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Coherent control in light–matter interactions has led to many 
exotic phenomena such as electromagnetically induced 
transparency1–3, coherent population trapping4,5 and lasing 

without inversion (LWI)6–8. These processes have been intensively 
investigated in recent years due to potential applications such as 
laser cooling9 and atomic clocks10. Recent advances in attosecond 
science have allowed us to extend coherent control to the extreme 
ultraviolet (XUV). Examples include the control of parity and direc-
tion of electrons emanating from the atom11 and the hole density 
distribution in noble-gas ions12.

The short duration and broad bandwidth of attosecond pulses 
are well suited for transient absorption measurements, leading to 
a new technique: attosecond transient absorption spectroscopy 
(ATAS)13–35. ATAS experiments in atoms have been used to observe 
laser-controlled atomic absorption lineshapes17,18 and subcycle 
a.c. Stark shifts20. Most of these experiments are performed when 
two pulses overlap in time, and therefore, the XUV pulse can be 
thought of as probing the dressed states of the atom produced by 
the near-infrared (NIR) pulse. This laser-controlled ATAS scheme 
has mostly been demonstrated in atoms, where the absorption spec-
trum is simple, and different transition lines are well separated in 
energy. However, it is more challenging in molecules, where the 
XUV pulse can excite numerous overlapping rovibronic transitions. 
The temporally overlapped or later-arrived NIR pulse can further 
broaden the absorption linewidth, ionize molecules or couple dif-
ferent states, resulting in a blurred or extremely complex absorp-
tion spectrum. On the other hand, an early arriving NIR pulse can 
produce quantum coherences in matter, which can last much lon-
ger than the NIR pulse duration. This field-free coherence is well 
suited for controlling electronic and nuclear dynamics. In the case 
of molecules, the later-arrived attosecond pulse excites electronic 
coherence in the system, leading to free induction decay (FID) that 
can last for picoseconds. The FID is modulated by the NIR-induced 
vibrational and rotational coherence. The complex coherent evolu-
tion of the system may change the spectral line profile and induce 
optical gain. Until now, a comprehensive study of such coherence 
effects in ATAS of molecules has been elusive.

Here we apply coherent control to ATAS. We use an NIR pulse 
to create rotational coherence in the ground electronic state of 
hydrogen (H2) or deuterium (D2) molecules. This superposition is 
probed with a broadband XUV pulse. We show that we can control 
the phase of the FID, leading to different absorption lineshapes. In 
the case of D2, we achieve optical gain at 12 eV. This same approach 
can be applied to larger molecules, for example, polar molecules36 or 
asymmetric top molecules37.

Results
Schematic of pump–probe experiment. Figure 1a shows a sche-
matic of our pump–probe experiment. In the pump step, an NIR 
pulse is used to create coherence ρab between the rotational states 
J = a and J = b in the ground electronic state X1Σ+

g  of hydrogen or 
deuterium molecules (H2: a = 1, b = 3; D2: a = 0, b = 2). This superpo-
sition is probed with a time-delayed broadband XUV pulse, which 
simultaneously excites two dipole transitions. The upper state for 
these transitions is the rotational state J′ = c of the first electronic 
excited state B1Σ+

u  (H2: c = 2; D2: c = 1). Coherences between rota-
tional eigenstates in a molecule lead to alignment of the molecular 
axes in space38. In a classical picture, the molecules become kicked 
rotors after NIR excitation, which means that the angle between the 
molecular axis and polarization direction of the laser pulse changes 
over time, as shown in Fig. 1b. When the XUV pulse excites the 
rotational superposition, the coherence is transferred to the upper 
electronic state. The evolution of the coherence of all the three 
states will change the phase of FID d(t). Figure 1c shows d(t) for 
the J = b → J′ = c transition at different molecular alignments. 
The absorption cross section is σ(ω) ≈ Im[d(ω)/E(ω)], where d(ω) 
and E(ω) are connected to d(t) and initial XUV pulse E(t) via a 
Fourier transform17. Thus, the phase of d(t) can be extracted from 
the absorption lineshape, as shown in Fig. 1d.

