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this value for energies above 0.1 MeV. The fluence 
was varied between 10 tr cm -2 and 9.2. l0 ta cm -2 at 
seven steps. The values for the fluence given in this 
paper correspond to neutron energies above 1 MeV. 

A standard four probe resistance measurement 
was used to determine T~. and the resistivity as a func- 
tion of temperature. The ac-susceptibility measured 
at a frequency of 11 Hz allows to determine inductive- 
ly Tc, Be2 and the superconducting volume fraction 
of the samples. The critical current density was de- 
rived from the slope of the radial distribution of the 
magnetic induction measured by means of an induc- 
tive method [6]. 

Results and Discussion 

The superconducting transition temperature normal- 
ized to the value Tco before irradiation versus fluence 
is shown in Fig. 1. These values were measured induc- 
tively and correspond to the midpoint Z ' = - 0 . 5  of 
the transition. For  comparison we show measure- 
ments on two 'conventional '  superconducting com- 
pounds typical for the A 15 phase (V3Si) and for the 
Chevrelphase (PbMo6Ss). Both materials were irradi- 
ated and measured under the same conditions [7, 8]. 
In all three compounds T~ is not affected below a 
fluence of 5-10 t7 cm -2. At q~t=6.10 ts cm -z, T~ of 
YBaaCu30 7 is reduced by about 50%. An extrapola- 
tion to zero T~ results in a fluence well above 
10 t9 cm -2. PbMo6S 8 shows a slightly more sensitive 
degradation with increasing fluence whereas T~ of 
V3Si is clearly less affected by about half an order 
of magnitude in fluence. 
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Fig. I. Dependence of the superconducting critical temperature re- 
duced to the value before irradiation on fast neutron fluence. Some 
preirradiation material data for the sample are summarized in Ta- 
ble 1 

i i I 

1 . 0 - -  

0.8 

0.6 

B=OT 
0./, 

0.2  9 I -0"5 
I /'-O.9 

i i I i i I i i i i 
016 1017 101o 1019 

of [cm4l 
Fig. 2. Onset ( Z ' = - 0 . 1 ) ,  midpoint  ( Z ' = - 0 . 5 )  and downset 
( X ' = - 0 . 9 )  of the superconducting transition in zero field versus 
fast neutron fluence 

Figure 2 shows TjTco versus 4~t of YBazCu307 
for the midpoint as in Fig. 1 and in addition the onset 
( Z ' = - 0 . 1 )  and the downset (Z '= -0 .9 ) .  The large 
scatter of the downset Tc values can be related to 
the granular structure of the material. It has been 
ascertained that the superconducting properties of the 
grains can only be detected if the multiconnected net- 
work of weak links between the particles is destroyed, 
for instance by temperature or field I-9]. For  this rea- 
son the downset is determined by the intergranular 
links which may consist of a broad distribution in 
size and 'quality' ,  i.e. structure and composition, 
especially oxygen content. On the other hand, the on- 
set refers to the better intragrain material and reflects 
its dependence of T~ on fluence. 

The weak link structure determines also the mea- 
sured resistivity and the critical current of the speci- 
men [9], as discussed later. Table 1 shows the resistiv- 
ity just above the transition at 100 K before irradia- 
tion and as an example at ~ t = 4 .  l0 ts c m  - 2 ,  The in- 
crease from 1080 gf~ cm to 3770 g~ cm is accompa- 
nied by a decreasing resistivity ratio RR  and a ten- 
dency of p (T) towards a more semiconducting behav- 
iour. The difference between intergrain and intragrain 
T~ increases with increasing fluence as reflected by 
the spread between downset and onset and by the 
increasing difference between the resistive and induc- 
tive measurement shown in Table 1. A slower change 
of the onset temperature was also observed in films 
demaged by ion implantation [ i0] .  

