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EXPERIMENTS WITH A MESOMASER

W. LANGE AND II. WALTHER

Max-Planck-Institut fiir Quantenoptik
ITans Kopfermann-Sir. 1, 85748 Garching bei Miinchen, Germany

We investigated the dynamically modified interaction between Rydberg
aioms and a single mode of a microwave cavity driven by a strong external
field. With a monochromatic injected field we observed dynamic suppression
of spontaneous emission, when the intracavity Rabi frequency exceeds the
cavity linewidth. We discuss a theoretical model using non-Markovian decay
rates, which is in excellent agreement with experiment. When a bichromatic
driving field is used, enhanced decay reappcars in narrow resonance zones
as the detunings and injected intensities are varied. These results are inter-
preted in terms of cavity-modified transitions between the Floquet states of a
two-level atom. Striking aspects of these transitions are their small linewidth
and an asymmetry between emission and absorption.

PACS numbers: 42.50.11z, 32.70.Jz, 32.80.—t

1. Introduction

The interaction of a two-level atom with a single mode of the electromagnetic
field in a cavity is the most fundamental system for investigating the coupling
between matter and radiation. It was first treated theoretically by Jaynes and
Cummings [1] and has received a lot of attention in recent years, as a large number
of experiments related to this model have been accomplished. Three rates govern
the dynamics of the system: the atom-field coupling constant g, which sets the
time-scale of the coherent evolution, the damping rate of the cavity field & and,
in the absence of atomic relaxation, the inverse interaction time 7-1. When the
coupling g is much stronger than the cavity damping &, the Jaynes-Cummings
model predicts an oscillatory energy exchange between the atom and the cavity
mode. An important system suitable to explore this strong coupling regime is the
one-atom maser [2, 3]. Here, the dynamics of the photon exchange between an
atom and a single mode of a microwave cavity can be investigated with less than
one atom in the cavity at a time. When a large atomic flux is used, a steady
state field builds up in the cavity which can exhibit nonclassical properties, like
sub-Poissonian photon statistics [4]. An essential requirement for the generation
of such a steady state field is that many atoms pass through the cavity within the
cavity decay time.

In the optical region, the signature of the photon exchange is a splitting of
the normal modes of the atom-field system, which has been observed with sodium
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atoms in a Fabry—Perot resonator [5,.6]. Recently, the phenomenon has also been
demonstrated in the microwave regime [7].

When, on the other hand, the case of a microwave cavity with a decay rate
larger than the atom—field coupling is considered, the system dynamics is entirely
different from the mictomaser. A photon emitted into the cavity mode is dissipated
before it can be reabsorbed by the atom or interact with another atom. Therefore,
the atoms cannot build up an electromagnetic field inside the cavity like in the
strong coupling case. For weak coupling, the influence of the cavity on the atom
can be described by perturbation theory. Such a system is suited to investigate
cavity-induced modification of radiative atomic decay.

It was first realized by Purcell [8] that the spontaneous emission rate is not
only determined by the coupling between atom and field, but also by the mode
density of the electromagnetic environment. In a cavity resonant with the atomic
transition, the density of modes at the transition frequency is much higher than in
free space. Consequently, spontaneous emission is strongly enhanced by the cavity.
On the other hand, when the cavity is detuned from the atomic resonance, decay is
inhibited. Since there is no mode available for the atom to interact with, it cannot
emit the stored energy and the lifétime in the excited state is increased. Both
enhancement and inhibition of spontanéous emission have been observed in the
optical domain [9] as well as with mlcrowave transitions between highly excited
Rydberg levels [10-12].

In the one-atom maser and other microwave cavity-QED experiments re-
ported so far, the cavity or cavity-like structure initially only contains the vacuum
field or in some cases a few thermal photons. The cavity is pumped exclusively
by atoms injected in the upper state. In this paper we discuss experiments, in
which the cavity mode is excited by an external driving field [13]. This introduces
intensity and detuning of the driving field as new system parameters and leads
to-novel effects. We consider a driven atom-cavity system in the special case of
cavity decay rate k and coupling constant g having the same-order of magnitude,
i.e. the case in between the strong and the weak coupling limit. This allows us to
investigate nonlinear effects at small photon numbers, but still use a theoretical
model based on the perturbative approach. .

The observation of coherent and nonlinear phenomena in this regime requires
the presence of more than one atom (N > 1) in the cavity at a time. Moreover, as
photons are supplied by an external source, the occupation number n of the cavity
mode can become quite large. Such a system may be called mesoscopic, because
it represents an intermediate regime between the microscopic (N < 1) and the
macroscopic (N >> 1) description.

Two limiting cases are of particular interest: that of a weak and . that of
a strong external driving field. If the external excitation of the cavity mode is
smaller than or comparable to the field radiated by the atoms, cooperative atomic
behavior is expected. Among tl.e predictions for this regime are multistable steady
states, self-pulsing [14], and phase bimodality of the atom-cavity system [15, 16].
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. In this article we will focus on the strong field cése, where the external driving
1s so strong that the Rabi frequency associated with the cavity field exceeds the
cavity linewidth

2 =29/n>x, ' (1)

n being the number of photons in the cavity mode and g is the atom—field cou-
pling. Clearly, in this case, the atomic contribution to the cavity field is negligible.
The power in the mode is determined exclusively by the intensity of the exter-
nal field and a Lorentzian factor taking into account the detuning of the external
field with respect to the cavity frequency. In this situation cooperative eflects like
multistability cannot arise.

