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Abstract
The effects of neutron irradiation in dry tube (DT) and rotary rack (RR) facilities at PUSPATI TRIGA Reactor on the 
superconducting properties of  (Bi1.6Pb0.4)Sr2Ca2Cu3O10 (Bi-2223) are reported. The samples were prepared via the co-
precipitation method and exposed to neutron irradiation in both facilities for 0.25 h to 5 h with neutron flux 6.90 ×  1012 and 
2.75 ×  1012 n  cm−2  s−1, respectively. The structure, microstructure, radionuclide, electrical resistance, and AC susceptibility 
were determined. Energy-dispersive X-ray analysis revealed the presence of Zn and Po due to the neutron activation. Gamma 
spectroscopy analysis showed that neutron irradiation produced 85Sr radionuclide. The electrical resistance showed onset 
temperature, Tc-onset of 118 K and transport critical current density, Jc-t of 2.14 A  cm−2 at 50 K for the non-irradiated sam-
ple. AC susceptibility showed that the transition temperature, Tcχ′ was around 106 to 109 K and 105 to 109 K for samples 
irradiated in DT and RR facilities, respectively. The lower peak temperature, TpL of the imaginary part of the susceptibility, 
χ″ varied from 88 to 97 K. Sample irradiated for 4 h with neutron fluence of 3.96 ×  1016 n  cm−2 in RR facility showed the 
highest Jc-t (15.88 A  cm−2 at 50 K). Samples irradiated in RR showed higher Jc-t compared with samples irradiated in DT 
facility. Neutron irradiation suppressed the transition temperature and Bi-2223 phase, but improved Jc-t by more than six 
times in DT and seven times in RR facility. The optimal neutron fluence for neutron irradiation in Bi-2223 was between 
2.48 ×  1016 and 3.96 ×  1016 n  cm−2.
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1 Introduction

The Bi–Sr–Ca–Cu–O (BSCCO) superconductor is a 
cuprate-based high-temperature superconductor (HTS) that 
has received a lot of attention due to the stability of the 

superconducting phase, a relatively high transition tempera-
ture, Tc and critical current density, Jc. The general formula 
is  Bi2Sr2Can−1CunO2n+4+y where n = 1, 2 and 3 refers to 
the number of  CuO2 layers. The BSCCO superconductors 
consist of single, double, and triples layers of  CuO2 and 
are known as Bi-2201, Bi-2212, and Bi-2223 phases which 
superconduct at 20, 81, and 110 K, respectively.

A considerable amount of works have been reported on 
the preparation, superconducting properties, and structure 
of the Bi-2223 phase, which has the highest transition tem-
perature, Tc among the BSCCO family. Substitution of Pb 
at Bi site improved Tc [1] and high Bi-2223 phase. Sam-
ple prepared the by co-precipitation method also produces 
a high-quality superconductor [2]. Besides that, the addi-
tion of magnetic and non-magnetic nanoparticles such as 
 Ni0.5Zn0.5Fe2O4 [3],  NiFe2O4 [4], PbS [5],  Fe2O3[6] and 
NiO [7] enhanced Jc of Bi-2223. The addition of magnetic 
nanoparticles with size, d between the coherence length, ξ 
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and penetration depth, λ (ξ < d < λ) can increase Jc [8]. An 
effective flux pinning can be achieved if the size of the defect 
is within the coherence length [9].

Neutron irradiation is another method to improve the 
flux pinning capability as well as optimizing the hole con-
centration of Bi-2223 phase. This is due to the ability of 
neutron irradiation to induce point defects which can cas-
cade into the microstructure and possibly increase Tc and 
Jc [10]. Besides that, the elastic collision between neutrons 
and atoms generates many defects mainly due to the oxygen 
atom. Oxygen atoms are the major mobile element in the 
BSCCO system, and therefore, oxygen atoms move from 
their ideal sites through incident neutrons transfer energy. 
These oxygen atoms movements generate a large number of 
vacancies and interstitial oxygen atoms that can modify the 
hole concentration [11]. Furthermore, neutron irradiation 
can introduce defect clusters of several nanometer in all parts 
of the samples isotropically [12].

Several studies showed that neutron irradiated Bi-2223 
samples exhibit improved flux pinning capability and sub-
stantially increased Jc. Irradiation with lower neutrons flu-
ence  (103 n  cm−2) enhanced superconducting properties bet-
ter than higher neutron fluence  (1017 n  cm−2) [13]. Bi-2223/
Ag sheathed tapes irradiated with neutron showed significant 
improvement in Jc at higher fields [14]. Fast neutron irra-
diation does not suppress the superconducting properties of 
Bi-2223 tapes and radioactive isotope analysis showed that 
the tape is safe to be used in medical accelerators [15]. The 
distribution of the pinning energy for neutron irradiation 
increased remarkably when compared to electron irradiation 
[16]. Magnetization studies on neutron irradiated Bi-2223 
revealed that at a higher fluence (8.0 ×  1016 n  cm−2), the 
critical magnetic field, Hc, and penetration depth in the a–b 
plane, λab increased by 30% and 15%, respectively [17]. Neu-
tron irradiated uranium doped Bi-2223 increased the num-
ber of flux pinning center compared with undoped Bi-2223 
samples [18].

