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Abstract

Electron capture cross-sections have been measured for 3He+ ions in Rb vapor. The deduced data were used for evaluating the

performance of the proposed polarized 3He ion source (SEPIS) based on the spin-exchange collisions. Measurements of the 3He+ beam

components after passing through the target were made as a function of the Rb target thickness at energies ranging from 1.0 to 19 keV.

The Rb vapor thickness was varied by changing the Rb cell temperature and the thicknesses were calibrated by observing the Faraday

rotation angles of a probe laser ðl ¼ 782:0 nmÞ penetrating the Rb vapor under the presence of a magnetic field ð�0:26TÞ. Assuming that

the double electron capture and stripping of 3He0 atoms are neglected, the electron capture cross-sections sc were deduced. It was found
that the observed energy dependence of sc significantly deviated from that of the 4Heþ þ Cs system which was measured in the past.

Lastly, the observed energy dependence of sc was compared with the theoretical calculation assuming the semi-classical close-coupling

method based on the molecular-orbital expansion. It was found that the calculated results, as a whole, reproduced the experimental

results except for the data collected at 1 keV. This qualitative reproduction partly supports the appropriateness of the above theory which

predicts the large spin-exchange cross-sections at low energies.

r 2006 Elsevier B.V. All rights reserved.
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1. Introduction

Electron capture collisions of 3He+ ions in Rb vapor
composing of 85

37Rb (72.17%), and 87
37Rb (27.83%),

3Heþ þRb! 3Heþ þRbþ

have received much interest due not only to the importance
in determining the performance of the polarized 3He ion
source based on the spin-exchange collisions [1], but also to
the general interest in studying electron-transfer cross-
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sections. Since the polarized 3He ion source (SEPIS)
employing the spin-exchange collisions uses an enhanced
spin-exchange cross-section sse at low energies
ðp1 keV=AÞ, it is of substantial importance to determine
the electron capture cross-section sc because the expected
polarized 3He+ ion intensity is limited by the 3He+ beam
loss due to the electron capture processes. However, there
has been no experimental data taken for sc at such energy
regions. Therefore, in our previous analysis of the expected
performance of the SEPIS polarized 3He ion source [1], we
had to compromise with the data taken for the 4Heþ þ Cs
system; a complete set of charge exchange cross-sections
measured by Schlachter et al. [2], and some additional data
between 3He+ ion and rubidium vapor in the energy range 1.0–19 keV,
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by Lorents et al. [3] and by Donnally et al. [4]. Needless to
say, it is indispensable to experimentally determine sc for
the 3Heþ þRb system so as to reduce uncertainty in the
expected performance of SEPIS.

In the present work, we measured sc for the 3Heþ þRb
system in the 3He+ energy range 1.0–19 keV. A momen-
tum-analyzed, collimated 3He+ beam was passed through
a Rb vapor target of variable thickness. The 3He+ beam
component emerging from the target was measured as a
function of Rb vapor thickness, from which sc could be
deduced.

Finally, the observed energy dependence of sc was
compared with that predicted by the atomic collision
theory to understand the phenomena correctly. For this
purpose, we employed the semi-classical close coupling
method based on the molecular-orbital expansion which
was developed in the previous work [5].

2. Experiment

The present measurement was performed by the
apparatus developed for proving the validity of the SEPIS
principle, i.e., the enhanced spin-exchange cross-section sse
for the 3Heþ þRb system at low 3He+ energies. The
apparatus shown in Fig. 1(a) consists of a 2.45-GHz ECR
ion source, slits, Faraday cups, a bending magnet, a Rb
cell, a chiller for temperature control of the Rb cell, a
decelerating and accelerating tube, a solenoidal coil, an
electrostatic analyzer, electric quadrupole (Q-) lenses, beam
steerers, and optical elements (a semiconductor probe laser,
polarizers, a stepping motor for rotating the polarizer,
mirrors, and a photo-diode) to measure the Faraday
Please cite this article as: M. Tanaka et al., Electron capture cross-sections
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Fig. 1. (a) Complete layout of the experimental device. (b) A
rotation angle. A beam course lower than the electrostatic
analyzer will be used, as future work, to measure the 3He+

beam polarization created by the spin-exchange processes
by means of a polarimeter based on the beam foil
spectroscopy. Therefore, the polarimeter is not described
in detail because this part is beyond the scope of the
present work.
The Rb cell was electrically insulated and a high voltage

