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INTENSE, MIXED-ENERGY HYDROGEN BEAMS FOR CTR INJECTION*
Klaus H. Berkner, Robert V. Pyle, and_J, Warren Stearns
| Lawrence Berkeley Laboratory |

‘University of California
Berkeley, California 94720

June 1974
ABSTRACT’

Present high-current ion sources for 'neutra-l'injecti‘on experiments
accelerate é ‘rhixture of atomic and molecular hydrogen species that are
converted into neutral particles with different vehergies and neutraliza-
tion efficiencies. ‘ Beam composition can have important effects on in-
.jection system efficiency, vacuum design, and first-wall loading. Beam
composition measurements of the 20-keV LBL high-current sources are
' used to calculate the relative power in the va'riouslbeam components

expected at higher énergies.
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1. INTRODUGCTION

) Neutral-beam systems, nbw under _disciivs sion for fusion experi-
ments and reactors, will require tens to hundreds éf megawatts of elec-
t'i‘;ical power I;hé choice and. 'controltof lthe atomic and molecular ion
species in th,e.plésma sourcé can ha'-vev_ an impor,tént effect on the capital
and operating costs, with ogr.without 'recov'ery-of the energy of thé non-
neutralized fraction of the beam. (In the former casé, electrostatic |
energy recovery from a poly-benevrgeti_‘c ion Beam would cause additional
complexity.) The r‘équired amount o'f‘cold gas 1n t>he neutralizing cell
varies with energy and spe”cies,. and in turn affects the cost of the 1a1;gé
vacuum system. Neutrals vs%ith diffefent énergies will be trapped at
different plasma radii; in f)articular, low-énergy atoms will be trapped
at ié.rgé radii and ill'lcreas;e the power 1voa‘.di1'1g on limiters and first walls.
. For the hydrogen beams di’scx;.ss_ed in this paper, the trapping of én in-
jected H .

. 2 or D2 mélecule prodﬁces (by dissociation) an energetic atom
that may escape to the wall. .‘lHelium atomé may é.l_éo be used for heating
and fueling of CTR blasmas; this to'p.ic is n‘ot.di'scussed'he_re.

‘ 2. BEAM SPECIES AND NEUTRALIZATION
Ions in a hydrogen, deuterium, or tritium discharge exist pr.incipally
in four f'orms,‘ for ekample D+,, D;, D;,A. and D", Each of thesé ions,
when'.exvtr.acvvted from the plasma and accelerated to form a high-energy

| beam, ﬁéy be _electriicéily neutralized iﬁ part by cépturihg an e‘l.ectron _
from # neutra_l gas target, by dissociation, or by ‘}losing an electron to
the‘ target. ‘17:‘0'1' coll’i_s'iohally thick fargets, “‘the cgmpetitioﬁ betvs}een
elect’i’oh; capture-and—los's collisions es-tablishés an equilibriu.mil.)alance

of positive, negative, and neutfal particles in the emerging beam.
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For a beam which contains no molecular ions, the c'ollisio‘n'—induced
changes in the various “c.harge states of the beam are described by the
set of equations

i _ g B _ ‘ c s pt ' :
= ), Fy0 i%,1 " Fi 2. ,j *3=D,.DL D, (1)

i#i B 1

\ivher_e Fi is the fraction _of_tlle beam in charge state i, oi,j is the cross
'.section for a collision in which the_-energetic particle changes its charge
from i to j, and 7 is the target line density of the neutralizer
(molecules/cm ).

