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Energetic Electron and lon Beam Generation
In Plasma Opening Switches

Yakov E. Krasik and Amit Weingarten

Abstract—In this paper, we present measurements of ion and of the electron magneto-hydrodynamics (EMHD) theory based
electron flows in a nanosecond plasma opening switch (NPOS)on the Hall effect [6]-[9]. Fast increase of the POS impedance
and a microsecond plasma opening switch (MPOS), performed s as5med to be associated with the anomalous fast magnetic

using charge collectors. In both experiments, an electron flow field penetration [4] and the formation of a nonneutral layer
toward the anode, followed by an ion flow, were observed to P y

propagate downstream toward the load side of the plasma during [10] in the vicinity of the cathode or inside the plasma.

the plasma opening switch (POS) conduction. In the MPOS, The main POS application is a fast transfer of inductively
ion acceleration was observed to propagate axially through the stored energy to a parallel load. Studying the energy losses
entire plasma. These results are in satisfactory agreement with during the POS operation that determine the maximum POS
the predictions of the electron magneto-hydrodynamics (EHMD) t f ffici . tant. Direct ¢
theory and the results of fluid and particle-in-cell (PIC) code energy trans er__e Iciency 1S impor "_m - Direct measurements
simulations. At the beginning of the POS opening, a high-current Of current densities of electron and ion flows toward the POS
density (= 2 kA/cm?) short-duration (10-30 ns) axial ion flow electrodes and toward the load may improve the understanding
downstream toward the load was observed in both experiments, of the physical phenomena and may lead to the improvement
with an electron beam in front of it. These ions are accelerated of the POS operation.

at the load side of the plasma and are accompanied by comoving - : S . .
electrons. In the NPOS, the ion energy reaches 1.35 MeV, whereas In previous investigations in both NPOS [11] and in MPOS

in the MPOS, the ion energy does not exceed 100 keV. We[12], it was shown that during the opening, most of the
suggest that in the NPOS the dominant mechanism for the axial energy lost by electron flow toward the anode is located at
ion acceleration is collective acceleration by the space charge ofthe load side of the plasma. Studies of the ion current toward
the electron beam, while in the MPOS, axial ion acceleration e cathode during the NPOS and MPOS operation [13]-[15]
is probably governed by the Hall field in the current carrying . )
plasma. show that the ion flow appears early in the current pulse at
_ ) the generator side of the plasma and propagates toward the
_ Index Terms—Acceleration, electron beams, Hall effect, induc- 554 sjde of the plasma. The maximum ion flux was measured
tive energy storage, ion beams, plasmas, power generation, IOLlIseduring the opening along the entire POS length with the ions
power system switches. . e . -
having energy similar to the induction POS voltage. The total
energy carried by this ion flux can reach significant values of
the inductively stored energy, up to 20% in an MPQOS [16].
In our previous study of an NPOS with a positively charged
URING the last 20 years many experimental invesentral electrode, we have shown that during the opening,
tigations were devoted to the plasma opening switgrotons are accelerated at the load side of the plasma toward
(POS) operated in nanosecond (NPOS) [1] and microsecahe short-circuit inductive load [16]. Also, there is evidence of
(MPOS) [2], [3] time scales. Such interest results from the PQBe existence of energetic electron and ion flows downstream
potential as the fastest high-current, high-voltage interruptier the load during the opening of a MPOS [17].
in inductive energy storage systems and the rich physicalln this paper we present measurements of ion and electron
phenomena taking place in the current carrying plasma. flows toward the anode and downstream toward the load
Previous experimental investigations showed two main phedring the operation of a coaxial NPOS (with the central
nomena: a fast magnetic field penetration through the entelectrode negatively charged) and a planar geometry MPOS.
plasma [4], [5] and a fast increase of the switch impedance [1f, Section || we describe the POS experimental setups, the
[2]. The first phenomenon is explained within the frameworglasma parameters, and the diagnostics used. The results of the
collimated Faraday cup (CFC) measurements are presented in

Section Il and discussed in Section IV.
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A" Atray of CFC to measure axially found to be=* 7 cm. In the following, “the generator side” and

Upstream  moving particles at different axial “the load side” of the plasma refers to the axial position where
— Rogowski Coil and azimuthal positions the density has dropped to half the density at the center, i.e.,
o Load +3.5 cm from the POS region center.
R°ggi‘;"5k' The conduction time of the NPOS is controlled by the
R time delay between firing the flashboard power supply and
iﬁj——"—a_ the generator. The optimal NPOS opening time was found to
?%?hﬁ]-—-_ Cathode JE——— be 7o, = (15 £ 5) ns determined from the 10-90% rise-time
90ns of the load current that i%; ~ (150+20) kA. The conduction
\ duration in this case is. ~ 60—80 ns without any measurable
= Flashboard'x load current prepulse.
— Array of CFC to measure Array of CEC to meastire B. The MPOS
radially moving particles axially moving particles )
] at 5 axial positions at 3 radial positions The MPOS experimental setup, shown in Fig. 1(b), is built
@ of a low-inductance generatoC§ = 0.72 uF, ¢, < 45
kv, L, < 25 nH) which supplies a current pulse with an
Upstream Rogowski Coil amplitude ofl, ~ 230 kA and a 750 ns rise-time when a
m/ o short circuit is placed at the position of the plasma prefilled
v region. The MPOS consists of a strip line that has a 14-cm
< 4.1 puF width and a 3.6-cm interelectrode gap. The upstream and the
4.1 pF cokV downstream sections of the strip line are 18 and 12 cm long,
50kv respectively, giving inductances @f, = 60 nH andLy = 45
nH, respectively. The, and thel; currents are measured by
) two self-integrated Rogowski coils.
Flashboaé Plasma injection into the MPOS interelectrode gap is im-
Cathode
Anode array of CFC plemented through anode slots by a flashboard plz?\sma source
array of CFC/ N placed 6 cm from the anode. The flashboard consists of eight

