through sediment pore waters. This admittedly far-fetched scheme
requires all of the Au deposited in ejecta over at least 30 cm” of the
ocean floor to have diffused into this 2.5-mm particle. There is
evidence for chemical diffusion at least on a millimetre-scale. The
clays surrounding the meteorite are light brown because they lack
the hydrogenous manganese oxides that are ubiquitous in pelagic
clays and which give them their dark-brown colour. During diage-
netic alteration of metal and sulphides within the meteorite, a zone
of reducing conditions in the surroundin§ sediments must have
developed, reducing Mn to the soluble Mn“" (ref. 15) which could
then diffuse outwards. Glauconite, which we infer to be a principal
clay mineral in the altered meteorite, is also known to form only
under reducing conditions'.

The Ir anomaly in DSDP Hole 576 was smeared across at least
30 cm by bioturbation’. In such slowly accumulating clays® this
interval could represent as much as 0.5 Myr of sedimentation, so it is
impossible to state with certainty that this object accreted at the
same moment as the K/T projectile. Interplanetary dust from the
asteroid belt is an unlikely source because it should be strongly
biased against particles this large which are destroyed by collisions
before solar wind induced drag can decelerate them into Earth-
crossing orbits”. In any case, over 0.5Myr, only ~2 X 10'°g of
interplanetary dust should accrete to the Earth, an amount which is
<4% of the mass of the 10-km chondritic asteroid proposed for the
K/T boundary'. Dust produced by a significant comet shower'® is a
potential source, but there is no independent physical evidence that
such an event occurred 65Myr ago. The K/T projectile itself is
capable of producing unmelted meteorite fragments and should be
considered the most plausible source. Numerical simulations of the
Chicxulub impact show that vertical impact of a 10-km projectile at
asteroidal velocities could result in as much as 10% of the projectile
experiencing shock pressures below the melting point*. At more
typical angles approaching 45°, even more material could survive.
This has also been demonstrated in laboratory experiments of
oblique impacts', which have been discussed as the possible cause
of asymmetries in the Chicxulub crater®. Also, a late Pliocene
hypervelocity impact is known to have produced millimetre- to
centimetre-sized unmelted meteorites*' so the potential for meteor-
ite survival is an established fact.

The fossil meteorite described in this study is, to our knowledge,
the first K/T boundary sample with sufficient information from
textural and chemical data to make inferences concerning its
origin. Shuryatz et al.”* reported micrometre-sized Ir nuggets in
impact melt rocks from Chicxulub, and speculated that they
might be derived directly from the projectile. Robin et al.” reported
~250-pm spheroidal debris with chondritic Ir concentrations and
shapes reminiscent of partially melted interplanetary dust. These
were in K/T sediments from DSDP Site 577, only 500 km west of Site
576. They made no specific interpretation of the source materials,
other than that they were chondritic. The fossil meteorite from
DSDP Hole 576 appears to be from (1) a chondritic meteorite with
(2) significant amounts of metal and sulphide (4-8%), (3) large
inclusions (>200 wm) of mafic minerals that also contained metal,
and (4) 30—-60% fine-grained matrix. The known meteorite groups
that best fit these criteria could be the CV, CO and CR carbonaceous
chondrites . Type CM carbonaceous chondrites are possible, but
they typically contain only 1-3% opaque minerals”’. Unequili-
brated ordinary chondrites are a less likely source because they
have only 15% fine-grained matrix®®. Carbonaceous chondrites
constitute only a few per cent of observed meteorite falls”, but
they may be an important component of the asteroid belt, as most of
the Antarctic micrometeorites have characteristics typical of CM
and CR chondrites™. O
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Coherent quantum control of
two-photon transitions by
afemtosecond laser pulse

Doron Meshulach & Yaron Silberberg
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Rehovot 76100, Israel

Coherent quantum control'~ has attracted interest as a means to
influence the outcome of a quantum-mechanical interaction. In
principle, the quantum system can be steered towards a desired
state by its interaction with light. For example, in photoinduced
transitions between atomic energy levels, quantum interference
effects can lead to enhancement or cancellation of the total
transition probability. The interference depends on the spectral
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phase distribution of the incident beam; as this phase distribution
can be tuned, the outcome of the interaction can in principle be
controlled. Here we demonstrate that a femtosecond laser pulse
can be tailored, using ultrashort pulse-shaping*” techniques, to
control two-photon transitions in caesium. By varying the spec-
tral phases of the pulse components, we observe the predicted
cancellation of the transitions due to destructive quantum inter-
ference; the power spectrum and energy of these ‘dark pulses’ are
unchanged. We also show that the pulse shape can be modified
extensively without affecting the two-photon transition probability.

