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Ultrafast Gating of MicroChannel Plate X-Ray Spectrometers 
/. D. Wiedwald 

We have developed a laser-triggered microchannel-plate (MCP) gating sys
tem using a photoconductive switch. This system has obtained a dramatic 
improvement in performance for three MCP-intensified x-ray 
spectrometers during recent x-ray laser experiments at the LLNL Novette 
laser facility. 

The x-ray laser experiment 

Experiments conducted at the Novette laser 
facility have demonstrated an x-ray laser with a 
process known as resonant photo-excitation. 1 , 2 In 
this process, the two Novette beams are line fo
cused onto two selenium foils that are located on 
the outside of an x-ray laser target (Fig. 1). These 
foils produce x rays that pump the gas-filled cav
ity between the two foils. Then, through resonant 
photo-excitation, a population inversion is created 
that results in enhanced radiation at 50 to 60 eV 
(about 200 A). This radiation exits both ends of 
the laser target. We diagnosed the radiation from 
the t a rge t wi th three l o w - e n e r g y x-ray 
spectrometers. Two spectrometers known as 
McPIGS (MicroChannel Plate-Intensified Grazing 
Incidence Spectrometer) were used in conjunction 
with a single SIRGAS (Slitless Intensified Readout 
Gated Spectrometer) design. The McPIGS spec
trometer contains a slit and a diffraction grating 
that disperses the x rays onto a microchannel 
plate (MCP) that serves as the detector (Fig. 2). 
The SIRGAS spectrometer also uses a diffraction 
grating that disperses the x rays onto a curved 
MCP detector located on the Rowland circle. 

The x-ray signals of interest have a duration 
of approximately 300 ps while background in the 
same spectral region continues for several nano
seconds. The effects of the background are mini
mized by turning the MCP off immediately after 
the signal is detected. The MCPs are turned on by 
charging to approximately - 1 kV with a slow 
rise-time (500-ns) pulse and are rapidly turned off 
by a photoconductive switch connected to the 
MCP through transmission lines. We stagger the 
turnoff times of three microstrip lines across the 
MCP by 250 ps in order to provide some time 
discrimination. 

In this discussion of our x-ray laser experi
ment, we describe the details of the gating system, 

including the pulse-charging system, trigger-beam 
delivery optics, and system diagnostics. 

Functional description of the 
diagnostics 

MicroChannel plates are spatially-coherent 
electron multipliers that have been found to be 
useful in a wide range of scientific applications. 
They are used in these instruments to detect low-
energy x-ray signals (40 to 150 eV) by photo-elec
tric conversion. X-ray-generated photo-electrons 
are multiplied along each multiplier channel by a 
factor of up to 100,000, as determined by the MCP 
bias voltage. The resultant electron cloud is accel
erated by several kilovolts and strikes a phosphor 
screen where the light it creates is recorded on 
film. 

The gain of an MCP is a very sensitive func
tion of the bias voltage. For example, dropping the 
bias voltage from 1000 to 700 V results in a factor-
of-forty decrease in MCP gain. We use this 
characteristic to achieve gate turnoff that is some
what faster than the electrical gating signal. We 
estimate that the effective gate closes in less than 
100 ps. 

The MCP must be biased to about - 1 kV in 
order to achieve sufficient gain during signal de
tection. Then, in order to avoid detecting the 
background x rays, the bias must be removed 
quickly after the signal of interest arrives. The 
MCP bias structure is made up of 3-mm-wide 
gold strips plated on the front surface of the MCP 
and a ground plane provided by a gold-plated 
back surface. These strips form 25-fl microstrip 
transmission lines and there may be up to four 
strips for each MCP. Therefore, we need to drive a 
gating signal into an equivalent 6.25-12 load. 
Rapid gating speed and low jitter are important 
because background is minimized by turning the 
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Fig. 1. Resonant photo-excitation x-ray laser. 

MCP off as soon as possible after recording the 
signal. 

The need to gate a relatively high voltage 
with a very fast low-jitter transition greatly lim
ited the range of possible solutions. We consid
ered laser-triggered spark gaps, step-recovery di
odes, and avalanche transistor strings as possible 
solutions, but these were all ultimately rejected as 
incapable of meeting all of our requirements. We 
found the requirements could be met by using 
laser-triggered photoconductive switches. 

The photoconductive switch 

A photoconductive switch,'" 5 sometimes 
called an Auston switch after one of its early de
velopers, is essentially a slab of near-intrinsic 
semiconductor with two ohmic contacts. Carriers 
freed by photo-electric conversion of light are 
available to conduct current across the gap be
tween the two contacts. A great number of carriers 
can be generated very quickly by a short, intense 
laser pulse, causing the semiconductor to become 
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Fig. 2. A McPIGS spectrometer. A McPIGS spectrometer uses a diffraction grating to disperse x rays 
onto an MCP detector. 

a quasi-metal and close the switch between the 
two contacts very quickly. After the illumination 
is removed, the conductivity decreases (at a rate 
determined by the carrier recombination time) un
til it reaches the dark level that results from ther
mal generation of the carriers and charge injection 
from the contacts. With the availability of sub-pi
cosecond lasers, experimenters have generated 
low-level electrical pulses with edges as fast as 
400 fs. 

Silicon was chosen as the semiconductor for 
our switch. It has a recombination time of about 
100/is, allowing sufficient time for the bias volt
age to be removed before the carriers recornbine. 
It is also quite sensitive to the 1.053-/im light 
available from the Novette glass laser, which pro
vides a portion of its energy to activate this 
switch. Gallium arsenide was also considered but 
its short recombination time of 300 ps would have 
made it impossible to remove the bias voltage be
fore the switch reopened. 

Silicon has other characteristics that cause a 
slight inn'ease in system complexity. Because of 
its long carrier lifetime and low dark resistance, a 
silicon switch may experience thermal runaway 

under higii voltage DC bias. To prevent this, a 
bias pulse generator was developed that provides 
a negative 1-kV pulsed bias for only about 1 /is. 
This is too short a time for thermal runaway to 
occur. The bias pulse generator is described later 
in this article. 

Fast gating circuitry 

As first conceived, a short gating pulse (a few 
hundred picoseconds in duration) would have 
been required to gate the MCP on during the pe
riod of interest. We soon recognized that the back
ground occurs only after the signal, and only a 
fast turnoff is sufficient. This allowed us to take 
the approach shown in Fig. 3, which was some
what less difficult than producing an ultra-narrow 
electrical pulse.*' This approach uses the photo-
conductive switch to short the bias voltage to 
ground very quickly, thus disabling the MCP de
tector. The transition time is determined largely 
by the width of the laser pulse. For our experi
ments this pulse width ranged from 100 to 400 ps, 
resulting in similar electrical fall times. 
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Fig. 3. Fast-gating circuitry. Throughout the system, 25-fl semi-rigid cable is used. Since up to four 
separate 25-n MCP strips are to be gated, the system impedance is about 611. In order to physically 
match photoconductive switches that were already available, two switches (each 3 mm wide), are 
mounted side-by-side onto a 6-mm-wide stripline. The resulting stripline is sandwiched between 
two 0.5-mm-thick epoxy-fiberglass printed circuit boards to obtain a 6-11 characteristic impedance. 
The 6-mm stripline is fanned out into four l.S-mm strips, each terminated in the 25-il semi-rigid 
coaxial cable. The pulse edge is then propagated in 25-n cable through the vacuum wall to the MCP. 
Three 3-mm-wide conductive strips plated onto the MCP provide 25-n micro-strip transmission 
lines with the MCP serving as the dielectric. In order to minimize electrical reflections, the pulse 
exits the MCP on another 25-n semi-rigid cable and is terminated in a capacitively coupled termina
tor assembly. The terminator assembly also allows us to monitor the electrical performance of the 
system. This assures us that the switch is being triggered at the correct time, that laser energy is 
sufficient to completely saturate the switch, and that the turnoff edge is being properly transmitted. 

