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Injection and confinement of positron bunches in a magnetic dipole trap
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We demonstrate the efficient injection of a pulsed positron beam into a magnetic dipole trap and investigate
the ensuing particle dynamics in the inhomogeneous electric and magnetic fields. Bunches of ∼105 e+ were
transferred from a buffer-gas trap into the field of a permanent magnet using a lossless E×B drift technique. The
�t ≈ 0.2 µs pulses were short compared to the toroidal rotation period, τd ≈ 16 µs, and e+ confinement time,
τc ≈ 0.6 s. The redistribution dynamics were studied by measuring the delayed γ -ray emission as the trap was
emptied. This work extends the record for the number of low-energy positrons held in a dipole trap by two orders
of magnitude and represents a significant advance toward the confinement of an electron-positron pair plasma.
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Dipole magnetic fields generated by planetary and stellar
dynamos commonly trap magnetized plasma [1]. Charged
particles with a sufficiently large pitch angle (between the ve-
locity vector, v, and the magnetic field, B) magnetically mirror
between the high-field regions at the poles. The field gradient
and curvature cause the poloidally bouncing particles to drift
azimuthally on toroidal surfaces [2]. Collisions can scatter
the particles across field lines or into the “loss cone” [3,4],
or nonaxisymmetric field perturbations or plasma instabilities
can drive radial diffusion and plasma flows [5–7]. Although
the gyro, bounce, and drift motions of charged particles in
dipole magnetic fields are well understood, the ubiquity and
importance of astrophysical dipoles [8–12] and the special
forms of plasma waves and particle transport they support
[13–18] have motivated numerous efforts to study dipole traps
in the laboratory [19–26].

A permanent magnet supported in vacuum is arguably the
simplest implementation of a dipole trap. In the low-density
regime, confinement of magnetized charged particles is typ-
ically limited by pitch-angle scattering [22]. However, the
trapping time can be extended for a single charge species
by biasing the magnet to plug the loss cone [27]. Alter-
natively, a levitating superconducting coil can be used to
generate the dipole field [28]. In contrast to a permanent
magnet, a floating coil possesses closed field lines that pass
uninterrupted through its interior—i.e., mirroring and passing

*Contact author: adam.deller@ipp.mpg.de
†Contact author: jens.von.der.linden@ipp.mpg.de

Published by the American Physical Society under the terms of the
Creative Commons Attribution 4.0 International license. Further
distribution of this work must maintain attribution to the author(s)
and the published article’s title, journal citation, and DOI. Open
access publication funded by Max Planck Society.

orbits are possible and neutral or single-component plasmas
can be confined for times that exceed the collision time
[29–33]. Levitating dipole traps require no plasma current
and can be built on the cm scale [34,35], which makes them
suitable for confining low-temperature electron-positron pair
plasmas [36]. Pair plasmas likely occur in extreme astro-
physical environments [37–40] and fundamentally differ from
ion-electron plasmas because of their perfect mass symmetry
[41]. Experimental pair plasma research has progressed con-
siderably in recent years [42–49], and magnetically trapped
electron-positron plasmas are expected to exhibit remarkable
stability [50]. However, to test this prediction, new techniques
are needed to combine low-energy electrons and positrons at
plasma densities.

In this Letter, we demonstrate lossless drift injection [51]
of bunches of e+ into a supported magnetic dipole trap. Time-
resolved measurements of the annihilation radiation were used
to efficiently optimize the injection scheme and to study the
toroidal expansion of the bunches as they drifted around the
permanent magnet. Ultimately, we aim to employ these new
techniques to produce a neutral pair plasma by mixing low-
energy positrons and electrons in a levitating dipole trap [36].

