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New Scheme for Positron Accumulation in Ultrahigh Vacuum
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A new positron accumulation scheme compatible with ultrahigh vacuum conditions has been

developed, which is realized by preparing a high density electron plasma as high as ~10'' cm™?

3

and an ion cloud as energy absorbers. The present accumulation rate normalized by the intensity of 2?Na
positron source is (3.6 = 0.3) X 10%¢™ /s/mCi, which is more than one and a half orders of magnitude
higher than other ultrahigh vacuum compatible schemes so far reported.
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Positron accumulation schemes have been intensively
studied in the last two decades [1-7], and can be applied
to various fields of science such as low energy collision
experiments with gases [8] and possibly with surfaces [9],
plasma physics [10], antihydrogen synthesis [11], positro-
nium production [12,13], and positron cooling of highly
charged ions [14]. These subjects often require an ultra-
high vacuum (UHV) environment, and, hence, to realize
a high-efficiency positron accumulation under UHV con-
ditions is one of the key issues of the field.

UHYV compatible schemes to accumulate positrons from
22Na sources so far developed are resistive cooling [2] and
field ionization of positronium in high Rydberg state [3],
the accumulation rates of which were =3.3 X 1072 and
~1.1 X 10" ¢*/s/mCi, respectively. The rate was nor-
malized by the *’Na source intensity. A magnetic bottle
scheme [6,12] and a stochastic transport in a Pennnig trap
[7] were also studied, which had only a short confinement
time. When UHV requirements are relaxed, an N, buffer
gas method is proved to be quite efficient, more than
10* e*/s/mCi [1], where positrons are accumulated in
vacuum of ~10~% Pa. In this case, the maximum accu-
mulation time is =100 seconds (s) due to annihilation of
positrons with the buffer gas. This Letter reports a con-
ceptually new scheme of positron accumulation, which is
proved to be at least one and a half orders of magnitude
more efficient than other UHV compatible schemes above
and has no limit on the accumulation time. The key
ingredient of the present scheme is a combination of a
high density electron plasma ( = 10'! cm™3) [15] and an
ion cloud. In the case of antihydrogen synthesis, for
example, the present scheme provides a large number of
trapped positrons next to the antihydrogen recombination
trap in the UHVenvironment, which allows access to and
extraction of antihydrogen atoms in the recombination
trap (see, e.g., Ref. [16]).

Figure 1(a) shows a schematic configuration of the
experimental setup [17], which consists of an electron
gun (EG), a multiring trap (MRT) [18], a movable
W(00) remoderator (RM), a Faraday cup (FC), and a
Nal y-ray detector. The MRT and RM are in a cryogenic
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UHYV bore tube of a 5T superconducting (SC) solenoid.
The MRT was adopted because it can flexibly prepare
various harmonic wells, where a large number of posi-
tively and/or negatively charged particles are stably con-
fined simultaneously. The positron accumulation proceeds
according to the following processes: (1) preparation of
electron and ion clouds in the MRT, (2) injection of
positrons on the RM along the axis of the MRT, (3) slow-
ing down of reemitted positrons from the RM through
interaction with the electron cloud, (4) accumulation of
positrons assisted by the ion cloud, and (5) self-cooling of
positrons through synchrotron radiation.

The MRT used in the present experiment consists of 21
equally spaced cylindrical electrodes, each 2.3 cm in
length, sandwiched between two 16 cm long cylindrical
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FIG. 1. (a) A schematic diagram of the experimental setup

