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We study the spontaneous Raman scattering (RS) in taper-drawn micro/nano-fibers (MNFs) by employing the photon
counting technique. The spectra of RS in five MNFs, which are fabricated by using different heating flames (hydrogen
flame or butane flame) and with different diameters, are measured within a frequency shift range of 1435 em~1-3200 cm™ .
From the measured spectra, we observe the RS peaks originated from silica and a unique RS peak with a frequency shift
of ~2905 cm~! (~87.2 THz). Unlike the former ones, the latter one is not observable in conventional optical fibers.
Furthermore, the unique peak becomes obvious and starts to rapidly increase with the decrease of the diameter of MNFs
when the diameter is smaller than 2 um, and the intensity of the unique peak significantly depends on the heating flame used
in the fabricating process. Our investigation is useful for the entanglement generation or optical sensing using taper-drawn

MNFs.
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1. Introduction

Raman scattering (RS) is the inelastic scattering of pho-
tons by a medium. The incident photons interact with molec-
ular vibrations or other excitations in the medium, resulting in
their energy being shifted up or down. The frequency down-
shifted photons are referred to as Stokes photons, and the fre-
quency up-shifted photons are referred to as anti-Stokes pho-
tons. Many applications take advantage of RS, such as Raman
spectroscopy, Raman laser, and Raman amplifier.[!! While
in some other applications, RS is considered as a crucial noise
factor, such as optical parametric amplification and photon
pair generation.!*-8! Therefore, it is important to characterize
the RS spectrum of a particular medium, for the purpose of
either enhancing or suppressing RS.

Micro/nano-fibers (MNFs) have the merits of a minia-
turized modal area, engineerable dispersion, large evanescent
field and strong near-field interaction, which make it promis-
ing for a variety of applications.!”l Among the various kinds
of fabrication methods of MNF, taper-drawing of conventional
optical fibers is a general and simple one, which fulfills the
requirements of many applications, such as nonlinear optics,
optical sensing, and manipulating atoms or quantum dots,

[8-11

etc. ! In particular, the taper-drawn MNFs have a relatively

high grade of geometric uniformity and surface smoothness,
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and their ends usually connect to conventional fibers through
adiabatic tapers, which greatly facilitates the optical launching
and mechanical handling.

So far, a number of nonlinear optical effects in taper-
drawn MNFs have been investigated, such as supercontinuum
generation, second/third harmonic generation, and four wave
mixing.['>~15] However, there are a few works that focus on
the RS in MNFs. In Ref. [16], the stimulated RS in a liquid
probed by the evanescent field of MNFs, which can be used
for sensing, has been reported. In Ref. [17], correlated photon
pairs are generated via four wave mixing in MNFs, but the pu-
rity of the photon pairs is affected by RS. So it is important to
study the RS in MNF in details. In this paper, we measure the
spectra of spontaneous RS in taper-drawn MNFs by employ-
ing the photon counting technique,’® identify the RS peaks
with different origins, and characterize the influences of vari-
ous factors on the RS spectra including the diameter of MNF
and the heating flame used in the taper-drawing process.

The rest of this paper is organized as follows. The fabri-
cation process of the MNFs and the experimental setup for the
spectral measurement of RS are illustrated in Sections 2 and 3,
respectively. We devote Section 4 to the experimental results
and discussions. Our results show that, in addition to the RS
peaks originated from silica, there exists a unique RS peak at
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~2905 cm™~! in the measured spectra, and the unique RS peak,
in accordance with the carbon-hydrogen stretching vibration,
is influenced by the heating flame and the field intensity at the
surface of MNFs. Finally, we conclude in Section 5.

2. Fabrication of taper-drawn MNFs

The MNFs used in our experiment are fabricated by taper-
drawing conventional single mode fibers (SMFs, model: SMF-
28). Before the drawing process, a few millimeters of acrylate
jacket is stripped from the middle part of an SMF, and a lens
cleaning tissue soaked in ethanol is repeatedly wiped along the
stripped section of fiber to remove the remaining acrylate pow-
der. The SMF is then carefully clamped on the motor stages
of the taper-drawing system.!!>! During the drawing process, a
small section of ~ 1 millimeter of the fiber is heated by a heat-
ing flame. The heating flame employed in the taper-drawing
system can be either a butane flame or a hydrogen flame. The
fiber is first tapered down to approximately 50 microns in di-
ameter, with the two stages moving in the opposite directions.
Then the stages move equal-directionally, with the relative dis-
placement increasing gradually. The pulling parameters are
tuned to optimize the transmittance.

