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Role of spin-orbit interaction in the production of spin-polarized photoelectrons
using a dressing laser
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We investigate the role of spin-orbit interaction in the production of spin-polarized photoelectrons under the
influence of a dressing laser. Although the scheme considered here is essentially based on the laser-induced
continuum structure, it turns out that special care has to be taken for the spin states in the continua. This is
because the spin-orbit interaction in the continuum cannot be neglected for our specific case. After the deri-
vation of the general formula, specific theoretical results are presented for Rb and Cs atoms. Enhancement
about a factor of 2 in the degree of spin polarization has been predicted for both systems by the introduction
of a dressing laser.
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[. INTRODUCTION tion in the continuum on the production of spin-polarized
photoelectrons under the action of a dressing laser. We em-
Developing and searching for an efficient way to produceploy a set of time-dependent equations which is applicable
highly spin-polarized electrons has been one of the importanip to the intensity of~10' W/cn?. Various ionization
issues in both basic and applied sciences, since the spin dekhannels and ac Stark shifts are taken into account. In par-
pendence of any physical phenomena provides additional irticular, special attention is paid to the description of continua
formation on the dynamics when one is to investigate variougn terms of spin states. Note that the main objective of this
properties of gaseous as well as condensed matter. Recentlypaper is to understand the underlying mechanism of produc-
simple method has been proposed for the production of spiring spin-polarized photoelectrons under the action of a dress-
polarized photoelectrons using multiphoton ionization of Xeing laser, rather than to propose and assess alternative means
[1]. The scheme is essentially based on quantum-mechanicfdr the production of spin-polarized photoelectrons.
interference which naturally has a dependence on laser fre- The level scheme we consider is shown in Fig. 1. The
quency. For all single-, two-, and three-photon ionizationground state of alkali-metal at0m§,Sl,2(mj=i1/2) de-
schemes presented there90% polarization has been pre- noted ag0) with energyE,, is coupled to the continuum by
dicted [1]. Furthermore, if the outgoing photoelectrons area right-circularly polarized probe laser with frequeney.
spin polarized, electron spin oésidual ionsmight be polar- ~ An initially unoccupied excited staté,Sl,z(mjz +1/2) de-
ized as well. Two simple schemes have been proposed inoted as|1) with energyE,, is also coupled to the con-
Ref.[2] for the purpose of producing electron spin-polarizedtinuum by a linearly polarized dressing laser with frequency
ions and an experimental study is under progreds wq- Note that the two lasers are assumed to be in a cross-
It is now well known that a strong radiative coupling be- beam geometry at right angle, so that the quantization axis,
tween an initially unoccupied excited state and a smoottwhich is conventionally taken along the propagation direc-
continuum by the dressing laser can induce autoionizinglikeion for circular light and the polarization direction for linear
resonance at a desired energy in the continuum. This is thigght, can be defined to be the same for both lasers. The
so-called laser-induced continuum structdréCS), and the frequencies of the lasers are chosen in such a way that a
theoretical prediction was reported some time &4e-6],  two-photon near-resonance is realized, iEy+#Awy=E;
which was followed by experimental confirmations,8]. +%hwy. Due to the dipole selection rule, only thecon-
Much more clean experimental results together with a detinuum can be reached from the ground and also from the
tailed theory have been reported in recent pap@ys0]. excited 2S,, states. At first glance, it appears that the under-
The motivation of this study comes from an assumptionlying physics can be well described by the scheme depicted
that the LICS may be used to supprésshancgan undes- in Fig. 1(a). The naive scenario we had in mind before the
ired (desired coherent ionization channel, which is an ion- detailed study is as follows. Due to the LICS via the “appar-
ization into the spin-down or -up continuum, leading to theently” commonp continuum denoted as;=1/2 in Fig. 1a),
production of spin-polarized photoelectrons. Related to thehe ionization channel from the groun%Bl,z(mj:—1/2)
study presented here, we should note that there are a fegtate can be completely turned off at a certain deturding
works in the literaturg11,12 which utilize the LICS for What is left is the ionization channel from the ground
producing spin-polarized photoelectrons. The studies in therésl,z(mj=1/2) state, photoelectrons from which are 100%
were within the framework of transition rate approximation. spin up. After a more careful investigation, however, we
In this paper, we investigate the role of spin-orbit interac-came across a problem: Recall that the valence electron in
2Sl,z(mj= —1/2) is necessarily spin down. As long as the
spin-orbit interaction is not taken into account, the spin state
*Email address: t-nakajima@iae.kyoto-u.ac.jp will not change, irrespective of the polarization of the lasers
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FIG. 1. Level scheme for the case in which the probe laser is FIG. 2. Level scheme for the case in which both lasers are
right-circularly polarized, while the dressing laser is linearly polar- linearly polarized.(a) Naive (and misleading picture. (b) Correct
ized. (@) Naive (and misleading picture. (b) Correct picture for  picture. Line thickness iifb) indicates coupling strength.
which detailed results are presented in this paper. Line thickness in
(b) indicates coupling strength. plings depicted by thin lines in Fig.(8), the LICS can be

