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Spin-exchange cross section for a3He¿ ion incident on a Rb atom
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Spin-exchange cross sections between a3He1 ion and a Rb atom were calculated in a3He1 impact-energy
range from 0.01 to 10 keV/amu by the semiclassical close-coupling method based on the molecular-orbital
expansion. The previous calculation in which only two states of the3He1 (1s 2S)1Rb(5s 2S) system were
taken into account overestimated the experimental result at 6.33 keV/amu by orders of magnitudes, whereas the
present calculation, which allowed the target excitation and electron transfer, showed a rough agreement with
the experimental result. In view of the application, the spin-exchange cross sections larger than 10214 cm2,
predicted at3He1 impact energies lower than 0.3 keV/amu will hopefully provide a powerful tool for produc-
ing a highly polarized3He ion beam.
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I. INTRODUCTION

Importance of the spin-exchange processes in atomic
lisions was first pointed out by Purcell and Field@1# and
Wittke and Dicke@2# on the hydrogen system: They di
cussed the spin-exchange processes in establishing the
populations for the hyperfine levels and resulting con
quences with respect to the 21-cm radio astronomy. Furt
Wittke and Dicke studied the processes to experiment
redetermine the hyperfine-splitting frequency of the hyd
gen atom with a high accuracy. Since their pioneering exp
mental work, the spin-exchange processes have been w
studied@3–7# for both fundamental research and applicati
to such as a cryogenic hydrogen maser@8#.

In recent years, production of a nuclearly polarized hyd
gen or noble gas like3He received much interest due to
growing demand for application to various fields. Since
spin-exchange processes between a hydrogen/3He gas and
alkali-metal atom were considered to be one of the attrac
methods of polarization, their polarization mechanisms w
extensively investigated@9–11#.

Along with the effort to produce polarized atoms as me
tioned above, much work has been done on production
polarized ions like a proton, with capture of a polarized el
tron by an ion ~a few keV/amu! penetrating an optically
pumped polarized atomic target@12–14#. The polarized-ion
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source based on this method called an OPPIS~optical-
pumping polarized-ion source! has shown significan
progress in practical use in nuclear and particle physics. F
sibility of the polarized-ion source based on the sp
exchange processes between a hydrogen and alkali-m
atom received attention as an alternative method of the
PIS @15–18#. However, the cross sections for the spi
exchange processes between a hydrogen and alkali-m
atom was not so large that they might be used for efficien
producing a polarized proton beam.

On the other hand, the spin-exchange processes betwe
3He ion and alkali-metal atom had not received attent
with propriety until quite recent years@19#. Recently,
Arimoto et al.discussed the spin-exchange cross sections
the 3He1-Rb system@20# to examine the validity of the EP
PIS ~electron-pumping polarized ion source! @21,22#. It was
a great surprise that the observed upper limit for the sp
exchange cross section was almost two orders of magni
smaller than the theoretical prediction. This unexpected
sult was in marked contrast with that for the H-Rb syste
where the theory satisfactorily reproduced the experime
results@15–18#. The above aspects suggest the complexity
the spin-exchange processes for the3He1-Rb system. In
fact, this complexity may come from the following expect
tion: The singlet states of the H1Rb system are subject t
strong ionic covalent interaction, which leads to a deep
tential well at fairly short internuclear distances, whereas
triplet states are not. Also, the energy of the initial state
the He11Rb system is accidentally close to the energy
the states populated by the charge transfers. As a re
translation effects tend to be more important in the H1

1Rb system than in the H1Rb system.
Thus, a primary concern of the present work is to dise

tute

n,
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tangle the problem associated with the spin-exchange c
sections for the3He1-Rb system in a quantitative way. W
performed the calculation of the spin-exchange cross
tions by the semiclassical close-coupling method based
the molecular-orbital expansion not only for two states of
3He1 (1s 2S)1Rb(5s 2S) system but also for the state
populated via the target excitation and the charge transfe

II. THEORETICAL APPROACH

In this section, we present a summary of the calculation
the spin-exchange cross sections for the3He1-Rb system.
An evolution of the formalism describing the spin-exchan
cross sections is outlined in the Appendix.

