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Spatially and temporally resolved spectroscopic measurements of the magnetic field, electron
density, and turbulent electric fields are used to study the interaction between a pulsed magnetic field
and a plasma. In the configuration studigdown as a plasma opening swiia 150 kA current of

400 ns-duration is conducted through a plasma that fills the region between two planar electrodes.
The time-dependent magnetic field, determined from Zeeman splitting, is mapped in three
dimensions, showing that the magnetic field propagation is faster than expected from diffusion
based on the Spitzer resistivity. Moreover, the measured magnetic field profile and the amplitude of
turbulent electric fields indicate that the fast penetration of the magnetic field cannot be explained
by an anomalously high resistivity. On the other hand, the magnetic field is found to penetrate into
the plasma at a velocity that is independent of the current-generator polarity, contradictory to the
predictions of the Hall-field theory. A possible mechanism, independent of the current-generator
polarity, based on the formation of small-scale density fluctuations that lead to field penetration via
the Hall mechanism, is presented. It is suggested that these density fluctuations may result from the
effect of the unmagnetized Rayleigh—Taylor instability on the proton plasma that undergoes a large
acceleration under the influence of the magnetic field pressur@0@ American Institute of
Physics. [DOI: 10.1063/1.1527630

I. INTRODUCTION of the electron inertia, and Ampes law with neglect of the
displacement current can be expressed by

Rapid magnetic field penetration into collisionle@s
nearly collisionless plasmas and anomalous plasma trans- g8 . o -
port across magnetic fields is a topic that spans various areas ; =V X (0iXB) = VX
of plasma physics and astrophysics. In laboratory plasmas it
is demonstrated in magnetic fusion deviéketa pincheé®  where the first term on the right hand side is the convection
ion diodes’ plasma switche3and in plasma—beam transport term, the second is the Hall term and the third is the diffusion
across magnetic fielfsin space and astrophysics, plasmaterm. Hereg; is the ion velocityn, is the electron densitg
transport across magnetic fields is studied in relation to thgs the electron chargg, is the current densityd is the mag-
interaction of the solar wind with the earth’s magnetic field, netic field, 7 is the resistivity, angk, is the permeability of
the evolution of solar flarésthe coronal heating,and in  free space.
accretion discs’ If the Hall and diffusion terms are neglectéikely to

Due to the low plasma collisionality, the magnetic field occur in relatively dense and/or uniform plasmas and in low
dynamics in such phenomena are not dominated by classicgdsistivity plasmasthe magnetic field is frozen into the ion
diffusion. For some configurations it has been suggestéd fluid. In this case the dominant process is expected to be
that the rapid field penetration into the plasma results fromyasma pushing by thgx B forcel® This can result in a
an instability-induced anomalous collisionality. For anOthersnowplovx}G (in the high-density lim or specular
configuration(a revgrsed—fi.eld theta pingtan e'xplanation reflectiort” (in collisionless plasmasof the plasma in two
based on. magnetic tearing and reconnection has begQireme cases. When the Hall field dominates, the field may
sug_ges_tedi, while in yet another configuration rapid mag- penetrate fast as borne out by the treatment based on electron
netic field penetration due to the Hall field has beenmagnetohydrodynamic theol2° The Hall term is ex-
demonstrateﬂi‘.‘_ o _ pected to be dominant for scale lengths-[d In(n)/dx]~*

The evolu,t|on of a magnetic f|e|d' in a plasma, derivedinat are smaller than the ion inertial length, ilessclwp;,
from Faraday’s law, generalized Ohm’s law with the ”eglethherewpi is the ion plasma frequency auds the speed of
light. The characteristic magnetic field penetration velocity
dElectronic mail: fnarad @plasma-gate.weizmann.ac.il into the plasma is then given Byv,,=B/(2uenl). As
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demonstrated experimentaffysuch field penetration results of the results. Our measurements allowed for generating a
in ion velocities that are lower than the magnetic field veloc-time-dependent 3D map of the magnetic field that can also
ity and scale linearly as a function of the ion charge-to-masse used for the understanding of the ion acceleration towards
ratio. the electrodes. Previous planar geometry experimietfts
However, for higher electron densities the dominance okuggested a peaking of the magnetic field at the electrode
the Hall field diminishes and the effects of field penetrationedges leading to pinching of the plasma. Here, the magnetic
and the plasma pushing can be comparable. Moreover, theeld distribution, measured as a function of the position
presence of multi-ion species in the plasma, as is often thalong the electrode width, showed a uniform current distri-
case for laboratory plasmas, further complicates the interadsution.
tion between the plasma and the magnetic field. For instance, The electron density evolution is obtained from the time-
we have recently shown in another experindétitat species dependent population of a low-lyir Ill level (boron dop-
separation in which protons are reflected by the magnetiihg is described in Sec.)lthat is insensitive to variations in
field and the carbon—ion plasma is penetrated by the maghe electron energgthe electron energy distribution is stud-
netic field can occur. Hence, the fluid picture depicted in Eqied from high-lying levels of various speciés Our mea-
(1) should be expanded or reformulated to incorporate phesurements yielded the time-dependent magnetic field and
nomena such as species separation that until now have ondfectron density in the same plasma region, which demon-
been addressed theoretically for the highly collisional éase. strated that the magnetic field penetrates the plasma before
The present experiment is performed in a configuratiorthe electron density drops. The subsequent electron-density
referred to as a planar plasma opening swie®9%2’in drop is explainetf by the expulsion of the protons and their
which a 150 kA-current is driven through a plasma prefilling co-moving electrons and pushing of the carbon plasma to-
the volume between two parallel electrodes. The experimentiards the electrodes.
was designed for studying the magnetic field evolution and  The possibility of increased plasma collisionality due to
ion dynamics for conditions where the magnetic field penthe growth of current-driven instabilities such as the ion-
etration, expected from treatments based on the Hall effechcoustic and lower-hybrid drift instabilities has been previ-
is comparable to the characteristic plasma pushing velocityusly discusse@!!383° Here, in order to estimate the
To this end, the present experiment is designed to have anomalous plasma collisionality we measured the amplitude
higher electron density and a longer conduction time in comand obtained bounds on the frequency of the turbulent elec-
parison with previous experiment§???Also, the planar ge- tric fields using Stark broadening of hydrogen and helium
ometry eliminates the effect of magnetic field curvature thalines. For these instabilities the amplitude of the turbulent
dominated previous coaxial configurations, thereby decreaglectric fields is found to result in a collisionality that is too
ing the Hall term. small to explain the magnetic field penetration into the car-
As has been previously descri5dnd will be discussed bon plasma by diffusion. In addition, the axial profile of the
in more detaif,’ in a multi-ion-species plasma the light-ion magnetic field also appears to be inconsistent with magnetic
plasma may be dominated by pushing while the heavier-ioffield diffusion.
plasma may be dominated by field penetration. Hence, for In order to examine whether in the higher-density, planar
investigating the motion of ions of different charges andconfiguration the rapid magnetic field penetration into the
masses, a plasma consisting of carbon and hydrogen is usgslasma can be explained by treatments based on the Hall
Detailed investigations of magnetic field—plasma inter-effect, experiments with a reversed-polarity current-
action require spatially and temporally resolved measuregenerator were performed. These measurements demon-
ments of the magnetic field, electron density and ion velocistrated that the magnetic field evolution is independent of the
ties. In previous studies of similar configurations thecurrent flow direction, in contrast to the theoretical predic-
magnetic field was obtained from prob@€/3=3ayhich in-  tions based on the initial electron density gradient across the
dicated fast magnetic field penetration into the plasma. Inanode-cathode A—K) gap and the Hall-field modéf-2°
vestigations of the plasma dynamics were made by observingowever, it is possible, in principle, that the magnetic field

