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We experimentally demonstrate a reliable method based on a nanofiber to optimize the number of cold atoms in a
magneto–optical trap (MOT) and to monitor the MOT in real time. The atomic fluorescence is collected by a nanofiber
with subwavelength diameter of about 400 nm. The MOT parameters are experimentally adjusted in order to match the
maximum number of cold atoms provided by the fluorescence collected by the nanofiber. The maximum number of cold
atoms is obtained when the intensities of the cooling and re-pumping beams are about 23.5 mW/cm2 and 7.1 mW/cm2 ,
respectively; the detuning of the cooling beam is −13.0 MHz, and the axial magnetic gradient is about 9.7 Gauss/cm. We
observe a maximum photon counting rate of nearly (4.5 ± 0.1) × 105 counts/s. The nanofiber–atom system can provide
a powerful and flexible tool for sensitive atom detection and for monitoring atom–matter coupling. It can be widely used
from quantum optics to quantum precision measurement.
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1. Introduction
Nanofibers with an ultrathin waist at subwavelength level
can offer a strong transverse confinement of the guided modes,
which leads to the spread of a powerful evanescent field surrounding the waist. [1] During the past decade, nanofibers have
been a topic of great interest and have been widely applied
in many fields, such as quantum photonics, optical sensing,
precision measurement, and quantum optics. [2–5] Nanofibers
can be fabricated by stretching a standard single-mode fiber
while heating it with a hydrogen/oxygen flame. Both ends of
the single-mode fiber are fixed on two motors. The process
of stretching the single-mode fiber is precisely controlled by
a computer so the normal fibers are tapered adiabatically. [6]
Only fundamental modes can propagate in the nanofibers because they have subwavelength diameters. The evanescent
field outside the nanofiber reaches its maximum around ka =
1.45, [7] where k is the wave number in free space and a is the
nanofiber radius.
The magneto–optic trap (MOT) is a powerful tool to effectively manipulate the cold atoms, and cold atoms have been
widely applied in quantum physics experiments [8–10] such as
those involving Rydberg atoms, [11,12] ultra-cold atoms, [13,14]
cavity quantum electrodynamics, [15,16] and hybrid quantum
systems. [17] In the experiments mentioned above, it is desirable to start with a MOT containing as many atoms as possible. The number of atoms depends on the MOT parameters, including the intensities of MOT beams, the detuning of

cooling beams, and the magnetic field gradient. Two traditional techniques are applied to measure the number of cold
atoms in a MOT: [18] (i) absorption imaging and (ii) fluorescence imaging. The two methods can be used to optimize the
MOT parameters. [19–23] Typically, an optical lens is used to
collect the atomic fluorescence or collect photons absorbed by
the cold atom cloud. There are two disadvantages for these
two traditional techniques. One is that the atoms in the MOT
are destroyed when the absorption imaging technique is used
to optimize the MOT. Thus the MOT cannot be optimized in
real time. Another is that the collection efficiency is usually
low for the fluorescence imaging technique. Thus, these techniques cannot be used effectively for mini-MOTs that have a
small number of atoms. Since a nanofiber can significantly enhance the coupling efficiency of atomic fluorescence when the
atoms are within the evanescent field of the nanofibers, [7,24,25]
it is a powerful tool for collecting the fluorescence from cold
atoms in a MOT. [26] Theoretically, the coupling efficiency for
a single atom on a nanofiber surface can reach more than
20%, [7] which has been demonstrated experimentally. [27,28]
Nanofibers can thus be used to optimize a MOT according to
the atomic fluorescence collected by the nanofiber when it is
overlapped with the MOT, even though the number of atoms in
a MOT is very small. Targeted toward increasing the coupling
efficiency, methods for various nanofiber-based cavities have
been demonstrated in recent years. [29–34]
In this paper, we experimentally demonstrate a nanofiber-
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2. Experimental setup
Figure 1 is a schematic of the coupling between a
nanofiber and a MOT. We fabricate the nanofiber with waist diameters around 400 nm using the flame-brush method [31,35,36]
from a single-mode fiber (SM800, Fibercore, Southampton,
UK). The nanofiber transmission can reach more than 95%.
We put the nanofiber into an ultra-high vacuum chamber via
an optical fiber feedthrough. [37] A conventional MOT is positioned in the center of the chamber. [38] The cooling beam is
from an extended cavity diode laser (DL-100, Toptica, Munich, Germany), which is tuned several megahertz below the
transition of 62 S1/2 , F = 4 → 62 P3/2 , F 0 = 5 for cesium. The
re-pumping beam is from a self-made diode laser, which resonates to the transition of 62 S1/2 , F = 3 → 62 P3/2 , F 0 = 4 for
cesium. The cooling beam is coupled to an optical fiber that
maintains its polarization. It is then split into three beams.
The re-pumping beam is combined with one of the cooling
beams. The diameter of each beam is 6.1 ± 0.1 mm. The
beams are circularly polarized with the retro-reflected beams
possessing the opposite circular polarization. The quadrupole
magnetic field provided by anti-Helmholtz coils can be adjusted by changing the current in the coils. The nanofiber
is kept in place with a silica holder, which is fixed to a
piezo stage. We can move the nanofiber to exactly overlap
with the MOT using the piezo stage. The atomic fluorescence collected by the nanofiber is detected with a single
photon counting module (SPCM, SPCM-800-14-FC, Excelitas, Massachusetts, USA) connected to one end of the fiber.
nanofiber cold atoms
waveguide

