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We propose two realistic schemes for producing electron spin-polarized alkaline-earth ions. One of
the schemes is based on one-photon resonant two-photon ionization via fine structure manifolds of
triplet states, while the other is based on one-photon resonant one-photon ionization. For both
schemes we find that the ionization must take place framipéet stateto produce spin-polarized
photoions. Photoions produced from a singlet state are always unpolarized regardless of the laser
polarization and a magnetic sublevel from which ionization takes place. We carry out specific
analysis for both schemes with Sr atoms, and find 85%—-90% and 66% polarizations for the former
and the latter schemes, respectively, if the wavelengths and polarizations of lasers are judiciously
chosen. In particular, if all the produced photoions are in the grausthte, we find an exact
one-to-one correspondence between the spin-polarizatiphaibionsand ejecteghotoelectrons
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I. INTRODUCTION ionization, there is no report which examines a possible
scheme for creating electron spin-polarized ions. Recalling
During the last few decades much effort has been madghat the ground state of singly ionized alkali-metal ions and
for the development of a spin-polarized electron sotirée. rare gas ions have a closef or an openp® configuration,
Although polarized electrons are typically produced byrespectively, one would immediately notice that these ions
photoionization of a gaseous or solid target by circularly po-are not suitable for the purpose of studying spin-dependent
larized radiation, their spin cannot be directly polarizedeffects. lons with simple electronic structures such as
through electric dipole interaction, since it works only on theglkaline-earth ions are much more preferable. Now the ques-
orbital angular momentum of electrons. That is, it is thetion we would like to address is how to produce electron
spin—orbit interaction that plays an essential role to transfegpin-polarized alkali-earth ions. Although one may naively
the polarization of orbital angular momentum to the spinthink that the photoion is necessarily polarized if the ejected
before or upon the photoionization processes. As is Welhhotoelectron is polarized, it is nat priori obvious, since
known, the most practical and efficient way to create spinthe photoelectron takes away some spin as well as orbital
polarized electrons is to irradiate a GaAs crystal by circularlyangular momentum. Therefore the degree of spin-

polarized radiation, by which more than 80% spin polariza-polarization of photoions needs to be quantitatively exam-
tion has been achieved. One of the main problems of thigyed for specific cases.

method as a polarized electron source is that the GaAs crys-  Ejectron spin-polarized ions can be used to probe vari-

tal can be seriously damaged if an intense laser is used {g,s spin-dependent dynamics at a surtd®eand in gas
obtain spin-polarized photoelectrons. In order to overcomghase collisions, which are of great importance in chemical
this problem, we have recently proposed a new scheme Utbhysics. For the study of spin-dependence of atomic
lizing multiphoton ionization of X&. Obviously the scheme collisions**~'®spin-polarized alkali-metal atoms prepared by
proposed in Ref. 6 is damage-free since it employs a gas asgptical pumping have often been used as targets. The use of
target, and the theoretical results show that more than 90%pjin-polarized alkaline-earth ions instead of alkali-metal at-
polarization can be achieved when the laser wavelength isms would add another dimension to understanding spin-
properly chosen. Needless to say, as a polarized-electrqfspendent collision dynamics. As for the ion—molecule reac-
source, the use of rare gas rather than alkali-fidtal e collisions, it has been found that the reactive cross
alkaline-earth vapor is by far preferable from a technicalggctions strongly depend on the spin—orbit states of ions,

point of view, since rare gas is much easier to handle anghich are selectively prepared by multi-—single-photon ion-
higher electron current can be obtained simply by increasing, ation together with coincidence techniqdést® Thus, a

the gas pressure. o method to create spin-polarized ions withermal energy
When we turn our eye to the residuahs after photo- st pe established for more detailed study. An obvious but