was applied as schematically shown in Fig. 1(b). With this
device, 3He+ ions were decelerated by the decelerating tube
down to ðVECR � VHVÞ eV in the Rb cell, where VECR is an
extraction voltage of the ECR ion source, and VHV is a
high voltage applied to the Rb cell. This enables the kinetic
energy of 3He+ ions colliding with the Rb vapor to be
varied without changing any parameters including an
extraction voltage of the ECR ion source, an exciting
current of the bending magnet, and voltages of the electric
quadrupole lenses. Another merit of the present Rb cell
composition is associated with an experimental request that
an energy dependence of the polarimeter should be
eliminated in our future polarization measurement: since
a 3He+ ion emerging from the Rb cell recovers an initial
kinetic energy by the accelerating tube, we can completely
avoid the effect of the energy dependence of the
polarimeter based on the beam foil spectroscopy.
An axial magnetic field ð�0:26TÞ generated by a

solenoidal coil was applied to measure the Rb vapor
thickness by observing a Faraday rotation angle of the
semiconductor probe laser ðl ¼ 782:0 nmÞ.

3He+ ions are produced by a 2.45-GHz ECR ion source,
and are extracted. The extraction voltages were kept at a
definite voltage from 3.0 to 19 kV. The ions pass through
between 3He+ ion and rubidium vapor in the energy range 1.0–19 keV,
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the electric Q-lenses, the bending magnet, and beam
steerers. The 3He+ beam current I in incident on the Rb
cell was measured by Faraday cup 1 located at the focusing
point of the bending magnet and that which penetrated the
Rb cell Iout was measured by Faraday cup 2. The beam
spot size ðX15mmÞ was larger than an entrance and exit
hole of the Rb cell ð10mm fÞ. As a result, the beam
transmission was considerably less than unity. However,
the electron capture cross-section was obtainable only from
the analysis of the relative change in Iout with respect to the
Rb vapor thickness, where I in was used only as a beam
monitor.

The Rb vapor thickness was varied by changing the Rb
cell temperature which was monitored by a thermocouple.
The calibration of the Rb vapor thickness was done by
measuring the Faraday rotation angle of the linearly
polarized probe laser with a 782.0 nm line penetrating the
Rb vapor in the presence of the longitudinal magnetic field
ð�0:26TÞ. In Fig. 2(a), the observed Rb vapor thicknesses
are plotted as a function of the Rb cell temperature t (1C).
The solid curve in this figure is the vapor thickness L

ðatoms=cm2Þ versus t (1C) calculated by the formula based
on the state equation of an ideal gas for the Rb vapor;

L ¼
N0‘p

RT
(1)

where we assume N0 is the Avogadro number, ‘ is an
effective length of the Rb cell, p is a Rb vapor pressure, T is
an absolute temperature of the Rb cell, and R is the gas
constant for an ideal gas, respectively. Here, we employ an
empirical formula [6] for the Rb vapor pressure as
expressed by

log10p ¼ �0:05223�
a

T
þ b (2)

with a ¼ 76 000, and b ¼ 6:976, where p is the vapor
pressure of liquid Rb given in unit of mmHg, and T is an
absolute temperature of Rb vapor given in unit of K. Since
Please cite this article as: M. Tanaka et al., Electron capture cross-sections
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Fig. 2. (a) Rb vapor thicknesses plotted as a function of the Rb cell temperat

observing the Faraday rotation angles of the linearly polarized laser with a wav

an empirical formula of the vapor pressure, and ideal gas for the Rb vapor. (b)

at the beam course lower than the Rb cell are plotted as a function of the Rb va

curves are the results of the fitted theoretical calculation. (See text.)
the Rb vapor thicknesses at t (1C) deduced from the
Faraday rotation measurement are qualitatively repro-
duced by the curve deduced from the empirical formula, we
monitored only the Rb cell temperature and used the value
of Rb vapor thickness deduced from the empirical formula
for convenience. In Fig. 2(b), the output 3He+ ion currents
(arbitrary unit) are plotted against the Rb vapor thickness
with the 3He+ incident energy is 1.0, 5.0, and 19 keV,
respectively. The solid curves in Fig. 2(b) are the fitted ones
assuming

