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Multichannel photoionization spectroscopy of Ar: Total cross section and threshold photoelectrons
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Argon photoionization is studied using tRematrix technique. Total photoionization cross sections, as well

as partial cross sections for emission ofsaedectron, are obtained and compared with experimental results in

the photon energy range between 30 and 38 eV. As a by-product of the photoionization calculations, threshold
cross sections have been estimated fof Atates up to 38 eV above the Ar ground state, and are compared
with experiment. These comparisons show that the present approach can describe Ar autoionizing states
reasonably well, even up to 38-eV photon energy. However, some modifications of previously used techniques
have proven to be important in order to stabilize the calculation in this difficult energy range.
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PACS numbgs): 32.80.Fb, 31.15.Ar, 31.56w

[. INTRODUCTION matically affect the strength of interaction between the 3
and 3 subshells.

Deviations of atomic dynamics from independent-particle From a theoretical perspective, many approaches have
behavior have challenged atomic physicists for the largebeen applied to Ar photoionizatigi4—18. In most of these
part of this century. One important process induced by th&alculations, the determination of the atomic structure was
dielectronic repulsion is autoionization, in which an excitedrestricted to the 83p®np *P° resonances. Above thes3p®
state decays nonradiatively. Independent-particle models dé\ " threshold, this restriction leads to a smooth spectrum.
scribe this as a one-electron jump into a tighter-bound orThe collective response of the=3 electrons leading to a
bital, after which the excess energy donated to a second eleBlinimum in the 3 photoemission at 43.8 eV prompted fur-
tron liberates it from the atom. Argon was one of the firstther calculations to study this emission process at higher fre-

atoms in which synchrotron radiation was used to probe auduencied13,17,19-21 _
toionizing stateg/1]. Since this first observation over 35 The region containing argon doubly excited states has

years ago, many other studies have been devoted to A?rggly been. avoided by theori;ts, because independent-
photoionization in the regime between 20 and 150 eV. I:)e_parncle techniques are better equipped to handle nonresonant

. . . ) . rocesses. The first theoretical calculations examining the
spite the rich multitude of resonances in this energy rang

e hfluence of doubly-excited states on photoionization pro-
that were observed and classified in Rje#], most subse- cesses in Ar were presented in RE22]. Subsequently,

_CTPE o W/ijesundera and Kelly23] employed many-body perturba-
photoionization features, such as the Cooper minimum at 4§, theory for another study. Referen@?] determined the
eV [3-6]. _ o _ total photoionization cross section and the partial photoexci-
At low photon energies, the photoionization of Ar is tation cross sections of all@4p states over the photon
dominated by removal of aBelectron. In the photon energy energy range from 36 and 52 eV, both theoretically and ex-
region between 26 and 29.24 eVs3p°np resonances ap- perimentally. It was found that electron interactions in the
pear, and the members up tp &ave recently been studied initial state are important to describe at a level more accurate
experimentally and analyzed usifgmatrix calculationg7].  than the independent-electron approximation, but that inter-
Above a photon energy of 29.24 eV, emission ofsaedec-  actions in the final state are important for production of only
tron becomes energetically allowed as well. Experiments few final ionic states, such agpq'D®)4p ?F°. Those
[8—10Q] have determined accurate cross sections for this proearliest calculations were limited, however, since they in-
cess, e.g., by measuring photoelectrons at the “magicluded no Rydberg series or continua associated with the
angle,” although recently photon-induced fluorescence spep*3d or 3p*4s thresholds. Wijesundera and Ke[13] im-
troscopy has been employed as wéll,12. One feature of proved on the work of Ref22] by including Rydberg states
interest, theoretically predictdd3] and experimentally veri- attached to eight final Ar states: the 83p® 3s3p5,
fied[8], is an apparent collective response of the electrons iBp*(*D®)nd 2S® with 3<n<5, and all $*4p ?P° states
then=3 shell, which causes a Cooper minimum to appear awere included. The main focus of that study was aimed at a
a similar energy in both 8 and 3 photoemission. This determination of photoexcitatiofsatellite intensities for the
highly unusual coincidence might be taken as evidence th@p?(*D®)nd 2S° states of Af, which strongly interact with
the underlying dynamics of these two subshells are couplethe 3s photoemission channel. While RgR3] reached a
strongly. Recently, absolute experimental cross sections fdevel of sophistication adequate to demonstrate the impor-
photoionization of Ar with emission of as3electron have tance of doubly excited states in Ap3and 3 photoemis-
been reported, and the strong influence of autoionizing statesion, it still could not show the full multichannel richness of
of Ar in the photon energy range between 30 and 38 eV ighe Ar photoionization spectra above 30 eV.
immediately apparenftll]. These resonant states can dra- In this study, we present results for Ar photoionization in
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the photon energy range between 30 and 38 eV, employing TABLE |. Energies of Ar states with respect to the
an extensive description of the Ar structure using the3s?3p°® “P° state obtained in th&-matrix approach using MCHF
R-matrix approach. As such, the study is comparable to thérbitals and compared to the experimental results.

