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ABSTRACT

Charged particles incident on a region of time-varying, spatially inhomogeneous electric field may be reflected back
toward the region of weaker field. This effect is used for adiabatic particle confinement in charged particle traps, but
it may also be subject to non-adiabatic reflection that increases the particle energy. The electrons of a plasma in a
multipole plasma trap may be heated by this effect. This work explores the energy gain of electrons in such a device
with parameters relevant to laboratory experimentation, and it presents in one representative case an average 10%
energy gain after a single reflection.
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Introduction
An electric field of the form E (r)cos(€) exerts a time-averaged force on charged particles toward regions of weaker

field. This is expressed as the ponderomotive force [1,2] on a particle of charge g and mass m:
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In particular, with the proper choice of field parameters, a multipole electric field can trap charged particles in 2D or
3D [3-5]. A 2D multipole trap, or radio frequency (RF) linear trap, of order N has 2N electrodes with voltage

V(t)= 1w, cos(€) applied to them (with adjacent electrodes having opposite polarity), and radial distance 7, from

VE; @)

trap center to electrode surface (an example is shown in Fig. 1). The 2D multipole field magnitude is
v, ()
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and particle trajectories generally remain stable as long as the particle interaction with the electric field is adiabatic:
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kinetic energy from the trapping field over the period of field oscillation. An adiabaticity parameter 77 has been
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, where a is the amplitude of the particle oscillation at Q, such that they do not gain significant

defined and found empirically [6] to satisfy the adiabaticity requirement when
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and, for the multipole field, this becomes
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If a particle traverses a region of the trap where 7> 0.3, it may gain kinetic energy; if it gains sufficient kinetic energy,
it will ultimately exit the trap or collide with its electrodes. However, having 77> 0.3 near the trap boundary does not

mean that the particle will absolutely be lost on its first encounter with the boundary. It may instead be reflected by
the ponderomotive barrier (in the adiabatic approximation this is represented by an effective potential well [7]). The
non-adiabatic process [8] is related to that of Fermi acceleration [9—11], which has the mechanical analogy of a billiard
ball encountering a vibrating wall (the ball may rebound from the wall with increased energy). If this process occurs,
for example, in a multipole plasma trap device [12,13], and if the plasma conditions are such that the reflected,



accelerated particle experiences a mean free path for collisions small compared to the device size, then the fast particle
may thermalize. The particle transfers energy to the bulk plasma, and itself returns to an energy at which it is unlikely
to be lost at its next encounter with the trap boundary. In this way, the plasma temperature will gradually increase,
and the non-adiabatic acceleration of particles at the boundary does not lead to prompt particle loss. The purpose of
this article is to present this concept as an extension of standard adiabatic multipole plasma trap research and to make
an initial exploration of the concept with trap conditions relevant to a laboratory experiment. This first step is to
investigate the spectrum of energies at which an incoming particle will be reflected from a multipole plasma trap
boundary, as a precursor to possible future in-depth computational or experimental study of the concept.
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FIG. 1. Electric potential contours of an N = 8 linear multipole plasma trap of radius 7, =10 mm and RF
voltage V, =1000 V. The 16-pole trap has a “field-free” region of E(r)/ E(r,) <3% denoted by the dashed

circle. When positive and/or negative particles are loaded into the trap center as shown, their subsequent
transverse motion is constrained and bounded in the region of strong trapping field.

Methods and Results

Particle trajectories are calculated numerically using Mathematica NDSolve to solve the 2D multipole equation of
motion:
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for motion that occurs along the x-axis only (with zero initial y-position and y-velocity, the particle ideally remains on
the x-axis). Field parameters appropriate for an envisioned experimental multipole plasma trap apparatus are used as
a starting point. The device is a 32-pole trap with 7, =25.0cm, f =Q/27=250 MHz, and ¥, =1000V . Only
electron motion is considered, since ions are too massive to respond strongly given these field parameters. As a test

of the method, electrons with kinetic energy 10 eV are launched from the origin. With these trap parameters, for
electrons the trap has 7 <0.3for » <24.0 cm, and an effective potential well depth of 20 eV, so it is expected that the

10 eV electrons will be repeatedly, adiabatically reflected. This is confirmed as shown in Figure 2, which also shows
the detailed high frequency oscillation during reflection for 18 trajectories experiencing different phases ¢ of the

electric field.



To investigate non-adiabatic reflection, energy gain, and acceleration dependence on @, the trap parameters are
adjusted such that, at the location in the trap where 7 <0.3, the effective potential well depth is lower than the incident

electron energy. With a deliberate choice of parameters, electrons access a strong enough field gradient to be
accelerated upon reflection, and yet cannot reach the trap boundary. In particular, we reduce the driving frequency to
/,, =100 MHz , and raise the RF voltage to ¥ =1250 V. The resulting electron trajectories are shown in Figure 3.
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FIG. 2. Trajectories (position normalized to trap radius) of 18 electrons released from the origin with initial
energy 10 eV in the 32-pole trap with adiabatic trap parameters (500 RF periods elapse). Particle trajectories
depend negligibly on the electric field phase @ ; therefore, trajectories overlap, and particle energies after
reflection have not changed. The inset shows the envelope and individual trajectories during reflection,
illustrating the high-frequency oscillation at the trap frequency Q. The trap boundary (position of electrode
tips) is denoted by black dashed lines.
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FIG. 3. 10 eV electron trajectories in the non-adiabatic multipole field (60 RF periods elapse). The variation
in ¢ leads to a range of acceleration experienced by the particles during reflection. All particles remain in

the trap for the first three reflections regardless of phase; the fastest particles are lost after the third reflection.