'For a beam of diatomic molecules there are two sueh sets of equa—.

tions, one for the molecular species and another for the atomic dissoci-

ation fragmente at one-half the molecular energy:

- dF

k_ . o1 , 0
I Fa% %" k("k et 2 Z %,;)  k2=D}, Dy
R ‘ ' : o (2)
B N L.+ 0 -
2 P05 - F Y 05t ) PO,y Li=DL DL, D
i# AT R .
Here .o' is the cross section for the production of the atomic species

Uk, ,
. frem the molecular speci_es_k (e.g.; pfoduction of DO from ;_D;:).
Since. tvlz-o afomic specievs result from the dis soeiation of one diatomlc
molecule, th1s deflmtlon of Gk yields the factor 1/2 in the molecular '
equation. |

| Likewise, for an initial beem ef D; 'iens, l:llere is one equation for '

. the triatomic molecular ions (there is no reliable evidence of a. stable



-3-

Dg mol_ecuie), a set of equations for the diatomic molecular dissociation

fragments at 2/3 of the DY energy, and a third set for the atomic frag-

3
ments at 1/3 of the D3 energy
dF 4+
D . _ ,
T3 1 2
& -~ Fpt |3 z opt,it 3
: 3 . 3 : :
i
aF, - . | k,¢ = D},DJ
—— =F0 -F (o + =5 0, )+ Fo4054
dm 14,k k“k, L : 2 . k,i D3 D3,k P = pt, po D

aF; | R
Caa .j;i Fi%.i i J.};i %, %F_k"k i Fpoptit @)
It is clear .that»for a particular neutralizer a host of' cross—.secti:on
data is required to determine the neutralization efficiency. These data’
are not alwaye available for atn arbitrary choice of neutralizers,' so it
is not possible at‘thi‘s time to do a systematic‘study. Enough sample
calculations have been carried out, however, to indicate that D, ie
represen'tative of the better gae neutralizers. (For D and the molecu-
lar 1ons, plasma targets should be more efflclent than gas neutrahzers
[-1], Such targets have not been trled yet and will not be discussed
here.) Our choice of the appropriate cross sections for DZ’ gleane‘.d .
_from the literat_ur,e, is given in Table I; The cross see,tions and the
uncertai_nty estimates in Table.I are based on comparisons of verious
published values [2] Qf the same qu»arrtities, | and on interpolations or
extrapolations.if‘uo rn.easu'.rements exist; they are not to be considered

"best values', i.e., no evaluations of the various experiments have
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been made. (Note that most cross sections are not known very accu-
rately.)
As_ an example appropriate to energies assumed in calculdtions for

two-component experiments, the neutralization efficiency vs D, target

2
~ thickness obtained from Egs (1), (2), and (3) is shown in Fig. 1 for
200 keV /deuteron beams (200-keV D and D™, 400-keV D, and 600-keV

D;). The horizontal scale is the target thickness for a' D, neutralizer.

2
The logarithmic vertical scale is the neutral poWer conversion efficiehcy,
n[(power in neutral béam)/(power in incident ion beam)]. For the in-

_cident molecular ions the power in the neutral beam is obtained by

2

summing the contributions from 200-keV- DOﬁahd 400-keV D0
at i‘ntérmediate né-utrélizer thickness in the molecular-ion curves of.

The maxima

Fig. 1 result frofn the présence of ng’rnolecules which "exist at low
'_'target‘ thicl%nes ses but are destroyed by dissociation in thiék targéts .
These maxima become lesg pronouncéd at»lower’ener'g.ies and disappear
below about 130 kéV/deqteroh._ At even lower énergiés (b'elqw about

75 keV/déuteron)_fhe _.nvv_s T curves fof"che molecular ‘i-o.'vn's lie below the
D+ =.c1_1rvé, i.e., low-energy mbléculax_‘«ion beams re.qti-ire'larger values
of w ‘thajnr do D' beams to ac_hie:\re the same neutralization éfficienqies_. :

The m“a'ximu'rn n'“evutrali.zati_on efficiency as a function of energy for

each sp_ecies-‘is shown in F1g 2.. At low energies, gach beam produces
the same result.. 1t is only é.a,bo‘ve 75 keV that D™ start.'s té s>vhovvv any ad-
vantage, and";bOVe 130 keV/deuterqn that D; or DE bea‘ms‘ produce more
neufral power than D+, The molecular ions, of- course, fequife high_ér '

acceleration voltages.



