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Results of relativistic random-phase approximation calculations of photodetachment cross sec-
tions and angular-distribution asymmetry parameters are presented for the outer shells of the nega-
tive ions F, Cl, Br, and I in the photon-energy region from the threshold to about 100 eV.
These results are compared with available theoretical calculations and with experimental data.

Measurements' and calculations ' of photodetach-
ment cross sections for negative halogen ions have all been
restricted to energies less than 10 eV above threshold ex-
cept for a recent many-body perturbation theory (MBPT)
calculation' of gian and Kelly for Cl . In view of the
availability of experimental methods for extending the
measurements to higher energies, we have undertaken cal-
culations of the photodetachment parameters of F, Cl
Br, and I for energies from threshold up to about 100
eV above threshold, using the random-phase approxima-
tion (RPA).

The ground-state configuration of a negative halogen
ion is the same as that of the corresponding noble gas, and
therefore photodetachment of negative halogen ions is the
same process as photoionization of noble-gas atoms.
Since the RPA has been successful in explaining pho-
toionization of noble-gas atoms, ' ' it is of interest to
study its applicability to systems such as negative ions,
where electron-electron correlation is relatively more im-
portant. To account for the effects of the spin-orbit in-
teraction automatically, we use the relativistic RPA
(RRPA). 's'9

In the present study only excitations of outermost sub-
shells are considered (we use a truncated version of the
RRPA), because the excitations of other, deeper subshells
do not give any significant contribution to the photode-
tachment amplitudes in the region of energies studied.
The amplitudes are calculated in the dipole approxima-
tion. As in the similar study of noble gases, ' ' seven

coupled channels are included for F (n =2) and Cl
(n =3):

np 3/2 d 5/2 d 3/2 s 1/2

nP l /2 ~d 3/2, S1/2

1/2 I 3/2 I 1/2

while in the cases of Br (n =4) and I (n =5) six more
channels are added:

(n —l)ds/2 f7/2 f5/2 P3/2

( n I )d3/2 ~f5/2 ~p3/2 ~p 1/2

The coupled RRPA equations are solved for the excited
orbital in each channel and the resulting dipole ampli-
tudes are evaluated using these excited orbitals. ' The di-
pole amplitudes are then combined to determine the
measurable photodetachment (photoionization) parame-
ters. ' ' Codes used previously to study the noble gases
and other closed-shell atoms were modified to account for
the non-Coulomb asymptotic behavior of the potential.

The theoretical threshold values in RPA calculations
are the absolute values of the Hartree-Fock (HF) orbital
eigenvalues [or in the case of the RRPA, Dirac-Hartree-
Fock (DHF) eigenvalues]. These values are presented in
Table I, where they are compared with the experimental
data.

All the independent photoionization parameters —the

TABLE I. Photodetachment thresholds of halogen negative ions in eV. The calculated RRPA values
(DHF energy eigenvalues) are compared with the experimental data. The experimental values for the
first threshold (electron affinity) are taken from the recent review by Mead et al. (Ref. 20; also see
Refs. 21 and 22); the experimental uncertainty of the last given digit is shown in parentheses after the
value. The experimental values of the second threshold are obtained by adding the observed value of
the splitting of the 'P term (Ref. 23) to the value of the first threshold.

Ion
P3/2 threshold

RRPA Expt.
P&/2 threshold

RRPA Expt.
S&/2 threshold

RRPA

F
Cl
Br

4.8886
4.0271
3.5655
3.0893

3.399(3)
3.615(4)
3.364(4)
3.0591(1)

4.9684
4.1688
4.1222
4.2069

3.448
3.727
3 ~ 825
4.001

29.335
20.132
19.394
16.555
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FIG. 6. The photodetachment cross section for Cl in the en-

ergy region close to the threshold. The RRPA results,
( ———results in the velocity form, when different from the
length form), are compared with the experimental data of Ref.

, and with the MBPT calculations by Quian and Kelly,
—~

—" —~ (length) and ~ ~ (velocity). The curves representing
theoretical results (RRPA and MBPT) are shifted from their
respective theoretical thresholds to the experimental ones.

Coulombic asymptotic behavior of the atomic potential
for negative ions, has the form

o(k) = const&(k +'[1+O(k )],
where cr(k) is the cross section, k is the linear momentum
of the photoelectron, and I is its orbital-angular-
momentum quantum number. We find that the
discrepancy between the length and velocity form results
from our calculations is generally somewhat larger than
the corresponding discrepancy for the noble gases. ' This
larger discrepancy is attributed to the increased impor-
tance of electron-electron interactions for the negative
ions.