the line-integrated electron density, using penetration results from the Hall effect near small-scale den-
interferometry?*3334which demonstrated a drop of this pa- sity fluctuations as previously suggestéd®**we explore
rameter during or after the field penetration. the possibility that such small-scale density fluctuations are

In the past, magnetic field evolution was also obtainedndeed generated as a result of the Rayleigh—Taylor
from Zeeman splitting of doped iort§ For the present study instability*?
we developed a plasma doping technitfuef gaseous ele- It is well known that in high-current high-voltage plasma
ments in order to use line emission from neutral helium forsystems the determination of the inductance of the device is
Zeeman splitting. The use of neutral-atom line emission forather difficult due to the lack of knowledge of the current
these measurements avoids the effects of Doppler shifts ardistribution. Measurements of the magnetic field distribution
broadening found for ions as a result of ion acceleration byallow for obtaining the true system inductance, as is demon-
the magnetic field. This advantage over our previous worlstrated in the present study.
allowed us to improve the accuracy of the magnetic field  The energy dissipation associated with the magnetic field
measurements. Moreover, the use of plasma doping allowsenetration has been investigated previously theoretfé4fty
for measurements that are spatially resolved in three dimerand experimentalf} with significant discrepancies remain-
sions(3D), which is essential for unambiguous interpretationing between theory and observations. If the dominant process
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FIG. 1. The experimental system. The inter-electrode region is prefilled with plasma from two flashboard plasma sources. Two techniques arellysed to loc
dope the plasma with various elements. Lenses and mirrors are used to collect light from the doped column into the spectrometer. A cylindricsg¢dens foc
the output of the spectrometer onto a fiber-bundle array that transmits the light to 12 photomultiplier tubes.

is magnetic field penetration and the ions remain immd¥ile, ordinate in coaxial plasma opening switches. A0, the
electron heating is expected to result in keV-energy elecupstream inductance is 62 nH and the downstream induc-
trons, which have not yet been seen experimentalge-  tance that serves as an inductive load is 30 nH.

cently, we observed magnetic field penetration that is accom- Two surface-flashover(flashboardl plasma sources,
panied by reflection of protorfé;?® which accounts for a driven by a single 2.8F capacitor, charged to 35 kV, are
significant fraction of the dissipated energy. In this work, themounted 3 cm above the wire-anode and are operategdsl.1
energy dissipation is predicted from the measured magnetigrior to the application of the generator current pulse. Each
field profile by time-integrating the Poynting flux at the flashboard consists of eight chains with the current through
plasma boundary. It is shown that accounting for the rise-ineach chain reaching a peak value of 6.5 kAtatl.2 us.

time of the magnetic field at the generator and knowledge obetails of the flashboard-plasma parameters are given in Ref.
the magnetic field spatial distribution leads to a prediction of46 At x=1 cm the plasma consists of protons, €2+ 1

less energy dissipation, bringing the calculated energy dissix 10'4 cm~3) and carbon ionsr{,=1.1+0.4x 10" cm™3,

pation closer to the observed values. In a futurewith a mean charge 2.7). Theelectron density prior to the
publication®” we will present evidence that the mean 9|eC'appIication of the current pulse was found to vary from (3
tron energy is higher than previously reporfeayhich helps  +0 5)x 101 cm™23 near the cathode to (71)x 104 cm™3
to fully elucidate the various channels of the energy dissipapear the anode and the initial electron temperature was de-
tion. termined to be 6.50.5 eV.
In order to perform spatially resolved spectroscopic
measurements we dope the plasma with various elements
The experimental setup consists of two planar, 14 cmdusing two doping techniques. The gas doping arrangeffient,
wide electrodes separated by a 2.5 cm gap. In the 8 cm-longensisting of a fast gas valve, a nozzle, and a skimmer, is
plasma prefilled region, the electrodes consist of two 5 mmmounted below the cathode on a moveable stand that allows
wide edge strips and 8 0.1 cm-diameter wires with a higHfor 2D movement. The gas density could be varied fror’ 10
geometric transparency of 93%. The following coordinatego 10" cm™2 and the full width half maximuniFWHM) of
are definedx=0 is the cathode surfacg=0 is the center of the gas beam perpendicular to its injection direction could be
the electrodes, and=0 is the generator-side edge of the varied from 1 to 2 cm.
wire-anode (see Fig. 1 for the orientation of the axes For doping solid materials we used an electrical dis-
Throughout this paper the term “axial” is used to denote thecharge over an epoxy resin mixed with the selected element,
z direction (towards the load as analogous to the axial co- placed 2 cm below the cathode. The discharge is driven by a

Il. EXPERIMENTAL SETUP
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2 uF capacitor charged to 6 kV, yielding a dopant column 150 F— ' ' ' '
about 2 cm wide. For the short time delays used in the | upstream
present experiments, the electron density of the plasma ~ -~ | downstream
formed by the surface-flashover doping discharge was found
to be less than % 10" cm™ 2 (determined spectroscopically
ensuring no significant effect on the prefilled plasma param-
eters.

Figure 1 shows a schematic description of the experi-
ment including the plasma sources, the doping arrangements,
and the uv-visible spectroscopic system that consists of a 0 Lt ; o=
1-meter spectrometer equipped with a 2400 grooves/mm 0 100 200 300 400 500
grating. Observations are possible along xhé&hrough the Time [ns]
flashboards y, or thez directions. A cylindrical lens images )
the light at the output of the spectrometer onto a rec_tanguIq'ggazdsﬁzct?;oo;g?&r?tlg;;ti:gﬁ;e;rcvgzid C%?I"s"_”sneam of the plasma moni-
fiber-bundle array allowing for observations with different
spectral dispersions in the range of 0.07—1 A/fiber, which
also determines the spectral resolution of the system. The In some measurements thalistribution of the emission
spectral dispersion and instrumental broadening were medatensity of a certain spectral line was studied in a single
sured using lamps with spectral widths ©f0.01 A to an  discharge by opening the spectrometer input slit width to 3
accuracy of 3%. The optical-fiber array consists of 12 fibemm. In these measurements the time-dependent intensity of
columns that transmit the light into 12 photomultipliers the B Ill doublet (2065.8 and 2067.2 was observed with a
(PMT9) yielding a 7 nstemporal resolution. The spatial reso- 4.5 mm-resolution across the entire A-K gap.
lution along the line of sight, determined by the doped-
column width, was 1 to 2 cm, whereas the resolutions in thes. Electrical properties
orthogonal directions were set to be 0.1 and 0.4—1 cm, along
the x andz directions, respectively. The optical system was
absolutely calibrated with an accuracy ©30%.

