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RADIATION EFFECTS ON SUPERCONDUCTIViT{*

B. S. Brown

Materials Science Division
Argonne National Laboratory
Argonne, Illinois 60439 USA

INTRODUCTION

A discussion of the influence of radiation-induced de-
fects in superconductors necessarily includes an understanding
of the various properties of the super-onducting state (1-13).
The transition from the normal to the superconducting state is
characterized by an abrupt drop to zero of electrical resis-
tivity and also by a change in the material from nonmagnetic
to perfectly diamagnetic. If an ideal superconductor is
cooled below its superconducting transition temperature (T.)
in a magnetic field, where H is less than a critical field,
the field is excluded at T = T.. The sample becomes fully
diamagnetic as a result of lossless currents that circulate
on the surface of the specimen. The exclusion of the field
is complete for fields less than a critical field above which
the field penetrates the sample. A type-l superconductor is
characterized by complete penetration of the field above the
critical field (H.). A type-II superconductor (Fig. 1) has
complete magnetic field expulsion up to the lower critical
field H.;, but above H.1 the magnetic field gradually pene-
trates the sample in regions of normal conducting filaments
(flux lines or fluxoids) each carrying a quantum unit of
magnetic flux (4,) lying narallel to the imposed field. The
flux within each fluxoid core is generated by a vortex of
persistent current that circulates around the core, and the
fluxoids repel each other. The field penetration is complete
at the upper critical field H.7 where the normal cores over-
lap and the remaining vestiges of super-onductivity are
destroyed. Since the main topic of the present review is the
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interactions of
fluxoids with var-
ious defects, only
type~-ll supercon-
ductors will be
discussed.
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The flux lines
are arranged in o
periodic arrav, and
the flux-~line lat-
tice (FLL) structure
depends on the fiold
arfentaticn with re-
spect to the crw<tal
lattice. The FLL

has been directly observed by decorating the FLL in a vhin-
foil suvnerconductor with small ferromagnetic partic’es and
then inspecting a replica of the FLL arrangement in the foil
with transmission-electron microscopy (Fig. 2) (4). Simplw
stated, the flux lincs kegin
penetration at Hey in the
mixed state, and their spac-
ing decreases as H increases
until they overlap at H.».

At H_ 5, the ficld is fully
penetrating, and the sample
bulk 1is normal. In terms of
this concept, the spacing of
the flux lines in a tri-
angular lattice as a function
of field is dp;;, where

ﬁ.16¢
d e\ fou—2t
FLL B

_ 1520 A

/B (in KG) 1)

Fig. 1. Magnetization Curve for Type-lI
Superconductors

Fig. 2. Cross-8ectional V0w

of a Repiica of the Flux-Line where 3, is the magnetic flux

Lattice in a Lead-Indium Alloy. quantum, and B is the magnetic
flux densitv. The diamcter ot

the fluxoid is roughly twice the coherence length 7, a para-

meter that characterizes the distance over which the density

of superelectrons canchange appreciably



. . 1128 A
diam » 2 = a T (2
¢ TH
The upper critical field s related to the thermodypamic
critical field “c by
H ., =2 « H (5
Ce ¢
where « is the Ginsburg-Landau parameter.  The CLAG theory
for tvpe-11 superconductors shows that, near T., » varies
with the residual electrical resistivity o as (2]
1/2 .
vooE e A ! ; (4
0

where »  denotes the pure marerial, A iy a censtant and o i
the elevtronic specific heat. Siace . is i sensitfce function
of the defoct stare of the crvstal, radiation damage has o
considevable effect on « and therefore Hooo  The effect of

damage on H. has been found to be large ealy in compound
superconductors.

1f no resistarce to the motion of the flux lines occurs,
the fluxold repulsion for H - Mop will resulr in a uniforns
distribution throuy hout the specimen and only the spacing of
the flux lines will charpge with H.  In real samples, flux
lines not only interact with cach other (yiving rise tov FLL
elastic constants) but also with {nhomogencitics and defects
in the crystal. These interactions hinder the motion of flux
lines with respect to the crystal lattice (flux pinning) and
result in a nonuniform flux-line distribution. The "eritical
state” is characterized by an arvangement of {lux lincs such
that local flux distributions result in a driving force equal
to the pinning force of the defects.

When a transport current traessverse to the applied field
is appii~d to a superconductor in the mixed state, the flux-
oids will feel a Lorentz force. The current will be trans-
ported in a lossless manner as long as the lLorentz force is
less than the pinsing force. The critical current density,
Jeo is defined as the maximum current attained before the
pinning forces are avercome, and, for high v material,

o xJ | (s)
p ¢

i
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where ¥y is the volume pianing force density. For J o the
Cluxoids are unpinned and move through the crystal. This
motion dissipates energy that nmust be supplicd by the current
source, and 4 voltage appears across the sample and the super-
copdurtor becones vesistive, Therefore, the critical current
can be fncreased In materials by fntyeducing defects of any
tvpe that will increase the volume pirnning-force density Fo.
In the present review, Fp and J. will be used interchangusLly
when discussing the flux-pinning cxperipent s,

The alm of most radiation-damape experiments fn supercon-
ductors is ant only to increase J. for technological purposes
and understand the limftations in a radiation envirenment but
also to understand the basic iateraction mechanfsm between the
Flux lines and the various defects, Flux pianing in type-11
supereondurtors resalts from crvstalline imperfections that
produce Jocal fluctuations in the propertics of a material
(zuch as the electronic mean free path or the local phonon
apectra) which make the free enerpy of the specimen depend on
the position of the fluyxoids. Significant pinaing occurs only
for pinning centers, the influence of which extends, at least
in one direction, over a distance of the order of the coher-
cnce leapth 7, since the superconducting properties cannot
change appreciably over distances less than £, The state of
understanding of the {lux~pioning characteristics of various
structure< such as dislocation loops, cell walls, volds,
normal precipitates, and defect cascades) was contained in an
cxcellent review by Campbell and Evetts (2) and was discussed
at the International Discussion Meeting on Flux Pinning in
Superconductors (3).

It is desived to relate the volume-pinninp-force density
F;, to the defect microstructure. The {irst step is to cal-
culate the wlementary planing force f,, the maximum inter-
action force between a single pinning center and the lux—
line lattice. Tt is then necessaryv to sum appropriately the
individual f,s to obtain the volume-pinning-force density
¥y which is related to the experimentally accessible J..
TRis suymmation is the difficult step because the flux lines
interact with each other as well as with more than one de-
fect. The complexity of this problem can be illustrated by
discussing the analogous problem of mechanical hardening by
a hard particle dispersion in a ductile metal. The hardening
results from an interaction between dislocations and solute
atoms. The dislocations are impeded by this interaction, and
movement is possible only if cthe applied stress is greater
than the critical shear stress. The problem is to calculate



both the interaction force between a dislocation and a single
atom a»{ the number of atoms contacted by the dislecation,
which is a s.atistical problem.

It is also necessary, in the case of flux pinning, tc
calculate the number of pins contributing their fp to F,. If
the FLL had no rigidity (i.e. no flux line rcpulsion) tﬁ
flux lines could arrange themselve: so that the maximum rumber
were interacting with the attractive pinning centers and the
total pinning force would be a simple sum. The finite rigid-
ity of the FLL (as expressed by th. elastic constants Cj;)
limits the number of pinning sites that can act simultanccusly.
The calculation is also complicated by the fact that both
the FLL rigiditv and the elementary force fp are functions of
temperature and magnetic field. It is necessary to under-
stand how the FLL rigidity limits the number of pinning centers
that can contribute their full pinning force. In other words,
the main complication is a result of the existence of a flux-
line lattice (due to fluxoid repulsion) and not just flux
lines. The mi- -cstructure-~critical current relatienships have
been recentlv reviewed by Kramer (5) and we will mention only
two of the most prevalent ideas on the summation problem.