Although schemes of coherent control can involve continuous
waves, many proposals have been made that involved ultrashort
optical pulses. For example, coherent control of molecular systems
with a sequence of short pulses could allow the selective manipula-
tion of molecular structures®, including breaking specific bonds and
changing a reaction path. Most of these schemes involve exciting the
system with short pairs of pulses’™*. Such control by pulse pairs
was also demonstrated for various one-photon'>'® and two-photon
transitions in two-level systems'’ .

Consider the two-photon interaction of an ultrashort pulse with
a field e(t) with a two-level atom. If the interaction is non-resonant
(that is, a transition with no intermediate states), the probability of
inducing a transition to the excited state by the pulse is proportional
to:

2

JE(wU/Z + Q)E(e,)2 — Q)dQ

S,

JA(%/Z + D) A(y)2 — Qyexp ilD(wy/2 + Q)

2

+ P(w,/2 — Q)] pdQ (1)

where E(w) = A(w)exp[i®(w)] is the Fourier transform of e(t), and
A(w) and ®(w) are the spectral amplitude and the spectral
phase distribution, respectively. Equation (1) reflects the fact
that two-photon transitions occur for all pairs of photons with
frequencies w;, w, (with w; + w, = w,), and w;, w, lie within
the spectrum of the exciting pulse, as shown schematically in
Fig. 1. Hence, all frequency components of a single pulse
contribute to the two-photon transition probability, which
can be controlled by tailoring the spectral phases of the pulse.

A A

Wy

831/2

7 Wo 7P

Wo

NI

W1

6S12

Figure 1 Schematic diagram of the energy levels of the 6S,, — 8S,,, two-photon
transitions in Cs. Two-photon transitions occur for all pairs of photons wy, w, (with
w; + w, = wy), Where wp, which corresponds to 411 nm, is the energy of the
transition. The fluorescence signal wy corresponds to ~460nm. The power
spectrum of the excitation pulse is shown schematically at the left. Note that
each of the two levels is split into two hyperfine states. Only two transitions are
allowed, one from each of the sublevels of the ground state to the corresponding
excited state. In our experiments, all signals were shorter than a few pico-
seconds, which is too short to observe any dynamics between the two transi-
tions; we therefore consider the ground and excited states as single states.
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For a given power spectrum A*(w), it is obvious that S, is
maximized by the transform limited pulse, that is, a pulse having
the minimum time duration with ®(w) = 0. For a pulse with the
same power spectrum, but having any antisymmetric spectral phase
distribution around the two-photon transition frequency wy/2, that
is P(wy/2 4+ Q)= —P(w,/2 —Q), the two-photon transition
probability is independent of the spectral phase, and is identical
to that of the transform limited pulse. But it is obvious that such an
antisymmetric spectral phase affects the pulse shape. In fact, the
pulse can be spread in time into a very small amplitude without
affecting the two-photon transition probability.

Although antisymmetric phase distributions do not affect the
two-photon transition probability, other phase distributions can be
tailored to cancel the two-photon transition probability. Such so-
called dark pulses, which could come in various temporal shapes,
induce no net two-photon transitions, and are the appropriate
coherent superposition of optical frequencies that cancels two-
photon absorption. They are analogous to dark states, which are
coherent superpositions of quantum states that do not absorb
resonant light.

To verify our predictions experimentally, we considered the two-
photon transitions between the 6S;,, and the 8S,,, levels of atomic
caesium, induced by a femtosecond pulse as shown in Fig. 1, where
wp/2 corresponds to 822nm. Each of the excited atoms decays
spontaneously to the ground level through the 7P level, so that
the two-photon transition can be directly observed through the
measurement of the two-photon fluorescence signal at wg, which
corresponds to ~460 nm.

The layout of our experimental system, shown in Fig. 2, is
composed of a programmable pulse shaper, a Cs gas cell, a photo-
multiplier and a lock-in amplifier. We tuned our mode-locked Ti—
sapphire laser, to produce 31-fs full-width at half-maximum
(FWHM) transform-limited sech? intensity pulses, centred at
822 nm, at the output of the pulse shaper. The programmable
pulse shaper” was composed of a pair of diffraction gratings with
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Figure 2 Experimental system for coherent quantum control of two-photon
transitions. The system is composed of a dynamic pulse shaper, a programmable
liquid-crystal spatial light modulator used as a spatial filter, a Cs gas cell and a
photomultiplier (PMT) and a lock-in amplifier. The computer was used for reading
the fluorescence signal and for updating the modulator. The inset shows the
normalized power spectrum of a typical input pulse with a FWHM of 23nm, and a
typical phase modulation with ©@(Q) = acos(BR), a =1 and g=220fs. In all
experiments, an additional constant-phase filter was applied to the modulator,
to account for residual dispersion introduced by the pulse shaper, including that
of the modulator itself.
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Figure 3 Experimental and calculated results for coherent quantum control of two-
photon transitions in Cs gas by a periodic phase distribution @(Q) = «cos(8Q2 + ¢).
In all cases, B=220fs, which corresponds to about two periods of phase
modulation within the FWHM spectral width of the pulses. a, Experimental
(circles) and calculated (line) normalized two-photon fluorescence (TPF) signal
as a function of the modulation depth « for ¢ = 0. Also shown are experimental
results (squares) for antisymmetric phase distribution ©(Q) = asin(Q), as a