still observed. Although the spin-orbit interaction brings a

used for excitation/ionization. This simple argument lead ugound electron to the spin-flipped continuum with a small
into a dilemma of how the transitions by the probe and dressProbability, its contribution to the LICS is much smaller in
ing lasers in Fig. 3 can bring atoms to the commgn this case, and does not change the ba§|c feaj[ure of thg LICS
continuum withm; = 1/2. The answer to this dilemma is that SPectrum. Therefore, neglecting the spin-orbit interaction is
the picture described in Fig.(d) is misleading. The correct Cconsidered to be a rather good approximation as long as both
physical picture is illustrated in Fig(t). Briefly, the transi- 1asers are linearly polarized. A similar argument holds for the
tions from the ground'S,,(m; = — 1/2) state and the excited Case in which both lasers are circularly polarized.
2Sl,z(mJ:l/Z) state by the right-circularly polarized probe

and linearly polarized dressing lasers do not go to the game Il. THEORY
continuum withm; = 1/2. Rather, transitions bring atoms into . o o
the different spin statebelonging to the samp continuum In order to describe all the dynamics involved in Figo)l

with mj=1/2, as depicted in Fig.(®). In the limit of no  in & time-dependent manner, we employ a resolvent operator
spin-orbit interaction, the transitions drawn by thin lines informalism. In the following section, we carry out specific
Fig. 1(b) vanish, and hence there is no LICS at all. In othercalculations for RH 5s,,(m;=—1/2) for |0) and 7;,(m
words, in order for the system to exhibit a LICS, it is essen-—1/2) for [1)] and Cs [6s,(m;=—1/2) for [0) and
tial that there is sufficient spin-orbit interaction in the con-8Sy2(m;=1/2) for[1)]. Before going into the detail of the
tinuum. model, we note that the hyperfine structure of the system has
For better understanding, it is instructive to consider thedeen neglected throughout this work, which will be justified
case in which both lasers are linearly polarized, as oftedn Sec. Il B.

employed in LICS experimenfd—10]. Note that photoelec- ~ Now, we start with the resolvent equatipis, 14
trons are not spin polarized in this case, since there is no net B ()
angular momentum transferred from light to atoms. A naive (z=Ho—=D"-D'")G=1, (1)

(and again misleadingpicture and a correct picture are de-
picted in Figs. 2a) and 2b), respectively. Even if there is no whereH, is a field-free Hamiltonian, an® andD® are
spin-orbit interaction in the continuum, i.e., no radiative cou-the dipole operators for the probe and dressing fields, respec-
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tively. Following the standard proceduf&3,14], a set of ments by laser from the bound stat§) to the continuum

resolvent equations is obtained as follows: |k), which are connected to the ionization widths by the
e relationT"{) = 27| D (|2,
2—Eg—hwy+hwg—(SP+SD) +i L} Photoelectron yield into each continuum can be computed
P 2 using the relations
i t
XGg—Q 1_5)61:1' (2 Rcl(t):f_xdt { (p)|uo|2+1“(d)l|ul|2
i i i
—Q{1=5]CGot| 2~ E;—(SP+si)+ E(F(lp)—*_r(ld))} +2 Im[ﬂCl L+ (UoU¥ +uyug) } 9
C1
XG;=0, (3

where all the continuac,) (k=1,2,3,4) have been elimi-

t
Rcz(t):f dt’ [ (p)|Uo|2+F(d)2|U1|2
nated. The continuum state,), not shown in Fig. (), is a

