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in the presence of magnetic fields

Y. Maron, E. Sarid, O. Zahavi, L. Perelmutter, and M. Sarfaty
Department of Physics, Weizmann Institute ofScience, Rehouot, 76 IOO, Israel

(Received 27 January 1988; revised manuscript received 26 January 1989)

Observations of line-emission Doppler broadening and Doppler shift are used to determine the
velocity distributions, parallel and perpendicular to the anode surface, of neutral particles and mul-

tiply charged ions in a surface-Aashover-produced plasma in a magnetically insulated ion diode.
The velocity distributions were found to be nearly Maxwellian with thermal energies of =8 eV for
neutral particles, =20 eV for singly charged ions, and 20—80 eV for doubly and triply charged ions.
The plasma-pressure gradient in the magnetic field, obtained from the observed ion temperature and
density, and a suggested anomalous plasma conductivity that is approximately ten times lower than
the classical conductivity are shown to explain the fast plasma expansion with respect to the mag-
netic field. Elastic collisions of the 7-eV electrons with the hotter ions cause electron heating. The
observed ion velocities in the plasma parallel to the anode account for = —,

' of the velocities in the

same directions observed in the diode acceleration gap in a previous experiment.

I. INTRODUCTION

The behavior of plasmas in pulsed devices ( ~ 100 ns) is
strongly influenced by the ion and neutral-particle veloci-
ty distributions in the plasma. The ion kinetic energies
aff'ect the plasma pressure (and thus the plasma expan-
sion), the electron-ion energy transfer due to elastic col-
lisions, and, in the presence of magnetic fields in the plas-
ma, the ion Larmor radii. The energies of neutral parti-
cles affect their motion and thus their densities and ion-
izations throughout the plasma. The ion and neutral-
particle flows in the plasma determine the extraction of
various ions from plasmas under electric fields.

In particular, the properties of plasmas formed over
dielectric surfaces in pulsed high-voltage systems play an
important role in the operation of the systems. For ex-
ample, the expansion of the anode plasma in high-power
ion diodes' causes time-dependent changes in the
electric-field distribution, in the charge flow and in the
impedance of the diode.

Little information on the mechanisms that dominate
the anode-plasma expansion in pulsed diodes is presently
available. Johnson and co-workers used visible-light in-
terferometry to observe the relatively dense part of the
anode plasma (=4X10' cm ) in a 700-kV 300-kA 80-
ns magnetically insulated ion diode (in such diodes mag-
netic field is applied parallel to the electrodes in order to
inhibit the electron flow across the diode gap and thus to
increase the ion-beam generation efficiency ). They ob-
served an expansion velocity of about 1.5 cm/ps. Maen-
chen et al. , also using interferometry, observed veloci-
ties of up to 30 cm/ps in axial plumes of the anode plas-
ma in a pinch-reflex diode operating at 1.5 MA and 1.5
MV. In an applied 8-ion diode (1.7 MV, 1.7 MA),
Johnson et al. have reported that an expansion velocity
of 5 to 10 cm/ps throughout the voltage pulse was re-
quired for their surface-flashover anode plasma in order

to explain the temporal impedance decrease. Pal and
Hammer determined the electron density from the H&-
line broadening in a lower power experiment (400 kV, 20
kA) using a planar magnetically insulated diode. They
showed plasma expansion velocities of 1 —2 cm/ps. Re-
cent measurements' of the electric-field distribution in
the acceleration gap of planar diode configurations (300
kV, 20 kA) provided information about the expansion of
the electric-field-excluding plasma. The plasma was seen
to occupy about a 3-mm-wide region near the anode sur-
face early in the pulse and to expand at =1 cm/ps later
on in the pulse. These velocities of plasma expansion
against the magnetic field are not explained as yet.

Generally, the ions in the anode plasma in high-power
diodes were believed to be much colder than the elec-
trons, based on the slow rate of the electron —heavy-
particle energy transfer. The electron temperature was
assumed to be of a few electron volts. The observed'
relatively fast expansion of the surface-flashover anode
plasma in intense ion diodes raised the possibility that the
ion kinetic energies in these plasmas are higher than com-
monly assumed.

To the best of our knowledge, until now the particle
motion in plasmas produced in pulsed-power devices had
been investigated by time-dependent measurements of
spatial distributions '" of optical emission lines. Howev-
er, the particle excitation and ionization states undergo
strong local temporal variations in such nonequilibrium
plasmas. It may, therefore, be misleading to extract par-
ticle velocities from spatial line-intensity profiles, as
shown in Ref. 12. Moreover, while such measurements
may provide the average particle velocity they do not
give the particle-velocity distribution.

In this study we report on the determination of ion and
neutral-particle velocity distributions in a surface-
flashover anode plasma in a planar magnetically insulated
diode by the observation of the Doppler broadening of
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the line emission of various particles. The measurements
are performed as a function of time and distance from the
anode surface, parallel and perpendicular to the surface.
They yield the particle-velocity distributions directly,
thus avoiding the di%culties discussed above.

Formation of the anode plasma via a surface flashover
of a dielectric anode is widely used in intense ion-beam
diodes. ' Based on observed correlation of the ion-beam
generation with the bombardment of the anode surface
by electrons accelerated in the diode, Johnson and co-
workers' suggested that electron leakage to the anode
causes surface breakdown by generating electric fields
with large tangential components on the dielectric sur-
face. The anode plasma is then formed as a result of elec-
tric breakdown in neutral-particle desorbed gas released
by electron impact of both primary and secondary elec-
trons on the dielectric surface. The processes responsible
for the plasma formation and the material release from
the surface are not addressed in this study.

The velocity distributions parallel to the anode were
observed both for particles originating from adsorbates
on the dielectric surface and for particles contained in the
dielectric material. For the latter, the particles were lo-
cally "seeded" in the dielectric, allowing investigations of
geometrical effects and plasma uniformity. The velocity
distributions parallel to the anode were found tu be near-
ly Maxwellian. The kinetic energies of neutral particles
and ions of various charge states were found to be about
8 eV and 20—80 eV, respectively, significantly higher
than what has been commonly believed. The ions ap-
peared to move away from the anode with a nearly iso-
tropic (in half of the velocity space) velocity distribution.
We have not as yet studied the processes responsible for
the particle kinetic energies and for the observed tem-
poral and spatial energy variations in the plasma.

Since the ions are hotter than the electrons [the elec-
tron temperature was determined to be =7 eV (Ref. 15)],
electron-ion elastic collisions cause electron heating rath-
er than electron cooling. Also, the relatively large ion ki-
netic energies cause a high plasma pressure, obtained us-
ing the electron density observed from the Stark and
Doppler broadening of H and H& lines, and thus a large
plasma-pressure gradient. The latter enhances the plas-
ma expansion against the magnetic field (the applied mag-
netic field was observed to be present in the plasma early
in the pulse' ). However, assuming classical electron con-
ductivity, ' the calculated rate of the plasma expansion
away from the anode, based on the observed ion tempera-
ture and electron density, is still smaller than the rate ob-
served. Also, the currents induced in the plasma by the
electron Aow in the diode acceleration gap are estimated
to push the plasma back to the anode surface. We then
suggest that the plasma conductivity is = 10X1ower than
the classical conductivity. This should result in a
significant reduction in the induced currents in the plas-
ma and in a faster expansion of the plasma due to its
pressure gradient, which is shown to explain the observed
expansion rate. The plasma current due to the pressure
gradient, together with the anomalous conductivity, also
possibly dominate the electron heating in the plasma, as
shown in Ref. 12.