consisting of an electron gun (EG), a multiring trap (MRT), a
movable remoderator (RM), a Faraday cup (FC), and a Nal
detector. (b) The electric potential configuration along the
MRT axis in the electron-ion accumulation mode. (c) The
same as (b) in the positron accumulation mode (see text).
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electrodes on both ends. All the trap electrodes have the
same inner diameter of 3.8 cm. The bore tube was cooled
down to 10 K, which was essential to maintain UHV
environment around the MRT. The EG is installed at
~110 cm upstream of the MRT and 2.5 cm off the
MRT axis. The RM was mounted on a movable arm at
the downstream end of the MRT. The FC was placed at
~60 cm downstream from the end of the MRT to mea-
sure the total charge of the electron cloud. The end cap of
the FC is made of aluminum coated phosphor on an
Indium-Tin-Oxide glass plate to observe the radial distri-
bution of the electron cloud with the charge coupled
device (CCD) camera (see Fig. 1(a)). The magnetic field
at the FC was = 1/100 of that around the center of the SC
solenoid; i.e., the diameter of the image on the phosphor
screen is = 10 times larger than the diameter of the elec-
tron cloud in the MRT. The Nal scintillator was used to
detect y-rays from annihilation of positrons arriving at
the FC. Its detection efficiency was calibrated by insert-
ing a standard source of ??Na at the FC. The source had
3% uncertainty in its intensity, which determined the
systematic error of the positron intensity at the FC.

Figure 1(b) shows the electric potential configuration
along the MRT axis when the system was operated under
an electron-ion accumulation mode. The MRT electrodes
were biased so that two harmonic potentials were formed;
one was =35 cm long for electrons [electron trap (ET)]
and the other =12 cm long for positrons and ions [posi-
tron trap (PT)]. The potential depths of the ET and PT
were set to 1 kVand 50 V, respectively. An electron beam
of 1040 eV from the EG was guided on the axis of the
MRT across the magnetic field with the E X B deflector
(EBD), introduced in the MRT, and reflected back at the
downstream barrier of the ET. The electron beam current
was typically = 1 wA. The number of electrons accumu-
lated in the ET, N,, was controlled by varying the injec-
tion time (10-40 s) with its fluctuation less than = 5%
[17]. The intensity distribution of the CCD image pro-
vides the electron column density n./, where n. is the
electron density and [/ is the axial length of the electron
cloud. In the present experiment, n./ was reasonably
represented by a(N,) exp(—r?/r?) near the center of the
MRT axis, where r, was around =3 X 1072 cm weakly
depending on N, in the present experiment. The electrons
in the MRT cool themselves via synchrotron radiation
down to the environmental temperature with a cooling
time of ~6B[T] 2 s [19] and actually behave as a non-
neutral plasma because the Debye length is much shorter
than r,.

Positive ions were produced in and upstream of the ET
via ionization of residual gases during injection of the
electron beam. The ion species in the PT was identified to
be Hy by monitoring the longitudinal oscillation excited
by a pulsed rf field. The total number of ions was typically
~1 X 10 for electron injection of 30 s, which is consis-
tent with the number of ionized atoms calculated, taking
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into account the partial pressure of H, around the MRT
and the electron beam current [20]. The accumulation of
H3 ions in the PT would be enhanced via resonant charge
transfer processes between Hy ions formed upstream of
the PTand H, molecules in the residual gas around the PT
[21], which would produce thermal H; ions in the PTand
fast H, molecules.

Figure 1(c) shows the electric potential configuration
along the MRT axis for the positron accumulation mode.
The positron source was located =4 m upstream of the
SC solenoid, which consists of a 2?Na (22 mCi) 8" emit-
ter and a solid Ne moderator [22]. Slow positrons of
~1.6 X 10° e* /s were generated and transported to the
SC solenoid with a set of guiding coils and two sets of
steerers. The radius of the positron beam in the SC sole-
noid is estimated to be r, = 2.5 X 1072 c¢m because the
Ne moderator of =(0.8 cm in diameter was in a magnetic
field of =0.02 T. A magnetic mirror formed near the
entrance of the SC solenoid limited the transmission
efficiency to be =50% and caused longitudinal energy
spreads of more than several hundred eV in the solenoid.
To realize efficient accumulation, this large energy spread
was compressed by injecting positrons in the RM, from
which positrons were reemitted with kinetic energies

