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I . INTRODUCTION 

Energy availability is of great concern to all nations. The 

production and dis tribut ion of food , transportation, employment, leisure 

activities , education, social and medical services , defense, in short 

near ly everything which contributes to a "good life" depends on energy . 

Ther e i s na tional a nd interna t ion al uncertainty about f uture ener gy 

demands and about the sources which wil l provide the energy which will be 

ac t ually con s umed in the future. Prudent planning must t ake into account 

situations which approach the worst possible ; thus , increases in demand 

must be assumed as must the ret i rement of traditional ener gy sources . 

Among the new sources , ener gy from nuclear fusion has a tremendous 

potential . This thesis deals with one important aspect of one t ype of 

fusion reac tor . 

Fusion is the name given t o a class of nuclear reactions which 

involve the fusing of two or more light nuclei into a heavier nucleus 

with an associated energy release which , on a unit mass basis, is very 

large; larger than tha t provided by nuclear fission which, i n turn , is 

very much lar ger than t he energy provided by the combus t ion of coal , 

o i l , o r gas . 

The fusion reaction is accomplished, in the magnetic confinemen t 

case, by confini ng the energetic reacting nuclei , which are i n an i onic 

form, by magnetic means . The required magnetic fields are large both 

in magnit ude and in volume . The I 2R heat loss in t he magnet core 

windings is also large and , unless avoided, causes a significant 

reduction in the overall f usion sys t em efficiency. 
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It has been generally agreed that the magnets needed to confine the 

high-energy plasma in f usion reactors will have to be superconducting . 

This implies that magnets for fusion r eactor applications must satisfy 

exacting specifications over the lifetime of the system while being 

subjected to conditions which include factors unique to the fusion 

application as well as others which are relat ively conventiona l . Among 

the conventional conditions are static and dynamic stresses , which may be 

asymmetric, associated with the changing magnetic f ield, and dependent 

on temperature changes including thermal cycling as the system alternates 

between operating and shut down conditions. The unique conditions 

include the radiation environment and the magnitude of the required field 

(7-14 Tesla). Ideally, the fusion reactor system should be able to 

opera te essentially continuously for a no rma l 30 or 40-year power plant 

lifetime . Thus, the superconducting material used for the magnet coils 

must be evaluated with these various considerations in mind . A 

determination of the combined influence of all of these factors on the 

superconductor performance is far beyond the present state of material 

testing programs . However, the effects of some of these factors have 

received considerable attention during the past few years . The one 

discussed in this work is the influence of a radiation environment on 

the properties of candidate magnet components , particularly the effect 

on the superconducting transition temperature T , the critical current c 

density Jc and the upper critical field Hc2 . 

The energy released from D-T fusion appears as the kinetic energies 

of alpha particles (3.5 MeV) and neutrons (14.1 MeV). Although the 
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neutrons are produced with energies of 14.1 MeV, when they reach the 

region occupied by the magnets, their energy distribution is predicted to 

be similar t o that of fission neutrons (1) . It is, therefore, possible 

to gain meaningful information concerning the behavior of superconducting 

materials t o be used in fusion reactors by irradiation with neutrons from 

a fission reactor. The r ange of expected neutron fluences in the magnet 

region has been calculated by McCracken and Blow (1). As can be seen 

from Figure 1, the neutron flux at the location of the magnet coils 

depends primarily on the attenuation produced by the blanket/shield 

system and on the neutron first wall loading. McCracken and Blow showed 

that the neutron flux incident on the first wall will be attenuated by 

-6 a fac t or of about 1.6 x 10 in reaching the magnet region . As shown in 

Figure 1, this is achieved by a blanket and shield thickness of 100 and 

SS cm , respectively. For a total first wall loading of 10 MW/m2 , the 

neutron flux (E > 0.1 MeV) will be around 4 x 109 n/cm2 ·sec at the 

inside edge of the winding. After ten years of continuous fusion reactor 

operation at this flux level , the fluence (J¢dt) would be 

1.2 x 1018 n/cm2 (E > 0.1 MeV). These values may be compared with the 

much lower values developed for the UWMAK-11 reactor concept : wall 

2 -8 loading = 1.16 MW/m and attenuation factor of about 6 x 10 . However, 

because the shielding may be difficult to construct or install and thus, 

will be less effective at cert ain locations, "hot-spots" may develop . 

Thus, the effect of irradiation on super conductors should be determined 

for doses at leas t a factor of 10 larger than the predicted lifetime 
18 2 dose. As shown by t hese examples, a neutron fluence of 2 . 0 x 10 n / cm 
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(E > 1 MeV) seems to be a reasonable estimate for a 10- year "life time" 

dose for the superconducting magnet. 

The samples used for this study were prepared by the in situ process . 

In situ formed Nb3Sn- Cu superconducting wire is made by casting a Nb- Cu 

melt to form a random array of Nb dendrites in a Cu matrix and drawing 

to wire . Tin is deposited on the wire and heat-treated to produce 

aligned Nb3sn fi lament s in a bronze matrix. The details of these 

techniques are described elsewhere (2). In s itu s uperconducting 

composit es have high critical current densities and good strain 

t oler anc es which make them a ttrac tive as potential magnet materials for 

Controlle d Thermonuclear Reactor (CTR) applications. Their performance 

char acteristics (2) all compare favorably with bronze-process material 

(3a) . The major difference between in situ and bronze process material 

is tha t the superconducting filaments in the former are discontinuous 

and have much smaller dimens ions. This morphology might possibly a lter 

the susceptibility of these ma terials to degradation in an irrad i a tion 

environment , so a ser i es of experiments was carr i ed out to determine 

these effects. In this study , the effec t of high-energy neutron 

(E > 1 MeV) irradia tion at ambient reactor temperature on the 

s upercondu cting propert ies (T , J , H 2) of in s itu wires i s reported . c c c ---

The mos t s uitable potential superconducting magne t materia l for a fut ure 

f usion reac t or is selected f rom among the in situ wires studied . 