A mechanism that may be responsible for the anoma-
lous plasma conductivity is the lower-hybrid-drift insta-
bility in the low-drift-velocity regime. ' ' The electron-
drift velocity, obtained from the plasma-pressure gra-
dient, is used to estimate the growth rate and the associ-
ated anomalous conductivity which are found to be
reasonably close to the requirements.

The average ion velocity parallel to the magnetic-field
lines in the anode plasma as observed in this work is
about —, of the average ion velocity observed in a similar
experiment in the same direction in the diode accelera-
tion gap. The ion velocities in the plasma parallel to the
electrodes set a lower limit to the divergence of ion beams
produced from surface-Aashover plasma sources. Howev-
er, if these velocities do not increase for higher diode
voltages (~ 10 MV), this limit would be sufficiently small
to allow beam applications in inertial-confinement pellet
fusion. The effects of the particle kinetic energies re-
ported here on the particle flow, ionization of neutral
particles, and ion extraction from the plasma, are dis-
cussed in detail in Ref. 12.

II. EXPERIMENTAL ARRANGEMKNT

For the present experiments we used a planar magneti-
cally insulated diode, shown in Fig. 1(a), similar to that
described by Maenchen et al. The insulating magnetic
field B, was produced by driving a 250-kA 30-ps current
pulse through the cathode that acted as a single-turn coil.
The magnetic field was varied in the experiments between
5 and 9 ko. Three-mm wide slots were cut in the y direc-
tion in the cathode to allow 50%%uo ion transmission. An
end view of the diode is shown in Fig. 1(b). A 14-cm-long
thin stainless-steel vane was connected to the cathode,
opposite the top of the active (dielectric) anode, parallel
to the magnetic-field lines (electrons emitted from the
vane E X B drifted in the diode gap downward). The
anode-cathode gap and the distance between the anode
and the vane tip were 8 and 5 mm, respectively.

The active anode [see Fig. 1(c)] was made of epoxy that
filled grooves in an aluminum plate. The grooves were
along the z direction, unless stated otherwise. The epoxy
grooves and the separating aluminum ribs were 3.8 and
0.7 mm wide, respectively. The height in the y direction
of the active anode h was 6 cm and its length in the z
direction I, was varied in the experiments between 2 to 14
cm.

The diode was powered by a 270 kV 90 ns pulse
delivered by an LC generator coupled to a 1-Q water line.
The use of a low-impedance line was advantageous for
our experiments since it allowed the voltage pulse height
on the relatively high-impedance (usually & 10 Q) diode
to be almost independent of the applied magnetic field
and the active-anode area that were changed in the exper-
iments. Typical diode voltage and current wave forms
are shown in Fig. 2.

Light was collected from the anode plasma parallel to
the magnetic-field lines (as shown in Fig. 3). Fused silica
optics were used to direct the light to the spectrometer
input slit through the demagnifying lens L. These mea-
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FIG. 2. Typical diode voltage (monitored by a capacitive
probe) and current waveforms for B,=7.0 kG.

surements integrated along the active anode length. The
spatial resolution in the x direction was determined by
the spectrometer input-slit width, the demagnification of
the lens L, and the anode length (due to defocusing along
the line of sight). The spatial resolution was varied in the
experiments between 0.3 and 0.9 mm by changing each of
these parameters. In the measurements the system col-
lected light only from the 3.5-cm-high central part of the
anode, in order to exclude light from the cathode-vane
plasma or from the plasma on the aluminum anode stalk.

In order to observe particle kinetic energies of a few
electron volts from line Doppler broadening a spectral
resolution of 0.1 A is required. We used a 1-m spectro-
graph equipped with a 2400-groove/mm grating. Using
the cylindrical lens CL, the image at the spectrograph
output window was about ten times magnified, thus im-

0
proving the reciprocal linear dispersion to 0.3 A/mm.
The light was then collected by a rectangular array made
of nine quartz-fiber bundles, each 0.25-mm wide and 15-
mm high. Each fiber bundle transmitted the light signal
to a broadband photomultiplier tube. The spectral reso-
lution thus obtained was ~0.1 A. The photomultiplier-
tube signals were recorded by oscilloscope-camera sys-
tems with a temporal resolution of about 5 ns. Thus, nine
points on the spectral line profile were obtained in a sin-
gle discharge. The nine spectral channels were calibrated
with respect to each other over the entire usable spec-
trum. The distance x from the anode of the region
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FIG. 1. (a) Schematic illustration of the planar magnetically
insulated ion diode. HV denotes high voltage. (b) An end view

of the diode showing the location of the cathode vane and the
active anode region. (c) A view of the anode showing the active
anode geometry. The active anode length and height are l, and

h~, respectively. The shaded area shows an example of an anode
part (of length 1, ) in which the epoxy was mixed with the
desired compound.
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FIG. 3. Illustration of the optical arrangement. M, L, and
CL are a mirror, a lens, and a cylindrical lens, respectively. The
distance from the anode of the observed region is varied by
moving the mirror M in the x direction.



39 PARTICLE-VELOCITY DISTRIBUTION AND EXPANSION OF . ~ . 5845

viewed by the optical system was varied in the experi-
ments by displacing the mirror M.

In order to allow velocity measurements for different
species the epoxy used for the anode was mixed with
powder of the desired-species compound (usually salt).
This procedure also allowed us to obtain local measure-
ments by seeding the epoxy with the observed species
only in limited portions of the dielectric anode, with a
length I„as shown in Fig. 1(c). Observing line emission
from different parts of the plasma enabled us to check the
plasma uniformity and to examine the inAuence of edge
effects. This localization of the line emission was not pos-
sible for carbon and hydrogen which were produced over
the entire area of the active anode. The particle-velocity
distributions were found to be insensitive to the admix-
ture used for the anode epoxy, as discussed in Sec. III.

III. MEASUREMENTS AND RESULTS

A. Axial line intensity distribution

Qualitative information about the plasma width in the
axial direction can be obtained from measurements of ion
line-emission intensities as a function of time and dis-
tance from the anode surface. An example is shown in
Fig. 4, where axial intensity distributions of the CIII
2297-A line are shown for four time instants after the
start of the diode voltage pulse. In these experiments
I, =l, =2 cm and the spatial resolution, due to the 20-
pm-slit width and the defocusing along the 2-cm-long ac-
tive anode, was ~0.3 mm.

