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INTRODUCTION

Neutron irradiation studies on superconductors, which are
suited for large scale applications and available commercially,
are needed to provide information on the changes of critical
current densities j c over the expected lifetime of a supercon-
ducting coil used for plasma confinement in fusion reactors.
Although the design parameters are, of course, subject to change,
it is generally agreed that the total neutron fluence at the
magnet location will be approximately 4 x 1 0 " m~2 (E > 0.1 MeV)
over an estimated plant lifetime of 30 years. In order to
accurately simulate magnet operating conditions, it is necessary
for the radiation damage to be introduced at the magnet operating
temperature, i.e. near 4.2 K. This is necessary since defect
motion at higher temperatures would result in a different damage
state that could have different effects on macroscopic properties,
such as j c. Because of operational considerations and, in
addition, in order to anneal out some of the radiation damage in
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the copper-stabilizer,1 five to ten thermal cycles between the
magnet operating temperature and room temperature are expected.

An accurate simulation of the magnet operating conditions
encounters several problems which are not easy to meet experimen-
tally* First, of course, a fusion neutron spectrum with an energy
distribution appropriate to the magnet location is not available
and has to be replaced by fission or spallation spectra and 14 MeV
neutron irradiation. However, if analyzed in terms of damage
energies and combined appropriately the desired information can be
obtained. (This aspect of the present work is treated in terms of
source characterization in the next section, but has to await
further analysis until higher fluence irradiations with the spal-
lation and 14 MeV neutron sources are available.) Secondly, the
irradiation should be made at the actual operating temperature of
the magnet and critical currents, in the case of NbTi, measured in
fields up to the 8-10 T range. Thirdly, a variety of metallurgi-
cally different superconductors should be irradiated simultaneous-
ly in order to improve the understanding of the defect-raicrostruc-
ture interaction and its influence on j c . The latter two aspects
will be discussed in the following sections in more detail.

NEUTRON SPECTRA

In general, previous Irradiation results were reported in
total fluence, and the irradiation facilities were not well
characterized in terms of neutron energy distribution. Therefore,
a comparison of published results is difficult, even considering a
simple scaling of fast fluences quoted for energies larger than
0.1 or 1.0 MeV. Obviously, a more detailed analysis of experi-
mental data resulting eventually in a prediction of the radiation
response to the actual fusion spectrum requires accurate source
characterizations, which have become available only recently.

A comparison of the neutron spectra used in the present
irradiation program (TRIGA MARK II reactor, Vienna; Intense Pulsed
Neutron Source, Argonne; Rotating Target Neutron Source,
Livermore) is shown in Fig. 1, where the actual neutron flux per
unit lethargy is plotted versus neutron energy for the usual
operation conditions of each source. It will be noted that
although the reactor and spallation spectra are similar there are
significant shifts in the neutron energy distribution for these
two sources. A comparison of results obtained from these two
spectra and the 14 MeV source on the same samples is well suited
for the purpose of simulating a fusion spectrum (for a typical
"fusion" neutron spectrum at the magnet location see, e.g., Fig. 2
of Ref. 5).



The damage energy cross sections per neutron calculated for
the two elements of interest (Nb, Ti) and the three different
neutron spectra (reactor and spallation for energies E > 0.1 MeV,
Livermore: E « 14.5 MeV) are as follows: Nb - 67.2, 60.5 and
270.9 keV barns; Ti - 77.4, 62.3 and 243.7 keV barns.
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Fig. 1. Neutron flux per unit lethargy as a function of neutron
energy for the TRIGA MARK II reactor (central irradiation
facility, 250 kW - preliminary data), the irradiation
facility VT2 at IPNS (10 uA proton current, 450 MeV
protons) and RTNS-II (deuteron current adjusted to give a
constant neutron flux of 3 x 10 m~2 s~*). Flux units
are neutrons cm in this graph only.

