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ABSTRACT

An inertial electrostatic confinement (IEC) fusion device accelerates ions, such as deuterium (D) or tritium (T), to produce nuclear fusion
and generate neutrons. The IEC’s straightforward configuration consists of a concentric spherical transparent cathode at a negative bias
surrounded by a grounded spherical anode. The effects of cathode properties on the neutron production rate (NPR) remain, to date,
inadequately studied. This study aims to determine the impact of the cathode material on the NPR by investigating fusion reactions on the
cathode surface. Two buckyball-shaped cathodes made of stainless steel (SS) and titanium (Ti), both of 5 cm diameter, fabricated by selective
laser melting and 3D printing, are used for this investigation. A SS spherical chamber of 25 cm inner diameter is used as an anode in this
experiment. A performance evaluation of surface fusion reaction in the IEC using SS and Ti grids is conducted by examining the NPR as a
function of the applied voltage and grid currents at different gas pressures. So far, IEC with Ti and SS cathodes achieves NPRs of 2.32 and
1.41� 107 n/s, respectively, at 5.6 kW (70 kV, 80mA). The normalized NPRs (NPR/I-cathode) from IEC using SS and Ti cathodes are
compared. The results demonstrate that fusion reaction occurs on the cathode surface, and fusion increases with the applied voltage. The
measured NPR/I-cathode using the Ti cathode is higher than that of the SS cathode by factors of 1.36–1.64 across the 20–70 kV range.
Moreover, fusion on the Ti cathode surface enhances the total NPR significantly compared to the SS cathode under the same conditions. The
Ti’s considerable ability to accumulate D ions and molecules compared with that of SS explains the difference of measured NPR results.

Published under license by AIP Publishing. https://doi.org/10.1063/5.0033342

I. INTRODUCTION

Inertial electrostatic confinement (IEC) is used to accelerate ions,
such as deuterium (D) or tritium (T), to produce fusion reactions and
generate neutrons using an electric potential between two electrodes.
The IEC concept goes back to Elmore in 1959,1 after which
Farnsworth patented its design;2 shortly afterward, additional work on
IEC was done by Hirsch.3 IEC has been studied intensively during the
last three decades, and its current, compact design provides a small-
scale neutron source for diverse applications worldwide.4–13 The ideal
configuration of an IEC device is a spherical grid cathode surrounded
by a spherical anode. A potential difference of tens of kV is applied
between the electrodes to establish a potential well for trapping ions

and beginning discharge. Consequently, fusion reactions among ions
take place, and products are, then, generated. An IEC device can pro-
duce neutrons, protons, and x-rays through burning fuel, such as DD,
DT, and D3He, in steady- or pulsed-state mode. IEC offers several
advantages over other neutron sources, including a long-operation
lifetime, without deterioration in strength and radioactivity, on-off
capability, being safe and easy to handle, and compactness of configu-
ration. Therefore, several applications have been developed by utilizing
the IEC as a neutron source, such as nuclear security, medical, radiog-
raphy, and neutron-activation analysis.14–16

Different types of collisions occur inside the IEC device to pro-
duce a fusion reaction. With the fact that the total fusion rate depends
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on a specific mixture of collisional reactions in the IEC device, these
reactions are named “beam-beam fusion with a small donation,”
“beam-background gas fusion with a dominant contribution at low
gas pressure,” and “beam-surface fusion reactions with a significant
contribution.” The first reaction occurs between energetic ions. The
second reactions occur between energetic ions and the background
gas, while the third fusion reactions occur between the energetic ions
and target atoms on the electrode surfaces.6,11,17 Details of the fusion
reactions are given in Sec. III. Improving the neutron production rate
(NPR) is of great importance in widening IEC applications’ potential.
Studies revealed that the NPR strongly depends on the input power,
applied voltage, and current on the cathode on the IEC device.18,19

Some studies reported that the electrode shape and dimension influ-
ence neutron yield.6,20,21 Other studies focused on the anode material
in the context of improving the NPR.11,22 Elsewhere studies use differ-
ent cathode materials, operated in a cylindrical anode at< 0.1 Pa gas
pressure and< 40 kV applied voltage, in the context of cathode surface
fusion and its significant contribution to the NPR.17 However, a high
NPR from the IEC device is the keyword for widening the device reli-
ability as a neutron generator for a user facility. Thus, a high operation
regime, such as several kW input power and several Pa gas pressure, is
mandatory to satisfy NPR users’ demand. From this perspective, the
influence of the grid material and fusion-reaction type inside the IEC
on neutron yield is inadequately studied.

