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Abstract 

Available low-temperature neutron irradiation data for the superconductors 
NbTi and Nb 3Sn and the stabilization materials Cu and Al are collected and 
maximum tolerable doses for these materials are defined. A neutron flux in 
a reactor of about 109 n/cm2 s at the magnet position is expected. However, 
in fusion experiments the flux can be higher by an order of magnitude or more. 
The energy spectrum is similar to a fission reactor. A fluence of about 
1018 n/cm2 results during the lifetime of a fusion magnet (about 20 full po­
wer years). At this fluence and energy spectrum no severe degradation of the 
superconducting properties of NbTi and Nb 3Sn will occur. But the radiation­
induced resistivity is for Cu about a twentieth of the room temperature re­
sistivity and a tenth for Al. 

Neutronenbestrahlungseffekte in Supraleiter- und Stabilisierungsmaterialien 
für Fusionsmagnete 

Zusammenfassung 

Verfügbare Tieftemperaturbestrahlungsdaten für die Supraleiter NbTi und 
Nb 3Sn unddie Stabilisierungsmaterialien Cu and Al sind gesammelt worden, 
und maximal tolerierbare Dosen für diese Materialien werden definiert. Am 
Magneten eines Fusionsreaktors wird ein Neutronenfluß von 109 n/cm2 s erwar­
tet. In Fusionsexperimenten kann der Fluß jedoch um eine Größenordnung oder 
mehr höher sein. Das Energiespektrum ist ähnlich dem eines Spaltungsreaktors. 
Während der Lebensdauer eines Fusionsmagneten (ungefähr 20 Volleistungsjahre) 
resultiert daraus eine Fluenz von ungefähr 1018 n/cm2. Bei dieser Fluenz und 
diesem Energiespektrum treten keine schweren Degradationen der supraleitenden 
Eigenschaften von NbTi und Nb 3Sn auf. Jedoch ist der strahlungsinduzierte Wi­

derstand für Cu ungefähr ein Zwanzigstel des Raumtemperaturwiderstandes und 
ein Zehntel für Al. 
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1. Introduction 

The aim of this report is to collect available low-temperature neutron 

irradiation data for the superconductors NbTi and Nb 3Sn and the stabiliz­

ing materials and to define maximum tolerable doses for these materials. 

Many experimental studies on the behaviour of NbTi and Nb 3Sn during part­
icle irradiation were performed. Especially low temperature neutron irra­
diation is of interest for the use of superconducting magnets in fusion 
devices. Therefore, irradiation results with charged particles are only 

included in this report if necessary for comparison. Historically, irradi­
ation with charged particles were of great interest for the application of 
superconducting magnets in accelerators /1, 2/. But with growing fusion ac­
tivities neutron irradiations became more interesting. 

Irradiation of superconductors changes the metallurgical structure and so 
the flux pinning behaviour. Radiation effects greatly depend upon initial 
metallurgical conditions of the sample to be irradiated. Many studies in­
vestigate the migration of radiation-induced defects, the formation of de­
fect clusters· and the annealing behaviour of the defects. The magnet de­
signer depends more on the knowledge of 11 overall 11 properties of the super­
conductors, especially the transition temperature T , the upper critical 

c 
magnetic field Bc2 and the current carrying capacity Je. Therefore, these 
data are collected when available. 

Data for Cu and Al are needed for low temperatures because these materials 
are used as stabilizers in superconducting magnets, which are operated at 
temperatures of about 5 K, as well as for the temperature range of room 
temperature to about 500 K. These data are necessary to design normal con­
ducting magnets which operate in a very high neutron flux. Such normal con­

ducting magnets are considered either to be used in Tokamaks as passive 

coils for plaswa control or as insert maqnets in hi~h field ~irror 
coils to rise the mirrar field into the range of above 20 T. 

In general, irradiation influences considerably the resistivity of Cu and 
Al. The resistivity at low temperature is dominated by impurities and lat­

tice imperfections. Irradiation particles generate new Frenkel pairs which 
change the scattering properties of conduction electrons. The mean free 



- 2 -

path of the electrons is generally reduced and therefore the resistivity 

enhanced. This has a profound effect on the stabilization of superconduct­

ing magnets. However, at room temperature the resistivity change is dorni­
nated by transmutation products, because Frenkel pairs anneal nearly 
completely out. 

2. Warking Conditions of Superconducting Magnets in a Fusion Reactor 

Superconducting magnets operate near liquid helium temperature. During 
cool-down large thermal stresses occur. Especially for high field magnet 
opera ti on 1 arge e 1 ectromagneti c Lorentz forces are acti ng Large asymme­

tric forces resulting in twisting moments appear in time varying magnetic 
fields. 

In fusion reactors neutron and y-irradiation with high intensity and a 
broad energy spectrum influence the properties of superconducting materi­

als, stabilizing materials, insulators, structural materials and deposit 
heat into the coolant medium helium. The low temperature, the stress and 
the radiation are synergic at the same time. In most irradiation experi­
ments at low temperature no synergic effects are investigated because no 

magnetic field during irradiation is applied on the sample. For example, 
the magnetic field or applied stress during irradiation may influence the 

defect formation or migration and so the current carrying capacity of the 
superconductor. 

A first wall loading of 1 MW/m2 corresponds to a 14.1 MeVneutron flux of 
about 4.43 x 1013 n cm- 2s- 1. A fluence of 1.4 x 1021 n/cm2 (14.1 MeV neu­
tron) produces 1 MWy/m2. Fluences in fusion reactors are much higher than 
the values where e. g. severe degradation of the superconducting properties 

begins. Therefore, the neutron flux throuqh the first wall must be attenu­
ated by a factor of about 10-6 to 10-8 (depending on the special design 

of the fusion device) to avoid a catastrophic degradation of the materials 

properties in the superconducting magnet. 

Tagether with the attenuation of the neutron flux the neutron energy spec­

trum is changed during penetration of the blanket and shield. 
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McCracken and Blow /3/ calculated the flux values (see Fig. 2-1) and the 
neutron energy spectrum for a conceptual fusion reactor and compared it 
with an experimental spectrum used by Schilling et al. /4/ (see Fig. 2-2). 
The same comparison for the Kyoto University Research Reactor is shown 
in Fig. 2-3 and for the Research Reactor Garehing in Fig. 2-4. The figures 
show that the expected neutron spectrum at the magnets is fairly well re­
produced by fission reactors. It should be mentioned that approximately 
20 % of the neutrons are expected to have energies greater than 1 MeV and 
about 5 % have energies greater than 4 MeV. 

Although it is anticipated that the neutron spectrum at the magnet position 
will be somewhat softer than a fission spectrum with a small fraction of 
high-energy neutrons, regions, where the shielding is not as effective as 
the average, with higher fluxes of the higher-energy neutron component will 
occur ( 11 hot spot 11

). This will influence the lifetime of magnet components. 
A quantitative knowledge of the radiation darnage in the magnet materials is 
essential for the magnet designer. Therefore, three-dimensional calculations 
of darnage rates in the magnet materials are necessary. 

Abdou /7/ calculated the radiation levels and spectra at and within a 
special tokamak magnet system. His results show, that the neutron and gamma 
fluxes, the atomic displacements in Nb, Cu and Al and the radiation doses 
in typical i_nsulators (Epoxy, Mylar) decrease by one order of magnitude over 
a depth of about 30 cm. Over the same length the hydrogen and helium production 
decrease by two orders of magni tudes. 

