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Human exposure to lead (Pb) is a global health concern, yet existing technologies for detecting lead in
our environment remain prohibitively expensive for widespread deployment. Here we present a new
theoretical concept towards lead screening using X-ray fluorescence (XRF) in an unconventional
geometry we coin transmission XRF in which the sample is placed between the source and detector.
For cost reduction, we then show that >*'Am found in ionizing smoke detectors is spectrally suitable for
Pb L-shell XRF generation and can thus replace X-ray tubes used in conventional XRF devices.
Exploring soil screening as the first application, we demonstrate with Monte Carlo simulations that a
configuration with 7 x 2*'Am sources and a standard silicon drift detector could enable screening-
relevant detection limits (100 ppm Pb) in soil within practical measurement times (<30 min). We believe
this concept opens a route toward low-cost and scalable XRF instrumentation for democratizing lead

screening across a wide range of samples.

Lead (Pb) poisoning is a silent epidemic with a staggering global disease
burden; no safe level of exposure is known'”. An estimated one third of
children globally have blood lead levels above the 5 ug/dL threshold of
concern, with well-established, life-long health consequences3 . While lead
exists naturally deep within the earth, safely stored from life on the surface,
human mining and industrial activities release it into the biosphere’.
Human exposure pathways include consumer products (e.g., paint’, spices’,
cosmetics’, cookware®) as well as contaminated dust, air, water, and soil’ ™.
An estimated 100 million people face lead exposure through contaminated
soil at industrial sites alone, with informal used lead-acid battery (ULAB)
recycling sites in low- and middle-income countries (LMICs) being major
contributors'*", Even in residential areas far from industrial sites, recent
estimates state that one in four U.S. households reside in areas where lead
levels in soil exceed the 200 ppm threshold guidelines'*"”. Protecting people
requires identifying and eliminating environmental lead sources, yet large-
scale screening is challenging with existing detection technologies.

Two technologies are commonly used today to detect lead in
various samples: laboratory-based spectrometry (e.g., ICP-MS or ICP-
OES) and X-ray fluorescence (XRF). Laboratory spectrometry offers
exceptional sensitivity (~1 ppb for ICP-MS") but relies on off-site
analysis and is expensive to scale (>$30 per sample"). XRF devices
enable rapid quantification of lead in various samples with great sen-
sitivity (~10 ppm™) and portable variants exist that are suitable for field
usage”’. However, portable XRF devices are expensive (typically >
$10,000), and while some governments and institutions can mobilize

funds for such equipment, broader deployment would be enabled by
lower cost instrumentation.

Motivated by this challenge, we present a concept towards low-cost and
scalable XRF instrumentation by exploiting the most accessible source of
X-rays available today: ** Am from ionizing smoke detectors. Surprisingly,
we find that its emission spectrum is suitable for Pb detection. To leverage
this weak source of X-rays, we introduce an unconventional measurement
geometry that we coin transmission XRF. As the first application, we focus
on soil screening given the established screening guidelines and global
concern'’. Through simulations, we show that the transmission XRF con-
cept with ' Am could enable detection of lead in soil at threshold levels
(~100 ppm) within practical measurement times (tens of minutes). We
release this concept as a part of OpenXRF (www.openxrf.org) — our initiative
towards open-source and democratized XRF instrumentation for detecting
heavy-element contamination in our environment. By sharing this theo-
retical concept and our simulated data interactively (cf. “Data Availability"
section), we hope to inspire independent community efforts towards
experimental realization.

