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Polarization of electrons and nuclei during photoionization of unoriented atoms by circularly 
polarized radiation may be accompanied by a preferential orientation of the electron-shell spin of 
the atomic residue. The resulting magnetization of the positive ions is similar in nature and 
magnitude to the magnetization of the electrons. The relation between the degrees of polarization 
of the electrons and ions is determined and formulas are derived for calculating the polarizations 
for atoms with ns2 and np6 outer shells. 

INTRODUCTION 

Particle polarization that accompanies the ionization of 
unoriented atoms by optical radiation has attracted much 
interest in recent years and has been discussed in detail in the 
literature. The polarization of photoelectrons has been thor- 
oughly studied; the theoretical and experimental work in 
this area is reviewed in Refs. 1 and 2, where the applied and 
experimental implications of the results are discussed. In 
addition to the practical use of preferential spin orientation, 
such as generation of beams of polarized electrons, this 
phenomenon can also be exploited to study the fundamental 
properties of atoms. For example, together with the anisot- 
ropy in the angular distribution of the photoelectrons, the 
polarization can be used to ascertain how correlation and 
relativistic effects affect the internal structure of atoms.3 

Preferential spin orientation due to spin-orbit interac- 
tion is most pronounced in atoms with a well-defined fine 
structure. For example, a sufficient condition for single-pho- 
ton ionization to be accompanied by preferential orientation 
is that the initial or final states of the ionization transition 
have a sufficiently pronounced fine structure. However, po- 
larized photoelectrons cannot be produced in significant 
amounts unless the frequency of the ionizing radiation is 
nearly resonant with the autoionizing states; since these gen- 
erally lie deep in the single-electron continuous s p e ~ t r u m , ~  
intense monochromatic vacuum ultraviolet sources are re- 
quired. 

Multiphoton optical resonant transitions5 in which the 
intermediate states have a fine structure may be more effec- 
tive. In this case the intense ionizing radiation shifts and 
splits the atomic energy levels, and this may either enhance 
or diminish the polarization. For instance, if the fine-struc- 
ture splitting of the excited resonance state is small, the 
light-induced splitting of the ground state will be primarily 
responsible for the polarization; if the splitting of the excited 
state is large, its perturbation by the light field may apprecia- 
bly decrease the polarization.7v8 

In addition to polarized photoelectrons, the possibility 
of using hyperfine atomic effects to polarize nuclei has also 
been ~onsidered. ' ,~,~ However, the weakness of the hyperfine 
interaction and the smallness of the associated nuclear mag- 
netic moments make it difficult to observe the nuclear polar- 
ization experimentally, even when the nuclei are completely 
polarized. 

Although much work has been done on polarization 
accompanying the ionization of atoms, the polarization of 
the ions that remain after ejection of the photoelectron and 
have paramagnetic electron shells has not been discussed. 
The probable reason is that the studies to date have been 
concerned with ionization of simple monovalent atoms, 
whose positive ions are diamagnetic. A paramagnetic ion, 
just as the photoelectron, may be polarized. 

The mechanism of photoion polarization is the same as 
for photoelectrons. The circularly polarized radiation at the 
resonance frequency preferentially ionizes those atoms 
whose spins lie along a given direction. If the atomic spin 
S = so + s is the sum of the ion and valence (photo-) electron 
spins so and s, the orientation of any two of the vectors S, so, s 
will be uniquely determined by the orientation of the third. 

There is thus between the photoelectron and photoion 
polarizations a one-to-one correspondence which should 
have immediate practical applications. In particular, be- 
cause the internal atomic structure can be equally well de- 
scribed by the photoelectron or photoion polarization, only 
the latter need be analyzed. Moreover, this correspondence 
also provides a way of indirectly measuring the polarization 
of the photoelectrons in terms of the ion polarization. This 
has several advantages over conventional methods, where 
serious difficulties are encountered (Refs. 1 and 2 may be 
consulted for discussions and references to original work)." 
These two important applications, combined with the fact 
that ionized particles can be prepared in states with a speci- 
fied spin orientation, provide the motivation for the follow- 
ing detailed investigation of the polarization of photoions 
associated with the ionization of unoriented atoms. 