theoretical calculations presented for Ne in Re4]. The

results discussed here include the total photoionization rates Rmatrix  Expt.[30]
and partial cross sections for ejection ofectron. Where State Label (eV) (eV)
possible we compare our theoretical description wi_th experi $23p® 2p° a 0.000 0.0
mental results, and assess the successes and failures of %pﬁ 2ge b 12.937 13.421
present level of theory accordingly. 3523p*(3P)4s 2P° c 17'452 17'123
Another quantity of experimental relevance that is to 23p4(3P%)3d 2P q 18.336 17.962
some extent affected by doubly excited states is the threshol? ) p4 Lmenn 26 ' '
photoionization spectrum. The measurement of zero-energ 23p4(3De)4s zDe € 18.696 18.384
electrons emitted from Ar after photoabsorption not only 523p4(3pe)3d ZFe f 19.109 18.488
provides detailed information about the "Astructure, but 3323p4(lPe)3d ZDE 9 19.124 18.643
also about the spectrum of doubly excited states of Ar. IS 3p°("D%)3d °G h 19.607 19.059
particular, the detachment of slow electrons is increased if a3-3P"(*P%)4p *D° ' 20.098 19.654
doubly excited state with a large transition probability from 3°3p*(°P€)4p 2P° k 20.211 19.786
the ground state is found close to the threshold. Detaile@s*3p*(‘D)3d ?F¢ | 20.924 20.201
experimental zero-energy electron spectra have been r@s’3p*(*S%)4s ’s® m 20.904 20.685
ported for Ar[25], and have been calculated as another by3s*3p*(*D®)4p 2F° n 21.532 21.077
product of the present photoionization calculations. It shoulBs?3p*(*D®)4p 2P° 0 21.831 21.318
be noted that, by careful analysis of the threshold electrods?3p*(*D®)3d ?D*® p 22.205 21.329
spectra, experimentalists have been able to retrieve the phes?3p*(1D®)4p 2D° q 22.002 21.437
toexcitation spectrum within 150 meV of the Athreshold  3s23p*('D®)3d 2P® r 23.079 21.582
[25,26]. 3s23p*(1s°)3d 2D° s 22.993 22.224
3s?3p*(1D®)3d 2s° t 23.573 22.766

IIl. THEORETICAL APPROACH

We adopt the multichannel quantum-deféematrix ap-  MCHF orbital set consists of physicas12s, 2p, 3s, 3p,
proach to describe the nonperturbative channel interactiondd, 4s, and 4p orbitals together with4d, Ss, and 5p
using techniques largely the same as those described in Rg¥seudo-orbitals. Thesl 2s, 2p, 3s, and 3 orbitals are
[27]. The approach employs a basis set expansion of theptimized on the §°2s°2p®3s3p°® state of A¥'. The physi-
initial- and final-state wave functions within an inner region, ¢al n/=3d, 4s and 4p orbitals are then optimized on the
while the final-state solutions in the outer region consist ofverage of the £2s?2p°®3s?3p*n/” configuration using the
Art eigenstates mu|t|p||ed by Coulomb wave functions forpreViOUS|y determined inner orbitals. The pseUdO'Orbitals are
the outermost electron, appropriately antisymmetrized. Solugenerated by optimizing them on the thre&#3p*n/" states
tions that remain continuous in value and derivative at thevith the strongest configuration-interacti¢gl) effects. A
boundary are obtained by matching the inner and outer reshorter CI expansion could be achieved through a separate
gion solutions. The app"ca’[ion of this version Bfmatrix Optimization of different orbitals for every ionic Eigenstate
theory has been enhanced by combining it with another powtelevant to the energy range treated in the calculation, but the
erful approach in theoretical atomic physics, the multicon-2dvantages in computational efficiency gained by using a
figuration Hartree-FockMCHF) approacH28]. This combi-  common set of orthogonal orbitals far outweigh the separate
nation has been successfully applied to the study ofPtimization procedure.
aluminum[29] and neor{24]. After the MCHF orbitals have been generated, the basis

Accurate photoionization cross sections require an accuset for Ar" in the photoionization calculations is constructed
rate description of both the initial and final states of thein the following way. For the 8°3p® 3s3p®, and each
atom. The initial state is the Ar ground state. The final staté3s°3p“n/ state withn/" a physical orbital, a configuration
can be viewed as a continuum photoelectron that moves ilist including single and double excitations within the physi-
the field of many states of Arwhen it moves beyond the cal orbital set is generated. A ClI calculation then gives the
core, but within theR-matrix box it requires a more elaborate eigenvector of 8°3p°, 3s3p®, and &°3p*n/ states. Every
description as an eigenstate of the full Ar Hamiltonian. Theconfiguration with a coefficient of at least 0.03 in at least one
presence of Ar doubly excited states in the energy range dgixpansion of an Ar state is retained in the final Arbasis.
interest in this paper implies that a good description of botHOn average, these contributions total 99.4% of thé Aate.

Ar and Ar* is required simultaneously. The Ar final-state The neglected contributions for one Astate may, however,
wave functions are approximated in the present calculatioke retained due to another Astate. Finally, pseudo-orbitals
by adding a single electron to well-described low-lying statesare added ass$3p“*n/ configurations.

of Art. These Af states are described using MCHF orbit- A CI calculation using this Af expansion gives the en-
als, which yield the best description that can be achieve@rgies reported in Table | for states that can be excited by
with a small number of configurations. photoionization from the Ar ground state. The thresholds are

The details of the MCHF expansion will be described in alabeleda—t for identification purposes. A comparison with
forthcoming paper, so here we only give the essentials. Ththe experimental energi¢80] shows that the disagreement
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in excitation energy is generally around 0.5 eV, but that for 0.0 - - -
the highest 323p*#(3d,4s,4p) states the average discrepancy
increases up to 1.5 eV. These highest states lie close to th;
energy region where higher-lyingp3n/ states are found, = -1004

c L

which have been omitted from the present calculation tog
keep its size manageable. The neglect of these terms resul@
in a deterioration of the quality of our description for the
high-lying Ar' states. In fact, the $3p*(1S%)4p 2P° state

is immersed in these higher manifolds, and no reliable theo-2
retical prediction can be provided. Moreover, the excitation £
energy of the lowest excited states is too low, a further indi-§
cation that the Af ground-state wave function is not fully
converged.

