Presented at the 12th Symposium on LBL-1589
Electron, Ion, and Laser Beam Technology, c.
Cambridge, MA, May 21-23, 1973

DESIGN AND OPERATION OF AN INTENSE
NEUTRAL BEAM SOURCE

K. W. Ehlers, W. R. Baker, K. H. Berkner,
W. S. Cooper, W. B. Kunkel,
R. V. Pyle, and J. W. Stearns

May 1973

Prepared for the U.S. Atomic Energy Commaission
under Contract W-7405-ENG-48

g v A
For Reference

Not to be taken from this room

\- Y,

\' J

6851-T14d71



DISCLAIMER

This document was prepared as an account of work sponsored by the United States
Government. While this document is believed to contain correct information, neither the
United States Government nor any agency thereof, nor the Regents of the University of
California, nor any of their employees, makes any warranty, express or implied, or
assumes any legal responsibility for the accuracy, completeness, or usefulness of any.
information, apparatus, product, or process disclosed, or represents that its use would not
infringe privately owned rights. Reference herein to any specific commercial product,
process, or service by its trade name, trademark, manufacturer, or otherwise, does not
necessarily constitute or imply its endorsement, recommendation, or favoring by the
United States Government or any agency thereof, or the Regents of the University of
California. The views and opinions of authors expressed herein do not nccessarily state or
reflect those of the United States Government or any agency thereof or the Regents of the
University of California.



I

[ tod i H )
ST Y T B

- -idi-

.DESIGN AND OPERATION OF AN INTENSE NEUTRAL BEAM SOURCE )

K. W ' Ehlers, W. R. Baker, K. H. Berkner, W S. Cooper,
-W. B. Kunkel, R. V. Pyle, and J. W -Stearns

Lawrence Berkeley Laboratory

University of California-
Berkeley, California 94720

- ABSTRACT
We (ies_cr'ibe a neutral beam source capable ofvproducing pulsed deu-
terium béarﬁs of up to 15 A eqrxivalent current at 20’ keV fr)r heating and
sustaining fusion plasmas. It consists of a lzlargze—'-'a‘rea plasma source,
multiple -aperture.accel-decel extractor, and cibsely coupled charge-
exchange ceil. A larger source, to produce 80 A_ équivalent deuterium

‘beams at 20 keV, is being constructed.
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One »(‘)f the more promising methods for producing and heating

‘pla'sma‘s,for’a'number of controlled fusion experiments is the injection

of intense beams of ehergetic neutral deuterium. We have developed a

ne'utral_bbbéam source for injecting such beams into the 2XII mirror-

co;v.lfiner.n.e’n'iv:vexperirnent1 at the Lawrence Liver_rﬁore Laboratory (this
Squrce w111 also be used on the ATC tokamak e>;‘pe1.'-iment2 at the
Princeton Pvl'asma Physics Laboratory). We desér.ibe a large-area
p'],asma4 s_Oufcc and extractor which produces a .pﬁ.’ls‘ed deutcrium ion
beam of ~ 16 A with an e‘nergy of 20 keV. This beam is then converted
to eh‘er.gvé.tjiclheutrals by electron capture by pa‘svsihg through 0.2 Torr-

cm of D gas, resulting in ~ 10 A equivalent ofvfést neutrals éntering

2
the 2XII machine through a 10X20 cm aperture, 3.3 m from the source.
O_pération with 2XII requires beam pulses of about 30 msec with a low

duty cycle. ‘This allows the use of pulse lines for both the arc and ex-.

‘tractor supplies and reduces source cooling requirements. Gas pulsing

is also necessary, as the gas required for this beam current alone is

‘very high. ' (Note that a 15 A beam of D+ represénts a-D2 gas flow rate

of 1.4 To.r.r liters/sec. )

- The .sou’rce, shown schematically in Fig. 1, utilizes the multiple -

aperture-extractor/\toncept which has long been uSed for large-area
ion thruétervs3 and was adapted for neutral injection into plasmas by

. Hamilton et al. 4 . The extractor consists of a 7X7 cm array of shaped

slots in an accel—décel configuration de‘signed to focus the beam elec-

‘trostatically during extraction so that no additional focusing is required.
‘This extractor requires that the plasma source have an extractable ion

' Crurrent__densit_y of 0.5 A/cmz, with spatial and_témporal variations less
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" than * 10% ‘over the extractor array (10 cm on the d1agona1) Thes‘e
cr1ter1a led to the development of a source in wh1ch the plasma is gen-
erated bsr a dlffuse, low prcssure, “high- current d1scharge with a dis-
trlbutod th.ermlonlcally om1tt1ng cathodc con51st1ngvof a ring of hot
tungstcn f11amcnts. > No magnetlc f1e1d is employcd so the usual fluctu-
at1ons assoc1atcd w1th cross -field transport are’ avo1ded A photograph
of the .source w1thout the ‘extractor is shown in I;"1g. 2.

