
Strömgren sphere radii for the observed SDSS quasars. This is in
contrast to the simplified monolithic model of quasar formation16,1,
for which the H II region has zero volume at the time when the
quasar turns on [R(t age ¼ 0) ¼ 0] and the distribution extends
down to Rp ¼ 0.

To constrain the neutral fraction, we have computed the like-
lihood of observing Robs ¼ 4.5 Mpc around SDSS J1030þ0524 and
Robs ¼ 4.7 Mpc around SDSS J1148þ5251 as a function of xHI and
f lt. The results are plotted in Fig. 2. Figure 2a shows the locus of most
likely values (thick line) as well as likelihood contours at 0.1 of the
peak value (dashed lines). The fiducial lifetime (f lt) favours x HI < 1,
while with f lt ,, 1 the distributions for Rp lie substantially below
the observed value of 4.5 Mpc, making smaller values of x HI more
likely. Extrapolation of the most likely contour for the Elvis et al.19

template yields f lt < 2xHI. This implies that xHI < 1023 would
require a lifetime as short as 2 £ 104 years, which is ruled out by the
variability properties of quasars in SDSS26. The a posteriori prob-
ability distributions for x HI given f lt are plotted in Fig. 2b and
robustly yield the constraint xHi * 0:01: For f lt * 0:3; we find xHi *

0:1 and xHi * 0:4 at the 90% level for the Elvis et al.19 and Telfer
et al.18 spectra, respectively. The fiducial model with f lt ¼ 1 yields
corresponding constraints of xHi * 0:3 and xHi * 0:6:

The inference of a large neutral fraction at z < 6.3 presents a
challenge to theories of cosmological reionization when combined
with the large optical depth3 to electron scattering after cosmo-
logical recombination, t es ¼ 0.17 ^ 0.04. Consider a toy model in
which the Universe was partially reionized at a high redshift z reion,I,
leaving a neutral fraction x HI until complete reionization
was reached at z reion,II < 6.25. The optical depth is then
t es ¼ 0.04 þ 0.002(1 2 xHI) [(1 þ z reion,I)

3/2 – 19.5]. If the IGM
ionization fraction increased monotonically, then given t es . 0.13,
the Universe needed to be reionized earlier than z reion,I < 18 or
z reion,I < 24, assuming the Elvis et al.19 and Telfer et al.18 spectra,
respectively. If t es ¼ 0.17 and xHI . 0.7, as implied by the Telfer
et al.18 spectrum, then a monotonic reionization history requires
significant reionization at an implausibly high redshift (z $ 30). In
this case, a more plausible alternative is a non-monotonic history
with an early reionization peak, possibly due to the formation of
massive population-III stars27,28. A
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In Bohr’s model of the hydrogen atom, the electron takes about
150 attoseconds (1 as 5 10218 s) to orbit around the proton,
defining the characteristic timescale for dynamics in the elec-
tronic shell of atoms. Recording atomic transients in real time
requires excitation and probing on this scale. The recent obser-
vation of single sub-femtosecond (1 fs 5 10215 s) extreme ultra-
violet (XUV) light pulses1 has stimulated the extension of
techniques of femtochemistry2 into the attosecond regime3,4.
Here we demonstrate the generation and measurement of single
250-attosecond XUV pulses. We use these pulses to excite atoms,
which in turn emit electrons. An intense, waveform-controlled,
few cycle laser pulse5 obtains ‘tomographic images’ of the
time-momentum distribution of the ejected electrons. Tomo-
graphic images of primary (photo)electrons yield accurate
information of the duration and frequency sweep of the
excitation pulse, whereas the same measurements on second-
ary (Auger) electrons will provide insight into the relaxation
dynamics of the electronic shell following excitation. With the
current ,750-nm laser probe and ,100-eV excitation, our
transient recorder is capable of resolving atomic electron
dynamics within the Bohr orbit time.

