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YIELDS AND TRAPPING OF NEUTRAL DEUTERIUM BEAMS 

CONTADIDTG 3rr MOLECULES* 
u 

K· H. BERKNER, T. J. MORGAN, t 

R. V. PYLE, J. W. STEARNS 

Lawrence Berkeley Laboratory 
University of California 

Berkeley, California 94720, u. s. A~ 

August 1972 

ABSTRACT 

Experimental yields of neutral ground-state atoms and molecules 

and long-lived 3rr excited molecules from interactions of 30- to 120-
u 

keV D2 + ions in magnesium vapor are reported. Results of -calculations 

that approximate trapping in magnetically confined plasmas of beams 

produced by either D+ or D2+ ions neutralized in Mg vapor are given. 

* Work performed under the auspices of the u. s. Atomic Energy 

Commission. 

t Present address: Department of Pure and Applied Physics, Queen's 

University, Belfast BT7 INN, N. Ireland. 
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1. INTRODUCTION 
. 

The buildup, replenishment, and heating of plasma in a fusion 

plasma experiment or reactor can be accomplished by injection of beams 

of electrically neutral particles. Production and destruction prob

abilities of hydrogen.atoms and ground-state molecules are sufficiently 

well known [1] that the attenuation of beams of thefe particles can be 

calculated fairly well [2]. Some preliminary work on penetration of 

clusters of hundreds of atoms [3] and of macropa.rticles [4] has also 

been carried out. · 

One way to build up an energetic plasma in an initially high-

vacuum magnetic trap is by Lorentz ionization of highly excited hydro-- - .· . 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 > 6 have lifetimes suf-
"' 

ficiently long to survive. As the plasma density increases a colli

sionally induced upward cascading of excited states occurs [7],and 

a density is reached at which the highly excited atoms are ionized 

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 

with collisional ionization cross sections. larger than that of the 

ground state, but not so highly excited as to cascade upward and 

Lorentz ionize [8]. The metastable 2s state would qualifY except 

that it is quenched by passage through weak magnetic fields. Hiskes 

showed that the hydrogen molecUle in the 3rr state (in the united-
u 
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atom approximation this is similar to a hydrogen atom in the n : 2 

level) is long lived. B,y analogy with electron capture by protons, 

it should be produced efficiently by electron capture at low energies 

in metal vapors, and therefore is a candidate for neutral injection [9]. 

We have measured the yields of 30- to 120-keV electronic gr9und 

state ( 1~ ) and 40- to 80-keV long-lived excited (~IT ) deuterium mole-
g u . 

cules produced by electron capture in magnesium vapor1 • The details 

of the experiment and some relevant cross sections are reported else~ 

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

yields of 3rr molecules and other particles that might be obtainable 
u 

from an injector, and examples of trapping calculations. 

2. YIELDS 

Experimentally [10], about 36~b of the non-dissociative electron 

capture by 44-keV n2+ ions in Mg vapor produces n = 2, D2(3rr) mole

cules, the proportion dropping to about 23% at 140 keV. More inter-

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

3rr molecules and other neutral species that emerge from the charge
u 

exchange cell per incident D2+ ion. 

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

the fractions of an-incident D2+ beam that emerge from the charge

exchange cell as D2 molecules in all states, and as n
2 

molecules in 

the 3rr state. Also shown in Fig. l are resuJ_ts obtained by Riviere 
u 

et al. [11,12]. The total yield of molecules (Fig. 1) includes a 

small contribution from highly excited hydrogen-like (Rydberg) states 

with n ~ 8 [12,13]. Maximum yields (at optimum target thickness) 

are su:nn1arized in Fig. 3. 
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. . ·. . + . . 
The number of atoms per incident n2 ion that emerge from a Mg 

neutralizer is shown in Fig. 4. At equilibrium, all molecules will 

have been dissociated, and.the yield should approach twice'the equi

librium fraction:s obtained with a primary D+ beam of the same velocity. 

