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Abstract
The integration of cold atomic systems with optical nanofibres (ONFs) is an increasingly
important experimental platform. Here, we report on the spectra observed during a strongly
driven, single-frequency, two-photon excitation of cold rubidium atoms near an ONF. At
resonance, two competitive processes, namely a higher excitation rate and stronger pushing of
atoms from the nanofibre due to resonance scattering, need to be considered. We discuss the
processes that lead to the observed two-peak profile in the fluorescence spectrum as the
excitation laser is scanned across the resonance, noting that the presence of the ONF
dramatically changes the fluorescence signal. These observations are useful for experiments
where high electric field intensities near an ONF are needed, for example when driving
nonlinear processes.
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(Some figures may appear in colour only in the online journal)

1. Introduction

Interactions between atoms and laser fields have been widely
studied in many different scenarios, such as a two-level atom
interacting with a monochromatic laser field, a three-level
atom interacting with two laser fields, multilevel atoms with
multi-frequency light fields [1, 2], etc. The presence of coher-
ence in such systems can substantially enhance the optical
nonlinearity, leading to many interesting effects such as elec-
tromagnetically induced transparency and coherent population
trapping [3–5]. Over the past decade, optical waveguides,
including optical nanofibres (ONFs), have come to the fore
as an ideal platform to study interactions of atoms with
light. We focus our discussion on ONFs, which provide tight

∗ Authors to whom any correspondence should be addressed.

Original content from this work may be used under the terms
of the Creative Commons Attribution 4.0 licence. Any further

distribution of this work must maintain attribution to the author(s) and the title
of the work, journal citation and DOI.

confinement of light beyond the Rayleigh range and also serve
as an ideal channel for light propagation. ONFs have been used
to efficiently probe, manipulate and trap cold, alkali atoms
[6–10] with recent works extending atom and ONF studies
to the observation of a quadrupole transition in 87Rb atoms
[11], the demonstration of quadrature squeezing of nanofibre-
guided light [12], and a determination of the polarization
dependency of spin selection in laser-cooled atoms [13].

Many experiments involving two-photon processes demand
minimizing the one-photon excitation. A larger detuning of the
excitation laser frequency with respect to the intermediate level
leads to fewer atoms in it at the expense of a higher light field
intensity requirement. In single-frequency, two-photon excita-
tion, in general, the laser frequency is very far-detuned from
the intermediate levels; additional advantages are the need for
only one laser and a more straightforward theoretical descrip-
tion. The subwavelength diameter of an ONF provides very
high intensities in the evanescent field at very low powers (e.g.
a few nW of propagating light can produce a Rabi frequency of
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Figure 1. Energy level diagrams for 87Rb. Cold atoms are prepared in a MOT using cooling and repump beams around 780 nm. Excitation
(solid arrows) and decay (dashed arrows) channels are shown. (a) 993 nm light excites atoms from the 5S1/2 F = 2 state to the 6S1/2 F′′ = 2
state using a two-photon process. Atoms decay to 5S1/2 F = 1, 2 via the 5P3/2 and 5P1/2 intermediate levels by emitting 780 nm or 795 nm
photons in the lower decay stage. (b) 795 nm light excites atoms from the 5S1/2 F = 2 state to the 5P1/2 F′ = 2 state using a one-photon
process. Atoms decay to 5S1/2 F = 1, 2 by emitting 795 nm photons.

Figure 2. Experimental setup for configuration I. Two-photon excitation at 993 nm (i) with and (ii) without the MOT cooling beams. SPCM:
single-photon counting module; BP: bandpass filter; DM: dichroic mirror. The repump beam is kept on at all times.

tens of MHz for atoms in the evanescent field [14]), hence pro-
viding near-ideal conditions for single-frequency, two-photon
excitation to occur. However, there is also a disadvantage since
the origin of some observed effects on spectral lineshapes due
to the presence of the ONF is not always clear [15–18].

