puc che electross..

implicicly into tha linsar SOR solution. This Newton
SOR iceration has provabla uniqueness and convargence
propercies, Showm in FI§. 19 i 3 compariscd of the ~~ T
computacional effort for cha accelerated underrelax-
| ation scheme and che Newton SOR scheme as a funccion
of the maximum accuracy of the solution and mash
size. We had to Casch the IDM 370/195 to do tha
exponential in an expediticus manner, saving a faccor
of 15 in the exponential calculacion and a factor of
three in the eatire code.?® Wich this apparatus ve
vere able to do several comprehensive scudies.

The best schams of Raf. 24 was used co aramine
the effect of plasma proprties on ioa optigs.2?’
This was che first tinme the ion excraction solution
was carried back far into che source plasma (100
Debye leungths, as in Fig. 18). Ton optics is always
found to be dominated by abarrations for thick cylin=
o drical bore apertures, with che ion temperarure
playing a minor role and the elsctron temperature
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2 playing virtually oo rola. An imporcant effect of
[«] ion temperature is that the optimum perveance de-
- creases as the ion temperature increases. The more
2 accurate Newton SOR schazme?® shows the sama results.?8
w The perveance at which a solution can be cbtained is
= | - indefinite, exteading ac leasc far beyoad the Child-
w Langmuir space charge limited flow. The alectrons in
(=] the plasma pravent space changs limitad flow no
@® / matcer vhat the source plasma density. ¥e used che
u . Newton SOR scheme?5 in the following sctudies.
2 .
4
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Fig. 17. Comparison of computaticual cima for the
three schemas considered as a functiom of pervesnce [
on the scale of the Child-Laugmuir pervemace. The 102
arrow om the abscisss £ the. parvesnce wiere the ion 102 1079 10710 10"

bess is most couvargent.

. RESIDUAL

Fig. 19. Propertiss of the accelerated underrelaxacion
schems (Method I) compared to the Newton SOR iteration
scheza (Maechod II).

Saveral differeant shaped aperture plasma grida
were studied, vielding che well knowm conclusion thac
a pseudo-Plerce shape virtually eliminates zhe aber-
rations but decreases che optizum perveaace.: .
Emittance diagrams for a cylinder bore and fot 'a ) T T
pseudo-Pilatce geometry are showm in Figs. 20 and 21,
raspectively. Orbit trajactories for the pseudo-
Pierce geomatry are shown in Fig. 22.

A study of tetrode optics with cylindrical bore
apertures was made’? (see Fig. 23 far a typical
trajactory computation). Tha principal conclusion is
that if the field ratic batween gaps can be auitably

Fig. 18. Typical converged solucion (botcem) and
inicial iceracion in vecuum fields (tap) at a relative
perveance of 1/3,
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Fig. 21. Enittance diagram of pasudo-Piarce apertutss. ‘
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Fig. 22. Orbits {n couverged soloeion for pasudo-
Plerce geomatry at optimm pervesnce.

adjusced, che aberrations of che plasas electrode caa
be minimized at optimized pervesacs sincs in this
case the source plasms is pushed far faco the aper~
cture. The manifescacions of this are illusctraced in
Fig. 24. This conclusion is not relevant to aperture
shapes which cause little aberraticn. Also, tha
sensitivicy co source density variations is smaller
in the tatrode than In a cylindrical bore triode of
the sama gap as tha taectrods extraction gap. The
absorption of plasma fons into tha plasms electrade
is far larger for the tecrode than for the tricde
uader ncrmal operacting condicions, yielding a rziae
tively low optimusm perveance.

S$=040 ,;20.428a/cm?
120V 95 v =3kV 0

Fig. 23. Orbits {n converged soluciom for tetrodas.
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Fig. 2§, Total tms divergence (dashed) and truncated
diseribucion divergence aand transaission efficisncy,

n, a8 a funccion of parveance and poctsncial diatri-
butiom for a cetrode.

The effect on ion optics of a preaccalsracion
potencial applied to tha plasms electrode vas
studied.3! A principal result is that the ton
divergence is decreasad as the praaccaeleration
-potential, u, is raised, as shown in Fig. 25. Figura
26 shous an emittance diagram for a large presccelar-
ation potential of u = 0.1. The electrical connec~
ctions are shown in Fig. 1. An insulator on the
plasma side of the plasma grid shows the same effect
with the applicacion of a precel potsutisl. Thia
theoretical resulc predicted all of--the-subssquanc—

£, SR e

sxperimencal findings, adding aew dimansions to the
applicability of the ion optics code to tha real
world.
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Fig. 25. The rus beanlet divergencs as a function of
precal potencial, on the scale of the accel potencial,
Wy 8t optimum perveance. The iefc-hand side of the
graph corresponds to acd tsolated conductor.
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Fig. 26. BEmitcance diagram of & cylindrical bere
apartura plassa grid at a precel = 0.1 accal.

By reversing the polarity of tha potancial on
the plasua alsctrode from chat in the pracel casse, a
1lisicing singular solution to the Poissou-Vliasov
aquation is approachad as cthe plasaa alactrodes poten=
zial aquals tha plasma potential. It is characcer-~
ized by 00 abarrations, no absorptiom by tha plasta
alectrode (even though it is cylindrically bored),
and a greac sensitivity to nooise or plesma varia—~
tions. An emittance diagram for this case is showva
in Fig. 27.

B "'g‘. ”,
(}

ot At 2 L 2 & £ 2 £ %1 % & 3 31 2

Fig. 27. Exittance diagrsm of & cylindrical bore
apercure plasma grid ac a potential equal co sbout tha
plasza potential.

