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We report the observation of unexpected line strengths in the resonant multiphoton laser excitation of
high-angular-momentum dg;,n’l’ and 8g,n"1”(n"+#16) states in Sr. The results differ from expected
isolated-core excitation features usually explained on the basis of the multichannel-quantum-defect theory. In
the present case, the observed line strengths and, in particular, the disappearance of single resonances can be
explained by a configuration-interaction calculation, giving explicitly the multipole character of the correlation
between the electrons. The spectra offer a sensitive way to test calculations involving electronic correlation.

PACS numbsfs): 31.50+w, 32.30.Jc, 32.80.Rm, 32.80.Dz

Resonant multiphoton laser excitation of quasi-two-ICE scheme within the multichannel-quantum-defect theory
electron systems such as the alkaline-earth atoms has be@QDT) [4,5]. More recently, the influence of the polarized
used to investigate the dynamics of two highly excited eleccore state on the outer electron has been observed, underlin-
trons in the field of a doubly charged cdre-12). The large  ing the dipole structure of doubly excited staf8s13—-15.
spatial volume available to the two electrons allows for pro- In this paper, we report the observation of doubly excited
nounced electron correlation effects, which can be traced iRydberg series in Sr that show characteristic oscillator
absorption spectra almost up to the three-body particlstrength distribution manifested through sharply localized in-
breakup threshold. The relevance of these investigationtensity modulations. The familiar shake satellite structure ex-
stems from the close relation to the fundamental three-bodpected from a single-step ICE scheme is largely absent. The
Coulomb problem, where only a limited set of experimentalmodulations do not originate from nearly degenerate per-
data on pure three-body Coulomb systems such as He ardrber states. This situation is somewhat unusual in a MQDT
H™ exists so far. picture, where modulations in the spectra are usually induced

Efficient preparation of doubly excited electrons relies onthrough local perturber states and may lead to vanishing line-
the isolated-core excitatiofhCE) techniqug1,2,12. Briefly, ~ widths as a result of interferences in the channel interaction
in a first step one of the two valence electrons is excited to §16]. We show that a configuration-interacti¢@l) calcula-
Rydberg state, where it is shelved from the interaction withtion leads to direct identification of the states responsible for
further laser photons. In a second step, a further laser photothe perturbation and allows us to determine precisely the
resonant or nearly resonant with a dipole-allowed core tranmultipole character of the electron-electron interaction. It
sition, acts only on the inner electron. The outer Rydbergshows that the present situation is complicated due to the fact
electron is shaken into another Rydberg orbit as a result dhat channel interactions play a role even below the energy
the change of the core statmonopole interactiongiving  of the lowest bound state, a rather atypical situation that may
rise to shake satellites. So far correlation effects play only anot be easily treated by MQDT. Most remarkable is the van-
minor role. ishing of particular lines as a result of a quasiselection rule

Extension of the ICE scheme by resonant multiphotorfor the dipole correlation matrix elements.
excitation of the core electron allows for the preparation of The apparatus and the resonant multiphoton laser excita-
asymmetrically excited states with high quantum numbergion method have been described elsewhel In brief,
NLnl, whereN<n. As a result of the large orbits and the strontium atoms in the ground state are excited to a Stark
high angular momenta for both electrons strong long-rangéevel 5s16n; (m=0) in the presence of a constant electric
correlation effects lead to substantial deviations from what idield by two excimer-laser pumped dye lasers. After the ex-
expected in a simple single-step ICE scheme and to distingtitation, the electric field is switched off adiabatically within
features observable in absorption spectra. 2.8 us and the Stark state is converted g16l [17]. Electric

