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Electron-impact excitation to the 4p°5s and 4p°5p levels of Kr1 using different distorted-wave
and close-coupling methods
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Electron-impact excitation of thep?5s and 4p°5p 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 Chilemal. [Phys. Rev. A62, 032714(2000].

DOI: 10.1103/PhysRevA.64.052710 PACS nuntber34.80.Dp

[. INTRODUCTION measurements of total cross sections by Trajetaal. [9].
Because of their limited energy resolution, however, these

Electron-impact excitation of rare gases such as argon arauthors combined the cross sections to several of the closely
krypton has received considerable interest due to the impotying 5p levels. Also, extrapolation of the differential cross
tance of these noble gases in many gaseous electronic appdiections results in additional uncertainties beyond those for
cations. These gases are heavily used in plasma processingdifect measurements of integral cross sections. Much better
flat-panel displays and semiconductor manufacturing, lightresolution is achieved by the optical method, where all states
ing industries, gas-discharge lamg, and in gas lasers. In of the 4p°5p configuration are easily resolved. Measure-
multispecies actinometry, both argon and krypton are used asents of the optical-excitation functions for thp%p states
seed gases to determine the dissociation fraction of a man Kr excited by electron impact were done a long-time ago
lecular gas, such as nitrogen, by comparing the emissiofi3,14], but a careful analysis of the corresponding data is
lines from these rare gases and the gas of interest. An accueeded to accurately subtract the cascade cross sections and
rate knowledge of the excitation cross sections is crucial foto avoid pressure effects in order to obtain the direct excita-
this determination of the dissociation fraction and the diagtion cross sections. Bogdanova and Yurgengb|, using
nostics of plasma conditions of the atomic-species involvedhe optical method in a combination with a pulsed electron
[2,3]. In addition to the need for low-energy excitation crossbheam to suppress secondary processes populating the excited
sections in most of these applications, high-energy excitatiotevels, reported direct-excitation cross sections to théey-
as well as ionization cross sections are important in KrFels only for two high electron energi€$00 eV and 200 ey
gas-laser systems where the amplifier cells are pumped byand the peak cross-section values. Very recently, the Wiscon-
high-energetic electron beam. One thus needs the cross sefin group[16] systematically measured the total-direct exci-
tions over a wide range of projectile energies. Growing needation cross sections to all tenpZ5p levels by using the
for excitation cross sections of neutral rare gases in industriaptical method with careful analysis of cascading and pres-
applications, as well as for a better understanding of fundasure effects. To the best of our knowledge, no detailed theo-
mental atomic-collision physics, have resulted in many-retical calculations have been published to date for all of
recent theoretical and experimental investigations. Severdhese levels. Also, even among the reported theoretical and
calculations and the corresponding data sets have been putxperimental investigations, one sometimes finds vast differ-
lished and made generally available for electron-impact exences among the results. This fact, together with the need for
citations of An (see recent publicatiofd—7] and references an accurate determination of these cross sections to support
therein, but similar investigations of Krare very limited. the various model applications mentioned above, necessitates

Most of the published work to date has concentrated orsystematic studies of these quantities. In this work, we there-
elastic and inelastic cross sections to the lowest fqi54  fore present detailed calculations of the angle-integrated
levels of Kri [8,9], with much attention devoted to the reso- cross sections to all-four levels of thep26s configuration
nance structure due to compound states near the excitatiamd to the ten g°5p levels of Kri for excitation from the
thresholds(see[10,11] and references therginCalculated ground state g° S,.
integral cross sections to thepZsp levels obtained in the We have calculated the angle-integrated cross sections to
relativistic distorted-wave approximation were reported bythe 14 levels using three-different theoretical approaches.
Kaur et al.[12], but not all transitions in the multiplet were They are the semirelativistic distorted-wave method devel-
considered and the results for separate levels were not disped by Dasgupta, Blaha, and Giulidii (to be referred to
cussed. On the experimental side, there exist energy-loss DW-1 below, which explicitly includes a long-range po-
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larization potential, the semirelativistic first-order distorted- 8 p 213996 eV
wave approximation of Madison and Sheltd¥] (to be la- L e e

beled as DW-2 used extensively by Bartschat and Madison
a close-coupling-type model and was used by Bartschat anyz g ;
collaboratorg5,20—23 to treat electron-impact excitation of 2py = 5p718, (12:257)
heavy noble gases. 2po = 5p“3D5 (12.144)
Since the nonperturbative BPRM method couples the 2pg = 5p 3Py (12.140)
various open and closed channels, it is generally expected t — /—
predict better results near the excitation thresholds compare 22
to the perturbative distorted-wave methods, particularly, if
resonance effects are important. As the energy increase:
however, channel coupling becomes less important anc
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 Belf&stnatrix code,
like most other close-coupling programs, requires the use o
a common set of orthogonal one-electron orbitals to repre-10.0
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 represel
the initial and final states of a particular transition as well as 1po=4p5 1S, (ground level)
possible.
The less-complex distorted-wave methods are, therefore, FIG. 1. Energy-level diagram showing the%s (1ss-1s,) and
often more suitable to treat higher-electron energies. Due tap®s5p (2p;-2p,) levels of Kri. The dashed lines show the two-
the smooth energy dependence of the cross sections, the caletastable levelsst and Is;.
culation only needs to be performed for a relatively small

