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Plasma opening switaiPOS experiments were conducted on the Hawk generator using an inverse
pinch plasma source to inject a hydrogen plasma. Using a combination of interferometry, current
measurements, and spectroscopic observations, it is shown that the conduction phase is
characterized by the propagation of a current channel through the switch region that pushes a
significant fraction of the plasma mass downstream, past the load edge of the switch. The data
indicate that the current channel arrives at the load edge of the swh80 ns into the 950-ns-long
conduction phase, in agreement with calculations based)®iB displacement. Previously
published POS experiments, using multispecies plasmas, observed that a relatively small fraction of
the injected plasma mass propagated downstream and that the conduction phase ended soon after the
current channel reached the load edge of the switch. It is suggested that the observed differences
between these two types of switches involves the separation of ionic species subject to a magnetic
force, where the light-ion plasma is pushed ahead of the magnetic field front and the heavier-ion
plasma is penetrated by the field. Species-separation effects may be important in a multispecies POS
but would be negligible in this almost pufe 95 %) proton-plasma experiment. While the important

role of the plasma composition in pulsed magnetic field plasma interactions has been pointed out in
previous experimental studies, this work demonstrates that the plasma composition can have a
significant effect on the conduction time of a POS2@05 American Institute of Physics

[DOI: 10.1063/1.1835991

I. INTRODUCTION hundreds of nanoseconds to a microsecoddng-
conduction-time POBSand plasma densities greater than
The plasma opening switaf?OS (Ref. 1) has been ex- 10 cm 3, the penetration rate of the field into the plasma by
tensively investigated for over two decades. It uses an inHall mechanisms is expected to be small compared to the
jected plasma to conduct current from a high-voltage pulsedrate of JX B displacement of the switch plasrﬁan this
power generator for time scales ranging from tens ofregime, EMHD effects may be important during the latter
nanosecondsup to a microsecontl,® then open on faster stages of the conduction phase or the opening pﬁasben
time scales to increase the peak power capabilities of thiwswer plasma densities are typically observed, but can be
generator. An important area of research related to plasmaeglected when considering the scaling of the conduction
opening switches involves understanding the relationship bephase’** The magnetohydrodynami¢MHD) conduction-
tween the injected plasma parameters and the duration of trezaling relationship has been discussed by numerous
conduction phas&’® This relationship will depend on the authors>®!°as a means to predict the duration of the con-
physical interaction between a pulsed magnetic field andluction phase for cases whel& B displacement dominates.
plasma. Various mechanisms have been proposed which golt-considers the axial acceleration of a snowplow, or equiva-
ern the conduction phase that are based on different physiciently the plasma center of mass, subject to dheB force
For opening switches with significantly shorter conductionwhere the conduction phase ends soon after the plasma cur-
times (~100n$ and lower plasma densities rent reaches the load end of the plasma pre-fill region.
(<10 cm3) than our experiment, the conduction phaseAccording to this scaling relationship, the switch conduction
was found to be characterized by fast magnetic fieldreny  time is based on the mass of the injected plasma, the genera-
penetration into the plasnfal’ In recent experiments, the tor current profile, and the switch geomet? It should be
explanation for the field penetration was based on the Hallnoted that these relationships were found to agree with
field effect’® using previously developed electron magne-experiments;” and the conduction phase was observed to
tohydrodynamiq EMHD) theory.12 For our POS, as well as end soon after the current-channel reached the load edge of
similar opening switches with conduction times of severalthe switch'®
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anode current such separation occurs, it would be a minor effect because of
probes . . . .
snode the high purity of the pre-fill plasma. In essentially all other
long-conduction-time POS experiments, with significant
Ls - _ e P el quantities of both heavier-ion species and protons, species-
—— A=y Schamnel separation effects may be an important physical mechanism
: T hode — and explain the common observation of low-density, current-
o VAR | srpnees | R s carrying axial plasma flow toward the load. In experiments
J=f 10 2 em) " shortedload where the plasma composition was determined, the plasma
: —— that was observed to flow toward the lo@bwnstream from
oz I == — T - the injection reglg)monly cqntalned the initial proton fraction
= 2channels of of the plasmé. We believe that the plasma observed to
optical emission . .
initial POS e Spectroscopy flow toward the load in other experiments, where the plasma
inverse pinci A o . . .
plasma o2 P inverse composition was not determined in detail, was also due to

inch _ .
pine the proton componen?® =3It should be noted that evi-

FIG. 1. Schematic of the physical apparatus used for this experiment. dence for species separation has been shown experimentally
for a variety of configurationgé pinch, Z pinch where
pulsed magnetic fields push plasni&d’ and investigated

