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Imaging atomic Stark spectra
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(Received 28 October 1999; published 8 May 2000

Photoabsorption spectra have been measured as a continuous function of energy and applied electric field for
the m=0, 1, and 2 Rydberg series in sodium. The spectra are Fourier transformed in scaled coordinates,
generating scaled recurrence maps. The continuous nature of the scaled maps allows us to investigate patterns
in the recurrence strength with good resolution.

PACS numbe(s): 32.60:+i, 32.80.Rm, 39.36tw

[. INTRODUCTION transformation properties of the classical Hamiltonian of a
hydrogen atom in an electric field, which can be written in
Electron dynamics in the presence of strong static electrieylindrical coordinates as
fields continues to be a topic of considerable interest in
atomic physics. The large spatial extent of Rydberg atoms H= E(p2+p2)—
makes them extremely sensitive to applied fields and, there- 277 T pP+ 2
fore, particularly interesting in this context. The dynamics of
nonhydrogenic Rydberg electrons in the presence of théfter multiplication by F~*2 and the following change of
static field depend greatly on the relative strengths of thevariables,
average Coulomb binding field and the applied electric field

+Fz. (H)

as well as the size of the non-Coulombic parts of the binding p=pF? z=zF"? 2
potential. In the frequency domain, these quantities deter- A s = _1a

i ive si itti - P=P,F ™ p=p ©)
mine the relative sizes of the energy splittings betwéen p— P

states of different principal quantum numbei E, = 1/n3; P
(if) states of different parabolic quantum numbé&raE, t=tF™ )
=3Fn; and(iii) states with different Stark shifts undergoing the Hamiltonian becomes

avoided level crossing®\E, . We use atomic units through-

out and assume>1. In the time domain, the important time 1 1

scales are the inverse of the energy splittings noted above: H=HF 2=—(p+p))-——+12 (5)
Tkepler=27N3 is the time required for a classical Rydberg 2 \p?+7?

atom to move from the nucleus to the outer turning point of

the radial potential and backis;,; =27/3Fn is the time This scaled Hamiltonian depends only on the scaled en-

required for the angular momentum of a classical electron t@rgy €, and not on the applied field or excitation energy
precess in the field from its initial value through all possibleindependently. For any given value of the scaled energy, the
values and back; and#AE, is the time required for an classical dynamics of the system do not depend indepen-
electron in a classical orbit aligned with the field to scatterdently on the binding energy and static field. The electron
into an orbit aligned opposite to the field due to precession oflynamics are revealed by Fourier transforming the photoab-
the Runge-Lenz vector in the non-Coulombic potertigl sorption strength with respect to the scaled variablge at
While experimental2,3] and theoretical4] time and fre- constant scaled energy. Resonance peaks in this “recur-
quency domain studies on this subject abound, relatively fewence” spectrum are associated with electrons moving
provide a comprehensive quantitative view of the electroraround the nucleus in classical periodic orbits that are closed
dynamics within a specific atom due to the large parameteat the atomic cor¢7,8].
space that must be investigafs]. We have applied an im- Previous experiments in which electron dynamics were
aging detection system to collect frequency domain photoabstudied using recurrence spectroscopy have relied on simul-
sorption spectra as a continuous function of excitation entaneous variation of the electric field and laser frequency to
ergy and static electric field. We have used Fourier transfornmeasurd (w) at constant scaled energ,9—13. Using this
analysis of the two-dimensional spectra to identify featuregechnique, identification of global trends in the spectra as a
in the global dynamics. function of scaled energy is difficult, since typically only a
In the experiment, an entire Stark map is measured. Eacémall number of discrete scaled energy spectra can be mea-
map is a landscape of photoabsorption strength as a functisured in any reasonable amount of time. For example, Eich-
of excitation energy and applied electric figl]. The map mannet al. looked at sodium spectra, but only fer= —2.5
can also be presented using “scaled variables,” namely,7]. Hogervorst and co-workers have studied the specific
scaled energy and scaled act{@f. Scaled energy is defined scaled energies oé=—2.94, —2.35, and—1.76 in great
as the quantite=EF Y2 whereE is the energy relative to detail with good experimental accuracy in bariumo].
the zero field ionization limit andr is the applied electric While their choices of scaled energies represent points both
field in atomic units. Scaled action is the Fourier transformabove and below the classical ionization limi={—2.0),
variable conjugate tav=F 4 This scaling is based on the work does not provide complete information on the evo-
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FIG. 1. A schematic representation of the experimental appara-£ —————— ®
tus. Parallel wires connected through a resistor chain create a fielc ——
gradient which enables spectroscopic measurements to be mac =——— — %
over a continuous range of applied field. = =" '

