
PHYSICS OF PLASMAS VOLUME 5, NUMBER 3 MARCH 1998
Observations of two-dimensional magnetic field evolution in a plasma
opening switch
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Faculty of Physics, Weizmann Institute of Science, Rehovot 76100, Israel
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The time dependent magnetic field distribution was studied in a coaxial 100-ns positive-polarity
Plasma Opening Switch~POS! by observing the Zeeman effect in ionic line emission.
Measurements local in three dimensions are obtained by doping the plasma using laser evaporation
techniques. Fast magnetic field penetration with a relatively sharp magnetic field front~<1 cm! is
observed at the early stages of the pulse (t&25). Later in the pulse, the magnetic field is observed
at the load-side edge of the plasma, leaving ‘‘islands’’ of low magnetic field at the plasma center
that last for about 10 ns. The two-dimensional~2-D! structure of the magnetic field in ther ,z plane
is compared to the results of an analytical model based on electron-magneto-hydrodynamics, that
utilizes the measured 2-D plasma density distribution and assumes fast magnetic field penetration
along both POS electrodes. The model results provide quantitative explanation for the magnetic
field evolution observed. ©1998 American Institute of Physics.@S1070-664X~98!03403-X#
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I. INTRODUCTION

Studying the interaction of magnetic field with sho
duration plasmas is of major importance for understand
various phenomena in plasma discharges, thermonuc
fusion research, and astrophysics, and for the progress
wards various applications of pulsed-power systems, suc
the generation of particle beams and the development o
diation sources. An example of such a system is the Pla
Opening Switch~POS! in which high current is conducte
through a prefilled plasma~in a coaxial or planar geometry!
before switching fast into a load. POS’s have been used
prepulse suppression in high current accelerators,1 for
switching of inductively stored energy at currents up to
MA into various loads during 10–100 ns,2 and for voltage
and power multiplication in nanosecond3 and microsecond4

time-scale generators.
In Plasma Opening Switches, the characteristics of

current conduction through the plasma, the plasma flow,
plasma erosion, and the current switching to the load
decisively affected by the evolution of the magnetic field
the switch region.5–7 The magnetic field in POS has bee
studied by magnetic probes inserted in the switch reg
Measurements were carried out for POS of short~.100 ns!8

and long time scales~.1 ms!.9 In these measurements it wa
found that the magnetic field penetrates the plasmas m
faster than expected from estimates of its diffusion rates
Ref. 5 the magnetic field was observed to penetrate in
90-ns, 200-kA coaxial negative-polarity~i.e., the inner elec-
trode is negatively charged! POS at a velocity .4
3108 cm/s. In the 800-ns, 250-kA POS the magnetic fie
penetration velocity was observed to be.10 times smaller.
In both experiments, the current channel width in the plas
is .30 times larger than the classical skin-layer thicknes

Earlier explanations of the relatively fast field penet
tion suggested that plasma instabilities may give rise
anomalous collisionality that enhance the magnetic field
7921070-664X/98/5(3)/792/7/$15.00
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fusion rate.10 It was later argued11 that this treatment is over
estimating the collision frequency for the nanosecond PO
Later, theoretical treatments based on electron magn
hydrodynamics~EMHD!,12–15 showed that the field may
penetrate fast in low-collisionality plasma. The field penet
tion due to the EMHD, where the Hall-field in the plasm
plays a crucial role, is highly dependent on the tw
dimensional~2-D! electron density distribution12,13 and on
the system geometry.14 It has been shown recently15 that the
field penetration into the plasma is also dependent on
magnetic field penetration near the POS electrodes. Ind
such a fast magnetic field penetration into non-neutral
gions near the electrodes has been described earlier in a
studies.1,13,16

In a previous study17 we reported on the determinatio
of the time dependent magnetic field distribution in a coax
positive-polarity POS plasma using a nonintrusive spec
scopic method, in which the ion acceleration~obtained from
ionic-line-emission Doppler shifts! and the electron density
~determined from the ionization rates! were used to give the
magnetic field gradient in the plasma. Three-dimensional~3-
D!-spatial resolution were achieved by doping the plas
with various ions using laser evaporation of material plac
on the POS electrodes. In this paper, we present a time
pendent 2-D mapping of the magnetic field in ther ,z, plane
obtained from measurements of the Zeeman splitting of io
lines @here we assume azimuthal uniformity thus,B
5Bu(r ,z)#. Preliminary results of such measurements w
described in Ref. 18.

