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ABSTRACT

The effect of high energy neutron (E>1 MeV) ir-
radiation at 60°C on the superconducting critical tem-
perature, Tc, the upper critical field, HC2, the lat-
tice parameter, ao, and the degree of Long Range Order
has been measured for Nb and V based A-IS supercon-
ducting compounds. Large reductions in Tc, and H c 2
are observed for fluences up to 5.0x10" n/cm . For
Nb3Al ao increases and the degree of Long Range Order
is significantly reduced as Tc is depressed. The re-
sults are discussed in terms of atomic ordering in
the A-15 structure.

INTRODUCTION

One important application of the A-15 compounds
will be to serve as conductors in superconducting
magnets for plasma confinement in future fusion re-
actors. In this application the magnet will be sub-
ject to neutron irradiation, the exposure depending
on the power level of the reactor and the thickness
of the magnet shielding. It is therefore necessary
to determine the effect of neutron irradiation on the
superconducting properties of these materials a6 such
information will be required in the design of any
future fusion reactor. To obtain such information
experiments have been carried out in fission re-
actors on the assumption that to a first approxima-
tion the effect* will be comparable to the envi-
ronment of the magnet in a fusion reactor.**

We have determined the effects of high energy
neutron <E>1 MeV) irradiation at 60°C on the super-
conducting transition temperature, Tc, and the upper
critical fields, Hc2, of several Nb and V based A-15
superconducting compounds. The effect of neutron
irradiation on the critical current, Ic> for multi-
filamentary NbTi and Nb3Sn composite conductors is
presented in this volume in a separate paper. *- We
have also studied the relationship between atomic
ordering and superconductivity of NbjAl using neu-
tron diffraction to study the disorder produced by
neutron irradiations.

EXPERIMENTAL TECHNIQUES

The samples were prepared in a variety of ways.
Table I summarizes the characteristics of the samples
used along with the method of preparation. For more
detail concerning the methods of sample preparation
appropriate references are Included.
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The irradiations were carried out in the Brook-
haven National Laboratory High Flux Beam Reactor (HFBR)
where the samples were exposed to the whole spectrum
of the reactor.6 In the following only the fast flux
(E>1 HeV) will be considered. The calculated tem-
perature of the samples during Irradiation was 60±5°C.
Superconductivity was detected by a standard mutual
Inductance technique operating at 37 Hz, the tem-
perature being determined by a calibrated carbon
thermometer, the error in temperature measurement
being ±0.2°K. The upper critical field. HC2, was mea-
sured in a manner previously described.' The degree
of Long Range Order (LRO) for unirradiated and ir-
radiated Nb3Al was determined by neutron diffraction
techniques on powdered samples. A least squares com-
puter fit, Including anisotropic Debye-Waller tem-
perature factors, to the observed Intensities was used
to determine the LRO parameter to ±1.5%. The lattice
parameters of unirradiated and irradiated samples
were determined from x-ray powder patterns using a
114.5 mm Debye-Scherrer camera, specially adapted to
handle radioactive powders. The accuracy of the lat-
tice parameters are ±0.001A. A complete description
of the (LRO) experiments will be presented in a sub-
sequent publication.8

EXPERIMENTAL RESULTS

Transition Temperature

Figure 1 shows the results for the transition
temperature as a function of fluence for the systems
studied. The data are plotted as the reduced transi-
tion temperature, Tc/Tc , where Tc Is the transition
temperature after.irradiation and T C o its value before,
given in Table I. We see that the depression of Tc
for the A-15 compounds studied here can be approx-
imately described by a universal curve of the type
shown. Up to a fluence of ~10 1 8 n/cm2 the depression
of Tc, relative to Its unirradiated value, is about 57..
Above this value Tc is rapidly depresitd reaching
values of 84.5% and 83.32 for Nb3Sn and Nb3Ga respec-
tively for fluences of 5.0xl019 n/cm2. For Nb3Al no
superconductivity was observed down to 1.4°K for flu-
ences of 1.4x10" n/cm2, 1.9x10^9 n/cm2 and 5.0xl019

