JAAS

Accepted Manuscript

This is an Accepted Manuscript, which has been through the
Royal Society of Chemistry peer review process and has been
accepted for publication.

Accepted Manuscripts are published online shortly after
acceptance, before technical editing, formatting and proof reading.
Using this free service, authors can make their results available

to the community, in citable form, before we publish the edited
article. We will replace this Accepted Manuscript with the edited
and formatted Advance Article as soon as it is available.

You can find more information about Accepted Manuscripts in the
Information for Authors.

Please note that technical editing may introduce minor changes

to the text and/or graphics, which may alter content. The journal's

standard Terms & Conditions and the Ethical guidelines still

g;mm apply. In no event shall the Royal Society of Chemistry be held
responsible for any errors or omissions in this Accepted Manuscript

or any consequences arising from the use of any information it

contains.

ROYAL SOCIETY .
OF CHEMISTRY WWW.rsc.org/jaas


http://www.rsc.org/Publishing/Journals/guidelines/AuthorGuidelines/JournalPolicy/accepted_manuscripts.asp
http://www.rsc.org/help/termsconditions.asp
http://www.rsc.org/publishing/journals/guidelines/

Page 1 of 6

P OO~NOUILAWNPE

U OTUu AU DMBEMDIAMDIAMBAEDIAMDIMDNWOWWWWWWWWWWNDNNDNNNNMNNNNRPRPRPERPRERPERRER
QOO NOUPRRWNRPOOO~NOUOPRRWNPRPOOONOOUOPRARWNRPEPOOONOODURAWNRPOOO~NOOUUDMWNEO

Journal of Analytical Atomic Spectrometry

Journal Name

Al Ty
CHEMISTRY

Analyses of ions doping profiles in Yb-doped fiber preforms using
laser-induced breakdown spectroscopy

Received 00th January 20xx,
Accepted 00th January 20xx

Xiaoyan Zeng, Yongfeng Lu
DOI: 10.1039/x0xx00000x

Jiaming Li, Lianbo Guo, Nan Zhao, Qimeng Chen, Baoye Wu, Yibo Wang, Xiangyou Li*, Jinyan Li,

Abstract lons doping profiles are one of the most important characteristics in Yb-doped fibers but it is hard to realize
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rapid, in-situ, and online analyses. A laser-induced breakdown spectroscopy (LIBS) system was set up to analyze ions

doping profiles in Yb-doped fiber preforms. However, the laser-induced irregular cracking occurred on the preform

surfaces and generated outliers in the Yb maps affected the analytical effects. An algorithm of a self-adaptive median filter

(SAMF) was introduced to modify the maps. The results of LIBS mapping assisted by SAMF clearly described the doping

profiles of step-wise and central dip. The energy dispersive X-ray spectroscopy (EDS) and the X-ray fluorescence (XRF)

techniques were used to validate the analytical results. This study provides a rapid, in-situ, and online approach for ions

doping profiles analyses in Yb-doped fibers.

