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The Buncher and the Magnetic Lens
for the LINAC Based Low Energy Positron Beams at AIST
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A buncher and a magnetic lens were introduced to improve the beam flux density of a pulsed positron beam
extracted from the low energy positron accumulator at National Institute of Advanced Industrial Science and
Technology (AIST). The buncher made the pulse width ∼ 1/4 and the magnetic lens reduced the beam cross
section ∼ 1/9, which resulted in about 36 times increase in the beam flux density. Possible applications for
electron-positron plasma experiments are also discussed.
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1. Introduction
The low energy positron beams supplied from elec-

tron linear accelerators (LINACs) were used more than
40 years in material sciences and atomic physics, which
was made possible with the introduction of proper mod-
erators [1]. Since the measurement time can be shorter,
the higher intensity positron beam is preferable. In a sim-
ple situation, the positron beam intensity may be increased
just by increasing the electron current, electron energy or
the repetition rate in the LINAC, unless the production tar-
get is not damaged. However, in some research activities, it
is desirable to have the shorter pulsed low energy positron
beams with the higher intensity. For example, if a phys-
ical process in concern has a time scale in the order of a
few tens of nanoseconds, the pulse width in the order of a
nanosecond may be necessary.

One technique to resolve the situation is the so called
trap-based low energy positron beam source, which uti-
lizes a radioisotope (RI) and a buffer gas trap to accumulate
low energy (≤ 1 eV) positrons. The accumulated positrons
are extracted as a pulsed beam from the trap. In the past
few decades, those accumulated low energy positrons have
been applied for various research fields, i.e., producing an-
tihydrogen atoms and positron systems like positronium
(Ps), Ps2 molecules, Ps−, etc. for precision spectroscopy,
atomic collision studies, and so on [2]. It is thought that
the further bunching and focusing of the pulsed positron
beams with the higher intensity (more positrons) will ex-
tend the research capabilities.
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It seems that there are two possibilities to obtain high
intensity beams. The one is to develop the nuclear re-
actor based low energy positron accumulator, where the
multi-cell trap may be introduced to increase the number
of positrons further [3]. In principle, a multi-cell trap is
also applicable for low energy positrons from an RI and a
LINAC. The feasibility depends on the confinement time
and the extraction scheme of the multi-cell trap under de-
velopment. The other possibility is to utilize an electron
LINAC, which is also expected to provide higher inten-
sity positron beams compared with RI sources. As men-
tioned, the use of electron LINAC for the production of low
energy positron beams is a standard technique prevailing
all over the world. However, the accumulation of LINAC
based low energy positrons has not been achieved until re-
cently [4–6]. Here, the timed buncher and the magnetic
lens are newly installed for the LINAC based low energy
positron accumulator at AIST to improve the intensity of
extracted positron pulses.

2. LINAC at AIST
The electron LINAC at AIST accelerates electron

bunches supplied by the electron gun shown in Fig. 1 (a) to
40 MeV at 40 Hz with two acceleration tubes (Fig. 1 (b)).
The typical pulse width is 2 µs and the peak current is
100 mA. These accelerated electrons, impinging the wa-
ter cooled Ta target, create high energy positrons, which
go into the biased W moderator (Fig. 1 (c)). The energy
of the moderated slow positrons can be controlled with the
bias voltage of the W moderator, which is typically less

c⃝ 2023 The Japan Society of Plasma
Science and Nuclear Fusion Research

1406023-1



Plasma and Fusion Research: Regular Articles Volume 18, 1406023 (2023)

Fig. 1 (a) The electron gun provides 67 keV electron pulses at
40 Hz with the peak intensity of 100 mA. (b) Two RF
cavities accelerate the 2 µs electron pulses to 40 MeV.
(c) Pair creations at the water cooled Ta target provide
high energy positrons, which are moderated at W placed
right after the Ta target. (d) The moderated positrons go
through two 45 degree corners and guided to the experi-
mental hall behind the concrete wall.

