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We present Breit-Pauli R-matrix results for the resonance-enhanced 4s%(1Sy) — 4s4p(®Po,1,2)
excitation cross section in Kr®*. A comparison with a recent merged-beams experiment [Bannister
et al., Phys. Rev. Lett. 72, 3336 (1994)] is made in the near-threshold region. From a 14-level
calculation, we find fairly good agreement. The resonance structure in this region is predominantly
due to 4s4p(* P)né(n = 9,10) contributions, which are strongly perturbed by the 4s4d4f configura-
tion. A sensitivity of the resulting cross section to the exact positions of these perturber resonances
is demonstrated by varying the 4s4d(*® D) target thresholds.

PACS number(s): 34.80.Kw

I. INTRODUCTION

Recently, Bannister et al. reported measurements of
absolute total cross sections for electron-impact excita-
tion of an intercombination transition to a nonradiating
state of an atomic ion [1]. The specific excitation was
45%(1S) — 4s4p(®P) in Kr8*, for which large enhance-
ment due to dielectronic-capture resonances was observed
in the near-threshold region. From a theoretical stand-
point, one expects the calculation of such resonance-
enhanced cross sections to be complicated by interfer-
ence effects between various Rydberg series. A recent
study of the similar 352(1S) — 3s3p(3P) excitation in
Mg-like ions [2—4] showed not only that there was strong
interference between resonance series, but also that the
resulting cross section was quite sensitive to the exact
positions of the perturbing resonances; in some cases,
small changes in the resonance positions led to order-of-
magnitude changes in the resonant cross section.

The present excitation in Kr®+ is further complicated
by the existence of a full 3d subshell, which makes it
extremely difficult to accurately describe the Kr®* tar-
get states and even more difficult for the Kr%* reso-
nance states. Also, relativistic operators are responsi-
ble for roughly 1 eV shifts in the relative target ener-
gies and there is a 1 eV fine-structure splitting between
the 4s4p(3 Py 1 2) levels, necessitating a Breit-Pauli treat-
ment of the target states. Consequently, fully converged
results for this resonance process are not to be expected
beforehand. Nonetheless, it is of interest to study this
excitation in order to classify the observed experimen-
tal resonance structure [1] and, guided by such data, as-
sess the accuracy of the present theoretical treatment in
light of the above considerations. We thus utilized the R-
matrix method [5,6], with the inclusion of a Breit-Pauli
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Hamiltonian [7,8], as a means of studying this excitation.
The remainder of the paper is as follows. In Sec. II the
atomic structure of the Kr®* target states is presented,
where discrepancies as large as 0.5 eV exist compared
to spectroscopic values. Our means of correcting this
discrepancy, an energy-shifting procedure, is described in
Sec. III, and the difficulties of this method are discussed
in relation to the present calculations. Section IV gives
our results from various Breit-Pauli R-matrix scattering
calculations, followed by concluding remarks in Sec. V.

II. Kr®t TARGET DESCRIPTION

The eight lowest-lying states of Kr®t (in LS cou-
pling) are 4s%(1S), 4s4p(>'P), 4p%(®P,'D,'S), and
4s4d(31D), which give rise to 14 fine-structure lev-
els. Higher states will not be considered in the present
treatment. We used the multi-configuration Hartree-
Fock (MCHF) computer package of Froese-Fischer [9]
in order to produce appropriate target orbitals and
perform final configuration-interaction (CI) calculations.
The CI was computed in intermediate coupling includ-
ing mass-velocity, one-body Darwin, and spin-orbit op-
erators in the Hamiltonian. The first seven orbitals
1s, 2s, 2p, 3s, 3p, 3d, and 4s were generated from
a single-configuration Hartree-Fock (HF) calculation for
the energy of the 4s2(1S) ground state. The excited-state
orbitals 4p and 4d were then determined by performing
frozen-core HF calculations for the average energy of the
4s4p and 4s4d configurations, respectively. Given this set
of orbitals, improved energies were obtained by allowing
CI of the form 4s% + 4p? in the ground and excited 1S,
levels and 4s4p + 4p4d in the >1P9 levels. The 4s4d
levels should be treated in a similar fashion by allowing
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double-promotion CI with the 4p4f configuration, but,
for reasons to be discussed in Sec. III, including a 4f
orbital in the target description severely complicates the
scattering problem when threshold energies are adjusted.
We therefore omit the 4f orbital from the target-orbital
basis.

