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Stark wave packets viewed with half-cycle pulses
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We have directly observed the motion of Rydberg wave packets of cesium in a static electric field through
their ionization by half-cycle electromagnetic field pulses. Both Kepler orbital motion as well as angular
motion, i.e., the periodic change in orbit ellipticity due to angular momentum evolution, can be clearly seen.
The latter has never been directly observed, because conventional photoionization and two-pulse optical inter-
ferometry experiments are only sensitive to dynamics near the ion core and not when the wave packet has a
high angular momentunjS1050-294{®@7)50806-1

PACS numbsgs): 32.80.Rm, 32.60:i, 42.65.Re

Rydberg wave packets in alkali-metal atoms are testingion. The Stark wave packet for this experiment was pro-
grounds for theories of semiclassical dynamics in simpleduced by exciting the § state of cesium with a specially
guantum systems excited to high principal quantum numbeishaped 790-nm laser pulse approximately 1 psec in duration.
Wave packets made from coherent superpositions of severdhis pulse was constructed by spectrally filtering a 150-fsec
n states with the samieshow classical Kepler periodicities laser pulse produced with chirped-pulse amplification of a
in their ionization cross section, as well as wave-mechanicderr-lens mode-locked titanium-sapphire laser. The tech-
dispersion and revival1]. In strong magnetic or electric hiques for producing, amplifying, and shaping such a pulse
fields, other behavior has been noted that is related to thare routine, and have been described elsewftglel,12. A
onset of chaos in the corresponding classical sy§&inThe  second 150-fsec laser pulse that was not spectrally shaped
traditional techniques available to study such systftad]  was used to create the HCP.
have all been limited, either because they yield only excita- Through careful spectral filtering, we attempted to excite
tion or recurrence spectra, or because they necessarily foc@gly states in the range 210 to—175 cm'%, a region cov-
on the wave packet when it is near the nucleus, where thering then=24 manifold(Fig. 1). The excitation pulse was
cross section for excitation or ionization is enhanced. Relinearly polarized orthogonal to the static electric field. With
cently, a study of wave-packet motig6] used an atomic the field turned off, we produced a wave packet with only
streak camera to look at Stark wave packets at the saddiwo pairs of fine-structure-split states: the 27P,, 5, State
point. Until now, however, no technique has been capable dbelow and the 28P, 5, state above the manifold. Such a
directly observing wave-packet motighroughoutthe atom  wave packet suffers very little dispersigno dispersion in
without being restricted to looking at a specific point in the limit of vanishing fine structujeMinimizing dispersion
space. was essential for sorting out different types of wave-packet

Recently, this limitation has been overcome by the invenmotion once we turned on the static field. We are then lim-
tion of high-powered broadband coherent terahertz sourceted only by the dispersion introduced by the mixing rof
[7]. These sources produce essentially unipolar, or “half-manifolds in the static field, which is slight for small static
cycle” pulses(HCP’s), which can ionize a Rydberg wave fields. To confirm that the radial wave packet had low dis-
packet even when it is far from the ion cd&9]. In the limit
where the HCP duration is much shorter than the character-

istic time scale for the evolution of the wave packet, the HCP

provides an impulse that translates the electron’s momentum.
Previous research has shown how HCP’s could be used to

ionize a Rydberg radial wave packétroughoutits orbit and

-185r2gp S .
thus chart its radial momentuf®,10]. In this paper, we ex- ,//“:‘\6\

tend the method to a Stark wave packet, where the wave
function undergoes periodic changes in the expectation value
of angular momentum, and so oscillates between highly el-
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ization signal produced by excitation with a HCP clearly 27 —
shows both types of motion. As the wave function develops 2051 %‘“
angular momentum, its linear momentum distribution along § — ——
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a single axis spreads and collapses in an asymmetric fashion. 0 200 600 800

Our unipolar pulse provides a clear signature of this asym-
metric motion.
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Our measurements were performgd using an effusive FIG. 1. Cesiunm=1 energy levels vs electric field. The pulse
beam of cesium atoms which were first excited to tfee 7 was spectrally shaped to excite states whose energies lie between

state by two-photon absorption of 10-nsec, 18 radia-
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FIG. 2. (a) Residual bound-state population fraction following  FIG. 3. (a) Evolution of a Stark Rydberg wave packet excited at
the ionization of a two-state shaped wave packeEat0 by an  F=350 V/cm. The heavier and lighter traces are for an HCP anti-
HCP as described in the text) The same light excites a Stark aligned and aligned with the static field, respectivély.Calculated
wave packet aF=565 V/cm. The heavier and lighter traces are time evolution of wave-packet average momenfunilower trace,
for a HCP antialigned and aligned with the static field, respectivelyand momentum uncertaintdp, (upper track The wave packet
(c) Autocorrelation function for the wave packet (), as measured spreads and collapses in momentum space while its angular mo-
via two-pulse interferometry using optical pulses. The wave packementum oscillates.
leaves the ion core, not to return for one full oscillation through the

