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Atomic triply excited double Rydberg states of lanthanum investigated by selective laser excitation
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The atomic triply excited double Rydberg stat@&DRS of La have been studied both experimentally and
theoretically. It is revealed that in such an asymmetric four-body system where three electrons have very
different orbital energies, the electronic correlations can be understood by means of decomposing into different
dielectronic correlations that play different roles time-dependently. The correlations depend strongly on the
relative excited orbital energies of three valence electrons. Our theoretical approach based on a semiclassical
model is able to interpret the two observed patterns of li@n distributions among high Rydberg states
resulted from the decay of TEDRS.
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Electronic correlations play important roles in many pro-in TEDRS. In theory, a semiclassical approach is used to
cesses in excited states of nonhydrogenlike atoms. It is exsimulate the decay process. It is revealed that for such an
pected that the electronic correlations could be understoodsymmetric four-body system, the effects of the complicated
by means of “decomposing” into pairs of dielectronic corre- electronic correlations can be understood by studying the
lations. In the simplest case where only one pair of dielecindividual decomposed dielectronic correlation. The different
tronic correlation dominates, such as in the doubly excitedlielectronic correlations are found to play different roles
states in He and alkaline-earth-metal atoithe “three-body  time-dependently. Our calculated results are in good agree-
problem”), various theoretical models have been set upment with the observed distribution patterns.
which were developed either from the independent electron The experimental method used here is developed from
model(e.g.,[1-3]) or the fully correlated modek.g.,[4,5]).  that of atomic double Rydberg stat&9]. In summary, La
These models have been successfully used to interpret va@toms in the ground state in a diffusive beam are excited by
ous phenomena in the excitation and autoionization protwo dye lasers to &°(°F,)nl [10], which are further excited
cesses observed in experiment. It remains a challenge to eRy another three dye lasefdelayed by 30 nsto TEDRS
amine or apply the schemes in those three-body mddels  5ds,NLnl  via two intermediate resonant states
to “compose” the dielectronic correlationgor other com-  5d6p(3Fy)nl and 5d6d(*Py)nl. All five dye lasers are
plex cases where two or more pairs of dielectronic correlapumped by an XeCl excimer las@ulse width is 20 ns, duty
tions produce significant effects. cycle is 10 Hz. The excitation scheme is shown in Fig. 1.

The simplest problem for the complex cases is the “four- A La atom in TEDRS will autoionize quickly after the
body” problem, such as the triply excited states of atomsexcitation. There are one or two possible decay paths. One
with three-valence electrons. Compared to the He spectrunwill produce L& ion (usually in bound Rydberg statand
a very different structure has been observed in the excitatioan electron. And if the excited energy of the TEDRS is above
spectrum of the triply excited states of Li in experiment. Itthe double escape threshold of La, there is another possible
indicates the importance of the interactions among the dipath that will produce L& ion and two electrons. For the
electronic correlations. Up to now, very few resultssing TEDRS we study, the latter has very little or no probability
charge exchange or synchrotron radiation excitatfonthe  and will be neglectedsee discussion laterFor the former,
four-body system had been obtained in experiniéiif] due  the La" ion in bound Rydberg state will be field-ionized to
to the lack of efficient excitation technique. La’" ion and detected by a special designed time-of-flight

In this Rapid Communication, we report a study on triply system using a technique of sequential ionization by a pulsed
excited double Rydberg statéBEDRS 5ds,NLnlinLa. In  and a constant electric field, which can filter out the large
TEDRS, which is an asymmetric four-body system, two elecbackground L& ions produced in other processes.
trons are excited to Rydberg orbitdl[,nl,N* =14-27 n* Figure Za) shows a typical observed excitation spectrum
=46-50; the asterisk denotes the effective quantum numbef La TEDRS. The spectrum of the autoionizing ionic Ryd-
in this paper and a third one to a low excited orbit d5,). berg states L& 5ds,NL excited from 36d(}P,) is also
In experiment, the excitation spectrum is obtained by usinghown in Fig. 2b) [11,17. It can be seen in Fig. 2 that there
efficient stepwise laser excitation combined with a sequentiahre some similar structures in two spectra. This phenomenon
electric-field ionization method. The decay process is studiedan be understood by means of the model used for a similar
by measuring L& ion distributions among high Rydberg process in the excitation of atomic double Rydberg states
states resulting from the autoionization of TEDRS. We havd 1,8]. Briefly, the last step of the excitation is the excitation
found two different distribution patterns that depend stronglyof the inner electrons in the presence of the outmost electron
on the relative orbital energies of the three excited electronénl). The outmost electron, for which the interaction with the
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As FIG. 1. Laser excitation
5464 1P scheme of La triply excited
. Sd64(‘Pni ' double Rydberg state€TEDRS.
[ . By A (53302.6cm™) The left part shows the excitation
~ channel for TEDRS. The right
Ay part shows the parallel excitation
5d6p°F process of La autoionizing Ryd-
1

