PHYSICAL REVIEW RESEARCH 8§, 023172 (2023)

Combined remoderation-drift scheme for positron injection into a magnetic trap
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The efficient transfer of a magnetically guided positron beam into a region of closed magnetic field lines is
nontrivial. An E x B-drift technique has previously been used effectively to inject a low-energy (5- to 20-eV)
positron beam into the confinement region of a permanent-magnet-based dipole trap. To complement and extend
that strategy, we have investigated an approach in which a high-energy (~350-eV) positron beam is remoderated
in a SiC crystal immediately outside the confinement region; the reemitted low-energy positrons are then drift
injected. Thus we effectively combine positron remoderation and E x B-drift injection in the same spatial region.
Initial tests with this scheme were shown to have an overall efficiency of up to 15(%1)%. Positron trajectory
simulations enabled us to account for various loss mechanisms and thereby identify means to improve this in
future implementations. This method adds further flexibility to the search for an efficient injection scheme into
toroidal magnetic traps with the mission of confining electron-positron pair plasmas.

DOI: 10.1103/PhysRevResearch.5.023172

I. INTRODUCTION

Traps for charged particles are used in a great variety
of scientific experiments, with goals ranging from precise
measurements of fundamental physical constants [1,2], to the
generation of antihydrogen atoms and molecules [3.4], to
energy production via nuclear fusion [5]. One among these is
the goal of creating and studying “pair plasma” composed of
equal amounts of electrons and positrons; due to its unique
mass symmetry, it has been predicted to behave substan-
tially differently in certain noteworthy ways from electron-ion
plasma [6]. A magnetic dipole field produced by a levitated,
superconducting current loop has been identified as an attrac-
tive confinement scheme for a low-temperature, low-density
electron-positron plasma [7]; a second promising option is the
twisted, toroidal magnetic field of a stellarator [7].

Filling a magnetic trap with charged particles from an
external source is challenging, as the same physics that con-
fines particles inside the trap prevents the passage of external
particles from free onto trapped orbits. Nevertheless, our col-
laboration has previously demonstrated efficient injection of
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positrons into the confinement region of a prototype dipole
trap based on a supported permanent magnet [8,9]. These
experiments used a localized electric field designed to gen-
erate an E x B drift that pushes particles from “open” field
lines (connecting back to the positron source) to “closed”
ones (folding onto themselves, thereby connecting only to the
magnet). This results in transient trapping, which can then be
extended by five orders of magnitude (from ~10 us to > 15s)
by switching off the electric field after injection [10]. This
scheme has been applied successfully to small populations of
“slow” positrons (with kinetic energies of 20 eV and lower)
being injected into regions with intermediate magnetic field
strength (typically in the tens of mT). Extending injection
techniques to higher-field magnetic trapping regions and to a
greater variety of velocity and spatial distributions of incom-
ing particles are essential next steps on the way to pair plasma
confinement.

Here, we will demonstrate that high-energy positrons can
be injected into a prototype dipole magnetic field by inelastic
scattering (“reflection remoderation”) on a SiC surface adja-
cent to the dipole region, followed by E x B-drift injection
over a small distance. The latter is essentially similar to the
approach used successfully earlier with positrons remoderated
outside of the trap [9]. However, the remoderation near to the
trap is potentially a useful tool for accumulating low-energy
positrons in toroidal field confinement configurations, such as
levitated dipoles or stellarators. Probably the most important
benefit is that this solves a challenge related to conservation
of the first adiabatic invariant u = mvi /2B (the magnetic
moment) [11] when injecting into magnetic traps with strong
magnetic field strengths. Here, m denotes the electron mass,
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v, the velocity component perpendicular to the direction of
the magnetic field, and B the magnetic flux density. In the
following we will first expand on the concept of © con-
servation and after that give some background on positron
(re)moderation.

In a future pair plasma trap, a strong magnetic field will
be highly advantageous, even necessary, in order to maximize
confinement and to make cyclotron cooling effective. It had
been predicted, for example, that a magnetic field strength
above 2 T would allow the particle confinement time to exceed
the cyclotron cooling time even in a simple, four-coil stellara-
tor (i.e., without optimization of the magnetic field for the
confinement of single-particle drifts) [12]. The confinement
region of the levitated dipole trap currently under construction
in our group is planned to have a magnetic field ranging from
14 to 380 mT on the outer midplane (0.65-1.4 T on the inner
midplane). When injecting charged particles from weaker into
much stronger magnetic fields, however, conservation of the
first adiabatic invariant can hinder the injection process via
the well known magnetic mirroring mechanism [11]. Thus,
(4 conservation imposes a strict limit on what strength of
magnetic field a given particle can reach. The efficiency with
which a collection—i.e., a beam or pulse—of magnetically
guided charged particles can be injected into a region of in-
creased magnetic flux density is determined by the ensemble’s
starting magnetic field and velocity distribution. Preaccelera-
tion of charged particles (launching them with a larger v for
a given v, distribution) can enable them to reach higher-field
regions, but this excess energy is undesirable for applications
where low temperatures are needed. In the case of pair plasma
creation, e.g., higher incoming particle velocities are likely
to produce a higher-temperature electron-positron cloud and
correspondingly a longer characteristic shielding distance;
this makes it more challenging to get to the small-Debye-
length regime where electrostatic collective effects come into
play [12,13].