" The effect of plasma deansicy variacion on ion
optics was studied for triodes with various shaped
holes, aspect racios, md preacceleracion potancials,
as well as for tetrodes.? A principel resulc was
thac for large aspact ratios cthe sensicivicy to
opcimun pervasnce incrasses substancially. The
aberracions do no: noticeably incresse with large
aspect ratio,2? lesding to the conclusion that coise
ot inhomogenecus plasms density is tha cause of the
wall-founded experimental aobssrvacicn with aoisy
sources thatC large aspect ratios cause poor optics.
This suggests tha axtent to vhich the source plasma
is uniform. The low noise sgurces described ia
Sect. 1 above should not show a deterioration of
optics with large aspect ra::l.o (see Fig. 28), as
found in the Culham scudises.3? This would ease some
constraints on sourcs design.
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Pig. 28. Variacion of divergmce angle with dessity
fluctuations for faur cises.

Noise in the sourca plasma may cause cthe effac-
tive ion temperatura to be higher than it would be
without the noise. This is becauss tha ions aTe
pushed around by tha grossly fluctuscing local fields
before they are extractad. Thus, che optimum per~
veance will be highear for & noisefres source than for
a nolsy source in view of the analysis of the effact
of sourcs fon random motion.27+28

Tha effect of aparture dugucmn on scesring
in tetrodes has beean ccupund. pradicting thac the
scasring is a funccion of the fiald ratio batwewn the
gaps. An elaboracion of the compucacion uu.“d
improveneat in the accuracy.3® A computation3® of
beanlet-beamlet interaction in tha accaleration
region, suitably elaborated,?5 shows that for aber-
vation dominated optical systess such inceractions
are negligible, buc they may be significanc for
eaittance dominated optical systaoms.

Experimencal optics scudies fall inco two
classes: umeasureaent of single beamlat incensicy
discribution and mesasurement of a multibeamlet
source pawer deposition. A single beanmlec scud
dote for a variecy of shaped plasma apercures.2? For
a pseudo-FPierce shaped electrode, the half-widch
half-maximum (HWHM) beamlec divergance angle was
0.6°. For a cylindrical bore aperture the HWHM angle
is 1.0°. This improvement is in agreement with the
theoterical resules.2? A movable Faraday cup placed
1 o from the acceleration elactrodes was uged, and
the accelerating potential was appraoximacely 24 kV.
The optimm perveance was thought to decraase for the
shaped alectroda, in accordance with the theorerical
results. Howaver, tha friction of drain current due
to the beam in single bezalet studies is uncercain
dus to the possibilicy of plasma leakage to the gas
pumping hole in the eluctrodes.

A single besmlec study of the tatrode was pre-
formad.39 A principsl result is chat for a high
racia of second gap i:0 first gap f£falds che ifon
optics improves considerably. This is in agreemsnc
with the theoracicai results.’? These studies were
done up to 60 kV. Further single beanlet studias
ware dons from 60 kV to 110 kV.37 "The opcimm
parvesnce is far lower thaa cthat indicaced in the
lower energy studies and by the paraxial studies,??
but is in agreement with the computacional results if
the absorprion of che ions iato the plasms alectcrode
is caken imnco accounc (sea Fig. 7 of Ref. 30). In
the lovar energy scudy the minimm beam divergenca
(HWHM) wvas 0.4° ac 60 kV (Raf. 3C) and in the higher
energy study the mimn beam divergence (HWHM) is
0.25° ac 100 kv.3

A singla beamlet study on the effact of pra=-
acceleracion with insulator coacting vas parformed. 1
A 0,02-cm-thick coating of aluminum oxide was de-
posited, by the plasma spray techniquae, on the side
of the plasma electrode facing tha source plasma.
With a movable Faraday cup posicioned 1 m from che
acceleration alactrodes, a em as low as 0.55° was

neasured for an accel potantial of 1%.4 kV, a precel
potential of 0.32 kV, and an accel zap of 0.56 em
(see Fig. 29). Wich an aicel gap of l.4 cm, a di-
vergencs angle em of 0,31* was meagured at an

accel potencial of 28.5 kV and a precel of 0.49 kV.
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Fig. 29. Mimimm divergence sogle as a funccion of
pracel potential. Also showm is the accel poteatial
for minimm divargenca.

This is the smallast HWHM divargence angle we have
evar obsarved at these relatively low voltages.

The stearing properties of tetrodes3® and
triodes?® vare experimentally determined and the
theoretical pradiction®3 that tetrode atearing was
dependeat on the fielde in the gaps was borne out.
In additiom, the tetrode staering wvas observed to be
extremely nonlinear,3* even for relatively small
displacenents. This is atrributed to the small
aspect rativ and was not predicted by the linear
analyais.3?

All of the praviously mentioned single beamlet
axperinants measured bems distributions using e
woveble Faraday cup. For the measurement of trans-
miseion and deposition proparties and besm distri-
bution of multibeamlet scurces, several other diag-

Brwnn tdegrees)

nostics vers devaloped. An on-line optical diagnostic

of neutral bemn distributicns is being developedi?
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Fig. 30. Power deposition for cylinder bore electrode

as a function of beam pervesnce.

which measures axcitatiom light from parallel chords
of a beam croms sactiom by an array af PIN phota-
dicdes. This information can in principle be un=
folded by an Abel invarsion to yield beam disrribu=-
tions. The pinhole camera is another diagnoatic used
to examine besm distributiona. A small aperture
(1/32-in.) is placed in the center of a warter-cooled
target at the focal plane to which the beamiers are
ataered. A sheer of Mylar ir placed behind this
small aparture. An image of the aperture grids is
producead which shows the contribution from-each-
beamler.“9 This diagnostic gives information about
the plasma density, uniforaity, and electrode shape.
It can, with considarable elaboration, give infor-
maricn on beamlat distributions while the source is
operating.“? An array of pyroelectric disks has also
besn utilized to msasure iom and neurral beam dig-
tributions.“! The response of rhese disks is suf-
ficiently fast to exanipe the beam disrribucion. .
within a pulse. Finally, msasursment of power
deposition comes from determination of watar flow
rates and temparature riss at virtually all places
whare besm interception is possible (e.g., grids, gas
cell, basm dumps, target). A PDP 11/40 computer
gives on-line datermination of powar deposition which
accounts for over 95X of the input powar.

