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Rydberg atoms in far-infrared radiation fields. 1l. Wave packet dynamics
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The short-pulse dynamics of excitation and stimulated emission between highly excited statas (15
<60) is studied with picosecond far-infrared pul4d8—60um) originating from a free electron laser. We
measured the excitation of a Rydberg wave packet in rubidium aroendlD excited from a deeper bound
(n=20) Rydberg state by a picosecond far-infrared laser pulse. Moreover, starting from a statier&dy
state we found that upon irradiating with a short far-infrared laser pulse, adjacent Rydberg states are populated
by resonant Raman transfer via a deeper 20) bound state. Finally, we discuss the dynamics of wave-packet
excitation at a Cooper minimum in lithium, where sign change of the excitation matrix elements causes
excitation at large distances from the atomic core. Possible measurement methods for this effect are discussed
and found to yield different informationS1050-2947®8)09205-1

PACS numbsgs): 32.80.Rm, 32.80.Qk, 41.60.Cr

[. INTRODUCTION we present calculations on the excitation of a wave packet
near a bound-bound Cooper minimum in lithium. This wave
In this second paper of the series entitled “Rydberg atomgacket has no classical analog. Instead, two wave packets are
in far-infrared radiation fields” we present short-pulse ef-created that interfere destructively at the classical orbit posi-
fects in Rydberg atoms, induced by picosecond far-infraredion, near the core. For the calculations in this paper, we use
(FIR) radiation. We have used radiation from the free-the calculated elemeni$] for the Rydberg-Rydberg transi-
electron laser for infrared experimen8ELIX) as a source tions.
of FIR radiation for the Rydberg atom experiments. We use

it_s Wio_le, contr(_)llable bandwidthA()\/)\=O._2_— 10 %) to ex- Il. RYDBERG WAVE PACKETS
cite either a single state or a superposition of neighboring
states(a Rydberg wave packefl,2]. The large bandwidth The classical analog of a Rydberg state is an electron on a

implies short enough pulses to excite wave packets in th&epler orbit. In this picture, the electron orbits the core of
high-lying Rydberg states. Recently, wave packets have bedhe atom like a planet orbits the sun. A classical particle can
widely studied using laser pulses of visible wavelendths  be described as a wave packet, or superposition of quantum-
5]. Here, we discuss differences in the excitation of Rydbergnechanical stateld,2]. As the eigenenergies of these states
wave packets by far-infrared radiation starting from anothewiffer slightly, the orbit time is reflected in “quantum beats”
Rydberg state, and compare this to excitation by optical rain the observables. The orbit time is several picoseconds for
diation from the ground state. the Rydberg states we have studied. Radial wave packets are
In Sec. Il we summarize some of the results obtained witiformed [7] upon exciting Rydberg states with picosecond
laser pulses in the visible region. These results can be intepptical pulses, that have a pulse duration shorter than this
preted in terms of the classical analog of a Rydberg state, aprbit time. Hence, the bandwidth of such pulses is larger than
electron on a Kepler orbit. Upon exciting a wave packet, arthe Rydberg energy spacing, and the excited Rydberg wave
electron is launched on its orbit from the core region. Sectiopacket is a nonstationary superposition of Rydberg states.
[l generalizes these notions. We show that for the excitationThe wave functiony(r,t) after excitation of a wave packet
of a wave packet with far-infrared radiation, the radial regionwith a short pulse is given by
that contributes to the excitation is larger than for visible
excitation. We also show that thieaction of the lower-lying ,
state that contributes to the photoexcitation is small. Section P(r,)=2 a(n)e“ty,(n=2> b(nyy(r), (1)
IV presents measured wave-packet population in rubidium. " 3
Starting from ann~20 state, we show the excitation of a
wave packet with pulses of only a few optical cycles of a FIR a(n) =F (o= o) nl | Hinitiar) » 2
field at 218 cm ! (cycle time 150 f& At the same wave-
length, we observed redistribution of population, startingwhere ¢,(r) are the eigenfunctionsy, the eigenenergies,
from a stationaryn~40 state, to neighboring states. Sectionand a, the initial amplitudes of the contributing Rydberg
V shows that this process is efficient if a lower-lying state isstates. The amplitudes of the states are determined by the
resonant within the bandwidth of the short pulse. In Sec. Vlamplitude spectrunf(w) of the excitation pulse and the
excitation matrix element&y,|r | iniia) fOr exciting staten.
Under most circumstances, the matrix elements are constant
*Present address: Philips Research Laboratories, Box WB-21yp to a scaling factor that normalizes the excited population
Prof. Holstlaan 4, NL-5656 AA Eindhoven, The Netherlands. to the density of states. Immediately after exciting with a
TAuthor to whom correspondence should be addressed. Gaussian pulse, a wave packet is excited which is optimally
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confined at the core, since photoexcitation from the groundcaling factor ofw % [6]. Due to the large far-infrared
state takes place near the core. bandwidth, the cross sections for far-infrared excitation are

