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Effects of configuration interaction on photoabsorption spectra in the continuum

Yannis Komnino&* and Cleanthes A. Nicolaid&&'
Theoretical and Physical Chemistry Institute, National Hellenic Research Foundation, 48 Vasileos Constantinou Avenue,
Athens 11635, Greece
2Physics Department, National Technical University, Athens, Greece
(Received 15 July 2004; published 22 October 2004

It is pointed out that the proper interpretation of a recently published experimental spectrum from the
multilaser photoionization of SfEichmannet al, Phys. Rev. Lett.90, 233004(2003] must account for a
radiative transition between two autoionizing states. The application of orthonormality selection rules and of
configuration-interaction theory involving the continuous spectrum and the quasicontinuum of the upper part of
Rydberg series explains quantitatively the appearance, the shape, and the variation of heights of the observed
peaks of resonances.

DOI: 10.1103/PhysRevA.70.042507 PACS nuniber32.70—n, 32.30.Jc, 32.80.Rm

[. INTRODUCTION continuum. These configurations cannot be reached by dipole
L . . . transitions from the &817¢, =12, state.

. In a recent pub.||cat|on _ent!tleq Fano line shapes recon- In our view, an additional reason for the significance of
§|dered: Symmetnc .phot0|on|zat|on peaks from pure CONthe published measuremerjty is the fact that the step of
tlnutjrg excﬂa;tlon, E'Chdm?n?’ Gallagf;er, "’?”d TO'[']H preft t.dahotoionization connects two autoionizing states rather than
sented spectroscopic data rom a Stepwise laser excitall Qdiscrete(initial) and an autoionizingfinal) state, which is
process in Sr that probed the continuous spectrum below .arWhat is discussed ifl,2]. Given the accuracy of observa-
abpvg th_e Srst t?rgshtold. Infth|s ex;;]ertlmentt,)a Srt.atozn ":‘ tions, we thought that features of the recorded spectrum
Zjalsil via .:egeﬂal% S't‘atps€flgne;19 r?lc'm absorp ;ﬁn 0 hﬁwuld reflect this fact, thereby providing an opportunity to

oubly ?‘Xtﬂ eg 5 ZSS ade, "TP‘) ,tV\{[ Ic Fles a;hove ? €N testa previously published related theory and computational
€rgies ot the Sros > an P states. From there, a laser- methodology[3]. Hence, in the present paper, the observa-
induced photoionization spectrum is recorded, from tions [1] of symmetric resonances of SgH¢’ configura-

~555 to 545 nm, thereby sweeping the energy region fron?ions below the Sr5f threshold are inter ;
. S preted from a dif-
slightly below the St 5 threshold to the vicinity of the & ferent point of view in two ways: first, with respect to the use

l”];nt'rt] atSabSou; 5t4fc1 nT' Inﬂ't]hls rimﬁ’ there is thte ??Qt'%uumof electronic structure in conjunction with the theory of con-
orthe sraet states together wi € upper part ot trié figuration interaction in the continuu€IC) and the incor-

Rydberg series, as well as thgri¢’ Rydberg states which, : - ;

fo): valu%s ofm= 20, lie above ?he Bth?/esho%(m andn are poration of the upper part Of- t_hg Rydberg series, se_t:ond, V-Vlth

integers anda?s th’e continuous value of the free-electron respect to the fact that the initial state in the photoionization
! ) rocess, i.e., thedd 7¢, is an autoionizing state, since it can

energy. In other words, the measurements result from a one?nix with the Sr Be(£+2) and 5e(£+1) gontinua

photon excitation that starts from thd®/¢ state and reaches B B '

the (5fn¢,e€) and (5gm¢’,&’€’), channels, between which

there is configuration interactiofCl). The relevant part of Il. THEORY AND IMPLEMENTATION

the energy spectrum and the related observations are taken o )
from [1] and are reproduced here for convenie(Eigs. 1 The theory herein is partly based on earlier work on CIC
and 2. [4—-6] which had already pointed out the need for including

In order to interpret the observations, Eichmaatral. [1]
employed Fano’s theory on the “effects of configuration in-
teraction on intensities and phase shiff®]. In doing so,
they argued that there is a shortcoming in this theory which
“is removed by the explicit introduction of the phase-shifted
continuum,” and proposed modifications of a qualitative na-
ture that account for the upper part of the Rydberg series.
Specifically, the data show distinct symmetric peaks, which
were attributed to autoionizing states ajrd¢’ (¢€'=11,13
Rydberg configurations, starting with=19, whose energy is

