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The design and test results of a pulsed power-driven X-ray source which is named Hawkeye-I are
described. The Hawkeye-I is developed to execute flash X-ray radiography. It is a six-stage induction
voltage adder and terminated by a positive polarity rod-pinch diode. The six stages are identical and the
prime energy of each stage is provided by a tesla transformer elevating the output voltage from a discharge
brick which consists of two 4 μF capacitors and a three-electrode gas switch. Comparing to the induction
voltage adders driven by Marx generators, the numbers of gas switches and capacitors in the energy storage
sections ofHawkeye-I decrease significantly. TheHawkeye-I canproduce amaximumoutput voltage of about
4.2MV. The correspondingX-ray source spot size and dose at 1m are 1.4mmand 17.9 rad, respectively. Fifty
consecutive shots have been conducted to evaluate the reliability of the machine and 98% of the shots are
successful. Furthermore, as the energy propagating in the accelerator is mainly determined by seven laser-
triggered gas switches, the Hawkeye-I is capable of controlling the timing of the X-ray pulse accurately.
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I. INTRODUCTION

Flash X-ray radiography has been used extensively in
hydrodynamic experiments to take stop-action images
of the materials driven by explosives. It is an essential
diagnostic to obtain internal interface locations and density
distribution information which enable to improve the
models of the material’s responses to impulsive loading
such as crack formation and propagation, spall, and ejecta
[1–3]. Electron beam diode driven by pulsed power
machine is a way to obtain the flash X ray that takes
advantages of low cost and compactness. At present, many
pulsed power accelerators are being built and executed
around the world for flash radiography programs, such as
radiographic integrated test stand (RITS) [4] and Cygnus
[5–7] in the United States, SuperSwarf [8] and Merlin [9] in
the United Kingdom, Asterix [10] in France, and Jianguang
accelerators [11,12] in China.
In recent years, due to the requirement of executing

the hydrodynamic experiments in our laboratory, we have

completed a pulsed power-driven X-ray source which is
named Hawkeye-I to provide the high dose and small spot
size X rays. The expected dose at 1 m from the load should
be greater than 13 rad and the spot size less than 1.6 mm is
in demand. As hydrodynamic experiments are usually
high-value events, the high reliability of this accelerator
is necessary. The reliability is specified at better than one
failure out of 50 shots. Moreover, the firing of the machine
must be able to synchronize with the actions of explosives
to obtain images at a specific moment [13–17].
The Hawkeye-I is composed of six identical stages and

terminated by a rod-pinch diode (RPD). The pulsed power
source of each stage mainly consists of an energy storage
section, a tesla transformer, an intermediate storage capaci-
tor (ISC), a laser triggered gas switch (LTGS), a pulse
forming line (PFL), a self-breaking oil switch, and one
water transmission line (WTL). The voltage pulses pro-
duced by each source are added by six induction cavities
and the summed voltages transmit to the RPD through an
output transmission line.
In this paper, we will present the design details of the

main components of Hawkeye-I, such as tesla transformer,
ISC, output transmission line, and RPD. The contents will
be shown in the following section. In Sec. III, we will give
the experimental results. The operating reliability and
synchronization ability of this machine are evaluated which
will be also described in this section. Section IV presents
conclusions.
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II. DESIGN OF THE MACHINE

Figure 1 shows the schematic view of the Hawkeye-I. An
energy storage section that consists of two 4 μF capacitors
and a three-electrode gas switch is employed in each stage
to supply the prime energy. The output pulse from this
section is elevated by a tesla transformer and then charges
the ISC whose capacitance and one-way transmit time are
13.4 nF and 53.6 ns, respectively. The ISC is switched out
by an LTGS which is a key component to synchronize the
pulses feeding the induction cells. It also reduces the rise
time of the voltage pulse across PFL. The impedance and
one-way transmit time of each PFL are 4 Ω and 27 ns,
respectively. The self-breaking oil switch is used to dis-
charge the PFL to a WTL with 7 Ω impedance and 70 ns
one-way transmit time. As the parasitic capacitance of the
self-breaking oil switch is much less than that of the water
switch, a prepulse switch is not incorporated in Hawkeye-I.
The voltage pulses transmitting through the self-breaking
oil switches and propagating along the WTLs are added
by the induction cavities, and the summed voltages are
restricted to the output transmission line region. The output
transmission line is in positive polarity since the positive
polarity RPD could produce the X-ray source with a
smaller spot size than that of negative polarity one
[18–20]. It also should be mentioned that the output
transmission line operates as a lossless vacuum insulation
line, i.e., the electric stress on its cathode surface is lower
than the explosive electron emission threshold. This is also
required to obtain the preferred X-ray source because the
electron flow in the magnetically insulated transmission
line is very harmful to the RPD performance [21–23].

