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The electron density, the electron kinetic energy, the particle motion, and electric fields in a coaxial
positive-polarity plasma opening switch (POS) were studied using spectroscopic diagnostics, A
gaseous source that injects the plasma radially outward from inside the inner POS electrode was
developed. The plasma was locally seeded with various species, desired for the various
measurements allowing for axial, radial, and azimuthal resolutions both prior to and during the 180
ns long current pulse. The electron density was determined from particle ionization times and the
electron energy from line intensities and time dependent collisional-radiative calculations,
Fluctuating electric fields were studied from Stark broadening, The ion velocity distributions were
obtained from emission-line Doppler broadenings and shifts. The early ion motion, the relatively
low ion velocities and the nearly linear velocity dependence on the ion charge-to-mass ratio, leads
to the conclusion that the magnetic field penetrates the plasma early in the pulse. The ion velocity
dependence on the axial location were thus used to infer the time dependent axial distribution of the
magnetic field, indicating the formation of a relatively high current density at the load-side edge of
the plasma. This is expected to cause plasma acceleration towards the load, found to be supported
by charge-collector measurements. The fast magnpetic field penetration could be explained by

mechanisms based on the Hall effect. © 1995 American Institute of Physics.

I. INTRODUCTION

Investigating the behavior of plasmas carrying high
short-duration currents is of major importance for improving
the understanding of fundamental plasma physics phenom-
ena, such as magnetic field penetration into plasmas, plasma
flow under magnetic and electric fields, and the development
of non-neutral regions. Such studies are also essential for
improving and scaling up many pulsed-power systems. In
particular, plasma opening switches (POS), used to switch
high currents into various loads in times of 107%-1077 s,
have been shown to have numerous potential applications in
prepulse suppression,’ pulse shaping,>® and power and volt-
age multiplication.*~® Moreover, the use of POS with micro-
second generators allows for generating high power pulses
on the nanosecond time scale and avoids certain complica-
tions in the conventional high power accelerators.”™®

Since plasma opening switches were introduced,! much
progress in understanding the POS operation has been made
due to numerous experimental’® and theoretical'™!? studies.
The parameters of the plasma preceding the generator puise
were studied using collimated Faraday cups, double-floating
probes, visible framing and streak photography, microwave
cutoff, and interferometry.13'15

During the POS operation, the experimental studies in-
cluded measurements of the POS upstream and downstream
currents and observations of temporal and spatial distribu-
tions of x-ray and energetic electron or ion flows.!®!¢ Infor-
mation on the magnetic field evolution in the POS plasma
was obtained by the use of magnetic loops inserted into the
plasma.'™® Investigations of electric fields in a microsecond
POS were performed by H, emission spectral profiles re-
corded by a Fabry—Perot interferometer.'® Recently, the
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time-dependent plasma electron density, averaged over the
plasma length was studied for a microsecond POS using
interferometry.?® In spite of the variety of studies performed,
it appears that the main phenomena governing the operation
of plasma opening switches, such as the time-dependent
magnetic field distribution, the plasma flow, and the electron
heating are still not well understood. Systematic experimen-
tal investigations are still highly required to examine the
various underlying theories,"!"2!~% and to suggest improve-
ments in the POS operation.

In this study we have focused on developing measure-
ments, which we believe are required for understanding the
plasma behavior in plasma opening switches, rather than on
improving the performance of the switch. We report on the
use of nonintrusive spectroscopic techniques to determine
the plasma electron deasity, electric fields, and the velocity
distributions of ions and neutral particles prior to and
throughout the 180 ns long current pulse. Absolute line in-
tensities were used to study the absolute densities of plasma
constituents and to set a lower bound for the electron energy,
which enabled us to determine the electron density from the
jonization times of various species seeded in the plasma, It
was shown that in determining the electron density using
Stark broadening, neglecting the effects of collective fields in
the plasma on the emission profiles results in a large error.

High spatial resolution measurements are extremely im-
portant for the investigations of high-current carrying plas-
mas because of the nonequilibrium features of the phenom-
ena, the nonsteady state characteristics of the atomic
processes, and the irreproducibility and the spatial nonuni-
formity in the experiments. To obtain such measurements,
we developed a method using laser evaporation to locally
seed the plasma with various elements, which allowed for
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FIG. 1. Schematic illustration of the coaxial plasma opening switch (POS) configuration. The plasma source is mounted inside the inner cylindrical
high-voltage electrode, connected to the LC-water-line pulse generator. The power for the gas valve and the plasma source is inductively coupled to the inner
electrode. The upstream and downstream currents are measured by Rogowski coils and by two sets of B loops, each set has four loops azimuthally separated
by 90°, placed upstream and downstream the POS. The voltage at the output of the waterline was measured by a capacitive voltage-divider (not shown in the
figure) placed near the water—vacuum interface. The POS chamber has one axial window (in the load side) and four transverse windows for optical accesses.

measurements that are local in r, z, and 6. This also enabled
us to select elements whose emission is useful for the various
measurements, e.g., of the electron density, the electron en-
ergy, and the particle velocities. Also in the present measure-
ments, a high spectral resolution was used in order to dis-
criminate against impurity lines, commonly abundant in
pulsed-power experiments, and to observe relatlvely small
Doppler broadenings and shifts.

For systematic investigations, the plasma source should
allow for controlling the plasma species and for satisfactory
reproducibility. For this reason, we developed a gaseous
plasma source®° to be described in detail in a separate pub-
lication. The source was so designed to be mounted inside
the inner high-voltage electrode of a cylindrical coaxial POS.
This allowed for axially symmetric radial plasma injection
from inside the inner electrode into the interelectrode. gap
and for convenient optical accesses into the plasma. The
electron density and temperature of the source plasma, as
well as the particle velocity distributions prior to the pulse,
were determined. In the experiments, we varied the plasma
source parameters in order to vary the conduction properties
of the switch and the downstream current amplitude.

The spatially resolved ion velocities across the plasma,
provided by the measurements based on the plasma-seeding
technique developed, showed that the ion motion starts over
most of the plasma within the first 40 ns of the pulse, indi-
cating fast magnetic field penetration into the plasma. This
conclusion is supported by the relatively.low ion velocities
and their monotonic dependence on the ion charge-to-mass
ratio. Together with the locally determined electron density,
the axial ion velocities were used to obtain the forces on the
ions, enabling us to suggest a time-dependent magnetic field
distribution in the plasma. The axial ion velocities at the
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load-side edge of the plasma are found to be significantly

higher than in the rest of the plasma, implying a relatively
high current density at this edge of the plasma. It is also

shown that plasma from the load-side edge of the POS

plasma may be accelerated downstream the vacuum line,

which is confirmed by charge-collector measurements.

In Sec. II we present the POS system, the diagnostic
system, and the plasma source used. Measurements for the
two POS parameter regimes studied are given in Sec. III. A
discussion of the results is given in Sec. IV, suggesting that
the fast magnetic field penetration into the plasina could be
explained by mechanisms based on the Hall effect.?l"% A
summary and implications on long time switches are given in
Sec. V.

Il. THE EXPERIMENTAL ARRANGEMENT AND
DIAGNOSTICS

A. The plasma opening switch

In our experiments we use a coaxial configuration shown
in Fig. 1. The POS upstream inductance, L=120 nH, con-
sists of two coaxial aluminum tubes with a conical transition
section varying from outer and inner diameters of 15 and 10
to 10 and 5 cm, respectively. The high-voltage pulse, positive
in the present experiments, is delivered by an LC-water-line
generator (4.1 kJ, 300 kV, 1 ) and applied to the inner
electrode giving a peak current of 135+10 kA with a quarter
period of 90 ns. The POS load is a shorted coaxial line with
outer and inner diameters of 10 and 5 cm, respectively, giv-
ing an inductance of 25 nH. Two calibrated Rogowski coils
and two sets of four B loops azimuthally separated by 90°
are used to measure the upstream and downstream currents
and the current azimuthal symmetry.
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FIG. 2. (a) Waveforms of the upstream current /, , downstream current 7, ,
and Ipo=I,—1, (top). Also given are the anode-cathode voltage in the
plasma region, V., and the plasma impedance, Z,, , as defined in the text.
(b) The same as (a), but for another parameter regime of the POS operation
obtained by changing the parameters of the plasma source. For both regimes
the inner conductor is charged positive.

