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Photoionization of mercury: A relativistic time-dependent density-functional-theory approach

D. Toffoli,* M. Stener, and P. Decleva
Dipartimento di Scienze Chimiche, Universita` di Trieste, Via L. Giorgieri 1, I-34127 Trieste, Italy

~Received 22 February 2002; published 2 July 2002!

The relativistic time-dependent density functional theory~RTDDFT! has been applied to the photoionization
of mercury in the energy range from the threshold up to 300 eV, thus covering almost all the photon energy
range for which experimental data are available. Partial cross sections and asymmetry parameter profiles for
the 6s, 5d, 5p, and 4f subshells have been calculated and compared with earlier relativistic random-phase
approximation and RTDDFT theoretical calculations and with the experimental results. A study of the spin
polarization of photoelectrons from the outer subshells 6s and 5d at RTDDFT level is also presented. The use
of the LB94 exchange-correlation potential together with an implementation of the RTDDFT equations in a
B-spline basis set based on a noniterative procedure for the calculation of the induced response potential has
permitted the study, at RTDDFT level, of the autoionization resonances converging to the 5d3/2,5/2and 5p1/2,3/2

thresholds. Comparison of the RTDDFT results with the other theoretical and experimental data available
confirms the effectiveness of the method in the description of correlation and relativistic effects in the photo-
ionization of such a heavy system.

DOI: 10.1103/PhysRevA.66.012501 PACS number~s!: 31.15.Ew
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I. INTRODUCTION

From the experimental point of view, interest in th
photoionization of atoms and molecules has grown in rec
years due to the availability of tunable radiation sources. T
ever increasing availability of experimental data of increa
accuracy has made photoelectron spectroscopy a unique
for the study of electron correlation and of relativistic effec
in many-body systems.

In the past two decades, in the atomic field, two theo
ical approaches have been extensively used for the inter
tation of the experimental results. These are the rand
phase approximation~RPA! @1# and the time-dependen
density-functional theory~TDDFT! @2#, as well as their rela-
tivistic generalizations, namely, relativistic RPA~RRPA! @3#
and relativistic TDDFT~RTDDFT! @4#. These theoretical ap
proaches, formally identical, include the spin-orbit intera
tion and an important class of correlation effects naturally
a relativistic framework, thus allowing the correct interpr
tation of, at least, the gross features of the experimental
such as partial and total cross sections, asymmetry pa
eters profiles, pure relativistic features such as branching
tios between fine-structure components, and spin polariza
of photoelectrons.

Recently @5# we have implemented the RTDDFT equ
tions in a finite basis set, with a noniterative algorithm f
the calculation of the response induced potential. Toge
with the use of an exchange-correlation~XC! potential,
which exhibits a correct asymptotic behavior, this algorith
has been successfully applied to the xenon atom, thus h
lighting its profitable applications to heavy atom system
Infact the finite basis set approach employed for the res
tion of the RTDDFT equations should be easily extended
molecular systems allowing the evaluation of relativistic

*Author to whom correspondence should be addressed. Emai
dress: toffoli@univ.trieste.it
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fects in molecular photoionization, a subject barely trea
until now.

Before generalizing the RTDDFT formalism to the m
lecular case, we felt it to be important to test the algorith
on mercury, the heaviest closed-shell atom, which is the id
system on which theoretical approaches including electro
correlation effects as well as relativistic spin-orbit effec
have to be tested. The large amount of theoretical and
perimental studies already existing in the literature perm
fruitful comparison with the present calculation. In the fo
lowing, total, partial photoionization cross sections a
asymmetry parameter profiles for the 6s, 5d, 5p, and 4f
subshells and branching ratios between fine-structure com
nents are presented in a wide photon energy range, f
threshold up to 300 eV, thus covering almost the entire p
ton energy range for which experimental data are availa
from the literature. Comparison is made with the availa
experimental data and with a nonrelativistic TDDFT calcu
tion, in order to assess the relative importance of relativis
effects in such a heavy system.

In addition, at RTDDFT level, spin-polarization param
eters have been calculated for the 6s and 5d3/2,5/2 subshells
and a comparison between the RTDDFT results, those ca
lated at the RRPA level, and the experimental ones is p
sented. In the final section, a detailed analysis of the a
ionization resonances converging at the 5d3/2,5/2 and 5p1/2,3/2
thresholds is presented and a comparison is made with
spect to the existing theoretical calculations and experim
tal measurements, where available from the literature.

II. THEORETICAL METHOD

In this section we briefly outline the relativistic densi
functional theory~RDFT! approaches employed for the ca
culation of the various photoionization dynamical para
eters. The two possible approaches, namely, the relativ
Kohn-Sham~RKS! approach and the RTDDFT one, are d
scribed separately, in order to point out their intrinsic diffe
d-
©2002 The American Physical Society01-1
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ences. For further details concerning the implementation
the RTDDFT equations, interested readers are referre
Ref. @5# and references therein.

A. The relativistic Kohn-Sham approach

In the RDFT formulation @6#, the description of the
ground state of a closed-shellN-electron atom is obtained
from the self-consistent-field~SCF! solution of the set of
single-particle Dirac-Kohn-Sham equations, which take
following form:

hDKSw i5« iw i , i 51,...,N, ~1!

where

hDKS5ca•p1~b21!c21Veff@r,r # ~2!

is the Hamiltonian, sum of the free particle Dirac Ham
tonian and a central potentialVeff@r,r#, which is given by
~a.u. are used throughout this paper!

Veff@r,r #52
Z

r
1E r~rW8!

urW2rW8u
drW81VXC@r,r #. ~3!

The particle densityr(r ) is given by

r~r !5(
i 51

N

ui
1~rW !•ui~rW !. ~4!

By using the standard representation for the Dirac matricea
andb, the bispinor wave functionsui(rW)[unkm(rW) are writ-
ten as

unkm~rW !5
1

r S ignk~r !Vkm~ r̂ !

f nk~r !V2km~ r̂ ! D , ~5!

where the radial wave functionsgnk(r ) and f nk(r ) are
known as thelarge andsmall components. Here the angula
functions are spinor spherical harmonics, given in terms
spherical harmonicsYlm( r̂ ) and two-component spinorsxl

by

Vkm~ r̂ !5(
l

^ lm2l,1/2lu~ l1/2! jm&Yl ,m2l~ r̂ !xl . ~6!

In Eq. ~5!, n is the principal quantum number,k andm are
the angular quantum numbers:k57( j 1 1

2 ) for j 5 l 6 1
2 ,

wherej and l are the total and orbital angular momentum
the upper component. The latter also determines the pa
which is (2I ) l , while m is the z component of the tota
angular momentum.

As already stated, the relativistic KS equations~1! are
solved iteratively, starting from an initial estimate of the p
ticle density; the eigenfunctions are then updated on e
loop until convergence is reached. The Hamiltonian~2! has
to be fixed with a particular choice of the termVxc . We have
employed the LB94 asVxc potential @7#: this choice was
determined by the requirement of the correct asymptotic
havior~Coulomb tail21/r at large distance! in order to have
bound virtual states. Once the Dirac-KS equations have b
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iteratively solved, the unbound photoelectron wave funct
must be determined as a solution of the following homo
neous equation:

~hDKS2E!w50, ~7!

whereE5cAp21c2, p being the photoelectron momentum
c the speed of light (c>137.035 989 5 a.u.), andhDKS is the
SCF-Dirac-KS Hamiltonian. Finally, partial cross sectio
and angular asymmetry parameters for the (nk) subshells are
computed@3#:

snk~v!5
4p2

3c
v~ uD j→ j 21u21uD j→ j u21uD j→ j 11u2!,

~8!

bnk~v!5F1

2

~2 j 23!

