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Impedance-matched Marx generators (IMGs) are considered next generation pulsed-power drivers
because of their long lifetime (>10,000 shots), repetition rate (> 0.1-Hz), fast rise time (~ 100-ns),
and high-energy-delivery efficiency (~90%). “TITAN" is a 14-stage IMG designed to deliver 1-TW to a
2-Q matched load. In this paper, design, simulation, and experimental results for six stages of TITAN
including its triggering system, air delivery system, and pulse shaping are presented. To achieve
efficiency over 85% and maximize the capability of an IMG, synchronized triggering, reduced pre-fire
rate, and pulse shaping ability are crucial. In this paper, novel engineering solutions are introduced,
tested, and proven to overcome those challenges. 6-stage TITAN, powered by 102 identical bricks
and 102 field-distortion-triggered gas switches, could generate ~600-kA and ~700-kV across a~0.9-Q
matched load when fully charged to + 100-kV. In these experiments, 6-stage TITAN is tested up

to +70-kV charge voltage which delivers a peak power of 330-GW to a 1.2-Q resistive load.

Keywords TITAN, Impedance-matched Marx generator (IMG), Next-generation pulsed-power (NGPP),
Z-pinch, Magnetically driven inertial fusion, Z pulsed-power accelerator

The evolution of pulsed-power drivers for fusion-related applications has been a subject of significant research
and development in the last few decades. Various technologies, such as linear transformer drivers (LTDs)'~*
and impedance-matched Marx generators (IMGs)'~, have been introduced to address the need for pulsed,
magnetized-plasma fusion approaches®'? and next-generation, pulsed-power (NGPP) facilities''-*. The charac-
teristics required for pulsed-power drivers include fast rise time (~ 100-ns), high current (> 1-MA), high voltage
(>1-MV), high efficiency (>85%), and repetition rate (>0.1-Hz)'*. While conventional fast discharge capacitor
banks have been used in devices that drive dense plasma focuses and Z-pinches'®-??, they have limitations in
achieving the high voltage and short rise time necessary for pulsed fusion approaches and NGPP facilities. Recent
Marx generator technologies have been able to produce higher voltages with a faster rise time than conventional
capacitor banks, however, the high voltages and currents present in the latest stages (peaking/steepening switches)
of the generators result in short switch lifetimes?. To achieve even faster rise times using Marx generators, they
need to be equipped with a pulse forming line (PFL) like the Z pulsed-power facility at Sandia National Labora-
tories (SNL)*. In this case, the efficiency of the pulsed-power facility using a Marx Generator with a PFL is half
(~50%) of IMG-based facilities, and its components have shorter lifetimes!*?*. IMG-based facilities double (2x)
the energy efficiency of traditional Marx generators coupled to a PFL.

LTD is a technology that uses low-capacitance, low-inductance components, and low-jitter switches that
achieve a rise time of the output pulse in the order of 100-ns or even faster. However, LTDs have high cost,
complexity, weight, and triggering challenges at large fusion facilities'*. To overcome these disadvantages, IMGs
have been introduced as a new class of pulsed-power drivers. An IMG is less expensive and slightly more efficient
than an LTD for a given electrical-power output time histogram, as it does not use ferromagnetic cores and does
not have significant triggering issues™?.
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The recent developments in fusion-oriented pulsed-power modules, such as the LTD-based M-50 testbed®
and the Marx generators with PFLs in the Z pulsed-power facility at SNL?, reflect the ongoing efforts to advance
pulsed-power technology for fusion-related applications.

IMGs are the most advanced pulsed-power drivers and are being considered for the NGPP facilities"?, pulsed-
power accelerators?, flash x-ray and gamma-ray sources??’, high-energy lasers (HEL)*, high-power microwaves
(HPM)*"*2, excimer lasers®, materials under extreme conditions***, high-energy density plasmas'>**-%’, radia-
tion and nuclear effects?®*%, national security research, and inertial confinement fusion'*>*.

