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Abstract 

Bi2Sr2CaCu2O8+δ (Bi-2212) superconducting whiskers, owing to their microscopic size, are good candidates 

for the fabrication of miniaturized devices for production/sensing of THz-radiation based on their Intrinsic 

Josephson Junctions (IJJ) properties. With this respect, several studies demonstrated the possibility of 

controlling whisker IJJ parameters by modifying the oxygen content. In this paper we show that both thermal 

annealing and hard X-ray irradiation are effective ways to tune the oxygen doping. In particular, we 

monitored the effect of an annealing process at 363 K and of irradiation by 17 keV micro- and nano-beams 

on the structural and superconducting properties of selected Bi-2212 whiskers. Moreover we modeled by a 

finite element simulation the temperature field induced by the X-ray beam to try to clarify the origin of the 

measured changes. 
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1 Introduction 

Since a few years ago whisker-like crystals of Bi2Sr2CaCu2O8+δ (Bi-2212) [1, 2] attracted significant 

attention because of their very good crystalline quality, peculiar dimensions with micrometric cross sections, 

leading to high aspect ratios, and outstanding superconducting properties [3, 4]. 

The presence of a layered structure along the crystal c-axis, consisting of alternating superconducting and 

insulating planes, induces the intrinsic Josephson effect in this compound [5] and several studies have been 

published describing the possibility of producing or sensing coherent THz radiation using these materials [6-

8]. Furthermore, some authors have reported on the possibility of controlling whisker intrinsic Josephson 

junction (IJJ) parameters (e.g. the critical current density and the junction resistance) by modifying the 

oxygen content, which is well known to be strongly related to the carrier density [9, 10]. 

Previous investigations by our group showed that the Bi-2212 whiskers can undergo an aging process when 

exposed to air at 273 K or to a helium atmosphere at room temperature for long periods (100 days) [11, 12], 

or when annealed at moderate temperature for few hours [13]. These processes are associated with oxygen 

depletion mechanisms, which lead to a modification of the c-axis length, and can be exploited to modulate 

the IJJ characteristics. Therefore a combined in situ structural and electrical characterization can help to 

better understand the ageing processes which can be crucial for the technological applications of these 

materials. 

Also particle and photon irradiation has proven to be able to modify the structural and functional properties 

of these materials. The effect of heavy ion irradiation on Bi-2212 has been extensively investigated, showing 

that the critical temperature (Tc) starts to decrease when the fluences are higher than ~ 1 – 2 × 1011 ions cm− 2 

[14]. Also electron irradiation can induce polycrystallinity and amorphization in the whiskers at fluences of ~ 

1022 e− cm−2 [15], whereas protons and α particles can knock O atoms out of the material at fluences of ~ 1016 

particles cm− 2, affecting both Tc and the normal state resistivity [16]. 

Concerning photons, Ishibashi et al. [17] reported that γ-rays of about 1.3 MeV are able to induce the 

desorption of extra oxygen atoms from the BiO layers of Bi-2212 and to reduce the size of the crystallites. 

Also other studies highlighted that γ-rays with similar energy can modify the oxygen concentration and the 

carrier distribution in different high temperature superconductor compounds [18, 19]. In general, less 

energetic photons were considered unable to produce significant effects, but in the last decade great 
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improvements have been performed in the focusing of X-ray beams at synchrotron sources [20, 21], opening 

new possibilities for the study and manipulation of oxide superconductors [22, 23]. Recently we showed that 

it is possible to locally tune the oxygen doping content by irradiating the material with an intense 17 keV X-

ray nano-beam [24] and this process can be exploited to fabricate electrical devices, paving the way to a 

novel X-ray nano-patterning method that in principle can be extended to all oxide materials [25]. 

In this paper we present a comparative study of the effect of an annealing process at 363 K and of hard X-

rays irradiation by X-ray micro- and nano-beams on selected Bi-2212 whiskers. Since such treatments are 

expected to induce variations in the oxygen content in the micro-crystals, we monitored the c-axis parameter 

evolution by X-ray diffraction and we investigated the changes in the electrical properties. 

