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Abstract

To quickly identify maritime sites polluted by heavy metal contaminants,

reductions in the size of instrumentation have made it possible to bring an X-

ray fluorescence (XRF) analyzer into the field and in direct contact with vari-

ous samples. The choice of source-sample-detector geometry plays an impor-

tant role in minimizing the Compton scattering noise and achieving a better

signal-to-noise ratio (SNR) in XRF measurement conditions, especially for

analysis of wet sediments. This paper presents the influence of geometrical fac-

tors on a prototype, designed for in situ XRF analysis of mercury (Hg) in wet

sediments using a 57Co excitation source and an X-ray spectrometer. The

unique XRF penetrometer prototype has been constructed and tested for mari-

time wet sediment. The influence on detection efficiency and SNR of various

geometrical arrangements have been investigated using the combination of

Monte Carlo simulations and laboratory experiments. Instrument calibration

was performed for Hg analysis by means of prepared wet sediments with the

XRF prototype. The presented results show that it is possible to detect Hg by

K-shell emission, thus enabling XRF analysis for underwater sediments. Con-

sequently, the XRF prototype has the potential to be applied as an environ-

mental screening tool for analysis of polluted sediments with relatively high

concentrations (e.g., >2880 ppm for Hg), which would benefit in situ monitor-

ing of maritime pollution caused by heavy metals.
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1 | INTRODUCTION

The pulp and paper industry has played an important
economic role in Sweden and does so still today.

However, this industry placed a heavy burden on the
environment before environmental regulation was estab-
lished in the year of 1969. Large amounts of contami-
nated cellulose and untreated process wastewater from
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the pulp and paper industry were emitted directly into
the water along the Swedish coastline of the Baltic sea.1

Fiberbanks are massive deposits of cellulose fibers and/or
wooden residues with high bulk concentrations of water
and organic matter. Earlier surveys have identified
384 known areas with potential fiber waste-generating
activities in Sweden. The inventories revealed that
28 sites, estimated to cover an approximate total area of
over 29 km2, are covered by contaminated fiber sedi-
ments.2 The fiber-impacted sediments are found to con-
tain elevated levels of mercury (Hg), which was
historically used as a slimicide in the pulp bleaching pro-
cess.3 Hg in the environment has become a great concern
because it can be transported into the atmosphere, depos-
ited in and flow through the air–sea interface, accumu-
late in ecosystems (for example, in fish), and accumulate
in sediments, eventually affect human health.4 Thus, the
total concentration of Hg in environmental materials
should be monitored and controlled.

In general, the concentration of Hg in environmental
samples is rather low except in exposed and industrial
areas, so accurate analysis is still a major problem. For
the determination of low-level Hg concentrations at sub-
ppm level, a number of laboratory analytical methods are
available for investigation or control of cleaning opera-
tions such as cold vapor atomic absorption spectrometry
(CV-AAS),5,6 inductively coupled plasma mass spectrom-
etry (ICP-MS),7 and neutron activation analysis (NAA).8

Among the various analytical techniques, energy-
dispersive X-ray fluorescence (XRF) has gained wide-
spread acceptance as a fast analytical approach for field
application. It has been reported as practical and eco-
nomical when screening for the high concentration of
metals during a remedial investigation, especially benefi-
cial for large polluted areas and volumes in the analysis
of environmental samples.9,10 Sample preparation in XRF
is normally simpler than for other methods since most
samples can be analyzed without special preparation.
Portable XRF analyzers in most cases are sufficiently sen-
sitive to meet site action level requirements. In general,
Hg concentrations from 100% down to few ppm are
detectable with XRF, the lower limit depending on the
particular instrument configuration. A previous study
has achieved a limit of detection (LOD) of 7.4 mg/kg Hg
in contaminated soils.11 Another XRF study has calcu-
lated the LOD 2.39 mg/kg for Hg in a quart sample.9

One of the key limitations of using XRF for wet sample
measurements is the background noise due to Compton
scattering, which degrades the signal intensity and limits
the sensitivity. XRF readings from water-saturated sam-
ples are significantly underestimated compared to the
measurements on dry samples.12 Thus, soil/sediment
samples are usually dried when moisture content is

greater than 20%.13 Previous studies have shown that the
water content in fiberbank sediments is approximately
80%–90%.14,15 Therefore, laboratory centrifugation has
been suggested to remove the supernatant fluid before
submitting it for XRF analysis.16 Partial dehydration
methods to make field decisions for XRF sediment analy-
sis have been tested in Lemiere et al.17 Hand press seems
to be an efficient technique which is simple and quick
enough to be used on dredging boats during operations
and produces sample pellets with 30%–50% water con-
tent. Unfortunately, a centrifuge or dehydration process
may be too tedious and difficult for an Hg monitoring
system for large area pollution sites. Moreover, during
the sample collection, there is a risk to spread pollutants.
The purpose of our work is to adapt an underwater envi-
ronmental monitoring system that has a rapid response
to identify Hg polluted sediment with a reasonable LOD.

