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SUMMARY: Handheld X-ray fluorescence spectrometers have been widely used in the
detection of elemental content in ore exploration. In this study, a miniaturized tube-excited X-
ray fluorescence measurement instrument was designed to meet the lightweight needs of
instruments for ore exploration. On this basis, the wavelet denoising algorithm and polynomial
fitting method are used to optimize the XRF meter spectra in order to enhance its anti-
interference ability. The XRF instrument was applied to detect the heavy metal elements in the
ore, and it was found that the optimized XRF instrument spectrum obtained good denoising
effect, which effectively smoothed the spectrum and reduced the background interference, and
the coefficient of determination of the instrument was improved to 0.9598-0.9972, which
indicated that the linear relationship between the content of each heavy metal element in the
ore samples and the intensity of the characteristic peaks of X-ray fluorescence spectra was good.
Meanwhile, it is verified that the optimized instrument has good precision and correctness, the
relative standard deviation is enhanced to 1.17%~4.29%, and the relative error is reduced to
0.21%~2.43%, which can be applied in the field rapid screening of practical ore exploration.

KEYWORDS: handheld XRF meter; wavelet denoising; polynomial fitting method; anti-
interference ability; ore exploration

1 Introduction

In the social context of energy crisis, ore exploration can search for deposits with mining value
and find out the distribution of mineral deposits, which is of great significance to alleviate the
energy crisis and improve the effectiveness of the utilization of natural resources [1, 2]. In the
traditional exploration methods, the main methods for ore exploration such as electromagnetic
induction method, metal guidance method, gradient measurement method, infrared laser
detection method [3, 4]. These methods are mainly through the analysis of gradient information
distributed in the ore, the use of active electromagnetic way to achieve the rock and soil layers
in the ore detection, in the ore exploration, due to the analog device is bulky and subject to the
temperature and humidity and other environmental factors, to complete some complex
mathematical operations, the anti-interference performance of the ore detection is not good. The
handheld X-ray fluorescence spectrometer (XRF) has been increasingly used in ore exploration
in recent years because of its ability to detect elemental content quickly and non-destructively.

Handheld XRF instrument is a kind of analyzer for rapid detection of heavy metals, which
has been widely studied and applied in rapid testing of heavy metals in soil samples because of
its advantages of simple or no sample pretreatment, fast detection speed and non-destructive
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samples [5-7]. The excitation source of the handheld XRF instrument is mainly a small X-ray
tube, which consumes very low energy, so it can be powered by lithium batteries, and generally
a lithium battery can work continuously for 4h, and charging is extremely convenient [8, 9].
As it is equipped with a powerful pocket X-ray tube, Si-PIN detector or advanced silicon drift
detector, special filters and multi-beam optimization, the analytical performance of XRF can be
played to the extreme, making X-ray fluorescence spectrometry can be applied to the detection
and analysis in the field [10]. In addition, the handheld XRF instrument is smaller and faster to
analyze, and because the XRF analyzer is rugged and portable, it has extremely fast detection
speed and accurate detection results, and in the field inspection, it almost does not rely on the
laboratory test far away from the detection environment, and instantly makes the analysis results
[11, 12]. Based on these advantages, the application of handheld XRF instruments in ore
exploration can meet the needs of lightweight design and optimization of anti-interference
capability.

Regarding the application of handheld XRF instruments and their related technologies in
ore exploration, detection and analysis and their advantages, the literature [13] evaluated the
application and advantages of handheld XRF instruments in the exploration of special metals,
examined the detection accuracy and applicable concentration range of rare earths, niobium,
and other elements by analyzing the data of multiple standards, and emphasized its rapid
decision-making in the field of carbonate rock-related deposits. It also emphasizes its practical
value in the rapid decision-making in the field of carbonatite-related deposits, and at the same
time points out its technical limitations in the detection of low concentration and other aspects.
Literature [14] proposed and validated a method for analyzing the chemical composition of
carbonate veins using a handheld XRF instrument, examined its potential application in
identifying multigenerational carbonate-filled veins by developing a quality assurance process
and calibration equations based on certified reference materials, and highlighted the significant
advantages of the method in providing a basis for critical decision-making in mineral
exploration in a rapid and cost-effective manner. Literature [15] analyzed drill hole samples
from the Xigangzhisu porphyry copper deposit using a handheld XRF instrument, investigated
its deep mineralization potential through primary halo element zoning sequences and ratio
characteristics, pointed out the possibility of the existence of a concealed ore body, and
emphasized the technique's outstanding advantages in rapid, efficient, and environmentally
friendly on-site geochemical assessment. Literature [16] analyzed the performance of high-
density measurements of multiple principal trace elements in marine core samples by
developing a shipboard quantitative analysis solution for a handheld XRF instrument, pointed
out that the measurement results were highly consistent with shipboard ICP-OES within the
error range, and emphasized that the technology can identify the chemical stratigraphy in real
time, optimize sampling and drilling decisions, and greatly enhance the exploration efficiency
and data value.