number of incident energies. Furthermore, it is generallyyreqictions, and also with experimental data. Finally, the
easy to include as many partial waves as needed for convegynclusions are summarized in Sec. IV. Unless otherwise in-

gence, especially since the “top up” to the plane-wave Bormgjicated, atomic units are used throughout this manuscript.
approximation is straightforward. In addition, physical ef-

fects that would be includeab initio in an all-electron close-
coupling model, such as exchange with the core, the polar- Il. COMPUTATIONAL METHODS
ization of the target charge cloud due to the projectile, and ) )
even absorption into channels other than the final state of Figure 1 shows an energy-level diagram ofiKwith the
interest, can be simulated by applying properly constructe@XpPerimental energies given by Modi24]. The figure only
pseudopotentialésee, for example, Ref18)). includes the ground state and the 14 relevant excifetbd
Consequently, one would expect that the two perturbativénd 40°5p levels. Both the Racah and the Paschen notations
(DW) and nonperturbativéRM) methods can complement (1P for the ground state, sk-1s, for 4p°56s, and 20,5-2p;
each other to cover a wide range of incident energies. Indeedor the 4p°5p configuration are indicated. This energy-level
this was demonstrated successfully by Maloreyal. [6].  Structure is very similar to that of A16,7], but the energy
The motivation behind the present work was thus to examin@ap between levels associated with Ry, (2p1-2ps) and
the differences in the results obtained in the above apthe *Pi; (2p4-2p;) doublet of the 4° core is significantly
proaches and to compare the results with experimental datkrger in Kri than it is in Ari.
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 We have used the basic method described in detdilfin
respective energy ranges, in which one expects their funddut the following important modifications should be men-
mental assumptions to be valid. The by-product of such workioned. In the present calculation, we have included relativ-
should be a set of the most reliable collision cross sectionistic corrections explicitly in optimizing the bound-state
currently available for modeling applications. wave functions by including the mass-velocity and the Dar-
In Sec. Il, we briefly describe the different theoretical win terms in the distorting potential while the spin-orbit in-
methods and indicate some of the relevant computationdkeraction was included by diagonalizing the atomic Hamil-
details applied in this work. Our results are presented in Sedonian for mixing among levels with the same total electronic
Il and compared among themselves, with other theoreticaAngular momentund as described ifi7].

[18], and the semirelativistic Breit-PauR-matrix (BPRM)
approach of the Belfast groyf9]. The latter method applies

2p4 = 5p”3D1 (12.100)
2p5 = 5p”3p, (11.666)

2pg = 5p 1D2 (11.546)
2p7 = 5p 1Pq(11.526)
2pg = 5p 3Dg (11.445)

——
3
X 2pg = 5p 3Dg (11.443)
2p10 = 5p 384 (11.304)
150 =55"1P (10.644)
"""""" 183 =55"3P,, (10.562)

—_ 184=5s 3Py (10032
------------ 185 =5s 3P3(9.915)

IIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIII
—_

/\//

A. DW-1 method
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The valence orbitaP,,; was generated by solving the dif- the S matrix obtained from Eq(3) is unitary. It is this uni-

ferential equation tarization of theS matrix that guarantees the conservation of
flux from the incoming and outgoing beams, and this may
d>  1(1+1) become very important, particularly near thresh(ide be-
ﬁ_ r2 _Z{VO(r)+Bvex(r)+vp(r)+VD(r) low).

The collision cross sectior@(aSLJ,«a'S'L’J’) for fine-
structure transitionseSLI—a’'S'L'J’ were expressed in
Po(r)=— E MniPan(r). (1) terms of the transition-matrix elemenf$aSL,a’'S'L’). As
n’<n 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

+va(l’) - Enl}

Here Vy(r) and Vg,(r) are the Coulomb and the static-

exchange potentials of the ionic core, and the parame@ter

was varied to obtain the experimental binding enetgyfor k=2

the fine-structure level of interest. The sum on the right-handQ(aSLJ a’'S’ L'J’)=m E (237+1)
11

side of Eg. (1), involving the Lagrange multipliergs,,, "jj T

ensures thaP,, is orthogonal to the other bound orbitals IR UL IR R
: . X

with the same angular momentuin Finally, Vp(r) and [T(@SLIljdria’S'L I} Ir)|

V(1) are the relativistic Darwin and mass-velocity terms 4

while V,(r) is a polarization potential. For small radi, . )
<r., we adopted the correlation polarization potentialV&s used. Heréd; is the electronic angular momentum of the

