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Electron-impact excitation from the ground and the metastable levels of ArI
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2Berkeley Scholars, Springfield, Virginia 22151
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Electron-impact excitation of Ar I from the ground 3p6 1S0 as well as the two metastable levels of the 3p54s
(3P2 and 3P0) configuration to all ten levels of the 3p54p 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 matrixS is carried out by including the elastic terms, and
effects of unitarization in theLS as well asj j formalisms are investigated. The excitation cross sections are
calculated from threshold to;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 theS 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 number~s!: 34.80.Dp, 34.50.Fa
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I. INTRODUCTION

Electron-impact excitation of the ground and metasta
levels of argon is not only of interest for an understanding
the basic physics of atomic collision processes, but also
the variety of applications in gaseous electronics. Cob
and Chen@1# first pointed out that optical emission spectro
copy of a discharge plasma with a known concentration o
inert gas, such as argon, can be used to determine the
centration of reactive species, such as atomic fluorine. In
simplest version of optical actinometry, the coronal equil
rium approximation is adopted, wherein the excitation ra
of Ar and F from the ground levels to those responsible
the emission is known from atomic physics, and combin
with observed intensities to evaluate the relative concen
tion of fluorine to argon. Savas@2# noted that measuremen
from a low-pressure discharge were not consistent with
rect excitation of the argon from the ground level, and s
gested that excitation of long-lived metastable argon ato
was also an important process for interpreting the data. M
tispecies actinometry with several noble gases can also
used to estimate the electron temperature, as long as th
citation from the ground and metastable levels is known@3#.
In higher pressure discharges,;1 Torr, with higher electron
densities both excitation and de-excitation must be accou
for in a collisional-radiative equilibrium model to determin
the dissociation fraction of nitrogen through optical actino
etry @4#. In addition to the interest in excitation of argon b
low-energy electrons (;1 eV! in plasma processing, high
energy electron beams (;500 keV! are used to pump the
amplifier cell in krypton fluoride lasers@5#. The cell gener-
ally contains;50% argon buffer because the three-bo
quenching of the excited excimer KrF* by collisions with
argon is significantly less than with krypton@6#. Cross sec-
tions for ionization and excitation of argon~and krypton! by
energetic electrons are essential for determining the slow
down of the electron beam in the laser cell@7#. The second-
aries resulting from the interactions eventually degrade
1050-2947/99/61~1!/012703~10!/$15.00 61 0127
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form a background distribution of electrons in the cell with
mean energy of a few eV. This nascent population of el
trons can also pump the argon buffer gas, and must be
counted for in kinetic models of the amplifier@8#. It is thus
useful to have collisional excitation and ionization cross s
tions over a broad energy range to model electron inte
tions in plasma discharges.

In this work, we present detailed calculations of the in
gral excitation cross sections to the all ten levels of
3p54p configuration from the twoJ51 metastable levels o
3p54s configuration of neutral argon, as well as the exci
tion cross sections from the ground to all the excited lev
of 3p54s and 3p54p configurations. There exist several ca
culations @9–15# and measurements@16–19# for excitation
from the ground level 3p6 1S0 to the four fine-structure lev-
els 3P2 , 3P1 , 3P0, and 1P1 of 3p54s. For excitation to the
fine-structure levels of the 3p54p configuration from the
ground level, there also exist a host of calculations@20–
22,14,15# and experimental measurements@23–26#. R-matrix
calculations of the integral excitation cross sections to
these levels were also calculated by Bartschat and Ze
@27#. However, available experimental or theoretical exci
tion cross sections from the metastable levels are very spa
On the theoretical side there exist only average configura
Born cross sections by Hyman@28#, and very recent
R-matrix calculation by Bartschat and Zeman@29#. The ex-
perimental group at the University of Wisconsin has a
recently measured most of these metastable excitation c
sections@30–32#. The experimental data from a Russian co
laboration@33# present very different results than the resu
of the Wisconsin group. Since accurate knowledge of th
metastable excitation cross sections are crucial for pla
modeling for discharges and laser applications, it theref
seems necessary to pursue further theoretical investigatio
these important metastable excitation to compare with
perimental data, and to compare and complement the o
available level-to-level theoretical calculation.

