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The critical current density J, in YO,Gdo &Ba2Cu30& was found to increase relative to the unirradi-
ated value following neutron irradiations in a mixed-spectrum reactor (total neutron fluences ranged be-

tween 1 X 10" and 2 X 10" n /cm'). Additional neutron irradiations of structurally similar

GdBazCu307 were carried out in either a highly thermalized or a pure fast-neutron environment (in

the same reactor). This was done to determine whether enhancements in J, are to be attributed to de-

fects arising from interactions with thermal neutrons {E„-0.025 eV) or with fast neutrons (E„&0.1
MeV). Magnetic-hysteresis measurements on these samples indicate that flux pinning (and thereby J, ) is

enhanced by fast-neutron irradition, but not by thermal-neutron irradiation. On the other hand, the
critical temperature T, is significantly altered by exposure both to thermal and fast neutrons. It is pro-
posed that thermal neutrons induce the formation of Frenkel pair defects on the rare-earth sublattice,
but that these point defects do not serve as e6'ective flux-pinning centers.

INTRODUCTION

The study of neutron irradiation effects in high-
temperature superconductors (HTSC) is currently an area
of extensive investigations in both polycrystalline' and
single-crystal materials. An important result of this
activity is the report of enhanced critical current density
(J, ) in the superconductor YBazCu307 „upon exposure
to fast neutrons. At low neutron fluence, the enhance-
ment in J, is attributed to the creation of defects in the
crystalline lattice that act as pinning sites for the magnet-
ic Aux. Higher neutron Quences produce more damage
to the crystal lattice and deleterious effects on the super-
conducting properties.

The purpose of the study presented here is to distin-
guish the roles of thermal and fast neutrons in inducing
damage in HTSC materials containing gadolinium (Gd),
and the role of such damage on superconducting proper-
ties. The compositio~s Yo 9Gdo, Ba2Cu, 07 and
GdBazCu307 „were chosen for this study in order to in-

itiate defects on the rare-earth sublattice. This is
achieved as a result of the very large cross section for
thermal-neutron capture of the Gd dopant ( ( o'r )
—5 X 10 b). Upon neutron capture, the Gd nuclei relax
to their ground states by y-ray emission. The momentum
transfer to the recoiling Gd nucleus by this mechanism
can result in the ejection of the Gd nucleus from its lat-
tice site. In a reactor with a large thermal component in
its neutron spectrum, a substantial fraction of defects are
produced by this mechanism as compared to fast-
neutron-induced defects, where the cross sections for
neutron-nucleon interaction are, with a few exceptions,
between 1 and 10 b. Results are compared to other
HTSC neutron damage studies.

EXPERIMENTAL PROCEDURE

Powders of Gd203, Y2O„BaO, and CuO were ball-
milled together and pressed into disks approximately 3

cm in diameter and 4 mm thick. The pellets were sub-
jected to a series of heat treatments in one atmosphere of
oxygen as follows: 300—775 K in 5 h, 755 —1175 K in 6
h, hold at 1175 K for 24 h, 1175—775 K in 24 h (the oxy-
genation step), and 775 —300 K in 5 h.

The composition of the Gd-doped sintered pellets were
nominally Yo 9Gdo, Ba2Cu307 „. The oxygen sub-
stoichiometry x was not measured by this study. Howev-
er, the onset of the critical transition temperature T, on-
set was measured (discussed later) and it was found that
T, onset &90 K. Cava et al. ' measured T, versus x for
pure YBa2Cu307 „and their results imply that the bulk
average value of the oxygen content is probably x & 0. 1

in this experiment. Small amounts of second phase ma-
terial were evident using x-ray powder diffraction and a
second discontinuous phase was observed between HTSC
grains in partially polarized optical micrographs. This
second phase amounts to less than 5% by volume. Here-
after, Yo 9Gdo, Ba2Cu307, will be abbreviated
YGdBCO.

The sintered YGdBCO pellets were repulverized for
neutron irradiation using a mortar and pestle. The
HTSC powder was dispersed onto an aluminum plate
with a 125-pm depression machined in it. This shallow
depression insured that the neutron Aux at the sample
center was not greatly diminished by the strong absorp-
tion effects in the Gd-containing HTSC material. Anoth-
er aluminum plate was clamped on top and this entire
sandwich placed in a cylindrical aluminum canister. The
canister was then cold welded in preparation for irradia-
tion.