In electron-optical chronoscopy the rapid deflection of a bunch
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of photoelectrons maps their temporal profile to a spatial distri-
bution6,7. From the electrons’ streaked image the temporal structure
of the light pulse triggering the photoemission can be inferred with
sub-picosecond resolution. The resolution of streak cameras is
limited by the spread of the electron transit time owing to the
spread of their initial momenta. In this work we report sampling of
sub-femtosecond electron emission from atoms by drawing on the
same basic concept. The improved time resolution results from
several essential modifications of image-tube streak cameras: the
oscillating electric field of light is used for affecting the electrons’
motion (1), the field is virtually jitter-free (2), and is applied along
the direction of electron motion, which implies their acceleration or
deceleration instead of their deflection (3), directly at the location
and instant of emission (4). Whereas (1) implies ‘only’ a dramati-
cally enhanced streaking speed, the consequences of (2)–(4) are
more profound: (2) allows us to systematically vary the timing of
the probing field with an accuracy within the electron bunch length,
and because of (3) this capability results in the ‘projection’ of the
initial time–momentum distribution of electron emission into a
series of distributions of the electrons’ final momentum, while (4)
prevents the initial momentum spread from introducing any
measurement error. As a result of (2)–(4), the spread of initial
electron momenta no longer limits the time resolution. Moreover, a
possible temporal variation of this initial momentum spread during
the emission can be captured just as can the temporal variation of
the emission intensity.

The final momentum distribution of electrons detached from
atoms by an impulsive excitation in the presence of an intense,

linearly polarized laser field E L(t) ¼ E 0(t)cos(qLt þ J) and
observed within a narrow cone aligned parallel to the laser electric
field vector is given by:

jðpÞ ¼

ð1
21

neðp2 eALðtÞ; tÞdt ð1Þ

where n e(p i, t) is the initial time–momentum distribution of
emitted electrons and e is the electron charge. The vector potential
in the Coulomb gauge ALðtÞ ¼

Ð1
t ELðt

0
Þdt 0 accounts for the

 

Figure 1 Principle of the atomic transient recorder. The initial time–momentum

distribution of positive-energy (photo or Auger) electrons emitted from atoms excited by an

attosecond pulse carries direct time-domain information about the excitation and

relaxation dynamics of the electronic shell. A linearly polarized, few-cycle laser pulse, with

its electric field directed parallel to the direction of observation of the ejected electrons,

creates at different delays different tomographic projections of the time–momentum

distribution n e(p i, t ) of atomic electron emission on momentum space. These final

momentum distributions can readily be measured after the laser pulse left the interaction

region. In the absence of the laser field, the electron momenta do not change after

detachment and accumulation of electrons with a given final momentum (mathematically:

time-integration) follows lines of constant momentum (green lines) yielding the field-free

final momentum distribution: j0ðpÞ ¼
Ð1
21

neðp; t Þdt (green profile). In the presence of a

probing field, accumulation of electrons with a given final momentum occurs along the

lines of constant canonical momentum p i þ eA L(t ), (blue and red lines, see equation (1)).

The corresponding projections (streaked spectra) are represented in red and blue. From a

suitable set of such tomographic projections the time–momentum distribution of electron

emission can be retrieved, providing direct time-domain insight into atomic dynamics

triggered by an attosecond excitation (in our experiments XUV pulse) synchronized to the

probing laser field.

Figure 2 Electron streak records in specific cases. The electric field vector of the linearly

polarized probe laser pulse points towards the electron detector for E L . 0. In the

absence of a temporal sweep of initial momenta of the emitted atomic electrons,

described by n e( p i, t ) ¼ f ( p i )g(t ), the momentum transfer Dp ¼ eA L(t r ) (grey line),

maps the temporal emission profile g(t ) (green profile) uniquely into a similar distribution

of final momenta (grey profiles) around the mean initial momentum po, provided that the

emission is temporally confined between adjacent zero transitions of the probing laser

field E L(t ). In this specific case, the temporal intensity profile of electron emission is

directly mirrored by the streak record just as in a conventional streak camera. However,

any sweep of the electrons’ initial momentum (for example, a linear one as indicated by

the black line for the single-peaked electron emission) revokes the unique

correspondence between an electron’s final momentum and its release time, preventing

the retrieval of accurate temporal information from single streak records. In this case, at

least two streak records (pink profiles)—in addition to the field-free spectrum (black

profile)—are required. In the absence of a nonlinear temporal momentum sweep the

streak records obtained near the zero transitions of A L(t ) with opposite slopes (pink

profiles) together with the field-free spectrum (black profile) allow determination of all

relevant characteristics: the temporal profile, duration and momentum chirp of emission.

