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The interaction between a moving magnetic-field front and a low-collisionality plasma consisting of
different ion species is investigated using spatially and temporally resolved spectroscopic
techniques. The experiment is carried out in a plasma-opening-switch configuration, in which a
current rising to 150 kA in 400 ns is conducted through a plasma that prefills the region between
two planar electrodes. Ion-species separation is found to occur, similarly to the results reported for
a 80 ns duration plasma-opening-switch experiment of cylindrical geometry, which was not
necessarily expected since in the present experiment plasma pushing is more substantial. The
separation, in which the light-ion plasma(protons) is reflected while the heavy-ion plasma(carbon)
is penetrated by the propagating magnetic-field, is investigated by determining the electron density
from the temporal evolution of spectral lines, the nonprotonic ion velocities from line-emission
Doppler shifts, and the proton velocity distribution from Doppler shifts of line emissions from
hydrogen atoms produced by proton charge exchange. The ion dynamics is shown to be consistent
with the acceleration expected from the one-dimensional Hall electric field, based on the previously
published magnetic-field and electron density evolutions. Significant acceleration of the nonprotonic
ions behind the magnetic-field front is observed. It is found that a significant fraction of the protons
acquire a velocity that is more than twice the velocity of the magnetic piston. This phenomenon is
shown to result from the time dependence of the accelerating electric field and the broad
acceleration region. The lateral motion of the nonprotonic ions is also discussed. ©2004 American
Institute of Physics. [DOI: 10.1063/1.1782193]

I. INTRODUCTION

The interaction between plasmas and time varying mag-
netic fields is a broad topic with implications to many labo-
ratory and astrophysical plasmas. In pulsed current-carrying
plasmas the competition between plasma pushing by the
magnetic-field pressure and field penetration into the plasma,
together with the influence of two-dimensional(2D) and 3D
effects, makes this problem very complex. Different aspects
of the interaction have been investigated in numerous con-
figurations such as theta pinches,1 ion diodes,2 plasma
switches,3 and plasma-beam transport across magnetic-
fields.4 In astrophysics, such problems are found in the inter-
action of the solar wind with the earth magnetic field,5 in
solar flares,6 and in accretion of disks.7

If the magnetic-field evolution is dominated by rapid
field penetration into the plasma, electron heating accounts
for most of the dissipated magnetic-field energy. If, on the
other hand, field penetration is little, the plasma is acceler-
ated to the characteristic hydrodynamic velocity by thejW

3BW force and the ion kinetic energy accounts for most of the
dissipated magnetic-field energy.

The rate of magnetic-field penetration into plasmas is
often determined by the rate of diffusion(including field dif-

fusion that is enhanced by current-driven instabilities). How-
ever, it has been demonstrated theoretically8–10 [within the
context of electron magnetohydrodynamics(EMHD)] and
experimentally11,12 that the rate of field penetration into non-
uniform plasmas can be determined by the Hall electric field.
When the velocity of this Hall-induced magnetic-field pen-
etration is larger than the characteristic hydrodynamic veloc-
ity, the plasma pushing remains little. At the extreme limit of
no plasma motion, EMHD theory predicts that a sharp
magnetic-field front propagates in the plasma at the Hall
velocity9 vH=cB/8peneL, where B is the intensity of the
magnetic-field,c is the speed of light in vacuum,ne is the
electron density, andL=f]lnsned /]jg−1is the characteristic
scale of the electron-density variations in the directionsjd of
the current flow. The predicted(low) ion velocities close to
that limit scale linearly as a function of the ion charge-to-
mass ratio, as demonstrated experimentally.12 As expected in
the case that magnetic-field penetration velocity is high, the
EMHD model predicts that the electrons acquire most of the
magnetic-field energy dissipated due to the field
penetration.13,14

Cases of spatial ion separation have been addressed in
various configurations.15–18Recently, however, a special case
of ion separation, in which a light-ion plasma is pushed
ahead while a heavy-ion plasma lags behind the magnetic
piston, was discovered.19,20This first observation of simulta-
neous field penetration into the heavy-ion plasma and reflec-
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tion of the light-ion plasma was made in a relatively short-
durations,80 nsd plasma-opening-switch(POS) experiment
with a plasma that is composed of more than one ion species,
in which magnetic-field penetration due to the Hall field was
expected to be dominant. In the presently discussed longer-
time experiment, a plasma of a higher density is used, for
which the effect of plasma pushing, relative to Hall penetra-
tion, is expected to be larger. Also, in the present experiment
the fractional density of the heavier ions(carbon ions) is
larger than in the short-duration experiment, which together
with the longer time scale causes a larger effect of the
heavier-ion dynamics on the electron-density evolution in the
plasma. However, the phenomenon of simultaneous reflec-
tion and penetration was found also in the present
configuration,21 similar to the short-time experiment. The in-
dependence of the magnetic-field evolution on the relative
direction of the current flow and the plasma density
gradient21,22 contradicts the predictions of the simple Hall-
field theory, suggesting that a more complex scenario is re-
sponsible for the rapid magnetic-field penetration into the
heavier ion plasma.

Our experiments are carried out in a configuration com-
monly known as a POS,3,23 in which a prefilled plasma con-
ducts a current between two electrodes. The present paper
focuses on the measurement of the ion dynamics during the
interaction with the propagating magnetic-field piston. Diag-
nostic techniques based on Thompson scattering24 are im-
practical for the relatively low electron density and high tem-
poral resolution required. Also, laser-induced fluorescence25

may yield only a limited advantage(over emission spectros-
copy) due to the high electron energy that continuously
populates the excited levels that may be pumped by such a
scheme. Ion-velocity studies using emission spectroscopy
(using Doppler shifts) suffer from a serious drawback,
namely, integration along the line of sight. Hence, in past
studies of POSs, one preferred indirect method for inferring
the ion motion, based on interferomentric measurements26 of
the electron density. Such interferometric measurements
have been performed along chordal27 and axial28 lines of
sight in coaxial configurations and along theu-like direction
in a planar configuration.29 These measurements showed a
drop in the electron density, which could be associated with
a drop in the ion density. However, the spatial integration
along the line of sight did not allow for tracking the correla-
tion between the electron density drop and the evolution
of the magnetic field, obtained from magnetic-probe
measurements.27,29,30Also, evidently, observations of varia-
tions in the electron density do not allow for discerning the
motion of different ions in the plasma.