V,[p(r)], first introduced by O'Connell and Lari@5], with combined system, target plus projectile, coupled from the

the analytic form individual angular momenta andj, respectively.
Using the unitarization method described above, we as-
Vp(rs)=0.0622Irr s—0.096+0.018 dInrs—0.02 ¢, sumed that the spin-orbit coupling of atomic electrons is
weak during the collision, i.e., the atom behaves as if it were
r=<0.7 temporarily in purel S states that only need to be recoupled

to form SLJ states after the collision. For more details, in-
cluding a form of unitarization where th€-matrix elements
=-0.876_1+2.65_%—2.8a2-0.8;%?, are transformed first, we refer to the paper by Dasgaptd.
[7].

=—0.12310.03796Irrg, 0.7<r =10

10<rq<r,. (2
Herer =[3/4mp(r)]*3, with p(r) denoting the charge den- _ B. DW-2 method
sity, andr is the first crossing point of the above potential  The second distorted-wave approach we have used, to be
with the long-range form given by/,(r)=—aq/2r*. The labeled as DW-2, is the semirelativistic first-order distorted-
dipole polarizability ¢y was taken as 16a§ [26]. Finall, ~ Wwave approximation of Madison and Shelt@®73 and of
the 1s, 2s, 2p, 3s, 3p, 3d, and 4 orbitals were generated Bartschat and Madisof1987. Since the details of the theory
by using the parameters given by Clementi and R¢2f). may be found in the above references, only a brief outline is
The radial parts of the distorted waves were obtained byresented here. In contrast to the DW-1 approach, where the
solving an equation similar to Eq1), except thatV, now atomic wave functions were calculated separately for each
represented the static potential of the neutral target@pd f@nal state apd optimized for that state, the atomic wave func.-
was replaced by the positive energy of the free electrontions used in the DW-2 approach were the same as those in
Also, the weight of the exchange potential, was not var- the 15-statdR-matrix calculation described below. While this
ied (8=1) and the relativistic term¥p, andV,,, were no choice has the advantage of providing a consistent set of
longer included. The final-state interaction was used for bot{vave functions for all states of interest, it has the disadvan-
the entrance and the exit channel in calculating the distortef@€ Of not being the best possible representation for any

waves, as this procedure is expected to give the best overdlfrticular final state.
results[28]. The second difference between the DW-1 and DW-2

The elements of the reactance matikixwere calculated Methods lies in the fact that relativistic effects are included in

using the known asymptotic form of the collision wave func- the calculation of the cont_inuu_m distorted waves for D_W-2.
tion. Using these results, the transition maffiand the scat- For DW-2, each of the radial distorted waves is a solution of

tering matrixS were obtained from the relations Schralinger’s equation including relativistic effects:
i 2
(1+iK) d2  1(1+1)
= = — - —2{U(n)+V,(r)—E}|x(r=0. (5
ST ® 52UV B} (=0, )

It is worth pointing out that theS matrix, if calculated Here U(r) is the static Coulomb potential plus the static
directly from the first-order perturbation theory employed inexchange potential, i.e.,
this method, may not be unitary. On the other hand, ifkhe
matrix is calculated first using an approximate method, then U(r)=Vo(r)+Ver), (6)
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andV,(r) contains the relativistic effects the Breit-Pauli Hamiltonian in the diagonalization of both
, the N-electron target and théN(+ 1)-electron collision prob-
(j+1) n(r)" 3| n(r)’ lem.
_ 2
2V, =29U(N) ~[aU(N]P- == 4[ n(r)}
Ill. RESULTS
1 5(r)” _ o _

- EW' (7 It is We_II kno_wn that the success of pb_tamlng reliable
cross sections lies on an accurate description of the target.
where One way to compare the bound wave functions used in this

work is the examination of the mixing coefficients, which are

y=\1+2a%E ®) obtained by diagonalizing the Hamiltonian with level-

specific Coulomb and spin-orbit parameters for each total
angular momentund. These mixing coefficients are listed in
Table I, where each level is expressed in terms of the domi-
(1) =1+ y—a2U(r). (9) nantL S designations. W_e list only the expansion coeffiqients
of the 14 levels belonging to thepd5s and 4p°5p mani-
Herea is the fine-structure constaijitakes on the values of folds. Note that we have chosen to present the results in the