Load - parallel chains displaced 1 cm from one another. The power
Rogowski Coil mg"&?‘cm supply for this flashboard(, = 2.8 uF, ¢, < 35 kV)
provides a current pulse with amplitude of 90 kA and a
1.4 us rise-time.

The axially averaged electron density and the average radial
velocity of a hydrogen-carbon plasma determined by the same
methods as in the NPOS experiment were found tmbes
(8 £ 2) x 10'* cm™3 and (6 — 8) x 10° cm/s, respectively.
water line generator producing a negative polarity currefhe axial length of the plasma prefilled region was determined
pulse: I, = 200 kA and 7/, = 90 ns. The NPOS upstreamto be ~14 cm, and as in the NPOS, “the generator side” and
inductance isL,, = 90 nH (length 30 cm) and the load is a“the load side” of the plasma refer to the axial position where
short-circuited coaxial lind.; = 20 nH (length 12 cm) having the density has dropped to half the density at the cent@r (
the same radii as the upstream section. Two self-integratad from center).

Rogowski coils are used to measure the upstrehfhand the  The MPOS conduction timer. = (0.3 — 0.7) us, is
load (1;) currents. controlled by varying the delay between firing the flashboard
For plasma prefilling, two 30-cm-long flashboard plasmand the generator. The best, = (45 + 5) ns is achieved for
sources are installed opposite each other at a radius of 741= (400 & 50) ns. However, before the sharp opening of the
cm, outside the 75% transparent anode. Each flashboardMiBOS, a slow rise of the load current starting 100 ns after the
composed of four parallel chains. The power supply for tHeeginning of the upstream current is observed [see Fig. 7(a)].
flashboard (capacitance of 0,9, inductance of 300 nH, This load current prepulse probably occurs because of edge
@ < 32 kV) produces a 750 ns rise-time current pulse withffects of the strip line that allow partial current penetration

amplitude<6 kA through each discharge chain. at the edges of the strip line.

The electron density at the time the POS current is applied,
determined from Stark broadening &, and H line profiles,
was found to be2 x 104 cm3. The average radial velocity - The CFC
of a hydrogen-carbon plasma determined by the time delay ofThe electron and ion emission from the plasma during POS
the line emission was found to e — 7) x 10° cm/s. The operation were studied by several arrays of the magnetically
axial length of the plasma prefilled region in the middle of thmsulated CFC’s. Each CFC is made of brass, has a 0.4-cm
anode-cathode gap (where the density has dropped to half doéer diameter, and is placed inside an individual screen box.
density at the center) obtained by negatively biased CFC whse distance of 0.2 cm between the cup and the collimating