Labusch (6) has developed rhe so-called point-pinning
approach. He considers a dilute svstem of point-pinning
centers randomly distributed in the FLL. F_ is found to be
proportional to nfpu,, where n is the pin density, and up is
the maximum displacement of the surrounding FLL relative to
a single point pin. Since up - fpiﬁeff, where Ceff is a
term containing the elastic coustants of the FLL, the volume-
pinning~-force density is

NA ) f‘;z
F a _7F~_J_. (6)
P ‘eff

where N, is the area density of flux-pinning centers. The
same result was found by considering th¢ power loss of the
FLL moving throuph point pir¢ (2). To date, this model has
not been able to predict the microstructural dependence of
Fp(h) observed experimentally for dense systems of pinning
centers usually found incommercial superconductors, but it
has been used successfully to determine fp for dilute pinning
systems (3,7).

A method proposed by Pippard .8) and used bv Kramer (9)
(denoted the line-pinning model) u-ilizes the shear capa-
bility of the FLL at high fields. The resistan-e to rhear of
the FLL (Cgg) decreuses as (1 - b)! for b » 1 (b = B/Bc2) and



f. decreases as (1 - b). Therefore, at some point as b in-
creases FLL shear will occur. This will allow an incre sing
number of pinning centers to interact with flux lines and will
result in an increase in F, as b increases. The model, *i~h
requires a certain density and nonrandomness of pinning cen-
ters, predicts a strong dependence of F_ on the microstructure
in the low-field regime and a microstructure-insensitive Fp

in the high-field regime. This moldel has also been applied
successfully to experiments (3,5,9).

Most of the radiation-damage erperiments have not be-en
performed in a manner that allows comparison with either of
the above models. Proper application requires - knowledge
of F_ as a function of reduced magnetic flux density b =
B/Bc2 and T. l.: most of th: experiments performed on high-
field superconductors (and therefore technologically inter-
esting), B.7 was too large to measure and changes in b during
irradiation could not be determined. This limits the amount
of fundamental information available {rom these oxperiments.
Furthermore, to determine fp for a particular defect from the
experimental Fp. it is necessary to have only one tvpe of de-
fect present or to change only one defect density during the

experiment.

Many experiments show a “peak' or increase in Fj as b
approaches unity. The interpretatioa of this peax is the
subject of controversy (3), but it appears that, 1s in the
summation process, the peak is related ‘o the rigidity of the
FLL. As the FLL becomes less rigid, mo e pinning centers can
be contacted by the flux lines and the pinning force increases.
It is beyond the scope of the present roview to discuss the
manv examples of peak effect that appear in the expcrimental
data which will be presented.

A concise, coherent understanding of the effects of
radiation is difficult to pre:ent because of the array of
variables in the experiments, i.e. kind of superconducting
naterial (elementa , allov, and compound), irradiating
particle (neutron, electrcn, and ion), irradiation temperature
(generallv < 30 K and room temperature), and initial metal-
lurgical condition (such as single crvstal, cold-worked,
second--phase precipitates, and disordered). The current
understanding of the radiation cffects will be presented for
the three kinds of superconductors. and the roles of irra-
diation temperature and metallurgi-al condition will be
mMesented for cach.  The discussior will be primarily on the
results of neutron {irradiations, s nce the majoritv of the



experiments involve the use of neutron ‘rradiation because of
the technological implications and because the neutrons pro-
duce larger flux-pinning changes than ion or c¢lectron frra-
diation. Previous review articles (10-12) point out that,
although the electronic properties of the superconductor are
affected by irradiation which results in a chanee in T,
(especially in the compound superconductors) and Heo, the

main feature of the radiation in elsmental and alloy supercon-
ductors is to alter the magnetic flux pinning duc Lo micro-
structure changes introduced in the specimen. It is felt
that, for each tvpe of superconluctor, radiation effects are
fairly well understood phenomenciogically, i.¢. wood quali-
tative agreement with theory and a degree of pretfictability,
but considerable work remains to be done to obtain an unler-
standing of the various elementarv fluxvid-defect interactions.

ELEMENT..L SUPERCONDUCTORS

The best characterized radiation-damage experiments, in
terms of single crvstals, impurity levels, single type of de-
fect present, and defect~fluxoid calculations, have been
performed in the elemental superconductors. As a result,
semiquantitative understanding of the ¢ffects of defects on
the elemental superconducting properties has developed.

1

A decrease in T, in Kb (up to 0.14 K from an inftial
3.295 K) as a function of the change in clectrical resistivity
. has been measured after low-temperature n (13) and d (i4)
irradiations. A theoretlical treatwent (15) based on the BCS
theory yields an expression that predicts a decrease in T,
due to the scattering from the radiation-induced defects
which reduces the anisotropy of the interaction energy be-
tween electrons. The theoretical expression
LT a plne (7)

c

fits the experimental data {(10). T, for the elewental super-
conductors is only slightly affected b radiation, since the
maximum value of AT. = -0.14 K is small for a large resis-
tivity change of 2 u‘~cm, which corresponds to approximatelv
one~half the maximum defect concentration. Annealing the
sample that was n~irradfated at 4.6 K (which results in de-
fect annihilation and clustering) led to a nonlinear change
in Te with o, which indicates that T. is not only a function
of o but also depends on the detailed scatteving behavior
of the defects present.



The linearity and the magnitude of the increase in Hg.»p
due to the increase of radiation-induced resistivity are in
good agreement with the theoretical predictions of Eqs. (1)
and (4. Ullmaier et al. (16) irradia‘ed Nb at 4.6 K with
3-MeV electrons.  Hep increased proporrional to : during ir-
radiation, but antealing led to a nondinear change in #.5
with ¢, Sienificant changes in erP/Zp versus T were seen at
the . annealing stages, i.¢. where the defect structure is
altered, which indicates that Hep and ¢ depend differently
on the scattering behavior of various defect configurations.
U'sing Fq. (4), the theoretical value of 'ch/ﬁ. after 5 K
tast-neutron irradiation was calculated to be only 47 higher
than the experimentai valuce of 1.53 Oe/n. -cm (17). The values
of 'sz/'. after 4.5 ¥ e~ (16) and 70°C n-irradiation (18)
(1.65 and 1.33 O¢/n -cm, respectivelv) are quite ~lose to the
present value.  The similar valuers (in view of the different
tvpes of Jdefects present after the three irradiations) in-
dicate that the change in H.o does not Jdepend on the detailed
scattering behavior as discussed atove.

Tsubakihara (19) irradiated V with neutrons at 70°C and
observed no change in B -, This is tentatively explained as
the result of a balance between the increase in Heo due to an
increase in o and -he decrease in He.o due to the observed de-
crease in Y. (37). High-purity Nb irradiated at 70°C to
3 x 10°" n/em had an increase in H.o of 100 Ve (47) (29).
Similariv, a 20 Oe¢ increase ( 37 was observed in V after the
same irradiation (21). The much higher initial H.y in
Tsubakihara's V at 4.2 K {1350 Oe (19), 750 0e (21)]) is
probably due to interstitial impurities thac can eliminate
H.» increases due to irradiation. This lack of chinge in
H.p» with dose has becn observed in NMb with interstitial
impurities irradiated with fast neutrons at 5 K (22). Under
identical irradiation conditions, it has been shown that in
high-purity Nb the increase in H.p from ¢ dominate:s the de-
crease in H.2 from the smzall T, decreases.

