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The physical effects which result in the polarization of the electrons produced in the ionization of
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1. INTRODUCTION

A polarized electron is one with a predominant spin
orientation. Polarized photoelectrons can obviously be
produced by ionizing polarized atoms, i.e., atoms in
which the average projection of the electron spin onto
some direction is not zero. In the present review we
will analyze a different case: the production of polar-
ized photoelectrons in the ionization of unpolarized
atoms, i.e., atoms in which the average projection of
the electron spin is zero.

Polarized electrons can of course be produced in the
elastic scattering of unpolarized electrons by an un-
polarized atomic target.1 This effect, usually called
"Mott scattering," results from the spin-orbit inter-
action in an electronic bound state in the atom. Mott
scattering has been studied in detail2"5 and is the prin-
ciple underlying the well-known method for measuring
the polarization of scattered electrons. A Mott detec-
tor operates by virtue of an asymmetry in the scatter-
ing (in the azimuthal direction) of electrons with spin
perpendicular to the scattering plane. The very exis-
tence of this effect implies that the differential scat-
tering cross section varies with the spin direction of

the incident electron.

Mott scattering experiment is an example of experi-
ments in which the spin state of the electron is detec-
ted after a collision with an atom. The scattering of
polarized electrons by atoms is of increasing impor-
tance in the physics of electron-atom collisions.5"7

One reason for this interest is that experimental data
on the scattering of unpolarized spinor particles by a
target are incapable in principle of furnishing the en-
tire scattering matrix. The elastic scattering matrix
for an electron (or any other spin-1/2 particle) has
three independent values. They can be, for example,
the moduli of the probability amplitudes for finding the
particle in states with definite spin projections on some
direction and the relative phase of these states. In ex-
periments in which only the final spin state of the elec-
tron is detected, only two of the three independent val-
ues of the scattering matrix can be measured. If any
measurement is to be judged complete, it must include
a detection of the spin state of the electron before the
scattering; in other words, the experiment must in-
volve the scattering of polarized electrons by atoms.
Here there is an obvious analogy with the scattering of
nucleons by nuclei.8
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The practical use of polarized electron beams is not
restricted to the problem of finding the complete scat-
tering matrix for electron-atom collisions. As another
example we can cite the promising outlook for the use
of polarized-electron scattering to study the exchange
interaction in atoms and in magnetic materials.5 Mag-
netic materials seem to be among the most interesting
subjects for experiments with polarized electron
beams.9 Slow electrons (in contrast with neutrons) do
not penetrate deep into a solid because of the large
Coulomb cross section. The scattering of low-energy
polarized electrons is thus convenient for studying the
crystal structure of thin films and surfaces.5 This me-
thod thus supplements the use of polarized-neutron
scattering for structural studies.8 Fast (accelerated)
electrons can be convenient for research in nuclear
physics.5 Finally, polarized electrons raise the pos-
sibility of selective impact excitation of atomic levels.6

This brief list of course does not exhaust the number
of possible applications of polarized electrons, but it
does clearly demonstrate the motivation for developing
and optimizing methods for producing polarized elec-
tron beams.

Several approaches have been identified for producing
such beams, making use of different physical princi-
ples. Some of these approaches have been pursued in
practice and have led to working sources of polarized
electrons.1 0

These methods can essentially be classed into three
groups. The first group consists of Mott scattering.1"4

The second consists of a variety of effects which arise
in the emission of electrons from bound but previously
oriented states. Included here are the photoionization11

and Penning ionization12·13 of polarized atoms, photo-
emission from semiconductors in which the electrons
are oriented by circularly polarized light,14 and emis-
sion from ferromagnets, i.e., from media with a fixed
magnetization vector.9 > 1 5·1 6 The third group consists
of processes involving the photoionization of unpolar-
ized atoms. 1 7 · 1 8 As basic measures of the usefulness
of the various methods as sources of polarized elec-
trons we can adopt two characteristics: the degree of
polarization Ρ (the relative number of electrons with a
given spin direction) and the current / (or the number
of polarized electrons in the pulse in the case of a pul-
sed method). The better methods of the first two of
our three groups produce degrees of polarization up to
Ρ = 0.8-0.9 at a current of / ~ 10~4,4 (in a pulse 1 Msec
long) in the photoionization of polarized atoms11 and at
a current of / «10~6 A in emission from ferromagnets.9

We note that in the methods of the first two groups
there is no apparent way to achieve complete polariza-
tion (P= 1).

In this review we will be discussing two related
methods which fall in the third group: photoionization
(one-photon ionization) and resonance many-photon
ionization by circularly polarized light. In the photo-
ionization case we restrict the analysis to the polar-
ization of the electrons in the case of the Fano effect,
which has been predicted theorretically1 9 and studied
experimentally17 for alkali metal atoms. The essential

physics of the Fano effect is the particular way in which
the photoionization cross section varies with the elec-
tron kinetic energy for these atoms; specifically, there
is a deep minimum near the continuum boundary. Near
this minimum the spin-orbit interaction plays a role
comparable to (or more important than) that of the
Coulomb interaction, causing a substantial polarization
of the photoelectrons. We will also discuss the Fano
effect induced by an external field20 as a promising ex-
tension of the method to a large number of atoms in a
broad energy range. The basic physics of resonance
ionization21 as a method for producing polarized elec-
trons is also directly related to the spin-orbit inter-
action. In this case, however, in contrast with the
Fano effect, it is the effect of this interaction on the
atomic spectrum, rather than on the magnitude of the
cross section, which is of decisive importance. Be-
cause of the particular resonance conditions and se-
lection rules, the intermediate excited states are pop-
ulated nonuniformly in resonance ionization in a cir-
cularly polarized field; specifically, certain values of
the electron angular momentum and the magnetic
quantum number are predominant.

The atom in the intermediate state is thus polarized.
Its subsequent ionization results in polarized electrons.

For both these methods (direct and resonance ioniza-
tion), it is possible in principle to produce fully polar-
ized electrons. These methods are in different stages
of theoretical and experimental study at the present
time; the Fano method has been studied quite thorough-
ly, but this is not the case with resonance ionization.
On the basis of the experimental data currently avail-
able we can assert that, in terms of the electron cur-
rent, both these methods can compete with the better
methods of the first two groups. It is interesting to
note that resonance ionization can also produce polar-
ized nuclei,22 through excitation of states of the spin
hyperfine structure.

There is yet another method for producing polarized
electrons in the ionization of unpolarized atoms, based
on the excitation of autoionization states.5 Formally,
this method could be classified as a generalization of
the Fano effect to complex atoms or as an analog of
resonance ionization (if the autoionization state is as-
sumed analogous to an excited intermediate level).
However, the physics of this effect is completely dif-
ferent. In contrast with photoionization and resonance
ionization, the excitation of an autoionization state and
its subsequent ionization (the Auger effect) definitely
do not constitute a one-electron transition. In this
review we will thus not discuss in detail the method
for producing polarized electrons through the excita-"
tion of autoionization states (see Ref. 5). We will re-
strict the analysis to one-electron transitions, primar-
ily for monovalent atoms or ions.

2. PHOTOIONIZATION

The bound states of an electron in an atom are des-
cribed by the principal quantum number η and the quan-
tum numbers specifying the orbital angular momentum,
/, the total angular momentum, j = l±\/2(j > 0), and
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its projection onto the ζ axis, ms. The electronic pol-
arization of atoms is due to the orientation of the elec-
tron spin S: The atoms are polarized if the average
projection of the electron spin onto some direction is
not zero, or they are unpolarized if this projection is
zero. The degree of polarization along the ζ axis is
defined as the expectation value of the spin-projection
operator S,, divided by its maximum possible value:
PM = (Se)/S. For monovalent atoms with a distribution
function which is diagonal in the | Ijnij) representation,
this definition gives us a polarization

(2,»·Ε)->/.

Z | jm,)

(1)

where nmj /~Znmj is the relative number of atoms with
quantum numbers n,l,j ,ηι}. With I = 0 (the S state),
j = 1/2, andm, = ± 1/2, the polarization P a t takes its
simplest form:

(2)

If the atoms subjected to the light are unpolarized, we
may ask whether the photoelectrons will have any pol-
arization which results from the ionization process. In
two independent cases, the answer to this question is
negative.

1. The first case is the ionization of atoms by a lin-
early polarized field. No additional polarization can
arise in the course of the ionization, since the selec-
tion rule Am, = 0 (the ζ axis is parallel to the polar-
ization) means that the ml distribution of the electrons
in the continuum is the same as that in the bound state.
Then with P a t = 0 the polarization of the photoelectrons
found from an equation like (1) is also zero.

2. The second case is an arbitrary polarization of
the ionizing radiation without a spin-orbit interaction
in the atom. Again in this case, the photoelectrons do
not acquire a polarization, since the interaction with
the electromagnetic field, which is independent of the
spin variables, does not alter the initial distribution
in terms of the projection of the electron spin onto
some specified direction.

In principle, therefore, the electrons can acquire a
polarization in the course of ionization only by virtue
of the circularly polarized field component when there
is a spin-orbit interaction in the atom.

