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Direct In Situ Measurement of an Ultrashort Pulse Using an Optical Hologram
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The dipole response of helium exposed to attosecond extreme ultraviolet (EUV) pulses and a femtosec-
ond near-infrared (NIR) laser field is investigated. The optical interference between the EUV pulse and
nonlinear wave-mixing signals leads to fringes in the transmitted spectrum above the single ionization
threshold. Perturbation theory suggests that such fringes record the self-convolution of complex-valued
NIR pulse in the frequency domain, allowing direct characterization of a broadband optical pulse without
the need of reconstruction algorithms. We apply this in situ interferometric scheme to diagnose a few-cycle
laser pulse.
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I. INTRODUCTION

Broadband femtosecond pulses are of particular rele-
vance due to their wide applications in quantum state
manipulation in atomic systems [1,2], coherent control
of photochemical reaction [3–5], and light-induced phase
transition in condensed matter [6–8]. The prior knowledge
of the amplitude and phase information of the pulses is
generally a prerequisite for triggering light-matter inter-
action that follows the desired reaction pathways [9,10].
The most commonly used method for complete character-
ization of a laser pulse is the frequency-resolved optical
gating (FROG) [11]. In order to recover the phase informa-
tion that is missing in the measured spectrogram, a phase-
retrieval algorithm is used repeatedly and will normally
converge to the correct solution of the pulse. Recently,
Keiber et al. [12] has extended the electro-optic sampling
method to the near-infrared (NIR) region. The waveform
of the NIR pulse can be well characterized without using
a complex data-retrieving algorithm. Other methods such
as spectral phase interferometry for direct electric field
reconstruction (SPIDER) [13,14], dispersion scan (d-scan)
[15], and two-dimensional spectral-shearing interferome-
try (2DSI) [16] are also developed and provides reliable
alternative pulse diagnosing schemes that are performed
under ambient environment. However, these mentioned
methods pose potential limitations, that is they rely on non-
linear processes inside the crystal and the dispersion inside
the nonlinear crystal is inevitably introduced, which could
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cause remarkable deviation for pulses with bandwidths of
several hundred nanometers.

To avoid the mentioned issues, direct measurement of
an optical pulse in a nondispersive environment is also
performed using high-order harmonic based attosecond
pulses. Goulielmakis et al. demonstrated the oscilloscope
for optical pulses using an attosecond streak camera,
in which the center of mass of the photoelectron spec-
trum directly maps out the vector potential of the electric
field of an optical pulse [17]. Such photoelectron spec-
troscopy, however, is bandwidth limited due to the central
momentum approximation, and is also time consuming
in order to avoid the space-charge effect. Several all-
optical approaches based on laser-driven high harmonic
generation (HHG) have also shown their capabilities for
successful reconstruction of the waveform of an optical
pulse [18–21]. These strong field-based schemes could
produce plasma that can distort the waveform of the
electric field to be diagnosed, which can be detrimen-
tal for further applications. Recently, we demonstrated an
all-optical attosecond waveform-sampling scheme for an
optical pulse with extreme ultraviolet (EUV) absorption
spectroscopy [22]. Moderately intense nonionizing lasers
are utilized. A three-pulse configuration (one attosecond
EUV pulse and two NIR pulses) is adopted to induce ac
Stark effect in helium atoms. And the quasienergies of the
laser-dressed atom reflect the time-domain waveform of an
optical pulse with attosecond accuracy. Such absorption
spectroscopy minimizes the plasma-induced pulse distor-
tion and provides an effective approach for optical pulse
measurement.

In this work, we further explore the potential
capability for pulse measurement of EUV transient
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absorption spectroscopy. Instead of tuning the quasiener-
gies of the laser-dressed atom by delaying the two NIR
pulses in the previous scheme [22], we use only one
NIR pulse and inspect the interference hologram in the
absorption spectrum above the first ionization threshold
of helium. Both perturbative analysis and numerical simu-
lation indicate that such a hologram is caused by optical
interference between the EUV pulse and the nonlinear
wave-mixing signals. By performing windowed Fourier-
transform wave-mixing, the signal mediated by a single
excited state can be filtered out, such filtered fringes record
the self-convolution of the complex-valued NIR pulse
in the frequency domain, allowing the NIR pulse to be
directly characterized. We utilize the current method to
successfully measure a NIR pulse spanning from 600 to
900 nm. As compared to the previous one, the current
method needs only two pulses and greatly improves the
feasibility and ease of use.

