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Study of the Effects of the Prefilled-
Plasma Parameters on the Operation of
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Abstract—Spectroscopic methods are used to determine the conduction POS (ns POS), which conducts the current during
density, the temperature, the composition, the injection velocity, <100 ns, and 50 ns for the long-conduction PQS-(POS).
and the azimuthal uniformity of the flashboard-produced pre- Several processes that may occur in the plasma during the

filled plasma in an 85-ns, 200-kA plasma opening switch (POS). : ;
The electron density is found to be an order of magnitude higher current conduction were suggested to lead to the current inter-

than that obtained by charge collectors, which are commonly ruption and switch opening. These are sheath widening near
used to determine the density in such POS's, suggesting that thethe cathode [2], [7]-[11], fast magnetic field penetration into
density in short conduction POS's is significantly higher than is  the plasma [12], [13], pushing of the plasma by the magnetic
ufsually assu1r_1;1ed. We also find thlf‘t the plas”(‘ja 'Sl mainly composed o4 hressure [6], and development of plasma turbulence [14]
of protons. The spectroscopically measured plasma parameters . : ' o . ;
are used here to calculate the conduction currents at the time thatgives rise to anomalous resistivity. The relative dominance
of the opening predicted by various theoretical models for the Of these processes depend crucially on the plasma parameters
POS operation. Comparison of these calculated currents to the [15]. Plasma erosion near the cathode, which is accompanied
measured currents indicates that the plasma behavior during by the formation of a bipolar sheath and a vacuum gap, and
conduction is governed either by plasma pushing or by magnetic- : g : '
field penetration and less by sheath widening near the cathode, as can be deS(?rlbed by the four .phase model [7]', IS eXpeCte(.i.to
described by existing models. Also, the conduction current mainly P€ the dominant mechanism in the F’OS opening at densities
depends on the prefilled electron density and less on the plasmabelowa1 x 10'* cm~3. Other mechanisms that cause a sheath
flux, which is inconsistent with the predictions of the erosion widening near the cathode may be dominant at higher densities
(four-phase) model for the switch operation. Another finding is  [g]_[11]. Magnetic field penetration into the plasma due to the
that a better azimuthal uniformity of the prefilled plasma density Hall field with a negligible ion motion. which is described b
shortens the load-current rise time. glig . ! - y
_ electron-magneto-hydrodynamic (EMHD) theory, is expected
O'J\‘/gfég;”;?;;lgﬁ;nsa devices, plasma measurements, pulsey, |imit the current conduction through the POS at densities up
P 4 ' to a few times 18* cm~2. At higher densities, POS operation
is predicted to be dominated by MHD pushing of the plasma
. INTRODUCTION [16] or by MHD pushing mixed with a Hall-field-induced

LASMA opening switches (POS'’s) are used in pulsethagnetic field penetration [17]. In addition to the electron

power systems as intermediate stages between pulse ¢#@nsity, the dominance of each process also depends on the
erators and various loads [1]. The generator current flol§S dimensions and geometry, on the plasma composition, on
through a prefilled plasma and energy is stored inductivelije voltage polarity, and on the injection velocity [15], [18].
until the POS opens rapidly and the current flows to a load. TheThe electron density in long conduction POS’s was mea-
use of a POS results in shortening of the load current rise tirdgred using He-Ne laser interferometry and was found to be
[2] as well as in power and voltage multiplication in inductivéetween 4x 10** cm=2 and 2x 10*¢ cm=2 [19]. The current
energy storage systems [3], and improved energy couplingaenducted agreed well with the value expected when MHD
loads [4], [5]. POS’s have been shown [6] to operate oveushing is dominant [16], [19]. During current conduction a
both a wide range of currents times (from a few kA up tsignificant plasma motion was observed [20], but magnetic
several MA) and conduction times (from 10’s of ns to a feweld measurements [21] showed that there was a significant
us). Opening times can be as short as 10 ns for the shartagnetic field penetration.
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The density of the plasma in short conduction POS's, Flashboard
produced by flashboards or plasma guns [6], has usually been Z';’jgg
measured by electric probes and charge collectors [25], [26] M
and has been found to be between<110'2 cm~3 and 1 x : Frefed
10'* cm~3 [1]. As we mentioned above, at this low density Anode " _7
regime, plasma erosion is expected to be dominant. Indeed, it A\ _ .CF)L
was claimed [25], [26] that the current conducted by the POgrine 2% Shorkreut o _
agreed reasonably well with the predictions of the four-phagererator  ¢ihode r'd oM ing
erosion model. In these estimates, it was assumed based on AAAA Ay
line-emission [26], [27] or the plasma source substrate [20] Anode Line Beam T
that the ions are Cll and CIIL. ‘, emission P! PMT's i
In this paper we study the effects of the prefilled-plasma st =~ L Fier
parameters on the maximal conduction current and on the ) ,” Doped g
conduction and opening times in a short conduction plasma Leser V" Region fA'EETETRRO' M
opening switch. We present the results of electron density 5™ Prsm M
measurements that were performed using two independent ]F;illT‘s

spectroscopic techniques in a 200-kA, 85-ns POS experiment.

