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A B S T R A C T

A pulse stretcher providing a 5.2 keV quasi-continuous beam has been developed for use with a pulsed slow-
positron beam generated by an electron linear accelerator operated with a repetition frequency of 50Hz.
Pulses of positrons, of width 1.2 μs, were trapped in a Penning–Malmberg trap and then gradually released
downstream, stretching the pulse width to nearly 20ms.

1. Introduction

At the Institute of Materials Structure Science of High Energy Ac-
celerator Research Organization (KEK), a high-intensity slow-positron
beam is supplied from a normal-conducting electron linear accelera-
tor (linac) via positron–electron pair creation. The system provides a
pulsed slow-positron beam with an energy of 0.1 keV – 35 keV and is
used for basic and materials science [1].

Recently, we have been developing a system for low-energy positron
diffraction (LEPD), the positron counterpart of low-energy electron
diffraction (LEED). The LEED/LEPD method is one in which a low-
energy electron/positron beam is perpendicularly incident on a sample
surface through the center hole of the detector and the diffraction
pattern formed by backscattering is observed. Unlike the small electron
gun of LEED, the large transportation system and geometrical conflicts
of the positron beam apparatus pose difficulties in using an optical
camera to record diffraction patterns from the back. Therefore, a two-
dimensional position sensitive detector is needed, such as a delay-line
detector (DLD) [2] or a resistive anode encoder (RAE) [3].

The intense pulsed beams generated with a linac are not, however,
suitable for these counting detectors because of the signal pile-up in
the detection system. For example, the long-pulse mode of the linac
used, in which the maximum beam intensity is available, provides
106 slow-𝑒+ in every 1.2 μs pulse. This amounts to a positron density
per unit time of 1012 slow-𝑒+∕s, which could lead to pile-up problems.
In order to circumvent this issue whilst taking advantage of the high-
intensity beam produced by the linac-based method, a pulse stretcher
has been developed and incorporated into the system.
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Attempts to construct pulse stretchers have been made at several
facilities [4–8] for conventional positron annihilation 𝛾-ray spectro-
scopies, which also have similar pile-up problems to linac-based pulsed
beams. These stretchers first confine pulsed positrons in a Penning–
Malmberg trap [9] and then release them gradually by decreasing the
electrostatic potential of the exit electrode before the next pulse arrives.
The energy of the output beam of these stretchers is low, typically 10 eV
– 25 eV.

Another way of stretching linac-based positron pulses has also been
attempted, in which a pulse of positrons is held in a Penning–Malmberg
trap, and the trap potential is slowly raised while the exit potential
is maintained at a fixed value lower than the entrance potential, so
that the positrons with the highest kinetic energy within the trap spill
over the exit electrode. The concept of this technique was proposed
by the slow-positron group at Lawrence Livermore National Laboratory
(LLNL) [10,11]. With this method, they released positrons from the trap
with an energy of 20 eV and used them to obtain two-dimensional an-
gular correlation of the annihilation radiation (2D-ACAR) spectra [12].
Also mentioned in this work was that this technique would provide a
significantly-reduced energy-distribution of the quasi-continuous beam,
making the bunching in a re-pulsing system downstream efficient for
positron lifetime experiments.

In the present study, we followed the principle of the LLNL group,
developing a new pulse stretcher which gives a quasi-continuous beam
with an energy of up to 5.2 keV against the ground potential. A beam
of ∼5 keV maximizes the forward-reemission yield for a transmission-
type remoderator [13,14] of Ni film with a thickness of ∼150 nm [15]
and W film with a thickness of ∼100 nm [13]. In the present setup, the
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Fig. 1. A conceptual image of the pulse stretcher developed at KEK. Slow-positron pulses, coming from the right, are decelerated and confined in a Penning–Malmberg trap, and
then released downstream slowly by raising the trap potential.

Fig. 2. An example of the temporal change in the potential of each electrode of the
trap for the pulse stretching. The spatial distribution of the potential along the beam
line center at the moment indicated by the letters A, B, ⋯, E in this figure are shown
in Fig. 1.

resulting high-energy quasi-continuous beam was remoderated with a
Ni film and used for LEPD experiments at the ground potential [16].