Since the details of the present theoretical method,
the semiclassical close-coupling method based on
molecular-orbital expansion were described previou
@23,24#, only a brief summary of the basic technique a
specific information used for the present calculation
given here.

We assume that the initial state is He1(1s)1Rb(5s) for a
large internuclear distance, whereas, at a finite internuc
distance this state becomes a singlet and triplet molec
state denoted by 11S and 13S. We carry out the semiclas
sical close-coupling calculations based on the molecu
orbital expansion; the internal electron motions are trea
quantum mechanically, while the relative motions of nuc
are treated as the straight-line trajectories classically
plane-wave-type electron-translation factor~ETF! is em-
ployed in the first order of the relative velocity.

The above model is valid for low impact energies high
than 20 eV/amu. It is still controversial whether or not o

TABLE I. Orbital exponents of the Slater-type basis.

He Rb

1s 2.9110000 4s 1.47256
2.0000000 5s 1.45575
1.4530000 0.83134
1.0000000 0.45312

2s 1.3093953 ~1.4530000! 5p 1.06297
0.5372721 ~1.0000000! 0.67145

2p 0.7167531 ~1.6998674!
0.5057654 ~0.5314231!

aValues in parentheses correspond to the triplet manifold.

TABLE II. Rb1 pseudopotential.

A0 17.29503
A1 2.851747
A2 21.553162
j0 0.746748
j1 0.295391
j2 0.387761
d 1.950
ad 8.966
aq 102.0
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model is valid at impact energies higher than 1 keV/am
However, since there are reports that discuss validity of
model up to;10 keV/amu@25,26#, we consider that our
method could be effective up to this energy region.

A. Electronic states

The adiabatic potential energies for (He-Rb)1 are ob-
tained by the valence-band configuration-interaction met
modified by inclusion of a pseudopotential to describe
atomic core of Rb1. The pseudopotential used is a Gaussia
type one@27#, viz.,

V~rW !5(
l

Vl~r !uYlm&^Ylmu, ~1!

whereYlm are a spherical harmonics andVl(r ) is given by

Vl~rW !5Ale
2j l r

2
2

ad

2~r 21d2!2
2

aq

2~r 21d2!3
2

1

r
. ~2!

The values of the pseudopotential parameters are refe
to the review given by Bardsley@27# and also to the previous
work by Stevenset al. @28#. In Ref. @27# the Rb pseudopo-
tentials includel 53 terms, but these were not used in t
present calculation. The orbital exponents of the Slater-t
orbital for the valence electron of Rb atom were taken fro
the previous work by Stevenset al. @28#, while those for the
He1 ion and He atom were obtained by variationally op
mizing the energies. The Slater exponents and the pseud
tential parameters are given in Tables I and II, respective

The potential-energy curves for the (He-Rb)1 quasimol-
ecule states calculated by the above method are show
Fig. 1 as a function of the internuclear separation betw
the 3He nucleus and Rb core. The left curves in Fig. 1 sh
the energy curves for the singlet states and the right o
show those for triplet states. The numbers in these figures
referred to in Sec. II B. In order to examine the precision
the calculated results, we estimated the ionization poten
for Rb and 3He. It was found that the deviation of the ca
culated results from the spectroscopic data@29,30# was
smaller than 0.062 eV.

B. Collision dynamics

The total scattering wave function was expanded in ter
of products of the molecular electronic states and atom

FIG. 1. Potential-energy curves for the singlet~left curves! and
triplet ~right curves! (He-Rb)1 quasimolecule states. The numbe
indicated are referred to in the text.
4-2
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SPIN-EXCHANGE CROSS SECTION FOR A3He1 ION . . . PHYSICAL REVIEW A 64 062714
type ETF’s. Substituting the total wave function into th
time-dependent Schro¨dinger equation and retaining the ET
correction up to the first order in the relative velocity yield
a set of first-order coupled differential equations. By nume
cally solving the coupled equations, we obtain the scatte
amplitudes for transitions. The squared amplitude gives
transition probability, and the probability times the impa
parameter integrated over the impact parameter gives
cross section.

