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Susmary

As part of tha program to develop s high emergy
neucral beam injector based on aeutralizatiem of nega-
tive ions, several types of negative hydrogen (or deu-
teriua) iom sources for lomg pulse or steady stats op-
eration are being studied at Brookhaven Matiomal Lab-
oratory. By using parssaters of ion sources vhen op-
srating in a pulsed mode and without cooling (pulse
length < 0.1 s), requirements have been determined
for a long pulse (several seconds) or steady state op-
erating wode and two sources have been designed and
fabricated. TPirst of the two 1s a Peaning source, de-
signed for a steady stat operation with a cathode
power density of 1 kW/ca®. For the range of c,tho«
power densities between 0.2 iW/cm? and 1 Kii/cm®, nu-
cleated bgilin; has to ba used for heat removal; balow
0.2 kW/cm® water flow coaling suffices. Although this
source should deliver 0.3<0.5 A of E™ ivme in a steady
state operation and at full power, the other source,
which has & aagnetron geomatry, is mors promising. The
latter incorporstes two new festures compared to first
designa, geqmetrical focusing of fast, primary negative
hydrogen ions from the cathods into the axtraction
slic, and a wider discharge gap in the back of the
sourca. These two changes have resulted in an improve-
aent of the power and gas efficiencies by a factor of
3 to 4 and in a reduction of the cathoda power density
by an order of magnitude. The source haa water cooling
for all the electrodes, bhecauss I!x!.- pover densities
will not be higher than 0.2 ki/cw®. Vary recently a
modification of this magnetron source is baing conai-

‘derad; it consists of plasms injection inte tha source
from a hollow cathoda discharge. First experiments are
very encouraging and may lead to further reduction of
the gas flow by an order of magnitude.

Introduction

Futura fusion reactora may require for plassa heat-
ing purposes intense neutral beame with energies rang~
ing from about 100 keV/nucleon up to SO0 kaV/nucleon or
more.1,2 Present neutral beam systems, either in oper-
ation or under construction, are based on neutraliza-.
tion of positive ions. However, as the ion energy in-~
creases, the neutralization of a positive ion becomes
lass efficient (Fig. 1). The only way to improve the -
overall system power efficiency, which is a parameter
of crucial importance not only from the beam line point
of view but reactor's as well, is through tha develop-
nent of rather complex systems for anergy recovery from
the remaining charged beam components. Even this sath-
od has its limits as the energy of ions approaches 100
keV/nucleon and the raquired neutral besm power saveral
tens of MW,

Another process to produce high energy neutral
atous is by stripping negative ions. This process is
more afficient (depending on the stripping method the
efficiency may approach 100%; Fig. 1) and above 50 keV/
nucleon the fraction of negative ioms which can be con~
verted into neutrals depends little on besm snergy. In
addition, a negative ion besm has only the atomic com-
ponent (H™ or D™), while in positive ion based systems
aolacular ion components (M3, H'g) contribute to frac-
tional enargy neutral besm components. Due to their
high power efficiency and a single species besm, nega-

*Work done under the auapicee of the U.S. Dept. of
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tive ion based systems sre comsidered em attractive al-
ternative for seurces of gutul atoms evem at ensrgies
as low as 50 kaV/nucleon.
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Figure 1, Neutralization efficiescy for differeat iom
species and stripping targats, as fumctiom

of enargy.

Presently three methods for productiom of negative
hydrogen ions are belag studied: vis volumse processes,by
using double slectrom capture by poaitive ions in alka-
11 vapors, or throwgh surface formatiom procasees; the
laat one seems to ba the most promising amd has been
pursued at several laboratories. The approach sdopted
at Brookhavea National Laboratory belongs to the sys-
tems, where plasma is produced in the vicinity of an
electrode having a low work fuactiom (surface-plasme
sources)., Particles, positive and nestral, diffusing
out of the plasms bowmbard the surface and via a com-

:bination of surface-particle interactions (desorptiom,
_backscattering) may be converted into nagative ions; if

this electrode has the proper bias with raspect to the
plasms, most of negative joas will be able to leave.
the surface and eanter the plasma. The simplast sources
of this type ara Penning and magnetron; their pulsed
versions have been described in more detail in Ref. 4.
Although the yield from the Pamning sourcs was about
0.5 A and from the magnetron close to 1 A, they both
had to operate with relatively short pulses because

- there was no provision for the heat removal from the
- alectrodes,

A scaling up of eithar source type to long
pulse or steady state mode of operation showed that
cathodes would receive power densities batween 1l and 2
W/cml 1if negative ion current demsity of about 0.5 A/
ca? is desired. Nucleated boiling as the mathod for
heat removal was sericusly considared:and after.some
studies a Penning source designed; it will bSe described
subsequaitly.