The present work examines the impact of the grid material on
the NPR in a spherical IEC device by investigating the surface fusion
reactions. Two grids comprising SS-316L (SS, stainless steel) and Ti-
6Al-4V (Ti, titanium), fabricated using selective laser melting and 3D
printing in a buckyball-shape,23 are used for this investigation. The
grids in this study are interesting for practical reasons, such as a large
surface area and high symmetric geometry compared with those of
conventional disk grids enabling the fusion reactions on the cathode
surface, which is a motivation behind using this type of grids in this
study. In Sec. II, the experimental setup and conditions are described.
In Sec. III, the results and discussion are presented, followed by a sum-
mary in Sec. IV.

II. EXPERIMENTAL SETUP AND CONDITIONS

The IEC used in this experiment [Fig. 1(a)] consists of an anode
made of SS with an inner diameter of 25 cm, which works as a vacuum
vessel, surrounded by a 5 cm water-cooling jacket. A set consisting of a
rotary pump (30 l/min) and a turbo molecular pump (50 l/min)
exhausts the chamber and maintains a base pressure of �10�5Pa. The
experiments in this study use D2 gas. The standard operating gas pres-
sure during discharge is 1–3Pa. The gas is introduced to the chamber
from an external cylinder through a leaking valve controlled using a
mass flow controller. Two buckyball-shaped grids, with the same
geometry, fabricated from SS [Fig. 1(b)] and Ti, are investigated. The
inner grid diameter is 5 cm with 32 spherical apertures; the diameter
of each is 1.5 cm, and the grid thickness is 0.15 cm. The cathodes’
transparency is calculated to be 74%. A molybdenum (Moly) rod,
2.5 cm in length, is used to hold the cathode in the chamber’s center
and connect it to the feedthrough stick. A Glassman high-voltage
power supply with a maximum power of 8 kW (100 kV voltage and
80mA current) is used throughout the experiment.

A helium-3 (3He) detector counts neutrons through the reaction
D(d,n)3He. The count signal is collected using the ORTIC package

and then monitored using multichannel analyzer interfacing software.
The neutron count system is calibrated using a 252Cf source for 24 h
before starting the experiment. The anode’s inner surface temperature
is kept constant by circulating water from an external chiller through a
water jacket surrounding the anode [Fig. 1(a)], and the temperature of
the circulated water is kept at 10 �C. During discharge, the cathode
temperature is measured using an infrared thermometer (IR-FA from
Chino), adjusted from one of the chamber viewports. The input and
output parameters, such as applied voltage, grid current, gas flow, gas
pressure, and water temperature of the anode surface, are controlled
and monitored using Labview interfacing software and analog-to-digi-
tal converters. The input and output parameters are measured with a
small fluctuation of 60.01, while the cathode temperature fluctuation
range was 64 �C. Prior to operation, the electrodes are conditioned,
without supplying D2 gas to the IEC device, to remove absorbed gas
impurities by increasing the cathode voltage from 1 to 100 kV, with a
0.1mA grid current.

To begin discharge and thus produce neutrons in the IEC device,
the chamber is filled with D2 gas. Currents of several tens of mA at
tens of kVs are, then, applied to the cathode to generate electrons to
begin the ionization and dissociation of D2 gas; then, the ions are
accelerated to the center of the cathode. When plasma breakdown
potential is achieved, discharge and fusion occur, generating neutrons.
Before scanning the NPR, a discharge is conducted at 40 kV and
50mA for two hours to clean the cathodes’ surfaces, as the grids are
new in this experiment. DD fusion in the IEC device generates neu-
trons and protons, with energies of 2.45MeV and 3.02MeV, respec-
tively, as described in the following equation:

Dþ þ Dþ ! 3Heþ n 2:45MeVð Þ or 3Tþ P 3:02MeVð Þ: (1)

The IEC system operates in constant-current mode, while the input
current limits the system’s discharge voltage. A fixed current is applied,
and then, the gas pressure is tuned to achieve the system’s discharge

FIG. 1. (a) IEC chamber used in the experiment. (b) SS buckyball-shaped grid
mounted on the feedthrough connection rod and high voltage stick. (c) SS cathode
during discharge.
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voltage. After the monitored voltage and gas pressure become stabi-
lized, which takes an average of two minutes, the cathode temperature
and NPR are measured. The NPRs are examined as a function of grid
current—10 to 80mA—at different applied voltages—20 to 70 kV—
for the IEC with Ti and SS cathodes. Figure 1(c) shows a photograph
of the SS cathode during discharge.

