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ABSTRACT

"Bxperimental yields of néutral ground—state atoms and molecules

and lbngélived 3Huvexcited molecules from interéctions of 30- to 120-

keV D * jons in magnesium vapor are reported. Results of calculations

2

that approximate trapping in magnetically confinea plasmas of beams

+ . s . o .
ions neutralized in Mg vapor are given.

produced by'either D+ or D,
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_ 1. IN’I’RODUCTlQN e

The_buildup, replenishment,.and heating of:plasma in a fusion
plasm experiment or reactor can be‘accomplished‘by injection of_heams
of electrically neutnal particles. Production'and destruction proh-”
abilities of hydrogen atoms and ground-state molecules are sufficiently
: well known [1] that the attenuation of beams of theseparticles can be

calculated fairly well [2] Some preliminary work on penetration of
clusters of hundredsof atoms [3] and of macroparticles [h] has also ‘
been carried out. _

One way to build up an energetic plasma.in an initially high-
vacuum‘magnetic trapfis by Lorentz'ionization_of highly excited hydroe>
gen atoms in the v x B equivalent electric field_[5,6]. Because the
atoms typically are produced a. meter or more from the trapping region,
only atoms with principal quantum numbers‘n > ovhave lifetimeS‘suf-
ficiently long to survive. As the plasma density increases a colli-
sionally inducéd upwardjcascading of'excited states occurs [7],tand

'a density is reached at which the highly'excited:atoms are lonized
at large radii, while the ground-state atoms pass through the plasma
with little attenuation.‘

Several years ago Hiskes noted that beam trapping at intermediate
-densities could be improved if there were long- lived hydrogen atoms
w1th c011181onal 1onization cross sections larger than that of the
ground state, but not S0 highly excited as to cascade upward and
vLorentz ionize [8]. The ‘metastable 2s state would qualify except
that it is quenched by passage through weak magnetic fields. Hlskes

showed that the hydrogen molecule in thev5IIu state (in-the united-'



atom approximation this is similar to a hydrogen atom in the n = 2

level) is long lived. By analogy_with electron capture by protons,

it should be produced éfficiently by electron capture at low energies

in metal vafors, and therefore is a candidate for neutral injection [9].
We have measured the yields of 30- to 120-keV electrbﬁic ground

state‘(lzg) and 40- to 80-keV long-lived excited (5Hﬁ) deuterium mole-

cules produced by electron capture in magnesium vaporl. The details

of thé.experiment”and some relevant cross sections are reported else-

where [10]. 1In this paper we givg information about experimental

yields. of 5

Hu molecules and other partigles thaﬁ might be obtéinable
- from an injector, and examples_of trapping calculations.

2. YIELDS |
Experimentally [lO], about 36%.of the non-dissociative electron
2
cules, the proportion dropping to about 23% at 140 keV. More inter-

capture by Wi-kevV D.* ions in Mg vapor produces n = 2, D2(5Hu) mole-

esting quantities, from a practical standpoint, aré the numbers of

3

Hu molecules and other neutral species that emerge from the charge-

exchange cell per incident D2+ ion.

Pigures 1 and 2 show as a function of Mg-neutralizer thickness

é+ beam that emerge from the charge-

molecules in all states, and as D

the fractions of an.incident D

exchange cell as D

3

molecules in

2 e

the Hu.state. »Also shdwn in Fig. 1 are results obtained by Riviere
ettal. [11,12]. The total yield of molecules (Fig. 1) includes a
small‘contriﬁution from highly excitéd hydrogen~liké (Ryabefg) states
with n > 8 [12,13]. Maximum yields (at optimum target thicknesé) |

are sumarized in Fig. 3.



The number of atoms per'incident Dé+ ion that'emerge from a.Mg
neutrallzer is shown in Flg. L, At equllibrlum, all molecules w1ll
have been dlSSOClated and the yleld should approach twice the equi-
llbrium fractlons obtalned with a prlmary D beam of the same velocity.
These doubled atomlc equlllbrlum fractlons are also shown in Fig. h:
The lines marked,A are measured fractions of Futch and MOSes [lh]j the
lines marked B are calculated from cross: sectlons reported by Berkner,
Pyle, and Stearns [15]

From Flgs. 1-4 and Ref. [10] we find; for example, that if 40-
keV D2 ions are 1nc1dent on & Mg-vapor target with a thlckness of
10l5'atoms/cm2; then-approximately 7% of the_incldent beam power
emerges carried by"D (BH‘)'molecules, lh% by ground?state molecules,
60% by deuterium atoms, 11.5% by Def ions,vand 7.5% by pt ioms.

