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Abstract: Ultrafast wave-mixing spectroscopies involving extreme ultraviolet (EUV) attosecond
pulses provide unprecedented insight into electronic dynamics. Here, we proposed a versatile
lifetime-detection method for doubly excited states with odd or even parities by mixing an
attosecond EUV pulse with two few-cycle near infrared (NIR) pulses in atomic helium under
a noncollinear geometry. By properly choosing the time order of the pulse sequence, the
spatially resolved nonlinear signals carry significant information of the decaying dynamics of
excited states, which can be utilized to retrieve the lifetimes of states with different parities in a
single measurement. The validity and robustness of the method has been verified by numerical
simulations based on a few-level model of helium including the spatial distribution of atoms.
The accuracy of the lifetime measurement method is better than a few hundred attoseconds.
It provides a powerful tool for probing decaying dynamics of the electronic wave packet with
superb resolution.

© 2021 Optical Society of America under the terms of the OSA Open Access Publishing Agreement

1. Introduction

Excited electrons will either decay to the state with lower energy via radiative decay or autoionize
via electronic rearrangement [1,2]. The time scale of the decay process is associated with
the lifetime of corresponding excited state. At the beginning, the excited-state lifetimes are
deduced from the measured line widths of the static absorption features, by using synchrotron
radiation facilities [3]. However, various possible broadening mechanisms may complicate
lifetime measurement [4]. To overcome the limitation of static absorption methods, time-domain
measurement of decaying process has been proposed accompanied by the emergence of ultrashort
light sources with pulse duration on the order of femtosecond or even attosecond. Attosecond
pulse enables time-domain access to electron dynamics, which is the fundamental driving force
for atomic and molecular processes, including chemical reactions, ionization phenomena, and
non-adiabatic dynamics [5–8]. The advantage of attosecond laser pulses has been used to measure
lifetimes of the Auger decay process [9]. The lifetime quantity was deduced by a "streaking"
analysis. But streaking method requires dedicated particle detection system and the streaking field
may affect the dynamics to be measured [10]. After this, the decay of excited states of atoms after
absorption of EUV light has been tracked via attosecond transient absorption (ATA) spectroscopy
and lifetimes of autoionizing states have been determined [11,12]. However, the accuracy of the
result is highly dependent on and limited by the energy resolution of the spectrometer [12].
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Recently, transient wave-mixing spectroscopy, which is established on the base of nonlinear
multidimensional spectroscopy in optical and radio frequency regime, has been developed to
measure electronic dynamics [13–22]. In an attosecond wave-mixing measurement, there are
usually three pulses, an attosecond EUV pulse for initiating electron dynamics followed by two
NIR laser pulses for dynamics interrogation. The propagation direction and timing sequence
of three pulses are variable. As a result, varity of wave-mixing designs have been explored for
different measuring purposes [17–22]. For example, E. R. Warrick et al. studied the vibrational
dynamics of dark state of N2 by using different pulse timing sequences and beam direction
geometries [19]. The lifetimes of dipole-allowed states of krypton atom have been retrieved in
the work of A. P. Fidler et al. by using a geometry in which all three pulses are noncollinear and
two delayed NIR pulses are coinciding in time [21].

In this work, we simulate the atomic helium interacting with three laser pulses in a noncollinear
beam geometry, in which a co-propagating NIR/EUV pulse pair intersects with a delayed
noncollinear few-cycle NIR pulse. Different phase matching channels lead to 8 dominating angle
resolved wave-mixing signals, which carry rich information of the decaying dynamics of excited
states. According to different temporal evolution characteristics, these emitting channels can be
divided into two types: one mainly is the result of convolution of an exponential decayed function
and a Gaussian function, from which the lifetime can be retrieved; the other is the superposition
of convolutions of Gaussian functions and reflects the NIR pulse duration. By fitting the former
type of wave-mixing signals, the accurate lifetimes of excited states with different parities can
be successfully retrieved in a single measurement. This method eliminates the influence of
detector energy resolution compared to existing ATA-based methods, and provides a superior
time-domain measuring scheme for decaying dynamics.

