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ABSTRACT: This scientific note outlines the design, components, radiological protection, 
and operation of a cost-effective X-ray fluorescence (XRF) spectrometer produced in-
house. Priced at approximately half that of other commercial models, this spectrometer 
delivers comparable performance, as demonstrated in a case study involving agricultural 
soil samples. The document guides researchers interested in constructing their own devices 
using readily available components, thereby allowing for customized setups tailored to 
specific applications. The objective is to encourage the adoption and automation of XRF 
spectrometry within the Soil Science and Agronomic Engineering community, thereby 
enhancing its utility as a rapid and environmentally friendly tool for monitoring agricultural 
samples, including those collected from hybrid and/or mobile laboratories.
Keywords: hybrid laboratory, machine learning, mobile laboratories, proximal sensing, 
spectroscopy
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Energy-dispersive X-ray fluorescence (XRF) 
spectroscopy is a well-established technique used for 
the rapid characterization of chemical elements in 
both solid and liquid samples (Marguí et al., 2022). 
The method works by exciting a sample with an X-ray 
source, which induces fluorescence, and subsequently 
detecting the emitted photons that possess element-
specific energy signatures (Kalnicky and Singhvi, 2001). 
XRF instrumentation comprises an X-ray source and 
a detector, enabling both qualitative and quantitative 
analysis of most elements present in a sample.

Similar to near-infrared (NIR) spectroscopy, X-ray 
fluorescence (XRF) is a proximal sensing technology that 
enables non-destructive analysis with minimal sample 
preparation. This approach aligns with the principles 
of Green Chemistry (He et al., 2007) by eliminating 
the digestion and extraction steps typically associated 
with traditional agronomic laboratories. As a fast and 
cost-effective technique, XRF has been widely applied 
to the analysis of soils, plants, grains, and fertilizers 
(Acquah et al., 2022; Carvalho et al., 2018; Camargo et 
al., 2023; Lima et al., 2019), making it a valuable tool 
for monitoring agricultural variables.

Portable XRF equipment enables in situ analysis 
and can be integrated into robots or mobile agricultural 
platforms, representing a significant advancement for 
practical and user-friendly field analysis (Tavares et 
al., 2023). In agricultural research, XRF has proven 
effective in evaluating the nutritional status of in vivo 
plants and soil horizons directly in the field (Costa 
Junior et al., 2020; Stockmann et al., 2016). The 
growing interest and recent studies underscore its 
potential to evolve alongside other spectroscopy tools, 
facilitating agriculture-focused in-field data collection, 
and digital mapping (Silva et al., 2021; Vanhoof et al., 
2021; Vanhoof et al. 2024).

To advance XRF-based analysis in agriculture, 
projects should focus on three key areas: (i) constructing 
comprehensive spectral libraries; (ii) creating modeling 
strategies for enhanced sensor intelligence; and (iii) 
minimizing variability in in situ measurements (Ravansari 
et al., 2020). While commercial XRF devices are typically 
designed for general purposes and often have limitations 
regarding geometry and control, tailored XRF hardware 
is essential for targeted agricultural applications, such 
as robotic in situ analysis and automated laboratory 
environments. An optimized hardware design is critical 
for ensuring accurate and reproducible analytical signals 
across various application contexts. 

Recently, an in-house XRF spectrometer was 
developed to evaluate in vivo plants, optimizing the 
sample chamber volume and incorporating a camera 
and laser for precise alignment during setup analysis 
(Santos et al., 2024). The Laboratório de Instrumentação 
Nuclear at the Centro de Energia Nuclear na Agricultura 
da Universidade de São Paulo has been a pioneer 
in adapting XRF configurations for agricultural 
applications.

This short communication presents a practical 
solution: a low-cost XRF spectrometer detailing its 
assembly, costs, radiological protection, and performance 
in comparison to commercial devices. By demonstrating 
that a customized XRF system can be constructed 
using readily available components while achieving 
comparable performance, this study underscores its 
potential to enhance accessibility and affordability in 
agricultural analysis.