A typical pover deposition profile as a function
of perveance is shown {n Fig. 30. A most interesting
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Fig. 31. Power deposition as in Fig. 30 but with
180~V precel.




.elaccrode to -aither-the arc negacive or intermadiate:

‘aicue his been used oo existiny PLI nsutral injectors

faature of Fig. 30 {3 the iarge fraccion which hits The affect of gap spacing on shaped slectrodes

tha gas cell wall and beam definiag aperture.“? and cylinder bore alectrodes i3 shown ia Figs. 32
This is oot consisteac with beamlet profiles which and 33, respeccively.*S As che accel gap decteases,
ars Gauseian“? but is comsistant with 3 Lgrentzian the tranamission a2fficieacy decreases. Theoretical
bemmlat distribucion.“® The zore sophisticaced evidence suggeacs che sensitivity to nonoptimum
compuctacions®i=3l aore accuracely dascribed the plasma densicy explains chis.? ?Z{nhole camera
gituation vhera tha cmuud‘e parveance dependeat rasults for the larger and smaller zaps showa in
besm discributions are in agrsement with the differ- Fig. 32 are shown ia Figs. 3% and 35, respectively.
ing optimum perveance found on the various curves in

Fig. 30. The addition of a precel?!**5 improves the C s

powar og targec as showa ia Fig. J1. A virtue of che
oracal techniqua iy chat by conneccting the plasaa

‘wlectrode, tha optics cay be improved. Thiz tech= @

with bendfit. Traznsaission messuramencs for a siaped -
plasma eléctrods“® are showm in Fig. 32. Since che
transmission is highar than chat of a cylinder bore
apertura elsctrode, and an agplied precal also “ .
incressas the transaissicn of s cylinder bore eslec-
trode, by infereace it {s expected thaz che addicion
of ‘a precel to a shaped sperture electrods will
iccraass tha transmission scill:furcher. IR
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Fig. 32. Traasmuission efficiency to a 1.8° target for
shaped cylinder bore sparture plasma electrode as a
funccion of pervessce and accel gap, Z, for volcages
up to 40 V.
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Fig. 15. Pinhole camers Tesult for ;hc case shown in
0 = O Z=56cm | Fig. 32 vith Z = 4.9 ca,
0Z=48cm The cusped pactern showm in Fig. 35 indicaras plasma
density inhomogensities dua co the cusp fields. This
should be preseat also in Fig. 34 but che insensi-
tivity to such variacions? dua to the large gap hides
’ i I the feature, The affect of noise an iom oprics is
0 ! t | ' I ninted ac in Fig. 36, where a relacively noisy
ducPIGatron (8a/n " 20.15) {3 compared with a LaBrg
0 2 4 6 8 10 12 hollow cathode sourca (4n/a < =0.02) (the electrodes
P (u perv) were nisaligned in boch sctudies). The oprimm
- o, 8 i perveance ippears higher with che qu:gg:gr source, as
Fig. 33. Transmission efficlancy to a 1.3° targer Zor predicted by cthe theoratical resulcs<’+<Z coupled
¢ylinder bore aperture plasma elgccrode as s funccion with the hypothesis of fluctuaction emhanced ion

of parvesnce and accel gap, Z, for voltages up to 40 kV. cemperature as xentioned above.
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Power daposition for a zultiaparture caetrode

as a funceion of gap field racio at fixad perveanca.

‘da have developed a high energy zest facllicy
for aources using two-srage accelerating struccures,
Uging l-cm excraction and accel zapa, hydrogen beam
energies of up to 104 kV at 10 A have bges acrailned.
Using a source with a 0.75-cm exrraccionm gap and a
0.45-cm accal zap, the characceriatics of a ruc—stage
multiaperture source (l8-cxm grid pattarn) were
studled over the wida range of perveances and accal/
axtraceion field racios, as shown in Fig. 17 (roewal
anergy, 3858 kaV, all at 15 A). The cransmissiom
eificiency was found to be a stroug function of the
accel/axtraction field ratio as pradicted by earlier
massurameaats and cheorecical results.?9+37 4 crans-
miseion efficiency of (32 & 5)2 of tha beam was
achieved cu a targat cubtending 2.2° and located 4 m
avay. This study is consistenc with the 0.30" HWHM
single besalec divaergenca scudies?’ in che same vay
chat the single scage 40% carzst deposition i3 con-
siscent with the 1.0 HWHM single bsamlat studiase.
Unlika siugle scage sources, tha two—stage source
could also be oparated with the plasma generator
turued on prior to eatablishing ths accelerating
alectrode pocentials.

