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Avenue J.-B. Clément, F-93430 Villetaneuse, France
2Department of Physics and Astronomy, University of Sussex, Brighton BN1 9QH, United Kingdom

(Dated: February 12, 2010)

We study the spectroscopy of atoms dressed by a resonant radiofrequency (RF) field inside an
inhomogeneous magnetic field and confined in the resulting adiabatic potential. The spectroscopic
probe is a second, weak, RF field. The observed line shape is related to the temperature of the
trapped cloud. We demonstrate evaporative cooling of the RF-dressed atoms by sweeping the
frequency of the second RF field around the Rabi frequency of the dressing field.

PACS numbers: 39.25.+k, 32.80.Pj

I. INTRODUCTION

Since the initial proposal of Zobay and Garraway [1],
adiabatic potentials for ultracold atoms, resulting from
the radiofrequency (RF) dressing of atoms in a inhomo-
geneous magnetic field, have been demonstrated [2] and
are used by many groups to propose and realize uncon-
ventional traps [3–9], in particular in the framework of
atom chips [6–8]. They offer the great advantage of a
simple tailoring of the trap potential, allowing the re-
alisation of a double well [6] or a ring trap [4, 9] with
dynamically adjustable parameters. The potential seen
by the dressed atoms is due to the spatial variation of
the RF coupling strength or the RF detuning, or both.
These RF-dressed traps are usually loaded directly from
a conventional magnetic trap, by ramping up the RF am-
plitude or sweeping the RF frequency.

Depending on the conditions, the adiabatic potential
may result essentially from a light shift induced by a vari-
ation of the RF coupling, as was first demonstrated in a
pioneering experiment at NIST with microwave radia-
tion [10]. In this case, denoted here as the ‘off-resonant
configuration’, the detuning of the RF field to the mag-
netic Zeeman splitting is negative everywhere and the
atoms are expelled from the most resonant central re-
gion, leading for example to a double well structure well
suited for matter wave interferometry [11]. On the other
hand, the trapping potential may be due essentially to
the variation of the detuning, the atoms being then at-
tracted towards the regions of zero detuning [1]. In this
‘resonant configuration’, the atoms sit at points where
the RF field is resonant with the magnetic level spac-
ing, which makes them more sensitive to fluctuations of
the RF frequency, and heating due to frequency fluctua-
tions was indeed observed [2, 12, 13]. This heating may
be avoided if a low noise RF source is used [13], lead-
ing to traps compatible with Bose-Einstein condensates.
However, the transfer of the atoms from the initial mag-
netic trap to the RF-dressed trap is not usually adiabatic,
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which results in an initial heating in the loading phase
and the destruction of the condensate [2, 12].
This limitation motivated a theoretical study of evap-

orative cooling inside the dressed trap, by means of a
second RF field [14]. In the case of a non-resonant RF
trap, this scheme was used to prepare independent con-
densates in a double well [11]. In this paper, we present
results of spectroscopy in the dressed trap, obtained by
recording the atom losses induced by a very weak sec-
ond RF field [15, 16]. The shape of the resonance is
directly linked to the energy distribution of the atoms in
the dressed trap. We discuss the position of the expected
lines and the strength of the second RF coupling. Fi-
nally, we discuss the choice of the second field frequency
for evaporative cooling of the atoms dressed by the main
RF field.

II. SPECTROSCOPY OF THE RF-DRESSED

TRAP

The spectroscopy of an RF-dressed trap is performed in
the following way: A weak probing field can induce tran-
sitions between dressed states, which results in a loss of
atoms from the adiabatic potential. The losses are mon-
itored as a function of the frequency of the probing field,
as has been investigated in detail in the off-resonant con-
figuration [15]. In this section, the position and strengths
of the expected resonances are discussed.