A. Pulsed power source

The prime energy of each pulsed power source is
provided by an energy storage section and a tesla trans-
former which are shown in Fig. 2. The two capacitors and a

three-electrode gas switch in the energy storage section are
arranged with the same configuration as a brick in the linear
transformer driver [24]. Once the conduction of the gas
switch is induced by an external voltage pulse, the energy
stored in capacitors is transmitted to the tesla transformer
through ten identical feed-in cables. The impedance and
length of each feed-in cable are 75 Ω and 1.5 m, respec-
tively. As shown in Fig. 2, the tesla transformer has a
cylindrical configuration whose length and outer diameter
are 3 and 0.96 m, respectively. Its main components include
an outer shell, an inner conductor, two magnetic cores, two
plastic diaphragms, a primary coil, and a secondary coil.
The magnetic cores are fabricated with silicon steel and the
plastic diaphragms are made of high-density polyethylene
(HDPE). The primary coil consists of two turns which are
wound with copper wires on an HDPE framework of
cylindrical configuration. One end of the primary coil is
connected with the inner conductors of the ten feed-in

FIG. 1. Overview of the Hawkeye-I. The six stages are divided into three layers and each layer includes two pulsed power sources. The
six induction cells are deployed at the central region and terminated by an RPD.

FIG. 2. Schematic view of the energy storage section and tesla
transformer. Both the volumes of the energy storage bank and
tesla transformer are filled with transformer oil.
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cables and the other end together with the outer conductors
of the feed-in cables are joined with the tesla transformer
outer shell. The secondary coil includes 21.5 turns which
are wound with the same copper wires along an HDPE
framework of hollow cone configuration. The two ends of
the secondary coil are connected to the outer and inner
conductors of the tesla transformer, respectively. More
detailed descriptions of the energy storage section and
tesla transformer are presented in Ref. [25].
The conductions of the six three-electrode gas switches

in the energy storage sections are controlled by the
electrical pulses from a trigger unit which is displayed
in Fig. 3. The trigger unit is made up of two 20 nF
capacitors, a gas switch, and six 75 Ω=250 kV trans-
mission cables. The capacitors and gas switch are also
located in a transformer oil tank and the discharging circuit
topology is the same as that discussed above. The gas
switch is triggered by an Nd:YAG laser which is capable of
producing ∼60 mJ output energy at the 266 nm wave-
length. The laser beam enters the switch via a polymethyl
methacrylate (PMMA) tube. Six transmission cables trans-
mit the outputs of the trigger unit to the six three-electrode
gas switches. Figure 4 displays the typical output voltage of
the trigger unit on the condition that the six cables are all
terminated by the matched resistor loads.
Because the output pulse of the tesla transformer has a

very long rise time, a pulse forming system as shown in
Fig. 5 is employed to compress its rise time and pulse
width. The ISC is a water dielectric coaxial line and the

radii of its outer and inner conductors are 35 and 19.2 cm,
respectively. For the nominal shot, the 0–100% rise time of
the voltage pulse on ISC is about 3.8 μs which is much
longer than those of pulsed power machines driven by
Marx generators. The effective pulse duration, defined as
the time during which the voltage is above 63% of the peak
value, is 1.73 μs, and also increases a lot. It decides the
maximum allowed electrical stress in the ISC. Therefore,
the electrical strength in this component must be designed
at a lower level than those of other accelerators. According
to the empirical formula proposed by Martin, the break-
down field in the bulk of water could be easily calculated
[26]. The actual stress on the ISC inner conductor which is
in negative polarity is about 52% of the breakdown field.
Meanwhile, the breakdown fraction for the outer conductor
is 60.4%.
The flashover occurring over the interfaces between

