R)
"ﬁ | Research Article

Vol. 27, No. 5 | 4 Mar 2019 | OPTICS EXPRESS 6734
J o

Check: for Optics EXPRESS Ny \

|

Efficient nitrogen-vacancy centers’ fluorescence
excitation and collection from micrometer-sized
diamond by a tapered optical fiber in
endoscope-type configuration

D. Duan,” G. X. Du,1?2 V. K. KAVATAMANE,! S. ARUMUGAM,?
Y.-K. TZENG,3* H-C CHANG,3 AND G.BALASUBRAMANIAN,:5:6

1Max-Planck Research Group Nanoscale Spin Imaging, Max Planck Institute for Biophysical
Chemistry,Am Fassberg 11,Géttingen, 37077, Germany

2Current address:School of Telecommunication and Information Engineering,Nanjing University of Posts
and Telecommunications, Nanjing,China

3|nstitute of Atomic and Molecular Sciences, Academia Sinica, Taipei 106, Taiwan

4 stanford University, Stanford, California 94305, USA

5Center for Nanoscale Microscopy and Molecular Physiology of the Brain (CNMPB), Géttingen, 37077,
Germany

8gbalasu@gwdg.de
*dduan@gwdg.de

Abstract: Using an optical fiber to both excite the nitrogen-vacancy (NV) center in diamond and
collect its fluorescence is essential to build NV-based endoscope-type sensor. Such endoscope-
type sensor can reach inaccessible fields for traditional NV-based sensors built by bulky optical
components and extend the application areas. Since single NV’s fluorescence is weak and can
easily be buried in fluorescence from optical fiber core’s oxide defects excited by the green
laser, fixing a micrometer size diamond containing high-density NVs rather than a nanodiamond
containing single NV or several NVs on the apex of an optical fiber to build an endoscope-type
sensor is more implementable. Unfortunately, due to small numerical aperture (NA), most of the
optical fibers have a low fluorescence collection e Lciehcy, which limits the sensitivity and spatial
resolution of the NV-based endoscope-type sensor. Here, using a tapered optical fiber (TOF) tip,
we significantly improve the e Cciehcy of the laser excitation and fluorescence collection of the
NV ensembles in diamond. This could potentially enhance the sensitivity and spatial resolution
of the NV-based endoscope-type sensor. Numerical calculations show that the TOF tip delivers
a high NA and has a high NV excitation and fluorescence collection e [ciehcy. Experiments
demonstrate that such TOF tip can obtain up to over 7-fold excitation e [ciehcy and over 15-fold
fluorescence collection e [ciehcy of that from a flat-ended fiber (non-TOF) tip.

© 2019 Optical Society of America under the terms of the OSA Open Access Publishing Agreement

1. Introduction

In a classic experiment of using the negatively charged Nitrogen-vacancy (NV) color center in
diamond as a sensor, the spin state of the NV center is initialized and detected by light guided
through optical components such as objectives, lenses, and dichroic mirrors [1-7]. The bulky
size and poor flexibility of these optical components limit its portability and flexibility. Using an
optical fiber to replace these bulk components and built an NV-based endoscope-type sensor will
greatly extend its potential application areas.

In the past years, some research groups have integrated NV-containing diamond in an optical
fiber to explore its potential application areas. They are mainly in three categories: 1. directly
embedding nanodiamond inside an optical fiber or on an optical fiber end-face [8-12], II. using a
tapered single mode optical fiber to couple the fluorescence from single NV center in nanodiamond
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or diamond nanostructures [13-20], and Il1. directly position a micrometer size diamond on a
multimode optical fiber [21-24]. Both | and Il used diamond containing a single NV center or a
few NV centers. Though some have reached a very high fluorescence collection e Cciehcy, (E.g.
using tapered single-mode fiber to collection fluorescence from diamond nanostructure [20],)
they still rely on an objective lens to focus the green laser to the NV center, because single NV’s
fluorescence is weak and can easily be buried in fluorescence from optical fiber core’s oxide
defects excited by the green laser. Thus, they are not implementable for building an NV-based
endoscope-type sensor. 111, used a multimode optical fiber to both excite and read NV centers in
a micrometer size diamond, is an endoscope-type sensor configuration. However, most of the
multimode optical fibers have a small numerical aperture (NA) which limited its fluorescence
collection e Lciehcy. Since the NV’s collected fluorescence of each measurement is directly
linked to its minimum detectable variation [1, 2], the small fluorescence collection e Lciehcy
will limit the sensitivity and spatial resolution of the NV-based endoscope-type sensor. The
specially designed high NA photonic microstructure optical fiber/ photonic crystal fibers can
solve this problem [24]. However, the design and fabrication of such optical fiber is expensive
and time-consuming.

