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ABSTRACT

Filamentary wires of Nb3Sn have been irradiated with fission-reactor, 14.8-MeV, and
d-Be neutrons and the changes in critical properties measured. The changes observed
scale reasonably well with the calculated damage energies for the irradiations. A
critical dose for operation of these conductors in fusion-magnet applications is de-
temmined to be 0,19 eV/atom damage energy or 0.0019 dpa.

INTRODUCTION

Since the superconducting magmets used in mag-
netic-conf inement fusion devices must operate
in an energetic-neutron enviromment, the
changes in the superconductor's physical prop-
erties to neutron damage have been of some in-
terest. For high-field applications (above the
fields where NbTi is a candidate; .i.e., above
w7 T) the Al5 materials hold the greatest prom-
ise at present, with Nb3Sa the most promising.
Considerable work has been performed using low
temperature, room temperature, and at reactor-
ambient-temperature neutron irradiation* with
studies of the changes in properties that re-
sult and the annealing/recovery behavior
investigated.

For helium-temperature irradiations at low
fluences (2 x 1018 n/cm2, £ > 0.1 MeV), mono-
tonic reduction of T¢ with fluence is observed
commensurale with a linear increase in the nor-
mal-state resistivity.© Annealing at 600 K re-
sults in partial recovery of both properties.
The behavior of the critical current Ig, how-
ever, is to effect an imncrease for applied
£ields greater than #7 T, the relative iacrease

" being greater for the higher applied fields.

This inecrease evidenced a maximum at fluences
of 0.5 x 1018 a/cm? (E > 0.1 MeV) and there-
after a monotonic decrease in the critical cur-
rent with fluence was seen. Annealing to room
temperature produced further decreases in the
high-field measurewents of the critical current
indicating that recovery predominantly of che
increases produced by the irradiation was seen.
This recovery increased with field in cthe same
way the increase of I¢ with fluence did.

Ac » 1019 a/cm? Ig is less than the preirra-
diation value at all fields. This is the demar-.
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Fig. l. The reduced critical temperature

(midpoint of resistive transition) and
the reduced critical current (measured
at 10 T) are plotted as a funetion of
aeutron fluence (HFBR)., The open cir~-
cles and dashed curve are associated
with the right ordinate, the close cir-
cle and solid curve with the left ordi-
nate. The curves are drawn as guides
for the eye only.

cation fluence between the low-fluence regime
where Ic is eahanced at high fields, and the
high-fluence regime where I is degraded below
‘the initial values for all fields. Figure 1
summarizes this behaviof 6f both I and Tg as
a function of fluence for single-core Nb3Sn
irradiated at the High Flux Beam Reactor
(HFBR). The low-fluence regime of Ig
(increasing I;) and the high-fluence one
(decreasing Ig) are clearly evident with Ig
(irrad.) < Igg at about v 1012 n/ca? (2 > 0.11

*This research was performed under the auspices of the U.S. Department
of Energy under Contract No. DE-AC02-76CH0O0016. :



MeV). The correlation of this behavior with
that of the resistivity argues that the I¢ in-
creases with fluence are brought about through
increases in the upper critical field Hgy which
is a linear function of the normal-state
resistivity.” The decreases in Tg are at-
tributed to the decreased order in the damaged
Nb4Sn lattice. Neutrom irradiatiom at reactor
ambient temperature demonstrated that Tg de-
grades with fluence to the degree that at l.4
x 1020 n/em? (E > 0.11 MeV), T¢ F 3 K, down
from 18 K.%

There have been very few irradiations of Nb3Se
with high-energy neutrons (defined here as from
sources that give nteutron energies that are
greater than those typical of fissiom reac-
tors). A previous veport oo lower-fluence 14-
MeV-neutron results on some of the game
samples”’” reported on here showed Ip, Tg, and
Hc% behavior with flueace similar to the ra=
sults from the reactor irradiatioms. By cow
paring changes in T¢ of identical specimens
ifradiated at the HFBR at Rraokhavea and the
Rotating Target Neutromn Source (RTNS) at
Livermore, a damage-energy cross section for
1l4-MeV neutrous was experimentally determined
for NbaSn of Ep: 3137 8 b keV, in reasonable
agreement with theoretically predicted results.

It now appears that this earlier agreement was
fortuitous, A recemt careful determination of
the flux and spectrum in the HFSR reveal that
earlier estimates (based on calculated flux and
spectrum) were substantially in error. The
flux above 1 MeV was found to be ¥2/3 previous
estimates while that below 1 MeV was more than
a faeedr of three larger. This underscores the
aeed for careful dosimetry in making absolute
comparisons of neutroa damage from different
sources.

