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Abstract

In this paper, experimental results of the world’s most energy-efficient and
highest-current Mega-Joule-class dense plasma focus (DPF) facility, FAETON-
X (FX), are presented. FX was designed as the direct MJ-class scale-up of
FAETON-I (F-1I), which demonstrated the correlation between dynamics-induced
pinch voltage and neutron yield. Building on those results, Fuse Energy Technolo-
gies designed, constructed, and commissioned FX as a single-pulse flash neutron
source purpose-built as a pulsed power fusion R&D and radiation effects testing
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platform with both D-D and D-T fusion fuels. Its 500 pF capacitor bank com-
prises 20 capacitors, each rated at 25 puF and 100 kV, storing 1 MJ at a 65 kV
charge voltage, with a peak discharge current exceeding 4.5 MA and a static
inductance of 55 nH. FX achieves a figure of merit of 4.5 MA/MJ, the highest
reported for any MJ-class DPF and significantly above all contemporaneous M.J-
class peers, which range from 2.35 to 3.25 MA/MJ. Since neutron yield scales
as Y, oc I* this step-change in energy efficiency directly translates to supe-
rior neutron output per joule of stored energy in optimized conditions. FX, not
yet fully conditioned, produces consistent ~5 x 10! D-D neutrons/shot, with a
peak recorded yield of (1.27 4 0.27) x 102 neutrons/shot at 10 Torr deuterium.
Continued conditioning is expected to further increase neutron production.
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1 Introduction

The dense plasma focus (DPF) is a pulsed power device first independently conceived
in the early 1960s by J.W. Mather in the United States and N.V. Filippov in the Soviet
Union [1-4]. The device operates by electromagnetically accelerating and compressing
an ionized deuterium or a mixture of deuterium—tritium column via the Lorentz force
into an intense, transient z-pinch, producing simultaneous bursts of multi-MeV X-rays,
energetic ion and electron beams, and fusion neutrons on nanosecond timescales [5—
8]. This unique combination of extreme instantaneous flux, compact form factor, and
single-shot simplicity has made the DPF one of the most compelling pulsed neutron
sources in existence, with direct relevance to a wide range of fusion research, materials
science, and national security and defense applications, including fusion diagnostics,
neutron source development, radiation effects studies, materials qualification, nuclear
survivability testing, radiation effects qualification of electronics, and nuclear hardness
assessments of strategic subsystems [1, 2, 4, 5].

The neutron yield of a DPF scales empirically as Y, = 3:2  10%! Igi:ﬁch with peak
pinch current lpinch and Yn = 1:8 1010 Igégk with peak circuit current lpeak over a

broad range of device sizes and stored energies [8-11]. For scaling purposes, we gen-
erally use Y / 1. This strong dependence makes peak current the primary lever
for maximizing neutron yield, and motivates a key figure of merit for energy effi-
ciency: the peak discharge current per unit of stored capacitor bank energy, expressed
in MA/MJ. Maximizing MA/MJ requires simultaneously minimizing circuit static
inductance, optimizing electrode and transmission line geometry, and ensuring effi-
cient energy transfer from the bank into the pinch dynamics. Notable past MA-class
DPFs include SPEED 2 [12], Poseidon [13], the Frascati DPF [14], and the Los Alamos
DPF 6.5. MA-class DPF's operational today include PF-1000 [15], Gemini [16, 17] and
Sodium (ZEUS) [18] at the Nevada National Security Site (NNSS) and a DPF oper-
ated by the private company Verus Research [19]. In the published literature, these
facilities report D-D neutron yields ranging from 1:2 10! to 4:8 10! neutrons per
pulse, with MA/MJ figures ranging from approximately 2.35 to 3.25.



More recently, the MegaJOuLe Neutron Imaging Radiography (MJOLNIR) DPF
at Lawrence Livermore National Laboratory (LLNL) was commissioned specifically
for flash neutron radiography and high-yield operations, achieving 3:8 10! neutron-
s/shot at 2.5 MA peak current with 1 MJ of stored energy in its original pulsed power
configuration [20]. A new upgraded design reported in October 2024 produced a record
neutron yield of 1:2  10'? with 3.8 MA peak current and 1.3 MJ of stored energy
[21], representing the highest published D-D yield for a DPF operating in deuterium
gas which demonstrates a 30-fold increase from its first shots in 2018 with a stated
goal of reaching 103 neutrons/shot to meet radiography requirements. The original
MJOLNIR team goal was to commission the device to its full stored energy and cur-
rent of 2 MJ/4.5 MA, which unfortunately was never realized due to limitations in
their triggering system [21].