(b)
Fig. 1. The experimental setups of (a) the NPOS and (b) the MPOS.
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hole allows particles with a divergence angle €80° to measurements were done by arrays of six CFC'’s placed behind
be collected. Permanent magnef$ £ 1 kG) placed above holes in the cathode.
the CFC were used to cut off comoving electrons and to In order to evaluate the axially moving ion beam divergence,
suppress secondary electron emission from the Faraday eumultipinhole camera was placed at the short-circuit end of
surface. The diameter of the collimating holes was chosémre POS loads. The camera has five holes of 0.05 cm diam-
to satisfy the condition to suppress a polarization of the iater made in 0.01-cm-thick stainless steel foil. The distance
microbeam when it propagates in a cross magnetic field [18tween the holes is 0.7 cm, and the signals were registered
re < 1.7-107*E;B/j; < 0.025 cm; hereB(T) is the cross on a Polaroid film distanced 0.8 cm from the holes.
magnetic field,j;(A/lcm?) is the ion current densityj; < 1
kA/lcm?, E; (eV) is the energy of ions, an; < 1.5 MeV.
The possible plasma prefilling of the CFC screen boxes was IIl. EXPERIMENTAL RESULTS
minimized by a 60% transparency stainless mesh placed 0.2
cm in front of the collimating holes.
In the NPOS experiment, the current density of the ioft- The NPOS
flow propagating in the axial direction toward the load was 1) Axial lon Flow: During the NPOS opening we have
measured by an array of four axially movable CFC's, asbserved an energetic axial flow of ions that propagates toward
imuthally separated by 90and placed at the middle of thethe short-circuit end of the inductive load. This ion flow was
interelectrode gap. The radial distribution of the axial ion beaghserved for all NPOS conduction times = (20 — 100)
current density was measured by an array of three magnetically Typical ion current density signals registered in a single
insulated CFC'’s placed 10 cm from the load side of the plasmghot by the CFC placed at different azimuthal positions at
To measure axial ion flow in the MPOS experiment, we usedlZ = 3.5 cm from the load side of the plasma are shown
three movable arrays of magnetically insulated CFC’s. Ea@h Fig. 2(a). An ion beam withy;. < 2.2 kA/cm? and a full
array consists of four CFC'’s displaced 0.7 cm from each othgidth at half maximum (FWHM) duration of; ~ 5+ 2 ns
that were placed across the interelectrode gap. The distanes observed at this distance. By placing the radial array of
between the arrays in th&™ direction was 4.5 cm. CFC [see Fig. 2(b)] and the axial array of CFC at the same
We have verified that the CFC signals indeed result frogxial position, it was found that the axial ion flow occurs over
charged particles by placing foils in front of the collimatinghe entire cross section of the POS interelectrode gap almost
holes. The ion axial energy was determined by time of flighimultaneously (withint3 ns). When the magnets on the CFC
(TOF) calculations and by placing aluminum foils and Kimfolsvere removed, an electron beam was observed in front of the
of different thickness in front of the CFC holes. As we showon beam. The electron beam duration wasH® ns FWHM,
in Section lll, the ion energy in the MPOS was low, an@nd its current density was of the order of tens of AJcm
the signals vanish even with the thinnest foil. Therefore, the Fig. 3 shows the axial position of the front of the ion beam
velocity is determined only by TOF calculations. It is possiblgelative to the load side of the plasma versus time=(0 is
that in places where there is plasma in the vicinity of th#éhe beginning off,). The main axial acceleration occurs in
CFC before the POS operation, the TOF calculation shows tine first few cm downstream of the load side of the plasma,
“virtual” velocity of a current conducting region propagatingvith the beginning of the NPOS opening. Further in their
through the plasma. Such a current channel would accelerptepagation, the ions are moving with almost constant velocity
the ions to the CFC, but the velocity of the ions could be lowdr;, = (1.35 £ 0.25) x 10° cm/s. The ion beam duration was
than the current channel propagation velocity. In this casghserved to be almost constant during its propagation over 30
the TOF calculation gives an upper limit for the ion velocitycm. This, together with the short duration of the beam, allows
Nevertheless, in the regions where there is no plasma prigy to suggest that the ion beam consists of one type of ions
to the POS operation, the TOF calculations show the true itmat have almost the same energy. Since the NPOS plasma
velocity. is composed of protons and carbon ions, it is reasonable to
The TOF measurements were made by the CFC array wieggest that the observed ions are protons.
each cup was positioned at a different axial position. In a singleThe energy of the axially moving ions, assuming they
generator shot, the maximum axial displacement between e protons, determined by TOF calculations for variays
four CFC’s in the array was up to 8 cm. Since an uncertainty is shown in Fig. 4(a). One can see that the smatgy
the TOF calculation may also result from mixing of ions witttorresponds to higher ion energy. Using Al foils placed in front
different energies accelerated at different times, drift tubes of the CFC holes, we observed that the energy of some of the
20 and 25 cm length for the NPOS and MPOS, respectivefyrotons (few percent of the total number of protons) exceeds
were added beyond the short-circuit loads. 1.15 MeV but is less than 1.35 MeV, which is in agreement
Measurements of electron and ion flow toward the anodéth the TOF calculations. For NPOS opening times less than
were made by an array of six CFC’s in the MPOS experimeh$ ns, almost all protons have energy, > 300 keV [see
and by an array of five CFC’s in the NPOS experiment. TH&g. 4(b)]. The fraction of protons with energyl5 MeV >
CFC’s were placed inside one of the anode strips, axially, > 0.75 MeV was (3515)% of the total number of protons.
displaced from each other by 3 cm in the MPOS and 1.1 c8ince the NPOS voltage estimated bypos =~ Lg(dly/dt)
in the NPOS. In the MPOS experiment we also performetid not exceed 200 kV, one can conclude that the ions are not
measurements of the ion flow toward the cathode. Theaecelerated solely by the induction voltage.
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- ) Fig. 3. The axial propagation of the front of the axially moving ion beam
Z=10.5cm for a NPOS conduction time af) + 5 ns. AZ is the distance from the load
150 side of the plasma and= 0 is the generator current pulse application. The
[V dashed line is a linear fit of the data farZ > 4 cm.
° VLo
0 50 100 150
Time [ns] but at different azimuthal positions). These measurements
(@) show a fast decrease of thg. versus axial distance of
propagation that corresponds to an ion beam divergence of
A0 ’/r*‘\ - af2 = 175° at5 cm < AZ < 8 cm from the load side
z ! A of the plasma. The average ion current density for various
= 100, b / ] /\\“ conduction times is presented in Fig. 5(b). It can be seen that
/7 AN Ji. is smaller for shorter conduction time. This is presumably
Zi N because the density of the plasma, which serves a source of
ions, is smaller for shorter conduction time.
r=4 cm h We can estimate the energy carried by this axially moving
ion flow and the total amount of ions. Taking the average ion
/‘J\ current density afh Z = 8 cm from the load side of the plasma
G A o to bej;. ~ 450 Alcm?, and the ion beam cross section to be
& S = 51 cm?, one obtains a total ion current 6f, ~ 23 KA.
g r=3.15 ¢m Sincer; ~ 5 ns, and taking the average velocity as %.20°
< 1 cm/s, the proton density in the ion beamnis ~ 2.3 x 10*2
= J cm~3, and the total amount of protons i§;. ~ 10'°. With
| MVW,VAWAVJ\UA'NW an average proton energy @&, ~ 0.75 _MQV, the energy
carried by the ion beam i#/;. ~ 120 J. This ion beam energy
r=2.4 ¢m M correspondss10% of the primary inductively stored energy.
| Thus, we have observed a powerful high-current ion beam
propagating in the axial direction during the NPOS opening.
IV SRVOVES WOV 2) Radial Electron and lon Flow:The use of the anode
) 5 0 0 array of CFC allowed us to observe the dynamics of radial
Time [ns] electron and ion flow toward the anode during the NPOS