4 berg states. The dot lines represent
(27423.9cm”™) the autoionization processes. The
energy unit used in the figure is

cm L,

44979 8cm™ La* 548 °F,
(Ref.[10]) 5 CFR)nl (Ocm™)
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19379.4cm™ = 5d%6p *Dsp
-
Ocm™! La5d6s* 2D3,2
laser field can be neglectédecause it is in a highly excited
orbit), produces an effect like the stark effect of an electric
. field. In the other aspect, the spectrum of TEDRS looks more
N complicated than that of double Rydberg stdiasFig. 2(a)

17 18 19 20 21 22 23 24 25 26
T L

there are several embedding TEDRS perturlers., around

N* =18, 19 and presumably 26vith the core electron in an
orbit higher than 8], indicating the nontrivial influences

of the interactions among the dielectronic correlations. The
complicated interactions will be discussed in further detail in
later investigation of the decay process of TEDRS. A recent
approach based on the semiclassical closed orbit theory has
been able to interpret quantitatively the excitation structure
of double Rydberg statd$]. The spectrum in Fig.(2) pro-

ka T vides a first example in triply excited states that can be used
1

La® Signal (arb. units)

to test the closed orbit theory.

In order to learn more electronic correlation effects in
TEDRS, we have studied the dynamic process of TEDRS
after the excitation. The measured and calculated probabili-

s ! s ! s s L ties are shown in Figs. 3 and 4 for TEDRS-decayed lans
90800 90500 90700 90800 o100 having a binding energy smaller tha?/(2N'*?) (atomic
Energy (om™) units,Z=2, N’* stands for the effective quantum number of

FIG. 2. () Typical observed excitation spectrum of La TEDRS the TEDRS-decayed [aRydberg statgs TEDRS are below
5ds,NLnl (n* =46.6), obtained by scanning the frequency of the @2nd above the double escape threshold of La in Figs. 3 and 4,
final |aser)\5 in F|g 1 and recording the Signa|s of q_Jra ions reSpeCtiVely. It W|" be seen in |atel’ diSCUSSionS that the diS-
produced by the field ionization of the TEDRS-decayed productdribution pattern in Fig. 3 is very different from that in Fig. 4.
La" Rydberg ions.(b) Spectrum of La autoionizing Rydberg In theory, an approach developed from the “breathing
states Blg,NL excited from 56d(*P,) [11]. The abscissa is the sphere” mode[3] is used to simulate the dynamic process in
total energy imposed by the last three dye lasers. TEDRS, as described below.
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FIG. 4. Similar to Fig. 3, but for TEDRS&;,NLnl above La
double escape threshold. Note that in reverse to Fig. 3, the distri-
bution isinsensitiveto N* and sensitiveto n*.

FIG. 3. (a) Measured andb) calculated probabilities of the de-
cayed Ld ions having a binding energy smaller than 42 )?
(a.u) for TEDRS S5, ,NLnl below La double escape threshold.
Due to the limitation in technique, the measurement&jrdo not
include the probabllltles to the lowest taor“c Rydberg states Ol’blt, only the Correlatlon between the |ncom|ng Rydberg
(with binding energies below that of the leftmost point in eachejectron and the valence electron is accounted. Near the va-
curve. The leftmost points of the curves will and 1 points  |ence orbit, a Rydberg electron has some probability to ex-
overlap), which however, does not influence our discussions. Folchange energy with the third electr¢in the valence orbjt
details see text. Note that the distributionsensitiveto N* and  This probability (~1/14) can be estimated using the line-
insensitiveto n*. width of the autoionizing Rydberg states of L&13]. In our

In our theoretical approach, after the excitation, the oute?yStem’ it will de-excite the thirvalencg electron(which

two Rydberg electrons are treated as two one—dimension%)UId be excited again by another such ey increase

radial wave packets that will propagate along the classical e energy of the Rydberg electron,