Plasma sources commonly used for |0ng_ConductiontheoreticalIy'.*8'39 However, recent experiments have shown
time plasma opening switches, such as flashboards arthat in a POS species separation is characterized by the si-
cable-gund’ ™ produce plasmas whose mass is dominatednultaneous reflection of the light-ion species plasma and
by carbon or a mixture of carbon and fluorine ions,magnetic field penetration of the heavier-ion species
respectivel?®2! This pre-fill plasma also contains a signifi- plasma.”****** which was not addressed by the earlier
cant fraction of protons that may be 20%-65% bypublications.
number* This paper reports experiments where the con-
duction phase of a POS was investigated using a plasma MHD POS CONDUCTION-SCALING
composed of at least 95% protons by number. Anagfial.
investigated a POS using hydrogen plasma from a coaxial _The MHD conduction-scaling relationship is applicable
plasma gun, but measurements of the plasma purity, conduto instances wherd X B forces dominate the conduction
tion scaling, or density evolution were not reporfédzor ~ Phase physics. The scaling relationship assumes Jts
our experiments, the gas-driven inverse piriti) plasma forces displace the plasma axially until the plasma current
SOUrCéS was used on the Hawk generator at the Naval RereaCheS the load edge of the pre—fill region, aﬁerward, due to
search Laboratory with an inductiyshorted load as shown Plasma radial mqtion, a localized Iow.-density region devel—_
in Fig. 1. This generator has been used for numerous PO&S where opening can occur. Previous experimental evi-
experiments including scaling experiments with both cabledence has indicated that the switch opens very soon after the
guns and flashboards as plasma souttes. current reaches the load edge of the swittthus the scaling

In this POS experiment, multichannel time-resolved in-relationship to predict the duration of the conduction phase
terferometry and absolutely calibrated spectroscopic obsefOr conduction limij is based on axial X B displacement.
vations were used to determine the p|asma mass and Compgnder these CirCUmStanceS the pOSition of the current chan-
sition. While we have concluded that the plasma is pushef€l may be described by the snowplow motéfThe con-
axially in accordance with MHD calculations, we do not ob- duction limitis arrived at when the current chan(ei snow-
serve load current soon after the plasma current has reach®PW) has propagated a distantethe length of the pre-fill
the load edge of the injection region, a result that differsr€gion; this has been shown to be equivalent to the d'lsplace—
from previously published experimental results. In this ex-ment of the plasma center-of-mads by half the switch
periment we found that over 40% of the conduction phase i¢€ngth.” The relationship between the plasma center-of-mass
characterized by bulk, downstream axial plasma flow, an@xial displacement and the upstream curiétjtis
current convection toward the load. This result is supported o

. . — o 2A42
by the spectroscopic modeling, anode current probes, and Az—mffl dt?, 1)
MHD calculations based on the measured plasma mass. The ©
latter part(10%—15% of the conduction phase is character- wherey, is the permeability of free spacg,the average ion
ized by a steadily decreasing electron density, presumablgharge,M the average ion mass, the electron density, and
due to radial motion of plasma, which takes place over & is the radius. To obtain a scaling relationship between the
significant portion(~1/2) of the physical A-K gap. Thus, maximum conducted curretihe value ofl at the end of the
our switch exhibits aspects of a plasma flow swichrrent  conduction phageand the plasma mass densityine/Z)
convection,?® as well as a POSdensity decreageWe sug-  from Eq. (1), one must seAz=L/2 and use a radius where
gest that the discrepancy between our results and those tife plasma acceleration is the largest, i.e., wHgfhn, or
other experiments is due to the high purity of our pre-fill 1/ng? is a maximum. It is at this radial location where the
plasma. For our experiment, it is not clear whether field pencurrent channel is predicted to reach the load edge of the
etration of the heavier-ion plasma component leading to spaswitch first. Experimentally, the onset of load current is typi-
cial separation of the ionic species occurs. However, even i€ally used to delimit the end of the conduction phase.
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800 T T T T T T generator and load currents for a POS shot using cable-guns
and H, gas in the IP.
e For the experiments reported here, the IP source was
operated using delay timgdme between start of IP current
< and generator currensuch that the initial electron density
=~ 400 F . . . . . . .
H distribution was radially uniform and static on the time scale
5 of the conduction phase. This aspect of the IP source was
200 discussed by Moschella and co-workers and results from the