The magnetic field was found to penetrate into t
plasma at a velocity (108 cm/s) much higher than the ex
pected field diffusion rate, with the current layer being s
nificantly narrower~<1 cm! than the plasma axial length
Later in the pulse, when the field appears at the load-s
edge of the plasma, a region of relatively low field near t
plasma axial center is observed. A 2-D model based
© 1998 American Institute of Physics
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FIG. 1. The experimental setup: light emitted from the plasma is collected using the beam splitter~BS! and mirrors~M!, and focused by the lenses~L! onto
the spectrometers. The light from the spectrometers output is dispersed on the optical fibre bundles using cylindrical lenses~CL!. The prism~PP! is used to
displace the axial position of the evaporating laser beam. The selection of the polarization is made by the spectrometer grating which is seven
efficient for the polarization normal to its grooves than the one parallel to them. Thel/2 plate is used to rotate the light polarization for efficient collecti
by the spectrometer. The upstream and downstream currents measured by Rogowski coils are shown in the insert.
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EMHD was employed to describe the magnetic field evo
tion. Highly required for the application of such a model
knowledge of the electron density as a function ofr andz,
which was determined experimentally. In the model, it
assumed that instantaneous magnetic field penetration oc
along both POS electrodes. The model is found to provid
satisfactory quantitative explanation for the magnetic fi
distributions observed.

II. EXPERIMENTAL AND DIAGNOSTIC SYSTEMS

In our experiment we use the coaxial POS and spec
scopic system shown in Fig. 1. The POS consists of
coaxial aluminum tubes with inner and outer diameters o
cm and 10 cm, respectively. The load is short-circuit givi
a downstream inductance of 25 nH, while the upstream
ductance is 120 nH. A positive high voltage pulse is appl
to the inner electrode, giving a peak current of 135610 kA
with a quarter period of 90 ns. The POS current is delive
by an LC-Water-Line generator~4.1 kJ, 300 kV, 1V!. Two
calibrated Rogowski coils and eight magnetic loops azimu
ally separated by 90° are used to measure upstream
downstream currents, shown in the insert in Fig. 1.

The plasma is injected into the interelectrode gap a
velocity .1.53106 cm/s from a specially designed cylindr
cal gaseous plasma gun,17 which is installed inside the inne
POS electrode. The electron density was determined prio
the current pulse17 from hydrogen line Stark broadening, giv
ing a density decreasing with radius with a value of (1
60.3)31014 cm23 at a distance of 0.5 cm from the anod
The density distribution in the axial direction was dete
mined using electrical probes, and the plasma axial len
~where it decrease to half of the value at the POS axial c
ter! was found to be.4 cm near the anode, and.6 cm near
the cathode. This distribution was used in the electron M
-

urs
a

d

o-
o
5

-
d

d

-
nd

a

to

-
th
n-

model described below since the electron density distribu
was shown to change insignificantly during the pulse,17 be-
cause of the low ionization rates and the slow plasma flo
The plasma consists of neutral hydrogen and carbon,
tons, and up to four times ionized carbon ions. The azimu
uniformity of the electron density, determined by elect
probes, is615%. The electron temperature prior to the cu
rent pulse, determined from CII and CIII line intensities and
collisional radiative calculations,14 is ~261! eV. The repro-
ducibility of these parameters was found to be620%.