Literature [17] analyzed the application of handheld XRF instrument in the field analysis
of cobalt-rich crusts, established the calibration curve through the standard material, verified
the advantages of its rapid and non-destructive measurement, and emphasized the high
consistency between the method and the laboratory results, which can satisfy the dual needs of
rapid resource assessment and metallogenic research in marine exploration. Literature [18] ta
discusses the application advantages of handheld XRF instrument in ore exploration for rapid
and economic acquisition of field data, and at the same time investigates the key factors
affecting the interpretation of its measurement results, emphasizing the importance of
understanding the depth of excitation volume and the detection limit for avoiding
misinterpretation of the data, with the aim of providing practical guidance for non-professional
users. Literature [19] validated a workflow for rapid acquisition of stable handheld XRF data
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in weathered crust exploration environments, analyzed the advantages of its accuracy for Cu,
Zn, Fe and other elemental measurements by comparing with laboratory data, and emphasized
its ability to support on-site real-time drilling decision-making to greatly enhance exploration
efficiency and economy. Literature [20] analyzed the advantages of handheld XRF instrument
in mineral exploration, through comparison and verification, pointed out that it can quickly
obtain multi-element data without pre-processing and good correlation with the laboratory
results, and emphasized that the technology is suitable for semi-quantitative trend analysis and
assisted decision-making, but can not completely replace the traditional whole-rock
geochemistry methods.

Literature [21] addressed the calcium spectral interference faced by handheld XRF
instrument when analyzing scandium in nickel laterite, and by comparing the three quantitative
methods, pointed out that the method based on spectral fitting and improved experimental
conditions can effectively expand the reliable measurement range and reduce the error, and
emphasized the key role of optimizing the interference management to improve the reliability
of field analysis. Literature [22] used a handheld XRF instrument to analyze elemental
concentrations in ores and associated plant specimens, and solved the inherent limitation of the
equipment to quantify inaccuracies in thin samples by developing an independent data
processing flow, thus enhancing the overall reliability of elemental field analysis in ore
exploration. Literature [23] examined the application of a handheld XRF instrument in the early
exploration of gold ores, pointed out the need to calibrate laboratory whole-rock analyses as a
reference when prefabricated standards are insufficient, investigated the problem of
underestimation of concentrations due to paper-bagged samples, and emphasized that
consideration of data quality and calibration is essential to ensure analytical accuracy. Literature
[24] examined the application of handheld XRF instruments in the exploration of carbonate-
type sulfide deposits in the Otavi Mountains, and analyzed the good detection accuracy and
correlation of major elements such as Cu, Pb, and Zn by comparing laboratory methods such
as ICP-MS, and pointed out the limitations in the analysis of trace elements such as silver, and
emphasized the applicability and economic advantages of this technology as a low-cost and
efficient field tool. The advantages of this technique are also emphasized as a low-cost and
efficient field tool. Literature [25] analyzed the application of handheld XRF instrument in
porphyry copper exploration, and by comparing its estimation of whole rock composition with
that of optical mineralogy, pointed out that there are systematic deviations in the judgment of
sulfur, copper and other elements, and discussed the potential influence of vein structure on the
measurements, which emphasized the applicability and inherent limitations of this technology
in rapid on-site judgment. Literature [26] studied the application of handheld XRF instrument
in the exploration of hydrothermal sulfide sediments in the Southwest Indian Ridge. By
comparing sediment samples with different grain sizes and distances from vents, it pointed out
its efficient identification ability of mineralized elements such as Cu, Zn, Fe, etc., and
emphasized the key law of sediment grain size and elemental partitioning, which confirms that
this technigue can meet the needs of rapid identification of seafloor geochemical anomalies.
Literature [27] explored the application of a handheld XRF instrument for the determination of
metal content in iron ore concentrates, which significantly improved the accuracy of iron
element analysis through linear calibration, and emphasized its great potential for rapid, non-
destructive multi-element quantitative analysis in the smelting industry. Literature [28] presents
a model that combines a handheld XRF meter with XRD analysis to determine the mineral
composition of rocks, improves the reliability of its chemical composition analysis through
calibration, and emphasizes the advantages of this method for rapid and economical drill
cuttings and archival core applications.