First, the electron density of the flashboard-produced p|asr{ﬁ9. 1. POS system and the spectroscopic diagnostics. The prefilled plasma
is produced by the flashboard and injected radially inward through the anode.

in the POS reglon IS determ'ne_d as a _funCt'on_ of t'me USINYe focused iaser pulse is aligned to either of the POS electrodes, in order
Stark broadening of hydrogen lines. This technique yields theevaporate material and achieve local measurements. The light emitted by
density integrated over the axial line of sight. In the secoriée plasma and thhed‘JOPEd igﬂl_s ri]S _difecltled bé’ S beham SP'litFelf O”tob the two
technique, a lower bound on the density is obtained from lev&Rectrometers. The dispersed light is collected by photomultiplier tubes.

population ratios of Mgll. The magnesium ions are introduced

into the plasma by locally doping the prefilled plasma using 180
laser evaporation [28]. This allows for doping the plasma with 160 7 7
various ions whose spectral lines are suitable for the different z 1407 ;
measurements, and for obtaining measurements which are 22 207
spatially resolved in the axial direction. The density of the = 1007
plasma measured spectroscopically is found to range from 2 282 L
(7 + 2) x 10 cm™3 to (3 &+ 0.5) x 10'* cm=3, for S 40l
conduction times ranging from 40 ns to 100 ns, respectively. 201 ‘,"

We also measure the electron density using electric probes (I S O NN
which, as stated before, are commonly used to determine the 0 20 40 60 80 100 120
density in ns POS’s. These measurements yield a density Time (ns)

which is much lower than that determined spectroscopically.
For our plasma parameters electric probes may not be adeun‘i%.eZ. Generatorl,, solid line) and load f;, dashed line) currents.

since they become saturated. Thus, the density obtained from

the two independent spectroscopic measurements, with the theoretical models. We conclude that in a short conduction
uncertainties given above, reflects the true electron densityp®S the plasma behavior during conduction seems to be
the plasma. It is, therefore, possible that in those previous @gverned either by plasma pushing or by magnetic field
POS experiments the density was actually much higher tha@netration and less by sheath widening near the cathode.
was assumed.

We also measure in detail the plasma composition which
is a highly important parameter in determining the POS
conduction. It is shown here that in our flashboard-producedThe POS, shown schematically in Fig. 1, is coaxial with
plasma, the most abundant ions in the plasma are protons. lthis inner electrode charged negatively. The inner and outer
shown that near the cathode protons contribu®% of the electrode diameters are 4 and 9 cm, respectively, and the
ionic charge, while closer to the anode the heavy ion fractigiasma axial length (full width half maximum, FWHM) was
becomes largerx= 75% of the ionic charge. We study thevaried in the experiment from 6 to 10 cm. The inductances of
azimuthal uniformity of the electron density and found that #he transmission line upstream and downstream of the prefilled
better azimuthal uniformity shortens the rise time of the logulasma areL;; = 95 nH and L, = 25 nH, respectively. A
current. 300-kV voltage pulse is applied to the inner electrode by a 4

In Section I, the POS, the plasma source, and the didg}, 12, LC-water-line Marx generator, producing a current
nostics are presented, and in Section lll, the experimenfallse with a quarter period of 85 ns and a peak current of
results are described. In Section IV, we discuss the effe@80 kA (depending on the POS conduction duration due to
of the prefilled-plasma parameters on the POS operation.the changes in the inductance). Typical generator (upstream)
particular, we examine the dependence of the POS maxinsalrent and load (downstream) current, measured by calibrated
conduction current on the electron density and compare it Rmgowski coils, are shown in Fig. 2.