Tha design of ;rid structures as ilndicsted above
is dominated by bess optics and transmizsion. How=
aver, othar elements of electrode design are im-
pattant as described balow. The principal limitacion
on steady-atata oparation of thaese sourcas is prob-
ably the used for the elactrodes co operate normally
without malcing, discorciou, or other detarioratioa.
A grid dasign which is often used (illuacrated in
Fig. 38) has water-cooling chammels which ainimize
these problems. The elsccrodas are fabricated from
3/32-in.-thick coppar with 1/16-in. copper tubing
furnace brazed into machined chasmels. OQcher as-
ceriala such as mclybdenum, tungstan, and tancalum
have basn considered. Howaver, che difficulties with
fabricatiou are considerable. Comstruction methods
being pursued are furnace brazing of slabs of molyb-
daenum or copper with machined coaling channels, heavy
placing of copper slabs with machined cooling grooves
filled with & removable "war" or etchable metal, and
a one piace sintered o-lybdenum conscruction. A one=
dimansional approximsrne solutiou to the heat con=
duction equation vas used“’ to estimate heating
characteristics and shouved that under typical cir-
cumstances the coppar tamperature reached 50Z of icas
aalting point. For a 22-ca source grid, discortiom
and/or warping are hinted at in Fig. 34.

=0

Apertures 2 ma radius
6rid Thickness 1.5 ~ 2 mm
Lacal Transparency, T = 65%

Fig. 38. Typical electrode design.
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Fig. 319. Two-dimensionsl cemperatura distribuciom of
an elactrods with wacer lines.

A two—dimensional heat conduction calculiticn
was carried out®? explicitly iacluding the water
lices. An example of che rasults obtainable is showm
i{a Fig. 39, displaying che temperacure discribucioun
of a copper eleccrode with wgter linas.

Other considerations iaclude alectroastatic
deflection“? vhich could be serious for largs elec-
trodes, voltage holding criteria for tetrodes,S?
eliminacion of the third elactrode im a trigde by
insulgcor coating, and woltage applicaticn.’! A
ctheoretical study cowparing che pro{-arties of slocs
and hole multiple apercure slectrode structuras is
under vay.32 Principal praperties considered are
sberrations, sensitivicy to densicy variacions, and
transmission. Slots previously$? considered at chis
laboratory were fabricated from a ailled copper
plate. For a noisy source, slots gave relatively
high ion divergence. Now that che sources :~e
quiecer, we have considersd design of sceady-scace,
eanily fabricated, deflectionless, high transuission
tubes.* The 1dea s to stress che tubes while
vater-cooling them. Thermal prescressing was ca-
jected dus to thermal crasp, but spring stressing
appears attractive. Such tubes fabricated from work-
hardened, 0.082-in.-diam, 0.009={a.-thick stainless
steal 304 have been cested for daflection and loading
capacity. Using an oxyscatylens torch ia contact
with the surface, the sloc was found to show no
deflection (<10~* in.) with about 200 lb stress and
30 cm?/sec watsr flov. Power loeding vas tesced
ohmically and showed that power densities of grester
than 1.4 kW/ca® could be absorbad at steady stace (>3
adg) .

The bottcm line of our study of fon optics is
chat we have invented and utilized sevaral me=zhods
for incrsasing beam transmission afficlfency. How=
aver, we are oot yet absolutely sure vhat mechanisms
are dominant in the remsining inefficiency. The
-prime suspects on the 22-cm source, is svidence above
suggests, are: (a) plasms electrode induced beamlet
aberrations, (b) misaligned or varped alectrodes, (c)
source plasma inhomogesneity ar £l tions, and (d)
noise Ilnduced anomalous ion temperature. Less likely
suspacts are: (a) normzl ion tewperaturs, (b)
rasidusl space charge blowup in the zautralizer cell,
and (c) beamlet-beamlat interaction in che accalera~
tion zap.

3. BEAM LINE DESIGN/SYSTEM ENGINEERING

Principal items ic the design of a neutzal
beanline oot included above are: (a) powsr suppliss
and control for the iom source and accelerator, (b)
7icuum systems, (c) neutralizer cell, (d) direct
recovery, (e) drift cube, and (£) carger design.
These icems are inecluded in this section.

There are at lcast seven power supplies neces-
sary for source opatation. The biggest pover supply
is chac vhich accelerates the tons. The following
describaes the funczion and performance of a fast
series switch batween this high voltage power supply

and the icceleratiag structure of the lon Seam accel~
eratotr uged in high power aeutral beam Injection
sys_ems. -

High voltage dreakdown in cthe acceleraciag
atructure of a high powver ioa beam accalerator (s
initially Srequent and finally occasioral or =ven
rare as the structure reaches what i3 commonly called
the "coadicioned' scaca. IThis Sreakdown caonot ba
prevented: {r 1is, in facr, beneficial in cleaning and
polishing the structure. Yhat muat be prevented,
however, is the flow of an axcessive amount of elec-
trical ansrgy into rhe fault which aight lead to
daxage of the structurs. This energy limit lies in
cthe 10= to 100=-J range.

A series switch batwean the output of the power
supply and the accelerator has saveral advantages.

