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In this project, we have aimed to trap an array of single atoms on a

nanofiber or nanofiber cavity. We have demonstrated fabrication of photonic crystal cavities on a
300 nm diameter nanofiber using femtosecond laser. This diameter is crucial for trapping single
atoms on nanofiber using optical tweezers. We have developed an experimental apparatus equipped with
acousto-optic deflector driven by multiple RF-tones to create a 1-D array of tweezers. We have
demonstrated trapping and imaging of single atoms in an array of tweezers in free-space.

In a different approach, we have demonstrated strong plasmonic enhancement of spontaneous emission
on nanofiber leading to bright and polarized single photon emission into fiber-guided modes.
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Preparation and coherent control of strongly correlated spin chains is essential for
guantum information science. A key requirement is to establish long-range interaction
between stable, spatially ordered and individually controlled spin states. In this
direction, there has been significant progress to realize a quantum computer using the
large dipole moment of special atomic states like Rydberg atoms or polar molecules. In
a different approach, one may realize long-range interaction between atoms mediated
through a single photonic mode. Photon-mediated atom-atom interaction can be promising
for scalable multi-qubit quantum nodes and quantum networks.

An optical nanofiber (ONF), a tapered optical fiber with subwavelength diameter waist,
has unique capabilities as a quantum interface that is beyond free-space optics. The
guided mode of ONF has subwavelength transverse confinement and it can be maintained
over a long propagation length. Individual atoms in the vicinity of ONF can strongly
couple to ONF guided mode. By trapping an array of atoms on the ONF one can explore
the cooperative atom-atom interaction mediated by guided modes. In this project, we
aim to develop an optical tweezer-based scheme to trap and interface an array of
individually controlled single atoms to the ONF guided modes. We will implement such
a platform for controlling the generation and propagation of fiber-guided single
photons.

ONFs with 300 nm diameter are fabricated by adiabatically tapered single mode optical
fibers using heat and pull technique. Photonic crystal nanofiber (PhCN) cavities are
fabricated on ONFs using femtosecond laser ablation. Laser-cooled Cs-atoms are prepared
using magneto-optical trap (MOT). A 1-D array of tweezer beams is prepared using an
acousto-optic deflector (AOD) driven by multitone rf-signal. The number of tweezer
spots and the spacing between them is controlled by the multitone RF-frequencies. The
tweezer beams are focused down to a beam waist of 1 um using an aspheric lens. An
EMCCD camera is used to image the array of trapped single atoms. A galvo mirror is
used to transport the atom array on to the ONF to trap the atom array on the ONF.

In the following we describe the representative results.
(1) Fabrication of 300 nm diameter ONF and ONF cavities

In our previous research, we have demonstrated trapping and interfacing individually
trapped single Cs-atoms to an ONF cavity using optical tweezer [1]. From this research,
we have found that ONF diameter of around 300 nm is the optimum diameter for this
optical tweezer-based trapping scheme. The above research was performed using a notch
ONF cavity. The ONF waist had a central notch that goes to 300 nm diameter and two
flat plateau regions of 500 nm diameter on either side of the notch. The PhCNs were
fabricated on the plateau regions (500 nm diameter) using femtosecond laser and the
atom was trapped at the central 300 nm diameter region. However, the presence of the
intra-cavity notch may induce additional loss. Also, it leads to a longer cavity length.

In this project, we have attempted to fabricate PhCN cavities directly on a 300 nm
diameter ONF using femtosecond laser ablation [2]. First, we have optimized our ONF
fabrication method to fabricate 300 nm diameter ONFs with high transmission and high
reproducibility. We have succeeded in reproducible fabrication of ONFs with diameters
310+ 5 nm and with transmission of 98+ 1%.

