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Measuring spatially extended density profiles using atom-cavity collective strong
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The collective strong coupling of rubidium atoms in a magneto-optical trap (MOT) to the Laguerre-Gaussian
(LG) modes of a Fabry-Pérot cavity is investigated. Bright and dark 85Rb MOT atoms are prepared at the
geometric center of the cavity, and the vacuum Rabi splitting (VRS) of the collectively coupled atom-cavity
system is measured for LGl0 (l = 0, 1, 2, 3) modes. The atom number coupled to the cavity mode depends on
the overlap of the atomic density distribution and the specific spatial mode function, which is reflected in the
measured VRS spectrum. The known mode function and the measured VRS can then be used to test whether the
atomic density distribution in the experiment is Gaussian or uniform. A simple theoretical model for this process
is described, and the experimental measurements are found to be in close agreement with the model.
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I. INTRODUCTION

Optical Fabry-Pérot (FP) cavities, when coupled to a cold,
dilute gas of atoms, can be used to probe, detect, manipulate,
or even trap atoms or molecules [1–19]. For ultracold trapped
atoms, the line broadening due to atomic motion and trapping
fields are small enough to allow the ensemble of cold atoms
that are contained within the cavity mode volume to couple
effectively with the optical cavity of moderate finesse. In
many hybrid traps with cavities [3,10–12,18,20–30], where
entire ensembles of the trapped species are required to be
overlapped with the cavity mode, the cavity mode volume
is large. This large mode volume makes single-atom strong
coupling very challenging, while collective strong coupling
is achievable. In this article, we use atom-cavity collective
strong coupling with higher-order cavity modes to measure
the density and number of atoms for the ensemble probed by
the cavity mode.

The interaction of the cavity and atomic state results in the
lifting of the degeneracy between (a) the excited atom and
the empty cavity mode and (b) the ground-state atom and
the occupied cavity mode [31,32]. The experimental mani-
festation of this phenomenon is seen as a frequency splitting
about the atomic resonance, in the transmission of a weak
probe beam. When the condition g > κ, γ is satisfied, this
splitting can be resolved in a measurement and is known as
vacuum Rabi splitting (VRS) [23,33,34]. Here, g is the rate at
which the cavity mode and the atom exchange excitation, κ

is the rate at which cavity mode loses photons, and γ is the
photon loss rate due to spontaneous emission from the atom
coupled to the cavity. This has been observed both with single
atoms [35–40] and with a collection of trapped atoms (or
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ions) [18,21,22,24,26,29,30,41,42] within a high-finesse cav-
ity. Collective strong coupling with higher-order transverse-
electromagnetic (TEM) cavity modes in a multimode cavity
has been demonstrated [29]. In this study we use individual
higher-order Laguerre-Gaussian (LG) modes with cylindrical
symmetry within the cavity to make measurements on atom
numbers and their density profiles.

We prepare a magneto-optical trap (MOT) of 85Rb atoms,
which is well overlapped with the mode of a medium finesse,
near confocal FP cavity. The coupling of both a bright MOT
and a dark MOT to the fundamental and higher-order LG
mode is studied experimentally. The fluorescence of the bright
MOT is recorded on a calibrated photomultiplier tube (PMT1)
and on a CCD camera to determine the atom number and
density distribution, respectively. The VRS calculated using
the experimental density as input and the measured VRS
for the different LGl0 modes are in very good agreement.
This validates the VRS measurement for the determination
of the atomic density. On the other hand, the atoms in a
dark MOT are trapped and shelved in the lowest hyperfine
F = 2 level and do not interact with the cooling or repumping
laser beams. In this case, the in situ atomic density cannot
be determined via the above fluorescence measurements, but
the cavity measurement can be used to estimate the density.
However, this requires the VRS measurement to be performed
for different LGl 0 modes. The atom-cavity coupling is inves-
tigated for the cylindrically symmetric Laguerre-Gauss LG00,
LG10, LG20, and LG30 modes. As each of these modes has
a different spatial distribution, the density variation of the
trapped atoms integrated along the cavity axis can now be
explicitly measured, assuming cylindrical symmetry.

