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Inertial electrostatic confinement fusion has developed into a widespread
academic field since its inception in the 1950s and 1960s. This paper provides
an overview of the different research groups (universities and research institutes)
and companies involved in the field of IECF and their scientific publications. A list
of over 970 publications from 56 universities, 20 research institutes, and
25 companies was collected and analyzed. Also, an overview of the most
common type of IECF devices, often referred to as “gridded” IECF device or
“fusor” was created, including more than 30 devices. This paper serves as both a
reference guide to the literature and the IECF devices.
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1 Introduction

Inertial Electrostatic Confinement Fusion (IECF) is a well-established concept to
electrostatically confine and accelerate ions to create conditions suitable for nuclear
fusion reactions. Since its inception in the 1950s and 1960s (Hirsch, 1967), various
methods and experiments have been devised to realize its potential. The confinement of
the ions is achieved by either using physical electrodes consisting of cathodes nested inside
anodes (commonly known as fusor-type devices) or by imploring a negative space charge
from electron clouds, with the Polywell being the most promising concept. An overview of
these different types of IEC devices is presented in Figure 1. However, fundamental
limitations and inherent loss mechanisms of the concept were recognized early, making
scaling toward a power reactor unlikely. Nonetheless, extensive research activities have been
performed in the field of IECF, ranging from analyzing the physical principles and scaling
laws to fusion experiments with demonstrators. Additionally, numerous applications have
been proposed utilizing IECF devices as neutron sources or for non-fusion applications,
such as space thrusters (see Figure 2). Summaries of the near-term applications are provided
in (Kulcinski and Santarius, 2013; Kulcinski et al., 2009), and in Chapter 12 of (Miley and
Murali, 2014).

The most widely used type of IECF device relies on two spherical concentric electrodes
(“grids”) and is also often referred to as “fusor”. Its basic layout is shown in Figure 3. Ions
from a glow discharge plasma are easily accelerated to fusion-relevant energies (15 to over
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100 keV), but particle collisions with the electrodes, a low ionization
rate, and the lack of electron confinement limit the overall efficiency
of such devices (Miley and Murali, 2014).

Due to its simplicity and low cost for demonstrators, the
research in the field has been driven mostly by universities and
some research institutes. However, several companies have also been
involved. The field of IECF has been relatively isolated from other
fields of nuclear fusion development, like magnetic confinement

fusion (e.g., the development of the tokamak or stellarator design)
and inertial confinement fusion (e.g., laser-fusion). Although the
research field of IECF is relatively small, the contributions of many
research groups over a time span of more than 60 years make it
difficult to keep an overview of all the activities. Also, as will be
shown in this analysis, nearly 60% of the universities and 45% of the
research institutes have commenced their activities within the
last 15 years.

FIGURE 1
Overview of concepts for fusion devices based on the field of IECF (a: Fancher, 2018; Bakr et al., 2021; b: Dietrich, 2007;McGuire and Sedwick, 2008;
c: Tomiyasu et al., 2009; Bhattacharjee et al., 2021; d: Miley and Sved, 1997; Itagaki et al., 2021; Watanabe et al., 2019; e: Hirsch, 1967; Egle, 2010; f:
Jurczyk et al., 1997; g: Knapp, 2015; h: Klein, 2011; i: Hedditch et al., 2015; j: Chap, 2017; k: Dolan, 1994; l: Park et al., 2015; Poznic et al., 2019; m: Barnes et
al., 2000; n: Park et al., 2005a; o: V Oginov et al., 2019)).

FIGURE 2
Overview of different proposed applications for the IEC technology (collected from (Kulcinski and Santarius, 2013; Yoshikawa et al., 2007; Kulcinski,
1996; Kulcinski et al., 2017)). Note that most of these applications have been proposed or only demonstrated under laboratory conditions.
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The centerpiece of this work was the creation of a literature
dataset including as many publications from the field of IECF as
possible between 1959 and April 2023. Based on this, the main aims
of this publication are to:

1. Provide an overview of institutions (universities, research
institutes, and companies) that are currently or were
previously affiliated with the field of IECF. In 2013, a less
detailed overview of the involved institutions was given in
(Kulcinski and Santarius, 2013).