fact that the IP produces a radially expanding, annular
plasma rind>** The entire plasma mass produced by the IP
can be injected into the POS in a few microseconds. In the
Hawk configuration, the 3.4-3,6s delay that was used re-
FIG. 2. Typical generator and load currents for the hydrogen POS an(§5UIted in an initial plasma distribution that was radially uni-
cable-gun POS. The anode-cathode geometry was identical for both shotform to within +10% of the average, and remained that way
for =1 us in the absence of a generator discharge. Thus,
during the entire conduction phase additional plasma did not
. EXPERIMENTAL DETAILS AND DIAGNOSTICS enter the POS fill region. Previous measurements with mul-
tiple beam interferometry had also shown that the pre-fill
The data reported in this paper were obtained during twglasma electron density had an azimuthal uniformity of
sets of experiments using the IP plasma source, witlyas,  +10% with respect to the average.
on the Hawk POS as shown in Fig. 1. During the first set of  For the first set of experiments, the IP capacitor bank
experiments the scaling of the POS as a function of the inwas located outside the vacuum chamber. The connecting
jected plasma was investigated while making electron deneables were fed inside the cathode with the IP oriented as
sity measurements using a multichannel, time-resolved intesshown in Fig. 1, so the gas-valve faced the generator end of
ferometer. To compare these results with a more standarthe machine. In the second set of experiments, the IP capaci-
plasma source, some shots were also taken with a 12-cablsr bank was installed inside the cathode upstream from the
gun array using the same anode-cathode geortielnythat  switch region. In this case, the orientation of the IP was
case, the plasma was injected radially inward through theeversed, and the gas-valve faced the load end of the ma-
anode with a solid cathode. The second set of IP/Hawk exehine. The diagnostics that were used for both sets of experi-
periments concentrated on the spectroscopic observations ofents, namely, the interferometer and the current probes,
impurity carbon emission during the conduction phase. Thershowed no significant differences for these two configura-
was a difference in the orientation of the inverse pinch fortions using a shorted load.
these two sets of experiments as we will discuss in this sec- In addition to the current probes, a multichannel, time
tion. resolved, heterodyne interferometer was used to measure the
The Hawk pulsed-power generator consists of aFL  line-integrated electron density in the P&fSThis interfer-
Marx bank that has an output voltage of 640 kV, and storeemeter used a He-Ne ribbon laser beam that was directed
230 kJ for a 80 kV charge with an inductance of 600 nH upaxially through the POS. The detection system consisted of a
to the POS?® For typical operating conditions, the current series of eight detectors that were centered on radial posi-
pulse shorted at the POS, is sinusoidal with a peak value dfons from 6.5 to 8.5 cm at equally spaced intervals. Each
750 kA and a 1.2ss quarter cycle time. The IP plasma sourcedetector had a diameter of 3 mm, so the interferometer sys-
was mounted inside the cathode whose outer radius was 6.38m viewed nearly the entire radial region of the switch. The
cm. The plasma entered the switch via a 5-cm-long 85%ensitivity of the interferometer was  »QL0Y
transparent section of the cathode that contained 18 apeglectrons/ci? (2° phase resolution
tures. The anode was solid and had a inner radius of 8.57 cm. For the second set of experiments, two spectroscopic
The anode was shorted to the cathode=a83 cm with the  observation channels were added to the diagnostic suite. One
center of the POS injection region z£0. The POS-to-load such channel is schematically shown in Fig. 1. Each channel
inductance in this configuration was 20 nH. To measure curwas set to axially view light emission from the plasma at the
rents downstream from the switch, three sets of currensame radial position, but at different azimuths. Data were
probes were used. They were located on the outer conductobtained for three radial positions, one near the cathode, one
(anode at z coordinates 6.3, 22, and 32 cm as shown in Fig.near the anode, and one centered between the two electrodes.
1. At each axial location there were two probes separated byhe emitted light was coupled via lenses to UV-grade 20-m-
180°. The vacuum system consisted of an oil diffusion pumgong fiber optic cables. Each fiber was fed into a monochro-
with a typical operating pressure o107 Torr. mator located in a shielded room, and photomultiplier tubes
The IP is a gas driven plasma source that is essentiallwere used to detect the light. One of the monochromators
the inverse of a conventional gas puff Z pirfciThe source  was a 0.25-m UV-grade Acton VM502 with a spectral reso-
was operated by pulsing a fast-acting gas-valve that was folution of 5.6 A, while the other was a 0.5-m visible light
lowed, 325-40Qus later, by a capacitive discharge that ini- Jarrell-Ash 82-010 with a spectral resolution of 7.2 A. Each
tiated plasma formation. The Horessure in the gas-valve of the monochromators was set to view the entire line in
ranged from 100 to 800 pgjauge. Figure 2 shows typical question, and care was taken to make sure that nearby lines

0 N . . - s 2
0.0 0.2 04 0.6 08 1.0 12

time (ps)
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FIG. 3. The maximum conducted current in the POS as a function of the 100
average injected electron density. The triangles are the data points using a ) ;
hydrogen plasma and the solid lines show the MHD conduction limit for (b)
several ion mass-to-charge ratidd/Z). 80F 1
'
£
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did not corrupt the signal. Both spectroscopic channels were % 5 g
absolutely calibrated using a tungsten filament lamp with a £ 4o} 1
NIST traceable absolute calibration and a UV deuterium §
lamp with a relative intensity calibration. The latter was used & 20} 1
to extend the absolute calibration into the UV range using the i
. I T
region where the two lamps overlg000—4500 A oo 1, : sensitivity fim# -
To investigate the possibility that neutral gas from the IP 65 7o s 80 88

K . . radius (cm)
gas-valve was present in the switch region, we used an ul-

trasensitive interferometer to make gas measurenieiitss FIG. 4. Density data for the hydrogen POS. P@it shows the average
interferometer has a sensitivity of TOwaves, and could electron density as a function of time for three channels of the eight channel
measure H Iine-integrated gas densities lower than intgn‘erometer ona sin'gle shot. The start and end of the conduction phase is
105 em2. These observations took place in a test bed. wit delineated by two vertical dotted lines. Pény shows the average electron

: S . . p . . ! hjensity as a function of radius at five different times on the same shot.
the IP mounted inside a cylinder with an identical geometry
to the actual POS cathode.

plasma that first enters the gap at -2 and becomes

IV. OBSERVATIONS AND ANALYSIS evenly distributed in a radial sense at t=0. In each case,
shortly after the start of conduction, the density was ob-
served to increase on all the interferometer channels. This is