In our measurements line emission from the plasma is
seen to start rising at t =20 ns. At t =55 ns the plasma is
seen to occupy a region about 1.5-mm wide near the
anode surfaec (see Fig. 4). This gives a velocity of at least
3 cm/ps for the plasma expansion during this early stage
of the pulse. Later on in the pulse the plasma appears to
expand at about 1 cm/ps during which period the areal
plasma density continuously increases, as shown in Sec.
III D. This plasma motion is similar to that observed in

recent experiments' using similar diode configurations
and similar voltage and current pulses. In those experi-
ments the plasma was observed to exclude the diode elec-
tric field from about a 3-mm-wide region at t =35 ns and
to expand later on in the pulse at about 1 cm/ps. This
expansion rate during the later stage of the pulse is con-
sistent with the observations of Pal and Hammer ob-
tained using a similar diode configuration. The early
plasma formation and expansion will be further discussed
in Sec. IVA. The measurements to be presented in this
paper refer only to the period I; ~20 ns during which
spontaneous line emission was observed.

B. Particle-velocity distribution parallel to the anode surface

1. Selection of suitable lines

In order to obtain the particle-velocity distribution
from an emission-line spectral profile, the profile must be
dominated by Doppler broadening. To this end we
selected lines that are very little broadened by encounters
with plasma particles at the present plasma density
(3X10' cm, see Sec. III D). Secondly, the Zeeman
splitting due to the magnetic field in the plasma must be
small with respect to the Doppler broadening. This re-
quirement was satisfied in our measurements by using
short-wavelength lines since the Zeeman splitting to
Doppler broadening ratio decreases with wavelength.
Thirdly, the mean free path for absorption must be large
compared with the plasma length along the line of sight.
This was verified for all the measurements reported here
(see Sec. III B 7).

2. Velocity distributions of neutral and ionic carbon

A profile of the CIII 2297-A line observed in the z
direction for a 4-cm-long active anode (1, =4 cm) is
shown in Fig. 5(a). The indicated uncertainties resulted
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FIG. 4. Intensity of the C III 2297-A line as a function of dis-
tance x from the anode surface for four times given in
nanoseconds after the start of the diode voltage pulse. The lines
are smooth curves that connect the data points. Here, I, = I, =2
cm and the spatial resolution due to the spectrograph slit width
(20 pm) and the defocusing along the anode is ~0.3 mm. The
uncertainty is +15%, mainly due to shot-to-shot irreproducibil-
ity.
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t = 85 ns. Also shown are best-fit gaussian curves.
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from the uncertainty in the synchronization of the
photomultiplier-tube traces (overestimated here to be +5
ns) and from the uncertainty in the relative calibration of
the fiber channels. The resulting error in determining the
full width at half maximum (FWHM) of this line is es-
timated to be +10% (for the wider lines the error is
smaller). In addition, due to the uncertainty in the spec-
tral width of each fiber channel, the absolute values of all
velocities reported in this paper have a common uncer-
tainty factor of +6%. The reproducibility of the line
profiles for different discharges was within 20%.

A best fit of a Gaussian curve to the data points,
presented in Fig. 5(a), shows that such a curve fits the
measured profile satisfactorily. Most of our measured
profiles could be similarly fitted to Gaussian curves and
this is assumed throughout this paper. The Gaussian fits
to the data are corrected for the small contributions of
the system spectral resolution, the Zeeman splitting in a
parallel-to-8 observation, and the Stark broadening. For
the line in Fig. 5(a), the contributions of the latter two
factors are 0.04 A and (0.01 A, ' respectively. For
brevity, we will henceforth not give the contributions of
these two factors for each line separately, since they were
small for all the lines reported here. The Stark broaden-
ing values were taken from Refs. 21 —24. The corrected
profiles define nearly Gaussian velocity distributions, pro-
portional to exp( —v, Iv ), where U = V 2T/M gives the
temperature T in energy units of particles of mass M.
Here, we refer to T so defined as the particle temperature
(or energy) noting that the velocity distribution function
is probably not an exact Maxwellian. The quantity U will
be called the particle velocity. The corrected profile for
Fig. 5(a) (here, the main correction is due to the system
spectral resolution) yields an energy of =18 eV, which
corresponds to a velocity of 1.7 cm/ps, for the C III ions.
The data indicated no line shift to within 0.01 A (as will
be shown in Sec. III C), thus the average velocity in the z
direction for the C III ions is &0.13 cm/ps.

The edge effects due to the finite length l, of the active
anode were checked by repeating this measurement for
I, =2 and 14 cm (see Fig. 5) and found to be unimportant.
This result was also obtained for the Mg II velocity distri-
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FIG. 7. Position-averaged energy for C III, C II, and C I ob-
0

tained from the 2297-, 2512-, and 2479-A lines, respectively.
Here, I, =l, =4, 14, and 14 cm, respectively. The uncertainty is
+15% as indicated.

3. Veioci ties of ions and neutral particles

Carbon particles are believed to originate, to a large
extent, from adsorbates of hydrocarbons on the anode
surface, as discussed in Ref. 12. We, therefore, observed
the energies of particles ejected from the dielectric ma-
terial in order to examine whether these particles have
energies similar to those of the carbon particles. We also
observed the velocities of various singly charged ions in
order to examine the energy dependence on the ion mass.
In these experiments the epoxy anode was mixed with
MgF2, CaFz, and A1NaSi03, each constituting 20%%uo by

bution (see Sec. III B6a). The independence of the line
shape on the anode length l, also showed that the effect
of self-absorption is negligible, as will be further shown in
Sec. III B 7.

The C III energy as a function of time and distance was
obtained with a short anode (1, =2 cm) which made possi-
ble a spatial resolution 0.3 mm. The axial distribution
of the C III energy is shown in Fig. 6 for four times. Dur-
ing the pulse (t ~ 95 ns) the energy is seen to be between
15 and 25 eV. This relatively high energy is found in the
entire plasma and it decreases in time. By moving the
system line of sight behind the anode we could observe a
region near the anode surface only = 100-pm wide.
From these measurements we concluded that the ions ac-
quire their energy very close to the anode surface.

In Fig. 7 we plot the C III energy, averaged over the en-
tie plasma, obtained with an anode of I, =4 cm as a func-
tion of time. For this average the energy at each position
is weighted by the line intensity at the same position.
The energy is seen here to decrease for t ~ 60 ns.

Figure 7 also shows the velocity distributions for neu-
tral carbon atoms and singly charged carbon ions. For
these measurements we used the 2479-A line for C I and
the 2512- and 3921-A lines for CII. The C II energy,
which rises to about 20 eV, is close to that of CIII. The
CI energy is about 7 eV, smaller than the C II and C III
energies. After the pulse all energies are lower than dur-
ing the pulse. The energy decrease in the second half of
the pulse occurred for most of the species observed (see
below). In some of the discharges the Ctt and the C ttt
energy rose early in the pulse as shown in Fig. 7.
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weight of the entire mixture. The position-averaged C II,
Mg II, SiII, and CaII energies observed with this anode
are presented in Fig. 8 (the C tt data are taken from Fig.
7). The energies of Mg tt, S tt, and Ca tt decrease from
~ 30 eV at the beginning of the pulse to = 15 eV at the
end of the pulse. For t (80 ns, the C II energy is seen to
rise to =20 eV. To within the experimental uncertainty
the energies of Mg II, Si II, and Ca II are the same.