1,200 lines mm™", and a pair of achromatic lenses with a 100-mm
focal length. Briefly, the first lens and grating spatially map the
complex spectrum of the input pulse at the Fourier plane, where a
spatial filter is inserted. The second lens and grating reassemble the
spectral components to form a modified time-shaped pulse. A one-
dimensional programmable liquid-crystal spatial light-modulator
array, composed of 128 computer-controlled discrete phase
elements was placed at the Fourier plane of the shaper, and was
used as a dynamic filter for spectral phase manipulation of the
pulses. The shaped output pulses were focused into the Cs gas cell,
and the fluorescence signal was filtered optically and detected by the
photomultiplier.

To demonstrate coherent control of the transition, we modified
the phases of the spectral components of the input pulse by applying
spectral phase-only filters of the form H(Q) = exp(i®(Q)) to the
modulator, where @ is the frequency deviation from wy/2, and
measured the fluorescence signal as a function of the parameters of
the filters. Note that a phase-only filter does not affect the pulse
energy or power spectrum. We limit the discussion here to periodic
spectral phase distributions with ©(Q) = acos(3Q2 + ¢), where o
and B are the modulation depth and frequency modulation,
respectively, and ¢ is the modulation phase (see Fig. 2, inset, for a
typical phase modulation). In all the experiments below, 8 = 220 fs,
which corresponds to about two periods of phase modulation over
the spectral width of the pulses. The results seem not to be sensitive
to this value.

First, we applied a symmetric spectral phase @(Q) = acos(30),
and measured the fluorescence signal as a function of the modula-
tion depth . The experimental results are presented in Fig. 3a,
together with the theoretical curve calculated from equation (1)
with E(w,/2 + Q) = sech(1.76Q/Aw)expliccos(BQ)] , where Aw is
the FWHM bandwidth of the power spectrum. We note a strong
variation in the fluorescence signal as « is increased. The fluores-
cence vanishes at a few values of the modulation depth, the first is
near o = 1.2; these are dark pulses that induce no two-photon
transitions. The calculated temporal distribution of the first dark
pulse is shown in Fig. 3b, together with the transform-limited input
pulse having the same power spectrum. Because of the periodicity of
the spectral phase, this dark pulse is a particular sequence of pulses.
Other dark pulses are obtained for higher values of . The vanishing
of the fluorescence signal near o = 1.2 is related to the first zero of
the Bessel function J,(2e) = 0. For a square uniform spectrum of
width Aw it can be shown analytically that S, = 0in equation (1) for
B = 2m/Aw and oy = 1.2024.

Also shown in Fig. 3a are experimental results with antisymmetric
spectral phase @(w) = asin(B3Q). Although theory predicts a con-
stant fluorescence signal, we measure a slow decrease in the signal
with increasing «e. We attribute this discrepancy to inherent loss and
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function of a. b, The calculated normalized temporal intensity distribution of the
dark pulse corresponding to a = 1.2 and ¢ = 0 (solid line) and the transform-
limited 31-fs sech? intensity input pulse having the same power spectrum (dashed
line). ¢, Experimental (circles) and calculated (line) fluorescence signal for phase
distribution @(Q) = acos(BQ2 + ¢) as a function of the modulation phase ¢ for
a=12.

imperfect antisymmetry due to the use of discrete phase elements in
the modulator. But note that for o = 1.2, the fluorescence intensity
drops only by a few per cent for this antisymmetric filter, whereas
it vanishes for the symmetric filter. In the time domain, the
corresponding fields differ only in their phase structure; that is,
their intensities |e(t)|> are practically identical. It is this phase
structure that leads to the markedly different outcome of the
quantum mechanical process. Antisymmetric phase modulation
generates a sequence of pulses as in Fig. 3b that are all in a single
quadrature of the field, whereas symmetric modulation generates
pulses that alternate between the two quadratures. Pulses of differ-
ent quadratures lead to destructive interference of the two-photon
transition probability’’™"” and, at the appropriate ratio, to its
complete cancellation.