The dependence of VRS on the choice of the transverse
mode of the cavity allows and extends the utilization of FP
cavities for measurements. In particular, the ability to estimate
the in situ density profile of atoms (or molecules or ions in
future experiments) in optically dark and steady-state traps
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FIG. 1. Schematic of experiment. MML is a mode-matching lens
used for coupling light to the FP cavity, F is an optical bandpass filter
to block any stray light of frequencies far from ωa, BS is a beam
splitter, PMT1 and PMT2 are photomultiplier tubes, and CCD1 and
CCD2 are imaging cameras. The cavity resonant frequency ωc of a
particular transverse mode is matched with ωa by adjusting the cavity
length using the annular PZT, and the cavity probe laser frequency
ωp is scanned around ωa. Inset: The contour plot for the density
distribution of the 85Rb MOT atoms which fluoresce with natural
transition frequency ωa are imaged by CCD1.

while using minimal probe intensities can be used advan-
tageously in hybrid trap experiments [11,39,43,44]. In what
follows, we first describe the experimental system and use the
system-specific numbers and atomic parameters to model the
atom-cavity collective strong coupling as a function of dif-
ferent transverse modes, present the results of measurements,
and compare the experimental results with the theoretical
model, which shows very good agreement.

II. EXPERIMENTAL DETAILS AND PARAMETERS

The experiment has a near-confocal FP cavity with mirrors
with a radius of curvature of 50 mm placed at a distance
of L = 45.7 mm, which allows us to create a MOT within
the cavity as shown in Fig. 1. The mode waist ω(0) for the
LG00 mode for the above parameters is 78 μm. The cavity
has a finesse of F ≈ 600, and its length can be tuned across
a few free spectral ranges with a ring-shaped piezoelectric
transducer (PZT) on which one of the cavity mirrors is
mounted. Details of the full hybrid trap arrangement can be
found in previous experimental work [18,29,43,45–48]. The
PZT allows tuning the resonant frequency of a particular LG
mode of the cavity ωc to the atomic transition frequency
ωa. The frequency of the cavity in-coupled probe light ωp is
scanned across ωa, and the transmission signal of the probe
light through the cavity is measured by a photomultiplier tube,
PMT2. Although the cavity is not locked, the frequency scan
of the probe frequency is much faster than the drift rate of the
cavity once the cavity resonance condition is manually set.
The drift during one full set of measurements is calculated to
be less than ±1 MHz, which can affect the measured VRS by
up to +0.5 MHz. This is calculated using the formalism of
Gripp et al. [49]. This effect is less than the natural linewidth
of atoms and is smaller than the statistical error bars on
measurements. The frequencies relevant to the experiment are

FIG. 2. The relevant 85Rb energy levels and the transitions used
in the experiment are illustrated. Here, CL is the cooling laser, RLB
and RLD are the repumping lasers for the bright MOT and the dark
MOT, respectively. The probe lasers for the bright-MOT and the
dark-MOT VRS, PLB, and PLD, are scanned across the identified
transitions.

illustrated in Fig. 2. The PMT measures a signal in the form
of a single transmission peak at ωc when the cavity is empty,
while, with the MOT atoms in the cavity, the transmission is
modified to shows two peaks, as shown in Fig. 3, separated by
the VRS frequency interval given by 2h̄glm ∝ √

Nlm, where
glm is the collective coupling of atoms and Nlm is the number
of atoms coupled to the cavity mode LGlm. Below we measure
the VRS for the atomic distribution using the various LGl0

modes [18,26,29,32,41,50,51].
For a bright MOT (which has atoms in both the ground

and electronically excited states at any instant), the repump-
ing beams are combined with all six cooling beams, and
for the dark MOT (where the central MOT atoms are not
repumped and so are optically pumped into the dark ground
state), two hollow repumping beams with a dark spot with
a diameter of 2 mm in the center are combined with two of
the horizontal cooling beams [43]. To measure VRS due to
bright-MOT atoms, the cavity probe frequency ωp is scanned
across the F = 3 to F ′ = 4 atomic transition. On the other
hand, for measuring VRS due to dark-MOT atoms, ωp is
scanned across the F = 2 to F ′ = 3 transition. gl depends on
the dipole matrix element μa of the probed transition, which
is different for the bright-MOT and dark-MOT cases [52].
The transition dipole moment with isotropic polarization for
respective F and F ′ is the relevant μa, and the measured VRS
is independent of the polarization of the probe beam [18]. The
characterization of the bright MOT and the dark MOT was
described in earlier work [43,45,47].
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FIG. 3. Top: Empty cavity transmission for the LG00 cavity
mode. Bottom: Transmission through the cavity with cocentered
bright-MOT atoms. The solid blue curve shows VRS for the LG00

cavity mode, and the dashed pink curve shows VRS for the LG30

cavity mode. The VRS signal for the LG00 mode has a larger
width and exhibits features of slight nonlinearity due to higher peak
intensity as a result of a smaller mode cross section.

