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Annealed wires of Nb and Nb —20 at. %%uoTawer e irradiate da t liquid-heliu m temperature
in two different modes. In one mode thermal neutrons produced 75% of the damage, while

in the other mode fast neutrons produced 85% of the damage. The increase in critical
current with fluence was measured in order to determine its dependence on pin type and
density and material purity. Damage due to the fast-neutron component of the flux dom-

inated the flux pinning in both modes. The observations were consistent with the collective
statistical summation theory and inconsistent with the conventional single-particle theory.
The elementary pinning interaction deduced from the data by using the collective statistical
theory agreed well with a recent theoretical calculation of the interaction due to the electron
scattering mechanism.

I. INTRODUCTION

Although critical currents in type-II superconduc-
tors have been studied intensively since the early
1960's, a number of fundamental questions about
how they arise remain unanswered. The theory of
the subject breaks naturally into two parts: (l) the
calculation of the elementary interactions between
flux lines (FL) and defects and (2) the statistical
summation of these interactions to obtain a bulk
pinning-force density —F that stabilizes the flux-
line lattice (FLL) of flux density B in the presence of
a driving force F= J XB due to a transport-current
density J. Experimentally it is difficult to isolate
one part of the problem because typically only a mi-
crostructure characterization and a measurement of
the critical- (i.e., maximum-) force density F, can be
made.

Most experiments have been interpreted by using
one form or another of the single-particle statistical
theory originally due to Labusch. ' While this theory
has had some success when applied to a few experi-
ments, it has not provided a complete understanding
of the critical state. The primary difficulties arise
from the fact that most crystalline defects are small,
and interact only weakly with the FLL. Therefore,
they cannot induce the correlations between FL and
defect positions that are envisioned in the single-
particle theory.

A few years ago Larkin and Ovchinnikov showed
theoretically that the FLL in a type-II superconduc-
tor is coherent only within a small volume when the

superconducting material contains defects. They ar-
gued that the small coherent regions must be corre-
lated with the defect array and that one can estimate
the FL-pinning-force density in the material by
summing the elementary FL-defect interactions
within a correlated region using a random-walk ar-
gument and dividing the sum by the volume of the
region. This estimate can be quite substantial even
for arrays of defects that do not interact sufficiently
strongly with the FLL to satisfy the "threshold cri-
terion" of the conventional statistical theory. ' One
of the present authors has shown explicitly that the
regions described by Larkin and Ovchinnikov are
indeed correlated with the defect array, and he has
derived a detailed statistical theory.

One expects some materials to obey the new, col-
lective, statistical theory, and others to obey the con-
ventional theory. In principle one can determine
which theory is applicable to a given system by cal-
culating the elementary FL-defect interaction. In
practice both the experimenal characterization of
the defects and the theoretical calculation of the ele-
mentary interaction are problematical. Therefore, it
is desirable to determine experimentally whether one
of the two statistical theories applies to at least a
few materials.

Even in the absence of detailed knowledge of the
elementary interaction, the applicability of the con-
ventional statistical theory (or some modification of
it) or the collective statistical theory should be mani-
fest in the dependence of the critical pinning-force
density F, on the defect-number density n. Strongly
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interacting defects should contribute to F, individu-
ally, according to the conventional theory, giving
F, ~n for small n. Weakly interacting defects can
contribute only collectively; the collective theory
leads to F, ~ n for small n. While the defect densi-

ty is typically difficult to control or measure, a low-
temperature irradiation provides an ideal means to
control n while the intrinsic properties of the ma-
terial and the character of the individual defects
remains constant, at least at low fluences.

A number of radiation-damage experiments have
been performed on superconductors, but they have
mainly focused on changes in the intrinsic properties
of the materials irradiated at relatively high levels of
damage. Only two studies can reasonably be used to
test the dilute-limit predictions of the two compet-
ing statistical summation theories. Berndt et al. ir-
radiated niobium with fast neutrons at low tempera-
ture (4.6 K) and found F, ~ n at most values of the
magnetic field up to a fluence of 1.4&(10 ' n/m
(n =3.8X10 m ). At higher fluences, F, in-
creased less rapidly with fluence. More recently
Kupfer and Manuel irradiated V3Si with fast neu-
trons at 240'C and found F, increased faster than
linearly with fluence for low fluences. For the low-
temperature irradiation the FL pins are the displace-
ment cascades whose density is just the product of
the fluence, the density of atoms in the sample, and
the neutron-collision cross section. For the higher-
temperature irradiation the FL pins are small
point-defect clusters that form as the primary dis-
placement cascade collapses. Although the pin den-
sity n can be determined only by transmission-
electron-microscope (TEM) examination of the sam-
ples, n is known to increase in proportion to fluence
up to a fluence of 10 n/m in V3Si. Thus the re-
sults of Ref. 4 obey the conventional statistical-
summation theory, while the results of Ref. 5 obey
the collective theory.