The reemitted positrons make a round trip reflected at
the potential wall V| toward the RM, passing the electron
plasma and the ion cloud 2 times. During the round trip,
positrons lose their kinetic energies via collisions with
electrons in the ET. When the electron column density is
high enough so that the longitudinal energy loss is larger
than Egy; during the round trip, the positrons do not reach
the RM and oscillate between the RM and the potential
wall V. During the oscillation, the positrons suffer elas-
tic and inelastic collisions with H; ions in the PT, result-
ing in further longitudinal energy reduction, and are
eventually accumulated in the PT. Positrons in the PT
cool themselves via synchrotron radiation like in the case
of electrons.

The injection energy of the reemitted positrons to the
electron plasma E; was adjusted by varying the RM bias
Vrum- The solid circles and solid triangles in Fig. 2 show
the accumulation efficiencies €, of positrons in the PTas a
function of Vgy for N, = 1.8 X 10' and 1.2 X 10'°, re-
spectively. Here, g, is the ratio of the number of positrons
accumulated in the PT to the number of positrons injected
in the RM. The behavior of g, is qualitatively understood
in the following way: (1) When Vyy is lower than the
electron plasma potential V, (see Fig. 1(c)), the reemitted
positrons are reflected back in front of the plasma and,
hence, g, is almost zero. (2) On the other hand, when
Vrm > V., all the reemitted positrons penetrate through
the plasma but the energy loss is relatively small, and,
hence, €, is again small. (3) When Vgyy is adjusted to
=~YV,, a considerable fraction of reemitted positrons can
penetrate into the plasma with relatively low energy,
resulting in sufficient energy loss and accordingly large
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FIG. 2. The accumulation efficiency &, of positrons in the PT
as a function of the remoderator bias Vgiy for (a) N, =
1.8 X 10'9 and (b) 1.2 X 10'°, Here, ¢, is defined as the ratio
of the number of positrons accumulated in the PT to the
number of positrons injected in the RM during accumulation.

g,. Figure 2 shows that the maximum accumulation effi-
ciency '™ was as high as = 1% at Vgif = 970 V for
N, = 1.8 X 10,

Figures 3(a) and 3(b) show &7 and Vgt as a func-
tion of N.. It is seen that €™ increases monotonically
with N,. The right vertical scale gives the accumulation
rate normalized by the 2*Na source intensity. The accu-
mulation rate achieved in the present scheme was
~360 e*/s/mCi, which was more than 30 times higher
than those of other UHV compatible techniques so far
reported [2,3]. This high rate stayed constant for about
100 s and then slowly lowered due primarily to the radial
expansion of the electron plasma. By reloading electron
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FIG. 3. (a) The optimized accumulation efficiency &' and

(b) the corresponding remoderator bias Vg as a function of
N.. The right vertical scale of the panel (a) gives the accumu-
lation rate normalized by the ??Na positron source intensity.
The vertical error bars reflect statistical errors, which do not
include the systematic error of 3%. The horizontal error bars
show reproducibility of N..
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plasmas every 100 s, which took = 40 s, the above accu-
mulation rate recovered repeatedly for more than 1000 s
without noticeable loss of positrons.

To study the accumulation mechanism, the number of
positrons in the PT was measured (1) without ions in the
PT but with the same number of electrons in the ET, and
(2) without electrons but with ions. In the former case, the
accumulation rate was = 0.1% as marked by the open
circle at the right lower corner of Fig. 3(a). In other words,
ions in the PT enhance the efficiency by a factor of 10
once positrons are slowed down by electrons. In the latter
case, no positrons were accumulated because all the
reemitted positrons are reflected in front of the ET, which
is practically the same condition as that with electrons in
the ET but with Vxy < V, (see Fig. 2). These observa-
tions prove that the positron accumulation is governed by
the energy loss of positrons in the electron plasma.