(a) Polarization and angular distributions of the
photoelectrons

Let us examine the polarization and angular distribu-
tions of the photoelectrons produced through the ion-
ization of unpolarized S -state atoms by a circularly
polarized electromagnetic wave (for definiteness, let
the wave be right-hand polarized). As the one-electron
wave functions of the continuum we must use functions
which have the following asymptotic behavior: a plane
wave exp(tpr/i) + an incoming spherical wave (1/4)
expftpr/fc) (Ref. 23):

Urn.
m r l l ( JL-) Rmj (r) | ,»,,. (3)

where

•±i
the C's are the Clebsch-Gordan coefficients, the radial
wave functions RBlJ are normalized to a δ-function of
the electron kinetic energy E = p2/2m, \jnij) is the spin-
angular wave function of an electron with a total angu-
lar momentum j and a z projection ms, the Ylm are the
spherical harmonics, ρ is the electron momentum, and
μ is the ζ projection of the electron spin at a large dis-
tance from the atom.

The selection rules24 tell us which states are excited
in the course of the ionization, i.e., which terms in the
sum in (3) actually contribute to the matrix element for
the transition to the continuum. Figure 1 shows the
transitions between the S and Ρ states of an atom in a
right-hand circularly polarized wave, in which case
the selection rules are Al = AmJ = 1.

The spatial part of the interaction operator, which
couples the wave functions ψβμ = (4»)"1 /2 iio(r)wM and
φρμ in the case of a right-hand circularly polarized
electromagnetic wave, is V= (l/2)er $osin0'e'*' where
&0 is the electric field amplitude of the wave, and Θ'
and φ' are the spherical angles specifying the direction
of the vector r.

The transition probability matrix

(4)

1/2

— 1/2

1/2

(1.8) «5 sin* θ

(1 /18) ( « , - f l , ) s cos1 θ

— 1,2

0

[(2Bl + fl3)
2/72]sin2e

can be written in the following form after the matrix
elements are calculated:

MM.

(5)

Here du= βϊηθάθάφ, θ and φ are the spherical angles
specifying the direction of the photoelectron momentum
p, and R13 are the radial matrix elements of the tran-
sitions S~P1,2 and S - P 3 / 2 .

For unpolarized atoms the average ionization prob-
ability with a definite value (μ) of the ζ projection of

FIG. 1. The Fano effect. Transition scheme for right-hand
polarized light. The dashed line is the continuum boundary.
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the photoelectron spin is

da 2 Zi da • (6)

The polarization along the ζ axis of the electrons which
are moving at an angle θ from this axis is defined as
the expectation value of the operator 2SM , divided by
the number of photoelectrons which are moving in this
direction; it can be written

<dw,/,/da) — (dw.t/,/dQ) cos2e+Tsin26

where χ is the dimensionless parameter

(7)

(8)

whose magnitude and range will be discussed below.

The integral polarization of the electrons can be de-
fined as twice the expectation value of the ζ projection
of the electron spin, (2St) , integrated over all direc-
tions and divided by the total number of photoelectrons:

0)

where w^ is the total probability for photoionization
with a definite value (μ) of the spin projection S, .

We can also define the photoelectron polarization in
the other directions (xandy). The corresponding val-
ues, PXtJ1, can be defined quite analogously as twice the
expectation values of the spin projection operators,
(2S I i J I ), divided by the total number of photoelectrons
moving in the given direction. It is convenient to ex-
press PX ( J in terms of the quantities P±= Px±iPy, which
are calculated by analogy with the derivation of Eq. (10)
for the polarization Pz (θ, φ, χ); the result is

cos θ sin θ (10)

In contrast with P, the polarizations along the direc-
tions perpendicular to the wave vector depend on the
azimuthal angle φ. In the averaging over θ or φ, the
quantities Pt vanish; in other words, the spin vector
can be oriented on the average (over the directions of
the electrons) only along (or opposite) the direction of
the light wave vector.

The total ionization cross section found with the help
of transition matrix (5) is

I-P+.·). (11)27

where AR= R3-R1, and a = e2/ftc= 1/137 is the fine
structure constant.

If the spin-orbit interaction is neglected [with R1 ~R3

= R(E)], Eqs. (5) and (11) lead to the familiar expres-
sions2 5"2 7 for the differential and total ionization cross
sections:

(12)

The first of these equations states that the directional
pattern of the photoelectrons emitted by a circularly
polarized field has a maximum in the plane perpendic-
ular to the wave vector (0= π/2).

Equations (5)-(7) completely determine the polariza-
tion and directional pattern of the photoelectrons for
ionization from the S state of the atom when there is a
spin-orbit interaction. Cherepkov28 has studied the
general case of ionization from states with an arbitra-
ry orbital angular momentum 1 > 0.

<b) The Fano effect

Various approaches29"31 can be taken to calculate the
radial wave functions and matrix elements which deter-
mine the photoionization cross sections and the polari-
zation properties for real atoms. Without going into
the details of the calculations (which are discussed in
Refs. 25-27), we will examine the important question
as to how the matrix elements vary with the photoelec-
tron kinetic energy E. This behavior has been studied
elsewhere, on the basis of both quantitative calculations
and qualitative considerations.31"33

If we specify the sign of the radial wave functions by
requiring that they be positive in the limit r — 0, then,
according to Fano and Cooper,33 the matrix element
R(nl, El') is positive at large Ε and falls off in pro-
portion to E(- I +7/2). At small Ε the sign of the ma-
trix element R and its variation with Ε are very sensi-
tive to the electronic configuration of the atom. The
situation can be illustrated qualitatively for the inert
gases neon and argon. Figure 2 shows the wave func-
tion of an electron in the outer ρ shell of these atoms,
along with the d wave function of the continuum with
an energy £ = 0. It is clear from an analysis of the re-
gions of maximum overlap of these wave functions that
for neon R is positive at Ε = 0 but negative for argon.
With increasing energy, the oscillations of the continu-
um wave function become faster (the wave function gets
"squeezed" against the origin). As a result, the matrix
element R for neon increases slightly and then decrea-
ses, approaching an asymptotic value at large E. In
contrast, the argon matrix element initially decreases
in magnitude, vanishing at a certain E; then it becomes
positive, goes through a maximum, and only then ap-
proaches its high-energy asymptote (Fig. 3). This be-
havior of the matrix element as a function of the photo-

Mlpf

№ r-

FIG. 2. Wave functions of the bound Ρ and D states of the con-
tinuum with an energy Ε = 0.
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FIG. 3. Matrix elements for the transitions from the ground
state to the continuum as a function of the photoelectron energy
in argon and neon atoms.

electron energy is typical of many atoms and ions. Ac-
cording to the rules stated by Fano and Cooper,33 there
is an interval of Ε in which the matrix element is neg-
ative if (a) Δ Ζ =1 and (b) KlmaX = n -1. Condition a
means that R can vanish only for transitions accompan-
ied by an increase in the orbital angular momentum /.
Over a broad range of Ε it is this photoionization path-
way in governing.29"33 From condition b we see that
the bound-state wave function must also have antinodes.
Conditions a and b tell us only whether an interval of
negative R{E) can exist; they do not tell us where it is,
and in fact it can be in different places for different
atoms. In argon and krypton, we find R{E) =0 at £~2
Ry, while for the alkali elements we find R{E) =0 near
the ionization threshold (£ ~ 1 eV). In the lithium atom
the negative values of R(E) in fact lie below the ioniza-
tion threshold.

In the case S — P, the vanishing of the matrix element
R(E) when the spin-orbit interaction is neglected leads
to a vanishing photoionization cross section [Eq. (12)].
Actually, however, σ(Ε) does not vanish, since the ma-
trix elements /?! and R3, which determine σ [Eqs. (8)
and (11)], vanish at slightly different energies E. This
difference, which is due to the spin-orbit interaction, is
small, so that the ionization cross section has a deep
minimum at these energies (Fig. 4).

The quantity ΔΛ =R3 -Rlt which determines the abso-
lute value of the ionization cross section in (11), is non-
zero because of the spin-orbit interaction, and it varies
comparatively slowly (the characteristic energy interval
of the variation is of the order of a rydberg). Near the
σ(Ε) minimum we can thus assume ΔΛ« const. In this
case Eq. (11) describes a parabolic behavior of the
cross section as a function of the energy E — E0~x near

as t.S F.eV

the minimum, which is reached at x(E0) =0 or Rt +2R3

= 0.

This deep minimum in the ionization cross section is
responsible for several interesting and unusual polari-
zation properties of the photoelectrons (the Fano
effect19"34). Generally speaking, the spin-orbit interac-
tion in an atom is small in comparison with the basic
Coulomb-interaction energy. Thus the polarization of
the electrons due to this interaction is also small under
ordinary conditions. It is not small, however, if the
photoionization probability becomes anomalously low
because of interference effects, as it does near the
σ(Ε) minimum. In this case the photoelectron polariza-
tion can be high and can even reach 100%.