After excitation, the wave packet moves out to the outemo longer constant within the bandwidth of the pulses. The
turning point of its orbit, and returns after one round-trip matrix elements increase rapidly with decreasing transition
time. This round-trip time is the inverse of the level spacingfrequency. Therefore a wave packet is excited with fre-
of the states that make up the wave packet. The spacing @fuency components centered around a low#ran expected
the states is not equal for all neighboring-state pairs. Due tfrom the central frequency of the radiation field. The differ-
this anharmonicity, the wave packet disperses. After a fevent contributing states cause the initial wave packet, with an
round-trip times, the wave packet has broadened beyond reenvelope of the population distribution that is no longer a
ognition. On a longer time scale, the same dispersion caus&saussian, to spread out beyond the core region. Starting
the wave packet to be recreated in so-called reviy8ls from a Rydberg state instead of starting from the ground
These phenomena have been studied, and are parametrizdte, the wave-packet excitation is thus no longer restricted
by the spacing of the states, and its variati®h to the core region.

lll. SHORT-PULSE PHOTOABSORPTION IV. WAVE PACKET POPULATION MEASUREMENTS
IN THE FAR-INFRARED REGION
We have measured the excited wave packet after exposing

In this section we discuss the differences in a Rydberg,pigium Rydberg states to picosecond FIR pulses. We refer
wave packet excited either by a short laser pulse starting, ref. [10] for a more extensive description of the experi-
from the ground statéoptical excitation or by starting from  antal setup, which resembles the one from Ref]: In a
a stationary Rydberg statEIR excitation. Starting from the  ,53cuum system ground-state rubidium atoms, coming from a
ground state, the size of the lowest-state wave function limit$eg;stively heated oven, are two-photon excited to an initial
the area in which population can be transferred to the Rydpq state. Directly after excitation the Rydberg atoms are ex-
berg states ta,. The excited Rydberg wave packet is there-poseqd to radiation from the FELIX free-electron lage2].
fore initially confined. In the far-infrared region, however, Every 200 ms, FELIX generates a macropulse, consisting of
the overlap between two Rydberg states extends much fug train of about 5000 micropulses. The shtpicoseconyl
ther, and one expects that much larger areas of the wavgjcropulses in the macropulse are repeated at 1 GHzs
function contribute to the population transfer. We estimatgnteryal time. These pulses are incoherent on the time scale
the effective radius contributing to the population transfer byinat the atoms experience. By firing the dye laser during the
inspecting the matrix elements. Assuming that<n the  macropulse, we select approximately 850 pulses. The fre-

semiclassical FIR matrix elements reduce 6 quency of FELIX can be scanned continuously from 5 to 110
5 53 pum. The bandwidthiand thus the pulse duration of the mi-
(n+An|r[n)~Cn?(An) ", (3)  cropulses can be varied independently of the continuously