In addition to Compton scattering, X-ray attenuation
should also be considered for underwater measurements.
For example, the values of the linear attenuation coeffi-
cient versus the energy for various typical components
such as air, water, wood, concrete, and copper are shown
in Table.1. Water content may be a major source of error
if the additional attenuation of the X-rays is not
accounted for in an XRF analysis. As the moisture level
increases, the apparent concentration is decreased. This
effect is severe for analytes with low-Z elements due to
the strong absorption for low-energy photons.18–20 For
Hg, the characteristic photon energies of Lα1, Lβ1, Kα2,
Kα1, Kβ1, and Kβ2, are at 9.99, 11.82, 68.90, 70.82, 80.25,
and 82.52 keV, respectively. For underwater measure-
ments, source energy capable of activating K-shell ener-
gies of Hg is necessary. The half-value thickness of water
for the K-shell photons of Hg is approximately 4 cm,
while the half-value thickness for L-shell photons is only
0.2 cm. Thus, the K-shell fluorescence analysis of Hg has

TABLE 1 Linear attenuation coefficient (in cm�1) of air, water,

wood, concrete and Cu versus energy (density values of 0.0013, 1,

0.5, 2.2, and 8.6 g/cm3 were respectively assumed)

E(keV) Air Water Wood Concrete Copper

10 0.0067 5.1 1.8 60.0 1840.0

20 0.001 0.8 0.31 8.4 288.0

30 0.00046 0.37 0.2 2.8 93.0

40 0.00033 0.27 0.15 1.4 41.0

50 0.00027 0.22 0.12 0.9 22.0

60 0.00023 0.205 0.11 0.67 13.5

80 0.00022 0.18 0.094 0.55 6.5

100 0.0002 0.17 0.085 0.5 3.9

150 0.00018 0.15 0.08 0.32 1.9
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been chosen instead of L-shell fluorescence analysis in
this study. Moreover, K-shell photons can penetrate a
thicker window in front of the spectrometer which allows
greater flexibility in the choice of water-proof housing
material.

Source-sample-detector geometry plays an important
role in XRF systems.21 Several researchers have studied
the performance of Hg determination by means of con-
ventional XRF,22 total reflection X-ray fluorescence
(TXRF)23 and secondary target XRF.24 However, in situ
analysis of sediments implies that the measurement
device needs to be inserted into the sea or lake water and
that the measurement is made in place below the surface
of sediments. The TXRF and secondary target XRF geom-
etry requires a relatively precise geometry and may not
be suitable for field measurements. In this work, five
XRF setup geometries for Hg (K-shell) analysis in envi-
ronmental samples have been studied. A prototype for
XRF analysis based on the best suitable geometry for
direct measurements was designed and built. This proto-
type can be submerged into water for in situ Hg analysis
in maritime sediment. Monte Carlo N-Particle simulation
code (MCNP) was used to model the interaction of a radi-
ation source with Hg contaminated sediments.25,26 The
results from the simulation of the geometrical influence
for underwater Hg XRF analysis are validated with exper-
imental results.

2 | MATERIAL AND METHOD

2.1 | Equipment

2.1.1 | Detectors

In this study, we used two detectors from Amptek; specif-
ically the X-123CdTe and the X-123SDD spectrometer.
The X-123CdTe has a 1-mm thick CdTe detector with a
detector area of 9 mm2. The X-123SDD has a 500-μm
thick silicon drift detector (SDD) with a detector area of
25 mm2. The X-123SDD contains an internal multilayer
collimator to improve its spectral quality. X-rays interact-
ing near the edges of the active volume of the detector
may produce small pulses due to partial charge collec-
tion. These pulses result in artifacts in the spectrum
which, for some applications, obscure the signal of inter-
est. The internal collimator restricts X-rays to the active
volume, where clean signals are produced. A multilayer
collimator is made by progressively using lower Z mate-
rials. Each layer acts as an absorber to the fluorescence
peaks of the previous layer. The final layer will be of the
lowest Z material whose fluorescence peaks are of low

enough energy to be outside the anticipated X-ray detec-
tion range.

The energy resolution is measured as the FWHM. For
the CdTe detector, the energy resolution at 70.82 keV
(Hg Kα1 ) is � 920 eV, and � 400 eV for the SDD detec-
tor. In general, SDD detectors have better energy resolu-
tion than CdTe detectors, lower background counts, and
good efficiency up to about 25 keV. For higher energy X-
rays, generally above 25 keV, CdTe is the preferred detec-
tor material. It can be operated at shorter shaping times,
with efficiency near 100% up to 50 keV and 50% at
100 keV. Its resolution is slightly worse and its back-
ground is higher.27 There will be some overlap and some
trade-offs, for example, the SDD detectors have better
spectral characteristics but lower efficiency for high-
energy photons; CdTe detectors have better detection effi-
ciency and also operate at shorter shaping times, which is
helpful at high count rates. But in general CdTe detectors
has a worse spectral resolution than SDD detectors. The
best choice of detector material depends on the details of
the application.

