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Electron-impact excitation from the ground and the metastable levels of Ar
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Electron-impact excitation of Ar | from the groungh3'S, as well as the two metastable levels of thEas
(3P, and ®Py) configuration to all ten levels of thep34p excited configuration are calculated in the distorted-
wave approximation. Polarization of the ground state is explicitly included by adding a polarization potential
in the calculation. Unitarization of the scattering mat8ixs carried out by including the elastic terms, and
effects of unitarization in th& S as well asjj formalisms are investigated. The excitation cross sections are
calculated from threshold te 100 eV. The calculations are compared and contrasted with recent experimental
data and other theoretical work. The study shows that the effect of the polarization potential is not very
significant but unitarization of th& matrix reduces the cross sections considerably and the cross sections
obtained using the two different methods of unitarization are significantly different for some excitation tran-
sitions. The results are useful for analyzing low-pressure plasmas used in processing applications as well as
electron beam excitation, as in excimer lasers.

PACS numbd(s): 34.80.Dp, 34.50.Fa

I. INTRODUCTION form a background distribution of electrons in the cell with a
mean energy of a few eV. This nascent population of elec-
Electron-impact excitation of the ground and metastabldrons can also pump the argon buffer gas, and must be ac-
levels of argon is not only of interest for an understanding ofcounted for in kinetic models of the amplifig8]. It is thus
the basic physics of atomic collision processes, but also fouseful to have collisional excitation and ionization cross sec-
the variety of applications in gaseous electronics. Coburriions over a broad energy range to model electron interac-
and Cher{1] first pointed out that optical emission spectros-tions in plasma discharges.
copy of a discharge plasma with a known concentration of an In this work, we present detailed calculations of the inte-
inert gas, such as argon, can be used to determine the cogral excitation cross sections to the all ten levels of the
centration of reactive species, such as atomic fluorine. In th8p®4p configuration from the twd=1 metastable levels of
simplest version of optical actinometry, the coronal equilib-3p®4s configuration of neutral argon, as well as the excita-
rium approximation is adopted, wherein the excitation ratesion cross sections from the ground to all the excited levels
of Ar and F from the ground levels to those responsible forof 3p°4s and 3°4p configurations. There exist several cal-
the emission is known from atomic physics, and combinectulations[9—15] and measuremen{d6-19 for excitation
with observed intensities to evaluate the relative concentrafrom the ground level B® 1S, to the four fine-structure lev-
tion of fluorine to argon. Savdg] noted that measurements els 3P,, °P;, 3P,, and P, of 3p®4s. For excitation to the
from a low-pressure discharge were not consistent with difine-structure levels of the 4p configuration from the
rect excitation of the argon from the ground level, and sugground level, there also exist a host of calculati¢a6—
gested that excitation of long-lived metastable argon atomg2,14,15 and experimental measuremef28—26. R-matrix
was also an important process for interpreting the data. Mulealculations of the integral excitation cross sections to all
tispecies actinometry with several noble gases can also liaese levels were also calculated by Bartschat and Zeman
used to estimate the electron temperature, as long as the €27]. However, available experimental or theoretical excita-
citation from the ground and metastable levels is kn@in  tion cross sections from the metastable levels are very sparse.
In higher pressure discharges1 Torr, with higher electron On the theoretical side there exist only average configuration
densities both excitation and de-excitation must be accounteBorn cross sections by Hymaf28], and very recent
for in a collisional-radiative equilibrium model to determine R-matrix calculation by Bartschat and Zemg29]. The ex-
the dissociation fraction of nitrogen through optical actinom-perimental group at the University of Wisconsin has also
etry [4]. In addition to the interest in excitation of argon by recently measured most of these metastable excitation cross
low-energy electrons~1 eV) in plasma processing, high- sectiond30-32. The experimental data from a Russian col-
energy electron beams~(00 keV) are used to pump the laboration[33] present very different results than the results
amplifier cell in krypton fluoride laseris]. The cell gener-  of the Wisconsin group. Since accurate knowledge of these
ally contains ~50% argon buffer because the three-bodymetastable excitation cross sections are crucial for plasma
quenching of the excited excimer KrFoy collisions with  modeling for discharges and laser applications, it therefore
argon is significantly less than with kryptd6]. Cross sec- seems necessary to pursue further theoretical investigation of
tions for ionization and excitation of arggand krypton by  these important metastable excitation to compare with ex-
energetic electrons are essential for determining the slowingerimental data, and to compare and complement the only
down of the electron beam in the laser dé1]. The second- available level-to-level theoretical calculation.
aries resulting from the interactions eventually degrade and Even though there exist several calculations of excitation
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cross sections from the ground state, the purpose of presen