An alternative route implemented plasma doping tech-
niques together with emission spectroscopy to obtain spa-
tially resolved velocity measurements of different nonpro-
tonic ionic species in the plasma using Doppler shifts of
emission lines.12 Also in these studies, the time-dependent
electron density was measured using the intensity of low-
lying levels,19 and the magnetic-field distribution was ob-
tained from Zeeman splitting.11 However, in those experi-
ments the limited knowledge on the plasma composition and
the lack of knowledge of the proton velocities did not allow

for discerning the relatively complex ion dynamics to be
described below.

In the present experiments, the plasma doping
techniques31,32were improved to allow for doping gaseous as
well as solid elements, and, combined with the planar geom-
etry, yielded higher spatial resolution in the magnetic-field-
propagation direction. This improvement in resolution, to-
gether with the knowledge of the previously obtained plasma
composition,32 allows for a detailed comparison of the ion
dynamics and the accelerating magnetic field. The complica-
tion brought about by the ionization during the acceleration,
which causes a difficulty in comparing the observed veloci-
ties with the accelerating magnetic-field gradient, is over-
come by using various dopant species for the measurements
as will be shown below.

Here, a technique for measuring the proton velocities,
employing charge-exchange spectroscopy, allowed for by us-
ing hydrogen dopant with which the accelerated protons un-
dergo charge exchange, was developed.21 The proton veloc-
ity distribution is thus obtained from the shifted Ha profile,
while the velocity distributions of the nonprotonic ions are
obtained from Dopper-dominated spectral line profiles of dif-
ferent ions.

The ion-velocity measurements are augmented by mea-
surements of the time-dependent electron density, which, to-
gether with the measured magnetic-field distribution, yield
the accelerating electric field as a function of space and time.
The observed ion velocities are compared to the expected
acceleration based on the obtained electric field, showing
good agreement. The measured local electron density evolu-
tion and the axial motion of the protons and the nonprotonic
ions allow for inferring the extent of the lateral motion of the
nonprotonic ions.

Our measurements also allow for analyzing the ion ac-
celeration and enable us to elucidate the momentum im-
parted to each of the plasma constituents. The momentum
partitioning between the light and heavy ions is found to
agree with the predictions of a previously presented time-
independent model of ion species separation by a magnetic
piston.20 In a subsequent publication33 that reports on the
electron heating and the non-Maxwellian electron energy
distribution, these data will be employed to explore the en-
ergy dissipation mechanism, associated with the magnetic-
field penetration into the plasma.12,34

II. EXPERIMENTAL ARRANGEMENT

The experimental system consists of two planar, 14 cm
wide, electrodes separated by a 2.5 cm gap, as shown in Fig.
1. In the 9 cm long plasma prefilled region, the electrodes
consist of eight 1 mm diameter wires with a geometric trans-
parency of 93%, allowing for unimpeded plasma flow into
the anode-cathodesA-Kd gap and minimizing the effects of
plasma stagnation. The load for the current downstream of
the plasma is a short circuit with a 30 nH inductance. A
current that rises to 150 kA in<400 ns generates a magnetic
field of ,10 kG between the two electrodes. The following
coordinates are defined:x=0 is the cathode surface,y=0 is
the center of the electrodes, andz=0 is the generator side
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edge of the transparent anode(note that the magnetic-field
propagation direction is denoted byz, in analogy to coaxial
plasma switches).

Two flashboard-plasma sources,32,35 driven by a single
2.8 mF capacitor charged to 35 kV, are mounted 3 cm above
the anode wires and are operated 1.1±0.05ms prior to the
main current pulse. Each flashboard consists of eight chains
with the current through each chain reaching a peak value of
6.5 kA at t=1.2 ms. The electron density is found to vary
from 331014 cm−3 near the cathode to 731014 cm−3 near
the anode and the electron temperature prior to the applica-
tion of the current pulse is found to be 6.5±1 eV. In the
middle of the A-K gap the plasma consists of protons
snprotons=2±131014cm3d, carbon ions (ncarbon=1.0±0.4
31014 cm−3, mainly C IV with smaller densities of C III and
C V), and O IV snO IV =1±0.531013cm−3d. In the analysis
that follows the O IV will be considered as a part of the
“carbon plasma” since it has similar charge-to-mass ratio and
demonstrates similar dynamics. The total density of heavier
impurities such as Ni, Fe, Cu, and Si is found to be,1
31013 cm−3. A detailed investigation of the prefilled plasma
parameters can be found in Ref. 32.

In order to perform spatially resolved spectroscopic
measurements the plasma is doped with various elements
using two doping techniques. The gas doping arrangement,31

consisting of a fast gas valve, a nozzle, and a skimmer, is
mounted below the cathode. The gas density can be varied
from 1013 to 1015 cm−3 and the FWHM of the gas beam
perpendicular to its injection direction can be varied from 1
to 2 cm.

For doping solid materials32 we use an electrical dis-
charge over an epoxy resin mixed with the desired element
on a small board, placed 2 cm below the cathode. The dis-
charge is driven by a 2mF capacitor charged to 6 kV. For
the short-time delays used in the present experiments, the
electron density in the plasma produced by the surface-
flashover doping discharge was found to be less than 1
31013 cm−3 (determined spectroscopically), ensuring no sig-
nificant effect on the flashboard-plasma parameters. The spa-

tial resolution along the line of sight obtained using this dop-
ing technique is 1.5–3 cm, depending on thex position.

The uv visible spectroscopic diagnostic system(also
shown in Fig. 1) consists of a 1 m spectrometer equipped
with a 2400 grooves/mm grating. The light from the doped
column is collected in they or z directions and is imaged
onto the spectrometer. A cylindrical lens images the light at
the output of the spectrometer onto a rectangular fiber-bundle
array allowing for observations with different spectral disper-
sions in the range of 1 Å/ fiber to 0.07 Å/ fiber, where the
instrumental spectral resolution for a typical slit width of
30 mm is 0.06 Å. The dispersion and resolution were mea-
sured with a 3% accuracy. The optical-fiber array consists of
12 fiber bundles that transmit the light into 12 photomultipli-
ers with a 7 ns temporal resolution. The spatial resolution
along the line of sight, determined by the doped-column
width, is 1–3 cm, whereas the resolutions in the orthogonal
directions, determined by the spectrometer input slit and the
imaging optics, are 0.1 cm in thex direction and 0.4–1 cm
in the y or z directions, depending on the direction of obser-
vation. The optical system is absolutely calibrated with an
accuracy of ±30%.