2.1.2 | Radiation source

Various excitation sources may be used to irradiate a
sample including continuous sources such as X-ray
generators, and discrete gamma-ray/X-ray sources. A
list of some discrete radioisotope sources suitable for
K-shell Hg excitation in XRF analysis is given in the
Appendix (Table A1). Because of size, weight, and
usability constraints, portable XRF systems commonly
use a low-power microtube that runs at a tube voltage
of up to 50 kV,15 which is not enough for Hg K-shell
excitation. A high-voltage X-ray generator requires a
bulky power supply and cooling system which makes
the size and weight unsuitable for portable applica-
tions. The most important advantages of radioisotope
X-ray fluorescence analysis appear to be the low cost of
the equipment, the small size, and the portability
which enables analyses to be removed from the labora-
tory and carried out on the plant, on the factory floor,
or in the field. The major disadvantage is that isotope
sources decay with time and require periodic replace-
ment. In this work, a 57Co source with a main emission
energy of 122 keV and an activity of 3.7 MBq was used
for sample excitation. A disadvantage is the relatively
short half-life of 272 days for a 57Co source. The 57Co
bead is fixed inside a solid plastic capsule with 25 mm
in diameter and 3 mm in thickness. The active bead is
visible, and located at the geometric center of the
source.
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2.2 | Monte Carlo simulation

To estimate the scattering background and the X-ray
attenuation of the sediment sample, we simulated the
XRF spectra of one representative sample using the
Monte Carlo N-Particle code (MCNP 6.2). To reduce the
simulation time, a parallel run was enabled by setting the
TASKS option. A point isotropic source 57Co with dis-
crete energy photons of 14.4 keV (9.16%), 122 keV
(85.6%), 136 keV (10.68%), and 692 keV (0.16%) was
defined, where the Source Information Card (SI) was
used to define three discrete source variable values and
Source Probability Card (SP) was used to define the prob-
ability for each bin. Simulation details regarding the sim-
ulation geometry, sample material definition, and
detector modeling are given below.

2.2.1 | Geometry arrangement

Upon excitation, fluorescence photons are usually emit-
ted in all directions. Theoretically, the detector can be
placed at any position in the 4π solid angle surrounding
the sample. However, the background noise including
the primary source radiation, the scattering photons, and
the artifact peaks should be considered in the XRF analy-
sis. The source–detector combination may dictate the
choice of the XRF analyzer best suited for a given appli-
cation. To minimize the background noise due to photon
scattering, a detector at 90� to the incident beam is favor-
able at synchrotron light sources.28 For isotope sources,
the radiation emits in all directions resulting in a higher
noise level from primary radiation. Source collimation
with gold and stainless steel as capsule shielding mate-
rials has been discussed in a report by IAEA.29 In order
to excite a large volume of the sediment sample, the 57Co

source was not collimated in our study. Thus, the geo-
metrical arrangement becomes more critical for isotope
sources.

To study the geometrical impact in XRF analysis for
wet samples, five source–detector geometries have been
investigated in simulation and experiment, as shown in
Figure 1. The sample was positioned at a fixed location,
and the source in relation to the detector was adjusted at
various angles in both simulation and experiment. The
scattering angle θ is defined as the angle between the ini-
tial and final directions of motion of the scattered parti-
cle. In the real case, there will be multiple scattering
angles. To simplify the problem, we named the scattering
angle referring to a centered Hg atom. For 0�, 45�, 90�,
and 135� geometries, the detector was kept at a 2-mm dis-
tance from the side-wall of the sediment sample. The
detector position at 180� was slightly different from the
other four geometries, and had to be placed 5mm from
the side-wall of the sample along x-axis due to the source
thickness in practice.

2.2.2 | Fiberbank sample modeling

Fiberbank sediments are accumulations of sediments that
consist of waste, mainly cellulose, released by the pulp
and paper industry. In this model, the fiberbank sample
was defined as a homogeneous mixture of 22.5 g water
H2Oð Þ and 2.5 g cellulose fibers C6H10O5ð Þn with 5 g of
Hg NO3ð Þ2 •H2O. The sample size is 29� 29� 29mm and
it is stored in a 1-mm thick polyethylene container. The
sample density depends on the weight of the added Hg
compound. In this simulation, the calculated density is
1.2 g/cm3. The sample materials were defined in the
material card of the input file of MCNP by mass fractions,
as shown in Table 2.

FIGURE 1 Studied geometry for aqueous XRF detection with an isotope source. An Hg atom in the body center is plotted as an

example. Five different source–detector geometries have been studied, separately. (a) MCNP simulation geometry (plotted by MCNP Visual

Editor); (b) photo of experiment a setup before the prototype was designed
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2.2.3 | Detector modeling

When modeling the detector in MCNP, it should be close
to the hardware used in reality. The model contains the
description of the internal multilayer collimators in the
Amptek SDD design as described in Section 2.1.1. A
1-mm thick CdTe detector with a detector size of
3 � 3 mm and a 500-μm thick silicon detector with a
detector size of 5 � 5 mm was simulated, separately. It
should be noted that the detectors are simplified as a
square in the simulations but kept the same detector area
and thickness as the actual Amptek spectrometers. In the
silicon detector modeling, the base metal is 100 μm of
tungsten (W), the first layer is 35 μm of chromium (Cr),
the second layer is 15 μm of titanium (Ti), and the last
layer is 75 μm of aluminum (Al). The collimator inner
radius is 2.33 mm. For the CdTe detector, there is no
additional collimator. Both detectors were located in a
1-mm thick Fe cylinder cover filled with air, its inner
diameter 7.5 mm and length 16 mm.