To avoid these problems, minimization of the initial per-
pendicular temperature is desirable. The standard approach
to accumulating, cooling, and tailoring the properties of a
beam of positrons is a “buffer-gas trap” [14,15]; in this de-
vice, background gases are deliberately introduced that have
electronic and vibrational transitions with suitable energies
and cross sections for a large fraction (e.g., 10-20%) of
the incoming positrons to lose energy without annihilating.
Another approach is to cool the positrons’ perpendicular tem-
perature via emission of cyclotron radiation in a strong-field
linear magnetic trap [15,16]. A third alternative for cooling
positrons involves having them interact with one or more
lower-temperature plasmas/charged particle clouds [17,18].
The first two of these strategies are, in fact, planned for in-
clusion in the positron accumulation section of the final pair
plasma set-up [7]. However, the tens to hundreds of volts
employed for confining large numbers of positrons in such
traps have the potential to result in higher parallel energies
of the released pulses than are desirable for the pair plasma.
One possible solution to these conflicting requirements is the
addition of a remoderation stage.

“(Re)moderation” is the process by which energetic
positrons impinging on a solid are thermalized by a succession
of inelastic collisions. Some of them are then reemitted at a

small kinetic energy, corresponding to the negative sign of the
positron work function of the solid. This technique is used
to enhance beam brightness at the expense of intensity; the
moderation efficiency is strongly dependent on both the re-
moderator and the energy of the incoming beam, as described
in recent reviews [15,19]. Remoderation has the potential to
solve previously mentioned difficulties related to @ conserva-
tion and/or unwanted kinetic energy: positrons that had been
accelerated to higher parallel velocities to reach the strong-
field region can there be remoderated down to the lower
kinetic energies that are desired. The injection of positrons
into a high-field magnetic trap and subsequent remoderation
in a metal surface has indeed already been demonstrated; this
was performed in a linear trap geometry and combined with
energy loss in a high-density electron plasma and an ion cloud
[17]. 4H-SiC single crystals are another promising candidate
for remoderation, now using a reflection geometry (in which
remoderated positrons are emitted from the same face of the
remoderator on which they were implanted). The properties
of SiC as an alternative to metal foils or crystals have been
studied for some time [20], and a further increase in remoder-
ation efficiency was reported for an SiC crystal terminated by
an epitaxially grown, nitrogen doped SiC layer [21].

Both our previous experiments and the ones we will de-
scribe here were carried out at the reactor-based positron beam
line NEPOMUC [22], hosted by the neutron source FRM II
(Munich, Germany). This facility produces an intense positron
beam (“primary beam”), the energy of which is electrostati-
cally controlled, with a usual value of 1 keV and an intensity
of up to >1 x 10° positrons per second. In the standard setup
for experiments, positrons are then remoderated with a tung-
sten single crystal in reflection geometry [23], prior to being
magnetically guided down the 5-mT NEPOMUC beam line to
the experiment stations. The NEPOMUC beam remoderated
in this way can reach >5 x 107 positrons per second [24].
We have also recently demonstrated the production of the
primary beam at significantly lower energies, followed by
transport and drift injection into our prototype dipole trap.
Despite having a larger spatial spread than the remoderated
beam and lower intensity than the 1-keV primary beam, the
20-eV primary beam generated a record rate of 8 x 107e* /s
injected into the dipole [25]. The velocity distribution of the
incoming positrons and the transiently trapped orbits in the
trap onto which they were injected were similar to those
studied previously [9].

In this paper, we report on a complementary approach in
which high-energy positrons from the NEPOMUC primary
beam were transported to the trap, remoderated on a SiC
surface just outside the confinement region, then immediately
E x B-drift injected into the trap. Essentially, we “relocated”
the remoderation step from being tens of meters upstream (at
the NEPOMUC remoderator) to being within centimeters of
the trapping region; we will refer to this as “in sifu remoder-
ation”. Whereas the NEPOMUC remoderator is purposefully
placed in a region of minimal magnetic field [24], the SiC
crystal for these experiments was located in 15-25 mT (3-5
times stronger than the NEPOMUC guide field). In future de-
vices, it could be located in significantly higher-field regions.

There are also other advantages of in situ moderation
that can be incorporated into injection schemes. Because
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remoderated positrons have a lower kinetic energy, they can
be trapped by electrostatic potential barriers that the orig-
inal, higher-energy beam was—or would have been—able
to penetrate. Additionally, high-energy positrons can pass
through regions of electric field orthogonal to their direction
of travel with negligible deflection, whereas the perpendicu-
lar deflection is much greater for low-energy (remoderated)
positrons traveling back through the same region. This is the
case not only for electrostatic deflection but also for mag-
netically guided positrons, whose perpendicular E x B-drift
velocity is independent of particle kinetic energy. The injec-
tion technique we describe here takes advantage of both of
these effects. In the following sections, we explain the test
geometry in detail, along with corresponding simulations used
to design and interpret the experiments. After that we report
results from a first experimental test, including figures on its
quantitative efficiency.