Il. EXPERIMENTAL SYSTEM AND DIAGNOSTICS
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Two 1-m spectrometers each equipped with a 24Q@Bat is produced flows through the 85% transparency anode
groove/mm grating giving a spectral resolution of 0.86 into the POS region.
and a dispersion of 2-B/mm are used for the spectroscopic
observations. The diagnostic system, shown in Fig. 1, allows
for axial line of sight over the entire POS gap. A few imaging
systems that image a rectangular section of the plasma onto the
spectrometers input slits are used. Mirrors are used to obt&in Density of the Prefilled Plasma
measurements at different radial and azimuthal positions. TheThe time-dependent electron density.) of the prefilled
spatial resolution in the radial and azimuthal directions {slasma is determined from Hand H; Stark broadening. The
1-2 mm. The light from each spectrometer output slit igxperimental line widths are fitted self-consistently assuming
imaged by a cylindrical lens onto an optical fiber-bundighat the lines are broadened by Stark and Doppler effects [30],
array (fiber diameter of 25pm). The distance between eaclf31]. A quasi-static approximation for the perturbing ions is
spectrometer output slit and the optical fiber-bundle, ang@ed in the Stark calculations; i.e., we neglect the effect of the
the position of the cylindrical lens, are varied to changen motion on the relevant time scale [30], [31] which is the
the magnification of the spectrometer dispersed light. Thisverse of the line half FWHM (on the order of few ps). For
allows for choosing the spectral separation between thar plasma parameters, this approximation is well known to be
optical fibers suitable for the different measurements. Thalid for Hg. For H, the Doppler dominates the broadening
light is then transmitted by the optical fibers to a set aind the inclusion of the ion dynamics negligibly affect the
10 photomultiplier tubes (PMT) that have a response timesults [32]. In the calculation, the Doppler contribution is
of 4 ns. The time-dependent spectral profile is recorded @8sumed to be Gaussian. This assumption is found to give a
multichannel digitizers. Absolute calibration of the diagnostigatisfactory fit of the calculated to the observed line profiles.
systems was performed. We note that in these calculations we assume that the per-
Plasma doping is performed using a Nd:YAG laser puls@rbers are singly charged ions. The correction for the inclusion
(<100 mJ, 10 ns FWHM) that evaporates materials depositefl the multiply charged ions is discussed in Section IlI-C.
on either of the two POS electrodes [28]. For doping off thgince electric fields resulting from the flashboard current may
anode, the laser beam is passed between the cathode sigfsct the Stark broadening of the hydrogen lines we have
The laser pulse forms a plasma column witH5° divergence taken measures to eliminate such fields by screening the fields
angle that flows into the POS region. The doping column axigsing a thin grid of 90% transparency placed 3 cm from the
position is varied in the experiments by changing the positidiashboard surface.
of the prismP (see Fig. 1). The electron density for the flashboard configuration used
The plasma was also investigated using arrays of up to ihlthe POS experiments is shown in Fig. 3 for a few radial
negatively biased charge collectors (Faraday cups) that wetssitions. For this flashboard configuration, optimal POS op-
spaced axially 1.2 cm apart. Up to four arrays can be used iemtion is achieved when the generator-current pulse is applied
single shot, positioned at 9Qvith respect to one another. The(2.3 + 0.1) us after the flashboard is discharged (we define
arrays can be rotated in order to view the plasma injectedthag optimal POS operation when the POS reaches full opening
any azimuth and can also be axially and radially translateat.t = 8547 ns, delivering the maximum current to the load).
The diameter of the collimating hole in each cup is 0.0At this time, the electron density over the entire measured
cm, allowing particles with a divergence angle of°4% be region is determined to be (20.4) x 10** cm~3. At each
collected. In addition, measurements were performed usingngtant, the density is similar at all radii, although at each radial
single Langmuir probe made of 1-cm long, 200+ diameter position it is increasing in time up to> 3 us. This indicates
tungsten wire. that the inward geometrical convergence of the flowing plasma
The plasma source was designed for achieving versatil@pproximately compensates for the increasing distance from
in the prefilled plasma parameters. The plasma is produddé flashboard.
using two flashboard arrays, which are similar to the onesWe have also performed plasma-density measurements us-
described in [29]. However, in order to achieve better contrivlg charge collectors and electric probes. At the time of
over the plasma parameters, each flashboard has been madetefest, the charge collectors show a density that is by an order
two boards: one on which the discharge gaps are printed asfdmagnitude lower than that obtained using spectroscopy.
the other serving as the ground electrode that carries the retlihe time-dependent radial ion flux collected by the charge
current. It was found that varying the spacing between thesellectors when placed at = 3 cm is shown in Fig. 4(a).
two boards affects the electron density and injection velocitiig. 4(b) shows the density determined spectroscopically and
For this coaxial experiment, the flashboards are bent to fothe intensities of H and the Clll 2297A line. At the early
a cylinder located 6.5 cm outside the outer electrode. Sevetiales, no line emission is observed and the charge collectors
flashboard configurations, differing in the number and size ofost probably show the protons propagating ahead of the
the discharge gaps, the number of chains, and the capacitampgrogen-carbon plasma. The peak flux measured by the
of the driving capacitor bank0(22 uF < C < 0.9 uF; charge collectors, reachedtat 1.9 iis, is4x 108 cm2s71.
16 kv < V < 35 kV) were tested. The flashboard dischargé lower limit for the ion radial velocity, estimated assuming
gaps are coated with graphite to enable operation at relativéhe ions are formed &t= 0 at the flashboard at a distande
low charging voltage of the driving capacitor bank. The plasnfeom the charge collectors, Gy.n(t) = % ~ 4 x 105 cm/s.