Gaussian Energy Broadening (GEB) is a special treat-
ment for tallies in MCNP, to better simulate a physical
radiation detector. The tallied energy is broadened by
sampling from a Gaussian distribution.30 The desired full
width at half maximum (FWHM) shows a nonlinear
response:

FWHM¼ aþb
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Eþ cE2

p
, ð1Þ

where E is the incident X-ray energy in MeV. The param-
eters a1 ¼ 0:5�10�4, b1 ¼ 3:2�10�3, and c1 ¼ 0:1 for the
GEB option have shown to yield a reasonable CdTe
detector response. The FWHM of the modeled CdTe
detector at 70.82 keV (Hg Kα1 ) becomes 904 eV. The
SDD detector has a better energy resolution than the
CdTe detector, corresponding to the parameters a2 ¼ 0,
b2 ¼ 1:5�10�3, and c2 ¼ 0:1, which results in a modeled
FWHM of 400 eV at 70.82 keV. With these modeled detec-
tors we tried to match specifications including detector

size, detector thickness and FWHM, close to the real
equipment mentioned in Section 2.1.1. Spectral output
from MCNP for the considered detector volume is
achieved using a pulse height distribution (F8 tally) pro-
viding the deposited energy distribution per incident
photon.

2.3 | Sample preparation and
instrumentation

2.3.1 | Calibration sample preparation

One fiber-rich sediment sample with no expected Hg con-
tent was collected from the Essvik Pulp Mill (1900–1967).
A long core tube was used to collect the sample. The
application of portable XRF technique in monitoring Hg
concentrations in environmental samples (0.44–0.83 mg/
kg31) has never been wide-spread as the concentration of
Hg in environmental samples is often below the detection
limit of this technique. Thus, a soluble Hg compound,
Mercury(II) nitrate mono-hydrate Hg NO3ð Þ2 •H2O
(Sigma-Aldrich), mass weight of 5, 2, 1, 0.5, 0.25, and 0 g
was added into 50 g of fresh fiberbank sediment. The
mass fraction of Hg in nitrate monohydrate is 58.55%.
Thus, a set of highly polluted samples with Hg mass frac-
tion ranging of (0.32± 0.20)%; (2.25± 0.15)% (1.15
± 0.14)% (0.58± 0.12)%, and (0.29± 0.02)% was prepared.
The sediments were mixed by a magnetic stirrer for 600 s,
then transferred onto a wide neck HDPE bottle with
screw cap.

2.3.2 | Prototype design

An XRF prototype was built for underwater Hg analysis.
The arrangement of the XRF prototype comprises the
detector and the isotope radiation source. A 57Co isotope
source was chosen to avoid additional power supply in
the field. The Amptek detector X-123 CdTe, which is

TABLE 2 The material card of the

input file of the sample for MCNP

calculations

Counting atoms

H Hg O C N

H2O 2 0 1 0 0

C6H10O5 n¼ 1ð Þ 10 0 5 6 0

Hg NO3ð Þ2 •H2O 2 1 7 0 2

Element mass fraction

H Hg O C N

Mixture sample 0.031655 0.398041 0.443734 0.071008 0.055562
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commercially available, has been used in the prototype.
The sketch of the overall XRF prototype is shown in
Figure 2. One important parameter is the choice of the
bottom window material of the tube. The bottom window
of the sealed tube is 6-mm thick poly-carbonate (PC).
The window thickness close to the X-ray detector is
thinned to 2 mm to reduce the signal attenuation. The
absorption of Hg K-shell energy is rather small for a
2 mm thick PC, the intensity of the detected Hg K-shell
photon will be reduced by only 2%–3%. Absorption in the
window material will increasingly influence measure-
ments of light elements. This design provides a spectrom-
eter that fits within a 12 cm cylindrical PVC tube. The
housing is filled in with Cu pieces, it therefore can be
submerged and sinks into the ocean floor for Hg field
screening. The watertight tube is mounted in a frame
with four threaded rods and two plates (top and bottom).

3 | RESULTS AND DISCUSSION

3.1 | Simulation results

3.1.1 | XRF spectra on model specimen

In order to better understand the Hg signal strength and
the scattering background from the specimen, the simu-
lated spectra of five detector-source geometries, posi-
tioned at 0�, 45�, 90�, 135�, and 180�, are shown in
Figure 3. The MCNP code outputs a spectrum normalized
to one photon. The normalized simulation data can be
compared to experimental data by multiplying with a
constant factor. To study relative detector efficiency of
the CdTe detector and the SDD detector, the simulation
results were not normalized. The Hg Kα2 peak at
68.9 keV and Kα1 peak at 70.8 keV were observed with
both CdTe detector and SDD detector, as expected. Beside
the Hg Kα2 peak and Kα1 peak, the Lα1 peak at 9.99 keV,
Lβ1 peak at 11.82 keV, Kβ1 peak at 80.25 keV and Kβ2
peak at 82.52 keV were observed as well. Due to the lower
energy resolution for the CdTe detector, the Kα2 peak
and Kα1 peak of Hg are partly overlapping. The CdTe
detector resolved Fe from the cover material, source
peaks and several escape peaks. These escape peaks are
the difference in energy between detector fluorescence
photons and the incident photon as shown in Table B1.
These escape peaks will not interfere with the Hg Kα1
peak identification. It should be noted that due to the
high concentration of Hg, escape peaks from the Hg Kα1
peak occur. Escape peaks are much less intense than the
characteristic peaks from which they are derived. Escape
peaks can be corrected by computer algorithms that out-
put a corrected data curve, where the escape peaks are
added back to the original peak.32 The SDD detector
shows strong fluorescence peaks of W from the collima-
tor material which overlap with the Hg Kα2 peak. Unlike
with the CdTe detector, the noise level in the XRF spectra
measured with the SDD detector is becoming lower when
energy is increasing. This occurs due to the silicon drift
detector having a lower efficiency for high-energy
photons.