A. Effect of the dressing field

In the following, we denote as (x, y, z) the axes of the
laboratory frame, z being the vertical axis. In the ex-
periment, the adiabatic potential is created by a strong
RF field of frequency ω1 and Rabi frequency Ω1, lin-
early polarised along y, which dresses the atoms placed
in an inhomogeneous magnetic field B(r). The direc-
tion of this static magnetic field at position r is denoted
as Z. The two important parameters which determine
the resulting adiabatic potentials are the RF detuning
δ(r) = ω1 − ωL(r) from the local Larmor frequency and
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the local effective RF coupling Ωeff
1 (r). The latter de-

pends on the angle θ(r) between the RF polarisation y
and the static magnetic field direction Z, being zero for
collinear fields: Ωeff

1 (r) = Ω1 sin θ(r). Hence, the static
magnetic field geometry is the skeleton of the adiabatic
potentials.
The static magnetic field B(r) is that of a com-

pact Ioffe-Pritchard trap [17] characterised by the bias
field B0 = 1.8G at the centre, the radial gradient
b′ = 223G·cm−1 and the longitudinal curvature b′′ =
250G·cm−2 along the trap axis x. We define as ω0 =
|gF |µBB0/~ the Larmor frequency at the trap centre and
as α = |gF |µBb

′/~ the magnetic gradient in units of fre-
quency, where gF is the Landé factor, σ(gF ) = gF /|gF | its
sign and µB is the Bohr magneton. The typical length-
scales in this magnetic trap are L =

√

B0/b′′ = 850 µm
and R = B0/b

′ = ω0/α = 81 µm. The Larmor fre-
quency at position r is then approximately given by
ωL(r) = ω0

√

1 + x2/L2 + (y2 + z2)/R2 in the vicinity
of the magnetic trap centre. On the other hand, the lo-
cal effective coupling to the RF field is approximately

Ωeff
1 (r) = Ω1

√

1− α2y2

ωL(r)2 .

As a result of the near resonant dressing field, the
energy levels of the atom plus RF field system are
grouped into manifolds separated by an energy ~ω1. In-
side a manifold, the energy spacing of the 2F + 1 levels
is denoted ~Ω(r). The adiabatic potential V mF

1 (r) =
σ(gF )mF ~Ω(r) then varies in space through the spatial
variation of both the detuning δ(r) and the effective RF
coupling Ωeff

1 (r) [3]. Given the static magnetic field geom-
etry, the adiabatic potential for a given F,mF adiabatic
state reads:

V mF

1 (r) = σ(gF )mF~Ω(r), where (1)

Ω(r) =

√

δ(r)2 +Ω2
1

(

1−
α2y2

ωL(r)2

)

.

This expression corresponds to the eigenenergies at point
r of the Hamiltonian H1 = −δ(r)FZ + Ωeff

1 (r)FX , ob-
tained after applying the rotating wave approximation
(RWA) to the RF-atom coupling, which is valid when
Ω1 ≪ ω1 and |δ(r)| ≪ ω1. Here, X is direction orthogo-
nal to the static field direction Z, in the y−Z plane. The
total potential energy is V mF (r) = V mF

1 (r)+Mgz, where
g is the gravitational acceleration and M the atomic
mass.
The potential minimum for the extreme adiabatic

state mF = σ(gF )F is located on the isomagnetic sur-
face S0 defined by δ(r) = 0 or equivalently ωL(r) =
ω1 [18]. Schematically, this surface is an elongated el-
lipsoid, cylindrically symmetric around x with a radius
r0 =

√

ω2
1 − ω2

0/α and a long axis x0 = r0L/R. On the
surface S0, ωL(r) = ω1 and the RF coupling only depends

on the coordinate y: Ωeff
1 (y) = Ω1

√

1− α2y2

ω2

1

. The total

potential energy on S0 then reads F~Ωeff
1 (y) +Mgz. It

varies through the RF shift between F~Ω1

√

1−
α2r2

0

ω2

1
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FIG. 1: Adiabatic potential energy (V mF

1
(z) + Mgz)/h

for the F = 2 ground state of 87Rb in our magnetic field
configuration, in units of frequency of the dressed states
mF = 2, ...−2, plotted along the vertical direction. The dress-
ing frequency is set to ω1 = 2π×8 MHz with a Rabi frequency
of Ω1 = 2π×50 kHz, resulting in a dressed trap centred at po-
sition z = −506 µm. The two extreme dressed levels are em-
phasised. The origin z = 0 corresponds to the static magnetic
field minimum, and gravity is taken into account. The probing
field ω2 induces transitions between dressed states at a posi-
tion z such that Ω(z) = |ω2 − nω1|, n ∈ N. These positions
correspond to two points z± belonging to two surfaces S±,

defined respectively by δ(r) = ±
√

(nω1 − ω2)2 − Ωeff
1
(r)2, on

both sides of the trapping surface S0 defined by δ(r) = 0.

