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IRRADIATION DAMAGE IN SUPERCONDUCTORS

Y. QUÉRÉ

École Polytechnique, 91128 Palaiseau, France

ABSTRACT

Host superconductors are quite sensitive to irradiation defects.
Critical temperatures may be depressed, critical currents may be increased,
by irradiation, but other behaviours may be encountered. In compounds, the
subiattice in which defects are created is of significant importance.

1. INTRODUCTION

Superconductivity is highly sensitive to the presence of small
amounts of impurities and/or disorder. Since irradiation provides a
possibility to vary the state of disorder in enormous proportions from the
most delicate degrees of defect formation up to highly disordered and
possibility amorphous states, one should not be surprised about the large
number of publications in this field. The presence of superconducting mate-
rials in the fast neutron environment of Tokamak fusion reactors (like
Tore-supra in Cadarache [I]) adds an obvious practical relevance to this
domain of research.

Before describing some experiments devoted to permanent effects of
irradiation, we have to consider how superconductors behave under
irradiation.

2 - CREATION OF DEFECTS IN SUPERCONDUCTORS

The first question which we have to consider is related to the
mechanism of production of defects under irradiation. Does this production
- e.g. in case of cascade producing particles, like neutrons or ions -
depend on the state of the material (super, or normal) ? The question
relates to the well known fact that thermal conduction is reduced,
sometimes quite substantially, in superconducting state ; and that this
reduction could be thought responsible of a possible decrease of production
rate, due to a slight (a few degrees) increase of "temperature" around
cascades.

From this point of view, a number of superconductors have been
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irradiated by neutrons or fission fragments at liquid helium temperature in
a magnetic coil which made it possible, at constant temperature,
irradiation flux e t c . , to switch easily from super (S) to normal (N)
state for a given sample. It was found [2-4] that the damage rates, deduced
from the resistivity increase up, are equal in both (S) and (N) states,
which seems to indicate that the defect formation under irradiation does
not depend on the actual value of electronic thermal conductivity (see
figure 1).
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Figure 1. Increase ûp of electrical
resistivity in niobium irradiated by
fast neutrons (fluence <?t) at 4.6 K
either in the normal state (N) or in the
superconducting state (S). The damage
rates are equal [3].

3 - IRRADIATION OF "ANCIENT" SUPERCONDUCTORS

Hundreds of papers have been published on this f i e l d , a review of
which w i l l be found in [5 ] , Changes of properties after i r radiat ion, depend
on the influence of la t t ice defects on those parameters (density of states
at Fermi level , electron-phonon coupling constant, gap anisotropy...) which
govern superconductivity. For example, the c r i t i ca l temperature may
increase (case of gallium [6 ] ) , decrease (case of Nb3Ge [7 ] ) , or have a
non-monotonic change (case of vanadium, see figure 2 [8]) according to
which parameter is mostly affected by defects.

Fioure 2. Change of critical temperature
Tc versus change of irradiation-induced
residual resistivity p in various metals
[8]. Oxygen-ion irradiations have been
performed at » 30 K.



A few more lines may be devoted to the case of A-15 compounds like
V3Si (or Nb3Ge) where the alteration of superconductivity can be separated
from just lattice disorder formation. In these compounds, superconductivity
is believed to be directly due to the presence of atomic chains of
transition metals like V (or Nb). If, by selecting an energy of irradiating
electrons low enough, one is able to create lattice disorder without brea-
king these chains, a situation is obtained where residual resistivity in-
creases (due to displacements of Si, or Ge) without superconductivity being
altered (Nb3Ge [9] ; V3Si [10]). This is the case on figure 3 for electron
energies between 0.6 and. 0.8 MeV, a domain where the electrical resistivity
(a signature of lattice disorder) increases whereas superconducting cri-
tical temperature remains constant. This is understood as due to the selec-
tive displacement of the "light" Ge atoms, which keeps unaltered the
"heavy" Nb chains. One is then able, here, to measure two different displa-
cement threshold energies in a di-atomic compound.

Damage rate (Ap - dùp/dt) and
normalized change of critical tempera-
ture ATe/ûp of Nb3Ge under irradiation
at 21.8 K by electrons of energy E. Two
different thresholds are visible : one
(E1 a 0.5 HeV) for resistivity ; the
other (E2 a 0.8 HeV) for critical tempe-
rature [9].

4 - IRRADIATION DAMAGE IN HIGH T, OXIDES

A number of experiments have been recently described about the
influence of irradiation either on crystal structure (amorphization
[20,21], irradiation-induced-phase transition [22]...) or on transport pro-
perties of high Tc oxides. These are quite sensitive, in their superconduc-
ting properties, to the presence of chemical defects (particularly to
slight variations of oxygen content), crystal defects (particularly twin
boundaries), and also of irradiation point defects.



1 - Electron irradiations

The general tendency is a rapid decrease of critical temperature Tc

[11-14], as can be seen on R(T) curves (fig. 4) measured on two YBaCuO
samples, together with an increase of residual resistivity o. When poly-
and single-crystals are compared, it is observed that :

i/ the rate of degradation of superconductivity versus ion-dose is
larger (by a factor =* 2) in polycristalline sintered sample. This is
probably related to the well known tendency that damage rates are higher in
defect-rich crystals, an effect often attributed to the breaking of
focussed collisions by defects (twin boundaries, dislocations...).

ii/ The variations ATC of Tc versus increase of residual resistivity
ÙÇ/PQ (as measured at 100 K) are identical for the two types of samples
[14]. This gives strong support to the idea that variation of Tc and of p
are due much more to intraarain damage than to an alteration of interqrain
connections.
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Figure 4. Evolution of resistance-tempeature curves R(T) for a sintered

YBaCuO sample ( le f t ) and a single crystal (right) irradiated by increasing

doses of 2.5 MeV electrons from zero up to 3.3 x 1 0 " electrons/cm2 [12].

