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DESIGN OF PULSE TRANSFORMERS FOR ISOLATION PROTECTION AND
HIGHER SPEEDS IN THE REMOTE FIRING OF BRIDGE WIRES

by

V. H. Bostick, B. L. Freeman, J. C. King, and A. R. Martinez

ABSTRACT

The continued development of high-perform-
ance explosive pulsed power supplies has neces-
sitated the development of high-voltage isolated
x-unit systems. We have developed a circuit in-
volving an x-unit, a step-up transformer, a
pulse-forming network, a step-down transformer,
and a bridge wire. With this circuit, the time
to burst a single bridge wire was reduced from
0.6 us for a direct, short x-unit connection to
0.21 pys wvhile obtaining an x-unit-to-bridge wire
isolation of 2> 180 kV.

I. RATIONALE AND MOTIVATION FOR EMPLOYING PULSE TRANSFORMERS IN THE

CIRCUITS FOR FIRING BRIDGE WIRES

With the development of FCG’'s (magnetic flux compression generators) for
high-power pulses at high voltage (~ 1-10 MeV) as well as at high current, it
is necessary to have high-voltage insulated circuit elements between the ex-
plosive-initiation pulse generator (x-unit), which provides the pulse power
for firing the bridge wires, and the bridge wires themselves. Also if the
x-unit is to be protected from the effects of the high-explosive of the FCG,
it should be provided with 50 to 100 £t of cable between itself and the bridge
wires. The transmission of a fast-rising (~ 2.5 x 1010 A/s) current pulse
from a low-impedance x-unit (C = 50 uf, L = 129 nH, /L/C = 0.05 Q) to 50
bridge wires in parallel, 100 ft distant from the x-unit cannot be accom-

plished with fidelity, efficiency, or safety with one 30-2 C-cable (Reynolds
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167-2669C), or with 50 such cables in parallel (30/50 @ = 0.67 ). One of
these cables with a length of 100 ft has a series inductance of 11 uH, com-
pared with 129 nh = 0.129 yh of the x-unit. Fifty of such cables in parallel
have an inductance of 0.22 ph. The impedance mismatch is severe; too much
series inductance is introduced; and there is no circuit element to furnish
high-voltage isolation.

The energy stored in the 50-pf capacitor of the x-unit at 2 kV is
1/2 CV2 = 100 J. The energy required to fire one bridge wire attached

directly to the x-unit through 5 ft of C-cable can be measured by evaluating

t
1
J i2Rdt

o]

where it is assumed that R is a constant of 0.05 @, i is measured by a cur-
rent-vieving resistor of 0.05 @, and t; is measured by the notch in the
i-trace on the scope. Such a trace (Fig. 1), with 2 kV on the x-unit, gives a
time t; when the wire turns to vapor and plasma of < 0.6 us. At this time the
current has risen to a value of iy = 103A, and the voltage across the

resistance of the bridge wire is 50 V.

t
.2
J i*Rdt = 0.01 J v
0

under these circumstances. In contrast, using a matching pulse transformer
with the x-unit the bridge wire is fired at t; = 0.25 us instead of at 0.6 us,
and the total energy (see Fig. 2),

4
.2
J i’Rdt = 0.005 J
0

is reduced to about one-half of the energy required for slower operation.
Since the energy required to fire a bridge wire is such a small fraction

of the energy stored, it is unwise to make efficiency the first priority in

designing the circuit. High-voltage isolation and speed, or time minimiza-

tion, are considered to be the more important parameters in this instance.