II. PRINCIPLE

To explain this in situ interferometric scheme, we
consider an atomic system interacting with the EUV
and NIR pulses. Starting from the ground state, the
atom is promptly excited by the attosecond pulse and
a wavepacket: ψ(t, r) = ∑

m
Cm(t)ϕm(r)e−iEmt is prepared,

where Cm(t), Em stand for the amplitude and energy of
eigenstate |m〉, respectively. The NIR pulse then cou-
ples the excited states and perturbs the evolution of the
initiated wavepacket. Considering a nonresonant moder-
ately intense NIR laser pulse, the second-order pertur-
bation theory (SOPT) [23] can be applied to depict the
time-dependent amplitude of excited state |n〉:

�Cn(t, τ) = −
∫ t

0
ε(t′, τ)

∑

k

dnke−i�knt′dt′

×
∫ t′

0
ε(t′′, τ)

∑

m

Cm(t′′)dkmei�kmt′′dt′′, (1)

where ε represents an arbitrary electric field. dnk is the
dipole-matrix element between excited states |n〉 and
|k〉. �ij = Ei − Ej is the transition energies. The delay-
dependent optical density of the relevant channel that is
responsible for the absorption of two NIR photons, can be
expressed as (more details can be found in Sec. S1 within
the Supplemental Material [24,25]):

OD�
n (�+�mn, τ)

∝ Im

{
∑

n

�C�n (�+�mn, τ)dgn

}

∝ Re
{

ei�τ
∫

dωAωA�−ωe−i(ϕω+ϕ�−ω)

×
∑

m

∑

k

dgmdnkdkm

− (�− ω −�km) (�+�mn)

}

, (2)

where ω is the frequency of the NIR pulse. � is the sum
frequency of the two NIR photons. Aω and ϕω are the
spectral amplitude and spectral phase of the NIR pulse.
Here, OD�

n (�+�mn, τ) represents the optical density
at the energy En +�+�mn for a particular delay τ

between the EUV and NIR laser fields. Equation (2)
summarizes all the channels that contribute to the rapid
modulation with a period of 2ω0 along the delay axis
in the absorption spectrogram, ω0 stands for the cen-
tral frequency of the NIR pulse. For the special case
�mn = −�, it corresponds to a ladder-type resonant two-
photon transition between states |n〉 and |m〉, where pro-
nounced population transfer occurs [26]. When both |�mn|
and |�km| are much smaller than �, such as excited
states close to the ionization threshold, the prefactor
∑

m

∑

k

dgmdnkdkm
−(�−ω−�km)(�+�mn)

, which describes the two-photon

transition amplitude, becomes insensitive to frequency ω,
and Eq. (2) can be further simplified as

OD�
n (�+�mn, τ)

∝ Re

{

ei�τ
∑

m

∑

k

dgmdnkdkm

− (ω0 −�km) (2ω0 +�mn)

×
∫

dωAωA�−ωe−i(ϕω+ϕ�−ω)
}

. (3)

Here it is legitimate to use the constant
∑

m

∑

k
dgmdnkdkm

−(ω0−�km)(2ω0+�mn)
to represent the two-photon tran-

sition amplitude. Equation (3) is the main analyti-
cal formula for pulse characterization in this work.∫

dωAωA�−ωe−i(ϕω+ϕ�−ω) is the self-convolution of the
NIR pulse in the frequency domain. It is then straightfor-
ward to retrieve the waveform of the time-domain electric
field using the convolution theorem.

