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Excitation of the 3p#(4s,3d,4p) Ar™ states during Ar photoionization:
Intensity, alignment, and orientation
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Ar photoionization is studied using tlematrix formalism with emphasis on the simultaneous excitation of
the residual Af ion. Cross sections have been obtained for excitation of ff§381,4s,4p) states. A com-
parison with experiments having a resolution of 70 meV shows reasonable agreement for the position and
shape of resonance structures. The relative magnitude of the resonances proves to be more elusive. The partial
cross section for excitation of thep3(3P®)4p 2P3, and 2D}, levels is treated in more detail. A comparison of
L S-coupling calculations with high-resolution experimental results shows good agreement for both the exci-
tation cross sections and the polarization of the fluorescence. We also predict the orientation for both levels. We
demonstrate that the polarization of the fluorescence originating frorfiifjglevel can be employed to study
spin-orbit effects in Ar photoionization.

DOI: 10.1103/PhysRevA.65.062509 PACS nuntder32.10.Hg, 31.25-v, 31.50.Df

I. INTRODUCTION states of Ar created by photoionizatifh], many experimen-
tal studies have been devoted tp and 3 photoemission
Developments in technology and in measurement techfrom Ar [2—6], until recently, few experiments have investi-
niques have considerably improved the capabilities of exgated the probability to leave Arin a higher excited state
periments employing high-frequency light sources. Due taafter photoionization. For frequencies above 33.21 eV,
improvements in the frequency resolution and intensities, iphotoionization with excitation of as¥3p*n¢ doublet state
is now routinely possible to study photoionization processesn Ar* becomes energetically allowed. First studies have fo-
with frequencies up to several tens of eV in fine detail. Si-cused on the intensities of satellite lines at high frequencies
multaneously, new measurement techniques have enabl¢d], but since then investigations have studied the effects of
experimentalists to study the physical processes in highdoubly excited states on the photoionization behay&jr
energy photoionization with a resolution of a few meV. Advances in the combination of synchroton radiation sources
These advances have enabled experimentalists to providewith spectroscopic detection techniques have enabled experi-
highly detailed picture of high-energy photoionization of mentalists not only to observe the detached electron but also
various atoms. In particular, the noble-gas atoms have beehe radiation emitted from these residual*Astates[6,9—
investigated intensively, since, due to their large binding en411]. These experiments show a more detailed photoioniza-
ergies, the study of their photoionization properties requiresion spectrum of Ar with excitation of the®(3P®)4p 2P3,
light sources able to generate these high frequencies. level[9] than obtained using electron spectroscopy, since the
The determination of the physics generating the experifrequency of the emitted light is unique for the excited Ar
mental results requires the development of sophisticated nigtate. The polarization of the fluorescence has been observed
merical approaches, which are able to describe the systeas well[10,11], providing additional information on the an-
under investigation in great detail. The experimental effort ingular momentum transferred to the ejected elecfidh13).
describing the detailed atomic physics thus requires a con#/hen the orientation of the residual Asstates is measured
tinuous effort to push the boundaries of computational apas well, the cross sections of the partial photoionization
proaches. In order to explore these boundaries, we have dehannels can be extracted, thus providing quite a detailed
cided to study the photoionization of Ar in more detail due toinsight into the photoionization properties.
the wealth of past, present, and future experimental data, and Many theoretical approaches have been employed to pre-
due to the complexity of the photoionization spectra withdict and explain the experimental photoionization spectra.
simultaneous excitation of@n¢ states of the residual ion. While the first studies obtained the nonresonant photoioniza-
This complexity has meant that to the best of our knowledgeion calculationd14—-19, it took several years before theo-
these rich photoionization spectra of Ar have only been subretical calculations started to examine the influence of dou-
jected to a cursory inspection, and they thus constitute &ly excited states involving double excitations on
prime testing ground for examining the capabilities and thephotodetachment processes in f20]. These relativistic
limitations of present theoretical approaches. Hartree-Fock configuration-interactio(Cl) calculations
Whereas since the first observation of doubly excitedwere followed up by Wijesundera and Ke[l21] employing
many-body perturbation theory. In both approaches, only a
limited number of excited target states were included since
*Present address: Department of Applied Mathematics and Thedhe main focus was directed towards deriving the satellite
retical Physics, Queen’s University Belfast, Belfast BT7 1NN, intensities for the excitation of (*D®)nd?2S°® states of
United Kingdom. Ar* during photoionization. These photoionization calcula-
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tions did, therefore, not yield the full, very rich, structure of Aymar et al. [25]. In this approach, it is assumed that ex-

Ar photoionization above 30 eV. For example, in R&fl] a  change effects involving the outer electron can be neglected
structureless gap, which is not reproduced in experirf@nt  at large distances. Hence, phase space can be separated into
is seen in between 32 and 35 eV. an inner and an outer region. In the inner region, the full

. Infor(fr.to tirr]nprc;]vet the description of th(ta r%zonsnce StrUCq|actron dynamics is described, while in the outer region the
ure for Ar in the photon energy range up 1o 36 €V, a région, ;o ejectron is approximated as a free outgoing electron in
heavily investigated by current experimental work, we will

present results for Ar photoionization, including the Iorob_the field of the residual ion. The photoionization properties

ability for leaving Ar in an excited state. To achieve this, we €@n then be obtained by matching the inner region to the
employ theR-matrix approach incorporating an extensive de-aSymptotic solutions at the boundary. A major development
scription of the Ar structure. As such, the study is compan the application of thisk-matrix theory has been the com-
rable to the theoretical calculations presentefP® for Ne. ~ bination with another powerful approach in theoretical
In a previous papef23], we demonstrated the influence of atomic physics, the multiconfiguration Hartree-Fock
the doubly excited states on the photoemission®éfd 3  (MCHF) approact{26]. This development has been applied
electrons, while we also determined the threshold excitatiosvith good success to the study of aluminig¥] and neon
of the Ar' states. The experimental interest focusing on ion{22]. Previous results for Ar using this approd@3,24 have
ization with excitation to the B*(*P®)4p 2P° state of AF demonstrated the capabilities of this approach in elucidating
[10] provides the impetus for a closer investigation of thethe resonance structure of Ar, and identify the appearance of
photoexcitation of the &£3p“n¢ Ar* states. In Sec. Ill Awe effects due to the splitting of Ar states due to spin-orbit
will present theoretical estimates for low-resolution excita-couplings, and of effects due to spin-orbit induced mixing of
tion spectra and compare them with experimg8it while  Ar™ |evels with differingLS quantum numbers but identical
they will be analyzed in more detail in Sec. 1l B. In Sec. j.
Ill'C we present high-resolution spectra. The results for the  Accurate photoionization cross sections can only be ob-
polarization of the radiation emitted by the Astates will be  tained when both the initial and the final state of the atom are
presented in Sec. Il D. These latter two studies will be re-qescribed precisely. The initial state is the ground state of Ar,
lated to the available experimental resylt,11. Finally, to e the final state is approximated as*Awith a free elec-
stimulate experimental interest, we shgweln Szeco. Il E ouryon, These final states can be degenerate with doubly excited
Bref'c“on for the orientation of the(*P*)4p “P3;, and states of Ar and hence a good description of both Ar antd Ar
312 levels. ) ) , is required simultaneously. An important approximation for
In another study, we have illustrated that spin-orbit effectsy,o description of Ar is that good states can be obtained by

may have a sig.n.ificant influence on the gxcitation spectra_ 1Eogldding a single electron to well-described low-lying states of
particular transition$24]. These spin-orbit effects are obvi- Ar*. These AF states are described using MCHF orbitals.

ously important for investigating the excitation of quartet_l_hiS is the preferred choice since we need a verv good de-
states of Af, and for the excitation of théS° state of Af. - P . . Vvery g
scription using as few basis functions as possible.