tunable frequency. In our vacuum system, the FIR beam is

For An=0, the expectation value af is known: (n|r|n)  focused by a parabolic mirror to<a1 mm spot. By adjusting
~n?. This is the size of the Rydberg wave functionAlh  the timing of the dye lasers with respect to the FIR laser, the
# 0, the wave functions of the two states will deviate most innumber of micropulses to which the Rydberg atoms are ex-
the remote region. The net contribution(to+ An|r|n) from  posed can be selected. The electrons released in the multi-
this remote region is very small. Near the core, the Coulomiphoton ionization process are pushed to a multichannel plate
potential is much stronger than the binding energy of thedetector by a static field of 5 V/cm. After every FIR pulse
electron, and the wave function will be little affected by atrain, a slowly ramped electric field ionizes Rydberg states
change inAn. Therefore Eq(3) can be used to approximate above the initial-state. Since different Rydberg states ionize
the fraction of the wave functiofnear the corethat contrib-  at different field strengths of the ramped electric pulse, the
utes to the matrix elements. After normalizingrié to re-  time of arrival of the electrons at the detector is mapped to
move the total size of the wave function, we find that this isbinding energies. The dye lasers operated on twice the rep-
a fraction (An) % of the wave function. For example, if we etition frequency of the FIR laser, yielding a reference shot
excite ann=30 state to states near=40, the inner 2% for each FIR shot. We will show the signal from these shots
(20a,) of the initial wave function contributes to the popu- as an initial-state signal.
lation transfer. In summary, FIR Rydberg transitions still In the experiment, either the Rb @®r 21d state was
take place in a restricted area near the core. However, thexcited with 218 cm® FIR radiation to a wave packet
size of that aredtens ofa,) is substantially larger than for aroundn=40, using two different relative bandwidths: 1.5%
excitation from the ground stat@(). and 5%. These bandwidths correspond to 30 and nine cycles

The modified excitation can also be described in terms oper FIR pulse, or 4.5 and 1.4 ps. These pulses are shorter
the laser bandwidth exciting a Rydberg wave packet. Uporthan the round-trip time of 10 ps of a Rydberg electron
deriving the shape of the wave packet, the optical excitatiomroundn=40, but longer than the round-trip time of 2 ps of
matrix elements were assumed to be independent of tha Rydberg electron around= 20. Figure 1 shows the popu-
wavelength, apart from a density of states effg@t The lation redistributions after the FIR pulse trdit0]. The left-
relative bandwidth 4 w/w) required to excite more than one most peak of each spectrum shows remaining initial-state
Rydberg state in the far infrared is enormous by optical stanpopulation. With a dotted line, we have shown the signal
dards: 5%. From semiclassical approximations, we foundvithout FIR radiation. To the right, one finds the population
that the amount of excited population acquires an additionadlistribution over then~40 states after the FIR radiation. The
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FIG. 1. Rydberg-state distributions as probed with state- FIG. 2. Redistribution to neighboring states using approximately
selective field ionization after excitation of the rubidiumd28nd 850 ns of radiation with an average intensity of 20 kW#cat 218
21d states to higher-lying states using 218 ¢IFIR radiation.  cm™* with 1.5% bandwidth{4.5 ps, 30 cycles The full lines show
Trace(a): 21d and 1.5% bandwidth FIR4.5 ps, 30 cycles Trace  the Rydberg population, with the remaining initial-state population
(b): 21d and 5% bandwidth FIR1.4 ps, nine cyclesand tracec): subtracted. Tracéa) shows the population distribution after irradi-
20d and 5% bandwidth FIR1.4 ps, nine cycleés The atoms were ating the 48 state, with 0.32 times the initial-state distribution
submitted to approximately 850 ns of radiation. In trdeg the subtracted and tracé) after irradiating the 3@ state with 0.14
average intensity was 20 kW/émOf the population, 10% re- times the initial-state distribution subtracted. The dotted lines show
mained in the initial state, 60% was excited to the high-Rydberghe initial-state population in absence of FIR radiation.
states, and 5% was ionized. For tra¢esand(c) (5% bandwidth

the average intensity was 30 kW/émin trace(b), 5% of the popu- . . . N .
lation remained in the initial state, 90% was excited to the high-paCket in states neighboring the initial state. This coherent