7
7

just below the 5 threshold, and continuing into thef& As~5500m
5ds,nl
*Electronic address: ykomn@eie.gr FIG. 1. The energy region probed in the experiment[ 1
"Electronic address: can@eie.gr whose results were analyzed and interpretefiljrand here.
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1
124 \I,E:aE(qjo‘f'E Pf dE,Un,E'ﬁVE'o
n

° 19 E-Ey—A(E)
- + UEO—) - (1)
< 3 Veo
‘6 The localized part is symbolized by, (different for each

L_,.Ju 5gmf’), and has energ¥, that is embedded in the con-
550 551 552 553 554 tinuum of scattering statesf&¢, symbolized by{ug}. P

stands for principal value integration. Observe that, next to
the scattering states, E(L) contains a summation over the
FIG. 2. Detail of the recorded spectrum, taken from Fig. 2b OfRZydberg statesffi¢. For energy-normalized wavefunctions,
[1], showing the Bm¢’ resonances, witm=19-24. ag has the form of a Lorentzian distribution with half-width
I'e=mV2.. Specifically,
as an appendage to the Fano formalism the quasicontinuum
of Rydberg series below the threshold of interggt The a2 =1 e (2)
inclusion of such states in a CIC formalism explains the £ w[E—Eo—A(E)]2+F§’
appearance of the symmetric Sgri¢’ resonances. Use is
aIF;% made of the Wo)r/k that dez?l? in a general way with the""h_er9E>_E‘h._the threshold value of Sr5f. The energy
“theory and computation of the profile of the free-free tran-SMiTt A(E) is given by
sition probability between autoionizing statg8§]. Based on T 1
this analysis we explain the variation of the heights of the A(E)=2> VOEnﬁVEno+ PJ dE’VOE’ﬁVE’O'
observed peaks, a phenomenon that was not discus$&f in n n
In most cases, the determination of the principal features (3)
of excited state spectra of polyelectronic atoms or molecule

necessitates the superposition of the configurations importa . . . »
perp g P normalized wave functions, and so physical quantities are

for the problem and knowledge of the correct energy differ- : A
ences. Of course, the mixing coefficients result from thecontmued smoothly as the energy crosses the ionization

complete solution, and one practical question that must Cor}_hreshold. The correspondence to volume-normalized matrix

; — 1/ —
cern every formal or computational approach is how to trun-elements Vo, =T Von Where 7,= 9By on.

cate the exact expansion over discrete and scattering basis C! Perturbs the continuum, which is characterized by the
sets without seriously affecting the correct mixing coeffi- Phase shift
cients of the configurations that determine overwhelmingly
. . . — =1 E
the property of interest. The stationary states in the energy o=—tan (ﬂ) (4)
- : —-Eo—A(E)

range where the symmetric peaks are recordddconsist,
mainly, of superpositions of thegn(¢+1) configurations while the spectrum of the perturbed Rydberg series results
with configurations of the ¢ ,e€, channel. from application of the condition

We assume the nonrelativistic Hamiltoniat, with ma- E.—E,—A(E,)=0 5)
trix elements(5gm¢’|H|5gm¢’)=E, and (5gm¢’|H|5fef) n -0 n
=V,,, different for eachm. The intrachannel matrix ele- so that the coefficient of the unbound functioain Eq. (1)
ments are zero or negligible. In fact, according to analysis ofs zero forE < Ey,.
electronic structure, e.g[7], for the present case of pair Equations(3)—«5) show that the existence of a Rydberg
correlation with respect to thegh’ configurations, the an- series in the escape channel affects the phase shift. This
gular momentum of the orbitalé in the (5fn¢,e€) channel simple extension of Fano's theory was pointed out some time
that dominates the interaction matrix elements has the valuggo[see Eq(17) of [4] and the general theory §5,6]], and
¢=¢'+1. The main interaction comes from configurationsis basic to the recent discussion by Eichmatral. [1].
wheren=m. The CI mixing[5gm(¢ - 1)]« (5fnf) is an ex- The observation of the symmetric peaks|[itj can be
ample of “symmetric exchange of orbital symmetry” pair €xplained using Eq(1) and elements from the theory of
correlation[7]. It is due to the increased orbital overlap—and €lectronic structurg7] in the following way. Since the values
hence interaction—that outer orbitals with=¢-1 have, as 0f the Rydberg electron angular momentum are high, the
compared with those df =¢+ 1. In what follows we neglect States can be treated as single configurations. Adopting the
higher-order correlation effects, since they are not relevant t€lectric dipole approximation, we see that when tid &
the physics of the discussion. configuration is the initial staté,, the only contribution to