With no electrons in the ET, the electric potential
V.(r, z) is approximately given by —Bz> — Vj at r =0
like the dashed line in Fig. 1(c) (8 =~ 3.8 V.cm 2 and
Vg = 209 V in the present conditions), which is modified
like the solid line in Fig. 1(c) when the electron plasma is
in the ET. The plasma length corresponds to the length of
the flat part. Equating V,.(0, //2) to the experimentally
determined Vgyy‘, the plasma length [ is obtained as a
function of N.. Combining / and the column density 7./
obtained from the CCD image, the electron density at
r=0 was evaluated to be 0.9X10'"'=n,=1.6X
10" ¢cm™3 in the present experimental conditions. The
electric potential in the electron plasma V,(r, z) is then
obtained by [24]

engor?
480 ’

Ve(r, z) = Vo(r) = VRif + ey
near the axis of the plasma, where e is the electron charge
and g is the permittivity of vacuum.

The stopping power of a positron with its kinetic
energy E in an electron cloud is approximately given by
kn /E (k= 15X 10712 eV2 cm?) if E> kgT. [25],
where kg is the Boltzmann constant and 7, the tempera-
ture of the electron cloud. When a positron enters the
electron plasma at r, its kinetic energy in the plasma is
given by E; = Egy + e[Vrm — Ve(r)], where Egy is the
kinetic energy of the positron reemitted from the RM.
Using the stopping power given above, the energy loss of
the positron after the round trip through the electron
cloud is approximately given by

SE(r, Ery) = E; — (E? — 4knD)'/? for E? > dkn,l,
=E; for E?<4kn,l )

When 6E > Egy, positrons are confined between the RM
and the potential wall V| and are eventually accumulated
in the PT. On the other hand, if 0E < Eyy, positrons are
reinjected in the RM and a considerable fraction of them
is lost. The overall accumulation efficiency is then given
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by

- ErM fSP foErmx 27rf(Erm) p(r, Erp)dErmdr
mry gmﬂx f(Erm)dERym

where f(Egry) is the energy distribution of reemitted
positrons, E .. is the maximum positron energy emitted
from the RM, which is = 3 eV, and p(r, Egy) is the
trapping probability of a positron. To simplify the situ-
ation, we put the trapping probability p(r, Egy) to be one
(0) if 6E > Fry (0E < Egy). Assuming f(Egy) is ap-
proximated by exp[—(%)z] + C, the parameters
(Exm, AE, C, and &gy;) are determined so that g, in
Fig. 2 and & in Fig. 3(a) are reproduced. The dashed
and dotted lines in Fig. 2 and dashed line in Fig. 3(a) are
the results of the best fit, where Egy, AE, C and ggy were
2.9 eV, 0.2 eV, 0.01 and 0.13, respectively. These values are
consistent with known values [23].

The loss rate of positrons with electrons in the plasma
via radiative and three body recombination processes is
~1072 s~ ! in the present experimental conditions [26],
which is 100 times lower than the cooling time of remod-
erated positrons via synchrotron radiation [19]. In other
words, the positrons are separated from the electron
plasma well before the recombination loss gets really
serious. The contribution of direct annihilation is even
smaller than the above rate [27].

Summarizing, =1% of positrons injected into the
MRT are successfully accumulated under UHV condition
by combining a high density electron plasma of n, =
10! cm™3 and an ion cloud. It was found that the energy
loss of positrons in the electron plasma plays an essential
role and the ion (H2+ ) cloud enhances the positron accu-
mulation rate by an order of magnitude. In spite of a
relatively low efficiency of the Ne moderator used here,
~1/3 of a reported value [22], the accumulation rate
normalized by the ?*Na source intensity (3.6 + 0.3) X
10> ¢*/s/mCi was at least one and a half orders of
magnitude higher than those reported by other UHV
compatible methods [2,3]. The positron accumulation ef-
ficiencies were reasonably reproduced taking into account
the energy loss of positrons in a non-neutral electron
plasma.
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