In this work, we generate high electric field intensities using
either an ONF or a tightly focussed free-space beam, so as
to make a comparison between the observed effects on spec-
tral line shapes. Notably, the fluorescence signal from atoms
near an ONF can exhibit a two-peak profile as the frequency
of the excitation laser is scanned across an atomic resonance.
We explore several atomic transitions and experimental con-
figurations to investigate this effect in detail and hypothesise
on possible sources of the observed phenomenon.

2. Experimental details

We prepared an ensemble of trapped cold 87Rb atoms using a
standard magneto-optical trap (MOT) setup [13]. The average
temperature of the atomic cloud was ∼200 μK, with a density
of 1010 atoms cm−3. The cooling beams for the MOT were
14 MHz red-detuned from the 5S1/2 F = 2 → 5P3/2 F′ =
3 transition with an intensity of ∼11 mW cm−2 per beam.
The ONF was fabricated from commercial step-index opti-
cal fibre (Fibercore, SM800-5.6-125) by heating it with an
oxygen–hydrogen flame and simultaneously pulling it using
computer-controlled motorised stages [19]. The final nanofi-
bre waist was ∼400 nm, allowing only fundamental mode

propagation for all the wavelengths used in the experiment,
780 nm, 795 nm, and 993 nm. Note that all ONF-guided exci-
tation laser powers mentioned were measured at the output pig-
tail of the ONF and the power at the waist could be somewhat
higher due to propagation losses in the fiber.

Experiments were performed in two configurations with
atoms being excited via a two-photon transition or a one-
photon transition, see figure 1. Resonant and near-resonant
excitation of the atoms was achieved using a sub-MHz
linewidth Ti-sapphire laser (M Squared Lasers: SolsTis
ECD-X). Fluorescence photons during the de-excitation pro-
cess coupled into the ONF and propagated to the pigtail
on either end where they were subsequently detected using
single-photon counter modules (SPCM: Excelitas Technolo-
gies: SPCM-AQRH-14-FC), see figure 2. Dichroic mirrors
and interference filters were used to combine and separate
the different wavelengths as per experimental requirements.
Additionally, the fluorescence signal from the cold atom cloud
could be collected in free-space via a microscope composed of
two convex lenses, with focal lengths of 125 mm and 250 mm,
and was measured using a photomultiplier tube (PMT: Hama-
matsu Photonics), see figure 3. Both the lenses and the PMT
were kept outside the vacuum chamber.

2.1. Configuration I: single-frequency, two-photon excitation
around the optical nanofibre

We used 993 nm light to excite 87Rb atoms from 5S1/2 F = 2→
6S1/2 F′′ = 2 using a two-photon process, see figure 1(a). The
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Figure 3. Experimental setup for configuration II. One-photon excitation at 795 nm with the cold atom cloud (i) around the ONF and
(ii) removed from the ONF. SPCM: single-photon counting module; PMT: photomultiplier tube; BP: bandpass filter; DM: dichroic mirror.

Figure 4. Excitation light at 993 nm, going through the ONF in both directions, is scanned across the 5S1/2 F = 2→ 6S1/2 F′′ = 2 transition
via two-photon excitation. Total power of 993 nm excitation light in the ONF is (a) 0.1 mW and (b) 2.45 mW. From top to bottom: 795 nm
fluorescence signal coupled into the ONF, 780 nm fluorescence signal coupled into the ONF, spectroscopy signal from a Rb vapour cell
recorded on a PMT for the frequency reference. Typical laser power used for the vapour cell spectroscopy was ∼100 mW.

993 nm light was obtained from the Ti-sapphire laser and could
be frequency scanned or locked. Excited atoms in the 6S1/2

state spontaneously decayed to the ground state, 5S1/2 F = 1, 2,
via (i) the intermediate state, 5P1/2, by emitting a 1324 nm pho-
ton followed by a 795 nm photon or (ii) the intermediate state,
5P3/2, by emitting a 1367 nm photon followed by a 780 nm
photon. The ratio of the transition rates of 6S1/2 → 5P1/2 to
6S1/2 → 5P3/2 is 0.48 and 5P3/2 → 5S1/2 to 5P1/2 → 5S1/2

is 1.04 [20]. Hence, it is almost twice as likely that 780 nm

photons are emitted in the decay process from 6S1/2 to 5S1/2

F = 1, 2 than 795 nm photons.

