Polarization of electrons produced as a result of the
resonance ionization of atoms by high-intensity

electromagnetic radiation

M. V. Fedorov

P. N. Lebedev Institute of Physics, USSR Academy of Sciences
(Submitted 20 October, 1977T)
Zh. Eksp. Teor. Fiz. 74, 1342-1355 (April 1978)

The polarization of the electrons produced in the course of the resonance ionization of atoms by an intense
circularly-polarized field is investigated. The degree of polarization under conditions of resonance between
the S- and P-states is found in the fine and hyperfine level structure schemes a) within the framework of
perturbation theory, b) in the field-broadening regime, and c) under conditions when the ionization level
broadening predominates. The polarization properties of photoelectrons in very strong fields are
investigated with allowance for resonance or nonresonance mixing of the fine structure levels. The
electromagnetic-field intensities that are optimal from the standpoint of the use of the resonance-ionization

process as a source of polarized electrons are found.

PACS numbers: 32.80.Fb, 32.70.Jz

1. INTRODUCTION

Recently, the possibility of the practical use of the
process of resonance ionization of atoms as a source
of polarized electrons, i.e., electrons with their spins
predominantly oriented along some direction, has been
widely discussed in the literature.*=8! The basic idea
underlying propositions of this sort is that under cer-
tain conditions excited resonance states can possess
a certain degree of polarization even in the case of the
action of radiation on nonpolarized atoms. For this
purpose, the radiation must first and foremost have a
sufficiently high degree of monochromaticity, which
will allow the selective excitation of the fine-structure
sublevels of the atomic spectrum. The polarization ef-
fects can arise only at the expense of the circularly-
polarized part of the radiation (under ideal conditions
the field should be circularly polarized 100%).

To ensure a high efficiency of the process, the ex-
ternal field should be sufficiently intense, so as to bring
about almost complete ionization of the atoms during
the time of action of the pulse. This requirement is
fulfilled at, for example, a field intensity &,~5 x10°
V/cm under conditions of complete saturation of the
resonance transition for a pulse duration 7~10-° sec if
the transition from the resonance state into the conti-
nuum is a single-photon transition. On the other hand,
the use of radiation of so high an intensity may be dan-
gerous to the appearance of polarized photoelectrons
itself, since the reconstruction of the quasienergy spec-
trum of the atom in the external field can then play a
significant role. In view of this, the investigation of the
effect of the transition to “strong” fields on the reso-
nance-ionization process and on the degree of polariza-
tion of the photoelectrons is important, and it is to this
investigation that the present paper is devoted.

The problem of the resonance ionization of atoms in
a strong electromagnetic field has lately been investi-
gated in great detail (see, for example, Refs. 9 and 10
and the literature cited in Ref. 10). However, this
analysis is inadequate for the study of the polarization
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properties of photoelectrons in strong fields in view of
the fact that, within the framework of the approaches
usually used in the theory of resonance ionization, a)
the electron spin is not considered at all and b) the sin-
gle-resonance-level approximation is used, i. e., the
real structure of the resonance levels is not taken into
account. In the present paper we shall take these two
factors into consideration. Let us limit ourselves to
the consideration of the simplest, but quite realistic
two-photon resonance ionization model corresponding to
the transition scheme S—P -~ D, S. Let us assume
(which is most justified from the practical standpoint)
that the excitation of the resonance levels and the sub-
sequent transition into the continuum are effected by
two different fields with frequencies w and @ and inten-
sity amplitudes &, and &,. Let us assume for simpli-
city that the two pulses have the same width, 7, and act
on the atom simultaneously. Let us limit ourselves to
the case when both waves propagate in the same direc-
tion (along the z axis) and both are clockwise-polarized.
We shall assume that the natural level width is fairly
small, so that not only the fine, but also the hyperfine
(HF) structure of the atomic spectrum can be spectrally
resolved.

2. PERTURBATION THEORY

The perturbation theory is valid in fairly weak §, and
éo fields. Depending on the relation between the spec-
tral width, Aw= 771, of the radiation and the character-
istic scale of the HF splitting AE,: ~107% em™?, we
should (when Aw « AE . /#), or should not (when Aw
> AEy./F), take into account the effect of the interac-
tion of the electronic angular momentum j and the nu-
clear spin I on the spectrum and the wave functions of
the atom. In the latter case the condition for resonance
determines the value of the electronic-angular-momen-
tum quantum number, j’, of the P multiplet, which is
resonantly coupled to the ground state S, ,. If, on the
other hand, the spectral width of the radiation allows
the resolution of the HF structure, then the condition
for resonance also determines the values of the total-
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angular-momentum (F=j+I) quantum numbers, F and
F’, of the atom in the initial and resonance states.

