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Measurement of K fluorescence yields of
niobium and rhodium using
monochromatic radiation
Jonathan Riffaud,* Marie‐Christine Lépy, Yves Ménesguen
and Anastasiia Novikova

Both reactions Nb‐93(n,n0)Nb‐93 m and Rh‐103(n,n0)Rh‐103 m are of particular importance for dosimetry in reactor, and the
measurement of the activity of Nb and Rh dosimeters provides the basic data that can be traced back to the reactor operating
information. These radionuclides emit only X‐rays of which emission intensities in recommended data are determined thanks
to the γ‐ray transition probabilities and fluorescence yield values. In general, the knowledge of fluorescence yields is rather poor
and based on old measurements. Nowadays, the use of tunable monochromatic X‐ray sources allows performing optimized
measurements. In a first step, accurate values of the attenuation coefficients are measured at the metrology beam line of the
SOLEIL synchrotron, using procedures such as optimized for similar measurements. In a second step, the fluorescence yields are
determined using experimental approaches in a traditional experimental configuration. For both materials, several incident
energies are used to get experimental spectra with energy‐dispersive spectrometer. The peaks of interest are processed using
the COLEGRAM software, which allows detailed fitting of the peak shape. The K fluorescence yields are derived with about 2%
relative uncertainty. Copyright © 2017 John Wiley & Sons, Ltd.
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Introduction

For dosimetry of nuclear reactor, small metal samples are irradiated
and activated by neutrons in the reactor core. After irradiation, the
radioactivity of the samples is measured by conventional photon
spectrometry. From the activity value and irradiation information,
it is possible to determine the neutron flux at the dosimeter
location. This technique allows characterizing the flux and the
energy distribution of neutrons, validating neutrons codes and
assessing reactor vessel aging. There are many dosimeters each
characterizing a specific neutron energy region. For example,
gold dosimeters are activated by radiative capture reaction, 197Au
(n,γ)198Au and provide information on thermal neutrons, or iron do-
simeters give information on fast neutrons with the energy around
3.1 MeV thanks to the reaction 54Fe(n,p)54Mn.

Inelastic scattering reactions (n,n0) are useful to characterize the
neutron beams with energy around 1 MeV.[1–4] Both reactions
93Nb(n,n0)93mNb and 103Rh(n,n0)103mRh are of particular importance,
and the activities of niobium and rhodium dosimeters are the basic
data that can allow tracing back the reactor operating information.
The activity of these dosimeters is measured by X‐ray spectrom-
etry[3,4], using spectrometers equippedwith high purity germanium
detectors, because 93mNb[5] and 103mRh[6] are radionuclides which
emit only X‐rays (Figs 1 and 2). Emission intensities of these X‐rays
in the recommended data[7] are determined from the γ‐ray
transition probabilities, internal conversion coefficients and
fluorescence yield values. But, the knowledge of fluorescence yields
is rather poor and based on old experiments. Indeed, there are
some discrepancies between commonly used tables, and more
experimental work is required to state which approach should be
preferably used.[8]

Thus, it was decided to perform new measurements of the K
fluorescence yields of niobium and rhodium taking advantage
of optimized experimental facilities, using tunable monochro-
matic X‐rays. The experiment included two steps: First, accurate
values of the attenuation coefficients of niobium and rhodium
were measured at the SOLEIL synchrotron,[9] using procedures
such as optimized for similar measurements.[10,11] In a second
step, the fluorescence yields were determined in a traditional
experimental configuration where the target is installed at 45°
both from the incident radiation and from an energy‐dispersive
detector.[12]

Experimental procedure

Most of the experiments were conducted at the Metrology beam
line of the SOLEIL synchrotron facility (proposal 20160731). The
hard X‐ray branch is equipped with a double crystal monochroma-
tor (Si 111), providing monochromatic radiation with energies in
the 3.5 to 35‐keV range. It is important to have an accurate energy
calibration of the resulting photons. The link between the
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monochromator angle and the energy of the photons E is
established with an associated uncertainty of 10�5E. The relative
photon flux intensity stability is better than 0.3% due to the top‐
up mode of the synchrotron, and high‐order harmonics are
rejected by a small detuning of the second crystal (necessary only
for energies below 7 keV).
The samples used for the measurements have purity higher than

99.994% for niobium and 99.97% for rhodium, certified by the
Institute for Reference Materials and Measurements.