The plasma source is installed inside the inner POS elec-
trode and injects the plasma radially outward through a 75%
transparent stripped cylindrical anode into the interelectrode
region. The downstream current of our POS could be
changed in the experiments by varying the period of the flow
of the gas in the plasma source to the capillaries (see Sec.
I1C), and of the time between the gas discharge and the
high-current generator pulse. Here, we present data taken
with two operation regimes for the POS, whose typical
waveforms are given in Figs. 2(a) and 2(b). Shown are the
upstream current I, , the downstream current /4, and the cur-
rent [y, =1,—1, through the plasma. Also shown are the
voltage in the switch region given by
Voos=Vw—Ly(dl,Jdt)=Ly(dl,/dt), where V, is the water-
line output voltage and L, and L, are the upstream and
downstream vacuum inductances, respectively, together with
the POS impedance defined by Z,,;=(V o5/l 1), In both re-
gimes, the downstream current rises to nearly a plateau at
=100 ns indicating a drop in the plasma resistance. In this
paper, we mainly discuss measurements for the period until
this time. A detailed description of the electrical measure-
ments performed’® will be described in a subsequent publi-
cation.

B. The diagnostic systems
The POS chamber has an optical window that allows for
lines of sight parallel to the z axis at various radii and four
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transverse windows that allow for four radial lines of sight at
90° relative to each other (see Fig. 1). The speciroscopic
arrangements nsed in the experiments are shown in Fig. 3.
Two spectroscopic systems that can observe the plasma radi-
ally (in the r direction) or axially (in the z direction) are
used. Each system includes a 1 m spectrometer equipped
with a 2400 grooves/mm grating giving a spectral resolution -
=0.06 A, One of these systems images a rectangular region
of the plasma onto the spectrograph input slit, and the other
system can also image an annular region using a fiber
annular-to-linear transformer. The latter arrangement enables
us to observe a selected section of the plasma annulus whose
minimum length in the azimuthal direction is =0.2 cm
(=1% of the perimeter). The mirrors M1 and M3 are used to
scan in different experiments the POS anode—cathode gap
radially and axially. The polarizer and the \/2 plate are used
for polarization-dependent measurements.

Using a cylindrical lens, the light in the spectrometer
exit window is imaged using a cylindrical lens on a rectan-
gular fiber-bundle array, which allows for further dispersion
of the light and for varying the dispersion in the experiments.
The fiber-bundle array transmits the light to a set of photo-
multiplier tubes followed by a multichannel digitizer, giving
the time dependent line spectral profile in a single discharge
with a temporal resolution of 4 ns. The fused-silica optics,
the spectrometer, and the photomultiplier tubes allow for
sensitivity in the region 2000-7500 A. Absolute calibration
of each spectroscopic system over the entire spectrum (for
each fiber channel) was performed using a few intensity-
calibrated lamps. The wavelength calibrations of our systems
were accurate enough to allow for determining low Doppler
line shifts. Also, line profiles observed prior to the current
pulse were used to examine the wavelength position of un-
shifted lines.

Another feature of our diagnostics is the use of a pulsed
laser (Nd:YAG, 20 ns, 50 mJ per pulse at A=1.06 um) to
evaporate into the POS interelectrode gap material initially
deposited on the anode strips, This allows for seeding the
plasma with ions and neutral particles desired for the various
measurements. The laser pulse is applied =1 us prior to the
high current pulse producing a seeded conical column be-
tween the POS electrodes with a diameter that increases from
=(0.2 cm near the anode to =1 cm in the middle of the POS
gap. The axial location z of the seeded column was varied in
the experiments by moving the spot of the laser beam on the
anode strip. Observation of light emission from the seeded
particles enabled us to obtain measurements that are local in
r, z, and 6. The spatial resolution in the z direction is deter-
mined by the seeded-column width and that in the r and @
directions, ==0.05 and ==0.5 cm, respectively, by the imaging
optics.

We verified that the plasma seeding did not alter signifi-
cantly the electron density and temperature in the performed
plasma by comparing the line intensities of HI, CI, and CII
with and without plasma seedings. Also, using H g broaden-
ing measurements, it was verified that the plasma seeding did
not affect the electron density of the prefilled plasma prior to
the high current pulse.

In some measurements we observed the radial distribu-
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FIG. 3. The diagnostic systems used for the experiments. Light from the plasma is collected axially (through the short-circuit load of the POS) and radially,
and is directed onto spectrometer 1 by the use of the mirrors M, M,, and M; and the lens L, . The polarizer P and the A/2 plate are used for polarization
spectroscopy (see Sec. III D). Spectrometer 2 collects light axially. It can observe a rectangular region or a section of an annular region in the plasma using
the lenses L, and L; and a circular-to-linear fiber transformer. For both spectrometers the light at the exit window is further optically dispersed using the
cylindrical lenses CL and is projected onto a rectangular optical-fiber array. The signal transmitted through each fiber is measured by a photomultiplier tube
(PM). The laser beam used to evaporate material from the anode surface is directed onto the anode via the prism PP that is used to vary, in different
experiments, the axial location of the laser beam spot on the anode. The dotted area shows the column of the seeded particles. Here, r is the radial location
and d is the distance from the anode surface.”

tions of a line intensity in a single discharge in axial mea-
surements, in which the spectrograph input slit was opened
wide enough to allow each fiber bundle to observe a certain
radial position in the plasma. Thus the line intensity was
observed as a function of time simultaneously for ten radial
locations at the expense of the spectral resolution. In the
seeding experiments, these measurements gave the radial in-
tensity distributions, local in z, in a single discharge.

C. The plasma source

The plasma gun developed® will be described in a sub-
sequent paper. Here, we only present-the main information
required for the discussions in this paper. The plasma gun
operation is based on producing plasma in 144 gas-filled
capillaries placed in the walls of a hollow cylindrical tube.
The plasma gun is then mounted inside the POS inner elec-
trode and the plasma is injected radially outward. For the
measurements reported here, CH, was used for the plasma
source, producing plasma composed of protons, carbon ions,
and neutral hydrogen and carbon.

The electron density and temperature prior to the current
pulse were determined from single-probe measurements, mi-
crowave cutoff technique, and observations of H, and 'HB
spectral profiles.*®*! The hydrogen line profiles were ana-
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lyzed self-consistently to give the electron density and the
hydrogen velocity distribution. The electron density thus ob-
tained is shown in Fig. 4(a) as a function of distance from the
anode surface.’**? The axial plasma length was =4 cm-at a
radial distance d=1 cm from the anode, as shown by the
relative axial density distribution given in Fig. 4(b).3° The
electron density and temperature were uniform within +15%
over .the central =4 cm long axial plasma dimension and
within +15% over the azimuthal dimension. The reproduc-
ibility of these parameters was found to be *20%. The
plasma radial flow velocity was (1.5+0.5)X10° cm/s.

It was difficult to determine the composition of the
plasma in the anode—cathode gap prior to the current pulse.
The reason is that the densities of HI, CI, CII, and CUI prior
to the pulse, inferred from absolute line intensities and
collisional-radiative calculations, are very sensitive to the
value of the electron temperature for the considered tempera-
ture range. The electron temperature was found to be near 2
eV from carbon—ion line intensiti€s, ionization time of Lil
seeded in the plasma, and single probe measurements. Fur-
thermore, the composition is sensitive to the presence of
small non-Maxwellian components in the electron energy
distribution, also shown to possibly occur in our plasma.’!

Besides CI, ClI, and CIII, the performed plasma contains
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FIG. 4. (a) The electron density as a function of the distance d from the
anode just prior to the current pulse obtained from the H, and Hy profiles
observed axially. The profiles are analyzed self-consistently to give the elec-
tron density and the hydrogen velocity distribution. Each data point is an
average of a few discharges. The solid line is a calculation of the radial
density decrease due to the expansion in both the radial and axial directions.
(b) The relative plasma density obtained from double floating probe and
Faraday-cup measurements at the time corresponding to the application of
the high-current pulse, as a function of the axial location for d==1 c¢m. The
axial center of the plasma source is at z=0 and positive z is towards the
load.

CIV and CV that could not be spectroscopically observed
prior to the pulse because of the low electron temperature.
However, CIV and CV provided strong line emission during
the pulse either due to electron collisions that are substan-
tially enhanced as a result of the rise in the electron energy,
or due to charge-exchange excitations as discussed in Sec.
11 B.