Well-controlled experiments have been performed on the
flux pinning of de’ects introduced in elemental supercon-
ductors under different irradiaticon conditions. The capa-
bility of defects to pin fluxoids is a function of their
size and spatial distribution, since, for significant pinning,
the defect size must be of the ordev of ¢ (2340 & in Nb at
4.2 K). This is clearly seen in Fig. 3, which shows the
pinning-tforce density after £.5 K irradiations of Nb with
clectrons (M3) and fast neutrons (24) to equal defect con-
cent rat fons, as measured by the change in . As meantioned



in the Introduction, comparisons o  the experiments should be
made at an H below the peak in F,. FElectron irradiation pre-
duces isolaced defects in the forr of Frenkel pairs uniformly
drstributed over distances less thin 7 and result. in little
flux pinning. fasc~noutron frradition produces cetect cas-
cades (050-200 A in diameter) that are of sufficiint size to
pin the fluxoids. The unirradiate H.; was the same for the
two experiments (2500 (O¢ at 4.5 K) . and MHLo was the same for
different types of irradiation to -qual . as predicted by

Eq. (4). The small amount of pinning that was observed after
electron irradiation was not due to a direct interaction be-
tween the fluxoids and individual Frenkel pairs, since, for

a homogeneous defect distribution, every interaction would be
cancelled bv an equal interaction of opposite sign and no net
pinning force would result. The pinning wa-s cxplained as
being due to fluctuations in the defect density, resulfting in
a less than perfectly homogeneous distribution. However, the

a
-

surface could be important in explaining this low F,.
P

Measurements have been made recently by Brown (17) and
Brown et al. (235} on the pinnine forces in Nb after fasr-
neutron irradiation at 4.6 K. Figure 4a shows the change in
volume~pinning~force density Fp as a function of dose and
field. Changing the superconducting properties locally will
alter the Ginzburg-Landau free energy tiat describes the
properties of a type-I1 superconductar (2). Calculations
were made that assumed the elementary interiction force be-
tween a defect cascade and a fluxoid is predomina:ntlv causcd
by the magnetic pinning interaction (2). This is caused by
the difference in the magnetic energy of flux lincs in the
defect cascades and the unirradiated crystal, which have dif-~
ferent supercanducting parameters (v and H.). Considering
only the term due -0 a change in « (and not the term due to
a change in H.) leads to a change 1In the interaction energy

AE¢

2 A
AE = V _u H ~ — f£(b) (8)
K cayc v

where V., is the cascade volume, f(b) is a function of b
(=B/BC2) of order unity at low b and v, is the permeabilitw
constant. The values of V.5 for different neutron energies
are, unfortunately, not well known. 7The use of reasonable
estimates of parameters such as saturation resistivity ard
defect concentration within a cascade led to a AE, of be-
twecn 0.005 and 0.17 eV for cascade diameters from 61 to
206 & that resulted from neutron energies between 0.2 to 7
MeV. These values were used with the experimental neutron



energy spectrum to cal-
. ~ culate «Npfy,, where Ny
4.6 IRRADIATION is thi area density of
as (REF, 24) / defects, and fp i< the
Bpe 37 nliem maximum interaction
force. In Fig. 4b, these
valaes are shown to agree
with the low-cdose experi-
o(REF, 23) mental values that were
Ap*30nficm determined using the
crevicusly diccussed
statisiical model of

£y 110% 0/m3)

n

6.3 Y3 o8 5 labusch (6) [Eq. (6)].
°"/‘C2 No n9rc.than an order of
magn.tuce agreenent can
he inferred from these
resalts, since uncertain-
ties remain in the cal-
culitien of the cascade
volame and the reversible
magnetization curves re-
Gguirced to calculate the FLL elastic constants. The calcula-
tions were performed at low doses, which resulted in small de-
foct concentrations. The low-temreratur: ncutron irradiations
£17,24) show a rapid increase in Fp, a saituratioen, and a de-
crease as the dose increases. This is explained as being due
to overlap of the damaged regions, which weakens the individual

Fiy. 3. {¢emparicson of Volume-
Yinniog-Foree Density Fyodn
Siobionm frradiated with Flectrons
and Neatrons at low Temperature
to Tquial Detect Concentrations.

cascade-fluxoid interaction.

Sekula (20) and Kernohan and ‘ekula (26) investigated
single crvstals of Nb irradiated a ambiont temperature
{ £0°C) as a tanction of dose up t» 6 x 1049 n/em?.  Electron
microscopy has shown that the <ize of the resultant radiation-
induced dislocation loops varies between 30 and 1400 A and de-
pends strongly on interstitial impurity content (27). 1t is
expected that loops of this size would lead te considerable
flux pinning but would result in a small increase in » and
therefore Hoo. This was observed, and no evidence for a
saturation or decrease in flux pinning at higher doses has
been observed up to these high dose levels. This is reason-
able since at this temperature the defects are mobile (28),
and the dislocation loops will grow in size and result in
stvonper pinninp.  Preliminarv results on fast-neutron irra-
diation in V at 40°C show a behavior similar to Nb (21).

Frzperiments have been performed in which the oxygen
impurity level in Kb was varied to change the size distribution
of the loops that result after 70°C neutron irradiation (27).
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The nucleation of loops

at oxvren sites is inferred
from the increase, by a
factor of 20, in the num-
ber of "black spots’ and
locps observed in the TEM
for equivalently irradiated
samples containing 10 and
900 wt ppm oxygen. Also,

a decrease in loop size
occurs so that the loop
area is approximately con-~
stant. The results in

Fig. 5 show that the in-
crease in the elementary
pinning force fp due to the
larger loops in the 10-ppm
sample dominates the de-
crease in F, due to the
decreased loop density.

The elementary pinning
force (fp) of a dislocation
loop has %“~en calculated
(29), and the volume pinning
force (F,) can be better
fit by tﬁe quadratic sum-
mation of the f,'s of
Labusch [Eq. (63] than by

a linear summation proposed
by Dew-Hughes (30), which
neglects the rigidity of
the FLL.

Thermal-neutron irra-
diation of V at 5 K by
Sekula led to a small in-
crease in F, (V15%) after
2 x 10!8 n/cm? (31). The
lamage that resulted from
irhermal-neutron irradiation
is due to low-energy events
which result in a uniform
distribution of defects
similar to electron irradia-
The 507 recovery of
increase after a 60 K
vnneay is similar to resis-
tivity recovery after a simi-
lar irradiation. Preliminary

tion.
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investigations of
technetium irradiated
with fas: neutrons at
5 K show a behavior
similar to that of Nb
1 as F, increased and
saturated at 3 x 10!
n/em’ (22).

4 Tsubakihara et al.
have performed a thor-
4 ough investigation of
St — o == 3 the flux pinning by

@ af 03 G a9 as a7 a0 as w u dislocations ir single
b-8/8c, .—.-- crystal V¥ (32) and

. V irradiated in a reac-
Fig. 5. F_ for Oxygen-Doped ¥b Irra- tor at 70°C up to

: o 10l% 2
adiated at 60°C to 9 x 10'7 n/cm”. 8 x 10’8 n/em? (E >

0.1 MeV) (19). A model is proposed for flux pinning based
on an interaction jetween a random distribution of pinning
centers and "flexible” flux lines. The model results in a
good experimental fit for the unirradiated sample with a
normalized pinning-fcrce density function

J H

c h1/2

(J _H)
c ‘max

- 4 a - nt’?y 9

which gives a peak in J.H at h = H/H., = 0.25 and is dif-
ferent from the frequently observed h™(l - h)™ dependence.
Neutron irradiation results in about a factor of two increase
in J H. The nnormalized J.H for V irradiated and measured at
different temperatures and for V irradiated to different doses
and measured at the same temperature fis on the same reduced
field curve as described by Eq. (9). Therefore. if the
change in J.H due to the small change in T, and Hcz can be
ignored, the conclusion is that the n-irradiation at 70°C

did not change the nature of the flux-pinning mechanism but
simply increased the pinning-site density. As mentioned
previously, the unirradiated V probabtly had a high oxygen
content, and applying the results of similarly irradiated
high oxygen Nb (27), it is reasonable to suggest that the
irradiation increased the loop density, which was observed.