2 j
uD j→ j 21u2

2
3

2 j S 2 j 21

2~2 j 12! D
1/2

~D j→ j 21D j→ j* 1c.c.!

2
~2 j 21!~2 j 13!

~2 j !~2 j 12!
uD j→ j u2

2
3

2 S ~2 j 21!~2 j 13!

2 j ~2 j 12! D 1/2

~D j→ j 21D j→ j 11* 1c.c.!

1
1

2

~2 j 15!

~2 j 12!
uD j→ j 11u2

1
3

~2 j 12! S 2 j 13

2~2 j ! D
1/2

~D j→ jD j→ j 11* 1c.c.!G
3~ uD j→ j 21u21uD j→ j u21uD j→ j 11u2!21, ~9!

wherev is the photon energy, andD j→ j̄ are the dipole matrix
elements between the initial and final states with total an
lar momentum ofj and j̄ , respectively. The total cross se
tion is then computed summing over initial~nk! states:

s~v!5(
nk

snk~v!. ~10!

The other photoionization dynamical parameters are ass
ated with the spin polarization of photoelectrons. Photoel
trons are usually spin polarized due to the spin-orbit inter
tion in the final ionic state and in the continuum for th
outgoing electron waves. According to the general treatm
made by Huang@8#, spin polarization of the photoelectrons
best studied in a special coordinate system,xyz, obtained
after a rotation with the Euler angles~f,u,0! on a fixed frame
XYZ, whoseZ axis is in the direction of the photon flux~see
Fig. 1!. The rotated coordinate systemxyzis chosen such tha
the z axis, making an angleu with the Z axis, is oriented
along the photoelectron momentumpW , whereas they axis in
the direction defined bybZW 3zW c. In such a reference system
for an arbitrarily polarized radiation, the three components
the spin-polarization vector of the photoelectrons,Px , Py ,
1-2
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andPz are given in terms of three dynamical parametersj̄,1

~see footnote 1! h, andz according to@8#

Px~u,f!5 bh@2S1 sin~2f!1S2 cos~2f!#

1 j̄S3csin~u!/F~u,f!,

Py~u,f!5h@12S1 cos~2f!

2S2 sin~2f!#sin~u!cos~u!/F~u,f!, ~11!

Pz~u,f!5zS3 cos~u!/F~u,f!,

where

F~u,f!512 1
2 b bP2~cos@u#!1 3

2 @S1 cos~2f!

1S2 sin~2f!#sin2~u!c.

j̄, h, andz are energy-dependent parameters andSi , i 51, 3,
are the Stokes parameters which specify the polarizatio
the given photon beam. Specializing to pure circularly po
ized photons or to linear polarization they assume the follo
ing values@8#: ~1! S15S250, S3561 ~11 for right circular
polarization,21 for left circular polarization!; ~2! S1561,
S25S350 ~11 and21 for linear polarization along theY
and X axes, respectively!. Like partial cross sections an
asymmetry parameters,j̄, h, andz are given in term of the
dipole amplitudesD j→ j̄ @8#,

1In Ref. @8# the parameterj̄ is denoted byj.

FIG. 1. Geometrical relationships used in spin-polarization f
mulas. The photon is incident along theZ axis and the photoelec
tron is ejected along thez axis.
01250
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j̄nk~v!5~2 ! l 1 j 11/2F2
3~2 j 21!

4~2 j !
uD j→ j 21u2

2
3~2 j 11!

2~2 j !~2 j 12!
uD j→ j u21

3~2 j 13!

4~2 j 12!
uD j→ j 11u2

1
3

4~2 j ! S ~2 j 21!~2 j 12!

2 D 1/2

3~D j→ j 21D j→ j* 1c.c.!2
3

4~2 j 12!

3S ~2 j !~2 j 13!

2 D 1/2

~D j→ jD j→ j 11* 1c.c.!G
3~ uD j→ j 21u21uD j→ j u21uD j→ j 11u2!21, ~12!

hnk~v!5 i ~2 ! l 1 j 11/2F2
3

4 S ~2 j 21!

2~2 j 12! D
1/2

~D j→ j 21D j→ j*

2c.c.!1
3

4 S ~2 j 21!~2 j 13!

2 j ~2 j 12! D 1/2

~D j→ j 21D j→ j 11*

2c.c.!2
3

4 S ~2 j 13!

2~2 j ! D 1/2

~D j→ jD j→ j 11* 2c.c.!G
3~ uD j→ j 21u21uD j→ j u21uD j→ j 11u2!21, ~13!

znk~v!5F2
3

2~2 j !
uD j→ j 21u21

3

~2 j !~2 j 12!
uD j→ j u2

1
3

2~2 j 12!
uD j→ j 11u2

2
3

2~2 j ! S ~2 j 21!~2 j 12!

2 D 1/2

~D j→ j 21D j→ j*

1c.c.!2
3

2~2 j 12! S 2 j ~2 j 13!

2 D 1/2

~D j→ jD j→ j 11*

1c.c.!G~ uD j→ j 21u21uD j→ j u21uD j→ j 11u2!21.

~14!

From Eq.~11! it is worth noting that for linear polarized~or
unpolarized! light only the h parameter can be measure
whereas when circularly polarized photons are used, ev
component of the spin-polarization vector corresponds t
dynamical parameter. In order to make contact with the
perimental measured quantities it is useful to define
equivalent set of spin-polarization parametersA, a, andj in
terms of those defined in Eqs.~12!–~14!:

j5h/2,

A52 1
3 ~2j̄2z!, ~15!

a52 2
3 ~ j̄1z!.

-

1-3
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When pure circularly polarized photons are used, the s
polarization parametersA anda specify completely the com
ponent of the spin-polarization vector along the photon m
mentum@A(u,f) in Fig. 1#, which is given by

A~u,f!56
A2aP2~cosu!

121/2bP2~cosu!
5A~u!, ~16!

where the1 and 2 signs apply to right and left circula
polarization, respectively.

In Eq. ~16! theA parameter represent the total spin pol
ization, directed along the photon momentum, whereasa is
related to the angular dependence ofA(u). As usual,
P2(cosu) is the Legendre polynomial of second degree. T
j parameter is instead related to the component of the s
polarization vector along they axis, denoted asP'(u,f) in
Fig. 1 because it is perpendicular to the~z,Z! plane~reaction
plane!. For circularly polarized or unpolarized lightP'(u,f)
is given by

P'~u,f!5
2j sin~u!cos~u!

12 1
2 bP2~cosu!

5P'~u!. ~17!

B. The relativistic time-dependent density-functional theory

The present RTDDFT procedure starts with the calcu
tion of the first-order perturbations on the Dirac-Kohn-Sh
eigenfunctionsw i

(1,6) , which according to the modified
Sternheimer approach@9# are solutions of the following in-
homogeneous equations:

@hDKS2« i6v#w i
~1,6 !5(

m
~12nm!wm^muFSCFu i &.

~18!

HereFSCF is the SCF potential which is given by

FSCF~rW,v!5FEXT~rW,v!1E dr~rW8,v!

urW2rW8u
drW8

1
]VXC

]r U
r~r !

dr~rW,v!. ~19!

