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Nonlinear spectroscopies are utilized extensively for selective measurements of chemical
dynamics in the optical, infrared, and radio-frequency regimes. The development of these
techniques for extreme ultraviolet (XUV) light sources facilitates measurements of electronic
dynamics on attosecond timescales. Here, we elucidate the temporal dynamics of nonlinear
signal generation by utilizing a transient grating scheme with a subfemtosecond XUV pulse
train and two few-cycle near-infrared pulses in atomic helium. Simultaneous detection of
multiple diffraction orders reveals delays of ≥1.5 fs in higher-order XUV signal generation,
which are reproduced theoretically by solving the coupled Maxwell–Schrödinger equations
and with a phase grating model. The delays result in measurable order-dependent differences
in the energies of transient light induced states. As nonlinear methods are extended into the
attosecond regime, the observed higher-order signal generation delays will signiﬁcantly
impact and aid temporal and spectral measurements of dynamic processes.
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he development of wave-mixing techniques in the extreme
ultraviolet (XUV) and X-ray regimes represents the next
frontier of nonlinear spectroscopy1. In optical2, infrared3,
and radio-frequency4 nonlinear spectroscopies, highly selective
multiphoton interactions are routinely employed to probe the
structure and evolution of complex chemical systems dominated
by rotational and vibrational dynamics5. Using femtosecond
pulses, time-domain nonlinear techniques effectively reveal subpicosecond transition states in chemical reactions6, mechanisms
of energy transfer within photosynthetic complexes7, and the
timescales of relaxation dynamics in semiconductors8. The
extension of similar techniques to XUV/X-ray wavelengths and
subfemtosecond pulse durations will provide critical insights into
the fundamental dynamics associated with valence and core-level
electronic transitions9,10.
High harmonic generation (HHG) and free electron laser (FEL)based sources promise to exploit nonlinear processes to access
ultrafast dynamics in the XUV. Transient grating schemes with
intense 80 fs XUV pulses at FELs have successfully generated wavemixing signals11–15. Similar schemes with XUV light produced by
HHG paired with visible or near-infrared (NIR) pulses have probed
acoustic and optical processes on timescales of tens to hundreds of
femtoseconds16,17. Although table-top HHG can produce XUV
pulses as short as 43 as18, low conversion efﬁciencies of 10−6
to 10−8 result in pulse energies insufﬁcient to support nonlinear
processes independently19–23. Nonetheless, pioneering experiments
with subfemtosecond HHG XUV pulse trains and moderately
intense femtosecond NIR pulses have isolated long-lived XUV fourwave-mixing signals through spectral ﬁltering and noncollinear
beam geometries. These methods have achieved background-free
measurements of wavepacket dynamics in Rydberg and valence
excited states of atomic24,25 and diatomic systems26,27. In conjunction with recent progress in subfemtosecond pulse generation
at FELs28,29, these advances provide the foundation necessary for
selective measurements on electronic timescales as well as for the
direct probing of electronic correlations and strong-ﬁeld effects in
excited states. However, as these initial experiments focused primarily on the coupling of long-lived states, the impact of the
nonlinear signal generation process itself has yet to be explored.
Here, we elucidate the temporal dynamics of nonlinear signal
generation with broadband, ultrashort pulses. A beam geometry
in which a NIR transient grating probes an XUV-induced
coherence30 facilitates the simultaneous detection of up to ﬁve
orders of resonance-enhanced nonlinear signals from 1snp Rydberg states in atomic helium between 20 and 24.6 eV. The timedomain characteristics of these signals reveal few-femtosecond
time delays between the formation of distinct grating orders
emitting at the energies of both the 1snp resonances and dressed
states that appear in a strong infrared (IR) ﬁeld, called lightinduced states (LISs)31–35. Furthermore, we demonstrate that
these delays lead to a less pronounced AC Stark shift of higherorder LIS features relative to lower-order features. Both the delays
in emission and LIS energy shifts are directly reproduced by
numerically solving the coupled Maxwell–Schrödinger equations
for helium gas. We attribute the order-dependent delays to the
accumulation of the AC Stark phase over the NIR pulse duration,
increasing the modulation of a phase grating and thereby
enhancing the efﬁciency of higher grating order formation with
time. These results demonstrate a fundamental accumulation
time inherent in the generation of nonlinear signals from electronically excited states, which represents an opportunity for
increased selectivity and control in few-femtosecond and
attosecond spectroscopy. Experimental observation of the fastest
processes in nature, including electron correlation36 and
transfer37–39, directly in the time domain is ultimately limited by
the duration of the pulses utilized in these spectroscopic
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techniques. In the transient grating results described here, different transient grating orders emerge at different times within
the duration of a few-cycle pulse and thus report on different time
periods during ultrafast dynamics, providing a route towards
measuring the timescales of dynamic processes occurring within
the pulse duration. Furthermore, because of their distinct and
predictable spectral characteristics, analysis of multiple grating
orders may allow for the identiﬁcation and isolation of desirable
short-lived signals obfuscated in congested spectra. Utilization of
this technique will therefore facilitate the observation and measurement of dynamics on electronic timescales in both the temporal and spectral domains.
Results
Transient XUV holography in atomic helium. To generate
wave-mixing emission, we utilize a transient grating geometry
with a subfemtosecond XUV pulse train and two 6 fs NIR pulses
centered at 800 nm (Fig. 1a, see Methods and Supplementary
Note 1 for more details). The XUV pulse train initiates a coherent
superposition of the ground state and the lowest-lying excited
state manifold in gas-phase helium atoms at a density of ~ 3 ×
1017 cm−3 in a 3 mm long cell. The time-coincident NIR pulses
intersect the XUV at angles of approximately +1° and −0.75° to
capitalize on the phase-matching conditions inherent in wavemixing processes, producing spatially distinct higher-order grating signals. Multiple orders of nonlinear signals are imaged
simultaneously as a function of XUV-NIR delay by a ﬂat-ﬁeld
imaging spectrometer. Positive delays indicate that the XUV
precedes the combined peak intensity of the NIR pulses. A
charge-coupled device (CCD) camera image taken 3.5 fs after
time overlap exhibits up to ﬁve distinct orders of resonanceenhanced nonlinear signals (Fig. 1b). In the zeroth order at a
divergence angle of 0 mrad, depletion features provide clear evidence of XUV absorption by helium 1snp resonances. These longlived states possess large absorption cross-sections40, facilitating
the generation of multiple orders of nonlinear signals at the
photon energies of the one-photon dipole-allowed (bright) np
states. The slight distortion of the 2p state’s absorption and
emission proﬁles is due to resonant pulse propagation effects41,42.
Notably, we also detect broad higher-order emission features at
energies (e.g., ~21.8 eV) distinct from any np state. These features
correspond to LISs, which, in a simple picture, can be described as
intermediate dressed states in Raman-like two-photon transitions
to one-photon dipole-forbidden (dark) states31–35. Enabled by
strong coupling between a bright and dark state, LISs typically
exist only when the XUV and NIR pulses overlap in time and
space, and appear at energies approximately one NIR photon
(~1.5 eV) above or below the associated dark state (Supplementary Note 2). The dominant LIS feature here originates from the
3d dark state located 1.5 eV above it in energy, and is referred to
as the 3d− LIS (Fig. 1c, identiﬁcation procedure in Supplementary Note 3)33–35. In a moderately intense NIR ﬁeld, the 3d dark
state and its LIS adiabatically blueshift in energy with the pulse
envelope due to the AC Stark effect, as illustrated by the shift
between the predicted and observed LIS energetic position in
Fig. 1b. Importantly, LIS features are less blueshifted by ~ 0.1 eV
with increasing order, indicating that the AC Stark effect is less
pronounced for higher-order signals.
A time-domain holographic picture can be readily employed to
conceptualize the observed spatial dependence of the nonlinear
signals30. The intersection of the two noncollinear NIR beams
causes spatial modulations in the electric ﬁeld experienced by the
helium gas, leading to periodically varying frequency-dependent
changes in both the real and imaginary components of its
refractive index. The spatial periodicity in the refractive index
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Fig. 1 Experimental characterization and demonstration of extreme ultraviolet (XUV) transient grating spectroscopy. a Simpliﬁed experimental set-up
depicting the formation of a transient grating in the helium sample (green) and the spectrometer employed to image the diffracted signals as a function of
the delay between an subfemtosecond XUV pulse train and two few-cycle, time-coincident near-infrared (NIR) pulses. b A charge-coupled device (CCD)
camera image taken 3.5 fs after pulse overlap. Positive delays indicate that the XUV pulse precedes the NIR grating. A number indicating the diffraction
order, m, is provided to the right of the ﬁgure. Resonances and light-induced states (LISs) are assigned at the top of the image. c Energy level schematic
depicting the three-photon pathway that emits at the energy of the LIS in the ﬁrst grating order. Solid black lines correspond to np bright states, dashed
lines correspond to ns or nd dark states, and solid red lines correspond to LISs

