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Development of a cold HCI source for ultra-slow collisions
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Abstract
A system consisting of a superconducting solenoid, a multi-ring trap and a slow positron source has been built to
prepare a cold highly charged ion (HCI) beam, which will be applied to study interactions with solids or gases, e.g.
potential energy deposition scheme during interaction of slow HCIs with a surface. An electron plasma with density
more than 1010 cm3 has already been prepared to trap positrons.
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1. Introduction
Interactions of slow highly charged ions (HCIs)
with solid/gas have been intensively studied in the
last two decades [1–10], which involves multiple
electron transfer processes, the formation mechanisms of hollow atoms (ions), their evolution
above and below a surface, the scheme of their
potential energy deposition, etc. It is noted that the
scheme on how the potential energy is deposited in
a material has rarely been studied (an interesting
exception can be seen, e.g., in [11]). This is in good
contrast with the kinetic energy deposition scheme,
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which is more or less comprehensively understood
in the kinetic energy range of more than 9 digits
including relativistic region. In establishing a scenario of the potential energy deposition, one needs
a high quality cold HCI beam, which has not been
available till now.
To produce such cold HCIs, a positron cooling
technique is being developed [12–15], which is
schematically drawn in Fig. 1(a)–(d). (a) A plasma
consisting of 1010 electrons is prepared in a
multi-ring trap (MRT) [16] which is installed in a
superconducting solenoid of 5 T. The electron
plasma is automatically cooled down to its environmental temperature via synchrotron radiation
in the strong magnetic ﬁeld. (b) A positron beam
of 106 –107 eþ /s is injected into the MRT, where
they are accelerated to overcome magnetic mirror
eﬀect. The positrons are ﬁrst implanted into a remoderator, and then re-emitted as slow positrons

0168-583X/03/$ - see front matter Ó 2003 Elsevier Science B.V. All rights reserved.
doi:10.1016/S0168-583X(02)01945-6

N. Oshima et al. / Nucl. Instr. and Meth. in Phys. Res. B 205 (2003) 178–182

179

ramping the potential valley as a cold HCI beam
[19].
In order to realize the above scheme, we have
built a system consisting of a 5 T superconducting
solenoid with an ultra-high vacuum (UHV) bore
tube which can be cooled down to several K, an
MRT having 35 electrodes, a 22 Na based slow
positron source with a solid Ne moderator and a
beam line connected to an ECR ions source. In
this paper, the design and speciﬁcations of the
newly developed trap are reported.

2. Required speciﬁcations of the trap

Fig. 1. (a)–(d) Schematic descriptions of the HCI trapping,
cooling and extraction.

with small energy spread with a typical eﬃciency
of 20–30% [17,18], which interact with the preloaded electron plasma. Both the density and
length of the electron plasma are high and long
enough, so that the positrons lose their energy and
eventually be trapped. After trapping, they are
cooled via synchrotron radiation. This stage lasts
until 107 –108 positrons are trapped. (c) 106 –107
HCIs are injected and accumulated in the MRT,
which are then cooled with the positron cloud. (d)
Cold HCIs are extracted from the MRT by

As mentioned in the introduction, positrons are
implanted into the re-moderator to convert them
as a slow monoenergetic beam (see Fig. 1(b)). A
tungsten single crystal is used as the re-moderator
because of its high moderation eﬃciency [17]. The
work function of tungsten for positron is )3 eV,
i.e. positrons are emitted with their kinetic energy
of 3 eV. In order to accumulate re-moderated
positrons in the MRT, the energy loss of the
positrons in the electron plasma should be larger
than their typical energy spread of 1 eV [17]. The
energy loss of positrons is proportional to the
surface density of the plasma, S ¼ ne L, where ne is
the volume density of the electron plasma and L
the plasma length. The required surface density for
1 eV energy loss of positrons is estimated to be
1012 cm2 , in case that positrons are injected into
the electron plasma with low energies 5 eV [15].
Then, almost all of the re-moderated positrons will
be trapped in the positron trapping well.
A harmonic potential was prepared by the
MRT, which is known to store dense plasma more
stably than a rectangular potential well. In our
case, two harmonic potential wells are required to
be formed simultaneously both for electrons and
positrons.
In order to meet the above requirements, reasonable length of the MRT is considered to be 50 cm.
It takes a few seconds for cooling HCIs with
positrons. During the cooling, the vacuum of the
HCI trapped regions should be kept at 108 Pa or
better to prevent charge transfer reaction between
HCIs and residual gas atoms/molecules [13].
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3. Setup of the trap
3.1. Superconducting magnet
Fig. 2 shows a schematic drawing of the superconducting solenoid, which provide a magnetic
ﬁeld as high as 5 T. The uniformity of the ﬁeld
near the center of the bore is better than 103 in
the volume of 4 mm £  500 mm where plasmas
are trapped. An electrochemically polished UHV
vessel of 98 mm £  1940 mm is inserted in the
solenoid. The vessel is thermally insulated from the
beam line with two bellows so that the vessel can
be baked and cooled down to several K during
operation. The vessel position can be adjusted with
four motor-controlled linear feedthroughs (2
mm) to align the vessel axis against the solenoid
axis. The relative position of the vessel is monitored by four laser positioners each having position resolution of 0.01 mm.
The solenoid is equipped with two refrigerators.
One is for the superconducting solenoid (NbTi)
and the other is for the vessel to acquire UHV and