Although photoelectric interaction of the excitation
photons is our primary interest, Compton scattering
background must be considered for medium energy pho-
tons. For given incident energy Eγ , the outgoing final-
state photon energy, E0 is given by

E0 ¼ Eγ

1þ Eγ=mec2
� �

1� cosθð Þ ð2Þ

where Eγ is the initial energy, me is the electron rest
mass, c is the speed of light, and θ is the scattering angle.

FIGURE 2 Sketch of the XRF prototype for underwater Hg

analysis. 1, Winder (15 m length); 2, communication unit and

power supply; 3, sea water; 4, watertight PVC tube; 5, X-ray

spectrometer; 6, Cu filling; 7, polluted bottom sediment; 8, bottom

plate; 9, X-ray source; 10, Detector area; 11, polycarbonate bottom

window
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The outgoing final-state photon energy E0 is maximal
when θ¼ 0¨, which equals to the incident energy
Eγ ¼ 122 keV. When the scattering angle is 90�, E0 is
98.5 keV, which is considered reasonably far away from
70 keV. Once the measurement geometry is arranged to
180�-geometry, mostly scattered gamma rays will reach
the detector, and the scattered photon energy is 82.6 keV.
In this arrangement, the scattered photons are shifted
closer to the Hg peaks which result in a higher back-
ground noise around the Hg Kα and Kβ peaks. However,
the isotope emits radiation in many directions through
the sample. The detected noise level is therefore the
aggregation of different scattering angles. Thus, photons
from the source undergoing one Compton scattering

event in the sample will contribute to spectrum signal in
the energy range between 82.6 and 122.1 keV. Moreover,
multiple order Compton scattering within the sample
shifts this background noise to lower energies. For exam-
ple, a second scattering of a photon at 83 keV can result
in a photon with energy down to 62 keV. This effect is
severe in the measured spectra as seen in Figure 5.
Another effect is the generation of a so-called Compton
edge due to Compton scattering within the detector. The
low-energy part of the spectrum is affected due to
gamma-ray scattering away from the detector, where a
fraction of that photon energy still is registered by the
detector. Source energy of 122 keV is expected to generate
a Compton edge at 39.5 keV, and a clearly resolved

FIGURE 3 Simulated spectra of five detector geometries used for aqueous XRF detection with a 57Co source. Labels indicate

fluorescence peaks, source peaks, escape peaks, and the Compton edge
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Compton edge is present for the SDD detector simulation
in Figure 3. It is noted in Sekhon et al.33 that double-
photon Compton scattering occurs for incident photons
of energy 662 keV and produces two degraded photons
≥ 100 keV. In that work, the cross section of double-
photon Compton scattering has been measured at differ-
ent scattering angles. For our 57Co source, double Comp-
ton scattering might occur due to the 692 keV emission
line, but the contribution is not assumed to be
significant.

3.1.2 | Detection efficiency in simulation
and experiment

For Hg K-shell excitation, it is quite possible for an incident
fluorescence photon to pass completely through the detec-
tor without interacting. The detection efficiency can be
enhanced by increasing the detector thickness in the direc-
tion of the incident X-ray flux. For a given thickness, the
efficiency is enhanced by choosing a detector material with
a high atomic number to increase the probability that all
the energy of the original photon will eventually be photo-
electrically absorbed. In the first stage, the relative detec-
tion efficiency of the CdTe detector and the SDD detector
have been compared for the geometry studies with wet Hg
sediment. The detection efficiency of five detector–source
geometries, positioned at 0�, 45�, 90�, 135�, and 180� were
obtained from MCNP simulations and experiments. In the
experiments, adjusting the peaking time is important for
optimizing the system configuration. However, there is a
trade-off: the shortest peaking times minimize dead time,
yielding high throughput and accommodating high count
rates, but the electronic noise usually increases at short
peaking times. The electronic noise of a detector will gener-
ally have a minimum at some peaking time. At peaking
times shorter or longer than this, there is more noise and
hence degraded resolution.34 For the CdTe detector, the
peaking time for 90�-geometry, 135�-geometry, and 180�-
geometry was 11.2 μs due to the high count rates. For 0�-
geometry and 45�-geometry, this peaking time is long

relative to the rate of incoming counts, pulse pile-up
occurred. Thus, the peaking time was set at 2.4 μs. For the
SDD detector, the peaking time was 2.4 μs for all geome-
tries. The acquisition time was 600 s.