F~
ω0

ω1

Ω1 at y = ±r0 on the y axis and F~Ω1 in the y = 0
plane. On the other hand, the gravitational shift also
varies as a function of z between −Mgr0 at the bottom
(z = −r0) and 0 at the equator (z = 0). Depending on
the relative strength of the gravitational shift Mgr0 with
respect to the RF shift F~Ω1(1 − ω0

ω1

), there are either

two minima at the equator at z = 0 and y = ±r0 [6] or
a single minimum at the bottom of this surface z = −r0
[19]. With the parameters of our experiment, we are al-
ways in the second situation [2]. At the minimum, where
the atomic density is largest, the RF coupling reaches
its maximum value Ω1. Away from the minimum, it de-
creases down to a value depending on the energy and
on the RF frequency through the ellipsoid radius r0. At
a given energy above the potential minimum, the cou-
pling strength reduction is more pronounced for smaller
RF frequencies ω1. For example, at the operational RF
frequency of 8MHz the reduction is less than 20% at en-
ergies below 10µK. By contrast, at 3MHz, the reduction
remains below 7% at an energy corresponding to 1 µK,
and reaches 50% for 10µK. Nevertheless, the effective
coupling Ωeff

1 never vanishes over S0. If necessary, the
coupling inhomogeneity could be reduced by increasing
the bias field B0.

In the following, we concentrate on the case of rubid-
ium 87 in the state F = 2. A plot of the adiabatic poten-
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tials around z = −r0 as a function of the vertical coordi-
nate z in the laboratory frame is given in figure 1 for a
typical RF frequency ω1 = 2π×8 MHz and for the param-
eters of our Ioffe-Pritchard magnetic trap. The resulting
trap in the dressed state mF = F = 2 is very anisotropic,
with oscillation frequencies near the trap centre of the or-
der of 1 kHz along z and of 5 to 20 Hz in the horizontal
directions. In this way, the atom cloud has the shape of
a crêpe [2].

B. Coupling to the probing field: resonance

frequencies

A second RF field of frequency ω2 and Rabi frequency
Ω2 is applied to the dressed atoms. The polarisation of
this second field is also linear along y, and again its orien-
tation relative to the static magnetic field slightly varies
across the dressed trap. As a result, both polarisationsX
and Z are present and can couple to the atomic spin. In
the following, we neglect the position dependence of Ω2

and concentrate in each case on the polarisation compo-
nent having a significant coupling to the atomic spin. Ω2

is typically a factor 100 times smaller than the dressing
Rabi frequency Ω1. This second field allows a coupling
between dressed states mF and m′

F with |mF −m′
F | = 1:

see the arrows in figure 1. This coupling occurs either
within the same manifold or between different manifolds.
The expected resonant frequencies for this coupling at
position r are thus ω2 = nω1 ± Ω(r), n being an inte-
ger [15].
In the ‘resonant configuration’, the points r in space

where the probing field is resonant, i.e. where the condi-
tion Ω(r) = |ω2−nω1| is satisfied, consist of two surfaces
S+ and S− on both sides of the trapping surface S0 (see
figure 2a). The detuning of the local Larmor frequency
with respect to ω1 has an opposite sign for these two

probing surfaces, δ(r) = ±
√

(nω1 − ω2)2 − Ωeff
1 (r)2 for

the surface S± respectively.
The shape of the resonant surfaces S± strongly de-

pends on the value of the probing frequency ω2 around
nω1. First, let’s remark that the resonance can be
reached at point r for probing frequencies ω2 close to
nω1 only if |ω2 − nω1| > Ωeff

1 (r). Three cases can then
be distinguished. First, for frequencies ω2 satisfying
|ω2 − nω1| > Ω1, the resonant surfaces are very close
to isomagnetic ellipsoids, see figure 2a. The atoms need
a minimum non zero energy to reach these surfaces, and
the point where the necessary energy is the lowest lies
at the bottom of the external surface S−. Second, for
|ω2 − nω1| = Ω1, the two resonant surfaces merge at the
trapping surface S0 all over the vertical plane y = 0,
in particular at the trap bottom, and all atoms may
reach this point and be lost, see figure 2b. Third, for
|ω2 − nω1| < Ω1, resonant surfaces still exist due to the
spatial dependence of Ωeff

1 , but each of them is split into
two curved surfaces centred around the y axis, see fig-
ure 2c and 2d. Again a minimum energy is necessary to