continuum belonging to the same parity and the spin state as [ " *
|c3), but at a different energy, since this is the continuum +21m ch 1+ a (Uouy +ustig) |1, (10
reached by the single-photon absorption of the probe laser 2
from state|1). I'*'s are the total ionization widths of state I L
[i) (j=0 or 1) by the probe ¢=p) or dressing laserd Rey(1)= _wdt F103|u1| ' 1D
=d) into all the possible continua. The partial ionization
widths such ad"{? into each continuunic,) (k=1,2,3,4 t
o e A g e ( ) - [ avr@ua 12
are implicit in I';”, and they are connected through the —w 4
relation
11l. NUMERICAL RESULTS
r@="> T (=012. ) . _
k=cy tocy A. Calculation of matrix elements

First, we calculate necessary matrix elements for Rb and

Q) is a two-photon Rabi frequency betwe) and|1), and ,
Cs. In particular, we have chosen Rl p(m;=—1/2),

g is an asymmetry parameter. The two-photon Rabi fre-
quency Q is a sum of the two-photon Rabi frequencies 751,2(m] 1/2), and  $y(m;=1/2), [05651/2(”‘ =

coupled via spin-down/spin-up continuurft;) and |c,), 1/2),851(m; =1/2), and &1,2(m 1/2)] for|0), |1), and
ie. 12), respectlvely The wavelength of the dressing laser is

chosen to be 1.0am, which corresponds to an Nd:YAG

al1- _) _ E Q (1_ _) ®) (yttrium aluminum garnetlaser. As for the probe laser, the
a) 5, B g’ wavelength must be chosen such that nearly two-photon
resonance is realized, i.e-0.
S(“)'s are the ac Stark shifts of state by laserp or d. Note It should be clear by now that the matrix elements we

that the spontaneous decay|@j has been neglected in this need must bg dependent, since spin-orbit interaction plays

work, since the natural lifetimes of Rtsy, and Cs &;,are  an essential role in our specific casee Appendixes A-C

88 ns and 104 ns, respectively, which are much longer thahe most rigorous treatment of spin-orbit interaction is to

the laser pulse duration (1 ns—10 ns) we assume in this p&olve the Dirac equation. An alternative way is to include a

per. spin-orbit term in the nonrelativistic Hamiltonian. In this
For the time-varying laser intensities, we have to convertvork, however, we employ a simpler method. We have em-

the resolvent equations into the amplitude equations. Theployed pseudopotentials to calculate wave functions of the
read valence electron of Rb and Cs. It is essential that our pseudo-

potentials have as well asl dependence.

Usually, the radial component of nonrelativistic one-
electron Schrdinger equation in a central field can be de-
scribed using ar-dependent pseudopotentid|(r) and a
core polarization. The potentidd(r) describes an interac-
tion of valence electrons with the core. Oné¢gr) and the
core polarization are given, a series of radial functions and
corresponding eigenenergies can be obtained for édgh
solving the one-electron Schdimger equation. Of course, if
the potentiaV,(r) has a different form, different radial func-
whereu;’s (j=0,1,2) are the probability amplitudes of statestions and eigenenergies are obtained. In this way one can fit
[i). 6 is the two-photon detuning defined by=(E, the form of pseudopotentials so that the calculated energies
+hwp) — (Erthog). D(“)'s are the bound-free matrix ele- agree with the experimental ones. Furthermore, by introduc-

: 1 i
uo:_E(rg@lJrr(p))uo—m(l—a)ul, (6)

S (P) (d) (d)
=|ié (F ot )

—iQ(l—la)uo, 7)

. 1
U2: - EF%%LUz, (8)
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TABLE I. Semiempirical parameters in E¢L4) for Rb for the TABLE lll. Atomic parameters for Rb &7s system{} in rad/s,
pseudopotential. I'ins™%, Sinrad/s, and 4 in W/cn?.
a by i di o Q, ~1.37%T,14 de, ~175
Rb sy, —26.1762 1.6970 —3.3004 1.8627 3.4429 ch 2.43J1 1 4 dc, 24.1
P12 —26.1612 1.2324 —3.0172 19651 1.5952 s
Da> ~26.2561 1.2159 —3.0569 2.0728 17321 T 0522, r{ 0.0469
re 0.00796, r{ 5.069
L . . . - TP (p) 4
ing j dependence of eigenenergies during fittings, the radial 24 0.72, e, 5.2}1077,
functions becomg dependent as well. In other words, one Sy 464, s 222,
can phenomenologically introduce spin-orbit interactionsg(® — 4604 S 384,
throughj-dependent pseudopotentials. That is,
d? Using these pseudopotentials, all dipol t d
VL (D) P (D)= € P (1), 13 g pseudopotentials, all dipole moments we nee
2 dr2 (1) [ Prij (1) = € Prii(r) 19 e calculated, with which the necessary atomic parameters