These doubled atomic equilibrium fractions are also shown in Fig~ 4: 

The lines marked A are measured fractions of Futch and Moses [14]; the 

lines marked B are calculated from cross sections reported by Berkner, 

Pyle, and Stearns [15]. 

From Figs. 1-4 and Ref. [10] we find; for example, that if 40-

keV n2 + ions are incid~nt on a Mg-vapor target with a thickness of 

15 2 10 atoms/em , then approximately 7% of the incident beam power 
3 . . . 

emerges carried by n2 ( ITu) molecules, 14% by ground-state molecules, 

6o% by deuterium atoms, 11.5% by n2+ ions, and 7.5% by D+ ions. 

As mentioned in Ref. [10], w~ found no significant 3rr. molecule 
u 

yields from n2+ ions incident on~ or N2 neutralizers (this is con-

sistent .with predictions by Hiskes), or from collisional breakup of 

D + ions. 
3 

3. PLASMA TRAPPING OF INJECTED D AND D
2 

BEAMS 

In this section we give some examples of the variation of trapping 

p1ra.meters with beam composition. The calculations are not oriented 

toward any specific experimental plasma device, but rather are intended 

to give some insight into theeffects produced bydifferent beam com-

·positions. In this spirit we consider the trapping that results when 

neutral beams, prepared by D+ or n
2

+ passing through a ·Mg neutralizer, 

impinge upon a plasma target. For these calculations we consider an 

incident team accelerated to 10 keV/nucleon (20 keV D+ or 40 keV n2+). 

i 
< . I 

1 
'· 
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No attempt has been made to fold in velocity distributions--for col-

lisions of the beam with plasma ions we take the relative velocity to 

be the team velocity; for collisions with electrons, we take the rela-

tive velocity to be the velocity of electrons with an energy equal to 

the electron temperature. In the absence of cross~section data for 
.. ·\,.· 

n
2

(3ITu)' we assume that it has the same cross section as a deuterium 

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

decay. lve treat charge exchange as a non-trapping attenuation process, 

since the beam particle replaces a plasma ion which is neutralized and 

ejected at some random angle. Finally, we note that at the energies 

considered here, molecular trapping results mainly in the formation of 

+ + + n2 rather than D • The trapped D2 will subsequently dissociate or 

ionize due to collisions with the ions and electrons in the plasma; 

dissociation is the more probable process [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 D2+ 

ion. Sample values of the cross sections relevant to our calculations 

are given in the first three columns of Table I [17-20]. 

To illustrate the difference in trapping of various incident 

species we first consider the idealized case in which the incident 

beam is composed entirely of either ground-state D(ls) atom.s, ground

state n2(1r.g) molecules; or excited n2( 3rr) molecules. In this case, 

the intensity of a beam with velocity v
0

, passing through a plasma of 

length L, density n. = n = n, and electron temperature T is given by 
l . e e 

I= r
0 

exp[-(a.+v
0 

+ a.-v +a v
0

)nL/v
0

] 
l 1 e ex (1) 
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where I 0 is the initial intensity, v = \/2T /m , and the cross sec-e e e 

tions are as defined in Table I. The fraction of the beam that 

contributes an ion to the plasma. is then 

f 
cr.++(v/v0 )cr.- { · 

1. e 1. ex:P [..:. ( 0' i + + 
cr.++ cr + (v /v0)cri-

J. ex e 

I 
crcx + ( ve/v 0) cri -)nL]} 

The solutions to this e~uation for the three types of incident beams 

at 10 keV/nucleon are shown in Fig. 5 for three different electron 

temperatures (20, 100, and 1000 ev). It can be seen from Fig.5 that 

there is little difference in trapping efficiency between D(ls) and 

1 D2( L:g) beams, but that trapping is enhanced (especially for low Te) 

with a n2( 3rru) beam. 