For the other doublet states, however, the inclusion of spin The MCHE orbitals for the phvsical h
orbit effects to the photoexcitation spectrum can be consid- e It or ltals or.t e physical target states have
been obtained in the following way. The 12s, 2p, 3s, and

ered to be of less importance. Although calculations. 3p orbitals have been obtained from a Hartree-Fock calcula
coupling will not provide full agreement with experiment, > . -~ i
ping P g b tion for the average £2s?2p®3s?3p® configuration of AF .

they will provide a first approximation. The spin-orbit inter- g . .
action acts a perturbation to these results. By comparing e;he 3d orbital is obtained by a HF calculation for the aver-

periment and theory, the present calculations can therefor@d® Of $*3d in Ar™, using the core orbitals obtained from
assist in illustrating which effects in the photoionization areth® Previous calculation. Similarly, as4orbital is obtained
due to spin-orbit interactions. The polarization of the emittedTom @ HF calculation for the average op3ts, and a 4
radiation is more sensitive to spin-orbit interactions, and wePrbital is obtained from a HF calculation for the average of

4
will demonstrate some effects of spin-orbit coupling on the3P 4P . . .
polarization in Sec. Il D In addition to physical target state orbitals, we also need

In addition to the neglect of spin-orbit interactions, thereCorrelation-type orbitals to improve the description of our
is another limit to the present calculations. Above an energyarget states. Orbitaldd,5s,5p are generated using the
of 38 eV, high-lying doubly excited states, which cannot beMCHF approach. The overline indicates that these orbitals
included in the calculations at present, become importanfiré pseudoorbitals : they do not describe physical states. A
The accurate description of these doubly excited states ré&onfiguration list containing single and double excitations
quires additional target states and more continuum wav&om the 3?3p*(*D®)3d*S°® and the 33p°®°S® states is
functions, resulting in a Cl expansion which is too big for thegenerated using a basis set consistingsf3, 3d, and4d.
computational resources at our disposal. We have thereforehe 4d orbital is now optimized on thes33p*(?D®)3d ?S®
limited ourselves to a maximum photon energy of 38 eV.  state using this list. ThBs orbital is obtained by performing
the same procedure for thes®p*(1S°)3d ?D*® state using
all single and double excitations in an active space contain-

The present study has been performed using the multing 3s, 3p, 3d, 4s, and5s. Finally, the5p orbital is ob-
channel quantum-defe&matrix approach, as described by tained using a 8, 3p, 4p, and5p active space for generat-

Il. THEORETICAL APPROACH
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TABLE |. Energies of Ar states obtained in thR-matrix ap-  in excitation energy is generally around 0.5 eV, but that for
proach using MCHF orbitals and compared to the experimentathe highest 323p*(3d,4s,4p) states the differences increase
results. up to 1.5 eV. These highest states lie close to the energy
region where higher-lying 8*n¢ states are found and the

State R-matrix Experimen{ 28] neglect of these interactions will deteriorate the calculated
(ev) ev) energies. In fact, the $3p*(1S°)4p 2P° state is immersed
3s23p5 2p° 0.000 0.0 in these higher manifolds and no reliable theorgtical predic-
3s3p® 2S° 12.937 13.421 tion can bg provided. Further, it should be nopcgd that the
3s23p*(3P®)4s 2P° 17.452 17.123 !ovv_est_excned states have got a too small excitation energy,
3523p%(3P®)3d 2P° 18.336 17.962 |n(_j|cat|ng that also _the Ar grqund state has not been ob-
3523p4(1D%) 45 2D* 18.696 18.384 tained with a very h|.gh precision. . .

o )3t 2 The Ar problem is now solved using the-matrix ap-
3s23p*(3P®)3d 2F 19.109 18.488 ; . . .
35°3p(%P°)3d 2D° 16,194 18 643 proach. The inner-region boundary is set at a radius of 13
323p*(1D%)3d 2G* 10607 10,059 a.u. Basls states for Ar are gener_ated by adding a complete

e 3o r 2 ' ' set of single-electron basis functions, orthogonal to all the
3523p4(3pe)4p ZDO 20.098 19.654 orbitals from the MCHF calculations, to the target states. The
3523p4(1Pe)4p A 20.211 19.786 maximum angular momentum for the outer electrons is 3.
352394(1'3 )30'2 F 20.924 20.201 Electrons with¢ larger than 3 can be coupled to tRE® and
3s°3p*("S%)4s°s* 20.904 20.685 2G® states mentioned in Table |, but the probability for emis-
3s°3p*(*D°)4p °F° 21.532 21.077 sion of these higH- electrons is expected to be negligible.
3s°3p*('D%)4p ?P° 21.831 21.318 The basis set contains 21 states $@ndp electrons, 18 for
3s3p*('D®)3d *D°® 22.205 21.329 d electrons and 16 fof electrons. The total basis expansion
3s3p*('D®)4p °D° 22.002 21.437 for the Ar photoionization problem then consists of 2350
3s?3p*(*D®)3d 2P° 23.079 21.582 states for the'S® states and 5581 for th&P° states. This
3s23p*(1s%)3d ?D* 22.993 22.224 number of states in th&P° symmetry is chosen such that the
3s23p*(*D®)3d 2s° 23.573 22.766 computer program fully employs the maximum available