either| or —1—1, wherel is the orbital angular momentum (LS)J rather than in the §L)J phase convention. Hence,
of a particular partial wave, and the primes indicate radiaf"€re aré some sign changes with respect to the coefficients
derivatives. As in DW-1, the final-state distorting potential 91ven by Bartschat and Grum-Grzhima(i2], but the only
(U=U,) is used for calculating both the initial-state and the/MPOrtant aspect s, of course, a consistent treatment in either
final-state distorted wave@8]. For the static-exchange po- ©n€ Of these phase conventions. _ »
tential V., the local approximation of Furness and McCar-_ | N close agreement between the expansion coefficients
thy (1973 is used. in the de;cnpnon of these levels pbta|ned using single-
The final distinction between DW-1 and DW-2 lies in the configuration(DW-1) and close-couplingBPRM) methods
fact that DW-2 has not been unitarized. It is well known that91VeS some confidence regarding the accuracy of the target
distorted-wave approximations without unitarization oftendeScriptions. However, there is one important comment that
exhibit a steep nonphysical increase in the integrated crod¥€€ds to be made r'egarglng thepf} admixture in the de-
sections near threshold. Hence, the DW-2 results are not exC1iPtion of the excited=0 states Ps and 2p,, respec-
pected to be accurate for low energiiss than about 20-eV tively. Cslearly, C(_)nf|gu_rat|0n |nteract!0n between the domi-
incident energy for the present case of interest nant 40°5p configuration of the excited |2 states and the
In summary. dominant 4° configuration of the ground state is, in prin-
(1) DW-1 uses a semirelativistic method to calculateCiPIe, possible for thd=0 states. As will be shown below,
bound-state wave functions optimized for each final statdheoretical results for excitation of thepg and 2p, states
while DW-2 uses the same bound-state wave functions as tHé€pend very strongly on that particular mixing coefficient. At

and

BPRM-15 calculation: this time, we only point out that this admixture is omitted in
(2) DW-1 does not include relativistic effects in the cal- the DW-1 single-configuration model, while it is substantial
culation of the distorted waves while DW-2 does; and in the BPRM-15 structure description. In the BPRM-51

(3) DW-1 unitarizes theS matrix while DW-2 does not.  model, however, the @6p configuration, involving the_p
pseudo-orbital, effectively accounts for electron correlations
C. BPRM method in the ground state and hence takes over the role played

] ) . previously by the $° admixture.
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-typecalcu- A. Excitation to the 4p°5s levels
lations .W'th a varying nu_mber of st_ateés, 15, or 5 in- In this section we compare and contrast our cross sections
cluded in the close-coupling expansion. In the 51-state case,

. the four levels in the 4 manifold. As can be seen from
to be labeled as BPRM-51 below, we included the 31 physi- _ : : ;
cal states with configurationsp, 4p5s, 4p55p, 4p°4d, Table I, thelJ=1 levels Is, and 1s, are heavily mixed while

X ' . the metastable states:land 1s; are purelyL S coupled. The
and_4p56s, as Vle” as 20 pseudostates with conflguratlonscross sections for exf:Litations3 of tﬁeseyllévels gre shown in
4p°6p and 4p°7p, respectively. The principal reason for Fig. 2. (Due to the large number of coupled channels, the
including the latter states was the fact that the &d 7 51-state calculation could only be performed for energies up
pseudoorbitals were constructed to improve the target dee 40 eV) The minimal-coupling five-state BPRM calcula-
scription by effectively allowing for some term dependencetion, which couples only the ground state and these four
in the bound orbitals, as well as to improve the wave funcdevels, is expected to yield the best agreement with the DW
tion of the ground state. In the simpler calculations, onlyresults, which contain no coupling, provided the same target
states with the configurationg and 4p0°5s (BPRM-5) plus  description is used. As expected, the DW-2 results at higher
4p°5p (BPRM-15 were coupled. Finally, relativistic effects energies are indeed in excellent agreement with the five-state
were accounted for by including the one-electron terms oBPRM cross sections for all thesltransitions while the
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TABLE I. LSJmixing coefficients for the levels of thepA5s and 40°5p configurations.