Figure 3 shows the maximum conducted current in thefollowed later by a sharp decrease near the end of the con-
POS as a function of the initial average electron density. Thigluction phase to levels below the sensitivity limit of the
density was obtained by averaging the line integrated densitynstrument on many of the channels. In general, the decrease
from all eight of the interferometer channels over the 5-cm-observed near the end of the conduction phase shown in Fig.
long pre-fill region att=0. Each data point represents one4(a) was observed on channels 1-7. Figu(b)&hows data
shot(11 tota). The initial density was controlled by varying from the same shot as a plot of the average electron density
the gas-valve pressure. The solid lines show the predicteds a function of radius at five different times. The key obser-
scaling relationship for several different ion mass-to-chargevation from this figure is that early into the conduction phase
ratios (M/Z). These curves were obtained by applying Eq.(t~0.25 us), the electron density is higher on all the inter-
(1) with r equal to the cathode radius, equal to the initial  ferometer channels. This indicates that an ionization process
electron densityAz=L/2, and using a sinusoidal approxima- of either neutral hydrogen or impurity ions has taken place.
tion to the Hawk current wave form. It is clear that the data  The interferometry data can also be used to calculate the
do not match very well to the predicted result for a puretotal electron inventory by performing a radial integral over
hydrogen plasm&M/Z=1). the eight channels and assuming azimuthal symmetry. Figure

An examination of the interferometry data during the5 shows the results of this calculation using the data from
conduction phase clearly indicates that the initial POSFig. 4. This plot shows that the electron inventory remains
plasma could not have been fully ionized hydrogen. Figure £onstant prior to the initiation of the generator current, re-
displays some of these data on a shot where the conductdlécting statements previously made about the nature of the
current was 600 kA. Parta) shows the average electron IP plasma. However, about Out after the generator current
density as a function of time for channels 2, 4, and 6, correstarts, the electron inventory starts to rise, in this case the
sponding to radial positions 6.8, 7.4, and 7.9 cm, respectotal increase was 40%. This type of calculation was carried
tively. Only three channels are shown in this plot to avoidout for all the shots shown in Fig. 3 with qualitatively similar
confusion. This figure shows the general behavior of theesults.

A. POS results using a hydrogen plasma
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FIG. 5. A plot of the total number of electrons in the observable region as a S S 1600
function of time for a single shot. The total number of electrons was deter- g 40of
mined by computing a radial integral of the average density obtained from s 00 <
the interferometry and assuming azimuthal symmetry. The dashed line % 800 . 1 =
P . < {  Cill-2297 A v 3
shows the result when only the interior six channels of the interferometer are % 200k 5 g
considered and the solid line used all the interferometer channels. 2 3 g {200 °
c ’ "
E 100} N '
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B. Neutral gas measurements time (ps)

To investigate the possibility that neutral hydrogen gasric. 7. Two plots that show the predicted emission from the spectroscopic
from the gas-valve was present in the POS region at times afiodel(dotted lineg and the recorded carbon emission datlid lines. The
interest, we used an ultrasensitive interferometer to measu@nerator and load currents for thes_e shots are gl_so shown. The emission
gas densities directfﬁzr’. The IP was fielded in a test chamber data reported here was from the radial center position.
using a geometry identical to the POS anode and cathode. In
this test, only the IP gas-valve was operated, thus therg WaRe region. Such an estimate indicates that complete ioniza-
Lsing an axil Ine-of sight at & position corresponding to a0 O e hydogen gas would provide enouigh electrons t0
middle of the A-K gap. Figure 6 shows the result from this explain the increase in the inventory.
measurement, where the, Igas density is plotted as a func-
tion of time. In this caset=0 corresponds to the initiation of C. Observations of impurity ion emission
the gas-valve trigger and the shaded region corresponds {Pm the POS
gaS'Valve delays used for the IP/POS eXperimeﬂtS. It is clear Spectroscopic diagnostics were used to investigate the
that a significant amount of gas was detected in the POS gagbssibility that nonproton impurities were present in the POS
at times of interest. We did not measure the radial diStribUp|asma_ lonization of impurities may have contributed to the
tion of this gas; however, to estimate the impact on the elecincrease in the electron inventory and need to be taken into
tron inventory we can assume that the measurement in thgccount to accurately determine the plasma mass. Previous
radial center corresponds to an average density throughodtudies of impurities in similar vacuum systems have shown
that molecules such as,HH,O, CO, CQ, and GH,, are
common surface contaminants at 1@ orr.***’ Some con-
taminants may be desorbed by the IP plasma that first con-

&0 ; ' ; " tacts the anode surface at —26, which is ample time for
5ol mixing with the pre-fill plasma by the time the generator
e range of gas valve delays current starts at=0. For the spectroscopic observations, the
e 4 IP parameters were adjusted to produce conduction times
X a0 near 0.90us. The average conduction time was 918+36 ns
£ for the 33 shots for which calibrated spectroscopic data were
g 20 recorded. We were able to observe both UV and visible lines
& .o for Cll (2837 & 4237 A, ClIl (2297 & 4650 A, and CIV
T (2524 & 4658 A.
00 X X . Figure 7 shows examples of CI¥2524 A) and CllI
00 100.0 200.0 300.0 400.0 500.0 (2297 A) impurity emission in partga) and(b), respectively.
time (s) Also shown are the generator and load currents for each shot.