As mentloned in Ref. [lO], we found no s1gn1flcant 3H molecule
yields from D2 '1ons 1n01dent on Hé or N, neutralizers (this is con-
Sistent.withvpredictions,by,Hiskes), or from collisional-breakup,of_.

.

DB'

ions. v ' ' t;' T -

3. PLASMA TRAPPING OF INJECTED D AND D, BEAMS
In this section we give some examples of thevvariation of trapping
-parameters with.beam composition} ‘The calculations are not oriented
touard any specific-experimental Plasma device, but ratherrare intended
to glve some 1ns1ght 1nto the effects produced by different beam com- -
1POSit10nS. In this sp1r1t ve cons1der the trapping that results when
neutral beans, prepared by DY or D2 passing through & Mg neutralizer,

impinge upon a plasma target. For these calculatlons we con51der an

- incident beam accelerated to lO keV/nucleon (20 keV D' or 40 kev D )
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Nd atfempt has been made to fold in Qelocity.distributibns--for col-
lisions'bf_the.beam with plésma'ions wé take the relative veloecity to
.Ee the beém velocity; fbr coilisions-with electrons, we take the rela-
tive velocity to be the velo¢ity of electrons with an eneréy equal to
the eleétfon temperature. In'the absence of crqggQSeCtion data for

D2(3Hu), we assume that it has the same cross section as a deuterium

atom 1in the 2s state (see Appendix A), but does not undergo radiative

decay. We treat charge exchange as a non-trapping attenuation proéess,
since the.beam particle replaces a_plasma ion whichvis neutralized and
ejected at some raﬁdom ahglé. Finally, we note that at the energies
considered here;‘molecﬁlar trapping»résults mainlj in tﬁe formation of
D2+ rather thén b+. The - trapped Dé+ will subsequently dissociate or
ionize due to éOllisions with the ions and electrons in the plasma;
dissociation is the more probable proéess [16]. We will not consider
the details of these processes here, but in most cases the neutral

atom will escape from the plasma following the dissociation of a D +

2
ion. Samplé.values of the crbss sectionsvrelevant'to our calculations
are given in the first three coluﬁns of Table I [17-20].

| To illustiate the difference in trapping of various incidenﬁ
species we first conéider the idealized case in which the incident
beam ié composed entirely of either groﬁnd;staté D(1ls) atoms, ground-

state De(lzg) molecules, or excited D2(3Hu) molecules. In this case,

the intensity of a beam vith velocity VO, Passing through a plasma of

_ lehgth L, density n, =n, = n, and electron temperature Te is given by

T - _ A~ Tt = .
I=T, expl (oi Vo * Oy Vg ocxvo)nL/vO] (1)



where I, is the initial intensity, v_ = \/2Te7me, and the cross sec-
tions are as defined in Table I. The fraction of the beam that

éontributesarlion to the plasma is then

N L -
o, + (ve/v5)oy !

+ (vé/vo)ci-)nL]S (2)

f =
+ v -
oy *+ O, * (ve/vo)ci

iexp[4(di+ + 0,
Thevsolutions to‘fhis equation for the three types'of incideﬁt beanms
at 10 keV/nucieon-are shoﬁn in Fig. 5 for three different éléctron'
temperatures (20, lOO,'and 1000 eV). It can be.seen frém Fig.S'thaﬁ
.there.is little difference in trapping efficienéyvbetween D(is).and
De(lzg).beams, but:that.trappinglis'enhanced (espeéialiy for low Te)
with a D2(5nu)’beam. | o : '

The 'precediﬁg_calculation.serveé'td illusffate'thé increased
trapping that couid'be aphigved with a pure”De(BHu)rbéam.' We have
shown in Sect. 2, however, thatfthe production‘of Dé(iﬁﬁ> beams in a
Mg target is accoﬁpanied by large fractions of ground-state atoms and
" molecules. The fractions ?f D, Dy, and'Dz(jnh) that are produced in

5 .