Bias pulse generator 
At low frequencies, the combination of the 

MCP and the photoconductive switch is a capaci-
tive load that must be charged to about -1 kV in 
order to achieve adequate MCP gain. The MCP, 
charge cables, and photoconductive switch have a 
combined capacitance of about 3 nF. To prevent 
thermal runaway, we determined that u rise time 
of 500 ns or less, a 300-ns flat top (to make timing 
easier), and a fall time of 500 ns or less were 
needed. We arrived at a design using two stacks of 
ten power field effect transistors (FETs). The cir
cuit diagram is shown in Fig. 4. The series stack of 
FETs discharges a 0.1-/iF capacitor, charged to 
about -1 kV, into the load capacitance of 3 nF. The 
shunt stack then discharges the load capacitance 
to ground. A pair of oscilloscope pictures demon
strating the pulse-charger performance is shown 
in Fig. 5. Figure 5a shows the output of the bias 
pulse generator across the photoconductive 
switch with no switch activation. The same signal 
with the activation of the switch by a light pulse is 
shown in Fig. 5b. Here, the voltage falls abruptly 
to about -400 V when the switch is activated. In 

fact, the MCP voltage drops nearly to zero within 
a few nanoseconds. The difference, however, is 
the result of measurement limitations. 

Photoconductive switch activation 
The short laser pulses that activate the photo 

conductive switches have three essential require
ments. The pulses must have at least a millijoule 
of energy each, the beam profiles must be stable 
and free of large interference patterns, and *he 
pulses must arrive at the switches precisely timed 
to the x-ray signals from the target. 

The laser beam that activates the switches is 
obtained by reflection off a polarizer located in 
the main Novette laser chain (Fig. 6). An adjust
able wave plate allows us to vary the energy in 
the trigger beam. The main Novette pulse and the 
trigger beam must arrive at the target chamber at 
approximately the same time. Since the Novette 
pulse travels 175 m, the trigger beam must travel 
about the same distance. The straight-line dis
tance from I he wave plate to the target chamber is 
only 36 m. Therefore, a considerable amount of 
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Fig. 4. Schematic of bias-pulse generator. 

trigger-beam path folding must be incorporated. 
Additionally, in order to obtain uniform beam 
profiles at the photoconductive switches, the trig
ger beam must be image-relayed along its entire 
path length. 

To meet these requirements, an image-relay-
ing-and-folding system is used (Fig. 6 inset). This 
folding system allows the laser beam to travel 
across 120 m of beam-path length in only 25 m of 
space. The system uses four mirrors and two 
lenses with a focal-length of 6 m to relay the beam 
across the necessary 120 m. The first mirror is 
used to direct the incoming collimated beam 
down the common axis of the two lenses. The sec
ond and third mirrors, which are placed at oppo
site ends of the relay path, direct the beam off axis 
with each successive pass. After the beam has 
made five passes through the system, the fourth 
mirror extracts the beam and directs it toward the 
target chamber area. 

Once near the target chamber area, the beam 
is split into five separate beams. Three of these 
beams are directed to the two McPIGS and 
SIRGAS switches. A fourth beam is directed to a 
photodiode which monitors the trigger-beam en
ergy, while the final beam activates a reserve pho
toconductive switch. The reserve switch is moni
tored to assure that the laser is gating the switches 
properly. An optical trombone is also incorpo
rated into each of the three spectrometer trigger-
beam paths. This feature allows adjustment of 
each beam-path length to achieve the proper de
lay time required for each switch. 

This optical system provides the excellent sta
bility and beam uniformity required by the photo-
conductive switches. 
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Fig. 5. Pulsed bias voltage across photocon
ductive switch (a) without activating switch 
and (b) with activating switch. The vertical 
scale is 200 V/Div. 

System performance 

The electrical performance of the system is 
monitored by recording the terminator output sig
nal on a Tektronix R7912 transient recorder. Al
though the 500-MHz bandwidth of this instru
ment is insufficient to accurately reproduce the 
actual transient, it provides a good timing indi
cator that is checked against light scattered from 
the x-ray laser. (See Fig. 7 for a typical record.) In 
addition to confirming system timing, the ampli
tude of the electrical reflections recorded here 
proves to be a useful indicator of the photocon
ductive switch "on" resistance. 

Since the turnoff pulse is AC coupled a! the 
terminator, a reflection from the terminator builds 
up as the coupling capacitor charges. This re
flected signal "probes" the photoconductive 
switch, resulting in a second reflection which is a 
function of the switch resistance. Computer simu
lations using the SPICE circuit analysis program 
allow us to determine the resistance based on the 
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nature of the doubly reflected signal. In these ex
periments, we have determined that the switch re
sistance, regardless of laser intensity, was never 
less than 2 £1, which we attribute to contact resis
tance. Reflections consistent with a switch resis
tance of greater than 3 fi caused us to check the 
alignment of the laser beam and to look for any 
beam attenuation. This was an effective way to 
evaluate the quality of the illuminating beam. 

Another real-time diagnostic is an oscillo
scope recording of the bias pulse (Fig. 5b). This 
diagnostic confirms that the amplitude and timing 
are correct. Along with these two records, timing 
(coarse and fine), laser illumination, and MCP 
bias level are provided on every system shot. 
These routinely provide a high level of confidence 
in the performance of this diagnostic. 

Scientific results 

Three independent gating systems were 
fielded on a series of Novette experiments. These 
involved one SIRGAS and two McPIGS x-ray 
spectrometers. Only three strips of each MCP 
were implemented; the fourth channel bypassed 
the MCP and was connected directly to the termi
nator assembly. Cable lengths were adjusted to 
stagger the gating of each strip by 250 ps. 

Two film records of one of the McPIGS are 
shown in Fig. 8. Figure 8a shows the diagnostic 
properly timed. The top strip is gated off within 
200 ps after the peak of target illumination. The 
middle strip turned off 500 ps after the top and 
has a background that is several times that of the 
top strip. Figure 8b shows another shot for which 
the gate-off circuit was intentionally disabled, al
lowing full integration of the background. The 
background and contaminant lines in this case are 
many times that of the top strip in Fig. 8a. 

The large improvement in instrument dy
namic range allowed experimenters to observe 
and measure lines that would have otherwise re
mained unnoticed. Particular attention was first 
drawn to the 206- and 209-A lines because of their 
high relative brightness in the first time strip. 
These lines were then investigated for their 
brightness, directionality, ard intensity as a func
tion of cavity length. The results verified that 
amplification is indeed occurring; an x-ray laser 
had been demonstrated. 

The three gating systems were operated on 
more than 150 Novette laser shots with no mal
functions. The ultrafast gating characteristics of 
these systems coupled with their excellent reli
ability have allowed the x-ray spectrometers to be 
an invaluable diagnostic on the Novette x-ray 
laser experiments. 

