PHYSICAL REVIEW A VOLUME 54, NUMBER 4 OCTOBER 1996

High-resolution experimental and theoretical study of singly and doubly excited resonances
in ground-state photoionization of neon
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An experimental and theoretical study of ground-state photoionization of neon is presented in the photon
energy range between 44 and 53 eV. This portion of the spectrum is characterized by a singly excited Rydberg
series 22p°np, and by overlapping doubly excited Rydberg serie$2p*3snp and 23?2p*3pnl (I=s,d).

With the use of synchrotron radiation ef3 meV spectral resolution, numerous hitherto unobserved reso-
nances were resolved, including some which exhibit relativistic effects. To identify resonances observed here
and in earlier works, we employed numerical calculations, which combine the eigencRamatix method,
multichannel quantum defect theory, and the recoupling frame transformation. Theseafei@itjo methods
account for most of the observed features in the spectrum, including a class of spin-induced relativistic effects.
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PACS numbe(s): 32.80.Fb, 31.56:-w

[. INTRODUCTION Theoretical studies of rare-gas atom photoionization are
S . well established below the second fine-structure split thresh-
Photoionization of the ground state of neon is characterbId nps 2P, [10,11]. However, studies above this threshold
ized, at photon energies from 44 to 53 eV, by a singly ex- P Fap L0, '

) 6 e . (i.e., above the first ionization threshold irS coupling,
cited 252p"np autoionizing Rydberg series and by overlap- which specifically include a resonance structure, still pose
ping doubly excited p*3snp and 2p*3pnl (I=s,d) b y ’ P

autoionizing Rydberg series. The doubly excited resonancer%gnmwal difficulties. In much earlier studies, Burke and

can be photoexcited mainly through the presence of eIectroHS}r/:gGrn ,[12]in|nr\]/:§::ga(lr:e:dz)thznglnialyarexc():r;teltﬁ:l:rse)s'or;ﬁgces
correlations in the initial states?2p®!S. Thus these series b 9 ’

typically appear with very low intensities in the hotoioniza-nsnpen,p resonances were studied also very recently in
ypically app y P neon[13] and in neon through kryptofil4]. The total and

tion cross section. The decay dynamics of these Rydber rtial cross sections in the direct photoionization of outer
states is complicated by strong interchannel interactions an%‘? ls | h h P fiaated broad
by the numerous competing autoionization paths — all state§ '€"'S IN n€on through xenon were investigated over a broa

decay into the singly excited®s! continua and, if allowed ©SN€rgy rang¢15], although the resonance structure was ig-

by energy conservation, into other doubly excited continuunf’ored in these studies. While double excitations in argon
channels p*3ssp and 2%3ps! (I=s,d) [1]. were studied recently16], no line-by-line comparison with

In a pioneering work of neon excitation, Codlirg al. the experiment was reported. Referefit8] reviews some

[2] measured the absorption spectrum at photon energid§cent computational studies in the rare-gas atoms, including
from 44 to 64 eV. However, owing to their limited 12 meV helium.
resolution, all of the spectral features reported here were not Calculations of the resonance structure in rare-gas atoms
resolved. Higher-resolution photoionization experiments inare hampered due to the high excitation energies of the target
the VUV energy range have recently been conducted fostates, due to the large number of strongly interacting chan-
rare-gas atom$l,3—9; a comprehensive review of many nels, and due to the importance of correlation effects. These
experimental aspects can be found in R&€@]. Of particular  and other difficulties also plague the present eigenchannel
relevance to our work are Ref$3,4], which report prelimi-  R-matrix studies, where we treat doubly excited resonances
nary results on single and double excitations in neon photoin a system with many valence electrons, and over a wide
ionization cross section, using the high—resolution SX?OO/“energy range. Earlier eigenchanﬁematrix calculations ap-
monochromator. In the present paper we report on improvegjied to openp-shell atomg17,1§ and to transition-metal
_measurements for the neon photoionization; apart from _rEfi”atoms[lg,Zq treated only single-electron excitations over a
ing the spectrum measured by_Cod_he’gaI.[Zl our experl-  range of energies limited to just a few eV above the first
ment, whose spectral resolution is about 3 meV In the1onizati0n threshold. Those earlier studies successfully ex-
photpn energy range between 44 4and 53 ;V, unveils thElained many features in those strongly perturbed spectra.
gri\égopu)s;)g(zu;)rgsol\gar% rte):rsonance@ eIBT)SSt( Pf)‘”: and ¢ The present calculations show that the same methods also

P P, INgs up refalivistic teatures o provide spectroscopically useful information and a compre-

highly excited resonances converging to_different fine_hensive icture of the neon photoionization over an ener
structure thresholds associated with the*@P)3s?P and pictur P ay
range approximately 10 eV in breadth.

2p*(3P)3p 2P states of N&.
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II. EXCITATION MECHANISM IN NEON

58
A. Overview of doubly excited Rydberg states 56: 2P4£5>3S

A photon in the energy range between 44 and 53 eV can L >
excite a Ne 3 electron, 322p®—2s2pfnp, or it can excite 3 s4|- 2pt(3P)3p20 CP)3p ER-
two 2p electrons(via correlation effects discussed in Sec. . [ 2p*('D)3s == 30
I1 B) into one of several Rydberg seriesp®-2p*nin’l’ S s2f = g .
[1,2]. Here,nl is 3s or 3p, andn’l’ labels an excited, p, A s oy
d, or f electron which couples to an odd-parity state of Ne. § 50F 252p62p S ; ] s
For brevity, we omit the filled & core from our notation for 2 | —— 3 ~
the doubly excited states. A variety of doubly excited Ryd- % 481 %) — 2 = 7
berg series arise from the allowed configuration pf 2 Ne [ =1 ) k. @
atom: 24(?P), 2p*(*D), and 2*(*S). Since the majority 460 397 |3 a ]
of the Rydberg series observed in this portion of the neon C 3pl % SE ]

spectrum can adequately be described within a nonrelativis-
tic LS approximation, we treat here oniP° final states.

Relativistic effectls z(i)re dlscussec_l m, Sec. IC. . series, which can be photoexcited from the ground ley#'S up
The following “P® double excitation Rydberg series can to 53 eV. Numerous ionization thresholds, which couple to different

be formed: three Snp series: 2. term values associated with thesZp®, 2p“*3s, and 2*3p

FIG. 1. Neon energy level diagram &P° autoionizing Rydberg

3p 2p configurations, are marked by shaded areas, whereas correspond-
ing Rydberg series membergL()nI*P° are marked by short
2p4 Ip | 35| %D nplpo, horizontal bars. Resonance energies are approximative, but
1g 2g reflect actual perturbations in the spectrum. Note that
the 2p*(®P)3s(®P)3p!P° state is equivalent to the
three Pns series: 2p*(*P)3p(*P)3s 'P° state.
3p 2p the Ne" levels can be compared in Table .
2p*| 1D |3p| 2P | nstpo All these Rydberg s_eries_overlap in energy, which
L ) ' causes strong perturbations in the spectrum. For exam-
S P ple, the D**D)3s(’°D)3p perturber overlaps with the

2p*(®P)3s(?P)np series, leading to strong channel interac-
tions and an enhancement of this series in the photoioniza-
3 2n 2 tion cross section. This perturbation, already discussed in
P D,“P : ; ; i
Ref. [2], together with other perturbations are discussed in

and six 3nd series:

2p*| 'D |3p| ?F,?D,2P | nd®pe.
1g 2p TABLE |. Experimental E,,s[22], and theoreticalEy,, energy
levels of some Né states, relative to the ground leved?2p® 'S of
Higher excitations @8np, 3snf, 4fns, 3dnf, etc.,, do not neon. The theoretical energy of the first ionization threshold
appear in the neon spectrum below 53 eV, except for th@p® ?P° is adjusted to the experimental ionization enery, and
lowest perturbers(see below In LS coupling, if fine- Eu are the experimental and theoretical energies averaged over
structure effects are neglected, only the 2s singly excited anfine-structure levels, respectivelE; is the splitting between a
five double excited Rydberg series need to be considerelgvel with the largest and smallest momentjgn We have high-

below 53 eV. These aresZpB(ZS)np, 2p4(3P)3s(2P)np, lighted those Né levels that contribute to resonance spectra of the
2p*(*D)3s(?D)np, 2p*(®P)3p(%P)ns, 1p° symmetry below 53 eV in boldface font.
2p*(®P)3p(°D)nd, and 2*(3P)3p(?P)nd:; each of these is

coupled to the final symmetryP°. An nf series converging Eops €V

to 2p*('D)3s?D can also be excited, but only the lowest Emve AE;. Eq, (eV)
member 4 has been resolved. Additionally, the

2p*(1S)3s(2S)3p member of a higher series is energetically 2p° °P° 21.597 -0.097 21.597
allowed. Among members associated with other Ryd-2s2°’S 48.475 48.029
berg series, also the p2(3P)3d(?D)3plP° and 2p*(°P)3s*P 48.772 -0.101
2p*(®P)3d(?P)3p 'P° resonances can be photoexcited in2p*(*P)3s?P 49.373 -0.076 49.344
this photon energy range. Note, however, that each of theszp*(*D)3s?D 52.114 -0.001 52.032
states can be formed from a linear combination of2p*(®P)3p“P° 52.106 -0.050
2p*(®P)3p(?D)3d P° and 2*(°P)3p(?P)3d'P° wave 2p*(3P)3p*D?2 52.486 -0.091

functions. Consequently, #Z(3P)3d(?D)3p!P° and 2p*(3P)3p2D° 52.712 -0.063 52.730
2p*(®P)3d(°P)3pP° represent the same physical 2p*(3P)3p2S° 52.908

states as given by @#(°P)3p(°D)3d*P° and  2p*(eP)3p’s° 52.927

2p*(*P)3p(*P)3d 'P°. Similarly, 2p*('D)3p(°P)3s'P°  2p*(3P)3p2P° 53.082 -0.016 53.280
is the same physical state ap*2'D)3s(°D)3p*P°. In Fig.  2p(15)3s%S° 55.868 55.570

1, an energy level diagram of neon is given, and energies af
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TABLE . A shorthanded wave function expansion of the initial action with a 2*(*D)3s(?D)3p P perturber (see Sec.

ground state §2p°!S. Only those components, whose weight \VB).

|c,J? is larger than 0.001, are tabulated. Tt 2p, 3s, and 3 are Among excited P*3pns and 2*3pnd members

spectroscopic orbitals describing the target states4g, and 31 (n>3), all of the ns series and some of thepdd Ryd-

are correlation orbitals also used in the target-state representatioyerg series can be photoexcited through the radial correction.