In order to verify the correctness of this method, we
carry out numerical simulations based on a multilevel
model [27]. The ground state 1s2, excited state 1s4p (23.77
eV), and dark state 1s4s (23.67 eV) of a helium atom are
considered in the simulation. The 800-nm NIR pulse has a
transform-limited pulse duration of 7 fs, and a peak inten-
sity of 8 × 1011 W/cm2. For generality, we propagate the
NIR pulse through 1-mm fused silica (FS) to include a
certain amount of dispersion. The EUV attosecond pulse
has a duration of 250 as and a central frequency of 25 eV,
the peak intensity is 1 × 1010W/cm2. The delay-dependent
absorption spectrum is shown in Fig. 1(a). The absorp-
tion features appearing around zero delay (22 and 25 eV)
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FIG. 1. Principle of in situ measurement of ultrashort laser
pulse using optical hologram. (a) Simulation results of the
transient absorption spectroscopy in helium using a multilevel
model. (b) Two-dimensional spectrograms obtained from (a) by
Fourier transformation along the time-delay axis (the NIR cen-
tral frequency ω0 = 1.55 eV). The dashed black lines indicate
the 2ω oscillation of the interference fringes associated with the
1s4p intermediate state. (c),(d) Amplitude and phase of the inter-
ference fringes in the frequency domain, respectively. (e),(f) The
retrieved (red solid lines) as compared with the original (black
solid lines) electric fields of the NIR pulses. (e) A Gaussian
temporal envelope with 1-mm fused-silica dispersion and (f) a
complex temporal envelope.

correspond to light-induced states (LISs). The tilt of these
features is due to the frequency sweep of the NIR pulse
and can be used to probe the time-dependent quasienergy
of laser-dressed state [28]. We also see the quantum-
interference fringes that is two NIR photons away from
the excited state 1s4p . The 1s4p state is initially popu-
lated by the EUV pulse, then the NIR pulse modulates
the amplitude of 1s4p and populates a virtual quantum
state 1s4p2+, the radiated dipole is induced (the nonlinear
wave-mixing signal) by the coherence between the 1s2 and
1s4p2+ states. This dipole carries frequency in the EUV
regime and can interfere with the incidental EUV field
forming interference fringes in the absorption spectrum.
This is the main structure that is responsible for Eq. (3)
and can be utilized for pulse characterization.

The pulse-retrieval procedure follows three steps.
First, Fourier transform of the delay-dependent optical

density is performed along the time-delay axis providing
the two-dimensional spectrogram, as shown in Fig. 1(b).
The features with 2ω oscillation along the delay axis lie
on the slope 1 line [indicated by the black dashed line
in Fig. 1(b)] in the Fourier spectrogram and correspond
to the absorption of two NIR photons [29], and the inter-
cept point of the black dashed line with the energy axis
corresponds to the energy of the intermediate bright state.
Second, integrating the 2ω oscillations along the frequency
axis (horizontal axis) gives a complex-valued spectrum
(note that the energy axis has been shifted downward by
the intrinsic energy of 1s4p). The amplitude and phase
of this spectrum are shown in Fig. 1(c) and Fig. 1(d),
respectively. In particular, due to the limited time window
used for the Fourier transform, a relatively small spectral
modulation appears in Fig. 1(c). Following Eq. (3), this
integrated spectrum is proportional to the self-convolution
function of the NIR field. Third, according to the convo-
lution theorem, the self-convolution function of the NIR
pulse in the frequency domain is equal to the Fourier
transform of the square of the time-domain waveform
E(t): E(t)2 ∝ ∫ (∫

dωAωA�−ωe−i(ϕω+ϕ�−ω)
)

ei�td�, from

which E(t) can be directly retrieved. The retrieved results
are shown in Fig. 1(e). The black line in Fig. 1(e) is the
waveform of the original NIR pulse, and the red line is
the retrieved one. The retrieved electric field is in good
agreement with the original one, the small oscillations on
the baseline are artifact due to the limited window of the
Fourier transform. We also testify the reconstruction of
a pulse with more complex temporal structure and the
results are shown in Fig. 1(f). The good agreement between
the input and retrieved pulse indicates the validity of the
current method.

