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Abstract

Inductive pulse forming techniques appropriate for
the driving of imploding plasmas have been explored
with special attention given to a suitable opening
switch. Parametric investigations of circuit models
indicate that imploding load performance is rela-
tively independent of opening switch parameters.
Extrapolation of existing experimental and computer
simulated data leads to conceptual design criteria
for a fused metal foil opening switch which will
be implemented on 2 1.9 MJ system. The inductive
system compares favorably with the direct capaci-
tor driven system in terms of kinetic energy with
the definite advantage of shorter time scales on

which the energy is delivered to the implosion.

Introduction

The Air Force Weapons laboratory is investigating
plasma implosion techniques as a desirable method
for generating a very high energy density plasma
suitable for use as an intense X-ray Sourcel. Under
the SHIVA program experiments have been conducted
in which a plasma formed from a thin freestanding,
cylindrical metal or plastic f£ilm is driven to high
velocities (> 20cm/usec) by a high current from a
1.1 MJ, 1.3 us capacitor bank. Proper choice of
geometry and mass of the imploding plasma'allow
good (25-30%) coupling of electrical to kinetic
energy and have efficient heating of the pinched
plasma. Radiation outputs of 180 kJ (16% total
efficiency) at powers in excess of 1.5 TW have been
observed. Future experiments call for the delivery
of much larger amounts of electrical energy (15-

30 MJ), and implosion dynamics suggest that shorter
implosion times (30Cns) would be advantageous. To
meet these requirements energy storage systems of

conventional design would be exceedingly large and
expensive. An attractive alternative technology

may be conceptualily developed using inductive
(magnetic) energy conditioning techniquesz’3
coupled with inertial primary energy storage .

The inertial primary store is essentially present
technology. Therefore, the purpose of this work is
to explore the potential applicability of inductive
pulse forming techniques in the driving of implod-
ing plasma loads. Special attention is paid to the
development of a suitable opening switch. In this
paper the inductively driven plasma implosion sys-
tems will be explored analytically and computa-
tionally through circuit models. The performance
of currently available opening switches will be
compared against the requirements developed in the
analysis to assess the near term prospects for

applying inductive techniques to large systems.

Simple Analysis
The circuit shown in Fig. 1 consists of a dc charged

capacitor bank (C) discharging through a storage

inductor (L_ = L ) and a closed switch
s ext

Lbank +
(Sl) that opens at peak current (IO) to transfer
the energy through switch S2 to the load of initial
inductance Lo' The load inductance increases sub-
sequent to the initiation of current interruption
thus corresponding to the implosion of the SHIVA
load (L(t) = Lo + AL(t)). The initially open switch
(8,) isolates the load from the system until switch-
in; time (ts). The final load inductance is
L = L0 + AL where
huo

AL = o= n (Ro/Rf) W
The parameter h is the height of.the cylindrical
foil, while R0 and R, are the initial and final

f
cylinder radii respectively. Convergence ratios

(RO/RE) of 12-~14 are commoan and the shorter time

scale implosion is expected to lead to a convergence
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of 20. Several assumptions are employed in the
simplest analysis. The final resistance of the
opening switch is assumed to be large compared to
the final L of the load to prevent significant
sharing of current through the switch. If the im-
ploding cylinder radius and velocity are r(t) and
v(t), one can write

f.(t) = E ()

27 r(t) ’

<

(2)

It is also assumed that the resistance rises
quickly, in other words that the switching time

is much less than the implosion time.

At peak curreat and for the short energy transfer
times of interest the bank voltage and the amount
by which the charge on C can change is near zero,
hence for the analysis the capacitor element can be
represented by a short circuit. Assuming conserva-
tion of magnetic flux, the energy stored in LS and
Lo immediately after tS is

Ls
=S 5 3
1 Ls + LO <] 2

=1

where EO (= %LSIOZ) is the energy stored in Ls
prior to ts. The energy dissipated in the rising

switch resistance must be

1C)

according to conservation of energy. To minimize
the switch dissipatien L0 must be as low as possi-
ble (LO<<LS). After the implosion the approximate

energy stored in Ls’ Lo’ and AL is

L

O -
2 L+ L + AL Eo : &
s [o]

