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Abstract

An 80 kW, 2.1 £V pulse has been generated with an in-
ductive energy storage pulsed power system controlled by a
GaAs photoconductive semiconductor switch. Power gain is
achieved by discharging a capacitor through the switch into a
current charged transmission line where current rapidly builds
up. When the switch opens, the energy stored by the current
is delivered to a matched 50 € load in parallel with the trans-
mission line, producing a pulse of greater voltage than that to
which the capacitor was initially charged. This results in both
voltage and power gain. A power gain of 49 is demonstrated
in this work.

L. Introduction

The development of the photoconductive semiconductor
switch (PCSS) has been encouraged by the recent need for
high performance switches for use in pulsed power applica-
tions [1]. This work focuses on the development of an induc-
tive energy storage pulsed power system (IESPPS) of which
the key element is an opening PCSS. Such systems are capa-
ble of achieving power gain, and a voltage greater than the
charging voltage is delivered to the load.

In order to achieve power gain, the PCSS design, laser
pulse characteristics, and circuit design must be carefully
matched.

1I. Circuit Design

In an IESPPS, energy is stored as magnetic field energy
in an inductive circuit element. That is in contrast to capac-
itive energy storage pulsed power systems (CESPPS) where
energy is stored as electric field energy in a capacitor. The
TESPPS offers several advantages over the CESPPS including
high energy storage density and inherent voltage step-up [2].

The experimental IESPPS is shown in Fig. 1. A current
charged transmission line (CCTL) [3] is the inductive element
in the circuit. The CCTL is a 2.0 m long transmission line
with characteristic impedance Z, = 50 €2, which is matched
to the load resistor. The 0.1 §2 current viewing resistor (CVR)
provides a nearly short circuit at the end of the CCTL as well
as a means of monitoring the current. The switch is a laser
activated PCSS with on-resistance, Rgyp.

The capacitor is initially charged to the voltage V,. For
analysis, assume the ideal case where Ry = 0 Q and the
capacitor has a large enough capacitance to be treated as a
voltage source. Then, when the switch is closed, the capac-
itor is the source of a current traveling wave of amplitude
I = V,/Z, which travels down the transmission line and is
reflected repeatedly from both ends of the CCTL. As illus-

trated in Fig. 2, the current will build up in steps of amplitude
2V, /Z, and length 7, where 7 is the round trip transit time in
the CCTL. Suppose the switch is closed for a period, t¢p, and
then opened. Upon opening of the switch, the current stored
in the CCTL is delivered into the matched load producing a
pulse of length 7 and amplitude,

Vi = Voten 7 ).

In this model, voltage gain is achieved whenever the
charging time, t., exceeds the round-trip transit time, 7.
Hence, the CCTL should be kept short, and t., should be
long. In the practical implementation, the switch opening
time imposes a design limit on the CCTL length. The CCTL
must be short enough to ensure that the switch opening time
is much faster than 7.

The circuit of Fig. 1 may also be analyzed by treating the
CCTL as a lumped inductance. We take the inductance of the
CCTL as L = Z,l/v where | is the CCTL length and v is the
traveling wave velocity. We may then solve for the current
in the CCTL as a function of time. This lumped analysis
does not predict the step-like charging of current described
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Fig. 1. Experimental inductive energy storage pulsed power
system. R,y—closed switch resistance; Z,-transmission line
characteristic impedance; R.,r—current viewing resistor; Ry
load resistor; C—capacitor; S—switch; V,—charging voltage; I~
transmission line length.
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Fig. 2. Theoretical step-like charging of the current
charged transmission line. 7-round-trip traveling wave tran-
sit time; V,—charging voltage, Z,—transmission line character-
istic impedance.
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Fig. 3. Experimental setup of the PIN GaAs switch and
current charged transmission line.
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Fig. 4. Square, 540 ns, optical pulse from Nd:Glass laser
system.
previously, however it does provide an accurate prediction

of the charging current envelope. The current through the
CCTL is given by:

I(t) = L[exp(s1t) — exp(s2t)], (2)
, . —bt /B2 —4ac V.R,
where 3 = =5 Lo = TRFR =)

a=LC(Rsy+ Ri),b=RouwRiC + L, and ¢ = R;.