Fig. 2 (a) The positron pulses with the energy less than 30 eV
are guided with a magnetic field of about 100 G. There
are four 90 degree corners inside the experimental hall
before entering the buffer gas trap. (b) The moderated
positrons are transported about 20 m long guide field
from the moderator to the trap.

than 30 eV, here. The moderated mono-energetic positron
pulses are guided through a magnetic field of ∼ 100 G
to the experimental hall [7]. The average current of the
slow positron pulses is about 1 pA with the pulse width of
2 µs. After the moderator, there are two 45 degree cor-
ners (Fig. 1 (d)) and four 90 degree corners (Fig. 2) in the
positron transfer line to the positron accumulator. The slow
positron facility at AIST is unique in that the RI based
positron source is also equipped for the same positron
transfer line.

3. Low Energy Positron Accumulator
As already mentioned, electron LINACs have been

used widely for producing slow positron pulses. Although
the accumulation of LINAC based low energy positrons
was pursued more than 30 years, it was not realized un-

Fig. 3 (a) The buffer gas trap originally used for the RI based
positron accumulator was attached to one of the positron
transfer lines at the slow positron facility in AIST. (b)
The solenoid coil with the length of 1300 mm contains
the gas cell 1, 2 and the multi-ring electrode trap.

til recently. In fact, the way to realize the accumulation
of a LINAC based low energy positrons has already well
established for the accumulation of RI based low energy
positrons, i.e., a buffer gas trap. The positron accumulator
shown in Fig. 3 (a) in this experiment is the same one used
for the accumulation of RI based low energy positrons in
previous experiments [8]. Since the intensity of 22Na RI
source became lower, the accumulator was transported to
AIST to continue experiments. It should be also mentioned
that this accumulator is quite similar to the one originally
developed by UCSD group [9].

The details of the accumulator were reported before
[8]. The solenoid coil with the length of 1300 mm can pro-
vide a uniform magnetic field of ∼ 600 G inside the vac-
uum chamber, which contains two gas cells and the trap
shown in Fig. 3 (b). The gas cell 1 and 2 have the inner di-
ameter of 7.6 and 23 mm with the axial length of 400 and
500 mm, respectively. The positron trap has 13 ring elec-
trodes with the inner diameter of 60 mm. The axial length
of the trap is 282 mm and one of the ring electrodes is seg-
mented into 4 pieces, so that the rotational electric field
can be applied. The minor modification was made to at-
tach the extra gas inlet at the downstream side to introduce
CF4 cooling gas into the trap region. At the base pressure
of ∼ 2×10−9 Torr, N2 buffer gas and CF4 cooling gas with
the partial pressure of ∼ 2×10−6 Torr are introduced into
the trap. A micro-channel plate (MCP) and a phosphor
screen (PS) are installed at the end of the vacuum cham-
ber, where the field strength is about 150 G. With the use
of a CCD camera, an image of an extracted positron pulse
can be observed after accumulating positrons in the buffer
gas trap.

Shown in Fig. 4 (a) is a schematic of the positron trap.
The ring electrode named C and S denote the center ring
electrode and segmented electrodes, respectively. Also
shown in Fig. 4 (b) is an example of the accumulation po-
tential on the axis of symmetry. The axial position z = 0
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Fig. 4 (a) A schematic of the multi-ring electrodes of the trap,
where positrons are accumulated. The ring electrode
named C and S denote the center ring electrode and seg-
mented electrodes, respectively. (b) An example of the
potential on the axis. The axial position z = 0 corresponds
to that of the electrode C.

corresponds to that of the electrode C. By injecting 10 eV,
2 µs positron pulses at 40 Hz, 5×105 positrons were accu-
mulated in 4 s with a rotational electric field. The accumu-
lated positrons can be extracted with a much shorter pulse
width of ∼ 9 ns. And the Gaussian beam profile observed at
the position of the PS has a full width at the half maximum
(FWHM) of ∼ 1.8 mm [5].