Even though there exist several calculations of excitat
©1999 The American Physical Society03-1
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cross sections from the ground state, the purpose of pres
ing our results for these cross sections are due to the foll
ing reasons, namely,~i! to verify the results of other
distorted-wave~DW! calculations,~ii ! to compare our DW
results with other methods of calculations, and~iii ! to com-
plete the database for excitation to all levels of the 4s and 4p
levels. Most of the above-mentioned theoretical calculati
do not present excitation cross sections to all 14 exc
states primarily due to lack of convergence near thresho
In our approach we useab initio wave functions with full
electron exchange and polarization of the outermost elec
and proper conversion of theT matrix from theR matrix and
the cross sections converge in all cases. Although multis
R-matrix calculations are expected to be most reliable at
electron collision energies, the less complex DW calcu
tions are more efficient, especially for high electron energ
In addition, the accuracy ofR-matrix calculations is not as
good at higher energies because of many open channels.
paper seeks modifications to the DW method which main
efficiency while improving accuracy by including a polariz
tion potential and proper unitarization.

In Sec. II the distorted-wave formalism and the compu
tional details used in this work are described, and in Sec
the results obtained in this calculation and comparisons w
other calculations and experimental data are discussed,
lowed by a brief summary in Sec. IV.

II. THEORY AND CALCULATIONS

An energy-level diagram involving all the levels for th
present calculation is shown in Fig. 1. In this figure we sh
the LS as well as the Paschen notations 1s5-1s2 for the
3p54s excited configuration and 2p10-2p1 for the 3p54p
excited configuration. Since the argon atom does not c
form to LS coupling and the electrostatic and spin-orbit i
teractions for this system are comparable, an intermed
coupling scheme is employed in this work. Spin-orbit inte
action is dominated by the 3p5 core, and the spin-orbit pa
rameterz3p50.0043 a.u. is comparable to the electrosta
energy20.016 a.u. of 3p54p 3P, for example.

A. Bound states

The bound-state wave functions of the core 1s, 2s, 2p,
and 3s orbitals for this calculation were obtained by usin
the parameters given by Clementi and Roetti@34#. For the
outermost 3p orbital and all excited bound states, we em
ployed a semiempirical approximation@35#. The radial part
of the bound wave functionPnl in this method is obtained by
solving the equation

F d2

dr2 2
l ~ l 11!

r 2 22Vo~r !22bVex~r !22EGPnl

52mn8 l Pn8 l , ~1!

whereV0 andVex are the Coulomb and static exchange p
tentials.E is the experimental ionization energy of the ele
tron, the parameterb is adjusted to ensure the corre
asymptotic behavior ofPnl , andmn8 l Pn8 l on the right-hand
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side of the Eq.~1! is also adjusted to make it orthogonal
other bound orbitals of the same angular momentuml.
Atomic units are used throughout in any expression or eq
tion.

Even though this method is similar to the Hartree-Foc
Slater~HFS! procedure, in this approach the contribution
Pnl in the expression forV0 and Vex is not included. This
omission not only simplifies the calculation, but also au
matically leads to the correct asymptotic form of the pote
tial V0. In the HFS procedure, the constantE is determined
by using a variational approach by the solution of the rad
equation, whereas we use experimental ionization energy
E and varyb. This method emphasizes the behavior of t
outer part ofPnl which is important for collision calcula-
tions, and, unlike the HFS method, the orthogonality of wa
functions with the samel has to be done explicitly in this
method. This orthogonalization is very important for mon
pole excitations.

The radial wave functions for the four 3p54s levels 1s5 ,
1s4 , 1s3, and 1s2, and the ten 3p54p levels 2p10, 2p9 ,
2p8 , 2p7 , 2p6 , 2p5 , 2p4 , 2p3 , 2p3, and 2p1 are calcu-
lated by using the experimental threshold energy for e
fine-structure level. Thus, for each level, we calculate theF
andG integrals and the spin-orbit parameterznl . In the cal-
culation using intermediate coupling approximation ea
mixed level for a given angular momentumJ is expressed as

uaJ&5(
SL

CaSLJuaSLJ&, ~2!

FIG. 1. Energy-level diagram showing the 3p54s (1s2-1s5) and
3p54p (2p1-2p10) levels of ArI. The dashed lines show the tw
metastable levels 1s5 and 1s3.
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TABLE I. Mixing coefficients for the excited levels of 3p54s and 3p54p configurations.

