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ABSTRACT

Further hot-ion plasma experiments were conducted in the NASA
Lewis HIP-1 magnetic mirror facility. A steady-state E x B plasma -
was formed by applying a strong radially inward dc electric field near the
mirror throats. Most of the results were for hydrogen, but deuterium
and helium plasmas were also studied. Three water-cooled hollow
cathodes were operated in the hot-ion plasma mode with the following
results: (1) thermally emitting cathodes were not required to achieve
the hot-ion mode; (2) steady-state operation (several minutes) was at-
tained; (3) input powers greater than 40 kW were achieved; (4) cathode
outside diameters were increased from 1.2 cm (uncooled) to 4. 4 cm
(water-cooled); (5) steady-state hydrogen plasmas with ion temperatures

from 185 to T70 eV and electron temperatures from 5 to 21 eV were pro-
duced. Plasma discharge I-V characteristics were determined. Scal-
ing relations were empirically obtained for discharge current, ion tem-
perature, electron temperature, and relative ion density as a function

of hydrogen gas feed rate, magnetic field, and cathode voltage. Neutrons
were produced from deuterium plasmas, but it was not established whether
they came from the plasma volume or from the electrode surfaces.
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SUMMARY

Fuither hot-ion plasma experiments were conducted in the NASA
Lewis HIP-1 magnetic mirror facility. A steady-state E X B plasma
was formed by applying a strong radially inward dc electric field near
the mirror throats. Most of the results were for hydrogen, but deuter-
ium and helium plasmas were also studied. Three water-cooled hollow
cathodes were operated in the hot-ion plasma mode with the following
results: (1) thermally emitting cathodes were not required to achieve
the hot-ion mode; (2) steady-state operation (several minutes) was at-
tained; (3) input powers greater than 40 kW were achieved; (4) cathode
outside diameters were increased from 1.2 cm (uncooled) to 4.4 cm
(water~cooled); (5) steady-state hydrogen plasmas with ion tempera-
tures from 185 to 770 eV and electron temperatures from 5 to 21 eV
were produced. Plasma discharge I-V characteristics were deter-
mined. Scaling relations were empirically obtained for discharge cur-
rent, ion temperature, electron temperature, and relative ion density

as a function of hydrogen gas feed rate, magnetic field, and cathode
voltage. Neutrons were produced from deuterium plasmas, but it was
not established whether they came from the plasma volume or from the
electrode surfaces. .



INTRODUCTION

This report presents further resulis of the hot-ion plasma exper-
iments conducted in the HIP-1 facility at the NASA Lewis Research
Center (LeRC) (refs. 1 and 2). HIP-1 is a water-cooled magnetic
mirror facility with a mirror ratio of 1. 82 and maximum magnetic flux
density of 2. 15 tesla at the mirrors. A steady~state plasma is formed
by applying a radially inward dc electric field {several kV/cm) near the
throats of the mirrors. The mutually perpendicular electric and mag-
netic fields cause the plasma to rotate (drift) in the azimuthal direction.
This azimuthal motion provides a kinetic energy input, predominantly
to the ions. Randomization of this energy and enhancement of ion heat-
ing may be due primarily to oscillations (refs. 3 and 4). In previous
experiments conducted in SUMMA (Superconducting Magnetic Mirror
Apparatus) at LeRC (refs. 5 and 6), this plasma heating process pro-
duced ion temperatures in the kilovolt range for hydrogen and helium
plasmas.

The purpose of this report is to document the results of the first
application of water-cooled hollow cathodes to this heating process.
Water-cooled anodes and floating shields were first developed in SUMMA
to prevent the electrodes from melting at high power inputs (refs. 5 and 7).
The cathodes in SUMMA were not water-cooled, but they could absorb
the high power input without melting because they were made of tungsten.
However, long-term steady-state operation required a heat removal
process thal was more effective than the simple conduction and radiation
processes employed in the uncooled tungsten cathodes.

The principal diagnostic tool used in this investigation was an optical
monochromator to estimate ion temperatures and relative ion'density via
Doppler line broadening, and electron temperatures via line-intensity-
ratio techniques. Neutron production in deuterivm plasmas was also
monitored. .

The reproducible, steady-state performance of the compiletely
water-cooled elecirode system in HIP-1 has permitted a careful doci-




mentation of the plasma discharge. Current versus voltage character-
istics, and preliminary scaling relations for the dependent variables as
a function of the independent variables are reported for the first time.
Simple power law relations were assumed for the scaling relations. The
scaling relations were obtained only for hydrogen plasmas, but deuterium
and helium plasmas were also produced with the water-cooled cathodes.
Three water-cooled cathode geometries, ranging in outside diameter
from 2.9 to 4.4 cm, were tested. The previously used uncooled tungsten
cathodes were 1.27 cm in outside diameter (ref. 2).

APPARATUS

The HIP-1 facility was constructed at NASA Lewis Research Center
to develop a hot-ion plé.sma source for use in thermonuclear research.
It is operated from 2 control room adjacent to the test cell, The magnets
and test section have been described briefly in reference 2.

Magnet

Two water-cooled copper solenoids serve as mirror magnets. They
produce a maximum steady field of 1.18 T at the midplane of the test sec-
tion and 2,15 T at the mirrors {mirror ratio of 1.82).

Plasma Test Section

A schematic view of the plasma test section and magnet configura-
tion is shown in figure 1. The test section is a water-cooled cylinder
made of type 304 stainless steel. Its inner diameter is 25 c¢m and its
length is 1.63 m. Diffusion pumps at each end of the test section evac-
uate it to a base pressure of about 5><1D"7 torr.
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A quartz window at each end port of the test section provides a good
view, via a mirror, of the plasma and electrodes. Quartz or borosilicate
glass windows on the midplane ports provide access for the monochroma-
tor diagnostics and for direct visual observation of the plasma.