Our analysis shows that the dynamics in the mesoscopic strong field regime
is well described in terms of cavity-modified decay rates. We have investigated
theoretically and experimentally the behavior of these rates for intense driving
[13, 17].

An important result is that decay depends on the strength of the external
field in a way which at first sight is surprising: the larger the driving field, the
smaller is the cavity-enhanced spontaneous emission rate. We have found that
about 100 photons in the cavity are sufficient to completely suppress spontaneous
emission as well as thermally induced transitions.

Such a dynamic modification of spontaneous emission has been predicted for
the optical domain some time ago by Lewenstein, Mossberg, and Glauber [18], yet
the experiment they have suggested has not been realized. The main difficulty is
that only emission into the cavity mode is dynamically suppressed, while atoms
can still decay into the continuum of side modes not affected by the cavity. Since an
ordinary optical cavity only encloses a small solid angle, cavity related effects are
entirely masked by decay into side modes. This problem does not occur with the
microwave cavities used in the Rydberg atom experiments, as these are completely
closed, so that atoms exclusively interact with a single cavity mode. It should be
noted that for a closed cavity, the external driving field necessarily is injected
into the cavity mode. In contrast, in corresponding optical experiments the laser
usually occupies a side mode not supported by the cavity.

There is a simple way of understanding the suppression of spontaneous emis-
sion by a monochromatic driving field. The system can be described in terms of
semiclassical dressed states [19-21]. In free space and for resonant driving one
obtains the Mollow resonance fluorescence triplet [22] depicted in Fig. 1. This
has to be compared with the spectral density of the cavity mode, represented
by the dashed line in Fig. 1. In the strong driving situation considered here, the
Rabi frequency (2 associaled with the external field exceeds the cavity linewidth
k (cf. Eq. (1)). Consequently, the fluorescence side bands fall outside the re-
sponse spectrum of the cavity mode, which results in a strong suppression of
the cavity-induced decay rate. Transitions corresponding to the central peak of
the fluorescence triplet do not change the atomic states detected in Rydberg ex-
periments and hence do not contribute to the decay of atomic population. If the
field is sufficiently strong, complete decoupling of the atom from the cavity mode

can be achieved.
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Fig. 1. Mollow triplet of fluorescence in free space (solid curve). In a driven cavity, flu-

orescence is dynamically modified when the side bands fall outside the cavity resonance
line (dashed curve).

This result can be put on a quantitative basis by calculating the renormal-
ization of the cavity-induced spontancous emission rates by the strong field [17]. It
is important to note that the cavity mode into which the atom emits has a finite
response time . Therefore, atomic decay induced by the cavity may be considered
as a non-Markovian process, depending on the dynamics of the atomic variables
during a cavity damping time x. As the time scale for the evolution of the driven
system is given by the Rabi {requency §2, modified decay rates are expected for
2 > K, in agreement with the simple argument above.

The physical situation becomes considerably more complex when the single
frequency driving field is replaced by a bichromatic field. Recent experimental [23]
and theoretical [24-26] investigations have shown that the free space fluorescence
spectrum of a two-level alom in a strong bichromatic field fundamentally differs
from the spectrum observed in the monochromatic case. An example is shown in
Fig. 2. Instead of the threc peaks characteristic of monochromatic fluorescence
(Fig. 1), there now is a large number of side bands. Their most striking property is
that the peak separation is no longer dependent on the Rabi frequency, but is equal
to half the difference between the two driving frequencies. The Rabi frequency here
only determines the amplitude envelope of the resonances.

The complex structure of these spectra is a consequence of the fact that
the Hamiltonian of a system with bichromatic driving is necessarily time depen-
dent. Therefore, stationary encrgy levels and steady-state spectra do not exist
and all expectation depend on time. From these free space results we expect that

cavity-induced decay under bichromatic driving shows fcatures not present in the
single frequency case.
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Fig. 2. Theoretical free space fluorescence spectrum of a two-level atom in a bichro-
matic field [24]. The ficlds are assumed to have equal Rabi frequencies.

The spectra we have obtained by driving the cavity with two frequencies,
indeed, differ from the monochromatic results. Although for two frequencies sup-
presscd decay also prevails, an additional feature appears in the spectra: at certain
detunings of the driving ficlds resonances in the decay rate occur. Their position
depends on the intensities of both driving ficlds and the cavity frequency. The
width of the resonant structures can become extremely small and even drop below
all characteristic widths of the system, like the cavity linewidth, transit broad-
ening, and inhomogeneous broadening. In addition, there is a strong asymmetry
between upper and lower level decay. '

We have obtained a theoretical interpretation of these experimental results,
describing the atom-field system in terms of Floquet states [27]. By this method
we transform the two-level system with time dependent fields to an infinite number
of stationary quasi-energy levels, interacting with the cavity mode. We show that
the data we present can be regarded as the first observation of cavity-modified
transitions among Floquet states of an atom.