Regarding the accumulated positron number N, the
simple fitting curve,

N = ατ[1 − exp(−t/τ)], (1)

leads to the accumulation rate α = 1.7 × 105 s−1 and the
confinement time τ = 2.8 s. And the trapping efficiency
was about 4%. Unfortunately, these values were less com-
pared with those of RI based positron accumulators. This
is probably due to a wide axial energy spread of the in-
coming positron pulses. Shown in Fig. 5 are the output
signals of a scintillator placed at the end of the accumu-
lator where positrons annihilate by hitting the MCP at the
end of the beam line. The retarding potential is applied to
the gas cell 1 at the field strength of ∼ 600 G for various
incoming energies of the positron pulses. It is clearly seen
that the axial energy distributions inside the accumulator
are almost flat for the measured positron energy of 7, 10,
15 and 20 eV. In contrast, the previous RI based positron
source with the solid Ne moderator had the axial energy
spread less than 4 eV for the injection energy of 50 eV [8].
Since the electronic excitation of N2 molecule is the main

Fig. 5 The scintillator signals observed as a function of the re-
tarding potential applied at the gas cell 1 at B ∼ 600 G. It
is seen that the axial energy distributions are almost flat
for all injection energies of positrons.

energy loss process for trapping positrons, which has the
large cross section for the specific energy around 9 eV, it is
thought that the observed large energy spread deteriorates
the trapping efficiency.

There are two possible reasons for this large axial en-
ergy spread. One is the magnetic mirror effect at the en-
trance of the accumulator, where the field changes from
100 to 600 G (In case of the previous setup with RI source,
the field changes from 360 to 900 G). The other possibility
is the gradient B drift due to the 6 corners in the positron
transport line. However, it is thought that the effect of the
gradient B drift is not so serious at the lower energy. Even
if the magnetic mirror effect is the reason for the axial en-
ergy spread, the field strength at the accumulator cannot
be reduced, because the incoming positron beam has to go
through the gas cell 1 with the I.D. of 7.6 mm.

A possible solution to improve the trapping efficiency
is to use a re-moderator inside the uniform magnetic field
of the positron accumulator. One of the candidates for a re-
moderator is a silicon carbide (SiC), which was reported
to have the re-emission efficiency of ∼ 60% [10]. Then,
depending on the operation scheme, it is not necessary to
use N2 buffer gas [11].

4. The Buncher and the Magnetic
Lens
Shown in Fig. 6 are a picture and a schematic of the

buncher and magnetic lens newly installed to improve the
intensity of pulsed positron beams at AIST. The cylindri-
cal buncher electrode has the inner diameter of 8 mm and
the axial length of 120 mm, which is housed in a contin-
uous uniform magnetic field ∼ 230 G. After the buncher,
there is the differential pumping stage which is composed
of the cylindrical pipe with the inner diameter of 8 mm and
the axial length of 100 mm. Then, the electrostatic accel-
eration unit composed of two parallel meshes accelerates
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Fig. 6 The buncher and the magnetic lens were newly installed
for the low energy positron accumulator at AIST to im-
prove the intensity of extracted positron beams. The
MCP and PS are also attached at the end of the beam line
to observe the profiles of the extracted positron beams.

positrons to 5 keV. Finally, the accelerated positrons go
through the magnetic lens [12,13] and focused on the MCP
and PS. A plastic scintillator is also placed at the end of
the beam line to observe the annihilations of positrons at
the MCP.

Depending on the research purposes, it is useful to
have the higher intensity positron pulses. Ideally, it is bet-
ter if the space volume of the bunched beam can be re-
duced while keeping the beam energy constant. However,
it is not possible to reduce the phase space volume without
a certain cooling mechanism (Liouville’s theorem). This
means if the volume in real space is reduced, the volume
in velocity space increases, thus it is inevitable to heat
up the bunched beam during the compression in the real
space. So, if the experimental purpose permits, the fol-
lowing bunching techniques can be applied. Traditional
techniques for bunching a low energy positron pulses are
so called harmonic buncher and timed potential buncher
[14, 15]. A harmonic buncher uses the harmonic poten-
tial, which is effective when the positrons extend over some
electrodes. In that sense, the multi-ring structure employed
in the positron accumulator is suitable for applying the har-
monic bunching potential under the condition that a large
number of trapped positrons fill over the axial space of
the trap. Unfortunately, 5×105 positrons are localized at
the bottom of the potential near the segmented electrodes
and the harmonic bunching is not suitable at the moment.
Therefore, a timed potential buncher is employed here.