III. RESULTS AND DISCUSSION

Pressure–voltage (P–V) curves, for a grid current of 10mA and a
voltage of 20–80 kV, using SS and Ti grids in the IEC, were measured
to determine the breakdown voltages; the results are shown in Fig. 2.
The breakdown voltage required to initiate IEC discharge depends on
the gas pressure at a constant applied current. Figure 2 shows that the
trend of the P–V curves obeys Paschen’s law. Clearly, IEC breakdown
in the Ti cathode occurs at lower pressure than in the SS cathode. This
can be attributed to the Ti grid having a smaller work function than
the SS grid, leading to increased thermionic emission of electrons and
hence a higher ionization rate and lower breakdown voltage at a fixed
pressure.

The grid current’s influence on the NPR is examined from 10 to
80mA at an applied voltage of 20–70 kV. The same measurements
were performed four times, with a one-day interval, to study the effect
of the cathodes’ time trend on the NPR. The measured data collected
from the fourth run are used to depict Figs. 3, 4, 5, and 7. Figure 3
shows the NPR as a function of grid current at applied voltages of 50
and 60 kV for IEC with Ti and SS grids. The measured NPRs are plot-
ted, with straight-line fitting. The measured NPR from the IEC with
the Ti grid is higher than with the SS grid under the same conditions.
A linear relationship between the NPRs and the cathode currents is
observed from the fitting plots in Fig. 3. The slope and intercept values
of the linear lines are different and depend on the applied voltage. The
grid surfaces were new and then cleaned during the experiment.
Nevertheless, enhancing the cathodes’ performance is foreseen with
the operation time. Improvement in the cathode performance with the
operation time was observed of other cathodes in IEC systems, such as
disk-type11 or wire-type.18

The relationship between the measured NPR and the grid current
is analyzed. For an applied voltage of 20–70 kV, the relative increase in
the NPR is compared in Fig. 4 with the grid current increase from 10
to 80mA (for IEC with the SS cathode as an example). The data points
represent the NPR relative increase with different current factors,
ranging from 2 (40mA/20mA) to 8 (80mA/10mA) for different
applied voltages. The NPR data points oscillate around the relative val-
ues; however, the average value is less than the relative values in gen-
eral. For example, when the expected NPR relative increase is 3, 5, and
7 for IEC with the SS cathode, the average values are 2.92, 4.81, and
6.79, respectively, while the corresponding NPR relative increases for
the IEC with Ti are 2.94, 4.85, and 6.74, respectively. The grid’s perfor-
mance could explain the difference between measured NPR relative
increases and expected values. As the experiment’s time frame is short,
�30h for each cathode, the grids’ full capacities are not yet achieved.
The effect of the operation time of the grids is discussed below.

FIG. 2. Breakdown voltage vs gas pressure for IEC with Ti and SS grids for a grid
current of 10mA.

FIG. 3. NPR as a function of grid current for SS and Ti cathodes at applied voltages
of 50 and 60 kV.

FIG. 4. The relative increase in the NPR as a function of applied voltage with the
IEC grid currents’ growth for IEC with the SS cathode.
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The influence of the applied voltage on the NPR for different grid
currents is examined for the IEC with Ti and SS cathodes. The results
are shown in Fig. 5 for 40 and 80mA grid currents. The measured
NPR results are first plotted, and then, the data are fitted using a sec-
ond order polynomial. The voltage increase is expected to produce
more than a linear increase in the NPR, equivalent to that of the DD
fusion cross section with the D ions’ kinetic energy. Apparently, the
NPR of the Ti grid is superior to that of the SS grid for a given current
and voltage. So far, achieved NPRs of the IEC device using Ti and SS
cathodes at 5.6 kW (70 kV and 80mA) are 2.32 and 1.41� 107 n/s,
respectively.

