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Electron-impact excitation of the 4p55s and 4p55p levels of KrI has been investigated in detail by calcu-
lating cross sections using distorted-wave and close-coupling approaches. The results are presented from the
excitation thresholds up to 50 eV incident energy. They are contrasted among the different calculations and
compared with other theoretical predictions and experimental data. Significant disagreement is found with
many of the recent experimental data of Chiltonet al. @Phys. Rev. A62, 032714~2000!#.

DOI: 10.1103/PhysRevA.64.052710 PACS number~s!: 34.80.Dp

I. INTRODUCTION

Electron-impact excitation of rare gases such as argon and
krypton has received considerable interest due to the impor-
tance of these noble gases in many gaseous electronic appli-
cations. These gases are heavily used in plasma processing of
flat-panel displays and semiconductor manufacturing, light-
ing industries, gas-discharge lamps@1#, and in gas lasers. In
multispecies actinometry, both argon and krypton are used as
seed gases to determine the dissociation fraction of a mo-
lecular gas, such as nitrogen, by comparing the emission
lines from these rare gases and the gas of interest. An accu-
rate knowledge of the excitation cross sections is crucial for
this determination of the dissociation fraction and the diag-
nostics of plasma conditions of the atomic-species involved
@2,3#. In addition to the need for low-energy excitation cross
sections in most of these applications, high-energy excitation
as well as ionization cross sections are important in KrF
gas-laser systems where the amplifier cells are pumped by a
high-energetic electron beam. One thus needs the cross sec-
tions over a wide range of projectile energies. Growing need
for excitation cross sections of neutral rare gases in industrial
applications, as well as for a better understanding of funda-
mental atomic-collision physics, have resulted in many-
recent theoretical and experimental investigations. Several
calculations and the corresponding data sets have been pub-
lished and made generally available for electron-impact ex-
citations of ArI ~see recent publications@4–7# and references
therein!, but similar investigations of KrI are very limited.

Most of the published work to date has concentrated on
elastic and inelastic cross sections to the lowest four 4p55s
levels of KrI @8,9#, with much attention devoted to the reso-
nance structure due to compound states near the excitation
thresholds~see @10,11# and references therein!. Calculated
integral cross sections to the 4p55p levels obtained in the
relativistic distorted-wave approximation were reported by
Kaur et al. @12#, but not all transitions in the multiplet were
considered and the results for separate levels were not dis-
cussed. On the experimental side, there exist energy-loss

measurements of total cross sections by Trajmaret al. @9#.
Because of their limited energy resolution, however, these
authors combined the cross sections to several of the closely
lying 5p levels. Also, extrapolation of the differential cross
sections results in additional uncertainties beyond those for
direct measurements of integral cross sections. Much better
resolution is achieved by the optical method, where all states
of the 4p55p configuration are easily resolved. Measure-
ments of the optical-excitation functions for the 4p55p states
in Kr excited by electron impact were done a long-time ago
@13,14#, but a careful analysis of the corresponding data is
needed to accurately subtract the cascade cross sections and
to avoid pressure effects in order to obtain the direct excita-
tion cross sections. Bogdanova and Yurgenson@15#, using
the optical method in a combination with a pulsed electron
beam to suppress secondary processes populating the excited
levels, reported direct-excitation cross sections to the 5p lev-
els only for two high electron energies~100 eV and 200 eV!
and the peak cross-section values. Very recently, the Wiscon-
sin group@16# systematically measured the total-direct exci-
tation cross sections to all ten 4p55p levels by using the
optical method with careful analysis of cascading and pres-
sure effects. To the best of our knowledge, no detailed theo-
retical calculations have been published to date for all of
these levels. Also, even among the reported theoretical and
experimental investigations, one sometimes finds vast differ-
ences among the results. This fact, together with the need for
an accurate determination of these cross sections to support
the various model applications mentioned above, necessitates
systematic studies of these quantities. In this work, we there-
fore present detailed calculations of the angle-integrated
cross sections to all-four levels of the 4p55s configuration
and to the ten 4p55p levels of KrI for excitation from the
ground state 4p6 1S0.

We have calculated the angle-integrated cross sections to
the 14 levels using three-different theoretical approaches.
They are the semirelativistic distorted-wave method devel-
oped by Dasgupta, Blaha, and Giuliani@7# ~to be referred to
as DW-1 below!, which explicitly includes a long-range po-
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larization potential, the semirelativistic first-order distorted-
wave approximation of Madison and Shelton@17# ~to be la-
beled as DW-2!, used extensively by Bartschat and Madison
@18#, and the semirelativistic Breit-PauliR-matrix ~BPRM!
approach of the Belfast group@19#. The latter method applies
a close-coupling-type model and was used by Bartschat and
collaborators@5,20–23# to treat electron-impact excitation of
heavy noble gases.