This s tudy is part of an ongoing research program on superconduc ting 

materials. The sampl es for this study were selec ted on the basis of the 

findings of Sue e t al . (2) . Arrangements for the neutron irradiation 
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of the samples were made by Finnemore through Dr. Snead of Brookhaven 

National Laboratory . To reach higher magnetic fluxes than can be 

achieved at ISU , the I measurements were carried out by Finnemore and c 

Os tenson at Francis Bitter Magnet Laboratory at MIT . A preliminary 

report on some of the results was given by Finnemore a t an IEEE meeting 

(3b) . T measurements using resistivity and ac susceptibi]ity techniques c 

were carried out at ISU by Shih and Ostenson . The I and T da ta c c 

collected by Finnemore, Ostenson, and Shih were analyzed , plotted, and 

discussed by Shih and form part of this thesis . 
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II. LITERATURE REVIEW 

A few A-15 superconducting compound s have been favored for practical 

applications because they show high transition t empera ture , high critical 

current and high critical field . In contrast with these desirable 

fea tures , it has been reported that these compounds are sensitive to 

r adiat ion, that is , their superconducting properties a re ser ious ly 

degr aded by radiation. In the following paragraphs, the effects of 

irradiation on the transi tion temperature T , the cr i tical current c 

density J (or cri tical c urrent I ), and the upper critical field H 2 c c c 

of Nb 3sn are reviewed. 

A. Transition Tempera tures 

Swartz e t al . (4) irr adiated Nb-based A-15 powdered compounds with 

high energy neutrons at ambient reactor temperature to a fl uence of 

about 1 . 5 x 1018 n/cm2 . T was fo und t o decrease by 0 .10 Kand 0 . 08 K c 

for arc-cast Nb3Sn a nd diffusion-processed Nb3Sn, respectively. Very 

l ittle chan ge in the transition temperature was observed by Cooper (5 ) 

as the result of neutron irradiation of vapor-deposited Nb3sn samples . 

For a sample of Nb 3Sn deposited on ceramic plate with an unirradiat ed Tc 

of 18. 33 K, no change in magnitude of the transition tempe r a ture was 

17 2 observed af t er exposure t o a fluence of 4 .7 x 10 n/cm . Af t er an 

exposure of 2 . 7 x 1018 n/cm2 , the transition t emper a ture decreased by 

0 . 18 + 0.02 K. Bett (6) irradiated Nb 3Sn t apes t o higher fluences 

(- 5 x 1019 n/cm2) than previous workers, and observed very large 

r educ tions in T (6T = 13 K) . He also noted that T could be restored c c c 
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to the unirradiate<l value by annealing at 900°c fo r two hours . Following 

Bett ' s work , Sweedler et al. (7) irradiated various Nb-based A-15 

compounds to fluence levels of 5 x 1019 n/cm2 (E > 1 MeV) and found that 

large reductions, (6T < 17 K), in T were observed for Nb3Sn . They c - c 

also showed that recovery to the unirradiated value of Tc for Nb 3Sn 

could be accomplished by annealing at 750°C for 20 . 5 hours . They assumed 

that the interchange of atoms between sites, which is the principal 

result of neutron irradiation, was the reason for this large , reversible 

change in the s uperconducting transit ion temperature Tc of Nb3Sn. 

Bauer et al. (8) also observed large Tc depressions for the A-15 compound 

Nb
3
sn when doped with u235 and BlO and irradiated with thermal neutrons . 

Irradiations with fast neutrons (E > 1 MeV) were also carried out: a 

Tc decrease by 6.4 K was ob s erved for Nb 3Sn . 

Most reports deal with the effect of neutron irradiation at high 

temperatures (e.g., ambient reactor temperatures, 60°c - 140°C) . 

Soell ~al . (9) performed an experiment on Nb 3 sn diffusion wires to 

measure the T reduction after neutron irradiation at low temperature. c 

They observed a decrease in T of about 0.8 K following an irradiation c 
18 2 at 4 . 6 K to a fluence of 3 .9 x 10 n /cm (E > 0 . 1 MeV). Later, Soell 

et al . (10) irradiated Nb3Sn diffusion wires t o higher fluences at 

higher temperature (T = 10 K). The value of T remained essentially c 

constant until the fast neutron fluence (E > 0.1 MeV) exceeded 

18 2 10 n/cm . T , then, decreased linearly to about 14.2 K (i. e . 6T c c 

3 . 8 K) as the neutron fluence was increased to a maximum of 

1 . 05 x 1019 n/cm2 . 
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B. Critical Currents and Fields 

Cullen and Novak (11) and Cullen~ al. (12) irradiated vapor-

deposited Nb 3Sn strips with high energy neutrons at S0°C to fluences of 

less than 1018 n/cm2 , and observed increases in I that were for the c 

most part independent of applied transverse field up to 20 KG (1 Tesla = 

10 KG) . These increases were attributed to increased pinning of the 

defects formed by the irradiation . Later, Cullen and Novak (13) , working 

with va por- deposited Nb3Sn strips, repor t ed irradiation induced 

increases in I for s amples with low J (the J prior t o irradiation) , c co c 

but decreases in I for samples with higher J . Soell et al. (9) found c co 

that reactor neutron irradiat i on to 3.9 x 1018 n/cm2 (E > 0.1 MeV) at 

4.6 K produced an increase in Ic i n Nb3Sn wires made by vapor- phase 

diffusion. There was partial recovery of I upon annealing at 250 K c 

for 10 minutes , but a small further decrease in T was no ted during these c 

anneals . These observa tion s can be explained by assuming that the 

larger interstitia l or vacancy clusters, which are produced during 

annealing after irradiation, have a strong inf luen ce on the transition 

temperature T . c 

After the development of a solid-state diffusion "bronze- processed" 

Nb3Sn (which provided a high cr itical current density), r ad iat ion effects, 

on what appears to be engineering-grade material , could be determined . 