Level
Paschen
notation J E ~eV! Mixing coefficients

4s@3/2#2
o 3P2 1s5 2 11.548 3P2

4s@3/2#1
o 3P1 1s4 1 11.624 0.91043P110.41371P1

4s8@1/2#0
o 3P0 1s3 0 11.723 3P0

4s8@1/2#1
o 1P1 1s2 1 11.828 0.91041P120.41373P1

4p@1/2#1
3S1 2p10 1 12.906 0.47423D110.18713P110.11721P110.97533S1

4p@5/2#3
3D3 2p9 3 13.076 3D3

4p@5/2#2
3D2 2p8 2 13.093 0.81623D220.55031D210.17603P2

4p@3/2#1
3D1 2p7 1 13.153 0.71153D110.41213P120.56901P120.14183S1

4p@3/2#2
3P2 2p6 2 13.172 0.22803D210.58661D210.77103P2

4p@1/2#0
3P0 2p5 0 13.274 0.93933P020.34291S0

4p8@3/2#1
1P1 2p4 1 13.283 0.70213D120.38593P110.59841P120.00123S1

4p8@3/2#2
1D2 2p3 2 13.302 0.53093D210.59411D220.60433P2

4p8@1/2#1
3P1 2p2 1 13.328 0.28783D120.80383P120.55181P110.22043S1

4p8@1/2#0
1S0 2p1 0 13.480 0.34303P010.93931S0
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within the same configurationa. The mixing coefficients
CaSLJ are then obtained by diagonalizing the Hamiltoni
with level-specificF, G, andznl for eachJ. Table I lists these
mixing coefficients. TheLS coupling designations in Table
correspond to the dominantLS level in the expansion for
each level, and these designations as well as the mixing
efficients are in agreement with the predictions of Madisonet
al. @14#. In our calculation, the 4p radial functions are made
orthogonal to the 3p wave function.

B. Continuum states

The radial part of the scattering wave functionFkl used
for the calculation of elements of the reactance matrixR is
generated in the DW method by solving the equation

F d2

dr2 2
l ~ l 11!

r 2 22V0~r !22Vex~r !22Vp1k2GFkl

52(
n

mnlPnl~r !, ~3!

where the polarization potentialVp is the distortion of the
atom by the colliding electron at large distance. The po
ization potentialVp , which behaves as2a/r 4 for r→`
wherea is the polarizability of the atom, is calculated in th
polarized orbital method. The experimental polarizabilitya
511.06a0

3 was used to estimateVp at very large distances. A
detailed description of the method and calculation of t
potential was given by Dasgupta and Bhatia@36#. This
method is appropriate for low-energy collisions when t
colliding electron velocity is small compared to that of t
atomic electrons, and first-order perturbation theory is u
for the distortion. At large distances, the colliding electr
produces a dipole moment in the atom and the electron
moves in an induced dipole potentialVp . Only the dipole
part of this interaction is included in derivingVp . In our
calculation we have included polarization due only to t
01270
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outer 3p orbital. For excitation from the ground state, th
approximation is reasonable, but for excitation from t
metastable states one should properly include the polar
tion due to the excited orbitals. The polarization potent
calculated using the perturbed 3p orbitals is shown in Fig. 2.

The scattering wave function is calculated using a d
torted potential, and electron exchange contributions are
cluded in the calculation of the reactance matrixR. The
wave functionFkl is made orthogonal to allPnl with same
angular momentuml by varyingmnl in Eq. ~3!. The effect of
core exchange in the potential was found to be small,
was therefore neglected. Up to 100 partial waves were
cluded for the calculations of both direct and exchange a
plitudes. Distorted waves were calculated using static po
tial obtained from the charge densities of the final states
both input and output channels, as experience shows th
gives the best results@11#. We have not included any rela

FIG. 2. Polarization potentialVp as a function of distance. This
potential was obtained using only the perturbation of the outerp
orbital.
3-3
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tivistic effect in our calculation, since it was found to b
negligible for the integrated cross sections published
Madisonet al. in Ref. @14#.

