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Spin-exchange cross section for &He™ ion incident on a Rb atom
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Spin-exchange cross sections betweeia® ion and a Rb atom were calculated irflde’ 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 ofthe’ (1s 2S)+Rb(5s 2S) system were
taken into account overestimated the experimental result at 6.33 keVV/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 tHarmrif)
predicted atHe" impact energies lower than 0.3 keV/amu will hopefully provide a powerful tool for produc-
ing a highly polarized®He ion beam.
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I. INTRODUCTION source based on this method called an OPRiftical-
pumping polarized-ion sourge has shown significant
Importance of the spin-exchange processes in atomic coprogress in practical use in nuclear and particle physics. Fea-
lisions was first pointed out by Purcell and Fidlt] and  sibility of the polarized-ion source based on the spin-
Wittke and Dicke[2] on the hydrogen system: They dis- exchange processes between a hydrogen and alkali-metal
cussed the spin-exchange processes in establishing the statem received attention as an alternative method of the OP-
populations for the hyperfine levels and resulting consePIS [15-18. However, the cross sections for the spin-
guences with respect to the 21-cm radio astronomy. Furtheexchange processes between a hydrogen and alkali-metal
Wittke and Dicke studied the processes to experimentallyatom was not so large that they might be used for efficiently
redetermine the hyperfine-splitting frequency of the hydroJproducing a polarized proton beam.
gen atom with a high accuracy. Since their pioneering experi- On the other hand, the spin-exchange processes between a
mental work, the spin-exchange processes have been widefiHe ion and alkali-metal atom had not received attention
studied[3-7] for both fundamental research and applicationwith propriety until quite recent year$l9]. Recently,
to such as a cryogenic hydrogen mak&r Arimoto et al. discussed the spin-exchange cross sections for
In recent years, production of a nuclearly polarized hydrothe *He"-Rb systen{20] to examine the validity of the EP-
gen or noble gas lik€He received much interest due to a PIS (electron-pumping polarized ion souyd@1,22. It was
growing demand for application to various fields. Since thea great surprise that the observed upper limit for the spin-
spin-exchange processes between a hydrdgnfgas and exchange cross section was almost two orders of magnitude
alkali-metal atom were considered to be one of the attractivemaller than the theoretical prediction. This unexpected re-
methods of polarization, their polarization mechanisms wereult was in marked contrast with that for the H-Rb system,
extensively investigatep—11]. where the theory satisfactorily reproduced the experimental
Along with the effort to produce polarized atoms as men-results{15—-18. The above aspects suggest the complexity of
tioned above, much work has been done on production athe spin-exchange processes for thide™-Rb system. In
polarized ions like a proton, with capture of a polarized elec{act, this complexity may come from the following expecta-
tron by an ion(a few keV/amy penetrating an optically tion: The singlet states of the +HRb system are subject to
pumped polarized atomic target2—14. The polarized-ion  strong ionic covalent interaction, which leads to a deep po-
tential well at fairly short internuclear distances, whereas the
triplet states are not. Also, the energy of the initial state for
*Present address: Japan Synchrotron Radiation Research Instititee He" +Rb system is accidentally close to the energy of
(JASRJ), Kouto 1-1-1, Mikazuki-cho, Sayo, Hyogo 679-5198, Ja- the states populated by the charge transfers. As a result,

pan. translation effects tend to be more important in the*He
"Present address: Physics Department, University of Michigani Rb system than in the HRb system.
Ann Arbor, Michigan 48109. Thus, a primary concern of the present work is to disen-
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TABLE |. Orbital exponents of the Slater-type basis.

He Rb -
=]
1s 2.9110000 4 1.47256 5
2.0000000 5 1.45575
1.4530000 0.83134 22 Singlet 22 Triplet
1.0000000 0.45312 ° R [:u. : ® ° R [:.u‘ ] »
2s  1.3093953 (1.4530000 5p  1.06297
0.5372721 (1.0000000 0.67145 FIG. 1. Potential-energy curves for the singleefft curves and
2p  0.7167531 (1.6998674 triplet (right curves (He-Rb)" quasimolecule states. The numbers
0.5057654 (0.5314231 indicated are referred to in the text.
&/alues in parentheses correspond to the triplet manifold. model is valid at impact energies higher than 1 keV/amu.