Results

Transmission XRF with **'Am

We begin by examining conventional handheld XRF devices operating in a
backscatter geometry (Fig. 1a). Here, an X-ray tube (typically a few watts,
40 kV, with a Rh/Ag/W anode) is used for excitation, and the emitted X-ray
fluorescence is measured with a spectroscopic detector (typically a silicon
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Fig. 1 | Transmission XRF concept. a Conventional backscatter geometry in a
portable device including an X-ray tube, filter, and detector. b Our proposed
transmission geometry with the sample sandwiched between the **' Am source and
the detector. ¢ Experimentally measured **' Am emission spectrum showing Np, Au,
and Ag peaks (blue) as well as Pb L-shell data overlaid (red). Note that the **'Am
sample in smoke detectors contains both Au and Ag from the manufacturing

process’', explaining the line emissions. Np L-shell lines arise from XRF excitation of
*’Np (decay product of **' Am) by the **' Am gamma emissions (mainly 59.5 and
26.3keV). d Simulated 10-h **' Am exposure on a soil sample, comparing backscatter
and transmission geometries for 100 ppm Pb in the soil, demonstrating superior Pb
detection statistics for the transmission geometry.

drift detector, SDD). The emission spectrum is then filtered (typically with a
thin layer of Al/Cu) to ensure that scattered radiation reaching the detector
has minimal spectral overlap with the XRF of the element of interest (in our
case, Pb)*.

As we wanted to design a new concept toward low-cost XRF mea-
surements (Fig. 1b), we decided to investigate *' Am found in ionizing
smoke detectors as a potential alternative to conventional X-ray tubes, given
their wide accessibility and low cost. Historically, radioisotopes have been
used for XRF spectroscopy”’, but the approach has been phased out in favor
of X-ray tubes as the latter can be electronically controlled and avoid the
concerns of handling radioactive samples. We measured the X-ray spectrum
of *'Am obtained from smoke detectors (see Methods) and found, sur-
prisingly, that the emission spectrum is highly suitable for exciting the
L-shell of Pb, with the resulting L-shell XRF emission lines appearing in the
gaps of the **' Am spectrum (Fig. 1c).

The primary challenge of using **Am from smoke detectors is the
extremely low fluence (Fig. 1c shows ~10° photons/s/sr for a standard
~37 kBq source™, which is over 10° x weaker than the X-ray tubes used in
conventional XRF devices). While this low activity ensures safe handling

(see Supplementary Section S1) along with the **'Am half-life of over 400
years for long-term stability, it negatively impacts required measurement
times. To maximize the utility of >*' Am in this application, we redesigned the
conventional measurement setup into our proposed transmission XRF
geometry (Fig. 1b). Interestingly, in this unconventional configuration, we
realized that the sample itself acts as a background filter (cf. Fig. 2a). This is
particularly advantageous for our weak **' Am source, with which we cannot
afford to use traditional filters, and is relevant for determining the optimal
sample thickness as discussed in the next section.

How does the transmission XRF geometry compare quantitatively to
the conventional backscatter approach? To explore this, we simulated a
comparison (Fig. 1d, see Methods for Monte Carlo simulation details). Since
the chosen distances strongly influence the results, we selected the shortest
distances we deemed practically realizable for both geometries. We then
simulated 10h of **Am exposure and analyzed the photon spectrum
detected by a hypothetical SDD placed near the sample surface. The results
show that although the transmission geometry generates much higher
background counts overall, the SNR at the Pb L-shell XRF peaks is sub-
stantially better. This is mainly attributed to the higher signal: the
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Fig. 2 | Finding the optimal soil thickness. a United States Environmental Pro-
tection Agency (EPA) guidelines for soil lead levels, updated in 2024. b Soil sample
preparation, where we identify the optimal thickness at 100 ppm Pb through a 10-h
' Am simulated exposure (cf. Fig. 1d). ¢ Simulated 10-hour spectra for 1.5, 2.5, and
3.5 mm soil thickness showing Pb La and L peaks (red) and background (blue).
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d Integrated XRF signal (red) and background counts (blue) as a function of soil
thickness, showing that the sample acts as a background filter. e Signal-to-noise ratio
(SNR) as a function of soil thickness for 100 ppm Pb. Results for lower (10 ppm) and
higher (1000 ppm) concentrations can be found in Supplementary Fig. S1.

transmission geometry allows optimal placement of the *'Am source
relative to both the sample and detector, enabling a much higher fraction of
the Pb XRF signal to reach the detector.