. . . = -360 E—
lution of electron dynamics as a function of scaled energy. — 9
Courtneyet al.[5,9] were the first to look for global patterns K ________—-
in experimental recurrence spectra. They measured photoal -350&\ ——— s
sorption spectra over a quasicontinuous range of scaled er = 1o 1200
ergies frome=—2.6 to e=—4.0 in steps ofAe=0.1[5]. 56"'/100;/ —— ©@
They discovered recurrence maxima in their Li data that had
no analog in computed hydrogen spectra. These feature Applied Field (V/cm)

were attributed to combination orbits, apparently caused by , ,
scattering from the nonhydrogenic core. The work of Keeler F!C- 2. Density plot of the measured Stark map of sodium for
and Morgar{12] in helium has come the closest to observing parallel field and laser polarizatiom=0,1. Dark regions represent
a recurrence spectrum that was continuous in scaled ener hjgh excitation probability. Expanded views of selected locations in

L e e gt¥|'e spectrum can be found in insé#, (b), and(c). In particular
with individual scaled energy scans s_eparatedAlz) 0.02 (c) shows the avoided crossing of the= 18 downhill state with the
from e=—2.0 to e=—3.4. From their recurrence maps

. - o . ' n=17 uphill state. Such crossings between thandn+1 mani-
Keeler and Morgan identified combination orbits as well as Folds for 17<n<21 are used as an absolute field calibration. The

periodic modulation of the scaled-energy-integrated recurgashed line is the classical field ionization limfit=1/16n".
rence strengths within various sequences of resonance peaks

corresponding to different periodic orbits2]. ~ near the locations of recurrence maxima, which they were
While quantum simulations can reproduce the experimengpje to account for with a correction term. They also inves-
tal data, much of the real insight into electron dynamics inigated patterns observed within a given recurrence maxi-
external fields has come from classical and semiclassicghym as a function of scaled energy, but did not identify any
analyseqd1-4,7,8,13-1b In particular, closed orbit theory gyerall trends.
has provided an elegant semiclassical explanation for the The goal of the work described here is to investigate
majority of the experimental results observed in recurrencgariations in the recurrence strength as a continuous function
spectroscopy7,8]. The theory relates the observed maximaof scaled energy and scaled action, thereby providing a better
in the recurrence spectrum to the probability for launching annderstanding of electron dynamics in a combined Stark-
electron into a particular closed orbit. Despite its successeg;gulomb systentin this case, the sodium atonRecurrence
the original theory, which assumed hydrogenic atoms, di(l;pectra are collected over a range of scaled energié$
not account for all of the observed features in the nonhydro< .<_ 1 5 and scaled actions<0S<30. In the following
genic spectrd5,7,8). In a modification of the theory, elec- gections, we describe our experimental procedure and nu-
trons incident on the nonhydrogenic core have a finite probmerical analysis of the data. We introduce a set of modified
ability of being scattered into all possible orbits, leading togcaled parameters that guides our interpretation of the data.
the observed “combination” peaks in the recurrence spectrgye then compare our results with quantum simulations for