C. Excitation cross sections

The elements of the reactance matrixR are calculated first
from the variational expression using our bound and c
tinuum wave functions, and then the elements of the tra
mission matrixT and scattering matrixS are obtained using
the well-known relationship given by

S512T5
~ i 1R!

~ i 2R!
. ~4!

If the R matrix is calculated using an approxima
method, then theS matrix obtained from Eq.~4! is unitary,
but if the S matrix is calculated directly using first-orde
perturbation, the condition for unitarity may not be satisfie
For large cross sections of metastable excitations, this un
rizations, which guarantees conservation of flux of incom
and outgoing particles, is very important@37#.

Collision strengths and equivalently cross sections fo
transition between fine-structure levelsaSLJ anda8S8L8J8
are obtained by calculating theT(aSLJ,a8S8L8J8) matri-
ces, which are obtained from theT(aSL,a8S8L8) matrices
using the transformation

T~aSLJl jJT,a8S8L8J8l 8 j 8JT!

5 (
STLT

CS 1

2
l j ,SLJ,STLTJTD

3T~aSLlSTLT,a8S8L8l 8STLT!

3CS 1

2
l 8 j 8,S8L8J8,STLTJTD , ~5!

where the recoupling coefficientC is given by

CS 1

2
l j ,SLJ,STLTJTD

5@~2ST11!~2LT11!~2J11!~2 j 11!#1/2

3XS 1

2
l j ,SLJ,STLTJTD , ~6!

and X(abc,de f,ghi) are 9-j symbols. The collision cross
sectionsQ for transitionaSLJ-a8S8L8J8 is given by

Q~aSLJ,a8S8L8J8!

5
pk22

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

~2JT11!

3uT~aSLJl jJT;a8S8L8J8l 8 j 8JT!u2. ~7!

By applying this transformation given by Eq.~5! to theT
matrices~characterized bySTLT), we tacitly assume that dur
ing the collision the spin-orbit coupling of atomic electro
is weak, and the atom behaves as if it were temporarily
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pure LS states and only recoupled to formSLJ states after
the collision. If, however, this is not the case, and theSLJ
states are well defined even during the collision, then
would be more proper to apply the transformation@Eq. ~5!#
directly to R matrices and only then use Eq.~4! to obtainT
~characterized byJT) and unitarizedS matrices. Collision
strengths or cross sections obtained from the two alternat
are generally different. In our calculation we have adop
the first alternative, i.e., unitarization before transformat
@Eq. ~5!#. The reason for choosing this method of unitariz
tion is mainly because it is simpler. However, we have c
culated the cross sections using the alternative method
unitarization of theJT matrices for several transitions, an
compared the results as discussed below. We have als
cluded elastic terms in the unitarization of theS matrix.

To obtain the collision strengthsV(aJ,a8J8) or cross
sections Q(aJ,a8J8), we first calculate all possible
R(aSLlSTLT,a8S8L8l 8STLT) involved in theaJ-a8J8 tran-
sition, obtainT using Eq.~4! for all combinationsaSL, and
a8S8L8, and then perform transformation@Eq. ~5!#.

TheT matrix elements to be used in Eq.~7! to obtain the
final cross sectionsQ(aJ,a8J8) between mixed levelsaJ
anda8J8 are given by

T~aJl jJT,a8J8l 8 j 8JT!

5 (
SL

S8L8

CaSLCa8S8L8T~aSLJl jJT,a8S8L8J8l 8 j 8JT!.

~8!

As in the case of transition between pureaSLJ and
a8S8L8J8 levels, even for mixedaJ and a8J8 levels the
other alternative for unitarization involve the transformati
of the R matrix first according to Eq.~5!; this is followed by
a mixing ofR matrices using Eq.~8!, and one finally obtains
T matrices and cross sectionsQ(aJ,a8J8) using Eqs.~4!
and ~7!.

