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Nonlinear optics plays a central role in the advancement of optical science and laser-based
technologies. We report on the confinement of the nonlinear interaction of light with matter to a single
wave cycle and demonstrate its utility for time-resolved and strong-field science. The electric field of
3.3-femtosecond, 0.72-micron laser pulses with a controlled and measured waveform ionizes atoms
near the crests of the central wave cycle, with ionization being virtually switched off outside this
interval. Isolated sub-100-attosecond pulses of extreme ultraviolet light (photon energy ~ 80 electron
volts), containing ~0.5 nanojoule of energy, emerge from the interaction with a conversion efficiency
of ~10–6. These tools enable the study of the precision control of electron motion with light fields and
electron-electron interactions with a resolution approaching the atomic unit of time (~24 attoseconds).

Nonlinear electron-light interactions driven
by strong light fields of controlled wave-
form (1) have allowed for the control of

electronic motion at light frequencies and the real-
time observation of electron dynamics inside and
between atoms with ~100-as resolution (2–7).
However, time-domain access to a number of
fundamental processes, such as the intra-atomic
energy transfer between electrons (resulting, for
example, in shake-up) (8), the response of an
atomic electron system to external influence (e.g.,
to ionizing radiation) (9) and its rearrangement
after the sudden loss of one or more electrons

(10), the charge transfer in biologically relevant
molecules (11) and related changes in chemical
reactivity (12) or because of nonadiabatic tun-
neling (13, 14), would require (or benefit from)
an improved temporal resolution.

We used waveform-controlled sub-1.5-cycle
near-infrared (NIR) light to demonstrate the gen-
eration of robust, energetic, isolated sub-100-as
pulses of extreme ultraviolet (XUV) radiation and
their precise temporal characterization. Photo-
ionization confined to a single wave cycle results
in observables (such as high-harmonic photons
and electrons emitted by above-threshold ioniza-

tion) that can now be related to several distinguish-
able subcycle ionization events and subsequent
electron trajectories with a known timing with
respect to the driving field, whose strength and
temporal evolution is accurately known (3). These
circumstances provide ideal conditions for testing
models of strong-field control of electron motion
and electron-electron interactions.

The generation of attosecond pulses benefits
from the abrupt onset of ionization within a single
half-cycle, which minimizes the density of free
electrons and, hence, the distortion of the driving
wave and its dephasingwith the generated harmon-
ic wave. As a result, the coherent build-up of the
harmonic emission over an extended propagation
is maximized. In addition, the order-of-magnitude
variation of the ionization probability between ad-
jacent half-cycles creates unique conditions for
single sub-100-as pulse emission without the need
for sophisticated gating techniques (5, 15, 16).

On the measurement side, improved resolu-
tion results from three provisions: (i) shorter

Fig. 1. Simulation of sub-femtosecond XUV emission from
neon atoms ionized by a linearly polarized, sub-1.5-cycle, 720-
nm laser field. E0 and aL(t) are inferred from best agreement
between the modeled (17) and measured (Fig. 2) spectra and
the streaking spectrogram (Fig. 3), respectively. The laser field
liberates electrons near its most intense wave crests. (A)
Classical trajectories of maximum return energy (left panels)
and spectra of emerging XUV emission (right panels) are
shown for waveforms consistent with aL(t) inferred from Fig. 3
(correspondence established by colors and line style). The
numbers in (i) to (iii) quantify, in units of 10–4, the ionization
probability and, hence, the squared modulus of the amplitude of
the electron wave packets launched. This amplitude substan-
tially dictates the intensity of XUV emission upon recollision:
Contrast ionization probability in (i) to (iii) with the corre-
sponding emission intensities in (iv) to (vi). The pink “dotted-
line” emission is not visible in (v) because of the lower
ionization probability (by two orders of magnitude) with
respect to that resulting in the purple “solid-line” emission
[see (ii)]. The gray dashed-and-dotted lines denote the band-
pass used in our experiments (fig. S2). ϕ = 70° and ϕ = 135°
yield highest contrast [see (B)] and highest XUV cutoff energy,
respectively. arb.u., arbitrary units. (B) Contrast versus CE
phase. Here, contrast is defined as the ratio of the energy of
the main attosecond XUV pulse to the overall XUV emission
energy transmitted through the bandpass [gray dashed-and-
dotted lines in (A)].
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XUV pulse duration, (ii) improved signal-to-noise
(S/N) ratio due to the increased XUV photon
flux, and (iii) stronger streaking before the onset
of the NIR field–induced ionization in attosecond
streaking (2) or enhanced S/N ratio due to a
reduced number of tunneling steps in attosecond
tunneling spectroscopy (14).