 

2 Experimental 

Samples synthesis. The Bi-2212 whiskers were grown starting from high purity commercial powders of 

Bi2O3, SrCO3, CaCO3 and CuO (Aldrich 99.9999%) finely mixed in Bi:Sr:Ca:Cu stoichiometric ratios of 

1.5:1:1:2. The mixture was melted at 1050 °C and glassy plates were produced by quenching the melt 

between copper plates at room temperature. The growth of the crystals took place on the plates during a five 

day annealing at about 850 °C in a controlled O2 flow. Such conditions were selected in order to obtain 

whiskers with doping features corresponding to the nearly optimally doped or slightly overdoped state to 

minimize the possible presence of defects due to oxygen vacant sites [26]. The Bi-2212 sample measured in 

the X-ray microprobe configuration has a size of 700 x 5.17 x 0.70 μm3, while the whisker analyzed using 

the X-ray nanoprobe has a size of 600 x 13.6 x 1.59 μm3. 

Electrical measurements. The sample preparation procedure consists of the selection under an optical 

microscope (100× magnification) of a smooth and linear crystal. Then a chip which allows both electrical 

and structural measurements on the same crystal was obtained by mounting the whisker onto a sapphire 

substrate where four point contacts were obtained by Ag physical vapour deposition [27]. Such contacts were 

subsequently covered with Au to avoid oxidation and subjected to thermal diffusion at 450°C for 5 minutes 

in pure oxygen atmosphere. The SEM micrograph in Fig. 1d shows a typical whisker (the c-axis is 

perpendicular to the sapphire substrate) with its four contacts perpendicular to the crystal. Each sample was 
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electrically characterized along its ab crystallographic plane by the standard four-probe method with a 1 μA 

current. 

X-ray micro- and nano-beam set-ups. The former ESRF ID22 beamline was installed on a high-β straight 

section of the ring equipped with two different undulators. After the front-end, the beam passed through the 

optics hutch (see Fig. 1a), where a set of selectable high-power filters and slits with adjustable horizontal and 

vertical apertures optimized the intensity and the shape of the beam. A flat horizontally deflecting Si mirror 

also allowed thermal load reduction and higher harmonic rejection, then the beam entered in a Kohzu fixed-

exit Si(111) double crystal monochromator. 

The microprobe set-up (experimental hutch EH1, see Fig. 1b) was based on Kirkpatrick-Baez (KB) mirrors 

that allowed us to reach a spatial resolution of 1.7 μm (vertical) × 5.3 μm (horizontal) with a photon flux I0 = 

109 photon s-1 at 17 keV. After passing in the micro-beam experimental hutch EH1, the beam entered in the 

nano-imaging experimental hutch EH2 (see Fig. 1c). The nano-focusing optics, located at 64 m from the 

undulator source, consisted of two graded multilayer coated surfaces mounted in crossed Kirkpatrick-Baez 

configuration. This design provided a reflectivity of 73% at 17 keV and a beam size of 117 (vertical) x 116 

(horizontal) nm2, with a photon flux I0 = 1.9 x 1011 photon s-1 during our experiment. In both EH1 and EH2 

experimental hutches different detectors were present: a mini-ionization chamber to monitor the intensity of 

the incoming beam, a Silicon Drift Detector (SDD) to acquire the XRF signals and a FreLoN CCD detector 

to collect micro-/nano-XRD patterns in transmission mode [28]. 

The chip holding the Bi-2212 whisker was alternately mounted in the ID22 hutch and in an off-line cryostat 

to allow complementary micro-/nano-XRD and electrical characterization on the same micro-crystal. 
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Fig. 1. (a) Scheme of the optics hutch of the former ESRF ID22 beamline, where the X-rays emitted by two undulators 

were monochromatized using two Si(111) reflections. (b) Photograph of the micro-beam experimental hutch EH1, 

containing the KB focusing mirrors, the rotating sample holder, the optical microscope for sample/beam alignment and 

the CCD camera to acquire the XRD patterns. (c) 3D scheme of the nano-beam experimental set-up used in the 

experimental hutch EH2 which is located after the hutch EH1. (d) Micrograph of a typical chip used for the 

measurements. 

