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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
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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.
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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 (H,). 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 (~10'* 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
approximately10° W / cm? using continuously variable neutral-
density filters, remaining well below the laser filamentation
threshold in the front window.

H, experiments

The H, experiments were performed at a high harmonic gen-
eration (HHG) beamline that was previously described in detail
[15]. Approximately 1.6 m] of near-infrared (NIR) laser pulse
was sent into a differentially pumped hollow core fiber (250 um
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 pm nozzle)
where HHG took place. A 500-um-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 X 10! W /cm? 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 H, molecules. The maxi-
mum alignment degree is estimated to be 0.35 based on numer-
ical simulations performed using the experimental parameters
I=3%x10"2W/cm?7 =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 pm nozzle, gas
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density ~10'7 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 w, pump-probe delay 7, and resonance energy
w are extracted directly from the measured data. The linewidth
I is fixed based on the spectrometer resolution, which is
0.15 meV for Rb and 15 meV for H,. By adjusting the dipole
response phase ¢(7), strength a, and offset b, we obtained the
best-fit line shapes o(w, 7) 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 1A 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 A-type system in
H,. In the case of Rb, a NIR pump pulse prepares an electronic
coherence, shown in the density matrix as p; /; 3 /5, between the

5p1/2and 5p; ; excited states [15,16]. A delayed NIR probe pulse
then interrogates this coherence by simultaneously driving 2
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Fig.1. Phase relations between transitions in 2 distinct systems. (A) V-type systemin Rb.
ANIR pump pulse prepares an electronic quantum coherence, p; » 3, between the 5p;
and 5p; , excited states. Adelayed NIR probe pulse then interrogates this coherence by
simultaneously driving 2 dipole-allowed transitions to the 5s, ;, ground state, labeled
asTy (5py;, — 5512) and T, (5p3, — 512 ) - (B) A-type system of H,. ANIR pump pulse
creates arotational coherence, p; 5, between the rotational states X' ¥ (v=0,J=1)
and X12g+(v=0,1=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 B'S} (v/ =n,J' = 2). The 2 transitions
arelabeledasT)(J=3—J' =2)andT, (J=1-J =2).(C)FIDd(t)and corresponding
absorption line shape o (w) of transitionT; (yellow) and transition T, (blue) at different
delay z, the phase relation ¢;(z) = —¢,(z) holds. (D) Same as in (C), but with the
phase relation ¢ (7) = ¢,(7) + =.
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Fig. 2. Transient absorption in Rb. (A) Measured static absorption of Rb. The peaks of T1(5p1/2 - 5s1/2) andT, (5p3/2 - 5sl/z)transition are marked with dashed red and blue
lines, respectively. (B) Experimental differential absorption spectra AOD. Significant quantum beats are observed at the T; and T, 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 —z to 0 then back to —z. The shaded regions represent the standard deviation of over 15independent measurements. (D) Lineouts of experimental AOD
of transition T, (red) and transition T, (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 ¢;(z) and ¢, (), as indicated by the red and blue numbers. The black dotted
curves show the calculated line shapes by using the extracted phase ¢(z), which closely match the experimental results.
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Fig. 3. Transient absorption in H,. (A) Measured static absorption of isotropic H, 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 T; and T, transitions are marked
with dashed red and blue lines, respectively. (B) Experimental differential absorption spectra AOD. 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 —x to z. The shaded regions
represent the standard deviation of over 15 independent measurements. (D) Lineouts of experimental AOD of transitionT; (red) and transition T, (blue). Line shape analysis
allowed us to extract the dipole response phase ¢(z), as indicated by the red and blue numbers. The black dotted curves show the calculated line shapes by using the
extracted phase ¢ (7).
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dipole-allowed transitions to the 5s; ;, ground state, labeled as
T, (Spl/z - 551/2) and T, (5p3/2 - 551/2). For H,, the NIR pump
pulse creates a rotational coherence, p, 3, between the states
X12; (v=0,J=1)and Xlz; (v=0,] =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 BIZ;r (v’ =n]J’ :2).
These 2 transitions are labeled as T (] =3-]'= 2) and
T, (J=1-]'=2). Figure 1C and D shows the corresponding
FID fields, d(t), generated by transition T} and transition T,
depicted as yellow and blue curves, respectively. Their associated
phases are denoted ¢, (v) and ¢, (), where 7 is the delay between
pump and probe pulses. The absorption cross-section is defined
aso(w) Im[d (co)], where d(w) is the Fourier transforms of the
FID field. As the coherence (p, /, 3/, for Rb or p; 3for H,) evolves
in time, the phases ¢, (7) and ¢,(r) are modulated accordingly,
leading to characteristic changes in the absorption line shapes.
Crucially, the phase relation between ¢,(7) and ¢,(7), i.e.,
¢,(t) = —¢,(7) in Fig. 1C and ¢,(7) = ¢,(7) + x in Fig. 1D,
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 suflicient 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 10° W / cm? using
continuously variable neutral-density filters. The Rb vapor den-
sity, estimated to be on the order of10'* 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 2A shows the static absorption spectrum of Rb mea-
sured without the NIR pump, featuring 2 absorption lines, T}
and T, centered at 1.56 and 1.59 eV, respectively. Figure 2B
shows the measured transient absorption spectra, defined