computer memory. The energy of Ar is calculated to be
17.742 eV, compared to the experimental results of 15.819
ing all single and double excitatons of the eV. In order to obtain the proper transition frequencies, the
3s°3p*('S%)4p ?P° state. Ar ground state and all Ar states are shifted to the experi-
After the generation of the orbitals, the next step in themental values.
calculations is the determination of good target states 6f Ar  The Ar ground state is too strongly bound by about 2 eV
The outermost shellss8 and 3™ can be polarized easily, in these calculations, which can be explained through core-
and in this step it is thus important to take configurations intopolarization interactions. We include more basis functions,
account, which describe this polarization. This is especiallyand hence more core excitations, for Ar than for” AWhen
important for obtaining accurate energies for Ar and"Ar all possible excitations are included, the correct energy dif-
simultaneously. For Ar, some core-polarization effects ardgeerence will be reproduced, but in other cases, the Ar binding
accounted for, due to configurations such @&83p*3dnd,  energy is easily overestimated. The"Aand the Ar basis size
which interact with 3?3p°. For Ar", the important core- are inextricably linked to each other since consistency re-
excited states have to be included in a different approach. quires that a complete set of outer electron wave functions is
Since the purpose of the study is the investigation of theadded to all Af states for the Ar expansion. The only way,
excitation rates for the $3p*(3d,4s,4p) doublet states, all therefore, to improve on this overconvergence is by extend-
these target states obviously need to be included. Also thiag both basis sets. An increase in the basis set would how-
3s?3p*(4d,5s,5p) doublet states are included, as well asever lead to a too large calculation to fit in the computer.
the 35?3p®2P° and the 33p®2S° states. Core-polarization ~ In order to get photoionization spectra starting at the
target states are now included by performing CI calculationgroper transition frequency, both the Ar ground state and the
for each one of the &3p°2?P° 3s3p®2S°, and Ar" target state energies have been shifted to the experimen-
3s?3p*(3d,4s,4p) doublet states using all single and doubletal values. For the Ar ground state, this poses no problems,
excitations from these states within an active spacesf 3 since it is well isolated from other Ar states. For the*Ar
3p, 3d, 4s, and 4. All configurations with a contribution of target states, however, the usual apprd&dj is to shift the
at least 0.1% are included in the expansion for the targefr® thresholds after the determination of tkematrices.
states. On average, for each state, 99.4% of its compositiohhus, in the Ar calculation, the theoretical values for theé Ar
is included in this way. Some configurations neglected forenergies would be used. This approach is easy to implement,
one state may be important for a different state, so the findbut works better when the accuracy of the"Aenergies is
inclusions will on average amount to more than 99.4%.  quite good. The approach is less successful when the shifts
A CI calculation using this At expansion gives the en- are large. In the present case, it was found that this approach
ergies reported in Table | for states which can be excited byloes not lead to fully stabilized results due to the number of
photoionization from the Ar ground state. A comparison withAr* states combined with their relatively large shifts to the
the experimental energi¢28] shows that the disagreement experimental energies.
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In order to improve the stability of the codes, the ap- 1.¢
proach has therefore been modified. First, thé Atamil-
tonian is diagonalized. We shift the Arenergies to the
proper energies by comparing the calculated energies witl_ 08 |
experiment. We then obtain a diagonal matrix containing theg c
energy shifts. This matrix is transformed back to the original §
basis functions, providing energy shifts for each particular § os |
Ar™ basis function. Since the Ar basis functions are repre-§
sented as an Ar state plus a continuum electron, we can
then add these shifts to the Ar Hamiltonian. The only Ar
configuration which is not uniquely defined as such is the.
3s?3p33d?® configuration. This configuration is not shifted.
Diagonalization of the Ar Hamiltonian, which includes this — o2}
correction to the Af eigenstates, leads to a much improved
convergence for the Ar photoionization cross sections.

04

oionization cro:

Phot

0'%2.0 .
IIl. RESULTS Photon energy (eV)

The calculations provide a substantial amount of data. For FIG. 1. Cross section for photoionization of Ar with excitation
each target state, we obtain highly detailed information abou@f the residual 3*(°P¢)4s?P* state of A¥" in the photon energy
the outgoing electron. Because of the wealth of data, only &nge between 32 and 36 eV. The theoretical regstiid line) are
limited amount can be presented. While we predict photoioncompared to the experimental results of Widsal. [8] (dotted
ization and excitation spectra for all available target stated"®)-
reachable with a photon energy of 38 eV, in the present re-
port we limit our discussion to some of the channels whichpared to the experimental results obtained by Wtlsl.[8].
have been observed experimentally. First we will show dn order to obtain a fair comparison, tliematrix results
comparison between the present calculations and lowhave been convolved with a Gaussian of 70 meV width,
resolution experimental daf8]. Then we will compare our since the experimental resolution has a significant effect on
results with high-resolution spectf0,11]. the observed spectrum, e.g., by averaging out the individual
states in a Rydberg series, as seen previo&dy.

. , 4 Another important point to bear in mind when comparing
A. Low-resolution spectra of low-lying 3p“n¢ states theory and experiment is the efficiency of the electron detec-

Low-resolution spectra of Ar photoionization with simul-
taneous excitation of the residual ion have been providecd 44
over a decade ago by Wilkt al.[8]. The resolution of their
detector was 70 meV, which is not sufficient to detect fine
details of the Ar structure, but suffices to separate low-lying
Rydberg states converging to the forest of Ainal states. @ os
This resolution is, however, insufficient to separate all thez
Ar* states, so spectra were presented for, e.g., an excitatio
of the 3p*(°P®)4p 2P° and the »*(3P®)4p °D° state com-
bined. Not only can Af states overlap: for the
3p*(3P®)3d 2F° state, the differend levels overlap with dif-
ferent Ar® states. Since the different states are excited co-§
herently, interference between the different photoionization2
channels may affect the probability to detach an electron& %27
Also, one needs to know the probabilities to excite each of

04

zation cross section (M

the states involved. Since we do not have this knowledge, ar
unambiguous comparison becomes difficult for states thai 00
overlap, and the present comparison is therefore limited tc 320 34.0 36.0 38.0

only those states for which no overlap is found. Photon energy (eV)

Ige statezs for Wh'CE gverlapzeffects are4 nlegllglbléa are the FIG. 2. Cross sections for photoionization of Ar with excitation
3p4(lPZ)4S ZPZ, fe ( Pe)fd Pe, 3p ¢(1 :Peg:gd ZGe(,) of the 334(3Pe)3d 2Pe, 3p4(1De)3d ZGe, and 3)4(1De)3d 2Fe
3p*("D%)3d “F*, 3p*( 56)4.5 Se,-and the 7("D%)4p °F states of Af in the photon energy region between 32 and 38 eV.
sta}els. Th%‘ same aplplles, ;n principle, also to therhe 3p%('D?)3d 2G® excitation cross sections are shifted upward
3p”(7S%)3d “D® and 3°("D®)3d “°P€ states, but the excita- by 0.3 Mb, while the $*(*D®)3d 2F® excitation cross sections are
tion energy of these states is too high to expect a theoreticghifted upward by 0.6 Mb. The theoretical resuéslid line) are
spectrum resembling experiment. In Figs. 1-3, spectra areompared to the experimental results of Wil al. [8] (dotted
presented for these states as a function of intensity and cortire).
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0.40

3p*(3P®)3d ?P® state, the general agreement of the reso-
nance spectrum is pretty good, apart from resondrce
ResonanceH may be difficult to detect experimentally
though due to the small electron ejection energy. The excita-
tion of resonancéN is overestimated by theory, and the ap-
pearance of window resonandé is also stronger than in
experiment. In the middle photoionization spectrum, for ex-
citation of the $*(*D®)3d 2G® state, the main difference
between experiment and theory appears to be the excitation
strength of resonandg. If this resonance would be excited
stronger, the theoretical and experimental results would
agree very well. The agreement is worst for the top photo-
ionization spectrum, for excitation of thep3(*D¢)3d °F®
state, in which only two resonances, W and X, appear in the
theoretical spectrum, with little indication of the two other
resonances, which are prominent in the experimental spec-
trum.

FIG. 3. Cross sections for photoionization of Ar with excitation ~ In Fig. 3, the agreement between theoretical and experi-
of the residual p*(1S°)4s2S® state and the 3*(*D®)4p 2F° state  mental resonances is very good again up to a photon energy
of Ar* in the photon energy range between 36 and 40 eV. Theof 38 eV for both photoionization spectra with excitation of
photoexcitation cross sections for the“3'D®)4p °F° state are the 3p*(1S%)4s?S® state(bottom) and the »*(*D®)4p 2F°
shifted by 0.25 Mb. The theoretical resu{t®lid line) are compared  state(top). Above a photon energy of 38 eV, the limitations
to the experimental results of Wilkst al. [8] (dotted ling. Above a  of the calculations become apparent. In these spectra, the
photon energy of 38 eV, the approximations in the theoretical calassignment of the experimental resonances can be carried out
culations are too severe for a proper comparison with experimentye|iaply, although the relative excitation strengths are still not
. - ) in very good agreement with experiment.
tors. It is very difficult to measure accurately emitted elec- 1,5 oyerall agreement between the theoretical and experi-
tron spectra at very small emission energies. Previously, Wgenta| photoionization spectra is reasonably good. For some
have compared theoretical threshold detachment cross s€Gsecira, a very good description has been obtained, while for
tions [23] with experimental one$30] and found quite & ihers the agreement is fairly poor. The problems with the

good agreement. This agreement therefore indicates the religgjgnment of experimental resonances can be solved for cer-
ability of the calculations close to threshold, which cannot bg;, spectra.

established from the present comparisons.