The Malaysian’s PUSPATI TRIGA Reactor (RTP) 
has achieved its initial criticality on 28 June 1982 and is 
equipped with several irradiation facilities in the core and 
outside the core of reactor for research purposes. Among the 
in-core facilities are rotary rack (RR) and dry tube (DT) as 
shown in Fig. 1. The rotary rack facility is located around 
the top portion of the core and inside the graphite reflec-
tor. The rotary rack assembly is made up of a ring-shaped, 
seal-welded aluminum housing that contains an aluminum 
rack that is mounted on special bearings [19]. It supports 40 
uniformly spaced tubular aluminum storages that hold the 
specimen containers. The dry tube facility consists of empty 
tube located in core position in the reactor. The RR facil-
ity is a rotating system while DT facility is a non-rotating 
system. Thus, it is expected that the neutron fluence in RR 
facility is more uniform than DT facility. Studies on neutron 

flux distribution showed that the dry tube facility exhibited 
higher neutron flux  compared with the rotary rack facility 
[20]. The thermal, epithermal and fast neutron fluxes for 
DT are 6.90 ×  1012, 4.51 ×  1012 and 5.33 ×  1012 n  cm−2  s−1, 
respectively, while for RR is 2.75 ×  1012, 1.15 ×  1012 and 
8.61 ×  1011 n  cm−2  s−1, respectively [20]. It is interesting 
to compare the effect of neutron irradiation in DT and RR 
facilities on the superconducting properties of  (Bi1.6Pb0.4)
Sr2Ca2Cu3O10 superconductor. Hence, the objective of this 
study was to investigate the effect of neutron irradiation in 
dry tube (higher neutron flux) and rotary rack (lower neu-
tron flux) facilities with different neutron fluences on the 
superconductivity of Bi-2223 superconductor. Another 
objective of this study was to investigate the effect of non-
rotating (DT facility) and rotating (RR facility) systems on 
the neutron flux distribution on Bi-2223 superconductor.

In this study,  (Bi1.6Pb0.4)Sr2Ca2Cu3O10 samples were 
exposed to neutron flux of 6.90 ×  1012 and 2.75 ×  1012 n 
 cm−2   s−1 in DT and RR facilities, respectively for 0.25, 
0.50,0.75, 1.00, 2.00, 3.00, 4.00 and 5.00 h. The X-ray dif-
fraction (XRD) method was used to determine the resultant 
phase. The radionuclides were determined by neutron activa-
tion and scattering calculator and gamma spectroscopy. The 
electrical resistance and AC susceptibility were measured 
along with the microstructural properties.

2  Experimental details

The size of starting superconductor powders is one of the 
parameters that must be considered to produce a high qual-
ity superconductor. In this work, the fine superconductor 
powders produced by the co-precipitation method were used 
to prepare  (Bi1.6Pb0.4)Sr2Ca2Cu3O10. High purity (≥ 99.99%) 
bismuth acetates, strontium acetates, lead acetates, calcium 
acetates, copper acetates, and oxalic acid were used as start-
ing components. The acetates were weighed stoichiometri-
cally and dissolved in the optimum amount of acetic acid 
(solution A). The oxalic acid was dissolved in deionized 
water: isopropanol (1:1.5) to have a concentration of 0.5 M 
at 0 to 2 °C (solution B). Solution B was added to solution 
A in an ice bath where a uniform, stable, blue suspension 
was obtained. The slurry was filtered using a vacuum filter 
after a navy blue slurry was formed. The navy-blue precipi-
tate was dried at 80 °C overnight. The navy-blue precipitate 
precursor powders were pre-heated at 730 °C in air for 12 h. 
The pre-heated powders were reground and heated again at 
850 °C in air for 24 h and furnaced cooled. The powders 
were reground and then pressed into pellets with 12.5 mm 
diameter and 3 mm thickness. The pellets were sintered at 
850 °C for 48 h followed by furnace cooling.