Figure 5 shows the polarization as a function of χ and
thus as a function of Ε (the parameter χ usually decrea-
ses with increasing E). The maximum value, PmaX=l,
is reached at χ = 1. Interestingly, the polarization rea-
ches its maximum at χ = 1 regardless of the direction
in which the electron is moving, so that Pm&(9) = PmiX

= 1. The minimum of Ρ{θ, φ, χ), in contrast, does de-
pend on θ and is reached at values of χ which do depend
on the direction in which the electrons are moving:

(13)

We obviously have Pmin(9, φ, χ) =- 1 at 0 = π/2; i.e.,
those photoelectrons which are moving in the plane
perpendicular to the wave vector of the electromagnetic
wave, k, are completely polarized in the -k direction
at χ = - 1 . The minimum value of the integral polariza-
tion Ρ is -1/2 and is reached at χ = - 2.

We thus conclude that the photoelectrons can be highly
polarized in certain atoms, because of the interference
compensation of the photoionization cross section. The
most favorable photoelectron energies here are those
which correspond to a unit value of the parameter x,
since in this case the polarization can be nearly 100%,
regardless of the observation direction and the angular
aperture of the detector. The most convenient objects
for observing and making practical use of the Fano
effect are the alkali metal atoms. Since the cross sec-
tion has a minimum near the threshold, the minimum is
deep and clearly defined, not masked by other effects
such as other transitions and autoionization peaks in
the absorption coefficient.33

Equations (9) and (11) for the integral polarization .
P{x) and ionization cross section can be generalized to
the case of arbitrarily polarized atoms and a radiation

ρ
* 1 •

FIG. 4. Photoionization cross section as a function of the
photoelectron energy. Solid curve—total cross section; dashed
and dot-dashed curves—cross sections for the production of
photoelectrons with opposite spin orientations.

0.5

- 1 •

FIG. 5. Degree of photoelectron polarization as a function of
the photoelectron energy.
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field with an arbitrary degree of circular polarization35

(14)

(15)

In addition to the parameter P = (Pel /Pf\pit=o, defined
in (9), we can introduce several other polarization pa-
rameters when they are more convenient for analyzing
experimental data. We denote by σ+ the photoionization
cross section at some particular value of the product
Ρ/Ρα and by σ_ the same cross section but correspond-
ing to the opposite sign of this product (but for the same
|iJPa tJ). Then the parameter

<? = " (16)

is obviously independent of the particular values of Pf

and P3t.

Since the polarization parameters P(x) and Q(x) de-
pend on only the single variable x(E), two independent
experiments can be designed. The quantity Q can be
found as the function of the photoelectron kinetic energy
in experiments in which the total ionization cross sec-
tions vt are measured for various polarizations of the
atoms, Pa t, and the field, Pf. The results can be used
to determine the function x{E). Knowing x(E), we can
use (13) to construct the Ε dependence of the electron
polarization parameter P(x) =P[x(E)], which can be
checked experimentally,35"36 through direct measure-
ments of the photoelectron polarization.

(c) Experimental procedure

An experiment to observe the Fano effect involves
subjecting alkali metal atoms to ionizing radiation in
the UV range, extracting the electrons produced, and
analyzing their polarization.

The number of photoelectrons produced, N,, is ob-
viously governed by Ne = na l<*Nf, where na is the den-
sity of neutral atoms, σ is the cross section for the
interaction of the radiation with the atoms, / is the
length of the interaction volume, and Nf is the total
number of photons. Since the electron polarization de-
pends on the frequency of the radiation, the optimum
frequency and the corresponding photoionization cross
section are given quantities. Then the only way the
electron yield can be increased is to increase the tar-
get density, the length of the interaction volume, and
the radiation intensity.

The need to use UV light is a substantial complication.
Both high-pressure inert-gas lamps and lasers have
been used as UV sources. The laser is the better
choice when the photoelectron yield must be maximized.
Lasers of various designs currently available can pro-
duce the necessary UV intensities at certain frequen-
cies.17·36·37 Although high-pressure lamps cannot fur-
nish radiation with a spectral brightmess as high as
that from lasers, the lamps have the advantage for re-
search purposes that, when combined with a monochro-
mator, they represent a simple means of producing

UV radiation over a broad frequency range with tun-
able frequency.

The targets can be either atomic vapors36 or atomic
beams.17 With vapors it is simple to arrange a long
interaction volume, but there are the usual difficulties
resulting from contamination of the working medium
by various parts of the apparatus. If the light beam
strikes an atomic beam at an angle of 90° these dif-
ficulties are avoided, but it is difficult to arrange a
long interaction volume: Even if a large-aperture mul-
tichannel collimator is used to form the beam, the beam
diameter is still no more than a few millimeters. In
some experiments, several parallel atomic beams have
in fact been used to increase the interaction length.

From data on the various characteristics of the ex-
periment it is simple to estimate the efficiency of the
electron production from the equation given above. In
particular, if we assume that the photoionization cross
section is of order σ ~ 1019 cm2, that the density of
atoms is na~ 1012 cm"3, and that the interaction length is
I ~1 cm, then with an energy per pulse of Q ~ 1 mJ
(~ 1016 photons) the number of electrons is ΛΓ, ~ 1010.

Only at the optimum frequency of the ionizing radia-
tion, however, such that χ = 1 and such that the polari-
zation is maximized, will all the electrons produced
have the same polarization. For other values of χ the
polarizations will be different for electrons with diffe-
rent emission angles θ [Eq. (7) ]. Thus only some of
the electrons will have the given degree of polarization.36

The electrons extracted from the atomic target are
focused and accelerated to an energy of the order of
102 keV. This high energy is necessary for measure-
ments of the degree of polarization by the Mott-scatter-
ing method.1 This method makes use of the particular
nature of electron scattering by nuclei: In large-angle
scattering by a heavy nucleus, an unpolarized electron
acquires a certain degree of polarization in the plane
perpendicular to the scattering plane. For the effect
to occur, the electron energy must be «= 60 keV, the
atomic number of the scatterer must be high, and the
scatterer itself must not contain so many nuclei that
repeated scattering occurs. The transverse polariza-
tion factor [Ng(i) is the number of electrons with a gi-
ven polarization-vector direction ],

o _ (17)

is known very accurately (within ~ 1%) as a function of
the atomic number of the scatterer, the electron energy,
and the scattering angle.3*39 If the incident electrons
are polarized, an asymmetry appears in the number of
electrons scattered through angles ± Θ. This asymme-
try can be expressed in terms of Ρ and S:

(18)Ivl ι—

Knowing S, and measuring the ratio N+/N_, we can thus
determine the degreee of polarization of the electrons.

If the apparatus for extracting, accelerating, and
energy-analyzing the electrons is such that the spin is
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the direction in which the electrons are moving, then
a Wien filter is used. This device rotates the electron
spin through 90°, so that the electrons turn out to be
polarized in the direction perpendicular to their motion.

The scatterer is usually a gold {Z = 79) foil about 102

mg/cm2 thick, and the electrons are observed at about
120°. A detailed analysis of the accuracy of this me-
thod17·36 has shown that the degree of polarization can
be found within 4%-7%, depending on the particular
experimental details.

Figure 6 shows a typical experimental arrangement,
as described in Ref. 36. The first electron-optics sys-
tem images the emission from the interaction chamber
onto a limiter. The retarding-potential method is used
for energy analysis of the electrons and to eliminate
background electrons. The second electron-optics sys-
tem focuses the electrons onto the accelerator input.
The electron current is measured with a Faraday cup.

A control experiment on observation of the Fano ef-
fect involves measuring the electron polarization as a
function of the polarization of the ionizing radiation.
The polarization of the radiation can be changed with-
out affecting other characteristics of the radiation by
changing the orientation of a quarter-wave plate in the
laser beam. The electron polarization is maximized
by circularly polarized light, and it can be adjusted
continuously by changing the eccentricity. It vanishes if
the light is linearly polarized.

(d) Comparison of experimental and theoretical results

Experimental data are available for two atoms:
cesium"·35·36 and rubidium.3e·37 For a comparison with
the theory, the results of the first experiment, by Baum
et al.,35 are the most interesting. They used a high-
pressure xenon lamp and a double monochromator. In
this arrangement it was possible to obtain experimen-
tal data over a broad range of light frequencies. From
the practical standpoint, Granneman's results36 were
better. The results of the various experiments are
summarized in Fig. 7, where they are compared with
the calculations from Ref. 35. There is a good agree-
ment.

