REQUESY FOR DECLASSIFICATION AND/OR RELEASE

AThew 3 = § Daygs Far Cloesanze)

i R ey e * 2 . RN .
o fpom pempwely veenatod to Latmestny Bezands Papoitannt witn 19 castmdueiblessr 5 3 Yorsz topeen of dnogeesnt of
2 ~ Y E3

Saomos gmgags 3o

[N

degeton OF THE ATTACHED ~ ; Abswsa K, Psper

L Riﬂiﬂ{ﬂ- K Consecfizamoen snd Potess Reluste 5 Beadinn

1.3

2. TYLE:  Show in 500 waiess slossitonds

SRASRNLES L Rzt - e R [T -

3 &7 dam AH “g‘ﬁﬁ!i\, _i A3T oy Oﬂ!ﬂ, my%eyu .m!n:m a&lrcu o e uimam imfﬁ

ool Ce Teal, W. &. Stirling, o,

. dasedton, . {. Dewis, Amg .

2, ¥ ?%&E- se BT ASBREVIATE Tarle: £ Meeriags, Jownais, Universivios L
19} Oeal Pescorating Gown nome, slsee, sdesner dtes of meoting} \
S .. TEEE Btg, on Sacisscrieg Prodslems uf Fualas fesaaret .
/
i

T as Ssnotion wil be mode.

ik Peblicetion Przzzedings of 9 menting, give ploce and dores; Jowrasl, give poblicotion date; Beak, give editey ond sublishecs

of sewting

3 O L B Yey muninh
5«- sefinged god pebleshed in opes ltamstare . He

?

Yer Whee?d

S IWENTIONS: 7w Page e, of sny it appesniag 1o have ugnificont novelry; indicete i noae.}
A um

& PatvibulLY (LEAR E(.! FﬂOCifﬂfNY- Ifapur, akSHBgs, POgOEs R0, e1c., tonteining similoe information, indicote if tlossidied.)

S gEnAavan 0o 8 [ - v . e

. DviSiON Faglom

T RN SS 2t ks T

Asver-ete Lebuesrsry Duuttor Review Reeired 1 Yes £ He - Determined by

ﬂmsmﬂ ﬁaaexlﬂ' e i

Pm;ul 0sncm Program Director .

= T e " fignc-dicaripa Otiszar Gate
st
o ¢ k3! .
e N WOV bl
Pare l‘*asm Qi‘nge Frare
Disusibwtinn i Fore Distribution of Decvernts
3‘ @ujssugﬂ'ﬁm}ﬂ @!L\E Hole & p‘xl":h& el geampinh gnn-in 1. inggtil,‘;'ﬁ@,ﬂ MNiire Fole
. Pavess Piigs Fala 2. fﬂvﬁ foshraen? tatprmption Cenrer P, t Dtdico Fsim iif eomomcinds
3 Fvpeert £, Lexsenre Cogy = Dueessmn Fole 3. Pyvenr Olico Fite it vepuneies:

¥, Jospasie Tapy « Rabge's Fols 2. EROA - TIE fsf speocs

#s 3-#1'. - !'e;i"n-"‘!‘ n ’.! w’