2. Principle of measurement

As shown in Fig. 1, the noncollinear pulse geometry used in our method is composed of an
attosecond EUV pulse, a few-cycle NIR pulse which is co-propagating with the EUV pulse
along y-axis and another delayed NIR pulse intersecting with the other two pulses at a small
angle θ in xy-plane. The EUV pulse has a Gaussian spatial distribution to mimic the real laser
pulse in experiment while two NIR pulses are treated as plane waves considering that the beam
spot of the NIR pulse is much bigger than that of the EUV pulse. All three pulses possess the
same polarization direction (z-axis). In this design, the spatial distribution of helium atoms
can be reduced to one dimension. In numerical calculations, we use 100 equally spaced grid
points from -50 to 50 um along x-axis to represent the experimentally thin and uniform atomic
distribution. As a result, the delayed NIR pulse reaches different grid points with different phases.
The time-dependent polarization of helium atom located at each grid point has been calculated
by solving a few-level time-dependent Schrödinger equation (TDSE) with the fourth-order
Runge-Kutta method [23]. For simplicity, we only consider three essential states 1s2, 2s2p and
2p2 in the model, the autoionization effect due to the configuration interaction is included as
decaying rates of the corresponding excited states in the Schrödinger equation (atomic units are
used throughout the article unless otherwise specified) [24]:
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where Cg, Ca and Cb are the time-dependent complex expansion coefficients of 1s2, 2s2p and
2p2 states of helium, while ωg, ωa and ωb are the corresponding bare atom eigen-energies. µij
(i = g, a, b; j = g, a, b) represent dipole-moment matrix elements. E is the external electric
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field consisting of EUV and NIR pulses. Γa and Γb are the decay rates of 2s2p and 2p2 states,
respectively. The lifetime of an excited state has a relationship with its decay rate as T = 1/Γ.
Note that the possible mechanisms such as autoionizing and decoherence that lead to decaying
dynamics are not included explicitly in the model simulation. However, since the quantity that
is investigated is the overall decaying rate of a specific excited state, the current simulation is
appropriate for the general purpose of lifetime retrieval, and should not be restricted by specific
decaying mechanisms [12,21]. In our simulation, the peak intensity of two NIR pulses is 2× 1012

W/cm2. The central wavelength of the NIR pulses is 642 nm, which is resonant with the 2s2p-2p2

transition. Attosecond EUV pulse has a peak intensity of 1 × 1010 W/cm2 and centers at 60.15
eV. The full width at half maximum of the EUV pulse is 170 as, which can give an instantaneous
excitation to the system. The intersection angle θ is set to be 4◦. More detailed information of
the parameters can be found in Ref. [23]. Using this few-level model for each grid points, the
corresponding space- and time-dependent dipoles can be calculated. Near-field nonlinear signals
can be accessed from the Fourier transforms of these time-dependent dipoles [25]. Finally, the
far-field energy- and divergence-angle-dependent emitting intensity can be obtained by using
Fraunhofer diffraction equation for the near-field nonlinear signal. The delay-dependent signal
intensity can be accessed by repeating the above processes for each delay.

Fig. 1. Schematic diagram of the attosecond wave-mixing spectroscopy for lifetime detection.
Attosecond EUV pulse copropagates with a beam of a few-cycle NIR pulse (collinear NIR
pulse) along y-axis. The delayed few-cycle NIR pulse (noncollinear NIR pulse) intersects
with the copropagated EUV/NIR pulse pair at a small angle θ. Helium atoms are located at
the intersection of three pulses. The polarizations of three pulses are along the same direction,
z-axis. The spatial intensity distribution of the EUV pulse is considered as Gaussian. Helium
atoms are linearly arranged along the x-axis. The far-field spectrum is obtained by using
Fraunhofer diffraction equation.

Figure 2 shows the energy and angle resolved far-field signal at zero delay. According to
different energies and divergence angles, eight channels, named as channels 1 to 8, have been
selected as shown in Fig. 2 for further discussion. The relative intensities between these channels
differs remarkably, but they are spatially well separated and thus are detectable in a practical
experiment. Besides, there are some experiments in which absorbance has been used to enlarge
the relatively weak emitting signals [21].