Our XRF spectrometer prototype was developed 
with specific components to ensure performance and 
cost-effectiveness. It represents the first portable, in-
house XRF sensor designed for agricultural analysis; 
further details are available in Gozetto et al. (2024). The 
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prototype is equipped with a 4 W Rhodium X-ray tube 
(Amptek Inc.), specifically the Mini X2 model, which 
offers adjustable voltage (10-50 kV) and current (5-200 µA) 
to provide flexibility for optimizing conditions tailored to 
specific analytes. Lower voltages combined with higher 
currents enhance the signal-to-noise ratio (SNR) for light 
elements, while higher voltages are advantageous for 
heavy elements (Tavares et al., 2020). X-ray spectrum 
acquisition is conducted using a silicon drift detector (X-
123 model, Amptek Inc.) featuring a beryllium window 
with a thickness of 12.5 µm and an active area of 25 mm².

The X-ray tube and detector were positioned 
at a 45° angle relative to the sample holder, which 
is contained within a custom-built aluminum and 
polymer case (Figure 1A, B, and E). The equipment’s 
shielding (Figure 1D) consists of a 2 mm thick aluminum 
layer (Al-1200) combined with a 5 mm brass layer, 
effectively minimizing spectral contamination from 
stray fluorescence. The aluminum layer efficiently 
absorbs the Cu and Zn K-lines from the brass, achieving 
100 % attenuation and preventing the detection of these 
elements. Additionally, signals from the aluminum in the 
shielding are also undetected due to its low fluorescence 
yield (3.8 %), the high absorption of Al K-lines by air, and 

the absorption effects of the detector’s beryllium window. 
This configuration ensures the effective attenuation 
of Cu and Zn lines, thereby enhancing the accuracy of 
the collected data. The total weight of the equipment is 
11.7 kg, with a detailed breakdown of component costs 
outlined in Tabl e 1. 

The equipment is also equipped with a vacuum 
chamber (Figure 1C), which connects the X-ray tube, 
detector, and sample holder. This setup facilitates the 
use of a vacuum pump to remove atmospheric gases, 
thereby enhancing XRF emissions, especially for lighter 
elements, such as silicon (Si), aluminum (Al), and sulfur 
(S). Additionally, two filters [molybdenum (Mo) and silver 
(Ag) 25.4 μm thick] are positioned between the sample 
and the detector. They can be manually switched to 
improve SNR and reduce detector dead time.

The total cost of the prototype was US$30,147, 
representing a reduction of at least 30 % compared 
to commercial models, which typically range from 
US$43,000 to US$68,229 (prices based on direct imports, 
excluding taxes and duties) (Table 1). All costs were 
quoted in July 2024 and encompassed four major brands 
currently offering portable XRF devices in the Brazilian 
market.

Figure 1 – Details of the dimensions of the prototype (A), its components (B, C, D, and E), geometry (C), indicator lights (F), and position of 
the radiation isolation tests (G).



3

Tavares et al. Low-cost XRF for agricultural analysis

Sci. Agric. v.82, e20240311, 2025

Radiological safety features are a critical component 
of the system design, ensuring the safe operation of 
the X-ray tube. To prevent activation when the cover 
shield is not securely in place, the system incorporates 
both magnetic and mechanical safety locks that are 
electrically connected to the X-ray tube system. The 
magnetic lock is located at the sample holder lid, while 
the mechanical lock is situated internally at the covering 
handle. The X-ray tube can only be activated when both 
radiological protection systems are securely engaged. 
Additionally, three LED indicators are positioned on the 
front of the equipment (Figure 1F). A red light indicates 
that the system is powered on, a green light confirms 
that the cover shield is closed correctly, and an orange 
light shows that the X-ray tube is active.

Following the assembly of the prototype, external 
radiation levels were measured using a Geiger-Müller 
monitor (model 26-1, Ludlum Measurements Inc.) to 
ensure proper radiation isolation. The radiation dose 
(µSv h–1) was recorded at 2 cm from all lateral and 
superior sides of the equipment, as illustrated in Figure 
1G, when the X-ray tube was operating at its maximum 
voltage of 50 kV. The measured dose range on both the 
superior and lateral faces (0.176 to 0.231 µSv h–1) falls 
below the Brazilian regulatory control threshold, as 
these levels are under 1 µSv h–1 at 10 cm (CNEN, 2024). 
Additional information can be found in the guidelines 
established by the International Atomic Energy Agency, 
including General Safety Requirements Part 3.

The sensor prototype's operation is designed to be 
both efficient and user-friendly, featuring a compact and 
lightweight design that enables easy transport for on-site 
analysis. In addition to its laboratory applications, the 
equipment can be adapted for field use, powered by a 
12-volt direct current supply linked to a power inverter 
(model EN900, Energizer), which provides 115-volt 
alternating current at 60 Hz. 

