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Spin-orbit effects in the photoionization excitation of neon
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Using multichannel quantum-defect theoretical methods, we have performed highly corfeiatattix
calculations for the photoionization excitation of neon in (68—53-eV photon energy range, where numer-
ous doubly excited resonances are found. By incorporating spin-orbit effects through an intermediate-coupling
frame transformation, we have reproduced experimental observance of the significant breakd@woaf
pling in resonant angular distributions and fine-structure partial cross sections. Extreme sensitivity to the target
structure in this weak process and strong interactions between neighboring Rydberg series of resonances make
a detailed comparison for every resonance difficult, but many of the interesting spin-orbit features, beyond
fine-structure splitting of series, are revealed. This method permits a quantitative analySsfabidden
contributions to complex photoionization spectra and should prove useful for studying spin-orbit effects in
light atomic systemd.S1050-29478)02711-5

PACS numbes): 32.80.Fb

I. INTRODUCTION et al. [5] were already aware that the lowest resonance
2s%2p*3s3p is in fact two-electron in nature. This particular
With the advent of third-generation synchrotron radiationresonance was later studied using a close-coupling method
facilities and recent improvements in their resolutiieh itis  [8]. At higher photon energies above the2p®np Rydberg
now possible to study higher-order photoionization processelimit, numerous other doubly exciteds2p*3inl’ reso-
in greater experimental detail. Among these are two-electronances exist, but it is only recently that there has been any
processes, which require going beyond the single-electrotheoretical investigation of the resonances in this reg8in
picture and considering further the interaction betweerlnlike the quasi-two-electron systems of the alkaline-earth
atomic electrons. elements, doubly excited states in neon are further compli-
Helium, being the simplest two-electron system, has beegated by the open subshell, which has three differens
studied extensively, both theoretically and experimentallycouplings €P,'D,'S) and therefore three times as many
[2], followed by lithium, with three electrons, which is also resonances for a given set of outer-electron quantum num-
receiving considerable attention, due in part to the “hollowbersnin’l’.
states” observed3]. While more complicated, lithium is Spurred by the latest improvements in the experimental
still fairly tractable by theoretical methods using a large basigphoton energy resolution at synchrotron facilities and the
set. Various other quasi-two-electron atoms have been stugubsequent detailed results, theoreticBtnfatrix) studies
ied, most notably the alkaline-earth atoms Be, Mg, Ca, Srhave recently been performed for neon. In a highly detailed
and Ba[4], where the core was described by a model potenjoint theoretical and experimental stud9], the R-matrix
tial. In all of these cases except lithium, however, only twomethod, together with multichannel guantum-defect theory
electrons are treated. and anLS-jj frame transformation, was shown to reproduce
Since neon is the next rare-gas atom after helium, it hathe experimental features in the photon energy range from 44
been studied nearly as extensivgly. Even though Codling, to 53 eV. However, in that experiment, only thwtal photo-
Madden, and Ederer were able to delineate numerous doublgnization cross section was determined, so the correspond-
excited resonances above the first excitation threshold 3ihig theoretical treatment did not report partial cross sections
years ag$5], there has been very little theoretical work doneor photoelectron angular distributions. Nevertheless, certain
in this higher-energy region due to the extreme complexityspin-orbit effects were noticeable in the experiment and pre-
of these states. THe-matrix calculations by Burke and Tay- dicted by the LS-jj recoupling frame transformation
lor [6] studied the two lowest 2p®np resonances seen in method, in particular, the fine-structure splitting of Rydberg
the 25%2p° photoionization continuum; Taylof7] subse-  series.
qguently extended that treatment to the angular distribution Another recent joint experimental and theoretical study of
parameter of the same resonances. However, they did naton determined not only the total photoionization cross sec-
consider two-electron resonanc@shere two electrons are tion but also the photoelectron angular distributid®]. A
photoexcited out of the ground stat@he earliest measure- standard. S-coupledR-matrix method was shown to repro-
ments and classification of resonances in neon by Codlinduce the observed resonance features for the erd2p®hl
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Rydberg region (44-49 eV and the lower-lying (the outer electron’s spin and angular momenta are implicitly
2s%2p*3s3p resonance. A follow-up experimental study, coupled to thig the u;j(r) are basis functions for the outer
which looked at higher energies, resolved the indivicamat  (“continuum” or “Rydberg”) electron’s orbital A is an an-
tial photoionization-excitation cross sections as well as theisymmetrization operator, and the coefficientg andd
angular distributions of electrori41]. Different and promi- are later determined from variational considerations. The tar-
nent spin-orbit induced features were revealed, namely, thget wave functionsb; are linear combinations of configura-
appearance of 0° photoelectrons and the nonconstant ratio tibns ¢, , a configuration-interactiofCl) expansion, formed
the fine-structure partial cross sections. Both of thesdy coupled Slater determinants of atomic orbitals
L S-forbidden features were observed in the transition to the
parity-unfavored 222p*(®P)3s(?P)ep photoionization-
excitation continuum. While simple perturbative calculations
were able to qualitatively confirm the spin-orbit mixing re-
sponsible for thisLS-forbidden behavior, a quantitative The coefficientdJ,,, form a unitary matrix that diagonalizes
analysis of this system demands a more rigorous treatmerthe ionic Hamiltonian within the basi®; :
such as in the earlieR-matrix calculationd9,10]. Higher-
order correlation effects must be included in order to accu- (®i/|H(Ne")|®)=E; & or U'HU=E, ()]
rately describe the complex, doubly excited resonances of ] . . o )
interest and, furthermore, spin-orbit effects are required fowherek is a diagonal matrix of ionic eigenenergies. The
the investigation ofLS-coupling breakdown. This system are addltlon{:ll baS|§ configurations constructed from only the
therefore presents a formidable test on the accuracy Jdrget atomic orbitals, so they are completely contained
R-matrix methods in describing complex spectra. within the R-matrix “box._” Thelr inclusion is necessary to
The purpose of the present theoretical study is to perfornfompensate for the restriction that tise(r) are orthonormal
highly correlated R-matrix calculations, with the inclu- tO all target orbitals making up the target states and to in-
sion of spin-orbit effects, for the hy+2s22p® clude further correlation. Morg importantly, they are quite
—.2522p*(3P)3s(2*P) ep(ef ) photoionization excitation releva_nt to the present study m_that many of the complex
of neon, that are differential in the photoelectron’s angle andoW-lying resonances are described almost completely by
kinetic energy. We will restrict our investigation to the re- these basis functions. For a given basig, the neon Hamil-
gion whereL S-forbidden resonance behavior was observedonian is then diagonalized to determine Rematrix poles
(50.5-53.1 ey [11]. In order to do this, we have restruc- and surface amplitudg4.3]:
tured the BelfasR-matrix codeq12] by implementing mul-
tichannel quantum-defect theoretic@€lQDT) and frame (Vi HIN®)| W) = €S - (4)
transformation methods, following closely in spirit the ear-
lier eigenchanneR-matrix studieq4,9]. However, an addi-
tional and important feature is the inclusion of term cou-
pling, that is, the spin-orbit interaction betwek®-coupled
ionic target states. These improvements to the Belfa

