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Recurrence Spectroscopy of a Time-Dependent System: A Rydberg Atom
in an Oscillating Field

Neal Spellmeyer and Daniel Kleppner

Research Laboratory of Electronics, George R. Harrison Spectroscopy Laboratory, and Department of Physics,
Massachusetts Institute of Technology, 77 Massachusetts Avenue, Cambridge, Massachusetts 02139

M. R. Haggerty, V. Kondratovich, and J. B. Delos
Physics Department, College of William and Mary, Williamsburg, Virginia 23187

J. Gao

Chemistry and Physics Department, Kean College, Union, New Jersey 07083
(Received 28 April 1997

We report the results of an experimental and theoretical investigation of the recurrence spectra
of Rydberg atoms in a static plus weak oscillating electric field. Experiments reveal the systematic
weakening of orbits in a recurrence spectrum as the oscillating field strength and frequency are changed.
We describe a generalization of closed orbit theory to time-dependent systems and show that it provides
a qualitative and quantitative description of the phenomena. [S0031-9007(97)03947-1]

PACS numbers: 32.60.+i, 03.65.Sq, 05.45.+b

In the quest for a satisfactory understanding of the conto incorporate periodic fields, obtaining both a qualitative
nections between guantum and classical descriptions @nd quantitative description of the phenomena.
simple Hamiltonian systems, Rydberg atoms in applied Our study employs a lithium Rydberg atom in a static
fields provide prototypes for experiment and theory [1].electric field—a system we have previously studied [8]—
Recurrence spectroscopy and closed orbit theory haveut now with the addition of an oscillating field. At the
proven to be powerful tools for these studies [2—4]. Alow actions studied in these experiments, the spectrum is
recurrence spectrum is the Fourier transform of a photoregular and can be understood by considering only the
excitation spectrum that is taken with the field varyingclosed orbits of hydrogen. Experimentally, introducing an
with energy according to a classical scaling rule that keepd field is a straightforward task. (We use “rf” to signify
the classical motion unchanged at all points in the speche oscillating field though the actual frequency may be in
trum [2]. It can be shown that each closed classical orbithe microwave regime.)
of the electron generates a peak in the recurrence spec-The Hamiltonian of a Rydberg atom in an electric field
trum at the action of the orbit. Consequently, the recur¥ along thez axis and an rf field with amplitude’,
rence spectrum provides a quantum picture of classicalscillating at angular frequency, also polarized along
behavior. Studies of recurrence spectra have led to obsdhe z axis, is taken to be (in atomic units)
vations of the creation of new orbits through bifurcations p? 1
[5,6], the onset of irregular behavior through core scatter- H="=—"+F+ Fizcodwr). 1)
ing [7—-10], symmetry breaking in crossed fields [11], andRecurrence spectroscopy is possible because the classical
the identification of numerous closed orbits [1]. Hamiltonian can be expressed completely in scaled vari-
We have extended this line of inquiry by investigatingables. We defing® = F'/2r, p = F~1/4p, 7 = F3/4,
the recurrence spectrum of a Rydberg atom in a fields = F~3*w, and f = F~!'F,. This yields the scaled
that is oscillating with a period which is comparable Hamiltonian
to the period of its classical orbits. The underlying . P2 1 . . _
thought is that periodic orbits should be sensitive to ¥ = % - — + 2l + Feodan] = FT2EM). (2)
periodic perturbations, and that this sensitivity should be In the oscnlatmg field, the electron energ(r) is not
revealed by recurrence spectra. Recurrences with periodonstant. We define = F~1/2E°" to be the scaled
that are integer multiples of the period of the perturbingenergy of the electron as it leaves the atom. The
