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Ultrafast laser pulses with broad bandwidth can simultaneously excite multiple quantum states, forming 
coherent superpositions. The phases of the associated optical transitions evolve in time, giving rise to 
spectral line profiles that range from symmetric Lorentzian to asymmetric Fano-like forms. Yet, the line 
shape relations between different transitions within such superpositions remain largely unexplored. Here, 
we use transient absorption spectroscopy to probe transitions from coherent superpositions. While each 
transition’s line profile evolves over time, the relative line shape relations between different transitions 
remain fixed. We identify 4 fundamental types of line shape relations, each producing distinct spectral 
signatures. These relations naturally arise from second-order perturbation processes and can be actively 
tuned via the laser–matter interaction strength. Our findings establish a pathway for line shape-engineered 
control across atomic and molecular systems.

Introduction

  The advent of femtosecond and attosecond laser sources has 
transformed transient absorption spectroscopy (TAS) into a 
powerful tool for probing ultrafast dynamics [  1 –  33 ], including 
the electron motion [  4 ,  5 ], laser-controlled Fano resonances 
[  6 –  8 ], and Raman time delays [  12 ]. In a typical pump–probe 
scheme, a short pump pulse excites multiple quantum states 
simultaneously, creating a coherent superposition, which is 
then interrogated by a delayed probe pulse that induces dipole 
transitions and generates free induction decay (FID). The 
resulting absorption signal arises from interference between 
the probe field and the emitted FID. In general, an absorption 
signal is characterized by its strength, line shape, and resonance 
energy. Among these, the absorption line shape has received 
considerable attention in recent years [ 5 –  7 ]. Generally, spectral 
line shapes can be classified as symmetric Lorentzian or asym-
metric Fano profiles. The Lorentzian line shape arises from 
transitions between discrete bound states below the ionization 
threshold, leading to a symmetric spectral response. In con-
trast, Fano line shapes emerge when a discrete state is coupled 
to a continuum of states, resulting in a characteristic asym-
metric spectral profile. A new perspective was introduced in 
2013 by Ott et al. [ 6 ], in which these spectral line shapes were 
interpreted in terms of the phase of the induced dipole response. 

Within this framework, Lorentzian and Fano profiles corre-
spond to different dipole phases.

  Previous TAS studies of line shapes have revealed phase con-
trol of 2-electron wave packets [ 5 ], ultrafast buildup of Fano 
resonances [ 7 ], and self-modulation effects in single-pulse excita-
tion [  16 ]. These investigations primarily focused on individual 
transitions. While they provide deep insight into single-state 
dynamics, they do not account for the fact that transitions within 
a coherent superposition are inherently connected. Quantum 
coherence links multiple states, establishing intrinsic relations 
among different transitions. These connections are crucial for 
understanding how interference emerges in multilevel systems 
and how the collective dynamics of a wave packet influence spec-
tral signatures. Despite their importance, the relations between 
different transitions, particularly their relative phases, remain 
largely unexplored. Theoretically, the Hermitian nature of the 
density matrix predicts that phases of transitions coupled by the 
same coherence are additive inverses [  23 ,  26 ,  29 ]; however, a com-
prehensive experimental verification is still lacking. Moreover, 
it remains unknown whether other types of phase relations exist 
or whether these relations can be actively controlled by tuning 
experimental parameters.

  Here, we employ TAS to investigate line shape (dipole phase) 
relations between transitions in 2 distinct systems: rubidium 
(Rb) atoms and molecular hydrogen (H2). A short femtosecond 
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pump pulse creates a 2-state superposition, which is then cou-
pled to a third state by a delayed probe pulse, forming a coher-
ent 3-level system. We demonstrate that the dynamic coherence 
phases modulate spectral line shapes of individual transitions, 
which evolve from symmetric Lorentzian to asymmetric Fano-
like profiles depending on the pump–probe delay. Detailed line 
shape analysis reveals 4 fundamental dipole phase relations, 
each giving rise to distinct spectral signatures. Notably, for a 
fixed laser intensity and medium density, the phase relations 
between transitions remain constant across all time delays, even 
as the individual transition phases evolve. Different phase rela-
tions can be selectively accessed by adjusting the laser–matter 
interaction strength. These results uncover the intrinsic phase 
structure of coherent superpositions and provide a pathway for 
line shape-engineered control in diverse atomic and molecular 
systems.   

Materials and Methods

Rb experiments
  In the Rb experiment, the output of a commercial Ti:sapphire 
amplifier (1 kHz, 8 mJ, 780 nm, 25 fs) was used as both pump 
and probe. These 2 beams propagated noncollinearly and inter-
sected inside an absorption cell containing Rb vapor, with a 
crossing angle of 3 mrad. The vapor cell is 50 mm in length and 
sealed with two 1-mm-thick BK7 glass windows at both ends. 
The temperature was varied between  70 and 120

◦
C    using a 

custom-built heating and control system, and the Rb vapor 
densities ( ∼1014 cm−3   ) were estimated from the corresponding 
vapor pressures [  14 ]. After interacting with the sample, the 
transmitted probe beam was collected using an integrating 
sphere and analyzed with a fiber-coupled spectrometer (Ocean 
Optics HR4000, resolution: 0.15 meV @ 1.5 eV). The intensities 
of the pump and probe beams were independently tuned to 
approximately  109 W∕cm2    using continuously variable neutral-
density filters, remaining well below the laser filamentation 
threshold in the front window.   

H2 experiments
  The H2 experiments were performed at a high harmonic gen-
eration (HHG) beamline that was previously described in detail 
[  15 ]. Approximately 1.6 mJ of near-infrared (NIR) laser pulse 
was sent into a differentially pumped hollow core fiber (250  μm    
inner diameter) filled with 0.7 bar of argon to create a 10-fs 
pulse centered around 800 nm. This pulse was focused into a 
pulsed gas jet of xenon (3 bar backing pressure, 250  μm    nozzle) 
where HHG took place. A 500-μm-diameter pinhole and 2 
silicon mirrors were employed to block the residual NIR driv-
ing field and transmit most of the extreme ultraviolet (XUV) 
radiation. An intensity of  2 × 1011 W∕cm2    was estimated for 
the residual NIR pulse at the sample target based on the Stark 
shift. Notably, all results reported in this study remain repro-
ducible when the pinhole is replaced by a 350-nm-thick indium 
foil. A replica of the 10-fs NIR pulse was used as the pump pulse 
to perform impulsive alignment of the H2 molecules. The maxi-
mum alignment degree is estimated to be 0.35 based on numer-
ical simulations performed using the experimental parameters 
﻿I = 3 × 1013 W∕cm2   ,  � = 10 fs   , and  T = 100 K   . The NIR pump 
pulse was combined with the XUV probe pulse with a holey 
mirror. The XUV and the NIR pulses propagated noncollinearly 
and intersected at the absorption gas jet (250  μm    nozzle, gas 

density  ∼1017 cm−3   , interaction length  ∼0.5    mm) with a cross-
ing angle of 18 mrad. The transmitted XUV spectrum was dis-
persed in a flat-field XUV spectrometer and detected by a 
microchannel plate detector. The XUV spectrometer was set 
around 12 eV to achieve the high spectral resolution of 15 meV.   

Line shape analysis
  The measured absorption line shape is fitted with  Eq. 1 . The 
photon energy 𝜔, pump–probe delay 𝜏, and resonance energy 
𝜔 are extracted directly from the measured data. The linewidth 
𝛤 is fixed based on the spectrometer resolution, which is 
0.15 meV for Rb and 15 meV for H2. By adjusting the dipole 
response phase  �(�)   , strength 𝑎, and offset 𝑏, we obtained the 
best-fit line shapes  �(�, �)    using a least-squares fitting proce-
dure. A full comparison of the measured and fitted 2-dimen-
sional spectra is available in Section  S3 .    