Over the past few decades, there have been several design iterations of LTDs with published experimental
results'>*"~*3, However, based on the concept presented by Stygar et al.' in 2017 and prior to this paper, scientific
publications have yet to exist for a successfully engineered and tested IMG as a next-generation pulsed-power
driver. Fuse Energy Technologies (Fuse) has designed, built, and tested the world’s first high-energy and high-
power IMG named “TITAN. Design parameters of TITAN, 6-stage experimental results in correlation with
simulated results as well as engineering challenges and solutions associated with IMG technology are presented
in this paper.

TITAN design

In this section, we will discuss design parameters for 14-stage and 6-stage TITAN, including the triggering and
air delivery systems (ADS).

IMG module

TITAN is a 14-stage, 1-TW IMG module powered by 238 bricks. Each brick consists of a pair of double-ended,
80-nF, 100-kV capacitors that are electrically connected in series through a normally open, pressurized, 200-
kV field-distortion-triggered gas switch (FDGS). FDGS is a three-electrode gas switch which consists of two
electrodes and a midplane that sits between them. One of the capacitors in a brick is charged to+100-kV and
the other to —100-kV; such that a potential difference of 200-kV appears between the FDGS electrodes. Each
brick has a maximum energy and power of 800-] and ~ 5-GW, respectively, and its LC time constant is designed
to be ~80-ns. Each of the fourteen stages of TITAN is powered by seventeen identical bricks that are distributed
azimuthally and connected in parallel, and the fourteen stages are electrically connected in series as a voltage
adder (VA). In total, the energy storage capacitor bank of TITAN consists of 476 capacitors and 238 FDGSs
organized into 238 identical bricks.

Due to the high-voltage operation (MV-scale) of TITAN, proper electrical isolation is critical to prevent
arcs and surface discharges in all connections and parts. To achieve proper electrical isolation, the bricks are
fully immersed in oil, and the space between the inner and outer conductors is filled with continuously recircu-
lated, > 18-MQ-cm deionized water. For efficient energy delivery, synchronized triggering of all FDGSs within
the module at the speed of light is essential.

We have developed an idealized RLC circuit model of TITAN using the SCREAMER and LTspice circuit codes
shown in Fig. 1a. In this model we assumed that all seventeen bricks within a stage are triggered simultaneously.
In all RLC schematics, component subscripts “b,” “s,” and “T” stand for “brick,” “stage;,” and “TITAN Module,
respectively.
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Figure 1. (a) Idealized RLC circuit model of 14-stage TITAN; “DIW” stands for deionized water. (b) Simulated
voltage and current of 14-stage TITAN using LTspice (c) Simulated voltage and current of 6-stage TITAN (d)
Simulated power-time histogram of 6-stage and 14-stage TITAN.
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The capacitance of a single brick is C;, = 40-nF, and we assume the inductance and resistance of each brick
to be L, = 160-nH and Ry, = 0.3-L, respectively. Using these values, we can calculate the LC time constant of a
brick using Eq. (1):

7 = \/LyCp = 80-ns (1)
Energy of a single brick can be calculated using Eq. (2), as follows:
Uy = 1/2C, Vi = 800-] )

TITAN is powered by 238 identical bricks which results in a total stored energy of Ur = 190.4-k].
The impedance of a brick'® can be calculated using Eq. (3):

Zy = 1.13/Ly/Cp + 0.8R, = 2.44-Q 3)

As previously stated, TITAN has fourteen stages, n; = 14, and each stage is powered by seventeen bricks,
np = 17, which are electrically connected in parallel. Therefore, the impedance of a single stage “Z;” can be
calculate using Eq. (4):

Zs = Zy/np ~ 0.14-Q2 (4)

Since the fourteen stages of TITAN are electrically connected in series, the impedance of a full TITAN module
can be calculated using Eq. (5):

Zr = nsZs ~ 2-Q (5)

As suggested by Spielman et al.**, we have intentionally designed TITAN to be a 2-Q IMG such that
sixteen TITAN modules connected in parallel have the potential to make an intermediate pulsed-power
facility Fuse plans to build called “Z-Star” Z-Star will be able to deliver a ~ 12-MA current and > 15-TW
power to its matched load which is very similar to the impedance of the Z pulsed-power facility at SNL,
Z7—Star = ZZ—facility = 0.125-Q2.

