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Relaxation and polarization effects in photodetachment of the negative iodide ion
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~Received 17 July 2003; published 23 October 2003!

Photodetachment cross sections have been calculated for the 5p, 4d, and 4p subshells of the negative iodide
ion, I2, in the relativistic random-phase approximation~RRPA! and modifications of the RRPA that allow for
the inclusion of relaxation and core-polarization effects. Total and partial photodetachment cross sections are
compared with experimental measurements to gauge the effectiveness of the various approximations. Branch-
ing ratios and photoelectron angular-distribution asymmetry parameters are also presented. Core-polarization
effects are found to partially cancel relaxation effects.
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I. INTRODUCTION

Studies of photodetachment of negative-ion systems h
light the significance of various electron correlation effec
Examination of such systems provides insight into ma
body effects in the absence of a long-range Coulomb att
tion by the nucleus seen in neutral atoms or positive io
The negative iodide ion is a good species for demonstra
many-body effects as reported in the review by Ivanov@1#.
Near-threshold measurements of photodetachment cross
tions of the negative iodide ion were reported by Mandl a
Hyman@2# as well as by Neiger@3#. Absorption spectra of I2

~gaseous and solid! @4# and CH3I @5# have also been mea
sured. Lindleet al. @6# partitioned the total photoabsorptio
cross section of CH3I into partial 4d and ‘‘4p’’ cross sec-
tions and measured angular-distribution asymmetry par
eters. Several theoretical methods have been success
used in studying many-body effects in neutral atoms, a
have also been applied to valence photodetachment of n
tive ions. Such techniques include the many-body pertur
tion theory ~MBPT! @7#, close-coupling@8#, R-matrix @9#,
multichannel quantum-defect theory@10#, and the relativistic
random-phase approximation~RRPA! @11#. Radojević and
Kelly @12# extended RRPA calculations of outer-shell pho
detachment of I2 to include relaxation effects in photode
tachment of inner-shell 4d electrons. They reported the pre
ence of a ‘‘giant resonance’’ above the 4d threshold similar
to that of the neighboring elements Xe and Ba. Relaxat
and polarization effects in the 4d subshell of barium and
xenon were shown to bring calculations@13# in better agree-
ment with 4d photoemission measurements.

The present study investigates the effects of core re
ation and polarization in the photodetachment process o2

using the modification of RRPA~RRPARP!. Kutzner et al.
reported the effects of relaxation and polarization on the
lence and inner shells of F2 and Br2 @14# and Cl2 @15#. It
was found that the inclusion of a polarization potential p
tially canceled the effects of relaxation. The methods u
are described in Sec. II and the results are reported in
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III. Some of the implications of the paper are discussed
Sec. IV.

II. METHODS

The RRPA has proven to be a successful method for
cluding the effects of interchannel coupling in calculations
photoionization parameters of closed-shell systems@16#. Ra-
dojević, Kutzner, and Kelly@17# modified the RRPA to in-
clude relaxation effects~RRPAR! by calculating the con-
tinuum orbitals in the potential of the relaxed core. For
neutral atom, the relaxed core is a positive ion whereas
photodetachment of negative ions the relaxed core is the
tral atom. In RRPARP we add a polarization potential of t
form @18#

Vpol~r !52
ad

2~r 21h2!2 , ~1!

wheread is the static dipole polarizability of the core andh
is a cutoff radius~approximately the size of the valence ele
tron cloud! which prevents the potential from becoming u
manageable for small radii.

Similar polarization potentials have been used previou
for neutral atoms in the eigenchannelR-matrix @19# with the
polarizability and cutoff radius treated as parameters de
mined semiempirically by optimizing the fitting agreeme
between the calculated and experimental energy levels. S
an approach is not possible when dealing with negative
lide ions not possessing bound-excited states.