2. Experimental setup

A schematic diagram of the KEK slow-positron facility is shown in
Ref. [16]. The linac is operated at ∼50MeV, < 0.6 kW with a repetition
frequency of 50Hz. Accelerated electrons are impinged on 4mm thick
Ta (converter) as shown in Figs. 1 and 2 of Ref. [1]. The electrons
deflected by Ta nuclei emit Bremsstrahlung X-rays, causing positron–
electron pair creation in the converter. A proportion of the high-
energy positrons created is then thermalized in 25 μm thick W films
(moderator) situated beside the converter and emitted with an energy
corresponding to the negative work function for the positron, ∼3 eV,

from the film surfaces. A voltage of 5.0 kV is applied to the converter.
The two sets of moderators and the extraction grid beside the converter
are subjected to a bias voltage of −10V relative to each other. The
moderated positrons are then accelerated to ∼5.0 keV toward another
grid at the entrance of the beam line at the ground potential and
transported along a magnetic field to the experimental stations. The
present pulse stretcher is located in the middle of the long straight beam
line, upstream of the first-branching point leading the beam to the floor
above.

A conceptual image of the present pulse stretcher is shown in Fig. 1.
A grounded electrode, an entrance gate electrode, a ∼6m long trap
electrode, an exit electrode, and another grounded electrode, which
are all cylindrical, were situated inside the vacuum tube of the beam
line. Positron pulses are trapped between the entrance and the exit
electrodes, confined axially by electrostatic potentials and radially
along the beam line by a magnetic field generated by coils.

The space-length of a slow-positron pulse of a certain time-width
varies with its kinetic energy, becoming longer as the energy increases.
For example, the space-length of a 1.2 μm pulse with an energy of 5 keV
is ∼50m. Such a length is too long for this facility to accommodate in
a linear trap, therefore the kinetic energy in the trapping section needs
to be appropriately reduced. We constructed a Penning–Malmberg
trap with a trap electrode of ∼6m long. A round-trip length of 12m
corresponds to the space-length of a 1.2 μs pulse with an energy of
∼300 eV. During operation, the entrance gate electrode is normally kept
at a higher potential than that at the exit electrode (Fig. 1 A). When a
positron pulse arrives, the potential of the entrance gate electrode is
temporarily lowered to allow entry into the trap electrode (Fig. 1 B).
The positrons are decelerated on entering the entrance gate electrode,
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Fig. 3. Diagram of the timing circuit for the present pulse stretcher.

and decelerated further to be less than 300 eV when they reach the
trap electrode. Positrons then travel along a solenoid magnetic field
down to and are reflected back from the exit electrode, which is
kept at a constant potential for the energy of outgoing positrons. The
entrance electrode potential is raised back to the initial value before
the positrons return in 1.2 μs, in order to prevent escape (Fig. 1 C).
The trap electrode potential is then increased gradually, letting the
positrons spill over the exit electrode with a fixed kinetic energy set
by the potential of the exit electrode (Fig. 1 D to E).

This system allows positrons in the trap to pass through the exit
electrode in order of highest kinetic energy first. By adjusting the
sweeping speed of the trapping electrode potential, we can vary the
width of the stretched pulse beam up to the pulse interval, 20ms,
which makes an almost a continuous beam. An example of the temporal
change of the potential at the three electrodes is given in Fig. 2.

A diagram of the timing circuit for the pulse stretcher is shown
in Fig. 3. A timing signal generated by the master timing trigger is
branched by the first digital delay-generator. One of the branched
signal triggers the linac, while a second triggers a waveform generator
(Tektronix AFG3022C) and a digital oscilloscope through a second
digital delay-generator (SRS DG535). The waveform generator drives
the high-voltage pulse generator (DEI PVX-4130) and the high-voltage
power amplifier (Matsusada Precision HEOPT-20B10) to control the
potentials at the entrance and the trap electrodes, respectively. The
digital oscilloscope monitors the potential supplied to the entrance and
trap electrodes together with the signal from an annihilation 𝛾-ray
detector. This detector is placed close to a gate valve downstream of
the pulse stretcher in order to observe the beam. The third signal from
the first digital delay-generator is fed to the experimental station and
is used to synchronize the detection system with the operation of the
pulse stretcher.