ing our results for these cross sections are due to the follow-: 2Py = 4p [1/2]4(18y) Ar |
ing reasons, namely(i) to verify the results of other 2p, = 4p 11/ 21,¢R)
distorted-wave(DW) calculations,(ii) to compare our DW 13 5- 2p; = 4p”[8/21,('D,
results with other methods of calculations, &iid) to com- 2p, = 4p7l3/2],( PJ\
2p5 = 4p[1/2],(3py)

plete the database for excitation to all levels of tiseathd 4p

levels. Most of the above-mentioned theoretical calculations

do not present excitation cross sections to all 14 excited
states primarily due to lack of convergence near thresholds 13.0—
In our approach we usab initio wave functions with full 2Py = 4p(5215(°Dy)
electron exchange and polarization of the outermost electros 2P1o=4p[1/21, ()
and proper conversion of thematrix from theR matrixand
the cross sections converge in all cases. Although multistateg
R-matrix calculations are expected to be most reliable at low@ 125
electron collision energies, the less complex DW calcula-
tions are more efficient, especially for high electron energies.
In addition, the accuracy dR-matrix calculations is not as
good at higher energies because of many open channels. Th
paper seeks modifications to the DW method which maintain
efficiency while improving accuracy by including a polariza-
tion potential and proper unitarization.

2p, = 4p[3r2],(3p,)
2p, = 4p[3/2]4(3py)
2p8 =4pJ[5/2 ]2(3D2)

12.0-

0
15, = 48117211 ('py

0
In Sec. Il the distorted-wave formalism and the computa- | ~ ~~ """ """77~~ 18, = 43/“’213(3'30)
tional details used in this work are described, and in Sec. IlI 154 = 4s (372l CPy
—————————————— 185 = 4s(13/215 (°py)

the results obtained in this calculation and comparisons with 1.5
other calculations and experimental data are discussed, fol ( 305('Sy) ground level
lowed by a brief summary in Sec. IV. 0.0

FIG. 1. Energy-level diagram showing the%s (1s,-1s5) and
Il. THEORY AND CALCULATIONS 3p%4p (2p;1-2pyo) levels of Ari. The dashed lines show the two

An energy-level diagram involving all the levels for this metastable levelss, and Is;.

present calculation is shown in Fig. 1. In this figure we showgige of the Eq(1) is also adjusted to make it orthogonal to
the LS as well as the Paschen notationss-s, for the  other bound orbitals of the same angular momentum
3p°4s excited configuration and [Bq-2p; for the 30°4p  Atomic units are used throughout in any expression or equa-
excited configuration. Since the argon atom does not conggp.

form to LS coupling and the electrostatic and spin-orbit in-  gyen though this method is similar to the Hartree-Fock-
teractions for this system are comparable, an intermediatg|ater(HFS) procedure, in this approach the contribution of
coupling scheme is employed in this work. Spin-orbit inter-p in the expression foW, and V,, is not included. This
action is dominated by thep core, and the spin-orbit pa- omission not only simplifies the calculation, but also auto-
rameter{s,=0.0043 a.u. is comparable to the electrostaticmatjcally leads to the correct asymptotic form of the poten-

energy—0.016 a.u. of §°4p °P, for example. tial V. In the HFS procedure, the constdhis determined
by using a variational approach by the solution of the radial
A. Bound states equation, whereas we use experimental ionization energy for

E and varyB. This method emphasizes the behavior of the
outer part ofP,; which is important for collision calcula-
tions, and, unlike the HFS method, the orthogonality of wave
functions with the samé has to be done explicitly in this
method. This orthogonalization is very important for mono-
pole excitations.

