
Electron polarization in multiphoton ionization of atoms 

Voronezh Engineering and Building Institute 
(Submitted 22 April 1982) 
Zh. Eksp. Teor. Fiz. 83, 1985-1991 (December 1982) 

The role of level mixing in the polarization of photoelectrons during multiphoton ionization of 
atoms via resonance on the fine structurep-level doublet is investigated. The effect is taken into 
account in the perturbation theory formalism for close quasi-energy levels. Ionization of the 
ground states is investigated in detail for atoms whose level system can be described by the L-S 
coupling scheme. Concrete calculations are carried out for alkali metal atoms by the Simons 
model-potential technique. It is shown that allowance for mixing can eliminate the discrepancy 
between the theoretical and experimental results. The most favorable conditions for experimental 
realization of the photoelectron-polarization mechanism considered in the paper are indicated on 
the basis of the results. 

PACS numbers: 32.80.Fb, 32.80.Kf 

The problem of obtaining polarized-particle beams in 
photoionization of unpolarized atoms has lately attracted 
much attention of both the theoreticians and experi- 
menters. Various polarization mechanisms are being con- 
sidered. Historically, the first mechanism investigated was 
based on the Fano effect.' A detailed theoretical and experi- 
mental investigation has revealed, however, that this mecha- 
nism has significant shortcomings, namely a small cross sec- 
tion of the process in the vicinity of the Cooper minimum, 
the fact that it cannot be realized for all atoms, and the rigid 
requirement of a definite external-radiation frequency. 

Andryushin and Fedorov2 proposed for this mecha- 
nism a generalization free of these shortcomings. In this case 
the electrons are polarized on account of the interference 
between the channels of the one-photon ionization from the 
ground state and a certain excited state of the atom. An ex- 
perimental realization of this process is made difficult, how- 
ever, by the lack of a laser having a quantum energy suffi- 
cient for one-photon ionization of the ground state of the 
atom. 

One more mechanism for obtaining polarized-electron 
beams, based on a two-step process, was proposed re~ent ly .~  
During the first stage a photon of frequency u ,  excites an 
isolated atomic p-state, which is ionized during the second 
stage by a photon of specially chosen frequency u,. The con- 
dition imposed on u, is that, owing to violation of the Bethe 
rule, the dominant branch of the ionization should be the 
branch in which the electron angular momentum decrases. 
An attractive aspect of this mechanism would be the possi- 
bility of obtaining beams of completely polarized electrons 
at an arbitrary polarization of the external radiation. The 
feasibility of this mechanism, however, calls for further 
study. The reason is that in ionization of the lowerp-states of 
heavy alkali-metal atoms the Bethe rule is violated at photon 
energies exceeding the ionization potential of the ground 
states. This leaves open the one-photon ionization channel, 
in which the photoelectrons are not polarized. The possibil- 
ity of separating a polarized beam against this background is 
connected with the need for energy selection of the emitted 
electrons. 

As a result of these difficulties, the polarization me- 
chanisms listed above were not realized in practice. More 
realistic from the point of view of experiment is polarization 
of photoelectrons produced in multiphoton ionization of 
atoms by circularly polarized radiation in the presence of an 
intermediate resonance with the doublet of the fine3 or hy- 
perfine5 structure of the atomic levels. Total polarization of 
the photoelectrons is then possible, at least in principle, only 
in the first of these cases. 