R-matrix codes will be outlined in the next section, along gonalize the Hamiltonian in E64), we have chosen instead

W'th.a de;cnpnon of the_ atomic orbitals, target states, and, neglect the spin-orbit operator at this stage, solve for each
qonﬂgurat!ons u_sgd. A discussion concerning the quantlflcaj:10 LS-coupled R-matrix separately, and then use an
tion of sp|n-orb|t-|nd_uced feature; in terms of the angmarintermediate-coupling frame transformation method, which
momentum transfer is presented in Sec. Ill. Results are then ;
. o . we describe next.
presented for partial photoionization cross sections and an-
gular distribution parameters in Sec. IV, where we demon- ] ] )
strate the degree of spin-orbit mixing and compare to the B. Intermediate-coupling frame transformation method
L S-forbidden experimental results. Concluding remarks fol-  One of the effects of the spin-orbit interaction in the scat-
low in Sec. V. tering of electrons from Neions is the energy splitting of
levels; continuum or Rydberg orbitals coupled to energeti-
Il. THEORETICAL METHODS cally different fine-structure target levels propagate with dif-
ferent wave numbers and their phase accumulation may dif-
fer. As a result, linear superpositions of initial waves of one
A lot of light can be shed on the important aspects ofLS symmetry can populate otheS symmetries of the same
treating doubly excited resonances, as far as the presedt Outside of theR-matrix box, this difference can be in-
study of spin-orbit features in the photoionization excitationcluded through a frame transformatidd,14—14, which
of neon is concerned, by first considering the form of theconsists of recoupling from ourS coupling to some other
R-matrix wave function. It is expanded in a basis[ 48] appropriate coupling scheme that includes the core total an-
gular momentund, as an intermediate quantum number, fol-
_ . o lowed by adjusting the core energies to the experimentally
\Pk_AEi (I)'(R)Ej: c”ku”(r)+§ o R (D cerved fine-structure energies, thereby varying the other-
wise equal phases of the different fine-structure continua.
HereR stands for the collective coordinates of the target ionWhen this transformation is performed on MQDT scattering
electrons,®; are wave functions for the target ionic statesquantities, where all channels are initially regarded as open,

®(R)=2, Uindm(R) or @=Ud. )

Ideally, we would like to include the spin-orbit operator in
the Hamiltonian of Eq(4) for our R-matrix calculation. Due
to the prohibitively large storage needed to perform the
resent highly correlated calculations and the increase in
omputational effort by orders of magnitude in order to di-

A. Wave-function considerations
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TABLE I. Ne and Né configurations included.