Several samples were irradiated with neutrons in DT and 
RR facilities at PUSPATI TRIGA Research Reactor. The DT 
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facility is located at one of the in-core positions in the reac-
tor while the RR facility is located at the top portion of the 
core inside the graphite reflector and contains 40 irradiation 
positions as shown in Fig. 1. The samples were sealed in a 
container before being put inside the facilities. Special hook 
rods were used to insert and remove samples from DT and 
RR facilities. The energies of neutrons range from 1 eV to 
10 MeV, with thermal neutrons (Ekin < 1.0 eV) accounting 
for 41% and 58% of the neutron energy spectrum in DT and 
RR facilities, respectively [20, 21]. Hence, all fluences in 
this work are referred to thermal neutrons. The samples were 
irradiated in DT and RR facilities with thermal neutron flux 
6.90 ×  1012 and 2.75 ×  1012 n  cm−2  s−1 for 0.25, 0.50,0.75, 
1.00, 2.00, 3.00, 4.00 and 5.00 h. The corresponding thermal 
neutron fluences captured by the samples in DT facility were 
6.21 ×  1015, 1.24 ×  1016, 1.86 ×  1016, 2.48 ×  1016, 4.97 ×  1016, 

7.45 ×  1016, 9.94 ×  1016 and 1.24 ×  1017 n  cm−2. In RR facil-
ity, the corresponding neutron fluences were 2.48 ×  1015, 
4.95 ×  1015, 7.43 ×  1015, 9.90 ×  1015, 1.98 ×  1016, 2.97 ×  1016, 
3.96 ×  1016 and 4.95 ×  1016 n  cm−2. The samples were left in 
the chamber for a month after radiation to reduce the activity 
to a safe level.

The phase was identified by X-ray powder diffraction 
(XRD) method using a Bruker D8 Advance diffractome-
ter with  CuKα source. A PDF (00-042-0415) from ICDD 
data bank was used as a reference for the  (Bi1.6Pb0.4)
Sr2Ca2Cu3O10 (Bi-2223) phase. The lattice parameters were 
calculated using the Xpert High Score software. The volume 
fraction for the phases was determined by using the ratio of 
the sum of the intensities of all phases.

Field emission scanning electron microscope (FESEM) 
micrographs were observed using a Merlin Gemini scanning 

Fig. 1  a Rotary rack and b 
dry tube position in PUSPATI 
TRIGA Research Reactor at 
Malaysia Nuclear Agency
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electron microscope. Energy-dispersive X-ray analysis 
(EDX) with Oxford Instrument analyzer were used to deter-
mine the elemental composition of the samples. The neutron 
activation of elements was estimated by Neutron Activation 
and Scattering Calculator.

Radionuclide detection was performed by gamma spec-
trometer using an ORTEC coaxial high purity germanium 
(HPGe) detector. The sample counting time was 28,800 s. A 
multi-channel analyzer (MCA) and Gamma Vison Analysis 
software were used to analyze the peak energy in gamma 
spectra.

The temperature-dependent electrical resistance meas-
urements were conducted using the four-probe method with 
silver paste contacts. The samples were cut into bar shaped 
with dimensions of approximately 13 mm × 2 mm and aver-
age distance between contact was about ~ 2 mm. The setup 
consisted of a Keithley 197 Microvolt Digital Multimeter 
and Keithley 220 Current Source. A closed cycle refrigerator 
from CTI Cryogenics Model 22 and a temperature control-
ler from Lake Shore Cryotoronics Model 325 were used for 
electrical resistance–temperature measurements. The trans-
port critical current density, Jc-t was determined using the 
1 μV/cm criterion from 50 to 77 K.

An AC susceptometer from Cryo Industry model number 
REF-1808-ACS was used to measure the susceptibility. The 
samples were cut into bar shape for the measurement. The 
frequency of the AC signal used was 295 Hz and the mag-
netic field was H = 5 Oe.

3  Results and discussion

This section presents the results of XRD patterns, micro-
structure, radionuclide analysis, electrical resistance, AC 
susceptibility and critical current density measurements.

3.1  XRD patterns

Figure  2a, b show the XRD patterns of non-irradiated 
 (Bi1.6Pb0.4)Sr2Ca2Cu3O10 and samples irradiated in DT facil-
ity for 0.25, 0.50,0.75, 1.00, 2.00, 3.00, 4.00 and 5.00 h. 
XRD patterns revealed the presence of Bi-2223 and Bi-2212 
phase in all samples. The volume fraction of Bi-2223 phase 
with tetragonal unit cell was the highest for non-irradiated 
sample. All irradiated samples exhibited a lower volume 
fraction of Bi-2223 phase compared with non-irradiated 
sample and generally showed nearly 50:50 ratio of the 
Bi-2212: Bi-2223 phase. The lattice parameters for the 
non-substituted sample were a = 5.406 Å and c = 37.134 Å. 
Peaks due to Bi-2201 phase were also observed in the non-
irradiated sample and samples irradiated for 0.25 and 2.00 h. 
The Bi-2201 phase was denoted by (*).