Paschen
Level notation  E(eV)? DW-1 BPRM-15 BPRM-51
557219 1ss 9.915 1.0006P 1.0000°P 0.99595% 3P +0.0735 413P+0.0513 &3P
5921 1s, 10.033  0.7363P+0.6766'P 0.6933°P+0.7206'P  0.7062%'P+0.7045 %3P +0.0588 4 °P
5s'[4]3  1ss 10563 1.0006P 1.0000°P 0.9915%3P+0.1188 413P+0.0522 &°P
5310 1s, 10.644  0.7363P—-0.6766°P 0.6933'P-0.7206°P  0.70685'P—0.7001 53P—0.0866 43P
5p[1], 2p10 11.304 0.9078S—0.3600°P 0.9129°S—0.3505°P 0.9158 5 °S—0.3455 5§ °P+0.1960
+0.2157*P+0.0164°D  +0.2086'P+0.0154°D 5p1P—0.0565 &3S
5p[ 2], 2p,g 11.443 1.0008D 1.0000°D 0.9999 §°D
5p[ 2], 2psg 11.445 0.7123D +0.6833'D 0.7154°D +0.6800'D 0.7198 H°3D+0.6745
—0.1602°P —0.1604°P 5pD—0.1664 H°P
5p[ 3], 2p; 11.526 0.7224P+0.4957°P 0.7184'P+0.4942°P 0.7186 $ 'P—0.4906
—0.4808°D+0.0336°S  —0.4883°D+0.0338°S 5p°D+0.4910 P3P
5p[ 2], 2ps 11.546 0.8706P+0.4386'D 0.8669°P + 0.4436'D 0.8643 $°3P+0.4535
—0.2252°D -0.2273D 5p'D-0.2173 $°D
5p[ 31, 2ps 11.666 0.7088P—0.7056'S 0.8039°P—0.5893'S —0.7281 5 'S+0.6761
—0.0803 (9°)'s 5p3P—0.0936 1S
5p'[2], 2p, 12.101  0.8693D+0.4570'P 0.8658°D +0.4612'P 0.8601 $°D+0.4795 H'P+0.1629
+0.1807°P—0.0526°S  +0.1883°P—0.0477°S 5p%P-0.0539 H°S
5p'[%], 2p; 12.141 0.7694P—0.4719'P 0.7729°P—0.4771'P 0.7829 $3P-0.4639 P P+0.3904
+0.4153°S+0.1132°D  +0.4040°S+0.1083°D 5p 3S+0.1369 % °D
5p'[2], 2p, 12.144 0.6648D —0.5836'D 0.6607°D —0.5837'D 0.6590 H 3D —0.5850
+0.4663°P +0.4720°P 5p1D+0.4732 H°3P
5p'[ %], 2p; 12.257 0.70885+0.7056P 0.7993'S+0.5947°P 0.7366 5 °P+0.6700
+0.0866 (4°)'S 5p 1S+0.0819 & 1S
aReferencd 24].

bMixing coefficients smaller than 0.05 are not given for BPRM-51.

DW-1 cross sections for thes] level are closest to the 15- excitation of the %; state. The BPRM-51 model, whose
state BPRM predictions. The cross sections for the opticallyl5-eV results lie between the two sets of experimental data
forbidden Is; and Is; metastable levels fall-off rapidly with [9,16], is in accordance with both measurements up to factor
increasing energy while the cross sections for the opticallyf 2 for all four transitions over the entire energy range. As
allowed Is, and 1s, levels are nearly flat at high energies in mentioned above, the large differences between the three
all calculations shown in the figure. Due to the nonunitarityR-matrix results and the two DW predictions demonstrates
of the approach, the DW-2 cross sections exhibit a nonphysine strong dependence of the cross sections on the atomic
cal steep increase with decreasing energy, particularly for thgsve functions. In fact, it can be argued that the quality of
metastable 5 and Is; states. the target structure is in our case potentially more important

None of the theories yields good agreement with the lim, the theoretical method used to describe the collision

ited experimental data_ ava_ulable for_compani@r,\zg], b‘!t Rrocesses, particularly for optically allowed transitions.
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-  In Figs. 3 and 4 we present our cross sections for excita-
sitions. Note, however, that this difficulty is not simply due tion to the ten levels in the @ manifold of the 4€°5p con-

to a channel-coupling effedbtherwise the agreement be- figuration from the ground statepd 'S,. Our cross sections
tween the five-state results and the DW-2 predictions wouldrom different theoretical predictions for thepg, through

be most fortuitous but has its origin at least partly in the 2p, levels are compared with the experimental data of Chil-
changing target descriptions when more states are includedn et al. [16] and relativistic distorted-wavéRDW) calcu-

and the optimization criteria are changed. For tisg &nd lations of Kauret al. [12]. The peak values of the cross-
1s, states, the DW-2 results are very similar to those fromsections measured by Bogdanova and Yurgefh$bhare not

the five-statdR-matrix calculation down to about 15 eV, and shown, because the authors did not give the corresponding
they are also in reasonable agreement with the data. For thredectron energies. We present cross sections calculated by
metastable states, the DW-1 is in reasonable agreement witkaur et al. [12] using both the single-configuration ground-
the data for the &5 state, but the agreement is worse for state(RDW-a) and the multiconfiguration ground-state wave

B. Excitation to the 4p®5p levels
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FIG. 2. Excitation cross sections from the ground state to the 100 - ]
1ss-1s, excited levels of the g°5s configuration as a function of
collision energy. Thd values of the final states are given in paren- 50 |- .
theses. The solid lines represent the 51-state BPRM calculation - 1
long-dashed lines, 15-state BPRM results; dash-dotted lines, five AT S T PO TR 00 T &

state BPRM results; short-dashed lines, DW-1 results; open circles 10 15 20 25 30 35 40 45 50
DW-2 results. The experimental data are from Trajretal. (@)

lect vV
[9] and Guoet al. (*) [29]. electron energy (eV)