The large polarizability for the neutral iodine atom
33.00 a.u.@20#. The cutoff radiush was determined by re
quiring thatVpol(0) be approximately equivalent to the e
ergy correction of the subshelln, orbitals @18#. This condi-
tion may be expressed as

Vpol~0!'DESCF~n, !2u«n,u, ~2!

where«n, is the Dirac-Hartree-Fock~DHF! eigenvalue and
DESCF is the absolute value of the difference between
total ground-state self-consistent-field energies of the iod
ion and the neutral iodine atom. Equations~1! and ~2! may
be combined to determine the value for the parameterhn, ,
yielding

rt-
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hn,5A4 2ad /$2@DESCF~n, !2u«n,u#%. ~3!

Table I lists the values of the energies used in these calc
tions. The energy correction of Eq.~2! was determined using
the Oxford multiconfiguration Dirac-Fock computer code
Grantet al. @21#.

Photodetachment transition matrix elements were ca
lated using the RRPA code of Johnsonet al. @16#, the
RRPAR, which is a modified RRPA including relaxation e
fects @17#, and the RRPARP, which includes relaxation e
fects as well as the polarization potential of Eq.~1! added to
the single-particle potential for the calculation of RRP
excited-state orbitals. All I2 calculations included interchan
nel coupling between 20 channels injj coupling, namely,

5p3/2→ed5/2, ed3/2, es1/2,

5p1/2→ed3/2, es1/2,

5s1/2→ep3/2, ep1/2,

4d5/2→e f 7/2, e f 5/2, ep3/2,

4d3/2→e f 5/2, ep3/2, ep1/2,

4p3/2→ed5/2, ed3/2, es1/2,

4p1/2→ed3/2, es1/2,

4s1/2→ep3/2, ep1/2.

Traditionally, the Dirac-Hartree-Fock eigenvalue energ
are used as thresholds for the RRPA@16#. To facilitate com-
parisons with the experiments, we used experimental thr
olds listed in Table I. Although this undermines the gau
invariance of the strict RRPA results, the length and veloc
discrepancy is largely removed when relaxation effects
included in the RRPAR and RRPARP. The cross-section
sults are presented as the geometric mean of length and

TABLE I. Photoionization thresholds~in a.u.! for the various
subshells of the negative iodide ion. The second column lists
absolute values of single-particle eigenvalues from a Dirac-Hart
Fock ~DHF! calculation using the code of Ref.@21#. The third col-
umn lists the absolute values of the difference between s
consistent-field calculations of total energy of the neutral atom
the ion (DESCF). The fourth column lists the cutoff radius,h, for the
subshells studied.

SubshellJ DHF eigenvalues DESCF Cutoff radius,h

5p3/2 0.154 588 8 0.080 078 1 4.71
5p1/2 0.113 525 3 0.115 234 4
5s1/2 0.608 437 4 0.558 593 8
4d5/2 1.980 696 2 1.762 207 0 2.95
4d3/2 2.048 162 5 1.826 660 2
4p3/2 5.156 576 2 4.910 644 5 2.86
4p1/2 5.575 483 3 5.320 312 5
4s1/2 7.465 663 4 7.200 683 6
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locity since the geometric mean is less sensitive to the eff
of ground-state correlation as demonstrated by Hansen@22#.

III. RESULTS

A. The 5p subshell

The valence photodetachment cross sections for I2 are
shown in Fig. 1. The RRPA and RRPAR of the total cro
section calculation are nearly identical to results reported
Radojevićand Kelly@12# except that our calculations includ
interaction with 4p and 4s channels. The effects of cor
relaxation effectively displace oscillator strength from ne
threshold to higher energies, leading to a lower slope for
cross section near the thresholds. But previous work
shown @14,15# that including only relaxation effects in va
lence photodetachment, without the partial cancellation c
tributed by polarization effects, produces unbalanced res
The inclusion of polarization effects~RRPARP! increases the
value of the cross section from the threshold region to
cross-section peak. It was previously reported that in the c
of F2 and Cl2 @14# and Br2 @15#, including the polarization
potential effects increases the photodetachment cross se
and partially cancels the effects of core relaxation.

In the RRPA, distinct spin-orbit splitting is seen betwe
the 5p3/2 and 5p1/2 thresholds due to the sizable value ofZ.
A trend of increasing spin-orbit splitting in threshold ene
gies with increasedZ may be noted among the halide
@14,15# with an extreme splitting reported for At2 @23#. In-
cluding relaxation effects tends to remove this stepwise f
ture.