XRD patterns of samples irradiated in RR facility for 
0.25, 0.50,0.75, 1.00, 2.00, 3.00, 4.00 and 5.00 h are shown 
in Fig. 3. The Bi-2223 phase was dominant for all samples 
except for samples irradiated for 0.25, 0.75, and 5.00 h. 
However, the volume fraction of Bi-2223 phase was sup-
pressed for all irradiated samples. Sample irradiated for 
5.00 h with equivalent to 4.95 ×  1016 n  cm−2 fluence showed 
the highest volume fraction of Bi-2212 phase. The samples 
irradiated for 2.00 and 4.00 h revealed the formation of 
Bi-2201 phase.

The XRD patterns demonstrated that all irradiated sam-
ples in both DT and RR facilities reduced the Bi-2223 phase. 
In general, samples irradiated in DT facility severely reduced 
the Bi-2223 phase compared with samples irradiated in RR 
facility. Several samples in DT (0.25 and 2.00 h) and RR 
(2.00 and 4.00 h) facilities showed the existence of Bi-2201 
phase. Neutron irradiation induced atomic displacement that 
caused disorder in Cu–O chain and intergrowth of  CuO2 
planes, which resulted in the formation of multiphases 
in the sample [22]. Our results showed the formation of 
Bi-2212 phase was increased after irradiation, but the for-
mation of Bi-2201 phase was greatly suppressed, with no 
peak observed in the XRD pattern for almost all samples. 
This suggested that the neutron irradiation induced point 
defect (atomic displacement) that promoted the formation 
of Bi-2212 phase but hindered the Bi-2201 phase forma-
tion. There was no systematic change in lattice parameters 
and volume of unit cell for all irradiated samples. This was 
due to crystalline lattice distortion and atom displacement 
initiated by neutron irradiation led to cluster defects and the 
concentration of overlapping defects upon irradiation [11].

3.2  FESEM micrographs

FESEM micrographs for (a) non-irradiated sample, sam-
ple irradiated for (b) 2 h in DT facility and (c) 2 h in RR 
facility are shown in Fig. 4. FESEM micrographs showed 
platelet-like microstructures that were randomly oriented in 
all samples. Several layers of the superconducting grains 
packed together in well-ordered manner were observed in 
all samples. Samples irradiated for 2 h in RR facility showed 
a smaller grain size with higher porosity compared with 
non-irradiated sample and sample irradiated for 2 h in DT 
facility.

3.3  EDX analyses

Figure 5 shows the EDX spectra with elemental atomic 
and weight percent for (a) non-irradiated sample, (b) sam-
ple irradiated for 2 h in DT facility and (c) sample irradi-
ated for 2 h in RR facility. Peaks corresponding to Bi, Pb, 
Sr Ca, Cu and O elements were observed in all samples. 
There were slight variations in the ratio of atomic and 
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Fig. 2  XRD patterns of 
non-irradiated  (Bi1.6Pb0.4)
Sr2Ca2Cu3O10 and samples 
irradiated in DT facility for 
0.25, 0.50,0.75, 1.00, 2.00, 3.00, 
4.00 and 5.00 h. Peaks with 
parenthesis and (*) indicate the 
Bi-2212 and Bi-2201 peaks, 
respectively

(a)

(b)
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Fig. 3  XRD patterns of 
 (Bi1.6Pb0.4)Sr2Ca2Cu3O10 irradi-
ated in RR facility for 0.25, 
0.50,0.75, 1.00, 2.00, 3.00, 
4.00 and 5.00 h. Peaks with 
parenthesis and (*) indicate the 
Bi-2212 and Bi-2201 peaks, 
respectively

(b)

(a)
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weight percent from  (Bi1.6Pb0.4)Sr2Ca2Cu3O10 composition 
in all samples. This was probably due to the limitation of 
EDX to measure light element such as oxygen. Further-
more, peaks representing Zn were observed in all irradi-
ated samples and peak from Po was detected in sample irradiated for 2 h in DT facility. The emergence of new 

elements was due to neutron activation after irradiation.

Fig. 4  FESEM micrographs of a non-irradiated  (Bi1.6Pb0.4)
Sr2Ca2Cu3O10, b sample irradiated for 2 h in DT facility and c sample 
irradiated for 2 h in RR facility

Fig. 5  EDX spectra of a non-irradiated  (Bi1.6Pb0.4)Sr2Ca2Cu3O10, b 
sample irradiated for 2 h in DT facility and c sample irradiated for 2 h 
in RR facility. Inset shows the atomic and weight percentage of cor-
responding elements
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3.4  Neutron activation

The Neutron Activation and Scattering Calculator was used 
to estimate the neutron activation of elements for  (Bi1.6Pb0.4)
Sr2Ca2Cu3O10 (Table 1) irradiated for 5 h in DT and RR 
facilities. The calculation was based on 180 days after neu-
tron irradiation. 63Cu interacts with neutrons to produce 
64Cu, which then beta decayed to produce a stable nuclide 
64Zn. The major contribution of total radioactivity in irradi-
ated  (Bi1.6Pb0.4)Sr2Ca2Cu3O10 is 85Sr, which is the product 
reaction with neutron activated from 84Sr. Peaks in EDX 
spectra corresponding to Zn and Po were most likely 64Zn 
from Cu, and Po-210 from Bi, respectively.