2, Agpraved, R
‘5,, ’&t%\-s;mvsy»y Y




BUBPILATLLN iGN SLURCLIS TOX

S %

ok RBisge,

Plated hiating regeivencnts for (i Prisceien
Large Torgy THLT) dre st 51 atont § B teis! Soan
Cnetyy 6 3 T Lent fawde 2 pecegelit hydtugen {ne
Seuvleftivn) weuirals 51 4D WV, To FR1IN) gl Qeciun
gl Teom four seuteal bedn injeclors, ihe Zeolilbstes:
oo soutte orisinally develoned at ERN1 haw Yres
soditied, feviloncd, #5d scalcdeute 1o veriicas with
P0-tor ardr Fd=em gl diancicrk. Yiilisiayg the
soltipote line tusp wonnesic ficld casdinenont or
e airing clasieor: avd Cradled Fuilips Yanirzation
Caome (P15) platws, thess Soarids penerate o usiforns
(952 density varistite wwer I¥-to Siawm) ond dense
plases (oduo: & o 1097cn? 51 the omtenclion sueface).
Suth sburset lLave Beeh opereisd reliatly L& deliver
& bEdT turrent waresding 79 5 of dwdrogen iens 1
40 keV. For futh & Lear Lesditivn (% J0urce i3
cagahte of cennine with aa are pulic of 0.% %ee,
Moreowee, e cotridpanding seg pfficivnry iy wvory
high, brlow 1.8 50 arg puwer e agere of fea beaw
currest., o Lhis paper we doiieibe the plawns gonera-
tion, fouete thataglorialits a2 are officisnsy s
funtticn of sagseiic Tilelds, pas presiure, ot are
power {ingluding 1he 30z wnltane snd corrent), Tha
olher gaciting featluen, high proton yield {oscocding
8Lx), will B¢ Jiscussed,

ing rudent fon
Y SIS AT

farrgetic newieal Yobn injeclion ka3 Yots sutiesse
fully ap2tics for hoating hm wornidal olosms in i
Gak Kigye lotsvsd 1C2MAR) . 0% Tnin anplicalion Pas
derunsirplzd thas
neuird! Beam i oxe of the cirintial hodting techs
nicwos for tckamsks., for future fusion deviees,!™$
muplti-t hydronen and Jostirisn nevieal Seamy are
biring planncd. For (ke Princoton Large Torus (PLTH ar
Princeton Mlavea Physict Labnratory {(PPPL) ©.7% M of
enctpetis oeuirals at 4D k¥ Tor each of four bean
lines is placned and designed. Yo Tolfill 1hiy gosd,
the hearl of 1he neulrsl boss injectors, the jon
Iursd, shiwls B¢ dadebile of sioducing o Lpdruyes
ion curcent sl a%ove €0 A,

Subsequentiy, wi ditided o Tarn such as jon bean
from thousands oF slementary dwovlots over 39 3r¢d of
severdl Luntreds of squars contisglers. A dosigned
ion sourcy fof the {ejestor application shoulsd Se able
1o Credee A sviestenl, usifors, yad dense plozsy over
the 1orge rea. as Zetgvited in Tadle 1, Adsy ligted
are othes Sopirslle nroperiics suth at fong puite
operation, Ligh a2 s‘-l"riﬁenc','. high are efficioncy,
o003 souree seliabilizy, and bon spctivy scweuw-ly.
The "’fi.-c‘\., eeiishie, and siepic duofiGatron ion
source ot doeelnped Tor ORFAY injeciors fulfilis most
of these desiralbde properties. &y utlilizing the
auh.i?aie Yitr cuwdp tagnezic l‘ieid for plasss cenfing-
menl,’ the 2uoPlintron fon tource has been saccess-
fully scaled-un 10 larger versions with 15-¢m, 20-en,
and 2-cx grid diameiers.

Two 18=~cm nesieal jnjeciors bave Heen developed.
One is vied for Lasar Inigiated Torget Fancrirent
JLITE) ot UT (inited Teclnologies fetcarch Conier) and

foscarch sponsored by the Gepariment of Energy umier
contract with Yninn Carbide Carpgorntion.

B
i 3

Frad, W L.8%irdin;, W,
. ®, L. Naves, and B0 . Siheckler
' ’ ' 0ak Ridue 8atiogtal Laboralory
o : : Tenng uace

the injectien of high pmace pnoegelic -

. magnetic multipole line cusp finld.

s g |
cvgra?

PLT IRALTOA%

P S s L
e g 4omfeRAS
apgaeaavr. geabast ¢ 0
gt e ww Wil et

i

H, Haiclinn,

37832 B
e thor §5 for ORUAK, For Lotk PLY and 15X (inpurity
Yudy Laperiz at 2ak Ridgel several 3D ci injecters
have beof v.#*\'tiﬂ?-cﬂ. They deliver 3 Lodm surrentl one
cetrding 7B A &6 oncegy sbove %0 keV with 8 pulse

lesgth wp Lo ..’39—-T¢{1 / 4 -y é ~y
ies o / Ta[‘a Sour p;l

Tabde 1. Nur}ms :-..,“

LT

High Plasmy Bonsity 32 x 10idem?

