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Optimum Extracted H- and D- current densities from gas-pressure-limited high.power
hydrogen/deuterium tandem ion sources

J.R. Hiskes
Lawrence Livermore National Laboratory

• Abstract

• The tandem hydrogen/deuterium ion source is modelled for the purpose of identifying the

maximum current densities that can be extracted subject to the gas-pressure constraints proposed

for contemporary beam-line systems. Optimum useful extracted current densities are found to be

in the range of approximately 7 to 10 mA cm -2. The sensitivity of these current densities is

examined subject to uncertainties in the underlying atomic/molecular rate processes. A principal

uncertainty remains the quantification of the molecular vibrational distribution following H3+

wall collisions.



The contemporary designs for maximum current/current-density magnetic-fusion beam-

line systems piace severe constraints on the ion-source gas pressure. These designs in turn call

for minimum acceptable negative-ion current densities to be delivered through the ion-source

extraction and accel system and transported to the neutral beam line configuration. The negative

• ion densities generated within the ion source volume are proportional to the source gas pressure

and, in general, the requisite densities specified as the minimum acceptable current densities are

not compatible with the maximum acceptable gas pressure. In this paper an analysis of the

tandem volume source configurationl is extended to identify the maximum negative ion current

densities that can be extracted subject to the gas pressure limits specified in the contemporary

beam line designs2,3, 4.

Acceptable upper limits for the system gas pressure have been specified by the Cadarache

group to be 0.66 Pa (5 mtorr) 2, one-half the gas pressure assumed in a recent upper-limit

analysis. 5 Nominally, the term volume-type tandem system has been referenced only to a

hydrogen/deuterium gas based system. Recently, there has been some generalization in the

literature extending the term "volume source" to include hydrogen/deuterium systems seeded

wi_ cesium vapor. These seeded systems 6 operate at lower gas pressures typically

0.3 Pa (2.3 mtorr). The negative ion production is now generated both by conventional volume

gas-type electron excitation processes and surface-based cesium processes. To a first

approximation these two contributions are additive and a calculation of the volume generation at

0.3 Pa is included here.

. The modelling procedure for identifying the optimum negative ion current density

extracted at the plasma grid of a tandem system has already been discussed at the Brookhaven
i, .

Symposium 5. The excited molecular vibrational distribution, flowing from the primary chamber

into the low electron-temperature secondary chamber generates a spatially-dependent negative

ion density distribution throughout the second chamber. By varying the second-chamber thermal

electron density up to the value of the primary-chamber electron density the spatially varying



negaSve ion concentration reaches a maximum density a few centimeters beyond the filter

region. This negative ion.concentration is drawn toward the extraction plane through the action

of the electric fields imposed by the plasma grid generating the negative ion flux. The optimum

extracted current density is that value at the maximum of the negative ion concentration/flux that

occurs for maximum thermal electron density. These variations are shown in Fig. 1 for the two

gas pressures, 1.32 Pa (10 mtorr), 0.66 Pa (5 mtorr), and 0.3 Pa (2.3 mtorr) for successive values

• of second chamber electron density N, up to N = 6x1012 el. cm-3.

The system parameters adopted here and in the previous analysis 5 are taken to be

plausible upper-limit electron density parameters for a high-power but continuously operating

tandem configuration. The thermal electron density value N, is consistent with high-power,

kT = 5eV operation, together with mean-free-path considerations for the vibrationally excited

molecules. The electron density must not constrain H2(v) mean-free-paths to be shorter than the

magnetic filter dimension that separates the two chambers of a tandem system. The fast E > 15

eV electron density, nf, is a principal paramete", affecting the first-chamber performance. For

thousand-Ampere, few-liter discharges operating with gas pressures in the 0.3 to 1.3 Pa range the

fast electron density is nominally in the range 3 to 10 x 1011 el eta-3, our presented results will

more than span this range. The hydrogen gas temperature is taken to be 900°K, supported by

inference from source operation 7. The maximum value for the thermal kT = leV electron

density in the second chamber is taken equal to the thermal kT = 5eV electron density of the first

chamber. This matching electron density in the second chamber is technically difficult to

. achieve but provides for an upper limit evaluation of the tandem configuration. The

consequences for variation of these latter parameters about these standard values is discussed in

Ref. 5.