Results

Schematic of pump–probe experiment
  Figure  1 A and B illustrates the pump–probe schemes imple-
mented in 2 types of 3-level superpositions excited by femtosec-
ond laser pulses: a  V   -type system in Rb and a  Λ   -type system in 
H2. In the case of Rb, a NIR pump pulse prepares an electronic 
coherence, shown in the density matrix as  �1∕2,3∕2   , between the 
﻿5p1∕2    and  5p3∕2    excited states [ 15 , 16 ]. A delayed NIR probe pulse 
then interrogates this coherence by simultaneously driving 2 

A C

DB

Fig. 1. Phase relations between transitions in 2 distinct systems. (A) V-type system in Rb. 
A NIR pump pulse prepares an electronic quantum coherence, �1∕2,3∕2, between the 5p1∕2 
and 5p3∕2 excited states. A delayed NIR probe pulse then interrogates this coherence by 
simultaneously driving 2 dipole-allowed transitions to the 5s1∕2 ground state, labeled 
as T1

(

5p1∕2→5s1∕2
)

 and T2
(

5p3∕2→5s1∕2
)

. (B) Λ-type system of H2. A NIR pump pulse 
creates a rotational coherence, �1,3, between the rotational states X1Σ+

g

(

v=0, J= 1
)

 
and X1Σ+

g

(

v=0, J=3
)

. This rotational superposition is subsequently probed by a 
time-delayed broadband extreme ultraviolet (XUV) pulse, which simultaneously 
drives 2 dipole transitions to the excited state B1Σ+

u

(

v� = n, J� =2
)

. The 2 transitions 
are labeled as T1 

(

J=3→ J� =2
)

 and T2
(

J= 1→ J� =2
)

. (C) FID d
(

t
)

 and corresponding 
absorption line shape �(�) of transition T1 (yellow) and transition T2 (blue) at different 
delay �, the phase relation �1(�) = −�2(�) holds. (D) Same as in (C), but with the 
phase relation �1(�) = �2(�) + �.
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Fig. 2. Transient absorption in Rb. (A) Measured static absorption of Rb. The peaks of T1
(

5p1∕2→5s1∕2
)

 and T2
(

5p3∕2→5s1∕2
)

 transition are marked with dashed red and blue 
lines, respectively. (B) Experimental differential absorption spectra ΔOD. Significant quantum beats are observed at the T1 and T2 transitions. Notably, the modulation signals 
exhibit a phase difference between these transitions, resulting in a characteristic hat-shaped structure. (C) Phase of the quantum beat as a function of photon energy. The 
phase varies from −� to 0 then back to −�. The shaded regions represent the standard deviation of over 15 independent measurements. (D) Lineouts of experimental ΔOD 
of transition T1 (red) and transition T2 (blue). The line shape changes between a symmetric Lorentzian profile and an asymmetric Fano profile. At each delay, the 2 transitions 
exhibit different line shapes. Line shape analysis allowed us to extract the dipole response phase �1(�) and �2(�), as indicated by the red and blue numbers. The black dotted 
curves show the calculated line shapes by using the extracted phase �(�), which closely match the experimental results.

A

B

C

D

Fig. 3. Transient absorption in H2. (A) Measured static absorption of isotropic H2 molecules. Vibrational levels v� = 3, 4, 5 were selected as representative examples of 
the upper states to simplify the discussions, although similar results were observed for other upper states with different v′. The peaks of T1 and T2 transitions are marked 
with dashed red and blue lines, respectively. (B) Experimental differential absorption spectra ΔOD. The evolving line shapes produce a twill-like structure, distinct from 
the hat-shaped pattern observed in Rb. (C) Beat phase as a function of photon energy. For each v′, the phase changes monotonically from −� to �. The shaded regions 
represent the standard deviation of over 15 independent measurements. (D) Lineouts of experimental ΔOD of transition T1 (red) and transition T2 (blue). Line shape analysis 
allowed us to extract the dipole response phase �(�), as indicated by the red and blue numbers. The black dotted curves show the calculated line shapes by using the 
extracted phase �(�).
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dipole-allowed transitions to the  5s1∕2    ground state, labeled as 
﻿T1

(

5p1∕2→5s1∕2
)

    and  T2

(

5p3∕2→5s1∕2
)

   . For H2, the NIR pump 
pulse creates a rotational coherence,  �1,3   , between the states 
﻿X1Σ+

g
(v=0, J =1)    and  X1Σ+

g
(v=0, J =3)    [  18 ]. This rotational 

superposition is subsequently probed by a time-delayed broad-
band XUV pulse, which simultaneously drives 2 dipole transi-
tions to the electronically excited state ﻿B1Σ+

u

(

v� =n, J � =2
)

   . 
These 2 transitions are labeled as ﻿T1

(

J =3→ J � =2
)

    and 
﻿T2

(

J =1→ J � =2
)

   . Figure  1 C and D shows the corresponding 
FID fields,  d(t)   , generated by transition  T1    and transition  T2   , 
depicted as yellow and blue curves, respectively. Their associated 
phases are denoted  �1(�)    and  �2(�)   , where  �    is the delay between 
pump and probe pulses. The absorption cross-section is defined 
as  �(�) ∝ Im

[

d(�)
]

   , where  d(�)    is the Fourier transforms of the 
FID field. As the coherence ( �1∕2,3∕2    for Rb or  �1,3    for H2) evolves 
in time, the phases  �1(�)    and  �2(�)    are modulated accordingly, 
leading to characteristic changes in the absorption line shapes. 
Crucially, the phase relation between  �1(�)    and  �2(�)   , i.e., 
﻿�1(�) = −�2(�)    in Fig.  1 C and  �1(�) = �2(�) + �    in Fig.  1 D, 
can be directly extracted from a line shape analysis.           

Transient absorption in Rb
  In the experiment of Rb, 25-fs NIR pulses centered at 780 nm 
were used as both pump and probe. The 2 beams propagated 
noncollinearly and intersected inside a 50-mm-long absorption 
cell containing Rb vapor, with a crossing angle of 3 mrad. This 
configuration was chosen to ensure sufficient spatial overlap of 
the 2 beams throughout the cell while allowing clear spatial sepa-
ration at the collection optics located 2 m downstream (Section 
 S1 ). After interacting with the sample, the transmitted probe 
beam was collected by an integrating sphere and analyzed using 
a fiber-coupled spectrometer (Materials and Methods provides 
more details). The intensities of the pump and probe beams were 
independently adjusted to approximately ﻿109 W∕cm2    using 
continuously variable neutral-density filters. The Rb vapor den-
sity, estimated to be on the order of  1014 cm−3    [ 16 ], was con-
trolled via a homemade heating system. The time delay between 
the pump and probe pulses was precisely varied using a motor-
ized translation stage, with positive delay defined such that the 
pump pulse precedes the probe.

  Figure  2 A shows the static absorption spectrum of Rb mea-
sured without the NIR pump, featuring 2 absorption lines,  T1    
and  T2   , centered at 1.56 and 1.59 eV, respectively. Figure  2 B 
shows the measured transient absorption spectra, defined 
as ﻿ΔOD(�, �)=−log

[

Ion(�, �)∕Ioff(�, �)
]

   . Here,  Ion(�, �)    and 
﻿Ioff(�, �)    are the probe spectra after transmission through the 
sample with and without the pump field, respectively. To 
enhance the visibility of the quantum beat signal, a Fourier 
filter between 5 and 9 THz was applied (Section  S2 ). Both tran-
sitions exhibit pronounced oscillations with a periodicity of 
140 fs (beating frequency of 7 THz), corresponding to the 
29.4-meV energy splitting of the  5p1∕2    and  5p3∕2    states. The 
overall ﻿ΔOD    spectrum exhibits a distinctive hat-shaped structure, 
reflecting the delay-dependent modulation of the line shapes. 
Figure  2 C shows the phase of the quantum beat as a function 
of photon energy. The shaded regions represent the standard 
deviation of over 15 independent measurements. The beat 
phase evolves from  −�    to 0 and back to  −�   , consistent with 

previous theoretical predictions [ 23 , 26 , 29 ]. Figure  2 D shows 
spectral lineouts of  ΔOD    for transition  T1   (red) and  T2   (blue). 
Notably, the line shape of each transition varies between a sym-
metric Lorentzian and an asymmetric Fano profile, and the 2 
transitions exhibit distinct line shapes at each delay. The FID 
phase,  �(�)   , was extracted by fitting the measured absorption 
line shape to the function [  22 ,  24 ]

﻿﻿  

where the main component inside the curly brackets deter-
mines the spectral line shape,  �    is the photon energy,  �    is the 
pump–probe delay,  �0    is the resonance energy,  Γ    is the decay 
rate of the excited state, and  a    and  b    represent the signal strength 
and the background offset (Materials and Methods provides 
more details). This expression consists of absorptive (first term) 
and dispersive (second term) components, whose relative 
weights are governed by  �(�)   . By varying  �(�)   , we determined 
the line shapes that best reproduced the experimental data 
using a least-squares fitting procedure. The fitted profiles are 
shown as black dashed curves in Fig.  2 D, with the extracted 
values of  �1(�)    and  �2(�)    indicated in red and blue, respectively. 
A full comparison of the measured and fitted 2-dimensional 
spectra is available in Section  S3 . This procedure was repeated 
for all time delays, and the resulting FID phases are plotted in 
Fig.  4 A (the full 2-dimensional comparison was shown in 
Section  S3 ). The sum  �1(�) + �2(�)    remains close to zero at all 
delays (black dots), indicating that the 2 phases are additive 
inverses of each other, i.e.,  �1(�) = −�2(�)   . Since the phase 
appears in the exponent as  ei�   , opposite phases correspond to 

(1)

�(�, �)=a

⎧

⎪

⎨

⎪

⎩

cos[�(�)]

Γ

2

�

�
0
−�

�2
+

Γ2

4

+ sin[�(�)]

�

�
0
−�

�

�

�
0
−�

�2
+

Γ2

4

⎫

⎪

⎬

⎪

⎭

+b,

A

B

Fig. 4. FID phases extracted through line shape analysis. (A) FID phases of transition 
T1 [�1 (�), red] and T2 [�2(�), blue] in Rb, the sum [�1(�) + �2(�), black] remains close 
to zero across all delays. (B) FID phases of transition T1 [�1(�), red] and T2 [�2(�), 
blue] in H2, the unwrapped phase difference [�1(�) − �2(�), black] remains close 
to � across all delays.

