PHYSICAL REVIEW A VOLUME 59, NUMBER 6 JUNE 1999

Core-scattered combination orbits in theM =0 Stark spectrum of helium
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Scaled-energy spectroscopy is used to measunath@ Stark recurrence spectrum of the two spin forms of
helium. This case is characterized by much stronger orbit-core interaction tham=thecase studied previ-
ously. Viewed globally as a function of scaled eneeggnd scaled actio® clusters of core-scattered recur-
rences are revealed, emphasizing their importance in the Stark spectrum. Data are interpreted using closed-
orbit theory. Integrating recurrence peaks over scaled energy allows comparison between singlet and triplet
core scattering, highlighting the link with+ He" scattering]/S1050-294709)04306-1

PACS numbgs): 32.60:+i, 03.65.Sq, 05.45.Mt

The behavior of multielectron atoms in external fieldsisa The quantum and classical manifestations of the core of a
fundamental problem in atomic physics. A recent focus inRydberg atom in an electric field and their incorporation into
this area is the study of relationships between quantum spesemiclassical closed-orbit theory are under active investiga-
tra and the classical dynamics of nonhydrogenic Rydberdion. It was pointed out by Gao and Delos that a nonhydro-
atoms, especially in systems exhibiting cha@$ The he- genic core produced scattering from one hydrogenic closed
lium atom is the prototypical quantum atomic system whoserbit into anothef6]. Recent work om=0 states has ex-
underlying classical dynamics is chaotic, induced by cordended closed-orbit theory to scattering in the presence of
scattering. It has been predicted tlat+ He" scattering ex-  bifurcations[7]. Scattering recurrence peaks have been ob-
hibits Ericson fluctuations that serve as a signature of chacerved experimentally im=0 Stark states of lithiurf8] and
[2]. A recent theoretical study of the spectral characteristicd? diamagnetic heliun{9]. Theoretical activity to explain

of nonhydrogenic atoms in electric fields shows that the ionif.Ihese peaks has used both a semiclassical approach employ-

core induces unusual statistical properties, attributable to nell9 gquantum defect theoryl0] and a purely classical ap-

ther regular nor chaotic systeri] proach using a model potentidl1] to describe the core scat-
To dgate there have begn only ;[WO experimental studies 0tiering. The classical analysis has revealed that core scattering

Creates a large number of new clusters of closed orbits that
recurrencegelectron waves that go from and return to the.

atomic coré in the Stark spectrum of heliuf#,5). Usin interfere to produce novel structure in recurrence spectra.
P 2 USING - g guantum defect method extends closed-orbit theory to
constant-scaled-energy spectroscopy both studies investi-

gatedm=1 Rydberg states which produce combination re_mclude core-scattered waves and it shows good agreement

; ..~ with full quantum calculations. A third approach, emphasiz-
currencegnonhydrogenic recurrences that are comb|nat|on§ng the effects of avoided crossings, provides new insight
of hydrogenic orbits that have closed classical orbits with into the main differences between h);drogen and helium re-
actions very close to hydrogen, producing changes mostly t?urrence mapg12]
the intensity of peaks that already exist in the spectrum o )

hvdroaen. For example. Keeler and Moraan observed pro- Closed-orbit theory takes advantage of properties of the
yarogen. ampie, Lo 9 P 0hydrogen Hamiltonian in an external field by the application
nounced modulations in intensity in the triplet spectrum of

helium due to interference between hvdroaenic and Combig)faset of scaled variabl¢6]. This leads to a Hamiltonian in
. ydrog which the electron energlf and external electric fiel& are
nation recurrenceit].

In the present work, we report results of an experimenta eplaced by a single parameter-E/\F, the scaled energy.

study of the recurrence spectrumrnaf=0 Rydberg states of y scanning the excitation energy while maintaining a con-
helium in an electric field. Recurrences are more numerous

and complex in this case due to enhanced diffraction on the a ,(Z,\
atomic core. The experiment reveals the presence of peak . «  Stark Plates HH _y

not present in hydrogen nor im=1 helium states that de- He He —————

pend strongly on the spin stat8<€0 or 1) of the scattering -

| — ‘—m
system. The peaks, due to scattering of the Rydberg electro HH

In—

by the helium ionic core in the absence of an angular mo- € /%

mentum barrier, result in combination orbits with actions far {

from hydrogen. In the case of triplet states with @state Pulsed Dye

quantum defect ob,= 0.3, the scattering is abundant in par- Nd-YAG Laser| ™ | Laser |~ —>W