The analysis of the tandem system employs a full spectrum model5, 8-10 consisting of two

sets of coupled first order rate equations. We include here an outline of the procedure developed
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in Ref. 5. In the first chamber the coupled time-dependent equations for each of the 14 excited

vibrational levels v have the form

_.0 H2(v,t) = f (molecular collision terms). (I)
8t

The asymptotic first chamber solutions of (I) are taken as initial values for the H2 (v) at

the entrance to the second chamber. A second set of fourteen equations describes the spatial

generation of the negative ions derived from each vibrational level, v, and is calculated using

equations of the form.

H- (v, z) = g (H-, H2 (v) collision terms). (2)8z

Those vibrationally excited molecules with velocity vectors directed through the filter toward the

second chamber participate in the second-chamber H- generation. The spatial attenuation of the

H2(v) through the second chamber is contained implicitly in the eqs. (2). The mean molecular

directed velocities in the direction of the extraction plane (or plasma grid) are obtained by

averaging these velocity vectors in three angular zones. With the explicit H- concentration

generated from the individual H2(v), the total negative ion concentration as a function of position

is then

H- (z) = E H-(v,z). (3)
V

Solutions to Eqs. (3) are shown in Fig. (1) for three gas pressures. The dashed curves

appropriate to 10 mtorr gas pressure and nf = 6 x 1011 el cre-3 am taken from the Brookhaven

Symposium paper, Ref. 5. The full curves correspond to a gas pressure of 5 mtorr, the

maximum beam line pressure recommended by the Cadarache group 2, and for a fast electron

density of nf = 1.2 x 1012 el cm -3 (In the parameter range of interest here the fast electron

"- density varies approximately inversely with gas pressure). The solutions am shown for thre_

values of the thermal second-chamber electron density. As shown, the reduction of gas pressure

by a factor of two, from 10 to 5 mtorr, has the overall effect of reducing the maximum H-

concentration/current density by a factor 0.77 to the new value 14.5 mA cm -2. The solutions
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shown in Fig. 1 assume only e-V and E-V electronic excitation processes are operative in Eq. (1);

the solutions have been obtained for an atomic/molecular ratio, H/H2, of ten percent.

In Fig. 2 are shown the maximum values of extracted current density to be obtained if the

extraction plane is located at the position of the maximum shown in Fig. 1 but now as a function

of the fast electron density, nf, and for different values of the system gas pressure. Also shown

in the figure is the variation of optimum current density for 0.3 Pa (2.3 mtorr), appropriate to

seeded cesium operation, but for the hydrogen volume-contribution only. Inspection of the

figure shows the current density continuing to rise with increased nf, the asymptotic values

occurring at substantially higher values for the fast electron density 5.

Because of gas collisions in the extraction gap that separates the plasma grid of the ion

source from the extraction grid of the aeeel column the negative ion current density is attenuated.

In consequence the current densities shown in Fig. 2 will not be realized for injection into the full

aeeel column. The experience with high current ion sources at Berkeley, Culham, and JAERI

has shown that this gas attenuation can amount to thirty to fifty percent.

In the next set of results to be presented the electron collision processes leading to H2(v)

formation included in the data of Figs. 1,2 are supplemented by the effect of H2+ or H3+

collisions on the electrode surfaces leading to H2(v) formationl 1. These H2(v) formation

mechanisms are designated as s-Vand S-V, respectively. For H2+ collisions the yield of H2(v)

per incident ion is well quantified theoretically, while for H3+ surface collisions an uncertainty

remains in the relative partitioning into the H2(v) + H channel versus the 3H channel. Evidence

, from the data of Willerding et al.12 indicate that for low-energy surface collisions the molecular

channel will dominate. At the highest gas pressures considered here the principal member of the

positive ion species mix in the discharge is H3+, while for lowest the gas pressure the H3+

becomes a minor component. The relative fraction of H2+ is less sensitive to gas pressure than

H3+ and assumes an intermediate value between the H3+ limits. It is found that for low energy

surface collisions the final H2(v) distributions are similar for either H2+ or H3+ incident
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collisions. The molecular ion contributions to H2(v) can be grouped together and the sensitivity

to the optimum H- yield is quoted as a fraction of the molecular ion surface collisions that lead to

an H2(v) distribution.