In the experiment, a 10 fs NIR pulse centred at 800 nm is focused 
into a pulsed gas jet of xenon. Through the process of high-harmonic 
generation, a series of attosecond pulses emanate from the gas jet 
covering the spectral range of 10–24 eV (refs. 29,39) (Methods pro-
vides more details). This emission is coherent and shorter than the 

Coherent control of ultrafast extreme ultraviolet 
transient absorption
Peng Peng   1,2,3,4 ✉, Yonghao Mi   1, Marianna Lytova2, Mathew Britton2, Xiaoyan Ding1,2, 
A. Yu. Naumov   1, P. B. Corkum1,2 and D. M. Villeneuve   1,2 ✉

Ultrafast extreme ultraviolet (XUV) transient absorption is the process by which atoms and molecules absorb light on a tim-
escale faster than the lifetime of the states involved. Coherent control uses quantum coherences to manipulate quantum path-
ways in light–matter interactions. Here we combine the two. We show that we can control the absorption spectral lineshape, 
changing it from Lorentzian to Fano to inverted Lorentzian and back again. The control is achieved by creating quantum coher-
ence in the ground electronic state of hydrogen molecules, long before the arrival of the ultrafast XUV pulse. We show that the 
absorption can become negative at 12 eV, which is the optical gain. These observations provide new insights into the control of 
spectral lineshapes and open the way for achieving lasing without inversion in the XUV spectral range.

NAtuRe PhotoNiCs | VOL 16 | JANUARy 2022 | 45–51 | www.nature.com/naturephotonics 45

mailto:pengpengnrc@gmail.com
mailto:David.Villeneuve@uottawa.ca
http://orcid.org/0000-0002-0165-4984
http://orcid.org/0000-0002-2905-637X
http://orcid.org/0000-0002-4593-2560
http://orcid.org/0000-0002-2810-3648
http://crossmark.crossref.org/dialog/?doi=10.1038/s41566-021-00907-7&domain=pdf
http://www.nature.com/naturephotonics


Articles Nature PhotoNics

driving pulse, serving as the probe pulse. Meanwhile, a replica of the 
NIR pulse is picked off from the original pulse and used as the pump 
pulse to perform impulsive alignment of the molecules. The NIR 
pump pulse is combined with the XUV probe pulse and focused 
into a second pulsed gas jet containing either H2 or D2. Both XUV 
and NIR pulses are vertically polarized, and their relative time delay 
is controlled by a delay stage. A high-resolution XUV spectrometer 
measures the spectrum of the XUV pulse after it passes through the 
second gas jet, with a spectral resolution of 12 meV at 12 eV.

XUV transient absorption in aligned H2. Figure 2a shows the 
static absorption of isotropic H2 measured by blocking the NIR 
alignment pulse. The XUV pulse excites a vibrational series in the 
ΔJ = J′ − J = 0,±1 state. The positions of vibrational levels are 
indicated by grey vertical lines. There are several rotational transi-
tions within one vibrational level (Supplementary Section 2). The 
rotational selection rule is

ΔJ = J′ − J = 0,±1,

where J′ and J are the rotational quantum numbers of the upper 
and lower states, respectively. For the B1Σ+

u  state, ΔJ is forbidden. 
The positions of different rotational transition lines are labelled by 
shorter vertical lines. Figure 2b shows the transient absorption spec-
tra OD. The modulation originates from the alignment-induced 
absorption lineshape change, as well as the absorption strength 
variation. The long delay of around 5.5 ps means the NIR pulse 
arrives much earlier than the XUV pulse, which is crucial for sev-
eral reasons. First, it removes the influence of the subcycle a.c. 
Stark shifts of the NIR pulse17. Second, it avoids the broadening 
of the absorption linewidth by the NIR pulse18, which allows us to 
resolve the complex rovibronic transitions of H2. Third, it elimi-
nates the multi-photon processes that are driven by a combination 
of the XUV pulse and NIR pulse21,23. Figure 2e shows the Fourier 
transform of the experimental OD. The main beating frequency is 
17.6 THz, corresponding to the energy difference between the J = 1 

and J = 3 states40 (Supplementary Section 3). Figure 2c,d shows  
the experimental and calculated differential absorption spectra 
ΔOD, respectively. The experimental and calculated results are  
in good agreement.