II. METHODS

A. Experiments

In order to conduct initial tests of in sifu remoderation,
minor modifications were made to the existing experimental
configuration that has been described previously [8,9]. The
set-up, shown in Fig. 1, was installed at the “open beam port”
of the NEPOMUC beam line. There, positrons enter through
a section for diagnosis of the beam intensity and shape [8,25].
A cylindrical “deflector” electrode in this section can be
biased to a voltage sufficient to block the entire positron beam.
Positrons that pass through the diagnostic section continue to
be magnetically guided downward, between a pair of parallel
rectangular electrodes. These generate the electric field that
causes particles to undergo an E x B drift from the guiding
field toward the closed field lines of the dipole trap. The
permanent magnet (NdFeB, 0.6 T at the pole faces) and its
trapping region are located below the E x B-drift zone.

A cylindrical wall of electrodes is installed at the outer
radius of the trapping region, just inside the vacuum cham-
ber boundary. The electrodes are divided into two vertically
stacked sets, as a strategic tailoring of the electric fields
around the magnet has been found helpful to achieve injection
of slow positrons [9] (see also Fig. 2). A particularly important
role in the injection process is played by the two wall elec-
trodes toroidally located between the E x B plates (“Topl”
and “Sectorl” in Fig. 1).

Positrons that are successfully injected into the “confine-
ment region” of the dipole trap—defined as the spatial region
pervaded by magnetic field lines that intercept the magnet—
“mirror” back and forth between the strong-field regions at
the poles while toroidally drifting around the magnet. An
illustration of the confinement region is provided in Fig. 3.
After 180 degrees of toroidal drift, they can be intercepted
by a square 10 x 10mm steel plate (“target probe”). The
radially insertable target probe is located on the side of the
trap opposite from where injection occurs, and it can be re-
tracted partially or fully out of the trapping volume. Relative
measurements of the positron beam intensity on the target
probe are routinely carried out by counting annihilation events
using a collimated scintillation detector [10]. Additionally,
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FIG. 1. A sketch (left) of our set-up for in sifu remoderation
and injection of positrons, along with more detailed views of the
diagnostic section (top right) and magnetic dipole trap electrodes
(bottom right). The NEPOMUC beam enters from above and can
be characterized with a hollow cylindrical “deflector” electrode, a
microchannel plate (MCP), and/or a metal plate with apertures.
When the MCP/plate assembly is retracted (double arrow), the mag-
netically guided positrons continue down to the trapping experiment,
where they enter between the E x B plates and are directed onto the
SiC crystal, which is shown only in the bottom right panel. Bold,
colored arrows are drawn as visual guides between different parts of
the graphics.

«—Sector1:
+30V

Eight outer wall segments

FIG. 2. Cut through the ring of electrodes in the equatorial plane
of the magnetic field. An electric circuit used in part of our exper-
iments to radially compress injected positrons is also shown. All
resistors have the same nominal value. Ensuing electric field lines
are sketched in one example location.

023172-3



U. HERGENHAHN et al.

PHYSICAL REVIEW RESEARCH §, 023172 (2023)

FIG. 3. Simulation of a single positron trajectory. The positron
energy is 375 eV before remoderation (red part of the trajectory), and
about 2 eV after remoderation (blue part). Selected magnetic field
lines are plotted in green; these illustrate the angle of the magnetic
field at the crystal (its cross section shown in cyan at the origin of the
blue trajectory) and the middle and edge of the confinement region.

we measure the beam current using an amplifying current
integrator built in-house [26]. These two measures of intensity
are typically proportional to each other. (This suggests that
secondary electrons and redistributed positrons produced by
low-energy positrons incident on the probe tend not to be
a significant factor for this measurement, due to a combi-
nation of the target surface properties and the magnetic and
electrostatic geometries.) Additional wall sectors can be used
to manipulate the radial distribution of the positrons as they
toroidally drift around the magnet. This is done by applying
static electric potentials with sequentially larger magnitudes
in the drift direction of the positrons, producing electric fields
with significant radial components [27]. These fields, com-
bined with the B field of the magnet, lead to an inward or
outward E x B drift, depending on the polarity. A sketch of
the arrangement is shown in Fig. 2. The spatial distribution of
the positron cloud is measured by plotting the rate of positrons
intercepting the target probe as a function of target probe
insertion distance [8]. The fields sketched in Fig. 2 were only
used where mentioned explicitly; in other experiments the
wall electrodes apart from Sectorl and Topl (Fig. 1) were
kept at ground potential. For all experiments, the full set of
electrode biases is given in the Supplemental Material (SM)
[28].