It should be noted that the above numerical simulations
consider only the three-photon transition (i.e., one EUV
photon and two NIR photons) via a single intermediate
bright state (i.e., 1s4p state). For a real atom, multiple
excited states converging to the ionization threshold can
contribute to the final interference pattern. Figure 2(a)
shows the attosecond transient absorption of a model atom
by numerically solving the time-dependent Schrödinger
equation. The parameters for the NIR and EUV attosec-
ond pulses are the same as in Fig. 1 except that the central
frequency of the NIR pulse is slightly higher (ω0 = 2
eV) to match the same energy of the final state (approx-
imately 27 eV). Other than the virtual states and stark
effect of each bright state below an ionization threshold
of 24 eV, absorption of two NIR photons from the Ryd-
berg states contributes to the interference fringes around
27 eV, which are relevant to the hologram that we are
interested in for pulse retrieval. Fourier transform of the
absorption spectrum along the time-delay axis provides the
two-dimensional spectrogram, as shown in Fig. 2(b).
From Fig. 2(b), we can see that multiple excited states
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FIG. 2. Simulation and reconstruction results. (a) Transient
absorption spectroscopy of a model atom by numerically solv-
ing the time-dependent Schrödinger equation (inset emphasizes
the interference fringes indicated by the red box using a dif-
ferent color bar). (b) Two-dimensional spectrograms obtained
from (a) by Fourier transformation along the time-delay axis
(the NIR central frequency ω0 = 2 eV). The dashed black lines
indicate the 2ω oscillation of the interference fringes associ-
ated with transition via the third excited bright state |n = 6〉. (c)
The interference spectrum obtained by windowed inverse Fourier
transform along the dashed black line in (b). (d) Retrieved results
of the temporal profile of femtosecond pulse from (c). The black
line is the waveform of the original pulse, the red line is the
retrieved waveforms.

converging to the ionization threshold contribute to the
final interference pattern associated with absorption of
two NIR photons indicated by the red box. If multiple
pathways are selected for analysis, there will be quan-
tum beat effects [30–32] in the final interference pattern,
which is detrimental to direct pulse reconstruction. There-
fore, it is necessary to filter out the transition involving
a single intermediate excited state for analysis. Here, we
choose the |n = 6〉 intermediate state to retrieve the sig-
nal pulse waveform. This is implemented by filtering out
the frequency components along the black dashed line in
Fig. 2(b), and the filtered interference fringes are shown
in Fig. 2(c). The retrieved results are shown in Fig. 2(d). It
shows that even multiple excited states may complicate the
interference patterns, the method is still applicable through
frequency-domain filtering. (See Fig. S1 and Fig. S2 within
the Supplemental Material for the successful retrieval of
more complex waveforms [24].) Therefore, we verify the
correctness of the method from the multilevel model and
the feasibility of the method from the time-dependent

Schrödinger equation. Next, we apply this method to
experimentally measure the NIR-pulse waveforms.

III. EXPERIMENTAL SETUP

The experimental setup is shown in Fig. 3(a), which is
similar to the one in Ref. [28]. A 1-mJ 800-nm Ti:sapphire
laser pulse with a duration of 25 fs is focused into a neon-
filled hollow core fiber for spectral broadening (600–900
nm), followed by chirp mirrors for dispersion compensa-
tion. Then a 7-fs few-cycle NIR laser pulse is obtained.
The NIR laser pulse is focused into a 15-torr xenon gas

(b)

(d)

(c)

GC AF
G

X-ray CCD
(a)

1s2p

1s4p
1s3p

(e)

2 00

FIG. 3. Experimental measurement of ultrashort laser pulse
using optical hologram. (a) Schematic of the experimental setup.
GC, gas cell for transient absorption; AF, aluminum filter; G,
grating. (b) The experimentally measured optical density (OD) of
singly excited states (SES) in a helium atom, as a function of time
delay between the NIR and EUV laser pulse. The peak intensity
of the NIR pulse is approximately 1 × 1012W/cm2 and is care-
fully compressed; the delay step is 400 as. Negative delay means
the NIR pulse precedes the EUV pulse. (c) Two-dimensional
spectrogram obtained from the data shown in (b) by Fourier
transformation along the time-delay axis (the NIR central fre-
quency ω0 = 1.55 eV). The dashed black lines indicate the 2ω
oscillation of the interference fringes associated with the 1s4p
intermediate state. (d) Interference spectrum obtained by win-
dowed inverse Fourier transform along the dashed black line in
(c). (e) Waveform retrieved from (d). Inset shows the measured
(filled gray line) and retrieved spectrum (dashed red curve) of the
NIR pule.
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for HHG, resulting in EUV attosecond bursts that have a
pulse duration of about 400 as around 21 eV. The NIR laser
pulse and the EUV laser pulse are collinearly propagating
and focused on a second gas cell filled with helium gas. In
order to block the NIR laser pulse from reaching the x-ray
CCD camera, a 200-nm aluminum filter is inserted down-
stream of the interaction gas to block the transmitted NIR
laser pulse. The transmitted spectrum of the EUV beam is
diagnosed by an EUV spectrometer with a resolution of 25
meV, which consists of a flat-field grating and a x-ray CCD
camera. The relative delay between the NIR and EUV laser
pulse is precisely controlled by a piezoelectric transducer.
In order to control the waveform of the femtosecond laser
pulse, we add FS with variable thicknesses in the NIR light
path to introduce different amounts of dispersion (more
details can be found in Sec. S5 within the Supplemental
Material [24]).