Finding the optimal soil thickness

With our proposed transmission geometry, we asked ourselves how one
should choose the soil sample thickness. Intuitively, we expected there to be
an optimal value, given that a sample that is too thick will result in both the
excitation spectrum and the XRF emission being attenuated in the soil
before reaching the detector, and a sample that is too thin would just contain
little amounts of Pb, generating minimal signal.

As the optimal thickness will depend on the Pb concentration (influ-
encing the soil X-ray attenuation), we decided to focus on the stricter
screening level guideline of 100 ppm (Fig. 2a)””. We modeled the soil
according to a NIST composition with density of 1.5 g/cm’ (cf. Supple-
mentary Section S2 and Table S1). We then envisioned the soil sample being
prepared in a thin plastic bag with negligible X-ray absorption (the plastic
was included in all further simulations) and performed another 10-h long
exposure with varying sample thicknesses (Fig. 2b) with the same geometry
shown in Fig. 1d. We then analyzed the Pb L-shell lines in the X-ray spectra
recorded at the simulated detector (Fig. 2c) and extracted the XRF signal and
background counts in these regions.

We found that while the XRF signal peaks at a sub-mm soil sample
thickness, with increasing thickness the sample itself filters the background
faster than the XRF signal (Fig. 2d), resulting in an optimum SNR for
2-2.5 mm of soil sample thickness for our target of 100 ppm Pb (Fig. 2e).
This is a positive finding from an experimental perspective, as it is very
practical to prepare a plastic bag with a few millimeters of soil. As we will
show in the next section, optimizing the sample thickness for the highest
SNR possible is important from the perspective of reducing the required
measurement time for reliable detection. Lastly, we note that the optimal
thickness is thicker for lower target concentrations, and thinner for higher
target concentrations (Supplementary Fig. S1).

Measurement time for soil screening

Having established the optimal soil thickness, we next wanted to explore an
optimized setup to achieve practical measurement times for screening
applications (targeting a ~100 ppm Pb limit of detection). The low fluence
from a single **'Am source naturally led us to consider using multiple
sources. We designed a hypothetical setup with seven ** Am sources from
smoke detectors arranged around a silicon drift detector with 50 mm? active
area (Fig. 3a). Since the ** Am component in smoke detectors is typically
smaller than 5mm in diameter, this proposed arrangement should be
practical to prototype.

We then simulated soil samples with Pb concentrations ranging from
10 to 1000 ppm over extended exposure times. Representative spectra
acquired at 10, 30, and 60 min (Fig. 3b) demonstrate how the Pb La and L
peaks emerge from background as measurement time increases. We
quantified the signal-to-noise ratio of the Pb XRF signal by combining both
Lar and L peaks and plotting SNR against measurement time for all con-
centrations (Fig. 3c). These SNR curves follow the expected square root
relationship with time, characteristic of photon counting statistics (Sup-
plementary Section S3).

To determine the the limit of detection (LOD), we decided to use the
conventional 3¢ criterion”, equivalent to an SNR>3 requirement for con-
sidering a signal reliably detectable (Fig. 3d). With this criterion, we
extracted the LOD as a function of measurement time (Fig. 3e) from our
SNR data (Fig. 3¢). For a single **' Am source, detecting 100 ppm Pb would
require 82 + 29 min, while detecting 200 ppm requires 29 + 11 min. When
using the seven-source configuration (Fig. 3a), the required measurement
times decrease substantially to 18 + 6 min for 100 ppm and 7 + 3 min for
200 ppm. We note that the large uncertainties for the low concentrations are
due to the extremely low detected photon counts, with the SNR mainly
determined by Poisson-noise in the signal and background. Taken together,
this demonstrates that our proposed transmission XRF concept with
multiple **' Am sources is a promising path towards detecting lead at rele-
vant soil screening levels within practical measurement times (<30 min).
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Fig. 3 | Measurement time for soil screening. a Optimized arrangement with