forms a grating that diffracts the XUV-induced free induction
decay, the temporal characteristics of which map to the coherence
time of the excited state43. According to the Bragg diffraction
equation, the fringe spacing, aNIR, of this transient grating is given
by λNIR =ð2 sinðθ=2ÞÞ, where λNIR is the NIR wavelength and θ is
the crossing angle of the two NIR pulses. From this fringe
spacing, it follows that each diffraction order, m, will appear at an
angle deﬁned by m  λNIR/aNIR. Alternatively, the diffracted
signals can be described using the wavevector phase-matching
requirements intrinsic to the perturbative interaction of one XUV
photon and an even number of noncollinear NIR photons
(additional details in Supplementary Note 4)44. However, as
demonstrated in Supplementary Fig. 9, the NIR intensity
dependence of the nonlinear signals described here is indicative
of a nonperturbative regime in which distinct grating orders are
composed of multiple orders of wave-mixing signal emitting at
the same spatial location.
Time- and energy-domain evolution of distinct grating orders.
Figure 2 examines emission signals in different transient grating
orders as a function of XUV-NIR delay, providing compelling
insights into the origin of the order-dependent LIS energy shifts
and, more generally, the temporal dynamics of nonlinear signal
generation. In Fig. 2b–d, false color plots produced by integrating
vertically over 0.7 mrad (10 pixels) for each of the features speciﬁed in Fig. 2a illustrate the evolution of LIS signals in both
energy and time delay. The delay dependence of the features after
pulse overlap (>8 fs) can be attributed to pulse reshaping in the
dense He gas45, coupling to longer-lived states, and population
accumulation in the dark state. These secondary considerations
are detailed in Supplementary Note 5. In the three grating orders
considered here, the LIS features initially appear centered around
21.66 ± 0.05 eV and subsequently broaden and blueshift in energy
with increasing delay. A similar LIS shift has been documented