Another criterion is the tolerable refrigeration power for the magnets. 
Choosing a value for the power deposit in the magnet in the order of some 
mW/cm3 or less, the required attenuation factor is less than 10-6. The exact 
1 imit has to be defined for an experimental device or a t~eactor by systems 
optimization. Designs for experimental devices consider values of about 
10 mW/cm3. 
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· Fiq. 2-1: Neutron flux in the blanket of a typical fusion 
reactor calculated using a Monte Carlo neutron 
code /3/. The magnet edge is at 375 cm. The 
total wall loading is 10 ~wm-2. 
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Fig. 2-2: Comparison of the neutron energy spectrum in the experi­
mental irradiation facility at ,JUlich used by Schilling /4/ 
and calculated values /3/. 
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Fig. 2-3: Comparison of neutron energy spectrum in the 
Kyoto University Research Reactor /5/ and 
calculated values /3/. 
P(E) is defined in Fig. 2-2. 
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Fig. 2-4: Comparison of the neutron energy spectrum in 
the Research Reactor Garchinq used by Soell 
/e.g. 6/ and calculated values /3/. 
P(E) is defined in Fig. 2-2. 
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3. ~Jeutron Irradiation Effects on NbTi and Nb~ 

3.1 General 

There are many reports on the irradiation behaviour of superconducting 
materials. Irradiation temperatures are ambient temperature, the tempera­

ture of 1N2 77 K and the temperature of liquid helium 4 K. Many materials 
were irradiated, e. g. Nb, Nb 3Sn, Nb3Al, V3Ga, v3si, Nb 3Al, NbZr, NbTi, ... 

NbTi and Nb 3Sn are particularly important for the magnet designer. So the 
references /3/ to /16/ review the radiation behaviour of either supercon­

ducting materials or superconducting ~agnets including the radiation beha­
viour of stabilizing and insulating rnaterials. Beyond that, there are many 
papers where single aspects with respect to the radiation behaviour of mate­
rials or magnets are discussed, /17/ to /50/. The reports /28/ to /50/ dis­
cuss especially the irradiation effects on A15 superconductors. Report /50/ 
is a review on the neutron irradiation effects on superconducting compounds. 
This interest in A15 superconductors was because in the early seventies it 

was found that fluences of the order of 1019 n/cm2 produce only up to 20 % 
reduction of the critical current of NbTi at 4 T. For Nb3Sn, however, the 
same fluence reduced the critical current at 4 T by more than 95 %. These 

results suggest that the A15 high field superconductors are more sensitive 
to neutron irradiation relative to other types of superconductor alloys. 
But the irradiation temperature was about 60 °c, so the results were not 
representative for the low temperature behaviour. 

3.2 Neutron Irradiation of NbTi 

NbTi is used in most superconducting magnets with magnetic fields up to 8 T. 
This material is relatively inexpensive, mechanically stable and easily 
fabri ca ted. 

NbTi conductors are commercially available as multifilamentary conductors, 

i. e. a large number of NbTi filaments of diameters in the order of 10 ~m 

embedded in a normal conducting metal, usually copper. Also single core 
conductors are available. But only the multifilamentary conductors are im­
portant for large magnet systems up to about 8 T. 
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The superconducting properties can be varied by various metallurgical 

treatments. But NbTi has relatively low values of J (B, T), T and B 2 c c c 
as compared with Nb3Sn. Fig. 3-1 shows the critical current - critical 
field- critical temperature diagram of a special NbTi superconductor /51/. 

The critical temperature is about 9 K and the upper critical magnetic field 
is about 10 T for 4.2 K. 

Most of the neutron irradiation experiments were performed to establish 
criteria for the selection of conductors suited in an optimum way for app­
lications involving neutron irradiation. 

From the data reported about NbTi irradiation with fission reactor neutrons 

a fairly consistent picture of radiation-induced effects has emerged. For 

the magnet desioner, the followin0 conclusions are important: 

The decrease of the trans i ti on temperature Tc \•Ii th neutron fl uence i s very 
small and may be neglected for application considerations. In /16, 26, 27/ 

a decrease of 0.15 K for fluences up to 9 x 1018 n/cm2 (E > 1 MeV) is re­

ported. The transition width (usually 1 K) remained unchanged. 

- The change of the upper critical field Bc2 is also expected to be very 
small. There are very few experiments and a more detailed investigation 
of radiation effects on Bc2 would be desirable. 

- NbTi conductors with relatively low initial current density show an en­
hancement of the current density after irradiation, while relatively high 
initial current densities decrease due to irradiation. Therefore, optimized 

commercial conductors always degrade after neutron irradiation. As a rule 
of thumb, a 10 ~~ decrease of the current density occurs at a fluence of 
about ~ x t- 3 x 1018 n/cm2 (E > 0.1 MeV). The experimental results for 

the change in the critical current density of NbTi with neutron fluence 
18 -2 up to 5 x 10 n cm can be approximated /13/ as 

Je = Jco exp(- a · ~ · t) 

where Jco is the critical current density before irradiation and a = 
3.5 x 1o-20 cm- 2. The fluence ~ · t is an abbreviation for tmax 

/ <P dt. 
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Field current lc [kA] 

Tempereture T [ K ] 

Fig. 3-1: Ic-Bc-Tc diagram of Niobium-Titanium superconductor /51/ 
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The change of the critical current density can be explained consistently 

by assuming that the defects produced by irradiation affect the pinning 

strength of the dislocation cells. 

Annealing to room temperature and, in particular,multiple thermal eyeles 
lead to almost complete recovery of Je· This is eonsistent with the pinning 

mechanism based on the radiation-induced ehange of the normal state re­
sistivity. 

- t1ost of the work performed on reasonably high Je superconduetors shows 

that the ehanges of Je are independent of magnetie fields up to about 6 T 
(0- 6 T is usually investigated). 

Irradiation experiments with high energy (14 MeV) 11 fusion neutrons 11 are 
scarce. V an Konynenburg, Gui nan and Ki nney /25/ i rradi ated Nb Ti v.Ji res wi th 

14.8 ~1eV neutrons of the RTNS-II. They irradiated at 4.2 K up to a fluenee 
of 8 x 1016 n/cm2. Critical currents of NbTi were measured before and after 
irradiation in magnetic fields up to 10 T. The eritieal current deereased 
of about 3% at 4 T and the transition temperature deereased of about 0.6 K. 
This is about a factor of 4 to 5 larger than observed for this level of darn­

age in fission reactor fast neutron irradiations at 4.2 K. Within the pre­
cision of the measurement no ehanges were observed in the upper critical 
field or in the critical eurrent at 6 T, 8 T and 10 T. In this high energy 
range, more experimental data are needed. 

3.3 Neutron Irradiation of Nb~ 

The advantage of Nb 3Sn is the relatively high critical temperature of ~ 18 K 
and the upper eritical magnetic field of about 25 T at 4.2 K. However, the 
mechanical behaviour is very poor, the material is brittle and severe degra­

dation of the current density oecurs with stress or bending. But the suecess­
ful operation of Nb 3Sn magnets at about 12 T with about half a meter bore 
let grow the confidence in this material. The LCT coil from Westinghouse has 

a forced flow cooled Nb 3Sn conductor. The test of this coil will be crucial 

for the application of Nb3Sn eonductors in large coils for fusion reaetors. 
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The ,radiation effects in Nb 3Sn differ considerably from those of NbTi owing 

to the long-range ordered atomic structure of the AlS-phase. In compound 
superconductors, during the formation of the final structures, different 
types of atoms can exchange sites (i. e. disorder) or be slightly displaced 
from their original lattice site so as to significantly alter the electronic 
properties of the superconductor. 