Electric dipole selection rules permit the following transi-

Component Weight tions to occur
2s522p® 0.89886 4.3 2 1po

2522p%(?P)3p 0.05583 - 2'04(1'3)3'0(2'3)”' 1Po
25°2p°(?P)4p 0.01519 2p5(2P)3pls — 2p*(*D)3p(“P)nl*P° (1)
2s2p%(29)3s 0.00380 2p*(1S)3p(?P)nl 1P
2s2p®(2S)4s 0.00206
2s°2p*(°P)3d? 0.00324 wherel=s,d. Thus all 3ns series will be strong in the
2s?2p*(*D)3d? 0.00195 spectrum and will have the highest photoabsorption strength
2522p*(1S)3d? 0.00159 among all doubly excited resonances. However, among these
2s22p*(1D)3p? 0.00205 series, only 2*(®P)3p(?P)nIP° are energetically acces-
2522p*(3P)3p? 0.00136 sible for photon energies below 53 eV.

Those $nd Rydberg series which are not listed above, as
2p*(®P)3p(°D)ndP°, are much weaker since they can be
photoexcited only through the admixture of other, less im-
detail in the present paper. In Sec. V we analyze in additioportant, initial state configurations. Actually, only the lowest
the 4p and 5 members of the g*(°P)3s(°P)np series  member *(3P)3p(?D)3d 'P° was observed in the earlier
interacting with the singly excited s2p®np series, a photoabsorption spectrumi2] and in the present high-
quenching of the @*(*D)3s(?D)np resonancesn>9) by  resolution experiment. Higher excited members have not
the 2p*(®P)3p(?P)5s perturber, and an interference be- been resolved and they appear to be very weak in the calcu-
tween 2%(1S)3s(?>S)3p and highly excitechs andnd se-  lated spectrum.
ries converging to the @ (3P)3p 2P ionization threshold. Codling et al. [2] noted that the lowest Rydberg series

membera1=3 are much more intense than excited members

with n>3. A prominent example is the lowest resonance
B. Excitation paths from the ground state 2p*(®P)3s(?P)3p*P° in the neon spectrum, which is far
to the doubly excited states stronger than the 8tp and &5p resonances. In fact, these

Photoexcitations from the ground state to the doubly exiwo latter Rydberg series members were not resolved in the
cited states are possible mainly to the extent that the initiagarly spectrun{2]. This observation contradicts a general
state exhibits electron correlation. Dipole transitions inducedrend, that all members in an unperturbed Rydberg series,
in this way favor only some final states, thus different Ryd-with no Cooper minimum, have the same maximum photo-
berg series listed above will have very different spectral in-absorption cross sectidprovided the spectrum is measured
tensities. Table Il shows a shorthanded configuration interadvith an infinite resolution As pointed out, the 83p mem-
tion (Cl) expansion of the initial ground stat@2'S, whose bers are photoexcited with a much higher probability than
calculations are outlined in Sec. IVB. Th@2configuration ~3snp members withn>3. Moreover, then=3 resonances
contributes 90% to the wave function expanside., the are confined almost entirely within the inner carehich
square of its Cl coefficient is 0.9whereas the next largest €xtends to about 12 Bohr ragland thus experience stronger
configuration »°3p contributes nearly 6%. °3p repre-  €lectron correlations than the highememberg 1]. This, in
sents, in the independent particle model, radial correctionturn, causes a departure in the quantum defect and can en-
i.e., a difference in the spatial distribution between Ne andance the photoabsorption strength.

Ne" ground-state configurations, if one assumes that the ra-
dial orbitals are optimized independently on each configura-
tion. Other 2°np configurations §>3) also represent the
radial correction, but to much lesser extent. If we ignore the fine-structure splitting of Nestates,

The radial correction allows for dipole-induced transitionsWhich, on the average, are of the order of 10 me®,cou-
to all of the observed 313!’ members, wherband!’ are pling is satisfied for most of the resolved resonances in the
s, p, ord electrons. Dipole transitions to excited members ofSPectrum. However, even in the comparatively low-
the Rydberg series#3snp (n>3) are excluded because resolut_lon experiment _by Codlingt al. [2], one could re-
np orbitals representing the final states are orthogonal to th&olve fine-structure splitting of thep?(°P)3s(*P)np series
3p orbital in the 2°3p initial state configuration. These (N=6) into 3s(*Ps)np and B(*Py)np series. Table |
series can be reached only through the admixture of othethows that *(°P)3sP has the largest fine-structure split-
initial state configurations, such ap®hp, which, however, ting among all relevant doublet states of NeAE; =75.9
contribute less than 0.15% to the wave function expansionmeV. In our high-resolution experiments, the splitting into
Therefore, all 3np series will have, in general, very weak three series that converge to tygdependent thresholds is
spectral intensities. An exception is th@“23P)3s(?P)np  observed already for the=4 members. Similar features are
Rydberg series, which is greatly enhanced owing to an interalso observed for thas andnd Rydberg series converging

C. Breakdown of LS coupling
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to 2p4(3P)3p2P However, due to the smaller target state beam source onto a curved exit g% wm). The monochro-
splitting AE; = 15 8 meV, the fine-structure effects in the mator has no entrance slit, and thus position and size of the
2p4(3P)3p(2P )nl series are resolved for higher memberselewon beam source influence strongly both energy calibra-
le 03 ) ; tion and resolution. Nearly all measurements were performed
(n=7) than in the P"(°P)3s("Pj)np series (=4).  jth BESSY operating in the small-source motiertical
In Sec. IV A we discuss briefly how the size of the targetbeam size= 0.12 mm and a 20% illuminated portion of the
fine-structure splitting affects the intensity of the fine- ellipsoidal mirror. Usually, the photon energy is adjusted by
structure split Rydberg series. moving boththe plane mirror and the grating in order to get
The fine-structure split Rydberg series are described besiked foci of the ellipsoidal mirror; then, the resolutidrE
in jj coupling (¢.jo)n, Wherej. andj, are the total mo- scales withE®2 However, the incidence angle of the premir-
mentum of the target state and of the outermost electronpr is restricted to a value lower than 1321], and the
respectively[for example, the p*(*P)3s(*P; )np serie§,  monochromator no longer works in the so-called “fix-focus
or in jK coupling [(j¢,lo)K, 50_1/2]3 1, abbreviated mode” for low photon energieshix<<76 eV for the 2442
[(jc.lo)K] [for example, the B*(3P)3p(? P; )nI (I=s,d) lines/mm grating, i.e., the energy range relevant at present.

serieg. These and other relativisticly coupled series can bénstéad, photon energies are adjusted by rotating only the
recoupled toLS representation of:P?, 3S° 3P§ 3Do grating with the premirror fixed: here resolution is optimized

states. Only thes&S symmetries are relevant here, since by Cha!”g'.”g the o_hstance b?‘W?e” the eII|p5_0|daI mirror and
dipole transitions occur between levels which differ bythe exit slit adjusting the exit slit to the varying focus. As a

AJ=0,+1, excludingd=0—J=0 transitions, and symme- conse'quens%a, of course, the usual scaling of the resolution
tries with higherL and S quantum numbers, for example, 2E With E*= does not apply, and we need an independent

50 . . check of the resolution: we get a resolution®E=4 meV
F3, can be formed only by coupling an ogter electrpn with FWHM) [6] athv=64 eV and oAE= 3 meV (FWHM) at
a Ne' quartet state; however, as we mentioned earlier, suc

=45-53 eV by shifting the exit slit by 9 mm and 20 mm,
states are not expected to contribute significantly to the total
cross section. espect|vely Also the photon energy cannot be calibrated

using “fix-focus mode” energy values, obtained, e.g., for the
well known helium double excitation$]. Here the photon
Il EXPERIMENTAL TECHNIQUES energy was calibrated by fitting thes2p®np resonances

Neon atoms are excited by a single photon from a h,gh|y\/v|th a Rydberg series of Fano profiles with a constant quan-
monochromatized photon beam at the Berliner Elektrofum defect, presuming thes2p® threshold to be at 48.4750
enspe|cherr|ng f|uSynchrotrons[ramunggESSY) [3] Pho- eV. This threshold is taken from the well- known literature
toexcitation is measured by collecting the charged particle¥alue of the Ne Il 22p° level at 217 047.61 cm* (26.9105
which are produced via the decay of the excited neon bye\/) [22] added to the |0W93t neon ionization threshold,
direct photoionization or by autoionization. The total photo-25°2p° *P3p, at 173 929 70 cm* (21.5645 eV [23], using
ionization current in the 10" A range is measured as a the conversion: 1 cm'=0.123 984 2 me\[24].
function of photon energy. These photoionization measure-
ments were performed with a two-plate ionization cell of 10
cm active length 3], filled with neon gas, whose pressure V. THEORETICAL AND COMPUTATIONAL METHODS
was between 0.1 and 1 mbar; the cell was separated from the
ultrahigh vacuum of the monochromator by a 1500 A18b
Si) window. A voltage of 100 V was applied between the The theoretical and computational methods adopted in
two plates to collect the electrons and ions, and the currerthis study are the same as in the earlier eigenchannel
was measured with a sensitive ammetieithley, model ~R-matrix studies [18-20. We use the eigenchannel
617. The measured current is proportional to the photoabR-matrix method[17], multichannel quantum defect theory
sorption cross section only in case of low gas density, i.e.(MQDT) [25], and the recoupling frame transformati@s].
for a linear approximation to the Lambert-Beer law. NotelIn this section we mainly describe the construction of the
that in the case of weak resonances quite large neon preBasis functions needed to calculate the initial and final state
sures are needed, and minor saturation effects influencing ttveave functions inside the region where strong interactions
accurate line shape and the natural linewidth of a resonandye localized, the so-called “reaction zone.”
cannot be excludef¥]. Note in addition, that these measure-  Any wave function for the {l+1)e~ system(Ne",e”) is
ments can give onlyelative cross sections rather than abso- characterized by a coupling between a target sthte”
lute cross sections, because it is difficult to correct for astatg and an outermost electron. The eigenchannel
background caused by the production of photoelectrons frorR-matrix method solves, utilizing a variational principle, the
the Al window and by an approximately linear beam decay(N + 1)-electron dynamics inside a region of strong correla-
as well as the energy-dependent monochromator intensitjon. This region is characterized by &matrix sphere of
function. radiusr =r,, which is large enough to envelope all relevant