Although both experiments described above pro-
vide some information about FL pinning in the di-
lute limit, neither is an extensive investigation of
this regime. Pinning-force densities are reported in
Ref. 4 for only two fluences below 10 n/m . An
error in just one of these measurements or in the
measurement done before the irradiation could
change the conclusion. Although the fluence depen-
dence of the results of Ref. 5 are in excellent agree-
ment with the collective theory, that experiment
does not adequately test the dilute-limit prediction
of the collective theory because F, was measured at
only one fluence in the dilute pinning regime.

We irradiated Nb and Nb —20 at. % Ta wires at 5
K with fast neutrons. Four-terminal measurements
of the critical currents were made in situ before,
during, and after the irradiation in order to obtain

the most complete picture possible of pinning by the
radiation-induced defects. In the earlier studies the
single-crystal samples had to be removed from the
reactors and put into a low-temperature magnetome-
ter for measurement. The complexity of this pro-
cedure made measurements at more fluences im-
practical. The present study also differs from the
earlier study on Nb in that we measured the critical
current before and after irradiation at several tem-
peratures.

While the primary motivation for this experiment
was to study the defect-density dependence of the
critical current, an important secondary motivation
was to compare the FL pinning by the same defects
in materials that differ in their electron mean free
path and as little as possible in other properties. Di-
lute alloys of Ta in Nb make an almost ideal system
for this comparison. Addition of 20 at. % Ta to Nb
lowers the critical temperature T, from 9.3 K for
pure Nb to 8.0 K, while it lowers the mean free
path l to 13 nm and increases the Ginzburg-Landau
parameter ~ from 0.8 for pure Nb to 2.6. Interac-
tions between a FL and a displacement cascade that
are associated with the elastic strains in the material
or with a variation in T, within the cascade should
not differ greatly between Nb and Nb —20 at. % Ta.
On the other hand, if the interaction arises from the
additional electron scattering or the increase in ~
within the cascade, it may well be substantially dif-
ferent for the two materials because the contrast in a
and I between the displacement cascades and the
matrix is much greater in the pure material than in
the alloy.

A third goal of the present study was to compare
the pinning due to individual Frenkel pairs (pro-
duced by recoil from y emission after a thermal neu-

tron capture) and that due to displacement cascades
(produced by fast neutrons). Irradiations were there-
fore carried out in two modes. In the low-flux mode
75% of the individual displacements were produced
by thermal neutrons. In the high-flux mode 85% of
the displacements were produced by fast neutrons.
Comparing data for both modes made it apparent
that all of the observed increase in critical current
was due to the fast-neutron damage. Thus, no con-
clusions could be drawn about pinning by individual
Frenkel pairs. A11 the results wi11 be presented in
terms of the fast-neutron fluence.

II. EXPERIMENTAL

A. Sample preparation

The samples were made from zone-refined rods of
high-purity Nb and Nb —20 at. 'Po Ta. They were

swaged and then drawn to 0.25-mm-diam. wires. It
was necessary to anneal the alloy twice during this
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process in order to keep it ductile. The wires were
heated to 1800'C for 2 h in 1)&10 Torr oxygen
and then annealed at 2200'C (Nb) and 2300'C
(NbTa} for 4 h in a vacuum better than 2)&10
Torr. Finally, the samples were heated to 400'C for
4 min in air to oxidize their surfaces. The high-
temperature oxygen treatment was intended to re-
move any carbon introduced into the samples during
the swaging and drawing. The vacuum anneal re-
moved the oxygen and other dissolved gases and af-
forded maximum grain growth. After the anneal
the grains were observed to be 3—5 times the wire
diameter in length with boundaries perpendicular to
the wire axis. Thermal surface oxidation is known
to reduce the critical surface current of Nb, which
was not of interest in the present study and would
only obscure the results. However, the surface oxide
causes surface superconductivity to extend to quite
high fields. For this reason it was not possible to
quench superconductivity entirely in these samples
by applying a magnetic field, and accurate measure-
ments of the low-temperature resistance could not be
obtained.

In a preliminary run, wires were mounted in the
irradiation and measurement apparatus after the
heat treatments. Handling and bending the wires to
the required 15-mm-diam. loop introduced disloca-
tions that produced an unacceptably high initial
critical current. For the subsequent irradiations the
samples were formed into loops, leads were attached,
and each sample was suspended stress free from a
rigid holder before the heat treatments. Then it was
not necessary to handle the samples directly in order
to mount them in the irradiation and measurement
apparatus. The evidence suggests that this precau-
tion practically eliminated the bulk critical-current
density leaving only the remaining small critical sur-
face current before the irradiation. A prolate
spheroid was spark-machined from a portion of the
zoned NbTa rod. It received a high-temperature,
ultrahigh-vacuum anneal and a 400'C oxygen treat-
ment similar to the wires. The equilibrium magneti-
zation and the critical temperature of this sample
were measured for use in the analysis of the
critical-current data.