Pure GdBazCu307 sintered pellets were also
prepared for this study. GdBa2Cu307 „will be abbrevi-
ated GdBCO from now on. The bulk GdBCO samples
were thinned on diamond impregnated papers to produce
slabs with thicknesses of either —100 or -300 pm (the
former for thermal-neutron irradiations, the latter for
fast-neutron irradiations). These slabs were then
wrapped in aluminum foil and placed in aluminum canis-
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ters. A separate sample was prepared for each irradia-
tion, with HTSC masses ranging from 10—200 mg.

Neutron irradiations were carried out in three different
irradiation positions at the Omega West reactor at Los
Alamos National Laboratory: (i) a thermal spectrum
port, consisting of a thermal (( 10 eV) flux of 3.4X 10'
n,„/cm s and a fast ()0.1 MeV) flux of 2.7X10'
nf /cm s; (ii) a fast spectrum port consisting of a thermal
flux of 10 n,h/cm s and a fast flux of 4X10'
nf /cm s; and (iii) a mixed spectrum port, consisting of a
thermal flux of 4X10' n,h/cm s and a fast flux of
4X10' nf/cm s .The fast-neutron flux [i.e., the in-

tegrated neutron flux above the Cd cutoff at 0.5 eV (Ref.
11)] in the thermal port was estimated based on a value
for the Cd~„ratio of 9.0. ' The temperatures during irra-
diations were —50'C, -75 'C, and -60'C for the
thermal-, fast-, and mixed-neutron irradiations, respec-
tively. All neutron flux values reported here refer to the
neutron flux at full reactor power, which is 8 MW at
Omega West.

Superconducting properties of the unirradiated and ir-
radiated samples were determined with a Quantum
Design Model MPMS SQUID Magnetometer, which has
range capabilities of 1.8 to 380 K and 0 to +55 kOe. The
powder samples were packed into plastic drinking straws
and confined between small pieces of quartz wool. Zero-
field-cooled and field-cooled susceptibilities were mea-
sured at 10 Oe as a function of temperature. The super-
conducting transition onset (the first diamagnetic devia-
tion from the normal-state susceptibility) and midpoint
(the temperature at which the susceptibility is —, of the 7
K value) were determined from the zero-field-cooled data.
Magnetization curves were obtained at 7, 25, 45, and 75
K after cooling first in zero-field to the measuring tem-
perature and then ramping the field to maximum values
of +50 kOe, so as to trace out a complete hysteresis loop.

EXPECTED THERMAL-NEUTRON EFFECTS

The kinetic energy of a recoiling Gd nucleus in a radia-
tive (n, y) capture event may be estimated using conser-
vation of momentum. The recoil is the sum of the "kick"
caused by the incident neutron and the kicks due to the
emission of all subsequent photons (typically several y
photons are emitted per capture). To calculate the mean
recoil energy ( T) it is assumed that the emission of y
rays is isotropic and uncorrelated. ' Then the photon
component of recoil depends on the average of the square
of the gamma-ray energy E over the entire photon
emission spectrum

&E', )
T = E„+1+A " 2(1+ A)m„

where (T) is the average recoil energy of the nucleus
after (n, y) decay, A is the atomic weight of the target
nucleus in atomic mass units (amu), E„ is the energy of
the incoming neutron, and m„=931.494 MeV/amu is the
energy equivalence constant for one atomic mass unit.
The leading term, which represents kinetic-energy
transfer to the target nucleus by the incident neutron, is

negligible for thermal neutrons. For the ' Gd nucleon,
which possesses the highest thermal-neutron capture
cross section of all isotopes [Or =2.55X 10 b (Ref. 14)],
the mean recoil energy of the transmuted ' Gd daughter
is 34 eV [determined using Eq. (1) and the y-ray emission
spectrum for ' Gd (Ref. 15)]. Likewise, the same
analysis reveals that the mean recoil energy of the
transmuted ' Gd daughter of the ' Gd nucleon
[o &

=6. 1 X 10 b (Ref. 14)] is 29 eV. These two reactions
are singled out because ' Gd and ' Gd account for
99.99%%uo of all neutron capture reactions in this material.