Facility Instrumentation

A schematic of the gas fuel System is'presented in'figure 2. The flow
meters and a magnetically shielded ion gauge on the test section have
remote readouts in the control room. Variable leak valves are used in
'éonjunction with two pressure regulators to set the mass flow rates at
the east and west hollow~cathodes and at the fest-section midplane.

A schematic of the electrode high-voltage circuit is given in figure 3.
The primary power supplies (rated at 10 kV, 10 A each) were connected
in series. They were operated successfully up to 23 XV. An on-off
high-voltage vacuum switch, mounted in one of the power supply cabinets,
is operated remotely from the control room. The cathode currents were
measured with floated ammeters. Cathode currents were also measured

‘remotely from the control room with high-voliage-isolated de current
sensors. At higher currenis and voltages, the dc current sensors gave
grossly inaccurate readings due to r.f.i. plasma noise. The anode cur-
rents were also measured remotely from the control room with one ohm
current shunts.

Electrode Assembly

The location of the anodes, cathodes, and electrically floating shields
are shown in figure 1. A photograph of an electrode assembly is shown in
figure 4. A magnetic field-line plot is superimposed on the outlines of the
electrodes and test section in figure 5. The anodes were located 2.8 cm
outside the mirrors. The cathode {ips were located about 7.7 cm from the



anode midplane. (We have not established an optimim_location for

the anodes and cathodes within the mirror throats.) A photograph of

the uncooled tungsten cathode and three water-cooled. cathodes are shown
in figure 6 and cut-away views.of the cathodes are shown in figure 7.

The three water-cooled cathodes: are referred to as.no:.1, no..2;

and no. 3 in the order of increa,sing inner diameter, These cathodes werst
fabricated (ref. 8) from standard copper tubing and tube fittings and from
simply machined paris for the water distributors near the tips.

In each water-cooled cathode, a tube fed cooling water into a small
chamber between the distributor plate and the tip face of the cathode.
Multiple small holes in the distributor plate allowed the water to circulate
back to an exhaust tube, cooling the walls. With this construction the
coldest water always circulated across the face of the cathode. The
13 mm stem piece was fabricated from stainless steel. The pieces were
silver soldered or brazed together.

The water-cooled anodes were helixes wound with two loops of cop-
per tubing. Table I lists the pertinent dimensions for the corresponding
cathode-anode pairs. The dimensions of the annular gap between the
cathode and anode were based on past experience, but they were not
necessarily optimum.

The electrically floating shields, which were alsc water-cooled,
protect the cathode support insulators from charge-exchange and ion
bombardment, and prevent arcing along magnetic field lines from cath-
ode to ground.

Most water-cooled elecirode components were fabricated from cop-
per. To minimize sputtering, the copper surfaces exposed to energetic
plasma were coated with tungsten via a commercial plasma flame-
Spraying process.

Whenever a major change was made in the electrodes or in the test-
section interior, a break-in or conditioning period of hours to days of
operation was required to obtain high-voltage high~current operation
without excessive arcing. Conditioning periods were longest for those
parts that had a large surface area with tiny, sharp-pointed surface ir-
regularities such as the tungsten flame-sprayed electrodes.



PLASMA DIAGNOSTICS
Optical Spectroscopic Diagnostics

Apparatus. - The emission spectroscopy apparatus for determin-
ing ion and electron temperatures is shown in figure 8. It was located
at the test-section midplane and viewed the plasma perpendicular to the
magnet axis. The vertical centerplane (defined as a vertical plane con-
taining the magnet axis) was focused on the entrance slit of the mono-
chromator with a lens. Between the lens and the entrance slit the beam
was rotated 90° with a beam rotator. A stop was provided to reduce the
vertical height of the beam. The beam cross-section at the vertical
centerplane was determined by the size and shape of the entrance slit.
The beam cross-section was approximately 2 mm in the vertical direc-
tion and 26 mm parallel to the magnet axis. An adjustable screw at the
base of the monochromator stand was used to make vertical scans
(fig. 8). For the work reported here the monochromator was focused
across the centerline of the plasma so the quantity y in figure 8 was
zero. The grating monochromator employed an /8.6 1/2 m Ebert
mounting with curved slits. The reciprocal linear dispersion was
1.6 nm/mm in first order. A photomultiplier with extended S-20 photo-
cathode was used for detection. It was magnetically shielded and cooled
with air that came from a vortex tube refrigerator.

Ion temperature, relative ion density, and charge-exchange loss
determination. - Observations of the Doppler-broadened Balmer H o
line emission were used to obtain a chordal average of the ion temper-
ature and the relative ion density at the midplane. Figure 9 shows a
typical H, line profile taken in HIP-1. There is an intense narrow
component due to electronic excitation of cold and Franck-Condon
neutrals. The wide componernt was assumed to be due primarily to
simultaneous electronic excitation and charge exchange by the reaction

H;:’ + Hy ~ He(n = 3) + H; (0



where the subscript £ stands for "fast'*and n 1is the principal quan-
tum number. The emission spectra from Hf(n = 3) is Doppler broad-
ened because the Hf has essentially the same velocity as H%" Hence
the width (or second moment) of the wide component of the H,, line was
used to obtain the I-If ion temperature averaged across the mldplane
diameter. The ion temperatures were obtained by the methods described
in reference 9.where it was assumed that reaction (I) predominates.
Reaction (I) will predominate if the plasma is small in size and hag a low
enough electron density (roughly 1022 em™3 tor 2 5 em diameter plasma),
"and the following reactions can be neglected.