Note that a linear momentum sweep leads to an asymmetric broadening of the streaked

spectra at these delays and it is this asymmetry that makes the measurement highly

sensitive to the momentum sweep, that is, highly sensitive to deviations of the pulse

duration from the Fourier limit.
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momentum boost imparted to the free electron by the laser field
from the time of its release t until the pulse has passed. In the
classical description of the freed electrons’ motion in the strong laser
field, the final momentum spectrum can be viewed as a projection
of n e(p i, t) along the lines where p ¼ p i þ eAL(t) is constant (see
Fig. 1); p i is the initial kinetic momentum of the electron.
By delaying the laser field with respect to the excitation that
triggers electron emission, a set of tomographic records is
obtained, from which the initial time–momentum distribution
n e(p i, t) can be uniquely reconstructed if the emission terminates
within T0/2 ¼ p/qL. The method is closely related to frequency-
resolved optical gating8,9 with the oscillating laser field (rather than
its envelope) being employed as a gate. In the simplest cases one or

two streaked spectra are sufficient for retrieving n e(p i, t), as
discussed in Fig. 2.

For our experiments the XUV excitation pulses have been
generated from neon atoms ionized by an intense linearly polarized
few-cycle laser pulse (full-width at intensity half-maximum
(FWHM): t L ¼ 5 fs, carrier wavelength: l L ¼ 750 nm,
T0 ¼ 2.5 fs) with controlled waveform5 by a process that leads to
the emission of high-order harmonics for multi-cycle drivers10,11.
Proper adjustment of the laser peak intensity yielded highest-energy
(cutoff) XUV emission in the high-reflectivity band of our Mo/Si
multilayer mirror, which was used for focusing the XUV as well as
laser pulses into another neon gas jet for recording atomic transi-
ents. Both an intuitive model12,13 and extensive numerical simu-
lations14–18 predict the cutoff emission to be confined to the vicinity
of zero transition(s) of the laser electric field after the most intense
half-cycle(s) in a few-cycle driver.

Figure 3 summarizes representative streaked neon photoelectron
spectra recorded with the XUV and laser pulse impinging with a
fixed relative timing set in the XUV generation process. For a cosine
driver waveform (J ¼ 0), cutoff radiation (filtered by the Mo/Si
multilayer) is predicted to be emitted in a single bunch at the zero
transition of E L(t) following the pulse peak. The photoelectrons
knocked off in the direction of the peak electric field at this instant
should gain the maximum increase of their momentum and energy.
Figure 3d corroborates this prediction. The clear upshift is consist-
ent with the XUV burst coinciding with the zero transition of the
laser electric field (see Fig. 2). Possible satellites would appear at the
adjacent zero transitions of EL(t) and suffer an energy downshift.
The absence of a downshifted spectral peak of substantial intensity
indicates a clean single sub-fs pulse generation. With the phase

Figure 3 Streaked photoelectron spectra recorded at a fixed delay of probe laser light.

Energy distribution of photoelectrons emitted from neon atoms excited by a sub-fs XUV

pulse carried at a photon energy of �hqxuv < 93.5 eV (selected by the Mo/Si mirror). The

photoelectron spectrum peaks at W 0 ¼ �hqXUV 2 W b < 72 eV in the absence of E L(t ),

where W b ¼ 21.5 V is the binding energy of the most weakly bound valence electrons in

Ne. The spectrally filtered cutoff XUV bursts and the 5-fs, 750-nm driver laser pulses are

depicted by blue and red lines, respectively. a, b, Streaked spectra obtained with

respectively ‘cosine’ and ‘–cosine’ laser pulses of a normalized duration of t L /T 0 ¼ 2.8

and of a peak electric field of E0 ¼ 140 MV cm21. The green lines on the right-hand side

depict spectra computed with an XUV burst derived from the measured asymmetric XUV

radiation filtered by the mirror (see Fig. 5a) under the assumption of zero spectral phase.