III. RESULTS

A. Data analysis

All spectral lines observed in this study are optically
thin, allowing for a direct determination of the respective
absolute upper-level populations. To analyze the spectral
profiles we fit Gaussians for each of the line components
whose width is analyzed assuming instrumental and Doppler
broadenings(Stark broadening and Zeeman splitting are
small in the present measurements, except for the He I
6678 Å line that is dominated by Zeeman splitting and used
for measuring the magnetic field). The ion-velocity distribu-
tions are obtained from line profiles dominated by Doppler
broadening. The measured line intensities are analyzed with
the aid of a time-dependent collisional-radiative(CR)
code,32,36 to which the initial plasma composition, the time-
dependent electron energy distribution,33 and electron den-
sity are inputted as parameters. The calculated time-
dependent level populations are then compared with the
measured line intensities.

B. Magnetic-field propagation

The magnetic field was studied from Zeeman splitting of
doped He I, as reported previously,22,37 and the magnetic-
field front was found to propagate axially at a constant ve-
locity. The evolution of the magnetic-field profile is affected
by the time dependence of the generator current and by the
axial propagation of the magnetic field. Thus, we fit the ob-
served magnetic-field distribution by the expression

Bsz,td = B0
t

t
f1 − sz− z0d/vBtgp, s1d

wherevB is the magnetic-field propagation velocity andzo

=−2.2 cm is the position of the vacuum-plasma boundary at
the generator side(assumed to be constant in time). The

FIG. 1. The experimental system. The interelectrode region is prefilled with
plasma from two flashboard plasma sources. Two techniques are used to
locally dope the plasma with various elements. Light is collected from the
doped column into the spectrometer. A cylindrical lens focuses the output of
the spectrometer onto a fiber-bundle array that transmits the light to 12
photomultiplier tubes.
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amplitude of the generator-side magnetic field is obtained
from the measured upstream current and is found to beB0

=10 kG at timet=300 ns. The parameterp describes the
shape of the magnetic-field profile so that whenp→0 the
axial profile of the magnetic field becomes rectangular while
in the limit p→1 it decreases linearly withz. A best fit to the
experimental data is obtained withp=0.25 and vB=3
3107 cm/s. In the different experiments in the present work
vB varied in the ranges3–3.6d3107 cm/s. Figure 2 shows
the evolution of the axial distribution of the magnetic field at
x=1 cm for differentz positions.

C. Axial ion velocities and their scaling

1. Velocities of nonprotonic ions

The local axial velocity of He II doped in the plasma is
measured using then=4–3 transitionsl=4686 Åd. Figure 3
shows the velocity as a function of time in experiments in
which the helium was injected atz=0, 4, and 8 cm. An av-
erage acceleration ofs9±1d31013 cm/s2 is seen atz=0 and
4 cm, while the acceleration atz=8 cm is twice larger. The
axial motion of He II is,1 cm during the 50–100 ns accel-
eration, which is less than the initial 1.2 cm doped column

width. Figure 3 shows that the start of the He II acceleration
propagates axially at an average velocity ofs3.3±0.3d
3107 cm/s, consistent with the magnetic-field propagation
velocity. Collisional-radiative calculations, based on the
measured electron density and EED, show that during the
acceleration a significant ionization of He I occurs, which
produces He II at relatively low velocities. Thus, inferring
the He II acceleration from the velocities shown in Fig. 3
yields lower-limit values. It is estimated that the peak axial
He II acceleration is,30% higher than deduced from the
data presented in Fig. 3. We note that the continuous ioniza-
tion of He I also tends to broaden the He II velocity distri-
bution.

Use of dopants with a negligible ionization allows for
obtaining the ion acceleration more reliably. To this end, we
used the surface-flashover technique for doping lithium and
boron, where the neutral-atom fractions are negligible. Fig-
ure 4 shows the Li II 5485 Å line profile at three times,
obtained from axial observations forz=3.5 cm. The profiles
demonstrate the lithium ion acceleration towards the load
and the rise in the broadening of the velocity distribution.
The peak mean Li II axial velocity is found to bes7±1d
3106 cm/s att=280 ns, which is<4.5 times lower than the
magnetic-field propagation velocity.

Note that such a broad ion-velocity distribution(corre-
sponding to a kinetic energy of hundreds of eV) is unlikely
to result from the low-rate ion collisionality or from ion heat-
ing due to the previously observed turbulent electric fields.22

It is possible that it results from the formation of small-scale
magnetic-field structures, which leads to ion acceleration in
various directions, as suggested previously.22

FIG. 2. The magnetic-field distribution as a function ofz at 1 cm from the
cathode surface in the middle of the electrodey dimension. The spatial
resolution is ±0.1, ±1, and ±0.2 cm in thex, y, andz directions, respectively.
The measurement error is ±1.2 kG forB,4 kG and ±0.7 kG forB.5 kG.
The experimental points are fitted by Eq.(1).

FIG. 3. Axial velocity of He II accelerated by the magnetic-field gradient,
obtained from the Doppler shift of the He II 4685.5 Å line at different axial
positions for 1 cm from the cathode. The velocities are only shown for the
times for which the light intensity is sufficiently high.

FIG. 4. Spectral profiles of the Li II 2ps3Pd-2ss3Sd transition att=100, 220,
and 280 ns atx=1, y=0, andz=3.5 cm. The top axis indicates the corre-
sponding ion velocity, positive velocities being in the +z direction. The error
bars indicated are due to the signal statistical noise. The experimental points
(symbols) are fitted by a Gaussian(solid line).
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Figure 5 shows the mean Li II axial velocity as a func-
tion of time in the middle of the plasma. The acceleration is
approximately constant and is found to bes5.4±0.8d
31013 cm/s2. It is also evident from a comparison of Figs. 5
and 2 that the acceleration period approximately coincides
with the rise of the magnetic field within the doped column.

Using similar measurements for B II it is found that the
peak axial B II velocity iss6±1d3106 cm/s and the mean
acceleration iss3.6±0.6d31013 cm/s2. The axial velocity of
Ar III, obtained from the 3286 Å line, showed a lower peak
velocity s7±2d3105 cm/s.