Based on the circuit model presented in Fig. 1a, simulated output voltage and current of 14-stage TITAN
charged to + 100-kV were plotted and are shown in Fig. 1b. As seen in Fig. 1b, TITAN can generate >700-kA
and > 1.4-MV on its 2-Q impedance-matched load.

With the objective of risk-reduction in a fast, but credible and efficient manner, we chose to test all TITAN
subcomponents such as the triggering, oil-delivery, deionized water, air delivery, charge & dump, and safety &
interlock systems, as well as resistors and inductors, with six stages of TITAN first. Simulated output voltage
and current for 6-stage TITAN charged to + 100-kV are shown in Fig. 1c. As seen in Fig. 1c, 6-stage TITAN can
generate ~ 600-kA and ~ 700-kV on its ~ 0.9-Q matched load. The simulated peak powers generated by both
14-stage and 6-stage TITAN are shown in Fig. 1d.

Triggering system

Different LTD modules require different triggering technologies and types of trigger coupling between bricks. The
CESZAR trigger circuit is equipped with an 80-nF capacitor bank that is used to trigger twenty FDGSs within a
single LTD cavity. A 990-Q) resistive coupling is applied between trigger busbars and trigger pins®. Alternatively,
an extendable triggering system was introduced for the M-50 testbed LTD module and achieved less than 2-ns
jitter. Each unit of the extendable system has four PFLs to compress the triggering pulse and four laser trig-
gered gas switches (LTGS). To achieve the desired waveform in M-50, all switches inside the LTD cavities must
be triggered externally®. A different triggering system was used in BLUE, where a single-stage LTD cavity was
equipped with 200-kV, Model 40264-200 kV FDGSs made by L3Harris. To amplify the trigger pulse, minimize
the jitter of the switches, and isolate the switches from the breakdown process, inductive coupling was applied
between the main trigger bus line and the UV-pins/midplanes of the switches*.

The greatest challenge with LTD triggering is that each switch must be triggered externally. LTDs cannot run
in a self-triggering mode without additional external trigger circuits coupled to all switches. Cavities in LTDs,
unlike stages in IMGs, have individual separate enclosures, and the switches in one cavity are isolated from those
in the other cavities. As a result, every single switch needs to be independently triggered', whereas in IMGs,
as demonstrated in our experiments, only a few stages need independent triggering, and the other switches are
self-triggered. In larger IMG-based, Petawatt-scale facilities, the difference is 100,000s of switches not needing
external triggering.

To successfully trigger TITAN, we applied a triggering sequence described hereafter that achieves the maxi-
mum efficiency of the triggering system. The TITAN triggering system starts with an 8-Channel digital delay
generator (DDG), model DG645, manufactured by Stanford Research Systems. The DDG on a transistor—tran-
sistor logic (TTL) circuit drives a pulse-generator (PG) unit which generates 35-kV with a 200-ns rise time. The
PG then drives a fast, compact trig generator (TG) which can generate a 40-kV pulse with a 10-90% rise time of
4-ns. The TG delivers its signal through a single 59-Q, 15-ns transmission line (TL) to two identical, compact,
low-inductance Marx generators called “BFMGs.” A BFMG is a 4-stage, coaxial Marx generator that can generate
a>150-kV pulse with a 10-90% rise time of ~ 13-ns when charged to 30-kV. TITAN uses two BEMGs to trigger
stage-1, 2, and 3. BFMG-I has four channels that deliver trigger-pulse-1 to stage-1 through four 59-Q, ~ 45-ns
TLs, and BEMG-II has eight channels that deliver trigger-pulse-2 to stage-2 through four 59-Q, ~ 54-ns TLs and
trigger-pulse-3 to stage-3 through four 59-Q, ~ 63-ns TLs. Distribution of the trigger pulse at stage-1 is presented
in Fig. 2a. All switch midplanes within a single, non-triggered stage are coupled through 2-pH inductors. The
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Figure 2. (a) Distribution of the trigger pulse in the first stage of TITAN (b) BFMG-I and BFMG-II voltage
signals with ~ 2-ns jitter, ~ 13-ns risetime (c) Distribution of the trigger pulse between TITAN stages.

two BFMGs are isolated from each other by two 100-Q) resistors. As seen in Fig. 2b the measured output jitter
between the two BEMGs is ~ 2-ns. As shown in Fig. 2c, FDGS midplanes for every stage are isolated from nearby
stages by 20-kQ) HV resistors in the oil section, and the last stage midplane is grounded through a 20-kQQ HV
resistor. All triggering subsystems, including PG, TG, and BFMGs, are developed by Fuse.