In Sec. 2 we give details of the new Rydberg atom experiment investigat-
ing the mesoscopic regime. The experimental data for monochromatic driving are
presented in Sec. 3, demonstrating the dynamic modification of atomic emission
characteristics. In this section we also give a theoretical interpretation of our re-
sults, based on a semiclassical dressed state analysis of the system. The novel
eflects obtained under strong bichromatic driving are discussed in Sec. 4. In Sec. 5
we outline the theoretical treatment of the bichromatic case in terms of Floquet
states. Finally, in Sec. 6 we describe the observed asymmetry between emission
and absorption in the system.
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2. Experiment

The experimental apparatus used to investigate the mesoscopic regime of
cavity-QED is similar to the one-atom maser [4]. We employ a microwave tran-
sition between neighboring levels of 35Rb Rydberg atoms, excited to a state of
high principal quantum number (here n = 53). Rydberg states are well suited for
investigating the interaction of matter and radiation. First, we can take advantage
of the large atom—field coupling of transitions between Rydberg levels scaling as
n2. Second, transition frequencies are in the microwave region. Therefore, we can
use RF cavities, operated in a fundamental mode. Unlike the Fabry-Perot res-
onators employed in optical experiments, our microwave cavity encloses the full
solid angle. This way, coupling to side modes is eliminated and the interaction is
restricted to the one cavity mode resonant with the atomic transition. As only
two Rydberg states are coupled resonantly by the cavity field, the Rydberg atoms
can in good approximation be considered as two-level atoms. Another advantage
of the microwave regime is the long interaction time of the atoms in the cavity.
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Fig. 3. Scheme of the experimental sctup for the case of monochromatic external driv-
ing (frequency wi) of the cavity. The wavelengths (in nm) of the diode lasers used for
the excitation of the 53P Rydberg state are indicated.

Our experimental setup is shown in Fig. 3. A collimated beam of rubidium
atoms is excited to the 53%Py;, state of 3*Rb by means of three-step diode laser
excitation with wavelengths 780.2 nm, 776.0 nm and 1258.8 nm, respectively. The
atomic beam has a thermal velocity distribution, the most probable time of flight
through the cavity being 7 = 67 us. Due to the long lifetime of the Rydberg levels,
the linewidth of the atomic transition is determined by transit time broadening.

After being excited to the 532P3/2 state, the atoms traverse a superconduct-
ing cylindrical cavity along its axis. The TMgzo-mode of the cavity is in resonance
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with the 532P3/2 — 532.5'1/2 transition at a frequency wo = 27 x 25.5903 GHz.
The atom-field coupling constant between the m = :!:% magnetic substates was
calculated to be g = 27 x 17 kHz.

The. cavity is made of superconducting niobium. By cooling to a temperature
of 4.2 K in a “He-cryostat, a loaded quality factor Q of 1.9 x 10° was obtained.
This corresponds to a cavity decay rate £ = 27 x 6.7 kHz. This relatively large
decay rate distinguishes our experiment from the one-atom maser, where « is much
smaller than the coupling constant g.

A further distinction from the one-atom maser is related to the cavity mode
employed. While the maser cavity is operated in the. TE;»;-mode with a sinu-
soidal variation of the electric field along the axis, for the present experiments the
TMozo-mode was chosen. It has the advantage of providing a constant amplitude
of the electric field along the axis of the cavity. In this way we avoid effects relating
to position dependent atom—field coupling. At the entrance and exit holes, power
leakage leads to a gradual turn on and turn off of the field amplitude in the rest
frame of the atoms. The corresponding rise time is about 5 us. The cavity field
is linearly polarized with the electric field vector parallel to the direction of the
atomic beam. '

The one-atom maser cavity is pumped only by atoms injected in the upper
state. As we are interested in the dynamics of a strongly driven system, our cavity
field is supplied by an external microwave source. Coupling is achieved through a
hole in the sidewall, equidistant from the two end caps. We did not use the atomic
beam holes for feeding the microwaves, to avoid premature interaction of atoms
and field. The microwave source is a 26 GHz synthesizer with a linewidth below
1 kHlz. For the experiments with a bichromatic driving field, we used an additional
synthesizer at 13 GIIz in conjunction with a frequency doubler. Here, the linewidth
achieved was about 2 Iz. We did not lock the phases of the two synthesizers, as
their relative stability was larger than the inverse transit time of the atoms.

Owing to the closed cavity configuration, the observation of atomic fluores-
cence in the cavity is ruled out. The only source of information available on the
atom-cavity interaction is the state of the atoms leaving the cavity. The Rydberg
atoms are detected by state-selective field ionization, using two secondary electron
multipliers with an efficiency of about 10% [4].

3. Dynamic suppression of spontaneous emission
by a strong driving field

In the mesomaser experiments the cavity decay rate x is about equal to
the coupling constant g. Therefore, oscillatory exchange of energy between atom
and cavity mode does not occur, and it is appropriate to describe the influence of
the cavity in terms of modified atomic decay rates, which can be obtained from
perturbation theory.

When no external microwave field is applied, we expect enhanced or inhib-
ited spontaneous emission [10], depending on the atom-cavity detuning. In the
microwave regime, transitions induced by blackbody radiation also contribute, be-
cause of the large mean number 7 = 2.9 of thermal photons in the cavity mode
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at a temperature of 4.2 K. The blackbody induced transition rate simply adds to
the spontaneous rate. Thus the enhanced decay rate is given by [17]:

29%k _
I = ———————=(1+ 2n). 2

I n2+(wc_wo)2( ) (2)

Since for w. = wo, the inverse decay rate I',"! is small compared with the interaction

time T, the atoms leave the cavity in thermal equilibrium when the cavity is
tuned into resonance with the atomic transition. This is demonstrated by the field
ionization spectrum in Fig. 4a. There are peaks in the Rydberg count rate at two
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Fig. 4. Field ionization spectra of atoms prepared in state 532]’3/2, passing through
a cavity resonant with the transition to 53251/2. Atoms leaving the cavity in the 53P
(535) state are ionized in a field of 56 (60) V/cm. (a) Without external driving. The
population of level 535S indicates spontaneous and thermally induced transitions. (b)
With strong external driving. The 535 signal (arrow) has alimost completely disappeared,
owing to the dynamic suppression of spontaneous and thermally induced transitions.

values of the ionizing field, corresponding to atoms in the initially occupied 53P
level and the lower 53S level, respectively. The lower level count rate is a measure
for cavity-induced transitions.