FIG. 3. Excitation cross sections from the ground state to the
function (RDW-b). However, the RDW results of Reffl2]  2p10-2ps excited levels of the g°5p configuration as a function of
are given only for energies above 20 eV, so we cannot makgollision energy. The values of the final states are given in paren-
a comparison for energies near excitation thresholds. Wwieses. The solid lines represent the 51-state BPRM calculation;
note that Trajmaet al.[9] also presented integral cross sec-long-dashed Im_es, 15-state BPRM res_ults; short-d_ashed Ilne_s, DW-1
tions to the levels in the @ manifold; of these ten levels, results; open circles, DW-2 _results; trlangles and |nv_erted triangles,
however, they lumped some together and only kept g 2 RDW-_a and RDWhb calculations, respectivelyl2]; solid squares,

. experimen{ 16].
and 25 levels isolated.

Among all the levels in the @ manifold, the 2y  the theories are in good accord with each other and fall off
(J=23) is the only purelyLS-coupled state. All the theoreti- with the expectedE 3 behavior, whereas the experimental
cal cross sections of our study for this level agree reasonablgata[16] do not exhibit this energy dependence. The peak
well with each other for higher energies. The DW-1 andvalue of the cross section measuredlf] is at least a factor
DW-2 cross sections are in close agreement down to an imef 2 lower than in[16]; according to the data at 100 eV and
cident energy of about 20 eV below which nonunitarity 200 eV, the former, too, do not seem to decrease as fast with
causes DW-2 to become too large. For the low energiedncreasing energy as predicted in the calculations.

DW-1 and BPRM-51 are in good agreement with the experi- The J=1 excitations include the &, and 2o, levels in
mental datg16] for the 2pg transition. For higher energies Fig. 3 and the p, and 25 levels in Fig. 4. The DW-1 cross
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150 P e T T T T T T the sake of clarity, the former are not shown in the figure.
- RM15 x 0.2 ----~ ] _ L
[ 2p5(0) DW.2 % 0.0 © ] The genera_l tr(_anq for the othdr=1 transitions (-,
] 2p4, and Z3) is similar, except that now the DW-1 results

100 |-
[ ] are closer to the other theories for intermediate and higher
50 - AR R g bR 8 o 9_3 energies. For all=1 cases, the present theories are in rea-
- TR aaa 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-
60 [T T T T T e T tive agreement with the experimental data near threshold.
[ 2pa(1) +15;:t:t2 ] The large difference between experimgh8] and theory for
the 2p, state is striking. Note that thep2 state is one of the
levels with highest indirect populatiofil5,16. The peak
value of the cross section of (248)10 *° cn? for this
level measured by Bogdanova and Yurgenfstj is in good
agreement with our BPRM-51 and DW-1 models. The cross

)

% sections of Chiltoret al.[16] are closer to the value of 126
g 100 X101 cn? given by Feltsan and Zapesochryi4], who

3 ignored the cascade transitions. For the otherl transi-

= tions reported in [15], the peak cross section of
= : (24+8)10 19 cn? for the 2p, level is in satisfactory agree-
2 : ment with our 51-state BPRM and DW-1 calculations, as
§ s well as with the measuremen{d6], while the value of

2 o F (18+6)10 19 cn? for the 2p5 level is lower than both our

g calculations and the measurements [@6]. For the four

J=1 cases, experiment6] and theory are closest at higher
energies for p, and 2. In general, the RDW results of
Kauret 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 Chiltenal.[16]. The
high-energy behavior of the measured cross sections of Chil-
ton et al. is not well understood, but a similar behavior for

e — excitatipn cross sections of tlle=1 states has been noticed
[ RM15 x 0.1 —-——— ] before in An [4,7,12,30.
60 -2P1(0) DW-2x001 © o o o The cross sections fal=2 excitations to the g and
r s . 2pg levels are shown in Fig. 3 and to th@2level in Fig. 4.
40 For the 205 and g levels, the cross sections of the DW-1
90 : and DW-2 calculations are in excellent agreement by 25 eV,
i while both the 15-state and 51-state BPRM results are some-
oL what larger. The experimental data of Chiltenal. are again