Specific calculations will be discussed for divalent 
atoms (e.g., helium, mercury, etc.) and inert-gas atoms with 
the ns2 'So and np6 'So outer-shell configurations in the 
ground state, respectively. We discuss formulas for calculat- 
ing the ion polarization and present for the electron polariza- 
tion general expressions which lead to the familiar relations 
for alkali-metal5 and multivalent atoms. 

We note that in addition to enhancing the fine struc- 
ture, (which plays a major role in the polarization5) of the 
excited atomic state as compared with the alkali metals, the 
nonzero spin of the positive ion also causes the polarization 
to depend on the matrix elements of the ionization transition 
(there is no such dependence for the alkali metals, which 
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have energy levels with a simple doublet structure). These 
features will be pointed out when we discuss the specific 
theoretical results. 

We will employ throughout the one-electron approxi- 
mation which is valid for atoms interacting with an external 
electromagnetic field at optical frequencies." For simplicity 
we will neglect the shifting and broadening of the atomic 
lines by the ionizing field. 

SPIN-DIRECTION DISTRIBUTION AND POLARIZATION OF 
PHOTOELECTRONS AND IONS 

We will analyze the ionization of atoms by right-circu- 
larly polarized radiation of frequency w and electric field 
vector 

F ( t )  =2F Re{e, exp[i (kz-ot )  I ) ,  

where el is the cyclic unit vector (the z axis points along the 
wave vector k). The probability 

that the radiation will ionize the atom depends on the matrix 
element for an N-photon transition, which is of the form 

Mr,=<fl PGP.. . PGPl i >  . (2) 

Here we employ atomic units e = m = fi  = 1; / i >  and If> 
are the initial and final states, and G is the Green function for 
the unperturbed atom. Since we are interested in the orienta- 
tion of the photoparticle spins, we must express the final 
state If> as a product of the wave function YE, of a photo- 
electron of energy E > 0 and the wave function of the 
remaining ion, with definite spin projectionsp andp, on the 
z axis. We can expand If> in a complete set of atomic eigen- 
functions p ,  ,, with fixed orbital and total angular mo- 
menta I and J: 

Here we have used the LS-coupling approximation and as- 
sumed for simplicity that only the spin of the ion is nonzero 
(the orbital angular momentum vanishes). 

If we use the jl-coupling approximation to describe the 
states of the outer electron in the'atom, the final-state wave 
function takes the form 

As usual, we have assumed that the photoelectron wave 
function is a superposition of a plane wave and a spherical 
incoming wave of momentum kf; the Czw are Clebsch- 
Gordan coefficients. 

We now substitute the explicit expressions for the wave 
functions and the dipole interaction operator 

D=-F (ed) e - ' O f  

for the interaction of the atom with the field, where d is the 
atomic dipole moment operator. After integrating the com- 
posite matrix element (2) over the angular variables and over 
the emergence angles of the photoelectron, we get an expres- 
sion for the probability that N-photon ionization will result 
in a specified polarization. Thus, 

gives the photoelectron emission probability when the pro- 
jec t ion~ = + 1/2 of the spin vector s is specified. We have 
an analogous expression 

for the probability of photoionization that leaves the ion 
with a definite projection po of its spin. Here 

is the total probability for N-photon ionization. The quanti- 
ties we and w: thus characterize the ionization probability 
distribution for states with a specified photoelectron and 
photoion polarization. 

If we define the degree of polarization as the average 
projection of the particle spin divided by the maximum pos- 
sible value (,urn,, = s = 1/2, p0,,, = so), we obtain 

The polarizations P ' and P ' thus characterize we and wi , 
and the latter clearly determine the ratio P ' /P ' . In what 
follows we will use the LS- and jl-coupling schemes to exa- 
mine the behavior of these quantities. We observe that ,iiO is 
independent of w; a t p  # 1 (in theory, only the higher-order 
moments of the random variable p, can depend on w; 
atp > 1). We will therefore consider only the quantities w,' in 
what follows. 

