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Near-threshold electron-impact excitation of the vacuum-ultraviolet resonance transitions
in Ne, Ar, Kr, and Xe
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Department of Physics and Astronomy, Drake University, Des Moines, Iowa 50311

C. Norén† and J. W. McConkey
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Results of semirelativisticR-matrix calculations for electron-impact excitation of the (np6)1S0→
np5@n11#s (J51) transitions in the noble gases Ne (n52), Ar (n53), Kr (n54), and Xe (n55) are
compared with experimental values for light polarizations and angle-integrated magnetic sublevel cross sec-
tions. The calculations focus on the near-threshold regime, where negative-ion resonances have a significant
effect on the results. In light of the complexity of the structures, the agreement between theory and experiment
is very encouraging. Nevertheless, further improvements in the theoretical treatment of both the target structure
and the collision dynamics seem necessary.@S1050-2947~98!09708-X#

PACS number~s!: 34.80.Dp
ac
s
o
le
ra
e
h

tio
ow

el

et
en

te
an

,
ie
d

r
ar
e
tiv
-

e

tion

w-
ere

-
on,
ier
fur-
s in

ral

the
sti-

ub-
ual

al

ork
d
ull

uc-
lytic

e
ed
IV.

and
into
nA

dia-
he
na-

lier.

o

a

I. INTRODUCTION

Since the early days of collision physics, electron-imp
excitation of atoms has played a central role in both ba
research and numerous applications. One of the many
servables that yields additional information to the ang
integrated total cross section is the standard polarization f
tion of light emitted in a direction perpendicular to th
incident beam@1#. Measurements of this polarization, whic
is related to the alignment, i.e., the nonisotropic occupa
of magnetic sublevels in the collision process, not only all
for a detailed study of resonance phenomena~see, for ex-
ample, the review by Heddle and Gallagher@2#!, but their
importance has also been recognized in many other fi
@3#.

Polarization fractions after excitation of noble gas targ
have been investigated for a long time, with most rec
contributions by groups at Lincoln@4#, Münster @5#, and
Perth @6,7#. In most cases, however, the work concentra
on transitions in the visible wavelength regime where st
dard analyzers for linear and circular light can be used.

In a series of recent papers@8–10#, to be referred to as I
II, and III below, we presented results of polarization stud
of the vacuum-ultraviolet~vuv! resonance radiation emitte
by the inert gases He~I!, Ne ~II !, and Ar, Kr, Xe~III ! after
electron-impact excitation. Theoretical results for compa
son with experiment were available only for the helium t
get; in fact, excellent agreement between the measurem
and the predictions of a relatively simple 11-state nonrela
istic R-matrix ~close-coupling! calculation was obtained be
low the n53 thresholds~for details, see I!. For higher im-
pact energies, a detailed comparison becomes v
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complicated, due to the effects of cascades on the popula
of the radiating levels.

The theoretical situation was much less satisfactory, ho
ever, for the other noble gases Ne, Ar, Kr, and Xe that w
investigated experimentally in II and III. In light of the
strengths of theR-matrix method, particularly for the predic
tion of low-energy impact excitation in the resonance regi
it seemed worthwhile to use this method for the heav
noble gases as well. The promise of this approach was
ther enhanced by the recent success of such calculation
modeling electron-impact excitation of Ne@11# and Kr @12#.
The latter work also revealed additional insight into gene
patterns of atomic alignment.

In the present work we attempt to shed more light on
complicated, near-threshold resonance structure by inve
gating the light polarization, angle-integrated magnetic s
level cross sections, and even structures due to individ
partial wave contributions that can~only! be isolated in a
calculation. Additional motivation for both the experiment
and theoretical work has been given before@8–12#, together
with comprehensive lists of earlier reviews and recent w
for polarization studies in the vuv, visible, and infrare
wavelength region, and thus will not be repeated here. F
details of the experiment and attempts to classify the str
tures due to negative-ion resonances by using an ana
model@13# have been presented earlier@8–10# and so only a
brief summary will be presented in Sec. II. In Sec. III w
present the main features of the numerical model, follow
by comparisons between theory and experiment in Sec.