Except for some exploratory calculations performed to as-
sess convergence with respect to box size, the present calct  _gq 4 . . s
lations utilized a box radius of 13 a.u. The Ar basis set con- 360.0 380.0 400.0 4200
sists of the AF states combined with a set of “outermost Wavelength (A)
electron states” having’<3. This set contains 21 states for
s andp electrons, 18 fod electrons, and 16 fof electrons.
The total basis expansion for the Ar photoionization problem
then consists of 2350 states for the® states and 5581 for
the 1P° states. The ground-state energy of Ar is calculated to
be —17.755 eV, compared to the experimental results of
—15.819 eV, relative to the ground state of "Ar The
ground-state binding energy is overestimated, because w
have used a much larger Cl expansion for the Ar ground
state than for the Ar states. In order to obtain the proper
transition frequencies at the thresholds, the Ar ground state
and all Ar* states are shifted to the experimental values.

This overconvergence can be explained through core- ) . . . . |
polarization interactions. Suppose that the binding energy of 370 380 390 400 410 420
interest is the ground-state binding energy, the energy differ- Wavelength (A)
ence between thes33p® 1S® and F23p° 2P° states. The
excitation of two electrons from thep3to 3d shell gives a

-20.0

ation cross

-30.0

- Photo

-40.0 | .

Plate density

FIG. 1. Total photoionization cross sections for Ar above the

. . . . . 4 threshold for ejection of a 8 electron. In the top figure, the
configuration interacting with both the Ar and the “Ar R-matrix results are indicated by a solid line, and compared to the

; : inn ies22n4342
ground states. Fo_r A_r this zcogflglzjratlon 1SS Sp_ 3d7, results of Samsost al. [31] (open squargsand the compilation of
whereas, for Af, this gives 3°3p»3d”. In determining the  parr and wes{5] (full circles). The bottom figure shows Fig. 3
photoexcitation of Ar doubly excited states, the Ar configu-from the report by Madden, Ederer, and CodI[i23:

ration is included automatically through an important excited
Ar* target configuration, §3p*3d, whereas special efforts
are required to include thes3p33d? configuration for
Ar*. Moreover, for consistency the inclusion of this target
state also enlarges the basis set for Ar with configuration
such as 83p°3d’n/. When all possible excitations are 3s?3p®3d°® have not been shifted, but the influence of these
mchded, the correct energy d_lfference Wl_II be r_epmduceqconfigurations is comparatively small.

but in other cases the Ar binding energy is easily overesti-
mated. Since the Ar and Ar basis sizes are inextricably
linked to each other, the only way to improve on this over- IIl. RESULTS AND DISCUSSION
convergence is by extending both basis sets.

The shifts of the Af states have been included in a dif-
ferent manner from the one detailed in RgX7]. Due to the The total photoionization cross section of Ar in the energy
number of target states and open channels, and the relativetgnge above the threshold for detachment okal@&ctron is
large shifts of the AT states, shifting the Ar energies in the shown in Fig. 1. The theoretical spectrum is compared with
quantum-defect part of the approach does not produce stablee measurements of R¢B1] and the compilation of Marr
results. The approach has thus been modified. Before thend Wes{5]. To test our theoretical description of the reso-
evaluation of thek matrices, the shifts of the Arstates are nance structures, the results are also compared with the early
determined from the eigenvalues of the*AHamiltonian.  but detailed photographic measurements carried out in Ref.
These shifts are then transformed back to shifts for the Ar [2] in the wavelength region between 360 and 430 A. Since
basis states, including off-diagonal interactions. Since the Athe experimental results have been obtained as a function of
states are described as an'Apasis state plus a continuum wavelength, we also present our spectrum in A units. The
electron, these shifts and off-diagonal interactions can be didentification in[2] of the resonances markéd-K is given

rectly added to the Ar Hamiltonian. This modified Hamil-

tonian is then employed to determine the Ar photoionization
roperties. This approach leads to significantly more stable
alues for all channels. The energies of configurations like

A. Total photoionization
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TABLE Il. Identification and energy of the resonanc®sM as  in the photoionization spectrum, as will be discussed in more
indicated in Fig. 1. Resonan&? is our identification of resonance detail for the 3 photoemission. These differences can be
B. The wavelengths are averaged oyeof the outer electron. ascribed predominantly to limitations in our description of
both the Ar and Af ground states. The emphasis is on the