I1l. M EASUREMENTS
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Fig. 3. Prefilled-plasma electron density as a function of time at a few rad@\/ 2796 A line) and the 32D, level (Fox. = 8.9 eV 27984 line)
positions obtained from Stark broadening of hydrogen lines. The densitydBé 3/2 . ) i !

) . erved by two spectrometers in the same discharge. Two discharges with
averaged along the direction. y P 9 9

different laser timings are shown.

the ion thermal velocity. The CllI radial directed velocity is
determined by time-of-flight calculation from the carbon line
emission to be~6 x 10° cm/s, while the thermal velocity,
determined from the Doppler width, is2x 10° cm/s. The
proton temperature cannot be measured directly, but can be
estimated from the temperature of the other ions to<la®

eV, corresponding to a velocity af4 x 10° cm/s. The proton
directed velocity, determined by time-of-flight calculations
from the charge collector signals, Is1 x 10” cm/s. Thus,

the ion directed current is much larger than the probe ion-
saturation current (the Bohm current), and the probes could
not be used to determine the density. To conclude, the density
obtained from electric-probe measurements has been found
here to be lower than the true density by an order of magnitude,
which is possible to occur in other POS experiments as well.

(@)

clectron density
-------- Tydrogen (11,)
............. ClI (2297 A)

(b)

Intensity (Arb. Units)

12 14 1.6 18 20 22 24 26 28 ) _ .
Time (1) B. Electron Temperature and Density from Mgll Line Ratio

Fig. 4. (a) Plasma flux obtained from the charge-collector measurements. b)The electron denSIty and temperature are also studied using

The density obtained from Stark broadening of hydrogen lines (solid line), HN€ line intensities of Mgll doped in the plasma and collisional
(dashed line), and Clil line (dotted line) intensities (in arbitrary units). All theadiative (CR) calculations [33]. Fig. 5 shows the time depen-

measurements are takenrat= 3 cm. The comparison shows that the char ; At
collectors are saturated already by the relat?vely—low—density proton plagﬁgnt populations of the Mgl 3EP1/2 level (e)f(:_ltatlf)n energy
propagating ahead of the carbon ions. of 4.4 eV) and the 36D3/2 level (8.9 eV) atr = 2.5 cm and
z = 0 cm obtained in two flashboard discharges. The two lines

, ) , are observed simultaneously by the two spectrometers, and the
Therefore, the maximum density determined from the chargg,ing of the evaporating laser pulse (relative to the flashboard
collectors is~1 x 10'* cm™®. At this time, the electron gischarge) is varied between the discharges. Knowledge of
density obtained from the hydrogen lines (Fig. 3) is alreadfe density of the ions whose lines are measured and of the
2-3 times higher. At later times, the ion flux decreases and fj@velength sensitivity of the spectroscopic system are not

density obtained from the charge collectors does not increaggyuired, since the ratio of two lines of the same charge-state
while the density obtained spectroscopically rises. The lingd of similar wavelength is used.

intensities of the i and ClIl show a temporal behavior similar  The population ratio of these two levels is sensitive to
to that of the electron density obtained spectroscopically. hoth the electron density and the electron temperature, since
We believe that at later time$-@ :s) the charge collectors the 3d level can be either directly excited from the ground
are saturated and not all the ions are collected. This probabtgte (which requires electrons with energg.9 eV) or by
occurs since the density inside the cup is too high, and becagseitation from the 3p level (requiring two electron collisions
secondary plasma is produced at the collector entrance dt each with energy>4.4 eV). For our plasma parameters
the fast proton plasma. Measurements with a single Langm(fair from the local thermal equilibrium or corona limits),
probe gave a temporal dependence similar to that of the chatige excitation by a single collision causes the line ratio to
collectors, since the ion directed velocity significantly exceedle sensitive to the temperature. Excitation by two collisions
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307 S . e s P constitute the plasma. It is found that at the times relevant
2 281 Experiment . for the POS operation the plasma near the cathode is mainly
& 26 ® o 5x10Yem’ ] composed of protons with a small fraction of neutral hydrogen
g 5y 6eV ® o 1x10%em® 1 and heavier ions. Farther away from the cathode and closer to
ks 10 oV A 2310 em” the flashboard there are increasing amounts of heavier ions,
E 22“20 .oy v oo 3x10%em’ mostly carbon with small amounts of oxygen, silicon, and
3 204 : N Fev nitrogen. Copper ions were observed to arrive at the POS
_f‘; 18 o8V i region only after the time at which the POS is operated. The
2 64 .ég x aevy hydrogen, oxygen, and silicon ion, as well as a considerable
i 14 A6V : amount of the carbon ions, are formed from the material that
N — 4 q,‘v N 2 ",VY is adsorbed by the graphite coating on the flashboard and by
18 19 20 21 22 23 24 25 26 2.7 the POS electrodes, while the copper ions originate from the
Ti flashboard electrode material.
ime (Ks) The abundance of the various ions in the plasma at two

