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a b s t r a c t

In the present work, we have irradiated the DI-BSCCO superconducting tapes with the 100 keV deute-
rium ions to investigate the effect of ion irradiation on their critical current (Ic). The damage simulations
are carried out using the binary collision approximation method to get the spatial distribution and depth
profile of the damage events in the high temperature superconducting (HTS) tape. The point defects are
formed near the surface of the HTS tape. These point defects change the vortex profile in the super-
conducting tape. Due to the long-range interaction of vortices with each other, the Ic of the tape degrades
at the 77 K and self magnetic field. The radiation dose of 2.90 MGy degrades the 44% critical current of
the tape. The results of the displacement per atom (dpa) and dose deposited by the deuterium ions are
used to fit an empirical relation for predicting the degradation of the Ic of the tape. We include the dpa,
dose and columnar defect terms produced by the incident particles in the empirical relation. The fitted
empirical relation predicts that light ion irradiation degrades the Ic in the DI-BSCCO tape at the self field.
This empirical relation can also be used in neutron irradiation to predict the lifetime of the DI-BSCCO
tape. The change in the Ic of the DI-BSCCO tape due to deuterium irradiation is compared with the
other second-generation HTS tape irradiated with energetic radiation.
© 2022 Korean Nuclear Society, Published by Elsevier Korea LLC. This is an open access article under the

CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

Due to recent advancements in superconducting technology,
certain superconducting compositions especially Sumitomo made
DI-BSCCO (Type HT-CA) remain superconducting up to z110 K [1].
Besides the excellent critical temperature, these second-generation
(2G) high-temperature superconductors also have a high critical
current (Ic). Their performance has increased significantly in the
past and their applications are explored in various high-power
systems such as fusion reactors, tokamaks, and high energy ion
accelerators [1]. The DI-BSCCO (bismuthe-
strontiumecalciumecopper oxide), YBCO (yttrium barium copper
oxide) and REBCO (rare-earth bariumecopper oxide) super-
conducting tapes have the potential to be used in the fusion reactor
magnets [2,3]. The superconducting tape due to its resistance-less
nature below critical temperature can be used to generate a
Rajput).
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strong enough magnetic field in a fusion reactor. These type II su-
perconductors (DI-BSCOO and REBCO) are capable of producing a
12T magnetic field at the centre of plasma compared to the 5T
produced in the ITER with the Nb3Sn low-temperature supercon-
ductors [4].

The artificial defects produced by the energetic particle irradi-
ation are often used to optimize the critical current of the HTS tape.
The energetic particles such as light ions e.g., proton, deuterium,
and helium ions, heavy ions, and high energy neutrons produce
displacement defects, cascade effects, and voids and change the
vortex profile in the superconducting tape. The defect type and its
shape primarily depend on the type of particles and their energy.
The charged particles transfer their energy via electronic excitation
and by collision with the nuclei of the lattice [5,6]. The light ions
such as deuterium, proton, helium ions create point defects that
exist randomly in the materials. These point defects change the
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Fig. 1. Cross-sectional architecture of the DI BSCCO-HT-CA tape.

Fig. 2. The number of Frenkel pairs vs energy of deuterium ion.
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vortex pinning profile and alter the superconducting properties of
the HTS tapes at the 77 K and self field. This alteration degrades the
current carrying capacity of DI-BSCCO tapes [7], Zr-BCO tapes [8],
and SmBCO superconducting tapes [9]. Zeller et al. [7] irradiated
the DI-BSCCO tape samples with the 2E18 protons.cm�2 of 50 MeV
energy and observed that the Ic of the tape is decreased to 25% of
the Ic of the pristine samples.