Although some of the investigators, whose res ults were noted above, 

observed small decreases in both T and I following initial increases c c 

in I at relative ly low fluences, large decreases in critical properties c 

below preirradiation values were not observed until the high- fluence 
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work of Parkin and Schweitzer (14) was reported. They irradiated 

multifilament ary Nb3sn wires with fast neutrons to fluences of 

6 x 1019 n/cm2 (E > 1 MeV) at 60°c. They observed that the critical 

current drops precipitously toward zero for neutron fluences somewhat 

greater than 1018 n/cm2 . Studies of the variation of T and I over the c c 

same fl uence range led to the conclusion that reductions in I wer e c 
caused by decreases 6 19 2 the in T . At a fluence of x 10 n/cm ' upper c 

critical fie l d of Nb3Sn is r educed from the no fluence value of 240 KG 

to 9 + 0 . 5 KG. A decrease in I as a function of applied t r ansverse c 

magnetic field at 4.2 K was observed for f i elds of up to 40 KG and for 

fluen ces up to 6 x 1019 n/cm2 . Brown et al. (15) investigated this low-

field ( < 40 KG) and low-fluence ( < 2 x 1018 n/cm2) regime in some 

detail . They observed that J could be increased upon irradiation with c 

fas t neu trons at 6 K. The increase is largest at their highest applied 

field ( - 30 KG) , with decreases occurring at low fields (< 15 KG). As 

the dose is increased, J incr eases to a saturation value and then c 

decreases for higher doses . The satur ation dose is largest for the 

hi ghest field . This J enhancement , therefore, is very field dependent. c 

Brown et al . interpreted the rise i n Jc as due to increased flux 

pinning by radiation-induced cascades and the subsequent decrease of J c 

at high fluence as due to a saturat ion in the cascade pinning that occurs 

above the dose at which the deleterious effects of the Tc and Hc2 changes 

become significant. For Nb 3sn wires , no changes in Jc similar to those 

descr i bed above were observed by Parkin and Sweedler (16) for reac t or 

neutron irradiation doses < 2 x 1018 n/cm2 (E > 1 MeV) at 60°C. These 
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doses fall within the regime where substantial increases in J were c 

observed by Brown~ al. (15); however, the t emperature at which the 

irradiation took place was 6 K. The large decreases in J for higher c 

doses are attributed to decreases in T . Therefore, although the c 

radiation-induced disorder and resultant T decreases are comparable for c 

6 K and 60°c irradiation, the different type of radiation-induced 

structure have substantially different effects on the flux pinning. From 

the results on Nb, Brown concluded that, at low doses, the defect cascades 

present for 6 K irradiation are much more effective for flux pinning than 

are the clusters or loops present after irradia tions of equal dose at 

60°c. This is also true for Nb
3

sn . 

Snead (17) reported, as shown in Figure 2, the effect of 

neutron irradiation on the Ic of multifilamentary Nb3Sn wires for 

neutron fluences from 6 x 1017 n/cm2 to 3.6 x 1019 n/cm2 (E > 1 .0 MeV) 

as a f unction of applied transverse magnetic field up to 160 KG (16 

Tesla) . The values of Hcz for various neutron fluences were obtained by 

extrapolating the high-field part of the curve to the H axis for a 

value of critical current of 0.01 A. For applied magnetic field H 

> 40 KG, he defined two regions of change in I upon irradiation. First, c 

I increased with increasing fluence up to a maximum at 1.0 x 1018 n/cm2 . c 

Values of Hcz were greater than those observed for the unirradiated 
18 2 cases with the maximum value occurring for a dose of 1.0 x 10 n/cm 

corresponding to the largest increase in I c In the second region, both 

18 2 Ic and Hcz decreased rapidly for doses above 1.0 x 10 n/cm . The 

Hake's expression (18a) for the upper critical field was used by him to 
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explain these changes. The expression can be written in the form 

where y 

3. 06 x 104 Y T c 

electronic specific-heat coefficient , 

T usual transition temperature, and c 

PN normal-st ate resistivity of the superconductor . 

The damage induced by the neutron irradiation increases pN . He also 

observed that T does no t change significantly over the first fluence c 
18 2 range (i.e. below 1 . 0 x 10 n/cm ), and y is not expected to be 

affected by the neutron irradiation . Thus, in the fluence range below 

1.0 x 1018 n/cm2 , the increases observed in Ic due to an increasing Hc2 

are attributed to increases of pN caused by the irradiation. Within the 

second fluence range (i.e. a bove 1.0 x 1018 n/cm2), the decreasing 

characteristic of T dominates in the above expression for the upper c 

critical field , thereby causin g the large decreases in I fo r increasing c 

fluence. 
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Ill. EXPERIMENTAL 

A. Samples 

Nb3Sn-Cu samples fabricated by the in situ process were supplied by 

Dr. J. D. Verhoeven and Dr . D. K. Finnemore of the Ames Laboratory of 

the DOE. The detailed process of fabrication is described elsewhere (2). 