However, since there are reports that discuss validity of the
tangle the problem associated with the spin-exchange crosgodel up to~10 keV/amu[25,26, we consider that our
sections for the®He" -Rb system in a quantitative way. We method could be effective up to this energy region.
performed the calculation of the spin-exchange cross sec-
tions by the semiclassical close-coupling method based on A. Electronic states

the molecular-orbital expansion not only for two states of the . . ) )
3He" (1s 2S)+Rb(5s 2S) system but also for the states The adiabatic potential energies for (He-Rbjre ob-

populated via the target excitation and the charge transfer. tained by the valence-band configuration-interaction method
modified by inclusion of a pseudopotential to describe the

atomic core of Rb. The pseudopotential used is a Gaussian-
type one[27], viz.,

In this section, we present a summa%z‘athe calculation of
the spin-exchange cross sections for *-Rb system. >N
An evolution of the formalism describing the spin-exchange vin E| VIO im) (Vi @
cross sections is outlined in the Appendix.

Since the details of the present theoretical method, i.ewhereY,,, are a spherical harmonics aig(r) is given by
the semiclassical close-coupling method based on the
molecular-orbital expansion were described previously
[23,24), only a brief summary of the basic technique and
specific information used for the present calculation are

given here. o _ The values of the pseudopotential parameters are referred

We assume that the initial state is H&.s) + Rb(5s) fora g the review given by Bardslgi27] and also to the previous
large internuclear distance, whereas, at a finite internuclegyq by Stevenst al. [28]. In Ref.[27] the Rb pseudopo-
distance this state becomes a singlet and triplet moleculagntials includel =3 terms. but these were not used in the

3 i . T
state denoted by I and 1°3. We carry out the semiclas- present calculation. The orbital exponents of the Slater-type
sical close-coupling calculations based on the moleculargpita) for the valence electron of Rb atom were taken from
orbital expansion; the internal electron motions are treateghe previous work by Steveret al. [28], while those for the
quantum mechanically, while the relative motions of nucleipe+ jon and He atom were obtained by variationally opti-
are treated as the straight-line trajectories clgsswally. 'L?'nizing the energies. The Slater exponents and the pseudopo-
plane-wave-type electron-translation fact@®TF) is em-  tantjg| parameters are given in Tables | and Il, respectively.
ployed in the first ord.er of _the relat|v_e velocity. _ . The potential-energy curves for the (He-Rbjuasimol-

The above model is valid for low impact energies highergc e states calculated by the above method are shown in
than 20 eV/amu. It is still controversial whether or not our Fig. 1 as a function of the internuclear separation between
the ®He nucleus and Rb core. The left curves in Fig. 1 show
the energy curves for the singlet states and the right ones
show those for triplet states. The numbers in these figures are

Il. THEORETICAL APPROACH

V(H=Ae b’ % % 1 2
2(r2+d?)?  2(r2+d?3 1

TABLE Il. Rb* pseudopotential.

A 17.29503 . . 2
AO 5 851747 referred to in Sec. Il B. In order to examine the precision of
! . the calculated results, we estimated the ionization potentials
A, —1.553162 3 L
0.746748 for Rb and°He. It was found that the deviation of the cal-
€o 0'29 301 culated results from the spectroscopic dg®9,30 was
&1 295 smaller than 0.062 eV.
& 0.387761
d 1.950 - .
oy 5.966 B. Collision dynamics
aq 102.0 The total scattering wave function was expanded in terms

of products of the molecular electronic states and atomic-
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type ETF’s. Substituting the total wave function into the whereV(V,) is the potential energy of thel® (133) state,
time-dependent Schdinger equation and retaining the ETF respectively. The spin-exchange cross section is given by
correction up to the first order in the relative velocity yielded

a set of first-order coupled differential equations. By numeri- _ =b , g2
cally solving the coupled equations, we obtain the scattering Ts=27 | 5|=ci()+ey(=)e "7 db, ®
amplitudes for transitions. The squared amplitude gives the

transition probability, and the probability times the impact\yhere ¢, is a phase difference defined in E&16) in the
parameter integrated over the impact parameter gives thgppendix. In this calculation, we neglected the contribution

