http://cpb.iphy.ac.cn
http://iopscience.iop.org/cpb

Chinese Physics B

Photon-counting chirped amplitude modulation lidar system using superconducting nanowire

single-photon detectorat 1550-nm wavelength

Hui Zhou(Jf1 ), Yu-Hao He(ffJ %), Chao-Lin Lu( & #i#k), Li-Xing You(Jt3Z.A), Zhao-Hui Li(Z=##), Guang
Wu(RJt), Wei-Jun Zhang(5kfhi ), Lu Zhang(ik#s), Xiao-Yu Liu(X|i%5), Xiao-yan Yang(# %), Zhen
Wang(T 44)

Citation:Chin. Phys. B . 2018, 27(1): 018501. doi: 10.1088/1674-1056/27/1/018501

Journal homepage: http://cpb.iphy.ac.cn; http://iopscience.iop.org/cpb

What follows is a list of articles you may be interested in

The intensity detection of single-photon detectors based on photon counting probability density
statistics

Zijing Zhang (7K 1-&#), Long Wu(5= 1), Jie Song(*R7), Yuan Zhao(#Xiit)
Chin. Phys. B . 2017, 26(10): 104207. doi: 10.1088/1674-1056/26/10/104207

Ultra-low power anti-crosstalk collision avoidance light detection and ranging using chaotic
pulse position modulation approach

Jie Hao(/#7), Ma-li Gong(¥L5 ), Peng-fei Du(fti5 &), Bao-jie Lu(f"EA), Fan Zhang(7KML), Hai-tao
Zhang(5KkifF#%), Xing Fu(f 4)
Chin. Phys. B . 2016, 25(7): 074207. doi: 10.1088/1674-1056/25/7/074207

V-L decomposition of a novel full-waveform lidar system based on virtual instrument technigue

Xu Fan, Wang Yuan-Qing
Chin. Phys. B . 2015, 24(10): 104214. doi: 10.1088/1674-1056/24/10/104214

Photon counting statistics of V-type three-level systems: The effects of the field fluctuations

Peng Yong-Gang, Zheng Yu-Jun
Chin. Phys. B . 2015, 24(2): 024204. doi: 10.1088/1674-1056/24/2/024204

Zero-bias high-responsivity high-bandwidth top-illuminated germanium p—i—n photodetectors

Li Chong, Xue Chun-Lai, Liu Zhi, Cheng Bu-Wen, Li Chuan-Bo, Wang Qi-Ming
Chin. Phys. B . 2014, 23(3): 038506. doi: 10.1088/1674-1056/23/3/038506


http://cpb.iphy.ac.cn/EN/abstract/abstract71254.shtml
http://cpb.iphy.ac.cn/EN/abstract/abstract71254.shtml
http://cpb.iphy.ac.cn/
http://iopscience.iop.org/cpb
http://cpb.iphy.ac.cn/EN/abstract/abstract70743.shtml
http://cpb.iphy.ac.cn/EN/abstract/abstract70743.shtml
http://cpb.iphy.ac.cn/EN/abstract/abstract67664.shtml
http://cpb.iphy.ac.cn/EN/abstract/abstract67664.shtml
http://cpb.iphy.ac.cn/EN/abstract/abstract65433.shtml
http://cpb.iphy.ac.cn/EN/abstract/abstract62792.shtml
http://cpb.iphy.ac.cn/EN/abstract/abstract58381.shtml

Chin. Phys. B Vol. 27, No. 1 (2018) 018501

Photon-counting chirped amplitude modulation lidar system using
superconducting nanowire single-photon detector
at 1550-nm wavelength”

Hui Zhou(J& )3, Yu-Hao He({1]52%2)!, Chao-Lin Li(S#8#)!, Li-Xing You (Ji37./2)!3 7, Zhao-Hui Li(Z= A #%)2,
Guang Wu(:£ )%, Wei-Jun Zhang(5KH#)!, Lu Zhang(iK#&)!, Xiao-Yu Liu(XIJiKE5%)!,
Xiao-Yan Yang(#/%3#)!, and Zhen Wang(F4H)!