3.5  Gamma spectroscopy

The gamma spectroscopy was performed 180 days after neu-
tron irradiation. Gamma peak energy analysis revealed the 

presence of radionuclide 109Cd, 85Sr and 60Co in samples 
irradiated for 5 h in DT and RR facilities. Background meas-
urements confirmed that 60Co and 51Cr originated from the 
laboratory. 60Co peaks at 1173.08 and 1332.34 keV is a com-
mon calibration source in many laboratories. It has a half-life 
of 5.27 years and is synthesized by neutron activation of 
59Co. 109Cd has a half-life of 462.6 days and emits gamma 
rays with a maximum energy of 127 keV. In other hand, 85Sr 
is the product reaction with neutron activated from 84Sr in 
 (Bi1.6Pb0.4)Sr2Ca2Cu3O10-δ sample. The intensity of 85Sr at 
513.99 keV was the highest in both samples indicating that 
85Sr as the main contribution of the total radioactivity in 
irradiated Bi-2223 (Table 2). This result agrees with Neutron 
Activation and Scattering Calculator estimation.

3.6  Electrical resistance

The temperature-dependence resistance curves of non-irra-
diated  (Bi1.6Pb0.4)Sr2Ca2Cu3O10 and samples irradiated in 
DT facility for 0.25, 0.50,0.75, 1.00, 2.00, 3.00, 4.00 and 
5.00 h are shown in Fig. 6. The onset transition temperature, 
Tc-onset is defined as the temperature at which a sudden drop 
in electrical resistivity is first observed. The zero transition 
temperature, Tc-zero is the temperature at which resistivity is 
zero. Tc-onset and Tc-zero are indicated in the inset of Fig. 6a. 
All samples showed the metallic normal-state behavior 
above the onset transition temperature, Tc-onset. Tc-onset and 
zero transition temperature, Tc-zero for all irradiated samples 
in DT facility were between 112 and 115 K, and 103 and 
105 K, respectively. Figure 7 shows the electrical resist-
ance versus temperature curves of samples irradiated in 
RR facility for 0.25, 0.50,0.75, 1.00, 2.00, 3.00, 4.00 and 
5.00 h. The metallic normal-state behavior was observed 
for all irradiated samples in RR facility. Tc-onset and Tc-zero 
for all irradiated samples in DT facility were between 112 
and 116 K, and 100 and 104 K, respectively. Sample irradi-
ated for 1.00 h with neutron fluence of 9.90 ×  1015 n  cm−2 

Table 1  Radioactive decay of each element in the  (Bi1.6Pb0.4)
Sr2Ca2Cu3O10-δ irradiated samples for 2 h in DT and RR facilities

Element Nuclide Half-life, T1/2 Activity (µCi)

DT; 2.00 h; 
4.97 ×  1016 n 
 cm−2

RR; 2.00 h; 
1.98 ×  1016 n 
 cm−2

209Bi 210Bi 3,500,000 years 2.2629 ×  10–7 9.0188 ×  10–8

209Bi 210Po 138.38 days 3.5876 ×  10–3 1.4298 ×  10–3

204Pb 205Pb 14,000,000 
years

6.9971 ×  10–9 2.7887 ×  10–9

84Sr 85Sr 64.9 days 2.1773 ×  10–1 8.6775 ×  10–2

88Sr 90Sr 29 years 8.8344 ×  10–11 1.4033 ×  10–11

40Ca 41Ca 130,000 years 1.5963 ×  10–4 6.3621 ×  10–5

63Cu 64Cu 12.7 h 0 0
64Cu 64Zn Stable 0 0
17O 14C 5736 years 3.9179 ×  10–6 1.5615 ×  10–6

Table 2  Radionuclides of  (Bi1.6Pb0.4)Sr2Ca2Cu3O10-δ irradiated samples in DT and RR facilities for 2 h

Sample Nuclide Energy (keV) Net Area Count 
(keV cts  s−1)

Intensity (cts  s−1) Uncertainty (%) FWHM (keV)