Recently an important improvement has been achiev~
ed in the performance of magnetron sources.- By using
geomatrical focuaing of negative lous, that had been
produced on the cathiode by surface-particle interactions
and accelerated in the cathode sheath, into tha extrac-
tion slit (Fig. 2 shows a magnetron geomatry with three
such focusing groovaes) it bacame possible to batter
utilize the cathode surface and to operate the source z
with a lower gas prciurc.s Another change in the de- .
sign, widening of the discharge gap in the back of the
mrcg. contributed further to an improved perform—
ance.” Based on these rasults a new magnetron source
has been designed, fabricated and put on the test stand;
it is expected that it would deliver between 1 and 2 A
of negative ion currsats, in long pulse or steady state
mode of operation, with a gas eificiemey of 5-6% and
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Figure 2:
cathode and an asysmetric discharge gsp.

using water flow as the mesns for heat removal.

Evea this source performence may be marginal for
an application in e neutral beam lina, where iom cur-
rants of seversl tens of amperes will be required and
vhere the eccompanying gas flow might pose serious prob-
lens. The only way to improve the gas efficiemcy (or
reduce the gas flow) is by producing a highly iomized
plasms outside the ion source itself (i.e. tha source
electrodes should sexve basically to produce negative
ions and to lead thea out of the source, but not to
maintain the discharge) an’ 50 inject it into the f{on
source. First axperiments with a hollow cathode
discharge as the plasmsa source have been succassful and
have shown that from the plasma column a high eaough
positive ion current may be drawn onto a low work func-
tion surfaca. There ara indications that a copious
emission of negative ions has been obtained from the
surface, sufficient to be used in a source. The gas
streaming out of the hollow cathode is more than 90X
ionized, which may lead to a further improvemeat in the
gas efficiency by an order of magnitude. A modifica-
tion of the cooled magnetron scurca so as to include
several hollow cathode discharges in parallel, is under
consideration. There would, howevar, be little or no
improvement in the overall source power efficiency - a
paramster of a lassér importance anyway if the scurce
is to be used in a high energy nsutral besm line.

BNL Penning Source With Cathode Cooling

From the first model of a Penning source R~ cur-
rants close to 0.5 A wers obtained,? but the sourca
did not have cooled electrodes and had to operate with
short pulses (3 mas). A steady state opsration with an
extracted current demsity of 0.5 A/cm would require a
cathode power density of 2 kiW/cm? and cathodes had been
designed and studied using nucleated boiling as the
method for heat removal. The cooled 3NL Penmuing sourca
has a cathode surface arsa of 10 cm? and an auxiliary
alectrode situatad opposita the extraction slits to en-
hance the production of negative ions; geometrical fo-
cusing of these ions into the extraction slit is contem-
plated. UWhen operated at full power input, the scurce
is expected to produce about 0.5 A of negative ions, 2
but preseat testa are limited to levels below 0.2 kii/ca
on the cathode. Tha objective of tests is mora to gain
the experience with steady state mode of operation and
to study some engineering aspects of such sources than
to achieve high negative ion yields; for the latter the
improved magnetron geometry is 3ore promising.

BNL Magnetron Scurce With Electrode Cooling

As reported utlio:." BXL magnetron sources of the
original design (parallel cathode and sznode surfaces)
and with no electrode cooling hed ™ yields up to 1 A
but the pulse length was limited to 10 me. TFor this

Cross section of the BNL Mk IV magnetron source (without cnolia') with l:hrn £oeu1n¢ grooves on the

type of sources, wvhere the heat developed during the
pulse is stored in the electrodes themselves and re-
soved batween the pulses by conduction and radiatioa,
there is ¢ trade-off hetween the yisld and the pulse
length. Stni for aan K~ curremt deasity of several
hundred mA/cmé~1t is difficult to schieve pulse lengths
bayond 0.1 s. A scaling up of -u-hrd-gutm
sources for steady state_operatiom would result in the
requirement that 1. 1i/ca’ be removed from tha cathode,
therefore nucleated boiling would have to be used. Now-
ever the magnetron geometry is less favorable for such
a cooling method then the Pemning sourca because in the
formar it is difficult to avoid sharp bends in the
water passagee.

Fortunately, introduction of geometrical focusing
and of the asymmetry in the discharge gap (Fig. 2) has
relaxed the cooling requirements. Table I shows a com-
parison of the results for a standard msgnetron scurca
(Mk ITI, cathode surface arsa 12.5 ca?) with its modi-
fied version (seme cathode surface ares, single focus-
ing groove); preliminary results for the geometry as
shown on Fig. 2 have also been included. It is evident
that for the ssme negative current deasity the cathode
power density can be reduced because negative ions are
collected from an arest much wider than the slit itself. .
An additional gain in the performence results from a
lower operating pressure (a lower discherge current re-
quires a lower prassura); the consequence in on one
hand a lower -gas flow from the source and on the other
a longer mean free path for negative lons while travel-
ling from the cathode chrough the source into the ex-
traction gap. <