In Eq. ~19!, FEXT is the unperturbed external dipole potent
while the second and third right-hand terms represent,
spectively, the Coulomb and exchange-correlation poten
induced by electron redistribution.dr represents the first
order perturbation of the density, which is computed from
first-order perturbed wave functions:

dr~rW,6v!5(
i

ni~w i* w i
~1,6 !1w iw i

~1,7 !* !. ~20!

In this work we have approximated the XC response w
that relative to the Vosko-Wilk-Nusair~VWN! @10#
exchange-correlation potential. As stated before, theFSCF

potential is not evaluated with the usual iterative proced
but directly. The general lines of this procedure are fu
explained in Ref.@5# and are not reported here. Once t
01250
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SCF potential had been obtained, the RTDDFT partial cr
sections, angular asymmetry parameters, and s
polarization parameters for each subshell (nk) are computed
with the aid of Eq.~8!, ~9!, and ~12!–~15!, using FSCF in
place of the dipole operator.

III. COMPUTATIONAL DETAILS

Both homogeneous Eqs.~1!, ~7!, and inhomogeneous Eq
~18! differential equations are recast into algebraic eig
value equations or linear systems by employing a finite ba
set of radialB-spline functions@11,12#. The B-spline basis
set is unambiguously determined by its order and the grid
knots. In this work we have employed splines of order eig
and the radial grid of Ref.@13# slightly modified in the fol-
lowing way: the original grid is kept until the step betwee
two adjacent knots is greater than a step which is half of
minimum wavelength of the photoelectron and afterward
is linear with this step to a large cutoff radius. In the pres
work we have employed different grid parameters, accord
to the energy region investigated. In the near threshold
gion ~up to 210 eV! a linear grid step of 0.125 a.u. and
cutoff radius of 30.0 a.u. proved a good choice while in t
high-energy region~up to 300 eV! the former parameter wa
set to 0.10 a.u. The profiles have been joined at a pho
energy of 210 eV. In studying the autoionization resonan
converging to the 5d3/2,5/2 and 5p1/2,3/2 thresholds the linear
grid step parameters were set to 0.24 and 0.16 a.u. res
tively, whereas the cutoff radius was set to 25.0 a.u. in
latter case for computational economy. The nonrelativis
TDDFT results have been obtained usingB splines of order
eight and a grid of knots as suggested by Froese Fisc
Guo, and Shen@14# slightly modified as described in@15#.
The linear grid step was set to 0.100 a.u. whereas the l
cutoff radius was set to 30 a.u. In Eq.~18!, hDKS, « i , andw i
are obtained from a Dirac-KS calculation for the ground st
in theB-spline basis set, employing the LB 94@7# exchange-
correlation potential. In Eq.~18! we employed the experi
mental ionization potentials instead of« i , in order to have
better agreement with the experiment. In the nonrelativis
TDDFT calculation the ionization potentials have been av
aged according to the relative population of the spin-or
fine-structure components.

IV. RESULTS AND DISCUSSION

A. Total and partial cross sections

The total RTDDFT photoionization cross section of H
versus the incident photon energy is reported in Fig. 2 up
300 eV together with a nonrelativistic TDDFT calculatio
The opening of the various photoionization channels is p
ceded, in the theoretical profiles, by a very rich series
autoionization resonances. The energy intervals from
threshold~at 10.438 eV! to the 2D5/2 one~at 14.841 eV! and
between the two2D3/2,5/2 spin-orbit split thresholds~ 2D3/2
threshold at 16.705 eV! are characterized by features asso
ated with discrete excitations of a bound 5d electron. The
opening of the 5p1/2,3/2 photoionization channels~ 2P3/2,1/2
thresholds at 71.7 and 90.3 eV, respectively! are preceded by
1-4
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autoionization resonances due to excitations of a 5p electron
to ns1/2 and n8d3/2,5/2 Rydberg states. Autoionization reso
nances converging to the 4f 7/2,5/2 and 5s1/2 thresholds at
107.1, 111.1, and 134.0 eV, respectively, are visible in
theoretical RTDDFT profile but have not been investigated
detail, since no experimental data are available. In the up
panel of Fig. 2 the theoretical results are compared with
available experimental data of Cairns, Harrison, and Sch
@16#. According to Dehmer and Berkowitz@17# the experi-
mental data of Cairns, Harrison, and Schoen were scale
a factor of 0.5 thus providing630% accuracy. As can b
seen from Fig. 2, the theoretical cross sections rise stea
from the 5d thresholds~due to centrifugal barrier effects o
the dominant 5d→ f orbital wave functions! and after reach-
ing a maximum near 40 eV of photon energy, gradually
crease, a behavior displayed also by the other elements o
IIB group @18#. As can be seen from the upper panel of F
2, the agreement between theoretical RTDDFT and exp
mental results is quite good only for a few eV’s above t
2D3/2 ionization threshold. Infact, from about 22 eV to th
entire energy range experimentally explored, the experim
tal points lies systematically below the theoretical profi
These RTDDFT results are in good agreement with previ

FIG. 2. Hg total photoionization cross-section profile: full curv
RTDDFT; dotted curve, TDDFT result; closed circles, experimen
data from Ref.@16#.
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RRPA calculations@18,19#, whereas a slightly better agree
ment with the experiment is obtained with a RRPA calcu
tion which includes the relaxation effects~RRPAR! @19#.
These findings confirm that the discrepancies observed
tween our RTDDFT calculation and the experiment can
be ascribed entirely to difficulties associated with absol
cross-section measurements but they are also due, to s
extent, to the importance of relaxation and multielectron
fects neglected at the RRPA or RTDDFT level. The compa
son between the RTDDFT results and the analog nonrela
istic TDDFT results suggests that relativistic effects does
alter dramatically the behavior of the total cross section
least in nonresonant regions.

The RTDDFT partial cross-section profile for the 6s1/2
subshell is reported in Fig. 3 along with the available expe
mental results@20# and with a RKS calculation which ne
glects interchannel coupling. As stated above, the openin
the 5d3/2 photoionization channels is preceded by a very r
autoionization series converging to the2D3/2 threshold. After
that, the partial cross section rises steadily reaching a m
mum at about 28 eV in fair accord with the experiment. T
present RTDDFT results agree with earlier RRPA@18# and
RTDDFT @21# calculations. It has to be noted that in th
energy region between the2D3/2 threshold and about 24 eV
the experimental data are affected by a severe scattering
gesting a minimum at about 20 eV ascribed to a Coo
minimum @17,20#. Actually, neither with the RRPA@18# nor

l

FIG. 3. Hg 6s partial photoionization cross-section profile
Theory: solid lines, RTDDFT; dotted lines, RKS. Experimen
data: solid circles from Ref.@20#.
1-5
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the RTDDFT@21# approaches has a Cooper minimum be
detected above the2D3/2 threshold. In this context it migh
be of interest to note that in the energy region from the2D3/2
threshold to'24 eV a great number of resonances attribu
to two-electron excitations had been observed in absorp
measurements@22# together with the appearance of satellit
in the photoelectron spectra@23,24#, which are believed to
reflect 6p2 admixtures in the 6s2 ground state, with2P1/2
and 2P3/2 final ionic states. It was observed@25# that both the
6p ~ 2P3/2 final ionic state! and 6s cross sections are consid
erably modulated at wavelengths where two-electron re
nances appear. Two-electron excitations are not accou
for by RRPA or RTDDFT approaches and these modulat
effects might be responsible for a theoretically unexpec
minimum in the cross section and, in general, for the scat
ing in the 6s partial cross-section data reported in@20#. Fur-
ther experimental investigations in this energy range
needed in order to establish the effects into the main-
photoionization channels, of multielectronic processes