Fig. 6. Experimental population ratio of the Mgll 35 ;> and 3d?Ds /, radial positi(_)ns E_ind at the time of _optimal POS op_eration
levels, and the results from collisional-radiative calculations for a few valu@&f€ summarized in Table I. The atomic levels from which the
of the electron density and temperature. It can be seen that when the POgdwisity of each charge state is determined using the CR-code
applied ¢.2 us < t < 2.4 us) a density over Ix 10'* cm™? is required . - - .
in order to expiain the line ratio. calculatlor)s are also indicated in the table. The CR calculations
also took into account charge-exchange processes of the type

. - _ _ o C%+1 4+ H — p+CZ (excited). For our plasma parameters, the
makes it sensitive to the density, since two collisions have ¢y |evel populations were especially found to be affected by
be frequent enough as not to allow the radiative decay frofese processes.
the 3p level to occur between the collisions. o In Section I1I-A, the electron density is determined from the

The rgtlo between the level populations is shown in Fig. fiydrogen Stark broadening assuming thait™ = n; (where
The ratio shown represents an average ov80 flashboard ;, is the ion density) i.e., singly charged ions. However, the
discharges with the doping column formed at a few rgjasma also contains multiply-charged ions, and the contribu-
dial positions .2 cm < = < 4.2 cm) and axial positions tjon of each ion species to the Holtsmark electric field is pro-
(=3.5¢cm < » < 3.5 cm). For the time at which optimal portional ton?/®2?, whereZ;, n! are the charge and density
POS operation is obtained.g 1S < ¢ < 2.4 1iS) the ratio of each ion species, respectively. Therefore, the density should
is aImo;t constant, 1#& 1.5. The r.e_sults of the CR-codepe corrected byntue = pStark. [S° Zind ) S7(29)3/20]] [34].
calculations for a few electron densities and temperatures §'&an be seen from Table | that the true electron density
indicated by the symbols on the graph. The times at which the 10250 lower than that determined in Section Ill-A. The
calculated ratios are shown are the times at vv_h|ch the qe”i‘mbton density in Table | is calculated by subtracting the
values are determined by the Stark broadening (Section INeasured ionic charge from the electron densiy:= ntue —
. . T, — 'le

A). It should be noted, however, that in Section lll-A thes~ 74,7 Thys while the electron density is largely uniform
electron density was determined assuming singly charged i0Fge the radial dimension (see Fig. 3), the plasma composition

and that the true density is smaller when the multiply-charged spserved to significantly differ across the inter-electrode
ions are accounted for (as discussed in Section IlI-C).

order to obtain the electron density and temperature self-
consistently, we first obtain an estimate of the temperature
using the density determined in Section IlI-A. The temperatue Comparison of Different Flashboard Configurations

is used to determine the plasma composition from absoluteye haye studied the initial plasma parameters: electron

level populations (Section IlI-C). The plasma composition Iaensity, electron temperature, injection velocity, and azimuthal

in turn used to correct t_he electron_ density and so on. Fl%iformity, as well as the POS operation, for several flashboard
2.2 us < t < 2.4 us this self-consistent,

, iterative process,nsgurations. It was found that as the spacing between the
yield an average temperature o£50.5 eV. board with the discharge chains and the ground electrode board
A comparison of the measured and calculated levek i, reaged; the injection velocity decreases, and the plasma

population ratios can be used to obtain a lower bound on t§g.,mes |ess azimuthally uniform. The azimuthal uniformity

electron density that is independent of the Stark broadenifigs ,qied by measuring the electron density from theard
results. It can be seen from Fig. 6 that the calculated ratip's@ Stark broadening at different azimuths.

14 —3 H : f
for n, < 1 x 10 cm™* cannot explain the observed ratio at Fig. 7 presents the electron density at= 2.5 cm as

