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Abstract. We report the observation of pronounced coherent population trapping and dark resonances
in Rydberg states of xenon. A weak two-photon coupling with radiation of Ap = 250 nm is induced
between the 5p® 'Sy ground state of xenon and state 5p°6p[1/2]o, leading to (241) resonantly enhanced
three-photon ionization. The state 5p®6p[1/2]o is strongly coupled by radiation with Ap ~ 600 nm to
5p°ns[Jcli or 5p°nd[Jc]i Rydberg states with principal quantum numbers n in the range 18 < n < 23
and with the rotational quantum number of the ionic core Jc = 1/2 or Jc = 3/2. The ionization is
monitored through observation of the photoelectrons with an energy resolution AE = 150 meV which is
sufficient to distinguish the ionization processes into the two ionization continua. Pronounced and robust
dark resonances are observed in the ionization rate whenever A\p is tuned to resonance with one of the ns-
or nd-Rydberg states. The dark resonances are due to efficient population trapping in the atomic ground
state 5p% 1S through the suppression of excitation of the intermediate state 5p° 6p[1/2]o. The resolution is
sufficient to resolve the hyperfine structure of the ns-Rydberg levels for odd xenon isotopes. The hyperfine
splitting does not vary significantly with n in the given range. Results from model calculations taking
the natural isotope abundance into account are in good agreement with the observed spectral structures.
Pronounced dark resonances are also observed when the dressing radiation field with Ap is generated from
a laser with poor coherence properties. The maximum reduction of the ionization signal clearly exceeds
50%, a value which is expected to be the maximum, when the dip is caused by saturation of the transition
rate between the intermediate and the Rydberg state due to incoherent radiation. This work demonstrates
the potential of dark resonance spectroscopy of high lying electronic states of rare gas atoms.

PACS. 42.50.Hz Strong-field excitation of optical transitions in quantum systems; multi-photon processes;
dynamic Stark shift — 32.80.Rm Multiphoton ionization and excitation to highly excited states (e.g.,

Rydberg states) — 32.10.Fn Fine and hyperfine structure

1 Introduction

The interaction of strong, coherent radiation with mat-
ter permits the manipulation of atomic and molecular
systems and processes beyond the limits imposed by in-
coherent excitation. Examples of processes that rely on
coherent interactions are population transfer by Rapid
Adiabatic Passage (RAP) [1,2], Stimulated Raman Scat-
tering involving Adiabatic Passage (STIRAP) [3], Stark-
Chirped Rapid Adiabatic Passage (SCRAP) [4], Electro-
magnetically Induced Transparency (EIT) in otherwise
opaque media [5,6], Coherent Population Trapping (CPT)
and dark resonances [7] in radiative decay or fragmenta-
tion processes [8,9] as well as coherent control of these
processes [10].
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A typical example for a spectroscopic technique which
relies on coherence is the preparation of dark resonances
in a lambda-type or ladder-type level scheme [7,11,12]. A
populated ground or metastable state is weakly coupled
to an excited intermediate state by a probe laser field.
The intermediate state is coupled to a target state by
a strong dressing laser field. When the dressing laser is
switched on, the transfer of population from the ground
to the intermediate state by the probe laser is inhibited
as in EIT. Unlike for STIRAP, where both radiation fields
induce strong couplings, the population is trapped in the
ground state rather than being transferred to the Rydberg
state, without placing transient population into the inter-
mediate level.

The population of the intermediate state may be
probed by observing decay channels such as fluorescence,
(pre-) dissociation or ionization. A reduction of the in-
termediate state population of up to 50% may also be
caused by saturation, if an incoherent radiation field is
strong enough to equilibrate the population between the
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intermediate and the target state. Such a process is the
basis of the very successful method of stimulated emission
pumping [15].

When the transitions are driven by radiation with
transform-limited bandwidth and the Rabi frequency {2 =
wE /R (wis the transition dipole moment and E is the elec-
tric field of the radiation) which describes the strength of
the interaction, is larger than other competing rates (like
the rate of radiative decay) the dressed state formalism is
appropriate to describe the process. In the dressed state
picture the weak probe laser couples the ground state to a
pair of levels, separated by the Autler-Townes splitting [1],
which is equal to the Rabi frequency related to the dress-
ing laser induced coupling. The coherent nature of that
interaction results in a cancellation of the effective tran-
sition dipole moment, when the probe laser frequency is
tuned exactly to resonance with the transition frequency
between the ground and the intermediate bare state. The
cancellation of the transition dipole moment is the basis of
EIT [6]. Population transfer from the ground state to the
excited state is no more possible. A dark resonance, i.e.
a suppression of decay processes from the excited state is
observed. In fact, the formation of dark resonances is the
basis of coherent fluorescence dip spectroscopy (CFS) [7]
or coherent ion dip spectroscopy (CIS) [11] of atomic and
molecular systems.