In particular, the polarization of the inner electron throughstray fields are reduced and estimated to be lower than 50
the outer electron becomes more and more important fomV/cm, thus avoiding effectively the mixing between differ-
higher excited states of the inner electfdn-7,9. Additional  entl states in the manifold. The atoms in thel®l state are
structures in the spectra appear in the vicinity of dipole-further excited to the &g,16 (1=14,15) via the p3,16
forbidden ionic core transitions, indicating the influence ofstate by another two dye laseitearly polarized. A fifth
the electric field of the outer electron on the inner one. Thdaser is scanned in the vicinity of the energy range of the
effect has been described approximately by a generalizedds,n'l’ and 83,n"l"” series. This situation is depicted in a

level diagram in Fig. 1. The doubly excited atoms either

autoionize or, alternately, are directly photoionized by the
*Present address: Department of Physics, Wesleyan Universitgtrong fifth dye laser. The resulting excited Sons are fur-
Middletown, CT 06459. ther photo or pulsed-field ionized to yield?Srions, which
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FIG. 1. Shown is a level diagram of the relevant channels. The Photon energy (Cm )

fifth laser is scanned in the vicinity of thedil and &nl Rydberg FIG. 3. () Excitation spectrum of Byon”l” from 5ds;16(1

Series. \1\|/e nbote thalt thc? fll_rrl:;-:stlructure splflttmg gf tlgedcbore Ieve_ls 'S- 15) obtained by scanning the fifth laser photon energy. Extrane-
too small to be resolved. 6 states of nearby Rydberg series ous background lines are labeled by(B) calculated line strengths

with other core configurations, which act as perturber states, ar;g_? |2 due to the perturbation betweer %16 and 84;n"1”. Note

. . . . . . p .
;pdlclate.d by ho;:zonkt]allg)ars. The energy is given with respect to th at forn”=16 in (a), |Dp|2 is overwhelmed by the strong reso-
Irst ionization threshold. nance from the trivial processdg,16l —8pa,16l, where the outer

. . . electron remains unchanged.
are detected in our experiments. The absorption spectra are g

obtained by recording the St ion yield as a function of the
wavelength of the fifth laser. The pulsed field serves also iqh
our time-of-flight spectrometer to sweep thé Sions to the
detector.

In Fig. 2(a) we show the results of a measurement where
e fifth laser is scanned below the €ontinuum. In an ICE
scheme, where correlation effects are neglected, the excita-
tion of the nl series is forbidden by the dipole selection
T T T T rule for the transition 8— 7d. The measurement, however,

(a) clearly shows a series of resonances identified cg,7' |’

1L | states. We can assignquantum numbers to the resonances
by calculating the energy positions using a simple
AWJM‘MJMM independent-particle picture for thelg,n’l’ states. The po-
of . sitions are indicated by vertical bars in FigaR Two strik-
15 20 ing features are recognize@) below the energy correspond-
, | , , ing to the binding energy of &;,,n= 14 states no resonances
are observed an() the disappearance of thelg,16 ' reso-
5 I=I-1=13 (b) - nance line.
[ ]r=+1-15 In Fig. 3(a) we show a measurement where the last laser
2} . is scanned in the energy range below the &ntinuum.
7 Here, the dipole excitation of the dg;,16l(I=14,15)
1 —8p3pn"l”" =1 is possible. However, the shake-up or -down
H H ] process for high-states is negligible as well as the shake-off
Y 21300 21300 51500 21400 excitation(the shake-up process where the outer electron es-
capes$ of the lower continuum channels such aleb Con-
sequently, the only expected excited resonance is the
8p3pn”"=16"=1. One clearly sees the dominant excitation
FIG. 2. () Excitation spectrum of dgpn’l’ from 5dg/,161(1 to the &g,16l" state. But interestjngly, the exci.ta.ttion of
= 14) obtained by scanning the fifth laser photon enetgycal-  Other members of the Rydberg series is clearly visible, with
culated line strengthkD 4|2 for 7ds,n’l”. The unperturbed line po-  the line strength dramatically varying. .
sitions of the doubly excited states are indicated by vertical bars. 10 explain the data and to analyze the correlation, we use
The observed lines usually shift to the left as a result of the dipole? Perturbative configuration-interaction method. This ap-
perturbationgbetween @n’l’ and &n’l”, 6fnl series. The per- Proach has already been used to explain energy shifts for
turbations do not influence our discussions in this paper. Note th&ighd stateg2,10,1§, but has not been applied in this con-
missing Ms,13 ' and 75,161’ resonances as explained in the text. text to analyze line strengths, which reveal more directly the
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multipole character of the electronic correlation. 1