the plastic diaphragms and water in ISC is a more serious
concern that should be taken into account carefully [27].
Whereas, the safety electrical stress can neither be quoted
directly from the data gained before nor be obtained by a
well-known theory. During the initial development of
Hawkeye-I, we have designed a prototype of ISC.
Figure 6 depicts the electrical stresses on the ISC plastic
barriers surfaces. The barriers are made of HDPE and the
ISC is successfully used more than 1000 shots at 110%
of the nominal operating voltage. However, after assem-
bling all components and starting commissioning of the
Hawkeye-I, electrical breakdown along the diaphragm-
water interface takes place occasionally. This may be
attributed to the material performance variation.
It is seen from Fig. 5 that the diameter of the ISC at the

upstream end is slightly larger than that at the downstream
side. The maximum stress on the upstream plastic barrier is
also somewhat low. The surface tracks always happen on

transformer
oil tank

transmission
cables

gas switch

capacitors

polymethyl
methacrylater tube

FIG. 3. The layout of the trigger unit. A resistor divider is
fielded between one end of the upper capacitor and the trans-
former oil tank shell to diagnose the output of the trigger unit. The
gas switch uses dry air with a gas pressure of about 0.38 MPa. Its
working ratio is roughly 43% and the jitter is only about 2 ns.
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FIG. 4. The output voltage of the trigger unit. The maximum
value and 10–90% rise time are about 110 kV and 27.3 ns,
respectively.
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the downstream one. According to the experimental
results given by Ushakov, the insulators made of nylon
exhibited slightly higher flashover voltage than those made
of HDPE [28]. The plastic barriers of all six ISCs in
Hawkeye-I are substituted by those made of nylon. The six
ISCs have succeeded more than 100 shots. We have
examined the plastic barriers with an endoscope over each
group of ten consecutive shots. No evidence of surface
track was observed.
The LTGS serves as the last command-fired switch of

each PFL and mainly determines the driven sequence of the
induction cells. It is 39.5 cm in length, 28.4 cm in diameter,
and is filled with SF6=N2 mixture gas at a gas pressure of
about 0.15 MPa. The LTGS has a main triggered portion
followed by seven identical self-breakdown sections. The
triggered section consists of two hemispherical electrodes
which are separated by a cylindrical PMMA chamber of
3.2 cm in length. The adjacent electrodes in the self-
breakdown portions are separated by the PMMA rods each
with a length of 1.3 cm. All of those components are
enveloped in a PMMA chamber of 22 cm in diameter.

Each LTGS is triggered by the same kind of laser facility
for controlling the trigger unit. The laser beam from the
laser facility is in parallel with the axis of the LTGS. It is
deflected at an angle near 90° by a quartz glass and then
enters into a metal housing where a prism is located. The
laser beam will be deflected again by this prism. An
aperture with a diameter of 0.8 cm in one of the electrodes
of the triggered portion lets the laser beam transmit into the
triggered gap. Finally, the laser beam is focused near the
middle of the gap by a focusing optic. Both the prism and
focusing optic are made of calcium fluoride, as they have
the feature of resistance to the debris from discharging
product of SF6 and exhibit a lifetime of over 100 shots [29].
The synchronization of the Hawkeye-I with the ignition

of explosives is mainly determined by the actions of the
six LTGSs and the gas switch in the trigger unit. Those
switches are triggered by seven Nd:YAG lasers that are
controlled remotely by another system as displayed in
Fig. 7. A central control unit that supplies the triggering
commands for all activities gives an optical signal and