The axially integrated axial velocity of C III in the
plasma, measured using the 2297 Å line, is found to rise to
s9±1d3106 cm/s at the end of the current conduction to-
gether with a rise in the line width, corresponding to a ther-
mal velocity of ±s8±1d3106 cm/s. The effect of C II ion-
ization during the C III acceleration is smalls,10%d due to
the low C II density.

2. Proton velocity measurements

Knowledge of the proton velocity is essential for under-
standing the ion motion in the plasma because of the distinct
difference between the dynamics of the protons and that of
the heavier ions in the plasma. In the present work, the
proton-velocity distribution was obtained from charge-
exchange spectroscopy.21

The protons accelerated by the magnetic field undergo
resonant charge exchange with a hydrogen-gas column in-
jected downstream of the plasma, see Fig. 6. The Doppler
shift of Ha of the resultant hydrogen atoms is then used to
obtain the proton velocity.

The H2 density in the 2.5 cm wide injected column is
s1.5±0.5d31015 cm−8. Based on the cross section for the
proton charge exchange with molecular hydrogens3.7±2
310−16 cm2d and with the possibly produced atomic hydro-
gen s2.3±0.5310−15 cm2d for the relevant proton energy
range,38,39 it is estimated that most of the protons undergo
charge exchange in the injected hydrogen column.

Measurements are performed by scanning the blue tail of
Ha in three consecutive shots so that the array of photomul-
tipliers monitored 36 points on the wavelength scale, which
yields a resolution of 33106 cm/s in the velocity range
from −0.53107 to 93107 cm/s.

The Ha profile shown in Fig. 7 demonstrates the pres-
ence of fast protons with velocitiess4–9d3107 cm/s. Since
the probability for charge exchange is nearly independent of
the proton velocity(for the present velocity range), the pro-
file shown in Fig. 7 represents the proton-velocity distribu-
tion. The average proton velocity is thus seen to be<7
3107 cm/s, which is 2.1±0.2 times the magnetic-field ve-
locity fs3.3±0.3d3107 cm/s in these measurements]. This
finding is in agreement with the predictions of the specular-
reflection model.40

As seen in Fig. 7, protons are also reflected at velocities
lower and higher than twice the piston velocity. The low
velocities are probably due to incomplete acceleration of part
of the protons or due to partial proton pushing in the lateral
directions. The mechanism of the higher velocities will be
discussed in Sec. IV.

In order to verify that the proton velocity obtained above
reflects the velocity distribution of most of the protons in the
plasma we confirmed that the time-integrated proton flux is
comparable to the initial number of protons in the prefilled
plasma. To this end, we performed experiments to obtain a
lower limit of the proton-plasma density using Mg II line

FIG. 5. Li II axial velocity as a function of time atx=1, y=0, and z
=3.5±1.5 cm.

FIG. 6. The arrangement used for charge-exchange spectroscopy of the
accelerated protons. Molecular hydrogen is injected about 3 cm downstream
of the plasma rear edge. Light from the fast hydrogen atoms resulting from
charge-exchange processes is collected at an angle of 5° with thez axis. An
apertures0.535 cmd at the rear edge of the plasma is used to block the light
from the main plasma(measurements with no aperture yielded similar re-
sults). The velocity distribution of protons that undergo charge exchange is
obtained from the Ha profile.

FIG. 7. The observed Ha spectral profile integrated overt=250–300 ns(the
wavelength scale is replaced by a velocity scale). The large signal atv,2
3107 cm/s is due to the emission from the doped(slow) hydrogen atoms,
while the signal for the higher velocities is due to the charge-exchange-
produced hydrogen. Also marked is the magnetic-field velocityvB.
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ratios (in a manner similar to that described in Ref. 22). In
these experiments, magnesium was injected downstream(us-
ing the surface-flashover discharge instead of the hydrogen
doping). The electron density and the neutral-magnesium
density in the magnesium cloud weres7±1d31013 cm−3 and
,1013 cm−3, respectively. Determination of the electron-
density rise in the magnesium cloud due to the proton-
plasma propagation yields the proton-plasma density.

Figure 8(a) shows the measured time-dependent Mg II
3p/3d population ratio in the magnesium-dopant column.
These measurements show that the ratio between the Mg II
3p and 3d populations, initially being 25–30 drops to 11±1
during the flow of the proton plasma through the dopant. In
order to determinene we use our CR calculations to fit the
Mg II 2p/3d ratio as a function of time. However, this ratio
also depends on the electron energy distribution, which is not
known. In order to address this difficulty we use the obser-
vation of the B IV 2821 Å line, originating from the 2ps3P0d
level that lies at about 200 eV, to show that a large fraction
s.30%d of the electrons have energies higher than 200 eV.
This finding lowers the sensitivity of the determination ofne

to the details of the electron energy distribution at the dopant
during the flow of the proton plasma. Using repeated CR
calculations it is found that the uncertainty in the electron
energy distribution makes the dashed line shown in Fig. 8(a)
replicated by using electron densities between 2.2
31014 cm−3 and 3.631014 cm3 (the lower electron density
corresponds to the higher mean electron energy). We thus
conclude that the electron density in the doped magnesium
column during the encounter with the pushed proton plasma
is s2.9±0.65d31014 cm−3. The proton density at this time is
obtained by subtracting the initial electron density in the
magnesium cloud, givings2.2±0.7d31014 cm−3. Note that
this density can only be attributed to protons, since the ve-
locities of all other ions are too low to allow for their arrival
at the measurement position.

Figure 8(b) shows that the electron density that repro-
duces the measured magnesium line ratio also satisfactorily
explains the drop of the magnesium line intensities, which
presumably result from the ionization of the doped Mg II.

The ionization times suggest an electron density that is
<10% higher than the density obtained from the line ratios.

The Stark broadening of Ha and Hb observed in they
direction was also used to determine the electron density of
the proton plasma, similarly to the measurements described
in Ref. 32. However, due to the possible effect of turbulent
electric fields(see, for instance, Ref. 12), this technique only
yields an upper limit for the electron density. These measure-
ments yielded an electron density ofs2.6±0.6d31014 cm−3,
in good agreement with the magnesium data. Moreover, us-
ing our collisional-radiative calculations, we used the abso-
lute intensity of the Doppler-shifted Ha emission to obtain
the total fast-hydrogen density, expected to be equal to the
proton density, since most of the protons are expected to
undergo charge exchange. The proton density thus deter-
mined is found to be consistent with the value obtained
above, albeit, with a larger uncertainty due to the higher
sensitivity to the unknown details of the electron energy dis-
tribution.