X-ray laser lines 
209A-1 I-206A 

a) 

b) 

Fig. 8. A comparison of gated (a) and ungated (b) McPIGS performance. These were exceptionally 
bright shots. The signal-to-noise ratio was even more impressive in shots having less intensity. The 
turn-off sequence for the gated image is: top, bottom, middle. 
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Related applications 

Photoconductive switches have been used by 
various experimenters for: 

• Low-jitter streak-camera sweep generators 
• Fast electro-optic pulse gating 
• Electro-optic pulse shaping. 

The results of this work show that photoconductive 
switches are also usable as gate generators for one-
dimensional (and potentially two-dimensional) im
aging. Their attributes include economy, reliability, 
geometric flexibility, high voltage, bi-polar opera
tion, and speed (limittd essentially by the speed of 
the illumination). It is, of course, necessary to have 
an appropriate illumination source available. Typi
cally, this is a sub-nanosecond laser of moderately 
long wavelength (500 to 1060 nm) having at least 
100 ft j of energy. 
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Study of Power MOS* Fast Switching Techniques 
/. A. Oicles and G. ]. Krausse* 

Pulsed power is a method of storing energy over a long period of time and 
releasing that energy in a very short period of time at a very high power 
level. An increasing number of tasks rapidly emerging in the scientific com
munity are demonstrating the need to generate bursts of power at speeds 
approaching the limits of current pulsed-power technology. When there is 
a need to generate, for example, 10 kW at several hundred volts in less than 
3 ns, a circuit designer will typically turn to vacuum tubes. However, the 
planar triodes required for such performance can cost over $400. With a 
growing list of applications such as low-power lasers, marine communica
tions, particle accelerators, cancer treatment, military countermeasures 
equipment, nuclear testing, and university research, this need has attracted 
some attention. So, to solve the problems of speed, power-handling ca
pability, low jitter requirements (under 50 ps), and cost, researchers at the 
University of California's two national laboratories at Livermore and Los 
Alamos have found an inexpensive solution in a new approach to transistor 
packaging. 

Introduction 

The emergence of power MOS field-effect 
transistors (FET) over the past few years has cre
ated a revolution in the design of mass-produced 
circuits such as switching power supplies. Circuit 
designers have been able to use them to achieve 
switching speeds of 20 to 50 ns in power-supplv 
applications, which is a significant improvement 
over conventional bipolar transistors. We have ex
amined the inherent switching-speed limitations 
of this technology and we have discovered that, 
using some reasonably simple techniques, power 
MOS can be improved to become an efficient me
dium for production of high-power pulse genera
tors with switching times approaching 1 ns. 

The generation of energetic pulses has de
pended strongly on non-solid-state switching 
technology when speed and voltage requirements 
are less than a few nanoseconds and greater than 
a few hundred volts, respectively. Switching re
quirements of greater than 10 kW in less than 
3 ns, for example, limit the circuit designer to only 
a few technologies, none of them particularly sim
ple or inexpensive. The addition of high repe-

• Metal Oxide Semiconductor. 
1 Currently employed at Los Alamos National Laboratory 

tition-rate requirements compounds the problem, 
and will generally limit the designer to a vacuum-
tube approach if the repetition rate and/or rise 
time are outside available thyratron capabilities.1 

We have experimentally obtained switching 
speeds of 1.3 ns under lightly loaded conditions 
(i.e., 409 V into 50 Q.) and single-device peak cur
rents of 145 A in approximately 5 ns. Foreseeable 
improvements in this new development promise 
to make our approach even more versatile and 
useful in the future. 

Background 

In the past few years, power MOS has solved 
many power-circuit problems and created a new 
generation of high-frequency switching power 
supplies which are small and lightweight. This 
improvement in power-supply performance still 
does not satisfy the specialized needs of high-
voltage pulse generators requiring output voltages 
of up to 10 kV and with rise-time requirements 
sometimes below 1 ns. Such pulsers find use in 
lasers and other optical systems, radio frequency 
modulators, other sensor drivers, and a variety of 
miscellaneous tasks continually emerging in the 
scientific community. 
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The key element in a pulse-generator circuit 
is the switch which provides the fast rise-time 
output. Several technologies have been available 
for fast, high-voltage applications in the past. 
However, for work under 5 ns, the choices are 
somewhat limited. Gas switches (spark gaps) and 
krytrons, for example, have been popular for their 
high performance and low cost. Their use is often 
precluded, however, by high jitter and poor oper
ational lifetime. More recently, the bulk-semi
conductor photoconductive (Auston) switch has 
emerged as an effective high-voltage switch.2 This 
device relies on the photon-induced generation of 
carriers within a bulk-semiconductor material. 
Typkally, the Auston switch requires a complex 
pulsed laser system for turn-on. Some other ap
proaches rely on rise-time improvement using 
various magnetic techniques, but waveform is dif
ficult to control with these methods and an active 
pulse generator must be provided. Avalanche-
mode transistors continue to be used and indeed 
present an attractive solution to manv engineering 
problems. They are, however, power limited and 
often exhibit reliability problems. Such difficulties 
are compounded when multiple devices are used 
to attempt to circumvent the power issue. For 
completeness, the hydrogen thyratron is men
tioned, but it is limited to a rise time of around 
3 ns. 3 Most thyratrons are no faster than 15 ns. 

This often leaves the vacuum tube as the only 
viable switching element available for rise-time 
requirements under 3 ns and greater than 10 kW 
and for circuits with repetition-rate conditions re
quiring low jitter. Such specifications would de
scribe a device which could function as a Pockels 
cell driver, for instance. Pockels cells are high 
speed electro-optic devices used as shutters in 
laser systems. For such a speed requirement, com
ponent selection is generally limited to microwave 
planar triodes such as the Varian/Eimac Y-690.4 

High speed circuits used with these devices tend 
to be complex because the circuit-induced multi
plication of the input capacitance of the triodc 
(known as the Miller Effect) limits power gain. 
The vacuum-tube current for pulse applications 
also is limited to around 12 A/cm 2 of cathode area. 
Higher currents are possible but tube lifetime may 
be degraded. 

Device development 

All power MOS is implemented as an array of 
thousands of minute cells on each transistor chip. 
Because the cells are so small, the switching speed 

inherent in any cell is very fast. Consequently, the 
cell array of a power MOS transistor can be made 
to switch very fast but special techniques are re
quired. Figure 1 depicts a simple equivalent circuit 
of a conventional power MOS transistor, showing 
those equivalent elements which limit switching 
speed. It is possible to partially circumvent these 
charging limitations with conventional packages 
by applying a higher voltage to the transistor gate 
(see Fig. 1). 

A more reliable and versatile method of at
tacking the problem is to repackage the transistor 
chips in a manner which meets our special re
quirements. This approach, which has been previ
ously investigated by others,'1 is depicted schemat
ically in Fig. 2. Our approach is based on a new 
package design in which lead inductances are 
minimized in the same way as they are in micro
wave strip-line transistors. We also employ multi
ple bond wires from the chip to the package lead 
connections to help minimize the inductances 
found in Fig. 2. An important further change is the 
addition of a second source lead with inductance 
L s", reserved for an ungrounded gate drive. This 
is implemented by an extra set of bond wires to 
the transistor chip and an extra package lead. Ex
cept for the common inductance on the chip itself, 
this prevents reduction of gate-source voltage 
caused by current passing through the source 
inductance. 

