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Chapter

Charged Particle Beam Injection
into Magnetically Confined Plasmas
Wonyong Chung, Andi Tan and Christopher Tully

Abstract

As the principles underpinning magnetic confinement are contrary to allowing
significant heat flow via charged particles into or out of a magnetically confined
plasma, the approach of charged particle beam injection has been largely overlooked.
The method of magnetic orbital angular momentum beam acceleration, developed by
the PTOLEMY experiment, provides a new avenue for injecting charged particle
beams into high magnetic field regions. Initial simulations show how this novel accel-
eration method can yield charge, mass, and heat flow into toroidal magnetic fields
with important implications for fusion energy science. This chapter will review this
new method in the context of charged particle beam injection methods and the
relevance of these tools for plasma and fusion science.

Keywords: charged particle beam injection, heating, magnetic confinement, magnetic
gradient drift, ITER

1. Introduction

The dream of harnessing energy from controlled nuclear fusion has been proposed
for several decades. Intensifying climate change issues increase the desire for a clean
and safe energy source. A fusion reactor based on magnetic confinement provides a
promising configuration for controlled thermonuclear fusion. To fuse nuclei with
large densities for an extended period, it is necessary to heat the plasma to overcome
the Coulomb repulsion. The power ratio, Q , of the fusion output power to the input
power is proportional to the fusion product nTτE, where n and T are the central ion
density and temperature [1]. The parameter τE is the energy confinement time. In
December 2021, the Joint European Torus (JET) achieved a new record and produced
59 MJ of energy with a Q of 0.33 over a τE of 5 s [2]. Although remarkable progress has
been made to achieve the required n,T, and τE, they have not been achieved in the
same reactor configuration simultaneously.

To achieve an ignition condition where self-sustaining fusion is possible, additional
energy-efficient heating is required. Ohmic heating from the toroidal current wanes at
high temperatures. Two external sources are typically used to provide heating power,
the resonant absorption of radio frequency electromagnetic waves and the injection of
energetic neutral particle beams.
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The injected beams are neutralized to prevent reflection due to the magnetic field.
The neutralization process introduces inefficiency and complicates the instrumentation.

Alternatives to neutral particle beam injection, typically for non-equilibrium
fusion reactors, have been explored using different acceleration technologies [3, 4].
The challenges of energy efficiency in particle acceleration are formidable given the
high fraction of input power needed to operate relatively low-Q fusion reactors.
Radio-frequency acceleration cavities and time-varying electromagnetic fields are, in
general, prone to internal ohmic losses and self-heating. Static accelerating fields
avoid the bulk of these losses, but are suited primarily for charged particle beams. By
construction, the insertion and extraction of charged particles from magnetic con-
finement systems is thwarted except when necessary, as in the case of divertors.
However, non-confining trajectories can be constructed under special conditions
through the same processes of cyclotron orbit drift that plague steady-state operation.

In the transverse drift electromagnetic filter developed for the PTOLEMY experi-
ment (Princeton Tritium Observatory for Light, Early-Universe, Massive-Neutrino
Yield), a compact configuration of electromagnetic fields simultaneously transports
and decelerates energetic electrons from the tritium β-decay endpoint starting in high
magnetic fields of several Tesla to regions where both the kinetic energy and magnetic
fields are reduced by several orders of magnitude [5, 6]. A new method is devised to
accelerate low-energy charged particles into a high magnetic field region by operating
the PTOLEMY filter in “reverse.” This chapter presents the principles of this acceler-
ation method and describes a possible application using the diagnostic port of the
International Thermonuclear Experimental Reactor (ITER) [7].

2. Basics of charged particle beam injection

In this chapter, we use the convention that non-bolded symbols of vector quanti-
ties refer to the total magnitude unless a component is specified. The equation of
motion of a charged particle of mass m and charge q in a magnetic field B is given by

d

dt
m
dr

dt

� �

¼ q
dr

dt
� B: (1)

The Lorentz force on the right-hand side is perpendicular to the particle’s velocity.
In a uniform magnetic field, the particle’s motion projected on a plane perpendicular
to the magnetic field is circular, with a gyroradius given by

ρ ¼ mυ⊥

qB
¼

ffiffiffiffiffiffiffiffiffiffiffiffi

2mT⊥

p

qB
, (2)

with T⊥ the transverse kinetic energy.
For a 1 MeV deuterium ion in a 5 T magnetic field, the gyroradius is about 0.04 m,

a small fraction of a typical reactor radius. The ion beam injection energies must be
relativistic to be commensurate with the reactor radius.