ln choosing a -heutfalizer fo'f an injectiou experlm.e'nt one must
comprotn_i'l_svegbetvveeh‘ the aehlevable n and the target thicknese', which
i_rl-part determines the gas load on the sYstem. ‘.Fo,r example, from
Flg 1 we see that for a 200-keV D" beam one can achieve an 7 of 15%
atm = 1.5%x401° molecules/cmz, whereas 3.5X 1_0‘16 rnolecules/crn2
are required to r'aiee nto 18%. When then vs = ,cufve has a maximum
(for example, D™ in Fig. 1) the choice of target thickness is unambiguous.
To provide a basis for compafison, we arbitrarily d‘efine the "optimum"
neutralizel' thickness as the value of 7w for which a maximum value of n
is obtaiued, if a significant maximum exists;. otherwise it is the value
of m requifed to achieve 95% of . the equilibrium n. The_ optimum neu-
trali‘zer thickness vs.energy is shown in Fig. 3. The curves for"the
Vpos1t1ve ions cross over at about 75 keV/deuteron, above: thls energy
the molecular ions can be neutrahzed with thmner targets than can the
D+ ions. | |

From the flgures we see that D looks the best at hlgher energles,
both in the attalnable neutralization eff1c1ency and the target thickness
Arequlred to achieve that eff1c1ency Slnce no one has yet produced an
intense negat-lve-lou beam at high energies, the 1:est of the dlscussmn
will deal e-xelusiVely.'\)vith posi_tivelbeams. ‘

| ’ 3,- MIXED BEAMS

Positive ion ldeams _extracted from a deuterium plasma generally
contain a mixture of all three positive ions, so a r.ealistlc analy‘sis of
neutrahzatlon eff1c1ences requires the solution of Eqs (14)'-(3)' and a |

knowledge of the ion-species comp031t10n of the extracted ion beam.
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: Of péfticula’r inf;ere'sf to us- was the ccl)n‘lpos'iitidn of the beam pro-
duéed by the LBL 10—;ampere neutral bear'n‘s_our_c.e [3]- In this source
approximately 15 A of positivé deut-eriﬁm ions areé extracted in 30 mséc
) pulvses at 20 keV from a 7-X 7-vcm slotted arfa’y. The ions 'are. neutr#-
lized in the beam line adjaéent fo the so_ur‘ce bir collisions with D2 gas
‘str.eamingv from the source chamber. Th__e beam'_strikes a calorimeter
\16_cated 3.3"mete_1;s from '.the extractor; about 9.5 equivalent aﬁxpéres of
.énergetic ions and neutrals _(the beé.m .is aboﬁt 90% neutral) are coﬁ_
tained within a 10X 20 cm section of the.‘cc).lorimeter.

The éomposition of the beém was meé.s.uréd with the é_xpefimental
arrar;ge‘menf shown in Fig.“ 4 by .sam'pli'ng .'a.porti'on of the .beam strikiﬁg‘
t'he‘ calor‘imétér through a 4.5 mfn-diarri aperAture. Two indépeﬁdént |
measur;méht_s. were possible with this ar'rahgement_: (1f With the sweep
magnetv'removet'i aﬁd the gais_ c¢11 ev.acuated, ‘the ions remgining in the
beam Wereia'.rlélyzed in the mégnet; (2) with the sweep ﬁagnet in place
the'ioﬁs \x./.e.r.e ‘.‘swept'out of the Beam, some of the neutrals weré ionized
in fhe gas cell, and then ahal;ized in t:h.e ma;gnet._ Thé results of either-
of these two measurements were used.with .Eqs. '(\1)—_(_3)‘ to defermine
~ the compbsition vo‘f the ion spre_'cie.s extrécted from tﬁe s_ource.‘;.