n/cm2. In a previous work,9 we observed a transition
at 3.5°K for arc cast but unannealed Nb3Al irradiated
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to a fluence of 5.0xl019 n/cm2. It thus appears that
the depression of Tc for annealed Nb-jAl Is more sen-
sitive to neutron Irradiation than unannealed Nb3Al.
The transition widths after irradiation were of the
same order as before Irradiation, with the exception
of V3Si whose width Increased from O.15°K to 3.5°K
This broadening for V3SI is not understood and more
irradiations are planned.

The unirradiated value of Tc can be recovered In
the irradiated samples by annealing. Figure 2 shows
the recovery of Tc for Nb3Sn and Nb3Ga Irradiated to
5.0xlO19 n/cm2. Nb3Al, which was normal to 1.4 K
after an exposure of 5xlO19 n/cm2 increased Its Tc to
15.9°K after a 10 minute anneal at 750*C. After 20
minutes its Tc was 16.2"K and after 80 minutes Te had
a value of 17.7°K.

Upper Critical Held

The temperature dependence of the upper crit-
ical field is shown in Fig. 3 for Nb3Sn, Nb3Ga and
arc cast Nb3Al irradiated to 5.0xl019 n/cm2. The
temperature dependence of the critical field for
Nb3Al and Nb3Ga are linear In the range from Tc to
1.5°K, the lowest temperature available. The value
of Tc obtained by extrapolating the critical field
curves to H=0 agrees well with the measured T c ob-
tained by the mutual inductance technique. HC2 for
Nb3Sn, Nb3Al and M ^ G a was 300±100 G at 1.6°K,
4700±50 G at 1.6UK and 7700±50 G at 1.59K respec-
tively. For purposes of comparison, HC2 at 4.2 K for
unirradiated Nb3Sn, Nb3Al and Nb3Ga is 235, 295,
340 kG respectively.10,11 This large reduction in
HC2 upon irradiation is most likely due to the very
low Tc's of the samples.

Long Range Order and Lattlte Parameter

We observe a considerable reduction in the de-
uree of LRO for Nb3Al upon irradiation. For a flu-
ence of 1.2xlO19 n/cm2 the LRO 13 reduced by 187.
relative to its unirradiated value. At the same
time Tc is depressed from 18.7°K to 9.6°K, a 48.67.
reduction. 0The lattice parameter Increases from „
5.183±0.001A for unirradiated ND3AI to 5.2OO±O.OO1A
for a fluence of 5.0xl019 n/cm2, a 0.337. expansion.
A full description of the LRO and lattice parameter
experiments will be reported separately.8

Fig. 1 Superconducting transition temperature, Tc,
against annealing time, I, at 750°C for M ^ S n and
N b G irradiated to 5.0xl0l9 n/cm2.
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Fig. 3 Upper critical fields, H c 2, against tem-

perature, T, for Nb3Sn, Nb3Ga and Nb3Al Irradiated

to 5.0xl019 n/cm2.

DISCUSSION

Our results show the superconducting properties
of high Tc Nb and V based A-IS compounds are degraded
when exposed to high energy neutron radiation at 60°C.
An apparent threshold at 10 1 8 n/cnr for a 60°C ir-
radiation with fast neutrons exists In the Tc vs
fluence curve above which Tc is rapidly depressed.
This kind of information will have a bearing on the
designs for CTRs when these materials are used for



containment of Che plasmas. Data on low temperature
Irradiations are clearly needed as the magnets will
be operating at cryogenic temperatures. However, it
seems unlikely that the threshold value of 10 1 8 n/cmz

will be shifted to higher fluences for low tempera-
ture Irradiations as the neutron induced defects
that cause the degradation of the superconducting
properties are stable to at least 60*C and probably
higher. It's quite possible that degradation will
take place more rapidly at low temperatures due to
the stability of vacancy-interstitial pairs that
anneal out at higher temperatures. It should be
noted that low temperature facilities with suffi-
cient neutron fluxes are not yet available because
of the gamma heating produced in the cryostats.

