LA-UR--89-1992 o

-
-

,.
- il

DE89 014034

Loy Alamas Natnai L aDordlory 1S Operaru by Ihe Universily of Caiformia lor the United States Depariment of Energy under contract W 740% ENG- 36

TMLE  EXPLOSIVELY FORMED FUSE OPENING SWITCHES FOR USE IN

FLUX-COMPRESSION GENERATOR CIRCUITS

AUTHORIS) 5  H, GOFORTH

S. P. MARSH

susmiTTED o FIFTH INTERNATIONAL CONFERENCE ON MEGAGAUSS MAGNETIC
FIELD GENERATION AND RELATED TOPICS
JULY 3-7, 1989
NOVOS1BIRSK, USSR

DISCLAIMER

This report waus prepared as an account of work sponsored by an ageney of the “‘mited Statea
Ciovernment  Newther the United States Gosernment not any ageney thereol. ot any of then
cmplovees. muhes any warranty eapress or imphed. of acumes any legal habilng or respons
iy for the accuracy, cempleleness, or uselulness ol any information apparatus pexduct, o
prowess dis losed, ot tepresents that iy use would not sntnnge povately owned nghts Reles
enue heren tooany speafn commercn] proding process, o sesiee by tade name. tademark,
manutactuter o otherwise does not necessanby consttite o amply iy endursement, reomm
mendation o1 bavoning Wy the Umited States Cuoneriement ar any agenoy theteat The vews
and opimonsy of authots eapressed heten o not necessandy sate o relledd thewe of the
1innted States Government or any agemos thereot

OIS INE LRI LA L O
G meparr e iy e le the Dubishes ton ogmzes hal 1he LS Guayernmsot ingains, A naneachisive royaily free iy snse o putdisn o ptanhin e

s b et o b e onfelghion e ta allow albere, e s for 11 % Gowernmpnt Dur e,

"ty fan, o, ! . .,
e b Ao Mgt e b ahionalony fogaends that the pebisher winnbily 0y 200 e ay wiek pwerlormpgd givdee the Ausjue e nl tha 1 *, Depantment of | neiyy

WMASTIR

‘ (( W /\ ’ v Los Alamos National Laborator
\") FAIN\J (S ’ [ﬂ K())\‘Q LosAI.am() anMnxu 08/‘)4‘y

I Ihh o FITE TN NV 2NN I

e ey


About This Report
This official electronic version was created by scanning the best available paper or microfiche copy of the original report at a 300 dpi resolution.  Original color illustrations appear as black and white images.



For additional information or comments, contact: 



Library Without Walls Project 

Los Alamos National Laboratory Research Library

Los Alamos, NM 87544 

Phone: (505)667-4448 

E-mail: lwwp@lanl.gov


EXPLOSIVELY FORMED FUSE OPENING SWITCHES FOR USE IN
FLUX-COMPRESSION GENERATOR CIRCUITS*

J. H. Goforth and S. P. Marsh

Los Alamos National Laboratory,
Group M-6, MS J970, Loz Alamos, New Mexico, USA 87545

INTRODUCTION

Explosive-driven magnetic flux compression generators (explosive generators) pro-
vide for the generation of large amounts of energy compactly stored in a magnetic field.
Opening switches for use in explosive generator circuits allow the einergy to be used
for applications requiring higher power than can be developed by the generators them-
selves. We have developed a type of opening switch that we describe as an explosively
formed fuse (EFF)."~4 These switches are well suited to expiosive generator circuits
and prcvide a considerable enhancement of explosive pulsed-power capability.