Dark resonance spectroscopy involving one-photon
transitions only does not permit the study of highly ex-
cited states, such as Rydberg states without the need of
vacuum-ultraviolet radiation with photon energy in the
range from 10-20 eV. Such radiation is available from
synchrotrons or by frequency conversion techniques, like
four-wave mixing or high-order harmonic generation. In
general, the efficiency of these frequency conversion tech-
niques does not exceeds 10~%. In this publication we ex-
tend the technique of dark resonance spectroscopy to a
ladder-system involving multi-photon excitations, permit-
ting the investigation of highly excited states with ultra-
violet and visible radiation, provided by either a narrow-
or a broadband laser-system. Figure 1 shows the coupling
scheme, used in this work. A weak two-photon coupling
with radiation of Ap = 250 nm is induced between the
5p% 1Sy ground state of xenon and the intermediate state
5p°6p[1/2]o, leading to (241) resonantly enhanced multi-
photon ionization. The intermediate state is strongly cou-
pled by radiation with Ap ~ 600 nm to 5p°ns[Jc]; or
5p°nd[Jc]1 Rydberg states with principal quantum num-
bers n in the range 18 < n < 23 and with the rota-
tional quantum number of the ionic core Jo = 1/2 or
3/2. The ionization, as a probe for the population dis-
tribution in the atomic system, is monitored through the
observation of photoelectrons with an energy resolution
of AE = 150 meV, which is sufficient to distinguish ion-
ization processes into the two ionization continua. The
coupling scheme described here is closely related to ex-
periments on four-wave mixing enhanced by electromag-
netically induced transparency [6]. The role of Rydberg
states in such frequency conversion processes has been
investigated by Zhang et al. [16].
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Fig. 1. Excitation scheme: the xenon atoms are excited by the
weak probe laser from the ground state 5p° 'Sy to the excited
state 5p° 6p[1/2]o in a two-photon transition. Another photon
of the same energy serves to ionize the xenon atoms. The ex-
cited state 5p° 6p[1/2]o is coupled by the strong dressing laser
to highly excited Rydberg states. In a competing process the
dressing laser may transfer population to the excited Rydberg
state and subsequently ionize the atom. The detection of the
photoelectrons with kinetic energy resolution permits selective
observation of the different ionization channels.

An alternative well known detection scheme in
Rydberg state spectroscopy employs field ionization of
the Rydberg levels, which are populated via either single-
photon or multi-photon transitions [17]. Although that
scheme is suitable for very high resolution studies if con-
tinuous lasers can be used, it is limited to the study of
states very close to the ionization limit. The dark reso-
nance spectroscopy via intermediate state ionization, as
employed here, may suffer from laser-induced Stark shifts
[1,18-20], unless two-photon excitation of the intermedi-
ate state occurs exactly on resonance, but it is applicable
to any electronically excited state.

2 Experimental setup

Xenon gas with natural isotope abundance is expanded
from a stagnation region at room temperature and a
pressure of typically 500 mbar through a pulsed noz-
zle (General Valve, opening diameter 0.8 mm). The re-
sulting supersonic jet is collimated by a skimmer (orifice
0.8 mm), 132 mm downstream from the nozzle. The skim-
mer separates the source chamber from the interaction
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Fig. 2. The experimental setup with a laser-system providing pulses of transform-limited bandwidth: the 5p% *So—5p® 6p[1/2]o
— transition in xenon, is excited by radiation at 250 nm, which is generated by frequency conversion (frequency doubling and
sum-frequency mixing) of the output from a pulsed dye amplifier, seeded by a tunable single-mode cw laser-system. The output
of a second pulsed dye amplifier, operated with appropriate laser dyes, provides the dressing laser pulse, tunable in the range
570-610 nm. After the dressing laser pulse has passed an optical delay line (D), both lasers are focussed into the atomic jet. The
photoelectrons generated in the excitation process are collected by an electrostatic parabolic mirror and, after passing through
a time-of-flight segment (length [ = 1 m), detected on a micro-sphere plate. The energy resolution of the setup was typically

150 meV.

and detection region. The pulsed beam of xenon atoms
is intersected at right angle by the lasers at a distance
of 103 mm downstream from the skimmer. The particle
density in the interaction region is estimated to be ap-
proximately 10'3 atoms/cm?.