We shall assume that the unexcited atoms are unpo-
larized, which is equivalent to the assumption that they
are distributed with equal probability over the quantum
numbers of the total-angular-momentum component,
mg, or of the electronic-angular-momentum component,
my, along the z axis in the ground (S) state. Within the
framework of perturbation theory, the probability for
the production during resonance ionization of an elec-
tron propagating in a unit solid angle in the direction
n=p/|p| and possessing a spin component along the z
axis equal to u=+1/2 can be found in the HF- and final-
level-structure schemes from the formulas

dwh® 2 (2mE)" 1 <y V1P F mat D1

dQ  AQ2F+1) & Al +T%4
i 2
x|<|Pi’F’mp+1IV|S,i==T,F'm> ; (1)
dwf  n(2mE)*
Q  h
V1P m+1>|* 1 :
Vv Ll VIBTmADR) ( pmit 4 V1S, =
X T AL FTA |[Cprmit1ivis, =5 m)|
@)

where Az, ,and 4;,; are the resonance detuning with and
without allowance for the corrections to the level ener-
gy due to the HF splitting; I" is a phenomenologically in-
troduced natural resonance-level width, which, by as-
sumption, does not depend on m, and m;; V and V are the
spatial parts of the operators of the interaction of the
atom with the exciting and ionizing radiation,

V=1e&re*sin 0, V=!/e&re” sin 6,
7,0, and @ are the spherical coordinates of the valence
electron; y,, is the electron wave function in the conti-
nuum, possessing at large distances from the atom “a
plane wave + an ingoing spherical wave” asymptotic
form; p and p are the asymptotic values (for » - ) of
the momentum and the z component of the spin of the
free electron; E =p°/2m is its kinetic energy, deter-
mined by the conservation law; and Im,) is the final
state’s nuclear spin function corresponding to the z
component, equal to 7, , of the nuclear spin. The limits
of the summation over m, and m; in the formulas (1) and
(2) are determined by the conditions

|me|<F, |me+4|<F;

|ms| ="z, |mH|<[,

where j’=1/2 or 3/2.

The degree of polarization of the photoelectrons is
defined as

Wy, —W-_y, _ dw, 3
W= | aQ—=. (3)

The calculation of the degree of polarization from the
formulas (1), (3) inthe case of resonance at the P, /,
level of the Cs atom, where the nuclear spin I=17/2,
yields

P=(1+az*)/ (b+az?), (4)
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TABLE 1.

F r e b P(/s) PCh)

3 {
4

where a and b are constants that depend on F and F’;

z =Rg(E)/Rp(E), Rg(E) and R, (E) are the radial ele-
ments for the transitions from the resonance state P, ,,
into the S, ,, and D,,, states, respectively, of the contin-
uum.

-1.25 | -24 -0.29 0.2
~0.63 | -2.55| -031 0.4
0.4
0.

=025 | -1.75| -0.52
—-0.795| -1.93| -0.38

W W

Notice that the resonance ionization that occurs ac-
cording to the scheme S, ,~P,,,~S,, in a circularly
polarized field is, on the basis of the selection rules in
the fine level structure approximation, forbidden. Such
a transition becomes, however, possible when the in-
teraction of the electron with the nuclear spin is taken
into consideration, i.e., in the scheme of the HF level
structure. The parameter z in the case of resonance
at the 7°P, , level of the Cs atom is close to the value
1/2.157 In Table I we present the results of the com-
putations of the constants a and 4, which determine the
degree of polarization, (3), of the photoelectrons and
its P(1/2) values, computed with z =1/2, in the case of
resonance ionization of the cesium atom under condi-
tions of resonances at the sublevels of the HF structure
of the P, , term; P(3/2) is the degree of polarization at
resonance at the sublevels of the P, term.[*) As can
be seen from this table, the degrees of polarization in
these two cases have different signs, i.e., the preferred
direction of the electron spin is in the case of reso-
nance at the sublevels of the P, ,, term the direction
antiparallel, and in the case of resonance at the P,
sublevels the direction parallel, to the wave vector of
the light.

