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This study utilizes the monochromatic X-ray radiation device established by the National In-
stitute of Metrology, China, to conduct a systematic experimental investigation of the mass
attenuation coefficients of niobium, molybdenum, tantalum, and tungsten metals near their
K absorption edges. The device's ability to generate continuously tunable monochromatic
X-rays and accurately measure photon counts provides an ideal condition for precise mass at-
tenuation coefficient measurements. This study employs a minimum energy step of 0.1 keV to
systematically obtain the jump ratio rK and jump factor JK near the K-absorption edges of the
four materials. The experimental measurements are compared with theoretical values from
NIST-XCOM, NIST-FFAST, and Phy-x databases, demonstrating a consistent trend between
the experimental and theoretical results, with relative deviations within acceptable limits,
thereby validating the reliability of the theoretical models. An uncertainty analysis reveals a
combined relative uncertainty of less than 2.7 %, indicating that the experimental results and
theoretical values are in good agreement, with deviations and uncertainties within acceptable
ranges. This research provides important experimental data and theoretical references for the
application of monochromatic X-ray radiation devices in the field of mass attenuation coeffi-

cient measurements.
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INTRODUCTION

Interaction coefficients have significant applica-
tion value in all practical problems involving ionizing
radiation, among which the mass attenuation coeffi-
cient is a fundamental parameter needed to determine
the penetration of X-rays and gamma rays in matter
[1]. It has been widely used in radiation protection,
medical imaging, industrial radiation detection, and
material analysis. In the field of radiation protection,
the selection of materials with different K-absorption
edge characteristics for different energy ranges of rays
can better shield ray energy, enhance the absorption of
specific energy rays, and weaken the influence of
weak absorption regions [2, 3]. In medical imaging,
understanding the mass attenuation coefficient of dif-
ferent materials is important for optimizing imaging
parameters and image quality [4, 5]. In the fields of in-
dustrial radiation detection and material analysis, the
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mass attenuation coefficient can be used to determine
the composition and structure of materials [6]. The at-
tenuation-related parameters depend on the photon en-
ergy and material content [7]. In addition, these pa-
rameters can be determined experimentally and
theoretically [8, 9]. The interest in the K-edge energy
region attenuation coefficient is due to the importance
of absorption jump factors and jump ratios in many
scientific application fields, such as cancer treatment,
industrial radiation treatment, dosimetry calculations,
radiation shielding, and X-ray fluorescence surface
analysis [10, 11].

Radiation shielding can be optimized by select-
ing materials that possess distinct K-absorption edges,
tailored to counteract various energy ranges of ray
emissions. [12]. The K-edge effect enhances the ab-
sorption capacity for specific energy rays and can also
weaken the influence of weak absorption regions [13].
In the past, researchers usually used radioactive iso-
tope sources to measure the mass attenuation coeffi-
cient of different materials at different photon energies
[14]. However, due to the discrete energy characteris-
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tics of radioactive isotope sources, their ability to mea-
sure absorption edges is limited [15, 16]. In order to
better understand the interaction between X-rays and
matter, continuous and accurate measurements are re-
quired [17, 18]. In recent years, with the development
of monochromatic X-ray source technology, people
have been able to obtain continuous tunable and
highly stable monochromatic X-rays, making it possi-
ble to accurately measure the mass attenuation coeffi-
cient [19, 20]. In 2016, the French National Labora-
tory (Laboratoire National Henri Becquerel, LNHB)
and the German Physical Technical Institute
(Physikalisch-Technische Bundesanstalt, PTB) coop-
erated to measure the mass attenuation coefficient of
Cu and Zn with high accuracy, covering the mass at-
tenuation coefficient range of K- and L-absorption
edges [21, 22]. At the same time, the LNHB laboratory
measured the attenuation coefficients of elements of
interest and compared the obtained values with those
used in the calculation code, possibly integrating them
into MACAO [23, 24].