It should be noted that the calculated results shown
in Fig. 7 are based on an independent experiment in
which the parameter Q [Eq. (16) ] was measured. The
measurements of the parameter Q, in Ref. 35, served

Cylindrical lenses

it— ~. ftftlt F a r a d a V C U P

90-keV accelerator
Mott detector

Oven

Argon ion laser

FIG. 6. Experimental arrangement of Ref. 36 to observe the
polarized electrons produced in the Fano effect.

as a test of whether the spin-orbit interaction in alkali
atoms was taken into account correctly. Experiments
to measure Q can be carried out more accurately than
experiments to measure P, because ions are detected,
so that the problems of suppressing the background
electrons can be avoided, and the detection of the asym-
metry in the ions is extremely effective. The arrange-
ment in this experiment was typical of research on the
photoionization of polarized atoms. Intersecting light
and atomic beams were used. In this case the light
beam was polarized light from a xenon lamp, filtered
with a monochromator, and the atomic beam was a
beam of polarized atoms produced by passage through
a hexapole magnet. The ions were detected with an
electron multiplier. The number of ions was measured
as a function of the light polarization. The direct re-
sult of the experiment was a measurement of Q as a
function of the light frequency for three alkali atoms:
potassium, rubidium, and cesium. These measure-
ments were used along with (16) to find the function
*(ω), which was used in turn to find the function i^w),
shown in Fig. 7. The good agreement between the mea-
sured and calculated values gives us confidence in the
measurements of Ρ and Q, since the parameter χ satis-
fies two independent experiments.

Through the use of the Fano effect, it was possible
at the time to produce 3· 103 electrons in a pulse with
a degree of polarization 90% ±7% (Ref. 17). The den-
sity of atoms was 1 · 1012 cm"3, the interaction length
was 80 mm, the pulse repetition frequency of the laser
was 3 min"1, and the energy of the light pulse was
1.5· 10"3 J.

A detailed analysis of the experimental capabilities of
modern UV sources and atomic beams shows that the
atomic density and the UV energy can be increased by
a factor of no more than two or three, while it would
be very difficult to arrange a severalfold increase in
the interaction length. Then the only significant possi-
bility which remains is to increase the pulse repetition
frequency of the laser. For example, if the second
harmonic is taken from dye laser pumped by a neody-
mium-glass laser, it is possible to achieve a pulse
repetition frequency of 50 Hz with a substantial energy

4.3 4.6 kS £2
Photon energy, eV

FIG. 7. Experimental data and calculated results (hatching)
on the degree of polarization of the electrons produced in the
Fano effect. Hatching—Ref. 35; ·—Ref. 34; Q—Ref. 37;
O—Ref. 36.

258 Sov. Phys. Usp. 22(4), April 1979 N. B. Delone and M. V. Fedorov 258



per pulse. In conclusion, we should point out that the
pulse repetition frequency in the irradiation of the atom-
ic target is restricted by the construction of the appa-
ratus in which polarized electrons are used.

(e) Fano effect induced by an intense external
electromagnetic field

It is clear from the discussion of the physical nature
of the Fano effect that the effect is not universal: It
occurs in by no means all atoms, and then only at cer-
tain strictly determined light frequencies. These limi-
tations can be somewhat overcome by switching to the
induced Fano effect, i.e., a modification of the effect
which can be arranged by illuminating an atom with a
second intense laser beam.20 To explain the conditions
under which this modified effect occurs, we appeal to
the level scheme in Fig. 8. The field with frequency
ω, and electric field amplitude $Ί is strong, while the
field ω0, <β0 is weak (the corresponding quantitative
conditions are given below). The frequencies -J\ and
% must satisfy

£ 0
0, (19)

where Εγ is the energy of some arbitrary excited dis-
crete level of the atom, and Eo is the ground state
energy. The photon energies Ηω1} and Κω0 must exceed
the thresholds for ionization from levels £xand Eo,
respectively. For simplicity we assume that the or-
bital angular momentum is / = 0 in the ground and ex-
cited states (S states), and we assume that the fields
W and gP0 are right-hand polarized.

This ionization process was described theoretically
by Armstrong et al.4 0 and Geller and Popov,41 who ig-
nored spin effects. The ionization probability is

(A —a) '
Λ2 + (Γ,4)

(20)

where a and Γ are certain constants satisfying σ~Γ
~£,t (#Ί /Xt) 2 , «?ai and £ a t are the intraatomic field
and the characteristic atomic energy, and Α = Ε0+Κω0

- E1 -/foj is the detuning from the "resonance" (Fig.9).

When spin is taken into account, we find that a polari-
zation of the photoelectrons is possible in this photo-
ionization scheme, by analogy with the Fano effect, be-
cause of the deep minimum in the function w(A). In
taking spin into account we must, as usual, distinguish
between the radial matrix elements Λ<°·υ and Λ3

(α1) for

FIG. 9. The atomic ionization probability w as a function of
the detuning from "resonance," Δ. Dashed curve—With the
spin-orbit interaction and Stark level splitting.

transitions from the (0,1) states to the continuum
states Ρ^2 and P3/2. Furthermore, since the field Wl

is assumed strong, it is necessary to take into account
the splitting of the Eo and Ex levels due to the dynamic
Stark effect (Fig. 8): Ε1-Ειμ, Ea-Ew, μ = ± | . Al-
though this splitting, which is governed by the vector
polarizabilities of the Eo and £ x levels, is small in com-
parison with the average shift of these levels (governed
by the scalar polarizabilities), it can still compete
with the effect of the spin-orbit interaction on the size
of the matrix elements. When both these factors are
taken into account, the minimum value of the probability
w becomes nonzero, and the following equation can be
derived for the degree of polarization Ρ(Δ) near the
minimum20:

ρι\\-
A-(t:2) t,A0~

(21)

where

Δ ο = ^ 1 . 1/2 —--So, 1/2

— El, -1/2 + ^0, -1/2.

and A and Β are small constants governed by the differ-
ence between the matrix elements Λ{Ο Ι 1 ) and Λ,0·1 '. The
parameter Δ,, is governed by the splitting of the Eo and
£, levels. The function P(x) (Fig. 10) is completely
analogous to the corresponding function in the case of
the ordinary Fano effect [Fig. 5; Eq. (9)]. The maxi-
mum value of P(x) is reached at x = -(A0+B)/2; as be-
fore, Pmx=\. The minimum value of the probability
in this case is not - \, in contrast with the ordinary
Fano effect. The minimum value P m l n is reached at

FIG. 8. Level and transition scheme for photoionization of an
atom by two fields, of frequencies ω0 and ω,.

FIG. 10. The ionization probability w and the degree of polar-
ization Ρ as functions of Δ. Dashed curve—Case in which the
Stark splitting is more important than the spin-orbit interac-
tion.
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and is Pm i n =-K + J B) 2 [2A +(Δ0+£)2]-1.

The function f\x) simplifies substantially if the split-
ting of the Eo and Ελ levels is larger than the spin-orbit
effect: \\\»VA, B. In this case,

(ί)1· (22)

In this case the P(x) curve becomes antisymmetric:
:. io).

We can find how strong the field fgi must be by noting
that the characteristic interval for a substantial change
in the degree of polarization P(x) must be large in com-
parison with the radiation level width Tr; then with
ΓΓ = 10"s cm"1 ana \~VA~B~ a£at( *J git)

2 (a is the
fine structure constant) we find 8f x ~ 5 · 106 V/cm. This
is not an overly severe restriction for modern lasers.

In summary, this ionization scheme with illumination
by an intense field g" can produce a high degree of
photoelectron polarization, and it is more generally
applicable. There is no restriction on the choice of
level Elt nor is there any restriction on the choice of
frequencies ω0 and ωχ satisfying condition (19), since
the resonance can occur at any energy in the continuum.
The induced Fano effect can thus occur in essentially
any atom over broad ranges of the frequencies ω0 and

3. RESONANCE MANY-PHOTON IONIZATION

Many-photon resonance ionization opens up numerous
opportunities for producing polarized photoelectrons.21

At a resonance of the frequency of the external field
with the energy of a transition to an. intermediate bound
state we can make the same assertions as above: In
the case of unpolarized atoms, the polarization of the
photoelectrons is due to the circularly polarized part
of the radiation, and it is ultimately governed by the
spin-orbit interaction of the atomic electrons. In the
case of resonance ionization, however, the mechanism
by which the spin-orbit interaction affects the polariza-
tion and angular distribution of the photoelectrons is
radically different from that responsible for the Fano
effect. In the case of resonance ionization, the possi-
bility of producing polarized photoelectrons is due pri-
marily to the spectral properties of the radiation and
the atoms. When the spin-orbit interaction is taken
into account, atomic levels with given quantum numbers
» and / split into sublevels Es corresponding to different
values of the total electron angular momentum j =1 ±i
(j = ϊ for S levels). There is still a degeneracy with
respect to the ζ projections rnt of the total angular mo-

• mentum. If the external electromagnetic field has a
narrow frequency spread and is not too intense, it is
possible to excite the sublevels corresponding to a par-
ticular value j ' of the angular momentum of the reso-
nance state by adjusting the frequency of the external
field. If the excitation is with a circularly polarized
wave, the m'} distribution of the atoms will not be
symmetric even if there is a uniform distribution with
respect to wy in the ground state (unpolarized atoms).
The nonuniformity of the j ' and w/ distributions means
that the excited atoms have a certain degree of polari-

zation. Then it i s evidently possible to produce polari-
zed photoelectrons through a transition from the reso-
nance state to the continuum.