It was shown that the considerable rise in the HI, CI, and
CII line intensities seen during the pulse results from elec-
tron excitations. Thus, because of the excitation insensitivity
to the relatively high electron energy during the pulse, it was
possible to determine the absolute abundances in the plasma
of HI, CI, and CII, as given in Sec. III B. From various
measurements priot to and during the pulse we concluded
that at least one-third of the plasma is protons, with the rest
being carbon ions* and negligible amount of other
impurities. >

1. MEASUREMENTS AND DATA ANALYSIS
A. Electron kinetic energy

Bounds on the electron energy were obtained by observ-
ing line intensities from various species and transitions. To
this end, the plasma was seeded with the desired species in
various experiments, which also allowed for local measure-
ments to be obtained, as described in Sec. II B. In Fig. 5 we

2126 Phys. Plasmas, Vol. 2, No. 6, June 1995

T v T T+ ¥ T

1.5x10% = ' 4 1.5¢10'
—Lil2p o ‘ . ,g
- . -\"" : Yot M

e~ [ Lill 2p(°P°) <

E i 8

= 1.0 ko

2

g 6.

o S

2 s 5

. —

g}- o.

b o

= =
0.0

1 s ) 1 J
-50 0 50 100 150
time (ns)

FIG. 5. The time-dependent population densities of the Lil 2p level and the
Lill 2p(3P°) level, obtained from axial observations of the Lil 6708 A
(2p~2s) and the Lill 5485 A [2p(*P%)—25(35)] intensities, respectively,
for z=0 and d=0.7 cm. Here, lithium was seeded into the plasma and the
laser beam was directed to the anode surface at z=0, see Fig. 3.

present the population of the 2p(°P%) level of Lill, obtained
from the absolute intensity of the 5485 A line, in an experi-
ment in which the laser illuminated a lithium-coated region
of the anode surface. In this figure, z=0 and d=0.7 cm,
where z is the axial position relative to the axial plasma
center with positive z being towards the load [see Fig. 4(b)],
and d is the radial distance from the anode surface (see Fig.
3). It is seen that the line intensity starts rising at r==20 ns
and reaches nearly a plateau at =60 ns.

The ratio between the 2p(°*P?) level density and the
total Lill density is obtained using time-dependent
collisional-radiative calculations for various electron densi-
ties and kinetic energies (since the electron energy distribu-
tion may be non-Maxwellian we use the term mean electron
energy &, , rather than electron temperature). Using an upper
limit for the total Lill density in the plasma (consistent with
the total electron density), these calculations give a lower
limit for the density of electrons with energy exceeding that
of the 2p(®P% level (61 eV). It is found that during the
relevant time scale this level is mainly populated through the
spin-forbidden transition from the ground state, rather than
from the metastable 2s(3S) level. It is also found that a
density of at least 5%10"% em™3, ie., at least 40% of the
plasma, see Sec. III B, electrons with energies above 61 eV
is required in order to explain the observed 2p(>P%) density.
This result was obtained for d=0.2 to 1.2 cm from the an-
ode.

Note that the Lill density is negligibly affected by the
LiI jonization (the Lil density was determined to be too low)
or by the slow Lilll recombination. Thus the near constancy
of the Lill level population at =60 ns shows that %, re-
mains high at this period. The electron energy was further
examined by observing the Balll 3368 A
(6p[5/2]5-65[3/2],) line, with an upper level that lies at
=22 eV. The time-dependence of the absolute line intensity,
together with estimates of the excitation rates,* were found
to be consistent with the Lill data.

The rise in the electron energy was seen to propagate
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from the generator to the load side of the plasma in the
period =20 to t=50 ns. This finding will be discussed in
Sec. IV, and was accounted for in the electron-density deter-
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B. Eleciron density

The use of Stark broadening in determining the electron
density in pulsed-power systems is limited because of the
effects of the presence of collective electric fields on the line
profiles.**3? Evidences for such collective fields were also
found in our POS experiment, as described in Sec. I D.
Therefore, we determined the electron density during the
high-current pulse from the ionization times of various spe-
cies locally seeded in the plasma. For these measurements,
the ionization times must be insensitive to the mean electron
energy &,. Therefore, we selected species such as Lil, Bal,
Ball, Mgl, and Cal, whose ionization rates saturate when &,
for most of the electrons in the POS plasma rises to a few
electronvolts. The data given in Sec. III A, which show that a
substantial fraction of the plasma electrons acquire energies
>61 eV, and estimates of classical electron collisionality,
show that most of the electrons in the plasma indeed acquire
energies above the ionization potentials of these species.

Here, we only present the results for d=<<1.2 cm. An
example of the Lil 2p population during the pulse, obtained
from the intensity of the Lil 6708 A (2p—-2s) line observed
axially (in the z direction), is shown in Fig. 5. In this figure
z=0 and d=0.7 cm. It is seen that the line intensity rises,
due to the rise in the mean electron energy, and then decays.
The decay in the line intensity could not result from a drop in
the mean electron energy, since as discussed in Sec. Il A, &,
remains higher than the =<2 eV excitation energy for at least
40 ns after the line intensity starts to decay. We thus con-
clude that the drop in line intensity is due to ionization. To
determine the electron density from Lil, for example, we
used an ionization rate of 3X 107 cm® s, which is obtained
from collisional-radiative calculations for electron energies
above the ionization potential (5 eV), believed to be accurate
to within +20%.%° Using the ionization times of various spe-
cies observed, the electron density was shown to be
(1.3%0.5)x 10" cm™3, over the region d=0.2 to-1.2 cm,
and for z=—1.8 to 1.4 cm. Since, as mentioned in Sec.
IIT A, the rise of the line intensity was seen to propagate
from the generator side to the load side of the plasma, this
density is determined for #=30-70 ns at the generator side
and for t=60-100 ns at the load side. The uncertainty in n,
mainly results from the irreproducibility in the hne 1nten81ty
time dependence. -

Using the ionization times of Lil and Ball, the electron
density, was determined as a function of distance from the
anode for the region d==0.2~1.2 cm in a single discharge.
For these measurements, we employed the wide-slit mea-
surements described in Sec. II B. The radial dependence of
the electron density thus obtained and the value of n, given
above were found to be in agreement with those determined
prior to the pulse, given in Fig. 4(a). For the region d>1.2
cm, the slow temporal variation of the ionizing species line
intensities did not allow n, to be obtained in this manner.
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In principle, the drop in the line intensities could also
result from either a drop in the electron density, that causes a
drop in the excitation of the radiating level, or from flow of
the emitting paiticles out of the observed region. In these
cases, the value given above represents an upper limit for #,, .
However, from the constancy of the line intensities of the
negligibly ionizing species, such as Mgll and Balll, and
from the known particle velocities (see Sec. III C), we in-
ferred that the uncertainty in the determination of n, due to
these factors is within the quoted uncertainty of the electron
density.

In our measurements we also observed the absolute den-
sities of excited CIII, CIV, and CV levels. In principie, also
these level densities could be used to study the rise in &,
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level [2p(°P%)] that requires an electron energy >300 eV.
However, it is possible that the excited-level populations of
CIII, CIV, and CV are dominated by processes of charge
exchange with hydrogen.*! Thus as yet we make no infer-
ences from these line emissions on the electron kinetic en-
ergy. These possible charge exchange processes also do not
allow us as yet to determine the plasma composition.

The observed population densities for the HI, CI, and
Cll levels [z=3, 2p3s(1 P%), and 2523 p(>PY), respectively]
are shown, however, to be unaffected by charge exchange
processes. Therefore, collisional-radiative calculations***
were used to obtain the total densities for these species from
the excited-level populations. Using line intensities axially
observed and integrated over the entire plasma length, the
particle densities at d=0.5-1 cm were found to be
(1.220.7)%10"*  cm™3, (1.2205)x10®% cm™¥  and
{1.2+0.6) ¥ 1013 cm'3, for HI, CI, and CII, respectively. The
uncertainties mainly result from the uncertainties in the elec-
tron density and the electron energy distribution.

‘We also consider the possibility of particle ionizations
during the pulse. For the electron density in this experiment,
the main ionizations are of HI, CI, and CII (the ionization
times of higher charge state carbon ions are too Iong). The
largest contribution to ionization comes from HI due to its
relativéiy high density. Using a maximum ionization rate,
4x1078 cm ™% 57, corresponding to an electron temperature
=20 eV, the HI fonization could cause a rise of a féw tens of
percents in the electron density during the first 100 ns of the
pulse. However, because of the uncertainties in the HI den-
sity and in the ionization rate, it is not clear as yet whether
ionization causes a significant increase in the electron den-
sity in our experiment.