To investigate the new regime of a driven cavity, we injected a quasi-resonant
external microwave field into the cavity mode. This is in contrast to optical ex-
periments, where the driving field usually is injected in a side mode not supported
by the cavity. We monitored the lower level count rate as a function of the mi-
crowave intensity. The result is shown in Fig. 5. At —100 dBm we still observed
the full enhanced decay rate. At a power level of —73 dBm, corresponding to only
about 100 microwave photons in the cavity, we registered a sharp drop in the
number of atoms leaving the cavity in the lower level. The fact that a relatively
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Fig. 5. Count rate of atoms in the lower Rydberg level (53S) as a function of the
intensity of the external microwave field close to resonance. The corresponding number
no of photons occupying the cavity mode is displayed as the top axis.

small number of photons can lead to drastic changes in the system behavior is a
consequence of the strong coupling of Rydberg atoms to the electromagnetic field.
At still higher input intensities of up to 10° photons in the cavity, the number
of lower level atoms dropped quickly to a value close to zero. The field ionization
spectrum obtained in this case is displayed in Fig. 4b. The peak corresponding
to lower Rydberg-level (535) atoms, has alinost completely vanished, even though
the intensity of the resonant cavity field far exceeds the saturation threshold of
the 53P — 53S transition. This is the first observation of suppression of atomic
decay due to the system dynamics induced by a strong driving field, as predicted
in Rel. [18]. At still higher intensities, the lower level count rate rises again and
displays resonances, indicating the breakdown of the two-level approximation.

Qualitatively, the observed suppression of decay can be understood in the
dressed atom picture. If the Rabi frequency of the driving field is larger than the
cavity linewidth, the side bands of the fluorescence triplet are shifted outside the
cavity response spectrum (cf. Fig. 1) and hence atomic decay is suppressed. The
central component at the driving field frequency corresponds to transitions which
do not change the atomic population. Therefore, they are not detected with our
sctup, which is only sensitive to changes in the occupation of atomic levels.

A rigorous theoretical analysis of the experiment was reported in a recent
paper [17]. It starts from the Iamiltonian of a two-level atom of {requency wq
coupled to a single mode cavity field of frequency we, i.e. the Jaynes—-Cummings
Ilamiltonian. In addition, the cavity is driven by an external field of frequency w;
and amplitude . In a frame rotating at the frequency w; the Hamiltonian is

II = RAS* + héata+ hg (Sta+ S-al) +h (aB* +d'E), )
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where the detunings A and 6 are defined by

A = wy —wy, 6 = we —wi. (4)
The annihilation and creation operators a and a! are associated with the cavity
field, while S* and S* are the spin-% angular momentum operators describing the
two-level atom. ’

Cavity relaxation at the finite temperature T is handled by the master equa-
tion for the density matrix p of the combined atom-field system

dp i,

a’ - _i [II’p] +‘CP:

Lp = —k(14+7) (a'ap — 2apal + pa'a) — k7 (aatp — 2atpa + paat) .  (5)

As shown above, a typical value for the mean photon number in the <avity
mode is 105. At those intensities, a classical treatment of the coherent excitation
of the cavity field is justified. On the other hand, the quantum description of
the cavity mode is still needed to take into account spontaneous emission and
the thermal photons in the cavity. Therefore, it is advantageous to separ ..e the
coherent and the incoherent part of the cavity field. This can be done by a unitary
transformation, leading to a description in which the atom is coupled directly to
the classical external field, while the quantized cavity field is in the state of thermal
equilibrium [17, 28]. The transformed Hamiltonian reads

H' = hAS* + héala+ hy (S*a+ S-al) + 2 (S*0+507). ©)

The quantity £ is the Rabi frequency of the classical driving field, which is given
by
29F
Kk+16| : (M
The Lorentzian denominator appearing in (7) reflects the fact that the external
field FE is injected directly into the cavity mode and hence couples less strongly
for large field-cavity detuning. '

The classical strong driving field can be treated most elegantly by working
in the basis of semiclassical dressed states [+) [19-21, 29]. These states are defined
in terms of the bare atomic states |1) and |2) by the equation

|[+) = cos8|1) + sin 6]2),

|—) = —sinf|1) + cos 8]2), (8)
where the Stueckelberg angle  is defined by tan(260) = 22/ A.

