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A set of Nb3Sn platelets were irradiated by fast protons with the energy of 35 MeV and 12 MeV at 300 K to two different 
fluences: 1×1017 p/cm2 and 5×1017 p/cm2, respectively. The influence of irradiation on the concentration of antisite defects 
(i.e., tin atoms in the position of niobium and vice versa) was studied by different methods based on synchrotron X-ray 
diffraction. A high-precision technique for the estimation of the Bragg-Williams long-range order parameter have been 
developed using resonant scattering effect.
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1. Introduction
Nb3Sn-based low-temperature superconducting (LTSC) materials are being increasingly 

used for the production of superconducting electromagnetic coils in devices generating strong and 
ultrastrong magnetic fields, such as MRT-tomographs or particle accelerators. This is also true for 
large-scale research facilities, like Tokamaks or ring accelerators, where they are constantly irradiated 
by high-energy particles including protons, neutrons, pions, electrons, etc. [1, 2]. This can give rise 
to the emergence of specific radiation defects, distortion of the ideal crystal structure of the LTSC 
material and degradation of its superconducting properties. This substantiates studies on the radiation 
stability of Nb3Sn. 

Effects of irradiation of Nb3Sn by different particles under various conditions were massively 
studied and reported in numerous publications. The vast majority of them are devoted to neutron 
irradiation effects [3–17]. According to general understanding, changes in the crystal lattice 
parameters and concentration of radiation defects are key structural parameters to be correlated with 
the degradation of critical superconductivity characteristics. Among different types of irradiation-
induced structural defects, the antisite disorder is probably the most important one. The term antisite 
disorder refers to the situation when a tin atom occupies the nominal crystallographic site of niobium 
and vice versa. 

According to literature data, neutron irradiation can induce antisiting of two types:
1. The structural disorder homogeneous through the bulk of the sample [3];
2. Finite-size disordered domains or clusters [4–8].
The emergence of the second type of defects is more probable. In particulal, C.S. Pande 

et al. [5, 6] used electron microscopy to visualize disordered domains with a size of the order or 
35 Å, which emerge upon fast neutron irradiation inside the still ordered matrix. A. Karkin et al. 
[4] also explain the degradation of critical parameters of Nb3Sn under neutron irradiation by the the 
emergence of disordered domains. They achieved rather high fast neutron fluences > 1023 m-2 that 
were accompanied by substantial decreases in both critical temperature and field. Lower irradiation 
doses of the order of 1022 1/m2 [9‒11] do not induce significant degradation of critical parameters. 
Indeed, the superconductive transition temperature decreases by only 0.8 ± 0.1 K at those fluence 
levels.

A progressive degradation of critical temperature starts from doses of 1023 m-2, according to 



48

neutron irradiation experiments in reactors at a slightly elevated sample temperature [12‒15]. 
R. Bett [12] derived a linear dependence of critical temperature as a function of dose. By extrapolating 
this curve one may assume that the transition temperature should drop to zero at a dose of 5 × 1023 m-2. 
Experimental results [13, 14] indicate that Тс decreases down to 3.5 K, which amounts to 20% of 
initial values at that dose. Authors of the two latter references implied a homogeneous disorder model 
to rationalize their observations, which otherwise is rarely used. It is also should be noted that the 
aforementioned experiments suffer from numerous difficulties in objective determination of the 
integral dose.

The results above were obtained at room or slightly elevated sample temperature. But 
according to available data, the use of low-temperature irradiation does not make a huge difference. 
M. Soll et al. [16] reported data on neutron irradiation to a dose of 1023 1/m2 at 10 K. Again, they 
observe virtually no changes in critical temperature for doses below 1022 1/m2 and critical temperature 
starts to decrease linearly with dose above that threshold. The trend is essentially the same as in the 
case of room temperature irradiation.

Information on effects of irradiation by α-particles is less abundant. Nevertheless, R.  Burbank 
et al. [18] demonstrated that it is the antisite substitutional disorder that is the main type of α-particle 
induced structural defects in Nb3Sn superconductors. Meanwhile, H. Wiesmann et al. [19] showed 
that the character of critical temperature degradation as a function of dose is very similar to the 
neutron irradiation case.

Analogous results were reported for irradiation of Nb3Sn with heavier ions, in particular 
oxygen ions with energies 24‒25 MeV [20, 21]. But the critical temperature vs. dose dependence in 
that case is quite specific. The function can be reduced to a linear by introducing the Bragg-Williams 
order parameter as a characteristic of the effective dose. More details on the order parameter will be 
discussed below.