Positrons from a linear-accelerator-based slow positron
beam [52] were accumulated in a buffer-gas trap (BGT)
[53–55], compressed to a diameter of ∼2 mm [56–58], and
cooled via inelastic collisions with N2 and CF4 [59,60]. Ev-
ery 3 s, approximately N ≈ 8×104 e+ were ejected from
the BGT in a �t = 180 ns full-width-half-max (FWHM)
pulse with a mean parallel energy of 〈K‖〉 = 6.2 eV and a
FWHM spread of �K‖ = 0.8 eV [61]. The bunches were
magnetically guided through a pumping restriction and a
downward-curving solenoid, and into the trap chamber—see
Fig. 1(a). Two pairs of steering coils were used to adjust the
position of the beam within the bend. A 250 mm diameter
“boost coil” connected the transport magnetic field lines with
the open field lines leading to the permanent magnet.
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FIG. 1. (a) Dipole trap and γ -ray detectors; the target probe mounts to the nearside flange that has been omitted from the illustration to
reveal the trap location. (b) Example of the delayed annihilation signal that signifies successful injection. (c) Supported magnet (orange), E×B
(green), S1 (blue), and wall electrodes (partial cutaway view), shield plate, and retractable target probe. The red path represents a calculated
trajectory for a 6 eV positron in static injection fields; the white curved arrow (dash dot) shows the drift direction. The trajectory is projected
onto the xz and xy planes in (d) and (e), respectively. (d) Dipole magnetic field lines (y = 0). (e) Contours of magnetic field strength [mT] in
the midplane of the magnet (z = 0).

The magnetic dipole trap is depicted in Fig. 1(c). The
confinement volume extends from the surface of the 33 mm
diameter and 46 mm tall cylindrical magnet case to the
180 mm diameter wall electrode. The perforated stainless
steel wall electrode is segmented into two unequal sectors.
Cartesian (x, y, z) and cylindrical (r, θ , z) coordinates are used
to denote positions in and around the dipole trap; the origin is
defined as the center of the permanent magnet, which is sup-
ported in the vacuum chamber with its poles aligned vertically
(ẑ). The magnetic field strength is ∼430 mT at the top of the
magnet case and ∼3 mT in the midplane at the surface of the
wall electrode (r = 90 mm, z = 0). The magnetic field lines
in the xz plane are shown in Fig. 1(d) and the field strength in
the xy plane is plotted in Fig. 1(e).

A lossless drift-injection technique was employed to push
the positron bunches across the transport field lines and into
the dipole field surrounding the permanent magnet [51]. A
typical injection trajectory is shown in Figs. 1(c)–1(e). The
red line represents the calculated path taken by a 6 eV positron
in the combined electric and magnetic fields of the trap [62].
The particle enters the chamber at θ = 0◦ with a radial offset
of r = 50 mm (x = 50 mm, y = 0) and passes between a pair
of 118 mm long steel electrodes located at y = ±30 mm. The
parallel plates are biased to UE×B = ±217 V to generate an
electric field of E ≈ 65 ŷ V/cm. The 1/8th sector electrode
(S1) is biased to +20 V and the magnet case is biased to Um =
+14 V. The electric field between the E×B plates, the magnet
case, S1, and the grounded wall electrode, superimposed with
the magnetic field, results in a succession of bounces and
drifts that maneuver the particle into the trap. The nonuniform
magnetic field and radial electric field cause the particle to
drift around the magnet in the anticlockwise direction (viewed
from above) with an overall drift velocity,

vd = vR + v∇B + E×B
|B|2 , (1)

where vR and v∇B are the magnetic curvature and gradient drift
velocities [63]. After orbiting approximately 120◦ around the
permanent magnet, the particle is shielded from the injection
electric field and the radial position stabilizes at r ∼ 5 cm. At
θ = 240◦, the trajectory is once again affected by the injection
electric fields, which push it outwards and into the wall.

Drift injection can be 100% efficient, provided the positron
beam has a narrow energy spread, small diameter, and en-
ters the drift region near the y = 0 plane [51]. The injection
parameters were initially selected based on the results of pre-
vious experiments and simulations [62], and then iteratively
tuned by scanning the currents supplied to the steering coils
and boost coil, and the voltages applied to the E×B and S1

electrodes. When the positrons were injected successfully, the
annihilation of the bunch was delayed by one toroidal rotation
period (τd ∼ 16 µs)—see Fig. 1(b). The annihilation time was
measured using a similar technique to single-shot positron
annihilation lifetime spectroscopy (SSPALS) [64], which was
originally developed to study positronium [65].