For the spectroscopic observations we used two 1
spectrometers equipped with 2400 grooves/mm gratings.
output of the spectrometers is coupled to an array of opt
fiber bundles that transmit the light to a set of photomu
plier tubes~PMT!. For the plasma doping in these expe
ments we used a 20-ns laser pulse to evaporate materia
tially deposited on the surface of the inner POS electro
~the anode in the present experiments!. The laser pulse was
applied 3–4ms prior to the current pulse, producing a con
cal column of barium atoms and ions with diameters.0.2
cm near the anode and.1 cm in the middle of theA–K gap.

It was verified that the column of the doped mater
injected into the switch plasma did not affect the plas
parameters at the time at which the current pulse w
applied.19 This was examined by measuring line intensiti
of carbon ions and hydrogen-line Stark broadening as a fu
tion of time after the injection of the dopant plasma, whi
showed that the latter thermalized with the prefilled plas
and insignificantly affect the plasma electron density a
temperature.

A difficulty in measuring Zeeman splitting in high
current systems is that the line emission is much affected
the Doppler effect due to the ion motion under the magne
field. It was shown in Ref. 17, however, that the ion velo
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ties are lower for lowerZ/M , whereZ is the ion charge and
M is the ion mass. Thus, to minimize the Doppler broad
ing in these measurements, the plasma was doped withII

using evaporation of barium metal deposited on the P
anode. Furthermore, in order to discriminate the Zeem
splitting from the Doppler broadening, we observed the sp
tral profiles of thep ands components of the line from th
same volume element in a single discharge using the
spectrometers. In the present measurements we used theII

6p 2P3/2→5d 2D5/2 transition~6142 Å!.
In such plasma-doping experiments there is a need

know the position of the doped material during the pulse.
this end the Doppler shifts of the BaII line was observed
giving the BaII directed velocities. It was found that the BII

displacement in the axial direction during the pulse is.0.1
mm, which is much smaller than the BaII column width.

III. EXPERIMENTAL RESULTS

In this paper we present measurements for the pe
until t560 ns after the beginning of the current pulse. F
later times, due to the BaII ionization,17 the BaII line emis-
sion was too weak to allow for satisfactory measureme
The magnetic field mapping is performed for a single a
muth. The plasma regions observed are located at the ra
distances 0.5, 1.0, and 1.5 cm from the anode, and at a
distances between21.2 cm and11.2 cm from the axial
center of the plasma~defined asz50!, where positivez is
towards the load~see Fig. 1!. The magnetic field is also
measured at the plasma edge in the upstream sidz
522.4 cm, and was found to be in agreement with the m
netic field obtained from the generator current. The line D
pler broadening at the load side edge of the plasma
larger than in the rest of the plasma~consistent with the
results in Ref. 14!, which hindered the Zeeman splitting ob
servation forz>1.2 cm. At radial distances from the catho
larger than 1.5 cm, the determination of the magnetic fi
was not possible because of the weak line intensities re
ing from the low plasma density in this region.17

In Fig. 2 we present the magnetic field atr 53 cm as a
function of the axial distance from the POS center for 10 a
20 ns after the start of the upstream current. Each point
resents an average of 3–6 discharges. The uncertai
shown mainly result from the photon statistics, the electri
noise, and the error in the relative timing of the spect
profiles of thep and s components measured by the tw
spectroscopic systems. The shot-to-shot irreproducibili
are within the error bars shown. The relative error is large
the early times, of the pulse when the magnetic field is lo
being 50% att510 ns and decreasing to 30% att520 ns~as
can be seen in Fig. 2!. The latter is about our minimum
uncertainty since the shot-to-shot irreproducibility inB(r ,z)
is about 20%. It is seen in Fig. 2 that the magnetic fi
penetrates into the plasma significantly already at 10 ns,
it propagates at an axial velocity.108 cm/s.

The measured values ofB in the r ,z plane are used to
obtain the currentI (r ,z)5(c/2)Br that within a loop of ra-
dius r , assuming an azimuthal symmetry. The contour lin
of constantI (r ,z) thus obtained give the direction of th
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current flow. Such contours, computed from the data val
using the Kriging correlation method,20 are given in Fig. 3
for t520, 30, 35, 40, and 50 ns.