These calculated recoil energies are close to typical dis-
placement threshold energies in many engineering ma-
terials, i.e., Ed-25 eV. ' If one accepts a displacement
threshold energy of Ed=25 eV for Gd, and employs a
Kinchin-Pease model' to determine the number of
secondary displaced ions v( T) per primary (n, y ) reac-
tion, one concludes that on average only one ion is dis-
placed per reaction, that being the primary knock-on Gd
ion. Thus a Frenkel pair defect on the Gd sublattice is
produced with each (n, y ) reaction. The consequence of
neutron capture reactions is a largely undisturbed crystal-
line lattice with randomly distributed Frenkel pair de-
fects on the Gd sublattice.

RESULTS

YGdBCO: Mixed-neutron spectrum irradiations

Figure 1 shows the sample volume magnetization M
measured at T=7 K plotted versus applied magnetic
field H, for unirradiated YGdBCO and the same material
irradiated to a total neutron fluence of 2X10' n/c m.

Sample magnetization measurements were also carried
out at three higher temperatures (25, 45, and 75 K) and
on samples irradiated to seven different fluences.

The irreversibihty or hysteresis, the difference in M be-
tween increasing and decreasing branches of the magneti-
zation curve, is attributed to the presence of flux-pinning
sites in the material. ' Flux pinning allows the establish-
ment of magnetic-flux gradients as H, is varied. By
Ampere's law, these flux gradients are accompanied by a
current density J. Within the critical-state model of
Bean, ' each volume of material that has developed a flux
gradient is assumed to carry the maximum possible (criti-
cal) current density J„consistent with the strength of the
pinning present. With the further assumption that J, is
independent of H„ the magnetization data here may be
easily analyzed to obtain values of J, . For the simplest
case of a long thin cylinder oriented parallel to the ap-
plied field, the critical-current density is expressed as
J, =15 hM/d, where J, is in A/cm, AMis the total hys-
teresis in emu/em, and d is the sample diameter in cm.
Other sample geometries involve more complex propor-
tionality constants. ' The increase in the area of the hys-
teresis loop for the irradiated sample is attributed to an
increase in J, caused by radiation-induced defects in the
lattice. "'-"'

Figure 2 shows values of J, at a field of H, = 10 kOe
for YGdBCO as a function of neutron fluence as deter-
mined from the above analysis. The value of 1.46 pm
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FIG. 1. Magnetization M as
a function of applied magnetic
field H, as measured at
T =7 K for unirradiated

+0.9Gdp. 18a2CU307 and for
the same material irradiated to a
total neutron fluence of 2X10"
n /cm . This irradiation took
place in the South Hearn Port of
the Omega West Reactor, a
mixed-neutron spectrum facility.
The port for this irradiation is

characterized by a thermal-
neutron flux of -4 X 10"
n, h

/cm' s and a fast flux of
-4X 10"nf /cm's.

used for d is the average value of the grain diameter as
determined from scanning electron microscopy observa-
tions of approximately 100 grains. It is assumed here
that the dominant contribution to hM is due to in-
tragranular circulation currents and that any contribu-
tions from intergranular currents in multigrain particles
are negligible. ' Due to this and other assumptions in this
analysis (J, =const and the cylindrical approximation to
the sample shape), the absolute magnitudes of J, have
some uncertainty, whereas the relative values are expect-
ed to be much more accurate.

These results indicate significant enhancements in the

YP 96dP 1 882CU307 &

intragranular J, following low-dose exposure to a mixed
spectrum of neutrons. The additional Aux pinning from
neutron irradiation increased J, by a maximum factor of
7.5 at 10 kOe. This was observed at a total neutron
fluence of 5X10' nIcm at 75 K and also at a total
fluence of 2 X 10' n /cm at 45 K.

Figure 3 shows the effect of the neutron irradiations on
the critical temperature T, . Both the T, onset and the T,
midpoint are plotted as a function of the total neutron
Auence. These are with the samples zero field cooled and
measured in a field of 10 Oe. The T, onset remains virtu-

ally constant at about 92 K out to a fluence of -2 X 10"
n Icm, while the T, midpoint drops from about 85 to 83
K. Beyond 2 X 10' n /cm fluence, both values decrease
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FIG. 2. Critical-current density J, at an applied field of 10
kOe for Yp9Gdp iBa2Cu30& as a function of total neutron
fluence (South Beam Port, Omega West Reactor; mixed-neutron
spectrum; irradiation conditions are characterized by the same
thermal and fast components as described in Fig. 1).