Using the combined proton density of the magnesium
and hydrogen data,s2.4±0.7d31014 cm−3, the mean proton
velocity, a lower bound for the time duration of the proton-
density rises100 nsd, and assuming that our measurement at
x=1 cm represents the proton flux in the entireA-K gap, it is
estimated that the total proton flux downstream of the plasma
is at least a few tens of percent of the initial proton number
in the plasma.

It is interesting to compare the spectroscopic observa-
tions with previously performed Faraday-cup measure-
ments41 in which time-of-flight data were obtained using
measurements with an array of four Faraday cupssf
=0.025 cmd, with transverse magnetic fieldsB,1 kGd.
These measurements revealed an ion signal presumably re-
sulting from a proton-plasma propagating axially at an aver-
age velocity of s6.5±1.5d3107 cm/s, consistent with the
proton velocities obtained from charge-exchange spectros-
copy. The current density was found to be between 100 and
150 A/cm2, which corresponds to an ion density of
s1–1.5d31013 cm−3, significantly lower than the proton den-
sity obtained spectroscopically. Faraday-cup saturation or in-
complete insulation of the electron current, as has recently
been observed42 in experiments in which Faraday-cup sig-
nals were compared with spectroscopic data, is believed to
be the reason for the low density inferred using this method.

D. Electron density evolution

Determination of the local temporal evolution of the
electron density in the plasma during the magnetic-field evo-
lution is of high advantage, in comparison to the line-
integrated charge-exchange spectroscopy that yielded the
proton-plasma flow downstream of the plasma, and offer ad-
ditional information on the ion dynamics.

The electron density is studied from the time-dependent
B III 2 p-level population(while the electron density distri-
bution prior to the application of the current pulse was de-
termined from Stark broadening of hydrogen32). The electron
density is obtained by comparing the observed evolution of
the B III 2p-level population to predictions of collisional-

FIG. 8. (a) The measured Mg II 3p/3d population ratio atx=1.2 cm,y=0,
andz=9 cm(solid line) and predictions of the collisional-radiative code.(b)
The drop of the Mg II 3p population due to ionization(solid line) and the
predictions of the CR modeling.
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radiative calculations that account for the electron tempera-
ture variations, ionization processes, and the boron flow(the
details of this analysis have been described previously22).

Figure 9 shows the electron density and the magnetic-
field observed at the same position as a function of time. It is
seen that the electron density rises with the magnetic field
until the field reaches a value of,5 kG, and then drops
sharply as the magnetic field continues to rise. This finding is
seen for all positions with the density reaching its peak value
for magnetic fields of 4–5.5 kG. The drop of the electron
density is found to vary across theA-K gap. In the middle of
the gap (x=1 cm, see Fig. 9) the density drops to
s1.5±0.5d31014 cm−3 at t=300 ns, near the anodesx
=1.8 cmd it only drops tos4±1d31014 cm−3, and near the
cathode it drops tos1±0.4d31014 cm−3, i.e., it drops notice-
ably less near the anode.

As discussed previously22 the electron density rise is due
to three factors: the continuous flow of the flashboard plasma
(as shown by the dashed line in Fig. 9), ionization resulting
from the rise in the electron energy33 (causing a rise in the
electron density of 10±5% att=200 ns), and the proton-
plasma reflection within the current channel. The lack of
detailed knowledge of the proton dynamics does not allow
for quantifying the rise of the electron density due to the
proton-plasma reflection. Note that the velocities of the non-
protonic ions are too low for times,210 ns to cause a rise in
the electron density(see Fig. 3, forz=4 cm).

At t .200 ns a substantial drop in the electron density is
seen(by four to five times atx=1 cm compared to the den-
sity without the current pulse). Based on the density of the
reflected proton plasma(which is found to be consistent with
the initial proton density in the plasma, see Sec. II), the elec-
tron density is estimated to drop tos3.5±1d31014 cm−3 as a
result of the proton reflection. This value, being twice higher
than the measured electron density att=300 ns, leads to the
conclusion that a fraction of the carbon plasma is also
pushed from the middle of theA-K gap.

Based on the measured carbon-ion axial velocities, we
estimate their axial displacement to be<1 cm att=300 ns,
which is much smaller than the plasma length. Also, using
Doppler-dominated line profiles observed in they direction,

the ion velocities in this direction were found to remain low
throughout the pulse. These findings lead us to suggest that
part of the carbon plasma is pushed in thex direction (to-
wards the electrodes). Since the extent of the plasma region
viewed in thex direction is,1 cm, carbon-ion velocities in
the x direction about 107 cm/s, i.e., comparable to the mea-
sured axial velocities, must then be assumed, in order to
explain the density drop that occurs within 100 ns. We note
that the density of the ions heavier than carbon in the plasma
is too small32 to be considered in this discussion.

IV. DISCUSSION

We here discuss the mechanisms that are responsible for
the observed plasma dynamics and the electromagnetic evo-
lution. As is described in detail in the following sections, for
the observed magnetic field and the inferred electric-field
evolutions, we are able to explain the observed dynamics of
the various ion species. In Sec. IV A the ion separation is
described, followed(in Sec. IV B–IV E) by a detailed calcu-
lation, incorporating the effect of the time dependence of the
magnetic field, which satisfactorily explains the motions of
the heavy ions and the protons.

The evolution of the magnetic field was discussed in
detail in Ref. 22. We explained there that the mechanism of
field penetration is still unclear, although it is expected to be
related to the Hall field. The penetration seems to be too fast
to be explained by the plasma initial nonuniformities. Fur-
thermore, the penetration seems to be insensitive to the cur-
rent polarity, contrary to what is expected for a Hall-field
induced penetration, rather than diffusion. In Ref. 22 we sug-
gested a mechanism of Hall-induced penetration that relies
on the formation of small-scale density nonuniformities in
the plasma.