Dry tube
 2.00 h; 4.97 ×  1016 n  cm−2 109Cd 88.04 4574 0.212 9.59 1.337

85Sr 513.99 352,699 16.329 0.18 1.591
60Co 1173.08 14,824 0.686 1.32 1.946
60Co 1332.34 13,906 0.644 1.28 2.030

Rotary rack
 2.00 h; 1.98 ×  1016 n  cm−2 109Cd 88.04 3484 0.161 12.07 1.337

85Sr 513.99 155,215 7.186 0.28 1.591
60Co 1173.12 14,088 0.652 1.35 1.896
60Co 1332.33 13,008 0.602 1.25 2.077
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exhibited double onset transition temperatures which were 
116 K and 112 K. This is because of the decoupling of the 
superconducting grains after irradiation [23] and the exist-
ence of the impurities phase such as Bi-2212 phase.

The electrical resistance versus temperature curves for 
all irradiated samples in both facilities showed that the neu-
tron irradiation suppressed the transition temperature of 
 (Bi1.6Pb0.4)Sr2Ca2Cu3O10 as well as Bi-2223 phase. This 
can be explained in term of carrier concentration. Neutron 
can penetrate into the crystal lattice and displace the oxy-
gen atoms, which are located in small point defects (oxy-
gen vacancies) [11]. The displacement of oxygen, which 
is important in cuprate carrier behavior, resulted in the 
suppression of the transition temperature of  (Bi1.6Pb0.4)
Sr2Ca2Cu3O10. In addition, new elements such as Zn may 
also have contributed to the change in carrier concentra-
tion. Furthermore, the formation of the Bi-2212 phase can 
be associated with the decrease in Tc. For example, with 
increasing neutron fluence in the DT facility, Tc-onset gener-
ally decreased between 115 and 114 K while the volume 
fraction of the Bi-2212 phase increased between 37 and 
64%. This implied that the increased formation of Bi-2212 
phase could have contributed to the suppression of the Tc.

The transition temperatures, after irradiation were nearly 
plateaued, mainly for samples irradiated in the DT facility. 
This indicated that increasing the exposure time and neutron 
fluence had no significant effect on the carrier concentra-
tion of  (Bi1.6Pb0.4)Sr2Ca2Cu3O10. Furthermore, the deviation 
of Tc-onset and Tc-zero among all irradiated samples in DT 
facility were smaller and more systematic than irradiated 
samples in RR facility. This pattern was also observed in 
the volume fraction of Bi-2223 phase. The location of the 
facilities could be one explanation for these results. DT are 
empty tubes located in core position in the reactor. As a 
result, there is less moderation process that may disrupt the 
distribution of neutrons. Meanwhile, RR facility is in the 
graphite reflector which undergoes moderation process such 
as thermalization [20]. Moreover, despite the RR facility is 
a rotating system, the shape of container was not precisely 
parallel to the length axis of the fuel elements. Hence, some 
space existed between the container and the inner side of 
the irradiation tube, contributing to neutron flux distribution 
inhomogeneity [19, 24]. Therefore, neutron distribution in 
DT facility is more uniform compared with RR facility.

The electrical resistivity at room temperature for all 
samples are presented in Table 3. The resistivity at room 
temperature for non-irradiated sample was 5.05 mΩ cm. 
In general, neutron irradiation decreased the resistivity at 
room temperature, ρ297K for all samples in both DT and RR 
facilities. There were no systematic changes in ρ297K for irra-
diated samples in both facilities. These results are consist-
ent with a previous study that found a similar behavior of 
electrical resistivity of Bi-2223 at room temperature for low 
energy neutron irradiation [13]. This is because neutron irra-
diation destroyed the weak linked between the grains [13]. 
This also suggested that neutron irradiation is an effective 

Fig. 6  Electrical resistance versus temperature of non-irradiated 
 (Bi1.6Pb0.4)Sr2Ca2Cu3O10 and samples irradiated in DT facility for 
0.25, 0.50,0.75, 1.00, 2.00, 3.00, 4.00 and 5.00 h

Fig. 7  Electrical resistance versus temperature of  (Bi1.6Pb0.4)
Sr2Ca2Cu3O10 irradiated in RR facility for 0.25, 0.50,0.75, 1.00, 2.00, 
3.00, 4.00 and 5.00 h
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method for lowering the normal state resistivity of Bi-2223 
superconductors.