Mass attenuation coefficients

Before measuring the fluorescence yields, it is necessary to get
accurate values of mass attenuation coefficients of niobium and
rhodium. These coefficients were obtained following an experi-
mental procedure previously established and validated for similar
measurements on germanium, copper and other metallic
targets.[10–12] Mass attenuation coefficients, μ

ρ Eð Þ , were measured

in transmission mode using a monochromatic parallel photon
beam with energy E under normal incidence to the sample with
thickness x. The principle of the measurement consists in measur-
ing the intensity of photon flux before the sample, I0(E), and

immediately after it I(E). For a monochromatic photon beam, the
attenuation follows the Beer–Lambert law:

I ¼ I0 e
� μ

ρ Eð Þρx ¼ I0e
� μ

ρ Eð ÞMA (1)

where μ is the linear attenuation coefficient of the target material
and ρ is the material density.

Direct measurement of thickness of a few micrometres with an
uncertainty lower than 1% was not possible. On the other side, it
was easier to perform a measurement of the mass per unit area M

A

of the target (where M is the target mass and A its area) with
lower uncertainty. The mass was measured thanks to a precision
microbalance and the surface area using a vision machine associ-
ated with a dedicated pictures processing software. The mass of
the samples are measured with a relative uncertainty of 0.04%
for niobium and 0.02% for rhodium, and the area is known with
a relative uncertainty of 0.04% for niobium and 0.05% for
rhodium. The intensities I(E) and I0(E) are measured at a single
point behind the sample, with and without the sample,
respectively. Special care was taken around the K binding ener-
gies of niobium and rhodium and on the energy of their
characteristic X‐rays, because these values are directly used in
the next step, for the determination of the fluorescence yields.
Although the mass attenuation coefficients below the K binding
energy are not required for the fluorescence experiment, the
measurement was carried out on a large energy range. This was
stated in order to compare the experimental results with
tabulated values on a large scale. In addition, the difference
between the coefficients values on each side of the K edge allows
assessing the target thickness.

The mass attenuation coefficient is presented as a function of
the energy in Figs 3 and 4 for niobium and rhodium in the energy
ranges between 7 and 35 keV and 17–35 keV, respectively. The
relative combined standard uncertainties computed from elemen-
tal uncertainties on I, I0 and M

A are around 2%. The results obtained
during these measurements are compared to the values of
XCOM[13] and CXRO[14] that can be easily obtained through a
website. The first one is a compilation of experimental and
theoretical works, based on Scofield[15] calculations using a
Hartree–Slater atomic model. The second focusses on the energy
range lower than 30 keV and is a semi‐empirical approach,
including theory based on atomic scattering factors. The graphs
show a difference between databases and the measured values
here for energies above the K binding energy where these values
are larger of a few percent.

Fluorescence yields

The experimental setup for measuring fluorescence yields is
presented in Fig. 5. The target (niobium or rhodium) is placed in
the path of a monochromatic photon beam, with energy E0 and
intensity I0, α being the incidence angle. The beam is attenuated
according to the linear attenuation coefficient μ0 = μ(E0) and inter-
acts with the target material at depth x by photoelectric effect in
the K shell with the probability τK. Following the electronic
rearrangement, X‐rays are emitted with energy Ei according to the
partial K fluorescence yield ωKi. The attenuation of the fluorescence
radiation in the target material depends on the attenuation
coefficient at the energy of the fluorescence radiation μi = μ(Ei).
These photons are measured under the emission angle β, in an
elemental solid angle, dΩ, by a high purity germanium detector.

Figure 1. Decay scheme of 93mN[7].