The Hg Kα1 peak was determined experimentally and
calculated by using MCNP, as listed in Table 3. Then, a
relative detection efficiency ratio was calculated compar-
ing the CdTe detector and the SDD detector with five dif-
ferent geometries. Qualitatively the experimental results
are confirmed by the simulation. For both detectors, the
maximum Hg intensities have been achieved by the 180�

geometry due to the minimal self-absorption. The CdTe
detector has a higher detection efficiency of � 90% for
high-energy photons, to be compared with the detection
efficiency of � 2% for the silicon-based SDD detector.27

However, the detector area is larger for the SDD than for
the CdTe detector. A relative detection efficiency ratio of
16.2 can be estimated, assuming 70 keV photon energy
and uniform detection efficiency. The detection efficiency
ratios from simulation and experiment show acceptable
values. These values indicate that the CdTe detector is
favorable in the final prototype.

3.1.3 | Signal-to-noise ratio (SNR) of
different geometries

The SNR provides a straightforward evaluation of the sig-
nal with respect to the background. We calculated the
SNR with respect to the Kα1 peak of Hg based on the
simulated spectra. The Hg signal was defined as the high-
est intensity of the Kα1 peak and the noise was the aver-
age of 10 channels (each channel corresponds to
0.038 keV) after the peak. The calculated SNR from the
modeled fiberbank sample with CdTe and SDD detector
is shown in Figure 4. We found that the 90� geometry is
always the best in terms of SNR for both detectors. This
is because the scattering background decreases as one
gets closer to 90� to the incident beam. It is also not diffi-
cult to understand that the SNR of 180� geometry is the
worst because of the high scattering background.

TABLE 3 Simulated and measured Hg Kα1 peak intensities and the ratio of relative detection efficiencies with CdTe and SDD detector

(arbitrary units)

Geometry 0� 45� 90� 135� 180�

CdTe Sim. (cs) 3:530�10�7 1:690�10�7 2:438�10�6 1:153�10�5 4:056�10�5

SDD Sim. (ss) 1:830�10�8 9:200�10�9 1:364�10�7 8:180�10�7 1:874�10�6

Ratio cs/ss 19.3 18.4 17.9 14.1 21.6

CdTe Exp. (ce) 303 212 429 486 1224

SDD Exp. (se) 13 12 24 31 57

Ratio ce/se 23.3 17.7 17.9 15.7 21.5
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In the 0�-geometry, the excited sample volume can be
small or large depending on the thickness and the density
of the sample. The measured Hg intensity depends on the
irradiated sample volume which varies between the five
setup geometries. When the sample is thin, the normal
incident and take-off angle result in small attenuation;
however, when the sample gets thicker, attenuation of
the fluorescence signal becomes significant, since the
fluorescence photons have to pass through the whole
sample thickness to reach the detector. The thickness of
the sample used in our measurements is approximately
3 cm. With this thickness, the intensity of Hg Kα1 line
from the topmost layer sample close to the source will
drop to 56.56% when reaching the detector. A correction
for the self-absorption is required for an accurate mea-
surement. Moreover, the sample itself also stops part of
scattering noise, resulting in a reasonable SNR for the 0�-
geometry. The 45�-geometry is similar to the 0�-geometry
with stronger self-absorption. As a result, for both detec-
tors, 45�-geometry has the lowest Hg fluorescence photon
counts compared to the other geometries (seen in
Figure 3). The 90�-geometry is most commonly used due
to the minimized (elastic and inelastic) scattering back-
ground in surface XRF analysis.

For solutions or wet sediments, a sideways geometry
has been considered.35 This trade-off arrangement
reduced the primary radiation reaching the detector com-
paring to the 180�-geometry and minimized the self-
absorption compared to the 0�-geometry. The 180�-
geometry is advantageous because of the easy mounting
and the compact instrument size. The detector can be
placed very close to the irradiated sample surface to
obtain a large solid angle of detection depending on the
detector active area. The fluorescence self-absorption

from the topmost layer of the sample facing the incident
beam is significantly reduced compared to the 0�-geome-
try. Therefore, the overall absorption including the com-
bination of excitation and fluorescence radiation is
minimal in this geometry. However, in the 180�-geometry
the detector is directly affected by the primary beam from
the isotope source. The high flux of the primary beam
might result in pileup rendering the system unable to
record the fluorescence photons. In addition, an annular
excitation source or an annular detector would be
required in order to reduce the high flux of the primary
beam for the 180�-geometry.36 Taking the detection effi-
ciency and the SNR into account, the CdTe detector was
chosen for the XRF prototype. The detector should be set
at 90� to the incident beam and as close to the specimen
as possible to achieve a higher characteristic photon
count from Hg and to minimize the X-ray attenuation
effect in water.

3.2 | Experimental results with
prototype

The XRF prototype was built using the CdTe detector
aiming for a 90�-geometry. Prepared contaminated sedi-
ments with a thickness of 3 cm were used in the prelimi-
nary test. In the last part of these experiments,
calibrations in the concentration region from 0.29% to
5.32% of Hg were performed. The acquisition time was
set to 600 s for each sample.