Moderate agreement between theory and experiment is
observed in the structure of the spectrum in Figs. 1-3. The
line shapes of most resonances are in decent agreement with An example of overconvergence of the Ar states is shown
experiment, but the magnitude is not reproduced. The posin Fig. 1 by resonances, B, C, andD. Results for 3 pho-
tion of the resonances is in reasonable agreement with exoemission have shown that the deviations in the quantum
periment, although some notable differences, up to 0.2 e\tlefect for the lowest 8*n¢ series can become quite large, in
are observed for several resonances. These differences mthe order of 0.223]. The difference in energy between the
be due to the splitting of the Ar states in the differens  calculated and the experimental resonances is quite clear in
values and overconvergence of the Ar calculation. The splitFigs. 1-3. Nevertheless, the global structure of the calculated
ting of the target states results in a splitting of the Ar statespectrum agrees nicely with the calculated one. In Table II
and a shift in the position of certain resonances. we give positions and classifications of the resonances ob-

The agreement of the experimental and theoretical photoserved in the theoretical spectrum and their position in the
ionization spectrum shown in Fig. 1 is best at the higherexperimental spectrum.
photon energies. Resonandgd-, andG can easily be iden- Although the classification of the resonances may give
tified in the experimental spectrum. The identification of thevaluable clues to important interactions between Atates,
other resonances is slightly more complicated, since it apwe should take proper care in doing so. The classification of
pears that the spectrum has been shifted by roughly 0.2 ethe resonance#—G in Fig. 1 seems to indicate that the
Certain resonances may, however, have shifted more than Oi2teractions for photoionization with excitation of the
eV, and also the intensity of the resonances may be vergp*(°P°®)4s state of Af" are dominated by four closed chan-
different from the intensity observed experimentally. Thisnels. This is not entirely the case, however. The interactions
latter problem is presumably strongest for resonacasd  are so complex for low-lying Rydberg states, that an unam-
B, which seem to have their intensities reversed compared thiguous identification is impossible. The present identifica-
experiment. tion follows from a close examination of the photoionization

In Fig. 2, the agreement between theory and experiment ispectra, while for a definite assignment the true wave func-
again best at the higher photon energies. In the bottortions are required. Furthermore, because of the overlapping
photoionization  spectrum, for excitation of the resonances, only the most dominant component has been as-

e
@
S

Photoionization cross section (Mb)
(=]
n
o

36.0 37.0 38.0 39.0 40.0
Photon energy (eV)

B. Analysis of the theoretical photoionization spectra
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TABLE Il. Identification of Ar" resonances in the partial photo- ample, we need other spectra to find out that the main
ionization spectra. OE stands for outer electron. All resonances ageason why resonanced and D are observed is not the
pear as peaks except for resonantas, andM as explained in the  gjrect excitation of these resonances. Instead the
text..AIso the class.ificatioln of resonancBsC, D, E, F, andG 3523p4(1De)3d(2Pe)4p 1po resonance is excited initially,
requires a careful discussion in the text. which then redistributes its intensity, donating part of it to
resonance€ andD. These redistributions make a clear iden-
tification of the important resonances in the photoionization
processes much more difficult. By examining the spectra at
low resolution, we can obtain information about the global
structure of the spectra, and see the low-Rydberg resonances,
which are excited initially. With an improved resolution, the
interaction between low-Rydberg and high-Rydberg states
series converging to different thresholdsuses a redistribu-
tion of the excitation intensity to the high-Rydberg states,
which may become distinguishable in high-resolution spec-
tra. A complete analysis thus requires both high-resolution
and low-resolution spectra for identifying the important in-
teractions in doubly excited Ar.

One of the important experimental findings by Wiisal.

O
m

Label Energy AF state n*
(eV)

33.19 F23p*(1S?)4s2s° 2.03
33.43 323p*('D®)4s?D*® 4.20
33.73 F23p*(®P®)4p 2P° 2.69
33.95 3?3p*(*D®)4s?D® 7.33
34.41 3?3p*(°P®)4p °D° 3.58
34.74 3°3p*(°P®)4p 2P° 3.97
34.99 323p*(°P®)4p 2P° 4.70
33.82 3?3p*(*D®)3d 2F*® 5.29
33.97 F?3p*(*D®)3d 2P° 1.99
34.61 323p*(°P®)4p 2P° 3.70
34.82 F23p*(®P®)4p °D° 4.56

35.06 F23p*(1S°)4s2s° 3.07 [8] was that only resonances within 4 eV of the threshold
35.75 F?3p*(ts°)4s2s® 4.25 were found to be excited. Figure 1 shows that the most
35.10 F°3p*(1S°)4s2s° 3.11 prominent resonances are found within 1 eV of the' Ar

35.56 F?3p*(*D®)4p °F° 3.19
35.76 F°3p*(1S°)4s2S° 4.28
36.00 F?3p*(1S°)4s2s° 5.20
36.13 323p*(*D®)4p 2F° 4.21
36.41 323p*(*D®)4p 2F° 5.29
36.04 F?3p*(1D®)4p 2D° 3.34
36.48 F?3p*(*D®)4p 2D° 4.19
36.82 F?3p*(*D®)4p °D° 5.29
36.82 3°3p*(*S°)3d 2D*® 3.34

threshold due to the sharp drop in overlap between the con-
tinuum electron and the doubly excited stg28]. For ener-
gies more than 4 eV above the threshold the entire excitation
spectrum reduces to very small values for most Atates.
Only for Ar" states, which contain contributions from either
the 3s3p® or the F°3p® configurations, is a significant ex-
citation expected at large energies above the threshold. The
excitation of these Ar states originates from direct photo-
emission of a 8 or 3p electron.

PXSCHAHVWTOTVOZZErA—“IOTMMOUO®>

>
IBLIBBLRLERLEIBRELBIELERSLFEELFBS

AB 37.32 F23p*(1s?)3d 2D® 4.34 In Fig. 2, photoionization with excitation of the
AC 37.81 323p*(1D®)3d 2s° 4.19 3p*(®P®)3d ?P® (bottom), 3p*(*D®)3d?G® (middle), and