Relativistic ion beam injection introduces a number of inefficiencies. The plasma
does not have the density required to stop energetic ions in a single transit, delivering
limited power to the plasma and creating destructive irradiation of the reactor walls.
The acceleration methods for relativistic beams involve time-varying fields that have
several sources of intrinsic power loss.
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In the following sections, charged particle injection of non-relativistic ions is re-
examined as a transport mechanism that drifts charged ions from outside of the
reactor volume to the surface of the plasma.

3. Magnetic orbital angular momentum beam acceleration

An alternative method to inject a charged particle beam is to create a beam of
particles whose gyroradius is small compared to the transverse dimensions of the
injection aperture. The particles are in cyclotron motion in a magnetic field that is
relatively strong compared to their momentum. The acceleration mechanism stems
from the ability of particles traveling in cyclotron motion in magnetic field gradients
to do work. One, therefore, configures a magnetic geometry such that there is a
transverse gradient along the average path of the beam. A complementary electric
field is used to balance the gradient-B drift transverse to the average path of the beam
and to accelerate the particles under the work of the magnetic field gradient. The
acceleration process will be shown to be adiabatic for relevant injection energies and
to maintain the magnetic moment invariance to a good accuracy after an initial stage
of zero field ion source injection. The acceleration process does not affect the average
linear momentum component of the beam. The increase in the charged particle kinetic
energy follows from an increase in the magnetic orbital angular momentum.

3.1 Guiding-center drifts in adiabatic field conditions

When a charged particle gyrates in a magnetic field with a transverse gradient, the
cyclotron-orbit averaged Guiding Center System (GCS) [8] motion can be described
in terms of the drift terms of the virtual guiding-center particle if the spatial and
temporal field variations within a single cyclotron orbit are taken to be adiabatic, i.e.,

ρc ≪
B

∇B

�

�

�

�

�

�

�

�

,
E

∇E

�

�

�

�

�
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; and (3)

τc ≪
B

dB=dt
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E

dE=dt
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�

�
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�

�

�

; (4)

where ρc is the Larmor radius and τc the cyclotron period. Under the conditions
specified by Eq. (3) and (4), the first adiabatic invariant μ,

μ ¼ mv2⊥
2B

¼ T⊥

B
, (5)

accurately describes an invariant quantity preserved in the motion of the particle
[9, 10] and shows that an increase in the magnetic field magnitude is accompanied by
a proportional increase in the transverse kinetic energy. Additionally, the deviation of
the GCS trajectory from the direction of the magnetic field lines can be described in
terms of four fundamental drift terms,

VD ¼ V⊥ ¼ qEþ F � μ∇B�m
dV

dt

� �

� B

qB2 , (6)
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where V⊥ is the perpendicular component of the GCS velocity with respect to the
magnetic field line. The transverse drift velocity, VD, is composed of individual terms,
as appear in Eq. (6) from left to right, known as (1) the E � B drift; (2) the external
force drift; (3) the gradient-B drift; and (4) the inertial drift [8]. It is possible to
configure the electric and magnetic field parameters to manipulate certain drift terms
to produce a net linear trajectory in the transverse direction [5].

3.2 Drifts and work

The gradient-B drift is able to drive a charged particle up or down an electrostatic
potential. This ability to do work, at first, seems contrary to the notion that magnetic
fields do not do work on charged particles, as seen in Eq. (1), from the cross-product.
Similarly, under the motion of E � B drift alone, the cross-product bars work as the
electrons will drift on surfaces of constant voltage. This can also be understood by
considering that it is always possible to boost into a frame in which the E � B drift is
zero.