not necessarily the simplest scheme for producing electron

3Electronic mail: nakajima@iae.kyoto-u.ac.jp spin-polarized alkaline-earth ions is to ionize neutral atoms
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% another before ionization. Recall that a singlet—triplet transi-
. tion is spin-forbidden in the pure LS coupling. In reality,
' none of the real atomic states is described by a pure LS
coupling, and therefore such a spin-forbidden transition is
possible, regardless of its weakness, due to the configuration
mixing among states with different spin states. In other
o) @3 words, it is neither orbital angular momentum nor spin an-
gular momentum but total angular momentum that conserves
5s5p 3 P momentum. It should be clear by now that even a state that is
o o labeled as a singlet state cannot be 100% singlet, and always
52 | : contains small fraction of triplet component and vice versa.
S So For efficient ionization, it is best to induce a singlet—triplet
(a) (b) transition from the singlet ground state to the first excited
FIG. 1. Level schemes for producing electron spin-polarized aIkaIine—eartﬁnplet_ state, s_mce, althou_gh it |s_already n_u_jCh Wea_‘ke_r than
(Sn) ions. the singlet—singlet and triplet—triplet transitions, this is the
strongest singlet—triplet transition. That is the reason why we
employ a singlet—triplet transition in both schemes as a first
first, and then polarize the ions using optical pumping, asstep toward ionization. According to our estimate, the neces-
reported by Reihlet al,'® where they have obtained ‘Sr sary intensity to saturate the transiti@s? 1S,)-|5s5p °P,)
beam of a few keV energy with more than 90% polarization.yould be about 0.2 W/chfor a CW laser(with a laser beam
In chemical physics, however, important inelastic and reacgiameter of 1 mm and 16 W/cn? for a 10 ns pulsed laser,
tive collisions take place atthermal energyf a few eV. An  regpectively. Therefore, we expect tha60% of the popu-
ion beam with thermal energy can be easily produced byation in the ground state can be easily brought ufs&sp
making use of photoionization of an effusive neutral atomic3p .
beam. Therefore, the question is how to create electron spin- | scheme AlFig. 1(a)], after the first excitation to the

polarized ions through photoionization. _ triplet state|5s5p 3P, ), we utilize two-path interference via
The purpose of this paper is to propose and examine W@ear_resonant fine structure stai@s5d °D; ), from which
realistic schemes for producing electron spin-polarizedpe jonization takes place by absorbing one additional pho-
alkaline-earth ions via multiphoton ionization of an effusive ;5 The key of this scheme is to induce quantum-mechanical
neutral atomic beam. One of the schemes is based on ONgyierference, by the proper choice of laser detuning from the
photon resonant two-photon ionization via fine structurénear.resonant fine structure states, in such a way that the

manifolds of triplet states, while the other is based on ONexkaline-earth ions in one of the ground-state magnetic sub-

photon resonant one-photon ionization. Which schemeg, s 5 23, m=+1/2 are favorably produced. As we
- j=* :
would be more preferable for real applications depends 0Rpq,y |ater on in this paper, there is an exact one-to-one cor-

how much spin polarization and ion yield are needed, andeqnondence between the degree of polarization of produced

therefore, both schemes have to be compared. We would likg ¢ ang photoelectrons, as one might naively imagine, if all
to emphasize that the proposed schemes are rather S'mpﬁhotoions are in the ionic grouri®,, state
and do not require sophisticated equipment. Furthermore, the w2 :

photoions produced by our schemes have thermal kinetic er|1
ergy, which is in a completely different energy range re-
ported in Ref. 19. The electron configuration of the ground
state of a neutral alkaline-earth atom is given $y!S,,

which means that the total spin quantum number is zero. A

In scheme B[Fig. 1(b)], we directly ionize atoms in
5s5p 3P,). We should note that in both schemes Aand B, a
particular magnetic sublevel d6s5p P; M;) (M;=0,
+1) can be selectively excited by the proper choice of the
olarization of lasew,. Our main objective of this work is
. . . . 0 examine which scheme can produce more polarized ions.
we show Iatgr n th|§ papephotoions from a S'.”g"?‘ state Since the different laser polarization and magnetic sublevels
lcannot bedspm(-jpst)l_arlzed retg_;alrc:rI]estsﬂ?f thﬁ p:o!an_zat;_on cif Lh%nvolved in the process lead to different spin polarization of
e i ok i ton, K nccons and phcoslectons, e must specty bo aser
tion does not occur for a singlet state, as the vector model fopr)olanzatlon and mvo!ve(_j magnet_lc sublefgl i both
. L . ' hemes for the quantitative analysis.
spin—orbit interaction suggests. S¢ . q Y .
An obvious advantage of scheme B over scheme A is

that only one photon is needed frofs5p 3P,) to ionize
atoms, while in scheme A two photons are required via near-