[5,10,11. However, current semiclassical theory has not yeiya and H. We conclude with a brief summary of our find-
reproduced all the details in measured nonhydrogenic recufpgs,

rence spectrg5,10,13. Shaw and Robicheaux have com- Il EXPERIMENTAL SETUP
pared quantum scaled energy calculations with semiclassical
closed orbit theory for H, K, and d4.3]. They found slight Figure 1 shows a schematic of the experiment. Thermally

deviations between the quantum and closed orbit calculationaxcited Na atoms from a resistively heated oven interact with
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E 1100 1200 FIG. 4. Density plot of the measured scaled energy recurrence
T (b) map of m=0,1 in sodium. The action axis used here differs by a
) factor of \’2€ from those in previous studies. This action coordinate

S’ identifies the number of primary Kepler orbits. In contrast to
previous work, the recurrence map represents the Fourier transform
of the scaled data, not the square of the Fourier transform. This
choice makes it easier to see small features in the recurrence
strength.

= o o5 resistor chain with a fixed volta_ge differgnce applied to the
=—— © two ends of the chain. By keeping the distance betwegn ad-
500 - el jacent wires much smaller than the distance from the wires to
the interaction region, the horizontal component of the elec-
tric field is minimized. The top field plate is 7.5 cm on a side.
The lower plate wires are fixed 12 mm below the top plate
FIG. 3. Density plot of the measured Stark map for sodium forand are each separated by 2 mm. The atomic beam enters the
perpendicular field and second laser polarizations0,1,2. Dark  interaction region~5 mm below the top plate.
regions represent high excitation probability. The=2 features Fifty nanoseconds following the Rydberg state excitation,
dominate the spectrum. Note that unlike tine=0 case, than=2 a strong voltage pulse<10 kV) is applied to all the wires in
oscillator strength is predominantly located in the center of eachhe resistor chain. Any Rydberg atoms produced by the laser
manifold. Therefore, the center manifold states are more visible inyre ionized either by the static field or by the voltage pulse.
this figure than in the corresponding=0 data in Fig. 2. Expanded The resulting ions are accelerated toward a microchannel
views of selected locations in the spectrum can be found in insetﬁlate assembly through a 1.6 nx25 mm slit in the top

I(i?;lit(bl):’:aln/(ig)“' The dashed line is the classical field ionization ge\y piate The microchannel plates generate electrons in di-

Applied Field (V/cm)

two copropagating nanosecond dye lasers in a spatially inho
mogeneous electric field. The two lasers are pumped at a 1!
Hz repetition rate by the second and third harmonics of a
Nd:YAG (where YAG is yttrium aluminum garnetaser,
respectively. The first laser excites th& round state Na
atoms to an intermediateP3,,, |m;|=7; state. The second
laser pulse is delayed relative to the first 46 ns and is
linearly polarized either perpendicular or parallel to the ap-
plied electric field. The parallel and perpendicular polariza-
tions allow for excitation of purgm;|=3 or [m;|=3,3
states, respectively. The frequency of the second dye laser i
tunable, permitting the excitation of the?3, atoms to Ry-
dberg states with principal quantum numbelty<30. The
second dye laser is in a double-grating Littman configuration
[16] and it ha}s a 'I|neW|dth of 0.14 cnt. The spatially vary- S caledikicion: &

ing electric field is prepared using a parallel plate geometry

with a voltage gradient along the lower field “plate.” The  FIG. 5. Density plot of the measured scaled energy recurrence
field gradient is produced by a set of 13 parallel wires in amap ofm=2 in sodium analogous to Fig. 4.