The photoelectrons from the ionization of the inter-
mediate state are detected in an electron spectrometer,
consisting of a parabolic electrostatic mirror, the focus of
which coincides with the interaction region. The electrons
are accelerated and, after passing through a time-of-flight
segment, detected on a micro-sphere-plate (E1 Mul Tech-
nologies). The signal output of the micro-sphere-plate is
amplified by fast broadband amplifiers and processed in
boxcar gated integrators (EG&G 4121B). The energy res-
olution of the spectrometer is typically AE = 150 meV,
which is sufficient to resolve photoelectrons from the two
ionization continua of xenon. In the experiments discussed
here, the photoelectrons from all the possible one- and
multi-photon ionization processes (see Fig. 1) can be dis-
tinguished.

Coherent radiation with transform-limited bandwidth
is provided by pulsed amplification of single-mode cw ra-
diation (see Fig. 2). The probe laser pulse is provided by
a pulsed dye amplifier (Quanta Ray PDA), seeded by the
output of a single-mode cw dye laser (Coherent 699) op-
erating at 652 nm. The amplifier is pumped by the fre-
quency doubled radiation of an injection seeded pulsed
Nd:YAG laser (Quanta Ray GCR 4). The output of the
pulsed dye amplifier is frequency doubled in a BBO crystal

and mixed with the fundamental frequency of the Nd:YAG
laser in a KDP crystal to obtain radiation at 250 nm
with pulse energies up to a few 100 pJ and a pulse du-
ration of 7p = 3.4 ns (FWHM of the intensity). The
spectral bandwidth of the ultraviolet radiation is about
Av = 140 MHz, which is very close to the transform limit
Avmin = 130 MHz for laser pulses with a Gaussian tem-
poral profile. A second pulsed dye amplifier, seeded by an-
other cw dye laser-system running at 570-610 nm with a
modehop free tuning range of 20 GHz, provides the dress-
ing laser pulse with pulse energies up to several mJ and a
pulse duration of 7p = 5.5 ns (FWHM of the intensity).
The dressing laser pulse passes through an optical delay
line before it is spatially overlapped with the probe laser
beam axis. The temporal overlap of the two laser pulses is
controlled by adjusting the length of the delay line. The
laser beams are focussed by quartz lenses onto the axis of
the atomic beam. The beam diameters (FWHM of inten-
sity) in the interaction region were 170 pm for the probe
and 670 pum for the dressing laser, yielding peak intensities
up to 160 MW /cm? for the probe and 220 MW /cm? for
the dressing laser. The probe laser was attenuated to in-
tensities typically in the range of a few MW /cm? in order
to prevent saturation of the electron detection. At these
intensities the probe laser-induced transition is far from
being saturated, therefore it does not affect the coherent
coupling induced by the dressing laser (see below).

Alternatively we used two dye lasers (LPD3000),
pumped by an excimer laser (LPX 220i) to provide
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Fig. 3. Electron energy spectrum obtained after (2+1) res-
onantly enhanced multi-photon ionization of population from
the ground state 5p6 1S, in xenon wia the intermediate state
5p° 6p[1/2]o with the probe laser operating at Ap = 250 nm.
The dressing laser was switched off. The fine structure compo-
nents 2P3/5 and 2P; /> of the xenon ion are clearly resolved in
the electron spectrum.

broadly tunable radiation with a bandwidth of 6 GHz and
pulse duration of about 15 ns. The radiation of one of the
dye lasers was frequency doubled in BBO to obtain the
ultraviolet radiation for the probe laser pulse. The maxi-
mum intensity provided by this laser-system was compa-
rable to that one from the system with nearly transform-
limited spectral bandwidth. However, due to the larger
bandwidth, the spectral intensity was about two orders of
magnitude smaller.

Figure 3 shows an example of an electron energy spec-
trum with the dressing laser switched off. The two groups
of electrons with different energy relate to the ionization
into the two continua, leaving the ionic core either in the
Jo = 1/2or in the Jo = 3/2 fine structure state. The dark
resonances are detected by observing any one of these ion-
ization channels as the dressing laser is tuned across the
resonance between the intermediate state 5p° 6p[1/2]o and
a Rydberg state. The transitions are assigned based on
spectroscopic data given in [21,22]. On resonance, the elec-
tron intensity is reduced to nearly zero. Electrons with an
energy corresponding to the ionization of Rydberg states
by any of the two lasers were not observed.