. N ; . The calculated probabilities corresponding to the mea-
trajectories if they do not meet each other. The interactiony ;;aq ones are shown in FiggbBand 4b). The calculated

between the third excited electrém a valence orbjtand  eqits are normalized for all possible decay processes, while
any of the Rydberg electrons is neglected unless a Rydbefge measured results are normalized within a limit range due
electron is close to the valence orbit. The exchange effectg, the limitations(e.g., the collection efficiency of the ion
are also neglected. Our method is not intended to achievgnd the maximum field strength for field ionizatjoim the
accurate description for the complex details of TEDRS, butechnique of sequential field ionizatid8,9]. The range of
rather to understand the important features in the autoionizhe binding energy for a measurable TEDRS-decayed La
ation of TEDRS. ion in our experiment is 4/(8'*?) (a.u) with N'* between
Using the above approximation, the complex electronicthe end points in each curve in FiggaBand 4a). Therefore
correlations in the TEDRS can be decomposed into indidistributions below the leftmost and above the rightmost
vidual pairs of the electronic correlation. For each importantpoints of the curves are not included in our measurements.
stage in the autoionization process of the TEDRS, only ond&lote that in Fig. 8a), the real distributions vanish above the
pair of electronic correlation is needed to account. The casgghtmost points because an escape electron has a positive
where both Rydberg electrons are very close to the valencerbital energy. By comparing the measurements and the cal-
orbit has very little probability and can be neglected. Whenculations, it can be seen that most of the TEDRS will decay
both Rydberg electrons are far from the valence orbit, onlyinto the measurable region.
the correlation between the Rydberg electrons is accounted In Fig. 3 where the TEDRS are below the double escape
by using the “breathing sphere” model. In that case, thethreshold of La, the calculated results are in good agreement
correlation takes place when the two wave packets penetratgith the measurements. In our theoretical simulation, we
each other, and the Rydberg electrons will exchange theinave found that the autoionization is dominated by a process
potentials and their kinetic energies remain unchangedwhere the middle electrorNL) exchanges and gains energy
When one of the Rydberg electrons is close to the valencérst from the innermost electrofthe low excited valence
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one, and then interacts with the outermost electroh) (that The shifting between calculation and measurement in Fig.
leads to the ejection of one free electidine autoionization 4 is because the one-dimension approximafi@hused in

It can be seen in Fig. 3 that the distribution is nearly inde-our calculation. Briefly, in the real three-dimensional pro-
pendent ofn*, the orbital energy of the outermost electron. cess, after the middle electron gains energy from the valence
On the other hand, it depends strongly N, the orbital  electron, it has a positive orbital energy. Then it may move
energy of the middle electron. This phenomenon is becaus®wardsor backwardsthe outermost electron. Due to repul-
as a result of the interaction between the outer two electrongjve force between electrons, the electfomost likely the

netic energies takes place in a region closed to the orbit Qfpioh the remained outermost electron will go to a lower
the middle electron where the kinetic energies are sensitive

to N* and insensitive tor* ronic Rydberg orbit compared to that in the one-dimension
In Eio. 4 where the TEbRS are above the double esca model. Therefore the measured distributions are lower than
9- pﬁ‘le calculated results. It should be noted that the similar ef-

threshold of La, the calculated results have similar dlsmbu'fl?sct for Fig. 3 does not produce much difference between

tions as the measurements, except that the calculated resulls . lation and measurement. which could be due to the
. . x ; AR ,
shn‘t.to higherN'*. It is found th?“ the aut0|on|zat|on' 'S more complicated interaction between the outer two elec-
dominated by the same process in Fig. 3. However, in '€ ons therein
verse to Flg‘ 3, It can.k_)e seep that th_e distribution is insen- It is worth .mentioning that there is a process which, while
fr:til(\jlgletoell\lectﬁ)nnd Saeigz't'evneertm fr(-)rr:atthg It())(\:;vcael:(iieteaciftsglglrfc having little probability for the measured TEDRS here, can
ectron g 9y . Secome significant when the orbit of the middle electron is
electron, it W'.” have_a positive orbital energy and tend toclose to that of the outermost electron. In this process, the
escape after Interacting W'th the outermost electron. There'utoionization will occur without gaining energy from the
fpre after t_he autoionization, the outermost Qlectron MOSky cited electron near the valence orbit, and if the resulted ion
likely remains in an ionic bound Rydberg orbit, where the.

orbital energy is sensitive to that of the outermehicided is in an unbound state, it will continue to autoionize and
L .
by n*) and insensitive to that of the middle electr@®cided produce a L&" ion (a sequential double escape progess

by N*) before autoionization. This process is similar to the In conclusion, we have studied the electronic correlations
y S ! : P . ~“in La TEDRS, an atomic asymmetric four-body system. The
postcollision interaction14] except that the outmost here is

L ! . . correlation effects can be understood by means of decompos-
bound at the beginning. It is also found in calculation that the y P

double esca msg the electronic correlations into dielectronic correlations.
pe process where both of two outermost electron

escape has very little probability although allowed by the This work is supported by the National Natural Science

energy requirement, which is presumably due to the difficultFoundation of Chin&Grant No. 19734030and the Ministry

fine energy balance required between the two electrons. of Science and Technology.
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