H'f*+a»Hf(n=3)+H”" - m
H§f+H2-Hf(n=3)+H(n=1)+H§ (I0T)
Hy; + H = Hyn =3) + H} av)

Reactions (II) and (IV) can be neglected if the degree of dissociation
of Hy to H is small. In the present experiment H, is fed in at the
cathodes and is also created by recombination on the metal walls, Ap-
proximate calculations showed that the mean free path for the disappear-
ance of Hz was the same order of magnitude as the plasma radius.
Since Hz originates both at the cathodes and at the walls it was assumed
that the degree of dissociation to H was small. Reaction (III) can be
neglected if the number density of Hg is much less than the number den-
sity of  H" (reaction (III) has a larger cross-section than reaction (I)
(ref. 10)). Both the neutral particle spectrometer resulls (refs. 2 and 5)
and an approximate composition calculation indicate that H’i’ is present
in the HIP-1 plasma. The H2 density was estimated to be }.ess than

15 percent of the H1 density. Thus, the neglect of reaction (I1I) needs
further study.



The wide components of the H, line are also useful for estimating
a-relative value! of the product of mn density and neutral density averaged
across a.chord. The rate of production of H wide~component photons
is assumed proportional to n N (T, 75 , where the symbols are defined
in the APPENDIX. Hence the area A of the wide component curve of

figure 9 is given by the proportionality

A =0 (G V;) (1)
or
= A
. o 2)
M s o (

In the absence of a plasma the test-section pressure was proportional
to the gas feed rate G. If it is further assumed that ﬁo is proportional
to G when plasma is present in the test section, the relative ion density

n; is obtained from equation (2) as

giocmé_,._ (3)
&(T,v;)

The quantity (¢ avi> depends only on the H' jon temperature; it was
calculated using the optical cross sections for reaction (I) and is shown
in figure 10 as a function of ion temperature.

The power ¢ lost from the plasma by charge exchange via reaction (I
is proportional to. the quantity

q 'ﬁoﬁi< chﬁ) (4)

is the charge-exchange cross -section for the reaction

where gg c



HE+HZ—-Hf(n=1)+H'§ (V)

It is assumed that the sum of the charge-exchange cross sections
for producing electronically excited states can be neglected compared
to %e: Equation {4) also neglecis chgrge»exuchaxage loss by reaction (1),
The cross section Oge WAS obtained from references 11 and 12, Values
of (cr cvf) are plotted as a function of Ty in figure 10. Combining equa-
tions (2) and (5) gives the proportionality used for ¢

qe Megot) ®)

Electron temperature determination. - A radial average of the elec-
tron temperature was obig.ined by observing the emission intensities of
the optically thin He '7086.5 and 728. 1 nanometer lines (fig. 11) and taking
the ratios of the intensities (or areas) as described in reference 8. To
make this measurement in hydrogen plasmas it was necessary to add
10 percent helium by volume to the hydrogen.

Neutron Monitoring System

Beecause a fast neutron is non-ionizing particle, to detect the 2.45 MeV
neutrons from the D{d, n)3 He reaction it is necessary to utilize an inter-
mediate reaction. Boron 10 has a high capture cross section for slow
{thermal) neutrons, therefore, a Geiger tube filled with enriched (98 per-
cent IO‘B} BFS was used to detect slow neuirons by the following reaction,

0p 4 n ~ 4He + ?Li-%Q ' (vI)

Sinee the alpha particle (_‘%He) is produced in the Geiger tube, it is counted
indicating that a neutron has been captured.
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The HIP-1 neutron monitoring system consists of 5 commercially
available Geiger tubes wired in parallel (fig. 12). The tubes are em-
bedded in a block of paraffin 20 cm X 20 em X 30.cm; the purpose of the
paraffin is to thermalize the neutrons so they will be captured by the
mB in the Geiger tubes. A several MeV neutron is slowed to thermal
velocities (0. 025 eV) in about 50 successive colligions with protons.

The output of the Geiger tubes goes to a preamplifier and thenfoa
scaler. The high voltage power supply is incorporated in the scaler
chassis. A timer gates the scaler on for a preselected counting time.

To calibrate the system, a Californium 252 neutron source of known
activity was used. The source was placed ingide the test section at the
midplane. The detector assembly was placed under the HIP-1 facility
at the midplane. With the axes of the Geiger tubes oriented perpendicu-
lar to the magnetie field lines, the counting rate did not ehange when the
midplane magnetic field was varied from zero to 1.1 T. This calibration
provided an approximate attenuation factor from source to counter so thal
the actual neutron production rate in HIP-1 could be estimated.

DISCUSSION OF RESULTS
Current Versus Voltage Characleristics of the Plasma Discharge

Figure 13 shows two hydrogen discharge I-V curves for the HIP-1
hot ion plasma process. The lower curve is typical of operalion atl either
low magnetic fields or low gas feed rates. The upper curve is for opera-
tion at either high magnetic fields or high gas feed rates. .Gas was.
fed through the hollow cathodes. The voltage applied to the cathodes was
the independent variable and the current was the dependent variable. The
current refers to the power supply current, which was equal to the sum of
the cathode currents. For the data reported here the sum of the ancde
currents was also equal to the power supply currents.
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There are two fairly distinct plasma modes revealed in the upper
curve of figure 13. At low voltages the I-V curve was fairly steep:
this is referred to as the low-resistance mode. At highér voltages the
1.V curve was almost flat: this is referred to as the high-resistance
ion-heating mode. In the region near and just to the right of the peak of
the curve, the plasma developed a low frequency (60 to 100 Hz) unstable
operating mode. At higher values of current (associated with higher
gas flow rate and/or magnetic field) the cathode voltage oscillation be~
came a significant fraction of the dec voltage level. The oscillation was
probably reinforced by the operating point moving back and forth across
the sharp current peak. Since the power supplies were filtered for
360 Hz (with 2 normal 360 Hz ripple of 1.5 percent), the 60 to 100 Hz
oscillation was almost uncontroliable. Therefore, operation near the
peak was avoided. This may be a feedback interaction between the power
supply and the plasma. Therefore the shape of the I-V™ curve near the
peak might be altered if lower frequencies were properly filtered in the
power supply. These low frequency oscillations have also been cbserved
when there was inadequate pumping speed. The plasma exhibited visible
low frequency flickering when the number of vacuum pumps was reduced.
As the number of vacuum pumps was increased, the gas flow rate had to be
increased to maintain the same current, but the plasma ran steadier.