1. Introduction

Since being invented in the 19805,1 Yb-doped fiber has
become a research hotspot in fiber Iaser,2 optical amplifier,3
and fiber sensor’ investigations. In the Yb-doped fiber,
Ytterbium is the key ion that provides light amplification.
Other co-doped ions participate in optimizing the fiber
performance.5 For example, Aluminium ion decreases the Yb
ions agglomeration and improves the efficiency.6 As one of its
most important characteristics, ions doping profiles of these
ions have been proved to greatly affect, even determine the
fiber mode area, slope efficiency, environmental response, and
output beam quality.7'9 Therefore, it is of great importance to
analyze the ions doping profiles in fiber preforms to assess the
quality of fiber preforms and predict the fiber performance
before fiber drawing. Conventionally, ions doping profiles are
estimated indirectly by measuring the refractive index profiles
one dimensionally, which can only obtain the amount of all the
ions, instead of the doping profiles of each element. Other
analytical methods, such as energy dispersive X-ray
spectroscopy (EDS), electron probe microanalysis (EPMA), and
X-ray fluorescence, could also be used to analyze the
ytterbium of fiber preforms. However, due to their complex
sample preparation, long consuming time, vacuum, and liquid-
nitrogen cooling, most of them are only applied in laboratories,
but not in the industries. To overcome these drawbacks, much
effort has been expended to search for new techniques for
achieving rapid and convenient analyses in fiber preforms to
satisfy analytical requirements in industry.
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Laser-induced breakdown spectroscopy (LIBS) is a laser-
ablation-based method of spectrochemistry. It can realize
rapid, in-situ, and online analyses in open air,lo'12 without
complex equipment maintenance and sample preparation. By
scanning the area and analyzing the spectra of each point,
elemental distribution maps can be acquired.13' ¥ As a
versatile technique in the field of elemental analysis, LIBS
mapping has attracted more and more attention since H.J.
Hikkinen et al."> discovered its great potential in 1995. J.
Kaiser et al.*®"’ verified the high reliability of LIBS mapping by
comparing it with laser ablation inductively coupled plasma
mass spectrometry (LA-ICP-MS). |. Lopez-Quintas et al*®
demonstrated its capability for 3D characterization by scanning
complex steel in surface and in depth. G. Nicolas et al*®
realized 3D mapping on a nonflat sample, which enhanced LIBS
mapping adaptability of complex surfaces. Due to its capability,
reliability, and adaptability, LIBS mapping has been widely
applied in different fields. For example, F. Boué-BigneZO’ =
introduced LIBS mapping for rapid segregation detection in the
steel industry. X. Wang et al.*? utilized LIBS mapping to analyze
multielemental distribution in different phases of nuclear
waste in glass—ceramics. V. Motto-Ros et al.”® determined the
cause of heavy metal Gd deposition in urinary systems by LIBS
mapping on a murine kidney.

The works mentioned above have proved that LIBS
mapping is a suitable technique for elemental distribution
analyses. Hence, it is feasible to analyze ions distribution in
fiber preforms, namely ions doping profiles. However, because
the preform surface is ablated by the laser pulse, irregular
laser-induced cracking occurs and generates outliers on the
chemical maps, results in the difficulty of analysing and few
studies have focused on LIBS mapping on fiber preforms at
present.
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Fig. 1. Schematic diagram of the experimental setup.

In this work, a self-adaptive median filter (SAMF) is
introduced to improve the analytical effects of Yb and Al
doping profiles in fiber preforms due to its simplicity and
capability for impulse noise elimination.”* % Furthermore, the
analytical results were validated by the EDS and XRF
techniques.

2. Experimental methods
2.1 Experimental setup

The schematic diagram of the LIBS setup is shown in Figure
1. A Q-switched Nd:YAG laser (Beamtech, Nimma 400, pulse
duration of 8 ns) operating at 532 nm, 3 Hz, and 300 W was
used as the ablation source. The laser beam was reflected by a
reflect mirror and two dichroic mirrors and then focused onto
the sample surface by a 5x objective to generate plasmas. The
light emission from the plasmas was collected by a light
collector (Ocean Optics, 84-UV-25, wavelength range of 200-
2000 nm) and coupled with a Czerny-Turner spectrometer
(Princeton Instruments, SCT320, grating of 1200 lines per mm)
through a multicore fiber (Avantes). An intensified charge-
coupled device (ICCD) (Princeton Instruments, Max3) was
installed on the spectrometer to record the spectra. The
sample was illuminated by a plane light under the sample. A
motorized XYZ stage was used to move the sample and was
monitored by a CCD camera. The laser and the ICCD were
synchronized by a digital synchronizer (Stanford Instruments,
DG535).

An environmental scanning electron microscope (FEI, ESEM
Quanta 200) equipped with an energy dispersive spectrometer
was used to validate the LIBS analyses. The fiber preform
samples were preprocessed with a carbon coating to improve
the conductivity before the EDS detection.

An X-ray fluorescence probe (EDAX, EAGLE Ill) was also
used as reference. The X-ray spot on the fiber preform samples
was 100 pm.

2.2 Fiber preform samples

As shown in Figure 2, two Yb-doped fiber preforms with
aluminum (Al) co-doped were used in this work. They were
fabricated by the modified chemical-vapor deposition (MCVD)
and the solution doping technique. The matrices of the fiber
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No.1 No.2

Fig. 2. The images of the fiber preforms. (a) Full view of the
fiber preforms; (b) the fiber preform samples after being cut;
(c) the microscope image of fiber preform core; (d) general
doping profile sketch of sample No. 1; (e) general doping
profile sketch of sample No. 2.

samples were silica. The Yb** concentration of the two samples
were about 0.5 and 0.4 wt%, respectively. The AP
concentration of the two samples were about 2 and 1 wt%,
respectively.