a Mg neutralizer optimized;for maximum D2(_Hﬁ) output for an incident

2

beam of 4O-keV D.T ions are listed in the fourth columnof Table I. The

products of the fractions and the cross sections,‘f[cri+ + (Vé/vo)di-],

give an indication of the relative trapping_éontributiohé (colﬁmn 5).v

We see that even though thé ﬁeutralizer ié_optimizedvfér 3Hﬁ.ou£pu£,v
_ the abundance of D atoms tendé to:mask'the 3Hu éontribution. | |
Finally, we know from the Phoenix [21] and Basebéll [2é] experi-
" ments and from theoretical pfedictions by Hiskes’[?] that ﬁorenfi

ionization and inverted cascading of highly excitédstatesaccqunts
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for most of the trapping at line densities below 1012 em™ 2. To in-

clude highlyvexcited states in our trapping estimate we have used &
modified form of a‘coﬁputer co’de2 in which the coupled differential
equations that deséribe the population of each species and excited
level in'the.beém are integrated numeriéaily.-

The following.processeé and assumptions (in addition to those
mentioned at the beginningvofﬂﬁhis section) were included in the cal-
culation (specific aétails are given in Appendix‘ B):

l. A pure D+ or D + beam is converted to a neutral beam in a Mg-

2
vapor neutralizer of éppropriate thickness to give optimm traapping.3
When the incident beam is D2+', the resulting neutral beam contains

ground-state D and D2, DE(BHu), and highly excited D ahd D2. The
trapping fraction is defined as the number of ions trapped in the

plasme per ion (DT or D2+) incident on the neutralizer.

2. The excited afoms or molecules undergo_fadiative decay in a
200-cm flight path between.the neutralizer.and plasma. ExcitedD2
molecules (except 3Hu) are assumed to have the same lifetimes as
excited D atoms. Since anguwlar~momentun substaté distributions are
unknowh,”a statistical distribution is assumed. vStatistically-avér—
aged lifgfimes'for decay_froﬁ éuantum level n to'éach lbwer level n'
‘are used:

. 3. The plasmazis contained_in'a.magnetic field that will Lorenfz—
ionize all qﬁantum levels of D and D2 with n > 15 (B~ 15 kG). . A1l .
of‘n =>15bis trapped; the higher levels are iost in the fringe field.

h.  The beam undergoes excitation (n - n + 1), de-excitation

(n » n - 1), and ionization collisions with the ions and electrons of
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the plasma while'still'undefgoing fadiative decay. Excitation to

n = 15 is followed by Lorentz trapping (inverted cascading). Cross-

2

excited D. The cross sections used for all collisional processes

sections for excited levels of D, are taken to be the same as for

(both H and e” impact) are electron cross sections except for ground-

)

state and Hﬁ ioni;ation by ", forvelectroﬁ colliéionstthe eross
sections are<evaiuated atvthe'electrdn'velocitybcorrésponding to the
electron temperaturé. For proton collisions thevcross sections are
evaluated at fhe-velocity of the incoming neutrais;

The results of this calculation are given in Fig. 6, where we
show the trapped fraction vs'plasmé line density for an injection
energy of 10 keV/nucleon and a plasma electron femperature of 100 eV.
Because of the finite lifetimes of excited atoms and moiecules we have
choéen.a specific'plasmavdimension along the injecfed beam,‘namely 10
cm, but the results are‘not sensitive to this dimension for line

l& cm 2. For a D' beam (dashed lines in Fig. 6),

densifiés;[£dl < 10
the trapbed fraction is the number of D+ ionizedriﬁ the plasma per
primary D' incident on the neutralizer; for D2+ (solid iines), the
trapped'fraction isvthe number of D+ ggg D2+ produced in thé plasmé
ﬁer primary D2+ inéident on the neutralizer. VThe heavy lines indi-
cate the fotal trapping; vhich has contributions from direct Lorentz
ioﬁiéation, cascading; and cqllisiqnal ionization. The thin lines
~in Fig. 6 give a breakdown‘of the various céhtribﬁtions: Curves A

give the results for collisional ionization of only the ground-sate

and 3Hu components [D(1s) or D(1s) + Dg(lzg) + D2(3Hu)] of the teams.