IV. RESULTS AND DISCUSSION

The experimental results are shown in Fig. 3. Figure
3(b) is the transient absorption spectrum around the first
ionization threshold in the helium atom, which shows a
rather similar pattern to the simulated results in Fig. 2(a). In
Fig. 3(b), we can see that for large negative delays (τ ≈-10
fs), because the NIR and EUV laser pulse are well sepa-
rated in time, clear absorption lines primarily due to the
EUV-induced single-photon transition are observed in the
spectrum. Near the zero delay (−5 < τ < 10 fs), where
the NIR and EUV overlap temporally, more absorption
features emerge. Such as Autler-Townes (AT) splitting
(1s2p state), ac Stark shift (> 23 eV), and light-induced
states (22, 25 eV) [33–37]. For large positive delays (τ >
20 fs), the EUV pulse is preceding the NIR pulse. The
EUV-induced free induction decay (FID) [38], can be
perturbed by the delayed NIR pulse, leading to hyper-
bolic lines in the absorption spectrum. These features
have been studied extensively in ATAS experiments to
uncover the ultrafast dynamic information in helium atoms
[35–37,39–41]. The interference structure about 3 eV
above the ionization threshold (around 27 eV) is less
explored and is a detectable quantity that can be utilized
for pulse reconstruction as demonstrated in the principle
section.

The Fourier analysis of the transient absorption spectro-
gram [as shown in Fig. 3(c)] indicates that the interference
around 27 eV has a modulation period of about 1.3 fs
(the corresponding frequency is 3.1 eV). These features
consist of multiple components that lie on slope 1 lines,
indicating several 1snp excited states converging to the
ionization threshold of helium are involved. These experi-
mental observations are in line with the simulation results
[see Fig. 2(b)], except that these features in the Fourier
domain are not well separated along the energy axis as
compared to Fig. 2(b). This is due to limited resolution

of the EUV spectrometer used in our experiment. How-
ever, we can still filter out the lowest 1s4p channel as
indicated by the black dashed line in Fig. 3(c). The fil-
tered OD spectrum around 27 eV is shown in Fig. 3(d).
The interference pattern clearly shows a more complicated
structure than Fig. 2(c) in which the NIR pulse contains
mainly the second-order dispersion. This indicates that
higher-order dispersion exists in the experimentally used
NIR pulse. The retrieved electric field of the NIR pulse is
shown in Fig. 3(e). Although the NIR pulse is carefully
compressed to a close to Fourier-limited one, the pulse
does contain higher-order dispersion, even if it is rela-
tively small. The inset of Fig. 3(e) provides the comparison
between the measured (filled, gray line) and retrieved spec-
trum (dashed red curve) of the NIR pulse. They show good
consistency. Through fitting, the FWHM of the NIR laser
pulse is about 7 fs.

In order to experimentally verify the measurement of
arbitrary pulses, we add FS with variable thicknesses in
the NIR light path to control the waveform of the fem-
tosecond laser pulse [42]. The retrieved results are shown
in Fig. 4(a). The black line in Fig. 4(a) is the simulated
electric field assuming the pulse is overcompensated by
0.5-mm FS as compared to the one retrieved in Fig. 3(e),
and the red line is the directly measured waveform after
inserting an extra 0.5-mm FS in the experiment. It can be
seen that the retrieved result is in good agreement with
the simulated one. Figure 4(b) compares the measured
(red line) and calculated (black line) spectral phase change
induced by 0.5-mm FS. The bending of the phase curve
is primarily contributed from second-order dispersion. The
retrieved group-delay dispersion (GDD) introduced by the
fused silica is 21.07 fs2 as compared to the predicted value
of 22.47 fs2 at the wavelength of 700 nm. The overall good
agreement between the predicted and measured spectral
phase demonstrates the reliability of the current method
for measuring pulses with higher-order dispersions. Here,