D
ow

nloaded from
 https://spj.science.org at N

ational R
esearch C

ouncil C
anada on A

ugust 14, 2026

https://doi.org/10.34133/ultrafastscience.0165


Bai et al. 2026 | https://doi.org/10.34133/ultrafastscience.0165 5

complex conjugate (c.c.) values. We therefore refer to this as 
the c.c. relation.           

Transient absorption in H2
  For the experiment with H2, a 10-fs pump pulse was used to 
couple 2 rotational states  X1Σ+

g
(v=0, J =1, 3)    via a Raman 

process, as the large rotational energy spacing of H2 requires a 
broadband (i.e., short) pulse. A replica of the NIR pulse was 
then used to generate high harmonics in xenon, producing a 
broadband XUV pulse with a quasi-continuous spectrum in the 
detection energy range (11.4 to 13.5 eV), which was employed 
as the probe (Materials and Methods provides more details). This 
XUV probe drives dipole transitions from the prepared ground 
electronic state rotational coherence to the first electronically 
excited state,  B1 Σ+

u

(

v� =m, J � =2
)

   . Due to the absence of strict 
vibrational selection rules in diatomic molecules and the broad 
bandwidth of the XUV pulse, the vibrational quantum number 
﻿v′    spans a wide range (from 0 to high values), while the rotational 
quantum number  J ′    is restricted by the selection rules  J � − J = ±1
   . For each  v′   , an effective  Λ   -type 3-level system is formed. The 
resulting dipole responses give rise to 2 distinct absorption fea-
tures, which were measured using a homebuilt XUV spectrom-
eter with an energy resolution of 15 meV at 12 eV.

  Figure  3 A shows the static absorption spectrum of isotropic 
H2 measured without the NIR pump. For clarity, we focus on 3 
representative upper vibrational states,  v� = 3, 4, 5   , although 
similar behavior was observed for other values  v′   . The transition 
﻿T1    and  T2    are marked by red and blue lines, respectively. Additional 
rotational transitions exist and partially overlapped with  T1    
and  T2   ; however, they are one-channel transitions (involving 
only a single lower and upper state) and are delay-independent. 
They are effectively removed by constructing differential absorp-
tion spectra,  ΔOD   . Figure  3 B shows the delay-dependent 
﻿ΔOD    spectrum, where a Fourier filter between 14 and 20 THz 
was applied to emphasize the quantum beat signal (Section  S2 ). 
The long delay of approximately 5.7 ps ensures that the NIR 
pulse arrives marked earlier than the XUV pulse, thereby pre-
venting contributions from multiphoton processes. The entire 
spectrum oscillates with a period of 60 fs (beating frequency 
of 17 THz), corresponding to the 69-meV energy difference 
between  X1Σ+

g
(v=0, J =1)    and  X1Σ+

g
(v=0, J =3)    states. The 

evolving line shapes produce a twill-like structure, distinct 
from the hat-shaped pattern observed in Rb. Figure  3 C presents 
the beat phase as a function of photon energy. For each  v′   , the 
phase varies monotonically from  −�    to  �   . Figure  3 D shows the 
spectral lineouts of the  ΔOD    spectrum for  v� = 5   , with shaded 
regions representing the standard deviation across 15 indepen-
dent measurements. Similarly, we extracted the FID phases  �1(�)    
and  �2(�)    for transitions  T1    and  T2    by analyzing the corresponding 
line shape. The fitted profiles are shown as black dashed curves 
in Fig.  3 D, with the extracted phase values indicated in red and 
blue, respectively. Figure  4 B shows the retrieved FID phases over 
3 cycles (the full 2-dimensional comparison is shown in Section 
 S3 ). The unwrapped phase difference  �1(�) − �2(�)    remains close 
to  �    at all delays (black dots), i.e.,  �1(�) = �2(�) + �   , which we 
refer to as the  �   -relation.                    

Discussion
  The phase behavior observed in our experiments differs from con-
ventional phase-control schemes employing continuous-wave (cw) 

narrowband lasers. In the cw case, the amplitudes and phases of 2 
excitation fields are adjusted to control the relative phase of path-
ways leading to the same final state. The excitation probability is 
then governed by the summed amplitudes, giving rise to phenom-
ena such as electromagnetically induced transparency and coherent 
population trapping [  34 ,  35 ]. By contrast, a broadband femtosecond 
pump pulse in our experiments prepares a superposition that is 
subsequently interrogated by a delayed probe. The pump–probe 
delays ( ∼500    fs for Rb and  ∼5.7    ps for H2) are much longer than 
the pulse durations ( ∼10    fs), so the pulses are well separated and 
the dynamics are dominated by the evolving quantum coherence. 
For each transition, the phase evolves with delay, producing delay-
dependent absorption line shapes. Remarkably, even as the system 
dynamically evolves, the phase relations between different transi-
tions coupled by a shared coherence remain fixed.

  To elucidate the distinct phase relations observed in Rb and 
H2, we applied the time-dependent perturbation theory to ana-
lyze the FID signal of a generic 3-level systems, with states 
labeled “a”, “b”, and “c”. A pump pulse creates a superposition 
﻿Abe

i�b (�)∣�b⟩ + Ace
i�c(�)∣� c⟩    between “b” and “c”, where  A   ,  �   , 

and  ∣�⟩    denote the amplitude, phase, and eigen-wavefunction, 
respectively. A subsequent probe pulse couples this super-
position to state “a”, resulting in the total wavefunction 
﻿∣�(t, �)⟩=Ca(t, �)∣�a⟩+Cb(t, �)∣�b⟩+Cc(t, �)∣� c⟩   , with  C    rep-
resenting complex expansion coefficients computed via the 
second-order perturbation theory (see Section  S4  for detailed 
model of Rb and H2). The resulting delay-dependent FID sig-
nals,  dDyn,ba(t, �)    and  dDyn,ca(t, �)   , take the forms:

﻿﻿  

﻿﻿  

where  �    is the transition dipole moment,  Γ    is the decoherence 
rate,  Ω = � ∫∞

−∞
f (t)dt   , and  f (t)    is the envelope of probe pulse. 

Each FID signal comprises 2 phase-dependent terms, whose rela-
tive amplitudes are controlled by the interaction strength  |Ω|2   . 
When both  |

|

Ωba
|

|

2    and  |
|

Ωca
|

|

2    are less than 0.5, the first terms 
dominate in  Eqs. 2  and  3 , and the phases  �1 = �c(�) − �b(�)    
and  �2 = �b(�) − �c(�)    are additive inverses of each other, 
consistent with the steady c.c. relation observed in Rb, where 
both transitions  T1    and  T2    exhibit weak absorption ( ∼0.05   , 
shown in Fig.  2 A). In contrast, when  |

|

Ωba
|

|

2    is less but  |
|

Ωca
|

|

2    is 
larger than 0.5, the first term dominates  dDyn,ba(t, �)   , while 
the second dominates  dDyn,ca(t, �)   . The resulting phase terms 
﻿�c(�) − �b(�)    and  �c(�) − �b(�) − �    differ by  �   , yielding the 
steady  �   -relation. This is the case for H2, where the absorption 
strength of  T2    ( ∼0.2   ) significantly exceeds that of  T1    ( ∼0.04   ), 
as shown in Fig.  3 A. More precisely, when  |Ω|2    in  Eqs. 2  and 
 3  is neither 0 nor 1, 2 phase-dependent terms contribute 
simultaneously to the measured transient absorption signals, 
resulting in a mixed phase relation (Section  S5 ). Consequently, 
the sum  �1(�) + �2(�)    and difference  �1(�) − �2(�)    of the 
extracted line shape phases exhibit weak oscillations around 0 
and  �   , respectively, as shown by the black dots in Fig. 4 .

  The distinct behaviors observed in Rb and H2 reveal that the 
underlying phase relation is not solely determined by the level 

(2)

dDyn,ba(t, �)=2×Re

{

i�baAcAbΩca

(
(

1− |

|
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|

|

2
)

e
i[�c (�)−�b (�)]

+ |

|
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|

|

2
e
i[�b (�)−�c (�)+�]

)

e
i(Eb−Ea)t−Γba t

}

,
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{
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(
(

1− |

|

Ωca
|

|

2
)

ei[�b (�)−�c (�)]

+ |

|
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|

|

2
ei[�c (�)−�b (�)−�]
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structure but instead governed by the interaction strength. In 
addition to the 2 relations previously discussed,  Eqs. 2  and  3  
predict 2 additional phase relations: (a) the anti-c.c. relation, given 
by  �1 = �b (�) − �c (�) + �    with  �2 = �c(�) − �b(�) − �   , and 
(b) the anti- �    relation, where  �1 = �b(�) − �c(�) + �    with 
﻿�2 = �b(�) − �c(�)   . Absorption spectra calculated for 4 rela-
tions were shown in Fig.  5 A to D. The c.c. and  �   -relations pro-
duce hat-shaped and twill-shaped features, respectively, in close 
agreement with experimental observations (Figs.  2 B and  3 B). 
In contrast, the anti-c.c. and anti- �    relations yield inverted-hat 
and inverted-twill structures.        