22ps <t < 2.4 s (the ratio is constant féf, > 15 eV). The 5 nction of azimuth for two flashboard configurations. In
lower bound obtained here is in agreement with the densf{ys, cases we determined the time-delay from the flashboard
obtained from the hydrogen Stark broadening measuremerﬁ?rplication to the generator firing that allows for a maximum
. current to be transferred to the load {at 85 ns). The density
C. Plasma Composition values averaged ovet100 ns at the time the POS operates
The plasma composition is studied by observing the lirere shown in Fig. 7. The azimuthal uniformity is determined
emission from the various charge states of the elements tfratn the standard deviation of the density values at the eight
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TABLE |
DENSITY (IN cm™2) OF THE PLASMA CONSTITUENTS AT TWO RADIAL POSITIONS IN THE POS NTERELECTRODE GAP. NEAR
THE CATHODE (AT r = 2 cm) THE PLASMA |s PRIMARILY PROTONS WHILE NEAR THE ANODE (r = 4.5 cm), THE
MAJORITY OF THE PLASMA |s CoMPOSED OFCIII-CV | oNs. FOR THE INTERPRETATION OF Stk aND nfrue, See TexT
species | level r=2.5 cm [em ?] | Zong fem ) r=4 cm [cm 7] Zm; fem™)
ntark (2.6 £0.3) x 10" (24 +0.3) x 1011
CIL 1 s (8 +£2) x 10! 8 x 101 (6+2) x 0% 6 x 101
CUI 202 (6+1.5) x L0 | 1.2 x 10%2 (140.3) x 10" | 2x 0¥
C1v 3p.5g. 5| (6+2) x 1017 1.8 x 0% (L£0.5) x 107 | 3x10"
v 2p (6+2) < 10" 2.4 % 104 (1 40.5) x 108 | 1x10%
Oll 3p (240.5) x 102 | 2 x 10% (14 3) x 1042 1% 10™
OII1 3p (44 1) x Lo 8 x 101 (6 £ 3) x 101 1.2 x 10"
OIV 3d (642) x o4 2 x 1012 (140.5) x 10" | 3x 102
Sifl 1d (1.540.5) x 1011 | 1 x 10 (2+1) x 104 2 x 101
Silli 207 (4.5 +2) x 1M 1% 1012 (24 1) x 10*2 4% 102
SilV p. 5 (1£0.5) < 102 | 3 x 104 (24 1) x 102 6 x 10
N1 2 (1+0.5) x 102 | 1x 10" (14 0.5) x Wi |1 x 10!
NIl 2p (1-£0.5) x 10 |2 x 10" (L +0.5) x 10" 2 x 101
H n=3 (1.5 £0.2) x 10" (L5 +0.5) x 10"
S Zind (6.5 4 3) x 0% (11.5 4 5) x LO¥
plrme (2.140.3) x 10! (1.6+0.5) x 10"
proton | - (145 +0.5) x 10" (4.5 £3) x 10"
T T T
E g 1
o
.;E |
= j
z ]
Z ] B
S i
o = 4
OO T T T T T T T T T T T T :
50 100 150 200 250 300 350 -
Angle (degrees) —
1.5 2.0 25 3.0

Fig. 7. Electron density as a function of azimuth for a flashboard configura-
tion providing a load-current rise time of b 3 ns (solid squares), and for
a configuration giving a load-current rise time of 275 ns (hollow circles).

The high-voltage and ground connections are & @8d 270. Note that

Time (us)

Fig. 8. Time dependent electron density determined from hydrogen line

measurements are taken at the same positions but are slightly shifted in $f&k broadening for three flashboard configurations having different injection
velocities. The time delay for optimal POS operation for each configuration

figure.

is indicated by the arrows.

azimuthal segments. For one of the configurations (hollow

squares), a low density region is observed at 135°, and

radial directed velocity. The time-dependent electron density

the azimuthal uniformity ist 38%. For this configuration the at» = 2.5 cm for three flashboard configurations that produce
POS opening time is observed to be 27 ns. For the other plasma of similar axial length is shown in Fig. 8. The time
configuration (solid circles), the azimuthal uniformity 4 delays for optimal POS operation in each configuration are
24%, and the POS opening time is 353 ns. In both cases, indicated, showing that at this time the density is 2.8.2) x
the rise time of the load current is measured for maximal lodd** cm—2 for all three configurations. The injection velocity
current, occurring at = 85 ns. It is clear that for a prefilled of Clll is determined from the time delay of the light emission
electron density, which is the more azimuthally uniform, that different radii. For these three flashboard configurations the
POS opening time is shorter. ClIl velocities are 8x 10° cm/s, 6x 10° cm/s, and 4x 10°
Another important finding is that for peak current to bem/s. Thus, it is seen that the current conducted through the
delivered to the load a certain electron density is requirétDS is similar for similar plasma density and independent of
in the A—K gap, but there is no dependence on the plasrifiee plasma flux.
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IV. DISCUSSION found [10], [11] that the propagation velocity of a sheath and