For the high-resolution photoexcitation measurements, &le* states and the ground state of Ne. It is also large enough
very narrow energy widtliA E was obtained from the high- so that one can neglect electron-induced multiple potentials
resolution SX700/Il monochromator operated by the Freigwhich appear in close-coupling equatiph&tween the out-
Universita Berlin at BESSY[3]. This monochromator is ermost electron and the residual ion. In our calculations we
equipped with a plane premirror, a plane grati@g42 lines/ chosery=12 Bohr radii. The target state wave functions,
mm), and an ellipsoidal mirror focusing the fixddirtual) ~ whose decay are sufficiently rapid that they can be neglected

A. Principles
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at r>rg, are constructed in a multiconfiguration Hartree- electron AcpEfdr\/Zch +2/r—fdr\/2EjC +2Ir [29]. In
Fock approximation[27], whereas the outermost electron ! >
wave function is represented inside tRematrix sphere by a

superposition of discretized orbitals, .Wh'Ch obgy a Hartre ine-structure levels depends on the electronic distanae
equation inside <r,. After the R-matrix calculation deter-

3120 = . .
mines the N+ 1)e™ wave function and its normal derivative (V213 AEJc' Thus for each fine-structure split Rydberg

at the surface =r,, MQDT determines the wave function Series, there is a limiting value of which approximately
everywhere outside,. This outer MQDT solution can be marks a transition from a nonrelativistlcS coupling to a

characterized by a reaction matrix at all distances ,: relativisticjj, or jK coupling. Its value, which directly trans-
lates into an effective quantum number of a Rydberg state,

depends on the size of the target state spIitl.’\rE;;C and on

the difference between quantum defects in the relevant
LS-coupled Rydberg series. For these reasons, low-lying
Elements of the short-range MQDT reaction matikixare ~ Rydberg series members tend to be nearly puecoupled
determined by matching the inner and outer solutions an@gtates, and thus spin-forbidden excitations to loweso-
their radial derivatives at=r,. Here,f andg are two stan- nances are very weak. In contrast, highly excited Rydberg
dard, linearly independent Coulomb functions. In an energystates are better characterized in eitpjeror jK coupling,
range where autoionization can occur, i.e., where some jorend excitations to all fine-structure split components of a
ization channels are energetically “operithannels labeled givenn state can be comparably important.

0) and other channels are “closedlabeledc), we must

superpose the linearly independent solutions in(Ehso as

the limit E—O0, i.e., close to the ionization threshold, the
hase changa ¢ between channels associated with different

1
‘Pi(r):Asz: D (w)[f;(r) ;i —gj(rK;ji]. 2

to eliminate diverging solutions in the closed channels. This B. Calculations of the relevant Né' target states
resulting linear transformation of the solutio(® generates The first step in the calculations is the generation of
a physicalreaction matrixkP"s, atomic wave functions for the physically relevant target
states, which contribute to the initial state’2p® S, to the
KPYS= K 00— K °¢( K °C+ tanmrv) ~1K®®, (3 ionization continua, and to the resonancesBf symmetry

) ] . _below 53 eV(see Sec. lIA The following Ne" doublet
where the diagonal matrix of effective quantum numbers ingiates are needed: p22P°, 2s2p82S, 2p*(3P)3s2P,

the closed channels is given by 2p4(1D)3SZD, 2p4(3P)3p2D°, 2p4(3P)3p2PO, and
2p*(*S)3s2S. We have tested the inclusion of Neguartet
1 states associated with the doubly excitguf2s and 2*3p
Yii= m5‘j ' ) configurations, and found their contribution to be negligible.
J

Furthermore, in all cases but ofgee Sec. V A resonances

The matrixKPs connects only open channels to each otherassociated Wi_th those quartet states have not been observed.
A similar transformation is also applied to dipole matrix el- _ 1arget orbitals are calculated in a multichannel Hartree-
ementsD connecting the initial and final states. We use ex-FOCKk approximatiotMCHF) [27,30], where we include both
perimental target state energiEs to evaluate the elements spectroscopic and correlation orbitals. In what follows we
of v, whereas theoretical energies are used to determine ti/erline correlation orbitals, for examplep4to distinguish
short-range parameteksandD. The short-range parameters them from spectroscopic orbitals of the same angular sym-
K andD, along with the threshold energies, uniquely deter-Metry, such as @ or 3p. First, the J, 2s, and 2 orbitals
mine the total and partial photoionization cross sect/@  are optimized on the® configuration, then @ is optimized

As pointed out in Sec. IIC, some portions of the neonon 2p*3p (averaged over.S term valuey and 3 on
spectrum exhibit relativistic effects. In particular, threp ~ 2P*3s. Next, we optimize correlation orbitalsl on those
series are found to converge to different fine-structure levelphysical Né& states, which are strongest correlated. ig
j.=2 andj,=1 of the residual N& ion 2p*(3P)3s2P. The  OPtimized on ;)4(_3P)3p2P°, including single- and double-
relativistic effects are incorporated by transforming the wavef/€Ctron substitutions from thes22p, and 3 subshells to a
functions, and consequently andD, from LS coupling into ~ Virtual 4s orbital, ~similarly 4 is optimized on
jj coupling (or into any equivalent coupling scheme for 2P*(*D)3p?D®, including single- and double-electron sub-
which the total core spin-angular momentymis a good  stitutions, and 8 is optimized on 22p°?S, including a
quantum number[26]. In addition to performing this or- 2p“3d?2S perturber.
thogonal transformation, it is crucial to use experimental The correlation orbitals play an essential role in the de-
fine-structure target state energies when the effective quascription of all physical N& states. The largest correlation is
tum numbers are evaluated in EG). observed for 82p®2S, where the p*3d?2S perturber con-

The fine-structure effects are the strongest for those Rydributes nearly 25% to the wave function expansion. This
berg series whose ionization thresholds have the largest spliétrong correlation in rare-gas atoms was recognized in earlier
tings AE; . Then, even low-lying members exhibit a studies by other authofd3,16,31. There is a large differ-
jc-dependent splitting. This can be understood from semience, however, in the nature of thd 8rbitals in neon and in
classical arguments derived from the WKB approximationthe heavier rare-gas atoms. In argon, a spectroscapior3
[28], which relate the size of the target state splitting to abital is contracted within the same spa@dout 15 a.y.as
cumulative phase change in the de Broglie wave of the outethe 3s and 3 orbitals, and it strongly correlates with the
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r ] in a quantum defect calculated with respect to the double-
08L ] ionization threshold g% 3P, at 62.527 eV; from other eigen-

r ) 1 channelR-matrix calculationd18-20, we expect the same
error in the final states as in the target states. At this point we
remind the reader that the theoretical target state energies are
used only to calculate short-rangeandD parameters in Eq.

(2) (the R-matrix part of the calculationswhereas experi-
mental target state energies are used in the course of the
MQDT calculations, when we impose boundary conditions
in open and closed channels. lonization thresholds and quan-

0.4 . tum defects are evaluated with experimental energies. Also,
_oef = ‘ ‘ : the use of experimental target energies and, in particular, the
o 5 10 15 20 smooth behavior of the short-range parameters make the in-

r(a.u) clusion of relativistic effects adequate, in spite of the small
magnitude of the target fine-structure splittingsQ.1 eV).

FIG. 2. Spectroscopic8and 3, and a correlation @ radial
orbital P,(r) used in the calculation of &, 2s2p8, 2p*3s, and C. Calculations of the initial and final states

2p*3p target states of Ne. The 31 orbital strongly correlates Discretized outer-electron orbitais, ep, andsd are cal-

62 H H H 4r1 2
252p°”S through interaction with &2p%(*D)3d °S. All these tar- ¢ 1ateq inside the sphere of radiug in a Hartree potential
get states fit within 12 Bohr radii. For comparison we also plot a[20 37

spectroscopic 8 orbital which represents#(3P)3d target states
of Ne™. The 20*(®P)3d states extends up to 20 Bohr radii. The 1 d2 l(1+1) Z

scale on the horizontad axis is evenly distributed ir/r. 5 a2 +T 7 +VH(I’)) Pri(r)