The radial wave functions for the foup84s levels 1ss,
1s,, 1s;, and 1s,, and the ten B°4p levels 244, 2po,

The bound-state wave functions of the corg 2s, 2p,
and 35 orbitals for this calculation were obtained by using
the parameters given by Clementi and RoE3d]. For the
outermost P orbital and all excited bound states, we em-
ployed a semiempirical approximati¢dB5]. The radial part
of the bound wave functioR,, in this method is obtained by
solving the equation

d>  1(1+1) 2pg, 2Pp7, 2Ps, 2Ps, 2P4, 2P3, 2ps, and 2, are calcu-
a2z Vo) =2BVedr) —2E Py lated by using the experimental threshold energy for each
fine-structure level. Thus, for each level, we calculateRhe
=—unPnr, (1) andG integrals and the spin-orbit parametgy. In the cal-

culation using intermediate coupling approximation each
whereV, andV,, are the Coulomb and static exchange po-mixed level for a given angular momentuhis expressed as
tentials.E is the experimental ionization energy of the elec-
tron, the paramete is adjusted to ensure the correct »=>c SL 2
asymptotic behavior oP,,, andu,/ P,/ on the right-hand @) szL astdaSLY, @
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TABLE |. Mixing coefficients for the excited levels offf4s and 3°4p configurations.

Paschen

Level notation J E (eV) Mixing coefficients
45[3/2]5°%P, 1sg 2 11.548 3p,
45[3/2]9 %P, 1s, 1 11.624 0.9103P,+0.4137'P,
4s'[1/2]5 3P, 1s, 0 11.723 P,
4s'[1/2]9 1P, 1s, 1 11.828 0.9104P,—0.4137°P,
4p[1/2], %S, 2p10 1 12.906 0.4743D;+0.18713P; +0.1172'P, + 0.9753°S,;
4p[5/2]5°D, 2p, 3 13.076 D,
4p[5/2],°D, 2psg 2 13.093 0.8163D,—0.5503'D,+0.1760°P,
4p[3/2],°D, 2p, 1 13.153 0.7118D,+0.41213P, — 0.5690'P, — 0.1418°S,
4p[3/2],°P, 2pe 2 13.172 0.2288D,+0.5866'D,+0.7710°P,
4p[1/2], %Py 2ps 0 13.274 0.9398P,— 0.3429'S,
4p'[3/2], 1P, 2p, 1 13.283 0.7023D,—0.3859°P, + 0.5984'P, —0.0012°S,
4p’'[3/2],'D, 2p3 2 13.302 0.5308D,+0.5941'D,— 0.6043°P,
4p'[1/2], %P, 2p, 1 13.328 0.2878D,—0.8038°P,—0.5518'P, + 0.2204%S,;
4p'[1/2]4 1S, 2p; 0 13.480 0.3436P,+0.9393'S,

within the same configuratiom. The mixing coefficients outer 3 orbital. For excitation from the ground state, this
C.sLj are then obtained by diagonalizing the Hamiltonianapproximation is reasonable, but for excitation from the
with level-specifid-, G, and{,, for eachJ. Table | lists these metastable states one should properly include the polariza-
mixing coefficients. Thé.S coupling designations in Table | tion due to the excited orbitals. The polarization potential
correspond to the dominantS level in the expansion for calculated using the perturbeg ®rbitals is shown in Fig. 2.
each level, and these designations as well as the mixing co- The scattering wave function is calculated using a dis-
efficients are in agreement with the predictions of Madisbn torted potential, and electron exchange contributions are in-
al. [14]. In our calculation, the @ radial functions are made cluded in the calculation of the reactance matRx The
orthogonal to the B wave function. wave functionF, is made orthogonal to al, with same
angular momenturhby varying u,, in Eq. (3). The effect of
core exchange in the potential was found to be small, and
was therefore neglected. Up to 100 partial waves were in-
The radial part of the scattering wave functibp, used  cluded for the calculations of both direct and exchange am-
for the calculation of elements of the reactance mails  plitudes. Distorted waves were calculated using static poten-

B. Continuum states

generated in the DW method by solving the equation tial obtained from the charge densities of the final states for
@2 10+1) both input and output channels, as experience shows that it
gz r—Z_ZVO(r)_ZVex(r)_ZVp+k2 Ful gives the best resulfd1]. We have not included any rela-

Polarization Potential
:_;Mnlpnl(r)a (3) o6~ 1. -~ T T T T T T T

0.4
where the polarization potentia, is the distortion of the I
atom by the colliding electron at large distance. The polar-
ization potentialV,, which behaves as- alr® for r—o
where« is the polarizability of the atom, is calculated in the
polarized orbital method. The experimental polarizabitity

= 11.0618 was used to estimalé, at very large distances. A i
detailed description of the method and calculation of this 02|
potential was given by Dasgupta and Bhaf@6]. This r
method is appropriate for low-energy collisions when the -0.4
colliding electron velocity is small compared to that of the i
atomic electrons, and first-order perturbation theory isusec o6l . . . . , , ¢« .« . 0