It is seen from Fig. 3~a! that at t520 ns the magnetic
field penetrates up to about the axial center of the plasma
this time most of the current appears to flow in a region&1
cm wide in the axial direction. The true current chann
width could even be smaller since the observed width i
comparable to the measurement spatial resolution. At 30
the magnetic field appears at the load-side edge of the
served region, as shown in Fig. 3~b!, and a region of low
field is seen atz.10.5 cm, a peculiar feature to be dis
cussed in Sec. IV. This low field is still observed at
535 ns@Fig. 3~c!#. At t540 ns@Fig. 3~d!#, a small low-field
region is still observed atz.0 cm andr 54 cm, while at
smaller radii the field axial dependence is monotonic. La
in time, the low-field region vanishes entirely.

The current at the load-side edge of the plasma
downstream the POS region rises att>40 ns. Att550 ns it
is found that a current of 30615 kA flow at the plasma
regionz<1.2 cm@see Fig. 3~e!# and 24 kA are measured a
the load. Since the generator current at this time is 115 kA
current of 60615 kA flows through the load-side edge of th
plasma (1.2,z&2.5 cm) and between the plasma and t
load.

It is interesting to compare our presently measured 2
magnetic field distribution to the magnetic field obtain
from previous measurements of the ion acceleration un
the magnetic field gradient.11 In Ref. 11, the magnetic field a
z51.2 cm, r 53.2, t550 ns was determined to be 5.4 kG
The current within this radius~assuming azimuthal symme
try! is 86 kA, which is in satisfactory agreement with the 7
kA observed here@see Fig. 3~e!#.

IV. THEORETICAL MODEL

We first note that the fast penetration of the magne
field into the plasma is highly unlikely to result from mag

FIG. 2. The measured magnetic field as a function of the axial distancez for
r 53 cm, for t510 ns ~solid line! and t520 ns ~dashed line!. Also shown
are the values of the magnetic field obtained from the measured upst
current.
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FIG. 3. Contours of constant currentI (r ,z), given in kA by the numbers on
the contour lines, obtained fromB(r ,z) assuming azimuthal symmetryI

5
c
2Br ~see the text!. The current values obtained from the magnetic fie

measured at each location are given in the boxes.~a! t520 ns, ~b! t
530 ns, and~c! t535 ns, ~d! t540 ns, and~e! t550 ns. The upstream
current at these times is 52, 81, 88, 96, and 115 kA, respectively. The
current is 0, 8, 12, 16, and 24 kA, respectively.
re
or

e

th
sk
d

ity
ity

n

n-
the
netic field diffusion, since such a diffusion would requi
plasma resistivity that is anomalously higher by about 3
ders of magnitude than the classical~Spitzer! resistivity,
demonstrated to be unlikely.11 Here, we suggest that th
magnetic field penetration occurs due to the Hall fields,12 a
mechanism that is dominant when the length scales of
density and geometrical gradients are less than the ion
depth~in our experiment this condition is marginally fulfille
-

e
in

since the ion skin depth is about 2 cm!. By this mechanism,
the magnetic field may penetrate into a low-collisional
plasma as a shock wave, either due to density nonuniform
in planar geometry12,13 or due to magnetic field curvature i
cylindrical geometry.14 In cylindrical geometry, for a density
that is axially uniform, the magnetic field is expected to pe
etrate only in one of the switch polarities, depending on
sign of the radial density gradient, (d/dr)(nr2). If ( d/dr)
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3(nr2) changes sign, penetration will occur for both pola
ties, but at a different region of the POS for each polarity

The combined effect of nonhomogeneous plasma den
and the cylindrical curvature on the Hall magnetic field pe
etration was studied in Ref. 15. In this 2-D model it is show
that the magnetic field penetrates as a shock along the
stantnr2 lines, in such a way thatnr2 increases along the
electron flow. Therefore, the magnetic field evolution is d
tated by the magnetic field behavior at the end point of e
constantnr2 line, while the direction of penetration of th
magnetic field is determined by the sign of the gradients
nr2 and the switch polarity.