An experimental study of the polarization of electrons 
in ionization of a sodium atom via an intermediate resonance 
with a fine-structure doublet of 3p-levels is the subject of 
Ref. 7. An interpretation of the results of these experiments 
on the basis of nonstationary perturbation theory3 cannot 
explain the small degree of polarization of the photoelectron 
beam. The reason is that the formalism employed does not 
take into account the strong perturbation of the resonance 
levels. Field broadening and resonant mixing of the atomic 
levels were taken into account by F e d ~ r o v . ~  In an approxi- 
mation in which only resonant levels are taken into account, 
the problem of calculating the degree of polarization of a 
photoelectron beam reduces to solution of a secular equa- 
tion. Within the limits of a weak (intensity ( 5 X 10' V/ 
cm) and strong (8  %- 5 x lo5 V/cm) fields, analytic expres- 
sions can be obtained for the degree of polarization. The 
results of Ref. 6 cannot be used to interpret actual experi- 
ments on electron polarization in multiphoton ionization of 
alkali-metal atoms. This is due, on the one hand, to the fact 
that these experiments are carried out at intermediate fields 
$ - 5 x lo5 V/cm, and on the other because the smoothing 
of the resonance, due to the field broadening of the level, may 
make the contribution of the nonresonant terms to the ioni- 
zation cross section substantial. Actual calculations show 
that it is precisely this situation which obtains in experimen- 
tal fields in ionization of light alkali metal atoms. In this case 
no analytic expressions can be obtained for the degree of 
polarization of the photoelectron beam. 

The reason for this is that the matrix element of the 
transition (rislrln, p )  decreases rapidly with increasing dif- 
ference n ,  - n .  Estimates using the Bates-Damgaard tables 
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for the rubidium atom, for example, give a ratio (5sJr15p)/ 
(5sJr16p) = 15, and even (5s(r(5p)/(5sJr18p) = 96. Since 
typical distances between the levels in the spectra of alkali- 
metal atoms are of the order of lo4 cm-', and the fine split- 
ting for heavy atoms is - 10'-lo2 cm-', the contribution of 
the resonant and nonresonant terms on going through reso- 
nance with the 8p state are comparable even in the absence of 
smoothing of the resonance. In this case there is no need to 
take into account the field broadening of the latter, since it is 
much smaller than the corresponding energy differences. In 
transitions through resonance with n, > 8 levels the situation 
is even more favorable, since the matrix element decreases 
approximately in the same manner as in the hydrogen atom, 
namely a n; 3'2, and the fine splitting decreases much more 
slowly. A similar situation is observed also for the cesium 
atom. 

The contribution of the nonresonant terms can be taken 
into account in natural fashion in the perturbation-theory 
formalism developed in Ref. 8 for close quasi-energy levels. 
The quasi-energy function of a valence electron can be repre- 
sented in the form 

Here G P, is the reduced Green's func$on, which contains no 
resonant terms, (@ 71, i = 1,2, ... 4 V is the operator of di- 
pole interaction with the field. The coefficients ai are solu- 
tions of a certain system of algebraic equations, and the qua- 
si-energies E are the roots of the corresponding secular 
equation. 

We consider the ionization, by a circularly polarized 
field, of theS state of an atom whose level system is described 
by L-S coupling via one-photon resonance with a doublet of 
ap-level fine-structure. 

In the dipole approximation, the operator of the inter- 
action with the field is - 8 0  

8= -(cos at, sin at, 0). 
I2 

In the case of ionization from the state In, si mi), depending 
on the sign of the projection of the total angular momentum 
on the quantization axis, m,, a system of two quasi-energy 
levels 

or of three levels 

is produced. The coefficients are determined from the 
following system of equations: 

whose solutions in our case take the form 

The matrix elements v\%, are defined here as follows: 

and, in accordance with the dipole selection rules, V Y'') = 0. 
The quasienergies are solutions of the secular equation cor- 
responding to (4), which ensure the needed asymptotic be- 
havior of the wave function (3) and (3') when the external 
field is turned off. 

