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ABSTRACT

" The results of plasma measurements on a two stage, high
current densitj (~ 50 A/cm®) Hall accelerator hydrogen plasma
are described. These measurements show that though @ T 1is
large so that the electrons are collisionless, the observed
electron conductivity is anomalously high. This arises because
of the existence of a ~ 5 Mhz fluctuation in which the associated
azimuthal electric field drives collisionless electron-drift
currents. Momentum and total energy balances are investigated.
These are consistent with a large wall loss of ions, expected
since the instability dominated accelerating voltage gives a
small ratio of ion Larmor radius to stage length. The electron
energy balance is studied so that this might provide the basis

for a stability analysis.
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1. Introduction

Hall accelerators for fusion applications have been operated
over a wide range of currents and voltages, from ~ few amps at
~ 20 KV to ~ 1 kA at ~ 1 kV, in single stage, two stage and multi-
stage configurations (Morozov 1968, Cole 1970, Zubkov 1972, Cole 1974) .
However low fractions of ion current to discharge current and poor
beam collimation lead to the conclusion (Sweetman 1971) that Hall
accelerators are not competitive with conventional sources of fast
ions, for the energies (10 keV to 40 keV) required for neutral
injection experiments. Although there have been plasma measurements
made on such devices, (Lary 1963, Zubkov 1971, Abramov 1974,

Lomas 1974) these have been far from comprehensive, and it is not
clear why the performance is so poor.

A slow mode of instability has been observed (Janes 1966) to
manifest itself as a spoke-like streamer. This is important if the
neutral density is high, and has been shown to be electrothermal in
nature (Lomas 1975, 1976). However, this paper concerns a discharge
at time ~ 500 ps, after this structure has disintegrated. TPlasma
diagnosis shows the electrons to be collisionless. The current
conduction is discussed in this light, and the dominant plasma
mechanisms examined.

2. The Plasma Conditions

Plasma measurements have been performed on a two stage, high
current device similar to that described by Cole (1970), and whith
is illustrated in figure 1. A ~ 1 kA discharge across the radial
magnetic field stages is formed by breakdown of a puise of ~ 100 mtorr

of hydrogen to give a reproducible current carrying streamer which



lasts for ~ 100 ps (Lomas 1974, 1975). After this time no such
regular structure is observed, though fluctuations occur on a
timescale of ~ 200 ns.

The ion current due to plasma acceleration is determined by a
double plane probe biased to collect ions, but the variation of
this current between anode and cathode in figure 2 contrasts
results obtained in a low current density discharge (Zubkov 1971),
where the ion current reaches a plateau of ~ 3 of the discharge
current by half-way along the first stage. In figure 2 there is
also a plateau in the first stage, but the ion flux increases in
the second stage until at the cathode the ions carry 350 + 50 amp
out of a total 1.0 kA discharge.

The electron temperature, estimated from the ion probe characteristic
at zero bias voltage,allows the absolute and relative Balmer line
intensities to be used to give both electron and neutral H atom
densities when data from the collisional-radiative population model
is employed (Johnson 1973, Bates 1962). Figure 3 shows these three
quantities, n_s N and 'I'e as functions of position from anode to cathode.
Despite the poor sensitivity of the method, the atomic neutral
density can be seen to fall by two orders of magnitude over the
two stages, and this is due to charge-exchange with the ion flux
and depletion of molecular neutrals by dissociative recombination.
The degree of ionisation is still low, S 1% because the electron
density falls alsoe.

Although the atomic ionisation rate is sensitively dependent
upon n_ and Te’ this can be determined from the absolute intensity
of Balmer @ emission in a manner that is only weakly dependent upon

n, and T (Johnson 1973). The ionisation rate determined in this



way is shown in figure 4, where the two peaks correspond to the
beginning of each stage. This is large at the anode since n, and
N are large, but the peak in the second stage is a consequence of
the rise in Te there.

To complete the picture, the axial electric field, measured
with a single point probe, and the applied radial magnetic field

are shown in figures 5 and 6.