The upper-left figure in Fig. 1 shows the image of cold atoms
and nanofiber taken by a charge-coupled device (CCD). The
lower-right figure in Fig. 1 shows a typical scanning electron
microscope (SEM) image of a nanofiber.

3. Experimental results
3.1. Atomic fluorescence measurement
We plot the photon counting rate from the SPCM versus
time as shown in Fig. 2. Three steps with different counting
rate levels correspond to three experimental setups. The first
step of five seconds corresponds to the experiment wherein
all of the MOT beams and the magnetic field are switched
off (condition 1 shown in Fig. 2). The counts are due to
the light scattering from the background and the dark counts
of the SPCM. The average counting rate for condition 1 is
(5.0 ± 1.0) × 102 counts/s. For the second step of five seconds, all of the MOT beams are switched on and the magnetic
field is still switched off (condition 2 shown in Fig. 2). In
this case, no atoms are trapped yet in the MOT. We can observe only the scattering photons from MOT beams that are
channeled into the nanofiber. The average counting rate in this
case is (4.9 ± 0.5) × 105 counts/s. For the last step, both the
MOT beams and the magnetic field are switched on (condition
3 shown in Fig. 2). We can observe a considerable net increase
in the counting rate, which is (4.5 ± 0.1) × 105 counts/s. The
net increase of the fluorescence is from the emission of the
cold atoms trapped in the MOT excited by MOT beams. In this
case, the intensity of cooling beams is 33.6 mW/cm2 , while the
intensity of the re-pumping beam is 35.4 mW/cm2 . The detuning of the cooling beam is −13.0 MHz, and the axial magnetic
gradient is 11.7 Gauss/cm. The current of the atomic dispenser
(AS-Cs-100-F, Alvatech, Althofen, Austria) is 4.75 A.
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Counting rate/106 s-1

based method of optimizing a MOT. Atomic fluorescence is
collected very efficiently by a nanofiber with a subwavelength
diameter. We optimize the MOT parameters according to the
fluorescence collected by the nanofiber including the intensity
of MOT beams, the detuning of cooling beams, and the magnetic field gradient. We can obtain the optimal parameters for
the maximum number of cold atoms in the MOT. In addition,
we can monitor the number of cold atoms in the MOT in real
time.
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Fig. 2. Counting rate of the SPCM from atomic fluorescence collected
by the nanofiber versus time for three experimental conditions. In condition 1, all the MOT beams and magnetic field are switched off. In
condition 2, all the MOT beams are switched on and the magnetic field
is still switched off. In condition 3, all the MOT beams and the magnetic
field are switched on.

1 mm

Fig. 1. Schematic diagram of the experimental setup: the nanofiber
overlaps with the cold atom cloud. The upper-left figure shows the CCD
image of cold atoms and the nanofiber. The lower-right figure shows a
typical SEM image of a nanofiber.
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The increase in the counting rate shown in Fig. 2 depends on the number of cold atoms in the MOT. Thus, we
can optimize the number of cold atoms by adjusting the
MOT parameters, including intensities of MOT beams, magnetic field gradient, and detuning of the cooling beams. In
Fig. 3(a), we plot the photon counting rate collected by the
nanofiber as a function of the intensity of the cooling beams
when the intensity of the re-pumping beam is 35.4 mW/cm2 .
Figure 3(b) shows the counting rate as a function of the intensity of the re-pumping beams when the intensity of the
cooling beam is 33.6 mW/cm2 . For both Figs. 3(a) and 3(b),
the detuning of the cooling beam is −11.6 MHz and the axial magnetic gradient is 11.7 Gauss/cm. The current of the
atomic dispenser is 4.75 A. The error bars are derived from
the standard deviation of ten measurements, which are the
same as other measurement results below. In Fig. 3, we
can see that the counting rate increases in the beginning as
the intensities of the cooling beams and re-pumping beam
increase. The number of atoms is saturated when the intensities of the cooling beams and re-pumping beam are more
than about 23.5 mW/cm2 and 7.1 mW/cm2 , respectively.