Rydberg states, and 5% was ionized, while for tre@ehese num- supgrpositioq may then b‘? hardly igniqule, just ".ke _the.dy-
bers were 10%, 80%, and 10%, respectively. The dotted lines shof@mical stabilization that is found in microwave ionization
spectra of the initial state as obtained from reference shots withodil9—21.
FIR radiation. The heights of the spectra are scaled with the factors We have studied this neighboring-state redistribution via
shown near the peak. a deeper-bound state at the same FIR frequency as the wave-
packet excitation in Sec. IV. Figure (I shows the
two-photon ionization signal of a few percent of the popula-neighboring-state population after exposing thel 37ate to
tion is not shown. Figure 1 demonstrates that the number 0218 cm™ ! FIR radiation with 1.5% bandwidth. The 8719f
populated Rydberg states depends on the applied bandwidtgasonance lies within this bandwidth. The remaining total
[compare trace@ with AN/A=5% and (b) with AN/ high-Rydberg population is 40% of the original amount. For
=1.5%)], while the centraln populated is defined by the the overlap of the initial and final spectra, we have deter-

photon energy and the initial stafeompare tracegb) and mined that 15% remained in the initial state. Figurd®)2
©]. shows the field-ionization spectrum, with this fraction of

15% of the initial-state spectrum subtracted. The neighboring
states have 25% of the original population. This is more than
remains in the initial state. On the left, the population of the
19f state(about 5% is shown. We observed about 5% ion-
So far, the orbit time of the initial state was much shorterization. We can now compare the d7edistribution with
than the pulse duration. In this section, startin a higher-  what happens when we irradiate thed4state with the same
lying state, with an orbit time longer than the pulse durationradiation[Fig. 2@)]. Since at this wavelength, the laser is
From the dynamics of the deexcitation follows that neighbor-detuned from the 44-20f resonance, while the much weaker
ing states near the initial state are excited. Again the argu-10,6] high-d to low-p transition (44-22p at 223 cm'1)
ment holds that the excitation takes place near the core: Onlglso lies outside the bandwidth of the pulse, one observes
the part of the wave function of a high-lying, initial, state that little redistribution takes place starting from thed41
that is near the core interacts with electromagnetic radiatiostate. Of the 45% population remaining in the high-Rydberg
during a short laser pulse. The laser pulse drills a hole, ostates, 32% remains in the initial state, and only 13% is
anti-wave-packet, into the wave function. For pulses shorteredistributed. The low-Rydberg state is negligible, and again
than the Kepler orbit time#,< 7,), only a small fraction of ~about 5% is ionized. In both cases about half of the popula-
the wave function nears the core, and it is shown that comtion disappears from the spectra, and is most likely trans-
plete ionization is prohibited13,14. This is quantum me- ferred to deeper-bound statesee also Ref.10]).
chanically described as populating neighboring Rydberg Figure 3a) shows the results of an experiment similar to
states by Raman transfer via continuum sthiés16. Using  Fig. 2 after we have increased the bandwidth of the FIR
optical pulses, Raman transfer via a low-lying state has beeradiation to 5%. As expected, the final-state distribution after
demonstratefil7,18: The atom is first deexcited to a lower- irradiating the 3@ state broadens. After the pulse train, the
lying state, followed by the coherent excitation of a wavehigh-Rydberg population is much larger than the population

V. ANTI-WAVE-PACKETS: NEIGHBORING-STATE
POPULATION
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VI. COOPER-MINIMUM WAVE PACKETS

FEL phlotonl= 218 em™' Awl/w=é%
byl N R ] AR In Sec. Il we have noticed that the excited wave packet
changes as the excitation matrix elements of the individual
states in the wave packet change. This effect is dramatic for
excitation near a minimum in the cross section, where even
the sign of the matrix elements changes. Such a minimum
i occurs for the far-infrareds—p Rydberg transitions in
374/50. e % lithium [10,6,11. Here, we present calculations on a wave