Lo Ronutifoemiy e = 4102 over grid diam
Low Hnise Llevel 2 4102

Lang Polue Digration 3.5 s

Migh Cus Y ificicney »502

High Arc $¥ficiency
Gond Sfource Reliability
ton Spocice Seletlivity

In the following the plovesy sesarstion and dise
charge tadel of ihese large denPifateoas will be deicfly
rovitwed.  Sruree chyrasteristics as 3 function of the
discharge por@wriars wuch as the sagnetic ficlds, gas
prossure, and arz power {ingluding the are voliage
shd current) will then he distussed., Finally, we will
discush the are efficiengy and proton yield,

Geneegtion of Source Plassas -

Figure | zhows the skeleh of a JuoPiGatron ion
source with g D=t grid diax and & I0-em dian of
antde tn. 2 chonbor,  As the coanventional duoPiGatron
does,® i1 consists of o hot coathode, intermediale
electrade, anvdes Nos, 1 and 7, and targel cathode
{also tommen 83 plasems or scrocn clertzode). The bot
cathaide contding cinh: off-axis oxide=cnated Titaments,
whith enit sufficient electrons for running an arcg
current up 10 108D A, A solemnid wound oh the inter-
tpdiate eictlrcde {whith torves ax & magnelic pole)
provides an inhostpencdus arial asgnelic field {here-
after ealled the snurge magretic Tield) in the channel
and snout regicn of the intermediate electirode and in
the antde renitn.  As desceibod daier, this smagrelic
field ouides ionizing clectrons from the cathede roegion
to 1he aode region,  Moredver, around 1he chasher of
the anode No. 2 snd just obove 1he larget 2dthode,
12°32 wolyres of poreagnent ragnels are used Lo form 9
The cusp field
is vied to confine these ienizing clectrons and tLhe
slasew created.  to this macnclic arrangement, ¢ach
column it six or seven Iazhes long foroed of cithee
$ix of scven permancnt macnets (0.96 cm-x 2.5% ¢m %

2. 5'4 em. mannetliced alone the 2.54%-¢m direction,
raxiown ficld & = § &) and i+ arranecd to produce @
radial Ticld with apposite polarity for the adiacent
colurns, The eads of columns =must be lozoted within
Ve of the target cathode. €lectricatly, a pulsed
pre voltage (=120 ¥) is applicd between the snode and
the hot cathode. Rul, both the intermediate clcctrode
and the target cathode are floated by being connected
to the positive terminal of the arc powee supply through
resistars of 1000 oh:m and 250 ofhin, respectively. For
irproving the swuree relizbility, capacitor banks of
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3200 ufF and 400 »f are respectively connetted across
the 1000 ohn and 250 ohm resistors,

Under noreal cperations sufficient gas {H:) is
fed lato the source prior to the application of the
pulsed arc wvoltage., During the arc pulse, priraey
cletirons chmiticd from the hot cathode are acculerated
towards the intercodiate electrode and produce a
cathode plosrma.,  Sore electrons from this plasha are
guided dy the source magnetic ficld and are sccelerated
towards the anode region.  These clectrons gain suffi-
cient kinetic eneray 10 create an intermediate plasma
on the way thruugh the chaanel angd snout region of the
intereediate cletivode, 10 the anode region, they are
constrained by the source magnetic field and arce forced
to oscillate betlween the interawdiate cleetrode and
torget cathode. Because of their high cnergy ond iong
path lenglh, they preduce o dense PIG plasma.  Mence,
the source plasen is composed of three plasmas: the
cathode plasta, inlcrmediate plasma, and the PIG plosma,
which aic separated by double layers. Such a discharge
eodel is forther supported by the esperieental results
of a Langruir probe which is suovable aloang the axis
of the intermediate clectrode chasher,