THE LS-COUPLING APPROXIMATION 

In this approximation we can express the quantities W, 
we, and wli determining the probabilities (5) and (5') as 
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S S }  

I J J '  

(9) 

Here 

A J i - [ 3 ( 2 J + 1 )  I-" R ~ J , J  ,y-,... J , , I % J ,  

Ji. ..IN-, 
"-1 

J , ~ . J , , I , ~ J ~ G  x - I  d . .  . dGJ,d(lZiJi>, (10) 

where R is the reduced composite matrix element for the 
ionization transition; li and Ji are the orbital angular mo- 
mentum of the valence electron and the total angular mo- 
mentum of the ground-state atom; the curly brackets denote 
the Racah 6j-symbol. 

According to (9), we and wli [and hence also P ' and P ' , 
cf. Eq. (6)] are linearly related in the LS-coupling scheme; 
the relation between P ' and P ' can be expressed in the form 

These results have a simple interpretation if we recall that 
the dipole interaction between the atom and the ionizing 
radiation leaves both the total spin vector S and its electron 
and ion components s, so unchanged. We have already noted 
in the Introduction that when radiation with specified polar- 
ization and frequency preferentially ionizes atoms whose to- 
tal spin S lies along a given direction, the component spins s 
and so of the dispersing particles should also have a preferred 
orientation. The relation (1 1) between P ' and P ' follows as 
a consequence. In particular, it is clear why P ' = P ' for 
S = so + 1/2 (parallel spins) while P ' = - P ' for 
S = so - 1/2 (opposite spins). Equations (8) and (9) imply 
that we = wli = 0 for singlet states (total atomic spin S = O), 
i.e., there is no polarization. 

As an illustration we will derive expressions for P ' and 
Pe  for ionization of triplet (S = 1) states of atoms with two 
outer (valence) electrons. We will consider some specific ex- 
amples of multiphoton ionization (N>2) and omit the case of 
one-photon ionization, for which appreciable polarization 
can occur only near the minimum of the photoionization 
cross section (the Fano effect). 

1) Two-photon ionization of n3Po-states. In this case, 
Eqs. (6)-(11) yield 

wherep is the radial composite matrix element for the two- 
photon ionization transition and q,, is the partial radial 
Green function for the subspace of states in which the va- 
lence electron has a specified orbital moment I,. According 
to (12), P ' = P ' =: 1 near the resonances for the 3Sl-states, 
forwhichw--,w(nl 3S1) and I plol)l p121. I fozw(n '  3D,) and 
I~121%1~1OI, we have 

Here x is the ratio of the matrix elements for the transition 
from the n' 3D1 resonance state to the 3P2 and 3F2 states in the 
continuous spectrum. 

If we neglect the fine splitting of the n' 3DJ states, the 
expressions for P ' = P ' for ionization from the n 3P2 and 
n 3P1 states agree with (12) apart from a factor of - 1/2 and 
1/2, respectively. This shows that even though Eq. (12) im- 
plies that JP ?I=: 1, the polarization of the photoparticles 
may be insignificant well away from resonance if the 
populations of the n 3PJ sublevels are equal (because 
8:, , (W + 1)P:" = 0). Near a resonance, however, only one 
of the n 3PJ states can be selectively ionized, so that P(') may 
differ appreciably from zero. 

2) Two-photon ionization of n 3S,-states. In this case we 
cannot neglect the fine structure of the intermediate n' 3PJ 
states, because their splitting is primarily responsible for the 
polarization. The general expression for P '(" is quite elabo- 
rate; we will give the results here only for the case of exact 
resonances: 

a )  Pc')= (x2-1)  / ( x 2 + 1 ) ,  O=o (12' 3pO) ,  

b )  Pi)'= (5x2-2)  / ( 5 x 2 + 1 6 ) ,  o=o (n' 3 P 1 ) ,  

c )  p'i'= (50x2+2389) / (50x2+3160), o=o (n' 3 p 2 ) ,  

where 

is the ratio of the radial matrix elements for the transitions 
from then' 3PJ resonance state to the 3S1 and 3D states of the 
continuous spectrum. 