(2) 

The · preceding calculation serves to illustrate the increased 

trapping that could be achieved with a pure n2(3rru) beam. We have 

shown in Sect. 2, however, that the production of n2( 3rr) beams in a 

Mg target is accompanied by large fractions of ground-state atoms and 

molecules. The fractions ~f D, n2, and n2(3rru) that are produced in 

a Mg neutralizer optimized for maximum D2(3rru) output for an incident 
. + . 

beam of 40-keV D2 ions are listed in the fourth column of Table I. The 

products of the fractions and the cross sections, f(cri+ + (ve/v0)cri-], 

give an indication of the relative trapping contributions (column 5). 

We see that even though the neutralizer is optimized for 3rr output, 
u 

the abundance of D atoms tends to mask the 3rr contribution. 
u 

Finally, we know from the Phoenix [21] and Baseball [22] experi-

ments and from theoretical predictions by Hiskes [7] that Lorentz 

ionization and inverted cascading of highly excitedstatesaccounts 

•. 
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for most of the trapping at line densities below 1012 cm-2 
To in-

elude highly .excited states in our trapping estimate we have used a 

modified form of a.computer code2 in which the coupled differential 

equations that describe the population of each species and excited 

level in the beam are integrated numerically. 

The following processes and assumptions (in addition to those 

mentioned at the beginning of this section) were included in the cal-

culation (specific details are given in Appendix B): 

1. + A pure D 

vapor neutralizer 

or D2 + beam is converted to a neutral beam in a Mg

of appropriate thickness to give optimum trapping. 3 

When the incident beam 

ground-state D and D2, 

is D2+, the resulting neutral beam contains 

3 D2( rru)' and highly excited D and D2 • The 

trapping fraction is defined as the number of ions trapped in the 

plasma per~ (D+ or D2+) incident on the neutralizer. 

2. The excited atoms or molecules undergo radiative decay in a 

200-cm flight path between the neutralizer and plasma. Excited D2 

molecules (except 3rr ) are assumed to have the same lifetimes as 
u 

excited D atoms. Since angular-momentum substate distributions are 

unknown, a statistical distribution is assumed. Statistically.aver-

aged lifetimes for decay from quantum level n to each lower level n' 
• . , 

are used., 

3. The plasma is contained in a magnetic field that will Lorentz-

ionize all quantum levels of D and D2 with n ~ 15 (B ~ 15 kG). All 

of n = 15 is trapped; the higher levels are lost in the fringe field. 

4. The bca.m 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 undergoing radiative decay. Excitationto 

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

sections for excited levels of n2 are taken to be the same as for 

excited D. The cross sections used for all collisional processes 

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

state and 3rr ionization by H+. For electron collisions the cross 
u 

sections are evaluated at the electron velocity corresponding to the 

electron temperature. For proton collisions the cross sections are 

evaluated at the velocity of the incoming neutrals. 

The results of this calculation are given in Fig. 6, where we 

show the trapped fraction vs plasma line density for an injection 

energy of 10 keV/nucleon and a plasma electron temperature of 100 ev. 

Because of the finite lifetimes of excited atoms and molecules we have 

chosen a specific plasma dimension along the injected beam, namely 10 

em, but the results are not sensitive to this dimension for line 

r 14 .. -2 
densitiesjndl < 10 em • For a D+ beam (dashed lines in Fig. 6), 

the trapped fraction is the number of D+ ionized in the plasma per 

primary D+ incident on the neutralizer; for D2 + (solid iines), the 

+ + trapped fraction is the number of D and n2 produced in the plasma 

per primary D2 + incident on the neutralizer. The heavy lines indi

cate the total trapping, which has contributions from direct Lorentz 

ionization, cascading, and collisional ionization. The thin lines 

in Fig. 6 give a breakdown of the various contributions: Curves A 

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

3 1 . 3 
and IT components [D(ls) or D(ls) + D2( r ) + D

2
( IT ) ) of the beams. 

. u g u 

Curves B give the results for collision-induced trapping of all 

- i 
i 
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excited states (ignoring the contribution of direct Lorentz·ioniza-

tion). 