have been compute@ee Appendixes A—CThe atomic pa-
where Pnlj(r) is aj_dependent one-electron radial function ramgters are listed in Tables Il a.nd IV for Rb and Cs. Unqel:
and e,); is aj-dependent eigenenergy. The pseudopotentialhe influence of the strong dressing laser, the characteristic
V;(r) we employ has a form of width of the states is predominantly determined by the ion-
ization width of [1), T{V(=T{Q +T{?). From Tables Il
and IV, we find that the widths dfL.) are 5 GHz and 15 GHz
o2 r —Ciexp(—d;jr) for Rb and Cs, respectively, &=10° W/cn?. Obviously,
these widths are broader than the hyperfine splittings of the
r\6 ground state of R3 GHz and Cs(9 GHz). Therefore, at
——4{1—9XF{—(r—) H (14)  the intensity ofl4~10° W/cn? and above, the hyperfine
€ splittings can be safely neglected. At lower intensities, how-

v|,-(r)=—%+ |(+1) _ ayexp—byr)

J

) ) ever, the hyperfine splittings have to be taken into account in
The third and fourth terms in Eq14) correspond to the 3 yigorous sense, but we did not elaborate it, since the pri-

short-range interaction, representing the interaction of th‘?nary objective of this paper is to study the role of spin-orbit

valence electron with the core, with spin-orbit interactionnieraction and the dressing laser with sufficient intensity in
phenomenologlca]ly taken into account. The last term in eqhe production of spin-polarized photoelectrons.
(14) describes a dipole polarization with a correct asymptotic

form. e, is a cutoff parameter andy is a dipole polariz-

ability of the core RE or Cs". The values of the dipole _ _ _
polarizabilitiesa4's are taken from the literatufd 5], which Now, with the atomic parameters calculated in Sec. Ill A,
are 9.076 and 15.81 for Rband Cs, respectively. Fitting @ Set of time-dependent amplitude equations, E#)s:(8), is
of parameters;, by, ¢, dj, andr have been carried solved. Using the obtained solutions fog(t), uy(t), and
out for the lowest four states in eac,, Pya, and P u,(t), spin-up/-down photoelectron yields can be calculated

series. In order for the fitted parameters to be consistent %\g/zn;eEfi?\Sé(t?])e_geZ).reBee(f)?f ﬁ]rei?;]rtilggtitc:?or:‘umlgtr:)ceﬁlegtai)ur:tssés
much as possible, fittings fqr;, andps, are first performed 9 pinp P

for the statistically averagegd series. Then, starting from Re,*Re,TR;,~Rc,
those parameters, fittings are further performed for gggh P
and ps, series. Thus, fitted parameters are listed in Tables |

and Il for Rb and Cs. After the parameter fittings for the
pseudopotentials, the calculated energies agree with the ex- TABLE IV. Atomic parameters for Cs$8s system () in rad/s,
perimental ones for the lowest six states of eagh, py,, I ins ' Sinrad/s, and4 in W/cn?.

and py,, series within the accuracy 6f1 cm ! for Rb and

B. Photoelectron yield

= : (15
Re,+Rc,+Re, *Re,

<2.5 cm ! for Cs. Q. —0.81y1,l4 de, —4.07
Q 3481, 7.67
TABLE Il. Semiempirical parameters in E¢L4) for Cs for the i pd Ge,
pseudopotential. Fg’é)l 0.588 F(lt(j:)l 0273,
(p) (d)
ay by o d fo, re) 0.0562,, g 14.674
re 1.21 re 3.76x107 3
Cssip 3.0822 1.9514 —27.4598 1.6987 3.4147 (ZpC)A P (1:)3 P
P12 —-2.0043 09579 —7.4053 1.2161 4.2557 0 354, Sy 254,
P32 —4.8884 0.9483 —9.5531 1.2497 35271 S - 858 S 343,
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FIG. 3. Variation of spin polarization as a function of two- FIG. 4. Variation of spin polarization as a function of two-