The probability of a transition from the state I @ k, ) ) 
into a continuum state 1 f )) can be calculated by perturba- 
tion theory. In this case, since the initial state of the atom is 
not polarized, the total probability of its ionization is ob- 
tained by averaging over the projections of the total angular 
mementum on the quantization axis, whose direction is de- 
termined in this case by the direction of the momentum of 
the photon of the circularly polarized field. In the case of 
two-photon ionization, the probability can be expressed in 
terms of radial composite matrix elements of perturbation 
theory, in the form 

The probability of three-photon ionization via a one-photon 
resonance is expressed in terms of the matrix elements 

Here gj is a radial reduced Green's function. 
The degree of polarization of a photoelectron beam, de- 

fined as 
P= (A7+-N-)/ (N++N-) (71 

[N+(N-)  is the number of photoelectrons with positive (neg- 
ative) spin projection], can be expressed in the case of ioniza- 
tion via one-photon resonance in terms of the matrix-ele- 
ment ratio R = R,I,/R,I, in the following manner: 
for two-photon ionization 

P,,= [9+ ( l -R)  '- (2+R) ' 1  / [ 9 +  (1-R)'+ ( 2 f  R)2]  ; (8a) 
for three-photon ionization 
~,,=[27+2(1-R)~-3(2+R)~]/ [27+2(1-R)2+3(2+R)2]. 

(8b) 
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These expressions coincide in form with those obtained 
in Ref. 3, and go over into them when account is taken in (6) 
of only the resonant terms, and the mixing of the levels is 
neglected in the latter; this reduces to the substitution 

As seen from Eqs. (8), complete polarization of the pho- 
toelectrons takes place at R = - 2. Neglecting the mixing of 
the resonant levels, the ratio R does not depend on the exter- 
nal-field intensity. In the fine-structure interval, depending 
on the radiation frequency, it varies in this case in the range 
- cu < R  <O and reaches the sought value R = - 2 at 
a = :(2w,/2 + @3/2)' 

The smoothing of the intermediate resonance, noted in 
Ref. 9, which is due to mixing of the levels, alters the situa- 
tion radically. The ratio R in this case is limited in absolute 
value, and at a certain external field frequency the condition 
for complete polarization cannot be reached. As seen from 
(5), the possibility of reaching complete polarization of the 
beam is determined by the value of the parameter a = Vg/ 
I El,, - I; at a g 1 the mixing can be neglected and con- 
sequently, complete polarization is attainable. In the oppo- 
site limit a > 1 complete polarization of a photoelectron 
beam is impossible. 

The actual calculations were carried out for alkali-met- 
a1 atoms. The radial composite matrix elements of the per- 
turbation theory were calculated by using a Green's function 
constructed in the Simons model potential," and the secular 
cubic equation was solved numerically. As indicated by the 
results of these calculations, the ~ ( g )  symbol in the estimate 
of a can be replaced respectively by > ( < ). This fact is illus- 
trated in Fig. 1, which shows the maximum attainable degree 
of polarization of photoelectrons as a function of the exter- 
nal-field intensity. The abscissas are, for comparison, the 
values of the critical field intensities calculated from the con- 
dition a = 1. It can be seen from the figure that in fields in 
which the experiments on multiphoton ionization of alkali- 
metal atoms are usually carried out ($? - lo6-10' V/cm) to- 
tal polarization of the beam is possible only for rubidium and 
cesium atoms, in the spectra of which the fine splitting is 
appreciable (it reaches hundreds of cm-' for the lower p- 
states of these atoms). Thus, the estimate of the critical fields 
(g g lo5 V/cm) given in Ref. 6 is on the whole valid for light 
alkali-metal atoms, and is strongly undervalued for heavy 
atoms. Since the fine splitting AE decreases rapidly with in- 
creasing principal quantum number n , ,  the real source of 
polarized electrons can be ionization via excited levels with 
small n ,. Thus, for example, even in the most favorable case 
of the cesium atom n ,  - no < 5 in the fields used in experi- 
ment. 