Figures 3(a)-(h) are the phase matching geometries of the eight channels as shown in Fig. 2.
Channels 2 and 4 are two six-wave mixing pathways, while the other channels are four-wave
mixing processes. Note that only the lowest nonlinear order, which is the dominant process,
is considered for each pathway. For channel 1, there are two possible geometries as shown in
Fig. 3(a). The difference between them is the sequence of emitting a noncollinear and absorbing a
collinear NIR photon. But absorbing a collinear NIR photon first is more probable since the 2s2p
and 2p2 states are resonantly coupled with NIR pulse. As a result, the emitting signal of channel
1 mainly comes from the pathway shown in the right half of Fig. 3(a). This conclusion is also
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Fig. 2. Logarithmic spectral intensity as a function of photon energy and emitting divergence
angle. Channels 1 to 8 are spectrally and spatially well separated. The energies of 2s2p and
2p2 states of helium atom are shown in the right of the figure.

applicable for the analysis of other channels except for channels 5 and 7. In terms of radiation
intensity, the nonlinear signals from channels 1-4 are much stronger than that of channels 5-8
since the nonlinear interactions are mediated by the 2s2p-2p2 resonant transition. As for the
emitting energy of these channels, Fig. 3 indicates that channels 1-4 possess the same emitting
energy as 2s2p eigenenergy, and channels 5 and 6 locate at two NIR photon energy above the
2s2p level while channels 7 and 8 locate at two NIR photon energy below the 2s2p level, which
is consistent with the result shown in Fig. 2.

Fig. 3. Phase matching geometries of wave-mixing channels in Fig. 2. (a)-(h) are
corresponding to channels 1-8, respectively. The solid horizontal black lines represent
the ground and 2s2p states of helium while the black dashed lines represent the 2p2 dark
states. Blue arrows mean the EUV photons. Red vertical arrows represent the collinear NIR
photons and red inclined arrows are on behalf of noncollinear NIR photons. The purple
arrows indicate the emitted EUV photons.

Different from the ATA, the radiation dipoles do not interfere with the EUV field. For
a four-wave mixing process, the emitting signal intensity is proportional to the third-order
polarization response function [4], which reads

|EEmit |
2 ∝

|︁|︁|︁P(3)(τ)
|︁|︁|︁2 , (2)
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where EEmit is the electric field of the third-order nonlinear signal. P(3)(τ) is the delay dependent
third-order polarization response function, while τ is the time-delay between the noncollinear
NIR pulse and the co-propagating NIR/EUV pulse pair. Here, we choose channels 1 and 6 to
derive the corresponding response function. In the semi-implusive limit, where the laser pulses
are assumed to be short compared with any time scale of the system but long compared to the
oscillation period of the light field, the third-order polarization for channel 1 can be written as [4]|︁|︁|︁P(3)
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As for channel 6, a similar result can be derived:|︁|︁|︁P(3)
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In the above equation, c denotes a laser dressed virtual state with energy one NIR photon energy
above the 2p2 state. ωc and Γc represent the energy and decay rate of the virtual state. Γi (i = a, b)
is the reciprocal of lifetime Ti of the corresponding eigenstate. The emitting signal intensity can
be written as |︁|︁EEmit,i

|︁|︁2 ∝ e−τ/Ti . (5)

Equation (5) indicates that the lifetime of 2s2p (odd) or 2p2 (even) excited states can be accessed
from the corresponding delay-dependent four-wave mixing channels. Other than the above
mentioned two wave-mixing channels, it can be found that the delay-dependent emitting signal of
channel 5 (channel 8) also contains the decaying dynamics of 2p2 (2s2p) state.

3. Result and discussion

3.1. Off-axis signal for lifetime retrieval

All these eight channels shown in Fig. 3 can be divided into two categories: the first type including
channels 1, 5, 6 and 8 can be used for the lifetime retrieval; the second type including channels
2-4 and 7 reflects the information about NIR pulse duration. For these lifetime-detection channels,
we can determine whose lifetime can be retrieved by pinpointing the state initially prepared by
the NIR/EUV pulse pair. For example, as shown in the right half of Fig. 3(a), the NIR/EUV pulse
pair gives 2p2 state an initial population. After excitation, 2p2 state decays with time and can be
interrogated by a delayed noncollinear NIR pulse. Thus, the lifetime of 2p2 state can be extracted
from the wave-mixing signal of channel 1. As for channel 6, the EUV pulse initially populates
the 2s2p state promptly followed by a two-photon transition from the noncollinear NIR pulse. In
this case, the lifetime of the 2s2p state is encoded in the wave-mixing signal.
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Figure 4(a) is the delay dependent signal intensity of channels 1-8 integrated from specific
energy and angle ranges shown in Fig. 2. In the numerical calculation, the decay rate of 2p2 state,
Γb, is set to 100 meV, corresponding to the lifetime of 6.5 fs. The actual lifetime of helium 2p2