C. Particle velocities

The particle velocity distributions were obtained from
the spectral profiles of the Doppler broadened emission lines.
The predominance of the Doppler effect on the line profiles
was examined by verifying the linear dependence of the pro-
files on the wavelength using a few lines for the same charge
state. Other broadening mechanisms including Zeeman split-
ting are unimportant relative to the linewidths observed.

Here, we report on two kinds of particle velocity mea-
surements. In the first one, velocities of CI to CV, integratec
over the entire axial plasma length, were observed using
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FIG. 6. (a) The time-dependent mean axial velocities for CI~CV obtained
from axially observed Doppler shifts of spectral profiles for 4=0.5 cm. The
lines used for these measurements are 2479 A (2p3s(* P%)-2p%('8)), 2512
A (2p°(2D%-252p%(2P)), 2297 A (2p*('D)-252p(' P%)), 2530 A (5¢~
4f), and 2271 A (2p*F%)~25(38%)), for CI, CII, CIiL, CIV, and CV, re-
spectively. Positive velocities are towards the load. These data are obtained
with the POS parameter regime given in Fig. 2(a). (b) Mean axial velocities
for CII-CIV as in (a), obtained with the POS parameter regime given in Fig.
2(b) for d=0.7 cm. In both figures, the uncertainty mainly results from the
experimental irreproducibility. Each curve is an average over about eight
discharges and the error bars give the standard deviation.

axjal lines of sight with the resolutions in the radial and
azimuthal directions being =0.1 and ~0.6 cm, respectively.
In the second kind of measurements, in which the plasma
seeding was employed, local velocities of singly charged
ions were observed.

For most of the axially integrated velocity measurements
the line spectral profiles are found to be approximately
Gaussian. Using the spectral response of our systems, the
true line profiles were deconvolved from the measured ones.
The directed velocity in the z direction was obtained from
the absolute shift of the line center. Figure 6(a) gives the
CI-CV axial directed velocities observed for the POS re-
gime given in Fig. 2(a). The uncertainties in all data here
presented mainly resulted from the irreproducibility in the
experiments. Thus each measurement was averaged over a
few discharges in order to obtain a satisfactory standard de-
viation. As seen in Fig. 6(a), the CI velocity remams =0.5
cm/us, similar to that observed prior to the pulse and the
ions acquire velocities towards the load that are higher for
the higher charge states. These axial observations were per-
formed for d=0.5~1 cm from the anode giving similar re-
sults.

Note that it is somewhat difficult to obtain from these
data the exact scaling of the velocities with the jon charge.
The reason is that as discussed above, CI and CII ionize into
CII and CIII, respectively, and the excited-level populations
for CIII, CIV, and CV may be affected by charge exchange
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processes during the pulse, which makes each charge-state
group of ions contain jons accelerated with different charges.
It appears that the velocity per unit charge, required for the
discussion given in Sec. IV, can be obtained most accurately
from the velocities of CIV and CV since even under the
effects of charge exchange processes, the average charge
state of these ions throughout the pulse can be assumed to be
3.5%+0.5 and 4.5+0.5, respectively, i.e., the resujting uncer-
tainty is relatively small.

The velocity distributions for CII, CIII, and CIV were
also measured for the POS regime given in Fig. 2(b). The
mean velocities were found to be similar to those observed
for the previous regime, ag shown in Fig. 6(b).

These measurements could not give the ion velocity z
dependence since they integrate over the axial dimension. In
order to obtain the velocity dependence on the axial position,
we utilized the plasma seeding technique. More measure-
ments of this kind will be reported in detail elsewhere. Here,
we mainly present data for Mgll, seeded in the plasma by
using the laser to evaporate magnesium deposited on the
anode strip,

First, we verified that Mgl ionization into Mgl could not
affect the MgllI velocity. To this end, we determined the Mgl
density from the intensity of the 2852 A
[3s3p(*P%—35%('$)] line and collisional-radiative
calculations,* yielding it is =1/5 of the Mgl density, i..,
the Mgl density is too low to allow the Mgl ionization to
significantly affect the Mgl velocity. Thus, we believe that
the Mgll velocity observed does reflect the velocity acquired
by Mgll during the pulse.

Mgll velocity measurements were mainly made for the
POS regime given in Fig. 2(b). They were made for ten
different axijal locations of the seeded-Mgll column. In Fig.
7(a) we present an example of a velocity distribution ob-
tained from the 2796 A (3p-3s) line spectral profile for
z=-0.2 cm. The shifts of such spectral profiles were used
to obtain the directed velocities towards the load, shown in
Fig. 7(b) for four axial locations at d=0.7 cm. It is seen that
at the generator-side edge of the plasma [z=—1.8 cm, see
Fig. 4(b)}, the directed velocity remains low, while between
z=~1.4 10 z+1.0 cm it rises to =2X 10% cm/s at =100 ns.
In Fig. 8(a) we present the velocity distribution seen at the
load-side edge of the plasma, z=+1.4 cm, also for d=0.7
cm, Here, the velocity distribution shows relatively high ve-
locities, together with low velocities similar to those seen for
z up to 1.0 em. The velocity distribution given in Fig. 8(a)
was satisfactorily fitted by two Gaussian curves that describe
the two ion velocity components. The mean velocity for the
fast component, averaged over 12 discharges, is plotted in
Fig. 8(b), showing peak values that are =3 times higher than
that of the slow component. Averaging over a few dis-
charges, the emission intensities of the slow and fast compo-
nents were found to be about the same. This means that
about half the seeded column in the load side of the plasma,
i.e., a region =0.5 cm wide in the z direction, can be as-
sumed to move with the higher velocity. Hence, about 13%
of the plasma jons in the 4 cm long plasma acquire the high
velocities. Note that the ion motion for all axial locations in
Figs. 7(b) and 8(b} starts within the first 40 ns of the pulse.
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FIG. 7. (a) An example of the MglI velocity distribution obtained from the
spectral profile of the MgII 2796 A (3p(2P%)—3s(2S)) line observed axi-
ally in the magnesium-seeded experiments for t=90 ns, z=—0.2 cm, and
d=0.7 cm. The line is a Gaussian fit to the data. (b) The time-dependent

mean axial Mgll velocities obtained from the Doppler shifts of the Mgl .

2796 A line for d=0.7 cm. Given are results for the axial locations: z=
—1.8 [close to the generator-side edge of the plasma, see Fig. 4(b)], —1.4,
+0.2, and +1.0 cm. Each curve is an average over four discharges and the
error bars give the standard deviation.

The Mgll velocities were also measured for d=0.2 and 1.7
cm showing phenomena similar to those found for d=0.7
cm. We also did measurements of the Mgll ion velocity at
z=2.4 cm, d=0.7 cm. Already at this axial position no fast
ion component was observed. The light emission of the MgII
ions starts to increase and peaks with =350 ns time delay
relative to the light emission at z= 1.4 cm. At this position
Mgll acceleration towards the generator was observed only
at time 120 ns when the downstream current becomes
larger than the upstream current.

Axial velocities for various z locations were also ob-
served for Call (here, we evaporated CaF, from the anode
surface) using the Call 3934 A (4p—4s) line. The results
were found to be similar to those for MglII (except for veloc-
ity mass dependence, see below) including the start time of
the ion motion and the high velocities in the load side of the
plasma. A few local velocity measurements for MgIl were
also performed for the POS regime given in Fig. 2(a). The
results were similar to those described above for the regime
in Fig. 2(b), although it appeared that the ion high-velocity
component extends over a wider region of the plasma.

We also searched for evidence for relatively high veloci-
ties in the axially integrated measurements in which the car-
bon ion velocities were observed. For this purpose, we ob-
served, for CIII, the wings of the line spectral profile down to
less than 1072 of the peak line intensity. Such a detailed
spectral profile is shown in Fig. 9 for the CII 2297 A
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FIG. 8. (a) The MglI velocity distribution obtained from the MgIl 2796 A
line spectral profile observed axially for =90 ns, z=+1.4 cm, and d=0.7
cm. Low-velocity and high-velocity components are seen. The line is a fit of
two Gaussian curves to the data. (b) The time-dependent mean axial velocity
of the Mglil high-velocity component observed at z=-+ 1.4 cm and d=0.7
cm. The curve is an average over 12 discharges and the error bars give the
standard deviation.