2.2. Configuration II: one-photon excitation in a cold atom
cloud

To better understand the two-photon excitation experiments,
we also performed one-photon excitation experiments. Cold
atoms in the MOT were excited from the 5S1/2 F = 2 state to
the 5P1/2 F′ = 2 state via 795 nm light (∼377.105 19 THz), see
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Figure 5. Fluorescence signal during two-photon excitation at 993 nm. Comparison of 795 nm (left plots in orange) and 780 nm (right plots
in red) fluorescence signals in the absence (a) and (b) and in the presence (c) and (d) of cooling light. Excitation light through the ONF was
kept at 2 mW.

figure 1(b). Since the excitation and the fluorescence light were
of the same wavelength, sending the excitation light through
the ONF and detecting the fluorescence signal using a SPCM,
was not suitable. Instead, we used a free-space beam at 795 nm,
focussed on the cold atom cloud via a convex lens (Thorlabs:
LB1779-B, f = 30 cm). The excitation light at 795 nm was
derived from the Ti-sapphire laser and could be scanned or
locked at a fixed frequency.

3. Experimental results

3.1. Configuration I: single-frequency, two-photon excitation
around the optical nanofibre

3.1.1. Cooling beams on. In the first test, 993 nm excitation
light was sent through the ONF and fluorescence measure-
ments were made in the presence of the MOT i.e. with cooling
and repump beams on. The 993 nm light was frequency-
scanned across the 5S1/2 F = 2 → 6S1/2 F′′ = 2 resonance
(∼301.777 91 THz). The fluorescence signals at 795 nm and
780 nm coupled into the ONF and were measured at the

SPCMs, see figure 2(i). In this scenario, fluorescence at 780 nm
had contributions from both the excitation process to the
6S1/2 F′′ = 2 state (via one of the decay channels) and the
MOT beams exciting atoms to the 5P3/2 F′ states. In contrast,
detected fluorescence photons at 795 nm were solely due to
the 6S1/2 F′′ = 2 state excitation, see the level diagram in
figure 1(a).

For a low power (0.1 mW) of the 993 nm excitation
light propagating through the ONF, as the laser is tuned on-
resonance with the 5S1/2 F = 2 → 6S1/2 F′′ = 2 two-photon
resonance condition, we observe a peak (P1) in the 795 nm
fluorescence and a corresponding dip in the 780 nm fluores-
cence signal coupled into the nanofibre, see top and middle
panels of figure 4(a). Detuning is defined as twice the laser
frequency minus the atomic transition frequency for 5S1/2 F =

2 → 6S1/2 F′′ = 2. With an increase in the 993 nm power to
2.45 mW, the 795 nm fluorescence signal shows a dip, D1, and
the appearance of a second peak, P2, as shown in the top panel
of figure 4(b). P2 becomes more pronounced with an increase

4



J. Phys. B: At. Mol. Opt. Phys. 55 (2022) 125301 V Gokhroo et al

in the 993 nm power; the two peaks, P1 and P2, also move fur-
ther apart, i.e., the dip appears to become broader. The dip in
the 780 nm signal is at exactly the same frequency as the dip in
the 795 nm signal, see the top and middle panels of figure 4(b).
The dip appears at a slightly positive detuning (by 1 to 7 MHz).
Frequency calibration was obtained via simultaneous mea-
surement using a wavemeter (HighFinesse GmbH WS8-2) in
conjunction with spectroscopy performed in a Rb vapour cell
with natural isotope abundance. The vapour cell was heated
to ∼100 ◦C. Counterpropagating 993 nm laser beams pass-
ing through the cell cancelled the first-order Doppler shift and
provided us with a Doppler-free spectroscopy peak as a precise
frequency reference [21]. The full-width-at-half-maximum of
the vapour cell signal is∼6 MHz, see bottom panels of figure 4.
The fluorescence signal obtained from the cold atoms near the
ONF was typically much broader (∼20 MHz) than the vapour
cell signal, which we attribute to surface effects from the ONF
[18, 22]. We also observed that the splitting was more pro-
nounced when the cloud was less dense (data not shown).