state is 108.3 fs [26]. We used a relatively shorter lifetime here to verify the generality of our
model. To focus on the measurement of 2p2 dark state lifetime, the decay rate of 2s2p state, Γa,
is set to 0. The positive delay corresponds to the condition when the EUV/NIR pulse pair leads
the delayed NIR pulse. The result shows that the temporal evolution of channel 1 can be fitted
by the convolution of a Gaussian function and an exponentially decaying function as shown in
Fig. 4(b). According to Eq. (5), this fitted lifetime, T1, is associated with the lifetime of 2p2

state. The fitted lifetime of 2p2 state is 6.4 fs. The variance of the fitting is on the order of 10−5.
Thus, the accurate lifetime of 2p2 dipole-forbidden state can be successfully retrieved from the
wave-mixing signal of channel 1.

Fig. 4. (a) The delay dependent signal intensity of channels 1 to 8 when the decay rates of
2p2 and 2s2p states are 100 meV and 0 meV, respectively. (b) and (c) depict the calculated
and fitted delay dependent signal intensity of channels 1 and 5, respectively.

Channel 5 can also be used for the lifetime detection of 2p2 state. The signal of a single
wave-mixing channel like channel 5 comes from different quantum pathways [see Fig. 3(e)]. In
order to fulfill the coherent interference, the final emitting energies and angles need to coincide
simultaneously for different quantum pathways in a non-collinear wave-mixing geometry. The
slight difference in either the final emitting energies or angles between different pathways
makes the delay-dependent emitting signal show the property of incoherent superposition. An
assumption has been made that the emitting signal of channel 5 is a linear combination of a
Gaussian function and a Gaussian-exponential convolution function. To verify this, we use a
linear combination of these two functions to fit the calculated curve. The fitted exponential
decaying function has a time constant of 6.5 fs, which agrees with the 6.5-fs lifetime of the 2p2

state in the numerical calculation [see Fig. 4(c)]. And the proportion of the two fitting functions
is close to 1: 1. It means that the two pathways have equal probability, which is in line with
the fact that both pathways are double resonance four-wave mixing process. In summary, by
analyzing the delay dependent emitting signal of channel 5, both the lifetime of 2p2 state and the
contribution of the two involved pathways can be accessed. We can find that the emitting signals
of channels 6 and 8 in Fig. 4 remain constant at large delays, indicating a zero decay rate for 2s2p
state.

In a more general case, both the dark and bright states can decay simultaneously. Figure 5
shows the delay dependent signal intensities of channels 1-8 when the decay rates of both 2s2p
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and 2p2 states are considered, which are 37 meV and 6 meV, respectively [8]. The corresponding
lifetimes of 2s2p and 2p2 states are 17.6 fs and 108.3 fs, respectively. Fitting the signal of channel
1 for delay beyond 10 fs gives a retrieved lifetime of 108.7 fs for the 2p2 state [see Fig. 5(b)].
Using the same fitting method, the lifetime of 2s2p state can also be extracted with high accuracy
from channel 6 [see Fig. 5(c)]. We also successfully extracted the lifetime of 2p2 state from signal
of channel 5. Theoretically, the signal of channel 8 can also be utilized for the lifetime retrieval
of 2s2p state like channel 6, but channel 8 is much weaker than channel 6 and is modified and
influenced by neighboring channels.

Fig. 5. (a) The delay dependent signal intensity of channels 1 to 8 when the decay rates of
2p2 and 2s2p states are 6 meV and 37 meV, respectively. (b) and (c) depict the calculated
and fitted delay dependent signal intensity of channels 1 and 6, respectively.