However, the current literature does not provide
experimental results for materials such as niobium
(Nb) and molybdenum (Mo), and experimental data
for tantalum (Ta), and tungsten (W) in the continuous
energy range are also blank. This paper uses a sin-
gle-energy X-ray device with continuously tunable
energy and measurable photon number to study the
measurement of the mass attenuation coefficient of
materials using gamma or X-ray attenuation. The
K-edge jump ratio and jump factor were also calcu-
lated. Materials (Nb, Mo, Ta, W) were tested with a
minimum 0.1 keV step near the K-edge. The experi-
mental results were compared with Geant4 simulation
results and theoretical calculations of NIST-XCOM,
Phy-X, and NIST-FFAST.

EXPERIMENTAL EQUIPMENT
AND METHOD

Experimental equipment

The LiF220 and LiF200 crystals are both forms
of lithium fluoride and play crucial roles in the field of
X-ray optics, particularly in the generation of mono-
chromatic X-rays in the 8-40 keV energy range [25,
26]. Utilized as spectral dispersion media in mono-
chromatic X-ray generation devices, these crystals
harness the Bragg diffraction effect to disperse the
broad-spectrum X-ray beam into X-rays of specific
wavelengths [27, 28]. Monochromatic X-rays of this
nature are of paramount importance in various fields,
including material science analysis, medical imaging
technology, and fundamental physics research, as they
facilitate more precise data interpretation and image
resolution [29, 30]. The selection of LiF220 and
LiF200 crystals as spectral components is thereby in-

tended to fulfill the demand for high-precision X-ray
spectral analysis in these domains [31, 32].

To accurately measure the mass attenuation coeffi-
cient, this study utilized two single-color X-ray sources
with different energy ranges: low energy and high en-
ergy. The low energy device utilized an X-ray machine to
generate X-rays that were monochromatized by a
LiF200 or LiF220 crystal, producing monochromatic
X-rays within the 8-40 keV energy range. The high en-
ergy device used a Si220 crystal double monochromator
to generate monochromatic X-rays in the 40-80 keV en-
ergy range. These crystals utilized the Bragg diffraction
principle, where when the incident X-rays met the crystal
at the Bragg angle, diffraction occurred, producing
monochromatic X-rays. By adjusting the incident ray an-
gle with the crystal, monochromatic X-rays within the
corresponding energy range could be obtained. Both de-
vices had good monochromaticity and stability, meeting
the requirements for high-quality mass attenuation coef-
ficient measurements.

The schematic diagram of the experimental mea-
surement apparatus for the low energy section of the
single-energy X-ray is shown in fig. 1. The monochro-
maticity of this device was better than 3 % at 10 keV,
and the stability was better than 0.2 % within 4 hours
[33, 34]. The single-energy beam was generated by the
X-ray machine through bremsstrahlung radiation,
which was then monochromatized by the LiF200 or
LiF220 crystal to produce 8-40 keV single-energy
X-rays. A posterior collimator and a limiting aperture
were used behind the crystal to collimate the incident
and transmitted beams to a 4 mm diameter. Overall,
spatial scattering of X-rays was shielded, allowing the
test system to meet the measurement requirements of
single-energy and narrow beam energy spectra. The
lead shielding plate placed in front of the materials and
detectors effectively blocked scattered photons from
affecting the experiment [35]. The measurement time
was determined based on extensive previous experi-
ments and was set to 200 seconds. At a given sin-
gle-energy X-ray energy, the sample was placed on the
path of the single-energy X-ray beam. A transverse
moving guide rail was used to move the material foil,
reducing the beam instability and human interference
caused by switching on and off the X-ray machine. Fi-
nally, a high-resolution HPGe detector was used to
measure the number of photons transmitted through
different sample materials.