100 |

Current [kA]
3

The currents upstream and downstream of the plasma are
monitored using two Rogowskii coils that are calibrated to
an accuracy of- 7%. Typical traces are shown in Fig. 2. The
period of current conduction by the plasma, which is the time
Ill. EXPERIMENTAL RESULTS from the initiation of the upstream current until the sharp rise
A. Measurements and data analysis in the downstream current begins, varies from 360 to 400 ns
. . gue to fluctuations in the initial plasma conditions. The time
In our measurements, we observed the intensities an C

. . o . . delay between the flashboard and the application of the gen-
spectral profiles of various emission lines from materials :

: . rator current pulse was varied from 1.05 to 145to ob-
doped into the plasma and from the plasma consfituents SU%in similiar downstream current characteristics in all the ex-
as hydrogen and carbon. All the observed spectral lines are_ .
optically thin, allowing for reliable determination of the ab- periments.
zﬁllg;e upper level populations from the observed line mten-C. Magnetic field mapping from Zeeman splitting

All the spectral lines except for those of hydrogen and  The evolution of the magnetic field is determined from
some lines of neutral helium are dominated by Doppletthe Zeeman splitting of the He | 6678 A line. The line of
broadeningStark and Zeeman splitting are negligible sight in these measurements was in yhdirection (the di-

The Stark-dominatedi; and He | 4(*D)—2p(*P%  rection of the magnetic fiejdthus only yielding ther com-
lines are used to study the amplitude of turbulent electriqponents of the line, split by-0.021 A/kG. The helium was
fields in the plasma. The spectral profiles of helium linesdoped aty=0. The spatial resolutions were 0.1, 2, and 0.5
used to study the magnetic field are fitted using a number odm along thex, y, and z directions, respectively and the
Gaussians for each of the spectral-line components, whetemporal resolution in these measurements was 16 ns.
the width of each component is assumed to be due to instru- Analysis of the line profiles requires knowledge of the
mental and Doppler broadening. The effects of Stark broadline Doppler broadening. To this end, we used the He |1 5015
ening, as a result of electric fields in the plasma, are found td\ line that is insensitive to Zeeman and Stark broadening.
be negligible for the He | 8(*D)—2p(*P°) line, used for The width of this line that is dominated by the instrumental
the Zeeman splitting measurements. and Doppler broadening was found to remain constant

The measured line intensities are analyzed with the aidhroughout the pulse, indicating, as expected, that the Dop-
of time-dependent collisional-radiativeCR) calculation8®  pler broadening remains small.
that determine the level populations as a function of time by  The evolution of the line splitting in time near the
solving a series of rate equations for the various atomic progenerator-side edge of the plasne=(—1cm) is demon-
cesses for given initial particle densities. In these calculastrated in Figs. @—-3(c). The profile att=0, before the
tions a time-dependent electron dengity(t) and an arbi- application of the generator current, illustrates the initial line
trary electron energy distribution are used as inputprofile. Profiles(b) and (c) show the evolution of the line
parameters, as described in detail in Ref. 45. profile at the same position. The effect of the Zeeman split-
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1 cm from the cathode surface in the middle of the electrodes inythe
FIG. 3. (a—(c) Profiles of the He 1 6678 A line fitted by a Gaussian for each direction for various times. The experimental points are fitted by an analytic
of the line components dt=0, 110, and 280 ngd) The evolution of the  function[Eg. (2)], with p=0.25 andv=3x 10" cm/s.
magnetic field at the generator-side edge of the plasma 0.5 cm from the
cathode in the middle of the electrodes in thdirection. Also shown is the
magnetic field deduced from the upstream current assuming uniform curre

n . . L o
distribution along they direction, Wherev is velocity of the magnetic field propagatiory, is

the position of the vacuum-plasma boundary at the generator
side (assumed to be time-independerB¢(t) is the mag-
ting on the line profile is noticeable at=110 ns, and the Netic field at the generator-side edge of the plasma, approxi-
splitting is well seen at later times. Note that the widths ofMated by a linear rise in timeBg(t) = ol g(t)/a=Bot/,
each component of the split line is the same as the width/SiNg 7=300ns,Bo=10 kG [according to Fig. @))], anda_
prior to the current pulse, consistent with the constant widtHS the effective electrode dimension along the magnetic field.
of the 5015 A line. The value ofa has been computed for our electrode geom-
The measured spectra are fitted by constant-width IOrOet_ry [assumi_ng a uniform distribution of the current in ten
files for each of the line components to yield the magneticVires, see Fig. @)] and is found to be 25% larger than the
field. The accuracy of the magnetic field obtained was foundnysical width of the electrodes. _
to be =1.2 kG for B<4 kG, when the Zeeman spliting is "€ parametep describes the shape of the magnetic
not resolved, and:0.7 kG forB>5 kG when the two peaks field profile so that whep—0 the axial profile of the mag-
of the pattern are clearly seen. Figure 3 also shows the magtic field becomes rectangular while in the linpit-1 it
netic field determined from the Zeeman splitting and the ond&l€creases linearly with Figure 4 shows that the experimen-
calculated from the upstream current assuming a unifori@ magnetic field can be fitted reasonably well using
current distribution along thg direction [demonstrated in  — 025 2072_2-2 cm, and a constant propagation velocity
Fig. 6b)]. The magnetic field from the Zeeman splitting is ¥ = 3% 10" cm/s. Note that the magnetic field has a rela-
approximately 10% lower possibly due to some current ﬂow_nvely sharp m_agn_etu_: field front and a small gradient, result-
between the observation point and the generator. The pod19 from the rise-in-time of the generator current.
sible presence of magnetic field components other Ban In order to obtain a 2D map of the magnetic field, a
has been investigated using polarization-dependent observg€ries of measurements was carried outa0.4, 1.0, and
tions, which showed thaB, andB,<3 kG. The total mag- 22 ¢my=0, and az=-1.0,-03, 1.7, 3.7, 5.7, 7.7, and
netic field may thus be up to 10% larger than the here pre9-7 cm. For _each position, th_e magnetic field was averaged
sented data, i.e., within the indicated uncertainty. over a few discharges and a time-dependent Blapz) was
Measurements at different axial positions allow us toConstructed using a plllnear extrapolation method. Figure 5
construct a 1D map of the magnetic field as a function of the¥NoWs the magnetic field mapstat 120, 180, 240, and 300
axial position. Figure 4 shows the magnetic-field distributionS: Att=120 and 180 ns the front of the magnetic fiei
1 c¢m from the cathode and in the middle of the electrpde =4 KG) is seen to propagate nearly in a 1D form. At later
dimension, at different times. It is instructive to fit the mea-{imes, however, the magnetic field structure B 4 kG re-
sured data with a simple analytic function. We note that the*8mbles a wedge shagmilar to the results of Ref. 27In
evolution of the measured magnetic field profile is influencedis figure too, as was shown in Fig. 4xat 1 cm, the width
by the rise-in-time of the generator currép(t) and a term  Of the current-carrying region is seen to be 2 to 3 cm
that reflects the axial propagation of the magnetic field. Tghroughout the pulse, except near the anodé>s240 ns,
this end, we attempted to fit the measured points using ¥/Nere it is even wider. At=300ns a region with a low

function of the following form: current density is formed at the generator-side edge of the
plasma(near the cathode this region extends axially over