Annihilation γ -rays were detected by three Bismuth Ger-
manate (BGO) scintillators (decay time ∼1 µs [66]) coupled
to photomultiplier tubes. The detectors were mounted inside
re-entrant vacuum ports at θ = 0◦, 90◦, and 270◦, with the
BGO crystals located near r = 12 cm. The detectors were
adjusted for low gain to ensure that the output would not be
saturated by the γ -ray burst produced by the injected bunch
of positrons hitting the wall. Figure 2(a) shows a collection
of time-resolved annihilation lifetime spectra measured using
the 270◦ detector. Data obtained for a range of electric fields
applied between the E×B electrodes are stacked along the
horizontal axis. The BGT ejection time defines t = 0. When
the applied voltages were smaller than UE×B = ±120 V, the
signal peaked at t = 2 µs, indicating prompt annihilation and
failed injection. For larger voltages, the positrons were suc-
cessfully injected and subsequently drifted around the magnet
until they hit the target probe [the 15 mm diameter, retractable

L023201-2



INJECTION AND CONFINEMENT OF POSITRON BUNCHES … PHYSICAL REVIEW E 110, L023201 (2024)

FIG. 2. (a) Time-dependent annihilation signal during e+ injec-
tion for a range of voltages applied to the E×B electrodes. The target
probe was fully inserted. (b) The fraction of γ -rays detected after
t = 12 µs for different target probe positions (solid line; left axis)
and the delayed signal differentiated by the probe position (dashed
line; right axis). Um = +8 V.

copper rod shown in Fig. 1(c)] at t ∼ 9 µs. The detector had
a similar solid-angle view of the injection and probe positions
(θ = 0◦ and 180◦), and the signal amplitude was roughly
equal for successful and failed injection. For the standard
injection voltages, no prompt signal was observed because all
of the positrons annihilated at the probe.

The radial distribution of the injected bunch was measured
by moving the target probe horizontally through the trapping
volume. With the target probe fully retracted, the positrons
were able to complete an almost full orbit of the trap, and the
peak in the annihilation signal shifted from t ∼ 9 µs to 15 µs.
Figure 2(b) shows the delayed fraction [64],

fd =
∫ C

B γ (t ) dt
∫ D

A γ (t ) dt
, (2)

(A = 0, B = 12 µs, C = 17 µs, and D = 20 µs) that was
measured with the 270◦ BGO as the probe was re-inserted
stepwise into the trap. Differentiating fd by the position of
the tip of the target probe indicates that the injected positron
bunch had an approximately Gaussian midplane radial dis-
tribution with a mean value of r = 57 mm and a FWHM of
�r = 4.4 mm.

To confine positrons for multiple toroidal periods, the in-
jection electric field must be removed before it drives the
antiparticles into the wall [27]. Additional injection mea-
surements were conducted with the biases applied to the
E×B and S1 electrodes switched to ground after injection.
Figure 3(a) shows the γ -ray signal recorded by the 0◦ BGO
as the switching delay, toff , was varied. When the biases were
grounded too early (toff < 5 µs), the positron bunches were not
injected successfully and the annihilation signal exhibited a
prompt peak close to the switching time. Conversely, when the
biases were switched off too late (toff > 13 µs), the positrons
annihilated at t ∼ 15 µs after one toroidal orbit of the trap.
Between toff = 5 to 13 µs, the injection biases switched to
ground whilst the positrons were safely within the x < 0 half
of the trap. In this window, the annihilation signal is absent,
which indicates that the injected positrons were captured with
negligible losses.

Figure 3(b) shows the total annihilation signal from all
three BGO detectors integrated over a 30 µs time window

FIG. 3. (a) Time-dependent annihilation signal observed as the
switch-off time of the injection voltages was varied. Um = +8 V.
(b) Mean (points) and standard deviation (bars) of the total γ -ray
signal from all detectors observed at the end of a given hold time and
an exponential fit (dashed line) to the data. Um = +14 V.

during which captured positrons were ejected from the trap
by switching the magnet bias off and the injection electrodes
back on. The hold time prior to ejection was varied within
the range thold = 40 ms to 1.3 s. An exponential fit to the
data suggests that the mean lifetime of positrons in the trap
was τc = 610 ± 81 ms. The pressure in the vacuum system
was roughly ∼10−6 Pa. Previous work concluded that the e+
confinement time is probably limited by outward diffusion
driven by collisions with background neutrals [27].