FIG. 4. Upper panel. Theory: 5d total cross section~solid line!,
5d5/2 partial cross section~dotted line!, 5d3/2 partial cross section
~dashed line! in the RTDDFT. Experiment: open squares and clos
diamonds represent 5d total cross section of Refs.@26# and @27#,
respectively. Closed circles and open circles represent partial c
section measurements of Refs.@20# and @17#, respectively.Lower
panel. Hg 5p1/2,3/2 partial cross-section profiles. Theory: solid lin
RTDDFT 5p1/2 partial cross section; dotted line, RTDDFT 5p3/2

partial cross section. Experiment: closed and open circles are
5p1/2,3/2 partial cross sections from Ref.@27#.
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glected at RTDDFT or RRPA level. The comparison betwe
the RTDDFT and RKS calculations reveals that inclusion
interchannel coupling with the strongest 5d photoionization
channels is needed in order to achieve good accord with
experimental data above the 5d thresholds. Infact the RTD-
DFT 6s partial cross section reaches a maximum of ab
0.7 Mb at'28 eV of photon energy followed by a minimum
at about 130 eV, in complete disagreement with the sing
channel RKS calculation. However, the position of the mi
mum is difficult to determine with accuracy because it
very close to the 5s threshold.

The 5d3/2,5/2 RTDDFT partial cross sections are report
in the upper panel of Fig. 4 along with the experimental d
available@17,20,26,27#. The RTDDFT total 5d photoioniza-
tion cross section is in good agreement with the experime
measurements of Su¨zer et al. @26# and with RRPA calcula-
tions @18,19# but in disagreement with a RRPAR calculatio
of Kutzneret al. @19#. Relaxation effects are more appare
in the partial cross sections, where, despite the good ac
with the experimental results of Shannon and Codling@20#
until few eV’s above the 5d thresholds, both RTDDFT and
RRPA @18,19# profiles are significantly larger than the e
perimental values at higher energies whereas a RRPAR@19#
calculation shows a better, although not completely satis
tory, accord with the experiments. These findings highlig
both the role of relaxation and multielectronic effects in t
near threshold energy range and the necessity of experim
tal data of improved accuracy which may allow a clea
evaluation of the former. It is interesting also to note that
RTDDFT profiles display a clear Cooper minimum arou
190 eV, in good agreement with the experimental data
Lindle et al. @27#, whereas it is not so apparent in RRPA@28#
and in Dirac-Slater@29# calculations.

The RTDDFT partial 5p3/2,1/2 photoionization cross sec
tions are reported in the lower panel of Fig. 4 along with t
experimental data of Lindleet al. @27#, which include the
important corrections on previous measurements of Kob
et al. @29# for the increased quantum yield of the sodiu
salicylate detector at higher energies. Both the theoret
partial cross sections are in good agreement with the exp
ment and with previous RRPA calculations@28#.

Finally, the RTDDFT 4f total photoionization cross sec
tion and partial 4f 7/2,5/2 photoionization cross sections a
reported in Fig. 5 along with the total 4f experimental cross
section of Lindleet al. @27#. Both experimentally and theo
retically, the delayed onset of the 4f cross section is apparen
due to a large centrifugal barrier acting on the«g continua.
The RTDDFT results resemble closely the RRPA@19,28#
ones and appear substantially overestimated with respe
the experimental data above the cross-section minimum
about 140 eV although its position and the general shap
the experimental profile are rather well accounted for. T
reasons of this discrepancy are essentially twofold. First,
absolute scale of the cross-section measurements coul
off by as much as 30%@17#, possibly explaining much of the
discrepancy with both RTDDFT and RRPA. Second, the
clusion of relaxation effects at the RRPAR level@19# im-
proves the agreement with the experimental data partly
to the inclusion of overlap integrals, which account, in
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PHOTOIONIZATION OF MERCURY: A RELATIVISTIC . . . PHYSICAL REVIEW A66, 012501 ~2002!
energy-independent manner, for the transfer of oscilla
strength from the main-line channels to doubly excited ch
nels. However, due to uncertainties in the absolute scal
the experimental data and the lack of experimental meas
ments for Hg double excitations or ionization in this ener
range, a reasonable estimation of the multielectronic p
cesses neglected at RRPA and RTDDFT levels is hinde
and, therefore, further measurements should be encour
for a correct evaluation of the performance of the RTDD
and RRPA methods in this energy range.

B. Branching ratios between fine-structure components

The 5d5/2,3/2 branching ratio~BR! g5d is reported in the
upper panel of Fig. 6, up to 300 eV along with the expe
mental data available from the literature@17,20,23,26,29,30#.
At variance with the 5d partial cross sections, the acco
with the experimental data is excellent in the entire ene
range covered by the latter. In particular, in the near thre
old region, the present RTDDFT results closely resemble
RRPA @18#, RRPAR@19#, and earlier RTDDFT@21# results.
The behavior of the branching ratio is easily explained
cording to the arguments of Walker and Waber@31#, from
which the BR should be higher than its statistical value wh
partial cross sections are rising and below it when they
falling. In the high-energy region, the RTDDFT results ha
to be compared with an earlier RRPA calculation@28#, where
all the 17 relativistic channels allowed by dipole excitati
from the 5d, 5p, and 4f subshells were taken into accoun
Both calculations predict an increase of the BR after
Cooper minimum in the partial cross section, at valu
higher than the statistical ratio. Then, after a maximum va
of 1.7 at about 220 eV~the maximum value predicted at th
RRPA level@28# is less than 1.6 at about 240 eV! the BR is
seen to reach asymptotically the statistical value. Unfo
nately, no experimental measurements are available in t
energy regions for a fruitful comparison with the theoretic
findings.

FIG. 5. Theory: 4f total cross section~solid line!, 4f 7/2 partial
cross section~dotted line!, 4f 5/2 partial cross section~dashed line!
in the RTDDFT. Experiment: open circles represent 4f partial cross
section of Ref.@27#.
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The RTDDFT BR profiles for the 5p and 4f subshells,
g5p andg4 f , are reported in the central and lower panel
Fig. 6, respectively, along with the experimental data of R
@29#. The large spin-orbit splitting of the 5p subshells~18.6
eV! leads to large deviations of the BR from its statistic
value of 2.0 and indeed the experimental points show
increase from about 0.8 at 115 eV to 2.8 at about 210 eV
this energy range there is a good agreement between ex
ment and the RTDDFT results. Infact, the RTDDFT calcu
tion gives a branching ratio of 0.986 at 115 eV and 2.811
210 eV, in good accord with the experimental findings, an

