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Table 1 Very Large Array observations of the pulsar-powered nebula
G5.27-0.90

Epoch 1 Epoch 2
Date observed 1993 Feb. 02 1999 Oct. 23
Array configuration BnA BnA
On-source integratin time (h) 3.3 2.8
Centre frequency (GHz) 8.44 8.46
Bandwidth (MHz) 75 100

These observations were used for proper motion measurements. Both observations used the same
pointing centre, namely (J2000) right ascension (RA) 18h01min00.035s, declination (Dec) —
24°51' 27.260". Absolute flux densities were determined using observations of the source 3C286,
while antenna gains were calibrated using observations every 15-20 min of the extragalactic source
PMN J1751-2524, displaced 2.1° from G5.27-0.90. The resulting images were formed using
natural weighting and multi-frequency synthesis with 100-mas pixels, deconvolved using a
maximum entropy algorithm, and then smoothed with a circular gaussian of FWHM 0.90".

the range predicted above. The low braking index of the Vela
pulsar®, discrepant pulsar—SNR ages in other pulsar—SNR
associations™*, and the fact that many pulsars with small char-
acteristic ages have no associated SNR (refs 2 and 3), all suggest that
PSR B1757-24 is not a statistical anomaly. If other pulsars are
indeed older than they seem, our understanding of pulsar velocities,
asymmetries in supernova explosions, the fraction of supernovae
that produce pulsars, and the physics of neutron star structure and
cooling must all be reconsidered'>*~?. O
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In 1957, Abrikosov' described how quanta of magnetic flux enter
the interior of a bulk type II superconductor. It was subsequently
predicted that, in an isotropic superconductor, the repulsive
forces between the flux lines would cause them to order in two
dimensions, forming a hexagonal lattice’. Flux-line lattices with
different geometry can also be found in conventional (type II)
superconductors’; however, the ideal hexagonal lattice structure
should always occur when the magnetic field is applied along a
hexagonal crystal direction®. Here we report measurements of
the orientation of the flux-line lattice in the heavy-fermion
superconductor’ UPt;, for this special case. As the temperature
is increased, the hexagonal lattice, which is initially aligned
along the crystal symmetry directions, realigns itself with the
anisotropic superconducting gap. The superconductivity in UPt;
is unusual (even compared to unconventional oxide super-
conductors®) because the superconducting gap has a lower rota-
tional symmetry than the crystal structure. This special feature
enables our data to demonstrate clearly the link between the
microscopic symmetry of the superconductivity and the meso-
scopic physics of the flux-line lattice. Moreover, our observations
provide a stringent test of the theoretical description of the
unconventional superconductivity in UPt;.

In a recent study’ of the magnetic borocarbide TmNji,B,C it was
shown that a flux-line lattice (FLL) can align itself with a coexisting
modulated magnetic structure. Here we present evidence that a FLL
can also be aligned to the intrinsic symmetry of the superconducting
order. In previous work on UPt;, the FLL geometry was measured at
low temperature as a function of field for magnetic fields directed
parallel to a crystallographic a direction®. The symmetry and
orientation of the FLL for this field direction was found to be
independent of the field strength, but a strong evolution of the
distortion of the FLL geometry with field was observed. This has
been interpreted to support a description of the superconductivity
in terms of a two-component order parameter'. In the present
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study we report a fundamental change in the symmetry of the FLL
with temperature, when the field is applied parallel to the hexagonal
c direction. Owing to the special choice of the hexagonal direction,
the observed symmetry change cannot be explained by Fermi-
surface anisotropy'"'?, which can otherwise provide a conventional
explanation for the occurrence of different symmetry FLLs. The
presence of this competing mechanism has complicated the inter-
pretation of a previous study of the unconventional superconductor
Sr,RuQy (ref. 13).

Our measurements were performed on an annealed cylindrical
single crystal, grown parallel to a crystallographic a direction by the
Czochralski technique under ultrahigh vacuum. Conventional neu-
tron diffraction detected no crystal mosaicity within an instru-
mental resolution of 0.35° (full-width at half-maximum), and the
crystal’s superconducting properties were measured to be similar to
other high-quality samples'*".