Because experimental results and other calculations are
available only in the relatively small region of energies
close to the threshold, we present in Figs. S—8 the results
of our calculations for cross sections in this region and
make comparisons with experimental data and with other
calculations. As seen from these figures, the overall
agreement of our results with experimental data is quite
reasonable. The theoretical MBPT results for F by
Ishihara and Foster' seems to agree with the experimen-
tal data somewhat better than our RRPA results, in spite
of the fact that their MBPT results contain only first-
order contributions which are also included in the RRPA.
For all negative halogen ions, there exist older semiempir-
ical model potential calculations by Robinson and Gelt-
man" (claimed to have accuracy of +20%) as well as
similar calculations from Refs. 8—10. Although none of
these potential theory results are presented here, they
agree qualitatively with our results and with experimental
data. The flat portion of the cross section curve for I
between the Sp»2 and Sp3&2 thresholds shown in Fig. 8
agrees better with these semiempirical calculations than
with the experimental data, leading us to believe that the
measured values in this region may possibly be too large.

FIG. 7. The photodetachment cross section for Br in the
energy region close to the threshold. The RRPA results,
( ———results in the velocity form, when different from the
length form), are compared with the experimental data of Ref.
6 '
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FIG. 8. The photodetachment cross section for I in the en-
ergy region close to the threshold. The RRPA results,
( ———results in the velocity form, when different from the
length form), are compared with the experimental data of Refs.
4(' ) and 5 ( ~ ~ ~ ~ ).

Even though there are no experimental data on photo-
detachment parameters other than cross sections, we
present results of RRPA calculations for the angular dis-
tribution asymmetry parameters 48, hoping that such re-
sults will attract interest in the experimental determina-
tion of these parameters. In Figs. 9—12 are shown our re-
sults for the asymmetry parameter P„~ of np shells. For
F (Fig. 9), Cl (Fig. 10), and Br (Fig. 11) the values of
the asymmetry parameters for the np»z and np3&2 sub-
shells are found to be nearly identical, so only the average
values

+I/2 +I/2 ' +3/2 ~3/2g +R
0 +47np

& &&
+ np3/p

are shown. For I our results for the asymmetry parame-
ters of the Sp»z and Sp3/2 subshells are not as close as
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FIG. 9. RRPA results for the angular distribution asym-
metry parameter of the 2p shell for F

FIG. 12. RRPA results for the photoelectron angular distri-
bution asymmetry parameters of the 5p&~q and Sp3/2 subshells
of I
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FIG. 10. RRPA values for the photoelectron angular distri-
bution asymmetry parameter of the 3p shell of Cl . The RRPA

f. 14results are compared with the recent MBPT values of Ref.
—.—.—- {length) and ~ ~ . (velocity).

those for the lighter halogen atoms, so the subshell values
are shown separately in Fig. 12. The shapes of the curves
for the asymmetry parameter are, as for the cross sections,
similar to the corresponding curves for noble-gas
atoms, ' ' except in the region close to the threshold,
where the curves for all ions show a distinct minimum.
In the figures we have presented only the length form for
the parameter p„~; the length and velocity forms are
found to be identical for all the cases studied on the scale
of the figures. Because of the lack of other data for the
parameter p„z, we only compare in Fig. 6 our results for
Cl with the MBPT calculations of Ref. 14. As seen
from the figure, our result practically coincides with the
MBPT in the energy region up to 10 eV and agrees well
for higher energies.

As discussed earlier, ' the angular distribution parame-
ter p for the ns shell departs from its nonrelativistic
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constant value of 2 whenever the amplitude of the excited
triplet state is not small compared to the amplitude of the
excited singlet state. This can occur near the Cooper
minimum, where the singlet amplitude is small. Since the
relativistic effect on P~ is noticeable only for Br and I
the RRPA results are presented for only these ions in Fig.
13. One might expect that some departure of P~ from 2
would be seen close to the ns threshold where, according
to the signer law, the cross section vanishes. However,
such an affect is barely observable in Fig. 13.

Our calculations indicate that one can apply the RRPA
to negative ions, where the electron-electron interaction is
expected to be more important than for neutral atoms or
positive ions. Although there is a limited amount of ex-
perimental data available, the agreement of the RRPA
calculations with these data is quite reasonable. The
discrepancy between length and velocity form results for
the cross sections is sometimes somewhat worse than for
the corresponding neutral atoms, owing to the absence of
Coulombic asymptotic behavior for the atomic core po-
tential. It is interesting to note that the agreement be-
tween length and velocity form results for the asymmetry
and spin-polarization parameters is better than that for
the cross sections. This may perhaps be because the
asymmetry and spin-polarization parameters are ratios of
bilinear functions of the dipole amplitudes, while the cross

sections are quadratic functions of the amplitudes, so that
there appears to be a scaling between the amplitudes in
length and velocity forms in the truncated RRPA. The
shapes of the curves for the RRPA photodetachment pa-
rameters are similar to the shapes for the corresponding
noble-gas atoms, except in the vicinity of the thresholds,
where non-Coulombic behavior of the atomic core poten-
tial comes into play. The experimental data exist only for
cross sections in the energy region close to the first
threshold, and the agreement of our calculation with ex-
perimental data is comparable to the agreement of the
MBPT calculations. It would be desirable to have experi-
mental data for photodetachment parameters other than
cross sections, and to have the experimental data in a
larger energy region.
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