In this section we present our analysis of a possible proresonant5s5d 3D1,2> intermediate states. This makes a huge
duction of electron spin-polarized alkaline-earth ions in thedifference in terms of ionization efficiency, since one-photon
grounds 2S,,, state. Specifically we examine two schemesionization cross sections are many orders of magnitude larger
for Sr depicted in Figs. (B and Xb), which we shall call than two-photon ionization cross sections. Of course, small
scheme A and scheme B from now on. In both schemes, it iBnization cross sections can be always compensated by uti-
essential to ionize an alkaline-earth atom in thieglet lizing intense lasers, and this is not a very serious problem.
ground state via driplet excited state. This implies that a That is, it is a matter of how much laser intensity we want to
singlet—triplet transition must be introduced in one way orpay for how much degree of spin polarization. At this mo-

Il. ANALYSIS
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TABLE I. Deviation from the Lande’s interval rule for the loweassnp®P where the primes of the kets on the left-hand sides of the
3
andnsnd’D states of Ca, Sr, and Ba, above expressions indicate that they are the leading terms,
Ca (h=4) Sr (1=5) Ba (n=6) Pure LS while the kets on the right-hand sides represent the pure LS

3 states. As one expects, the configuration mixing for Ba is

nsnp°P 2.04 2.11 2.37 g .

nsnd®D 151 153 1.22 15 stronger than those for Sr and Ca. However, it is a little

surprising that the mixing for Cas4td turns out to be larger

than that for Sr 85d. This is due to the presence oti8p

_ ) ) _ and 4p? states lying nearby, which causes strong configura-
ment, which scheme produces more spin-polarized ions iggp mixing with Ca 44d.

not a priori obvious, and needs to be quantitatively exam-
ined.

The outcomes of these two checks indicate that the states
labeled as St5s5p *P,) and|5s5d ®D; ,) are well repre-
sented by theingle LS stateBefore moving onto the quan-

A. Validity of the use of LS coupling scheme titative description of the systems, we note that the initial

If we may employ theLS coupling description with a state is Cc_)nsidere_d to BBS5p °Py) rgther tharf5s® 'Sp) in
single term the analysis will be greatly simplified, leading to the following sections. The reason 1 that, due tg the symme-
analytical expressions for spin polarization. The validity oftry the transition strength fros® “So) to [5s5p *P; My)
such an approximation, however, needs to be examined bés €xactly the same for aM;=0,=1. Therefore the first
fore proceeding further, since, strictly speaking, none of theeXcitation process does not have to be taken into account
pure coupling schemes represents a real atomic structure. Fohen we calculate the degree of spin polarization.
that purpose, we first check the Lande’s interval rule, which
is given by

E,Lsim EyLsi-1%d, 1

wherelL, S, andJ represent quantum numbers for the or- B. Scheme A: two-path interference via fine structure
bital, spin, and total angular momenta, respectivelyepre- ~ manifolds

T e v FISLUE examine scheme A WTich & tio-photon iz
. . tion from |5s5p 3P,). To start with, we assume that the
the Lande’s interval rule suggests that the LS coupling de- [585p °Py)

scription is valid. Now we examine the Lande’s interval rul Nital state is given as\, = [(naly nalz) LS MJ>’. where

for the lowesnsnp3P andnsnd®D of Ca, Sr, and Ba using andl; are a principal quantum number and orbital angular
experimental energy values. The results are listed in Table Tiomentum of theth (i=1,2) electron witfL.,S,J,M, being
together with the values for the pure LS coupling. Naturallyt€ duantum numbers for the total orbital angular momen-
the deviation from the Lande’s interval rule becomes largefUm: total spin, total angular momentum, and its projection
for the heavier elements. As a second check, we calculate tH310 the quantization axis, respectively. Now the single-
configuration mixing for those states using a Cowan’s atomi®noton excitation amplitude to the state represented\py
structure cod&? For Ca, the wave functions are found to be =|(nil1 n3l5) L’ S 3" M}) is given by®