as AOD(w, 7)= —log[[on(w, )/ g, T)]- Here, I,,,(, 7) and
I,5(w, 7) 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 5p; , and 5p;, states. The
overall AOD spectrum exhibits a distinctive hat-shaped structure,
reflecting the delay-dependent modulation of the line shapes.
Figure 2C shows the phase of the quantum beat as a function
of photon energy. The shaded regions represent the standard
deviation of over 15independent measurements. The beat
phase evolves from —z to 0 and back to —z, consistent with
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previous theoretical predictions [23,26,29]. Figure 2D shows
spectral lineouts of AOD for transition T,(red) and T,(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, ¢(7), was extracted by fitting the measured absorption
line shape to the function [22,24]

> (@ —)
; +sm[¢(r)]0—
)2

wy—w) +—

o(w,7)=as cos[¢(7)] +b,

a)oa)+—

(1)
where the main component inside the curly brackets deter-
mines the spectral line shape, w is the photon energy,  is the
pump-probe delay, w, is the resonance energy, I' 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 ¢(z). By varying ¢(7), 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. 2D, with the extracted
values of ¢, (r)and ¢, (7) 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. 4A (the full 2-dimensional comparison was shown in
Section S3). The sum ¢, (7) + ¢, () remains close to zero at all
delays (black dots), indicating that the 2 phases are additive
inverses of each other, i.e., ¢;(r) = —¢h,(z). Since the phase
appears in the exponent as e®, opposite phases correspond to
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Fig. 4.FID phases extracted through line shape analysis. (A) FID phases of transition
Ti[¢:1 (), red] andT, [, (), blue] in Rb, the sum [¢(7) + ¢,(z), black] remains close
to zero across all delays. (B) FID phases of transition T; [¢,(7), red] and T, [¢,(7),
blue] in H,, the unwrapped phase difference [¢,(r) — ¢,(z), black] remains close
to = across all delays.
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complex conjugate (c.c.) values. We therefore refer to this as
the c.c. relation.

Transient absorption in H,

For the experiment with H,, a 10-fs pump pulse was used to
couple 2 rotational states XIZ‘;r (v=0,J=1,3) via a Raman
process, as the large rotational energy spacing of H, 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, B! ' (V’ =m,]' = 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 selectionrules ] — J = +1
. For each v/, an effective A-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 3A shows the static absorption spectrum of isotropic
H, 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
T,and T, are marked by red and blue lines, respectively. Additional
rotational transitions exist and partially overlapped with T
and T; 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, AOD. Figure 3B shows the delay-dependent
AQOD 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 X'+ (v=0,J=1) and X'Z+ (v=0,] = 3) states. The
evolving line shapes produce a twiﬁ—like structure, distinct
from the hat-shaped pattern observed in Rb. Figure 3C presents
the beat phase as a function of photon energy. For each v/, the
phase varies monotonically from —z to z. Figure 3D shows the
spectral lineouts of the AOD spectrum for v/ = 5, with shaded
regions representing the standard deviation across 15 indepen-
dent measurements. Similarly, we extracted the FID phases ¢, ()
and ¢, (7)for transitions T and T, by analyzing the corresponding
line shape. The fitted profiles are shown as black dashed curves
in Fig. 3D, with the extracted phase values indicated in red and
blue, respectively. Figure 4B shows the retrieved FID phases over
3 cycles (the full 2-dimensional comparison is shown in Section
S3). The unwrapped phase difference ¢, (7) — ¢, (7)remains close
to z at all delays (black dots), i.e., ¢, (7) = ¢,(7) + &, which we
refer to as the z-relation.

