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Relativistic Many-Body Approach to the Photoionization of Cesium
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A relativistic many-body technique which includes particle-hole excitations of the
atomic core is developed to describe the photoexcitation of alkali atoms. The technique
is used to study the photoionization of cesium near threshold, where the dipole amplitudes
are sensitive to both relativistic and correlation effects. The predicted photoionization
amplitudes are free from the gauge ambiguities of Dirac-Fock calculations and are in
good agreement with semiempirical calculations and with measurements.

PACS numbers: 32.80.Fb, 31.15.+q

The photoionization of cesium has been of con-
siderable interest since it was pointed out by
Fano' more than a decade ago that one expects a
high degree of spin polarization for photoelec-
trons produced by circularly polarized light be-
cause of the large spin-orbit interaction. A num-
ber of measurements' ' have been made confirm-
ing Fano's prediction and giving a quantitative
understanding of low-energy photoionization of
cesium. Two different approaches have been
used to understand such systems theoretically.
On the one hand there are the gb inito studies ig-
noring the effects of core excitations, but includ-
ing spin-orbit interactions, carried out at the
Hartree-Fock (HF) or Dirac-Fock (DF) level of
approximation. ' ' These calculations give at best
qualitative agreement with the measurements
mentioned above, provided the calculations are
carried out in the Coulomb gauge; however, such
calculations are strongly gauge dependent, ' and
lead to qualitatively incorrect results in other
gauges. A second approach has been to introduce
a model potential' "which includes core-polar-
ization effects together with the spin-orbit inter-
action in a nonrelativistic framework. Model-
potential calculations lead to photoionization
parameters free from the gauge ambiguities of
HF or DF calculations. Such calculations are not
entirely satisfactory since they require the use of
empirical cutoff parameters in the polarization
potential.

The objective of the present work is to develop
a relativistic many-body method to treat both
strong spin-orbit effects and correlation effects
in open-shell systems such as alkali atoms. For
closed-shell systems the relativistic random-

phase approximation" "(RRPA) has been suc-
cessfully applied to understand the interplay of
relativistic and correlation effects. While non-
relativistic RPA calculations' have been carried
out for the alkalis, these calculations give poor
agreement with experiment near threshold since
they take no account of spin-orbit effects. More-
over, generalizing the nonrelativistic RPA equa-
tions to the relativistic case in the most obvious
way leads to unphysical couplings between final-
state channels having different total angular mo-
menta. The origin of such couplings is the aver-
aging procedure used to obtain a suitable DF
ground state.

To circumvent the difficulties in applying RPA
to open-shell systems we employ techniques based
on many-body perturbation theory. " We take our
vacuum state to be the (N-1)-electron ionic core.
The ionic core is described by self-consistent DF
orbitals. If we ignore the effects of core excita-
tion, the photoionization amplitude is described
by the diagram in Fig. 1(a), where the solid lines
represent DF orbitals in the self-consistent field
of the core. The first-order core-polarization
corrections" are due to the particle-hole excita-
tions described in the diagrams of Figs. 1(b)-(e).
The core-excitation diagrams shown in Fig. 1(f)
are in turn subject to the correlation corrections
illustrated in Figs. 1(g)-(1). By iterating the dia-
grams of Fig. 1 at the photon vertex we arrive at
coupled equations, similar to those of the closed-
shell RRPA, "which are suitable for numerical
solutions„The specific equations will be present-
ed elsewhere. Neglecting altogether the core ex-
citations, the present calculation reduces to a re-
laxed-core DF calculation and leads to results in
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FIG. 1. Feynman diagrams describing cesium ex-
citation including lowest-order correlation corrections.
Solid lines: DF orbitals; v = valence orbital, a, b
= core orbitals, q = valence excitation, x, s = core ex-
citations. Dashed lines: Coulomb interaction. %'avy

lines: Incident photon. (a) Amplitude for exciting
valence electron in DF approximation. (b)-(e) Lowest-
order correlation corrections to (a). (f) Core excita-
tion amplitude; (g)-(j) core correlation corrections to
(Q; (k), (1) correlation corrections to (f) due to coupling
with valence electron. Diagrams of this figure are
iterated at the photon vertex in the present calculation.