Given a constant R, and charging time, (2) is used to
choose the CCTL length and capacitor in order to maximize
the charging current and output voltage.

III. Switch and Laser Setup

According to the requirements of the circuit, a GaAs
PCSS was chosen. The several nanosecond carrier recombi-
nation time in GaAs allowed the use of a CCTL with a round
trip transit time as short as 20 ns. Hence, with a 540 ns
square laser pulse, a voltage gain was achieved.

The PCSS was assembled from a 5 mm cube GaAs p-i-n
diode [4] provided by A. Rosen at the David Sarnoff Research
Center. The PCSS was mounted on a rectangular aluminum
mount above a fiberglass insulator. Contacts to the GaAs
samples were made by connecting a thin strip of copper foil to
each of the side surfaces with silver paint. Care was taken to
connect these leads so that the p-i-n diode was operated under
reverse bias. The setup is shown in Fig. 3. The CCTL was a
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Fig. 5. Nd: Glass laser system setup. BS-beam splitter;
PD-photodetector; PC-Pockels Cell; P-polarizer; M~mirror;
FI-Faraday isolator; HW-half wave plate; QW—quarter wave
plate.
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Fig. 6. a) Voltage across the load resistor showing 2.1 kV
output pulse. b) Current through the current viewing resis-
tor, and theoretical prediction with switch on-resistance set

to Rew = 1.2 2.

2.0 m long RG-213U, 50 Q transmission line. It was shorted at
one end with the 0.1 Q CVR, and the other end was connected
to the switch. The 50 § load resistance was provided by the
50 ) input impedance of an oscilloscope connected to the
circuit through two 10 x attenuators.

The switch is illuminated with a specially tailored
Nd:Glass laser pulse [5]. The laser system is designed to
provide a long, square pulse with fast rise and fall times.
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The ~ 10 mJ, 540 ns laser pulse is shown in Fig 4. The
customized laser system consists of a free-running flashlamp-
pumped, Nd:glass oscillator, and a two-stage double-pass am-
plifier. The oscillator output is chopped into a square pulse

with a Pockels Cell and polarizers. The laser system setup is
shown in Fig. 5.

IV. Results

The output pulse produced with a charging voltage of
Vo = 300 V is shown in Fig. 6. When the switch is closed, a
positive voltage appears across the load resistor; the voltage
slowly drops as the capacitor discharges into the CCTL. The
switch is then opened by the extinction of the optical pulse.
As soon as the switch is opened, the stored current in the
CCTL passes through the load, producing the large negative
output pulse.

The amplitude of the output pulse is 2.1 kV correspond-
ing to a power of 80 kW into the 50 Q load. With an initial
charging voltage of V, = 300 V, this corresponds to a voltage
gain of 7 and a power gain of 49. The power gain is defined
as the ratio of the peak power delivered to the load with the
pulsed power system to the peak power which would be de-
livered to the same load without the pulsed power system but
with a 0 Q switch on-resistance. Thus, the power gain,Gy is,

Gy = [W(masz)/Vo]2, (3)

where Vi(maz) is the maximum value of [V;], the voltge across
the load.

A trace of the current, I(t), through the CVR is also
shown. A theoretical prediction of I(t) is available from (2).
The theoretical curve is also shown. The best fit of theory to
experiment occurs when we set R,,, = 1.2 {0 in the theoretical
model, suggesting that the switch on-resistance may be as low
as 1.2 Q. The step-like buildup of current is not visible on
this time-scale, however, if we use a longer, 3.5 m CCTL and
a smaller time scale, the steps are clearly visible as in Fig 7.

Since traces of both the current and the voltage were
taken simultaneously, the dynamic switch resistance may be
calculated by computer according to the equation,

Vo s [I(t) dt =V,
I(t) ‘

The result is plotted in Fig. 8. Notice that the switch
resistance, Rgy, drops to nearly 2  when the switch is closed
by the laser pulse. When the pulse is extinguished, there
is a rapid rise in Ry, until it reaches ~ 300 Q; then the
switch resistance begins to fall. This unexpected behavior
may be caused by the lockon effect which has been observed
by other experimenters in closing switch experiments [6]. This
is further evidenced by a plot of the voltage across the switch
which is also shown in Fig 8. The unexpected reduction in
R,y occurs when the voltage across the switch reaches ~
3 kV, corresponding to a field of 6 kV/cm across the 5mm gap
of the switch. We notice that this is just above the reported
range of threshold fields for the onset of lockon [6]. .