conduction. Typical signals obtained by this array of CFC are
() presented in Fig. 6(a). One can see that the electron signals
Fig. 2. (a) The ion current density measured on a single shot by four Cippear almost simultaneously along the entire plasma length.

placed at different axial positions from the load side of the plasma. T ; .
upstream(I,,) and the load(1,) currents of the NPOS are shown above?_e'owever’ the peak of the radial electron current dengily

(b) the ion current density measured is a single shot by three CFC placedaS observed to propagate axially toward the load side of the
different radial positions at\Z = 12 cm from the load side of the plasma. plasma. The propagation velocity was observed to be larger for

The upstrean{l,,) and the load I,) currents of the NPOS are shown aboveshorter NPOS conduction times. Fig. 6(b) shows the time of
the peak radial electron current versus axial position from the
The dependence of the average on axial position for plasma generator side for NPOS conduction times of 60 and
two different . is presented in Fig. 5(a) (the averaging wa$25 ns, giving propagation velocities o4 x10° cm/s and~9
performed over four CFC’s placed at the same axial positions 10° cm/s, respectively. The averagg. along most of the
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6 ] ] Toll. 8.6 wml ’\ Fig. 5. The average ion current density for various NPOS regimes: (a) The
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5] ' Ep>700 keV . I\ : conduction times of 50 ns (dotted line) and 75 ns (solid line); (b) average ion
B J \ current density versus NPOS conduction time at an axial distance of 12 cm
0 " v AT V- from the load side of the plasma.
|
Alfoil, 129pm |
1.0 E>1100 keV i ‘
/ \ o~ radial ion flow [see Fig. 6(a)]. The radial ion flow appears first
01~ . =JIV ~ il at the generator side of the plasma and propagates toward the
0 50 100 150 t,fns]  load side of the plasma with a velocity 6f.2 4 0.2) x 10®
) cm/s. The duration of this radial ion flow was found to be

Fi 4 Brot btained by TOF calculat " NPdependent on the axial position and NPOS conduction time.
0;)géniﬁg Eﬁr)]e (rj(()et%rr‘meirr:g(rjggtiofgz)e‘% ofythe mai(ai‘nggla}(;ggsct\jrerresrtjt.s (b)eTypi al increase inr. or in the fr"XiaI distance _from the ge_nerator_
ion current density measured by CFC with Al foils of different thicknesside of the plasma results in a decrease in the duration of this
placed in front of collimated hole ahZ = 18 cm from the load side of radial ion pulse. It was also observed that the radial ion current
tsmivﬁ’/fs;gi'vg he upstreatd. ) and the load 1) currents of the NPOS are yo,qir increases toward the load and has a maximum value
up to several hundreds of A/énat the load side of the NPOS.
We tried to determine the energy of these radial electrons
and ions by placing 2:m mylar in front of the CFC holes.
However, only the last CFC that was placed at the load side of
NPOS opening. The maximun,. observed at this position the plasma has showed an electron sig_nal. Thgrefore, we can
conclude only that the energy of the radially emitted electrons

cor 5 o
Was jer ~ (6 % 2) kAjem®. For NPOS conduction time of and ions (assuming that they are protons) along the entire

less than 100 ns, the duration of this electron flow does nclEasma excent for its load side. does not exceed 2 and 160
exceed 25 ns. To estimate the total radial electron current atrf ’ P ’

peak, one can take the thickness of this radial electron Iayerkaezl’ respectively.
d; = 1 cm, obtainingl,, = 2nr.dijer ~ (160 £ 30) KA that
agrees with the amplitude of the total POS current at this timfg, The MPOS
The most distinguished feature of these radial observationsl) Axial lon Flow: Axial flow of fast ions toward the short-

was that the electron flow toward the anode was followed bycacuit load was observed in the MPOS experiment as well.