The resulting energies from this Breit-Pauli CI calcu-
lation are listed in Table I compared to the latest ex-
perimental values [10,11]. The fine-structure splitting
between the 4s4p(*Pp) and 4s4p(3P;) levels is about 1
eV, indicating that an intermediate-coupled formulation
of the problem is warranted, since the experimental en-
ergy resolution is 0.2 eV. Also, the discrepancy between
theoretical and experimental energies is about 0.5 eV
in some cases. The CI basis described above is some-
what limited, of course, and one may ask what could be
done to improve the theoretical energies. In a study of
the 4s2(1S) — 4s4p( 1 P) oscillator strengths in the zinc
isoelectronic sequence, Froese-Fischer and Hansen [12]
found that an extremely large set of pseudo-orbitals and
configurations were required in order to obtain converged
nonrelativistic MCHF energies. In a similar manner, we
expanded the above basis to include 4f, 5s, 5p, and
5d orbitals, where the overbars denote pseudo-orbitals.
Also, many more configurations were included, partic-
ularly the important 4p4f mentioned in the preceding
paragraph, and configurations obtained by promoting out
of the 3d subshell. With this enlarged basis, it was possi-
ble to get the 45%(1Sp) — 4s4p(* P;) energy to within 0.1
eV of experiment, but the 4s2(1Sy) — 4s4p(3Py) ener-
gies were still about 0.4 eV lower than experiment. This
indicated that the absolute energies of the singlet states
were not as converged as the triplet states.

Thus the end result of greatly increasing the orbital
and configuration bases is a minor improvement in the
energies. As will be discussed in the next section, the
energy-adjustment procedure becomes less reliable as the
basis size increases and so we chose to limit the basis to
the original, smaller set.

TABLE I. Breit-Pauli energies for Kr®* (eV).

No. Level Theory Experiment
1 4% 150 0.0 0.0
2 4s4p 3P, 14.05 14.55%
3 3P 14.35 14.89®
4 3P, 15.03 15.69°
5 p 21.49 21.18°
6 4p? 3P, 33.86 34.08°
7 D, 34.13 34.35°
8 3p, 34.31 34.64°
9 3P, 35.18 35.73°
10 1S 41.10 40.98°
11 4s4d 3D, 43.16 43.39°
12 3D, 43.21 43.45°
13 3Ds 43.29 43.53*
14 1D, 48.34 47.05*

® Reference [10].
® Reference [11].

III. SHIFTING THRESHOLD ENERGIES
WITHIN THE R-MATRIX METHOD

As pointed out in the preceding section, the theoret-
ical target energies disagree with experimental values
by as much as 0.5 eV. Using these inaccurate energies
would likewise yield inaccurate resonance positions. The
quantum-defect formula E,, = Eypresh—22/2(n—pu)? gives
the position of a Rydberg resonance with principle quan-
tum number n attached to an excited state of threshold
energy Eipresh and p is the quantum defect. If one ex-
pects to line up theory with experiment, then one must
adjust the theoretical values. The method we used has
been described previously [13], but we highlight the key
features below in order to point out the approximations
invoked in the present scattering calculation.

In the standard formulation of the R-matrix method
[5,6], the wave function inside the R-matrix box is ex-
panded in the basis

‘I’;:H_l = AZCijk\Iff-vuij + Z dakXiv+1 , (1)
5] a

where &) is the target wave function for the ith tar-
get state times the spatial and spin parts of the colliding
electron, u;; are the continuum-orbital basis functions, A
is the antisymmetrizing operator, and x¥+! are square-
integrable functions necessary to compensate for the en-
forced orthogonality

(wij|Pri) =0, (2)

where P,; is a target orbital. The functions X{j *+1 are
usually all (N+1)-electron configurations derived from
the coupling of any target orbital P,; to any N-electron
configuration contained in the ®Y target description.
The resulting R-matrix Hamiltonian takes the form

Hype = (N H|TNY (3)