good agreement with previous DF calculations, "
but only in qualitative agreement with experiment.
Including only the effects of the dominant core ex-
citation channels, one remarkably improves the
agreement with both model-potential calcula-
tions" "and with measurements; moreover, one
reduces the gauge ambiguity inherent in the DF
calculations to within several percent. Many-
body calculations including the core-polarization
corrections of Figs. 1(b)-(e) have been carried
out previously for Na by Chang and Kelly. "

The differential cross section for photoioniza-
tion at low energies may be written

1 ——P,(cos 6),do o P (1)
dQ 4m, 2

where o is the photoionization cross section and
where p is a parameter describing the asymme-
try in the photoelectron angular distribution. The
angle 0 is measured between the directions of the
incident photon k and of the ionized electron p.
In the upper panel of Fig. 2 we compare the pre-
dicted energy dependence of the cross section v

given by the present calculation with results of
DF calculations and with the atomic beam meas-
urements of Cook et al." The two DF curves

-0 5—
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FIG. 2. Upper panel: Photoionization cross section
for cesium. Experimental points: Measurements of
Cook et al. (Bef. 17). DF(L), DF(V): Dirac-Fock cal-
culations with length gauge (solid curve), and with ve-
locity gauge (dashed curve). (L), (V): Present calcu-
lations includirg core excitations with use of length
(solid curve) and velocity (dashed curve) gauges. Dot-
ted curve: Model-potential calculation of Norcross
(Bef. 11). Lower panel: Spin polarization 5 of the total
photoionization Qux for cesium. Dash-dotted curve:
values inferred from measurements of Baum, Lubell,
and Raith (Ref. 5). Experimental points: measure-
ments of Heinzmann, Kessler, and Lorenz (Ref. 4).
Solid curve: present calculations in length gauge.
Dashed curve: present calculations in velocity gauge.
Dotted curve: model-potential calculation of Norcross
(Bef. 11).

labeled DF(L) and DF(V) are the results of calcu-
lations ignoring core exeitations but carried out
in gauges leading nonrelativistically to length (L)
and to velocity (V) form transition amplitudes.
The velocity-form results are in close agreement
with those of Chang and Kelly' who also worked
in the velocity (Coulomb) gauge. The correspond-
ing length and velocity results including core ex-
citation, labeled L and V, are found to be in sub-
stantially better agreement with each other and
with the measured cross section than are the DF
results. In this connection we mention that when
solving our equations numerically we included
only the dominant core-excitation channels: 5p, ~,
-d,~„5p,~, -d,~„and 5p,~, -d,~„. together with
the valence channels: 6s,~, -p, ~, and 6s,y, -p,g,.
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P» = + g sin8/E(8),

P „=q sinBcosB/E(8),

P z ag cosB/F(8)——,

F(B) = 1 ——,PP, (cosB),

(2a)

(2b)

(2c)

(2d)

where the + signs correspond to incident photons
of helicity +1. The parameters $, q, and g are
dynamical quantities which can be expressed in
terms of the photoexcitation amplitudes. The .

spin polarization of the total photoelectron flux
is given by

P, ,= + 5= + ,'(f —2$)—.

In Fig. 3 we give the theoretical values of the dy-
namical parameters P, (, g, and g including the
effects of core polarization. When we ignore the
spin-orbit interaction, P takes on the energy-in-
dependent value of 2 while $, g, &, and li all van-
ish; these parameters are therefore sensitive to
relativistic effects. The fact that they are sensi-
tive to correlation is illustrated by comparing the
present result for P with the corresponding DF

Calculations including 5P - s excitations carried
out at several energies led to minor changes in
the photoionization amplitudes with no improve-
ment in the agreement between L and V results;
further tests including excitations of the 4d sub-
shell led to no substantial changes in the ampli-
tudes, but did improve slightly the agreement be-
tween the two gauges. The spinpolarization 5 of
the total photoionization flux determined by the
present calculation is shown with solid (L) and
dashed (V) curves in the lower panel of Fig. 2.
Experimental values of 5 inferred from the meas-
urements of Baum, Lubell, and Raith' are shown
with a dot-dashed line in the lower panel along
with points measured by Heinzmann, Kessler,
and Lorenz. 4 Again, the theoretical L and V calc-
ulations are in good agreement with each other
while the agreement between theory and measure-
ment is significantly improved over previous DF
calculations. ' The measurements shown in Fig. 2

all indicate that the theoretical amplitudes pass
through zero at an energy of approximately 0.3 eV
lower than the actual physical amplitudes.