extensively in collinear transient absorption geometries and is
attributed to the AC Stark effect34,35. Interestingly, lower grating
orders exhibit a greater relative energy shift than higher orders.
The maximum of the ﬁrst-order feature shifts more than 0.2 eV
higher in energy (Fig. 2b), while the second- and third-order
features shift only just over 0.1 eV (Fig. 2c) and 0.05 eV (Fig. 2d)
respectively. Thus, LISs in higher grating orders experience a
reduced AC Stark shift relative to those in lower orders. Another
striking difference between grating orders is their delay dependence, with lower-order features emerging at earlier delays than
higher-order features.
Calculation of order-speciﬁc spectral and temporal proﬁles. To
better understand the experimental observations, we calculated the
observable spatio-spectral proﬁle resulting from the transient
grating interaction using the procedure detailed in ref. 46 (see
Methods for more details). Using the single active electron (SAE)
approximation, the coupled time-dependent Schrödinger equation
(TDSE) and Maxwell’s equations were solved numerically using
experimentally derived parameters. These calculations utilize a
pseudopotential that accurately reproduces the energy levels for a
singly excited He atom. The XUV pulse is assumed to be a single
330 as pulse centered at 23 eV, allowing for the simultaneous
excitation of the entire manifold of 1snp states. Two identical 6 fs
NIR pulses, each with a central frequency of 800 nm and an
intensity of 2 × 1012 W cm−2, are crossed at angles of +1° and
−0.75° with respect to the XUV beam to replicate the noncollinear
experimental geometry. To accommodate the resulting noncylindrical symmetry, the response is calculated in one transverse
direction only47. These calculations yield the space- and timedependent electric ﬁeld at the end of a thin helium gas jet, ignoring
the resonant pulse propagation effects observed experimentally for
the 2p state. Figure 3a shows the spatio-spectral intensity proﬁle
after transforming to the far ﬁeld for an XUV-NIR delay of 4 fs.

NATURE COMMUNICATIONS | (2019)10:1384 | https://doi.org/10.1038/s41467-019-09317-4 | www.nature.com/naturecommunications

3

ARTICLE

NATURE COMMUNICATIONS | https://doi.org/10.1038/s41467-019-09317-4

b

Energy (eV)
21.0

21.5
2p

XUV-NIR delay (fs)

22.0

–5

3s– 3d–

22.1
2000

0

m = –1

0

5

10
100

Counts

20.5

Energy (eV)

a

21.9
21.7

–1

–5

d

–3

21.9
21.7

0

–8

Energy (eV)

–7

0

21.5
22.1

–6

m = –2

70

Counts

–4

Energy (eV)

22.1
Counts

Angle (mrad)

–2

10

21.5

m = –3

80

Counts

c

21.9
21.7
21.5

0

Fig. 2 Order-dependent AC Stark shift of the 3d− light-induced state. a The experimental charge-coupled device (CCD) camera image taken 3.5 fs after
overlap and cropped to emphasize the redshift of the light-induced state (LIS) spectra with grating order. The energy and delay dependence of the LIS
emission features associated with the b m = −1, c m = −2, and d m = −3 grating orders are obtained by integrating vertically (0.7 mrad) over the three
highest energy black boxes in a. The selected regions were chosen to avoid contamination from the distorted 2p state and allow for the full breadth of the
energy shift

The proﬁle is plotted on a log scale to highlight weak higher-order
features. The delay and energy dependence of the LIS features
designated in the higher energy windows of Fig. 3a is shown in
Fig. 3b–d. The calculation successfully reproduces the multiple
diffraction orders visible at the 2p and LIS energies as well as the
order-dependent variations in energy and delay for the LIS features
observed experimentally.
To further quantify the delay dependence of different grating
orders and characterize the dynamics of nonlinear signal
generation, the experimental LIS features indicated in Fig. 2b–d
are integrated over an energy bandwidth of 0.5 eV (21.6–22.1 eV).
Integration areas were chosen to minimize spurious effects from
nearby states and to accommodate the energy shift of the features.
The resulting delay dependence demonstrates that while the
temporal proﬁles associated with the LISs in each grating order
are similar, higher orders indeed emerge at later XUV-NIR delays
(Fig. 4a). The second and third diffraction order LIS features peak
at 1.5 ± 0.6 fs and 2.4 ± 0.6 fs, respectively, after the ﬁrst order. To
verify that these delays are not unique to the transient LISs, the
same analysis was performed for the long-lived 2p state (Fig. 4b).
Integrating over 0.3 eV (21.1–21.4 eV) results in measured delays
of 1.8 ± 0.8 fs between ﬁrst and second orders and 3.6 ± 0.8 fs
between the ﬁrst and third orders. The local maximum at −10 fs
may be due to propagation effects. The delays observed for
distinct grating orders of long-lived np states are consistent with
those for the transient 3d− LIS. Additional examples are
provided in Supplementary Note 6.
In the calculations, we access the evolution of distinct
diffraction orders as a function of real time, rather than XUVNIR delay, by transforming the windows shown in Fig. 3a into the
time domain and the near ﬁeld. Time zero corresponds to the
4