Figure 1 summarizes results of the modeling
of the single-cycle interaction of ionizing NIR
radiation with an ensemble of neon atoms (17). In
Fig. 1A, the left panels plot possible NIR elec-
tric waveforms,ELðtÞ ¼ E0aLðtÞe−iðwL tþϕÞ þ cc
(where cc stands for complex conjugate) derived
from our streaking measurements (as presented
in the next sections) for different settings of the
carrier-envelope (CE) phase, ϕ. Here, E0 is the
peak electric-field strength, aL(t) is the normal-
ized complex amplitude envelope, and wL is the
carrier frequency. The probability of ionization
outside the central cycle is more than two orders
of magnitude lower than that at the field maxi-
mum and hence is negligible.

The spectra ofXUVemissions originating from
the individual recollisions (18) are predicted to
differ by tens of electron volts in cut-off energy and
by up to orders of magnitude in intensity as a con-
sequence of the single-cycle nature of the driving
field. The strong variation of emission energies and
intensities within a single wave cycle creates ideal
conditions for isolated sub-100-as pulse genera-
tion. Indeed, filtering radiation with the bandpass
depicted by the dashed-and-dotted line is predicted
to isolate XUVradiation withmore than 90% of its
energy delivered in a single attosecond pulse for a
range of CE phases as broad as 30° ≤ϕ ≤ 90° (Fig.
1B). In contrast, with few-cycle-driven harmonic
generation resulting in isolated subfemtosecond
pulses over only a relatively narrow range of the
CE phase near ϕ ≈ 0° (3), single-cycle excitation
appears to permit robust isolated attosecond pulses
for a variety of driver waveforms, ranging from
near-cosine– to sine-shaped ones, owing to the
order-of-magnitude variation of the ionization
probability within a single wave cycle.

We used phase-controlled sub-1.5-cycle laser
pulses carried at a wavelength of lL = 2pc/wL =
720 nm (19) to generate XUV harmonics in a
neon gas jet up to photon energies of ~110 eV
(fig. S1). The emerging XUV pulse—following
a spectral filtering through a bandpass (dashed-
and-dotted line in Fig. 1A) introduced by metal
foils and a Mo/Si multilayer mirror (fig. S2)—
subsequently propagates, along with its NIR driv-
er wave, through a second jet of neon atoms in
which the XUV pulse ionizes the atoms in the
presence of the NIR field. The freed electrons
with initial momenta directed along the electric-
field vector of the linearly polarized NIR field are
collected and analyzed with time-of-flight spec-
trometry (17).