3) Three-photon ionization of n 3Sl-states. Here the ex- 
pressions for the polarization become even more complicat- 
ed because both one- and two-photon resonances can occur. 
Considering only the case of exact resonance, we have the 
expressions 

(5xo+xa) '-36 
a )  = ( 5 . ( + ~ ~ ) ~ + 5 4  

0=0 (n' 3 P o ) ,  

b)  p'" = 
7 (~XO+XZ) '-27 

0=0 (n' 'Pi), 
7  (5xo+x,) 2+108 ' 
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for one-photon resonances involving the n 3PJ levels; here 

is the ratio of the composite matrix elements for the second- 
order transition from the resonance to the continuum. Simi- 
larly, for two-photon resonances we find that 

2 0  = w (n' 8D1), 

7x2 - 28 
b ) pet"= 7 x 2  i -  218 , 20= o (n' 3D2), 

where 

is the ratio of the matrix elements from the n'3DJ resonance 
state to the 'P and 3F continuum states. 

The above formulas show that the polarization P '(" is 
=: 1 and is almost independent ofx near the one-photon and 
two-photon resonances involving the 3P2 and 3D3 states, re- 
spectively. By contrast, P '(') is quite sensitive to x near the 
3Po,l and 3D ,,, resonances. This sensitivity can clearly be 
exploited to determine the simple and composite matrix ele- 
ments for electromagnetic transitions in atoms. 

Relations similar to the ones above can also be derived 
for ionization from other atomic states. In all cases the polar- 
ization is zero unless the initial or intermediate state has a 
fine splitting; in this case, values P '(" z 1 can be achieved at 
the resonance frequencies. Specific calculations indicate that 
the spin-orbit interaction for states in the continuous spec- 
trum is always negligible for N>2. 

THE /I-COUPLING APPROXIMATION 

This case is more complicated, because the valence elec- 
tron spin is not directly related to the spin of the ion residue; 
instead, we have K = jo + I, J = K + s, where Iis the orbital 
angular momentum of the valence electron and the interme- 
diate angular momentum (K). Simple general relations of the 
type (9), (1 1) therefore cannot be derived. 

We now substitute expansion (4) into (2), (I), carry out 
the integration over the angular variables and over the emer- 
gence angle of the photoelectron, average over the initial 
states, and sum over the final states to get an expression of 
the form (5). Here so is understood to be the total angular 
momentum jo of the residue and ,uo is its projection on the z 
axis. We find that 

I l l '  I J J '  
{ 1 v 2  K T  K 1 {I< N N 1 

where A ,  is expressible as a combination of the reduced 
composite matrix elements (10) in the jl-coupling scheme, 
and the remaining notation is the same as in (a), (10). For jl- 
coupling we are unable to derive an analog of the simple 
relation (9) between wli and we, whereas Eq. (9), which holds 
for LS-coupling, implies that the electron and ion polariza- 
tions are proportional [cf. (1 I)]. 

As an example we give the expressions 

for two-photon ionization of metastable inert-gas atoms in 
then 3P0 states (the nsf[1/2], states in the jl-coupling termin- 
ology). 
Here 

is the radial composite matrix element for an ionization tran- 
sition proceeding through states with intermediate angular 
momenta K = I + jo = 1/2, 3/2. Equation (16) clearly im- 
plies that P ' = P ' = 0 if there is no spin-orbit splitting of 
the intermediate states n'pl[K],, i.e., if S =E (n'p1[3/ 
21,) - E (n'pf[l/2],) = 0 (here we have neglected the fine 
structure of the d '[K], final states in the continuous spec- 
trum). 