For data acquisition, the sample is placed on 
the sample holder. Once the lid is securely closed, the 
XRF prototype is prepared to initiate measurements, 
as indicated by the illumination of a green LED. The 
Mini X2 controller software (Amptek Inc.) is employed 
to adjust the X-ray tube voltage and current for analyses. 

Suppose the lid is opened during sample irradiation. In 
that case, the X-ray tube will automatically shut down 
to ensure safety. XRF spectra are recorded across 2,048 
channels utilizing proprietary software provided by 
the detector manufacturer (Amptek Inc.). Following 
the measurements, a “.mca” file is generated, which 
contains the spectral data along with instrumental 
conditions such as real and live analysis time, gain, and 
information about the X-ray tube.

Univariate XRF data treatment is typically 
employed to assess the signal-to-noise ratio (SNR) of 
specific lines or to examine the correlation between 
analyte concentration and its net XRF intensity using 
simple linear regression. Free software options such as 
PyMCA (Solé et al., 2007) facilitate both interactive and 
batch processing analysis of XRF data.

A comparative analysis involving commercial 
equipment was conducted as a case study to assess soil 
fertility. For this purpose, 198 soil samples from Brazilian 
Oxisol/Ferralsol were air-dried, sieved at 2 mm, and 
analyzed to determine various soil fertility attributes, 
including clay content, sand content, soil organic 
carbon (SOC), pH, base saturation, cation exchange 
capacity (CEC), and exchangeable nutrients, following 
the methodology outlined by van Raij et al. (2001). Each 
sample was evaluated using both a prototype device 
and a commercial Tracer III-SD XRF model (Bruker 
AXS). The soil samples were placed in polyethylene 
cups, which were sealed at the base with a 5-μm thick 
polypropylene film (model 3520, SPEX). Both devices 
operated under identical conditions: a voltage of 35 kV, 
a current of 7 μA for 30 s, at atmospheric pressure and 
without filters. Duplicate readings were averaged for 
analysis.

In this study, the contents of the attributes were 
utilized as reference data (Y-variables), while the full XRF 
spectra served as predictors (X-variables) for modeling 
purposes. Predictive models were developed using 
partial least squares regression after the dataset was 
divided into a calibration set (n = 138) and a validation 
set (n = 60) to ensure comparability. The effectiveness 
of the models was assessed through the coefficient of 
determination (R²), root-mean-square error (RMSE), and 
the ratio of performance to interquartile distance (RPIQ) 
(Bellon-Maurel et al., 2010). The RPIQ was interpreted 
using categories proposed by Greenberg et al. (2023): 
excellent predictive performance (RPIQ > 2.7), 
reasonable performance (2.7 > RPIQ > 1.8), and 
inadequate performance (RPIQ < 1.8). Data analysis 
was conducted using R Programming Environment 
(R Core Team, version 4.1.2), following procedures 
described by Wadoux et al. (2021).

A qualitative assessment of XRF spectra revealed 
that both the Bruker device and the prototype exhibited 
similar characteristics, featuring pronounced lines 
such as Al-Kα, Si-Kα, K-Kα, Ca-Kα, Ti-Kα, and Fe-Kα, 
in addition to Rh scattering peaks (Figure 2). However, 
the prototype demonstrated a lower overall spectral 

Table 1 – Main components, specifications, and costs of the 
XRF spectrometer prototype.

Components Specification Costs (US$)

X-ray tube
Model Mini X2 from Amptek, 50 

kV maximum voltage. Including Ag 
(25.4 µm) and Mo (25.4 µm) filters

10,655.00

Detector Silicon Drift Detector 1-2-3 from 
Amptek 16,518.00

Structural material Metal alloys and polymeric 
materials 605.00

Miscellaneous Cables, fan, connectors, assembly 
tools 136.00

Labor for assembly - 2,233.00
Total 30,147.00
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intensity, with some emission lines (e.g., Al-Kα, Ca-
Kα, and Rh-Kα Thomson) displaying a reduced SNR 
compared to the Bruker device. Despite this, both 
devices achieved robust correlations (r = 0.75-0.97) for 
the primary emission lines, with Rh-Lα Thomson being 
the only exception, exhibiting a correlation of r = 0.18.