Another important issue is the fact that the magnetic-
field penetration is accompanied by energy dissipation in the
form of electron thermal energy.13 Analysis of the electron
energy distribution, in the context of the general energy bal-
ance in the plasma, will be presented in a future
publication.33

A. Species separation

We have presented measurements of the dynamics of
different charge-to-mass ratio ions under the propagation of
the magnetic field. These measurements demonstrate that the
heavy ions(heavier than protons in the present experiments)
attain axial velocities that are significantly smaller than the
magnetic-field velocity while protons are specularly re-
flected. As discussed in the preceding section, the electron-
density drop at the magnetic-field front results from the pro-
ton reflection ahead of the current channel, while the density
drop in the rear part of the current channel(after the reflec-
tion of the proton plasma) results from the carbon plasma
dynamics. Thus, this work demonstrates that the species
separation previously found in relatively shorts,100 nsd
current pulses19,20 also occurs for longer pulses, higher elec-
tron densities, and smaller proton fractions.

The species separation and the reflection here observed
can explain the flow of a dilute plasma downstream of the

FIG. 9. The time-dependent magnetic field(averaged over two discharges)
and electron density measured in separate experiments atx=1 and z
=3.7 cm in the middle of they-electrode dimension. The dashed curve
shows the electron density without the application of the current pulse.
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prefilled-plasma region seen in previous experiments.41,43 In
those experiments, it was suggested that the downstream
plasma flow was dominated by protons. It is worth mention-
ing that in such experiments the plasma flow downstream
may affect the energy coupling to the load, due to current
conduction by the plasma. It will be shown in Sec. IV E that
similar to the observations in the shorter-time scale, the re-
flected ions obtain considerable momentum relative to their
initial mass fraction, which reduces the momentum imparted
on the heavy-ion plasma.

B. Effects of the time dependence
of the magnetic field

Here we discuss implications of the rise in time of the
current on the dynamics of the plasma. Interestingly, this
time dependence results in proton velocities that are more
than twice the magnetic piston velocity.

The 2D magnetic-field evolution22 shows that the
magnetic-field front can be approximated by a 1D structure,
suggesting that the proton acceleration is mainly axial(in the

jW3BW direction). As discussed in Sec. III D, however, the
nonprotonic ions move significantly towards the electrodes,
which will be further discussed in the following section.

Let us write a simplified expression that uses the
magnetic-field distribution given by Eq.(1) and the mea-
sured time-dependent electron density shown in Fig. 9 to
calculate the force acting in the axial direction on the non-
protonic ions. The single-particle ion momentum equation,
neglecting collisions, is

mi
dvW i

dt
= eziSEW +

vW i 3 BW

c
D . s2d

Neglecting the electron inertia and resistivity in the electron

momentum equation, assuming that the current isJW = jWe

=−enevWe (justified by the low values of the proton and non-
protonic ion velocities towards the electrodes), and employ-
ing Ampère’s law(where the displacement current is neg-
lected), we obtain the following expression for the electric

field: EW =−svWe3BW d /c=s jWe/neecd3BW =s¹W 3BW d /4p nee3BW

=s¹W B2d /8p nee, which is the Hall electric field. Inserting
this expression into Eq.(2), we assume that the current is
mostly in thex direction and obtain through integration the
following:

vzszin,td =
1

8p

zi

mi
E

0

t 1

nefzszin,t8d,t8g
] Bfzszin,t8d,t8g2

] z
dt8,

s3d

where zin is the initial ion location. This equation is inte-
grated numerically with the assumption that for Lizszin ,td
=zin. The results of the numerical integration are compared
to the experimental velocities. For the integration we use a
magnetic field given by Eq.(1) and an electron density that
rises and drops linearly in time, down to a density of 1.5
31014 cm−3 (see the measurement in Fig. 9). Figure 10
shows the Li II velocity calculated using Eq.(3) for an initial
positionzin=3.5 cm and the experimental average velocity at

zin=3.5±1.5 cm, demonstrating good agreement through
most of the acceleration processes. The discrepancy for the
times earlier than 160 ns results from the measurement spa-
tial integration in thez directions<3 cmd, which is not taken
into account in using Eq.(3). The large experimental mea-
surement uncertainty fort.280 ns does not allow for a use-
ful comparison to the solution of Eq.(3).

In Fig. 10(b) the experimental Li II axial velocity distri-
bution (previously shown in Fig. 4) is compared to the solu-
tion of Eq. (3), which is integrated over the initial lithium-
ion positionsszin=2–5 cmd. It is evident that the observed
distribution is much broader than the one predicted by Eq.
(3).

The results of a similar comparison of the axially inte-
grated C III velocity distribution att=300 ns are shown in
Fig. 11. The nonmonotonic distribution function of the C III
ions found from the calculation is a result of the evolution in
time of the magnetic field and of the plasma density that
generates a group of fast ions at the back of the plasma as
well as a group of slower ions at the front of the plasma. The

FIG. 10. (a) Comparison of the experimental Li II average velocity and the
one calculated using Eq.(3) for z=3.5 cm.(b) Comparison of the experi-
mental Li II velocity distribution and the one calculated using Eq.(3) for an
initial homogenous ion distribution in thezin=2–5 cmrange att=280 ns.

FIG. 11. The C III axial velocity distribution att=300 ns obtained from the
2297 Å line. Also shown is the solution of Eq.(3), integrated over the entire
axial plasma extent.
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measured C III velocity distribution is found to be signifi-
cantly broader than the solution of Eq.(3), similar to the
results obtained above for Li II.

For predicting the proton dynamics the proton motion
during the acceleration should be accounted for. We thus
solve Eq.(3) together withz=zin+e0

t vszin ,t8ddt8 to obtain the
final proton velocity as a function ofzin. We note that the
proton dynamics cannot be obtained by solving a time-
independent problem in the frame of the moving magnetic
piston, as was previously done by Rosenbluth,40 due to the
rise in time of the magnetic field(in our experiment the
magnetic-field changes significantly during the proton reflec-
tion).

In this calculation we find that a significant fraction of
the protons attain a velocity that is larger than twice the
magnetic-field velocity(while some of the protons that have
not yet completed the reflection attain lower velocities). This
observation may be understood by noting that in the frame of
the moving piston the protons fall off a higher potential hill
than the one they climb. Figure 12(a) shows the observed
and the calculated axially integrated proton-velocity distribu-
tions. Both curves are time averaged over the time interval
t=260–285 ns, required for accounting for the spatial inte-
gration over the hydrogen-dopant cloud. It is seen that the
calculated distribution fits the experimental one rather well.

The importance of the magnetic-field time dependence
can be further illustrated by a calculation for a constant-
amplitude magnetic field shown by the dash-dot line in Fig.
12(a). We note, however, that the simple analysis here dis-
cussed does not account for various details that affect the
proton-velocity distribution, such as the initial density distri-
bution and the two-dimensional motion(where the latter may
lead to a systematic loss of ions).