The calculation of the degree of polarization in the
fine-structure scheme shows that in the case of reso-
nance at the P, ,, and P, levels the degree of polariza-
tion has the values —0.6 and +0.82, respectively.l®' A
comparison of the values of the degree of polarization
found under the conditions of applicability of the fine-
and HF-structure schemes shows that allowance for the
HF splitting worsens the polarization properties of the
photoelectrons. This result is due to the fact that, in
essence, the possibility of producing polarized photo-
electrons in the process of resonance ionization is con-
nected with the spectral properties of the radiation and
with the selection rules involving the quantum number
associated with the z component of the electron angular
momentum ;. Allowance for the interaction with the
nuclear spin destroys to a certain extent the strict se-
lection rules that are valid in the fine level structure
scheme, and this leads to a reduction (in the absolute

TABLE II.

F F a b

3 { 3 10 16,4 | 049 -0.25
4 | -248) -3.48] -0.09] -0.37

4 { 3 | -143] -1.94| -0.33{ -0.50
4 | -148] -1.98( -0.31] -0.30
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value) of the degree of polarization of the photoelec-
trons. It follows, in particular, from this that, from the
standpoint of the production of highly polarized elec-
trons in the process of resonance ionization, the opti-
mal pulse width, r, should satisfy the conditions

H/AE 4 ~1078 = 107° sec > 7> 10~*2 gec (for < 1012
sec the spectral width Aw= 1/7 overlaps the fine struc-
ture of the levels, and this also sharply reduces the de-
gree of polarization),

Let us find the limits of applicability of the perturba-
tion theory and the changes in the polarization proper-
ties of the electrons to which the growth of the intensi-
ties §,and §,leads. As applied to resonance ioniza-
tion, the action of the external field on the atom has un-
derlying it four distinguishable principal mechanisms,
which lead to a reconstruction of the quasienergy spec-
trum of the atom; to wit: 1) the field resonance broad-
ening°-**) which is a manifestation of the well-known
shift of the quasienergy levels of a two-level system in
a resonance field*?], 2) resonance level mixing, which
arises in the case when the field broadening covers sev-
eral sublevels of the resonance-level structure, 3) ion-
ization broadening, which is due to the ionization of the
resonance states!®'**!*] and 4) nonresonance mixing**),
which arises when the corrections to the energy due to
the quadratic dynamic Stark effect exceed the charac-
teristic scale of the level structure. The first two of
these phenomena are connected with the growth of the
intensity, §,, of the exciting field, while the last two are
connected with the growth of §,. Let us consider these
two groups of effects separately.

3. FIELD BROADENING AND RESONANCE MIXING
OF THE LEVELS

Let us consider the spectrum perturbation connected
with the resonance interaction with the field 5,, neglect-
ing the resonance level shift in this field (this shift
being as small as the parameter §,/§ at «1, where
84 =5%10° V/cm is the intratomic field), as well as the
effect of the ionizing field on the spectrum, which is
justified when §,> 85/8,,. If the natural width of the
levels is small compared to the spectral width of the
radiation, then the condition for the applicability of the
results of the perturbation theory clearly has the form
8o §,71/T Ry, where it has been assumed that 77!~ Aw.
In this case, if 7 «<#/AEyg, then the fine level structure
scheme operaties, while if 7> A/AEyg, then the results
obtained in the HF-structure scheme are valid. In the
latter case, in the field range

h AEyrp ,V
L

&ut
there is realized the saturation regime in the HF-struc-
ture scheme, or, in terms of the theory of resonance
ionization, the ionization of the atom via a single level
under conditions of field broadening of the HF-structure
sublevels. The problem of the computation of the ioni-
zation probability can be solved in this case if we allow
for the resonance interaction V within the framework
of a two-level system exactly!*?] and allow for the ioni-
zing field &, within the framework of (first-order) per-
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turbation theory. As can easily be verified, in complete
analogy to Refs. 9 and 10, the linear (with respect to
the time) ionization regime is possible in this case, the
probability dw,/dQ being determined by an expression
of the type of the perturbation-theory formula (1), with,
however, the natural width T" replaced by the so-called
field width

T (me) =4|<P/sF'mst1| V|8 .Fmed|. (5)

The dependence of the field width T, on the quantum
number mp changes the degree of polarization P, In
particular, in contrast to the case of a weak §, field, the

_degree of polarization P depends on the magnitude of

the detuning A, (i.e., it can vary appreciably as the
frequency w is varied in an interval ~T',/%). At exact
resonance (|Ag x| «<T) the expression for the proba-
bility dw,/d? assumes the extremely simple form:

dw, n(2mE)"
L " 2 6
o " AEFTL 2 (g | 7 1P F my 132, (6)