3s3p® configuration. In contrast, the spectroscopic orbital
3d in neon extends up to at least 20 a.u., and has little effect
on the 2p® configuration which is confined withig6 a.u.
Therefore, to correlate 2p® one has to use a correlation rl
orbital 3, which can be concentrated in the same region of VH(V)IZ Qn'i fo r_in(s)dS' ®
space as theand 2p orbitals. Other correlation orbitals in n g

neon, as @ in the CI expansions for [#3p, are needed to wherer- is the greater of the radial and s coordinates,
represent both the proper correlatioppair correlation q,, are occupation numbers for the spectroscopc 2s,
2p?—4p?), and to represent a radial correctionp(24p  and 2 orbitals in the 522s22p°® configuration. We use 12
and 3—4p). For example, the radial correction is necessaryclosed-type orbitals that vanish at tRematrix surface, and
because spectroscopip2and 3 orbitals are different for one open-type orbital, which has a nonzero amplitude at the
the different configurations. Figure 2 illustrates spectroscopisurface and represents an outer electron escaping beyond
3s, 3p, 3d, and a correlation @ orbital in Ne'. r=rg into an excited Rydberg state, or into a continuum. For
The MCHF orbitals are now used to construct the physi-brevity of notation, we usel to designate an electron in
cal target states. In the first step we generate a long CI ex2oth open and closed MQDT channéighich in this sense
pansion for each state, including singly and doubly excitedhave continuous energiesvhereas| is reserved strictly for
configurations from each occupied subshell in thg®2 discrete resonances.
2s2p®, 2p*3d, or 2p*3p configurations to g, 2p, 3s, 3p, To minimize the size of our expansion set, while keeping
3d, 4s, and 4 orbitals, following the parity conservation the most important configurations, we neglected all partial
and the spin- and angular-momentum coupling rules. To th&/aves with angular momenta>2. Among those, the
above CI expansion, we also add some configurations repr@?0St Important _ are fwaves represented by the
senting the core polarization, as constructed from single2P”("D)3s(°D)ef *P° channel, which would reproduce the
electron excitations from the main configuration for eachféSonant 4 state already identified by Codlireg al. [2] at
physical target state, involving the parity change. In particu2bout 51.2 eV. An effect of waves on other channels was
lar, they are represented bp®3s, 2p*3p, and 2*3d, with tested and was found to be negllglple in the phot9|on|zat|on.
all allowed final couplings. A nonrelativistic Hamiltonian is O”f can unzdersta?d this by analyzing an interaction between
diagonalized in this large basis, thereupon it is truncated tgP ("D)3s(*D)ef “P° and other doubly excited channels
include only those components for each physical target stat@P” 3! &l . The interaction is represented by a matrix element
whose weight is larger than 0.0005. On the average, we kee}f the Coulomb operator

:EnIPnI(r)+z NnnPrni(1),
n/

about 15 configurations for each physical target state. K
Table | shows our theoretical target state energies relative i _ 2 r< ck. c (6)
to the ground state #® 1S in comparison with experimental ry EorIT T

values from Perssof22]. The energies of the first threshold

2p°2P° are assumed equal in this comparison. The largesivhose radial part is proportional to a Slater integral
error of our theoretical values of the excitation energy isR (i,j;i’,j’) [33]. Among all channels, which contribute
about 0.4 eV, which translates into an error of order of 0.020 the neon spectrum below 53 eV, onlyp*BsepP°
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e e scattering parameters. The convergence problems derive
2p*(°P)3s(*Pyyy 4 )NP partly from the large excitation energies of the physical

: i 5 '”"”r% Ne® states and partly from their strong correlation. The
slowest converging are tliewaves, which is mainly due to
the inclusion of the 8 correlation orbital. Becaused3which
is the lowestnd orbital included in the target state wave-
function expansion, is so different from a spectroscopic 3
JJ orbital (see Sec. IV B and Fig.)2any satisfactory represen-

(a) Experiment
25'2p°np 2p*('D)3s(*D)np .

T TTTm =

tation of, for example, a @*(3P)3p(?P)3d resonant state
Jns,nd,. will require a large number of basis-typel orbitals to com-

Photoionization Yield

2p*(°P)3p(®
3s 4 — e pensate for this large differenc@ote that this problem is

J 3d 45 absent in the heavier rare-gas atoms because of the different
7 7 nature of the 8 orbital; see Sec. IV B The other correlation

] orbitals 4 and 4 do not slow down the convergence rate so
(b) Theory much, because we include spectroscopcaBd 3 orbitals

in the target state representation. These spectroscopic Ne
orbitals also describe thep23s3p configuration of neon
fairly accurately.

B

T

20 - —

V. EXPERIMENTAL AND THEORETICAL SPECTRA

Cross Section (Mbarn)

Figure 3 shows the experimental and the convolved theo-

| retical spectrum(in the length- and velocity-gauge forms
O bbb b b b b b b [34]) over the energy range 44-53 eV. The theoretical cross
46 48 50 52 section has been preconvolved with a Gaussian weight func-

Photon Energy (eV) tion of width 3.5 meV(FWHM), using a method described
in Ref.[35]. This cross section decreases monotonically be-

FIG. 3. (@) Experimental andb) theoretical photoionizati_on tween 44 and 53 eV, and the average background photoion-
spectrum of neon from the ground state, plotted as a function szation yield is about 9—10 Mb. It is in agreement with other
photon energy from 44 to 53 eV. The calculated cross section h

been convolved with a Gaussian weight function of width 3.5 mev%eoretical calculations, which also report the cross Sectipn at
Solid and dashed lines ith) are the length- and velocity-gauge the 10 Mb level[12—-14. BOth_ the present and the _earller
cross sections, respectively. calculations agree also well with absolute cross section mea-

surements by Chaat al. [8], who report the cross section

can interact with P*('D)3s(?D)eflP°%  other Petween 8 and 9 Mb. o , _
channels are excluded through spin-angular coupling Different energy ranges in this figure illustrate different
rules for the r;' operator. However the €Xxcitation mechanisms. The energy region between 44 and

<2p4338plpo|r61|2p4(| D)3s(2D)ef 1P°) interaction is 48.5 6eVl ig dqminated by singly excited resonances
proportional to aR?(2p,ep;2p,ef) Slater integral(and a 2s2p°np~P?, which are Weakly perturbgd by the=3, 4, ,
corresponding exchang®? integra), which typically is an?35 merr;bers cl)f ghe first doubly e>_<C|ted Rydberg series
much smaller than the? or R! Slater integrals appearing in 2P ("P)3s(“P)np~P®. Sec. VA describes this portion of
the matrix elements among othep®sep and 2*3psl the spectrum in .detall. _H|gher mgmbers qf the
(I=s,d) channels. Therefore, interactions wittwaves can 2P*(°*P)3s(*P)np series dominate the adjacent region be-
be safely neglected. tween 48.5 and 49.5 eV. Because of a relatively large fine-
The initial state D°S is represented as a superposition Structure splitting of the g*(*P)3s?P target state of 75.9
of the target states coupled with the closed-type orbital$n€V, two Rydberg seriesps, andnp,, converging to the
es, ep, anded. The dominant terms in the Cl expansion aretwo j.= 3 andj.=3 levels, can be distinguished in this por-
listed in Table II. Our ionization energy ofd® 'Sis 22.094  tion of the spectrum. These normally weak features are
eV, which is 0.497 eV more than the experimental value ofgreatly enhanced by an interaction with the lowest-lying
21.597 eV(see Table )l This difference translates into an 3p member of the p*(*D)3s(?D)npP° series, as will be
error of only 0.01 in the quantum defect. Final states, whichdiscussed in Sec. VB. Higher-lying members of the
in LS coupling are represented by the?, 3s?, 3P?, and  2p*(*D)3s(?D)npP° series (>3) and other doubly ex-
3D} partial waves, are constructed from the target states, andted Rydberg seriesf#3snp and 2*3pnl (I=s,d) char-
closed and opens, ep, anded orbitals. acterize the energy range above 50.5 eV. Most of the experi-
Although a relatively large number of basis functions ismentally resolved resonances in this portion of the spectrum
used, convergence problems plague our calculations. This @&e nearly pureLS-coupled states. An exception are the
clearly apparent in the few percent discrepafoy the av-  2p*(°P)3p(?P)nl resonances, whose relativistic features
erage between length- and velocity-gauge cross sectiongan be resolved for the>7 members. Section V C analyzes
[34] (see Fig. 3 and in the slow convergence of short-rangethese features in greater detail.
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FIG. 4. (a) Experimental andb) theoretical portion of the neon
spectrum illustrating singly exciteds2p®(>S)npP° Rydberg se-

Photon Energy (eV)

ries and the first doubly excitedp2(3P)3s(?P)3p state.

A. Photon energy between 44 and 48.5 eV

Figure 4 shows a portion of the cross section in this en-
ergy range. In the upper panel, Figa% the experimental
spectrum and in the lower panel, Figb# the calculated
cross sections are shown. The spectrum is dominated by the
2s2p8(?S)npP° series, which is nearly unperturbed.
At about 45.0 eV, the first double excitation
resonance @*(3P)3s3p 'P° is seen, which is the common
member of the Rydberg seriespZ®P)3s(’P)np and
2p*(®P)3p(®P)ns.  The  2*3P)3s(®P)4p  and
2p*(®P)3s(?P)5p members fall also within this energy
range, but are too weak to be seen on this scale. These reso-
nances are discussed in more detail further below.

Table 1l lists experimental energie€() and effective
guantum numbersy) from this work together with theoreti-
cal values from this work and experimental values from
Codling et al. [2]. Additionally, Table Il lists
theoretical linewidths Il) and corresponding reduced lin-
ewidths (,.s=I'v®). Theoretical resonance parameters are
calculated from the energy derivative of the eigenphase sum
at its maximum, which is equivalent to the time-delay ma-
trix,

ds\?
) (7)

o] &
dE E-E,
The phase-shift parametrization is independent of the experi-
mental resolution, as opposed to the more standard param-
etrization of the Beutler-Fano profi[@3]. For asymmetrical
resonances, in particular for thes2o®np!P° series dis-
cussed here, the resonance position defined in(Bds ap-
proximately centered between the maximum and the mini-
mum of the Beutler-Fano profile. However, the experimental

TABLE lIl. Resonance parameters of the2p®(?S)np*P° Rydberg series. The following theoretical
and experimental values from this work and experimental values from Coelliag [2] are listed: energy
positions,E (eV), effective quantum numbers, linewidths,I" (eV), and reduced linewidth$; .4 (eV). The
values in parentheses are experimental errors. The values in square brackets represent factors of powers of