field might be expected to be most affected. We reporscaled action i§ = F'/4$ [12]. To obtain a recurrence
here the first results of such a study. The experimentapectrum we simultaneously vary the laser energy, static
observations are surprising: Recurrences with periodand rf field amplitudes, and the rf frequency so as to keep
near integer multiples of the period of the perturbationthe scaled parameters, (f, and@) constant as we record
survive, while those that are out of “resonance” with thethe photoabsorption spectrum.
field are weakened or eliminated. We have been able to The experimental setup is similar to that described
interpret these results by generalizing closed orbit theoryn [8]. Lithium is excited to the3s state by two-step
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resonant excitatiofs — 2p — 3s and then to am = 0 Figure 2 displays a map at fixed frequensy= 0.32,
Rydberg state by a tunable laser. The scaled energy amdth f varying from 0.0 to 0.022. Ag increases, all the
frequency are known to an accuracy of about 0.1%. Th@eaks lose strength. Some recurrences are very sensitive
rf field amplitude was calibrated by measuring sidebandsnd fall off rapidly asf increases; others persist to much
on various states in a Stark manifold [13], yielding higher f. As the rf field is made yet stronger, many of
an overall accuracy inF; of 10%, with 1% accuracy the peaks revive, some more than once.
at selected calibration points. In our experiments, we The peaks in Figs. 1l and 2 are manifestations of
measure actions up ® =~ 150. recurrences—classical orbits which go out from the
We chose to study behavior at scaled energy —0.4, nucleus and return. To interpret the data, we briefly
which we had mapped previously for a static electricreview the ideas of closed orbit theory and then discuss
field [6]. Because this energy lies above the saddléts extension to a time-periodic Hamiltonian. The theory
point threshold for ionizatione( = —2), orbits directed of recurrences begins from the usual quantum theory of
towards the negative direction are absent. The most photoexcitation: As the laser radiation causes transitions
important orbit is the parallel “uphill” orbit lying along between the initial state and high energy eigenstates
the positivez axis, and its repetitions. These form aof H, there is a well-defined rate of absorption. The
spectrum of recurrences equally spaced in action at asmoothed or large scale structure of the spectrum can
interval AS = 4.337. The second repetition lies close to be expressed as an oscillator strength density, which we
a bifurcation point ate = —0.397 [14], which strongly denoteDf(E, F). The oscillator strength density can be
enhances its recurrence strength. In contrast, the firseparated into two parts:
repetition is extremely weak. We mapped recurrence
spréctra with constant sycaled amplitqﬁandpglso constant Df(E.F) = Dfo + DAI(E. F). (3)
scaled frequency. Df, is a smooth (practically constant) background that
Figure 1 displays a panoramic map of recurrencds approximately the same as for the field-free atom at
spectra aff = 0.005, with @ varying from0.12 to 0.60.  the ionization threshold.Df,(E, F), which varies rapidly
The most conspicuous feature is a series of regions whesgith £ and F, is due to recurrences that arise in the fol-
the recurrences are practically annihilated and a series ¢dwing manner. The laser radiation produces a stream
regions where they survive. The periods of the survivingof outgoing waves which, in the semiclassical approxi-
orbits are near integer multiples ®#r /@, shown by dark mation, follow classical trajectories. As the trajectories
lines in the plot. In addition, the strong second repetitiortravel outward, some are turned back by the combined
persists at all frequencies measured. Coulomb and applied fields and return to the atom.
These interfere with the outgoing waves (and with each
other), giving rise to oscillatory patterns in the absorp-