3.1.2. Cooling beams off. To simplify the system, we next ran
a series of tests with the cooling beams at 780 nm switched
off during data acquisition and 2 mW of 993 nm excitation
power going through the ONF, see figure 2(ii). Here, the flu-
orescence signals at 795 nm and 780 nm were mainly from
the 6S1/2 F′′ = 2 decay channels. Though some repump sig-
nal could contribute we assumed this was negligible. The
experimental sequence was as follows: 993 nm light was
sent through the ONF and its frequency was locked near or
on resonance. The cold atom cloud was initially prepared in
the MOT and this was followed by a polarisation gradient
cooling phase (bringing the cooling power per beam from
11 mW cm−2 to 2.7 mW cm−2 and the cooling beam detun-
ing from −14 MHz to −30 MHz) for 5 ms. Subsequently, the
cooling beams were turned off before the measurements. The
fluorescence signal was collected during the first 700 μsec and
averaged over 20 cycles. A full spectrum was obtained by scan-
ning the locking point of the 993 nm laser in steps of ∼2 MHz
across the resonance and repeating the procedure as described
above for each frequency step.

For the experiments presented in figure 4, the cooling beams
were on at all times. By running the experiments in the absence
of cooling beams, we could eliminate the possibility of Aut-
ler–Townes splitting being the cause for the observed split
profiles. In the absence of the cooling beams, the observed flu-
orescence signals at 780 nm and 795 nm show similar trends
with different amplitudes, see figures 5(a) and (b). This is
expected since both signals are from the de-excitation of the
6S1/2 F′′ = 2 state to the 5S1/2 F = 1, 2 states albeit with
different transition probabilities. For comparison, fluorescence
signals at 780 nm and 795 nm in a MOT, i.e., with the cooling
beams on, are also plotted, see figures 5(c) and (d). Comparing
figures 5(a) and (c), we see that the splitting is present in both
the cases though it is more pronounced and the dip is deeper
in the absence of cooling beams compared with the signals
obtained with cooling beams.

Finally, in figure 6, the fluorescence signal at 795 nm for
different 993 nm powers, in the absence of cooling beams, is

Figure 6. Fluorescence at 795 nm from the cold atoms near the
ONF during two-photon excitation in the absence of the cooling
beams. Signals are compared for different excitation powers.

plotted. Similar to the results presented in the top panels of
figures 4(a) and (b), we observe a two-peak profile and the dip
becomes more pronounced as the 993 nm power is increased.

3.2. Configuration II: one-photon excitation in a cold atom
cloud

3.2.1. Cold atoms around the ONF. The intriguing two-peak
profiles observed in the two-photon excitation experiments
were investigated by comparing the results with two differ-
ent, one-photon excitation measurements. The first was when
the MOT was formed around the ONF while the free-space
focussed excitation beam at 795 nm, transverse to the ONF,
was sent through the atomic cloud, see figure 3(i). As the
frequency of the 795 nm was scanned across the resonance
5S1/2 F = 2 to 5P1/2 F′ = 2, the fluorescence signals at
795 nm and 780 nm were measured using SPCMs and a PMT.
Note that fluorescence photons, which coupled into the ONF,
were detected via the SPCM, see figure 3(i). The observed
spectra are shown in figures 7(a) and (b) where detuning is
defined as the laser frequency minus the atomic transition fre-
quency for 5S1/2 F = 2 → 5P1/2 F′ = 2. The fluorescence
at 795 nm, see figure 7(a), exhibits two dominant peaks (P1
and P2) and a dip (D1) as the 795 nm excitation laser was
detuned from resonance. The spectra also show a small dip
(D2) and a peak (P3). Peak P2 becomes more prominent as
the 795 nm excitation power is increased and P1, P2 and
D1 become broader, see figure 7(a). Fluorescence was also
measured at the PMT without being coupled to the ONF, see
figure 3(i) for the experimental setup. When we compare the
fluorescence signals measured at the PMT and the SPCM,
see figure 8(a), we observe that the PMT signal is narrower
and shows a dip at the same position as the SPCM signal.
These observations show that, similar to the two-photon exci-
tation scenario, here also the two peaks, P1 and P2, move apart
or the dip, D1, becomes broader as the excitation power is
increased.
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Figure 7. Fluorescence signals from the MOT during one-photon excitation at 795 nm. (a) 795 nm fluorescence signal for different
excitation powers of 795 nm. (b) 780 nm fluorescence signal for different excitation powers of 795 nm.