For the high energy section of the single-energy
X-ray, the experimental measurement apparatus is il-
lustrated in fig. 2. The X-ray machine was surrounded
by a 7 mm thick lead shielding box to reduce X-ray
scattering, resulting in stability better than 1 %. The
mechanism for generating the single-energy beam was
similar to the low energy section, but the crystal mate-
rial used was a pair of parallel crystal faces with Si220
and a high-precision crystal adjustment bracket, pro-
ducing 40-80 keV single-energy X-rays. In terms of
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Figure 1. Schematic diagram of low-energy experimental measurement device
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Figure 2. Schematic diagram of the experimental measurement device for energy section

beam flux, the photon flux of the monochromatic
X-ray beam obtained by the double crystal monochro-
mator was lower than that of the single crystal mono-
chromator due to the twice Bragg diffraction. The
beam stability was better than 0.26 %, with a maxi-
mum relative deviation of 0.02 % between the maxi-
mum and minimum energy points, demonstrating
good overall energy stability. The monochromaticity
of the device was better than 2.3 % [36].

In the selection of experimental samples, Nb and
Mo metal foils were used for the low energy device
measurement, while Ta and W metal foils were used
for the high energy device measurement. These sam-
ples were of high purity, and their dimensions and

thickness were measured to ensure the reliability of the
experimental results, as shown in tab. 1.

Experimental method

To ensure the accuracy of experimental data, it is
imperative to calibrate the energy linearity of the
High-Purity Germanium (HPGe) detector. This re-
search undertaking involves the use of radioactive iso-
tope standard point sources, including ’Co, 2*' Am,
152Bu, and '%°Cd, for the calibration process. The pro-
cedure begins by measuring the energy spectra of
these standard sources with the HPGe detector, fol-
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Table 1. The material parameters of sample material

Sample Purity (mass fraction) [%] | Density [gcm ] | Nominal thickness [mm)] Quality [g] Dimensions [mm]
Nb 99.99 8.57 0.025 0.9 ©80x80x0.025
Mo 99.99 10.2 0.03 1.502 ©80x80x0.03
Ta 99.99 16.6 0.02 1.712 980x80x0.02
w 99.99 19.3 0.05 4.798 980x80x0.05

Table 2. The relationship between energy and channel

Radionuclide Energy [keV] Channel
6.404 149
57
co 14.413 335
13.944 324
241
Am 59.541 1388
gy 45.289 1057
19¢cd 22.163 516
Detector calibration
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Figure 3. Detector calibration

lowed by applying Gaussian fitting to determine the
peak channel positions for each individual energy
peak. Next, a linear fit is conducted using six selected
energy points to establish a functional relationship be-
tween the detector's energy and the corresponding
channel addresses. This step is crucial for determining
the energy linearity of the HPGe detector.

Based on the data presented in tab. 2, six energy
points from the radioactive source were selected to per-
form a linear fit between the channel addresses and the
corresponding energies, thereby establishing the linear
relationship between the energy and channel address for
the HPGe detector. The results of this fitting are depicted
in fig. 3. Consequently, the energy linearity equation for
the HPGe detector is £ = 0.0428-4 + 0.0434

In the equation, E represents the X-ray energy,
while ch denotes the center channel address of the sin-
gle-energy peak after fitting; the intercept of the linear
relationship is 0.0434.

This study adopted the transmission method to
measure the mass attenuation coefficient of the sam-
ples. The transmission method is the most widely used
and convenient experimental method for measuring

the mass attenuation coefficient of materials [37].
When radiation is allowed to pass through any mate-
rial, its intensity gradually decreases due to interac-
tions between the radiation and atoms in the attenuat-
ing medium, causing the absorption and scattering of
the original photons. Specifically, when monochro-
matic X-rays pass through a sample, their intensity de-
creases exponentially with the thickness of the sample
according to the Beer-Lambert law. By measuring the
intensity of X-rays before and after transmission, the
mass attenuation coefficient can be calculated. More-
over, to improve measurement accuracy, this paper
also considered parameters such as the density, mass,
and area of the sample. By ensuring that X-rays meet
the conditions of single-energy and narrow beam,
when monochromatic X-rays pass through a material
with a mass thickness of x, they interact with the mate-
rial. According to the Beer-Lambert rule, eq. 1 deter-
mines how the photon attenuation intensity decreases
exponentially [38]

i:exp(—ﬁxj (D
1y P

Photon intensity decreases from /; to /, and the
mass thickness x is defined as the mass per unit area,
that is, x = pt, where p is the material's density and ¢ is
the material's thickness. The mass attenuation coeftfi-
cient is denoted by u1/p with units of cm?>g~!. Equation
(1) can be rewritten based on empirical data of 1, ,
and x [39]