photon detuning at four different peak intensities for the dressingphoton detuning at four different peak intensities for the dressing
laser, 14=10" (thin solid ling, 14=10° (solid ling), I4 laser, 14=10" (thin solid ling, 14=10° (solid line), Ig4
=10° W/cn? (dotted ling, and 14=5x10° W/cn? (thick solid  =10° W/cn? (dotted ling, and I4=5%10° W/cn? (thick solid
line). Peak intensity of the probe laser is kept to lbg line). Peak intensity of the probe laser is keptl gt 10" Wicn?.
=10" W/cn?. Pulse duratior(Gaussian, FWHMis 4 ns for both  Pulse duratiofGaussian, FWHMlis 1 ns for the probe and 10 ns
probe and dressing lase®) Rb 5s-7s system andb) Cs 6s-8s for the dressing laser¢a) Rb 5s-7s system.(b) Cs 6s-8s system.
system.

whereR;,, Rc,, andR., are the spin-up photoelectron yields ,rely due to the spin-orbit interaction in the continuum

from |0) and|1), |2), and|1), respectivelyR; is the spin-  without the effect of dressing laser. In addition, the laser-

down photoelectron yield fron0). Note that the effect of induced structure started to emerge at a lower dressing laser

the dressing field is contained in the third terms of Egs. intensity for Cs, since the two-photon Rabi frequerfay

and (10). (=Qc, +Q,) for Csis larger than Rb by more than a factor
Figure 3a) shows the variation of spin polarizatiéhfor  of 2. In terms of the enhancement factor of spin polarization

the Rb %-7s system as a function of laser detunifigGHz)  caused by the dressing laser, it is 2.6 for Rb and 1.8 for Cs at

for four different peak intensities of the dressing ladgr, 1,=10" W/cn? with 1 ns duration andiy=10° W/cn? with

=10 (thin solid ling, 1 (solid line), and 16 (dotted ling, 10 ns duration. In order to obtain a more physical under-

and 5x 10° W/cn? (thick solid line. Peak intensity of the standing, photoelectron yields into eaRh, R.,, R, and

probe laser has been kept to bg=10" W/cn? for all R, are plotted in Fig. 5 as a function of detuniAgIn each

curves. Pulse duration is taken to be 4 [@aussian, full . .
width at half maximum(FWHM)] for both lasers. Due to the of Figs. %a) and 3b), three curves correspond R)Cl (thin

intensity-dependent and naturally time-dependent ac Stali®): Rc, (solid line), andR,, (dot-dashed ling respectively.
shifts, the net two-photon detuning cannot be maintaine(ﬂRC4 is very small and practically zero in this scalét is
constant during the rise and fall of the pulse. Therefore, mosgerhaps interesting to point out that the laser-induced struc-
of the laser-induced structures have been smeared out, and an

enhancement of spin polarization turned out to be very small. 0.008 = —rrrm T e

Similar results are obtained for the Cs-8s system[Fig. 3 o006 [(B) RO Ss7ssystem
3(b)]. In order to circumvent the problem of the ac Stark >
. . . . . s 0.004
shifts which are mainly due to the intense dressing laser, we g
now employ a longer pulse for the dressing laser, 10 ns, < %9%2T

compared with the probe laser, 1 ns. Results are shown in 0

3020 10 0 10 20 30
Fig. 4(a) for Rb. When the dressing laser intensity is small, 002 () e 6585 ystom ' ' '

| 4= 107 W/cn?, the spin polarization is practically constant, goosp NG 1]
since the photoelectron yieIdl%Cl and R, are dominated by § oot1f
the first terms of Eqs(9) and (10). (Re, and R;, do not $ 0005

depend on the dressing laser intensity, but contribute as a 0 s : - . '

background. As the dressing laser intensity increases, the =0 =20 0 O 10 20 %0
;;_10 g : g . Yy ! detuning 3 (GHz)

third term as well as the second term in E(®. and (10)

become non-negligible, and a significant structure shows up FIG. 5. Photoelectron yields into eaBl (thin line), R, (solid

in spin polarization as a function of laser detuniigSimilar  line), R, (dot-dashel andR., as a function of two-photon detun-

results are obtained for Cs. The main difference between Riag 5. (Re, is very small and practically zero in this scalé,

and Cs is that the spin-orbit interaction is larger for Cs and=10" W/cn? and 14=5x10° W/cn?. Pulse duration is 1 ns

therefore, spin polarization at far-off resonanced ( (FWHM, Gaussianfor the probe and 10 ns for the dressing lasers.