¢m Xa
Basic configuration Allowed promotions Basic configuration Allowed promotions
2s?2p°® 2 2s%2p8 3
2s2p® 2 2s22p*3s3p 2
2s?2p*3p3d 2
Symmetry Number of configurations Symmetry Number of configurations
2po 125 s 587
’s 60 1po 1386
4p 80 3ge 916
2p 110 3po 2317
4po 72 3pe 2720
D 93
4po 76
2pe 110
2g° 42
4g0 38
2Fo 75

the differing phase accumulations, and therefore the spinenly couples thelS; ground state to thé S-allowed P
orbit mixing, can occur for closed channels describing thefinal scattering state. Therefore, in the absence of any spin-
resonances as well as open channels describing the continuabit effects, the other final partial waves do not contribute to
We point out that although the recoupling approach is routhe photoionization cross section.

tinely used in conjunction with the Belfast codes via the

programJAJoM[17-19, that transformation is only for open 2. LS-J. recoupling

channels and is not used with MQDT quantities. To include spin-orbit effects, we have chosen a

Jescoupling scheme given By (L.S;)J.s]Jcd }J. This cou-

pling is particularly useful since, for the present case, the
The frame transformation approach was introduced intgntermediate angular momentudys is identical to the angu-

the BelfastR-matrix codeq12] as follows. AnLS-coupled  |ar momentum transfef, and, as we shall see, certain

R-matrix calculation was performed for eadhS partial | Sforbidden contributions to the cross section can be iden-

wave that couples to the desired final symmelry 1°, tified by this value. The=1 unphysical reactance matrix is

namely, the'P$, 3S7, 3P}, and °D? waves[one is also related to théblock-diagonal L S-coupled one by the unitary

performed for the'S, initial wave of the ground state and transformation

the (one column dipole matrixd from this state to theP°

symmetry is computdd All channels are initially treated as KJes=XTK-SX, (6)

open, i.e., linear combinations of the inn@rmatrix solu-

tions F" are matched to the regul&®) and irregular(C) ~ Where the elements of the unitary matdxare theL S-J.s

Coulomb functions regardless of channel energy: recoupling coefficient§20]

FinA=S+CKLS, (5) {X}y§:<[(|—c|)L(SCS)S]JH[(LcSc)‘JcS]‘]csl}J>
— ( _ 1)2JCS+LC+SC+S+S+I+L[Jc][s][JCS][L]

1. LS coupling

whereA is the matrix of coefficients of this linear expansion

for each independent solution. For positive channel energies, Le S¢ Je||S Lo Jes
the elements of the diagonal matrices are just the regular and s Js S|/l 3 L
(negative irregular Coulomb functions analytic in the en-

ergy; for negative energy channels, both functions divergeand y«—[(L.l)L(S.s)S]J and 5[ (LSe)Ics]Icdl}J are the
rendering them physically meaningless. Unphysical reacchannel indices for thé.S and J.s schemes, respectively.
tance matricek-S are thus produced, which neverthelessQuantities in square brackets in E() are given by the

give the effective interactions between all channels; for now;syal expressiop.]= y2J.+ 1. The dipole matrix is simi-
they are denoted biy(LI)L][(Ss)S]J, the orbital and spin  |arly transformed

angular momenta of the ionic core, outer electron, and Ne

system, respectivelydE& 1° is the only allowedotal angular dles= X TdLS, 8
momentum for our case since the ground state of Ne has total

angular momenturdy=0). The unphysical dipole matrig,  So far, nothing has been done to alter the results from those
chosen for now to haveinphysical K-matrix normalization, predicted in arLS calculation since this is a unitary trans-

@)
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TABLE II. Ne and N€" LS energies.

State Energy
Theory Experimerit
Absolute(a.u) Relative (eV) Relative(eV) Photon energyeV)
Ne 2522p8 1S —128.725 —22.002 —21.559 0.000
Ne" 2s?2p® 2p° —127.895 0.000 0.000 21.559
2s2p® 2s —126.904 26.966 26.912 48.471
2s?2p*(3P)3s P —126.885 27.491 27.207 48.766
2522p*(®P)3s 2P —126.862 28.118 27.803 49.368
2s22p*(°P)3p “P° —126.761 30.857 30.542 52.101
25?2p*(*D)3s 2D —126.755 30.021 30.550 52.109
2522p*(®P)3p “D° —126.747 30.235 30.992 52.481
2522p*(®P)3p 2D° —126.739 31.477 31.147 52.706
2522p*(3P)3p 2° —126.731 31.672 31.343 52.902
2s?2p*(3P)3p 43° —126.730 31.705 31.362 52.922
2s?2p*(®P)3p 2P° —126.716 31.095 31.518 53.077
2s?2p*(*D)3p 2F° —126.627 34.511 34.020 55.579
2s%2p*(*D)3p 2P° —126.599 34.281 34.264 55.823
2s22p*(1S)3s 2S —126.610 34.981 34.304 55.863