The satellite pulse is not modelled in this way, because the corresponding modulation of

the spectrum was not considered in the calculation. The difference in broadening of the

up- and down-shifted spectral features appears to be a consequence of the quadratic

temporal frequency sweep resulting from the asymmetric spectral distribution of the XUV

burst (see Fig. 5a). c, d, Streaked spectra obtained with respectively ‘sine’ and ‘cosine’

laser pulses characterized by t L /T 0 ¼ 2 and E 0 ¼ 75 MV cm21.

Figure 4 ATR measurement: a series of tomographic projections (streaked kinetic energy

spectra) of the initial time–momentum distribution of photoelectrons knocked out by a

single sub-fs XUV pulse (in false-colour representation). A few-cycle laser pulse with a

cosine waveform and a normalized duration of t L /T 0 ¼ 2 was used for both generating

the single 93-eV sub-fs excitation pulse and for probing photoelectron emission in the

atomic transient recorder. Black line, A L(t ) of the probing field evaluated from the peak

shift of the streaked spectra (see scale on the right hand side). From A L(t ) the electric field

of the light wave can also be determined by using the relationship E L(t ) ¼ 2dA L /dt. The

electric field vector points towards the electron detector for E L . 0. Inset, streaked

spectra obtained under the same experimental conditions except for the carrier-envelope

phase of the few-cycle pulse, which was left unstabilized.
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adjusted to yield a sine waveform (J ¼ 2p/2), cutoff emission is
predicted to come in twin pulses (Fig. 3c). The double-peaked
streaked spectrum (Fig. 3c) clearly reflects this time structure. High-
energy XUV photons are now distributed in two bursts, each of
which is less than half as intense as the isolated burst produced by
the cosine waveform (Fig. 3d). These measurements demonstrate
how light waveform control allows shaping XUVemission on a sub-
fs timescale.

Other than J the normalized pulse duration tL /T0 plays a crucial
role in the generation of a single XUV pulse, as demonstrated by
experiments with slightly longer, 7-fs laser pulses (tL /T 0 ¼ 2.8).
Under these conditions a satellite pulse is unavoidable for any
setting of J and most careful filtering of the cutoff photons
(Fig. 3a, b). A reduced difference in intensity of the adjacent half-
cycles of the few-cycle wave implies that the highest-energy spectral
components of adjacent XUV bursts reach the energy band selected
by our 15%-bandwidth bandpass filter.

With isolated sub-fs XUV pulses at our disposal atomic transients
can now be triggered and their subsequent evolution be captured by
probing electron emission with a synchronized wave of laser light in
the atomic transient recorder (ATR). In the first ATR measurements
presented here the objects of scrutiny were photoelectrons. Figure 4

shows a series of streaked spectra of photoelectrons emitted from
neon at different delays of E L(t). If the electrons’ initial kinetic
energy is much larger than their average quiver energy, their laser-
induced energy shift DW(t) < (p 0 /m)Dp(t) ¼ (ep 0 /m)A(t), where
m is the electron mass, probes AL(t) directly at the instant t of
electron release and allows its determination without having to
analyse the structure of the streaked spectra. The evaluated A L(t) is
depicted by the black line in Fig. 4, revealing T0/2 < 1 fs at the pulse
peak, which is indicative of a strong blue shift. This was observed
previously and found to originate from ionization-induced self-
phase modulation in the XUV source1. With AL(t) known, we can
set out to characterize the electron emission. Waveform control is as
essential here as for the reproducible generation of sub-fs bursts (see
Fig. 3); its absence smears the streak records beyond redemption
(inset in Fig. 4).