II. EVOLUTION OF A HIGH-VOLTAGE ISOLATED FIRING CIRCUIT WITH AN IMPROVEMENT
IN SPEED OVER THE SIMPLE X-UNIT
Figure 3 gives a schematic of the circuit that has evolved: capacitor Cg
is composed of 14 barium-titanate, 500-pf capacitors (30-kV rating) in
parallel:

cg = 7 x 107f,

Transformer A (njpp = 1 turn, Npg = 10 turns) is wound on the core shown
in Fig. 4. The coils are wound on the central leg which has an
area A = 39 cm?. Each coil is made of two layers, five turns each, connected
in series for the high-voltage winding. The low-voltage winding of each
transformer is effectively one turn made up of 10 turns in parallel. Each of
these 10 turns is the outer conductor of a "coax" braid that has been
telescoped over the high-voltage insulated wire, which is to be used for the
high-voltage isolation protection. The measured segments of outer conductor
wvere strung onto the high-voltage insulated wire like beads on a necklace and
"clamped" into place with shrink tubing before winding the coil. The
high-voltage winding is made of commercially available, silicon-rubber
insulated wire. The insulation on this wire is rated at 60 kV dc, which is
probably useable to > 120 kV under pulse conditions.

Measurements of the transformer shunt inductance Ll (open circuit) and
leakage inductance L; (series, short circuit) performed at 100 kHz for trans-

former A are as follows:

2400 pyh referred to 10-turn winding

Ly

L; = 2.4 uh referred to 10-turn winding

24.0 nh referred to 1l-turn winding.

The coupling coefficient for this transformer is computed to be



The mean magnetic path length of the core is 34 cm. Since

4nN2uA
Ll = 9 h ]
10
where N = number of turns, A = cross-sectional area in cmz, and ¢ = permeabil-

ity, v can be calculated at 100 KHz for this + 35-volt-excitation, cw-bridge

measurement,

Ly x 10°

U= = 1700

4nN2A

Vith the effective voltage V applied across the coil for t s and the
cross-sectional area A given in cmz, the flux density in the core B =
108ve/NA. If V = 2 x 103 and the flux density for this core is Boar = 4400,

the core will saturate in a time

t = —— = 940 ns ,

for a square voltage pulse. If V decreases, the time to saturation will in-
crease.

Transformer A can charge the 100 ft of YK-198 cable (0.011 uf; 20-kV
rated) to 20 kV, as well as the 0.007-uF of the barium-titanate capacitors.
The spark gap can be set to break down at some voltage less than 20 kV. At a
setting of 4 mm, the gap fires at about 1 ps after the firing of the x-unit.
The breakdown of the spark gap places the voltage of the capacitor Cg across
the primary of transformer B, which in turn transforms the power to a suitable
voltage and current for the bridge wire. The series inductance is consider-
ably less than the series inductance of the x-unit plus a long cable.
Transformer B is wound on a smaller core (four Ferroxcube U64 cores;
cross-sectional area = 14 cmz) and has a lower series inductance than

transformer A.



With transformer B wound with coax cable made of cathode-ray-tube wire
(dc rating 30 kV), the total pulse rating for the system is at
least (>120 kV)+(>60 kV) = (>180 kV). The current through the bridge wire and
the voltage measured at the output terminals of transformer B are shown in
Fig. 5 for Ngp = 4 turns and Ngg = 1 turn. It can be seen that the bridge
vire fires in 280 ns and that the voltage across the output terminals of
transformer B, at 2750 V, is considerably larger than the i4R voltage of 60,
the remainder being the —L%% contribution from the inductance of the bridge
wire (~ 20 nh), its loop (~ 10 nh), and the 10-cm-length of C-cable (~ 40 nh).

Figure 6 gives the voltage and current traces for firing two bridge wires
in parallel. Figure 7 gives the traces for three bridge wires in parallel.
Obviously, the capacitance Cq should be increased if two or three bridge wires
are to be fired in parallel.

It should be noted that the circuit of Fig. 3 can reduce the firing time
of the bridge wire from 600 ns to 200 ns, and at the same time give voltage
isolation protection in the neighborhood of 200 kV. Also, with a 2:1
step-down for transformer B and a voltage of 3800 V, the bridge wire is fired
in t; = 210 ns (see Fig. 8). One should note that the power is delivered to
the bridge wire spikes as the break occurs. The time t, can be reduced even
further by widening the spark gap so that Cg is charged to a higher voltage,
and by increasing the capacitance of Cg. It should be possible to fire two or
three bridge wires almost as rapidly as one if Cgp is suitably modified.