%Referencd 21].

formation between two representations. However, once thgl2,17-19, the relevant term coupling coefficients are com-
core energies are adjusted to the experimentally observgulted as follows. First, the nonrelativistic Nédamiltonian
fine-structure energies, which we outline below within theH S is diagonalized as in Ed3),

context of multichannel quantum-defect theory, this unitarity

is lost andL S-forbidden symmetries may be populated. UECSCHLCSCU'—CSC: ELs, (9)

3. lonic term coupling giving the LS, target wave functions in terms of the con-

Another consequence of including the spin-orbit operatoffiguration basis
is that N€ ionic states of the sam&, and parity 7., but
differentL.S. quantum numbers, can mix. This leads to re- ‘DLCSCZULCSC‘ﬁ- (10)
distribution of scattering flux among open channels and mix-
ing of resonances in closed channels, thereby providing for The diagonal matri, s_consists of theheoreticalNe”
another mechanism to populateS-forbidden symmetries. energies. Since the spin- orb|t matrix elements are sfoall
Following the usual method used in the Belfast codeghe order of 10 me)/ appreciable mixing between states

2572p"('$)3s3p | 6=547

0.04 | -
z 25°2p"('D)3s(D)np i
=i
e 4 st 1 ]
\é'g/ 4
‘5 002 L '1 25"2p*CP)3pC’P)nd |
£ ]1 3 T
t 25°2p"CP)3p(Pns i
14 # 3| LR
ol i \

Photon Energy (eV)

FIG. 1. Experimental cross sectidat 54.7°) to the 822p*(®P)3s(?P) continua, showing the dominant resonances and tentative
classifications in the near-threshold region.
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FIG. 2. Theoretical S-coupledR-matrix results for the cross section to the?2p*(3P)3s(?P) continuum: solid line, length form;
dashed line, velocity form. All results have been convoluted with a 20-itie® experimental resoluti¢rfull width at half maximum
Gaussian.

only occurs when the energy separation of Iﬂgs_C states is Hy s <Hi s +U s (Eexp—EL s )UE s, (11)
comparably small. Due to our energy uncertainties of 0.1— e e cc ee e

0.5 eV, the mixing is not accurately determined using theo-

retical energies. We therefore modified the ionic Hamil-where E,,; are the experimental .S.-averaged energies
tonian by the(small) correction [21]. This ensures that the term coupling coefficients are

TABLE Ill. Ne* experimental fine-structure energies and selected term coupling coefficients.

Level Designation Electron energy Photon energy Mixing
(ev)? (ev)

1 2s22p°® 2PY, 0.000 21.559

2 2s%2p® ?P9, 0.097 21.656

3 2s2p® 25, 26.912 48.471

4 2s22p*(3P)3s *Pg), 27.169 48.728

5 2522p*(3P)3s “Pg), 27.233 48.792

6 2522p*(®P)3s “Py, 27.270 48.829

7 2522p*(3P)3s 2Py, 27.783 49.343

8 2522p*(3P)3s 2Py, 27.860 49.419

9 2522p*(3P)3p *P2, 30.524 52.083

10 2s22p*(3P)3p *PY, 30.552 52.111 =<1% of No. 16,<1% of No. 19
11 2522p*(3P)3p *PY, 30.575 52.137

12 2s?2p*(*D)3s 2Dy, 30.549 52.108

13 25?2p*(*D)3s 2Dy, 30.550 52.109
14 2522p*(®P)3p “DS), 30.886 52.445
15 2s22p*(®P)3p “D2, 30.928 52.487 4% of No. 18
16 2s22p*(®P)3p *DY, 30.959 52.518 1.5% of No. 19, 1% of No. 10
17 2s%22p*(®P)3p “DY, 30.977 52.536
18 2s?22p*(®P)3p D2, 31.122 52.681 4% of No. 15
19 2s22p*(®P)3p 2D, 31.185 52.744 1.5% of No. 16, 1% of No. 22
20 2s22p*(3P)3p %33, 31.343 52.902 9% of No. 23
21 2522p*(3P)3p *S3, 31.363 52.922 =<1% of No. 10
22 2s%2p*(®P)3p 2PY, 31.513 53.072 1% of No. 19
23 25?2p*(®P)3p 2PY, 31.529 53.088 9% of No. 20
24 25%2p*(*D)3p 2FY, 34.017 55.576
25  25%2p*(*D)3p %F9, 34.023 55.582
26 2s?2p*('D)3p 2PY, 34.254 55.813
27 2s22p*(*D)3p 2PY, 34.284 55.843
28 2522p*(*9)3s 25y, 34.304 55.863