Since the nonperturbative BPRM method couples the
various open and closed channels, it is generally expected to
predict better results near the excitation thresholds compared
to the perturbative distorted-wave methods, particularly, if
resonance effects are important. As the energy increases,
however, channel coupling becomes less important and
R-matrix approaches, in particular, may face convergence
problems due to the large number of basis functions that are
needed to represent the continuum electron in the various
channels. In addition, the standard BelfastR-matrix code,
like most other close-coupling programs, requires the use of
a common set of orthogonal one-electron orbitals to repre-
sent all the states in the coupled-channel expansion. Conse-
quently, it is often necessary to compromise on the quality of
the target description, i.e., it is computationally prohibitive to
use a target description that has been optimized to represent
the initial and final states of a particular transition as well as
possible.

The less-complex distorted-wave methods are, therefore,
often more suitable to treat higher-electron energies. Due to
the smooth energy dependence of the cross sections, the cal-
culation only needs to be performed for a relatively small
number of incident energies. Furthermore, it is generally
easy to include as many partial waves as needed for conver-
gence, especially since the ‘‘top up’’ to the plane-wave Born
approximation is straightforward. In addition, physical ef-
fects that would be includedab initio in an all-electron close-
coupling model, such as exchange with the core, the polar-
ization of the target charge cloud due to the projectile, and
even absorption into channels other than the final state of
interest, can be simulated by applying properly constructed
pseudopotentials~see, for example, Ref.@18#!.

Consequently, one would expect that the two perturbative
~DW! and nonperturbative~RM! methods can complement
each other to cover a wide range of incident energies. Indeed,
this was demonstrated successfully by Maloneyet al. @6#.
The motivation behind the present work was thus to examine
the differences in the results obtained in the above ap-
proaches and to compare the results with experimental data.
Ultimately, this should allow us to decide to what extent the
difficult problem of electron-impact excitation of a heavy
noble gas such as krypton can be treated efficiently by em-
ploying a combination of the most promising methods for the
respective energy ranges, in which one expects their funda-
mental assumptions to be valid. The by-product of such work
should be a set of the most reliable collision cross sections
currently available for modeling applications.

In Sec. II, we briefly describe the different theoretical
methods and indicate some of the relevant computational
details applied in this work. Our results are presented in Sec.
III and compared among themselves, with other theoretical

predictions, and also with experimental data. Finally, the
conclusions are summarized in Sec. IV. Unless otherwise in-
dicated, atomic units are used throughout this manuscript.

II. COMPUTATIONAL METHODS

Figure 1 shows an energy-level diagram of KrI, with the
experimental energies given by Moore@24#. The figure only
includes the ground state and the 14 relevant excited 4p55s
and 4p55p levels. Both the Racah and the Paschen notations
(1p0 for the ground state, 1s5-1s2 for 4p55s, and 2p10-2p1
for the 4p55p configuration! are indicated. This energy-level
structure is very similar to that of ArI @16,7#, but the energy
gap between levels associated with the2P3/2 (2p10-2p5) and
the 2P1/2 (2p4-2p1) doublet of the 4p5 core is significantly
larger in KrI than it is in ArI.

A. DW-1 method

We have used the basic method described in detail in@7#,
but the following important modifications should be men-
tioned. In the present calculation, we have included relativ-
istic corrections explicitly in optimizing the bound-state
wave functions by including the mass-velocity and the Dar-
win terms in the distorting potential while the spin-orbit in-
teraction was included by diagonalizing the atomic Hamil-
tonian for mixing among levels with the same total electronic
angular momentumJ as described in@7#.

FIG. 1. Energy-level diagram showing the 4p55s (1s5-1s2) and
4p55p (2p10-2p1) levels of KrI. The dashed lines show the two-
metastable levels 1s5 and 1s3.
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The valence orbitalPnl was generated by solving the dif-
ferential equation

F d2

dr2
2

l ~ l 11!

r 2
22$V0~r !1bVex~r !1Vp~r !1VD~r !

1Vmv~r !2Enl%GPnl~r !52 (
n8,n

mn8 l Pn8 l~r !. ~1!

Here V0(r ) and Vex(r ) are the Coulomb and the static-
exchange potentials of the ionic core, and the parameterb
was varied to obtain the experimental binding energyEnl for
the fine-structure level of interest. The sum on the right-hand
side of Eq. ~1!, involving the Lagrange multipliersmn8 l ,
ensures thatPnl is orthogonal to the other bound orbitals
with the same angular momentuml. Finally, VD(r ) and
Vmv(r ) are the relativistic Darwin and mass-velocity terms
while Vp(r ) is a polarization potential. For small radii,r
<r c , we adopted the correlation polarization potential
Vp@r(r )#, first introduced by O’Connell and Lane@25#, with
the analytic form

Vp~r s!50.0622 lnr s20.09610.018r sln r s20.02r s ,

r s<0.7

520.123110.03796 lnr s , 0.7<r s<10

520.876r s
2112.65r s

23/222.8r s
2220.8r s

25/2,

10<r s<r c . ~2!