. _ _ _ Figure 7 illustrates the features common to all the emitted
FIG.6. A plpt of the hydrggen gas density as a fu.nctlon of tlme ata posmon!ight observations, namely that there is no SignalthIO, an
corresponding to the radial center of the POS with no IP discharge current, . . . .
i.e., only a gas-valve discharge. The density was obtained by averaging t@_bru_pt rise in the S'Qnal 'n_the 0.4 to OuS range, and a
measured phase shift over the 5-cm-long pre-fill region. significant decrease in the light level at about 06 These
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leading edge of time (us)
current channel . ) ) )
excited plasma undisturbed plasma FIG. 9. Spectroscopic model results from the radial center. This plot shows
P / the total carbon line-integrated density injected into the current channel as a
/ function of time.

current. A time during the conduction phase shown in Fig.
8(b), where the current front has propagated a distdbce
from the generator edge with a velocigy. In this model, the
effect of the current front propagation is to increase the elec-
tron temperature, thus regions behind the channel have an
elevatedT, compared to the undisturbed plasma. All ioniza-

. . . . tion and radiative processes occur where the electron tem-
FIG. 8. A cartoon illustrating the model used with the spectroscopic analy- t is hiah Th del lect dial ol ti
sis. Part(a) shows the fill plasma prior to initiation of the generator current perature Is higher. € model neglects radial plasma motion

and(b) at some point during the conduction phase. and axial compression.
The input parameters used for the calculations include
the electron density, the electron temperature, the carbon
observations are consistent with a low initial electron tem-density, and the charge distribution of the initial carbon. The
perature with carbon presenttat0, followed by an increase measured time-dependent average electron density was used
in electron temperature due to generator current flow. Thavith the collisional-radiative code. The quantity of carbon
second emission peak shown in Fig. 7 was an inconsisteas adjusted by varying the flux of carbdf,) into the
feature that was observed either late in the conduction phagdasma in the frame of the channel. The rate at which carbon
or after current had been transferred to the load. It is mosgnters the channel is a function of the channel velocity in the
likely due to carbon, desorbed by the POS current, whicHaboratory frame, and the density of carbon in the pre-fill
enters the line-of-sight behind the current channel. Thusplasma.
these carbon ions were not present in the pre-fill plasma. Using an iterative approach, the electron temperature
profile and the carbon flux into the channel were varied
while matching the predicted emission to the data as best as
possible. We found that the best results were obtained when
To determine the quantity of carbon in the plasma, athe initial carbon was only Cll. The optical emission data
simple model for the POS was used in conjunction withwere reasonably well fitted using simple time-dependent
time-dependent collisional-radiative calculations to predictfunctions forT, andI'.. Concerning the electron temperature
the carbon line emission and compare with the data. Th&,, it is known that it rises considerably at the current chan-
collisional-radiative carbon model used for the CI-CIV sys-nel and that the electron energy distribution becomes
tem has been described in detail in previous publicatfdfs. non-Maxwellian®®>* In our caseT, reached peak values of
The calculations take into account collisional and radiativebetween 10 and 20 eV. We found that the only way to rea-
rates for the carbon system that depend on the electron desenably fit the data was to assume a carbon injection rate that
sity and temperature. For our specific case, Cl was not corwas proportional td* during the first half of the conduction
sidered because it ionizes very quickly at the electron densphase. This implies that the current front is accelerating
ties and temperatures of interest. through the POS pre-fill region. The dotted lines in Fig. 7
Figure 8 shows a schematic of a simplified POS modelshow examples of acceptable solutions for two of the lines
where the initial plasma fills the switch uniformly from that were measured. Figure 9 shows the total carbon intro-
=-L/2 toz=L/2 as shown in parta) with L=5 cm. It was  duced into the current channgime integral ofl’,).
assumed that the carbon was axially uniform. The initial  There are two important implications of the spectro-
electron temperature was taken to be 2 eV and was based soopic modeling results. The first is that the overall level of
previous measurements where the pre-fill plasma conditionsarbon impurity ions is a small percentage of the average
were investigated spectroscopically and interferometriéﬁlly. initial electron density with a carbon fraction of slightly less
This electron temperature is also consistent with the lack ofhan 1%. Because no procedures were employed to clean the
observable carbon emission prior to the start of the generat@lectrode surfaces, the low carbon concentration is an indi-

D. Model for the spectroscopic observations
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cation that protons from the IP plasma are inefficient sputtertact with the IP plasma 2.6s before initiation of the genera-
ing ions. When Ar, an efficient sputtering ion, was used intor current. The second source is neutral hydrogen gas from
the IP during experiments with a similar POS and vacuunthe IP gas valve. This gas may coexist with the initially cold
system, the measured carbon concentration was (égh (T.<2 eV) pre-fill plasma but would be ionized later during
ceeding that of argon using the same spectroscopic the Hawk current discharge due to a riseTin Our spectro-
techniques’ The second implication of the spectroscopic scopic analysis has shown that a by-product of current flow
modeling is that the current channel reaches the load edge @firough the plasma is a considerable rise in the plasma elec-
the plasma pre-fill region at about 0.35. The modeling tron temperature up to the 10-20 eV range. An increadg in
shows that at these densities and electron temperatures, th8m 2 to 10 eV reduces the mean electron impact ionization
current channel quickly ionizes unexcited carbon to mostlyjme for hydrogen from 2@s to 33 ns for electron densities
CIV while emission from CIl and CllI is sustained only of 5% 105 ¢cm™35* We can account for these additional
when unexcited carbon is encountered by the current chargrces of plasma mass by using the results of the spectro-
ngl, i.e., while the injectiorj rate _of F:arbon into thg channel isscopic model for the density of carbon ions, using the rea-
high. Thus, the decrease in emission opserved in the 0.5-081aple assumption of an oxygen concentration similar to
us range for Cll and Clil can only occur if the rate of Carbonthat of carbon, and then attribute the additional electrons

entering the channel drops, which is What we would expechpcereq by the interferometry to the ionization of hydrogen
to happen at the load edge of the switch. Another CoNse; 1 the carbon/oxygen impurities

quence of the high ionization rates is that we cannot deter- Let us consider the interferometric data from channel 2

mine with our spectroscopic model if the carbon is pushed . L o
downstream with the protons, or left behind the current chan'—n Fig. 4@ where the electron density increases by 30%.

