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Decay of oriented Rydberg wave packets excited with far-infrared radiation
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Transitions from bound atomic Rydberg Stark states in a static electric field to autoionizing Rydberg states
above the electric-field-induced ionization threshold are studied using a broadband, tunable free-electron laser
(photon energy 160—1400 crh, pulse duration~1 ps and compared with multichannel quantum defect
theory calculations. An atomic streak camera is used to record the time-resolved electron emission transients of
the autoionizing atoms. For Stark states located on the downfield side of the potential, the far-infrared ioniza-
tion spectrum is found to be smooth and the electron emission prompt {9, whereas for Stark states
located on the upfield side, the far-infrared spectrum has sharp resonances, and the lifetime of the quasicon-
tinuum states is considerably longer. The electron-emission transients from optical ionization of ground-state
atoms are compared to transients from far-infrared ionization of Rydberg atoms, showing that the angular
motion of the wave packet is responsible for the ionization dynamics for both cases, but different coherent
superpositions of angular momentum states are excited depending on the initial state. Finally, we discuss the
feasability of using Rydberg atoms as an ultrafast far-infrared detector, starting from a downfield state, or as a
wavelength-selective detector, starting from an upfield sf&#050-294{@8)03601-4

PACS numbgs): 32.60:+i, 32.80.Rm, 33.30.Bv

[. INTRODUCTION autoionizing Rydberg states. The short pulse nature of the
free-electron laserr, s~ 1 p9 enables us also to study the

The structure and dynamics of highly excited electrons irdynamics of far-infrared excited Rydberg states in an electric
atoms have been investigated using optical techniques ifield. The lifetime of the quasicontinuum states, i.e., states
both the frequency and time domains. In the frequency dothat have an energy higher than the field-induced ionization
main, spectroscopic techniques have given detailed insigiibreshold, has been studied both experimenfal~15 and
into the structure of the electronic Sta[dsz:l, while the use theoretically[16,lﬂ. In these studies it was found that most
of short optical pulses enables the study of the dynamics oRydberg states excited in an electric field and located on the
the highly excited electrons in the time dom4B5]. The  downfield side of the potential are short lived whenever their
evolution of the resulting wave packet starts from the regiorenergy lies above the classically field-induced ionization
of the initial state. In most experiments, the optical excitationthreshold. On the other hand, Rydberg states that are located
started from the ground state or at least from an electroni@n the upfield side of the potential have in general a much
state that was still confined to the core region. Hence fotonger lifetime. In time-resolved studies of the electron dy-
these wave packets the core was the starting point, e.glamics with short optical pulses, the initial state is still con-
[4,6,7. If the initial state is prepared to be a Rydberg statefined to the core region and therefore in general both red and
instead of a ground state, the starting point of the electron i§lue states are excited simultaneouislg]. In the case dis-
no longer confined to the core region and interesting nevgussed in this paper, where thtial state is given by an
phenomena arise. For instance, if we place the Rydberg atoftiented Rydberg state, the final states will have that same
in a static electric field, the Rydberg atom will have a fixedorientation after absorption of the far-infrared photon, en-
dipole moment. We can therefore create wave packets star@bling the study of completely oriented blue and red Rydberg
ing from a Rydberg state that have a different localizationwave packets in both the frequency and the time domain.
with respect to the atomic core. The electron can be localized Figure 1 illustrates the principle of the experiments dis-
on either the downfield side or the upfield side of thecussed in this paper. Stark states of cesium are shown as a
nucleus. Creating a coherent superposition of high-lyingunction of the static electric field. Stark states with increas-
Rydberg states starting from such an initial Rydberg state ha89 energy as a function of the field strength have a positive
been experimentally frustrated since the wavelength of théipole moment and are located on the upfield side of the
radiation required to make these transitions lies in the faratomic core(blue statep Stark states with decreasing energy
infrared regime. Only long pulsg8] and blackbodyf9] ra-  as a function of the field strength are located on the down-
diation have been used to study these transitions. Note that figld side(red statels The field-induced ionization limi, is
even longer(submillimetej wavelengths THz half-cycle given by
pulses are used to study the ionization behavior of oriented
Rydberg wave packefd0,11]. E.=—6.12/F, D