ticular areas of the recurrence mE’a(pt,é) spacg. Although
3“" similar dt.o led(;%?en I many ways, thg scatterlng p.ro- FIG. 1. Constant-scaled-energy Stark spectroscopy apparatus.
uces a radically different recurrence map In certain reglon%omputer control of laser wavelength and Stark field maintains a

of (&,9) space that are effectively populated by core-constant scaled energy The interaction region extends over the
scattered combination peaks and devoid of large hydrogenig7-cm length of the Stark plate&) Field ionizer,(b) channeltron,
peaks. (c) electrostatic deflectorgd) quartz prism,(e) doubling crystal.
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gion. It is this information which allows interpretation of

1 &=27T 4 /12 Experiment scattered resonances in a nonhydrogenic recurrence spec-
\, 1ot . ® trum.

w y ° Recently, we reported the effect of core-scattered combi-

] nation orbits inm=1 states of helium in terms of specific

closed orbits[4]. In the present work, the clustering and
complex composition ofm=0 recurrence peaks prevents a
simple analysis as a function of orbit type. Instead, we study

Recurrence Strength
W N = O = DNW

Theory core scattering in regions ot (é) space with high scattered
x . combination orbit strength and low hydrogenic strength.
0 2 4 6 8 10 These densely populated regions are due to several scattered
Scaled Action combination orbits clustering at about the same scaled ac-

FIG. 2. Mirror plot of 26<n<30 gxperimental triplet helium,  tion. Integrating in (:,é) space over high probability regions
m=0, e =—2.7 recurrence spectra with quantum thefofjon bot-  gj10ws us to interpret the results as a function of average
tom. Black dots identify core-scattered nonhydrogenic peaks. cluster location and provides a comparison of oveedll

o ) ) ) ~ +He" core scattering strength between singlet and triplet
stant scaled energy individual trajectories contribute a Sinustates.

soidal spectrum in which each individual peak at a scaled A diagram of the apparatus is shown in Fig. 1. Helium
action represents a closed classical trajectory at a particulgns are created in an ion source, accelerated to 4 kV and
scaled energy. Each trajectory returns to the core, giving i§elected by a velocity filter. The beam is neutralized in a
the opportunity to interfere with other orbits. Quantum Me-potassium charge exchange cell, with the metastabfsS2
chanical wave fronts can be constructed from the returninggnd x3s states efficiently populated. Excitation to a
trajectories and take on the primitive formRy  Rydberg-Stark state takes place between field plates 37 cm
=Cye'®™x" 49, whereCy is the classical amplitude and the |ong separated by 1 cm. Laser light from a pulsed YAG
total phase is determined by the action of the OBQiand a (yttrium aluminum garne“aser pumps a dye laser whose
constantdy, unique to the orbit. For two peaks with nearly output is sent through a doubling crystal to generate tunable
the same action, interference is possible and the total recuyyy light. The laser is aligned antiparallel to the helium
rence strength is given by the coherent sum. Combinatiobeam, and excites Rydberg-Stark states in nhe20—30
core-scattered orbits are due to a hydrogenic orbit scatteringinge. Them state is experimentally defined by the orienta-
into another in a small region near the nucleus. They argon of the Stark plates with respect to the laser polarization.
composed of twdor more actions and have an amplitude After the Stark plates, a field of 7.0 kV ch oriented along

Rjk proportional to the amplitudes of the parent orbits andthe beam ionizes excited atoms with the resulting Hiens

the scattering amplitudé,; , from one orbit into another, detected by a channeltron. The ion signal is amplified and
Rik=A| kC;C,e' @S *Sd+4;*4d)  Each closed classical averaged over ten laser pulses. To maintain a constant scaled
trajectory or scattered combination orbit has a characteristienergy, the computer continuously monitors the laser wave-
action, amplitude, and phase upon returning to the core rdength and adjusts the Stark field while recording the ion
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FIG. 3. Recurrence map for triplet helium=0 states composed of 56 measured constant-scaled-energy spectra. The dotted outline
contains strong core-scattered combination recurrences and encloses the range for the contour maps shown in Fig. 4.
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space[8,13]. Strong core-scattered combination orbit peaks

. . . are indicated by solid dots, and do not exist in hydrogen.
Triplet Helium Experiment Recurrence strength scatters out of low action peaks into
combination orbits with actions equal to the sum of the scat-
tering partners. For example, the peaks$Sat3.65 and 4.52
suggest that orbits with period ratios 8/9 and 10/11 are com-
bining to contribute to the peak 8=8.17. Additionally, a
large combination orbit peak &= 8.15 results from orbits

7/8 and 11/12 and is not resolvable from the 8.17 peak.