3 Results

We discuss the results in three subsection. In Section 3.1,
we present all observed dark resonances and offer some
general comments. Section 3.2 deals with the specific case
of the coupling to ns-Rydberg levels. The hyperfine struc-
ture of those states is revealed in the dark-resonance
spectrum in a non-trivial way. Finally we demonstrate
in Section 3.3 that dark resonances can also be observed
when using the spectrally rather broad radiation from an
excimer-pumped dye laser-system.
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3.1 Dark resonances spectra

Figure 4 shows the recorded dark resonances. Nearly com-
plete suppression of ionization, i.e. suppressed excitation
of the intermediate state 5p° 6p[1/2]o was found for dress-
ing laser intensities exceeding 2 MW /cm?, when the laser
frequency was tuned to nd[3/2]; Rydberg states, and
about 15 MW /cm? when tuned to nd[1/2]; or ns[3/2];
Rydberg states. The electron spectrum does not reveal
any feature belonging to the possible ionization of popu-
lation in the Rydberg states by the strong dressing laser.
This confirms that all population is trapped in the atomic
ground state, as expected. In fact, the Rabi frequency
related to the coupling induced by the dressing laser is
much larger than the Rabi frequency related to the two-
photon coupling induced by the probe laser. Since this is
true throughout the interaction the population remains
trapped in the ground state [12,23].

For higher dressing laser intensity, power broadening
of the dark resonances up to several 10 GHz was observed,
thus indicating strong interaction. Detuning of the probe
laser frequency from the two-photon resonance between
the states 5p% 1Sy and 5p° 6p[1/2]o lead to an asymmetric
shape of the dark resonance (see Fig. 5).

Recording the photoelectrons, which belong to the two
ionization continua, while the dressing laser couples the
intermediate state to a given Rydberg state leads, as ex-
pected, to dark resonances with similar line shape. As
also expected, dark resonances were observed, when the
dressing laser was delayed with respect to the probe laser.
However, the dressing laser pulse intensity, which was nec-
essary to achieve complete population trapping, increased
with the pulse delay, because the probe laser acted in the
wings of the dressing laser pulse.

3.2 Effect of hyperfine structure on dark resonances

Is is apparent from Figure 4 that the coupling of the dress-
ing laser to ns-Rydberg states leads to a peak near the
center of the dark resonance. The relation of this struc-
ture to the hyperfine splitting of the Rydberg levels will
be discussed in this section.

There are nine stable xenon isotopes in natural
abundance: ?*Xe (0.0096%), '?%Xe (0.0090%), 1%*Xe
(1.92%), 2°Xe (26.4%), ¥Xe (4.1%), ¥3'Xe (21.1%),
132Xe (26.9%), 13*Xe (10.4%), 13Xe (8.9%). The isotope
shift for xenon (Z = 54) is relatively small (a few hun-
dred MHz) [24]. The nuclear spin of even xenon isotopes
is I = 0. The 12Xe isotope has I = 1/2 and *'Xe has
I =3/2. As a result 47.5% of the xenon atoms show hy-
perfine structure. For 12*Xe each level with J # 0 is a
doublet with splitting Agp_1) = AF, where A is the
magnetic dipole constant. For ¥!'Xe the frequency differ-
ences between the HFS components is given by

:’; <F2+%J(J+1)I(I+1)>

A —AF+-BF
(FF) + 1J(2J—1)(2I-1)
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Fig. 4. Dark resonances in the photoionization of state 5ps 6p[1/2]o, when the dressing laser is tuned across the resonance
between state 5p° 6p[1/2]o and a Rydberg state. The tuning range of the dressing laser in all plots is 15 GHz. Complete
suppression of the population of state 5p°6p[1/2]o is observed for the coupling to 16 Rydberg states. About 2 MW /cm? were
used for coupling to Rydberg states nd[3/2]: and about 15 MW /ecm? for Rydberg states nd[1/2]; or ns[3/2]i. We confirmed,
that the structure of the dark resonance is the same in both ionization channels of xenon. For simplicity we show only the
electron signal, corresponding to the lower continuum. No photoelectrons corresponding to ionization out of the Rydberg states
with the dressing laser were found. From this we conclude that the total population of the system was trapped in the ground
state 5p® 1So. Due to hyperfine splitting for odd xenon isotopes, the dark resonances for the ns[3/2]1 states reveal a peak near
their centers (see Fig. 7).
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Fig. 6. Detailed coupling scheme for the even and the most
prominent odd xenon isotopes including hyperfine structure.