MATERIALS AND FLUX PINNING

Extensive descriptions of the materials and superconducting
properties of the samples used in the present program have been
reported previously. ' A short summary may be given as follows:
33 stabilized single core conductors differing in their Ti-content
(42, 49, 54 wtX Ti) as well as in the final etages of their
thermomechar.ical treatment (annealing temperatures, final cold
work) and three commercial multifilamentary conductors (49 and
46.5 wt% Ti) were investigated. An analysis of flux pinning data



in the single core materials as a function of thermomechanical
treatment combined with results of electron microscopic studies
carried out by different authors on similar materials shows that
flux pinning in the low-Ti materials is caused mainly by disloca-
tion cells, whereas in the high-Ti materials (especially in the
severely cold worked state) flux pinning by normal-conducting
precipitates becomes predominant. Furthermore, we found as a
general rule that because of the higher elementary pinning force
of the precipitates the critical current densities increased with
increasing Ti-concentration. This latter conclusion based on
critical current measurements in fields up to 6 T, may not be
strictly valid, if the high field region up to the upper critical
field H 2 is considered. An example of results, vhich were
obtained recently^ in fields up to 10.7 T, is shown in Fig. 2,
where the critical current densities for the three optimized
conductors of each Ti-concentration (42, 49 and 54 wt%) are
plotted versus magnetic field. The reduction of HC2 caused by the
high Ti-concentration is clearly seen to manifest itself in the
critical current densities for fields larger than 8 T. Similar
crossovers in the jc~B characteristic were observed in all the
samples, the comparison being, of course, most meaningful when the
parameters of the thermomechanical treatment are kept constant and
only the Ti-concentration is varied. The implications of this
result for high field magnets are obvious, because the clear
advantage of materials with 54 wt'i Ti in the lower field region is
just compensated by the decrease of HC2 in fields around 8 T.

RESULTS OF NEUTRON IRRADIATION

In order to compare with our previous data on 77 K irradia-
tion, we will restrict the discussion of results obtained at the
low temperature irradiation facility of IPNS (Tirr * 5 K) to the
same few samples, but include the results on the multifilamentary
conductor S300-1, which is used for the Swiss coil in the Large
Coil Program. A summary of material parameters is given in Table
I.

The data shown in Fig. 3, which are plotted as changes of
critical current densities j c/j c o versus neutron fluence at fixed
magnetic field, refer to the following irradiation conditions:
ambient reactor temperature irradiation (~80°C, TRIGA reactor),
77 K irradiation including a 30 hour thermal cycle to room temper-
p.ture after each irradiation step (TRIGA reactor) and 5 K irradia-
tion including the same thermal cycle (IPNS, spallation). The
fluences are quoted for energies > 0.1 MeV, the conversion of
fluences from our previous publications is made using the experi-
mental relation ()>(E > 0.1 MeV) « 2.U $(E > 1 MeV) for the TRIGA
reactor. No corrections for the difference ID damage energy cross
section are included in this graph, these corrections would be



& 202. The most striking difference to all our previous results
is found in the lowest-jc conductor (#1), where large increases of
the critical current density are observed even after the thermal
cycle to room temperature. This fact together with the lack of
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Fig. 2. Critical current densities versus field for the optimized
conductors of the 42 wt% (#19), 49 wt% (#32) and 54 wt%
(#33) series.

any significant increases of j c in all the other samples supports
our previous conclusion that radiation damage in reasonably well
treated NbTi-superconductors always leads to a decrease of pinning
forces either through a considerable weakening or a complete
removal of pinning centers. The existence of the latter effect is
suggested by a comparison of data obtained at 5 and 8 T, respec-
tively. Above a neutron fluence of ~l x 1022 m~2 (E > 0.1 MeV)
che degradation of j c at 8 T is larger than at 5 T and accompanied
by a small shift of the pinning curve to lower field values.
Comparing the results at 5 T following 77 and 5 K irradiation for
the remaining samples we find fair agreement with the exception of
sample #32, which shows significant jc~degradations following 5 K
irradiation. A more detailed discussion of results has to await
further low temperature irradiations and the data evaluation for
all samples of different metallurgical treatment.