Our first experiments with explosively formed fuses occurred while attempting
to utilize the enhanced pressure developed in the high-pressure interaction between
two detunation fronts. In these tests we attempted to use the intcraction to sever
conducting plates along lines perpendicular to current flow. The technique worked to
some extent, and to ascertain how much advantage was gained from the high-pressure
interaction, we substituted an areal detonation in place of the discrete lines required
to produce lines of iuteraction. The result of this experiment was an outstanding
opening switch effect that set the atage for all our subsequent work. We point out that
the same effect could have been found by applying simultaneous detonation systems
to the sweeping wave designs of Vitkovitsky® et al. and further, that Chernyshev
ct al.% have arrived at similar designs. The concept of the technique as an explosively
formed fuse rather than as an explosive breaker came from comparing results of 2-1)
hydrodynamic code computations to experimental results. The calculations showed
that the active conducting layer did not sever on the time scale of the opening, but
was extruded into thin enough regions that Ohmic heating would be significant. A
detailed accounting of the heating mechanisms has proved to be extremely difficult, but
achieving significant resistance increases over a wide range of experimental parameters
has been quite simple. We have brought explosively formed fuse opening switches to
the present status by successive stages of experimentation and computation, driven by
the needs of a high-current application. In the following material we deseribe much

of our development effort, the state of the art, and the different manifestations of our
technigue.

* This work was suppotted by the US Departiment of DOJ,



SWITCH CONCEPT

An explosively formed fuse consisis of a relatively thick conducting sheet that is
explosively driven into an insulating extrusion die. The die normally consists of a series
of extrusion patterns and in all our applications, the extrusion occurs simultaneously
throughout the die. Figures 1 and 2 illustrate the switching concept. Figure 1 shows
2-D hydrodynamic code (hydrocode) calculations of the hydrodynamic evolution at
one die element. Figure 2 shows current and voltage records from an experiment
utilizing four of these die elements in series. Arrows in Fig. 2 show the times of each
frame in Fig. 1. Not only does the conducting element not sever in the frames shown,
but calculations indicate that it does not during times of interest. The conclusion
from these data and calculations is that the current interruption is due to heating of
the conductor in the evolved thin regions. Recent results* indicate that the extrusion
process may add approximately enough energy to melt the active region, but that the
fusing action is relatively insensitive to the amount of heating thus produced.
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Fig. 1. Evolution of an explosively formed fuse. At time 0 (upper left)
the cross-hatched aluminum conductor has just begun to be driven into
the Teflon die. The calculation considers a die with one complete anvil-
void-anvil pattern, and one half of a void on »ach sid:. The problem is
bounded to right and left by reflective boundaries. In this calculation the
voids are 6.5-mm wide and 13-mm deep. The Teflon anvils are 1.5-mm
wide, Resistance becomes significant at --2 pus,
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rig. 2. Current and voltage waveforms from a small-ccale test using four
die patterns that ccrrespond to the calculation in Fig. 1. Arrows indicate
the times of the frames in Fig. 1. The circuit in the experiment consisted

of a 1500-uF capacitor bank at up to 10 kV with a total inductance of
~200 uH.

SWITCH TOPOLOGY

We have operated explosively formed fuse opening switches in two different circuit
topologies. Figures 3 and 4 illustrate these two switch versions that we will identify
as Type 1 and Type 2, respectively. In a Type-1 switch, inductance associated with
the opening switch must be represented as shown in the Fig. 3 schematic and flux
in that inductance is lost during the current transfer process. A Type-2 switch has
topology that is correctly represented schematically as shown in Fig. 4 without any
wasted inductance. A Type-1 device is less efficient, but siripler and less expensive to
operate. We have gained most of our experience with Type- 1 devices, and a small scale
test version of this device is shown in Fig. §. Performance data obtained with such
devices scale appropriately to devices such as that pictured in Fig. 6 which is the more
efficient Type-2 version. As can be scen in Fig. 6, a Type-2 switch requires a few extra
design, fabrication, and implementation considerations. The most expensive inclusion
in this switch is a second explosive layer. In addition to expense, the thickness of the
ex»Hlosive {along with the insulation of this region) adds inductance to the load circuit.
The switch will function if this explosive is omitted, but the resistance increases much
more slowly in these cases. Opcrationally, the insulation in the load output section
must withstand the shock wave from the explosive components, and still sustain the
voltage required by the circuit parameters. Teflots has proven to be a good insulator
for these purposes. In spite of the added complexities, T'ype-2 switches are the devices
of choice if ultimate efficiency is required.