Whenvthe source Wa_s operated_ ‘with:D2 g‘as, the composition of the
neutral componénts of the beam with a neutralizer thickness of

0 0

7% 101% Jem> was typically 579 20-kev D, 21% 10-kev D°, 199

6.7-keV DO, 19 20-keV D'(Z), and 2% 13-keV Dg. This correspondé to
an ion éomposition in the‘"extrac_ted beam of 75% D+, 15% D;,ﬁ and 10%

+
37

conditions has been exploréd only to a limited extent; for example,

D Alteration of the composition by a change in ion-source operating
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~when arc ‘paramete_rs were chahged while the vtotal‘ beam power to the

calorimeter plate was kept constant, 1t was possible to raise the D;

fraction to 22% (67% D

, 22%"D-£, and ‘ii%_Dg),‘ but 1t was not possible
fd"i'ncr'eas.e the DY fraction appreciably. | | |

- When hydrégeh- was u:sed in the séuifce, the "me_asuvréd fractions were
0% 1Y, 209 1}, and 209 HE.1 T
‘ _ The beambo-mpositi_oh of the scaled-up 50-A source [3] is probéblf
similar but has not been measured yet. Other kinds o'_f high-current-
- deénsity ion soufceé; for example, the ORNL "dquIGatron” (41, also
prodﬁce mixed-spécies' bea_’rné; |

' Unva;anted ion.species can, in priﬁcipl_e, be fejeéted at low 'enérgy
by a magnetirc selection process. However, to minimize space-chai'gé
blowup, 'i)re-sent high-power—density Beam sysféms have the ngutralizef
immediately 'f.ollowi'ng the last .eleme'nt of the extraction s?stem. Con-
se_quently,- no momentum selection of thé ions isv possible and the neu-
tral beam (which represents aboﬁt 90% of the beém power at 20 I;eV) is
produced from éll three ions.

In the near fﬁture,. CTR“ experiments will require_‘mu,lt'i'-megawé.tt-‘

' .Beams at energies highe? than 20 keV. One approach.fowé.rd attaining
“higher enérgy beams is by vthe addition of acceleration stages to pres-
ent-dag‘f‘s‘o'urces; since postQaccelérafibn will not alter the extractedA-
ic.m_. comﬁo’sifion,- -itv.is of interest to éonsider the héutraliéétion.‘ effici-
encies for s‘uch‘be'arr"lé,_ We have used the 20 keV hydrbg.eh'- and deu-
‘teriumv—beam co.r.npositiohs measur_éd for the LBL source and with
Eqgs. (1)=(3) calculated the :neutralvcomponents that could be achieved

at 40, 80, and 160 keV with a hydrogen or deuterium neutralizer.
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The ‘re'silllts" of the c’al'culati'or‘ls,.,nor'm‘alixz‘ed‘ to 1 -MW-:.of power in’

thé f'ull—-e.'nérgy atomic compo:n,ent,v are preséhted in the form of flow '
"diagramé-.‘i’n Fig. 5 At éa.ch e‘nergyA_a neutralizer thickness s'uffieie-z.ﬁ:'
B _‘tc’il obtain '95_% of the equivlibr_rium yield of full-energy HO or DO was use'd. |
| in'the caiculafions.. Thé power contéined 1n the"chafge‘d components '-anci
vin the othe“r 'neutr‘a.l components (full-enérgy molecu‘-les_ .a'nvd lower-energy
_ atoms and r(n'olecuie‘s) is also shown. The neutral particle 'pe'netrat‘ion_‘
thic’:kness,‘P..k T. (ions /c_:mz), in a fusion-expei*ime_n’cv_pl.aLsrnavis‘ a function
of the partiqlé enefgy,- 'so the low‘er.-eh‘ergy neutrals .will' hot penetrate -
as far aé those at fﬁll energy; ‘we };a_v‘e used.p.enetration thickn.esées-'
givé‘n bir Sweetman [5] to estimate a mean r‘elafive penetration thickneébs,
{P. T), for the lpwer—enefgy neutral .compon-e'r,it.s .
| ' 4. DISCUSSION