FIG. 6. Upper panel. Branching ratiog for the 5d subshells of
mercury. Theory: solid line, RTDDFT result. Experimental da
solid circles from Ref.@20#, open circles from Ref.@23#, closed
squares from Ref.@17#, open squares from Ref.@30#, closed dia-
monds from Ref.@26#, closed triangles from Ref.@29#. Central
panel. Branching ratio for the 5p subshells. Theory: solid line, RT
DDFT; closed circles, experimental data from Ref.@29#. Lower
panel. Branching ratio for the 4f subshells. Theory: solid line RT
DDFT; closed circles, experimental data from Ref.@29#.
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D. TOFFOLI, M. STENER, AND P. DECLEVA PHYSICAL REVIEW A66, 012501 ~2002!
is seen to be closer to the experimental data than the R
calculation of Johnson and Radojevı´c @28# especially in the
near threshold region. However both the RRPA@28# and RT-
DDFT calculations fail to predict the sudden drop of the B
to the statistical value of 2 experimentally seen at about
eV, where however the experimental data are affected
large experimental errors@29#. A further accurate experimen
tal measurement of the 5p BR in this energy range will help
in a fruitful comparison with the theoretical results. Final
comparison between theoretical RTDDFT and experime
results for the 4f BR reveals a fairly good agreement b
tween theory and experiment only in the near threshold
gion where, in accord with the experiment and with
RRPAR calculation@19#, the BR is predicted higher than th
statistical ratio, in disagreement with previous RRPA resu
@19,28#. At higher energies, the experimental data@29# are
affected by a severe scattering which limit the comparis
with RRPA@19,28#, RRPAR@19#, and RTDDFT calculations
which display the same general behavior. Again, an accu
experimental redetermination of the 4f BR at energies well
above the thresholds should help in a critical evaluation
the theoretical results elucidating if the discrepancies
served are due to experimental accuracy or correlation
fects not accounted for by the RTDDFT or RRPA a
proaches.

C. Asymmetry parameter profiles for 6s, 5d, 5p, and 4f
subshells

The asymmetry parameter profiles for the 6s1/2 subshell
and for the 5d spin-orbit fine-structure components are r
ported in the upper and lower panels of Fig. 7 respectiv
along with the available experimental data from vario
sources@25,29,32–35#. The behavior of the asymmetry pa
rameter for the 6s1/2 subshell as a function of photon energ
has been the subject of various theoretical@18,21# and ex-
perimental studies@25,32,33,35# because of its pronounce
departure from the nonrelativistic value of 2. As can be s
from the upper panel of Fig. 7, in the energy region wh
two electron excitations are seen to modulate the pa
cross section, the experimental data show a consider
scatter around the RTDDFT results, which are similar
those of Parpia and Johnson@21# and to earlier RRPA result
@18#, and appear to interpolate well the experimental valu
The evidence does not appear to support the presence
minimum related to a Cooper minimum in the cross sect
@32#. However, as suggested in@25# features that so drasti
cally alter the 6s partial cross section should also influen
the other photoionization parameters such as the asymm
parameter thus possibly explaining the scattering of the
perimental data from various sources. Both RRPA@18# and
RTDDFT approaches predict a minimum in the asymme
parameter profile at about 130 eV, close to the 5s threshold,
in correspondence with a minimum in the partial cross s
tion. This is clearly due to interchannel couplings becaus
is not seen at the RKS level, which exhibit a monoton
growth up to the nonrelativistic value of 2.

In the lower panel of Fig. 7, the RTDDFT asymmet
parameter profile for the 5d3/2,5/2 fine-structure component
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is shown, along with the experimental data available fro
the literature@29,32,34#. The 5d3/2,5/2 asymmetry paramete
profiles are characterized by strong oscillations within
allowed range of21 and12, due to the shape resonanc
and the subsequent Cooper minima in the partial cross
tions. The present RTDDFT results are in rather good ag
ment with earlier RTDDFT@21#and RRPA@19,28# calcula-
tions and with the experimental data. At higher energies
RTDDFT results are compared with the experimental data
Kobrin et al. @29# and a good agreement is obtained.

We present the RTDDFT 5p1/2,3/2 asymmetry paramete
profiles in the upper panel of Fig. 8, along with the expe
mental data of Kobrinet al. @29#. Both theoretically and ex-
perimentally, the asymmetry parameter profile for the t
final ionic states shows substantial differences beyond
due to the kinetic-energy effect. Infact the RTDDFT 5p1/2

FIG. 7. Upper panel. Asymmetry parameter profiles for the 6s
subshell of mercury. Theory: solid line and dotted line are
RTDDFT and RKS results, respectively. Experiment: closed circ
from Ref.@32#, open circles from Ref.@25#, open squares from Ref
@35#, open triangle from Ref.@33#. Lower panel. Asymmetry param-
eter profiles for the 5d3/2,5/2subshells of mercury. Theory: solid lin
and dotted line are the RTDDFT results for the 5d3/2 and 5d5/2

subshells, respectively. Experiment: open and closed circles are
asymmetry parameter profiles of 5d3/2 and 5d5/2 subshells from
Ref. @32#; open and closed triangles are the asymmetry param
profiles of 5d3/2 and 5d5/2 subshells from Ref.@34#; closed dia-
monds are the 5d asymmetry parameter profile taken from Re
@29#.
1-8
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PHOTOIONIZATION OF MERCURY: A RELATIVISTIC . . . PHYSICAL REVIEW A66, 012501 ~2002!
asymmetry parameter drop to 0.25 at about 210 eV, while
5p3/2 one reaches its minimum value of20.2 at about 180
eV. Experimentally, the minimum values are close to 0 a
20.3 for the 5p1/2 and 5p3/2 subshells, respectively. Th
present RTDDFT results are in good agreement with an
lier RRPA calculation@28# and in fairly good accord with the
experimental data especially at photon energies well after
thresholds, though the latter are rather scattered. The R
DFT 4f 5/2,7/2 asymmetry parameter profiles are reported
the lower panel of Fig. 8 with the available experimental d
taken from Ref.@29#. Good accord with the experimenta
data is obtained up to 190 eV whereas at higher energies
results lie consistently above the former. An analogous
crepancy had been observed also in earlier RRPA@28# and
RRPAR@19# calculations. A comparison with these theore
cal results suggest that both RRPA@19,28# and RTDDFT
predict correctly the energy position of the maximum in t
asymmetry parameter profile and are in reasonable ag
ment with the RRPAR results@19#.

FIG. 8. Upper panel. Asymmetry parameter profiles for th
5p1/2,3/2 subshells of Hg. Theory: solid line and dotted line are t
RTDDFT results for the 5p1/2 and 5p3/2 subshells, respectively. Ex
perimental data: open and closed circles are the asymmetry pa
eter profiles of 5p3/2 and 5p1/2 subshells from Ref.@29#. Lower
panel. Asymmetry parameter profiles for the 4f 5/2,7/2 subshells of
Hg. Theory: dashed line and dotted line are the RTDDFT results
the 4f 5/2 and 4f 7/2 subshells, respectively. Experiment: open circ
are the 4f asymmetry parameter from Ref.@29#.
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D. Spin-polarization parameters profiles for 6s and 5d
subshells

We have reported the RTDDFT profiles of the spi
polarization parametersj, A, anda for the 6s1/2 and 5d3/2,5/2
subshells in Figs. 9 and 10, respectively, along with the
perimental results@25,35–37#.