Curves,ngive'the4results for collision-induced trapping of all



‘excited states (ignbriﬁg the contribution of direct LorentZ'ioniza;”_
tion). | o

| We see from Fig. 6 fhat at lov plaSmd line;denéities (< 1013
cm'e),”beams pfoduced'by b+ iéns incident on a Mg vapor neutralizer
are trapped more efficiently. This is because a gfeater yield of
highly excited D atoms.can be obtained‘wifh a pfimary beam of D+ (see
Appendix B). As the plasma density is increaéed the reservoir of
highly-ekcitéd states ié'depleted, and for line denSities greater
then 108 2 e D2+ beam:incidenf'on a Mg neutralizer shows some
advantage} In‘this eXample-theradVanﬁéges due to DV or-D2+ primary
beams are not greater_thaﬁ'a_fabtor of 2.

A matter of as much importance as the totel fraction of a beam
that is trapped is the position in the plasﬁa at which trapping occurs.
In Fig. 7 we show, as avfunétion of distance inﬁo abuniform plasma,
the differential frapping of EO-keV/deuteronvbeams brepared by adjust-
ing-thé néutralizef thicknéss s0 as to maxiﬁize'the total ion trapping
at £hé indiéated.line densities.” Similar curves are shown in Fig. 8
for the case that the radialvﬁariation of plaéma_density is parabolic.
In these figures thé neutral particles enter the plésma from the left.
(fhe integrals of the cﬁrves in either Fig. 7 or Fig. 8 correspond to
points on the curves labeled B in Fig. 6.)' The depletion of excited
atoms ahd'moiééuies as thé beéms traverse the plasmé accounts for
most of the left-right asymmetry.

‘Finally, we show the effect of azimuthal a?eraging of the trapping

curves of Figs. 7 and 8, assuming that ions trapped at radii #r will

drift aziﬁuthally to fill a cyiindrical shell. .The example shown in
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Fig. 9 is ford[£dl = i015 em™Z. We see that the.density of trappéd
team particles near the axis is somewhat largef if the initial beaﬁ
is D2+ rather than D+, . |

| | .h. DISCUSSION

We have shown (Fig. 5) that the injection of pure beams of D2(3Hu)
molecules could, for low energies arnd plasma eleétroﬁ tempefaﬁureé,
lead td'trapping tﬁat is’many'times more efficient that that calcu--
iated for beéms-of ground-state atoms. However, for tﬁe maximum

3

experimental Hu yield that we report here (6.5%'of an incident beam

of 43-keV D2+ ions), the difference between molecular and atomic beams

is less dramatic. 1In the examples that we have calculated, the total '

2

could be obtained with a beam of D+ ions. The relative merits of the

ﬁrapping efficiency of beams of D * ions can be about twice that which

‘different radial trapping distributions'of neutral beams produced by

D+ or b2+'neutralized in Mg vapor (Figs. 7-9) are difficult to comment

on without knowihg detailé bf the plasma processes important to a
specific experiment; |

'A'Beams containing DE(BHﬁ) molecule; méy, in fact, show more ad-
vantage that is suggested above. First, Qe note from Fig. 3 thét the

fraction of a D * beam that can be converted to De(iﬂu) molecules

2
. rises rapidly with decreasing energy. Therefore,”the neutral bean
may hévé appréciably more D2(3Hu) mole?ules at energies below our |
lowest energy of hB_keV. Second, the passage of an iﬁtensé ion beam
through a neutralizer may produée a sufficient degfée of ionizatioh
(say 1%) to destfoyvmostvof the highly excited levels of an étomic

beam [23]. In this case, curvés A of Fig. 6 would represent the ex-

perimental situation over a broader range of plasma line densities.



The differential trapping vs radius (Figg. 7 and 8) would Be quite
different,vhaving approximately'the shape of the plasma density dis-
tritution (uniform 6r pafabolicj, with the Dé+ curves alway; lying
atove D'. The capture avéragéd over cylindricai shells (Fig. 9)
would not te affecfed appreciably at small radii, but all curves

. would decrease monotonically at lérgeyradii.