%Referencd 21].
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FIG. 3. Intermediate-coupling frame transformati@mmatrix results for the partial cross section to variow$2p*(°P)3s levels: (a)
2p,, level for J.c=1 (dashed lingandJ =2 (solid line), (b) 2P, level for J..=1 (dashed lingandJ =0 (solid line), and(c) sum of
all three4P5,2'3,2Y1,2Ievels(solid ling). All solid lines areL S-forbidden contributions.

computed using the physical energy separations. Next we ®, =U; ¢ 13
diagonalized the semirelativistic Hamiltonian including the ¢
spin-orbit matrixV,: and, using Eqs(10) and (13), differs from theL .S, wave

function by the unitary transformation
U} (H s+ Vol Us =Ey. (12)
@, =U, Ul s ® 5. (14)
TheJ, wave function with the spin-orbit interaction included
is thus This leads to a transformation of the channels by the matrix
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FIG. 4. Theoretical 822p*(®P)3s(’P3,,1/) partial cross sectionga) 3/2 level andb) 1/2 level. Experimental resultéc) 3/2 level and
(d) 1/2 level.

(Urc)ys=Us Ul .85 07 8- (15 ~ where
— -1
The L S,-Js transformation matriX is therefore modified Mco=—[Kccttanmv)] "Keo (19

as . : . .
and1,, is the identity matrix in the open-channel subspace.

X—XUqc. (16)  The elements of the diagonal matehare the effective quan-
tum numbers related to the scattering energyEbeyEJC

We point out that the use of term coupling of certain chan-— 1/21/§C and are initially equal for all fine-structure levels
nels, in conjunction with the MQDT frame transformation belonging to the samieS ionic term. These are then adjusted

method, has been used in previous photoionization studle§0 the experimentally observed values, giving different phase

\év;}sr]ce};;e:ey t\rI;erlrseforrerLeartri’(e)?]storzz eOIgtir:/as;ﬂnl(Z:] ?Il'rr]l(ijs r%z?rr::)%trl- accumulations for the Rydberg orbitals. The dipole matrices
o P 92| ; ..are then transformed t8-matrix normalization
has also been used quite recently for electron-impact excita-

tion studieq 23]. dphys<_(1+ i Kphy5)71dphys_ (20)

4. Multichannel quantum-defect theory

Following the usual MQDT proceduref24—-27, the . o o .
J.ccoupled reactance matrix is partitioned into open and The dipole matrix yields the photoionization cross section

closed blockgthe J. superscript will now be dropped to any final ionic statel;, which can now be written as an
incoherent sum of contributions from eadh,

5. Cross section and angular distribution parameter

K K
= ( Koo KOC> . (17) 3 4?0 S d,, 21
co cc O'JC— 3c (2J0+ 1) & Jded 334 ( )

By transforming and reducing to a physically meaningful

subset of open channelse., by requiring that the closed whereq=1 (—1) using the lengtivelocity) forms of the

channel solutions have the exponentially decaying forndipole operator. Another important quantity is the angular

C sin(mv)+S cos(rv)], the reactance matrix and dipole ma- distribution parametep. It is defined by the degree of an-

trix are transformed into thphysicalquantities isotropy in the differential cross section and for linearly po-
larized light and summing over electron polarizations, takes

160 the form[28]

MCO

KphyS:K(

do o
dphys:(lo0 Mlo)dl (18) mz E[l-F,BPz(COS 01, (22
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FIG. 5. Angular distribution parametegsfor the total J,=3/2,1/2) 2*(®P)3s(?P) continuum:(a) R-matrix results andb) experi-
mental results.

whered is the angle between the photoelectron’s momentum 6. Implementation within the Belfast codes

Ei”d thg initial polarization of the photon arfe;(cos6) We performed th&R-matrix calculations as follows. First,
=(3 cos 6—1)/2. Two important consequences of this form (g coupling coefficients were determined, and written to

qf the photoelgctron angular distribution drgthe o_lifferen_- an exterior file, by running the Belfast codessy, sT62 and
tial cross section a@=54.7°, whereP,(cos6) vanishes, is  pecyp[12] in Breit-Pauli mode using only one continuum
proportional to the integrated cross sectiorand (ii) for 8 orbital given by the indey in Eq. (). This minimized the
= —1, the differential cross section vanisheg®at0°. In our storage requirements. Then a standag&imethod was used
Jes-coupling scheme, considering only the present case Qfjth 20 continuum orbitals, to rusTGL STG2 STG3 and
photoionization from an initial statd,=0 to a final state g1cg At this point, we ran an extensively modified version