Figure 8. (a) One-photon excitation signal when the cold atom cloud overlaps the ONF. Comparison of 795 nm signals collected from the
PMT and the SPCM are shown by empty (bottom curve) and solid (top curve) circle data points, respectively. (b) One-photon excitation
when the cold atom cloud is far from the ONF. Fluorescence signal at 795 nm on the PMT is plotted for different excitation powers.

3.2.2. Cold atoms distant from the ONF. The second one-
photon experiment we considered was when the cold atom
cloud was distant from the ONF, see figure 3(ii), to ensure
that there was no coupling of the fluorescence signal into the
nanofibre. This was achieved by changing the current in one of
the MOT anti-Helmholtz coils, thereby shifting the zero of the

magnetic field, hence the trap position. The excitation beam
was realigned so that it passed through the atom cloud. The
fluorescence signal at 795 nm as a function of the excitation
laser detuning from 5S1/2 F = 2→ 5P1/2 F′ = 2 transition, see
figure 1(b), was collected by the PMT. In figure 8(b), the fluo-
rescence signal at 795 nm while varying the 795 nm excitation
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Figure 9. Comparison of 795 nm fluorescence signal at the PMT during one-photon excitation. Data in blue show the signal when MOT is
formed away from the ONF and data in black show when MOT is on the ONF. Excitation powers are ∼37 μW and ∼150 μW for (a) and (b),
respectively.

laser frequency is plotted for different excitation powers. Even
at higher powers (410 μW) a second peak does not appear in
the spectra. Additionally, the observed fluorescence profile is
not Lorentzian.

Finally, to compare the observed spectra when the atom
cloud overlaps the ONF and when the cloud is removed from
the ONF, we measured the 795 nm fluorescence signals for the
same excitation powers. The results are plotted in figure 9 for
two different excitation powers and show the striking contrast
between the two cases. Notably, the two-peak profile is present
only when both the cold atom cloud and the focussed, strong
excitation beam are at the ONF. In both these cases, the 795 nm
excitation light was focussed at the atom cloud via the lens.

4. Discussion

Results show that, for both one- and two-photon excitation pro-
cesses near an ONF, high intensities of the evanescent field
produce a two-peak profile in the fluorescence signal as a func-
tion of laser detuning. The similarity of the profiles in the
two cases suggests that the origin is not linked with any pro-
cess specific to the one- or two-photon excitation phenomena.
To better understand the observed structure, we considered
the feasibility of the shape arising from certain phenomena to
hypothesise on the exact origin.

As a first line of investigation, we considered whether the
lineshape could arise from interference. Subnatural linewidth
spectral lines have already been investigated theoretically and
experimentally both in V-type and Λ-type atomic systems in
the presence of two laser fields [23, 24]. Quantum interference
between the two transition pathways plays a crucial role in
producing such narrow spectral features. Interference can also
be present when monochromatic light couples a single atomic
ground state to two closely spaced excited states by parallel
dipole moments. At an appropriate frequency of the excitation
laser field, fluorescence from the excited levels can be elimi-
nated [25]. However, the condition of parallel dipole moments
cannot be fulfilled when considering two closely spaced