Scaled Energy ¢
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FIG. 6. Scaled actions of the primary hydrogenic uphill and 8
downhill orbits and their repetitions as a function of scaled energy.?
The dark lines represent the uphill orbits, while the lighter lines
represent the downhill orbits. To a good approximation, éor
<—2.5, theith repetition of the uphill orbit crosses thée+(j)th
repetition of the downhill orbit a&’'=i+j/2. The dashed curves
are the expressioa= \3(S' +/2)/4j, which identifies the crossing
of theith downhill orbit with the (+ j)th uphill orbit. The approxi-
mate expression is valid far< —2.5.

rect proportion to the number of incident ions, and these
electrons are accelerated toward a phosphor screen that lie LB : :
directly behind the microchannel plates. The electron- o 30
induced fluorescence from the phosphor is observed with ¢
charge-coupled devicéCCD) camera. The ionization yield Scaled Action §'

as a function of position along the slit in the upper field plate FIG. 7. Density plot of quantum calculations of the recurrence

is directly proportional to the excitation probability versus spectra of sodiunma) shows the recurrence map with=0,1 char-

electric field. The range of electric fields present in the inter'acter weighted to match the experimental conditions for parallel

action region is determined by the difference in the voltages,qe, polarization, whiléb) shows the recurrence map with the

applied to the two ends of the lower “plate” resistor chain. —q 1 2 characters weighted to match the perpendicular polarization
To avoid severe nonlinearity in the field gradient, only 3'gna|case(primarily m=2).

originating beneath the central 50% of the extraction slit is

used to generate the Stark map. The frequency of the secotign is performed by tracking the position of a particular
laser is scanned to generate a portion of a Stark map that feature in the Stark map as the voltage offset applied to the
continuous in both energy and applied field. resistor chain is varied.

In this experiment, each dye laser scan covers electron Figures 2 and 3 show two Stark maps for parallel and
binding energies from-114.5 cm*to —371.2 cm*anda perpendicular second laser polarization, respectively. While
field range of approximately 300 V/cm. Five laser scans covin=0,1,2 states contribute to the image in Fig. 3, the 2
ering different field ranges are combined to produce a singlstructure dominates. Henceforth we refer to Fig. 3 asnthe
Stark map over a field range from 300 V/cm to 1600 V/cm.=2 spectrum. In Fig. 2, then=0 and 1 resonances have
Relative frequency calibration is achieved by monitoring therelative weights of 1:2. These Stark maps may be used to
second laser transmission thréug 2 mmsolid g@alon. The generate recurrence maps by rescaling the energy and field
envelope of the maxima in theagon fringe pattern is used as axes as described above, and Fourier transforming with re-
a normalization to correct for variations in laser intensity spect tow=F ~ Y4 However, we use a different method for
over the scans. Absolute frequency calibration is obtainedlisplaying scaled spectroscopic data. Instead of Fourier
from the known zero field state energies. The electric field transforming with respect to, we divide w by the factor
is calibrated using the theoretically calculated fields at the/2|e|, yielding o' = 1/y/2|E|=n*. Conversion taw’ before
center of the avoided crossings of the reddest state of thEourier transforming serves two purposes. First, the depen-
(n+1)th manifold with the bluest state of tmgh manifold  dence on field is removed from the new action coordite
for 17<n=<21. Figures &) and 3c) show the avoided eliminating uncertainties due to the field calibration or inho-
crossing of the reddest state of the- 18 manifold with the  mogeneity. Second, in these units the strongest recurrences
bluest state of the=17 manifold for parallel and perpen- are localized at integer or half-integer values of the indepen-
dicular laser polarization, respectively. Relative field calibra-dent variableS’.
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FIG. 8. Density plot of quantum theoretical calculations of the  FIG. 9. Density plot of the experimental recurrence spectra of
recurrence spectra in hydrogda) shows them=0 spectrum and sodium with the area around each integer and half-integer value of
(b) shows them=2 spectrum. scaled action integrateda) shows the recurrence map witin

=0,1 character, whiléb) shows the integrated recurrence map with

. . inlym=2 ch ter.
The experimental results fan=0,1 (Fig. 4 and m=2 mainlym=2 character