FIG. 3. Critical temperatures T, onset and T, midpoint (see

text for description) plotted as a function of total neutron

fluence (South Beam Port, Omega West Reactor; mixed-neutron

spectrum; irradiation conditions are characterized by the same

thermal and fast components as described in Fig. 1). Measure-
ments were made after cooling the sample to 7 K, applying a
field of 10 Oe, and measuring while warming the sample.
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sharply so that T, midpoint is only -63 K at a fluence of
1 X 10' n /cm . The zero-field-cooled superconducting
volume fraction varies from about 0.8 for low fluence ir-
radiations, dropping off only for the two highest fluences
to 0.6. The field-cooled volume fraction showed a similar
dependence on fluence, dropping from 0.3 to 0.15. (The
superconducting volume is calculated from the measured
mass and the x-ray density and assuming a demagnetizing
factor of —,

' for a sphere. )

Figure 4 shows the number density P, of neutron cap-
ture reactions for ' Gd, ' Gd, and "all-Gd" (the latter
refers to the sum of interactions with all Gd isotopes) as a
function of total neutron fluence for this mixed spectrum
irradiation. The number of "burn-up" reactions per cm,
p, , for the jth isotope is given by p =N 0 4t, where N
is the concentration of the jth isotopic reactant in cm
Or is the cross section for (n, y) neutron capture in cm
by that isotope, 4 is the neutron flux in n /cm s, and t is
the elapsed time in seconds.

Figure 5 shows the number of displacements per atom
(DPA) due to neutron capture, normalized either to the
total number of ' Gd+' Gd reactants or to the total
number of atoms in the YGdBCO structure, as a function
of total neutron fluence. Total DPA is defined as Pv/Nc,

YQ 9Gclp q B82CU307

where P is the (n, y ) reaction density summed over all Gd
isotopes, v is the average number of secondary displace-
ments per primary displacement [which here is taken to
be one per (n, y) reaction], and No is the atomic density
of the material. Also shown in Fig. 5 is the average spac-
ing of defects in the crystal structure resulting from
thermal neutron capture.

Using simple approximations, one can estimate fast-
neutron damage and make a useful comparison with cal-
culated neutron capture effects. Assume that o.f =2 b is
a representative fast-neutron elastic scattering cross sec-
tion' and assume a fast-neutron fluence haft =1X10'
nf/cm (the case for maximum flux-pinning enhance-
ments at T =45 K). Then one finds the fast-neutron-
induced primary knock-on (PKA) density is given by
Pf=Ncof@ft=l. 5X10' cm . From Fig. 4, the (n, y)
reaction density at this fluence is about 1.5X10' cm
suggesting that the PKA/(n, y) reaction density ratio is
—1/100. (The fast-neutron fluence of interest here is
1X10' nf/cm; the total neutron fluence is twice this
value, i.e., 2X10' n/cm, since the fast-neutron flux
represents about half the total flux in the mixed-spectrum
irradiation position. )