The typical uniform length of the taper drawn MNF, with
diameters ranging from 1 pm to 3 pm, can reach more than
9 cm. The MNFs are inspected by using an optical microscope
and no obvious fluctuation of the diameter within the uniform
region is observed. Therefore, we deduce that the fluctuation
of the diameter of the MNFs is less than 0.2 pm. The prepared
MNF with two tapers is finally sealed into a plastic housing
to prevent dust contamination and to ease the handling. At
each end of the MNF, about one meter long SMF is retained.
Table 1 lists the diameters, lengths, and heating flames of the
five MNFs (MNF1-MNF5) used in our experiment. The mi-
croscope pictures of MNFs with different diameters are shown

in Fig. 1.
Table 1. Parameters of the MNFs used in experiment
MNFl MNF2 MNF3  MNF4 MNF5
Diameter/pm ~1 ~2 ~3 ~1 ~1.5
Length/cm ~9 ~9 ~9 ~15 ~15
Heating flame  butane butane butane hydrogen hydrogen

diameter: ~2 ym

Fig. 1. (color online) Microscope pictures of MNFs with diameters ranging
from ~1 pum to ~3 pm.

We then measure the transmission efficiency of each
MNF. The results shown in Fig. 2 are obtained by recording

the output and input powers at the two SMF ends of each
sealed MNF (see Fig. 3) and calculating the ratio between
the two powers when the wavelength of the incident light
is changed. One sees that comparing with the efficiency at
1310 nm or 1550 nm, the efficiency at 1390 nm is rather low,
particularly for the MNFs (MNF4 and MNF5) fabricated by
using the hydrogen flame, because the OH™ absorbtion around
1390 nm is enhanced due to the flame heating process.!'®!
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Fig. 2. (color online) Measured transmission efficiencies of the five MNFs
(MNF1-MNF5) as a function of wavelength. The sizes of error bars are
smaller than those of the data points.

3. Experimental setup for spectral measurement
of RS

The experimental setup is shown in Fig. 3. In the exper-
iment, we launch a pulsed pump centering at 1067 nm into
each MNF respectively, and measure the intensity spectra of
the Stokes photons generated in each MNF within a wave-
length range of 1260 nm—1620 nm (corresponding to a Raman
shift range of 1435 cm~'-3200 cm™!). For the five MNFs, the
phase matching condition of spontaneous four wave mixing
(SFWM) is not satisfied in the range of 1260 nm—1620 nm,[!”]
therefore, all the Stokes photons recorded in this range are
originated from spontaneous RS.

The pump laser employed in the experiment is a home-
made mode-locked fiber laser based on Yb-doped photonic
crystal fiber.!'”] The repetition rate and pulse duration of the
pulse trains are 62.56 MHz and 250 fs, respectively, while the
central wavelength, full width at half maximum (FWHM), and
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the power of the laser output are 1041 nm, 8 nm, and 1 W,
respectively. In order to obtain the specified pump, we first
send the laser output into a 0.4-m long highly nonlinear fiber
(HNF) to expand the spectrum to 100 nm via the self phase

G pump SMF sealed MNF

modulation effect, and then carve out the desired pump by us-
ing transmission grating G. By doing so, we obtain the pulsed
pump, with the central wavelength, FWHM and average power
of 1067 nm, 1.3 nm, and 2 mW, respectively.
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Fig. 3. (color online) Experimental setup. HNF: highly nonlinear fiber; SMF: single mode fiber; G: grating; MNF: micro/nano-fiber; LPF: long pass filter;
CWDM: coarse wavelength division multiplexer; TF: tunable filter; SPD: single photon detector; L: lens.