3. The Value of Wt

If the magnetic and electric fields are B = (B, 0, 0) and
E = (0, O, EZ) in a cylindrical system, then the generalised Ohm's

Law gives the currents in the plane perpendicular to B :-

a

J = ——F 4 neVZ
Z 1 +((.UT)B
LI (1)
o]
Jg = (sz - wT EZ)

1+ (wr)?
where pressure gradients and azimuthal motions have been neglected.
The parameter WT, the product of electron gyrofrequency @ and elsctron
collision time, T, characterises the current flow. If wT is large,
the electron conduction current J,, = GEZ/1 +(wT)? is small compared
to the current J . = neV, due to accelerated ions, and the
Hall current JG = - neEZ/Br i% due to electron E A B drifts.
However if wT is small, the electron conduction current. approaches
the magnetic field free value and will be larger than any ion
current.

The value of wT can be calculated for the plasma conditions of
section 2, if account is taken of collisions with ions and
neutrals, and is shown in figure 7. ®T is high, typically ~ 100 in

the first stage and ~ 1000 in the second. That this does not give
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the expected low values of axial electron conduction current can be

1
seen by evaluating an effective wT, WT e =('§§E-— 1)§, using the
calculated Spitzer conductivity (Spitzer 1955). This is also plotted
in figure 7, revealing a discrepancy of two orders of magnitude,

demonstrating that the cross-field electron conductivity is much

larger than the collisional value. Notice that this value WT pp does

not indicate an effective collision time since the true collision
time has been used in its evaluation. Rather it indicates an effect-
ive magnetic field strength expressed in a dimensionless form.

Since the electrons are essentially collisionless, there will
be an axial electron.E/B drift current, JZ = neEe/Br, due to an observed
fluctuating azimuthal electric field of magnitude Eg~2X 10* V/M.
This will account for the observed electron current if n_ and E9
are in phase. Unfortunately measurement of the phase relationship
is made difficult by the frequencies, ~ 5 Mc/s, though good correla-
tion between n, and Ee fluctuations has been demonstrated for the
correspondingly lower frequencies seen in a ~ 1 amp, single stage
discharge in Argon (Morozov 1973).

4, The Particle Balance

: - -1
The inflow of hydrogen molecules is 3 + 1. 10%% molecules m ° s

over the annular cross-section of the discharge chamber, whereas
the flux of accelerated ions at the cathode is, by figure 2,

3+ 1. 10°° ions m 2 s”!., The flux of hydrogen atoms obtained from

a Balmer Doppler profile at the cathode is 3+ 2. 10%* atoms

m s l-Although the errors do not preclude a comparable flux of
molecules, it can be seen that the gas efficiency is poor, typically
only 10%.

5. The Momentum Balance

The measurement of ion flux and density allow estimates to be

made of the spatially resolved mean ion energies as in figure 8,

= A S



assuming either H2+ or H' ions to dominate. Also shown is the
energy of an ion freely accelerated from the ancde. Close to the
anode, where the ion mean free path for charge-exchange is only
~ 1 mm, the low ion energies ~ few eV are to be expected, but later
in the first stage where mean free paths arelv 1 cm, the expected
50-100 eV ions are not seen. It is likely that this is a consequence
of wall impact of ions due to Larmor radii being ~ stage length
(Lomas 1975), which would account for the plateau in ion flux over
this stage. In the second stage, ions have energies comparable to
that acquired by free acceleration in the electric field from the
region 6 to 8 cm from the anode, i.e. from the region of peaked
ionisation at the beginning of the second stage, and most of these
ions escape the cathode aperture.

The neutral atom and ion momentum flux densities in the second
stage, are respectively 900 and 800 kg m 's™° to within a factor of
24 the latter assuming the ions to be H. By comparison Hall current
momentum input is 2500 + 500 kg m8 . 50 that, though these balance,
the errors are too large to reveal contributions from either wall

impact of ions or molecular neutrals.

6. The Electron Energy Balance

The terms in an electron energy balance of the form:-

o= 3 kT m 2.5 nk®T?

