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ABSTRACT

A set of closely related devices for generating a highly ionized hydrogen
plasmé. is described. In each device a hydrogen plasma is created in a cylindri-
cal tﬁbe immersed in an axial magnetic field of from 4 to 20 kgauss. The plasma
is formed by & s.witch-oon ionizing wave, driven from a..n exter_nai capacitor bank.
In a typical tube 14.6 cm in diameter and 86.4 ¢m long, with a magnetic field
of 15 kG, an ion dehsity of >5X 1015 cm°3 is attained in hydrogen of initial
atomic density 6.6 )(lO15 cfn'?'. The temperature of this plasma is ‘betwee#

10,000 and 30,000° K, and the plasma decays in several hundred microseconds

by a volume-recombination process.
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INTRCDUCTION

~ One of the problems encountered in the Aesign of plasma physics ex-
periments is‘ that of producing a highly ionized plasma containing only min-
imal quantities of impurities. These two desired plagma propertieg-—high
degree:of ionization and low i:npurity ‘content-mus't generally be cornpromised
because substantial quantities of energy are required to produce a highly
ionized plasma. The d.issipation of an appreciable fraction of that energy at
electrodes and containing walls introduces impurities in objectionable amounts.

The purpose of this varticle is to describe several clogely related de-

vices capable of producing a hydrogen plasma with ion densities greater than
- 85% and with total impurity concentration less than 1%, respectively, of the
initial neutral gas dengity. The following sections describe the plasma prep-~
aration in the basic device, the properties of the plasma produced, and the

various modifications that have been applied to the basic device.

PLASMA PREPARATION IN THE BASIC DEVICE
The plasma is produced within an electrically conducting tube, .86.4 cm
long and 14.6 c¢m in diameter, as sho&n in Fig. 1. The tube is placed in a
uniform axial magnetic ~ﬁ.el.d of about 15 kgauss. One end of the tube is closed
with a Pyrex plate in which is mounted a coaxial molybdenum electrode 5 ¢m

long and 5 ¢m in diameter. The opposite‘ end of the tube is also closed with
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a Pyrex plate. The introduction of a conducting screen at this end to improve
plasm# uniformity will be discussed later. Hydrogen gas is introduced to a
pressure of 0.1 torr and flows continuously through the tube. The ionizing
energy is supplied by a lumped-cbnstant pulse line which has been charged

to 10 XV. The pulse line is connected as shown in Fig. l through a geries
resistor R and an ignitron switch to the coaxial electrode. The ground side
of the pulse line is connected to the tube.

When the high voltage is applied to the coaxial electrode a local elec~ |
trical breakdown of the gas occurs and a radial ~cmt-x'e_nt: flows. This radial
current, crossed with the axial magnetic field, exerts an azirnuthal force on
the plasina (Fe = jr X Bz), causing fhe plasma to rotate and thus develop a
back emf which tends to i‘educe,the radial current flow. A wél?-defiried jon-
iza.tion front developé and proceeds a.xialljr through the tube. Mggnetic ~-probe
measgurements ha:ve indicated that the width of the ionizing front: (i.e., the
transition region between a wérm highly ionized‘i rotating plasma and an es-
‘sentially neutral gas) is a few centimeters. This process has Eeen discussed
in some detail by Kunkel and Gross. 1

Tﬁe progress of the ionizing frontdown the tube is observed with radial
current detectors (Fig. 2). Each of these detectors is a 1/4~in. -diameter
metal button mounted in a hole in the tube wall and insulated from the wall.

A radial current passing from the plasma"to the button is feturned to the tube
thzrough coaxially mounted reﬁsistora; and the resulting resistive voltage drlo‘p is
observed with an o.scilloscope. When t}.w‘ionizing wavefront reaches a radial
current detector, we observe a sharply rising signal. The progress of the
front down the tube ag measured in this way is shown in Fig. 3. The velocity
of the front, which in this case is 5 cm/usec, can be changed by varying the

ionizing~current,gas density and magnetic field. The front vélocity increases
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with increasing magnetic field and with decreasing initial gas density.