B. Experimental apparatus and procedure

The irradiation and the critical-current measure-
ments were carried out in the Oak Ridge National
Laboratory low-temperature —irradiation facility,
which has been described in detail elsewhere. The
apparatus is shown schematically in Fig. 1. A su-
perconducting NbTi solenoid and a pair of samples
were mounted in separate, concentric chambers,
each of which could be filled with either exchange
gas or liquid helium. The magnet chamber was
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FIG. 1. Schematic representation of the irradiation and
measurement apparatus.

cooled from the outside by circulating liquid helium
from a closed-cycle refrigerator that could remove
40 W of heat at 5 K. The sample capsule could be
raised and lowered to position the samples individu-
ally in the midplane of the solenoid.

The assembly depicted in Fig. 1 was enclosed in a
tank filled with D20. For operation in the high-flux
mode, the reactor core was placed against one face
of this tank. For operation in the low-flux mode, a
second DqO tank was inserted between the first one
and the reactor. The sample temperature, the flux
of thermal and fast neutrons, and the y-ray heating
is shown in Table I for each mode of operation. It
was necessary to operate the reactor at one-half of
its 2-MW full power in order to reduce y-ray heat-
ing while in the high-flux mode. It will be impor-
tant to note that the presence of the D20 in the
high-flux mode hardens the fast-neutron spectrum
from what it would be if there were no moderator
b:tween the reactor and the samples as at the Mun-
ich facility where Berndt et al. irradiated Nb.

The sample shape was a 240' arc of a 12-mm-
diam. circle spot-welded at the ends to two Nb posts
mounted on an insulating flange. The sample was
supported in the middle by a small loop of Nb wire
attached to a tungsten screw. The two Nb posts
served as current leads both for the measurements
and for annealing each sample. Two 0.25-mm-diam.
Nb wires were spot-welded to the sample to serve as
voltage leads. (The configuration was slightly dif-
ferent for the preliminary run: The sample was
wrapped around an insulating form and was held in
place by four NbZr leads spot-welded to it.} For the
measurements each sample was situated in the mid-
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TABLE I. Characteristics of the irradiations in the two modes described in Sec. IIB. A
discussion of the fast-neutron spectrum and the meaning of the flux P~ is given in Sec. II C.

Mode

Sample temperature (K)
Thermal-neutron flux (()T (n/m' s)
Fast-neutron flux Pn (nlm s)

4r/4a
y-ray heating (mW/g)
Reactor power (MW)

High flux

5.0
4.3 X 10'
8.8X 10"

50
50

1

Low flux

4.5
2.1 X 1o
2.8 X 10'

750
21

2

plane of the superconducting solenoid so that it
would be in a uniform, transverse, magnetic field.

For the critical-current measurements the voltage
drop across each sample was chopped by using a
MOSFET (metal-oxide-semiconductor field-effect
transistor) reversing switch, amplified, and detected
by a lock-in amplifier. The sample-current supply
was programmed by an electronic controller that
held the voltage drop across the sample to a
preselected value as the magnetic field was swept or
stepped through the mixed state. Data were taken
both at 1.8 and 0.18 pV for each sample. Since the
sample was inductively coupled to the magnet, the
field-sweep rate had to be kept low enough that the
induced voltage did not appreciably affect the
current measurement. Continuous swept-field mea-
surements were easily carried out at 1.8 pV, but the
measurements had to be taken point by point at 0.18
pV. The data were recorded by an x-y recorder as
plots of critical current I, vs applied magnetic field
H, .

An example of a recorder plot of I, vs H, is
shown in Fig. 2. The swept-field measurements
show a small field-history effect. This was also
present in the measurements at 0.18 pV although
only the decreasing-field history is shown. Al-
though the sample current was always larger at 1.8
pV than at 0.18 pV there were no qualitative differ-
ences in behavior. For niobium, we took the mea-
surements at 0.18 pV to be representative of the crit-
ical state, while for NbTa the 1.8-pV measurements
were used. Only the data obtained in decreasing-
field history were interpreted. The magnetic flux
density P was deduced from measurements of the
equilibrium magnetization of a magnetically reversi-
ble sample of the same material. Assuming that the
current I flowed uniformly throughout the cross-
sectional area A of the wire, the force density
F=BI/A was calculated.

During the irradiation and for measurements at
3.4 K before and after the irradiation, the samples
and magnet were in static columns of liquid helium.
Sample temperatures were deduced from measure-
ments of the vapor pressure of the liquid helium in

the sample capsule. Measurements on Nb were also
carried out at 6.0 K with the sample and the NbTi
solenoid in exchange gas. There the sample tem-
perature was deduced from the measured upper crit-
ical field. A carbon resistance thermometer served
as control sensor for an electronic temperature con-
troller that provided the heat needed to maintain the
sample temperature at 6 K. At this temperature the
field capability of the NbTi solenoid was not suffi-
cient to investigate NbTa.