The variation of the measured photoelectron
spectra versus CE phase shows good agreement
with the predictions of our simulations (Fig. 2,
A and B). Figure 2, C to E, shows plots of
electron spectra corresponding to the CE phase
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Fig. 2. Control of bandpass-filtered XUV emission with the waveform of monocycle light. Measured
(A) and simulated (B) (17) photoelectron spectra versus CE phase, with the delay increased in steps of
~11° (p/16 rad). (C to E) Spectra measured at the CE phase setting closest to the values selected in
Fig. 1A. The zero of the CE phase scale in (A) was set to yield the best agreement with the modeled
spectra in (B).
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Fig. 3. Sub-100-as XUV pulse retrieval. (A) Measured ATR spectrogram compiled from 126 energy
spectra of photoelectrons launched by an XUV pulse with a bandwidth of ~28 eV (FWHM) and recorded
at delay settings increased in steps of 80 as. Here, a positive delay corresponds to the XUV pulse
arriving before the NIR pulse. The high flux of the XUV source allows this spectrogram to be recorded
within ~30 min. (B) ATR spectrogram reconstructed after ~103 iterations of the FROG algorithm (17).
(C) Retrieved temporal intensity profile and spectral phase of the XUV pulse. The intrinsic chirp of the
XUV emission (Fig. 4B) is almost fully compensated by a 300-nm-thick Zr foil introduced into the XUV
beam between the attosecond source and the ATR measurement. Arrows indicate the temporal FWHM of
the XUV pulse. (D) XUV spectra evaluated from the measurement of the XUV-generated photoelectron
spectrum in the absence of the NIR streaking field (blue dashed line) and from the ATR retrieval (blue
solid line). The black dotted line indicates the retrieved spectral phase.
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settings selected in Fig. 1A. Apart from a down-
shift by the ionization potential of neon (21.5 eV),
they reveal close resemblance to the XUV spectra
transmitted through the bandpass in Fig. 1A(v),
(vi), and (iv), respectively. Figure 2C depicts the
broadest filtered spectrum produced by a single
recollision [full-line spectrum in Fig. 1A(v)].
Emission from the same recollision dominates
also in the spectrum shown in Fig. 2E, with this
spectrum red-shifted and (upon transmission through
the bandpass) correspondingly narrowed, as pre-
dicted in Fig. 1A(iv). The two humps of the
spectrum plotted in Fig. 2D are indicative of con-
tributions from two recollisions, in accordance
with the “solid-line” and “dotted-line” contribu-
tions to the emission spectrum in Fig. 1A(vi).

Before measuring the XUV pulse, we opti-
mized the generation process by “fine-tuning”
the NIR laser peak intensity to achieve the
broadest possible XUV spectrum transmitted
through the bandpass in the range of CE phase
settingswhere the contrast ismaximized (50° – 80°,
according to Fig. 1B) to generate a clean single
pulse with the shortest possible duration. For the
temporal characterization of the generated XUV
supercontinuum, we shined the NIR field into the
neon atoms ionized by the XUV pulse to im-
plement the atomic transient recorder (ATR)
technique introduced in (2, 3). The NIR field
boosts or decreases the momenta of the photo-
electrons, depending on their instant of release
within the 2.4-fs period of the laser field, re-
sulting in broadened and shifted (streaked)
spectra of the electrons’ final energy distribution.
Figure 3A is a plot of a series of streaked spectra
recorded versus delay between the XUVandNIR
pulse, which we refer to as an ATR or streaking
spectrogram. It is practically equivalent to the
spectrogram obtained by frequency-resolved
optical gating (FROG) (20), with the oscillating
NIR field constituting an attosecond phase gate
in the present case (21). As a consequence, a
FROG retrieval algorithm (22) allows complete
determination of both the (gated) XUV pulse and
the (gating) NIR laser field (17). The recon-
structed ATR spectrogram is plotted in Fig. 3B
and reveals excellent agreement with the mea-
sured one.

The retrieved temporal intensity profile and
phase of the XUV pulse are shown in Fig. 3C.
The pulse duration of tx = 80 ± 5 as is close to
its transform limit of 75 as, with a small positive
chirp of f′′ = (1.5 ± 0.2) × 103 as2 being re-
sponsible for the deviation. As a further consist-
ency check of the attosecond pulse retrieval, we
compared the measured NIR field–free electron
spectrum (dashed blue line in Fig. 3D) with the
electron spectrum calculated from the retrieved
attosecond pulse (solid line in Fig. 3D). Given
that the pulse retrieval draws on streaked spectra
that are strongly distorted with respect to the
field-free one, the degree of agreement between
the retrieved and directly measured spectrum
provides yet another conclusive testimony of the
reliability of the retrieved data.

