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It is very difficult to measure the chemical composition of colored pigments of over-glaze porcelain by
X-ray fluorescence because it contains high concentration of Pb. One of the disadvantages of our polycap-
illary optics is that it has low transmission efficiency to the high energy X-ray. However, it is beneficial to
measure the chemical compositions of rich Pb sample. In this paper, we reported the performances of a
tabletop setup of micro-X-ray fluorescence system base on slightly focusing polycapillary and its appli-
cations for analysis of rich Pb sample. A piece of Chinese ancient over-glaze porcelain was analyzed by
micro-X-ray fluorescence. The experimental results showed that the Cu, Fe and Mn are the major color
elements. The possibilities of the process of decorative technology were discussed in this paper, also.

© 2010 Elsevier B.V. All rights reserved.

1. Introduction

Colored over-glaze porcelains fired in imperial Kiln in Qing Dy-
nasty are very famous and precious because they were controlled
by the emperors and were only used by the emperors and their fam-
ilies [1]. However, chemical characters of color pigments and the
decorative technologies of painting on over-glaze porcelain have
been reported hardly. One reason is that this kind of samples is rare.
Another is that the colored pigments contain high concentration of
Pb which will emit multi-spectrum lines and its overlap peaks if it is
radiated by X-ray. One of the shortcomings of polycapillary optics is
that it has low efficiency for high energy X-ray. However, it is ben-
eficial to hold back the high energy X-ray to excite the spectrum
lines of Pb. In order to reveal the chemical characters of colored pig-
ments and decorative technologies of over-glaze porcelains fired in
Jingdezhen Kiln in Qing Dynasty, a piece of colored over-glaze por-
celain were analyzed by micro-X-ray fluorescence.

2. Experiment
2.1. The setup of tabletop micro-X-ray fluorescence system

In our experiment, we chose slightly focusing polycapillary op-
tics instead of focusing polycapillary optics. The former has longer

* Corresponding author at: Beijing Normal University, Beijing 100875, China.
Tel.: +86 10 62207417; fax: +86 10 62208258.
E-mail address: chenglin@bnu.edu.cn (C. Lin).

0168-583X/$ - see front matter © 2010 Elsevier B.V. All rights reserved.
doi:10.1016/j.nimb.2010.11.084

focal distance than that of later, which is very convenient to mea-
sure the archaeological objects. The setup of tabletop micro-X-ray
fluorescence system is showed in Fig. 1. It is consisted of an air-
cooled micro-spot (50 x 50 um) X-ray tube with a Mo-anode
(Rontgen Company, Berlin, Germany), polycapillary optics, X-ray
detector, CCD camera and XYZ6 sample stage. The maximum
power of the X-ray source is 30 W. A Peltier cooled Si-PIN diode
detector with a resolution of 197 eV (Mn Ka, 5.9 keV) (XR-100CR,
Amptek Inc., MA, USA) is used to collect the radiations of X-rays
from the sample. In order to detect the characteristic X-rays of
some light element Al, we adopt the methods proposed by author
Bronk et al. [2], that He gas (90%, 1 L min~') was filled in the colli-
mator with 2 mm diameter, which is placed in front of detector in
order to reduce the absorption of characteristic energy X-rays be-
tween samples and detector.

2.2. The performances of micro-X-ray fluorescence based on slightly
focusing polycapillary optics

The parameters of slightly focusing polycapillary optics were
showed in Fig. 1. The input distance (F;) and focal distance (F)
are 62.6 and 113 mm, respectively. The total length of slightly
focusing polycapillary optics (L) is 96.5 mm and the focal size is
244 um FWHM at 17.4 keV. The distributions of X-ray intensity
and energy at the focal distance after propagating through slight
focusing polycapillary optics and 1 mm diameter collimator in air
were measured by PMMA (polymethyl methacrylate) scatter in
the same experimental conditions (tube voltage U =40 kV, tube
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F=62.6mm L=96.5mm F=113mm
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X-ray tube \/ He gas (95%)

Fig. 1. The setup of tabletop micro-X-ray fluorescence system based on the slightly
focusing polycapillary optics.

current I =500 pA, measuring live time T=60s). The results of
experiment is shown in Fig. 2. Compared with 1 mm diameter col-
limator, the slight focusing polycapillary optics has high gains in
the high energy region below 25 keV. The low transmission effi-
ciency of the high energy X-rays can reduce the emission of mul-
ti-peaks and its piles peaks of Pb, which was confirmed by
measuring the X-ray fluorescence spectrum of metal Pb film with

tube voltage 40 kV, tube current 500 tA and measured live time
60 s (Fig. 3).