plasma length was found to e, < 50 Alcm? except at the
load side of the plasma whejg. increases sharply prior to the
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. Co‘ndu:tlon time - 125£§ Fig. 7. (a) The ion beam current density measured at different distances from

m the load side of the plasma in a single shot. The upstrdamn the load(7;),
£ 40 AN R = and the MPOS1,,.s) currents are shown above. (b) The axial distance from
@ _ o A the load side of the plasma of the ion beam front versus time (the generator
E A‘\ current pulse is applied @at= 0). The POS operation is the same as in (a).
20 S The dashed line is a linear fit of the data faZ > 6 cm.
1% Conduction time - 60 ns
0 o . . .
20 40 was verified that the sharp rise of tligbegins only when this
AZ [cm] axial ion flow reaches the short-circuit load.
() The main axial acceleration of ions takes place at the load

Fig. 6. (a) Typical current density at different axial positions along the ano&éde Of_the pla_s_ma, Slm"arl_y to the NPOS case. Flg._ 7(b) shows

during the NPOS operation\ Z is the distance from the generator side ofhe axial position of the ion beam front versus time where

the plasma. (b) Time of the peak of the radial electron current density aAt7 is measured from the load side of the plasma ard0

different axial positions along the anode for two NPOS conduction times: 60 . . . .

ns (dotted line) and 125 ns (solid line). iS the beginning off,. The velocity of the axially moving
ions for MPOS conduction times greater than 350 ns was

found to bex 3 x10® cm/s, which is three to four times

Typical signals ofj,. obtained in a single generator shot b>$maller than the ion axial velocity observed in the NPOS
the CFC placed at different axial positions are presented §¥Periment. It was observed that the energy of the axially
Fig. 7(a). This ion flow was observed for a wide range of th@oving ions increases with decreasing as shown in Fig. 8.
MPOS conduction times. = (150—750) ns. Results obtained As in the NPOS experiment, the ion beam shows only a
by the axial array of CFC’s indicate that the generation of tHétle spread during its propagation over a distance of 35 cm.
axial ion flow occurs simultaneously=(5 ns) over the entire It is likely that this ion beam is composed of protons with
strip-line cross section. The axial ion flow was observed @pproximately the same energy. Measurements with the CFC
the region between the load side of the plasma and the shwithout magnets show that as in the NPOS experiment, the
circuit, even when there was no substantial current in the sharkial ion flow is accompanied by comoving electrons, and
circuit load except for the current prepulse. By changing thibat there is a short duration electron beam in the front of the
conduction time or the length of the downstream strip line, ibn flow.
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Y=11.5cm h
150
The ion current density and the duration of the axial ion 0 Aoy —j km =
flow at AZ = (7 + 2) cm from the load side of the 0 200 400 600
plasma were found to be up to 1 kA/émand (30+ 10) Time [ns]
ns, respectively. Taking the ion axial velocity to bex310®
cm/s (corresponding to proton energy of 45 keMsog < 40 @
kV) one obtains the ion density2 x 10'* cm2 and the Y=8.5 cm
total amount of axially moving ions-6 x 10'°. The energy Conduction time 400 ns
carried by this axial ion flow reaches50 J. We found out .
that the axial ion flow has a higher current density in the 400 X= 0.7cm ‘\
middle of the MPOS along theY™ and “X” directions (see 200 :
The microdivergence of the ion beam in thg™and in the 400 :
“ X" directions measured by the multipinhole camera placed at X=1.4cm f\
AZ = 12 cm from the load side of the plasma was found to be € 200
ay /2~ 11.5° £ 2.5° and ax /2 ~ 3.6° + 1.2°, respectively. 2 o \~
It was found thatj;. decreases by six times over a distance of =
15 cm from the load side of the plasma, which corresponds to 600 |
ion beam divergence ak/2 = 5°. 300 X=2.1cm I\
By placing the array of magnetically insulated CFC’s inside k
the MPOS plasma at different axial positions, we obtained 0 at
well-defined axial ion signals inside the entire plasma, which 400 \
. . . . X=2.8cm
are presented in Fig. 10(a) for a few axial positions. The 200
TOF calculations presented in Fig. 10(b) show that the axial ) L
propagation velocity of the ion current is almost constant 0
over the entire length of the plasm¥;. = (7 £ 2) x 107 0 200 Time ?:S(; 000

cm/s. The peak of the ion current density propagates at
V;. = (3.5 4 1.5) x 107 cm/s. As mentioned in Section I1I-C, ()
inside the plasma the velocity determined by TOF calciig. 9. lon current density measured in a single generator shitat= 14
ation can be either of ion velocity o a virtual propagaET om0 oxd e heResa (& dferelt postons fr corductr
tion velocity of an accelerating wave moving through the
plasma.