0

cross section. _ - of state 4 too, because our close-coupling results showed
In the dynamical calculations, the following eightstates  that the excitation probability to this state and the phase dif-
were taken into account: S ference were very small as compared with that of state 1.
State Symmetry Asymptotic limit
1 133, —3He" (15 2S) + Rb(5s 2S)
2 13y —>3He(1523 133) +Rb* IIl. RESULT AND DISCUSSION
3 L3 — ®He(1s2p “%P) + Rb" The calculated spin-exchange cross sections are plotted in
4 L% —°%He"(1s2S)+Rb(5p%P)  Fig. 3@ as a function of*He" impact energy, where a

The initial wave function¥, is a linear superposition of the dashed curve is the result of the calculation taking only two
113 and 133 wave functions at a separated atom limit asstates of the’He* (1s 2S)+Rb(5s 2S) among the eighk.
given in Eq.(A8) in the Appendi{ 10,15. As a collision pair ~ states, and closed triangles are the results of the eight-state
approach each other, both of thé3 and 1%3 states couple calculation. Here, a solid curve is drawn as a guide to the eye
with the singlet and triplet excitation/charge-transfer chanto connect the closed triangles. An experimental regalt
nels, respectively. The wave function during the collision isclosed circle with an error biis also plotted in this figure. It
expressed as a function of time by is instructive to mention that the dashed curve shows an
oscillatory pattern and a gentle decrease with an increase of
impact energy. The oscillatory pattern is caused by a periodic

q’l(t):)\Zl Cx(t)q’xlz':ﬁ;l cu(D®@yasFL, (3 exchange of electrons between a Rb atom aritHa® ion

- - during the collision, and the gentle decrease is caused by a

where \ is the state number for the (He-Rb)molecule, —decrease ofjs according to an increase of impact energy
®,15 (P,35) andF, (F}) are the electronic wave function [S€€ EG(A16) in the Appendi. It is, however, emphasized
and ETF for the state 0f'S, (A\33), respectively. The above 29ain that the results deduced from the two-state calculation,

. . + 2 2
coefficient,c, (t) or c/(t) is normalized as follows: in which only two states of théHe"(1s ?S)+Rb(Ss 2S)
are taken into account, are almost two orders of magnitude

4 4 1 larger than the experimental result at 6.33 keV.
> ()= cl(t)P==. (4) On the other hand, the spin-exchange cross sections re-
A=1 A=1 2 sulting from the eight-state calculation show behavior greatly
different from that obtained by the two-state calculation; the
%losed triangles almost agree with the dashed curve for im-
t[f))act energies lower than 0.1 keV/amu, while they decrease
more rapidly than the dashed curve at impact energies higher
than 0.3 keV/amu. Consequently, the eight-state calculation
agrees with the experimental result though the calculation
&iill overestimates the experimental result somehow. The
rapid decrease of the spin-exchange cross sections at higher
energies demonstrates that the effect of the eight states be-
comes more significant when the impact energy is increased.
In fact, from Fig. 3b), it can be seen that both the electron
(5) capture and target-excitation cross sections increase as the
energy increase, though contribution from the latter cross
sections is less significant.
C\(—®)=c((—»)=0 (N#1). (6) In the present work, we have taken only fobirtype
charge-transfer states into account for simplicity. If one takes
After the collision, the probability that the spin exchange hashe effects of othek -type charge transfers or thé forma-
occurred is given by the superposition of the survived amplition, one can expect that the calculation will result in a better
tude for the I'S and 1%% states according to the prescrip- agreement with the experimental result. The spin-exchange
tion described in the Appendix as cross section caused by the State in Rb may also modify
the present result. Since the exact treatment needs further
elaborate work, we made a rough estimation of the spin-
exchange cross section via thp State. The calculated result
(7)  was found to be less thanx210™ %" cn?. From this result it