Here we report wave-packet excitations using a free-
electron laser, which operates in the photon-energy regimehereF is the electric field strength in V/cm arig}, is given
from 100 to 1600 cm?, enabling the study of the excitation in cm™! (thick line in Fig. 1. The states marked (at
from these bound, oriented Rydberg states to higher-lying-456.3 cm') andB (at —464.6 cm 1), which are adiabati-
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FIG. 1. Energy levels of cesium Stark states as a function of the
electric field. At 2.0 kv/cm the two initial stateA and B are  Second time resolution. Finally we discuss how the observed
marked. Staté is a red state of which the wave function is domi- Properties of these Rydberg atoms can be applied in ultrafast
nantly located on the uphill side. Stai is a blue state, wave far-infrared detectors as well as wavelength-dependent detec-
function dominantly located on the downfield side. Also showntors of the far-infrared radiation.
(thick line) is the field-induced ionization threshold.
cally connected to the H8and 19, respectively, can both be Il EXPERIMENT
optically excited with a one-photon transition from the 6 A thermal beam of cesium atoms, located in between two
ground state of cesium, since at 2 kV/cm theharacter that plates creating a static electric field 1-4 kV/cm, are excited
is necessary for the one-photon excitation is spread over thaith a tunable nanosecond dye laser that is pumped by the
Stark states due to their coupling via the electric field. In Fig.second harmonic of a Nd:YAG laser operating at 10 Hz. The
2 the calculated wave functions of both the red and blueutput of the dye laser (630650 nn) is frequency doubled
states are shown in a contour plot. The calculations are dorig a potassium dihydrogen phosph@&DP) crystal. In this
along the lines of Ref.19]. The figure shows that the Stark way Rydberg states are excited with energies below the
states are indeed strongly oriented with respect to the nuclessddle-point energy. After excitation with the dye laser, the
(located atZ=0). atoms are exposed to a picosecond far-infrared pulse with a
After preparation of these states, the Rydberg electron catunable wavelength ranging from 100-1600 ©¢m
be further excited with the use of a far-infrared photon to a(A =6-100xm). The far-infrared pulses are generated from
state that lies above the classical field ionization limit. De-a free-electron laser FELIX in Nieuwegein, the Netherlands
pending on which initial state is excited (or B) the wave [21]. This laser generates trains €5000 micropulses with
function of the far-infrared excited Rydberg electron will be a temporal spacing of 1 ns at a repetition rate of 5 Hz. The
dominantly located on the upfielthlue stateB) or downfield  spectral width of the far-infrared pulses can be varied from
(red stateA) side, respectively. This can be understood in0.4% of the photon energy as used for the far-infrared spec-
terms of the overlap integrals between the initial and finaftra up to 3% for the dynamical studies. The energy per mi-
wave functions, which determines the cross section, andropulse is in the microJoule regime and can be controlled
have been calculated explicitly for hydrogg20]. using broadband attenuators. The micropulses are weakly fo-
In this paper we present photoionization spectra, startingused in the interaction region giving a peak powerkdf0
from the initial Rydberg states such AsandB in Fig. 1, to  MW/cm?. The far-infrared ionization spectra are recorded by
the guasicontinuum that lies above the classical field ionizaintegrating the electron yield of the first seven far-infrared
tion limit. To study this, far-infrared radiation is used with pulses after the optical preparation of the initial Rydberg
wavelengths ranging from 180 to 1400 c¢f Furthermore state by the dye laser.
we have studied the time-dependent electron emission of the To study the time-dependent electron emission of Ryd-
autoionizing states using an atomic streak camera with picdberg wave packets, an atomic streak camera is used. The
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camera is able to measure the electron emission of atoms

with picosecond time resolutiof22]. In this case only a | blue state B (@)
single far-infrared micropulse is selected. The electrons es- = 1|9 | \ 2|0 \ \ 2|1 \
caping from the atoms are accelerated in the static electric 1.0 |- k= 17513 18 16 14 19 1715

field and enter the deflection region. Due to the ramped volt-
age on the deflection plates, the electrons are deflected de-
pending on the time of arrival between the deflection plates.
The deflection angle is measured by detecting the position of