In summary, our sample calculations show  that if D" and D" ion

2
currents could be produced_with.eqﬁal easé, then conversion of D2+
ions in Mg-vapor neutralizers optimized for D2(3Hu) productign would
offer some advantages with resﬁéct.to total trapping and, at inter-
mediate target-plasma densities; maximization ofvtrapﬁing near the
center of the plasma. If, for some reason, the excited states of D
atoms should be depleted‘before reaching the pléémg, the advantages
would be'enhanced,
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| APPENDICES
A. Ionlzatlon of D (3H )
We do not know of‘any cross-sectlon measurements or calculatlons
for the ionization of D2('Hu) by electron- or proton-impact. We
assume that the ionization cross section for D (Bﬁ.)'isrthe‘éame as
for an H atombin the n=2 1evel, and we use the following arguments

to justlfy thls assumptlon.

At 1nf1n1te nuclear separatlon the D2(5H ) molecule is made up of

a D(1s) and D(2p) atom; very roughly, then‘,:the-3

Hu molecule can be
picturedbas a D2+ ion at the core orbited by a 2p electron, and the
ionization cross section should be similar to that for‘a'D atom in
the 2p state. (We note that the binding energles of both D(n = j
and D (3H ) are about 3. h ev.) Furthermore, except for hyperfine
structure, the D atom and H atom have the same electroniC'structure,

‘hence the same cross sectionsfl; | |

- The cross:sectiou ferbioniZEtion.df H(Qs) by electron impact_has‘
been measured by.Dixohtand Harrison'[Qh]. Born approximation calcu-
lations by Omidvaf [25] show that the idnizdtion Cross section is not
sensitive to the‘anguler moueutum state; we therefore use'the H(2s)
cross sections foi the D2(3Hu) molecule. To estimate the cross sec-
tion for proton impect we evaluated Gryzineki'sv[26]vformulas for both
pfoton- and electron-impact; As expected,~these'twe crose seetions

couverge at high veiocities; however, the Gryzinskl electron-impact v
cross section is about 1.5 times lerger than the cross sections
measured by Dixon and Harrison. We therefore divided the Gryziuski

proton-impact cross section by 1.5. The normalized Gryzinski cross
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sections and those of Harrison are shown in Fig. Al.

»

B. Input for Numerical Caiculations

_in this appendix we giﬁe more detailed information bn the yalues
used as input f'or._the calcuiat.ions described in Sect. 3. The numbered
sections coincide Vith the list given in Sect. 3. | |

.'l. Available data on jields df highly excited (n > 2) D atoms
-and D2 molecules from Mg neutfélizers are fragmentary and show large
discrepancies (see Table BI) [12-1k, 27-30]. The data from [13] and
[29]‘(for H and H2) all come from the same research group, and since
ﬁe gre mainly interestgd in a comparison of D and D2, wé_have chosen
their results. Combining these results with the yields given in
Sect. II, we ébtain thé following fractiomal populations per incident
ion: |

(a) 20-kev D* incident on Mg vapor optimized for excited atom

production (~ 5 x lOlh Mg'atbms/cmg):
D(1s) = 0.6
" D(n) = 1.0 07>

(b) 20-keV D' incident on thick Mg-vapor target (~ lO16 Mg

atoms/cme):

D(1s) o.92-‘
D(n) ; 0.1 nf5,
(¢) 40-kev D2+‘incid§nt on Mgvvapor optimiied for D2(3nu) pro-
duction (~ 7 x 101& Mg a£oms/cm2):
| | D(ls)';'.:"l.07
D(n) = 0.k 72

D (N) 00105
¢ 8 '



“1h- .

'Ao;065'
-3

5
D2( nu)
(a) Lo-kev 92+ incident oh_thick-Mg-vapbr.target (~ 1016-Mg‘

atoms/cmg):

D(1s) = 1.84
D(q) = 0.1 n™d
* Dé(;Zé) -0
D,(°L) = ©
Dy(n) - =0

2. For radiative decay of the excited atoms we used statistical

averages,

A(n - n') = j:ﬂ (22 + l)n A(nz - n'f')

=

of the transition probabilities evaluated by Hlskes, Tarter, and
Moody [31] We remlnd the reader that statlstlcally averaged'transi-
tion probabilities are independent éf the representation, Stérkuor
field¥free; that is used.