H. Coffey et al. [22] studied stability of different superconductors under the irradiation by 
deuteron with an energy of 15 MeV to doses up to 1021 m-2. Strong changes in critical temperature and 
current was observed for Nb3Sn.

A very limited information on proton irradiation effects is available despite its potential 
practical importance, in particular, for the long-term prediction of LTSC-materials under realistic 
conditions of Large Hadron Collider (LHC) operation. The fast proton irradiation makes strong 
effects and strongly degrades superconducting characteristics, especially at high doses. H. Bode and 
K. Wohlleben [23] studied effects of irradiation of thin films of Nb3Sn with protons having an energy 
of 2.83 MeV and reported interesting results. Noteworthy, they detected an increase in critical current 
at a low dose below 8 × 1020 m-2 and a rapid degradation of characteristics at higher doses. They 
observed defect clusters with a size ranging from 10 to 100 Å, which can in principle act as pinning 
centers taking into account that the coherence length is 50 Å for Nb3Sn.

I.V. Zakharchenko, et al. [24] studied effects of proton irradiation on thin-filmed Nb3Sn 
superconductors with a thickness of about 2 μm on an Nb substrate using X-ray diffraction technique. 
The irradiation was performed using protons with an energy of 2 MeV to a dose of 1.875 × 1022 m-2. 
The authors concluded that no defect clusters are formed in the irradiated material. The antisite 
defects were reported to be the main type of irradiation-induced structural defects responsible for the 
degradation of functional properties. The concentration of antisite defects increased by a factor of 6.5 
due to irradiation. In overall, the lattice parameter increased from 5.2828 Å to 5.3288 Å, the Debye-
Waller factors of Nb and Sn increased by 68% and 37%, respectively. Such structural changes were 
accompanied by a decrease in critical temperature from 17.8 K to 7.1 К.

Therefore, the literature survey clearly reveals the lack of experimental studies on fine 
structural effects in Nb3Sn-based superconducting materials induced by protons with relatively high 
energies 10–20 MeV over a wide range of effective doses. 

Р. Д. Светогоров
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1.1 Bragg-Williams long range order parameter
	The antisite disorder is one of the major structural defects arising in Nb3Sn under the influence 

of particle irradiation (atoms of niobium and tin are partially swap their positions), the extent of this 
disorder can be quantufued by Bragg-Williams long-range atomic order (LRO) parameter initially 
introduced for two-component intermetallics and alloys [25].

	In compounds belonging to the A15 structure type with the general formula A1-xBx, the LRO 
parameter S is defined as:

1 (1 ) / 1 (1 ) / (1 ),a bS r x r x= − − = − − − (1)

where ra and rb are occupation factors of the A and B atoms, respectively. According to the definition, 
this parameter is equal to 1 for the perfectly ordered structure and equal to 0 for a statistical solid 
solution with occupancies proportional to stoichiometric coefficients. 

Variations in critical parameters of A15 LTSCs (viz., Tc and Bc) in terms of  degree of the 
atomic order (i. e., Bragg-Williams LRO parameter S) have been studied by many authors [26–29], 
and it was established that a strong positive correlation between Tc and Bc from one hand and S from 
the other is observed for all typical A15-type superconductors. Therefore, the problem of reliable and 
precis determination of the LRO parameter becomes very important.  

2. Specimens and Experimental details
The Nb3Sn samples studied in the paper were synthesized and provided to NRC “Kurchatov 

Instittue” by René Flükiger and co-workers, CERN [30]. The set includes 3 plate-like polycrystalline 
samples with thicknesses of 220 μm, 170 μm, and 140 μm. The samples were studied before and after 
a fast proton irradiation performed at the Kurhatov Institute’s cyclotron U-150 (for more information 
about irradiation see [31]). The first sample was irradiated independently with protons having an 
energy of 35 MeV to a fluence 1×1017 p/cm2. Two other samples were irradiated simultaneously with 
protons of 12 MeV up to fluence of 5×1017 p/cm2. The sample thicknesses were adjusted so as to 
get protons decelerated and stopped inside the second sample. This gives rise to the so-called Bragg 
peak of displacements per atom (DPA), which is a relatively narrow region with increased radiation 
damage (for more details, see [32]).

Powder diffraction experiments were carried out at the “Structural materials science” beamline 
at the Kurchatov synchrotron radiation source (NRC “Kurchatov Institute”, Moscow, Russia) [33] 
in the transmission (Debye ⸺ Scherrer) geometry using a 2D Fujifilm Imaging Plate detector. 
Monochromatization was performed by a Si (111) channel-cut monochromator to ΔE/E ~ 2·10-4. 

