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OPTIMUM CURRENT DENSITIES FROM HIGH
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INTRODUCTION

•... The tandem system, with the electron energy distribution arranged spatially
and with electron energies decreasing toward the exit aperture, will generate a five-
fold enhancement in extracted current density when compared to an optimal single-

:" chamber system.1 With the increased understanding of the underlying atomic
processes, together with a body of experience in the operation high-power hydrogen
and deuterium discharges 2, it has now become possible to specify in absolute terms
the optimal current-density performance of a hydrogen/deuterium system.

A variation on the single-chamber and tandem systems has been proposed3, 4
that employs a single-chamber, pulsed discharge. Following the discharge pulse, the
transient variation of the electron energy distribution allows for a more optimal
generation of negative ions than does the static single-chamber system. Some of the
limitations of this system when compared with the steady-state tandem system are
discussed here.

DEFINITION OF THE OPTIMIZATION PROBLEM

The steady-state high-power system is constrained in its optimal output by the
limitation of the highest acceptable gas pressure in the accelerating column,
nominally ten m. Torr., and by the power densities that can be tolerated in the fin'st
chamber of the tandem ion source. Further, the useful H-, D- current densities that
can be delivered to the accelerator column are limited by the gas collisional
attenuation of the H- beam in traversing the fin:stacceleration gap. This gap,
nominally maintained at 2-5 kV, separates the plasma grid of the source from the
extraction grid of the accel column. Experience at Berkeley, Culham, and JAERI has
shown that the gas attenuation in this gap is in the range thirty to fifty percent.

, " The principal parameter affecting the performance of the first chamber is the
fast electron density, nf. For thousand-Ampere, few-liter discharges this density is in
the range 3 to 10 x 1111 electrons cm-3; for this discussion we shall select a nominal

•- value of 6 x 1011 el. cm -3. The second most important parameter is the gas
temperature, which together with the column pressure constraint sets an upper limit to
the source gas density. Fink 5 has estimated this temperature to be 600-900°K. Of
lesser importance, but affecting the H2(ag)destruction in the first chamber, is the
electron temperature and the thermal electron density, n. In high-power systems the
electron temperature appears to fall in the range of three to five electron volts; for this
analysis the upper value will be taken as the nominal value.

In the second chamber the primary parameters are the electron temperature,
assumed to be adjusted to its optimal value near one electron volt, and the thermal
electron density, n(II). Achieving the optimal values for these latter two parameters
may be the minost difficult task for the source designer.

Within the forementioned constraints the nominal system parameters
employed in this analysis are

nf = 6 x 1011 el. cm -3 n(II) = 2 - 6 x 1012 el. cm -3
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T(gas) = 900*K Te = 1 eV

N2 = 1 x 1014 mol. cm -3

Te = 5 eV

n = 6 x 1012 el. cm-3

:" na/N = 10% (A)

As described in the previous paper presented at this Symposium, the analysis relies on
'. the full-spectrum model6, 7, consisting of two sets of coupled fast-order rate equations

describing the H2(_) and H- concentrations respectively. For the tandem system,
however, the second chamber requires two additional sets of fifteen equations for
describing the spatial decay of the H2 (_) density, and the spatial growth of the H- (_)
density. Because of this intrinsic spatial dependence, these latter fifteen equations
become

d
d---zN- (_,z) = g (H- collisions), (1)

and give the dissociative attachment (DA) yield of each of the H2 09) members of the
vibrational spectrum. The solutions of Eq. (1) display the growth and decay of the
negative ion concentration through the second chamber in the direction of extraction 7.
Solutions similar to those of Eq (1) have been generated by Fukumasa. 8-10

FIRST CHAMBER SOLUTIONS

The rate of growth of the populations for several vibrational levels, H2 (a_),are
shown in Fig. 1 for the discharge conditions (A). The significant point here is the rise
time of about 25 gs for the H2(aJ).

To evaluate the steady-state ion source operation one requires the
dependence of the asymptotic values shown in Fig. 1, but plotted as a function of the

• first-chamber fast-electron density, nf, as is shown in Fig. 2. For relatively low
values of nf the _ = 1 population has reached its maximum and is declining toward its

• asymptotic value, while the population of levels a_> 5 are increasing toward their
• asymptotes. The asymptotic values, for nf > 1013 el. cm-3 correspond to those of a

beam of fast electrons passing through hydrogen gas but without peripheral plasma
collisional effects. The principal source of the H- concentration are due to the
seminal levels, 5 < a_< 11. Notice that for our nominal system (A), with nf = 6 x 1011
el. cm -3, the population of the seminal group will increase little more than a factor of
two for a further one to two order-of-magnitude increase in nf (or discharge power).
This state of diminishing returns is illustrated also in the lower portion of the figure
where is plotted the extracted current density, j(-).

SECOND CHAMBER SOLUTIONS

There are two features of the H2 (,o) effusing into the second chamber, with
mean velocity 9, that affect the optimal H- concentration: the near isotropic an.gular
distribution, and the approximate exponential decay of the H2 (_))in the extraction
direction z, as given by the solutions of (1):
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H2 (u, z) ~ exp - Cz/vz . (2)

Here C is the sum of the destruction terms and vz the average molecular velocity
component in the z direction. If one evaluates vz by averaging over a hemisphere to
obtain x)z - _,/2, and uses this drift velocity value in the solutions (2), the peak value
of the H- concentration is overestimated. It becomes necessary to divide the
hemisphere into two or more zones and evaluate the mean value of vz for each of
these zones to obtain a properly convergent solution to Eq. (1). For example, for two

-.• zones

•. H2 (_), z) ~ 1/2 (exp - Cz/v21 + exp - Cz/v22), (3)

while for three zones

H2 (ag,z) ~ 1/3 (exp - Cz/v31 + exp - Cz/v32 + exp - Cz/v33), (4)

the agijevaluated across each angular zone.
The solutions of Eq. (1) for the H- and D- current densities moving through

the second chamber, for a first chamber gas temperature of 600°K, are shown in Fig.
3 and for differing numbers of angular zones. It is evident from the figure that a
single zone solution for D- overestimates the convergent solution by almost a third,
but that a two zone calculation is sufficient for convergence.