The computation of the degree of polarization P with
the aid of the formulas (3) and (6) for the case of reso-
nance at the sublevels of the P,,, multiplet of the Cs
atom (/=17/2) allows us to again reduce the expression
for P to the form (4), where the constants ¢ and b, as
well as the values of the degree of polarization P, for
z=1/2 are given in Table II. A comparison with the re-
sults obtained within the framework of perturbation
theory (Table I) shows that an increase in the field in-
tensity §, and the transition to the field-broadening
(saturation) regime lead in all cases to a decrease (in
the absolute value) of the degree of polarization of the
photoelectrons. In the region of stronger fields, i.e.,
for §,> 8,,AEy: /Ry ~10? V/cm, the field broadening
exceeds the scale of the HF structure of the levels, and
this leads to resonance mixing of the sublevels with dif-
ferent F and m;. A consequence of the resonance mix-
ing in this case is the transition from the HF structure
scheme to the fine-level-structure scheme with allow-
ance for the field broadening of the levels.

We can convince ourselves of the validity of this as-
sertion with the aid of the following argument. If the
field broadening is small in comparison with the char-
acteristic scale of the fine structure, i.e., if

&€&t lEp'I."'E?l/,l/RY“"E' 10° V/em |,

then in the fine-structure scheme the resonance inter-
action V couples only the states 1S1/2m) and IPjm,+1),
where j’ is fixed by the condition for resonance. Con-
sequently, without allowance for the HF splitting, the
interaction with the resonance field is realized for each
j', m; within the framework of a two-level system,
whose quasienergies are well known.[*?] Since the ma-
trix elements (Pj'm,+11V|S1/2m,) are different for dif-
ferent m,, the resonance interaction completely removes
the degeneracy with respect to m; in the set of functions
participating in the resonance-ionization process, the
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quasienergy-level spacing being characterized by the
quantity Ry§,/8,, > AE,;. Therefore, further allowance
for the interaction of the electronic angular momentum
with the nuclear spin leads only to small corrections
~(AEgyy /Ry)(8,:/8,) « 1, which can be neglected.

The solution of the problem of resonance ionization
in the field range

~540°_
cm

& Ay <& <8,
Ry

can thus be carried out as a result of the allowance for
the field §, within the framework of a two-level system
in the basis of the functions of the fine structure and
the allowance for the go in first-order perturbation the-
ory. As in Refs. 9 and 10, in this case the ionization
probability can be found with the aid of the perturbation
theory formula (2), where, however, the natural width
T should be replaced by the field width

Ii(m;) =4|Pj'mH1|V|S/amp|.

The dependence of ', on the quantum number m; does
not change the degree of polarization (which is equal to
-0.6) in the case of resonance at the level P, ,,, since
in this case only the term withm;=-1/2 remains in the
sum over m; in (2). On the other hand, in the case of
resonance at the P/, level the dependence of T'; on
is important. The degree of polarization in this case
turns out to be dependent on the detuning A,,;. At exact
resonance (i.e., for 1A, | «T,) at Py, level the prob-
ability dw, /d assumes the form

du,” _ o emE* Z < wnWlP—'"'* ‘>l @

aQ

The computation of the probability dw, /4R with the
aid of this formula in the case when the effect of the
spin-orbit interaction on the magnitudes of the matrix
elements is neglected yields

dw_y,

€8 *R*(E)sin' a
dQ 1280 @)

dwy, & :R*(E)sin* a
aQ 1287

(3sin*at+4cos* a),

where R(E) is the radial matrix element of the transi-
tion from the resonance state into the continuum, a is
the angle between the direction, n, of propagation of the
electron and the wave vector (the z axis). The degree
of polarization P, found with the aid of the formulas (3)
and (8), is equal in this case to 0.6 (instead of P =0.82
found in the fine-level-structure scheme in a weak
field).

Finally, let us consider the region of still stronger
fields

&>&,|Epsy—Eeu|/Ry~5-10°V/em
where the field broadening exceeds the distance between

the terms P, ,, and P/, and the resonance mixing of
these terms becomes possible. If the initial state of
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the atom is [S1/21/2), then the resonance interaction
does not, as before, fall outside the framework of the
two-level system (S1/21/2) and (P3/23/2). This ioni-
zation channel makes a contribution to dw, /2/ d, and the
corresponding expression for the probability at exact
resonance is determined by the formula (7) with the
m;-summation sign dropped and m, set equal to +1/2.

If, on the other hand, initially the atom is in the state
1S1/2,~1/2), then the resonance interaction is realized
within the framework of the three-level system:

(82, ='/2), (P, (P)2))).

