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CHARACTERIZATION OF PEOS PLASMA PARAMETERS
AND CONDUCTION PHASE PROPERTIES

I. INTRODUCTION:

The plasma erosion opening switch (PEOS) is a fast, high power,
vacuum opening switch which can be used in a variety of configurations for
opening switch power conditioning applicatiuns.l Plasma is injected, in
vacuum, between the electrodes of a generator, or driver, previous to the
arrival of the power pulse, and physically just before the load and after
the previous power conditioning stages. The plasma acts as a short circuit
on one time scale and then opens on a much shorter time scale, generating
high voltage and delivering a higher power pulse to the load than could

otherwise be expected.

Compiled and summarized in this report are data, previously presented
in numerous and disparate forums, that characterize the initial plasma
parameters and the conduction phase of the PEOS. O0f particular importance
is the estimated value of the plasma densfty gincluding the effect of
plasma wall interactions) and ion collection rate used by the Naval
Research Laboratory (NRL) in obtaining agreement between the current
controlled (magnetic field penetration) PEOS model and observations from
experiments. Also of interest are results of experiments investigating the
parametric dependencies of the switch conduction current and characterizing
the magnetic field (and inferred current) distribution in the switch. There
are several experimentally observed properties that uniquely characterize
the conduction and opening phase of the PEOS. Among these are the time
delay control of the maximum switch conduction current, the broad,
predominately radial current channel, the characteristic fast opening, and
the transition from fast opening to slow opening. The most useful PEOS
model must self-consistently account for these properties while being
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consistent with the best estimate of the PEOS plasma parameters. Thus,

building a credible data base in this area is crucial.

Data concerning the characterization of the initial injected plasma,
including plasma-surface interactions, obtained from test stand and in situ Eﬁ
Caf
measurements are found in Sec. II. In Sec. III, we present data that . g
describe the conduction phase of the PEOS and relate them to the
measurements described in Sec. II and the current controlled PEOS model.
The current conduction process is characterized through measurements of the

internal magnetic field distribution. The work is summarized in Sec. IV.

II. PEOS PLASMA CHARACTERIZATION:

A. Test Stand Results:

A test apparatus was assembled consisting of a single, Mendel
type plasma gun2 and simulated planar switch electrodes. A schematic of
the experiment is shown in Fig. 1. The electrodes were made up of a 70-80%
optically transmitting brass screen and an Aerodag coated aluminum plate.
The relative spacings in the x direction (Fig.1l) were chosen to be
identical to those in the radial direction of the cylindrical geometry used

1,3,4 In Gamble I the radial separation between

in Gamble I experiments.
the cylindrical inner (cathode) and outer (anode) conductors was 2.0 cm and
the radial separation between the plasma source and cathode was 10 c¢m. The
apparatus was evacuated to = 5 X 10_4 torr, very similar to the Gamble I

experiments. The capacitor driving the gun (0.6 uF) was in the standard

. .2 o .
"doghouse" configuration® at an initial voltage of 25 kV. The current into

«

the gun reached = 40 kA in = 0.5 us.

(%
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Fig. 1 Schematic of test stand apparatus for measurement of plasma
parameters.
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1. Time Resolved Photography.5

As illustrated in the upper portion of Fig. 2, a framing
camera was set up to view the plasma injection region from the side. A
sequence of these side viewing framing camera photographs each having
100-ns exposure is shown in the central portion of Fig. 2. The lower
portion of Fig. 2 is the signal from a Faraday cup located behind the plate
on the axis of the system. Throughout Sec. II, time is measured from the

initiation of the gun current.

Visible light does not appear on the plate (cathode) until
t = 1.65 ps. This is consistent with gun injected plasma speed of
= 6 cm/us. There is no luminosity observed from the inter-electrode region
at this time and exposure level. We estimate from the photos that at
t = 2.2 us, the light at the cathode extends into the inter-electrode
region = 10% of the plate screen (cathode-anode) separation, which
corresponds to < 0.2 cm of emitting plasma. At t > 2.2 us both electrodes
are quite luminous and some weak emission appears from the inter-electrode

region. Data from PEOS experiments™’

indicate that fast switching
deteriorates rapidly when Gamble I is fired at t > 2.2 us. The Faraday cup

signal shown in Fig. 2 is well past peak and near zero at t > 2.2 us.

An illustration of the.setup used for side viewing steak
photography with the test stand apparatus is shown in the upper portion of
Fig. 3. Two streak records at different sweep rates., one slow (= 7-us full
sweep) and the other fast (= 3-ps full sweep), are displayed in the central
portion of Fig. 3. The Faraday cup signal is sho again for reference in
the lower portion of the figure. The gun gencrated plasma front has an

apparent speed of 5-6 cm/us. At t > 2 ps a weakly luminous front appears
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) to move off the screen (anode) at a speed of 1-2 cm/us. The region of high
S luminosity at the electrode surfaces occupies < 10% of the inter-electrode
! spacing (£ 0.2 cm) at t = 2 us and then expands at a speed < lcm/us. These

A . . . - .

S results are all consistent with the framing camera photographs in Fig. 2.
“

v"\vn

:\‘ Again, it is important to note that fast switching is observedl’3 if Gamble
-

v ), I is fired when t < 2.2 us. After this time, the relative light emission
¥

¢:. from the surfaces increases, the Faraday cup signal decreases and the

o o ,

Vi switching action degrades.

"".4.'

[ >

::: 2. Spectroscopy.

2.

g

‘N

‘ Wy

‘. The same apparatus described above was used to make both time

'EB inv;grateds and time resolved6 spectroscopic measurements. The

-

(ﬂ4 experimental arrangement is illustrated in Fig. 4 with the relative

b -):

f*- spacings between the gun, screen, and plate identical to what is shown in

e Fig. 1. The entrance slit of the 0.5-m monochromater and lens were

o

' .“. . « .

:t; adjusted to observe light from a 1-mm wide cross section of the plasma and
' the mirror could be adjusted to select any line-of-sight parallel to, and

C

between, the plate and screen. The exit slit of the monochromater was

]
&

chosen to only allow light from a single spectral line to be observed. The

»-xz;.'

line emission was recorded using a photomultiplier operated in its linear

o555

response range. A relative calibration of the monochromater-

A 4
. . . .
> photomultiplier system was performed. Depending on the region of the
W) ’--
4 ,< . . (3
N spectrum, the system sensitivity could change by a factor of ~ 6 over a

L

range of < 500 R.