The iatermpdiate plasma and its adjacent double
Joyers forey a plasema bridge. This plasms bridge not
only custaians the potential difference Letlween the PIG
placad and the cathoede plasmd but alto maintaing the
are cohduction through thenm, MNaorcover, as an clectron
ssurce, the cathode plasma supplies i{onizing electrons
t« the PIS dischorge. la fact, the cothnde and inter-
mediate plasrds are created by the low pressure and
low potasntial hot cathode discharge within the inter-
mediate cloctrode chawmbee, The asscmbly of the inter-
mediate electrode chanber and the enclosed hot cathode
works as a hollow cathode. As an ion source, the PIG
plasrd supplics ions to the ian beam formation clec-
trodes (or the extraction electendes), In the noxt
section of the paper, the characieristics (including
lon generation and ion loss) of the PIG discharge are
discussed with reqard to improving the source
perforoance.

Source Charactleristics

From the plosmy generation descrided above, we
sce that the discharge in the duoPlfatron ion source
is o kind of hol cothode dischorge, The Wt colhvde,
in fact, is & hollow cathode formed by the intermediate
eloctrode chasber and its enclosed oxide filaments.
This hollow cathode provides encrgetic ionizing clec~
trons for the P16 discharge i» form the uniforn and
densc PIG plasma. With o proper areangzment and suit-
ablc operating conditions, the source {Fig, 1) is
capable of a long pulsce operation. The waveforms of
the arc volilage, arg current, and the ion saturation
current of a Lanrgruir probe in the PIC plasmd are
shown in Fig. 2. In addition, this source is charac-
terized with high gas and arc efficiency, good source
rediability, and high proton vicld (Table 2).

In prastice, the PIG plasmd works as an lon source.
The characteristics of the PlIS discharge can thus
represent the source characteristics. {n other words,
the plasma propertics and the ion generation and
loss rates in the PIG region determine the source
per formance of the duoPlGatron.

In gencral, the gencrated ion current l‘g can

be expressed as

e "o DI‘E) L. m

=}

is the

Here lc i5 the current of ionizing clectrons, LN

ncutral qas density, di(E) is the ionization cross sec~

tion of ke ionizing clectrons ot an energy €, and L is
the eean free path of the electrons., On the othcer hand,
the ion loss rate to clectrodes with a loss arca A is
denoted by I'R and is given by

(2)

o= Ken, v, AL

Here, K is & constant, ¢ and a; are respectively the
charge and density of the Jon in the plasma, and v is

the ion sound velocity. Ffor crecating o steady state
plasma, the ion generation rate should bz sufficiently
fast to make up the ion loss rate. That is, the ion
current density 4, can be eéstimated from the last

o cquations as

J. = Ken, v

i i
or | (3)
I =1, nov:i(E) La, .

lable 2. Source Performance of PLY Injectors
Neutral power 750 kW
8cam encrgy 45 kev
8eam current 70 A
Pulse duration 500 msec
Arc voltene <0 Vv
Arc current <900 A
Arc cfficiency ~1 KW/A
Gas Hydrogen
Gas cfficiency >50%
Proton yicld >802
8cam divergence eNHNH =1.0°
Plasma density 2x10!2¢m=3
Plasma uniformity +5%
Nnise level +10%

Since the ion current densily adjacent to the target
cathode con be utilized to estimate the beam curcent
density, this cquatiun could be used to study the effect
of discharge paramcters on the sgurce performance.

in the following, wc will discuss the telationship be-
tween these quantities in the last cquation and the
esseniial discharge paramciers such as the magnctic
field, oas pressure, arc pover including arc current

and vultage. Particularly. we will crphasize the adjust-
ment of the paroameters to create a quiescent, uniform
and dense plasma for large ion source application,

Nagnetic Field

There are two applicd magnetle fields superimposed
in the PiG region of the modificd duuPlGatrons. One is
the source magnetic field and the other is the static
;i?e cusp magnetic field. Their cffects arc described

elow,

As discussed in the previous section, the source
magnetic field is essentially utilized for guiding jon-
izing clectrons from the cathode plasma through the
channel and snout region of the intermediate clecirede
into the PIG region. Thls source fiecld also controls
the spotial distribution of these electrons in the radial



plane. Becouse these electrons are the chief ionization
agents in the PIG dischargo, the source field influences
the radial uniformity of the PIG plasma created. Fiaure
3 shows typical density profiles for various source
magnetic fields, which arce dunoted by the coil exciting
current 'sm° The ion saturation currenmt is measured

by a Langmuir probe which is moved in the radial) plane
about 1.0 cm above the target cathode. It reveals that
the peak plasma current density necar the axis increases
with the source field. That is, tre spatial uniformity
is gradually impaired as the source field is raised.
This is understandable because the higher the magnetic
field, the higher the concentration of ionizing elec~
trons around the axis and therefore, the higher the
peak plasma density near the axis.