Hee ch
= (Hbc be) ’ (4)

where the superscripts ¢ and b denote continuum or
bound elements, i.e., the first or second term on the
right-hand side of Eq. (1). The energy-shifting procedure
consists of adding a diagonal matrix to the continuum-
continuum block of the Hamiltonian H®¢, the compo-
nents of which are given by the difference in theoretical
and experimental energies, thereby ensuring correct tar-
get thresholds for the scattering process. In other words,
the following transformation takes place:

(O N i | H O N winje) = (O iy M| i)
+5,;il(5jjl{Ei(eXpt) — Ei(theor)} .
(5)

‘We note that although this adjustment corrects the tar-
get thresholds, and therefore the positions of resonances
due to high-lying Rydberg states which converge to
this corrected threshold, lower-lying resonances, namely,
those that are described predominantly by the xXN+!
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functions, are not shifted. While we could have shifted
these states as well by adding a correction to the H?® part
of the Hamiltonian, it is unclear how these lower-lying
states should be treated. They are Kr®* satellite states,
for which no experimental energy levels exist. And Sec.
II showed that we could not converge our Kr®* relative
energies, so that theoretically determining the positions
of the Kr%* states, even with a huge basis expansion,
is unreliable. We could shift them by considering their
Kr®* parent, but such a classification becomes ambigu-
ous in general, since, for example, the 4s4p4d configura-
tion could be regarded as a 4d orbital coupled to a 4s4p
parent or a 4p orbital coupled to a 4s4d parent. And
these low-lying states are not necessarily best described
by a valence orbital coupled to a parent state to begin
with.

In view of these difficulties, we wish to minimize the
number of orbitals and configurations necessary in the
target description, thereby minimizing the number of
such (N41)-electron states, x¥+!, that are required.
Thus the resonances will be described by Rydberg or-
bitals, determined variationally within the R-matrix cal-
culation, attached to the shifted target thresholds. It is
for this reason that the 4f orbital was not included, even
though 4p4 f mixing with the 4s4d states is appreciable.
Otherwise, resonances of the form 4s4d4f would be de-
scribed as an (IN+1)-electron, unshifted state. Similarly,
pseudo-orbitals such as 5s, 5p, and 5d, which correct
the term-dependent and relaxation effects of the target
states, as mentioned in Sec. II, were not included.

IV. BREIT-PAULI CALCULATIONS

In this section we present our results for the near-
threshold resonance structure of Krét. Specifically, we
will be looking in the 14.5-16.5 eV range, for which ex-
perimental data are available [1]. By applying a simple
quantum-defect formula to the target thresholds E, =
Eithresh — 22/2(n — u)? and using the experimental ener-
gies given in Table I, one may predict the possible reso-
nances in this region to be categorized according to Table
II. In order to estimate the importance of each of these,
we performed a series of calculations including only cer-
tain target levels, which therefore considered contribu-
tions from only certain of these resonances. From an
R-matrix calculation including just the lowest four lev-
els listed in Table I, we found a negligible contribution;
that is, the 4s4p(3P; 2)nf resonances alone were quite
small. But these resonances will be addressed shortly
when other target levels are included.

TABLE II. Possible resonances in the near-threshold re-
gion (14.5 eV< E <16.5 eV).

Configuration Principal quantum number
4s4p(3 Py 2)nt 20<n < oo

4s4p(* P1)nt n=19,10

4p®nt n=>5

4s4dnt n=4

We investigated the 4s4p(1P;)nf resonance contri-
butions within a five-level calculation including the
4s4p(* P,) target level. The results for this run are
shown by the dotted curve in Fig. 1 compared to exper-
iment. We point out that the experimental data points
[1] have been shifted to lower energies by an amount
AE = Esp — E,y, = —0.4 eV, where E,, is the level-
averaged energy of the 4s4p(3P) configuration. This is
because the data points in Ref. [1] were adjusted so that
the onset for excitation occurred at £ = E,,. We have
found, however, that excitation to the 3P, level domi-
nates the sum of excitations to all three J levels, that
is, the onset for excitation actually occurs at the 3P;
threshold.