On the basis of the experimental results obtained by Sue et al . (2), four 

samples (i.e. composition and area reduction R) were selected f or study. 

These samples yielded high values for J prior to neutron irradiation (2). c 

The characteristics of these samples are presented in Table 1. The Cu-30 

wt % Nb - 14 . 8 vol % Sn (R 4600) sample provided the highest J . The c 

sample yielding the second highest value of J depends on the strength of c 

the applied magnetic field. For fields greater than 12 Tesla, it is the 

Cu-20 wt % Nb - 9.3 vol % Sn (R = 2500) sample, whereas for fields less 

than 12 Tesla, it is the Cu-20 wt % Nb - 9 . 3 vol % Sn (R = 4600) sample. 

The fourth sample, Cu-20 wt% Nb - 9 . 3 vol % Sn (R = 30000), yields a 

value for J which is somewhat lower than that for the other three c 

samples. This reduction in J is due to the effect of severe coarsening c 

accompanying the area reduction. 

B. Neutron Irradiation 

The neutron irradiations were carried out in the Brookhaven High 

Flux Beam Reactor (HFBR). The wire specimens were sealed in 4-nnn quartz 

tubes containing 0 . 5 atm of helium gas. The quartz tubes were placed in 

aluminum irradiation capsules filled with H2o to facilitate heat 

transfer. The temperature of the specimens during irradiation was 



Table 1. The characteristics of Nb 3sn- Cu samples 

Designa tion Sample 

1 Cu-30 wt % Nb - 14.8 vol % Sn 

2 Cu-20 wt % Nb - 9.3 vol % Sn 

3 Cu-20 wt % Nb - 9.3 vol % Sn 

4 Cu-20 wt % Nb - 9.3 vol % Sn 

Heat 
treatment 

550°C 5 days 

550°C 5 days 

550°C 5 days 

550°C 5 days 

Area Final 
reduction ratio diameter 

Ra cm 

4600 0.016 

2500 0.015 

4600 0.015 

30000 0.015 

aArea reduction ratio R is defined as A. /Af , where A. is the initial sample area before 
mechanical reduction and Af i s the final are~. 1 



15 

estimated to be - 80°C. The irradiating neutron f lux was 1 . 3 x 1014 

2 n/cm · sec for neutron energies E > 1 MeV. The flux of neutrons with 

energy E > 0.11 MeV was 5.64 x 1014 n/cm2 ·sec. In this study, the 

effects of neutron fluences of 3 .0 x 1017 n /cm2 , 6.5 x 1017 n/cm2 , 

18 2 18 2 19 2 2.5 x 10 n/cm, 7.5 x 10 n/crn , and 1. 3 x 10 n/cm are presented. 

C. Transition Temperature T De termination c 
Variations in t emperature of the superconducting material within 

a relatively narrow range a r e accompanied by large changes in such 

parame ters as the resistivity and ac susceptibility. The trans i tion 

t emperature is defined as being the tempera ture midway between the 10% 

and 90% of the superconducting- t o-normal transition change however 

measured . The value of T is found by exploring the effect of c 

temperature variation on appr opria t e parameters. 

Measurements of T were carried out in the Physics Department c 

laboratories at Iowa State Univer sit y . The dewar system used to hold 

or vary the temperature, as required in this experiment, is shown in 

Figure 3. The liquid nitrogen dewar, liquid helium dewar and heat leak 

can were made of stainless s teel. 

The tempera ture range of interest in this experiment is above 4 . 2 K. 

Temperature control in the sample region was accomplis hed in the 

following manner. The hea t leak chamber vacuum space was evacuated t o 

a pressure of less than 10-3 Torr and the sample chamber was sealed at 

a pressure of less than 0 . 2 Torr. This pressure was chosen f or the 

sample chamber since higher pressures permit convection currents with 

consequent heat loss and substantially lower pressures gave rise to 
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poor thermal equilibrium. Once the temperature stabilized below the 

desired value (e.g., 5 K), the manganin heater, astatically wound 

around the outside of the sample chamber, was used to elevate the 

temperature. The "superconducting- to- normal" transition can, therefore, 

be accomplished. 

Measurements of T were made with both a standard 4 probe resistance c 

technique and an ac susceptibility technique . A germanium resistor 

(GR 10086) was used as the thermometer for both measurements . The 

temperature dependent resistance of the germanium was obtained by 

measuring the voltage drop across the germanium resistor, when current 

through it was 10 µa. 

For T measurements made using the 4 probe resistance technique , c 

the superconducting-to-normal transition curve was plotted on a Honeywell 

550 X-Y recorder. The voltage across the germanium resistor (i.e. the 

"temperature") provided the X-signal. The potential drop across the 

superconducting sample, produced by a 1 ma current, was amplified by 

means of a Keithley 148 Nanovoltmeter and fed to the recorder as the 

Y-signal. 

In order to obtain T by the ac susceptibility method, samples were c 

placed in the center of measuring coils . A fixed frequency oscillator 

supplied a 100 Hz signal, which is required by a dual phase lock-in 

detector, to the primary coil which induced a voltage in the secondary 

coil. Variations in the voltage induced in the secondary coil due to 

transitions from the normal to the superconducting state were measured 

using a mutual inductance comparison bridge (Figure 4). The output 
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voltage has inductive and resistive components, the resistive component 

being due to eddy currents in the bridge network and the metal parts of 

the apparatus. In order to balance the bridge , both the inductive and 

resistive components must be separately balanced . The resistive voltage 

from the secondaries is balanced by the voltage across a 2n resistor 

placed in the detection portion of the bridge which is driven by a 

resistive network directly from the primary loop on the oscillator. The 

voltage introduced into the detection circuit is proportional t o 

1/(1100-R), where R is the setting of the variable resistors . The 

inductive component of the voltage from the secondaries is balanced by a 

voltage generated across a fixed reference coil. The inductive 

balancing voltage introduced into the detection circuit is proportional 

to the setting on the Gertsch Ratio Transformer which divides the 

outpu t of the fixed reference coil . 