The quasienergy wave function of such a system, which
takes the interaction with the field &, exactly into ac-
count in the resonance approximation, can be represen-

ted in the form
PR alag). e

where E is the quasienergy and Ag and A; are constant
coefficients. The allowed quasienergy values are, as
can easily be verified by substituting (9) into the Schrg-
dinger equation, determined by the secular equation

Y BN (e"’“A, l S—;—,

(E—E~hw) (E—Ep,) (E—E,y)—|<{P'/3!/2| V|82, —='/2> |*(E—Epy,)
— [P 3| V|8, =433 |*(E—Eny) =0, (10)

which in the strong-field asymptotic limit
&>, |&p—& e |/Ry, &, |A|/Ry

has two solutions that increase in proportion to §,:
(s )]
LR |(rpmsg -0 [T
(BNt 2 T

The third quasienergy eigenvalue, E~(8,)°, is not im-
portant for the solution of the problem with the initial
condition

Es+he
E.=— + Y £,

(11)

W (£=0)=|8"/s, =/

The wave function that satisfies this initial condition
has the form

e oo )
*ZJ Pi—2-><Pj7|V|S—;-, L
N L Y} I EC

Taking now into account the ionizing field é’o within
the framework of perturbation theory, we can also eas-
ily determine the contribution of the ionization channels
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under consideration to the probability
S-Elgemn| L wrn ) mmet, -

D IRV S

All the quantities in (13) are evaluated at E=E, +/iw.

The final computation of the ionization probability
d wu/ df in the strong-field asymptotic limit with allow-
ance for both ionization channels from the formulas (7)
and (13) yields

dw"* 3 290 2 2 4 1 c,a;“, cos’ asin’ &
20 54k e 8; sin' aR;, (E.+hﬁ)) +"§§‘W

1)+ — .
X;[Ran(E:'f' Gﬁ)+?R;(Ru(E,'f‘hﬁ'))_SR”(E*_i_hm))] ' (14)
dw_y, e&sin'a
aQ 1281 (R*+2R,?) ; [2R,R,,(E.+h>)
+uRs (2Ros (B +hD) +3Ru (B, HA0)) I, (15)

where R, and R; are the radial matrix elements for the

transitions, S-P,,, and S—P,,,, between the discrete

levels; R; (E), Ry3(E), and R.,(E) are respectively the

~ radial matrix elements for the transitions P, ,, - D,,,
Py~ Dy, and Py, — D), into the continuum.

The arguments of the radial matrix elements deter-
mine the value of the energy corresponding to the radial
wave function, R;;., of the continuous spectrum

Ey="/1(Es+Em+ho)—sign Ay, v e& R/ VS,

1 2REm+RIEm,  e&o
E.=—(Es+ho)+ +
s= g Rt — TRy T30

(16)
(2R,*+R,})™.

The difference between the matrix elements R, and
R; and between R;,, R;;, and R, is determined by the ef-
fect on their magnitudes of the spin-orbit interaction.
If we neglect this small difference and set R, =R, Ry,
=R;;=Ry;=R(E), and also neglect the small (on a scale
~Ry) difference between E,, E,, and E_, then the for-
mulas (14) and (15) yield

dw, - 36’%02_ 2 s 4 17
R R*(E)sin‘a. ( )

In these approximations the degree of polarization of
the photoelectrons is equal to zero. Consequently, the
resonance mixing of the F,,, and F,;, terms leads to a

sharp decrease in the degree of polarization of the
photoelectrons. The only exception may be the frequen-
cy region where the total probability

w= E w,
"

is anomalously small. In the vicinity of the minimum
of u{&) the small difference between w,/, and w_,,, can
lead to the appreciable degree of polarization (3). In
the case of direct single-photon ionization this phenom-
enon is known as the Fano effect.!s! 1t is interesting to
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note that, according to (14)-(16), in the case of reso-
nance ionization in a strong field, appreciable polariza-
tion effects are possible in the vicinity of the minimum
w (@) not only on account of the difference in the mag-
nitudes of the matrix elements, as in the normal Fano
effect, but also on account of the difference in the argu-
ments of R(E), i.e., on account of the difference in the
quasienergies of the wave functions participating in the
ionization process.

In the absence of such type of interference phenome-
na, which are possible only at a specially selected value
of the frequency @, the optimum conditions for the pro-
duction of highly polarized electrons are realized in
the case of short pulses, i.e., pulses of width T<&/AL,

-~ 1078 sec, and not too high intensities, i.e., §,

< 844 @®/TRy)~5x10° V/em. The raising of the intensity
8, to values ~5x 10° V/cm leads almost to the total
disappearance of the polarization effects and is from
this point of view absolutely inadmissible.