  It should be noted that our 3-level model is based on a 
single-atom description. However, in the actual experiment, 
an ensemble of systems with collective coupling is generally 
unavoidable. A rigorous treatment would require incorporating 
macroscopic propagation effects into the perturbative frame-
work, which would substantially increase the complexity and 
is therefore beyond the scope of the present work. From a quali-
tative perspective, during light–matter interaction, the laser 
field modifies the properties of the medium, while the medium, 
in turn, reshapes the propagating light field. In particular, at 
higher densities, resonant interactions can significantly alter 
the temporal and spatial profiles of the pulse. Previous studies 
have shown that resonant propagation redistributes the spectral 
components of the laser field [ 14 , 16 ], enhancing some wave-
lengths while suppressing others. This process effectively acts 
as spectral shaping, thereby modifying the effective laser inten-
sity at specific wavelengths and influencing the Rabi frequency 
experienced by the atoms. Therefore, in practical experiments, 
the interaction strength depends on both the laser intensity 
and the medium density. By tuning these parameters, the phase 
relation can be actively controlled. To explore this possibility, 
we use Rb as a platform to investigate phase control under 
varying experimental conditions. Since the cell is sealed with 

two 1-mm-thick BK7 glass windows, the laser intensity cannot 
be increased too high to avoid nonlinear effects in the windows. 
Consequently, we employ a combined strategy of tuning both 
the laser intensity and the medium density.

  Figure  5 E to H shows the measured transient absorption spec-
tra of Rb under different pump intensities, probe intensities, and 
heating temperatures. All 2-dimensional spectra are normalized 
to their maximum intensity to facilitate comparison. A hat-shaped 
feature in Fig.  5 A is observed at  Ipump = 1.2 × 1010 W∕cm2   , 
﻿Iprobe = 5.7 × 109 W∕cm2   , and  T = 70◦C   , consistent with the c.c. 
relation (Fig. 5E). Increasing the temperature from  70◦C    to  120◦C    
raises the Rb vapor density and enhances absorption, producing 
a twill-like  ΔOD    spectrum associated with the  �   -relation (Fig. 
 5 F). Lowering the pump intensity to  3 × 109 W∕cm2    transforms 
the spectral pattern into an inverted-hat structure, characteristic 
of the anti-c.c. relation (Fig.  5 G). Conversely, reducing the probe 
intensity to  1.9 × 109 W∕cm2    yields an inverted-twill structure 
corresponding to the anti- �    relation (Fig.  5 H). While the overall 
spectral structure aligns well with theoretical calculations, devia-
tions near resonance arise from a mixed-phase effect. By account-
ing for the simultaneous contributions of 2 phase-dependent 
terms, we extracted the interaction strengths  |Ω|2    for each case 
(Section  S5 ). The values of  |Ω|2   , along with the corresponding 
experimental conditions associated with the results presented 
in Fig.  5 , are summarized in  Table 1 . Owing to the experimental 
challenges associated with the generation and control of atto-
second XUV pulses, phase relation control was realized only 
in Rb in the present study. For H2, we numerically solved the 
Liouville–von Neumann equation for a simplified 3-level system, 
which reproduced comparable spectral patterns under varying 
interaction strengths (Section  S6 ). Altogether, these results dem-
onstrate that the phase relation, and consequently the resulting 
spectral shape, can be deterministically controlled by tuning the 
laser–matter interaction strength.    

anti- . anti-
E                  F G HExperiment

A                B C               DCalculated

Fig. 5. Phase relation control in Rb. (A to D) Calculated absorption spectra for c.c., �, anti-c.c., and anti-� phase relations. Four distinct structures were observed: the hat, 
ladder, inverted-hat, and inverted-ladder features, respectively. (E to H) Experimental ΔOD in Rb under varying laser intensities and vapor densities, demonstrating the phase 
relation control.
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Conclusion
  In conclusion, we have identified 4 fundamental line shape 
phase relations between transitions within a short-pulse-
driven superposition: c.c.,  �   , anti-c.c., and anti- �   . These rela-
tions stem from the second-order perturbation processes and 
manifest as 4 distinct spectral features in TAS: hat-shaped, 
twill-shaped, inverted-hat-shaped, and inverted-twill-shaped 
structures. Although the entire system is dynamically evolv-
ing, the phase relations between different transitions coupled 
by a shared coherence remain stable across all pump–probe 
delays and can be actively controlled by varying the laser–
matter interaction strength.

  Our findings establish a benchmark for measuring and 
manipulating phase relations in quantum systems, offering new 
avenues for coherent control in ultrafast spectroscopy. Given the 
ubiquity of coherence in atomic, molecular, and condensed mat-
ter systems, this framework provides a universal strategy for 
tailoring quantum dynamics across diverse platforms, from 
cold atoms to ultrafast laser-driven plasmas. The ability to selec-
tively engineer phase-dependent interactions deepens our 
understanding of phase-sensitive light–matter dynamics, which 
is crucial for a range of applications. For instance, in the  N+

2
    air 

laser [  36 –  38 ], characteristic emissions at 391 and 428 nm are 
observed, involving 3 electronic states, while the underlying 
gain mechanism remains only partially understood. High-
resolution spectroscopic measurements further reveal that each 
emission line consists of multiple rotational transitions, whose 
intensities and line shapes can be controlled by varying the 
pump–probe delay and the carrier-envelope phase of the 
driving laser [  39 –  41 ]. However, due to the large number of 
rotational levels involved in  N+

2
   , the resulting experimental 

observations are highly complex. One possible approach to 
simplify the system is to reduce the rotational-state distribu-
tion, for example, by cooling the molecular ensemble, thereby 
confining the Boltzmann population to a limited number of 
low-lying rotational states. In this context, the line shape analy-
sis developed in our work may provide a useful framework for 
elucidating the generation mechanisms and enabling control 
of  N+

2
    emissions. Looking ahead, extending these techniques 

to water-window high-harmonic sources or short-pulse x-ray 
free-electron lasers could enable coherent excitation of core-
level electrons [ 24 ,  42 ], opening the door to phase control in 
the x-ray regime.   
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Ultrafast laser pulses with broad bandwidth can simultaneously excite multiple quantum states, forming coherent
superpositions. The phases of the associated optical transitions evolve in time, giving rise to spectral line profiles
that range from symmetric Lorentzian to asymmetric Fano-like forms. Yet, the line shape relations between different
transitions within such superpositions remain largely unexplored. Here, we use transient absorption spectroscopy to
probe transitions from coherent superpositions. While each transition’s line profile evolves over time, the relative line
shape relations between different transitions remain fixed. We identify 4 fundamental types of line shape relations, each
producing distinct spectral signatures. These relations naturally arise from second-order perturbation processes and can
be actively tuned via the laser–matter interaction strength. Our findings establish a pathway for line shape-engineered
control across atomic and molecular systems.
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Section 1: Separation of signals in the TAS of Rb 6 

In the Rb experiment, since the pump and probe pulses share the same wavelength, it is 7 

essential to carefully block the pump beam during the spectral measurement to ensure that it does 8 

not contaminate the probe signal. Therefore, we employ a non-collinear geometry, as shown in 9 

Fig. R1. A 3 mrad non-collinear crossing angle was chosen to ensure sufficient spatial overlap of 10 

the two beams throughout the 50-mm Rb cell, while allowing clear spatial separation at the 11 

collection optics located 2 m downstream. The required light intensity in this experiment is 12 

relatively low (~10⁹ W/cm²), and both the pump and probe beams are kept collimated with a 13 

beam diameter of 2 mm. The two pulses fully overlap at the center of the Rb cell. The maximum 14 

spatial walk-off within the 50 mm cell is estimated to be ΔX ൌ  25 mm ൈ  tanሺ3 mradሻ ൎ  75 μm, 15 

which is much smaller than the beam diameter. Therefore, the effective overlap length can be 16 

approximated 𝐿 ൌ 50 𝑚𝑚  (the full length of the Rb cell). At the detection plane, the beam 17 

separation is ΔS ൌ  2000 mm ൈ  tanሺ3 mradሻ  ൎ  6 mm, which is significantly larger than the 18 

beam diameter, indicating that the two beams are fully separated in space. A baffle is used to block 19 

the direct pump beam, allowing only the probe beam to enter the integrating sphere. In addition, 20 

an aperture is placed in front of the integrating sphere to further suppress scattered light. 21 