The large feature at 15 eV is due to 4s4p(1P;)9¢ res-
onances and that at 16.2 eV is due to 4s4p(* P;)104 res-
onances. It appears that the measured cross section is
dominated by these two sets of resonances. In order
to investigate the importance of the 4p?nf resonances,
a nine-level calculation, which excluded the 4s4p(l1P;)
target level, was performed and the cross section was
again insignificant. But a ten-level calculation obtained
by adding the 4s4p(1P;) target level gave a noticeably
different profile for the second feature at 16.2 eV (see
Fig. 1). A comparison of the two theoretical curves
shows that the 4p?nf configurations interact somewhat
with the 4s4p(1 P;)10¢ resonances.

We next looked at the 4s4d(®D ;)nf resonances by in-
cluding the four 4s4d(*D;,2D; 2 3) levels in addition to
the four lowest target levels. These (convoluted) results
are shown in Fig. 2. The (unconvoluted) results for ex-
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FIG. 1. Electron-impact excitation cross section for the
4s*(*So) — 3, 4s4p(*P;) (J =0,1,2) transition in Kr®*.
Dotted line, five-level Breit-Pauli R-matrix calculation in-
cluding target levels 1-5, with the thresholds adjusted to
level-averaged experimental values, convoluted with a 0.2 eV
full width at half maximum Gaussian; solid line: ten-level
calculation including target levels 1-5 and 6—10; solid circles:
merged-beams experimental values of Ref. [1], shifted by —0.4
eV.
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FIG. 2. Same as Fig. 1, except for an eight-level calculation
including target levels 1-4 and 11-14.

citation to the 3P, level only, which was found to be the
dominant excitation level of the three, are shown in Fig.
3(a). We show in Fig. 3(b) the same cross section from
a four-level calculation, for which no 4s4d(*3D;)nf res-
onances are present, and in Fig. 3(c) a seven-level calcu-
lation, which omits contributions from the 4s4p(®Pz)n/¢
resonances. Noting that these results are unconvoluted,
it is seen from Fig. 3(c) that the 4s4d(**D;)nf reso-
nances are extremely broad compared to the 4s4p(>Pz)n/
resonances of Fig. 3(b). Also, neglecting the small back-
ground cross section, the curve in Fig. 3(a) should be the
sum of the curves in Figs. 3(b) and 3(c) if no interference
occurs between the two. These results clearly indicate
that the cross section in Fig. 3(a) results from broad per-
turbing resonances of the form 4s4d(!3D ;)n{ interfering
with the otherwise small Rydberg series of 4s4p(3P2)né
resonances converging to the 4s4p(3P;) threshold.

The precise configuration which composes this per-
turbing resonance may be identified as follows. First, we
found that the broad feature in Fig. 3(c) is mostly due
to odd-parity partial wave contributions, meaning that £
is odd. Second, according to Table II, we know that the
principal quantum number can only be n = 4 in this en-
ergy region and thus [ < 3. Third, the 4s4d4p resonances
are found to be energetically located below all the 4s4p
target levels. Since the perturbing resonances are of the
form 4s4dnf, this means that the only possible configura-
tion consistent with the above facts is the 4s4d4f config-
uration. We point out that identification of the various
resonances by energy position is easily done within
perturbation theory wusing the computer program
AUTOSTRUCTURE [14]. This method also detected strong
resonance contributions from the 4s4d4f configuration.
However, Fig. 3 demonstrates that strong interference
effects exist between low-n and high-n resonances and
for this reason, a detailed comparison between R-matrix
and perturbation methods, which was done in the Mg-
like study [2-4], was not attempted, since including
these higher-order effects within the perturbative method
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FIG. 3. Unconvoluted cross sections for excitation to just
the 4s4p(® P1) target level in Kr®*: (a) eight-level (targets 1-4
and 11-14), (b) four-level (targets 1-4), and (c) seven-level
(targets 1-3 and 11-14) configurations.
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FIG. 4. Same as Fig. 1, except all 14 target levels were
included.

would have led to a tediously large calculation. The large
enhancement in the cross section due to these 4s4d4 f res-
onances also indicates that a converged cross section will
be difficult to achieve since, as mentioned in Sec. II,
the exact positions of these low-lying states are unknown
experimentally and uncertain theoretically.