It was observed thaj;. and r; increase as the ion flow ) )
propagates toward the load side of the plasma. For instan@ben: ~ 3 x 10** cm™?, and the total amount of ions in
at AZ = 5 cm from the generator side of the plaspaand this flow N; = (S/e) [ ji(t) dt = 3 x 10%° (where S is the
7, were~100 A/cn? and~30 ns, while at the load side of theCross section of the MPOS strip-line interelectrode gap). We
plasmaj;. ~ 180 A/lcm? and (65+ 10) ns. At the load side of would like to note that it is understandable that the reliability
the plasma, the ion density, assuming they are singly charggdhe signals received by the use of the magnetically insulated
and have a velocity oV, = 3.5 x 107 cm/s, is estimated CFC placed inside the plasma is questionable. Therefore,
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(@) Fig. 11. Electron and ion current density obtained by the anode array of
CFC. The MPOS conduction time is 500 ns ahd is the distance from the
— generator side of the plasma.
0.141-B A
E 0.12 / - )
e - L - / 10" cm/s. The peak of the electron current density reaches
o 0.10 T s a few hundreds of A/cthat the load side of the plasma (20
°’f 0 08 I R R Y =+ 5) ns prior to the beginning of the load current. However,
Xy 0T -|— + I R el 7 the total electron current amplitude at this place does not
> 0.06 N, - T ES -+ exceed~20 kA (even for a current layer width o£3 cm)
l €L i i3 ot S : that is approximately five times less than the MPOS current
0.042 5 10 15 20 25 30 amplitude at this time.
AZ [cm ] Similarly to the NPOS experiment, the electron flow is
b followed by radial ion flow that appears first at the generator
() side of the plasma and propagates toward the load side

Fig. 10. (a) The current density of the axially moving ions at different axigdf the plasma. The axial front velocity of this ion-emitting
positions with respect to the generator side of the plasma 0 is the . . . . . .
beginning of the upstream current. (b) The velocity of the ion front vers&ON€ is correlated with the velocity of ions axially moving
axial position determined by TOF calculations. through the plasma. The amplitude ¢f increases toward
the load and reaches200 A/cn? at the load side of the
plasma.
additional measurements by less ambiguous methods have tbhe energy of these electrons and ions was found to be
be performed in order to prove these quantitative results. less than 2 and 160 keV, respectively, because no signals
2) Electron and lon Flow Toward the Electrodeswere obtained by the CFC with a;Zn mylar in front of the
Measurements by the anode array of the CFC showedllimating holes. Only at the load side of the plasma have
results qualitatively similar to the NPOS experiment. Typicale registered an electron signal that corresponds to electron
signals obtained by this array of CFC are presented émergy£. > 3 keV.
Fig. 11 for 7. ~ 450 ns. Early in the current pulse, an As in the previous research [24]-[27], we have observed an
almost simultaneous appearance of electron flow toward tioe flow toward the cathode along the entire plasma length
anode was observed along the entire length of the plasmaring the MPOS conduction and opening phases. The ion
This electron flow has a peak of the current density thamission starts at the generator side of the plasma within
propagates in the axial direction with a velocity ©f 3 x 50 ns of the application of the upstream current pulse. The
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axial front velocity of the ion emitting zone was found to bem, By = 0.2 - Ixpos/r ~ 5 x 10® G for the NPOS, and
(54 1.5) x 107 cm/s. ne ~8x 101 cm=3, L, = 1.5 cm, By = 1.2 jnpos ~ 10*
G for the MPOS, the calculated velocities &8, ~ 1x 108
I\V. DISCUSSION cm/s anaVl{}lPOS ~~ 2x107 cm/s, respectively. These velocities

. . - are in satisfactory agreement with the experimentally observed
The results presented in Section 1l show similar features f8r yag P y

the NPOS and the MPOS experiments. In both experiments wré?hé observed maximum of thé.. at the load side of the
have observed a well-defined, low-energy radial electron anp er

ion flow toward the anode during POS conduction. In bot[%asma prior to the opening in both the NPOS and MPOS

: _ xperiments is in qualitative agreement with the results of
experiments we have observed an energetic ion beam acceﬁﬁg

ating at the load side of the plasma at a time correlated WI.].h code simulation [23] and flow impedance model [24].

; . . he latter model predicts large electron losses at the load side
POS opening and propagating axially toward the downstre%q]the plasma because of mismatched POS and downstream
load. This ion beam is accompanied by comoving eIectroposad_fIOW impedance
and has a short duration electron beam at the front of it. Thes :

- . t can be seen from Figs. 6(a) and 11 that at any instant
results allow one to suggest that similar physical process&?ﬂng the conduction at least two anode CFC'’s are showing
take place during the operation of NPOS and MPOS.

. X } o . radial electron flow. This indicates that the axial width of the
As mentioned in Section I, a fast magnetic field penetration . S
current conduction region is larger than 1 and 3 cm for the

can be expla.med. bY EMHD. theory. The fastest magne OS and MPQOS, respectively. These widths are much larger
field penetration is in a skin layer along the anode [5 han the shock-front thickness predicted by EMHD or MHD

The magnetic field penetrgtes through the entire 'plasmaé 80ries, but are in agreement with previous results that have
aflhock-wave that f‘;r coaX|aI2geometry has. a velocity [3], [ hown broad current channels both in the NPOS and MPOS
Vipos ~ (cB/4nc)r"[d(1/ncr) /dr] wherec is the speed of [3]. The larger thickness of the current layer than predicted by

light, 5 is the mag_netlc field; is the electron ChaTg.e’ and is the EMHD model may be related to development of plasma
the electron density. In the case of weakly collisional plasma, - . ) X .