II. EXPERIMENTAL METHOD

A hemispherical analyzer was used to energy select
focus an electron beam through the target rare gas beam
a Faraday cup. Beam currents were in the range 4–20
with corresponding energy spreads of 80–160 meV. Ra
tion from the interaction region, emitted orthogonal to t
electron beam, traversed a single-reflection polarization a
lyzer and was detected using a channel electron multip

t-
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The orientation of the analyzer was set using a stepper m
under computer control. Data were normally collected at f
orthogonal positions of the analyzer corresponding to de
tion of light polarized parallel and perpendicular to the ele
tron beam axis@8#. Data from the detector were routed in
the memories of a multichannel analyzer. The electron be
energy was scanned automatically so that the variation of
polarization as a function of energy could be obtained
rectly. Studies of the variation of the polarization with targ
gas pressure were carried out to ensure freedom from d
larizing effects such as imprisonment of resonance radiat
The base pressure prior to introduction of gas into the sys
was 0.2mtorr. Background effects due, for example, to sm
contributions to the measured signals from the backgro
gas in the system were accounted for as discussed in I.

Full details of the error analysis are also contained in
The total error includes contributions from statistical unc
tainties, from uncertainties in the background subtract
technique, and from uncertainties in the determination of
polarization efficiency of the analyzer. Systematic erro
such as those caused by possible mechanical misalign
of the analyzer system, were minimized by averaging d
from different analyzer positions as discussed in I.

III. NUMERICAL METHOD

The calculations reported here were performed along
lines described by Zeman and Bartschat@11# for electron-
impact excitation of neon. Therefore only the most import
aspects will be summarized below.

A. The structure calculations

The N-electron target statesF i were represented as mu
ticonfiguration expansions

F i~r1 , . . . ,rN!5(
k

cikfk~r1, . . . ,rN!. ~3.1!

The expansion coefficients and the approximate target e
gies Ei

N were obtained by diagonalizing the target Ham
tonianHN according to
l
we
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^F i uHNuF j&5Ei
Nd i j . ~3.2!

The configurationsfk were constructed from a bound orbit
basis consisting of self-consistent-field~SCF! orbitals. The
radial components of these orbitals,Pnl(r ), were obtained
using theCIV3 atomic structure package of Hibbert@14# with
the nonrelativistic HamiltonianHN used in the optimization
procedure. After the orbitals were obtained, the approxim
Breit-Pauli Hamiltonian

HBP
N 5HN1Hmass

N 1HD
N1HSO

N , ~3.3!

consisting of the nonrelativistic Hamiltonian and the on
electron relativistic mass correction, Darwin, and spin-or
terms, was used in the description of the target states.

The input for starting the optimization procedure co
sisted of the Hartree-Fock orbitals for the respective grou
states, as given in the tables of Clementi and Roetti@15#.
Further valence orbitals were then constructed for
np5@n11#s and np5@n11#p states, with simultaneous re
optimization of the outermostp orbital of the ground state
configuration. The latter ensured that this orbital was als
reasonable approximation for the excited states of interes
addition, ad and the next highers valence orbital were con
structed to account for the most important channel coup
effects for all the states of interest. In the case of argon,

also constructed a 5p̄ pseudo-orbital to account for the dif
ferences of the 4p orbital that would be obtained if it were
optimized separately on the various excited states with do
nant configuration 3p54p. The effect of this orbital on the
results obtained for the states with configuration 3p54s will
be discussed below.

In the next section we will present results obtained
31-state close-coupling approximations, including all sta
~number given in parentheses! that could be constructed
from the following configurations:
Ne:2p6 ~1!; 2p53s~4!; 2p53p~10!; 2p53d~12!; 2p54s~4!

Ar:3p6 ~1!; 3p54s~4!; 3p54p~10!; 3p53d~12!; 3p55s~4!

Kr:4p6 ~1!; 4p55s~4!; 4p55p~10!; 4p54d~12!; 4p56s~4!

Xe:5p6 ~1!; 5p56s~4!; 5p56p~10!; 5p55d~12!; 5p57s~4! .
we
r-
s

ment
ed
ng
il-
As in the case of neon@11#, the calculated energy leve
splittings of the states considered here compared very
with experimentally determined values@16# for all four tar-
gets, although some problems became apparent for Kr
particularly Xe, mostly due to the close spacing and the ov
lap of states with configurations (4p55p, 4p54d) and
(5p56p, 5p55d), respectively. To correct as much as po
ll

nd
r-

-

sible for the missing details in the structure calculations,
modified theR-matrix code of Berrington, Eissner, and No
rington @17# in such a way that not only the energy splitting
between the various states could be reproduced in agree
with experiment, but the way in which this was achiev
could be controlled in detail, most importantly by ensuri
minimal adjustments in the diagonal terms of the Ham
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tonian matrix for the channels coupled to the target state
interest. For such complex systems as those under cons
ation here, having this control is essential, due to the we
of resonances associated with the various target thresho

B. The collision calculations

The R-matrix method is based upon the partitioning
configuration space into two regions whose boundaries in
sect at a specified radial distancer 5a. In the internal region,
r<a, electron exchange and correlation between the s
tered electron and theN-electron target are considered im
portant and the (N11)-electron system is treated as a clos
system. In the external region,r .a, exchange between th
scattered electron and the target is neglected.