1 State Key Laboratory of Functional Materials for Informatics, Shanghai Institute of Microsystem and Information Technology (SIMIT),
Chinese Academy of Sciences, Shanghai 200050, China

2State Key Laboratory of Precision Spectroscopy, East China Normal University, Shanghai 200062, China
3 CAS Center for Excellence in Superconducting Electronics (CENSE), Shanghai 200050, China

(Received 13 July 2017; revised manuscript received 11 September 2017; published online 17 November 2017)

We demonstrate a photon-counting chirped amplitude modulation (CAM) light detection and ranging (lidar) system
incorporating a superconducting nanowire single-photon detector (SNSPD) and operated at a wavelength of 1550 nm.
The distance accuracy of the lidar system was determined by the CAM bandwidth and signal-to-noise ratio (SNR) of an
intermediate frequency (IF) signal. Owing to a short dead time (10 ns) and negligible dark count rate (70 Hz) of the
SNSPD, the obtained IF signal attained an SNR of 42 dB and the direct distance accuracy was improved to 3 mm when the
modulation bandwidth of the CAM signal was 240 MHz and the modulation period was 1 ms.
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1. Introduction

Light detection and ranging (lidar) systems have been
widely used in various areas such as precise tracking, remote
sensing, and terrain mapping.!'?! However, in some photon-
starved environments such as measurements with remote or
non-co-operative targets, retroreflected light is very weak, so
a single-photon detector (SPD) has to be employed in a li-
dar system. Thus, the time-correlated single-photon counting
(TCSPC) technique has been introduced, making the detec-
tion system sensitive to ultra-low levels of light and offering
excellent depth resolution. Nevertheless, TCSPC-based sys-
tems often suffer from range ambiguity. This ambiguity is
inevitable for unknown or rapidly moving targets when un-
certain flight cycles are covered by return laser pulses. In
a TCSPC-based ranging system, the maximum distance that
could be unambiguously determined drep can be calculated
by drep = ¢/2n frep, Where c is the speed of light in the vac-
uum, 7 is the refractive index, and frep is the repetition fre-
quency of the periodic laser source. Thus, the lower the rep-
etition is, the longer the absolute range can be. However,
one cannot simply decrease the repetition rate of a pulsed
laser to solve this problem because it increases the acquisi-
tion time of valid data, significantly decreasing the efficiency
of the entire system. Thus, various methods, such as the ran-

DOI: 10.1088/1674-1056/27/1/018501

dom pattern technique®*! and laser pulses with multiple rep-
etition rates, ! have been introduced in TCSPC-based detec-
tion systems to extend the unambiguous range capacity. In
2006, the Army Research Laboratory reported a new method
combining the single-photon detection and chirped amplitude
modulation (CAM) techniques in a lidar system and called
this method the photon-counting chirped amplitude modula-
tion (PCCAM) lidar.[®! Unlike the traditional TCSPC-based
lidar systems, the distance measured using a PCCAM lidar
system was calculated according to the difference frequency,
referred to as the intermediate frequency (IF) waveform, of the
CAM signal and photon-counting pulses, whose arrival rates
were also modulated by the CAM waveform with a round-trip
time between the target and transceiver. The range ambiguity
was avoided when using this method without compromising
the system detection efficiency (SDE). For a PCCAM lidar
system, the dead time of an SPD determines the upper limit
of the modulation bandwidth and therefore sets the minimum
achievable range accuracy.!%! Thus, an SPD with a short dead
time is necessary for a PCCAM lidar system with high pre-
cision. In a PCCAM lidar system incorporating an SPD with
a long dead time, some additional measures must be adopted
to improve the system range accuracy; these measures include
adopting the echo-signal intensity-optimization strategy with
an iris diaphragm,!”] exploiting the phase of the IF signal,®]
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and adopting the premixing method.°! However, these mea-
sures may increase the complexity and cost of the system.

Much of the previous research on PCCAM lidar systems
has been performed at a wavelength below 1000 nm, mainly
limited by the spectral response of SPDs. With a relatively
long SPD dead time, the distance accuracy was limited to more
than 10 cm even when using the above mentioned improved
systems.[”8] Recently, Li et al.'% reported a PCCAM lidar
system at 1550 nm using an SPD based on an InGaAs/InP
avalanche photodiode (APD). The APD was operated in a 1.5-
GHz sine-wave-gated Geiger mode to decrease the dead time
to 6.4 ns; the CAM bandwidth exceeded 200 MHz and the di-
rect distance accuracy was 0.12 m using this system. More
interestingly, this wavelength lies in the eye-safe region and
offers much less solar background noise as well as low atmo-
spheric attenuation, which is critical in the development of fu-
ture PCCAM lidar systems.