Here r s5@3/4pr(r )#1/3, with r(r ) denoting the charge den-
sity, andr c is the first crossing point of the above potential
with the long-range form given byVp(r )52ad/2r 4. The
dipole polarizabilityad was taken as 16.8a0

3 @26#. Finally,
the 1s, 2s, 2p, 3s, 3p, 3d, and 4s orbitals were generated
by using the parameters given by Clementi and Roetti@27#.

The radial parts of the distorted waves were obtained by
solving an equation similar to Eq.~1!, except thatV0 now
represented the static potential of the neutral target andEnl
was replaced by the positive energy of the free electron.
Also, the weight of the exchange potentialVex was not var-
ied (b[1) and the relativistic termsVD and Vmv were no
longer included. The final-state interaction was used for both
the entrance and the exit channel in calculating the distorted
waves, as this procedure is expected to give the best overall
results@28#.

The elements of the reactance matrixK were calculated
using the known asymptotic form of the collision wave func-
tion. Using these results, the transition matrixT and the scat-
tering matrixS were obtained from the relations

S511T5
~11 iK !

~12 iK !
. ~3!

It is worth pointing out that theS matrix, if calculated
directly from the first-order perturbation theory employed in
this method, may not be unitary. On the other hand, if theK
matrix is calculated first using an approximate method, then

the S matrix obtained from Eq.~3! is unitary. It is this uni-
tarization of theS matrix that guarantees the conservation of
flux from the incoming and outgoing beams, and this may
become very important, particularly near threshold~see be-
low!.

The collision cross sectionsQ(aSLJ,a8S8L8J8) for fine-
structure transitionsaSLJ→a8S8L8J8 were expressed in
terms of the transition-matrix elementsT(aSL,a8S8L8). As
indicated, these elements were first calculated in the nonrel-
ativistic LS scheme. Then they were transformed to an inter-
mediate coupling scheme, and the relationship

Q~aSLJ,a8S8L8J8!5
pk22

2 ~2J11! (
l l 8 j j 8JT

~2JT11!

3uT~aSLJl jJT ;a8S8L8J8l 8 j 8JT!u2

~4!

was used. HereJT is the electronic angular momentum of the
combined system, target plus projectile, coupled from the
individual angular momentaJ and j, respectively.

Using the unitarization method described above, we as-
sumed that the spin-orbit coupling of atomic electrons is
weak during the collision, i.e., the atom behaves as if it were
temporarily in pureLS states that only need to be recoupled
to form SLJ states after the collision. For more details, in-
cluding a form of unitarization where theK -matrix elements
are transformed first, we refer to the paper by Dasguptaet al.
@7#.

B. DW-2 method

The second distorted-wave approach we have used, to be
labeled as DW-2, is the semirelativistic first-order distorted-
wave approximation of Madison and Shelton~1973! and of
Bartschat and Madison~1987!. Since the details of the theory
may be found in the above references, only a brief outline is
presented here. In contrast to the DW-1 approach, where the
atomic wave functions were calculated separately for each
final state and optimized for that state, the atomic wave func-
tions used in the DW-2 approach were the same as those in
the 15-stateR-matrix calculation described below. While this
choice has the advantage of providing a consistent set of
wave functions for all states of interest, it has the disadvan-
tage of not being the best possible representation for any
particular final state.

The second difference between the DW-1 and DW-2
methods lies in the fact that relativistic effects are included in
the calculation of the continuum distorted waves for DW-2.
For DW-2, each of the radial distorted waves is a solution of
Schrödinger’s equation including relativistic effects:

F d2

dr2
2

l ~ l 11!

r 2
22$U~r !1Vr~r !2E%Gx l~r !50. ~5!

Here U(r ) is the static Coulomb potential plus the static
exchange potential, i.e.,

U~r !5V0~r !1Vex~r !, ~6!
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andVr(r ) contains the relativistic effects

2Vr52gU~r !2@aU~r !#22
~ j 11!

r

h~r !8

h~r !
1

3

4 Fh~r !8

h~r ! G2

2
1

2

h~r !9

h~r !
, ~7!

where

g5A112a2E ~8!

and

h~r !511g2a2U~r !. ~9!

Herea is the fine-structure constant,j takes on the values of
either l or 2 l 21, wherel is the orbital angular momentum
of a particular partial wave, and the primes indicate radial
derivatives. As in DW-1, the final-state distorting potential
(U5U f) is used for calculating both the initial-state and the
final-state distorted waves@28#. For the static-exchange po-
tential Vex , the local approximation of Furness and McCar-
thy ~1973! is used.

The final distinction between DW-1 and DW-2 lies in the
fact that DW-2 has not been unitarized. It is well known that
distorted-wave approximations without unitarization often
exhibit a steep nonphysical increase in the integrated cross
sections near threshold. Hence, the DW-2 results are not ex-
pected to be accurate for low energies~less than about 20-eV
incident energy for the present case of interest!.