However intergrain links are also damaged by the irradiation. This
appears from the rapid degradation of the critical current under electron
irradiation [12], an effect which is also easily observed in thin films of
granular structure (see next paragraph).



2 - HeV ion irradiations

In such films obtained by evaporation techniques and irradiated by
MeV ions, the samples start to behave like on fig. 4 : residual resistivity
increases while Tc decreases. But the most remarkable alteration of super-
conductivity concerns critical current Ic, which is reduced by a three
orders of magnitude while Tc is reduced by ̂  15 K only [15]. This behaviour
is of interest if one wishes to fabricate Josephson weak links and in par-
ticular to optimize the sensitivity of SQUID devices by controllably decrea-
sing critical currents.

If thin films have been obtained by plasma-arc spray technique, having
a more irregular and finer grain structure, ion-irradiâtion has a new
consequence : beyond a critical ion dose, superconductivity suddenly
disappears, the resistance-t mperature characteristic keeping however a

Figure 5. Resistance versus temperature
for YSaCuO plasma-arc sprayed films

- irradiated with 65 HeV He2* ions [16].
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sharp reminiscence of the N-S transition (fig. 5 [16]j. This behaviour, not
observed with electron irradiation, gives strong indication of a
percolation mechanism for conduction, a continuous path initially existing
in the film via grain-to-grain bonds. These bonds are progressively broken
by ion-cascades until the last possible path for superconductivity
disappears. This description is obviously coherent with the sharp decrease
of Ic reported in [15], and also with the reminiscence of a bulk
superconductivity in the non-superconductive sample, visible on figure 5.



3 - GeV ion irradiations

Ions of very large energy (for instance 3.5 GeV xenon ions [19])
dissipate their energy in solids mostly via electronic excitation. The
ratio between this process and atomic collisions may be as high as ̂  2000.
In this regime, new phenomena may be expected (like track formation) and
are indeed observed beyond a given threshold of electronic energy, loss [17].
Irradiations by such ions have been performed in the GANIL heavy ion acce-
lerator. Present results may be summarized as follows.

Except for the case of La2CuO4 where an increase (by a few degees)
of critical temperature Te has been observed [18], the initial tendency is
that shown on figure 4, with however the following additional points :

i/ the transition width 6Te increases very rapidly when the irradia-
tion dose increases (see figure 6).

ii/ The oxygen content in a YBa2Cu3O7.e oxide has a definite influence
on the ion-damage : the rate of suppression of superconductivity as a
function of dose is larger for lower oxygen content (i.e. for larger values
of e).

iii/ Each ion leaves, in the sample, a track visible by electron
microscopy as a cylindrical region of highly damaged crystal. These tracks
behave probably as pinning centers for the flux lines since critical
currents are enhanced after irradition (by a factor of 3.5 at 5 K for a Xe
dose of 2.5 1 0 n cm" 2).
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Fioure 6. Evolution of R(T) curves for a YBa2Cu3O4-9 sintered sample
irradiated by 3.5 GeV xenon ions. A continuous metal to semiconductor
transition in normal state can be observed. On the right : <ioses in
ions/cm2 [19].



As far as the sensitivity to oxygen content (point ii/) is
concerned, one should remember that YBaCuO crystals are a mixture of
YBa2Cu3O6 insulators and of YBa2Cu3O7 conductors. It is likely that the
former are more sensitive to electronic-stopping-induced ionization than
the latter, which might explain a larger sensitivity to irradiation of low
oxygen content samples.

4 - Defect recovery

When irradiated YBaCuO samples are annealed, the remarkable feature
[13] is that Tc and p do not recover in the same way. In fact, at a given
annealing temperature (e.g. 100 K), the fraction of ATC which has recovered
is higher than the fraction of £p. This indicates that various types of
defects (probably on various sublattices) imply distinct incidences on
resistivity and on superconductivity, as it was the case in A-15 compounds
(see figure 3).

5 - PARTICLE DETECTION

This last section does not concern really production of permanent
defects but rather the instantaneous effects related to the passage of a
particle in a superconductor. These effects are susceptible of applications
in the field of particle detection of high sensitivity since the energy
necessary to break Cooper pairs (̂  1 meV) is much lower than that necessary
to create electron-hole pairs in semi- conductors (=* I eV). In a supercon-
ductor, a particle passing through will then easily create an overpopula-
tion of quasi particles. This non-equilibrium state will relax by recombi-
nation of quasi-particles into Cooper pairs associated with phonon emission.
The time spent by these phonons in the superconductor determines the rela-
xation time of the non-equilibrium state [23].

An example of such ion detection appears on fig. 7.A 3.2 GeV Xe
ion (produced by GANIL accelerator) has passed through the thin niobium
electrode of a tunnel junction. The decay of the signal can be analyzed
with two characteristic times : a short one [a 2 ns) describing the emis-
sion of phonons due to recombination of ion-induced quasi-particles ; and a
long one (̂  55 ns) probably related to phonons injected in the niobium film
from its silicon substrate [24].
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Figure 7. Junction response to a single 3.2 GeV xenon ion impact in a Nb
film at 4.6 K [24].

The existence of two distinct relaxation times for decay of the
non-equilibrium state is clearly visible.
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