1

s

The kinetic energy coupled to the plasma shell dur-
ing the implosion is just the difference E1~E“’

and a kinetic efficiency can be defined as

C e s
e Ty ML+ AL
o

(8)

if L <<L . If AL>>L
o) s 5

can be realized. Thus, in general, to get most of

efficiency approaching unity

the stored energy into kinetic energy and maximize
efficiency requires LO<<LS<<AL. Unfortunately Lo
is typically fixed by consideration of power flow

in the load and AL is fixed by the convergence

ratio and the foil height. For the SHIVA system
values of Lo below 3-3 nH are unrealistic, while
AL can range from 6 to 24 nH, and reaching very
high efficiency will be difficult. Given practical
constraints upon LO and AL, the value of Ls re-
mains as one parameter which can be adjusted. In-
tuitively, if LS is chosen to be very small, a
large amount of energy is lost in the switching
operation, if it is chosen to be large the energy
transfer to the load suffers. To find the optimum
choice of L_ ome can take dr‘.ke/dLs and set the re-

sult equal to zero. This results in a criterion on

L=‘/L2+L AL . (7
k] o [

Clearly for the case of the static load, AL = 0,

LS, namely:

Eq. (7) gives Ls = Lo. Thus, the familiar static
result is recovered, and as expected, from Eq. (3)

bt = = )/ i
and Eq. (4) El Esw 50% Eo' Plotting n, as a

function of Ls for an implosion where AL 1:*elz nH
shows that the efficiency of coupling inductive to
kinetic energy goes through a maximum at the pre-
dicted optimum LS and that the optimum is broad and

relatively insensitive to small variations in Ls.

For one class of opening switches, namely electri-
cally exploded conductors, the operation of the
switch is determined by the energy, (and to some
extent power history) dissipated in the switch.
Therefore it is useful to characterize the circuit
performance in terms of the emergy dissipated in
the switech given by Eq. (4). Figure 2 is a plot of

the minimum dissipation fraction defined as

g L +L - ®)

When LS is chosen by Eq. (7), Eq. (8) indicates
that § is only a weak function of AL. For small AL
the curve approaches 507 as expected for a static
load. The significance of § is that it represents
the minimum amount of energy that will be dissipa-
ted when the switch opens (at least 25% for prac-
tical cases), regardless of the characteristics or
relative time of the operations of switches S1 and
32. Conversely it is the minimum energy available
to use to actuate a dissipation driven switch. The

temptation is to develop a switch which "requires"



very littly energy. Figure 2 indicates that, for
example, for typical SHIVA parameters L0 = 5 nH

and AL = 12 nH, almost 407 of the energy goes into
the switch regardless of how clever the design. On
the other hand, since dissipatively operated cur-
rent interrupting switches may require more than
the minimum energy given by §, the fraction £ of
the inductively stored energy remaining after
switching that is coupled to kinetic energy is also
a relevant parameter. Using Eq. (3) and (5)

L + L0
E, =1

= Eke/ -5 9
1 L +L + AL
s °

£ (9)

Figure 3 is a plot of the coupling fraction £. The
plot shows that for realistic values of 3 nH< L° <
5.nH and for AL = 12 nH approximately half of the
energy remaining after switching is coupled to ki~
netic energy yielding for these parameters an over-
all My

design criteria emerge:

e of 30%. From this simple analysis, a few

i) Minimize Lo, as much as possible,

ii) Maximize AL,

iii) Choose L =~ L2+1L AL ,
s (<) o

iv) Determine the dissipated switch energy.

Numerical Results

In this section, the numerical solution to a cir-
cuit similar to that in Fig. 1 is discussed.
Values were chosen for circuit elements which cor-
respond to parameters of the SHIVA-I' capacitor
bank system. The 267 uF capacitor is charged to
120 kV storing 1.9 MJ. The load is modeled as a
time varying resistance, having  the same form as
Eq. (2), in series with a time varying inductance
expressed by

uh
L(t) = Ty tn (R/r(t)). (10)