10.
n Ein Eexp ERef.[Z] Vth Vexp VRef[2] | [req
3 4553397 45544800 45.5479) 2.151 2.15®) 2.155 0.34p01] 0.347
4 4711092 47.119800 47.1236) 3.158 3.16%) 3.171 0.665-02] 0.209
5 47.69182 47.69525 47.6946) 4,168 4.177) 4.17 0.247-02] 0.179
6 47.96708 47.96580) 47.9676) 5.176 5.172) 5.17 0.12802] 0.178
7 48.11856 48.11630) 48.1166) 6.178 6.162) 6.15 0.729-03] 0.172
8 48.21106 48.20920)0 48.2076) 7.181 7.163) 7.12 0.458:03] 0.169
9 48.27170 48.26930) 48.2716) 8.181 8.1%4) 8.16 0.307-03] 0.168
10 48.31359 48.31240) 48.3126) 9.181 9.183) 9.13 0.216-03] 0.167
11 48.34375 48.34240) 48.3446) 10.182 10.18) 10.18 0.15803] 0.167
12 48.36617 48.36%00) 48.3656) 11.182 11.15%5) 11.10 0.11p03] 0.167
13 48.38331 48.382M00) 12.182 12.107) 0.926-04] 0.167
14 48.39669 48.39%40) 13.182 13.08) 0.73Q-04] 0.167
15 48.40734 48.406M00) 14.182 14.041.0) 0.597-04] 0.170
16 48.41596 48.41410) 15.182 15.0212) 0.484-04] 0.172
17 48.42303 48.422M0) 16.182 16.0215) 0.406-04] 0.172
18 48.42890 48.428M0) 17.182 17.0118) 0.338-04] 0.174
19 48.43383 48.43260) 18.181 17.9(21) 0.29Q-04] 0.179
20 48.43801 48.43700) 19.181 18.925) 0.253-04] 0.193
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energies are taken at the intensity maxima of the resonancdate then into large errors in quantum defect. For better de-
which for spectral lines with negative Faggarameters are termination of the quantum defect of this nearly unperturbed
shifted towards lower energies as compared with the thecseries, we performed an additional fit of our experimental
retical positions. This energy shift is about half the resonancepectrum for the Rydberg series with constant quantum de-
width I'/2, and it translates into a constant sHif /2R in  fects, including the states from=10 ton=19, and we got
the effective quantum numbers, whékds the Rydberg con- the new quantum defegt=0.818+0.002, which compares
stant. From Table 1l we find thdf,.;=0.17 eV, which in-  well with the calculated value of 0.818. Our calculated ef-
creases the experimental effective quantum numbers bfective quantum numbers for thes2p®3ptP° (»=2.151)
about 0.003. These differences between peak maxima arahd 22p84p!P° (»=3.158) resonances are also compa-
resonance energies, together with calibration errors, are comable with earlier theoretical results of Burke and Taylor
sidered in the experimental error bars. [12], who report their effective quantum numbers 2.176 and
Our experimental linewidth of the s2p®3p state 3.192, respectively. Similar values of 2.184 and 3.208, re-
(I'=16%=2 meV) is comparable with the measured value spectively, were obtained by Hibbert and Sct8]. The
I'=13%=2 meV of Codlinget al.[2]. Our reduced linewidth present and these earlier calculations predict, in this energy
(T,eq=0.16£0.02 eV is approximately constant for the regime, nearly the same absolute cross sections of about 10
whole series. However, our calculated width fos2p®3p Mb.
(=34 meV) is larger than the observed one. Its calculated The lowest resonance in this energy range, which is also
width and the width of the next 2pf4p state (=6.6 the lowest resonance appearing in the neon spectrum above
meV) is also larger than calculated by Burke and Taylorthe first ionization thresholdi® ?P, is a common member of
[12], 17 and 4 meV, respectively, and by Steaenl. [14], the 2p*(*P)3s(*P)np'P° and 2p*(*P)3p(?P)ns'P° se-
13.9 and 3.9 meV, respectively. Differences in our calculated
and measured quantum defects are, on the average, 0.04,

L T T T T T
well within the range of errors expected for such a strongly 2s'2p%n ‘
correlated target state. The experimental errors increase close - 1516 1820
to the ionization threshold, since small errors in energy trans- E 20*CP)3s(PS5p
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47.65 47.70 47.75 47.80
Photon Energy (eV) FIG. 6. The cross section in the vicinity of theZp® S ioniza-
tion threshold. The experimental spectrey exhibits three per-
FIG. 5. Interference between s2p®5p and  turbers just below &p®2S, and three peaks above it. The calcu-

2p4(3p)35(2PJC)4pJo resonances irfa) the experimental anb) lated cross sectiorib) reveals only four resonances, which are
the theoretical photoionization spectrum of neon. The doubly exassociated with thei®(*P)3s?P;_fine-structure levels of Neand
cited resonances are described in the relativigfiecoupling  which are classified irjj coupling. Two additional resonances,
scheme; here and in the other figures, we use a shorthanded notatighich are associated with théR; ,j,), Rydberg series, show up in
(ic+io)n» Wherej. andj, are total momenta of the core and of the (c) if we extend our MQDT calculations to include
outer electron, respectively. 2p“(3P)3s(4ch)spjo channels.
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TABLE IV. Resonance parameters of thp*2°P)3s(’P; )np;_'P° Rydberg series. The resonances are
classified corresponding tg -coupling as {;,j,)n. analogous to Figs. 5-7. For=5, no experimental
values are given due to difficulties in assignmésgte Fig. . The values in square brackets represent factors
of powers of 10.

(JcrJoln Etn Eexp Eref[2] Vi Vexp VRef[2] r [req
n=3 4458283 44.98180) 44.98Q8) 1.685 1.7602000 1.765 0.14p01] 0.070
%%’ 4 47.78293 47.6870Q5) 2.949 2.862213) 0.424-03] 0.011
(%%)4 47.82050 47.681(15) 2.985 2.857613) 0.519-03] 0.014
(%’ %)4 47.794115) 2.889413)
(%g)s 48.47859 3.957 0.8303] 0.052
(%%)5 48.50420 4.017 0.1483] 0.009
(%, %)5 48.57195 48.545) 3.998 3.930 0.49203] 0.031
(%, g)s 48.57782 4.011 0.33@3] 0.025
(%:g)e 48.77197 48.76380) 48.7636) 4.863 4.8274) 4.82 0.437-02] 0.416
(%%)6 48.80917 48.78420) 5.028 4.9184) 0.872-04] 0.011
(%, %)6 48.85547 48.84220) 48.8456) 4,895 4.8374) 4.85 0.460-02] 0.539
(%, g)e 48.88318 5.019 0.1%03] 0.019
(%% ; 48.97309 48.95880) 6.029 5.918) 0.868-04] 0.019
(%%)7 48.98279 48.98120) 48.9826) 6.109 6.0928) 6.10 0.17802] 0.394
(%’ %)7 49.04784 6.019 0.78204] 0.017
(%, %)7 49.05161 49.04040) 49.0426) 6.050 5.958) 5.97 0.42{-03] 0.131
(%%)8 49.07245 49.06485) 7.035 6.982) 0.751-04] 0.026
(g,g)s 49.07580 49.07420) 49.0776) 7.078 7.05212) 7.03 0.549-03] 0.195
(%%)9 49.13612 8.025 0.4004] 0.021
(%g)g 49.13827 49.13430) 49.1366) 8.067 7.982) 8.00 0.184-03] 0.097
(%’ g)g 49.14760 7.025 0.504] 0.017
(%, %)8 49.14952 49.14480) 49.1456) 7.050 6.98412) 6.98 0.22{-03] 0.077
(%%)10 49.18058 9.032 0.3904] 0.029
(glg) 10 49.18178 49.18030) 49.1776) 9.065 9.013) 8.90 0.116-03] 0.086
(%,%)9 49.21128 8.011 0.1%564] 0.008
(%’ %)9 49.21223 49.20785 49.21G6) 8.029 7.943) 7.96 0.407-04] 0.021
(g:g)ll 49.21313 49.21330) 10.068 10.064) 0.578§-04] 0.059
(g:%)ll 49.21368 10.088 0.12®93] 0.126
(g,g) 12 49.23558 49.23580) 11.032 11.0%5) 0.227-04] 0.014
(%%) 1 49.23618 11.062 0.48®4] 0.066
(%%’)13 49.25327 49.25480) 12.025 12.1(07) 0.112-04] 0.019
(%%)13 49.25382 12.061 0.35®D4] 0.063
(%’ g)lo 49.25636 9.028 0.23404] 0.017
(%1 %)10 49.25705 49.25480) 9.047 8.983) 0.676-04] 0.050
(%g) 14 49.26728 49.26780) 13.034 13.08) 0.148-04] 0.033
(%%) 14 49.26761 13.062 0.25D4] 0.056
(:_23’%’)15 49.27826 49.27830) 14.032 14.0010) 0.100-04] 0.028
(%%)15 49.27855 14.061 0.19®4] 0.055
(%’l%’) 16 49.28704 49.28780) 15.018 15.06L3) 0.410-05] 0.014
(%%)16 49.28736 15.058 0.17®4] 0.061

13 49.28805 10.030 0.1704] 0.018
(3,2)n
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TABLE IV (Cont)

(JcrJoln E Eexp Eref[2] Vi Vexp VRef[2] r [eq
(%, %)11 49.28852  49.28730) 10.048 10.014) 0.44Q0-04] 0.045
(%%’)17 49.295Q10) 16.0516)

23, 49.301310) 17.1118)

(%, %)12 49.310810) 10.985)

(%, %)13 49.328810) 11.976)

(%’ %)14 49.342810) 12.9718)

(%1 %)15 49.353810) 13.9510)

(%, %)16 49.363310) 15.0112)

1) 49.370310) 15.9615)