In the last decade, superconducting nanowire single-
photon detectors (SNSPDs) have attracted considerable atten-
tion because of their high DE, low dark count rate (DCR),
lack of after-pulsing, low timing jitter, and short dead time.
SNSPDs are considered to be a promising alternative to the
conventional SPDs and have been successfully applied in near-
infrared laser ranging and depth imaging.!''=!"] In this paper,
we demonstrated a 1550-nm PCCAM lidar system incorporat-
ing an SNSPD with a dead time of 10 ns. The modulation
bandwidth of the CAM signal was increased to 240 MHz with
a 42-dB signal-to-noise ratio (SNR) of the IF signal owing to
a short dead time and a low DCR of the SNSPD. For the first
time, the corresponding distance accuracy was improved to the
order of millimeters (3 mm).

2. Experimental setup

The scheme of the PCCAM lidar system is illustrated in
Fig. 1. A chirped electrical signal was produced by a signal
generator with two identical output channels. One channel was
applied to modulate a laser diode (LD) at 1550 nm and con-
verted a continuous laser signal of constant intensity (500 pW)
into a CAM laser signal; the other channel was applied to a
frequency mixer. The modulated laser signal passed through
a 3.6-km fiber delay to simulate a remote measuring environ-
ment. The CAM laser signal was then expanded and colli-
mated with a single-mode fiber (SMF, 9-um fiber core) pig-
tailed reflective collimator with an output beam size of 6 mm.
The optical transmit-receive system was operated in a coax-
ial mode. In this experiment, as the target, we used a reflec-
tive mirror situated 20 m away from the receiver to reflect the
CAM signal. After a round-trip time between the target and
receiver, the echo signal was passed through a narrow-band
filter to eliminate the background noise. The reflected photons

were then converged using a lens (3-cm focal length) and cou-
pled into a multimode fiber (MMF) with a core size of 50 pm.
This MMF was then connected to an SMF to which an SNSPD
was optically coupled. The total optical loss of the system was
approximately 30 dB, including the 20-dB coupling loss from
the MMF to SMF. The average photon-arrival rate of the echo
signal was proportional to the laser power, although individ-
ual photon arrivals were randomly distributed; therefore, the
photon-counting outputs of the SNSPD were modulated by the
amplitude modulation of the laser power. Because the output
voltage pulses of the SNSPD often had a sub-millivolt ampli-
tude, a low-noise amplifier cascade was introduced before they
were applied into the mixer to obtain a better SNR of the IF
signal. After passing through a low-pass filter, the IF signal
was directly measured using a spectrum analyzer.

fiber delay LD

S— @ signal
) 3.6 km generator

MMF  SMF LpE
OEON <\spp B ifierd mixer

Fig. 1. (color online) Experimental setup of the laser-ranging system based
on SNSPD.

Because the modulation bandwidth of the CAM signal
was mainly determined by the dead time of the SPD, we pre-
pared an SNSPD with a relatively short dead time for the ex-
periments. The dead time of the SNSPD was limited by the
kinetic inductance of the nanowires, which was proportional
to the nanowires’ length;['8! thus, we defined the SNSPD to
have a small active area of 5 um X 5 pm to obtain a short
nanowire. The SNSPD was made of a 6-nm-thick NbN film
sputtered on an Al,O3 substrate, ensuring a fast thermal re-
laxation process to avoid possible latching.!'8] To simplify the
fabrication process, no optical cavity was applied to the de-
tector to enhance the DE. The SNSPD was coupled with the
SMF and mounted inside a closed-cycle Gifford—-McMahon
cryocooler system, which was operated at 2.19 +0.02 K. The
SDE was measured to be 5% at 1550 nm with a DCR below
100 Hz. For our SNSPD, the chip was backside-aligned with
a commercial lensed SMF (9 um fiber core). The graded in-
dex lenses were spliced to the tip of the SMF and the incident
light spot was focused to the chip with a beam waist of about
7 um. SDE = 5% was evaluated using the SMF mentioned
above. However, in the lidar system, the MMF was used for
echo signal coupling in free space, and was then directly con-
nected to the SMF pigtail of the SNSPD which caused about
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20-dB coupling loss. Some other solutions may be adopted
in the future to provide better coupling such as lens or dual-
lens beam compression.'>2% The dead time of the SNSPD
was evaluated using a method based on the statistical analysis
of a long-term photon-response waveform.?!! Figure 2 shows
the DE dependence on the time interval between two consecu-
tive pulses. The DE increases when the interval of an adjacent
optical pulse increases before saturating to the maximal DE.
If we define the dead time as the time necessary for a 90% re-
covery of the DE, figure 2 shows a dead time of approximately
10 ns, which is five times better than that of SPDs (50-ns dead
time) used in other PCCAM systems. 7]
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Fig. 2. (color online) Normalized detection efficiency of the SNSPD as
a function of the time interval between two consecutive pulses.