The FLL was studied by small-angle neutron scattering with the
D22 instrument at the Institut Laue Langevin, France. The neutron
wavelength used was N\, = 8 A, which is above the Bragg cut-off for
diffraction from the crystalline lattice. The applied magnetic field
was initially aligned with the incident neutron beam and parallel to
the crystal’s hexagonal c axis. Neutrons, scattered via the interaction
of their magnetic moments with spatial modulations of the mag-
netic field, were detected on a small-angle camera positioned
17.65m from the sample. The sum of detected images for several
small inclinations (‘rocking angles’) of the sample and field from the
incident beam direction is simply related to the Fourier transform of
the magnetic field distribution in the interior of the crystal. After
subtraction of background scattering observed in the normal state,
the summed image thus has the approximate geometry of the real
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Figure 1 The low-temperature phase diagram of UPt; for magnetic fields parallel to the
hexagonal crystal axis. Second-order phase transitions separate three different
superconducting phases, labelled A, B and C. The values of the superconducting critical
temperature and the critical field (at low fields) shown are the actual values measured for
the crystal used in the present experiment. The geometric shapes show schematically the
theoretical superconducting gap symmetries in the three phases for the E,, theoretical
model". The gap magnitude is represented as the difference between the outer surfaces
and inner spheres as a function of angle (@ segment of the outer surface has been
removed to show the inner sphere in the shape for the B phase). The frames define the
hexagonal crystal symmetry. The assignment of the two shapes to the A and C phases was
interchangeable depending on the sign of a coupling constant in the theoretical model:
however, our experiment determines the assignment to be as shown.
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FLL unit cell rotated through 90° about the field direction. But
because only rocking angles about the vertical axis were explored,
diffraction spots that lie almost directly above or below the incident
beam are absent from the images in our study.

A schematic of the low-temperature phase diagram of UPt; is
shown in Fig. 1. The distinctive feature of the phase diagram is the
existence of three separate superconducting phases'®, labelled A, B
and C. The Abrikosov mixed state occurs down to very low fields,
H,| (not shown), of only a few thousandths of a tesla. To explain the
phase diagram and other experimental results, theoretical models
have attributed different symmetries to the three phases'”'® in
accordance with group theory. The gap symmetries for one of the
most successful theoretical descriptions'®(denoted E,,) are shown in
Fig. 1. In this model, the anisotropy of the superconducting gap in
the basal plane for the A and C phases is predicted to be larger than

Figure 2 The measured small-angle neutron scattering from the flux-line lattice in UPts.
A, the scattering seen on the small-angle neutron camera with the sample in the normal
state at 600 mK; the data are shown on a logarithmic intensity scale. The solid lines show
the crystallographic a directions and the dashed lines the a* directions, in the plane of the
detector. The incident beam passes through the centre of the image, which is masked off.
The ridges of scattered intensity parallel to crystallographic a* directions extending
towards the edges of the image have an intrinsic metallurgical origin. The subsequent
panels show the extra scattering in the superconducting state at 0.19 T relative to the
normal-state background. Each image is an equal combination of measurements at two
rocking angles of the sample and field (—0.25°and +0.25° about the vertical axis). The
contours are spaced in equal steps of 100 counts per pixel per hour (the detector is
divided into pixels of 0.75cm). The fact that the rocking angles differ slightly from the
optimum value to illuminate each individual spot means that the centre of gravity of each
diffracted spot is slightly displaced from its ideal position. Furthermore, the diffraction
condition to illuminate spots lying almost vertically above or below the incident beam is not
satisfied. The ellipses indicate the approximate radial positions expected for diffraction
spots from an ideal hexagonal lattice with B=0.19 T (a mean wavevector transfer of
0.0065 /3") atthese rocking angles. The images all represent measurements made at low
temperature (100—150 mK), but differ with respect to the field history before the
measurement. Panel B shows the extra scattering after cooling the sample in a constant
field from above T.. Panel G shows the scattering after the sample was cooled in zero field,
with the field applied subsequently at low temperature and then oscillated by 0.02 T about
its final value. Panel D shows the scattering after the sample was cooled in zero field to Tq
=475 mK (in the superconducting A phase). The field was applied and oscillated at T, and
the sample was subsequently cooled to low temperature in a constant field.
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for the B phase. The effects of both the Fermi surface anisotropy and
the gap anisotropy on the orientation and symmetry of the FLL arise
from non-local corrections" to the simple London model® descrip-
tion of the mixed state. In constant magnetic field, the non-local
correction for a fixed Fermi surface anisotropy decreases only
slightly (by a factor of 2) between zero temperature and the critical
temperature, T.. It acts to stabilize a hexagonal FLL aligned to the
mirror planes of the hexagonal point group (along either the
crystallographic a or a* directions). The expected increase in the
anisotropy of the superconducting gap with temperature close to
the B—A phase line could however lead to an increasing non-local
correction with a four-fold symmetry, which might be sufficient to
give a measurable deviation from a perfect hexagonal FLL. The
motivation for our experiment was therefore to look for possible
deviations from the ideal hexagonal FLL as the A phase was
approached, and additionally to test for several more exotic flux-
line structures that can in theory occur in unconventional
superconductors®>*,