Figure 3 shows the suszeptibility X' at zero field 
and T =  4.2 K as a function of fluence normalized to 
the corresponding value before irradiation Z~ = -  1. 
The ratio Z'/Z'o which measures the remaining super- 
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The influence of fast neutron irradiation on the superconducting transition temperature, 
T~, the transition width, upper critical field, B~2, and critical current density, Jr, has 
been investigated in YBa2Cu307 up to a fluence of 1019 c m  - 2  ( E >  1 MeV). The T~ degra- 
dation with fluence is slightly less than in PbMo6S8, but larger than in A 15 compounds. 
The irradiation induced increase of the normal state resistivity is accompanied by a 
remarkable decrease of both the intergrain Jc and the superconducting volume fraction. 

Introduction 

Bednorz and Mfiller [1] reported in 1986 supercon- 
ducting transition temperatures E2], T~, above 30 K 
for ceramic oxides. This value was raised to about 
93 K by Wu et al. High upper critical fields [3], Be2, 
and the capability of carrying high critical current 
densities [4], jc, offer the possibility of superconduct- 
ing applications at liquid nitrogen temperature. One 
prospect of these exciting materials is a high current 
application in magnet technology, e.g. in magnetic 
plasma confinement for fusion reactors or in beam 
guiding magnets for high energy physics. In these sys- 
tems the superconductor will be exposed to radiation, 
for instance in fusion technology to a fast neutron 
fluence of about 5.101 s cm- z during the expected life- 
time of a tokamak system. Therefore it is necessary 
to investigate the changes of superconducting proper- 
ties with irradiation damage. In this paper we discuss 
the fluence dependence of some relevant supercon- 
ducting properties of sintered YBa2Cu3OT. 

Experimental 

The samples were made by using the common sinter 
technique, details are given by Flfikiger et al. [5]. 

From X-ray investigations the material was charac- 
terized to be chemically homogeneous and single 
phased. Some properties of the starting material are 
given in Table 1. 

The neutron irradiation was performed in the pool 
facility of the High Flux Reactor of the European 
Communities at Petten, Netherlands. The cylindrical 
specimens were capsuled in an aluminium contain- 
ment filled with dry inert gas and irradiated at a tem- 
perature of about 50 ~ The transmutation rate is 
negligible due to shielding of the thermal neutrons 
by cadmium. The neutron flux with neutron energies 
above 1 MeV was 3.3.1013 cm -2 s -1 and about twice 

Table 1. Some properties of the specimen before and after exposure 
to a neutron fluence of 4.10 is cm -2 

~ t = O  cm -2 ~bt=4-10 ~8 cm 2 

p(100 K) 1080 gf~ cm 3770 g~ cm 
0(300 K) 2530 gfl cm 5280 gf~ cm 

RR 2.34 1.40 

T~ (onset) ind. 92.6 K 75.5 K 

T~ (onset) res. 91.8 K 80.6 K 

A T~ ind. 14.6 K 25.0 K 

AT~ res. 3.2 K 5.1 K 
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Figure 4. Tc/Tc0 versus α-particle fluence for V3Si, Nb3Sn,
Nb3Ge [32] and MgB2 [21] thin films.

Figure 5. Tc/Tc0 versus neutron fluence for V3Si, Nb3Sn,
Nb3Ge [30, 31] and MgB2 single crystals [25] (circles), thin
films [29] (diamonds) and Mg11B2 polycrystals [27] (squares).

and reproducibly A15 and MgB2 materials, though the
defect structure produced by irradiation is, in principle, quite
different. In the following we will restrict our attention

mainly to these irradiation techniques. In fact, the many
experiments carried out with these techniques will provide a
reliable comparison between A15 superconductors and MgB2.

2.2. Tc versus residual resistivity

To shed light on the relationship between the suppression of
superconductivity and the defects introduced by irradiation,
the critical temperature is traditionally plotted as a function of
resistivity, which gives, in some sense, a ‘global’ measure of
the introduced disorder level.