3.2.1 | XRF spectra of wet sediments

The reproducibility of measurement was tested by mea-
suring each sample of the six samples six times with the
XRF prototype. Before each measurement, the sample
was rotated to compensate for inhomogeneities. The
averaged spectra of Hg in wet sediment using the CdTe
detector are shown in Figure 5. Due to the strong absorp-
tion by water and the low quantum efficiency for photons
below 15 keV with the CdTe detector, the Hg Lβ1 line at
11.82 keV was not identified in the sediments with con-
centration below 0.58% Hg. It should be noted that a high
count rate and a noise tail were observed in the energy
range below 10 keV, so the CdTe detector threshold was
adjusted to remove the noise tail (low-level discriminator
was set at 6.84%). The Hg Kβ peak is unsuitable for K-
shell XRF analysis due to low yield compared to the Kα
peaks. Therefore, we selected the Kα peak as it allows a
significant decrease of statistical error in the measure-
ment without increasing the integral count rate. Several
escape peaks of the 57Co lines from the CdTe detector

FIGURE 4 Signal to noise of the modeled fiberbank sample

with CdTe and SDD detector
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were present, which were also predicted by the MCNP
simulation result. Moreover, the Hg escape peaks from
the CdTe detector were present at 45.9 and 47.7 keV.

As aforementioned, single and multiple Compton
scattering within the sample will cause a high back-
ground in the 62–122 keV energy range, which is seen in
the measured spectrum. Further theoretical studies to
determine the single and multiple Compton scattering
fractions can be found in a previous study.37 Some
authors suggest 231Pa as an example of a suitable source
with long half-life for determination of U, Pu, and Np in
K-shell XRF.22 The scattered photon from this 300 keV
source will be shifted to higher energies, away from the
Hg K-shell emission lines. However, 300 keV gamma-
rays will generate a Compton continuum up to a Comp-
ton edge at 162 keV. This will cause a higher background
noise level for Hg K-shell measurement than the 57Co
source. Despite the Compton scattering background, the
presented results show that we were able to detect Hg in
sediment by K-shell emission thus enabling XRF analysis
under water with an X-ray spectrometer.

3.2.2 | Limit of detection

Calibration curve for Hg in wet sediment using standard
reference materials in the concentration region from
0.29% to 5.32% of Hg is shown in Figure 6. The Hg Kα1
peak area was obtained by integrating 48 channels in the
averaged spectra for all calibration samples. Then the
integrated value from the blank sample (0% Hg) was sub-
tracted from the calibration samples as background noise.

The vertical error bar shows the standard deviation of the
net counts of Hg that is obtained by measuring six times
for each sample, while the horizontal error bar shows the
expanded uncertainty of the Hg concentration. A linear
regression line was fitted to the data points. When evalu-
ating an XRF spectrum, the LOD determines the lowest
quantity of a substance that can be distinguished from
the absence of that substance (a blank value) with a
stated confidence level. However, a measured spectrum is
subject to statistical fluctuations that lead to a variation
in the background noise. The slope of the calibration
curve can be used to estimate the detection limit of the
instrument.38 The standard deviation for the repeated

FIGURE 6 Calibration curve for Hg by the XRF prototype

utilizing a CdTe detector

FIGURE 5 XRF spectra of Hg in wet sediment measured with the prototype
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consecutive analyses is used to estimate the LOD for the
analytes of concern. The LOD is defined as three times
the standard deviation value of the response correspond-
ing to a blank sample, (3δ is equivalent to a 99.7% confi-
dence limit), divided by the slope of the calibration line
(analytical sensitivity). The standard deviation for a con-
centration of blank sample was obtained from standard
errors by repeating and averaging six acquisitions. The
achieved LOD is 2880 ppm for the CdTe detector using
600-s exposure time. It is thus possible to use the XRF
underwater prototype as an environmental screening tool
for simultaneous analysis of Hg and other heavy metals
in highly polluted maritime sites. The guideline values
used in the risk classification of fiber banks and fiber sed-
iments in Västernorrland Region, Sweden, is based on
the Canadian Council of Ministers of the Environment
(ISQG), which is 0.17mg/kg (dry weight). To compare
with the guideline values, measurements on dried sedi-
ment samples should be performed, which is beyond the
scope of this underwater XRF prototype design. In a pre-
vious work, the achieved LOD in XRF analysis for Hg
was 30mg/kg, where the L-shell of Hg in dried sediment
sample (water content: 80%–90%) has been analyzed by a
commercial handheld XRF device with 250-s exposure
time.15

One simple adjustment to improve LOD during the
calibration phase is to extend the counting time. This
improvement is possible due to linear scaling of the sig-
nal with counting time, whereas the noise varies with the
square root. Thus, for every doubling of the counting
time, the LOD would theoretically improve by a factor offfiffiffi
2

p
. Note that the standard deviation of blank measure-

ment was obtained by analyzing the standard six times
consecutively, thus the calculated LOD are “short-term”
data (600 s). The LOD also reflects instrument variability
and other sources of error for the set of analyzed samples.
Actual site data tend to yield LOD that are somewhat
higher, reflecting instrument performance over several
days during the field analysis.

4 | CONCLUSION

The influence of detection efficiency and SNR of various
geometrical arrangements have been investigated. The
XRF prototype made for sediment provides a viable,
cost- and time-effective approach for on-site analysis of
polluted maritime sites. The presented results show that
it is possible to detect Hg by K-shell emission, thus
enabling direct XRF analysis for underwater sediment
using a 57Co source. Monte Carlo simulations and exper-
iments showed that to achieve a good SNR and

relatively high fluorescence signal, a 90�-geometry
should be chosen for the demonstrator design. A CdTe
detector was favorable due to lower exposure time,
although energy resolution is slightly worse compared
to an SDD detector.