Hyperfine splitting of several energy levels in xenon has
been studied experimentally [24]. The magnetic dipole
constant A and the electric quadrupole constants B were
derived from these data. For different low lying energy lev-
els of 129Xe, the constant A is typically about a few GHz.
The ratio R = Ajo9/A131 = —0.2964 between the con-
stants A for 1?9Xe and !3'Xe is determined by magnetic
moments and spins of the respective nuclei. The electric
quadrupole constant B of the relevant energy levels of
131Xe does not exceed 100 MHz.

To the best of our knowledge values for the constants A
and B for 5p°ns[Jc]1 or 5p°nd[Jc]1 Rydberg states stud-
ied in this paper are not available from the literature.

The detailed level scheme is shown in Figure 6 for dif-
ferent xenon isotopes, taking hyperfine structure into ac-
count. For even isotopes (52.5% of the xenon atoms) the
coupling scheme is equivalent to a single three-level ladder
system (see Fig. 6a). For 12Xe (26.4%) each of the two
magnetic sublevel of the intermediate state 5p56p[1/2]o
is radiatively connected to both HFS components of the
Rydberg state. Here we have two independent, but iden-
tical sets of coupled states, labeled by either Mp = +1/2
or Mp = —1/2. The coupling scheme for '*'Xe is more
complicated. A fraction of 50% of these atoms (10.55% of
all atoms) is in the M = £3/2 state. For these atoms the
coupling scheme is comparable to 2°Xe, i.e. the upper
level is a doublet. The other fraction of 50% of the atoms
is in the state M = +1/2. For these atoms the interme-
diate level is coupled to a triplet of hyperfine components
(see Fig. 6¢). Here we have four independent subsets of
levels. Each of the two subsets labeled by Mp = —1/2
and Mp = +1/2 or Mp = —3/2 and Mp = +3/2 are
identical.

The consequences of the splitting of the target state
for the shape of a dark resonances will be discussed next.
The naive approach of simply adding two (or three) line
profiles does not explain the observed line profiles of the
ns[3/2]1 resonances, which show both complete suppres-
sion of ionization as well as an enhancement in the center
of the structure (see Fig. 4). Therefore a detailed analyses
is required.

We consider first the simplest case of a dark reso-
nance, involving only one upper level (Fig. 6a). The well
known Hamiltonian for a ladder-type three-level scheme
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in rotating wave approximation reads [1]

2AP 2p 0
2p —ive p (2)
0 .QD —QAD — 1’73

H=<
2

where 2p is the effective two-photon Rabi frequency for
the probe pulse, {2p is the Rabi frequency for the dress-
ing laser pulse; Ap = 2wp — wis is the detuning of
the probe laser frequency wp from two-photon resonance;
Ap = wp — wog is the detuning of the dressing laser fre-
quency wp from the resonance frequency for the transition
between the intermediate state |2) and the target state |3);
~2 and 73 are the ionization rates of the states |2) and |3)
related to the probe and dressing laser fields.

The ionization signals S and Ss from states |2) and
|3) are given by

+o0
&:/’|wm%NMuu=za (3)

— 00

For small probe laser intensity the ionization probability
is small, i.e. S; < 1 and neglect 7; in the Hamiltonian
(2). For a qualitative analysis of the dark resonances we
determine the mean population of each of the states |2)
and |3) during the interaction with the laser pulses as a
function of the detuning Ap.

It is convenient to use a dressed state approach, in
which the two dressed states |[4+) and |—), separated by
the Autler-Townes splitting [1], are considered (instead
of the two bare states |2) and |3) coupled by the strong
dressing field). The two-level Hamiltonian is

L @)
2|1 p —24p
The dressed states are
|[+) = cos@|3) + sinf |2) (5)
|—) = —sinf|3) 4+ cos02) (6)

with the mixing angle 6 given by
2p
D

tan 20 =

For slowly changing dressing laser intensity and with
05 > 1 (with £25** as the peak value of 2p(t)
and 7p is the dressing laser pulse duration), i.e. strong
dressing laser induced coupling, nondiabatic coupling be-
tween dressed states is negligible small and the three state
(|11),]4+),|—)) dressed Hamiltonian reads

2Ap 257 Q0P

1
H=2 00" 2. o0 (8)
5" 0 26,
where
1 /
€+ = 5 |:—AD + AzD =+ _Q]QD:| . (9)
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a double-dip structure, as it is observed in the experiment (see Fig. 4). Frame (g) shows the line profile of the dark resonance,
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even isotopes, 26% '2?Xe and 21% 3! Xe isotopes). The simulation presented in frame (g) confirms the experimental observation

(see Fig. 4).