We now investigate the NPR dependency on the cathode’s mate-
rial properties by monitoring cathode surface improvement with the
number of runs. The NPR is recorded as a function of grid current
from 10 to 80mA, at an applied voltage of 20–70 kV, for four runs in a
row with a one-day interval between runs; the runs take place after
cathode cleaning for the first time. The measured NPRs from the first
and fourth runs at 70 kV are shown in Fig. 6. The NPR from the IEC
with the Ti cathode improves after four runs by a factor of 1.61–1.72,
with 1.66 times on average. This improvement is interpreted as an
enhancement in the cathode’s surface performance after absorbing D
and neutrals, which increases its probability of allowing surface fusion
during operation. However, after four runs of using the SS cathode,
the NPR increase is 1.05–1.17, with 1.14 on average. This small NPR
increase can be attributed to the removal of gas impurities from the
cathode surface after heating above 800 �C several times. It is notewor-
thy that the NPR improves 3.6 times from the same anode with a
Moly disk cathode after ten years of intensive operation;11 this was
explained by an enhancement in the anode and cathode performance
via fusion on the anode surface. In the present study, the anode input
is discarded due to the experiment’s small time frame, and hence, the
cathode is the primary source of the increase in the NPR. The notable
improvement in Ti grid performance with the number of runs gives
the merits of using Ti over SS.

Comparison of the normalized NPR (NPR/I-cathode) as a
function of cathode voltage for IEC using Ti and SS grids for an

80mA current is shown in Fig. 7. The NPR/I-cathode from the
IEC that uses the Ti grid is higher than the SS one for a given cur-
rent and voltage. The results show that the NPR/I-cathode ratio
between IEC with Ti and SS cathodes ranges from 1.36 to 1.64 in
an applied voltage range from 20 to 70 kV. The NPR/I-cathode
ratio changes as a function of voltage for all grid currents.
To explain the NPR’s reliance on the cathode materials shown in
Figs. 6 and 7, one needs first to understand how the neutrons are
generated and how different types of fusion reactions occur in the
IEC device. The fusion reactions occurring in the IEC device and
the factors affecting these reactions are thoroughly explained in
the following subsections.

A. Fusion rate in the IEC system

Several atomic and molecular processes occur in the IEC space,
such as ionization, dissociation, interchange, charge exchange, and

FIG. 5. NPR as a function of the applied voltage at 40 and 80mA grid currents for
the IEC with Ti and SS cathodes.

FIG. 6. Improvement in the NPR of the IEC with Ti and SS grids after four runs at
70 kV applied voltage.

FIG. 7. NPR/I-cathode for the IEC system using Ti and SS grids at 80 mA current.
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recombination. These processes, summarized in Table I, control the
fusion reactions in the IEC indirectly. Gaseous and surface fusion
reactions are two types of reactions in which the system generates
neutrons. Each type of reaction has a different cross section and proba-
bility; therefore, each makes a different contribution to the total NPR.
The total NPR in the IEC device can be calculated approximately using
the following equation:17

NPR � Ir
e

Ngas þ Nsurfð Þ; (2)

where I is the cathode current, e is the electron charge, and r is the dis-
tribution averaged fusion cross section of the fusion reaction, which
depends on the applied voltage.Ngas andNsurf are the target gas density
and the target surface density, respectively. Ngas represents the reaction
between energetic ions and the background gas targets, while Nsurf

includes fusion on the electrode’s surface that generates neutrons. Nsurf

can be separated into adsorbed and embedded target densities
NadsþNemb on the electrodes’ surface. The beam-beam fusion,
beam-background gas fusion, and beam-surface fusion reactions are
described in detail below.

1. Beam-beam fusion reaction

This kind of reaction depends on the direct collisions between
energetic ions inside the IEC center. The contribution of this fusion
reaction to the total NPR, at low gas pressure< 2Pa (nominal opera-
tion of the IEC system), is controlled by several factors: (i) ion density
in the IEC space, which is generally low (�109 cm�3);24 (ii) energy
transfer from positive ions to background gas molecules through
charge exchange and momentum transfer affects the efficiency of this
type of fusion;25 and (iii) energy conversion between the applied
voltage and ion energy is relatively small (25%),26 which reduces the
merits of using the high fusion cross sections of DD at a high
applied voltage. During the discharge, the IEC chamber comprises dif-
ferent deuterium species, such as D, D2, D

þ, Dþ2, and Dþ3, as seen in
Table I, making the reaction processes complicated and challenging to
be tracked.27 In contrast, the species mass analysis and Doppler shift
are the only methods, so far, that can predict the predominant species
in the IEC device. This topic may be discussed in a separate article, as
it is beyond the current paper’s scope. The cathodes were investigated
under the same gas pressure conditions, grid current, and applied volt-
age. Therefore, the contribution of this fusion reaction type is constant
and independent of the cathode material.