Neutrons interact with the matter via scattering or absorption
nuclear reactions and do not have awell-defined depth distribution
in the targets. Aoki et al. [10] irradiated DI-BSCCO HTS tape samples
with the z1010 neutrons.cm�2 of 14 MeV energy and observed no
significant change. The commercial DI-BSCCO tapes will have to
endure the intense neutron environment of up to 14.1 MeV energy
in the fusion reactors [11e13]. The estimation of the alterations in
critical current due to the ion or neutron irradiation is essential for
designing the radiation-resistant HTS tape and predicting their
lifecycle in the fusion reactor and accelerator applications. Due to
the limited availability of neutron fluences at the laboratory level,
and induced radioactivity after the neutron irradiation, neutron-
induced defects in the DI-BSCCO tapes are not extensively stud-
ied. The light ions e.g. proton, deuterium, etc can be used to sur-
rogate the neutron effects on the superconductors if they produce a
similar order of defects and radiation dose in them. High energy
heavy ions create larger defects of cylindrical and columnar shape
due to their very high stopping power in the matter [14]. The
displacement defects produced by the light ions are mobile during
the irradiation period and end up accumulating at the grain
boundaries. This deterioration in grain boundaries limits the critical
current of the HTS tape in the self and low magnetic fields [15e17].

In the present work, we address the radiation damage caused by
the 100 keV deuterium ions irradiation on the DI-BSCCO (HT-CA)
tape and its impacts on the critical current of the tape at the self
field. We later compare the damage caused by the deuterium ions
with those produced by the 14.1 MeV neutrons. Based on our
experimental data, we have empirically fitted a formula to predict
the degradation of Ic of the tape due to deuterium ions irradiation.
We also compare the Ic degradation in DI-BSCCO tape with the
RECBO tape irradiated with the 3 MeV trihydrogen cations [18].

The present manuscript is structured as follows. In section 2, we
have explained the ion distribution, numbers of defects, and va-
cancies distribution in the tape due to 100 keV deuterium ions
irradiation. In section 3, we have presented our experimental re-
sults of critical current degradation due to deuterium ion irradia-
tion. In section 4, we have correlated and compared these effects
with the effect caused by the 14.1 MeV neutron irradiation. In
section 5, we have fitted an empirical expression to predict the
degradation of critical current in the DI-BSCCO.

2. Simulation of radiation damage in the HTS tape by the
deuterium ion of 100 keV energy

The formation of Frenkel pairs, ion distribution in the HTS tape,
and vacancies distribution are simulated with theMonte Carlo code
SRIM/TRIM [19]. The SRIM (Stopping Power of Ions in Matter)
simulates the projected range and energy deposition by the ion
irradiation and TRIM (Transport of Ions in Matter) simulates the
slowing down of ions, recoils, sputtering and damage produced by
the ion irradiations. This code uses the binary collision approxi-
mation approach. In its full cascade mode, SRIM uses electronics
stopping power calculated with the Bethe Bloch approach, Zeigler
Biersack and Littmark (ZBL) universal potentials and cross-sections,
and tracks each knocked on atom with the Monte-Carlo approach
[20]. We have used the full damage cascademode of the SRIM/TRIM
code. In the next subsections, we present the results of the SRIM/
TRIM simulations of displacement damage in the DI-BSCCO tape.
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2.1. Production of dpa and dose deposition in HTS tape by
deuterium ions

We have simulated the effect of energetic deuterium ions on the
DI-BSCCO tape. The tape's cross-sectional architecture is presented
in Fig. 1. This DI-BSCCO (HT-CA) tape assembly consists of Bi-2223
(Bi2Sr2Ca2Cu3O10) filaments in the silver matrix, and is further
laminated with the copper-alloy. This copper alloy provides high
mechanical strength and low resistance at the splices between the
superconductors. In the simulations and irradiation experiments,
the copper-alloy layer is chemically removed. The number of in-
terstitials and vacancies collectively known as Frenkel pairs is
simulated for the deuterium ion of up to 10 MeV energy. The
number of Frenkel pairs are calculated for up to 10 MeV deuterium
ion energy to check themaximumdamage as this HTS tape can stop
up to 10 MeV of deuterium ions. The results of the simulations are
presented in Fig. 2.
2.2. Ion distribution in HTS tape due to 100 keV deuterium
irradiation