In order to check the validity of our method, we performed additional calculations including
1s2, 2s2 (57.79 eV), 2s2p (60.15 eV), 2p2 (62.06 eV) and 2s3p (63.66 eV) states [26]. The results
show that the lifetimes of doubly excited states can still be extracted correctly by fitting the
emitting signals. We also fitted the wave-mixing signals of Fig. 4 and 5 for other delay ranges:
delay beyond 15 fs and 20 fs. The results show that the fitting procedure using a constrained
delay window does not influent the retrieved lifetime within the uncertainty of 1.5 %. In general,
the decay of 2s2p and 2p2 state does not mutually affect the measurement of the lifetime of the
individual state, precise and reliable lifetimes of states with both odd and even parities can be
retrieved by using this wave-mixing method within a single measurement.

In Fig. 4 and 5, the second type channels including channels 2-4 and 7 show similar delay
dependent structure: the emitting signal only exists when the two NIR pulses overlap. Although
they cannot be utilized for lifetime detection, their temporal evolutions contain other dynamic
information which will be discussed below.

3.2. Temporal evolution of wave-mixing channels

In Fig. 4 and 5, the signals from different channels emerge at different time delays and the maxima
are also located at different delays. Here, we choose channels 2, 3 and 4 for a representative
comparison to uncover the temporal evolution dynamics of different wave-mixing processes.
Channel 3 and 4 possess the same emitting photonenergy and the emitting angle of channel 4 is
twice of that in channel 3, that is, channel 4 is a higher order wave-mixing process than channel 3.
The signal of channel 4 peaks at 1.5 fs after the maximum of signal of channel 3 [Fig. 6(a)]. This
phenomenon also appeared in the wave-mixing experiments of helium and was attributed to the
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real-time differences in the temporal dynamics of wave-mixing signal generation: channels with
different orders are formed at different times during the nonlinear interaction [22]. It should be
noticed that the experiment in [22] is conducted for singly excited sates of helium atoms, while
our simulation is focusing on the doubly excited states with a simplified few-level model.
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Fig. 6. Temporal evolution of wave-mixing channels with different nonlinear orders (a)
and the same nonlinear order (b). (a) Delay-dependent normalized intensity of channels 3
(peaking at -0.2 fs) and 4 (peaking at 1.3 fs). (b) Relative intensity of channels 2 (peaking
at 3.2 fs) and 4. The gray dashed lines indicate the locations of emitting peaks. (c) The
graphical presentation of Eq. (7). The red circles represent the peak positions.

We find that not only there is an evolution difference between different wave-mixing orders,
there is also evolution difference existing between channels with the same nonlinear order.
For example, channels 2 and 4 are both six-wave mixing channels except that the sequence of
absorbing and emitting collinear and noncollinear NIR photons is different as shown in Fig. 3(b)
and (d). The peaks of both channels appear at positive time delays due to the causality of
wave-mixing process [see Fig. 6(b)] [26]. For a six-wave mixing process, the emitted field (EEmit)
is proportional to the fifth-order polarization response function, P(5)(τ). The corresponding
response functions for channels 2 and 4 can be defined as:
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In the above equation, En and Ec represent the envelopes of noncollinear and collinear NIR
pulses and the rotating wave approximation (RWA) has been used [27]. The EUV pulse is treated
as Dirac delta function. To get an analytical solution of the response function, two NIR pulses
are represented by rectangular pulses with duration T for simplicity. The collinear NIR pulse
is centered at time zero synchronized with the EUV pulse, while the noncollinar NIR pulse is
centered at τ. Solving Eq. (6) piecewisely, the result is:
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(7)

where a = T/2 and x = τ − a. In the above equation, the response function only for −a ≤ x ≤ a
has been derived, for x< − a and x>a, the nonlinear response drops to zero abruptly. As shown in
Fig. 6(c), the maximum of P(5)

2 (x) is located at x = 0.1a (τ = 0.55T) and the calculated P(5)
4 (x) is

constant in the region −a ≤ x<0. In order to quantify the peak position of P(5)
4 (x), we choose

the center of the region (x = −0.5a), that is, τ = 0.25T , as the peak location of P(5)
4 (x). In the
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simulation of Fig. 6(b), T is roughly equal to 6 fs. According to Eq. (7), the signal of channels 2
and 4 should peak at 3.3 and 1.5 fs, respectively, which is roughly consistent with the simulated
result [Fig. 6(b)]. The derivation of Eq. (7) based on RWA ignored the extended spectrum of the
rectangular NIR pulse and is only a rough qualitative evaluation of the temporal evolution of
different wave-mixing channels. The phenomenon that the intensity and temporal evolution of
the two channels differ remarkably from each other shows that these six-wave mixing channels
are highly photon-sequence-dependent.