The achieved LOD for Hg contaminated sediment
was 2880 ppm with the CdTe detector. It is thus possible
to use the XRF technique as an environmental screening
tool for simultaneous analysis of Hg and other heavy
metals in highly polluted maritime sites. This method
and these conclusions can provide technical guidance for
designing X-ray fluorescence analyzers for environmental
applications. For high-intensity radioactive isotope
sources, the detector must be shielded from the excitation
source and scattered background radiation to reduce
dead-time and pileup losses. A correction for the effect of
moisture content and matrix effects can be further con-
sidered for the proposed in situ soils or sediment XRF
analysis. This proposed method benefits large screening
operations where sample preparations in laboratories are
impractical.
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1983, 78(2), 367.
[36] G. Bernasconi, S. Bamford, B. Dosan, N. Haselberger, A.

Markowicz, A. Mahmoud, V. Valkovic, X-Ray Spectrom. 1994,
23(2), 65.

[37] F. Pino, H. Barros, L. Sajo-Bohus, IEEE Trans. Nucl. Sci. 2014,
61(2), 870.

[38] S. M. Moosavi, S. Ghassabian, Calibration and Validation of
Analytical Methods—A Sampling of Current Approaches, Inte-
chOpen Ltd., London, UK 2018, p. 109.

How to cite this article: S. An, D. Krapohl, C.
Gonz�alez, S. Rydblom, B. Norlin, G. Thungström,
X-Ray Spectrom 2022, 1. https://doi.org/10.1002/
xrs.3303

12 AN ET AL.

https://www.amptek.com/internal-products/si-pin-vs-cdte-comparison
https://www.amptek.com/internal-products/si-pin-vs-cdte-comparison
https://doi.org/10.1002/xrs.3303
https://doi.org/10.1002/xrs.3303


APPENDIX A: DISCRETE SOURCES FOR K-SHELL HG EXCITATION

TABLE A1 Discrete sources

suitable for K-shell Hg excitation in

XRF analysis

Radionuclide Half-life Major energy (keV) Probability (%) Decay mode
57Co 272 d 692.0 0.16 EC

136.5 10.68 EC

122.1 85.60 EC

14.4 9.16 EC
75Se 120 d 400.7 11.47 EC

279.5 24.99 EC

264.7 58.90 EC

136.0 58.30 EC

121.1 17.20 EC

66.1 1.11 EC
144Ce 285 d 133.5 11.09 β-

80.1 1.36 β-

41.0 0.26 β-
152Eu 13.5 y 1408.0 21.01 EC + β+

1112.1 13.64 EC + β+

964.1 14.61 EC + β+

778.9 12.94 β-

344.3 26.50 β-

121.8 28.58 EC + β+
231Pa 32,760 y 330.1 1.39 α

300.1 2.46 α

27.0 10.30 α
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APPENDIX B: ESCAPE PEAKS

TABLE B1 Calculated values of possible escape peaks in the

CdTe detector (keV)

Incident
photon

Cd Te

ΔEKα1 Kβ1 Kα1 Kβ1

122 23.17 98.83

122 26.09 95.91

122 27.47 94.53

122 30.99 91.01

136 23.17 112.83

136 26.09 109.91

136 27.47 108.53

136 30.99 105.01

70.82 23.17 47.65

70.82 26.09 44.73

70.82 27.47 43.35

70.82 30.99 39.83

68.90 23.17 45.73

68.90 26.09 42.81

68.90 27.47 41.43

68.90 30.99 37.91

80.25 23.17 57.08

80.25 26.09 54.16

80.25 27.47 52.78

80.25 30.99 49.26
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APPENDIX C: MASS FRACTION CALCULATIONS IN MCNP INPUT

MF Hð Þ¼ 22:5g=30gð Þ�2�1þ 2:5g=30gð Þ�10�1þ 5g=30gð Þ�2�1
22:5g=30gð Þ�18þ 2:5g=30gð Þ�162þ 5g=30gð Þ�342:59

¼ 0:031655,
ð3Þ

MF Hgð Þ¼ 5g=30gð Þ�1�200:59
22:5g=30gð Þ�18þ 2:5g=30gð Þ�162þ 5g=30gð Þ�342:59

¼ 0:398041,
ð4Þ

MF Oð Þ¼ 22:5g=30gð Þ�1�16þ 2:5g=30gð Þ�5�16þ 5g=30gð Þ�7�16
22:5g=30gð Þ�18þ 2:5g=30gð Þ�162þ 5g=30gð Þ�342:59

¼ 0:443734,
ð5Þ

MF Cð Þ¼ 2:5g=30gð Þ�6�12
22:5g=30gð Þ�18þ 2:5g=30gð Þ�162þ 5g=30gð Þ�342:59

¼ 0:071008,
ð6Þ

MF Nð Þ¼ 5g=30gð Þ�2�14
22:5g=30gð Þ�18þ 2:5g=30gð Þ�162þ 5g=30gð Þ�342:59

¼ 0:055562:
ð7Þ
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