AD 38.07 F23p4(ID®)3d2s*  5.14 3p*(*D®)3d 2F°® (top) states is presented together with the
AE 37.30 323p*(1D®)3d 2s° 3.25 experimental results. Here, the agreement of the observed
AF 37.85 323p*(1D®)3d 2s° 4.30 and theoretical resonance positions is much better than for
AG 3811 323p*(1D°)3d 2S° 535 the 3p*(°P®)4s2P® spectrum in Fig. 1, although the shape

of the spectra is not as good. The theoretically observed reso-
nances have been classified according to the labels given in
signed. Other series could be important as well, but have &able Il. Resonances close to the onset of the channel may be
smaller contribution to a resonance. This is the case, for edess apparent in the observed spectrum due to a decreased
ample, for resonances and G, which are classified as be- detection efficiency. For the photoionization with excitation
longing to the *(°P®)4p(?P°)n¢ series, while for both spectra of the B*(*P®)3d?P® and the *('D®)3d?F®
resonances there is an important contribution from thestates, the resonances at the onset of opening the channel are
3p*(®P®)4p(°D°)n¢ series as well. The opposite is seen forassumed not to appear in the experimental spectra.
resonancee. The spectra in Fig. 2 lend themselves for a more detailed
In addition, Rydberg states belonging to different seriessummary of possible effects for overlapping Rydberg states.
may appear in the photoionization spectrum, wiping out anyDestructive interference between overlapping resonances is
sign of regularity for states with principal quantum numberobserved for resonancé&and L, which appear as window
n<10. An example of the effect of overlapping Rydbergresonances on top of a broader structure, which can be iden-
series is observable for resonar@ewhich has two distinct tified visually (and checked by a more detailed examinagtion
shoulders. The identification of resonand@snd D as the as alower member of the series containing resonakicasd
6p and 9 members of the Rydberg series leading up to the\, the F?3p*(1S°)4s(2S°)4p 1P° resonance. The interac-
3s?3p*(*D®)4s2D* threshold allows the assignment of the tion with this structure causes resonaniesndL to autoion-
shoulders of resonand@ as the missing @ and & mem-  ize towards a different Ar state. However, in this other
bers. spectrum the §3p*#(1S°)4s(?S%)4p 1P° structure may not
The photoionization spectrum in Fig. 1 cannot be underbe observable. Certain spectra may thus not explain how
stood fully by looking at this spectrum in isolation. For ex- resonanceX and L are excited. A full investigation of all
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spectra at different resolutions is required to perform a com- 040 - ' -
plete analysis.

A very obvious example of how the interactions in Ar
modify the regular behavior along a Rydberg series can alsc_.
be seen in Fig. 2. Resonanikis a window resonance, buta <
resonance belonging to the same Rydberg series, resonang
O, is observed as a clear peak in the theoretical spectrum fog
photoexcitation of the 8*(*D®)3d 2G® threshold. This reso- £ 020 |
nance shows the redistribution of the excitation probabilitiesé
in a clear fashion. The excitation of the resonance decreasez
the probability to leave A in a particular excited state, and
transfers it to a channel which leavesAin a different
excited state.

Further examples of overlapping resonances are reso
nancesH, U, W, and X. ResonanceH is the only strong oo L W ,
resonance identified in Figs. 1-3, which hasf@tectron as 35.6 85.8 36.0 362
the outer electron. It is unlikely that drelectron is excited Photon energy (eV)
directly from the 3”3p® state. Resonandé obtains its con- FIG. 4. Photoionization of Ar with excitation of the residual
tribution through its interaction with the underlying ar* jon to the 2%(3P®)4p 2P° state in the photon energy region
3s?3p*('D®)3d(*P?)4p 'P° resonance. Resonances W,  between 35.6 and 36.4 eV. The theoretical res(dtdid line) are
andX are given as sequential members of the same Rydbefgmpared to the experimental onéitted ling are reported in
series, but their intensities do not show any regularity. [10].

Figure 3 illustrates how the same resonance appears in

different ionization spectra. The observed resonances in Fig%'ﬁn Witﬂ excitation to.ft_his p:arﬂ_cur!ar sgate. hT he accuracy .0;

L i nique is significantly higher than racy wi
3 for photoionization with excitation pf t.h epﬁ(l_se)4s °s? whsictrfcelec(woen Ser?egrgiegac;%/ bg :vefluztetd ea?\célcijhzcyelattive
and *(1D®)4p 2F° states of Af are indicated in Table II. ’

The resonance structures can be identified unambiguous robability for excitation of the particular state can be deter-

and excellent agreement is obtained for the position and line ined to a much better degree.

h £ 1h Th in Fia. 3 sh The present calculation provides a theoretical description
shapes of the resonances. The two spectra In Fig. 3 show g o experimentally observed spectra for the spectra for

clear effect from the same Rydbe_rg series near 38 eV, Whi!f)hotoionization with excitation of the (#(3P®)4p 2P° and
at lower energies the structure differs substantially. In addi2po gtates. The spectrum for photoexcitation of the
tion, although the energies of resonan¢es and AB are  3,4(3pe)4p 2p° state in the photon energy range of 35.6 to
nearly identical, their widths are quite different. These reso36 4 eV is shown in Fig. 4 and compared with the experi-
nances indeed belong to different series. ResonahBeand  mental result§10]. The agreement with the experimental
AC as well asAG andAD differ by about 0.04 eV in energy, data is very good, bearing in mind the limitations of the basis
while they are associated with the same resonances. The eset employed in the present calculation. Several differences
ergies are measured at the peak of the resonance and a dife noticeable, however, especially below 36 eV. Below 35.9
ferent line shape of the resonance may consequently affeelV, the photoionization is significantly larger than observed
the energy. experimentally, whereas the opposite is the case in between
The limitation of the present calculations to a maximum35.9 and 36.0 eV. This difference is ascribed to a difference
energy of 38 eV becomes apparent in Fig. 3. The sharp ddn position of several underlying resonances. In between 35.8
crease of the excitation rate with increasing emitted electro@nd 36.0 eV the background structure is mainly due to the

energy is conspicuously absent for the*8'S%) 4s2s° state, ~Rydberg series leading up to tH&® threshold. There are
even though its contribution froms3p® 2S¢ is very small, three additional resonances, which cause the large intensities

1%[7]. Also for the 3*(*D®)4ps2F° state, the photoexci- for the peak at 35.72 eV and the one at 35.87 _eV.

tation cross section does not decrease rapidly. No physicdne large gintinlsit% fgr . th? . latter ~ one is
closed A channel is included in the outer region above anc@used by the$3p(*D%)4p(“D”)4d “P” resonance, while

energy of 38.2 eV. The resonances at 38.5 and 38.8 eV cdfi® former one s gbsierlve(ej pgirrlarilyl éjue to
thus not be reproduced in the calculations. its_interaction with the 8°3p*("D")4p(“P®)4d "P® and
3s?3p*(*D®)3d(?D®)5p 1P° states. These states could be

shifted to too low energies by roughly 0.05 to 0.1 eV, as
indicated by the shifted position for the increase in the
Recently, high-precision measurements of the intensityyhotoionization. The Rydberg series leading up to the
and the polarization of radiation originating from the 3p4(*D®)3d ?F® state of Af is therefore more pronounced
3p*(3P®)4p 2P, level [10] and from various] levels of the  at lower energies.
3p*(PP%)4p2P° 3p*(’P%)4p2D° and P*(*D®)3d2F°¢ Above a photon energy of 36 eV, theory and experiment
states[11] of Ar™ formed in Ar photoionization have been agree with alarming accuracy. The positions of thesate
performed using polarized synchroton radiatid®]. This  at 36.16 eV, ® at 36.25 eV, and the higher members are
intensity is directly related to the photoionization cross secdetermined with good accuracy. Even the shape of the 10

0.30 1

(o]

Photoi

0.10 +

C. High-resolution spectra of low-lying 3p*n¢ states
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0.40 - ' - position in both theory and experiment. The
difference in intensity at 36.1 eV originates from the
3p*(*D®)4p(?P°)6s P resonance. This difference is pre-
sumably due to the fact that the theoretical spectrum is com-
pared with the experimental spectrum for the 5/2 level,
whereas this resonance is observable mainly forJth&/2
level [11].