-200 -150 -100 -50 0 50 100 150 200
-200

-150

-100

-50

0

-200 -150 -100 -50 0 50 100 150 200
-200

-150

-100

-50

0

-200 -150 -100 -50 0 50 100 150 200
-200

-150

-100

-50

0

(c)z 
(m

ic
ro

m
et

er
s)


y (micrometers)

(b)z 
(m

ic
ro

m
et

er
s)



y (micrometers)

S
-

S
+(a)

z 
(m

ic
ro

m
et

er
s)



y (micrometers)

 S
+/-

 resonant surfaces
 S

0
 trapping surface

(d)

FIG. 2: Cut of the resonant surfaces S± in the plane x = 0
in the three cases discussed in the paper. (a): |ω2 − nω1| =
2Ω1 > Ω1, (b): |ω2 − nω1| = Ω1, (c): |ω2 − nω1| = 0.7Ω1,
i.e. Ω1ω0/ω1 < |ω2 − nω1| < Ω1. The isomagnetic surface S0

to which the atoms are trapped is also represented. ω1 is set
to 2π× 3MHz to show the potentials clearly and Ω1 is set to
2π × 75 kHz. (d): Corresponding outer resonant surface S−

in a 3D representation in the case (c).

reach the lowest resonant point. Finally, for |ω2 − nω1|
equal to Ω1ω0/ω1, the resonant surfaces collapse to two
points at the equator and for lower values of |ω2 − nω1|
no atoms are lost.

In summary, the energy in the dressed trap neces-
sary for an atom to escape through a point resonant
with the probing field depends on the probe detuning
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FIG. 3: Minimum energy required for an atom to leave the
dressed trap by reaching a resonant surface, as a function of
the probe detuning |ω2 − nω1|. The parameters are: ω1 =
2π × 3MHz and Ω1 = 2π × 75 kHz.

to nω1. Figure 3 gives, as a function of |ω2 − nω1|, the
minimum energy Emin(ω2) with respect to the trap bot-
tom for an atom to escape, for a dressing frequency of
ω1/2π = 3MHz and a Rabi frequency of Ω1/2π = 75kHz.
The three regimes discussed above are clearly visible.
The final shape of the recorded spectrum can be in-
ferred from this minimum energy. If, over the duration
of the experiment, the RF weak probe couples atoms effi-
ciently out of the dressed trap when a resonant surface is
reached, all the atoms with an external energy E larger
than Emin(ω2) should be lost. Hence, the expected frac-
tion of remaining atoms in the trap frem(ω2) is a function
of Emin(ω2), namely

frem =

∫ Emin(ω2)

0

p(E) dE (2)

where p(E) is the energy distribution in the dressed trap,
and the zero energy level for E is taken at the trap bot-
tom. In particular, we expect frem(nω1 ± Ω1) = 0 and
an asymmetric shape of the spectrum around this value.
The exact shape of p(E) is related to the exact energy

potential. Its expression is not analytical, as the trap
is far from being harmonic. However, we propose as a
simple ansatz an exponential expression for p of the form
p(E) = (kBT )

−1 exp(−E/kBT ) and compare the simple
prediction frem(ω2) = 1 − exp[−Emin(ω2)/kBT ] to the
experimental data, see section III B.

C. Coupling to the probing field: coupling

strengths

In the previous section, the two resonant surfaces S±

at which the transitions ω2 = nω1 ±Ω(r) can occur have
been presented. Let us point out that the strength of
these different transitions is not the same, and depends

on position in the dressed trap. This is true even if we
assume a homogeneous Rabi frequency Ω2, which we do
in the following for simplicity. For example for n = 1, the

coupling strength at position r is Ω2

2

(

1∓ δ(r)
Ω(r)

)

for the

transitions at frequency ω2 = ω1±Ω(r), respectively [14].
The coupling strength can be interpreted in terms of the
number of photons n from the dressing field necessary
for the transition to occur. If we consider detunings δ(r)
which are large compared to the dressing amplitude Ω1