The variation in ¢ for the electrons results in differing acceleration upon reflection, as can be interpreted from the

outgoing slopes of the trajectories after reflection. This is further illustrated in Figure 4, which shows the kinetic
energy of each electron. After the first reflection, there is some increase and some decrease in individual particle
energies; however, the average energy has increased significantly, as is consistent with a Fermi acceleration process.
In this case, the average energy gain is 10%. In the second reflection, the fastest particles penetrate more deeply into
the strong field region, leading to a further spread in outgoing velocities. The resulting average energy gain is 13%.
Figure 4 also shows the average energy gain of electrons of varying incident energy, with the maximum energy chosen
to be the highest energy at which no particles are lost during the reflection.
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FIG. 4. (a) Electron kinetic energies (normalized to initial energy) for the trajectories in Fig. 3 (the first 45
RF periods are shown). The average kinetic energy of the 18 trajectories is shown for three times: before
reflection; after first reflection; after second reflection. Individual kinetic energies fluctuate strongly during
each reflection but remain constant while particles traverse the field-free region. (b) Average energy and
energy gain after a single reflection of electrons with incident energies ranging from 5 to 45 eV are shown.
45 eV is the highest incident energy for which no electrons are lost during the reflection.

Conclusions and Discussion



The possibility of accelerating charged particles that approach the boundary of a multipole plasma trap configuration
has been presented. The trap parameters are adjusted to make the particle interaction with the electric field non-
adiabatic, yet particles are reflected back into the trap before encountering the trap boundary. For brevity, a single
representative example of a multipole plasma trap tuned for non-adiabatic reflection of 10 eV electrons at all incoming
phases with respect to the electric field has been illustrated: the electrons experience a 10% average energy gain after
one reflection. The example given also indicates that more energetic particles can still be reflected, with
correspondingly higher energy gain due to deeper penetration into the non-adiabatic field region. In this example, 45
eV electrons experience an energy gain 100 times larger than the 10 eV electrons. It is expected that the 1D case
presented illustrates a “worst case” for potential particle loss, since particles traveling directly toward a multipole
electrode tip have the greatest possible spread in reflected energy as a function of RF phase. To confirm this, the same
multipole plasma trap configuration was also analyzed in 2D (again using Mathematica NDSolve), this time
employing the order-16 Cartesian multipole potential [14]:
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The results are shown in Figure 5, which demonstrates the reflection of 450 electrons at 10 eV (at a range of launch
angles spanning 1/2 the angular separation between poles, and with a range of initial RF phase ¢ from n/2 to 3n/2).
This distribution of launch angles and phases covers the range of RF multipole field conditions that particles
originating at the trap center can encounter when approaching the 2D trap boundary (adding trajectories for more
launch angles or initial RF phases does not show results that deviate from these). Further work can involve
investigation of tuning field parameters to adjust the energy gain, and particle-in-cell plasma simulation can explore
the heating effect over a broad trap parameter space, and also with variation of the incident particle distribution. The
results presented here and to be determined in follow-on work will inform the experimental investigation of this
heating effect in the multipole plasma trap. The scaling of trap and plasma parameters to account for the possible
collisionless heating of edge particles and subsequent collisional heating of the bulk plasma by these particles will be

investigated. )
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FIG. 5. 2D electron trajectories (20 RF periods elapse) at various launch angles for the non-adiabatic
multipole field (same multipole parameters as the case in Fig. 3). The ideal hyperbolic electrode shapes of




alternating polarity are shown in red and blue. The dashed line shows the trap aperture ry. 90 electrons
(uniformly sampling initial RF phase ¢ between n/2 and 3n/2) at each of 5 launch angles are tracked, with
initial energy 10 eV, and with the trajectories showing that all 450 particles are reflected and none are lost.
The range of launch angles is bounded by the dotted lines.
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Highlights:

o Particles in a multipole plasma trap (inhomogeneous RF electric field) may be stably reflected at
the trap boundary with an ensemble-average energy gain.

o Atest case of a 32-pole linear RF multipole plasma trap configuration is studied, with 1D
trajectories showing 10% average energy gain in a single reflection.

o 2D trajectories confirm the utility of the 1D results with trajectories directed at an electrode tip
as being the worst case for particle stability.

o The possibility arises of transferring the gained energy to a background plasma via thermalizing
collisions (and thereby also preventing subsequent loss of the fast particles).