The study is to carry out a lightweight design of the handheld XRF instrument, which adopts
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a small X-ray tube, a small Si-PIN semiconductor detector and a pocket-sized computer as the
building blocks, and reduces the size of the XRF instrument to a large extent. Aiming at the
problem that the fluorescence spectrum of XRF instrument is easily interfered by noise, the
wavelet transform algorithm is used to denoise the signal, and the polynomial fitting method
based on maximum filtering is proposed to realize the automatic deduction of background and
improve the spectral quality, so as to optimize the anti-interference ability of the XRF
instrument. Ore samples are selected for experiments to compare the spectra before and after
optimization, the spectral background fitting diagrams, and the coefficients of determination of
the standard curves, to determine the optimization effect of the proposed algorithm, and then
examine the method detection limit, precision, and correctness, to analyze the feasibility of the
application of the XRF method to the determination of various elements in the exploration of
ores.

2 Lightweight design for handheld XRF meters

2.1 Instrument structure

X-ray fluorescence analysis (XRF) is a method of analyzing the composition of substances and
studying chemical states by using primary X-ray photons or other microscopic particles to
excite the atoms in the substances to be measured, causing them to produce fluorescence
(secondary X-rays).

In order to meet the needs of ore exploration, the lightweight design study is mainly carried
out for these elements, and the following key technologies are adopted: (1) a controllable X-
ray source composed of a low-power compact X-ray tube and a high-voltage power supply, (2)
a small, low-power electrocooled Si-PIN semiconductor detector with high energy resolution
as the detecting element, and (3) a pocket computer as the working platform to form an X-ray
fluorescence spectroscopy analysis system, according to the requirements of the working
environment, in the resident can directly use (laptop) microcomputer to realize
microcomputerization, use its powerful functions, in the field using Pocket PC, to achieve the
instrument's portability and in-situ measurement. The structural block diagram of the
miniaturized tube-excited X-ray fluorescence measurement instrument is shown in Fig. 1,
which is mainly composed of a controllable X-ray excitation source, semiconductor detector,
main amplifier, power supply, multi-channel pulse amplitude analyzer (MCA), Pocket PC and
(laptop) microcomputer system.

Sample
Controlled e Main Multichannel
Detector Preamplifier o
X-ray source amplifier analyzer
(Notebook)
High, medium, and low Rechargeable Microcomputer Sample
voltage power supply battery circuit

Handheld computer

Figure 1: structure of the XRF instrument with X-ray tube
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2.2 System components

2.2.1 Controlled X-ray excitation sources

The controlled X-ray excitation source consists of a small, low-power X-ray tube and a high-
voltage power supply for X-ray tube operation.

(1) By adjusting the high voltage, the X-ray output energy of the controllable X-ray source
is adjustable (continuously adjustable within the range of 5 to 35 keV), which facilitates the
task of multi-element determination.

(2) By adjusting the gate voltage and changing the beam current intensity of the X-ray
source, it can provide excitation rays with high irradiation rate, thus effectively improving the
detection limit of the on-site X-ray fluorescence instrument and raising the level of analysis.

(3) No radiation pollution to the workplace environment.

(4) The power of the controllable X-ray source is 4W, and the stability of the output energy
and beam current intensity is good.