3. Theory

The frequency of the amplitude modulation linearly
changes with time, as represented by!°]

£ = fot ke, (—§<t<§), ()

where fp is the initial frequency and k = B/T is the modu-
lation rate of the CAM signal, with B being the modulation
bandwidth and T being the modulation period. Thus, the cor-

responding CAM signal can be expressed as!®~]

2

S(1) = cos 2 [ / f(t)dt} — cos [Zn ( fot + k;) + %] @)

where @ is the initial phase. The LD is modulated by the
CAM signal and emits a laser signal, which can be written as

Se(t) =1S(1), 3)

where [j is the peak power of the LD. After a round-trip time
T over which the laser signal travels between the target and
receiver, the echo signal can be represented as

Sr(t) =M x Sg(t — 1), )

where M denotes the total loss coefficient of the system, in-
cluding the optical transmission efficiency and the DE of the
detector. Therefore, the mixing process can be written as

S[F(I) = S(t) XSR(I)

= MIhS(t) x S(t— 1)
2

kT
= Ml {COSZTE |:kl‘2 + (2f() — Tk)t — foT+ 7 +2¢9

2
+cos2m <fof+km'k§)}. 5)

The sum frequency term Syp(7) will be filtered after the IF sig-
nal passes through the low-pass filter.[>-*! Then, applying fast
Fourier transform to the IF signal yields

Sip(®) = F{Sir(t)}

2
= F{cosZn (for+ktr— k;)}

o< sinc(@)6 (@ — 27wk T)
oc sinc(@ — 27kT). (6)

According to Eq. (6), the IF signal is a SINC function in the
frequency spectrum with a peak located at wr = 27 fifp =
2rmkt, which is proportional to the round-trip time 7. Thus,
the range of the target can be calculated by!®~*]
_ e _cfe _ T
2n  2nk 2nB’
where n is the refractive index.

(N

4. Experimental results

The frequency spectrum of the IF signal was directly
recorded using a spectrum analyzer, as shown in Fig. 3, while
the bandwidth was B = 240 MHz and the modulation period
was T = 1 ms.

Because of discrete sampling detection, the IF signal
spectrum was discrete, as shown in Fig. 3(b). The exact posi-
tion of the IF signal peak can be estimated using the weighted
centroid localization algorithm,??! which can be expressed as

m=l

Z mem

= ®)

m=I

Y Pm

m=—1

JiEwera =

where [ is the total number of data points and f;, is the discrete
frequency in the IF spectrum with a corresponding intensity of
P,.

The modulation band was set from 5 MHz to 240 MHz
to evaluate the performance of our PCCAM lidar system. To
demonstrate the influence of the dead time on the refresh rate
of our system, different modulation periods 7 (0.1 ms, 0.5 ms,
and 1 ms) were selected in the measurements. The SNR of
the frequency spectrum of the IF signal was directly recorded
using the spectrum analyzer, and the dependence of the SNR
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on the modulation bandwidth is depicted in Fig. 4. The cor-
responding distance accuracy was also calculated and is plot-
ted in Fig. 4 according to the typical accuracy formula for IF

processing[23]
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Fig. 3. (color online) Frequency spectrum of the IF signal recorded
using the spectrum analyzer: (a) frequency spectrum of wide-range,
(b) details of the frequency spectrum.
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Fig. 4. (color online) SNR of the IF signal and the distance accuracy as a
function of the modulation bandwidth with different modulation periods.

Regardless of the modulation periods, the SNR of the IF
signal remained almost constant while the modulation band-
width was above 50 MHz, indicating that the PCCAM lidar
system performed well with a high modulation bandwidth. On

the other hand, according to Eq. (9), the higher the bandwidth
is, the higher the distance accuracy will be. The measured
maximum system accuracies were 3 mm, 5 mm, and 11 mm
for 1-ms, 0.5-ms, and 0.1-ms modulation periods, respectively.
This result is one order of magnitude better than the previous
results of other PCCAM systems, which had system accura-
cies of several centimeters.[”"1%1 On the other hand, the vari-
ance of the accuracy for different modulation periods implied
that the system needed a certain amount of time to collect suffi-
cient photons to recover accurate modulation information. For
T = 0.1 ms, a slight decrease in the SNR was observed in
Fig. 4 while the modulation bandwidth was above 150 MHz,
which can also be understood from the limitation caused by
the detector dead time. The modulation rate k = B/T was very
high so that the system required more time to collect sufficient
photons to recover frequency information. The small modula-
tion period resulted in a loss of modulation information and a
decrease in the SNR of the IF signal.