We see from Fig. 6 that at low plasma line densities (< 1013 

cm-2), beams produced ty D+ ions incident on a Mg vapor neutralizer 

are trapped more efficiently. This is because a greater yield of 

highly excited D atoms can be obtained with a primary beam of D+ (see 

Appendix E). As the plasma density is increased the reservoir of 

highly excited states is depleted, and for line densities greater 

than 1013 cm-2 a n2+ beam incident on a Mg neutralizer shows some 

advantage. In this example the advantages due to D+ or D + primary 
2 

beams are not greater than a factor of 2. 

A matter of as much importance as the total fraction of a beam 

that is trapped is the position in the plasma at which trapping occ~s. 

In Fig. 7 we show, as a function of distance into a uniform plasma, 

the differential trapping of 20-keV/deuteron beams prepared by adjust-

ing the neutralizer thickness so as to maximize the total ion trapping 

at the indicated line densities. 3 Similar curves are shown in Fig. 8 

for the case that the radial variation of plasma density is parabolic. 

In these figures the neutral particles enter the plasma from the left. 

(The integrals of the curves in either Fig. 7 or Fig. 8 correspond to 

points on the curves labeled Bin Fig. 6.) The depletion of excited 

atoms arid molecules as the teams traverse the plasma accounts for 

most of the left-right asymmetry. 

Finally, we show the effect of azimuthal averaging of the trapping 

curves of Figs. 7 and 8, assuming that ions trap:ped at radii ±r i-:ill 

drift azir.mthally to fill a cylindrical shell. The exa::nple shown in 
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Fig. 9 is for ~ndl = 1013 cm-2 We see that the density of trapped 

beam particles near the axis is somewhat larger if the initial beam 

is D +rather than D+. 
2 

4. DISCUSSION 

We have shown (Fig. 5) that the injection of pure beams of n2( 3rru) 

molecules could, for low energies artd plasma electron temperatures, 

lead to trapping that is many times more efficient that that calcu-

lated for beams of ground-state atoms. However, for the maximum 

experimental 3rr yield that we report here (6.5% of an incident beam 
u 

of 43-keV n
2

+ ions), the difference between molecular and atomic beams 

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

+ trapping efficiency of beams of n
2 

ions can be about twice that which 

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

different radial trapping distributions of neutral beams produced by 

+ ' + 
D or n

2 
neutralized in Mg vapor (Figs. 7-9) are difficult to comment· 

on without knowing details of the plasma processes important to a 

specific experiment. 

Beams containing n2( 3rru) molecules may, in fact, show more ad

vantage that is suggested above. First, we note from Fig. 3 that the 

+ (3 ' fraction of a n2 beam that can be converted to n2 Tiu-) molecules 

rises rapidly with decreasing energy. Therefore, the neutral beam 

may have appreciably more n
2

(3rru) molecules at energies below o~r 

lowest energy of 43 keV. second, the p3.ssage of an intense ion beam 

through a neutralizer may produce a sufficient degree of ionization 

(say 1~-) to destroy most of the highly excited levels of an atomic 

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

perimental situation over a broader range of plasma line densities. 
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The differential trapping vs radius (Figs. 7 and 8) would be q_uite 

different, having approximately the shape of the plasma density dis

tribution (uniform or :r::arabolic), with the n2 + curves always lying 

above D+. The capture averaged over cylindrical shells (Fig. 9) 

would not be 3.ffected appreciably at small radii, but all curves 

would decrease monotonically at large radii. 

In summary, our sample calculations show that if D+ and n
2

+ ion 

currents could be produced with eq_ual ease, then conversion of n2+ 

ions in Mg-vapor neutralizers optimized for D2( 3rru) production would 

offer some advantages with res]:ect to total trapping and, at inter-

mediate target-plasma densities, maximization of trapping near the 

center of the plasma. If, for some reason, the excited states of D 

atoms should be depleted before reachir~ the plasma, the advantages 

would be enhanced. 
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AFPENDICES 

A. Ionization of.D2(3rru) 

We do not know of any cross-section measurements or calculations 

for the ionization of n2(3rru) by electron- or proton-impact. We 

assume that the ionization cross sec'tion for n2(3rru) is the same as 

for an H atom in the n = 2 level, and we use the following arguments 

to justify this assumption. 

