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Abstract 

The aim of this study is a quality assessment of X-ray fluorescence laboratory 

located at the University of Khartoum. The X-ray fluorescence spectrometer 

system consists, a set of three 109Cd sources of an initial nominal activity of 10 

µCi, and Si(Li) detector Energy Dispersive XRF(EDXRF) systems. It is impor-

tant to carry out this work because it has an effective contribution for a wide 

range of research and services. The assessment was carried out by measuring 8 

NIST-2709a (soil) and 13 IAEA-155 (milk powder) standard reference mate-

rial samples for repeatability examinations to test the measurement precision. 

The total combined standards uncertainty values for XRF lab were estimated 

by an error from repeatability measurements adding 2.6% for error propaga-

tion related to the method. For accuracy assessment, three standard statistic 

approaches were applied, i.e. the Bias %, zeta-score, and En-number. The bias 

of all elements for both standard materials was found to be within a deviation 

range from −28% to 7.8%. The results of all elements for both the zeta-score 

test and En-number have satisfactory results except Th (Thorium) and Zr 

(Zirconium) which consider as questionable results for NIST SRM 2709a and 

unsatisfactory results for En-number. 
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1. Introduction 

X-ray fluorescence analysis (XRF) is a powerful physical technique, which is a 
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nondestructive instrumental method for qualitative and quantitative analysis of 

chemical elements [1]. It is based on measurements of energies and intensities of 

the X-ray spectral lines emitted by secondary excitation of the elements of inter-

est. The primary beam of photons from an X-ray source strikes the specimen 

(sample or standard). The absorption of these photons by photoelectric effect 

produces vacancies in the inner electron shells of the atoms of the material. 

Electrons from the outer shells transfer to fill these vacancies, followed by the 

emission of secondary spectral lines having characteristic energies of the element 

(the basis of qualitative analysis), and intensities related to its concentrations [2]. 

The experimental measurement of the sample is interested to be analyzed for 

elemental composition is irradiated using X-ray from an X-ray source (109Cd, 
55Fe, 241Am or tube excitation), the characteristic X-rays of the elements present 

in the sample are produced during the irradiation can be detected by an x-ray 

detector. The charge can be collected by the detector provides an electrical signal 

proportional to the X-ray energies are emitted. This signal processes to a pream-

plifier mounted with the detector, which integrates each detector signal to pro-

duce a voltage pulse proportional to the charge. This pulse is then amplified and 

shaped by a linear amplifier. The amplified signal is processed and displayed in a 

multi-channel analyzer (MCA) which is connected directly to a computer where 

the X-ray spectrum is analyzed [3] [4]. Currently, the energy dispersive radioi-

sotope source X-ray fluorescence (EDXRF) instruments are available two basic 

detector types; high-resolution, low-temperature solid-state detectors (based on 

lithium drifted silicon) and lower-resolution, gas-filled proportional counters [5]. 

One of the most important analytical chemistry laboratories in Sudan is X-ray 

fluorescence laboratory, it is located at The University of Khartoum (U of K), 

Khartoum, it has been installed in 1982 under framework of technical assistance 

by International Atomic Energy Agency (IAEA) to support Sudan for nuclear 

science education, training, and applications. An X-ray spectrometer system was 

supplied within that project to establish a nuclear science laboratory to service 

both undergraduate and research students as well research in the radio-analytical 

field in the country. It is presently applied in the analysis of various samples, in-

cluding environmental samples, biological samples such as plants, human and 

animal tissues, geological samples, … etc. However, it is important to carry out 

this work because it has an effective contribution in the wide range of research 

and services. 

The objective of the present work is a quality assessment for of X-ray fluores-

cence spectroscopy system statistically. The assessment can be achieved by ana-

lyzing a known materials, two Standard Reference Materials (SRMs): NIST2709a, 

soil SRM [6] (National Institute of Standards) and IAEA-155, Whey Powder 

(International Atomic Energy Agency) [7] the different statistical standard test 

has been used in this is study include the relative standard deviation (%) to eva-

luate measurements precision. For accuracy evaluation, three statistical tests 

have been carried out including relative bias (%), Zeta-score and En-number test 

which is consider as standard statistic approach according to ISO 13528: 2015(E) 
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[8] and it is the most frequently used in proficiency testing to determine the 

performance of laboratory which can describe the important laboratory para-

meters: bias, stability, and repeatability. The evaluation can be carried out by 

comparing the measurements values with certified values. 

2. Material and Method 

About 1 g of two dried standard reference material samples (NIST2709a and 

IAEA-155) were homogenized for 15 minutes and prepared in the form of 

pressed powder pellets at 15 ton with area 4.901 cm2 using 25 tons pressing ma-

chine to be ready for measurements. The analysis of 8 and 13 pellets of 

NIST2709a and IAEA155, standard reference materials respectively were carried 

out using Energy Dispersive XRF(EDX) analysis system Canberra Company 

(Model 3501, serial number 9,861,180 made in the USA). The samples were irra-

diated using a set of three 109Cd sources of an initial nominal activity of 10 µCi. 