4 4

The radial-coupling matrix elements necessary for solvin
the coupled equations are numerically evaluated according
the prescription given by Kimura and Lafi23]. The calcu-
lated results are shown in Fig. 2 for the sindleb—(d)] and
for the triplet state$(e)—(h)], respectively, where the num-
bers in the insets of Fig. 2 indicate the state numbers of th
(He-Rb)" system.

The initial condition must satisfy the following relations
att=—oo:

1
01(—°O)=Ci(—00)=ﬁ,

1 2
P(I—1)=>

—cl(t)+ci(t)exp{ - ;,L—ﬁx(vt—vs)dt]
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is concluded that the contribution from this state is less im-spin_exchange process atthle* impact energy lower than
portant in evaluating the spin-exchange cross sections by thg3 keV, while at higher impact energy than that it becomes
eight-state calculation. seriously influential. This result shows that the effect of the
eight-state calculation acts on reducing the spin-exchange
cross section. As a result, the experimental spin-exchange
cross section was quantitatively reproduced by the present
The starting point of the present work is to investigate the'eight-state calculation.”
origin of discrepancy between the experimental result and Another important aspect deduced from the present result
the calculated one based on the two-state calculation for this the possibility that the large spin-exchange cross section at
spin-exchange cross section of thele"-Rb system[20]. low impact energy may be useful to produce a highly polar-
For this purpose, we have employed the semiclassical closézed *He nucleus. At a®He" impact energy lower than 0.3
coupling method based on the molecular-orbital expansiokeV/amu, the spin-exchange cross section exceeds
allowing the charge transfers and target excitations. The calt0™** cm?, which is comparable to a charge-transfer cross
culation was performed in a widgHe" impact energy cov- section[31,32. This will hopefully enable us to produce a
ering a range from 0.01 to 10 keV/amu. The calculated repolarized *He beam with a polarized Rb vapor with low
sults showed that the eight-state calculation did not affect theensity by means of the spin-exchange process, because a

IV. CONCLUSION
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the prescription given by Swensaet al. [15] so that the
relevant physics might be clear in terms of the Heisenberg
expression.

Suppose that an incident and outgoing channel is de-
scribed by3He' (1s 2S)+ Rb(5s 2S) and during the colli-
sion no target excitation or electron transfer occurs. The
spin-exchange processes are induced by electron exchange
between aHe" ion and a Rb atom during the collision, and
the spin-exchange process is schematically expressed by

3He' | + Rb] —3He" 1 +Rb|, (A1)
where the arrow direction indicates the spin directiop or
down) for an electron of eithefHe ion or for the valence
electron of Rb atom.

This process is treated quantum mechanically by the fol-
lowing scenario, where we assume that the collisions occur
under the presence of the magnetic field strong enough to
decouple the hyperfine couplings, where the nuclear spin ef-
fects could be ignored. The spin functions of the two collid-
ing atomic system are represented as being a superposition of
a singlet and a triplet function. Through the collision a phase
shift occurs between the amplitude of the singlet component
and that of the triplet one due to the difference in scattering
potential of the two components, which eventually gives rise
to the spin-exchange process.

Bearing this in mind, we will formulate a spin-exchange
cross section. As possible molecular states, we take only the
13, stateg(singlet 'S and triplet®3) into account. Antisym-
3He* ion, where the dashed curve ds, calculated with the two metrized wave functions for the singlet and triplet states of

states, and closed triangles and solid curvecagecalculated with  the collisional (He-Rbj system are, respectively, given by
eight states(b) Calculated cross sections for the charge-transfer
(open triangles and a dot-dashed cyrard target-excitatiofopen
diamonds and a dotted cupvehannels. Numbers indicated are
states defined in the text.