We have simulated the ion deposition profile of 100 keV
deuterium ion on the DI-BSCCO tape. The 100 keV deuterium ion
can only penetrate up to 1.15 mm thickness. This 100 keV energy can
only cause damage near the surface of the HTS tape. Due to the
short penetration range of ions, the outer layer of the copper is
removed in the irradiation experiments. The 2-dimensional depth
penetration profile of deuterium ions is shown in Fig. 3 and vacancy
distribution in Fig. 4. It is clear from Fig. 4 that all of the vacancies
and displacements are produced up to 1.15 mm depth. Some of the
displacements recombine with each other thus the number of va-
cancies are lower than the displacements. The effect of these
damage events are later checked by the deuterium ion irradiation
of 100 keV ions on the tape and are discussed in section 3.



Fig. 3. 2-Dimensional ion penetration profile in HTS tape.

Fig. 4. Vacancies distribution in the HTS tape for the 100 keV deuterium irradiation.
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3. Deuterium ion irradiation on the HTS tape

The tape dimensions used in these irradiation experiments are
70 mm long, 4.4 mm wide and 0.340 thick. Due to the low pene-
tration range of the deuterium ions of 100 keV energy, we have
chemically removed the outer layers of copper-alloy from the DI-
BSCCO tape at its centre. The deuterium beam is produced with
an electron cyclotron ion source (ECRIS) and accelerated to 100 keV
energy at the neutronics laboratory, Institute for Plasma Research
[21]. The samples are placed in the scattering chamber having the
vacuum of the order of 10�6 torr. No degradation in the critical
current (Ic) of the HTS tape sample was observed due to the
chemical removal of the copper layer. We place a circular aperture
of a 1 cm diameter in front of the DI-BSCCO tape. This aperture acts
as a beam window to the deuterium beam. The ion beam hits the
HTS samples at the centre. During the irradiation experiments, a
low deuterium beam current is desired to avoid the excessive
heating of the sample. The sample is irradiated with 5 mA beam
current for 35 min (1.2E16 particles.cm�2) and the tape
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temperature is monitored. The maximum temperature reaches
68 �C and this heating does not have any effects on the current-
carrying capacity of HTS tape. The standard four-probe method is
used to measure the I-V characteristic of the HTS tape samples
before and after irradiation. The electric field criterion of 1 mV/cm is
used to measure the critical current of the HTS tape samples. In
these experiments, the samples are mounted on the G-10 sample
holder and current leads and voltage taps are soldered to pass
electrical current and to measure the voltage drop across the HTS
tape samples. The AMI make magnet power supply (Model No. XFR
12-220 DC PS 0e12V, 220 A) has been used as a current source and
KeithleyTM make Nano Voltmeter (Model No.2182 A) has been
used for voltagemeasurement at 77 K. The separation between two
voltage taps across the pristine and irradiation samples are 48 mm
and 25 mm, respectively. All the samples are cooled to 77 K by
liquid Nitrogen and charged up to 180 A. Using the electric field
criteria of 1 mV/cm, the critical current of pristine samples is
measured and its values come out to be 161.8 ± 3.24 A.

The samples are irradiated with the 1E15, 1E16, and 6.9E16
deuterium fluence (particle.cm�2), and later their critical current is
measured at 77 K. The details of the irradiation scenario, their
corresponding dose, dpa, and degradation in their critical current
are given in Table 1. The 4th irradiation data is taken from Zeller
et al. [7]. Zeller et al. irradiated the DI-BSCCO tape with the proton
ion beam of 50 MeV energy. The thickness of the tape is 200 mm.
Zeller et al. estimated the dpa with the PHITS code which uses the
Norgett Robinson and Torrens (NRT) mechanism [22e24].