2. Provide an overview of available publications (Peer-reviewed
papers, conference proceedings, academic theses, and patents)
by each institution from 1959 to April 2023. This overview

consists of a) a bibliography data set (which is available online
as Supplementary Material) and b) a table (Supplementary
Table A.2) that associates each publication with one or
two keywords.

3. Derive main statistics and information from the literature data
set (including a world map with all institutions, diagrams that
detail the composition of the data set by a) document type, b)
type and publication year, c) overview of main journals, and d)
co-authorship analysis). Also, a brief overview of the US-Japan
Workshop is given.

4. Provide an overview of gridded and beam-beam IECF devices
with proven fusion records, including neutron production rate
(NPR), power consumption, and geometry. A comparison of
NPR levels and NPR/kW is conducted. (The complete
overview is given in Supplementary Table B.1).

5. Present a novel approach to analyzing a research field that
deviates from classical reviews, meta-analyses, or bibliometric
studies (Donthu et al., 2021).

For an extended review of the field of IECF, the work by Miley
and Murali (2014) provides a comprehensive and detailed
overview. Additional historical background is available in
Miley (2013).

The remainder of the paper is organized as follows: Section 2
gives an overview of the different institutions affiliated with the IECF
technology. The methodology behind this analysis is outlined in
Section 3. Following this, Section 4 presents an overview of IECF
devices (gridded and beam-beam) with a proven fusion record from
one of the following fusion fuels: deuterium-tritium (DT),
deuterium-deuterium (DD), deuterium-helium-3 (DHe3), or
helium-3-helium-3 (He3He3). The paper concludes with an
outlook and a summary.

FIGURE 3
Outline of a typical gridded IECF device with a spherical cathode and anode grid for continuous glow discharge operation (from (Wulfkühler
et al., 2024)).

FIGURE 4
Types of publications that constitute the dataset.
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2 Overview of research groups

As the centerpiece of this study, a dataset with literature from the
field of IECF was created. An overview of the contents of this set is
given in Supplementary Appendix A in the form of an extended
table, which should be consulted while reading this paragraph. The
exact methodology for creating this dataset is described in Section 3.
The set contains journal publications, conference proceedings,
theses (of Bachelor, Master, and Ph.D. level), and patents.
Academic theses were included since the field of IECF has been
driven by university-level research, and some of the work has not
been published elsewhere. Patents were included in the dataset for
the following reasons: In the scope and approach of this paper,
patents represent an important means of identifying companies
affiliated with IECF technology. Also, potential commercial
applications of IECF have always played an important role and

have been a driver of the research field. Among the first publications
on IECF in the late 1960s are several patents filed by Farnsworth
(1966), Farnsworth (1968), Hirsch (1970a), Hirsch and Meeks
(1970), Hirsch (1970b); Hirsch (1972a), Hirsch (1972b). The final
dataset contains over 950 entries.

Figure 4 illustrates the composition of this dataset. Journal
articles and conference proceedings account for over 75% of the
sources, while academic theses make up 10%. There are only eight
book chapters on IECF, along with a single book solely dedicated to
IECF. These publications were associated with 101 different
institutions (56 universities, 20 research institutes, and
25 companies). An institution had to be affiliated with the lead
author of a publication to be considered associated. Figure 5 offers a
geographic overview of the locations of all institutions.

A visualization of the publications per type and year is shown in
Figure 6. The first publication in the field can be attributed to Elmore
et al., in 1959: “On the Inertial-Electrostatic Confinement of a
Plasma” (Elmore et al., 1959). In 1966, Farnsworth published the
first patent, which sparked subsequent activities (Farnsworth, 1966).
Further patents were published by Farnsworth, Hirsch et al., and
Hirsch built and tested the first prototypes for IECF devices, which
were also tested at Brigham Young University (Gardner et al., 1975;
Gardner, 1976) with parallel investigations of the IECF concept at
the University of Illinois (Verdeyen et al., 1975; Cherrington et al.,
1975). There was only limited activity in the 1980s. Since the early
1990s, the activity in the field gradually increased with new efforts by
Miley et al. at the University of Illinois (Miley and Sved, 1997; Miley
et al., 1994), the Los Alamos National Laboratory (Nebel et al., 1995;
Park et al., 2005b), and with the Energy/Matter Conversion
Corporation (EMC2), a focus was set on the Polywell design with
potential commercial applications in the energy market (Bussard,
1991; Bussard, 2006). The network in the US expanded greatly with
work conducted at the University of Wisconsin-Madison (Thorson
et al., 1997; Kulcinski et al., 2015), and subsequent cooperation with
the University of Kyoto (Ohnishi et al., 1995) and the Tokyo
Institute of Technology (Yamauchi et al., 2001). Not all of the
listed universities, institutes, and companies are active anymore in

FIGURE 5
Map with locations of affiliates within the field of IECF (please use the zoom function in the online PDF for a precise view).