A fixed frequency phase sensitive lock-in detector, locally built, 

was coupled t o the circuit through a geoformer (i.e . a type of input 

transformer). A convenient feature of this detector is that both 

phases of an off balance signal are displayed on twin output meters . 

When the detector was properly phased, changes in inductive and 

resistive voltages of the susceptibility were independent of each other 

as long as the meters were on scale . The changes of inductive voltage 

during normal to superconducting transition were recorded on the 

Honeywell 550 X-Y recorder as the Y- signal, and the voltage drop across 

the germanium resistor provided the X- direction signal proportional to 

the temperature . 
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For superconducting transitions , 10% - 90% transition widths were 

used to denote the T ranges and the temperature at the midpoint of a c 

transition was reported as transition temperature T . The accuracy of c 

the transition temperature was within + 0.01 K over the temperature 

range 4 - 20 K. 

D. Critical Current Density J Determination c 

Critical current measurements were made in the magnetic field 

provided by a "Bitter type" solenoid at the National Magnet Laboratory 

of M.I.T. by Dr. D. K. Finnemore and J . E. Ostenson (18b). These 

measurements were ob t a ined a t 4.2 K (liquid He temperature) as a 

function of an applied transverse field of up t o 15 Tesla . It is the 

convention t o define the critical current as the current which produces 

a 1 µV drop across a 1 cm length of the sample. In this work, critical 

current density was obtained by dividing the critical current by the 

total cross-section area of the sample. 

E. Upper Critical Field Hc2 Determination 

The Hc2 data were determined from a linear extrapolation of the 

~ 1i; ~ 1i; plot of J B versus µ H to J B = 0. c 0 c 
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IV. RESULTS 

The change of the transition temperature, T , with neutron c 

irradiation for a family of Nb 3sn-Cu superconducting composites is shown 

in Figures 5 and 6. These results were obtained using resistance 

and ac susceptibility techniques, respectively. As shown in 

these figures, there is essentially no degradation of transition 

temperature for neutron fluences below 1 x 1018 n/cm2 . Above this 

fluence, a gradual decline in T begins and, for a fluence of 1.3 x 1019 
c 

2 n/cm , decreases of - 9K and - 8K were observed and are shown in Figures 5 

and 6, respectively . For Nb 3Sn-Cu in situ wires with higher initial 

transition temperatures, such as 30 wt % Nb - 14.8 vol% Sn (R = 4600), 

the percent depression upon irradiation is almost the same as that found 

for lower-initial-transition-temperature wires. For comparison, the 

results obtained by Snead et al. (19) and Sweedler ~al. (20), together 

with the data in Figures 5 and 6 , are plotted in Figure 7 . Here, T is c 

normalized by its unirradiated value T co The results found by 

Snead~ al. for bronze-processed Nb3sn single core filamentary wires 

and Sweedler et al. for bulk Nb 3sn are very similar to the present 

results for in situ wires. However, the leveling off, or saturation, 

shown by Sweedler's work, was not observed in this study since it occurs 

at fluences above those used in this work. 

Results of the 4 . 2 K measurements of critical current densit y, J , c 

for a family of Nb 3sn-Cu wires as a function of applied transverse 
19 2 magnetic field and for neutron fluences up to 1.3 x 10 n/cm are 

presented in Figures 8, 9, 12 and 14. Examination of these figures 
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reveals that there are three anomalous curves, the 6.5 x 1017 n/cm2 

curve on Figure 8, and the "unirradiated" and 2.5 x 1018 n/cm2 curves 

on Figure 14 . All three curves seem to have values of J which are too c 

low for values ofµ H < 14 T . Experience indicates that results of 
0 

this kind can be obtained if the sample does not adhere properly to the 

backing surface. For 30 wt % Nb - 14.8 vol % Sn (R = 4600) (Figure 8) 

and 20 wt% Nb - 9.3 vol % Sn (R 30000) (Figure 9) wires, J c 

to increase with fluence, pass through a maximum at 2 . 5 x 1018 
is seen 

2 n/cm , 

and then decrease . This behavior is shown clearly in Figures 10 and 11 

where J is plotted versus fluence for several values of applied f ield. c 

J increases with fluences and exhibits a broad peak centered at c 

2.5 x 1018 n/cm2 . 18 2 In the region above 2.5 x 10 n/cm , all curves in 

each figure drop off in the same precipitous fashion to smaller Jc at 

-1 .3 x 1019 n/cm2. 

The change in J upon irradiation for 20 wt % Nb - 9.3 vol % Sn c 

(R = 2500) wires is shown in Figure 12. The critical current density 

increases with fluen ce up to 6 . 5 x 1017 n/cm2 and then decreases with 

fluence . This behavior is also seen in Figure 13 where J is plotted c 

versus fluence for several applied magnetic fields. 