.
p2o

If Nz(u) represents the density of ions (cm_3) of charge

-

state Z in the upper (excited) state, u, ot an atomic transition, u=1
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(vhere 1 represents the lower state of the transition), then the emission

coefficient, €, is given by

AEu1 7 watts
£ = Aul N™(u) — 1)
4n cm”-sterad ,

where AEul is the energy emitted in the transition (joules) and AUl is the
transition probability (sec_l). For optically thin lines, the
monochromater measures the integral of € along the line-of-sight.
Depending on the plasma conditions, models7 can be assumed for both the
relationship between NZ(U) and Nz(g), the density of ions of charge state 2Z
in the ground (unexcited) state, and the relationship between the ground
state densities of ions of various charge states. For example, in an
equilibrium corona model,7 vhich is appropriate for many low density
(£5x 1014 cm—3), high temperature (> 1 eV) plasmas, collisional
ionization and excitation by electrons are balanced by radiative
recombination and decay, respectively. Thus, it can be shown7 that for a

plasma in which a coronal equilibrium exists

N%(g) «(T_,7+1,g)
—_— € 9
Z+1 - ! (2)
N"""(g) S(Tgy 25 8)
and 7
N™(u) X u(Te)
7 = n, —BL = (3)
N"(g) I A,
j<u Ju

wvhere o, S, and X are the radiative recombination, collisional ionization,
and collisional excitation rate coefficients, respectively, Te is the
electron temperature, and n, is the electron density (also known as the
plasma density). The sum in Eq.(3) is over all states j < u. The units of
o, S and X are cm3/sec. As can be seen from Eqs. (1)-(3), the plasma

properties (density and temperature) and the relative ion density in a

A A A s b s ——
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given charge state are highly interrelated. Mcreover, the relationship is

very model dependent.

A more complete analysis of the distribution of excited states
and charge species can be obtained from the collisional-radiative (CR)
model.7 Here, more atomic excitation, relaxation, ionization, and
recombination processes are included and the problem rapidly becomes
untractable analytically. Numerical calculations using the CR model wvere
performed8 for a carbon plasma in equilibrium, having ion densities of
n; = 1013 cm_3, 1014 cm_3, and lO15 <:m'3 and at Te = 1,3,5,7 and 10 eV for
each density. By comparing predicted line intensity ratios with the
observed ratios, Te and n, can be roughly bracketed, assuming a pure
carbon plasma in CR equilibrium and recognizing the model has a necessarily
finite nature (i.e. all possible transitions and processes are not
included). Note that because of the uncertainties involved in the

calculations, the temperatures and densities inferred in this manner only

can be used to support other, more direct measurements.

Initial experiments were performed with no screen or plate in the
system. Time resolved measurements of emission from CI (2478.6 A),
CII (2837.0 A),CIII (2296.9 A), and HB (4861.3 A) indicated that under
these conditions, only the CIII (doubly ionized carbon) radiation could be
observed during any reasonable time of interest (< 5 us). We conclude this
on the basis of not being able to observe radiation from the other species
even when the sensitivity of the measurement was increased by a factor
> 50. This observation was confirmed by time integrated spectroscopy,
which showed little or no emission from other carbon charge states or other
plasma species unless the screen was present. From these results one can
conclude that the plasma ejected from the gun is primarily C¢'' and possibly

protons (no measurements of protons were attempted). As described in what

10
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o follows, similar data taken with the screen and plate indicate emission ’
%
) *
=
0N from other species near the surfaces, but only for t > 1.5 us. For times )
’ s
;8\ of interest, t < 2 us, the emission from the region between the surfaces "
' v
" ) 0
X 5 does not differ significantly from the case with no surfaces present. )
b 8,
l- 1
g ]
;. ) Based on the numerical calculations using the CR model and the f
W "
;“\ . measured relative line strengths we estimate that \
) ]
> 13 -3 14 -3 o ‘
! 10 cm < n, < 10 cem T and 4 eV < Te < 8 eV. Over this range the v
) 3
model predicts > 80% of the carbon is doubly ionized, i.e., C''. Because
o2
':s ne=<Z>ni, vhere <Z> is the effective ion charge state, the average electron
oy
iyt . . 13 -3 14 -3 t
,{f density for the gun produced plasma ranges 2x10°~ cm < ng < 2x107 " em . !
v 3
® Analytical estimates of the relevant atomic rate processes for these |
=\, conditions imply that for the gun produced plasma alone, the ionization v
VY ~
- 4
;:: equilibrium is "frozen-in." That is, when the plasma is produced, or very 5
e i
e soon after, the relative densities of ions in various charge states reach .
a0 an equilibrium that stays fixed for many tens of microseconds. The ﬁ
e
S )
- temperature and density were independently measured to be ~ 5 ev and t
3 ) Iy
‘o ~ 5 x 1013 cn3 (see Sec. II. A. 3 -4), for which the equilibrium CR g
) -
b, calculation predicts that > B0% of the carbon is doubly ionized. .
o ¢
b ':: (3
v ,
» . . . L. s K
'y In Fig. 5, the time history of the emission from the 2296.9 A h
o
‘r line of CIII, measured with and without the screen, is shown at x= 2.4 cm s
! N
;f (see Fig. 1). VWith the screen present, the initial intensity is = 30% "
N \J
) . .
?ﬁ lower, probably a result of the finite screen transparency. However, the t
d emission increases rapidly at t > 1.5 us, indicating some kind of plasma- 5
‘ ]
s wall interaction phenomenon near the screen. It is at this time (or
]
N shortly after) that the streak and framing camera photography indicate
8
N
% enhanced light emission from the screen and plate. 3
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Fig. 5 Time history of CIII (2296.9 A) spectral line comparing emission
with and without screen.
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A compilation of the line emission data with surfaces is shown in
Fig. 6. Here the CI, CII and CIII emission lines as well as emission from
HB (neutral hydrogen) are compared at three inter-electrode positions as a
function of time. At t < 1.5 us, there is significant CIII emission
everyvwhere, but no emission from the other carbon species and, as described
earlier, no emission is observed from these species when no screen is

present. At t = 1.5 us, emission from CII, CI and H_, appears from both the

g
screen and plate at roughly the same time. (Note that at a drift speed of
2> 7 cm/us, the gun produced plasma only takes < 350 ns to cross the inter-

electrode gap.) Clearly, the observed emission from CII, CI and H, is a

g

result of the presence of the metal surfaces. No significant emission is

observed from CII, CI or H, at the intermediate position (x = 1.5 cm) for

B
another 0.5 - 0.75 us. Thus, the ions with Z < 2 that are created as a
result of the interaction of the gun generated plasma with the walls

diffuse into the region between the electrodes at an effective speed of

= 1 cm/us (assuming diffusion occurs from both surfaces). This result is

consistent with the streak and framing camera photography.

The results of the CR model numerical calculations for this case
indicate that for t > 2.5 us, at the measurement locations nearest the
surfaces, the ion density has increased slightly to n, = 1014 cm_3 and the
electron temperature has fallen to Te <1 eV. Under these conditions, the
plasma is predominately CII so that <Z> - 1 and n, =0, For times of
interest (t < 2 us) in the region between the surfaces, the conditions are
very similar to those observed with no surfaces present, which implies ng
and Te are roughly the same as they are when no surfaces are present. Note
that here the validity of the assumption of equilibrium used in the CR

model is highly questionable, particularly in the transient situation of

the injected plasma interacting with the surfaces.
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Ve summarize the results of the visible photography and
spectroscopy as follows: The gun injected ions are predominately carbon
with an effective charge of <2> = 2. The proton fraction has not been
determined. If the gun injected plasma was in CR equilibrium the average
electron temperature and density would be Te = 6 eV and
t : 13 -3

. ng = 7 x 10 cm . No neutral carbon radiation is observed. The

temperature and density were independently measured to be in the range of

ﬁ ~5evand ~ 5 x 1013 -3 (see Sec. II. A. 3-4). The equilibrium CR
calculations for these parameters predict that > 80X of the carbon is

) doubly ionized. When surfaces are present, the bulk of the plasma between

r the screen and plate remains unchanged for t < 2 us. As a result of

} plasma-wall interactions, lower charge state carbon (CI and CIT ) and
hydrogen evolve from the surfaces after t = 1.5 us. These species then

; drift into the region between the screen and plate at an effective speed of

= 1 cm/us. Based on the CR equilibrium calculations, we speculate that for

) t > 2.5 us, at = 0.2 cm from the screen and plate, n, = 101[4 cm*3 and

' T <1 eV,
fl e_
)
3. Microwave Measurements.
'
Microwaves are commonly used to measure electron density in
9,10 . . . S s
v plasmas. This method is desirable because it is non-perturbing and
)
¢ independent of plasma flow velocity, temperature, and other parameters.