‘ packet excited at a Cooper minimum. The interference be-

19f
22p —

Population

(a) 37d +FIR

(b) 34d +FIR tween states that is required for the formation of a wave
34d/50 packet is severely changed due to the sign change that ac-
i S S Y I — companies the minimum.
-300 -200 _,—100 If the matrix elements in Eq2) are approximately con-
Final state energy (cm™ ') stant, it is shown that a wave packet, excited with a short

FIG. 3. Redistribution to neighboring states using approximatel)},[ohlgseijIfél(leS c?ufrr:t(i:ct)lr?nar?:jt?r?eKEglei\(rafgargi?It\i/r?nn byr;réevzzt\llz of
850 ns of radiation with an average intensity of 40 kW7cat 218 P P f-

cm~ L with 5% bandwidth(1.4 ps, nine cycles plotted like Fig. 2. packet is excited near the core and moves out during the

Trace(a) shows redistribution from the 87state (0.13 times initial laser pulse. The wave-packet spectrum created by a Gaussian

state subtractedand trace(b) redistribution from the 34 state  PulSe, centered aroundy, is

(0.21 times initial state subtracted )
a(n)zcef[(wnfwo)/(o.ﬂ“)] 7 (4)

in the 1%, even though population redistribution uses the

19f state as an intermediate state. Of the population, 379%ith I the power bandwidth of the pulse afdthe approxi-
remains in the high-Rydberg states, of which 13% is in thagnately constant common matrix eleme_nts. If the cent_ral _fre-
initial state, and 24 % in neighboring states. Finally, Fig.duency coincides with a Cooper minimum, the excitation

3(b) shows the population distribution after exposing the 34 matrlx e]ements scale linearly with t_he detuning. The effec-

state to the larger-bandwidth pulse. This redistribution idiVe €xcitation spectrum of a Gaussian pulse changes there-

again dominated by transfer via thefi§tate. The asymmet- 107€ 0

ric population redistribution is centered around thel 37ate )

(rather than the initial 3@ state, indicating the strong reso- AcoopefN) = (wp— wg) C' e [(@n™ w007, (5)

nant effect. The intermediate state, however, lies barely

within the bandwidth, so that populating thefli8 less effi-  with C’ a prefactor of the matrix elements.

cient. This is confirmed by the observation that 44% of the The amplitudes of the Rydberg stafegn)] are given by

population remains in the high-Rydberg states, of which 21%he effectivepulse shape: the product of theal optical pulse

is in the initial state, and 23% in neighboring states. Aboutshape and the matrix elements. We will first discuss the

8% is ionized in a two-photon process. The transfer awayhape of a wave packet excited near a Cooper minimum in

from the 34l is indeed less efficient than transfer from the terms of this effective pulse shape, while keeping hydrogenic

37d state. matrix elements. We can then use the classical correspon-
Let us now consider what would happen if the bandwidthdence for the excited wave packet, and use the knowledge of

were further increased, and thus the pulses were furthehe temporal pulse shape of E®), to infer the shape of a

shortened. In that case, sevel@her-lying states lie within  wave packet excited near a Cooper minimum.

the bandwidth, and a wave packet of the lower-lying states is The temporal pulse shape of bandwidth-limited pulses can

excited. This excitation takes place over a finite range neabe determined by squaring its Fourier-transformed frequency

the core(see Sec. I). The hole, or anti-wave-packet in the spectrum. For both excitation specfieqgs.(4) and(5)] it is

initial, high-lying wave function is deexcited to a localized observed that they have the same pulse shape in the fre-

wave packet in the final, lower-lying state. Both the wavequency and time domain. In both cases, the pulse shape re-

packet and the anti-wave-packet move out on their own orsembles the effectivpowerspectrunithe square of Eqs4)

bits after the pulse. The radial parts of both wave packetand (5)]. A bandwidth-limited pulse with a Gaussian fre-

will move out with approximately the same velocitiesee, quency spectrurfEq. (4)] is again Gaussian, and narrows as

e.g., Eq.(6) of Ref.[6] ]. Only when the outer turning point the frequency spectrum widens. Likewise, the pulse shape

of the inner orbit is approached do the wave packets parresulting from Eq(5) is doubly peaked, like its power spec-