The deuterium ion irradiation causes the formation of voids,
inter-site atoms, and cascade defects in the tape. This formation of
point defects leads to the deflection of vortex lines from their
equilibrium position. The critical current density in HTS tapes can
be defined by the balance of pinning force and Lorentz force in HTS
tapes [25]. The pinning force is produced when the defects pin
vortices in a strongly interacting flux line. The effectiveness of
pinning defects is given by their density, spatial distribution, and
pinning force. The elementary pinning interactions can be either
due to short-range interactions of vortices with point defects or due
to long-range interactions of larger size defects e.g., columnar de-
fects and grain boundaries. As a vortex core crosses radiation-
induced defects, superconducting condensation energy is
enhanced [25]. In the case of DI-BSCCO tape, formed point defects
degrade the critical current carrying. A similar type of degradation
is also reported for Zr-BCO tapes [8], and REBCO [18] super-
conducting tapes. The displacement defects are mobile during the
irradiation phase and end up accumulating at the grain boundaries
and causing deterioration in them. In the self and low field region,
intergranular current sets an upper limit on the lossless current
flow in the HTS tapes and degrade the Ic. The degradation in the
grain boundary and increased shielding current within the grains
generates an additional field at the grains that can provide an un-
derstanding of the Ic degradation of the HTS tapes [12,13,18]. These
mechanisms change the vortex profiles at the surface and also
affect other vortices of the tape as there exists a long-range
repulsion between these vortex lines and allowing them to influ-
ence the motion of other vortices in the superconducting tape [17].
Due to these reasons, we have observed the degradation of the
critical current carrying capacity of the tape although the defects
were only formed up to 1.15 mm depth. The damage produced by
the neutrons might affect the superconductor properties of HTS
tapes differently and degradation depends on the defect density,
superconducting alloy composition, and neutron energy [26,27].
We use our experimental results of Ic degradation due to ion irra-
diation to fit an empirical formula and discuss in section 5.



Table 1
Deuterium irradiation and its impact on the critical current carrying capacity of HTS tape.

Sr. no. Fluence (particles.cm�2) Incident Energy Dpa Dose Gy(J/kg) Ic/Ic0

1 1.00Eþ15 Irradiated with deuterium ion fluence 100 keV 8.68857E-05 4.21Eþ04 95%
2 1.00Eþ16 100 keV 0.000868857 4.21Eþ05 69%
3 6.90Eþ16 100 keV 0.005995111 2.90Eþ06 56%
4 2E18 [6] Exp. data of proton irradiation by Zeller et al. [6] 50 MeV 1.34E-02 7.00Eþ08 25%

Fig. 6. Dose deposition (Gy) and dpa produced by the 100 keV deuterium ion and
14.1 MeV neutrons in the DI-BSCCO tape.
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4. Correlation and comparison with neutron irradiation