In summary,
~1! DW-1 uses a semirelativistic method to calculate

bound-state wave functions optimized for each final state
while DW-2 uses the same bound-state wave functions as the
BPRM-15 calculation;

~2! DW-1 does not include relativistic effects in the cal-
culation of the distorted waves while DW-2 does; and

~3! DW-1 unitarizes theS matrix while DW-2 does not.

C. BPRM method

Details of this approach have been given by Bartschat and
Grum-Grzhimailo@22# and will not be repeated here. Very
briefly, we performedR-matrix ~close-coupling-type! calcu-
lations with a varying number of states~5, 15, or 51! in-
cluded in the close-coupling expansion. In the 51-state case,
to be labeled as BPRM-51 below, we included the 31 physi-
cal states with configurations 4p6, 4p55s, 4p55p, 4p54d,
and 4p56s, as well as 20 pseudostates with configurations
4p56̄p and 4p57̄p, respectively. The principal reason for
including the latter states was the fact that the 6p̄ and 7̄p
pseudoorbitals were constructed to improve the target de-
scription by effectively allowing for some term dependence
in the bound orbitals, as well as to improve the wave func-
tion of the ground state. In the simpler calculations, only
states with the configurations 4p6 and 4p55s ~BPRM-5! plus
4p55p ~BPRM-15! were coupled. Finally, relativistic effects
were accounted for by including the one-electron terms of

the Breit-Pauli Hamiltonian in the diagonalization of both
theN-electron target and the (N11)-electron collision prob-
lem.

III. RESULTS

It is well known that the success of obtaining reliable
cross sections lies on an accurate description of the target.
One way to compare the bound wave functions used in this
work is the examination of the mixing coefficients, which are
obtained by diagonalizing the Hamiltonian with level-
specific Coulomb and spin-orbit parameters for each total
angular momentumJ. These mixing coefficients are listed in
Table I, where each level is expressed in terms of the domi-
nantLS designations. We list only the expansion coefficients
of the 14 levels belonging to the 4p55s and 4p55p mani-
folds. Note that we have chosen to present the results in the
(LS)J rather than in the (SL)J phase convention. Hence,
there are some sign changes with respect to the coefficients
given by Bartschat and Grum-Grzhimailo@22#, but the only
important aspect is, of course, a consistent treatment in either
one of these phase conventions.

The close agreement between the expansion coefficients
in the description of these levels obtained using single-
configuration~DW-1! and close-coupling~BPRM! methods
gives some confidence regarding the accuracy of the target
descriptions. However, there is one important comment that
needs to be made regarding the (4p6) admixture in the de-
scription of the excitedJ50 states 2p5 and 2p1, respec-
tively. Clearly, configuration interaction between the domi-
nant 4p55p configuration of the excited 2p states and the
dominant 4p6 configuration of the ground state is, in prin-
ciple, possible for theJ50 states. As will be shown below,
theoretical results for excitation of the 2p5 and 2p1 states
depend very strongly on that particular mixing coefficient. At
this time, we only point out that this admixture is omitted in
the DW-1 single-configuration model, while it is substantial
in the BPRM-15 structure description. In the BPRM-51
model, however, the 4p56̄p configuration, involving the 6̄p
pseudo-orbital, effectively accounts for electron correlations
in the ground state and hence takes over the role played
previously by the 4p6 admixture.

A. Excitation to the 4p55s levels

In this section we compare and contrast our cross sections
to the four levels in the 1s manifold. As can be seen from
Table I, theJ51 levels 1s4 and 1s2 are heavily mixed while
the metastable states 1s5 and 1s3 are purelyLS coupled. The
cross sections for excitations of these levels are shown in
Fig. 2. ~Due to the large number of coupled channels, the
51-state calculation could only be performed for energies up
to 40 eV.! The minimal-coupling five-state BPRM calcula-
tion, which couples only the ground state and these four
levels, is expected to yield the best agreement with the DW
results, which contain no coupling, provided the same target
description is used. As expected, the DW-2 results at higher
energies are indeed in excellent agreement with the five-state
BPRM cross sections for all the 1s transitions while the
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DW-1 cross sections for the 1s4 level are closest to the 15-
state BPRM predictions. The cross sections for the optically
forbidden 1s5 and 1s3 metastable levels fall-off rapidly with
increasing energy while the cross sections for the optically
allowed 1s4 and 1s2 levels are nearly flat at high energies in
all calculations shown in the figure. Due to the nonunitarity
of the approach, the DW-2 cross sections exhibit a nonphysi-
cal steep increase with decreasing energy, particularly for the
metastable 1s5 and 1s3 states.