Van der Klein et al. (18) irradiated Nb with an estimated
200-wt ppm interstitial-impurity content at reactor ambient
temperature up to 1.5 x 1079 n/ecm® and analyzed the results
by considering flux pinning at the surface. A surface
oxidation process (anneal a few minutes in 0y at 400°C) greatly



reduced the magnetic hysteresis of the unirradiated sample,
which was attriluted Zv elimination of flux pinning by the
surface. The chsnge in H.o with dose was similar to that
found by Sekula (20), but the increase in magnetic remanence
was at least s factor of five less. The samples were oxidized
after irradiation, which resulted in a decrease in H., to the
unirradiated value, as expected after a 400°C anneal (17,28).
However, thev claim that the flux pinning centers were not af-
fected by the oxidation process by comparing the hysteresis
after annealing in oxygen and in vacuum and by electron micyo-
scope observation. This argument is not convincing as previous
experimental work indicates that defect motion is expected at
this temperature (28) which would change the dislocation size
distribution and explain the large differences in magnetic
remanence changes with dose. Also, the considerably larger
interstirial impurity content (200 wt ppm versus 10 wt ppm)
would result in a larger number of small loops and, therefore,
result in less flux pinning (7).

Freyhardt et al. (33,34) have investigated the effect of
voids on flux pinning in Nb and Nb alloys. This system is
especially appealing since the size and number distribution of
the voids can be wull characterized by electron microscopy of
simultaneously irradiated samples. he results of high-
purity Nb foils irradiated with 3.5-MeV Nit ions at 800°C
are chown in Fig. 6. The increase in critical current by
more than a factor of 100 was due to the voids dlstr1buted
in a surface layer ~iQ" A thick. The void size (30~500 A) and
density {up to 2 x 10!3 cm~3) depended on the irradiation
conditions and the metallurgical variabhles, e.g. gaseous
impurity content. The voids are usually randomly distributed.
However, in materials with a preirradiation high oxygen con-
tert, void ordering is observed and a regular void lattice is
developed (35). A peak in J. vs H is observed in this case
and appears to be due to 2 matching of the void and fluxoid
spacing. If the fluxoid spacing is some multiple of the void
spacing, it is possible for all the fluxoids to be at a void
simultaneously without compression of the FLL. This means
more fluxoids are being pinned by vrids and F, increases.
Fluxoids that are parallel to the surface and thus to the ir-
radiated layer are pinned more effectively than in the per-
pendicular case. The experimental results were compared with
theoretical predictions using the statistical theory (6).

The main contribution to the elementary interaction between
the void and fluxoid was from the core interaction (2)

uoch
AEc - 2 Jvoid (10

.



The statistical theory pre-
dicts J. for the field
parallel to the surface

that agrees with the exper-
imental value. A compre-
hensive study of the tem-—
perature and field dependence
of the volume pinning force
is in progress.

Using the above results,
a comparison can be made of
the pinning strength of dif-
ferent defect ~onfigurations
of tge same size in Nb, A
150 A cascade (the result
of a 4.6 K neutron irra-
diation) has an elementary
interaction force f
a4 x 10-'? newron (N) that
is thought to be primarily
due tc the magnetic inter-

&tAfenty

A e 03 XY action (17}). A 150 A dis-
. L AL v location loop (observed
Fig. 6. Critical-Current after a 70°C neulron irra-
Density J. for Nb (900 wt ppm diation) has fj 123 x 10713 N
Oxygen) Irradiated at 800°C er six times the cascade fp

to 100 dpa with 3.5-MeV Ni Ionus. and is due to strain-field
interactions (27). However,
due to the defect mobility and annihilation at 70°C, at low
doses the flux pinning per incident neutron in high-purity
Nb is about eight times larger feor a 6 K irradiation than for
a 70°C irradiation. A 150 A void (observed after a 3.5-MeV
Nit irradiation at 900°C) has fp A7 x 10~!'3 N, considering
the core interaction {33).

ALLOY SUPERCONDUCTORS

Most of the radiation-damage experiments in the elemental
superconductors had one type of defect as the predominant flux
pinning mechanism 1nd could, therefore, yield information on
she fundamental fluxcid-defect interaction. The irradiation
experiments on alloy superconductors are frequently in mate-
rial of engineering interest (high unirradiated J¢) and
usually have more than one species of defect present, such
as dislocations, cell walls, precipitates, and defect cascades,



or clusters. Separating unambiguously the contribution of

each 1s difficult and had not, to date, been performed success-
fully. The problem in the radiation-damage experiments is to
determine if the radiation-induced defects are adding to the
flux pimning (i.e. summing with the existing defects) or af-
fecting the properties of the material in a manner that re-
sults in weaker flux pinning.

A considerable number of irradiations of alloy supercon-
ductors, primarily NbTi, have been performed as a result of
technological interest. All large superconducting magnets
(for accelerators and bubble chambers) use NbTi because of the
high H.p (+12 T = 120 kG at 4.2 K). The salieut features of
the experimcnts are that T. is changed very little by irra-
diation, and the jrradiation-induced changes in J. and F, are
quite sensitive to the metallurgical structure in the unir-
radiated material. Using the unirradiated J. (J.5) as a
metallurgical yardstick, it is generally observed that J.
will increase with irradiation for low J., material and de-
crease for high J_ _ material, with the magnitude of the de-
crease larger for larger Jco-

The radiation-damage experiments in NbTi are summarized
in Tables 1-3 in which AJ. is the change in JC due to irra-
diation (AJ, = J. - J.o). Most of the neutron-irradiation
experiments are consistent, and the main:features of the
experiments can be understood by an inspection of the werk
by Scell et al. (36) who irradiated Nb-66 at.% Ti with reactor
neutrons at 4.5 K. The J., for samples prepared by cold
working wire down to 11 pm diameter and annealing for various
times and temperatures (T > 380°C) are shown in Fig. 7a. It
has been shown that the high dislocation density within the
cell walls is the predominant pinning mechanism in cold-work-
ed NbTi (48,49). Jo 1s increased by cold-working and by
low-temperature (T < 400°C) anneals that produce "fully ef-~
fective" pinning centers, i.e. give the smallest dislocation-
free cell structure. Annealing above 400°C results in cell
growth, and, as the cells grow, the total wall area decreasecs
and thus J. decrezases. Electron microscopy has shown that
J. is proportional to 1/d (400 A - d < 1000 &), where d is the

c
cell size (48).

Soell has shown that the value of the reduced field at
which the maximum pinning occurs, b (F qu), depends on the
disleocation wall density (50). Samples with a low wall
density and therefore low J., have low values of b (Tp max)‘
It was seen that b (Fp max) and J., were parameters that

4



Table 1. Low-Temperature Neutron-Irradiation Effects in NbTi

Dose (n/cm*, Joo{Aiem®) at Results
Reference E - 0.] MeV) Sample 4,2 Kand 4 T (21/3co), Comments
and Temperature 7

16 3.6 x 10°° Nb-&6 ar.¥ Ti 7 x 10° +20 See text.
4.6 K 1.7 x 107 0
1.5 x 10° -10
17 up to 7.5 x 1017 Nbe66 ar.v Ti 1.1 x 10° -50 A linear with dose
L.b K at H = 2.7 T 70% recovery by
and 5.3 K 270 K
34 ap to 1k 1017 Nb~44 av.7 Ti 6 x 10" at -8 507 recovery by
b K 0.8 7 270 K
19 up to 9 x 107 Commercial 1.8 x i0° -11 Different dose
77 K NbTi ) 2 x 10° -25 dependence for
NbTi o (MF)? single and MF
40 6 % 1017 Nb 44 at.% Ti 1 x 10° =21 AT, = -0.5 K
27 K GIDN

ME s a multifilament composite.