The RTDDFT results for the 6s subshell~Fig. 9! are in
good agreement with the corresponding RRPA results of R
@18# and display for all the parameters a strong deviat
from the nonrelativistic value of zero in the entire ener
range experimentally explored. This behavior was, howe
anticipated from the analysis of the energy dependence o
asymmetry parameter profile, which highlights the imp
tance of the relativistic spin-orbit effects. The general ene
dependence of all photoionization parameters is rather w
accounted for by the present RTDDFT calculation, thou
the experimental data@25,35# show some scattering whic
might be caused by the presence of resonances attribute
two-electron excitations@25# and which are not accounte
for by the present RTDDFT approach. A strong energy
pendence is predicted for all the spin-polarization parame
in the energy region of the minimum in the 6s partial cross
section at about 130 eV. Also strong autoionization featu

m-

r

FIG. 9. Spin-polarization parameters for the 6s subshell of mer-
cury. Theory: solid lines, RTDDFT results. Experimental da
closed circles from Ref.@25#, open squares from Ref.@35#.
1-9
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D. TOFFOLI, M. STENER, AND P. DECLEVA PHYSICAL REVIEW A66, 012501 ~2002!
predicted by the present approach, are superimposed o
nonresonant profile. Unfortunately, to our knowledge, no
perimental data exist in this energy region.

The accord between experimental data@36,37# and RTD-
DFT results is rather good for the spin-polarization para
eters associated with photoionization from the 5d subshells
~see Fig. 10!. Near the thresholds there is a strong ene
dependence of all the spin-polarization parameters due to
shape resonance in the 5d→« f photoionization channels
and another one is clearly associated with the occurrence
Cooper minimum at about 190 eV. Unfortunately, no expe
mental data are, to our knowledge, available for a comp
son with the RTDDFT results in the high-energy region,
from the 5d thresholds.

E. Autoionization resonances converging to the2D3Õ2,5Õ2

thresholds

Starting from the first ionization threshold (2S1/2), at
10.438 eV of photon energy, the photoionization cross s

FIG. 10. Spin polarization parameters for the 5d3/2,5/2 subshells
of mercury. Theory: solid lines and dotted lines are the RTDD
results for the 5d3/2 and 5d5/2 subshells, respectively. Experiment
data: closed and open circles represent the 5d3/2 and 5d5/2 spin-
polarization parameters taken from Ref.@37#; closed and open tri-
angles represent thej 5d3/2 andj 5d5/2 spin-polarization paramete
taken from Ref.@36#.
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tion of mercury is dominated by pronounced autoionizat
resonances due to excitation ofd electrons into discrete
states beyond the photoionization threshold, which are e
getically degenerate with continuum states. There are six
dberg series of autoionizing states converging to the2D3/2
and 2D5/2 thresholds of Hg1:

Hg 5d96s2~2D5/2!np3/2,n f5/2,n f7/2,

Hg 5d96s2~2D3/2!np1/2,np3/2,n f5/2.

These intermediate states decay into either the 6s«p1/2 or
6s«p3/2 continua for photon energies below the2D5/2 thresh-
old, whereas the region between the2D3/2,5/2 thresholds is
characterized by autoionizing levels which interact with t
partial continua of two final ionic states Hg1 2S1/2 and Hg1
2D5/2, giving rise to photoelectrons of different kinetic en
ergy. The total RTDDFT photoionization cross section in th
energy region is reported in the upper panel of Fig. 11
gether with the experimental data of Brehm@38#. Above the

FIG. 11. Upper panel. Total photoionization cross-section pro
file in the autoionization region of 5d9(2D3/2)np1/2,3/2n8 f 5/2 (n
56 – 9,n855) and 5d9(2D5/2)n9p3/2 (n957,8) configurations.
Solid line, RTDDFT result; dotted line, experimental data from R
@38#. Lower panel. Angular distribution asymmetry parameter pr
file for the 2S1/2 state of Hg1 in the same spectral region. Solid line
RTDDFT result; dotted line, experimental data from Ref.@43#;
closed circles, experimental data from Ref.@42#.
1-10
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PHOTOIONIZATION OF MERCURY: A RELATIVISTIC . . . PHYSICAL REVIEW A66, 012501 ~2002!
2S1/2 threshold, the first two strong resonances are associ
with the discrete excitations Hg 5d96s2(2D3/2)6p1/2,p3/2,
while at photon energies between 13 and 14 eV s two re
nances of the same Rydberg series Hg 5d96s2(2D5/2)np3/2
for n57, 8 appear. We also observe two further resonan
at 14.143 35 and 14.1437 eV associated with the clo
channels 5d96s2(2D5/2) 5 f 5/2, 5f 7/2, in fair accord with the
absorption measurements of Mansfield@22#, who located
these features at 13.973 and 13.976 eV, respectively, w
splitting of about 3 meV. This value was confirmed by
relativistic R-matrix calculation@39#, whereas the spin-orbi
splitting predicted at the RTDDFT level is less than the e
perimental one by about one order of magnitude. This d
crepancy can be attributed to the LB94 XC potential us
Above the 2D5/2 threshold there are three Rydberg seri
namely, those associated with the discrete excitations
5d96s2(2D3/2)np1/2, np3/2, n8 f 5/2, which are reported for
n57 – 9 and forn855 in the same figure. Breaks are used
order to separate these two energy intervals. The calcul
autoionization resonances have been characterized by fi
the theoretical profiles with a parametric form developed
Fano and Cooper@40#, which, for an isolated resonance, ta
the following form:

s5s0~11a«!Fr2
~q1«!2

~11«2!
2r211G , ~21!

where« is the reduced energy

«5
2~E2ER!

G
.

The best-fit parameters have been computed by minimiz
the squared deviations between the curve and the comp
cross section.s0 is the background intensity,a is a coeffi-
cient for the background linear drift,r2 is the correlation
index, which is the ratio between the resonant intensity
the sum of resonant and nonresonant intensities,q is the
Fano parameter which characterizes the line profile,G is the
half-width, andER is the resonance energy. Whenm auto-
ionization resonances were partially overlapped, the fitt
procedure was performed with a modified parametriz
curve obtained as product ofm parametric forms of the type
~21!, with a quadratic background:

s5s0@11a~E2Eref!1b~E2Eref!
2#

3)
1

m Fr i
2 ~qi1« i !

2

~11« i
2!

2r i
211G , ~22!

where the various symbols have the same meanings as a
specified whereasa, b, andEref are parameters that speci
the background behavior.

The Fano parameters for the lowest members of the R
berg series converging to the2D3/2 and 2D5/2 ionization lim-
its are collected in Tables I and II, respectively, together w
the available experimental results of Garton and Conner
@41# and Brehm@38#. Good agreement between RTDDF
results and the experimental data of Brehm@38# is obtained
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for the 5d96s2(2D3/2)6p1/2,p3/2 excitations, whereas a les
satisfactory accord is found for the energy positions of
5d96s2(2D3/2)7p1/2,p3/2 excitations belonging to the sam
Rydberg series. Infact, their resonance energy calculate
the RTDDFT level disagrees with the absorption measu
ments of Garton and Connerade@41# by about 0.3 eV, but
this gap is reduced at 0.1 eV for the subsequent member
similar behavior is found when the RTDDFT energy res
nances for the 5d96s2(2D5/2)7p3/2 and 5d96s2(2D5/2)8p3/2
autoionization resonances are compared with the va
tabulated in@41# ~Table II!. The energy position for the
5d96s2(2D3/2)5 f 5/2 excitation predicted at the RTDDFT
level is in good agreement, within 0.15 eV, with the expe
mental data of Garton and Connerade@41# ~Table I!. The
present results compare quite favorably with the only pre
ousab initio study of autoionization resonances in the ene
interval between the2S1/2 and 2D5/2 thresholds with a rela-
tivistic R-matrix approach@39#. The overall accord betwee
RTDDFT results and experimental ones can be conside
quite satisfactory, the discrepancies being ascribed to the
ficiency of the LB94 XC potential used in the calculation.