(a) Ionization in a resonance with a fine-structure state

The fine structure in the spectrum of bound electron
states is known to be due to an interaction between the
spin and orbital angular momentum of the atomic elec-
tron. In alkali atoms this interaction results in a
doublet structure in the spectrum. The energy split-
ting of the doublet is extremely large: many reciprocal
centimeters of the low-lying excited levels. Then there
are evidently no experimental difficulties in arranging
the resonance excitation of a certain fine-structure
state in alkali atoms by means of laser beams, where
desired. We recall that the fine-structure states have
not only the quantum numbers n, I, and j but also mj,
which determines the number of possible orientations
of the electron angular momentum with respect to some
particular direction.

We begin by examining the characteristic physical
features of the polarization and angular distributions
of photoelectrons in resonance ionization for the case
of an S - Ρ - Ό transition (Fig. 11). We assume that
the external field is weak enough that we can ignore the
perturbation of the atomic spectrum.

We assume that the atom is initially in the state \S;
j = Ϊ; mj) (mi = ±i) and that the frequency ω is at reso-
nance with the transition to some state | P; j'; nfj):

\Aj. pj. — Es — hat | | Ep3/2 — EP

The general equation for the probability density ma-
trix for transitions to the continuum with a certain ζ
projection of the electron spin according to second-
order perturbation theory is

= -r- V 2m?E
Δ;,+(ΐ/4) π

Σ «WΙ

(23)

where Γ is the natural width of the resonance level, in-
troduced on a phenomenological basis. It is assumed
to be independent of the quantum number »r}. Here V
and V are the spatial parts of the operators represen-
ting the interaction of the atom with the exciting and
ionizing waves, for which the frequencies can in gener-
al be different (ω and ω). If the two waves are propa-
gating in the same direction (along z) and if both are
right-hand polarized, then V± = (ego/2) ί β ' 4 ' * ' '

.Ι -ί -1 I

J_J_J_±_
/ / V Degenerate states

' Continuum

72P ι J^/_J_ boundary

f?S,.7

FIG. 11. Transition scheme for resonance ionization through
a P state.
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V = (e g?0/2) r sind'e^'. In addition, Ε =p2/2m is
the electron kinetic energy, which is governed by the
conservation law Ε=Εε+Η(ω + ώ)R* Ε +KCS.

We first assume V- V = V+ (a right-hand polarized
monochromatic field). Then the selection rule A»?y = 1
singles out a single term, with nf} =m} +1, in the sum
over the intermediate states ntmPj,. If the resonance
level is a Ρλ/2 level, then by calculating the matrix ele-
ments in (23) we find the probability for ionization of the
unpolarized atoms to be

dm

dQ

dw,.

24/1 1/4) Ρ
(24)

where RPS and RDP are the radial matrix elements of the
transitions S - Ρ and P - D (Fig. 11). (We are ignoring
the effect of the spin-orbit interaction on RPS and RDP.)
The angular distribution of the electrons in this case
is analogous to that of the photoelectrons in one-photon
direct ionization, (12). We note that this result is a
specific property of the resonance at the Px/2 level and
occurs because the electron distribution in the excited
state is isotropic in this case. This point is easily
shown by writing out explicitly the wave function for the
excited state: φ = V3/4ff (sin O'e^'u.^ +cos ΘΉι/2. We
see immediately that φ *φ is independent of the angles
Θ' and φ'; i.e., the distribution of excited electrons is
isotropic. Then from the standpoint of the angular dis-
tribution the process of resonance ionization through
an intermediate Py/2 level is equivalent to the photoioni-
zation (direct one-photon ionization) of an atom with an
isotropic distribution of bound-state electrons. The
integral degree of polarization Ρ in this case is 60%
(Ref. 42). The degree of polarization of the photoelec-
trons moving at an angle θ from the wave vector is ea-
sily shown to be given by the elementary expression

ρ (θ) = cos 2Θ. (25)

In the case of a resonance at a P3/2 level, analogous
calculations lead to the following expressions for the
ionization probability for unpolarized atoms:

dw

-(1/4) Ρ
(26)

Also, the degree of polarization for electrons moving
at an angle θ from the ζ axis is

(27)

The integral degree of polarization is 9/11, i.e.,
about 82% (Ref. 42).

Resonance ionization in the scheme S~P--D has been
observed experimentally,43 and the observed degree of
electron polarization agrees very well with the results
above. The achievement of a polarization less than
100% in this simple case is consequence of the possible
appearance of electrons with spin projections of opposite
signs. It is possible, however, to choose more compli-
cated ionization schemes in which the electron can
have only a certain value of the spin projection, and in

3
m; i

nzP./z

_1_

_z

ι ί
Ζ

!f/>
/* Continuum

boundary

FIG. 12. Transition scheme for resonance ionization from an
initial Ρ state.

this case a 100% degree of polarization can be obtained.

One such scheme is based on the use of atoms in a
Pjj2 ground state.44 This situation arises in atoms with
three valence electrons (e.g., Ga, In, and Te). The
selection rules incorporated in the transition scheme in
Fig. 12 lead in this case to the appearance of photoelec-
trons only in states with / = 1, ms =j =3/2, that is, in the
ΦΡι/2 state. Electrons with the opposite spin projection
do not arise in this resonance ionization process, and
for this reason it is possible to achieve a 100% degree
of polarization.

Another scheme, in which the same final state is
reached (and in which a 100% degree of polarization can
be achieved), is the three-photon resonance ionization
of atoms with an I s ^ ) ground state.4 5 Figure 13 shows
the corresponding transition scheme in the sodium atom
under the influence of left-hand polarized light at the
frequency of the first transition and right-hand polarized
light at the frequencies of the second and third transi-
tions.

At present, ionization through these last two schemes
has not yet been achieved experimentally, but we see
no serious obstacles here.

Up to this point it has been assumed that the energy
of the exciting photon is approximately equal to the en-
ergy of transition to one of the levels P^2 or P3/2 and
that the effect of nonresonance levels could be ignored.
A continuous transition from one of these resonances to
the other through a nonresonance region has also been
discussed.46 The results show that the degree of polari-
zation (Fig. 14) reaches 100% at certain frequencies in
the region between the resonances. The experimental
results on the frequency variation of the polarization
agree qualitatively with these theoretical calculations.
It should be kept in mind, however, that in the nonreso-
nance region the probability itself (and thus the total
number of photelectrons) is sharply lower. For this

- Continuum
boundary

Z S,

FIG. 13· Transition scheme for three-photon resonance ioni-
zation with opposite (circular) polarizations of the radiation.
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-as

FIG. 14. Electron polarization with a detuning of the inter-
mediate resonance state, a: Transition scheme, b: Calcula-
tions. 1—Identical contributions of the matrix elements for
transitions through the Pi/2 and P 3 / 2 states; 2—the transition
through the Pin states is dominant, c—Experimental data,
normalized to a unit maximum polarization.

reason we conclude that nonresonance many-photon
ionization cannot' compete successfully with either the
resonance process of the Fano effect in terms of the
number of polarized electrons.

(b) Ionization in a resonance with a hyperfine-
structure state

The bound-state spectrum of atomic electrons may
of course contain, under certain conditions, a hyper-
fine structure as well as a fine structure, because of
an interaction of the nuclear spin I and the total elec-
tron angular momentum j . Classically, the hyperfine
splitting of levels can be described as the result of a
precession of the vectors I and J with respect to one
other, with a period Τ ~K/AEHF. The hyperfine split-
ting of the first few levels is of the order of ^EHF ~ 1(Γ3

cm"1.

In this case there are some stringent requirements on
the exciting light:

(1) Its spectral width must be smaller than the hy-
perfine splitting; i. e·, Δω« Δ£ΗΪ/Α.

(2) The tuning error at resonance must be of the
same order of magnitude as the width of the resonance
state.

(3) The exciting and ionizing fields must be weak
enough that the field-induced perturbation of the reson-
ance state is smaller than the hyperfine splitting (in the
case of one-photon transitions, this condition is satis-
fied with gPo<102 V/cm).

(4) The pulse length of the exciting field must be lar-
ger than the precession time Τ (the typical value A£HF

~10"3 cm"1 corresponds to i>10"8 sec).

If any of these conditions is not met, the interaction
of the nuclear spin with the electron spin will not be ex-
hibited, so that only a fine-structure state can be ex-
cited. From the standpoint of experimental design,

these conditions do not run into any special difficulties,
and modern lasers can furnish beams with the neces-
sary characteristics. Certain hyperfine states have
been excited in several experiments, including some
carried out expressly to produce polarized elec-
trons.18'43

Before going into the details of the transitions through
a hyperfine resonance state, we should point out that
the very fact that the electron angular momentum j
interacts with the nuclear spin leads to a mixing of
states with different ζ projections of the electron ang-
ular momentum, m,. There are thus deviations from
the ms selection rules, so that the degree of polariza-
tion of the electrons should be smaller than in the case
of a transition through a fine-structure state.