Table 2. Ambient Reactor Temperature (“60°C) Leutron-Irradiation Effects in NbTi

Dose Jeo (Alcm?) at Results
Reference (n/cm?) Sample 4.2 Kand 4 T (Ad/Jcg) Comments

41 4.8 x 1019 Nb-52 at.% Ti <10% at 0.3 T +30 Measured by ac losses
(E > 1 MeV) 5 x 103 at 0.7 T -50

42 up to Nb-64 at.% Ti 6 x 10% -19 8J./Jco linear with dose
6 x 1012 (MF)
(E > 1 MeV)

43 up to Nb-48 at.% Ti 1-8 x 10“ No system-
1.3 x 1018 atic change.
(E > 0.1 MeV) Nb-60 at.? Ti 0.5-11 x 10“ Decreases for T. decreased 47

high Joq
44 3.5 x 10!8 Nb-66 at.? Ti 3 x 10" +100 Incensistent with

(E > 0.1 MeV) other experiments




Table 3.

Ion-Irradiation Effects in NbTi

Irradiating Particle, J.o{A/cm’) at Results
Reference Se iple Dose and Temperature 4.2 Kand 4 T (AJ/JCO), Comments
%
45 Nb-58 at.?% Ti 50-MeV deuterons 8 x 10" 0 See text.
3.5 x 10!6/em?
10 K
46 Nb-66 at.% Ti 3.1 MeV protons 1.5 x 10°
1 x 1017 /cm? -19 See text.
25 K
47 Nb-60 ar.7 Ti 13-15 MeV protons 1.7 x 10° -3 Similar change
7 x 1017 /cm? after 10'%/cm?
<30 K at 150 K
b Nb-61 at.? Ti 15 MeV deutcrons 2.3 x 10" at -60 2% decrease in
1 x 10'7/cm? H=3.5T and Te and
30 K T=7K 137 decrease in
Heo
Jo and .y

recovered 90% by
300 K.




determined the effect of irradiation. This is rcasonable since
the maximum pinning force should be most sensitive to radiation-

induced changes in the pinning force.
7b as a function of b (Fp

irradiation are shown in Fig.

ple 3

>

sample ¢
0 10 20 30 & 50 60 HlkCel

Fig. 7a. J. for Various NbTi
Samples

#ta34-38n/cm?

Sample 1 (cold k
Sumglln 2’c.w.£.bzce)d)

Ielko
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Fig. 7b. Change in J. a?;g:

4.5 K Neutron Irradiation as a
Function of the Reduced Field
Value for the Peak in Fp.

The changes in J. after
max) -
The increase in J. with irra-
diation for highly annealed
sample 4 is due to the intro-
duction of flux-pinning de-~
fect cascades. Soell et al.
(37) attribute the pinning

in the unirradiated specimen
to the dislocations in the
cell valls and explain the de-
creasc in pinning in the high
Jeco samples to an increase in
the eifective defect density
for pinning within the cell
cores. If the reilative change
in the defect structure in the
cell walls is small, the in-
crease in defect density in
the relatively defect-free
cell cores decreases the dif-
ference in the defect struc-
ture of the walls and cores.
This decreases the difference
in effective pinning density
of the celil walls and the
cell cores. This "shorting
out” of the cell walls de-
pends on the initial cell
size and results in a de-
crease in flux pinning.

An experiment has been
sugpested to test this cell-
wall "shorting out” model
(51). 1t is thought that,
if this model is correct,
the best experiment to per-
form is one which eliminates
all flux pinning except that
due to the cell walls. Ve
will irradiate cold-worked,
high-purity Nb at 6 K with
thermal neutrons. lLow-tem-
perature irradiation by



thermal neutrons results in a uniform distribution of immobile
point defects. These defects are weak flux pinners (31), and,
if the model is courrect, J. should initially decrease with dose.
No initial decrease has been observed in the elemental super-
conductors, although all experiments have been performed with

e .ther single crystals that have weak flux pinning or irradiated
under conditions which resulted in defects capable of flux

pinning.

It is clear that sample 5 in Figs. 73 and 7b does not fol-
low the rule that the maximum J., leads to maximum J. decrease
with dose. Sample 5 was made from an alloy with a higher Ti
content and contained a-phase Ti-rich precipitates. The
precipitates as well as the cell walls acted as pinning centers
in the unirradiated sample, and the results indicate that the
irradiation did not affect the pinning characteristics of the
precipitates. The results of liquid-helium temperature irra-
diations are consistent and permit a fairly accurate prediction
of the effect on J. of fast-neutron irradiation and subsequent
anneals in high J., material. This is the sort of engineering
information required for magnet builders for future acceleratcr
or fusion-reactor magnets.

The ambient reactor temperature (v60°C) irradiations of
NbTi have little technological relevance and suffer from more
metallurgical questions (such as radiation-induced solute
segregation or precipitation) than low-temperature irradiations
as a result of defect mobility at the irradiation temperature.
For example, Soell, et al. (36) cbserved that the Ti-rich
precipital es were resistant to neutron irradiation at 5 K,
whereas, Tsubakihara et al. (43) attributed the decrease in
flux pinning after 60°C neutron irradiation to the break up
and re-soiution of the Ti-rich precipitates. An additional
example of defect mobility affecting the flux pinning is an
ambient temperature irradiation of Nb-10 at.?% Mo, which showed
an increase in F, due to a matching in the FLL spacing to an
integral number of periods of the spinodal decomposition pro-
duct (52). It was sugeested that the kinetics of the spinodal
decomposition could be greatly enhanced by the mobile radiation-
induced defects. Resistivity measurements on 6 K fast-neutron-
irradiated NbTi show 75% recovery by 350 K with the recovery
stage II1 at 250 K (stage II1 is at 200 K in Nb) (28). There-
fore, during an ambient temperature irradiation, the defects
are mobile and will be in the form of defect clusters or dis-
locations after the irradiation. The considerably different
flux-pinning properties of these structures and defect cas-
cades which result after a helium temperature irradiation, as



discussed in the Elemental Super:onductors section, show that
the measurements after ambient tamperature irradiations of al-
loys will be of little help in predicting radiation effects in
4 magret operated below 10 K.

Wohlleben (46) made a thorough iiwestigation of the influence
of 3.1-MeV proton irradiation at 25 K on Nb-66 at.% Ti. J.

was measured as a function of proton dose, magnetic field

(1 T<B<8T), and temperature (2.5 K - T - T.). Irradiation
resulted in a T, decrease of 0.17 K (T,o = 8.85 K) and an
almost uniform degradation of 19% over the entire pinning-force
density surface F, (B,T). A JC recovery of 60% was noted after
annealing 1 h at 285 K. The results were found to obey a

scaling law

Fp(B,T) = JB~ AFP max h (1-h) . (1)

2

Fp max A HCZ(T) (12)
where A is a constant that depends on the microstructure and
composition of the material. Similar scaling laws have been
found for many high-field superconductors (9). The fact that
the h dependence of Fy does not change during irradiation
shows that the mechanism responsible for the pinning has been
influenced relatively little by the irradiation-induced de-
fects. 1t is expected that the defects resulting from 3.1-
MeV proton irradiation will be primarily due to low-cnergy
events which are the result of the coulomb interaction. These
events will produce isolated Frenkel pairs that are immobile
at the 25 K irradiation temperature (28) and have been shown
to be weak flux-pinning sites (23,31). 1If the dislocation
structure of the cell walls is the predominant pinning
mechanism, as discussed previously, it is expected that the
introduction of a uniform distribution of isolated Jdefects
in the cell cores will not act as pinning sites but rather
decrease the cell-wall pinning. In other words, as ob-
served, the irradiation-induced defects do not change the h
dependence of F_ that is characteristic of flux pinning by
cell walls but only act to decrease the strength of the cell-
wall pinning as represented by Fp pax- Insertirg the experi-
mental results into Eqs. (1) and (2) shows that 707 of the
observed ¥, degradation is due to a decrease in A {Eq. (12)]
and 307 from a decrease in “CZ(T) due to the decrease in T..