The ATR retrieval algorithm indicates the
presence of a satellite pulse accompanying the
main attosecond pulse, containing ~1% of the en-
ergy of the main pulse. This amount of satellite
is consistent with the depth of the experimen-
tally observed modulation in the XUV spectrum
(Fig. 3D). However, this result is inconsistent
with our numerical modeling, which predicts a
satellite energy content of some 6 to 7% for the
optimum range of CE phase settings (Fig. 1B).
From analysis of the streaked spectra recorded
at the maximum of the NIR electric field (fig.
S3), where the momentum of the electrons re-
leased by the main attosecond pulse and its
satellite is shifted in opposite directions, we
inferred a relative satellite energy of ~8%, which
is in good agreement with the prediction of our
modeling. As a consequence, the fringe visibil-
ity in the XUV spectrum is lower than was
implied by the relative amplitude of the satellite
pulse. The discrepancy may originate from a
temporal jitter between the main pulse and the
satellite pulse and/or from a different spatial
amplitude distribution of the beams transporting
the emission from the adjacent recollision
events. The important lesson from these findings
is that the fringe visibility in the XUV spectrum
does not allow a reliable determination of the

energy carried by the satellite(s) accompanying
the main attosecond pulse.

The laser waveform evaluated from the ATR
measurement is preserved between the location
of the generation and measurement. Figure 4A
illustrates the evaluated NIR waveform with
electric-field amplitude corresponding to a peak
intensity of I0 ~ (5.8 ± 0.5) × 1014 W/cm2, as
evaluated from the cut-off of our XUV spectra.
The pulse duration [full width at half maximum
(FWHM)] of 3.3 fs is in good agreement with
the results of previous interferometric autocor-
relation measurements (19), and the evaluated
CE phase of ~50° is consistent with the optimum
contrast according to our modeling (Fig. 1B).

Accurate knowledge of the attosecond XUV
pulse parameters, the temporal evolution of the
generating NIR field, and the emergence of the
former from a single recollision permit one to
perform precision tests of models of light-electron
interactions underlying the ionization and sub-
sequent attosecond pulse generation processes. As
an example, we calculated the intrinsic spectral
chirp (i.e., the variation of the group delay versus
frequency) carried by the attosecond XUV pulse
during its emergence from the chirp measured by
the ATR and the known dispersion of the
components traversed by the pulse on its way
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Fig. 4. (A) Retrieved electric field of the NIR laser pulse used for generating and measuring the
attosecond XUV pulse shown in Fig. 3. The duration of the pulse (FWHM of the cycle-averaged intensity
profile) is tL = 3.3 fs, and the CE phase is evaluated as ϕ ~ 50°. The classical electron trajectories
responsible for the emission of the filtered attosecond pulse are calculated with the plotted electric field
and shown in the same panel. The color coding indicates the final return energy of the electrons. (B)
Energy of the recolliding electron plus ionization potential (which is equal to the emitted XUV photon
energy) versus recollision time evaluated from the classical trajectory analysis (solid green line), and
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from the source to themeasurement (fig. S2). The
result (purple dashed line in Fig. 4B) is compared
with the intrinsic attosecond chirp (green solid
line in Fig. 4B) calculated from a classical
trajectory analysis (23, 24). There is a notable
discrepancy at the high-energy components of
the wave packet, possibly because of quantum
effects near cutoff. Nevertheless, the agreement
with the attochirp resulting from short trajectories
is stunning in the main part of the spectrum,
where the S/N ratio is excellent. This agreement
indicates the powerfulness of semiclassical mod-
eling of strong-field interactions (25, 26) and the
negligible role of long trajectories in contributing
to the XUV radiation in the far field (27).