Circuit development 
We discovered that two of these chips would 

fit nicely in the Kyocera package, forming a hy
brid circuit with twice the current-handling ca
pability. The inherent current-sharing feature of 
MOS makes this paralleling possible without 
elaborate precautions. Chip mounting and bond
ing were carried out by Los Alamos National Lab
oratory with twelve 2-mil wires going from each 
bonding pad to the appropriate package terminal. 
Chip pad areas are ample for even the 20 individ
ual bonding wires for the dual-source connection, 
as shown in Fig, 3. Finally, after some effort, we 
have developed the gate-drive circuit shown in 
Fig. 4. This design provides a drive signal swing 
from zero to + 25 V, with the critical + 4 to + 10 V 
transition taking place in 0.8 ns, when driving the 
3500 pF gate-source load. The driving transistors 
are high-frequency devices in strip-line packages 
normally used in communications equipment. The 
circuit provides a zero volt level for FET turn-off, 
a highly desirable feature shared only with the 
vacuum tube in this speed/power regime. 
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Fig. la. Equivalent circuit of a conven
tional power MOS transistor. 

Fig. lb . Conventional transistor pack
age TO-220. 

An MOS transistor has three elements: the gate, the drain and the source. The output current of 
a transistor flows from the drain to the source. This current is controlled by the voltage impressed 
from the gate to the source. Given an ideal step generator (with zero rise time), e , there remain 
several circuit elements impeding rapid turn-on. In order to turn on the transistor, one must apply a 
charge to gate-source capacitance, Ctv,, and to the smaller drain-gate reverse capacitance, C,„, such 
that the required gate-source voltage is obtained. The latter's significance is multiplied by the Miller 
Effect. The source impedance, R t ;, of the generator must be sufficiently low to charge these capaci
tances in the required time. Included in Rc- is also the resistivity of the gate interconnection on the 
chip itself. 

Lead inductances also limit switching speed. Using devices in conventional transistor packages 
such as the TO-220, the circuit designer is limited by the inductances, L G and L s , of such commercial 
packages. The value of these inductances is approximately 10 nH using the TO-220 package in a 
compact circuit configuration. Inductance L,, in particular, adversely effects rise time. As the device 
turns on, the voltage from the gate to the source is reduced and results in a delaying step in the drain 
fall time. It is possible to partially circumvent these charging limitations with conventional packages 
by applying a higher voltage to the gate. 

It is possible to partially circumvent the limitations in switching speed illustrated in Fig. la. For 
example, the Intersil IVN6000CNU (as in Fig. lb) transistor is specified to withstand a maximum 
gate-source voltage of 30 V. We found, however, that it will generally withstand a gate-source stress 
of 100 V and we were able to switch 300 V into 30 Q. in approximately 3 ns using this approach. 
However, we would limit such overstressing techniques to information-gathering circuit experiments 
where reliability and reproducibility ar not issues. 
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Fig. 2. Equivalent circuit of special packaging. 
In the new design, lead inductances are mini
mized with the help of multiple bond wires 
from the ;chip to the package lead connections 
and the addition of a second source lead. 

Experimental performance 

In order to determine the effectiveness of the 
new package, tests were conducted with two 
IRF840 transistors in parallel substituted in the cir
cuit. Each of these devices consisted of an 
IRFC440 chip in a TO-220 plastic package. (See 
Figs. 5-7.) We found that the custom package 
yielded more than a factor-of-two improvement 
in switching speed over conventional packages 
(1.9 vs 4.9 ns). 

Cost 

This new package design carries with it an 
attractive cost improvement in the technology of 
switching power supplies. By bonding together 
two $15 power MOS transistors in the special 
package costing $60, we have created a significant 
improvement over the use of $400 planar triodes. 

During the course of testing, several areas ca
pable of improvement were noted. Most of these 
were concerned with a reduction of circuit induc
tance. Design of a transistor package with an even 
lower inductance is in progress at Los Alamos Na
tional Laboratory. More careful circuit layout also 
appears to be in order. Gate-drive requirements of 
less than 1 il and less than 1 ns present some in
teresting challenges i. >vlh the circuit designer 
and packaging engineer. 

Emerging higher voltage chips also promise 
higher single device power levels and higher out
put voltages. We are presently preparing to test 
developmental Motorola 850-V devices in our 
package and we have 1000-V components on 
order. 

We are also investigating techniques for sum
ming pulse outputs from multiple generators, ei
ther by a stacking arrangement (which presents 
gate-drive problems) or by the use of transform
ers. It is reasonable to expect that the several kilo-
volts required to drive Pockels cells, for instance, 
could be achieved using this approach and at a 
cost comparable to, or less than, existing vacuum-
tube, thyratron, or spark-gap drivers. 

Based on our relatively brief experience in 
this medium, we predict single device maximum 
currents of 200 A, rise times less than 1 ns and 
voltage holdoff ability of at least 1 kV when tech
nology matures. Allowable repetition rates are cir
cuit dependent, but could be in the several mega
hertz range. Such performance is assumed to be 
within the realm of available (or soon to be avail
able) limitations on device voltage and chip dissi
pation, and should be suitable for reliable circuit 
performance in mass-produced equipment. 

Conclusions 

It has become apparent that the power MOS 
approach is competitive with planar triodes in 
terms of speed, power handling capability, jitter, 
and cost for many applications. The advantages of 
operational lifetime, ruggedness, size, and reliabil
ity normally attributed to solid-state circuitry 
make this new approach particularly attractive. 
We expect usage to spread to many fast-pulse 
areas as experience accumulates. 

12 



440-2 Assembly 

U 32 mm »J 
1.264 in. 

Fig. 3a. Photo of transistor package Fig. 3b. Schematic of transistor package 
KMC-19629. KMC-19629. 

We polled vendors of microwave-style transistor packages seeking a large chip-mounting cavity, 
wide strip-line style leads and the willingness to add a custom lead for the second source connection. 
We selected the Kyocera International, Inc. KMC-19629 package and ordered a number of units. We 
also spoke with a number of power MOS vendors, particularly with Intersil Inc. and International 
Rectifier, Inc., and selected the latter's 1RFC440 chip as most suitable for our needs. (Rated voltage is 
500 V.) An assembled device is depicted in Fig. 3. In talking to the manufacturers regarding damage 
thresholds, it became clear that heating the chip to temperatures approaching 1J during the pulse 
was the only significant limitation to its current handling capability.1" Transistor data sheets typically 
limit pulse current to four times the steady-state current specifications. This, however, is a somewhat 
artificial limit tailored for the "slow" power supply designer and unnecessarily pessimistic for fast 
pulses less than 50 ns in duration. A more significant limit is the increase in on-resistance with 
increasing drain currrent. Either data sheets may be extrapolated to estimate this or special device 
testing may be independently carried out. 