Three 7-d irradiations were carried out as follows:
In a preliminary run a Nb wire was irradiated in the
low-flux mode. Next a new Nb sample and a NbTa
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FIG. 2. Critical current I, of the NbTa wire measured
at a voltage criterion of 1.8 pV while sweeping the applied
magnetic field H, . The arrows indicate increasing or de-
creasing field history. Also shown is the critical current
measured point by point at a 0.18-pV criterion in decreas-
ing field. These data were taken with the reactor on after
3 d of irradiation.
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sample were irradiated in the low-flux mode. These
latter two samples were annealed at room tempera-
ture and then irradiated in the high-flux mode. Be-
fore and after each irradiation critical-current mea-
surements were made at 3.4, 4.7, and 6.0 K (Nb
only). With the reactor on, critical-current measure-
ments were made at the irradiation temperature once
ar twice each day. Finally, after the last irradiation
the samples were annealed 10 min at 50, 100, and
300 K. Critical-current measurements were made at
3.4 K after each anneal.

C. Calibration of the fast-neutron flux

The fast-neutron flux in this facility was deter-
mined by seven fast-activation reactions:
2~A1(n, a)24Na, Ti(n,p) Sc, and five other (n,p)

ti~n$ T;~Sc s4, s6Fe~ Mn, ssNi ~Co.
Epithermal or "resonance" flux was determined
with ' Au(n, y)' Au (with and without Cd cover).
These monitors provided no information over
several orders of magnitude of energy below 1.4
MeV. With this rather sparse data none of the exist-
ing formal computer codes would be very effective
for deducing the spectrum.

Analysis was done assuming that the fast-neutron
spectrum could be represented by a fission-
spectrum-like peak of Maxwellian form at high en-

ergy and a "1/E" component at low energy:

dP 2/sr(A E/~)' e ", E&&A
dE y] E 0&(E

The two components must join together smoothly in
the vicinity of the peak at E = (2A )

The Maxwellian distribution was fitted to the data
from the seven fast-activation reactions by integrat-
ing the differential flux times cross section for each.
The reaction cross-section curves given by Ref. 9
were used. Even at best, the residual variations
from detector to detector of the apparent flux fir
exhibited a systematic convex-up curvature when
plotted against the response-peak energies of the re-
actions, indicating that the Maxwellian form is an
imperfect representation of the peak. However, the
resulting maximum deviations of +20%%uo were not
considered unreasonable. This fit gave
A =0.66/MeV in the high-flux mode and
A =0.56/MeV in the low-flux mode. The flux in the
peak PM is quoted in Table I and was used to deter-
mine the fast-neutron fluence @=/Mt for data
analysis. We emphasize that the true fluences are
greater than the numbers quoted in this paper by the
number of the neutrons in the 1/E component. This
is a large number of neutrons, but the damage they
do contributes little to the pinning-force density.

Estimates of the 1/E component will be discussed in
Sec. III.

The thermal neutron flux was determined in each
mode with Mn(n, y) Mn and Co(n, y) Co as
well as with the gold, and the results are quoted in
Table I.

III. THEORY

In the present experiment

F, =F,p+ ( Q(50)cr„)nNb@, (2)

where nNb is the density of the Nb (or NbTa) sam-

ple, 4 is the fast-neutran fluence, and F,o is the
critical-force density before irradiatian. The cross
section cr„ is the sum of the cross sections for all
damage-producing reactions. The product Q (50)o'„
must be averaged over the neutron spectrum and the
resulting distribution of cascade sizes.

In contrast the collective-pinning theory predicts
'2

F, = Cgn;(50;) (3)

=[F,'0 +C((50) o„)nNb4] (4)

for radiation-induced defects. Our results strongly
support Eq. (4) and are inconsistent with Eq. (2).
This conclusion is most easily verified by examining
plots of F,' vs 4. Therefore, most of the data are
presented in this form.

It is of interest to learn what we can about the ele-
mentary interaction energy 50. Evidence will be
shown that 50 is propartional to the number of
Frenkel pairs in a cascade. Therefore, the distribu-
tion of 50 values is identical to the distribution of
atomic displacements per primary knockon. If this
distribution and the constant C were known, the in-
teraction energy per Frenkel pair could be deduced.

The constant C depends on the elastic praperties
of the FLL and weakly on the detailed characteris-
tics of the defect-FL interactian. The use of a cal-
culation for a simple model interaction enabled us
to deduce the sum of the squares of the interaction
energies (50 cr„)n Nb@ with an uncertainty of about
a factor of 4.