3.7  AC susceptibility

The complex AC susceptibility (χ = χ′ + iχ″) measurement of 
non-irradiated  (Bi1.6Pb0.4)Sr2Ca2Cu3O10 and samples irradi-
ated in DT facility for 0.25, 0.50,0.75, 1.00, 2.00, 3.00, 4.00 
and 5.00 h are shown in Fig. 8. The real part of susceptibility 
χ′ is associated with the diamagnetic behavior, whereas the 
imaginary part of susceptibility, χ″ shows the nature of flux 
pinning strength and grain connectivity. A sudden deviation 
from straight line in χ′ denotes the susceptibility transition 
temperatures, Tcχ′ or the onset of transition temperature for 
bulk superconductivity. Tcχ′ also signifies the beginning of 
the magnetic shielding. Two peaks in χ″ that represent AC 
losses should be observed. The first small peak at higher 
temperatures TpH is associated with intrinsic losses while 
the second pronounced peak at lower temperatures is related 
to intergranular current density, Jcs. The temperature at the 
second pronounced peak in χ″, TpL is correlated with flux 
pinning strength and intergranular coupling.

In general, our AC susceptibility measurements revealed 
feebly visible intrinsic losses peaks between 104 and 
106 K for irradiated samples. This indicated the presence 
of weak coupling among the grains which weakened the 
interaction between neighboring Bi-2223 superconduct-
ing grains as a result of microstructure defects caused by 
neutron irradiation. The Tcχ′ for non-irradiated sample was 
108 K. The highest Tcχ′ was 109 K for samples irradiated 

for 0.25 and 0.75 h in DT facility. Tcχ′ for other irradiated 
samples was between 106 and 107 K. The highest TpL (98 K) 
recorded was for sample irradiated for 0.75 h with fluence 
of 1.86 ×  1016 n  cm−2 indicating that the enhancement of 
flux pinning energy and intergranular coupling. The were 
no systematic change in TpL and TpH for all irradiated sam-
ples in DT facility. Besides that, TpH was not observed in 
samples irradiated for 0.25 and 0.75 h. TpH may be obscured 
with TpL due to the strong coupling between the grains in 
these irradiated samples. This also demonstrated that the 
grain coupling took place immediately after the occurrence 
of superconductivity within the grains [25].

For all irradiated samples in RR facility, the AC suscep-
tibility curves are shown in Fig. 9. All irradiated samples 
showed a barely discernible intrinsic losses peak in imagi-
nary part of χ at around 103 to 107 K (see supplementary 
data). The highest Tcχ′ and TpL were 109 K and 97 K, respec-
tively for samples irradiated for 1.00 h in RR facility. In 
general, other irradiated samples showed a decreased of Tcχ′ 
and TpL and TpH as compared with non-irradiated sample.

In both DT and RR facilities, the Tcχ′ and TpL and TpH 
generally decreased after irradiation, indicating that the sup-
pressing of flux pinning energy and weakening of intergran-
ular coupling after neutron irradiation. This was consistent 
with SEM characterization, which revealed the presence of 
smaller grains size in the sample irradiated for 2 h (Fig. 4b, 
c). However, at specific irradiation time and neutron fluence 
(in our case, 0.25 and 0.50 h irradiation in DT facility and 
1.00 h irradiation for RR facility), the flux pinning strength 
and intergranular coupling were enhanced. Besides that, the 

Fig. 8  AC susceptibility (χ = χ′ + iχ″) versus temperature of non-irra-
diated  (Bi1.6Pb0.4)Sr2Ca2Cu3O10 and samples irradiated in DT facility 
for 0.25, 0.50,0.75, 1.00, 2.00, 3.00, 4.00 and 5.00 h

Fig. 9  AC susceptibility (χ = χ′ + iχ″) versus temperature of 
 (Bi1.6Pb0.4)Sr2Ca2Cu3O10 irradiated in RR facility for 0.25, 0.50,0.75, 
1.00, 2.00, 3.00, 4.00 and 5.00 h
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reduction in Tcχ′, TpL and TpH were more prominent for sam-
ples irradiated in the RR facility compared to DT facility.

3.8  Critical current density

The transport critical current density, Jc-t versus tempera-
ture for non-irradiated  (Bi1.6Pb0.4)Sr2Ca2Cu3O10 and sam-
ples irradiated in DT facility for 0.25, 0.50,0.75, 1.00, 2.00, 
3.00, 4.00 and 5.00 h are shown in Fig. 10. Jc-t was meas-
ured via the four probe method using 1 μV/cm. The non-
irradiated sample showed Jc-t = 2.14 A  cm−2 at 50 K. Jc-t at 
50 K increased as irradiation time increased up until 1.00 h 
irradiation time. Then, Jc-t decreased until 3.00 h irradiation 
time. The highest Jc-t at 40 K was for sample irradiated for 
4.00 h with neutron fluence of 9.94 ×  1016 n  cm−2 which was 
14.41 A  cm−2. Neutron exposure for 5.00 h with 1.24 ×  1017 
n  cm−2 fluence severely suppressed Jc-t. This also indicated 
that substantially higher neutron fluence  (1017 n  cm−2) 
destroyed the flux pinning and current density of Bi-2223 
phase superconductor.