The two IRFC440 chips mounted together in our single package have a combined input capaci
tance, C i s s (from Fig. 2), of approximately 3000 pF. If we wish to impress a gate-source voltage, V, on 
the devices in a time period, T, of 1 ns, the average charging current, CisKV/T, equals 10 A. Alter
nately, the required source impedance, RG, is approximately T/C i s„, or 0.3 Q. The gate drive circuit, 
therefore, represents a major challange to the circuit designer. The power output circuit might take 
on a number of forms, depending on application. We have accomplished our testing using simple 
resistive loads of 50 Q and less in order to characterize performance. Tight circuit layout is critical, 
with a low inductance ground plane necessary along with wide, short, interconnections to minimize 
circuit inductance. 
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Fig. 4a. Test Circuit schematic diagram. 
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Fig. 4b. Test circuit of the IRFC440 transistor chip. 
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2 ns/DIV 

Fig. 5. The drain waveform achieved with a 
50-12 load using two IRFC440 chips in parallel 
in a single Kyocera package. When corrected for 
the 1.5-ns rise time of the instrumentation used, 
a 90-10 percent fall time of 1.3 ns or less has 
been obtained. 

lOm/DIV 

Fig. 6. The current waveform, with 10-90 per
cent rise time to 108 A in approximately 5 ns. 
Peak current handling capability was explored 
by reducing the load resistor to 0.6 Si. Perfor
mance was evaluated with drain currents to 
145 A (obtained by raising the drain voltage 
from 400 to 500 V). Fall times were only slightly 
slower at the higher current level. 
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Fig. 7. On-resistance of the two different transistor types. In order to determine the effectiveness of 
the new package, tests were conducted with two IRF840 transistors in parallel substituted in the 
circuit. Each of these devices consisted of an IRFC440 chip in a TO-220 plastic package. A load 
resistance of 10 il was selected for this test as an intermediate between the loadings used in initial 
testing. A similar set of data was taken on the original circuit. The corresponding drain currents were 
also measured. The reduced data are shown in Fig. 7 where they are plotted as on-resistance as a 
function of time for the two different transistor types. While the special packaging results in greatly 
improved performance, robust gate drive on the standard, inexpensive, TO-220 devices can produce 
impressive results also. 
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Lightning Vulnerability of Nuclear Explosive Test 
Systems at the Nevada Test Site 

R. T. Hasbrouck 

A task force chartered to evaluate the effects of lightning on nuclear explo
sives at the Nevada Test Site has made several recommendations intended 
to provide lightning-invulnerable test device systems. When these recom
mendations have been implemented, the systems will be tested using full-
threat-level simulated lightning. 

Introduction 

Lawrence Livermore National Laboratory 
conducts operations involving the underground 
detonation of nuclear explosive test devices at the 
U.S. Department of Energy's Nevada Test Site 
(NTS). To ensure nuclear explosive safety during 
these operations, the Laboratory analyzes all com
ponents, systems, and procedures, after which 
they are subjected to an interagency nuclear ex
plosive safety study (NESS). This study considers 
all sources and paths of energy that could con
ceivably initiate an unwanted detonation. One of 
these sources, lightning, has been the subject of 
several studies. 

In 1973 an extensive analytical study 1 consid
ered the effects of lightning on nuclear explosive 
systems located at the bottom of an emplacement 
hole. Time-domain calculations were made to de
termine the downhole voltage and current wave
forms resulting from lightning strikes directly to 
or near the interconnecting device cables. In 1974 
an electromagnetic analysis program 2 was used to 
study how several distributed models of the sys
tem would respond to a direct lightning strike. 
Both studies'- 2 concluded that the magnitude of 
energy produced by a direct or nearby lightning 
strike to the device cables (and reaching the high 
explosive and its detonators) was small compared 
to the energy required to produce a detonation. 
These studies also served as the principal refer
ences for a 1975 NESS committee,3 which con
cluded that the proposed nuclear explosive opera
tions (the subject of that NESS) "provided 
adequate nuclear explosive safety" where light
ning was a threat. 

In response to the recommendation of a 1982 
NESS,4 the Laboratory established a three-person 
task force to reevaluate the lightning vulnerability 
of nuclear explosive test devices. This task force 
was chartered to: 

• Immediately identify any serious deficiencies. 
• Determine if the 19731 and 19742 studies 

were still valid in light of present-day knowledge. 
• Identify the most vulnerable phase of the 

nuclear test operation. 
• Recommend improvements to enhance 

the safety of nuclear explosive systems. 
• Recommend a method for verifying the 

effectiveness of these improvements. 
The recommendations, conclusions, and details con
sidered by the task force are contained in Ref. 5. 

Background 

Natural environment 
The 3000-km2 (approximate) area of remote 

high desert country that forms the Nevada Test 
Site is located 180 km north of Las Vegas. This 
area contains wide flat valleys (flats), flat-top me
sas, and mountains. Although the area experi
ences most lightning activity from May through 
September, occasional lightning can be observed 
throughout the year. During summer, the moun
tainous terrain and hot desert combine to produce 
strong updrafts of heated air that contribute to the 
formation of cumulonimbus (thunder) clouds. 
Summer's frontal storms generally move up the 
Colorado River Valley, bringing moisture from the 
Gulf of California, while the cyclonic storms of 
winter typically approach from the mountains to 
the northwest. The isokeraunic chart, which de
picts the annual number of thunderstorm days 
(any day on which thunder is heard at least once 
at a designated observation point) for this region, 
shows that the NTS should, on the average, ex
perience 20 thunderstorm days per year. During 
tf\e summers of 1971 and 1972, a study to charac
terize lightning activity at the NTS 6 concluded 
that the order of magnitude of thunderstorm days 
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was the same as that presented by the isokeraunic 
chart. However, investigators found that the num
ber of lightning strikes to ground was, per square 
kilometer, 50 to 100 times greater for the mesas 
than it was for the flats. Actual observations at the 
McCarran International Airport in Las Vegas re
ported 23 thunderstorm days in both 1978 and 
1980. 

Test environment 
Each test operation (event) at the NTS takes 

place on the flats (elev. —1.2 km) or on a mesa 
(elev. ~2.2 km), at a site containing an area 
known as ground zero (GZ). This GZ is centered 
approximately around the point of detonation. 
During the months required to prepare for an 
event, the GZ undergoes many changes (Fig. 1). 
The task force considered only the residence t<n-v 
of the nuclear explosive test device when deter
mining the most vulnerable phase of the GZ 
operation. 

At device delivery time, about two weeks be
fore shot day, one or two all-metal installation 
buildings and cranes are in place (Fig. 2). Then the 
nuclear explosive test device, which has been as
sembled at a special NTS facility, is delivered to 
the GZ and moved into the device installation 
building. There it is mounted inside a cylindrical 
structure (device system pedestal) that also con
tains the arming and firing (A&F) and ancillary 
components. During an event, the A&F compo
nents receive remotely controlled electrical power 
and produce the signals required to fire the deto
nators that initiate the detonation. Device cables 
(typically nine) enter the device system pedestal 
through its steel lid and are terminated with ter
minal strips and connectors. Smaller conductors 
and cables carry the power and signals to their 
final destination. An insulated grounding cable of 
solid copper enters with the other cables and is 
bolted to the pedestal. Later in the installation 
process, the pedestal is covered with aluminum 
skins and inserted into a steel canister. A separate 
canister containing diagnostics systems is housed 
in the diagnostics building and is subsequently 
bolted to the device canister to form the test 
assembly. 

The uphole (ground-level) portions of the 
A&F, instrumentation, control, and diagnostics 
systems are housed in large, metal-bodied trailers 
in the recording trailer park (RTP), approximately 
300 m from GZ. These trailers are connected to 
the test assembly by means of 25 to 100 coaxial 

and multiconductor cables (up to 1.4 km in overall 
length) that are laid out on the ground. One of the 
trailers—the Red Shack through which all 
downhole device system cables must pass—is ini
tially l'xated near the emplacement hole and later 
moved, before shot day, to the RTP. 