nel in the switch region. We also note that at 0485 the This corresponds to a radial position close to the cathode

o .~ .. where, becausB?/n, is maximum, the plasma acceleration
plasma electron density is close to, or greater than, its initial ) .
T : : is the largest. Based on the spectroscopic analysis, we set an
values justifying our neglect of radial plasma motion for

2 ) 0 o
these calculations. Analysis of the data from three radial poypper limit on.the carbon concentration O_f 1% of the initial
|ectr0n density and assume that there is also 1% oxygen.

sitions, near the cathode, near the anode, and in the radig h : | :
center, were qualitatively the same with regards to the tim urthermore, we can ex.pect gpproxmate y ,tWO electrons to
e removed from each impurity ion by the time the current

dependency and quantity of carbon. , S
We investigated the effect of plasma compression due tgeaches the load edge of the switch. The ionization of these
i 4% increase in the electron

axial motion. There is experimental evidence that plasmdMpurities would account for a

density compression does occur in a long-conduction-timdnventory. We will assume that the remaining 26% comes
POSL®21.2949his effect was investigated by assuming thatfrom ionization of neutr-al hydrogen. In this example, we find
the plasma was compressed into a channel width of 2.5 cr1at the plasma mass is about a factor of 1.5 greater than by
with the density a factor of 2 higher to conserve the particle2SSuming the initial plasma was a pure proton plasma. De-
inventory. The impact of this on the spectroscopic analysi$Pite these reasonable adjustments to the plasma mass the
was a slight reduction in the peak electron temperature antesults are still not in agreement with the predicted scaling
18% more injected carbon. A compression of the plasma téEQ. (D)].
1.25 cm resulted in an additional 20% carbon. Thus, the To help explain the apparent discrepancy, the results of
inclusion of plasma compression does little to alter our mosthe spectroscopic analysis need to be examined in more de-
important results or our conclusions. tail. In particular, the plot showing the total carbon injected
Given the fact that carbon impurities were observed ininto the current channelFig. 9) indicates that an abrupt
the POS, we can reasonably assume that oxygen impuriti€$iange in the rate of increase occurred around 550 ns into
were also present as many of the common surface contarfipe discharge. This change in the injected carbon rate was the
nants also contain oxygen. It is clear from the literature thapnly reasonable way to model the decrease in the optical
both carbon and oxygen are likely present and their relativeémission characteristic of all our observations. It is important
proportions depend on the specific vacuum sys"t@?ﬁFor to point out that while the optical emission dramatically de-
our purposes we will assume that there is an equal amount efeased at this time the electron density did not as Kig). 4

oxygen. shows. A similar result for the injected carbon rate was also
observed for the near-cathode and near-anode radial posi-

V. DISCUSSION: CONDUCTION SCALING tions. The injection rate decrea_se _implies that the current

IMPLICATIONS channel no longer encounters significant amounts of unex-

cited carbon after 550 ns, which is what we would expect if
the current had reached the load edge of the switch.

To determine if the conduction-scaling data for the 1P/ Using a more accurate plasma mass in @&, we find
Hawk POS agrees with the predicted scaling based on Edhat the predicted time for the current channel to reach the
(1) with Az=L/2, we must make a more careful determina-load edge(z=L/2) in the radial center agrees with the spec-
tion of the total plasma mass injected into the switch bytroscopic result. Using the conditions under which the optical
taking into account two additional sources. The first comesmission data was observéditial n,=5x 10'® cm™3, 1% C
from heavier impurity ions of carbon and oxygen that mayand O impuritiesn, increasing by 40% Eg. (1) was applied
have been desorbed from the interior switch surfaces by conn the radial centefr=7.4 cm with Az=L/2. Under these

A. Determining the total plasma mass

Downloaded 04 Mar 2005 to 132.77.4.129. Redistribution subject to AIP license or copyright, see http://pop.aip.org/pop/copyright.jsp



023102-8 Moschella et al. Phys. Plasmas 12, 023102 (2005)

T T T T T 1.0
E 08
3
€ os} total plasma mass 4
—_ <4
2 5 predicted arrival
€ ® a
04 L
g £
8 3
E ozt
0.0 - A v
0 5 10 15 20

mass density (x10"* amucm™)

FIG. 11. A plot that shows the arrival time of the current channel at the
downstream probe 1 location as a function of mass density. The data points
use density information from channel 7 to compute the mass density near
the anode. The filled data points indicate the total plasma rveitis 1%

g 400 carbon and oxygerwhile the open data points only the proton mass. The
€ solid line indicates the predicted arrival time of the current channel accord-
[ . .

E ing to Eq.(1) with r=8.1 cm.