In Fig;‘ 5 we show examples of power flow>:i"n *neﬁ‘c.ral beam systems,
assuming initial i'on ‘com.pos‘biti.ons found experi'rn.entallylfor‘ the LBL-
sources’ ope‘rated.a_t 20 keV. Since collision fragments'frém the molecu-
lar ions have> distihct enérgies s thgse flow d-iagram‘s can feadily be
.rf;odified by the reader for anly -o(ther,ion composition of the initiall beam.‘

For"the's'e. ekémples we aésume. that the ;ccelefator opticé are good
k'ev_noug'h, 1‘:Fha.t‘ there is no béar;q lo‘ss on coilimators; besides decr‘ea's‘invg
the useful'neutral power, éoilimatoi’ i'nterc-ept_:io:n could cause h.eéting ‘
| and impur'ity proﬁléms . | |

All:ﬂof:our 'calcula-fion:s were carriedvout" fo r hydrogenﬁ or deuterium-
neut,r'aliz'érs Altﬁough the '1.'1ecesvsa'ryv c._r.oss séction's .arv(.a‘_not;, _avaiiable
'td_sui‘vey thé. entir_evpe‘riodic‘: vtable,_ sample calculations indicaf.e that

~no significant gains in efficiency can be expected for the common gases.
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Nevertheless, other neutralizers "rnay ,ble desirable to mini_mizegas
loads on. the s‘yeterﬁ: At h-i'g_h- epergies the cross sections (both for elec‘-
| fren-capfure and loés_) for higher;Z~ targ.ei:s are larger so that the op-
't:i“'.rnum in the neutralization efficiencies can be obtained at lower target
fhicknesses.- There are, however, at least two di'sadva'ntages in usihg
neutralizers other than hydrogen or de_u_tériﬁm:- (1) The 'charged b'eam
may suffer space-charge blowup in the drift region to the heutraliaer,
and (2) eafe must be’ taken to pi‘event gas from the neufralizer from
entering the ion s_odrce (where it would'bejioniz.ed ‘and contribute to
" beam impurities) or the confined plasma. o
'_ Inspe.ctién' of Fig. 5 s‘ho.w-s that, f.o'r th.ev'examples 'shown,,deuterium‘

beams are neutralized more efficiently -than hydrogen beams, this re-
sults from the higher atomic fraction and the lower speed of the deu- »
terium beams. The neutralization efficiency decrease_s with increasing
energy, andftlhe _very lov;r n‘edtral co_nv:er‘siO‘h obtained for 160v-kieV,-H :.
beams ('equivalent-t,o' 320 keV/deuteron in Fig. 2) draws attentien ‘to the
need for high-power .negati've‘i’on beains which can be neutralized more
efficiently. .

Eve.n. a.t' the lowest accelerator voltage shewn, significant fractions
of the beams emerging fro'rri’the, optimized neutralizers are charged |
‘.ahd./or‘at energies less than cofrespohd to the fullvaccelerat‘ion ‘vo'l- _
ages. For example, to obtam 1 MW of 20 keV HO atoms requ1res 2.12.
MW of power in the accelerated ion beam, of whlch 0.42 MW of ions
| and 0.71 MW of 'neutz_:al_s other than 20 keV H0 atoms emerge from thei

~ neutralizer. The neutral cefnponents with less than full energy may
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'or may not be desirahle in a give'n experiment, but we note tWQI possible
disadvant_ages_: Fi‘rst,'-. the l‘ov;'er-energy c_ompc.)n'ents may make exbperi-.»
ments more difficult (for example, energy-equilibration time measure-
rn/ent.:s).-: Secon-d,”since the neutral particle pehe(;ration th.ickness.
(T'ons/crrlz) is approximately proportional to the neutral particle’ energy '
for a glven spec1es [5], lower-energ;} neu.trals will be trapped at 1argerr
radn, and may be lost rapidly to walls (for example, by charge ex-
change) or limiters.