Figure 6(a) shows Tc as a function of the measured ρ0

for several series of irradiated MgB2 bulk samples and films.
The Tc values decrease linearly in all the reported data series.
However, the slopes are fairly different. It should be mentioned
that for some of these data the irradiation procedure has
reduced the grain connectivity, as emphasized by the increase
of #ρ over the value of fully connected samples (7–8 µ$ cm).
In order to have a determination of the intragrain resistivity,
the measured resistivity values can be rescaled, as proposed by
Rowell [15]. In fact, neglecting grain boundary resistances, the
measured resistivity ρm is related to the intragrain resistivity ρg

by this equation:

ρm(T ) = F
[
ρg(T ) + ρg0

]
#ρm = F#ρg (1a)

where 1/F is the fractional area of the sample that carries
current, ρg(T ) is the temperature-dependent part and ρg0 the
residual part of intragrain resistivity. #ρm and #ρg are the
changes in resistivity from 300 to 40 K. Within the Matthiessen
rule, #ρg has a fixed value, and the residual resistivity of
grains, often indicated as ρ0,cor can be estimated by

ρ0,cor = ρm(40)
#ρm

#ρg
. (1b)

This criterion, which assumes #ρg is constant as a
function of irradiation, could hide actual deviations of #ρg due
to changes in the electron–phonon interaction, but certainly
gives a much better determination of the intragrain resistivity,
as well as a much better indication of the real disorder level.

Figure 6. (a) Tc as a function of the measured ρ0 for several series of irradiated MgB2 films (from [21, 29, 34]) and polycrystals
(from [24, 27]). (b) Tc as a function of ρ0,cor; ρ0,cor has been estimated by equation (1) assuming #ρg ≡ 7.5 µ$ cm. The continuous line is a
guide to the eye.
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Pion Capture Solenoid in the COMET CDR
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DETAIL  STUDY OF IDS80 WITH IRON PLUG 
(MARS+MCNP, 10-11 MeV NEUTRON ENERGY)

RS#1
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SC#1-5 SC#6-10 SC#11-15 SC#15-26
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COMET: 56kW proton beam 
  -> 7.9W on the pion capture SC coils
MC/NF: (4000kW/56kW)*7.9W = 564kW
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COMET : 1.3 x 1021 n/m2/1021p = 1n/m2/p

MC/NF 3 x 1015 p/s ---> 3x1015n/m2/s
   to get 1022 n/m2 on SC#6-10

 : 3 x 106 s = 35 days
This means that we need to increase the SC wire 
temperature (may be up to the room temperature) to 
recover their property by anneal effect every 35 days. The 
35-days is too short period. It should be more than 1 
year. 

   to get 1021 n/m2 on SC#6-10
                   : 3.5 days
   HTS instead of resistive magnets looks no hope.



Anneal Effect: SC -Tc&Jc- 
Irradiated at LT, and warmed up to RT.

NbTi
neutron

J. Nucl. Materials, 108&109, p572 (1982)

For NbTi, some recovery can 
be expected even after 
irradiation ~5*10^22/m2.

NbTi
30GeV proton

Anneal effect only occurs 
beyond 400 °C.

超伝導・低温工学ハンドブック p487 (1993)

A15

T. Nakamoto (KEK)



Anneal Effect: Stabilizer - Elec. conductivity-
Irradiated at 4K, and warmed up to RT.

J. Nucl. Materials, 133&134, p357 (1985)
14MeV n 
on Al

14MeV n 
on Cu

fluence up to 1*10^21/m2.

J. Nucl. Materials, 49, p161 (1973&74)
Reactor n 
on Al

Reactor n 
on Cu

fluence up to 2*10^22/m2.

0: 0.386
-irrad: 0.772

(n m)

0: 0.098
-irrad: 0.191

(n m)

Double of electrical conductivity can be observed at 
10^21/m2.
Full recovery in Al expected by T.C.
Degradation in Cu will be accumulated even after T.C.

T. Nakamoto (KEK)



Comments
• There are many paper on the SC magnet requirements, design, and  

study for fusion magnets (ex. ITER) for the radiation effects. We need 
to learn many things from the papers. 

• Then set the requirements on the SC magnets design for the NF/MC.
• Collaboration with fusion group would be very useful.