(%’ %)18 49.376810) 17.0319)

ries. However, its eigenvector composition and its effective Our theoretical calculations fail, however, to reproduce
qguantum number definitely favors the membership in thehese features with a comparable accuracy. This difficulty
2p*(®P)3s(?P)np*P° series. Its experimental quantum de- can be understood if one analyzes the mixieg|2, between
fect u is 1.24, which is much more than the quantum defectswo weakly interacting configurations, which is given in
(=1.0) of higher members of these serisse Table IV. Its first-order perturbation theory by
larger quantum defect can be attributed to the confinement of
the 3s3p radial wave function in the reaction zone, which, in (VoH|P,)
turn, enhances the electron correlation. Therefore, the dy- M= “E—E.
namics of this state are dominated mainly by short-range o =k
forces, as opposed to higher-lying members, where long
range forces play the dominant role. Apart from the differ-
ence in the quantum defect, the3 member appears in the
spectrum to be much more intense than thet8 and "
3s5p members. As pointed out in Sec. II B, the doubly ex_destroys this mterfgrence pattern. -
cited resonances are photoexcited to the extent of correlation At Nigher energies, six additional resonances arGeZV|S|bIe,
in the ground state. Due to the major contribution of theSOme of which straddle the ionization threshols2p®“S.
2p3(2P)3p IS correlation configuration in the ground state, With our good resolution and 5|gnal—t9-n0|se ratio, it is now
all 2p*3s3p resonances can be photoexcited. However, th@0ssible to resolve these perturbing features and the
higher-lyingn p resonancesr(>3) can only be reached from 252p°np*P° series up ta1>20. Figure 6 shows a magnifi-
the ground state due to the presence of other initial stateation of the high-energy part of thes2p®np series
configurations and therefore appear much weaker in thén>15) as well as additional resonances converging to the
photoionization Cross section. Indeed, the next ionization threshold. Codlingt al. [2] observed only
2p*(®P)3s(?P)4p 1P° resonance is comparatively very one resonance at 48.543 eV and classified it as
weak, and was not even resolved in the earlier photoabsor@p*(3P)3s(?P,,,)5p *P°. In addition, we observe the
tion spectrun{2,3]. 2p*(®P)3s(?P3)5p'P° and other very weak resonances.
At present, we identified thesap resonant state as a However, their identification is difficult, because even a
weak perturbation in the spectrum in the vicinity of the small error in their theoretical positiortehich is about 0.02
2s2p®5p 'P° resonance; Fig. 5 magnifies this portion of the in the quantum deferdrastically changes this portion of the
spectrum. Close to this resonance, weak features are visiblgeon spectrum. Furthermore, the occurrence of six reso-
which are resolved here. The additional peaks belong to thgances found in the experiment could not be explained eas-
4p members of the @*(*P)3s(°P; )np; 'P° series. This ily, as there can be only fourgsmembers associated with
series is no longer pure inS coupling but is split into four the 304(3P)332ch thresholds. In thgj-coupling scheme,
resonances, which are classified within th-coupling

2

®

For weakly interacting and nearly degenerate levelg? is
very sensitive to the zero-order energy separalgn E,,
and even an error of 0.02 in quantum defects completely

they are characterized as,{)s, (3,3)s (3.3)s (3.3)s. The
scheme c,jo)n. Features withi.=3 and j.=; are mea- origins of the other two peaks were identified through a
sured at=47.68 eV and 47.80 eV, respectively. We observesmaller scale calculation that included in the target-state rep-
the (£.,3), resonance on the lower energy side of theresentation all doublet and quartet Netates, which might

31 contribute to resonances in this energy range. These ex-

252p°5p, with the E,3 k shoulder. Th - . ..
333p P Vzll € (2)s resonance as a v.vea S .ou e.zr ®tended calculations showgsee Fig. 6c)] that the additional
(2,2)4 @nd ,3), are greatly enhanced by interaction with the heaks are probably associated with members ohih&yd-

2s2p°5p resonance, while thei(}), resonance a=47.80 berg series converging to the=2 andj.= £ levels of the
eV is found to be very weak, and thé,}), state is not 2p*(°P)3s*P target state. Only tentative assignments,
visible. which specify the total momentuiq of the target, but leave
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out the total momentun, of the outer electron, could be effective quantum numbers,,,, associated with th¢,= 3
made because of the large discrepancy between theory afghization threshold. This figure illustrates the effect of the

experiment. 2p*(*D)3s(?D)3p P° perturber and of the Xj,), reso-

B. Photon energies between 48.7 and 49.4 eV: A detailed ~ N@nces on the host spectrum 6fiG)» autoionizing Rydberg
study of the 2p*(*D)3s(?D)3p *P° perturber series. The{,3), and (,3), Rydberg series are marked with

Figure 7 covers the photon-energy range between 48.full and empty diamonds ¢ ), respectively, and the;(3),
and 49.4 eV. Thregj -coupled series @(°P)3s(*P; )np;.  and (), series are marked with full and empty squares
can be seen:j(,jo)n=(33n, (Y),, and GY),, all of (0). The major perturber @('D)3s(*D)3p 'P° is marked
which are perturbed by the p2(*D)3s(?D)3p P° reso- by a bullet @). The quantum defectgs, (modulo 1 and
nance; the 1.%), series is too weak to be resolved. The the reduced width§ ;=T v3,, are calculated, for all reso-

33 11 ; : . nances, with respect to the=3 ionization threshold, using
5,5)n and (3,3), series are greatly enhanced and shifted in 2 :
(2:2)n (2 2n 1 .g . y data from Table IV and a relation between Rydberg energies

energy, while the ,3),, series is only weakly perturbed. In in two channels, namehE ,— R/ v2,= Eqjp— RIVZ,,.
addition, the €:2)n and (,3),, series perturb each other, asis  one can extract regularities in these perturbédd).,
evident ahv=49.14 eV, for example, where the intensity of Rydperg series if the discrete points are connected by two

the (3,3), resonance is decreased and that of he){reso-  sets of continuous curves. Then, ald), resonancesfull

nance is increased. In addition to several resonances that
lamonds are located on one branch, and thg ), reso-

nances(empty diamonds belong to the other branch of
403 2 _ curves. The curves in Fig.(®, are equivalent to Lu-Fano
2p*(*P)3s(“Py)np,, are resolved up tm=18, and the plots familiar for bound spectrg88]. Here, for the autoion-

2p*(®P)3s(2Py)npy, series is identified up ta=8. The . . . .
better spectral resolution of the present experiment, com#"9 spectrum, we adopted a different formulation, which

bined with the theoretical calculations, allows us to assign aﬁas earlier used to study perturbations in autoionizing Ryd-

resolved levels, and provide a complete and comprehensi Cg:]%insl.leorLljeSSCLnrvz gé’g#:gﬁg} a?hde I(;]isilrlé?;m%m&i(g.re?e roxi-
picture of this strong interplay between correlation and rela- . 9 ! P PP
tivistic effects. mate solutions of a complex determinant in the MQDT for-

Table IV shows the theoretical and experimental reso-mUIat'on'

nance parameters from this work together with experimental defSec—e 2™ =0, (9)
values from Codlinget al. [2]. The experimental linewidth -
of the 20*3s(?P,,) 3p state is'=10+2 meV, and it agrees _
well with that of Codling etal. [2], who measured o= 1+iK (10
I'=10=3 meV. The linewidth of the higher members of the = 1-iK’
2p*(®P)3s(*P; )np;, series are difficult to determine be- a
cause their autoionization widths are comparable to, or lesS°° is a closed-closed portion of the short-range scattering
than, the monochromator resolution and because of saturaatrix S, andK is the short-range reaction matrix used in
tion effects due to the rather high neon pressure in the gaBq. (2). In standard calculations, E¢(Q) is used to find dis-
cell that is needed for good signal-to-noise ratio. Howevercrete positions and widths of resonances, which produces the
linewidths and transition strengtligitensities in the experi- same result as the solution of E{). Here we solve it ap-
mental spectiaare strongly correlated as in the case of he-proximately; we rewrite Eq(9) into an eigenvalue equation
lium [36]. In Fig. 7, a variation in intensities is seen, which and then enforce exponential decay in all closed channels of
correlates with the theoretical linewidth in Table IV. Agree- the submatrixS©, except those attached to the lowest thresh-
ment between theoretical and experimental quantum defectdd 2p*(3P)3s2P5,,
is, on the average, at the level &Afu=0.02.

The resonances in Table IV are classified according to the gredy — g 2imrap (11)
jj -coupling scheme. We found for the majority of these reso- =a e &
nances, that the eigenvectors are purejj inoupling than in _
jK coupling. It is counterintuitive to the general trend in the §;ed= Saa— San(Spp—€ 2 ™) 1S, (12
rare-gas atoms, whergK coupling is usually bette[37].
Higher-lying resonances in Table IWor n>12) appear 10 |, the partioned matri6°, the index “a” labels artificially
be actually purer ifK coupling, but we retain the original opened 23 and (1) channels associated with the

jj notation for consistency. 4,3 5 : N
Various perturbations found in this energy range derive?P ( F)3S “Pgp level, whereas the mdex? |ab9|23 all
other closed channels converging to thp*@P)3s?P,,,

4r1 2 1po H H
from 2p( D)3S(. D)3p P. and ffom |nt§ract|9ns E)eMeen level and to higher-lying threshold§®® is thus a two-by-
the Rydberg series associated with fhe 5 andj.= 3 fine- ) _ i i s
structure levels of the#(3P)3s 2P target. These latter per- WO Matrix, whose eigenvalues =™"= describe the 12
turbation occur nearly periodically in Figs(é and 8b), and (,3) channels. The real part (Rg) and twice the
where we plotted resonance quantum  defectsimaginary part (2Im,) of the complex quantum defects
Mao=N— V35, and reduced linewidtH,' .4, on the scale of w,=n—wv,, which are associated with those eigenvalues,

were observed previously, many additional resonances al
now resolved. The p*P)3s(’Py)nps, and
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FIG. 8. Perturbations and  regularities in  the
FIG. 7. (a) Experimental andb) theoretical autoionizing Ryd- 2p*(*P)3s(’P; )np;_ autoionizing Rydberg series, as plotted on
berg series @%(*P)3s(*P;)np;, which overlap with the the scale of effective quantum numbers, associated with the
2p*(®P)3s?P,,, threshold. Full and empty diamonds>() mark
guantum defectg. (a) and the reduced width‘Ered=Fv§,2 (b) of
the &3, and &3), Rydberg series, respectively, and full and
are just the two continuous lines plotted in Figa)8and Fig.  empty squarest{) mark the §,3), and (.3), Rydberg series. We
8(b), respectively. They are related to Rydberg-state energiasse the shorthanded notatiop, (j,),,, as in Fig. 5. The broad per-

2p*(*D)3s(2D)3p LP° perturber.j.= 3 resonances, ¥ j,),, are
represented as; .