The x-ray fluorescence that is present from the element in samples were detected 

by Si(Li) detector systems, integrated with preamplifier, amplifier, negative high 

voltage (600 V) (Canberra model number 7013-04755 and serial number 

10-3499), and Separate Multi-Channel Analyzer (MCA) (series 35-Canberra). 

The energy resolution of the detector was 190 eV at 5.8 KeV of Mg. The analysis 

of X-ray spectra is carried out using a computer program called Analysis of 

X-ray Spectra by Iterative Least-Square fitting (AXIL), which is a Fortran pro-

gram developed by Van Espen for the deconvolution of complex X-ray spectra 

by Si(Li) detector. The error was evaluated from the AXIL program included the 

counting statistical errors of measured X-ray intensities, as well as errors in the 

mathematical procedure utilized in the fitting of the experimental spectral data. 

The moisture of each reference material separately dried at 105˚C for 40 mi-

nutes under distributor with silica gel to obtain the moisture content and dry 

mass factor was corrected. 

The average values of concentrations for major and minor constituents were 

calculated and compared with the reference data. The combined standard un-

certainty was estimated according to error propagation for the interesting ele-

ment. The standard deviation of all measurements was examined for reproduci-

bility. The accuracy of element determination was compared with certified val-

ues and evaluated statistically using relative bias, Zeta-score and En number test. 

3. Statistical Evaluation 

Combine standard uncertainty 

The combine Standard uncertainty of measurement (Uc) is obtained by com-

bining the individual standard uncertainties Ui from type A and type B error. 

This method is known as the law of propagation of uncertainty [9] which is 

equal to the positive square root of a sum of terms, the terms being the variances 

or covariances of these other quantities weighted according to how the mea-

surement result varies with changes in these quantities [9] and is calculated as 

follows: 
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( )2 2

Lab methodU K SD n U= +                     (1) 

where SD is the standard deviation of (n) replicate independent measurement 

and 
methodU  is the estimated uncertainty of interested method. K is coverage 

factor which gives particular confidence level where k = 1 for combined standard 

and uncertainty and k = 2 for expanded uncertainty [8] [10]. 

Relative Bias Test: 

Relative bias (%) is used to calculate the relation between the assigned value 

and measured value to investigate the systematic error. The RB shows that the 

experimental results are within the confidence interval of 95% [11] 

100%
Lab Assigned

Assigned

Value Value

Value

−
= ×RB                 (2) 

Zeta-score Test: 

Zeta-scores is used for improving the performance of laboratories [8] which is 

calculated as: 

2 2

Zeta-score
lab assinged

Lab assinged

value value

U U

−
=

+
                 (3) 

where (
LabU ) and (

assignedU ) is standard uncertainties of certified and measured 

value at 95% CI based on the Zeta-scores for laboratory performance is eva-

luated following decision limits were established: 2z ≤ : a satisfactory result 

2 3z< < : the result is considered questionable 3z ≥ : the result is considered 

unsatisfactory [12]. 

En-number Test: 

En-number is statistical parameter use for accuracy evaluation which defined 

as absolute different between the experimental result (
LabValue ) and assigned 

value (
assignedValue ) of elemental concentrations divided by squared of expanded 

uncertainties where it is equal two combined standard uncertainty of certified 

( 2

assignedU ) and experimental value ( 2

LabU ) [13] as showing at equation  

2 2

Lab assigned

n

Lab assigned

Value Value
E

U U

−
=

+
                  (4) 

The En-number is commonly used 1.0 as critical value where 1nE <  con-

sider as accepted result this because it calculated using expanded uncertainties 

and using in this study to evaluate the estimated uncertainty [14]. 

4. Results and Discussion 

Figure 1 shows the obtained relative standard deviation result for element con-

centration repeatability for both SRM. The result shows that most of the ele-

ments have less than 15% except Fe (19.1%) on IAEA-155, Ni (25.5%) on 

NIST-2709a have higher that due to the concentrations are close to the detection 

limit of this is an element. 
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Figure 1. Repeatability of measured mass fraction for different element on NIST2709a 

and IAEA-155 standard reference material. 

 

The method uncertainty was estimated as combined standard uncertainty 

with coverage factor (k = 1) as 2.6% at 95% Confidence interval (CI) according 

to error propagation of uncertainty sources, the standard error (1%), absorption 

and enhancement by matrix (2%), positioning of sample (0.5%), 109Cd dimen-

sions (0.2%), 109Cd photons output (1%) and homogeneity of sample (0.5%). The 

calculation was carried out according to the positive square root of a sum uncer-

tainty sources. The total combined standard uncertainties were calculated using 

Equation (1) for measurement repeatability see Table 1. 

Table 1 present the analytical results of NIST2709a and IAEA-155 as well as 

assigned values with uncertainty at a confidence level of 95%. The uncertainty of 

measured elements on IAEA-155 were found to be between 3% to 5% and from 

3% to 9% for NIST2709 a see Table 1. Three statistical test relative bias %, 

Zeta-score, and En-number of the results were carried out. Figure 2 shows the 

ratios between measured and assigned value for the NIST2709a and IAEA-155 

reference materials. It is important to note that the results obtained were ran-

domly above and below the assigned values, showing that there is no systematic 

error. Experimental values and assigned values for all element expect Th and Zr 

have good agreement with concentrations reported in the certificate. Th and Zr 

are deviated by 23% and 39%. 