peak of the NIR pulses, which arrive 4 fs after the initial XUV
excitation. For the 3d− LIS, calculated delays of 1.8 fs between
ﬁrst and second orders and 3.0 fs between the ﬁrst and third
orders compare well to the experimental results (Fig. 4c). Similar
delays of 2.1 fs and 3.3 fs are observed for the 2p state (Fig. 4d).
The comparison between delay and real time is particularly
appropriate for the earliest delays when the time-integrated
emission signals are not yet dominated by cumulative effects. As
shown in Supplementary Note 7, the calculated delay dependence
agrees with Fig. 4. The agreement between the delay-dependent
experimental and time-dependent theoretical results suggests that
the experimentally observed delays between diffraction orders
originate in real-time differences in the temporal dynamics of
higher-order signal generation: different diffraction orders are
formed at different times during the nonlinear interaction.
AC Stark phase grating model. To better understand the origin
of the time delay between the emergence of different grating
orders in the Rydberg states and LISs, we compare the results
with a simple model based on the formation of a transient phase
grating due to the crossed NIR pulses. In a noncollinear geometry, the crossing of the NIR beams results in an interference
pattern in the NIR intensity (Fig. 5a) that generates both a spatial
grating in the AC Stark phase and an amplitude grating in the
XUV-excited population. The time- and space-dependent
dipole, d(x,t), of an excited atom oscillating at XUV frequency,
ω, that interacts with perturbing NIR pulses can be expressed as:
d ðx; t Þ ¼ f ðx; t Þcos2 ðkNIR xÞeiϕðx;tÞ eiωt þ c:c:; for t  t0 :

ð1Þ

Here, f(x,t) describes the envelopes of the XUV ﬁeld in space and
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Fig. 3 Far and near-ﬁeld results of the time-dependent Schrödinger and Maxwell’s equations. a Calculated log spectral intensity for the 1s2p resonance and
3d− light-induced state (LIS) of helium gas propagated to the far ﬁeld. The selected regions indicate distinct orders of either 2p or 3d− features. The delay
dependence of the LIS emission features associated with the b m = −1, c m = −2, and d m = −3 grating orders are obtained by integrating vertically over
the three highest energy black boxes in a in the near ﬁeld. The data in b–d have been smoothed to reﬂect the lack of carrier envelope phase control in the
experiment

the NIR ﬁeld in time, and cos2 ðkNIR xÞ represents an amplitude
grating where 2kNIR ¼ 2π=aNIR is the wavevector associated with
the NIR intensity grating. The NIR-induced phase shift, ϕðx; tÞ,
can be expressed as:
Z t
ΔEðx; t′Þ
dt′;
ϕðx; tÞ ¼
ð2Þ
h
t0
where ΔEðx; t′Þ is the AC Stark shift of the excited state energy
and t0 is the arrival time of the XUV pulse. This phase shift
accumulates over the course of the NIR pulse (Fig. 5b) and can
therefore be approximated by the relationship:
ϕðx; t Þ  Δðx; t Þcos2 ðkNIR xÞ;

ð3Þ

where Δðx; tÞ is the phase shift due to the NIR envelope and is
modulated by the sinusoidal grating pattern.
This combined phase and amplitude grating leads to diffraction
of the near-ﬁeld XUV electric ﬁeld into multiple orders in the far
ﬁeld. The diffracted XUV ﬁeld is proportional to the dipole
moment. Figure 5c demonstrates that the dipole becomes more
strongly modulated with time due to the accumulation of the AC
Stark phase, meaning that the efﬁciency with which higher-order
diffraction signals are generated will increase with time. This
evolution can be quantiﬁed by sampling the near-ﬁeld dipole
moment at speciﬁc points in real time and transforming it into
the far ﬁeld, thereby providing a view into grating order
formation (Fig. 5d). At early times, only the zeroth and ﬁrst
orders are generated due to the population grating. However, at
later times, as higher-order modulations appear in the dipole
moment because of the accumulating phase grating, higher
diffraction order peaks arise in the far ﬁeld. The excellent
agreement of this simple model’s time dependence with both the