In the internal region, the (N11)-electron problem is
treated similarly to a bound state and Eq.~3.2! is replaced by

~ckuHBP
N11uck8!5Ek

N11dkk8 , ~3.4!

where theck are (N11)-electron basis states and the pare
theses indicate the finite range of integration fromr 50 to
r 5a. The boundary radiusa was chosen in such a way th
all bound orbitals~physical or pseudo! had fallen off in mag-
nitude sufficiently to warrant the neglect of exchange.

The ck basis states in theR-matrix method are indepen
dent of the energy of the (N11)-electron system, and ar
expanded in the form

ck~r1 , . . . ,rN ,r !5A(
i j

ai jkF i~r1 , . . . ,rN , r̂ !
1

r
uj~r !

1(
j

bjkf j~r1 , . . . ,rN11!. ~3.5!

Here theF i are channel functions formed from all targ
states included in the expansion, theuj (r ) are continuum
orbitals, and thef j are (N11)-electron bound configura
tions. The antisymmetrization operatorA accounts for elec-
tron exchange between the continuum electron and
atomic electrons.

Since our calculations included relativistic effects expl
itly, the atomic angular momentum needed to be coup
with that of the continuum electron to yield a total electron
angular momentumJtot of the (N11)-electron system. The
magnitude of this quantum number, itsz component, and the
parity p tot are conserved during the scattering process. C
pared to a nonrelativistic model, this coupling sche
greatly increases the number of scattering channels
therefore, the number of elements in the Hamiltonian
each partial wave symmetry@Jtot ,p tot#. The computational
time required to diagonalize the Hamiltonian, i.e., to so
Eq. ~3.4!, is thus increased considerably. However, since
diagonalization is independent of the collision energy, it o
needs to be performed once for each symmetry. This
tremendous advantage of theR-matrix formalism. We have
used partial waves up toJtot59/2, with 25 continuum orbit-
als for each orbital angular momentum, to ensure conver
results for energies up to about 5 eV above the high
np5@n11#s state. In the 31-state calculations, up to 1
channels were coupled for each symmetry, causing the
mension of the Hamiltonian matrix to exceed 3000. In t
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41-state model fore-Ar scattering, the size of the calculatio
went up to 157 coupled channels and matrix sizes of ne
4000.

Finally, the calculation for the external region was pe
formed using the flexible asymptoticR-matrix ~FARM! pack-
age by Burke and Noble@18#. For each collision energy, thi
yields the reactance (K ), scattering (S), and transition (T)
matrices. Using standard procedures, these, in turn, ca
used to obtain any observable of interest. For the pres
case of interest, see, for example, the book of Blum@19# and
the paper by Bartschatet al. @20#.

IV. RESULTS AND DISCUSSION

The lower parts of Figs. 1–4 show results for the pol
ization fractionP of the light emitted in the vuv transition
2p5@3/2#3s→2p6 and 2p5@1/2#3s8→2p6 in Ne ~Fig. 1!,
3p5@3/2#4s→3p6 and 3p5@1/2#4s8→3p6 in Ar ~Fig. 2!,
4p5@3/2#5s→4p6 and 4p5@1/2#5s8→4p6 in Kr ~Fig. 3!,
and 5p5@3/2#6s→5p6 and 5p5@1/2#6s8→5p6 in Xe ~Fig. 4!
as a function of the incident electron energy. Theoreti
curves are given for the individual transitions as well as
their sum, obtained as a weighted average with the weig
corresponding to the individual optical excitation cross s
tions for both lines. The experimental signal corresponds
this sum, plus any possible cascade contribution. All theo
ical curves are from the 31-state Breit-PauliR-matrix ap-

FIG. 1. Magnetic sublevel cross sectionsQ0 and Q1 ~top, in
units ofa0

2) and linear light polarization for electron-impact excit
tion of the 2p53s and 2p53s8 (J51) states in neon. The exper
mental data correspond to the weighted sum of contributions f
both levels, but the light polarizations predicted for the individu
states are also given. The thresholds of higher excited 2p5nl states
and the resonance classification of Buckman and Clark@21# are also
indicated.
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proach described in the preceding section.
These light polarizations, after possible corrections

hyperfine-structure depolarization, finite experimental re
lution, etc., are related to the magnetic sublevel cross
tions Q0 andQ1, where the subscript denotes thez compo-

FIG. 2. Same as Fig. 1 for the 3p54s and 3p54s8 (J51) states
in argon.