The two fiber preform samples were about 400 mm in
length and 16 mm in diameter, as shown in Figure 2(a). A small
piece was cut off from each sample and polished in Fig. 2(b).
The core shown in Fig. 2(c) was the area analyzed. The doping
profiles of the two samples were generally designed to be
step-wise (sample No. 1) and central dip (sample No. 2). The
ideal profiles of these fiber preforms are shown in Fig. 2(d) and
2(e).

2.3 SAMF algorithm

The median filter is a nonlinear filter based on the taxis
statistical theory, proposed by J.W. Tukey.26 It was convinced
to be one of the most capable tools to eliminate impulse noise
with preserving image edges.27 SAMF is a modified median
filter, which is added with an impulse noise detection into a
conventional median filter. It can both modify bad points
corrupted by impulse noise and reserve good points.28 The
SAMF algorithm can be described by

M(m,n)=Median[X(m—k:m+k,n—k:n+k)], (1)

M(m,n), X(m,n)=X_, or X

max min

and Y(m,n):{ (2)

X(m,n), others

In Equation 1, X represents the original MxN matrix; M is
the matrix modified by the conventional median filter. In
Equation 2, Xmnax and Xy, are the maximum and minimum
values of the window X(m-k : m+k , n-k : n+k) centered on the
corresponding point X(m,n); Y represents the data matrix
output from SAMF. In the impulse noise detection, if the point
value in X is the extremum value of the window, the point is
regarded as a bad point corrupted by impulse noise; otherwise,
the point is a good point. The bad points are replaced by the M,
while the good points are reserved the original values in the X.

This journal is © The Royal Society of Chemistry 20xx
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Fig. 3. The spectra of the fiber preform. (a) Spectrum of the
core; (b) spectrum of the cladding.

3. Results and discussion
3.1 The LIBS spectra of fiber preforms

As shown in Figure 3, LIBS spectra of Yb Il 328.9 nm, Al |
309.3 nm, and Si | 288.1 nm from the core and the cladding of
the fiber preform were acquired at a gate delay of 100 ns and
a gate width of 1 ps. Obviously, the core was doped with Yb**
and AI3+, while the cladding was pure silica.

3.2 lons doping profiles before SAMF processing

The normalized ratios of Yb Il 328.9 nm/Si | 288.1 nm and
Al 1 309.3 nm/Si | 288.1 nm maps are shown in Figure 4. The
spatial resolution was 30 um and the consuming time was
about 15 minutes for each sample. The cores and the claddings
are distinguished clearly from the Yb maps in Fig. 4(a) and 4(b).
However, the doping profile details of the step-wise and the

Fig. 4. The normalized ratios maps of Yb 1l 328.9 nm/Si | 288.1
nm of sample No.1 (a) and sample No.2 (b) before SAMF
processing; the normalized ratios maps of Al | 309.3 nm/Si |
288.1 nm of sample No.1 (c) and sample No.2 (d) before SAMF
processing.

This journal is © The Royal Society of Chemistry 20xx
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Fig.5. The surface images of the cracks on the fiber preform by
a microscope.

central dip are hard to be described because several harmful
outliers seriously corrupted the maps. This is a serious problem
in LIBS mapping on fiber preforms.

To further investigate the reason for the outlier formation
on the maps, the scanned areas were observed by a
microscope. Figure 5 shows the surface images of the scanned
area. From Fig. 5, the laser-induced irregular cracking was
clearly found on the surface, and these cracks influenced the
spectral intensity of the analyzed areas, which resulted in the
formation of the outliers on the maps.