Resonance \dentificaticiz] Wave:zr;gttﬁ] description of the structure up to a photon energy of 38 eV,
which means that we require a good description of 26 chan-
A 3p*(159)4s(2S5,,)4p 369.93-0.02 nels simultaneously. The most difficult channels to describe
B 3p*('D®)3d(*F5,)4p 377.40-0.02 are of 3*n/ character, and hence no special effort has been
B’ 3p*(1D®)4s(2D®)5p? made to obtain the best agreement for the background rate
c 3p*(3P)3d(2PS,)5p 381.14+0.04 anq the position of the Cooper minimum for the ﬁhoto—_
D 3p*(3P%)3d(2PS,)5p 382.82+0.03 emission chan_nel_. Ne_ver_theless,_the bagkground behavior of
E 3p*(®P9)3d(2DS,) 4p 391.29+0.03 theBtotaI phot(_)lomzhauon is described quite well. _
F 3p4(3P?)4s(2P%,)5p 392,22+ 0.04 y comparing the present results with the exper!ment_al
G 3p*(1D%)4s(2DE,)4p 396.76+0.02 ones(2], it can be seen that the overall agreement is quite
H 3p*(1D%)4s(°D% )4 396,99+ 0.02 good. There are definite differences in the position of certain
A 3menn o P : ' resonances, but the shape of the spectra is in reasonable
! 3p4(3Pe)3d(2Pg/2)4p 401.15-0.03 agreement. One example of a resonance feature not resolved
J 3p"(°P%)3d(*Py)4p 403.76+0.03 experimentally is apparent for resonarigewvhich shows up
K 3p*(*P°)4s(*P)4p 424.23:0.02 as a single experimental resonance, while the calculations
L 3p*(°P®)4s(*P°) 7p? also show an interference with the Rydberg series converg-
M 3p*(°P°)4s(*P%)6p* 386.21-0.04 ing to the 323p*(3P®)4s 2P® threshold at a slightly shorter

wavelength. Below a wavelength of 370 A the number of
resonances increases considerably, but here a good descrip-
in Table 1, and by indicating these resonances also in th&ion of the photoionization spectrum is also obtained. The
theoretical spectrum, the analogies and differences can belative intensities of the resonances are, however, not de-
estimated for these resonances. Uppercase letters are usedsesibed very well, as can be seen in the neighborhood of
indicate Ar states, while lowercase is reserved for” Ar resonance.
thresholds. The experimental results have been obtained with The calculated energies of certain resonances are not very
a resolution of 0.06 A or roughly 5 meV at the photon ener-accurate. For instance, the wavelength for the transition from
gies of interest. The theoretical results were accordingly conthe ground state to the averag@*8>P°)4s(2P®)4p tP°
volved with a Gaussian of 5 me{full width at half maxi-  sState, resonancé,H, differs from experiment by roughly 8
mum) to simulate this resolution. Over the entire wavelengthA or 2%. In energy, this corresponds to a disagreement of
range below 430 A, neutral Ar resonances are observed. AR.7 eV, and a difference in quantum-defect/ofi* =0.23.
though many other experiments have been perforfBe®], = We typically strive for quantum-defect errors less than about
the spectra of Refl2] still characterize the resonance fea- 0.05, so the present discrepancy is regarded as signifying
tures in the wavelength range from 360 to 430 A with thesome qualitative problems with our multichannel wave func-
greatest accuracy to date. tions. The origin of this deviation is essentially the same as
We classify resonancB differently than Ref[2], since the one causing the overbinding of the Ar ground state: the
the 3p*(®P®)3d(?F®)4p 'P° state is not allowed inLS  expansion for the Ar states contains more configurations, and
coupling, which possibly suggests a typographical error ins able to describe a fuller range of core-polarization effects
their paper. Our calculations indicate that than the Ai" basis set. Consequently, those Ar states that are
3p*(*D®)4s(?D®)5p P° is a more appropriate character- most affected by core polarization converge to energies that
ization. In fact, Madden and Codling associated a resonancare too far below their respective thresholds. This problem
close to the B*(P®)3d(°F®)4p P° state with the therefore stands out particularly for low-lying states in the
3p*(*D®)4s(°D®)5p 1P° resonance. It should be noted that Rydberg series, but for states higher up in the series, this
for several of the resonances, e.g., resonafgEsaind G, H, problem should be less serious, since the polarization poten-
it is quite difficult to obtain an unambiguous classification tial drops off withr ~%.
due to the large interactions between the Ar resonances. Two Another discrepancy can be noticed in the long-
additional resonances are seen in between wavelengths wavelength part of the spectrum, where the experimental
380 and 390 A, and their identification is also given in Table3p*(*P®)3d(*P®)4p 'P° resonance is split into two sepa-
Il. Resonancev has been identified as such by Ref], and  rate peaks, resonanceésind J, by spin-orbit coupling. The
their experimental transition wavelength is also reported. calculations, of course, are carried out in BB-coupling
Although the present calculation is limited toS cou-  approximation, with all fine-structure terms omitted from the
pling, with all fine-structure effects neglected, generallyHamiltonian. This means that the differeftlevels of the
good agreement is found with experiment. The total photo3p*(3P®)3d 2P® threshold are degenerate. Consequently,
ionization cross section is typically within about 1.5 Mb of adding a Rydberg electron to this state to formiRP state
the experimental results. Our calculations achieve a pooreesults in two degenerate states instead of fine-structure-split
description of the energy-dependent decrease of the photpeaks. Similarly, only one 8*(3P®)4s(?P®)4p 1P° state is
ionization cross section with decreasing wavelength; this reealculated, lying below the sBp® ?S® state, while experi-
flects our position of the Cooper minimum at 42.7.0 eV,  mentally two are observed, one abdvesonanc&) and one
with the uncertainty in the position arising from resonanceselow the 33p® 2S® threshold due to the lifting of thd

%Present work.
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degeneracy. Such discrepancies between theory and expel 6.0 ' - '
ment are observed throughout the spectrum, whenever th
spin-orbit splitting of the threshold is large.