Iout ¼ I ine
�scL (3)

where I in is the 3He+ relative current on a Rb vapor cell,
Iout is that emerging out of the Rb cell, sc is a capture
cross-sections expressed in unit of cm2, and L is a Rb vapor
thickness expressed in unit of atoms=cm2. Here, we neglect
the double electron capture processes from 3He+ to 3He�

ion and vice versa, and the electron capture processes from
3He atom to 3He� ion and vice versa because of their
smallness [2]. From the above procedures, we deduce the
electron capture cross-section sc at the 3He+ incident
energies, 1.0, 5.0, 7.0, 9.0, 11, and 19 keV. The energy
dependence thus obtained is shown in Fig. 3, the detail of
which is discussed in the next section.
3. Results and discussion

3.1. Observed results

According to the procedure discussed in Section 2, the
energy dependence of the electron capture cross-sections
are deduced and shown in Fig. 3 together with the data of
the 4He++Cs system [2] as references. The error bars of
our data are due to those of the curve fitting in Fig. 2 plus
uncertainty in the Rb vapor thickness. To treat our data
and the reference data of the 4Heþ þ Cs system on the
common base, i.e., velocity scale, the 4He+ kinetic energy is
between 3He+ ion and rubidium vapor in the energy range 1.0–19 keV,
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chosen as an abscissa of Fig. 3. For this purpose, we plot
our 3He+ data by the 3He+ incident energy times M(4He)/
M(3He), where M(4He) and M(3He) are the masses of 4He
and 3He, respectively.

It is interesting to note that the energy-dependence
pattern for the 3Heþ þRb system seems to be located at
the higher energy than that for the 4Heþ þ Cs system.

3.2. Comparison with the theoretical results

The observed electron capture cross-sections sc were
compared with the results of the theoretical calculation.
The present theory was initially developed by Kimura [7]
and Shimakura [8], and later successfully applied to the
3He++Rb system by our group [5]. The calculation uses
the semi-classical close-coupling method based on the
molecular-orbital expansion, i.e., the internal electron
motions are treated quantum mechanically, and the
relative motions of nuclei are treated classically as the
straight-line trajectories with a plane-wave-type electron-
translation factor (ETF) in the first order of the relative
velocity. In the present work, the initial state is 3Heþ þ
Rbð5sÞ for a large internuclear distance, then at a finite
internuclear distance this state becomes a singlet and triplet
molecular state denoted by 11S and 13S, and finally after
electron-capture collisions, this state becomes either
3Heð1s2s1;3SÞ þRbþ or 3Heð1s2p1;3PÞ þRbþ. The calcu-
lated electron capture cross-section sc thus obtained is
given in Fig. 3 as a dashed curve. It is found that as far as
the absolute value and energy dependence of sc are
concerned, the theory, as a whole, reproduces the experi-
Please cite this article as: M. Tanaka et al., Electron capture cross-sections
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mental data within the error bars except for the large data
at 1.0 keV.
Lastly, the reason why the energy dependence pattern of

sc for the 4Heþ þ Cs system moves to the lower incident
energy relative to the 3Heþ þRb case may simply be due to
the fact that the electron capture for the Heþ þ Csð6sÞ !
Heð1s2s1SÞ þ Csþ process favors lower incident energies
more than that for Heþ þRbð5sÞ ! Heð1s2s1SÞ þRbþ

process because the energy difference between Cs (6s) and
He+(1s) is closer than that between Rb (5s) and He+(1s).

4. Conclusion

In the present work, we observed the electron capture
cross-sections sc for the 3Heþ þRb system at six different
incident 3He+ energies, i.e., 1.0, 5.0, 7,0, 9.0, 11 and
19 keV. The energy dependence pattern of sc for the
4Heþ þ Cs system measured in the past is located at the
energy lower than that of the 4Heþ þRb system.
The energy-dependence pattern of sc for the 3Heþ þRb

system is qualitatively reproduced by the results of the
theoretical calculation except for the data taken at 1 keV.
Though a further measurement at low energies around
1 keV is necessary in order to discuss in more detail, the
present result partly supports the appropriateness of the
present theory which predicts the unexpectedly large spin-
exchange cross-section sse at low energies [5].
Another important finding is that the observed max-

imum sc for the 3Heþ þRb system is almost comparable
to that for the 4Heþ þ Cs system which we employed in our
previous analysis to evaluate the expected performance of
between 3He+ ion and rubidium vapor in the energy range 1.0–19 keV,
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the SEPIS polarized 3He ion source [1]. Above aspects
encourage us to push the high intensity SEPIS project
forward.
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