@ 05 ‘
the electrons after a 20-cm flight path. The creation of the *2
voltage ramp is done with a GaAs photoswifé!2], which is 3
triggered by the second harmonic of a Nd:YAG lagaulse g " ﬁl
duration 200 pk which is synchronized with a micropulse of = 4 s
the free-electron laseftime jitter <1 n9g. Both electrons 2 red state A (b)
appearing from far-infrared pulses before and after the se- & 101 .
lected micropulse will not reach the detector since at the time 'g

of arrival of these electrons between the deflection plates, the
voltage will be such that the deflection is too large to reach
the detector.

Great care was taken to avoid absorption of part of the 05 =
far-infrared spectrum by water vapor since these absorptions
significantly change the temporal profile of the far-infrared
pulses. To avoid this, the far-infrared laser beam was trans-
ported through a vacuum tube close to the vacuum chamber. HE
The remaining patli20 cm was sealed and put at over pres- 0.0 Kei ‘ ‘

sure by a dry nitrogen flow. 200 220 240~ 280
photon energy (cm™)

FIG. 3. (a) Photoionization spectrum as a function of excitation
energy starting from the blue state, marléeth Fig. 1. Also plotted

In this section we present photoionization spectra of ori-are the hydrogenian=1, energy levels of the extreme blue Stark
ented cesium Rydberg states in a static electric field of 2.§tates in this energy regiméo) Photoionization spectrum starting
kV/cm. In Fig. 3 the ionization spectra are shown for two from red stateB, as indicated in Fig. 1. The far-infrared laser po-
cases. In Fig. @) the blue stateB) is the initial Rydberg larization is perpendicular to the electric_ field of _2.0 k_\//cm. The
state and in Fig. ®) the red state &) is the initial state. dotted curves correspond to the calculation described in the text.

Even though the energy difference between the initial Ryd- . .
berg states is small Eqe roq=8.3 ot 1, the measured ion- Stark manifolds. It is observed that only the extreme blue

ization spectra differ dramatically. For the blue initial Statemembers of the manifolds in the quasicontinuum have a sub-

we observe sharp resonances in the cross section, wherel ntial lonization cross section. For hydrogen, the strengths
of transitions between Rydberg states have been calculated

for the red initial state a more continuous spectrum is ob-23] The hvdrogenic matrix elements are non-nedligible for
served. For the red initial state structure is found only whe L ydrog 919
transitions wherer{,ny,n,,m)—(n*p,n;=p,n,,m) in the

the far-infrared frequency approaches the field-induced ion .
ization threshold. For a field of 2.0 kV/cm the photoioniza- cas_e_ofn1>n2. Ny,n, are the parabolic quantum numbers,
tion threshold is at a photon energy of 183 ¢\ =54.7 defining the Stark state energy as
um) for the red state and 191 ¢rh (A =52.4 um) for the
blue state. The output of the free-electron laser is approxi-
mately a factor of 1.5 lower at the highest photon energy
compared to the lowest photon energy plotted in Fig. 3. The
yield is not corrected for this variation. The bandwidth of the For the extreme blue state(=n;—n,) equalsn—1 for m
laser is chosen to be 1 ¢rh, and the polarization is perpen- =0 states ((—2 for m=1 statey and for the extreme red
dicular to the static electric field. The dashed line shows a&tatek equals—n+1 (—n+2 for m=1). In Fig. 3a) tran-
MQDT calculation of the absorption spectrum. Both experi-sition from (15,14,0,0 to (19,17,0,), (20,18,0,}, and
ment and theory shows that photoionization of a blue Ryd{21,19,0,1 have non-negligible matrix elements for hydro-
berg states is restricted a few, well-defined, photon energiegen. Since hydrogenic energy levels are plotted in Fig. 3 up
The differences between the blue and red ionization spedo second-order perturbation, the slight mismatch between
tra shown in Fig. 3 arise from the different orientations of thethe measured and observed resonances probably stems from
initial Rydberg wave function. As mentioned in the Introduc- the fact that the quantum defects, which are pronounced for
tion when a blue initial Rydberg state is excited, it is ex-cesium, are not taken into account. When the far-infrared
pected that on the basis of the overlapping wave functionlaser polarization is chosen parallel to the electric figldt
after absorption of a far-infrared photon, the final state willshown) the results are similar: starting from stéephoto-
also have dominantly blue character. Also plotted in F{g) 3 ionization only occurs at the location of blue quasicontinuum
are the extreme blue members of the higher-lying hydrogestates.