Transmission and interferometric measurements were attempted using the test

K stand described earlier. The general arrangement is shown in Fig. 7. A

-2
s carbon plasma gun injects plasma between two microwvave horns. No *
; &
[ L :
) additional surfaces or screens were used in these measurements. The H(
1
- sending horn is powered by a Klystron tube that produces microwvaves of @
3
K
)
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4.3-mm wavelength (70-GHz frequency) The Klystron provides continuous
microwave radiation at a power level of a few 100 mW. The receiving horn
collects a fraction (<10%) of the incident energy and the power received is
monitored with a crystal detector. This is the simple arrangement used for
transmission measurements. Alternatively, the detected microwaves that
tranverse the plasma can be added to those detected from a reference leg
(i.e., microwaves that traverse a known path that does not intersect the
plasma) to form a interferometer. The power in the summed waves is

monitored by a detector for interference measurements.

Microwaves travel through a plasma with little attenuation as
long as the electron density is below a critical value, n.- This critical
density is found by equating the electron plasma frequency to the microwave

frequency:

n, = 1.24 % 10862 . 1.12 x 108302, (4)

where f(Hz) and A(cm) are the microwave frequency and wavelength,
respectively. Microwvaves will propagate through the plasma with little
attenuation (reflection) if n, < nC. For the source used here, X = 0.43 cm

and n. = 6 x lO13 cm_3. WVhen ng >n

o the microwaves are said to be "cut
off." This is the principle behind the transmission measurements. The
received signal goes to zero when the density somewhere between the horns
exceeds n. (6 x 10 cmfs). Transmission resumes as the density decays away

and Ny < n.- Limited information can be gained by inspecting the signals

before or after cutoff using this measurement technique.

The transmitted power was measured for two cases: d = 20 cm

and d = 10 em (10 cm being the "standard" operating distance in PEOS
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experiment32’3). Sample data are shown in Fig. 8(a) (at 5 us/div) and Fig. .

8(b) (at 1 us/div) for d = 20 cm. Full power (no plasma) corresponds to 1.0
and zero power (no microwaves) corresponds to zero on these traces. The gun
current is shown in Fig. 8(c) for timing purposes. As can easily be seen,
the microwaves are cut off between 4 and 5 us after the initiation of the
gun current. The peak density remains above 6 x lO13 cm_3 for

5 us £t €15 us. Some effects from the presence of plasma are evident for
40 ps. VWith the gun moved closer to the horns, cutoff occurs earlier, as
would be expected. Sample data with d=10 cm are shown in Fig. 9. They
indicate cutoff 2.5 us after the start of the gun current (the initiation of
the gun current was at t = 2 pys on this figure). This agrees with the crude
spectroscopic estimates discussed earlier. The peak density stays above

6 x 1013 cm_3

for at least the next 6 us. The time response of the
detectors is too slow to follow changes faster that = 1 us so the signals
shown in Figs. 8 and 9 can not show any faster time dependence of the

microwave power.

Interferometry can be used to measure n, as a function of time
for ng < n.- The microwaves associated with the primary leg are added to
those of a "reference leg," which is tapped off the primary leg before
traversing the plasma (see Fig. 7). The phases of the two waves are
adjusted so that when no plasma is present they add (constructive
interference) and the magnitudes are adjusted so that they are equal. The
presence of the plasma will introduce a phase shift in the primary leg. For
example, a 180° phase shift in the received waves will cause total

destructive interference. Thus, power detected will vary with time as the
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e density between the horns changes. The phase change for microwaves
K, traversing a length L of plasma is given by: <
)
" (x) '
B ~ 2n J-L[ N 1/2] - n J_L
) = 2 & - - £ = L
\f: AP = X 1 (1 o ) dx n ne(x)dx, (5)
v 0 C [ ¢)
\.).: v
t
Dy
')
.‘; vhere dx is an elemental length along L and we assumed ng <L n.. By
™
:: analyzing the interference signal one can obtain A¢. Then n, can be
L !
{:* determined from Eq. (5) if the spacial variation of n, is known. s
1l
ﬁz Here, the interferometer uses one detector to measure the
Lx, .
1' pover in the summed waves from the reference leg and primary leg (Fig. 7). ]
!L_ The primary microwaves have amplitude B(t) and phase change A¢ from the
-
3}: plasma. The power in the summed waves is then
.
“»
2 2 2
ey P o A® + B(t)” + 2AB(t) cos [8¢(t)], (6)
;§ wvhere A is the amplitude of the reference microwaves and B(t=0) = A. If
‘jf B(t) is constant(= A), the detected power will oscillate between a maximum \
"\.: »
<)' value of AAZ and a minimum of O as A¢ changes from O to m. In the actual
J.; \
" experiment B is a strong function of time (e.g., for ng > . B = 0). C
;S ;
"-‘;‘ +
'
'-f Results with a single detector are shown in Fig. 10 for :
';: d = 10 ¢m at 1 us/div and 10 us/div. When the microwaves are cutoff, B = 0
" and P « A2. This occurs between t = 3 and 20 us. There should be many
4
't oscillations between t = 2 and 3 us as the density builds up to
Q. ,
?E 6 x 1013 —3, but the detector cannot follow the rapid density variation }
D" \
n because of its limited time response (as discussed above). When the density :
- '

e 21

» NS

Lg
L)

NN,

-I\ . - .\O‘ﬂ -‘h‘l

» - LT LT LS
PR

w gl .-v i Y LI % B -
W LI A .S\ y*\ \*\ N (\ N “\'\’ s
ALATL M A N 5 .w‘! 0,80 Bt W

()
.. X XM |w



-y sl
S
(R
a

Y
P

- I.J':.)'F"‘
Yy
AORNARS

D x;

L@
"-:-:'-n N

et LA 5

Fig.

, r
f$¢ﬂ o fﬁ f f «%

| 1 T | ] [ 1 1
o Ry CUTOFF -
08} -
06 - .