Decay rates for the dressed levels are calculated using a second order Born
approximation with respect to the coupling constant g to simplify master equation
(6). Subsequently, the cavity field is eliminated adiabatically by tracing over the
variables a and a'. From the resulting master equation for the atom, one can
derive equations of motion for the Bloch vector R in the dressed state basis, which
assume a particularly simple form in the rotating wave approximation

(k%)= (i - I.) (R*), 9)
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(R*) = Iy ((R*) — (RZ,)) . (10)

The quantity 2 is the dynamically modified Rabi [requency, I'y and I} are decay
rates. The dressed state inversion relaxes to its steady state value (RZ). The
parameter relevant for the interpretation of the experimental results is I, the
rate at which the dressed state population inversion (R?) decays

I = 902 _ kcostf ksin g ]
=20 [t el ], (1)
where 2 = VA2 + 22 is the generalized Rabi frequency. As expected, for a res-
onant cavity and a resonant driving field (A = 6 = 0), one finds that the decay -
of -the dressed state population is strongly. suppressed compared to the zero field
result by a factor (£2/x)2. Therefore, if the atom is in a dressed state, the sponta-
neous emission rate can be made arbitrarily small by increasing the Rabi frequency
£ of the driving field. | ‘

An intriguing aspect of the problem is that intensity dependent decay rates
may be regarded as originating from a non-Markovian process [18, 17]. The fi-
nite response time of the cavity mode leads to decay terms in the modified Bloch
equations, which depend on atomic variables at earlier times. The decay rate I)is
proportional to a sum containing Laplace transforms of atomic correlation func-
tions, for example

oo
/ e~ (k=) (S‘*‘(l -7)8” (l)) dr. ‘ (12)
0

This expression clearly violates the Markov assumption, as it implies a reservoir

memory over the cavity response time. The decay rates become depender t on the
intensity of the driving field, because the dynamics of the Bloch vector S(¢) ap-
pearing in (12) is governed by the Rabi oscillations. If the Rabi frequency exceceds
the cavity linewidth &, averaging of the correlation function (S*(t — 7)S~(¢)) over
a time k~! reduces expression (12), and hence the decay rate Iy, to almost rero.
This illustrates how non-Markovian dynamics can lead to the suppression of decay
in a strongly driven system interacting with a frequency dependent reservoir.

An important question concerns transient effects in the atom—field interac-
tion during the entrance and exit phase. Atoms are prepared outside the cavity in
the upper bare state. When an atom enters the cavity field, this state is mapped to
a superposition of dressed levels. The reverse process occurs at the cavity exit, as
atoms are detected after they have left the cavity. To examine transient behavior,
the Bloch equations (3) were integrated for a time dependent coupling constant
g(t). This way the turn on and turn ofl of the coupling in the rest frame of the
atoms during their flight through the cavity were modeled.

The results of the calculations show that the dynamics induced by the time
dependent coupling critically depends on the detuning of the driving field with re-
spect to atoms and cavity. One can distinguish between a diabatic and an adiabatic
regime.

If the detuning between atom and driving field is larger than the inverse
rise time of the cavity field, the atoms enter the cavity adiabatically. Starting in
the upper level (53P) at zero field, each atom slowly passes through a succession
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of stationary states on the way into the cavity. Consequently, inside the cavity
the atom is in one of the dressed states |+). By analogy, an atom leaving the
cavity in the same dressed state ends up in the initially occupied 53P level. This
explains the surprising fact that the strong resonant field itself does not induce
any transitions. Atoms detected in the lower (53S5) level are exclusively due to the
decay of the dressed state population inside the cavity and hence are governed by
the rate I)j (Eq. (11)). This is in perfect agreement with the experimental result
that atomic decay is suppressed if the driving field is strong enough.

If the detuning between atom and driving field is less than the inverse rise
time of the cavity field, the splitting between the semiclassical dressed states is
so small that the change of this splitting on entry (or exit) is fast enough for
Landau-Zener type transitions between dressed states to occur. This contribution
to the change of atomic population is independent of cavity-induced effects. We
measured the lower level population at the cavily exit as a function of the detuning
of the driving field (Fig. 6a). The diabatic contribution to the overall transition
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Fig. 6. (a) Experimental trace of the lower level population for a driving field amplitude
E = 15000x. The atomic beam has a thermal velocity distribution with an average in-
teraction time T' = 2.6, (b) Corresponding theoretical result, obtained by integrating
the modified Bloch equations (9-10).

rate appears as a peak at the atomic frequency with a width of 10«, which is
roughly the inverse rise time. The spectrum is in excellent agreement with the
result from the theoretical model (Fig. 6b).
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A striking feature in Tig. 6 is that for large detuning the suppression of
§p011ta11eous emission vanishes. This is a simple consequence of Eq. (7) for the
intracavity Rabi frequency. As the external field is injected into the cavity mode,
the excitation level of the mode decreases with the detuning of the driving field
according to a Lorentzian. In optical experiments, where the driving field is in-
Jected into a side mode, this restriction is absent. From Eq. (11) follows a critical
detuning:

3/242E2

a.=YEE (13)
at which the decay rate has dropped to half its zero-field value. We have tested
experimentally the dependence of the critical detuning A. or, equivalently, the
width w of the dynamic suppression region, on injected power (Fig. 7). We found
good agrecement with the theoretical slope for strong fields above —40 dBm.
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Fig. 7. Measured width of the range where dynamic suppression is observed. The solid
line represents the theoretical result in the strong field case (§2 3> «).

4. Cavity-induced transitions in a strong bichromatic field

The modification of cavity-induced transitions for a single {requency driv-
ing field is limited to the suppression of decay for large intensities. This is due
to the simple structure of the dressed states in a monochromatic field. A much
richer dynamics can be expected when we employ a field containing two frequency
components. :

We have probed cavity-induced effects under the influence of strong bichro-
matic driving by performing an experiment analogous to the monochromatic case,
but with an additional microwave field injected into the cavity. Intensity and fre-
quency of the second field were controlled independently from the first field. This
is in contrast to most experiments on bichromatic driving in the optical domain,
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where both fields are symmetrically detuned from the atomic resonance and as-
sumed to have equal intensity.