For a closer look at the coherence-induced absorption line-
shape change, we enlarge a portion of Fig. 2a,b, as shown in 
Fig. 3a,b, respectively. The rotational transition X(v = 0, J = 3) 
to B(v′ = 5, J′ = 2) is labelled as P(3), whereas the transition 
X(v = 0, J = 1) to B(v′ = 5, J′ = 2) is labelled as R(1). For H2, the 
main rotational coherence is between J = 1 and J = 3, which is 
denoted as ρ13 = |ρ13|eiΦ(τ), where |ρ13| is a constant amplitude; 
Φ(τ) = (E1 – E3)τ/ℏ is the delay-dependent phase; and E1 and E3 
are the energies of the J = 1 and J = 3 states, respectively. Further, 
ρ13(τ) oscillates as a function of delay τ and changes the phase of 
FID d(t); therefore, the absorption lineshape periodically changes 
with the delay. As a result, the transition lines P(3) and R(1) are 
strongly modulated, as shown in Fig. 3b. There are other rotational 
transition lines that are partially overlapped with P(3) and R(1), but 
they are independent of time (Supplementary Sections 2 and 4). We 
use ΔOD to eliminate the time-independent absorption structures 
and isolate the lineshape change. The red curves in Fig. 3c show 
the experimental ΔOD lineshape of transition P(3) as it changes 
between a symmetric Lorentzian profile and an asymmetric Fano 
profile (we show transition P(3) as it is well separated from the other 
transitions in energy). The shaded regions represent the standard 
deviation of over 20 independent measurements.

The interconversion of Lorentzian and Fano lineshapes observed 
in our experiment is strongly connected to the previous demonstra-
tions in helium17 due to the fact that the lineshape change in both 
works can be attributed to the control of the phase of the FID. In  
ref. 17, the NIR pulse overlaps or closely follows the XUV pulse, and 
the phase of the FID is controlled by the Stark effect of the NIR 
pulse. In our case, the NIR pulse arrives much earlier (~5.5 ps) than 
the XUV pulse, and the control of the phase of the FID is driven 
by the field-free rotational coherence. These two schemes can be 
complementary to each other. The laser-control scheme depends on 
the precise control of the NIR pulse intensity, which is efficient and 
well suited to atoms. Our scheme depends on the field-free quan-
tum coherence, which is general in both atoms and molecules.

XUV transient absorption in aligned D2. The Λ-type three-level 
system (Fig. 1) shows that the absorption lineshape can be con-
trolled by the quantum coherence. This is confirmed by our 
ATAS experiment in aligned H2. About three decades ago, a simi-
lar Λ-type three-level system was proposed for achieving LWI41. 
LWI has attracted substantial attention for its potential to pro-
duce laser light in the XUV range, which is difficult to achieve 
with conventional laser methods based on population inversion. 
Although various schemes in atomic vapours have been demonstr
ated6,7,42–45, those studies involved continuous pumping and were 
limited to atoms and the visible spectral regime. The experimen-
tal verification of LWI in molecules and the XUV range remains 
elusive until now.