(such that Ω(r) ≃ |δ(r)| = |ω1 − ωL(r)|), then the atoms
are far from the trapping surface S0. In this case, the
two RF couplings become independent and the probing
field essentially couples undressed states together. As a
result, the coupling is of order Ω2 for the single photon
process at frequency ω2 ≃ ωL(r), and drops to a van-

ishing value Ω2
Ωeff

1 (r)2

4δ2
for the three photon process at

frequency ω2 ≃ 2ω1 − ωL(r). Hence, transitions to an
untrapped state occur essentially through one of the two
surfaces resonant with the probing field: the inner sur-
face S+, closer to the magnetic field minimum, for the
ω2 = ω1 −Ω(r) transition, and the outer surface S−, be-
low the trapped atoms, for the ω2 = ω1+Ω(r) transition.
Let us now focus on the low frequency transition n = 0,

at ω2 = Ω(r). In contrast to the previous case, this
transition presents (as we shall see below) a symmetric
coupling Ωeff

1 (r)Ω2/ω2 at the two resonant surfaces S±,
between which the trapped atoms lie. This has some
importance in the implementation of evaporative cooling
in the dressed trap.
As this transition was not discussed in Ref.[14], we

will briefly present its origin. First, we remark that the
RF probe field should be π-polarised, meaning that the
RF field component parallel to the static magnetic field
direction Z is responsible for the transition. This can be
understood by considering the transition induced by the
probe away from the trapping surface S0, where the two
RF fields decouple and the resonant condition is simply
ω1 ± ω2 = ωL(r): the probe and the circularly polarized
dressing field ω1 induce a two-photon transition, that will
changemF by 1 unit if the probe field is π-polarized. The
Hamiltonian describing the spin evolution at position r

in the presence of the two RF fields then reads

H(t) = ωL(r)FZ + 2Ωeff
1 (r)FX cosω1t+ 2Ω2FZ cosω2t

(3)
where Z is the direction of quantization imposed by the
static magnetic field and X is the effective polarisation
of the dressing RF field ω1 of Rabi frequency Ωeff

1 (r).
To deal with this double frequency RF coupling, we ap-
ply a rotation transformation to the Hamiltonian in the
spirit of Ref.[14], at an angle θ(t) = (ω1t +

2Ω2

ω2

sinω2t)
around the Z axis. The idea of this transformation
is that the term in θ̇FZ is chosen to cancel the new
term 2Ω2FZ cosω2t. After the rotation, product terms

of the form cosω1t cos
(

ω1t+
2Ω2

ω2

sinω2t
)

appear. Since

Ω2 ≪ ω2, these terms can be developed as products of
sine and cosine functions. Finally, application of the ro-
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tating wave approximation allows the elimination of fast
rotating terms (rotating at about 2ω1). The Hamiltonian
in the rotated frame finally simplifies to

H ′(t) ≃ −δ(r)FZ +Ωeff
1 (r)FX −

2Ωeff
1 (r)Ω2

ω2
sinω2tFY .

(4)
This consists of the Hamiltonian H1 = −δ(r)FZ +
Ωeff

1 (r)FX for the state dressed by the main RF field,
to which a transverse RF coupling of frequency ω2 and

effective amplitude
Ωeff

1
(r)Ω2

ω2

is added. This coupling al-

lows transitions at a frequency ω2 = Ω(r). Again, the
condition is fulfilled at the two resonant surfaces S±, but
now with the same coupling amplitude at two points sym-
metric with respect to the surface S0, in contrast to the
n = 1 case.

III. EXPERIMENTAL RESULTS

In this section, experimental results of RF spec-
troscopy of a RF-dressed trap are presented. The results
are obtained in a dressed Ioffe-Pritchard trap in the res-
onant configuration.