The physical properties associated with changes
in supercondieting dehavior in Al5 components
(normal-state resistivity and the degree of
order) have been observed to scale with damage
energy in other metals and alloys when fissiomn
and fusion neutron irrvadiations are compared.
The change in resistivity of pure metals’~10
and the change in order of Cu3Au11 both scale
with damage emergy in fissioa~fusion compari-
sons and we expect such a correlation in NbiSa.

Although it is projected that the neutron spec-
trum at the magnet position (in a Tokamak, for
instance) will be somewhat softer than a fis-
sion specttum with a small zomponent of high-
energy neutrons, the existence of "hot spots,”
or regions where the shielding is aot as effec-
tive as the average, will make for an enhanced
flux of the higher-emergy neutron component.
The problem of these hot spots has been pointed
out by several authors, and the consequences
of enhanced fluence above projected lifetime-
of-the-reactor estimates and a harder spectrum
osresent are of concern in the materials af-
fectad. This is aspecially true for Nbasa

where end-of-reactor-life estimates of v10!8
a/cm* total fluence do not pose any problems
with the critical-properties' degradation, but
any part of the magnet that receives a factor

of ten higher fluence, with the attendant ampli-
fication of damage energy due to a higher-
energy spectrum, will suffer severe degradation
of properties. The "weak link" nature of the
magnet conductor then makes the operation of

the magnet dependent upon the damage at the
worst spot of the magnet. A quantitative knowl-
edge of the damage-energy cross sectioans of
high-energy neutrons in these materials and the
direct consequences of high-energy-neutroa
damage on their critical properties are essen-
tial to the projected utilization of these mate-
rials in confinement magnets. Measurcments of
eritical-properties' changes of Nb3jSa following
irradiations at the IIPDR, RTWS, and che UL-
Davis d-Be neutron sourée are reported to help
provide this information.

EXPERIMENTAL

All of the specimens reported on here were made
at Brookhaven National Laboratory by the
"bronze process."! They consist of 19-core
multifilamencary NbqSn and single-filament
Nb4Sn wires. The diameter of the total wire
conductors was 0.036 cm. Specimens typically
2.5 cm in length were cut from loager wire
after the heat treatment to produce the AlS.
layer. Specimens from the same batches were
used in all three irradiations reported here.
Measurements of Ic were performed mainly at the.
Francis Bitter National Magnet Laboratory using
rransvere¢e magnetis fields up tu 22.3 T, buc
with most measurements ouly to 19 T. The Tg's
were measured by the resistive technique (4-
probe).

Irradiations at the HFBR werfe performed in hole
Y15 which has a flux of 1.3 x 10!% n/fcu® sec
for £ > 1 McV and 5.6 x 1014 n/em? sec for E >
0.11 MeV. All HFBR f{luences reported here are
in terms of the flux for E > 0.1l MeV. The
HFBR specimens were irradiated in sealed quartz
tubes filled with helium gas. The temperature
of the specimens is estimated to be 400 K dur-
ing irradiation. FPor the irradiationms at RTINS
the specimens were placed side by side in alumi-
nmm foil forming a package 2.5 cum luug x 0.8
cm side and irradiated in air. The temperature
of irradiation was room temperature. A similar
procedure was employed for the specimen set for
the d-3e (30 MeV d) neutron irradiatiomn at UC-
Davis with the exception that the specimens
were encased additiomally in Raptom so that the
beam position and profile on the specimens
could be determined.

Neutron fluence at the RINS was determined trom
the 93Nb(n,zn) ¥?™Nb reaction using a cross sec-
tion at 463 mb. Niobium foils 5 mm in diame-
ter by 0.025 mm thick were placed on both the
frout and back of the superconductor wire
packet to determine fluences.



At the UC-Davis cyclotron the low- and medium—-
fluence samples were irradiated at positions
for which the flux and spectra had been pre=--
viously determined. The highest-fluence sam~
ples were part of a multiple-foil stack from
which the spectrum was determined in a source-
characterization experiment. For both RTINS
and the d-Be source the fluences are averages
over a 6-mm-diameter foil at the plane of the
wires. Iandividual wires could see fluences
differing from this average value by *152 at
RTNS and $30X at the cyclotron.

