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Abstract

Sandia National Laboratories is developing a compact neutron generator based on
deuterium-deuterium (D-D) fusion reactions, using ions extracted from a dipole perma-
nent magnet electron cyclotron resonance (ECR) plasma reactor operated at 2.45 GHz.
The deuterium ions extracted from the plasma will be accelerated and collided on a ti-
tanium target creating 2.4 MeV neutrons as a result of the D-D fusion reaction. This
paper reports on initial simulation results as well as initial experimental hardware setup.
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1 Introduction

Active neutron interrogation has been demonstrated to be an effective method of detecting
special nuclear material (SNM), specifically highly enriched uranium [1]. When the neutrons
interact with SNM they induce fission, resulting in the emission of neutrons and gammas that
may then be detected. We seek to make a compact, hand-portable, neutron source capable
of field use active interrogation. The design investigated is based on extraction and sub-
sequent acceleration and fusion of deuterium ions created by a coaxial permanent magnet
dipole plasma reactor. The ion source has recently been developed [2][3] for surface physics
applications; we seek to take advantage of its small physical size, low operating gas pressure,
and minimal power requirements to create a portable neutron generator.

!
Figure 1: Schematic design of
neutron generator being inves-
tigated.

The basic principle of a neutron generator is to
bombard an ion beam of either deuterium (D) or tri-
tium (T) onto a target. Neutrons are produced via the
D-D, D-T, or T-T fusion reactions if the target sur-
face is loaded with D or T atoms. Current neutron
generators have certain intrinsic limitations, mainly
related to the ion source. In the case of a Penning
ion source, less than 10% of monotonic ion species
is produced [4], which is not ideal. Multicusp ion
sources may operate at pressures near 10 mtorr, but
require higher pressures for ignition; given that the
gas pressure also effects the ratio of atomic to molec-
ular ions in the discharge, as well as the necessary
pumping equipment, this is also less than an ideal
ion source for portable systems. Conventional mi-
crowave ion sources produce plasma by applying the
microwave electric field along a multi-polar magnetic
structure that provides the magnetic field intensity re-
quired for electron cyclotron resonance (ECR) cou-

pling. The drawback is that attenuation of a traveling wave along the linear applicator (an-
tenna) leads to non-uniform plasmas that are less than ideal for ion extraction. The produc-
tion of uniform plasmas requires achieving standing waves with constant amplitude along
the linear applicators. In order to obtain a standing wave along a transmission line, a re-
flected wave is required, i.e., when the microwave power is totally absorbed before the end
of the propagation line (no reflection), a standing wave cannot be achieved (only a traveling
wave is applied on a part of the line). The microwave power sent to the antenna must be
sufficiently high and its absorption by the plasma sufficiently weak to obtain substantial mi-
crowave reflection at the extremity of the antenna. Weak microwave absorption cannot lead
to high density plasma, and power input cannot be increased indefinitely.

The design we are investigating is shown schematically in Fig. 1, and is based on a single
cylindrically symmetric dipole rare-earth magnet, with a 2.45 GHz RF antenna located in
the center of, and coaxial to the magnet; this assembly is manufactured by Boreal Plasma [5]
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and reported in Refs. [2][3]. This design overcomes the attenuation of the RF field difficul-
ties given the field propagates from the center of the magnet directly into the plasma, thus
avoiding the problem of attenuation and allowing for a more uniform plasma. The system
can also operate and ignite in a decade on either side of ∼1 mtorr, meaning bulky pump-
ing equipment is not needed for a sealed design producing a higher monotonic ion fraction
given that this is related to the gas pressure. Another benefit of this system is a low power
consumption during operation; about 100 watts RF power is required to produce the plasma,
and about 100 watts to accelerate the ions. Preliminary estimates indicate that at this power
level about 108 D-D neutron/seconds can be produced.

(a) Lines of constant ‖B‖ (b) Lines of constant Bz, as well as line of ECR cou-
pling when relativistic effects are accounted for.

Figure 2: Magnetic field intensities for a cylindrically symmetric Sm2Co17 permanent mag-
net with standard properties given by [6]. The magnetic field was computed using the POIS-
SON/SUPERFISH [7] family of codes.