For the in situ remoderation experiments described here,
a holder for a reflection remoderator consisting of a silicon
carbide (SiC)-plate was added to the set-up. This element
was attached to the shield plate with an electrically insulated
mount, enabling the application of a separate bias voltage;
a photograph is shown in the SM [28]. The n-type 4H-SiC
single-crystal of 15 x 15 x 0.25 mm size was obtained com-
mercially. The crystal was installed with an inclination angle
of 5° to the vertical, resulting in an angle of 60-65° between
the magnetic field direction and the crystal normal, as shown
in Fig. 3. The magnetic field strength ranged from 13 mT at
the top edge of the crystal to 22 mT at the bottom. Exper-
iments were then typically conducted by firstly deciding on
a bias voltage of the SiC remoderator (values of 0 V, 3 V,
and 18 V were tried). Following that, optimal settings in the
multidimensional parameter space influencing the positron
injection process were found by monitoring counts on our
scintillation detectors as a function of a two-dimensional pa-
rameter scan. In this way, in particular we optimized settings
for the steering coils in the diagnostic section, voltages on the
E x B plates and the “Top1” and “Sector1” segments of the
rotating wall electrodes, and other elements as detailed below.
(A pair of parameters was scanned at a time because of lim-
itations in our experiment control software, but also practical
consideration of the overall time spent for the optimization.)

The NEPOMUC primary beam was set to a nominal energy
of 400 eV, for which we had previously measured the maxi-
mum positron flux at the NEPOMUC open beam port [29]
(where the set-up described here is now installed). The size
and shape of the primary beam were measured by the MCP
detector in the diagnostic section. A slightly nonsymmetrical
beam of 6.6 x 8.3 mm FWHM was obtained, in reasonable
agreement with earlier experiments [25,26,30]; 80% of the in-
tensity was found within a spot of approx. 14 mm in diameter,
when measured in the guiding field of 5 mT. A representative
MCP image is included in the SM [28].

B. Simulations

Preparation of the experiment had been guided by ex-
tensive simulations of positron trajectories. These initial
simulations were carried out using SIMION [31] and assum-
ing the use of a tungsten (W) remoderator. First, the trajectory
of the incoming beam was calculated and used to decide
where the remoderator crystal should be located. It was also
verified that even with very large E x B biases, the positrons
from the primary beam could not be drift injected onto trapped
orbits in the confinement region (nor reach the target probe
through other, chaotic orbits), due to their high energies and
the modest magnetic field of the trap.

To establish that drift injection would be feasible for re-
moderated positrons reemitted from the crystal, an ensemble
of particles was launched from an elliptical region on the
remoderator, along the surface normal, with an energy of
2.9 eV, corresponding to the positron work function of W. A
particle was considered injected when its trajectory resulted in
precession around the dipole magnet, which was numerically
judged by it exceeding a suitable lower temporal limit of
the simulated propagation time. The inclination angle of the
crystal was chosen such that drift injection into the trap was as
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efficient as possible, with the constraint that only E x B plate
biases were used. Favorable values for the remaining elec-
trode voltages were determined subsequently, during which it
was found that positively biasing the “Top1” and “Segment1”
electrodes significantly increases injection efficiency, similar
to our experiments with low-energy positron beams [9]. The
choice for a fairly large angle between the magnetic field and
crystal normal was thus a result of the optimization “path”;
however, simulations performed after the experiments did not
find this to have had any detrimental effect on the drift-
injection process for the magnetic field strength and geometry
of this trap.

Indeed, a wide variety of postexperiment simulations were
conducted to facilitate comparison to and interpretation of the
measured data; these were greatly helped by using the more
efficient code AlGeolJ, which was developed in-house [32]
and became available shortly after the experiments had been
conducted. Extensions added to AlGeoJ made it possible to
simulate the full beam path, including the remoderation step;
these also incorporate the initial spatial distribution of the pri-
mary beam, as well as the voltages and steering coil currents
that were actually applied in the experiment. (Remoderation
is accounted for by an energy- and direction-changing step in
the code; the details of positron scattering in the crystalline
material are not part of the simulation.) A typical simulation
of the trajectory of a remoderated and injected positron is
shown in Fig. 3. The full set of electrode biases and another
simulation are given in the SM [28].

III. RESULTS
A. Energy and spatial distribution of the primary positron beam

The parallel energy of the primary positron beam in the
5-mT guiding field was measured by scanning the bias voltage
on the cylindrical deflector electrode at the entrance to our
diagnostic section while recording annihilation counts on a
target inside the diagnostic section. As shown in Fig. 4, the
result was somewhat lower than the nominal setting, with the
peak at ~350eV, a half width at half maximum of ~15eV
on the high-energy side, and an extended low-energy tail
with a half width at half maximum of ~55eV. For similar
settings of the primary beam, a perpendicular kinetic energy
(E1) of 18 eV was measured in an earlier experiment using
a retarding field analyser [29]. We refer to this paper for a
detailed discussion of the primary beam energy measurement.

A comparable—albeit higher-noise—version of the par-
allel energy measurement can be obtained by measuring
annihilation counts directly on the target probe in the confine-
ment region, again as a function of the upstream bias voltage
blocking the positron beam. Note that “pure” drift injection
of the high-energy primary beam into this trap is not feasible;
the positrons detected in this measurement have undergone
remoderation at the SiC crystal (blue trajectory in Fig. 3).
Properties of the injected positrons are detailed in the next
sections.