In the lower panel of Fig. 11 we have reported the asy
metry parameter profile for the2S1/2 final ionic state either in
the energy region between the2S1/2 and 2D5/2 thresholds or
between the2D5/2 and 2D3/2 ones together with the exper
mental data available from the literature@42,43# for the
5d96s2(2D3/2)6p1/2,p3/2 autoionization resonances. Th
asymmetry parameter profile fluctuates rapidly within the
lowed range of12 and21 across each resonance. As can
seen, the accord between theoretical and experimental re
is excellent for the 5d96s2(2D3/2)6p3/2 autoionization reso-
nance, and the present RTDDFT results constitute an im
tant improvement over the earlier theoreticalR-matrix results
@39#. As can be seen, above the2D5/2 thresholds, the oscil-
lation amplitude of theb parameter across the various mem
bers of the Hg 5d96s2(2D3/2)np1/2, np3/2, n8 f 5/2 Rydbergs
series are slightly decreasing with the photon energy.

Similar to cross sections and asymmetry parameter p
files, also the spin-polarization parameters display stro
fluctuations across each autoionization resonance, as ca
seen from Fig. 12, where the spin-polarization parameterj,
A, anda are reported for the2S1/2 final ionic state either in
the energy region between the2S1/2 and 2D5/2 thresholds or
between the2D5/2 and 2D3/2 ones, together with the exper
mental data available from the literature@44–46#. As for the
b6s asymmetry parameter, the accord between RTDDFT
sults and experimental measurements@44,45# is excellent es-
pecially for the 5d96s2(2D3/2)6p3/2 autoionization reso-
nance, whereas at higher energies the experimental dat
rather sparse. The opening of the 5d5/2 photoionization chan-
nels has an influence on the behavior of thej parameter
which is characterized by wider oscillations across ea
member of the Hg 5d96s2(2D3/2)np1/2,3/2 n8 f 5/2 autoioniza-
tion resonances than that observed for the lowest membe
these Rydberg series. The opposite behavior is instead
served for theA parameter. In this energy interval the RTD
DFT results are compared with the experimental results
Müller et al. @46#. For both thej and A spin-polarization
parameters, the experimental variation across the
1-11
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TABLE I. Theoretical and experimental values of Fano parameters.

Relative to the three lowest 5d9(2D3/2)np1/2 autoionization resonances

Parameter

RTDDFT Expt.a RTDDFT Expt.b RTDDFT Expt.b

5d9(2D3/2)6p1/2 5d9(2D3/2)7p1/2 5d9(2D3/2)8p1/2

G ~meV! 147.285 205.0 10.448 3.187
q 9.682 6.305 5.548
s0 ~Mb! 5.084 6.240
ER ~eV! 11.019 15.137 14.875 15.843 15.74
a 0.170 4.03731022

b 8.50731026 21.94331024
r2 1.00 0.483 0.455

Relative to the three lowest 5d9(2D3/2)np3/2 autoionization resonances
5d9(2D3/2)6p3/2 5d9(2D3/2)7p3/2 5d9(2D3/2)8p3/2

G ~meV! 31.592 22.0 2.502 0.734
q 7.091 6.0 5.567 5.606
s0 ~Mb! 5.084 6.240
ER ~eV! 11.711 11.607 15.243 14.966 15.884 15.7
r2 1.00 0.651 0.585

Relative to the lowest 5d9(2D3/2)n f5/2 autoionization resonance

Parameter

RTDDFT Expt.b

5d9(2D3/2)5 f 5/2

G ~meV! 3.48031023

q 144.216
s0 ~Mb! 6.753
ER ~eV! 16.000 15.842
a 22.26431026

r2 0.672

aExperimental values, Ref.@38#.
bExperimental values,@41#.
re
ro
o

-
ic

ing
d

erg-
en-

he

l of
the
rms
ol-

m

5d96s2(2D3/2)np1/2,np3/2, n57,8, discrete excitations
seems to be rather well accounted for by the RTDDFT
sults, apart from a small energy shift of the theoretical p
files toward higher photon energies. However, the lack
experimental data for thej and a spin-polarization param
eters prevents a more definitive analysis of the theoret
RTDDFT data.

TABLE II. Theoretical and experimental values of Fano para
eters relative to the two lowest 5d9(2D5/2)np3/2 autoionization reso-
nances.

Parameter

RTDDFT Expt.a RTDDFT Expt.a

5d9(2D5/2)7p3/2 5d9(2D5/2)8p3/2

G ~meV! 9.512 2.568
q 25.678 41.065
s0 ~Mb! 0.664 0.340
ER ~eV! 13.420 13.131 14.043 13.920
a 26.71231023 24.0731023

r2 0.751 0.570

aExperimental values, Ref.@41#.
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F. Autoionization resonances converging to the2P1Õ2,3Õ2

thresholds

There are five different Rydberg series of autoionizat
resonances converging to the2P3/2,1/2 thresholds, associate
with excitation of a bound 5p electron tons1/2 andn8d3/2,5/2
Rydberg states, according to the following scheme:

Hg 5p55d106s2~2P3/2!ns1/2,n8d3/2,n8d5/2,

Hg 5p55d106s2~2P1/2!ns1/2,n8d3/2.

Owing to the huge spin-orbit splitting of the2P3/2,1/2 thresh-
olds, the Rydberg series of autoionizing resonances conv
ing onto different ionic thresholds are well separated in
ergy.

The total RTDDFT photoionization cross section in t
energy interval of the Hg 5p55d106s2(2P3/2)ns1/2,n8d3/2,5/2
autoionization resonances is reported in the upper pane
Fig. 13. The theoretical profiles were characterized by
least-squares fitting procedure with the parametrized fo
~21! and ~22!, and the minimized Fano parameters are c
lected in Table III for the two lowestns1/2 (n57,8) and for

-
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the lowestn8d3/2,5/2 (n856) excitations, respectively. To ou
knowledge, no experimental data or other theoretical ca
lations are available from the literature for a comparison w
the RTDDFT results. As can be seen from Fig. 13, the fi
member (n57) of the Hg(2P3/2)ns1/2 excitations is well
separated from the other, it displays a positiveq value and is
superimposed on a strong nonresonant background. The
ond member of this Rydberg series is strongly overlapp
the lowest member of the other two Rydberg series, and
its characterization we have performed the least-squares
ting procedure with the parametric form~22! with m53.