At infinite nuclear separation the n2(3rru) molecule is made up of 

a D(ls) and D(2p) atom; very roughly, then,·the 3rr molecule can be 
u 

pictured as a n2+ 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 energies of both D(n = 2) 

and n2 (3rru) are about 3.4 ev.) Furthermore, except for hyperfine 

strUcture, the D atom and H atom have the same electronic structure, 

hence the same cross sections. 

The cross section for ionization of H(2s) by electron impact has 

been measured by Dixon and Harrison [24]. Born approximation calcu-

lations by Omidvar [25] show that the ionization cross section is not 

sensitive to the angular momentum state; we therefore use the H(2s) 

cross sections for the n2( 3rru) molecule. To estimate the cross sec

tion for proton impact we evaluated Gryzinski's [26] formulas for both 

proton- and electron-impact. As expected,. these two cross sections 

converge at high velocities; however, the Gryzinski electron-impact 

cross section is about 1.5 times larger than the cross sections 

measured by Dixon and Harrison. We therefore divided the Gryzinski 

proton-impact cross section l,Y l. 5 ~ The normalized Gryzinski cross 

( { 
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sections and those of Harrison are shown in Fig. Al • 
. 

B. Input for Numerical Calculations 

In this appendix we give more _detailed information on the values 

used as input for the calculations described in Sect. 3· The numbered 

sections coincide with the list given in Sect. 3. 

1. Available data on yields of highly excited (n > 2) D atoms 

and D2 molecules from Mg neutralizers are fragmentar,y and show large 

discrepancies (see Table BI) [12-14, 27-30]. The data from [13] and 

[29] (for H and H2) all come from the same research group, and since 

we are mainly interested in a comparison of D and D2, we have chosen 

their results. Combining these results with the ~ields given in 

Sect. II, we obtain the following fractional populations per incident 

ion: 

(a) 20-keV D+ incident on Mg vapor optimized for excited atom 

14 . I 2 production(~ 5 x 10 Mg atoms em ): 

D(ls) = 0.6 

D(n) = 1.0 n-3 

(b) 20-keV D+ incident on thick Mg-vapor target ("' 1016 Mg 

atomslcm2): 

D(ls) = 0.92 

D(n) = 0.1 n-3 

(c) 40-keV n
2

+ incident on Mg vapor optimized for n
2

(3rr) pro-

14 · I 2 duction ( ~ 1 x 10 Mg atoms em ) : 

D(ls) = 1.07 

D(n) o.4 -3 = n 

ll, 1 ( 

1:~ ) . 0.1~/) 
c. l..~ 
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D
2

(n) 

(d) 40-keV D2+ 

atoms/cm2 ): 

. . . 16 
incident on thi.ck Mg-va:por target (- 10 Mg 

D(ls) = 1.84 

D(n) = 0.1 n-3 

D2(1L'g) = 0 

D2(3II) = 0 

D2(n) = 0 

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

averages, 

A(n- n') = L (2.e + l)n-2A(n.e ~ n'£') 

.e,£' 

of the transition probabilities evaluated by Hiskes, Tarter, and 

Moody [31]. We remind the reader that statistically averaged transi-

tion probabilities are independent of the representation, stark or 

field-free, that is used. 

3. The electric field required to field-ionize n = 15 was ob-

tained from calculations by Bailey, Hiskes, and Riviere [32] • 

. · 4. (a) Excitation: For excitation by deuterons we used the 

theoretical n ~ n + 1 cross sections of Saraph [33], evaluated at the 

equivalent electron energy of 5.5 eV; for excitation by the electrons 

we used the theoretical n ~ n + 1 and n ~ n + 2 cross sections of 

McCoyd and Milford [34]. The Saraph cross sections agree with the low-

energy experimental results of Johnson and Rinnov [35] and with the 

McCoyd and Milford calculations at high energies. 