Fuse Energy Technologies recently designed and constructed FAETON-X (FX), a
single-pulse flash neutron source built as a pulsed power fusion R&D and radiation
effects testing platform with both D-D and D-T fusion fuels. FX employs a 500 F,
1 MJ capacitor bank composed of 20 capacitors, each rated at 25 F and 100 kV, and
achieves a peak discharge current exceeding 4.5 MA at a 65 kV charge voltage, with a
static inductance of only 55 nH yielding a figure of merit of 4.5 MA/MJ, the highest
reported for any MJ-class DPF. This current level surpasses all previously published
MA-class DPF facilities, while the energy-to-current ratio represents a step-change in
energy efficiency for the MJ class. FX produces 5 10! D-D neutrons/shot, with a
peak recorded yield of (1:27 0:27) 102 neutrons/shot at 10 Torr deuterium, placing
it among the highest-yielding D-D DPF facilities.

The predecessor to FX, FAETON-I (F-I) was developed by Fuse Energy Tech-
nologies as the world’s highest direct-charged-voltage DPF, operating at 100 kV and
achieving 1 MA peak current from 125 kJ of stored energy [4]. The F-I experimental
campaign established a clear correlation between the dynamics-induced pinch voltage
and neutron yield, confirming that the high-voltage design philosophy [4, 5, 10, 22]
delivers both energetic efficiency and high neutron production. Building on this, the
FX platform is efficient for D-D operation, extending to D-T and D-"Li operation
as well. The D-"Li reaction is especially valuable because it produces fast neutrons
extending up to 14 MeV, depending on the deuteron beam energy. The resulting
fast-neutron output is well suited to fusion research and radiation-effects, enabling
laboratory-scale evaluation of electronics, materials, and components against displace-
ment damage, single-event effects, and dose-rate phenomena that would otherwise
require reactor irradiation or underground nuclear testing. This positions the FX plat-
form as a compact, controllable fast-neutron source for survivability qualification and
radiation-hardness assurance [23-28].

With its much-reduced inductance compared to F-I, FX has peak dynamics-
induced voltages approaching 114 kV, with expected D-D yields of greater than 2 102
neutrons at 12 Torr operation when fully conditioned. Whilst FX has one of the high-
est D-D yields among PF facilities, its signature strength may be its D-T yield. With
fast beam ion energies around 115 keV, FX is designed to operate near the peak of
the D-T fusion cross section, enabling the potential production of 5 103 D-T
neutrons per shot. To increase its scope as a pulsed power fusion R&D platform, FX



could be operated with lower pressures to produce substantial deuteron beams of suf-
ficient energies to be of interest for D-’Li fusion reaction. These design features are
discussed further in this paper.

This paper presents the experimental design, pulsed power architecture, and first
experimental results of FX. Section II describes the capacitor bank, electrode geom-
etry, and overall experimental setup. Section III reports the correlation between
experimental data and simulation results from the Lee code. Section IV presents the
measured results of its current and voltage waveforms, plasma and radiation diagnos-
tics including neutron yield measurements. Section V provides conclusions and outlook
for future operations including D-T upgrade.

2 Experimental set-up

This section describes the design and key operational parameters of FX and the
diagnostic suite employed to characterize its plasma dynamics and radiation output.
The diagnostics were selected to provide complementary and cross-validated measure-
ments of the discharge current, electrode voltage, pinch dynamics, X-ray emission, and
neutron yield across a range of operating conditions.

2.1 FAETON-X design

FX is a 65 kV, 1 MJ dense plasma focus with two coaxial, concentric electrodes made
of oxygen-free copper. The electrodes are isolated at the launching end by a 9 cm long,
15 mm thick quartz insulator, and separated by an A-K (anode-cathode) gap of 5 cm.
The hollow anode is 41.2 cm long with a 15 cm radius and has a taper that starts at
38.7 cm with a final radius of 10 cm. The cathode is made of 36 copper bars, 20 mm
in diameter and 61.5 cm long, that encircle the anode with a radius of 21 cm.