=10 GHz) is larger for Cg37%) than Rb(17%). This is  (a) Rb 5s-7s system.(b) Cs 6s-8s system.
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ture of the photoelectron yield frof0) with up spin Re, =—1/2) state and an exciteéS,, (m;=1/2) state by the
[solid lines in Figs. &) and §b)], is much more significant ~circularly pola}rized probe a}nd Iinearly polarized dressing la-
compared with that of the photoelectron yield frop@) with ~ S€rs, respectively, go to different spin states, although both

down spinR,_[thin lines in Figs. %) and b)], although ~ SPin states belong to the sampecontinuum withm; =1/2.
both structures originate from the dressing laksge Fig. Specific numerical calculations have been carried out for the

1(b)]. In terms of the perturbation theory this can be easilyr'?]b 5s-7s and and Cs §-8s systems. In both cases, enhance-

understood, with the help of Fig.(D), as follows: Starting ent about a factor of 2 in the degree of spin polarization
from |0) t,he lowest-order ionization processes 463 has been obtained by the introduction of a dressing laser at

. |c;) and|0)—|cy) for ionization into|c,) and |c,), re- the intensity of>10° W/cn?. Naturally, spin polarization of

spectively. The second-lowest-order ionization processes rébe Cs system turned out to be higher than that of the Rb

quire three photons. For ionization into the continuloy) system, since the spin-orbit interaction is larger for Cs. In
it is represented by0)—|c,)—|1)—|c;) and |0)—]|c,) order to avoid the undesired intensity-dependent ac Stark

O P . " shifts, it is important that the pulse duration of the dressing
—|1)—]c4), while ionization into the continuunic,) is .
represented by0)— |c,)—|1)—|cy) and |0)—|cy)—|1) laser is longer than that of the probe laser so that the two-

—|c,). Obviously, the ionization into the continuufgy,) is photon detuning is maintained nearly constant during the

more sensitive to the dressing laser intensity, since the Stror%hotoelectron emission.

coupling betweeri1) and|c,) by the dressing laser plays a
more important role. Once we realize this, it is not surprising ACKNOWLEDGMENT
that the laser-induced structure into the spin-up continuum The work by T.N. was supported by a Grant-in-Aid for

|cz) is much more eminent, namely, more influenced by thescjentific research from the Ministry of Education and Sci-
dressing field, than that into the spin-down continujay). ence of Japan.

Mathematically, the above argument is even more clear from
Egs. (9 and (10), in which [Q |<|Q,| and alsol'{Y APPENDIX A: IONIZATION WIDTHS

>T{) : Assuming a weak probe field as it is now, contribu- . L o .
oc, 9 P Because of the spin-orbit interaction in the continuum, all

tion of the third_ term in Eqs(10) relative to the first_and the _the transition matrix elements becomalependent. In the
second terms is much larger than that of the third term inyyhendixes, we give explicit expressions for all matrix ele-
Egs. (9) for sufficiently strong dressing laser intensity. ments used in this work. In this appendix, we explicitly show
that the bound-free matrix elements into the spin-up state
(indicated by1) such as(k;mj=1/2,|r|Sy,,m;=—1/2)

In summary, we have studied the role of Spin_orbit inter-VaniSh in the limit of no Spin'orbit interaction. Needless to
action in the production of spin-polarized photoelectrons un-Sa&y, N0 spin-orbit interaction implies that all matrix elements
der the action of a dressing laser. We have found that thare| independent, i.eRs xp ,=Rs kp, . This means that
spin-orbit interaction in the continuum is essential for thethe photoelectron from a spin-down bound state is necessar-
laser-induced structure to emerge. Without spin-orbit interacily spin down in the absence of spin-orbit interaction, as we
tion, dressing of the excited state into the continuum does ndtave mentioned in the Introduction. lonization widttis
occur, since the photoionization from the grouf,, (m; units of s 1) are calculated from the relations,