Since the interference of thep3(3P®)4p2D° state with
the 3p*(3P®)4p 2P° state is of interest, a comparison of the
two spectra could give some initial estimates about the ef-
fects of the interference. The overall intensity of thB°
spectrum is very similar to théP° spectrum. The Rydberg
series leading up to thep3(*D®)3d 2F® state of Ar has
changed its behavior with a fairly small photoionization be-
low 35.8 eV and increasing to a maximum at 36.0 eV. Above
36.0 eV, the changes are fairly small. The cross sections are
Photon energy (eV) larger by roughly 25% and the appearance of the resonance
at 36.15 eV has changed. This points to different resonances
having an influence on the photoionization spectra and a re-

Photoionization cross section (Mb)
o o
N} w
o o

o
-
o

0.00

FIG. 5. Photoionization of Ar with excitation of the residual
Ar* ion to the *(3P®)4p 2D° state. The theoretical resulfsolid

line) are compared to the experimental resitashed lingfor the du;ed ef‘ftecft of Inte_rfere_nces.t_ fi h btained ph
total photoemission with vertical polarization from the 5/2 level s.pa_r ot & previous m_ves Igation, we have obtained pho-
of the 2D° state[11]. toexcitation cross sections of the sublevels of the

3p*(®P®)4p 2D° and the »*(°P°)4p 2P° states after inclu-

resonance at 36.30 eV, is described excellentlysion of anLS—jj frame transformation and spin-orbit inter-
This resonance shows a deviation from a Fano profileactions between the target stafgd]. While the magnitudes
indicating the existence of an underlying resonance, thef the resonances change, in particular, for the resonance at
3p*(*D®)3d(°D®)4f 1P° resonance. The only difference be- 36.1 eV for photoexcitation of théD° state, no fundamental
tween theory and experiment is that the splitting of the pealkdifference in the spectra is observed. For these spectra, the
at 36.08 eV is not observed in the calculations. main reason for the difference between experiment and

Below a photon energy of 36 eV, there are some differ-theory is therefore the size of the basis set used in the calcu-
ences between theory and experiment in the position of thitions.
Rydberg series converging to the®'D®)3d ?F*© state. An
explanation for this is the target state fine structure. The tar- D. Alignment and polarization of radiation emitted
get states are split into the differedtvalues. Due to the by the 3p*(*P®)4p 2PS, and 2DY, levels
relativistic interactions, these target states have a different

energy and consequently the Rydberg states are also shifted 1€ States of At excited by the photoionization process
in energy. For the B%(*D®)3d 2F¢ state, the splitting of the are not stable, but decay to lower states through spontaneous

o o X "
J levels is 25 meV[30], which satisfactorily explains the emission of radiation. The differemh values of each Ar

observed differences in the positions of the Rydberg stateSat€ are populated through photoionization and, in general,
leading up to the p*(*D®)3d 2F* state the different J levels will not be populated evenly. Conse-

In the present calculations, we have neglected spin-orbf uently the fluorescence will be polarized. By monitoring

interactions, which are particularly important for the:E !;5 gqla;nzatl?_n for a %art'%tt"a_‘r t:jansbltlopﬂlwn Arhmtor_e qe't.
3p*(3P)4p 2P° spectrum. The energy difference betweent@iléd information can be obtained about the photoionization

the 3p%(3P®)4p 2P° and the 2D° states is only 134 meV process, such as information about the probability for emis-

(see Table)l, while their relativistic interaction is estimated sion of an electron with a particular angular momentum.

to be 50 meV. The influence of spin-orbit coupling is dis- Recent experimental results have been provided for the
cussed in more detall if24] with some prominent examples. quorescencezl Qo'f”zaz“og‘ in Ar monltorln% t3hee trags'ﬂon
These examples demonstrate that it is important to study thE0M the 7(°P%)4p “Pg, state to the B*(°P%)4s°Py,
photoionization cross sections with excitation of the State[10], as well as for the polarization of the fluorescence
3p*(3P%)4p 2D° state as well, for the transition from the g*(®P®)4p2P3, state to the

In Fig. 5, we show the photoionization spectrum in be-3p*(°P®)4s?P3, state[11]. Here we will determine theo-
tween 35.0 and 37.0 eV for the excitation of the retically the polarization of the former radiative transition.
3p*(3P®)4p ?D° state. These results are compared to experiSince this property depends on the coherence within states
mental results which have been provided recently for thdormed after emission of electrons with different angular mo-
photoemission from thed=3/2 level [11]. Apart from the ~menta, this study provides a more stringent test for the the-
resonant behavior at 36.1 eV, which is not reproduced irPretical calculations. In order to estimate roughly the effects
experiment, very good agreement between theory and exf sp|_n—o_rder couplings, W(.-'.'_WI|| also present the quoZrescence
periment is observed. The position of most resonances igolarization for the transition from the pd(*P®)4p D3,
reproduced in fine detail with maxima observed at the samstate to the B*(3P°)4s?P$,, state.
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The theory so far has been formulatedLi® coupling. 1.0 - ' '
When the differeng levels are monitored individually, this is
no longer valid. This is the case experimentally, and theory
thus needs to include the splitting of th&-coupled states.
The simplest approach is to employ a frame transformation
to write theL S-coupled final state as a sum o\jg¢rcoupled

05 -

final states by the following weighted j9symbol[31]: %
H % 0.0
li st s e
TJJ,LS:[L’Salez]m lo sz o2 (1) 5
L S J

with [L] indicating (2.+1). The index 1 refers to the final
Ar™ state, while the index 2 refers to the emitted electron.

By multiplying the cross sections from Fig. 4 by the square  _, . . .

of this transformation matrix element, the photoexcitation 356 358 Phomn'ﬁggy o) 362 364
cross sections for thed=1/2 and J=3/2 levels of the

3p*(3P®)4p ?P° state and thed=3/2 andJ=5/2 levels of FIG. 6. Polarization of the radiation emitted when the 3/2
the 3p*(®P®)4p ?D° state can be obtained. Here we are onlylevel of the excited state of Ar decays radiatively to the
interested in thel=23/2 levels. 3p*(®P®)4s2P§, level. The solid line indicates the polarization for

A detailed description of the approach pursued to deterthe 3p*(*P®)4p ?P° state, while the dashed line indicates the po-
mine the polarization has been given by Greene and Zarlrization for the $*(*P)4p °D® state. The experimental results
[12]. The polarization is given by (dotted ling are obtained froni10].