2.2.2 X-ray detectors

A small, low-power electrocooled Si-PIN semiconductor detector with high energy resolution
is used as the detection element. It maintains the features of good energy resolution and wide
energy linear range of general semiconductor detectors. The external dimensions are
7cm>5em>3cem, the weight is about 500g, and the power consumption of the electrocooling
source is 1W, which is a more ideal detection element for on-site miniaturized tube-excited X-
ray fluorescence instrument.

2.2.3 Microcomputerization and interfaces

Pocket PCs and laptop microcomputers are used to realize microcomputerization. With low
power consumption, small size, light weight and strong functions, the Pocket PC can realize
automatic acquisition of field spectral data, spectral line display and X-ray fluorescence spectral
analysis, directly calculate elemental content, and easily exchange data with the microcomputer,
thus completing further mapping and outputting of survey area results. As a result of the use of
notebooks and palmtop computers to realize microcomputerization, the serial interface
communication mode.

3 Experimental section

3.1 Instruments and main reagents

The handheld XRF instrument in this paper was selected as a miniaturized tube-excited X-ray
fluorescence measurement instrument with lightweight design.

H3BOs: blank control to determine the detection limit of the instrument. National standard
ore samples (purchased from the National Research Center for National Standards): to
determine the accuracy and precision of the instrument. Actual ore samples: to establish the
standard curve and verify its accuracy. Vinyl sample cup: 30 mm in diameter x 10 mm in height,
with a neck ring for fixing the Mylar film. Mylar film: special film for X-ray analysis, 6pm
thick. Ball mill: used in the process of sample preparation.

Ore composition analysis standard substances: GBW07103~GBW07106, GBW07120~
GBW7122.
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3.2 Experimental Methods

3.2.1 Sample preparation

The actual ore samples collected from a site were naturally air-dried to remove obvious foreign
materials such as grass clippings and animal fragments from the ore samples, and two portions
were taken using the tetrad method, one for experimental analysis and one for retention and
reserve. The ore standard samples and the experimentally analyzed ore samples were uniformly
filled into the agate mantle, and the powder was removed and sieved through a 200 mesh (74
um) sieve after grinding for 5 min on a ball mill.

The sieved sample was filled into the sample cup, dried and then compacted with a presser,
and the ore samples were sealed with Mylar film to ensure that the samples would not leak out,
and then the probe window of the instrument was aligned with the ore samples, and there should
not be a gap between the samples and the probe to ensure the accuracy of the test results.

3.2.2 Standard curve establishment

Load the treated soil samples, fix the Mylar film on the vinyl sample cup, press it tightly, and
test the ore samples with this miniaturized tube-excited X-ray fluorescence spectrometer, and
measure each sample five times. The respective counts of copper, chromium, zinc, nickel,
arsenic and lead were averaged and a standard curve was established with their corresponding
standard values (national standard samples). Because the heavy metal elements in the ore are
greatly affected by the superposition of coexisting elements, absorption-enhancement effect,
signal noise and matrix interference, the direct establishment of the standard curve linearity will
be poor, so before the detection of the samples, it is necessary to instrumental measurement of
the spectrum of the noise reduction, background deduction and other processing before the
linear regression, and finally the establishment of the optimized standard curve.

3.2.3 Validation of standard curves

After the standard curve was established, the measured spectra were re-tuned into the software
to obtain the detected values of the ore samples, and the detected values were compared with
the standard values and calculated. Due to the experiments measured more soil samples, in
order to more intuitively reflect the accuracy of the detection results, selected samples with
different heavy metal content of the ore and H3sBOs (blank control) for scanning detection, and
each sample was scanned five times after the processing, to examine the stability and accuracy
of the instrument.

3.2.4 Data processing
Data were statistically analyzed using Excel 2010, SPSS 19.0 and MatlabR2012a software.

3.3 Anti-jamming capability optimization method

The fluorescence spectrum measured by the X-ray fluorescence spectrometer generally
contains noise under the combined effect of the statistical rise and fall of the detector, the noise
of the electronic components, the interference of the surrounding environment, and the
perturbation of the experimental conditions. Noise affects the accuracy of background
deduction, so that there is a loss of weak peaks in the detection of characteristic peaks, finding
false peaks, and an increase in the deviation of the net peak area. Therefore, the noise in the
spectrum is filtered out before further processing of the spectrum to improve the anti-
interference ability of the instrument and analysis accuracy. In this paper, wavelet denoising
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algorithm realizes smooth denoising of the signal and removes the spectral baseline using
polynomial fitting method.