DESIGN AND APPLICATION CONSIDERATIONS

There are two essential parameters in explosively formed fuse design considera-
tions. The resistance profile of the switch and the energy that it can dissipate. T'he
rate of resistance increase is determined by two factors. First, there exists a limit on
how fast high explosive (HE) will drive the active switch element and this controls



the ultimate speed of the extrusion process. The extrusion can be slowed by adding
more mass to the volume being driven into the die. In addition, since the opening
depends on Joule heating, the current density in the switch can affect the speed also.
In our experiments, however, this has not been an important tactor. A compensating
mechanism occurs in explosively formed fuse operation that enhances the effective
resistance rise. In practical designs, the extrusion die is inside the circuit loop and as
the extrusion occurs the switch performs flux compression. The effect is to prodnce
a forward voltage (counter to that of the eventual IR drop) that dominates until the
resistanc2 of the switch is equal to the magnitude of the negative dL/dt produced in
the flux compression. The circuit current is amplified during this time, and the effects
of early resistive phases are eliminated. This compensating feature is the fortunate
coincidence of the fact that in high current density applications, the magnetic forces
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" Fig. 3. Pictorial representation and schematic of a Type-1 EFF.
Lq The center line in the illustration indicates that the device is a

figure of revolution of the lines shown. L;, L2, and L3 relate the
~ inductance in the schematic to a volume in the device, and R is
- the active opening switch element. A and B are the connection
. points to an explosive generator. Flux in L, is available to be
A B | transferred to the load, Ls, when the closing switch closes, but
all flux (Lalo) in the opening switch loop is lost.
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Fig. 4. The same iwo representations for a Type-2 EFF as
presented for a Type-1 EFF in Fig. 1. L, and L, are kept
L separate to illustrate the point that some inductance is still
1 associated with the EFF device, but L, and L, can be lumped
together (Ly + L2 Lgrone) for circuit analysis.
A B



must be away from the extrusion die to preveni the premature extrusion of the switch
by magnetic rather than explosive forces. The resistance of the switch initially is
determined by the ratio of length, £, to cross sectional area, A, in the active switch
conductor. The hydrodynamic processes produce an extrusion in the die that changes
the ratio £/A, and the important length scaling parameter during the opening phase is
the number of series patterns in the die, n. Since, in all applications to date, we have
been able to use a conductor that is initially 0.8-mm thick, the dependence reduces
to n/C where C is the circumference of the cylindrical switch. We base predictions of
switch resistance in a new design on this ratio. Different die patterns yield different
cross sections upon extrusion and each die pattern has its own scaling constant. The
extrusion process adds heat to the switching region, but this is a constant per pattern
and circumference and so does not affect the scaling. The magnitude of the scaling
constant must be measured experimentally for each die, and the result can then be
scaled for switches with differing physical dimensions. The details of the die Jesign
impact not only the resistance of the switch, but also the other important parameter,
energy dissipation (AE). Figures 1 and 7 compare two different die designs. Figure 7
shows a die pattern that has wide anvils, while Fig. 1 shows very narrow auvils. Ex-
perimentally, we see that the resistance developed in the thinner regions produced by
the wide anvils of Fig. 1 is larger per die pattern than that produced by the narrower
anvils. The thin regions produced by the narrowed anvils, however, contain much
more conductor mass and experimentally we see that the pattern of Fig. 1 will dis-
sipate more energy per pattern. AFE limits scale according to the product nC. The
number of patterns per total switch length can be iarger for the die with a narrower
anvil, and this compensates somewhat for the reduced resistance per pattern while
further enhancing AF. At linear current densities of 0.1 to 0.2 MA/cm: the patterns
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Fig. 5. Small-scale test version of a Type-1 EFF. The 15-cm-long cylin-
dricai charge is detonated on axis driving the active conductor (labeled
explosively formed fusce) into the extrusion die. Detonator-actuated closing
switches allow current to be diverted to a foil fuse which can be a test
dynamic load or a voltage pulse generator,