The transport critical current density, Jc-t versus tempera-
ture for all irradiated samples in RR facility are shown in 
Fig. 11. For 0.25 h irradiation time, Jc-t at 50 K decreased 
from 2.14 A  cm−2 to 1.96 A  cm−2. Then, Jc-t increased as 
irradiation time and neutron fluence increased except for 
5.00 h irradiation time. The highest Jc-t (15.88 A  cm−2) at 
40 K was for sample irradiated for 4.00 h with neutron flu-
ence of 4.95 ×  1016 n  cm−2.

In general, irradiated samples in both DT and RR facili-
ties showed remarkably enhanced transport critical current 
density except for samples irradiated for 5.00 h and 0.25 h 
in DT and RR facilities, respectively. Although the transi-
tion temperatures were suppressed more pronouncedly in 
RR than in the DT facility, the RR facility demonstrated 
better enhancement of Jc-t. In terms of neutron fluence, it 
is proposed that neutron fluences ranging from 2.48 ×  1016 
to 3.96 ×  1016 n  cm−2 are optimal to increase Jc-t in the 
 (Bi1.6Pb0.4)Sr2Ca2Cu3O10 superconductor.

Based on self-field approximation and Jc-t dependence on 
temperature between 50 and 77 K [26, 27], the correlation 
between characteristic length, Lc  associated with the pin-
ning force and the average grain size, Rg can be determined. 
A linear decrease in Jc-t was exhibited for all samples irradi-
ated in DT facility except for sample irradiated for 4.00 h. 
The linear drop of Jc-t signifies that the characteristic length, 
Lc is almost the same as the average grain size, Rg (Lc ~ Rg). 
The non-linear decrease showed by sample irradiated for 
4.00 h implied that the Lc is smaller than Rg (Lc < Rg).

For irradiated samples in RR facility, the curves shown 
by samples irradiated for 0.75 and 1.00 h indicated that Lc 
is larger than Rg (Lc > Rg). As shown in Fig. 11, samples that 
were irradiated for a longer period and with a higher neutron 
fluence showed a linear decrease in Jc-t versus temperature, 
indicating that  Lc ~ Rg. The various curves behavior implies 
that different pinning mechanism has taken place after neu-
tron irradiation in both facilities. Neutron fluence, Tc-onset, 
Tc-zero, ρ297 K, lattice parameters for Bi-2223 phase, volume 
fraction V2223, V2212 and V2201, Tcχ′, TpL, TpH, Jc-t(50 K) and 

Fig. 10  Jc-t versus temperature  of non-irradiated  (Bi1.6Pb0.4)
Sr2Ca2Cu3O10 and samples irradiated in DT facility for 0.25, 
0.50,0.75, 1.00, 2.00, 3.00, 4.00 and 5.00 h

Fig. 11  Jc-t versus temperature  of  (Bi1.6Pb0.4)Sr2Ca2Cu3O10 irradiated 
in RR facility for 0.25, 0.50,0.75, 1.00, 2.00, 3.00, 4.00 and 5.00 h
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Jc-t(77 K) of non-irradiated  (Bi1.6Pb0.4)Sr2Ca2Cu3O10 and 
samples irradiated in DT and RR facilities are presented in 
Table 3.

4  Conclusion

The effect of neutron irradiation in dry tube (DT) and rotary 
rack (RR) facilities on the superconducting properties of 
 (Bi1.6Pb0.4)Sr2Ca2Cu3O10 (Bi-2223) have been studied. The 
neutron irradiation resulted in the enhancement of critical 
current density although the transition temperatures and 
Bi-2223 phase formation were suppressed. Sample irradi-
ated for 4.0 h with neutron fluence of 3.96 ×  1016 n  cm−2 
in the RR facility showed the highest Jc-t (15.88 A  cm−2) 
at 50 K. Jc-t for samples irradiated in the RR facility was 
higher than samples irradiated in the DT facility. An appro-
priate irradiation time and neutron fluence optimized the 
peak temperature of imaginary susceptibility indicating that 
the enhancement of flux pinning strength and intergranu-
lar coupling. Our results showed that the optimum neutron 
fluence were between 2.48 ×  1016 and 3.96 ×  1016 n  cm−2. 
These findings can be useful in determining the optimized 
irradiation time and neutron fluence as well as appropriate 
irradiation facilities to improve the superconducting proper-
ties of Bi-2223. Other works, such as neutron irradiation in 
out-core facilities with different irradiation time and neutron 
fluence are interesting areas for future research. The Bi-2223 
phase in other forms such as tapes and thin films normally 
have higher Jc than in the pellet form. Hence, samples in the 
tapes and thin films form can also be prepared and irradiated 
with neutron using the optimal condition found in this work 
to improve the critical current density in future studies.
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