Measurements were carried out in two energy modes, i. e., the normal mode at a wavelength 
λ = 0.688862 Å and the resonant mode that included a series of energy-dependent diffraction patterns 
at the proximity of the Nb K-edge.

Since the samples were coarse-grained, we also used a specially designed system of 
sample positioning to scan continuously the position of the sample relative to the beam along x, y, 
φ ⸺ coordinates during X-ray exposure in order to improve on the polycrystalline statistical sampling 
and averaging (x, y), and suppress texturing effects (φ).

3. Data analysis
Raw 2D diffraction patterns were integrated using the Fit2D [34] and Dionis [35] code. A 

pattern of polycrystalline Si (NIST SRM 640c) was used to calibrate geometry parameters, such as 
precise sample-to-detector distance and tilt of the detector plane. Furthermore, the angular scale was 
corrected for the real thickness of each sample.

3.1 LRO parameter calculation from atomic occupancies
There are several alternative procedures for the determination of the Bragg‒Williams long-

Сверхпроводимость: фундаментальные и прикладные исследования, 2025, 3 (8)
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Figure 1. Comparison of calculated Nb3Sn diffraction patterns for the fully ordered structure (black curve) and for 
complete disordering (red).

Technically, the simplest way for obtaining S consists in using the Rietveld method [36, 37] as 
implemented in the Jana2006 code [38]. As is well known, the intensity of the diffraction reflection is 
proportional to the square of the structure factor:
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where an is an⸺ atomic occupation factor, fn  ⸺ atomic form factor, Bn ⸺ atomic displacement 
parameter, θ ⸺ diffraction angle, λ ⸺ X-ray wavelength, h, k, l ⸺ Miller indices, xn, yn, zn ⸺ atomic 
coordinates.

The Bragg‒Williams parameter is calculated from atomic occupation factors and refined in a 
self-consistent manner from all available reflex intensities rather from a single value. But there are 
several problems with such an approach. First, an X-ray diffraction pattern of Nb3Sn reveals a limited 
number of reflexes due to the high-symmetry cubic lattice, and thus the number of independent 
experimental points to refine model parameters is small. Second, Nb and Sn atoms are moderately 
close to each other in the Mendeleev Periodic System of elements and thus their atomic scattering 
factors are not too different, which decreases the stability and accuracy of the refinement. Third, 
as it has been briefly mentioned above, the effects of atomic disorder on diffraction pattern are not 
dramatic. The strongest difference lies in the intensity of the (110) reflex, which amounts just a few 
per cent of the most intense peak (210) even for the fully ordered state.

As a result, even a full-profile Rietveld refinement of the most disordered sample (corresponding 
to irradiation with the maximum proton fluence) does not allow determining the occupancy factors of 
the atomic positions with the required accuracy.

Р. Д. Светогоров

range order parameter. The degree of atomic disorder is clearly manifested in relative intensities of 
diffraction reflexes. The strongest effects are observed for the (110) peak, which reaches the maximum 
for the ordered system and turns to 0 for a total statistical disorder with occupancy factors proportional 
to stoichiometric coefficients (Fig. 1).
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3.2 Normal mode
As an alternative method, relative intensities of diffraction peaks can be analyzed manually in 

order to retrieve information on the antisiting extent. Simple crystallographic considerations give rise 
to the following expressions:

( )2 2 2
110  4 ,Sn NbF f f S= −

( )( )22
210  16 1 / 4 ,Sn Nb NbF f f f S+ + −⋅=

(3)

(4)

where S is the LRO parameter,  fSn and fNb are atomic scattering factors for Sn and Nb atoms, 
respectively.
As it can be seen from the formula, structure factor and, consequently, intensity of the (110) reflection 
has a maximum for S = 1 (fully ordered structure) and diminishes down to zero for S = 0 (statistical 
solid solution).

Theoretical diffraction patterns were calculated for several values of the order parameter S, 
where ω6c

Sn is the occupancy. Fig. 2 plots the intensity of the (110) reflex normalized to that of (210) 
as a function of S. The calculations were performed  using the tkatoms program from the IFEFFIT 
software [39]. These calculations are based on theoretical free-atom photoabsorption cross-sections 
compiled by Henke et al. [40], which neglect XAFS-like corrections due to local atomic structure 
above the absorption edge. Thus experimental measurements were carried out at an energy below the 
absorption edge of niobium.

Figure 2. Typical curve demonstrating dependence of the relative intensity of the (110) peak on order parameter P and its 
approximation by a cubic polynomial.