Dressed Rabi frequencies Ql(j) = (sinf)f2p and Qéf) =
(cos@)2p describe the coupling of the ground state |1)
with the dressed states |[+) and |—). Figure 7a shows the
eigenenergies as a function of the dressing laser detuning
Ap, normalized to {2p, for exact resonance of the probe
laser Ap = 0. The probe laser frequency is detuned from
both dressed states if |Ap| < {2p. Excitation of both
states is small, if the spectral width Av = 1/7, of the
probe laser is much smaller than {2p. In this case the am-
plitude co(t) of the bare state |2) during the interaction is
found from the solution of the Schrédinger equation with
the Hamiltonian (8). It is given by

sin?0  cos? 6
+

ea(t) = —1/2 { ] p(t). (10)

€4 €_

Moreover, for exact resonance Ap = 0 (see Egs. (7)
and (10), respectively), resulting in cz(t) = 0, we have
0 = 7/4 and e, = —e_ = (2p/2, leading to the can-
cellation of the excitation probability of state |2) and
thus the ionization signal Ss. Therefore the bare state
|2) remains empty. Ionization from state |3) is not can-
celled. However the signal S3 is small due to the condition
2p7, > 1. When the detuning |Ap| increases, the transi-
tion frequency to one of the dressed states gets closer to
resonance with the probe laser frequency and the ioniza-
tion probability increases. The dark resonance line shape
i.e. the dependence of the ionization signal on detuning

Ap calculated in the stationary case for small probe laser
intensity (for details see appendix) is shown in Figure 7d.

For 129Xe the upper levels of the transitions driven by
the dressing laser is composed of two hyperfine structure
states. The effect of a hyperfine structure doublet on elec-
tromagnetically induced transparency is closely related to
coherent population trapping described here. It has been
previously investigated theoretically and experimentally
by Hui Xia et al. [25]. The authors show that in the pres-
ence of a hyperfine doublet, EIT may be observed, if the
laser frequencies are appropriately chosen. In our work, we
analyze the observed lineprofils depending on detunings
from the hyperfine levels aiming at spectroscopic applica-
tions.

Using angular momentum coefficients for the coupling
of My states linear polarization by the light fields, the
Hamiltonian of the four level system (see Fig. 6b) reads

QAP .Qp 0 0
2| 0 /1/302p —2Ap —24 0
0 /2/3%2p 0 —2Ap + A

Here the detuning Ap is defined with respect to the centre
of gravity of the hyperfine doublet. Therefore the detuning
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is defined as in Figure 7a. The dressed Hamiltonian reads

24p 057 0 Q5P

1 Q(*)*
H=o | Ry 00 (12)
2 “QP €0 0

0))* 0
257" 0 0 e

where .Ql(f ) (i = +£,0) is the coupling of the ground state
with the dressed state |i). The Rabi frequencies depend
on the admixture cg) to the bare state |2) in the re-
spective dressed state |i) = cg) |2) + c:(;) 13) + cy) |4). The
coefficients c,(;) are determined by {2p and Ap. The de-
pendence of the eigenenergies €¢; on the detuning Ap is
shown in Figure 7b for 2p = A. For small Ap, there is
a “bright” resonance when the probe frequency is in res-
onance with the transition frequency to the dressed state
|0). Thus, instead of two independent dark resonances,
which may be expected for small dressing laser intensity
(2b < A), a narrow ionization enhancement is observed
near the center of the broad dark resonance, if {2p is com-
parable to A. The width of this resonance is determined
by the spectral width of the probe pulse or by the rate
~ of other relaxation processes. Figure 7e shows the dark
resonance shape calculated for the stationary case using
equation (A.6). The dark resonance has the same shape as
in the absence of hyperfine splitting, except for the central
narrow peak.

The intensity of the narrow central peak is determined

by the admixture cgo) to the bare state |2) in the dressed
state |0). For the stationary case, e.g., the ionization signal
Smax at the central peak normalized to the signal Sy in
the absence of the dressing laser (or for large detunings
Ap > (J)p) can be obtained from equation (A.6). For
small v < (2p, A it reads

242

Smax/ 50 = 50z

(13)
Thus, the narrow peak near the centre of the dark reso-
nance exists if v < f2p < A. For Rabi frequencies much
larger than the hyperfine splitting the latter becomes irrel-
evant and the situation as shown in Figures 7a and 7d is
recovered. Because the strength of the coupling of state
|2) with the various HFS components is different (see
Eq. (11)) the narrow peak is shifted to the weaker compo-
nent. For v < {2p this shift Apmax is determined by the
zero of the denominator of (A.6) for v = 0 and reads