B(z1)=Bg(t)| 1— Z—Zo> P 2 most of the plasma The reason for the lack of current flow
' ¢ vt |’ at this position is probably related to the drop of the electron
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field y distribution for a current that is peaked at the edge
wires. In this model 82% of the current was uniformly dis-

tributed in 10 wires, equally spaced along 13.2 cm, and the
remaining current was assumed to flow only in the edge
wires. The good fit to the experimental data indicates that

indeed, without plasma prefill, 18% of the total generator
current passes through the two edge-strips of each of the
electrodes. The disagreemenyat = 5.5 cm results from the
somewhat larger wire spacing there that is not accounted for
in the model. Note that the ripple in calculatgg, caused

by the relatively large electrode-wire separation, is found to
be negligible in the middle of the A-K gap and7% at 0.5

cm from either electrode.

The magnetic field/ distribution was also studied from
Zeeman splitting measurementszat1l cm, x=1.2 cm, and
y=0, £3.9cm, =6.2, and*=7.6 cm. Figure @) shows the
magnetic field profile at=300 ns together with a numerical
FIG. 5. FO‘]{f mapts Otf the “ﬂ?“’f??ﬁ”demdrsz;"?r?ﬁc IZ?]': g;séfigfe“o”-calculation. The good fit of the calculated curve, obtained
T e o e suming a uniformy distributed curtent along the equids-
the graph represent the measured magnetic field. The spatial resolution &Nt wires, indicates that the nonuniform current distribution
these measurements is 1 cm along théirection and 0.1 cm along the ~ shown in Fig. a) becomes approximately uniform during
direction, and the error of the magnetic field=sl.2 kG forB<4 kG and the current conduction by the p|asma_ Presumab'y this results
+0.7kG forB>5kG. from a plasma extent in thg direction that is smaller than
the electrodey dimension causing a reduction in the current
in the edge electrode strips.

x [em]

OCoOo~NOORhWN =

density in that region, as will be demonstrated in Sec. Il E.
To evaluate the asymmetry introduced to the problem by
the electrode geometry and the current flow through the

plasma, two types of measurements of the magnetic fielgh. The effects of the electrode geometry and polarity
along the width of the electrodd(y) were performed. ) )
. : . e In order to estimate the effects of the electrode wire-
We first used @ loop with no plasma prefilling in order S .
geometry on the magnetic field evolution we performed a

to study the effect of the electrode geometry. Figu(e) 6 . . .

L series of measurements in which the two electrodes, that nor-
shows that the magnetic field at the edge of the electrodes . .
) . . mally consisted of 1 mm wires spaced 1.3 cm apart, were
increases to 118% of its value in the center of the electrodes

dropping to half its peak value at 1 cm beyond the edge OFovered by a mesh. The mesh was made ofs0stainless

. . . steel wires spaced 0.05 cm apart resulting in a geometric
the electrodes. Figurg® also shows the predicted magnetic transparency of approximately 80%. The electron density

prior to the application of the current pulse was found to be

somewhat lower with the mesh. We thus used a longer time

:'?:(a) delay (=200 ns) between the plasma formation and the ap-
— 1'0 . . plication of the current pulse in order to allow for a higher-
(:; 0'9 density plasma to reach the A-K gap. In those experiments it
‘a—J' 0'8_ was found_that the magne_tic_fielq evolution is similar to t_hat

0'7_ with the wire electrodes, indicating that the asymmetry im-

0'6 posed by the Wire_—electrode_s is not responsible for the ob-

'9_ (b) ' ,\,\',-\_,\ served magnetic f|eId. evolution.
— &l ,,_z“‘ } TTANL _ Measgrements with a reversed currentjgenerator polar-
Q ] 3 . _ ity, in which the plasma parameters remained unchanged,
o 5 / 1 N were performed in order to investigate whether the magnetic
*’_. \ ] field propagation depends on the current flow direction. Fig-
ST __L ure 7@ shows the magnetic field evolutionxat 1 cm in the
4] , , , , , [] middle of the plasmg andz dimensions for the two polari-
8 6 4 2 v [(c):m] 2 4 6 8 ties, demonstrating within the experimental reproducibility,

the absence of a polarity effect. Furthermore, Figdp) That

FIG. 6. (a) The magnetic field profile without plasma obtained using a SHOWs the populations of tilll 2 p level, used in Sec. IIl E

magnetic probe(symbols. Also shown (solid curve is a calculation in  for determining the electron density, shows that the time-
which 82% of the current is uniformly distributed in ten wires and the dependent electron density is also similar for the two polari-
remaining current flows in the two edge wirds) The magnetic fieldy ties. We conclude from this that the magnetic field propaga-
distribution att=300 ns,x=1.2 andz=1 cm obtained spectroscopically .~ " " . . .
(symbols, together with a numerical calculations obtained assuming a unifion 1s mdependent of the relative directions of the current

form current distribution over all wiregashed ling flow and the electron density gradient in the plasma.
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FIG. 7. (a) A comparison between the magnetic field from Zeeman splitting Tlme [ns]
for two polarities atx=1, z=3.7, andy=0 cm. The solid lines refer to
experiments with the polarity normally used in this study and the dashe
lines to the reversed polaritgh) A similar comparison of th@& Il 2 p level
population that is used for deducing the electron density.
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ciZIG. 8. The evolution of th& Il 2 p level as determined from the intensity
of the 2066 A spectral line. The traces are shown for experiments at
=0.5 and 1.8 cmy=0, and z=3.7 cm with (solid line) and without
(dashegl application of the current pulse. The open symbols show CR mod-
eling predictions of théB Il 2 p population using the electron density de-

E. Time history of the electron density noted by the full symbols.

The electron density distribution prior to the application
of the current pulse was obtained from Stark broadening 020+ 10%. We note that for the modeling above we also es-
hydrogen lined® The temporal evolution of the electron den- timated the effect of th@& Ill flow during the current pulse
sity is studied from the line intensity of B Il line (2 p—2s, on the observe® Il level populations.