A. Experimental procedure

The loading procedure into the adiabatic potential was
described in detail in a previous paper [13]. Rubidium
87 atoms are initially confined in their internal state
F = 2,mF = 2 in a static magnetic trap and evapo-
ratively cooled to a temperature T0. The dressed trap
is loaded into the dressed state mF = 2 with a 500 ms
RF ramp from 800 kHz to the final value of ω1, ranging
between 3 and 8 MHz. At the end of this loading stage,
a second RF field with a fixed frequency ω2 and a Rabi
frequency Ω2 is switched on for 2 seconds, to perform
the spectroscopy of the adiabatic potential. The Rabi
frequency Ω1 of the dressing field is kept constant during
the loading stage and the probing stage [20]. The RF
fields are produced by two identical antennas (9 wind-
ings, 10 mm in diameter) placed face to face across the
vacuum chamber, at a distance of 17 mm from the atomic
cloud. At the input of each antenna, the RF amplitude
lies between 160 and 640mApp for the dressing field, and
between 0.8 and 5mApp for the probing field. Finally,
the atom number and the optical density are recorded
after a time of flight of 7 or 10 ms, and a spectrum is
recorded as a function of the probing frequency ω2. This
procedure is repeated for different values of Ω1, Ω2 and
ω1. As discussed in the previous section, resonances are
expected at frequencies around Ω1, ω1 − Ω1, ω1 + Ω1,
2ω1 − Ω1, etc. [15].
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FIG. 4: Spectroscopy of the dressed trap, around the dressing
frequency ω1 = 2π× 8MHz. The number of atoms remaining
after the application of the probe field is plotted (squares) as
a function of the detuning ∆2 = ω2 −ω1 to the frequency ω1.
The dressing amplitude is 400mApp at the input of the RF
antenna, corresponding to a Rabi frequency Ω1 = 2π×50 kHz
as deduced from the spectrum. The probing amplitude is
1.6mApp, smaller by a factor 250. The calculated number of
remaining atoms for T = 11 µK is plotted as a full grey line,
see text.

B. Experimental spectra

A typical spectrum recorded around ω1 = 2π× 8MHz
is plotted in figure 4. For this data set, the dressing am-
plitude is set to 400mApp while the probing amplitude
is 1.6mApp. The two resonances at ω1 ± Ω1 are visible,
broadened by the energy distribution in the trap at tem-
perature T . For probing frequencies between ω1−Ω1 and
ω1 + Ω1, the atomic loss rate rapidly decreases to zero,
and no transition is observed at a frequency ω2 = ω1, as
expected from the previous discussion. At ω2 = ω1±Ω1,
the probing frequency is resonant with the bottom of the
adiabatic potential and almost all the atoms are lost (80%
for this particular choice of the probe coupling Ω2).
Away from this value, the atoms satisfying Ω(r) >

|ω2 − ω1| are lost. As expected, the observed line has
an asymmetric shape, with a dip at ω2 = ω1 ± Ω1 and
approximately exponential outer wings with a width re-
lated to the temperature. Indeed, in a harmonic trap,
the lineshape should be exponential, with a 1/e-width
kBT/(2~) and a threshold at an energy corresponding
to the trap bottom. Using an exponential trial func-
tion p(E) = (kBT )

−1 exp(−E/kBT ) for the energy dis-
tribution, the resulting expression for frem derived from
Eq.(2), and the temperature of T = 11 µK deduced from
an independent time-of-flight measurement, we obtain
the predicted spectrum plotted with a grey line in fig-
ure 4. frem is normalised to total the atom number, and
the limited maximum contrast of 80% of atom loss for
2 s at resonance is also taken into account. The experi-
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FIG. 5: Rabi frequency Ω1, as deduced from the position of
the edge of the line, plotted as a function of the dressing RF
amplitude. RF dressing frequency: ω1 = 2π × 8MHz.

mental spectrum is in good agreement with the predicted
lineshape, indicating that the exponential model used to
estimate the energy distribution is indeed sufficient.

The sharp edge of the spectrum allows a good determi-
nation of the dressing Rabi frequency Ω1 at the bottom of
the adiabatic potential, equal to 50 kHz in the spectrum
of figure 4. The determination is more accurate when a
smaller probe Rabi frequency is used. A larger amplitude
Ω2 leads to broadening of the resonance line. Experimen-
tally, an amplitude of 1.6 to 3.2mApp was found to be
a good compromise between a good probing efficiency
(80% of atom loss after 2 s on resonance) and a negli-
gible line broadening. The RF dressing amplitude was
varied with a RF attenuator and the position of the peak
atom loss was recorded to check the validity of the deter-
mination of Ω1 by this technique. The result is plotted
on figure 5. The detuning at the maximum atom loss
is expected to be directly proportional to the RF am-
plitude. At a dressing frequency ω1 = 2π × 8MHz, the
deduced Rabi frequency is Ω1 = ηI1, with a scaling fac-
tor η = 2π × 135kHz/App, I1 being the RF amplitude
in amperes peak-to-peak. This is in agreement with the
value of 130 kHz/App calculated from the geometric char-
acteristics of the antenna.