Despite these differences between theory and experimen'g
the agreement in the shape and structure of the experiment&
and theoretical spectra shows that employing the combinagy
tion of R-matrix and MCHF techniques a reasonable overall §
interpretation of the spectrum can be obtained. It provides &
reliable identification of most observed resonances, and al
lows us to assess the nature of the dominant channel inter
actions in this energy range of Ar photoionization.

(Mb)
by
o

B. Emission of a 3 electron

3s photoemission

Above a photon energy of 29.24 eV, it is energetically
allowed to excite the residual Arion simultaneously with
the emission of an electron. The lowest excited state is the y
3s3p® 2S° state and its excitation therefore corresponds to  %%gg 320 340 36.0 38.0
emission of a 8 electron. Several approaches have been Photon energy (eV)
applied to study this process experimentally in the energy
range between 30 and 38 €8-10. A resolution of 90
”.‘eV.’.WaS af:hleved by Mms et al .[11]’ but_recently they the top figure, the final spectrum is given without applying any
?'g.r"f'ca”“y improved their resolutlo[r12]. This Iattgr study convolution, while in the bottom figure the spectrum is convolved
indicates that the observed structure In the eXpe”mema_l d""F)ﬁ'ﬁ’[h the experimental resolution of 90 meV. The experimental re-
corresponds to atomic structure, and is not due to experimeny, i [11] are also indicated in the bottom figure by filled circles

tal uncertainties. _ . _ connected by a dotted line.
Mobus et al. compared their results with theoretical data

[13,17,19-21,2B but while these calculations provide a experiment give a two-step increase in photodetachment at
good description of the nonresonant photoionization behavfrequencies just above 34 eV. Not only is the global structure
ior, no agreement was obtained for the resonant photoionizaf the spectrum reproduced, but the numerous smaller struc-
tion spectrum. To a limited extent, Wijesundera and Kellytures in the spectrum are also accounted for.

[23] included channel interactions in the final-state expan- As mentioned in Sec. I, thes3photoemission shows a
sion that they adopted to describe the Ar ionization con-Cooper minimum at a roughly similar photon energy as ob-
tinuum. In addition to the &3p° and 33p® Ar* states, served in the B photoemissiofi13,8]. The experimental po-
they included the 83p*(*D®)md(>S?) Ar* thresholds sition of the Cooper minimum, which lies outside the photon
(with 3=m=5), owing to their strong interaction with the energy region shown in Fig. 2, compares at 43.8 eV reason-
3s3p°® channel, and the threes®Bp*4p ?P° states of Af.  ably well with the position obtained employing the present
While their description does produce Ar resonances in thér and Ar" expansions, 44.% 1.0 eV. The uncertainty in
frequency range of interest, the resonant portion of the calthe position is caused by the presence of resonances arising
culated spectrum does not agree with experinjétf. No-  from Rydberg series converging to high-lying states of Ar
tably, the experiment shows a significant amount of structurguch as those belonging to thes3»*3d? configuration.
from 32 to 35 eV which is absent from the calculations. OnMoreover, unphysical resonances may appear in this region,
the other hand, at frequencies larger than 40 eV, where thsince the Ar photoionization channels opening beyond the
resonant Ar spectrum is less important than gie Art  3s23p*(1D®)3d 2S® threshold of A, labeledt in Table |,
open-channel interactions, the cross sections obtained bemain artificially closed in order to keep the calculations
Wijesundera and Kelly23] for excitations of the 823p*n/  feasible. Additionally, the limitations in the present Ar de-
states are in excellent agreement with the experimental rescription further limit the accuracy with which the position
sults[32]. of the Cooper minimum can be determined.

The cross section obtained from dR¢matrix calculation The agreement between theoretical and experimental
in Fig. 2 is seen to overestimate the experimental resultsesonance properties is close enough to permit us to classify
obtained by Mbuset al. [11], by roughly 0.2 Mb. Such a the observed resonances by examining their channel compo-
difference is not too surprising, since we have optimized thesition. Several Ar resonances have been identified in the con-
basis set to describe many high-lying states as accurately aslved theoretical spectruiiesonance®—X), and these are
possible. Our primary goal in this paper is to achieve a reaelassified in Table Ill. Although many resonances are present
sonable description of the resonance structures. Although tha this photon energy region, due to the finite experimental
resonance positions differ from experiment by about 0.7 eMfesolution only a comparative few are observed experimen-
(An*=0.23) in the region between 30 and 32 eV, Fig. 2tally. It should be mentioned that for a proper identification
shows that we have achieved reasonable success in reprodwd-the resonances observed in experiment, a knowledge of
ing much of the fine detail observed experimentally. Justhe experimental resolution is essential. The energy differ-
below 34 eV a large decrease in the photoionization is obence between subsequent members of the Rydberg series is
served both in theory and experimentally. Both theory andyiven in a.u. byz%/(n— 8)2, with & the quantum defect and