Seiht et al. (45) irradiated Nb-58 at.” Ti with 5S0-McV
deuterons at 10 K up to a dose of 3.5 x 10'5/cm” and obse:rved
no change in J.. The number of defects n produced by ions of
mass M, energy E, and charge Z in the MeV epergy range is {53)



2% LosE (13)

n " L

and the defects are in the form of isolated Frenkel pairs that
result from low-energy events. A 50-MeV dt will produce "40%
as many defects as a 3.1-MeV pt. Therefore, 50-MeV d* to a
dose of 3.5 x 10V /em” would result in 15% as many defects as
Wholleben's 3.1-MeV p* irradiation to 1 x 10! /em”. Assuming
a linear change in J. with the number of defects, the irra-
diation would give a 37 decrease for this cxperiment which
is less than the measurement error, and, therefore, the ldack
of change in J. is reasonable.

COMPOUNDS

Recent 1y, considerable interest in radiation effects in
compound superconductors has been generated for technological
and fundamental reasons. Since Hep (4.2 K) for NbTi is 12 T,
all superconducting magnets that require a field greater than
this must use a compound superconductor such as NbijSn with
Heo (4.2 K) 25 T. If these materials are to be used in
magnets subjected to a radiation environment it is necessary
to know the effects of radiation on the superconducting prop-
erties as in the case of NbTi marnets. A recent review dis-
cusses the radiation effects in ' he various magnet components
(superconductor, stabilizer, insilator and structural mate-
rial) and the anticipated reutroi spectrum and flux level at
the magiet (54). Fundamental interest was initiated by the
fact that T. is a sensitive function of the degree of long-
range crystallographic order (LR)Y) in the sample (55), and it
was observed that neutron irradiition introduced sufficient
disorder to lower T, significantly.

Most radiation-damage experiments in compound supercon-
ductors have been on the A-15 compounds (A3B), which have
recentlv heen reviewed (56,57).  The structure consists of
ane B oatom on the cube corners and two A atoms along the {100])
direction on each face. This results in orthogonal chains of
A atoms along the three [100] directions, which are believed
to plav an important role in the superconducrivity of the
A=T% compounds.  Any break in these chairs by the introduction
aof B atoms on A sites will decrease the RO and result in a
degradation ¢y the superconducting properties. It has heen
shown that, for cempounds in which the B atom is not a transi-
tion element, the maximum T, is obtained for the compound
with the maximum LRO pavameter S (55), i.e. only A atoms at



T, (%)

A sites and B atoms at B sites. In VjAu., T, increased trom
0.7 to 3.Z K as S increased from 0.80 to 0.99. The metal-
lurgical problems involved in preparing A-15 compounds are
considerable in view of this high sensitivity to LRO and their
extreme brittleness. Recent experiments have resulted in the
highest T. for any superconductor. which is 23 K for a thin
film of vapor-deposited Nb3Ce (58).

A number of experiments have been jerformed in which the
change in T, as a function of fast-neut:-on dose has been
measured (59-61). The results of measu -ements performed after
irradiation at 10 K (59) and ambient reictor temperature (60)
(Fig. 8) show little dependence of the T, depression on irra-
diation temperature. Similar fractional TC decreases with

dose were seen in NbijAl and

Nby Sn Nb3Ga after the 140°C irra-
© Tyaap * 10 K, REF. 59 diation. The amount of dis-
A * 400 K,REF. 60 order introduced by irradia-
t.on depends on the number
of replacement events. Since
this is a function of the
initial damage event and not
subsequent defect annealing,
the change in S and T, should
be independent of irradiation
temperature. The small dif-

a

3 ferences observed can be at-
4| 3 5 — tributed to the use of dif-
» ferent TC measuring techniques;
NEUTRON DOSE, € > | MV (10" n/em?) resistance in Ref. 59 and

Fig. 8. Critical Temperature
Change T, in Nb3Sn with
Neution Irradiation.

induction in Ref. 60.

T, changes have been
measured by Sweedler and
Cox (62) in Nb3Al irradiated at 140°C up to 5 x 1012 n/em?
(E > 1.0 MeV) (62). For doses > 1.4 x 10'% n/cm?, no super-
conductivity was observed down to 1.4 K, the lowest tempera-
ture attained. The T. decreases (similar to Fig. 8) were
correlated with decreases in the Bragg-Williams LRO parameter
S. During the irradiation, the Nb3Al maintained the A-15
lattice structure, but S (as determnined bv neutron-josder-
diffraction) and Tc decreased, with T. a linear function of
S for the Nb site. The large amount of localized danage that
resulted from a high-energy neutron collision with a lattice
atom caused sufficlent replacement of Al on Nb sites so as to
severely degrade the superconducting properties. The use of
expressions of S for the Nb and Al sites and a consideration



of only a simple substitutional order-disorder model led to a
determination of the number of Nb and Al site exchanges as a
function of dose as shown in Fig. 9. It was seen that a

depression in TC of 2.2 #+ 0.2 K occurred for each percent of
Nb sites occupied by

% OF Nb SITES OCCUPIED BY Al ATOMS Al atoms, for 9.6 <
":6‘02?.02?‘@':2.5‘6|3,O|°" 18 5_22.6 o TC - 18.7 K. ThlS
AN RN N A Bt S depression rate is
.2 - quite large, and it is
b= NDyq Alyg . speculated that all the
ok _ A-15"'s will show this
sensitivity to atomic
0.9 ~ .
. ordering. For a sample
°~‘[ 1 of NbjAl with T, =
14
“oor - 18.7 K after 5 x 13*~
* osl 4 n/cm”, T. was less than
o8k ] 1.4 X, but a 750°C an-
oel ] neal for 10 min resulted
: in T, = 15.9 K and after
0.3t - 80 min T, = 17.7.
02 ~
ol 4 Some preliminary
L1 ITLX ,??1 o ] results indicate that
O O 02 03 04 05 06 Q7 08 09 10 t he TC of Laves phase
o Sa . raterial such as VoHf
Fig. 9. T. Changes due to Reacton is less sensitive to
Neutron Irradiation at 140°C as a radiation (i.e. less
Function of the Bragg-Williams depressed) than the

A-15's but the recently
discovered PbMoySy is
more sensitive. After fast-neutron irradiation at 60°C to

2 x 1018 n/em? (E > 0.1 MeV), the fractional T. depression

was 57 in Nb,Al, 27 in VHf, 147 in PbMogSy, and 127 in
SnMogSg (63). After reactor neutron irradiation at 140°C to
101° " n/cn? (E > 1 MeV), the fractional TC depression was 50%
in NbgAl, 10%Z in VoHf, and >70% in PbMoESB (64).

Order Parameter for Nb.

J. was measured by Brown et al. (65) in multifilament
wires of Nb3Sn with a high Jeo (1.5 x 10%® A/cm” at 3.2 T and
4.5 K) that were irradiated at 6 K with fast neutrons to a
dose of 1.8 x 10!'8 n/cm? (E > 0.1 MeV). The fractional
changes 1in JC (as defined by a 1-uV signal over 7 mm) are shown
in Fig. 1U. The JC increases are seen tc be greater at larger
fields and decreases are observed for H < 0.8 T. As the dose
increased, the J, increase saturated and decreased for higher
doses: the saturation dose was largest for the highest field.
No T. changes were measured, and it is estimated that T. de-
creased by <1 K at the highest dose (Fig. 8). Approximately



I L L KR 15% of the change in J. re-
covered after an 83 K anneal
and 257 by 295 K. It is
probable that the initial
increase in JC is due to

the enhanced pinning from

the cascades. The saturation
and eventual decrease in Ja
at higher doses are due to

a saturation in the cascade
pinning that occurs after a
dose for which the deleterious
effects of T, and H.) changes
become significant.