delay-dependent experiment and the full calculations suggests
that the observed delays in higher-order signal generation arise
due to the time associated with the build-up of the AC Stark
phase over the NIR pulse and validates the use of a phase grating
model as a physical picture for nonlinear signal generation in this
experimental conﬁguration. Contrary to a perturbative picture in
which the highest order signals peak at pulse overlap48, the
highest order signals here are delayed relative to the peak of the
NIR pulse (0 fs). The grating orders’ intensity dependence also
must be described as nonperturbative and can be explained via
the phase grating model. Supplementary Note 8 provides
additional details about both the phase grating model and its
nonperturbative characteristics.
Finally, the phase grating model also provides insight into the
attenuation of the LISs’ AC Stark shift with increasing grating
order. As shown in Fig. 5d, higher-order signals arise only after
accumulation of the AC Stark phase. Thus, features in higher
diffraction orders emerge later in the NIR pulse and subsequently
have less time to accumulate AC Stark phase after generation.
Since the AC Stark phase originates from the energy shift of the
state (Eq. 2), these higher-order features will therefore exhibit a
less pronounced energy shift relative to lower-order features that
interact with the NIR pulse over a longer timeframe. This effect is
only evident for the transient LIS features because their emission
exists only when the NIR pulse is present, whereas the dipole
moment from the comparatively long-lived np states persists well
after the NIR-induced Stark shift has passed.
Discussion
In summary, the few-femtosecond temporal dynamics of nonlinear signal generation is investigated in gas-phase helium using
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Fig. 4 Experimental and calculated delay in the emergence of higher-order signals. a Experimental extreme ultraviolet and near-infrared pulse delay
dependence of the lowest three nonlinear grating orders of the 3d− light-induced state (LIS) and of b the 2p state obtained by integrating over the higher
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time-dependent Schrödinger equation calculation to simulate the experimentally observed coherence time

a transient grating geometry between two noncollinear few-cycle
NIR pulses and a subfemtosecond XUV pulse train. Simultaneous
measurements of multiple diffraction orders of nonlinear signals
reveal signiﬁcant delays in the emergence of higher-order signals
associated with both Rydberg states and LISs. Calculations using
the coupled Maxwell–Schrödinger equations in the SAE
approximation reproduce these delays and demonstrate that they
originate in real-time differences in signal generation between
distinct grating orders. Furthermore, because higher grating
orders arise later within the NIR pulse as a consequence of this
delay, higher-order LIS features exhibit a less prominent AC Stark
shift than those in lower orders. Finally, we introduce a conceptual model to relate the delay times to the accumulation of an
AC Stark phase grating over the course of the NIR pulse, explicitly deﬁning the observed delays as a fundamental property of
nonlinear signal generation. Given the intense interest in developing nonlinear spectroscopies in the HHG and FEL communities, these delays will be important to the design and
interpretation of nonlinear experiments that probe subfemtosecond dynamics. Experimentally obtainable pulse durations can obfuscate the temporal signatures of short-lived
processes, limiting the dynamics that can be studied in the time
domain. This issue is ampliﬁed in nonlinear spectroscopic techniques requiring noncollinear beam geometries that degrade the
time resolution dictated by the pulse duration. These transient
grating results provide a compelling alternative. The knowledge
6

that different grating orders emerge at different times in the NIR
pulse can be utilized systematically to unravel dynamics occurring
within the NIR pulse duration. In the spectral domain, the grating
order-dependent energy shift of short-lived features suggests a
mechanism by which features associated with ultrafast processes
can be discriminated from spectra with overlapping and complex
features. This work represents one of the potentially many
experiments in which these intrinsic delays will impact the
behavior of nonlinear signals.
Methods
Experimental scheme. The experimental apparatus employed for these measurements shown as Supplementary Fig. 1 has been described previously27. Brieﬂy, 22 fs
NIR pulses produced by a 1 kHz, 2 mJ commercial laser system (Femtopower HE,
Femtolasers) are spectrally broadened in a neon-ﬁlled hollow core ﬁber with an inner
diameter of 400 µm and subsequently compressed by 6 pairs of broadband chirped
mirrors (Ultrafast Innovations) to produce 6 fs pulses with a spectral bandwidth
extending between 550 and 950 nm. The pulses transmitted through a 50:50
beamsplitter are focused by 50 cm focal length mirror into the vacuum chamber
(10−6 Torr) containing a sample cell with xenon gas to produce a pulse train of
2–3 subfemtosecond pulses in the XUV via high harmonic generation. A 0.2 µm Sn
ﬁlter (Lebow, 17–24 eV transmission) spectrally ﬁlters the XUV and co-propagating
NIR light to include only the 13th and15th harmonics. A gold-plated toroidal mirror
focuses the XUV through an annular mirror into a second 3 mm long cell containing
the helium gas target at densities of approximately 3 × 1017 cm−3. The XUV intensity
is estimated to be between 108 and 1010 W cm−2.
The NIR pulses reﬂected from the 50:50 beamsplitter before high harmonic
generation are delayed relative to the XUV by a piezoelectric stage and then divided
into two arms by a second 50:50 beamsplitter. The reﬂected and transmitted beams
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Fig. 5 Model of AC Stark phase grating accumulation and nonlinear signal generation. a Spatially modulated intensity proﬁle generated by two crossed
near-infrared (NIR) pulses. b The calculated NIR-induced AC stark shift plotted as a function of real time, where time zero corresponds to the time at which
the extreme ultraviolet (XUV) pulse interacts with the system and the peak of the NIR pulse. c A false color plot shows the amplitude of the dipole moment
modulated by both the AC Stark phase grating and an amplitude grating in the nearﬁeld as a function of time. Later times exhibit an increased modulation
depth. d In the far ﬁeld, different grating orders are plotted as a function of time during the NIR pulse
are displaced above and below the hole of the annular mirror in the XUV beam
path such that they are recombined with the XUV in the target cell at angles of
approximately 1° and 0.75° respectively and focused to roughly 100 µm FWHM
(full width at half maximum) spots with an intensity of 2 × 1012 W cm−2. The delay
between these two NIR arms is controlled by a second stage positioned in the
transmitted beam path. For these experiments, the position of the second stage is
set to ensure the NIR arms are time-coincident. Temporal and spatial overlap of
the pulses is determined by the appearance of fringes on a CCD camera positioned
at the focus due to the interference between the NIR beam used for HHG and the
noncollinear probe beams.
After propagating through 3 mm of approximately 3 × 1017 cm−3 of helium gas
in the target cell, a 0.2 µm Al ﬁlter (Lebow, 20–76 eV transmission) removes any
residual NIR light. The transmitted XUV spectrum is dispersed by a ﬂat-ﬁeld
grating (01–0464, Hitachi) and recorded by an x-ray CCD camera (Pixis XO 400B,
Princeton Instruments). A step size of 300 as was chosen for the delay between the
XUV and noncollinear NIR pulses in order to resolve time dynamics on the fewfemtosecond timescale. At each delay, 1500 laser pulses were accumulated three
times to obtain an appropriate signal-to-noise ratio. The delay at which the
transient 2s+ zeroth grating order feature at 22.1 eV obtains its peak absorbance is
assigned a value of 0 fs (Supplementary Fig. 4). This feature was chosen to avoid
contamination from 1s2p pulse propagation effects. The energy axis of the CCD
camera was calibrated daily using atomic transition line data available from the
National Institute of Standards and Technology (NIST). Camera image data, false
color plots, and lineouts of higher-order signals are presented in terms of raw
counts (ﬂux) on the CCD camera.
Calculated spatio-spectral proﬁle and time dependence. The coupled TDSE
and the Maxwell wave equation are solved numerically in the SAE approximation
to generate spatio-spectral proﬁles in the far ﬁeld. First, an initial frequencydomain electric ﬁeld is deﬁned at the beginning of a helium jet by specifying each
input ﬁeld as a focused Gaussian beam. The time-domain transform of this ﬁeld
provides a two-color source term for TDSE, which results in a space- and timedependent dipole moment that can be transformed back into the frequency
domain. The calculations proceed by space-marching the frequency-domain
driving and the generated ﬁelds in the propagation (z) direction. At each point in z,
we transform the total electric ﬁeld to the time domain and calculate the space- and
time-dependent polarization ﬁeld (proportional to the time-dependent dipole
moment) by solving the TDSE at a number of different points across the (transverse, x) laser proﬁle. The polarization ﬁeld is then transformed to the frequency
domain and used as the source term in propagating to the next z-plane. At the end
of the medium we transform the resulting space- and frequency-dependent electric
ﬁeld to the far ﬁeld. The two NIR beams both have Gaussian transverse proﬁles
with waists of 64 µm, and the XUV beam waist is 22 µm. Although a train of two to