coupled angular-momentum states. electron emitted from near the ion core immediately begins

persion the HCP was used as a pr¢th6]. We ionize the to experience a torque in the external electric field. Its orbit
wave packet at various time delays with a 450-fsec full widthbecomes more circular as it gains angular momentum, and it
at half maximum HCP whose peak electric-field amplitude isfails to return to the ion center. Once the orbit becomes com-
4 kV/cm, a field chosen to be approximately midway be-pletely circular, the process is reversed, and the electron re-
tween threshold and complete ionization. In Figa)2the  turns to the core again after many Kepler cycles. The time of
signal shown is the bound-state population that remains aftegeturn corresponds to the oscillation time of a classical elec-
the HCP has partially ionized the wave pacKdt3] With  tron in a Coulomb plus Stark potential . This is also approxi-
only two np states excited, the signal is undamped and pemately equal to the time of rephasing of the quantum wave
riodic at a frequency of 2n3, which corresponds to the packet made up of states spaced by the hydrogenic Stark
classical Kepler period. For the above two states this time isplitting: SE=3nF and = (2#/3F)— 2E. In Fig. 2c), the
2.1 psec. Calibration of the half-cycle pulse amplitude wasautocorrelation remains essentially null until the rephasing
performed using the technique described in previous publitime, when there is a revivahlll details of the wave-packet
cations[14]. trajectory are invisible during its absence from the core.
Figure Zb) shows the same laser pulses exciting the Stark Figure 3a) shows the same experiment as in Figc)2
states at 565 V/cml13]. Two traces are shown: one for the now performed at a much lower static field of 350 V/cm,
HCP field in the same direction as the static figighter = where the neighboring manifolds of Stark states have just
line), and the other for the polarizations revergbdid line). begun to mix(Fig. 1). This lower field was selected because
Again the signal is the fraction of atoms that survive thecalculations of the wave packet here involve fewemani-
ionizing pulse. Note that the wave packet is visible throughfolds and can be performed on a modest workstation. Several
out its trajectory; that is, throughout the time it takes to com-interesting features of the wave-packet orbital motion can be
plete a full orbital angular-momentum revival, in this caseseen immediately in this data.
between 0 and 20 psec. Kepler motion is observed even mid- Again, the two traces correspond to HCP polarization
way through the Stark orbit, when the expectation value ofaligned or antialigned with the static field. The first feature of
angular momentum is maximum. note is the asymmetry in the two traces before timeD.
Figure 4c) shows the same Stark wave packet interro-This is due to an undesired but non-negligible temporal ring-
gated using the technique of two-pulse interferometry, wheréng in the HCP[15]. This tail, caused primarily by diffrac-
two identical wave packets are made at variable time delaysion of the low frequencies during propagation of the HCP
and their interference is recorded. This signal is an autofrom the transmitter to the atomic bedm6], can interact
correlation of the complex scalar wave function: with the wave packet even when the HCP is timed earlier
[(¥(t)|¥(0))|%. The contrast with Fig. @) could not be than the pulse that creates the wave packet.
more dramatic. Since the many unevenly spaced states dis- The wave packet is excited &0, and immediately be-
perse nearly immediatel§Fig. 1), the interferogram signal is gins to move away from the ion core. We use our unipolar
reduced to near zero. In the language of classical physics, tHéCP to distinguish between different directions of travel
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[17] by ensuring that the average ionization rate is less than
50%. Thus the HCP primarily ionizes components of the
wave function traveling in a single direction only. The dif-
ferences seen in the modulation period ferand — HCP
polarity neart=0 show that the return time is significantly
different for uphill- or downhill-traveling parts of the prob-
ability amplitude. The wave packets on the uphill and down-
hill sides quickly fall out of phase, and also disperse. A
strong, long-lived revival appears in the data roughly 15 psec
later, when the wave packet should have very high angular
momentum. When the HCP is reversed, the phase of the
modulation reverses as well. This antisymmetry suggests that
we are not observing pure radial motion, but rather, directed
motion along=*z. In fact, our calculation below shows that
this modulation is not primarily due to radial oscillations at
all, since.the high-angular-momentum states do not apprgach FIG. 4. Contour plots of calculated wave-packet spatial prob-
near the ion core. Rather, these are polar angular oscillationgy;jity distributions in the %,z) plane at the time&) 0, (b) 0.5, (c)
essentially motion along the surface of a sphere between it87, () 7.7, (e) 7.8, and(f) 8.0(in units of the Kepler orbit timgefor
north and south poles. the experiment of Fig. @). The static field is along the horizontal
We can infer more from the curves of Fig(aBif we  (z) axis, which runs from—1000 to+1000 a.u. The verticalx)
average the data over one Kepler period, a short-term timexis runs from 0 to 1200 a.u.
average. We then find two features. The first is a slow modu-
lation in the ionization rate over the course of the angularseen to spread and sharpen over a longer time scale, roughly
momentum oscillation cycle, present in both polarities. Secthe angular-momentum revival time, as evidenced by the
ond, there is a phase difference in this oscillation betweeslow oscillation embedded in the upper curve. The slow
one polarity of HCP and the other. For the first 12 psec or swariation in the half-cycle pulse ionization of Fig(a3 might
the curve for HCP antialigned with the static field lies abovebe caused by long-term changes in the shape of this momen-
the curve for the HCP aligned with it, but between 20 and 3Qum distribution. The phase shift of this slow variation be-
psec the two curves reverse. tween positive and negative HCP polarities may be the result
To begin to understand these features, we rely on the faeif properties of the momentum distribution that do not ap-
that HCP ionization informs us about the entire linear mo-pear in a calculation of its first two momenps and Ap, .
mentum distribution of the wave function. In a static field, Another possibility is the deviation of the HCP from perfect
the time-dependent wave function exhibits asymmetry withunipolarity—the long negative tail may be responsible for
respect to uphill and downhill directions-@z). We can then modulating the ionization rate over long times. Knowledge
expect the ionization rate to be larger for one polarity ofof the detailed shape of the time-dependent Fourier trans-
HCP vs the other. That is, at any instant of time the HCP iform is necessary to distinguish between these two possibili-
capable of detecting if more of the wave function is travelingties.
uphill or downhill. A full calculation of the linear momen- In simulating the wave packet, we calculated the eigen-
tum distribution would be optimal; however, valuable in- functions for cesiumm=1 Stark states in thea=23-26
sights can be gained by just calculating the expectation valuganifolds, plus the defectqa d, andf states that are in this
and spread op, using the coordinate space representationenergy range. We formed a wave packet within the range of
In Fig. 3(b), we show a calculation of the wave packet's energies present in the experiment at a static field of 350
instantaneousz momentum expectation Va|uef;:<pz> V/cm . Because we are only measuring the behavior of the