For the conventional duoPiGatrons, raising the
source fleld is one way to boost plasma density for
increasing beam current. This is true provided that
the radial uniformity is reasonably good — within +107
over the grid diameter. However, in the larae versions
(15 ¢m, 20 cm, and 22 cm) this simple method of incrcas-
ing source field strength is not applicable because the
spatial density variations over the grid diameter can
well exceed +20%. With these sources modified by adding
the multipole line cusp field containment,’ the problem
of nonuniform plasma has been casily solved. Typical
density profiles {Fig. 4) for a 15-cm source clearly
show the advantage of the cusp field arrangement. In
fact, the modified source with the cusp field can oper-
ate reliably to create a dense PIG plasma at relatively
weak source ficlds. The associated uniform distribution
of the ionizing electrons results in a uniform PIG
plasma. Moreover, th2 static multipole line cusp
field not only improves confinerents of ionizing
electrons but also the PIG plasma so created.

Herce, the modified duoPiGstrons such as the 15-cem
sources are able to deliver a beam current of 30 A

of hydrogen ions.

In Eq. (3), the effects of the applied ragnetic
fields on the generated ion current density are reclated
to the spotial uniformity through the term "le" by the

radial distribution of jonizing electrons and to the
density through the term "Aw-'" by varying the loss

area of electrodes. As noted from the studv of a
magnetic nultiple confinement device,? the increase
of number of the permanent mognetics columns wil)
improve radial uniformity by increasing the voiume

of the field free region, but lower the plasma density
by increasing the effective toss area. In the
rmodified duoPlGatrons, the measured plasma uniformity
is improved as the aumber of the magnetic columns

is increased 10 an optimal number of 24 (Fig. §).
This is probably ceused by extra-loss areas existing
at both ends of magnetic columns (in addition to
those under the cole face) described below. In the
particular arrangement of the modified duofiGatrons,
the superinmposition of the applied source field

and the fringe fields of magnetic columns can form
fegions with zero axial magnetic field through

with the ionizing electrons and created plasma leak
to the eclectrodes. As a result with too many columns,
the improved uniformity due to the incrcased field
free region will be offset by the increased loss
area.

With the above undcrstunding, the modified duo-
PlGatrons always operate at relatively 1w source fields
cumpared to that of the conventional duoPliGatrons. The
20-cm and 22-cm sources can operate reliably to create
a desirable uniform and dense PiIG plasma adjacent to the
target cathode for delivering an ion beam current
avout 70 A.

Gas Pressure

Equation (3) indicates that the generated ion
current or plasma density in the PIG region will increase
with the gas pressurc {(or ncutral density) there. As
learned from the conventional duofiGatrons, the easiest
way to raise gas pressurc is to increase the gas feed
into the intermcdiate electrode chamber. In fact, the
gas particles will subsequently enter the PIG region,
pass through the apertures in the extraction electrodes
and the gas cell, and finally reach the pumps. However,
as a result of recent experiments on the 20~cm and
22-cm sources as described below, we declined this
conventional way in favor of a modification.