Fig. 2. A schematic drawing of the 5 T superconducting solenoid and the UHV vessel.

at the same time to prepare cold plasmas. The
vessel is bakeable using pre-wired heaters. Four
thermometers, which work in the strong magnetic
ﬁeld, are mounted around the outer wall of the
vessel. The trapping region, where the MRT is
installed, was cooled down to 10 K. The vacuum is
monitored by two pressure gauges in the beam line
near the entrance and exit of the vessel, and it is
kept 2  107 Pa without baking. It is noted that
the area around the vacuum gauges are at room
temperature, i.e., the vacuum around the MRT
area (10 K) should be much better than the above.
3.2. Multi-ring trap
Three electrode assemblies are prepared to form
the potential distribution in the vessel, the MRT
and two guiding/extraction assemblies on both
sides of the MRT. Fig. 3(a) shows a photo of the
MRT, which is 50 cm long and consists of 21 ring
electrodes, each of which is 38 mm in inner diameter and 20 mm in length. Two of the electrodes

Fig. 3. Photos of (a) the MRT and (b) the re-moderator holder.
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are segmented into four for detecting and driving
rotational motion of plasmas. As discussed in the
previous section, the MRT was designed so that it
can prepare two harmonic potential regions, one
for the electron plasma and the other for the
positron and the HCI. On both ends, electrodes of
160 mm long are added. These electrodes are assembled on a rectangular plate. The electrodes and
the rectangular plate are made of gold-plated oxygen free copper. Aluminum nitride (AlN) is
adopted as the insulating material, because of its
high thermal conductivity, which is essential to
cool the MRT eﬀectively by the cold vessel still
keeping electrical insulation. Three support rings
with multi-contact bands on their outer surfaces
allow eﬀective thermal contact between the MRT
and the vessel. The bands also absorb mechanical
stress induced by heat cycles.
The positron re-moderator made of a tungsten
single crystal is positioned at an end of the MRT.
As is shown in Fig. 3(b), the re-moderator is on the
movable holder so that it is removable when particles are extracted downstream of the MRT.

number of electrons is 1:2  1010 ) trapped for 10 s,
which tells that the plasma diameter is 1 mm.
Assuming that the plasma has a spheroidal shape,
the surface density of the plasma is evaluated [20]
to be 2:3  1012 cm2 (ne ¼ 7:4  1010 cm3 , L ¼
31 cm), which meets the requirements described in
Section 2.

4. Electron plasma
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A 26 mm £ ﬂuorescence screen which is used
also as a Faraday cup is located at 1 m downstream from the MRT, where the magnetic ﬁeld is
0.05 T, i.e. the radial distribution observed here
is 10 times wider than that in the MRT. A thin
ﬂuorescent material is applied on an ITO conducting glass and coated with a 0.025 lm aluminum layer to avoid charging up. The total number
of electrons in the MRT is determined by the
charge detected at the re-moderator or at the ﬂuorescence screen during extraction. The diameter
of the plasma in the MRT is determined by observing the image on the ﬂuorescence screen with a
CCD camera.
Electrons from an electron gun 25 mm oﬀ-axis
from the magnet axis are injected into the trap
adjusting the injection position with an E  B ﬁeld.
Fig. 4 shows the number of electrons trapped in
the MRT as a function of injection time when the
incident electron beam is 1 lA. The inset shows the
CCD image of the electron plasma (the total
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Fig. 4. The number of trapped electrons as a function of the
electron injection time for an electron beam of 1 lA. The inset
shows the CCD image of the extracted plasma at B ¼ 0:05 T.
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