2066 A), whereB lll is injected to the observation region To estimate the variation of the boron density as a result
using the surface flashover doping technifui€his line in-  of flow of the B Il ions, we measured the velocities Bflll
tensity is insensitive to the electron temperature within thealong thex andz directions from Doppler shifts. We make a
range considered%6 eV, as will be shown in a subsequent distinction here between the initial rise of tBelll 2 p popu-
publicatiort’). Some of the measurements were performedation (t<200 ns) when thd Il axial velocity is found to
with the “open slit” configuration(described in Sec. Il A  be <3x 10 cm/s and during the subsequent drop when the
allowing for time-dependent observations of the line inten-axial velocity rises to & 10° cm/s. Integrating these veloci-
sity at 10 positions across the A-K gap in a single dischargetjes with respect to time th@ 1l axial displacement is found
thus eliminating the effects of the experimental irreproducto be ~0.2 cm during the rise of the light intensities and
ibilities. The spatial resolutions in these measurements aranother 0.3 cm during the 50 ns drop. The axial displacement
0.45 and 0.25 cm in thg andz directions, respectively. is negligible since the doped boron cloud~® cm wide.

In Fig. 8 we present the temporal evolution of tBdll The B Il x-velocity, obtained from Doppler shifts in
2p population at two positions across the A—K gap in theobservations through a slot in the flashboard, is found to be
middle of the plasmg andz dimensions. It is seen that at ~1.5 times smaller than the axial velocity. Taking into ac-
both positions the level populations start droppingtat count the initial distribution oB Il and its gradient along
~200 ns. For reference, the level populations with only thethe x direction, thex direction B Il flow is estimated to
application of the plasma source are also given, demonstralewer the boron density betwedn=120 and 270 ns ax
ing the continuous rise of the population in the absence of 0.5 by a factor of 2 while increasing the boron density at
the generator current pulse. x=1.8 cm by 70% within the same time interval.

We now infer the time-dependent electron densitft) The time-dependent populations and the infeme¢t)
from the history of theB Il level population using our CR are given in Fig. 8. It can be seen that near the cathode the
modeling to find theng(t) that provides the best fit for the electron density rises from>310* to 4.5x 10, followed
level populations. The model accounts for the relativelyby a drop to (1.1 0.4)x 10** cm 3. Near the anode, how-
small effects of the time variation of the electron temperaturesver, the variations of the electron density are smallerfiee.,
and ionization processes. The riseTqfis found to increase drops by a factor of two. The largest contribution to the error
the 2p population by 25-5%, depending on the nature of bar results from the uncertainty in the boron density change
the electron energy distributio(see Ref. 37 for more de- as a result of the boron flow.
tails). For the initial boron charge-state distributiodeter- Using data from differenk andz positions in the A-K
mined previously to be 5620% B Il and 50+ 20% B 111), gap (at y=0) we constructed a 2D map of, at different
the increase of thB Ill density due to ionization processes is times. In this map differenk positions are obtained in a
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FIG. 10. Line profiles of theH line atx=1, y=0, andz=3.7 cm. The
experimental resultg§symbolg are shown for two timest=0ns andt
=220 ns. The lines are calculations with a 17 eV hydrogen temperature, the
measured electron density, and different quasi-static electric field ampli-
tudes.

FIG. 9. Four 2D maps of the electron density in the center of the electrode
along they direction obtained from the temporal evolution of Béll 2066

A spectral line. The spatial resolutions are 0.45, 3, and 0.3 cm along the | . .
y, andz directions. sity). The H profiles att=0 and 220 ns, obtained at=1,

z=3.7 cm and integrated along tlyedirection, are shown in
Fig. 10.

single discharge using the open slit method. Figure 9 shows The analysis of the hydrogen line widths is similar to the
four such 2D maps of the electron density fer120, 180, detailed description given in Ref. 47. The hydrogen Doppler
240, and 300 ns. We note that the axially averaged electrowidth, required for the analysis of the, profile is obtained
density drops significantly at ak-positions. It should be from the Doppler-dominatedi, profile, whose width re-
emphasized that measurements beyond the plasma edge ains constant throughout the pulse, indicating a nearly con-
=7-10 cm) showed no significant rise in the electron denstant hydrogen temperature of£2 eV. TheH; can be af-
sity, verifying that the average electron densityzat7 cm  fected by electric fields at different frequencies. The lack of
does not drop due to plasma flow in thalirection beyond H, broadening implies that there are no high-frequency
z=7 cm. Note that the drop in the electron density is mosfields;”® allowing us to calculate thél; Stark broadening
pronounced near the cathode where the final electron densitynder the influence of quasi-static fields. THg profile is
is around X 10** cm™3. calculated for different single-valued quasi-static electric

The results presented show that the electron densitfields (that represent the typical amplitude of nonthermal
drops over the entire A-K gap by the time the current startdields in the plasmitaking into account also the broadening
to flow to the load. Near the cathode the minimum electrorof particle field4® (based on the known electron dengiand
density is~1x 10" cm™2 while near the anode the drop is the known Doppler profile. Comparison between the mea-
less pronounced and at=300ns a density of~4  sured and the calculateld; line profiles shows that at
x 10" cm ™2 remains. The drop strongly suggests plasma=220 ns(the time when the peak electric field amplitude is
flow through the highly transparent electrodes since no ris@btained the typical amplitude of turbulent electric fields in
in the plasma density on the load-side edge of the plasma e plasma is 182 kV/cm.
seen. Note that the carbon velocity 10’ cm/s, is expected Similar measurements and analysis were performed us-
to lead to an insignificant axial displacement, while due toing the He | 4(*D)—2p(*P% (4922 A and the He |
the smaller A-K gap a similar velocity towards the electrodes3p(*P°) —2s(*S) (5015 A) lines. The 5015 A line, which is
can result in a significant density drop. insensitive to electric fields, broadens only slightfiym 0.2

Based on the magnetic field gradiefsge the 2D maps to 0.25 A FWHM), indicating that the influence of Doppler
in Fig. 5), it appears plausible that the plasma motion isbroadening remains small throughout the pulse. The 4922 A
towards the two electrodes. These gradients suggest the however, broadens from 0.5 A&t0 to 1.05-0.1 A at
plasma ak< 1 cm is mainly accelerated towards the cathodet =220 ns. Here too, the measured line profiles were com-
while that atx>1 cm is pushed towards the anode. pared to calculatior’8 based on a nonthermal quasi-static
electric field, the electron density determined in Sec. Il E,
and the Doppler width obtain from the 5015 A line. For this
line the non-negligible Zeeman splitting was also taken into

The presence of nonthermal electric fields that may giveaccount to vyield an electric field amplitude of 10
rise to anomalous collisionality is investigated using Stark*2 kV/cm.
broadening of hydrogen and helium lines. The widttigfis We thus conclude that the electric field amplitude ob-
found to rise and drop, similarly to the line intensitheH,  tained from both the hydrogen and the helium line broaden-
reaches its peak width 20—30 ns after the peak light intenings is \/(E2>=10i2 kV/cm.

