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Recent investigations of the interaction of fast-rising magnetic fields with multi-species plasmas at
densities of 18-10cm™2 are described. The configurations studied are planar or coaxial
interelectrode gaps pre-filled with plasmas, known as plasma opening switches. The diagnostics are
based on time-dependent, spatially resolved spectroscopic observations. Three-dimensional spatial
resolution is obtained by plasma-doping techniques. The measurements include the propagating
magnetic field structure, ion velocity distributions, electric field strengths, and non-Maxwellian
electron energy distribution across the magnetic field front. It is found that the magnetic field
propagation velocity is faster than expected from diffusion. The magnetic field evolution cannot be
explained by the available theoretical treatments based on the Hall{tfeiticould, in principle,
explain the fast field propagatipnMoreover, detailed observations reveal that magnetic field
penetration and plasma reflection occur simultaneously, leading to ion-species separation, which is
also not predicted by the available theories. A possible mechanism that is based on the formation of
small-scale density fluctuations, previously formulated for astrophysical plasmas, may explain these
results. ©2004 American Institute of Physic§DOI: 10.1063/1.1651491

I. INTRODUCTION that does not penetrate the plasfeag., Refs. 3 and)4or
field penetration into the plasma, i.e., current flow in the

In this paper we address a fundamental problem irplasma,(e.g., Ref. 5. The magnetic field evolution in these
plasma physics, namely, the propagation of magnetic fieldystems was studied by magnetic probes that were intro-
pulses in plasmas and the plasma dynamics under the intefluced into the switch regidh!! These measurements
action of the field. This problem has broad implications toshowed that the magnetic field rapidly penetrates the plas-
space physics and is basic to all applications that involvenas, much faster than expected, from estimates based on the
plasmas under pulsed currents. An important example ofjiffusion rate. No satisfactory theory could be found at the
such a laboratory application is the plasma-opening switclime to explain the fast field penetration in such low-
(POS. In such a system, a pulsed current is conducteesistivity plasmasthough for some configurations it has
through a plasma bridge between two electrodes, before bgeen suggested that anomalous collisionality may enhance
ing rapidly switched to a parallel load due to a fast rise in thehe magnetic field diffusion raté®*® Later on, theoretical
plasma impedance. treatments based on electron magnetohydrodynafiiés

POSs were first introduced in the mid-197@sd since  showed that the magnetic field may penetrate quickly into
then have been extensively investigated, both experimentallyyy.-collisionality plasmas via the Hall-field term. In this
and theoretically. Information on the first decade of researciechanism, the field penetration depends on the electron
can be found, for example, in Ref. 2. Central problems adyensity distribution and the system geometry, but is indepen-
dressed were the pushing of the plasma by the magnetic fielgent of the plasma resistivitjas long as the resistivity is

finite).
dpaper KI1 3, Bull. Am. Phys. Sod8, 168 (2003. Naturally, the early research was application oriented.
*C’:lnvited speaker. _ o _ Nevertheless, it has exposed a richness of physical phenom-
Electronic mail: rdoron@wisemail weizmann.ac. i ena, demonstrating that POS research is beneficial not only
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1070-664X/2004/11(5)/2411/8/$22.00 2411 © 2004 American Institute of Physics

Downloaded 27 Apr 2004 to 132.77.4.43. Redistribution subject to AIP license or copyright, see http://pop.aip.org/pop/copyright.jsp


http://dx.doi.org/10.1063/1.1651491
http://dx.doi.org/10.1063/1.1651491

2412 Phys. Plasmas, Vol. 11, No. 5, May 2004 Doron et al.

advance this basic study, nonintrusive spectroscopic diagnos-
tic methods were developed and employed to determine the y
X L

key plasma parameters. Spectroscopy combined with novel
plasma doping techniques allowed for time-dependent, three-

dimensional (3D) spatially resolved measurements of the Y
F"IY,’lB

plasma compositioh'® magnetic field evolutiod®=2* ion
dynamics?2~2* electron energy distribution, and nonthermal
electric fields?1?22528n particular, the use of Zeeman split-
ting of emission lines from the plasma constituents is highly
advantageous, since it yields unambiguously the magnetic
field inside the plasma.