3P Al resonance features are slightly shifted from experiment. This
_ Ui A (1) 2) provides an additional indication for the previous assertion
4+h@(j; inAL () that underlying theoretical resonances may disagree from

their experimental position by roughly 0.05 to 0.1 eV. The
with h®®)(j;,j¢) a numerical factor depending on the initial dip at 36.0 eV is reproduced well. The main disagreements
and final angular momentum of the states involved in theare observed at 36.15 eV and 36.30 eV, where the dips in the

radiative transitionj; andj, respectively, given by polarization are not reproduced theoretically, while the mag-
nitude of the polarization seems to be overestimated at the
—§il(2);i+3), ji=ji+1 resonances. The absence of the dip at 36.3 eV can be ex-
h@(j. j)=1 1 =i 3) plained by an underlying resonance whose position is off by
Jiols n ) _f ! roughly 0.05 eV. Generally, the polarization spectrum shows
—(i+D/I(2)i—-1), ji=]i— 1L that the structure effects originating from thg, photoemis-
) ) ) ) _ sion channel interfering with the;,, andds;, photoemission
The alignment is obtained as outlined previousiy]. channels are described reasonably well and, hence, that a

In Fig. 6, the polarization of the radiation for gatisfactory description of the individual photoemission
the transitions between the p43P®)4p2P%, and the channels has been obtained.
3p*(°P%)4s?P%), levels and between thep3(*P®)4p D3, Since the structure is determined by the interference be-
and the ®*(®P®)4s2P}, levels are given after the former tweens and d channels, an admixture of photoionization
state is excited through photoionization from the groundwith excitation of the isoconfigurationalD® state into the
state of Ar. For the latter polarization, a constant value of2P° state may alter the observed polarization. This admix-
—7/11 is expected since only electrons can be coupled to ture will cause interference between the contribution from
this target state to obtain &P{ final state. The ionization the emission ofd electrons, while fors electrons the!P°
channels withd, andds;, outgoing electrons are linked by contribution is diminuished due to the admixture of th2°
two weighted 9} symbols and have a constant phase relachannel. The responsible interactions are relativistic in ori-
tionship. No interference can therefore occur and a value ofin, the main one being spin-orbit interaction. Mentzehl.
—7/11 can be derived directly. [11] observed that the polarization of the *Afluorescence

For the polarization of the radiation emitted from the emitted by the?D$, state towards the & (°P®)4s2Pg),
3p*(®P®)4p 2PY,— 3p*(3P®)4s 2P§,, transition, the agree- state shows a significant amount of structure. Sincé $n
ment between theory and experiment is very good qualitacoupling, onlyd electrons can be emitted, leading to a con-
tively, although generally the magnitude of the polarizationstant polarization, the existence of this structure indicates the
is larger than observed experimentally by about 0.1. Thénfluence of relativistic interactions. Another recent demon-
main structure effects are described well. The shape of thetration of the influence of spin-orbit interactions is the ratio
polarization spectrum between 35.7 eV and 36.0 eV originatbetween the amplitude als,, and d, outgoing electrons
ing from the Rydberg series converging to theduring photoionization of Ar with simultaneous excitation of
3p*(*D®)3d ?F® state is in good agreement, although severathe 3p*(3P)4p 2P3,, level [32]. In LS coupling a constant
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0.80 . - - - after photoionization employing circular polarized light. The
orientation of a particular level with total angular momentum
ji is given by an equation similar to that employed for the
alignment[12,24:

0.60 |

ji+1
2 IS0 P08 G
0%l =""" @
2 ISl

It=li—

o
I’
=3

Linear polarization
o
N
o

o
=3
=3

In this equatior|S(j; ,j;)|? again gives the cross section for
excitation of a particular target state with angular momentum
ji and emission of an electron with angular momentym
040 , , , , The limits on the sum follow from thé-= 1 symmetry of the
36.05 36.10 3;-]::0“ energy?»(i-sf 36.25 36.30 state reached after absorption of a single photon fromJthe
=0 ground state of argon. The factot®'(j;,j,) is the uni-

FIG. 7. Polarization of the radiation emitted when the3/2  Vversal alignment function, followinfl3]
level of the *(3P®)4p 2P° state of Af decays radiatively to the

—0.20 -

3p*(3P®)4s2P$, level. The solid line indicates the polarization ( qjil2 o

obtained in LS coupling, while the dashed line indicates the polar- - \/:—Fl)’ Ji=litl

ization obtained after inclusion of BS—|j frame tranformation Jili

and spin-orbit coupling of the target states. The experimental results | ) q/2 o

(dotted ling are obtained fronf10]. O (ji j) = ——, It=1i (5)
Vii(ji+1)

ratio of 3/2 is expected. Experimentally, however, the ratio is a(j;+1)/2 P

significantly larger than this value for photon energies be- T t=Ji— L

tween 35.8 and 36.1 eV. L ViiGit D)

The difference between experiment and theory can, how-__ . : . - o
ever, not fully be ascribed to the neglect of spin-orbit inter-I" this equatior indicates the helicity of the incident pho-

i . L ton: linearly polarized light hag=0, left-circularly polar-
actions. We examine radiation from the§3P®)4p?P3, . : - ; . . _
—>3p4(3Pe)432P§',2 transition after photoionization, The ef- |zed_l|ght hasg=1, and right-circularly polarized light has

fects of spin-orbit coupling on the photoionization with ex- The orientation of the Af levels left after photoioniza-

citation cross sections are relatively minor: apart from a Stafion is related to the circular polarizatid® of the fluores-

tistical factor, the differences are primarily a change in theCence emitted by these levels. The relationship is given by

excitation strengths of the resonances. The effects of the

spin-orbit coupling on the polarization of the radiation can, Wi i vAcoli o
however, be quite significant. Figure 7 compares the polar- Pe=— E 8h™°i,iNOg (Ui)(P 3)C030’ (6)
ization of the radiation from the B(3P®)4p?2P3, 2 Pcogh—1

—3p*(3P®)4s2P§, transition inLS coupling, with the po- . o

larization obtained after ah.S—jj frame transformation WhereP represents the linear polarization for the same tran-
and, most importantly, the inclusion of spin-orbit interactionsSition andé indicates the angle between the propagation di-
between the target stat24]. The given interval shows in fections of the incoming photon and the detected fluores-
detail a part of the spectrum where the effects of spin-orbigence photonh™®(j;,j;) is a geometrical factor given by
coupling are most dramatic. The peak at 36.15 eV chang

sign, but still represents a change in magnitude of 0.4. The — o
peak at 36.25 eV drops in magnitude from 0.4 to 0.1. In —JilNIi(ji+1), Ji=lit1
addition, the overall polarization is still larger than seen ex- hW(jiLin=1 WWji(i+1), i=1ii (7)
perimentally. The comparison therefore demonstrates that, ( +1)/m f=ii-1

Ji JilJi v =i L

although important, the inclusion of spin-orbit effects is not
sufficient to explain the differences between the experimen

t . - . .
and the present calculations 6 coupling in detail. It should be emphasized that the definitions of the orientation

05°" and the geometrical factd¥*)(j; ,j;) differ by a factor
Vii(ji+1) and 14j;(ji+1) from those presented by Fano

E. Orientation of radiation emitted by the 3p*(*P94p?P%, and and MaceK33]
! )
Dy levels In Fig. 8 we show the polarization of the

The same information that is needed to extract the align3p*(®P®)4p 2P, and 2D, levels after excitation during
ment and the photoexcitation cross section can also be erphotoionization by a left-circular polarized photag=1). It
ployed to determine the orientation of theAlevels excited can be seen that the shape of the spectra is very similar to the
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L - ' ' vere challenge for the theorist. Subtle effects in the photo-
ionization are being determined, while the computational re-
sources, though substantial, are too small to take all physical
processes, required for a very accurate determination of the
photoionization cross sections, into account. This results in
. severe approximations, which may influence the results con-
siderably. Many Af configurations have been left out of the
calculation, since they contributed less than 0.1% to the CI
] I S X wave functions of the Af target states. All At3p“*n¢ states
with n>6 (n>5 for ¢ equal to 2 or 3n=5 for {=4) have

been neglected, which is especially for the higher states con-
PJJ sidered here a severe approximation. All states with an elec-
tron with €=4 have been excluded.