INCREASING 1
04~ DENSITY % POWER(=CUTOFF)  _
0.2+

0 1 | 1 | 1 i L ]

0 | 2 3 4 5 6 71 8 9
TIME (ps)
1.O I T T T T

09
08

RFERENCE SIGNAL (ARBITRARY)

—t

DECREASING DENSITY—- »f ]

07 _
06 -
05 .
W 04 -
203 -
02 cuToFF 7
Ol |- /-/—""_"-

0 | | | | 1 | |
O 10 20 30 40 50 60 70 80 90
TIME (us)

10 Tllustration of microwave interference measurements at d = 20 cm.

Fringes associated with increasing density for 2 us > t > 3 us
cannot be resolved because of slow detector response.
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m ~), oscillations are seen on the slow time sweep

decays (ne <6 x 1013

for t > 20 us. Each maximum and minimum corresponds to a change in 8¢ of
180° (so-called "fringes"). For future measurements, better time response
is required to monitor density changes in the first 2 us and more detector
channels are needed to unambigiously determine if A¢ is increasing or

decreasing.

To "slow down" the density time dependence, the gun-loin
distance was increased to d = 60 cm. Interference signals are shown in
Fig. 11 at 1 pws/div and 10 ps/div. The detector time response was improved
by lowering the termination resistance, but this also decreased the
sensitivity. The 1 us/div trace shows a 180° phase saift 3 us after the
start of the gun current, corresponding to an average density of
2 x 1012 v:m_3 over a length of 12.5 cm (the diameter of the aperture) for a
plasma moving at = 15-20 cm/us. After 7 us, the density is about
4 x 1012 cm—3, etc. The 10 us/div trace shows the density rise and decay
for 60 us. The peak density is probably at t = 15 us, the second minimum of

the interference signal. A second detector sensitive to sin(Aa¢) is needed

to accurately determine A¢.

In summary, the microwave transmission measurements yield

13 -3 . e .
ng > 6 x 10 cm when t > 2 .5 us, 10 c¢m from the gun. This is supported
by the spectroscopic data. The density (somevhere in the line ot wight of

. . ) . 11 } .

the microwaves traversing the plasma) remains > ¢ = 10 ¢m tor 13 20 us.
Although an interference signal has been detccted, the measutement technique
must be refined to obtain better data. Time resolved dencity dotermination
using interferometer techniques will be possible with more and faster

detectors. (Note in passing that the Faraday cup ~ignal i< usually rero at

t > 2 us.)
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Illustration of microwave interference measurements at d = 60 cm.
The time variation of ng is much slower at this large separation
distance, so the slow détector response does not prevent resolving
fringes.
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4, Electric Probe Measurements. "

The electron density associated with the gun produced plasma
wvas determined on the test stand apparatus6 using a double floating electric
probe.11 By varying the voltage between the probe electrodes on a shot-to-

shot basis, an I-V characteristic for the probe at any time during the

’
plasma discharge could be generated. The plasma temperature can be :
determined from the shape of the I-V characteristic.11 Assuming the probe
areas are equal the net current measured in the probe circuit, Ip, is given
byll :
»
Ip = Ii tanh(eV/ZkTe). (7)
r
it
Here, Ii is the ion saturation current (obtained from the probe
characteristic), V is the applied voltage between the probes, and k is
Boltzmann’s constant. Equation (7) is used to calculate Te’
The electron density is related to Ii through
I.= <Z> en, <v> A = en_ <v> A, (8) !
i i e ;
where e is the electron charge, A is the probe collection area, and <v> is
the ion collection velocity appropriately averaged over the probe surface.
Two limiting cases are: 1) high velocity, directed plasma flow, which
applies at early times in the gun discharge and 2) a quiescent, thermal [
plasma. If the plasma flow speed vp >> Cor wvhere ¢, i< the ion sound
sl
speed = JkTe/Mi (Mi is the ion mass), Fq. (8) results inlL
N\
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i
e = 271 [evd ] (VD>> CS) . (9

Here r and 1 are the probe radius and length, respectively. Typiéally

r =0.025 - 0.05 cm and 1 = 0.5 cm. For the thermal plasma case, <v> = Cg and

use of Eq. (8) results in11

I.
i

o (1.64] S S
e Ae JkTe/mi (Vp< <)

(10)

vhere the dimensionless factor 1.64 is a geometrical correction. Because of
uncertainties in the value of <v> and A, the value of ng determined by Egs.

(9) and (10) can be uncertain by a factor = 2.

Measurements were made on the test stand apparatus with a
probe and biased Faraday cup 10 cm from the gun and no screen present.
Typical results are shown in Fig. 12. The gun current is an underdamped
sinusoid with a peak value of 35 kA and .5 us quarter period. The Faraday

cup and double electric probe are biased to collect ion saturation current.

Both probes peak at the same time, t = 1.6 us. At later times, the electric
probe has a large signal while the Faraday cup signal drops to zero. This
is attributed to a decrease in plasma flow velocity, making the Faraday cup

insensitive to the ambient plasma density which is recorded by the electric

4
o
probe. The microwave transmission measurements, described in the previous ~ g

section, indicate cutoff (ne> 6 % 1013 cm_3) at = 2.5 us, as indicated in

Fig. 12. The data indicate that at t = 1.6 us, n, o= 1.5 % 1013 cm_3

(Eq. (9)) with v =6 x 106 cm/sec. These data are supported by the
D

-

spectroscopic and microwave transmission measurements. The temperature is

. , . ) 4 -
Te = 6 eV, Later in time, the density increases to > 101' cm 3.

e
£
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Fig. 12 Typical data from double floating electric probe and Faraday cup
located 10 cm from a plasma gun.
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B. In Situ Measurements.

Results from in situ electric probe measurements6 are displayed in
Fig. 13. The in situ measurements were made inside Gamble I without firing
the generator, to characterize the plasma conditions at the time when the
PEOS begins to carry current in the presence of electrodes. The switch
region was = 6 cm in length and z=0 defines the geometrical location of the
generator end of the switch. On an actual Gamble I shot, the load would be f
at 2z = 24 cm. Three guns were used, placed 10 cm from the cathode and 120°

7 eV. In the left hand portion

it

apart. For all data shown in Fig. 13, Te

14

of Fig. 13 the axial variation of n, at t 1.8 us (approximately the time

of peak Faraday cup signal) is shown. This is the time that would result in

optimum switching for Gamble I. The measurements were made midway between

the center conductor and outer conductor, under the position of one gun. As f
seen from the figure, the density maximum is n, = 6 x 1013 cm_3 in the :
middle of the switch region and falls off toward the load and generator

ends. The azimuthal variation, shown in the right hand portion of Fig. 13,

wvas obtained in the midplane of the switch region (z = 3 cm) and radially

midway between the inner and outer conductors. The data were not as

reproducible in this measurement in comparison with the reproducibility of

the axial measurements, but they are quite acceptable. Again, these data
are taken at t = 1.8 ps. To within = + 35% the density is uniform
azimuthally with n, = 4.5 x 1013 cm_3 and some suggestion of peaking near
the gun locations. Thus, for times of interest (t < 2 ps), the plasma
density and temperature in the inter-electrode region are essentially the

same as those associated with the gun generated plasma when no surfaces are

present. These results are supported by the spectroscopic and photographic
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data taken on the test stand. The density continues to rise to 3 x 1014 cm
at t = 6 us. Another important point is that the degree of uniformity
illustrated in Fig. 13 using the Gamble I geometry and three plasma guns is

apparently sufficient to observe good switch behavior.