3.3.1 Wavelet Denoising Algorithm

The wavelet change was developed from the Fourier transform, which was introduced so that
signals in the time domain could be converted to signals in the frequency domain with the
formula:

X (jow) = ji x(t)e “dt (1)

X(t) = % [" X(jw)ede @)

However, for non-smooth signals, the Fourier transform does not perform very well, which
led to the emergence of an improved Fourier transform - the short-time Fourier transform. This
is the Fourier transform of the original signal multiplied by the window function, which divides
the non-smooth signal into small segments, each segment can be regarded as a sequence of
smooth signals, and the Fourier transform is performed on each small segment, which is
expressed as:

STFTX(W)(t', f) = j [ x(@)*w* x> "dt ©)

In order to obtain better time-frequency resolution, wavelet techniques that can represent
signals in both time and frequency domains have been proposed to be able to store information
better. The wavelet transform is categorized into continuous wavelet transform and discrete
wavelet transform, which are represented by the formulas as (4) and (5), respectively:

CWT (a,b; x(t),y (1)) = j:[x(t)é-w*(%ﬂdt 4)
DWT[n,a"]:Z__:x[m]-w*j [m—n],x//j[n]:\/i_jx//(%j (5)

In Eq. (4) x(t) is the original signal sequence, w(t) is the mother wavelet, i.e., the
analyzing function, a isthe scale parameter,and b denotes the time position. The similarity
between the two functions is measured by using the inner product of the mother wavelet and

the original signal and integrating it, and varying the time parameter (a) to compress or

stretch the mother wavelet, and varying the position parameter (b) to obtain the frequency

information at different positions. In Eq. (5) n isthe delay parameter, N isthe signal length,
and w is the discrete mother wavelet function.

The use of wavelet transform for denoising is due to the fact that the energy of the signal
containing useful information is mainly concentrated in some large wavelet coefficients in the
wavelet domain, while the energy of the noise is distributed throughout the wavelet domain.
Therefore, after wavelet decomposition, the amplitude of the wavelet coefficients that contain
useful information signals is larger than the amplitude of the coefficients of noise, that is, it can
be assumed that the wavelet coefficients with larger amplitudes are generally dominated by
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signals that contain useful information, while the coefficients with smaller amplitudes are to a
large extent noise. Thus, a thresholding approach is used to attenuate most of the noise
coefficients to 0, i.e., coefficients smaller than the thresholded portion are removed as
interfering noise, and then wavelet reconstruction is performed to achieve noise reduction.

For a given threshold, there are generally two types of denoising processes, namely, soft
thresholding and hard thresholding. The formula for soft thresholding is expressed as:

sgn(w)-((wj—4) (w>A1
W{ (w)-(wi=2) o o
0 wj <2
The formula for the hard threshold is expressed as:
W W W > 2
7o, <4 ()

And there are many ways to determine the threshold, in this paper we use the unbiased risk
estimation threshold, fixed threshold, very large and very small thresholds which are often used

in wavelet denoising, for the signal sequence {S(i),i =1,2,------ , N} whose length is N, its

determination of thresholds is are as follows:

(1) Threshold for unbiased risk estimation: Sort its absolute values from smallest to largest,
noting the k th value after sorting as sort, (|S|), squaring it to obtain f (k) =(sortk (|S|))2
and then calculating the risk vector Risk , with the k th element having the value of
N—2k+>7 f(i)+(N—k)- f(N-K)

N
value in the risk vector is the unbiased risk threshold estimate:

/Fik = ‘\/ f (kmin) (8)

Risk, = , then the point K. with the smallest risk

(2) Fixed thresholds:
A=42:-logN 9)
(3) Extremely large and very small thresholds:

0.3936+O.1829-|n—N, N >32

A= In2 (10)
0, N <32

(4) Heuristic thresholding

The values of crit and eta are calculated separately, and if crit <eta, a fixed threshold
is used for the threshold. If crit >eta, the threshold is selected as the smaller of the fixed
threshold and the unbiased risk estimation threshold. Where the value of crit is:
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crit = M (11)