The nature of the defect or defects responsible for the degradation and re­
storation of both the superconducting and lattice properties of the A15 mate­
rials is not clear at the present time. On the one hand, site exchange dis­
order (replacement of A atoms by B atoms and vice-versa in the A3B structure) 
has been identified as an important defect on the basis of x-ray and neutron 
diffraction studies. On the other hand, an ''unknown defect", which may be 
associated with the loss of translational symmetry, has been suggested as 
a primary cause for the observable effects. 

Early irradiation experiments of Cullen and Novak /52/ of Nb3Sn samples in 
a fast neutron flux at 32 K show that the critical current was increased, 
but the increase was smaller the higher the initial value of Je. The increase 
could be obtained for doses up to about 1018 n/cm2 for samples of low initial 
Je and for doses up to 3 x 1017 n/cm2 for high initial Je. With higher neu­
tron doses the value of Je decreased in each case. The value of Tc decreased 

by 0.18 Kat 2.7 x 1018 n/cm2. This behaviour of Nb 3sn is confirmed by later 
irradiation experiments. 

From the reported data, some conclusions can be drawn. 

- Large decreases in the transition temperature Tc occur after doses at 
which the Tc of NbTi (and Nb) is essentially unchanged. Fig. 3-2 shows 
the ratio of the critical temperature Tc after irradiation to the critical 
temperature without irradiation for various Al5 materials and for NbTi and 
Nb. A large decrease for Al5 is seen being about 10 % at doses of about 
1018 n/cm2 and about 80% for doses of some 1019 n/cm2. At that dose NbTi 
shows no severe degradation in Tc. A Tc decrease, however, implies an ef­
fective Je decrease, because Je is generally measured at a fixed tempera­
ture T, and the value of Je decreases as T approaches Tc. Therefore, reduc­
ing Tc is equivalent to measuring at a higher T, with a resultant decrease 

in Je. 
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Fig. 3-2: Fractional change in critical temperature for various A15 
and alloy superconductors (Nb~ NbTi) after neutron irradi­
ation at about 370 K /15~ 50/. 

1021 



- 14 -

Tc is also depressed following high energy neutron irradiation in non­

stoichiometric alloys for deviations on either side of stoichiometry. 

At high fluences T. aporoaches a saturation value between 2 and 4 K and ' c ' 
the same final Tc value is reached irrespective of the initial composi-
tion of Nb 3Sn. 

The transition temperature of the irradiated material is recovered with 
isoehranal or isothermal anneals. In the isoehranal anneals all the Nb­
base compounds, independent of composition or fluence, start to show re­
covery ofT between 400- 500 °C. This annealing temperature is not app-c 
licable for fusion magnets. 

- Although Bc2 has not been as extremely studied as Tc for irradiated super­
conductors, several interesting features have emerged. For very low doses 
(~ 5 x 1017 n/cm2), slight increases in Bc2 (0) have been observed for 
Nb 3Sn. This increase is most likely due to a slight increase in the normal 

state resistivity which overcompensates the decrease in Tc. For higher do­

ses, Bc2(0) decreases linearly with Tc' as is also observed for oxygen ion 
irradiated Nb~Sn. Increases in B 2 for Nb~Sn have also been observed in 

J c J 1S 2 
multifilamentary wires irradiated at low fluences (< 2 x 10 · n/cm ). Above 

this fluence Bc2 decreases as Tc decreases. 

The temperature dependence of ß 2(T) for neutron irradiated Nb~Sn has also c J 

been reported. The slopes of the critical field curves near Tc (dBc2/dTciT=T ) 
c are slightly enhanced over the unirradiated values. 

- Extensive measurements on J changes due to neutron irradiation have been c 
made. Fig. 3-3 shows the typical change of the normalized critical current 
density. This behaviour is clearly different from that of NbTi. The current 

density initially increases with increasing dose up to a factor of two and 
decreases then very steeply with furthermore increasing dose until the cur­

rent capacity is completely destroyed. As design criterion the critical neu­

tron fluence value (dose) in the decreasing slope where the current density 
reaches the initial value without irradiation is proposed. 

Contrary to NbTi, this behaviour is even shown by optimized, i. e. high 

initial value of Je (2 x 106 A/cm2 at 4.2 K and 5 T·), multifilamentary 

Nb 3Sn samples made by bronze technique. 
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Neutron fluence ( arbitrary units) 

Fig. 3-3: Schematic of J /J versus neutron 
fluence for Nb~Sn~0 
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At lower values of the applied field B the relative increase in Jc
0

(B) 
is generally smaller for a given neutron dose and the fluence required 

for saturation of Jc(B) is also smaller. This behaviour in Jc(B) is inter­
preted in terms of flux pinning by radiation-induced defect cascades as 

well as changes in Tc and Bc2 as the result of neutron irradiation. 

In /45/ the critical dose for Nb 3Sn is given (defined as the point where 
6I = 0 for 10 T) as 4.4 x 1018 n/cm2 for a HFBR-spectrum (E > 0.11 MeV) 
an~ (7.5 ~ 2.5) x 1017 n/cm2 for the 14 MeV RTNS-spectrum. (The darnage 
energy is 0.19 eV/atom and the dpa's are 0.0019.) These doses are valid 
for multifilamentary wires. 

3.4 Comparison of NbTi and Nb~ 

The main conclusions for the radiation behaviour of NbTi and Nb~Sn should 
.) 

be summarized: 

- A15 high field superconductors are more sensitive to neutron irradiation 
relative to other types of superconductor alloys. 

The influence of neutron irradiation on Tc and Bc2 is very small for NbTi. 
At a dose of 1019 n/cm2, Tc of NbTi is nearly unchanged while Tc for Nb3Sn 
is decreased by 60 %. 

- A fluence of the order of 1019 n/cm2 (fission spectrum) produce only up to 
20 % reduction of the critical current of NbTi in fields up to 6 T. But 
the same dose reduces the critical current for Nb 3Sn by about 95 %. 
Specially prepared Nb 3Sn specimens (single core) showed no degradation at 
10 19 n/cm2. 

- Irradiation data for Nb 3Sn with additions are not available. 

It is recommended to use as design dose for superconductors used in fusion 
magnets a neutron fl uence in the range of 1 to 5 x 1018 n/ cm2. 
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4. Neutron Irradiation Effects on Cu and Al 

4.1 General 

To provide an alternate path of the current when a superconductor is driven 
normal by any instability a low resistance material is required bonded to 
the superconducting material. The amount and the distribution of the material 
is designed so that the normal region in the superconductor cannot propagate 

and become superconducting again. This stabilization is provided in general 
by Cu orAl. 

The stabilization material must transfer the Ohrnie heat R · 12 generated in 
the affected region of the stabilizer to the coolant (I is the magnet current 

flowing in the stabilizer of resistance R). With the total heat transfer Q to 
the coolant the condition 

must be fulfilled for cryogenic stabilization. An increase in the resistance 
R can be detrimental. Therefore a radiation induced resistance must be taken 
into account in the design of a fusion magnet. 

A The change of resistance is considered in terms of resistivity p = R . l' 
where Ais the cross section and 1 the length of the stabilization material. 
The resistivity of a material can be written as 

Here is p
0 

= residual (bulk) resistivity due to imperfections, 

p(T) = ideal lattice resistivity, 

= magnetoresistivity, 

= radiation induced resistivity due to lattice darnage and 

= resistivity due to impurities produced by transmutations. 