The branching ratios,g5s(5p3/2)/s(5p1/2), are shown
in Fig. 2. Spin-orbit splitting causes the branching ratio to
larger than the statistical value of 2 near threshold. For
ergies close to the threshold, the branching ratio is m
larger than the statistical ratio because the partial cross

e
e-

lf-
d

FIG. 1. Photodetachment cross section for the 5p subshell of
I2. The dashed line is RRPA; the dot-dashed line is the RRPAR;
solid line is RRPARP, which includes relaxation and polarizati
effects. In the inset is shown the photodetachment cross sectio
photon energies close to threshold. Open squares and closed c
lar data points are experimental measurements from Refs.@2# and
@3#, respectively.
3-2
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tions are increasing with photoelectron energy. For hig
energies where the cross sections are decreasing, the br
ing ratio becomes less than the statistical ratio where it
mains out to very high energies, eventually approaching
value of 2.0.

B. The 4d subshell

The inner-shell 4d photoionization spectra of atomic lan
thanides and the preceding elements~i.e., Xe and Ba! are
characterized by a shape resonance often referred to
‘‘giant resonance.’’ This shape resonance results from
interaction of the outgoing photoelectron with a centripe
barrier. At higher energies, the 4d→« f dipole matrix ele-
ment experiences a change in sign and falls to a Coo
minimum. The total cross sections for the 4d subshell are
shown in Fig. 3. Similarly to the 4d subshell of xenon@12#,
the cross section rises rapidly from the threshold to a ge

FIG. 2. Branching ratio,g5s(5p3/2)/s(5p1/2), for I2. Dashed
line is RRPA and the solid line is representative of both RRPAR
RRPARP. The statistical value of 2 is indicated by the dotted li

FIG. 3. The total cross section for the 4d subshell of I2. The
dashed line is RRPA; the dot-dashed line is RRPAR; the solid lin
RRPARP; the dotted line is the ultraviolet absorption spectrum o2

from Ref. @4#.
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peak, and then rapidly decreases to a Copper minimum.
cluding relaxation effects~RRPAR! reduces the cross sectio
below the peak, and shifts the peak of relaxation to a sligh
higher energy. Similar results were reported for Xe@12# and
Ba @13#. It is noteworthy that the electrons in the negati
iodide ion are less tightly bound than for a neutral atom l
xenon, and the removal of an electron should cause la
rearrangement effects as stated by Radojevic´ and Kelly @12#.
Including polarization effects provides a more accurate r
resentation of the cross section. Polarization of the total cr
section ~RRPARP! partially cancels the relaxation effec
~RRPAR!, shifting the peak back to a lower energy and i
creasing the cross section near threshold. The measurem

d
.

is

FIG. 4. The partial cross section for the 4d subshell of I2. The
dashed line is RRPA; the dot-dashed line is RRPAR; the solid lin
RRPARP; the solid dots and open squares represent experim
CH3I data from Lindleet al. @6# scaled to absolute cross sectio
from Refs.@4# and @5#, respectively.

FIG. 5. Angular-distribution asymmetry parameter,b4d , for I2.
The 4d3/2 and 4d5/2 theoretical results are presented as an aver
weighted by the partial cross sections. The dashed line is RRPA
dot-dashed line is RRPAR; the solid line is RRPARP; the exp
mental data are from Ref.@6# with open circles representing th
4d3/2 component and closed circles representing the 4d5/2 compo-
nent.
3-3
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of Comeset al. @4# of I2 gas are shown for comparison
although there is considerable uncertainty in the ove
scale. The experiment also demonstrates that solidifica
has little influence on the continuous absorption in thed
→« f continuum with the implication that I2 should have a
very similar absorption cross section. Figure 4 is a comp
son of 4d partial cross sections. The inclusion of overl
integrals in the RRPAR and RRPARP reduce the partial cr
section by approximately 17%, independent of energy si
lar to that noted for barium@13#. The measured partial cros
section is also shown of CH3I as reported by Lindleet al. @6#
as scaled to the total cross sections of O’Sullivan@5# and the
I2 cross section of Comes@4#.