Repetition Number ; . .. . ;i
0 5 10 15 20 25 30 tion spectrum. Each returning orbitgives a sinusoidal
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FIG. 1. Experimental recurrence spectra recordedeat
—0.4 and f = 0.005, with scaled frequencyo between 0.12
and 0.60 in steps of 0.02. The dashed lines are contourBIG. 2. Experimental recurrence spectra recordedeat
generated from Eq. (10) where, = 0.2. The solid curved —0.4 and @ = 0.32 with scaled rf field amplitudef between
lines mark the action at which a repetition of the parallel orbit0.0 and 0.022. The solid curved lines mark the location of the
has a period that is an integer multipteof the period of the first zero in the recurrence strength as predicted by the restricted
applied field. The values of are listed on the right. semiclassical theory, Eq. (10).
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contribution to the oscillator strength density, perturbation theory, the generalized action is found to be
Dfi(E,F) = CySinSQE, F)/l + y]. (4) Ri(t) = SUE,F) + Fi|Zy(w)|Ty codwt — ar), (7)

The corresponding expression in scaled variables is where Ty is the period of the orbitZ(w) is the time-
Dfii(e,w) = Cy siS%e)w + 4. (5) avgraged acTeIectric _dipole moment of theperturbed

0 . . . orbit (1/T) [," z(r)e *®7dr, and ay is the phase of the
S¢(E,F) = [p - dq is the classical action around the rf field for which the maximal action is attained.
closed orbit,5{(e) is its scaled counterpait = F~'/4, Substituting Eq. (7) into Eq. (5), averaging over a cycle
and y is a phase correction associated with Maslov in-of the field, and recasting it in scaled variables yields
dices. C; is the recurrence amplitude, which is approxi- e =0
mately independent of and F. The absolute square of  Dfix = Celo(f1Ze(@)|Tiw) sin(Si(e)w + yi].  (8)

the Fourier transform of the absorption spectrum with rerhis result provides a general description of the absorp-
spect tow gives the recurrence spectrum, which revealsjon spectrum of a Rydberg atom in a weak oscillating
peaks at the scaled'actlons of the glosed OI’bItS.. electric field. Comparing Eq. (8) with Eq. (5), we see
We have generalized closed orbit theory to incorporatgn, the perturbation weakens the recurrence amplitude by
a time-dependent Hamiltonian. We summarize the main, facior given by a Bessel function. The argument of
features here—a full description will be published else-he Bessel function is the perturbation to the semiclassical
where. The explicit time dependence of the Hamiltoni-npage of the extreme orbits in the family— proportional to

ans in Egs. (1) and (2) means that many aspects of rgne product of the perturbing field and the ac dipole mo-
currence theory need to be reexamined. It can be showRant of the unperturbed orbit.

[15] that at each time, it is poss_ible to define an instanta- |, principle one must evaluat&, (&) separately for
neous oscillator strength densibyf (E, F'; i, @, 1) out of - gach unperturbed closed orbit. However, in the regime
the initial state into a band of excited stateBf can be  gpseryved here, the motion of every orbit is similar to
separated again as in Eq. (3), wilf, arising from  nat of the parallel orbit or one of its repetitions. We
closed orbits. The physical picture is much as beforeapproximatak(d)) by that of the corresponding repetition
The laser produces a steady stream of outgoing wavegs the parallel orbit in what we call the restricted
which now propagate in the oscillating electric field. The_semiclassical theory. Additionally, the ac dipole moment

result is a time-dependent wave function that in the semiq the ,th repetition of the parallel orbit is related to that
classical description is “supported” by time-dependent,, ine 1st repetition:

classical trajectories. Each returning orbit in the static

field represents a continuous family of identical orbits, | Z,(&) |=| Z,(®) | |
each starting at a different time. With the oscillating field " sin@T,/2) | -
turned on, the orbits in a family are no longer identical sing these approximations in (8), we find that ever
because their properties then depend on the phase of tILlJe 9 Fl)(p. kened b f’ . b y
rf field when they left the atom. We call this splitting of recurrence peak is weakened by a fadipgiven by

sinnaT,/2) ©

a single orbit into a continuous family of orbits “temporal of w5 | SiNm®T/2) | o =
symmetry breaking,” because of its close analogy to cylin- % ~ J0<le(“’) sin@7,/2) TlW) = Jo(enf).
drical symmetry breaking [11,15]. The componenixyf; (10)
arising from each family oscillates at the rf frequency, and

the measurement averages it over many cycles. (In our experiment the range of is small so it can be

The returning wave can be calculated using a semitaken to be a constant.) We shall refer to the quantjty
classical approximation in an extended phase spacdgefined in Eq. (10) as the falloff coefficient.
(p.q,E,t) where time is regarded as a dynamical We now can examine Figs. 1 and 2 in detail. The
variable. The conjugate variablg is not conserved dashed lines in Fig. 1 are contours generated from
because of the temporal symmetry breaking. The actiofq. (10) that show where the recurrence strength should
associated with the returning wave is again the classicdle reduced by 80%uf, = 0.2). The solid line in Fig. 2
action, but now in the extended phase space: shows the location of the first zero of the Bessel function
cnf = 2.4. This simple calculation predicts the large
R(t) = [{p ~dq — [H(t) — E°]dt}. (6) scale features in the data, and even some details. To
further test the experiment and semiclassical theory, we
This generalized action depends on the phase of thkeave compared our results with approximate quantum
field relative to the orbit. For some phases, the orbitmechanical Floquet calculations of the recurrence spec-
is stretched and its action increases, while for othersrum. Details of these calculations will be published
the orbit is compressed, and its action decreases. Adlsewhere [16]. Figure 3 compares the experimental
small rf amplitudes, there is a smooth sinusoidal changeecurrence strength of the second repetition in Fig. 2 with
between these two extremes. Using first order classicahe prediction of Eq. (10). The experimental results and
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FIG. 4. Falloff coefficientc, [defined in Eqg. (10)] for the first
At " A 30 repetitions of the parallel orbit. Squares are experiment,
—0.4and® = 0.32 vs scaled rf field amplitudg). Squares are circjes are Floguet computation, and solid triangles are the un-

experimental recurrence strengths, circles are from the FloqueLgyricted semiclassical theory. The solid line is the prediction

computation._The solid line is the prediction of Eq. (10), scaledyt the restricted semiclassical theory
to agree neaf = 0. '

FIG. 3. Recurrence strength of the second repetitior at
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