Knowing the crucial effect of the double layer on
the source realiability,” we scaled up the dimensicns
of the intermediate electrode and anode No. | with a
smaller ratio compared to that of the anode No. 2. The
resulting bottlcnecks cause unusually high gas density
in the snout region of the intermediate electrode and
[nsufficient gas density in the PIG region. The
assocliated high plasma density and low arc impedance
in the snout region reduce the potential drop from the
PI1G plasma to the cathode plasma. The associated de-
crease in the kinetic energy of the ionizing electrons
reduces the probability of ionization in the PIG
region. Morcover, the dense plasma in the snout region
will increase ion loss towards the intermediate elec-
trode rather than towards the extraction electrodes.
Consequently, the plasma density near the target cathode
is insufficient for extracting a high beam current. To
boost the plasma density by increasing the gas feed
into the intermediate electrode chamber and hence boost
the arc power often causes severe arc breakdowns in the
snout region between the anode No. | and the inter-
mediate electrode, This arc breakdown oroblem further
jeopardizes the source reliability in addition to giv-
ing poor arc efficiency.

The above undcsired properties related to conven-
tional gas fced have been avoided substantially by
providing extra gas feeds into the PIG region and/or
the upstream section of the gas cell. With the proper
combination of these gas feeds, the source performance
(the arc efficiency, sonrce reliability, and beam current
capability) is greatly improved. Foir example, the beam
current can be boosted to 50 A from 35 A simply by
increasing the extra gas feed and keeping other arc
parameters constant. Normally, the gas feed into the
intermediate electrode chamber should be as low as
possible but yet sufficient for a reiiable source opera~
tion. The gas feed into the PIG region should be
adjusted for the desired plasma density or ion beam
current deasity. Under such conditions, the gas feed
into the gas cell can be used for the desired equili-
brium fraction of neutrals in the ion beam.

Arc Power

In general, the piasma density increases with the
increasing arc power as shown in Fig. 6. This effect
is further studied below. In fast, the arc power is
the product of the arc voitsge and arc current. As
shown ¢lsewhere® the potential drop between the PIG
plasma and cathode plasma is about 80% of the arc
voltage, and the electron current entering the P1G
plasma from the cathode plasma constitutes above 90%



of ars current. Hence the arc currént and- voltage are
closely related to the quantity and energy of the
ionizing electrons in the PIG discharge. Wec see by
Eq. (3), the plasma or ion density always increases
with the arc power.

In general for a given arc power, the source can
be operated with either a high arc current and a low
arc valtage or with a low arc current and a high arc
voltage, by adjusting the other source parameters.

The former is the low impedance mode and the latter is
the high impedance mode. For a given source, the
favorable operating mode is determined by the source
reliability and arc efficiency. Usuvally we prefer to
run the reliable source with the high arc efficiency.
from the distribution of ionizat on cross section

with the electron energy, the high ionization effi-
ciency of electrons requires their energy about 100 eV.
Considering the usual 20 V drap between the inter-
mediate electrode and the hot cathndc, the arc voltage
should be about 120 V. With this favorable arc volt-
age, the source should yield sufficient arc current
for delivering the desired high beam current. As
given in £q. (3), the plasma density is expected to
incre2se linearly with the arc current. Under such
operation mnde, the arc efficiency has been found to
be higher. For example, for delivering a 60 A ion
beam, the present sources can operate eitner at 900 A/
90 V or at 600 A/110 V. Obviously, the high impedance
mode has a better arc efficiency.

Arc Efficiency

As the required neutral beam power for heating
future tokamaks increases to multi-MW, the injectors
must deliver several hundred amperes of energetic
positive ions. With the concern of the required high
arc power at the high voltage terminals, the arc
e:ficiency becomes increasingly important. Studies to
improve the arc efficiency for the injectors have been
conducted in both the design and the operating phases.

Reyarding the design phase, the study includes the
optimization of the geometrical configuration, dimen-
sions of the electrodes, and the arrangement of the
magnetic fields. It Is found that the intermediate
electrode geometries and anode No. | are very crucial
to the arc efficiency. As shown in Fig. 6, the smaller
the size of the anode No. i, the higher the piasma den-
sity for the same arc power. Relating to Eq. (3), this
feature results from reducing the fraction of electlrons
which are directly iost to the anode without partici-
pating In lon genaration and the ion loss area.
Similarly, the dimensions of the axial button and insert
in the intermediate electrode can influence these
factors too. As a result., the aeometrv and dimenslons
of these electrodes are opntimized to that shown in
Fia. ). Moreover. the distance from that of the
intermediate electrode snout to the taraet cathode is
also optimized for allowing the source fieid originat-
ing in the channel region of the intermediate electrode
to be able to cover the arid area with a uniform axial

- field. As a result, a uniform PIG plasma can readily
be created adjacent to the target cathode. In addition
to the source magnetic field, the static multipole
1ine cusp field is also optimized for the best uniform
PiG pvlasma. As shown in Fig. 5, the optimum number
of columns has been experimentally determined and is
between 20 and 2%, For the present PLT sources, 20
columns of permanent magnets are used for creating a
uniform and dense plasma.