three attosecond pulses was employed experimentally, the use of single XUV pulse
in the calculations is justiﬁed given the relative timescales of the pulse train and the
NIR pulses. The density of the He gas is 1019 cm−3, and we work in the thinmedium limit and propagate through only 0.01 mm of gas, corresponding to only
space-marching one step in the forward direction. This means that we incorporate
all aspects of the self-consistent interactions that lead to absorption of the light
propagating along the axis, and the emission of the light propagating (diffracting)
in off-axis directions, but we ignore effects such as resonant pulse propagation that
occur in longer/denser media. In this limit, our medium is equivalent to a 1 mm
long gas with a density of 1017 cm−3, almost an order of magnitude lower than the
estimated experimental gas density. A lower gas density was chosen for the calculations to demonstrate that the delays observed between nonlinear grating orders
in the experimental data do not originate from resonant propagation effects. An
increase in gas density is not expected to signiﬁcantly modify the conclusions
drawn here.

Data availability
The data generated during and analyzed during the current study are available from the
corresponding author on reasonable request.

Received: 13 January 2019 Accepted: 5 March 2019

References
1.

2.
3.
4.
5.
6.

Mukamel, S., Healion, D., Zhang, Y. & Biggs, J. D. Multidimensional
attosecond resonant X-ray spectroscopy of molecules: lessons from the optical
regime. Annu. Rev. Phys. Chem. 64, 101–127 (2013).
Mukamel, S. Femtosecond optical spectroscopy: a direct look at elementary
chemical events. Annu. Rev. Phys. Chem. 41, 647–681 (1990).
Hamm, P. & Zanni, M. T. Concepts and Methods of 2D Infrared Spectroscopy
(Cambridge University Press, Cambridge, 2011).
Sakakibara, D. et al. Protein structure determination in living cells by in-cell
NMR spectroscopy. Nature 458, 102–105 (2009).
Dantus, M. Coherent nonlinear spectroscopy: from femtosecond dynamics to
control. Annu. Rev. Phys. Chem. 52, 639–679 (2001).
Zewail, A. H. Femtochemistry: recent progress in studies of dynamics and
control of reactions and their transition states. J. Phys. Chem. 100,
12701–12724 (1996).

NATURE COMMUNICATIONS | (2019)10:1384 | https://doi.org/10.1038/s41467-019-09317-4 | www.nature.com/naturecommunications

7

ARTICLE
7.
8.

9.
10.
11.
12.
13.
14.
15.
16.

17.
18.
19.
20.

21.
22.
23.
24.

25.

26.

27.

28.
29.
30.

31.
32.

33.
34.
35.
36.