The data presented in Sec. II give a consistent picture of the carbon
gun plasma parameters. The plasma is primarily doubly ionized carbon,
<2> = 2, with an electron temperature of Te =6 - 8 eV. The electron
density increases in time and reaches = 6 x 1013 cm_3, 10 cm from the
source, at t = 2.5 us. The plasma flow velocity is 5 - 10 em/us, higher
than the ion sound speed ¢, = 1 em/ys. For t < 2 us, the bulk of the
inter-electrode plasma is unaffected by the presence of the metal electrode
surfaces. The density between the surfaces continues to increase and
temperature decreases with time to ng = 3 x 10 14 c:m‘3 and Te = eV at
t 2 6 us. Lower charge state carbon (CI and CII) and hydrogen evolve from
the electrode surfaces = 1.5 ps after the source is fired and begin to
slowly diffuse into the inter-electrode region at = 1 cm/ps. These

measurements give the approximate values that have been used by NRL in

successfully modeling the PEQS.

The flashboard sources have not been as extensively diagnosed as the
plasma guns. The approximate values of the plasma perameters are expected

to be the same, based on observed switch performance.
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IIT. CONDUCTION PHASE CHARACTERIZATION

A. Time Resolved Photography.

A sequence of streak camera photographs taken of the switch region
during Gamble I PEOS experiment35 is shown in Fig. 14. The load was a short
circuit. Three equally spéced plasma guns were located 10 cm from the 2.5-
cm radius cathode. Here, time is measured from the initiation of the
generator current. Four photographs are shown with the associated current
wvaveforms. Each photograph corresponds to a specific time delay, Ty
between firing the plasma guns and the initiation of curient flow through
the switch. At T = 1.3 us, no current is carried by the switch and the
only visible light is that from the gun region. For the next photograph
Ty = 1.9 us, which is near the optimal delay for switching purposes. As
current flows through the switch the outer, screen electrode (anode) becomes
bright first, followed by a less intense emission from the inner-electrode
(cathode). The region between electrodes does not become bright and the
discharge is apparently diffuse. For Ty = 2.8 us, the switching action is
sluggish. More current is carried by the switch for a longer time and both
electrodes are bright, the anode lighting up first. The intet-electrode
region is still diffuse. When T = 4.5 ys, the switch conducts all the
current and the inter-electrode region becomes very bright, probably
indicating an arc. This may be a rvesult of the plasma associated with
surface interactions as discussed in Sec. Il. Intense light fiom the
electrodes or switch region is not observed in the absence of «witceh

current. This indicates that there is an interaction at the electiodes

during the conduction phase. The emitted light appeatring on the anode ~ide
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Fig. 14 Upper: Arrangement for streak camera photography during a shot on
Gamble I. Middle, lower:
traces for various generator delay times.
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Four streak photographs and current
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first may be a result of the anode being a semi-transparent screen. The
cathode is solid aluminum, so, in contrast with the screen, light emitted
from the far side of the cylinder is not included in the line of sight. At
this exposure level, light emitted from the inner and outer conductors as a
result of the initial injected plasma (Figs. 2 and 3) is not visible. Thus,
the emitted light in these regions are associated with the switch carrying
current. This strongly suggests that electrons are emitted from the entire

cathode surface.

The same optical arrangement of Fig. 14 was employed with a faster
sweep for the streak camera. The result is illustrated in Fig. 15. Here
again the light from the anode surface appears first at t= 60 ns. Note that
this light appears after the conduction phase, as seen from the current
trace in the lower portion of the figure. This may be a result of the
finite time for atomic excitation, an indication that the plasma density
within several millimeters of the cathode is not high enough during
conduction for strong light emission to occur. Using approximate relations
for collisional excitation rates,7 one can very crudely estimate that to see
light emission resulting from collisional excitation during conduction
(< 100 ns), R > 1015 cmﬁ3 is required near the surface. Ve conjecture from
the spectroscopic results (Sec II.A.2) that before conduction begins, 0.2 cm
from the surfaces, ng, - IOIA cm_3.

Shown in Fig. 16 is a somewhat different optical arrangement used
on the Pollux device by the group at Karlsruhe to observe light emission

13

along a portion of the PEOS cathode. The light emission begins on the

generator side of the PEOS and proceeds to the load side at a speed of
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=:;_ = 150 cm/us. The Karlsruhe group suggestle that the intevpretation of )
~ y
o2 these photographic data supports the previously proposed NRL current .
{ . 1,14.15 , L L
i controlled conduction phase model. If the magnetic field penetration
A5
;:#: is slow compared with the current rise the critical current density for
,::: erosion is exceeded locally, before the current is carried throughout the
)\,_ full axial extent of the switch plasma. 1In this case the erosion front
- f. '
ni' migrates through the switch plasma. The conduction time is determined by '
- !
~, the speed of this erosion front and the axial extent of the plasma. As soon i
1
as the erosion front reaches the load end of the switch plasma, the switch
l' a Y
o . . . . . .
v begins to open. This interpretation agrees with the conduction current
-
B
ol measurements and magnetic probe data presented in the next section. )
¢’b' 3
I
e B. Conduction Current Scaling
! :,x‘
d’-\
I
.r:'.
; ‘ A fundamental aspect of the NRL current controlled PEOS
) 1,14,15 . . . , y
. model is the assertion that the switch conducts with no voltage y

LNE A
.

&

appearing at the load end of the switch up to a current limit that is ;

LR T

specified bv the injected plasma conditions as follows:

N
\';‘ 2
" m.
. o] o] 1
L 17 =17 = 5 Zeln.<v>{2nr 1 . (11)
S, S e Zme i c o
'-':-
L
100 ¢
N . R . . . Coe
,Q This current limit is derived from the Child-Langmuir, non-relativistic, d
" f
,: bipolat, space-charge-limited flow condition in cylindrical geometiry. Here
: 0,.0, . - ) , . _ o
® 1°(17) is the peak switch (electron) currtent, m_ is the electron mass., v is
\;-‘ 5 e e C '
A\ . . Co .
o the PEOS cathode radius, 10 i the initial switch length, and <v> the average
s
2 radial component of the ion velocity at the cathode surface.  The term in
g
w: . . ' A .
AFY: brackets, ni<7), is the ion flux density at the cathode associated with the -
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N injected plasma. Ve have assumed for this work that the effect of axial J x B
)

'\ . . . . . .
hh forces can be neglected. This assumption is supported by experiments in which
Y the PEOS has successfully opened (albeit more slowly than for short conduction

> , . .

S time experiments) after cenducting for several hundred nanoseconds (see Ref.
XY
::\ 14 and Sec. III.B.4 below).

1)
e g
)
i . .
WY 1. Scaling of I° of with 1., (n.<v>).
L) S D 1
s o
t%-% According to Eq. (11), IS o ni<v>. The quantity ni<v> is extremely
2 difficult to measure. Measurements of n, alone (in the bulk of the plasma)

A .

e using spectroscopy, microwave transmission, and double floating electric
:\',..