For 20 wt % Nb - 9.3 vol % Sn (R = 4600) wires, a behavior which 

differs from that of the other samples is observed . As shown in 

Figures 14 and 15, J increases as the fluence increases t o 6 . 5 x 1017 
c 

n/cm2 for applied magnetic fields up to 12 Tesla . For higher fluences , 

J decreases . Above 12 Tesla, the reduction of J begins for a fluence c c 

of 3.0 x 1017 n/cm2 . To show this behavior more c learly, the reduced 
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critical current density, J /J , is plotted as a function of neutron c co 

fluence for several applied fields in Figure 16. J is the critical co 
current density prior to irradiation. It is seen t hat J increases as c 
the fluence increases to 17 6 .5 x 10 n/cm 2 for µ H 

0 
< 12 Tesla . The 

degree of enhancement is clearly greater at lower field values . For 

higher applied magnetic fields , i.e . µ H > 12 Tesla, J increases to a 
0 c 

saturation value and then decreases as the fluence increases. The 

fluence corresponding to saturation is 3 . 0 x 1017 n/cm2 . It is also seen 

that the critical current density is lower than its unirradiated value 

18 2 forµ H > 9 Tesla and a fluence of 7.5 x 10 n/cm . 
0 

It will be noted that the significance of Figure 16 is not altered 

if the values of J (the unirradiated values of J ) shown on Figure 14 co c 

are incorrect. The values of J /J will change, but the break in the c co 
curves will occur for the same value of fluence. 

The Kramer plots (21) of J ~ B~ versus µ H are used to determine c 0 

the upper critical field Hc2 . The Hc2 values correspond to the points 

where linear extrapolations of the Jc~ B~ data go to zero . These 

extrapolated values are given in Table 2. 

As seen in Figures 17-20, the da t a are roughly linear on these 

plots for the full range of fluence. A theory of flux-lattice shear was 

proposed by Kramer (21) in accordance with these behaviors. I t is 

supposed that, at high fields, flux motion first occurs when the 

Lorentz force (J x B) on the flux lattice exceeds the lattice shear c 

strength , allowing some portions of the lattice to move relative to more 

st r ongly pinned, stationary portions . However, the fact that the Nb3sn 
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Table 2. Upper c ritical fields; Hc2 

Designation Sample Hc2 
a 

Hc2 
b 

Hc2 
c 

Hc2 
d 

Hc2 
e 

Tesla Tesla Tesla Tesla Tesla 

1 Cu-30 wt % Nb - 14.8 vol % Sn f 16.75 15.12 9 
R = 4600 

2 Cu-20 wt % Nb - 9.3 vol % Sn 15.62 16.12 15.62 13.62 8 
R = 2500 

3 Cu-20 wt % Nb - 9.3 vol % Sn 17.12 16.87 f 14 8.75 
R = 4600 

4 Cu-20 wt % Nb - 9.3 vol % Sn 15.38 15. 75 13 7.12 w 
0--

R = 30000 

~c2 after irradiation 3.0 x 1017 n/cm 2 neutron at . 
bH after neutron irradiation at 6.5 x 1017 n /cm 2 

c2 . 
~c2 after neutron irradiation at 2.5 x io18 n/cm 2 . 
~c2 after neutron irradiation at 7.5 x io18 n/cm 2 . 
eH 

c2 after neutron irradiation at 1. 3 x 1019 n/cm 2 

f Anomalous data, see Figures 17 and 20. 
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Jc data are linear on the Kramer plots does not mean that shear forces 

control J at high field for in situ wires. The experimental results of c ---

Sue et ~· (22) indicate that the surface pinning with core interaction 

rather than flux line shear is applicable for Nb
3

Sn in situ wires . The 

Kramer plots can, nevertheless, still be used to determine Hc2 since 

both core pinning on surfaces and flux line shear have the same behavior 

at high fields . It is seen from Figures 17-20 that the behavior of Hc2 

upon irradiation follows the pattern of Jc as shown in Figures 8 , 9, 12, 

and 14. 
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V. DISCUSSION 

For inhomogeneous and highly anisotropic materials such as these, 

it is important to point out: a) that the transitions are fairly 

broad in comparison with those of homogeneous materials , and b) that the 

value of Tc depends on how it is measured. When the measurements of Tc 

were made with resistance technique (Figure 5), a measuring current was 

directed parallel to the long axis of the filaments (and of the wire) . 

Because the filaments of these in situ wires are discontinuous and 

separated by a Cu layer, the proximity effect may play an important role 

in the transition tempera ture . Therefore, ac susceptibility measurements 

of T (Figure 6) were made in which currents are induced around the c 

circumference of the wire perpendicular to the long axis of the 

filaments. This means that the induced current must cross through the 

Cu barriers separating the filaments so this susceptibility measures 

the onset of appreciable proximity coupling. Thus, as can be seen from 

a comparison of Figures 5 and 6, the value of T obtained by the ac c 

susceptibility technique is about 4 K lower than the value obtained by 

the resistance measurement. 

Since in a practical system a liquid helium cryostat operating at 

a temperature of 4.2 K will be used, the chosen superconducting material 

will function as desired as long as its value of T (degraded by 
c 

irradiation) is above the limiting temperature of 4.2 K. Thus, from this 

point of view, the limiting fluence is found by extrapolation (see 

Figure 5) to be about 3.2 x 1019 n/cm2 . 
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In broad outl i ne, T , J , and H 2 of the in situ wires show a c c c ---
18 2 remarkable decrease with fluence above 10 n /cm . Below this 