In a realistic profile the density varies with bothr andz.
The nr2 lines measured experimentally prior to the beg
ning of the current pulse17 were used in the 2-D model, an
are shown in Fig. 4. The plasma density is assumed to h
a parabolicz dependence, peaking atz50 and zeroing atz
562.5 cm, and to vary asr 22.7. The axial length was taken
as 5 cm, although the actual cross in ther –z plane of the
plasma is a trapezoid~Sec. II!. It can be seen that som
constantnr2 lines intersect the electrodes, while others ori
nate at the plasma–vacuum boundary at the generator o
load side. If the magnetic field penetrates fast along the e
trodes, field penetration from the electrodes into the plas
may occur for both polarities. Thus, in order to calculate t
magnetic field evolution in EMHD theory, the switch pola
ity, the 2-D electron density profile, the magnetic field at t
plasma–vacuum boundary, and the magnetic field distri
tion along the electrodes should be considered.

Our spectroscopic measurements show that plasmas
formed near both POS electrodes early in the pulse, indi
ing early non-neutral-sheath formation.17 Since theoretical
studies predict fast magnetic field penetration along
anode13,21 and the cathode1,16,21 in such sheaths, we attemp
to model the magnetic field evolution by assuming fast m
netic field penetration near the electrodes and by using
measuredn(r ,z). The magnetic fieldB0(t) at the generator
side is taken from the upstream current, and is approxima

FIG. 4. Thenr2 contours used in the model. The radial dependence w
measured experimentally, and the axial distribution was assumed to be
bolic.
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by a linear rise in time, i.e.,I 0@kA#52.7t@ns#, which is a
good approximation for the first 50 ns. The assumption
fast penetration along the electrodes is implemented by
suming that at each instant the magnetic field along the e
trodes decreases fromB0(t) at the generator side
(z522.5 cm) to zero at the load side of the plasm
(z512.5 cm).! The functional decrease was selected to

B~z,t !5B0~ t !F12S z1z0

2z0
D aG ,

wherea is a free parameter.
Under these conditions the model yields magnetic fi

penetration into the plasma from the anode and from
cathode at the generator and load sides, respectively. It
found that the results are insensitive to the value ofa at the
anode for anya.0.5, as long as the magnetic field is larg
enough at the anode near the generator side. This re
from the fact that the magnetic field values in most of t
plasma~mainly z<0! are determined by the field values
the intersection points of thenr2 lines with the anode close
to the generator. In our calculations we useda51 for the
anode. However, penetration into the plasma from the c
ode is found to be highly affected by the magnetic fie
values at the cathode atz.0 ~i.e., closer to the load side!,
which are very sensitive to the value ofa. This is because
the magnetic field values along the cathode close to the
side are rather small as they zero at the load side of
plasma. Therefore, the powera for the cathode was so cho
sen~a52.5! to obtain a best fit of the calculated values to t
experimental magnetic field at the time when the latter w
first seen near the load side of the plasma. The assumptio
vanishing magnetic field at the plasma load-side edge is v
as long as the experimental downstream current remains
as occurs for the times here discussed. Furthermore, sinc
magnetic field penetrates into the plasma with the elect
flow along constantnr2 lines, and since the constantnr2

lines in our experiment originating atz>1.5 cm do not enter
the observation region, the values of the magnetic field az
*1.5 cm at the cathode were found to have no effect on
magnetic field in the plasma region studied. It is notewor
that the decrease ofnr2 towards the cathode, occurring i
this experiment, enhances the magnetic field penetration
the present positive-inner-electrode configuration.