Each PKA ion produces a cascade or displacement
spike that consists of numerous secondary displaced ions.
The details of such cascades were examined by computer
simulation using the Monte Carlo code TRIM. PKA
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FIG. 4. Calculated number density of neutron (n, y) capture
reactions for '"Gd, ' Gd, and the sum of all Gd interactions,
for Yo 9Gdo lBa2Cu307 „as a function of total neutron fluence
(South Beam Port, Omega West Reactor; mixed-neutron spec-
trum; irradiation conditions are characterized by the same
thermal and fast components as described in Fig. 1). The neu-
tron spectrum for this calculation was obtained from earlier cal-
culations (Ref. 22) using the DANDE code system (Ref. 23),
which describes the fuel within a plate of an Omega West Reac-
tor fuel assembly. The code ToAFEw-5 (Ref. 24) was then used
to produce four-group integral flux values covering the neutron
energy range from 10 to 10 eV. The code TOAFEw-5 also
generates the associated four-group flux-weighted average cross
sections needed for the burn-up calculation. Finally, the num-
ber of reactions per cm' as a function of irradiation time was
calculated using the cINDER-2 code (Ref. 25).
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atoms in Y09Gdo &Ba2Cu307 „, as a function of total neutron
fluence (South Beam Port, Omega West Reactor; mixed spec-
trum; irradiation conditions are characterized by the same
thermal and fast components as described in Fig. 1). Also
shown is the average spacing of defects in the crystal structure
resulting from neutron capture, assuming the Frenkel pair de-
fect mechanism discussed in the text (a Frenkel pair is counted
as one defect). Furthermore, it is assumed that all thermal-
neutron capture events on the Gd sublattice lead to the produc-
tion of Frenkel pairs and that all of these point defects survive.
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casca,de simulations reveal that a large distribution is to
be expected for v(T), the average number of secondary
displacements per PKA displacement. If v is taken to be
5 X 10 (based on TRIM results), then the total DPA due
to fast neutrons for the fluence considered here is 10
Though fast-neutron-induced defects are significantly less
abundant in the lattice than thermal-neutron-induced de-
fects, this result suggests that the total lattice damage at-
tributable to fast neutrons in this experiment is greater
than that due to thermals by about a factor of 10.

It is more diScult to estimate the size and spacing of
fast-neutron-induced defects that may actually be respon-
sible for flux pinning. In the simple terms of displaced
atom counts, fast-neutron-induced cascade defects are
larger than (n, y) reaction defects. But cascades are
made up of subcascades, i.e., point defect clusters linked

by damaged matrix material (e.g. , see Thompson ). In a
simulation such as TRIM, these appear as "lobes" adja-
cent to the path denoting the PKA trajectory. They can
range in size from just a few displaced atoms to hundreds
of vacancies and interstitials. For low-energy PKA's
with short range, subcascades are spatially close and the
PKA cascade can be treated as a single entity. TRIM re-
sults indicate, for example, that within the longitudinal
range of a 3-keV Gd PKA ( -3 nm), only one or two sub-

cascades consisting of more than 10 point defects are pro-
duced per PKA (these subcascades are initiated by secon-
dary knock-on ions). But in the case of high-energy
PKA's, spatially distinct subcascades are more apparent

in TRIM simulations. For instance, the longitudinal range
of a 61-keV Cu PKA is about 30 nm. TRIM results indi-
cate that along this extended range, at least 10 subcas-
cades are typically present, consisting of more than 10
point defects, and 2 —3 of these subcascades contain more
than 100 vacancies and interstitials.

In summary, fast-neutron-induced PKA defects are ex-
tended and widely spaced compared to the closely spaced
thermal-neutron-induced Frenkel pair defects. But PKA
cascades are complicated by a wide distribution of sizes
and substructure. It is not possible to estimate the size
and spacing of fast-neutron-induced defects that may
play a role as flux-pinning centers. Also, at this stage,
whether or not thermal-neutron-induced defects, fast-
neutron-induced defects, or both, play a role as flux-
pinning defects, is not clear. The next section describes
an experiment that addresses this issue.

GdBCO: Thermal- and fast-neutron spectra irradiations

To determine the defects responsible for flux-pinning
enhancements in the YGdBCO material, an experiment
was designed to separate thermal- and fast-neutron
effects. GdBCO was selected for this study to ease some-
what the chemical complications associated with mul-

ticomponent materials. As described in the experimental
procedure, bulk slabs of GdBCO were exposed either to
primarily thermal-neutron, or alternatively, primarily
fast-neutron environments. Exposures were designed to
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FIG. 6. Magnetization M as a function of
applied magnetic field H, (measured at T =20
K) for (a) unirradiated GdBa, Cu307
(GdBCO); (b) GdBCO irradiated in a thermal-

neutron spectrum (TCR-1, Omega West Reac-
tor) to an exposure of 2 h (thermal-neutron
fluence = 2.5X10' n, h/cm'); (c) same as (b)

except exposure =4 h (thermal-neutron
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achieve similar levels of damage in the material with ei-

ther irradiation source, based on qualitative estimates for
the number of displacernents per atom.