Fig. 4 shows a cross-section of the electrodes, vacuum tubes, and
trapping/transporting coils around the entrance electrode. The corre-
sponding part around the exit electrode is symmetrical with this figure.
The grounded electrodes are 75mm long with an inner diameter of
58mm. The entrance and exit electrodes are 160mm long with the
same inner diameter. The trap electrode is 5780mm long with an inner
diameter of 69mm. The gap between the ground and the entrance/exit
electrode is 4mm, and that between the trap and the entrance/exit elec-
trodes is 2mm. The coils for the Penning–Malmberg trap are polyester
enameled wires 2mm in diameter wound 300 turns on a spool-type

Fig. 4. A schematic diagram around the entrance electrode of the Penning–Malmberg
trap. A cross-sectional view of the electrodes, vacuum tubes, and trapping/transporting
magnetic coils, together with current wiring for magnetic field adjustment, are shown.

frame with a dimension of 𝜙 310mm × 40mm. These coils are arranged
125mm apart between the centers. With a current of 6.5A, a magnetic
field of ∼15mT can be generated along the beam line center. A typical
magnetic field during the operation of the pulse stretcher is ∼10mT.
The earth’s magnetic field is adequately compensated for using long
rectangular coils consisting of 8 turns of wires surrounding the whole
pulse stretcher, connected to ±5A bipolar current sources. Parts of
these coils are also shown in Fig. 4.

A calculated electrostatic potential around the exit electrode is
shown in Fig. 5(a), where 𝑟 is the radial distance from the center line
of the electrodes, and 𝑧 is a coordinate along the center line. A contour
plot shows the electrostatic potential from 4735V to 5190V at 35V
intervals when potentials of 4740V and 5200V are applied to the trap
and the exit electrode, respectively. The potential along the center of
the beam line is plotted in Fig. 5(b). Values of the difference in potential
at 𝑟 = 10mm and 𝑟 = 0mm and that at 𝑟 = 5mm and 𝑟 = 0mm
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Fig. 5. An example of a calculated electrostatic potential around the exit electrode, where 𝑟 is the radial distance from the center line and 𝑧 is a coordinate along the center
line. (a) Contour plot showing electrostatic potential from 4735V to 5190V at 35V intervals when potentials of 4740V and 5200V are applied to the trap and the exit electrode,
respectively. (b) The potential along the center of the beam line, 𝑉 (𝑟=0mm). (c) The difference in potential at 𝑟 = 10mm and 𝑟 = 0mm (𝑉 (𝑟=10mm) − 𝑉 (𝑟=0mm)), and that at
𝑟 = 5mm and 𝑟 = 0mm (𝑉 (𝑟=5mm) − 𝑉 (𝑟=0mm)).

Fig. 6. Layout of the vacuum system for the present pulse stretcher. Long parts are partially omitted in this figure. ‘‘NEG pump’’ denotes non-evaporable getter pump.

with respect to 𝑧 are plotted in Fig. 5(c). Within the exit electrode,
the minimum value of the former difference is 0.4V, and that of the
latter difference is 0.1V. This shows that the difference in the potential
barrier at the exit electrode experienced by the positrons with a beam
radius of 5mm (the half width at tenth maximum (HWTM) of the beam
intensity) is expected to be constant within ∼100mV.