(a) (b)

FIG. 4. Measurement of ultrashort laser pulse with higher-
order dispersions. (a) The retrieved results of the temporal profile
of femtosecond pulse with positive dispersions, the red line is the
experimentally retrieved result and the black line is the calculated
electric field from the result in Fig. 3(e) by adding dispersion of
0.5-mm FS. (b) Phase information of the femtosecond pulse in
the frequency domain, the red line is the retrieved result and
the black line is the predicted result. The theoretical GDD is
22.47 fs2 at the wavelength of 700 nm, and the retrieved GDD
is 21.07 fs2.
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it should be noted that the single attosecond pulse is used
in the numerical simulations, in the experiment, the gen-
erated EUV pulse is not a single attosecond pulse but an
attosecond pulse train (APT) containing a few attosecond
bursts separated by half an optical cycle of the driving
field. Because the NIR pulse to be measured is a replica
of the NIR pulse that is used for EUV pulse generation,
each attosecond pulse is precisely phase locked to the
carrier of the NIR field according to the mechanism of
high harmonic generation [43,44]. We perform numerical
simulations using an attosecond-pulse train as the pump,
and the calculations show that the use of an attosecond-
pulse train instead of a single attosecond pulse can still
correctly recover the waveform of the NIR pulse (more
details can be found in Sec. S3 within the Supplemental
Material [24]).

We also experimentally investigated the influence of
the NIR pulse under different polarization directions with
respect to that of the EUV pulse. We introduce a half-wave
plate in the arm of the NIR beam to control the polarization
state of the NIR pulse. The experimental results indicate
that the direction of the NIR polarization does not affect the
retrieved waveform of the NIR pulse (see Sec. S5 within
the Supplemental Material [24]). However, the modula-
tion depth of the interference fringes is larger for parallel
configuration (polarization direction of EUV and NIR are
parallel to each other) as compared to the perpendicular
one (polarization direction of EUV and NIR are perpen-
dicular to each other). Such a polarization dependence can
be qualitatively explained using the second-order pertur-
bation theory. Assuming the EUV polarization is along the
quantum axis z, under the single active electron approxi-
mation [40], the transition amplitude from the EUV excited
p orbital to the final orbital can be estimated with the
spherical harmonic basis |Ym

l 〉: P ∝
∑

l,m

〈
Ym
ι |dNIR| Y1

0〉 ×
〈
Ym′
ι′ |dNIR| Ym

ι

〉
, where dNIR is the dipole operator. For

parallel configuration, dNIR ∝ Y0
1, for perpendicular con-

figuration, dNIR ∝ (
1/

√
2
) (

Y−1
1 − Y1

1

)
. And the calculated

ratio of the transition amplitude between parallel and per-
pendicular configuration is P‖ : P⊥ = 3 : 1 (see Sec. S4
within the Supplemental Material [24]). The predicted
ratio is consistent with the measurement. Therefore, the
correct retrieval of the electric field is not sensitive to
the polarization of the NIR field as long as it is linearly
polarized.

V. CONCLUSIONS

In summary, this work provides a method to retrieve
the waveforms of optical pulses, using attosecond tran-
sient absorption spectroscopy. In a pulse sequence where
the attosecond EUV pulse precedes the NIR field, the
wave-mixing nonlinear signals show interference fringes

due to optical quantum interference. Perturbation theory
including a few essential quantum levels indicates that
the frequency-domain expression of interference fringes is
equivalent to the self-convolution of the complex-valued
NIR pulse, from which the electric field of the NIR pulse
can be directly characterized. For a real atomic system
that contains many excited states, the NIR pulse can still
be well characterized through frequency-domain filtering.
We experimentally demonstrate the successful retrieval of
a few-cycle NIR pulse. We also discuss the influence of
the direction of the NIR-pulse polarization on the retrieved
results. Both theoretical analysis and experimental results
show that the polarization direction of the electric field
does not affect the retrieved results. This method has a
simple principle, and provides a means for retrieving the
linearly polarized NIR pulse with arbitrary waveforms. It
is worth noting that the response frequency of this method
is not limited to ultrashort pulses with a center wavelength
of 800 nm. It is expected that it can be extended to the mea-
surement of ultrashort pulses in ultraviolet or with even
shorter wavelengths in the future.
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