\j' probes are described in Sec II. Usually one uses for <v> the injected plasma
\ -

. drift speed vy At best, this is an overestimate of <v>. One control over
L

A
’"xja ni<v> the experimentalist has is the relative generator-to-gun delay time, Ty

: : 5,6 .

\i- The measurements (including Faraday cups™’ ) all suggest that with delays of

s
N
‘ interest for fast switching (TD < 2.2 uys), as TD increases ni also increases.
\-,}-

{j: 1f one assumes that <v> scales as the time of flight (1/TD), then n, increases
o ‘ , ,

"2} fast enough that ni<v> also increases as Ty increases (as is supported by the
" _

) usual interpretation of the Faraday cup signal, at least until it peaks).

s _ ) )

\,ﬁ Thus, by varying Ty the measured peak switch current can be used in
’\-'. )

:aﬁ conjunction with Eq. (11) and the estimates of ni<v> in a simple, self-

3

' ]
'.-'3- consistency check. This by no means constitutes a measurement of ni<v> and
" . >

& only supports the scaling of 12 with ni<v> in an approximate wvay.
PAY) 5

)
L
b,
;:n':‘ 0
Lah! Using Gamble I with a short circuit load, I was measured as a
.', &
T . 5 . i . o s . ,

A function of Ty This was accomplished by simply taking the difference
“53' between the measured generator and load currents for shots with various Ty
_,:

- The ion density and drift velocity at different 1, were estimated as described
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above from double floating probes and Faraday cups and used in Eq. (11) to
predict IZ. Results of these measurements are displayed in Fig. 17. The
model and experimental results agree. Note that the values for ny and <v>
used in this analysis were not measured at the gap-plasma boundary. but

represent our best estimate of those parameters in the bulk of the plasma.

2. Scaling of Ig with n, .

The effect on Ig of varying only the density was investigated by
adding more plasma guns and using the same T
Ig was measured as a function of T with 3 and 6 guns are displayed in

Fig. 18. Doubling the number of guns and firing at the same T, presumably

D
increases n, by a factor ~ 2 and, from Eq. (11), should roughly double Iz.
The data indicate that within the scatter IZ increases by a factor = 1.5,
about 25% less than predicted. This descrepancy must be investigated
further. Note that simply doubling the number of sources may not double
the effective density. The scatter in 12 for a given arrangement of guns
at any one T, is < + 5% (Fig. 18). The scatter is more typically < &+ 10%
over all our experience on Gamble I, Gamble II, and Blackjack 5 with guns
and flashboards. Data with six guns are also shown with a smaller storage

inductance (115 nH vs. 185 nH). This was done to access higher current

levels.

. o .
3. Scaling of I with e

Using Gamble T with a short circuit load and three guns, the
. . 0 . . O .
effect of varying the cathode radius on I was investigated. Threce

different cathode radii were used; vo- 2.9, 1.25, and 0.63 e, In each
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case the gun-cathode distance was fixed at 10 cm, the switch AK gap was

fixed at 2.5 cm, and three guns were used with 1, = 1.6 us. The results

D
are plotted in Fig. 19. Also shown are the calculated Iz using Eq. 11.

The calculation was normalized at rc = 1.25 c¢m. Also, ni was scaled with
r. (ni o l/rc) to account for a density variation resulting from the change

in volume of the switch region. The measurement and calculation agree over

this limited range of data.

4.Scaling of I: with Constant nilo'

A third switch conduction scaling experiment was pertormed on
Gamble I, in which the product nilo’ wvas held constant while g and 10 vere
each varied.16 This was accomplished as illustrated in Fig. 20 by using
the same 12 plasma guns distributed uniformly over 10-, 20-, and 30-cm
lengths. When l0 wvas increased, the axial density of plasma sources wvas
decreased by the same factor. The distance between the guns to the PEOS

cathode was increased to 15 cm (the usual case being 10 c¢m) and

a1
1l

2.5 cm. The results are plotted in Fig. 21. Within the scatter

—_
R
+

+ 25ka), IZ is independent of lO for a given 1, when the product n4lo is

D
held constant, in agreement with Eq. (11). Also plotted in Fig. 20 are
data from the recent POP experiment.14 Here a capacitor bank directly
drives the identical Gamble I hardware used to obtain the other data in the
> figure at about half the current but for a factor of = 10 longer time. For
up to = 100 kA, the scaling of Eq. (11) holds at a factor 10 longer
conduction time, demonstrating the current controlled nature of the PEOS
conduction. Above 100 kA other factors, such as the capacitor bank being

drained of charge, the time variation of the plasma flux density at the

cathode, and modification to the bhipolar flow condition (not discussed

here), may be important.

4]

i,':.n 39 E-— _(-F ;&ﬁ&gf . i"t"?ﬁ‘«f";*ﬁ; r:;ﬁ"’



F S & F.hch( _u.-. -. .x.ﬁ.» -f. ~ - Q> AoV 3 A7, -.l. . -el.-rl.ln-l'n - .l‘..q-v LI p-. . ‘. .. i1 1- ety .ﬁlh.h .‘)\_\A. ..!\ l. ] h.\\\, n“"’tl !l.n ' @S L4
]
>3
b,
hJ

3
-
L)
&y
L .
... N
o
4
o)
*28ueyd> SWNTOA 10] JUNOIDE 0] 1 Yilm pa[eds ...\..r\.
sem A11suap ‘uorieIna(ed 104 "UOTIBINQTED JO 1TNS3I ST UAOYS ..“\.
OSTV * 1 ‘snipea spoyled JO uUOIIdUN] B SEe uoH fU21INd Yd311IAS Yeag I "F14d W
rd
R
]
s

ot
o

(w2)2°'snIavy 3QOH1IV)
G2 02 Sl o'l GO
| | | | |

-5
[,

A

©)
- 'a,;
"

N

-"f~ I.’I{
N AN SO
) $ > %

42
NP
o {"! J-? r_": e

— OO0l

® O

O
o,

— OGl

8
s

SR

~
L%y

INIWI¥IOXT-@
— (1-24D'U) A¥OIHL-0 —100¢
sg|< O

| ] | ] 1 0S2

o
(V%) ST°LNI¥HND HOLIMS MV3d

-

oL

™
o A

PN
-

»

[

- . - ’
‘- .- '....--nu-‘.f..,.hﬂ “ﬂf\‘“!“.v\ N ..NM - faﬂl \(&J-Hsd\.fd\ ‘ -....,........‘. 1S . -n..-.-\f-.hf.,n,--‘ A ,, ‘-.W\‘.\\f I.JM.. .v.!l...l.ﬁﬂ’l”l; .\.V\.“uh\\ﬁﬁm ) <.J§JA-I;-/ IVI& .'-ﬁmn\ %

‘.