Let us assume that all the conditions above have been
met, and let us examine the changes in the polarization
properties of the photoelectrons which are caused by
the hyperfine structure of the ground and resonance
levels. We shall consider the effect of the hyperfine
interaction on the atomic spectrum only, ignoring its
effect on the matrix elements. This simplification al-
lows us, in particular, to again use the wave functions
ψ^ in (3) as the continuum wave functions. Figure 15
shows the level scheme of the hyperfine structure of
the ground (S) and resonance (P) states. Stationary
states in the hyperfine level scheme have the quantum
numbers n,l,j and also the quantum numbers of the nu-
clear spin /, the total angular momentum of the atom,
F(F = I+J), and the ζ projection of this angular momen-
tum, mF. In the absence of external fields, there is a
degeneracy with respect to mF in the hyperfine level
scheme.

We assume that the atom is initially in the state
\S;j = l/2;F;mF) and that the frequency ω is at reson-
ance with the transition to some level (P;j';F';m'F):

Let us use second-order perturbation theory to calcu-
late the ionization probability density for a certain ζ
projection of the electron spin, μ. Assuming unpolar-
ized atoms, we average the probability over the quan-
tum number mF, finding, by analogy with (23),

J
5/2
W
1/2

-S-t-1 -2-1 0 1 2 S t S

1/2 B%i

VZ 6

-5/2 -3/2 -1/2 1/2 3/2 5/Z

FIG. 15. States of cesium atoms which can occur when a
hyperfine structure (left) and a fine structure (right) is dis-
played. The dashed line is the continuum boundary.
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2π/«

da * 2F+1 Δ}..,. + (1/4) Π

Ι Σ < v m i ' v ' / ) / ' F ' m i ' > <ρ'" ί"'»ϊ ι ν ι s / r'"f)

TABLE II. The same as Table I, but for
left-hand polarization.

(28)

where ml is the ζ projection of the nuclear spin in the
final state. If the resonance field is right-hand (left-
hand) circularly polarized, then only a single term
should remain in the sum over mF, specified by the

selection rule = m'F — mF = ± 1 .

We first consider a resonance at the hyperfine sub-
levels of the P1/2 term in the case in which the exciting
and ionizing waves are right-hand polarized. Expand-
ing the \FmF) and \F'm'F) wave functions in the wave
functions of the fine-structure levels, \jms) and \j'm'j),
and calculating the corresponding matrix elements, we
find that the degree of polarization can be written

_i±££. (29)

where Ζ =Rn/R31 is the ratio of the radial matrix ele-
ments B u and R31 of the transitions from the resonance
state to the continuum, P 1 / 2 — S1 / 2 and Ρι/2—·Ο3/2, re-
spectively. The ratio Ζ must be calculated or found ex-
perimentally. For the 72P 1 / 2 level of the cesium atom,
Ζ is approximately 1/2 (Ref. 18). Table I lists the con-
stants a and b calculated for the cesium atom (7 = 7/2).

Comparing the degrees of polarizations shown in
Table I for the various transitions with the degree of
polarization for a transition through a P 1 / 2 fine-struc-
ture state, P = -0.6 (Subsection 32), we see that this
particular example confirms our assertion regarding
the advantages of transitions through fine-structure
states.

Through analogous calculations, we can find the ioni-
zation probabilities for the case in which the resonance
level is excited by right-hand polarized light and ion-
ized by left-hand polarized light. The degree of polar-
ization of the photoelectrons in this case, PL, can again
be written in the form in (29). The corresponding con-
stants a and b are listed along with the values of PL for
Ζ =1/2 in Table Π.

In the case of a resonance at hyperfine sublevels of a
P 3 / 2 state, the calculations from (28) are more in-
volved, but there are no fundamental difficulties. The
results of the calculations of Refs. 36 and 51 show that,
as in the preceding case, the degree of polarization is
smaller than the corresponding value for a transition

TABLE I. The parameters a and b in Eq. (29)
and the degree of electron polarization PR in
the case of resonance at hyperfine-structure
states of the cesium atom. The exciting and
ionizing fields are right-hand polarized.

f

3

4

F

3

4

3

4

«

-1.25
—0.63

—0.25
—0.79

b

—2.1

-2.55

—1.75

-1.93

P R

-0.29
—0.31

—0.52

-0.38

F '

3

4

F

3

4

3

4

«

—0.79

— 1.97

-3.25

—1.27

b

—1.93

—2.36

—2.78

2.11

P L

-0.38

-0.18

-0.05

—0.29

through a fine-structure state.

Up to this point we have made no distinction between
the pulse lengths of the exciting and ionizing fields.
There are some interesting features in the cases of
very different pulse lengths and in which the fields are
applied at different times.13

1. Let us first assume t » Κ/ΔΕατ » τ (a short ex-
citing pulse and a long ionizing pulse). In this case
the large spectral width of the exciting field (Δω s 1/τ)
overlaps the hyperfine structure of the ground and res-
onance states, so that corrections should be made to
the detuning from resonance in Eq. (28) for the hyper-
fine interaction AF, F - Δ ^ . . The resonance levels do not
single out any values of F and F', so that the probabili-
ty άω/dU in (28) must be summed over F' and averaged
over F. This result occupies an intermediate position
between the results for ionization in the fine-structure
and hyperfine-structure schemes. A field &(τ) with
a broad spectrum excites the fine-structure states
Ij'm'j), but after a long time t these states decay to hy-

perfine sublevels with a different energy EPF,. The ion-
ization probability is found through an averaging over
the beats between these states. A calculation of the de-
gree of polarization in this scheme under conditions
corresponding to a resonance at a PL / 2 level yields Ρ
= -0.33.

2. We now assume that both pulses are short (τ,Τ
«Κ/ΔΕΗΤ) but that the ionizing pulse is delayed a time
t»H/AEHF with respect to the exciting pulse. It is easy
to show that the ionization probability in this case can
be written schematically as

(30)

where the AF. are constants governed by the transition
matrix elements.

It can be seen from (30) that the ionization probability
oscillates as a function of the delay time t. This is a
consequence of quantum beats, i. e., oscillations in the
wave function of an atom which is initially excited to
fine-structure states, which then decay (during the long
time t) to hyperfine states with different energies.

A detailed analysis of resonance ionization through
a hyperfine-structure state thus confirms the qualita-
tive conclusion that transitions through fine-structure
states have advantages when it is desired to maximize
the degree of electron polarization. Correspondingly,
when practical use is made of resonance ionization as
a source of polarized electrons, the laser pulse length
should not be extremely long, and the spectral width
should not be extremely small. The optimum values of
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τ and the spectral width Δω are governed by

10-« s e c - - ~ 10-" sec .

Finally, we note that in the selective excitation of hy-
perfine sublevels or in resonance ionization through
these sublevels a certain part of the angular momentum
of the absorbed photons is acquired by the nuclear spin.
Then a certain nuclear polarization arises in such pro-
cesses.22

(c) Resonance ionization in a strong external field

Intensification of the external field (or fields, if there
are two, for excitation and ionization) increases the
ionization probability and thus increases the number
of polarized electrons only up to the point at which the
field intensification begins to perturb the initial atomic
states. There are three distinct effects here: resonance
mixing in a two-level system* with a ground and excited
state,21 the dynamic polarizability of the ground and ex-
cited resonance state,21·47 and the ionizational broaden-
ing of the excited state. For the resonance transition
to the continuum with which we are concerned, the res-
onance mixing (a shift of quasienergy levels) takes the
form of a broadening of the resonance dependence of the
ionization probability on the detuning of the exciting-
field frequency from resonance. This broadening is
customarily referred to as "field broadening," in dis-
tinction from ionizational broadening.

The relative importance of the various effects during
resonance ionization varies with the intensities of the
exciting and ionizing fields and with the degree of non-
linearity of the corresponding transitions48 (the degree
to which these transitions are of a many-photon nature).
Let us consider those effects which can reduce the de-
gree of electron polarization as the external field is in-
tensified. This effect has been observed experiment-
ally.18'46 As an example we can use the experimental
data of Ref. 18 on the polarization in the two-photon ion-
ization of the cesium atom through a hyperfine- struc-
ture state. The influence of these perturbations of the
atomic spectrum on the photoelectron polarization was
analyzed in Ref. 49. Without going into a detailed dis-
cussion of the various aspects of resonance ionization
and the polarization of electrons in strong fields (see
Ref. 49), we can estimate the optimum intensities of
the exciting and ionizing fields for efficient sources of
polarized electrons. By "optimum" here we mean those
field intensities at which the perturbation of the spec-
trum does not yet significantly affect the degree of pol-
arization but at which the number of photoelectrons is
near the maximum possible value, i. e., the number in
the interaction volume.

As before, we consider the case of resonance ioniza-
tion in two fields: exciting and ionizing. To optimize
the process it is evidently sufficient that the exciting
field be at the saturation threshold #"0~ Kjfih Ry),
while the ionizing field satisfies the condition of com-

*The terms "optical Autler—Townes effect" and "resonance
Stark effect" are sometimes used in the literature.

plete ionization of the atom during the pulse, &a~ *"«τ
VS/T Ry. The pulse length τ in the case of a single-
mode laser is unambiguously related to the laser spec-
tral width: Δω~ 1/T. According to the results in Sub-
section 3b the degree of electron polarization can be
maximized if βΔω is smaller than the scale interval of
the level fine structure but larger than the hyperfine
splitting. The corresponding pulse lengths τ turn out
to lie between 10"8 and 10"11 sec; then optimum condi-
tions can be arranged, for example, with τ =10"9 sec.