It protects the accelerator by iaterrupring the fault
current, which may be considerably less than the
supply short circuit if the switch i{s fast enough or
inharencly current limiting. The series swictch mus:
be able to interrupt full shorr-circuit power for cthe
short time reqguired to clear the fault. The powar
supply remains ac full oucput voltage, teady for
inscantaneous Teapplicacion to the accelerator after
the fault has clearad. A crowbar shuat swicch and
prizary breaker may be used as backup in case the
serias switch fails to incerTupt. We usse as a fasc
saries switch a high powar tetrode vacuum Zuba.
Existing tubes cam switch up to 60 kV reliably and
interrupt more than 100 A of currenc. The tetTode's
conatant curcrent characcteriscic provides inhsranc
current limicing under load faulc. Operation of the
cubs in the nagative grid region simplifies driver
circuitry. The tube is biased jusc abova saturation,
with a 2= to 5-kV plate drop at operating curreat,
allowing soms supply droop ragulation and supply
overshoot regulation up to the tube braskdown liaic.
The 40-kV/30-A modulacor designed and builc for the
QRMAK asutral beax {njectors (10-cm~diam duoPIGacrons
providing up to 40-kV/1S5eA ion besams) is shown in
Fig. 40, Five such uaits have been hullt and oper-
aced successfully on Cest stands and on ORMAX. The
oodulator consists of an Eimac Y-647 tetrode swiceh,

fON ACCELERATOR MOOULATOR , 0%V, 304

I
|

e

4
Jrermoog

AP —————S

o

P

L

I

]

Schematic of 40-%kV/30-A modulacor.

Fig. 40.

driven in a direct coupled circuit by a high volrage
pover transistor. Tha voltage ragulation faedback
laop as well as ovarcurrent inhibit and enable inpucr
logic are diractly coupled. Tast coantrol signals are
transaitted to the floating deck via light pipas;
slow control signals such as trip levels are sec by
potsactiomecers driven by insulated shafts Srom
ground. Solid-state components on the floating dec!.
are protected £rom high voltage transients through
careful shialding, careful lead layout, and adequace
tragsienc suppression with vari{stors, diodes, and
spark gaps. The modulator normally delivers a
tegulated high voltage to the ion accelerator. If
the current sample axceeds a preset value, indicating
a fault, the tube i3 cut off for a fixed time, in-
cerrupting the fault curreng, After this iacerrupt
tine the tupe resumes conduction and reapplies
volcage to the acceleracor. This f£irsc overcurreat
signal iniciates a crip count clock, which perma-
aantly cuts off che tube if a preset aumber of
gvercurrent trips per unic :time ingerval (e.zg., 3
trips in 10 os) 13 exceeded, indicating a possible



P1g. 41. 60-kV/&-A modulatar.

permapent accelerator faule. This trip count clock
{s usually aucomasically resat to avoid lockout
during soutce conditioning. Modulator rise and fall
cimas for a normal cutput pulse are <30 us.

A 60=kV, 60=A modulacor vas built for tha de—
valopment of iajectors for PLT.3® The basic circuic
showa in Fig. 41 vas based on cthe 40=kV, 13-A ORMAK
modulacors. Tha inpue pulse originaces {n a pulse
genaracor syuchromizad wvith other commands to zha
nautral bsam alectronics system. This pulse drives a
light emicting diode that is optically coupled to a
phototransistor on tha driver deck of the floating
deck modulator. Two solid-stace amplifier stages
drive s high voltage swicching trensistor iato
sacuracicn. Tha svitching transistor provides the
gtid drive for two Eimac 4CX-1300-8 tetrodas opar-~
ating in pacallel as the driver stage. A voltage
regulacor on the driver screen supply controls tha
grid drive of che finsl high power switch tuba. Tha
high power switch tube is an Elmac X~2170 vacuwum
tesrods. Spark gap protectiom is provided from plate
to ground and from screen and comtrol geids to
cathode. In addition, the tube and ion source are
protected by an alectronic crowbar vhich fires 1f che
switch tube fails ¢o0 block an 1on source breskdown.
The ion soutce Cuttent is ssapled by a current sensor
isoclaced from the floating deck. Tha current sampls
is amplified and compared with s preset curremt trip
leval. If a fault occurs, tha comparacor cutput
criggecs 8 pulsa generator that provides a pulse
outpuc of spproximately 500-us duration. This pulse
iatarrupcs the outpuc switch tube sad parmits the
fault to clear. Tha swicch tube resumas conduction
and high voltage is applied agsin to tha ion accal-
erator. Esch tine the pulse gemerator Ls triggered,
indicating a fault, a stairstep gZeneracor is Crige
gered and stepped downward. A specified number of
fauits during & pulse can ba controlled by the crip
coung coatrol. When the stairstep ocutput goes
negactive, the modulator is lockad out for the re~
oainder of the pulse. Tha function of tha clock
showa in Fig. 41 1s co control tha tima incerval
befors another pulse may be gensraced. Several
special daesign requirescucs unique to hish volcage
nodulacor design have been considared. These include
anode and filaseut wster column resiscance, filamenc
hescing runup and cundowm, energizing ths scresn
supply only vhan plate voltage is prasent, and ensur-
ing that adequate bias voltage is presant befors high
volcage is applied. Noninductive resistors are used
in critical locarions, and bypass capacitors are
utili=ed when required. Low lavel circuits ara pro-
cected by varisctors, cspacitors, and transiemt ab-
sorbing Zenar diodes.

A 150-kV, 50-# modulator syscem shown in Fig. 42
{5 ausencially threse 60=kV, &60-A zodulators stacked
for the series switch to tha accel grid of che faa
source and a shunt modulacor to regulate chs volcage
on the gradient grid of a two—-stage ion source.
sModificacions of tha 60=kV, 60-A modulacor consist of
removiag most of the low level protactive circuits
from tha floacing deck and locating them it ground
pocencial. Fault currenc is sensed on tha floating
dack and optically coupled to ground. The pulse

command for cthe three decks originates ir chrae
series-driven light emitting diodes. Delay cime and
rize time are carsfully controlled up ta the control
grids of cthe final switch tu.es. 35catic and tram-
sisat voitage divisiom across the separsce dacks (s
forced victh resiztiva and capsacitive dividers. A
differencial valtage is sampled across aach switeh
tube and if chiz 7oltage axceeds a presac lavel, all
ctubas ara forced ¢n the blockiog stata. . .Thae gradisnc
grid voltage is controlled by an Elasc Y-547 cetrode
vacuun tuba. As shown in Fig. 42, curtent flow is
assused £0 he avay from tha gradient grid of 2 Cwoe
scage ton source. Tha function sf Tha gridiant
modulator is to regulates tha voltage at the gradisnt
grid. Details of the accel pover supply Zalivering
168 kV/S0 A are found in RBaf. 57 (mea Pilg. 42).
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F1g. 42. 13G-%V/30-A noduiacor.