ISC LTGS PFL
WTL

self-breaking
oil switch

FIG. 5. Cross-sectional view of the pulse forming system. The ISC, PFL, and WTL are filled with deionized water. The regions
accommodating the LTGS and self-breaking oil switch are full of transformer oil.
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interfaces of the ISC. The solid line indicates the stresses at the
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FIG. 7. Block diagram of the control system of the seven lasers.
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triggers the first digital delay generator (DDG). This DDG
produces two signals and controls the other two DDGs. The
optical signals from the second DDG are transmitted into
an optical-to-electrical transceiver via fiber where the
optical signals are converted into low voltage electrical
outputs. The xenon lamps of the seven lasers will be
triggered by those electrical signals. The Q-switches of the
seven lasers are controlled by the third DDG in the
same way.
The self-breaking oil switch has a rod-plane configura-

tion. The distance between the rod and plane electrode
could be adjusted to accommodate different voltage pulses.
For the nominal operation, the maximum voltage across the
self-breaking oil switch is about 1.4 MV and the distance
is set to be 17 mm. Since the effective pulse durations of
the voltage pulses on PFL and WTL are approximately the
same as those of existing induction voltage adders (IVAs),
their detailed design methods and configurations are there-
fore not elaborated in this article.

B. Voltage adder section

The voltage pulses generated by the six pulsed power
sources are summed at the voltage adder section which is
displayed in Fig. 8. The induction cavities are electrically
connected together whose central areas are threaded by a
continual inner conductor forming the output transmission
line. The inner stalk is cantilevered from a basement at
the left end of the first cavity which is not shown in Fig. 8.
The stalk is made of stainless steel and divided into two
segments. According to the mechanical analysis, a maxi-
mum deformation of 4.79 mm will be produced at the far
downstream end due to its own gravity. We have employed
two wedge shims between the two segments to compensate
for the deflection [30]. By careful adjustment, the linearity
of the inner stalk is within�0.5 mm, and the misalignment
between the outer conductors and inner electrode of the
output transmission line is less than �2 mm.

The induction cavity is mainly composed of a feed port,
an azimuthal transmission line, an insulation stack, magnetic
cores, and a cathode plate. The voltage generated by the
pulsed power source transmits into the induction cavity
through the feed port and then flows in two opposite
directions along the azimuthal transmission line. A half-
circle continuous tab opposite the feed port allows current
conduction from the azimuthal transmission line to the
cathode plate. The cathode plate is employed to reduce
the cell inductance and help grade the voltage uniformly on
the insulator rings. The maximum electric stress on the
cathode plate surface is designed to be 200 kV=cm. It is
made of aluminum alloys and the hard-anodized process is
applied to form dielectric films on its surface that is an
effective way to enhance the explosive electron emission
threshold [31]. Although the threshold higher than
300 kV=cm could be acquired, part of dielectric films on
the cathode plate surface are found to be abraded over
hundreds of shots despite all of the individual abraded areas
are within 1 cm in diameter. This might be due to the
bombardment of debris generated from the diode since the
broken areas are always at the bottom of the cathode plate. In
addition, the condition of the insulation stack at the bottom
region is also worse than other places and many flashover
marks are founded underneath over tens of shots. More
detailed descriptions of other components in the induction
cell are given in Ref. [32].
For an ideal IVA, the output transmission line is designed

with a stepped impedance profile along the power flow
direction either in driver-matched or load-matched mode,
and the cells are fired synchronously with the speed at which
the electromagnetic wave propagates along the line [33,34].
However, because of the requirement of a lossless vacuum
insulation state, the impedances of the output transmission
line increase linearly from 20 Ω at the first cell to 70 Ω
at the last one. The maximum electrical field on the
output transmission line cathodes surfaces is 150 kV=cm.

azimuthal
transmission line

insulation
stack

inner
stalk

feed port

magnetic
core

cathode
plate

RPD

A B C D E F G

FIG. 8. Schematic cross-sectional view of the voltage adder system which consists of six single feed port induction cavities and an
inner stalk. The six cells are divided into two groups. Two coaxial tubes are employed between the third and fourth cavities and at the
end of the last cell to accommodate vacuum pumps. A–F indicate the positions of D-dot sensors for detection of the output transmission
line voltages. G represents the location of D-dot and B-dot monitors for voltage and current measurement downstream of the last
induction cell which is about 45 cm from the RPD. All of these sensors are installed on the inner stalk.
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The cathodes are also made of hard-anodized aluminum
alloys. Their inner diameters are 66 cm and large enough to
allow a person to get in for in-suit inspection and cleaning
the insulation stack.
Another concern that should be taken into account is the