Ill. FAR-INFRARED IONIZATION SPECTRA

3
En,nl,nzzﬁ"'i(nl_nz)nlz- 2
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Cesium, polarization | E-field blue Stark stat®. The far-infrared laser wavelength is tuned
—_ %30t to the resonances as shown in Figa)3In the right column
hv=287 cm™ —o— Blue the electron emission transients are shown from the initial

(=X
= 20— Red i . . .

%20 e o/ state given by the red Stark stdiateA in Fig. 1). In both
uiw— o cases the far-infrared radiation is polarized perpendicular to
5

=

o g% |
L the electric field.

35 ) e 50 Starting with the left column of Fig. 4 we observe an

avelength (um) . S lpa:
L increase in lifetime of the Rydberg state as we decrease the
hv=261 om’! | large BW excitation energy. Approaching from above the field-induced
ionization limit, located at a binding energy ef274 cm 2,
i.e., at a photon energy of 191 crhfrom the initial blue
stateB, the lifetime of the Rydberg states incredgd]. In
previous experiments where ground-state atoms were excited
to the quasicontinuum states it was also found that when
dominantly blue states were excited the lifetime increased
considerably when the excitation was close to the field-
induced ionization limit[4,3,25,18. Since in those experi-
ments the excitation is from the ground state, both red and
. blue Stark states can be excited, making it more difficult to
hv=199 cm™! ] excite the pure blue Stark states. Here the initial state is a
blue Stark state, and therefore after absorption of the far-
infrared photon the wave function will still be located on the
upfield side of the potential. The absence of structure in these
electron emission transients is given by the fact that only a
single state is dominantly excited and therefore there is no

4.0 ps

=232 cm™!

Electron emission (arb. units)

20 10 0 10 20 20 10 0 10 20

Time (ps) Time (ps) interference structure expected in the electron emission.
Blue state Red state The right column of Fig. 4 shows the electron-emission

transients starting from the red Stark state for the same pho-
FIG. 4. Time-resolved electron emission transients of cesiunfon energies of the far-infrared radiation as in the left column
Rydberg atoms. The quasicontinuum states are excited from an inPf Fig. 4. Since after absorption of the far-infrared photon
tial blue Stark statéeft column) and an initial red Stark stateight ~ the energy of the electron is above the field-induced ioniza-
column. The polarization of the far-infrared pulse is chosen per-tion threshold E., and the wave function is located on the
pendicular to the electric field of 2.0 kV/cm. The inset shows thedownfield side near the saddle point in the potential, we ob-
width (FWHM) of the measured photoionization spectra. The dot-serve that the ionization is prompt, i.e., faster than the optical
ted line shows the electron emission transient for a larger bandwidthulse duration given by 5 ps. The slight difference in energy
of the far-infrared radiation. between the initial blue and red Stark stat88 cm 1) did
not change the transients of the red ionizing states and is
For excitation from the initiared Rydberg stateA, the  therefore neglected. The dotted line in the right column of
spectrum has a more continuous character. The splitting bd~ig. 4 shows the electron emission transients when a larger
tween the states belonging to one Stark manifold as a fundsandwidth of the far-infrared radiation is selected, i.e., a
tion of the field is given byAE,=3Fn. For highern, the  shorter pulse duration. The temporal width of the measured
number of Stark states increases as well as the energy spligtectron emission transient narrows down to 4fp# width
ting between the Stark states belonging to one manifoldat half maximum(FWHM)] showing that the temporal width
Therefore red Stark states from higlremanifolds will have  of the other electron emission traces are limited by the pulse
overlap with red Stark states from lowarmanifolds. Fur-  duration of the far-infrared laser pulse, rather than the time
thermore, the red states that are excited have a very shamsolution of the streak camera.
lifetime and are therefore broad resonances. Both the pres- In Fig. 5 the calculated electron probablity distribution of
ence of many red states within the bandwidth of the farthe ionizing wave packet is plotted starting from the red state
infrared laser pulse and their short lifetime gives rise to thisA. Unlike the bound wave functions plotted in Fig. 2 an
more continuous ionization spectrum. outgoing electron flux to positivé is clearly observed. The
distribution is plotted atr=0, i.e., at the peak of the far-
infrared laser pulse of 5 p&WHM).
IV. TIME-RESOLVED ELECTRON EMISSION
A. Electron emission transients of oriented Rydberg states B. Comparison between optical and far-infrared excited