With respect to the first member it displays nearly t
same values for theq index and for ther2 correlation index,
whereas its half-width is reduced by a factor of 4. Autoio

FIG. 12. Spin-polarization parameters for the 6s1/2 subshell in
the autoionization region of 5d9(2D3/2)np1/2,3/2n8 f 5/2 (n56 – 9,n8
55) and 5d9(2D5/2)n9p3/2 (n957,8) configurations. Theory: solid
lines, RTDDFT result. Experiment: closed circles from Ref.@44#,
open circles from Ref.@45#, closed diamonds from Ref.@46#.
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izating resonances belonging to the remaining
(2P3/2)nd3/2,5/2 Rydberg series are seen to be strongly ov
lapping. Infact, the computed resonance energies for the l
est pair differs by only 59 meV. Because of the small ene
difference between these two excitations the correspond
resonant behavior of the total cross section is drastically
fluenced. Infact, in the energy interval between 70.3 and 7
eV a broad structure is preceded by another resonant s
ture of reduced intensity. The assignment of the feature
the 5p5(2P3/2)6d5/2 and 5p5(2P3/2)6d3/2 discrete excitations,
respectively, can readily be done by inspection of the eig

FIG. 13. Upper panel. Total RTDDFT photoionization cross
section profile in the autoionization region of 5p5(2P3/2)ns1/2 and
5p5(2P3/2)n8d3/2,5/2 configurations forn57 – 9 andn856,7. Cen-
tral panel. RTDDFT asymmetry parameter profile for the 6s1/2 sub-
shell in the same spectral region.Lower panel. RTDDFT asymme-
try parameter profile for the 5d3/2 ~dotted line! and 5d5/2 ~solid line!
subshells of mercury in the same spectral region.
1-13
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values of the 6d5/2,3/2Rydberg states in the bound-state pro
lem. For these two resonances the Fano parameters d
significantly. Infact, the computed half-width for the 6d3/2
discrete excitation is less than that of the other excitation
about two orders of magnitude. Its profile indexq is pre-
dicted negative and with a large absolute value whereas
positive and close to the value of 3 for the second resona
In the central and lower panel of Fig. 13 we have repor
the asymmetry parameter profiles for the three final io
states2S1/2, 2D3/2, and 2D5/2. In correspondence with ev
ery autoionization resonance, theb parameter profiles dis
play strong oscillations with periodic behavior. The asymm
try parameter profiles for the2D3/2,5/2 ionic states are very
similar apart from a small shift at higher values for the2D5/2
one, whereas a completely different behavior is associa
with the 6s photoionization, where the window-type stru
tures visible across each resonance in the 5d3/2,5/2 photoion-
ization channels are replaced by sharp peaks in theb param-
eter profile for the 6s1/2 photoemission.

Finally, we present in the upper panel of Fig. 14 the R
DDFT total cross-section profile in the autoionization regi
of Hg 5p55d106s2(2P1/2)ns1/2,n8d3/2 configurations. Of the
two Rydberg series, the sharper one is associated with e
tations tons1/2 Rydberg states, whereas the other is ass
ated with discrete excitations ton8d3/2 states. In the lower
panel of Fig. 14 we have reported theb6s asymmetry pa-
rameter profile in the same spectral region, whereas
b5d3/2,5/2 and b5p3/2 asymmetry parameter profiles are r
ported in the upper and lower panels of Fig. 15. The beha
of the asymmetry parameter is very similar for the2D3/2,5/2
final ionic states, which in turn differ substantially from th
observed for the 6s and 5p3/2 photoionization channels. Th
Fano parameters obtained with the least-squares proce
are collected in Table IV for the three and two lowest ter
of the Hg 5p55d106s2(2P1/2)ns1/2 and Hg
5p55d106s2(2P1/2)n8d3/2 Rydberg series, respectively. Fo
the three lowest members (n57 – 9) of the Hg

TABLE III. Theoretical RTDDFT values of Fano parameters.

Relative to the two lowest 5p55d106s2(2P3/2)ns1/2

autoionization resonances
Parameter 5p5(2P3/2)7s1/2 5p5(2P3/2)8s1/2

G ~meV! 19.920 4.783
q 3.689 3.253
s0 ~Mb! 13.670 15.172
ER ~eV! 69.181 70.580
r2 0.965 0.960
a 21.47231023 1.08631023

b 20.163
Relative to the lowest 5p55d106s2(2P3/2)nd3/2,5/2

autoionization resonances
Parameter 5p5(2P3/2)6d3/2 5p5(2P3/2)6d5/2

G ~meV! 0.369 42.297
q 2165.796 2.789
ER ~eV! 70.311 70.370
r2 0.924 1.00
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5p55d106s2(2P1/2)ns1/2 autoionization resonances, the inde
profile q displays a positive value slightly decreasing in t
series, and the same behavior is displayed by the correla
index r2. A positive q value is also displayed by the tw
lowest terms (n56,7) of the Hg 5p55d106s2(2P1/2)nd3/2
Rydberg series, which is nearly the same for the two autoi
izating resonances considered. Unfortunately, the lack of
perimental and/or other theoretical investigations in the re
nant regions below the2P1/2,3/2 thresholds prevent a furthe
detailed analysis of the performance of the RTDDFT a
proach.

V. CONCLUDING REMARKS

In this work we have applied the RTDDFT formalism
the photoionization of mercury in a wide photon ener
range, both in nonresonant and in resonant regions. All
namical parameters, including spin polarization, have b
considered.

An implementation of the RTDDFT equations with
noniterative procedure for the determination of the respo

FIG. 14. Upper panel. Total RTDDFT photoionization cross
section profile in the autoionization region of 5p5(2P1/2)ns1/2 and
5p5(2P1/2)n8d3/2 configurations forn57 – 9 andn856,7. Lower
panel. RTDDFT asymmetry parameter profile for the 6s1/2 subshell
in the same spectral region.
1-14
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induced potential together with the use of an exchan
correlation potential with correct asymptotic behavior h
permitted, at RTDDFT level, the study of the Rydberg ser
of autoionization resonances converging to the2D3/2,5/2 and
2P1/2,3/2 thresholds.

In every instance, comparison of the RTDDFT resu
with the experimental data and with other theoretical cal
lations~mainly RRPA and RRPAR! reveals that RTDDFT is
at least as accurate as the computationally more expen

FIG. 15. Upper panel. Asymmetry parameter profile for th
5d3/2 ~dotted line! and 5d5/2 ~solid line! subshells of mercury in the
autoionization region of 5p5(2P1/2)ns1/2 and 5p5(2P1/2)n8d3/2 con-
figurations forn57 – 9 andn856,7.Lower panel. RTDDFT asym-
metry parameter profile for the 5p3/2 subshell in the same spectr
region.
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RRPA method. Agreement with experimental data is gen
ally very satisfactory, although in some energy regions th
are indications of discrepancies attributed to the neglec
additional many-electron interactions not taken into acco
in the present scheme.

Generally, an excellent description of autoionization re
nances is obtained for all the photoionization dynamical
rameters as demonstrated by the satisfactory accord with
experimental data when available from the literature.

In conclusion, this work has confirmed the high level
accuracy attainable with the RTDDFT approach in the
scription of the photoionization of heavy systems in a wi
photon energy range. Therefore the generalization of the
gorithm proposed for the resolution of the RTDDFT equ
tions to the molecular case will constitute an important g
for the description of molecular photoionization processe
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TABLE IV. Theoretical RTDDFT values of Fano parameters.

Relative to the three lowest 5p55d106s2(2P1/2)ns1/2

autoionization resonances
Parameter 5p5(2P1/2)7s1/2 5p5(2P1/2)8s1/2 5p5(2P1/2)9s1/2

G ~meV! 2.611 0.562 0.257
q 7.575 7.384 7.119
s0 ~Mb! 9.030
ER ~eV! 87.763 89.177 89.600
r2 0.809 0.792 0.790
a 21.40631024 20.207 20.508
b 6.26331026 2.29131025

Relative to the two lowest 5p55d106s2(2P1/2)nd3/2

autoionization resonances
Parameter 5p5(2P1/2)6d3/2 5p5(2P1/2)7d3/2

G ~meV! 24.997 7.746
q 2.216 2.194
ER ~eV! 88.934 89.514
r2 0.850 0.850
a 20.207 20.508
b 6.26331026 2.29131025
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