B. Kinetic energy of the injected positron beam

The energy of positrons that were successfully injected into
the dipole field was determined by inserting the target probe
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FIG. 4. Parallel energy of the primary positron beam in 5 mT:
Black symbols show positron annihilation counts on the MCP target
at the entrance of our experiment, as a function of the bias applied
to the upstream “deflector” electrode Ugyen. Blue symbols show the
annihilation of remoderated, drift-injected positrons on the target
probe in the confinement region, also as a function of “deflector”
electrode bias, when the MCP target is retracted and the downstream
experiment parameters (electrode biases and steering coil currents)
have been suitably chosen. The blue curve has been arbitrarily scaled
to match the black. Additionally, the numerical derivative of the “at
entrance”’-measurement is shown as a thin dotted line, on an arbitrary
scale.

into the trapping region and measuring positron annihilation
counts from the target probe as a function of the positive bias
voltage Uyarger applied to it. Results of two such measurements
are shown in Fig. 5, and a third is included in the SM [28].
As expected, there is a steep drop in annihilation counts (indi-
cating that positrons do not have sufficient energy to reach the
probe) when the target probe bias is set to more than a couple
volts above the remoderator bias.

As described in the literature, 4H-SiC has a negative
positron work function—i,e., positrons are ejected from the
material with a few eV of kinetic energy—with reported val-
ues in the range of —2.3(5) to —2.7(1) eV [21,33]. However,
a proper treatment of the prediction for the kinetic energy Ef
of a positron emitted from the SiC crystal, as measured by
the target probe, requires accounting not only for the biases
applied to the two electrodes (for which we will use the
shorthand Ug and U;, with subscripts S and ¢ for for “SiC”
and “target”) but also the solid-state physics properties of the
two materials. If no potentials are applied, the Fermi levels
of the two electrodes are aligned. This leads to a shift of
reference potentials for electron and positron states that can
be expressed by the difference of the electron work functions
¢, — ¢g [34]. Additionally, the positron work functions ¢*
of the SiC-crystal and the probe have to be taken into account.
The full expression, including applied potentials, is given by
[19]

Ef, =eUs—eU + ¢, —¢5 + ¢, — ¢5. ey
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FIG. 5. Energy of the drift-injected positrons, measured for two
different remoderator bias voltages: Black symbols show positron
annihilation counts on the target probe in the confinement volume,
as a function of the voltage applied to the target probe Uy, When
the SiC remoderator was grounded. Blue symbols show the same
measurement when the SiC remoderator was biased to +3 V, scaled
down by a factor of two to ease comparison. (The higher count rate
for the case with the positively biased remoderator has to do with the
optimization of the drift injection process, which will be described
in more detail later in the paper.) For each trace, the respective
background signal (i.e., counts measured when the target probe was
fully retracted) was subtracted.

We refer to the literature for the values of these quantities.
For the stainless steel target, we use ¢, = 4.3eV [35], and
as an approximation to its positron work function we take
the value for polycrystalline Fe of ¢;" = —1.2¢eV [36]. The
electron work function for 4H-SiC has been measured as
¢g = 4.50(8) to 4.75(8) eV, depending on the crystal struc-
ture at the surface [37]. We use ¢;“ = —2.7(1) eV, although
we note that lower values for the positron work function were
measured for the epitaxially produced SiC surface [21] and in
an older experiment [33], albeit with lower accuracy. Thus, the
combined effect of the electron-related terms on the kinetic
energy is between —0.45 and —0.2 eV, and together with the
positron-related terms we have a correction to eUs — eU; by
+1.05 to +1.3eV. A drop in the positron annihilation signal
should therefore be observed at target bias voltages U, that are
this amount higher than the remoderator crystal bias Us.

TABLE 1. For three different values of the remoderator bias (top
row), we list the target bias voltage U,y above which annihilation
counts on the target probe begin to decrease steeply (middle row),
and the bias voltage at which the rate of descent is the steepest Uypea -
U, is defined as the largest value of the bias voltage at which counts
are equal or higher than 90% of the count rate measured at Us = U,.
Ularger scans for cases with 0 V and 3 V applied to the SiC crystal
were shown in Fig. 5.

SiC bias (V) 0.0 3.0 18.0
Uy (V) 1.0 3.7 19.0
Uipeax (V) 1.9(1) 4.7(2) 19.8(2)

Table I gives our measured values for the onset of steep
signal drop (designated Uy, see Table caption) in Uyyreer SCans,
as well as the location of the peak in the derivative of these
scans (designated Uspear ), for three different SiC biases. These
are in very good agreement with the calculation described
above; in particular, there is a constant (within the resolution
of the measurements) offset, with a magnitude in the range
of what was expected, between the SiC bias and those two
key features of the Uppger Scans. As is evident from the dif-
ference between Uy and Uypeak, as well as in the Uygger Scans
themselves (Fig. 5), the drop-off in target probe annihilation
with increasing Utarget 18 relatively wide, with the peak in the
derivative having a FWHM of 1.5 to 2 V. Apart from the
underlying energy distribution we attribute these features to
the complex geometry involved in our set-up, which includes
the range of magnetic field strengths at the SiC crystal (13 to
22 mT), the even larger range of magnetic field strengths at
the fully-inserted target probe (5 to 80 mT for probe positions
between r = 75 and 25 mm, measured from the center of
the magnet), and the wide spatial distribution and complexity
of the positron trajectories. There is, nevertheless, no doubt
that the annihilation signals on the target probe came from
remoderated, drift-injected positrons.