3 Results and discussion 

3.1 Thermal annealing and micro-beam irradiation effects 

The combination of resistivity versus temperature (R vs T) and micro-XRD measurements allowed firstly to 

clarify the effects of the exposure to hard-X ray micro-beam and the subsequent thermal annealing process 

on the oxygen content in an individual Bi-2212 whisker. Indeed, the evaluation of both electrical (e.g. the 

critical temperature Tc for the superconducting transition and the normal state resistivity ρ) [9, 10, 29] and 

structural parameters, primarily the c-axis length [10], allows to obtain detailed information on the oxygen 
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content, which is nearly proportional to the carrier density in the superconducting cuprate. In particular, for 

the c-axis and ρ values a monotonous increase is expected upon oxygen depletion. Conversely, the Tc value 

increases while moving from overdoped to optimally-doped Bi-2212, reaches its maximum in 

correspondence of the optimal doping condition (~ 2.2 x 1021 carriers/cm3) and then decreases entering the 

underdoped regime [9, 10, 29]. With this respect, we employed the X-ray micro-probe of the former ESRF 

ID22 beamline to compare the impact of X-ray exposure to the effect of the thermal annealing on the local 

structural features of the Bi-2212 whiskers. 

As discussed in a previous study [13] and hereinafter summarized, the significant c-axis elongation observed 

after a 6 h annealing at 363 K correlated with the modifications detected in the electrical properties, globally 

evidencing a decrease in the oxygen content from almost optimally doped to underdoped, for the as-grown 

and annealed whisker, respectively [13]. However, more detailed insights on the mechanism underlying the 

oxygen depletion process can be obtained considering also the oxygen doping modification induced by the 

micro-beam, whose properties are reported in Section 2. 

It is worth noting that, in order to allow a quantitative comparison between the different X-ray irradiation 

conditions that we tested, including micro-beam and nano-beam (vide infra, Section 3.2) exposures, the dose 

D can be calculated according to eq. (1): 

 
𝐷𝐷 =

𝐼𝐼0  ∆𝑡𝑡 𝐸𝐸𝑎𝑎𝑎𝑎𝑎𝑎
𝑚𝑚𝐼𝐼0

=  
𝐼𝐼0  ∆𝑡𝑡𝐸𝐸0 (1 − 𝑒𝑒−

𝑡𝑡
𝜆𝜆𝑎𝑎)

𝑉𝑉𝐼𝐼0𝜌𝜌𝑚𝑚
   

(1) 

   

where Δt is the total time of irradiation, Eabs the absorbed photon energy, mI0 the irradiated mass of Bi-2212, 

VI0 the irradiated volume, ρm the mass density, x the material thickness and λα the attenuation length of 

photons in Bi-2212, whose value is λα =17.38 µm at the energy E0 = 17 keV [30]. 

In particular, the X-ray micro-beam irradiation was performed by multiple raster scans of the micro- probe 

on a region of 150 × 5.17 μm2 of the whisker, resulting in a dose D = 7.5× 107 Gy, as reported in Fig. 2. 

Let us first discuss the evolution of the electrical behaviour of the probed Bi-2212 whisker upon (i) X-ray 

micro-probe irradiation and (ii) subsequent thermal annealing. The results obtained from electrical 

characterization are summarized in Fig. 2, reporting R vs T curves measured on the as-grown sample, after 

exposure to the X-ray micro-beam, and finally after annealing the crystal at 363 K in air for 6 hours. 
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Fig. 2. (a) Four-probe R vs T curves for the as-grown sample (black squares), after exposure to the X-ray micro-beam 

(blue triangles), and after a subsequent annealing of 6 h at 363 K in air (red circles). (b): Magnified view of the 

transition region. (c): Derivatives of the curves of panel (a). (d): Critical temperatures as determined from the peak 

values of the derivatives shown in panel (c). The error bars simply indicate the uncertainty in determining the peak 

positions and are not related with the transition width. The dashed line represents a guide to the eye. Unpublished 

Figure; the data for as-grown and annealed sample were previously reported in ref. [13]. 