2 Simulation
When relativistic effects are ignored, conditions for ECR are found by matching the radial
acceleration of an electron in orbit in the magnetic field, ar =−ω2r, to the acceleration of the
electron due to the magnetic field, a = qeve×B, where qe, ve and r are the electrons’ charge,
velocity, and radius of orbit. When the magnetic field is assumed to be along the ‘z’-axis, we
find the magnetic field necessary for ECR is Bz = meω/qe, which for ω = 2.45 GHz gives
B = 875 gauss. However, when the velocity of the orbiting electron approaches relativistic
speeds, the magnetic field necessary for ECR then becomes dependent on the speed of the
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electron, and hence the radius of orbit. The relativistically correct equation for the the mag-

netic field necessary for ECR is Bz = γ (ve)vezme/qer, where γ (ve) =
√

1/
(

1− v2

c2

)
. For a

non-uniform or non-analytic magnetic field this equation must then be solved numerically
with the magnetic field necessary for ECR then becoming position dependent. It is found for
a Sm2Co17 magnet with outside radius 1.1 cm, which is similar to the one we are employing
and was employed in Ref. [2], the actual magnetic field necessary for ECR at 2.45 GHz is
closer to 1250 gauss. The radius of ECR coupling taking into account relativistic effects, and
assuming small velocities in the ‘z’-direction, is shown in Fig. 2, as well as a number of lines
of constant magnetic field intensity. The energy of the electron and radius of ECR ranges
from Ee = 120 keV and rECR = 1.14 cm (Bz = 1080 gauss) near the upper and lower edges
of the magnet, to Ee = 206 keV and rECR = 1.37 cm (Bz = 1230 gauss) near the location of
largest radius orbit at z =±0.87 cm.

To simulate the electrons involved in the ECR, and obtain expected spacial distributions
for the ECR electrons, as well as subsequently produced electrons, we chose to employ the
well known GEANT4 [8] library used for the simulation of high energy particle physics
to create a C++ program to perform the simulations5. The goal of this simulation is to get
an idea of the physical location and basic properties of the plasma, to aid in the design of
a positive ion extraction system, and to observe effects of outside fields on the electrons
in ECR. The code created traces individual electrons using fourth order Runge-Kutta inte-
gration, according to relativistically correct equations of motion and Monte-Carlo generated
interactions. The magnetic field used is that shown in Fig. 2 and has been computed using
the POISSON/SUPERFISH [7] family of codes from magnetic properties given in Ref. [6].
The 2.45 GHz RF field is modeled as a circularly polarized wave with intensity

E0 =

√
2QP

0.238ε0πa2,Z0ω

Where P is the incident RF power, Q is a “quality” factor related to the geometry, a is the
radius of the (cylindrical) cavity, and z0 the length [9]. These parameters are taken as first
order estimates to be a = 2.0 cm, z0 = 6.0 cm, and Q = 420, with input power 100 watts; it
was found that most obtained kinematic distributions had little dependence on the value of
E0.

GEANT4 tracks and accounts for physical processes such as: energy loss and secondary
electron production due to ionization, scattering, bremsstrahlung, synchrotron radiation, and
other less common interactions. cross-sections and various particle production quantities
are mainly derived from the G4EMLOW6.19 dataset, which is itself extracted from the
Lawrence Livermore National Laboratory provided dataset [10], and was verified to match
data given in various plasma literature. Since GEANT4 is typically used to simulate radi-
ation at energies above 1 keV, it was necessary to adjust many default thresholds and pa-
rameters, including the energy particles are tracked down to, energies physics processes are

5It is beyond the scope of this project to produce a detailed simulation of the plasma properties beyond what
is necessary to guide the design of ion extraction.
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applicable down to, as well as the lower bound energies that particles may be created. We
tracked particles down to 0 eV, as well as applied many physics processes to the lowest ener-
gies cross section and production data is available for (for instance, ionization cross-section
data go down to 13.6 eV for hydrogen), while the energy threshold for produced secondary
particles was set to 0.1 eV. Energy lost from the primary particles, due to particles that would
have been produced with less than 0.1 eV of energy is accounted for in a continuous fashion6.
The G4EmLivermorePhysics physics list is used as the base physics list to govern physical
interaction, which has only been validated down to 250 eV (GEANT4 users do not typically
care about such low energies). However, it was verified from the GEANT4 source code that
cross-sections and production spectrums for processes like ionization are interpolated from
data, meaning results obtained should at least be approximately correct for energy ranges
available. It was also verified for helium gas that the energy spectrum of produced secondary
electrons matched that found in the literature [11]. Another issue of concern was numerical
accuracy with respect to integration of the equations of motions, especially due to the high
frequency nature of the RF field. Integration parameters were adjusted until the expected
errors were negligible, and a variety of checks passed (conservation of energy, verifications
of simplified trajectories without interactions, etc.).

The basic flow of our simulation program:
1. Select a random ‘z’ location and momentum direction according PDF of primary elec-

tron positions7.
2. Find the radius and energies corresponding to ECR coupling.
3. Choose random ‘φ ’ and time position of electron (relevant due to RF field).
4. Allow the electron to travel some distance as a ‘burnup’ period to reduce the biasing

of results from starting conditions.
5. Track the electron at every interaction, or every 1 cm to obtain kinematic distributions.
6. Continue tracking the electron until it reaches zero energy, or leaves the region of

geometrical interest. Each secondary particle created is placed on a stack for future
simulation.