Possible configurations that could act as perturber states Q= —( (6f7,,16l|T,|8p3pn”l")
and mix in sufficient dipole moment to excite theson'l’ n”
series are the configuration$fs, ;5161 and Npg,16l. As
can be seen from Fig. 1 these perturber states are located +> P (6f7,161| T1[N"dgpn'l ")
relatively far away from the spectral range under study, ex- NI
cept for the 3,16l state. However, its contribution is neg- , . .
ligible, as will be explained later on. Our calculations show % (N"dsn"1"|T4[8pgn"l >dE , ©)
that the ®dg,on'l" and the §5,n"l" spectrum can be ex- Ey—Eq e

plained through the perturbation from the dipole and multi-
pole correlation with the 6;,16l, respectively, which gives Here the subscript “E” denotes the wave function as energy-
by far the largest contribution. It should be noted that thenormalized; the integral includes both discrete and con-
energy range of thedg,,n’l’ and &;,n"l” Rydberg series tinuum states. The perturbation includes the quadrupole and
is well below the lowest bound state of thé,gnl (and also  the dipole-dipole cross-term correlations. These two terms
the Nf;,nl with N>6) series. In these cases, the MQDT- are of the same order and constructive for most of the ob-
type channel wave functions for these series vanish in theerved resonances. It is the two dipole moments of Ejs.
outer region. Thus a MQDT application including the and (5) that lead to spectral structures beyond what is ex-
Nf,onl channels N=6) seems to be excluded. pected from the simple ICE scheme.

In the framework of CI, the nonperturbed wave functions Our theoretical simulation for Fig.(8d) is based on Eq.
of the hight doubly excited states can be constructed from(4). The calculated results are shown in Figb)2 The com-
wave functions of the Srion (for the inner electronand the  parison with the experimental line strength shows that the
hydrogenic onegfor the outer electron The interelectronic  vanishing states are correctly described by our analysis. Fur-
interaction is expanded on spherical harmonics,(atomic  thermore, the calculations allow the identification of the an-

units are used unless specified gular momentum of the exciteddn’l’ series, which id’
=141 for the states witm’>16 andl’=1—1 for states
1 r'; with n’<16. The vanishing excitation of thed¢,16l"' state
—= Z 1 Px(cosbyy) = E Tg. (1) is a direct consequence of the selection rule of the matrix
12 k=ors k=0 element(161|1/r2|16"), which is a part of the radial integral
in Eq. (3). It vanishes exactly for hydrogenic wave functions
Using perturbation theory, the perturbed wave function foryith |”=|+1 [19]. The perturbation from 6,16 is ne-
the 7ds;n’l’ state can be written as glected in Eqs(2)—(6) because the dipole transition from
5ds;, to 6f4, is much stronger than tofg, as a result of
W=|7dson"1")+dy[6F7160) + - - -, (2)  elementary angular-momentum coupling considerations.
Qualitatively, there is still some discrepancy concerning
where the perturbative coefficiedfis the relative line strength. This stems partly from the detec-