FIGURE 6
Different types of publications published annually between
1959 and 2022.
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the field of IECF. Also, several of the companies no longer exist.
However, the status of activity can, of course, also change in the
future. Therefore, the years of the first and the latest publication are
provided in Supplementary Table A.2 and can be understood as a

rough indicator of the current activity level. It should also be
considered that institutes might have continued publishing as co-
authors. Additionally, as evident from the column containing the
first year of a publication, the 2010s witnessed a surge of new

FIGURE 7
Co-authorship analysis of top 300 authors and their respective affiliations (created with bibliometrix (Aria and Cuccurullo, 2017), please use the
zoom function in the online version for a precise view of the names). The abbreviations correspond to the indices listed in Supplementary Table A.2 in
Supplementary Appendix A.

FIGURE 8
Methodology of creating the literature database.
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activities from various universities (IDs: U22 to U56) and research
institutes (R12 to R20).

Two measures were taken to assess the activities of the individual
institutions. First, as shown in Supplementary Table A.2, the activities
of the institutions were categorized as follows: a) purely theoretical
contributions in the field of IECF, b) non-fusion experimental work,
and c) actual fusion experiments. Of the 101 institutions, 45 fall into
the first category, 17 into the second one, and 39 into the last one. As a
second measure, each publication was manually associated with at
least one of about 150 keywords from 12 different categories listed in
Supplementary Table A.1. Although this simple classification cannot
provide a detailed analysis of every activity performed by an
institution, it can offer a quick overview of the general activities
carried out at a particular institution.

A co-authorship analysis was conducted using the bibliometrix
tool to understand the interconnectedness of the research groups
(Aria and Cuccurullo, 2017). Figure 7 shows the connection between
the top 300 authors (out of more than 900 authors in total). An
overlay was created to visualize the 33 different affiliations of the
authors roughly. As shown, the University of Illinois (U3) is well-
connected with the Los Alamos National Laboratory (R1) and the
Company EMC2 (C4). Connections extend to the University of
Wisconsin-Madison and Kyoto University, which is affiliated with
Kansai University and Tokyo Institute of Technology, as well as
loosely to the University of Sydney (U13). Figure 7 also reflects the
temporal evolution: A subgroup (at the lower right side) of the
University of Illinois (U3) is not connected to the rest. This
disconnect arises from the fact that Verdeyen, Dolan,
Cherrington et al. conducted experiments in the 1970s (Dolan

et al., 1972; Meeker et al., 1973; Swanson et al., 1973), while
Miley et al. began their work on IECF in the late 1980s (Miley,
2013). Other research groups have not published with these strongly
connected groups.

One explanation for the interconnection between the US,
Japanese, and Australian institutions is the US-Japan workshop
on IECF, which took place regularly between 1998 and 2019. Miley
(Miley, 2013) gives some details about the US-Japan
Workshop. Unfortunately, the publications for the US-Japan
Workshop are mainly in the form of PowerPoint presentations
and are not centrally collected or accessible. Still, presentations from
the workshop have been referenced in the scientific literature (for
example, at least 17 times in (Miley and Murali, 2014)).
Supplementary Appendix D contains an Excel file with a list of
all past events and includes the titles of all presentations from the
21 conferences. The data was compiled from several conference
websites and by directly contacting former participants.

Although not included in the overview of Supplementary Table
A.1, the work of the amateur scientist community in the field of
IECF is worth mentioning here. These hobbyists, many of whom
have shared their work in the online forum fusor.net since 1998,
have built numerous IECF devices with a proven fusion record
(Fusor, 2025). The website maintains a list of “Fusioneers”, which
includes people and institutions (such as high schools, and student
groups of colleges and universities) that have achieved nuclear
fusion using IECF devices, typically through a deuterium gas
discharge with gridded devices (Hull, 2025). Based on a review of
scientific publications, no direct influence of the amateur
community on the scientific community could be determined.