[2p*(!D)—~252p (1 P%)] line, observed at d=1.2 cm for the
POS parameter regime given in Fig. 2(a). It is seen that the
high-velocity wing of the line is more intense than the low-
velocity wing. In order to obtain the relative particle number
for each velocity, we assume that the ratio between the upper
level and the total CIII densities is similar for all CIII veloci-
ties, which probably occurs if this ratio is uniform in z. With
this assumption, we subtract the low-velocity wing from the
high-velocity wing to obtain the high-velocity component of
CIIL. ‘This component, shown by the dotted area in Fig. 9,
contains =10% of the total line intensity, i.e., ==10% of the
CIII in the plasma. This is in a satisfactory agreement with
the =13% high-velocity component obtained from the MgIl
measurements. In addition, the high-velocity component for
CIII contains ions with velocities =2X 107 cm/s, as shown in
Fig. 9. Assuming a proportionality of the ion velocity to the
charge-to-mass ratio, the fast Mgll component should con-
tain velocities =5X10° crm/s, which is also found to agree
with the minimum velocities in the fast Mgll component
shown in Fig. 8(a). Thus the high CIII velocities towards the
load appear to be consistent with those found for Mgll. We
emphasize, however, that in obtaining these resulis for CIII
we assumed that the line intensity is upiform in z. Also, from
these measurements the location of the high-velocity ions
cannot be known.

The seeding measurements enable us to compare the ve-~
locities of different mass and charge-state ions. So far, we
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FIG. 9. The axial velocity distribution of CIIl, integrated over the entire
plasma length, obtained from the spectral profile of the CIII 2297 A line, for
t=100 ns and 4= 1.2 cm. The blocks show the light intensity measured by
each fiber of the fiber array discussed in Sec. II B. Here, a dispersion of =1
A per fiber was used in order to observe the spectral profile down to =103
of the peak line intensity. The total line intensity is normalized to unity. The
dotted regions are the result of a substraction of the low-velocity wing of the
distribution from the high-velocity wing. The total area of the dotted regions
give the extra light intensity contributed by ions with high velocities towards
the load.

compared axial velocities of Lill, Mgll, Call, and Ball all
measured in the axial center of the plasma. The mean di-
rected velocities at =100 ns were found to be =6X 106,
2X10°%, 1X10% and 3X10° cm/s, respectively, giving an in-
verse proportionality to the mass within the measurement
uncertainty of =25%. We are not studying here the velocity
dependence on the charge-to-mass ratio from comparisons of
axially integrated to local measurements. The reason is that
such a comparison requires a detailed knowledge of the line
intensity distributions along the axial plasma dimension, in-
cluding at the plasma edges, which is not available yet.

The local ion velocity distributions shown in Fig. 7(a)
give a velocity spread full width at balf maximum (FWHM)
=2.5X10° cm/s at =100 ns, which is comparable to the
directed velocity. The velocity spreads were seen to rise in
time similarly to the directed velocities. We believe the ve-
locity spreads result from velocity spatial variations in the
region observed. In the seeding experiments, at 4=0.7 cm,
the size of this region is ==1.0, =0.5, and =0,05 cm in the
axial, azimuthal, and radial directions, respectively. Indeed,
the velocity spread was observed to be larger relative to the
shift, at larger radii where the seeding axial dimension in-
creases. Following the discussion given in Sec. IV, these spa-
tial variations presumably result from variations in the elec-
tron and current densities (see discussion in Sec, IV). The
velacity spreads for the carbon ions were also found to rise
in time similarly to the directed velocities, and to be larger
for higher charge states, which is consistent with the claim
that the velocity spreads result from spatial variations in the
directed velocities. As expected, since the carbon-ion veloc-
ity measurements are integrated over the entire axial plasma
length, they showed spreads somewhat larger than seen in
the local Mgll measurements. Consistently, however, also for
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FIG. 10. Typical FWHM of the H, and Hg lines as a function of time,
observed axially with the light integrated over the entire plasma length at
d=1 cm from the anode,

the carbon ions, the velocity spreads were comparable to the
respective directed velocities.

Radial ion velocities were observed using radial lines of
sight in various axial locations. The velocities obtained were
integrated along the radial dimension of the plasma with the
resolutions in the z and @ directions being 0.05 and 0.6 cm,
respectively. The radial velocities were observed for HI and
CI to CV. We note, however, that these measurements suf-
fered from high light intensities from the plasma in the vi- -
cinity of the anode. Nevertheless, by comparing axially and
radially measured line intensiiies, we concluded that most of
the plasma jons in the radial locations for which the axial
velocities were measured (d=0.2 to 1.7 cm from the anode)
have radial velocities towards the cathode comparable to
their axial velocities towards the load.

D. Electric fields

In order to search for electric fields in the plasma we
observed spectral profiles of H, and Hg. These profiles were
observed axially with the measurements being integrated
over the entire axial plasma dimension.

The Hy profiles were observed for various radial loca-
tions between d=10.2 to 2.3 cm. The line FWHM as a func-
tion of time is shown in Fig. 10. The FWHM is seen to rise
from 0.80£0.15 A prior to the pulse to a value of 2.3+0.4 A
at =40 to 100 ps, followed by a decrease later in the pulse.
This finding was seen over the entire plasma region studied.
The width during the high current pulse is significantly larger
than the width resulting from the thermal Stark broadening
due to the plasma-particle fields for the electron density ob-
served during the pulse (=1.3X10" cm™, as given in Sec.
IIT A). We suggest that the Hy profile during the pulse is
dominated by collective fields in the plasma.

Because of the absence of an unshified component, the
Hp spectral profile is mainly affected by the distribution of
the electric microfieid amplitude rather than by the field fre-
quency, except for detailed features as the dip and shoulders
in the line cenier. The observed Hy profiles can thus be used
to infer the mean amplitude of the collective fields. Because
of the Hy width insensitivity to the field frequency, 2 quasi-
static treatment may be used. In this treatment, we assume a
Gaussian distribution for the collective electric field to re-
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construct the Hg profile. For simplicity, the field distribution
is assumed to be isotropic. Also in the cal¢ulation, the Dop-
pler broadening due to the 2 eV hydrogen temperature mea-

cured nrior to the cnrrent nulee ig acconnted for Thic nroca-
SUrea prior 1o e current puise 1s accountied Jor 1 nis proce

dure yields =10 kV/cm for the mean amphtude of the
collective electric field.

The H, FWHM was also observed to increase 31gmﬁ-
cantly during the current pulse, from 0.75=0.1 A prior to the
pulse to 1.8£0.3 A at =40 ns to t=100 ns, as shown in
Fig. 10. This H, width is also much larger than the thermal
width, accounting for Doppler and ion dynamics,* for the
electron density observed. Collective fields are thus required
to also explain the H, profile during the pulse. However, for
H,, due to the dominance of the unshifted o component,

hioh-freauency (nonguasistatic with regnect to the inverse
nign-irequency (nonquasistatic with respect to the mverse

HWHM time scale) fields are required to account for the
observed broadening. The field frequency"’5 should thus be
larger than 3X10' Hz. Preliminary analysis indicates that
electric fields with an amplitude =10 kV/cm and a frequency
=10" Hz are required to explain both H,, and Hp profiles.
More detailed analysis of the H, and Hg profiles will be
reported separately.

In principle, fast hydrogen motion could also affect the
hydrogen line broadening. High velocities of hydrogen at-
oms can result from charge exchange processes. However,
analysis of the observed temporal dependence of the H, and
Hp widths, of the absence of shifts for these lines, and of the
hydrogen ionization time in the plasma, strongly suggest that
the hydrogen motion was too slow to significantly affect the
profiles of these lines. Also, the contributions of Zeeman
splitting and seif-absorption to the line profiles were esti-
mated to be small.

IV. DISCUSSION
A. lon velocities and magnetic field distribution

The measured ion velocities allow us to study the distri-
bution of the magnetic field in the plasma. If the magnetic
field does not penetrate the plasma, the magnetic field pres-
sure is expected fo push the plasma at its boundary with a
velocity =V, , where V, = B/«4wp, B is the magnetic
field at the vacuum, and p is the plasma mass density. The
pushing velocity would be within a factor of 2 of this veloc-
ity, depending on the pushing mechanism (specular reflec-
tion, snow-plow, or a shock wave). The plasma in our ex-
periment is of an electron density 7,=1.3x10!* cm™ and
is composed of protons and carbon ions. Its mass density is
estimated to be p=7.5%1071° g/cm®. Thus for B=8.7 kG
(using 7,=130 kA and r=3 cm corresponding to d=0.5
cm), the maximum velocity V, is =~9x107 cm/s, which re-
duces to average velocity V,=~4.5X 107 cm/s taking into
account the finite rise time of the magnetic field. As de-
scribed in Sec. III C, the measured ion velocities are much
lower, ranging from 1X10° cm/s for CII to 1X107 cm/s for
CV at t=90 ns. This discrepancy between the ion velocities
expected for no magnetic field penetration and the measured
ion velocities, implies magnetic field penetration into the
plasma, causing a pushing of a larger part of the plasma
which results in less momentum gained by each ion.