The value of eta is:

2 lSil-N) (12)

N

eta =

For the signal sequence, the signal-to-noise ratio, mean square error and information
entropy are used as evaluation indexes of denoising effect. For the original signal sequence
f(k),k=12,---,N of length N and the sequence after noise reduction is

f(k), k=12,---,N, the signal-to-noise ratio is computed:

SNR =10log — Zn:lf " > (13)
Zn=1[ f(n)—f (ﬁ)]

The formula for calculating the mean square error:

MSE = anl[ f (rlll) B f(ﬁ)] (14)

The information entropy is calculated as:
N
H = _z p(xi) Ing p(xi) (15)
i=1

where N denotes the number of channels of the spectral line, f(n) denotes the original
signal, f(A) denotes the processed estimated signal, and p(X;) denotes the probability of

the information appearing at the point.
In order to comprehensively evaluate the denoising effect, the coefficient « (which is
inversely proportional to the denoising effect) is established with the formula:

MSE

__MSE 16
“ = SNRxH (16)

3.3.2 Polynomial fitting method

The main background in the fluorescence spectra obtained with an X-ray tube as the excitation
source is the continuous X-ray spectrum, which is a more slowly varying curve. The polynomial
fitting method is used to polynomially fit the background in the background region, and the
polynomial parameters are obtained by the least squares method, and then interpolated to obtain
the background in the peak region. When the polynomial number is chosen too small, the
background region will be underfitted and the overall fitting effect is poor. This paper proposes
the polynomial fitting method based on maximum filtering (MFPFM) on its basis, which adopts
the iterative idea to gradually remove the data in the peak area, and uses the number of points
whose fitting result is less than 0 to judge whether the polynomial number is appropriate or
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not.The steps of MFPFM are as follows:
(1) Set the boundary threshold t,, search the first count value larger than t, from left to

right on the spectrum x(i), and take its channel address as the starting channel address start
for the fitting. Search the spectrum x(i) from right to left for the first count value larger than
t,, and use its address as the eend of the fit.

(2) Construct the channel address vector c(j) and the spectral vector Yy(j) with the
following equations:

()= |
{V(J)=X(Start+j) (1=01--.3) an

where J =end —start +1, denotes the number of pointsin y(]).
(3) Do polynomial fittingon c(j) and Yy(]) to obtain the fitting result p(j):

p(=>" a.c"(j)(j=01-,3-1) (18)

where k is the polynomial number and a, is the polynomial coefficient.
(4) Compute the standard deviation o of the estimated background q(j)=Yy(j)—p(}),

and q(j).
(5) Determine whether the maximum value in q(j) islessthan 2o :

max (q(j)) <20 (19)

If it is less than then delete the channel address and count value corresponding to the
maximum value from c(j) and Yy(j) respectively, J =J -1, and then continue to execute
(3), otherwise execute (6).

(6) p(J) is the background region background, use equation (18) to calculate the value

when j=(0,1---,J-1) to obtain the complete estimated background r(j).
(7) Set the zero threshold t, and the maximum number of times K, if the number of

points n, less than 0 in r(j) is greater than t, and the polynomial number of times k is

less than K, then make k=k+1, and execute (2), otherwise, it means that k is of
appropriate size, and execute (8).
(8) To prevent the fitting background r(j) from being too large, take the minimum of

r(j) and x(j+start) as the corrected background s(j).

(9) The count values to the left of start and the count values to the right of end are used
as the background, and s(j) are combined to form the estimated background u(i) of the

original spectrum x(i) :

0(i) = {s(i —start) start <i<end (20)

x(i) others
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4 Results and discussion

4.1  Anti-jamming optimization effect

4.1.1 Selection of wavelet bases

To carry out the wavelet transform, first of all, we need to choose the appropriate wavelet base,
symmetry, orthogonality, tight support and support width, etc. Different will produce different
denoising effect, experiments using Matlab on the spectral line smooth denoising processing,
select some commonly used wavelet base, fixed wavelet decomposition layer number and
threshold, and then change the wavelet base running results. In order to ensure the consistency
between the denoised spectrum and the original spectrum, three indexes, namely, signal-to-
noise ratio (SNR), root-mean-square error (MSE) and information entropy (H), are chosen to
evaluate the denoising effect. Among them, the larger the SNR, the better the H, and the smaller
the MSE, the better. The coefficient a is the combined denoising effect of the three indicators,
the smaller the better.