3 200

mined in a systematic way by extrapolating the linearly ris-
ing portion of each signal to zero current as shown by the
dotted line in Fig. 10a). For most shots, the arrival times

from thel1W andI1E probes were averaged with the excep-
FIG. 10. Typical signals recorded by the downstream anode current prob(;[.cl,on of four _ShOtS where one of the two_prok_)e signals was
on two POS shots using the IP plasma source in @rand the cable-gun Severely Sh|e_|ded-_ For all shots shown in _Flg. 3 we deter-
plasma source in pab). The dotted lines shown next to the probe 1 curves mined an arrival time at the probe 1 location. Because the
are extrapolations of the linearly rising portion of the signal to zero currentprobes were mounted on the anode, a comparison of the
Time t=0 is the start of the generator current. arrival data with Eq(1) must use the mass density near the

anode. Based on previous parallel geometry POS experi-

conditions Eq(1) predicts that the current channel arrives atments where detailed, axially localized density d‘f"ta near the
the load edge in 0.56s, very close to the value suggested byelectrode surface was r%)orted, we expect a stationary anode
the spectroscopic ana'Iysis surface plasma to exist:* Therefore, we choose to use the

density information from channel 7 a£8.1 cm to calculate

the mass density and employ the same guidelines as before,
i.e., assume 1% of the initial electron density s &hd O

ions while calculating the additional electrons that evolve

If we examine the axially averaged electron density dis-during the conduction phase and attribute these to the ioniza-
tribution at 0.65us [see Fig. 4b)], then it is clear that al- tion of impurities and hydrogen gas. The result is that for all
though the density has begun to decrease, a significant dehi shots we were able to compile an estimate of the injected
sity drop has not occurred. Only in the 0.85-0@5ange do  plasma mass density and the arrival time of the POS current
we see density measurements that show low values near or28 cm downstreaniz=6.3 cm from the load edge of the
the sensitivity limit of the interferometer. The density dataswitch. While it is unclear if species separation occurs in our
shown in Fig. 4b), together with our previous conclusion switch, it should be noted that if such effects do occur, the
regarding the propagation of the current, imply that most ofmass that is pushed downstream would only include the pro-
the plasma is pushed downstream with the density steadilion mass fraction. Depending on the amount of hydrogen
decreasing during this time presumably due to radial plasm#nization observed on a given shot, the proton mass fraction
motion. is in the 80%—-90% range.

Further evidence to support this picture can be obtained This dataset, using both the total plasma mass and the
by examining the anode current probe signals fidf and  proton mass, was compared to the predicted arrival time at
I1W. These are the probes closest to the POS on Hawk Iathe probe 1 location by applying E¢l) with the center-of-
cated 3.8 cm from the downstream edge of the switch. Typimass displacemetz=6.3 cm and=8.1 cm. Figure 11 is a
cal anode probe signals from the 1, 2, and 3, locations arplot of the arrival time at probe 1 vs the injected mass den-
shown in Fig. 10a). Although it is clear the 1 probes are sity. Figure 11 shows that the data and EL).agree reason-
most likely shielded by plasma, and thus do not have thably well, and lends support to the overall picture of bulk
same magnitudes as the 2 and 3 probes, we suggest to usewnstream plasma propagation in this switch. Thus, our
them as a timing marker to indicate the arrival of the currentesults show that the conduction phase is accurately de-
in order to compare the data to that predicted by®&y.The  scribed by MHD physics where the upstream magnetic field
arrival time of the current at the probe location was deterpushes the injected plasma in a snowplowlike manner.

0

I "

070 075 080 085 090 095 100 105 110
time (us)

B. Extension of the conduction phase due to
downstream plasma flow
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C. Comparison to POS experiments using cable-guns with this electric field is smaller than the nonprotonic ion
or flashboards kinetic energy and larger than the proton kinetic energy.

There are two major differences between the set of exJhen we expect the heavier ions to climb the hill as they are

periments reported in this paper and other long-conductiorf€t behind the current channel, while the protons are re-
time POS experiments. The first is that the density evolutiorj/€cted from the cnannel. Let “Sf aslsume that ion-separation
near the end of the conduction phase is quite different. In thi€0CESSes are a characteristic of a long-conduction-time POS

experiment, we have consistently observed the density, on 5"9 cable-gun or flashboard plasma sources. Then, when

least four or five of the eight interferometer channels, delne current reaches the load edge of the pre-fill region, the

crease to values below the sensitivity limit of the diagnostic.m""gnetIC f|gld continues to only p.u_sh the ".ght'.'on compo-
Experiments using cable-guns and flashboards, includin ent. Thus, in the absence Qf S|gn|f|can_t radial light-ion mo-
cable-gun observations using this geometry on Hawk, woul on, one would expect the I|gh.ter species to be accelerated
typically show only one interferometer channel where such Jnto the downstream region while convecting current toward

low density was observed.Other POS experiments where the load. The fraction of the conduction phase that is char-

axial interferometry was employed also showed only Iocal-"’.mte”Z(ad by this dow'nstrc-.zam flow wil erg nd on the rela-
ized low-density regions using both cable-guns and!Vé masses of the light-ion and heavier-ion components,
flashboard48195° The second major difference is that our with this phase becoming longer as fraction of the total mass

data do not show the onset of load current occurring SOOassomated with the light-ions increases. In a situation where

after the plasma current has reached the load edge of tﬂée plasma mass is dominated by the light-ion component

. . . our casg the scenario outlined above would predict that
plasma pre-fill region. We found that for conduction times of carly the entire plasma is pushed past the load edae. with
0.9 s the plasma current reaches the load edge of the pre-fiﬂ Y P P P ge

region in about 0.55s. Commisst al, using B-dot loops relatlve_ly little plasma remaining in the pre-fill region. Our
L . . analysis shows that over 75% of the plasma mass is pushed
on a 0.9us conduction time switch with flashboard sources

‘downstream with the downstream flow taking up over 40%
::ig?wrr:z? rthaecﬁnzetthgfllgsg ec(;IJrre f?r?enssw?(féﬁrlfzii Cl;rrsei::” of the conduction phase, and interferometry measurements
ceache ge o 9 Ahow that very little plasma is observed after current is trans-
POS-to-load distanc®.