In order to further examine possible dependence of the
energy on the ion mass we attempted to measure the en-
ergy of much heavier ions. Thus, we observed the spec-
tral profile of the Ba II 2634-A line using an epoxy admix-
ture that contained 60% by weight BaF2. However, the
Doppler broadening for the Ba II ions was too small to be
measured. The observed spectral profile of the 2634-A
line is given in Ref. 16. This profile, corrected for the
system spectral resolution and the Zeeman splitting gave
an upper limit of 30 eV for the Ba II ions. These results
show that all singly charged ions observed have similar
energies.

Velocities of neutral particles other than C I were also
observed. The B I energy was observed using the 2498-A
line (with the epoxy anode mixed with 43% by weight of
Bz03 powder and l, = 12 cm) and the Mg t energy using
the 2852-A line (38% by weight of MgF~ and l, =9 cm}.
The B I and Mg I energies were found to be = 5 and 9 eV,
respectively, similar to the C I energy.

tt) 20-

0 50 100 150 200 250
Time (ns)

FIG. 9. (a) Si III energy, obtained using the 2559- and the
3242-A lines (shown by the curves 3 1 and A 2, respectively), for
an epoxy mixture containing 50% by weight A1NaSi03. Also

0
shown is the energy obtained from the 2559-A line using a mix-
ture containing MgF2, CaF2, and A1NaSiO3, each 20% by
weight (curve B). (b) SiIV energy, obtained using the 3166-A
line, for the A1NaSi03 anode (curve A) and the MgF2, CaF2,
and A1NaSi03 anode (curve B). The uncertainties are +15% as
indicated.

2559-A and 3242-A lines, are shown by the curves A1
and A2 in Fig. 9(a). The Si ttt energy obtained with the
other admixture, using the 2559-A line, is shown by the
curve B in Fig. 9(a). The Si tv energy, obtained using the
3166-A line, is shown for the two anodes by the curves A
and 8 in Fig. 9(b). The Sittt energy is between 30 to 80
eV and the Si IV energy appears to be similar to the Si III
energy. This is larger than the energy of Si tt (Fig. 8} and
than the energies of the other multiply-charged ions
(C ttt, see Fig. 7, and B ttt), which are similar to the Ctt
energy. The C Iv energy could not be measured because
the line emission was too weak.

4. The energies of doubly and triply charged ions

We attempted to compare the C III energy to energies
of other doubly and triply charged ions. The B III veloci-
ty was observed using an anode with the epoxy mixed
with B,O, (43% by weight). The active anode length I,
was 14 cm and the boron region was 2-cm long (1, =2 cm)
in order to avoid optical thickness effects. Using the
2066-A line the B III energy was found to vary during the
pulse between 15 and 28 eV, similar to the C II and C III
energies. The Si III and Si IV velocities were observed us-
ing two different anode admixtures as given in Fig. 9.
The SiIII energy for one admixture, obtained using the

5. Dependence of the particle energies
on the d&electric mixture

The particle energies appear to be insensitive to the
epoxy admixture used for the anode. The Mg II energy
was also observed using an anode mixed with 38% by
weight of MgF2 powder, giving a similar result to that
shown in Fig. 8 obtained with a different admixture.
Another example for the insensitivity to the admixture
can be seen in the Si tv energies shown in Fig. 9(b), where
the general behavior of the Si tv energy is similar for the
two anodes (curves A and B).
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6. Dependence of the particle energies
on experimental parameters

40

(a) Location over the anode T.he diode geometry is
asymmetric in the y direction: electrons are emitted from
the protruding cathode vane at the top of the diode and
stream downward by E X B drift. We examined whether
the ion lateral velocities in the anode plasma vary along
this direction. To this end we measured the C III velocity

0
distribution, using the 2297-A line, in different discharges
in which the diagnostic system collected light only from
the top one-third or from the bottom one-third of the
anode. No difference between the observed C III veloci-
ties was seen for the these two cases.

The dependence of the velocities on z was tested by
measuring the Mg II velocity distributions (using the
2937-A line) in experiments in which the MgF2 powder
was mixed with the epoxy in 2-cm-long regions (1, =2
cm), located at z =+5 and —5 cm relative to the anode
center. In these experiments the active anodes were 14-
cm long (i, = 14 cm). The velocity distributions measured
here were the same as those found with a 14-cm-long
anode seeded with MgF2 along its full length.

The intensities of Mg II lines emitted from the two
anode regions at z =+5 cm were very similar. Also, ion
current densities measured between z = —4 and +4 cm
using charge collectors were uniform within +15%. This
shows that the anode plasma was fairly uniform along the
z direction.

(b) Dielectric structure and material. Visual examina-
tion of the surface of a newly made active anode showed
about up to 20-pm-deep grooves caused by machining.
We checked whether such roughness of the surface had
an effect on the observed velocities. For these experi-
ments we used an anode of l, =2 cm with the anode sur-
face polished to better than 1 pm. The CIII energy ob-
served using the 2297-A line was similar to that obtained
with the regular anode.

The C III velocity was also observed for an active anode
made of a polyethylene sheet (rather than epoxy). The
macroscopic nonuniformity in the polyethylene sheet (be-
lieved to induce faster surface fiashover) was formed by
drilling 0.8-mm-diam holes 3-mm apart. The C III energy
was also measured for a 2-cm-long epoxy anode with no
metal structure in the active anode. The results were
similar to those of the standard experiments.

Finally, we measured the C III velocity distribution for
an anode in which the grooves were perpendicular to the
magnetic-field lines (and to the line of sight). The ener-
gies obtained were somewhat smaller, 8 —13 eV.