The difference in intensity between the traces for the
grounded and biased remoderator in Fig. 5 (note the scal-
ing factor) is explained by an optimization of the upstream
steering coils between the two measurements. The in-
jection efficiency will be discussed in detail in a later
section (Sec. IIT E).

In the simpler geometries of other experiments, the quanti-
tative recording of the positron beam attenuation as a function
of a variable potential barrier has been used as a method to
determine the positron work function [34,36,38,39]. Differ-
ent recipes on how to read these values from the measured
data have been proposed [36,38] and a deliberate drop in the
guiding magnetic field between remoderator and detector was
engineered to increase precision [38]. Due to the complicating
factors described in the previous paragraph, however, we ab-
stain from attempting to constrain ¢ from our measurements.

C. Role of the magnet bias

In earlier injection experiments with 5- and 20-eV positron
beams from the NEPOMUC remoderator, we had found that
the conditions for highest-efficiency injection required a pos-
itive bias voltage to be applied to the magnet case. In terms
of the particle orbits, this bias “plugs the loss cone” via which
particles can otherwise reach the magnet case; positrons with
sufficiently small pitch angles relative to the magnetic field,
such that they would not magnetically mirror before they
hit the magnet case, are instead reflected by the electrostatic
potential [9,10,40]. This remains true for the injection of
in situ-remoderated positrons, with the optimal amount of
magnet bias scaling with the SiC bias, as one would expect.
Figure 6, for example, illustrates the influence of magnet bias
on the injection of positrons from the grounded remoderator.
The results in Fig. 5 used magnet biases of 0 V and 5 V for
cases with remoderator bias of 0 V and 3 V, respectively.
When the SiC crystal was biased to 18 V, a magnet bias of
20 V was found to be optimal. This is further evidence that
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FIG. 6. The effect of magnet bias on injection of ~2-eV, in situ-
remoderated positrons: Annihilation counts from the target probe are
plotted as a function of the bias voltage applied to the magnet case
Unagnet- The SiC remoderator was grounded, and a background scan
was subtracted.

the energy of the drift-injected positrons is determined by the
bias applied to the remoderator.

D. Spatial profile of the injected positron cloud

As described previously, the spatial distribution of the in-
jected positrons can be measured by recording how the current
to the target probe and/or the annihilation counts coming
from the target probe vary as a function of probe insertion. In
general, the spatial profile depends on the settings of various
electrodes that influence the injection process. Typical results
for our combined remoderation-drift-injection approach are
shown in Fig. 7. (These are for the case with the remodera-
tor crystal grounded. Profiles for cases with the remoderator
crystal biased were not substantially different; each case used
an individually optimized set of electrode and steering coil
settings.) The two measurement methods are compared in
Fig. 7(a), and deliver identical profiles, within the experimen-
tal error. To quantitatively determine the width of the injected
beam profile, we have analyzed an average of two consecutive
measurements of the annihilation counts [Fig. 7(b)]. From a fit
of an error function to the profile, we arrive at a position of the
maximum at 54 mm and a width (FWHM) of 28 mm.

The wide spatial profile, combined with the large pitch
angle of the remoderated positrons (which are reemitted ap-
proximately normal to the crystal and hence with a large
angle relative to the magnetic field) raised the question as to
whether a non-negligible fraction of positrons were drifting
out to the wall during their toroidal transit, thereby being lost
prior to detection with the target probe. To check for this
possibility, we used the option of biasing the wall sectors
to push positrons to smaller radii—the technique illustrated
in Fig. 2. Figure 8 shows the results of these attempts, i.e.,
measurements of the spatial profile for different values of the
potential drop Azy = Ugw /5 between each pair of segments.
Positive as well as negative values of Agy were tried, with
the expectation that the latter would lead to an inward drift
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FIG. 7. Typical spatial profile of remoderated, injected positrons.
(a) Annihilation counts from the target probe are plotted (left axis) as
a function of the radial position of the probe, measured from the cen-
ter of the magnet. A background has been subtracted. The positron
rate recorded simultaneously with a current-integrating amplifier is
shown for comparison (circles connected by a dotted line to guide
the eye, right axis). (b) An error function (blue dashed line) has been
fitted to the average of two measurements of the positron annihilation
profile (black symbols); the underlying Gaussian profile (dotted line)
is also shown, arbitrarily normalized.

of particles. This is qualitatively borne out by the results
in Fig. 8. Indeed, a sharpening of the profile can also be
seen for negative values of Agy. That the maximum counts
did not increase, however, shows that wall losses during the
half-toroidal transit between drift injection and target probe
detection were not appreciable. We have reported elsewhere
in detail on methods to influence the positron orbits by DC
and AC electric fields created by the sector electrodes [27,40].

E. Measured injection efficiencies

For the potential application of the methods tested here to
the creation of an electron-positron plasma [7], as well as in
positron experiments in general, the overall and individual ef-
ficiencies of the transport, remoderation, and drift injection of
the beam are of high importance, due to the notorious scarcity
of positrons even from bright sources such as NEPOMUC.
An approximate accounting of what fraction of the positron
beam survives through each step of the process, obtained by
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FIG. 8. Manipulation of the spatial profile using wall sector bi-
ases: Positron annihilation counts on the target probe are plotted vs
the probe position, for different values of a DC voltage difference
between subsequent wall segments outside the confinement region,
in the direction of the positrons’ toroidal drift (Fig. 1). A background
has been subtracted.

combining measurements (made with the current-integrating
amplifier during the experiment campaign) with follow-up
simulations, is summarized in Table II.

