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Abstract
A new scheme to eﬀectively and quickly cool highly charged ions (HCIs) is presented. The key item is the combination of high density electron plasma and cold positron plasma, which enables to realize a quick cooling (1 s) and at the
same time the HCI loss due to recombination with electrons and residual gases is largely suppressed.
 2005 Elsevier B.V. All rights reserved.
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1. Introduction
The positron cooling of HCIs is a reversed
scheme of the electron cooling of antiprotons
[1,2]. Charged particles in a strong magnetic ﬁeld
lose their kinetic energies via synchrotron radiation, the rate of which is inversely proportional
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to the particle mass cubed, i.e. the rates for positrons and electrons are more than 1010 times faster
than those of heavy particles like ions and antiprotons. Actually, only electrons and positrons can
be cooled via synchrotron radiation within some
reasonable time for a magnetic ﬁeld available on
earth. Heavy particles can accordingly be cooled
sympathetically if they are stored simultaneously
with electrons and/or positrons in a strong magnetic ﬁeld. In principle, positrons are better than
electrons because HCIs are not lost due to recombination during the cooling procedure. On the
other hand, the number of electrons (Ne  109–
1010) in a trap [3] can be practically a few orders
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The cooling time of HCIs with positrons and
loss probabilities of HCIs during the cooling due
to collisions with residual gases is evaluated under
the assumption that
(1) positrons are stored in a 5 T magnetic ﬁeld,
(2) the trap (the environmental temperature) is
at T0 = 1 meV,
(3) the residual gas density is ng  105 H2 cm3
(1010 Pa),
(4) positrons and HCIs are trapped in a volume
of 0.1 cm3 (10 cm · 0.1 cm · 0.1 cm) [3,5],
(5) the number of stored positrons are
Np  107–108,
(6) 106 Ne10+ or U92+ ions (Ni  106) are
assumed as sample HCIs injected at
10 keV/q in the trap [6].
The energy of an HCI during the positron cooling is evaluated by solving the following rate equations [7,8],
dT i
1
¼  ðT i  T p Þ;
seq
dt
dT p N i 1
1
¼
ðT i  T p Þ  ðT p  T 0 Þ;
ss
dt
N p seq

ð1Þ

where L is the Coulomb logarithm [7,9], np the
positron density, e the positron charge, e0 the permittivity of the vacuum, M the HCI mass, mp the
positron mass.
Fig. 1(a) shows the energy variations of Ne10+
(the dotted lines) and U92+ (the solid lines) ions
obtained by solving Eq. (1). HCIs can be cooled
from 10 keV/q down to 0.1 eV/q within several
second (several tens s) for Np = 108 (107) positrons
assuming HCIs are not lost due to collisions with
residual gases. The fraction of HCIs lost due to
charge transfer reactions with the residual H2 gas
(ng  105 cm3) during cooling is calculated using
the spherical absorption model [10,11], which is
shown in Fig. 1(b). It is seen that a considerable
fraction of the HCIs is lost during cooling. If the
residual gas density can be reduced one more
order, i.e. ng  104 cm3, the loss fraction can be
kept at 10% level for Np = 108, the vacuum condition of which is however rather diﬃcult to achieve.

Loss Probability

2. Numerical evaluation of pure positron cooling
scheme

where Ti and Tp are the energies of the HCIs and
positrons, ss  0.2 s is the time constant of the synchrotron radiation of positrons, and seq is the time
constant representing the coupling between HCIs
and positrons, which is given by
pﬃﬃﬃ

3=2
3 2p3=2 e20 Mmp T p T i
seq ¼
þ
;
ð2Þ
np q2 e 4 L
mp M

HCI Energy (eV/q)

of magnitude larger than the number of positrons
(Np  107–108) [4], and the electron cooling
scheme has a large advantage with respect to the
cooling time and accordingly the loss due to
recombination with residual gases.
In order to selectively pick up the favorable
features of positrons and electrons and suppress
disadvantages, a new scheme to cool HCIs is
considered utilizing electrons and positrons
simultaneously. Our simple evaluation showed
that the required cooling time of 10 keV/q
HCIs with the new scheme could be 10 times faster than that by pure positron cooling, and therefore, the loss of HCIs due to recombination with
residual gases can be reduced by one order of
magnitude.
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Fig. 1. (a) HCI (Ne10+ and U92+) energies and (b) loss
probability of HCIs as a function of the interaction time with
positrons. HCI initial energies are 10 keV/q.
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Table 1
Characteristics of the cooling methods applied for HCIs (see text)
Required vacuum for 0.1 eV/q

Coolant

Required time for
1 eV/q

0.1 eV/q

107 e+
108 e+
109 e
1010 e
1011 e
109 e (T0 = 1 eV)
107 e+ and 109 e
108 e+ and 1010 e