The ratio P '/P ' in this case depends on the frequency 
o of the ionizing radiation. For example, close to resonance 
[w = w(n'p1[l/2], - E, where I~l(o],  we have 

for the polarizations as functions of the mismatch E .  Al- 
though P ' and P e both have the same maximum and mini- 
mum values (equal to + 1 and - 2/3, respectively), these 
extrema are reached for different values of E. Specifically, 
P ' = 1 for E = - (2/3)S, whereas Pe  = 1 for E = 0; 
P i  = - 2/3 for E = (1/6)S, while P ' = - 2/3 for 
E = - (5/6)S. 

In calculating the degree of polarization for ionization 
from the np6 'So ground state, we may neglect the splitting 
AK of the intermediate levels with respect to the quantum 
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number K (this splitting is much smaller than the orbital 
moment splitting A1 of the valence electron). We then have 
the simple relation Pjo = ,,, = P;o = ,,, for ionization along 
the upper branch (corresponding to an ion residue with an- 
gular momentumj, = 1/2), and Pjo = ,,, = - 5/3 . P;o= ,,, 
for ionization along the lower branch (J,, = 3/2). In particu- 
lar, we have 

for two-photon ionization,   he rep,,^ = <El  lrg,, rlnp6 'So > 
is the radial composite matrix element for the second-order 
ionization transition. The polarization P;o = ,,, is given by a 
similar expression (multiplied by - 1/2); in this case, how- 
ever, the wave functions and energy correspond to the lower 
branch j, = 3/2. We see from (17) that 

where 

is the ratio of the radial matrix elements for transitions from 
the n'd '[3/2], resonance state to continuum states in which 
the valence electron has the angular momenta I = 1 and 
I =  3. 

We have 

for three-photon ionization from the ground state. Here 
PT0=,, = I  for the one- and two-photon resonances 
w zw(n1s'[l/2],) and 2w zw(n'p1[3/2],), respectively. More- 
over, 

where 

are the ratios of the radial matrix elements for the two- and 
one-photon transitions, respectively, from the initial reso- 
nance to the final continuum states with I = 2, 4. 

As N increases, the frequency dependence of P "' be- 

comes even more complicated. Near an m-photon resonance 
~ i th thes ta ten ' l ' [K]~=,  w e h a v e P e ~ l f o r I ' = m  - land 
P e z  - N / ( N +  l ) f o r I 1 = m  + 1. InthelattercasePe de- 
pends on the ratio of the matrix elements for (N - m)th or- 
der ionization transitions from the resonance states to un- 
bound final states in which the orbital angular momentum of 
the electron I = N f 1 and the total atomic moment J = N. 
We can thus use P ' and P ' , which determine the magnetic 
moments of photoionized inert-gas atoms, to estimate the 
ratio of the transition matrix elements. 

CONCLUSIONS 

The above calculations show that ionization of atoms 
by circularly polarized radiation can polarize photoions as 
well as photoelectrons. The electron shell of the ion residue 
has a nonzero magnetic moment, and the polarizations P ' 
and P ' of the electrons and ions are uniquely related (this 
relation can often be expressed as a simple analytic formula). 
This correspondence can be traced to the fact that the spins 
of the ion residue and valence electron contribute equally to 
the total atomic moment and determine the magnitude of the 
spin-orbit splitting. 

This polarization is quite general and is independent of 
how the angular momenta of the valence electron and atomic 
core are coupled. The calculations can thus be generalized to 
other types of coupling and to atoms with an arbitrary inter- 
nal structure and electron excitation spectrum. Other topics 
of interest include the polarization of ions produced by ejec- 
tion of an electron from an inner shell, and the polarization 
of multiply charged ions when several electrons are removed 
by photoionization. 
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"The spin polarization state (magnetization) of photoions can probably be 
detected quite easily by resonant magnetooptical techniques exploiting 
the Faraday or Hanle effects, resonant absorption, scattering and flu- 
orescence of "magnetized" particles, etc., (see, e.g., Ref. 10). 
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