The conventional, single-particle, statistical-
summation theory predicts that the critical-force
density F, is proportional to the defect-number den-
sity n and is a complicated function Q(50) of the
interaction energy 50 between a defect and a FL.
For several varieties i of defects,

F,=gn;Q(50;)
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(D~. ) ((5II)'~.)'"
2N (())vFe 2 (D 2o. ) I /2 gp/'@

(7)

The computations yielded (Do„)l(D e„)'~

=2.0X10 ' m for Nb and 2.2X10 ' m for
Nb —20 at. % Ta.

In order to carry out the numerical computations
we estimated the flux in the 1/E component of the
neutron spectrum. Several estimates can be made.
Examination of some well-characterized reactor-
fast-neutron spectra shows a nearly level region be-
tween 0.1 and 1 or 2 MeV in a plot of E dgldE vs
E. If that is true of this facility then the total fast
flux is p(E &0.1 MeV)=1.7X10's nlm2s), of which
42% is at E & 1 MeV. This is the highest estimate.
About half as much 1/E component results from
another assumption, namely that this component
should match the top of the peak in the dgldE vs E
representation. In that case the total P(E &O. l
MeV)=1.3&(10' n/m s, of which 52% is above 1

MeV. A lower-limit estimate results from the as-
sumption that the measured Au activation due to
the resonance peak at 5 eV establishes a coefficient
for the 1/E flux which applies all the way up to the

1

fast peak. In that case there would be about —,th as
much 1/E flux as in the first estimate and the re-
sulting total would be 1.0)&10' of which 73%
would be above 1 MeV. The correct value probably
lies between the first two estimates. The largest esti-
mate was used for the computations. With this esti-
mate two-thirds of the atomic displacements were

Computer codes based on realistic models of dam-
age production are now available. We have used the
code REcoIL to compute the first and second mo-
ments of the distribution of atomic displacements D
per primary collision for the high-flux mode neutron
spectrum. The damage resistivity hp is proportional
to the total number of atomic displacements (i.e., the
first moment),

+=[3nNbupp/2N(0)vie ](Do„)4'
where e is the electronic charge, N(0) and vF are the
density of states and velocity at the Fermi surface,
and OFP is an effective electron scattering cross sec-
tion (the true cross section if the electron scattering
were purely s wave). The parameter (50 cr„) de-

duced from the critical-current measurements is
proportional to the second moment of the distribu-
tion of displacements,

((50) o„)=(5Qpp)(D o„) (6)

where 50FP in the FL interaction energy per Frenkel
pair. Then

0
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FIG. 3. Measured critical-force density F, plotted vs

reduced flux density B/B, 2 for the two Nb samples. The
voltage criterion for determining critical current was 0.18

pV. The fast-neutron fluence of 1.70& 10' n /m was at-
tained in the low-flux mode, while 5.97X10 n/m -was

reached in the high-flux mode. The method of counting
neutrons is discussed in Sec. IIC.

produced by neutrons having energies greater than 1

MeV. This component of the spectrum is reason-
ably well determined. The second estimate would
give about 17% fewer displacements and would de-
crease (D e„) by a smaller amount. Thus, we can
expect that the calculated valu~ of
(De„)l(D 0„)' are upper limits, but that they
are not likely to be more than 17% too high.

Since it was not possible to obtain good measure-
ments of the damage resistivity fhp in our samples,
we estimated dy by using the results of previous
studies. The damage rate dp/deaf for a pure U
fission spectrum was previously measured for both
Nb and Cu." The damage rate in Cu due to the fast
neutrons in the high-flux mode is the measured total
damage rate in this mode' less the measured rate of
thermal neutron damage. ' The desired fast-neutron
damage rate in Nb we estimated to be larger than
the fission-spectrum damage rate in proportion to
the ratio of the two damage rates in Cu. This pro-
cedure gave dp!d+=6.4)&10 ' 0 m /n.

For a displacement cascade of any size, the ratio
of its FL pinning energy to its effective s-wave elec-
tron scattering cross section is given by Eq. (7).
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FIG. 4. Increase in F,' with fast-neutron fluence is
shown at three reduced flux densities b =B/B,2 for Nb II
at the irradiation temperature T=5.0 K. The compar-
able results reported by Berndt, Kartascheff, and Wenzl
(BKW Nb III) (Ref. 4) are shown for comparison. Our
method of counting neutrons is described in Sec. II C.

This ratio will be compared with the result of micro-
scopic theory below.

IV. RESULTS

A. Niobium

The critical pinning-force density F, is shown in
Fig. 3 for the niobium samples at 3.4 K as prepared
and after each irradiation. Initially the apparent F,
of Nb II was small and nearly independent of B.
The near absence of structure at the upper critical
field suggests that the observed critical current was
mostly a near-surface effect and was not due to bulk
pinning. Irradiation in the low-flux mode increased
the critical current of this sample only slightly. Nb
I showed a sharp drop in F, at the upper critical
field both before and after irradiation as did Nb II
after irradiation. These latter three curves had
peaks for B just below the flux density B,2 at the
upper critical field and for B(0.4B,2.