anomalous voltages resulting from the nonideal driven
sequence of the induction cells [35,36]. Because of the
jitters of LTGS and self-breaking oil switch, the induction
cavity is unlikely to be driven exactly at the time when the
electromagnetic wave arrives at this cell. The induction
cavity driven earlier than the desired timing will induce a
higher voltage than the nominal value, while the voltage
across the cell fired later becomes low and even a reverse
polarity voltage appears. The induction cells must be able
to withstand the anomalous voltages of the worst-case
driven sequence. We have proposed a full circuit model of
Hawkeye-I to investigate this issue. The circuit model
indicating one of the six stages of the machine is validated
according to the experimental results [32,37]. Tests of a
pulse forming section demonstrate that the jitters of LTGS
and self-breaking oil switch are about 3 and 4 ns, respec-
tively. A random number generator is used to produce
the firing times of the six cavities which are incorporated
into the circuit simulation model. The simulation results
suggest that the maximum voltage across each induction
cavity is nearly identical and about 1.0 MV if the six cells
are driven with ideal timing, and the nonideal driven
sequence will increase the voltage to 1.3 MV to get the
same peak load voltage.

C. Rod-pinch diode

Since the researchers from Naval Research Laboratory
invented the RPD, it has been successfully fielded on many
pulsed power accelerators and proved to be a promising
Bremsstrahlung radiation source for flash radiography [38].
The RPD is employed at the end of the voltage adder
section which is also depicted in Fig. 8. It is made up of a
tungsten anode rod and an aluminum cathode plate with an
annular aperture at its central region. The anode rod with a
blunt tip extends 14 mm beyond the annular cathode
aperture. The diameters of the anode rod and cathode
aperture are 1.5 and 18 mm, respectively.
The electron beam pinch formation in RPD is similar to

other diodes studied previously. When the electric field on
the cathode exceeds the explosive electron emission thresh-
old, the plasma will be produced on the cathode surface and
electrons emission from the cathode will be initialized.
During this stage, electrons propagate radially from the
cathode to anode and the RPD operates in the space charge
limited flow. As the diode voltage and current increase,
the self-induced magnetic field of the current bends the
electron trajectories. The electrons begin to flow toward the
anode tip. After sufficient energy is deposited on the anode
rod, surface contaminants are desorbed and subsequently
ionized, forming a plasma over the anode surface. The ions

will be extracted from anode plasma and help the electrons
efficiently pinch to the anode rod tip, forming the mag-
netically limited flow [18–20,39]. The anode and cathode
plasmas expand toward each other during the discharge
period. This reduces the effective ratio of the cathode to
anode radii and consequently resulting in diode impedance
decaying. The impedance collapses when the diode anode-
cathode (A-K) gap is shortened by the plasmas.
The X-ray yield from the RPD is strongly influenced by

the plasmas behaviors, and the misalignment between
the anode rod and cathode plate of the RPD affects the
spending time of the plasmas shorting the A-K gap. An
electrode concentricity evaluation system (ECES) is
employed during the refurbishment of the diode to make
the anode rod and cathode plate as homocentric as possible
[40]. The ECES sets a camera in the front of the diode to
capture the images of the anode rod and cathode plate
which are displayed on a computer in real time. The
cathode plate is adjusted to align with the anode rod by
this guide. The concentricity between the anode rod and
cathode aperture within 0.05 mm could be obtained. A
PMMA plate is used to seal the vacuum chamber which
allows the ECES to monitor the status of the anode rod and
cathode aperture when pumping the vacuum chamber. It is
observed that the concentricity usually deteriorates after
vacuum pumping and the misalignment increases to
0.3 mm. This may result from the deformation of the
O-rings introduced between adjacent induction cavities.
Nevertheless, the RPD operates as expected without deg-
radation of the X-ray dose evidently at this extent.