7 x**' Am sources and a 50 mm” silicon drift detector. b Simulated detector spectra at
example timepoints and Pb concentrations. ¢ Signal-to-noise ratio (SNR) versus
measurement time for the L-shell Pb XRF with the expected v/ dependence.

d Detection criterion schematic. e Limit of detection versus measurement time for

Measurement time (min)

1 x and 7 x *' Am configurations. Data points (black circles) correspond to the
measurement time resulting in SNR = 3 for each Pb concentration in (c). Error bars
correspond to uncertainties in the measurement time calculated according to Sup-
plementary Section S4. For derivations of the fit equations in ¢ and e, see Supple-
mentary Section S3.

Requirements on the detector

Having demonstrated that our proposed transmission XRF concept is a
promising approach for replacing the expensive and technologically com-
plex X-ray tube with accessible *' Am sources, we now turn our attention to
the detector component. Modern silicon drift detectors are commonly used
in XRF devices for their excellent spectroscopic performance, but these are
very expensive (>$5000). Given our goal of creating a low-cost device, we
investigated the requirements of the detector and how its specifications
influence measurement time to identify opportunities for cost reduction.
We systematically varied three key detector parameters: detection efficiency,
energy resolution, and active area.

For the baseline comparison, we used the 7 x **Am configuration
with a large-area SDD (Fig. 4a, same as in Fig. 3), resulting in the baseline
measurement times to reach the 100 and 200 ppm Pb screening target
levels shown in Fig. 3e. We then independently varied each detector
parameter while holding the others at baseline values (Fig. 4b). We found
that the superb detection efficiency of SDDs at the ~10 keV range rele-
vant for Pb XRF detection is not a strict requirement for cost reduction,
and that a moderately degraded energy resolution can also be acceptable.
However, detector area remains important as it directly relates to the
fraction of isotropically emitted XRF signal detected from the soil sample.
Reducing the detector area is therefore not a favorable cost-reduction
strategy.

Although the trade-off between detector specifications and manu-
facturing cost is complex, the results in Fig. 4b establish a design space for
guiding future development of our proposed device based on the trans-
mission XRF concept (Fig. 1b) according to specific budget and measure-
ment time requirements.

Discussion

Community-level screening of heavy-element contamination in our
environment requires scalable low-cost detection technologies, which cur-
rently do not exist. While laboratory-based spectrometry and current XRF
devices can detect lead effectively, both face technological barriers to
widespread deployment. This is particularly true in LMICs where con-
tamination burden is highest yet resources are most limited. For widespread
adoption by government agencies, non-governmental organizations, and
communities in both high- and low-resource settings, instrumentation must
be scalable and simple to maintain. Our proposed transmission XRF con-
cept addresses these challenges by showing that expensive and technolo-
gically complex X-ray tubes (>$5000) can be replaced with **' Am sources
from ionizing smoke detectors (~$10), despite the latter being over
10° x weaker. This is especially promising for screening applications aiming
to flag samples above regulatory limits (e.g, >90 ppm for paint™ or
>100 ppm for soil'”) where quantification at the few-ppm-level provided by
conventional handheld XRF devices is not necessary. We believe this opens a
route towards democratizing instrumentation for environmental lead
screening.

The concept we present here is based on experimental measure-
ments of the smoke detector **Am spectrum as well as Monte Carlo
simulations that accurately capture the physics of XRF signal generation
in soil. However, some limitations are worth mentioning. Our detector
modeling does not account for Compton scattering within the detector
volume, though this effect is minimal at the relevant energies (~10-keV-
range). Similarly, our idealized model does not explicitly account for
effects such as escape peaks or incomplete charge collection. We made
this choice deliberately to allow anyone to use our openly shared ideal
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resolution (150-500 eV), and active area (12.5-50 mm?®). Data points (circles) cor-
respond to the measurement time resulting in SNR = 3 (similar to Fig. 3e). Error bars
correspond to measurement time uncertainties as in Fig. 3e (cf. Supplementary
Section S4).