The number of atoms remains constant until the intensities
reach 33.6 mW/cm2 and 35.4 mW/cm2 , which are the maximum intensities the lasers can provide. This is due to the
saturated power for transition probabilities between different
sub-levels of 62 S1/2 , F = 4 → 62 P3/2 , F 0 = 5. Thus, the scattered forces from the cooling beams reach saturation and the
number of cold atoms approaches a constant. [39,40]
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Fig. 4. (a) Counting rate from the fluorescence of cold atoms as a
function of axial magnetic gradient. The detuning of cooling beams is
−11.6 MHz. (b) Counting rate from the fluorescence of cold atoms as
a function of detuning. The axial magnetic gradient is 11.7 Gauss/cm.
The intensities of cooling and re-pumping beams are 33.6 mW/cm2 and
35.4 mW/cm2 for both figures.
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Fig. 3. (a) Counting rate from the fluorescence of cold atoms as a
function of the intensity of the cooling beams. The intensity of the
re-pumping beam is 35.4 mW/cm2 . (b) Counting rate from the fluorescence of cold atoms as a function of the intensity of the re-pumping
beams. The intensity of the cooling beam is 33.6 mW/cm2 . The detuning of the cooling beam is −11.6 MHz and the axial magnetic gradient
is 11.7 Gauss/cm for both cases.

Because the number of atoms is saturated when the intensities of the cooling beams and re-pumping beam are higher
than 23.5 mW/cm2 and 7.1 mW/cm2 , respectively, the intensities of the cooling beams and the re-pumping beam are set
to 33.6 mW/cm2 and 35.4 mW/cm2 , respectively. This can
eliminate the effect of laser power fluctuation on the number of atoms in the MOT. After setting appropriate saturated
intensity of MOT beams, the number of atoms is optimized
by adjusting the magnetic field gradient. The measurement
results are shown in Fig. 4(a). Owing to the contraction of
the MOT size and the increase in density of cold atoms in
the MOT with higher magnetic field gradient, the number of
cold atoms in the MOT approaches a constant. [41] The counting rate is saturated when the magnetic field gradient reaches
around 9.7 Gauss/cm. We fix the magnetic field gradient at
11.7 Gauss/cm, and then scan the frequency of the cooling
073701-3

Chin. Phys. B Vol. 28, No. 7 (2019) 073701
beams to optimize the detuning. Figure 4(b) shows the counting rate as a function of the detuning of cooling beams. We can
see that the fluorescence reaches a maximum at −13.0 MHz
when the transition is 62 S1/2 , F = 4 → 62 P3/2 , F 0 = 5. This
can be explained by noting that different detunings also lead
to the changing of the scattered force. [39,42] We eventually find
the best parameters to obtain the maximum number of atoms in
the MOT: the intensity of the cooling beams is 23.5 mW/cm2 ,
the intensity of the re-pumping beam is 7.1 mW/cm2 , the detuning of the cooling beam is −13.0 MHz, and the axial magnetic gradient is 9.7 Gauss/cm.

4. Conclusion and perspectives
In conclusion, we have experimentally demonstrated that
a nanofiber can be used to optimize the number of atoms in a
MOT. The nanofiber is a very good tool to collect and guide
the photons emitted even with a very small number of trapped
atoms. Optimal parameters based on our experimental system
for the maximum number of cold cesium atoms are obtained.
The performance of this method in optimizing the MOT is reliable and the result is consistent with previous work by conventional methods. [43,44] In contrast with convention methods,
we can reliably monitor the cold atoms in a MOT in real time
by using nanofibers, because the fluorescence collection efficiency is high. [7] It is possible to use the nanofibers to calibrate MOT number. The density distribution of the atomic
cloud in MOT can be estimated using a nanofiber. [28] Because
the diameter of the nanofiber is very small (just a few hundreds of nanometers), one-dimensional density distribution of
the atomic cloud in MOT can be estimated with high spatial resolution. This method provides a way toward quantum
precision measurement based on the manipulation of atomphoton interaction. In addition, due to the efficient coupling,
nanofibers can be used to monitor and manipulate cold atoms
as a powerful tool in quantum optics, atom physics, and hybrid quantum systems. [23,45–47] Nanofibers can also be integrated into optical fiber communication systems. When taken
together with cold atoms, such nanofiber-based atom–photon
systems have great potential in quantum memory [48] and quantum communications. [49]
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