In the dynamical calculations, the following eightS states
were taken into account:

State Symmetry Asymptotic limit
1 1,3S →3He1(1s 2S)1Rb(5s 2S)
2 1,3S →3He(1s2s 1,3S)1Rb1

3 1,3S → 3He(1s2p 1,3P)1Rb1

4 1,3S → 3He1(1s 2S)1Rb(5p 2P)

The initial wave functionC I is a linear superposition of th
1 1S and 13S wave functions at a separated atom limit
given in Eq.~A8! in the Appendix@10,15#. As a collision pair
approach each other, both of the 11S and 13S states couple
with the singlet and triplet excitation/charge-transfer ch
nels, respectively. The wave function during the collision
expressed as a function of time by

C I~ t !5 (
l51

4

cl~ t !Fl1SFl1 (
l51

4

cl8~ t !Fl3SFl8 , ~3!

where l is the state number for the (He-Rb)1 molecule,
Fl1S (Fl3S) andFl (Fl8) are the electronic wave functio
and ETF for the state ofl1S (l3S), respectively. The above
coefficient,cl(t) or cl8(t) is normalized as follows:

(
l51

4

cl~ t !25 (
l51

4

cl8~ t !25
1

2
. ~4!

The radial-coupling matrix elements necessary for solv
the coupled equations are numerically evaluated accordin
the prescription given by Kimura and Lane@23#. The calcu-
lated results are shown in Fig. 2 for the singlet@~a!–~d!# and
for the triplet states@~e!–~h!#, respectively, where the num
bers in the insets of Fig. 2 indicate the state numbers of
(He-Rb)1 system.

The initial condition must satisfy the following relation
at t52`:

c1~2`!5c18~2`!5
1

A2
, ~5!

cl~2`!5cl8~2`!50 ~lÞ1!. ~6!

After the collision, the probability that the spin exchange h
occurred is given by the superposition of the survived am
tude for the 11S and 13S states according to the prescri
tion described in the Appendix as

P~ I→II !5
1

2 U2c1~ t !1c18~ t !expH 2
i

\E2`

t

~Vt2Vs!dtJ U2

,

~7!
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whereVs(Vt) is the potential energy of the 11S (1 3S) state,
respectively. The spin-exchange cross section is given b

sse52pE
0

`b

2
u2c1~`!1c18~`!e2 if tsu2 db, ~8!

wheref ts is a phase difference defined in Eq.~A16! in the
Appendix. In this calculation, we neglected the contributi
of state 4 tosse because our close-coupling results show
that the excitation probability to this state and the phase
ference were very small as compared with that of state 1

III. RESULT AND DISCUSSION

The calculated spin-exchange cross sections are plotte
Fig. 3~a! as a function of 3He1 impact energy, where a
dashed curve is the result of the calculation taking only t
states of the3He1(1s 2S)1Rb(5s 2S) among the eightS
states, and closed triangles are the results of the eight-
calculation. Here, a solid curve is drawn as a guide to the
to connect the closed triangles. An experimental result~a
closed circle with an error bar! is also plotted in this figure. It
is instructive to mention that the dashed curve shows
oscillatory pattern and a gentle decrease with an increas
impact energy. The oscillatory pattern is caused by a perio
exchange of electrons between a Rb atom and a3He1 ion
during the collision, and the gentle decrease is caused
decrease off ts according to an increase of impact ener
@see Eq.~A16! in the Appendix#. It is, however, emphasized
again that the results deduced from the two-state calculat
in which only two states of the3He1(1s 2S)1Rb(5s 2S)
are taken into account, are almost two orders of magnit
larger than the experimental result at 6.33 keV.

On the other hand, the spin-exchange cross sections
sulting from the eight-state calculation show behavior grea
different from that obtained by the two-state calculation; t
closed triangles almost agree with the dashed curve for
pact energies lower than 0.1 keV/amu, while they decre
more rapidly than the dashed curve at impact energies hig
than 0.3 keV/amu. Consequently, the eight-state calcula
agrees with the experimental result though the calcula
still overestimates the experimental result somehow. T
rapid decrease of the spin-exchange cross sections at h
energies demonstrates that the effect of the eight states
comes more significant when the impact energy is increa
In fact, from Fig. 3~b!, it can be seen that both the electro
capture and target-excitation cross sections increase as
energy increase, though contribution from the latter cr
sections is less significant.