The fluences for the thermal-neutron irradiations were
designed to yield approximately the same thermal-
neutron DPA as was estimated for the case of maximum
flux-pinning enhancements in YGdBCO (at 45 K), i.e.,
DPA —10 . To achieve 10 DPA in a therrnal-
neutron experiment using GdBCO requires less fluence
than for YGdBCO, since the Gd isotope concentrations
are all higher by a factor of 10. From the flux component
values of the thermalized irradiation port (see Experi-
mental Procedure section), and the corresponding neu-
tron capture cross sections, one finds an (n, y) reaction
rate of 1X10' cm s '. Taking v=1, the damage accu-
mulation rate in this experiment is —10 DPA/s. So an
exposure of 10 s (2.8 h) satisfies the damage level require-
ment of 10 DPA.

A fast-neutron fluence yielding an equivalent damage
level was estimated as follows. It is often found for
ceramics that damage accumulation rates for fast neu-
trons (E„&0. 1 MeV) are of the order of 1 DPA per 10 '

n//cm (see, e.g. , Refs. 2, 28, and 29). Using this as-

sumption and the flux component values for the fast-
neutron-predominating port, the damage accumulation
rate was estimated to be -4X 10 DPA/s. So, an expo-
sure of 2. 5 X 10 s (7 h) should produce a damage level of
—10 DPA.

Based on these estimates, GdBCO slabs were exposed
for 2 h and 4 h, respectively, in the thermal-neutron irra-
diation facility (2.5X10' and 5X10' n,z/cm ), and for
7 h and 14 h, respectively, in the fast-neutron irradiation
facility (1X10' and 2X10' n/Icm ) These . irradia-
tions were intended to examine the range 1X10
2X 10 DPA for both thermal- and fast-neutron experi-
ments.

Figure 6 shows the results of sample magnetization
measurements on each of the irradiated bulk GdBCO
samples described here, as well as on an unirradiated
sample. These measurements were made at 20 K, though
similar results were obtained at 50 K. An expansion in
the hysteresis loop is observed for both the fast-neutron-
irradiated samples compared to the unirradiated sample.
On the other hand, no measured expansion occurs in ei-
ther of the thermal-neutron-irradiated samples. The hys-
teresis bM as measured at H, =20 kOe, is increased by a
factor of 3 for the long-exposure fast-neutron-irradiated
sample, while hM in the case of the long-exposure
thermal-neutron sample, if anything, is decreased slight-
ly.

These results indicate that flux pinning and therefore
critical-current (J, ) enhancements in GdBCO are attri-
butable to fast-neutron and not to thermal-neutron-
induced defects. It seems reasonable to conclude that the
implications of these results extend to flux-pinning effects
in YGdBCO as well.

DISCUSSIGN

Fast-neutron-induced cascade-type defects have been
shown here clearly to be responsible for flux pinning and

intrinsic critical-current enhancements in Gd-containing
HTSC barium cuprates. Previous work has already
demonstrated that fast neutrons are effective at inducing
flux-pinning defects in yttrium barium cuprate. For ex-
ample, Cost et al. ' found J, enhancements following
fast-neutron irradiation of polycrystalline YBa2Cu307
(YBCO). At their highest fluence of 1X10' n&/cm
(E„&0.1 MeV), they found a 9.5 times enhancement in

J, at T=7 K, as measured at H, =10 kOe. Again, as-

suming a 2 b cross section for elastic scattering, the spac-
ing of primary collision events at this fluence is about 19
nm, the same as the fast-neutron-induced PKA defect
spacing in this experiment (at the fluence corresponding
to the maximum observed flux-pinning enhancements).

Thermal neutrons have also been shown previously to
produce effective flux-pinning lattice defects. An experi-
ment by Fleisher et al. ' used thermal neutrons to pro-
duce defects in polycrystalline U-doped YBCO. In this
case, defects are initiated by neutron capture and subse-
quent fission of U nuclei. The maximum internal con-
centration of fission events in this experiment was 5 X 10'
crn, which corresponds to an average fission-track
spacing of 130 nm. Though much larger than the calcu-
lated PKA cascade or Frenkel pair spacings in this exper-
iment, Fleisher et al. observed a 12 times enhancement
in J, at T =63 K as measured at H, =10 kOe. Fission-
induced defects are somewhat akin to fast-neutron-
induced defects in that both mechanisms produce damage
(with substructure) over an extended volume. These pub-
lished results as well as those presented here indicate that
spatially extended neutron-induced defects in YBCO or
Gd-substituted YBCO, can act as effective flux-pinning
sites.