tion process, which favors the detection of the highstate
members of the Rydberg serigz0,21]. Considering this ex-
dn'=E—<6f7/216| r—u’7d5/zn’| '> perimental fact our calculated result is very consistent with
n’ the experimental data shown in Figa2
1 It is noted that using the &,,161 as a perturber state
= —(6f,,16|T1|7dsn"1"), (3  would lead qualitatively to similar results. However, the di-
En pole transition matrix element in Ed4) for the 5d—8p
transition is more than two orders of magnitude smaller than
and whereE,,, is the unperturbed binding-energy difference the 50— 6f transition, so that the (8,161 perturber state
between the two states. In E) only the term that is im-  can be safely exclude@2].
portant for the resonance Strength is given eXpIICIIIy The To exp]ain the &3/2n”|” resonances, we have performed
dominant perturbation arises from the dipole correlatibn (g similar calculation based on EG). In Fig. 3 we show the
=1%1). The dipole transition amplitude can then be writtenexperimental and calculated spectrum gfz8n”l” for |
as =15. Figure &) shows that the maximum of ClI between
8pspn”l” and 6f;,161 takes place in different energy re-
Dy=dn(5ds/|r[6f72)~dy . (4 gions for different!”, i.e., atn”"<16, for I”=1—2, atn”
>16 forl”=1+2, and arounch”=16 for |”=1. The calcu-
Similarly for the 83,n"l" series, the dipole transition |ated line strength an”=16 due to the perturbation of
amplitude due to the perturbation of £,16 can be written  6f,,16 is overwhelmed by the strong resonance from the
as trivial process 8l5,16l —8p5,,16, where the outer electron
keeps unchanged. There are several striking features in the
Dp=0n(5ds|r|6f72)~qn for n"#16, (5)  spectrum in Fig. &) that are confirmed by the calculation. It
shows that the correlation effects are indeed responsible for
where the satellite structure.
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For n”+# 16, the calculated line strengths reproduce welling point P, of the outer electron orbit plays the central role
the observed ones, especially the vanishing line strength &or the correlation. The maxima for the Cl discussed above
n”=15. Furthermore, nicely reproduced is the significantlywill occur when two configurations have the saRg. Thus
enhanced resonancep$:n”l”(n”=14), which is not ex- forl” (orl”)>I, the maxima occur at’ (orn”)>n and vice
pected in the shake process duente<|-+1. Forn”>|+1 versa, as shown in the above galculations. A similar spec-
=16 resonances, the spectrum looks like a shake spectrurffum should be observable for higher-pole correlatiGuh
but the calculation presented in Fig(bB shows that it is @S, €.g., the octupoleBecause these types of spectra are
dominated byl”=1+2 for n"=18 other than”=1 in the dominated b_y the inner region, they p_rowdg very sensitive
simple ICE process. This implies that it may be necessary t ays to verify the theoretical calculations involving elec-

modify the theoretical approach for the shake-off excitation ronic correlayon. - .
in which the angular momentum of the outer electron is con- In conclusion, we have observed characteristic features in

served[2]. the resonant multiphoton excitation of high-angular-

In the ab di . h . dth turbati momentum states in Sr. The spectra reveal the importance of

n the above |scu55|on,’yvl? ,fave 'gnored the perturbaliogye myitipole electronic correlations in the excitation pro-
between $3,18 and &gn"I"(n"#16). The contribution  ceqq Most striking is the direct observation of a selection
of the 8p3,16 perturber state t®, is similar to Fig. Zb)

) i . : . rule for the dipole correlation manifested in a vanishing line
but much less for larggn”— 16|. Expressions involving this  gyrength. The excitation scheme provides an alternative and
part need the accurate value @ds/Jr[8ps;) by calcula-  yery detailed way to study the electronic correlation in the
tion or fitting experlmerjtal data, which will not be dlscussedhigh_l asymmetric states directly. It should be pointed out
here. ,!”" any case, It influences only the line strengths ofnat there is no penetration between the two electrons in the
8pzn"l”, with n"=16=1 slightly due to the small value of 4symmetric states. This is different from the case of “in-
|(5ds/2r[8p3r)| (~0.01). For the same reason, as alreadyrashell” states in light atoms. The experiments also provide
mentioned, we have ignored the contribution from the P€rpossible ways to realize very-highstates beyond the limit

turbation of &3,,16 in Fig. 2(b). Some resonant lines of of the Stark-switching technique through multiphoton up-
8pyon"1"(n"=16—18,19) in Fig. 3a) are also partly due t0  5nd-down excitation.

the perturbation from B;,,16l, for which additional influ-

ences are from the correlation effects in the initial state We acknowledge helpful discussions with T. F. Gallagher

5dg,161. and M. Dar. One of us(W.H.) appreciates financial support
Finally, we mention that the specific electron-electron in-from the Alexander von Humboldt Foundation. This work is

teraction can be understood semiclassically. The inner turrsupported by the Deutsche Forschungsgemeinschaft.
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