The denoising effect of different wavelets is evaluated as shown in Table 1. When Coif4
wavelet base is selected, o is minimized, and experiments are conducted on the number of
decomposition layers, and when the number of decomposition layers = 4, a is minimized to
36.86, so Coif4 wavelet base is finally selected for four-layer decomposition.

Table 1: Denoising effects evaluation of different wavelets

SNR MSE H o
Coif4 109.64 518.89 0.122 36.86
Coif5 109.12 518.21 0.118 38.21
Db7 99.84 523.11 0.121 41.63
Db9 110.27 517.66 0.119 37.56
Sym6 104.48 519.93 0.112 42.37
Sym7 106.95 518.54 0.108 42.61

4.1.2 Smoothing effects on spectral lines

Taking GBWQ07103 ore sample spectral line processing as an example, Fig. 2 shows the spectral
line smoothing denoising effect comparison diagram and its local enlargement, in which the
horizontal coordinate represents the energy value, the vertical coordinate represents the count
rate, Fig. (a) is the original spectrum, and Fig. (b) is the denoised spectrum. From the figure, it
can be seen that the use of wavelet denoising method effectively removes the interference of
noise and achieves the smoothing of the spectral line, indicating that the use of wavelet
threshold filtering can effectively smooth the spectral line, fitting false peaks and noise signals,
which is conducive to the optimization of X-ray fluorescence measurement of the anti-jamming
ability of the instrument.
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Figure 2: Wavelet transform processing results

4.1.3 Spectral line processing

The polynomial fitting method based on maximum filtering was utilized to process the spectra
of GBWO07103 ore samples, and Fig. 3 shows the spectral background fitting plot and its local
enlargement, and Fig. 4 shows the comparison between before and after the spectral background
deduction, where the horizontal coordinates represent the number of channels, and the vertical
coordinates represent the intensity counts. The wavelet transform and iterative polynomial
fitting are utilized to effectively remove the noise interference and background deduction, and
the experiment is basically stabilized by the fitted baseline after 8 iterations. The spectral lines
are processed to effectively smooth the spectral lines and reduce the background interference,

fitting false peaks and noise signals, thus facilitating the quantitative analysis of the energy
spectrum.
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Figure 3: Background baseline for GBWO07103 ore standard sample
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Figure 4: Background deduction results for GBW07103 ore standard sample

4.1.4 Plotting of standard curves

The processed spectral line values were used to draw the standard curve, and the coefficients
of determination before and after the optimization of the algorithm are shown in Table 2. After
the processing of noise reduction and background deduction, the R2 of the standard curves
obtained was improved to 0.9598-0.9972, especially for Ni, and compared with that before the
processing, the R2 was improved from 0.7629 to 0.9885, which indicated that after the
processing of noise reduction and background deduction, the standard curve fit of some
elements was better and more convenient for the quantitative analysis. This indicates that after
the noise reduction and background deduction treatment, the standard curve fitting effect of
some elements is better, which is more conducive to quantitative analysis, and the anti-
interference and accuracy of the data are also improved. The linear relationship between the
content of each heavy metal element in the ore and the intensity of X-ray fluorescence spectra
is good, and the model is established, which can be used as the standard curve of the instrument.
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Table 2: Determination coefficients before and after optimization

RZ
Element Content range/% Before optimization After optimization
Ni 0.023~3.49 0.7629 0.9885
Pb 0.010~26.9 0.9347 0.9613
Cu 0.028~12.3 0.9866 0.9925
As 0.017~6.06 0.9456 0.9598
Zn 0.19~26.0 0.9916 0.9972
Cr 0.037~10.9 0.9587 0.9687
4.2 Limit of detection of the method

The limit of detection (LOD) of a method is an important index for evaluating an analytical
method, which refers to the smallest concentration of the analyte to be analyzed that can be
detected within a given level of significance by a given analytical method (including sample
pretreatment). The XRF method was optimized using wavelet denoising and polynomial fitting
for 20 consecutive determinations of the rock specimen GBW07105, and the detection limits
were calculated as the concentrations corresponding to three times the standard deviation, and
Table 3 shows the average values of the detection limits of heavy metal elements in the ore
specimen GBWO07105. The detection limits of Ni, Pb, Cu, As, Zn and Cr in the ore were 5.07
ng/g, 11.52 ng/g, 7.38 ng/g, 7.11 pg/g, 3.52 ng/g and 21.95 pg/g, respectively.