F. Electric fields
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7 the rise in the electron density is the ionization that occurs
during the current pulse. Calculations based on the rise of the
_ 6 electron energy during the current puisshow that att
) 5 5 =200 ns, ionization increases the electron density by only
5 “-’; 10+5%, bringing the electron density to the lowest-value
E 4 5: edge of the error bar of the measured electron density. The
o 3o additional rise of the electron density must thus result from
*aC‘J 3 plasma pushing, leading to an increased density within the
> o — current channel, consistent with the reflection of protdns
> and the predetermined proton density. On the other hand, the
1 velocity of the heavier carbon ions, obtained from Doppler
0 . . . . . . 0 shifts?® shows a peak velocity that is 3 to 4 times smaller
0 50 100 150 200 250 300 350 than that of the magnetic field, making their contribution to
Time [ns] the electron density rise negligible.

) o . At t>200 ns a substantial drop in the electron density
FIG. 11. The evolution of the magnetic field averaged over two dlschargezt lue 4 to 5 i ller than that without th t
and the temporal behavior of the electron density as determined in Se loa V"." ue 410 > imes smaller than _a withou ,e curreq
Il E. The results are at the center of the switch alongythdirection, atx pulse is seen. Based on the analysis above, this drop is
=1cm, andz=3.7 cm. The dashed curve shows the electron density evomainly caused by the expulsion of the proton plasma. The
lution without the application of the current pulse. electron density that is expected to remain behind after the
proton expulsion is (351)x10* cm 3, which is more
) . o ) _than two times higher than the measured electron density. We
In a previous investigation of a coaxial 100 ns-durationmay thus conclude that pushing of the carbon plasma leads
plasma opening switch experiment we demonstrétée (5 an additional drop of the electron density to the observed
presence of 14 kV/cm turbulent electric fields from Starkdensity minimum of (1.5 0.5)x 10" cm~3. The carbon ve-

broadening ofH, andH,. However, in that work, it was |ocities show that the carbon ions are approximately motion-
shown that most of these fields are high-frequency oscillafess untilt=200 ns, then attaining higher velocities that al-
tions (Langmuir OSC|IIat|on}5wce<w<_wpe, wherewccisthe  |ow for a flow of ~1 cm up tot=300 ns, supporting the
electron cyclotron frequency anal, is the electron plasma  ¢jaim that the carbon—plasma motion is responsible for the
frequency. In the present study the narrownes#ipfsug-  gensity drop in the back of the current chanrtet 240 ns in
gests that the turbulent electric fields have a relatively Iovv|:ig_ 12). Since this carbon—ion motion is much smaller than
frequency (<fewx10's™). the axial plasma extent, a pure axial motion cannot explain
the density drop that is observed at all axial positions. The
IV. DISCUSSION A-K gap in our geometry is, however, comparable to the
carbon-ion displacement, leading to the conclusion that the
density drop probably results from the carbon—plasma mo-
tion towards and through the electrodes. Moreover, the den-
In order to obtain a detailed understanding of the inter-sity remaining att>300 ns(about 1/2 of the initial carbon
action between the magnetic field and the plasma detaileplasma densitycan be attributed to carbon ions for which
measurements of the ion dynamics are required. In a futurthe motion is mainly axial, thus not contributing significantly
publicatiorf® we will present such results and analyze themto the density drop. We also note that the density of ions that
in the context of the recently demonstr&etf simultaneous  are heaviéP than carbon is much smaller than the electron
field penetration and plasma reflection, found to occur indensity prevailing aftet~300 ns, so that they contribute
multi-ion-species plasmas. Here, we wish to study the relanegligibly to this density.
tion between magnetic field penetration and plasma flow
based on the local magnetic field and electron density megs cjrcuit inductance
surements. For this purpose, it is instructive to plot the ob- ) o
served magnetic field and electron density as a function of ~1he measured space- and time-dependent magnetic field
time for the same location, as given in Fig. 11 for the midd|eallo_ws us to calculate the change_ in the circuit inductance
of the plasma. It is seen that while the magnetic field rise$luring the plasma current conduction. The relation between
the electron density rises until the field reaches a value df€ evolution of the magnetic field and the change in the
~5 kG, it then drops sharply as the magnetic field continuedductance between=0 and timet is expressed as
to rise to its peak value. This finding is seen for all positions Lo d
with the density reaching its peak value at magnetic fields of AL(t)= B
4-55 KG. aBa(t) Jo
Let us analyze the various factors that may affect thewhered is the A-K gap and we assume that the plasma
electron density. First, the electron density may rise due tdoundary at the generator side does not mQustified by
the continuous flow of the flashboard plasma. This effect ighe low carbon velociti€s).
shown by the dashed line, which gives the rise in the electron In Sec. 1lIC we showed that the magnetic field propa-
density when no current pulse is applied. Another reason fogates in thez direction at a nearly constant velocity. More-

A. Correlation of the temporal variation of the
magnetic field and electron density

de;dz BzX.1), 3
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over, in Fig. 4 we showed that the measured 1D magnetlﬁ .y fgdxf‘;dz B2(z,x,t)

field distribution B(z,t) can be fitted by Eq(2) with p n_FB_q_

=0.25, zo=—2.2 cm, v=3.0x10" cm/s, Bo=10 kG, and Uin 2fLdt’ B(z=2 t) fddxf dz B(zxt)

7=300 ns. Inserting the magnetic field from Eg) into Eq. 0 o 0" 20

(3) yields 9
pod [ot+zo (z-29) P wodut Assuming that the plasma edge, locatedatz, is mo-

AL(t)= a |, Rl :a(p+1) , 4 tionless and using Eq2) for the magnetic field distribution,
0

the magnetic field energy per unit width is
which for our case yields a rate of inductance change of B2(z,x,1)
dL/dt=43 mH/s. UB_J de —,
The change in the circuit inductance, associated with the Mo
propagation of the current channel, can also be obtained, as

is commonly done, from the comparison Igf;sma the up- —dvt—(—) J (1—-§)2Pdé

stream current in our experiment k@, the upstream cur-

rent in experiments with a metal plate positioned at the B2 (t\2 dot

generator-side edge of the plasma. Since the upstream volt- =— —) — (10)
age for the two experiments is the same, one may express the 2pol 7/ 2p+1

inductance change byAL(t)=Lo(l metar !piasma/lplasma  where the energy that enters the plasma per unit width is
wherel g is the upstream inductance. This technique yields