The new measurements enabled the construction of a
detailed and clearer picture of the plasma-magnetic field inFl1G. 1. Schematic_description of the pIanar_POS. The magnetic field propa-

. ; ates in thez direction (from the generator side towards the Ipad

teraction. However, the new data have also raised some nety
unresolved findings. A good example of such a finding is the
recent observation of a simultaneous reflection of the lightside edge of the plasma filled region. The term “axial” is

ion plasma and field penetration into the heavier-ion plasmaysed here to denote ttzadirection towards the load.
resulting in an ion-species separatfdri! Also, this phenom- For the spectroscopic observations, the outputs of the 1
enon results in imparting a considerable fraction of the dism spectrometers can be attached either to an intensified
sipated magnetic field energy and the magnetic field momencharge-coupled devicgCCD) camera or to an array of pho-
tum to the reflected plasma, even though the light ions are gomultipliers(PMTs) via a bundle of optical fibers. The spec-
minority in the initial plasma. The new phenomenon, whichtra| resolution achieved is 0.07 A. While the use of the gated
implies a significant role for the plasma composition, has(s ng ICCD camera allows for recording broad wavelength
stimulated new simulatioR$ but is not predicted by the pands, the PMTs proveda 7 nstemporal resolution for a
available theories. In particular, the classical Hall theory adnarrower band.
dresses the situation in which the velocity of the magnetic  |n order to obtain spatially resolved measurements we
field propagation is larger than the velocity of the ions andytilize our recently developed plasma-doping techniques. In
most of the magnetic field energy is imparted to the electhis approach the plasma is doped by an atomic or ionic
trons. A progress in understanding the physics of the specigseam, the line emission of which can be used for diagnosing
separation may also shed light on a similar phenomenon rehe |ocal plasma parametespectroscopic studies have been
cently observed in solar flaré3. made to verify that the doped species densities are suffi-
The purpose of the present report is to provide a sumciently low to cause no significant effect on the main-plasma
mary of our most important results in the spectroscopic studyropertie$.*° The spatial resolution along the line of sight is
of the interaction of plasma with pulsed magnetic fields in athus determined by the doped column width. Three doping
POS configuration, achieved in recent years. The report ifhethods are used: a gas doping technique, a surface-
comprised of previously reported results, together with newlashover method for producing dopants of solid matefials,
observations and recent insights. and an additional method in which the dopant is produced by
a pulsed laser beam aimed at a window with its front or back
surface coated by a thin layér1 um) of a selected mate-

Il. EXPERIMENTAL SETUP rial.

The interaction of plasma with pulsed strong magnetici||. OBSERVATIONS
fields is studied using planar or coaxial POS conﬁgurationsA Maanetic field distribution
For brevity, here we give only a short description of the™" 9
planar configuration. Details of the coaxial configuration can ~ The magnetic field measurements are based on Zeeman
be found in a previous publicatidfi.The planar configura- splitting of the He | transition $2p*P;—1s3d'D, at
tion, depicted in Fig. 1, consists of two 14-cm-wide elec-6678.2 A(due to its high ionization potential the He | is not
trodes separated by a 2.5 cm gap. An 8-cm-long region islrained out by ionization proces$eghe use of neutral-atom
pre-filled with plasma using a surface-flasho@shboardd  emission allows for nearly Doppler-free line profiles. The
plasma source that is mounted outside the gap, a few cmmagnetic field is observed along the field linggdirection),
from the anode. The flashboard plasma is mainly composeyielding only theo components of the line, with a split of
of protons and C IlI-V iong! Secondary plasma, produced 0.021 A/kG. Considering the instrumental and Doppler
due to the impinging primary plasma on the electrodes, idroadening, such a split practically limits our measurements
mainly composed of H, C lI-Ill, and O IlI-Ill. The electron to magnetic fields above 2 kG. For measuring fields in the 2
density of the plasma is found to vary fromx30"cm™3 kG range we estimate a possible error of 70%, while-f6r
near the cathode to>¥10"*cm™2 near the anode. A pulsed kG the uncertainty is~10%.
magnetic field of~10 kG is driven by a current that rises to In Fig. 2 we present the evolution of the measured mag-
150 kA in 400 ns. We definex=0 as the cathode surface, netic field at 1 cm from the cathode plarme<(1) as a func-
y=0 the center of the electrodes, ane¢ 0 the generator- tion of the axial position(z). The evolution of the magnetic
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FIG. 2. Time evolution of the magnetic field as a functiorzeheasured at ) . . . ) )
1 cm from the cathode plane in the middle of the electrpdinension. The FIG. 3. Normalized peak ion-axial velocity as a function of the ion charge-