To emphasize the importance of symmetry, we measured the
fluorescence signal as a function of the modulation phase ¢ for
o = 1.2. This allows monitoring of the transition probability as the
spectral phase distribution is continuously transformed from sym-
metric to antisymmetric. The experimental and theoretical results
are presented in Fig. 3c. Note that simply by shifting the phase-
modulation filter across the spectrum, affecting neither the total
power nor the power spectrum of the pulse, we were able to control
the fluorescence yield by a factor of better than 1 in 200. This is a very
impressive demonstration of the effectiveness of quantum inter-
ference to achieve coherent control of a quantum-mechanical
process. Note also that all theoretical and experimental results are
presented without adjustable parameters. The excellent agreement
between the experimental results and the simple theory outlined
above reflects the fundamental role of quantum interference in two-
photon absorption.

Although we could demonstrate remarkable agreement between
theory and experiment for a two-level system, two-photon pro-
cesses in molecular and other complex quantum systems are usually
too complicated to model exactly. Nevertheless, we expect that
coherent control in such complex systems can be achieved by intro-
ducing adaptive ultrashort-pulse-manipulation techniques™' ™’
that optimize the spectral phases to approach a goal without any
prior knowledge of the system.

The principles presented here can be extended straightforwardly
to many other multiphoton interactions of ultrashort pulses with
matter, including Raman transitions, and work in this direction is
in progress. We expect that these findings will open a wide new area
for theoretical and experimental work, as well as possible applica-
tions in nonlinear spectroscopy and in atomic and molecular
physics. O
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The phenomenon of superconductivity continues to be of con-
siderable scientific and practical interest. Underlying this phe-
nomenon is the formation of electron pairs, which in
conventional superconductors do not rotate about their centre
of mass (‘s-wave’ pairing; refs 1, 2). This contrasts with the
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situation in high-temperature superconductors, where the elec-
trons in a pair are believed to have two units of relative angular
momentum (‘d-wave’ pairing; ref. 3 and references therein). Here
we report small-angle neutron-scattering measurements of mag-
netic flux lines in the perovskite superconductor Sr,RuQ, (ref. 4),
which is a candidate for another unconventional paired electron
state—‘p-wave’ pairing, which has one unit of angular momen-
tum’”’. We find that the magnetic flux lines form a square lattice
over a wide range of fields and temperatures, which is the result
predicted by a recent theory® of p-wave superconductivity in
Sr,RuO,. This theory also indicates that only a fraction of the
electrons are strongly paired and that the orientation of the
square flux lattice relative to the crystal lattice will determine
which parts of the three-sheet Fermi surface of this material are
responsible for superconductivity. Our results suggest that super-
conductivity resides mainly on the “y’ sheet’.

Strontium ruthenate (SRO) has nearly two-dimensional metallic
properties, with a well-established Fermi surface'®™" consisting of
three sheets (a, B, <y). Non-s-wave superconductivity in this
material is implied by the strong suppression of the superconduct-
ing transition temperature (T,) below its maximum value of ~1.5K
by non-magnetic impurities, which thus act as pair-breakers’.
Noting that the y-sheet of the SRO Fermi surface is mainly derived
from different Ru orbitals than are the a- and B-sheets, Agterberg
et al.® have argued that pairing interactions will only weakly couple
the different orbitals. They propose that p-wave superconductivity
will be primarily present on either the y-sheet, or the a- and B-
sheets, with weak superconductivity on the other. This argument
has been recently extended by Agterberg’, who has shown that the
flux-line lattice (FLL) structure for field perpendicular to the RuO,
planes is very likely to be square, and that the orientation of the
square flux lattice relative to the crystal lattice indicates which
sheet(s) of the Fermi surface are primarily responsible for super-
conductivity. Thus, by observations of the flux lattice, we can gain
important information about superconductivity in this material.

Neutron-diffraction patterns were obtained from the FLL in a
sample of SRO (see Methods). A contour plot of a typical result is
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Figure 1 Contour plot of FLL diffraction pattern. With the geometry of our
experiments, the diffracted neutrons form an image in the multidetector of the
reciprocal lattice of the FLL: the central region of the detector has been masked. A
field of 20mT was applied parallel to ¢ above T, data taken above T, were
subtracted from that obtained after cooling to 100mK. The crystal a and b
directions are horizontal and vertical in this figure. The sample shape causes the
vertical spots to have different intensities from the horizontal ones, as discussed
in Methods. The elongated shape of the spots reflects the shape of the exit
aperture of the neutron guide.
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