The NEPOMUC diagnostic “beam monitor 2” is located
relatively close to the source; the positron rate measured there
was only ~4 x 108 e* /s, about 75% of what had previously
been measured tens of meters downstream at the open beam
port [29]. This time, measurements at the open beam port
initially corresponded to a positron rate of ~2.7 x 108 e*/s;
over the course of the four-day experiment campaign, this
decreased to ~1.7 x 10% ¢*/s without clear reason. Addi-
tionally, toward the end of the campaign it became clear
that we also needed to take into account the non-negligible
contribution from secondary electrons produced by 400-eV
positrons; by measuring the beam current and counts as a
function of scans of the bias applied to the deflector electrode
(see Fig. 1), we determined the true incoming rate of positrons
at our diagnostic set-up to be 1.3 x 103 ¢t /s. Thus, the largest
positron “leak” in the process came from beam guiding losses,
before the positrons even reached the open beam port; this is

TABLE II. Positron rates measured during the experiment cam-
paign, supplemented with simulation data (*), provide a rough
picture of where positrons were lost during the transport, remoder-
ation, and drift injection processes. Overall the emission efficiency
amounted to up to ~15%. Further details are given in the text and in
Table III.

Location e+ rate (107 /s)
beam monitor 2 39+4
open beam port (apparent) 20+5
open beam port (actual) 13.3£04
incident on SiC (*) 11
reemitted from SiC (*) 4

target probe 1-2

TABLE III. The maximum rate of positrons detected at the target
probe is given for three different remoderator biases.

SiC bias (V) 0 25 18
e' rate (107/s) 0.9 0.8 2.0

because the beam line was not designed to transport a beam
at kinetic energies of several hundred eV, nor a beam with the
wider spatial spread of the primary beam.

Out of the 1.3 x 10% e* /s that arrived at the open beam
port, up to 2.0 x 107 e*/s were successfully transported to
the target probe via the combined remoderation-drift scheme,
for an efficiency of 15(%1)%. (This was achieved with the
remoderator biased to 18 V; for the cases with lower remod-
erator bias, less than about half that rate could be achieved, as
indicated in Table III. Possible reasons for this, as determined
from follow-up simulations, will be discussed shortly.) For
comparison, 2.3 x 107 e*/s were injected with our original
lossless drift injection method [13]; in that scheme, we are
limited by the efficiency for the NEPOMUC remoderator
(e.g., 2.6% in [30]). Thus, our scheme actually performed
remarkably well, despite being lossy, and by understanding
and reducing or eliminating the loss mechanisms, it has the
potential for significant improvement.

F. Follow-up simulations

After the experiment campaign, extensive simulations were
conducted in order to disentangle the overall maximum
15(%1)% efficiency at our set-up into the individual efficien-
cies of the different steps of our new combined injection
scheme (steering of the beam onto the SiC remoderator, re-
moderation, and drift injection), to better understand why the
efficiency was highest for the case with the remoderator biased
to 18 V, and to identify ways to improve the set-up in future
applications.

To simulate the spatial distribution of the incoming pri-
mary beam, starting points of the simulated trajectories were
randomly generated based on the MCP image of the positron
beam shown in Fig. S2 within SM [28]. The center of this
starting distribution within the beam line could be scanned in
the horizontal plane; these two free parameters are a stand-in
for the influence of undetermined stray fields, possible imper-
fect alignment of coils, and similar uncertain deviations from
the nominal arrangement. Typically 1000 positrons per sim-
ulation setting were launched with parallel and perpendicular
velocity spreads akin to the measured values, with the result-
ing full-orbit trajectories under the influence of the 3D electric
and magnetic fields followed until they intercepted with ma-
terial surfaces. Positrons that impinged on the SiC crystal
were re-launched in the direction of the crystal normal with
an energy of 2.1 eV. Details of the simulation configuration
were primarily taken from the experimental settings, but they
could also be varied to explore which aspects are necessary
to yield agreement to the measurements, the sensitivity of that
agreement, and the physical mechanisms at play.

It was found that 85-90% of the incoming positrons can
be expected to hit the remoderator crystal (rather than the
surrounding holder), and this is fairly insensitive to parameter
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variations. However, whether or not a remoderated positron is
successfully drift-injected is very sensitively dependent on the
horizontal coordinate of its launch position on the crystal. (As
mentioned, the launch position of a simulated, remoderated
positron from the crystal was assumed identical to the point
of impact of the respective primary positron.) This means that
the effective “target” for beam steering is not the entire crystal
but rather a 1.5- to 2-mm wide vertical strip on it. (Positrons
launched too far to one side of this strip quickly return to the
remoderator crystal, having been electrostatically reflected by
the potential of the positively biased E x B plate; positrons
launched too far to the other side of this strip gain enough
kinetic energy from their proximity to the negatively biased
E x B plate that they escape upward out of the trap before
they can be drift injected into the confinement region.) A
reduced fraction of the incident beam can hit this narrower
target range, no matter how well optimized the beam guiding
might be; this results in a maximum efficiency of ~45% for
the drift injection step of the process, for the experimental
settings used in the 18-V remoderator bias case. (We also
would like to note that in our simulations the remoderator
crystal is assumed to behave as a conductor, while in fact it
is a semiconductor. In how far the actual potential distribution
on the crystal surface is influenced by its solid-state properties
was outside the scope of our investigation.)