Apmax = —A/2. (14)
In the case of a triplet upper state, as in 31Xe a simi-
lar analysis along the same lines reveals two narrow peaks
near the center of the dark resonances for v <« {2p < A.
These peaks mirror the resonances with the two dressed
states (see Fig. 7c). The shape of the dark resonance calcu-
lated for the stationary case in the assumption for a hyper-
fine splitting of 31 Xe with A3, = —0.2964A4 and By3; = 0
is shown in Figure 7f. The overall shape of the dark reso-
nance is the same as in the absence of hyperfine structure,
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but two narrow peaks appear in the center. The relative
amplitudes of these peaks and their frequency positions
depend on the relative strength of the coupling between
the excited states and on the magnitude of the hyperfine
splitting. For the stationary case they can be obtained
from equation (A.6) using proper dressing laser Rabi fre-
quencies and HFS intervals. For the case of small v <
2p,|A131]| the shift of the first resonance from the centre

of the gravity is given by AL = —A131/2 = 0.1482A4

D max

and the relative amplitude by

S) /So = L%ﬂ . (15)
e 8A7s + 23
The second resonance is shifted to Ag 2nax = —3/2A131
and has the amplitude
A2,
S/ = gt (16)

6A2,, + 22

In the experiment with natural xenon abundance the
shape of dark resonances is the weighted sum of all three
cases which should results in the broad dark resonance
with three narrow peaks near the centre (see Fig. 7g).
Within the limits of the resolution in our experiments we
do not resolve the three narrow peaks, when the dress-
ing laser couples the ns-Rydberg states to the interme-
diate state. However comparison of the simulation (see
Fig. 7g) with the experimental data for ns-Rydberg states
(see Fig. 4) shows excellent agreement both with regard
to the magnitude of the bright resonance as well as its po-
sition slightly off-center from the minimum of the dark
resonance. For the nd-Rydberg in xenon the hyperfine
splitting is much smaller. Therefore the amplitudes of the
peaks are very small. They cannot be observed in our ex-
periment.

Obviously, the bright resonance for odd isotopes near
the center of the dark resonance, which is observed for
all isotopes, can be used to deplete the abundance of odd
isotopes in a natural mixture.

3.3 Dark resonances induced by spectrally broad
radiation

A more detailed theoretical analysis [12,23] of the interac-
tion of an atomic or molecular three-level system with two
coherent radiation fields yields a condition for the minimal
Rabi frequency needed for (nearly complete) population
trapping. This condition demands that the dressing Rabi
frequency has to be much larger than the rate of change of
the probe Rabi frequency throughout the interaction, i.e.

d

W)/ (1))| < (1) (17)

Because in the experiment the probe Rabi frequency is
provided by a weak two-photon transition, while the dress-
ing Rabi frequency is due to a strong one-photon coupling,
and the pulse width of the dressing laser pulse is longer
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Fig. 8. Dark resonance spectrum, obtained with a multi-mode excimer-pumped dye laser-system. The coupling scheme is the
same as shown in Figure 1. The lasers provided peak intensities of approximately 20 MW /cm? for the probe and 30 MW /cm?
for the dressing pulse. The depth of most resonances clearly exceeds the value of 50%, expected for incoherent excitation, the
strong nd[3/2]; resonances show nearly complete suppression of ionization.

than that of the probe pulse, the condition for the prepa-
ration of a dark state is well fulfilled. Fluctuations in the
temporal profile of the probe laser pulse may be compen-
sated by increasing the dressing Rabi frequency and/or by
decreasing the probe Rabi frequency.

In the same way, phase fluctuations in the laser fields,
which usually interfere with the dynamics of coherent ex-
citation, may be overcome by coupling strength. An ex-
ample of a coupling scheme for which the dynamics are
insensitive to phase fluctuations is the so-called incoher-
ent interference control (IIC) scheme [10]. Kuhn et al. [14]
showed that detrimental effects of phase fluctuations may
be compensated by an increase in laser intensities in order
to permit efficient coherent population transfer by STI-
RAP. Kofman [13] investigated the effect of amplitude-
phase-fluctuating radiation fields on EIT and found, that
significant transparency may be induced even with light
fields of poor coherence properties. We note, that the re-
quirements for EIT in optically dense media are stronger
than for the implementation of the dark resonances dis-
cussed here.