With a properly designed duoPlGatron, the arc
efficiency can be further improved by adjusting the
cperating parameters. From the source characteristics
described above, the arc parameters for the injector

4

operation are listed below

a) Arc voltage should be above 100 V.

b) Arc current should be below 700 A.

c) Gas feed into the intermediate electrode
chamber should be minimum but sufficient
for a reliable source operation.

d) Gas feed into the PIG region should be

’ sufficient for the desired plasma density.

e) Gas feed into the upstream section of the
gas cel! should be sufficient for the
desired ncutral equilibrium fraction of the
jon beam.

f)  Source magnetic field should be set to

minimue for the above desired arc conditions.

With both the source elements and parameters
optimized, the arc efficiency can be improved well
below 1 kW per ampere of beam current. For example,
the arc power for a beam of 65 A at 37 kV is about
59 k¥ (105 V¥ arc voltage and 560 A arc current), i.e.,
0.91 kW per ampere of ion beam current.

Proton Yield

In a hydrogen plasma, there are atomic ions and
molecular ions. One of the requirements of the neutral
beam injectors is to maximize the production of atomic
ions. Our recent measurement on the ion beam by mag-
netic analysis indicates that the PLT-type ion source

produces beam fractions H1+ ~ 85%, Hz+ ~ 12%, and

+
H3 ~ 3%. As described below, thls outstanding feature
results from high generation rate and low loss rate of

H1+ ions In the plasma volume and low ion generation
rate near the extraction surface. The high arc im-
pedance mode of source operation for high arc effi-
ciency mentioned above is just the right mode for the
high proton yield., The lonizlng electrons gain energy
{~100 eV) through the double layer between the cathode
and P1G plasmas. They experience several collisions
with gac particies for ion production and loss of
kinetic energy. Approaching the extraction electrodes,
the energy loss of these electrons results in a low
production rate of molecular ions. Hence, the ions

of the ion beam are those produced in the plasma volume.
Due to the high density and low energy (v5 eV) of the
cold plasma electrons, the molecular lons created in
the volume are almost completely converted to atomic
ions through the dominant reactions of dissociative
excitation, dissociative recombination and ionization,
and charge exchange. Thus, the high proton yield in
this source is the result of optimization of source
elements and operating conditions.

Concluding Remarks

Table 2 shows the performance of a properly de-
signed PLT 22-cm source. Compared to Table 1, this
source fulfills the desired properties of the plasma
source for neutral beam injectors.

It can deliver a beam current exceeding 70 A at
4o keV with a pulse duration exceeding 0.3 sec, the
designed value. The gas efficiency is about 50%.
Hence, it needs the extra gas feed into the gas cell
for converting the fast ions into emergetic neutrals.
The arc efficiency is well below 1kW per ampere of
beam current. This high arc efficiency is essentially
due to the source capability of effectively creating a
uniform and dense plasma adjacent to the target cathode.
The factors accounting for the high arc efficiency are
also those that produce the high proton yield.



Such a desirable source performance is also die
to the advanced technology in the design of the ex-
traction electrodes and electronics for the arc and
high voltage power supplies. The excellent performance
of the modified duoPlGatrons indicates that larger
versions for delivering a beam current of 150 A can
be properly developed. Hence, it is possible to
utilize one plasma sourc: rather than tnrce for each
beam line for TFTR. At the moment, we are developing
100 A (ion current) sources for the plasma heating
experiments on 15X and PDX at PPPL.

The authors would like to acknowledge the excel-
lent support received from our colleagues in the
electrical engineering group of Fusion Energy Division,
Plasma Technnlogy Section.
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