At lower gas flow rates and/or magnetic fields, there was a smooth
transition (low frequency oscillations were absent) from the low-resistance
to the high-resisiance mode as the applied voliage was increased (see
lower curve of fig. 13). '

Most of the resulis reported herein were faken in the high-resisiance
ion-heating mode. In this mode the hydrogen plasma was characterized
by an annular halo at the midplane of the magnetic mirror (fig. 14); in-
side the halo was a cylindrical column of plasma that conformed to the
magnetic field lines that are tangent to the internal diameter of the anode
rings. The narrow halo glow al the midplane is probably due to ions
trapped with almost pure iransverse velocities at the minimum-B part of
the magnetic mirror (ref. 13). After a few hours of operation, the mid-
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plane viewing-port windows become coated with a layer of metal sput-
tered from the test section walls. But there was always a vertical stripe
(about 3 cm wide) at the midplane without any metal.coating. It is believed
that the metal was sputtered off thig stripe by the fast charge-exchange
neutrals emerging from the plasma. These charge-exchange neutrais must
have almost pure transverse veiocit—y if they strike near the midplane of

the viewing port which is about 36 cm from the magnetic axis., After
several minutes of high power operation, the viewing port windows and
their flanges become hot to the touch.

At high currents, the low-resistance mode is characterized by a
bright, noisy (r.f.i.), low ion-temperature plasma in which the halo
was not visible.

The general shape and characteristics of the I-V '™ curves are about
the same for either one or t{wo anodes although detailed plasma properties
may be sensitive to the number of anode rings. A comparison of ion tem-
peratures for one-anode and two-anode operation is presented in a later
section.

Effect of gas flow rate on the I-V' characteristics. - Figure 15 shows
a set of I.V curves with gas flow rate as the parameter and with magnetic
field held constant. As seen from the curves, current was very sensitive
to the gas flow rate. Actually, the current is probably sensitive to the
neuiral background pressure rather than the gas flow rate per se.

During steady-state operation, the current underwent a slow cyclic
variation,” typically from™0: Tto 1.0 A {(with a petiod of a fraction of a
minute to minutes)., The data was usually taken at the minimum current
point. The test section pressure was observed to vary in phase with the
current. ‘The caude of the pressure variations have not yet been explored.

hffect of magnetic field on the I~V characieristics. - Figure 16 shows
a set of 1.V curves with midplane magnetic field as the parameter and with
gas flow rate held constant. Comparing figures 15 and 16 it is observed
that both magnetic field and gas flow rate have the same qualitative effect
on the I-V characteristics. As with gas flow rate, the current increased
with increasing magnetic field over most of the voltage range. Actually
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at low voltages the current decreased with increasing magnetic field
although it is somewhat difficull to see on figure 16.

Effect of gas feed location on the I-V characieristies. - The effect
of gas feed location on the 1.V characteristics at constant gas flow rate
and magnetic field is illustrated in figure 17. The gas feed arrangements
were: (1) east cathode gas feed only; (2) west cathode gas feed only; and
(3) gas flow equally divided between the east and west cathodes. In each
case the gas flow was adjusted to give an anode current of approximately
one-half ampere at twenty kilovolis. Because of ihe exireme sensitivitly
of current to gas flow rate, conditions were never maiched perfectly. As
seen from figure 17, the gas feed location did not significantly affect the
I.V characteristics as long as the gas was introduced through ihe hollow
cathodes.

With hollow cathode feed, the discharge could be operated at any
midplane magnetic field up to the limits of the magnet facility, 1.1 T.
However, when the gas was introduced at the midplane of the test section
wall, rather than through the cathodes, the discharge would operate at
midplane magnetic fields up to about 0.9 T. At higher magnetic fields,
low frequency oscillations developed (2 60 Hz) and the plasma ran so un-
steadily that the power supply current-limit gwitches would trip.

Functional Dependence Among Plasma Variables

In this experiment, the independent variables are gas feed rate, gas
feed location, magnetic field, cathode voltage, vacuum pumping speed,
electrode geometry, electrode cooling, and gas used io form the plasma.
The dependent variables are ion temperature, ion density, neutral density,
electron temperature, electric field, plasma azimuthal drift velocity,
cathode currents, anode currents, other stray currents, percent dissocia-
tion, ete. Most of the dependent variables also depend on ihe spatial co-
ordinates. This section shows how jon temperature, relative ion density,
electron temperature, and the ratio q/P scaled with mass flow, magnetic
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field, and cathode voltage. The electrode geometry consisted of cath-
odes no. 3 at both the east and west ends, and an anode ring at the west
end only. Gas was fed only into the east cathode. All four vacuum pumps
were used for these studies. The range covered by the independent vari-
ables was: hydrogen flow rate, 0to 0.7 sces; midplane magnetic field,
0.7 to 1.1 T; and cathode voltage, 13 to 22 kV. The range of data is
quite limited, and therefore the interpretation and extrapolation of re-
sults must take this into account. Simple power-low relations were ob-
tained by assuming straight-line fits to the data plotted on log-log paper.

Most of the data points that were used to obtain the functional relations
were an average of at least three sets of data. Unless otherwise noted,
when the plasma exhibited a slow cyclic variation in the anode current,
the data were always taken at the lowest current point in the cycle.