None of the theories yields good agreement with the lim-
ited experimental data available for comparison@9,29#, but
we also note substantial discrepancies between the different
experimental data sets. The large differences between the
51-state calculation and the 15-state calculation indicate the
significant difficulty in obtaining convergence for these tran-
sitions. Note, however, that this difficulty is not simply due
to a channel-coupling effect~otherwise the agreement be-
tween the five-state results and the DW-2 predictions would
be most fortuitous!, but has its origin at least partly in the
changing target descriptions when more states are included
and the optimization criteria are changed. For the 1s4 and
1s2 states, the DW-2 results are very similar to those from
the five-stateR-matrix calculation down to about 15 eV, and
they are also in reasonable agreement with the data. For the
metastable states, the DW-1 is in reasonable agreement with
the data for the 1s5 state, but the agreement is worse for

excitation of the 1s3 state. The BPRM-51 model, whose
15-eV results lie between the two sets of experimental data
@9,16#, is in accordance with both measurements up to factor
of 2 for all four transitions over the entire energy range. As
mentioned above, the large differences between the three
R-matrix results and the two DW predictions demonstrates
the strong dependence of the cross sections on the atomic
wave functions. In fact, it can be argued that the quality of
the target structure is in our case potentially more important
than the theoretical method used to describe the collision
processes, particularly for optically allowed transitions.

B. Excitation to the 4p55p levels

In Figs. 3 and 4 we present our cross sections for excita-
tion to the ten levels in the 2p manifold of the 4p55p con-
figuration from the ground state 4p6 1S0. Our cross sections
from different theoretical predictions for the 2p10 through
2p1 levels are compared with the experimental data of Chil-
ton et al. @16# and relativistic distorted-wave~RDW! calcu-
lations of Kauret al. @12#. The peak values of the cross-
sections measured by Bogdanova and Yurgenson@15# are not
shown, because the authors did not give the corresponding
electron energies. We present cross sections calculated by
Kaur et al. @12# using both the single-configuration ground-
state~RDW-a) and the multiconfiguration ground-state wave

TABLE I. LSJ mixing coefficients for the levels of the 4p55s and 4p55p configurations.

Paschen
Level notation E~eV!a DW-1 BPRM-15 BPRM-51b

5s@
3
2 #2

o 1s5 9.915 1.00003P 1.00003P 0.99595s 3P10.0735 4d 3P10.0513 6̄s 3P

5s@
3
2 #1

o 1s4 10.033 0.73633P10.67661P 0.69333P10.72061P 0.70625s 1P10.7045 5s 3P10.0588 4d 3P

5s8@ 1
2 #0

o 1s3 10.563 1.00003P 1.00003P 0.99155s 3P10.1188 4d 3P10.0522 6̄s 3P

5s8@ 1
2 #1

o 1s2 10.644 0.73631P20.67663P 0.69331P20.72063P 0.70685s 1P20.7001 5s 3P20.0866 4d 3P

5p@
1
2 #1

2p10 11.304 0.90753S20.36003P
10.21571P10.01643D

0.91293S20.35053P
10.20861P10.01543D

0.9158 5p 3S20.3455 5p 3P10.1960

5p 1P20.0565 6̄p 3S

5p@
5
2 #3

2p9 11.443 1.00003D 1.00003D 0.9999 5p 3D

5p@
5
2 #2

2p8 11.445 0.71233D10.68331D
20.16023P

0.71543D10.68001D
20.16043P

0.7198 5p 3D10.6745
5p 1D20.1664 5p 3P

5p@
3
2 #1

2p7 11.526 0.72241P10.49573P
20.48083D10.03363S

0.71841P10.49423P
20.48833D10.03383S

0.7186 5p 1P20.4906
5p 3D10.4910 5p 3P

5p@
3
2 #2

2p6 11.546 0.87003P10.43861D
20.22523D

0.86693P10.44361D
20.22733D

0.8643 5p 3P10.4535
5p 1D20.2173 5p 3D

5p@
1
2 #0

2p5 11.666 0.70863P20.70561S 0.80393P20.58931S
20.0803 (4p6)1S

20.7281 5p 1S10.6761

5p 3P20.0936 6̄p 1S

5p8@ 3
2 #1

2p4 12.101 0.86933D10.45701P
10.18073P20.05263S

0.86583D10.46121P
10.18833P20.04773S

0.8601 5p 3D10.4795 5p 1P10.1629
5p 3P20.0539 5p 3S

5p8@ 1
2 #1

2p3 12.141 0.76943P20.47191P
10.41533S10.11323D

0.77293P20.47711P
10.40403S10.10833D

0.7829 5p 3P20.4639 5p 1P10.3904
5p 3S10.1369 5p 3D

5p8@ 3
2 #2

2p2 12.144 0.66483D20.58361D
10.46633P

0.66073D20.58371D
10.47203P

0.6590 5p 3D20.5850
5p 1D10.4732 5p 3P

5p8@ 1
2 #0

2p1 12.257 0.70861S10.70563P 0.79931S10.59473P
10.0866 (4p6)1S

0.7366 5p 3P10.6700

5p 1S10.0819 6̄p 1S

aReference@24#.
bMixing coefficients smaller than 0.05 are not given for BPRM-51.
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function ~RDW-b). However, the RDW results of Ref.@12#
are given only for energies above 20 eV, so we cannot make
a comparison for energies near excitation thresholds. We
note that Trajmaret al. @9# also presented integral cross sec-
tions to the levels in the 2p manifold; of these ten levels,
however, they lumped some together and only kept the 2p10
and 2p5 levels isolated.