The residual resistivity can be increased by strain. The ideal lattice resi­

stivity can be neglected at 4 K operation temperature, but not in the safety 
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integral for the protection of a superconducting magnet. The temperature 
dependence is clearly important for the design of normal conducting mag­

nets. The magneto-resistivity depends generally not only on the magnitude 
of the magnetic field, but also on the impurity content, temperature, and 

details of the Fermi surface. The sum pirr = Po + Pr is the radiation in­
duced part in the expression for the total resistivity. 

If the design shows that the tolerable resistivity increase is too large 
the following two solutions can be considered: 

- Increase of the amount of stabilization material. This leads to a lower 
resistance R = p · 1/A by enhancement of the cross sectional area of the 
stabil i zer. 

- Increase of shield thickness. That decreases the incident flux. 

These solutions result in larger magnets. 

A th i rd pass i bil ity i s the peri odi c warmi ng u~ of the magnets to annea i 
partly or if possible totally the resistivity due to radiation induced at 
low temperatures. This has a serious economic impact. 

Irradiation data of Cu and Al are reported in the review reports /1/ to /15/ 
and in references /24, 25/ and /53/ to /82/. 

4.2 Neutron Irradiation Effects on Cu and Al 

4.2.1 Radiation-Induced Resistivity in Cu and Al 

A description of defects and defect production in metals is given in the 
book of Thompson /53/. Table 4.2-1 /1/ shows the resistivity p = p

0 
+ p(T) 

for Cu, Cu alloys and Al for various temperatures. For high purity metals 
the residual resistivity ratio p{300 K) I p(4.2 K) is in the order of about 
1000, while for ETP- or OFHC-Cu it is about 100 - 200. The latter value is 
usual for stabilizing Cu material in commercial superconductors. The resi­
dual (bulk) resistivity for 4.2 K varies more than an order of magnitude 
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Table 4.2-1: Resistivity of Cu, Cu alloys, and Al for various 
temperatures /1/ 

Residual 
p lnrtml at 4.2 K 21 K 73 K 300 K Res i sti vity 

Ratio3) 

Cu ETP 1) 0.13 0.15 3.0 17. 1 132 
(annealed) 

Cu OFHc2) 0.16 0.18 2.6 17.2 108 
(annealed) 

Cu, pure 0.0198 0.024 2.4 16.5 833 
(99,995 %) 

Beryllium Cu 48 49.2 51.23 72.4 1.5 
(2,5 % Be) 

Beryllium Cu 18.4 19.3 20.6 37.2 2.0 
(1 % Be) 

Chromium Cu 3.8 4.5 9.0 23.0 6.0 
(1 % Cr) 

Zirconium Cu 1.35 1.8 5.6 19.0 14.0 
(0. 15 % Zr) 

Al, pure 0.02 0.028 3.66 25.5 1275 
(99,998 %) 

A 1, commerci a 1 1.01 1.1 4.0 25.5 25 
electric grade 
(99,95 %) 

1
) ETP = Electrolytic Tough Pitch 

2
) OFHC = Oxygen Free High Conductivity 

3
) Residual Resistivity Ratio RRR = p(300 K)/p(4.2 K) 
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with the grade of Cu or Al as seen in table 4.2-1. It depends on impurities 
and defects. Their number are established during preparation of the raw 
stock and by the fabrication history of the conductor and winding of the 
coil package. During fabrication severe deformations occur producing de­
fects. These must be removed by annealing at high temperatures (> 200 °C). 
The winding will be done at ambient temperature without any high tempera­
ture anneals, so a winding induced residual resistivitv enhancement is 
stamped on the stabilizing material. Therefore this resistivity change must 
be controlled during the winding process to know the residual resitivity 
of the product. This allows to predict allowable resistivity changes by ir­
radiation. 

Several papers report radiation data at low temperatures. Table 4.2-2 shows 
resistivity changes of Cu during 5 K irradiation for various fluences of 
fast and/or thermal neutrons. Table 4.2-3 shows some data for Cu irradiated 
at 330 K and measured at 4 K for very high fluences up to 4.5 x 1019 fast 

neutrons per cm2. Table 4.2-4 shows resistivity changes for Al up to fluences 
of 1019 fast neutrons per cm2 

Fig. 4.2-1 shows the ratio of p(300 K)/pirr versus the neutron fluence for 
Cu and low temperature irradiation. For the same fluence, fast neutrons are 
an order of magnitude more effective to produce defects than thermal neutrons. 
The straight line in the log-log-plot indicates that the radiation-induced 
resistivity is equal to the room temperature at a fluence of about 1020 n/cm2 

(E > 0.1 MeV). Fora fluence of about 3 x 1018 n/cm2 (E > 0.1 MeV) the radia­
tion induced resistivity is about a tenth of the room temperature resistivity. 

Fig. 4.2-2 shows the ratio of p(300 K)/rirr versus neutron fluence for Al 
at low temperature irradiation. The slope of the straight line is higher 
than for Cu. Therefore the radiation-induced resistivity is equal to p(300 K) 
at a fluence of about 3 x 1019 n/cm2 (E > 0.1 MeV). Fora fluence of about 
(1 - 2) x 1018 n/cm2 (E > 0.1 MeV) the radiation induced resistivity is about 
a tenth of the room temperature resistivity. 

Careful inspection of Tables 4.2-2, -3, -4 shows that the data base for · 
radiation effects is very poor. The data are valuable for defect production 
studies, but not very useful for the design of fusion magnets. The sample 
size is very small, typically a wire of a few cm length and a thickness of 
less than a mm. Most of the investigators consider only very high purity 
copper samples (RRR ~ 1000), but commercial Cu used as stabilization material 
will have a residual resistivity ratio of 100 to 200. 



Table 4.2-2: Resistivity change of Cu due to lo\'J temperature neutron irradiation 
(with respect to the resistivity n = w-9; with respect to the fluence n = neutrons) 

Sample Description Residual Irradiation Preirradiation Postirradiation Neutron Fluence 
Res i s ti vity Temperature Resistivity Resistivity (Energy Spectrum) 
Ratio I Kl lnSJml I nrtml ln/cm2

1 

ASARCO (99.999 %) 
1.2 X 1016 5 cm long ? 4.4 0.0155 0.0256 

0.25 mm fll (fission) 
annealed 

polycrystalline 
2.9 X 1016 wire (99.999 %) P290/P3.2 = 4.8 0.00314 0.00386 

90 cm long (thermal) 
0.8 mm fll 

0 annealed 2h, lOOO'C 5400 
0.5x1o-3 mbar in 
air 

' wire, (99.999 %) I 
3.6 X 1016 30 cm long P29/P4.6 = 4.6 0.1422 0.1623 i 

0.1 - 0.2 mm fll (fission) 
anneeled 1 h, 118 0.0371 0.0557 
~700 r at 453 p<10-b mbar 

' 

! 18 po lycrys ta 11 i ne P3ooiP4.6 = 4.6 0.0327 0. 9311 I 1.18 X 10 
wire, 49 cm long, 519 I (E>0.1 MeV) 0.3 mm [ll, annealeo I 12 h, 800 oc, (p300=16.97 
in vacuum nrtm) I 

single crystal P3oo1P4.6 = 4.6 0.0238 0.8969 1.18 X 1018 
64.1mm x 0.3mm 

x 0.26 mm 714 (E>0.1 MeV) 

/Reference/ 
(Year) 

Coltman et al. 
/67/ 

(1962) 

Coltman et al. 
/68/ 

(1967) 

Burger et al. 
/75/ 

(1967) 

Böning et al. 
/70/ 

(1970) 

N -



Table 4.2-2: Resistivity change of Cu due to low temperature neutron irradiation (continued) 