detector recordings (cf. “Data Availability”) to model their own detector
response function to assess the influence of such effects. Further, we only
investigated a single soil composition with a fixed density of p = 1.5g/
cm’, based on a well-characterized residential soil reference from NIST
(Supplementary Section S2). Different soil compositions, particularly
variations in matrix elements and density, influence the X-ray attenua-
tion and thus the optimal thickness and measurement times required to
reach desired detection limits. Examining the sensitivity of our predic-
tions (e.g., the limit of detection in Fig. 3) to variations in soil compo-
sition, moisture content, and sample packaging will be important during
future experimental validation.

As our next step, we plan to prototype a device based on this
transmission XRF concept and share the designs openly through the
OpenXRF initiative (www.openxrf.org), with the goal of inspiring the
next generation of low-cost, open-source instrumentation for environ-
mental heavy-element detection. Here, we anticipate several challenges to
be addressed: shielding design for operator safety, figuring out a suitable
calibration procedure, and examining variation in **Am activity across
ionizing smoke detectors. Extracting **' Am from smoke detectors could
also be subject to local radiation safety regulations and must be carefully
considered for any real-world implementation. To further complicate
things, ionizing smoke detectors have been phased out in some regions,
which could affect accessibility of ** Am samples in the future. While we
have focused on soil screening, given the well-established guidelines and
comparatively high screening threshold values, the transmission XRF
concept can be extended to samples such as spices, plastics, and other
household items*"”’, with the primary difference being optimization of
sample thickness based on the specific elemental composition and den-
sity of the matrix.

Methods

2Am spectrum measurement

We extracted **' Am samples from two different brands of ionizing smoke
detectors and measured their X-ray emission spectra using a silicon drift
detector (50 mm?® active area, SiriusSD, RaySpec) positioned 20 mm from
the ' Am samples. Both samples exhibited spectra in agreement with each
other. We reconstructed the emission spectrum by normalizing the mea-
sured spectrum with the detection solid angle and the detection efficiency of
the SDD, yielding a total fluence of 9.95 x 10° photons/s/sr (Fig. 1c).
Although we did not determine the exact **' Am activity, these are standard
across ionizing smoke detectors around 37 kBq (or 1 pCi). The fluence per
solid angle and the spectral probability distribution were then used for the
Monte Carlo simulations with Geant4.

Monte Carlo simulations

We based our results (cf. Figs. 1-4) on Monte Carlo simulations; the most
accurate method to simulate X-ray interaction with matter. Below we out-
line some details on the simulations, supplemented by code available on the
OpenXRF GitHub Repository.

Geant4 framework and physics. We performed all Monte Carlo
simulations using Geant4 (version 10.7)**”. The core implementation
consists of three main user-defined classes: construction, generator, and
detector, supplemented by necessary Geant4 base classes including
G4VUserActionlnitialization, G4VModularPhysicsList, and G4UserRu-
nAction. We used Messenger classes to enable runtime adjustment of
parameters through macro (.mac) files, allowing parameter variation
(e.g., geometry, soil sample lead concentration) without requiring
recompilation.

For the physics model, we used the Livermore physics list via the
G4EmLivermorePhysics constructor, which provides accurate modeling of
low-energy photon interactions including photoelectric effect, Compton
scattering, and Rayleigh scattering in the ~10-20 keV energy range relevant
for our Pb L-shell XRF simulations.

Source configuration. We configured **' Am as a particle source using
the G4GeneralParticleSource module within the generator class. We input
the experimentally measured *'Am emission spectrum with corre-
sponding fluence (Fig. 1¢) into the simulation. To account for the housing
around the >’ Am found in smoke detectors, which acts as a collimator,
we set the emission cone to a half-angle of 45°, corresponding to an
emission solid angle of 1.84 sr. We simulated different measurement
durations by scaling the number of generated photons proportionally to
the desired exposure time (e.g., 10h in Figs. 1, 2, and up to 120 min
in Fig. 3).