The spin polarization" ' of photoelectrons pro-
duced by circularly polarized light is conveniently
described in a coordinate system having Z axis
along p, Yaxis along kxp, and Xaxis along [k
x p] x p. In this coordinate system the compo-
nents of the electron spin polarization vector are
(in the notation of Huang")
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FIG. 3. Dynamical parameters for photoionization
of cesium. P is the angular distribution asymmetry
parameter, Eq. (1). (, g, and( are spinpolarization
parameters, Eq. (2). Solid lines and dashed lines,
respectively, represent length and velocity gauge re-
sults of the present calculation.

calculation of Ong and Manson. ' Whereas the
present results predict that P = —1 at a photoelec-
tron energy of approximately 0.4 eV, the DF cal-
culation' gives P= —1 at an energy of approxi-
mately 1.5 eV.

The transverse spin polarization P & given in
Eq. (2b) is of particular interest since P» is non-
zero for unpolarized incident radiation. The size
of P & is governed by the dynamical parameter g
which is in turn proportional to the sine of the
phase difference between the amplitudes for final
states with angular momenta & and 2. The phase
difference predicted in the present calculation is
nearly energy independent and has the value 0.105
rad at threshold as compared with the value 0.10
rad obtained from a quantum-defect analysis of
the cesium spectrum.

In summary we have developed a method for in-
corporating the dominant effects of correlations
within a relativistic framework for simple open-
shell systems. The gauge ambiguities of DF cal-
culations are essentially eliminated with use of
this technique and the agreement with the meas-
ured low-energy photoionization cross section is
substantially improved over DF calculations.
Despite the improvement, the present calcula-
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tions are not in as close agreement with experi-
ment as the best model-potential calculations,
presumably because model-potential parameters
include, empirically, effects of two-particle,
two-hole final-state interactions and other many-
body effects neglected here. Nevertheless, the
present calculations do give for the first time a
consistent relativistic many-body analysis of
photoexcitation of alkali systems, and form the
basis for more elaborate future investigations.

We are grateful to Professor Walter Greiner
for many fruitful discussions and for his continu-
ous support. The work was supported partially
by the National, Science Foundation under Grant
No. PHY82-107382, partially by the Alexander
von Humboldt Stiftung, and partially by the
Deutsche Forschungsgemeinschaft (Heisenberg
Programm).

&'permanent address: Department of Physics, Notre
Dame University, Notre Dame, Ind. 46666.

'U. Fano, Phys. Rev. 178, 131 (1969), and 184, 250
(1969).

M. S. Lubell and W. Baith, Phys. Rev. Lett. 23, 211
(1969).

J. Kessler and J. Lorenz, Phys. Rev. Lett. 24, 87

(19vo).
4U. Heinzmann, J. Kessler, and J. Lorenz, Z. Phys.

240, 42 (1970).
'Q. Baum, M. S. Lubell, and W. Raith, Phys. Bev.

A 5, 1OV3 (19V3).
6J. J. Chang and H. P. Kelly, Phys. Rev. A 5, 1713

(1972).
W. Org and S. T. Manson, Phys. Lett. 66A, 17

(19V8).
Keh-¹ing Huang and Anthony Starace, Phys. Rev.

A 19, 2335 (1979).
J. C. Weisheit and A. Dalgarno, Phys. Rev. Lett.

2v vo1 (19v1).
J. C. Weisheit, Phys. Bev. A 5, 1621 (1972).
D. W. Norcross, Phys. Rev. A 7, 606 (1973).

"W. R. Johnson and C. D. Lin, Phys. Rev. A 20, 964
(1979).
' W. R. Johnson and K. T. Cheng, Phys. Rev. A 20,

978 (1979).
'4M. Ya. Amusia and N. A. Cherepkov, Case Stud.

At. Phys. 5, 47 (1975).
"H. P. Kelly and B. L. Simons. , Phys. Bev. Lett. 30,

529 (19V3).
'6J. J. Ch~~~ and H. P. Kelly, Phys. Rev. A 12, 92

(1975).
~ T. B. Cook, F. B. Dunning, G. W. Foltz, and R. F.

Stebbings, Phys. Rev. A 15, 1526 (1977),
' K.-N. Huang, Phys. Bev. A 22, 223 (1980).
~~C. M. Lu, Phys. Bev. A 10, 1598 (1974).

N. A. Cherepkov, Zh. Eksp. Teor. Fiz. 38, 933
(1974) [Sov. Phys. JETP 38, 463 (1974)].

i364