Immediately after injection, the positron bunches occupied
∼10% of the torus. To investigate the evolution of the az-
imuthal distribution, trap-and-hold measurements were made
using hold times similar to the toroidal drift period (τd ≈
16 µs). Figures 4(a) and 4(b) show the γ -ray signal (summed
from all three BGO detectors) that was observed after ejecting
the trapped positrons by reintroducing the injection electric
field. For these measurements, the magnet case was statically
biased to either Um = 14 V or 30 V. The phase of the toroidal
orbits determines the lag between the application of the elec-
tric field and the positrons being pushed into the wall, which
resulted in clear diagonal striations in the annihilation data.
The angular frequency of the drift motion was measured from

FIG. 4. (a), (b) Measured (sum of all three BGO detector data
sets) and (c), (d) simulated annihilation signal for a range of short
hold times in the dipole trap with the magnet case biased to either
(a), (c) Um = +14 V or (b), (d) +30 V.
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FIG. 5. Simulated (a) toroidal and (b) poloidal distribution of
N = 105 e+ in the dipole trap with Um = +14 V. The color range in
(b) has been clipped to show 90% of the distribution, which occupies
a volume of ∼160 cm3.

Fourier transforms of the stacked spectra to be ωd = 405 ±
2 krad/s for Um = +14 V, and ωd = 734 ± 4 krad/s for Um =
+30 V. As expected, increasing the radial electric field re-
sulted in a faster toroidal drift [Eq. (1)]. Toroidal expansion is
evidenced by the diminishing contrast of the striations during
the first 100 µs of confinement. The spatial profile and energy
distribution of the injected beam determines the spread of
drift frequencies that cause the initially clustered positrons to
expand around the trap.

The experimental results are supported by simulations.
Injection trajectories were calculated for 5000 positrons
sampled from a model of the BGT distribution [54,62].
Figures 4(c) and 4(d) show sets of histograms of the times
that the trajectories intersected a hard surface, which closely
reproduce the main features of the annihilation data. Sim-
ilar calculations were used to estimate the time-dependent
toroidal distribution of N = 105 e+ orbiting around the mag-
net [Fig. 5(a)], in addition to the post-expansion poloidal
density distribution [Fig. 5(b)]. The simulations verify that
the observed drift dynamics can be ascribed to single-particle
behavior and allow us to determine the expectation value of
the density of the expanded distribution, 〈n〉 ≈ 103 cm−3. The
magnetic field strength of the dipole decays with 1/r3 and
the positron drift dynamics are, therefore, quite sensitive to
the shape and position of the injected bunch. Consequently,
measurements and simulations similar to those presented in
Fig. 4 could be utilized to determine radial profiles without
the need for target probe scans.

In conclusion, we have demonstrated lossless drift injec-
tion of a pulsed positron beam into a supported dipole trap.

Approximately 105 e+ were simultaneously confined by re-
capturing individual bunches produced by a BGT. This is at
least two orders of magnitude more than has been achieved
previously [27]. Time-resolved measurements of the annihi-
lation radiation were used to distinguish between successful
and failed injection of the pulsed beam, to efficiently optimize
the capture scheme, and to observe the toroidal redistribution
of the positrons during the initial stages of confinement. Tra-
jectory calculations confirm that the observed dynamics are
consistent with single-particle behavior.

A single-component collection of charged particles with a
density, n, and temperature, T , is generally considered to be a
non-neutral plasma if the Debye length, λD =

√
ε0kBT/nq2, is

small compared to the size of the distribution [67,68] (where
q is the unit charge, ε0 is the vacuum permittivity, and kB is
the Boltzmann constant). Inside the BGT, λD ∼ 2 mm and the
trapped positron clouds marginally qualify as plasma. How-
ever, after expanding toroidally in the dipole trap, the density
was too low for collective effects to manifest. To obtain a non-
neutral plasma would likely require �107 e+ (which could
be achieved by stacking bunches in a Penning trap [69–72]).
In this case, the space-charge potential would be a sizable
fraction of the electric potential applied to the magnet case.
Accordingly, the techniques for measuring the toroidal drift
frequency that we have described could be used to estimate
the number of positrons in the plasma [73–75]. Our results
are directly applicable to ongoing efforts to inject positron
bunches into an electron plasma [76]. This work demonstrates
the viability of drift injection with a bunched positron beam
and represents an important step toward the confinement of a
low-energy electron-positron pair plasma in a levitating dipole
trap [36].
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