term t=0 represents the application of the generator current. The spatidPmass ratio Z;/m;, whereZ; is the ion charge andy; is the ion mass
resolutions in thex, y, andz directions are, respectively, 0.1, 2, and 0.4 cm. 9iven in atomic mass unitsobserved ag=3.7 and 1 cm from the cathode

The curves represent analytical fits of the experimental points; for details se@lane. The proton velocity is integrated over the entire plasma length.
Ref. 21.

predictions®® This value is also consistent with previous
measurement$ using Faraday cups, in which an ion signal,
most likely resulting from protons propagating axially at a
velocity of (6.5-1.5)x 10’ cms %, has been detected.
Interestingly, it is found that a significant fraction of the

field distribution is affected by the rise in time of the genera-
tor current and the field axial propagation velocity, which is
found to be nearly constant ag=3x10"cms 1. It is seen

from the figure that the width of the current-carrying region

(the region in which the gradient of the magnetic field ISprotons attain velocities higher than twice the magnetic field

significany is ~2 cm. Unfortunately, large errors in the mea- . . . : )
surements of the relatively weak magnetic field prohibit anveIOC'ty' This result, not seen or predicted previously, is ex-
plained by the rise of the magnetic field strength with time in

accurate determination of the field profileand the current g ) o . R
! : . e , our experiment; see the quantitative discussion in Ref. 24.
channel profile derived from)it The magnetic field profiles, . N "
depicted in Fig. 2, resemble the profile obtained in earlier The axial (z distribution) local velocities and accelera-
- tions of He IlI, Li ll, B Il, and Ar Il dopant ions are mea-

experiment%0 performed in a coaxial gap configuration, . . . . .
) . sured at various locations in the interelectrode gap using
driven by a 135 kA current and using a gaseous plasma gun : ' . 7
. time-dependent line profiles. All of these ions exhibit accel-
source. We note that measurements performed with a re- . . o
-eration towards the load, accompanied by a significant
. DA " LS Broadening of the velocity distribution. For example, the Li
field evolution is insensitive to the current flow direction. . S o
. . g -1l velocity distribution corresponds to a kinetic energy of
Additional details on the magnetic field measurements, in- . : . .
. ) . . . _ o ) ~200 eV. The time in which the acceleration starts at each
cluding a time evolution of a two-dimensional distribution o . : :
map, is given in a previous repdit position indicates an axial propagation of an acceleration
’ ' wave at a velocity of (3.80.3)x10"cms !, consistent
with the measured magnetic field propagation velocity.
For C lll we only measure the integrated axial velocity
As described in Sec. Il, the flashboard plasma source ithat is found to rise to (21)x 10° cms 1. Similarly to the
mainly composed of protons and C IlI-C V. While the dy- dopant ions, the rise of the C Il axial velocity is accompa-
namics of the carbon ions can be directly inferred from theimied by a broadening of the velocity distribution, yielding
line emission, the investigation of the proton velocities poseshermal velocities comparable to the axial velocity.
a much greater challenge. In a recent set of experiments, In Fig. 3 we present the peak axial ion velocities, mea-
performed in a planar configuration, the proton velocity dis-sured for the various ions at&= 3.7 cm(which is nearly the
tribution was obtained using charge-exchange spectroscopmiddle of the axial dimension as a function of the ion
In this method, we make use of the gas-doping technique icharge-to-mass ratio. The velocities are normalized to the
order to produce a dopant hydrogen-gas column downstreameasured magnetic field velocity. This figure clearly demon-
of the plasma. Protons accelerated by the magnetic field urstrates the phenomenon of ion species separation, in which
dergo charge exchange with the dopant-hydrogen moleculdke light protons attain velocities of more than twice the
and atoms, making possible a reliable determination of thenagnetic field velocity, while the relatively heavier-ion
proton velocities using the Doppler shifted lines emittedplasma is penetrated by the magnetic field. It is further seen
from the fast hydrogen atoms produc?éd. that there is a clear dependence of the heavy ion velocities on
The average axial proton velocity is found to ber the charge-to-mass ratio. Similar dependence of the ion ve-
x 10" cms !, approximately twice the magnetic field propa- locities in plasmas imploding under magnetic field gradients
gation velocity, and in agreement with specular-reflectiorwas observed and discussed previoﬁ%T)%?A model that