0.2

-0.0

Energy (Ry)

for the distortion. At large distances, the colliding electron 0 2 4 6 8 10
. K r{a.u.)
produces a dipole moment in the atom and the electron then
moves in an induced dipole potenti},. Only the dipole FIG. 2. Polarization potential,, as a function of distance. This

part of this interaction is included in deriving,. In our  potential was obtained using only the perturbation of the ouger 3
calculation we have included polarization due only to theorbital.
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tivistic effect in our calculation, since it was found to be purelLS states and only recoupled to for8L J states after
negligible for the integrated cross sections published bythe collision. If, however, this is not the case, and 8leJ

Madisonet al. in Ref.[14]. states are well defined even during the collision, then it
would be more proper to apply the transformatj&my. (5)]
C. Excitation cross sections directly toR matrices and only then use E@) to obtainT

(characterized byl™) and unitarizedS matrices. Collision

fro;hfhilevmaﬁgtisoﬁ;tlhgxrerzcst;gﬁeun;;m)%rfrCg:)cuurllzt?ngrsgon strengths or cross sections obtained from the two alternatives
. . P 9 are generally different. In our calculation we have adopted
tinuum wave functions, and then the elements of the tran

mission matrixT and scattering matri€ are obtained usin Sthe first alternative, i.e., unitarization before transformation
: €rnng 9 [Eqg. (5)]. The reason for choosing this method of unitariza-
the well-known relationship given by

tion is mainly because it is simpler. However, we have cal-
(i+R) culated the cross sections using the alternative method of
S=1-T= (i—R)" (4) unitarization of theJ™ matrices for several transitions, and
compared the results as discussed below. We have also in-
If the R matrix is calculated using an approximate cluded elastic terms in the unitarization of tBematrix.

method, then thé matrix obtained from Eq(4) is unitary, To obtain the,C(,)”ISIOﬂ strength®(aJ,a’J") or cross
but if the S matrix is calculated directly using first-order S€Ctions TQ(TO‘J;“,J,); we first ~ calculate aII, E’OSS'ble
perturbation, the condition for unitarity may not be satisfied R(@SLISL",a’S'L’I'S'L ) involved in theaJ-a’J" tran-
For large cross sections of metastable excitations, this unitition, obtainT using Eq.(4) for all combinationsaSL, and
rizations, which guarantees conservation of flux of incoming®'S'L', and then perform transformati¢gg. (5)].

Collision strengths and equivalently cross sections for dinal cross sectionQ(aJ,a'J’) between mixed levelsJ
transition between fine-structure level§LJanda’S'L’J’ anda’J’ are given by

are obtained by calculating thE(aSLJ,a’'S'L'J") matri-
ces, which are obtained from tHgaSL,a’S'L’) matrices
using the transformation

T(adljIT,a’3'1"j"IT)

= CosiCusL/T(aSLIJI,a’S'L'I'1"j'I7T).
T(aSLIIjI",a’S'L'J'1"j'IT) SL

s'L’
1
-3 C(EIJ,SLJ,STLTJT> ®
T, T
St As in the case of transition between puseSLJ and
XT(aSLISLT,a'S'L'I'STLT) a'S'L'J" levels, even for mixedrd and «’J’ levels the
1 other alternative for unitarization involve the transformation
xC|Z1'] r,SrLrJr,STLTJT), (5) of theR matrix firs_t accorpling to E¢h); this is_followed by
2 a mixing of R matrices using Eq8), and one finally obtains
. L T matrices and cross sectio J,a’J’") using Eqgs.(4
where the recoupling coefficie@ is given by and (7). @, a’J') 9 Egs.(4)
1
C(Eli ,SLJ,STLTJT) Ill. RESULTS

=[(ZST+ 1)(2LT+ 1)(23+1)(2j + 1)]1/2 A. Ground-state excitation

Excitation from the ground state to thes 4nd 4p levels
Elj SLJ STLTJT) 6) of neutral argon has been investigated quite extensively and
27 ' ' is well documented in the published literature. In Fig. 3 we
i . . present our total cross section for the excitation of tse, 1
and X(abc,def,ghi) are 9§ symbols. The collision cross 15, 1s, and Is, levels of the $54s configuration. Of
sectionsQ for transitionaSLJa’S'L"J" is given by these levels, thd=2 1s; andJ=0 1s; levels are true meta-
rery 1 stables and the other twb=1 mixed states are also long-
Q(aSLJa’S'LY) lived. The dotted curve in this figure is the unpublished 41-