expanded as

|4s4p3P,)’ =0.9944s4p °P,), 2)
|4s4d3D,)’ ~0.964s4d 3D ;) +0.253d5s3D,),  (3) A A =((ml1 nalo)L TS IM3[rgl(nals nal)LSIM)
|454d3D,)’ =0.96454d 3D,)+0.243d5s°D,).  (4) = Sgg(—1)Y TMyFL TSN [2341) (207 + 1)
For Sr, we obtain " J 1 J){L’ s ¥
|5s5p 3P;)’ =0.995s5p 3P;)+0.124d5p 3P,),  (5) -M; a My/[J 1 L
|5s5d 3D,)’ ~0.995s5d 3D ;) +0.184d6s3D,),  (6) X((nil1 nal )L S'[l.rf[(nyly nolo)LS), (12)
|5s5d 3D,)’ =0.985s5d 3D,)+0.184d6s°D,), (7)
and for Ba

whereq is 0,1, and -1 for linearly, right-, and left-circularly
|6s6p 3P,)'=0.996s6p °P,)—0.145d6p 3P,), (8)  polarized light, respectively. Throughout this paperztexis

3 3 3 is taken along the wavevectdpolarization vector of the
|6s6d °D,)" =0.826s6d °D;) +0.555d7s°Dy) photon for circularly(linearly) polarized light. Similarly, the
—0.135d6d °D,), 9) single-photon partial ionization amplitude from the state

nosn

to the continuum stat&'=|k;m521 lm}’l>, i.e., the continuum
with an ionic core|(nylysy) jim{ ) and photoelectron with
—0.135d6d °D,)—0.1§6s6d 'D5), wave vectork and spinm( , can be derived, using a partial

(10 wave expansion, as

|6s6d 3D,)’ =0.846s6d 3D,)+0.495d7s°D,)
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|
where y={15,m/ .M, ,Mg,m_,m_ms,mg,j;.m} and Il RESULTS AND DISCUSSION
- : - a1l . . o
the coefficient a’mi is defined as, a/m/ =4mi"2 In this section we present quantitative results for

"

schemes A and B. Under the pure LS coupling with a single
term whose validity has been confirmed for our specific case
resents a radial matrix element frofn;il; njl5) to  in Sec. Il A, computation of the angular part in E¢&l) and
Inil1 klI3), which is essentially a single-electron transition (12) is straightforward. As for the pertinent radial matrix
from njl5 to k5. When the ionization takes place after two- elements, we employ a single-channel quantum defect
photon absorption through the proceggA;,A;) and theory, since the excitations from,=|5s5p3P;) to A,
M(A,,¥), the photoelectron yieIcPe[m’S’z] with spin-ug-  =[5s5d 3D, ,), andA,=|5s5d D ,) to ¥ =|5skl) are es-
down) (mgzz +1/2), irrespective of the ionic statén’l}s; sentially a single—elegtron transition, i.ep %o 5d, and
j,l,mjll , can be computed using the effective two-photon malo kp or kf wherek being the wave vector of the.photoelec—
tron, with the % electron as a spectator. In this work we
assume that the bound-free radial matrix elemétis are
D A(A1,A)M(AR,P)[? the same for both5s5d D) and |5s5d °D,). We should
v AAz ‘ ' note that the use of the single-electron transitions approxi-
(13)  Mation and the neglect of the fine-structure-dependence of

. . . . pertinent radial matrix elements may cause small inaccuracy
whereA , is the detuning of lase®, from an intermediate L .
2 in terms of theabsolute ionization cross sections. That

state{\z. JdQ, indicates integration over all solid angle for should not be a serious problem, however, for our specific
the ejected photoelectron, and the sum is taken over all POgy, 4y since what is of interest is a degree of spin polariza-
sible ionic core states. Similarly, the ion yield tion: Recall that the degree of spin polarization isekative

mynn n H H H mnmynn " I
Pion[ (n11757) j1] into the ionic state(nil7sy) j1mj)) canbe 444 of ionization cross sections into different channels with

xexp(—ia;)ng{rz with 6,; being the phase shiﬂ?.e:lfIé rep-

trix element, as

PIm]=2 | dQ

core

computed as specific polarizations.
_ In the following subsections, we introduce the notations
Pion (N11781)j1M] 1= 2 f dQy Py, andPy, (M,==1,0) to represent the ionization from
M, = =112 the state|5s5p 3P, M;) into the ionic ground-state Sr
2 B . . . .
A(Al,Az)M(AZ,\P)‘Z 55 S;» with spln—up/—dpwn, respectively. Using this nota-
X Z A . (14  tion, the total polarization can be calculated from the rela-
Az Ay ‘ tion,
When we apply these formulas to the scheme depicted in s pl _pl
Fig. 1(a), A,=|585p 3Py M), A,=|555d°D;,M}), and o My=0.18m,(Py, =Py ) 16
W =|k;m 5s;,m ). C Sum—o-1am (P +PL)’
s, 1 M;=0,£19M, M, M,
C. Scheme B: selective excitation of a particular where ay (M;=0,+1) are the weighting factors for the

magnetic sublevel population in each magnetic subleygk5p 2P, M ;).