37.
38.
39.

8

NATURE COMMUNICATIONS | https://doi.org/10.1038/s41467-019-09317-4

Engel, G. S. et al. Evidence for wavelike energy transfer through quantum
coherence in photosynthetic systems. Nature 446, 782–786 (2007).
Lange, C. et al. Ultrafast nonlinear optical response of photoexcited Ge/SiGe
quantum wells: evidence for a femtosecond transient population inversion.
Phys. Rev. B Condens. Matter Mater. Phys. 79, 201306 (2009).
Krausz, F. & Ivanov, M. Attosecond physics. Rev. Mod. Phys. 81, 163–234
(2009).
Beck, A. R., Neumark, D. M. & Leone, S. R. Probing ultrafast dynamics with
attosecond transient absorption. Chem. Phys. Lett. 624, 119–130 (2015).
Bencivenga, F. et al. Four-wave mixing experiments with extreme ultraviolet
transient gratings. Nature 520, 205–208 (2015).
Bencivenga, F. et al. Four-wave-mixing experiments with seeded free electron
lasers. Faraday Discuss. 194, 283–303 (2016).
Bencivenga, F. et al. Nanoscale dynamics by short-wavelength four wave
mixing experiments. New J. Phys. 15, 123023 (2013).
Foglia, L. et al. First evidence of purely extreme-ultraviolet four-wave mixing.
Phys. Rev. Lett. 120, 263901 (2018).
Glover, T. E. et al. X-ray and optical wave mixing. Nature 488, 603–608
(2012).
Tobey, R. I. et al. Transient grating measurement of surface acoustic waves in
thin metal ﬁlms with extreme ultraviolet radiation. Appl. Phys. Lett. 89,
091108 (2006).
Sistrunk, E. et al. Broadband extreme ultraviolet probing of transient gratings
in vanadium dioxide. Opt. Express 23, 4340–4347 (2015).
Gaumnitz, T. et al. Streaking of 43-attosecond soft-X-ray pulses generated by a
passively CEP-stable mid-infrared driver. Opt. Express 25, 27506 (2017).
Ding, T. et al. Time-resolved four-wave-mixing spectroscopy for inner-valence
transitions. Opt. Lett. 41, 709 (2016).
Chang, Z., Corkum, P. B. & Leone, S. R. Attosecond optics and technology:
progress to date and future prospects [Invited]. J. Opt. Soc. Am. B 33, 1081
(2016).
Corkum, P. B. & Krausz, F. Attosecond science. Nat. Phys. 3, 381–387 (2007).
Chang, Z. Fundamentals of Attosecond Optics (CRC Press, Boca Raton, 2011).
Pfeifer, T., Spielmann, C. & Gerber, G. Femtosecond x-ray science. Rep. Prog.
Phys. 69, 443–505 (2006).
Cao, W., Warrick, E. R., Fidler, A., Leone, S. R. & Neumark, D. M. Nearresonant four-wave mixing of attosecond extreme-ultraviolet pulses with nearinfrared pulses in neon: detection of electronic coherences. Phys. Rev. A 94,
021802 (2016).
Cao, W., Warrick, E. R., Fidler, A., Neumark, D. M. & Leone, S. R.
Noncollinear wave mixing of attosecond XUV and few-cycle optical laser
pulses in gas-phase atoms: toward multidimensional spectroscopy involving
XUV excitations. Phys. Rev. A At. Mol. Opt. Phys. 94, 053846 (2016).
Cao, W., Warrick, E. R., Fidler, A., Leone, S. R. & Neumark, D. M. Excitedstate vibronic wave-packet dynamics in H2 probed by XUV transient fourwave mixing. Phys. Rev. A 97, 023401 (2018).
Warrick, E. R. et al. Multiple pulse coherent dynamics and wave packet
control of the N 2 a” 1 Σ g+dark state by attosecond four wave mixing.
Faraday Discuss. 212, 157–174 (2018).
Huang, S. et al. Generating single-spike hard X-ray pulses with nonlinear
bunch compression in free-electron lasers. Phys. Rev. Lett. 119, 154801 (2017).
Marinelli, A. et al. Experimental demonstration of a single-spike hard-X-ray
free-electron laser starting from noise. Appl. Phys. Lett. 111, 151101 (2017).
Brown, E. J., Zhang, Q. & Dantus, M. Femtosecond transient-grating
techniques: Population and coherence dynamics involving ground and excited
states. J. Chem. Phys. 110, 5772–5788 (1999).
Chen, S. et al. Light-induced states in attosecond transient absorption spectra
of laser-dressed helium. Phys. Rev. A At. Mol. Opt. Phys. 86, 063408 (2012).
Bell, M. J., Beck, A. R., Mashiko, H., Neumark, D. M. & Leone, S. R. Intensity
dependence of light-induced states in transient absorption of laser-dressed helium
measured with isolated attosecond pulses. J. Mod. Opt. 60, 1506–1516 (2013).
Reduzzi, M. et al. Polarization control of absorption of virtual dressed states in
helium. Phys. Rev. A At. Mol. Opt. Phys. 92, 033498 (2015).
Wu, M., Chen, S., Camp, S., Schafer, K. J. & Gaarde, M. B. Theory of strong-ﬁeld
attosecond transient absorption. J. Phys. B At. Mol. Opt. Phys. 49, 062003 (2016).
Chini, M. et al. Sub-cycle oscillations in virtual states brought to light. Sci. Rep.
3, 1105 (2013).
Foumouo, E., Antoine, P., Bachau, H. & Piraux, B. Attosecond timescale
analysis of the dynamics of two-photon double ionization of helium. New J.
Phys. 10, 025017 (2008).
Wurth, W. & Menzel, D. Ultrafast electron dynamics at surfaces probed by
resonant Auger spectroscopy. Chem. Phys. 251, 141–149 (2000).
Föhlisch, A. et al. Direct observation of electron dynamics in the attosecond
domain. Nature 436, 373–376 (2005).
Brühwiler, P. A., Karis, O. & Mårtensson, N. Charge-transfer dynamics studied
using resonant core spectroscopies. Rev. Mod. Phys. 74, 703–740 (2002).