(c) Applied magnetic geld. The dependence of the ion
energy on the applied magnetic field B, was examined by

0
observing the C III energy using the 2297-A line in similar
experiments with B =5.5, 7.2, and 9.0 kG. The
position-averaged C III energies for these values of B, are
shown in Fig. 10 for five times. It is seen that during the
main pulse (t (95 ns) the C It I energy is larger for
stronger magnetic fields. After the pulse the dependence
is weaker.
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7. Examinations of the plasma optical depth

We utilized experiments with various anodes to exam-
ine the plasma optical thickness by two kinds of observa-
tions. In the first kind we repeated line-spectral-profile
measurements for various lengths l, [see Fig. 1(c)] of the
line-emitting region of the plasma. An increase in the
line intensity with I, together with a spectral line profile
unaffected by l, indicates the absence of self-absorption
effects. In these experiments we observed self-absorption
effects only for our strongest observed line, the CIII
2297-A line. An increase of the linewidth by ~ 10% was
seen when the anode length was changed from l, =l, =2
cm to l, =l, =14 cm. Our energy measurements for CIII
are based on spectral profiles measured with anode
lengths ~4 cm, thus ensuring the absence of optical
thickness effects. The self-absorption of our other strong
lines, the Mg II 2937-A, 2798-A, and 2796-A lines, were
examined by measuring the spectral profiles of these lines
in identical experiments. The first two lines (4s~3p and
3d ~3p, respectively) are absorbed by the same 3p level
with the absorption cross section for the 2798-A line be-

0

ing about six times larger than for the 2937-A line. Thus,
optical thickness effects would be six times stronger for
the 2798 A. The third line (the 2796-A, 3p~3s line) is
expected to be thicker than the previous two lines since it
is absorbed by the ground state. The spectral widths of
the three lines, observed with our longest active anode
(l, = 14 cm), gave the same Mg tt velocity distribution to
within the experimental error. This demonstrates the ab-
sence of optical thickness effects for these lines. Such ex-
aminations have also been made for the 3934- and the
3968-A lines of the Catt multiplet 4p~4s (that differ in
self-absorption by a factor of 2) giving the same result.

Magnetic field (kG)

FIG. 10. Position averaged C III energies observed using the
0

2297-A line for three different applied magnetic fields, for five
times indicated in nanoseconds. Here, I, =4 cm. Each data
point represents three measurements and the uncertainty is
+10% as indicated. The smooth lines connect the data points.
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Besides testing the optical thickness effects, the observa-
tion of particle velocities using different lines of the same
species verified the absence of interference by impurity
lines and provided additional checks of our error esti-
mates.

C. Velocity distribution perpendicular to the anode

The purpose of the measurements described in this. sec-
tion was to observe the particle-velocity distribution per-
pendicular to the anode including the determination of
the average velocity in this direction. For these measure-
ments the optical system must look normal to the sur-
face, thus light is collected from a small region of the
plasma. Therefore, only our strongest line, the C III
2297-A line, could provide a sufficiently large light signal.
For this measurement we aligned our system to look at
53' with the normal to the surface, as shown in Fig. 11.
The light path in the plasma was then about 2.5 mm.
With this direction of sight the velocity components in
the z direction also contribute to the spectral line profile,
which was accounted for in the data analysis. A 7-mm-
wide slot in the y direction was cut in the cathode to al-
low the light from the central region of the anode to
reach the spectroscopic system. Light from the cathode
plasma in the cathode-slot region was checked to appear
too 1ate to interfere with the measurement for times up to
200 ns.

In this measurement light is collected from the entire
axial extent of the plasma. Since the line intensity varies
with the distance x (see Fig. 4) the measurement gives
mainly the particle velocity in the region of strong line
emission. Thus, observing the Doppler-broadened profile
of the CIII 2297-A line for t =75 ns, for example, gives
mainly the CIII ion-velocity distribution in the region
x =0.2 to 1.2 mm (see Fig. 4).

To obtain the average velocity perpendicular to the
anode the absolute line shift must be determined. We
centered the spectrograph on the C III 2297-A line using

0

the close 2302-A line of a mercury lamp. However, be-
cause of the spectrograph drift and the small line shift we
performed 13 identical measurements in order to obtain
the line shift with satisfactory accuracy. The line was
found to be blue shifted with the shift as a function of
time shown by the curve X in Fig. 12. The indicated er-
ror bars were determined by the standard deviation
(0.045 A) divided by &12. In order to further substan-
tiate the accuracy in the observed shift we performed 12
identical measurements, using the same procedure, but
looking in the z direction (as in Sec. III B2). The ob-
served line shift is given by the curve P in Fig. 12, show-
ing zero average velocity in the z direction (as stated in
Sec. III B 2).

The linewidth observed in the 53 direction was similar
to the width in the parallel-to-anode observation. We es-
timate that a difference of less than a factor of 2 between
the widths of the parallel and the perpendicular velocity
distributions could not be noticed using the line of sight
of 53. The similarity of the two observed widths is,
therefore, consistent with a perpendicular velocity distri-
bution equal to the positive half (i.e., away from the
anode surface) of a Gaussian distribution that is similar
to the parallel distribution. The average positive velocity
perpendicular to the anode would then be U =0.57
V 2T(C III)/M(C), where M(C) and T(C Itt) are the
carbon mass and the C III temperature observed in paral-
lel observation, respectively. We used the time-
dependent T(C ttt) averaged over position weighted by
the line intensity. The calculated line shift for the line of
sight at 53' with the normal, corresponding to the aver-
age velocity thus obtained, as shown by the curve A in
Fig. 12. This calculated line shift decreases in time since
the velocities parallel to the anode decrease in time. In
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FIG. 11. Schematic of the arrangment used for measuring
the line-emission spectral profile at an angle 0=53 with the
normal to the anode. The line of sight was in the x -z plane, in-
clined in the +z direction. The system viewed the central part
(of length Az =6 mm) of the 14-cm-long active anode. A slot, 4
crn high and 0.7 cm wide (in the z direction), was cut in the
cathode to allow the passage of light to the spectrometer. The
other slots in the cathode, used for the ion transmission, were as
before (see Fig. 1).

Time (ns)

FIG. 12. The blue shift of the C III 2297-A line measured at
53 with the normal to the anode (N) and the shift measured
parallel to the anode (P). Each point on the N and P curves is
an average of 13 and 12 discharges, respectively. The line shift
which corresponds to the average of the positive half of the time
dependent C III velocity distribution, observed parallel to the
anode, is given by curve A. Curve B corresponds to twice this
average velocity (see text).
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Fig. 12, we also plot by the curve B the line shift that cor-
responds to an average axial (positive) velocity equal to
2U. The comparison of the measured line shift with the
curves A and 8 indicates that the average C III velocity is
within a factor of 2 of the average of the positive half of
the parallel velocity distribution. From this and from the
observed linewidths it appears that the C III velocity dis-
tribution perpendicular to the anode is close to the posi-
tive half of a gaussian distribution that corresponds to
the observed temperature T(C ttt). This result is used in
Ref. 12 to describe the particle flow and density profiles
in the plasma.

D. Electron-density distribution

The electron density was measured as a function of
time and distance from the anode surface by observing
the Stark broadening of the hydrogen H& line as was done
by Pal and Hammer. However, in this measurement the
line Doppler broadening must be taken into account. We
attempted to obtain the hydrogen velocity from the
Doppler broadening of the H line. However, the uncer-
tainties in the calculations ' ' of the Stark broadening
of this line for the present electron density and ion tern-
perature did not allow us to obtain the Doppler broaden-
ing reliably. Since the velocity distributions for all the
neutral particles observed in our plasma (C tt B t, Mg t)
showed a temperature of 5 —10 eV, it was reasonable to
assume a temperature of 8 eV for the neutral hydrogen
particles. This was supported by the fact that at x ~ 0.75
mm the FWHM of the H line was observed to be about

0
2 A. In order to deconvolve the Doppler contribution to
this observed width of the H line we assumed a Stark
broadening as measured by Ehrich and Kelleher for 2-
eV proton perturbers. While the proton temperature in
our plasma is probably higher than 2 eV (as all tempera-
tures observed for other singly charged ions are, see Sec.
III B), the H Stark broadening appears to be insensitive
to the proton temperature in this parameter range. The
Doppler broadening obtained from this deconvolution
gives a hydrogen temperature of =9 eV.