4. POLARIZATION BROADENING AND
NONRESONANCE MIXING OF THE LEVELS

Let us now assume that the exciting field, §,, is weak,
i.e., that §,« §%/84, and, as in the preceding section,
consider the changes in the electron polarization to
which the growth of the ionizing-field intensity &, leads.
It should then be borne in mind that, generally speaking,
in the case of single-photon transitions from the reso-
nance states into the continuum the magnitude of the
level shift due to the dynamic Stark effect has the same
order of magnitude as the level broadening due to the
ionization. Nevertheless, sometimes the polarizabili-
ties can be anomalously small, and this allows us to
neglect the level shift. On the other hand, if the transi-
tion from the resonance states into the continuum is
accomplished as a result of the absorption of several
photons (k’, k' > 1), then the ionization width is small in
the ratio (§,/84)** "Y'« 1 in comparison with the qua-
dratic level shift. Let us first consider the case of
long pulses (i.e., pulses of width 7> %Z/AE ), which al-
low the resolution of the HF structure. The perturba-
tion theory in the HF level structure scheme is valid
when

&, <&, (h/tRy)".

In the field range
&, (A/7 Ry) "<& <&, (AE, /Ry)"~10° V/cm

there is realized a regime of ionization via a single
level of the HF structure under conditions of ionization
broadening. As in Refs. 9 and 10, the ionization prob-
ability in this case is determined by the formula (1), in
which the natural width, T", should be replaced by the
ionization width

I\(m,)=2n (2mE)* [ @ 2 [<pouts | P 1P mp+15 12, (18)

and the level shift should be allowed for in the detuning
App:
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Arr—~+Byr(m;) -E'rl'_E'sp"“ﬁ(I‘l.
(19)

E’p'“Ey'""/ a’ (ml) 3 o., Esr-Eu_'/ @ (my) 8- o’.

where a’(m;) and abn;) are the dynamic polarizabilities
of the levels (Pj’F‘m+1) and (S1/2Fmy) at the frequen-
cy @.

The dependence on n, of the width I'; and the detuning
A p is the reason why in the general case the degree
of polarization depends, under ionization-broadening
conditions, on the frequency (varies on a scale ~T;).

The calculation of the ionization width for the sub-
levels of the P,/ multiplet of the Cs atom (I=17/2) yields

F'=3
Flmi -~

11—"”.

13+m,, (20)

Tu(mp)= 2 e87R,2E) {

If the range of variation of the polarizability differ-
ence o’ —a as i, is varied (but at fixed F and F’) is
substantially less than e’R2,(E), then the detuning A,
can be assumed to be independent of m, and this allows
us to choose the frequency w such that it is a near-res-
onance frequency for all m, simultaneously. Let us
emphasize that, in essence, here we have in mind the
polarizability difference, which can be small even at
not too small values of the polarizabilities, provided the
range of variation of the shift of the resonance frequen-
cy (with varying mi;) is substantially smaller than the
characteristic shift value alone.

At exact resonance the ionization probability,
dw,/dQ, for the atom is determined by the expression

dw, 4n(2mE)" Z 1
aQ h I (myr)
mpmy

X[ ppui| V1P F mp 43P/, F met4 | VISFmyy |2, (21)

The results of the calculation of the degree of polariza-
tion P; with the aid of the formulas (20), (21) for z =1/2
are given in Table II. A comparison with the results
presented in Table I shows that the divergence from the
degree of polarization in the HF structure scheme in a
weak field is relatively small, which can be explained
by circumstances of numerical character.

In the region of fields of higher intensities, i.e., for

&>&, (AEHF/ Ry)"~10* V/cm ,

the shift of the levels and their ionization broadening
exceed the scale of the HF splitting AE ., as a result
of which the description of the resonance-ionization
process in the fine level structure scheme with allow-
ance for the ionization broadening of the levels evident-
ly becomes adequate (no rigorous proof of this asser-
tion exists at present). Before proceeding to the char-
acteristics of this field region, let us note that the
above-considered cases are not realized at all in the
case of short pulses, i.e., pulses with T<«< AEy:/Z. In
this case the perturbation theory in the fine ievel struc-
ture scheme is valid when &<« & .(7/7Ry)/?, while in
the range of fields
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&y (h/x Ry) "<&, €&, (| Eyy—Ep,| /Ry)*~5-10" V/cm

there is realized a regime of ionization via the isolated
levels of the fine structure under conditions of their
ionization broadening. The ionization probability can
then be found with the aid of the formula (2), in which
the ionization width of the (Pj'm; +1) level,

T, (i'my) =2 (2m*E) " dQZ [<pal T 1P} m -2 12, (22)

should be used in place of I" and the Stark shift should
be allowed for in the detuning A;.;:

Ap>By =0 —"i8 (' (m)) —a(my)), (23)

where a’(m;) and a(m;) are the dynamic polarizabilities
of the (Pj’'m; +1) and (S,j =1/2, m;) levels of the fine
structure.