In order to characterize the scattering strength of a particular
cluster of combination orbits, we measure recurrence spectra
over the allowed scaled-energy range of the orbits and inte-
grate the orbit recurrence peaks in the spectra. This permits a
comparison of the overall scattering strength of different
combination orbit clusters and allows a global comparison
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between triplet and singlet scattering systems.
To achieve this, 56 spectra were measured betvgeen
'2-0’6 —2 (ionization threshold and — 3.4 in steps of 0.025 for

singlet and triplet helium. By consolidating the spectra into a

FIG. 4. Recurrence contour maps f@ calculated hydrogen, si_ngle plot ca_lled a recurrence m_e_lp we create_ a three-
(b) measured triplet helium. The dotted region lies between down-d'meAnSIonaI picture of orbit probability as a function of
hill and uphill sequence-2 orbits and defines a region of low hydro-andS. Figure 3 shows our measured recurrence mapfor
genic activity used to investigate scattering and combination orbits=0 triplet states. There are four clear bands cutting through
In helium, combination orbits cluster to form high amplitude recur-the map. The first tw@greading from left to rightare down-
rences in this region. hill and uphill orbits, respectively, with period ratios given

by i/(i+1) and referred to as the first sequence. The fourth

signal. For a particular scaled energy, data are recorded asband contains uphill orbits with period ratié(i +2). (Cor-
function of the scaled paramet& * and Fourier trans- responding downhill orbits in the second sequence are re-
formed to give a recurrence spectrum. duced in strength due to core scattering and are not as obvi-

Figure 2 shows an example of our measumed O triplet  ous in the figure. In singlet helium and hydrogen this
helium constant-scaled-energy recurrence spectrum in a midownhill band is more pronounced-he third strong band is
ror plot with a quantum calculatiofY]. A uniform semiclas- the result of core scattering. It appears in the map between
sical calculation is in good agreement with the quantum caldownhill and uphill orbits of the second sequence and comes
culation[7], verifying the use of the semiclassical theory to primarily from combinations of orbits of the two bands in the
explain our results. Small differences between theory andirst sequence. It is a consequence of the structure of the first
experiment existdue in part to uncertainties in the value of two orbit bands in the map and should manifest itself in other
the scaled energybut overall agreement is good. To inter- nonhydrogenic atoms. Hot spots appear at many locations in
pret resonances, trajectories are calculated in semiparabolice map due to constructive interferences between bifurcated
coordinates §,v) whereu?=r+z andv?=r—z, with the  orbits and combination orbits. The dotted rectangle frames
external electric field defining the direction of tlzeaxis.  the region of interest and the boundary of the recurrence
Three trajectories are labeled in Fig. 2. They are identified bynaps shown in Fig. 4. These maps consist of two contour-
their period ratior,/7,, the ratio of oscillations in ,v) style recurrence plots; calculated hydrodéfg. 4a)] and

8
Scaled Action
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measured triplet heliuniFig. 4(b)], over the range €S  chosen visually to contain high recurrence strength associ-
<11 and—3.2<e<—2. The hydrogen map shows a dis- ated with scattered clusters and is shown in Fig. 4. The result
tinct low intensity region(interior of the dotted outlinebe- of this procedure is a measure of total recurrence strength

tween the second sequence downhill and uphill orbits. Thi¥€rsus average cluster scaled actibiy. 5. Figure 5 shows

is due to the initial shape of the outgoing waves produced b istinct strength variation with cluster location in the triplet
ectrum. There is variation in strength in the singlet case