We have shown in earlier work that VRS measurements
are independent of the polarization of the probe [18]. This is
consistent with the present measurement. The in situ measure-
ment of the VRS directly for the bright-MOT atoms is com-
plicated by the coupling of MOT light into the near-resonant
cavity mode [48]. Therefore, to measure the atom coupling
variation with the probe light of specific spatial modes, we
switch off the cooling lasers for 1 ms, keeping repumping
lasers on, thereby optically pumping atoms into the F = 3
state, and within 0.5 ms scan the probe laser back and forth
across the atom-cavity resonance, long before the atoms leave
the trap region. The ballistic expansion of the atomic cloud
during this time has been calculated [18] to be less than 1% of
our MOT size. As the two VRS peaks occur at different times,
the effect would be different on each. However, no corrections
for this expansion have been made while presenting the results
of this paper because this correction is substantially less than
the statistical error of the measurements. For the dark MOT,
since the atomic fluorescence is severely suppressed, in situ
measurement of VRS can be done with the dark MOT [43,47].

The cavity probe light is taken from the output of a single-
mode, polarization-maintaining fiber and has a Gaussian in-
tensity profile. This TEM00 single-mode beam has good mode

matching with the LG00 cavity mode and has poor mode
matching with higher-order LGl0 cavity modes. Therefore,
higher input probe powers are required to obtain a measurable
VRS signal with higher-order modes. This also limits the
number of cavity modes up to which we can measure VRS.
For the experiment the input light power is adjusted such that
transmitted light output power through the empty cavity for
different LG modes is constant and is sufficient to measure
the VRS. This ensures that the conditions for measurement
with different modes do not change significantly.

III. THEORETICAL ANALYSIS OF THE SYSTEM

For a beam propagating in the �z direction the eigenmodes
for transverse electric field functions in cylindrical coordi-
nates (with radial index r, azimuthal index φ, and axial index
z) can be expressed as E (r, φ, z) ∝ �l m(r, φ, z)ε̂, where ε̂ is
the unit vector in the polarization direction and �l m(r, φ, z)
are Laguerre-Gauss functions [53] according to

�l m(r, φ, z) = ω(0)

ω(z)

(
r
√

2

ω(z)

)|m|
e( −r2

ω2 (z)
)
L|m|

l

(
2r2

ω2(z)

)

× ei(kz−mφ) ei( kr2

2R(z) ) e−i(2l+|m|+1) tan−1(z/zR ), (1)

where k is the wave number, zR is the Raleigh length, ω(z) is
the waist of the LG00 mode, R(z) is the radius of curvature
of the cavity beam wavefront, Lm

l is the Laguerre polynomial
with radial index l and azimuthal index m, and ẑ is parallel to
the optic axis of the cavity.

Within the cavity, the electric field in the transverse plane is
given by Ecav(r, φ, z) = E+(r, φ, z) + E−(r, φ, z), which are
the electric fields of forward- and reverse-propagating beams
in the cavity, respectively. These cavity modes with Ecav ∝
[�lm(r, φ, z) + �l (−m)(r,−φ,−z)] are called Laguerre-Gauss
modes. For the case of an aberration-free perfectly symmetric
cavity, all LGlm modes with equal value of 2l + |m| would
be resonant for the same cavity length. The LG modes with
m �= 0 have an additional node at the center along with the
l radial nodes at finite radii, and the size of this central
node is larger for higher values of m. The VRS with the
LGl0 mode is higher than the VRS due to the LG(l−1)2 mode
and so on for a Gaussian atomic density profile. In practical
cavities, the phase of different modes with the same 2l + |m|
would be slightly different due to aberrations, and hence, they
would be resonant at slightly different cavity lengths [40],
making it possible to stabilize any individual mode. In our
experiment, we can adjust the mode-matching lens in Fig. 1 to
stabilize only m = 0 modes by monitoring the CCD2 image
and ensuring that there is no central dark spot. This ensures
that the cavity modes in the present experiments have only the
radial index l and the electric field inside the cavity is given
by Ecav(r, z) ∝ ψl (r, z)ε̂, where ψl (r, z) is given by