A layout of the vacuum system for the present pulse stretcher is
shown in Fig. 6 (long parts partially omitted). Two non-evaporable
getter (NEG) pumps (SAES CapaciTorr D1000), two ion pumps (Var-
ian (Agilent) Vaclon Plus 75 StarCell), and a turbo molecular pump
(Edwards STP-301) were installed. Two holes of dimension 60mm and
52mm were made in the trap electrode, opening to the NEG pumps
through 20 wires/inch meshes. A gate valve on the turbo molecular
pump was open during the baking of the beam line and closed after
cool-down to room temperature. Following a one-week bake-out and
activation of the NEG pumps, two cold cathode gauges placed outside
the coils measured the pressure to be ∼1 × 10−7 Pa with current flow
through the coils (whereupon an accompanying slight temperature rise
of the beam-line was noted). A fast-closing isolation flap-valve was
installed downstream of the pulse stretcher to protect the upstream side

including the slow-positron production unit and the linac. Its function
was to close automatically within a few tens of ms on detection of
a pressure rise in an emergency such as an unintended vacuum leak.
Electrical feedthroughs were installed at both ends of the trap to apply
potential to the electrodes (also shown in Fig. 4). Linear transfers, to
which an assembly of multi-channel plates (MCP) and a fluorescent
screen were attached, were installed upstream and downstream of the
pulse stretcher to monitor the beam.

3. Results and discussion

We confirmed that the initial 1.2 μs pulse was extended in width
from about 200 μs to nearly 20ms with the present system. The lower
limit of the stretched pulse width is due to the bandwidth of the high-
voltage amplifier connected to the capacitive trap electrode, and the
upper limit is simply the interval of 50Hz pulses.

Fig. 7 shows an example of pulse stretching to a width of 15ms
with the present system. Fig. 7(a) represents the monitor output of the
high-voltage power amplifier, which supplied a varying potential to the
trap electrode. It was observed using a digital oscilloscope in the AC
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Fig. 7. An example of the performance of the present pulse stretcher with 15ms pulse stretching. (a) Monitor output of the high-voltage power amplifier, which supplied a varying
potential to the trap electrode. It was observed using a digital oscilloscope in the AC coupling mode, so that the vertical axis of the plot shows the relative variation from the
DC component. The output was actually varied from 4.8 kV to 5.4 kV, synchronized with the linac trigger at a rate of 50Hz. (b) Annihilation 𝛾-ray signal due to positrons that
passed through the exit electrode kept at 5.2 kV and annihilated upon reaching the closed gate valve downstream. Signals were detected by a plastic scintillator mounted on a
photomultiplier tube (PMT), which was placed nearby. (c), (d) Enlarged views of the area denoted by the boxes in (b) and (c), respectively.

coupling mode, so that the vertical axis of the plot shows the relative
variation from the DC component. The output was actually varied from
4.8 kV to 5.4 kV, synchronized with the linac trigger at a rate of 50Hz.
The amplifier was driven by the waveform generator. The waveform
in this case was adjusted to give a flat intensity from an assumed
Gaussian energy distribution of the incoming pulse. Fig. 7(b) shows
annihilation 𝛾-ray signals detected by a plastic scintillator mounted
on a photomultiplier tube (PMT), which was placed downstream near
the closed gate valve where the positrons annihilated. The signals
were observed only while the trap potential was gradually increased,
showing that the initial pulses of width 1.2 μs were stretched to ∼15ms.
Fig. 7(c) is an enlarged view of the area denoted by the box in (b),
and Fig. 7(d) is a further enlarged view of the box area in (c). Each
individual annihilation-𝛾 is distinguished in (d).

Fig. 8(a) and (b) show typical images of the slow-positron beam on
a MCP/phosphor-screen assembly observed downstream of the pulse
stretcher without and with the pulse stretcher operation, respectively.
The elliptical beam shape became circular when the pulse stretcher was
initiated. The visible beam diameter was ∼10mm.

Fig. 9(a) shows the positrons remaining after trapping for various
storage times. Fig. 9(c) shows profiles of the ramping trap potential,
A to H, increasing linearly from 4.56 kV to 5.4 kV, where the starting
time increases stepwise. One ramp corresponds to an independent run
for one pulse but ramps are depicted here as overlapping. Fig. 9(b)
shows the intensity profile of the annihilation 𝛾-ray signals observed
downstream corresponding to each delayed ramp of the potential. The
time dependence of the relative intensity shown in (a) is normalized
to the ‘‘time zero’’ value, which was estimated by the extrapolation of
the intensities to the trap start time. From the result, it was estimated
that the half-life of the intensity was 85ms or a 15% loss after 20ms
confinement.