The question that remains unanswered is do Frenkel
pair point defects exist following thermal-neutron irradia-
tions of Gd-doped HTSC materials? Or is their forma-
tion suppressed due to the fact that the threshold energy
for formation Ed is significantly greater than —30 eV
[based on the average impulse to a recoiling Gd ion in an
(n, y) reaction]? Or are they annihilated by recombina-
tion processes at irradiation temperatures that under the
experimental conditions employed here are noncryogen-
1c?

The proposed existence of point defects or Frenkel
pairs in the thermal-neutron-irradiated materials has not
been proven. Some evidence for the existence of defects
is available, however. Brezgunov et al. and Maklet-
sov ' have demonstrated that the thermal component of a
reactor neutron spectrum is highly effective in altering
superconducting properties in GdBCO. They examined
the influence of thermal neutrons on the damage response
of polycrystalline GdBCO by comparing the decrease in
T, due to fast-neutron exposure to T, degradation follow-
ing exposure to a mixed-neutron spectrum (containing a
substantial thermal component N,&/N~ —4). These
researchers found that the mixed-spectrum fluence neces-
sary to decrease T, to one-half its unirradiated value
(5.2X10' n/cm ) was only 40% of the fast-neutron
fluence needed to reduce T, by one half ( l. 3 X 10'
n/Icm )

Table I shows results of T,-onset and T, -midpoint
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TABLE I. Effects of thermal-neutron and fast-neutron irradiations on the critical transition temper-
ature in bulk GdBa2Cu307

Sample

Unirradiated

Thermal-neutron-
irradiated
2-h exposure

Thermal-neutron-
irradiated
4-h exposure

Fast-neutron-
irradiated
7-h exposure

Fast-neutron-
irradiated
14-h exposure

n fluence

2.5 X 10' n, h/cm'

5 X 10' n, h/cm

1X10" n /cmf

2 X 10" nf /cm2

T, onset

91 K

90 K

90 K

91 K

90 K

T, midpoint

74 K

58 K

59 K

72 K

61 K

AT, midpoint
10" n/cm '

64 K

30 K

13 K

The numbers in this column are based on linear extrapolation, taking individually each measured T, -

midpoint value. Each value is normalized to 10"total neutrons (thermal + fast) per cm .

measurements on GdBCO samples exposed either to
thermal or fast neutrons in our experiment. These mea-
surements were made by precisely the same procedures
used for the YGdBCO samples (Fig. 3). The T, midpoint
diminishes at a rate of 64 K per 10' n, „/cm (linear ap-
proximation) for a 2 h exposure in the thermal-neutron
facility, while only falling 2 K per 10' nf/cm for a 7 h

fast-neutron exposure (linear approximation). (Results
indicate that the linear extrapolation used here is valid
neither for thermal or fast neutrons. The degradation in

T, midpoint seems to have saturated by 2. 5 X 10'
n,h/cm thermal-neutron exposure, while the T, degra-
dation rate is still increasing for fast-neutron exposures
beyond 10' nf/cm .) These results verify that thermal
neutrons exhibit a stronger influence on T, degradation
than fast neutrons.

The observation of T, degradation in the therma1-
neutron-irradiated GdBCO samples may be indirect evi-
dence for the presence of defects such as the proposed
Frenkel pairs on the rare-earth sublattice. At the very
least, these results imply that lattice distortions are in-
duced by thermal neutrons that do not anneal out (or that
are maintained) at temperatures at or below the irradia-
tion temperature.

In summary, thermal-neutron-induced defects are not
effective flux-pinning centers in GdBCO. The existence
of Frenkel-pair-type point defects on the rare-earth sub-
lattice is proposed here, but evidence for such defects is
not conclusive. If these point defects do exist, then re-
sults presented here indicate that they are not effective
pinning centers for magnetic flux in HTSC barium cu-
prate materials.