Figure 2. Decay scheme of 103mRh[7].
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The full‐energy peak efficiency εi of the detector was previously
established with about 1% relative uncertainty.[16] Thus, dNi, the
elemental number of events consecutive to an interaction in
the elemental thickness dx and recorded in the full‐energy peak,
results from:

i Absorption of the incident photon beam in the target material
elemental thickness dx at depth x: I0 e�

μ0x
sinα dx

sinα
ii Interaction by photoelectric effect in the K shell: τK
iii Atomic relaxation by X‐ray emission: ωKi

iv Absorption of the emitted fluorescence radiation within the
target material: e�

μi x
sinβ

v Emission of the fluorescence radiation in the elemental solid
angle of detection: dΩ4π

vi Interaction and deposition of the full energy of the fluorescence
radiation in the detector: εi

dNi ¼ I0 e
�μ0x

sin α τK
dx

sinα
ωKi e

� μi x
sin β

dΩ
4π

εi (2)

Here, the target is placed at the angle of 45° relative to the
incident beam; thus, α = β, what simplifies Eqn (2). By integrating
this equation on the target thickness and the solid angle, we can
deduce the partial K fluorescence yield:

ωKi ¼ 4π
Ω

Ni

εi
1

I0τK
μ0 þ μi

1� e
�μ0þμi

sinπ4
l

(3)

The photodiode placed behind the target measures the current
induced by the transmitted beam, Ct. The photodiode efficiency
(A/keV), εPi, was absolutely calibrated using a cryogenic electrical‐
substitution radiometer.[17]The target transmission at 45° can be
derived from the target mass par unit area, measured as described
above, and mass attenuation coefficients previously established:

Figure 4. Rhodium mass attenuation coefficients versus the energy.

Figure 3. Niobium mass attenuation coefficients versus the energy.

K fluorescence yields of niobium and rhodium
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Ti ¼ e

μi
ρ Eð Þ�M

A
sinπ4

� �
(4)

For each energy Ei, the intensity I0 of the incident photon beam is
thus obtained as

IO ¼ Ct�εPi�Ei�Ti (5)

Results and discussion

The measurements were performed with nominal thickness of
niobium and rhodium targets 20 and 50 μm, respectively
(measured mass per unit area are 0.017042 (10) g cm�2 for Nb
and 0.058962 (32) g cm�2 for Rh). Several incident energies were
used to get several results and consequently guarantying these
experimental values and associated uncertainties, because in the
different experiments, some parameters (attenuation coefficients,

Figure 6. Processing of the niobium K X‐rays region using COLEGRAM sofware.

Figure 7. Niobium partial and total K fluorescence yields obtained with different incident energies.

Figure 5. Geometry of the experimental setup for fluorescence yield
measurements.
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photodiode and energy‐dispersive detector efficiencies, etc.)
change; thus, a constant final result means that the experimen-
tal conditions are well controlled. For niobium, results were
obtained on the average of 10 measurements with incident
photons in the 20 to 25‐keV energy. Spectra obtained after
the acquisition were treated with the COLEGRAM processing
software[18] dedicated to spectrometry to fit the results with
different functions depending on the nature of the particle
(X‐ or γ‐ photon, alpha, etc.). A spectrum processing example
for the niobium is shown in Fig. 6. Peaks from X‐rays are fitted
with Voigt function, convolution of a Gaussian function and a
Lorentzian function. The Gaussian broadening corresponds
mainly to the statistic of electron–hole pair creation in germa-
nium, while the Lorentzian broadening is due to the natural
linewidth of X‐rays.

Figure 7 shows the results of these measurements, including
partial Kα and Kβ and total K fluorescence yields of niobium. The
average value of the total K fluorescence yield niobium obtained
is ωK = 0.724 (14). For rhodium, results were obtained with an
average of eight measurements with incident photons in the 26
to 30‐keV energy range. The partial Kα and Kβ and total K
fluorescence yields of rhodium resulting from these measurements
are presented in Fig. 8. The average value of the total K fluorescence
yield rhodium obtained is ωK = 0.814 (41).