Sample Oescription Residual Irradiation Preirradiation Postirradiation Neutron Fluence 
Res i s ti vi ty Temperature Resistivity Resistivity (Ener~ Spectrum) 
Ratio I Kl lnrtml lnrtml In/ern I 

po lycrys ta 11 i ne P295/ P4.5 = 4.5 0.00824 1.17024 2 X 1018 
wire, 5 cm long, (E > 0.1 MeV) 0.25 mm 0 2280 

wire (99.999 %) 
1.23 X 1018 15.4 cm lang, Pz9slP10 = 18 0.038 0.958 

0.25 mm fll 1.308 1.83 X 1018 
annealed 16 h, 492 

900 °C, 
5x1o-2 mbar 

(E > 0.1 MeV) 

in air 

po lycrys ta 11 i ne P295/P4.5 = 4.5 
wires, 
7.5 cm long 882 0.0192 0.0242 5.7 X 1017 
0.45 mm fll (thermal) 
annealed 987 0.0171 0.406 5.8 X 1017 

( E >0 . 1 ~~e V ) 
2280 0.008 1.162 2 x 1ol8 

( E>O .1 ~1eV) 

po lycrys ta ll i ne P295/P4.6 = 4.6 wires (99.999 %) 432/1490 0.01179 3.226 8.49 X 1018 
31 cm lang after ann ~a l ( E > 0 . 1 ~~e V ) 0.17 mm fll 

0 432/1464 0.01202 3.231 8.49 X 1018 annealed 2 h, 700 C after ann ea l (E > 0.1 MeV) 5x1o-4 mbar 

/Reference/ 
(Year) 

Horak and 
Blewitt /71/ 

( 1972) 

Brown et al. 
/54/ 

(1974) 

Horak and 
Blewitt 
/55/ 

(1975) 

/71/ 

Nakagawa et a 
/62/ 

(1977) 

l. 

f'..) 
N 



Table 4.2-2: Resistivity change of Cu due to low temperature neutron irradiation (continued) 

Sample Description Res i dua 1 Irradiation Preirradiation Postirradiation Neutron Fluence 
Resistivity Temperature Resistivity Resistivity (Ener~ Spectrum) 
Ratio I K\ \nstm\ \nstm\ \n!cm \ 

wire P29oiP4.2 = 
4.5 X 1015 2.6 cm long 4.2 0.01187 0.02137 

0.12 mm ~ 1432 (15 MeV peak 
annealed d-Be-neutrons) 

950 5 0.0178 1.356 2.52 X 1018 

(E > 0.1 t~eV) 

ASARCO (99.999 %) estimated 4 0.0078 0.0575 1.8 X 1018 

annealed 2180 (thermal) 9x1o-5 mbar in air 

wires (99.999 %) 
4.2 X 1016 0.1 mm 0, ::::: 900 5 0.015 0.044 

annealed 2 h 
900 oc, 10-~ mbar 

(fission) 

same, but mechani- ::: 150 0.092 0.124 4.2 X 1016 

ca lly deformed ( fi ss i on) 
(twisted) 

I Reference/ 
(Year) 

Roberto et a l . 
/72/ 

( 1977) 

Böning et al. 
(1970) 

Wi 11 i ams et a 1 
/56/ 

(1979) 

Takamura and 
Kato /24/ 

(1981) 

' I 

N 
0-.l 



Table 4.2-2: Resistivity change of Cu due to low temperature neutron irradiation (continued) 

Sample Oescription Residual Irradiation Prei rradi a ti on Postirradiation Neutron Fluence 
Resistivity Temperature Res i sti vi ty Resistivity (Ener~ Spectrum) 
Ratio I Kl ln~ml ln~ml In/ern I 

Commerical OFHC 4.2 
7.25 X 1016 (99.95 %) ~ 200-300 0.0828 0.2436 

20 mm long (14.8 MeV, RTNS) 
0.12 mm wide 
25 Jlm thi ck 
partially annealed 

same, but 99.999 % ::: 200-300 0.0949 0.2747 8.35 X 1016 

(14.8 MeV, RTNS) 

unoxidized OFHC 4.2 
1.1 cm 1 ong 
0.126 mm 0 
1) recrystallized 363 0.0499 0.3533 RTNS-II (14.8 MeV) 

average flux 

2) 7.5% cold- 153 0.1114 0.4249 1.2 x 1016 n/m2s 
worked 

3) 14.3% cold- 91 0.1704 0.4805 no fluence given 
worked 

/Reference/ 
(Year) 

van Konynenburg 
et al. /25/ 

( 1983) 

Guinan and 
van Konynenburg 

/60, 77/ 
N 
~ 



lable 4.2-3: Resistivity change of Cu (measured at 4 K) due to neutron irradiation at 330 K 
(with respect to the resistivity n = 1o-9; with respect to the fluence n = neutrons). 

Sample Description Residual Irradiation Preirradiation Postirradiation Neutron Fluence 
Resistivity ~emperature Res i sti vity Res i s ti vity (Energy Spectrum) 
Ratio I KJ JnrtmJ JnrtmJ Jn/cm2J 
(es t·i ma t. ) 1) 

330 

ASARCO (99.999 %) 
4.5 X 1019 annealed 9x1o-5 mbar (1900) 0.00894 0.9015 

in air (E > 1.0 MeV) 

same as above, but (2014) 0.00844 0.6679 4.5 X 1019 
Cd-shield addect+ ( E > 1. 0 MeV) 

Commercial magnet ( 79) 0.2161 1.057 4.5 X 1019 
wire (E > 1.0 MeV) 
0.25 mm 0 

same as above, but 
4.5 X 1019 Cd-shield added+ (82) 0.2067 0.9105 

(E > 1.0 MeV) 

ASARCO (99.999 %) (430) 0.03967 0.9409 4.5 X 1019 
annealed at 1000 oc ( E > 1. 0 MeV ) 
in vacuum 

same as above, but (554) 0.03071 0.71 4.5 X 1019 
Cd-shield added+ ( E > 1. 0 ~1e V ) 

+ to eliminate thermal 1)assum-
neutron effects ing p(300K) 

= 17 nrtm 

/Reference/ 
(Year) 

Williams et al. 
/56/ 

( 1979) 

Note: 
measured up t 
5.1 T 

0 
N 
(.}'1 



Table 4.2-3: Resistivity change of Cu (measured at 4 K) due to neutron irradiation at 330 K (continued) 
(with respect to the resistivity n = 10-9; with respect to the fluence n = neutrons) 

Sample Description Residual Irradiation Preirradiation Postirradiation Neutron Fluence /Reference/ 
Res i sti vi ty TemperatuJ"e Resistivity Res i sti vi ty (Energy Spectrum) (Year) 
Ratio 
(estimat.l)) I Kl I nrtml lnrtml ln/cm2

1 

ASR-Cu (99.999 %6 P300 I P4.2 = 330 
annealed 2h,1000 C 

~ 2000 0.00885 0.83 4.2 X 1019 Chaplin and at 1o-4 mbar in air (1920) (E > 1 MeV) Coltman /59/ 
and (1982) 

same as above, but :::: 2000 0.00834 0.83 12 X 1019 
Cd-shield added+ (2038) (thermal) 

ASR-Cu (99.999 %6 
~ 500 0.0393 0.16 2 X 1019 annealed 2h,1000 C 

at 3 x 10-6 mbar (433) ( E > 1 MeV) 

same as above, 
2 X 1019 but Cd-shield :::: 500 0.0304 0.16 

added + (559) ( E > 1 MeV) 

+ to eli minate I 1) . assum1ng 
thermal neutron p(300 !<) = 
effects: 17 nrtm 

Note: all wires, 
25 mm lang, 

i 
0.25 mm 0 

['\.) 
(j) 