In contrast, a gradient-B drift due to a spatially varying magnetic field implies a
time-varying electric field that cannot be boosted to zero. By itself, i.e., with a mag-
netic field and no electric field, a gradient-B does no work because there is nothing to
do work against. However, when accompanied by an external E � B drift, the external
electric potential provides a surface against which the gradient-B drift can do work on.
The internal rotational kinetic energy of gyromotion of the virtual guiding-center
particle is reduced for a corresponding increase in voltage potential. This is described
by inserting terms from Eq. (6),

dT⊥

dt
¼ �qE �VD ¼ �qE � qE� μ∇Bð Þ � B

qB2 ¼
μ

B2 E � ∇B� Bð Þ, (7)

where T⊥ is the internal kinetic energy of gyromotion in the GCS frame [8].

3.3 Balanced drift

To produce a filter or accelerator based on the drift terms in Eq. (6), the external
force and inertial drift terms are first taken to be zero, leaving only the electric and
gradient-B drifts to be configured such that the total net drift is along a straight line
parallel to the direction of the magnetic field gradient. The gradient-B drift alone is
orthogonal to the direction of the magnetic field gradient, so the first step is to create a
component of the E � B drift that exactly counters the gradient-B drift. From Eq. (6),
this specifies the requirement,

qE∥ � B ¼ μ∇B� B, (8)

where E∥ is the component of electric field parallel to the magnetic field gradient.
In general, the ratio of the parallel electric field to the magnitude of the magnetic field
to meet this condition depends on the ratio μ/q times the fractional rate of change of
the transverse component of the magnetic field along the direction of the magnetic
field gradient. For an exponentially falling transverse field, the fractional rate of
change is 1/λ, the characteristic exponential length scale in units of transverse dis-
tance.
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To introduce work, the electric field is tilted by adding an additional component,
E⊥, that is orthogonal to the direction of the magnetic field gradient. The E⊥ � B drift
is what moves the charged particle either against or along the magnetic field gradient.
As the components of E∥ and E⊥ are in vacuum, the relationship between the compo-
nents follows from solving Maxwell’s equations for a set of voltage plates above and
below the direction of the balanced drift. Explicit solutions have been found [5].
Given that the magnitudes of E∥ and E⊥ are related, it is not surprising that the net
drift velocity along the acceleration direction is constant. There is no linear momen-
tum acceleration present. The acceleration occurs through the increase in the trans-
verse kinetic energy component, the magnetic orbital angular momentum, during a
process of constant drift along the magnetic field gradient.

3.4 Performance

Because the orbital magnetic moment μ = T⊥/B is invariant, if the B field increases
(or decreases) exponentially along the trajectory of the particle, so must its transverse
kinetic energy. Figure 1 shows the trajectory of a deuterium ion in a balanced drift
with an initial kinetic energy of 20 keV at 0.2 T, going to a 4.7 T region with 1 MeV
final kinetic energy. In this simulation, using CST studio [11], the magnetic field
(Figure 2) is scaled from the one produced by the PTOLEMY magnet [6]. The
maximum of the Bx field is set to 4.7 T at Z = 1.6 m to match the toroidal field near the
interface of the upper port of ITER [12]. The electric field as in Figure 3 is generated
by a similar electrode structure as in the PTOLEMY transverse drift filter [6]. The
dimensions are scaled up such that the distance between the electrodes is 0.3 m.

3.5 Injection

The net drift is along the direction of the magnetic field gradient and drives the
guiding-center of the beam to cross equipotential lines and accelerates the particles. As
the beam drifts in the direction of ∇B, it naturally reaches its maximum kinetic energy
upon entering the toroidal magnet of a tokamak.

Via the foregoing mechanism, initial simulations of injecting deuterium ions indi-
cate successful delivery of the beam, as shown in Figure 4. Once the particle leaves

Figure 1.
The trajectory of a deuterium ion in a transverse drift accelerator is shown with the low energy ion source on the left
at a low magnetic field region and the high energy ion exiting the accelerator on the right in a region of high
magnetic field. The net vertical drift is balanced to zero by construction as the ion drifts at constant velocity from
left to right while climbing the magnetic field gradient. The trajectory is computed using the CST software suite. The
color scale indicates the kinetic energy of the ion increasing from 20 keV at 0.2 T to 1 MeV at 4.7 T.
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Figure 2.
The profile of the transverse magnetic field in the CST simulation for the trajectory shown in Figure 1. It is derived
from scaling the magnetic field produced by the PTOLEMY magnet to match a maximum Bx of 4.7 T.