(Fig. 5 show clear sequences of recurrence maxima. Thenergies, the actions of the “uphill” and “downhill” repeti-
m=2 sequences are more separated and distinct than thien orbits of hydrogen cross each other at integer or half-
corresponding sequences for=0,1. The cross section for integer values ofS' as well (see Fig. 6 Roughly, form
excitation ofm=2 Stark spectra is larger near the center of=0,1, the maxima in recurrence strengths occur when an
the manifolds, while form=0 the oscillator strength is uphill and downhill orbit share the same value $f. Se-
peaked near the highest and lowest energy states in eaguience | maxima occur at the intersection of tke uphill
Stark manifold. The Fourier transform of the=2 data dis- and (+ 1)th downhill repetition orbits. Foe<—2.5 in se-
plays better resolved sequences in the recurrence map as ti@ence |, these crossings occurSt= (i + 1/2). More gen-
periodicity of the center of the Stark manifolds is quite evi- erally, sequenc¢ maxima appear at the intersection of the
dent. Successive manifolds are relatively unaffected byth repetition of the uphill orbit with thei(+ j)th repetition
neighboring ones due to the small quantum defect of thef the downhill orbit atS'=i+j/2. Figure 6 shows action
higherm states. However, in thew=0, 1 spectra, neighbor- versus scaled energy for the primary uphill and downhill
ing Stark manifolds interact quite strongly due to the largerorbits in hydrogen. It should be noted that fer — 2.5 the
quantum defect. The strong intermanifold periodicity thatcrossings of the uphill and downhill orbits and the associated
was evident in then=2 spectrum is not as pronounced.  maxima in the recurrence strength diverge from integer and
In them=2 recurrence map, peaks in recurrence strengtihalf-integer values of’.
occur at either integer or half-integer values of the action
coordinateS’. Up to nine separate sequences of maxima are 1. ANALYSIS AND DISCUSSION
observed, each occurring fa8'=j or S'=j+3, for j
=1,2,3... . To agood approximation, foe<—2.5, the
m=0,1 spectra also show maxima located primarily at either Our experimental results can be compared to full quantum
integer or half-integer values & . Over this range of scaled simulations. Quantum-mechanical calculations of the Stark

A. Theoretical simulations
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FIG. 10. Comparison between theoretical and
experimental recurrence strength as a function of
e at constant values &' for m=0,1. Quantum
calculations are shown in gray and experimental
data are in black. Th&' =9.5, 14.5, and 16.5
curves show selected curves from the first se-
quence of recurrence maxima. TBé=26.0 and
40.0 curves are obtained from the second se-
quence of recurrence maxima, while tH&
=25.5 graph shows a region of recurrence
maxima in the third sequence.

Integrated Recurrence Strength (arb. units)

Scaled Energy ¢

spectrum of sodium in an applied field have been performetiwveen them=0 hydrogen recurrence map and time=0,1

for m=0,1,2. The calculations use the known quantum derecurrence spectra for sodium, the agreement is not so pro-
fects of sodium and a Numerov integration routine to obtaimounced.

the off-diagonal matrix elements of the atomic Hamiltonian

in the field[6]. Only bound states with=<47 are included in B. The m=0,1 spectrum

the calculation. Since no continuum levels are included, the _ ) )
simulation results are only strictly valid for energies below The maxima in both then=0,1 and them=2 sodium