The angular distributions of the deexcited wave function andrum. The time between the two peaks is equal to the original

of the initial-state wave function are not the same. Pumpexcitation pulse length: 2/T" [easily verified by differenti-

probe technigues can be used to follow the dynamics of bothting Eq.(5)].

wave packets, and to see the inner wave packet return to the The single, Gaussian pul§Eg. (4)] excites a single well-

core first. Of course, similar dynamics govern the excitationocalized wave packet. The doubly peakefiective pulse

of high-lying Rydberg states from a lower-lying initial state. [Eq. (5)] excites wave packets at both the rising and the

Initially, the excited wave packet moves along with thefalling edge of thereal pulse. Meanwhile, the excited popu-

anti-wave-packet of the initial state, until the anti-wave-lation moves out radially, so that the excited wave packet

packet reaches its outer turning point. spatially resembles the effective temporal pulse shape.



4550 J. H. HOOGENRAAD, R. B. VRIJEN, AND L. D. NOORDAM 57

T 105 T T T 1 L} 1
0 2000 4000 6000 5 7 s
- T Y - §03 |y A 224 ]
i 50 - IS S S -50 z E n
: y : 3 £02 b U D .
; m‘ : 2 & an
' I . : £ 10} g y |
40 - NI 40 S 1.0 £0.1 7 % -
: 0 ..: ; & < W
. A P wao, | : S LLELEL
30 30 g 04 dop 48p 30p
: : g
. 20 - 220 .
: Hll!lll...“ : % 05
10 - W “10 c
0 o Ul 0
(bs) 0 2000 4000 6000
R 0.0
T
Del
0 2000 4000 6000 eley )
' : BRI O4- , I FIG. 5. Relative ionization probabilities|=b(n,t)|%
i 50 - TITTT 1 o e :50 [=,|b(n,»)|]? as a function of the time between the excitation
40 . 40 and the ionization pulse for the géstate ¢,=15 p9 in lithium
: : excited from the 28 state wih a 3 pspulse at 184 cm?. A calcu-
o 30 i - 230 lation for excitation from the 22 state, at a lower intensity to
: : normalize the average excitation probability, is shown with the
. 20 - ¢ 20 dashed line. The dotted line shows the excitation pulse. The
: T - : excited-state distribution®(n,»)|%/= [|b(n,»)|?] for both curves
10 - ) :10 are shown in the inset.
0 : _ -0 such that the population from the far-detuned states is
(ps) 0 2000 4000 6000 pumped back to the initial state. Only population in states
R (au.) within the bandwidth given by Eq(5) remains after the