(lower curve, and distribution widthA p,= /<p2)— p2 (up- packet within the first angular-momentum revival time
Ll V4 . .
per curve. We observe that near 31 psec, wéen the elec- (<30 pseg¢we could safely neglect fine structure in the cal-

tron angular momentum has returned to its low value, th&”lgf['on[% o H ol fh ‘
wave function is more or less symmetrically distributed in _F'9ure 4 shows the spatial extent of the wave packet at

uphill and downhill directions. Thup, is very close to zero. different times in its orbit. Probability density™ W, inte-
Yet Ap, undergoes large oscillations, indicating Kepler ra-9rated over the azimuthal coordinate, is plotted as a function

dial motion in both directions simultaneously. The ionization©f the two Cartesian coordinates(the electric-field axis
curves in Fig. 8a) also return in phase at this point, indicat- andx. Because of azimuthal symmetry these two dimensions
ing symmetric motion. At times when the wave function is atprovide a complete description. Figure@ydand 4b) corre-
high angular momenturtbetween 10 and 20 psedhe ex- spond to times=0 and 1.0 psec, which are the wave pack-
pectation value op, oscillates about zero with a period of et's inner and outer turning points, respectively. For short
about 2 psec. By contrast, at this point the momentum spreatines the wave packet is roughly symmetric, but it rapidly
is not varying as rapidly. The HCP ionization curves mirrorloses its symmetry with respect toz, so that by 5.7 psec
this oscillation inp,, indicating the periodic asymmetry of [Fig. 4(c)] its motion is along an orbit on the downhill side of
the motion in uphill and downhill directions. the atom with respect to the field. Over the next several
Superimposed on the upper curve in Fih)3ds the short-  cycles, the wave packet migrates to higher angular momen-
term time average ofAp,. The momentum distribution is tum, gradually losing its radial oscillations. Figurggyand

a) 0 ps d)16.2
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4(f) show three snapshots covering half a Kepler cycle midare as yet unexplained and may be an artifact of imperfect

way in the Stark period, at times 16.1, 16.4, and 16.9 pseanipolarity of our pulse.

Here the motion is largely polar—the wave function mi- Recent experiments carried out with radial wave packets

grates from the+z pole to the—z pole and back, but is in one dimension have shown that quantitative measurements

excluded from the the core. of ionization with respect to HCP magnitude as well as di-
In conclusion, we have observed the complex oscillatoryrection can provide enough information to reconstruct the

motion of a Rydberg wave packet of cesium in a static elecmagnitude of the wave-function momentum distributjéh

tric field as it undergoes radial and polar motion arising fromlf one also includes the ionization with respect to delay, this

its linear and angular momentum. Such detailed observationsan be equally applied to wave packets such as the ones we

are made possible by the use of half-cycle electric- fielchave studied.

pulses that ionize the wave packet during its motion. Pure

radial oscillations can be distinguished from oscillations We gratefully acknowledge the technical assistance of

alongz by the antisymmetry of the signal upon reflection of Stephen Fenwick in these experiments. This work was sup-

the HCP polarization along. Slow time-scale oscillations ported by the National Science Foundation.
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