the classical saddle poiné<—2. The theoretical photoab- Scaled energy maps occur at or near the scaled actions cor-
sorption spectra are scaled in a manner identical to the exesponding to the crossing of the uphill and downhill orbits
perimental data and the corresponding recurrence spectra drethem=0 hydrogen scaled energy map. The description of
displayed in Figs. @) and 1b). A weighted mixture of the the m=0,1 spectra is analogous to that presented by Court-
different m values(32% m=0, 68% m=1 for them=0,1  ney et al. in reference to their Li datgs]. In hydrogen, re-
spectrum and 13.5%n=0, 29% m=1, 57.5% m=2 for  currence maxima lie along the repetitions of the primary
them=2 spectrumis used to simulate then state distribu-  “uphill” and “downhill” orbits (see Fig. 6. The strongest
tion in the experimental spectra. This distributionrofval-  features correspond to bifurcations of these fundamental tra-
ues is in reasonable agreement with the expectestate jectories into other orbit types. However, in Na, the nonhy-
distributions from angular momentum coupling rules; drogenic core allows scattering to occur directly between the
33% m=0, 66% m=1 for parallel polarization and fundamental uphill and downhill orbits. Maxima in the re-
18% m=0, 27% m=1, and 55% m=2 for perpendicular currence strength identify, primarily, combination orbits in
polarization. A calculation of the Stark map of hydrogep  which the electron precesses through a combination of uphill
to second order in the applied figldias also performed for and downhill orbits. The static-field-induced modification of
m=0 andm=2, and scaled to obtain the hydrogenic recur-the Coulomb potentiaincreasesthe period of the downhill
rence spectra. These are presented in Fig. 8.fke2 re-  motion while itdecreaseshe period of the uphill motion. At
currence map for hydrogen closely matches both the theorethe recurrence maxima, the ratios of the periods of the uphill
ical and experimentah=2 spectra observed in sodium. This and downhill motions are rational fractioffise., i +j uphill

is to be expected due to the small quantum defect ofsthe orbits for everyi downhill orbity. For e< —2.5, the changes
=2 states in sodium. While there are some similarities bein period of these fundamental orbits are nearly equal in
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FIG. 11. Comparison between theoretical and
experimental recurrence strength as a function of
€ at constant values o8’ for m=2. Quantum
calculations are shown in gray and experimental
data in black. Selected regions of scaled energies
are shown for various scaled action values as de-
scribed in Fig. 10.

Integrated Recurrence Strength (arb. units)

0.8 . 0.8

0.6 |- - 0.6} " -

0.0

n ! 1
—4.2 —4.0 -3.8 -3.6 -3.4 -3.2

Scaled Energy €

absolute magnitude. Therefore, since the action vari8ble fer per Kepler orbit due to the Stark field is small. So, after
acts as a Kepler orbit index, the action vs scaled energgne Kepler period, there is a large probability that the elec-
curves for the i(+ j)th uphill orbit and thath downhill orbit  tron will return to the nucleus on roughly the same trajectory
should cross at a mean val@=i+j/2. Indeed, the princi- with the same angular momentum. For a finite sized core,
pal features in oum=0,1 spectra are found at integer and there is a range of initial launch angles which create trajec-

half-integer values o8’ for e<—2.5. tories that are not sufficiently deflected by the weak applied
field to avoid being reincident upon the core after a single
C. The m=2 spectrum Kepler period. In scaled units, a weak applied field corre-

Although the recurrence maxima for the=2 spectra _sponds to low scaled energy, and therefore efer— 3, there _
also occur at integer and half-integer values GftSe under- 1S @ pronounced recurrence peak at very low scaled action
lying dynamics must be different, since the uphill and down-corresponding to a single Kepler peri¢gsee Fig. 8. For
hill orbits do not exist form#0 [14]. Nevertheless, the lower e there is an increasing probability that the electron
strong global patterns in the experimental and theoreticalVill return to the nucleus before the Stark field can suffi-
scaled maps must reflect the classical dynamics in these sys€ntly affect the electron’s orbit. With decreasing values of
tems. Since then=2 sodium and hydrogen spectra are es-€: the electron visits the core several times before its angular
sentially identical, we can make a classical interpretation offomentum increases to a level that prohibits its return to the
the spectrum by assuming a hydrogenic atom. nucleqs. As a result, far<—4.0 ther_e are several maxima at