ψl (r, z) = ω(0)

ω(z)
e( −r2

ω2 (z)
)
L0

l

(
2r2

ω2(z)

)

× cos

[
kz + kr2

2R(z)
− (2l + 1) tan−1

(
z

zR

)]
. (2)
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FIG. 4. Theoretical mode profile functions and images of trans-
verse LG modes of the empty cavity, measured by imaging the probe
light transmitted through the cavity. The solid red curve is for the
LG00 mode, the dashed orange curve is for the LG10 mode, the dotted
green curve is for the LG20 mode, and the dot-dashed blue curve is
for LG30 mode.

The experimental images with the radial functional form of
the intensity of the modes are illustrated in Fig. 4.

The number of atoms that couple with a particular cavity
mode is determined by the overlap integral of the square of
the mode function with the atomic density distribution. This
is a fraction of the total atom number in the MOT Nat , and the
fraction is dependent on the specific LG mode. The VRS due
to collective strong coupling of atoms to the LGl0 mode of a
cavity is given by [33,41]

2h̄gl = μa

√
2h̄ωcNl

ε0Vl
, (3)

FIG. 5. Ratio of atoms coupled to the LGl0 cavity mode Nl and
the total number of atoms in the MOT Nat for different sizes of MOTs
cocentered with the cavity. The solid red curve is for the LG00 mode,
the dashed orange curve is for the LG10 mode, the dotted green
curve is for the LG20 mode, and the dot-dashed blue curve is for
the LG30 mode. The inset shows a zoomed-in version of the same
curves around the value of σ/ω0 measured from the CCD1 image of
the bright MOT, 2.66 ± 0.06.

where Vl is the mode volume, Nl is the number of atoms
coupled to the LGl0 mode, and they are given by

Nl =
∫ ∞

r=0

∫ L/2

z=−L/2

∫ 2π

φ=0
ρ(r, φ, z)|ψl (r, z)|2d3r, (4)

Vl =
∫ ∞

r=0

∫ L/2

z=−L/2

∫ 2π

φ=0
|ψl (r, z)|2d3r. (5)

By solving Eq. (5), mode volumes Vl of all LG modes are
obtained to be identically equal to πω(0)2L/4, where L is the
cavity length. Single-atom-cavity coupling ḡ is obtained by
calculating gl from Eq. (3) assuming Nl = 1. For our system,
we calculate values of ḡ to be ≈200.8 kHz for F = 3 to
F ′ = 4 transition (PLB) and ≈96.6 kHz for F = 2 to F ′ = 3
transition (PLD) as the values of μa for these two cases are
different.

In the case when the atomic density distribution ρ is a
constant, the VRS �ν = 2h̄gl becomes independent of l ,
which implies that the coupling to every LG mode is equal
[26]. Alternatively, when ρ is not uniform, VRS for different
LG modes will be different.

For a nonuniform, but regular, density profile of atoms,
such as Gaussian distribution cocentered with the cavity,
with peak density ρ0 and 1/e2 radius σ 	 L, ρ(r, φ, z) =
ρ0 exp[−2(z2 + r2)/σ 2], using Eqs. (2)–(5) and using ω(z) =
ω(0) and r̄ = 2r2/ω(0)2, we get

gl+1

gl
=

√√√√∫ ∞
0 e−(1+α)r̄

[
L0

l+1(r̄)
]2

dr̄∫ ∞
0 e−(1+α)r̄

[
L0

l (r̄)
]2

dr̄
. (6)

Both the integrands in Eq. (6) are positive definite, the integral
in the numerator is always smaller than that in the denomina-

tor, and for α = ω2
0

4σ 2 	 1, i.e., when ω0 	 2σ , g(l+1)/gl ≈ 1,
which is the uniform density of atoms case. A systematic
decrease results in the VRS with higher-order modes (with
an increase in the l index of the LG mode) for a Gaussian
distribution when σ ≈ ω0, see Fig. 5. So in this case of a
Gaussian atomic distribution cocentered with the FP cavity,
the change in the VRS with LGl0 can be used to measure the
atom density distribution in the radial direction.