J=1, this quantity can be computed [0] of the asymptotic routinsTGF, detailed earlier in its use of
MQDT for electron-impact excitatiofi29] and dielectronic
Jo 1 J recombinatior{30]. This routine computed the smooth reac-
'BJCZSJ 2}“ (—1)%{ J77[I[ '][2]2( 0 0 O) tance matrices and dipole matrices in EGs) and(18) and
cs'

wrote these to a separate file. We wrote a completely sepa-
J 1 I\ 1 2\(2 33 rate code to perform the term coupling ab&-J.s recou-

X )( ) ( ) (23 pling, writing out the newK andd matrices, and another one

0 0 0/10 0 0/10 0 O to perform the MQDT reduction and the computation of

cross sections anél parameters. These are available from the

authors upon request.

2 3 3, » \
el(W/Z_Ul)dJCJ Ie—l( 7T/2—0'|')d

Jes | I7 cs Jeded’
> Ay g , _ _ . .
Josl To obtain an appropriate set of orbitals for constructing

(24 the configurationsp,,, we used the programiva, optimiz-

ing on the same target states as was done egflleGiven

whereo, is the usual Coulomb phase shift. this set of orbital§ 1s,2s,2p,3s,3p,3d,4s,4p}, we then used

C. Basis description
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FIG. 6. Theoretical differential partial cross sections to t882p*(°P)3s(?P) continuum:(a) =0° and(b) §=54.7°. Experimental
results:(c) 6=0° and(d) §=54.7°.

the basis of configurationg,, listed in Table I. Also listed Ill. ANGULAR MOMENTUM TRANSFER
are the neon configurationg, that are constructed from AND SPIN-ORBIT CONSIDERATIONS
these bound orbitals. It was necessary to include all double . - .
A particularly useful way of viewing the underlying dy-

i 4 2504 .
promotions out of the &2p 3s3p and x72p 3p3d_ con namics incorporated in the differential cross secti@rid()
figurations in order to get fairly good energy positions for

these resonances, which, as we will see, are strong in tH8 Ed- (22) is to consider the angular momentum trangfer
region of interest. The Neconfigurations are then used to [31—34. For photoionization, an incident photon of angular
obtain target wave function®; and we have chosen to in- momentum;j,, (j,=1) is absorbed by an initial atomic state
clude all the possibl& S terms with energies up to about 34 of total angular momenturd,, producing a photoelectron of

; 2515 iani i . > .

eV relative to the 8°2p> ground ionic state, which should orhjtal angular momenturh coupled to the residual system
be sufficient for including even the lowestresonances in  (the final ionic state of total angular momentuipand the
the region of interest. We include states that would not CONunobservedhotoelectron spis=1/2) of total angular mo-
tribute in a pureLS calculation, the quartets and tHes? mentumJ.s. Conservation of angular momentum gives the

state, since these can coupleli8-forbidden (triplet) sym- IS
metries. The energies of these L& states are given in '€/ation j,+Jo=Jcs+1. The angular momentum transfer,

Table Il, indicating that, despite the large (llable ), the ~ defined as
theoretical uncertainty in the relative target energies still e S
ranges from+0.1 to 0.5 eV. The target energies were shifted J1=1y=1=3es™ Jo, (29

S0 as to reproduce the experimental resonance positions mqgta useful quantity because the differential cross section re-
accurately. We also adjusted thbsoluteenergies of all tar- q Y

) ! . duces to an incoherent sum of terms associated with the al-
get states by-0.1 eV since the low-lying resonance posi-

tions were found to be at least 0.1 eV lower than the ob—IOWEd values of [31], that is,

served ones. The relative shift was also necessary in order to do dor
obtain reliable term coupling coefficients. Since the spin- —=E <—
orbit matrix elements are quite small, on the order of 10 dQ 7 1dQ
meV, significant mixing only occurs for ionic states that are

nearly degenerate. The degree of mixing is therefore sensFhe allowed values arg=1—1,,1+1 by the first triangular
tive to the relative ionic-state positions. These fine-structurénequality in Eq.(25) and may be further restricted by the
levels are given in Table Il along with their experimental second triangular inequalityd s— Jo|<j;<Jcst+Jo. While
energies. We also list the term coupling coefficients for thosehe parity-favoredcontributionsj;=1=1 have complicated,
levels that mix by at least 1%, showing that, in particular, theenergy-dependent angular distributions in general, the partial
2s22p*(®P)3p(P3),) and 22p*(3P)3p(?SY),) levels mix  differential cross sections for ghlarity-unfavoredransitions

by nearly 10%. ji=I have the analytic propertyd(r/dQ)J-t:|ocsin2 0 inde-

(26)
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pendent of energy or, equivalent|g,,;= —1 [32]. One im-  cross section does not necessarily vanishpat0°. Thus
portant consequence is that the parity-unfavored contributiodetection of photoelectrons &t=0°, which we will report,
to the differential cross section vanishesfat0°. is an unmistakable indication &fS coupling breakdown and
For photoionization from the ((1S) ground state to the the importance of relativistic effects.