in Figs. 1 and 7, respectively, will develop a resistance at peak voltage cf ~90 (mf-
cm)/pattern and ~160 (mfl-cm)/pattern. In addition, the two versions will dissipate
~0.78 kJ/(pattern-cm) and ~0.39 kJ/(pattern-cm). Figure 8 shows resistance curves
from tests of both die patierns using the hardware in Fig. 5. We have discussed the
amount of energy AE that an explosively formed fuse will dissipate. The interpretation
of experimental data is that at some energy level, sufficient heating has occurred
in sections of the explosively formed fuse that reconduction begins to occur in the
same way as described by Lindemuth et al.”? for conventional exploding foil fuses.
This reconduction, however, does not produce a dramatic switch failure as might
be seen in other devices, since there is a continuous range of cross sections in an
explosively formed fuse, and some part of the switch continues to be cool enough to
have high resistivity. Nevertheless, best results are obtained when none of the switch
is overheated, and we say that the switch has reached its energy dissipation limit when
we see a drop in total resistance occur as in Curve B off Fig. 8.

Surtace Discharge Closing Switch

Fig. 6. Small-scale Type-2 EFF shown with a static inductance dummy
load. The inner cylindrical charge is 15-cm long.

In choosing whether an explosively formed fuse is appropriate for a particular
application, several things must be considered. The most obvious is that the switches
typically make use of sizeable explosive charges. While not a factor for use with explo-
sive generator circuits, considerable effort would be required to use the devices in close
proximity o permanent pulsed power facilities. Further, there are the fundamental hy-
drodynamic limits on switching speed discussed earlier. Full resistance of explosively
formned fuses require :-2 us to develop. Conduction time, however, can be very long
and as an example, in applications in which a large helical generator develops 11 MA
in 350 us, the pulsc compression ratio into a 30-nH load is ~200. The low amplitude
part of this current pulse can be almost aruitrarily long. Although hydrodynamics
and currcat density determine the rate ¢! resistance rise in an explosively formed fuse,
we can delay closing the load isolation closing switch until the resistance is somewhat
developed,* and ultimately, the current transfer rate is determined by the switch resis-
tance and circuit inductances. In most of our applications, resistances in the 100-m{l
rang® have been sufficient. As an example of operational parameters, a switch that
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Fig. 7. Die pattern for comparison to Fig. 1. Frame B shows the evolution
by 3 us. Note that the sides of the extruded region are very thin but that
the region where the Al is betwuen the Teflon anvil and the HE remains
relatively thick. More resistance per pattern develops, but less energy is
dissipated. If the field across the HE in ine narrow gap between anvils
exceeds ~100 kV /cm, failure will occur.
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Fig. 8. Resistance curves produced
by two different die patterns. Curve B

.| used 20 of the die patterns in Fig. 1
| and Curve A used 11 of the patterns
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in Fig. 7. ~125 kJ were dissipated in
Test A while 450 kJ were dissipated
in Test B.
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conducts 11 MA and dissipates 2.5-MJ circuit energy develops ~100 mfl, and scaling
considerations indicate that it should perform that task at up to AE ~ 7 MJ. Based
on these numbers and employing R and A E scaling relations, a switch developing well
over 300 m{2 should be possible using available HE systems. To operate within the
range of linear current densities in which we have typically worked, the switch would
be limited to 6 to 7-MA peak current and AE = 2 MJ. Since an expenment with this
device would produce voltages of ~1 MV, other factors would have to be considered
in addition to I and AE, however. IR voltage drops exceeding 9 kV/cm have been
successfully sustained down the length of the switch, but transmission line designs must
also be commensurate with the voltages generated When nominal resistance values
and energy dissipation limits are experimentally deterr.ined, other circuit parameter
ranges are iinplied. If we perform a simple analysis on the circuit in Fig. 4, we see
that for a constant resistance R carrying a current I, when the load isolation switch
is closed, current transferred is given by
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We see that a maximum value for AE implies a maximum value for I, for fixed
store and load inductances. Although a realistic time-varying resistor and either a
resistive load or time-varying load inductance change the implied circuit values, these
simple relations can be used for determining the range of usefulness of an explosively
formed fuse when AE and R have been experimentally determined. Finally, a ques-
tion of synchronizing explosively formed fuse events with other experimental features
must be considered. Although high precision firing circuits are available, the jitter in
actuating the switch is the accumulation of several events. In addition, the explosively
formed fuse turns off with different risetimes at different current densities. As a result,
actuating the switch within a 100-ns window is reasonably simple, but improving that
performance by a factor of two rejuires great care and precision. As an example, ac-
tuating an explosively formed fuse to coincide with the broad top of a sweeping wave
helical generator waveform is trivial, but synchronizing the resulting voltage waveform
that increases at the rate of >400 kV/us with a detonator actuated closing switch is