Phys. Plasmas, Vol. 2, No. 6, June 1995

The assumption of magnetic field penetration is sup-
ported by further evidences. One evidence is related to the
observed dependence of the ion velocities on their charges.

Weara tha nartinlac cnarmilarlv reaflantad hy tha magnatic nic.
vwiIC Wi PaluCiCs splldialily ITLCLWa Uy ulb HagilCul pis

ton, their velocities would have been identical for all
charges. However, the measured velocities are charge-
dependent, higher for higher charge states (see Fig. 6), indi-
cating field penetration. The mass-dependence observed (see
Sec. III C), showing lower velocities for the heavier ions, is
also consistent with this picture. Magnetic field penetration is
expected to result in a linear dependence of ion velocities on
the charge-to-mass ratio. However, ionization and charge ex-
change processes affect this velocity dependence (see Sec.
III C). Also, the uncertainties due to the experimental irre-
producibility do not allow the exact dependence to be ob-
tained. Nevertheless, the observed monotonic dependence is
highly supportive of magnetic field penetration.

The fast field penetration is also supported by the Jocal
ion-velocity measurements allowed for by the use of the
plasma seeding technique. It is shown in Figs. 7(b) and 8(b)
that ions in the entire axial plasma length start to be accel-
erated as early as t=40 ns. This enables us to conclude that
accelerating electric fields, formed by the magnetic pressure,
are present across the plasma already at this early time.

In addition to the ion acceleration, ion deceleration is
also observed. The mean velocity of the carbon ions is seen
in Fig. 6 to decrease in time when the downstream current
becomes larger than the upstream current {i.e., for £>160
ns, see Fig. 2(a)]. This ion deceleration averaged over the
entire plasma length, resulting from the reversal of the mag-
netic field pressure caused by I, becoming lower than I, is
expected to occur for any field distribution, i.e.; even if the
magnetic field does not penetrate the plasma. However, the
measurements of the local Mgll velocities allow us to exam-
ine the spatial dependence of the deceleration. Ions on the
generator side [see Fig. 7(b) for z=—1.4 cm, observed for
the parameter regime of Fig, 2(b)] start to decelérate already
at t=90 ns, long before the total current in the plasma and
the magnetic field pressure are reversed. At this time the
upstream current starts to decrease [see Fig. 2(b)], suggesting
that the early deceleration at the generator side is caused by
the formation of reversed currents at this location, resulting
in local reversal of the magnetic field pressure. This reversal
of the magnetic field pressure at the generator side, prior to
the reversal of the magnetic field pressure at the load side,
can occur only if the field penetrated the plasma earlier than
90 ns. The early ion deceleration in the generator side of the
plasma, provided by the spatially resolved velocity measure-
ments, thus yields additional support to the early field pen-
etration. At r>120 ns, ions decelerate at all axial locations,
see Figs. 7(b) and 8(b) for z=0.2, 1.0, and 1.4 cm. As
shown in Fig. 2(b), I, is reversed at £>120 ns. Thus the
deceleration at all axial locations at this time results from the
reversal of the current and of the magnetlc field pressure in
the entire plasma length.

. We now turn to a guantitative estimate of the magnetic
field distribution in the plasma which we obtain from the
measured ion velocities by assuming that the ions are accel-
erated by the Hall electric field. If a current flows through a
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region in the plasma, the mean axial velocity of ions of mass
M and charge Ze¢ in this region satisfies

av, z 1

dt M 8wén,

(B?— g%
\& ] VA

—
o
~—

Here, B; and B, are the intensities of the magnetic field at
the axial boundaries of the region, J is the width of the
region, and #, is the (assumed uniform) electron density. It is
assumed that the ions are uniformly distributed in the region.
Equation (1) is obtained from an axial integration of the ion

equation of motion over the region, where, as in the rest of

this discussion, the plasma pressure is assumed to be much
smaller than the magnetic field pressure. It is also assumed
that the ion displacement is small relative to 8 Equation (1)
is given in a form that is useful in the following analysis.

We first use the measured carbon velocities. Since these
velocities are integrated over the entire axial plasma length,
we first examine the possibility that the current I
(pos=1,— 14, see Sec. Il A) flows uniformly through the
plasma. We take B, to be B,, the B field at the generator
side, and B, to be B,, the B field at the load side. The
intensities of the B field at the generator and at the load sides
at a distance r from the axis are calculated using the up-
stream and downstream currents, I, and I, respectively, that
are given in Fig. 2 for the two regimes, We then employ Eq.
(1) to calculate the expected mean ion velocities. The calcu-
lated velocities of CIV and CV for =90 ns and d=0.5 cm
for the regime of Fig. 2(a) are 2.5X10” cm/s and 3.3X107
cm/s, respectively, and for the regime of Fig. 2(b) they are
1.9% 107 c/s and 2.6X 107 cr/s, respectively. These veloci-
ties are several times higher than the measured velocities,
which are similar for the two regimes, as given in Fig. 6. We
chose to compare the calculations to the measurements for
CIV and CV since the relative uncertainty in their charge
states, even in the presence of charge exchange processes, is
sufficiently low (see Sec. III C). The discrepancy between
the observed and the calculated velocities for CII and CIII is
even larger than for CIV and CV. However, this could result
from the ionizations that make CII and CIII accelerate as
lower charge states during a fraction of the pulse, as dis-
cussed in Sec. III C.

The above analysis, that used the measured carbon ve-
locities, shows that the assumption that the current /., flows
uniformly through the plasma is inconsistent with the data.
The local Mgll measurements allow us to examine the de-
tailed magnetic field distribution. We, therefore, use Figs.
7(b) and 8(b) and Eq. (1) to calculate the magnetic field
distribution at various times for d=0.7 cm. At each time
t=40, 60, 80, and 100 ns, the magnetic field distribution is
calculated as follows. The plasma is divided axially into in-
tervals whose centers are at z=—1.8, 4, —0.2, +0.2,
+1.0 and +1.4 cm. The acceleration at each interval is esti-
mated from the axial velocities observed at each z, such as
those given in Figs. 7(b} and 8(b). Assuming a density
7,2=1.3X10" cm™3, as given in Sec. III A, we calculate the
change in B? across each interval. Then, starting from the
generator side, where the magnetic field B, is obtained from
the upstream current, we calculate B across the plasma. As in
writing Eq. (1), we assume in the calculation that the MgIl
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dependent local Mgll velocities such as those given in Figs. fw; and 8{b}.
In the calculation, we used an electron density 1.3X 10" em™, as given in
Sec. IIT A. The data points are connected by straight lines. The points at
z=15 em give the magnetic field obtained from the downstream current
measured by the Rogowski coil near the shorted Joad.

displacement is small relative to the length of the interval.
This assumption is a good approximation due to the low
Mgll velocities. Figure 11 describes the approximate mag-
netic field distribution in the plasma, as it evolves in time.
The figure shows fast magnetic field penetration into the
plasma and a formation of a relatively high current density at
the load-side edge of the plasma, We note that the reversal of
the current and the magnetic field pressure at the generator
side of the plasma, seen at t= 100 ns, cause the deceleration
of the ions seen in Fig. 7(b) for z=~—1.4 cm at that time,
that we discussed in the above.

As shown in Fig. 11, the calculated magnetic field at the
load side of the plasma is larger than B, the magnetic field
at the load that is obtained from the downstream current. The
difference in these values of the magnetic field may result
from electron flow in the vacuum section between the plasma
and the load*® or from current through a plasma present in
this section. Measurements of a downsiream plasma flow are
discussed in Sec. IV B. We emphasize that the uncertainties
in the ion velocities, the electron density, and the width of
the high-current-density layer in the load side of the plasma
do not allow us to determine accurately the magnitude of the
current that flows outside the main part of the switch plasma.