B. lon dynamics

Downloaded 27 Apr 2004 to 132.77.4.43. Redistribution subject to AIP license or copyright, see http://pop.aip.org/pop/copyright.jsp



2414 Phys. Plasmas, Vol. 11, No. 5, May 2004 Doron et al.

7 =3.7 cm near the middle of the A—K gap. For comparison,
we present the electron density evolution without the appli-

_ 6 cation of a current pulse, which is seen to steadily increase
2 5 due to the continuous plasma flow from the flashboard. The
- ol effect of the current pulse is seen to reach3.7 cm about

2 4 B 130 ns after the application of the current generator. At this
e <o . . i

9 N time, a steeper rise of the electron density occurs, correlated
‘% 38 with a sharp rise in the magnetic field. The electron density
E 5 — rises until it reaches a peak value of6x 10*cm 2 and

then sharply drops. It is seen that contrary to the electron
1 density evolution, the magnetic field continues to rise and a
finite fraction of the current keeps flowing behind the field
front. This feature is explained by the rise in time of the
magnetic field®

Chronologically, the electron density measurements pre-
FIG. 4. Time evolution of the electron density and magnetic field at ceded those of the proton velocities using charge-exchangg
=3.7 cm near the middle of the A—K gap. The dashed curve represents thepectroscopy. In the absence of these latter measurements it
electron density evolution measured without the application of the currentvas difficult to explain the data presented in Fig. 4. Calcu-
pulse. The termt=0 corresponds to the application of the generator |5tions based on the rise of the electron energy distribution
current. . N . .

during the current pulsésee Sec. Il D show that ionization

predicts the heavy ion velocity scaling, observed in theprocestses mcretasfe thfzhelectrt(_)n d_e nsity only»t{)mm a(ljntd i
present experiment, will be given in a subsequent workcannot -account ‘for Ihe entire increase - observedt a

These results are similar to those found in previouszzoons' Also, the axial heavy-ion velocities, measured for

measurement$ performed in a coaxial gap configuration t<200 ns, are much too low to contribute to the density rise.
with a shorter current pulse<100 n3 and with a plasma of Following the charge-exchange measurements, it became
a lower density (1.510%cm 3) and a larger proton frac- clear that the remaining density rise results from the proton

tion (75%). The characteristic velocities in those earlier ex-("’md eIectrohpushmg ahead of the field front_. .
periments were much highep §~7x 107 cms ) than the The sharp density drop seen tat 200 ns is consistent
éth the proton reflection. However, the electron density that