. . . . . . t B(Z: Zo,t,) J d o
an inductance that increases approximately linearly in time  ; _ | 4t/ — | dx| dzBzxt)
reaching 12-1.5 nH att=300 ns, which corresponds to a " pmo - dt’ "
mean rate of inductance change of 40 mH/s. Hence, to within

the uncertainties, the inductance change derived from the :jtdt/(ﬁ t_) Mt_)
upstream current measurements agrees with the simple 1D 0 Mo T/\(p+1) T
model, based on the detailed magnetic field measurements at 5 £\ 2 dot
x=1cm. =__ B -] /. (11
31“0 0 T p+1
Hence, the fraction of dissipated energy is given by
C. Energy dissipation Uy,—Ug 3(p+1)
The energy dissipation in the plasma due to the magnetic Uin T 4(2p+1)° (12

field penetration can be calculated from the measured mag- Thus, in the limits described abovp—0 (rectangular
netic field distribution. The amount of electromagnetic en- | d 1 i field I pi d nguiar h
ergy that flows into the entire plasma is found by integrating’s s andp—1 (a magnetic field linearly decreasing wit

9y . P y 9 gz), the fractions of the dissipated magnetic field energy are
the Poynting flux at a plane normal to the electrodes at th /4 and 1/2, respectively. For the experimental valug of
generator-side edge of the plasma. The Poynting flux per uni

=0.25 the dissipation fraction is 0.375. Moreover, by multi-
width in they direction at the plasma boundary at a titnis plying this fraction by the time-integrated Poynting flux

given by gives the dissipation in Joule/m
P( t) ! V( t)B( t) (5) 3(p+1)
Z:ZO, = Z:ZO, ZZZO, ’ — _ - .
where the loop voltage is 5
5 ra 3 1[ 5p+1 Bg 13
V(z=zo,t)=ﬁf dxf dz B(z,x,t). (6) 3[(2p+D(p+1)| 2pg
0 2y

The dissipated energy partitioning between the electrons

The magnetic field is assumed to be uniform in theand jons in the plasma will be discussed in subsequent
vacuum region between the two electrodes. Integrating th@ublicationsz.g'37 Here, we only estimate the energy dissipa-
Poynting flux with respect to time yields the total energy thattjon per electrorithe electron density in the plasma is higher

enters the plasma than the ion density by dividing Eq.(13) by the number of

t electrons that initially reside in the volume penetrated by the

Uin(z=2p,t) = Jodt' P(z=2y,t). (7)  magnetic field, i.e.,
2

The magnetic-field energy that is accumulated in the plasma Up = Uo — l Sp+1 Bs (14)
is ongdut 3| (2p+1)(p+1)| 2ppne’

d = B(z,x,t) which yields for our conditions, a dissipatiotlp y

8(2=2p,1) f de d R (8)  =0.4(BZ/2uon,) that att=300 ns amounts te-2.0 keV per

electron. The dissipation in the case of a linear rise-in-time
The fraction of energy that is dissipated is then given by of the current is, therefore, significantly smaller than in the
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case of a step function rise-in-time of the current, for whichthough this collisionality is a couple of times larger than the
the dissipation isUD,NzBéIZ,uone. Moreover, the exact Spitzer collisionality® (Vspitzer™ 10° s71), the resulting dif-
value of the dissipation depends on the magnetic field profusion coefficient is still fifty times smaller than required for
file, demonstrating again the importance of accurate knowlexplaining the magnetic field propagation in terms of diffu-
edge of the magnetic field spatial distribution. sion.

While the Buneman instability is not expected to grow
since the electron drift velocity is not higher than the elec-
tron thermal velocity, the lower-hybrid drift instabilftynay
Here we discuss the mechanism of magnetic field penpecome unstable in our configuration. Following the nonlin-

bility that the fast penetration of the magnetic field is a resulicgiision  frequency can be expressed as!

of a high anomalous resistivity. That high resistivity would =24V 4/v;)2wy,, Wherewy, is the lower hybrid frequeneéy,
result in a high inductive electric field of the form v; is the ion thermal velocityy4=v;(r;/2L) is the ion dia-
E— - f (15) magnetic Qrift velocity, and ; is the ion Larmor rgdiu;. For
our experimental parameter¥ {/v;)~1/3, resulting in an
As is clearly seen in Fig. 4, the intensity of the magneticanomalous collision frequency'ehinX 1% s7! that is ten
field is decreasing axially in the direction of the load. Assum-times smaller than the collisionality estimated above to result
ing that the inductive electric field that causes the magnetigrom the ion acoustic instability.
field penetration is mostly perpendicular to the electrodes Therefore, both the axial profile of the magnetic field
(along thex direction), it, too, should decrease axially to- and the above estimates of the anomalous resistivity suggest
wards the load. However, as can also be inferred from Fig. 4hat an enhanced electric field of the form given by B@)
the current density is rather increasing axially. Therefore, ins not expected to cause the penetration. However, an axial
order to obtain an electric field that decreases inztilerec-  electric field that is stronger inside the current channel, as is
tion, the anomalous resistivity should strongly decrease axithe case for the Hall electric field, could explain the fast
ally towards the load, being smallest at the magnetic fieldnagnetic field propagation. A Hall electric field that varies
front, where the current density peaks. Since, however, thglong thex direction due to plasma nonuniformities together
high current density is expected to be the source of theyith a small but finite resistivity has been shown to cause a
anomalous resistivity, it does not seem reasonable that thgst penetration of the magnetic figftiHowever, a quantita-
resistivity be smallest there. Thus, the profile of the magnetigive estimate of the magnetic field penetration due to the Hall
field with a high current density at the front indicates that anfield 2° for the measured initial electron-density gradient in
anomalously high resistivity is not the source of the fasthe x directiorf® in this experiment, yields a velocity of 2
magnetic field penetration. X 10° cm/s, significantly lower than the measured velocity
The indication that an anomalously high resistivity is notof the magnetic field propagation. Furthermore, as described
the source of the fast magnetic field penetration can be furn Sec. 111 D, the penetration appears to be independent of the
ther supported by comparing the estimated anomalous collielative directions of the current and the density gradient,
sionality to the collisionality required for diffusion at the \which contradicts the expected evolution due to Hall-field
observed magnetic-field propagation velocity. The requirednechanism. The measured current-channel width is also in-
diffusion rate can be estimated using the plasma axial exterfonsistent with an evolution that is dominated by the Hall-
|~10 cm and the magnetic field penetration titre380 ns  field mechanism in an initially nonuniform plasfiathat
to beD =1%/t~2.6x 10° cn?/s. The associated electron col- should result in a current channel width qf/@pe)2yei/v_
lision frequency isve;~3x10"s™!, which is approxi- For our experimental parameters and the above-calculated
mately 2w.e at the maximum magnetic field. Let us estimate collisionality of the ion acoustic instability the current-
the anomalous collisionality that results from some currentchannel width should be only 0.18 cm, approximately ten
driven instabilities. times less than the measured width. It seems therefore that
The instability that can result in the highest collision the magnetic field penetration into the plasma is not caused
frequency, the ion-acoustic instability, has beenpy the Hall mechanism due to the initial density gradient
investigated"***°in different configurations. Let us estimate across the A-K gap.
the anomalous plasma collision frequency using the mea- e explore here the possibility that an inductive Hall
sured nonthermal electric field amplitudas described in  electric field that results from small-scalemaller than our
Sec. Il F. The effective collision frequencyy®, resulting  spatial resolution of a few myndensity fluctuations gener-
from the ion—acoustic instability, is approximatély® ated by instabilities causes the fast penetration. If indeed
_ eo(E2) turbulence that leads to the formation of density fluctuations
vat= @per T (16)  exists in the plasma, it could enhance the rate at which the
e'e Hall mechanism allows penetration, by reducing the space
whereE is the amplitude of the instability electric fields and scaleL in the expression of the Hall velocity. Moreover, such
¢ is the permittivity of free space. Using the observed am-a mechanism should be independent of the current flow di-
plitude of the turbulent electric field, ¥02 kV/cm, and tak-  rection, consistent with the findings described in Sec. I D.
ing a lower bound oT.=10 eV, we obtain an upper bound Since the Hall mechanism can lead to field penetration only
ra°<6x10° st for the ion—acoustic collisionality. Al- in regions where the density decreases along the current flow,