2. Beam-background gas fusion reaction

This fusion reaction occurs between the energetic ions and the
background gas, molecules, or neutrals generated from charge
exchange, such as D, D2, D

þ
2, and Dþ3. The factors that control this

type of fusion reaction are as follows: (i) the number of ions circulating
inside the chamber before being lost to the electrodes, which depends
on the gas pressure; (ii) the target gas density, which in turn depends
on the gas pressure and cathode properties; and (iii) the number of cir-
culations that an ion performs before being lost on the electrodes,
which depends on the cathode transparency and its affinity to adsorb
D atoms. Moreover, factors (ii) and (iii) in Sec. IIIA 1 also affect this
fusion reaction type. The number of ions circulating depends on the
cathode geometrical transparency g. The calculated transparency is
74% in the present study, assuming that the cathode radius is 2.5 cm.
The maximum number of circulations of the ions before being lost to
electrodes is �1.6 turns [d¼ g/(1� g2)],28 which is small compared
with that of a conventional disk cathode type, with the same diameter
and higher transparency.

The NPRs from IEC with the SS and Ti cathodes in the present
study are comparable to those of an IEC with the same anode and
Moly disk cathode with an 8 cm diameter and used intensively for two
years.22 The parameters g and d for the disk grid, at 98% and 22 turns,
respectively, are significantly high compared to those in the present
study. Similar values of the measured NPRs from the buckyball-
shaped grid and disk cathode can be partially explained by the high
geometrical symmetry of the buckyball-shaped grid compared with
that of a disk grid. The buckyball-shaped grid’s low transparency is
compensated by high effective transparency. Disk grids usually feature
differently shaped non-circular apertures, which buckyball-shaped
grids in the present study do not, leading to asymmetric fields that pre-
vent individual charged particles from remaining on the beam axis
during the circulations. In addition, the high number of ion circula-
tions in a disk grid enhances beam-background gas fusion reactions,
which buckyball-shaped grids with low transparency such as 74% do
not. On the other hand, the large surface area of buckyball-shaped
grids enhances beam-surface target fusion compared with that of disk
grids. The beam-surface fusion compensates the smaller beam-
background gas fusion contribution in the total NPR from buckyball-
shaped grids and vice versa for the conventional disk cathode. The tar-
get gas density Ngas of the present system can be calculated as
follows:17

Ngas ¼ 2d r P=kBT; (3)

where r is the cathode radius, kB is Boltzmann’s constant, P and T are
the gas pressure and temperature, respectively. Ngas under the opti-
mized operational conditions of the present IEC system is
�1.35� 1015 cm�2, for P¼ 1Pa, and T¼ 20 �C. The radius, surface
area, and operating conditions are the same for the investigated catho-
des. Then, the transparency, number of ion circulations, and gas target
density are equal for the present experiment. Therefore, the contribu-
tion of this type of reaction to the total NPR is almost constant and
independent of the cathode material.

3. Beam-surface fusion reaction

This type of fusion reaction takes place at the surface of the elec-
trodes (cathode and anode). The factors that control this type of fusion

TABLE I. Atomic and molecular processes taking place in the IEC space during
discharge.

Ionization eþ D2 ! Dþ2 þ 2e, eþ D! Dþ þ 2e
Dissociation eþ D2 ! 2Dþ e, eþ Dþ2 ! Dþ þ Dþ e
Ionization
þDissociation

eþ D2 ! Dþ þ Dþ 2e

Charge exchange Dþ� þ D! D� þ Dþ, Dþ�2 þ D2 ! D�2 þ Dþ2
Interchange D2 þ Dþ2 ! Dþ3 þ D
Dissociation
þRecombination

eþ Dþ3 ! D2 þ D, eþ Dþ2 ! 2D
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reaction are as follows: (i) the energy of ions (gained from the accelera-
tion voltage) or neutrals generated by charge exchange and (ii) the
ability of the electrode surface to absorb ions or neutrals (material
properties). Factors (ii) and (iii) in Sec. IIIA 1 also influence the beam-
surface fusion reaction. The ions and molecules attached to the elec-
trode can be divided into adsorbed and embedded atoms based on
their energy. In the present study, the anode is connected to a ground
bias. Therefore, the anode is not reached by positive ions but is by neu-
trals.11 The water-cooling temperature of the anode surface and anode
material is fixed while conducting the experiments on the Ti and SS
cathodes. Thus, the contribution of the anode to the total fusion reac-
tion is constant in the present study. However, the ions and neutrals
collide with the cathode surface and initiate a fusion reaction with
adsorbed or embedded ions and molecules. Therefore, only surface
fusion reactions on the cathode are considered herein.