Hel3T The field dependence of
the saturation dose can be
qualitatively explained on
this basis if one realizes
that the most fundamental
measure of the flux pinning
in & type-I1 superconductor
is the volume-pinning~force
density FP (= JCB) as a
function of reduced magnetic
@2 Qs 0 14 L8010 300 £y014 4 = H/H., (2). Tt has

41107 nfem?) ;::gt:hlga been observed for many of
— - the high-field superconduc-
Fig. 10. Fractional Change in tors that the pinning~force
Jo after 6 K Fast-Neutron Irra- density obeys a scaling law
diation. of the form
F = H "f(h,d) (14)
p c

where the exponent m is > 2, and f(h,d) is a function of the
reduced field h and the gefect microstructure represented by
d (9). Furthermore, the field dependence can be expressed as

f(h,d) = A(d) h"(1-h)? 5

where n is a constant. The dosc dependence of the three terms
in Fp (T _, Hags and d) can be scen by calculating the dif-
ferential change in Fp with dose (65)

Al A REI
‘Ic Fn _ [ aT Alanz 3luA(d)

" C
¢, T + CZ(h) 000) +C, 3060) ]Aét (16)

The first term within the brackets is negative, since T, de-
creases with dose (= ¢t), and cerresponds to the deleterious



effect of T, decreases on the critical current. The tivird

term is positive and corresponds to the increase in cascade
pinning with dose [A(d) depends only on microstructure]. How-
ever, at high doses saturation occurs, as in the case of Nb,
because of overlap of the neutron-damaged regions (17) and

this term becomes smaller as a function of dose. Although
neither the first ner the third term is a function of applied
field, the coefficient of the second term is strongly dependent
on H; negative at low fields and positive at high fields. The
second term corresponds to the change in J_. as a result of the
increase in H., with dose [see Eq. (4)]. If the values of Cj,
Cy, and Co(h) are of the correct magnitude, A3 /Jeo will be
negative at low H and positive at higher H, which is the be-
havior ohserved in Fig. 10. Moreover, since the magnitude of
the positive third term decreases with dose as a result of the
saturation effect of overlapping cascades, the field above
which a reversal in sign of AJ./Jco occurs from negative to
positive will increase as the dose increases, again as ob-
served. The cascade overlap is seen to be significant after
low deses, since a peak is observed at 6 x 10 7 nf/em? for H =
1.23 T, which is approximately equal to the saturation dose
observed in Nb (17). This model could not be quantitatively
tested since it was not possible to install a magnet capable
of measuring H.p (>14 T). It would be interesting to test
this model by measuring a high J., sample at higher fields

or at higher temperatures (and use scaling laws) to determine
He.o and 3Hcp/3(¢t) and to doses (~10'? n/cm”) where T, de-
creases would have a significant effect on Fp changes.

The thermal transition current I7, which corresponds to
the complete thermal transition to the normal state, was also
measured. The transition from the superconducting to the
normal state depends on rthe applied field, current density,
and heat generated by the voltage drop across the sample. IT
depends on both thermal and fundamental superconducting prop-
erties. The Nb3Sn layers are embedded in a Cu-Sn alloy, and
the increase in normal-state resistivityv with irradiation and
the Wiedemann-Franz law predict that the thermal conductivity
of the cladding will decrease with dose. Therefore, I will
depend on the F; changes, as discussed above, and on the de-
crease in thermal conductivity of the cladding as the dose
increases. As the capability of the cladding te conduct heat
from tne NbqSn decreases with dose, it is expected that I
should decrease with dose more rapidly than J.. This is ob-
served as the peak in I+ versus dose occurs at a smaller dose
than the peak in J.- The apparent inconsistent increase in )
Iy during annealing is due to a larger recovery in the thermal
conductivity of the cladding (v60% by 295 K) than the Je of
the superconductor (v25%), resulting in an enhancement of IT.



The application of
P these results to fusion
mignets is indicated in
Fig. 11. This is a
compilaticn by Ullmaier
b (54) of ti+ results of

5 K ncutron irradiations
in NbTi (36} and NbjSn

y (65) and the estimated
neutron dose (66) in~

TYPICAL RANGE NOTI

SOELL (RFF. 26) 4 cident on a magnet after
[ 10 years of continuous
ok 12 .6 operation. The neutron

spectrum is similar to
a fission spectrum (66),
. . . and therefore the bulk
Fig. 11. Fractional Change in J_. of the superconductor in
inr NbySn and NbTi after 6 K Neutron .

the magnet will not show

6 1(10'® njem?) —o

Irradiation and Estimated Neutron P .

I 3 significant detrimental
Dose in Fusion Magnet after 10 s .
Years effects of radiation
ears. after long periods at

the estimated flux.

Measurements have been made by Colucci et al. (67) of
Nb3Sn samples prepared and neutron irradiated at 6 K, with
irradiations similar to those given in Ref. 63 except that
a warm up to 78 K occurred during the transfer to a 10 T
magnet before measurement. Less than 15% recovery in J. was
seen at this temperature (65). The increase observed after
5 x 1017 n/cm? (at 3.2 T) agrees with the data of Raf. 65.
Also, [\JC/JCo increases as the field increases, ard the 50Y%
increase seen at 10 T agrees quite well with an extrapolation
of the results in Fig. 10. The AJ9 increases =iter 1.1 x 10}8
n/cm? were less than after 5 x 10!’ n/cm? and do not agree with
Fig. 10 (68). Higher dose experiments and measurements that
determine the changes in H., with dose and annealing are ia

pProgress in an attempt to understand the discrepancies.

It has been observed that grain boundaries are the pre-
dominant flux-pinning mechanism in NbySn with larger J. for
smaller grains (69,70). Different fabrication processes (i.e.
heat-treatment time and temperature or inpurity addition) re~
sult in different grain sizes and, thereiore, different J.q.
The work in NbTi showed that the change in Jo with irradiation
was a function of J.,, which depended on the cell size. 1In
Nb3Sn, a dependence of the change in Jo with irradiation was
also seen to be a function of J., which depended on grain size.
Nb3Sn wires made bv vapor-phase diffusion have heen irradiated
at 6 K with reactor spectrum neutrons to 3.9 x 10!8 n/cm



(E > 0.1 MeV) (71). J., was 6 x 10% A/cm? (at 3 T and 4.2 X),
which is more than a factor of two lower than the J., of Ref.
65. A J. enhancement by a facter of 2.5 (1.5 T < H < 5 T) and
a T. reduction of 0.8 + 0.1 K were observed. Approximately
half of this enhancement remained after annealing to 250 K.
These results are not inconsistent with Ref. 65, since the J.
after the present irradiation was approximately the J., given
in Ref. 65. It is expected that J. would decrease at higher
doses.

No changes in J. on Nb3Sn wires similar to those used in
Re . 65 were observed by Parkin and Sweedler (72) after reac-
tor neutron irradiations to doses <2 x 1018 n/cm? (E > 1 MeV)
at 60°C, which is in a dose regime where substantial increases
in J. were observed (Fig. 10) aiter 5 K irradiation. The
large decreases in J. after highler doses are attributed to de-
creases in T.. Therefcre, althcugh the radiation-induced dis-
order and resultant T, decrease: are comparable after 6 K and
100°C irradiation (Fig. 8), the different types of radiation-
induced structures have substantially different efrects on the
flux pinning. The results in Nb show that at low doses the de-
fect cascades present after 6 K irradiations are much more ef-
fective at flux pinning than the clusters or loops present
after 60°C irradiation to an equal dosc. It is seen that the
same is true in Nb3Sn.