Like in the monochromatic experiments we injected the atoms in the upper
level and took spectra of the lower level count rate at the cavity exit. It isimportant
for the interpretation of our results to clarify the procedure for obtaining these
spectra. For practical reasons we scanned the frequency of only one field (called
w1), while keeping the frequency of the second field (w2) fixed. At the same time
the injected intensities of both external ficlds were kept constant. Note, however,
that there is an inherent variation of the infracavity amplitude of the scanned
field, as it depends on the mode density and according to Eq. (7) varies like the
Lorentzian cavity line shape.
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Fig. 8. Count rate of atoms in the lower Rydberg level (535) for a bichromatic driv-
ing ficld. The inset shows the detuning of the second field (1018 kHz) and the atomic
transition frequency (—681 kIlz) with respect to the cavity resonance. The intracavity
Rabi frequency of the first ficld at the cavity resonance (wy = wc) is 120 MHz, that of
the second field at w2 is 15 MHz.

A typical spectrum obtained in this way is presented in Fig. 8. The baseline
of the lower level count rate, which is close to zero, is the signature for suppressed
atomic decay as it was observed for monochromatic driving. There is, however,
a striking feature not present in the single frequency spectra. A pronounced pair
of narrow resonances in the number of lower level atoms appears, symmetrical to
the cavity frequency. These lines may be attributed to cavity-induced decay under
bichromatic driving,.

The observed resonances in the count rate show peculiar properties. First,
the resonance frequencies depend on the intensities of both injected fields. This is
a clear indication that we are observing bichromatic dynamic effects and none of
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the fields may be regarded as a weak probe field. In addition, there is a dependence
on the fixed frequency of the second field.

The experimentally determined position of these resonances in the lower level
count rate may be summarized in a surprisingly simple condition: mazima occur,
when the intracavity Rabi frequencies of the two injected fields are equal ezcepl for
a constant factor of the order of unity. Denoting the amplitudes of the injected
fields by E1 and E3 and taking into account the Lorentzian line shape of the cavity
mode, this condition reads
s iiiﬂl - L (1)

c— 1) "r+1(wc—w2)

with f being a constant close to one. Particularly remarkable is the width of the
resonances. In the monochromatic case, the width of all spectral structures was
given either by the cavity linewidth or, for nonadiabatic effects, by therise-time
of the cavity field. In the bichromatic case, however, we found an entirely different
dependence. Here, the width of the resonances is inversely proportional to the slope
of the cavity response spectrum and therefore depends essentially on the position
of the peaks relative to the cavity center. The closer to the cavity resonance
the double peaks appear, the narrower they get. At the steepest slope of the
cavity mode, which is close to the half maximum point, we have measured a
width of 1 kIIz. This value is smaller than any other characteristic frequency of
the system. Cavity width and transit time broadening are roughly a factor of ten
larger. Inhomogeneous broadening of the atomic line does not affect the width of
the resonance, as can be seen from condition (14), which is independent of the
transition frequency. If we change parameters, shifting the resonance further away
from the cavity center, the width increases inversely proportional to the slope of
the cavity resonance line.

It should be mentioned that for certain parameters, a sccond pair of peaks
is observed closer to the cavity center and, in accordance with the remarks above,
much narrower than the first pair.

We have been able to explain the essential experimental results in the frame
of a theoretical model based on the so-called Floquet states of the atom in a
bichromatic field [30].

5. Floquet analysis

We start from a Hamiltonian analogous to Eq. (6), but now containing two
fields oscillating at frequencies w; and wy with arbitrary amplitudes E; and E2, re-
spectively. To describe both fields symmetrically, we transform to a frame rotating
at the average frequency

1
wy = §(w1 + wa). ' (15)
In this frame, the Hamiltonian for bichromatic driving is
H' = H, + h&ata+ hg (Sta+ S~al), (16)

H,=hAS* + ge“i‘” (S*22+5-07) + ge‘"’ (St +5-2), (17
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where the detunings 4;, §;, and the frequency difference v are defined by
Al = Wwp — Wy, 61 = We — Wy, V= _(“)2 - wl) (18)
The Rabi frequencies £2; and 25 of the classmal driving fields are given by

29E, 2
k+i(6 £ v)|’ (19)
The atomic part H, of Hamiltonian (17) has a periodic time dependence. It
may be diagonalized by making use of Floquet’s theorem, which states that the
eigenfunctions |¥(1)) defined by

in 2w (0) = HaOW ) (20)

can be expanded in a series of harmonics of the frequency difference v:

(1)) = e Z (an |1) + azq [2)) e (21)
n=-—0oo
Using expansion (21), Eq. (20) can be solved by continued fraction methods. The
smallest positive eigenvalue E, which will be denoted ¢, is found in the interval
0 < & < v/2. From Eq. (21) and symmetry arguments it follows that the complete
spectrum of quasi-energy eigenvalues of Eq. (20) is obtained as:

E =xe+ ny, n=0,+1,+2,. (22)
A section of the eigenvalue spectrum obtamed in this way is shown in Fig. 9a
as a function of the detuning of the first field. The slope of the levels is mainly
determined by the varying intracavity intensity of w; as it is swept across the
cavity resonance. In addition, there are avoided crossings of the Floquet levels if
the bare atomic states involved couple. Otherwise the levels cross.