The increase in F, as a function of fast-neutron
fluence 4 (counting only neutrons in the Maxwellian
peak as discussed in Sec. II C) is shown in Fig. 4 at

two values of the reduced flux density b =B/B, z in
the mixed state. For comparison the much smaller
increase just above the upper critical field is also
shown. These data were obtained during the irradia-
tion with the reactor on. In the mixed state the re-
sults firmly establish a linear proportionality be-
tween F,' and 4. Above B,~ the increase in critical
current is not sufficient to discriminate between
Eqs. (2) and (4).

The measurements reported by Berndt et al. at
b =0.8 are also shown in Fig. 4. Before irradiation
their sample was extremely reversible so that F,o
was nearly zero. Their data fall close to the 4'
curve shown and thus imply qualitatively different
behavior than do our data. Some possible reasons
for this discrepancy between the two experiments
will be discussed in Sec. V. Note that the neutron
spectra and methods of counting neutrons are dif-
ferent for the two experiments, and the horizontal
axis should be regarded as arbitrary when compar-
ing them.

Equation (4) makes a prediction for the annealing
behavior of F, if one knows the dependence of 50
on the number of Frenkel pairs within a displace-
ment cascade. Here we assume the simplest reason-
able dependence: 50 is proportional to the number
of pairs. Since the damage resistivity hp is a good
measure of the total number of Frenkel pairs in the
sample,

nNb(50(r„)@~dy . (8)

After the irradiation is completed, low-temperature
annealing permits interstitials to migrate to nearby
vacancies and annihilate reducing + and each 5Q.
Then

(10)

by Eqs. (4) and (8). This behavior, indicated by the
solid lines with arrows in Fig. 5, is confirmed by the
data.

It should be noted that the measurements made
after annealing were performed at a lower tempera-
ture than those made during the irradiation. For
this reason ~,' was normalized by its value after
the irradiation in the high-flux mode so that the two
sets of measurements could be compared on the
same graph. Also we emphasize that we did not
measure the damage resistivity. Instead bp was es-
timated from the results of previous annealing stud-
ies of similar niobium samples. ' Having to esti-
mate + reduces the precision of the results.

During the irradiation the distribution of 5Q should
remain constant so that

g(F I/2) pI/2 pl/2
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FIG. 5. Normalized increase in F,'~~ divided by the
damage resistivity during the irradiation at 5 K and after
annealing at three temperatures is shown for Nb II at the
reduced flux density b =0.4. The lines with arrows indi-
cate the expected behavior.

Nevertheless, the simple picture described above is
amply confirmed by the data.

Comparing the two Nb samples having different
initial critical currents further tests Eq. (4). In Fig.
6 the increases in F,' during the irradiation in the
low-flux mode are shown. Although the increase in
F, is too small to verif F,' cd@ in these data the
rates of increase of F,' with 4 can be compared.
The lines drawn through the data have the same
slope as predicted by Eq. (4). Since the Nb I data
were obtained at a slightly lower temperature, one
expects F, to increase more rapidly with irradia-
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FIG. 6. The increases in F,' with fast-neutron fluence
for the two Nb samples are compared at the reduced flux
density b =0.7. These data were obtained in the low-flux
mode. The method of counting neutrons is discussed in
Sec. II C.

I

0.20 0.6 0.8
B/ B~2

FIG. 7. Measured critical-force density F, of the
Nb —20 at. % Ta sample before and after irradiation in
the high-flux mode. The voltage criterion for determining
critical current was 1.8 pV. The method of counting neu-

trons is discussed in Sec. II C.

1.21.0

tion for Nb I than for Nb II. Indeed the data show
evidence of a small difference in the slopes
dF,' /d4 of the two samples.

Of more concern is the fact that the first measure-
ments lie well below the extrapolation to 4=0 of
the large-4 data. This effect is more pronounced
for Nb I. One would be tempted to throw out these
first points were it not for the fact that the measure-
ments made with the reactor off before and after the
irradiation tend to support the results shown in Fig.
6. There is apparently some mechanism more im-
portant at very low fluences than that assumed in
the derivation of Eq. (4).

B. NbTa

The NbTa sample showed only a very small in-
crease in critical current with irradiation in the
low-flux mode. Those data will not be discussed.
The results at 3.4 K before and after irradiation in
the high-flux mode are shown in Fig. 7. Both the
critical-current and the critical-force density are well
below the values for the unirradiated Nb II. Before
irradiation F, shows unusual structure just below
and just above the upper critical field. The force
density increases about a factor of 2 with irradiation
except within a narrow peak above B=0.85B,2.
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This peak first appears on the shoulder at
B=0.98B,2, then it grows rapidly wiping out the
structure below B,2 present before irradiation.