present ones, demonstrating the phenomena are rather ot" : S
general feature. is expec.ted to remain after the proton-plasma reflectlon. is
about twice the measured one. We are thus led to the conjec-
ture that fort>200 ns, also nonaxial carbon motion contrib-
utes to the density drop. The developed broad velocity dis-
Complementary to the ion dynamics observations is theribution of the heavy ions, presented in Sec. Il B, supports
study of the evolution of the electron density distribution. this hypothesis. A direct observation of the ion motion to-
Detailed knowledge of the electron density distribution iswards the electrodes is still unavailable.
required for a quantitative comparison with predictions based As described in Sec. Il C, the plasma that is penetrated
on the Hall-field theorye.g., Refs. 1416 by the magnetic field contains the nonprotonic ions. It is,
The initial electron density distribution, prior to the cur- therefore, interesting to examine the electron density evolu-
rent generator application, is determined using Stark broadion for different plasma compositions, i.e., different proton-
ening of hydrogen line&’ Subsequently, the region of inter- to-carbon ratios. In order to control the plasma composition,
est is doped with boron ions and the evolution of the electronve make use of the different times of flight of ions with
density, during the current pulse, is studied from the time-different charge-to-mass ratios ejected from the flashboard.
dependent measurements of the B 1828,,—2p 2P1,2,3,2 In this method®® we mount the flashboard plasma source 4.5
transitions. These transitions are insensitive to the electroom away from the anodénstead of 3 cm in the previous
temperature at the relevant ran@ove 6 eV, thus the ob- setup. Due to the larger distance, the faster protons reach the
served line intensities mainly depend on the electron densith—K gap earlier than the carbon ions. Hence, for short time
and the number of B lll ions in the viewed volume. The delays between the plasma formation and the application of
latter is affected by the flow of boron ions and the ionizationthe generator current, the A—K gap is filled predominantly
processes. An estimate of the B Il flow is obtained fromwith proton plasma, while the carbon fraction gradually in-
Doppler shifts of boron line emission. This allows for simu- creases with longer time delays. An important drawback of
lating the B 1l line intensities by means of a collisional- this method is that the temporal variation of the plasma com-
radiative model that accounts for ionization processes, in orposition is accompanied by variation of the plasma density,
der to find the electron density that provides the best fit to théhe carbon-rich plasma formed at later times being more
data. dense. This difficulty will be addressed in future work.
Results of the electron density measurements at different In Fig. 5 we present the time evolution of the B IlI-
regions as a function of time were given in a previousdopant 2 level population in three experiments performed
report?! Here, in Fig. 4 we present the obtained electronwith different proton-to-carbon ratios. As explained above,
density together with the magnetic field evolution for the rise of the electron density with the arrival of the mag-

0 50 100

1 1 1 1 0
150 200 250 300 350

Time [ns]

C. Electron density distribution
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FIG. 5. B Ill 2p level populations as a function of time for different time 50 100 150 200 250 300
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erator current, observed a& 3.7 andx=1 cm. The data are normalized to

show similar populations prior to the level-population rise, that occurs withF|G. 6. (a) Time evolution of the upper level populations of the transitions:

the arrival of the magnetic field front. C Il 2s2p 'P;—2p? 1D, at 2297 A, C IV 4 —5g at 2530 A(x400), and
CV 1s2s3S,—1s2p 3P, at 2271 A(x10). (b) The temperature used for
the modeling presented ).

netic field front(reflected in Fig. 5 by a rise of thep2level
populatior), is a result of the ionization processes and the
proton pushing. Indeed, in Fig. 5 it is seen that the proton- » i o
rich plasma exhibits the most significant rise in the |eve|_nqunced for tran3|t|ons.fror_n higher energy levels, indicating
population. Consistently, the proton-rich plasma also exhibitd! IS @S0 @ result of a rise in the mean electron endegyd

the most significant population drop. While the carbon-richn0t exclusively due to arise in the electron densilfere we
plasma does not show any clear rise in the population, it dog€POrt on the EED measurement using carbon line emission.
show a substantial drop later in time. This observation sup- Three transitions oflcarbonzl(l)ns are studied. These are
ports our conjecture that also the relatively slow, nonaxiaf€ C Il ransition 2p P, —2p® "D, at 2297 A, tr;e Clv
carbon motion, occurring after the arrival of the magnetict! _ °9 at 2530 A, and the C V 425°S, ~1s2p°P, at