3. Thg electrié fieldvrequifed'tb‘fiéld-ioniieVn = 15 was ob-.
tained from‘cglculations by_Bailey; Hiskes,,andJRitiere [32].

k. (a) Excitation: For ekcitation by deuterons we used the
theoretical n -» n + 1 cross sections.of Saraph [33], evaluated at the
equlvalent electron energy of 5.5 eV; for eXC1tatlon by the electrons

'we used the theoretical n» n + 1 andvn - n + 2 cross sections ot
‘McCoyd and.Milfofd [34]. The Saraph cross sections agree with the low-
enercy experimental results.of Johnson and Hinnov [35] and -with the

McCoyd and Milford calculations at high energies.




v (b)'De-excitatiOn:_ De-excitation cross sections were obtained
"from the relationship
_ln V¥
cn+l,n T in+1 crn,n+l

. (c) Ionization: The cross section for ionization of n = 2 is
discussed in Appendix A.'_For n>2 ﬁe applied the scaling law sug-
gested by Percival [36] (nth(h)»H+ vs n°E is a universal curve).to

 the Born calculations of Omidvar [25] for n = 2 to 5.
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~ FOOTNOTES

Invthe expéfimenﬁ both_H2+ and sz weré uséd.v-The'yields'are

b'_the same at equal veiocities, and in this papér we réport_all.

reéulté in térms bfvthe equivalent Dé+ ene?gj.::” .
The code was developed for H-atom trapping by K._H..Berkner'and
A. C. Riviere in 1966 at the UKAEA Culhem Laboratory. .
Célculatiéné were ﬁerforﬁedvfor_Beams'produced by eifher thick
targets of magnesium .or magnesium neutralizérsvoptimized for
excited-atom or excitgd—molecule_yields. The‘results'for the
neutralizer thickness giving the greaterltfﬁﬁpihg were used.
For Df beams, thick targets were used for.plasma line densities
14 | 15 -2

> 107 cm 2; for D2 beams, line densities > 1077 cm ~.
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TABLE-I.' A comparison of’ parameters pertinent to a trabping calcula-
tion for 10- keV/nucleon D(ls), D ( Iy ), end D ( I ) impinging upon &
plasma withvelectron temperature T- = 100 eV. ccx: charge exchange
cross section; di‘:, cross section for ionlzation by lOO eV electrons;:
0i+: cross section for 1onization by 20—keV_D', f:; number of D(1s),
De(lzg), or D2(3H;) per'D2+‘ion'incideht on a Mg neutraiizer optimized
for D2(3Hu) prodﬁction. Allvcross sections are in units of"lO“l6 cm?.; o
The 1astvcolumn; f-[ci+ + (ve/ro)oi-]; éives an'indication of thejrelaf

tive_trapping contribution of each.componentvof{the beam.

x ci' oi+" f : f[oi+.+ (ve/vo)ci’]
D(1s) 10* 0.6t S 108 107 5.8
Dg(lzg) 8P 1.0% 0.7# -0.155 - 0.77
D2(3nu) g  o.f 17t o0.065 - 1.86

a) "Ref. [17], p. 253.

b) Ref. [18], p. T51- | | |

c) Guided bY_Caleulations for H+:+ H(2s,2p) ».ﬁ(és;ép) + ﬁ+ by Boyd
and balgarno [19J; extrapoiated to 10 keV, Qe assume that
Dt + D2(3nu).* D+ D, "
_D+'+fD2(%zé) ~D+ Dgf.

has the same cross section as

d) Ref. [20], p. 24.
e) Ref. [20], p. 50.
f) See Appendix A.

g) Ref. [17], p. 350.

h) Ref. [17], p. 282.
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Table BI. Summary of the data on the production of highly excited, 10 keV/nucleon H+ and H2+.1n Mg-vapor neufralizer. The coefficient

o is the thin-target value of a = nBFn/FOj where_Fn is the fraction of the incident beam in the level with principal quantum.number n

and F, 1is the‘neutral'fraction.' The maximum excited-atom fraction 1s given ty (nan>opt"