the laser whose amplitudes are proportional to the Legend o .
.0 . . also, only less distinct because of the weaker scattered sig-
polynomial Y3 (6) V\_/here 0. Is the launching a.ngle.measured nal, consistent with a smaller quantum defectsgf=0.14.
from_ the external field axis. When the laser |s_0r|ented alon%rror bars were generated by accounting for variations re-
the field to producen=0 states each hydrogenic closed orbit g, 1ing from the choice of the integration boundary range.
has an increased amplitude for launching angles neap9 The Rydberg helium system can be modeled as a spin
hill) or 7 (downhill) while launching angles near/2 have  pojarized” scattering experiment. For weak scattering, the
almost no amplitude. In hydrogen, only orbits with initial |eading term in a partial wave analysis of the total cross
launching angles neat/2 have actions that fall within the section is proportional to the square of the phase shift of the
region defined by the dotted lines. Hydrogen parallel repetiwave front. The phase shift is proportional to the quantum
tion orbits fall within this region form=0, but they are defect and therefore the ratidy 55)2, which equals 4.6 in
relatively weak and not observable on the scale of Fig).4 the present case, is an approximate measure of the relative
In the case of helium, we have found that core scatteringcattering strength of the two spin states of Rydberg helium
combination orbits have substantial recurrences in this regioatoms. For the eight complete interior clusters measured, and
[Fig. 4(b)]. shown in the nonhydrogenic region in Fig. 4, the average
Combination orbits are formed when the returning waveratio of triplet to singlet integrated intensity is 38.4. Di-
front of a classical trajectory diffracts off a nonhydrogenic rect comparison witle~ +He" scattering requires taking ac-
core. The diffracted wave front diverts electron probability tocount of the contribution of the nonscattered background in
the initial conditions required to launch new trajectories. Inthe recurrence maps which will increase the value of the
hydrogen, for near-zero energies, the wave front simply remeasured ratio. This requires detailed knowledge not pres-
flects backwards, forming an identical orbit in reverse, pro-ently available of the amplitude and phase of all scattered
ducing an orbit repetition. For a nonhydrogenic core the dif-and non-scattered recurrences. Estimating the correction
fracted wave redirects probability to other orbits, creatinggives 5+ 1 for the ratio.
combination orbits composed of two trajectories which scat- |n summary, closed-orbit theory has been used to interpret
ter one into another to form a new orbit whose action is thehe measured recurrence spectrum of singlet and triplet he-
sum of the parent orbits. The amplitudes and phases of orbitfum m=0 Rydberg-Stark states. In contrastrnie=1 states,
determine how trajectories contribute to the nonhydrogenigore scattering introduces many extra peaks in the spectrum.
peaks. Studying combination orbits in a region of the recurrence
Incorporation of bifurcation theory with core scattering map devoid of large hydrogenic peaks has allowed us to
into closed-orbit theory oin=0 states has recently been identify core effects in terms of clusters of combination or-
achieved, and the closed-orbit calculations aid interpretatiopits and to investigate scattering probability as a function of
of our data[7,14]. In general, there are several significant ;ompination orbit cluster location ine(3) space. We ob-
combination orbits, both on axis and off axis, associated Withyerye modulations in the recurrence spectra versus scattering
each nonhydrogenic cluster. Examples of strong single colligjyster and a strong combination-orbit-production spin-state
sion scattering combinations include orbits from the first WOgependence. Also, the measured triplet/singlet ratio of core-
bands with period ratios/(i+1)® (i+2)/(i+3), i/(i+1)  scattered orbit recurrences averaged over an extended non-
®i+3/(i+4), andi/(i+1)®(i+4)/(i+5), where® indi- h : L 2 ; ; -
. . L ydrogenic region in £,S) space is consistent witle
cates core scattering from one hydrogenic orbit into another.” | 3 ; - . AR .
Smaller amplitude combination orbits are produced from un- He™ scattering O.l =0 partle_d waves, highlighting the link
between electron-ion scattering and Rydberg spectra.

stable orbits or orblts_ Whose |n|t|al launching angles_ are”™" \ote added in proofRecently, them—0 Stark spectrum

weakly populated irm=0 excitation. As the scaled action f heli has b d led .

increases the number of closed-orbit contributions increaseg ', o Nas bEen measure at two scale energaes
=—2.94 and—2.35 for n=55 to 80[15]. The data are in-

dramatically, making the recurrence peaks a delicate functiO{T . ; .
. . terpreted using closed-orbit theory and small nonhydrogenic

of the exact scaled energy since the sum of many contribu- ; .
! . " . eaks are attributed to core scattering.
tions is very sensitive to phase. A complete understanding d
the physics oim=0 core-scattered combination recurrences We thank R. Jensen, V. Kondratovich, and J. Shaw for
is at present not available and remains a challenge to theoryaluable discussions, and J. Shaw for helium quantum calcu-

To study the amplitude of the combination orbits, it is lations. Thanks are due to H. Flores for help in the laboratory
convenient to use the notion of integrated recurrenceand D. Wright for help with data analysis. This work was
strength, introduced in Refd4]. The integration region is supported by the National Science Foundation.
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