3.3 Testing SAMF by simulated maps

In this work, SAMF was used to overcome the problem of
impulse noise in the Yb and Al maps. Before the four maps in
Fig. 4 were input into SAMF, the capability of SAMF in
eliminating impulse noise in the images of doping profiles was
evaluated. Four typical maps of doping profiles in Figure 6
were simulated to participate in the evaluation. Firstly, the
original maps were corrupted by impulse noise of different
degrees (1-50%); secondly, the corrupted maps were input
SAMF and the denoised maps were output; finally, the original
maps and the denoised maps were compared. Such objective
criteria as the mean square error (MSE) and the mean absolute
error (MAE) were calculated to evaluate the achieved results
of noise elimination and signal preservation29‘ 30, respectively.
The MSE and MAE are mathematically given byH

> > [P(m,n) —q(m,n)]

MSE = m=Lo=L , (3)
MxN
M N
D> |P(m,n)—a(m,n)
MAE = m=1 n=1 (4)
MxN

P and Q represent the original map and the denoised map,
respectively. The MSE and the MAE in the four maps were
calculated in Figure 7. The low MSE and MAE demonstrated
good noise elimination in Fig. 7(a) and signal preservation in
Fig.7 (b).

Fig.6. Four simulated doping profiles: quadratic function (A),
central dip (B), central peak (C), and flattened gaussian (D).

J. Name., 2013, 00, 1-3 | 3
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Fig.7. The MSE (a) and MAE (b) of SAMF denoising operation in
the four simulated doping profiles.

3.4 lons doping profiles after SAMF processing

The Yb and Al maps of the fiber preform samples were
modified by the SAMF. The modified maps were obviously
improved, as shown in Figure 8. The doping profiles of the
step-wise can be clearly recognized in Fig. 8(a) and 8(c). The
first step lowly doped in the outer core was about 1000 um in
diameter, and the second step highly doped in the inner core
was about 300 um in diameter. The ratios of doping content
between the two steps were about 0.75 in Yb and 0.45 in Al
The doping profile of the central dip can also be clearly
recognized in Fig. 8(b) and 8(d). The core was about 1200 um
in diameter. Compared with the edge area of the core, the
interior area was less doped. At 100 um in the center of Fig. 8
(b), a peak exists in Yo maps, which was harmful to expanding
the mode area in the large-mode fiber.

3.5 Validation with EDS and XRF

To validate the results, the fiber preform samples were
line-scanned across the middle of the cores using the EDS and

Fig. 8. The maps of Yb Il 328.9 nm/Si | 288.1 nm of sample
No.1 (a) and sample No. 2 (b) after SAMF processing; the maps
of Al I 309.3 nm/Si | 288.1 nm of sample No.1 (c) and sample
No. 2 (d) after SAMF processing.
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Fig. 9. Comparison of LIBS (red lines), EDS (green lines), and
XRF (blue lines). (a) Yb in sample No. 1; (b) Yb in sample No. 2;
(c) Al'in sample No. 1 (d) Al in sample No. 2.

XRF technique. EDS has a high space-resolution but low
sensitivity; XRF has a low space-resolution but high sensitivity.
Compared with them, LIBS has a median space-resolution and
high sensitivity. LIBS line-scanning datas were obtained by
extracting datas from Fig. 8. As shown in Fig. 9, the results of
Yb and Al in these three techniques agreed well, except the Yb
in EDS. The reason for the exception of the Yb in EDS is that
the EDS couldn’t get Yb signal due to its low sensitivity for low
concentration elements. This result proved that the doping
profiles analyzed by LIBS were reliable. Furthermore, the
analytical time of LIBS was 1/40 of EDS and 1/80 of XRF, which

didn’t include the vacuum time before analyses in EDS and XRF.

LIBS assisted with SAMF provides a rapid tool for doping
structure profiling in the fiber preforms.

4. Conclusions

In this work, the Yb and Al doping profiles of fiber preforms
were analyzed by the LIBS mapping technique. To overcome
the problems of irregular cracking and outliers in the maps, the
SAMF was introduced to modified analyses of the doping
profiles. The spatial resolution and analytical time were 30 um
and 15 minutes, respectively. The results of the methods were
validated by EDS and XRF techniques. Through LIBS assisted by
SAMF, the quality of the fiber preforms was assessed, and the
performance of the fiber was predicted before fiber drawing.
The results of this study provide a rapid and capable approach
for analysing ions doping profiles in fiber preforms. A further
study could improve spatial resolution by using UV laser
ablation and shorten the consuming time by increasing the
repetition rate of the laser device.
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This paper describes ion doping profiling in the Yb-doped fiber preforms using laser-induced

breakdown spectroscopy assisted with self-adaptive median filter.
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