The signal of channel 2 in Fig. 6(b) has a small shoulder at approximately 7 fs. And other
channels in Fig. 6 also show similar structures. This is closely related to the contribution from
other higher order non-resonant wave-mixing pathways. The signals shown in Fig. 6 are only
generated when all three pulses overlap in time. Therefore, they do not provide any lifetime
information but rather reflect the convolution profile between the two NIR pulses.

3.3. On-axis absorption spectrum for waveform measurement

Not only does the off-axis wave-mixing signal reveal important dynamic information, the on-axis
signal can also be used for the measurement of ultrafast process. In our previous work, we
demonstrated an all-optical method for time-domain characterization of ultrashort optical pulses
using a three-pulse configuration [23]. A moderately intense laser pulse couples the doubly
excited states of helium and induces the ac Stark effect. A synchronized weak signal field perturbs
the coupling process and alters the quasienergies of the dressed atom, upon which the carrier
oscillation of the signal field is encoded. The EUV pulse plays the role of a transient probe to
get the quasienergies of excited states. But all three pulses are collinear in Ref. [23], and as
a result, long tails exist and persist at larger delays in the extracted waveform due to quantum
pathway interference. To utilize the advantage of a noncollinear wave-mixing spectroscopy where
signals from different quantum channels separate in space, we tried to implement the waveform
sampling of a few-cycle optical pulse by using the present noncollinear wave-mixing design. To
get a visible splitting of the 2s2p state, the intensity of collinear NIR pulse is set to 6 × 1012

W/cm2. Figure 7(a) is the on-axis absorption spectrum when the intersection angle, θ, is 1◦.
The tail at large delays (>10 fs) is still distinct. Figure 7(b) shows the condition when θ is equal
to 2◦ and noncollinear NIR intensity is four times of that in Fig. 7(a). The tail at large delays
has been greatly reduced. This noncollinear geometry can eliminate the long-existed tail in the
extracted waveform after the pulse duration in the collinear geometry, which greatly improves the
performance of our previous waveform sampling method.

Fig. 7. On-axis absorption spectrum. (a) is the result when the intersection angle between
noncollinear NIR pulse and EUV/NIR pulse pair is 1◦. (b) is the result when the intersection
angle is 2◦ and the noncollinear NIR peak intensity is four times of the intensity in (a). Black
curve is the incident pulse electric field.
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4. Conclusion

In summary, we have proposed a versatile method for accurately measuring the lifetimes of excited
states based on attosecond wave-mixing spectroscopy. By using well-selected wave-mixing
geometry and pulse sequence, this method can retrieve the lifetimes of states with both odd and
even parities simultaneously. The error is on the order of a few hundred attoseconds and the
relative error is within 1.5 %. The accuracy of this method should be mainly limited by the
waveform stability, jittering of the pulse, pulse energy fluctuation and the signal-to-noise ratio
when a real experiment is conducted. Thanks to the channel-resolved capability of the method, the
temporal evolution dynamics of multiple channels can be tracked. The numerical analysis reveals
that the emitting signal is sensitive to the wave-mixing order. In addition, we find that for channels
with the same wave-mixing order, their intensity and temporal evolution still differ greatly from
each other. This means that the wave-mixing process is highly photon-order-dependent. Besides,
in the same measurement, the on-axis absorption spectrum can be used for the optical waveform
sampling and eliminates the errors caused by the quantum pathways interference, which means
that both off- and on-axis signals in this wave-mixing scheme can be used for high precision
diagnosis of ultrafast processes. The current method provides a versatile and reliable tool for
the study of excited state decaying dynamics, which will aid the investigation of state-resolved
dynamics in time domain.
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