field front, contributes to the density drop. Such a nonaxialz.%jn_'&f' The _relat|ve Lmegz'ges of the Hab?ve tre:jnfsf|t|ons pro-
plasma motion, possibly resulting in local density minima, "' e Information on the ue to the large difference in

might be related to interferometric line-integrated measure'Ehe ex0|t.at|on energies, 18_’ 56, and 304 PTV’ .res.pecuvely.
ments of the electron denst#%41and to results of 2D nu- Equally important, calculations show that ionization pro-
merical simulationse.g., Ref. 42 that show the develop- CESS€S for C llI-C V under the relevant plasma conditions
ment of a gap or a density “saddle” in the plasma. Thedre unimportant,. allowing for studying the EED using 'Iine.s
possibility of ion motion perpendicular to the magnetic fieldfrom the three different charge states. The measured line in-

force in multi-species plasmas is also discussed theoreticall _ns_|t|es are a_nalyzgd using a t|m_e-dependent co|||5|ona_|l ra-

in Ref. 43. iative model, in which a self-consistent set of rate equations
Another effect evident from Fig. 5 is that the magnetic are SP'Ved for C II=C V. . . .

field front propagates faster in the proton-rich plasma that is Flggre Ga) shows the inferred time-evolution absolute .

also less dense. Faster magnetic field velocities are expecté’&pulat'cmS of the upper levels of these three carbqn trans-

in a lower-density plasma, according to the Hall-field theory.t'ons’ observed ar=3.7 andx=1cm. Also shown is an

However, the possible effect of the plasma composition orpitempt to fit the level populations using a model that as-
the magnetic field velocity is yet to be determirdd sumes a Maxwellian EED, i.e., a single electron temperature

(T,) for each time. Figure ®) gives the time-dependeiit,
we use in this model. It is seen that following the arrival of
the current channel to the point of observatiah~150 ng

The initial electron temperature of the flashboardthere is a sharp rise in the absolute level populations. The
plasma, prior to the current application, is fothdo be populations of the C Ill and C IV upper levels are peaked at
6+0.5 eV. The evolution of the electron energy distribution 200 ns, which corresponds to the peak in the electron density
(EED) is then studied by analyzing the time-dependent ling(see Fig. 4. As the current channel passes ahead, the electron
emission due to largely spaced excited levels of carbon, badensity drops and the absolute level populations drop, too.
ron, and helium ions. Following the current-pulse applicationinterestingly, the mean electron energy remains high in the
the intensities of all spectral lines rise significantly. Measureback of the current channel, as is suggested from the in-
ments at different axial positions show that the intensity risecreased population ratios of C IV/C Il and C V/C IV at late
propagates axially at a velocity of the magnetic field propatimes. The response of the upper level population of the C V
gation. Generally, we find the intensity rise to be more pro-1s 2s3S,—1s 2p 3P, transition lags behind those of C IlI

D. Electron energy distribution
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and C IV because the lower level of the C V transition penetration mechanism. The measured magnetic field veloc-
(1s2s3s)) is meta-stable. ity in our experiment was already shown to be significantly
The large discrepancies between the measured uppéarger than expected from diffusion, based on estimates of
level populations and the theoretical model that uses a single plasma resistivity. Also, the field spatial distribution is
T, at each time, seen in Fig(&®, demonstrate that the EED inconsistent with diffusion. Faster field velocities are pos-
is not Maxwellian. The electron temperature that is requiredsible via the Hall mechanism invoked due to plasma nonuni-
to obtain a reasonable fit to the C V upper level populatiorformities. According to the Hall-field theory the magnetic

produces a result that is larger by a factor~ef.5 for C Il field velocity is given by(e.g., Refs. 14, 16, and 88
and by~3 for C IV.
A good agreement with the experimental results is Hall B
achieved by using a non-Maxwellian EED that consists ofa  “B "2, en | (2)