The determination of Ω1 from the spectra around
ω2 = ω1 ± Ω1 is also confirmed by the data recorded
at low probing frequency. Figure 6 presents a typical
spectrum at frequency ω2 ≃ Ω1. We recover a Rabi fre-
quency of 75 kHz at 3MHz of dressing frequency. Again,
the asymmetric shape is due to energy distribution of the
atoms confined in the dressed trap. The overall shape of
the spectrum is in reasonable agreement with the calcu-
lated spectrum for a temperature of 4 µK.
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FIG. 6: Spectroscopy of the dressed trap, around the dressing
amplitude Ω1 = 2π × 75 kHz, for a dressing frequency ω1 =
2π×3 MHz. The horizontal axis indicates the probe frequency
ω2. The dressing amplitude is 580mApp at the input of the
RF antenna, corresponding to a Rabi frequency Ω1 = 2π ×
75 kHz (see text). The probing amplitude is 9mApp at the
input of the second antenna, but only the component parallel
to Z couples to the atoms (see text). The calculated number
of remaining atoms for T = 4 µK is plotted as a full grey line.

C. Evaporative cooling

Garrido Alzar et al. [14] proposed to use this second
RF in this trap to force evaporation and cool the atoms.
Indeed, the energy sensitivity of the atom loss induced by
the second RF can be used to selectively remove the most
energetic atoms from the trap. We implemented this
forced evaporative cooling inside the RF-dressed trap.
For this purpose, the second RF was scanned from an
initial frequency away from the resonance down to a fre-
quency close to the resonance at the trap bottom. The
experiments where performed with a dressing RF ampli-
tude of Ω1 = 2π × 50 kHz, at ω1 = 2π × 8MHz. To
optimize the symmetry of the coupling through the two
resonant surfaces S±, the low frequency resonance was
preferred. The frequency of the weak field ω2/2π was
lowered from 600 kHz to a final value νend. We observed
a decrease of the cloud temperature and the atom number
as νend is lowered, see figure 7. The selective out-coupling
of the atoms with a large vertical energy Ez works as ex-
pected around the low frequency resonance, whereas al-
most no effect was obtained when scanning the frequency
around ω1, where the out-coupling is asymmetric. In
our dressed trap, the phase space density increases only
slightly, due to a poor thermalisation efficiency with the
low horizontal frequencies (5 Hz × 20 Hz). With larger
horizontal frequencies in the dressed trap, as is the case
in a dressed quadrupole trap for example [19], and thus
with a higher collision rate, thermalisation in the trap
would lead to an increase of the phase space density [21],
as shown by molecular dynamics simulations. From the
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FIG. 7: Final atom number N and kinetic temperature Tz,
deduced from the vertical size of the cloud after a time-of-
flight expansion, after an evaporation ramp of the second RF
field between 600 kHz and νend.

point of view of the out-coupling efficiency, our results
show that evaporative cooling is feasible in a resonant
dressed trap in the same conditions as in a conventional
magnetic trap.

IV. CONCLUSION AND PROSPECTS

In this paper, we have demonstrated RF spectroscopy
in a RF dressed trap operated in a regime where the
trapped atoms are resonant with the dressing RF source.
Thus we use two RF fields: a strong dressing RF source,
and a second weak probing field which couples the atoms
out of the dressed trap. Spectra are recorded either
around the dressing RF frequency (a few MHz), or at low
frequencies near the Rabi frequency (a few tens of kHz).
The experimental data fit well with a simple model based

on the minimum energy for a trapped atom to be outcou-
pled by the weak probe. The low frequency transition is
used to selectively evaporate the hotter atoms from the
dressed trap. A temperature decrease is demonstrated
in the transverse direction of the dressed trap together
with an atomic population decrease. The resulting phase
space density increase is modest at the present stage of
the experiment since the very low motional frequencies of
this anisotropic trap imply a low collision rate and thus
a poor thermalisation.

The results of this paper emphasise the interest in uti-
lizing resonant RF fields to realise unusual atomic poten-
tials and show that we can apply evaporative cooling in-
side these potentials. Unlike light based traps, a resonant
RF-based trap is not affected by spontaneous emission.
On the other hand it is sensitive to the noise of the RF
source. However, heating, and the ensuing losses, can be
kept at very low values provided there is a good control
of the parameters of the source [13]. Finally, we conclude
that with reasonable trap frequencies (in all directions)
it should be possible to have an efficient RF evaporative
cooling of an atomic population in a RF trap.
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