The relative standard uncertainties of the measurements are
about 2% for niobium and 5% for rhodium. The difference between
these is explained by larger uncertainties on intensity measure-
ments of the photon flux for the rhodium. Indeed, the rhodium
target is thicker and significantly reduces the initial beam intensity.
Thus, the transmitted intensity values measured by the photodiode

Figure 8. Rhodium partial and total K fluorescence yields obtained with different incident energies.

Table 1. : K fluorescence yield values for niobium

— Experimental Theoretical Semi‐empirical

Present work 0.724 (14) — —

Roos[21,22] 0.713 — —

0.730 (20) — —

Callan[23] — 0.754 —

Kostroun[24] — 0.759 —

Walters et al.[25] — 0.7788 —

Bambynek et al.[26] — — 0.748 (32)

Krause[27] — — 0.747

Arora et al.[28] 0.738 (30) — —

Hubbell et al.[29] — — 0.7512

Singh et al.[20,32]* 0.722 (44) — —

Hubbell et al.[20] — — 0.724

Schönfeld et al.[30] — — 0.751 (4)

Durak et al.[31] 0.734 (28) — —

Han et al.[19] 0.747 (60) — —

Kahoul et al.[32] — — 0.73993

Table 2. K fluorescence yield values for rhodium

— Experimental Theoretical Semi‐empirical

Present work 0.814 (41) — —

Backhurst[33] 0.801 — —

Stephenson[34] 0.77 — —

Roos[21,22] 0.779 — —

0.786 (15) — —

Callan[23] — 0.812 —

Kostroun[24] — 0.820 —

Walters et al.[25] — 0.8367 —

Bambynek et al.[26] — — 0.807 (31)

Krause[27] — — 0.808

Chen et al.[35] — 0.808 —

Hubbell[29] — — 0.8086

Singh et al.[20,32]* 0.829 (58) — —

Hubbell et al.[20] — — 0.792

Schönfeld et al.[30] — — 0.809 (4)

Kahoul et al.[32] — — 0.80205

K fluorescence yields of niobium and rhodium
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are closer to the background noise value than niobium, which
increases the uncertainty on rhodium measurements.
Tables 1 and 2 show the experimental values for niobium and

rhodiumobtained in this work and the comparison themwith other
values, experimental, theoretical or semi‐empirical. First, one can
see a limited number of recent experimental values. There are only
six experimental values for Nb, with relative differences up to 4%.
The associated uncertainties, when quoted, are between 3 and
8%. There are five experimental values for Rh, which was measured
only once over the last 60 years, with relative differences of 8%.
Only the Ross[21] value (60‐year‐old measurement) quotes relative
uncertainties of 2%. Second, there is a significant difference
between the experimental and theoretical values, mainly for
niobium (about 4%).
The niobium fluorescence yield presently determined is in agree-

ment with the other experimental results, except the onemeasured
by Han[19]. It is also very close to the value quoted by Hubbell[20]

obtained from a fit of experimental values.
For rhodium, the measured value is higher than most of the

other experimental values. However, it is quite close to the value
measured by Singh[20,32]1 and in agreement with the theoretical
values, except the one computed by Walters.[23]

Conclusion

Recent experimental, theoretical or semi‐empirical data of K
fluorescence yield for niobium and rhodium are uncommon.
Moreover, the differences in results between each method are
pretty important. In this work, we measured the niobium and
rhodium fluorescence yield using a new tunable source delivering
monochromatic photons, which present an unprecedented quality
and allow the development of new experimental protocols of
fundamental parameter measurement. It also allows obtaining
fluorescence yield values with assessed uncertainty on the
measurement result. The uncertainty is clearly improved for
niobium (2% relative uncertainty compared to 3 to 8% for the other
experimental data). For rhodium, the target was too thick to get
results with low uncertainty. New measurements of rhodium
fluorescence yield with thinner sample are planned to reduce this
uncertainty. It is expected that the results obtained in this study will
contribute to establishing a benchmark for the Nb and Rh K
fluorescence yield values. This should lead to an improved knowl-
edge of the X‐ray emission probabilities useful for accurate neutron
dosimetry and other applications.
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