Therefore we expect pronounced dark resonances even
when the laser pulses are not derived from a laser-system,
which yields transform limited radiation (lacking phase
fluctuations), but from a rather broadband excimer-laser
pumped laser-system.

In fact the data shown in Figure 8 demonstrate that
dark resonances are observable with a broadband laser-
system. The excitation scheme is the same as shown
in Figure 1. The laser pulse width was about 15 ns
(FWHM of the intensity). The bandwidth Av = 6 GHz
exceeded the transform-limit by two orders of magnitude.
Nevertheless the depth of most resonances clearly exceeds

50%, the value, expected to be the limit for dips caused
by incoherent excitation. Due to stronger transition mo-
ments, the dark resonances are more pronounced when
the dressing laser couples nd[3/2]; states to the intermedi-
ate level. In fact, the suppression of ionization approaches
100%.

The bright resonance in the center of the dark res-
onances, as observed for narrow-band excitation (see
Fig. 4), can not be resolved in this setup, even when the
intermediate level is coupled to ns Rydberg states.

4 Conclusion

We have observed pronounced population trapping in res-
onantly enhanced multi-photon ionization, when the in-
termediate state is coupled to a highly excited Rydberg
state of xenon by a strong radiation field. The laser intensi-
ties which were necessary to induce substantial population
trapping were of the order of several MW /cm? for a laser-
system with nearly transform-limited bandwidth, but typ-
ically two orders of magnitude larger when a broadband
laser-system was used. The depth of the ionization dips
clearly exceeded the value of 50% expected for incoherent
interaction. We have furthermore resolved the hyperfine
structure in the ns-Rydberg state and and explained the
consequence of that structure on the shape of the dark res-
onance, taking the natural abundance of xenon isotopes
into account.
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Appendix

Here, the lineshape of the dark resonances is derived for
the stationary case and for small probe laser intensity.
The interaction of an atom with the probe and dressing
lasers, assuming constant amplitudes, is given in the ro-
tating wave approximation by the Hamiltonian

2Ap (2p
) 2p 2p3 f2ps (ps
H=2 b5 —2Ap1 (A1)
py4 —2Aps
2ps —2Ap3

where Ap is the two-photon detuning of the probe laser,
Ap; is the detuning of the dressing laser carrier frequency
from the resonance with the upper state ¢, i.e. Apg =
Api —wy3, Apy = Ap1 —wa3 —wsg, wWith w;; the frequency
interval between states i and j. The Hamiltonian (A.1)
includes all possible cases of HF'S of Xe: for even isotopes
of Xe the Rabi frequencies are {2p3 = (2p, 2ps = (2p5 =
O; for 129Xe QDg = \/1/3_(2]3; QD4 = \/2/39}3, QD5 =
0 and W43 = 3A/2, for 131Xe .QD;), = \/1/39}3; .QD4 =
\/1/159[) and (2ps = \/3/59}3, with wgy = 514131/2 +
5B/4, wa3 = 3A131/2 — 93131/4.
The master equation for the density matrix reads [1]

0 i

[HP] + prelax .

In the case of a weak probe laser the diagonal elements
of the density matrix describing the population of atomic
states are p11 = 1 and p; = 0 (i # 1). Furthermore,
the off-diagonal density matrix elements po; (j = 3,4,5)
are neglected. Assuming the same relaxation rate v for all
matrix elements, the damping of the off-diagonal density
matrix elements are described in simplest approximation
by (pretax);; = —7Vpij- This approach is appropriate to de-
scribe our experimental data, if relaxation is mainly due
to finite interaction time, while relaxation due to sponta-
neous emission is negligibly small.

With these assumptions one obtains a system of four
linear equations for the nonzero off-diagonal matrix ele-
ments pi2 and p1; (j =3,4,5)

d . i i
Emz + ['y + 1Ap] P12 = EQP + 5 j; ) QDjpljv (A~3)

d i i
—p1; + [y +1(4p + Ap;)] p1j = 52pjp12. (A4)

dt 2
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In the stationary case p = 0 the coherence pio created
between states 1 and 2 is given by

34%

p12 = o (A.5)

. 1
Y +HIAp + 320545 TG EADT]

The power absorption of the probe field is proportional
to Re(p1262%). Thus, the absorption coefficient s for the
probe field reads

gl

» = 7y Re 2
. 1 j
V1A + 105545 TG D))

(A.6)

where 3¢y is the absorption coefficient for the probe field
in the absence of the dressing laser. The stationary ion-
ization rate from level 2 is proportional to the population
of this level and therefore to ». Thus, the lineshape of a
dark resonance is described by the expression derived in
equation (A.6).
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