The complicated level structure has a pictorial interpretation in the atomic
Bloch vector model. Each Floquet level corresponds to a Fourier component of
the Bloch vector motion. Obviously, the Bloch vector does not undergo a sim-
ple Rabi nutation as in the monochromatic case. Instead, for two driving fields,
many oscillation frequencies contribute to the dynamics of the Bloch vector. They
are separated by half the difference v of the two [requency components of the
bichromatic field. This leads to a very complex motion of the Bloch vector.

The bichromatic effects we have observed can be explained conveniently in
terms of cavity-induced transitions between the Floquet states. What distinguishes
our experiment from previous studies on fluorescence of atoms under bichromatic
driving is that the atoms interact with the field in an electromagnetic environment
which has a strongly frequency dependent mode density. By analogy with Sec. 3,
the corresponding finite response time & of the cavity leads to decay rates which
are critically dependent on the dynamics induced by the bichromatic field.

For interpreting our experimental spectra it is important to note the double
role of the driving fields. On the one hand, they essentially determine the dynamics
and hence the energy splitting between the Floquet states. If none of the Floquet
transitions has a frequency sustained by the cavity mode, spontaneous emission is
inhibited by the same mechanism as in the monochromatic case. This is illustrated
by the observation that for most experimental parameters the lower level count

Q=
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Fig. 9. (a) Floquet quasi-energy spectrum of a two-level atom in a cavity driven by a
strong bichromatic field. The detuning A; = wo—w is swept, while Az = wo—w2, as well
as the injected intensities remain fixed: Az = 250x; 2¢9F) /x = 400k; 29E, /x = 4600k.
The cavity resonance is at A; = 100x. (b) Decay rate I of the inversion between
Floquet states with energies +¢ and —e. At the right margin, an enlarged view of a
narrow avoided crossing is shown, coinciding with a peak in the decay rate.

rate is practically zero, i.e., decay is suppressed (Fig. 8). On the other hand, if
a Floquet transition is résonant with the cavity, enhanced spontaneous emission
should be expected. By this simple argument, the enhanced emission zone should
have a width equal to the cavity linewidth k. Experimentally, however, we found
peaks in the decay rate much narrower than .

'The apparent contradiction is resolved by taking into account that the tran-
sition rate not only depends on the density of states of the field mode, but also on
the coupling between different Floquet states. As only the upper and lower bare
atomic levels have a finite dipole coupling, it is important to determine the con-
tribution of these bare levels to a given Floquet state. In other words, one has to
consider the eigenvector components ay,, a2, of a Floquet eigenvalue, defined by
Eq. (21), to establish the connection between bare and dressed states. For upper
state injection of the atoms, transitions between Floquet states are only possible
if the initial state has a large upper level contribution while the final Floquet state
must have a dominant lower level character. In the monochromatic case the com-
position of the dressed levels in terms of bare states is a slowly varying function
of the detuning 4\, essentially determined by the expression cos 8 in Eq. (11). For
bichromatic driving, the situation is very different. Here, the eigenvector a, and
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hence the transition probability, can change rapidly with detuning, if the system is
close to an avoided crossing. In this way the driving fields not only determine the
Floquet eigenvalues, but, through the cigenvector components, also the coupling
between Floquet states.

These qualitative considerations are put on a rigorous theoretical basis in Ref.
[30]. A second order Born approximation is employed to adiabatically eliminate
the cavity field from the master equation. By analogy with the monochromatic
case, this leads to non-Markovian decay rates for the Floquet states. The main
difference is, that for bichromatic driving one has to consider transitions between
all pairs of initial and final Floquet components, distinguished by the number
of driving field photons involved, and sum over the respective decay rates. As a
result one obtains the overall decay rate I for the population inversion between
the Floquet states associated with +¢ and those with —e:

rj=2¢*(1+2")Re ) (

n)mlplq

Qon— O my O3, Qg4
k416 — 2ie +iv(p—q)

a2n+a‘{m—a§p-’|-alq- .

Kk + 16 + 2ie +iv(p — q)) Sn-mp-g: (23)
This quantity was evaluated numerically and plotted in Fig. 9b. The correspon-
dence with the experimental spectra of the lower level count rate is remarkable.
Both feature pairs of peaks symmetrical with respect to the cavity resonance. A
comparison with Fig. 9a shows that the peaks appear precisely at those detun-
ings, where the Floquet levels undergo an avoided crossing (cf. enlarged section
in Fig. 9). Only in these regions, the Floquet levels with a transition frequency
supported by the cavity mode couple strongly enough for enhanced emission to
become possible. The fact that spontaneous decay is essertially determined by the
structure and occupation of the Floquet levels and not only by the cavity mode,
distinguishes this experiment from the monochromatic modification of spontaneous
emission and from the static case. :

The width of the peaks, too, has a natural explanation in this model. As
transitions only occur close to an avoided crossing, the width of the resonances is
limited by the size of the avoided crossing region. This width is inversely propor-
tional to the slope of the unperturbed Floquet levels at the avoided crossing as a
function of wy, which, on the other hand, follows the cavity line shape. Therefore,
the peaks are narrower, if they appear at frequencies wj close to the cavity center,
where the slope of the mode density is steeper. Again, this is in perfect agreement
with experimental observations.

Thus we think the interpretation of our results as cavity-modified transitions
between Floquet states of a two-level atom provides a consistent explanation of
the major features observed in the experiment.