Zeeman sublevels of a particular hyperfine state, hence mak-
ing it nontrivial to achieve. It has also been proposed that
anisotropy of the vacuum field could provide the necessary
condition for quantum interference among closely lying states
[26]. Since the two observed peaks are far-separated even at
zero magnetic field, we rule out this possibility. In summary,
interference cannot give a satisfactory answer for the origin of
the two-peak profile. Cooperative effects, such as the Dicke
effect, do not seem to be present in the system because the
two-hump feature was robust. It was present on varying the
MOT cooling beam intensities, detunings, and excitation laser
powers. In addition, the fluorescence did not seem to be direc-
tional, so we did not perform any time-resolved measurements.
We also eliminated the possibility of mode interference within
the nanofibre because, as stated earlier, only the fundamen-
tal mode (Gaussian field profile) could propagate for all the
wavelengths used in the experiment, i.e., 780 nm, 795 nm, and
993 nm.

Another possibility we considered was that of Aut-
ler–Townes splitting [14] caused by the strong laser cooling
beams; however, we have also ruled this out because the split-
ting is present even in the absence of the cooling beams and
theoretical models do not support this possibility.

We propose that the actual phenomenon is far simpler than
initially assumed. The observed spectra can be explained by
considering the pushing effect of the excitation light, i.e.,
993 nm or 795 nm laser light, on the atoms. As the light fre-
quency approaches the atomic resonance, the photon absorp-
tion rate increases. Atoms in the highest intensity region are
pushed away maximally due to momentum kicks given by the
photons. This leads to a reduced atom density locally and,
thereby, reduced fluorescence. In addition, we also need to
consider that the atomic resonance or the resonant transition
frequency in a MOT is modified due to the ac Stark effect
of the cooling beams. These new resonance frequencies will
be referred henceforth as the modified resonances. The exper-
iments in the absence of cooling beams also initially relied
on having a MOT, i.e., cooling light, in the presence of a
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frequency-locked excitation beam passing through the ONF
(see subsection 3.1.2). Due to the aforementioned pushing
effect, the initial atom number near the ONF depends on the
excitation frequency and is not the same for each frequency
step during the scan. This leads to low fluorescence when-
ever the frequency of the excitation light matches to the modi-
fied resonances, even though fluorescence was collected in the
absence of the cooling beams. In the following, to understand
the frequency values or positions of the modified resonances,
we consider the ac Stark effect of the cooling beams on both
the ground (5S1/2 F = 2) and the excited (5P3/2 F′ = 3) states
of an 87Rb atom. The new energy eigenstates can be calculated
using the dressed atom picture [1].

To compare with the bare atom energy states, we con-
sider the specific case of a red-detuned light field, such as
the MOT cooling beams in our experiments. In this case,
both the ground and the excited states split into two dressed
states. The two dressed ground states are shifted in frequency
by Δ1g = −(Ωc − |δc|)/2 and Δ2g = (Ωc + |δc|)/2 w.r.t. the
bare atom ground state. Similarly, the excited dressed states
are shifted by Δ1e = (Ωc − |δc|)/2 and Δ2e = −(Ωc + |δc|)/2
w.r.t. the bare atom excited state. Here, δc is the cooling beam
detuning, Ωc =

√
(δc)2 + (Ωc0)2 ), and Ωc0 is the on-resonant

Rabi frequency due to the cooling beams. In the limit of
high detunings, the ground state shifts can be approximated
as Δ1g = −Ω2

c0/(4|δc|) and Δ2g = |δc|+Ω2
c0/(4|δc|). Dressed

atom spectroscopy has been investigated in detail by several
groups earlier, see [27, 28].