The optimum intensities of the exciting and ionizing
fields are then estimated to be £"„ ~ 5 * 102 V/cm and
#0~106V/cm.

(d) Experimental procedure

Various specific schemes for resonance ionization
have been discussed in Refs. 42, 44, 46, and 50 from
the standpoint of producing polarized electrons. De-
tailed experiments have recently been reported on the
polarization of the electrons produced in the resonance
ionization of the cesium atom.18·43·51 Some experimen-
tal results are also reported in the reviews in Refs.
42 and 46. In all cases, the atoms involved were al-
kali atoms, which have the lowest ionization potentials.
For the most part, therefore, the ionization processes
studied were two-photon processes.

As mentioned earlier, several characteristics of the
laser beams (the spectral width, the intensity, and the
pulse length) determine the states which are coupled by
the resonance which results in the excitation of the
atom. These can be either spin hyperfine states or
fine-structure states (Fig. 15). It should be kept in
mind that we are talking about the first excited states,
not highly excited states. In order of magnitude, the
hyperfine splitting (due to the nuclear magnetic mo- -
ment) is 10"3 of the fine-structure splitting (due to the
magnetic moment of the atomic electron). The fine-
structure splitting for the first excited states of the
alkali atoms varies substantially for different atoms,
from 0.34 cm"1 for lithium to 554 cm"1 for cesium. As
the principal quantum number η is increased, the split-
ting falls off in proportion to n3 (for hydrogen-like
states). It is clear from these figures that for only a
few of the first excited states of several atoms is the
hyperfine splitting greater than the natural level width,
so that transitions between hyperfine states can in prin-
ciple be arranged. It must be kept in mind here that the
best modern lasers can furnish an output with a line
width Δω as small as 10"4 cm"1, with a frequency stab-
ility of the same order. Where necessary, however,
radiation with a spectral width as large as 102 cm"1 can
be used. Then various states can in principle be ex-
cited by choosing the appropriate atom, transition, la-
ser frequency, and laser spectral width. We note that
an electromagnetic wave is never perfectly circularly
polarized, and at very high intensities the small part
of the radiation which has the "wrong" polarization can
be quite substantial in magnitude. Then there may be
an effective ionization by this "wrongly" polarized ra-
diation, with the consequence of a serious lowering
of the degree of electron polarization.46 With two la-
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sers in use, the experimental possibilities are much
more extensive, since it is possible in principle to
change the polarization of the ionizing radiation and to
adjust the time interval between the excitation and the
ionization in addition to optimizing the two intensities.
By changing the polarization one can change the quan-
tum numbers of the final state of the free electron. By
changing the time interval between the exciting and ion-
izing pulses it is possible in principle to observe quan-
tum beats between hyperfine states.

As a particular experiment we consider the two-
photon resonance ionization of the cesium atom des-
cribed inRef. 18.

The general experimental arrangement is shown in
Fig. 16. The method of intersecting light and atomic
beams is used here. The output from a gallium arsen-
ide semiconductor laser, used for excitation, and that
from an argon ion laser, used to ionize the excited
atoms, are combined into a common light beam. The
pulsed semiconductor laser operates with a pulse
length ~1 Msec. It emits linearly polarized light, which
is converted into circularly polarized light by an ex-
ternal polarizer. During the pulse, the heating of the
working medium changes the light frequency, -11700
c m J , by about 1 cm"1, so that it is possible to excite
two transitions from initial states with quantum num-
bers F = 3 and 4, with an energy separation of ΔΕ ~ 3
x 10"1 cm"1. The time of the excitation of the transition
to 6 2 P 3 / 2 states with quantum numbers F' =2,3,4,5
(width -10"4 cm"1) is of the order of 10"8 sec. The time
interval between the excitation of the initial states is
150 nsec. The pulse repetition frequency of the argon
laser (Ηω~22000-20000 cm"1) is the same as that of the
semiconductor laser. The two lasers can be synchron-
ized so precisely that it is possible to arrange ioniza-
tion in the excitation of either the first state or the
second state (or of both states at the same time).

The electrons produced in the volume in which the
light and atomic beams intersect are accelerated in a
static field, focused on the entrance of a magnetic ana-
lyzer, passed through a Wien filter, which rotates the
spin through 90°, accelerated to about 100 keV, and sent
to a Mott analyzer. The magnetic analyzer strongly
suppresses the electron background from the residual
gas and the walls of the interaction chamber (the rest

Wien filter£---111111*,
r ©

-mi l l*
• > ! >

100-keV M o t t

accelerator detector

Semiconductor laser,
8521 A

Ion detectoi

- Argon ion laser

4 8 80A

FIG. 16. Experimental arrangement for observing the polar-
ized electrons produced in the resonance two-photon ionization
of the cesium atom.1 8

of the apparatus is described in some detail in Subsec-
tion 2c). The Cs* ions are detected as well as the elec-
trons, by an electron multiplier.

There are various systematic errors in the meas-
urement of the degree of polarization, due to the Wien
filter, the extraction of the electrons from the interac-
tion volume, the asymmetry function S of the Mott an-
alyzer (Subsection 2c), and the absolute calibration of
this analyzer. The various sources of error were an-
alyzed in detail in Ref. 36, and quantitative estimates
were made.

(e) Experimental results

Extremely little experimental information is available
on the properties of the photoelectrons from resonance
ionization. Only in the case of the two-photon ionization
of the cesium atom1 8·4 3·5 1 do we have reliable experi-
mental data. In one case the cesium atoms were exci-
ted from initial 6S ly2 states (F =3,4) by right-hand cir-
cularly polarized light to various hyperfine states of the
6P 3 / 2 level (F' = 2,3,4,5). As mentioned in Subsection
3d, cesium atoms can be excited from either 6S1 / 2

(F=3) or 6S 3 / 2 CF=4) states or from both states. The
ionization from the excited states was caused by cir-
cularly polarized light of a different frequency; the pol-
arization could be either right-hand or left-hand. The
electron taken from the atom could thus be in several
final states: S 1 / 2, D3/2, andD 5 / 2 (Fig. 15). The trans-
itions which can occur under such conditions were dis-
cussed in Subsection 3b.

The measurements were relative: The measured
quant it es depended on the direction of the circular po-
larization of the ionizing beam (right-hand or left-hand)
through the radial parts of the matrix elements and the
populations of the intermediate states. Specifically,
these measured quantities are (1) the asymmetry in
the ion yield, Ai =IR/IL, i.e., the ratio of the yields for
the cases of right-hand (R) and left-hand (L) circular
polarizations of the ionizing beam; (2) the degree of
electron polarization for the right-hand circularly
polarized ionizing beam, PR; and (3) the same, but for
left-hand polarization, PL.

All the data were obtained for the two initial states
with quantum numbers F = 3 and 4. In the F =4 case,
measurements were carried out with various excitation
intensities (Fig. 17). These measurements showed that
at an exciting field intensity gP0«50 V/cm the function
Α{(&1) begins to become nonlinear, and the degree of
polarization decreases. These deviations are evidently
due to a mixing of resonance states. All the results
discussed below were obtained at a low excitation inten-
sities, at which these effects did not occur. The three
measured quantities found under these conditions for
both initial states are listed in Table ΙΠ. The indicated
errors are the statistical error and the error in the
calibration of the Mott analyzer. Using the equations
above and angular-momentum algebra, we can calculate
values of the measured quantities. The results of these
calculations agree well with the measured values if it is
assumed that the matrix elements for transitions from
the resonance state to various continuum states are
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FIG. 17. Decrease in the degree of polarization with increas-
ing intensity of the external field.

identical and that all transitions to intermediate states
allowed by the selection rules occur, filterestingly, the
calculated results indicate that the degree of polariza-
tion depends on the quantum number of the hyperfine
structure of the intermediate state (within a factor of

The same quantities were calculated under the as-
sumption that transitions occur between fine-structure
states and are governed by the selection rules for the
orbital quantum number. When this assumption is used,
the calculated results do not even agree qualitatively
with experiment. Although we would not, on the basis
of general considerations, expect transitions between
fine-structure states to play a role in this experiment,
the experimental confirmation that transitions do occur
between hyperfine-structure states is of obvious impor-
tance.

Interesting experimental data on two-photon ionization
of the cesium atom through the 72P1/2 and 72P3/2 inter-
mediate resonance states were found in Ref. 43 (Fig.
18). Here a dye laser pumped by a nitrogen laser was
used. The wavelength of the dye laser could be tuned
from 4555 to 4593 A, and the spectral width of the out-
put was 12 A. The pulse length was 1.5 nsec and the
repetition period 100 Hz. The laser beam was used to
both excite the cesium atoms and ionize the exciting
atoms. In order to prevent mixing of the resonance
states, and since the ionization probability was quite
high, the radiation frequencies were chosen such that
the excitation was caused by a small part of the radia-
tion in the far wing of the output line (obviously, ion-
ization was caused by all the radiation).