The electron density was, therefore, unfolded from the
H& linewidth assuming a Doppler broadening with a

0
FWHM of 1.05 A for this line, corresponding to a hydro-
gen temperature of 8 eV. The uncertainty in the Doppler
broadening dominated the error (+20%) in determining
the electron density.

The electron density as a function of the distance x
from the anode surface was measured for short (I, =2 cm)
and long (l, =8 cm) active anodes, giving the same re-
sults. The axial variation of the electron density n, (x, t)
for the short anode is given for five times in Fig. 13. The
spatial resolution in these measurements was about 0.3
mm. The earliest time at which the plasma density is
measured is 25 ns. The plasma then expands with its
density increasing. The plasma density could not be mea-
sured far from the anode surface (at x ) 1.5 mm) until
t =75 ns because of the low Ht3 intensity there. Quanti-
tative analysis of the rise of the electron areal density in
the plasma is given in Ref. 12.
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IV. DISCUSSION

A. Early fast plasma expansion

In our experiments line emission was first observed at
t =20 ns, and at t =55 ns the plasma was seen to occupy
an approximately 1.5-mm-wide region near the anode
surface, giving an expansion velocity of at least 3 cm/ps.
This early expansion of the plasma was found to be in-
sensitive to the applied magnetic field of 5 —9 kG. The
applied field was observed to be present in the plasma
from a few nanoseconds after its appearance, i.e. , at
t =25 ns, and throughout the entire pulse. ' We have not
as yet experimentally investigated the plasma expansion
early in the pulse because of the absence of spontaneous
light emission during this period.

It was initially suggested that the high plasma expan-
sion velocity could be explained by high ion velocities ac-
companied by low-temperature electrons. The high col-
lisionality of the low-temperature electrons would make
fast expansion of the plasma in the magnetic field possi-
ble. However, Litwin and Maron showed that electrons
would be rapidly heated during the expansion due to elas-
tic collisions with the hotter ions, thus causing the plas-
ma to slow down before it expanded.

The insensitivity of the early fast plasma expansion to
the applied magnetic field and the presence of the mag-
netic field in the plasma at the time of its appearance led
to a suggestion of an alternative mechanism of the plasma
expansion after a similar suggestion by Prono et al.
This mechanism is based on the formation of a fast-
neutral-particle layer by charge-exchange processes and
the subsequent ionization of the layer. The calculated ex-
pansion and ionization of the neutral particle layer were
in a reasonable agreement with the plasma thickness and
density observed a few nanoseconds after the plasma ap-
peared, given in Sec. III.

B. Plasma particle velocities

Neutral particles and ions in the plasma originating
from contaminants on the dielectric anode surface and

Distance X (mm )

FIG. 13. Measured electron density n,, (x, tj as a function of
the distance x from the anode surface for five times given in
nanoseconds. The data points are connected by smooth lines.
The active anode length is l, =2 cm and the spatial resolution is
~0.3 mm. The error is +20% (as indicated), resulting mainly
from the uncertainty in the H& Doppler broadening.
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from the dielectric material proper have been observed in
the present study to have energies parallel to B, of about
5 to 10 eV for the neutral particles and 20 to 80 eV for
the ions. These energies are observed throughout the en-
tire voltage pulse and over the entire plasma to within a
distance of =100 pm from the anode surface. The ener-

gy of the C III ions was found to be insensitive to the met-
al structure or to the dielectric material and surface
roughness. The C III energy increased somewhat with the
applied magnetic field.

The C III ions were found to move away from the
anode surface with a velocity distribution which was
close to the positive half of the Gaussian-like distribution
parallel to the anode. In Ref. 12 we show that during and
after the voltage pulse the observed particles are continu-
ously injected from the anode surface into the plasma.

The mechanisms of particle release from the dielectric
surface during and after its electrical breakdown are not
well understood. Particles can be released from the sur-
face due to bombardment by plasma particles. Impact of
plasma electrons of a few electron volts may desorb neu-
tral particles from the surface with a yield of about uni-
ty. However, energies of neutral particles released by
this process are believed to be 1 eV or less, '

significantly smaller than observed here. Positive ions
may desorb with kinetic energies of several electron
volts, ' ' again smaller than the presently observed
ionic energies. It is possible that electrical charging of
the dielectric anode surface by electrons accelerated in
the diode is responsible for the ejection of particles from
the anode dielectric material as well as for the observed
particle velocities. However, no information on such
processes for the parameter range of our diode voltage
and current is available. Another possible mechanism by
which ions produced at the anode surface may be ac-
celerated into the plasma is negative charging of the
anode plasma with respect to the anode surface. In the
presence of magnetic fields, ion Aow across these fields
may be more rapid than electron How. Hence, the plas-
ma would be expected to charge negatively relative to
such surfaces. We also note that the production of fast
ions on the surface can lead to the fast neutral particles
observed via charge-exchange processes there. These is-
sues require further investigation.

The fact that the neutral-particle and the singly
charged ion energies in the plasma significantly differ
from each other (=7 and =18 eV for Ct and C tt; =9
and =25 eV for Mg t and Mg tt) suggests that a large
fraction of the singly charged ions are not produced by
neutral ionization in the plasma, but rather have an in-
dependent origin, apparently in the immediate vicinity of
the anode surface, where the particles presumably ac-
quire their kinetic energies. This conjecture was support-
ed by spectroscopic observations' that quantitatively
determined the time-dependent particle cruxes from the
surface into the anode plasma for various charge states.
During the voltage pulse the fluxes of neutral particles
from the anode surface into the anode plasma are much
smaller (to a different extent for different elements) than
those of the singly charged ions. The ionization of neu-
tral particles can thus account only for a small fraction of

the singly charged ions in the plasma. The remainder of
these ions was shown in Ref. 12 to come directly from the
vicinity of the anode surface.

The doubly charged carbon ion energy was found to be
similar to that of the C tt ions (=20 eV). However, Si tIt
and Sitv ions were found to be more energetic (40—80
eV) than Si tt (20—30 eV) and than CttI and BItt (=20
eV). A plausible explanation for the relatively large ener-

gy of the Si III and the Si Iv ions is also discussed in Ref.
12.

The particle-velocity distributions parallel to the anode
were found to be nearly isotropic. The reason for this. is
probably rapid collisional thermalization near the anode
surface. For example, for thermalization to occur for
C III ions, assuming mainly collisions with protons, a pro-
ton density of = 10' cm over 10 pm is required. This
is possible considering the high particle densities believed
to exist near surfaces undergoing electrical breakdown.
The use of the positive half of a Gaussian distribution to
describe the axial velocities of the ions in the plasma is
consistent with this model, in which the ions thermalize
in the very immediate vicinity of the anode surface before
they move away from the surface.