) . . iNistabilities as suggested in a fluid code simulation [20] and
the thickness of the shock front isc/wp., wherew,, is the

electron frequency. Fast magnetic field penetration was a'n&irectly.proved by observation of high frequer]cy electric
predicted by fluid code [19] and particle-in-cell (PIC) codeIe ds during MPOS [25] and NPOS [26] conduction.

[20], [21] simulations of the POS, which also show a positive
floating-potential plasma with respect to both POS electrodgs |on Flows

behind the current channel.
However, EMHD theory can be applied to only a certai 1) lon Flow Toward the POS Electrode®Ve have shown

: -that the electron flow toward the anode is followed by ion
range of the plasma parameters that satisfy the followingat the € :
inequalities: Vi, < j/nec < Vie and clwy > a > emission in both NPOS and MPOS experiments. In the MPOS

¢/ipe, Where j/n.c is the current flow velocity Vs, — experiment, the ion emission region was found to propagate

B/(47ni .ms.. )0 is the ion and electron Alfven velocities,ax'a"y_along the ar_10de Wlth_avelocny that |s_alr_nost3|mllar to
D t@_e axial propagation velocity of the ion emission toward the

; and are ion and electron plasma frequencies, respe ; _ . . .
wri “pe P d P athode and to the velocity of the ions moving axially inside

tively, and a is a typical scale of the plasma. It is eas .
to s)rllow thgt the EK/IpHD approach can fwt be used for t }ge plasma. lons can be emitted toward the POS electrodes due
the Hall field inside the current layer if the electron flow

MPOS h to-hydrodynamic (MHD & L e ;
case where an magneto-hydrodynamic ( ) mo s two-dimensional structure, as predicted by EMHD theory.

[22] that includes the Hall effect and takes into account t imilar ission t d the POS electrod
ion motion has to be used. This approach predicts magnet gwever, simiiar ion emission toward the electrodes may

. . 15 m3 ; also occur due to positive potential plasma regions, formed
gifsﬁsng:;%tilggt?rsvlijt%h \tlr;:aogilgxs/ggif ;0 653/873;?2:? eror]ind the current layer, as predicted by PIC code simulations
— -1 i i i .
Yé:g;ﬁi’é;e[.d(ln ne)/dz]" <cfwpi 1S the density gradient The ion flow outside the plasma toward the POS electrodes
can redistribute the plasma density during the POS conduction
in a way that may enhance the formation of a nonneutral
layer during the POS opening. In the NPOS experiment, the
During both the NPOS and the MPOS conduction there éseragej;, toward the anode was found to bg, ~ 150
an electron flow toward the anode that appears almost simalem? and with the pulse duration being, ~ 30 ns.
taneously along the entire plasma length, which is consistefiie average amount of ions leaving the NPOS gap before
with the EMHD model [5]. The peak of thg., propagates opening isN; ~ 217alatiajia/c = 5 x 10> wherer, is
toward the load side of the plasma with velocitﬂél@f,OS ~ the anode radius (4.5 cm) arg is the anode length~{ 6
1.6 x 10® cm/s ¢. ~ 60 ns) andV¥, s ~ 3 x107 cm/s cm). An estimate of the total amount of ions initially filling
(1. =~ 450 ns) for the NPOS and MPOS cases, respectivelthe NPOS interelectrode gap givas ~ 6 x 10'6. Therefore,
The velocity of the magnetic field penetration through thapproximately 8% of the plasma ions are emitted to the anode.
entire plasma, which we assume to be associated with tinethe MPOS experiment, the decrease in the average plasma
peak of the radial electron flow, can be estimated using thensity is less and does not exceed a few percent of the
formulas given above. Taking, ~ 1 x 10* cm™2, » = 4.5 initial plasma density. However, if the ion emission toward

A. Radial Electron Flow
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the anode occurs out of a plasma region with dimensionsHowever, it is difficult to use this approach to explain the
much smaller than the distance between the POS electrodBferences in the observed ion energies of tens of keV in the
the redistribution of plasma density in this particular regioMPQOS and in the positive polarity central electrode NPOS [16]
before the POS opening may be significantly larger. Additionakperiments, and the ion energies of more than MeV in the
data concerning the energy and angular distribution of thgsesent negative polarity NPOS experiment. We suggest that in
ions and the region of their acceleration are required in ordéie NPOS experiment, the axial ion acceleration mechanism
to clarify the mechanism of their generation. is similar to the one observed in “Luce diode” [33] or ion