Table I. Summary of Material Parameters

Sample Wt% Annealing Final Cold Cu: UOHC2 Remarks
Ti Temp.,oC Work, NLTi

1
19

32

33

34

35

36

42
42

49

54

49

49

46.5

320
400

400

400

0
71

91

91

multiple

multiple

multiple

1:1
1:1

1:1

1:1

2.4

2.4

11.2 lowest j c conductor
11.3 optimum conductor

of the 42 wt% se r i e s
11.4 optimum conductor

of the 49 wt% se r i e s
10.5 optimum conductor

of the 54 wt% series
2.4:1 11.2 multifilamentary

conductor S-48-3
2.4:1 10.6 as above, but with a

short final anneal
1.2:1 11.5 multifilamentary

conductor S 300-1,
330 filaments, 17 um<|>,
LCT coi l wire

I 1 0 -

060
I 10

100

080
1.10

090

I "1 •—T ""
("• AMBIENT, REACTOR

B=5T< + 77K,TC,REACTOR
U 5K,TC,SPALUTION

B = 8T O 5K,TC,5P4U.»TI0N

OBO1

Fig. 3.

•33 -

2 3

FLUENCE,m'!(E>OlileV)

5.IO25

I 1 0 -

100

0 9 0 -

080
I 10

100

0.S0

oeo
1.10

100

090

T
f MIBIENT, REACTOR

B=5T( • 77K.TC,REACTOR
l - i 5K,TC,5PALUTION

B=BT O 5K,TC,SPAU.ATI0N

#12
I

• 34

4 ! L
I 2 3

FLUENCE,*2(E>O.llfcVI

Change of critical current density versus neutron fluence
for three different irradiation conditions, B * 5 T. For
comparison some data at 8 T are included (5 K irradiation,
spallation).



Finally, in Fig. 4 are shown the results on the Swiss LCT-
conductor following 5 K irradiations and including a thermal cycle
to room temperature after each irradiation step. Whereas the
changes of j c are found to be small again (jg/Jco at 8 T is 0.99,
0.98 and 0.93, respectively, at fluences of 0.27, 0.77 and 1.3 x
1 0 " m ), accompanying measurements of the copper resistivity
(10 K, zero field) show an increase by 11, 40 and 48%, respective-
ly. Assuming a plant lifetime of 30 years and a total fluence of
4 x 10 m~", these data correspond to warm ups of the magnet after
approximately 2, 6 and 10 years, respectively. Whereas these
cycles are reasonable from the point of view of plant operation,
present design limits of a 25% increase in copper resistivity
would be exceeded after a short time of magnet operation only.
We, therefore, wish to emphasize the magnet stabilization problem
caused by the radiation induced increase in Cu~re6istivity in
agreement with recent results of Coltmun.
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Fig. 4. Critical current densities and bulk pinning forces Py of
the Swiss LCT-conductor as a function of magnetic
field. The first number of the 4 digit code refers to
the neutron fluence (0..unirradiated, 1, 2 and 3.. 0.27,
0.77 and 1.3 x 1022 m~2, E > 0.1 MeV).



CONCLUSIONS

The results on 5 K irradiation available so far may be
summarized as follows.

•Increases of j c following neutron irradiation occur only in
conductors which are far from the optimal metallurgical
treatments.
•The changes of j c following neutron irradiation and a thermal
cycle to room temperature are small and in most cases
comparable to the results obtained after 77 K irradiation.
•The data available so far indicate that the degradation of j c

at 8 T is larger by about 5-10% than the corresponding changes
at 5 T at a neutron fluence of 1.3 x 1022 m~2 (E > 0.1 MeV).
•The increase of Cu-resistivity is significant even after a
thermal cycle to room temperature and requires design changes
for a stable magnet operation.

Further experiments up to higher fluences and a detailed
comparison of jc-changes following neutron irradiation with
different energy spectra are under way.
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