Table 3: Detection limit of each element

Element Detection limit(pg/g)
Ni 5.07
Pb 11.52
Cu 7.38
As 7.11
Zn 3.52
Cr 21.95

4.3  Precision of the method

The ore specimen GBW07105 was selected to repeatedly prepare five presses, and the precision
results of the ore specimen were measured on the five samples, as shown in Table 4. The relative
standard deviations (RSDs) of the determination results of various heavy metal elements for the
ore samples were 2.56%~6.00% before optimization and 1.17%~4.29% after optimization, and
the detection precision of the XRF method was higher after optimization using wavelet
denoising and polynomial fitting.

Table 4: Precision results of ore sample

Found(ug/g) RSD/%
Element Sltandar/d Before After Before After
value(ug/e) | oitimization | optimization | optimization | optimization
Ni 140 146.41 142.35 4.58% 1.68%
Pb 7 6.58 6.74 6.00% 3.71%
Cu 49 46.84 50.35 4.41% 2.76%
As 0.70 0.74 0.67 5.71% 4,29%
n 150 155.49 152.29 3.66% 1.53%
Cr 134 130.57 132.43 2.56% 1.17%
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4.4  Correctness of methodology

The correctness of this method was verified by the ore specimen GBWO07107, and the
experimental results of the correctness are shown in Table 5. The relative errors of the
determination of various heavy metal elements of the ore specimen were 0.36%~4.10% before
the optimization of the XRF method, and 0.21%~2.43% after the optimization, and the
correctness was better after the optimization on the whole.

Table 5: Trueness results for ore sample

- Found(ng/g) Relative error/%
Element Certified Before HEE After Before After
(hg/g) optimization optimization optimization optimization
Ni 37H4 35.76 37.81 3.35% 2.19%
Pb 8.782.7 8.48 8.56 2.53% 1.61%
Cu 2182 21.59 20.73 2.81% 1.29%
As 1.440.4 1.405 1.403 0.36% 0.21%
Zn 5846 55.62 59.41 4.10% 2.43%
Cr 3145 31.96 30.52 3.10% 1.55%

5 Conclusion

In this paper, the handheld XRF instrument is designed to be lightweight, combined with
wavelet denoising and polynomial fitting methods to denoise and remove the spectral baseline
of the XRF instrument in order to enhance the anti-interference ability of the XRF instrument,
and to conduct experimental analysis of the detection of heavy metal elements in ores. The main
research results are as follows:

(1) The XRF instrument adopts a small X-ray tube as the controllable X-ray source, a small
Si-PIN semiconductor detector as the X-ray detector, and a Pocket PC and a laptop
microcomputer as the working platform to realize the light weight of the handheld XRF
instrument.

(2) The Coif4 wavelet basis is selected for denoising and the polynomial fitting method
based on maximum filtering is utilized to deal with the spectral background, which achieves an
obvious spectral smooth denoising effect and improves the anti-interference ability of the XRF
instrument. Compared with the original spectra, the determination coefficients of the standard
curves were enhanced to 0.9598-0.9972, which improved the quantitative analysis capability of
the XRF instrument.

(3) The optimized XRF instrument can detect the content of heavy metals in the ore, the
detection limit of the instrument is loaded to the standard value, and the relative standard
deviation of the XRF method for the detection of all kinds of elements in the ore is improved
from 2.56%~6.00% before the optimization to 1.17%~4.29% after the optimization, and the
relative error is reduced from 0.36%~4.10% to 0.21%~2.43% before the optimization, showing
a higher precision. The relative error is reduced from 0.36%~4.10% before optimization to
0.21%~2.43%, which shows higher precision and correctness.
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