Scattering from the FLL was found to depend on the field history
in the superconducting state (Fig. 2). A hexagonal FLL was always
formed when the sample was cooled in a constant field from above
T. (a field-cooled history denoted as ‘FC’), with nearest-neighbour
flux lines along a directions (Fig. 2B). The rocking width over which
the diffraction spots were illuminated was measured to be rather
broad (a full-width at half-maximum of 0.44°), a characteristic of a
deformed FLL. The FC lattice is nucleated at the same time as the
superconductivity, and is therefore sensitive to slight variations in
T, close to any defects. This gives a natural mechanism to align the
FLL to the extended metallurgical structure shown in Fig. 2A. Figure
2C shows the scattering when the field was increased from zero at
the measurement temperature, and then oscillated by 0.02 T about
its final value (a field-oscillated history denoted as ‘FO’). The
nearest-neighbour directions between the flux lines now corre-
sponds to a* directions. The rocking width was measured to be
equal to the divergence of the incident neutron beam (a full-width
at half-maximum of 0.14°), which is consistent with a highly
ordered FLL. The same lattice orientation was in fact obtained for
all field histories in which the applied magnetic field was varied
significantly at low temperature, irrespective of any previous his-
tory. However, to be systematic in what follows, the crystal was
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Figure 3 The measured temperature dependence of the form factor for the lowest-order
diffraction process in an applied field of 0.19 T. At each temperature, the FLL was formed
by the ZFC+FO process described in the text, and the diffracted intensity recorded without
further changes in temperature or field. The line shows the calculated dependence of the
form factor for a conventional BCS superconductor with the same parameters as our UPt;
crystal (dBy/dT=7T K™ at T, = 550 mK and A0) =6,000 A). The observed form factor
decreases more rapidly than the BCS prediction as the B—A phase transition is
approached. The error bars represent the statistical errors in the diffracted intensities.
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always cooled from above T in zero field to the temperature at
which the FO procedure was applied (the full procedure is then
denoted as ‘ZFC+FO’). An improvement in the degree of order of
the FLL following a displacement of the flux lines, as observed here,
has been reported for several conventional superconductors®.
When the pinning is not too strong, displacing the flux lines
allows the lattice to relax from a frozen metastable state distorted
by pinning, to approach the arrangement most energetically
favoured in the absence of pinning.

Because we are interested in the equilibrium structure, we will
now focus our discussion on the measurements following the
ZFC+FO process, and discuss the evolution of the FLL when this
process was applied at different temperatures and the FLL measured
directly at these temperatures. The integrated reflected intensity for
a Bragg reflection from a sample of thickness ¢ is given by

Y Nt (@

RO =155t n2e <

M

where 0 is the Bragg angle, Sy is the unit cell area of the FLL, y = 1.91
(the gyromagnetic ratio of the neutron), and ¢, is the flux quantum.
The form factor f(q) is the Fourier component of the magnetic field
distribution at a given reciprocal lattice vector q = G. In the London
model, which does not consider the vortex cores, flq) = ¢,/
(1+\*q?), where N is the London penetration depth (for UPt; at zero
temperature X\ = 6,000 A). A much better solution can be obtained
for a one-component superconductor by numerically solving the
Ginzburg—Landau theory*, and can be conveniently expressed as
the product of the London model solution with a correction
function g(q,B/B.,), where B, is the upper critical field. However,
the observed form factor for UPt; decreases faster with temperature

Figure 4 The transformation of the FLL orientation. The panels show the right-hand half of
the detected images for diffraction from FLLs grown by the ZFC+FO procedure (see text)
atvarious temperatures 7o, and then quenched in constant field to low temperature (100—
150 mK). The images show a transformation as the A phase is approached, from a single
hexagonal lattice with nearest neighbours along a* at low temperature, to two new lattice
orientations rotated by —15° and +15° from this direction. The contours and lines have the
same meaning as in Fig. 2.
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than predicted by this theory for a conventional temperature-
evolution of one-component Ginzburg—Landau parameters (Fig. 3).
This is principally due to the presence of additional nodes in the
superconducting gap, which appear as the A phase is approached.
The appearance of extra nodes is consistent with Saul’s model'” and
also explains the observed increase in the magnetic penetration
length seen in muon measurements™”. Transverse ultrasound
attenuation measurements” further show that the extra nodes lie
parallel to the c axis. The resulting reduction in magnetic contrast,
however, means that the FLL cannot be directly measured in the A
phase in our experiment.