'\ 

' .i 
i 

.. ; 
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(b) De-excitation: De-excitation·cross sections were obtained 

from the relationship 

(c) Ionization: The cross section for ionization of n.= 2 is 

discussed in Appendix A. For n > 2 we applied the ·scaling law sug-
. 4 2 

gested by Percival [36] (n crH(n)-H+ vs n Eisa universal curve).to 

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

• 
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FOOTNOTES 
+ + ' 

In the experiment both ~ and n
2 

were used. The yields are 

the same at equal velocities, and ii:l this p:~.per we report all 

results in terms of the equivalent n
2

+ energy. 

The code was developed for H-atom trapping by K. H. Berkner and 

A. c. Riviere in 1966 at the UKAEA Culham Laboratory. 

3. Calculations were performed for beams produced by either thick 

targets of magnesium or magnesium neutralizers optimized for 

excited-atom or excited-molecule yields. The results for the 

neutralizer thickness giving the greater trapping were used. 

+ For D beams, thick targets were used for plasma line densities 

> 1014 cm-2 ; for D
2

+ beams, line densities> 1015 cm-2 • 
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TABLE I. A com:r:arison of .:r:arameters pertinent to a trapping calcula

tion for 10-keV/nucleon D(ls), D2( 1r:g)' and n2(3rru) impinging upon a 

plasma '1-lith electron temJ:erature Te = 100 ev. a ex charge exchange 

cross section; a.-: cross section for ionization by 100-eV electrons; 
l 

+ 
(J'i : cross section for ionization by 2o-keV D+; f: number of D(ls), 

(
1 3 . + 

D2 Eg)' or D2( Tiu) per D2 ion incident on a Mg neutralizer optimized 

f D ( )II ) d ti All t.. . . •t f lO-l6 2 or 2 u pro uc on. cross sec lOns are ln unl s o · em • 

The last column, f[a.+ + (v ;;,
0

)a. -], gives art indication of the rela-
l e l 

ti ve trapping contribution of each component of the beam. 

()'. cr. ·ex l 

D(ls) lOa o.6d 

D2(1L:g) gb l.Oe 

D2(31Iu) Be 2.7f 

Ref. [17], p. 253. 

Ref. [18], p. 751. 

'+ 
f f[ai 

+ +(v/v0 )a.""] 0'. 
l e l 

l.Og 1.07 3.83 

0.7h 0.155 0.77 

17f 0.065 . 1.86 

a) 

b) 

c) + . + Guided by calculations for H + H(2s,2p) -+ H(2s,2p) + H by Boyd 

and Dalgarno [19], extrapolated to 10 keV, we assume that 

D+ + D2(3nu)-+ D + n2+ has the same cross section as 

D+ + n
2

(1L:g)-+ D + D
2

+. 

d) Ref~ [20], p. 21L 

e) Ref. [20], p. 50. 

f) See Appendix A. 

g) Ref. [17], p. 330. 

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

a0 is the thin-target value of a = n3Fn/F0, where Fn is the fraction of the incident beam in the level with principal quantum number n 

and F0 is the neutral fraction. 

Incident ion Excited ao 
species 

-*- --
10-keV H+ H 1.25 

1.3 

1.2 

1.2 

+ * o.o~ 20-keV H2 
H 

0.17a 

+ * 20-keV H2 H2 0.095 

b 
* 4o-kev H2 + E2 0.26 

L5 

aExt:r2.polated to 10 keV/nucleon. 

The ma.ximumexcited-atom fraction is given ty (n3F) t 
n op 

(n3Fn)opt n3F Optimum Neutral fraction n target thickness at ortimum 
(thick target) 14 2 target hickness 

10 atoms/em 

o. 53 5 0.6 

0.43 

1.0 0.1 

4 0.55 

o.4 

0.12 3 

Equilibrium 
neutral fraction 

F Ooo 

0.92 

0.94 

0.92 

tSince (n3F n)opt ::.s not availabie for 20 keV H2 +, we also include 40-keV H2 + to indicate its magnitude. 