For a Gaussian density of atoms shifted radially from the
axis of the cavity by a distance a, the number of atoms coupled
to the LGl0 mode can be obtained by substituting ρ ′(r, φ, z) =
ρ0 exp{−[(r − a)2 + z2]/σ 2} in Eq. (3) and using ā = 2(r −
a)2/ω(0)2, which gives

N ′
l ∝

∫ ∞

0
e−(αā)e−r̄

[
L0

l (r̄)
]2

dr̄. (7)

The integrand of Eq. (7) is positive definite and decreases as
a increases. In this case the measured VRS due to the cavity-
coupled atoms reduces very quickly as the cloud of atoms is
displaced radially from the axis of the cavity. In the case of
a single atom in the cavity, Nl = |�l0(ra, za)|2, where (ra, φa,
za) are the coordinates of the atom’s position [1,5,6,9,37].

If the atomic ensemble is a uniform sphere of radius rs and
density ρs cocentered with the cavity,

Nl

Nat
=

2πρs
∫ rs

0 r
√(

r2
s − r2

)
e−r̄

[
L0

l (r̄)
]2

dr(
4πρsr3

s /3
) , (8)
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FIG. 6. VRS for different LG modes due to bright MOT mea-
sured on the F = 3 to F ′ = 4 transition. Blue circles are experimen-
tal values of measured VRS, and the blue error bars are one standard
deviation. The red squares are calculated values of VRS, using Nat

measured by the PMT1 signal and σ obtained from the Gaussian
fit to the CCD1 image of the MOT, for different cavity modes. The
red error bars include estimated errors in calculated VRS due to
statistical and least-count errors in measured Nat and σ .

where Nat is the total number of atoms. However, when L 

rs 
 ω(0), for small values of l , we get Nl = Nat .

Thus, from the above analysis, we conclude that whether
the density of atoms is uniform or a Gaussian distribution in
an experiment which measures VRS can be determined. If
the atomic ensemble is not radially symmetric, i.e., σx �= σy,
although the VRS with different LG modes can be numeri-
cally calculated, the ellipticity in the atomic density profile
cannot be retrieved from the measured values of the VRS with
different modes. Thus, we approximate the density of atoms
to a spherical Gaussian distribution with σ = (σxσyσz )1/3.
For the bright-MOT case presented in this paper, we assume
σz = σy as the magnetic field gradient in the y and z directions
is the same, as are the laser parameters, and we therefore use
σ = (σxσ

2
y )1/3.

IV. EXPERIMENTAL RESULTS AND DISCUSSION

The experimental results for the bright MOT are shown in
Fig. 6. Here we see the VRS signal measured with a bright
MOT and the effective number of atoms coupled to the cavity
mode Nl as a function of changing LG modes. Care has been
taken to ensure that the MOT is well centered by maximizing
the VRS signal with the LG00 mode while ensuring the MOT
is symmetric. It is observed that the measured VRS decreases
as the l index increases for identical initial MOT atom number
and MOT density profile. This matches the expected variation
for a localized atomic ensemble with a three-dimensional
Gaussian distribution of atoms, as expressed in Eq. (6). Cal-
culated values of densities are expected to be higher than
measured values for two reasons. First, we have neglected
MOT expansion before measurement of VRS, and second, any
finite amount of probe intensity leads to a reduced measure
of VRS [47,49,54]. We have taken necessary measures to
minimize these effects.