The data here analyzed were obtained for d=0.7 cm. As
said in Sec, I C, similar results were obtained for d=0.2
and 1.7 cm. Thus we believe the magnetic field distribution
here given reflects the distributions in the region between 0.2
and 1.7 em from the anode. Theoretical studies predict fast
magnetic field penetration into the plasma along a narrow
region near the anode.”>?® Such a penetration would not
eliminate the acceleration of the unmagnetized parts of the
plasma to high velocities. The low jon velocities measured at
various distances from the anode make the possibility of pen-
etration only in the neighborhood of the anode very unlikely.
The detailed Mgl measurements were made for the regime
in Fig. 2(b). As said in Sec. I C, few measurements were
also performed for the regime of Fig. 2(a) showing similar
results, although implying a wider region for the high-
velocity ions. Thus it appears that the relatively high current
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density is formed in the plasma load side for the two re-
gimes, i.e., for low and high currents switched to. the load.
This means that the current density in most of the plasma is
also low for the regime of Fig. 2(a), which is consistent with
the low axially integrated carbon-ion velocities observed in
that regime (see Fig. 6).

Our measurements thus lead to the conclusion that fast
magnetic field penetration into the plasma occurs. They also
indicate that a high current density is formed in the load side
of the plasma early in the pulse.

An important question is the mechanism of the magnetic
field penetration. The classical plasma resistivity for an elec-
tron temperature of 5 eV is =101 s, and the diffusion time

7,4 into our 3 cm long plasma is*?

4aL?
Tg= *—a—."’"’loﬁ

¢y .
This diffusion time is 500 times longer than the field pen-
etration time seen here. Since the electron temperature rises
during the pulse, the discrepancy is even larger. Anomalous
resistivity due to various instabilities could somewhat
shorten this time. However, we suggest that the penetration is
associated with to the Hall field mechanism recently
studied.?-® The condition for the dominance.of this pen-
etration mechanism is that the characteristic length is smaller
than the ion skin depth. This condition is satisfied for our
experimental parameters. The velocity and time for such a
penetration are” 21-23 :

c
Vo= =6X107 cm/s,
4aen,r
4aren,r
T= L=50 ns
cB

In these expressions r is a characteristic length: of the non-
uniformity. In the numerical evaluation of V., and 7 we used
the average magnetic field B=35 kG over the first 50 ns,
n,~1.3x10'"* cm™3, r=3.2 cm (corresponding to d=0.7
cm), and the plasma length L=3 cm. Recalling that the char-
acteristic length of the nonuniformity could be smaller than
3.2 cm, this estimate is consistent with the penetration time
inferred from the present data..

In order to explain the fast magnetic field penetratlon by
the Hall field mechanism two important questions have to be
resolved. First, the Hall-induced penetration is usually asso-
ciated with a negative polarity POS.2!"% This is because the
Hall effect requires that n,r” increases along the electron
flow. In our case it is not certain this is true, so this is not
fully understood. In relation to this, Gomberoff and Frucht-
man have shown that penetration can occur in a positive
polarity as well,>* since even in a positive polarity the elec-
trons may flow along an increasmg n,r*. Moreover, Frucht-
man and Rudakov have also shown® that the magnetic field
pressure can modify the density in such a way, that the field
penetration becomes possible. o

The second important question is that of the magnetic
field energy dissipation. Because of the fast penetration, only
a small part of the dissipated energy is expected to be con-
verted to ion kinetic energy. The predicted low ion kinetic
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energy is consistent with our experimental data. The dissipa-
tion per particle expected to result from the magnetic field
penetration is approximately (B%/81n,). Since the magnetic
field seems to penetrate already at =40 ns, the dissipation
available per particle at that time (at r=3.2 cm, B,=6 kG)
is expected to be =5 keV. At t=40 ns the CIV velocity
appears to be <3X10° cm/s (see Fig. 6) and the measured
MglI velocity averaged over the entire plasma is =5X10°
cmy/s [see Figs. 7(b) and 8(b)]. Consistent with the data given
in Sec. Il C, we assume that the ion velocities are propor-
tional to the charge-to-mass ratio and, therefore, the proton
velocity is estimated to be 1—1.5X107 cm/s at =40 ns.
This velocity corresponds to a kinetic energy of =100 eV.
The heavier ions gain a kinetic energy that is even smaller.
Thus the kinetic energy of the ions is only a small part of the
dissipated magnetic field energy. Most of the dissipated mag-
netic field energy is expected to become electron kinetic en-
ergy. Note that from the total charge flow the electron en-
semble in’ the plasma can, in principle, be about one time
replaced, thus the lower limit for the energy available for
each electron can be reduced to =2 keV. The lower bound
for the electron kinetic energy here determined is much
lower than 1 keV. It has been recently demonstrated?® that
during the magnetic field penetration the magnetic field en-
ergy can be dissipated by accelerating electrons in the ¢ur-
rent ¢hannel to a high energy, and thesé energetic elecirons
deposit their energy at the anodé. The energetic electrons are
only located in thé narrow current channel, making their
relative number small, while most of the electrons, that re-
main in the plasma behind the current channel, have lower
energies. This theory,” therefore, may provide an explana-
tiofi to the question of energy dissipation. The géneral feature
that accelerating the plasma eléctfons to the anode and re-
placing them by relatively cold electrons from the cathode
provide a way of magnetic field energy dissipation with o
electron heating’ in a” collisionless plasma, has also been
pointed out by Mendel. 8 Further quantitative investigations
of the electron energy distributions, in particular the poss1b1e
presence of energetic eléctrons, should be made. '
The fluctuating electric fields inferred from the hydrogen
line profiles are found to have an amplitude =<10 kV/cm and
a frequency >3%10° 571, Kulsrud er al.?” and Sudan and
Similon®® discussed the ion acoustic instability drivén by
dr1ft1ng electrons. This instability is predicted to fluctuate’at
(the ion plasma frequency)®’ and is supposed to
saturate at electric fields B Co -

Q. wi\us o )
)\D(wpe vt) ._ . -

Here, T, is the electron temperature, {}, and w,, are the
electron cyclotron and plasma frequencies, Ay is the Debye
length and W.and v, are the electron drift and thermal ve-
locities, respectively. For our parameters the predicted am-
plitude and frequency of the electric field are a few tens-of
kV/cm and 100571, 1, respectively. Nevertheless, further mea-
surements and theoretmal studies have to be made in order to
identify the instabilities responsible for these fields. -

Note that the electric field accelerating the ions in the
axial direction, obtained from the ion-velocity measurements

s
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FIG. 12. The time-dependent intensities of the Balll 3368 A

(6p[5/2);~65[3/2],) line observed axially in the barium-seeded experi-
ments for 4=0.8 cm and for the axial locations z=—1.8, —1.0, —0.2, and
+1.4 em. The time uncertainty is indicated.

[Eq. (1)] averaged over =10 ns and 1 c¢m, is =2 kV/cm. The
directed energy that may be delivered to the ions by the
higher-amplitude fluctuating fields is expected to be much
smaller than the energy delivered by this average field.

The time and z dependence of the line intensities of Lill
and Balll, obtained in the seeding experiments discussed in
Sec. Il B, showed a rise in the line intensities that propa-
gates axially towards the load, reaching the load-side edge of
the plasma within the first 40 ns of the pulse. This is shown
in Fig. 12 for Balll for d=0.8 cm, where the delay in the
rise of the line intensity with the distance from the generator-
side edge of the plasma, and the intensity rise over the entire
plasma within the first 40 ns of the pulse, can be seen. Simi-
lar resulis were observed for 4 up to 1 cm from the anode.
The level excitations for the Lill and Balll lines require elec-
tron kinetic energies of a few tens of electronvolts. This rep-
resents a lower limit since higher electron energies are also
consistent with the line intensities observed. High energy
electrons could be beam of electrons that originate at non-
neutral regions in the plasma. The penetration of the mag-
netic field into the plasma that occurs at the same time raises
the possibility that the rise in the electron kinetic energies is
associated with currents in the plasma.

B. Downstream plasma flow

The observation of relatively high current density in the
load-side edge of the plasma leads to the prediction that
plasma in this edge may be accelerated axially towards the
load. Due to the nearly linear dependence of the accelerated
ion velocity on the charge-to-mass ratio a considerable pro-
ton motion is expected. The velocity of the protons in the
high current-density region, resulting from the acceleration
by the magnetic field pressure there (see Fig. 11) calculated
for t=60 ns is =108 cm/s. The number of the protons accel-
erated to this velocity can be estimated from the total number
of protons in the 0.5 cm wide region of the high current
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FIG. 13. Ion current density traces measured in a single shot by four colli-
mated Faraday cups (CFC) separated by 90 deg. The CFC are positioned at
different axial locations between the piasma and the short-circuii load. A
transverse magnetic field prevents electrons from entering the CFC and
affecting the measured ion signal.

density. Since the proton fraction in the plasma is at least
30% (see Sec. II C), the proton density is at least 3x 10"
cm ™, giving a total number of =10'3 protons in this region.