—=——— % L H4+nNSeE 4+ ————

o T I La
en Mn m v I,

have been examined, where the symbols have their usual meaning.
The first term on the right represents electron cooling due to
collisions with cold neutrals. The result of collisions with ions

is heating by a Spitzer (1955) equipartion between electrons at
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temperature Te and ions of mean energy W eV, H = 10728 (W - Te) ne2
watts/M®. The ionisation energy uses the results of figure 4, where
the ionisation potential is EI = 13.6 eV. Thermal conduction loss
to the walls is characterised by a radial temperature scale length
Lr = 1 cm, half the channel width. In the second stage where the
electron mean free path Aie:;'Lr’ this is flux limited. These terms
are tabulated in columns 2 to 9 of table 1 for various distances
from the anode.

Note that there is a discrepancy between the ohmic heating
estimated from J%ﬁ} and JZeEZ which should be equivalent since wT
is large. This is not wholly unexpected since figure 7 has already
demonstrated that JZe = UEZ/(1 + (WT)?) does not hold. Since current
is expected to flow in the high conductivity regions, the estimate
of J%/0 is unlikely to be affected significantly by fluctuations.
In the absence of fluctuations, the difference JzeEZ - J%AJ represents
the input to directed electron energy. This suggestg that large

powers 100-1000 kW (depending upon the correlation between Jez and

EZ) will be deposited on the anode.

In the first stage the losses due to ionisation, conduction and
neutral collisions balance the ohmic heating due to the axial electron
current. In the second stage, ohmic heating by the Hall currents is
balanced by flux limited thermal conduction. The higher electron
temperature in the second stage is a consequence of the improved
thermal isolation brought about by flux limited conduction.

7« The Total Energy Balance

Using an analysis similar to the proceeding sections, the total
energy balance of table 2 has been compiled. The lower limit on energy

deposited on the anode is estimated from the surface melting time (Lochte-
-6 -



Holtgreven, 1968). Although balance is obtained, this is not
sufficiently accurate to demonstrate energy loss due to wall -
impact of ions, though this may be as large as 50% of the energy
input. The ratio of total output power in ions and neutrals to
total input power confirms Cole's calorimetric estimate of 60%
(Sweetman, 1971, Cole 1971). A large fraction of the output power
appears in the neutrals, and this could be of interest for neutral

injection experiments.

8. Conclusions

Measurements of plasma conditions for a 1 kA Hall accelerator
discharge in hydrogen after the disappearance of spoke structure
reveal that, though wT is large, i.e. the electrons are collisionless,
the discharge current is still carried.predominantly by electrons
in contradiction of the simple theory. The current conduction is
in fact dominated by fluctuating azimuthal electric fields. Low
ion energies attributable to wall impact are deduced for the first
stage. ©Second stage ions are freely accelerated out of the devi;e
to give the characteristic highly divergent beam.

The electron energy balance is dominated by ohmic heating, thermal
conduction loss and ionisation. However, in the second stage, the
long electron mean freee path limits the conduction loss so that over-
all the electrons only appear to contribute a smail fraction to the

total energy balance. A large fraction of the energy appears in the

neutrals. A large energy loss due to ion-wall inpact is not incon-

sistent with the observations.



The results and discussion here presented allow stability
to be examined (Lomas 1975) and this will be reported elsewhere.
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TABLE 2. THE TOTAL ENERGY BALANCE

Item Power kW Accuracy
Total power input 1500 15%
Ion beam power output 300 10%
Neutral beam power output koo factor 2
Electron ionisation and 4o factor 2
conduction loss
Power into anode 2 100 factor 2

=48 =




/7 =
////////
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Fig.1 The two stage Hall Accelerator showing A anode, B iron
magnets, C cathode, D coils, E wall, F gas valve, G ports.
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Fig.2 The axial variation of the total current carried by
the ions at time 500 us after initiation of the discharge.
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Fig.3a The axial dependence of electron temperature Te.
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Fig.3b The axial dependence of electron and neutral
densities n, and N(m™).
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Fig4 The ionisation rate between anode and cathode at 500 us.
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Fig.5 The axial electric field at 500 us between anode and cathode.
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Fig.6 The applied radial magnetic field.
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Fig.7 The value of cor at time 500 us calculated from graphs 3. Also shown is

the “effective’ cor determined from the observed cross-field electron conductivity.
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Fig.8 The mean ion energy calculated from the ion current and n, assuming
either HY or HY ions dominant. Also shown dotted is the energy of a single
charge freely accelerated from the anode in the electric field of Fig.5.
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