For accuracy investigation, the measured value and certified value statistically 

compared by bias %, Zeta-score, and En-numbers see Figure 3 and Figure 4. The 

certified values in NIST SRM 2709a, show the bias (%) is relatively higher for 

both Th (19%) and Zr (28%) and all results obtained for other elements have 

good agreement with assigned values. Figure 3 shows on Zeta-score test that all 

the results of NIST SRM 2709a and IAEA-155 are within 95% CI. Satisfactory 

results were obtained except Zr (2.19) and Th (2.83) showing to be as questiona-

ble results in NIST SRM 2709a. Figure 4 shows that En-number test for all ele-

ments for both SRMs were accepted, except Th and Zr in NIST SRM 2709a 

which are show as unsatisfied result. 
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Table 1. Statistical evaluation of NIST2709a and IAEA-155 Standard reference material 

based on elemental determination by 109Cd radio-isotopic excitation source for (n) repli-

cates in mg∙kg−1 (dry mass basis) applying AXIL software (adding 2.6% estimated uncer-

tainty of XRF of UK lab). 

NIST2709a and IAEA-155 SRMs 

   
U of K 

 
Assigned 

   

El  
n XLab ± Unc Lab. LD Xcert ± Unc. Bias Zeta En 

    
(k = 1) % score (k = 2) 

Cl IAEA-155 13 71,369 ± 2862 5848 69,200 ± 5163 3.13 0.37 0.2 

K 
NIST2709a 8 23,381 ± 1163 

2571 
21,100 ± 300 10.8 1.90 0.95 

IAEA-155 13 41,914 ± 1229 41,700 ± 16,327 0.51 0.01 0.01 

Ca 
NIST2709a 8 19,673 ± 1452 

937 
19,100 ± 450 3.00 0.38 0.19 

IAEA-155 13 41,632 ± 1229 42,100 ± 5163 −1.11 0.09 0.04 

Ti NIST2709a 8 3637 ± 162 314 3360 ± 35 8.3 1.68 0.84 

Mn NIST2709a 8 486 ± 36 106 529 ± 9.0 −8.1 −1.17 0.58 

Fe 
NIST2709a 8 34,005 ± 892 

42 
33,600 ± 350 1.20 0.42 0.21 

IAEA-155 13 67 ± 13 62 ± 36 7.8 0.13 0.07 

Ni NIST2709a 8 78.4 ± 6.7 * 85 ± 1.0 −7.8 −0.98 0.49 

Zn 
NIST2709a 8 111 ± 6 

7.9 
103 ± 2.0 7.34 1.23 0.62 

IAEA-155 13 35 ± 2 34.3 ± 5.2 1.91 −6.03 0.06 

Rb 
NIST2709a 8 100 ± 8 

2.2 
99 ± 1.5 1.17 0.14 0.07 

IAEA-155 13 38 ± 1 39.2 ± 6.1 −4.34 −6.34 0.14 

Br IAEA-155 13 39 ± 1 2.1 39.1 ± 8 −1.63 −4.58 0.04 

Sr 
NIST2709a 8 239 ± 6.5 

1.7 
239 ± 30 0.04 0.003 0.002 

IAEA-155 13 11 ± 0.6 10.5 ± 5 5.84 0.122 0.061 

Th NIST2709a 8 8.9 ± 0.7 2.6 10.9 ± 0.1 −19 −2.83 1.41 

Zr NIST2709a 8 140 ± 10.2 1.5 195 ± 23 −28 −2.19 1.10 

El is element “n” is number of replicate, Ulab. is Laboratory combined standard uncertainty with k = 1, “*” is 

Not calculated, LD is the lower detection limit of U of K XRF laboratory, En is En-number test, All results in 

mg/kg. 

 

 

Figure 2. Ratio of certified values and obtained values for NIST2709a and IAEA-155 

SRMs. 
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Figure 3. Zeta-score for NIST SRM-1573a and IAEA-155. 

 

 

Figure 4. En numbers obtained for NIST SRM-1573a and IAEA-155. 

5. Conclusion 

For the analysis, the suitable standard reference materials used were a set of 8 

NIST-2709a (soil) and 13 IAEA-155 (milk powder) standards. The relative stan-

dard deviation (%) of all interested elements were less than 15% except the Ni 

(25.5%) and Fe (19.15%), because the concentrations of both elements are close 

to the detection limit. The total combined standards uncertainty values for XRF 

lab were estimated by a standard deviation of measurements adding 2.6% for 

error propagation related to the method. For accuracy assessment, three stan-

dard statistic approaches were applied, i.e. the Bias %, zeta-score, and 

En-number. The bias of all elements for both SRMs generally within a deviation 

ranges from −28% to 7.8%. The results of all elements for both the zeta-score test 

and En-number have satisfactory results except Th (Thorium) and Zr (Zirco-

nium) which consider as questionable results for NIST SRM 2709a and unsatis-

factory results for En-number. 
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