XX

k=2 . stateR-matrix calculation of Ref[27] and the broken curve
=223+ 1) 2 . (23'+1) is the semirelativistic distorted-way8&RDW) calculation of
Wii'a Ref. [14]. The solid circles are experimental data points of

X|T(aSLIJIa'S'L'I1j' AN (7) Ref.[18] using laser-induced fluorescence, and the triangles
are the results from electron-loss measurements of[Réf.

By applying this transformation given by E¢p) to theT Our cross sections for thesg state agree quite well with the
matrices(characterized bg'L "), we tacitly assume that dur- R-matrix predictions, whereas the SRDW results of Madison
ing the collision the spin-orbit coupling of atomic electrons et al. are somewhat larger at low energy. There is also quite
is weak, and the atom behaves as if it were temporarily ire good agreement between our results and the experimental
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10— 10716 :
15 1s,
w17l
10718}
o~ 1071%L FIG. 3. Excitation cross sections from the
13 ground to the &,-1s5 excited levels of the B°4s
§ 102 configuration as a function of collision energy.
g 107 ' e Emee The solid lines represent this calculation; dashed
2 1s, 1s, lines, SRDW results(Ref. [14]); dotted lines,
S 4o18L ] : R-matrix results(Ref.[27]); solid circles, experi-
10717} ment (Ref. [18]); triangles, experimentRef.
1019 ] [16]).
18
10 4
1020} 1
1021 e 10719 e
0 20 40 60 80 100 120 0 20 40 60 80 100 120
Electron Energy (eV) Electron Energy (eV)

data, except that our cross sections are somewhat larger @ectron energy of 100 eV. All the theoretical cross sections
the electron energy range of 20—40 eV. For the other metaare in close agreement, except that the SRDW cross sections
stable k; level, we see very similar behavior, except that theof Madisonet al.[14] are somewhat larger at lower energies.
experimental cross section of R¢l.6] at 100 eV is much The theoretical cross sections for this level all fall off as
larger than the theoretically predicted value. For the opticallyE ~3, as they should, because this level is excited by a pure
allowed 1s, and 1s, levels, our results and that of Madison exchange transition. However the experimental data of Chil-
et al. are usually higher than the experimental measurement®sn et al [26] do not follow such energy dependence and fall
of Chutjian and Cartwrighf16]. There is reasonable agree- off much slower.
ment between our results and tRematrix calculations for All the theoretical cross sections for excitation to the
these levels but the SRDW calculation of Madisdral. [14] =2 states, Pg, 2ps, and 25 are close to each other, except
has sharp low-energy peaks, especially for tteg level.  that theR-matrix results of Bartschat and Zeman forg2are
Both our calculation and th&-matrix calculation show a higher than the others. The SRDW results of Ré&#]| are
much smaller peak for thes} level. This peak disappears if given for energies above 25 eV. For all three transitions our
we use a ground-state distorting potential instead of excitedzalculations are very close to the measurements of Chutjian
state potential for both the initial- and final-state wave func-and Cartwright at high energies, and the measurements of
tions. Madisoret al. also noticed the same behavior for their Chilton et al.[26] are always larger. Since these levels have
peaks. both direct and exchange contributions, the high-energy
In Fig. 4 we compare our excitation cross sections withcross sections are dominated by the behavior of tbg
other calculations and experimental data for tipge2hrough  direct state, and the falloff is much slower than the 3
2p, levels of the 4 configuration. Our calculation is shown cross sections.
as a solid curve whereas the dashed and dash-dotted curvesFor theJ=1 excitations, which involve 2,q, 2p7, 2pa,
show the SRDW of Ref[14] and another nonrelativistic and 2p, levels, there is very good agreement at high energies
distorted-wave (NRDW) result of Bubelev and Grum- among all the theoretical calculations. At low energies, the
Grzhimailo [21], respectively. Since our calculations are theoretical calculation of Madisoet al. are larger, whereas
very similar to the NRDW calculations, it is not surprising the R-matrix cross sections are in good agreement except that
that in most cases the two sets of cross sections are vetiie cross sections for thep2, excitation are much lower.
close to each other. The dotted curve, which only goes up t@he disagreement of excitation cross sections at high ener-
30 eV, is the unpublished 41-staematrix calculation of gies between our calculations and measurements is most
Bartschat and Zema[27]. The triangles represent the ex- prominent for excitation to thesk=1 3p°4p levels from the
perimental data of Chutjian and Cartwrigft6], and the ground, except for the excellent agreement with the experi-
solid circles are recent experimental measurements of Chimental data of Chutjian and Cartwright6] for the 2p,q
ton et al [26]. We group the discussion on the comparisonlevel. Since these levels are all excited by exchange scatter-
according to thel value of the excited states. ing because of angular momentum and parity selection rules,
It can be seen that our cross sections to dke3 2pg one would expect a much faster falloff than the experimental
level, which is the only pur& S-coupled state among all the data show at higher energies. Although there is a slower
ten levels in the P manifold, is in quite good agreement falloff of the results of Ref[16] compared to ours for these
with the experimental data of Chiltaet al.[26] except at the transitions, the cross sections measured by the Wisconsin
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1017 10-16 FIG. 4. Excitation cross sections from the
] .
g ground to the P;-2p,, excited levels of the
5 174P1o
= 107171 3p®4p configuration as a function of collision
% 107181 energy. The solid lines represent this calculation;
3 1018l dashed lines, SRDW resuliRef. [14]); dash-
§ dotted lines, NRDW result$Ref. [21]); dotted
S oqo10 10719 lines, R-matrix (Ref. [27]); solid circles, experi-
10717 106717 ment (Ref. [26]); triangles, experimentRef.
10718 [16]).
10719} 107181
1020}
1021 10718
1017 10718
-18
1070
10170 ]
10719}
-18
107'°} .
1020
1021 e 10719 e
0 20 40 60 80 100 120 0 20 40 60 80 100 120
Electron Energy (eV) Electron Energy (eV)