The Cathode cons1st's of 20 ha1rp1n f11aments‘, ‘0‘.5 mm in diameter,
conta1n1ng ’a total cathode emission area of ~ 34 cmz. They are inserted
into molybdenum chucks and are connected electr1cally in parallel. A
total heate'r current of 500 A is used to bring the--fllaments to their oper-
ating temp'e.rature of ~3200°K. Pulsed dc heaterﬁ';p.owe‘r is used to avoid
ac ?rnodullation of the niasma dens’ity. | |
| 'Two fii'amenthesign'considerations .shouldvbe-:noted. vFirst, the 1arge
: r'a(liant"h(:,at load from the filaments can warp thL (.‘l‘:jeli.catc and accurately
machined extractor structures. Hﬂowever, el.ec_'t'ron"e'mis sion increases
more rapidlf\vith 'te'mperatu're than does radiant‘:-ernis sion; thus small
 but ve ry hot f11aments are used In addition, a'.s; the‘ filarnents are
' pulsed the temperature equ111brat1on time for. small f1laments is less
. (~ 1 sec for thls unit). : B
" 'In our initial 'source's; 6 the Wall_ opposite the,‘/:'gr':id (through which gas'
is -_intro;duced) was used as the anode;r however,"-'the plasma density pro-
o file ”W.as‘jviaeake'_d on axis, and the effect was enhanced as the arc current

- was in.'creased._. By operatlng, instead, a portlon of the (yhndrlcal
Iig‘har,r.\bvcr _"wallv as the anode we obtalncd a cons1dcrablc improvement in

* the: uniformit'y' of-.the radial den51ty profile, whlc_h-, _'-1n addition, did not
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change with incréasing arc current. This larger anode area eliminated
the exisrte.nc_e of anode sheaths as well as 'troubl'esoln'le magnetic fields
resulting fijom concentrated arc currents.

The 'r'e'rh_aining parts of the source, including"the'extractor grid, are

allowed f:b floét'electr'ical'ly. Gas flow is controil.éd:by a solenoid valve

in series w1th a needle valve connected to a regulated 15-psi deuterium

v resveArvboir._ . Gas flow .éhangeé are made either by.'{/érying the setting of.

the leak valve or_by aitering the reservoir pressure.

Arc pow’e'r is supplied from a pulse line; arid'_t_h_e arc current (up to

1000 A),:"i’;;j‘r'(_)ntl'()ﬂod by a vur‘1‘("nt—'lii1'1iting r&-'sist(‘)r_, as well as by the

ISUJ‘S(.E.—li%l(?, vu.ltag,c c_lklvarging level. Arc voltages vary from about 25 to

70 V,t"d.ép‘en.cvl'invg»l»argely on the level of arc curlje'n‘:t»;'_ the filament heat, -
and the gas flow. |

i Fig.u‘r-e" 3”_.is a pl'ot“,of t_ldé extractable ion cur_re:nt._denéity profile for
.tw_o Iévelé of operation as indicated by movable_p'i"obhes. ‘Although the
s'ource',’vi}as designed for a square 7 X7 cm grid,.‘ _iv't. 'éan be seen that a
1a’rgér‘ _eXii.r‘a.ctibnv: area could }:;é Qtili%ed, as the_ pf(;file here is flat to
:1:6‘% to a diametgr of 12 cm. The position-of the _%fﬂi‘l‘ament ring and
.‘»anode wall is alsotvi_ndicated t(_) demonst_rate tilét 'ri'.ea':rl’y the entire source
di@meter_ i's,.availa..ble for extraction. o

Gas flow measurements compared with the ci_{tré.cted current output

indicate that about 25% of the gas nuclei fed into the source leave as
_energetic beam nuclei. Gas from the source 1s used downstream in the

neut_ral»izer__s'ectionv, in which we get a n'eutraliz'in“guefficiency of about

9:‘0 % .

Shot—to?éhot reproducibility is excellent. Scope traces of numerous

_successive. shots are routinely photographed wl'ﬁl_é taking profile and



ioh ex‘trac-ticn data; and thes'e appear coincident, even in fine detail.
The probc signals are essehtially flat in time antl' completely free frotn
"-:hoise" . | .