FIG. 3. Same as Fig. 1 for the 4p55s and 4p55s8 (J51) states
in krypton.
r
-
c-

nentMJ of the total electronic angular momentumJ ~51 for
the excited states of interest in this work!. In fact, the ratio of
these sublevel cross sections, and therefore their relative
can be extracted from the polarization measurement.@For
details, see, for example, Eq.~3! of III. #

The upper parts of Figs. 1–4 show these magnetic s
level cross sections, with the experimental data being n
malized to give the best visual fit to the absolute theoret
results in the near-threshold region of the lowest resona
The reasons for normalizing in this way are the following:~i!
the agreement between theory and experiment in the shap
the curves is quite satisfactory in this region;~ii ! especially
in Kr and Xe, the thresholds of the twoJ51 excited states
are far enough apart so that only a signal from the lower s
is measured right above threshold;~iii ! cascades from exci
tation of the higher states~the thresholds are indicated in th
figures! do not affect the results in this region. Also, th
theoretical results have been convoluted with the ene
width of the electron beam used in the experiment~80 meV
for Ne and 160 meV for Ar, Kr, and Xe, respectively!.

In light of the complexity of the structures, also indicate
by the various resonance structures identified and class
by Buckman and collaborators~for an overview, see the re
view by Buckman and Clark@21#!, the agreement betwee
experiment and theory is quite encouraging. The remain
deviations between the measured data and the theore
predictions, however, demonstrate the sensitivity of the
larization measurement as a detailed test of the theore
model. This can be seen particularly in regions where one
the magnetic sublevel cross sections is overestimated w
the other one is underestimated by theory; in such a case
prediction of the total cross section would be much be
than that of the individual contributions. We also note th

FIG. 4. Same as Fig. 1 for the 5p56s and 5p56s8 (J51) states
in xenon.
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cascade contributions to the observed signal begin as soo
the np5@n11#p states can be excited. In general, these
expected to result in a net depolarization of the radiation
effect that is clearly seen in all four experimental data s
An ab initio, quantitative, theoretical treatment of these
fects is nontrivial and will not be attempted here.

In our previous work on electron-impact excitation
neon@11#, we showed how the representation of the 3p or-
bital in the states with configuration 2p53p was very crucial
for some of the results. In order to investigate such effe
for the present work, we also performed a 41-state calc
tion for e-Ar scattering by including the ten states with co
figuration 3p55p̄ in the close-coupling expansion as we
The 5p̄ orbital was constructed to minimize the sum of t
theoretical energies of the 3p54p states. The results obtaine
in the 31-state and 41-state calculations are shown in Fi
for the magnetic sublevel cross sections~top!, the measured
polarizations~center!, and the polarizations for the individua
transitions~bottom!. It is interesting to see that the result fo
the light polarization as arelative parameter is less sensitiv
to the details of the theoretical model than theabsolutecross
sections.

As the last item of this paper, we now discuss the po
bility of analyzing the resonance structure in great detail
investigating contributions to the cross sections and the l
polarization from individual partial waves. This will be illus

FIG. 5. Magnetic sublevel cross sectionsQ0 andQ1 ~in units of
a0

2), averaged linear light polarization, and individual linear lig
polarizations for electron-impact excitation of the 3p54s and
3p54s8 (J51) states in argon, as obtained in 31-state and 41-s
Breit-PauliR-matrix calculations.
as
e
n

s.
-

ts
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5
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ht

trated with the argon case as an example, mostly for exc
tion of the 3p5@3/2#4s state.

We start by presenting in Fig. 6 the most important co
tributions to this cross section from partial waves with to
@Jtot ,p tot# symmetry, followed by even more details in Fig
7 and 8, where we show the contributions from the 1/21 and
3/22 symmetries, split up even further into parts originati
from various decay channels in thej l K coupling scheme for
the (N11)-electron collision problem, wherel now denotes
the orbital angular momentum of the continuum electro
While Fig. 6 looks very complex, we see that the bigg
contribution to the ‘‘b’’ resonance around 11.7 eV inciden
energy comes, indeed, from the 1/21 channel with the scat-
tered electron exiting via ap wave. This, together with
similar results for excitation of the 3p5@1/2#4s8
state ~not shown!, clearly supports the assignme
3p5(2P3/2,1/2

o )4s4p(3Po) given by Buckman and Clark@21#
to this set of resonances.