Now we examine scheme B. This scheme is nothing but  Before going into the details of our results, we would
one-photon ionization from a selected state by laser like to make a brief remark on ionization via a singlet state.
which is|5s5p 3P,) in this case. As for the bound-free ma- By carrying out calculations for ionization frofgs5p 1P;)
trix elements, we can again use the formula given by Egsand |5s5d 'D,) with all possible magnetic sublevels, we
(12). The ion yieldP;y [ (n717S])j1] can be computed using have numerically confirmed that thepin polarization for

ions as well as electrons is always zero regardless of the

Pion[(n’l’l’l’s’l’)j’l’mj’l]= > dQM(A,,¥)|?, laser polarization and magnetic sublevels chosen, if the ion-

Msj==12 ization takes place from a singlet statehis is simply be-
(159  cause a singlet state does not have spin—orbit interactions,
with  A,=|5s5p3P; M}) and ‘I’=|k;mg2531,2mj’l). i.e.,,L-S=0 sinceS=0.
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look strange at first glance. This is so, because we have cal-
1 ‘ \ culated ionization from a particular fine structure state
|5s5p 3P, ): If it were nonresonantmultiphoton ionization
directly from the ground state, the spin polarization would
have been zero. For ionization frofes5p 3P, M;=—1)
(solid ling), the spin polarization changes its sign whenis
varied from negative to positive values, and it reaches a
maximum positive polarization of 65% at;=8 cm ! due
to the interference effect, and then decreases again. A similar
tendency can be seen for the case starting from
|5s5p 3P, M;=0) (dashed ling For ionization from
detuning A, (in cm™) |5s5p 3P, M;=1) (dotted—dashed however, it is only
|5s5d 3D,) that is involved as an intermediate state due to

FIG. 2. Variation of the degree of spin-polarization of photoions for schemethe selection ruleAM.=+1 for excitation by right-
A as a function of detuning\, by right-circularly polarized lase®,. lon- J

ization takes place fromssp P, (a) M ,= —1 (solid), (b) M ,=0 (dasheg circularly polarized radiation. No two-path interference takes
(c) M,=1 (dotted—dashedand(d) all M, (thin solid). place. Therefore the curve for two-photon ionization from
|5s5p 3P, M;=1) (dotted—dashed is completely flat.
When the initial state is an isotropic mixture of all
|5s5p 3P, M;) (M;=0,%=1) (thin solid), the variation of

By making use of the formula presented in Etd), itis  the curve is rather small, which is obviously due to the con-
straightforward to obtain the expressions for scheme A. Fotribution from|5s5p *P; M;=1). As a final remark on Fig.
completeness, we consider two possibilities for the polariza2, we note that the best choices of detunings would\pe
tion of lasersw; and w,, i.e., right-circularly or linearly =-5 and 0cm?, starting fromM;=0, which leads to
polarized. The results for left-circularly polarized laser can—90% and—65% polarizations, respectively. This is sort of
be immediately obtained by just changing signs of the oba compromise between the degree of spin polarization and
tained spin polarizations of ions for right-circularly polarized the amount of expected ion yield. The use of interference
laser, and therefore we do not need to present the expressiogfiect represented by the polarization peakAat=8 cm *
here. for M ;= —1, turned out not to be very useful, since the same
1. lonization by right-circularly polarized laser o, degree of polarization with opposite sign, 65%, can be ob-

First we assume that the laseg is right-circularly po- tained at perfect resonance without two-path interference,

larized. Expressions for the amount of producet 5s ions -8 A1=0 for M,;=0, which necessarily guarantees huge
from each of the magnetic sublevelSs5p 3P, Mj)(M,  €nhancement in ionization yield.