2.3. Fundamental parameter quantitative analysis

The fundamental parameter quantitative method and computer
software is very popular for the quantitative analysis of archaeo-
logical objects, especially for lead containing matrixes [3]. The
parameter of distributions of X-ray energy and intensity are very
important to obtain the accurate data by quantitative analysis. In
our quantitative analysis, we calculated the distributions of X-ray
intensity and energy at the focal spot by measuring the transmis-
sion efficiency of slightly focusing polycapillary optics and theory
calculation [4]. The results of micro-X-ray beam energy spectrum
at focal spot are show in Fig. 4. We inputted the X-ray beam data
and other necessary parameters including matrix composition into
PyMca software to decovolute the net peak area of X-ray fluores-
cence spectrums and calculate the concentrations of oxides of ele-
ments. The concentration of Ca of NIST 610 glass certification
reference material was used as the inter standard to adjust the
experimental parameters. The measured values in our experiment
and its certification values were showed in Table 1. The measured
values exactly agreed with its certification values.

100 o

Intensity (Counts)

mm dimater collimato

<— polycapillary optics 1

r ‘ | ‘ ' ’,H yh
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20 30
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o
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Fig. 2. The X-ray energy spectrum propagated through the slightly focusing polycapillary optics and 1 mm diameter collimator, respectively.
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Fig. 3. The X-ray fluorescence spectrum of Pb metal film measured by micro-X-ray fluorescence system.
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Fig. 4. The distributions of X-ray intensity and energy after propagation through
the slightly focusing polycapillary optics at the focal spot.

Table 1
The measured values in our experiments and its certifications values of NIST glass 610
reference material (unit: ug g='; %).

Element or oxide Measured value Certification value

Na,O LDL 14%
Al;03 LDL 2%
Si0, 71.8% 72%
Ca0 12% 12%
K 363 462
Ti 538 437
Mn 360 Not given
Fe 448 485
Co 350 390
Ni 391 458
Cu 380 444

“LDL” stands for “ Lower than detected limit”.

Fig. 5. The photo of a piece of bowl of over-glaze porcelain.
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Fig. 6. The sums of all X-ray fluorescence spectrum of scanned area.

2.4. Analysis of sample

A piece of ancient over-glaze porcelain (Fig. 5) was selected and
confirmed by the archaeologists that they were produced in Jing-
dezhen Kiln in Qing Dynasty. The colored pigments spot were mea-
sured by micro-X-ray fluorescence system with tube voltage 40 kV,
tube current 500 pA and measured live time 60 s. The rate of He
gas was 1 L min~'. The X-ray detector collected the radiations from
the spot of samples at 135°, which is relative to the incidence of the
micro-X-ray beam. The result of quantitative analysis was listed in
Table 2. The elemental mappings of colored pigments of sample
were measured in the same conditions except the measured live
time was 6 s. The length of each step was 200 um. The scanned
areas was 117 mm x 133 mm. The sum of X-ray spectrum was
showed in Fig. 6.The net peak area of X-ray spectrum of element
was plot at each pixel. Elemental mappings of pigments of over-
glaze porcelain are showed in Fig. 7.

3. Results of experiments and discussions

From the Fig. 7, it is obvious that Fe and Pb pigments were used
to draw the body of dragon; Mn as kinds of color pigments was
used to draw the profiles of the designed pictures, such as the pro-
file of cloud and the joints of finger, and then the Cu and Pb com-
pounds was filled into the profiles. The gold paw of dragons is also
rich with Fe and Pb. Quantitative analysis of measured spot show
that the more high concentration of Pb and Fe in the paw(3B) than
that in the body of dragon (3D). While the net peak area of Fe in the
paw of dragon is lower than that in the body of dragon, this was
caused by the difference of the matrix compositions.