The extractor was des1gned with the aid of a d1g1tal computer pro-
gvram'?v’ 8 Wthh determines the traJectorles of partlcles from an emitting
surface through a stet of electrodes, taklng into account the space charge
of the beam | The 1terat1ve design procedure9 w_a__s carried out until the
cu'rrent density over the emitting plasma surface:was constant to better
'than + 5% and the ion traJectorles at the exit of the extractor were al-
most parallel typ1ca11y within +1 deg. In the calc-u.latlons only the
"beam's spaCe charge is considered; the downstr_eatn plasma surface
: has‘been aseumed to be flat, and the .ions are aesfu‘x’ned to start from
rést. | |

The "e',xtractof is a multiple—aperture accel—tiecel design employing
slots; - the"cros‘sv section of one of these slots ié.ehcwn in Fig.. 4, .There
are 21 v‘slots in the beam- formlng electrode, each 2 mm wide and 7 cm
vlong, spaced3 3mm center to-center, f1111ng a sqhare ar.ray 7 cm on a
side. - Slcts, rather than circular holes, were vch‘_osen because the
' tr’ansparenvcy is_h'igher by about 50% and becau_se' an array of slots:can'._
'be' perrr_iitted .to expand in one dimension underi.a_he‘at load with‘cut
‘buckling or destorying the symmetry. The exti.-v,a_ct_:or is cohstructed of
‘colaper w1th epoxy insulators. |
The h1gh voltage for ion extraction and acceleratmn is prov1ded by
a pulse line with a pulse length of 30 msec. The 11ne feeds a vacuum
~ tube wh.ich acts bothwae a voltage regulator and ser1es switch to remove -
, 'th-e‘vt‘c:')"llt'age'_qu.ickly to brevent damvage if a spaﬂc 'i.e‘_'detected._by‘r a\c_ur‘xv‘e,nt

monitor..
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' Figu‘re. 5 sﬁows the performance of the system in producing deuterium
beafns in the energy regidn of 10 to 20 keV. Fkﬁr_each extraction voltage
thébfigl‘lre shows a range of extracted beam currents. For the uppér
limit, we show the actual high-voltage power suﬁlbly drain; and, as a
lbwevr lirﬁit_, that currént minus the curreﬁt to thé second electrode.

The extractéd current exhibits the expected V3'/2 dependence on ex-
fra'ction voitagcz, Also shown are the calorimetri"caily measured cur-
rents (ions plus neutrals) reaching a 10X20 cm térget at 330 cm, and
sim‘ila'r'm_ve‘_asurerhéhts for a 20v_>< 40 cm target. v.'It_.is apparent that the
beam div'ergeric_:e decreaseé with increasing bear‘nb energy.

The 1é§test model of this source has an extracted current of about
16 A at 20 kV, with a total equivé.lent current of..996 A to the 10X20 cm
target; about 90% of the beam energy is in neutral particies. Mea-

surements of the composition of the beam at the calorimeter indicated

+

that the accelerated ion beam consisted of about'75% D', 189 D;,

and 7% Dj.
Measurements of beam profiles with a 32-channel calorimeter show
that the beam divergence is less in the plane of_the slots than perpendic-

ular to the slots, as expected. 10 In all cases, W_hen the current to the

central_poftion of the calorimeter was maximi?ed'by varying the plasma

'density,_ the beam profile in either plane could be fitted by a Gaussian

folded with a rectangular source function. The 1/e half-widths of these

Gaussians (corrected for the contribution of the finite source) are

‘shown in Fig. 6.

Mec_hahical imperfections and misalignments in the extractor assembly

 result in bi‘oadcning or steering of the beams. We find that a translation
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of the bealfn_;forming electrod'e‘(next to the plasr'r;:a‘t_').-ilﬂay 0.01 cm in a di;
réci':ibi.l'pe'fpendi‘c"\ilér to the lohg axis of the sldt_, ‘bnv.vyill change the angie
at \‘Nhich‘ the vbeam emerges by 3.5 deg. This eff;:'ét means that very
careful ’.vcc.m_stru‘ctio'n and aligﬁment of the electrodésv»are mandatory;

: but it dc.>'ebs:allow us to construct a large-area;,“ﬁplar:l_e extractor from
which thei beams can be made to convergé tpward Ithe’plasma target.
We are ‘usihg this effect in the design and const‘fﬁctiion of a much iarger
source (ext_réction grid 7‘X35 cm)‘from which-w_e hfope to obtain a con-
vefging neutral beam of 80 A equivalent curren't_..v:.:T_he unit will in-
corporate é compact désign so that a number o.f'thes.e modules can be

employed to obtain even higher currents.
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FIGURE CAPTIONS
Fig. 1. Assembled plasma source and extractor.
Fig. 2. Two views of ion source without accelerating structure.
Fig. 3. Plasma density profile.
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Fig. 4. Cross section of a single slot in the extractor, showing relative
electrode potentials and calculated ion trajectories and equipotentials.

Fig. 5. Current (actual or calorimetric equivalent) versus extraction
voltage for operation with deuterium. The decelerating voltage was
1.1 kV. The two lines labeled '""Design'" were obtained from the

calculated perveance; the thin lines connect data points.

Fig. 6. 1/e Gaussian half-widths parallel and perpendicular to the slots.
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Front view
of extractor

Side view
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Fig. 1
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