pulse. Interestingly, the total population in the Rydberg
states decreases as a function of the pulse duration for pulses
of a constant intensity. For a normal, hydrogenic system, the
The (hydrogenlikg wave packet excited from the @3tate starts at population in the Rydberg states Increases under these cir-
the core, and returns as a whole after each round-trip time of 15 pSUmstances, as the fluence of the pulses increases.
The wave packet excited through thes2®p Cooper minimum, The wave packet can be probed by photoionization, or by
however, is broken into two parts. At an integer times the round-trip2NY Other process that is sensitivel Bb(n,t)|? [cf Eq. (1)].
time, no wave function is present at the core. The excited-statd Nis quantity is displayed in Fig. 5 for the wave packets
distributions for both curves are shown in the inset of Fig. 5. To theShown in Fig. 4, normalized to the total excited amplitude.
left of the wave packet, the light intensity is shown as gray intensityThe hydrogenlike wave packet excited from thed 22ate
on the same time axis. starts at the core during the pulse. After one round-trip time
(at 15 p3, the wave packet returns to the core. At this return,
Figure 4b) shows a calculated wave packet excited in thea standing wave builds up from the incoming and outgoing
p series around the Li 46state from ad-state, with normal, wave packet, increasing the peak height by a factor of 4 with
hydrogenic matrix elements. From the d?3tate,f states respect to the peak at=0. The wave packet broadens in
could also be excited, giving similar radial behavior of thesuccessive returns due to dispersion.
wave packet. For the 2Xtate in Fig. 4a), the center of the For excitation from the 22 a Cooper-minimum wave
frequency spectrum coincides with a Cooper minimum, s@acket is created and the returns shosioablypeaked struc-
that Eq.(5) applies. The doubly peaked structure is clearlyture. The split recurrence near thed2®2ecurrence corre-
visible at 7 ps at the outer turning point. The return to thesponds to two wave packets that are excited by the two peaks
core, at 15 ps, also occurs in two parts. in the effective time profile of the laser pulse. In the middle,
Note that the wave-packet shapering the excitation at the point where the wave packet is classically expected,
does not have the doubly peaked structure. The descriptiaime two parts of the wave packet interfere destructively. Note
given above, with a fixeéffectivepulse shape, is only valid that during the excitation of the wave packetore popula-
after the pulse: During the pulse, the atom has only experition is excited than after the pulse. The ionization probabil-
enced a fraction of the pulse. The bandwidth of that part ofty, normalized to the maximal probabilitsfter the pulse,
the pulse is larger and far-detuned states still contribute ttherefore exceeds 1.0 during the excitation of the wave
the wave packet at early times. These detuned states contripacket.
ute symmetrically, but with opposite sign: the wave packet Rydberg wave packets can be probed by ionization with a
starts far from the core. Near the core, all contributing Ryd-time-delayed second pulse. The ionization matrix elements
berg states interfere destructively. During the pulse, this refrom the Li p states are nearly hydrogenic for ionization to
mote wave packet moves towards the core, where a standin@th thes and thed continuum[6]. These matrix elements
wave pattern builds up. The phase of this standing wave igary little as a function of the initial state. The photoioniza-

FIG. 4. The evolution of the radial wave functianf|y(r)|?
after exciting a wave packet around thep4gate in lithium excited
with a 3 ps FIRpulse from(a) the 2% state andb) the 22 state.
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T T Note that the Fourier transform of the power spectrum
[1(w)=|F(w)|?] corresponding to Eq5) does not give the
Tonization . same result as squaring the Fourier transform of the ampli-
""" Autocorrelate tude spectrum. The pulse shape of Ex).is thusnotequal to
the Fourier transform of its power spectrum as this Fourier
- transform neglects the sign change in E5). Analogously to
the Fourier transform of the power spectrum of a pulse
; shaped like Eq(5) not representing its pulse shape, the Ram-
it sey autocorrelate does not probe the wave packet's shape.
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Using far-infrared picosecond pulses from a free-electron
laser, we have investigated atomic Rydberg wave packets.
FIG. 6. Relative ionization probabilities|S b(n,t)|2/ ~ The excitation probabilities show a dependence on the fre-

[=,/b(n,=)|]? as a function of the timeé between the excitation duency within the large bandwidth of the picosecond far-

and the ionization puls@s in Fig. 5 compared to the magnitude of infrared pulses. We have excited these wave packets in ru-
the autocorrelation function|( #(0)] ¥(t))|=|= | b(n,o)|2ent)/ bidium. Even more, we have created holes in the wave

=.[|b(n,)|?] as a function of the delay time function by irradiating a single, highly excited Rydberg state
with radiation that is shorter than the electron round-trip
tion signal probed by a second pulse therefore exhibits théme. Population is redistributed from the single initial Ryd-
time behavior as depicted in Fig. 5. berg to several neighboring states. Wave packets with non-
Finally, we remark that using the Ramsey interferenceuniform excitation matrix elements, e.g., near a Cooper mini-
technique[22-24 to probe the wave packet, instead of mum, have nonhydrogenic dynamics. Photoionization by a
photoionization, would result in a completely different ob- delayed probe pulse monitors the wave function near the
servation, as shown in F|g 6. In the Ramsey interferencé&0re, while stimulated emission to the initial state by the
technique, a delayed probe pulse is used for either stimulatgefobe pulse is sensitive to the fraction of the wave function
emission to or additional excitation from the initial state.at a large distance from the core.
This technique measures tHautg correlate of a wave
packet that has evolved in time anq a just excited wave ACKNOWLEDGMENTS
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