Since the probability of the Raman photons being scat-
tered by a typical 1-ps-duration pump pulse that contains ap-
proximately 1.7 x 10% photons is about 0.01 photon per pulse,
to reliably detect the Stokes photons produced by RS in MNFs,
one must effectively prevent the pump photons from reaching
the detector. We achieve this by first passing the output of
the MNF through an interferometric long pass filter (LPF, cut-
off wavelength 1200 nm). Stokes photons with wavelength
longer than 1200 nm can pass through the LPF, while photons
with wavelength shorter than 1200 nm, including the residual
pump, anti-Stokes, and part of Stokes photons, are reflected.

We then let the output of LPF propagate through a coarse
wavelength division multiplexer (CWDM) or a tunable filter
(TF). The CWDM is used to realize a coarse measurement
with a large wavelength range, and the TF is used to real-
ize a fine spectral measurement within a small range. The
CWDM has 18 channels, whose central wavelengths range
from 1270 nm to 1610 nm. For each channel, the transmis-
sion spectrum is super-Gaussian shaped and the corresponding
0.5-dB bandwidth is about 18 nm. While for the TF, the tun-
ing range is 1530 to 1565 nm and the transmission spectrum is
Gaussian shaped with an FWHM of about 1 nm.

The Stokes photons are detected by a single photon de-
tector (SPD, model: SPD4, Langyan), which is based on an
InGaAs/InP avalanche photon diode. The SPD is working in
the gated Geiger mode, and its trigger originates from the rep-
etition signal of the laser. The detection efficiency of the SPD
is ~14%.

4. Results and discussions

We first coarsely measure the spectra of the Stokes pho-
tons from RS in each MNF. During the measurement, the
wavelength of the photons is selected by the CWDM and the
photon counting rate of each CWDM channel is recorded. Fig-
ure 4 is plotted after correcting the measured raw data by nor-

malizing the counting rate to one channel of CWDM with
transmission efficiency of 24% and by subtracting the count-
ing rate contributed by the SMF ends of the corresponding
MNEF. From the measured spectra of the five MNFs, we find
that the peak locations of counting rates of each MNF are the
same. The significant peak at the 1290-nm channel is iden-
tified to be the fourth-order RS peak of silica. Although the
fifth-order RS peak of silica is supposed to appear in the 1390-
nm channel, a dip instead of a peak is observed owing to the
OH™ absorbtion induced transmission loss. In addition to the
RS peaks of silica, for each MNF, there is a unique RS peak
locating at the 1550-nm channel, which is not observable in
conventional optical fibers or photonic crystal fibers.

In optical fiber, the intensity of Raman scattering is pro-
portional to gRPLeff/Aeff, where g, determined by the imag-
inary part of the third-order nonlinear susceptibility, is the
Raman-gain coefficient, P is pump power, L. is the effec-
tive length of the fiber, and A¢, proportional to the square of
the fiber radius, is the effective area of the fiber.>”) Comparing
the spectra in Fig. 4(a), it is clear that the fourth-order RS peak
of silica at 1290 nm increases gradually with the decrease of
the diameter of MNF due to the accordingly decreased effec-
tive area. In contrast, the growing trend of the unique RS peak
around 1550 nm is much more significant, especially when the
diameter of the MNF is less than 2 um. For MNF3 with ~ 3-
pm diameter, the unique RS peak is hard to observe, while for
MNF1 with ~ 1-pm diameter, the unique RS peak becomes
even higher than the fourth-order RS peaks at 1290 nm. The
similar variation trend of the RS peaks can be observed from
the spectra of MNFs in Fig. 4(b). Moreover, comparing the
RS spectra of MNF1 and MNF4, having the same diameter of
~1 pum and being fabricated by the heating flame of butane
and hydrogen, respectively, we find that when the length and
transmission efficiency of the two MNFs are considered (see
Fig. 2), the height of the fourth-order RS peak per unit length
for the two MNFs are about the same, but the height of the
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unique RS peak per unit length for MNF4 is obviously lower
since the fourth-order RS peak is the highest among all the ob-
served RS peaks of MNF4. Thus, we infer the unique RS peak
around 1550 nm is not only influenced by the diameter of the
MNE
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Fig. 4. (color online) Measured Stokes photon counts versus the central
wavelength of the CWDM channel for (a) MNFs fabricated by using the
flame of butane (MNF1-MNF3) and (b) MNFs fabricated by using the flame
of hydrogen (MNF4 and MNF5). The sizes of error bars are smaller than
those of the data points. See Table 1 for detailed parameters and features of
each MNF.