In Fig. 4 is shown the H- current densities along the second chamber for
conditions (A), taking into account e-V and E-V excitation processes, but for
successively larger values of second-chamber electron density. If the plasma gTi'dis
situated at the density peak, the current density at the plasma grid is 20 mAcm -z for
the case of n(II) = 6 x 1012 el. cm -3. Assuming a 50% gas attenuation in the plasma
grid - extraction grid region, this converts to a useful current density for acceleration
of 10 mAcm "2.

The inclusion of H3+ conversion to H2 (_)) by the S-V process will increase
these current density yields. With the purpose in mind here of establishing an upper
limit to the yield, it is assumed the positive ion species mix is entirely H3+ and ali

• surface collisions convert H3+ to H2 (x)). The distribution of populated levels has
been calculated elsewhere 11. In Fig. 5 is plotted the useful H- current density at the
extraction grid versus relative atomic concentration. Again, it is assumed that the H-

. current density calculated at the position of the plasma grid has experienced a fifty per
cent gas attenuation in the plasma grid extraction-grid gap. The inclusion of the H3+
S-V process over the e-V and E-V processes alone increases the yield almost a factor
of two.

In the preceding paper of this Symposium it was remarked that the
V-T rates for deuterium were not yet clearly defined. If we assume these rates
decrease relative to the H2 rates by at least as much as the relative velocity decrease at
the same gas temperature, then the D- current densities will be approximately the
same as H-.

The nominal system parameters, (A), represent a mean over some range of
these values. If the gas temperature is decreased to 600* from 900* but with a fixed
value for nf, the allowable increase in gas density within the 10 m torr. column
constraint will cause the current densities to increase about 25% over the values
shown in Fig. 5. If the first chamber electron temperature is reduced from 5 eV to 3
eV, the substantial reduction in the H2 (ag)dissociation rate will allow for a two thirds
increase in the current density.
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H- current density in Ch. I! for successive
thermal electron den3ities
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Summary of H-current densities
attenuated at extraction grid
versus atomic concentration

Te (I) = 5 eV, T (gas) = 900°K, p = 10m Torr.
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THE SINGLE-CHAMBER PULSED SYSTEM

The data developed here for the steady-state tandem system can be carried
over to the pulsed system for the purpose of comparing the optimal performance of
the two systems. In concept, the pulsed system maintains the discharge power only
so long as is necessary to bring the H2 (a_)up to their time-asymptotic value,
approximately twenty-five microseconds, as seen from Fig. 1. As we shall see below
a plausible cycle time is one-hundred microseconds. For the same average discharge

• . power as the steady-state system the peak discharge power, or nf, can be four time
greater to yield a vibrational population or H- pulse that is 1.7 times larger (Fig. 2).

v Following the pulse the discharge density is presumed to remain fixed at 6 x
1012 el. cm -3, the comparison value, but the electron temperature drops abruptly from

• 5eV to 1 eV. The time growth of the H- current density is given by Fig. 4, where the
time scale is obtained by dividing the abscissa, z, by the H- velocity, 0.76 x 106 cm
sec -1. One observes that for a period of about 75 n sec., 75% of the pulse cycle, the
H- current density is about 80% of its peak value. It follows that the relative time-
average H- current density is 1.7 x .75 x .8 = 1, i.e. both systems perform in a
comparable way. To achieve this performance for the pulsed system the crucial issue
is to identify a mechanism for abruptly dropping the electron temperature from five to
one electron-volt while still maintaining the electron density at full value.

CONCLUSION

The optimal performance of the steady-state tandem system provides for a
useful H- or D- current density into the accelerating column of approximately 20 mA
cm -2. The single-chamber pulsed system can provide a comparable current density
provided some mechanism can be identified for abruptly reducing the plasma
temperature while still maintaining the plasma density.

ACKNOWLEDGEMENT

Work performed under the auspices of the U.S. Department of Energy by Lawrence
. Livermore National Laboratory under Contract: W-7405-ENG-48.



REFERENCES

1. J.R. Hiskes and A.M. Karo, J. Appl. Phys. 56, 1927 (1984).

2. .Production and Neutralization of Negative i0ns and Beams, AIP Conf. Ser.
No. 210, New York (1990) A. Hershcovitch, Ed.

3. M.B. Hopkins and K.N. Mellon, Phys. Rev. Lett. 67,449 (1991).• .

4. R.M.A. Heeren, K.N. Mellon, M.B. Hopkins, D. Ciric, and A.W. Kleyn,
Eurphys. Lett. 17, 503 (1992),.

• 5. J.H. Fink, AIP Conf. Ser. No. 210, 572 (1990).

6. J.R. Hiskes, Notas de fisica, 5, 348 (1982).

7. J.R. Hiskes, A.M. Karo, and P.A. Willman, J. Appl. Phys. 58, 1759 (1985).

8. O. Fukumasa, J. Appl. Phys. 71, 3193 (1992).

9. O. Fukumasa, K. Mutou, and H. Naitou, Rev. Sci. Instrum. 63 (4), 2693
(1992).

10. O. Fukumasa, M. Hosoda, and H. Naitou, Rev. Sci. Instrum. 63 (4), 2696
(1992).

11. J.R. Hiskes and A.M. Karo, J. Appl. Phys. 67 (11), 6621 (1990).

i,

a

]0