In the case of resonance at the P,,, level the modifi-
cation of the resonance denominator in the formula (2)
does not affect the degree of ionization, which is equal
to —60%, since only the term with m; =-~1/2 is retained
in the sum over m;. If, on the other hand, the P,/ level
is the resonant level, then the dependence of A;.; and T;
on »; significantly affects the degree of polarization P,
which now depends on the magnitude of the detuning. If
the polarizability difference a’ — o computed with m;
=-1/2 differs little (in comparison with ¢?R?(E)) from
this difference found with m;, =+1/2, then the frequency
can be chosen such that it is resonant with respect to
both transitions (from the m; =—1/2 and m; =+1/2 sub-
levels) simultaneously. Under these conditions (exact
resonance), the computation of the probabilities dw, /ds2
yields
dw, 25 '_____R,&, )2sin‘ dw, 25 ( ngo_ )2 sin®?a. -

( R(E)&, ' R(E)&,

aQ  256n°h dQ ~ Ghnh

(24)

The degree of polarization in this case is equal to 67%,
instead of the 82% in the weak-field case in the fine lev-
el structure scheme.

Let us turn, finally, to the region of very strong
fields, §,> 5%10” V/cm, in which the nonresonance mix-
ing of the P/, and P/, terms can be realized. If the
initial state of the atom-is |S1/2 1/2), then, as before,
the process of resonance ionization occurs via the sin-
gle level (P3/2 3/2), which is characterizable by the
shift due to the dynamic Stark effect and the ionization
width T;(3/21/2), (22). This ionization channel makes
a contribution to the probability for the production of a
photoelectron with spin component y=1/2, this probabil-
ity being equal in the strong-field asymptotic limit (or
in the vicinity of exact resonance where |A| « T;
~Ry(8/8,)%) to

dw.,, . 25 / g’oR1 b .
daQ T 6ach (gxon (E)) sin*a. (25)

If, on the other hand, initially the atom is in the state
1S1/2, -1/2), then the picture of the interaction with the
intense external field looks more complicated. The
normal approach to the description of virtual nonreso-
nance effects consists in the separation of the fast and

M. V. Fedorov 707



slow motions in the Schrddinger equation,™®? which al-
lows us, in principle, to write down the matrix,
Q;;+(mg), that brings about the reconstruction of the
multiplets (the nonresonance mixing).[4!

With allowance for the ionization, the matrix @;;. is
non-Hermitian. To solve the problem of resonance
ionization, it is necessary to diagonalize this matrix,
the complex eigenvalues of which determine the posi-
tions and widths of the quasienergy levels in the exter-
nal periodic field. The corresponding eigenfunctions of
the @ matrix are quasistationary, quasienergy functions
of the atom. The ionization probability can be deter-
mined after this if allowance is made within the frame-
work of perturbation theory for the transitions from the
ground state into the found quasienergy resonance states
under the action of the weak exciting field. Actually,
such a procedure can be carried out with the aid of a
method based on the application of the Laplace transfor-
mation!!” to the time-dependent amplitudes of the ex-
pansion of the quasienergy wave functions in terms of
the components of the multiplets of the free atom if we
limit ourselves to the quadratic nonresonance Stark ef-
fect. Omitting the details of these calculations, in view
of their unwieldiness, let us only point out that in the
strong-field asymptotic limit

&>&, (|[Epv—Ep, [/Ry)*, &y (|A|/Ry)™

the ionization channel corresponding to the initial state
|S1/2, -1/2) leads to the appearance of electrons with
w=-1/2; moreover,

dw_y/dQ=dwy/dQ, (26)

where dw_,/,/4Q is determined by Eq. (25) if the ioniza-
tion broadening predominates over the shift and split-
ting of the quasienergy levels. It follows from the for-
mula (26) that the polarization of the electrons vanishes
in this case. Physically, this result is understandable,
and is connected with the fact that the level broadening
(in the present case, ionization broadening) is greater
than the multiplet-component spacing. Under these
conditions we can neglect completely the spin-orbit in-
teraction. Since it is precisely the spin-orbit interac-
tion that is the mechanism determining the possibility of
producing polarized electrons, it is natural that the po-
larization effects should turn out to be suppressed under
conditions of strong broadening.