To further study the unique RS peak, we then precisely
scan the spectrum of the Stokes photons around 1550 nm by
replacing the CWDM with the TF. Figure 5 is the results ob-
tained in MNF1. From Fig. 5, we find the unique RS peak
with an FWHM of about 14 nm is centering at 1546.4 nm,
which is ~87.2 THz from the pump (corresponding to a fre-
quency shift of ~2905 cm™!) and is in accordance with the
carbon-hydrogen stretching vibration.[?!! Therefore, we think
that the molecules of carbon compounds are responsible for
the appearance of this unique RS peak.

The carbon compounds on the surface of MNFs may be

induced by the two steps during fabricating: one is the fuel gas
used in the heating process, the other is the very small amount
of residual acrylate coating adhering to the fiber after the coat-
ing stripping process. Since the density of the carbon com-
pounds originated from the acrylate coating of SMF decreases
with the diameter of MNFs, the former step is generally re-
sponsible for the difference between the RS spectra of MNF1
and MNF4, since the two MNFs have the same diameter but
are fabricated by different heating flames.
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Fig. 5. (color online) Measured Stokes photon counts versus central wave-
length of TF. The measurement is done by using MNF1, and the sizes of
error bars are smaller than those of the data points.

To further understand why the height of the unique RS
peak increases so rapidly with the decrease of diameter, partic-
ularly for MNFs with a diameter less than 2 wm, we calculate
the field intensity on the surface of MNFs with a diameter of
1 um, 2 um, and 3 pum, respectively, by following the method
in Ref. [22]. The calculation is conducted under the follow-
ing assumption: in each MNF, the pump light propagating in
the fundamental mode with rotating polarization has a fixed
power and wavelength (1067 nm). The calculated results indi-
cate that the field intensity on the surface of the MNF with a
diameter of 1 wm (2 um) is about 67 (4.8) times that with a di-
ameter of 3 um. Therefore, it is reasonable to deduce that, for
the RS originated from the carbon compounds on the surface
on MNFs, the higher field intensity at the surface will result in
a higher RS peak.

5. Conclusion

In conclusion, we have studied the spectra of spontaneous
RS in taper-drawn MNFs having different diameters and be-
For the
measured spectra in the frequency shift range of 1435 cm™'—
3200 cm™!

fied and their intensities grow gradually with the diameter de-

ing fabricated by different kinds of heating flames.
, RS peaks originating from silica can be identi-

crease due to the accordingly decreased effective area, which
are the same as in conventional optical fibers and in photonic
crystal fibers. However, a unique RS peak with a frequency
shift of ~2905 cm~! (~87.2 THz) is observed as well. Fur-
ther study shows the unique RS peak, which is in accordance
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with the carbon-hydrogen stretching vibration, might origi-
nate from the molecules of carbon compounds on the surface
of MNFs. Compared with the butane flame, using hydrogen
flame in the fabricating process helps to reduce the intensity
of RS at ~2905 cm™!, but the trade off is the reduced trans-
mission efficiency around 1390 nm due to the enhanced OH™
absorption. Our investigation indicates the substances on or
around the surface of MNF can have a significant contribu-
tion to the RS spectra, and the scattering intensity is highly
related to the diameter of the MNF. Therefore, for the applica-
tions utilizing MNFs, such as the entanglement generation, for
which RS is considered as an origin of background noise, ']
and the optical sensing, which relies on measuring the partic-
ular peaks in RS spectra,!'®! the fabrication of MNFs, includ-
ing the fiber preparation and the heating technique, should be
carefully considered.