Basically, the buncher electrode applies an electric po-
tential to the tail of a pulsed beam. In Fig. 7, the concept of
a timed buncher is depicted and the inset shows the elec-
tric pulse applied to the buncher electrode. At the begin-
ning (i), an extracted positron pulse is contained inside the

Fig. 7 The concept of a timed buncher. (i) A positron pulse is
inside the grounded buncher electrode. (ii) The buncher
potential increases so that the remaining part of the pulse
has the higher energy. (iii) At the focal point, the shorter
pulse results with the higher intensity. The inset shows
the electric pulse applied to the buncher electrode.

Fig. 8 Pulse widths of the extracted positrons are measured with
and without a buncher pulse. The Gaussian fitting of the
observed pulses results in 2.2 ns and 7.6 ns, respectively.
The pulse is compressed axially 1/4 of the original pulse
of 9 ns.

grounded cylindrical buncher. As the pulse go through the
buncher (ii), the buncher potential increases monotonically
so that the latter part of the pulse has the higher energy. At
the focal point (iii), the beam can be compressed axially at
the expense of the beam energy spread.

Figure 8 shows the pulse widths of the extracted
positron pulses measured with the scintillator. The solid
red line is the signal obtained with the buncher pulse and
the solid black line is the one without a buncher pulse. The
Gaussian fitting of the observed pulses results in FWHM
of 2.2 ns and 7.6 ns, respectively. So, the positron pulse is
axially compressed about 1/4 of the original pulse (9 ns)
without the bunching system [5].

In the transverse plane, perpendicular to the beam
axis, the beam can be focused radially with the use of
the magnetic lens, which produces the local axial mag-
netic field over ∼ 30 mm along the beam axis. In Fig. 9,
the calculated magnetic field on the axis at the position of
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Fig. 9 The calculated magnetic field on the axis produced by the
magnetic lens with the coil current of 1.00 A. It is seen
that the magnetic field extends over ∼ 30 mm in FWHM.

Fig. 10 Images of the extracted positron pulses with the mag-
netic lens for (a) Ib = 0.91 A, (b) Ib = 0.85 A, (c) Ib =

0.75 A. (d) The cross sections of the images in (a), (b)
and (c). (e) The peak intensity (solid circle) and profile
width (red square) on PS are plotted as functions of Ib.
The minimum FWHM of ∼ 0.6 mm (Ib = 0.89 A) is 1/3
of the one (1.8 mm) without the magnetic lens.

the magnetic lens is plotted as an example for the coil cur-
rent Ib = 1.00 A, where the maximum field is about 167 G.
The focused beam size was estimated with the paraxial-
ray equation in cylindrical coordinates. The similar focus-
ing system was applied for the slow positron beam line
at AIST (without the accumulation trap), which resulted in
the beam size of ∼ 90 µm after a re-moderator [12] and also
for the production of Ps− beam with the smaller diameter
to improve the interaction with a crossing laser [13].

Figures 10 (a), (b), and (c) show the example images
of the positron pulses observed with the CCD camera for
three different Ib of 0.91, 0.85, and 0.75 A. In fact, meshes
for acceleration can be observed in (a) and (b), and the
images are somewhat deformed from a circular profile.
It is also confirmed in Fig. 10 (d), where the cross sec-
tions of the images in (a), (b), and (c) are plotted. Al-
though the beam profiles (solid lines) are slightly devi-
ated from Gaussian fittings (dashed lines), the peak and
FWHM of the Gaussian profiles are plotted as functions
of Ib in Fig. 10 (e), where solid circles and red squares de-

note the peak intensity and FWHM, respectively. The min-
imum FWHM of ∼ 0.6 mm at Ib = 0.89 A is ∼ 1/3 of the
one (1.8 mm) before installing the magnetic lens. There-
fore, the beam flux density becomes about 36 times higher
by introducing the new focusing elements, i.e., the timed
buncher and the magnetic focusing lens.