TABLE III. Experimental and calculated data on the degree of
electron polarization Ρ and the asymmetry in the ion emission
A( for the transitions 62S,/2 (F^3,4)—63P3/2(F = 2,3,4;3,4, 5)
-\E2S1/2, £ 2 D 3 / 2 , E2Ds/2 for right-hand (β) and left-hand (L)
circular polarization of the ionizing radiation.

At (3-4)
ί·/!(4)
P L {>)

Experiment

1.338+0.008
0.486+0.025
0.185+0.014

Calculation

1.472
0.520
0.225

PR (3)
P/,<3)

Experiment

0.390+0.020
0.018+0.014

Calculation

0.381
0.016

FIG. 18·. Transition scheme for two-photon Ionization through
the ΊΡ multiplet in the cesium atom.

The exciting pulse was shorter than the precession
period for the 72P3/2 hyperfine states (F =2, 3,4,5) in
the range 5-20 nsec and comparable in magnitude to the
precession period of the 72P3/2 states: 2.7 nsec. In the
transition through the 72P3/2 states, the hyperfine inter-
action thus should not be important. The experiments
yieided a degree of polarization Ρ =0.8 for the transi-
tion through the 72P3/2 state and Ρ = -0.6 for the transi-
tion through the 72P3/2 state (Fig. 19). The same values
were found in the calculation of Ref. 52 for transitions
through fine-structure states.

Data on the polarization of electrons produced in the
resonance ionization of cesium through the 72P3/2 states
are also given in Ref. 42.

Some data on the electron polarization in the three-
photon ionization of the sodium atom in a single-photon
resonance with the 3P1/2 and 3P3/2 states are reported
in Ref. 46.

An average current of polarized electrons up to 10"11 A
was achieved in Ref. 51 (of the order of 104 ions were
formed in each pulse of the exciting laser, which oper-
ated at a repetition frequency of 20 kHz). This current
is of the same order as the average polarized-electron
current obtained in the Fano effect (Subsection 2c). In
contrast with photoionization, however, the method of
resonance many-photon ionization is far from being op-
timized. Various refinements, both quantitative and
qualitative, can be suggested. Among the qualitative
refinements is the possibility of arranging the reso-
nance ionization of essentially any atom by intense visi-
ble light. This approach would of course bring into

0.8

OA

-OA

-o.s

Ί5ΊΟ usso A j mo

1 ν

FIG. 19. Experimental data on the degree of polarization as a
function of the frequency of the exciting light in a resonance
with states of the IP multiplet in the cesium atom.
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play not only the two- and three-photon processes but
also many-photon processes in the strict sense of the
term.

At first glance it might appear that there is a contra-
diction here: To drive processes with a high degree of
nonlinearity effectively we need to use a high field in-
tensity, but then there would be a strong perturbation
of the atomic spectrum. The key is that a nonresonance
perturbation does not broaden the atomic levels but
simply changes the spectral structure; i.e., it does not
prevent selective excitation of fixed states.

Turning to the quantitative refinements, we note that
the major hope is to use visible-range lasers in reso-
nance ionization. In the visible range there are many
possibilities for selecting more intense lasers, for in-
creasing the volume in which ionization can occur, and
thus for increasing the number of target atoms and the
number of ions formed.

On the basis of all the data, obtained in a variety of
experiments, it can be suggested that a degree of ion-
ization of atoms of the order of 100% can be achieved in
a volume on the order of 10'1 cm3 with a beam density
up to 1012 cm'3 through the use of high-power pulsed
lasers with a repetition frequency of the order of 1
min"1.

At a higher repetition frequency, the interaction
volume will be substantially smaller, since the beam
must be focused at a lower laser power. It may be pos-
sible to arrange an interaction volume of this size by
using multichannel collimators to form atomic beams or
several parallel beams, as in Ref. 17.

f) Photoelectron polarization in the ionization of atoms
with a selective populating of fine-structure sublevels

It is clear from the description of the process by
which electrons become polarized in resonance ioniza-
tion that one of the basic conditions for this effect is the
selective excitation of fine-structure sublevels of the
spectrum of atomic bound states. In principle, this se-
lection can be performed by a different mechanism:
through a nonuniform population of these levels. This
situation obviously can be arranged only in atoms which
have a very large fine-structure splitting. An example
is the Tl atom, in which the energy difference between
the ground level (P1/2) and the excited level (P3/2) is
0.96 eV, i.e., much larger than kT. Under equilibrium
conditions, the Tl atoms are thus unpolarized, but their
distribution with respect to electron angular momentum
j is nonuniform. This situation is sufficient for the ap-
pearance of polarized photoelectrons in the direct ion-
ization of these atoms by a circularly polarized field.53

This effect is equivalent to the polarization during reso-
nance ionization. Less predictable and more interesting
is another feature of the photoionization of atoms from
states with a given j which was observed in Ref. 54. It
turns out that the mechanism for the polarization of
photoelectrons in this case can be the additional selec-
tion in terms of emission direction. The photoelectrons
can be polarized independently of the polarization of the
ionizing radiation. In particular, polarization occurs

even when the atoms are ionized by linearly polarized
or unpolarized radiation. Without going into the details
of the calculations, which are carried out in Ref. 54,
we give the equations for the degree of polarization of
an atom with a P 1 / 2 ground state when it is ionized by
linearly polarized and unpolarized radiation:

= - 6

1 unpol —
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where s and χ are unit vectors along the directions of
the electron spin and the electron momentum, k and e
are unit vectors along the propagation and polarization
directions of the radiation, β is the so-called asymme-
try coefficient (which can be expressed in terms of the
radial matrix elements for the transitions to the S and
D states of the continuum, Rs and RD), and δ =5S - 6D is
the difference between the phase shifts for scattering to
the S and D states. Let us examine the basic features
of the photoelectron polarization described by Eqs. (31)
and (32).

1. In both cases the polarization direction β is per-
pendicular to the scattering plane, (x,e) or (x,k).

2. In contrast with the case of circular polarization,
the electrons can become polarized only through selec-
tion in terms of emission direction. An averaging of
Eqs. (31) and (32) over the direction of the vector v.
causes these equations to vanish.

3. The degree of polarization Ρ is governed by δ, the
difference in scattering phase shifts. This difference is
generally not small [in contrast with the phase shift dif-
ference 5tj with given values of I and different values of
j in the Fano effect (Subsection 2b)].

Experimental observation of electron polarization
under these conditions can be interesting in its own
right and also for studying the characteristics of the
photoionization process: the matrix elements Rs and
RD and the difference δ.

Finally, we note that Cherepkov54 has given a com-
plete description of the polarization of photoelectrons
with a given direction of motion for the photoionization
of any atoms with any bound-state quantum numbers,
for various relations among the populations of the fine-
structure sublevels and for radiation of arbitrary polar-
ization.

4. CONCLUSION

To conclude this examination of the various physical
effects which lead to a polarization of the electrons
ejected from unpolarized atoms by photons, we review
briefly the present state of the research. It is clear
from the material presented in this review that the re-
search is in different stages in different fields, ranging
from preliminary qualitative results in some fields to
an effort in others to optimize the experimental condi-
tions for practical implementation. Under these cir-
cumstances it is important to define the key questions
facing the theoreticians and the basic problems facing

267 Sov. Phys. Usp. 22(4), April 1979 N. B. Delone and M. V. Fedorov 267



the experimentalists.

The basic thrust of theoretical and experimental re-
search in this area in the near future should obviously
take the form of a systematic study of the electron po-
larization in the direct and resonance ionization of var-
ious atoms in experiments of various designs. There is
still much theoretical work to be done here, since, at
least in the case of resonance ionization, all the basic
results which have been found refer to the simple
scheme of S—P-D transitions in monovalent atoms.
These results must obviously be extended to more gen-
eral cases for a broad study of processes in various
atoms. Of particular interest here are the processes
involved in the photoionization of atoms with several
valence electrons. It would also be worthwhile to ana-
lyze theoretically the possibilities of electron polariza-
tion in resonance ionization making use of emission-
direction selection.

A natural problem for the experimentalists is the
Fano effect induced by an intense external field; there
is obvious interest in the observation and study of this
effect. We also need a detailed study of the polarization
properties of the electrons produced in various reso-
nance-ionization schemes, primarily the observation of
100% polarization.

If we focus on the polarized electrons themselves and
look at the physical effects described above as various
methods for producing them, we see that only in the
case of the Fano effect can we talk confidently about the
quantitative characteristics of the method at this point.
Such a discussion would be premature for all the other
cases, especially in regard to the ratio of the number
of polarized electrons, since this ratio is strongly af-
fected by various technical characteristics of the ap-
paratus used.

At the present state of research on electron colli-
sions with atoms and molecules there is an urgent need
for various experiments with polarized electrons, so
that a field of application awaits developments in the ef-
fects discussed in this review.
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