The micro-X-ray fluorescence system based on the slightly
focusing polycapillary optics shows a better performance in the
analysis of pigments of over-glaze porcelain. From the quantitative
analysis (Table 1) and elemental mappings of a piece of over-glaze
porcelain (Fig. 7), we can draw the conclusion the process of

Table 2

The quantitative results of concentrations of oxide of over-glaze porcelain (%).
Spot (color) Al,03 Si0, P,0s S K,0 Ca0 TiO, MnO Fe,03 Cu PbO
3A (green) 0.33 45.61 0.04 - 5.78 3.92 - 0.57 0.96 0.02 41.49
3B (gold) 1.06 1.79 12.41 0.26 1.92 4.97 0.28 0.21 3.25 - 72.70
3C (gold) 0.71 33.31 5.25 0.10 9.01 5.37 0.03 1.57 143 - 41.92
3D (red) 9.70 60.71 0.48 0.02 9.30 10.29 0.04 0.27 233 - 6.29
3E (white glaze) 12.43 73.73 - - 5.96 6.26 - 0.11 0.90 - -
3F (body) 27.89 64.25 - - 5.12 0.71 0.07 0.17 1.38 - -
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Fig. 7. The elemental mappings of pigments on the over-glaze porcelain.

decorative technology is that a kind of pigments with high concen- with high concentration of Pb were filled in the designed positions,
trations of Mn was used to draw the profiles of designed paintings respectively. Lastly, the colored paintings on porcelain were fired
on the body of porcelain in first, and then Cu, Fe and its mixture and they melted together in high temperature.
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Development and Application of Micro-X-ray Fluorescence
Spectrometer Focused by Polycapillary X-ray Optics

CHENG Lin"*, DUAN Zeming"?, LIU Jun"?, JIANG Qili'*?,
PAN Qiuli"?, LI Rongwu'
(1. Key Laboratory of Beam Technology of Ministry of Education ,
College of Nuclear Science and Technology » Beijing Normal University . Beijing 100875, Chinas
2. Beijing Radiation Center . Beijing 100875, China)

Abstract: In order to suit for the needs of analysis of different samples by micro-X-ray
fluorescence spectrometer focused by polycapillary X-ray optics, several kinds of micro-
X-ray fluorescence spectrometers were designed in this paper. The laser displacement
sensor (LDS) was used to automatically control the distance between the irradiation
spot of sample and exit of polycapillary X-ray optics so that it can decrease the measured
error of irregular surface of archaeological object. Due to the lower transmission effi-
ciency for the X-ray with energy for more than 25 keV, polycapillary X-ray optics could

be used for the non-destructive analysis of ancient colored glaze that contains high con-
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centration Pb. The elemental mappings of K, Ca, etc. in a grain rice were scanned by
the micro-X-ray fluorescent spectrometer with the high power X-ray source. In the same
time, a RMB 5 jiao coin was taken for example, and the methodology of dispersive ener-
gy of micro-X-ray diffraction was researched. The results show that the micro-X-ray flu-
orescent spectrometer can be widely used for the analysis of biological sample and ar-
chaeological object.

Key words: polycapillary X-ray optics; micro-X-ray fluorescence spectrometer; portable

micro-X-ray fluorescence spectrometer
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Table 1 Data measured by spectrometer of micro area of coin and reference data
E/keV n d/nm PDF d/nm (hk D)
6. 34 1 0. 138 5 CuszSn# 01-1240 0. 1380 (08 3)
7. 59 1 0. 115 5 CuO #45-0937 0. 115 5 400
10. 10 1 0. 086 9 Sn# 05-0390 0. 086 7 (64 2)
11 22 2 0. 156 3 CuO #48-1548 0. 158 2 (202
11 90 2 0. 147 4 Cuz O # 34-1354 0. 148 6 (220
13. 65 2 0. 128 4 Cu#04-0836 0.127 8 220
15. 10 2 0. 116 2 CuO #45-0937 0. 116 1 222
16. 01 2 0. 109 5 Cu# 04-0836 0. 109 0 31D




10°

T

104_

10

4
)TN 5ok
Cu;Sn(0 8 3) Sn(642) Cu0(202)

Fig. 10 Crystal phase distribution in scanning area of coin

CuyoSny(113)

CugSns(20 —4)
Sn2 1 1)

CuO(114)

20

40

20/(°)

11  X-pert-pro-MPD X

Fig. 11

60 80

Data measured

by X-pert-pro-MPD XRD spectrometer

”»

v

Cu;Sn, Cu,CuO

»

Cu;Sn(0 8 3)  Sn(6 4 2)
CuO(2 0 2) o

b

b

X-pert-pro-MPD

(1]

(2]

(3]

pm ’
ym
X
X ,
X
X ,
X . X
o , X
X s
X o
s X X
) X )
10 pg/g
X

HAMPAIA D, CAPPUCCIO G, CIBINC G, et
al. Modeling of X-ray transport through polycap-
illary optics[ J]. Nuclear Instruments and Meth-
ods in Physics Research A, 2007, 580(1): 85-
89.