III. EXPERIMENTAL RESULTS

A. Performance of the machine

Figure 9 depicts the typical voltage waveform of the ISC
component which is measured by a D-dot sensor at the
middle of this component. For this shot, the capacitors in
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FIG. 9. The voltage pulse on ISC component.
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the energy storage sections were charged at �60 kV. The
amplitude of the voltage pulse was 1.14 MV. Thus, the
actual transformation ratio of the tesla transformer should
be 9.5. The voltage pulse on PFL is exhibited in Fig. 10
whose peak value is 1.38MV. The charging time of the PFL
was 130 ns, and the self-breaking oil switch closed nearly
20 ns before the PFL was charged to the maximum value.
Although the equivalent capacitance of the ISC is much
greater than the PFL capacitance, the PFL voltage is only
slightly higher than that of the ISC. The energy might be
dissipated in the LTGS. In fact, circuit simulation is
employed to reproduce the experimental results. It suggests
that the resistance of the LTGS during the conduction
state is about 0.5 Ω. The forward traveling voltage wave
generated by the PFL is also displayed in Fig. 10. The
maximum value and 10–90% rise time were about 785 kV
and 32.5 ns, respectively.
We have measured the operating voltages of each induc-

tion cavity. The typical results are shown in Fig. 11. Those
waveforms indicate the driven sequence of the six cells. For
this shot, the No. 1 cavity which was near the ground end of
the voltage adder section was driven firstly, and the No. 6 cell
close to the RPD was fired lastly. It is seen that the peak
voltages of the induction cells deviate from each other. The
maximum values were about 1.1 MV for the first group of
three cavities, while the amplitude of the voltage pulse on the
No. 6 cell was the lowest and only about 850 kV.
Figure 12 presents the summed voltages within the

output transmission line region. The amplitudes at each
induction cell section were 1.04, 2.11, 3.12, 3.57, 3.84, and
4.36 MV, respectively. It demonstrates that the voltages
from the pulsed power sources are added by the induction
cavities as expected. However, it is observed that the first
group of three induction cells exhibit a much higher voltage

adding efficiency than that of the second group. This is
mainly due to that not only the operating voltages of the
induction cavities themselves but also the voltage distri-
bution in the output transmission line region are strongly
influenced by the driven sequence of the induction cells.
The last three cavities were fired nearly 7 ns later than the
ideal values. Thus, they show a low voltage adding
efficiency. Besides, the electromagnetic wave will undergo
multiple reflections in the output transmission line that
serves as an inductor. The peak voltage gradually decreases
along the line because of the inductive drop. Since the
impedances of the output transmission line rise step by
step, the inductive voltage drops also increase at the second
group of three induction cells.
The voltage and current downstream of the voltage adder

system, and the load voltage, are exhibited in Fig. 13.
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The amplitudes of the voltage at the end of the last
induction cavity and the load voltage were 4.2 and
4.1 MV, respectively. The 10–90% rise time of the load
voltage pulse was about 38 ns and longer than those of
voltage pulses feeding the induction cells. The increase of
the rise time results from the equivalent inductance pro-
duced by the induction cavities and the output transmission
line. Besides, previous investigations suggest that the
unavoidable nonideal driven orders of the cells will also
prolong the rise time [35]. The time history of the RPD
impedance and the X-ray source dose rate are shown in
Fig. 13 too. The diode impedance was roughly stable and
equal to 40 Ω during the period when the voltage pulse
approached its maximum value. This impedance almost
matches the summed impedance of the six WTLs. The full
width at half maximum of the X-ray pulse was about 45 ns
which was detected by silicon photodiodes locating 5 m
from the source and on the forward radiographic axis.
For this shot, the X-ray dose at 1 m from the diode was

17.9 rad. It is determined by averaging the results from four
LiF thermoluminescent dosimeters (TLDs). The locations
of the TLDs are shown in Fig. 14. They are about 25 cm
from the RPD anode rod tip and at 8° off the radiographic
axis. Figure 14 also displays the layout of the setup for spot
size measurement. A tungsten rolled edge is utilized to
obtain the edge spread function of the X-ray source. The
source is collimated by a stainless steel collimator before it
transmits through the rolled edge and is recorded by the
image plate. The size of the collimator is approximately
1 m in diameter, 30 cm in length, with a hole of 8 cm in
diameter at the central region. The distance between the
X-ray source and rolled edge is 1.995 m while the image
plate is about 2.131 m from the rolled edge. Figure 15

shows the derivative of the edge spread function which is
also called the line spread function. The spot size was
decided by the LSF and about 1.4 mm.