ﬁ__llnl_o Q)

p x I

Measuring the thickness of materials at the mi-
crometer level can be challenging, and there tends to
be a significant deviation in thickness during sample
preparation. However, the mass M and area 4 of the
sample hold more advantages in measurement and
analysis. Therefore, the formula can be rewritten as

[40]
-1
1
H_ M In22 (3)
P A 1
RESULTS AND ANALYSIS

The typical X-ray energy spectra for directly in-
cident beams and beams transmitted through the ab-
sorber are shown in fig. 3 and fig. 4, with a counting
time of 200 seconds. The number of photons studied in
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Figure 4. Software fitting obtained typical energy spectrum diagram
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the experiment was represented by the net peak area
counts of the monochromatic X-ray peak in the spectra
with and without the absorption foil. During the exper-
iment, measurements were taken with an energy step
of 0.1 keV near the K-edge and pre-edge regions, with
the step size increasing to 1 keV as the distance from
the theoretical K-edge increases. As seen in the fitted
energy spectra in fig. 3, a clear monochromatic peak is
visible. The energy points of the monochromatic
peaks in the spectra with and without material trans-
mission are the same, as shown in fig. 5. However,
only the peak area counts before and after transmis-
sion change significantly. This indicates that the en-
ergy points of the monochromatic peaks are not af-
fected by any materials. From the decrease in the
height of the monochromatic peak, it can be observed
that at the same energy point, the peak area counts de-
crease significantly after material shielding, especially
for low-energy photons and photons near the absorp-
tion edge. Therefore, for the study near the absorption
edge, it is necessary to use thinner metal foils, with the
L-absorption limit requiring foils thinner than 1 pum.

The experimental and simulated mass attenua-
tion coefficient curves for the four materials were plot-
ted and compared with the values from NIST-XCOM,
Phy-x, and NIST-FFAST, as shown in fig. 6. It can be
observed that the curves for the four materials are gen-
erally consistent with the theoretical curves.

Figure 6(a) presents the measured values of the
mass attenuation coefficient for Nb, with the photon en-
ergy range covering 8-40 keV. It can be seen that the ex-
perimental values for Nb are more consistent with the
XCOM theory, with the relative deviation from the
NIST-XCOM theoretical values being less than 27.5 %.
This is primarily due to the complex structure of the Nb
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Figure 6. The measured values of four elemental
elements and the curve of theoretical mass attenuation
coefficient
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absorption edge, which reflects the fine structure of Nb
atoms with different atomic states. Additionally, the de-
viation is only significant near the absorption edge at
18.9-19 keV due to the drift of the device energy points.
The measurement values are generally lower than the
XCOM theoretical values, and the phy-x program ob-
tained discontinuous data near the Nb absorption edge,
resulting in a large deviation in the depicted curve.
Therefore, the phy-x data are not considered as a refer-
ence in the subsequent deviation analysis.

Figure 6(b) shows the measured values of the
mass attenuation coefficient for Mo, with the photon
energy range covering 8-40 keV. It can be observed
that the measurement values at the absorption edge
front are in good agreement with the simulated and
theoretical values from the reference database, with
the relative deviation from the NIST-XCOM theoreti-
cal values being less than 49.3 %. Among them, the
agreement with FFAST is better at the absorption edge
trailing edge, while the deviation from the NIST-
-XCOM theoretical values increases. As the energy
point moves away from the absorption edge, the con-
sistency between the measurement and theoretical val-
ues improves.

Figure 6(c) and fig. 6(d) present the measured
values of the mass attenuation coefficient for Ta and
W, with the photon energy ranges covering 40-80 keV.
It can be seen that the relative deviation from the
NIST-XCOM theoretical values is less than 20 % for
Taand less than 17.1 % for W. The error also gradually
decreases as the photon energy moves away from the
K-edge.