The observed ¢’ Rydberg resonances are well sepa-the matrix element®;|r|¥g) comes from the Rydbergf57¢
rated from each othefl]. Hence, we opt for the one- state, througK5d17¢|r|5f17¢)(5d|r|5f)(17¢|17¢). Due to
resonance formalism which is simpler than the many-electron correlation|5f17¢) appears as a component g
resonance one. Following Fafi@], we write the correlated, [Eq. (1)] at all energies above and below thée Sf thresh-
energy-dependent wave functidfe in the vicinity of each  old. This fact, which results from orthonormality selection
5gm¢’ resonance in the form rules, is a reasonably general feature of those Rydberg con-

wavelength (nm)

the above expression, the matrix elements refer to energy-
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figurations where the outer orbitals of both initial and final ~ SubstitutingA(E) of Eq. (3) into Eg. (7), and taking into

states are essentially hydrogenic. account the fact that the smooth part is a slowly varying
Therefore, as the energy region with the Rydberg series diunction of the energy, we obtain

autoionizing statefsgm¢’) is reached by one-photon absorp-

tion from the|5d17¢) state, the dipole matrix element for EA(E) - 772V(2JE (07_5)_1 (10)
each|5gm¢’) of Eq. (1), with £'=¢-1, is dE sir v\ gv/)
17 Putting 7,= JE/ dv=1/v3, and neglecting unity in Eq7), as
(Di]r|We) = aEDiEl7E_—El7VEl7Ov (6) s natural for higha Rydberg states, this equation becomes
WhereDiE17oc<5d|r|5f><17€|1_7(5)_ andE,- is_ the energy of the a2 ~ anzm’ (11)
|5f17¢) state. WheneveE is in the neighborhood of the v ﬂzVOEV

energy of alsgm¢’) Rydberg state with energi,+A, a

sharp increase in the cross section takes place becaage of "€ combination of Egs(9) and (11) then gives the
[Eq. (2)]. Lorentzian shape for a resonance embedded in a quasicon-

Hence, there is an absorption peak at the position of eactiuum of Rydberg series:

[“5gm¢’” ) Rydberg state, witli’ =¢—1=11, whose strength 1 mTe
is analogous to the value (lijizE17 and to the degree of the aé ~ = i ) (12)
contribution of the|5f17¢) configuration to the wave func- * T[E,-E,-AE)P+TE

tion (1). The above constitutes a clear interpretation of the

measurements gl as to the appearance of the peaks inside This result explains the observed peaks that lie below the
the continuous spectrum of thds¥ channel. 5f threshold, such as them=19 and 18 state§l]. These

Given Eq.(2), the square of Eq®) is a narrow Lorentz- |5gm€’) states are embedded in_ the quasigontinuum of the
ian, a fact which explains the observation of symmetricigh [5fn¢) Rydberg states and indeed their shape is sym-

peaks above thefsthreshold.[The quantitiesI” and A, as ~ Metric. , ,
well as the factofE-E,,)?, are essentially constanBelow, Note that the existence of the factgrin Eq. (12) makes

we show why the Lorentzian shape also holds for the line@ossible the evalu_atlon of a sum over thn& dense series
due to|5gm¢’) states that exist below the Shreshold. Spe- of states by an mtegrgl, according to the_ reciPer,fy
cifically, we will deduce the similarity which exists between — /N fa=/f(E)E. This correspondence is used below,
the continuous spectrum and the upper part of the Rydberynere the third aspect of our discussion, having to do with
series, thereby obtaining an expressiig. (11)], for which 1€ radiative transition when the initial state is autoionizing,
the form of the distribution is similar to Eq2) for the con- IS Presented.
tinuum.