It is very interesting to note, however, that the theoreti
polarization result~see Fig. 5! for the 3p5@3/2#4s state is not
even close to the zero value that one would obtain if only
1/21 channel contributed to the signal~see Table V of@10#!.
Instead, the predicted polarization value for this state n
11.7 eV is close to its minimum of approximately20.7. The
other significant contributor to the cross section of theb
resonances, namely, the 3/21 symmetry, can result in differ-
ent values of the polarization even if it represents the o
significant contribution~again we refer to Table V of@10#!.
To illustrate this, we therefore present in Fig. 9 the polari
tion obtained by taking into account individually the 3/21
and 3/22 contributions~the latter will be further discusse
below!. Since the 3/21 partial wave alone does not result
a significantly negative light polarization in this energy r

te

FIG. 6. Partial wave contributions to the cross section~in units
of a0

2) for electron-impact excitation of the 3p5@3/2#4s (J51)
state in argon, as obtained in the 41-state Breit-PauliR-matrix cal-
culation.
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1280 PRA 58ZEMAN, BARTSCHAT, NORÉN, AND McCONKEY
gion either, we are left with the conclusion that interferen
effects between different partial waves are most likely
source for this somewhat surprising result. In light of the
findings, it would be most interesting to check the theory

FIG. 7. Individual channel contributions to the cross section~in
units of a0

2) for electron-impact excitation of the 3p5@3/2#4s
(J51) state in argon from the 1/21 symmetry, as obtained in th
41-state Breit-PauliR-matrix calculation.

FIG. 8. Individual channel contributions to the cross section~in
units of a0

2) for electron-impact excitation of the 3p5@3/2#4s
(J51) state in argon from the 3/22 symmetry, as obtained in th
41-state Breit-PauliR-matrix calculation.
e
e
e
even more detail by comparing with an experimental res
for the light polarization after excitation of the 3p5@3/2#4s
state alone.

Another interesting result of the present work conce
the energy region of the ‘‘c’’ resonance feature around 12.
eV incident energy. As seen from Fig. 9, the dominant co
tribution comes from the 3/22 channel which, itself, is
dominated by scattered electrons with orbital angular m
mentuml 52. Using parity conservation, these findings su
port assignments such as 3p5(2P3/2,1/2

o )4p2(1D) or
3p5(2P3/2,1/2

o )4s3d(1D). In fact, this was already suggeste
by Ohja, Burke, and Taylor@22#, for the ‘‘c’’ resonance,
while Buckman and Clark@21# tentatively assigned the con
figuration 3p5(2P3/2,1/2

o )4s4p(1Po). Although examination
of Fig. 9 indicates that interference effects between differ
partial waves are again too strong for the experiment alon
decide the configuration of the resonance, we believe tha
good agreement between the measured and the pred
light polarizations in this energy region provides some ad
tional credibility to the present theoretical results. This is
nice example of the necessary close interaction between
periment and theory in order for both to advance.

V. CONCLUSIONS

In summary, we have presented results from highly
phisticated numerical calculations for electron-impact exc
tion of the vuv emitting states in Ne, Ar, Kr, and Xe, an
have compared the results with recent experimental data.

FIG. 9. Linear light polarizations predicted for electron-impa
excitation of the 3p5@3/2#4s (J51) state in argon, if only the
3/21 or the 3/22 partial wave symmetries~individually! are taken
into account, as obtained in the 41-state Breit-PauliR-matrix cal-
culation.
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satisfactory agreement obtained between theory and ex
ment gives us confidence in the interpretation of the resu
particularly with respect to the resonance classification
e-Ar collisions. The remaining differences between theo
and experiment clearly call for further improvement of t
theoretical model, both with respect to the structure desc
tion of the target and the treatment of the collision itse
Especially for Ne and Ar, where the use of nonrelativis
one-electron orbitals seems justifiable, a semirelativistic v
on

.J

. B

ev

at

d,
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ri-
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n
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sion of the R matrix with pseudo-states approach@23# is
certainly very promising. Work in this direction is current
in progress.
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