This is intriguing because other work by Seuntjens,
Daeumling, and Larbalestier, particularly related to
non-stoichiometric oxides, has indicated that point de-
fects on the oxygen sublattice are effective pinning sites
for magnetic flux. Seuntjens, Daeumling, and Larbales-

tier propose that point defects due to oxygen sub-
stoichiometry disrupt the ordered oxygen structure in the
orthorhombic superconducting material, and in so doing
serve as strong magnetic-flux-pinning defects. This pro-
position seems to be theoretically justified. It is
presumed that to optimally pin magnetic flux, defect
size should be comparable to the radius of a Auxon's nor-
mal core, i.e., the coherence length. In YBCO, the coher-
ence lengths g,b and g, in the a bplane an-d along the c
direction, respectively, have been estimated to range from
0.5 nm(g, b (1.5 nm and 0.1 nm(g, (0.5 nm. The
displacement field of a vacancy on the oxygen sublattice,
or for that matter of an (n, y)-re atci oni nd uecd Frenkel
pair on the rare-earth sublattice, probably lies within this
range. (Many subcascades within fast-neutron-induced
PKA damage volumes are also likely to satisfy this cri-
terion. ) But the results presented here may indicate that
this size criterion is not a sufficient condition for effective
magnetic-fiux pinning.

The damage to the superconductor, that is, the
modification of the superconducting order parameter, is
expected to be much stronger if the defect or Frenkel pair
involves the Cu-0 plane. This is because the Cu-0 plane
is the part of the structure that is considered to be most
critical for the presence of superconductivity. Thus it
may not only be the size of the defect, but also its loca-
tion that affects flux pinning.

The existence of isolated point defects or Frenkel pairs
following (n, y ) reactions in YGdBCO or GdBCO
remains an open question. Work is in progress to verify
the absence or presence of point defects in thermal-
neutron-irradiated, Gd-doped, and other rare-earth-
doped HTSC's.

CONCI. USIONS

Neutron irradiations of Yo 9Gdo, BazCu307 were
carried out to fluences ranging from 1X10' to 1X10'
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n/cm in a mixed-spectrum reactor. The neutron spec-
trum in this experiment was divided approximately
equally between thermal (4[E„(0.5 eV]) and epithermal
and fast (4[E„)0.5 eV]) components. Neutron (n, y)
capture reactions on the Gd sublattice accounted for a
substantial fraction of damage events during irradiation.
Critical-current density J, was found to increase for total
neutron fluences ranging between 1 X 10' —2 X 10'
n/cm, relative to the unirradiated value. The maximum
observed enhancement in J, was about a factor of 7.5.
This occurred at a total neutron fluence of 5 X 10' n /cm
( T =75 K; H, = 10 kOe) and at a neutron fluence of
2 X 10' n /cm ( T =45 K; H, = 10 kOe).

Neutron irradiations of bulk GdBa2Cu307 were car-
ried out in highly thermalized or pure fast irradiation po-
sitions (in the same reactor) to determine if enhancements
in J, are to be attributed to defects arising from interac-
tions with thermal neutrons (E„-0.025 eV) or with fast
neutrons (E„)0.1 MeV). Thermal neutrons interact
strongly with the Gd nuclei in the structure, resulting in
the probable displacement of Gd ions from their lattice
sites. On average, no secondary displacements are in-
curred in this process, leaving simply an accumulation of
Frenkel pair defects on the Gd sublattice. Fast neutrons,
on the other hand, produce cascade and subcascade
structures, consisting of a broad size distribution of point
defect clusters. Fluences selected for both the thermal
and fast neutron irradiations were designed to examine
effects at an absorbed dose of —10 displacements per
atom DPA.

Magnetization measurements (M versus H, ) on these
samples indicated that flux pinning (and thereby J, ) was

enhanced by fast-neutron irradiation, but not by
thermal-neutron irradiation. These results suggest that if
point defects on the rare-earth sublattice exist following
exposure to thermal neutrons, these point defects do not
serve as effective flux-pinning centers.

Measurements of T, on the bulk GdBa2Cu307 sam-

ples showed that T, is degraded by both thermal and fast
neutrons and a higher rate of T, degradation was ob-
served for thermal-neutron exposures compared to fast-
neutron exposures. The T, midpoint diminishes at a rate
of 64 K per 10' n,h/cm (linear approximation) for a
thermal-neutron-exposed sample, compared to 2 K per
10' nf /cm for a fast-neutron-exposed sample (linear ap-
proximation). Thermal-neutron-irradiation effects on T,
seem to verify that lattice disorder is induced by the
(n, y ) capture process.
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