We finally performed a calculation including all 14 lev-
els listed in Table I. The cross section, shown in Fig. 4,
seems to agree fairly well with experiment, although this
may be somewhat fortuitous considering the above ar-
guments. We point out that our calculation was sensi-
tive to the (IN+1)-electron configurations included. Ta-
ble IIT lists those used to produce the cross section in
Fig. 4. Briefly, all (N+1)-electron configurations that
can be constructed by coupling a 4s, 4p, or 4d orbital to
an N-electron target configuration (those listed in Table
I) were included. But it is unclear how the 4p4d configu-
ration, which mixes into the 4s4p(}3P;) target levels but
is not a target itself, should be treated. If it were also an
explicit target level, then the prescription would be to in-
clude the 4p4d? (N +1)-electron configuration. However,
no experimental values exist for the 4p4d threshold ener-
gies and determining these energies theoretically is unre-
liable. The theoretical positions of the 4p4d? resonance
positions are therefore inaccurate. We initially included
these 4p4d N-electron target levels and their correspond-
ing 4p4d? (N+1)-electron configurations in a 14-level cal-
culation anyway, without shifting these levels. We found
in that case that the first peak was located —0.5 eV lower
than in Fig. 4, but was roughly the same size and shape,

TABLE III. (N+1)-electron configurations included in the
final calculation.

4s%4p 4s%4d
4s4p® 4s4d?
4p® 4pad
4s4pdd
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FIG. 5. Same as in Fig. 4, except that the 4s4d(**Dj)
thresholds have been shifted by 0.0 eV (solid curve), —0.2 eV
(short-dashed curve), and —0.5 eV (long-dashed curve).

indicating that the effect of including the 4p4d? configu-
ration was to just shift the 4s4p(* P;)9¢ resonances. But
since the theoretical positions of these 4p4d? resonances
are highly suspect, we feel that a more reliable calculation
is obtained by omitting these offending N-electron target
levels and (NN +1)-electron configurations altogether.

In regard to the inaccurate positions of low-lying per-
turbing resonances, the 4s4d4f positions are themselves
questionable. These are described by a 4f valence or-
bital, variationally generated within the R-matrix code,
attached to a shifted 4s4d target threshold, and then
CI mixed with all other channels. Even though this de-
scription seems sufficient, the error in energy position,
according to the quantum-defect formula, behaves as
AE ~ Z%/(n — p)3, so that the lower-lying resonances
have larger uncertainties in their positions compared to
the positions of, say, the higher-lying 4s4p(* P;)nf (n = 9
or 10) resonances. And since these resonances strongly
perturb the 4s4p(* P;)(9,10)£ resonances, there is a cor-
responding inaccuracy in the final resonance profile. In
order to demonstrate the possible inaccuracies intro-
duced into the calculation by incorrectly positioning the
4s4d4f resonances incorrectly, we artificially shifted all
4s4d(1* D) target levels. We show a family of curves in
Fig. 5, for which these target levels were shifted from
0.0 eV, 0.2 ¢V, and 0.5 eV. The effect of shifting the tar-
get levels is to steadily increase the height of the 15.5
eV feature while decreasing the height of the 16.3 eV
feature. This clearly indicates the extent to which the
uncertainty in position of the 4s4d4f resonances affects
the overall cross section.

V. CONCLUSION

The recent experiment by Bannister et al. was the first
measurement of strongly pronounced resonance structure
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in an electron-ion excitation. We have shown that a
Breit-Pauli R-matrix calculation has reasonably dupli-
cated the measured resonance profile of the 4s2(1Sp) —
4s4p(3Py,1,2) electron-impact excitation cross section of
Kr8t, although the agreement may be somewhat fortu-
itous. The resulting resonance structure was shown to be
sensitive to the exact position of the low-lying Kr®* per-
turbing states, the correct positions of which are at this
time uncertain, so that accurate theoretical predictions
of the resonance profile are not at hand. Spectroscopic
or converged theoretical values of these low-lying Kr®+
satellite states are thus highly desirable in order to allow
a more sophisticated theoretical treatment of this excita-
tion process. The present case of Krt is complicated by
the need to utilize an intermediate-coupling scheme, by
the amount of correlation necessary to obtain converged

target energies, and by the strong perturbing resonances,
4s4d4f. Similar complications will be found in the the-
oretical determination of resonance structure associated
with electron excitation of most heavy atomic ions.
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