If the jonizing current continues to flow after the wavefront has reached
the far end of the tube, impurity lines characteristic of elements in th_e Pyrex
plate are observed spectroscopically. Therefore the fonizing current is shorted
out (crowbarred) with the ignitron switch show# in Fig. 1 just as the ioniging
wave reaches the end of the tube. This short circuit stops the energy flow from
the pulse line to ‘the tube.‘ and also stops the gross rotaﬁon of the plasma.
Figure 4 shows oacilloscope traces of the voltage and current supplied to the
plasma. In this case the crowbar was applied 20 psec after the ionizing current
began to ﬂO\;l. A reversed current associated wifh the braking of the plasma
rotation can be clearly seén. This current oscillates with a period controlled

by the inductance of the crowbar circuit.

PLASMA PROPERTIES

The pfoperties of the piasma produced as d-escx'ibed' above have.‘been
deduced from Alfvén-wave-propagation experiments, spectroscopic observa-
tions, magﬁetic probe observations, and Kerr«cell and framing-camera
photography. The details of these measure_ments are given elsewhere, 2-1
and are summarized here. The ion density as a function of time has been
mea-eured by obgerving the Stark broadeniﬁg of the first three hydrogen Balmer
lines. The results of these measurements are shown in Fig. 5. We may note

15 iona/cm3 » which

that the ion density extrapolates to'a.pproximately 6 or 7X10
is very nearly the densit}; of neutral atoms present beforé the gas ig iqnized.
From the measurements of the atte.nuation of Alfvén waves it is possible to
set a lower limit of about 10,000° K to the temperature of the decéy-ing plasma
soon after the short circuit is applied.

The electron temperature of the plasma has been estimated spectro-
scopically by observing the frequénéy dependence of the Balmer recombina-

' tion continuum (which should be very nearly proportional to e'th (T)',
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A carbon arc was used as a radiation standard. During most of the decay
period, temperatures of about 20,000° K were observed; 100 psec after break-
down the electron temperature ag measured by this method was 21,000° K
(+8000° K, -4000°K). |

The close égreement between the shapes of the experimental Balmer-
line profiles and those calculated by assuming a unifofm plasma density in-
dicé.tes that the plasma is fairly homogeneous alﬁng a magnetic fiecld liné.
Mag’netic probes with a s_eneitivitﬁ of 1 gaue~s at a frequency of 1 Mc immersed
in the plasma do not display noise signals from the decaying i)lasma, which
suggests that the amount of magnetic turbulence in this freqnency range is very
small. |

Kerr-cell photographs of the decé.ying_plaama show a pattern of swirls
developing over a period of approximately 10 usec. These ewirls, which extend
throughout the tube length, may be formed whén thg .' rotating plasma is abruptly
stopped by the application of the crowbar. A 1/4-in.-mesh steel screen mounted
just inside the receiving end ingulator prevented the dévelopfnent of these
swirls. '

The a.mognt of impurities present in the plasma was estimated by ad-
mitting a small amount of methane or carbon dioxide into the tube and observ-
ing with a monochromator the resulting increase in intensity of a carbon or an
oxygen spectral line. The particle ‘densit’:y of carbon or oxygen determined in
this way is about 0.2%.

It méy be noted from.Refra. 3 and 4 that the decaying plasma is electrically
isclated from its container, even though the conducting tube has a much higher
conductivity than the plasma. For instance, in the Alfvén-wave experiments .
it was found that the radial boundary condition to be applied was appropriate
for a thin vacuum layer separating plasma from the conducting wall. A§ ob-
“gerved ekperimentally. however, a high-density current flow from plasma _to'

wall can maintain electrical contact between them.
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MODIFIED DEVICES
To defnonstrafe ghé applicability of the ionizing technique described
above to other geometrical coﬁditions. the basic dévice has been modified in
two different ways.

The first such device is shown in Fig. 6 and is siinilar to the basic de- .

vice except that the diarneter and length have been approximately halved and the -

conducting tube walls are changed to Pyrex for most of the tube length. As in
the basic device, an initial discharge occurs at one end within the coaxial elec-

trode structure and an ionizing front propagates down the tube through the glass

portion to the opposite end. When the front reaches the Pyrex end plate the elec-

trodes are short-circuited, thus stopping the plasma rotation. Kerr-cell pidoto-

graphs of the front made perpendicular to the tube axis give front arrival tim'es_

which agree with a signal from a:rha-gnetic probe near the passive end.of the
tube. |

| Time-dependent ion-density measurements were made: by using a poly- -'

chromator (a device capable of simultaneous, time-resolved intensity measure-'

meﬁts in a number of adjacent wavelength interva.lé)8 to observe thé Stark; |

' broadened Hﬂ and HY line profiles. By use of :-; 6-kga.u§s fnagnetic field and’

an 8600-amp ionizing current, ion densities approxi'mating the initial neutral

A hydrogen atom density of 6.6 X 1013

em™? are produced. 9 Density measure- .
ments were made both .parallel and perpendicular to thé'tube axis. .