Knowledge of the ion energies yields the ion Larmor
radii in the plasma. For the nonprotonic ions the Larmor
radii under the ~ 7 kG magnetic field are comparable or
larger than the plasma thickness. The proton energy
could not be measured. However, since the energies of
all the singly charged ions observed (C tt, Mg tt, Si tt, and
Ca tt) were between 15 to 35 eV (see Fig. 8), we assume a
similar energy for the protons. For 25-eV protons, the
Larmor radius is =0.7 mm, i.e., about —,

' of the plasma
thickness. The implications of the relatively large Lar-
mor radii of the nonprotonic ions on the ion Aow in the
plasma and the ion extraction are interesting issues that
need further study.

It is interesting to compare our measured ion-velocity
distribution in the anode plasma parallel to the anode and
to the magnetic-field lines to that measured in the same
direction in the diode acceleration gap (the region be-
tween the anode plasma and the cathode plasma). The
latter measurements were previously made in a similar
diode configuration. The present results show that the
ion velocities in the plasma parallel to the electrodes can
account for about —,

' of the velocities in the gap. The ion
velocities in the plasma determine a lower limit for the
divergence of the generated ion beam. For our anode
(270 kV) this lower limit of the mean angular divergence
is about 0.4'. If the ion velocities in the plasma parallel
to the anode would not increase for higher-voltage diodes
the divergence angle would be sufficiently small to allow
beam application in inertial confinement fusion. Howev-
er, the ion velocities for other plasma sources, currently
under development for this application, ' will have to be
examined.

C. Electron heating

Using measured line-emission intensities and time-
dependent collisional-radiative calculations, we have
determined' the electron temperature in our anode plas-
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ma to be T, =7 eV, ' i.e., lower than the ion temperature
T, . Electron elastic collisions with ions, therefore, would
not cool the electrons, as was commonly believed, rather
they will contribute to the electron heating. The average
rate of energy gained by an electron in such collisions is

Q =3 v„(T; —T, ),m.

where I, and m; are the electron and ion masses, respec-
tively, and v„=2.6 X 10 n, z ink. /T, s ' is the
electron-ion Coulomb collision frequency. Here, z, p, ,
and ink are the ion charge, the ion density, and the
Coulomb logarithm, respectively. Assuming, for simpli-
city, a plasma composed of 25-eV protons and 7-eV elec-
trons with an average density 2.2X10' cm (see Fig.
13), one obtains an electron heating rate —,

'
Q =0.06

eV/ns. This electron heating rate is about —,
' of the Ohm-

ic heating rate due to the currents in the plasma that is
estimated in Ref. 15.

D. Plasma expansion against the magnetic field

The observed relatively high ion temperature in the
plasma is expected to enhance the plasma expansion
against the magnetic field. We now use the observed ion
temperature, the electron density, the electron tempera-
ture, ' and the fact that the applied magnetic field in the
diode penetrates the plasma' to calculate the expected
plasma expansion velocity after the initial plasma forma-
tion (i.e. , at t ~ 20 ns). For this estimate we assume that
the plasma is fully ionized since electron and ion col-
lisions with the neutral hydrogen particles of a concentra-
tion of =30%%uo (Ref. 12) have negligible effect on the ex-
pansion. We assume a proton-electron plasma and we
use a one-diinensional fluid treatment. The use of a fluid
treatment is reasonably justified since the proton Larmor
radius ~ =0.7 mm is smaller than the plasma thickness
( = l. 5 —2 mm), and the inverse proton-cyclotron frequen-
cy is 14 ns, shorter than the pulse length (=80 ns). Thus
we use the formula for the expansion velocity

vex
C

2

, a.P,
o.B

(2)

where o is the electric conductivity, P is the plasma pres-
sure, and 0 P =OP/Bx. In using this formula we neglect-
ed the convective terms, which is justified since the ex-
pansion velocity is significantly smaller than the ion
sound velocity.

We now assume that P=n(T, +T, ) with T, =25 eV
and T, =7 eV, a plasma density n =2.2X10' cm, a
pressure-gradient scale of 1 mm, and B =7.6 kG as ob-
served' in the plasma. Assuming classical electron con-

ductivity�'

(i.e., electron collision frequency v„) gives
v„~0. 1 cm/ps, which is much smaller than the observed
velocity (=1 cm/ps, see Sec. III A). This result is not
affected by the presence of non protonic ions in the plas-
ma since these ions are estimated to have little effect on
the plasma conductivity.

The plasma motion is significantly affected by the
currents in the Y direction induced in the plasma by the

giving vd -0.7v, h, where v, h rs the thermal velocity of
25-eV protons. This may make the plasma unstable to
the lower hybrid-drift instability in the low-drift velocity
regime. ' '

The case of the low-drift velocity for T, ( T,- was ana-
lyzed by Davidson and Gladd' and by Davidson. ' An
estimate of the growth rate y is obtained from

(4)

where co„and co„are the electron and the ion cyclotron
frequencies, respectively. This gives y of about 2 ns,
much shorter than the pulse length. The k vector in the
direction perpendicular to B, k =+2T, /T, /r, (where
r, is the electron Larmor radius), ' is about 100 mm
Thus, 1/k is smaller than the plasma thickness as re-
quired and the instability can grow.

The anomalous collision frequency v, has been dis-
cussed in Refs. 18 and 19. We use the formula given by
Davidson, ' corroborated by simulation calculations. '

For ro, /cu„) 1 (in our case cU, /~„=20), v, is given by

Va Wee(&ee&ri ) (Vd/Uth
2 —I /2 5

45

=2 X 10''(vd /v, h ) s (5)

We use the anomalous frequency v, which corresponds
to the instability stabilization by ion trapping with disre-
gard to stabilization due to the relaxation of the current
density j, as discussed by Chen and Birdsall. ' This is
because the pressure in our plasma is maintained
throughout the pulse, thus causing the current density j
(and the electron drift velocity) to remain high.

We then assume that the anomalous electron conduc-
tivity can be estimated by (see discussions in Refs. 42 and
43)

electron flow in the diode acceleration gap. Using a clas-
sical conductivity we estimate these currents from the
time dependent component of the magnetic field on the
anode side obtained from the observation of Zeeman
splitting. ' The J X B forces are estimated from the in-
duced current density J and the observed magnetic field
in the plasma. These forces are expected to push the
plasma back to the anode surface with a velocity & I
cm/ps, in contradiction to the observations.