The completed test assembly, which may 
reach a length of 30 m, is suspended by a string of 
interconnected sections of drill pipe and lowered, 
by crane, to the bottom of the emplacement hole. 
Emplacement holes range from 1.5 to 3.0 m in di
ameter and from 180 to 1100 m in depth. They 
incorporate a steel casing that extends from the 
surface to a depth of 37 m and is grouted in place. 
Figure 3 depicts GZ at the start of a downhole 
operation, and Fig. 4 shows a test assembly sus
pended from the crane. The device system is con
tained within the white canister at the bottom of 
the test assembly. 

When the lowering operation is complete, the 
emplacement hole is filled (stemmed) with a com
bination of gravel, grout, and epoxy plugs. This 
stemming procedure prevents the radioactive de
bris produced by the detonation from dispersing 
by containing it underground. The area near the 
emplacement hole is gradually cleared until only a 
short length of drill pipe protrudes from the 
stemmed emplacement hole on sMt day. The un-
buried surface run of cables terminates at the RTP. 

Intended firing path 
Figure 5 is a simplified but accurate represen

tation of the more complex A&F system, showing 
the intended device firing path. All cables that en
ter the device canister originate or pass through 
the Red Shack. Until the last few hours before 
shot time, the A&F cables are disconnected and 
their connectors are locked in a lock box. The con
nectors are not terminated during disconnect so, 
in the event of a lightning strike, the resulting 
voltage peak will occur in the Red Shack rather 
than in the device canister. 

A&F signals generated at the remote control 
point (and transmitted to the event s: fe by the 
Command Microwave system) actuate reiays in 
the Red Shack at specific times during the auto
matic countdown sequence. These relays control a 
dc voltage that is used to charge and subsequently 
trigger the capacitive discharge unit, which then 
fires the detonators. A major portion of each 
nuclear explosive safety study is devoted to ensur
ing that the A&F system can only be powered 
intentionally. 
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Fig. 1. Aerial view of typical event site. 
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Fig. 2. Ground-level view of ground zero, showing installation building, emplacement crane, and 
cable tuns. 
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Fig. 3. Simplified elevation sketch of GZ facilities at start of downhole operation. 
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Fig. 4. Test assembly ready for emplacement. 
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Fig. 5. Simplified diagram of the intended device firing path. 

Grounding system 
A well-designed and carefully implemented 

low-resistance grounding system is installed at ev
ery GZ to provide personnel safety, lightning pro
tection, and low electrical noise. The emplacement 
hole casing is used to "earth" the GZ single-point 
grounding system. Buildings and equipment are 
also grounded at the casing. 

Results 

The task force found, despite new data re
garding lightning channel mechanisms and struc
ture and faster current rates of rise, that the basic 
conclusions of the earlier reports 1 , 2 were essen
tially correct. The only exception was the slower 
lightning current rise time used in the calcula
tions. As mentioned previously, those conclusions 
were based on models that considered the effects 
of lightning on a device system located at the bot
tom of the emplacement hole. 

The greatest potential hazard was found to ex
ist when the test assembly is suspended by crane 

and just entering the emplacement hole. If lightning 
were to strike the crane or test assembly directly, 
one or more of the device system cables could be 
punctured near the point where they enter the de
vice canister. The system would not benefit from 
the high surge impedance provided by the cables 
when the system is emplaced downhole. Current 
division remote from the device canister, resulting 
from multipath arcing through the cable insulation 
to ground, could not take place. Thus, when a threat 
of lightning exists, emplacement operations are 
avoided. While the probability of a lightning strike 
during such operations is small, the consequences of 
an accidental detonation are totally unacceptable. 

Inter-Antracloud lightning often induces 
large transient voltages in power lines and long 
cables. These voltages can damage unprotected 
electrical and electronic components or shock a 
person working on the unterminated end of a 
long cable. A conservative analysis of the effects 
of a 1-km long, 10-kA discharge that is 1 km high 
concluded that the magnitude of induced voltage 
to reach the device system would be small com
pared to that required to cause a detonation. 
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Recommendations 

The task force made several recommenda
tions relating to both nuclear explosive safety and 
the protection of uphole electronic systems. Be1-
cause the topic of their investigation was limited 
to nuclear explosive safety, only recommenda
tions relating to that topic will be considered for 
implementation at this time. Those recommenda
tions are: 

• Reduce transient voltages to a controllable 
range, using a radial counterpoise grounding system 
to effect a major reduction in ground resistance and 
surge impedance. When a so-called "grounded sys
tem" is struck, the lightning current initially en
counters a surge impedance that is at least 10 
times greater than the steady-state value, thereby 
causing the potential of the system to be signifi
cantly higher than that of the surrounding earth 
For example, a 20-kA strike (50-percentile ampli
tude) passing through an 80-fl surge impedance 
produces a 1.6-MV transient. This can cause elec
trical insulation to break down and become virtu
ally nonexistent, large transient currents to flow 
unpredictably, and significant damage to occur. 

To reduce surge impedance, the task force 
proposed a radial counterpoise grounding system 
consisting of eight bare-copper conductors (AWG 
No. 2/0), 60 m in length, which would be bonded 
to the well casing. These conductors would be 
equally spaced at 45 degrees and would extend 
radially at a buried depth of 0.3 m. The calculated 
net impedance of this ground, and that of the cas
ing alone, was 11 and 80 O.. respectively. While 
the method used to obtain these values was not 
considered "exact science," it demonstrates the 
benefits of using such a grounding system. The 
radials would also allow the surge impedance to 
decay rapidly to its steady-state value. Thus, the 
peak amplitude of the transient voltage would be 
greatly attenuated and exist for a much shorter 
period of time. 

The obvious benefits of such a grounding 
system were weighed against the cost and con
struction problems it would introduce. A closer 
look at the existing GZ system revealed that it ap
proximated the recommended counterpoise sys
tem. The Red Shack, installation buildings, crane, 
and several other GZ facilities are grounded to the 
casing by means of individual buried conductors 
of bare copper. Although the length, quantity, dis
tribution, and depth of burial of the radials are not 
the same as those of the proposed system, the 
present grounding design provides a surge imped

ance lower than that of the casing alone. This is 
supported by actual GZ resistance measurements 
(casing to surrounding earth), which indicate a 
typical steady-state value of 5 fl or less. 

Modifying the existing grounding system is 
also impractical because it could not be relied on 
to ensure nuclear explosive safety in a lightning 
environment, nor be easily verified experimen
tally. For these reasons, it was decided that the 
device canister should be modified to provide all 
necessary lightning protection. 

• Use a fortress design to protect all device 
system components. Although a topologically 
closed metallic surface provides perfect protection 
for interior circuits, practical systems require that 
electrical signal and power conductors penetrate 
that surface, which represents the worst compro
mise of an otherwise impervious barrier.'B With 
the fortress approach, sensitive components are 
contained within a volume enclosed by a metallic 
skin. Cables containing penetrating conductors 
have overall shields that are bonded to the outer 
surface of the fortress by means of 360-degree 
backshell connnectors. Within the fortress, and 
close to the feedthrough connectors, each conduc
tor passes through a hybrid transient limiting net
work before it is routed to its final destination. 