7. Simulate secondary particles created by the primary electron are then simulated, plac-
ing their secondary onto the stack for future simulation, and so on.

This approach to simulation mainly targets finding the distribution of electrons in ECR
and allows for quick and flexible prototyping to test various scenarios and effects such as
externally applied electric fields, ion extraction, etc. However, some particular weaknesses
of note to this approach of simulation are that it ignores internal fields created within the

6That is, no secondary particle is created; instead, an average energy per unit length is accounted for in the
primary particles trajectory. A particularly non-obvious, or rather not well documented, setting to accomplish
this down to such low energies was:

G4VRangeToEnergyConverter::SetEnergyRange( 0.1∗eV, 10.0∗MeV );

7The primary electron position PDF is found iteratively starting with a flat distribution in ‘z’ and then
simulating many particles; then using the resulting electron PDF to seed the locations of the next generation.
Only a couple generations were needed to reach steady state.
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(a) Visualization of simulated device, with
some example electron trajectories shown in
red

(b) Actual coaxial dipole plasma reactor manufactured by Bo-
real Plasma

plasma, and can be computationally inefficient to obtain sufficient simulation statistics. We
have limited both the path length we will simulate for any one electron to 10,000 m, as
well as limited the maximum number of secondary electrons any one electron can produce
through ionization to 50,000; this is to help fully sample the possible trajectories of electrons
in ECR. Without these limitations the number of electrons on the stack to simulate diverges
(e.g. although rare, sometimes electron created through ionization will catch ECR, thus
creating many additional electrons through ionization, a run away process).

2.1 Simulation Results
As can be seen from Fig. 3(c), the energy of electrons participating in ECR ranges from
about 110 keV to 240 keV, with the most likely energy being about 155 keV. From Fig. 3(d),
it is expected electrons in ECR will most likely be found near the lengthwise middle (z=0) of
the magnet, and at radiuses very near that of the magnet itself. From Fig. 3(e), 3(f), and 3(g),
we can see the locations of maximum ionization, while in 3(h), initial energy of electrons
created by ionization is presented.

3 Experimental Setup and Future Efforts
In parallel with the simulation efforts, a laboratory setup is also being constructed with Fig. 3
showing the current progress. A vacuum chamber with the plasma reactor has been assem-
bled and verified to operate and produce plasma. No extensive investigations of the plasma
properties has yet been performed, but as can be seen in Fig. 4(b), the physical location of
ECR electrons and plasma produced match up to simulation predictions, lending some de-
gree credibility that the simulations may be used to further develop the neutron generator
system.

6

http://www.borealplasma.com
http://www.borealplasma.com


(c) Expected energy distribution of electrons
participating in ECR, the blue lines represent
the ends of the dipole magnet

(d) Expected relative probability distribution
function of the position of electrons participat-
ing in ECR

(e) Expected position of secondary electrons
not participating in ECR

(f) Expected position in ‘z’ of electrons pro-
duced through ionization

(g) Expected radius from center of magnet, of
electron production

(h) Expected initial energy of electrons from
ionization

Figure 3: Some initial distributions obtained from simulation of argon gas at 3.3 mbar
pressure.

Current work is focused on the design of a positive ion extraction and acceleration mech-
anism. The ion extraction system is being developed using both the current C++/GEANT4
based simulation, as well as using the Ion Beam Simulator (or IBSimu) [12][13] package.
We will initially design, prototype and test a single extraction slit for positive ions, to allow
progression to a 3-dimensional extraction and acceleration system that will allow us to max-
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imize current on target for maximum neutron flux. Using a 3-dimensional extraction system
minimizes beam power per target area, thus avoiding target overheating issues. Additionally,
to enhance active interrogation capabilities, the neutron production will be “pulsed” to allow
the use of delayed fission product detection without background from the neutron generator
itself.

(a) Current experimental setup. (b) Plasma produced in argon at ∼ 3.3 ×
10−3 mbar and 50 watts of RF power, with ef-
fectively 0 watts of reflected power.

4 Conclusion

Initial modeling work and construction efforts towards a compact coaxial microwave ECR
neutron source have been presented been presented. Using a permanent magnet dipole ECR
plasma reactor, along with a 3-dimensional ion extraction and acceleration system, will al-
low building a sealed, hand-portable, D-D neutron generator which may be operated on only
∼200 watts of power. The small physical size, relative low cost of components, expected
high flux of neutrons, ability to switch neutron generation off, as well as pulsed mode of
operation makes the system being investigated an ideal source of neutrons for active interro-
gation of SNM, industrial, and research purposes where a portable size is desired.
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