With the use of an atomic streak camera the time-resolved wave packets

electron emission of these Rydberg sta#eand B is mea- In the optical regime, the decay of autoionizing wave
sured after excitation with the far-infrared radiation. In Fig. 4 packets in electric fields has been studied before with the
time-resolved electron emission transients of cesium atomatomic streak camerfl8]. In those experiments, Rydberg
in a static field of 2.0 kV/cm are shown. In the left column wave packets were excited from the ground state of the atom
the electron emission transients are shown from the initiain a one-photon transition. The ionization dynamics was ex-
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lonization from red state during pulse red Rydberg state Ground state
. 1 . 1 . ionization jonization
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FIG. 5. Contour plot of the electron probability distribution of a
wave packet excited from the red initial state with far-infrared ra-
diation of 261 cm!. The distribution is shown at=0, i.e., the
far-infrared pulse is then at its peak value. The outgoing electron
flux is clearly observed by the probability at large The dotted
lines show the calculated electron flux. Just above the saddle-point
energy, at 0.9&, the theory is unable to match the measured flux.

Electron emission (normalized)

plained in terms of core scattering of the Rydberg electron
whenever it came into a loWstate, since the point of nearest
approach to the core is given by,,~1(l +1). This behavior
was observed in the pronounced oscillatory electron emis- o=ttt e B L

i i feai 25 0 25 50 75 -25 0 25 50 75
sion, where the spacing between the electron emission bursts Time (ps) Time (ps)
was given by the angular momentum oscillation time of the
excited wave packet. In those experiments, the excitation FIG. 6. Time-resolved electron emission transients of cesium
was done from the ground state of the atom, and thereforgyqperg atoms. The left column shows the transients of ionizing
the initial state was confined to the core region. With the Usgyave packets excited from the initial red Rydberg state with far-
of far-infrared radiation, the ionization dynamics is NOW infrared radiation. The right column shows the transients of ionizing
studied by starting from a Rydberg state. In Fig. 6 time-wave packets excited from the ground state)(6f cesium with
resolved electron emission transients are shown by cesiuptical radiation around 320 nm to the same energy as the states
Rydberg wave packets excited from the initial red Rydbergexcited in the left column. The polarization of the laser is perpen-
state(left column and the & ground statgright column). dicular to the electric field of 2.0 kV/cm in both cases. The dotted
The excitation is to—195 cni !, —225 cnT !, and —258  curves correspond to the calculation described in the text.
cm ! (0.71E,, 0.8F., and 0.9&.) and perpendicular to the lar N )

_— . ge overlap between initial and final state, Rydberg
D o e o ot o o0 e estoms havea e far-iraed oizaton cross sedafh
| X . ; n an experiment by Ducast al. [8] it was shown that

(dotted lines of Flg:}sThe spectral wuitlh of the far-infrared ) \nd-bound transitions between Rydberg states by far-
pulse (left column is given by ~3 cm -, whereas for the