Figure 3.
The electric field in the transverse plane in the drift region for the trajectory shown in Figure 1. The color
(orientation) of the arrow indicates the magnitude (direction) of the field at its tail-end position.

Figure 4.
Simulation of the injection of deuterium ions into a 1/R magnetic field in a tokamak using the accelerating
structure of Figure 1. Upon exiting the accelerator, the energetic ion continues to drift toward the plasma
confinement region under the 1/R magnetic field gradient-B drift of the tokamak.
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the injection port, the gradient of the 1/R toroidal magnetic field drifts the ions into
the center of the plasma. The relatively hot thermal temperature of the 1 MeV deute-
rium ions will thermalize through Coulomb interactions with the plasma. The injec-
tion mechanism supports a range of injection energies and ion species. For instance,
injection of 4 MeV α-particles through the ITER diagnostic port may be an effective
way of studying the effects of fusion final-state ion interactions on the plasma. Charge
neutralization can be achieved by instrumenting ion (electron) injection ports on the
top (bottom) of the tokamak. The gradient-B drift will drift ions downward (for a
given orientation of the azimuthal toroidal magnetic field) and electrons (or negative
ions) upward.

The desired injection magnetic field, as described in Ref. [6], can be produced by a
tapered dipole magnet with a superconductor winding, as in Figure 5.

A field cage with a number of electrodes can be placed inside the magnet to
produce the corresponding electric field. Such a magnet is compact and can be placed
within a counter-dipole coil in the upper diagnostic ports of ITER, as shown in
Figure 6. The counter-dipole creates a zero field region for the ion source and reduces
Lorentz forces on the primary reactor coils. The details of this magnet and the field
cage are beyond the scope of this chapter.

4. Energy efficiency

An important aspect of magnetic orbital angular momentum acceleration for
fusion energy efficiency is the reliance solely on static electric and magnetic fields.
The power loading during injection on the accelerating plate voltages draws from
highly efficient DC power supplies. Above all, the largest inefficiency of neutral beam
injection, the neutralization, is avoided with direct charged particle injection. The
high currents and efficient production of positive ions saves on power losses at the
source relative to the negative ion beams used for neutral beam injection [13]. The
inefficiencies and beam energy limitations associated with neutralization and

Figure 5.
A conceptual design of a tapered dipole magnet winding to generate the desired magnetic field for magnetic orbital
angular momentum beam acceleration. The winding of the coils follows the surface of a cylindrical vacuum
insertion port, similar to dipole magnets used in circular proton beam accelerators.
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neutral beam injection introduce approximately a factor of 2 loss in absolute power
efficiency [14].

5. Conclusions

Fusion reactor science is on the brink of a major advance toward sustained clean
energy reactors. Reducing inefficiency in the particle beam injection systems is a
promising direction toward achieving ignition conditions without compromising
reactor operation. A surprising and yet potentially revolutionary approach to improv-
ing beam heating is through a new particle acceleration method called magnetic
orbital angular momentum beam acceleration. With this technique, charged particle
beam injection into magnetically confined plasmas becomes possible. The relevant
parameters for charged particle beam injection are presented with simulated geome-
tries demonstrating the feasibility of implementing this system with the diagnostic
port of ITER. Charged particle beam injection provides a new tool for fusion reactors
to deliver charge, mass, and heat flow into the plasma. The large gain in energy
efficiency for charged particle injection is the most advantageous factor in comparing
with neutral beam injection.

Figure 6.
A tapered dipole magnet, as shown in Figure 5, within a counter-dipole winding placed in the upper port between
two adjacent ITER toroidal field coils. The counter-dipole reduces the magnetic forces between the injection system
and the tokamak field windings.
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