group are much larger and, except in the casemf2xci-  with the high-energy measurements of the Wisconsin group.
tation, they are almost flat at higher energies, and thus the The cross sections for twb=0 levels 25 and 2, levels
disagreement with our results is more pronounced. One exare also compared in this figure. Our present calculation for
planation for this could be that although excitation to thesehe 2p. level shows very good agreement with the experi-
levels stems from exchange scattering, these levels could hfental data of Chiltoret al. [26] at 100 eV. The NRDW
excited by second-order transitions with two direct compo-ajculation of Ref.[21] for this excitation is much larger,
nents. The second-order cross sections typically haii€‘a  hereas theR-matrix calculation is much smaller than our
falloff. Thus for the apparent exchange transitions which canggits. For the B, case, however, our cross sections are

be attained by two direct excitations having dominant con,qe tg those of Ref21], and they are much larger than the
tributions at high energies, it b_ecomes important to includ xperimental data as well as tRematrix cross sections. For
]'Ehetse.set(r:]onggrty Ite\(/jels. Inc]lcusmnl.of these stegonéj-order his monopole transition we find that it is very difficult to
eci n de IIS orte \/lyave cl)rrrIIat_lsm ganlng. eth one \r’]eryobtain cross sections which agree with experimental mea-
casily, and close-coupling calculations Inciuding these chang, .o ants for any collision involving either atoms or ions.
nels can give better results even at high energies for the

cases. We notice that the disagreements between the Cri@ur earlier experience in calculating monopole excitation
: 9 ss sections even for high-(nuclear chargeions was

S?ctlonsr of lChutyant ar:t;l ?i’gggg%hé@ﬁnd ;hiet \i\illsnc;)rn?#n similar. Specifically, for an investigation to predict x-ray las-
group are aiso greatest 1o p~=p excitation Iro ing gain, the excitation cross section from the ground state

the ground at high energies. The very close agreement of ouy 7 1 5l yn
results with those of Chutjian and Cartwright at low energieslg]%n i?(;ce)ritrzeeri)alsﬁsncﬁ(r)lgg of S€*" were much larger

for these transitions, and even at high energies for thg 2
level (and also a much better agreement of our results at
higher energies for the other thrde=1 transitions, if we

extrapolate our results usingE 2 dependence for second- RecentR-matrix calculation by Bartschat and Zem£9|
ary transitiony suggest that there may be some problemsave been performed for excitation from the;land I1sg