One of the biggest unforeseen challenges in IMG engineering is isolating the triggering TLs from the trigger-
ing midplanes. During a shot, the first three triggering stages of TITAN will rise to 300-kV <V yjigpianes < 1000-kV,
which drives the need for triggering cables to be isolated from the high voltage midplanes. Conventional Marx
generators are triggered from the stages furthest from the load, whereas TITAN is triggered from the stages
closest to the load (we have called those stages-1, 2, and 3 in our design). The maximum voltage present in the
module appears in the closest stages to the load where the external triggering system is connected. When 14-stage
TITAN is charged to +70-kV, after the system is triggered, stage-1 (the stage closest to the load) will see a potential
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of V.= 14 x 70 ~ 1000-kV. This high voltage will be seen across the midplanes of the switches connected to the
trigger system. Thus, we must isolate the triggering transmission lines from that voltage to protect the circuit.

There are two different methods that have the potential to solve this problem. The first method is to add a
HYV resistor in series with the triggering TL, and to connect this resistor to the midplane. The capacitance of the
midplane in one of TITAN’s FDGSs is ~ 17-pF. By adding a 2-kQ HV resistor, the charging time of the midplane
capacitor would increase to ~RC which is ~ 34-ns. Clearly, this method would slow down the trigger pulse of
TITAN which is not ideal. Furthermore, this resistor must withstand 1000-kV, requiring its inductance to be high
and its size to be big. In this case, the use of a water/liquid/aqueous resistor is suggested, however, that would
require a regular maintenance plan.

The second method is to apply a 1000-kV filter capacitor as a high-pass filter at the output tip of the trigger-
ing TLs. We have applied this solution to TITAN and made twelve 170-pF, 1000-kV filter capacitors, as shown
in Fig. 2a and c. The capacitors are placed within the oil section of the module to insulate them from TITAN’s
triggering system. Unlike resistors, these filter capacitors are maintenance-free and do not slow down the trig-
gering pulse, offering a major advantage both mechanically and electrically.

Air delivery system (ADS)

As mentioned earlier, 14-stage and 6-stage TITAN are powered by 238 bricks/FDGSs and 102 bricks/FDGSs,
respectively, and all switches operate under pressurized conditions, similar to LTDs*.. In every LTD module, all
switches operate under equal air pressure. As with LTD modules, an IMG module needs an air delivery system.
NGPP facilities will be powered by more than 100,000 bricks and FDGSs, and there are two major challenges
that arise concerning this large quantity of gas switches: The first is reducing the switches’ pre-fire rate, and
the second is pulse shaping. To overcome these challenges, we have designed an air delivery system (ADS) for
TITAN such that the pressure within the gas switches in each stage can be controlled independently. There are
three main advantages of this novel design:

I.  We can pressurize the triggering stages of TITAN (stage-1, 2, and 3) to the specific pressure required to
achieve the minimum jitter, while simultaneously applying higher pressure to the remaining switches to
reduce the rate of pre-fire.

II.  We can start stage-1 from a high pressure and gradually decrease the pressure in each successive stage to
achieve the lowest possible pressure in the last stage. In this case, the rise time and length of the output
pulse will increase (slow pulse, long pulse).

III.  We can start stage-1 from a low pressure and gradually increase the pressure in each stage to achieve the
highest pressure in the last stage. In this case, the rise time and length of the output pulse will decrease
(fast pulse, short pulse).