FIG. 2. Photoionization cross sections of Ar with emission of a
3s electron determined using tfiematrix approachsolid line). In
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TABLE lII. Identification of resonances observed in the theoret-appears as a window resonance. This qualitative change in
ical photoionization spectrum. The labels correspond to those ifine shapes from one state in a Rydberg series to the next is

Fig. 2. The energies correspond to the observed position in thggsed by interactions with othébroad perturbing reso-

theoretical spectrum. These energies may differ from the experinances.

mental positions. The identification consists of the threshold asso- Although most of the resonances observed in the experi-
ciated with the resonance, the effective quantum number and the

state of the outer electron. Window resonances are indicated by \?’Pe”ta' spectrum lie reason(?lbly CIQS? to the position derived
and peaks are indicated lpy rom our theoretical calculation, this is not the case for reso-
nancesN andO at 33.55 and 33.75 eV, respectively, whose
Energy Outer experimental analogs appear in between 33.8 and 34.0 eV.
Label (eV) Ar* threshold n* electron Type (Experimental spectra obtained with an improved resolution
indicate that these indeed belong to two different resonance
structureq 12].) This difference between theory and experi-
ment indicates that an underlying resonance is responsible
for the large increase in the photoionization at 33.6 eV. By
examination of the theoretical spectra, this resonance is
found to be the B*(*P®)4p(?P°)5s 1P° state. The higher
members of this series are observed as individual resonances
P andQ (see also Table l}lin the photoionization spectrum,
and quantum-defect extrapolation from these two states pre-
dicts a position for the & resonance around 33.8 eV. The
3p*(3P®)4p(?P°)5s 1P° state strongly interacts with the
3s?3p*(*D®)4s(°D®np 1P° Rydberg series, and the Ryd-
berg states consequently obtain a significant amount of the
final population and appear as prominent resonances in the

resolve subsequent members of the Rydberg series as in pectrum. From a comparison with the experimental spectra,

- . . “appears that this underlying resonance is shifted to lower
vidual peaks, the experimental resolution must be smaller by about 0.2 eV
than this energy difference. Since this energy difference descray by a out 0.2 ev. ; .
' This discussion shows that the incorrect positions of the

crtranas)t(ai;w::]h:,vhllghernnstgtej ia?rg?r: bde éSOIa;%d\’Ni?dhm tfatct resonances affect the interference effects. These incorrect po-
a maximu alue can be dete ed beyo ch StaleSitions are ascribed mainly to inaccuracies in the truncated

fnal:]cﬂoblrc:)n;] deerrbt(re\asr?qﬁ(r—:‘afxd'eSritr%t:rS\tgItrr:elsm?él:]ei\ﬁgntﬁg o Cl expansion of the Af states. Thus the interaction strength
P X etween Rydberg series, which is assumed to be a fairly

citation peak fpr such a resonance may be split into SEVerdmooth function of energy, is described to a better degree.
peaks due to_mlterferenclesewnh Zanother fWg’berg SEres. Aplowever, a different position of the resonances may also
examplt? O.f th|_s is the B'( D )3d( F5,2)4p. P state(reso—_ affect the interference by changing constructive interference
nanceB’) in Fig. 1 for which the states in the overlapping into a destructive one, or vice versa. As shown in Fig. 2,
i Th hile th ved ¢  Fig. 2 sh fhere are still large differences between the experimental and
Ions.lt't Lés’ Wf ie the unconvo ;/he Sﬁef ruminmg. 2 s ovk\)/ heoretical excitation cross sections, especially in the photon
?Nmu I3L§ € 83"5(55(3?"1?]%5 mh ep t%on energy ratnglge ee'nergy region from 33 to 35 eV, which indicate that there are
een an ev, the much smoother expenmental Spee, ,q qualitative features in the calculated wave functions,

trum is reprodu.ced only after a convplu_tmn with t.he. EXPEM"iat are in error and should be improved upon in subsequent
mental resolution. Consequently, it is very difficult to work

identify the experimentally observed resonances from the =
comparison with the unconvolved spectrum.

At the low-energy side in Fig. 2, three strong resonances
are visible, which can be identified from the total photoion- Another property of recent experimental interest is the
ization spectra in Fig. 1 as p8(3P)3d(?P)4p 'P° and threshold photoionization spectrum of Ar. For example, in
3p*(*D)4s(®D)4p P°, and an overlap of the measurements in RefR5], the probability of leaving
3p*(®P)4s(’D)5p P° and 3*(°P)3d(?D)4p P° from  Ar™ in an excited state with the outgoing electron having an
low to high energy. Above an energy of 33 eV, several resoenergy in the range 0 up to roughly 25 meV is measured.
nances appear in the experimental spectrum in Fig. 2. Manyhreshold spectra have now been measured with fine accu-
of these resonances consist of overlapping states, but Tahlacy from the onset of the doubly excited states up to the
Il presents our classification of 11 resonances in the con3p* 1S° threshold of Af* [25,33—35. These experiments
volved theoretical spectrum. The table indicates which Rydnot only probe the structure of Ar since electrons can only
berg series have the strongest influence on the 3s photoemise emitted within a finite energy of an Arstate, but also the
sion, but the subtler effects of the channel interactions castructure of Ar, since the threshold photoionization can be
only be observed after a careful analysis of the resonancenhanced considerably by doubly excited states straddling
line shapes. For instance, resonaneeand Q, at 34.69 and the threshold. Thus theoretical predictions for the threshold
35.00 eV, respectively, are identified as eand 7s states  intensities need to take the structure of Ar into account.
in the Rydberg series converging to th@*gP®)4p 2P° Several theoretical calculations have been performed to
state. The6s state is a peak resonance, while fhestate estimate the threshold intensitigz2,35. Most of the calcu-