in a complex plane, turber 20*(3P)3s(2P)3p P° is indicated by a bullet®). These
discrete resonance parameters are directly calculated from data in
1 i 2Imu, Table IV, by equating energies of Rydberg states converging to
E=Ea 5 2=Ea 5 Reu)? 2 (n—Rewy)®’ jc=2 and jo=1 thresholds, i.e.Eqp—72/v3,=Eyp— 72103,

(13) These data are found to lie near approximative, but continuous and
nearly periodical curves, which are solutions to ELf).

whereE,(a.u) is the j.= $ ionization threshold. 2p*(*D)3s(?D)3p 1P perturber increases reduced widths
The solutions to EQ(ll) exhibit perturbers associated of (g,g) and (%,%) resonancefmarked by filled diamonds and
with the closeds channels, i.e., %j,), and squares as they overlap with the upper branch of Um
; d at the same time it strongly decreagesthe average by
2p*(*'D)3s(?D)3p tP° perturbers. The ¥j,), perturbers &" ; ;
appear nearly periodically in Fig. 8; every time a quantuman F)rder 10f ma:jgnitl;dethe Ledducbed widths of .the Othi: two
defect in a &,j,) channel (Rg,) passes through this per- >o o> €. and (,3) (marked by empty poinjs as they

N ... .overlap with the lower branch of 2@, . This, in part, ex-
turber, it is increased by one, analogously to a phase shift i lains why resonances with quantum numbjers j . are en-

a true continuum channel when it passes though a resonan nced in the spectrum, whereas the other group of much
Effects of these perturbations on the physically observable ..ower resonanceg,# . is barely resolved: note that
resonances ¥(j,),, which are marked by diamonds, are (23), and @2

55)n ,3)n are the dominant resonances in Fig. 7, and
most pronounced near, ;=9 and vy,=10, where the hey aiso appear strong in Fig. 3. Of course, this enhance-

quantum defects experience a small2 shift f{om their averagg,ent in the photoionization cross section is also, in part, due
values. The effect of the @#(*D)3s(°D)3p *P° perturber 15 correlation in the initial state, which allows for a dipole
can be traced over severa,j,), resonances, as it slowly transition between the®(?P)3p 'S initial-state configura-
increases the Re, quantum defects. Nearly periodical per- tion and the p*(*D)3s(?D)3p P° state(see Sec. Il B and
turbers are observed also for the reduced widthsZJrm partly due to correlation among the doubly excited Rydberg
Fig. 8b). Here, in addition, we find that the states.



3108

In the following, we explain, using simple arguments,
why the interaction between the broad perturber and the
jo=1c series is much stronger than between the perturber
and thej,#]j. series. For a qualitative explanation we as-
sume that the interaction is mainly due to Coulomb forces,
whereas the target fine-structure splitting amounts to a
simple geometric rotation of the channel functions from
LS- to jj-coupling. The relative interaction between the
(Ic:io) channels, explicitly p*(*P)3s(*P; )ep;_, and the
perturber, which is nearly a pureP° state in the
LS-coupled representation, is proportional to the square of
recoupling coefficients connecting thes-coupled function
2p*(®P)3s(?P)ep'P® and the jj-coupled functions
2p*(°P)3s(*P; )ep; . The square of the recoupling coeffi-

Clents for the éyg)n! (%1% ns %!g n» and év%)n JJ_Coupled

functions scales as 5:1:1:2, respectively, which explains the
different perturbation of the differerjj channels, and con-
sequently the enhancement of thg3), and (,3), Rydberg
series in the cross section.

The same mechanism is also responsible for an exchange

of relative positions between thé,£), and ¢,3),, members,
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and between the3(3), and ¢,3), members. This exchange
takes place in Fig. @ betweenv,,=4.5 andv,,=5.5(see
also the exchange between the 6 andn=7 resonances in
Table IV and Fig. 7.

2p*(®P)3p(?D)3d

C (b) Theory_:
vl o by b by by
50.5 51.0 51.5 52.0 52.5

Photon Energy (eV)

53.0

C. Photon energies between 50 and 53 eV
FIG. 9. (a) Experimental andb) theoretical photoionization

This portion of the experimental spectrum is shown in . R )
Fig. 9, together with the theoretical cross section. Resonancsé)emrum between 50.4 and 53.2 eV. This region is dominated by

. 4 1 v )
parameters are given in Tables V-VII. The portion of theoverlappmg #73snpand 2°3pnl (1=s,d) Rydberg series.
spectrum in Fig. 9 is characterized by overlapping, doubly
excited  resonances  p2(!D)3s(®D)np'P° and  2p*(®P)3s(*P)ep*P° channel, which opens up at 49.4 eV,
2p*(®P)3p(®P)nI'P° (I=s,d). In addition, the thus above the first8p member. From Table V we find
2p*(®P)3p(?D)3s!P° and 2*('D)3s(?D)4f1P° reso- that the reduced width of Bip is an order of magnitude
nances, and a low-lyings3p perturber associated with the larger than that of 8p. To verify Codling’s finding we
2p*(1S)3s2S ionization threshold show up. estimated partial reduced widths o§8p resonances, with
Our designation of the @(3P)3p(2P)4siP°,  respect to the *(*P)3s(?P)ep *P° continuum(for n>3)
2p*(®P)3p(?D)3d 1P°, and *(*D)3s(?D)4f resonances and with respect to the other available continya® gl 1P°
between 50.7 and 51.2 eV is only tentative and is based off =s,d) and 22p®ep*P° (for n=3). A partial reduced
the earlier studief2]. In this classification, the quantum de- width is approximatelyS.,|?, whereS,, is an element of a
fect of the 2*°P)3p(°P)4s'P® resonance is short-range scattering matrpEq. (10)] connecting closed
n=1.577(3) and it fits very well within the values of the and open channels. We found that a sum of partial reduced
upper members, which haye=1.55. On the other hand, the widths for autoionization into p°¢l*P° (I=s,d) and
line shape and the theoretical calculations favor an exchangfé32p68p1P° channels, is about 0.01-0.02 a.u., whereas
of the classification of @*CP)3p(?P)4s'P° and the partial reduced width for autoionization into
2p*(®P)3p(?D)3d P°. Our calculations do not unambigu- 2p*(®P)3s(?P)ep 'P° is, on an average, 0.1 a.u., which ex-
ously reproduce experimental features characteristic of theggains the broadening of thes8p (n>3) resonances as
levels, although at the same time they nearly accurately resompared with the 88p resonance.
produce results in other portions of the spectrum. For ex- Higher members of the #(*D)3s(°D)npP° series
ample, the positions of the two resonances appear in a difn>5) also decay predominantly into the
ferent order in experiment and in theory. Moreover, the 4 2p*(3P)3s(?P)ep *P° continuum, although their decay is
resonance has not been included in the calculations. more complicated owing to interference with other perturb-
The first resonance in this energy range, situated at 50.8rs converging to higher-lying ionization thresholds. A
eV, is the 34p member of the p*(*D)3s(?D)np*P° Ry-  prominent example is a perturbation arising from the
dberg series. It appears to be much broader than #3¢ 3 2p*(®P)3p(°P)5s*P° resonance near 52 eV. A magnifica-
member, which is at 48.9 elsee Sec. V B counterintuitive  tion of this energy region is shown in Fig. 10. Alls8p
to the scaling ruld <»~3. Codling et al. [2] pointed out resonances below thepSs perturber have high intensities,
that this resonance broadening is caused by a strong interagthereas members aboveSs are strongly suppressed in the
tion between  P*'D)3s(®D)ep'P° and the photoionization spectrum. In theory, the energy of the per-
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TABLE V. Resonance parameters of thg*2'D)3s(?D)np*P° Rydberg series. Experimental and theo-
retical values from this work and experimental values from Codiihgl. [2] are listed.

n Ein Eexp ERef.[Z] Vth Vexp VRef[2] I |
3 48.90635 48.90645) 48.9077) 2.060 2.0595) 2.060 0.44p02] 0.039
4 50.64958 50.56Q@0) 50.565%20) 3.049 2.9597) 2.963 0.27601] 0.781
5 51.30491 51.26260) 51.27620) 4.102 3.99712) 4.03 0.137-01] 0.945
6 51.58653 51.56130) 51.5637) 5.082 4.96113 4.97 0.686-02] 0.901
7 51.74499 51.73280) 51.7367) 6.078 5.97@3) 5.99 0.384-02] 0.863
8 51.84188 51.83325) 51.8427) 7.080 6.96419) 7.06 0.147-02] 0.520
9 51.90467 51.897%5 51.89820) 8.075 7.9388) 7.93 0.976-03] 0.513
10 51.94790 9.069 0.6p@3] 0.447
11 51.97886 51.97925) 10.059 10.05@93) 0.338-03] 0.344
12 52.00167 52.00325) 11.039 11.1Q@3) 0.155-03] 0.209
13 52.01858 52.02@85) 11.985 12.1Q1L6) 0.189-03] 0.325
14 52.02989 52.03485) 12.771 13.121) 0.20Q-02] 4.163
15 52.045225) 14.0926)

16 52.054225) 15.1332)

turber is overestimated by about 0.1 eV, and onby13  for this particular resonant stats3p translates into an error
Rydberg series members are suppressed in the spectrum. Ah0.02 in the quantum defect. The interference pattern ob-
additional perturbation of the?(*D)3s(’D)np'P° series served here is somewhat similar to the perturbation near the
arises from the @*CP)3p(?P)4d 'P° state, which 2p*(*P)3p(?P)5s peak at 51.93 eV, in that the
straddles the @*(*D)3s2D ionization threshold. 2p*(®P)3p(?P)nl Rydberg series to the right of thes3p

This portion of the calculated spectrum also exhibits veryperturber are strongly suppressed. As opposed to other reso-
weak P4d and FPp5d resonances associated with thenances analyzed in this subsection, tie7 members of the
2p*(®P)3p 2D threshold, although they are too weak to be2p*(®P)3p(?P)nl series exhibit weak, but observable, rela-
resolved in the experimental spectrisee also discussion in tivistic features, deriving from the target state fine-structure
Sec. Il B); the only experimentally resolved member of this splitting of 15.8 meV. In the calculated spectrum, the fine-
series is $3d at about 51.0 eV. Although relativistic fea- structure is manifested in the appearance of three intense
tures are expected to be strong for this Rydberg séviegg  series and two weaker series; in plw® coupling, we expect
to the large target state fine-structure splitting of 63.3 eV only two 2p*(3P)3p(?P)nlI *P° series (=s,d). Eigenvec-
no attempt has been made to classify these resonances &or analysis showed that these resonances are characterized
cording a particularj,jo), or [jc.np]K coupling scheme. best injK coupling. (Note, however, thaiK and jj cou-