We believe that the depressions of Tc observed
here are primarily the result of rearrangements of
the atoms in the unit cell brought about by dis-
placement collisions between the target atoms and
the incident high energy neutrons. This results in
a decrease in the degree of LRO, which lowers Tc.
The results of the LRO measurements on neutron ir-
radiated Nb3Al cleaz'ly support this model. In an
earlier work we calculated the initial depression
rate of Tc as a function of Nb sites occupied by Sn
atoms for neutron irradiated Nb?Sn based on a pro-
posed radiation damage model. We obtained a value
for the initial depression rate of 3.3SK for a 17.
replacement of Nb sites by Sn atoms. On the basis
of our measured LRO parameter for Nb3Al we find a
depression rate of 2.2°K for a 17. replacement of Nb
sites by Al atoms. These depression rates are quite
large and are usually associated with magnetic im-
purities in superconductors. The underlying mech-
anism for the destruction of superconductivity in
this case, however, is not known and heat capacity
measurements are planned to shed some light on this
question.

The lattice expansion observed can be explained
on the basis of the neutron induced disorder. As
the radius of the Nb atoms in the A-1 restructure is
larger £han that of the Al atoms, 1.51A as compared
to 1.39A,12 the lattice expands as the larger Nb
atoms begin to occupy the Al sites. The disorder
mechanism also gives some insight into the dif-
ferent recovery rates for tft̂ Sn and Nb3Ga upon
annealing. The radius of Sn in the A-1S structure,
1.41A,H is closer to that of Nb than that of Ga,
1.38A. Thus when a Nb atom is interchanged with
a Ga atom, more lattice strain results than when a
similar exchange takes place with a Sn atom. This
excess strain energy provides the driving force for
the reordering to occur. The greater the strain
energy difference the faster will be the reordering
and hence the recovery of Tc at a given temperature.
The Al radius is intermediate between that of Sn end
Ga and the recovery time for t^Al is intermediate
between that of t^Sn and Hb^Ga consistent with the
above reasoning.

SUMMARY

Our results can be summarized as follows:

1. The superconducting properties of high Tc
A-15 compounds are degraded when exposed to high
energy neutron irradiation at 60°C.

2. An apparent threshold fluence of -10'"
n/cm~ is required r.o bring about severe depressions
in Tc at an irradiation temperature of 60

sC. Below
this value Tc Is depressed about 57. relative to its
unlrradlated value, above this value depressions of

807. are observed and in some cases no superconductiv-
ity is observed at all for fluences in the 10 1 9 n/crr/
range.

3. HC2 is severely depressed for fluences
above 10*' n/cm2, being only a small fraction of its
unlrradiated value.

4. Tc depressions are most likely caused by
neutron Induced disorder of the lattice. For Nb3Al,
direct measurement indicates a substantial reduction
in the degree of atomic ordering due to neutron ir-
radiation. A significant Increase in the lattice
parameter of neutron irradiated Nb^Al is also ob-
served.

5. The«e results must be considered in future
CTR dealgnr utilizing these materials as conductors
for magnets.

6. Neutron Induced disorder can serve as a
useful technique in the study of the effects of
atomic ordering on superconductivity.
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-NOTICE-
This report was prepared as an account of work
sponsored by the United States Government. Neither
the United States nor the United States Atomic Energy
Commission, nor any of their employees, nor any of
their contractor*, subcontractors, or their employees,
makes any warranty, express or implied, or assumes any
legal liability or responsibility for the accuracy, com-
pleteness or usefulness of any information, apparatus,
product or process disclosed, or represents that its use
would not infringe privately owned rights.
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