In weak applied fields, the Kepler period of radial motion, Small integer values o8'. In the limit of zero applied field,
7«=2mnd, is significantly smaller than the Stark period, ~€— —* andrs—, the electron returns to the nucleus after
=27/3Fn. The Stark period identifies the time scale for the@Vvery Kepler orbit, leading to an infinite number of recur-
pendular motion of the major axis of the Kepler ellipse about€nce maxima at integer values 8f. _
the static field axis as well as the associated precession of the Note that there are fewer small action recurrence maxima
electron angular momentufii]. Electrons that are launched in them=2 data than in the corresponding=0 recurrence
from the core ag’=2, m=2 Rydberg electrons travel away SPectra. An/=2, m=2 electron experiences a greater
from the nucleus in, or near, the plane. If the applied field static-field-induced torques;=r X F, than the corresponding
is weak, then the net angular momentum transim=0 electron, since its orbit is essentially perpendicular to
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FIG. 12. Integrated recurrence strength as a function of average

- . FIG. 13. Integrated recurrence strength as a function of average
scaled energy for the first three sequencesnin0,1. Quantum

lculati indicated with dashed li hil . tal d tscaled energy for the first three sequencemin2. Quantum cal-
caiculations are indicated with dasned fines while expenmental 0alg,  5ii5ns are indicated with dashed lines while experimental data

?ﬁeénqu‘ted mth. so(l:ld I'|tr)1|es. EgdUC|b!edgrb|tsdarghlndlcateq \I'V'thare indicated with solid lines. Reducible orbits are indicated with
tied circies while irreductble or Its are in !cate W't_ OPEN CITCIES. 04 circles while irreducible orbits are indicated with open circles.
Note the periodicity of the strong features in the various sequences.

The integrated recurrence strengths in each sequence are individu-

ally normalized to unity. However, a single normalization factor mentum completes a full precessional cycle from lgwto

sets the relative amplitudes of the experiment and calculation in alhigh /~ and back. When the electron returns to the core with

three plots. low angular momentum at this time, the major axis of its
orbit has precessed through an angle of approximatelyn

the applied field. For orbits with a greater perpendicularessence, the pendular motion of the ellipse adds an extra half

component,AL/At is greater and the electron misses theKepler orbit to the motion. As a result, the return of the

core after fewer Kepler orbits due to its increased angulaelectron to the corésequence 1 recurrence maxnwecurs

momentum. at or very near a half-integer value 8f.

After the initial recurrences in they=2 map, there is a In a similar fashion, after another Stark period, the elec-
region of scaled action values without recurrence maximatron again returns to lowef values and the nucleus, creating
This empty region corresponds to times when the electron’another region of recurrence maxirtgquence )llocated at
orbit is precessing around the field axis through various anvalues ofS’ that are twice those of sequence I. At this time,
gular momentum values. After a number of Kepler periodsthe electron has completed two Stark periods and the major
determined by the launch angle and the scaled energy, ttabit of its axis has finished a full pendular cydlg]. The
electron returns to the nucleus as indicated by a second reeturns to the nucleus occur after an integer number of pri-
gion of strong recurrences. These recurrence maxiea mary Kepler orbits, and therefore the recurrence maxima are
qguence ) are located at a®’ value that corresponds to the located at integer values &'. Continuing in this manner,
Stark period. During the first Stark period, the major axis ofnumerous sequences are observed in the recurrence spec-
the Kepler ellipse completes one-half of a pendular cyclerum, with theith sequence corresponding to electrons that
about the applied field axis while the electron angular mo-have completed Stark periods.
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For e=—3.0, recurrence maxima are observed ®r integrated strength curves are sensitive to background noise
=10.5, 11.5, 12.5, and 13.5, corresponding t,10%,125,  in the recurrence map. As a result, the agreement between
theory and experiment is only qualitative. Keeler and Mor-
Igan noticed similar structure within each sequence of inte-
grated recurrence strength in their studies of heliud].

and 13 Kepler orbits, respectively. If we look at the second
sequence, the range of Kepler orbits that contribute recu
rence strength is larger, with significant recurrence maxim hey associated the oscillations with the types of orbit, re-

observed a6’ =22, 23, 24, 25, 26, and 27. In general, for & ycibje or irreducible, within each sequence. Our data, like
given value ofe, the higher the sequence number, the greatef,,nqe of Keeler and MorgafiL2], exhibit strong definable
is the range of scaled actions that have significant recurrengg 4 iations only over a limited range of scaled action. Fig-

strengths within a given sequence. ure 12 shows the integrated recurrence strength as a function
_ of average scaled energy in the first three sequencesfor
D. Global properties of the scaled energy maps =0,1 theory and experimental data. Figure 13 shows the