Very interestingly, comparing the R vs T curves collected for the as-grown and X-ray irradiated sample, we 

observe a decrease in the critical temperature Tc (determined from the position of the first derivative peak of 

the R(T) curve, see Fig. 2c) by about 0.6 K. Correspondingly, an increase in the normal state resistance by 

about 15% is observed. These evidences point out an X-ray induced reduction in the doping level of the 

crystal [10, 29], which moves from an almost optimally doped condition towards a slightly underdoped one. 

It should also be considered that, in agreement with previously reported results obtained for a different 

micro-crystal from the same synthesis batch [31], the electrical characterization clearly confirms that hard X-

ray irradiation induces significant modifications in the superconducting and in the normal state behaviour of 

the investigated Bi-2212 whisker. All of these evidences can be consistently related to a local oxygen-

depletion mechanism, involving a rearrangement of the O-atoms distribution in the irradiated area. Similar 

results were also reported for a Y-123 microbridge under irradiation by 20 keV electrons [32]. The observed 



8 
 

increase in the resistivity was explained by Tolpygo et al. by a knock-out of the loosely bound O-atoms by 

the incident electron beam. According to this interpretation, irradiation likely induces a disordering effect 

within the irradiated regions, resulting in a local lowering in the doping level without oxygen diffusion out of 

the material. A similar process based on the displacement of interstitial oxygen atoms in the Bi-2212 by the 

secondary electrons produced upon irradiation with high doses of 17-keV photons is very likely to play a role 

in our experiment. 

The subsequent annealing of the crystal seems to partially restore the pristine conditions of the material. 

Indeed, the corresponding curve shown in Fig. 2 indicates a reduction of about 2% in the normal state 

resistance and an increase of about 0.4 K in Tc, with respect to the values observed after X-ray micro-beam 

exposure. This observation supports the hypothesis of a previous local-scale lowering of oxygen content 

because thermal annealing drives back the system towards an equilibrium state corresponding to a higher 

oxygen amount. However, as illustrated in Fig. 2b, the R(T) curve collected after annealing globally displays 

a significantly modified shape. In particular, the annealed whisker is characterized by a widened 

superconducting transition, as confirmed by the corresponding derivative plot reported in Fig. 2c. In these 

conditions the formation of a new minor phase, exhibiting a lower Tc, seems likely, as also suggested in 

previous XRD observations of thermally annealed Bi-2212 crystals [33]. 

As previously introduced, the c-axis length has been identified as a particularly sensitive indicator for the 

doping level [10], hence it has been monitored for the as-grown sample and for the final step of the 

treatment, i.e. after X-ray exposure and annealing. In particular, once the whisker was suitably aligned, 

single-crystal (00l) diffraction peaks were detected. The analysis of these XRD data resulted in a significant 

increase of the c-axis value determined for the sample after micro-beam irradiation and subsequent 

annealing, which lengthens to 30.68 Ǻ from the 30.56 Ǻ value for the almost optimally doped as-grown 

material. The final c-axis value of 30.68 Ǻ, typical of underdoped Bi-2212 [10], definitely confirmed the 

overall oxygen-depletion effect cumulatively produced by combined X-ray irradiation and thermal treatment. 