The neutrons can induce various nuclear reactions including
scattering and absorption reactions. These reactions create out-
going particles and energetic recoils and produce the Frenkel pairs
and degrade the engineering properties of the HTS tape. The dpa
due to neutron irradiation can be estimated using the dpa cross-
section of the elements and alloys [12,23]. In this work, dpa
cross-section (dpa XS) of constituents elements have been extrac-
ted from the dpa cross-section library of IAEA [28]. This cross-
section library is based on the ENDF-VIII data library and contains
the dpa cross-section predicted by the Norgett Robinson and Tor-
rens (NRT) approach [22]. In the NRT approach, dpa is equal to 0.8
Td
2Ed. Here, Td is the damage energy which is the kinetic energy
available for producing atomic displacements and Ed is the
threshold displacement damage energy [12,22]. The damage en-
ergy (Td) is calculated with Robinson's analytical representation of
Lindhard's model of energy partition between electrons and atoms
[22]. All the open reaction channels e.g., (n,el), (n,n’), (n,2n), (n,p),
(n,np), (n,a), and (n,na) are included in this cross-section data. We
present the dpa cross-section of the DI-BSCCO tape in Fig. 5. In the
epithermal neutron range, the dpa cross-section fluctuates due to
several resonance absorptions in the alloying elements of the HTS
tape. The neutron spectrum of fusion reactors peaks at 14.1 MeV
energy, thus we have calculated the dose deposition in the HTS tape
by the 14.1 MeV neutrons with the Monte Carlo transport method
to compare the dose deposited by 100 keV deuterium ions. The
14.1 MeV neutron fluence (1 n.cm�2) deposit 0.018831 MeV/g dose
in the superconducting DI-BSCCO tape which is equivalent to
3.008E-12 Gy. We present the dpa and dose deposition by the
14.1 MeV neutron and 100 keV deuterium ions in the HTS tape in
Fig. 6.
Fig. 5. The dpa cross-section of HTS tape vs incident neutron energy for the DI-BSCCO
tape. The dpa cross-section is extracted from the dpa XS library [26].
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The 14.1 MeV neutrons deposit a fraction of their energy in the
tape while deuterium ions of 100 keV deposit all of their energy.
The dose and dpa produced by the deuterium are 8 times higher
than those produced by the neutrons. The important things to
consider in the case of neutron irradiation are that they produce
damage in the HTS tape throughout its full thickness and can also
transmute alloying elements.
5. Empirical formula to predict the degradation in the critical
current of the DI-BSCCO tape

In this section, we have fitted an empirical relation between the
dpa, dose deposition by the incident ions and alteration of the
critical current carrying capacity of the HTS tape. Previous studies
[6e8,29,30] reveal that the critical current of the superconducting
tapes is affected by the point defects, columnar defects and dete-
rioration in grain boundaries. The effect of the irradiation on the
critical current of LTS (low-temperature superconductors) and HTS
was observed to be exponential [31,32]. We have also observed in
our experiment that change in the critical current of HTS tape is
proportional to the exponential function of the incident particle
fluence as;

ICirradiated
ICpristine

a exp

 
constant f

!
(1)

Here f is incident particle flux. The incident radiation can produce
point defects, columnar defects and deposit their energy in the HTS
tape. We have fitted an empirical expressionwith our experimental
data to predict the change in the critical current due to the radiation
dependent variables e.g., dpa, dose and formation of columnar
defects with the regression analysis and random sampling.



Fig. 8. Prediction of Ic enhancement due to 500 MeV silver ion irradiation.
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The fitted empirical formula is given as;

ICirradiated
ICpristine

¼ exp

  
0:03814

!
dpa0:528:ln

 
D

2TD

!
ln

 
En
TEn

!!

(2)

Here, D is the dose deposited in the HTS tape, TD is the threshold
dose to produce a single defect, En is the energy deposited by the
particles per nanometer, and TEn is the optimized energy to create
a columnar type of defect. The optimized energy to form columnar
defects is 11.6 keV/nm in BSCCO type tape [29,30]. This energy is
optimized from the work of Sasase et al. [29]. The predictions of the
empirical relation are presented in Fig. 7 for deuterium ions. We
have used our experimental data of Ic degradation due to deute-
rium irradiation to fit an empirical formula. The TD for 100 keV
deuterium ion is 1.05219E-14 Gy. The En is 143.3 eV/nm for
deuterium ions of 100 keV energy and TEn is taken as 11.6 keV/nm.
The empirical formula shows good agreement with Zeller et al. [7].
For proton irradiation of 50 MeV, En is 5.2 eV/nm. This relation is
applicable for the self magnetic fields and 77 K temperature. The
prediction of this empirical relation and its comparison with our
experimental data and Zeller et al. data are presented in Fig. 7. H.
Yamamoto [18] irradiated the trihydrogen ion of 3 MeV on the
REBCO (REBa2Cu3O7-d) andmeasured the degradation of the critical
current of the tape at 77 K. Yamamoto did these measurements at
the self magnetic field and observed that the critical current of
these REBCO tapes also degraded to 40% of its initial values at 4E15
proton fluence (cm�2).