For one bridge wire, it is clear that the reduction of t, is determined
by the series inductance of the bridge wire and its connections to the
transformer output terminals. For more than one bridge wire, t; is also
increased by insufficient capacitance in Cg- The length of t; can most easily
be decreased by increasing the voltage output of transformer B to perhaps
6 kv,

IIT. SUMMARY OF RESULTS

By using the circuit given in Fig. 3, we have been able to reduce the
time to fire an SE-1 bridge wire from 0.6p, directly from an x-unit, to
0.21 us, a factor of ~4.6. We expect that such a reduction in the time to
fire the bridge wire of this detonator yields a significant reduction in the
jitter of a complete SE-1. Also, this performance enhancement was accom-
plished using a 100-ft transmission line. In principle, the transmission line

length is limited only by dissipative losses. Finally, the detonator bridge



wires were isolated from the x-unit by a dc standoff of > 90 kV. For pulsed
applications, this represents a voltage isolation of > 180 kV. Therefore, we
have not only been able to achieve very high voltage isolation between the
Xx-unit and detonator but have also significantly improved the performance of

this firing system over that measured for a close-coupled bridge wire.
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Fig. 1. Scope trace of current, i, through bridge wire connected to
x-unit through 5 ft of Reynolds 167-2669C coaxial cable. 5V/div
with 10:1 attenuator, 0.2 us/div. 0.05 Q current-viewing
resistor. Current reaches i1 = 50V/.05 Q = 103A at t1 = 600 ns,

which is time at which the bridge wire vaporizes.
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Fig. 2. Current trace, i1, with circuit of Fig. 3. Transformer B has n =4,

BP
Npo = 1. Current, i, reaches i1 = 60/5 x 10_2 = 1.2 x 103A at

t1 = 250 ns. Voltage trace is at output of transformer B. The voltage
rises in -50 ns to 2400 V and remains there for 200 ns, and rises to

a sharp peak of 3000 V before it descends.



~4mm SPARK ~10cm C—-CABLE

X 1 MNapiNa 100 ft YK-198, 16 Q) QAP Ng,:Ng,
o— < > Y1
129 nH Bwl%%E
| 50 uF .
2.8 kv—= - . R=0.059
Cs
g o
TRANSFORMER TRANSFORMER
B

Fig. 3. Schematic of the x-unit with the transformer pulse-forming circuit.
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Current trace is same as Fig. 2, except voltage output of x-unit was

lower. Current i reaches i1 = 1080 A when the wire turns to vapor at

t, = 280 ns. Voltage trace rises in 100 ns to 1750 V, remains there

for 200 ns, and rises sharply to a peak of 2750 V in 280 ns from the

start of action.
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Fig. 6. Current trace is same as Fig. 2, except that two bridge wires are
being fired in parallel. Total current reaches i1 = 1700 A in
al =350 ns. Voltage trace rises to 2500 V, decreases to 800 V, and

spikes to 1300 V at t, = 390 ns.

1



€1

TRAZE

S8eB/12/8B IVECTACE~+8 BREBRE WERES IN PARALLEL

1000—1— 1000

AMPERES
VOLTS

Fig. 7.
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Current trace is same as Fig. 6, except that three bridge wires are

fired in parallel. Maximum current reaches 1900 A.
Voltage trace rises to 1700 V and decreases to “130 V at the time of
the sharp peak of £ 550 V, which signifies the vaporization of the

wire, and sets t1 at 580 ns.
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Fig. 8. Current trace with one bridge wire and for transformer B Nep = 4 and Npo = 2
(a 2:1 voltage step~down). The current il = 1500 A is reached at tl = 210 ns.

Voltage trace rises to 4200 V and decreases to 3600 V when the sharp peak
to 6000 V indicates the vaporization of the wire and sets tl at tl = 210 ns.
Power trace is simply the voltage multiplied by the current. Note that

this quantity peaks at 890 MW when the bridge wire is destroyed.
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