Figure 5 depicts the photoelectron spectra in the absence of the
probe laser field (Fig. 5a) and the streaked spectra (Fig. 5b, c)
recorded at adjacent zero transitions of AL(t), which are most
sensitive to a possible quadratic spectral phase (linear chirp) carried
by the XUV pulse. The best fits to these data (blue lines in Fig. 5)
yield tXUV ¼ 250(25/þ30) as and tjitter ¼ 260(^80) as for the
duration and jitter of the XUV pulse, respectively. The remarkable
accuracy of tXUV derives from the use of several tomographic
projections of the time–momentum distribution of photoelectrons
(spectra shown in Fig. 5). The inspection of other streaked spectra
justified the neglect of higher-order spectral phase in the above
analysis. The large jitter appears to be extrinsic (vibrations due to
the vacuum pumps) because it is virtually absent in the absence of a
delay between XUV and laser pulse (Fig. 3). The temporal intensity
profile and chirp of the XUV pulse obtained from the ATR
measurements are shown in Fig. 5d. The pulse is Fourier-limited
with a weak temporal chirp resulting from the asymmetric shape of
the pulse spectrum (Fig. 5a).

The briefest time interval within which two different atomic
events can be recognized as different by our apparatus is ultimately
limited by quantum mechanical uncertainty. This dictates that any
short time structure comes with a broad energy spectrum. In order
that the streaks of two events separated by dt in time can be resolved
they must be shifted with respect to each other by at least as much as
their own spectral width dW < �h/dt. From this requirement we
obtain the ATR resolving power as:

dt ¼
T0

2p

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
�hqL

DWmax

s
ð2Þ

where DWmax stands for the energy shift suffered by the electron
ejected at the peak of A L(t). Under our current experimental
conditions DWmax can approach 25 V before the onset of laser-
induced ionization, yielding dt , 100 as for T0 ¼ 2 fs. The atomic
transient recorder driven by red light and probing electrons with a
kinetic energy near 100 V is able to distinguish events within 100 as,
constituting what is to our knowledge the shortest interval of time
directly measurable to date.

Extension of the presented experiments to simultaneously
exploring the temporal variation of emission intensity and momen-
tum distribution of primary (photo) and secondary (Auger) elec-
tron emission will provide unprecedented insight into the excitation
and relaxation dynamics of the electronic shell of atoms and
molecules. The currently used time window of T0/2 < 1 fs can be
extended to several 10 fs by difference frequency generation with the
few-cycle laser pulse while keeping the resolution of the ATR in the
sub-fs regime, owing to dt /

ffiffiffiffiffiffi
T0

p
. With an extended time window a

detailed characterization of trains of attosecond bursts (in contrast
with the measurement of parameters averaged over the train19–21)
will also become feasible. At near-keV excitation energies, the
atomic transient recorder will allow time-domain metrology with
a resolution approaching the atomic unit of time (24 as). A

Figure 5 Selected streaked spectra from the ATR measurement of photoelectron

emission from neon excited with a 93-eV sub-fs pulse (Fig. 4). a, Spectrum in the absence

of laser field. b, c, Streaked spectra recorded at delays that imply coincidence of electron

emission with (adjacent) zero transitions of A L(t ), see arrows in Fig. 4. d, Temporal

intensity profile and energy sweep of the sub-femtosecond XUV excitation pulse evaluated

from the ATR measurements.
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Methods
We sample electron emission from atoms using the experimental set-up that was described
in detail1 and employed recently for probing Auger electrons on a few-fs timescale22. The
essential innovation here is that waveform-controlled few-cycle light now provides a
reproducible excitation burst for accurate triggering and a reproducible streaking field for
capturing sub-fs electron emission from atoms. For excitation, XUV bursts are produced
from Ne atoms ionized by intense, few-cycle waveform-controlled light pulses5 in a
process giving rise to high-order harmonics of the incident light for periodic (multi-cycle)
pumping10,11. The collinear XUV and laser beams are focused into a neon gas jet and
delayed with respect to each other for the ATR measurements with a two-component
Mo/Si broadband multilayer mirror1 (radius of curvature ¼ 270 mm) placed 2.5 m
downstream from the source. The internal part of the laser beam (,3 mm in diameter)
was blocked with a zirconium filter (transmitting the XUV pulse) in front of the Mo/Si
mirror. The resultant annular laser beam (with a dark spot 3 mm in diameter in its centre)
and the XUV beam (,3 mm in diameter) confined by the annular laser beam were focused
by the external and internal sections of the two-component Mo/Si mirror1, respectively.
The two components can be aligned separately and translated with respect to each other
along the optical axis of the mirror.