In the experiment with H2, the XUV pulse excites rotational 
superposition to the upper electronic state; therefore, it induces two 
coherent oscillating dipoles. The destructive interference between 
FID d(t) instances is the basis of LWI6. However, we did not observe 
optical gain (negative OD) in Fig. 2b because the alignment excita-
tion of H2 is weak. As a result, we then turned to D2, which allows 
stronger alignment excitation for several reasons. First, the polar-
izability anisotropy of D2 is larger than that of H2; therefore, D2 
shows stronger alignment excitation under the same laser condition. 
Second, the rotational levels of D2 are spaced closer in energy, which 
allows us to use a longer alignment pulse (50 fs) that contains more 
energy but has the same intensity. Third, D2 and H2 have different 
nuclear spin statistics and a lower rotational temperature can be used 

d (t ) σ (ω)
a

φ

b c d

NIR

XUV

J ′ = c

J = b
J = a

ρab
+X1Σg

+B1Σu

Fig. 1 | Absorption lineshape change induced by rotational coherence.  
a, A Λ-type three-level system in H2 or D2. The NIR pulse creates coherence 
ρab between the rotational states J = a and J = b in the ground electronic 
state X1Σ+

g ; then, a broadband XUV pulse excites two dipole transitions 
and transfers coherence to the upper state J′ = c of the first excited 
electronic state B1Σ+

u  (H2: a = 1, b = 3, c = 2; D2: a = 0, b = 2, c = 1).  
b, Both XUV and NIR pulses are vertically polarized, the molecules become 
kicked rotors after NIR excitation, and the angle between the molecular  
axis and polarization changes over time. c, FID of the J = b → J′ = c 
transition at different molecular alignments. For pure absorption (top),  
the induced dipole radiates out of phase with the incident attosecond 
pulse. d, Absorption lineshape σ(ω) ≈ Im(d(ω)/E(ω)) of the 
J = b → J′ = c transition at different alignments. In the absence of 
coherence ρab, the lineshape is always Lorentzian (top).
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for D2 to achieve dominant rotational coherence (Supplementary 
Section 3.1).

Figure 4a shows the static absorption of isotropic D2. The XUV 
pulse excites two vibrational series of B1Σ+

u  and C1Πu states. Similarly, 
we use grey vertical lines to label the positions of vibrational levels. 
The positions of different rotational transition lines are labelled by 
shorter vertical lines. For D2, the rotational transition lines are spaced 
closer in energy due to a smaller rotational constant; the resolution 
of the spectrometer is not sufficient to resolve them. Figure 4b shows 
the transient absorption spectra OD. Like H2, the rotational coher-
ence modifies the absorption lineshape. Negative OD (black spots) 
is observed for vibrational levels of the B1Σ+

u  state, but absent for 
vibrational levels of the C1Πu state. The difference arises from the 
fact that the signals associated with parallel X1Σ+

g → B1Σ+
u  transition 

and perpendicular X1Σ+
g → C1Πu transition have a different depen-

dence on molecular alignment (Supplementary Section 5). Figure 4e  
shows the Fourier transform of the experimental OD. The main  

beating frequency is 5.36 THz, corresponding to the energy difference 
between the J = 0 and J = 2 states. Figure 4c,d shows the experimental 
and calculated ΔOD values, respectively.

For a closer look at the coherence-induced optical gain, we 
enlarge a portion of Fig. 4b, as shown in Fig. 5a. Figure 5b shows the 
lineouts of OD at three different delays. The lineshape changes from 
an asymmetric Fano profile (red line; Fano parameter q ≈ 0.58) to 
a symmetric Lorentzian profile (black line; q → ∞), and then to a 
Fano profile with a negative q parameter (blue line; q ≈ −1.73). The 
black spots in Fig. 5a and red line in Fig. 5b show the optical gain at 
12.4 eV. Due to the high nonlinearity of high-harmonic generation, 
the stability of XUV light is ∼3.7% in our experiment; light fluctua-
tion can also randomly cause negative OD. To confirm the optical 
gain, we performed 20 independent measurements, and the stan-
dard deviation is shown as the shaded regions in Fig. 5b. Although 
the gain is weak, it is repeatable. Furthermore, the negative OD 
appears with a period of 180 fs, as shown in Fig. 5a. This period 
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Fig. 2 | XuV transient absorption in aligned h2. a, Static absorption of isotropic H2 molecules from 11.21 to 12.15 eV (black curve). The positions of 
vibrational levels of the B1Σ+