A comparison of the relative intensities of the individual corresponding sequences for=2. Relative maxima and
recurrences within each sequence has also been performéginima appear to be functions of whether the orbit in ques-
To facilitate the comparison, the recurrence map is binned iion is reducible or not; however, the functional dependence
half-integer units of the action coordinag (see Fig. .  on whether reducible orbits correspond to relative maxima or
This allows us to study several features of the scaled sped0 relative minima changes as a function of scaled action. In
trum. First, we are able to investigate recurrence strengths &eneral, the scaled action values at which the crossovers oc-
constant scaled actior®, as a function of scaled energy. Cur are approximately the same as those at similar crossover
Kips et al.[11] examined recurrence strength in this mannerfféatures in He[12]. Also, the scaled action values at the
in their theoretical calculations; however, they were unablecrossovers in Na are the same in both the calculated and
to compare their results to any experimentally measure@xperimental spectra.
spectra. Figure 10 shows recurrence maxima as a function of The observed periodicity is more evident in the=0,1
scaled energy for various values $f, showing both experi- €Xxperimental data than in the correspondmg 2 data. The
mental data and guantum Ca]cu|ationsrfm—,r_—0,1 in sodium. lack of any such structure in the quantum calculation of the
Figure 11 shows similar graphs far=2. A global shiftin ~M=2 sodium recurrence spectrum and the small quantum
scaled energy ofe=+0.03 is applied to all the experimen- defect of them=2 states in sodium suggest that the presence
tal data to obtain the best agreement between experiment affi these features in th@=2 experimental data is due solely
theory. Presumably, this small error is due to the uncertaintyo the presence ah=0,1 states in then=2 spectra.
in the measurement of the applied electric field. Tdle
=26 andS' =40 graphs provide a view of a region of se- IV. SUMMARY
qguence Il. TheS'=25.5 curve focuses on a region of se-
quence lII. The curves in Figs. 10 and 11 are representative, We have measured Na Stark maps as a continuous func-
and there is good overall agreement between data and theoijon of energy and applied static electric field. Using a modi-
particu|ar|y in the first two sequences. Note that, aside fron‘fiEd set of scaled variables, the data are Fourier transformed
the slight shift in the experimental value ef there are no t0 produce recurrence maps as a continuous function of
adjustable parameters in the calculation. A single normalizascaled energy and scaled action. We have identified several
tion factor is used on the entire data set to allow compariso@lobal features of the recurrence map, including a propensity
between experiment and theory. for recurrence strength to cluster at integer or half-integer

Integrating the binned maps over a range of scaled eneﬂah.les of the scaled action. Because of the continuous nature
gies yields the total recurrence strength for a given close@f the maps, we have been able to study with high resolution
orbit as a function of sequence number. The recurrenct€ recurrence strength as a function of scaled energy and
strength value within= 10% of the center of each sequence Scaled action.
is integrated to obtain the total recurrence strength per orbit Complicated modulations in the differential recurrence
per sequence. We define the center of the sequences as ieength(strength vs scaled energy at fixed scaled agiaoml
crossing of the hydrogenic uphill and downhill repetition or- integrated recurrence streng#nergy-integrated strength vs
bits (see Fig. 6 For thejth sequence anéd< —2.5, the scaled actionthat are observed in the data are in agreement
center is given approximately by the closed form expressiofVith quantum simulations. It would be extremely interesting
for the crossing of théth downhill repetition with the i  to determine at what level sem_lclas_smal methods can repro-
+j)th uphill repetition, duce these structures. Theoretical investigations along these

lines are currently underwgy7].

, 3(S'+j/2)
&§(S)=\ "7 (6)
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