larger than all theoretical predictions except near threshold.
electron energy (eV) For 2pg, the RDWa results of Kauret al. are in close agree-
ment with the DW calculations, while the RDW-predic-
FIG. 4. Excitation cross sections from the ground state to thejons are close to the BPRM results at high energies. For
2ps-2p, excited levels of the g°5p configuration as a function of 2pe, both the RDW calculations are close to the present DW
collision energy. Thel values of the final states are given in paren- -g|culations for higher energies. The 15-state BPRM cross
}hese;- I]h‘; l?"”d T;est rtepé?s;‘/lt the lfl'sﬁlat‘i :PE'VC" :?a'C“"'E)t\i/‘\’/@iections have large, well-defined peaks in both of these tran-
ong-dashed lines, 15-state results; short-dashed lines, DW-L.: e PR,
resﬂlts; open circles, DW-2 results; triangles and inverted triangles[D tions. The_results for the remainidg- 2 §tate ;I Fig. 4
RDW-a and RDWhb calculations respectivelyl2]; solid squares ehave similarly to those for thepg state in that the RDW-b
experimen( 16]. ' ' results are closer to the BPRM a_nd the RDW-a are Iow_er and
closer to the DW-2 results for higher energies. The primary
difference for this transition is the fact that the DW-1 results
sections for the @4 excitation in Fig. 3 are larger than the are larger at high energies and somewhat closer to the BPRM
other predictions and closer to the experimental data foresults. Also, this is one of the few cases where the BPRM
higher energies. All the other theories are in reasonably gootkesults are actually in good agreement with the experimental
agreement with each other for energies above 20 eV and aflata over the entire energy range. The optical data of
the theoretical results fall off faster than the experimentaBogdanova and Yurgensdd5] for the peak cross sections
data at higher energies forpg,. The cross sections pre- are  (8t28)10°° cn?,  (17£6)10 ¥ cn?, and
sented by Trajmaet al.[9] for this level are generally much (55+8)10 1° cn? for the 2pg, 2ps, and 2, levels, re-
smaller than the measurements reported by Chitosl. For ~ spectively. This is in very good agreement with our 51-state
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BPRM calculations for the 23 and 2, levels, and much WOEFTr—TTT T T T T T T 1

lower for the 2g state in comparison with our calculations 2p2(2) 31420-state

and the measurements of Chiltenal. [16]. [ 15§$3ff T
The cross sections for the two forbiddés-0 monopole 100 & DW-2HF o ]

transitions to the @ and 2p, states are shown in Fig. 4. The DW-2-85  x

peak cross sections from the two optical measurement:

[15,16 are in agreement for thep? level, while the data of i TRRTTIRTTR L

Bogdanova and Yurgensoril5] for the 2ps level, ‘g 10F °o o X3

(31+11)10 19 cn?, are lower by approximately a factor of o F e

2 than those of Chiltoet al.[16]. Previous experience indi- &

cates that it is extremely difficult to predict accurate excita- = 1 L1 1.

tion cross sections for collisions involving monopole transi- '5 10000 g ———T

tions, since the results are very sensitive to the targe1§ ; © o o

description. Although there is excellent agreement betweer @ i

experiment16] and DW-1 for the Ps state, there is litle & 1000 g ¥ o x 3

similarity between experiment and the other theoridmte 3] F LSy

that DW-2 and BPRM-15 are larger than experiment by fac- 100 + . % =

tors of about 100 and 5-10, respectivelnterestingly, the F e + 3

51-state predictions libelowexperiment by about a factor of S N

10. 0F DW-2HF + !
Clearly, the monopole results are most unsettling. When ; DW-2-88'  x

predictions from two-differenR matrix calculations differ by 1 L [P RPN TP R B T

10 20 30 40 50 60 70 80 90 100

electron energy (eV)

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 FIG. 5. Excitation cross sections from the ground state to the
to gain a better understanding of these transitions. These caP. and 2p; excited levels of the B°5p configuration as a function
culations revealed that thepﬁ configuration played a key of collision energy. Thel values of the final states are given in
role in the monopole transitions. From Table I, it is seen thaparentheses. The ;olid lines represent the 51-state BPRM calicula-
the 2ps and 20, wave functions used in the DW-1 calcula- tion; long-dashed lines, 15-stat¢ BPRM results; shorF-dashed I|_nes,
tion do not have a g® contribution while the BPRM-15 and, DW-1 resultsio, DW-2 resuilts with the HF wave functions used in
therefore, the DW-2 excited-state wave functions contain ghe BP15 Calcfjlat'on’ » DW-2 resuits with orbitals frosuper-
L . . . "STRUCTURE[31]; +, DW-2 results with HF orbitals without thep#
significant admixture. Consequently, we decided to investi- = ~. . ) ;
. . - contribution; X, DW-2 results with SS orbitals without thep&

gate the _|mportance Of.thls pgrtlcular term. . contribution; solid squares, experimdif).