In the following sections, functional dependences for the relative H'
ion densities, n;, were determined from equation (8). To obtain equa-
tion (8), it was assumed that n, « G, It would be more correct to pre-
sent functional dependences of "ﬁoﬁi. When the functional dependencies
are summarized at the end of this section, both ﬁoﬁi and Ei (ﬁo « G)
functional relations are presented.

In the following sections, the Doppler-broadened Balmer- H,,-line~
emission measurements were obtained on plasmas made with 1(50 percent
Hz gas feed; to obtain the electron temperatures it was necessary to add
10 percent helium by volume to the Hz gas feed. Thus, although the
results obtained from the H,, measurements and the results for T are
both plotied on the same ﬁgure they came from different plasma runs

Dependence on gas flow rate (B and V fixed). - Figure 18 is a set of
log-log plots that show the dependence of T;, n;, L, ¢/P, and T, on G
with B and V held fixed. Using straight-line fits to the data of fig-
ure 18, the following functional dependences were obtained.
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7, w gl ) (62)
5ec®? @ «aq) (6b)
&(B,V fixed)
4.7 .
TG (6¢c)
Te o G-].n 3 (6d)
y

The increasing ion temperature probably reflects the increased
power input that accompanied increased gas flow rates. The decreasing
electron temperature with increased gas flow rate may be because both
the ion and neutral densities increased, decreasing the mean free path
for electrons. Eliminating G from equations (6b) and (6¢) reveals that
the current increases as the square of the ion density for fixed B and
V.

Dependence on midplane magnetic field (V and G fixed). - In fig-
ure 19 T, ﬁi, I, ¢/P and T, are presented as a function of B with
V and G held fixed. The ion temperature rises rapidly at low magnetic
fields and then tends to level off. It is difficult to obtain a elear trend
for Ti from these results. Thus the derivation of an approximate scaling
relation between Ti and B will be deferred until additional results are
presented for the case where voltage and current were held constant. A
summary of the scaling relations from figure 19 are as follows.

T;  not clear A (7a)

o g2 6 (1_10 o G) (o)
> (V,G fixed)

I g4 2 (Tc)

T, < B9 (7d)
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In figure 19 the ratio of charge-exchange power loss to input power
inereases fairly rapidly with increasing B. This suggests that some
other loss mechanism is reduced as B increases. One obvious loss
mechanism that should vary inversely with B is charged particle dif-
fusion across magnetic field lines. Figure 32 from Appendix B shows
that the mean ion residence time, Ty s increases rapidly with B.

Dependence on cathode voltage (G and B fixed), - Figures 20(a)
and (b) show plots of T ng, I o/B and T, as a function of V with
G and B held constant. Figure 20(a) is for an anode current level of
about 0.5 A, and figure 20(b) is for about 1.1 A. T, was not obtained
for figure 20(b). It is reassuring to note that the corresponding slopes
for ion temperature at the two current levels were essentially the same;
likewise for the ion density. The straight-line fits for the data of fig-
ure 20 are summarized below,

Ti xV (8a)
- -3.1 -
o, < v (ﬁo < G) (8b)
> (G, B fixed)
I « constant ‘ (8c)
T, o VO ¥ ) (8)

Probably the most significant new result in this report is the nega-
tive slope (minus 3.1) for the ion density curve. (Since the cathode cur-
rent does not increase strongly with cathode potential, it does not appear
that the cathodes pull appreciably more ions :)ut of the plasma as the
cathode voltage is made more negative.) A drop off in ion density can be
predicied from power balance considerations. For the data given in fig-
ure 24, the ratio of power lost by charge exchange to the power lost as
charged-particle kinetic energy ranged from 5. 7 to 9.8. This ratio is
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given by (—%— (EE» / (3 KT, (Tovg) + {Oy7y) )) (see Appendix B

for the determination of (; V) and (0;V;): ). If reaction (III) were
also included, the above ratlo would be even larger. Thus, the domi-
nant loss mechanism seems to be volume charge exchange. The plasma
energy balance therefore requires that

nn< gcf>0CIV=P (9) .

/3

From figure 10 \ crgcv1> scales as Ty in the range of Ti from 200

to 400 eV. G was constant, so HO was assumed to be constant. Meas-

2.3

ured I was approximately constant. Using this information in equa-
tion (9) gives the following relation:

— v

n., <

i
3 2.3
<Uch1> T

Since ion temperature scaled as Vl' 4 or greater, we get

MV o 1 (10)
V3' 2 v2. 2
Since <cr gcvf ) has a stronger dependence on cathode voltage (via the ion

temperature) than does the input power, the steady-state ion density must
decrease with increasing cathode voltage to maintain a steady-state power
balance. The implications of this calculation are sufficiently important to
warrant a more careful study of how power~balance requirements can affect
the steady-~state plasma parameters. By achieving burnout conditions, the
charge-exchange loss can be reduced from a volume effect to a surfacg ef -
fect. By improving vacuum pumping, through the use of larger ports and
possibly titanium walls, the neutral background density may be reduced
which also leads to a reduction in charge-exchange cooling. - We have
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evidence both from reference 2-and from our. present studies that im-.
proved vacuum pumping does indeed improve ion temperatures, an effect
that may possibly be attributed to reduced charge-exchange cooling.

In reference 3, it was suggested that ion temperature would scale
as the square of the cathode voltage. This variation resulied from the
simple assumptions that the ion temperature was proportional to the
E X B drift energy of the ions, and the electric field, E, was propor-
tional to the cathode voltage. For the data shown in figure 20 the ion
temperature has a slope of about 1.4. Some data taken with two anodes
suggest a range of slopes from 1.4 to 2. The slope of the two-anode
data increased with increasing gas flow. Further experiments are needed
to clarify the effects of anode geometry and cathode voltage on ion tem-
perature.