The capability of Ti and SS for accepting H and Dþ ions has
been investigated experimentally in previous works.29–31 The
embedded-ion surface density Nemb at an ion energy of 25 keV and a
fluence of 1� 1018 cm�2 was estimated to be 6.0 and 2.3� 1018 cm�2

for Ti and SS surfaces, respectively. So, the Nemb of Dþ in the IEC
device using the Ti grid is expected to be three times higher than that
of the SS grid. Moreover, the Ti material is well known as a Getter
material for adsorbing ions in vacuum systems.32 Thus, the Nads value
for the IEC with the Ti cathode is more significant than for IEC with
the SS cathode. Hence, the IEC device’s Nemb and Nads values when
using the Ti cathode are more considerable than when using the SS
cathode. Consequently, more fusion reactions are expected at the Ti
cathode surface compared with the SS cathode surface.

Simple diffusion calculations concerning Dþ ions, with energies
of 0.01–100 keV inside Ti and SS materials at room temperature, were
performed using SRIM-201333 to show the D ions’ influence on the
cathode materials. The projected range (average penetration depth)
and stopping energy (energy loss per 1 nm of the material surface) of
Dþ inside Ti and SS surfaces are calculated and depicted as a function
of Dþ energy in Fig. 8. The penetration depth of Dþ inside the SS
(8.03 g cm�3) surface is less than that inside the Ti (4.43 g cm�3) sur-
face, which can be explained by the material density effect. Ions

penetrate light material more deeply than dense material due to the
heavy ions struggling into the material layers. Figure 8 shows clearly
that the stopping energy of Dþ on the SS surface is drastically higher
than on the Ti surface and that Dþ, with an energy< 1 keV, loses
most of its energy within several nm from the cathode surface. When
ions are hitting the cathode surface, the ions’ kinetic energy is con-
verted to thermal energy, generating heat on the surface. Therefore,
the expected heating of the SS surface is higher than that of the Ti sur-
face for the same given input power. The cathode temperature is con-
tinuously measured during the experiment, revealing that the SS
surface temperature is higher than the Ti one for the same input power
(see Table II). The difference in the specific electrical resistance
between SS (55 l Ohm cm) and Ti (72 l Ohm cm) cannot explain
this large temperature difference, while the contribution of the depos-
ited heat from D atoms on the grid surface may do.

Concurrently, the electron emission rate from the cathode surface
increases and contributes to the atomic and molecular processes
shown in Table I, affecting the NPR in the IEC space. Due to the low
melting temperatures of Ti � 1600 �C and SS � 1375 �C, it is difficult
to use higher input powers to generate more neutrons, taking into con-
sideration the additional heat generated from the ion circulation. For a
given applied voltage and grid current, a cathode at higher tempera-
tures may release adsorbed atoms near its surface faster than a cathode
at lower temperatures.34 The projected range of Dþ in the Ti surface is
higher than in the SS surface (Fig. 8), which increases the possibility of
ions accumulating more deeply in the Ti grid than in the SS grid.
From the above argument, the penetration depth of Dþ inside the Ti
surface is considerably longer, the stopping energy is smaller, and the
surface temperature is lower than in the SS surface. Therefore, the pos-
sibility of the Ti surface to lose adsorbed ions is minimal compared
with the SS surface, leading to more surface fusion reactions and a
higher neutron yield. The cathode material and temperature influence
the D atoms’ adsorption and desorption rates from the cathode sur-
face, leading to a change in the surface fusion contribution in the total
NPR. Therefore, a 2D heat diffusion simulation is needed to predict
the effect of the grids materials’ emission properties on the adsorbed
and desorbed D atoms at the cathode surface. Moreover, considering
all types of molecules inside the IEC space, D, D2, D

þ, Dþ2, and Dþ3
are critical to identifying the IEC’s predominant reaction. Obviously,
the cathodes under investigation have different thermal properties, sig-
nificantly affecting the cathode materials’ influence on the fusion
reactions.