As a first step, we tried to improve the description of the
J=0 states used in the DW-2 calculations. To accomplistpropriately renormalized The results of these test calcula-
this, we used the program packeg)#*ERSTRUCTURBf Eiss-  tions are shown in Fig. 5 for excitation of thep2 (J=2)
ner et al. [31] and optimized the bound orbitals on the par-and the », (J=0) states.
ticular final states of interest. As an example, this procedure As mentioned above, the DW-1 results were higher than
produced the following @, and 2, wave functiongwhich  the DW-2 and closer to the BPRM results for excitation of
we label as SS15 the 2p, 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 thep2 state. For
excitation of the », 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 4° term by a factor of 2, reduced the cross
section by almost a factor of 10. Furthermore, it is seen that
removing the $° term completely from the DW-2 wave
function reduced the cross section by a factor of about 200

Comparing the above coefficients with the correspondingvhile removing it from the SS15 wave function reduced the
BPRM-15 coefficients from Table |, we see a relatively smallcross section by less than a factor of 10. By coincidence, the
change in the @, coefficients and a somewhat larger changeSS15 results without thep? term are almost the same as the
in the 2p, coefficients. The largest percentage change occurBPRM-15 results.
in the 4p® coefficient, which was reduced by more than a The above studies suggest that the good agreement with
factor of 2 and even changed sign. Since it was clear that thexperiment for the @5 state, and the disagreement by “only
strength of the p° contribution was important, we also per- a factor of 2” for the 2, state, found in the DW-1 calcula-
formed calculations using the BPRM-15 and SS15 waveion resulted from the omission of thep# configuration in
functions with the 4° term eliminatedand the weights ap- the description of these target states. It is clear that a proper

2p,(SS15=0.63674p°5p)3D,—0.60014p°5p)D,
+0.48424p°5p)°P,, (10)

2p1(SS15=0.89784p°5p)1S,+0.43874p%5p)°P,
—0.03914p%)'s,. (1)
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treatment of the g® configuration is required for a satisfac- lower-order BPRM-5 results smoothly join with the DW-2

tory theoretical description of this problem. results for excitation of the d states, but this is primarily of
academic interest. The BPRM method is expected to be valid
IV. CONCLUSIONS at low energies. For several of the transitions, the BPRM-51

) ] ) . results were indeed in reasonable accord with the experimen-

Using various distorted-wave and close-coupling methta| data, with notable exceptions being excitation to the
ods, we have investigated electron-impact cross sections foy_ g 2ps and 2p; states. Nevertheless, for many levels the
excitation of Kn from the ground state to the 14 excited experimental data on the cross sections from three different
states of the #°5s and 4p°5p configurations. As noted in  measurement®,15,1§ do not agree with each other within
[22], when the close-coupling expansions show reasonablge published uncertainties, and the calculations cannot con-
convergence with the number of states included in the exparym any one of them unambiguously.
sion, the results are generally in better agreement with ex- For most of the transitions investigated in this work, the
periment than those calculated with other methods. Nevekneoretical predictions are in better agreement with each
theless, since distorted wave-methods based on a first-ordgther than with the experimental data, and the theoretical
theory can very easily account for term-dependent target dgpsyits for forbidden transitions generally decrease much
scriptions, they may be expected to give more-reliable resultgyster with increasing collision energy than what it seen ex-
at higher energies when channel-coupling effects diminishyerimentally. The experimentally determined energy depen-
relative to the structure problem. Thus, these two method§ence of the cross sections is unexpected and currently un-
should be expected to complement each other. For an atogypjained. The most troublesome transitions are those
such as krypton with a nuclear charg@e=36, relativistic  iyyolving theJ=0 2ps and 2p; levels. We have shown that
effects may also become important. Although our DW methhe treatment of the g admixture is crucial for these levels
ods are not fully relativistic, the DW-1 method has includedang that large changes in the theoretical cross sections are
relativistic mass-velocity and Darwin terms in optimizing the produced by small changes in the weight of this particular
orbitals and both DW methods include the spin-orbit interacterm. From a practical point of view, it seems advisable to
tion in diagonalizing the Hamiltonian to obtain mixing coef- simply omit this configuration in the description of the
ficients for the levels. Furthermore, the DW-2 method ac-gycited-state wave function. However, this is a less than sat-
counts for relativistic effects in the calculation of the isfactory remedy to the problem.

continuum states. _ The need for accurate cross sections for electron-impact
The reasonably good agreement between the five-staigitation of Kn and the finding of considerable differences

BPRM calculations and the DW predictions for the levels inpetyeen theoretical predictions and experimental data sug-

the 1s manifold is satisfying. The hope of a study such asgest that much-more work, both in experiment and theory, is

this would be that the BPRM results yield good agreementequired before this collision problem is understood in a sat-
with experiment for low energies, the DW results are validjsfactory way.

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 Arfrom excited metastable The authors would like to acknowledge receiving addi-
stated6]. Unfortunately, it was not found to be the case heretional data beyond those published from J. E. Chilton. This
most likely due the large excitation energies and the differentvork was supported, in part, by BMDO, the Office of Naval
description of the inner-target electrons in the ground stat®esearch(A.D.), the Foundation “Universities of Russia;
and the excited states. The BPRM-51 results do not smoothlgasic Research” under Grant No. 5348.N.G), and the
join with any of the DW theories with increasing energy, National Science Foundation under Grant Nos. PHY-
except for transitions with very-small cross sections. TheD088917(K.B.) and PHY-0070872D.V. and D.H.M).
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