The radii of the return conductor (chamber) and of
the imploding foil are represented by R and r(t),
respectively. The initial foil radius was chosen at
5 cm and the height at 2 cm by stability arguments.
The return conductor radius was chosen at 17.5 cm
of 5 nH, which

corresponds to Lo = 5 nH in the apalytic model. The

to give an initial value for the 'L

assumption of 20:1 conversion leads to a minimum
£ of 17 nH; and a
AL of 12 nH. Thus from Lo and AL a value of the

radius of 2.5 mm; a final value L

storage inductance is chosen from Eq. (7) to be

9.2 nHi. The series output switch is modeled as a
time varying resistor whose value is 1 megohm prior
to switching time ts and changes to 0.1 milliohm in
5 ns subsequent to ts. The current interrupting
switch is a resistance (Rl) which is varied as a
problem variable. The opening switch inductance is
typically taken as less than 1 nH but will depend
on the switch geometry. The fuse inductance was
included in the bank side of the circuit rather
than in the fuse branch because, with the coaxial
SHIVA arrangement, LF stores magnetic energy that
is available to the load when switching occurs. The
circuit was subjected to numerical analysis using

a circuit solving code for a variety of Rl profiles

and time scales and for a variety of switch times
ts.

Terminal Resistance
Assuming all the stored energy is transferred to
the inductors, the coupled kinetic energy should be
570 kJ (30% kinetic efficiency). Choosing 33 cm/us
final velocity and allowing a 2.5 mm final radius
the foil mass and final L should be 1075 kg and
0.5 Q. The constant flux analysis implied that the

final value of R, should be much greater than 0.5 Q

1
to assure that most of the current is flowing in
the load. To model the situation a linear ramp re-
sistance profile was chosen (since other shapes
effected only a few percent variation in the kimetic
energy), changing Rl from the initial resistance
(Ri_== 0) at tl = 2.46 us (time of peak current) to
a final terminal resistance (Rf). The switch dura-
tion (4t) was taken as 100 ns to assure that At <<
timp’ and Rf was varied from 30 m{ to 5 Q. The time
at which the output switch closed (ts), was a cons-
tant at 2.465 us. Figure 4 shows a plot of the ki-

netic energy coupled to the imploding foil and the

final velocity of the £6il when it had collapsed to
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a radius of 2.5 mm as a function of R the final

switch resistance. As anticipated thefkinetic en-
ergy coupled at lower values of Rf is lower than
that observed at higher values. Perhaps surprising
is the fact that when Rf ~ i peak nearly 907% of

the kinetic energy predicted by the flux model is
observed coupled in the numerical solution. But
when Rf drops more than an order of magnitude

to 30 mR the kinetic efficiency decreases only
moderately to 627 of the efficiency predicted by
the flux model. This relatively moderate impact

of reducing Rf can be motivated by referring to
Fig. 5 where the dissipative impedance (RLD) and
Rl(t) are plotted as functions of time for the case
where Rf = 30 mfl. The plot shows that the dissi-
pative part of the load impedance RLD rises rapidly
at the very end of the implosion, and even for very

modest values of R RLD is less than Rf for about

s
90% of the implosign time. Although it is also
true that most of the kinetic energy is coupled
late in the implosion, it must be noted that once
Rl interrupts the current and 'charges™ the load

inductance, the time scale (L/Rl) for current to

transfer back to Rl

ns for which the load impedance is higher than RE'

is independent of R, until late in
£

is much longer than the 30-60

Coupling te L
the implosion, and most of the necessary energy
has been loaded into L (which has increased to
almost Lo + AL before L overtakes Rf). Figure 4

also exhibits a f£all off of n above approximately

ke
0.5 Q. This result is perhaps more surprising than
the relative moderate fall off at low Rf. At larger

values of Rf excessive energy is dissipated in the
fuse during opening time thus leaving less energy
in the magnetic circuit to drive the implosion and
thereby explaining lower overall efficiency. The
conclusion is that, for implosion parameters dis-
cussed and for values of R_ that are greater than
the initial i of the load Ea few milliobhms) but
not much greater than the final i (one-~-half ohm),
performance seems to be predicted by the simple
model within about 20%. Thus the criteria results

with L << R. ~ L .
o £ pinch.