We have also checked the applicability of this empirical
expression for the heavy ion irradiation e.i., Silver ions of 500 MeV
and presented the predictions in Fig. 8. The Silver ion has a stopping
power of 34,050 eV/nm. In the case of silver ion irradiation, higher
En causes the ln( EnTEn) to be positive thus enhancing the critical
current carrying capacity of the tape. This behaviour of the tape due
to irradiation was also observed by various previous works
[7e10,29e31]. Due to the non-availability of quantitative data of Ic
enhancement after heavy ion irradiation on DI-BSCCO tape at a self
magnetic field, this expression is not yet tested for the heavy ions.

As discussed in section 4, neutrons produce similar order of dpa
and dose as that deposited by the deuterium ions of 100 keV energy
in the HTS tape and will degrade the Ic of DI-BSCCO tape at the 77 K
and self field. The energy of neutrons plays a vital role in predicting
Fig. 7. Comparison of the experimental and modelled results.
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the behaviour of HTS tape in neutron environments. The energy
deposition in the tape by the neutrons is governed by their mode of
reactions. For the 14.1 MeV neutrons in the medium Z materials,
neutron mostly transfers their energy via charged particles pro-
duction reaction or scattering reactions, and their stopping power
remains far less than 11.6 keV/nm, thus behaving like a light ion. But
thermal and epithermal neutrons can cause fission in high Z or
actinides materials which cause the formation of the fission frag-
ments of approximately 200 MeV energy and can produce
columnar defects and behave like heavy-ion of high energy [6].
With the estimation of En, dpa, and dose deposition, change in the
Ic can also be predicted for neutron irradiation. In the case of
14.1 MeV neutron irradiation, the DI-BSCCO tape performs
considerably good up to ~106 Gy dose which is equivalent to
~1018n.cm�2. At this dose and fluence, the tape's critical current
remains 80% of the initial value. This limit is similar to the recom-
mended limit for the Nb3Sn superconductor for which the limit is
set to ~1018n.cm�2 [33].

6. Conclusion

In the present work, the deuterium ion irradiation effect on the
commercial DI-BSCCO tape is investigated. The HTS tape samples
are irradiated with deuterium ions of 100 keV energy. The ion
transport and the formation of the Frenkel pairs are simulated with
the SRIM/TRIM code. These deuterium ions create 30 FP/ion in the
HTS tape and deposit 4.21E-11 Gy/ions.cm�2. These ions deposit all
their energy up to 1.15 mm thickness and produce point defects in
the tape. The HTS tape is irradiated with up to 6.9E16 deuterium
ions.cm�2 and their effects on the critical current are investigated.
The point defects formed at the surface interact with the vortices.
The change in the vortex profile due to point defects and long-
range interaction of vortex lines in the tape degrades its critical
current carrying capacity. Based on the dpa and dose deposition by
deuterium ions and degradation in Ic of the tape, an empirical
formula is fitted. This empirical relation consists of the dpa, dose
deposition, and stopping power of incident particles terms. The
empirical formula confirms that the light ions such as deuterium
decrease the critical current of the HTS tape and high energy heavy
ions such as silver enhance the critical current. The prediction of
the empirical relation is comparedwith the result of Zeller et al. and
the prediction by the empirical relation is in good agreement. The
14.1 MeV neutron deposits 3.28E-12 Gy/neutrons.cm�2 in the tape
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which is similar to the order of dose produced by the 100 keV
deuterium ions. This empirical relation can also be used to predict
the neutron irradiation effect on the DI-BSCCO tape by estimating
the dpa, dose deposition, and En of the neutron irradiation. It is
observed that HTS tape loses 75% of Ic at 7.00Eþ08 Gy. This dose is
equivalent to z2.3E20 neutron.cm�2

fluence.
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