ZARKADAS C H, KARYDAS A G. A portable
semi-micro-X-ray fluorescence spectrometer for
archaeometrical studies[J]. Spectrochimica Acta
Part B, 2004, 59(10): 1 611-1 618.

BRONK H, ROHRS S, BJEOUMIKHOV A, et
al. ArtTAX: A new mobile spectrometer for en-
ergy-dispersive micro X-ray fluorescence spec-
trometry on art and archaeological objects[]].

Fresenius Journal of Analytical Chemistry, 2001,



X X

[4]

371(3): 307-316.
, . X
L.
: ,2016,52(2) :156-160.
WANG Junling. LI Longhui, DUAN Zeming, et

’ s

al. Trace elements anslysis in Chinese rice of dif-
ferent brands as studied by X-ray fluorescence
[J]. Journal of Beijing Normal University: Natu-
ral Science, 2016, 52(2): 156-160(in Chinese).
) , , . X
Lyl
,2011,45(11) ;1 399-1 403.
CHENG Lin, LI Meitian, JIN Youshi, et al.
Methodological study of non-destructive analysis

of ancient Pb-rich glaze of porcelain by micro-

(6]

7]

X-ray fluorescence[J]. Atomic Energy Science
and Technology, 2011, 45(11): 1 399-1 403 (in
Chinese).

CHENG Lin, LI Meitian, KIM Youshi, et al.
The study of chemical composition and elemental
mappings of colored over-glaze porcelain fired in
Qing Dynasty by micro-X-ray fluorescence[]J].
Nuclear Instruments and Methods in Physics Re-
search B, 2011, 269(3): 239-243.

SOLE V A, PAPILLON E, COTTE M, et al.
A multiplatform code for the analysis of energy-
dispersive X-ray fluorescence spectral J]. Spec-
trochimica Acta Part B: Atomic Spectroscopy,

2007, 62(1). 63-68.



2018-08-14 17:39:47
http://kns.cnki.net/kecms/detail/31.1252.04.20180814.1739.014.html

TAE RAEMIOR BE B R X S AT 5 70t A 7T

BRI 2, EET 02, A 602 BREW2 R
L SO KRR 15 HR S S A ARSI 52%0 %, b5 100875

2. b iEs e, dbsl 100875

. ORAEE R X JTEATIH 20T Cu —EDXRD) 7EBU & /INEE i BURE i 1 DX R PR 45 44) 77 THD EL AT 30 2 £ 82 FH 55t
ASCARAE T ARSI T AATHIR IROR X G201 BOT R e B HIROR X SYERATS e i ikt et e . AT
HBNE RAERIBOR X IO ERE 190. 7um) X AR AT “f” & LMK (4nnX 4nm) #E4T
w ~EDXRD F8 I & HEAT B AL S, 73 %X AR Cu:Sn (0 8 3) 1 Cu0(2 0 2) S FM M/ h; [, HEREH
B IRAEIIOR X S 6HEA CREBE 31 wm) X —BUEARA Inm 72745 (8 ABURLHEAT T 1w -EDXRD —ZEHH6i i, 15
FUFHHEXIRA S10.(3 2 9) M Fe05(1 1 6) Z M. SRS RRY, BME REIMA X FLE T AETT R
ZINKE: it BSORE i T X PR R B C B X S AT 5 1 T T B AT — e R R AT

KR, BME X OGBS, MXAROE X WEATH: WO X BERIOGELG 5 A FIXs DR

hE4YHKE: 0657. 34; TQL74.43 CERARERG: A

The Study of Micro Energy Dispersion X-Ray Diffraction Analysis with

Polycapillary X-Ray Optics

DUAN Zeming'2, JIANG Qili'?, LIU Jun'?, PAN Qiuli!?, CHENG Lin">"
1. Key Laboratory of Beam Technology of Ministry of Education, College of Nuclear Science and
Technology, Beijing Normal University, Beijing 100875, China;

2. Beijing Radiation Center, Beijing 100875, China

Wik H A &5l H 3

FHETHH . FExERREIEET EH %) (11175022; 11575026) 5 AbatTT AR Rl 41 I
H#%tHh (1162006) ;

TEF T BEM (1989—) , 53, WiLwtsil, FEMNFEEEARLILNH A HIPR; E-nail:
duanzm315@163. com;