FIGURE 9
Different methods to classify the gridded IECF Devices of Supplementary Table B.1.
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3 Methodology

A sketch of the multi-step process that was conducted to create
and analyze a dataset of publications in the field of IECF is given in
Figure 8. Data was collected from five different sources and then
combined within a reference management software for subsequent
export and analysis. The reference management software had to
meet several criteria: a) Exportability in. csv format, b) support of
custom data fields (to add keywords, affiliations, etc.), c) support of
custom BibTeX keys, and d) a low loss rate during the import of files
from Scopus and Web of Science. The following reference
management software packages were evaluated: Mendeley, JabRef,
Zotero, EndNote, and Citavi. Only Citavi met all the requirements.
The first step was to obtain data sets with publications from Scopus
and Web of Science. The search string “inertial electrostatic
confinement fusion” or “inertial electrostatic confinement” or
polywell (access date: 23rd January 2023) was used. Merging these
two datasets into a single coherent dataset without duplicates
presented several challenges, as both datasets use different fields
and formats. Duplicates were removed with the help of Citavi’s
internal tool based on the Levenshtein algorithm, while Scopus files
were prioritized over Web of Science files. Patents in the field of IEC

were identified with The Lens platform through the search string
“inertial electrostatic confinement” (access date: 31st April 2023) and
added to Citavi. The bibliography of Dietrich’s dissertation
(Dietrich, 2007) contained a large dataset with 304 sources up to
the year 2005, many of which (especially conference proceedings of
the Bulletin of Physics) are not identified through Scopus, Web of
Science, or Google Scholar. These missing entries were added
manually to the dataset in Citavi. Keywords were added in Citavi
as a custom field. Finally, several research groups were contacted to
check for missing entries. Using Citavi’s table view function, the data
set was exported to Excel and analyzed with a Python script that
utilized the pandas library (T. pandas development team, 2020) to
automatically create the entries in Supplementary Table A.2. An
abridged version of the table was used to create the co-authorship
plot in Figure 7 with the bibliometrix package in the R software
environment (specifically the biblioshiny browser interface) (Aria
and Cuccurullo, 2017). Furthermore, BibTeX and RIS files were
exported from Citavi.

The methodology described here grew “organically” from the
initial desire to present an overview of the scientific output produced
by the IECF community and to identify the institutions involved.
Supplementary Table A.2 evolved as the centerpiece of the analysis.

FIGURE 10
Comparison of neutron production rates from IECF devices in Supplementary Table B.1. The numbers correspond to the configuration number. All
tests were conducted with DD fusion, except for configurations 1 and 30, which used a DT mixture as fuel.
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Certain basic methods from the field of bibliometrics were borrowed
to analyze the dataset, including the types of work (Figure 4), annual
citation frequency (Figure 6), and a co-authorship analysis
(Figure 7). More advanced methods, such as co-citation analysis,
co-word analysis, or focusing on metrics like the h-index, were
avoided because the dataset does not contain all the necessary
information, including individual citations, and the assigned
keywords are subjective and should not be used. An overview of
the tools available for a comprehensive bibliometric analysis is
provided in (Donthu et al., 2021).

Although the dataset was compiled from multiple sources,
several limitations remain, and potential biases should be
acknowledged:

• Only publications in the English language were considered.
While most publications are assumed to be in English, technical
reports and theses are often written in other languages.

• Only some universities practice the publication of theses of
their students. Additionally, these theses are usually published
through university platforms and are often difficult to access.

• Other gray literature, such as technical reports, has only been
published by some research groups.

• Because only the institutions of the primary authors have been
included, some institutions that have been active in the
research field might not appear in Supplementary Table A.2.

• Of the 101 institutions, only 62 have produced more than one
publication. Only 74 of the institutes have published a peer-
reviewed paper, and just 41 have at least two journal

publications. This leads to the inclusion of many small
research groups.

• Especially conference proceedings from before the year
2000 are difficult to access. Furthermore, even if they are
listed in a database, it remains unclear whether they constitute
a complete text or merely an abstract.