"threshold" fluence, where the depression of Tc is slight, J c and Hc2 

show enhancements upon irradiation. Since the real microscopic 

description of radiation-induced defect arrangement s is def i c ient, it 

is not possible t o give basic and clear explanations for the observed 

bcl1av i ors of these irradiated s amples. However, the decrease of T with c 

inc rea sing fluence can be i nterpreted by considering the crystallogr aphic 

s tructure of the compound (23). Nb 3Sn with an A-15 structure is 

characterized as having the Nb atoms arranged in a three-dimensional 

network of orthogonal linear chains . It i s well-known that the 

superconducting properties, especially the transition t emperature, are 

very sensitive t o the degree of a tomic order (i . e . Nb sites occupied by 

Nb atoms a nd Sn sites occupied by Sn atoms). A high T is associated c 

with a highly ordered structure . By fas t neutron irradiation, some Nb 

atoms may be replaced by Sn atoms (antisite defects) or vacancies may 

be introduced in these chains (atomic disordering), leading to a strong 

reduction of the tran sition temperature T . c 

In a high magnetic f ield, the field penetrates the superconductor 

in the form of a l a ttice of singly quantized current vortices. When a 

transport current is applied to the superconduc t or, a Lorentz force acts 

on the vortex, o r flux line, lattice and in a perfectly homogeneous 

material, this force would cause the vortex to move and dissipate energy 

viscously, leading to the appearance of a voltage across the current 

leads . A practical ma t erial is not homogeneous and a ny inhomogeneity will 
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act as a pinning site which will tend to "pin" the vortex lattice . Such 

pinning sites can be second phases, dislocation loops, vacancy and 

interstitial loops or grain boundaries. For unirradiated Nb 3Sn, it was 

found (22) that grain boundaries surfaces with core interactions were 

the only defects present in sufficient density to account for flux 

pinning. The critical current which can be carried at a particular 

magnetic field is the current producing the maximum Lorentz force which 

can be resisted by the pinning sites. At low values of radiation dose 

( 1018 n/cm2), the depression of T is small. Irradiation introduces c 

defects which are randomly distributed in the Nb 3sn and act as new 

pinning sites. The effect of these randomly located r adiation-induced 

defects is added to that of the grain boundaries. In this case, J will c 

be influenced by a decrease in electron mean free path due to electron 

scattering by these pinning sites (24) and a change in the vortex 

lattice pinning by these pinning sites . Therefore, it is observed that 

Jc and Hc2 , initially, increase with increasing fluences. 

Thus, irradiation can increase pinning. If, on the other hand, 

Nb 3sn wire already contains an appropriate, or saturated, density of 

pinning sites, either because of its production method or because it has 

been irradiated, then the introduction of further radiation-induced 

defects will reduce the effectiveness of the pinning since the defects 

will begin to overlap. However, this may be only a partial explanation 

of the reduction of J at higher fluences . Part of the reduction in c 

J will also be caused by the decrease in the transition temperature, c 

as shown in Figures 21 and 22. For J increasing with fluence up t o a c 
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maximum value J , the r eduction of T is small at this fluence range . cmax c 

With the rapid drop of T , J decreases accordingly. Since the upper c c 

critical field depends on the transition temperature , the reduction of 

Tc will also lower Hc 2 , thus causing rapid Jc depressions, as may be 

seen in Figure 23 . The figure indicates that, for 20 wt % Nb - 9.3 

vol % Sn (R = 2500) wires, H 2 and T have the same dependence on c c 

fluence for values of fluence > 1018 n /cm2 . The same behavior holds 

for the other in situ wires. 

The selection of superconductors for practical applications, such 

as the magnet coils for fusion reactors , will be based , to a great 

extent, on the values of J , H 2 , and T and on how these parameters c c c 

change with neutron irradiation . Other considerations being equal, high 

values of all three are desired, both initially and after an irradiation 

period. Figure 24 shows how J measured, at 14 Tesla, varies with c 

fl uence for the four groups of in situ wires . Based on the values of 

J , 30 wt % Nb - 14 . 8 vol % Sn (R = 4600) wires have a better fluence c 

tolerance than do the wires with different composi tions. Thus, this 

material with the reduction ratio of 4600 provides the best super-

conducting properties for the materials tested. Although the J of c 

20 wt % Nb - 9 . 3 vol % Sn (R = 2500) wires and 20 wt % Nb - 9 . 3 vol % Sn 

(R = 4600) wires decrease for fluences higher than 6.5 x 1017 n/ cm2 

17 2 and 3.0 x 10 n/cm , respectively , the values of J are still higher c 

than that obtained with a 20 wt % Nb - 9.3 vol % Sn (R = 30000) wire 

18 2 at a fluence of 2 . 5 x 10 n/cm , where the J of the 20 wt % Nb -c 

9 . 3 vol % Sn (R = 30000) wire shows enhancement . Severe reduction of 
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J was observed for all wires at a fluence of 1.3 x 1019 n/cm2 . c 

As mentioned in the Introduction, the lifetime dose fo r material 

in the magnet region is estimated to be - 2.0 x 1018 n/cm2 for a ten-year 

l ife operation . Thus, on the basis of the measurement reported, 

Nb3Sn-Cu superconduct ing composite with higher Nb contant appears to be 

an excellent candidate material for magnet s to be used to confine the 

plasma in f usion reactors. 