Figure 5 shows the results of this analytical model
t520, 30, and 50 ns. The dotted region shows the region
which data were obtained. Att520 ns, the model predicts
magnetic field penetration into this region only from the a
ode at the generator side, fitting reasonably well the exp
mental evolution of the magnetic field@see Fig. 3~a!#. The
field distribution given by the model indicates the formati
of a magnetic shock~as shown by the solid line in Fig. 5~a!,
which results from the assumption of almost collisionle
plasma. In reality, it is possible that plasma turbulence,
observed in our experiment22 may lead to higher
collisionality10 and broadening of the current channel.12,23

The true width of the current channel could not be det
mined in the present measurements to within less than.1
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FIG. 5. Contour lines of constant currentI (r ,z) over the entire plasma
obtained from the model.~a! t520 ns. The thick line marked by 40–
represents a shock that penetrates from the generator side through
current of 40 kA is conducted towards the anode~all contours for current
below 40 kA coincide with this line!. The thick line marked 0–40 represen
a shock, penetrating from the cathode side, along which the contour
current below 40 kA merge. Current of 40 kA flows from this line along t
plasma–cathode boundary and then to the anode along the 40–0 lin
shown by the arrows. The magnetic field between the two shocks rem
zero. The dotted region shows the region for which measurements
performed~see Fig. 3!. ~b! t530 ns. The thick line marked 60 is a line alon
which 60 kA are flowing towards the anode. The thick line marked 0–6
a line along which the contours of current below 60 kA merge,~c! t
550 ns, the region of low magnetic field is smaller than the experime
spatial resolution.
cm, because of the.1 cm spatial resolution resulting from
the width of the Barium column used to dop the plasma.

At t530 ns@Fig. 5~b!# the magnetic field also penetrate
the region observed from the cathode side, leaving a reg
of zero magnetic field at the center. The modeling thus
plains the peculiar feature of low magnetic field atz
510.5 cm att530– 35 ns observed in the experiment. No
that we adjusted the magnetic field contours att530 ns
through the free parametera. However, from this time on,
not only the time evolution but also the magnetic field valu
agree with the experiment. The shock positions and the
rent values for both magnetized regions are consistent w
the experimental results. Att550 ns, @Fig. 5~c!# the model
predicts that.60 kA flows atZ>1.2 cm, which is in good
agreement with the experiment@Fig. 3~c!#. At this time, the
analytical contours, unlike the experimental ones, still sh
a region of low magnetic field. However, a region of this si
is too small to be observed with the present measurem
spatial resolution.

The details of the energy dissipation associated with
magnetic field penetration are not fully known to us as y
The average energy dissipation per particle in the plasma
to the magnetic field penetration described here is estim
to be .2 keV. The nonprotonic ions in the plasma we
found ~from Doppler-line-shifts velocity measurements!17 to
carry a small fraction of the dissipated energy. The ene
carried by the protons is, however, still uncertain~if the pro-
tons are accelerated to high velocities their motion m
modify the magnetic field penetration24!. A considerable
fraction of the energy is probably dissipated by the electr
that are accelerated in the current layer and then con
their kinetic energy to the POS anode.6,25

V. CONCLUSIONS

In this study the 2-D evolution of the magnetic field w
determined using a nonintrusive spectroscopic method.
analytical model based on electron magneto-hydrodynam
that is based on the measured 2-D electron density, is fo
to provide a satisfactory quantitative explanation to both
fast field penetration observed and the somewhat pecu
nonmonotonic variation of the magnetic field at certain tim
along the axial POS dimension. Understanding the detail
the energy dissipation during the magnetic field penetra
requires further study.

The results of the model suggested are highly sensi
to the plasma electron density and density distribution~that
in our experiment were determined from independent sp
troscopic observations!, the POS polarity, the POS geometr
the field evolution near the POS electrodes, and the tim
scale of the experiment, demonstrating the need to ana
these factors in detail in order to improve the understand
of the magnetic field evolution in various magnetic-fiel
plasma-interaction configurations in laboratory7,26 and in
space27.
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