• For the creation of the manual dataset, the email questionnaire
was mainly responded to by research groups that had been
active in the last 10 years. Therefore, historically significant but
currently inactive institutions might be underrepresented.

Similarly, the keywording process is prone to some limitations
and potential biases:

• Single keyword assignment: Some publications were only
assigned one keyword, which may oversimplify their
content, especially in multi-topic studies.

• Generic classification of patents and reports: Patents and some
reports were often solely classified by the type of document.

• In several cases, the documents were not accessible (primarily
technical reports and conference proceedings) and had to be
classified based on the title or document type. This may, in
some instances, not accurately reflect the actual content of the
publications.

Therefore, the keywords can aid the process of identifying
relevant literature for a specific topic, but cannot replace an in-
depth search.

FIGURE 11
Comparison of neutron production rates from DD fusion reactions per kW of cathode power in IECF devices in Supplementary Table B.1. Only
devices with a continuous “DC” discharge were included because there is usually no information on the average of the cathode power consumption for
the pulsed devices.

Frontiers in Nuclear Engineering frontiersin.org08

Wulfkühler et al. 10.3389/fnuen.2025.1620419

https://www.frontiersin.org/journals/nuclear-engineering
https://www.frontiersin.org
https://doi.org/10.3389/fnuen.2025.1620419


4 Overview of gridded IECF devices

As mentioned in the introduction and illustrated in Figure 1, many
different approaches have been explored to realize the concept of IECF.
As stated in the previous section, nearly 40% of the 101 institutions
listed in Supplementary Table A.2 have conducted nuclear fusion
experiments with IEC technology. Among the actually built
experiments, the most common and simple ones are “gridded”
devices (because they use grid-shaped transparent electrodes to
create the electrostatic field). The book by Miley and Murali (Miley
andMurali, 2014) can be consulted for an overview of the performance
of other IECF technologies, including the Polywell (U13, C4), Spherical
Oscillating Plasma Sphere devices (R1), and Penning Trap Fusion
devices (R1). However, these advanced concepts have only been
studied by a small number of institutions and, based on the limited
number of publications in recent years, progress appears to be stagnant.

Brief summaries of the performance of the gridded devices have
already been provided in (Kulcinski and Santarius, 2013; Miley and
Murali, 2014; Hermans, 2013). However, a comprehensive overview
is absent from the literature. Therefore, Supplementary Table A.2
was created as a quick reference guide, which contains the main
parameters of 36 different devices from 21 institutions operated in
44 different configurations.

The aim was to summarize the latest performance data from the
gridded devices by these 21 research groups. It should be noted that not
all apparatuses are necessarily active anymore. Given that many of these
devices, like the “HOMER” facility at the University of Wisconsin-
Madison, underwent years of continuous optimization (e.g., by
expanding the maximum operating voltage) (Fancher, 2018; Fusor,
2025; Hull, 2025), the primary focus was only to include the latest device
configuration, which also usually achieved the highest fusion rates.

As shown in Figure 9, there are several ways in which gridded
IECF technology can be further classified, based on the fusion fuel,
electrode geometry, time behavior, and discharge mode. All this
information was collected for the devices listed in Supplementary
Table B.1. Here, only a brief summary of the developments of
gridded IECF devices will be provided, following the structure
outlined in Figure 9 and by comparing the neutron production
rates of the devices as a key performance metric. The references in
Supplementary Appendix B can be consulted for more detailed
information on individual apparatuses.

In terms of fusion fuel, only two of the devices (Hirsch, 1967;
Ohnishi et al., 2016) have been operated with a deuterium-tritium
fusion mixture due to the necessary safety precautions and high
costs involved in handling the radioactive tritium. The operation
with the DHe3 reaction was tested at the University of Wisconsin-
Madison (Cipiti, 2004; Egle and Kulcinski, 2009) and the University
of Kyoto (Masuda et al., 2005; Masuda et al., 2006; Fujimoto et al.,
2007), as it is of high interest for medical isotope production. The
University of Wisconsin-Madison also analyzed the
He3He3 reaction (Piefer, 2006). Although this has been the goal
of some development, the aneutronic pB11 fusion reaction has not
been demonstrated with an IECF device (Miley and Murali, 2014).