5. Electron - Positron Plasma Experi-
ments
One of possible applications of the LINAC based low

energy positron accumulator is to perform the electron-
positron (e-p) plasma experiments where a higher intensity
shorter positron pulse is preferable. A possible procedure
to prepare an e-p plasma in a trap with a closed magnetic
field configuration may be as follows. At first, 109 elec-
trons are confined in the trap, while positrons are accumu-
lated in a different accumulator. When 109 positrons are
ready, a pulsed positron beam is injected into the electron
plasma by applying a proper guide field. Therefore, the
disturbances due to the guide field for positrons on the ex-
isting electron plasma can be minimized and the catching
efficiency of positrons may be improved with a higher in-
tensity shorter positron pulse. The latter is also true for
open magnetic field configurations like a compact mag-
netic mirror and a uniform magnetic field.

So far, theoretical research activities on e-p plasmas
have been conducted intensively, including simulations in
some cases, which are listed in Refs. [16] and [17]. Al-
though various interesting phenomena are expected, there
is almost no experimental verification. This is partly be-
cause the simultaneous confinement of charged particles
with different sings of charges is difficult in laboratories.
However, even if the confinement time of e-p plasmas is
not so long, the confinement can be meaningful when the
specific phenomena in concern have a short time scale
compared with the confinement time. For example, the
plasma oscillation in the order of MHz can be studied if
the confinement time is longer than 10 ms.

As the methods of accumulating low energy positrons
in a Penning-Malmberg trap become established, some e-
p plasma experiments are proposed, which include vari-
ous magnetic configurations. A simple stellarator (helical
magnetic field) with two ring coils [18] and a compact lev-
itated dipole field with a super conducting magnet [19] are
planned with the use of a multi-cell trap, which accumu-
lates 1010 - 1011 positrons [3]. A good old magnetic mir-
ror field [20] may be used finally for the confinement of
high energy e-p plasmas, whose electrons and positrons
are from the pair creations with high intensity lasers [21].
A compact magnetic mirror can be also used for low en-
ergy e-p plasmas [22], whose 108 positrons can be supplied
from a standard positron accumulator. And a nested Malm-
berg trap in a uniform magnetic field may be the simplest
setup for e-p plasma experiments with 108 electrons and
positrons, respectively [23].
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Since the observed physical phenomena depend on the
magnetic configuration, unique experimental results are
expected for each configuration. For example, the effect
of the co-streaming and counter streaming in e-p plasmas
can be studied with a stellarator. A dipole magnet is suit-
able for studying the self-organization of e-p plasmas in a
magnetosphere. High energy e-p plasmas in a strong mag-
netic mirror is unique in that plasma parameters (the den-
sity and temperature) are totally different from the other
experiments, which may be observed in neutron stars in
the universe. Probably, a uniform magnetic field may give
a chance to study the vortex interactions between positive
and negative vorticities. So, each magnetic configuration
has its own uniqueness and they are complementary to
each other. Most of these experiments will be made possi-
ble with the use of a superconducting magnet for accumu-
lating a large number of positrons (≥ 109) from the LINAC
based low energy positrons.

6. Summary
The timed potential buncher and the magnetic lens

system were applied successfully for the low energy
positron accumulator at AIST. The original pulse width of
9 ns became 2.2 ns and the original Gaussian beam profile
with the FWHM of 1.8 mm was focused to that of 0.6 mm.
In total, the beam flux density becomes ∼ 36 times higher
with the new set up. Although the number of positrons
may not be enough for some specific applications, it will
be improved by employing a re-moderator inside the accu-
mulator.

There are proposals for electron-positron plasma ex-
periments with various magnetic field configurations, like
a stellarator, a magnetic dipole, a magnetic mirror, and a
uniform magnetic field, which are complementary to each
other. With the use of a (nested) Malmberg trap in a uni-
form magnetic field (∼ 3 T), 109 to 1010 positrons can be
used to investigate electron-positron plasmas experimen-
tally.
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