Output Switch Closure Time

It was observed that earlier "closing times" (ts)

of the series output switch R, resulted in improved

efficiency and decreased dissf’.pation of large values
of Rf. In fact the kinetic energy approaches the
570 kJ £lux model value. Presumably when R is very
large (i.e., Rf is large and At is fixed), the time
scale of current transfer is seriously effected by
the RZ closing time and thus results in larger dis-
dipation in Rl' Closing the output switch late in
the interruption may be expected to result in ex-
cessive energy dissipation in the fuse and hence
lower kinetic efficiency. On the other hand, clo-
sure of the output switch too early may be expected
to result in lower voltages across the load and
hence lower initial i, and perhaps result in longer
implosion time for a given load. Fortunately, from
a practlcal point of view, the earliest possible
closure time (after start of interruption time)
appears most promising according to both the effi-
ciency and implosion time. The 5 ns value of R,
used to generate the data in Fig. 4 is more re;re-
sentative of practical multi-channel switches than
is the less than 1 ns value required to achieve
flux model efficiency. The implication is that a
"low jitter" output switch is required if large
values of Rf are achieved by the fuse. Figure 6
shows a plot of kinetic energy and implosion time
as functions of output switch time for a case where
Rf equals 500 mQ. The implosion mass was 1 x 10 °kg,
and the switch opening time (At) was 100 ns. For
reference, the fuse resistance profile is also
sketched. The figure shows that both kinetic energy
and implosion time are sensitive to switch closure
time. As expected kinetic energy drops and implosion
time increases with later closing times. The implo-
sion time shows a tendzncy to flatten out for clo-
sure times near the start of the interruption

(2.46 us).

Opening Time

The simple flux model presumes that the implosion

is carried out in two steps. First a current inter-
ruption occurs, then an implosion phase occurs. The
energy transfer is calculated on the assumption that
L(t) does not change during the interruption phase
(i.e., a static load). The numerical analysis shows
that for time scales of about 3/4 of the implosion

time the opening switch is seeing a constant L(t)



~
Ao
P

(to within 25%) before it starts increasing rapidiy.
It also shows virtually no change of kinetic energy
for time scales up to 300 ns which is very close

to 75% of the implosion time. For opening times up
to 500 ns the loss of efficiency is less than 5%
and the implosion time lengthens somewhat (from

450 to 550 mns).

Implosion Mass/Final Velocity

One of the advantages of inductively driven implo-
sion systems is the fact that at least in the sim-
plest model the kinetic energy coupled is dicta-
ted only by the inductance ratios and is indepen-—
dent of the implosion mass. This allows relatively
wide variations in final velocity to be achieved
independent of kinetic energy and hence allows
assessment of the effect final velocity has on the
thermalization process. Figure 7 is a plot of the
kinetic efficiency, £inal velocity, and implosion
time as a function of implosion mass. The plot
shows that for a full order of magnitude change
of implosion mass (5 x 10" ° to 5 x 10 ®kg) the
change in velocity is given by the anticipated

10 factor ranging from 11.9 cm/us to 37.3 cm/us.
As expected the implosion time varies over a simi-
larly wide range associated with the changing final
velocity. For larger masses and for small masses,
the kinetic efficiency suffers somewhat. Consi-
deration of the circuit model shows that for the
large masses the long implosion time leads to re-
verse charging of the bank capacitance (because a
relatively large current is flowing in the "positive'
direction for a2 long time after current peak). The
energy stored in the recharging capacitor is ap-
proximately 3 times the observed loss in kinetic
energy. For small values of mass the more dramatic
loss results from excessive energy dissipation in
the fuse resistance caused by larger values of RLD

at earlier times in the implosion.

Concentual Design

Finally, it is appropriate to comsider the pros-
pects for the success of a high energy inductive
store/opening switch system as a driver for a prac-
tical imploding plasma load. Significant data has
been published on the behavior of exploded foil

fuses used as opening switches, but in gemeral the

energy level (25 kJ) and the time scale (10 to a
few hundred us) are not representative of the be-
havior of the fusing element in systems of interest
(2 M3, 1-2 us). The work most nearly approaching
these parameters is rhat performed by the AFWL at
the 200 kJ, 3-4 us level. Preliminary work on a