To study the A phase further, we grew FLLs at temperatures Tq
following the ZFC+FO procedure as above, but then subsequently
cooled the lattices rapidly to low temperature in constant field. The
quenched FLLs (Fig. 2D and Fig. 4) may now only be metastable,
but they have an enhanced magnetic contrast characteristic of the
lower temperature (100 mK) where the measurements were made.
Following this procedure for T < 350 mK, hexagonal lattices with
the same geometry as found in the direct measurements were
observed, with nearest-neighbour directions along the a* axes.
But for Ty = 450 mK, the image appears more rotationally dis-
ordered, but weakly aligned along new directions. Remarkably, for
higher Ty, (475 mK = T < 520 mK), the observed FLLs were again
extremely well ordered and clearly show this new alignment. By
carefully measuring the spot positions, we conclude that for Ty, in
this range the flux lines are still arranged in hexagonal lattices but
with two equally populated nearest-neighbour orientations inclined
at +15° and —15° to the crystal a axes.

As shown by Kogan'', when « > 1 (k = N£, where £ is the
superconducting coherence length), the core energy of the vortices
can be neglected, and the FLL symmetry can be calculated by
extending the London model to include the lowest-order non-
local corrections. The favoured FLL structure minimizes the free
energy density, F, for a given flux density, where

BZ
F= m ZJ(‘I) 2)

The sum extends over all reciprocal lattice vectors G, but is
effectively cut off at |q| = 1/£ by the vortex core correction to
f(q), which can be conveniently approximated® by g(q) =
exp(—y2g€) in the limit of k > 1 (k = 60 for UPt;) and B/B,, < 1.
Non-local effects may additionally modify f(q). To be more specific,
we consider the angular dependence of the gap parameter in the A
phase, projected into the basal plane, to be A (k) =« k.k, which is the
lowest-order angular harmonic consistent with the E,, model (k,
and k, are direction cosines relative to the x and y axes). In the B
phase, the second component of the order parameter is no longer
zero and the basal plane gap anisotropy is smaller. This gives the
following modified form for f(q):

gq
1+Nq* + Mg+ oN'qlq

flo) = ®3)
where ¢, is of the order of 1/k% ¢, measures the degree of the basal
plane anisotropy of the superconductivity. It is expected to be very
small at low temperature in the B phase, but increases with
temperature as the B—A transition is approached, and attains a
value of the order of 1/k* in the A phase, where the second
component of the order parameter vanishes. For ¢, = 0, F is a
minimum for an ideal hexagonal lattice with an arbitrary orienta-
tion. For small ¢, the deformation from the hexagonal structure
remains small, but the free energy is now a minimum for two
lattice orientations, inclined at +15° and —15° to the x-axis. Only for
¢, > 1/k* does the lowest-energy configuration change to approach
a square lattice.

Sixth-order powers of q must also be included in the denomi-
nator of equation (3) to account for the anisotropy of the Fermi
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surface. They are relevant only at low temperature in the B phase
where the basal plane anisotropy of the superconducting gap
becomes small. The crystal point group contains mirror planes
along both a and a* directions, and so, considering the Fermi
surface anisotropy alone, the free energy will have extrema when the
FLL symmetry also respects these symmetries; the stable FLL is then
hexagonal with nearest-neighbour directions along either a or a*. It
is not possible to deduce the precise anisotropy of the Fermi velocity
from existing measurements of the Fermi surface, although avail-
able data® show that for the dominant sheets the projected surface
areas are larger, and the electronic effective masses smaller, parallel
to a directions. Both effects act in the same sense to suggest that the
Fermi velocity, and therefore the screening currents, are larger
parallel to a. The FLL nearest neighbours would therefore be
expected to lie along a*, as was observed for Tq < 350 mK. In the
theoretical description'® of the unconventional superconductivity of
UPt;, the orientation of the order parameter and therefore of the
superconducting gap is determined by the coupling of the super-
conductivity to a weak symmetry-breaking field. In zero magnetic
field this mechanism is responsible for separating the two super-
conducting transition temperatures which would otherwise be
degenerate. The symmetry-breaking field is usually attributed to
an observed quasi-static antiferromagnetic order’ with the ordered
moments and ordering vectors lying along a* directions’’. In the E,,
model, this fixes the azimuthal orientations of the antinodes in the
superconducting gap to either (1) coincide with a and a* directions,
or (2) bisect adjacent a and a* directions; one choice occurs in the C
phase, while the other is realised in the A phase (Fig. 1). From our
experiment we can conclude it is the second choice that occurs in
the A phase. In most other theoretical models with different
candidate symmetry scenarios, such as the E;, model®, the gap
antinodes always lie along a and a* directions and they cannot
therefore explain the unusual FLL orientation we observe. It is
important also to stress that our result is independent of any
domain structure of the symmetry-breaking field. Different
domains will be related by rotations through multiples of 60°, but
give rise to the same hexagonal FLL.
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When an intense laser pulse is focused into a gas, the light—atom
interaction that occurs as atoms are ionized results in an extremely
nonlinear optical process'—the generation of high harmonics
of the driving laser frequency. Harmonics that extend up to orders
of about 300 have been reported*’, some corresponding to photon
energies in excess of 500 eV. Because this technique is simple to
implement and generates coherent, laser-like, soft X-ray beams, it
is currently being developed for applications in science and
technology; these include probing the dynamics in chemical and
materials systems® and imaging’. Here we report that by carefully
tailoring the shape® of intense light pulses, we can control>" the
interaction of light with an atom during ionization, improving the
efficiency of X-ray generation by an order of magnitude. We
demonstrate that it is possible to tune the spectral characteristics
of the emitted radiation, and to steer the interaction between
different orders of nonlinear processes.