III. RESULTS

A. Ground-state excitation

Excitation from the ground state to the 4s and 4p levels
of neutral argon has been investigated quite extensively
is well documented in the published literature. In Fig. 3 w
present our total cross section for the excitation of the 1s5 ,
1s4 , 1s3, and 1s2 levels of the 3p54s configuration. Of
these levels, theJ52 1s5 andJ50 1s3 levels are true meta
stables and the other twoJ51 mixed states are also long
lived. The dotted curve in this figure is the unpublished 4
stateR-matrix calculation of Ref.@27# and the broken curve
is the semirelativistic distorted-wave~SRDW! calculation of
Ref. @14#. The solid circles are experimental data points
Ref. @18# using laser-induced fluorescence, and the triang
are the results from electron-loss measurements of Ref.@16#.
Our cross sections for the 1s5 state agree quite well with the
R-matrix predictions, whereas the SRDW results of Madis
et al. are somewhat larger at low energy. There is also qu
a good agreement between our results and the experim
3-4
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FIG. 3. Excitation cross sections from th
ground to the 1s2-1s5 excited levels of the 3p54s
configuration as a function of collision energy
The solid lines represent this calculation; dash
lines, SRDW results~Ref. @14#!; dotted lines,
R-matrix results~Ref. @27#!; solid circles, experi-
ment ~Ref. @18#!; triangles, experiment~Ref.
@16#!.
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data, except that our cross sections are somewhat larg
the electron energy range of 20–40 eV. For the other m
stable 1s3 level, we see very similar behavior, except that t
experimental cross section of Ref.@16# at 100 eV is much
larger than the theoretically predicted value. For the optica
allowed 1s2 and 1s4 levels, our results and that of Madiso
et al. are usually higher than the experimental measurem
of Chutjian and Cartwright@16#. There is reasonable agre
ment between our results and theR-matrix calculations for
these levels but the SRDW calculation of Madisonet al. @14#
has sharp low-energy peaks, especially for the 1s4 level.
Both our calculation and theR-matrix calculation show a
much smaller peak for the 1s4 level. This peak disappears
we use a ground-state distorting potential instead of exci
state potential for both the initial- and final-state wave fun
tions. Madisonet al. also noticed the same behavior for the
peaks.

In Fig. 4 we compare our excitation cross sections w
other calculations and experimental data for the 2p10 through
2p1 levels of the 4p configuration. Our calculation is show
as a solid curve whereas the dashed and dash-dotted c
show the SRDW of Ref.@14# and another nonrelativistic
distorted-wave ~NRDW! result of Bubelev and Grum
Grzhimailo @21#, respectively. Since our calculations a
very similar to the NRDW calculations, it is not surprisin
that in most cases the two sets of cross sections are
close to each other. The dotted curve, which only goes u
30 eV, is the unpublished 41-stateR-matrix calculation of
Bartschat and Zeman@27#. The triangles represent the e
perimental data of Chutjian and Cartwright@16#, and the
solid circles are recent experimental measurements of C
ton et al @26#. We group the discussion on the comparis
according to theJ value of the excited states.

It can be seen that our cross sections to theJ53 2p9
level, which is the only pureLS-coupled state among all th
ten levels in the 2p manifold, is in quite good agreemen
with the experimental data of Chiltonet al. @26# except at the
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electron energy of 100 eV. All the theoretical cross sectio
are in close agreement, except that the SRDW cross sec
of Madisonet al. @14# are somewhat larger at lower energie
The theoretical cross sections for this level all fall off
E23, as they should, because this level is excited by a p
exchange transition. However the experimental data of C
ton et al @26# do not follow such energy dependence and f
off much slower.

All the theoretical cross sections for excitation to theJ
52 states, 2p8 , 2p6, and 2p3 are close to each other, exce
that theR-matrix results of Bartschat and Zeman for 2p6 are
higher than the others. The SRDW results of Ref.@14# are
given for energies above 25 eV. For all three transitions
calculations are very close to the measurements of Chu
and Cartwright at high energies, and the measurement
Chilton et al. @26# are always larger. Since these levels ha
both direct and exchange contributions, the high-ene
cross sections are dominated by the behavior of the1D2
direct state, and the falloff is much slower than theJ53
cross sections.