Table 4.2-4: Resistivity change of Al due to low temperature neutron irradiation 
(with respect to the resistivity n = lo-9; with respect to the fluence n = neutrons) 

Sample Description Residual Irradiation Preirradiation Postirradiation Neutron Fluence /Reference/ 
Res i s ti vity Temperature Resistivity Res i sti vi ty (Energy Spectrum) (Year) 
Ratio I Kl lnrlml lnrlml ln/cm2

1 

wire, (99.999 %) Pz93/P4.6 = 4.6 Burger et al. 30 cm lang 
0.1 - 0.2 mm 0 1307 0.0204 0.0816 3.6 X 1016 /75/ 

annealed 1 h, (1967) 

500 c gt 1058 0.0252 0.0853 (fission) 
p < 10- mbar 

polycrystall ine P3ooiP4.6 = 4.6 
2 x 1018 n/cm2 Böning et al. 

foil 44.2 ~m thick 1400 withoul. 0.021 3.1 /69/ 
0.3 mm grain size size effect (E > 0.1 MeV) ( 1969) 
annealed 15 h, corr. = 2500 
620 C in air with size ef-

fect correc-
tion I 

+-
po lycrysta 11 i ne Pz95 /~.5 = 4.5 i 

' Horak and wire 5 cm length 18 I 2286 0.0102 3.824 2 x 10 n/ cm 1 Blewitt /71/ 0.25 mm JZ) ( E > 0 . 1 ~1e V ) , ( 1972) 

I 
' : 

N 
-.....! 



Table 4.2-4: Resistivity change of Al due to low temperature neutron irradiation (continued) 
(with respect to the resistivity n = 10-9; with respect to the fluence n = neutrons) 

Sample Description Residual Irradiation Preirradiation Postirradiation Neutron Fluence 
Res i s ti vi ty Temperature Resistivity Resistivity (Energy Spectrum) 
Ratio I Kl JnnmJ Jnnml ln/cm2

1 

po lycrys ta 11 i ne P2g:fP4.6 = 4.6 
wire 99.999 % after 
31 cm long annealed 
0.245 mm 0 275/1351 0.02052 8.688 8.83 X 1Q18 
annesled 3 h~ 275/1493 0.01828 8.492 8.15 X 1018 
500 C in air 275/1470 0.01832 8.865 10A X 1Q18 

275/ 14'76 0.01824 8.834 10.09 X 1018 
( E > 0.1 MeV) 

single crystal, 4.6 
1.6 X 1018 high purity 

50 mm long ? (Po) = ? (p0)+3.24 (E > 0.1 MeV) 
13 mm 0 

wire, (99.999 %) 5 
0.3 mm 0 

4.2 X 1016 annesled 2 h, ? (Po) = ? (p0)+0.0078 
600 C, at (fission) 
lQ-5 mbar 

- - ---------------- - -~---~ 

/Reference/ 
(Year) 

Nakaoawa et a 1 
!621 

( 1977) 

Böning et al. 
/76/ 

(1977) 

Takamura and 
Kato 

/24/ 
(1981) 

N 
CO 
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Fig. 4.2-1: Ratio of room temperature resistivity to resistivity 

after irradiation for Cu and low temperature irradiation. 
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Fig. 4.2-2: Ratio of room temperature resistivity to resistivity 
after irradiation for Cu and low temperature irradiation 
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Fig. 4.2-3 /59/ shows the radiation-induced resistivity p. = Po + Pr 
1rr 

versus the neutron fluence for copper with a residual resistivity of 

P0 = 0.00885 nQm (see also table 4.2-3). rhe effects due to defects and to 

transGiutations are resolved. rhe tncrease·in.resi,sti'vity·due to trans~ut::tti.ons 
is linear, that due to defects falls off rapidly with increasing fluence. 

Ouring the lifetime of water-cooled normal conducting copper magnets for 
fusion reactors the resistivity increase due to defects will be possible 
negligible compared to that resistivity produced by transmutations. If an 

extrapolation of the measured p(~t)-dependence for the transmutations is 
justified, then the relation 

_ 5 10-21(~t) nQm 
Pr - 6 x n/cm2 

can be derived from Fig. 4.2-3. A vmll load of 1 M'Jl/m2 corresponds to a 
neutron flux of 4.43 x 1013 n/cm2s (14.1 MeV neutrons). rhen the fluence 
. 1 21 2 1n full power year (FPY) is 1.4 x 10 n/cm and Pr would be 7/6 nQm per 
FPY and MW/m2 for a normal conducting Cu coil near the plasma (or about 7 % 
of the room temperature resistivity). 

4.2.2 Saturation Bebaviour of the Defect Resistivity for Cu and Al 

The Fig. 4.2-3 in theprevious section indicates a saturation behaviour of 
the radiation-induced defect resistivity. rhat means, that i;~radiation gene­

rally increases the resistivity of a metal by Po• but the rate of change in 
resistivity per unit fluence dPo/d{~t} decreases with increasing darnage, re­

sulting in a saturation value in the resistivity Ps· rhe concepts of initial 
darnage rate ldp0/d{~t) lo and saturation behaviour are described in /56/, 
resulting in 

Po= Ps 11-- exp (- a · (~t))l 

where the constant a is 

1 dpO 
a =-. 

Ps d( ~t) 0 

Va1u~~ for ~ and Ps are given in the literature, but these values show no good 

aecordtnce. 
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Qt Thermal neutron fluence ( 1019n/cm2 ) 

0 2 4 6 8 10 12 

Copper 
p

0 
=0.00885 nQm 

0 1 2 3 4 
Q1 Fast neutron fluence >1MeV (1019 n/cm2

) 

Fig. 4.2-3: Radiation induced resistivity increase versus thermal­
and fast-neutron fluence. The resolvect contributions ctue 
to darnage and transmutation resistivity are shown for 
comparison (from 59). 
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For Al the range for Ps is 8 nQrn to 9.55 nQrn /15, 54, 55, 62, 64, 71/ and the 
. . . . -19 2 -19 I I 2 1n1t1al darnage rate var1es frorn 14.9 x 10 nQrn/n/crn to 42 x 10 nQrn n crn 
/10, 62, 66, 67, 69, 71, 73/ depending on the irradiation energy spectrurn of 
the irradiation facility and the accuracy of flux deterrnination. The high ini­
tial darnage rate is for high energy neutrons. In /57/, the initial darnage rate 
is given to be 1520 nQrn/dpa where dose and fluence is related by 

0 = 1.465 x 10-21 dpa for Al. 
Fluence n/crn2 

For Cu the range for ps is 3 nQrn to 4.38 nQrn /15, 54, 55, 57, 62, 64, 71/ and 
the initial darnage rate varies frorn 4.24 x 10-19 nQm/n/crn2 to 25 x 10-19 nQrn/n/crn2 

/10, 54, 62, 66, 67, 70, 71, 72, 73/ depending on the irradiation energy spectrurn 
of the irradiation facility. High energy neutrons produce the high initial darnage 
rate values. In /57/, the initial darnage rate is given to be 649 nQrn/n/crn2 and 
the dose-fluence relation is 

D -21 dpa 
Fluence = 1.176 x 10 n/crn2 for Cu. 