Preliminary results indicate that samples irradiated as
in Ref. 72 show an increase in Jeo at higher fields (H > 4 T)
upon irradiation and decreases in J. at large doses (73).
Similar samples of Nb,Sn showed no change in J. (at 4 T) after
14-MeV neutron irradiation at room temperature to a dose of
1 x 1018 n/em? (74). Nb3Sn wires made by vapor-phase dif-
fusion were reactor neutron irradiated at 80°C up to 5 x 1018
n/cm? (E > 0.8 MeV) and measured up to 10 T (75). Increases
in J. by a factor of three were seen alter 1 x 1018 a/cm?
with a flattening of the J.(Hj curve aiter 5 x 1018 n/em?,
i.e. decrease in J_ at low H and increase at high H. The low
Jeo (“& % 10% at 37T and 4.2 K) makes these results con-
sistent with other high-temperature irradiations (61,72).
Simultaneous irradiation of NbjAl, Nb3(Al,Ge), and V3Si showed
similar results. The earlier irradiations of A-15 compounds
were performed on low J., material (76-78). As in NbTi. a
dependence of the change in J. with irradiation on J.o was
seen. For example, neutron irradiation at 50°C on vapor-
deposited Nb3Sn, with J., = 0.95 x 10° A/em? (at 1.4 T and
4.2 K), showed an increase to 1.3 x 10° A/cm? after 1.4 x 10!8
n/em? (E > ?) (76). The same irradiation on a Nb3Sn sample
with J.o = 9.5 x 10% Afcm? led to a decrease to 0.9 x 10°
Alcem?.



Bauer et al. (75) have irradiated ??“U—dopod samples of
A-15 compounds. Irradiation in a thermal-neutron flux at 80°C
causes fissioning of the 23%U and a high damage rate results
from the fission fragments. This is a mixture of isolated de-
fect and fast-neutron type of damage but has becen shown at
high doses to approximate fast-neutron irradiation (79).
Initial increases in J. with dose can ag:in be attributed to
the relatively low Jeg 8 x 10° A/em? (at 3 T and 4.2 K). At
intermediate doses, a dramatic flattening of the J.(H) curve
occurs, as was observed in Ref. 65. Irradiation to higher
doses resulted in substantial decreases in J., which is at-
tributed to the decrease in T. that is significant at these
doses. Samples duped with 7B show similar but considerably
less pronounced results because of the damage that results from
the (n,a) reaction. Both doped samples of NbqSn showed de-
creases in T. proportional to an increase in the lattice con-
stant. This is consistent with the data of Ref. 62, which at-
tributes the decrease in T. to an c<xchange of Nb and Sn atoms
that results in a decrease in the LRO and an expansion of the
lattice. Damage that resulited from the (n,t) reaction with
10B or the 23“Y fission did not inrrease J¢ to a value greater
than that after fast neutron irradiation.

The problem with compariny these results with those of
Refs. 65 and 72 is that in the latter experiments J., wis
larger than the maximum J. obtained in the present experiment.
The low J., materianl has a high degrce of order, as seen bv a
high Tco, but a nonmaximized flux piining microstructure and
the irradiation simultaneously decreases tle first and improves
the second. After a dose at which Jo has lecome large, the
deleterious effects of TC decreases are becoming significant.
Thus, it is difficult to predict the irradiation effects in
high Jco material from the results on low J., material.

The change in T. was measured after 25-MeV oxygen-ion ir-
radiation at 30 K on vapor-deposited Nb3Sn ribbons (80). T.
decreased with dose, and after 1.5 x 10'% jons/cm?, T. had
decreased to 4 X from an initial value of 18.5 K. Only 37 of
the decrease recovered after a 300 K anrneal. The T. changes
are again explained as the result of radiation-induced dis-
ordering. The changes in Jo in similar samples were measured
after 24-MeV oxypen-ion irradiation at 110°C (81). J. far
initially low Jeo material (5 x 10% Alem” at 3 T and 4.2 K)
increased approximately 50% after 3 x 10!“/cm’ and decreased
to below J., after 1.6 x 10!°/cm”. As discussed in the NbTi
results, this type of radiation is expected to result
primarily in low-energy events which will produce isolated
point defects that will cluster at this irradiation tem-
perature. The average energy transferred in the primary
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Recent work by Secibt et al  (83,34) on V3Ga and Nb3ySn
irradiated with 50-MeV deuterons up to 4 x 1077 d/em” below
I8 K show behavior similar to that presented in Fig. 10.  In~
creases in Jo oof up to 757 (at 7 T) were seen in Nb3Sn, with
the preatest increase for the largest fieid. The increase
saturated below 5 x 10°€ d/¢m’ and I, decreased for higher
doses. J. for ViGa showed a similar change wirh dose, and
the percentage increasc and saturation dose depended on J .
The change in T. was much smaller than the previous 25-MeV
oxvgen irradiation (80) jas predicted by Eq. (17)) with a 77
reduction after 1.9 x 10!7 d/cm” (Teo = 17.8 K).

B-1 compounds [NbN and Nb(¢,N)) doped with !0B and ~3"U
have been irradiated at 70°C (85). The changes with irradiation



were considerably less dramatic than for the A-15's with small
increases in H.y and the lattice parameter and no changes in
Te. Jeo decreased in NbN and increased in Nb{C,N), with the
largest changes seen at the peak in J.(H) near Heo-

Considerable work has been done in alloys to maximize J.
by cold-work, addition of impurities to form precipitates, and
various heat treatments. Methods to increase J. cannot be ap-
plied as ecasily to the A-15 compounds because of their sensi-
tivity to LRO and severe brittleness. A tension strain
onlv 0.27 will result in cracking (86). The addition of
impurities has raised J., but it is not known if this is
due to pinning by impurity precipitates or if the grain growth
is inhibited by impurities. Lowering the reaction temperature
decreases the grain size and increases J., but a slow growth
rate results. A reaction temperature of 600°C produces small
grains of 450 X diameter, but 500 h where required to yield
a 2-u-thick Nb3Sn layer (69). Reaction temperatures that
would vield maximum flux pinning (smill grains) would proceed
in a prohibitively slow manner. The various methods to en-
hance J. are covcred in the review (36), and we have mentioned
briefly some of the metallurgical problems to permit a better
understanding of the radiation effects. The high J. alloys
have been prepared in a manner that will give maximum J., and
it is not surprising to observe that a change in metallurgy
in high J. material by any means (e.g. any type of irradiation)
leads to a decrease. However, it is not possible to "maximize"
J_. for the compounds because of metallurgical considerations.
Therefore, it is reasonable that J. can be raised cven for
high J., material by a process that will introduce flux-
pinnirg sites and not affect LRO or strain. It was seen that
low doses of fast neutrons at 6 K produce the required damage
{(65). Higher doses lower the LRO, and irradiations at higher
temperatures and low doses result in weaker flux-pinning sites.

CONCLUSIONS

The effect of radiation on the superconducting transition
temperature (T.), upper critical field (Hsp), and volume-
pinning~force density (F,) were discussed for the three kinds
of superconducting matergal (elements, alloys, and compounds).

Elements

Most information on fundamental fluxoid-defect interactions
(7,,) has been obtained from experiments in elements, since the
start fng material has a well-characterized nature. Calculated
values of Fp for defect cascades, dislocation loops, and voids



agree with exper ment. Small TC and large Heo changes are
in good agreement with theory.

Alloys

Interpretation of flu:-pinning experiments in alloys is
difficult due to the preseice of more than one type of defect
that has the capability of flux pinning {(such as dislocations
or precipitates and radiation-induced defects). The sign and
magnitude of the chinge in F, after irradiation is a function
of the initial metallurgical condition, as characterized by
the unirradiated Fp (F O). F,, decreases with irradiation in
high Fpo material and increases in low Fpo material.

Compounds

Although T. decreases very little with irradiation in the
elements and alloys, the T. of compounds can be substantially
reduced as a result of radiation-induced disordering. Changes
in T., Hco, and the defect microstructure must be considered
when analyzing the Fp changes due to irradiation. As in the
case of alloys, the magnitude of the change in Fp with irra-
diation is a function of the initial metallurgical state.
However, even in high F,, material, Fp can increase at low
doses where T. decreases are small.

A good phenomenological understanding of the effect of
irradiation on the properties of superconductors exists. It
does not appear at present that radiation effects in supercon-
ductors (for fusion magnets) will be a technological limitation.
Work in the future should concentrate on experiments that can
determine the fundamental defect-~fluxoid interaction for the
defect structures resulting from different types of irradiation.
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