The aluminum vacuum chamber is filled with deuterium at pressures ranging from
1 to 20 Torr. The capacitor bank comprises twenty 25 F, 100 kV capacitors storing
1 MJ at a 65 kV charge voltage. Each capacitor is discharged through a 120 kV,
750 kA self-mounted rail gap switch filled with SFg at 1 atm, designed and fabricated
in-house. The switches are individually triggered by two ten-channel BEMGs, which
deliver 90 kV pulses with a 10-90% rise time of approximately 18 ns to the knife-
edge of each switch [4, 28]. Inter-switch triggering jitter is less than 2 ns, ensuring
synchronized multi-module discharge. Energy from the capacitor bank is delivered
to FX through 180 parallel RG-220/U coaxial transmission lines. The system static
inductance is approximately 55 nH, and a full discharge generates a peak current
exceeding 4.5 MA with a rise time of approximately 8 s. The principal design and
operational parameters of FX were modeled using the Lee Model Code [9]. Table 1
summarizes the design and operational characteristics of the FX DPF system. Thus,
FX will serve as a broad platform for D-D, D-T and D-’Li operation for testing and
development of various aspects of diagnostics, trigger synchronization, radiation effects
and shielding testing, tritium handling, target design, and optimization. Figure 1 shows
renderings of the current FX system (Fig. 1(a)) and the tritium chamber (Fig. 1(b)),
which incorporates double confinement and a reduced internal volume for safe D-T
operation.



Table 1 Design and operational characteristics

of FAETON-X

Parameters Values
Anode radius 15 cm
Cathode radius 21 cm
Cathode length 61.5 cm
Effective anode length 41.2 cm
Insulator sleeve length 9 cm
Insulator sleeve thickness 1.5 cm
System capacitance 500 F
Capacitor bank energy 1 MJ
Operating voltage 65 kV
Static inductance 55 nH
Operating gas D2, D2+Kr, D2+T2
Operating gas pressure 1-20 Torr
Peak current 5 MA

2.2 Diagnostics

Three Rogowski-coil systems measure discharge current: a total-current coil encir-
cling the anode; four segmented coils at 90 azimuthal spacing, whose summed
output agrees with the total-current trace to within 1%, confirming symmetric cur-
rent delivery; and 20 individual coils (one per capacitor bank cable) used primarily to
verify a few ns inter-bank triggering jitter. Anode—cathode voltage is recorded with a
high-voltage resistive-divider probe (North Star High Voltage model number PVM-7;
1000:1, 140 MHz, 2.5 ns risetime) and cross-checked with a CVR (585 €2 custom resis-
tor, 5% tolerance, 80 kV DC withstand; Pearson Electronics Inc. model number 6585,
1 V/A, 1.5 ns risetime).

Diamond-based photo-conducting detectors (PCDs) record plasma radiation dur-
ing the implosion and pinch phases with nanosecond resolution (CV Technologies
model number DRD3010xx-SMA-HBFF). They capture the soft and hard X-ray pulse
during the m = 0 disruption window, provide the prompt X-ray reference for nToF
measurements, and offer an independent indicator of pinch onset complementing the
voltage-probe pinch voltage spike. Visible-light emission is measured with two pho-
todiode systems (ThorLabs models FDS010 and FDS100). A 6-photodiode array was
mounted (see sectional sketch of FX in Fig. 1) to measure the speed of the cur-
rent sheath. Another array was mounted to detect backwall flashovers. The detector
outputs were normalized.

Activation on indium foils (5 cm 5 cm  0.05 cm) with the 1°In(n,n’)5MIn
reaction, which has a threshold of 0.336 MeV, were used to determine the fluence
of the fast (2.45 MeV) neutron component from the reaction. The %In(n, )6MIn
reaction was used to determine the thermal component of the reaction. **>™In releases
a gamma at 336.24 keV and ®™MIn releases gammas at 138.33 keV, 416.86 keV,
818.7 keV, 1097.3 keV, 1293.54 keV, and 1507.4 keV. Simulations in Geant4 with the
full chamber were performed to determine the energy spectrum at the foil location
to obtain flux-weighted cross sections of 276 mb for *°In(n,n%)***MIn and 53 b for
15Tn(n, )M6MIn. These peaks were counted with an ORTEC IDM-200-V high purity
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