u  states are indicated by grey vertical lines. The positions of different rotational transition lines within the same vibrational 
state are labelled by shorter vertical lines: red (P branch; ΔJ = −1); blue (R branch; ΔJ = 1). b, Experimental transient absorption spectra OD; the XUV pulse 
follows the NIR pulse by a long delay of around 5.5 ps. The modulation originates from the alignment-induced absorption lineshape change, as well as the 
absorption strength variation. c, Experimental differential absorption spectra ΔOD. d, Calculated ΔOD. e, Fourier transform (FT) along the time delay axis 
of the experimental OD.
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corresponds to the energy difference between the rotational states 
J = 0 and J = 2 of the ground electronic state of D2, which further 
confirms that the negative OD is not caused by random fluctuation; 
instead, it arises from the quantum coherence evolution.

There is no population inversion in our experiment for sev-
eral reasons. First, in the pump step, the upper electronic state is 
unpopulated as the NIR pulse frequency is far away from reso-
nance. Second, in the probe step, the attosecond pulse is very weak, 
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Fig. 3 | Absorption lineshape of an individual rotational transition in aligned h2. a, Zoomed-in view of Fig. 2a; the photon energy range covers the 
excitations from v = 0 of X1Σ+

g  to v′ = 5 of the B1Σ+
u  state. Due to the high spectral resolution (12 meV), the rotational transition lines can be partially 

resolved. P(3): rotational transition from X(v = 0, J = 3) to B(v′ = 5, J′ = 2); R(1): rotational transition from X(v = 0, J = 1) to B(v′ = 5, J′ = 2). b, Zoomed-in 
view of Fig. 2b; OD versus time delay. c, Lineouts of experimental ΔOD (red curves) and calculated ΔOD (black curves) of transition P(3). The shaded 
regions represent the standard deviation of over 20 independent measurements.
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Fig. 4 | XuV transient absorption in aligned D2. a, Static absorption of isotropic D2 molecules from 12.1 to 13.6 eV (black curve). The positions of 
vibrational levels of the B1Σ+

u  and C1Πu states are indicated by the grey vertical lines. The positions of different rotational transition lines within the same 
vibrational state are labelled by shorter vertical lines: red (P branch; ΔJ = −1); blue (R branch, ΔJ = 1); black (Q branch; ΔJ = 0). b, Experimental transient 
absorption spectra OD. The XUV pulse follows the NIR pulse by a long delay of around 6 ps. The modulation originates from the alignment-induced 
absorption lineshape change. c, Experimental differential absorption spectra ΔOD. d, Calculated ΔOD. e, Fourier transform of the experimental OD.
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and very little population is transferred to the upper state. Third, 
the NIR pulse arrives much earlier (~6 ps) than the attosecond  
pulse, which removes the influence of multi-photon processes21,23. 
Thus, the observation of optical gain at 12.4 eV may encourage  
the extension of the LWI idea from the visible6,7,42–45 to the XUV 
spectral regime.

Discussion
To understand the absorption lineshape change and optical gain 
induced by rotational coherence, we develop a full quantum model. 
More details are provided in Supplementary Section 3. The rota-
tional coherences and populations of the lower states are calculated 
by using a density matrix approach46. We consider the upper states 
to be different vibrational progressions of different electronic states 
and calculate all the rotational transitions. The model results are 
shown in Fig. 2d for H2 and Fig. 4d for D2. Here we illustrate the cal-
culation using a simplified three-level system based on H2 (Methods 

provides more details). We label the states as ‘1’ for X(v = 0, J = 1), ‘3’ 
for X(v = 0, J = 3) and ‘2’ for B(v′ = 5, J′ = 2), with populations ρ11, 
ρ33 and ρ22, respectively. The rotational coherence of the two lower 
states is ρ13 = |ρ13|eiΦ(τ), where |ρ13| is the coherence amplitude, which 
is a constant after NIR pulse excitation, and Φ(τ) = (E1 – E3)τ/ℏ is the 
delay-dependent coherence phase; E1 − E3 is the energy difference 
between the two lower states and τ is the delay between the NIR  
and XUV pulse.