Twao possible reasons why the electron temperature increased with
cathode voltage in figure 20(2) are: (1) the electric field is stronger;
and (2) the ion density decreased. Both of these effects increase the
electron mean free path,.

Dependence on midplane magnetic field (V and I fixed). - When
the plasma is in operation, the only dependent variable that can be
directly measured (without data reduction processes) is the anode (or
cathode) current. Therefore, it was possible to experimentally deter-
mine the effect of varying B while maintaining constant I and V.

This was done by readjusting G for eachnew B setting. Figure 21
shows how the various plasma parameters vary with B when V and I
(anode current) are held constant. Using straight-line fits to the data in
_ figure 21, we obtain the following dependences:

Ti o B"'G- 7? - ™ (113)
m, BB @ @)}, vetixed) (115)
G« p~0-67 J (11c)
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Eleciron temperatures were not obtained for these conditions. . The
ion density dependence is somewhat better than the B2 relation pre=
dicted by the analysis of reference 3. In reference 3, a dispersion rela-
tion predicting the onset of the lower hybrid ion heating instability was
used to obtain the B2 scaling law. That analysis did not consider all
the possible independent variables that could affect ion density. It has alse
been suggested (ref. 3) that the random ion energy is proportionai to the
E X B drift energy which would make T; scale as 1/B2.

The ratio of charge-exchange power loss to power input incréased
with increasing magnetic field. This again suggests that some other
power loss mechanism (such as charged particle diffusion) decreases
as the magnetic field is increased.

summary of functional dependences and their implications. - 1The

simple and approximate scaling relations obtained from figures 18 through
21 are summarized below.

1.55a,1. 4

T; < G \' (12a)

7 o 2 4g5-6y-3.1. (ng < G) (12b)
A, o G3-45. 6‘”‘7-3. 1. (12¢)
e gdTgd-2 (124)
T, o a1 3g-5- Qvo.45 (12e)

The value of a in equation (12a) is estimated, by comparing the relations
given in equations (11) and (12). Eliminating G between equations (12a)
and (12c¢) gives

T, « 1032537134y 1.4 (13)
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Egquating the powers of B in equations (11a) and (13) (nei:é that I
and V are fizxed in equation (11a)), we obtain a = 0.57. Thus
the approximate expression for Ti. is

T, « gh °p0- byl 4 (14)

Current, magnetic field, and cathode voltage are the parameters
that closely relate to the experimental hardware limits. Ion tempera-
fure, electron femperature, and relative ion density can be expressed
in terms of I, B, and V by using equation (12d) to eliminate G from
equations (14}, (12b), (12¢), and (12e). These manipulations yield the
following relations

T, o 10 3p70- 8yl 4 (152)

5, o 1053 5y-3: 1 (15b)
5 7, e 10- T2 By~3-1 (15¢)
T, o 170 374 Ty0. 45 (15d)

When equations (15) are compared with equations (11), they are not
mathematically gself-consistent. However, the trends expressed in both
sets of equations are in agreement. These disparities are not unexpected
in view of the approximate nature of these power law relations.

Depending on the applications for this plasma, various combinations
of the values of n;, T;, and T, may be desired. Scaling relations, such
as those developed here, should prove useful in achieving these require-~
ments, These relations should also prove useful in formulating a physical
model of the plasma.

Application of functional relations to HIP-1 results. - The scaling
relations for T; and T, equations (15a) and (15d) respectively, were
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applied to all the data taken on the water-cooled cathodes no. 3 with one
anode. The results for Te are plotied on figure 22 and those for Ti
are found on figure.23. The correlations were fairly successful in pull-
ing the data together along straight lines that pass through the origin.
The scaling relation for Ti is applied to the data fpr -other cathode-
anode geometiries in the next section. o

For similar hot-ion plasma experiments conducted in SUMMA (ref. 5),
T, was found to correlate rather loosely with the quantity VI/B. The T,
results for the water-cooled cathodes reported here for HiP-1 did not cor-
relate with VI/B. We have not yet attempted to apply equation (15a) to the
SUMMA data.

The effect of cathode and anode geometry on ion temperatures. - In
our tests heretofore, we used a matched pair of anodes and cathodes at
each mirror throat. The need for two anodes was questioned because
the elecirical conductivity along magnetic field lines was believed suffi-
cient to maintain the same plasma potential distribution and hence the
same ion heating by E X B effects with either one or two anodes. There-
fore, tests were made with water-cooled cathodes no. 3 to compare the
ion temperatures produced with one and two anodes. The single anode
was operated in its usual location. One-anode operation was as stable
over as wide an operating range of current, voltage, and magnetic flux
density as two-anode operation. Figure 23, (presented in the last section),
shows the ion temperature results for one anode. Figure 24, shows the
ion temperature results for two anodes. Again the data cluster along a
straight line passing through the origin. However, the slope for the two
anode line is about twenty percent greater than the slope for the one anode
line. These results reveal that ion heating is more effective with two
anodes than with one anode. This indicates that anode geometry effects
should be more completely explored.

Ion temperatures obtained from the tests of water-cooled cathodes
no. 1and 2 were also plotted against the scaling parameter given by
equation (15a). These resulls are presented in figures 25 and 26 for
cathodes no. 1 and no. 2, respectively, These data did not correlate
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as well as those for cathode no, 3, Buf this is not surprising since .
cathode geometry is an independent variable that has not been ineluded
in equation (15a). Furthermore, these data were not all taken at the low
current point when c¢yclic variations in current exisfed. The resulls of
figures 2b and 26 demonstrate that these smaller cathodes produced sig-
nificantly higher ion temperatures than the larger diameter cathodes no. 3,
Scatter of the data was such that ion femperature measurements alone
could not distinguish between cathodes no. 1 and no. 2. For straight line~
fits that intersect the origin in figures 206 and 26, the slope is about 40 per-
cent higher than for cathode no. 3 (fig. 24). But since cathode no. 3 pro-
duces more than twice the plasma volume of cathodes no. 1 or 2, its ion
heating effeciiveness is at least as good as the smaller cathodes.