Next, we have redesigned our femtosecond laser fabrication [2] setup to fabricate PhCN
cavities on a 300 nm ONF with desired resonance wavelength around 852 nm (Cs-D2 line).
A schematic of the PhCN cavity is shown in Fig. 1(a). Two PhCN structures are fabricated
with a gap region on the ONF. A typical scanning electron microscope (SEM) image of
the fabricated structure is shown in the inset. One can see that periodic nano-craters



are fabricated on an ONF of diameter o Nanofiber

around 310 nm with a period of around 420 (a)ﬁ‘ —:Lj
nm. Polarization-resolved transmission
spectra are shown in Fig. 1(b). One can
see a broad dip due to the reflection
band around 850-852 nm and sharp
transmission peaks are the cavity modes.
From the spacing between cavity modes,
we estimate the free spectral range (FSR)
of 158 GHz that corresponds to a cavity — X-Pol
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6.5 times smaller than the previous 4+ 124
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estimate the achievable single atom 61
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(2) Laser cooling and trapping single atoms in a single optical tweezer

We have rebuilt the laser cooling apparatus to cool down Cs-atoms in a MOT down to 100
- 200 pK. The homemade cooling laser is replaced with a commercial diode laser (MogLabs
Cat-Eye laser) and the long-term stability has been improved significantly. The cooling
laser setup is also equipped with a double-pass acousto-optic modulator (AOM) setup to
enable ramping of the power and detuning for polarization gradient cooling (PGC).

After achieving MOT, we have first built an experimental setup to trap single Cs-atoms
in a single optical tweezer. The schematic diagram of the experiment is shown in Fig.
2(a). We have used red-detuned magic wavelength (938 nm diode laser) to trap atoms in
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in Fig. 2(c). One can see discrete steps like ON-
OFF signals. The histogram on the right shows a
bimodal distribution of photon counts. This is a
signature of single trapped atoms in optical
tweezers. It is due to the collisional blockade
regime.
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(3) Creation of 1-D array of optical tweezers
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To create a 1-D array of tweezers, we have used
an AOD (AA Opto-Electronics, DTSX-400-935) driven
by multitone Rf-signal. By driving the AOD with
a single Rf-tone, a portion of the input beam is 60 70 8 90 100 110
deflected (diffracted) by an angle that depends i AODRERraquency, WHz)

on the frequency of the Rf-tone. By applying F19- 37 (a) Schematic diagram of
different Rf-tones, one can generate multiple AOD setup. (b)  Broadband
beams with different output angles. Therefore,  diffraction efficiency of ACD.
the number of tweezers and the spacing between

the tweezer spots can be controlled by choosing the frequencies of the multitone Rf-
signal.
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We first measured the AOD characteristics in an offline setup. A schematic diagram of
the AOD setup is shown in Fig. 3(a). Multitone Rf-signal is generated using a software
defined radio (SDR, NI Japan, USRP-2940R-120 MHz) device that is controlled by a
computer (PC). We calculate the desired time-domain waveform in the PC and feed it to
the SDR. The generated multitone Rf-signal is then amplified (AMP) and fed to the AOD.
We adjust the phase of each tone to avoid any interference effects and to reduce the
peak to average power ratio.

To measure the diffraction efficiency, we first optimize the alignment for a single
Rf-frequency and then measure the efficiency for different Rf-frequencies. The typical
diffraction efficiency of the AOD as a function of applied Rf-frequency is plotted in
Fig. 3(b). We can obtain high diffraction efficiency over a broadband frequency range.
The diffraction efficiency and bandwidth depend on the alignment condition. The center
frequency is around 85 MHz and the bandwidth is around 33 MHz. This corresponds to a
maximum scan angle of 42 mrad. Based on the lenses used in our tweezer setup, we
estimate the maximum separation between two tweezer spots (or the maximum length of
the tweezer array) to be around 168 um. However, the achievable maximum length of the
tweezer array will be limited to the field of view of the aspheric lens. For larger
angle of incidence on the aspheric lens, the tweezer beam cannot be focused tightly
due to aberrations.
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tweezer array, we measure the tweezer beam profile = —
by changing the tweezer spot position along the § X
ONF axis (X-axis). The tweezer spot position is 3 %
changed by changing the angle of incidence on the 8
aspheric lens. Figure 4(a) shows the measured § 1.0
tweezer beam waist (beam radius) along X-axis (u) © Seo—=—o—s0—100

and along Y-axis () at different positions along
X-axis. Position O um means normal incidence. One
can see that as the position along the X-axis is
increased (increased angle of incidence) the
tweezer spot becomes elliptical and the beam waist
along X-axis increases. However, a range of * 50
um is acceptable for creating a tweezer array.