The presence of edge effects results in deviations
of the experimental values from the theoretical values
when photons approach the K-shell binding energy.
Firstly, the experimental results reflect the state of the
atoms near the absorption edge of the samples, while
the theoretical values only provide a general trend.
From the comparison of the four materials, it is evident
that the overall trend of the measured energy range is
basically consistent. Secondly, factors affecting the
measured values include thickness non-uniformity of
the samples, fluctuations in the X-ray intensity during
the experiment, photon counting statistical errors, and
peak area calculations. Reducing the sample thickness
can increase the count, or enhancing the intensity of
the monochromatic X-ray can also improve the mea-
surement accuracy. High energy resolution detectors
can further improve the measurement precision of the
mass attenuation coefficient [41]. Based on the mea-

Table 3. The K-edge jump ratio and jump factor

surement results, the K-shell jump ratio r¢y and the
jump factor Ji can be calculated using the following

fOI‘mulaS 42'
(‘]
top

e = @)
g
p bottom

where, r¢ represents the K-shell jump ratio, (1/p)op 18
the maximum measured value of the mass attenuation
coefficient, and (1/0)pottom 1S the minimum measured
value of the mass attenuation coefficient. After obtain-
ing the K-shell jump ratio, the jump factor (Jx) can be
calculated using the formula [43]

T _ Kk -1

)
U

The measured values of the K-shell jump ratio
and the jump factor are presented in tab. 2.

The tab. 3 presents the K-edge jump ratio and
jump factor obtained from the experiment, compared
with values from other published databases. The rela-
tive deviations are calculated as [44]

Arg _ K Exp ~’K,DB « 100[%] (6)
U'e X, DB

In the eq. (4), EXP represents the experimental
K-edge jump ratio for the material, while DB denotes
values from published databases. According to tab. 3
and eq. (5), the relative deviations of the measured and
calculated K-edge jump ratio for Nb material compared
to GEANT4 simulation values, NIST-XCOM, and
NIST-FFAST database theoretical values are 2.22 %,
3.35 %, and 2.22 %, respectively. For Mo material, the
deviations are 2.27 %, 4.63 %, and 1.58 %, respectively.
For Ta materia 1, the deviations are 4.29 %, 8.46 %,
and 9.2 %, respectively. For W material, the deviations
are 22.5 %, 19.4 %, and 23.9 %, respectively.

The relative deviations of the measured and cal-
culated K-edge jump factor for Nb material compared
to GEANT4 simulation values, NIST-XCOM, and
NIST-FFAST database theoretical values are 0.355 %,
0.6 %, and 0.356 %, respectively. For Mo material, the
deviations are 0.35 %, 0.96 %, and 0.238 %, respec-
tively. For Ta material, the deviations are 1.44 %, 2.71
%, and 2.79 %, respectively. For W material, the devi-
ations are 8.2 %, 7.12 %, and 7.67 %, respectively.

The mass attenuation coefficient varies with
photon energy and is independent of density and spe-

Nb Mo Ta w
Methods 'K Jx 'K Jx 'K Jx 'K Jx
Experimental 6.362 0.843 6.282 0.841 4.056 0.753 3.535 0.717
XCOM 6.156 0.838 6.004 0.833 4.431 0.774 4.385 0.772
Simulated 6.503 0.846 6.428 0.844 4.238 0.764 4.562 0.781
FFAST 6.503 0.846 6.381 0.843 4.432 0.774 4.381 0.772
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cific to the material [45]. Since the parameters in eq.
(2) are measured independently, the uncertainty is
mainly determined by the sample characteristics and
beam intensity. Therefore, the uncertainty of the mea-
sured mass attenation coefficient is determined by [46]

A M I I,

)

o I=

The obtained synthetic relative uncertainty is <2.7
%, the results show that the trend of the measurement cal-
culation values is consistent with the theoretical value
curve of the database, the data fits well, and the deviation
and uncertainty are within an acceptable range.