2p*3s(2P) ep(*P°) continuum inLS coupling, the angular Since Jo=0 for the neon ground state, E(R5) shows
momentum transfer is restricted to the single, parity-that the intermediate quantum numidgg is identical to the
unfavored valug,;=I1=1 and the differential cross section angular momentum transfdg,=j,. Therefore, we can un-
vanishes at#=0°. When spin-orbit effects are considered, ambiguously identify thd.S-forbidden contributions to the
on the other hand, and S are not necessarily individually differential cross section by the parity-favored valuks
conservedi.e., the final state may be one of the tripléts; # 1. Recoupling between theS and J.; schemes for the
instead, so thatj,={0,1,2} are all allowed values and the 2s22p*(*P)3s(?P) continua of interest, given by

\F 1 1 J5 0
33 1 6
(2P 1]ep(3=1°) o B _5 1 ol ereptry
(?Pyp)[2]ep(I=1°) 3 V12 6 (2P)ep(°SY)
(?Pyp[2]ef(3=1% |=| 0o o o 0o 1|| @P)epPY) |, (27
(°P12)[1]ep(J=1°) 1 a1 5 (2P)ep(°D?)
(*P12)[0]ep(I=1°) A3 B —\/;3 01| ?P)ef(®D3)

o L 1

3 3

shows that the!P° symmetry breaks into 2/3 in thé.=3/2 continuum and 1/3 in thé,=1/2 continuum provided the
continuum orbitals for these two are assumed to be equal. Deviationssfgghar,,= 2 are possible to account for through the
frame transformation, which yields unequal continuum orbitals, and also thrb8gerbidden J..#1 contributions. As
another indication ofLS-coupling breakdown, the angular distribution parameger to each fine-structure level can be

computed from Eq(24) as

66

1 4 .
- |d3/2[l]ep|2+ §|d3/2[2]ep|2+ 5 |d3/2[2]ef|2+ 5 Re{e'(7s Ul)d3/2[2]epd§/2[2]ef}

Bap=

|darzp1gepl “+ [ darap21epl *+ [daap2er] ®
(28
—|du13epl >+ 2| d1s2p03¢pl

B

B |d121)epl 2+ |d1/2[O]ep|2 '

Again, deviations from3=—1 are due tal.s#1 contribu- mental Z?2p*(3P)3s(?P) differential cross section at 54.7°
tions. The separation of the partial cross sections into differfproportional to the integrated cross section; see (Eg)].
ent J.s contributions thus allows the identification of There are three prominent seriesp*2D)3s(?D)np,
L S-forbidden, or triplet, symmetries. An easier way to see2s?2p*(°P)3s(?P)ns, and %%2p*(3P)3s(*P)nd. The last
this, of course, is to note thdt=L +{S.+s}=L.+S, and  Of the.se was found to exhibit the dominant breakdov_vhféf
since we have =1, valuesJ.s#1 must come fronS+0, coupling in the recent measurements and perturbative calcu-
or triplet, symmetries. In general this is not the case, so thdgtions[11]. A low-lying 2p*(*$)3s(*S)3p perturber is lo-
it is still useful to label the contributions according Ip cated in the midst of the latter two series at 52.6 eV and the
rather thanJ.s. The contributions fromj, for each partial lowest lying 3 resonance is located at 51.3 eV. Both of
cross section can be related to the dipole matrices labeled Biese reside within th&®matrix box, so that they are de-
J.s[33,34. scribed primarily by they, configurations. An accurate de-
scription of their energy positions thus requires the large
configuration expansion in Table I.
IV. RESULTS AND DISCUSSION We first performed. S-coupledR-matrix calculations for
photoionization to the'P° final symmetry, shown in Fig. 2.
To highlight the region of complex resonances we areBy comparing to the experimental results, it is seen that the
investigating we show, in Fig. 1, the level-unresolved experi-dominant resonance features are fairly well reproduced, al-
though certain experimental features, most notably the reso-
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nance at 51 eV in the experimental spectriifiy. 1), are not
reproduced. The theoretical results obtained using the length B=
and velocity forms of the dipole operator agree fairly well

too, except on the two resonances?2p*(®P)3p(?P)3d . o
A p"(P)3p(°P) was only reported for energies where the cross section dif-

and °2p*(*S)3s3p, noted above. fered appreciably from zero. A more quantitative comparison
We next used the intermediate-coupling frame transfor- bp y X q P

mation to mix in the otherl S-forbidden symmetries of theory and experiment can be achieved by studying the