According to the simulations, for a fully ordered strictly stoichiometric Nb3Sn, the relative 
intensity of the (110) reflex is expected to be ca. 0.04. In the experimental diffraction patterns of 
pristine Nb3Sn plates, the relative intensity of (110) lies in a range 0.05‒0.06 (see Fig. 3), which is 
larger than in the crystallographic simulation. This means that there are some factors affecting line 
intensities, which have not been correctly taken into account, such as deviations from stoichiometry or 
preferred orientation. Nevertheless, the maximum relative intensity of (110) is observed for the initial 

Сверхпроводимость: фундаментальные и прикладные исследования, 2025, 3 (8)
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samples, which implies it is characterized by the minimum concentration of the antisite defects. For 
our estimates, this concentration was postulated to be zero (S = 1). Thus by comparing the observed 
intensities with the calculated curve normalized to the value for the initial sample it is quite simple to 
obtain the value of the LRO parameter. The respective values are given in Table 1.

Table 1. Bragg‒Williams atomic order parameter for initial samples and two irradiated samples with different proton 
energies, determined by different methods.

Sample Rietveld Normal mode REXD mode Extended REXD 
mode

Initial #1 1 1 1 0.995 (2)
Irradiated #1         
(35 MeV)

1 0.95 (2) 0.94 (12) 0.931 (3)

Initial #2 1 1 1 0.997 (2)
Irradiated #2 
(11.99 MeV, #1)

1 0.91 (2) 0.90 (11) 0.904 (4)

Initial #3 1 1 1 0.997 (2)
Irradiated #3 
(11.99 MeV, #2)

1 0.84 (2) 0.86 (11) 0.857 (6)

Figure 3. Difference in the relative intensities of (110) reflection for the pristine and irradiated (35 MeV) samples in 
normal diffraction mode.

3.3 Resonant diffraction mode
In addition to the so called normal diffraction mode, we used resonant diffraction with photon 

energies specially selected in the proximity of the Nb K-edge in order to increase the selectivity of 
diffraction data to the antisiting degree. In general, structure factor of a diffraction reflex (hkl) is 
proportional to

 exp(2 ( )),n n n nnhklF f i hx ky lzπ + +∑ (5)

Р. Д. Светогоров
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where the summation is performed over all n atoms in the unit cell, fn is the scattering factor of the nth 
atom and xn, yn, and zn are its fractional coordinates.

Taking into account anomalous dispersion terms, the atomic scattering factor is given by

0 ,n n n nf f f if′ ′′= + + (6)

In the ordered cubic phase of Nb3Sn, Nb atoms reside in the 6c Wyckoff positions: (¼,0,½), 
(¾,0,½), (½,¼,0), (½,¾,0), (0,½,¼), (0,½,¾), whereas Sn atoms reside in the 2a Wyckoff positions: 
(0,0,0), (½,½,½). In the case of antisiting, nominal Nb sites are partially occupied by Sn and vice 
versa. The atomic scattering factors for the structural sums should then be modified to

Sn Sn Nb1( 3 3) ,f f fω ω→ − + (7)

Nb Nb Sn1( ) ,f f fω ω− +→ (8)

where ω is the occupation factor of Sn in the Nb site.
Then the structural sums for several key reflexes can be transformed into:

2 2 0 0 2 2
110 Sn Nb Sn Nb Sn Nb4(1 4 ) ( ) ( ) ,F f f f f f fω  ′ ′ ′′ ′′− − + − + −

 


(9)

2 0 0 2 2
210 Nb Nb Sn Sn Nb Sn16 ((1 )( ) ( )) ((1 ) ) ,F f f f f f fω ω ω ω ′ ′ ′′ ′′− + + + + − +

 


(10)

2 2 0 0 2 2
211 Sn Nb Sn Nb Sn Nb4(1 2 ) ( ) ( ) ,F f f f f f fω  ′ ′ ′′ ′′− + + + + +

 


(11)

In the resonant diffraction mode, the intensity of the (110) peak is increased nearly 3-fold with 
respect to the normal diffraction mode (Fig. 4), which facilitates the order parameter estimates and 
makes them more accurate.

Figure 4. Series of diffraction patterns of the first initial sample in the resonant diffraction mode.