This work builds on a number of other recent advances in laser
and nonlinear-optical science and technology. The use of tempo-
rally shaped ultrashort pulses to create ‘designer’ atomic
wavepackets', to control two-photon absorption'*", and to control
molecular processes'™'* has been a topic of increasing interest as
laser technology has developed. Recent work has demonstrated
techniques to increase the conversion efficiency of high-harmonic
generation by using waveguide'® and new focusing geometries'®",
and very short duration (=25 fs, or ~10 optical cycles) light
pulses'®. It has also been shown that the temporal ordering of
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Figure 1 Optimization of a single (27th) harmonic in argon while suppressing adjacent
harmonics. The optimization criterion (fitness function) for this run corresponded to

f =Ls; — Ls, — Ls,, where s corresponds to the signal level of a CCD pixel, and the
ranges /, jand k represent the pixels corresponding to a 0.5-nm spectral bandwidth
centred around the 25th, 27th and 29th harmonic. The peak enhancement for the 27th
harmonic is a factor of 8, while the energy enhancement is a factor of 4.6. The contrast
ratio between the 27th harmonic and adjacent harmonic increases by a factor of 4.

colours in the light pulse affects the spectral characteristics of the
high-harmonic radiation'*”. However, that work was limited to
simple adjustment of the light pulse ‘chirp’ and did not reveal any
ability to selectively control the high harmonic generation (HHG)
process or to improve overall conversion efficiency.

The present work uses a newly developed laser system that
generates high-power ultrafast laser pulses with the capability of
temporally reshaping them in a very precise and flexible manner®'.
We show that very subtle changes (resulting in changes in the time
duration of the light pulse of only a few femtoseconds) can
manipulate the electronic response of an atom, and thereby control
the spectral characteristics and brightness of the soft X-ray coherent
radiation. We have found this effect to be very general, occurring
over a wide range of parameters and in different gases. In light of
past work, the effectiveness of this technique is unexpected. It
illustrates significant differences between low-order nonlinear pro-
cesses such as second-harmonic generation and high-order
processes such as HHG that are inherently non-perturbative.
Furthermore, under some conditions it is possible to channel
most of the high-harmonic emission into a single spectral peak
creating a coherent, nearly monochromatic soft X-ray source with a
greatly enhanced brightness.

In our experiment, we focus light pulses from an ultrafast laser
system with a repetition rate of 1kHz and a pulse energy of up
to 1 mJ into a 175-p.m diameter, gas-filled capillary waveguide. The
pulse peak intensity (~2 x 10"* W cm™) is sufficient to field-ionize
the atoms (typically argon), in the process generating high-harmonic
extreme ultraviolet (XUV) radiation. The capillary waveguide
allows us to create an extended region of high laser intensity and
long coherence length to efficiently generate the high-harmonic
radiation'’, which is observed using an X-ray charge-coupled device
(CCD) camera directly coupled to a grazing-incidence spectro-
meter.

The laser system incorporates a micromachined deformable
mirror pulse-shaping apparatus®. This adaptive optic element is
used in a position within the laser system where the frequency
components of the light pulse are spatially separated and can change
the relative path length of the various colours, thus reordering the
arrival times of the colours of the short pulse. The light pulse
bandwidth is about 80 nm full-width at half-maximum (FWHM)
centred at 800 nm, and is not altered by the pulse shaper.
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