Asg the charging voltage was increased above 300 V the
output voltage pulse was found to drop below 2.1 £V due to
lockon; subsequently, the voltage gain and power gain were
reduced.

st (t) = (4)
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Fig. 7. Staircase-like buildup of current in a 3.5 m long
current charged transmission line.
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Fig. 8. Dynamic switch resistance, Rew(t), and voltage across
the switch, Viy,(¢). The drop in switch resistance after the
extinction of the optical pulse is evidence of lockon. Without
lockon the switch resistance would rise toward infinity (dotted
line).

V. Conclusions

The GaAs photoconductive semiconductor switch is an
effective closing and opening switch in an inductive energy
storage pulsed power system . The CCTL inductive element,
and GaAs switch provide the fast response time necessary to
obtain a power gain of 49 within the limits of switch on-
resistance and charging time. A specially tailored square
Nd:Glass laser pulse was developed to provide long charg-
ing time and fast rise and fall times. The laser pulse was
effective in lowering the switch resistance below 2 Q.

The power gain of 49 was achieved with a charging volt-
age of 300 V' producing an output pulse of 2.1 £V, or 80 kW.
In order to achieve higher output voltages when using a GaAs
PCS8, it is necessary to increase the critical lockon voltage.
This may be done by using either a longer GaAs PCSS or
a Cr:GaAs PCSS. The critical lockon field in Cr:GaAs is
~ 8.5 kV/em which is much higher than the 3.2 kV/cm criti-
cal field in GaAs [6]. Experiments with 5 mm cube Cr:GaAs
switches indicate that the 10 mJ of laser energy is not suf-
ficient to lower the PCSS resistance below 7 . The carrier
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recombination time in Cr:GaAs may be up to an order of
magnitude less than in GaAs requiring an order of magnitude
more optical energy to maintain the same switch resistance
as in GaAs.

The subject of lockon is currently being investigated in
greater detail as we seek to understand the fundamentals of
this mechanism. The observation of lockon in the CCTL con-
figuration rather than the CESPPS configuration may pro-
vide some valuable insights.

Acknowledgment

The authors wish to thank A. Rosen, of the David Sarnoff
Research Center for providing the GaAs p-i-n diode switches.
This work was supported by the Air Force Office of Scien-
tific Research and the Strategic Defense Initiative Organi-
zation/Innovative Science and Technology managed by the
Office of Naval Research.

References

[1] Chi H. Lee (ed.) Picosecond Optoelectronic Devices. Aca-
demic Press Inc., New York, 1984,

[2] Karl H. Schoenbach, M. Kristiansen, Gerhard Schafer, “A
review of opening switch technology for inductive energy stor-
age,” Proceedings of the IEEE, vol. 72, no. 8, pp. 1019-1040,
1984,

[3] M. J. Rhee, T. A. Fine, and C. C. Kung, “Basic circuits
for inductive-energy pulsed power systems,” J. Appl. Phys.,
vol. 67, no. 9, pp. 4333-4337, 1990.

[4] A. Rosen, P.J. Stabile, A. M. Gombar, W. M. Janton, A.
Bahasadri, and P. Herzfeld,“100 kW DC-biased, all semicon-
ductor switch using Si p-i-n diodes and Al GaAs 2-D laser
arrays,” Photonics Tech. Lett., vol. 1, pp. 132-134, 1989.

[6] E. E. Funk, E. A. Chauchard, Chi H. Lee, and M. J.
Rhee, “Power gain in a photoconductive semiconductor switch
controlled inductive pulsed power system,” Proceedings of
the Fourth SDIO/ONR Pulsed Power Meeting, Los Angeles,
CA., June 20-21, 1991.

[6] F. J. Zutavern, G. M. Loubriel, B. B. McKenzie, W. M.
O’ Malley, R. A. Hamil, L. P. Schanwald, H. P. Hjalmarson,
“Photoconductive semiconductor switch (PCSS) recovery,”
Digest of Technical Papers, Seventh IEEE Pulsed Power
Conference, 1989, pp. 412-417.

1015