Open questions, like the detailed dependence of the position of the peaks on
the experimental parameters must be solved by a careful analysis of the transient
behavior of the Bloch vector motion as the atoms traverse the cavity. This can
be done by integrating the Bloch equations obtained from the bichromatic master
equation. ‘
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6. Absence of absorption

In the experiments described so far, atoms were always injected in the upper
level of the Rydberg transition. In this way we probed the dynamic modification
of the combined rate of spontaneous emission and thermally induced transitions in
the cavity. Our experimental setup allows us, alternatively, to send the atoms into
the cavity in the lower state. This is achieved by first laser-exciting the interme-
diate level 52P and subsequently populating 535, the lower level of the Rydberg '
transition, in a microwave excitation zone in front of the cavity entrance. Thus
we could test if the rate of absorption of thermal photons was subject to the same
dynamic modification as was found for emission.

We performed the experiment at a temperature of 4.2 K, corresponding to
an average number of 7i = 2.9 thermal photons in the resonant cavity mode. In
this regime, we did not expect a substantial difference between upper and lower
level injection. Thermally induced transitions and spontancous emission on the
one hand and absorption of thermal photons on the other hand should both lead
to the same thermal distribution of population among the two levels, the transit
time being large enough to achieve thermalization.

The surprising expertmental result, however, was that the expected absorp-
tion of thermal photons in the cavity was completely absent, even when we tuned
the driving fields precisely where we had observed Floquet resonances in the up-
per level injection scheme (Sec. 4). A lower level injection spectrum equivalent to
Fig. 8 displayed no resonances at all. Instead, suppression of thermal transitions
was observed over the full parameter range.

As a further test of this apparent asymmetry between emission and absorp-
tion, we examined the intermediate case with occupation in both upper and lower
level. :

We realized this situation experimentally by tuning the second (constant)
microwave field such that the upper level was pumped by thermal photons. We
achieved an upper to lower level occupation ratio of two over three.

When we added and scanned the first microwave field, we typically obtained
spectra like the one presented in Fig. 10. The observations are in correspondence
with our earlier results: when the first field is tuned to a Floquet resonance, atoms
in the upper level are subject to enhanced transitions to the lower level, while the
atoms originally in the lower level are not affected. Consequently, at resonance the
upper level occupation is largely decreased, while the lower level occupation rises,
i.e., the less populated level is emptied into thc more populated one.

This is only possible, if the transition rate from the upper to the lower level
is significantly larger than the rate in the opposite direction, i.e.,

Fl—>2 > I'Z—»l- (24)

This asymmetry between transition rates is reminiscent of some schemes for maser
action in the absence of inversion. Part of the current theoretical work on the prob-
lem is devoted to the question, if destructive interference of transition amplitudes
between Floquet levels could be at the origin of the asymmetry.

An alternative explanation starts from the fact that due to spontaneous
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Fig. 10. Rydberg count rates for lower level injection with a thermal occupation of the
upper level, in the presence of a bichromatic driving field. At the narrow resonances, the
cavity induces transitions from upper to lower level only (as indicated by arrows).

emission, there is always a small imbalance in the transition rates

Ii_o _ 1+n
F2—>1 - n .
At a thermal photon number A & 2.9, this ratio is close to unity, so that no large
asymmetry can be expected. However, the actual number of thermal photons in the
cavity decreases, when a beam of lower state atoms passes through the resonator.
The reason is that thermal photons are continuously absorbed by the atoms and
carried out of the cavity. This happens at a rate which is essentially the inverse
atomic transit time 71 multiplied by the number of atoms N in the cavity. On
the other hand, the cavity mode tries to restore the state of thermal equilibrium,
which happens at the cavity dampingrate . If the flux of atoms through the cavity
is large enough, the steady state thermal photon number 2 which is determined
by the two rates N/T and &, can be substantially smaller than 2.9. According to
(25), in this case the atoms experience a larger asymmetry. Ilowever, we estimate
that it would take at least 200 atoms in the cavity to explain the spectra we have
"obtained. As on the average there are only ten to thirty atoms in the cavity, the
observed imbalance between the upper and lower level decay rates continues to be
a theoretical challenge.

(25)

7. Summary

We have investigated two-level Rydberg atoms interacting with a single field
mode of a moderate-Q) cavity in the strong external driving regime. The intensities
employed in our experiments cover the range from above saturation almost up to
the ionization threshold, a region not explored so far.
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Our results show that the intense driving field, together with the strong fre-
quency dependence of the cavity mode density leads to decay terms with non-Mar-
kovian characteristics. They make cavity-induced transitions critically dependent
on strength and detuning of the injected field. If the strong driving field has only
a single frequency component and is tuned close to resonance, it suppresses decay
in the system, i.e. practically decouples the atom from the cavity field.

More complex spectral features are found for a bichromatic driving field. In
this case, cavity-induced decay is restricted to very narrow resonances, appearing
at certain detunings and intensities of the external fields. They can be traced back
to the fact that the bichromatic driving creates a complex energy level structure
best described by Floquet states. We were able to control the transition frequencies
and widths of cavity-induced transitions between these Floquet states by changing
the intensities and the detunings of the driving fields. In this way we could switch
on and off cavity-induced decay almost arbitrarily. Further research should yield
new insights into strongly driven systems. An intriguing question is the origin
of the observed asymmetry between cavity-induced emission and cavity-induced
absorption in our setup.

On the theoretical side, the calculation of decay rates in the Born approx-
imation allowed us to explain the major features of the experiment. For a full
understanding of the dynamics in a strongly driven cavity, however, a numerical
solution of the full master equation is desirable. In such a treatment, transient ef-
fects could be taken into account, which due to the occurrence of multiple avoided
crossings in the entrance and exit phase are expected to be of considerable impor-
tance.
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