References

[1] Ferraro J R and Nakamoto K 1994 Introductory Raman Spectroscopy
(Academic Press)

[2] Jalali B, Raghunathan V, Dimitropoulos D and Boyraz O 2006 IEEE J.
Sel. Top. Quantum Electron. 12 412

[3] Islam M N 2002 [EEE J. Sel. Top. Quantum Electron. 8 548

[4] Tang R, Voss P L, Lasri J, Devgan P and Kumar P 2004 Opt. Lett. 29
2372

[5]
[6]

[7]
[8]
[9]
[10]
[11]
[12]
[13]

[14]

[15]
[16]

[17]

(18]
[19]

[20]
[21]

[22]

124205-5

Li X, Voss P, Chen J, Lee K and Kumar P 2005 Opt. Express 13 2236
Collins M J, Clark A S, He J, Choi D Y, Williams R J, Judge A C,
Madden S J, Withford M J, Steel M J, Luther-Davies B, Xiong C and
Eggleton B J 2012 Opt. Lett. 37 3393

Tong L, Zi F, Guo X and Lou J 2012 Opt. Commun. 285 4641

Foster M A, Turner A C, Lipson M and Gaeta A L 2008 Opt. Express
16 1300

Brambilla G 2010 Opt. Fiber Technol. 16 331

Garcia-Fernandez R, Alt W, Bruse F, Dan C, Karapetyan K, Rehband
O, Stiebeiner A, Wiedemann U, Meschede D and Rauschenbeutel A
2011 Appl. Phys. B 105 3

Yalla R, Sadgrove M, Nayak K P and Hakuta K 2014 Phys. Rev. Lett.
113 143601

Birks T A, Wadsworth W J and Russell P S J 2000 Opt. Lett. 25 1415
Richard S 2010 J. Opt. Soc. Am. B 27 1504

Ismaeel R, Lee T, Ding M, Broderick N G R and Brambilla G 2012
Opt. Lett. 37 5121

Li Y H, Zhao Y Y and Wang L J 2012 Opt. Lett. 37 3441

Shan L, Pauliat G, Vienne G, Tong L and Lebrun S 2013 Appl. Phys.
Lett. 102201110

CuiL, Li X, Guo C,Li Y H, XuZ 'Y, Wang L J and Fang W 2013 Opt.
Lett. 38 5063

Shin W, Ryu U and Oh K 2002 Electron. Lett. 38 214

Song Y J, Hu M L, Wang C L, Tian Z, Xing Q R, Chai L and Wang C
Y 2008 IEEE Photon. Technol. Lett. 20 1088

Agrawal G P 2001 Nonlinear Fiber Optics, 4th edn. (San Diego: Aca-
demic Press)

Socrates G 2001 Infrared Raman Characteristic Group Frequencies:
Tables and Charts, 3rd edn. (John Wiley & Sons Ltd.)

Kien F L, Liang J Q, Hakuta K and Balykin V I 2004 Opt. Commun.
242 445


http://dx.doi.org/10.1109/JSTQE.2006.872708
http://dx.doi.org/10.1109/JSTQE.2006.872708
http://dx.doi.org/10.1109/JSTQE.2002.1016358
http://dx.doi.org/10.1364/OL.29.002372
http://dx.doi.org/10.1364/OL.29.002372
http://dx.doi.org/10.1364/OPEX.13.002236
http://dx.doi.org/10.1364/OL.37.003393
http://dx.doi.org/10.1016/j.optcom.2012.07.068
http://dx.doi.org/10.1364/OE.16.001300
http://dx.doi.org/10.1364/OE.16.001300
http://dx.doi.org/10.1016/j.yofte.2010.08.009
http://dx.doi.org/10.1007/s00340-011-4730-x
http://dx.doi.org/10.1103/PhysRevLett.113.143601
http://dx.doi.org/10.1103/PhysRevLett.113.143601
http://dx.doi.org/10.1364/OL.25.001415
http://dx.doi.org/10.1364/JOSAB.27.001504
http://dx.doi.org/10.1364/OL.37.005121
http://dx.doi.org/10.1364/OL.37.005121
http://dx.doi.org/10.1364/OL.37.003441
http://dx.doi.org/10.1063/1.4807170
http://dx.doi.org/10.1063/1.4807170
http://dx.doi.org/10.1364/OL.38.005063
http://dx.doi.org/10.1364/OL.38.005063
http://dx.doi.org/10.1049/el:20020180
http://dx.doi.org/10.1109/LPT.2008.924300
http://dx.doi.org/10.1016/j.optcom.2004.08.044
http://dx.doi.org/10.1016/j.optcom.2004.08.044

	1. Introduction
	2. Fabrication of taper-drawn MNFs
	3. Experimental setup for spectral measurement of RS
	4. Results and discussions
	5. Conclusion
	References