• list' a hybrid limitcr network to limit tran
sient voltage. The input portion of a hybrid limiter 
network consists of either a metal oxide varistor 
(MOV) or a gas-filled spark-gap tube that is 
shunt-connected from the conductor to a low-
impedance ground (Fig. 6). When balanced pairs 
are involved, a line-to-line transient limiting com
ponent is also employed. This is followed by a 
series component (inductor or resistor) and by 
shunt-connected, bipolar avalanche diodes 
(Tranzorb). Under normal operating conditions, 
the shunt components present an extremely high 
impedance to ground, and the series component 
offers a verv low impedance. 

When a lightning stroke attaches itself to one 
or more of the cables, the current divides. The 
path from the outer shield to the outer skin of the 
fortress represents a significantly lower surge im
pedance than that provided by the conductors and 
their transient limiter networks. Most of the cur
rent will flow from the shield to the outer skin 
and from there find its way to earth. Even if the 
skin were to rise momentarily to a very high po
tential with respect to earth, the interior would 
remain at an essentially equipotential state. The 
remaining current (about 10%) on the inner con
ductors will see the impedance of the limiter se
ries element, as well as the surge impedance of 
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Fig. 6. Block diagram of hybrid transient limiter. 

the conductors beyond the limiter. Once the volt
age appearing across the Tranzorb exceeds the 
breakdown value, the series impedance element is 
essentially grounded. The Transzorb responds in 
nanoseconds and is capable of carrying a sizable 
amount of transient current. As the current con
tinues to rise, the voltage across the series imped
ance quickly reaches the spark-gap or MOV 
breakdown value. Essentially all of the remaining 
current is then conducted to ground. While the 
MOV and spark gap are slower to act, both are 
capable of accommodating very large amounts of 
transient energy. 

• Modify the device canister to incorporate the 
fortress concept for improved lightning protection. A 
modified device canister—lightning-invulnerable 
device system (LIDS)—has been designed and fabri
cated to incorporate the fortress concept. Figure 7 
shows a simplified comparison of the LIDS and the 
present canister design. The outer shields of the co
axial and multiconductor cables are bonded to the 
lid of the canister by means of 360-degree backshell 
connectors, and the safety ground cable is bolted to 
the outside of the lid. So that the ground conductor 
will not penetrate the fortress, a thru-bolt is not per
mitted. To ensure this, the ground cable inside the 
canister is bolted to a different portion of the lid's 
inner surface. Special transient limiter modules (for 
the multiconductor cables) and coaxial limiters (for 
the coaxial cables) are being developed by several 
manufacturers. Spark-gap and MOV input limiters 
and resistor and inductor series impedances will be 
evaluated. 

Simulated lightning tests 

The LIDS will be subjected to a series of sim
ulated lightning tests conducted by the Lightning 
Transient Research Institute. These tests are de
signed to evaluate several hybrid transient limiter 
designs, determine the most vulnerable lightning 
attachment point, and obtain data that will sub
stantiate the lightning-invulnerable claim. Subse
quent tests to observe LIDS performance using a 
double-exponential current pulse that combines 
high current with a fast current rise time may be 
performed at Sandia National Laboratories' light
ning simulator facility. 

The limiter designs will first be tested to ver
ify their performance at the specified limiting lev
els. Then several will be tested at levels increasing 
up to 50 kA to determine their failure levels and 
modes. The final tests will be made on the com
plete LIDS, with the limiters terminated by typical 
load impedances. Low-level coupling tests (20 kA 
and 20 kA/fis) will be used to determine mutual 
inductance and resistance parameters for the sys
tem. Increasing peak currents and rates of rise, up 
to maxima of 200 kA and 200 kA//Js, will be ap
plied separately. A damped oscillatory current 
pulse will be used to avoid the damaging effects 
of the lightning-like double-exponential current 
pulse. Lightning attachments to various cable 
shield and conductor configurations will be made 
approximately 1 m from the lid. 
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Fig. 7. Simplified sketch showing comparison of the lightning-invu 
and the present device canister. 

ilnerable device system (LIDS) 

Conclusions 

The lightning vulnerability of a large and 
complex operation has been evaluated, and rec
ommendations for improvements have been 
made. Because of the unacceptable consequences 
of a lightning-induced detonation of a nuclear test 
device, several commonly used protection tech
niques were determined to be of little use. Thus, 
the decision was made to emphasize the design of 
a lightning-invulnerable environment for the test 
device system. The effectiveness of this system 

will be tested later this year, using full-threat-level 
simulated lightning. As time and funds permit, 
those portions of the event system that are not 
nuclear-safety critical will also receive improved 
protection. 
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A Computer Model of the MFTF-B Neutral Beam 
Accel DC Power Supply 

/. H. Wilson 

We have developed a successful computer model for the MFTF-B Neutral 
Beam Power Supply System (NBPSS) Accel DC Power Supply (ADCPS). 
The computer model is necessary to adequately under-stand the power 
supply's behavior over a wide range of load conditions and faults. 

Introduction 

Because of the complex behavior of the 
MFTF-B Neutral Beam Power Supply System 
Accel DC Power Supply, we developed a com
puter model to adequately understand the power 
supply's behavior over a wide range of load con
ditions and faults. We used the SCEPTRE circuit 
modeling code to model all the circuit compo
nents and parameters as well as some of'the stray 
values. 

When using a circuit-modeling code for a sys
tem with a wide range of time constants, it can 
become impossible to obtain solutions for all time 
ranges simultaneously. The model has been well 
validated for transients with times on the order of 
milliseconds or longer. The computer modeling 
effort concentrates on the ms-range transients, be
cause the compensating capacitor bank tends to 
isolate the power supply from the load for faster 
transients. Attempts to include stray circuit ele
ments with time constants in the microsecond and 
shorter range have had little success because of 
the huge increases in computer time. 

Power supply 

Figure 1 is the single-line diagram of the 
ADCPS. The power supply is rated to furnish 
95 kV dc at 88 A dc for pulses up to 30 s duration, 
with a pulse repetition rate of 1 pulse in 5 min. 
Primary power control is performed by a 
metalclad switchgear assembly, including a line 
switch with current-limiting fuses, a high-speed 
vacuum circuit breaker, and a step-start contactor. 
When the power supply is energized, the step-
start contactor switches in a resistance of 37.8 ft 
per phase for the first 100 ms. After this time de
lay, the vacuum circuit breaker closes. The step 
regulator is a three-phase autotransformer with 
tap changing under load, providing output at 
6.9 kV to 13.8 kV for 13.8 kV input. The rectifier 

transformer has an extended delta primary and 
two secondar ies , one wye- and one delta-
connected. The rectifier bridges associated with 
each secondary are connected in series to provide 
95 kV dc output. The transformer impedance is 
20% on a 8872 kV-A base. The rectifier assembly 
includes the rectifier diodes and associated snub-
ber components, a voltage divider, a current 
shunt, and a dc overcurrent relay. 

Modeling objectives 

The ADCPS model meets the following ob
jectives: (1) to provide a source of data on the 
steady-state performance of the ADCPS, includ
ing output voltage-current characteristics and ac 
system load characteristics; (2) to understand the 
transient behavior of the ADCPS for conditions 
ranging from dc steady-state to transients with 
time on the order of 100 ps; (3) to study fault con
ditions of the ADCPS, including dc and ac short 
circuits, voltage surges, and shorted and open 
components. 