) . ) Lo infrared radiation, followed by state-selective field ioniza-
optical pulse(right column the bandwidth is given by 14 jon enabled them to detect far-infrared radiation with large
cm = (FWHM). For the excitation from the red Stark state wayelength selectivitybandwidth 1 MH2. From our obser-

no structure is observed, whereas the ground-state excitatiQitions discussed in Sec. IV we conclude that when the red
shows pronounced oscillations in the electron emission trannitial state is chosen the large ionization cross section is
sients. At—258 cm'! (0.94E,) the red state ionization is combined with a fast ejection of the electron. For the shortest
still very fast whereas the ground-state ionization occurs on pulses available from the free-electron laser, we observed
50-ps time scale. Comparing these transients clearly showsne-resolved electron emission transients with a temporal
the differences in excited states. At the same final-state emwidth of 1.2 ps(FWHM) at a photon energy of 286 cm
ergy, different coherent wave packets of angular momenturfA =35 um). The measured width is very close to the ex-
states>a,e'?|l) are excited, both in amplitud® and phase pected width of the far-infrared laser pulses, and therefore
®, . This gives rise to the different ionization behavior of the the conclusion can be drawn that a far-infrared streak cam-

excited wave packets. era, using these red Rydberg states as far-infrared detector
has a resolution of approximately 1 ps. A far-infrared streak
V. APPLICATIONS OF ORIENTED RYDBERG ATOMS camera based on Rydberg atoms is discussed in detail else-

AS FAR-INFRARED DETECTORS where[29-31.

A. Rydberg atoms as ultrafast far-infrared detector B. Rydberg atoms as wavelength selective detector

The use of Rydberg atoms as far-infrared detectors was As shown in Fig. 8) the photoionization cross section of
suggested in 1976 by Kleppner and Dugd®6,27. Due to  the cesium blue Rydberg state shows a large selectivity in
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wavelength. lonization occurs at specific wavelengths in thent n manifolds. The lifetime of the wave packets excited
far-infrared regime. We observe that only ionization to ex-from these blue initial Rydberg states is considerably longer
treme blue states possesses a significant cross section. Theifean the red wave packets. Comparing the electron emission
fore, by changing the static electric field or choosing a dif-dynamics starting from the ground state with excitations
ferent initial Stark state, the wavelength at whichfrom a bound Rydberg state shows that different quasicon-
photoionization takes place can easily be controlled. A fartinuum states are excited at the same final-state energy. How-
infrared detector based on blue Rydberg atoms will be serever, in both cases the angular motion of the wave packet is
sitive for the selected wavelength rather than for the broadreflected in the electron emission, appearing in electron
band blackbody radiation. Even though these blue statelsursts separated by the angular oscillation time of the wave
have a longer lifetime than the fast ionizing red states, theypackets. Rydberg atoms can be used as ultrafast far-infrared
can still be considered as fast (00 p3g far-infrared detec- detectors by choosing the initial Rydberg state on the down-
tors, with the addition of a strong wavelength selectivity. field side of the nucleus. For initial Rydberg states located on
the upfield side, a wavelength selective detector can be con-
VI. CONCLUSIONS structed, where the wavelength selectivity can be controlled

) » with the static electric field and the choice of initial state.
We have studied transitions from bound Rydberg states to

guasicontinuum states in a static electric field using a far-
infrared laser, in both the frequency and the time domain.
For initial Rydberg wave functions located at the downfield
side of the nucleus, the far-infrared photoionization spectra We gratefully acknowledge the skillful assistance of the
are smooth, and the electron emission occurs on a picoseEELIX staff, in particular Dr. A. F. G. van der Meer. This
ond time scale. For initial Rydberg wave functions locatedwork is part of the research program of the Stichting Funda-
on the upfield side of the nucleus, the far-infrared photoionimenteel Onderzoek van de MatefieOM) and was finan-
ization spectra show sharp resonances that can be explaineidlly supported by the Nederlandse Organisatie voor Weten-
in terms of excitation of extreme blue Stark states of differ-schappelijk OnderzoelNWO).
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