An experimental investigation of the polarization 
mechanism considered in the present paper is reported in 
Ref. 7. It should be noted that the ionization scheme realized 
in that experiment differs somewhat from the one considered 
above. In the experiment, the ground state of the sodium 
atom was ionized in two stages. During the first stage the 
doublet 3p112,312 was excited by weak-field photons, after 
which the excited state was ionized by strong-field photons 

FIG. 1 .  Maximum attainable degree of polarization of photoelectrons in 
three-photon ionization of the ground states of alkali-metal atoms via one- 
photon resonance with thedoublet of the fine structure ofthe lowerp-level 
vs the external-field intensity. The abscissa axis shows also the values of 
the critical field calculated from the condition a = 1. It should be noted 
that f?,, for lithium is quite small (PC, < lo-* a.u.) and is not shown in the 
figure. The numbers 1,2,3,4,  and 5 refer to the curves and to the values of 
g,, for lithium, sodium, potassium, rubidium, and cesium atoms, respec- 
tively. As seen from Eq. (8b). For the mechanism considered in the paper 
the maximum attainable degree of polarization, corresponding to elec- 
tron-spin orientation in the direction of the momentum, is equal to unity, 
and the degree of negative polarization (the electron spin is oriented pre- 
dominantly opposite to the photon-momentum vector) cannot exceed 
0.72. The figure shows that the degree of polarization of the photoelec- 
trons deviates from the maximum attainable in principle in fields stronger 
than W,, . The critical fields for heavy alkali-metal atoms, rubidium, and 
cesium are comparable with the maximum attainable in exeeriment. This 
circumstance 'akes the rubidium and cesium atoms most convenient ob- 
jects for a practical realization of the investigated ohotoelectron eolariza- - .  
tion mechanism. 

via resonance with the bound d-state. These differences, 
however, do not influence the frequency dependence of the 
degree of polarization P. As can be seen from (5), the shape of 
the curve depends only on the intensity of the exciting field. 
In addition, resonant effects on the d-levels can be neglected, 
owing to the large laser radiation width, which exceeds the 
fine splitting of these levels. Thus, despite the indicated dif- 
ferences, the form of the frequency dependence of the degree 
of polarization agrees also under the conditions of this exper- 
iment with Eqs. (5) and (8b). A detailed comparison of the 
theoretical and experimental results is made difficult, how- 
ever, by the fact that Ref. 7 does not contain information on 
the intensity of the exciting field. From the data available in 
that reference concerning the ratio of the intensity of the 
ionizing and exciting fields one could conclude that the lat- 
ter has an intensity in the interval 1 0 - 4 < g g 3 ~  10W4 a.u. 
Figure 2 shows a comparison of the theoretical and experi- 
mental results based on this estimate. As can be seen from 
the figure, the theoretical data agree well with the experi- 
mental results, which at the same time contradict strongly 
the results of the theory that does not take the level mixing 
into account. 

Thus, summarizing the foregoing, we can state that 
when considering the mechanism of polarization of a photo- 
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FIG. 2. Frequency dependence of the degree of polarization of photoelec- 
trons in three-photon ionization of a sodium atom via one-photon reso- 
nance with the fine-structure doublet of the levels 3pll, and 3p3/,. The 
dash-dot lines show the positions of the resonances with unperturbed 
components of the doublet. Curves 1 and 2 correspond to the exciting- 
field intensities 8 = lop4 and 8 = 3 X a.u. Curve 3 shows the re- 
sults of a theoretical paper in which no account was taken of the mixing of 
the resonance  level^.^ The frequency dependence of the degree of polariza- 
tion of the photoelectrons does not depend in this case on the field intensi- 
ty. The figure shows also the ex~erimental results of Ref. 7. It is seen from 
the figur;that the experimental results agree well with the present paper 
and at the same time contradict stronelv the theow that does not take into 
account the resonant perturbation oftthe levels. ' 

electron beam in multiphoton ionization via single-photon 
resonance of atoms whose spectra are described by the L-S 

coupling scheme, account must be taken of the mixing of the 
resonance levels. Allowance for this effect lowers greatly the 
estimated efficiency of the considered polarization inecha- 
nism for light alkali-metal atoms. The most favorable case of 
observation of photoelectron polarization is the ionization of 
the ground states of rubidium and cesium atoms via one- 
photon resonance with low-lyingp-levels. 
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