In a similar way, the confinement of interac-
tion between the ionizing field and the atom to a
single wave cycle will permit accurate quantita-
tive tests of theories of strong-field ionization. The
sub-100-as XUV pulses emerging from the inter-
action with a flux greater than 1011 photons/s—
alongwith their monocycle NIR driver wave—will
push the resolution limit of attosecond spectros-
copy to the atomic unit of time (~24 as) and allow
for the real-time observation of electron correla-

tions, by means of streaking (6), tunneling (14),
or absorption (28) spectroscopy.
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The Formation Conditions
of Chondrules and Chondrites
C. M. O’D. Alexander,1* J. N. Grossman,2 D. S. Ebel,3 F. J. Ciesla1

Chondrules, which are roughly millimeter-sized silicate-rich spherules, dominate the most
primitive meteorites, the chondrites. They formed as molten droplets and, judging from their
abundances in chondrites, are the products of one of the most energetic processes that operated in
the early inner solar system. The conditions and mechanism of chondrule formation remain
poorly understood. Here we show that the abundance of the volatile element sodium remained
relatively constant during chondrule formation. Prevention of the evaporation of sodium requires
that chondrules formed in regions with much higher solid densities than predicted by known
nebular concentration mechanisms. These regions would probably have been self-gravitating. Our
model explains many other chemical characteristics of chondrules and also implies that chondrule
and planetesimal formation were linked.

Chondrulesmake up ~20 to 80 volume%of
most chondrites and formed at peak temper-
atures of ~1700 to 2100K (1). Chondrules

in the different chondrite groups have distinct phys-
ical and chemical properties (2), as well as distinct
age ranges (3), indicating that they formed in rela-
tively local environments via a process that operated
at least periodically between ~1 and 4 million years
after the formation of the solar system.

It was long thought that individual chondrules
behaved as chemically closed systems during their
formation, inheriting their compositions from their
precursors (4, 5). However, for likely cooling rates
of 10 to 1000 K/hour (1) and at the low pressures

(total pressure ≈ 10−6 to 10−3 bars) of the solar
protoplanetary disk (nebula), experiments (6–8),
natural analogs (9, 10), and theoretical calcula-
tions (11, 12) all show that there should be exten-
sive evaporation of major and minor elements, in
the order S > Na, K > Fe > Si > Mg.

Elemental fractionations in chondrules are
generally a function of volatility (4, 5). If evapo-
ration in the nebula produced the alkali metal and
Fe fractionations, themore volatile elements (such
as S) should be entirely absent, which they are not.
In addition, the fractionated elements should ex-
hibit large and systematic isotopic fractionations,
which they do not (13).

Here we demonstrate that chondrules did in-
deed behave as essentially closed systems during
melting, at least for elements with volatilities less
than or equal to that of Na. We also propose a
means of resolving the apparent conflict between
this result and experimental and theoretical expec-

tations that chondrules should have suffered con-
siderable evaporation during formation. Our
conclusions have implications for mechanisms of
dust concentration in the solar nebula, for chon-
drule formation, and for planetesimal formation.

Chondrules are dominated by olivine
[(Mg,Fe)2SiO4], pyroxene [(Mg,Fe,Ca)SiO3],
Fe-Ni metal, and quenched silicate melt (glass).
Many of the more volatile elements (such as Na)
can diffuse rapidly, particularly in melts and
glasses. Therefore, it is possible that volatiles were
completely lost when chondrules melted, and
reentered the chondrules during cooling or even
after solidification. However, Na clinopyroxene/
glass ratios show that the Na contents of the final
chondrule melts (now glass) had approximately
their observed, relatively high abundances at
temperatures of ~1600 to 1200 K (14–16).

Calculations suggest that chondrule melts
could have been stabilized in the nebula by sub-
stantially enriching solids (chondrule precursors
or other dust) relative to gas (11, 12). This also
substantially increases the condensation temper-
atures of even highly volatile elements such as S
(11, 12). Even in solid-enriched systems, there is an
initial phase of evaporationwhen a chondrulemelts,
but subsequent chondrule/gas re-equilibrationwould
erase any isotopic fractionations (12). If the enrich-
ment of solids is high, little evaporation may be
needed to reach chondrule/gas equilibrium, and
the behavior of volatile elements during cooling
would resemble closed-system behavior. However,
even at a high total pressure of 10−3 bars, with a
solids enrichment of 1000 relative to the solar com-
position, all the Nawould evaporate at near-liquidus
temperatures, and substantial recondensation only
begins well below 1600 K (11). Locally enriching
chondrule-sized or smaller solids by 1000 times
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