Thus, as the frequency of the excitation laser is scanned
(during the one- or two-photon excitation) within a MOT, there
are two possible resonances, namely Δ1g → excited state (Δ1

resonance) and Δ2g → excited state (Δ2 resonance). In the
one-photon excitation, see figure 7(a), we observe that the
larger (D1) and smaller dips (D2) in the 795 nm fluorescence
signal are approximately at the frequencies of the Δ1 and Δ2

resonances. From this, we speculate that the dip, which is
shifted by a few MHz from the 5S1/2 F = 2 → 5P1/2 F′ = 2
resonance, is due to the pushing of the atoms occurring at the
Δ1 resonance. The pushing effect at the Δ2 resonance appears
much smaller than that at Δ1. Simple calculations based on the
dressed atom may not give accurate predictions because our
system is rather complicated. However, such calculations pro-
vide the correct orders of magnitude and trends. For example,
by taking the MOT cooling beam intensities as 66 mW cm−2,
cooling detuning as −14 MHz (and saturation intensity
3 mW cm−2), we calculated the ground state shifts, Δ1g and
Δ2g, to be −4.5 MHz and +18.5 MHz, respectively. This
corresponds to the positions of the Δ1 and Δ2 resonances at
+4.5 MHz and −18.5 MHz, respectively. In the experiments,
we observed dips at D1 from +1 to +12 MHz and at D2 from
−10 to −24 MHz. These values agree within an order of mag-
nitude with the calculated ones. Additionally, by changing the
cooling beam intensities, we observed that the frequency shift
trends of the D1 resonances followed those that we would
expect based on our speculations.

The pushing effect is much more significant when atoms are
near the ONF, probably since the field intensity is much higher
and there is much more light scattering in this region. Both

for the one- and two-photon excitation processes, the broad
fluorescence profile with a relatively narrower dip is due to a
varying power broadening and a varying pushing effect in the
evanescent field due to its exponential profile. We emphasise
that the two-peak profile is observed only for the excitation
of atoms near a fibre surface. When the detection is also via
the nanofibre, the dip is more pronounced and broader. This
may be due to higher scattering and pushing near the fibre
surface and probing it efficiently via the nanofibre itself. In
contrast, when atoms are far away from the ONF, detection is
done using a PMT which gives the collective signal from the
MOT. We observe a small dip at ∼−14 MHz but the positive
side dip (D1) is not visible, see the PMT signals in figures 9(a)
and (b).

During these studies, we came to know that a similar spec-
trum has been observed with Cs atoms in a MOT near an
ONF [18, 29] where the authors did the following experi-
ments. For a single-atom condition near the ONF, a probe
laser in a travelling wave arrangement was focussed perpen-
dicular to the fibre axis. Fluorescence collected from the ONF
showed a sharp dip (narrower than the natural linewidth) as
the probe frequency was scanned across the resonance. The
authors speculated that the effect arose from the shifting of
the MOT centre due to pushing by the probe beam, thereby
changing the local density of the atom cloud. Another hypoth-
esis for the observed spectrum was quantum interference
and the result was attributed to atom trapping with motional
quantisation [30]. Our results support the former hypothesis
though our results are neither limited to the single-atom condi-
tion nor one-photon excitation. Additionally, our studies show
that this effect is present when light propagates through the
nanofibre either in a travelling wave or counter-propagating
arrangement.

5. Conclusion

We have experimentally investigated the origin of the two-peak
profile of a fluorescence signal when intense, single-frequency
two-photon excitation light interacts with cold atoms near an
ONF. To understand the origin of this profile, we performed
experiments using one-photon excitation for atoms both near
and far from the nanofibre. Observations indicate that a simi-
lar profile is present when one-photon excitation is performed
near the ONF. We speculate that, at higher excitation pow-
ers, resonance scattering induced pushing near the nanofibre
becomes the dominant effect. This sharply depletes the atom
number density, giving rise to a dip in the fluorescence. The
frequency position of the resonance is modified due to the laser
cooling beams; hence, the dip is slightly shifted from the bare
atom resonance. This hypothesis also explains the similarity
of profiles obtained in the presence and absence of cooling
beams during two-photon excitation. This is due to pushing,
or loss, of the atoms in a MOT, resulting in a lower initial
atom number in the molasses phase. The dip is also observed
in the molasses phase. These observations are crucial for near-
resonant, high-intensity experiments based on the cold atom-
nanofibre platform in order to better understand the spectral
profiles obtained.
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