B. Excitation from 1 s; excited metastable level
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levels. However, the cross sections are calculated for eledn very good agreement with the cross sections obtained by
tron collision energies only up to 30 eV. Very recent experi-R-matrix calculations.
mental measuremenf82] of excitation cross section from Among the fourJ=1 levels, there exist experimental data
these metastable levels by the Wisconsin group presentesf the Wisconsin group for the ® and 2p, excitations.
data for high electron energies, supplementing their previThese data are the apparent cross sections, and, in order to
ously published resultf31] for only a few energies near compare them with our direct cross sections, the cascade
excitation threshold. o _contributions should be subtracted from them. It was men-
Results of our calculation for the excitation cross sectiongjgneq by Piectet al.[31] that cascade contributions are not

from the Is, level to all the 2,-2py, levels are shown in 56 than 10% in most cases. When we compare cross sec-
Fig. 5. In this figure we compare our calculated cross Secy;

tions with the experimental data of the Wisconsin group in lons for the 2, level, we see a very reasonable agreement
. . . tween our results an th the experimental data of Ref.
Refs.[31,32], and also the theoretically predict&dmatrix between our results and bo e experimental data of Re

values of Ref[29]. For theJ=3 and 2 levels, the Wisconsin [31] and those czlillculated by th%matr?x method. However
group did not present any data to be C(;mpared with Ou]for the 2p, transition, our cross sections are much smaller
predictions, but when compared to tRematrix calculations except very near thresholq compargd to those obtamgd by
we note that our cross sections are somewhat smaller ne§Pth experiment an&matrix calculations. One explanation
threshold for the excitation to thk=3 2p, level. Among the for this could be that since this is a core-changing transition
: 2 2 5 ;
J=2 levels, we generally have very good agreement except’ 2= “Pa2 Of the 3p° core, our model overestimates the
very near threshold for thep and 2ps transitions. The results. Also, the results of R¢B1] are not corrected for the
R-matrix results are somewhat larger near threshold for thesgffects of cascades which become significant for certain tran-
two cases. For the othér=2 2pg level, our cross sections sitions, and at higher energies it is not clear that the cascade
are larger than those given Bymatrix results. For the) ~ contributions are not important for this transition. For the
=0 2ps and 2, levels, the experimental data of R¢R1] other twoJ=1 levels 2,4 and 2, our cross sections are
are not definitive because of small signals, and our results amauch larger than those calculated by ®Renatrix method.
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C. Excitation from 1s; excited metastable level In all cases where we could compare our calculations with

We find many similarities between comparisons of ourthe exper_imental data of the Wisconsin group, we _fpund the
cross sections and the other available theorefRatatrix  largest disagreement forsd-2p; and 1s3-2p, transitions.
calculation[29] and experimental da{@1,37 for excitation ~ TheLS assignment of a particularpz level, each of which
from the 1Is5 level (Fig. 6), as we found in the case o] IS expressed as a linear combination of states belonging to
excitation. Although our cross sections for excitation to thethe samel, was done by calculating the mixing coefficients.
J=3 2p, (pureLS level) are larger than the Wisconsin data The assignment was particularly difficult for thep2level
for lower electron energies, we found better agreement fobecause the weights 6D, and P, were very close. The
energies above 40 eV. ThHmatrix cross sections which are same situation arose in the case @i2where the contribu-
available only up to an electron energy of 30 eV are venytions of both®P, and 1D, were about the same. This may be
close to the data. Of the threle=2 levels, we have better partly responsible for the large discrepancies between our
agreement with experiment at low collision energies tharcalculations and experimental data for these two particular
R-matrix calculations for the {25 excitation. However, the transitions. Also, the cross sections from tre fevel to the
agreement is not so good at higher electron energies. For tt#&p, level do not agree well with either tHe-matrix predic-
2pg excitation, our cross sections are somewhat smaller, aniions or the experimental data, and thus we very much sus-
for the 2p5 transition they are much larger than both Wis- pect that the mixing coefficients obtained for thig,2evel
consin data an®&-matrix predictions. We could not compare may not be that accurate.
our calculations at high electron collision energies for these Finally, Fig. 7 shows comparisons of cross sections for
last two transitions. The excitation cross sections forthe metastable excitations obtained using the two different meth-
=0 2ps and 2p; levels are small compared to other excita- ods of unitarization. As shown in this graph, the cross sec-
tions, but for the 5 excitation our cross sections compare tions for the Bs-2pg excitation using the two methods are
very well with the experimental data as well as Renatrix  very close except for a very small energy range near the
calculations. Our cross sections also agree extremely wethreshold of excitation. The cross sections obtained using
with the R-matrix calculations for the [2; excitation. unitarization ofJ™ matrices according to E¢4) are slightly
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two methods can complement each other over a long range
of energy. Although in our method we used first-order per-
turbation theory, we have used the final-state potential for
incoming and outgoing channels in contrast to the usual use
of initial-state interaction in any fist-order many-body calcu-
lation. We have neglected any relativistic effects, contrary to
the RDW and SRDW calculations of Refsl5] and [14],
respectively. However we do not expect relativity to play an
important role for an atom such as argon. We have used
specific fine-structure level energy in order to calculate the
radial wave function for eachlevel belonging to a giveh S
configuration, whereas in the RDW method of Rdf5] all