Table 4.2-5 surnrnarizes the values found in the literature. Usin~ the values 
. ' -19 2 
1n the table to calculate a one find for Al a = (1.56 - 5.25) x 10 nQrn/n/crn 
and for Cu a = (0.97- 8.33) x 10-19 nQrn/n/crn2, where the lower values belang 
to a fission reaction spectrurn and the higher values to high energy neutrons 

from d-Be or DT reactions. Using the Po (~t) relation for Al with Ps = 9 nQrn 
and a = 1.5 x 10- 19 /n/crn2 /15/, the radiation-induced resistivity is 4.05 nQrn 

18 2 -19 2 for a fluence of 4 x 10 n/cm . For Cu with Ps = 4 nQrn and a = 1.0 x 10 /n/crn 
/15/ it is 1.32 nQrn for the sarne fluence. This is valid only for low temperatures. 
At roorn temperature anneal changes the situation. 

4.2.3 Annealing Behaviour 

All recovery or annealing studies state in accordance that 100% of the radia­
tion-induced resistivity anneal(1s) out in Al at roorn ternperature, but only 
80 - 85 % in Cu. That should be valid for successive irradiation after such 
anneals, but no experirnents are published until now confirrning this behaviour. 
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Table 4.2-5: Saturation resistivity Ps and initial resistivity change 
per unit fluence (initial darnage rate) for Al and Cu. 

Al Reference Cu Reference 

Ps 8 /71/ 3 /54/ 

I nrtmJ 8.6 /64/ 3.3 /71/ 
9.0 /15, 54, 55/ 3.4 /64/ 

8.69 - 9.55 /62/ 4.0 /15, 54, 55/ 

3.53 - 4.38 /62/ 

I dpDI 
14.9 1) /66/ 4.24 1) /66/ 

d(<j>t) 0 21.9 2) /66' 73/ 6.4 /72/ 
24.9 /71/ 6.9 /71/ 
29 - 32 /62/ 7.23 2) /66' 73/ 

I 10-19 n~m I 7.5 /70/ 
n/cm2 

30 + 10 /10/ 8 + 1 /10/ - -
39 /69/ 8.7 /67 I 

'V 40 /67/ 9.2 /54/ 
42 3) /66/ 9 - 10 /62/ 

21.1 4) /66/ 
. 25 3) /66' 72/ 

1) VT53-Facility in the CP5-Reactor at Argonne National Laboratory. 

2) Oak Ridge National Labaratory - Bulk Shieldinq Reactor- Low Temperature 
Irradiation Facility. 

3) Lawrence Livermore National Labaratory- Rotating Target Neutron Source. 

4) d-Be-neutrons. 
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If the induced resistivity exceeds the design value for a fusion magnet, 
it will be necessary to anneal the magnet periodically. Al has a two to 
three times larger rate of increase dp0/d(~t) than Cu, but anneals com­
pletely out at room temperature. Starting from the same bulk value of the 
res i sti vity, A 1 has tobe annea 1 ed about three times more frequently than 
Cu. But Cu has a 11 residual radiation-induced resistivity 11 of about 15 - 20 %, 

so the anneals are not as 11 effective 11 as in Al. It is not known whether 
the residual radiation-induced resistivity adds up during cyclic anneals. 

Due to the annealing behaviour discussed above the radiation-induced resisti­
vity in normal conducting magnets operated at abcut 350 K is due to trans­
mutations (see end of section 4.2.1) and doesn't anneal out. 

4.2.4 Mannetoresistance 

A complication of the situation is caused by the magnetoresistivity Pm for 
Cu and Al at low temperatures. Mcgnetoresistivity depends on the initial re­
sistivity of the metal and the strength of the applied field. This depen­
dence is often characterized in a Kohler plot suggesting that the total 
magnetoresistivity p (B) can be reliably pred·icted from the applied field B 

m 
and the resistivity in the absence of the applied field. 

The magnetoresistivity for Cu and Al is shown in Fig. 4.2-4 /78/ and Fig. 
4.2-5 /79/. Fig. 4.2-4 shows the magnetoresistivity for Cu and Al for dif­
ferent purities up to magnetic fields of 10 T, while Fig. 4.2-5 shows the 
magnetoresistivity up to 16 T for 3/4 hard OFHC Cu and high purity Al. It 
should be mentioned that the magnetoresistivity for Cu at low temperatures 
and magnetic fields higher than 10 T is about an order of magnitude larger 
than for Al. 

In a Kohler plot the difference of the total resistivity with applied 
field B Pm(B) and without field p(O) divided by p(O) is drawn as a function 
of B/p (0) 

where 

Pm(B) - p(O) 

p(O) 
= f (-B-) 

p(O) 

p( 0) = p0 +p(T)+p .. 1rr 
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Fig. 4.2-4: The electrical resistivity of Cu and Al of 
different purities as a function of the 
applied magnetic field (up to 10 T) at 

4.2 K /78/. 



-
E 
u 
~ 

ClO 
I 

0 ....... 
X 

"""'="" 

- 37 -

High purity Al with RRR = 4 000 
(After cyclic strain & rad-
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Fig. 4.2-5: Resistivity of High Purity Al and 3/4 Hard 
OFHC Cu as a function of the applied magnetic 
field (up to 16 T) /79/. 
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Fig. 4.2-6 /56/ shows a Kohler plot for Cu irradiated by reactor neutrons 
at 5 K and 330 K. The straight lines correspond to solutions of the form 

p(B) = p(O) + 10a · Bß p(O) 1-ß 

where a and ß are the intercept and slope, respectively, of one of these 
lines on the Kohler plot IB in T, p in nQml. 

Fig. 4.2-7 /57/ shows magnetoresistivity Kohler curves for Al after reactor­
neutron darnage at 4.6 K. The curves show a strong bend-over to saturation 
at high values of B/p(O), no deviation from Kohlers rule during darnage pro­
duction, and only a modest deviation (compared to Cu) for any and all of 
the partially annealed states. All of these Al data are for a single sample. 
Therefore, it is not known whether a variety of samples would lead to a 
broader band of Kohler curves, as it was the case with Cu. A computer fit 
of the data gives: 

p(B) = p(O) + p(O) · 10a 11- t!zlb 

with 

d B c 
z = 10 IP{OJI 

The parameter values a, b, c, d are: 

A (as-damaged) 
B (partially annealed) 

a 

0.17 
0.34 

b 

1. 73 

1.77 

c 

1.1 

1.1 

d 

-0.7 
-0.9 

The fits are seen in Fig .4.2-7 b. Basedonthese data for the magneto­
resistivity and the saturation behaviour a comparison for Al and Cu was 
made. Fig. 4.2-8 /57/ shows the result. Such detailed data on commercially 
available stabilizer material is exactly what is needed in order to access 
the relative merits of Cu versus Al. Al has a larger saturation resistivity 
(by a factor of about 2 to 2.5), and a larger resistivity increase with 
dose. But Cu has a larger magnetoresistance than Al (by a factor of about 
10 at high fields) and anneals not fully out at room temperature (only 
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Fig. 4.2-6: Kohler plot for Cu irradiated by neutrons at 5 K and 
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slopes of the envelope lines. More than 1200 points 
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Fig. 4.2-7: Aluminum magnetoresistivity Kohler curves after reactor-neutron darnage at 4.6 K. 
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(b) Same as (a) with addition of two computer-fitted and drawn curves. Curve 'A' is fitted to the 
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copied from Ref. /57/. 
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Fig. 4.2-8: Typical change in total resistivity p in Al and Cu at 

B = 10 T for different initial values of resistivity 
p(O) under various irradiation conditions (Ref./57/). 
p(O) was varied by using commercial and high-purity 
material and by perfotming various annealing treatments. 

-
E 
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80- 85 %). Fig. 4.2-8 shows that Al is better in the region of low doses 
($ 1 x 1017 n/cm2) and high purity (low bulk resistivity p

0
(0)). More ex­

perimentally generated curves of this type need to be produced at 4.2 K 
with the neutron spectrum expected at the fusion magnet (such as by a 
combination of fission and 14 MeV neutrons) and at high fields (~ 12 T). 