The reflectivity band of the multilayer extends from 85 V to 100 V with a peak
reflectance of ,30% and a FWHM of ,9 V. Electrons ejected following the XUV
excitation are collected within a narrow cone (,48) aligned parallel to the laser and XUV
polarization and analysed with a time-of-flight spectrometer. Two types of experiments
have been implemented. First, by removing the zirconium filter we used the internal part
of the Mo/Si mirror to focus both the XUV and the laser beam to eliminate any external
source of fluctuations in the timing between the excitation and probing pulses (results
summarized in Fig. 3). In the second type of studies, the XUV and the laser beam were
reflected by different sections of the focusing mirror as described above. In these
investigations the probing laser field could be delayed with respect to the XUV excitation
pulse by the translation of the internal part of the mirror on a nanometre scale, yielding the
data shown in Figs 4 and 5.
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A spin valve is a layered structure of magnetic and non-magnetic
(spacer) materials whose electrical resistance depends on the spin
state of electrons passing through the device and so can be
controlled by an external magnetic field. The discoveries of
giant magnetoresistance1 and tunnelling magnetoresistance2 in
metallic spin valves have revolutionized applications such as
magnetic recording and memory, and launched the new field of
spin electronics3—‘spintronics’. Intense research efforts are now
devoted to extending these spin-dependent effects to semi-
conductor materials. But while there have been noteworthy
advances in spin injection and detection using inorganic semi-
conductors4–6, spin-valve devices with semiconducting spacers
have not yet been demonstrated. p-conjugated organic semicon-
ductors may offer a promising alternative approach to semicon-
ductor spintronics, by virtue of their relatively strong electron–
phonon coupling7 and large spin coherence8. Here we report the
injection, transport and detection of spin-polarized carriers
using an organic semiconductor as the spacer layer in a spin-
valve structure, yielding low-temperature giant magneto-
resistance effects as large as 40 per cent.

p-conjugated organic semiconductors (OSEs) are a relatively new
class of electronic materials that are revolutionizing important
technological applications including information display9 (ref. 10
and references therein) and large-area electronics (ref. 11 and
references therein), owing to their ability to be economically
processed in large areas, their compatibility with low-temperature
processing, the tunability of their electronic properties, and the
simplicity of thin-film device fabrication. The virtually limitless
flexibility of synthetic organic chemistry allows the fabrication of
p-conjugated OSE structures with a degree of control unattainable
with the conventional inorganic semiconductors. In addition, the
OSEs have extremely weak spin-orbit interaction and weak hyper-
fine interaction, so that electron spin diffusion length is especially
long8. These properties make them ideal for spin-polarized electron
injection and transport applications.

Here we have chosen the small p-conjugated molecule 8-
hydroxy-quinoline aluminium (Alq3), most commonly used in
organic light-emitting diodes (OLEDs)10, to serve as an OSE spacer
in organic spin-valves, because it can easily be deposited as thin
films and integrated with a variety of metallic electrodes. As
shown in Fig. 1a, the vertical organic spin-valves that we fabricated
consist of three layers: two ferromagnetic electrode films (FM1

and FM2, respectively) and the OSE spacer. By engineering the
two FM electrodes to have different coercive fields (H c1 and H c2,
respectively), their magnetization directions can have either a
parallel or anti-parallel alignment configuration when sweeping
the external magnetic field, H; this is essential for proving the spin-
valve effect.

Intrigued by the possibility of spin-injection involving a p-
conjugated OSE oligomer (sexi-thiophene, T6)12, where both the
opposite FM electrodes were La0.67Sr0.33MnO3 (LSMO), we have
chosen LSMO for the bottom electrode (FM1) and cobalt as the
top electrode (FM2) in our devices (Fig. 1a, b). LSMO is believed
to be a half-metallic ferromagnet that possesses near-100% spin-
polarization13. We note that unlike metallic FM films such as cobalt,
nickel, iron or their alloys, the LSMO films are already stable against
oxidation. In fact, our LSMO films have been cleaned and re-used
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