By solving the Liouville–von Neumann equation of the 
three-level system, we calculated the FID signal, as shown in Fig. 6a.  
Probe times τ for the aligned (Fig. 6a, blue curve; coherence 
phase, Φ(τ) = 0) and anti-aligned (Fig. 6a, red curve; coher-
ence phase, Φ(τ) = π) cases are shown. Low-frequency modula-
tions are induced by coherence between the different rotational 
states. High-frequency oscillations are mainly determined by the 
electronic transition frequency (~12 eV in this calculation, and 
not visible on this timescale). The high-frequency oscillations 
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consist of two frequencies, corresponding to the J = 1 → J′ = 2 
and J = 3 → J′ = 2 transitions. By applying a Fourier filter, we 
extract the FID for the J = 3 → J′ = 2 transition, as shown in Fig. 
6b. The top inset of Fig. 6b is a magnification of the main figure, 
which clearly shows different amplitudes and phases. The bot-
tom inset of Fig. 6b is the corresponding absorption cross section 
σ(ω) ≈ Im(d(ω)/E(ω)). Here σ(ω) shows the different lineshapes, 
which agrees with our experimental result (Fig. 3c; delays of 5.72 
and 5.69 ps).

Mathematically, the transient absorption cross section for the 
J = 3 → J′ = 2 transition is

σ32 (ω, τ) = 4πω
c

[

ρ33 |d32|
2 Γ

2
(ω−ω32)2+Γ 2

4
+ |d32d21ρ31|

Γ

2 cos[ϕ(τ)]+(ω−ω32) sin[ϕ(τ)]
(ω−ω32)2+Γ 2

4

]

,

(1)

where d represents the transition dipole moment; ω32 = (E2 – E3)/ℏ; 
E2 and E3 are the energies of the upper and lower states, respectively; 
and Γ is the decay rate of the upper state. The first term in equa-
tion (1) describes a time-independent Lorentzian lineshape that is 
always positive, whereas the second term contains both absorptive 
and dispersive parts that can be positive or negative. The relative 
weights between these two terms are roughly determined by ρ33 and 
|ρ31|. For H2, the alignment excitation is weak, so the second term is 
small. We calculated ΔOD using equation (1), as shown by the black 
curves in Fig. 3c. Phase ϕ(τ) for the J = 3 → J′ = 2 transition was 
extracted by analysing the lineshape, as shown in Fig. 3c, bottom. 
Also, D2 is easier to align than H2, which means a larger second term 
in equation (1). This allows optical gain to be achieved.

In conclusion, we have demonstrated the coherent control of 
the absorption lineshape using rotational wave packets in H2. By 
tracing the lineshape change for individual rotational transitions, 
we extracted the phase of the dipole response function from the 
lineshape analysis. This mechanism was further investigated in D2 
gas, where we achieved an optical gain at 12 eV without population 
inversion. Distinct from previous demonstrations of LWI in the vis-
ible spectral regime6,7,42–45, the optical gain is driven by lineshape 
change caused by rotational coherence in the ground state.

Our study provides a benchmark for the coherence-induced line-
shape change and optical gain. This mechanism may widely exist in 
molecular systems, from rotational and vibrational wave packets to 
electron excitations. For example, in the N+