-1e-

0
Incident ion - Excited  « (OF. ) . oOF Opt irum . Neutral fraction - Equilibrium Reference
species 0 n’opt : noo target thickness at optimum neutral fraction
pe (thick target) %h ! ;° - target thickness F
107 atoms/cm ‘ ) Ooo
. * . - ..
10-kev H .. H 1.25 0.53 5 0.6 0.92 Futch, Moses [k4,27]
‘ 0.k3 Kingdon et al. [12]
1.3 McFarland,Futch (28]
1.2 1.0 0.1 0.9% Oparin et al. [29]
1.2 - I ' 0.55 0.92 Berkner et al. [30]
20-keV HQ+ - K 0.06%. 0.4 Solov'ev et al. [13]
o.17? Kingdon et al. [12]
» : : .
20-keV H2+ H, 0.095 Solov'ev et al.[13]
r e« ‘
MO-k'erHg LA 0.26 0.12 3 Solov'ev et al. [13]
: 1.5 ' Kingdon et al. [12]

a

Extrepolated to 10 keV/nucleon. -

bSince‘(n5Fn)opt is not available for 20 keV H2+, we also include 40-kev H2+ to indicate its magnitude. -

e
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FIGURE LEGENDS

VFraction of incident D * ions converted to D molecules vs.

2 2
- Mg-vapor thickness. Solid symbols, present work; open
symbols, Ref. [12]. 'x, 30 keV; o, 40 keV; +, 50 keV; A, A,
80 keV; € ;100 keV; @, 120 keV. The lines through the -

points are drawn to guide the eye and have no other signifi-

‘cance. Representative standard errors are shown.

- The fraction of incident D2+ ions that are converted to

D2(5Hu)vmolecules vs Mg-vapor thickness. e, 43 kev; +, 60
keV, 4, 80 keV.. The lines throﬁgh the points are drawn in
to guide'the eye and have no cher-significance.

Experimental ﬁaximum fractions obtained from optimized Mg-

‘ - e X + .
vapor targets: e, maximum fraction of D ions converted

2
to Dé'molecules in all states; AQ, meximum fraction of D2+
ions converted to D2(3Hu) molecules; 4, maximum fraction of

3

D2 molecules in I state.
u .
The number of D atoms that emerge from a Mg-vapor neutralizer,
per incident D2+ ion, vs Mg-vapor thickness. Present results:
+

2 2.°
Equilibrium values: A, Ref. [14], B, Ref. [15]. Solid lines
drawn_thfough the present points are extrapolated to equi-
librium values by dashed lines.
Fraction of neutral deuteriﬁm beams trapred after traversing
a plasma thickness of‘[ndlelectr‘ons/cm2 for Te = 20, 100,
and 1000 eV. The curves are for initially purée Yeamsz of
ground-state atoms (——), ground-state molecules (— —), and

excited molecules (-=-).

. AT



FIG. 6.

FIG. 7.

FIG. 8.

FIG. 9.

FIG. Al.
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or 40-keV D2+ ions

(solid 1lines) incident on a Mg-vapor neutralizer that pro-

Fraction of 20-keV D* (dashed lines)

-duce trapped ions in a plasma with Te =‘100,eV vs plasma

~ line dénsity.j;dl. The thin lines labeled A represent col-

3

lisional ionization of ground and Hu stétés, those labeled
B are for coliision-induced trapping of all excifed states,
and thé heavy lines represent trapping by all processes,
ihcluding direct Lorentz ionization.

Differential trapping of 20-keV D' and 40-keV D, beams,

2

incident on an optimized Mg neutralizer, vs position in a

- uniform-density, T, = 100 eV, plasma (fraction trapped per

em). Curves for initial D' (dashed lines) and D2+ (solid

lines) ion beams are shown for four plasma line densities,

j;dl = lOll to lOlLL electrons/cmg.

Same as Fig. T except that the plasma density has a parabolic
distribution.

Fractions of initial 20-keV/deuteron D' (dashed lines) and

D2+ (solidllines) ion beams that are trapped per unit cross

sectional area of the plasma at each radiusvvs radius r. At
large'radii this isbequal to the fraction trapped per unit
peth length, divided by 2mwr. The symbols U and P refer to
uniform and pérabolic plasma density distributions, both

R 13 o

.having the same total thickness J( ndr = 10 cm .

o -R
'Cross sections for the ionization of H(2s) by electrons and

protons.  The points are the electron-impact cross sections

measured by Dixon and Harrison [2&]. The curvés are calcu-.



ol

lated from Gryzinski's [26] formulas, normalized to the Dixon

.and HarriSon.results vy dividing by 1.5: -, proton impact;

-~--, electron impact.

Fas
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LEGAL NOTICE

This report was prepared as an account of work sponsored by the
United States Government. Neither the United States nor the United
States Atomic Energy Commission, nor any of their employees, nor
any of their contractors, subcontractors, or their employees, makes
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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