2) Axial lon Flow: We have observed, in both the NPOSjas dynamics acceleration [34]. In these diode configurations,
and the MPOS, the generation of high energy ion fluxedter the electron beam passes through the anode plasma, the
(presumably of protons) toward the load. It was shown thabncompensated space charge of the electron beam creates an
these axial ion fluxes are generated at the load side of glectrostatic field that accelerates ions from the boundary of
plasma when the POS opening begins. The duration of thése anode plasma. Fast neutralization of the potential well by
ion fluxes is (5+ 2) ns and (30+ 10) ns in the NPOS and the accelerated ions leads to the downstream movement of the
MPOS, respectively. The ion current density in the vicinitpotential well and consequently, a fast increase of the distance
of the load side of the plasma (few cm downstream) reachestween its position and the load side of the plasma boundary.
an amplitude of>1 kA/cn?. In the NPOS the energy of theThis process determines the duration of the ion beam because
protons was found to be as high as 1.35 MeV. The totaf a sharp interruption of the ion acceleration at the load side of
energy carried by the axial ion flow reaches 120 and 50 J fitve plasma. The energy of the axially accelerated ions depends
the NPOS and the MPOS cases, respectively. Here it shoahithe energy of the electrons. This explanation is in qualitative
be mentioned that the same phenomenon of axial ion beagreement with the dependence of the ion energy on the NPOS
generation during NPOS opening was observed when a planpening time (see Fig. 3), since the faster the NPOS opening,
electron diode was used as the load instead of the short-cir¢bi¢ higher the NPOS induction voltage, and consequently, the
inductive load. higher the electron energy.

The phenomenon of a downstream flow of energetic ionsFinally, we think that both acceleration mechanisms, by the
is similar to that observed in the early studies of coaxiddall field and by collective fields, are active and responsible
gaseous plasma guns [28] operated in the so-called “faft the observed axial ion acceleration in the MPOS and the
regime, when the initial neutral density did not exceed®10NPOS experiments. However, while in the MPOS experiment
cm~3. lons with energy up to 80 keV were observed whethe Hall field governs the ion acceleration, in the NPOS
the supplied voltage amplitude wa20 kV. Several models experiment, the collective fields are dominant. We note that
[29], [30] based on the Hall effect, on thermal expansion @ial ion acceleration from the load side of the plasma is also
the hot electron component of the plasma, and on plasiredicted by PIC code simulation [23] of the POS.
instabilities were suggested to explain the appearance of these
fast ions. However, in plasma guns, the current channel
propagates through gaseous media causing ionization and V. SUMMARY
plasma generation, while in the POS experiments, we haven this paper we have shown that in experiments using a
already prepared a highly ionized plasma. Also, the PQ®axial NPOS (with a negatively charged inner electrode) and
conduction times, especially in the NPOS, are much shortgiplanar geometry MPOS, a high energy, short duration axial
compared with the plasma guns. Therefore, it is not evidefiux of ions is generated at the load side of the plasma during
that similar physical processes are responsible for the obsern®&dS opening. These high energy ions, probably protons, prop-
ion acceleration. agate downstream toward the load, accompanied by comoving

Recent MPOS experiments on the DECADE generator [3&lectrons. A short duration electron flux was observed in front
have shown that there are significant energy losses betweéthe axially moving ions. The ion energy depends strongly on
the load side of the plasma and the load. Similar resultse POS opening duration and may reach the order of MeV.
were obtained on ACE-4 generator [32], where the authoréie ion current density depends also on the POS operation
have suggested a downstream movement of current carryangl lies in the range of hundreds of A/&nSuch ion beams
dilute plasma in order to explain the observed downstrearan dissipate a significant amount of the inductively stored
current temporal behavior. In our experiments, a dilute plasreaergy, resulting in reduced efficiency of energy coupling to
exists between the main plasma bulk and the load as welljoad. The fast ions may also influence the parameters of a
and if the current layer reaches this region, a large Haflad placed in the vicinity of the POS.
electric field would be developed inside it, causing substantialin our previous study [16] we suggested, based on spec-
axial ion acceleration [16]. This explanation is in qualitativéroscopic measurements of ion velocities, that the ion axial
agreement with the observed axially moving ions and withcceleration occurs due to the Hall field at the load side of
the absence of a sharp rise of the load current until energdtie plasma. However, it is difficult to use this approach to
ion flow reaches the short circuit end of the downstreasxplain the difference between the ion energies observed in
strip line (see Fig. 7). However, a quantitative comparisdhe NPOS and the MPOS. Therefore, we have suggested that
requires a detailed knowledge of the density gradient @tthe NPOS, the axial ion acceleration results from collective
the plasma load side which is not known in our experacceleration by the electric field generated by a downstream
ment. electron flow.



218

The almost simultaneous appearance at all axial positions
of the electron flow toward the anode suggests a fast magneféiﬁ
field penetration in the vicinity of the anode surface that i
consistent with the EMHD model predictions. The EMHD
model (for the NPOS) and the MHD model that includes
the Hall effect (for the MPOS) also explain the propagatiops;
velocity of the peak of the current density of this electron flow
that exhibits a maximum at the load side of the plasma an%
the axial ion motion inside the MPOS plasma. The observe
ion emission toward the anode during POS conduction can be
explained by either ion acceleration by the Hall field insidg ,
the current layer, or due to emission from positive-potential
plasma developed behind the current layer.

Additional measurements of the magnetic and electric fie[gg]
distributions in the plasma and the POS downstream region, as
well as knowledge of the ion energy distribution, are necessdty!
in order to clarify the validity of the qualitative explanations
of the observed results presented here. [20]
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