For the bright MOT, the best fits for parameter σ =
(σxσ

2
y )1/3 from the MOT image are found to be 209.3 ±

3.9 μm, while the least-count error due to the size of the

FIG. 7. VRS with a dark MOT for different LG modes measured
on the F = 2 to F ′ = 3 transition. Blue circles are from experimental
measurement of VRS, and the blue error bars are one standard devia-
tion on either side of the mean value of corresponding measurements.

pixels in CCD1 is 4.6 μm. The total number of atoms in
the MOT, Nat = (1.16 ± 0.03) × 106, is obtained from the
PMT1 signal. This gives the peak atom density as ρ0 =
(6.43 ± 0.67) × 1010 cm−3. The VRS calculated for these
values of Nat and σ using Eq. (3) are in good agreement, and
this can be seen in Fig. 6. The possible source of systematic
errors in the measurement of Nat due to cooling laser power
fluctuations (±3%) is estimated to be less than 3%. However,
accounting for a maximum possible error of ±0.5 MHz in
the measurement of the detuning of the cooling beams, we
get a maximum potential systematic error of ±8% in the
atom number measured through fluorescence. These errors
are not shown in Fig. 6, where only the statistical errors and
least-count errors are accounted for in the displayed error bars.
In principle, measurements can be made with MOT atoms
whose center is displaced from the cavity axis. However,
shifting the MOT atoms spatially with respect to the cavity
axis while maintaining the density profile is challenging. Such
a measurement is much easier with dipole-trapped atoms
within the cavity mode.

In the case of the dark MOT, atoms are optically pumped
out of the cooling cycle, which allows for an in situ detection
of atoms of a dark MOT using cavity coupling and VRS. For
the dark MOT, the VRS for the different LGl 0 modes used
shows no statistically significant change, which is illustrated
in Fig. 7. This is in stark contrast to the results for the bright
MOT, where a monotonic decrease is seen in the VRS, with
an increase in the l index. The constant VRS measured as
a function of the different LG modes is consistent with the
constant density of atoms in the central region of the dark
MOT, within lengths of the order of ω0, as discussed earlier.

Although the dark MOT cannot be imaged in situ, the two
hollow repumping beams can be quickly changed to nonhol-
low beams, and the obtained PMT1 signal can be used to
measure the total number of atoms in the dark MOT. Applying
this method, we find the number of atoms in our dark MOT
is ≈1.4 × 106. The measurement in Fig. 7 is a direct in situ
measurement of dark-MOT atoms coupled to a cavity. The
constant atom density is expected as the cooling in the central
region of the dark MOT stops, and the energy of the atoms is
sufficient to distribute them uniformly in the dark-spot region
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of the MOT. Assuming uniform atomic density ρs, within a
sphere of radius rs and by numerically solving Eq. (8), we
calculate the size of the dark MOT rs to be 222 ± 7 μm and
the density in the central region of the dark MOT ρs to be
3.1 ± 0.3 × 1010 cm−3. The obtained value of rs is ≈3 times
ω(0), which is larger than the waist of the highest LG mode
used.

V. CONCLUSIONS

In conclusion, we showed that the density distributions of
atoms which are collectively strongly coupled to the cavity
mode can be probed by varying the cavity spatial mode. The
method works for trapped and free-flight atoms, as has been
demonstrated. As different transverse modes have different
spatial extents and spatial profiles, varying these directly
samples the extended atomic distribution. Further, since the
atoms are collectively strongly coupled to the cavity, the spa-
tial measurement transforms into a frequency measurement,
which is fast and robust in implementation. This is a robust
method since sensitivity to the fluctuations in the atom number
is suppressed due to the

√
Nc dependence of the VRS. It

should be kept in mind that if the density distribution is
regular and cylindrically symmetric, then measurements with
different transverse modes can measure the spatial density
profile of the ensemble of atoms. In principle, when the entire

distribution is shifted off axis, the density distribution can still
be measured, although conducting such measurements with a
MOT is very intricate as the atomic density profile changes
as we shift the MOT. However, for dipole-trapped atoms, this
method would be effective. In the case of ellipsoidal density
distributions, the method does not apply. The method can be
flexibly adapted to a wide variety of measurements in the
future, expanding the toolbox of available techniques for the
measurement of atoms coupled to a cavity.

In systems like a dark MOT, this method can be used
to measure in situ density profiles, which are challenging to
measure in other available methods like absorption imaging,
where the resonant light used can alter the state preparation
instantaneously and can perturb the atomic density profile.
Since the cavity transmission is suppressed for resonant light
due to VRS, the probe does not interfere with the state
preparation of the atomic ensemble. A combination of spatial-
mode-dependent measurement with a number-dependent fre-
quency measurement can propel cavity-based measurements
into new applications.
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063003 (2003).
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