IV. SUMMARY

2

(A1)

|

(A2)
|

2 2
3 \/5 ( Rnlsi’kpll2+ ZRnlsﬂkF’s/z) ) '
(A4)

2
Fgﬂ)lzo.Ssgp(zwfQso.id<|2;mj=1/2,l|r+|nosl,2,mj=—1/2> )=o.589p(2w

2
ﬁ (2Rngs—kpy, T Rugs—kpg,)

+R

FB@Z: 0.589 p( 277’ J Qsolid(IZ; mj = 1/2,T | r +|n081/21mj == 1/2> nosﬂkpyz)

2
3\/6( - Rnosakpl,2

2
) :0.589p( 2m

2
r(l‘g:o.ssgd(zwfQso.idaZ;mj:1/2,¢|ro|nlsl,2,mj=1/2> )20.589d(277

3\/6( - Rnls—>kpl/2+ Rnls—» kp3/2)
(A3)

2
F&‘i)z:o.ssgd(zwfQso,idaZ;mj:1/2,T|r0|nlsl,2,mj=1/2> )=0.589d(2'n'
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* 2 1 2
Fé@’azo.ssgp(sz Qgona(Kim; =112, |r [N, Sy, m;=1/2) )=o.589p<2w ﬁansﬂkpw ) (A5)
|
whereQiq is @ solid angle of the outgoing photoelectron J2
and Ry, s .kp,,, IS the bound-free radial matrix elemefin 0, =0.58Wlplq E(—Fknosﬂ)l,ﬁnl;r 2Rn s py,nys)s
atomic unit$ between statetn(z)Sl,z,m]: —1/2)(=10)) and (B2)

|I2;mj=1/2,l>, etc.l, andlqy are in Wicnf. ro andr, are
the spherical components of the electric dipole moment OINhereR
the valence electron, corresponding to the excitation by lin-

. . 2 _ _
early polarized and right-circularly polarized radiations, re-adial Zmatrlx elements betV\_/ed_“oSuz,”_‘j__1/2>(_|0>)
spectively. and| NiSip,mj=1/2)(= |1)) via intermediate statgs,;, and

ps,. The asymmetry parameters are obtained from the fol-
APPENDIX B: TWO-PHOTON RABI FREQUENCIES lowing relation,

NoS—PyjpNyS and Rigs—pyy—ngs are the two-photon

In this appendix, we explicitly show that the two-photon
Rabi frequency)(=Q. +Q.) between state)) and|1) _ 20

. . — 1 2 . . . . qC_ ’ (83)
vanishes in the limit of no spin-orbit interaction, i.e., \/Fozréjl"(lacj
Rs—kpy,=Rskpyy This means that the dressing laser cannot

induce a LICS, as we explained in the Introduction. The _
partial two-photon Rabi frequenciés units of rad/$ via wherec=c, or c,.
|c,) and|c,) are defined as

APPENDIX C: AC STARK SHIFTS

2
ch=0.589V lpla E(_ZR”oSHPuﬁ“lS-’_ R”oSHPS/F“lS)’ The ac Stark shift$in units of rad/$ are calculated from
(B1) the relations

<,8,mj:1/2|r+|n081/2,mj:_1/2>‘2 2

(,00+(1)p_(,!)’3 |

1 2
" 9 | Rngs—n ps/z| . (CY)

5 Rnosﬁ npy

sgm:o.ssgp( > )zo.ssgp[z

B=np12.NP32

j=—1/2lro|ngSy, mj= —1/2)|? 1 2
(d) _ <:81m] oftto~172 M _ - 2+_ 2
S 0.589d(ﬂ_n%np3/2 pr— | | 70589/ 5 | Rugsnpy gl Rugsnp*| . (€2
— — 2
(5 (B,mj=3/2r ;|n;Sy;p,m;=1/2)| _ 1 5
S 0.589p(ﬁ;p3/2 p— | |=0589, 3/Rns—npyl? (C3)
— — 2
@ _ (B,m;=1/2|ro|n;Sy;p,m;=1/2)| _ 1 ;. 2 )
S 0-589d(ﬁn%np3/2 p— | | 70589/ 5 | Roys—npy) *+ gl Rusnp, J*- - (C4)
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