When considering these combined effects of X-rays and thermal annealing, it should be considered that 

many authors [10, 13, 31] have already shown that thermal treatment is an effective process to induce 

oxygen depletion and related tuning of the electrical properties in Bi-2212 whiskers. For this reason, before 

associating an independent mechanism to the modifications induced by X-ray irradiation, the possibility of 
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local temperature increase induced by the final phononic decay of the power deposited by the highly focused 

X-ray beams in the material has to be considered. Indeed, a significant increase in the local temperature upon 

irradiation could promote oxygen out-diffusion, equivalently to the annealing process but on a more local 

scale. To evaluate this scenario we have built a 3D finite element model (FEM), where the heating process 

induced by the X-ray beam on the sample is simulated for all the experimental conditions, thus 

corresponding to micro- and nano-beam irradiation (see Section 3.3). 

3.2 Nano-beam irradiation effects 

The use of a X-ray nano-beam, which ensures an even higher photon density (~ 107 ph s-1 nm-2), enabled us 

to enhance the irradiation effect and therefore achieve deeper insights in the nature of the X-ray induced 

oxygen depletion mechanism. The nano-beam experiment was performed at the former ESRF ID22 

beamline, like the previous study of the combined effect of micro-beam exposure and thermal annealing. 

However, here we employed the improved focusing capabilities of the nano-imaging experimental hutch (see 

Section 2 for details), simultaneously allowing a higher spatial resolution and a higher photon flux in pink 

beam mode. As for the micro-beam experiment discussed before, the X-ray energy was set to 17 keV. The 

selected sample was irradiated in air at room temperature, in three subsequent steps, corresponding to 

increasing X-ray doses, quantified in ~ 1.7 × 1011 Gy, 19 × 1011 Gy and 32 × 1011 Gy, according to eq. (1). 

An individual irradiation step consisted in a raster scan of the sample, covering all the width of the crystal for 

30 µm in the [100] direction in a region located between the voltage contacts, with the beam parallel either to 

the [001] or to the [010] direction. In this experiment, we carefully monitored the variation of the c-axis and 

of the R vs T curves after each irradiation step, as summarized in Fig. 3.  
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Fig. 3. Summary of the results obtained from combined structural and electrical characterization on an individual Bi-

2212 whisker upon a three-step X-ray nano-beam irradiation process. (a) c-axis values obtained from nano-XRD 

characterization of the as-grown sample and after exposure to increasing X-ray doses. (b) Corresponding four-probe in-

plane R vs T curves, showing the electrical response for the as-grown sample and after each one of the three irradiation 

steps. Error bars on R (σR ≈ + 0.02 Ω) are negligible on the scale of this figure, hence are omitted. (c) Analysis on the 

first order derivative of R(T) to determine the mid-point transition temperature for the Bi-2212 main phase; its variation 

as a function of the dose is displayed in panel (d). 

In particular, Fig. 3a reports the c-axis evolution as monitored by nano-XRD measurements. A monotonous 

increase of the lattice parameter is evident with increasing X-ray doses. This result provides a direct 

structural evidence of a local reduction in the carrier density upon 17 keV photons irradiation, 

complementing the preliminary insights obtained from the electrical characterization of the micro-beam 

exposed whisker discussed above. With respect to electrical measurements, Fig. 3b reports the R vs T curves 

acquired for the as-grown whisker and after the three subsequent X-ray doses. Firstly, it is worth noting that 

the four R(T) curves are characterized by the presence of two distinct transitions. The main one is associated 

to the Bi-2212 nominal phase, with a critical temperature Tc around 80 K, whereas the additional transition 

observed below 75 K can be related to the top layers of material chemically modified by the silver diffused 

from the uppermost electrical contacts [34]. The Tc of the principal transition, determined for the main Bi-
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2212 phase from the position of the maximum in the first derivative curve plotted in Fig. 3c, are reported in 

Table S1, in correspondence of the increasing X-ray doses tested. 