 22 

Fig. S1. Schematic of the Rb experimental setup. The baffle, iris, and integrating sphere are 23 

positioned 2 m downstream from the Rb cell to ensure effective separation of the two beams. The 24 

pump beam is carefully blocked during spectral measurements to prevent contamination of the 25 

probe signal. 26 

Section 2: Fourier filtering 27 

In our pump-probe experiment, the pump pulse induces both population transfer among states 28 

and quantum coherences between them. The population dynamics are typically slow and largely 29 

independent of the pump-probe delay, reflecting quasi-steady-state redistribution of population. In 30 

contrast, the coherence dynamics are fast and strongly delay-dependent, arising from the quantum 31 

beat between different states [1,2]. The experimental observable, the differential optical density, 32 

is defined as: ΔODሺ𝜔, 𝜏ሻ ൌ െ logሾ𝐼௢௡ ሺ𝜔, 𝜏ሻ/𝐼௢௙௙ሺ𝜔, 𝜏ሻሿ, where 𝜔 is the photon energy, 𝜏 is the 33 

pump-probe delay, 𝐼௢௡ሺ𝜔, 𝜏ሻ and 𝐼௢௙௙ሺ𝜔, 𝜏ሻ are the transmitted probe spectra with and without the 34 

pump, respectively. This signal inherently contains contributions from both population changes 35 

and quantum coherences. By applying a Fourier filter to ΔOD, we can isolate the delay-dependent 36 
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component. This enables a more precise analysis of line shape changes induced by quantum 37 

coherences. 38 

Fig. S2(a) shows the original ΔOD signal for Rb. Fig. S2(b) displays the corresponding two-39 

dimensional Fourier transform spectrum. The spectral features near 0 THz arise from the delay-40 

independent population changes, while the peaks around 7 THz correspond to delay-dependent 41 

quantum coherences between 5𝑝ଵ/ଶ  and 5𝑝ଷ/ଶ  states [3]. To isolate the coherence signal, a 42 

bandpass filter from 5 THz to 9 THz was applied. The resulting filtered signal, shown in Fig. S2(c) 43 

(same as Fig. 2b in the main text), clearly highlights the quantum beat dynamics. 44 

Similarly, Fig. S3(a) and Fig. S3(b) show the original ΔOD signal and its Fourier transform 45 

spectrum for H2. The dominant beating frequency at 17 THz corresponds to quantum coherences 46 

between XଵΣ୥ାሺ𝑣 ൌ 0, 𝐽 ൌ 1ሻ and XଵΣ୥ାሺ𝑣 ൌ 0, 𝐽 ൌ 3ሻ states. A bandpass filter from 14 THz to 20 47 

THz was applied to emphasize the quantum beat signal. Fig. S3(c) shows the filtered signal (same 48 

as Fig. 3b in the main text).  49 

 50 

Fig. S2. Fourier filtering of Rb quantum beat signal. (a) Original ΔOD  signal. (b) Two-51 

dimensional Fourier transform spectrum. The applied bandpass filter (5-9 THz) is indicated by 52 

dotted black lines. (c) Filtered ΔOD signal, highlighting the quantum beat oscillations between 53 

5𝑝ଵ/ଶ and 5𝑝ଷ/ଶ states (same as Fig. 2b in the main text). 54 

 55 

Fig. S3. Fourier filtering of H₂ quantum beat signal. (a) Original ΔOD  signal. (b) Two-56 

dimensional Fourier transform spectrum. The applied bandpass filter (14-20 THz) is indicated by 57 

dotted black lines. (c) Filtered ΔOD signal, highlighting the quantum beat oscillations between 58 

XଵΣ୥ାሺ𝑣 ൌ 0, 𝐽 ൌ 1ሻ and XଵΣ୥ାሺ𝑣 ൌ 0, 𝐽 ൌ 3ሻ states (same as Fig. 3b in the main text). 59 
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Section 3: Fitted 𝚫𝐎𝐃 through line-shape analysis 60 

As described in the Method section of the main text, the measured absorption line shape is 61 

fitted with 𝜎ሺ𝜔, 𝜏ሻ ൌ 𝑎 ቊcosሾ𝜙ሺ𝜏ሻሿ
౳
మ

ሺఠబିఠሻమା
౳మ

ర

൅ sinሾ𝜙ሺ𝜏ሻሿ
ሺఠబିఠሻ

ሺఠబିఠሻమା
౳మ

ర

ቋ ൅ 𝑏. Representative one-62 

dimensional slices of the measured and fitted spectra are shown in Fig. 2d and Fig. 3d of the main 63 

text. Here, we present the full two-dimensional comparison in Fig. S4, illustrating the excellent 64 

agreement between the experimental and fitted line shapes across all pump-probe delays. 65 

 66 

Fig. S4. Experimental and fitted differential absorption of Rb and H₂. (a) Experimental ΔOD 67 

of Rb. (b) Fitted ΔOD of Rb. (c) Experimental ΔOD of H2. (d) Fitted ΔOD of H2. 68 

Section 4: Analysis model based on the second order perturbation theory 69 

Consider a generic three-level system with states labeled ‘a’, ’b’ and ’c’, with corresponding 70 

eigenenergies 𝐸௔, 𝐸௕ and 𝐸௖, respectively. A pump pulse creates a superposition between ‘b’ and 71 

‘c’, a subsequent probe pulse couples this superposition to state ‘a’ at delay 𝜏, as shown in Fig. S5. 72 

The wavefunction of the electron in this system is expressed as: 73 

|𝜓ሺ𝑡, 𝜏ሻ⟩ ൌ 𝐶௔ሺ𝑡, 𝜏ሻ|𝜓௔⟩ ൅ 𝐶௕ሺ𝑡, 𝜏ሻ|𝜓௕⟩ ൅ 𝐶௖ሺ𝑡, 𝜏ሻ|𝜓௖⟩, ሺS1ሻ 74 

where 𝐶௔ , 𝐶௕  and 𝐶௖  are the complex probability amplitudes, and |𝜓௔⟩, |𝜓௕⟩ and |𝜓௖⟩ are the 75 

eigenfunctions of the three levels, respectively.  76 

In the case of H2, prior to the arrival of the probe XUV pulse, state ‘a’ is unpopulated. In contrast, 77 

for Rb, all three levels retain nonzero populations after pump excitation. Accordingly, the models 78 

for H2 and Rb are treated separately. 79 

4.1 Model for H2 80 
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 81 

Fig. S5. Schematic diagrams of the 𝚲-type (a) & V-type (b) three-level systems. 𝐶௔
ሺ଴ሻ, 𝐶௕

ሺ଴ሻ 82 

and 𝐶௖
ሺ଴ሻ are the complex probability amplitudes before the arrival of the probe pulse. 83 

For H2, the superposition between ‘b’ and ‘c’ evolves freely before the probe pulse. The complex 84 

probability amplitudes are given by: 85 

𝐶௔
ሺ଴ሻ ൌ 0,𝐶௕

ሺ଴ሻ ൌ 𝐴௕𝑒௜థ್
ሺఛሻ,𝐶௖

ሺ଴ሻ ൌ 𝐴௖𝑒௜థ೎
ሺఛሻ, ሺS2ሻ 86 

where 𝐴௕ and 𝐴௖ are the amplitudes, and 𝜙௕ሺ𝜏ሻ ൌ െ𝐸௕𝜏 and 𝜙௖ሺ𝜏ሻ ൌ െ𝐸௖𝜏 are the phases of the 87 

respective states (atomic units are used throughout, unless otherwise noted). 88 

When the probe pulse arrives, all three levels are coupled, and the corresponding Hamiltonian is 89 

𝐻෡ሺ𝑡ሻ ൌ ቎
𝐸௔ െ𝜇௔௕𝐸ሺ𝑡ሻ െ𝜇௔௖𝐸ሺ𝑡ሻ

െ𝜇௕௔𝐸ሺ𝑡ሻ 𝐸௕ 0
െ𝜇௖௔𝐸ሺ𝑡ሻ 0 𝐸௖

቏ , ሺS3ሻ 90 

where 𝜇௔௕ and 𝜇௔௖ are the transition matrix elements, 𝐸ሺ𝑡ሻ is the probe field. Given that the probe-91 

matter interaction is impulsive and weak, 𝐸ሺ𝑡ሻ is approximated as a delta function. The probability 92 

amplitudes 𝐶௜ሺ𝑡ሻ ሺ𝑖 ൌ 𝑎, 𝑏, 𝑐ሻ can be expressed as 𝐶௜ሺ𝑡ሻ ൌ  𝐶௜
ሺ଴ሻ ሺ𝑡ሻ ൅ 𝐶௜

ሺଵሻሺ𝑡ሻ ൅ 𝐶௜
ሺଶሻሺ𝑡ሻ, where 93 

𝐶௜
ሺ௡ሻሺ𝑡ሻ denotes the nth-order contribution in the perturbative expansion. These terms can be 94 

calculated using the recursion formula of second-order time-dependent perturbation theory [4], 95 

𝐶௜
ሺ଴ሻሺ𝑡ሻ ൌ 𝐶௜

ሺ଴ሻ

𝐶௜
ሺଵሻሺ𝑡ሻ ൌ  െ

𝑖
ℏ
෍න 𝑑𝑡ᇱ ⟨𝑖|𝐻ሺ𝑡ᇱሻ|𝑚⟩𝑒௜ఠ೔೘௧ᇲ𝐶௠

ሺ଴ሻሺ𝑡ᇱሻ
௧

ିஶ
,

௠ஷ௜

ሺS4ሻ

𝐶௜
ሺଶሻሺ𝑡ሻ ൌ  െ

𝑖
ℏ
෍න 𝑑𝑡ᇱ ⟨𝑖|𝐻ሺ𝑡ᇱሻ|𝑚⟩𝑒௜ఠ೔೘௧ᇲ𝐶௠

ሺଵሻሺ𝑡ᇱሻ
௧

ିஶ
.  