Because the target range was limited by the length of the
fiber in the lab, we applied an attenuator in the receiving sys-
tem to investigate the detection performance of the remote
target. While adjusting attenuation, reflected photon counts
detected by the SNSPD varied from 50 kcps to 25 Mcps.
We selected the modulation bandwidth as 200 MHz and the
modulation period as 1 ms. The SNR of the IF signal was
closely related to the effective signal counts of the SPD,[®!
SNR o< (Ciot — Cp) /+/Crot» Where Cyo and Gy, are the total num-
ber of counts and the total number of noise counts, respec-
tively. When the echo signal was weak, the modulation in-
formation loss was high owing to inadequate signal power,
resulting in an IF signal with a low SNR and poor distance
accuracy. The distance accuracy increased with the signal in-
tensity and remained almost unchanged (6 mm) when the re-
flected photon intensity was higher than 10 Mcps, as shown
in Fig. 5. The photon-counting CAM lidar system required a
certain amount of time to collect sufficient photons to recover
frequency information and it was useless to continuously in-
crease the photon numbers for the accuracy improvement. In-
stead, excessive signal intensity may cause more modulation
information loss and extra noise during the measurement. >/
Owing to the low DCR of the SNSPD system (approximately
70 Hz), the total noise count was measured to be 300 Hz,
which was negligible when compared to the signal counts
(from 50 kcps to 25 Mcps). Therefore, the influence of the
noise intensity on SNR was negligible. Thus the SNR of the
IF signal in our PCCAM lidar system reached 42 dB, which
was approximately 10-dB higher than that of the system with
an InGaAs/InP APD, "] exhibiting a better distance accuracy
of the millimeter order. Furthermore, even when reflected pho-
ton counts were as low as 50 kcps in our PCCAM lidar sys-
tem, the SNR of the frequency spectrum of the IF signal was
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approximately 5 dB with a barely satisfactory distance accu-
racy of 27 cm, showing a promising potential in long-distance

measurement.
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Fig. 5. (color online) SNR of the IF signal and the distance accuracy as a
function of detected photon counts.

5. Conclusion

We demonstrated a PCCAM lidar system incorporating
an SNSPD and operated at a wavelength of 1550 nm. Owing
to the short dead time and low dark count of the SNSPD, the
modulation bandwidth reached up to 240 MHz, the SNR of the
frequency spectrum of the IF signal was approximately 42 dB,
and the direct distance accuracy of the lidar system was first
improved to 3 mm. The overall performance of the PCCAM
lidar system using the SNSPD exhibited good prospects for
applications in future satellite ranging or spaceborne ranging

systems.

References

[1]
[2]
[3]

[4]
[5]

[6]
[7]
[8]
[9]
[10]

[11]

[12]

[13]

[14]

[15]

[16]
[17]
[18]
[19]
[20]
[21]

[22]
[23]

018501-5

Schwarz B 2010 Nat. Photon. 4 429

Degnan I J 1985 IEEE Trans. Geosci. Remote Sens. GE-23 398
Hiskett P A, Parry C S, McCarthy A and Buller G S 2008 Opt. Express
16 13685

Krichel N J, McCarthy A and Buller G S 2010 Opt. Express 18 9192
Liang Y, Huang J H, Ren M, Feng B C, Chen X L, Wu E, Wu G and
Zeng H P 2014 Opt. Express 22 4662

Redman B, Ruff W and Giza M 2006 Proc. SPIE 6214 62140P

Zhang Z J, Wu L, Zhang Y and Zhao Y 2013 Appl. Opt. 52 274
Zhang Z J, Zhao Y, Zhang Y, Wu L and Su J Z 2013 Appl. Opt. 52 2447
Zhang Z J, Zhang J L, Wu L, Zhang Y, Zhao Y and Su J Z 2013 Opt.
Lett. 38 4389