3355 F?3p*('D%)4s?D® 4.56 6p
33.75 F?3p*('D®)4s?D® 547 Tp
3438  F23p*(3P%)4p 2P° 3.33 4d
34.67 F3p*(3P®)4p 2P° 3.75 6s
35.00 F?3p*(3P®)4p 2P° 4.73 7s
35.83 F?3p*('D®)4p ?F° 3.57 4d
36.19  F?3p*(*D®4p 2F° 4.39 5d
36.38  F°3p*(*D®)3d °D¢ 4.21 6p
36.66 3°3p*(*D®)3d °D® 5.28 7p
37.23  F°3p*('D®3d 2S* 3.17 5p
37.81 °3p*('D®)3d 2S* 4.19 6p

Xs<CHmwWmIWmOUVTOZ
T T £ £ TT ST O TTDO

Z. the net charge seen by the Rydberg electron. In order t

C. Threshold photoelectron spectra
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lations apply the sudden approximation, in which the excited Theory
electron is assumed not to interact with the remaining elec- d
trons after absorption of a photon. The threshold intensities 40}
in this approach aréo this level of approximationgoverned
directly by configuration interaction in the initial and final I , o
states. As we discussed above, the photoionization cross secg oz ' ar
tion exhibits a great deal of structure in the range between 30 2 e o | ﬁ
and 38 eV. Experimentally, large influences frontAreso- -
nances have already been observed for photoionization with
excitation of the p*n/ stated36], especially within 4 eV of
the threshold. The validity of the sudden approximation is
therefore questionable at energies within 4 eV of the thresh-
olds of interest. The present calculation includes the doubly o2 ¢
excited states, and is therefore able to determine threshold
photoionization cross sections including contributions from L4 .
Ar autoionizing states. 20 B tonenergy V) %o
The probability for emitting an electron with energy less
than 25 meV can be calculated from the partial photoioniza- FIG. 3. Threshold photoelectron cross sections for photoioniza-
tion cross sections for excitation of th@%h/ states, which  tion from the Ar ground state. The present res(itg) are given as
will be detailed in a separate paper. The experimental photof solid line, while experimental resultslotted line; bottomn are
energy resolution is 25 meV, so we first convolve the theofrom Ref. [_25]. The theoretical resonances are I_ab_eled according to
retical photoexcitation spectra with a Gaussian of width 251 ones given in Table I. Thresholdandp lie within 11 meV of
meV. The zero-electron-energy spectrum for each partia‘?aCh ot[her, and can therefore not be separated with an experimental
channel is then calculated by multiplying the convolved esolution of 25 meV.
spectra by a photoelectron energy-dependent weight facto

fhe Rydberg series leading up to this threshold
which falls rapidly to zero for emitted electron energies,, 4,3p6\ 1 2e Al o
larger than 25 meV. The actual form chosen is 3p°("P7)4s "D In the present study, resonarielies be

low this threshold, but after the splitting is taken into ac-
1 count, this state straddles thed=32 level of the
= , (1)  3p*(°P°)4s *D* threshold, thereby considerably enhancing
eXpE—Er—E.)/Ey+1 the threshold photoexcitation. The=3 level of the thresh-
old lies well above resonand, and the threshold photoex-
with E the threshold energ¥, the cutoff energy, anf, & citation is thus not affected. This example illustrates the care
constant, which is set to 2.5 meV in the present case. Due tequired for a proper interpretation of the spectra. Another
the convolution, the channel is already opened slightly begxample is the 823p*(3P®)3d 2F® threshold at 34.307 eV,
fore the threshold energy is reached, which simulates thghresholdf, for which theJ=2 level is observed as a shoul-
probable Stark field ionization of very high Rydberg levels jer on the 323p#(3P®)4s 2D® threshold. The excitation in-
lying just below each ionic threshold. Finally, all partial tensity at the p*(3P®)4p2D° state at 35.5 eV, threshold
spectra are summed to yield the total threshold ionizatiopygrees well with the neighboring twin peaks, but for the
spectrum. o _ 3p*(3P®)4p 2P° threshold, denotekl, at 35.6 eV the differ-
The results are presented in Fig. 3, together with experignce is about a factor of 2. The largest prominent discrep-
mental result$25]. The latter are relative measurements, SOancy is found for the &3p*(*D®)3d 2GE state at 34.88 eV,
we have normalized the maximum experimental intensity oknresholdh. with a difference of about a factor of 3.
the 3p*(*D®)4s 2D* state(thresholde) to coincide with our Between 36 and 38 eV, no quartet states of Aare
calculated result. An accurate quantitative comparison is hingg,nd. Here the agreement between experiment and theory is
dered by the fact that our calculations have been performegoorer; for the?F® state, thresholt| at 36 eV there is a 30%
in LS coupling. The spin-orbit splitting of the true Arstates difference: for the?S® state, thresholdh, at 36.5 eV there is
causes overlaps between different ionization thresholds and¢;ctor of 2 difference: and for th&=° state, threshold, at
splits the contribution from onéS peak into two or more 36 g ev there is a difference of a factor of 3. The higher
peaks. Yet another complication is the fact that quartet state§ates are described much better, although the splitings into
can also be populated through spin-orbit interactions thaghe gitferentJ values make this agreement less obvious.
have been entirely r_leglected in the present calcula_tions. Also, autoionizing Rydberg series converging to Astates
In the energy region between 32 and 36 eV, a fairly good,,4ye the highest physical Arstate in the calculations be-
description of the experimental spectrum is obtained. The o important in this photon energy region. Finally, four
excitation intensity of the §3p*(°P®)3d P state(thresh-  giates i very close together between 37 and 37.3 eV, and it