Reference 

Futch, Moses [4,27] 

Kingdon et al. [12] 

McFarland,Futch (28] 

Oparin et al. [29] 

Berkner et al. [30] 

Solov 1ev et al. [13] 

Kingdon et.al. [12] 

Solov 1ev et al·[l3] 

Solov 1ev et al. [13] 

Kingdon et al. [12] 

I 
1\) 
1-' 
I 

-.....~ ... ·· 

r·. .. ,..., 
r· 
'\t,.~ 

C< 

cc 

· .......... 

~ 

<' ..... ~ 

J:.~ 
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FIG. 4. 
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FIGURE LEGENDS 

Fraction of incident D
2

+ ions converted to D
2 

molecules vs. 

~~-vapor thickness. Solid symbols, present work; open 

symbols,. Ref. [12]. x, 30 keV; e, 40 keV; +,50 keV; A., 6, 

So keV; ~ ; 100 keV; p, 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 n
2

+ ions that are converted to 

D2 ( 3rr) molecules vs Mg-vapor thickness. e, 43 keV; +, 60 

keV, A, So keV. The lines through the points are drawn in 

to guide the eye and have no other significance. 

Experimental maximum fractions obtained from optimized Mg-

vapor targets: e, maximum fraction of n2+ ions converted 

to D2 molecules in all states; O, maximum fraction of n2+ 

ions converted to n2 (3rru) molecules; £, maximum fraction of 

D2 molecules in 3rru state. 

The number of D atoms that emerge from a Mg-vapor neutralizer, 

per incident n
2 

+ ion, vs Mg-vapor thick..'less. Present results: 

e, 20-keV D from 40-keV n
2

+; A, 40-keV D from SO-keV n
2

+. 

Equilibrium values: A, Ref. [14), B, Ref. [15]. Solid lines 

drawn through the present points are extrapolated rto equi-

librium values by dashed lines. 

Fraction of neutral deuterium beams trapped_after traversing 

a plasma thickness of ~ndl electrons/cm
2 

for Te = 20, 100, 

anc1 JOOO ev. The curves are for initially pure 1-caru::: of 

grow1d-state atoms (--), ground-state molecules (- -), and 

excited molecules (---). 

,, 
'-. 

·• ' -· 



FIG. 6. 

FIG. 7• 

FIG. 8. 

FIG. 9· 
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Fraction of 20-keV D+ (dashed lines) or 40-keV D
2

+ ions 

(solid lines) incident 6n a Mg-vapor neutralizer that pro-

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

line density J'ndl. The thin lines labeled A represent col

lisiDnal ionization of ground and 3rr states, those labeled . u 

B are for collision-induced trapping of all excited states, 

and the heavy lines represent trapping by all processes, 

including direct Lorentz ionization. 

Differential trapping of 20-keV D+ and 40-keV D
2

+ beams, 

incident on an optimized Mg neutralizer, vs position in a 

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

em). Curves for initial D+ (dashed lines) and D
2

+ (solid 

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

J 11 14 I 2 ndl 10 to 10 electrons .em . 

same as Fig. 7 except that the plasma density has a parabolic 

distribution. 

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

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

sectional area of the plasma at each radius vs radius r. At 

large radii this is equal to the fraction trapped per unit 

p:~.th length, divided by 27Tr. The symbols U and P refer to 

uniform and parabolic plasma density distributions, both 

. JR 13 -2 having the same total thickness ndr = 10 em • 
-R 

FIG. Al. Cross sections for the ionization of H(2s) by electrons and 

protons. The points are the electron-~npact cross sections 

measured by Dixon and Harrison [24]. The curves are calcu-
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lated from Gryzinski' s [26] formulas, normalized to the Dixon 

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

---, elec~ron impact. 
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r------------------LEGALNOTICE---------------------

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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