B. Operating reliability and synchronization ability

We have executed 50 consecutive shots to evaluate
the reliability of the Hawkeye-I. The capacitors charging
voltages on those shots were �55 kV. The amplitudes of
the voltage pulses downstream of the last induction cavity
are presented in Fig. 16. The average value was 3.77 MV
and the variations were within 0.15 MV. The X-ray doses at
1 m from the RPD of the 50 shots are also displayed in
Fig. 16. The mean value was 15.4 rad and the standard
deviation [42] was 0.57 rad.
Shot 234 was a failure because of the prefire of one

three-electrode gas switch. Since this shot, the air pressures
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in the six three-electrode gas switches have been increased
from 0.25 MPa to 0.4 MPa. These switches have worked
successfully over 300 shots and the prefire has never
occurred again. The working ratios of the gas switches
are only 30% which are well less than those of switches
employed in the linear transformer driver and Marx
generator. Sufficiently degrading the work ratio is owing
to the following reasons. The prefire of the three-electrode
gas switch will result in charging the ISC unexpectedly
which might induce the conduction of the LTGS and
destroy the RPD. It leads to the failure of the hydrodynamic
experiment thoroughly. Moreover, the unanticipated charg-
ing ISC may damage the tesla transformer and ISC in the
event that the conduction of the LTGS does not take place.
This is due to that the energy released from the capacitors
propagates back and forth between the tesla transformer
and ISC. It is very harmful to the plastic diaphragms of the
two components. Although a sufficiently low working ratio

might result in no-fire of the gas switch, the load voltage of
about 2.8 MV could be obtained in case five stages of
Hawkeye-I operate normally. On this condition, the image
of the explosive event could still be acquired in despite of
slightly inferior quality.
The delay time of the Hawkeye-I defining as the interval

between the arrival of the laser beam for controlling the gas
switch in the trigger unit and the onset of the X-ray pulse
is also calculated. Since the zero start point of the dose
rate waveform is unable to be acquired exactly, the time
corresponding to 10% of the X-ray dose maximum value is
considered as the beginning of the X-ray pulse. The
statistical delay times of the 50 shots are shown in
Fig. 17. The mean value was 4352 ns, and the standard
deviation was 3.4 ns which was well less than the random
uncertainty of the actions of explosion.

IV. CONCLUSIONS

A pulsed power-driven X-ray source which is called
Hawkeye-I, has been developed. It is able to produce a
maximum output voltage of about 4.2 MV at �60 kV
charging voltages. In this case, the radiation dose and spot
size of the X-ray source are 17.9 rad and 1.4 mm, respec-
tively. The operating reliability and synchronization ability
of the facility are evaluated by executing 50 consecutive
shots at �55 kV charging voltages. The Hawkeye-I is
capable of performing 98% success shot. The standard
deviation of the delay times defining as the interval between
the arrival of the laser beam for controlling the trigger unit
and the onset of the X-ray pulse signal is only 3.4 ns.
The whole energy storage sections of Hawkeye-I include

twelve capacitors and six gas switches, which are signifi-
cantly fewer than other pulsed power facilities driven by
Marx generators. Since the failures of gas switches and
capacitors, such as prefire and no-fire of gas switches and
short circuit of capacitors, are inherently inevitable, the
fewer number of components utilized is helpful to enhance
the reliability of the machine. Although the six three-
electrode gas switches work at very low working ratios and
their jitters are about 10 ns, the timing of the X-ray pulse is
not strongly related to the actions of those switches. The
beginning of the X-ray source is mainly determined by the
behaviors of the six LTGSs and the switch in the trigger
unit. Since not only the switches triggered by laser beams
could act accurately, the laser facilities and the three DDGs
controlling the Nd:YAG lasers also work quite precisely,
the Hawkeye-I is able to control the timing of the X-ray
pulse accurately.
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