The structure in F, before irradiation almost cer-
tainly arises due to sample inhomogeneity. It is like-
ly that Nb evaporated preferentially from the wire
surface during the anneal leaving behind a Ta-rich,
near-surface region with higher ~ and B,2 than the
bulk. The large peak effect apparently is associated
with the bulk, while the small peak at B =1.04B,z

must be due to a high-~ region. One can speculate
that before irradiation F, in the bulk peaks at
B =0.8B,2 and falls to zero at B,2. Above
B =0.93B,2 the observed current flows in the near-
surface region where F, peaks at B = 1.04B,2. (Here
B,2 is the value measured on the prolate spheroid
cut from the same zoned rod that was used to
prepare the wire. }

The increase of F,' with fast-neutron fluence is
shown in Fig. 8 at the peak (b =0.99},on the low-
field side of the peak (b =0 96), a.nd at two smaller
values of the reduced flux density b. The small in-
crease in F, at small b makes it impossible to
demonstrate conclusively either linear or quadratic
4 dependence, but the data fit Eq. (2) better than

350
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40

0.2 0.4
T Tc

0.6 0.8 1.0

FIG. 9. Pinning-interaction energy 50(r =0) between
an isolated flux line and a displacement cascade, deduced
from the data by using the theoretical results of Ref. 3, is
compared with the calculation of Ref. 15 in the weak-

scattering limit (dashed line) and the unitary limit (solid
line). The values of 50 for both materials were normal-
ized to the indicated product of the BCS coherence length

g& the electron scattering cross section o, and the square
of the zero-temperature critical field Hp for Nb, calculat-
ed as described in the text.

300

250

Eq. (4). On the other hand, the growth of the peak
is clearly faster than linear in 4 and fits Eq. (4) ade-
quately. Again, if we assume that Eq. (4) applies to
the higher fluences, then we must conclude that
there is some other effect dominant at the lowest
fluences.

200X

~hl
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100

so~
0 4
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FIG. 8. Increase in F,' with fast-neutron fluence is
shown at four reduced flux densities for the Nb —20 at. 9o
Ta sample at the irradiation temperature T =5.0 K. The
method of counting neutrons is discussed in Sec. II C.

C. The elementary interaction

Since the weight of the evidence clearly supports
the collective pinning theory, it is reasonable to ap-
ply this theory to deduce the mean-square interac-
tion energy 50 between a FL and a displaceinent
cascade. Specifically, the main results, Eqs. (44) and
(51) of Ref. 3, were fitted to the Nb data at 3.4, 5.0,
and 6.0 K and to the NbTa data at 3.4 and 5.0 K
after irradiation to 6 X 10 n/m . (All results were
corrected for the preirradiation F,.) The parameter
a of Ref. 3 is just a=5Q/pcH, . A minimum bun-
dle size of N =40 FL fitted all of the results near
B,& satisfactorily.

The values of 5Q/cr deduced from the data by us-
ing Eq. (7) are compare in Fig. 9 with the recent
theoretical calculations of Thuneberg, Kurkijarvi,
and Rainer. ' The theory describes the pinning in-
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teraction due to electron scattering by a defect. A
clean superconducting matrix and s-wave scattering
are assumed. The BCS coherence length go and the
zero-temperature critical field Hp for Nb were used
in the normalization for both materials. The in-

teraction is clearly smaller in NbTa than in Nb but
the results for both materials are in reasonable
agreement with the theory.

Because 90% of (n(5Q) ) arises from values of
Ml & z p,op, g, the deduced values of 5Q are small

enough to be consistent with the assumption that the
collective statistical summation should apply. On
the other hand, goo is about 7 times the cascade
volume, making the interactions deduced from the
data much stronger than estimates based on known
mechanisms other than that of Ref. 15.

V. DISCUSSION AND CONCLUSIONS

A. Fluence dependence

The experimental results described in the last sec-
tion are clearly inconsistent with the conventional,
single-particle, statistical-summation theory as sum-
marized by Eqs. (I) and (2). They show satisfactory
consistency with the collective theory as summa-
rized by Eqs. (3} and (4). The confirmation of Eq.
(4} is most striking precisely where it is most likely
to fail. One might expect the displacement cascades
to interact sufficiently strongly with the FLL that
the conventional theory should apply. Then the
force density would be equal to the product of the
density of cascades and the maximum interaction
force of each in order of magnitude —much larger
than the force density resulting from collective ef-
fects. But it is the largest increase in F, that is most
clearly quadratic in defect density. All of the data
must be evaluated with this observation in mind.

There are several sets of observations where the
fluence dependence of F, is more nearly consistent
with Eq. (2) than Eq. (4). This is true of the results
for NbTa at most fields and of the results obtained
in the low-flux mode. In view of the clear confirma-
tion of the collective theory by the results obtained
on Nb II in the high-flux mode, it makes no sense to
apply the conventional theory to these other results.
Also we emphasize that any conclusions drawn from
the smaller increases in E, are less certain than those
drawn from larger increases. Nevertheless, several
observations are significantly inconsistent with Eq.
(4) and require some explanation. In the following
we offer two speculations as to the reasons for these
results.