Among all the levels in the 2p manifold, the 2p9
(J53) is the only purelyLS-coupled state. All the theoreti-
cal cross sections of our study for this level agree reasonably
well with each other for higher energies. The DW-1 and
DW-2 cross sections are in close agreement down to an in-
cident energy of about 20 eV below which nonunitarity
causes DW-2 to become too large. For the low energies,
DW-1 and BPRM-51 are in good agreement with the experi-
mental data@16# for the 2p9 transition. For higher energies

the theories are in good accord with each other and fall off
with the expectedE23 behavior, whereas the experimental
data @16# do not exhibit this energy dependence. The peak
value of the cross section measured in@15# is at least a factor
of 2 lower than in@16#; according to the data at 100 eV and
200 eV, the former, too, do not seem to decrease as fast with
increasing energy as predicted in the calculations.

The J51 excitations include the 2p10 and 2p7 levels in
Fig. 3 and the 2p4 and 2p3 levels in Fig. 4. The DW-1 cross

FIG. 2. Excitation cross sections from the ground state to the
1s5-1s2 excited levels of the 4p55s configuration as a function of
collision energy. TheJ values of the final states are given in paren-
theses. The solid lines represent the 51-state BPRM calculation;
long-dashed lines, 15-state BPRM results; dash-dotted lines, five-
state BPRM results; short-dashed lines, DW-1 results; open circles,
DW-2 results. The experimental data are from Trajmaret al. (d)
@9# and Guoet al. (*) @29#.

FIG. 3. Excitation cross sections from the ground state to the
2p10-2p6 excited levels of the 4p55p configuration as a function of
collision energy. TheJ values of the final states are given in paren-
theses. The solid lines represent the 51-state BPRM calculation;
long-dashed lines, 15-state BPRM results; short-dashed lines, DW-1
results; open circles, DW-2 results; triangles and inverted triangles,
RDW-a and RDW-b calculations, respectively@12#; solid squares,
experiment@16#.
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sections for the 2p10 excitation in Fig. 3 are larger than the
other predictions and closer to the experimental data for
higher energies. All the other theories are in reasonably good
agreement with each other for energies above 20 eV and all
the theoretical results fall off faster than the experimental
data at higher energies for 2p10. The cross sections pre-
sented by Trajmaret al. @9# for this level are generally much
smaller than the measurements reported by Chiltonet al.For

the sake of clarity, the former are not shown in the figure.
The general trend for the otherJ51 transitions (2p7 ,

2p4, and 2p3) is similar, except that now the DW-1 results
are closer to the other theories for intermediate and higher
energies. For allJ51 cases, the present theories are in rea-
sonable agreement with each other for higher energies, the
theories fall off faster than the experimental data of Chilton
et al. @16#, and the BPRM and DW-1 results are in qualita-
tive agreement with the experimental data near threshold.
The large difference between experiment@16# and theory for
the 2p7 state is striking. Note that the 2p7 state is one of the
levels with highest indirect population@15,16#. The peak
value of the cross section of (2468)10219 cm2 for this
level measured by Bogdanova and Yurgenson@15# is in good
agreement with our BPRM-51 and DW-1 models. The cross
sections of Chiltonet al. @16# are closer to the value of 126
310219 cm2 given by Feltsan and Zapesochnyi@14#, who
ignored the cascade transitions. For the otherJ51 transi-
tions reported in @15#, the peak cross section of
(2468)10219 cm2 for the 2p4 level is in satisfactory agree-
ment with our 51-state BPRM and DW-1 calculations, as
well as with the measurements@16#, while the value of
(1866)10219 cm2 for the 2p3 level is lower than both our
calculations and the measurements of@16#. For the four
J51 cases, experiment@16# and theory are closest at higher
energies for 2p4 and 2p3. In general, the RDW results of
Kaur et al. @12# tend to be somewhat smaller than the present
results for these transitions and, therefore, are even further
away from the experimental data of Chiltonet al. @16#. The
high-energy behavior of the measured cross sections of Chil-
ton et al. is not well understood, but a similar behavior for
excitation cross sections of theJ51 states has been noticed
before in ArI @4,7,12,30#.