Several Ar states are bound stronger to their threshold in
the calculations than in experiment. As explained in the de-
05 ) , , scription of the calculations, the reason for this is the much
35.6 35.8 36 86.2 36.4 larger basis for Ar than for Ar, which causes an overcon-

Photon energy (sV) vergence for Ar. This problem can be solved by increasing

FIG. 8. Orientation of the B*(®P®)4p 2PZ,, (solid ling and the si_ze of the basis set, but that would make the calculations

2D3,, levels (dashed lingof Ar* after excitation during photoion- too big for the computers. This problem is the first reason for

ization of ground-state Ar by a left-circularly polarized photon. the dlﬁerences betwee_n theory_and e_xperlment. .
A different problem is the optimization of several orbitals.

alignment spectra, shown in Fig. 6. For the orientation of theThe 3d, 4s, and 4 orbitals are optimized on the average of
3p*(3P®)4p 2D, level, this is obvious. IS coupling the  the 3p*n¢ configurations of AFr. However, for several
outgoing electron must bedelectron. This leads to a fixed States, these orbitals are not the most appropriate ones. This
relation between the channel probabilities and thus to a corfas been counteracted by including the pseudoorbitals, but it
stant orientation. For the orientation of thp®33P®)4p 2pg/2 is unclear up to what extent this is an accurate description for
level, the explanation is different. InS coupling, bothsand ~ all Ar™ states. o .
d electrons can be emitted. The normalized contributions A third major approximation is the use &fS coupling.
from these two channels are added incoherently to form botfirame transformation techniques can be applidl, but
the alignment and the orientation. The total alignmémt this remains a perturbative approach applicable only where
orientation, therefore varies between the alignment given ifspin-orbit interactions mainly influence the splitting of the
only d electrons contribute and the alignment given if osly target states. Since spin-orbit interactions mix somé Ar
electrons contribute. In fact, both the alignment and the oristates strongly, these interactions may need a more detailed
entation depend linearly on the contributions from bothtreatment. The full inclusion of relativistic interactions will
channels to the total photoionization. Thus, although theagain increase the computational resources required beyond
magnitude of the alignment and the orientation will differ, the present limits.
the shape of the spectrum will be similar. Despite these approximations and difficulties, generally a
The similarity of the orientation and alignment spectraspectrum is generated that reproduces the most important
under the assumption &fS can be exploited experimentally features observed in experiment. The energies of the states
to demonstrate influences from spin-orbit coupling. Any dif- .4 pe off the experimental results by up to 0.5 eV, but the
fer4er;ce; In ;h% shape 2f3thee orzlerltatlon spectra for thghape of each individual resonance is in good agreement
3p"(°P%)4p “Pg, and °(°P%)4p "Dy, compared to the \ith experiment. The main reason for the disagreement be-
alignment spectra cannot be explained Bicoupling, and is  yyeen theory and experiment is therefore assigned to the in-

05 |

Orientation

hence most likely to be caused by spin-orbit coupling.  qrrect positioning of several resonances in the calculations.
Furthermore, with knowledge about the total ionization
cross section, the alignment, and the orientation, the contri- V. CONCLUSIONS

butions from the three partial channels can be obtai(Eie
three partial channels for leaving a state with angular mo- In the present study, we have obtained photoionization
mentumj; have an angular momentum for the outgoing elec-cross sections for Ar including the probability for exciting
tron j, of j;—1,j;,j;+1.) Each of the three measurementsthe residual Af ion to the lowest 323p*n¢ states. The
gives a particular linear combination of the three partialeigenchanneR-matrix approach has been employed using
channels, so that three measurements give a solvable linegICHF wave functions to describe the states of s accu-
system of three equations with three unknowns. Deviationgately as possible using a quite limited basis set. In view of
from LS coupling can now become easier to spot by com-hjs |imitation, good energies are obtained for the lowest 20
paring outgoing electrqn cha_mnels with identical orbital an-gates of A# and for the ground state of Ar. By adjusting the
gular momentum but different Ar Hamiltonian to take shifts of the Ar states into account,
more stable photoionization results are obtained.

In the photon energy range from 30 to 38 eV, 17 doublet

The study of Ar photoionization with the excitation of 3s?3p*n¢ states of AF can be excited. We have provided
high-lying excited states in the residual ion constitutes a seexcitation rates in photoionization processes for these states

IV. LIMITATION OF THE PRESENT CALCULATIONS
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including a full ab initio calculation of the'P° structure of  fluorescence from ther®(3P®)4p D3, level, for which the
Ar in this photon energy range. The atomic structure has @resence of resonance structures in experifteijtindicates
huge influence on the photoionization with excitation crossthe presence of spin-orbit effects. Due to the effects of a
sections, with resonances considerably enhancing the exciteestricted basis set, the most reliable determination of the
tion rates within 2 eV of the opening of the photoionizationimportance of spin-orbit coupling is through the study of
channel. For larger energies, the influence of resonancdeatures that are absentlir§ coupling.
quickly decreases. The structure observed in experiment is The present approach shows that reasonable results can be
reproduced, although the position of individual resonancegbtained for photoionization with excitation of fairly high-
may be off by 0.2 eV from the experimental positions. Linelying states of the residual system. Nevertheless several limi-
shapes are reproduced reasonably well, indicating that th@tions of the present implementation have been identified.
interaction between the channels is described nicely. Thémproved results can be obtained by introducing frame trans-
main difficulty in the calculations is to accurately calculateformation techniques to describe spin-orbit effe¢gs].
the excitation strengths of the resonances. This difficulty iviore importantly, the position of various resonances is de-
enhanced, in particular, by incorrect positions of the low-scribed only within 0.2 eV, which has to be improved in
lying members of the Rydberg series. order to obtain better agreement with experiment. Since this
By identifying observed resonances in the experimentatiifference is ascribed to a different level of inclusion of core-
spectrum, it is possible to obtain insight into the variouspolarization contributions for the Ar and the Aconfigura-
interactions between the different photoionization channelsions, many more basis states need to be included in the
Since the spectrum contains many interacting resonancesalculations, requiring larger computers. When we bear in
knowledge of the experimental resolution is essential for anind these difficulties, the present approach demonstrates
proper identification of the observed resonances. Detailechat in the last decade, computational power has advanced to
comparisons have been carried out for excitation of thesnable a sufficiently accurate description of the Ar structure
3p*(®P?)4p 2P° and ?D° states. Theory is able to explain in photoionization processes, to meaningfully compare ex-
the structures seen in these high-resolution experimentperiment and theory up to a photon energy of 38 eV.
while also the position of most resonances is reproduced.
The presenR-matrix calculations have provided polariza-
tion spectra for fluorescent transitions following Ar photo-
ionization leaving AT in the 3p*(3P®)4p 2P$,, or 2D, lev- The authors would like to thank F. Robicheaux for valu-
els. It is shown that S coupling leads to quite a reasonable able discussions and O. Yenen and G. Mentzel for supplying
agreement between theory and experiment for thewumerical data of their results. This work was supported by
3p*(®P®)4p 2Py, level. However, a substantial overall dif- the Division of Chemical Sciences, Office of Basic Energy
ference in the polarization between experiment and theorgciences, Office of Energy Research, U.S. Department of
can be observed, which is ascribed to the size of the basiEnergy. This research used resources of the National Energy
used as well as a neglect of spin-orbit couplings. This negledResearch Scientific Computing Center, also supported by the
becomes more prominent in the polarization spectrum ofJ).S. Department of Energy.
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