2  air laser, where the gain 
mechanism is not fully understood47–49, the coherence-induced line-
shape change may help solve these puzzles. In addition, the extracted 
dipole response phase will give a further insight into the dynamics 
of quantum coherence, which is important for understanding Fano 
resonances and ultrafast charge migration17,36. Looking forward, 
future experiments applying a water-window high-harmonic source 
or a short-pulse X-ray free-electron laser could excite core-level 
electrons24,26, potentially extending the optical gain frequency to 
the X-ray regime. More complex molecules can be controlled by a 
two-colour laser field or pulse sequence36,37, permitting similar stud-
ies to be applied to polar molecules or asymmetric top molecules.
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Methods
Experimental setup. In the experiment, NIR laser pulses were generated by a 
Ti:sapphire laser system (100 Hz; 14 mJ; 800 nm; 50 fs). Approximately 1.6 mJ was 
sent into a differentially pumped hollow-core fibre (inner diameter, 250 µm) filled 
with 0.7 bar of argon to create a 10 fs pulse centred at around 800 nm. This pulse was 
focused into a pulsed gas jet of xenon (3 bar backing pressure and 250 µm nozzle), 
where high-harmonic generation took place. A thin (80±10 µm) monocrystalline 
quartz plate was placed approximately 2 cm before the xenon gas jet to broaden the 
spectrum through self-phase modulation and to create some second harmonics 
of 800 nm (refs. 29,39). The intensity at the quartz plate was 3 × 1013 W cm–2, which 
was below the damage threshold (<4 × 1013 W cm–2), but strong enough to generate 
new spectral components through self-phase modulation. The bandwidth of each 
harmonic increased from 0.7 to 2.3 eV, and the total spectrum spanned 10–24 
eV (ref. 29). The residual NIR driving field was eliminated by a 500-µm-diameter 
pinhole and two silicon mirrors. A replica of the 10 fs NIR pulse was used as the 
pump pulse to perform impulsive alignment of the H2 molecules (a large rotational 
energy spacing requires a broadband alignment pulse). For D2 molecules, the 
alignment pulse was a 50 fs NIR pulse picked off from the original pulse to achieve a 
higher alignment degree. The NIR pump pulse was combined with the XUV probe 
pulse with a holey mirror. The XUV and NIR pulses propagated non-collinearly 
and intersected at the absorption gas jet (250 µm nozzle; gas density, ∼1017 cm−3; 
interaction length, ∼0.5 mm) with a crossing angle of 18 mrad. The transmitted 
XUV spectrum was dispersed in a flat-field XUV spectrometer and detected by 
a microchannel plate detector. The XUV spectrometer was set at around 12 eV to 
achieve a high spectral resolution of 12 meV. Further details of the experimental 
setup are provided in Supplementary Section 1 and Supplementary Fig. 1.

Simplified three-level system. To clarify the FID in the coherently excited 
molecules, we model H2 as a simplified three-level system. The states are labelled 
as ‘1’ for X(v = 0, J = 1), ‘3’ for X(v = 0, J = 3) and ‘2’ for B(v′ = 5, J′ = 2). The 
evolution of the three-level system is described by the following Liouville–von 
Neumann equation:

dρ(t)
dt = −

i
h̄ [H, ρ (t)] , (2)

and the Hamiltonian H and density operator ρ are given as

H =









E2 −μ32EXUV (t) −μ12EXUV (t)

−μ32EXUV (t) E3 0

−μ12EXUV (t) 0 E1









;

ρ =









ρ22 ρ23 ρ21

ρ32 ρ33 ρ31

ρ12 ρ13 ρ11









,

(3)

where µ32 and µ12 are the transition matrix elements; EXUV(t) is the XUV field; E1, 
E2 and E3 are the energies and ρ11, ρ22 and ρ33 are the populations of the three levels; 

the off-diagonal elements of ρ denote quantum coherence between the different 
levels. The initial density matrix elements can be achieved by calculating the 
molecular alignment, as shown in Supplementary Section 3.1. Then, we solve the 
Liouville equation by the Crank–Nicolson method and find the time-dependent 
density matrix ρ. The FID is d(t) = Tr(µρ) = 2Re(µ12ρ12 + µ32ρ32). Figure 6 shows 
the calculated d(t), which has both low-frequency modulations (induced by 
coherence between the different rotational states) and high-frequency oscillations 
(mainly determined by the electronic transition frequency). For different times of 
molecular alignments, d(t) will have different amplitudes and phases, which leads 
to different absorption strengths and lineshapes.
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