For theJ51 excitations, which involve 2p10, 2p7 , 2p4,
and 2p2 levels, there is very good agreement at high energ
among all the theoretical calculations. At low energies,
theoretical calculation of Madisonet al. are larger, whereas
theR-matrix cross sections are in good agreement except
the cross sections for the 2p10 excitation are much lower
The disagreement of excitation cross sections at high e
gies between our calculations and measurements is m
prominent for excitation to theseJ51 3p54p levels from the
ground, except for the excellent agreement with the exp
mental data of Chutjian and Cartwright@16# for the 2p10
level. Since these levels are all excited by exchange sca
ing because of angular momentum and parity selection ru
one would expect a much faster falloff than the experimen
data show at higher energies. Although there is a slo
falloff of the results of Ref.@16# compared to ours for thes
transitions, the cross sections measured by the Wisco
3-5
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FIG. 4. Excitation cross sections from th
ground to the 2p1-2p10 excited levels of the
3p54p configuration as a function of collision
energy. The solid lines represent this calculatio
dashed lines, SRDW results~Ref. @14#!; dash-
dotted lines, NRDW results~Ref. @21#!; dotted
lines, R-matrix ~Ref. @27#!; solid circles, experi-
ment ~Ref. @26#!; triangles, experiment~Ref.
@16#!.
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group are much larger and, except in the case of 2p10 exci-
tation, they are almost flat at higher energies, and thus
disagreement with our results is more pronounced. One
planation for this could be that although excitation to the
levels stems from exchange scattering, these levels coul
excited by second-order transitions with two direct comp
nents. The second-order cross sections typically have aE22

falloff. Thus for the apparent exchange transitions which c
be attained by two direct excitations having dominant c
tributions at high energies, it becomes important to inclu
these secondary levels. Inclusion of these second-orde
fects in the distorted wave formalism cannot be done v
easily, and close-coupling calculations including these ch
nels can give better results even at high energies for th
cases. We notice that the disagreements between the
sections of Chutjian and Cartwright@16# and the Wisconsin
group are also greatest for theseJ51 3p54p excitation from
the ground at high energies. The very close agreement of
results with those of Chutjian and Cartwright at low energ
for these transitions, and even at high energies for the 2p10
level ~and also a much better agreement of our results
higher energies for the other threeJ51 transitions, if we
extrapolate our results using aE22 dependence for second
ary transitions!, suggest that there may be some proble
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with the high-energy measurements of the Wisconsin gro
The cross sections for twoJ50 levels 2p5 and 2p1 levels

are also compared in this figure. Our present calculation
the 2p5 level shows very good agreement with the expe
mental data of Chiltonet al. @26# at 100 eV. The NRDW
calculation of Ref.@21# for this excitation is much larger
whereas theR-matrix calculation is much smaller than ou
results. For the 2p1 case, however, our cross sections a
close to those of Ref.@21#, and they are much larger than th
experimental data as well as theR-matrix cross sections. Fo
this monopole transition we find that it is very difficult t
obtain cross sections which agree with experimental m
surements for any collision involving either atoms or ion
Our earlier experience in calculating monopole excitat
cross sections even for high-Z ~nuclear charge! ions was
similar. Specifically, for an investigation to predict x-ray la
ing gain, the excitation cross section from the ground st
2p6 1S0 to the 2p53s 1S0 level of Se241 were much larger
than experimental findings@38#.

B. Excitation from 1 s3 excited metastable level

RecentR-matrix calculation by Bartschat and Zeman@29#
have been performed for excitation from the 1s3 and 1s5
3-6



n;

ELECTRON-IMPACT EXCITATION FROM THE GROUND . . . PHYSICAL REVIEW A61 012703
FIG. 5. Excitation cross sections from the 1s3

(3P0) to the 2p1-2p10 excited levels of the
3p54p configuration as a function of collision
energy. The solid line represent this calculatio
dotted lines,R matrix ~Ref. @29#!; solid circles,
experiment~Refs.@31# and @32#!.
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levels. However, the cross sections are calculated for e
tron collision energies only up to 30 eV. Very recent expe
mental measurements@32# of excitation cross section from
these metastable levels by the Wisconsin group prese
data for high electron energies, supplementing their pre
ously published results@31# for only a few energies nea
excitation threshold.