=0,£1) are given in the Appendix A1 as functions &f

andA,. Note thatA; andA, are the detunings of laser, 2. lonization by linearly polarized laser — o,

spin polarization

A. Scheme A

from |5s5d °D;) and|5s5d °D,), respelctively, with the re- We can carry out similar calculations for the case in
lation A,=A;—15.1 (in units of cm*) for our specific  which the lasew, is linearly polarized. Expressions for the
scheme in Fig. (8). amount of produced Sr ions from each of the magnetic sub-

Regarding the expressions for the amounpbbtoelec-  |evels|5s5p °P; M ;) (M;=0,+1) are given in the Appen-
tronswith spin-up(-down), we find that they are exactly the dix A 2.
same with those ofions in Sr* 5s2Sy, with spin-up Again, using Eqs(A7)—(A12), we calculate the varia-
(-down). This means thathere is a one-to-one correspon- tion of the degree of polarization as a function of detuning
dence between the degree of spin polarization of photoion,. The results for &_;,a9,a;)=(1,00),(0,10),(0,0,1),
and photoelectronas one might naively imagine. This is and(1/3,1/3,1/3 in Eq. (16) are shown in Fig. 3. Because of
because all ions are in the ionic ground staséS,,,, which  the symmetry, the curves fd5s5p 3P, M;=—1) (solid
does not have orbital angular momentum. If some of thaine) and |5s5p 3P, M;=1) (dotted—dashedare upside-
produced ions were in the excité® or D state, etc., which  down. At far off-resonancéA,|> 1, the polarization is about
has orbital angular momentum, there would be no clear cor+65% for both cases. Moreover, in both cases, the spin po-
respondence between them. Using E@sl)—(A6) together  |arization changes its sign, due to the two-path interference
with Eq. (16), we can calculate the variation of the degree ofvia intermediatg 5s5d °D,) and |5s5d °D,), as the detun-
polarization as a function of;. As foray (M;=0,£1) in  ing A, is varied from negative to positive values and vice
Eq. (16), we consider four cases. The results forversa. Foi5s5p®P; M;=—1) and|5s5p *P; M;=1), the
(a_1,a9,21)=(1,00),(0,10),(0,0,1), and (1/3,1/3,1/3,  maximum-—minimum spin polarization af 85% is obtained
which can be easily realized by making use of a right-at A;=5cm ! where the laserw, is tuned between
circularly, linearly, and left-circularly polarized laser, and un-|5s5d °D;) and |5s5d ®D,) where two-path interference is
polarized laser fow,, are shown in Fig. 2. When the laser significant. As for ionization from |5s5p3P; M;=0)
w, is far off-resonance, i.e|A;|>1, the degree of polariza- (dashed ling the spin polarization is zero at agy,, which
tion is rather high, and it is about-92% at A; is obviously because of the symmetry. It is interesting to
=-50cm ! for ionization from |5s5p3P; M;=0) point out that the maximum spin polarization of 85% is
(dashed ling by right-circularly polarized light. This might achieved through two-path interference if the laseris lin-
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D, 'n, from each of the magnetic sublevdBs5p *P; M;) (M,
! ‘ | =0,+1) are given in the Appendix B 2. Using Eq®B7)—
S (B12) together with Eq(16), we can calculate the degree of
05 P ~ o 1 spin polarization. The result is given in the second line of
~ ,'/ Table Il. Comparing this result with that for right-circular

spin polarization

0 — o polarization, the achievable degrees of spin polarization
“\ /’ absolute value are almost the same: Spin polarization is
05 L Vi 1 —66% for ionization from|5s5p 3P, M;=—1) by right-

circularly polarized lasews, while it is +60% for ioniza-
-1 ‘ tion from |5s5p 3P, M;=1) by linearly polarized laser
-50 0 50 w3.
detuning A, (in cm™)

IV. CONCLUSION
FIG. 3. Variation of the degree of spin-polarization of photoions as a func-

tion of detuningA; by linearly polarized lasew,. lonization takes from In conclusion, we have quantitatively studied two realis-
from 5s5p°P; (&) M;=—1 (solid), () M,=0 (dashedi (c) My;=1  tic schemes for creating electron spin-polarized alkaline-
(dotted—dashedand(d) all M, [thin solid, which is identical to graptb)].  earth jons via multiphoton ionization of neutral atoms, and
compared both results. In order to obtain polarized ions, it is
0‘?ssential that the ionization takes place from a triplet state,
which we have chosen ap3P; for both schemes.