The vacuum level is crucially important for the storage of positrons.
Previous experiments have shown that 95% of the positrons remained
for 1ms in a vacuum of 10−6 Pa but all of the positrons were lost in the

Fig. 8. Typical images of the slow-positron beam on a MCP/phosphor-screen assembly
(a) without and (b) with the pulse stretcher operation. The visible beam diameter is
∼10mm.

same confinement time in a vacuum of 10−4 Pa [7,8]. The result in Fig. 9
indicates that 99% of the positrons remained during trapping over 1ms
in a vacuum of 10−7 Pa with the present system, which corresponds to a
5-times longer trap life-time than that observed at 10−6 Pa, as previously
reported. The longer trap life-time observed was thought to be attained
due to better vacuum conditions.

The present pulse stretcher has been incorporated into a low-energy
positron diffraction (LEPD) system with a transmission type remoder-
ator, which has succeeded in observing LEPD patterns detected by a
DLD [16]. We have enhanced the brightness of the stretched pulse beam
with a remoderator of 150 nm thick Ni film, and used the remoderated
beam in the grounded LEPD experiment chamber. The present pulse
stretcher has resolved the multi-hit problem which features in the
counting-based system.

In Figs. 7 and 9, and in the actual LEPD measurements [16], the
positron energy was raised by about 200 eV, leading to a mono-
energetic beam with an energy of 5.2 keV after pulse stretching. With
the present system, the energy of the output positrons can be set, in
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Fig. 9. (a) Percentage decrease in the positron intensity during trapping with the present Penning–Malmberg trap. The relative intensities were observed by storing positrons for
different confinement times then released by the ramping profiles of the trap potential shown in (c). (b) Total count of annihilation 𝛾-rays detected downstream.

Fig. 10. An example of the energy elevation of the positron beam from 2.7 keV to 5.2 keV. The top plot represents the monitor output of the high-voltage power amplifier, which
supplied a varying potential to the trap electrode, observed using a digital oscilloscope in the AC coupling mode. The output of the amplifier was actually varied from 2.44 kV to
5.4 kV. The bottom plot shows annihilation 𝛾-ray signals due to positrons going through the exit electrode at 5.2 kV and annihilating at a closed gate valve downstream.

principle, at any value higher than the initial energy of the positrons,
i.e., it has the function of an energy elevator. Fig. 10 shows an example
of another energy elevation; an initial energy of 2.7 keV is elevated to
an output energy of 5.2 keV. The top plot represents the monitor output
of the high-voltage amplifier, which supplied a varying potential to the
trap electrode, observed using a digital oscilloscope in the AC coupling
mode. The output of the amplifier was actually varied from 2.44 kV to
5.4 kV. The exit electrode potential was set at 5.2 kV. The 𝛾-ray signal
from the output positrons hitting the closed gate valve downstream is
shown in the lower plot. An increase in energy from less than 2.7 keV or
to that greater than 5.4 keV was not possible due to discharge between
the electrodes. However, it should be possible to suppress the discharge
by introducing more gaps between the electrodes.

4. Conclusion

A pulse stretcher with a Penning–Malmberg trap has been developed
for a linac-based pulsed slow-positron beam with an energy of ∼5 keV.
The initial beam with a pulse width of 1.2 μs has been stretched to
nearly 20ms, which is the interval of 50Hz pulses. It has been incor-
porated into a low-energy positron diffraction (LEPD) system with a

transmission type remoderator. The issue of possible pile-up in the
detection system, synonymous with the use of intense pulsed beam,
has been resolved. With this system, LEPD patterns were successfully
observed in a grounded chamber. Furthermore, we have demonstrated
an energy elevation of a positron beam with an initial energy of 2.7 keV
to an energy of 5.2 keV with this system. Further energy elevation
should be possible by introducing larger gaps between the electrodes
of the trap to suppress discharge.
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