For helium plasmas, the highest ion temperatures measured were
1726, 1710, and 1350 eV for cathodes no. 1, 2, and 3, respectively.
The helium ion temperatures measured in SUMMA (ref. 5) were signifi-
cantly higher than those reported here for HIP-1. We believe that
SUMMA's superior vacuum pumping-accounts for, the better ion heating..

Neutron Monitoring Results

When deuterium plasmas were formed, neutrons were produced.
Typically the total neutron yield was estimated to be about 106 neuirons
per second for cathode vollage and tofal anode current of 22 KV and 1 A,
respectively. The production of neutrons confirms the presence of ener-
getic plasma pariicles indicated by the Doppler-broadened Hf@ lines.
The functional dependence of neutron count rate was obtained for the fol-
lowing cases: (1) vary G, hold B and V fixed; (2) vary B, hold V
and G fixed; (3) vary V, hold B and G fixed; and (4) vary B, hold 1
and V fixed. Log-log plots of the results of these four cases are shown
in figures 27 through 30, respectively. There was no attempt to experi-
mentally determine whether these neutrons came from surface or volume
reactions as was done in reference 14. However, the functional depend-
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ences presented here provide some insight into the orlgm of the neutrons.
Volume neutron production rate is proportlona.l to n1<0DDv ., where
opp 18 the thermonuclear cross sectmn for the D(d, n) He reaction and
(oppVy 18 the reaction rate averaged over a Maxwe Ilidn energy distribu-
tion. For the data presented here, the ion temperatures ranged from 100
to 800 eV. At these low temperatures, the reaction rate has a very strong
dependence on T,, i.e., ( pp¥y =T (ref 15). For volume reactions,
the neutron count rate therefore has the proportionality

N oy o nT,® (16)

if changes in plasma volume are ignored. Egquation (16) can be used in con-
Junction with a set of scaling relations to compare the measured neutron
count rate with that expected if volume reactions predominated. Since we
do not yet have approximate scaling relations for deuterium plasmas , the
hydrogen scaling relations (egs.. (12) and (14)) are agsumed to apply.
Using straight-line fits through the data in figures 27 through 30, simple
power-law dependences were obtained. These results are summarized
in Table 2 along with the functional relations to be expe cted if volume
neutron reactions predominated. Two out of the four measured results
are totally inconsistent with volume reactions. The predicted volume
dependences, N <« G18 16, are dominated by T, 9 The exper-
imental result N« VY " is interesting because the cross se ction
opp & El (ref 16) for particle energy & in the range of 10 to 20 keV.
Ions could acquire energy in this range if they were accelerated to the
cathode potential V. The case for I and V constant is of interest be-
cause both the measured and predicted N decreased as B increased.
Since ’I‘i decreases much slower than n; increases with increasing B,
this result exhibits the strong dependence on T, that characterizes volume
production.

Two out of the four cases studied indicated that volume reactions did
not predominate. In the other two cases, the measurements were consis-
tent with the trends predicted for volume reactions. Thus, no conclusion
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is available from this simplified approach. A more complete experi-
mental program is required to determine the origin of the neutrons.
Technigues.such as those employed in reference 14, as well as méthods
fo determine the spatial regolution of neutron production should be in-
cluded.

CONCLUDING REMARKS

A steady-state hot-ion plasma has been produced and studied in the
Lewis HIP-1 facility using water-cooled cathodes. Input power has been
at least doubled, and plasma diameter has been increased by a factor of
four relative to values with uncooled cathodes.

Independent variables in the experiment were gas flow rate, gas
feed location, magnefic field, cathode voltage, elecirode geometry,
electrode cooling, vacuum pump locations, and vacuum pumping speed.
All other plasma parameters were considered as dependent variables,
i.e., ion temperature ,. electron temperature, ion density, neutral gas
density, percent dissociation, electric fields, cathode current, anode
current, ete. Most of the dependent variables are spatially dependent.

- Scaling relations were empirically obtained for ion temperature,
electron temperature, relative ion density, and anode current as a func-
tion of gas flow rate, magnetic field, and cathode voltage. Typical cur-
rent versus voliage characteristics were obtained for the discharge.

The correlation for ion temperature revealed that ion heating was more
effective with two anodes than with one anode. Perhaps the most unex~
pected result was that ion density scaled inversely with the cube of the
cathode voltage. This result was examined from the standpoint of power
balance considerations. If charge-exchange power losses are reduced,
this adverse effect of cathode voltage on ion density should be mitigated.
To reduce the charge-exchange losses, better vacuum pumping may be
needed.
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Neutron production with deuterium plasmas indicated the presence
of energetiq.partioles in the plasma which confirmed the results obtained
from the optical monochromator. It was not established whether the.
neutrons came from t}ievplasma. volume or from the surfaces of the elec-

trodes and test gection,
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APPENDIX A
SYMBOLS

A area of wide component of spectral line plot (fig. 9)
B magnetic flux density on the magnetic axis at mi,dialane
B magnetic flux density vecter
E electric field referred to fixed axes
E electric field vector referred to fixed axes
5 ion energy
e absolute value of charge of one electron

volume rate of flow of gas

tdta.l electric current to both anodes (or to ene anode for one

anode operation)

k Boltzmann coenstant
m . mass of particle
N neutron count rate
n principal quantum number or neutron
n, numbher density oflfree electrons
ny number density of gt ions
n, number density of H, neutrals
b input electrical power
p pressure '
q power lost by charge-exchange cooling
R reaction rate per unit volume

position vector

s

T temperature
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vV ancode ~eathode voltage

v velocity

o cross segtion

T characteristic time
Subgcripts:

¢ charge exchange

DD D(d, n)3He reaction

e free electron

f fast (or hot or energetic)

g ground state

i ionization or H' ion

0 neutral or H2

P particle

r ion residence

w energy

o atomic hydrogen Balmer o line

Special Symbols:

(> Maxwell-Boltzmann average of included quantity

line abgve symbols means radial average across a chord or
diameter at the midplane
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APPENDIX B

CHARACTERISTIC TIMES

In this Appendix the mean ion residence time and the charge-exchang
particle-loss time are defined. Order-of-magnitude estimates are made
hased on the assumptions: (1) that main volume ionization predominates
over ionization at surfaces, in sheaths, and in hollow cathodes; (2) that
the main volume of plasma between the two anode rings is approximately
homogeneous; and (3) that the neutral background gas is homogeneous .
and predominantly H2. These times are presented for the same data
from which T, was obtained as given on figures 18 through 21 so that
they may be used in conjunction with the discussion of the functional de-
pendences.

Mean ion residence time. - The mean ion residence time Ty is the
average time that a positive ion remains in the plasma. In this analysis,
charge exchange events that do not change the number of positive ions
and volume recombination are neglected. The mean ion residence time
is the ratio.of the total number of positive ions in the plasma to the total
rate of production of positive ions, or

fni dr
=N (A1)
fRi dr

where r is a posilion vector and Ri is the rate of production of posi-
tive ions per unit volume. We assume that equation (A1) can be ap-
proximated by . '

B
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where T, is the average ion density at the midplane and R; is the aver-

age rate of production of positive ions per unit volume at the midplane

R; =n 003V ) + ngny{ 0370 (A3)
where oy 18 the cross section for ionization of HT2 by protons, vs is

the proion velocity, Oie is the total cross-section for ionization of H2
by electrons, and v, is the electron velocity. It is reasonable to
neglect the concentrations of H™, H;:, and H“:; relative to the concenira-
tion of H* (ref. 17), so n, =0;. Combining equations (A2) and (A3) give:

1

T = {A4)
TR (TTe) + (0]

Values for ;o Wwere obtained from references 18 to 20 and were
used to caleulate ( 0;%e) Elven in figure 35.

Values for 0y from 2 keV to 140 KeV were obtained from refer-
ences 21 and 22. These were extrapolated from 2 keV down to threshold
by means of Magsey's expression for the cross section of an inelastic
atomic process (ref. 10). The proper value of the threshold is not clear

because four or more processes are possible involving the reactions

H' + Hy ~ H + Hy + e (Vil)

H++H2--2H++H+e (VIII)

For reaction (VII) the threshold was calculated from reference 23 to be
23.13 eV laboratory energy. This would also be the threshold of reac-
tion (VII) if it proceeded by knock-on dissociation or polarization dis-
sociation. However, reaction (VII) could proceed by electronic excita-
tion to the lowest repulsive state of HE For this case the threshold
was estimated from the far turning point of the ground vibrational staie
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of the electronic ground state H, (ref. 24) and the H lowest repul-
sive state potential (ref. 25) and found to be 41,2 ¢V. TFor the ion
temperatures of this report, values of <5€§i> were found to be insen-
sitive to the choice of threshold and are shown in figure 10. Since n,
is a function of G, 7. is a function of G, Ty, and T; and is shown
in figures 31 to 33. The fractional contribution of (’"5%"?‘9 to the sum in
equation (A4) varied from 0. 002 to 0.289 so it canhot. be afely:neglected.
Charge exchange particle-loss time. - The charge exchange particle-
loss time Tep is the average time that a positive fon remains in the
plasma hefore undergoing charge exchange. This time ig significant be-
cause the positive ion is trapped by the magnetic field lines whereas the
resulting hot charge-exchange neutral is not trapped and causes serious
energy loss from the plasmd. The charge-éxchange time niust be:the ratio
of the total number of ions in the plasma to the total rate of loss of ions

by charge exchange, or
f n; dr
T = (AB)

¢p V-
f Rop &

where n, is the number density of ions, and RC .is the:charge-exchange

. rate per unit volume. As before we assume that equation (A5) can be
approximated by

Tap == (AB)

5
cp Rep

where the bar indicates a midplane average, and §e
approximation by

P is ivern to a good

— W

ch = g0 ( c'rgcvi) (AT)
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Substituting equation (A7) into (A6) gives

1
Tep & ﬁ—-(mm (A8)
O

ch”i

Since "fio is a function of @, 'rcp:"is a:fun¢tion.of "G and T,. Values

of Top L€ shown in figures 31 to 34.

p
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TABLE 1. - CATHODE AND ANODE

DIMENSIONS (IN CENTIME TERS)

Cathode Anode Annular

: - gap

i i.d. |0.d. { Helix | Tube

i.d. |diam-

T eter
No. 1 1.3512.8614.30 | 0.64 | 0.87
1No. 2 1.9012.86 1| 4.60 .64 . 87
No. 3 2.5414.45 ] 6.35 .95 .95
| Tungsten| .95{1.2712.86 | .64 . 80
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TABLE II. - FUNCTIONAL DEPENDENCE OF

NEUTRON COUNT RATE

Experimental | Predicted dependence | Independent
result using H scaling variables
N 1112( pp'y & nizTi9 held con-
stant
N03G3“7 N o 18 B,V
N« B N o 1€ V,G
Ny O N e y6- 4 B, G
NG:B"'Oes NO:B_O:JZ I,V l

l
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