For the experimental settings used in the 3-V remodera-
tor bias case, the maximum efficiency of the drift injection
step was ~39%—i.e., only slightly lower. However, the opti-
mal steering settings in the simulation deviated slightly from
those used in the experiment. This leads us to tentatively
conclude that the lower rates of positrons measured at the
target probe in the cases with the lower remoderator bias
are not a fundamental problem with the drift-injection step
of the resulting lower-energy positrons; rather, they seem to
be due to the experimental parameter optimization having
not been fully successful, due to the aforementioned narrow
optimum.

G. Remoderation efficiency

Combining the overall measured maximum efficiency of
15(£1)% (from Sec. III E) with the efficiencies estimated
from the follow-up simulations (from Sec. III F) allows us to
calculate an estimate for the remoderation efficiency, which
comes out to 36—41%. While lower than efficiencies found in
the literature for 4H-SiC, this might not be unexpected, given
that our incoming positrons are not only lower in energy but
also incident on the crystal at a steep angle.

This estimate can also be compared to another type of
measurement conducted during the experiment campaign, in
which counts from a second scintillator detector with a colli-
mated view of the region around the remoderator crystal were
recorded while the bias on the remoderator was scanned. All
other electrodes, including the E x B plates, were grounded.
A typical result is plotted in Fig. 9.

We expect that for a negative bias voltage with a magnitude
exceeding the work function, all positrons—even remod-
erated ones—annihilate in the crystal. If instead the bias
voltage is tuned towards positive values, the remoderated
positrons can escape from the crystal, annihilating outside
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FIG. 9. Annihilation counts from the region of the remoderation
crystal as a function of crystal bias voltage. Remoderated positrons
can escape the crystal—and thus avoid annihilation—as soon as
this voltage becomes positive. Therefore the relative decrease of
signal indicated graphically is related to—but not identical to—the
remoderation efficiency.

of the viewing window of the detector, and the signal drops.
An average of several repeats of this measurement resulted
in a bias-induced drop in annihilation counts of 24(1)%. This
figure cannot be directly identified with the remoderation ef-
ficiency €, however, because the crystal holder is also within
the field of view of the detector; therefore, positrons hitting
the holder will contribute to the annihilation signal, as well.
The size of the step therefore underestimates the remoderation
efficiency.

Simulations run with the parameters of the measurements
shown in Fig. 9 found that the measured signal drop is in
rough agreement with an ¢ = 0.3 but depends on the choice
of free parameters (which affect what fraction of the primary
beam is incident on the SiC, versus the holder).

H. Possible improvements and future applications

Simulations were also used to explore how hypothetical
adaptations to the experiment set-up might affect the effi-
ciency of in situ moderation. For example, tilting the crystal
back to be less oblique to the magnetic field was not found
to have a large effect on the trajectories of the remoder-
ated positrons emitted from its surface; the narrow horizontal
“sweet spot” on the SiC that the incoming primary beam needs
to target, in order for the remoderated positrons to be drift
injected as efficiently as possible, was essentially unaffected.
On the other hand, the addition of a new electrode at the top
of the chamber, just below the lid, showed great promise for
increasing the range of horizontal locations on the crystal from
which remoderated positrons can be drift-injected; this in turn
would significantly increase the achievable efficiency of that
step in the process.

However, future pair plasma experiments will not be using
the NEPOMUC primary beam as an input to the toroidal
traps, nor will they be done in the prototype trap used for
the proof-of-concept experiments we described here. Instead,
they will receive pulses of positrons that will be accumulated
and stored in linear traps, and these will in turn be injected into
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higher-field traps with their own unique magnetic geometries.
Therefore, future experimental applications of our new in situ
moderation scheme will require design/specification/scoping
simulations that incorporate these new conditions.

IV. SUMMARY

We have demonstrated a spatially compact scheme for
injection of positrons from a reactor-based positron source
into a trapping magnetic field. The largest losses occurred
in the beam line on the way to the experiment, due to the
inherent challenges involved in guiding the wider, higher-
energy primary beam through a beam line not designed for it.
Positrons that reached the experiment could be injected with
an efficiency of up to 15(%1)%, and simulations indicate the
loss mechanisms and how these could be ameliorated in future
implementations.

Although our first demonstration of an in sifu moderation
scheme did not immediately result in a higher rate positrons
injected into our current prototype trap (where the modest
magnetic field strength of the confinement allows us to suc-
cessfully drift inject a wide range of energy distributions), it is

an important proof-of-principle demonstration of a technique
that may be the key to getting positrons into the higher-field
traps we plan to use for pair plasma confinement. In particular,
by placing a positron remoderator near to the trapping region
we add another degree of freedom to the design space for
future injection schemes.

The data that support the findings of this study are available
upon reasonable request from the authors.
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