An attempt has been made to calculate H 2 (4.2 K) and J values c c 

under the assumption that T is the only variable changed by the c 

irradiation (model-1). This clearly is a major effect and an attempt 

is made here to ascertain how much of the changes in J come from this c 

variable. If we assume that the mean free pa th in the superconductor 

and the density of electronic states do not change, 

T2 
H (0) (1 - -) 

c2 T 2 
(1) 

c 

and 

(2) 

then a law of corresponding states should hold and the critical field 

curves should be similar. As was shown earlier (25) , 

( 3) 

describe these data rather well. If the sample irradiated t o a neutron 

fluence of 2 . 5 x 1018 n/cm2 is used as a re ference to infer the values 
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of Hc2 (o) and A, then one can derive the Jc results for samples with 

higher irradiated doses. The results of these calculation s are shown as 

broken lines in Figures 25a and 25b . The solid lines represent a guide 

to the eye for the experimental results. If we assume that the 

specific heat (y) and the normal state resistivity (pN) of superconduct or 

do not change upon irradiation, the upper critical field at absolute 

4 zero Hc2 (o) can be represented as Hc2 (o) = 3 x 10 YpNTc (26). From 

Equation (1), the Hc2 (o) value for the reference sample can be inferred 

first by fitting the data. Then, Equation (4), 

Hc2(0) Tc 
~~~~~- = ~~~ 
Hc2(0)Ref . Tc Ref. 

(4) 

is used to calculate the Hc2 (o) values for samples with higher irradiated 

doses. Again, by substituting the Hc2 (o) values into Equation (1), the 

Hc2 values at 4.2 K for samples with higher irradiated doses can be 

obtained . It is assumed here that T is the measured value shown on c 

Figure 5. 

J values at different applied magnetic fields H can be obtained by c 

substituting the Hc2 (4.2 K) values into Equation 3. The constant A, 

the square of the slope of the reference line in Figur e 25b , is 

3844 A cm-2 T- 312 • 

As can be seen from Figures 25a and 25b , the calculated data 

(dashed and dot-dash lines), based on the assumptions that y and pN 

are constant upon irradiation, have higher A~ values (slopes) than that 

of the experimental data (solid lines). The experimental data have 
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lower A~ values (slopes) indicating higher values of Gin zburg-Landa u 
3 k constant K. As we know K = 7 . 5 x 10 Y2 pN ' therefore, the experimental 

data are consis t ent with a higher normal sta te resistivity pN t han was 

used in obta ining the calculated data. Thus, a conclusi on can be drawn 

that the norma l state resistivity pN will be increased upon irradiation. 

Since Hc2 = K .fi He' the higher K values a lso indicate higher Hc2 
values. 

Another attempt was made t o obt ain t he calculated dat a under the 

assumption that Tc and pN are the variables changed by the irradiation 

(model-2). Since Hc2 = K /2. He ' we can deduce the equa tion 

K model-2 
K model-1 

= Hc 2 model-2 

Hc2 model-1 
(5) 

By substituting values of H 2 d 1 2 and H 2 d 1 1 , we can ob t ain the c mo e - c mo e -

ratio of K d 1 2/K d 1 1 which corresponds t o the ratio of (A d 1 1 / mo e - mo e - mo e -
~ ~ A d 1 2) . The slope, A value, of the calculated data (model-2) can , mo e -

therefore, be obtained. These dat a are shown in Figure 25b as a dotted 

line for 7 . 5 x 1018 n/cm2 and as a cr ossed line fo r 1.3 x 1019 n/cm2 . 

The fac t that the experimental data (solid lines) have lower A~ values 

than those of the cal culat ed data (model-2) i ndicates that irradiation 

inf luences the pinning me chanisms in addition to its effects on T c 
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VI. SUMMARY AND CONCLUSIONS 

A-15 super conducting compounds , in situ Nb 3Sn- Cu wires, were 

irradiated a t 80°c and the changes of superconducting properties induced 

by irradiation were investigated. 

The fol lowing conclusions a r e drawn: 

1. An apparent threshold fluence of - 1018 n /cm2 (E > 1 MeV) is 

r equired t o bring abou t severe depressions in T . Below c 

this value, no significant deterioration in T is c 

observed. 

2 . In general , Nb 3Sn-Cu wires show a catastr ophic r eduction 

18 2 i n J above a fluence of - 2 x 10 n /cm . J i ncreases c c 

with dose at lower fluence for all t he wires studied . 

3. Hc2 values follow the pattern of Jc upon irradiation . 

4 . An expla na tion of the effect of neutron irradiation is 

though t to be f irs t, disordering, causing a lowering of 

T ; and second, r adia tion-induced inhomogeneities occur c 

initially enhancing a nd then r educing vortex pinning. 

5. The effect of the radiation on the super conducting 

magnet used for a CTR (Controlled Thermonuclear Reactor) 

device will no t pr esent a serious deterioration of 

supe r conduc ting properties provided the fluence does not 

exceed - 2 x 1018 n /cm2 (E > 1 MeV). If the wires 

investiga ted in this work a re exposed t o higher fluences , 

a severe degradation takes place both in T and J making c c 

these materials unsuitable fo r further service as magnet 
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conductors . If longer service, producing higher f luences , 

is required, the n appropriate shieldin g must be provided 

to prevent the dose received by the superconduct ing wires 

below the experimentally determined limit of about 

18 2 - 2 x 10 n /cm (E > 1 MeV). 
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VII . SUGGESTIONS FOR FURTHER STUDY 

The results of the studies reported in this thesis indicate that of 

the four in situ samples tested, the one identified by the 30 wt % Nb -

14.8 vol % Sn (R = 4600) is the most suitable candidate for a fusion 

reactor magnet coil. The investigations have raised certain questions 

which are presented as topics for further study. 

1. What effect does neutron irradiation carried out at low 

temperature (i.e. 10 K) have on the superconducting properties 

of in situ prepared wires? (Recall that the irradiations 

0 discussed in this thesis were carried out at about 80 C. ) 

2. Can the lifetime of the superconducting material be extended 

by annealing? If so, at what fluence should the anneal 

be performed? What temperature would be most appropriate? 

What would be the most suitable duration for the anneal? 

How are the factors (a) achieved fluence before anneal, 

(b) temperature of the anneal, and (c) duration of the 

anneal related? Would other wires be a better choice if 

annealing is to be considered? 
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