We now show that the anode plasma in our experiment
may be unstable to the lower hybrid-drift instability in
the low-drift velocity regime. ' ' We then show that the
resulting anomalous plasma conductivity may allow the
plasma to expand at the rate observed. The electron drift
velocity vd can be obtained from the current density j, in
the plasma which is derived from the plasma pressure
gradient. Using the momentum equation j B /c =B„P
(the convective terms are small) a current density
j = —1600 A/cm is obtained. The resulting electron
drift velocity, assuming no ion drift in the y direction, is
then

0, n
(T, +T, )

eB ' '
n



39 PARTICLE-VELOCITY DISTRIBUTION AND EXPANSION OF. . . 5853

cr, =ne /m, v, . (6)

Equations (5) and (6) give cr, =2 X 10' s ', i.e., an anom-
alous conductivity about ten times lower than the classi-
cal conductivity. It is shown in Ref. 15 that such a con-
ductivity reduces the current density induced in the plas-
ma by the electron flow in the diode gap to a value that is
much lower than the pressure-driven current density

Jy c8 P /B. This is consistent with the use of j in Eq.
(3) to estimate the electron drift velocity and it also
means that the induced current density would not aft'ect
the plasma motion significantly. Thus, Eq. (2) can now
be used with o =o., to obtain an estimate for the anoma-
lous plasma expansion velocity U,„, giving 1 cm/ps,
which is in agreement with the observations. We em-
phasize, however, the sensitivity of the anomalous col-
lision frequency to the electron drift velocity Ud. Also,
the theoretical treatment' ' we used assumed a col-
lisionless plasma.

The growth rate of the instability [Eq. (4)] and the
anomalous collision frequency [Eq. (5)] increase with the
ion temperature since higher ion temperature proportion-
ally increases the plasma pressure and the resultant
current density j„. The relatively short growth time and
high collision frequency in our plasma are, hence, largely
due to the relatively high ion temperature. The current
density j also dominates the plasma heating as discussed
in Ref. 15. The current in the plasma due to the ion ex-
traction into the diode gap has been neglected in the
present discussion since the ion current density of 100
A/cm is much smaller than j . We note that the effect
of the instability on the ion temperature is small since the
Ohmic heating per particle due to the pressure-driven
currents in the plasma is estimated to be smaller than the
ion temperature. ' .

The plasma flux nu„perpendicular to the anode using
n =2.2X10' cm and U,„=1 cm/ps is about three
times larger than the extracted ion current density which
peaks at about 100 A/cm . Thus, erosion of the plasma
due to the current extraction does not limit the plasma
expansion into the diode gap. An additional source of
plasma flux, although smaller than the total ion current
density, is the ionization of neutral hydrogen atoms in the
plasma. It is shown in Ref. 12 that hydrogen is continu-
ously ejected from the anode surface into the anode plas-
ma throughout the pulse. Assuming an energy of 8 eV
for the hydrogen atoms (see Sec. III D), the ionization of
these atoms as they traverse the plasma is calculated us-
ing the observed electron temperature, the measured elec-
tron density, and the observed absolute hydrogen ejection
rate from the surface into the plasma. ' The resulting hy-
drogen ionization in the outer region of the plasma pro-
duces a proton flux that is similar to the density of the
proton current extracted from the plasma.

While in the present publication we used the observed
plasma pressure to explain the plasma expansion rate, the
continuous material ejection from the surface into the
plasma and the ionization processes that determine the
time-dependent plasma density are discussed in detail in
Ref. 12. In brief, the plasma inventory increases
throughout the pulse mainly due to the ionization in the

plasma of hydrogen and C I, and due to continuous sup-
ply of protons and carbon ions from the immediate vicin-
ity of the anode surface.

V. SUMMARY

Line Doppler-broadening and Doppler-shift measure-
ments in the surface-flashover-produced anode plasma in
a magnetically insulated gap showed that the velocity dis-
tributions of neutral particles and ions parallel to the
anode surface are nearly Gaussian corresponding to mean
kinetic energies about 8 eV for neutral particles, about 20
eV for singly charged ions, and 20—80 eV for doubly and
triply charged ions. The ions were found to acquire their
velocities very close to the anode surface and to move
away from the anode surface with a nearly isotropic (in
half of the velocity space) velocity distribution. A plausi-
ble explanation for the different energies for different
charge states and for difterent elements of the same
charge state, based on the presence of electric fields at the
immediate vicinity of the anode surface, is discussed in
Ref. 12.

The observed ion velocities in the plasma parallel to
the anode are about —,

' of the velocities in the same direc-
tion previously observed in the diode acceleration gap.
The velocities in the plasma set a lower limit to the angu-
lar divergence of ion beams extracted from the diode.

The mean ion kinetic energy is larger than the ob-
served electron temperature. This causes electron heat-
ing due to the ion-e1ectron elastic collisions. The rela-
tively high ion temperature also causes a large plasma
pressure gradient (obtained using the observed electron
density) which enhances the plasma expansion against the
magnetic field. We suggest that the plasma conductivity
is =10Xlower than the classical conductivity. This con-
ductivity causes a reduction in the currents induced in
the plasma by the time-dependent electron flow in the
diode acceleration gap (that tend to inhibit the plasma ex-
pansion) and also enhances the plasma expansion due to
the plasma-pressure gradient. The observed plasrna-
pressure gradient and the suggested anomalous conduc-
tivity thus explain the fast plasma expansion against the
magnetic field. It is shown that the anomalous plasma
conductivity may be associated with the lower hybrid-
drift instability in the low-drift velocity regime, ' '
driven by the electron drift resulting from the relatively
high plasma-pressure gradient. The anomalous plasma
conductivity is shown' to be consistent with the penetra-
tion into the plasma of the time-dependent component of
the magnetic field in the diode and with the observed uni-
formity of the electron temperature in the plasma. ' The
current due to the plasma-pressure gradient, together
with the anomalous conductivity, is shown to be respon-
sible for the electron heating during the pulse. '

In higher power diodes the higher plasma-pressure gra-
dient may result in a fast plasma expansion. A limiting
expansion velocity would then be the ion thermal veloci-
ty, which is about 5 cm/ps for 25-eV protons. This may
explain the expansion velocity of 5 —10 cm/ps inferred by
Johnson and co-workers from the diode-impedance be-
havior for their surface-flashover plasma.
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The result that the singly charged ions in the plasma
have higher energies than the neutral particles lends sup-
port to the observation' that ions mainly Row from the
immediate vicinity of the anode surface into the plasma
rather than being produced by ionization of neutral parti-
cles in the plasma. This demonstrates that observations
of particle-velocity distributions in plasmas formed over
surfaces can be used in studying material ejection from
the surface. The particle-velocity distributions observed
here are used in Ref. 12 to describe quantitatively the
particle motion and ionization in the plasma as a function
of time and distance from the anode surface and thus to
predict the extracted fluxes of the various ions.

The processes responsible for the ion and neutral-
particle kinetic energies and their spatial and temporal
variations are not known as yet. They may be further
studied in experiments with different dielectric structures
and electric or magnetic fields. Investigations with plas-

ma sources other than surface-Aashover plasmas would
be helpful to differentiate between various processes. We
believe that studying the particle kinetic energies in
pulsed plasmas would be helpful in the understanding of
the plasma behavior and in the development of plasma
sources for many applications.
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