+saqoad uwuo:mcEH;OW SUOT1EDO] 338 UMOYS OSTY *1UBISUOD oHM:

Butdesy arrys [ pue ‘u Butkiea 103 I d[que:p uo dnias jo driewdyds (g *3814

(Wd) Z
[ 0S ov o¢ 02 o] 0
—— i T ] -
e 0
/ S S S S S SSSSSss P, k“a
p [ Y v s B A R E R - T J_m
s v ] - 91
r.4 . g 7
._\ \_\ M . — Ol
1 \\\\W\Ail waQ] - s’ wog| 7] 3804d H (W}
7 ; 7
“\ \\ \\ - m_
\ / \\
p X 7 ;
| v g
k ’ ’ -1 0Z

“® 5 ¢ ¢ ¢« v R EENE L C, ", g 3" 9" - ’ ”
AAGUNBINY _ SWXRXERT - Ehrrnrs: PUBRAIIIEY Sy EANSAND WL SRR
b, PN : _ I . -\J)fh. .0-' ,.f.e ajnlﬁ.. PN WA NS P nﬂtn- -FM ) ﬂ\f%—-n-n*-.‘lm-ﬁ *“Mw\ﬂwh\ - o N N




T T T T T T 1 T T T T T T
A- 4 = 10cm
O-1{f = 20cm GAMBLE I
250L_ -2 = 30cm AN 0 |
O
@®- POP o
A 8 A
A O Og
200 O O -
AO 8
X0 O
S o 8" H
W
N g A
! —~ 150+ A o —
. S ¢
° < g © 4 ®
WA
:J' O._‘m
o 100 * o
= — —
":; 8 e "
"::‘-’ . p
o sof & & O g
J
-..-': 0 1 | \ 1 1 1 | 1 1 1 1 1 )
e 15 20 2.5
b~ Ty (us)
e o #
et
o Fig. 21 Peak switch current, IO, as a function of relative delay time, <t_.,
P for 10-20-, and 30-cm Yong switch where nil0 vas constant for each
! Ml T.. Also shown are results with the same nilo but a factor 10
,'i' longer conduction time (POP).
Rk
e
€
(A :4
,ﬁ:; r

e

44

X J

’n. e

oo, o
COCN
%V, W% g

o«

A

o

o " V4 Ty Ny ™y "p® ™ ar L ’~- . L.y YA JU R L R I N I LY - -.’_-‘f’( Vet oy

AEAT A o ---}-.‘q G .’.‘I‘.""\r
‘y.a" A .'c':'l':""»‘l... > > b "«. ‘v'.’\ ?:‘n‘?i A ‘.. \m

A" R LU A LA




FEEES i

oS

Lol b Gy

g_

Y ORY

»
'v..‘r a

" o \
o " M‘-.l'l‘c. 'o.l'v'! l'c."c. AL O X A MR A "H.‘ X t.":. ""’ & het'se h"::"'u"'."'." "' L)

TWETERTE "W TR WL WL B LT L EY T RNLETLALATEREEREVesTYTR TS T VT .

To summarize Sec III.B, the peak current conducted by the PEOS
scales approximately in accordance with Eq. (11). The estimates for the
values of the plasma parameters obtained from the measurements described in
Sec. II and the measured peak switch current are consistent with Eq. (1.,
The conduction phase ot the PEOS appears, from the external current
measurements, to be current controlled. Internal mecasurement:: of the
magnetic field, discussed in what follows, support this assertion and

reveal the details of the current distribution in the PEODS.

C. Magnetic Field Measurements.

A schematic of the setup for measuring the magnetic tield in the
PEOS15 during conduction and opening is given in Fig. 22. Five small
probes measure the local magnetic field in the PEOS plasma during fast
opening shots. The dots represent typical measurement locations. The
probes are potted inside 5-mm diam quartz tubes, inserted into the
switching region through the screen anode, and oriented to measure the
azimuthal field, Be(t). Usually five axial locations (z) at a common
radius (r) were sampled on a single shot. The probes are calibrated on
shots with no plasma relative to the Rogowski loops that measure the
generator (IG) and load (IL) current. Several experimental checks wvere
made to determine the perturbative influence of the probes on the
measurement. The presence of the probes does not affect the measured
currents IG and IL and the signal obtained from any probe in a given
position is independent of the location of other probes. The plasma cnergy

loading on the probes is too small to ablate significant material f{rom the

quartz during the time of interest, as evidenced by the condition of the
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probes after use and as supported by analytical estimates. The probe

L AT REN

signal goes to zero when it is placed outside the screen. Finally, the

@

probes have a sub-nanosecond response time.

)
Y

Pt LK
LSRN

5y

In Fig. 23(a), the probe signals for a fast opening shot are

{1.0‘1‘ l‘ ‘. ‘.

@

plotted in units of current for various axial positions at the same 1.

o

Also plotted is IL' If the field is azimuthally symmetric, then the

-
o) g
A

magnetic field, Be, measured by the probe is related to the current, I,

[
LN

flowing under the probe through a circle of radius r by

3
et

I(A) = Be (G) x Sr(cm),

:
'
’.i. ‘x_"‘.[

where r is the probe radial position. In this case the difference between

o e,

B T T I}
» e

the signal seen by two probes at the same 1 but different z is associated

with the current flowing under one probe but over the other and thus having
a radial component to its flow. As seen in the figure, the current

steadily penetrates into the switch plasma with switch opening beginning

when the current reaches the load end of the plasma.
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To check the assumption of azimuthal symmetry, the probes vetre

. 0
arrayed azimuthally at the same r and z. Data for the case’ of a fast

opening shot are shown in Fig. 23(b). To within measurement accuracy. the

-
e
'.._"

signals indicate an azimuthally symmetvic discharge vervifying the use of

-~
"l
ReENCRE

Eq. (12).
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These results (for fast opening) are contrasted with a shot av g
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where a slow opening was observed  in Fig. 24. As <hown in
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(a) Magnetic probe signals, in units of current, as a function of
time at five axial positions for a fast opening shot. (L) Magnetic
probe signals, in units of current, as a function of time at four
azimuthal positions for a fast opening shot.
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,f: Fig. 24(a), the current still penetratass along . However, as shown in
';: Fig. 24(b), the discharge is clearly not azimuthally symmetric and
\ . . . - .

- interpretation of the probe signals as current according to Eq. (12) is
-:\

}: incorrect. In this case. the discharge appears to be highly tilamentary.
}: Recall that the time resolved visible photography, described in the

' previous section, indicates the nature of the discharge is qualitatively
N

N different depending on value of T (see Fig. 14). Also. the results of
9

Y time resolved photographic, spectroscopic. microvave, and electric probe
»

. measurements described in Sec. II suggest that at laige T the switch

L

AR plasma characteristics are significantly different (high density, low <v>)
u'_‘

<0 from those at small T

i

L/

The rate of penefration of magnetic field into the switch plasma

a4
[ ]

vas investigated17 by using an axial array of 10 probes located radially

O
e
» v

midway between the PEQOS anode and cathode in a 30-c¢m long switch as

-, -

o~ illustrated in Fig. 20. The long switch allows many probes to be used,
-2

N improving spacial resolution. The axial position of the leading edge of
. the magnetic field (i.e., the first non-zero point of the traces in

> Fig. 23(a)) is plotted as a function of time for shots with different delay
,{‘.

- times in Fig. 25. Fast switching occurs for Ty ~ 1.6 and 2.0 ps.  For

‘L_ these delays the front speed, Ve is fairly constant and very high,

o ' . . . .