Based on the geometry of the electrodes, the devices can be
distinguished into three categories: spherical, cylindrical, and linear.
The majority of devices rely on a spherical geometry, which provides
the highest fusion rate. Cylindrical geometries–only used in seven of
the experiments listed in Supplementary Table B.1 – can offer more

control over the direction of the flux for practical application. Only
three experiments used a linear layout.

As shown in Figure 9, ions can be created through different means,
including a static or pulsed glow discharge. The discharge may be
“assisted” through various techniques, such as external electron sources
or applied RF fields, to increase the plasma density. In devices based on
this approach, beam-background fusion is usually the dominant fusion
mechanism. (Kulcinski et al., 2015; Murali et al., 2006).

To facilitate beam-beam fusion, the focused ion beams from
several ion guns might be brought to collision. Only two devices
have been built based on this mechanism, including the first IECF
experiment by Farnsworth and Hirsch and the Six-Ion-Gun-Fusion-
Experiment (SIGFE) (Hirsch, 1967; Egle, 2010).

Figure 10 compares the maximum neutron production rates for
different IECF devices, while Figure 11 provides the specific neutron
production rate per cathode power. The following devices have
achieved the highest neutron production rates:

• Pulsed glow discharge (#20): At the Tokyo Institute of
Technology, a record neutron production rate of 7.4·109 n/s
was achieved from DD fusion with a pulsed discharge
of −80 kV, 15 A peak current, and a pulse length of 20 μs
at a repetition rate of 4 Hz.

• Continuous beam-beam device, (#1): Using six focused ion
sources operated with a DT mixture, Hirsch obtained 3.9·109
n/s. The acceleration voltage and total current were 150 kV
and 10 mA.

• Continuous assisted glow discharge, (#11): Assisted by
thermionic filaments, a DD glow discharge at 200 kV and
100 mA produced 3.8·108 n/s.

To put these numbers into perspective, it is worth considering that
commercial beam target fusion devices, such as those by Adelphi
Technology, Inc., achieve neutron rates of 2·1010 n/s (both DD and
DT) (Adelphi Technology, 2025). Additionally, for commercial beam-
target fusion sources, other equally important factors include neutron flux
density, beam coherence, device lifetime, the ability to precisely pulse
neutron timing, and neutron energy control (through moderation)
(Krieger, 2022; L’Annunziata, 2023). To date, these factors have played
a secondary role in IECF research. This is a challenge that companies like
Astral Systems (C24) will need to overcome in order to demonstrate that
IECF can serve as the design basis for competitive neutron sources.

5 Summary and outlook

The two main contributions of this work are the literature dataset,
which includes more than 970 contributions from 101 institutions,
and an overview of 35 IECF devices from 23 institutions. Hopefully,
the results from this paper can help raise general awareness among
research groups and their activities, and perhaps even contribute to
future cooperation. The extensive literature dataset may also help
researchers reduce the time spent on literature searches. The overview
of the “gridded” IECF devices is intended to serve as a reference,
offering insight into the current state-of-the-art, aiding in the design
process of future devices.

Much of the work, such as providing keywords in
Supplementary Table A.2, was done manually. This could be
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improved in the future by using an automated routine to analyze the
abstracts of the individual publications, identify specific keywords,
and then assign multiple keywords (instead of one) to help identify
particular topics addressed in different papers.

Even after more than 60 years, Inertial Electrostatic
Confinement Fusion remains an active area of research, albeit
somewhat isolated from larger developments in the field of
magnetic and inertial confinement fusion. Also, over the past
15 years, numerous new research groups have joined the field.

Challenges remain: Although many variations of IECF
technology have been proposed, which may enable the design of
more powerful devices with higher fusion rates, development
appears to be stagnating, and there is no clear path towards a
reactor design. A significant amount of research has been conducted
and continues to be focused on small, “tabletop” devices that can be
easily implemented by universities for educational purposes and as a
testbed for fusion technology. With neutron production rates of 107

to 109 n/s with DD fusion, these generators struggle to match the
performance of state-of-the-art commercial beam-target neutron
sources, which can provide more than 1010 n/s and have higher local
flux densities. From 1998 to 2019, the US-JapanWorkshop served as
the only dedicated platform for academic exchange in the field of
IECF. Its discontinuation has left a gap, and currently, there is no
suitable format to facilitate collaboration among researchers.
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