The cross sections forJ52 excitations to the 2p8 and
2p6 levels are shown in Fig. 3 and to the 2p2 level in Fig. 4.
For the 2p6 and 2p8 levels, the cross sections of the DW-1
and DW-2 calculations are in excellent agreement by 25 eV,
while both the 15-state and 51-state BPRM results are some-
what larger. The experimental data of Chiltonet al.are again
larger than all theoretical predictions except near threshold.
For 2p8, the RDW-a results of Kauret al.are in close agree-
ment with the DW calculations, while the RDW-b predic-
tions are close to the BPRM results at high energies. For
2p6, both the RDW calculations are close to the present DW
calculations for higher energies. The 15-state BPRM cross
sections have large, well-defined peaks in both of these tran-
sitions. The results for the remainingJ52 state 2p2 in Fig. 4
behave similarly to those for the 2p8 state in that the RDW-b
results are closer to the BPRM and the RDW-a are lower and
closer to the DW-2 results for higher energies. The primary
difference for this transition is the fact that the DW-1 results
are larger at high energies and somewhat closer to the BPRM
results. Also, this is one of the few cases where the BPRM
results are actually in good agreement with the experimental
data over the entire energy range. The optical data of
Bogdanova and Yurgenson@15# for the peak cross sections
are (81628)10219 cm2, (1766)10219 cm2, and
(5568)10219 cm2 for the 2p8 , 2p6, and 2p2 levels, re-
spectively. This is in very good agreement with our 51-state

FIG. 4. Excitation cross sections from the ground state to the
2p5-2p1 excited levels of the 4p55p configuration as a function of
collision energy. TheJ values of the final states are given in paren-
theses. The solid lines represent the 51-state BPRM calculation;
long-dashed lines, 15-state BPRM results; short-dashed lines, DW-1
results; open circles, DW-2 results; triangles and inverted triangles,
RDW-a and RDW-b calculations respectively@12#; solid squares,
experiment@16#.

ELECTRON-IMPACT EXCITATION TO THE 4p55s AND . . . PHYSICAL REVIEW A 64 052710

052710-7



BPRM calculations for the 2p8 and 2p2 levels, and much
lower for the 2p6 state in comparison with our calculations
and the measurements of Chiltonet al. @16#.

The cross sections for the two forbiddenJ50 monopole
transitions to the 2p5 and 2p1 states are shown in Fig. 4. The
peak cross sections from the two optical measurements
@15,16# are in agreement for the 2p1 level, while the data of
Bogdanova and Yurgenson@15# for the 2p5 level,
(31611)10219 cm2, are lower by approximately a factor of
2 than those of Chiltonet al. @16#. Previous experience indi-
cates that it is extremely difficult to predict accurate excita-
tion cross sections for collisions involving monopole transi-
tions, since the results are very sensitive to the target
description. Although there is excellent agreement between
experiment@16# and DW-1 for the 2p5 state, there is little
similarity between experiment and the other theories.~Note
that DW-2 and BPRM-15 are larger than experiment by fac-
tors of about 100 and 5–10, respectively.! Interestingly, the
51-state predictions liebelowexperiment by about a factor of
10.

Clearly, the monopole results are most unsettling. When
predictions from two-differentR matrix calculations differ by
a factor of 100 and those from two-different distorted-wave
calculations differ by two orders of magnitude as well, it is
impossible to argue that either one represents a reliable
model. Consequently, we performed further test calculations
to gain a better understanding of these transitions. These cal-
culations revealed that the 4p6 configuration played a key
role in the monopole transitions. From Table I, it is seen that
the 2p5 and 2p1 wave functions used in the DW-1 calcula-
tion do not have a 4p6 contribution while the BPRM-15 and,
therefore, the DW-2 excited-state wave functions contain a
significant admixture. Consequently, we decided to investi-
gate the importance of this particular term.

As a first step, we tried to improve the description of the
J50 states used in the DW-2 calculations. To accomplish
this, we used the program packageSUPERSTRUCTUREof Eiss-
ner et al. @31# and optimized the bound orbitals on the par-
ticular final states of interest. As an example, this procedure
produced the following 2p2 and 2p1 wave functions~which
we label as SS15!:

2p2~SS15!50.6367~4p55p!3D220.6001~4p55p!1D2

10.4842~4p55p!3P2 , ~10!

2p1~SS15!50.8978~4p55p!1S010.4387~4p55p!3P0

20.0391~4p6!1S0 . ~11!

Comparing the above coefficients with the corresponding
BPRM-15 coefficients from Table I, we see a relatively small
change in the 2p2 coefficients and a somewhat larger change
in the 2p1 coefficients. The largest percentage change occurs
in the 4p6 coefficient, which was reduced by more than a
factor of 2 and even changed sign. Since it was clear that the
strength of the 4p6 contribution was important, we also per-
formed calculations using the BPRM-15 and SS15 wave
functions with the 4p6 term eliminated~and the weights ap-

propriately renormalized!. The results of these test calcula-
tions are shown in Fig. 5 for excitation of the 2p2 (J52)
and the 2p1 (J50) states.