Here, we demonstrate a method that e [ciehtly excites NV centers in micrometer-sized diamond
crystal and collects its emission fluorescence through the same optical fiber. We use a quasi-
adiabatic tapered optical fiber (TOF) tip made from a multimode optical fiber (c.f. Fig. 1(a)) to
concentrate the excitation laser on to the diamond, and at the same time, to collect the fluorescence
from the diamond with a high e [ciehcy. The TOF tip is equivalent to a high NA objective
on the optical fiber. Numerical calculations show that such TOF tip delivers an ultra-high NA
larger than 1.0 and has a high fluorescence excitation and collection e [Ciehcy. Experiments
demonstrate that when exciting and collecting fluorescence froma 5- m diamond, such TOF
tip can achieve over 7-fold the fluorescence excitation e [ciehcy and over 15-fold the fluorescence
collection e Lciehcy of that from a flat-ended fiber (non-TOF) tip (Table 1). Optically Detected
Magnetic Resonance (ODMR) scanning experiments demonstrated that this TOF tip could boost
the DC magnetic field sensitivity of a micro-sized NV-based endoscope-type sensor. In a simple
DC magnetic field measuring, a TOF based 7.9- m diamond NV-magnetometer achieve 1/28
the sensitivity value ofBEn-TOF tip based 11.4- m diamond NV-magnetometer, reaching
a sensitivity of 180nT/" Hz. A practical use of such kind of TOF tip based endoscope-type
configuration in measuring RF B-field of a small helical antenna is carried out by one author of
us in literature [25].

2. Principles and methods

The TOF concept stems from the adiabatic taper of single-mode fiber. Decreasing the diameter
shrinking rate along the optical fiber reduces its light transmission loss. When the shrinking rate
is smaller than a certain value, the transmission loss can almost be ignored [26,27]. Through
multiple total internal reflections, the slowly shrinking TOF condenses the 532-nm laser from
the multimode fiber core into the thin TOF tip, and at the same time, guides the fluorescence
that entered the TOF tip within its maximum acceptance angle into the core of multimode fiber
(Fig. 1(a) and Fig. 2(a)). This nearly adiabatic process enhances the NV centers excitation and
fluorescence collection e LCciehcies. Calculation (using geometric ray optics) shows that the TOF
tip’s fluorescence collection e LCciehcy can reach 16 times that of a non-TOF tip (Fig. 2(b) and
2(c)) (when taking ngj  2:4 as the diamond’s refractive index). Experiments demonstrated that a
long TOF (tip diameter:  7:4 m, length: 15 mm) has collected 15.03 times the fluorescence
of a non-TOF tip from the same 5 m diamond (Table 1). Simulation examples of multiple
reflections from both fluorescence collection and NV excitation between TOF tip and non-TOF
tip are shown in Fig. 3.



Vol. 27, No. 5 | 4 Mar 2019 | OPTICS EXPRESS 6736

s

Fig. 1. The tapered optical fiber (TOF) tip. (a) Schematic diagram of the light ray trace
that resulting in the high NA for the multimode optical fiber based TOF tip. (b) Optical
microscope image of part of a long TOF tip’s tapered region (total TOF length is 15 mm,
the photo is taken with 50 times magnification). Scanning electron microscope (c) side view
and (d) 45-degree view of a short TOF tip with a length of 1 mm.