old d) is found to be the itré)ngest,zand this intensity is se€Cpecomes impossible to attribute experimental peaks to indi-
ond strongest for thes¥3p*(3P®)4s 2D*® state(thresholde). vidual states.

Due to the splitting of théP® peak, it is difficult to estimate

the relative intensities of the two, but the theoretical result
appears to agree with experiment. The excitation of threshold
c in Fig. 3 is in some disagreement. This difference can be In the present study, total photoionization and 3s photo-
explained from Fig. 1, in which resonanBéis perturbed by emission cross sections for Ar are reported, focusing on the

®

n (Mb)

Experiment

Ion Cro:
o
=
—_
=,

0.40 |

Threshold ionizati
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structure observed above the threshold fepBotoemission. Experimental interest has also focused on the probability
The eigenchannd®-matrix approach has been employed us-for leaving Ar" in an excited stat¢36-38. Partial cross
ing MCHF wave functions to describe the states of -  sections for photoionization with excitation of Arstates
curately using a very limited basis set. Reasonably good erffave been determined for frequencies up to 42[88}. As
ergies are obtained for the lowest 20 states of And for illustrated by the threshold photoionization spectra, the
identifiable autoionizing states of Ar, with differences which Present calculations are able to determine these partial photo-
amount to over 1.5 eV for At states and 0.5 eV for Ar Ionization spectra, which will be the subject of a forthcoming
states. paper. Recent experimental investigations have studied the
In the photon energy range between 30 and 38 eV, thfluorescence from the excited Arstates created by photo-
structure of the photoionization spectra becomes very ric#Pnization[37,38. The fluorescence can be measured with a
due to the plethora of doubly excited states of neutral Armuch better resolution than the emitted electrons, and the
The present investigation is, to our knowledge, the first study€solution of the experiments is therefore significantly en-
to describe the finer details of the structure with reasonabi@@nced. Even finer details of the structure can thus be exam-
success for both the total photoionization cross section anf®d- Not only has the intensity of the fluorescence been
for the 3s electron emission. This agreement is obtained bynvestigated, but also its polarizatid87,38. These mea-
including all Ar* states up to 38.5 eV above the Ar ground SUrements provide additional information on the photoion-

state into account. Some differences are noticeable abovelZ@tion processes, which have received only minimal experi-
photon energy of 37 eV due to the exclusion of highet Ar mental and theoretical attention to date. Theorefatatrix
states. Through further analysis of the photoionization sped®Sults for the fluorescence polarization will also be pre-

tra, the important channel interactions above tre8gf  Sented in a forthcoming paper. _ , _
thresholds in direct single-electron emission have been iden- Other noble-gas atoms have also been investigated in ex-

tified. The overall background cross section is describedP€rimental studies, such as the results obtained recently for
quite accurately with deviations of roughly 1.5 Mb fop 3 Xe [39]. The present comparisons with experimental results
emission, and 0.2 Mb for 8 photoemission. These differ- already demonstrate the influences from spin-orbit couplings,

ences are due to inaccuracies in the Ar ground state and tPﬂéhiCh increase __3”0”9'3/ with nucle_ar charge: For atoms
Art states, which are a consequence of the caIcuIation:ﬂe"j“’":‘r than Ar,jj-c.:ouplnjg. COdeS.W'".be required Wh'c.h
strategy, which is directed to optimize the importapt8/ incorporate the spin-orbit interaction into the Hamiltonian
Art stat’es treated inside th& matrix box. These more extensive calcu-
We have also determined threshold photoionization cros tions can presently only provide accurate results when

sections for the lowest excited states of'Amand found ac- ewer states.of the ionized system are of importance. _Im—
provements in computer technology are therefore required

before present approaches can treat the photoexcitation of

eV. These calculations also take the full structure of the dou ; ; . o
doubly-excited states in heavier systems to a similar extent.

bly excited states into account, within a nonrelativistic for-
mulation and within the constraints imposed by our limited
basis set size. These spectra are significantly influenced, if

not dominated, by the presence of doubly excited states Discussions with F. Robicheaux are gratefully acknowl-
within 25 meV above the threshold energy. The very goodedged. For this research, we used the resources of the Na-
agreement between theory and experiment shows that, up tmnal Energy Research Scientific Computing Center, which
a photon energy of 38 eV, the present approach is reasonabiy supported by the Office of Energy Research of the U.S.
accurate. At higher frequencies, the influence of higher-lyingdepartment of Energy under Contract No. DE-ACO03-
Ar* states becomes important, and the expected accuracy 86SF00098. This work was supported by the Division of
the calculations decreases rapidly. Nevertheless, good agre@hemical Sciences, Office of Basic Energy Sciences, Office
ment between theory and experiment is seen up to 38 eV. of Energy Research, U. S. Department of Energy.
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