A mleichannsl calemetry system has hesn ds
signed and constructed to control and monicor
duoPICatron ion sources.3® Wich the exception of the
accalerating aud decelarating power supplies, all
powar supplies and H, gas control that operata the
ion sourca are elevated to accelarating potential.
The talsmetry systea operates and momitors tha
isolated powar supplies sod transmits data across the
high voltsge gap. The transmission medlium is in-
frared light pulsed chrough 10-ft-long, 1/8=in.-dism
gibar optics, ons and at high poteantial aand the othsr
«od at ground potantial. Couvorsion 13 sccomplished
by digitizing analog signals before transmitcing
through the optical systen and damodulacing at ths
terminacing end. A maxisuns coavarsion race of
100 kHz provides adequats resolution to operate the
{on source. The output dats are docunentad and
stored in a PDP-1l computer. Although tha control
{nput is computeér compatibla, no actempt thus far has
been made for closed laop fesdback control of the ion
sourca.

The objactive of the vacuusz cowgonsncs develop~
pant program®3°62 iy development and construccion of
integrated high spasd (v109-10% lirers/s) pumping
systeas for nser~term fusion expariments wich appli-
cability to future fusion reaccor requiresents.

Since getters, cryusorption, and cryvcondeasscion
have many complemantary characteriscica, ic 1e
probable that a fusion device vacuum system would
azploy a combination of these techniquas.

Seven cryocondansation pumps cooled by %.2K
1liquid helium wers fabricated for the PLT injectors
by Arnold Engineering Davalopuent Cancer undar sub-
contract. Thase were dasignated as types 4 (5 a2),

B (0.5 ©?), and C (2.5 m®) and were inscalled ia the
sourca tank, drift tube, and Medium Energy Systems
Tést Facility (MESTF) target tani:, respectively. The
aumbers iz parentheses give the pump inlet areas.
During injector system tests at ORNL, the helium
consumption per pump varied from 3 ro S5 licers/hr,
dapending on operacting conditioms. Continuous flow
hydrogen pumping tests oan a C pump indicated a
maximum pumping speed of about 2 x 105 liters/s

(Raf., 63) afcer proper ion gage sensitivity correc-
tions were appliad. No evidance of pump inatabilicy
was observed during high power neutral beam pulsaes,
and typical maximum beam lina preasures remained in
the range of 10™* Torr. Otner deaign and performance
decails are given in Ref. 63.

Construction is proceeding on a large cryosorpe
tion pump with an inlat area of 2 w® (Raf. 64). The
pup (Fig. 43) 1is very similar in configuration co
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Excaliur 2-a? cryosorpticn pusp.

rig. 43.

the type £ cryoccondensscics pumps, aud will ba
canted in the METT zagget chambar ia direct com~
parison with the exiscing ~ pump. The pump is being
fabricated by Excalibur Carp. of Ualtham, Massa-
chusects. The pusp panals ¥will %3 maiacainad at
tempersturas batwess 10K and 20X by l-qcm super~-
cricical halium gas circulated through a liquid
helium bath by a2 room temparature cowprassor coupled
to tha cold loop through a heat exchanger. Design
and most of the procurement for this loop are com=
plate, aod fabricatiom is proceeding.

Enginearing dats on molscular siave sacerials
for cryosorption are baeing obtainsd in collaboratiom
vizh the ORML Chemical Tschnology Division. Sampla
panels 10 ca 1a dismetar are baing tasted in a
varisble panel/temparature cryoscac (Pig. 44). Ths
first cests vers carried out on 3 sample of type 5-A
molecular siave (5-A pores) in 1.5-me=-desp grooves on
a scainless steel subscrace. A tntal of 82 J-ain
test runs with hydrogen gss wers cowpletad at panal

_____ Cemperatures ranging from 12X to 35K. No evidence of
panal degradation vas obsarved. Figure 45 gives
avarage spesds vs prassurs st various hydrogea flow
rates and panal temperaturas. IC caa ba sesn chac
the highest speeds are obtained at the lowest pansl
cemparatyres. The minimm 15K speed amounts to atout
2 licars/s/ca? st 107 tore. This low valus ia dus
co rapid falloff of che pumping spsed as macterisl
accumulates in che surface pcre layers snd {ndicaces
that 5-A sieve vill probably not be scceptable for
fusion applications. Soms preliminary cests vith
type Na-Y sieve (7-A pores) on a siailar stainless
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Fig. 45. Averags pumping spasds for a S-min rum vs

prassura for a l0=cm~diam type 5-A molecular sisve
cryosorption panel.
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Fig. 44. Variable pansl/temperature cryastat.

gtesl substrate indicats that larger pores give an -
order of magnitude becter pumping speed at 15K. This
sieve will be used on the 2-wZ Excalibur pump.