© Figure 7 shows density measurements made pe;p_endicular to the ai:is;
along a tube diaa-neter at three longitudinal positions; times are measured after
{nitial breakdown. From t}xése data one notes that the maximum ion densities

exceed the initial neutral gas denéity. For the 6-kgauss magnetic field the den-

sity falls after passage of the front and is not in general uniform along the tube.

Thus measurements made parallel to the tube axis represent a composite of a

s mem g A ekt ey oy o ten
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longitudinally variable density. At crowbar time, 23 usec, the ion density at
the passive end is Btill rising whilé at the other two positions nearer the elec-
trodes it is-falling slowly. However, the ion density at this time is nearly equal
to the initial neutral density throughout the entire tube, with the possible excep-
tion of the center electrode région.

Carbon and oxygen impurity levels were determined by intensity com-
parison of the 4649-3 6+ and 426?-X ¢ lines from the plasma with those ob-
tained by introducing known amounts of Co;2 gas into the system before ion-
ization. The impurity levels of carbon and oxygen observed in'this :nanner are
approximately 0.04% and 0.7% reépecti-vély- : ,

The ion density and impurity levels indicate tha.t. a devfce of this modified
-type may have application as a preionizer in compression deviéés. | |

The second modified device, designed to determine the effects of the |
removal of the confining Pyrex walls to a larger radius, is identical with that
shown in Fig. 6 except that the inside dia:rnetei of the Pyrex portiox; was increased
fro 3 in. to 6 in. | The axial magnetic field was 16 kgauss and the eiectrode
_current was 8000 amp.

The presenée of a conduf:,ting screen similar to that used to reduce
swirling after crowbar in the basic device proves to be a critica;l factor in the
- operation of this device. Figure 8 is a typical pair of Kerr-cell phbtographs
of the plaAsma. in this modified device at approximately 80 usec after initial
breakdown. It is clear that the conducting screen prevents the spread of plalsma
beyond the radius of the outer coaxial electrode. Photographs taken from a
somewhat different aspect confirm that the effgc'ts displayed in Fig. 8 are notl
surface phenomena but are distributed throughout the plagsma volume.

Ion densities were determined by obsgervation of Stark-broadgned Hﬁ

line profiles. Densities greater than the initial neutral density of 6.6 X 10}‘5 cm'a
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are present until about 50 psec after the start of the discharge. This high
" density may be due to influx of neutrals fromn the region between the plasma

and the outside wall, resulting in ionization and trapping.

Ternperature measurements have not been made in the modiﬁed'de'vices.
although they are not expected to differ substantially from those observed in the

basic device when comparable magnetic fields are used.
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with the predictions by Kunkel and Gross (Ref. 1).
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FIGURE CAPTIONS

Fig. 1. Device geometry.

Fig. 2. Geomatry of the radial current probe. The l/4-iﬁ- -diameteor
button ie connected to the adjacent wall thrdugh six parallel 5-ohm
resistors. The ma:dﬁiu_rﬁ voltage drop is less than 1 volt.

Fig. 3. Position of the ionizing front vs time, as measured with radial
current probes.

'Fig. 4. Oscilloscope traces, | showing ionizing conditions. " The top trace
is voltage on the driving coaxial electrode at 2400 volts/crn and the
bottom trace is current from the pulse line at 104‘amp/cm. The
horizontal scale is 10 psec/cm. The current was crowbarred 22 usec
after the voltage was ﬁrst"applied.‘

Fig. 5. The observed time dependence of the ion density. Errors
(not’ 3how.n) in the experirﬁental points are egtimated to be '

#1.0X% 1015 cm"3 late in the decay period. Solid line: least-squares
fit, decay rate assumed proportional to the square of the ion density;
dashed line: exponential decay agssumed.

Fig. 6. Geometry of the first modified device.

Fig. 7. Time-dependent ion density in the first modified device.
Viewing direction is pe:pendicular to the tube axis.

Fig. 8. Kerr-cell photographs of the second modified device taken

along the tube axis, (a) without and (b) with screen wire at end of tube.
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