D. Mechanism of magnetic field penetration
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we should expect elongated finger-like structures to formjength\ ~0.1 cm. For this wavelength and a modulation of,
Rapid diffusion, due to the small scale of the gradients, issay~15% of the proton density, the Hall velocity is consis-
expected to lead to field penetration into the entire plasmgent with the measured magnetic field velocity. To estimate
volume. The observed magnetic field penetration and the,e growth rate we usk,=2m/\~62 cmi ! and find that
broad current-channel width could then be attributed to P33, 6.2x 10° 51, so that the e-folding time is~1.6 ns
tial integ_ration over the finger_—like_ structure. Magnetic field \\ hich is sufficiently rapid to allow the instability to grow
penetration due to the Hall field in the presence of smallytore the magnetic field propagates a significant distance.
scale density nonuniformities has been suggested in the Hence, if this instability grows in our experiment, and if
past!®*%4t could be related to magnetic field reconnection, _ o'y (o e density variations in the tormed finger-
that is enhanced by the Hall fields as has been recentlp{ke s.tructures is on the order af0.3x 104 cm 2, the mag

53 . . , -
suggestetf*> It may also be related to complex magnetic netic field is expected to penetrate at a Hall velocity that for

field structures that have been observed ifrginch'® using : > . .
magnetic probes, and were associated with a tearing instabf?-_5 kG is 3<10° cmis, consistent with the observed veloc-
. ity.

- We suggest that the unmagnetized Rayleigh—Taylor Note that'becguse of the dep'endenc'e of the Hall penetra-
instabilit)/‘z'54 (or large Larmor radius Rayleigh—Taylor in- tion on the direction of the densuty_ gradients |n_ the_plasma,
stability) that can occur in sub-Alfic plasma the_ Hall effect may not.lead to field penetratlon into the
expansion®®could be responsible for the above mentioned€ntire structures here discussed. Thus, while the spatially
density fluctuations. This instability is driven by an accelera-fluctuating density gradients are expected to cause field pen-
tion of an inhomogeneous plasm&r{,#0). The effective  €tration into parts of the density structures through the Hall
acceleration(in analogy to the gravitational acceleratida ~ Mechanism, other parts may still remain unpenetrated by the
given byg= —dv;/dt so that the instability can occur when field. However, for spatial scales ef 1 mm, even Spitzer
g-Vn.<O0. This situation occurs at the plasma boundaryresistivity is estimated to be sufficiently high to lead to the
wheredn,/dz>0 and the effective gravity, associated with completion of the field penetration into the entire plasma.
the proton acceleration is negative. Although this instability =~ We have, in fact, indirect indications to the presence of
has the same driving mechanism as the conventionamall-scale magnetic field nonuniformities. As will be de-
Rayleigh—Taylor instability §- Vn.<0), it has very differ-  scribed in a future publication, polarization-dependent mea-
ent linear and nonlinear behaviors. The linear growth rate ogurements of the magnetic field along different directions
the instability isy=k,\/gL, wherek, is the wave number indicate the presence of magnetic field components other
perpendicular to the density gradient ahdis the scale thanB,, indicating current flow also in the direction. The
length of the density gradient at the plasma boundary. Th@mplitude of these magnetic field components is sufficiently
expgession for 2tht_a linear growth rate applies fgfL  small to assure that the correction to the total magnetic field
> wgil4, wherewg; is the ion cyclotron frequency, i.e., the s smaller than the indicated errors of the magnetic field. We
ions are unmagnetized. The instability is compressi®le ote that if small-scale finger-like structures form, the pre-

070 and hasVxv;=0, which is opposite the conven- sented magnetic-field amplitude describes the spatially aver-
tional Rayleigh—Taylor instability. Thus, as has bee”aged magnetic field.

57 . .
shown;" rather than corrugating the surface of the magnetic = £ thermore, the broad axial-velocity distributions of the

field-plasma interface, the instability lead to ion lumping. ions observed in the entire plasfanply that in regions of

We can estimate the parametgrsl, w;, an(_jyfor our- comparable size to the observation spatial resolution
experiment as follows. Based on the magnetic field profile

(see Fig. 4we estimat?® it takes at mosit—60 ns for the (~5 mm), different ions are accelerated in different direc-

. . . .tions, presumably as a result of structure in the acceleratin
protons to accelerate to a velocity that is twice the magnetic P y g

field velocity:; v ,~6x 107 cm/s. This yields a lower bound magn_etic field. As described in Sec. IllE the dgnsity that
for the effective acceleratiog~10° cm/@. We takeB  [cmains ax<1l.5cm andz=5cm att=300ns is much
~5kG, the value of the magnetic field when the electronhlglher than expected from the. known h?aVY,"O” densities,
density starts to drop(see Fig. 11 so that g ~5 suggesting tha_t npt all _carbon ions are s!gnlflcantly pushed
X107 s~ * for protons and estimate~ 1 cm. For these num- by the magnetic field piston. In our experimental configura-
bers one finds thay/L ~ 105 andwﬁi/4~6><1014 so thatthe tion, the main pushihg of the plasma t_hat leads to the ob-
turn-on condition of the unmagnetized Rayleigh—Taylor in-served density drop is due to acceleration towards the elec-
stability is satisfiedin fact, the mean proton cyclotron fre- rodes since the plasmedimension is much smaller than the
quency is smaller since it is estimated that the proton reflecPlasma lengthin the z direction. The assumption of finger-
tion occurs aB~5 kG, reducing the meaa;). like magnetic field structures may explain this finding since

The spatial scale of such possibly-formed fluctuations jsuch structures are expected to lead to ion acceleration also
not known, however, being not observable by our presengxially, preventing part of the ions from moving out across
measurements spatial resolution, their scale must be less th#fre A-K gap. The continued presence of plasma behind the
a few mm. Assuming that the fluctuation scale length shouldnagnetic piston may explain the low switch impedance dur-
be at least several times the electron skin ddpthich is  ing its opening, observed in numerdtig’ long-conduction
~0.3mm in our plasma we choose a reasonable wave- POSs.
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