F > 107 em/us. These observations argue against any mass motion associated
-, with this front speed. As the time delay increases, Ve decreases.  This is
P-L

Cal . . . .

o a result of the larger density associated with lavger Ty At the lavgest
’ Ty the front never reaches the load end of the switch and the swvitch does
w
[ not open.
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Fig. 25 The axial position of the leading edge of the magnetic

(current channel) front as a function of time for four time delayvs.
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The distribution of current in the switch was characrerized by
plotting the probe signal as a function of axial position, z, at given
times. These data are displayed for 10- and 30-¢m long switches on
Gamble 117 in Figs. 26 and 27. VWhen the initial switch length, 10. was
increased by a factor of by 3, the axial density of plasma sources was
decreased by 3, so nilo was held constant as described previously. The
probes were located radially midway between the switch anode and cathode.
Because the current is azimuthally symmetric on fast opening shots
(Fig. 23(b)), the probe signals are plotted in units of current, in
accordance with Eq. (12). As per the previous discussion and the ¥ x B
Maxwell equation, the axial derivative of the current distributions are
proportional to the local radial current density. The data for the two
cases look remarkably similar. The current is conducted over a fairly
broad region, roughly half the original switch length in both cases. Note

that the collisionless skin depth, C/wpe’ where ¢ is the speed of light and

wpe the electron plasma frequency, is only a few millimeters for the )
1
injected plasma conditions. The current density remains nearly constant ]
'

during the conduction phase, and the switch begins to open when the leading

edge of the current channel reaches the load end of the switch plasma.

These observations motivate the conduction phase portion of the current )
15

controlled PEOS model, in which the switch current density remains

approximately constant while the switch current increases during

-
>
.~

4

A48 00 4

conduction, until the curtent channel can no longer bhroaden, i.c., a

P

»

current limit is reached. They also give insight into the mechanisms

responsible for the peak conduction cutrent scaling results discussed

previously in Sec., IIT.B.1 4 (Figs. 17 19 and Fig. 21).
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,$=: These results are also observed in the recent, previously
. , 14 . - -
,f\ described POP experiment, as illustrated in Fig. 28. The data indicate
N
the same broad current channel and constant, radial current density
T features of the Gamble I data shown in Figs. 26 and 27 (taken at one tenth
:{ the conduction time). The time delay in this case was smaller than in
\ ' Figs. 26 and 27, so the switch opened at a lower value ot current.
A.h.
v ‘.\
P :\
. “
;:ﬂ Direct verification of the radial nature of the current flow
w
b M)
during conduction is provided by magnetic probes separated in radius by
Oy . . . §
3 ~ 1 cm and placed at the same axial location during a shot.  Mcasurements
‘i
Bl .
*:H over the entire switch region indicate that at a given z the magnetic field
N':.l
< front arrives at all radii simultaneously as it moves steadily through the
C. axial extent of the switch plasma.
,-,_"
o
Lo~ "
‘:J . J
o Indirect support of the radial nature of the current flow and
. o~ . . . . .
. azimuthal symmetry during conduction comes from measurements with floating
g . 18 . -
. potential probes. The probes were placed at the same axial position, but
p < separated in radius and azimuth. The probe signals indicate the presence
o of high energy electrons. The signal arrvival time was identical at the
D=
e
~. different radial and azimuthal positions. When the probes vere placed at
\b
158 Do , o . , .
e the different axial positions but at the same 1, the signal arrival time
® . . .
X tracked the magnetic field front speed, Ve (sce Fig. 25).
e
]
A
l.
" An important point in discussing the conduction phase of the
b~ current controlled PEOS model is that the measurements made in the switch
‘-’-
:?} plasma are used to infer the magnetic field (current) penetration at the
-
D" 15
: _ cathode. Probes placed as close as 0.5 em from the cathode show the same
‘d
o3
el
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behavior desciibed above. Supportive dars e procided by recalre from the i

i

tecent (June 1986) Sandia National Taboraror e -Naal Re carch
Laboratory/Maxwell Laboratories, lnc. PEON cwperiment on Blackjack S in
support of PBFA I1. Data trom a surface magnetic proabe placed in the
switch cathode 2 cm from the load end ot the 1.0 cm long =witch are shown in

. ae 10 . : .
Fig. 29. The probe detected no current (magnetic field) for = 65 ne,

then current at the probe location was measured for 15 ns before it began
flowing in the load. This result is suppoited by the strcak photography
done by the group at KallstuheH (see Fir. 10), which suggests current
penetration along the cathode at rates similar to VF'
To summarize Sec. III.C, for time delays where fast cwitching
occurs (TD € 2.2 ps) the switch current is azimuthally symmetric and flows
radially in a broad (>>c/wpe), current channel. The switch begins to open
when the leading edge of the current channel reaches the load side of the
switch plasma. For usual operating conditions both the magnitude and the

constancy of the rate of current penetration is incompatible with

associated mass motion.

Iv. SUMMARY :

In this report, we have presented results of measurements that: (1)
characterize the initial switch plasma, (2) identify the parameters
influencing the peak conduction current, and (3) reveal the nature of the

current conduction process.
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Data from time resolved photographic, spectroscopic, microvave, and
electric probe measurements present a consistent picture of the initial
plasma conditions. These mea urements give the approximate values that
have been used by NRL in successfully modeling the PEQS. The plasma is
primarily doubly ionized carbon, <Z>=2, with an electron temperature of
Te = 4-8 eV. The electron density increases in time and reaches
=6 X 1013 cm—3 at 7-10 cm from the source 2 us after the source is fired.
At this time the bulk of the inter-electrode plasma is unaffected by the
presence of the metal electrode surfaces. The density between the surfaces
continues to increase and temperature decrease with time to
n, = 3 x 1014 cm_3 and Te =5 eV at = 6 us after the source is fired.

Also, lcwer charge state carbon (C and c’) and neutral hydrogen evolve from
the electrode surfaces = 1.5 pus after the source is fired and begin to
diffuse into the inter-electrode region at = 1 cm/us changing, among other
parameters, <Z>. Note that the Faraday cup signals begin to decrease at

=~ 2 us after the plasma source is fired, in apparent contradiction to the

other diagnostics.

The switch conduction current was studied by varying the switch
geometry and conduction time. The measured peak current conducted by the
PECS scales approximately in accordance with Eq. (11) using the values for
the plasma parameters measured in the bulk of the plasma. For the case
investigated here, the peak conduction current was, to first order,

independent of conduction time.

Spacially and temporally resolved magnetic probe mcasurements reveal

that over a wide range of parameters the switch current is azimuthally
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}:\ symmetric and flows in a broad (>>c/wpe), predominately radial current
\‘:\
AN channel for delay times when fast switching is observed. The radial

@ Lo

2

current channel front moves steadily through the switch until its leading

S

N {
a0
'ﬁb edge reaches the load side of the switch plasma, whereupon the switch )
oy

o begins opening into a short circuit load. For usual operating conditions g
' the magnitude and constancy of the rate of current channel penetration are

" ,

=% incompatible with associated mass motion. With longer delay times, when :
A |
B . . . . , .

xﬁ the opening is degraded, the discharge is not symmetric. This may be

related to the change in plasma parameters. For delay times where no

L i
NON switching occurs, the current channel never reaches the load side of the

:3: switch plasma.
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