௠ஷ௜

 96 

Under the delta-function approximation for the probe field, the probability amplitudes are: 97 
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𝐶௔ሺ𝑡, 𝜏ሻ ൌ 𝑖ൣ𝐴௖Ω௖௔𝑒௜థ೎
ሺఛሻ ൅ 𝐴௕Ω௕௔𝑒௜థ್

ሺఛሻ൧𝑒ି௜ாೌ௧

𝐶௕ሺ𝑡, 𝜏ሻ ൌ ൣ𝐴௕𝑒௜థ್
ሺఛሻ െ Ω௕௔൫𝐴௕Ω௕௔𝑒௜థ್

ሺఛሻ ൅ 𝐴௖Ω௖௔𝑒௜థ೎
ሺఛሻ൯൧𝑒ି௜ா್௧, ሺS5ሻ

𝐶௖ሺ𝑡, 𝜏ሻ ൌ ൣ𝐴௖𝑒௜థ೎
ሺఛሻ െ Ω௖௔൫𝐴௕Ω௕௔𝑒௜థ್

ሺఛሻ ൅ 𝐴௖Ω௕௔𝑒௜థ೎
ሺఛሻ൯൧𝑒ି௜ா೎௧,

 98 

where Ω ൌ 𝜇 ׬ 𝑓ሺ𝑡ሻ
ஶ
ିஶ

𝑑𝑡, 𝜇 is the value of transition dipole and 𝑓ሺ𝑡ሻ is the envelope of probe 99 

pulse. The free induction decay (FID) is given by 𝑑ሺ𝑡ሻ ൌ ⟨𝜓ሺ𝑡, 𝜏ሻ|𝑟|𝜓ሺ𝑡, 𝜏ሻ⟩, for transitions 𝑇ଵ  100 

ሺ′𝑏′ → ′𝑎′ሻ and 𝑇ଶሺ′𝑐′ → ′𝑎′ሻ, they are expressed as 101 

𝑑௕௔ሺ𝑡, 𝜏ሻ ൌ 2𝑅𝑒

⎩
⎪
⎨

⎪
⎧

𝑖𝜇௕௔

⎝

⎜
⎛

𝐴௕
ଶΩ௕௔ሺ1 െ |Ω௕௔|ଶሻ

൅𝐴௖ଶΩ௕௔|Ω௖௔|ଶ𝑒௜గ

൅𝐴௖𝐴௕Ω௖௔ሺ1 െ |Ω௕௔|ଶሻ𝑒௜ሾథ೎ሺఛሻିథ್ሺఛሻሿ

൅𝐴௖𝐴௕Ω௖௔|Ω௕௔|ଶ𝑒௜ሾథ್ሺఛሻିథ೎ሺఛሻାగሿ ⎠

⎟
⎞
𝑒௜ሺா್ିாೌሻ௧ି௰್ೌ௧

⎭
⎪
⎬

⎪
⎫

, ሺS6aሻ

𝑑௖௔ሺ𝑡, 𝜏ሻ ൌ 2𝑅𝑒

⎩
⎪
⎨

⎪
⎧

𝑖𝜇௖௔

⎝

⎜
⎛

𝐴௖ଶΩ௖௔ሺ1 െ |Ω௖௔|ଶሻ
൅𝐴௕

ଶΩ௖௔|Ω௕௔|ଶ𝑒௜గ

൅𝐴௖𝐴௕Ω௕௔ሺ1 െ |Ω௖௔|ଶሻ𝑒௜ሾథ್ሺఛሻିథ೎ሺఛሻሿ

൅𝐴௖𝐴௕Ω௕௔|Ω௖௔|ଶ𝑒௜ሾథ೎ሺఛሻିథ್ሺఛሻିగሿ ⎠

⎟
⎞
𝑒௜ሺா೎ିாೌሻ௧ି௰೎ೌ௧

⎭
⎪
⎬

⎪
⎫

, ሺS6bሻ

 102 

where 𝛤  is the decoherence rate. The corresponding absorption cross section is calculated by 103 

𝜎ሺ𝜔ሻ ∝ 𝐼𝑚ሾ𝑑ሺ𝜔ሻሿ, where 𝑑ሺ𝜔ሻ is the Fourier transform of 𝑑ሺ𝑡ሻ, 104 

𝜎௕௔ሺ𝜔, 𝜏ሻ ∝ 𝐼𝑚

⎩
⎪
⎨

⎪
⎧

⎝

⎜⎜
⎛

𝐴௕
ଶΩ௕௔ሺ1 െ |Ω௕௔|ଶሻ
൅𝐴௖ଶΩ௕௔|Ω௖௔|ଶ𝑒௜గ

൅𝐴௖𝐴௕Ω௖௔ሺ1 െ |Ω௕௔|ଶሻ𝑒௜ሾథ೎ሺఛሻିథ್ሺఛሻሿ

൅𝐴௖𝐴௕Ω௖௔|Ω௕௔|ଶ𝑒௜ሾథ್ሺఛሻିథ೎ሺఛሻାగሿ ⎠

⎟⎟
⎞ 1

ሺ𝐸௔ െ 𝐸௕ െ 𝜔ሻ െ 𝑖
𝛤௕௔
2

 

⎭
⎪
⎬

⎪
⎫

, ሺS7aሻ

𝜎௖௔ሺ𝜔, 𝜏ሻ ∝ 𝐼𝑚

⎩
⎪
⎨

⎪
⎧

⎝

⎜
⎛

𝐴௖ଶΩ௖௔ሺ1 െ |Ω௖௔|ଶሻ
൅𝐴௕

ଶΩ௖௔|Ω௕௔|ଶ𝑒௜గ

൅𝐴௖𝐴௕Ω௕௔ሺ1 െ |Ω௖௔|ଶሻ𝑒௜ሾథ್ሺఛሻିథ೎ሺఛሻሿ

൅𝐴௖𝐴௕Ω௕௔|Ω௖௔|ଶ𝑒௜ሾథ೎ሺఛሻିథ್ሺఛሻିగሿ ⎠

⎟
⎞ 1

ሺ𝐸௔ െ 𝐸௖ െ 𝜔ሻ െ 𝑖
𝛤௖௔
2

 

⎭
⎪
⎬

⎪
⎫

. ሺS7bሻ

 105 

Each FID signal in Eq. S6 and the corresponding absorption cross section in Eq. S7 comprises four 106 

terms: among which only the last two are delay-dependent anfend related to the measured ΔOD 107 

signals. We define the delay-dependent FID signal as 𝑑஽௬௡ሺ𝑡, 𝜏ሻ, given by 108 

𝑑஽௬௡,௕௔ሺ𝑡, 𝜏ሻ ൌ 2𝑅𝑒 ቊ𝑖𝜇௕௔𝐴௖𝐴௕Ω௖௔ ቆ
ሺ1 െ |Ω௕௔|ଶሻ𝑒௜ሾథ೎ሺఛሻିథ್ሺఛሻሿ

൅|Ω௕௔|ଶ𝑒௜ሾథ್ሺఛሻିథ೎ሺఛሻାగሿ
ቇ 𝑒௜ሺா್ିாೌሻ௧ି௰ౘ౗௧ቋ , ሺS8aሻ 109 

𝑑஽௬௡,௖௔ሺ𝑡, 𝜏ሻ ൌ 2𝑅𝑒 ቊ𝑖𝜇௖௔𝐴௖𝐴௕Ω௕௔ ቆ
ሺ1 െ |Ω௖௔|ଶሻ𝑒௜ሾథ್ሺఛሻିథ೎ሺఛሻሿ

൅|Ω௖௔|ଶ𝑒௜ሾథ೎ሺఛሻିథ್ሺఛሻିగሿ
ቇ 𝑒௜ሺா೎ିாೌሻ௧ି௰ౙ౗௧ቋ . ሺS8bሻ 110 
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These expressions are identical to Eq. 1 and Eq. 2 in the main text. Each 𝑑஽௬௠ሺ𝑡, 𝜏ሻ comprises two 111 

phase-dependent terms, as summarized in Table S1. The combination between these terms gives 112 

rise to four distinct phase relations. 113 

Table S1: Summary of four kinds of phase relations. 114 

 115 

4.2 Model for Rb 116 

For Rb, the complex probability amplitudes prior to probe pulse are: 117 

𝐶௔
ሺ଴ሻ ൌ 𝐴௔,𝐶௕

ሺ଴ሻ ൌ 𝐴௕𝑒௜థ್
ሺఛሻ,𝐶௖

ሺ଴ሻ ൌ 𝐴௖𝑒௜థ೎
ሺఛሻ. ሺS9ሻ 118 

When the probe pulse arrives, the corresponding Hamiltonian is: 119 

𝐻෡ሺ𝑡ሻ ൌ ቎
𝐸௖ 0 െ𝜇௔௖𝐸ሺ𝑡ሻ
0 𝐸௕ െ𝜇௔௕𝐸ሺ𝑡ሻ

െ𝜇௖௔𝐸ሺ𝑡ሻ െ𝜇௔௕𝐸ሺ𝑡ሻ 𝐸௔

቏ . ሺS10ሻ 120 

Using the recursion formula in Eq. S4, the probability amplitudes are given by: 121 