Сверхпроводимость: фундаментальные и прикладные исследования, 2025, 3 (8)
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Thus we used two energy values 18975.2 eV and 18986.4 eV. The latter was a compromise 
between the anticipated extent of the effect and transmission coefficients of the samples. At energies 
even closer to the nominal absorption edge position for Nb (18985.6 eV) or higher, the samples 
become completely opaque for the X-rays. We studied changes in the intensity of the (110) reflex and 
compared it with the calculated values (in a way similar to the normal mode described above) to get 
values of the LRO parameter at a higher accuracy.

3.4 Resonant diffraction series
In order to employ the resonant effects in diffraction to the maximum extent, it is desirable to 

acquire a series of energy-dependent diffraction patterns over a reasonably wide photon energy range 
(hereinafter, referred to as extended REXD mode). 

Simulation of (110) intensities shows that the amplitude of changes in this relative intensity 
upon energy scanning tightly correlate with S irrespective of absolute values. The maximum change 
is observed for the fully ordered intermetallic compound with S = 1 (Fig. 5).

Figure 5. Theoretical energy dependences of the relative intensity of the (110) peak near the Nb K-edge for different 
values of the order parameter S.

By simulating (110) intensity dependence on the value of the LRO parameter for the 
experimental energy points we obtained calibration curves similar to one shown in Fig. 4. As it can 
be seen, such dependencies are well described by third degree polynomials. Thus by solving cubic 
equations for the experimentally obtained intensity, values of the order parameters can be calculated 
for all data points and after averaging we can get the final S parameters. These values are shown in 
Table 1.

4. Discussion
Experimental and calculated curves for energy dependence of the LRO parameter, obtained 

by the extended REXD mode are shown in Figs. 6‒9.  With this values obtained we can model the 
energy dependencies of the (110) intensity for the calculated S-values to see the agreement of the 
experimental points and calculated curves (Fig. 6‒9). The resulting order parameter values are shown 

Р. Д. Светогоров
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in Table 1, it is seen that they differ from those obtained by other methods, however, these differences 
are not systematic. These differences are in particular due to the fact that no assumption on full 
ordering of the initial sample is used in this approach. As it can be seen, for the initial samples, similar 
measurements were also carried out and it was found that the order parameters for the samples are 
less than 1.

Figure 6. Observed and calculated energy dependencies of the intensity of (110) reflection for the 1st  initial sample.

Figure 7. Observed and calculated energy dependencies of the intensity of (110) reflection for the 1st irradiated sample 
(35 MeV proton energy).

Сверхпроводимость: фундаментальные и прикладные исследования, 2025, 3 (8)
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Figure 8. Observed and calculated energy dependencies of the intensity of (110) reflection for the 3rd initial sample.

Figure 9. Observed and calculated energy dependencies of the intensity of (110) reflection for the 3rd irradiated sample 
(11.99 MeV proton energy, #2).

5. Conclusions
Two Nb3Sn platelets were irradiated by fast protons with the energy of 12 MeV and 35 MeV 

and studied by X-ray diffraction before and after the irradiation in order to obtain the Bragg ‒ Williams 
atomic order parameter quantifying the antisite disorder that is the main defect type arising in A15 

Р. Д. Светогоров
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superconducting compounds upon irradiation. The LRO parameter was estimated by several different 
methods in particular using resonant diffraction. An original diffraction technique based on resonant 
diffraction is elaborated in order to improve on the sensitivity of the diffraction analysis of radiation 
defects.
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Исследование структурного беспорядка в Nb3Sn с помощью
резонансной рентгеновской дифракции
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Набор пластин Nb3Sn был облучен быстрыми протонами с энергией 35 МэВ и 12 МэВ при температуре 300 К с 
двумя различными флюенсами: 1 × 1017 п/см2 и 5 × 1017 п/см2 соответственно. Влияние облучения на концентра-
цию антиузельных дефектов (т. е. атомов олова в положении ниобия и наоборот) изучалось различными методами 
на основе синхротронной рентгеновской дифракции. Была разработана прецизионная методика оценки параме-
тра дальнего порядка Брэгга-Уильямса с использованием резонансного рентгеновского рассеяния.
 
Ключевые слова: низкотемпературные сверхпроводники; протонное облучение; антиузельные дефекты; струк-
турное разупорядочение; порошковая дифракция; резонансная дифракция; синхротронное излучение.

Сверхпроводимость: фундаментальные и прикладные исследования, 2025, 3 (8)

Роман Дмитриевич Светогоров ⸺ Заместитель руководителя
ККСНИ по взаимодействию с пользователями НИЦ «Курчатовский 
институт»

Roman Svetogorov ⸺ Ph. D., Deputy head of Kurchatov Complex for 
synchrotron and neutron investigations NRC Kurchatov Institute


	Пустая страница