RESULTS AND DISCUSSION
A. RTNS Irradiations

The irradiation of the Nb3San 19-core wires at
the RTNS began in 1973. Measuremeats of Ig to
4 T were made on specimens irradiated to
fluences of 1 x 10°° o/cm®. Reductions of Ig
were seen at low fields with a slight increase
observed at 4 T.° Measurements at higher
fields including results for the specimens
reirradiated to 2 and 3 x 1018 n/cm? are pre-
sented in Fig. 2. Here, and in the other
figures, lines are drawn through the data
points only as guides for the eye. For reactor
irradiation fluences below 6 x 1018 a/em? (E >
0.11 MeV), Ic above 4 T is increased because
c2 is xncreased. Here we see that this is
true for the 1 x 1018 g/em? fluence, but for
the higher flueances I (and Hgp) falls below
the virgia value at all fields. These data cor-
respond to continued irradiationm of the speci=
wens for which data were presented in ref. 6.
Similar data have been taken for single-core
Nb3Sn wires and are included in the analysis.

‘B. d-Be Neutron Irradiations

Comparison irradiations have also been carried.
out using the UC-Davis d-Be (30-MeV-d) neutrom
source. Results of measurements of Ig follow-
ing three fluences of d-Be neutron irradiation
are shovn in F1§ . Por the lowest fluence,
1.4 x 1017 o/cm?, there is essentially no
change. For 7.0 x 10*/ o/cm*®, increases in Ig¢
- at high field are observed along with 2 some-
what larger decrease in T¢ and a substantial in-
crease in Hgp. The data for this fluence are
for either specimen, 1-3 or 1-4, as the scatter
between the two sets was negligible. (These
two specimens were adjacent in the sample pack-
age so that flux differences should be at a
minimum.) The highest-fluence data almost du-
plicate the medium dose values., At first
glance one might conclude that the fluences
were identical. The crossover to decreasing be-
havior at the low fields for the higher. aominal
fluence, and the substantially larger decreases
ia To argue, however, ‘that between the medium
and high fluences, the high-field I; has in-
creased to a maximum value and has decreased
back to a level comparable to that of the me-
dium fluence tesult. The difference is in the
derivative of the dIg/d% where 9 is the
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Fig. 2. The critical current of 19-core Nb3Sa
is plotted vs. appiied field up to 16
T as a Lunccxon of fluemce up to 3 x
1018 a/cm? (14 MeV). The 1 x 1018
a/cm? fluence shows a slight emhance-
ment of I¢ at high fields, whereas the
two higher fluences exhibit decreases
below the unirradiated values.

fluence: positive for low and medium fluence;
negative for the high fluence. 1In this regard
the results of the d-Be irradiatiom are qual-
itatively similar to that of the 14-MeV and
HFBR neutrom irradiations.

C. Damage-Energy and Critical Dose Analysis

In a previous study of the changes in critical
properties of NbjSn by RTNs neutrons® we de-
rived a value of the damage-energy cross sec—
tion of 313' b keV based on irradiations to

a fluence of 9 x 10!® n/cp?. This determina-
tion was based on comparing decreases in T¢
with fluence for samples irradiates at the HFBR
and RINS. The T¢ data were used because it was
believed to be the most reliable., Further,
both Tp changes and damage energy caan be re-
lated to radiation-induced disorder, and the
observed property changes are not multivalued
as is the case with Ig. Subsequently, we have
obtained more data and pushed the irradiations
to higher f{luence, and have obtained a more-
accurate characterization of the EFBR flux and
spectrum.1
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Fig. 3. The critical current of single-core
Nb3Sa is plotted vs. applied field to
20 T for 3 fluences of d-Be neutrons.
The increases observed argue that the
specimens are in the low~fluence re-
gime for these nominal doses.

Figure 4 shows the reduced T¢ vs. fluence re-
sults for both the l9-core and single-core
_Nb3Sn for HFBR irrvadiatiouns (solid circles).
The open data points are for values of T¢/Teg
for the various l4-MeV-neutron fluences plotted
for equivalent HFBR fluemces calculated using
the ratio of thé damage-energy croas sections
(the relative cross sections of Table I)}. The
caleulations in Table I were obtained using the
code developed by Logan and Russelll® which was
modified to use Parkin and Coulter's!? binary
damage functions. Neutroam cross sections were
then taken from the ENDL (1978) file.20 B8y
multiplying the high-energy fluences by the rel-
ative damage-energy cross sections given in
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Fig. 4. The reduced Tg's (midpoint) of sinm-
gle-¢ore and 1Y-déoré Nbia¥n wires are
plotted as a fumction of neutron
fluence (HFBR). The curves are not
fitted but drawn by eye. Reduced T¢
values for RTINS fluences are plotted
for equivalent HFBR fluences based
upon damage-energy cross-—section
ratios of the two spectra. Horizontal
error bars represent fluence uacer-
tainties.