the fine-structure levels belonging to a particll&have the
same energy. We have calculated and included a polarization
potential, but its effect is not found to be significant. How-
ever, unitarization of th&'LT or JT matrices does have sig-
nificant effects on the cross sections.

To summarize the comparison of our cross sections for
ground-state excitation, the close agreement, between our re-
sults for all the levels in the dmanifold and with most of
the levels in the p manifold, with theR-matrix results at
low energies and with the SRDW results of Rgf4] at
higher energies, is very encouraging. Unfortunately we do
not have such agreement with the experimental data of the
Wisconsin group in many transitions, especially for the
=1 3p°4p levels at high energies. Inclusion of second-order
transitions with two direct components may improve our

Electron Energy (eV) cross sections and bring them into close agreement with
measurements. On the other hand, the extremely slow falloff

FIG. 7. Comparisons of excitation cross sections from metaof the Wisconsin data for these transitions is suspicious, and
stable levels obtained using unitarization of tAenatrices inLS hence further improvements of experimenta] investigation
(solid lineg andjj (dashed linescoupling methods. must be considered for this difficult problem of collision

excitations of neutral rare gases. The results of our calcula-
higher. For the s-2p; excitation, the differences are more tions for excitation from the metastables;land Is5 levels
prominent although not substantial. But for the;2p, ex-  could only be compared for low energies wihmatrix cal-
citation, the results are not only very different, the cross secculations, and we have close agreement in about half of the
tions obtained using the unitarization 8fLT matrices(in ~ cases. At higher energies we could compare our results with
theL S formalism are much higher than those obtained usingthe experimental data of the Wisconsin group only for the
the other method. For this transition, whexd=3, the uni-  1S3-2p4, 1s5-2pg, and Iss-2pg transitions, and except for
tarization of theJT matrices does not produce accurate re-the 1s3-2p, transition our results agree well for the other
sults. This can be explained by the fact that for this casdwo cases. As mentioned previously, since the data are for
where exchange is dominant implying close collision, elecapparent cross sections and do not include any cascade cor-
trostatic interaction is much stronger than spin-orbit interacrections, the direct cross sections are actually lower, which
tion, and hence unitarization in theS formalism seems Will make the disagreement somewhat smaller.
more appropriate_ Unitarization of tl®&matrices by either of In addition to inclusion of Secondary EffeCtS, another im-
these two methods reduces the cross sections significantlprovement on the calculation would be to obtain more accu-
The cross sections obtained using unitarization in ttige  rate bound wave functions and hence more accurate mixing
formalism for the bs-2pg transition around the peak, for coefficients for the mixed levels. In the inner region, where it

example, are about 50% smaller than those calculated usirl§ important to obtain the bound functions accurately, one
no unitarization. should try to improve these wave functions by including con-

figuration interactions of levels of same parity and by check-
ing the convergences of the atomic parameters, and compatr-
V. SUMMARY ing ther_n with_ experime_:ntal values. A close-coupli((gC)
calculation with a basis of many states is superior to a
The DW method is expected to give reliable results atHartree-Fock calculation to generate these wave functions.
high electron collision energies. Since it is well known thatindeed, if we use wave functions generated by a CC approxi-
R-matrix results generally are better than DW results at enmation such as th&-matrix method, we will have better
ergies near the threshold of excitation, and usually are not asgreement with experimental measurements, especially at
accurate as DW calculations as the energy increases, thelav electron energies; however, in this work both the atomic

Cross section (107 cm?)
>
b SR B,

1s5-2p,

0.20

0.10

0.00

(=)
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