Results of our calculation for the excitation cross sectio
from the 1s3 level to all the 2p1-2p10 levels are shown in
Fig. 5. In this figure we compare our calculated cross s
tions with the experimental data of the Wisconsin group
Refs. @31,32#, and also the theoretically predictedR-matrix
values of Ref.@29#. For theJ53 and 2 levels, the Wisconsi
group did not present any data to be compared with
predictions, but when compared to theR-matrix calculations
we note that our cross sections are somewhat smaller
threshold for the excitation to theJ53 2p9 level. Among the
J52 levels, we generally have very good agreement exc
very near threshold for the 2p6 and 2p3 transitions. The
R-matrix results are somewhat larger near threshold for th
two cases. For the otherJ52 2p8 level, our cross section
are larger than those given byR-matrix results. For theJ
50 2p5 and 2p1 levels, the experimental data of Ref.@31#
are not definitive because of small signals, and our results
01270
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r

ar

pt
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in very good agreement with the cross sections obtained
R-matrix calculations.

Among the fourJ51 levels, there exist experimental da
of the Wisconsin group for the 2p4 and 2p2 excitations.
These data are the apparent cross sections, and, in ord
compare them with our direct cross sections, the casc
contributions should be subtracted from them. It was m
tioned by Piechet al. @31# that cascade contributions are n
more than 10% in most cases. When we compare cross
tions for the 2p2 level, we see a very reasonable agreem
between our results and both the experimental data of R
@31# and those calculated by theR-matrix method. However
for the 2p4 transition, our cross sections are much sma
except very near threshold compared to those obtained
both experiment andR-matrix calculations. One explanatio
for this could be that since this is a core-changing transit
2P1/2-

2P3/2 of the 3p5 core, our model overestimates th
results. Also, the results of Ref.@31# are not corrected for the
effects of cascades which become significant for certain tr
sitions, and at higher energies it is not clear that the casc
contributions are not important for this transition. For t
other twoJ51 levels 2p10 and 2p7, our cross sections ar
much larger than those calculated by theR-matrix method.
3-7
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FIG. 6. Excitation cross sections from the 1s5

(3P2) to the 2p1-2p10 excited levels of the
3p54p configuration as a function of collision
energy. The solid lines represent this calculatio
dotted lines,R matrix ~Ref. @29#!; solid circles,
experiment~Refs.@31# and @32#!.
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C. Excitation from 1 s5 excited metastable level

We find many similarities between comparisons of o
cross sections and the other available theoreticalR-matrix
calculation@29# and experimental data@31,32# for excitation
from the 1s5 level ~Fig. 6!, as we found in the case of 1s3
excitation. Although our cross sections for excitation to t
J53 2p9 ~pureLS level! are larger than the Wisconsin da
for lower electron energies, we found better agreement
energies above 40 eV. TheR-matrix cross sections which ar
available only up to an electron energy of 30 eV are v
close to the data. Of the threeJ52 levels, we have bette
agreement with experiment at low collision energies th
R-matrix calculations for the 2p6 excitation. However, the
agreement is not so good at higher electron energies. Fo
2p8 excitation, our cross sections are somewhat smaller,
for the 2p3 transition they are much larger than both W
consin data andR-matrix predictions. We could not compar
our calculations at high electron collision energies for th
last two transitions. The excitation cross sections for thJ
50 2p5 and 2p1 levels are small compared to other excit
tions, but for the 2p5 excitation our cross sections compa
very well with the experimental data as well as theR-matrix
calculations. Our cross sections also agree extremely
with the R-matrix calculations for the 2p1 excitation.
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In all cases where we could compare our calculations w
the experimental data of the Wisconsin group, we found
largest disagreement for 1s5-2p3 and 1s3-2p4 transitions.
The LS assignment of a particular 2px level, each of which
is expressed as a linear combination of states belongin
the sameJ, was done by calculating the mixing coefficient
The assignment was particularly difficult for the 2p4 level
because the weights of3D1 and 1P1 were very close. The
same situation arose in the case of 2p3, where the contribu-
tions of both3P2 and 1D2 were about the same. This may b
partly responsible for the large discrepancies between
calculations and experimental data for these two particu
transitions. Also, the cross sections from the 1s5 level to the
2p4 level do not agree well with either theR-matrix predic-
tions or the experimental data, and thus we very much s
pect that the mixing coefficients obtained for this 2p4 level
may not be that accurate.