In the present work, we have taken only fourS-type
charge-transfer states into account for simplicity. If one ta
the effects of otherS-type charge transfers or theP forma-
tion, one can expect that the calculation will result in a bet
agreement with the experimental result. The spin-excha
cross section caused by the 5p state in Rb may also modify
the present result. Since the exact treatment needs fu
elaborate work, we made a rough estimation of the sp
exchange cross section via the 5p state. The calculated resu
was found to be less than 2310217 cm2. From this result it
4-3
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FIG. 2. The calculated result
for the radial-coupling matrix ele-
ments for the singlet@~a!–~d!# and
triplet @~e!–~h!# states of the
He1-Rb system, where the num
bers in the insets indicate the sta
numbers of the (He-Rb)1 system
~see Sec. II B!.
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is concluded that the contribution from this state is less
portant in evaluating the spin-exchange cross sections by
eight-state calculation.

IV. CONCLUSION

The starting point of the present work is to investigate
origin of discrepancy between the experimental result
the calculated one based on the two-state calculation for
spin-exchange cross section of the3He1-Rb system@20#.
For this purpose, we have employed the semiclassical cl
coupling method based on the molecular-orbital expans
allowing the charge transfers and target excitations. The
culation was performed in a wide3He1 impact energy cov-
ering a range from 0.01 to 10 keV/amu. The calculated
sults showed that the eight-state calculation did not affect
06271
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spin-exchange process at a3He1 impact energy lower than
0.3 keV, while at higher impact energy than that it becom
seriously influential. This result shows that the effect of t
eight-state calculation acts on reducing the spin-excha
cross section. As a result, the experimental spin-excha
cross section was quantitatively reproduced by the pre
‘‘eight-state calculation.’’

Another important aspect deduced from the present re
is the possibility that the large spin-exchange cross sectio
low impact energy may be useful to produce a highly pol
ized 3He nucleus. At a3He1 impact energy lower than 0.3
keV/amu, the spin-exchange cross section exce
10214 cm2, which is comparable to a charge-transfer cro
section@31,32#. This will hopefully enable us to produce
polarized 3He beam with a polarized Rb vapor with low
density by means of the spin-exchange process, becau
4-4
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SPIN-EXCHANGE CROSS SECTION FOR A3He1 ION . . . PHYSICAL REVIEW A 64 062714
fully polarized Rb vapor with such low density can be pra
tically available with ease@33#.
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APPENDIX: QUANTUM-MECHANICAL TREATMENT
OF THE SPIN-EXCHANGE CROSS SECTION

In this appendix, we present a brief review of th
quantum-mechanical treatment for the spin-exchange pro
between a3He1 ion beam and Rb atom target by modifyin

FIG. 3. ~a! Calculatedsse as a function of impact energy o
3He1 ion, where the dashed curve issse calculated with the two
states, and closed triangles and solid curve aresse calculated with
eight states.~b! Calculated cross sections for the charge-trans
~open triangles and a dot-dashed curve! and target-excitation~open
diamonds and a dotted curve! channels. Numbers indicated a
states defined in the text.
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the prescription given by Swensonet al. @15# so that the
relevant physics might be clear in terms of the Heisenb
expression.

Suppose that an incident and outgoing channel is
scribed by3He1(1s 2S)1Rb(5s 2S) and during the colli-
sion no target excitation or electron transfer occurs. T
spin-exchange processes are induced by electron exch
between a3He1 ion and a Rb atom during the collision, an
the spin-exchange process is schematically expressed b

3He1↓1Rb↑→3He1↑1Rb↓, ~A1!

where the arrow direction indicates the spin direction~up or
down! for an electron of either3He ion or for the valence
electron of Rb atom.

This process is treated quantum mechanically by the
lowing scenario, where we assume that the collisions oc
under the presence of the magnetic field strong enoug
decouple the hyperfine couplings, where the nuclear spin
fects could be ignored. The spin functions of the two coll
ing atomic system are represented as being a superpositio
a singlet and a triplet function. Through the collision a pha
shift occurs between the amplitude of the singlet compon
and that of the triplet one due to the difference in scatter
potential of the two components, which eventually gives r
to the spin-exchange process.