The normalization condition of the wave function of Eq.
(1) for E<Ey, gives

A. Resonance to resonance transition

Most photoionization experiments in the region of au-
2 -t toionizing (resonancestates involve bound-free transitions.
G, = {1 _EA(E)] ’ @) The formalism which explained the phenomenology of the
cross section is that of Farj@].
whereE, is the energy of each Rydberg state. As written, EQ.  |n our work on free-free transitior{8], we considered the
(7) cannot be connected to a specific distribution. Neverthecase of radiative transitions between two isolated resonance
less, the following analysis reveals thaf is indeed a states. The formalism is gene@ includes the Fano cage
Lorentzian. while the prototypical implementation was concerned with
We first note that the new(E) has poles at the energies the transition between two doubly excited states of He,
of the zero-order spectrum, the residues of which are alt2s2p” 'P°— “2p3p” D, for tunable radiation around
equal to unity. Following5,6], a smooth function is defined 3.4 eV.
as Multilaser experiments, such as the one reportedlin
_ offer the opportunity of measuring accurately the one-photon
A(E,) =A(E,) = Vo, m cot miVe o, (8) transition rate between two autoionizing states. In fact, this is
. _ what the Sr transitiotbd17¢) — |5gn¢’) represents, since the
where the energies of the perturbed spectrum are written asjtjal, stationary state is mixed with the Ss&¢+2) and
E,=En—1/2v, wherev is not an intege(see below The  5,.(¢+1) continua. Consequently, the initial state of this
matrix elementVoe refers to energy-normalizedRydberg  inole transition is broadened weakly, with a width The
states $n¢. Then, Eq.(5) takes the form corresponding energy distribution is the Lorentzian

E,—Eo— A(E,) = Vog  COtmiVe o, (9) 1 T
m(E +hv—E)?+T?

from which v is obtained[Note the similarity with Eq(4).
Puttingv=n-u, whereu is the quantum defeciru matches by which we multiply the square of E@6) and integrate
the phase shif$ at threshold. over E to obtain the cross sectigapart from constanfg3].
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The result of the integration of the product of two
Lorentzians is a Lorentzian whose width is the sum of the
two widths. As a function ofy, the cross section in the
length form is given by[3]

17 2
o En BN g Th—E
i 17

i+,

N
o
1

o (arbitrary units)
o

X : 13 104
[E - En- AG P T+ T 0
05
This formula is also valid for states lying in the quasicon-
tinuum of the Rydberg series, provided thatreplacesA. 00 T T v r - )
550 551 552 553 554
wavelength (nm)
B. Application FIG. 3. The line spectrum Srd®¢—5fe¢ (no widths are

Formula(13) can now be used to interpret the observeddiven), in arbitrary units calculated from formuld3). The posi-
heights of the peaks in the spectrum of{ 8. Crucial to this  tions correspond to theghn(’ resonances, witm=19-24.
is the dependence of the widths on the quantum numbers.
Specifically, since both the initial statel57¢ and the reso- tional Bureau of Standards tablg3j and the spectrum given
nance statesgin(¢ —1) are of the Rydberg type, their widths in [1], we calculatedv=18.8.
are proportional to(17-u,)"2 and (m-ug) 3, respectively, The above theoretical results were applied for the deter-
where u are quantum defects. At the energigs-hv=E,,  mination of the line spectrum given by E@3) in arbitrary
+A(E,), o is maximized, with the Lorentzian factor becom- units. The results, Fig. 3, are in excellent agreement with the
ing 1/(I';+T,,). Therefore, for valuems 17 the width of the =~ measurements dfl] (Fig. 2.
initial state dominates. The result is that the height increases
more slowly than it would for a Lorentzian with a width
caused by only thedm({-1) state. At the same time, the  The present CIC theory of photoabsorption, which in-
first factor of formula(13) reduceso with increasing excita-  cludes as a quasicontinuum the contribution of the upper part
tion energy. By combining the two results, we find a series obf the Rydberg series below the threshold of a channel of
resonances with heights that are slowly decreasing with dephysical relevance, explains the observations of Eichneinn
creasing wavelength. al. [1] in good detail. It is emphasized that the theory is

The above argument is modified for thgri(€ - 1) states  formulated systematically, so as to allow quantitative imple-
with energies below the f5threshold(e.g., m=19), which  mentation.
appear as perturbers of théng Rydberg series, since the  One of the intriguing consequences of CIC occurring in
sum of the energies in the denominator of E&3) is not  this experiment is the fact that it brings out the fingerprints of
equal to zero at the position of the resonance and theipole transitions between Rydberg resonance states. This is
Lorentzian does not reach its full height. In this case, thisecognized and dealt with here, by treating the problem of
sum is equal td",, cotwv. Using the energies from the Na- resonance-resonance transitions from first principles.

[lI. CONCLUSION
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