𝐶௔ሺ𝑡, 𝜏ሻ ൌ ൛𝐴௔ሺ1 െ Ω௕௔
ଶ െ Ω௖௔ଶ ሻ ൅ 𝑖ൣ𝐴௕Ω௕௔𝑒௜థ್

ሺఛሻ ൅ 𝐴௖Ω௖௔𝑒௜థ೎
ሺఛሻ൧ൟ𝑒ି௜ாೌ௧ ,

𝐶௕ሺ𝑡, 𝜏ሻ ൌ ൣ𝐴௕𝑒௜థ್
ሺఛሻ ൅ 𝑖𝐴௔Ω௕௔ െ Ω௕௔൫𝐴௕Ω௕௔𝑒௜థ್

ሺఛሻ ൅ 𝐴௖Ω௖௔𝑒௜థ೎
ሺఛሻ൯൧𝑒ି௜ா್௧ , ሺS11ሻ

𝐶௖ሺ𝑡, 𝜏ሻ ൌ ൣ𝐴௖𝑒௜థ೎
ሺఛሻ ൅ 𝑖𝐴௔Ω௖௔ െ Ω௖௔൫𝐴௕Ω௕௔𝑒௜థ್

ሺఛሻ ൅ 𝐴௖Ω௕௔𝑒௜థ೎
ሺఛሻ൯൧𝑒ି௜ா೎௧.

 122 

The free induction decay for transitions 𝑇ଵሺ′𝑏′ → ′𝑎′ሻ and 𝑇ଶሺ′𝑐′ → ′𝑎′ሻ are expressed as: 123 

𝑑௕௔ሺ𝑡, 𝜏ሻ ൌ 2𝑅𝑒

⎩
⎪
⎪
⎪
⎪
⎪
⎨

⎪
⎪
⎪
⎪
⎪
⎧

𝑖𝜇௕௔

⎝

⎜
⎜
⎜
⎜
⎜
⎜
⎜
⎜
⎜
⎛

𝐴௕
ଶΩ௕௔ሺ1 െ |Ω௕௔|ଶሻ
൅𝐴௖ଶΩ௕௔|Ω௖௔|ଶ𝑒௜గ

൅𝐴௔ଶΩ௕௔𝑍𝑒௜గ

൅𝐴௔𝐴௕|Ω௕௔|ଶ𝑒௜ቂథ್ሺఛሻି
గ
ଶቃ

൅𝐴௔𝐴௖Ω௕௔Ω௖௔𝑒
௜ቂథ೎ሺఛሻି

గ
ଶቃ

൅𝐴௔𝐴௕ሺ1 െ |Ω௕௔|ଶሻ𝑍𝑒ି௜ቂథ್ሺఛሻା
గ
ଶቃ

൅𝐴௔𝐴௖Ω௕௔Ω௖௔𝑍𝑒
௜ቂథ೎ሺఛሻା

గ
ଶቃ 

൅𝐴௖𝐴௕Ω௖௔ሺ1 െ |Ω௕௔|ଶሻ𝑒௜ሾథ೎ሺఛሻିథ್ሺఛሻሿ

൅𝐴௖𝐴௕Ω௖௔|Ω௕௔|ଶ𝑒௜ሾథ್ሺఛሻିథ೎ሺఛሻାగሿ ⎠

⎟
⎟
⎟
⎟
⎟
⎟
⎟
⎟
⎟
⎞

𝑒௜ሺா್ିாೌሻ௧ି௰್ೌ௧

⎭
⎪
⎪
⎪
⎪
⎪
⎬

⎪
⎪
⎪
⎪
⎪
⎫

ሺS12𝑎ሻ 124 
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𝑑௖௔ሺ𝑡, 𝜏ሻ ൌ 2𝑅𝑒

⎩
⎪
⎪
⎪
⎪
⎪
⎨

⎪
⎪
⎪
⎪
⎪
⎧

𝑖𝜇௖௔

⎝

⎜
⎜
⎜
⎜
⎜
⎜
⎜
⎜
⎜
⎛

𝐴௖ଶΩ௖௔ሺ1 െ |Ω௖௔|ଶሻ
൅𝐴௕

ଶΩ௖௔|Ω௕௔|ଶ𝑒௜గ

൅𝐴௔ଶΩ௖௔𝑍𝑒௜గ

൅𝐴௔𝐴௕Ω௕௔Ω௖௔𝑒
௜ቂథ್ሺఛሻି

గ
ଶቃ

൅𝐴௔𝐴௖|Ω௖௔|ଶ𝑒௜ቂథ೎ሺఛሻି
గ
ଶቃ

൅𝐴௔𝐴௕Ω௕௔Ω௖௔𝑍𝑒
௜ቂథ್ሺఛሻା

గ
ଶቃ

൅𝐴௔𝐴௖𝑍ሺ1 െ |Ω௖௔|ଶሻ𝑒ି௜ቂథ೎ሺఛሻା
గ
ଶቃ

൅𝐴௖𝐴௕Ω௕௔ሺ1 െ |Ω௖௔|ଶሻ𝑒௜ሾథ್ሺఛሻିథ೎ሺఛሻሿ

൅𝐴௖𝐴௕Ω௕௔|Ω௖௔|ଶ𝑒௜ሾథ೎ሺఛሻିథ್ሺఛሻାగሿ ⎠

⎟
⎟
⎟
⎟
⎟
⎟
⎟
⎟
⎟
⎞

𝑒௜ሺா೎ିாೌሻ௧ି௰೎ೌ௧

⎭
⎪
⎪
⎪
⎪
⎪
⎬

⎪
⎪
⎪
⎪
⎪
⎫

, ሺS12bሻ 125 

where 𝑍 ൌ  1 െ |Ω௕௔|ଶ െ |Ω௖௔|ଶ. FID signals in Eq. S12a and Eq. S12b consist of nine terms. The 126 

first three are delay independent. Terms 4–7 oscillate rapidly with a period of ~ 2.7 fs, much 127 

shorter than the experimental temporal resolution (∼ 10 fs), and therefore average to zero. 128 

Consequently, the experimentally measured ΔODin Rb arises only from the last two terms, as in 129 

the Λ-type three-level system of H₂. Each transition contains two phase-dependent contributions: 130 

𝑇ଵ,𝜙௖ሺ𝜏ሻ െ 𝜙௕ሺ𝜏ሻ and  𝜙௕ሺ𝜏ሻ െ 𝜙௖ሺ𝜏ሻ ൅ 𝜋 ;  𝑇ଶ,𝜙௕ ሺ𝜏ሻ െ 𝜙௖ ሺ𝜏ሻ  and 𝜙௖ሺ𝜏ሻ െ 𝜙௕ሺ𝜏ሻ ൅ 𝜋 . The 131 

combinations of these contributions give rise to four distinct phase relations, as summarized in 132 

Table S1. 133 

Section 5: Mixed phase relations 134 

In Fig. 4 of the main text, the sum 𝜙ଵሺ𝜏ሻ ൅ 𝜙ଶሺ𝜏ሻ  and difference 𝜙ଵሺ𝜏ሻ െ 𝜙ଶሺ𝜏ሻ  of the 135 

extracted line-shape phases exhibit weak oscillations around 0 and 𝜋, respectively. This behavior 136 

arises from a mixed phase effect, in which the parameter |Ω|ଶ in Eq. S8a and Eq. S8b is neither 0 137 

nor 1. In this intermediate regime, two phase-dependent terms contribute simultaneously to the 138 

measured transient absorption signals. The delay-dependent absorption cross section is given by 139 

𝜎஽௬௡ሺ𝜔, 𝜏ሻ ∝ 𝐼𝑚ሾ𝑑஽௬௡ሺ𝜔, 𝜏ሻሿ , where 𝑑஽௬௡ሺ𝜔, 𝜏ሻ  is the Fourier transform of 𝑑஽௬௡ሺ𝑡, 𝜏ሻ . 140 