10–100 s
1–10 s
0.1–1 s
10–100 ms
1–10 ms
0.1–1 s
1–10 s
0.1–1 s

10–100 s
1–10 s
Impossible
Impossible
Impossible
1 s
1–10 s
0.1–1 s

When a large number of electrons are used together with positrons, the time necessary to cool
HCIs is reduced drastically, which helps to suppress the HCI loss due to recombination with the
residual gas. If then the cooling is taken over by
positrons, the recombination loss with electrons
can also be suppressed. Before discussing the details of this co-cooling scheme, let us consider
how quickly HCIs are cooled in a large number
of electrons and how quickly HCIs are lost due
to the recombination with electrons.
Fig. 2(a) shows that the numerical solution of
Eq. (1) for Ne  109–1011. The loss probabilities
of HCIs during the electron cooling are shown in
Fig. 2(b), where the charge transfer reaction with
H2, and the radiative- and three body recombination processes with electrons are taken into account [12]. It is seen that (1) HCIs can be cooled
down to 1 eV/q within 1 ms–1 s with the loss
fractions less than 10% and (2) the loss fractions
increase abruptly once the energy of HCIs gets less
than 1 eV/q or lower depending on the electron

Loss Probability

3. Simultaneous cooling scheme of HCIs with
electrons and positrons

1010 Pa
1010 Pa
<109 Pa

density. The abrupt increases of the loss fractions
can be attributed to three body recombination
processes, which could be suppressed by heating
the electron plasma temperature at certain level because this reaction rate strongly depends on the
electron energy (/ T e4.5 ) [12]. Typical characteristics of the electron cooling are listed in the Table 1.
A possible procedure of the simultaneous cooling of HCIs with electrons and positrons is schematically drawn in Fig. 3(a) and (b): (a) HCIs
are injected into a multi-ring trap (MRT) [13]
and cooled down to 1 eV/q in the electron plasma (109–1010). (The procedure to prepare electron
and positron plasmas are described elsewhere
[3,5].) (b) HCIs are guided to the positron trapping
region by opening the potential barrier between
the electron and positron traps. If e.g. the positron

HCI Energy (eV/q)

Some characteristics parameters are summarized
in Table 1.
It is noted that the charge transfer cross-section
in the energy range in question is a weakly increasing function of energy, and accordingly the reaction rate is an increasing function of energy, i.e.
it is essential to cool HCIs as quickly as possible
to suppress the loss fraction.
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Fig. 2. (a) HCI (Ne10+ and U92+) energies and (b) loss
probability of HCIs as a function of the interaction time with
electrons. HCI initial energies are 10 keV/q.
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Fig. 3. (a–c) Schematic descriptions of the simultaneous
cooling scheme of HCIs with electrons and positrons.

plasma potential is adjusted 102 V lower than the
electron plasma potential, HCIs can be injected
into the positron plasma with energy of 102 eV/q.
A stopping power of HCIs in the positron plasma (Tp  1 meV) is order of 1–10 eV/q/m [9].
Therefore, after 1–10 trips of the HCIs within
the MRT, they lose more than 1 eV/q in the positron plasma and ﬁnally accumulate into the positron well, hence, they are separated from the
electron plasma completely. In this picture, after
the opening the electric gate between the electron
and positron plasma, HCIs continue interaction
with electron plasma for 1 ms. HCI loss probability due to the recombination with electrons is,
accordingly, negligibly small. HCIs merged with
positrons with energy of 100 eV/q after the electron cooling were further cooled down to 0.1 eV/q
within a few hundred ms for Np = 108 (a few s
for Np = 107) (see Fig. 4). The total cooling time
of this simultaneous cooling scheme could be
1/10 of the pure positron (Np  107–108) scheme
and at the same time, the loss fraction due to
recombination and charge transfer reaction with
residual gases is also 1/10 of other schemes. The

HCI Energy (eV/q)
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Fig. 4. (a) HCI (Ne10+ and U92+) energies and (b) loss
probability of HCIs as a function of the interaction time with
positrons. HCI initial energies are 100 eV/q.

characteristics of these features are summarized
in Table 1.
After the cooling of HCIs down to 0.1 eV/q,
positrons can be separated and reserved for reuse
in the next cooling cycle of HCIs (Fig. 3(c)). Computational simulation has shown that if cold HCIs
are conﬁned within a diameter of 1 mm in the
MRT, they can be extracted as low energy beam
out of the magnetic ﬁeld [14].

4. Summary
An eﬃcient and quick scheme to cool HCIs
from 10 keV/q down to 0.1 eV/q is presented,
in which trapped electrons and positrons are used
as energy absorbers of HCIs. The usage of the
large number of electrons helps to cool HCIs
quickly <1 s so that the fraction of HCIs lost
due to collisions with residual gases can be suppressed considerably (H2  1010 Pa).
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