Next, we investigate the achievable maximum number
of tweezer spots. In this project, we aim to
arrange single atoms with a spacing of ni, where
n is an integer and A is the resonance wavelength
(852 nm). We have found that for 1A spacing the
tweezer spots are almost overlapped as the beam
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Fig. 4: (a) Tweezer beam waist
along the ONF axis (X-axis).
(), () and (d) Images of
tweezer spots for different
spacing and number of tweezers.



waist is 1 um. Figures 4(b), (c)and (d) show the images of tweezer spots for different
spacing and number of tweezers. One can see that for 2\ spacing distinct spots are
visible, but the contrast is poor. For 3\ spacing the spots are clearly separated with
high contrast. Considering a range of + 50 um, we expect 60 and 30 tweezers for 2\
spacing and 4\ spacing, respectively. Figure 4(d) shows an array of 30 tweezers with
4) spacing and almost uniform intensity distribution.

(4) Trapping and imaging an array of single atoms

A key requirement to trap single
atoms in multiple tweezers is to
have enough optical power for
trapping. We have built a tapered
amplifier system to generate high LA —
power at Cs-atom magic wavelength Lens
(938 nm). We could achieve around :
380 mW of fiber-coupled power.

Considering the optical losses of

the tweezer setup, we expect that
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tweezers on ONF.
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Next, we demonstrate trapping and

imaging an array of single atoms

in optical tweezers. A schematic

diagram of the experiment is shown Fig. 5: (&) Schematic diagram of single atom

in Fig. 5(a). Our single atom  tweezer-array experiment. (b), (c) and (d)

tweezer setup shown in Fig. 2(a) Fluorescence images of single atoms trapped in

is modified to include the AOD to  the tweezer-array for different loading

create multiple tweezer spots. The  conditions.

tweezer spots are moved away from

the ONF, and the atoms are trapped in free space. 20 tweezer spots are created with a
spacing of 4L. The tweezer beam power is set to create a trap depth of around 0.7 mK.
An EMCCD camera (Andor, DU-897U-CSO-EXF _DK) is used to image the trapped single atom
array. Two single shot images with exposure time 10 ms are shown in Figs. 5(b) and (c).
In Fig. 5(b) only few tweezers are loaded with single atoms. Whereas in Fig. 5(c) many
of the tweezers are loaded, and only a few sites are vacant. Figure 5(d) shows a time-
averaged image where all the 20 tweezer spots are loaded with single atoms. However,
some sites are brighter than others due to the loading probability.

We are currently working on interfacing this tweezer array with ONF to investigate the
cooperative atom-atom interaction mediated by guided modes. We will implement such a
platform for controlling the generation and propagation of fiber guided single photons.

(5) Other results

Apart from the main research topic of this project, we have also investigated various
ways to manipulate spontaneous emission of single solid-state quantum emitters on ONF
for single photon generation. One key result is the following [3].

We have demonstrated strong plasmonic enhancement of spontaneous emission on ONF. We
show that emission properties of single quantum dots can be strongly enhanced in the
presence of single gold nanorods leading to a bright and strongly polarized single-
photon emission into ONF guided modes. The brightness (fiber-coupled photon count rate)
of the single-photon source is estimated to be 12.2 + 0.6 MHz, with high single-photon
purity [g2(0) = 0.20 = 0.04] and degree of polarization as high as 94-97 %.
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