Impact Energy ( keV/amu )

FIG. 3. (a) Calculatedog as a function of impact energy of

1
Pr= > {a(1)B(2) - B(Da(2)}

X{ro(1) Pre(2) + due(1) dre(2)},  (A2)
f_uIIy polari_zed Rb_vapor with such low density can be prac- L
tically available with easg€33]. Do E{a(l),B(Z)-i-B(l)a(Z)}
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APPENDIX: QUANTUM-MECHANICAL TREATMENT \/E{a( VPRl 1)A(2) P 2)

OF THE SPIN-EXCHANGE CROSS SECTION
_ _ _ _ —a(2) pre(2) B(1) pre(1)}. (A5)
In this appendix, we present a brief review of the
guantum-mechanical treatment for the spin-exchange proce&s a similar way, the wave function witim,= —1/2 for a Rb

between a®He" ion beam and Rb atom target by modifying atom and withm,= +1/2 for a ®He" ion is written as
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v L [BLSrID) a(D)dudD) ”6)
" 21B(2) pre(2)  a(2) due(2)
1
=E{B<1>¢Rb<1>a<2>¢He<2>
—B(2) dre(2) (1) pre( 1)} (A7)

From Egs.(A2), (A3), (A5), and(A7), ¥, andW¥ are given

as a superposition ebiyand®ssby using the matrix expres-

sion
q)lz

Dayf’ (A8)

v, cosf sinf
v,/ | —sing cosh

where# is called a mixing angle, and in the present case,

should be equal tar/4. Let ¥ (t) [V, (t)] be the wave

(‘1’|(t)>
Wy (1)

E(t,Vy

cosfd sind
—sinf® cosé

~ul 3]

The matrixU is the time-evolution operator.
The probability that a staebecomes a stajeatt is given

by

Pi—)=Ujuj (A12)
1-sir?26 sir? d’t;(t)} (i=)
. sin26 sir? %T(t) (i#j), -
where ¢(t) is expressed by
¢ts(t)=£w(vt—vs)/hdt. (A14)

0 cosé

0 E(tth))<
E(t,Vocogo+E(t,V,)sirte

- ( [—E(t,Vg+E(t,V,)]sind cose

PHYSICAL REVIEW A 64062714

function at timet. We assume that at tinmte= —o0, an inter-
nuclear separation is infinite, and at time 0, a *He" ion
approaches closest to a Rb atom. The wave functiby{s)
and V¥ (t) are expressed as

(\Iﬁ(t))_( cosé sine) i [t Gy
v, (t)) | —sind cosd exr(—%f_mH dt) D3y’
(A9)

whereH is a Hamiltonian whose eigenfunctions and eigen-
values arebiy, PssandVy, Vy, respectively. Here, we define

E(t,V) as
E(t,V)=exp( - ;i—ft \% dt).

By substituting Eq(A8) in Eq. (A9), Eq. (A9) is rewritten
using the Heisenberg expression as

—sing\ [ ¥,
COSH)(\PII)
[—E(t,Vg+E(t,Vy)]sindcoss) [ ¥,
E(t,VcoS+E(t,V,)sirf )(‘P”)

(A10)

siné

(A11)

by summing up the above probabili§y(l—I1l) at t=+x
with respect to the impact parameter

b1s

osezzwfo bsin27db, (A15)

where siR(26)=1 is used because 6f= /4. On the basis of
the semiclassical impact-parameter approximation, in which
the He" trajectory is expressed by a straight ligly() is
given by

bs=—2 J TRVEVYY m (A16)

b v REZ—bZ

whereR is an internuclear separation of the two atoms and

In consequence, the spin-exchange cross section is obtainedthe relative velocity of the two atoms.
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