Specifically: 141 

𝜎஽௬௡,௕௔ሺ𝜔, 𝜏ሻ ∝ 𝐼𝑚 ቐቆ
ሺ1 െ |Ω௕௔|ଶሻ𝑒௜ሾథ೎ሺఛሻିథ್ሺఛሻሿ

൅|Ω௕௔|ଶ𝑒௜ሾథ್ሺఛሻିథ೎ሺఛሻାగሿ
ቇ

1

ሺ𝐸௔ െ 𝐸௕ െ 𝜔ሻ െ 𝑖
𝛤௕௔
2

 ቑ , ሺS13aሻ

𝜎஽௬௡,௖௔ሺ𝜔, 𝜏ሻ ∝ 𝐼𝑚 ቐቆ
ሺ1 െ |Ω௖௔|ଶሻ𝑒௜ሾథ್ሺఛሻିథ೎ሺఛሻሿ

൅|Ω௖௔|ଶ𝑒௜ሾథ೎ሺఛሻିథ್ሺఛሻାగሿ
ቇ

1

ሺ𝐸௔ െ 𝐸௖ െ 𝜔ሻ െ 𝑖
𝛤௖௔
2

 ቑ . ሺS13bሻ

 142 

By fitting the experimental spectra with Eq. S13, we extract the values of |Ω|ଶ. Using the 143 

parameters: 𝐸௔ ൌ 0 eV, 𝐸௕ ൌ 1.56 eV, 𝐸௖ ൌ 1.59 eV, 𝛤ୠୟ ൌ 𝛤௖௔ ൌ 0.15 meV, 𝜙௕ሺ𝜏ሻ ൌ െ𝐸௕𝜏 144 

and 𝜙௖ሺ𝜏ሻ ൌ െ𝐸௖𝜏 , we find |Ω௕௔|ଶ ൌ 0.2 , |Ω௖௔|ଶ =0. The resulting 𝜎஽௬௡,௕௔ሺ𝜔, 𝜏ሻ  and 145 

𝜎஽௬௡,௖௔ሺ𝜔, 𝜏ሻ calculated from these values are shown in Fig. S6(a). Using Eq. 1 in the main text, 146 

we extract the line-shape phases 𝜙ଵሺ𝜏ሻ and 𝜙ଶሺ𝜏ሻ, represented by red and blue dots in Fig. S6(b). 147 
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The observed oscillation of 𝜙ଵሺ𝜏ሻ ൅ 𝜙ଶሺ𝜏ሻ around zero agrees well with the experimental results 148 

presented in Fig. 4a of the main text. 149 

This effect is also observed in the phase relation control experiments. Similarly, we extracted 150 

the values of |Ω|ଶ  by fitting the experimental spectra with Eq. S13. Fig. S7(a)-(d) show the 151 

experimental results, with the corresponding |Ω|ଶ values indicated at the bottom of each spectrum. 152 

Using these extracted values, we calculated 𝜎஽௬௡,௕௔ሺ𝜔, 𝜏ሻ and 𝜎஽௬௡,௖௔ሺ𝜔, 𝜏ሻ, which are shown in 153 

Fig. S7(e)-(f). 154 

 155 

Fig. S6. Mixed phase relation. (a) Calculated delay-dependent absorption cross section 156 

𝜎஽௬௡,௕௔ሺ𝜔, 𝜏ሻ and 𝜎஽௬௡,௖௔ሺ𝜔, 𝜏ሻ by using |Ω௕௔|ଶ ൌ 0.2, |Ω௖௔|ଶ=0. (b) Extracted line-shape phase by 157 

using Eq. 1 in the main text. The sum 𝜙ଵሺ𝜏ሻ ൅ 𝜙ଶሺ𝜏ሻ oscillate around zero, well agrees with 158 

experimental results shown in Fig. 4 of the main text. 159 

 160 

Fig. S7. Phase relation control in Rb. (a)-(d) Experimental transient absorption spectra. Four 161 

distinct structures were observed, the hat, twill, inverted-hat and inverted-twill features, 162 

respectively. The extracted value of |Ω|ଶ  is shown on the bottom of each spectrum. (e)-(f) 163 

Calculated delay-dependent absorption cross section. 164 

Section 6: Numerical simulation based on density matrix 165 
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The evolution of the three-level system described in Section 4 was simulated by numerically 166 

solving the Liouville-von Neumann equation: 167 

𝑑𝜌ොሺ𝑡ሻ

𝑑𝑡
ൌ െ

𝑖
ℏ
ൣ𝐻෡ሺ𝑡ሻ,𝜌ොሺ𝑡ሻ൧. ሺS14ሻ 168 

The Hamiltonian 𝐻෡ሺ𝑡ሻ  is given by: 𝐻෡ሺ𝑡ሻ ൌ ቎
𝐸௔ െ𝜇௔௕𝐸ሺ𝑡ሻ െ𝜇௔௖𝐸ሺ𝑡ሻ

െ𝜇௕௔𝐸ሺ𝑡ሻ 𝐸௕ 0
െ𝜇௖௔𝐸ሺ𝑡ሻ 0 𝐸௖

቏ , where 169 

𝜇௔௕ and 𝜇௔௖ are the transition matrix elements, and 𝐸ሺ𝑡ሻ is the probe field. The energy levels are 170 

set to 𝐸௔ ൌ 0  eV, 𝐸௕ ൌ  െ11.45 eV and 𝐸௖ ൌ  െ11.95 eV. The initial probe electric field 𝐸଴ሺ𝑡ሻ 171 

is a transform-limited Gaussian pulse with the duration 𝜏 ൌ 1 fs, the peak intensity 𝐼଴ ൌ172 

2 ൈ 10ଵ଴ W/cmଶ, and the central photon energy 𝜔଴ ൌ 12.4 eV.  173 

The density matrix is represented as: 𝜌ොሺ𝑡ሻ ൌ ൥
𝜌௔௔ 𝜌௔௕ 𝜌௔௖
𝜌௕௔ 𝜌௕௕ 𝜌௕௖
𝜌௖௔ 𝜌௖௕ 𝜌௖௖

൩, where the diagonal elements 174 

are the populations, and the off-diagonal elements are the coherences between states. The initial 175 

density matrix is assumed as 𝜌௔௔ሺ0ሻ ൌ 0, 𝜌௕௕ሺ0ሻ ൌ 0.5 and 𝜌௖௖ሺ0ሻ ൌ 0.5, with all coherences 176 

initially zero in the absence of a pump pulse. When a preceding pump pulse is included, it 177 

establishes an initial coherence 𝜌௕௖ሺ0ሻ ൌ 0.25𝑒ି௜ሺா್ିா೎ሻఛ between the ‘b’ and ‘c’ states, where 𝜏 178 

is the pump-probe delay. 179 

The equations of motion are solved numerically using the Crank–Nicolson method. The 180 

medium polarization is computed as 𝑃 ൌ 𝑁 ൈ 𝑇𝑟ሺ𝜌ො𝜇̂ሻ , where 𝑁  is the number density. The 181 

polarization acts as a source term in the one-dimensional wave equation for the probe field, 182 

expressed in the probe’s reference frame as: 183 

𝜕𝐸ሺ𝑡, 𝑧ሻ
𝜕𝑧

ൌ െቆ
1
𝑐
െ

1
𝑣௚
ቇ
𝜕𝐸ሺ𝑡, 𝑧ሻ
𝜕𝑡

െ
2𝜋
𝑐
𝜕𝑃ሺ𝑡, 𝑧ሻ
𝜕𝑡

. ሺS15ሻ 184 

Here, 𝑐 is the speed of light, 𝑣௚ is the group velocity. A single propagation step of 0.08 μm 185 

in a density of  10ଵ଼ cmିଷ is sufficient to generate a free induction decay signal. Propagation 186 

includes first- and second-order changes to the electric field and is suitable for many propagation 187 

steps, but the calculation uses a single step to accommodate the computation time. The transmitted 188 

probe spectrum is calculated as 𝐼ሺ𝜔ሻ ൌ |𝐸ሺ𝜔ሻ|ଶ, then convolved with the experimental resolution 189 

function: 𝐼௖ሺ𝜔ሻ ൌ 𝐼ሺ𝜔ሻ ⊗ 𝐺ሺ𝜔ሻ, where 𝐺ሺ𝜔ሻ ൌ 𝑒ିସ ୪୬ଶቀ
ഘ
ഃഘ
ቁ
మ

 and 𝛿𝜔 ൌ 15 meV. 190 

Simulations are performed both with ሾ𝐼௖,௢௡ሺ𝜔ሻሿ and without ሾ𝐼௖,௢௙௙ሺ𝜔ሻሿ the pump excitation. 191 

The predicted differential absorption spectrum is calculated in the same way as for the 192 

experimental data: ΔOD ൌ െ log ൤
ூ೎,೚೙ሺఠሻ

ூ೎,೚೑೑ሺఠሻ
൨. 193 

By varying the magnitude of |Ω|ଶ, the simulation results for the four phase relations are 194 

obtained, as shown in Fig. S8. Four distinct structures were observed, the hat, twill, inverted-hat 195 

and inverted-twill, corresponding to the c.c., 𝜋, anti-c.c., and anti-𝜋 phase relations, respectively. 196 
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These simulation results are in excellent agreement with the theoretical predictions and 197 

experimental observations presented in Fig. 5 of the main text.  198 

 199 

Fig. S8. Calculated differential absorption spectra 𝚫𝐎𝐃. (a) |Ω௕௔|ଶ ൌ 0.02, |Ω௖௔|ଶ ൌ 0.02. (b) 200 
|Ω௕௔|ଶ ൌ 0.02, |Ω௖௔|ଶ ൌ 0.84. (c) |Ω௕௔|ଶ ൌ 0.84, |Ω௖௔|ଶ ൌ 0.02. (d) |Ω௕௔|ଶ ൌ 0.84, |Ω௖௔|ଶ ൌ201 

0.84. The calculations use atomic units. 202 

 203 
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