100 kJ, 100 kv, 1.2 us system has ﬁroduced 150 to
200 ns fuse voltage risetimes achieving final fuse
resistance values greater than 160 mQS. The corres-~
ponding resistivity of about 400 mQ~cm agrees sa-
tisfacterily with previous empirical data and the
models used in this paper. In this section the re-
sults of these efforts will be examined in light of
the foregoing analyses and circuit calculations.
Figures 8 and 9 are extracted from previous AFWL
work and show current and voltage profiles for a
set of copper foil fuses quenched in glass beads
for a variety of physical lengths and widrhs which
maintain a constant total fuse mass of 25 g (for

1 mil or .0254 mm thickness). For both figures the
peaks occurring later in time correspond to de-
creasing lengths and increasing widths. Based on
preceeding analyses the most promising choice for

a fuse might be the fuse which produces the highest
storage current while still opening in times less
than (but not necessarily much less than) the im-
plosion time. It is convenient to accept the FWHM
of the voltage pulse as one measure of opening time
when resistance data is not readily available. From
Fig. 9 it is apparent, as expected, that the short-~
est interrupt time is associated with the highest
peak voltage (maximum i) but not with the maximum
storage current. Thus compromise will be in order.
For the purpose of this analysis it was chosen to
discuss the maximum voltage case. The FWHM of this
case is 370 ns which is acceptable for driving a

400-450 ns implosion.

For scaling purposes we resort to Maisonnier's ana-

. 2 . .
lysis” which suggests a cross—-sectional area for a
fuse based on the parameters of the driving current

and on the physical properties of the fuse of inter

est.,
W3/2
2 = i 11
7% v 1% a (11)
1
where s = cross section of fuse (m?), W = stored
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energy (J), L = total system inductance (H), V =
charge voltage of capacitor bank (V), and kla =

set of parameters describing the material (= 1.2 x
For the data in Figs. 8 and 9,
67 nH. Thus Eq. (11)

The fuse in ques-

10!7 for copper).
W= 200 kJ, V- 50 kV, and L
would predict s = 7.6 x 10 6m2,

tion was 21 cm wide and 1 mil thick so that s =
.053 cm? or roughly 70% of that predicted by the
Maisonnier model. Scaling upward for a system
where W = 2 MJ, V = 120 kV, and L = 9.2 nH. 707

2,4 copper

of the predicted area s :is = .32 cm
foil 1 mil thick would then be only 1.3 m wide.
Figure 10 shows a plot of material resistivity o

vs specific energy dissipated in the fuse. The
functional relationship between p and specific
energy is open to question but for simple approxi-
mations the empirical data of Fig. 10 will be used.
Recalling that the previous analysis indicated

that 670 kJ must be dissipated in the fuse, and
taking approximately 6 kJ/g as the upper limit of
useful specific energy from Fig. 10 indicates that
112 grams of material could be utilized. At a den-
sity of 8.94 g/cc and a cross section of .32 cm?,
this implies a fuse length of 39.2 cm. If it
reaches a maXimum rasistivity of 520 u@-cm, the
fuse that is .32 cm? x 39 cm has a peak resistance
of 63 mfi. From Fig. 4 a fuse with Rf of 63 mQ would
drive an implosion to becter than 400 kJ of kinetic
energy or 207 overall kinetic efficiency. One must
qote that the interpretation attached to the data
in Fig. 10 is counservative because the resistivity
curve appears to be clearly steepening (not yet
having reached the plateau assumed in our model of
Rf). On the other hand Fig. 4 shows that while in-
creasing resistivity (or increasing Rf) will help

somewhat the marginal gains are small.

In conclusion, it appears that simple extrapolation
of already existing data leads to a conceptual de-~
sign for a fused opening switch which can be imple-
mented on a 2 MJ system. The resulting plasma im-
plosion should be compared against that which can
be obtained by directly driving the plasma from
the capacitive energy storage. Using a initial

5

SHIVA load foil geometry of 7 cm radius and 2 cm

neight, and requiring for stability reasons that

the direct driven implosion be complete in less
than 1.4 us, results in the coupling of approxi-
mately 400 kJ of kinetic energy to the implosion.
This performance compares very favorably with the
400+ kJ of kinetic energy implied in the previous
inductive storage analysis. The advantage of the
inductive system is clearly the time scale on which
the energy is delivered. The inductive system pro-
mises 400 ns implosions or a factor of 3 or more
faster than the direct driven implosions. At this
point it appears that significant gains in thermali
zation and radiation are to be achieved by this

modest reduction in implosion time.
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