A first experimental consequence of material irradiation is the progressive increase of the mid-point 

transition temperature (Fig. 3d). In particular, the as-grown sample exhibits a Tc of (79.29 ± 0.20) K, which, 

combined with the c-axis value of (30.42 ± 0.05) Å, suggests an overdoping condition in the pristine 

material. A remarkable Tc increase is observed after the three X-ray doses, corresponding to a c-axis value of 

(31.40 ± 0.08) Å. Intermediated values are reached in correspondence of the first and second irradiation 

steps, evidencing a less-than-linear growth trend for the Tc as a function of the dose. Finally, the monotone 

increase of Tc suggests that the global X-ray irradiation process promoted the transition from an overdoped 

to an almost optimally-doped condition in the exposed whisker, without passing the maximum in the Tc vs 

carrier density curve. 

In addition, a progressive increase in the normal state resistance is observed upon increasing X-ray doses, 

(Fig. 3, see in particular the high temperature behaviour of the four reported R(T) curves). The combination 

of the Tc and resistance evolution upon irradiation results in the intersection of all the four collected R(T) 

curves at about 85 K. The resistance increase is in agreement with the c-axis elongation found via nano-XRD 

in correspondence of increasing X-ray doses, definitely demonstrating that the X-ray irradiation induces an 

oxygen depletion phenomenon. 

3.3 Finite element simulation of the micro-/nano-beam heating effect 

Hereinafter we describe for both the micro- and the nano-beam set-ups a 3D model where the equation of 

heat is implemented to investigate if a significant increase in the local temperature is produced upon 

irradiation. The physical phenomena considered for the heat transfer process are conduction and convection, 

in a stationary state at the initial temperature of 300 K. Thus, the energy balance can be expressed by the 

following partial differential equation, eq. (2): 

 ∇  ∙ (−𝑘𝑘∇𝑇𝑇) +  𝜌𝜌𝑚𝑚𝐶𝐶𝑝𝑝𝑢𝑢�⃑  ∙  ∇𝑇𝑇 = 𝑄𝑄 (2) 

   

where k is the thermal conductivity, T is the temperature, ρ is the mass density, Cp is the heat capacity, u  is 

the air velocity and Q represents the heat source. The latter is expressed as the average power per unit 
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volume dissipated inside the crystal and is determined considering the fraction of energy absorbed by the 

material, according to eq. (3): 

 
𝑄𝑄 =  

𝑃𝑃𝑎𝑎𝑎𝑎𝑎𝑎
𝑉𝑉

=  
𝐼𝐼0𝐸𝐸0𝜂𝜂
𝑉𝑉

 
(3) 

   

where Pabs is the absorbed power, η the fraction of absorbed intensity and V the volume of the source. The 

ratio of energy released within a distance x inside the material is finally given by eq. (4): 

 
𝜂𝜂 =  

𝐸𝐸𝑎𝑎𝑎𝑎𝑎𝑎
𝐸𝐸0

= 1 −  𝑒𝑒−
𝑥𝑥
𝜆𝜆 

(4) 

   

As a first approximation, V is the total volume defined by the intersection between the beam and the crystal, 

and the energy absorbed is assumed to be homogeneously distributed in such a volume. 

Using the expressions written above it is possible to obtain all of the input data necessary to build the 

geometrical and physical model, as summarized in Table S2. 

In both micro- and nano-beam configurations, the geometrical model was built employing the effective 

sample dimensions, reported in Section 2 for the two investigated whiskers. From top to bottom, the model 

includes: (i) the superconducting crystal; (ii) a 1 µm-thick layer of air; (iii) a 200 µm-thick sapphire 

substrate, which is in contact with the crystal through 2 sapphire pads of the same height of the air layer, 

located below the crystal extremities. An air volume (200 µm thick) surrounds the crystal, to include the 

effect of air convection in the thermal energy balance. Considering the large volume of the sapphire substrate 

with respect to the volume of the crystal, a constant temperature of 300 K was set as a boundary condition in 

the sapphire bottom and side faces. The physical parameters for the materials of interest employed to 

implement the FEM simulations are summarized in Table S3. The computer simulations were performed 

using the release 4.3a of the commercial software COMSOL Multiphysics®. 