Bearing this in mind, we will formulate a spin-exchang
cross section. As possible molecular states, we take only
1S states~singlet 1S and triplet 3S) into account. Antisym-
metrized wave functions for the singlet and triplet states
the collisional (He-Rb)1 system are, respectively, given b

F1S5
1

2
$a~1!b~2!2b~1!a~2!%

3$fRb~1!fHe~2!1fHe~1!fRb~2!%, ~A2!

F3S5
1

2
$a~1!b~2!1b~1!a~2!%

3$fRb~1!fHe~2!2fHe~1!fRb~2!%, ~A3!

wherea(b) is an electron spin-up~-down! wave function,
andfHe (fRb) is a spatial part of the wave function for th
electron of3He1 ion ~valence electron of Rb atom!, respec-
tively.

On the other hand, the wave function withmz511/2 for
a Rb atom and withmz521/2 for a 3He1 ion is written as

C I5
1

A2
Ua~1!fRb~1! b~1!fHe~1!

a~2!fRb~2! b~2!fHe~2!
U ~A4!

5
1

A2
$a~1!fRb~1!b~2!fHe~2!

2a~2!fRb~2!b~1!fHe~1!%. ~A5!

In a similar way, the wave function withmz521/2 for a Rb
atom and withmz511/2 for a 3He1 ion is written as

r

4-5
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C II5
1

A2
Ub~1!fRb~1! a~1!fHe~1!

b~2!fRb~2! a~2!fHe~2!
U ~A6!

5
1

A2
$b~1!fRb~1!a~2!fHe~2!

2b~2!fRb~2!a~1!fHe~1!%. ~A7!

From Eqs.~A2!, ~A3!, ~A5!, and~A7!, C I andC II are given
as a superposition ofF1SandF3Sby using the matrix expres
sion

S C I

C II
D 5S cosu sinu

2sinu cosu D S F1S

F3S
D , ~A8!

whereu is called a mixing angle, and in the present caseu
should be equal top/4. Let C I(t) @C II(t)# be the wave
in

n,

n,

06271
function at timet. We assume that at timet52`, an inter-
nuclear separation is infinite, and at timet50, a 3He1 ion
approaches closest to a Rb atom. The wave functionsC I(t)
andC II(t) are expressed as

S C I~ t !

C II~ t !
D 5S cosu sinu

2sinu cosu D expS 2
i

\E2`

t

H dtD S F1S

F3S
D ,

~A9!

whereH is a Hamiltonian whose eigenfunctions and eige
values areF1S, F3SandVs, Vt , respectively. Here, we defin
E(t,V) as

E~ t,V!5expS 2
i

\E2`

t

V dtD . ~A10!

By substituting Eq.~A8! in Eq. ~A9!, Eq. ~A9! is rewritten
using the Heisenberg expression as
S C I~ t !

C II~ t !
D 5S cosu sinu

2sinu cosu D S E~ t,Vs! 0

0 E~ t,Vt!
D S cosu 2sinu

sinu cosu D S C I

C II
D

5S E~ t,Vs!cos2u1E~ t,Vt!sin2u @2E~ t,Vs!1E~ t,Vt!#sinu cosu

@2E~ t,Vs!1E~ t,Vt!#sinu cosu E~ t,Vs!cos2u1E~ t,Vt!sin2u D S C I

C II
D

5US C I

C II
D . ~A11!
ich

d

The matrixU is the time-evolution operator.
The probability that a statei becomes a statej at t is given

by

P~ i→ j !5Ui j* Ui j ~A12!

5H 12sin22u sin2Ff ts~ t !

2 G ~ i 5 j !

sin22u sin2Ff ts~ t !

2 G ~ iÞ j !,

~A13!

wheref ts(t) is expressed by

f ts~ t !5E
2`

t

~Vt2Vs!/\dt. ~A14!

In consequence, the spin-exchange cross section is obta
 ed

by summing up the above probabilityP(I→II) at t51`
with respect to the impact parameterb.

sse52pE
0

`

b sin2
f ts

2
db, ~A15!

where sin2(2u)51 is used because ofu5p/4. On the basis of
the semiclassical impact-parameter approximation, in wh
the 3He1 trajectory is expressed by a straight line,f ts(`) is
given by

f ts522E
b

` R~Vt2Vs!

\vAR22b2
dR, ~A16!

whereR is an internuclear separation of the two atoms anv
is the relative velocity of the two atoms.
n,

-
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