2.1. Preparing of TOF tip and diamonds

The optical fiber we used is a graded index multimode fiber (GIF625, Thorlabs. Core diameter:
62:5 m, cladding diameter:125 m, NA:0:275 0:015 at 850 nm, fiber core dopants: germanium
whose fluorescence is not in the wavelength range of NV). The TOF tip was fabricated by first
stretching the optical fiber under heating and then cutting the taper at its waist. By adjusting
the heating and stretching force, the taper profile (shape) can be modified. More details about
available tapering techniques to control the taper profile and its optical property have been
previously reported in the literature [29-33]. We fabricated two kinds of TOF tips: one, long
TOF tip tapered under flame heating with a slow diameter shrinking rate along the TOF (Fig.
1(b), with length longer than 10 mm), and two, short TOF tip tapered under arc charging
heating of an optical fusion splicer with a fast diameter shrinking rate along the TOF (Fig. 1 (c)
and 1(d), with length shorter than 1.5 mm).

The diamonds were prepared by irradiating the high-temperature high-pressure (HPHT)
synthetic monocrystalline diamond powders with 3-MeV H+ to form the vacancies in the diamond.
Subsequently the diamond samples were annealed in vacuum at 800 °C for approximately two
hours to concentrate the nitrogen and vacancies [34]. The diamond powder we studied is industry
grade; its shape is irregular, but the surface is flat and smooth.

2.2. TOF tip collection efficiency calculation

An acceptance angle max related solid angle divided by 4 is its collection e Lciehcy (Fig. 2(a)).
Taking the diamond attached on the fiber tip surface as a thin sheet point sources ensemble, the
fiber tip’s collection e [ciehcy is

2 »1 coS, max". _ 1 €O0S, max”
= = 1
4 2 (1)
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Fig. 2. Schematic of the collection e Lciehcy calculation in case of TOF tip and flat-ended
fiber (non-TOF) tip. (a) is the fiber light collection 3D illustration (solid angle). (b) and
(c) are fluorescence acceptance angles of the TOF tip and non-TOF tip respectively when
collecting light from an attached diamond.

Fig. 3. Simulation of multiple reflections in (a) NV fluorescence collection and in (b) NV
excitation for both TOF tip (top) and non-TOF tip (bottom). In (a), the original fluorescence
rays are directed in 2 , 171 , 203 and 186 from same points/positions of the diamond
in both the diamonds respectively. At the bottom of (b), the rays (blue) do not enter the
diamond and do not exist, as un-tapered optical fiber does not support rays in such big angles.
They are drawn for comparison. (The simulation is carried out by free software Optgeo [28])

NA is defined as NA = n3oe N2, = 0:275 for the used optical fiber; ncore is the
refractive index of the fiber core and n¢4q is the refractive index of the fiber cladding. Taking the
group refractive index of GIF625 fiber (1.496 at 850 nm) as the neore; then the cladding refractive
index of the fiber ngjaqg  1:47. Ignoring the refractive index distribution in the cross-section of
the TOF tip and treating it as the core with air surrounding it as the cladding. The maximum
acceptance angle of the TOF tip is calculated according to Fig. 2(b).

= arcsin»sm" 2 arcsin,nNglad Ncore Neore. 0
Ndi

Taking ng;  2:4 as the refractive index of diamond, Nfiper = Nclag  1:47 as the TOF tip’s
refractive index and N¢jag = Nair 1, @ maximum acceptance angle of ax = 26:7 is obtained
for the TOF tip (Fig. 2(b). Taking Nfiper = Ncore  1:496 as the TOF tip’s refractive index
will rise  max a bit higher to 27:6 ). Using equation (1), the TOF’s collection e [Ciehcy can
reach g 5:3% in collecting fluorescence from an attached diamond. For the non-TOF tip,
taking Ncore = 1:496 and n¢jag = 1:47, using equation (2) we obtained max 6:6 and the
collection e [Ciehcy ¢.275q  0:32% for accepting fluorescence from a contacted diamond (Fig.
2(c)). The TOF tip’s fluorescence collection e [ciehcy is 16 times of a non-TOF tip. Taking
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