Table I we obtain the damage-equivalent HF3R
fluences,

As the {igure shows, the reductions in Tg with
neutron fluence are somewhat greater than
expected far the 19-enre specimens, The sin=
gle-core wires, oun the other hand, exhibit T¢
changes that are consistent with the disorder
induced scaling with the damage energy. Al-
though the Tg changes are small, the same
scaling with damage energy is exhibited by the
d=-B8e neytron irradiatioms also. The anoma-
lously large reductions of Tg for the l4-MeV=-
neutron irradiated 19-core wires suggest that
in those wires the damage-energy scaling under-
estimates the disovrder produced. This inconsis-

Table I. Damage Znergy Cross Sectioms for NbiSa

Relaecive Damage

Sée?::um Max. Fluence OpaM (b %eV) Energy Cross section
HFSR (E > U.11 MeV) 6.7 x 1019 43 . l.00
RTINS (14.8 MeV) 3.0 x 1018 247 5.74
d-3e(1) (30 MeV) 1.4 x 1017 179 A 4,16 -
d-Be(2) (30 MeV) 7.0 x 1017 167 ' 3.88
d-Be(3) (30 MeV) 21.8 x 10l7 147 1.42




tency between the two types of specimen is

puzzling at present. It is hoped that with
higher-fluence results, this problem can be
solved.

The variation in derived damage-energy cross
sections reflects two important factors. Pirst
are the experimental uncertainties introduced
by the irradiation procedures. The RINS source
has flux gradient that are large over the sam—
ple gauge length which combine with the weak-
link nature of the superconductor to cause
errors in property change vs. fluence data.

The secoad factor is the effect of stress as re-
flected by the difference between the 19 core
and single core data. Assuming that the two
data sets represent two extreme (19 core, low
stress; single core, high stress) of the actual
stress status in a magnet due to fabricatiom
and magnetic stresses, the respoase of a real
magnet conductor will include behavior spananing
both sets of data with the most responsive re-
gion (fluence and stress) being the weak link,

For the engineering application in fusion mag-
nets, a maximum permissible dose or critical
dose is needed to aid in magnet design. It
seems appropriate to define the critical dose
fc as the fluence at which the change in I is
zero at an applied field of 10 T (Alg(10 T) =
0], being that the maximum field at che conduc-
tor in the ETF is 11.4 T. This point occurs
after Ig has increased and degradation of the
superconductor has started (the point where Ig
is a maximum). Using the HFBR results g¢ «
4.4 x 1018 q/cm? (E > .11 MeV). Table II shows
the corresponding 14-MeV fluence, HFBR fluence
for E > 0.11 MeV, and the damage energy and dpa
levels. The reduction in T¢ is about 4%.

There are large uncertainties in the value of
fc as it applies to a fusion reactor magnet
spectrum due to the factors discussed for de-
termining the damage-energy or the equivalent
dose for equal property change, and the fact
that the data were obtained for irradiatiocms at
400 X not 4 X. These uncertainties are not
expected to be more than a factor of two but
are quite large where the implications of this
error is factored into magnet-design param-
eters.

Table II. Critical Dose for Nb3Sm (AIc(10 T)=0)

SpectTum . Fluence

HFBR (£ > 0.11 MeV) 4,4 x 1018 n/cm?
RTNS 7.5 £ 2.5 x 1017 a/en?
Damage Energy. 0.19 eV/atom

dpa 0.0019

CONCLUSIONS

(a) Changes in critical curreat aad critical
temperature in irradiated Nb3Sm scale with
damage energy for fission-reactor, l4.8-MeV,
and d-Be (30 MeV d) neutron damage.

(b) A critical dose for irreversible reduction
of critical currents in Nb3Sn is determined to
be 0,19 eV/atom damage energy or 0.0019 dpa.

(¢) 14,8~MeV-neutron damage appears to be
greater in multifilamentary Nb3Sn than in sin-
gle~core wires, and exceeds Tg degradatioms
predicted by scaling based upon damage-energy
analysis., This aspect needs further scrutiny.
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