The angular-distribution asymmetry parameter,b4d , is
shown in Fig. 5. When a subshell is split by spin-orbit sp
ting into two different levelsj 5,61/2, it is conventional to
calculate the average of the two asymmetry parame

FIG. 6. Branching ratio,g5s(4d5/2)/s(4d3/2), for I2. Dashed
line is RRPA and the solid line is representative of both RRPAR
RRPARP. The statistical value of 1.5 is indicated by the dotted l

FIG. 7. The partial cross section for the 4p subshell of I2. The
dashed line is RRPA; the dot-dashed line is RRPAR; the solid lin
RRPARP; the dotted line is Dirac-Hartree-Fock calculation and
experimental measurements of 4p in CH3I of Ref. @5#.
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weighted according to the partial cross sections. The exp
mental parameters@6# are presented separately for eachj
level. As in the case of the total cross section of the init
state ion and the relaxed final state, the inclusion of rel
ation and polarization effects causes substantial change
the dipole matrix elements. Apart from the choice of 4d
threshold, the RRPARP closely agrees with RRPA.

The branching ratios forg5s(4d5/2)/s(4d3/2) are shown
in Fig. 6. Spin-orbit splitting causes the branching ratio to
larger than the statistical value of 1.5 near threshold. At h
energy the RRPA result falls well below the statistical valu
while the RRPAR and RRPARP results approach the sta
tical value from above. The RRPAR and RRPARP are nea
indistinguishable and are plotted as one curve. Interestin
the sharper peak in the RRPA cross sections results
larger deviation ing from the statistical value in better agre
ment with the measured CH3I result @6# than the models
which include relaxation.

C. The 4p subshell

The partial cross sections for the 4p subshell are pre-
sented in Fig. 7 in the Dirac-Hartree-Fock, RRPA, RRPA
and RRPARP calculations. The effect of interchannel c
pling, noted by comparing the Dirac-Hartree-Fock res
with that of the RRPA, is to enhance the cross section n
threshold. Relaxation effects reduce the partial cross sec
at all energies. Polarization has little affect on the par
cross section. Lindleet al. @6# interpret the ‘‘4p’’ result as
primarily due to the 4d4 f final state and not truly represen
tative of the direct removal of electrons from the 4p subshell
which could explain why the theoretical results are all mu
larger in magnitude than experiment. The angul
distribution asymmetry parameters,b4p , are shown in
Fig. 8.

IV. CONCLUSIONS

Relaxation and polarization effects have been found
play a large role in the photodetachment of I2 from the va-

d
.

is
e

FIG. 8. Angular-distribution asymmetry parameter,b4p , for I2.
The dashed line is RRPA; the dot-dashed line is RRPAR; the s
line is RRPARP; the experimental data are of 4p from CH3I, Ref.
@5#.
3-4
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lence subshell down to the 4d subshell, with little effect
noted for the 4p subshell. The loosely bound outer electro
are easily rearranged by the presence of a 4d hole and are
readily distorted by an outgoing photoelectron. In gene
polarization effects are found to partially cancel relaxat
effects, indicating that the photoelectron partially fills t
hole. Substantial effects had been anticipated for the 4d sub-
shell since both xenon and barium have been showcase
relaxation and polarization studies in the past. Comparis
with experimental total and partial cross sections for I2 @4#
and CH3I @5,6# appear to be in reasonable agreement with
RRPARP for inner shells, perhaps because of the rela
isolation from outer electrons involved in bonding.

The calculations of the photodetachment cross section
hy
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not agree with the scaling of the experimental measurem
of 4p photoionization of CH3I @6#. The closer agreemen
between the RRPA-type and the measured 4p angular-
distribution asymmetry parameter@6# may be understood by
considering that the asymmetry parameter depends on r
of matrix elements, according to the Cooper-Zare@24# treat-
ment, rather than on absolute scale.
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