CONCLUSION

In the present study, we successfully measured
the mass attenuation coefficients of niobium, molyb-
denum, tantalum, and tungsten at various photon ener-
gies through experimentation, and conducted a com-
parative analysis with theoretical values. The findings
indicate that the experimental data are largely consis-
tent with theoretical predictions, with relative devia-
tions falling within an acceptable range. This validates
the efficacy and reliability of the single-energy X-ray
radiation apparatus for the measurement of mass atten-
uation coefficients.
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Ilen BAHT, Cumunr I'YO, Hujao IIY, Cunr 11OY, IIusej JIU, Mukyej XYAHI, Bunne BY

MEPEILE MACEHOI' KOE®OUIIMIEHATA CIAB/BEIbA HUOBUIJYMA,
MOJ/MUBAEHA, TAHTAJTIA 1 BOA®PAMA Y BJAU3NHU I'PAHUIE AIICOPIIINJE

OBaj pajg Kopuctu ypebaj 3a MOHOXpOMATCKO PEHJITEHCKO 3paverme KOjUu je YCIOCTaBUO
Hamumonanau wumHCTUTYT 3a MeTponorujy y KwuHu, ma chopoBefie CHCTEMATCKO €KCHEPHUMEHTATHO
HCTpakKMBamke MaceHOT KoedunujeHaTa ciadbbemha MeTajaa Huooujyma, MonmbieHa, TanTaja u Bospama
y Onu3unu wuxoBux K ancopnumonux rpanmna. CrnocoOHocT ypebaja fga reHepuile KOHTHHYaJHO
MojileCuBE MOHOXPOMATCKE PEHATCHCKE 3paKe U Mpenu3Ho Mepu 6poj poToHA, MpysKa ueataH yCcioB 3a
npenu3Ha Mepelma MaceHOT KoedulyjeHaTa ciabbema. Y pajly je KopultheH MUHIMAJTHA €HEePreTCKA
kopak op 0.1 keV ma 6m ce cucremaTcku Jo6mno Komnyauk ckoka (rK) u pakrop ckoka (JK) y 6mu3nan K
UBUL]A allCOpIILje 4YeTHpu Marepujaiia. ExcriepuMmeHTalHa Mepema ynopebeHa cy ca TeOpHjCKUM
BpepHOcTHMa u3 6a3a nogataka NIST-XCOM, NIST-FFAST u Phy-x, noka3yjyhu KOH3UCTEHTaH TpEeHJ
u3Meby eKkcriepruMeHTalIHUX U TEOPHUjCKUX pe3yiTaTra, ca pelaTHBHUM OJCTYHNAalkUMa y MPUXBaTIHLHUBUM
rpaHuliamMa, YyuMe ce HNOTBpbyje HOoy3maHOCT TeOpHUjcKuX Mofesa. AHajlu3a HECUT'YPHOCTU OTKpUBA
KOMOMHOBAaHY pellaTUBHY HECUTYPHOCT Mamy 0ff 2.7 % , ITO yKa3yje fla Cy eKCIIepUMEHTaIHU pe3yJITaTh U
TEOpHUjCKe BPEJHOCTH Y NOOPOM claramy, ca OfICTyNambiMa U HECUTYPHOCTHMA YHYTap MPUXBATIHUBUX
orncera. OBo NCTpakKMBak-€ flaje 3HaUajHe eKCIlepUMeHTaJHE MOIaTKe U TeOpujcKe pedepeHIie 3a IPUMEHY
ypebaja 3a MOHOXpOMATCKO PEHAATEHCKO 3padehe y 00JIacTh Meperha MaCeHOT Koe(uIjeHaTa cladibema.

Kmwyune pequ: macenu xoepuyujenii caabmera, Zpanuna aiucopiyuje, MOHOXPOMATCKO PeHOZEHCKO
3pauerbe, KOAUYHUK CKOKA, (PaKiliop cKoKa