First, a simple spurious effect could have pro-
duced the observed deviations from Eq. (4). This ef-

feet arises from inhomogeneity in F„which was
manifest in the nonlinear current-voltage relations
we observed. A nonuniform F, before irradiation
was expected for Nb II and NbTa because the an-

nealing temperature was not uniform over the gauge
length of these samples. (The voltage leads were sig-
nificant heat sinks. ) Presumably the entire voltage
drop was concentrated in the section of wire where
the highest annealing temperature was reached,
about midway between the voltage leads. Since F,
increased nonlinearly with fluence, the length of this
region of sensitivity must have changed during the
irradiation. Assuming that Eq. (4) holds at every

point in the wire, one can deduce that the current
measured at constant voltage will increase less than
linearly with fluence at first. This effect disappears
as F, becomes large compared with F,p.

Second, measurements above the upper critical
field revealed that the sample surface carried a signi-
ficant current that increased with neutron fluence.
There is no reason to suppose that this surface pin-

ning should obey Eq. (4). Indeed, collective FL pin-

ning in superconducting films leads to linear propor-
tionality between F, and n. The existence of a con-
tribution to I, that is linear in fluence also leads to
apparent deviations from Eq. (4) which are similar
to those observed.

The discrepancy between the present results and
those reported by Berndt et al. are difficult to
understand. It seems to imply that different statisti-
cal summation theories apply to the two experi-
ments. This situation would be credible if their irra-
diation produced larger displacement cascades than
ours. In fact the opposite is expected because the
neutron spectrum is harder (in the high-flux mode)
in the Oak Ridge facility than at Munich.

An important difference between the two experi-
ments is that Berndt et al. measured the magnetiza-
tion of a cylindrical sample in an axial field while
we measured the current in a cylindrical sample in a
transverse field. Both measurements give the
critical-force density by elementary arguments.
However, the magnetization is much more sensitive
to errors of interpretation due to surface pinning
and uncertainties in the measurement than is our
more direct technique. Both problems are especially
troublesome at low fluences where the magnetic hys-
teresis is only a sma11 portion of the total magnetiza-
tion. The best guess we can make to explain the
discrepancy between the two experiments is that one
or more of the measurements reported in Ref. 4 for
the lowest fluences was in error. The critical-force
density deduced may also have been influenced by
their neglect of surface hysteresis. We emphasize
that this criticism of the results of Berndt et al. per-
tains only to their first few measurements at low flu-
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ences and not to the main body of their observations
which were made at much higher fluences and in-
volved much larger effects.

B. Elementary pinning interaction

By using the theoretical results of Ref. 3, the ratio
of the elementary interaction energy 50 to the elec-
tron scattering cross section u has been deduced
from the data, and the results compare favorably
with the microscopic theory of Ref. 15, which de-
scribes pinning by the electron scattering mechan-
ism. The interaction energy is quite large and is
substantially different for the two materials.

The theoretical calculation' applies to the clean
limit and no prediction is made for the purity
dependence. Recently Yetter et ul. ' have used a
classical argument to calculate the pinning interac-
tion by the electron scattering mechanism for ma-
terials of arbitrary purity. Their result apparently is
wrong in the clean limit, where it goes to zero in
contradiction to the microscopic theory. Neverthe-
less the data obtained by Thomas' on oxygen-doped
Nb foils and the data obtained by Talvacchio' on
Nb3Sn films are in agreement with their prediction
that the interaction should increase with impurity
content for values of the impurity parameter
a=0.88(0/l in the range 0.03 to 10. Our two ma-

terials are also in this range but show that the pin-

ning interaction decreases with increasing a.
An extension of the microscopic theory to impure

materials, coupled with additional experimental in-
vestigations of the purity dependence of FL pinning,
is needed to clarify our understanding of the elec-
tron scattering mechanism.

C. Conclusions

The present experimental study of FL pinning by
radiation-induced damage provides the first direct
and convincing confirmation of the collective
statistical-summation theory in bulk materials. This
theory, although very approximate in its present

form, agrees with the data in substantial detail. The
predicted quadratic dependence of I', on n is clearly
and reliably demonstrated. With somewhat less con-

fidence, the quartic dependence of I', on 50 and the

simple rule for summing the pinning interactions of
different types of defects have been confirmed.

With the use of the collective statistical-
summation theory, the elementary pinning interac-

tions in the two materials investigated have been de-

duced. These results are substantially in agreement
with a recent calculation based on the microscopic
theory of pinning by the electron scattering mechan-

ism. The present study is one of the very rare in-

stances where a nearly complete quantitative under-

standing of the critical state has been achieved.
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