SIfE . FEBE (1969—), B, WA, ¥R, S 32BN AR KN 5 TH T 5
E-mail: chenglin@bnu. edu. cn; CGEIFEERA)




Abstract: The micro energy dispersion X-ray diffraction (u1-EDXRD) analysis is an important method to
study the phase structures of small samples or micro areas of samples. This article reports the research
progress in p-EDXRD by micro-X-ray fluorescence spectrometers developed by ourselves. A size of 4 mmx4
mm area on the surface of a RMB 5 jiao coin was two-dimensional scanned by a portable micro-X-ray
fluorescence spectrometer with a polycapillary X-ray optics ( focused size: 190.7um).The mappings of C
u3Sn(0 8 3), CuO(2 0 2) and other crystal phases are presented in this paper. In the same time, a small ore
particle with a diameter size of about mm was also scanned by u-EDXRD, which completed by an desktop
micro-X-ray fluorescence spectrometer with a polycapillary X-ray optics (focused size: 31pum).The mappings
of Si0,(3 2 9), Fe;03(1 1 6) and other crystal phases are presented in this paper, also. From the results of
those experiments, we conclude that the micro-X-ray fluorescence spectrometers have potential applications
in micro energy dispersion X-ray diffraction analysis of small samples or micro areas of samples.

Key words: polycapillary X-ray optics; micro energy dispersion X-ray diffraction; X-ray fluorescence spectrometer; ore; micro

areas; small samples
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Table 1 Data measured by spectrometer of micro area of the coin sample and reference data

Measurement Data Reference Data
E/keV n d/nm PDF d/nm (hkl
6.34 1 0.1385 CusSn#01-1240  0.1380 (083)
7.59 1 0.1155 CuO#45-0937 0.1155 400>
10.10 1 0.0869 Sn#05-0390 0.0867 (642)
11.22 2 0.1563 CuO#48-1548 0.1582 (202>

11.90 2 0.1474 Cux0#34-1354  0.1486 220
13.65 2 0.1284 Cu#04-0836 0.1278 2200
15.10 2 0.1162 CuO#45-0937 0.1161 222

16.01 2 0.1095 Cu#04-0836 0.1090 31D
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Table 2 Data measured by spectrometer of ore particle sample and reference data

Measurement Data

Reference Data

E/keV n d/nm PDF d/nm (hkl)
2.48 1 0.3535 SiOx#51-1380  0.3523 (-510)
3.30 1 0.2657 Fe,03#40-1139  0.2648 (116)
3.67 1 0.2389 SiOx#51-1377 0.2381 314
4.44 1 0.1974 | Fex0O3#16-0653  0.1973 (441
5.04 1 0.1739 SiOx#51-1382 0.1738 329




7.53 1 0.1164 Fe,O3#33-0664  0.1163 (0210)

10.04 1 0.0873 Si02#27-0605  0.0871 (733)
12.49 2 0.1404 SiOx#52-1425  0.1404 514
14.97 2 0.1171 Si0.#14-0654  0.1171 (-482)
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Fig.8 Crystal phase mappings in scanning area of the ore particle sample
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Trace elements anslysis in Chinese rice of different
brands as studied by X-ray fluorescence

WANG Junling” LI Longhui” DUAN Zeming"
LI Rongwu” PAN Qiuli” CHENG Lin"

( 1) The Key Laboratory of Beam Technology and Material Modification of Ministry of Education,
School of Nuclear Science and Technology, Beijing Normal University; Beijing Radiation Center, 100875, Beijing, China;
2)Department of Physics, Beijing Normal Uniersity, 100875, Beijing, China)

Abstract Rice is one of the main food for humans to obtain energy from the outside world, and trace
elements in rice are of great significance to human health. To provide references for human, food concentrations
of K, Ca, Cr, Mn, Fe, Co, Ni, Cu, Zn, As, Se, Sr in rice of Yueyang, Wuchang, Xinmin, Harbin,
Wanchang were analyzed by X-ray fluorescence after dry ash pretreatment and distribution of elements in rice
was studied by micro-X-ray fluorescence. It found that concentrations of elements in the five brands were
similar. Moreover Wuchang rice was the most abundant in Ca, Fe, Ni, Zn elements. Micro-X-ray fluorescence
analysis indicated that Fe, Cu and Zn were evenly distributed while P, Cl, K, Ca were enriched in the rice
germ.

Keywords X-ray fluorescence analysis; micro-X-ray fluorescence; rice; trace elements
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