In this section we use the experimental values of tf8€ accompanying vacuum gap along the cathode due to a

electron density and composition to calculate the various PE@gnetic field pressure 65 = (18¢*v.)"/?, wherevy =
conduction currents, based on the dominance of the processkdc (471 M) /] is the Alfven velocity andB = 2I/(cr)
mentioned in Section |. We first give quantitative prediction$ the magnetic field (assuming azimuthal symmetry). Using
for the processes suggested to describe the POS operaﬁBﬁ sheath velocity, we find the maximum conduction current

the widening of a cathode sheath, magnetic field penetratiéﬂ, €

and plasma pushing under the magnetic field pressure. We use

cgs-Gaussian units, whetd;, v,.,», and! stand for the ion Igp =
mass, plasma injection velocity, radial position, and plasma

length, respectively. All these processes suggest that openin

S 4 o ; gaecently [11], the propagation of a sheath and a vacuum gap
of the switch is achieved by magnetic insulation of the Curren\Riere studied with a more accurate form of the electric potential

carrying electrons. The magnetic insulation is expected_ é%ross the sheath. Using the asymptotic expressions derived in

occur at the radius where the magnetic field is strongest; i. 1], we could show the propagation velocity to be approxi-
next to the cathode. However, if the magnetic field propaga %\t,ed A%y = vB/(1+p4/3) wherep = 2UA/(3663/4) The

fastgr at apother rad|u_s, opening is predicted to occur'at t ximal conduction current in this modified magnetic sheath
position. Since according to these models the magnetic fi del is then

propagation velocity depends on the density, and since at
early times the density close to the cathode is higher due to All 3/4
Inp = Io|exp 1

2 lmMn?aDG] " ®

3 902 Zz

secondary plasma formation (see= 2.1 cm in Fig. 3), for 9clocl/A (4)
the estimates below we use the plasma parameters determined 0"

spectroscopically at = 2.5 cm. For all calculations we USe\vhere I, = (3/4)2re3 4 (dmn; M;)Y2.

vy = 5 10° cm/s andl = 7 cm. The ions were assumed g reviewing the predictions of the various models of
to be protons since at this position the plasma was shoWhaath widening near the cathode, we turn to processes that
(see Section IlI-A) to be proton dqmlnated. For simplicity, W8ccur in the bulk of the plasma. According to the EMHD
assume through"_“t these calculatlgns that the geneQrfltor Cur[ﬁQBry [12], [13], the magnetic field penetrates into the plasma
rises Ilnlearl.y in time,/ = 2'5,X 1(,) Als = 7.5 x 10° stat and opening occurs when the front of the magnetic field
Als, which is a good approximation for our POS. reaches the load. For a density that is almost independent
_The formation of a vacuum gap that follows a sheatly y,o 1agius (as in our experiment, see Section III-A), the
widening due to the plasma erosion is described by “B%netration veloGitymm is 31/(8772n. ¢) [15]. Employing

foqr—phase F”Ode' given in [7]. This model predict; thahis value of the penetration velocity the maximum current
switch opening starts at a threshold current that is "near\’)nducted by the POS can then be expressed as
proportional to the density and that is given by

Zien;vp2rmrl Tpmup = 16_7r(m r210 v (5)
Ipp=—7p— 1) : 37 '

wheree = Z;m./M;. In the MHD limit, the plasma is pushed axially by the

Several other processes that occur near the cathode ha@gnetic field pressure with a velocity,. For this case, the
been suggested to cause current interruption. One such proéaasimal conduction current is given in [15] as
is a sheath propagation along the cathode due to plasma 1/4

. . . . . 127TMZ‘7'LZ‘ N\ 1/2

erosion but without a vacuum gap formation. This process is Iypp = <4> (cwz]) . (6)
described by numerical simulations [8] and recent analytical Zi
results [9]. The velocity of the sheath propagation in this Among the processes that take place simultaneously, the
modified erosion model is shown to be of the forfie = dominant process in the POS operation, that process that
ace'/?, wherea is of order unity and: is the speed of light. causes the termination of the current conduction and switching
It is possible that soon after the sheath reaches the load siglehe load (opening), is the process which gives the lowest

of the plasma, opening occurs. If this is indeed the case, {§hduction current for given parameters. For example, taking
current conducted before opening can be evaluated by tinige ratio of (5) and (6), we find that

integrating the velocity to find the time it takes for the sheath

to reach the load side of the plasma. Such calculation yields Ieyup (Twpi)l/2 1677\ "/* 7)
that the maximal conduction current is hum N\ ¢ 27
Ive = —l{/g. (2) wherew,; = (dmn;Z2e?/M;)*2. Thus, if r < c/w,; (the
ace

familiar condition that the EMHD mechanism is dominant)
For our plasma parameters the maximum conduction curreve obtain/pyvup < Imup and vice versa.
in the modified erosion moddlr is much lower than gp. The dependence of the current conducted by the POS on
In addition to plasma erosion, magnetic field pressure ctire prefilled plasma density, as determined in the experiment
also widen the sheath to generate a vacuum gap. It wasd as predicted by the theoretical models described above,
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Fig. 9. Dependence of conduction current on the prefilled electron dendftig- 10 Normalized dependence of the maximum POS conduction current
measured in the experiment and as predicted by the four theoretical mod¥ilsthe prefilled electron density in the experiment and as calculated from
discussed. The symbols represent the experimental data, and the solid, dadRgfitheoretical models. The theoretical currents have been normalized to the
dotted, and dash-dotted lines are the currents predicted by the erosion m&f@€rimental current conducted at a density of 20'* cm—?. The current