In /77/ the changes which occur in the magnetoresistivity of copper samples 
(having various purities and pretreatments) have been measured at magnetic 
fields up to 12 T during the course of sequential fusion neutron (14.8 MeV) 
irradiations at about 4 K and anneals to room temperature. The results in­
volving the variation of zero field resistivity by cold work, irradiation, 
and repeated irradiation and anneal cycles fall on a single Kahler line to 
within ~ 2 % as shown in Fig. 4.2-9. This fact greatly simplifies the task 
of predicting the response of the magnetoresistivity of actual conductors 
to changes resulting from fabrication of magnets and use in fusion reactors. 
But more curves of this type are needed for commercial materials. 

4.2.5 Mechanical Properties 

Mechanical properties of copper are known to change when exposed to neu­
tron irradiation. The yield stress in Cu increases during irradiation with 
a fission-neutron spectrum. Fig. 4.2-10 shows the yield stress versus neu­
tron fluence for the irradiation temperatures 4.2 K, 78 K and 300 K. The 
increase in the yield stress is about a factor of ten for doses raising 
from 1016 n/cm2 to 1020 n/cm2. Similar experiments with fusion neutrons 
have not been performed. Embrittlement, fatigue, and creep are not serious 
at the anticipated doses (~ 10 19 n/cm2), and the effect of the irradiation 
on the mechanical properties of the stabilizing material is not considered 
important for outside coils. However, the change of mechanical properties 
~till be important for near plasma coils, where higher fluences occur. 
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Fig. 4.2-9: Kohler plot for unoxidized OFHC copper. The dashed 

line is from F. R. Fickett, 4th Int. Conf. on Magnet 
Techn., BNL, CONF-720908, Brookhaven, N.Y. (1972), 
p.539. 
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4.2.6 Conclusions 

- At present the behaviour of actual stabilizing material at high fields 
and high doses can only be predicted by extrapolation, rather than by 
any close comparison with existing data. 

The biggest uncertainty in specifying the amount of copper in a given 
cross section of conductor is the amount of recovery that results from 
repeated annealing after interim exposures to neutron irradiation at 
4.2 K. More experiments are needed. 

- The initial resistivity of the stabilizer when the magnet is f.irst 
operatedwill depend on impurity levels and winding strain which may 
vary locally along the length of the conductor. Quality and process 
controls during manufacture of the magnet are the primary factors in 
obtaining predictable initial resistivity and magnetoresistivity in the 
stabilizer. Tagether with the resistivity design limit the allowable 
radiation - induced resistivity can be predicted. 

- A 11 hot spot in the superconductor 11 (local transition from superconduct­
ing to normal conducting state) is cooled through the stabilizing mate­
rial. Therefore, the effect of irradiation on the thermal conductivity 
K of the stabilizer is a necessary information for conductor designs. 
From data on p increase an irradiation-induced decrease in K can be 
calculated by the Wiedemann-Franz law p·K = const. But, the applicabi­
lity ofthat law to low temperature fast-neutron irradiation in a sta­
bilizing material should be investigated. 
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5. Composite Superconductors 

As discussed in section 4.1 the condition Q ~ R·I 2 must be fulfilled for 
cryogenic stabilisation (Q = heat transfer to the coolant, R = resistance, 
I = transport current). This relation can be replaced by the MADDOCK­
criteri on /83/ 

where 

J < 

J = current density in the stabilizer 

I = 
p = 

k = 

maximum heat flux which can be transferred to the coolant 
helium (~ 0.3 W/cm2 for bnth cooling) 
transport current 
resistivity 
geometrical factor, defi ned by P = k·IA where P is the 
wetted perimeter 

Another design criterion for a conductor is the protection of the coil. 
This condition can be written as /83, 1/: 

where 

V .J 1/2 

J .::_ lf(efl1). ~s I· 

V = maximum induced voltage m 
I = transport current 
Es = stored energy 
J = current density in the stabilizer 

f(em) = tremperature integral 

The temperature integral is defined as: 



where 

- 47 -

eb = bath temperature 
em = maximum reached temperature 
y = mass density 
c = specific heat of the normal metal 
p = resistivity 

Both criteria show that an enhancement of the resistivity decreases the 
maximum attainable current density. 

Okada and Hayashiuchi /5/ analysed the effect of neutron irradiation on 
a composite superconductor based on assumptions that the overall current 
density is determined by cryogenic stabilization and based on the avail­
able data of the alloy and compound superconductor tagether with the 
resistivity of the stabilizing material. 

For Cu stabilized NbTi conductor the maximum transport current density 
decreases monotonically mainly regulated by the stabilizing effects through 
resistivity change by neutron irradiation. 

For Cu or Al stabilized Nb3Sn the maximum transport current density falls 
more steeply near the fluence region of 1019 n/cm2 because of the changes 
in the superconducting properties. The behaviour can be explained by con­
sidering the Tc degradation, which decreases Je in Nb 3Sn by neutron irradi­
ation. Results of Nb 3Sn discussed in the preceding chapter show that the 
critical current of Nb 3Sn wires is enhanced over the unirradiated values 
for doses below about 1018 n/cm2 and that the enhancement is higher at 
higher field values. Above 5 x 1017 n/cm2 the rapidly decreasing Tc domi­
nates, which causes Ic todegrade rapidly. 

Soell /13/ calculated the maximum magnetic induction values Bm for differ­
ent toroidal coil systems taking into account the radiation-induced changes. 
The critical data of NbTi, Nb 3Sn and the resistivity of copper and aluminum 
are considered as parameters. The criteria for full stability and for coil 
protection under the influence of radiation darnage are discussed. The result 
is shown in Fig. 5-1. 
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Comparing the changes in Je versus dose for both NbTi and Nb 3Sn with pro­
perty chang~s for the other magnet components, it is obvious that radia­
tion effects in the bulk of the superconductor will probably not be the 
limiting radiation problem. In the case of composite NbTi conductors the 
overall current density is mainly limited by the radiation-induced increase 
in resistivity of the stabilizing normal conductor. For Nb 3Sn, however, the 
radiation-induced degradation of the superconducting properties (Tc and Je) 
is possibly dominating the effects of the stabilizing material. 

The alloy superconductor NbTi will not be the critical component of a 
fusion magnet. But the data are achieved in experiments which do not fully 
represent the condiüions to be expected for a fusion magnet. 

The main problerntobe addressed by the magnet designers is the 11 hot spot 11 

question with respect to irradiation behaviour mentioned at the end of 
section 2. It should be noted that severe degradation of Je with stress 
or bending in a superconducting magnet may be the limiting effect for the 
Nb 3Sn conductor. 

The irradiation effects on cupronickel, which is widely used as a matrix 
material, can be neglected. Irradiation effect onthe metallic band between 
superconductor and normal metal is also of concern. In the intermetallic 
layer between the superconductor and the normal metal matrix, which is com­
posed of ternaries of Nb, Ti and Cu generally a high thermal and electrical 
resistivity is encountered. The band is responsible for a somewhat lower 
thermal diffusivity from the superconductor to the matrix. The intermetal­
lic diffusion layer between the superconductor and the matrix is increased, 
when the composite conductor is exposed to nuclear irradiation. Thus at an 
unchanged magnetic diffusivity the thermal diffusivity is further reduced. 
At present, measurements on thermal diffusivity over the intermetallic bar­
rier are nonexistant due to the complexity of the problem. 
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