Based on these results and assuming a linear scal-
ing down of the negative ion current density with
source input power, parsseters for a larger modal, op-
erating stesdy state, have been detsrmined. The para-
waters also agrese with gensral guidelinss of the neu-
tral beam program, i.e. an H™ or DT curremnt of about
1-2 A with a deasity of 0.5-1 i/cm?, an extraction volt-
age of 10-40 kV, a pulse length of at lsast 5 s (thermo-
dynamically this is steady state operation) and the
heat removal by a simple mathod, like water flow. Tha
last requiremeat limited cgu sexisom power deasity at
any elactrode to 0.2 ki/cm“., Table II shows the para-
meters of the source and Fig. 1 its cross section..
There are five focusing grooves on the cathode surface
oppoeite the extrsction slits; :Sul length of the
slits 18 40 cm and the ares 2 cm The shape of the
anode cover has beem chosen such as to accomodate the
cooling channels. Cathode supperts serve to fesd the
cooling water to the centsr part of the cathode; their
shape has been chosen so0 that in all regioms close to
the discharge plasaa thers is a compeneat of the slec~
tric field parallel to the magnatic field. Such a
shape prevents the diffusion of electroms out of the
discharge zap into the support ares and an initiation



Table I . "

_ Standard magnetrom
s& IIZ; A= 1;,5 i)

H™ current [A] 1
A~ current deasity

[aseme . 8.7
Pulse length [-] 0.01
Cathode currsat

density rEAI::-Z:] 20
Cathode powgr

density [kW/ cnzj . 1.6
Gas efficiency [2] 12

of sparks or parasitic discharges there. Cathode ma-
terial is molybdenum, with less than a momolaysr of
cesium on the surface; this combination has proved to
function as a good convaertar of primary particles iato
nagative ions. The rest of the source is stainless
steal. The whole source is immersed in a magnatic
fiald of about 1.5 kG, perpendicular to the grooves
(Fig. 3), which is necessary for thas operation of a
dischargs of the magnetron type. Casium will be in-
jected from a heated cell filled with pure matal and
mounted on the side of the source opposite the-extrac~
tion slits. The design of tha grid at this time has
not yet bean finalized, first experiments will be done
with a solid structure and pulsing the extraction volt-
age (pulse langth about 0.1 s). After the shape of tha
extractor has beem optimized, a water cooled version
will be fabricated. The schedule calls for grid tests
by the end of December.

Table II

4~ (or D7) currant

H4” (or D7) current density
(in the extraction slitg)

Extraction slit area 2 cnz
Pulse length >S5 s
Cathode current density 0.8 to l.G-A/cnz
Cachode surface area 60 ca?
Cathode current 50 to 100 A
Discharge voltage 120 to 180 ¥
Cathode power density < 0.2 wW/cnw?
Anode power dsnsity < 0.1 kW/em®
Total source pover input < 18 W
Cathode cooling system (full load)
inside wall temperature 90%
water velocity 35 ufs
pressure drop 4.5 kg/clz
anode cover cooling systam (full load)
inside wall temperature 75%¢
wacrer velocity 35 a/s
pressure drop 4.5 kg/cmd
Source power efficieacy 0.1 A/kW

Source zas efficiency 6%
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Thare ara basically two drawbecks of the magmetron
source as described in the previcows paragraph. First,
even with tha m\i-uv«i—u the gas afficiemcy was
not better tham 62 asd it is dowbtful that it could be
incressed above 10% by further chemges in the design.
Second, the emergy of primery particles bosbardiag the
cesium coverad cathode is determined by the conditioms
for sustaining the dthhtn and its valus may not be
the best for production of negative ioms. Both of
these draveacks may bc/’ greatly reduced if plasma is in-
Jected into the ion source from a separate plasma
source. Feasibility M‘tiun:s have been p, ormed
with a 3 ma diameter /tantalum hollow cathoda’»® to see
whather a highly ilonized plasme with sufficient demsity
could be produced and injected into an electroda con-
figuration similar fo the ion source geometry. Table
II1 summarizes the results; they show that it is possi-
ble to operate such a hollow cathode at plassm deasi-
ties above 101 ca,"'3 and to draw betweea 1 and 2 A/ca?
of curreat iato 3 properly biased alectrode (-80 V).
Covering of the latter alsctrode (cailed couvertsr be-
cause of proccul./l on its surface) with some cesium
resulted in an increase of the current, dus to second-
ary salectron and negative ion emission. Simultanecusly,
a current was observed on a collecting electroda, at tha
ground po:.nt:l./l'l, situated in the vicinity of the con-
vertar. From thase msasuremsnts it was estimated that
0.3 A/ca? of Y~ ions or more were produced om the con-
verter surface and transfersd through tha plaswsa to the
collector. This is more than sufficient for an H™ fom
source and a’ modification of the cooled maguatron to
include several hollow cathodes is being studied. It
is expected that such a source could deliver more than,
2 A of negative ionsg in a steady state operation, with
a gas efficiency of 50%.

Table III

Mode of operation steady state (> 25 hra.)
Arc curreat
hydrogen mode
hydrogea~cesium mode

Converter current density (at -80 V)

22-29 A
4-100 A

hydrogen mode 1.3 A/<‘.l2

hydrogen-cesium mode 2.3 alea?
Estinated K™ yield (Cs mode) >0.3 a/ca®
Operating preseure (1-3) x 107 torr
Plasma density (center) - 1014 a3
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