The resulting temperature field distributions induced by the synchrotron micro-beam and nano-beam are 

reported in the top and bottom panels of Fig. 4, respectively. In both cases only the experimental 

configuration with the X-ray beam parallel to the [001] direction has been reported for homogeneity. 
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Fig. 4. Simulated temperature field distribution induced by the synchrotron micro-beam (top panels) and nano-beam 

(bottom panels). Panels (a) and (c) refer to the plane perpendicular to the [001] direction, crossing the whiskers in the 

middle of their thickness. Panels (b) and (d) refer to the plane perpendicular to the [010] direction, passing through the 

centre of the beam. In panels (a) and (b) the lines corresponding to the boundaries of the micro-crystals are also visible. 

Panels (a) and (b) in Fig. 4 clearly show that the increase in temperature induced by the X-ray micro-beam is 

very feeble, both in transversal and longitudinal directions. In particular, the maximum temperature variation 

evaluated by FEM simulation is of only 0.02 K. The nano-beam configuration induces a slightly more 

effective heating effect, as illustrated in Fig. 4c,d. Indeed, in this case the maximum temperature increase is 

of 6.8 K, observed at the source position. The thermal perturbation extends from the source location up to 

about 20 µm along the a-axis of the crystal and exceeds the crystal edges along b- and c-axis: thereby, part of 

the power is dissipated through convection by the air surrounding the sample. A direct quantitative 

comparison between the two simulations is not straightforward, due to the different conditions considered. In 

particular, the two crystals differ in thickness and a different incoming photon flux is employed: both of 

these two factors significantly influence the amount of power density of the heat source, reflecting the 

different experimental conditions related to the micro- and nano-beam configurations. Nevertheless, the 

simulated phenomena are representative of the X-ray irradiation experiments discussed in the previous 

Sections, and point out a minor thermal effect of the X-ray irradiation, suggesting that other microscopic 
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mechanisms have to be considered for possible explanation of our experimental evidences, like for instance 

the oxygen knock-out by the secondary electrons locally produced by the X-rays. However, it should be 

underlined that these simulations are performed in stationary conditions, using a time-averaged power 

density. Since the synchrotron beam is pulsed, the instantaneous power density can be considerably higher, 

thus inducing higher local temperature increases for very short time scales. 

4 Conclusions 

In this paper we reported a comprehensive study of the effect of an annealing process at 363 K and of hard 

X-rays irradiation on selected Bi-2212 whiskers. By combining in situ synchrotron micro- and nano-XRD 

and electrical characterizations, we monitored the changes in structural and superconducting properties 

associated to such processes. 

We showed that the structural effect of the micro-beam irradiation followed by a 6 h annealing at 363 K is to 

gradually increase the c-axis length. This result, correlated with the modifications detected in the electrical 

properties, globally evidences a decrease in the oxygen content in the Bi-2212 whisker which is initially 

almost optimally doped and progressively becomes underdoped. 

In the case of nano-beam irradiation, we measured a progressive increase of the mid-point transition 

temperature from (79.29 ± 0.20) K to (80.62 ± 0.15) K after three steps of irradiation (total dose = 32 x 1011 

Gy). Moreover, a gradual increase in normal state resistance is observed upon increasing X-ray doses. In 

parallel, we noticed a progressive c-axis elongation which confirms that the X-ray irradiation induces an 

oxygen depletion phenomenon.  

To better understand the origin of the measured changes, we employed a 3D finite element model to 

calculate the temperature field distributions induced by the X-ray micro- and nano-beams. The maximum 

temperature variation evaluated by the FEM simulation is of 6.8 K for the nano-beam configuration and only 

of 0.02 K for the micro-beam set-up, suggesting the presence of other mechanisms responsible for oxygen 

decrease, e.g. oxygen knock-out by the secondary electrons locally produced upon X-ray irradiation. 

However, further simulations taking into account the temporal structure of the incoming synchrotron beam 

(i.e. the time-dependent power density) should be performed. 
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