The predictive performances for both XRF 
devices, evaluated through the RPIQ, are presented 

in relation to soil fertility attributes, particularly 
exchangeable (ex-) soil nutrients (Table 2). Both 
spectrometers exhibited excellent capabilities in 
predicting SOC, CEC, and clay content (RPIQ > 2.7). 
Their performance for ex-Ca, ex-Mg, and sand 
was considered reasonable (RPIQ 1.8-2.7), while 
predictions for ex-K and ex-P were less accurate 
(RPIQ < 1.8).

Table 2 – Prediction results of Bruker and prototype models obtained on the validation set (n = 60). Relative differences (RD), based on 
the root-mean-square error (RMSE) values, between the Bruker and prototype models are also presented.

SOC ex-Ca ex-Mg ex-K ex-P CEC Clay Sand
R²

Bruker 0.66 0.65 0.58 0.16 0.08 0.73 0.75 0.77
Prototype 0.62 0.49 0.50 0.18 0.13 0.61 0.69 0.69

RMSE
Bruker 1.27 4.45 1.64 1.39 7.79 5.32 22 23
Prototype 1.35 5.33 1.82 1.39 7.50 6.29 24 26

RPIQ
Bruker 3.2 2.5 2.0 1.4 1.4 3.1 3.1 2.5
Prototype 3.0 2.1 1.8 1.4 1.5 2.7 2.9 2.3

RD (%)
6 20 11 0 4 18 9 13

SOC = soil organic carbon; ex- = exchangeable; CEC = cation exchange capacity; R² = coefficient of determination; RPIQ = ratio of performance to 
interquartile distance. 

Figure 2 – Qualitative evaluation performed on a single sample scanned in quintuplicate. The average spectra obtained from the prototype 
(in orange) and the Bruker sensor (in blue) are displayed at the top, showcasing the channels (C) from 1 to 2,048 on the X-axis. Below 
the graphs, boxplots illustrate the net intensities and the signal-to-noise ratio (SNR) for eight selected emission lines, accompanied by the 
Pearson correlation coefficient (r) for the peaks detected by each sensor. Additionally, the coefficient of variation (%) for the replicates is 
presented adjacent to each boxplot. The Kα lines of Al, Si, K, Ca, Ti, and Fe, are labeled as a, b, d, e, f, and g, respectively; the Thomson 
scattering Rh-Lα and Rh-Kα are indicated as c and i, and the Compton scattering Rh-Kα are indicated as h. cps = photon counts per 
second.
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The RPIQs were comparable for both devices 
across the various models. Notably, the ex-Ca and CEC 
models displayed the most significant performance 
relative differences (RDs) of 20% and 18 %, respectively. 
This disparity can be attributed to their dependence on 
the Ca-Kα emission line, which exhibited low SNR (< 10) 
in both devices – a value that is considered inadequate 
for quantitative models (Danzer and Currie, 1998). This 
reduced SNR likely contributes to the variability in 
performance in these attributes.

While RPIQ results were comparable; the 
prototype exhibited slightly lower R² values and higher 
RMSE values. This indicated greater variability in 
spectral readings, which is likely due to a lower SNR. 
Future designs could enhance the SNR by reducing the 
distance between the sample and the detector and by 
utilizing detectors with higher count rate capabilities.

This study presents the development of an 
affordable, in-house XRF spectrometer that offers 
performance comparable to commercial models, 
positioning it as a rapid and environmentally friendly 
tool for agricultural analysis. Its lower cost significantly 
enhances accessibility for research institutions and 
private companies, allowing them to engage in financially 
viable projects. Given the high costs and limited flexibility 
of commercial XRF devices for agricultural purposes, 
this study underscores the viability of customized, cost-
effective solutions that maintain analytical accuracy.

Key applications of this technology encompass 
analyses in hybrid laboratory setups, which streamline 
analysis time and minimize reagent consumption, as well 
as on-field analyses, whether integrated or not, such as 
those found in mobile laboratories, within agricultural 
machinery. Both approaches facilitate improved spatial 
and temporal density of monitoring, a crucial element in 
enhancing soil and crop digital mappings in fields such 
as precision agriculture and pedometrics (Corrêdo et 
al., 2021; Mouazen and Kuang, 2016; Paiva et al., 2022; 
Tavares et al., 2021).
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