Model description 

Of the circuit-analysis codes available to us, 
SCEPTRE offers the most powerful capability to 
design and specify nonlinear models for devices 
with arbitrary transfer functions. SCEPTRE allows 
an integrated model o ' the entire accel-voltage 
system to be constructed. Extensive use is made of 
the SCEPTRE progii.n's model capability to sim
plify and clarify the circuit structure.1 Figure 2 
shows the overall circuit diagram and the inter
connection of the various models. 

The computer model includes these subsys
tems: switchgear, step regulator, rectifier trans
former, power factor correction, and rectifier as
sembly. The functions of the metalclad switchgear 
are modeled: a line switch with current-limiting 
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Fig. 1. Single-line diagram of the ADCPS with 
(52) circuit breaker, (73) starting contactor, and 
(89) line switch. 

fuses, a high-speed vacuum circuit breaker, and a 
step-start contactor. The impedance of the step 
regulator is extremely low, so it is modeled by 
changing the primary voltage sources driving the 
model. 

The model of the rectifier transformer in
cludes the leakage and magnetizing impedances 
of the transformer, the winding dc resistances, 
and the bushing capacitances. Two 4000-Q resis
tors are added to the model to lengthen time 
constants associated with the 296-pF bushing ca
pacitances CD and CY, because numerical insta
bilities result without some damping at this point 
in the circuit. 

The 1.2-/JS time constant that results from 
this resistance is well below the time regime of 
interest, but this constant is very effective in re
ducing computation time. Values for the self and 
mutual inductances are chosen from test data 
taken from the first rectifier transformer during 
short-circuit testing. No attempt is made to model 
the distributed inductances and capacitances of 
the transformer because of the time consider
ations described above. To avoid complexity, the 
transformer is modeled as if the primary were a 
simple delta connection instead of the extended 
delta actually used. 

The power factor correction capacitors are 
modeled as a straightforward lumped model of 
the nominal component values, including the in
ternal bleeder resistor. The rectifier stacks are 
modeled as a single diode with a very small expo
nent and a relatively large leakage current. The 
model approximates the exponential characteristic 
of the large number of diodes in series that makes 
up the rectifier stack. The location of the rectifier 
assembly made it impossible to include bushing 
capacitances in the rectifier model; they are repre
sented by CY1, CY2, CY3, CD1, CD2, CD3, and 
the associated resistors in Fig. 2. 

Switching 

In this model, all switching is represented by 
variable resistors whose value is a piecewise-
linear function of time, specified as a table. In 
most cases the open condition is represented by a 
resistance of 100 M£2, and the closed condition is 
represented by a resistance of 0.1 J2; therefore, 
switches can be opened and closed at arbitrary 
times in the run. Representing a circuit breaker in 
the process of opening requires three runs. In the 
first run, the exact time of current zero can be 
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Fig. 2. ADCPS SCEPTRE circuit representation. 

found for the first phase to clear. The table con
trolling the resistor that models that pole is 
changed to "open" the switch at current zero, then 
another run is made. From the second run, the 
time of current zero for the remaining two poles is 
determined, and the tables controlling the resis
tors that model those poles are changed to "open" 
the switches at current zero. A final run is then 
made to give the results. These results are shown 
in the Electron Cyclotron Resonance Heating 
(ECRH) crowbar study in Fig. 3. (ECRH is one of 
the twenty-four ADCPS feeds.) 

The ADCPS load is switched and controlled 
by a series modulator-regulator tube which regu
lates the load voltage. To the ADCPS this looks 
like a current sink. SCEPTRE allows arbitrarily 
complex functions to be defined to control the 
value of any component, including a current sink, 
so load current waveforms can be simulated and 
their effect on ADCPS performance studied. 
Figure 4(a) shows the modulator which includes a 
shunt compensation capacitor and a crowbar (a 
crowbar refers to an electronic switch which in
tentionally short-circuits ADCPS to protect equip
ment fed by ADCPS). Figure 4(b) shows how test
ing the ADCPS with a resistive dummy load is 
simulated, using a resistor which switches from an 
open circuit to the load resistance value of 1000Q. 

Problems encountered 

A number of components were added to the 
model to lengthen time constants that otherwise 

2400 (V) 2000 
•* 
? 1600 
\ d 1200 in 1 800 s 400 

8 12 16 20 24 28 
Time (ms) 

Fig. 3(a). Simulated NBPS crowbar current. 
Note this represents a system with a 54-/JF fil
ter capacitor. 

20 30 
Time (ms) 

Fig. 3(b). Measured NBPS crowbar current. At 
the time of this measurement a 5-/iF filter ca
pacitor was used. Note the relatively short dis
charge time of the initial spike compared with 
Fig. 3(a). 
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Fig. 4. Two typical load models 
used to simulate specific situations. Pos 
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(a) Feeding accel modulator (b) Feeding ADCPS 
dummy load 
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Fig. 5(a). Simulated power supply voltage sag 
for a 20-ms load pulse with CSHN (shunt com
pensation capacitor) at 5 /iF. 

20 30 

Time (ms) 

Fig. 5(b). Measured sag for case studied in 
Fig. 5(a). 

would have been too short for SCEPTRE to obtain 
good solutions. For example, the 4000-Q resistors in 
series with all of the bushing capacitances result in a 
time constant of 1.2 fis, as discussed above. If too-
short time constants are present, SCEPTRE either 
fails to find any solution or prints a "SMALLER 
MINIMUM TIME STEP REQUIRED" error mes
sage. When we encountered this message, we had 

more success changing the circuit topology by add
ing some damping in an appropriate place rather 
than reducing the minimum time step required in 
the "RUN CONTROLS" section of SCEPTRE input. 
In every case it was possible to do this without in
troducing longer time constants that could jeopar
dize the accuracy of the simulation over the time 
range of interest. 
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Two tests provide verification of the model. 
One of these tests involves operating a real 
ADCPS feeding the accel modulator under nor
mal load conditions; the other is a crowbar opera
tion in which the ADCPS output is deliberately 
short-circuited. Figures 3 and 5 show comparisons 
of the simulated and actual waveforms obtained. 
The close agreement inspires considerable confi
dence in the model. 

Conclusion 

A serviceable computer model with reason
able limitations of a complex dc power supply was 
produced. The model was verified by comparing 
the behavior of actual power supplies. Several de
sign decisions have already been made with the 
aid of the model's results. For example, an impor
tant decision was made not to proceed with power 
factor correction in the ADCPS, because the 
model result indicated that a 27-/JF shunt com
pensation capacitance value was adequate to con
trol the ADCPS output voltage transient when 

current is switched on without power factor cor
rection. With power factor correction, the model 
showed a value over 80 |iF is needed. Also, the 
model confirmed field measurements that indi
cated the power factor was within limitations 
specified by the contract with the electric utility. 

The model has been used as a basis for much 
simpler models, of very limited scope, to approxi
mate the ADCPS behavior over a small time 
frame. Designs can be worked out using the sim
plified model, then confirmed on the detailed 
model. The model has also proved useful during 
maintenance and repair. When a fault or an unex
pected transient occurs, the model can be run with 
vol tages , c u r r e n t s , and other p a r a m e t e r s 
measured. 
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Pulse-power, 78-1 
Pulsed image intensifiers, 75-4 • 

R 

Rabbit, 75-3 
Radiation camera, high-speed, 75-1 
Radiation detectors, time-resolved, 75-2 
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