Finally, Fig. 7 shows comparisons of cross sections
metastable excitations obtained using the two different me
ods of unitarization. As shown in this graph, the cross s
tions for the 1s5-2p9 excitation using the two methods ar
very close except for a very small energy range near
threshold of excitation. The cross sections obtained us
unitarization ofJT matrices according to Eq.~4! are slightly
3-8
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higher. For the 1s5-2p3 excitation, the differences are mor
prominent although not substantial. But for the 1s3-2p9 ex-
citation, the results are not only very different, the cross s
tions obtained using the unitarization ofSTLT matrices~in
theLS formalism! are much higher than those obtained us
the other method. For this transition, whereDJ53, the uni-
tarization of theJT matrices does not produce accurate
sults. This can be explained by the fact that for this c
where exchange is dominant implying close collision, el
trostatic interaction is much stronger than spin-orbit inter
tion, and hence unitarization in theLS formalism seems
more appropriate. Unitarization of theS matrices by either of
these two methods reduces the cross sections significa
The cross sections obtained using unitarization in theLS
formalism for the 1s5-2p9 transition around the peak, fo
example, are about 50% smaller than those calculated u
no unitarization.

IV. SUMMARY

The DW method is expected to give reliable results
high electron collision energies. Since it is well known th
R-matrix results generally are better than DW results at
ergies near the threshold of excitation, and usually are no
accurate as DW calculations as the energy increases, t

FIG. 7. Comparisons of excitation cross sections from me
stable levels obtained using unitarization of theS matrices inLS
~solid lines! and j j ~dashed lines! coupling methods.
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two methods can complement each other over a long ra
of energy. Although in our method we used first-order p
turbation theory, we have used the final-state potential
incoming and outgoing channels in contrast to the usual
of initial-state interaction in any fist-order many-body calc
lation. We have neglected any relativistic effects, contrary
the RDW and SRDW calculations of Refs.@15# and @14#,
respectively. However we do not expect relativity to play
important role for an atom such as argon. We have u
specific fine-structure level energy in order to calculate
radial wave function for eachJ level belonging to a givenLS
configuration, whereas in the RDW method of Ref.@15# all
the fine-structure levels belonging to a particularLS have the
same energy. We have calculated and included a polariza
potential, but its effect is not found to be significant. How
ever, unitarization of theSTLT or JT matrices does have sig
nificant effects on the cross sections.

To summarize the comparison of our cross sections
ground-state excitation, the close agreement, between ou
sults for all the levels in the 1s manifold and with most of
the levels in the 2p manifold, with theR-matrix results at
low energies and with the SRDW results of Ref.@14# at
higher energies, is very encouraging. Unfortunately we
not have such agreement with the experimental data of
Wisconsin group in many transitions, especially for theJ
51 3p54p levels at high energies. Inclusion of second-ord
transitions with two direct components may improve o
cross sections and bring them into close agreement w
measurements. On the other hand, the extremely slow fa
of the Wisconsin data for these transitions is suspicious,
hence further improvements of experimental investigat
must be considered for this difficult problem of collisio
excitations of neutral rare gases. The results of our calc
tions for excitation from the metastable 1s3 and 1s5 levels
could only be compared for low energies withR-matrix cal-
culations, and we have close agreement in about half of
cases. At higher energies we could compare our results
the experimental data of the Wisconsin group only for t
1s3-2p4 , 1s5-2p6, and 1s5-2p9 transitions, and except fo
the 1s3-2p4 transition our results agree well for the oth
two cases. As mentioned previously, since the data are
apparent cross sections and do not include any cascade
rections, the direct cross sections are actually lower, wh
will make the disagreement somewhat smaller.

In addition to inclusion of secondary effects, another i
provement on the calculation would be to obtain more ac
rate bound wave functions and hence more accurate mi
coefficients for the mixed levels. In the inner region, where
is important to obtain the bound functions accurately, o
should try to improve these wave functions by including co
figuration interactions of levels of same parity and by che
ing the convergences of the atomic parameters, and com
ing them with experimental values. A close-coupling~CC!
calculation with a basis of many states is superior to
Hartree-Fock calculation to generate these wave functio
Indeed, if we use wave functions generated by a CC appr
mation such as theR-matrix method, we will have bette
agreement with experimental measurements, especiall
low electron energies; however, in this work both the atom

-
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structure and the collision calculations are done s
consistently. When comparison is made with theR-matrix
results, this work shows the limitations of using a D
method to calculate near-threshold excitation of neutral
oms precisely. However, over a large energy range
present DW method with proper unitarization gives acce
able results for many excitation cross sections.
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