The pumping systems for the divertor and main
plasaa chambar will have to handle gas mixcures
containing as much as 15 helium produced by the
fusion "burn." Pumping speed tasts wich a D=5% He
mixcute ware performed on a molecular sieve 5-4

panel ac 4.2K.%5 The rasulcts indicated chat the
sigve will oo% pump both gases at cuce — ctha dau~
tecium plugy :ha siave pores and the helium accum=
ulaces, leaiing to cryogsenic runaway. When an
incermsdiace chavron cooled with 4.2K helium gas was
incerposad, pumping speeds comparable =o thoass for
pure deucerium ware obtained. Hence, compound pumps
having separate acages for each gas component will ba
:eq\u,ud Eor mixad guu.
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u.. 46. Varlation of fracticual powars carried by

e spaclas as a funcciocn of the dowasttesm line
dmaicy of Hy (or Ds) for hydrogen energy of 40 kaV
(or 80 kaV) for deucsrium.

Tha besm power inceansity disctibucicns down-
scresm from multibeamlet focused srurces have beem
conpuced for Causaiaa*? and LoTeazzisa’® besmlecs.
This has been dooa zcalytically using 2 "squara peg
4na rount hole” approximscion which rapidly cone-
verges for virtually all regions of intersast. Design
of beam lines 1s considorsbly facilitatad by use of
thia analysis.

Species evoluction in tha neucralizar cell vas
exsnined by considering the most dominant resctions
and solving the s:udy-ul:g Euler level transport
equations for each spacies.l? Species evolution as a
funceion of lins dmi.:y is showm in Fig. 46.
= " An #6alysfsS7 vas made of the spactial depecdence

of cthe neutral gas density dus to charge exchange and
ionization wvith the beam. The solution to the two
coupled nonlinear Euler level ctransport equations vas
found by che following mathod. A firsc incegral vas
dana direccly, yielding a single Beruoulll noalinear
equaction. This vas cransforzad to a linear first
ordar equacina ia che inverse gas density and sub-
sequently solved in compact analytical form. Tha
solucion (Fig. 47) was found to depend only on qme
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Fig. 47. Variation of gss call neutral density as a
funccion of distance, on zhe scale of the ¢ folding

equilibrium leagth, and a paramater showm, which is

typically 2-S.

naramataer, u, which ts cypically equal o about
cthrae. The neurral zan density dus t2 thase pro-
casses diminishes oore rapidly thas tae fasc proctons
aven though the zas dansity Ls orders of asgnirude
greater than the beam density. This acalysis izplias
that the neurral gas supply {n a typical naucralizer
cell {8 recombinacion dowinated for an equilibrium
call. HNeither presaura gradisats nor recoabination
processes wvars takan into actotat. Howaver, che
physical insight into tha nautral gas processas which
this analysis affords msy hava a profound impact oa
designing besm lines — particularly pumping systems
and praveation of charge exchange in tha acceletaring
slectrodes. This will have an effect on the anslysis
of Raf. 10 and other simtlar analysesS® vhich assuse
the zas density is indapsident of the besm and the
beam interactions with tha slow poui.:i.v- plasaa ians
are uguu.bln.
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Fig. 48. Neutral besm pover per ampars of the original
{on besm current as a functiom of the beam energy for
differenc species discribucions (B and HY only).

The nonlinearicy of cthu tnefficiency of sources
producing molscular ions vas delineaced im Sect. 1.
Thaze the fractional esergy neucrsls were shown to be
uadesirable.!l Hare we show chac they are gluc-
tonous.l? Below we show the potentisl manifescacicns
of their unreceverabilicy.l!? An {llustrationl? of
the pover distribucion among rhe nsutral components
is shown ian Fig. 48. It shows, for exmmpla, that at
80 zaV, 1f half the ions are monatomic and half are
diatomic, only one=third of the input power goes
tovard accelerating the monatomic iona. This is
because the alectron capture cross section is higher
for the slowaer heavier species ac 80-keV enargy.

Besidual space charge in the neutralizer call
vas studied extending the analysis of Gabovich for
high current densities, beam tad:u.. and variacions in
bean composicion along its pach.5? The rasult is

chat for a constanc beam below the energy of the rwo-
stream instabilicy, the beam blowup due to residual
gpace charge is negligible. Consideration of re-
sidual space charge blowup of a beamlat in the
nautralizer leads to the conclusion that this effact
may be reduced by at least a_factor of four by
reduction of beam perveance.




Fig. 49. lon basm discribuzion and equipotencial
surfaces shown for s hypochatical racovary device
vhara the fon besm deasity for the bottom case 1s 10
cimas that of tha top casa.

a are pursuing a direct recaovery devalopment
based on Tvo concepta distingunished by ths electron
blocking aschanism. The firac is aagostic fiald
blocking over tha encirs berm. Tha potentisal virtuas
aof this schase are indicataed by thu success of
earlier experimencs.’! Ramceant theovatical calcula-
tions’2+73 golving the Potssen-Vliasov equacion by che
acceleratiog underrelaxation schemei* sbov chat for
sufficiently intense besns io etaady state, a col-
leczor plasas forms, making tha regioa of fon de=
caleration ssall (see Fig. 49). This smail cegion
increases ths recovery efficiency since the ion besm
doas Dot get & chance td blov up and bacoms cetro=
grade aven for very imssasa, high pervsance baams.