Each of the three novel concepts mentioned above have been experimentally tested and proven in TITAN,
and they are discussed in the experimental results section of this paper. To control the pressures across all four-
teen stages, TITAN makes use of a unique ADS. The main function of the ADS is to supply Ultra 0 Grade Dry
Air to the FDGSs while allowing for independent pressure control of each TITAN stage within the range of 0
t0 6.9 x 10°-Pa (0 to 100-psig) + 1%. Increasing the pressure within a stage increases the minimum breakdown
voltage required to trigger the stage. Refreshing the gas across all stages follows a 4-step procedure:

I.  Venting the high pressure from the previous experimental shot.
II.  Vacuuming any residual air and sputtered particles within the FDGSs to —6.9 x 10%-Pa (-10-psig).
III.  Flowing fresh gas continuously through the switches.
IV.  Filling the stages to the desired pressure level.

This 4-step process is fully automated on TITAN using Fuse proprietary technology. Figure 3a shows a sim-
plified schematic of the TITAN ADS. Furthermore, the 3D model of TITAN, including its wire array implosion
(WATI) load stalk, is presented in Fig. 3b. Every stage is divided into three gas sectors to improve the speed and
quality of the gas-refreshing process. The pressure on each stage is controlled with an electro-pneumatic regula-
tor, and data is captured with a pressure transmitter. The use of Ultra 0 Grade Dry Air in the FDGSs instead of
SF¢-filled switches, eliminates the usage of a toxic and green-house-gas emitting gas.

Experimental results and discussion

In this section, the experimental results of 6-stage TITAN are presented. The experiments were aimed at char-
acterizing the output current, voltage, and power waveforms of the IMG, comparing those measurements to
simulated results using SCREAMER, and establishing pulse shaping possibilities under varying stage pressure
operating conditions.

An overview of the experimental setup and methodology employed to estimate the inductance of a single
TITAN brick, as well as its measured and simulated current waveforms, are presented first. Following that,
measured current, voltage, and power waveforms and their agreement with simulated results for experimental
tests of 6-stage TITAN are presented. Synchronization of triggering within the stages and the repeatability of
TITAN’s experimental results are included in the evaluation of the device’s performance. Finally, the discovery
of pulse-shaping capabilities using a novel concept of varying gas-switch fill pressures between each of the stages
of 6-stage TITAN is discussed.

Scientific Reports |

(2024) 14:16889 | https://doi.org/10.1038/s41598-024-67774-4 nature portfolio



www.nature.com/scientificreports/

(a) ‘ _\ Atmo:)here

Vacuum
X Isolation
Valve

Relief

Pressure
Reducing
Regulator

7 S ) Stage

: S " Sector —| »4

- Outlets | stagé 1 Outlet
Pressure ~ Valve

Transmitter

Stage 1 Inlet Valve

Stage 4—1
Sector < {%‘
Inlets <—J

WAI Load A
—— Measured Current
50
(b) -

g 2
Inner t 0
Stalk g
oil 5 _
Section v -
De-ionized =30
Water 1 1 1 1 1
Section 75 100 200 300 400 500
Outer Time [ns]
Stalk
IMG
Stages

(d)

Brick
Levelling
Platform

Figure 3. (a) TITAN ADS piping and instrumentation diagram (b) 3D model of 14-stage TITAN including
its WAT load stack. It consists of ~ 40,000 parts, ~ 20,000 L oil, and ~ 640 L of deionized water, and it weighs ~ 22
tons. (c) Measured and simulated current of TITAN's single brick discharge at + 85-kV; 4.8 x 10°-Pa (70-psig).
(d) 3D model of TITAN’s brick and its equivalent circuit.

Brick test

As explained in “TITAN design” section, a brick consists of two capacitors and an L3Harris, model 50264, FDGS.
Figure 3d shows a 3D model of a brick test setup and its equivalent electrical circuit. The test was designed to
evaluate the inductance of a single brick of TITAN.

The brick capacitors were submerged in oil and charged to + 85-kV, and the FDGS was pressurized to 4.8 x 10°
-Pa (70-psig). The brick discharge current was measured using a Rogowski coil. The current waveform from the
brick test is shown in Fig. 3c. Analysis of the measurement demonstrated that the best fit between simulated and
experimental waveforms was achieved when L;, = 150-nH.
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6-Stage

Each stage of TITAN has seventeen bricks connected in parallel, and each of the stages are connected to one
another in series. 6-stage TITAN is comprised of 102 bricks charged up to+70-kV and uses a resistive load for
discharging. To charge the bricks, two power supplies (one negative and one positive) are connected to stage-6,
and two parallel 200-k €2, 200-kV resistors are placed between the stages to allow each capacitor to be charged
from stage-6 down to stage-1. The resistive load for discharging is composed of three 3.6-€2 £ 10%, 990-k], oil-
saturated, high-energy, HV disc resistors from HVR advanced power components, Inc (I09PDA3R6Kk).