Measurement geometry. We defined the geometries with the con-
struction class derived from the G4V UserDetectorConstruction module.
For all simulations, we positioned the **' Am source 2 mm from the soil
sample surface and the detector 3 mm from the sample surface (cf.
Figs. 1d, 3a). We chose these distances as short as possible to maximize
XRF signal generation and collection, yet still experimentally realistic. For
the multi-source configuration in Fig. 3a, we arranged seven identical
! Am sources in a hexagonal pattern (source to source distance of 5 mm)
while maintaining the same vertical distances.

For the backscatter geometry comparison (Fig. 1d), we used a thick soil
layer (25 mm) representing a realistic field measurement scenario where the
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sample is effectively semi-infinite. Although the **Am X-rays penetrate
only the topmost few millimeters, a thicker sample always increases the
detected backscattered signal, but with diminishing returns. This way, the
thick sample represents an upper bound of the backscatter geometry.

Soil sample modeling. We modeled the soil composition according to
NIST Standard Reference Material 2587 (details provided in Supple-
mentary Section S2), with all original lead content removed to create a
baseline. We then added custom lead concentrations ranging from 10 to
1000 ppm by proportionally scaling all other elemental components to
maintain a constant density of 1.5g/cm’. All elemental components
(including lead) were modeled as uniformly distributed in the soil
volume. We then modeled a thin plastic bag containing the soil sample as
a polyethylene bag (40 um thickness on top and bottom surfaces, cf.
Fig. 2a). Note that this plastic layer is included in all simulations, even
when not seen in the schematics (e.g., Figs. 1d, 3a). We varied the soil
sample thickness from 0.1 to 4.9 mm in 0.2 mm increments for identi-
fying the optimal thickness (Fig. 2).

Detector modeling. We modeled the detector as a circular active area
positioned perpendicular to the source-detector axis. Rather than
simulating the complete detector physics, we recorded all photon inter-
actions within the detector volume, storing the complete kinetic energy,
spatial coordinates, and event number for each detected photon. This
approach allowed us to apply detector characteristics during post-
processing rather than during the computationally intensive Monte
Carlo simulation phase. We output these data to .csv files for analysis,
with each recorded photon stored in its own row.

Data processing and detector simulation. We processed the raw
simulation output (.csv files) to emulate realistic silicon drift detector
characteristics. First, we applied Gaussian convolution to the exact
photon energy using a kernel with standard deviation o = AE/2.355,
where AE represents the full width at half maximum (FWHM) energy
resolution. We then binned the convolved spectrum into 30 eV energy
channels to create the final detected spectrum.

For the detector specification experiment (Fig. 4), we tuned the data
processing parameters accordingly. To simulate reduced detection effi-
ciency, we randomly discarded the corresponding fraction of photon events
from the .csv files before adding the energy resolution to ensure correct
Poisson counting statistics. To vary the active detector area, we applied
spatial filtering based on the recorded photon coordinates. We acknowledge
that this idealized detector model does not account for effects such as
incomplete charge collection, escape peaks, or complex background con-
tributions from detector materials, which may influence real experimental
performance.

Signal extraction and analysis. We extracted the Pb L-shell XRF signals
by integrating photon counts within energy windows centered on the Pb
La and LS peak positions. For each peak, we defined the integration
window as twice the detector energy resolution (ie., 300eV for
AE =150 eV) as shown in Fig. 1d. We separated the XRF signal from
background by tracking each photon origin in the simulation output
through dedicated flags that distinguished primary transmitted photons
from secondary fluorescence emissions. We combined the La and LS
signals to calculate the SNR and LOD values as described in Supple-
mentary Section S3.

Data availability
The simulated data underlying this work can be found on the OpenXRF
github repository and archived at Zenodo™.

Code availability

Code for interactive visualization of the data in this work can be found on
the OpenXRF github repository and archived at Zenodo™.
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