beam of hot electrons. In this model, the electron tempera-
ture rises from~5.5 eV to a few tens of eV and the beam where u, is the vacuum permeabilitg and n,, are, respec-
fraction rises from a few percent with an electron energytively, the electron charge and density, and
(Ee)~100eV up to~50% withE, of =500 eV. It should be  =[d In(n)/dx] 1. We note that even though the Hall mecha-
emphasized that these parameters do not necessarily consilsm is independent of the plasma resistivity, the onset of the
tute a unique solution for the best theoretical fit. The purposéield penetration requires a finite collisionality. The degree of
of this modeling is rather to demonstrate the possibility ofcollisionality then affects the current channel width.
achieving a good agreement with the experimental results A quantitative comparison between the measured mag-
using non-Maxwellian EED and gain information on the pos-netic field propagation velocity and predictions based on the
sible EED parameters. Indeed, good fits to the measured iHall-field theory is not too instructive, since the accumulated
tensities of the helium and boron transitions are achieve@rror in the measureB, n., andL, needed for calculating
using somewhat different EED parameters. However, in althe theoretical velocity, is quite large. Nevertheless, in a
cases, reasonable fits required non-Maxwellian EED witthandful of experiments, performed both in coaxial and planar
typical T, that rises to several tens eV and a beam fractiorconfigurations and under different plasma conditions, the
that rises up t6~50% with energies of several hundreds eV. predicted velocities are found to consistently fall at the lower
limit of the error bars of the measured velocities. A more
firm indication of the inconsistency with a simple Hall-field
theory stems from the observation, pointed out in Sec. Il A,

The plasma dynamics leading to species separation cahat the field penetration appears to be independent of the
be understood in the following way: electrons that are re-current flow direction.
flected by theJXB force generate an electric field due to a Thus, there appears to be a different mechanism that is
space charge distribution. In the frame of the propagatingonsistent with observations. Recently, such a possible
magnetic field this electric field is the gradient of an electro-mechanism, based on the Rayleigh—Taylor instability that
static potential, to which we refer to as the potential hill. may result from the species separation, was proptsede
When no magnetic field penetration occurs, the space chargpeculate that in our multi-component plasma the reflection
generated by the reflected electrons is large enough to refleof the light ions could be susceptible to the growth of the
the entire ion population ahead of the magnetic piston. In th&®ayleigh—Taylor instability, leading to the formation of
present experiment, we observe a partial penetration into th&mall-scale density fluctuations that enhance the Hall pen-
electron plasmdthe electrons that are associated with theetration. The enhancement of the Rayleigh—Taylor growth
nonprotonic ions The partial field penetration results in a rate in the presence of the Hall term has been predicted
somewhat lowered electrostatic potential hill, compared taheoretically* in the context of astrophysical plasmas. The
the situation in which all the electrons are reflectéth the  inhomogeneous penetration may result in a corrugated mag-
magnetic-piston frame of reference, while the nonprotonimetic field front. Such a scenario could explain the broad ion
ions have sufficient kinetic energies to climb the resultantvelocity distribution and the wide current channel, because
potential hill, the protons are reflected upon impinging on it.the line of sight of the measurements passes through a hum-
Dependence of the ion climbing over the Hall-predicted hillber of small-scale fluctuations. Since these density fluctua-
on the ionZ;/m; was discussed previouslyhowever only tions are self-generated due to the light-igmotons push-
for a collisionless plasma entirely pushed by the magnetiéng, they are expected to be nondependent on the current
field. flow direction, and thus, consistent with our observations.

It was already showAi that assuming a velocity for the The possibility that the proton reflection is sufficient for gen-
magnetic field propagation, use of momentum and energgrating the instabilities leading to rapid field penetration
conservations of the plasma constituents and the magnetiaises a more general question regarding the role of the
field, allows for determining which of the three scenariosplasma composition in the plasma-magnetic field interaction.
will take place: plasma pushingpecular reflection mag-  An effort to study this subject is now under wiyand per-
netic field penetration, or as observed here, a combined pushaps use of controllable plasma sourteg., Ref. 45can be
ing and reflection that results in species separation. considered.

In order to be able to explain and predict the magnetic  Knowledge of the plasma dynamics and the magnetic
field velocity, one has first to understand the magnetic fieldield distribution allows for estimating the energy partition-

IV. DISCUSSION
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