LiZH,BaoZY, Shi Y F, Feng B C, Wu E, Wu G and Zeng H P 2015
IEEE Photon. Technol. Lett. 27 616

Chen S J, Liu D K, Zhang W X, You L X, He Y H, Zhang W J, Yang
XY, Wu G, Ren M, Zeng H P, Wang Z, Xie X M and Jiang M H 2013
Appl. Opt. 52 3241

Zhou H, He Y H, You L X, Chen S J, Zhang W J, Wu J J, Wang Z and
Xie X M 2015 Opt. Express 23 14603

McCarthy A, Krichel N J, Gemmell N R, Ren X, Tanner M G, Doren-
bos S N, Zwiller V, Hadfield R H and Buller G S 2013 Opt. Express 21
8904

Li H, Chen S J, You L X, Meng W D, Wu Z B, Zhang Z P, Tang K,
Zhang L, Zhang W J, Yang X Y, Liu X Y, Wang Z and Xie X M 2016
Opt. Express 24 3535

Zhang S, Feng Z J, Wu G H, Xue L, Yan X C, Zhang L B, Jia X Q,
Wang Z Z, Sun J, Dong G Y, Kang L and Wu P H 2016 Acta Phys. Sin.
65 188501 (in Chinese)

Xue L, Li Z, Zhang L, Zhai D, Li Y, Zhang S, Li M, Kang L, Chen J,
Wu P and Xiong Y 2016 Opt. Lett. 41 3848

Gu M, Kang L, Zhang L B, Zhao Q Y, Jia T, Wan C, Xu R Y, Yang X
Z and Wu P H 2015 Chin. Phys. Lett. 32 038501

Kerman J, Dauler E A, Keicher W E, Yang J K, Berggren K K,
Gol’tsman G and Voronov B 2006 Appl. Phys. Lett. 88 111116

Zhang L, Wan C, Gu M, Xu R, Zhang S, Kang L, Chen J and Wu P
2015 Sci. Bull. 60 1434

Zhang L, Gu M, Jia T, Xu R, Wan C, Kang L, Chen J and Wu P 2014
IEEE Photon. J. 6 6802608

He Y H, Lv C L, Zhang W J, Zhang L, Wu J J, Chen S J, You L X and
Wang Z 2015 Chin. Phys. B 24 060303

Karlsson C J and Olsson F A 1999 Appl. Opt. 38 3376

Yang F, He Y, Shang J H and Chen W B 2009 Appl. Opt. 48 6575


http://dx.doi.org/10.1038/nphoton.2010.148
http://dx.doi.org/10.1109/TGRS.1985.289430
http://dx.doi.org/10.1364/OE.16.013685
http://dx.doi.org/10.1364/OE.16.013685
http://dx.doi.org/10.1364/OE.18.009192
http://dx.doi.org/10.1364/OE.22.004662
http://dx.doi.org/10.1117/12.667117
http://dx.doi.org/10.1364/AO.52.000274
http://dx.doi.org/10.1364/AO.52.002447
http://dx.doi.org/10.1364/OL.38.004389
http://dx.doi.org/10.1364/OL.38.004389
http://dx.doi.org/10.1109/LPT.2014.2386354
http://dx.doi.org/10.1109/LPT.2014.2386354
http://dx.doi.org/10.1364/AO.52.003241
http://dx.doi.org/10.1364/AO.52.003241
http://dx.doi.org/10.1364/OE.23.014603
http://dx.doi.org/10.1364/OE.21.008904
http://dx.doi.org/10.1364/OE.21.008904
http://dx.doi.org/10.1364/OE.24.003535
http://dx.doi.org/10.1364/OE.24.003535
http://dx.doi.org/10.7498/aps.65.188501
http://dx.doi.org/10.7498/aps.65.188501
http://dx.doi.org/10.1364/OL.41.003848
http://dx.doi.org/10.1088/0256-307X/32/3/038501
http://dx.doi.org/10.1063/1.2183810
http://dx.doi.org/10.1007/s11434-015-0860-6
http://dx.doi.org/10.1109/JPHOT.2014.2360285
http://dx.doi.org/10.1109/JPHOT.2014.2360285
http://dx.doi.org/10.1088/1674-1056/24/6/060303
http://dx.doi.org/10.1364/AO.38.003376
http://dx.doi.org/10.1364/AO.48.006575

	1. Introduction
	2. Experimental setup
	3. Theory
	4. Experimental results 
	5. Conclusion 
	References