The assumption made above that the ionization width
predominates over the Stark shift and the splitting of
the levels can be realized at definite frequencies where
the polarizabilities @ and o’ are small. As a rule, how-
ever, it is the opposite situation that obtains: the real
part of the matrix elements ;. is usually large com-
pared to the ionization widths of the levels. In the &’ =1
case this is a numerical effect; in the ' > 1 case, how-
ever, the relative smallness of the ionization width is
characterized by the parameter

(8./8’“ )1(&-1)(1'

The correct description of the reconstruction of the
spectra of the multiplets on account of the nonresonance
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Stark effect in very strong fields (§,> 10" V/cm) can be
extremely difficult. This is connected with the fact that
in such fields the perturbation-series expansion may

no longer be valid. As a result, the allowance for only
the quadratic Stark effect may not be sufficient. The
matrix @;;.(m;) may be determined by quantities of
higher order in §,, which in the case of isolated levels
is equivalent to the necessity for allowance for the hy-
perpolarizabilities.l'¥) However, we can, without per-
forming a detailed quantitative analysis, draw some
qualitative conclusions about the characters of the spec-
trum, the resonance-ionization process, and the polar-
ization phenomena in so strong fields. In view of the
smallness of the ionization broadening in comparison

~with the distance between the quasienergy levels (the

eigenvalues of the matrix @), the frequency w can be
chosen to be resonant with respect to the transition into
one of the exact quasienergy states. In other words, the
resonance-multiplet structure cannot be neglected in
this case, but this structure is determined not be the
spin-orbit interaction, but by the dynamic Stark effect
in the strong ionizing field.

Since the exciting field feels this multiplet structure,
the production of polarized electrons is also possible in
this case. Thus, for example, in the S-P-D transition
scheme the frequency w can be chosen to be resonant
with respect to the transition to the | P3/2 3/2) state,
i.e., in the quadratic-Stark-effect approximation

ho~Em—Es—|.(a' (/5)—a(/:)) &4 (27)

In this case the resonance-ionization process proceeds
only via the (P3/2 3/2) level. All the rest of the quasi-
energy sublevels are in this case nonresonant and are
not excited by the field §,. Under these conditions the
degree of polarization is, within the framework of the
assumed idealizations, equal to 100%. This result con-
firms the fact that by itself the nonresonance mixing of
the levels (without broadening) does not, generally
speaking, lead to the loss of photoelectron polarization;
on the contrary, it can even increase the degree of po-
larization by tuning out the group of “extraneous” levels
from resonance.

Let us draw attention to the profound difference,
which becomes apparent in these conclusions, between
the resonance and nonresonance mixings. Although both
of these phenomena can be regarded as a rearrange-
ment and shifting of the quasienergy levels in the ex-
ternal field, their roles in the resonance-ionization pro-
cess are quite different. Whereas resonance mixing
can, under suitable conditions, manifest itself as a
broadening of the resonance dependence of the ionization
probability on the detuning, nonresonance mixing does
not possess such a property. It leads to a shift in the
position of the resonances and to a regrouping of the
wave functions, but it is not a mechanism determining
the resonance width.

5. CONCLUSION

Thus, the above-performed analysis allows us to
identify two main factors as the most dangerous from
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the standpoint of the use of the resonance ionization of
atoms as a source of polarized electrons, to wit: reso-
nance mixing of the spectral terms and their ionization
broadening. In the case of two-photon resonance ioni-
zation the corresponding limitations on the magnitudes
of the exciting- and ionizing-field intensities have the
form §,<« 5% 10° V/em, &§,« 5X10” V/cm. The optimum
pulse width should in this case be confined to the inter-
val 107°=10"8<7<107'* - 10"!2, The limitation on the
ionizing-field intensity &, is not absolute, and is, in
fact, nonexistent if the broadening of the levels is ac-
companied by a substantial shift of them on account of
the dynamic Stark effect. The most typical in this re-
spect is the ionization process in which the transition
from the resonance states into the continuum is accom-
panied by the absorption of several (k' > 1)Zw quanta.
The smallness of the ionization width (~§%') compared
to the quadratic shift leads in this case to the possibili-
ty of resonance excitation of the individual quasienergy
sublevels of the atom in the strong field §, and to large
values of the degree of polarization P. The latter re-
sult is, evidently, very important, since it indicates the
possibility in principle of the production of highly po-
larized photoelectrons in very strong fields g 025X 107
V/cm, such as are actually commonly used in experi-
ments on the multiphoton ionization of atoms.[18!

The author is grateful to N. B. Delone for numerous
useful discussions.
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