30 3po 3o _ _ _ _ differential cross section, which we show in Fig. 6. Clearly,
(°S;,°P1,°Dy) and |_nvest|gated4 %” possible fine structure many of the strong features at 0° are qualitatively repro-
levels associated with thes2p*(

P)3s designation(see  gyced in our  calculation, especially  the
Fig. 3. As discussed earlier, the partial cross sections to th9522p4(3p)3s(2p)3d resonance contribution to the 0°
P levels can be separated into contributions fromcross section. While quantitative agreement is not obtained
LS-allowed values of the angular momentum transigf  between theory and experiment, it is clear that the present
=1 andL S-forbidden values s=2 andJ =0 for the?P3,  theoretical method can reproduce significarg-forbidden

and 2Py, levels, respectively. It is readily seen that theresults; a more converged description of the resonances in
L S-forbidden contributions dominate on certain resonanceghis region should in principle bring the two into better
indicating that the photoionization-excitation spectrum inagreement.

this region is not fully characterized HyS-coupling desig- ~ The importance of spin-orbit effects is quite remarkable
nations. This is further illustrated by th& cross section Since the spin-orbit forces are so much weaker than the elec-

[summed over all three fine structure levels in Figc)y  trostatic forces in the valence shells of neutral neon. How-

which shows a strong signal on all of the resonances corre2Ver. owing to cancellations among the various direct and
sponding taJe# 1 in Figs. 3a) and 3b). We can thus ten- €xchange electrostatic interactions, near degeneracy among

do . /dO’ .
m(o ) m(54.7) -1 (29

attempted to characterize these resonances by their cham‘?éf i i d f the stat I anifi
indices since we wish to obtain an even better convergenc'g eractions, the near degeneracy ol the states aflows signi-

) . X , . “cant mixing because the energy denominator is so small. It is
of our atomic description beforehand, which will follow in hi h h - £ final
the future. this near degeneracy that causes the mixing of final states

We next compare, in Fig. 4, the preséiita, and 2Py, that result in the breakdown &fS coupling.
partial cross sections to the experimental requlid, which
reported a ratior=og5/0q, that deviated from the V. CONCLUSION
L S-coupling predictiorr =2. One of the outstanding differ-
ences seen in the experlmen.t was for “F’é(éD)?’S(ZD)“P intermediate-coupling frame transformation method, as it is
resonance at 50.6 eV, for whicke 2. The present theoretical o horated into the Belfa®-matrix codes and as it applies
results are only able to reproduce a slight deviation flom 1, the case of photoionization excitation of neon to the
=2, the difference being due to the largkg=2 contribu-  252pp4(3p)3s continuum. Significant spin-orbit-induced ef-
tion to the ?Pg, cross section in Fig. 3. On the other hand, fects were identified by investigating contributions from the
the 25°2p*(®P)3s(*P)3d resonance at 51.3 el61.2 eV in  intermediate quantum numbdy.# 1 to the partial cross sec-
the theoretical spectrum clearly shows a strong tions of the P ionic levels and also by calculating the
L S-forbidden ratior <1, although there are differences be- L S-forbidden partial cross sections to th® ionic levels.
tween the actual valuésince these resonances reside in theThis quantitative assessment loS-forbidden contributions
R-matrix box, they are least affected by the outer-regionto the doubly excited photoionization spectrum permits a
frame transformation Regardless of the quantitative dis- classification of certain prominent resonances that differs
agreements, the partial cross section shown in K&).igd not  from the standard notation assuming coupling, which will
simply twice that in Fig. &) for many of the features, so be done in the future following a more converged description
that thelL S-coupling prediction of =2 no longer holds. of these complex resonances. We have also reported the dif-

The breakdown of.S coupling is easier to detect, in the ferential cross sections to thes2p*(*P)3s continua, for
present case, by investigating the angular distribution of thavhich fairly good agreement with experiment was obtained
differential cross section to thep2(°P)3s(?P) continuum. inthe (LS-forbidden 0° results. These findings indicate that
As discussed earlier, the angular distribution parameter ir an accurate theoretical description of complex resonant
identically 8= —1 from theL S-allowedJ,=1 contribution ~ Spectra, spin-orbit-induced effects should be included since
alone, for which the differential cross section is expected tgnany of the features observed experimentally are found to be
be zero at#=0°. However, thel..# 1 contributions lead to LS forbidden.
the LS-forbidden behavior B>—1 or equivalently,

We have described the particular details of our

da/dQ(0°)?O. A comparison petwgen the present results ACKNOWLEDGMENTS
and the earlier measuremefid] in Fig. 5 shows that there
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