The -economic desirahilitgf cf recove.ri'ng the energy cf the Sur-
viving ion beam, for example by electrostatlc deceleratlon [6 7] is
apparent; from an englneermg standpolnt this will be much easier 1f
‘al.ll of the ions have the same momentum. Other poss1b1e ways to re-
duce energy 1osses' in the c*harged»comp'o'nen‘t are by recirculation
thrcugh the neutralizer [8]. | -' |

The pos sibility of having nearly monoeneréetlc nedtral ‘atomic
- beams is clearly desn'able, and the need for research toward this end
is 1nd1cated There may be ways to enhance the pt fraction in anvlon
source, lfor examp-le, by constrnctmg the.arc ,chamber and gas feed
lines of heated tungsten; but for the present, realistic.mixtur'e's. of
species must be c’onsidered wheén mating neutral-bearn‘syste‘rns with .
CTR conflnement devrces |
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'FQOTNOTES.
*This wolr.k was pefformed‘ under the auspices of the U. S. Atomic
Energy Céfnmiséi‘on; |
II‘I‘_he higher atomic-ion ﬁeld with deuteriurﬁ Thay be due to lower
thermal speedé and, cénseque‘ntly, longer residence times of the
heavier :deutérium io_ns- and atoms in the diséharge. .If tritium were

used in the source we might expect an even larger atomic-ion fraction.
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TABLE CAPTION

TABLE I.  CROSS SECTIONS FROM THE LITERATURE [2] USED

FIG.

FIG.

FIG.

FIG.

FIG.

- - in initial ion beam)] vs D

' beam energy for each of the beams p*, o?, D

IN THE CALCULATIONS (10~ 17 cmZ/D“2 MOLECULE).
' 'MOST ENTRIES WERE OBTAINED FROM MEASURE-

- MENTS IN I—I2 GA_S WITH HYDROGEN PROJECTILES OF

;- ONE-HALF THE TABULATED ENERGIES.. ’

FIGURE LEGENDS

‘Ne_ui.trali,zation‘ efficiency n [(Power‘i_n neutral_'beam) /(power. "

2 neu'trali-z_‘.er-‘thickness for each of -

the four beams; 200-keV D', 400-keV D, 600-keV DY, and

200-keV D~

Maximum neutralization efficiency in_D2 vs beam énergy,

for each of the four beams , D+, D;, ’D;

"Optimum!'' neutralizer thickness for neutral production Vs
. N .

3

, and D™,

, a'nd_ D-_ .

“Where no max1mum in n _'v's<1'r exists we chdose, m for 95% of B

| -'equilibriu.m.n._ | |

; _Séhematic of’ apparat'us to analyz.é ch’é.rgez— and ne'u'tral-be.ém' '
- c:.ornpo.s-itidn._ : - | | |

Power flow diagrams for 1 MW 20-, 40-, 80-, and 160-keV'

HO and DO injection systems. (The ion speéies composition

of an LBL source has been“a's sumed.) Estimates for rela-

. tive penetration. thicknesses [P. T. (ion's/cmz)] in a

fusion-experiment were obtained from Sweetndé.ﬁ [5].
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1000  0.0012 . (0) 3.3 (0.02); {5 (0.75)  (0.006) 2.0 5.6 4.2 2.2 2.4 0.63 1.8 6.5 7
. Estimated K ' . . . .
uncertainties +10% . %309 +109% +209% £15% +10% +10% £20%. +20% £25% +25%" +20% +159, +10% +10%

-G1-

Estimated uncertainties are as shown under each column except as noted.

24 15%

b 10-50%

€£209%

() Parentheseé‘ind\icate e.xtrapblati‘ons'or inter}f)olatii)n
no uncertainty can be assigned.

s where

oij (i,j = 1,0,-1) indicates cross section for change from

charge state i to j.

S AT etc. symbolize cross sections for the produc-‘
D

D

tion of D?, D+, etc.

*Reaction Dg

- DO + D+ only.
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any warranty, express or implied, or assumes any legal liability or
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.
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