Experimental results for the discharge current, voltage, and power waveforms are shown in Fig. 4. During
these experiments, the FDGS fill pressure was 3.8 x 10°-Pa (55-psig) for all switches, the bricks were charged
to +£50-kV, and the bricks were discharged through a 1.2-Q resistive load (three 3.6-€2 in parallel). Current wave-
forms were measured using a Pearson current probe that was situated around a known inductor at the ground
side of one of the resistors. The current, voltage, and power waveforms were analyzed and compared with the
SCREAMER equivalent circuit simulation results. As seen in Fig. 4a and b, the measured peak current, peak
voltage, and peak power for a+50-kV brick charging voltage were 378-kA, 454-kV, and 171-GW, respectively.
These measurements closely align with their SCREAMER simulation counterparts, which yielded peak cur-
rent, peak voltage, and peak power readings of 381-kA, 457-kV, and 174-GW), respectively. The maximum error
between measured and simulated values is < 1%. This agreement between simulated and experimental results is
presented in Fig. 4a and b. Repeatability of the experimental waveform is shown in Fig. 4c, where 5 consecutive
shots are compared.

The synchronized triggering of intra-stage switches was monitored using five Silicon Photomultipliers
(SiPMs). These sensors were positioned as follows: one in stage-1 on brick number 6, two in stage-3 on the 6th
and 17th bricks, and two in stage-6 on the 6th and 17th bricks as labeled in Fig. 3a. The experimental waveforms
from the SiPMs are shown in Fig. 4d and demonstrate TITAN’s highly synchronized triggering. As presented
in Fig. 4d, the measured triggering delay between stages is larger than the electromagnetic wave transit time
between the stages. More investigation and experimental results are required to solidify the reasoning for this
delay and its impact on impedance matching.

In these experiments, 6-stage TITAN was tested up to a+70-kV charge voltage which delivers a peak power
of 330-GW to its 1.2-Q resistive load, as shown in Fig. 5a.

To reduce the pre-fire rate and achieve minimal intra-stage jitter at high operating voltages, the first three
stages of TITAN were pressurized to a given level, while a slight (~9%) increase in pressure was applied to the
remaining stages.

Pulse shaping

One of the novel experiments conducted with 6-stage TITAN was pulse shaping due to varying the inter-stage
FDGS fill pressures. As mentioned in section "TITAN Design", TITAN’s ADS was designed such that the fill
pressure of the FDGSs in each stage could be independently controlled. To test the concept of shaping the pulse
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Figure 4. (a) Measured and simulated current and voltage of 6-stage TITAN at +50-kV. (b) Measured and
simulated output power of 6-stage TITAN at+50-kV. (c) Repeatability of the waveforms for five consecutive
shots at +50-kV. (d) Synchronized triggering of intra-stage switches monitored using five SiPMs.

Scientific Reports |

(2024) 14:16889 | https://doi.org/10.1038/s41598-024-67774-4 nature portfolio



www.nature.com/scientificreports/

350 400

(b) — Constant Pressure
300 —— Increasing Pressure
300 —— Decreasing Pressure
250
% 200 g
- € 200
[ [
3z 150 £
e 5
100 100k
50
0 1 1 1 1 N 0 1 1 1 1 1 1
0 50 100 150 200 250 300 0 50 100 150 200 250 300
Time [ns] Time [ns]

Figure 5. (a) Measured peak power of 6-stage TITAN at+ 70-kV. (b) Pulse shaping capability of 6-Stage TITAN
at+50-kV. (c) 6-stage TITAN during a shot captured by a fast camera.

by varying the gas pressure of the switches between stages, experiments were conducted under the following
three scenarios:

. Constant pressure: All bricks in every stage are filled to the same pressure of 3.8 x 10°-Pa (55-psig).
II.  Increasing pressure: The initial three stages (stage-1, 2, and 3) are maintained at a fill pressure of 3.8 x 10°
-Pa (55-psig), and each successive stage is filled with an additional 3.4 x 10%-Pa (5-psig). Stage-4, 5, and
6 have 4.1 x 10°-Pa (60-psig), 4.5 x 10°-Pa (65-psig), and 4.8 x 10°-Pa (70-psig), respectively.
III. Decreasing pressure: The initial three stages (stage-1, 2, and 3) are maintained at a fill pressure of 4.8 x 10°
-Pa (70-psig), each successive stage is filled with a reduction of 3.4 x 10%-Pa (5-psig). Stage-4, 5, and 6
have 4.5 x 10°-Pa (65-psig), 4.1 x 10°-Pa (60-psig), and 3.8 x 10°-Pa (55-psig), respectively.

The effect that adjusting inter-stage pressures had on the shape of the pulse is depicted in Fig. 5b. Increas-
ing the fill pressure of the upper stages (Scenario II) yielded shorter rise times and reduced Full Width at Half
Maximums (FWHM), whereas reducing their fill pressure (Scenario III) led to longer rise times and larger
FWHMs. The measured rise times for Scenarios I, II, and III were 99.2-ns, 83.6-ns, and 128.2-ns, respectively;
and the FWHM values were observed to be 130-ns, 125-ns, and 181-ns, respectively. 6-stage TITAN during a
shot captured by a fast camera is presented in Fig. 5c.

Conclusion

Impedance-matched Marx generators are the next-generation pulsed-power drivers because of their long lifetime
(>10,000 shots), repeatability (>0.1-Hz), fast rise time (~ 100-ns), and high energy delivery efficiency (~ 90%). In
this paper, design parameters of a 14-stage, 1-TW, and 2-Q impedance-matched Marx generator called “TITAN”
were presented. TITAN consists of >40,000 parts, ~ 20,000 L of oil, and 640 L of continuously recirculating
deionized water, and it weighs ~ 22 tons. The 6-stage TITAN testbed is powered by 102 identical bricks and field
distortion gas switches, and it has the potential to generate ~ 600-kA and ~700-kV on a ~0.9-Q matched load
when fully charged to £ 100-kV. In these experiments, 6-stage TITAN was tested up to+70-kV charge voltage
which consistently delivered a peak power of 330-GW to its 1.2-Q resistive load. The experimental results cor-
relate with the simulated results with >99% accuracy.
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One of the biggest challenges in IMG engineering is isolating the triggering transmission lines from the trig-
gering midplanes. To accomplish this, twelve 170-pE, 1000-kV high-pass filter capacitors were placed within the
oil section of TITAN, insulating the midplanes from TITAN’s trigger system.

The midplanes of the seventeen bricks at each stage were connected through seventeen 2-uH inductors, and
each stage was coupled to the next using a 20-kQ HV resistor. Five SiPM sensors positioned at stage-1, 3, and 6
have recorded synchronized triggering within the individual stages.

To reduce the pre-fire rate of TITAN, and to achieve pulse shaping capabilities in the module, an air delivery
system has been designed to supply Ultra 0 Grade Dry Air to the gas switches while providing independent pres-
sure control of each stage over a range of 0 to 6.9 x 10°-Pa (0 to 100-psig) + 1%. By gradually increasing the gas
pressure within the switches from stage-1 to stage-6, the module was able to generate fast pulses with a ~80-ns
rise time. Conversely, by gradually decreasing the gas pressure within the switches from stage-1 to stage-6, the
module was able to generate slow pulses with a~ 130-ns rise time. The use of Ultra 0 Grade Dry Air in the FDGSs,
instead of SF4-filled switches, eliminates the usage of a toxic and green-house-gas emitting gas.

More experimental results will be presented when all 14 stages of TITAN are assembled. In particular, the
pulse-shaping capabilities of 14-stage TITAN are expected to be even greater than what has been discovered with
6-stages. The ability to alter the rise time between all 14 stages allows for even more control over the shape of the
pulses produced. 14-stage TITAN is expected to deliver 1-TW of power to its 2-Q matched load.

Data availability
Data sets generated during the current study are available from the corresponding author on reasonable request.
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