As mentioned above, the DW-1 results were higher than
the DW-2 and closer to the BPRM results for excitation of
the 2p2 state. The small change in coefficients obtained in
the SS15 wave functions produced excellent agreement be-
tween DW-1 and DW-2 for excitation of the 2p2 state. For
excitation of the 2p1 state, the various calculations still pro-
duced very-different results. Comparing DW-2 with DW-2
using the SS15 target description, it is seen that reducing the
weight of the 4p6 term by a factor of 2, reduced the cross
section by almost a factor of 10. Furthermore, it is seen that
removing the 4p6 term completely from the DW-2 wave
function reduced the cross section by a factor of about 200
while removing it from the SS15 wave function reduced the
cross section by less than a factor of 10. By coincidence, the
SS15 results without the 4p6 term are almost the same as the
BPRM-15 results.

The above studies suggest that the good agreement with
experiment for the 2p5 state, and the disagreement by ‘‘only
a factor of 2’’ for the 2p1 state, found in the DW-1 calcula-
tion resulted from the omission of the 4p6 configuration in
the description of these target states. It is clear that a proper

FIG. 5. Excitation cross sections from the ground state to the
2p2 and 2p1 excited levels of the 4p55p configuration as a function
of collision energy. TheJ values of the final states are given in
parentheses. The solid lines represent the 51-state BPRM calcula-
tion; long-dashed lines, 15-state BPRM results; short-dashed lines,
DW-1 results;s, DW-2 results with the HF wave functions used in
the BP15 calculation; *, DW-2 results with orbitals fromSUPER-

STRUCTURE@31#; 1, DW-2 results with HF orbitals without the 4p6

contribution; 3, DW-2 results with SS orbitals without the 4p6

contribution; solid squares, experiment@16#.
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treatment of the 4p6 configuration is required for a satisfac-
tory theoretical description of this problem.

IV. CONCLUSIONS

Using various distorted-wave and close-coupling meth-
ods, we have investigated electron-impact cross sections for
excitation of KrI from the ground state to the 14 excited
states of the 4p55s and 4p55p configurations. As noted in
@22#, when the close-coupling expansions show reasonable
convergence with the number of states included in the expan-
sion, the results are generally in better agreement with ex-
periment than those calculated with other methods. Never-
theless, since distorted wave-methods based on a first-order
theory can very easily account for term-dependent target de-
scriptions, they may be expected to give more-reliable results
at higher energies when channel-coupling effects diminish
relative to the structure problem. Thus, these two methods
should be expected to complement each other. For an atom
such as krypton with a nuclear chargeZ536, relativistic
effects may also become important. Although our DW meth-
ods are not fully relativistic, the DW-1 method has included
relativistic mass-velocity and Darwin terms in optimizing the
orbitals and both DW methods include the spin-orbit interac-
tion in diagonalizing the Hamiltonian to obtain mixing coef-
ficients for the levels. Furthermore, the DW-2 method ac-
counts for relativistic effects in the calculation of the
continuum states.

The reasonably good agreement between the five-state
BPRM calculations and the DW predictions for the levels in
the 1s manifold is satisfying. The hope of a study such as
this would be that the BPRM results yield good agreement
with experiment for low energies, the DW results are valid
for high energies, and the two theories converge together for
intermediate energies, and thus one would have a reliable
theory for all collision energies. This satisfying situation was
indeed found for excitation of ArI from excited metastable
states@6#. Unfortunately, it was not found to be the case here,
most likely due the large excitation energies and the different
description of the inner-target electrons in the ground state
and the excited states. The BPRM-51 results do not smoothly
join with any of the DW theories with increasing energy,
except for transitions with very-small cross sections. The

lower-order BPRM-5 results smoothly join with the DW-2
results for excitation of the 1s states, but this is primarily of
academic interest. The BPRM method is expected to be valid
at low energies. For several of the transitions, the BPRM-51
results were indeed in reasonable accord with the experimen-
tal data, with notable exceptions being excitation to the
J50 2p5 and 2p1 states. Nevertheless, for many levels the
experimental data on the cross sections from three different
measurements@9,15,16# do not agree with each other within
the published uncertainties, and the calculations cannot con-
firm any one of them unambiguously.

For most of the transitions investigated in this work, the
theoretical predictions are in better agreement with each
other than with the experimental data, and the theoretical
results for forbidden transitions generally decrease much
faster with increasing collision energy than what it seen ex-
perimentally. The experimentally determined energy depen-
dence of the cross sections is unexpected and currently un-
explained. The most troublesome transitions are those
involving theJ50 2p5 and 2p1 levels. We have shown that
the treatment of the 4p6 admixture is crucial for these levels
and that large changes in the theoretical cross sections are
produced by small changes in the weight of this particular
term. From a practical point of view, it seems advisable to
simply omit this configuration in the description of the
excited-state wave function. However, this is a less than sat-
isfactory remedy to the problem.

The need for accurate cross sections for electron-impact
excitation of KrI and the finding of considerable differences
between theoretical predictions and experimental data sug-
gest that much-more work, both in experiment and theory, is
required before this collision problem is understood in a sat-
isfactory way.
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