difficult. If each event occurs in a 100-ns window, the jitter in voltage at closing time
is 80 kV.

APPLICATIONS

Although major applications of explosively formed fuse Switch Technology are
the subject of other reports in this conference,®® we will give a brief description here
of some explosively formed fuse applications. Figure 9 is a cross section of an explo-
sively formed fuse system that has the ultimate goal of driving 1-us plasma z-pinch



experiments. The explosively formed fuse in this system is a Type-1 device. Figure 10
summarizes data from a test of this device. We have not yet successfully sustained the
entire voltage pulse produced by this inductive store-explosively formed fuce system.
However, the failures have been due to dielectric interfaces and transmission lines
rather than problems with the explosively formed fuse. We have sustained as much as
140 kV across a 15-cm-long explosively formed fuse,* and have every reason to believe

that the 76-cm-long switch in this system will easily handle the 220 kV required for
successful operation.
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Fig. 10. EFF current and post-hole voltage from a test of the device in
Fig. 9. Note that the current was entirely turned off in the EFF. The sharp
break in the voltage curve is where a transmission line failure occurred and
the inductance downstream from the post holes is reduced.

Figure 11 is a cross section of an application cf a large Type-2 device. This system
is also described in another paper in this conference® and is, as yet, untested. This
system uses a slowed explosively formed fuse to transfer 16 of 22 MA to a plasma
flow switch which performs a second stage of pulse compression inside an evacuated

region. Ultimately, we will try to drive plasma z-pinches with the plasma flow switch.
Figure 12 shows calculated performance of the system.

Figure 13 shows data obtaincd from a different use of a Type-1 device. In this
test, *he explosively formed fuse simply provides a complete circuit path to allow the
delivery »f initial flux to the generator and early flux compression to occur. Then,
as the dL/dt of the generator becomes large, the EFF is actuated and the load is
switched in. In this case, only a small amcunt of flux is !ost in the switch and a
Type-1 explosively formed fuse is fine. For applications where a generator will drive
the load, but the early long time pulse is damaging to the load, this system is ideal.

A final application is suggested by initial small-scale Type-2 tests. These tests
have been reported elsewhere,! and results are summarized in Fig. 14. When a high-
voltage pulse is required for high-impedance loads, such a system could be built. As

suggested eariier, a compact system that would develop 1 MV would be feasible if the
voltage can otherwise be sustained.

)
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Fig. 12. Predicted performance for the system in Fig. 11. Frames A, B,
C, and D show total systemr current, plasma gun current, the voltage at
the gun input, ard the EFF resistance, respectively. The R(t) curve in
Frame D) is an extrapolation from a test, with the device in Fig. 6, in which
the second layer of HE was omitted.
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CONCLUSIONS

We are just beginning to apply explosively fortned fuses to a variety of systems,
and to take full advantage of explosively formed fuse techniques, a great deal of work
must still be done. Detailed understanding of the resistance rise, for instance, will
allow the initial switch conductor and the die design to be tailored precisely to cach
application. In the meantime, we have developed a usef.:l technique for on-going ex-

periments and scaling relations for determining when explosively formed fuse switches
may bhe useful in other systemns.
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