Figure 12(b) shows the acceleration of protons at differ-

ent zin for the same conditions as(a), demonstrating very
different acceleration histories. Protons atzin=2, 4, and
5.5 cm are reflected by the piston att,285 ns while protons
at zin=−1 cm remain within the current channel up tot
=320 ns. Also seen is the increase in the average acceleration
as a function ofzin, resulting from the time dependence of
the magnetic field during the axial propagation. The details
of the ion dynamics are thus much affected by the current
channel spatial distribution and the rise in time of the mag-
netic field.

It is interesting to note that the observed velocity distri-
bution of the reflected ions(protons) can be reproduced with
the solution of Eq.(3) while the measured velocity distribu-
tion of the ions in the plasma penetrated by the magnetic
field (Li II and C III ) is much broader than predicted accord-
ing to Eq.(3). This difference suggests that our modeling of
the ion acceleration is adequate in the front of the current
channel in which the protons are reflected. In the back of the
current channel the data suggest that, although the mean ac-
celeration is consistent with the predictions of Eq.(3), as
demonstrated by the Li II velocity in Fig. 10(a), there is
another mechanism causing a significant broadening of the
velocity distribution.

To further illustrate the difference between the reflected
and nonprotonic-ion acceleration we plot in Fig. 13 the time-
dependent current densityj and the accelerating electric field
EHall, obtained from the approximate time-dependent
magnetic-field distribution given Eq.(1) for z=3.7 cm and
the electron density time-dependence employed in Sec. IV B.
The current density is sharply peaked in the magnetic-field
front, followed by a extended tail that may result from the
continuous generator-current rise in time. Available theoreti-
cal calculations based on the Hall model assume a magnetic
field that is constant in time and hence cannot be employed
to predict the expected current-density distribution behind
the current front.

An important result that becomes clear from the data is
that even a low current density in the back of the current
channel(t.170 ns in Fig. 13) can result in significant ion
acceleration due to the larger value ofB there. Furthermore,
the density drop that follows the proton reflection is accom-
panied by an increase in the accelerating electric field. It is

FIG. 12. (a) Comparison of the experimental proton-velocity distribution
and the one calculated using Eq.(3) for vB=3.43107 cm/s, averaged over
t=260–285 ns. Also shown is the predicted proton-velocity distribution for
a constant-amplitude magnetic field.(b) The calculated time-dependent pro-
ton velocity for five initial positions.

FIG. 13. The current density(solid line) and the accelerating Hall electric
field (dashed) derived from the magnetic field given by Eq.(1) and the
electron density time dependence employed in Eq.(3). The two lines are
shown as dotted thin lines in the region where the accuracy of magnetic-
field evolution of Eq.(1) could not be verified. The nonphysical infinity of
the current density att=150 ns, inherent in Eq.(1), is artificially truncated.
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important to emphasize that due to the experimental uncer-
tainties, our magnetic-field measurements do not allow for
determining the exact structure of the magnetic-field front,
allowing only for a qualitative interpretation of different ac-
celeration regimes.

Noting that the proton reflection occurs within the front
of the current channel(t=150–250 ns in Fig. 13) while the
heavy-ion acceleration occurs continuously, we may con-
clude that the broad ion-velocity distribution originates in the
back of the current channel, following the density drop. The
previously suggested onset of the Rayleigh–Taylor
instability22 as a result of the proton acceleration could ex-
plain the broadening of the penetrated-ion velocity distribu-
tions (via fluctuations in the electron density and the accel-
erating field) while retaining the reflected ion-velocity
distributions unaffected.

C. Scaling of the axial velocities with Z/m

In order to better understand the dynamics of different-
mass ions it is instructive to plot the observed ion velocities
as a function of the ion charge-to-mass ratio. Figure 14
shows the dependence of the measured axial ion velocities
on the ion charge-to-mass ratio at the center of the plasma
axial dimensionsz=3.7 cmd for the time for which these ve-
locities reach their peak valuesst,270 nsd. The proton ve-
locity is integrated along the line of sight and, thus, the ve-
locity also reflects the velocity that the protons acquire atz
=3.7 cm(at the axial center of the plasma). The velocities of
He II and Ar III have been corrected to account for the ion-
ization processes as discussed in Sec. III C. The dashed line
indicates the velocity expected for ion reflection by a
constant-amplitude potential hill,40 which also agrees with
the prediction of Eq.(3) for protons initially atz=3.7 cm.

The solid line represents the velocity of the nonprotonic
ions in the plasma that is penetrated by the magnetic field
svi /vB,1d according to Eq.(3). Also shown in Fig. 14 is the
prediction of a time-independent 1D model in which the ions
climb over an electrostatic potentialBef f

2 /8pne, whereBef f is
an effective time-averaged magnetic-field amplitude. The fi-
nal normalized ion velocities are then given byvi /vmf=1
−Î1−fzi / smi /mpd / svAp

2 /vmf
2 dg, wherevAp is the Alfvén ve-

locity assuming the plasma only consists of protons. We find

that in order to fit the measured velocitiesBeff=5.1 kG, re-
flecting an average value for the rising-in-time magnetic
field. One can see that both models explain the heavy-ion
velocities to within the experimental uncertainties.

D. Ion motion towards the electrodes

The understanding of the ion dynamics also requires
knowledge of the ion velocities in theA-K gapsxd direction.
In our experiment, these are inferred from the time depen-
dence of the electron density.

Since most of the protons in the plasma are found, due to
their reflection, at 4–8 cm downstream of the plasma(and
the A-K gap is 2.5 cm wide), it can be inferred that their
velocitiessvxd in the x direction are,vz/4, wherevz is the
z-direction velocity. Such values forvx are comparable to the
initial vx of the protonss<107 cm/sd. It thus appears that the
protons nearly undergo 1D specular reflection.

For the carbon ions, however, theirvx appears to be
comparable tovzs<107 cm/sd. This is inferred from the
electron-density drop(see Fig. 9), which is significantly
larger than expected from the proton reflection, and cannot
be explained by the slow motion of the carbon plasma and
the larger plasma dimension in the axial direction. Since the
initial vx of the carbon ions is<53106 cm/s, the highervx

during the current conduction can only be explained byx

components of thejW3BW forces in the field-penetrated
plasma. In the present experiment, however, this cannot be
compared to the 2D magnetic-field structure in the plasma22

because of the large uncertainties. Note that the presence of

jW3BW components in thex direction may also be observed on
a small spatial scales,1 mmd consistent with our suggestion
on possible small-scale variations in the plasma density and
the magnetic-field,22 however, such variations are not ob-
servable in the present 1 cm spatial-resolution measure-
ments.