(1), the modified magnetic sheath (4), the EMHD model (5), and the MHpredicted by the MHD and EMHD models are closest to the experimental

model (6), respectively. current.

is shown in Fig. 9. The theoretical curves were plotted ert® ~25%. Since the experimental values are close to both the
ploying (1), (4), (5), and (6). The theoretical currents given byfHD and EMHD values, we suggest that both processes of
(2) and (3) are similar to and smaller than that given by (490 motion and magnehcfleld penetration are important during
and are not shown in the figure. The electron density in ta€ POS operation. _

experiment is varied by varying the time delay between the It is interesting to further examine the dependence of the

plasma formation and the application of the generator currfnduction current on the plasma parameters by using the
pulse. functional density dependence predicted by (1), (4), (5), and

&6). We, therefore, normalize in Fig. 10 the theoretical currents

Fig. 9 clearly shows that, except for very low plasm X . .
g 4 P y g Fig. 9 to the experimental current conducted at a density

- ) : f
densities, the conduction current predicted by the four—pha% 4 T . -
model is much higher than the experimental current. Th:igazd.>< 10 em ¢ bltt can btﬁ seeln in Ff|q[.h10 ;hatthbegtljdes.,

suggests that (except for the low densities) erosion accordi ISagreement between the values of the sheath widening

to the four-phase model is not dominant in our POS. Anoth&} dels seen in Fig. 9 the functional form predicted by these

. . . . -~ ‘models are also much different than the behavior of the
observation supporting this statement is that the maximum

) .experimental current. Fot, < 2.5 x 10** cm~2 the densit
conduction current has no dependence on the plasma |njgcp e = &9 X Y

tion velocity (Section IlI-D), in disagreement with (1) which €pendence predicted by MHD theory is the closest to the

is based the f h del Th ducti experimentally observed dependence. At higher density, the
IS based on he fourphase model. The conduction curre %erimental values are closer to the EMHD curve. A plausible
calculated by the other models involving a sheath wideni

lanation is that at the low density regime (early times with
near the cathode (2), (3), and (4) are much smaller than %p y reg (early

d duct id ab h ect to the flashboard discharge) the plasma is composed
measured conduction current. As said above, the process }'H% tly of protons and plasma pushing is the dominant process.

occurs and allows the lowest conduction current is expectggl|ater times, the fraction of heavier ions becomes larger, and

to be the process that causes the opening. Since Opening, i etic field penetration may occur before the ions can be
found to occur at much higher currents we conclude thﬁﬁshed by the magnetic field.

sheath widening processes as described by the above modejgis jmportant to mention again that the density determined
([8]-[11]) do not occur in our experiment. The processes ffere, hased on spectroscopic observations, is almost an order
sheath formation and widening and the conditions for theig magnitude higher than previously assumed (usually based
occurrence should be studied further both experimentally agd electric-probe measurements) for ns-POS's, even for higher

theoretically. current generators. For example, in [26] the density in a POS of
Fig. 9 also shows that the values of the conduction curreffgrameters similar to our POS (negative polarity, short-circuit
calculated by the MHD and EMHD models are much closésad, », = 2.5 cm, 7 = 10 cm, I ~ 200 kA) was determined
to the experimental results than the currents predicted 'gying electric probes to ber 2 x 103 cm—3, much lower
sheath widening models. The current predicted by the MHRan what we measured spectroscopically. We suggest that it
model is somewhat higher than the experimental current overpossible that the electron densities in other ns-POS’s were
the density range shown here, while the current predicted Aligo considerably higher than have been assumed based on
EMHD theory is lower than the experimental one at densitiggobe measurements.
below 8 x 10'® cm~3. At a density of 2x 10** cm™3 In Section 1lI-D, we have shown that the POS opening time
the predicted MHD and EMHD currents intersect, and the the coaxial experiment depends on the azimuthal uniformity
difference between the calculated and the experimental valaéghe electron density. A lack of azimuthal symmetry could
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result in an azimuthally nonuniform plasma pushing and7]
magnetic field penetration, and, consequently, in a degraded
POS performance. Good azimuthal uniformity can explain theg
better operation of a coaxial POS over the planar POS [35]

(i.e.

, the load current rise-time is faster and the voltage mul-

tiplication is larger) and the improved planar-POS operatigfg;
when two anodes are used in a tri-plate configuration [36].
Thus, improving the prefilled plasma azimuthal uniformity will
lead to improvement in the operation of POS'’s.

[20]
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