The first schemdscheme A utilizes one-photon reso-
_nant two-photon ionization via fine structure manifolds. The
ionization path is described bsf 'Sy—sp3P;—(sd®D; )
—ion, where two-path interference plays an important role
to obtain high degree of spin polarization with near-resonant
enhancement of ionization. We have found that the more
polarized ions can be obtained if the laser frequencies and
the laser polarizations are properly chosen. In particular, due
to the two-path interference, 85% spin polarization turned
out to be possible for Sr if the ionization takes place from

We perform similar calculations for scheme Bg. 1(b)]  |5s5p 3P, M,;=—1) with a linearly polarized laser. With a
using Eqs(12) and(16). In particular, for the evaluation of right-circularly polarized laser, about 90% polarization is
bound-free radial matrix elements, we have assumed that thgssible with a reasonably small detuning, but this is not due
photon energy for lasew; is about 32470 cm!, corre- to the interference.
sponding to the wavelength of an excim&eCl) laser. For The second schenmscheme Bis based on one-photon
completeness, we again consider two possibilities for the poresonant one-photon ionization. The ionization path is de-
larization of lasersw; and ws, i.e., right-circularly or lin-  scribed bys? 1Sy—sp®P;—ion. The achievable degree of
early polarized. The results for the case with left-circularly polarization for St has been found to be no more than 66%.
polarized laser can be immediately obtained by making usélowever, much more ionization yield can be expected for
of the prescription which is explained just before Sec. Il A.the second scheme compared with the first one, simply be-
cause it is one-photon ionization from the resonspfP,

) ) ] ] ~ . state. We should keep in mind that a one-photon ionization
First we consider the case of right-circular polarizationrqss section is typically of the order of 18—10"16 cn?

for laserws. Expressions for the amount ofsproduced ST ionSyhile two-photon ionization cross section is of the order of
from each of the magnetic subleveSs5p°P, My) (My 1975210745 cnf's. Clearly the first scheme is more favor-
=0,+1) are given in the Appendix B 1. Using EqB1)~  4pje for the purpose of obtaining more polarized ion at the
(B6) together with Eq(16), we can calculate the degree of gynanse of jonization yield, which can be always compen-
polarization. The result is given in the first line of Table Il. g5iaq only if intense lasers are available. Therefore, both
o . _ schemes have advantages and disadvantages. Which scheme
2. lonization by linearly polarized laser w3 would be more suitable depends on how the polarized ions
Second we consider the case of linear polarization foare used afterwards for various spin-dependent experiments.
laser w;. Expressions for the amount of produced Sr ionsIn any case, neither requires a sophisticated experimental
setup, which is perhaps the largest advantage of the proposed
schemes.
Before closing, we would like to note that, although our
quantitative study has been carried out specifically for Sr,
M;=—1 M;=0 Mj=1 Isotropic %5p 3P, very similar results are expected for other alkaline-earth at-
right-circular P 60 433 "1 oms.such as Ca and Ba. After qll, it is an angular part of
linear ~60 0 160 0 matrix e!ements rgther than a rqdlal part that. plays an essen-
tial role in producing electron spin-polarized ions. As for the

early polarized. In contrast, two-path interference does n
help so much if the laseaw,, is right-circularly polarized, as
we have already seen in Fig. 2.

Note, however, that the degree of polarization is com
pletely zero with linear polarization for laser,, if the ion-
ization takes place from an isotropigs5p P;) (thin solid
line in Fig. 3, while the spin polarization is-67% atA;
=-3.3 cm ! (thin solid line in Fig. 2 with right-circular
polarization for lasew, .