It is worth mentioning a recent suggestion44 that ions
may move in thex direction even in the absence ofx com-

ponents of thejW3BW forces. It was there shown that in a
multi-ion-species plasma, ions of different masses may gain
significant (and opposite) momenta in the direction of the

current, while the net ion acceleration is only in thejW3BW

direction (as expected).

E. Momentum balance

We now analyze the momentum gained by the plasma
due to the interaction with the magnetic field. The total mo-

mentum per unit area imparted to the plasma by thejW3BW

forces is given by

Pstd =
1

8p
E

0

t

Bsz= z0,t8d2dt8, s4d

where Eq.(1) is used forBsz=z0,td. Integration of Eq.(4)
yields Pstd=B0

2t3/24pt2, which givesP=0.40 g/scm sd at t
=t=300 ns[note thatP is 33 smaller than the momentum
imparted by a constantsB0d magnetic field]. Assuming that
the plasma density and composition are uniform in space and

FIG. 14. Normalized peak ion axial velocities as a function of the ion
charge-to-mass ratio atx=1, y=0, andz=3.7 cm. The dashed, solid, and
dash-dot lines show the ion velocities expected for the protons and nonpro-
tonic ions according to Eq.(3) and the velocity predicted for the nonprotonic
ions that climb a constant-amplitude potential hill, respectively.
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that the plasma is composed of protons and triply charged
carbon ions, the plasma momentum per unit area can
be approximated byPplasmastd=snpmpkvpl+ncmckvC IVld Dz,
where np and nc are the densities andmp and mc are the
masses of the protons and of the carbon ions, respectively.
kvpland kvC IVl are the respective time-dependent velocities
averaged overz up to Dz<vBt, which is the magnetic-field
axial-propagation distance.kvC IVl is estimated from a linear
scaling with the ion charge of the experimental C III velo-
city distribution shown in Fig. 11, givingkvC IVl=1.1
3107 cm/s. For the protons we use Fig. 7 and assume that
the mean velocity presented there is also valid att=300 ns,
yielding kvpl=6.83107 cm/s.

Inserting these velocities and the initial ion densities
leads to the conclusion that the protons and the nonprotonic
ions attain equal fractions of the imparted momentum.
Hence, the protons whose mass fraction in the initial plasma
is only 13% attain<50% of the imparted momentum.
The total plasma momentum att=300 ns is Pplasma

=0.48 g/scm sd, which is <20% larger than the imparted
momentum, calculated from Eq.(4). The discrepancy prob-
ably results from the assumption that the magnetic-field
propagation velocityvB is constant throughout the pulse(in-
deed, based on the magnetic-field measurements, the trueDz

is <20% smaller than used in the estimates above, due to the
lower magnetic-field velocity in the first 100 ns of the pulse).

Incidentally, taking a constant magnetic fieldsB=6 kGd,
which is smaller than the maximal value ofB, and inserting
this into the simplified model for the case of a constant mag-
netic field20 yield a similar partitioning of the momentum.

V. SUMMARY

Spatially and temporally resolved measurements of the
magnetic field, electron density, and ion velocities in a multi-
ion-species plasma interacting with a propagating magnetic
field are presented. The data obtained demonstrate self-
consistencies between the ion velocities, the electric field
determined from the magnetic field and the electron density,
and the momentum imparted to the plasma due to the
magnetic-field pressure. We find that similarly to the results
reported for a shorter time-scale experiment,19,20 species
separation occurs in which the light-ion plasma is pushed
ahead of the magnetic piston, while the heavier-ion plasma is
penetrated by the magnetic field. The observation that some
of the reflected protons attain velocities larger than twice the
magnetic-field velocity(the velocity attained in a specular
reflection by a constant-amplitude magnetic field40) is ex-
plained by the time dependence of the magnetic field.

In this paper we discussed the different aspects of the ion
dynamics, including the proton reflection and the resulting
ion-species separation. We emphasize that, considering all
data obtained, the mechanism of magnetic-field penetration
into the plasma in the present experiment, with the simulta-
neous light-ion reflection, that is, pushed by the magnetic-
field pressure, is not entirely clear. It was suggested that the
proton reflection may induce density fluctuations that allow
for polarity-independent field penetration due to the Hall

field. A model that correctly predicts the magnetic-field
propagation velocity and the independence of the velocity on
the current flow direction is still required.

Our results show that significant acceleration of the non-
protonic ions occurs in the region behind the magnetic-field
front, in which the current density is low. Also, the ion-
velocity distribution of the nonprotonic ions(in the plasma
penetrated by the magnetic field) in the propagation direction
of the magnetic field is found to be much broader than ex-
pected. The mechanism responsible for the relatively high
velocities of these ions in the direction normal to the field
propagation direction remains unclear. One possible mecha-
nism that may explain both observations is the previously
suggested onset of small-scale density fluctuations,22 perhaps
as a result of the Rayleigh–Taylor instability.

These findings have important implications to a variety
of pulsed-power systems and to high-power transmission
lines. For example, these observations may aid in the opti-
mization of plasma-opening-switch performance and in im-
proving the coupling of the switched power to various
loads.45 The comparisons of the results obtained here and in
previous studies on similar current experiments with those
obtained in other higher-current experiments may provide an
insight into the factors that limit the efficiency of plasma
switches.46 The importance of the initial plasma composition
has become evident due to the ion species separation and due
to its affect on the momentum partitioning between the
different-ion species, and is presumably highly important for
optimizing the switch operation. Previous investigations of
the POS operation, in which a novel method was imple-
mented for producing plasmas of controllable purity, have
been reported on.47,48 Currently, better control of the plasma
composition is pursued49,50 in the present configuration in
order to study the dependence of the phenomena observed
here on this parameter. Also, improved doping capabilities
should allow for further studying the mechanisms respon-
sible for the ion velocities in the normal directions.

It should also be noted that such detailed results as the
ones described here may be employed for examining various
plasma-simulation codes required for the design of electrical
discharges, plasma switches, high-power transmission lines,
and analysis of space-physics data.
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