From the present experimental configuration and results, it is
hard to gauge the Moly rod’s contribution, which was used to suspend
the grid in the chamber center [Fig. 1(b)], to the total NPR. The rod
appeared glowing during the entire experiment with the Ti and SS
grids [Fig. 1(c)], which could be interpreted by the input power or

FIG. 8. Stopping energy and the projected range of Dþ ions with different energies
in Ti and SS calculated by SRIM-2013.29

TABLE II. Cathode temperatures at different powers.

Input power/cathode SS (�C) Ti (�C)

2.4 kW (30 kV, 80mA) 8606 3 8106 2
3.2 kW(40 kV, 80mA) 9016 2 8526 4
4.0 kW(50 kV, 80mA) 9326 4 8846 3
4.8 kW(60 kV, 80mA) 9566 4 9206 4
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heating from the impacts of circulating ions. It is worth mentioning
that the ability of the Moly to adsorb D is larger than in SS and smaller
than in Ti. A future experiment is planned using a rod made from the
same cathode material to avoid the possibility of rod contribution on
the NPR.

When the applied voltage on the cathode rises, Dþ energy
increases. Hence, the DD fusion cross section is expected to improve;
simultaneously, the fusion rate between energetic ions with ions or
molecules embedded significantly deeply in the cathode surface also
increases; this explains the rise in the NPR/I-cathode ratio when the
voltage increases, as seen in Fig. 7. The simulation results show that
the ratio of ion penetration depths between Ti and SS, for D ions with
1 � 100 keV energy, is comparable to the corresponding ratios in
NPR/I-cathode ranges from 1.66 to 1.29, with 1.49 on average. The
above discussion on Dþ inside cathode materials may also be valid for
neutrals or other molecules generated via charge exchange in the IEC
space. One can conclude that the Ti cathode’s affinity to retain D and
neutrals on its surface is much larger than that of the SS cathode. As a
result, the possibility of fusion reactions that generate neutrons on the
cathode surface is higher for Ti than for SS. The above argument is
supported by the experimental and simulation results, as seen in Figs.
7 and 8. It is difficult, however, to precisely identify the influences of
the different fusion reactions on the total NPR.

The Ti and SS cathodes in buckyball-shaped grids are worth
using as cathode materials for an IEC device employed in neutron
applications< 5� 107 n/s. However, applying higher input power
than 6 kW to generate more neutrons is not recommended for Ti and
SS grids. The higher input power leads to higher cathode temperature,
which may cause melting of the grid. The Ti grid performs better than
the SS grid due to the surface fusion reaction and the D adsorption
effect. More investigation of NPR factors is needed to improve IEC
fusion performance and thus increases its associated applications.
Additional studies are urgently required to understand the gas target’s
dependency and surface target on cathode properties and transpar-
ency. 2D heat diffusion simulation is essential to evaluate the cathode
thermal property effect on the NPR. Increasing cathode transparency
enhances beam-background gas fusion while decreasing the beam-
surface fusion and vice versa; such as quantifying this trade-off is still
an open issue and optimization of the cathode transparency is needed.
Directly comparing a conventional disk and a 3D printed grid of the
same material and radius, with different surface areas, may help to elu-
cidate this issue. An additional experiment is planned to optimize
cathode transparency and shape to maximize the IEC neutron yield
from 3D printed cathodes.

IV. SUMMARY

Two buckyball-shaped cathodes fabricated from Ti and SS were
investigated for the first time in a spherical IEC chamber. Cathode
evaluation was performed by examining P–V curves, the NPR depen-
dency on grid current, and the applied voltage. Additionally, a simple
diffusion simulation was performed to determine the influence of the
cathode material on the projected range and deposited energy of the
Dþ ions inside the cathode surface. The achieved NPRs at a voltage of
70 kV and a grid current of 80mA from the IEC with Ti and SS catho-
des, so far, were 2.32� 107 and 1.41� 107 n/s, respectively. The nor-
malized NPR from the IEC using the Ti cathode is 1.36–1.64 times
higher than those for the SS cathode at an applied voltage of 20–70 kV.

These results were explained based on the cathode material properties
and the beam-surface fusion reaction on the cathode surface. The
results concluded that the density of ions and neutrals adsorbed and/
or embedded in Ti was much larger than that for SS, giving more
fusion reaction on the cathode surface and hence the NPR. This study
suggests the need to investigate further the factors affecting the NPR
generated by the IEC fusion device to improve system performance.
Determining the optimum cathode transparency, which maximizes
beam-background fusion and beam surface fusion, is planned for
future work, using 3D buckyball-shaped grids with varying
transparency.
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