... . ferred to the load, which lends support to both these predic-
To thg best .Of our kpowledge the plasmg composition e For the case of a mixture of protons and carbon/
our experiment is very different compared with all other pub-quOrine ions (flashboard/cable-gun sourgesvith the mass

lished experiments where conduction phase physics has beaﬂminated by the heavier speci€@2% for a 50/50 mix of

|_nvest!gated. The aforementioned experiments all used mub_rotons and carbonthe separation model would predict that
tispecies plasma sources where the plasma mass was dorQjgnificant quantities of plasma would be left in the switch
nated by carbon, in the case of flashboards, or carbon a'}‘égion(heavier iong while a low mass plasméprotons is

fluorine, in the case of cable-guns. These plasma sources gifshed past the pre-fill region. The downstream pushing in
also likely to inject significant amounts of protons that maynis case would proceed very rapidly, due to the low mass

be 2|7n28the range of 20%-65% by number. Weingar&n fraction of the light-ion component, and represent a small
al.” =" showed experimentally that ion separation occurrethortion of the total conduction phase. There is support for
in a short conduction time opening switch with approxi- these predictions in the literature. Propagation of plasmas
mately 80% protons and 20% carbon by number. Their reyownstream from the injection region has been seen in ex-
sults indicated that, during the POS conduction, the light-ioeriments where it was known that the propagating plasma
(proton) plasma was pushed in front of the current sheelyas the proton component of the pre-fill plasma, with the
while the heavier-ion(carbon plasma lagged behind the proton component a lower fraction than the present
magnetic field. Tsigutkiret al? and Aradet al** showed experim(_:xrn_llovzs_?’o'41 In many other experiments using a
similar ion separation in a planar microsecond conductiontong-conduction-time POS where the proton fraction was not
time POS with=~60% protons and 40% carbon by number. known, a fast moving plasma component propagating down-
Because of the small fraction of carbon observed in ouktream of the POS has been obseREd233%In all these
plasma, such effects, if they occurred, are negligibte Fig.  cases the fraction of the conduction phase characterized by
11). downstream current flow was small. Furthermore, in experi-
Following suggestions made by Wehetral,** we pro-  ments where interferometry measurements have been re-
pose that these differences are due to the separation of ionjrted, they have shown that significant quantities of plasma
components that result from a magnetic field pushing on @aemain in the A-K gap after openirg.
multispecies plasma. As discussed by Weingarten, Arad, and The currents measured near the Iq&iy. 10 provide
Maron, species separation in POS experiments is charactetlues about the plasma reaching the load region. The initial
ized by the simultaneous magnetic fi¢tdirreny penetration  rise of the probe signals at the 2 and 3 locati¢rrs20 and
of the heavier-ion plasma, while the light-ion plasma is30 cm, respectivelyare separated in time. Later, the 2 and 3
pushed ahead of the field with momentum imparted to botiprobe signals meet at a current less than the generator cur-
component$® The physical basis of the separation processent. The two signals then increase together and approach the
involves the space charge electric field created byJtkd38  generator current. This behavior is the same as would be
force. Separation can occur in a collisionless plasma if, in thggroduced by an axially propagating current channel with cur-
frame of the current channel, the potential hill associatedentl,<Ig, moving past the probe locations with velocity
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After the current channel passes the probes, the load curreater, this is at the expense of plasma flow and current con-
continues to increase because the remaining generator cwrection downstream which is a characteristic of a plasma
rent is flowing through the “opened POS,” producing voltageflow switch?® The IP/H, POS may therefore be most effec-
that drives current through the inductive load. The velocitytively applied to situations where the load starts out as a
of the current channel can be estimated from the axial disshort circuit, such as in a Z pinch. If the downstream plasma
tance between the 2 and 3 prob@® cm) divided by the can be effectively removed from the transmission line, then
difference in the signal timings. For the IP P@fSg. 10a)], one can consider using diode loads. It may be possible to
the velocity is about 1.0 cm/ns, while for the cable-gun POSombine the IP/HPOS with an electrode structure designed
[Fig. 1Qb)] the velocity is greater, about 1.6 cm/ns. Theto terminate the downstream plasma flow such as the “catch-
current in the channel is approximately the value where the 2rs mitt” concept investigated by Thompseh al® In the
and 3 probe signals meet, about 400 KA for the IP POS andbsence of such a structure, the parameters of the translating
300 KA for the cable-gun POS. The force on the currenfplasma may determine the optimum location of diode or
channel(while the load current is zeyas proportional td%,. plasma radiation source loads for efficient energy coupling.
The force is smaller for the cable-gun case, but the velocity
is larger, thgreforg th.e current-charlmel mass is Ie_ss than_”)fCKNOWLEDGMENTS
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