In order to examine this possibility we used magnetically
insulated collimated charge collectors to observe axial ion
motion in the vacuum section between the switch plasma and
the load. In each discharge, four collectors azimuthally sepa-
rated by 90° were placed at the radial center of the interelec-
trode gap and at different distances from the switch plasma.
Traces observed by the charge collectors are presented in
Fig. 13, showing ion signal with a duration =40 ns propa-
gating axially at a velocity (1.5%0.7)X10® cm/s, obtained
from time of flight considerations. The use of positively bi-
ased noninsulated collectors showed that electrons were co-
moving with the ions.

Traces similar to those given in Fig. 13 allowed the total
charge collected by the collectors to be calculated, giving
=1.5%10"% C. If this charge is due to singly charged ions,
their corresponding number is =1.0X 10!, We assume an ion
distribution that is nearly uniform in the radial and in the
azimuthal directions. We then calculate the total number of
ions fiowing in the axial direction by multiplying the number
of ions collected by the collectors by the area ratio of the
interelectrode region and the collectors. The total number of
jons thus found is 7X 10",

The agreement between the predicted and observed axial
ion velocities towards the load and total number of ions ac-
celerated suggests that these ions are mainly protons that are
accelerated from the high-current-density region of the
plasma.

At t=40 ns there is already a magnetic field in the
vacuum region between the plasma and the load. The motion
of the ions across the magnetic field is not clear as yet. The
protons are probably charge neutralized by the comoving
electrons and it is possible that this proton plasma carries
current. A mechanism of the proton plasma propagation
across the magnetic field could be the pushing of the current-
carrying proton plasma by the magnetic field pressure, In this
case, the current carried by the proton plasma could be part
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of the current losses between the POS plasma and the load,
discussed in reference to Fig. 11. A second mechanism could
be a charge polarization of this proton plasma that allows it
to propagate across the magnetic field.*’ Since even at den-
sities =10'%2 cm ™ the condition n;m ,c*>B%/4 7 is satisfied,
such a propagation is possible.

p

C. Observations of electrode plasmas

In our study we also investigated the plasma in the POS
gap over a time longer than our current pulse. Plasmas were
found to be formed at both electrodes within 50 ns after the
beginning of the upstream current, and to flow into the
anode—cathode region at a velocity of 1~3X10° cm/s. The
properties of this plasma and its flux were studied in detail*®
using line intensities of various charge states and collision-
radiative calculations*? (as in Ref. 43) and will be published
elsewhere. In brief, this plasma was found to be of a rela-
tively high electron density that rises in =2 us to ==10'¢
cm™ within a few millimeters from the electrodes. It con-
tains singly and doubly charged ions (protons, CII, CIII, AlII,
AlIII, Fell, and Felll) and neutral particles.

Charge-collector measurements of radial ion current
through the cathode suggest that the cathode plasma is
formed at =5 ns after the beginning of the upstream current,
probably due to explosive emission on the cathode surface.
In these measurements, magnetically insulated charge collec-
tors were placed behind a 1.5 cm wide slot in the cathode.
The charge collectors revealed about 3 ns long ion-current
spike, at 5*3 ns after the beginning of the upstream current,
besides the commonly observed'®!® jon current starting a
few tens of nanoseconds later. It is possible that the early
short-duration ion current results from the formation of
strong electric fields in the vicinity of the charge collector
screen-box surface, due to the absence of electron emission
from that surface, into the current-conducting plasma. The
strong electric field would then result in the plasma erosion
near this surface. Under this assumption, the total charge
collected during the early signal and the plasma density can
be used to estimate the width of the eroded plasma region,
giving about 100 pwm. Assuming a Child-Langmuir charge
flow, the current density observed gives a potential drop of
=] kV over that region. The electric field near the plasma
near the collector-screenbox surface can thus be estimated to
be 100 kV/cm, sufficient to cause explosive emission in this
metallic surface. It is plausible that the plasma formation due
to the explosive emission’®? and the electron emission
from this plasma cause the electric field in the vicinity of the
collector to drop. This could explain the short duration of the
early ion signal. It can be reasonably assumed that the phe-
nomena at the plasma—charge collector boundary are similar
to those at the plasma—cathode boundary, which is consistent
with the observation of line emission from a plasma near the
cathode at +=<50 ns. '

To summarize, in our POS, the electrode plasmas, or
electrons supplied by these plasmas, may affect the POS
properties by causing a reduction in the electric field near the
electrodes. In longer-time switches, however, the electrode
plasmas can propagate into the POS gap, thus also affecting
the plasma composition, density, and ionization processes.
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V. SUMMARY

In this study we presented local measurements of the
electron density, electron kinetic energy, electric fields, and
velocity distributions for up to four times ionized ions in a
coaxial plasma opening switch. We have not attempted to .
study the opening mechanism and to optimize the switch
performance. We rather focused on processes that occur dur-
ing the current conduction by the plasma. The measurements
were repeated for two operating regimes of the POS, with
low and high currents switched to the load, obtained by vary-
ing the parameters of the plasma source used. Similar results
were found for all measurements reported here. The early
start of the ion motion, the relatively low ion velocities, and
the nearly linear dependence of the ion velocity on the
charge-to-mass ratio, suggested magnetic field penetration
within the first 40 ns of the pulse. Assuming that the ions are
accelerated by the Hall electric field, we used the local ion
velocity measurements to infer the magnetic field distribu-
tion in the plasma. The high ion velocities in the load-side
edge of the plasma imply the presence of a relatively high
current density at this location in the plasma. If high anoma-
lous resistivity is excluded,? it seems that theories based on
the Hall field mechanism®™% could explain the fast mag-
netic field penetration observed here. Recent theoretical
studies®*? allowed for relating the penetration in our experi-
ment to the Hall field mechanism.

The generality of the observed phenomena should be
examined by varying the plasma parameters, the POS load,
and the POS polarity. More detailed measurements of the ion
motion in various radial and axial positions in the plasma
and with a higher spatial resolution are highly required. Lo-
cal Zeeman-splitting measurements of the magnetic field,
similar to those described in Ref. 53, are currently
underway.?° For plasmas with significant proton component,
the proton dynamics should be studied, perhaps by the study
of temporal variations in the local electron density.

The question of energy dissipation is most-probably con-
nected to the kinetic energy of the electrons. Our measure-
ments so far only provided a lower bound of a few tens of -
electronvolts for the electron energy. Further studies are
needed in order to estimate the electron kinetic energy.

Our present study raises the possibility of plasma pres-
ence and current flow in the transmission line between the
plasma and the load. The current flow can be studied in detail
by complementing the study of the magnetic field distribu-
tion in the plasma with a study of the magnetic field distri-
bution in the region between the plasma and the load.

Our measurements suggest the presence of collective
electric fields with an amplitude =10 kV/cm fluctuating with
a frequency >3X 10 Hz. The instabilities generating these
fields requires further study.*®?’ The ion directed momentum
is mainly delivered by the lower-amplitude slowly varying
Hall electric fields (=2 kV/cm). Better knowledge of the
spatial distributions of these fields and their direction is re-
quired for understanding the mechanism of the magnetic
field penetration, for investigating non-neutral regions in the
plasma, and for determining the plasma resistance.

As said in Sec. III B, ionization processes in our experi-
ment may have not significantly affected the electron density
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during the pulse. However, these processes may play an im-
portant role in long-time switches where the ionization rates
can be higher (due to the higher electron density) and the
times are longer. For such switches, assuming an electron
density of 10'° cm™ and an electron temperature that rises
during the pulse at least to a few tens of electronvolts, we
estimate that most of carbon ions ionize into CIV, with a
partial ionization of CIV into CV. Thus if the plasma only
contains CIII, we expect the electron density to rise to <2
times its initial value in a period of 1 us, while if the plasma
contains large amounts of neutral particles or singly charged
ions, the electron density may rise =3 times.

Plasmas were found to form at electrodes early in the
pulse, presumably due to explosive emission, causing van-
ishing of the electric fields at the electrode surfaces. Their
observed expansion rate suggest that in long-time switches
these plasmas may propagate in the anode—cathode gap, thus
affecting the operation of long-time switches, which requires
further study.
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