In Fig. 3 is shown the useful H- current density delivered to the accel column assuming a

fifty-percent attenuation of H- to H in the extraction gap plotted as a function of the

atom/molecule ratio present in the discharge. The data are developed for the 0.66 Pa (5 mtorr)

case. In constructing the lowest curve, electron excitation processes only are included; in the

upper curves these processes are supplemented with the molecular ion contributions. The

relative enhancement by molecular ions is seen to be proportional to their fractional contribution.

The optimum current densities summarized in Fig. 3 are subject to uncertainties due to

imprecise values for the underlying atomic and molecular rate processes. The sensitivity of the

current densities to several of the principal atomic processes is examined where the magnitude of

the corresponding cross sections or rates can be specified. The sensitivities examined are those

due to the fast-electron excitation, thermal electron excitation (e-V process), gas de-excitation

(V-T process), and atom de-excitation (A-V process).

(1) Sensitivity to fast-electron excitation cross sections: A change in the value for the fast-

electron cross sections has compensating effects as it influences the vibrational excitation. The

vibrational population of a level v in the distribution H2(v) is depleted by the a collision of the

type

e(t') + H2(v) --->e (f)'+ H2 (v' _ v). (4)

: The population H2(v) is enhanced by the action of the full E-V process whose net effect is

efr)+ H2(v' v) --, e (t3'+ H2(v). (5)

In Ref. 13 these excitation cross sections are specified with errors +20%, -30%. Including these

ranges in processes (4) and (5) in the modelling code leads to changes in current density of +13%

and -23%, respectively.
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(2) Sensitivity to the e-V rates:Errors in the e-V rates are not clearly specified but a suggestion

can be obtained by examining the absolute values of the low-v experimental cross sections as

they compare with theoretically modelled cross sections, and differences in low-v experimental

cross sections among different workersl4,17. These comparisons suggest a possible uncertainty

in the e-V rates of up to a factor two. Two-fold changes in the modelling rates char.ge the

optimum current densities by +22% and -9%, respectively.

(3) Sensitivity to the V-T rates: There are no experimental values to compare with V-T modelled

rates for the higher v values but we can base a sensitivity test on the two most recently used sets

of rates, those of Ref. 18, and, with the current values that are employed here and given in Refs.

19, 20. The older larger rates result in only a four percent reduction of the optimum current

densities. This weak dependence is the result of two factors: The principal differences occur at

v>10 where the dissociative attachment contribution to negative ion formation is small, and (2)

the lower gas pressures further reduce the gas-collision de-excitation contribution.

In summary, the hydrogen/deuterium high-power tandem system has been examined with

the purpose of identifying the optimum extracted current density. With the more stringent gas

pressure constraint imposed by contemporary beam-line designs for fusion applications, the

optimum H-/D- extracted current densities available beyond the extraction gap are

approximately 7 to 10 mA cm -2. Quantifying the vibrational distribution following molecular ion

surface collisions remains the principal uncertainty in specifying the current density values.



Figure Captions

Fig. 1 Negative ion currents density versus distance into the second chamber for increasing

values of the second chamber electron density, N. Solid curves: source pressure 5 mtorr;

• dashed curve: 10 retort, dash-dot curves: 2.3 mtorr.

Fig. 2 Optimum current density in second chamber versus first-chamber fast-electron density for

three source pressures.

Fig. 3 Maximum negative ion current density at exit of extraction gap assuming fifty percent gas

attenuation during acceleration through extraction gap and plotted as a function of

relative atom/molecule concentration for different vibrational exeiation processes.
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