An illustration of potectial vecovery efficisacy fot
a particular gsomacric configuration is showm in
Fig. S50. Wa convinced Ralph Moir of Lawrence Liver-
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Fig. 50. Potential racavery from a geomscry shown 1n
af. 72 a8 3 function of recarding voltage, on tha
scale of basm ensrgy and basa demsicy.

aore Liboratory Jf the possible success of the
sagnacic blocking direct recovery scheme in early
1977. He asubsequencly performed a rast at his
facility and found 50% cecovery efficilency. T

‘sa showed above that the fractional energy
neutrals produced from zoleacular ilons vere zlut-
conous‘’ and undesirable.'! CEven Lf the zeomatry
were such as %0 provide 100X vecovery, a finite
fraction of nwolecular lons would ruin thias pcsai-
5ility becausa of the unrecoverable half aad ons=
third anergy aeutrals which ara cthus produced, This
is shown in Tig. 51, vhich iliuecraces racovery
potential as a function uf monatomic spacias fraction
and Yesa enargy. Also shown is the asximm effi-
ciency without diract recovery as a fumnctiom of
monstomic spacias fraccion.!? The direct racovery
expariment under way hers has che fon source ac
ground potencial and the nsutralizer celi ac high
pol:cnt:ial."’
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Fig. 51. Potential besm efficisncy (full sasrgy
aeutrai production/pover wipended) as a funccion of
aonatomic spacies retic, basa snergy, and existence of
direct recovery.

The drifc cube has received considerable ac-
tention lately due to the posaibility of a conlinear
beam attenuacion resulting fzom ges desorpction from
the wall which in curm i3 due to deflection of the
ionized beam by the stray tokamak fialds (Riviere and
Sheffieid’5). This analysis has been axtended to
include the aifact of direct iacercepcion of the beam
on the wall dus to finice beam divergence.’’ Assuming
Gaussian baamlets and using a beam iacensicy anal-
ysis,“3 the affect of beaam divezgence on rejonizacion
loss is illustrated in Fig. 52 for the system shown
in Fig. 11 at various values of the specific de-
sorpeion coeafficient. Experiments on the drifr tu™e
pressure £ise of a 30=kV, 40-A beam of pulze durag:on
up to 500 ns’8 have been periorzed on the syscem
{lluscraced ia Fig, 1l. Principal findings are: (a)
the pressure builldup ia che PLT drift tube {s a _
linear function of time within a pulse and depends on
beam power, (b) the pressure increasa in che deifc
tube is substantially greater than can be accounced
for by cold gas emerging from the source and is .
tharefore attributed to gas desorprion frem the drifc
cube walls, {c) hydrogen i3 che principal gas dee
sorbed from the drift tube wall, (d) pressure buildup-- -
does not change significancly as a function of-
cumulative pulses, (e) pressure rise cime constants
are characceristic of temparature variacions in drifc
tube uaceriais and are much longer thaa any other
system characteriscic tima, and (£) pressure fall
time is short compared to rise cime and is similar to
nonextractcion pumping time conscancs. We deduce from
this chat (a) the desorption process is rapid because
che pressure fall time {s much shorter than the
pressure rise ctioe, and (b) che desorprion coeffie
cienc, v, 1s an increasing fuanction of the temper-
ature. The manifescation of these results is that
for a 39-kV, 60-A extracted beam on our ORNL/PLT beam
lige, an average of >10% would be reionized and beat



back to the drift tube wall by a magnatic fiald,
causing an additional rise in zas pressure and yec
=ore reionizacion loss. A pulse lengeh of 300 =a
would iancrease the >10% figure to an average of >152
reionization without a magnecic field and even mare
vith a field.
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Fig. 52. Scaady-stats transsission ai'ficiency through

tha drift tuba duct as a function of che besmles
divergeace and specific dasorption.

Target design is important since cargets may
bave to dissipate s power £lux*? of more than 10
W/cal. WYater-cooled tubes placed st am obliqua
angls to the basm are tha basis for our principal
carge’: design (see Fig. 53). Vortex flow in a tube,
produced by an internal spiral swaged ribboa, has
besn showa fo produce o heat transfar coefficient as
much as two times larger than a uru’h: axial flow
of tha same fluid., It has been shown’% chat tha ..
racio of vortex flov 5o axial flow burnout heat
fluxes is sbout two and that vortex flow is most
beneficial wvich eicher bulk boiling with net stesm
generation or lacal boiling with moderate subcooling.
A two-dizansional steady-state hest conduction equs~
cion, accounting for tha arimithal veriations in hest
flcx, has bewn carried aut39s8% go gnalyze the target
requiresents. It wvas found that the one~dimensional
heat transfer calculstions are too conservative by as
much as a factor of two for the burmout heat f£lux.

Fig. 53. Vorzax flaw tube targec.

Swirl tube targets are currently used as a
calorineter terget and a charged particle dump, Thas
systea has been run up to an "accelerator power”
lavel of ~2 MW. From a power profile zsasuremsnt at
& oodest besm power level (30 kV/40 A), ve cstimate.a. . . _
peak beam power incensity of 6 ki/cm?® (both nsucrals
aud {oas in this case) with a pulse length of 100 ms
ac a ducy factor of 1X. In this cass, the vatar flow
rate vas 0.43 licers/s/cubas 2t an inlet prassurs of
230 psin and an cutlet pressure of 25 psia, resulting
in che axial flow velocity of 15 m/s. Tha nombotling
swirl flow heat transfer cosfficisnt i estimsted as
h, = 8.4 W/ calk. The capper tube dimsnsicns are D, =
0.633 o and D = 0.902 ca. The heat transfar tiza
constang for t case I3 then about 70 m=s, which
implias that the heat transfar is not yet fully
steady scate for the besm pulse length of 100 us.

The ona~dimensional sceady-state burnout heat flux
is about 2 ki/cal. Howsver, this two-dimmnsional
computation predicts 4 kiW/cm2.
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