The spectrum above 52.5 eV, shown in Fig. 11, is domiplings are equally valid in the experimental spectrum, be-
nated by the p*(°*P)3p(?P)nl (I=s,d) Rydberg series and cause the only observable quantum numbers are the spin-
a low-lying 2p*(*S)3s(?S)3p perturber. In the calculations, angular momentumj. of the target, the angulat and
we adjusted the perturber’s position to match the experimerprincipal quantum number of a Rydberg electron. Interme-
tal spectrum in Fig. 1(B), by shifting the *(1S)3s?Sion-  diate quantum numbers, &g or K, can be deduced in other
ization threshold. The energy shift is about 0.08 eV, whichtypes of experiments, probing, for example, wave-function

TABLE VI. Parameters of the @ (3P)3p(?P)nsP° autoionizing Rydberg series. Tie=3 member of
this series is equivalent to the@2(°P)3s(>P)3p 1P° resonance, which is already classified in Table IV. The
n>7 members are classified according ko coupling ag j.,nl]K. Only the prominent members observed

in the neon spectrumK(=3) are listed.

n Ein Eexp ERef.[Z] Vth Vexp VRef[2] | |

4 51.18338 50.768) 50.7497) 2.676 2.42®3) 2.417 0.13[-01] 0.264
5 52.03672 51.928@) 51.9287) 3.606 3.438%) 3.441 0.27p02] 0.128
6 52.43035 52.388) 52.38717) 4.567 4.44413) 4.44 0.816-02] 0.777
7 52.64003 52.618) 5.544 5.44624) 0.46Q-02] 0.784

[28s]2 5276229 5274935 52.737200 6.580 6.44815 6.32  0.31602] 0.899
[2953 5283964 52.83205 52.82720) 7.578 7.4523) 7.37  0.21402] 0.932
[ 31092 52.89159 52.88635) 8.576  8.44733 0.153-02] 0.961
[ 21192 5292820 52.92435) 9576  9.445) 0.111-02] 0.977
[ 21292 59.95489 52.95120) 10.574  10.4(B) 0.867-03] 1.025
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TABLE VII. Parameters of the g*(°P)3p(2P)ndP° autoionizing Rydberg series. Tme>6 members are classified according to the
relativistic jK coupling agj.,nl]K. Only the prominent members observed in the neon spectkum3] are listed.

n Ein Eexp ERef.[Z] Vth Vexp VRef[2] I, |
3 51.50422 51.308) 51.3097) 2.936 2.778) 2.773 0.250-01] 0.632
4 52.15869 52.11@) 52.1127) 3.837 3.7518) 3.753 0.368-02] 0.209
5 52.49938 52.474) 52.4787) 4.829 4.75016) 4.76 0.258-02] 0.285
6 52.68293 52.6605) 52.65820) 5.834 5.7110 5.70 0.241-02] 0.478
[37d) 3 52.78847 52.77615) 6.872 6.73117) 0.11G-02] 0.355
[ 3,7d) 3 52.80432 52.791(20) 6.873 6.7222) 0.163-02] 0.528
[ 28d 3 52.85701 52.84935) 7.872 7.73(25) 0.593-03] 0.289"
[ 38d) 3 52.87262 52.86535) 7.869 7.73®25) 0.986-03] 0.480
[ 39d3 52.90363 52.89715) 8.870 8.714) 0.47§-03] 0.334
[ 39d 3 52.91924 52.91315) 8.865 8.724) 0.68§-03] 0.479
[ %,mou % 52.93688 52.93335) 9.869 9.78%) 0.344-03] 0.333
[ 3.10d) 2 52.95250 52.95120) 9.863 9.817) 0.481-03] 0.461
[ 311d 2 52.96136 52.95815) 10.867 10.727) 0.30§-03] 0.396
" andT 4 are not very accurate due to strongly overlapping features with nearby resonances.
purity in radiative lifetime measurementJheir eigenvector
compositions show that the three most intense series, indi-
cated in Fig. 1(b) by the lettersa, b, andc, have a common
spin-angular momentutd = 2. These levels are classified, in @) Exlp;r;r;;r;t' A 43 IH 2 o
increasing order of energy, d8P3,,ns]3, [2P4,,nd]3, and 20 (PpCRIad
[2P1,2,nd]g, respectively. The experimental spectrum fa- 2 ; 2p4(|1D|)3§(|2I|3|)np b
vors much more th@ng nsj3, [ng ,nd]$ peaks @ and > n=8 9 1112 1416
b), whereas the third pea[@Pl,z,nd]g (c) is more sup- § o s
pressed than in the calculations. The other two higher-lying § 2p"(P)3p(°P)5s
membergnot marked on Fig. J)lcouple to a common spin- § '
angular momentunk = 1. ;;0_
VI. SUMMARY L L
9.5 [ (b) Theory 2p*(°P)3p(2P)4d]
Photoionization measurements of gaseous neon are re- ]
ported in the photon-energy range between 44 and 53 eV.¢ ]
Numerous'P° resonances belonging to the singly excited § ]
Rydberg series £2p®np and the doubly excited Rydberg 2
series 222p*3snpand %?2p*3pnl (I=s,d) have beenob- & ]
served in our 3-meV spectral resolution experiments. The 3
singly excited Rydberg seriess2p®np are resolved up to Ué —'
n>20. This series overlaps withs8p and 35p members e ]
of the first doubly excited Rydberg series © 25 _ 2p*(*P)3p(?D)4d 2p*(*P)3p(°D)5d _
2p*(®P)3s(?P)np, which splits—in the jj coupling T 1
(jc.jo)a—into two intense series3), and G.2),, and into e e se e

two weaker seriesi(3), and ¢,3),. The higher members of

the first three series, interacting with the
2p*(*D)3s(?D)3p perturber, are resolved up to=18, 18,

and 8, respectively; the last series,3],, has not been ob-

Photon Energy (eV)

FIG. 10. Excited *(*D)3s(’D)npP° resonances perturbed
by 2p*(3P)3p(?P)5s'P° and by 2*(®P)3p(?P)4d *P°. The cal-
culated cross sectiotb) also exhibits weak perturbations arising

served. The upper photon energy range>50 eV, is char-
acterized by overlapping doubly excitegpZ*D)3s(?D)np
and 2*(3P)3p(?P)nl (I=s,d) Rydberg series, interacting

from n=4 andn=5 members of the @*(®P)3p(?’D)nd Rydberg
series which have not been observed in the experimental spectrum

(a).
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together and with a few other perturbers. The
2p*(3P)3p(?P)nl (I=s,d) series again splits due to relativ-
istic effects. Most of these experimental features are very
clearly resolved, which stimulated us to perform detailed cal-
2p%('9)3s(2S)3p o culations in this energy range.

' mom P AT, The theoretical studies included the eigenchannel
R-matrix method, multichannel quantum-defect theory, and
the recoupling-frame transformation. These neatbyinitio
x4 methods account for most of the observed features, including
a class of relativistic effects. On an average, the calculated
quantum defects differ from the experimental values by
about 0.02-0.04, and resonance widths and profiles are also

(a) Experiment L in reasonable agreement with the experiment. For the major-
abc abc ] ity of the observed resonances, this accuracy is sufficient for
T 1 the unambiguous classification of the resonances. In addition

to a standard line-by-line comparison with the experiment,
we conducted detailed studies of various perturbations in the
spectra. In particular, we explained the enhancement of the
9 x4 lowest 2*(®P)3s(?P)3p!P° resonance, and the near-

1 vanishing of the 34p and 35p members of this Rydberg
series. Furthermore, we investigated variations in intensities
and quantum defects of the fine-structure split
2p*(°P)3s(*P; )np;, resonances, adopting the methodol-

(b) Theory T ogy of Lu-Fano plots for autoionizing Rydberg states. We
Lo b L L L L also explained variations in autoionization widths of
526 527 528 528 530 534 2p*(*D)3s(?D)np'P° Rydberg series, where the firsp3

Photon Energy (eV) member appear to be much narrower than tperdember,

. ey . — 73
FIG. 11. Photoionization spectrum op%*P)3p(*P; )nl reso- counterintuitive to the scaling rulg~»~=.

nances .= g% I =s,d), plotted as a function of photon energy at
and above the @*(1S)3s(?S)3p *P° perturber. In the experimental
spectrum(@), thens andnd series exhibit a relativistic splitting due

to j.: The experimental positions of the main resonanggs é) . . .
are marked in the upper two bar diagrams, while the positions of the | € authors acknowledge valuable discussions with D. A.

weakerj.=3 resonances are given with a fixed distance betweenSh'rley and T. Gorczyca in the initial stages of this work.

jo=3 andj,=3, according to the threshold splitting of 15.8 meV. This work was supported by the BundesministerBidung,

> : .~ Wissenschaft, Forschung und Technologie, Project No. 05-
In the theoretical spectrurth), the most intense Rydberg series 650-KEA. the D he E h . haft. Proi
members, labeled, b, andc, are characterized ifK coupling as ) , the Deutsche Forschungsgemeinschait, Project

[2P3).n8]3, [2P3),nd]3, and[2P,,,nd]3, respectively. The reso- ][\.Io' Dfo BSGl'/l-El and thse DIVISIOH(());_Cher?IEaI SCIegceS, Ofl:]
nances a, b and c corresponds ,[Op4é|:-,)3p(2P?’/2)nsl ICe O asiC energy osciences, IcCé O nergy Rresearcn,

2 4 3P 3 ZP nd and 4 SP 3 2P nd, respectivelyv. US Department Of Energy, Grant NO. DE'FGO3-
P*(°P)3p(“P3p) P*(°P)3p(“P1p) p y 94ER14413.
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