40. Chan, W. F., Cooper, G. & Brion, C. E. Absolute optical oscillator strengths of
the electronic excitaiton of atoms at high resolution: experiemental methods and
measurements for helium. Phys. Rev. A At. Mol. Opt. Phys. 44, 186–204 (1991).
41. Pfeiffer, A. N. et al. Alternating absorption features during attosecond-pulse
propagation in a laser-controlled gaseous medium. Phys. Rev. A At. Mol. Opt.
Phys. 88, 051402(R) (2013).
42. Liao, C. T., Sandhu, A., Camp, S., Schafer, K. J. & Gaarde, M. B. Beyond the
single-atom response in absorption line shapes: probing a dense, laser-dressed
helium gas with attosecond pulse trains. Phys. Rev. Lett. 114, 143002
(2015).
43. Bengtsson, S. et al. Space–time control of free induction decay in the extreme
ultraviolet. Nat. Photonics 11, 252–258 (2017).
44. Mukamel, S. Principles of Nonlinear Optical Spectroscopy (Oxford University
Press, New York, Oxford, 1995).
45. Strasser, D. et al. Coherent interaction of femtosecond extreme-uv light with
He atoms. Phys. Rev. A At. Mol. Opt. Phys. 73, 021805(R) (2006).
46. Gaarde, M. B., Buth, C., Tate, J. L. & Schafer, K. J. Transient absorption and
reshaping of ultrafast XUV light by laser-dressed helium. Phys. Rev. A At. Mol.
Opt. Phys. 83, 013419 (2011).
47. Farrell, J. P. et al. Strongly dispersive transient Bragg grating for high
harmonics. Opt. Lett. 35, 2028–2030 (2010).
48. Herrmann, J. et al. Multiphoton transitions for robust delay-zero calibration
in attosecond transient absorption. Springer Proc. Phys. 162, 83–86 (2015).

Acknowledgements
This work was supported by the Director, Ofﬁce of Science, Ofﬁce of Basic Energy
Sciences through the Atomic, Molecular, and Optical Sciences Program of the Division of
Chemical Sciences, Geosciences, and Biosciences of the US Department of Energy at
LBNL under contract no. DE-AC02-05CH11231 and at LSU under contract no. DESC0010431. A.P.F. acknowledges funding from the National Science Foundation Graduate Research Fellowship Program. Portions of this research were conducted with highperformance computing resources provided by Louisiana State University (LSU HPC)
and the Louisiana Optical Network Initiative (LONI).

Author contributions
A.P.F., E.R.W., and E.B. designed and built the experimental apparatus. A.P.F., E.R.W.,
E.B., and H.J.B.M. conducted the experiments and examined the collected data. S.R.L.
and D.M.N. supervised the experiments and provided guidance as necessary. S.J.C., M.B.
G., and K.J.S. performed the calculations and developed the model to aid in the interpretation of experimental results. A.P.F. wrote the manuscript. M.B.G. wrote major
components of Supplementary Notes 2 and 7. All authors contributed to the discussion
of results and commented on the manuscript.

Additional information
Supplementary Information accompanies this paper at https://doi.org/10.1038/s41467019-09317-4.
Competing interests: The authors declare no competing interests.
Reprints and permission information is available online at http://npg.nature.com/
reprintsandpermissions/
Journal peer review information: Nature Communications thanks Filippo Bencivenga
and the other anonymous reviewer(s) for their contribution to the peer review of this
work.
Publisher’s note: Springer Nature remains neutral with regard to jurisdictional claims in
published maps and institutional afﬁliations.

Open Access This article is licensed under a Creative Commons
Attribution 4.0 International License, which permits use, sharing,
adaptation, distribution and reproduction in any medium or format, as long as you give
appropriate credit to the original author(s) and the source, provide a link to the Creative
Commons license, and indicate if changes were made. The images or other third party
material in this article are included in the article’s Creative Commons license, unless
indicated otherwise in a credit line to the material. If material is not included in the
article’s Creative Commons license and your intended use is not permitted by statutory
regulation or exceeds the permitted use, you will need to obtain permission directly from
the copyright holder. To view a copy of this license, visit http://creativecommons.org/
licenses/by/4.0/.
© The Author(s) 2019

NATURE COMMUNICATIONS | (2019)10:1384 | https://doi.org/10.1038/s41467-019-09317-4 | www.nature.com/naturecommunications