B. Scheme B

1. lonization by right-circularly polarized laser w3

TABLE Il. Spin-polarization(in %) of photoions for scheme B by linearly/
right-circularly polarized lase®.
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radial part, it is theratio of radial matrix elements and not 0 378RXf !
the absolute values that affects the degree of polarization. Pﬁl=4w > 2 , (A6)
Therefore, we estimate that the difference of polarization for 2\/—A1

other alkaline-earth atoms would be no more thah0%. )
where A; and A, are the laser detunings from states

|5s5d 3D,) and|5s5d3D,), respectively, with the relation
A,=A;—15.1(in units of cm ). A, is the reduced matrix
element defined a&,=(5s5d ®D||r||5s5p P), namely the
radial part ofA(A,A5).
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Similarly, if the laserw, is linearly polarized, expres-
sions for the amount of ionization are derived as

APPENDIX A: SCHEME A
s¢ o —amla? 0.202&RE];  0.377REY,|”
1. Right-circular polarization for laser —1T 4T A
J potarization 2 . ' 2/6a;  2y108, |
If the laserw, is right-circularly polarized, expressions o 12
for the amount of ionization are derived, using Etg) to- 0.173RER;  0.223R%h,
gether with Eqs(11) and(12), as 2\/_A1 2\/F)Az
kp |2
Pl L~ 4m?|A, 2 ~0.245REf; 0316RL ,[0-185FE, 02300, 2
- 264, 2107, | ; (A7)
2.6, 24104,
.|o 16085, 0. 207025(,2\
264, 2108, | o an?|A? 0.173RY, 0223@5(,2\
, 2\6A, 2\104, |
.|o 115R¢|°  [0.185RE],|” A1) ,
+
2768, | 27en; | | . 0.185RK,, 0.239®R!,
‘2 ‘ 264, 24107,
0.115R%, [* |0.185RK",
PLi=4m?|A? + 0.163RSD,  0.632&RED,|°
2\/_A1 ’ 2\/_A1 ’ +
2\/6A, 24104,
.o 2928}, 0.378(REY|” 2 ,
+ 1
2\/—A1 2\/1—OA2 ‘ n 0. 160R5d1 0. 621R5d2 , (A8)
2./6A, 21104,
x| | 70.081RER, -0 1826?5d2‘
Po=4miAd J6 | [10.316REE,|* [0.338RE|°]
2\/6A, 2\/—A2 a2 5d2] 5d2’
2‘/—A1 2‘/—°A2 | -0207@RE|? [0.338RE,
~0.207®RY 0.154FRK" | 2 Po=4m"|Adl " '
5d1 542 I V10, ‘ V104,
+ \/_ , (A3) (A10)
264, 2104,
L o ol | ~0-207RE 01543?5(12\ o] |0163REE, 06324?5(,2’
6A, 24104, 26A, 2410,
0.507R, (o 378RE,|” ) 0.160R%, 0.621R:.,|°
, +
264, 2\/—0A2 | 2\6A, 2104,
oo | 50:308RE|? 0.173R0,  0.223R%,|°
Pl =4m"|A,] \/_ \/— + \/_ \/_
254, 2\6A, 2104,
0.378®RY", | 0.185RS,  0.239@RE.,|?
+\3——— |, (A5) + , (A11)
2454, 2\6A, 2104,
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0.173REP,
264,

0.185RE!;
2\/6A,

0.292RE!,

2\6A, ’

APPENDIX B: SCHEME B

k
0.223@RkP,

24104, ‘

‘ 2

‘ 2

F’f:4772|A1|2

0.239(RE!,
2107, |
0.377RE!,

21104, ’

’ ’

(A12)

1. Right-circular polarization for laser w4

If the laserws is right-circularly polarized, expressions
for the amount of ionization are derived, using E@s}) and
(12), as

P! ,=0.0835RE5|%+ 0.0166RE0 |2, (B1)
P!, =0.0835R55|2+0.1165RES|2, (B2)
P}=0.1665RE5|2+0.0335RES 2, (B3)
Py=0.199§RsY2, (B4)
Pl ,=0.1997RkY2, (BS)
P ,=0.0999R%Y2. (B6)

2. Linear polarization for laser w3

Similarly, if the laserw; is linearly polarized, expres-
sions for the amount of ionization are derived as

P! ,=0.0502Rs|?, (B7)

P! ,=0.1665Rs5|>+0.1834RE0|2, (B8)

Spin-polarized alkaline-earth ions 2119
P,=0.0999Rs5|2, (B9)
P§=0.0999RK]|2, (B10)
P’ ,=0.1663RE5|2+0.1834RK]|2, (B11)
P! ,=0.0502Rs0|%. (B12)
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