Discussion

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

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

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 H,) 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
H,, we applied the time-dependent perturbation theory to ana-
lyze the FID signal of a generic 3-level systems, with states
labeled “@”, “b”, and “c”. A pump pulse creates a superposition
Ape'® Oy + Ae'® Oy ) between “b” and “C’, where A, ¢,
and |y) denote the amplitude, phase, and eigen-wavefunction,
respectively. A subsequent probe pulse couples this super-

«_»

position to state “a”, resulting in the total wavefunction
by (t, 7)) = C,(t, Dy ) + Cy(t, D)y ) + Co(t, Ty ), with C rep-
resenting complex expansion coefficients computed via the
second-order perturbation theory (see Section S4 for detailed
model of Rb and H,). The resulting delay-dependent FID sig-
nals, dp,, p4(t, 7) and dp,, (2, 7), take the forms:

1-lo 2) oc@-¢p@] \ .
dDYn,ha(t,1)=2><Re{iﬂbuAcAme<( 190l )¢ e(Bp=Ea)t=Tpat &
+]Qy, [Pelldp@-te+a]
)

-0 2>ei[¢b<r>—¢:(r)] o
dD}’n,ca(t)T)=2xRe{i”cuAcAbgba< ( 2l et Ea)i-Tal 1
+]Q,,[Peltc@-op-r]

3)
where p is the transition dipole moment, I' is the decoherence
rate, Q = u Ifooo f(®)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 |Q|2
When both |Qba|2 and |Qca|2 are less than 0.5, the first terms
dominate in Egs. 2 and 3, and the phases ¢, = ¢.(7) — ¢, (1)
and ¢, = ¢, (r) — ¢ (7) are additive inverses of each other,
consistent with the steady c.c. relation observed in Rb, where
both transitions T} and T, exhibit weak absorption (~0.05,
shown in Fig. 2A). In contrast, when [, |2 is less but |Q, |2 is
larger than 0.5, the first term dominates dp,, ,(t, 7), while
the second dominates dp,,, .,(t, 7). The resulting phase terms
¢.(7) — ¢y (r) and ¢ (r) — ¢y, (r) — = differ by =, yielding the
steady z-relation. This is the case for H,, where the absorption
strength of T, (~0.2) significantly exceeds that of T} (~0.04),
as shown in Fig. 3A. More precisely, when |Q]? in Egs. 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 ¢,(7) + ¢,(z) and difference ¢,(zr) — ¢,(r) of the
extracted line shape phases exhibit weak oscillations around 0
and 7z, respectively, as shown by the black dots in Fig. 4.

The distinct behaviors observed in Rb and H, reveal that the
underlying phase relation is not solely determined by the level
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structure but instead governed by the interaction strength. In
addition to the 2 relations previously discussed, Egs. 2 and 3
predict 2 additional phase relations: (a) the anti-c.c. relation, given
by, = ¢y, (r) — P, () + 7 with ¢, = ¢p.(7) — ¢, (7) — 7, and
(b) the anti-z relation, where ¢, = ¢, (7) — ¢.(7) + 7 with
¢, = ¢p(r) — p.(). Absorption spectra calculated for 4 rela-
tions were shown in Fig. 5A to D. The c.c. and z-relations pro-
duce hat-shaped and twill-shaped features, respectively, in close
agreement with experimental observations (Figs. 2B and 3B).
In contrast, the anti-c.c. and anti-z 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

0 &c(1)-db(1)  db(T)-dclt)  dc(1)-db(t)  elT)-db(T)-nt

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 5E 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. 5A is observed at I, = 1.2 X 10'° W /cm?,

Lprope = 5.7 X 10° W /cm?and T = 70 °C, consistent with the c.c.
relation (Fig. 5E). Increasing the temperature from 70 °Ct0120°C
raises the Rb vapor density and enhances absorption, producing
a twill-like AOD spectrum associated with the z-relation (Fig.
5F). Lowering the pump intensity to 3 X 10° W / cm? transforms
the spectral pattern into an inverted-hat structure, characteristic
of the anti-c.c. relation (Fig. 5G). Conversely, reducing the probe
intensity to 1.9 X 10° W / cm? yields an inverted-twill structure
corresponding to the anti- relation (Fig. 5H). 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 |Q|? for each case
(Section S5). The values of |Q|% 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 H,, 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.

Gb(T)-be(D+1 dc(t)-db(T)-t dp(T)-d(T)+1t db(T)-dc(T)

af'@i\} 7{ 7 Q {
4:l"c.c. e T L Ilénti-c.c.l | Il'anti-n\ o
S ?wr AR A e
E/l'/d’ﬂ!'l'o
2°C Myl ,0 A n"»"\'- :
ossp W) .. 1 B " " 10 .’ ‘. U e

1.561.561 1.591.5911.561.561
Photon energy (eV) Photon energy (eV)

1.591.5911.561.561

-1
1.591.5911.561.561
Photon energy (eV)

1.591.591
Photon energy (eV)

Fig. 5. Phase relation control in Rb. (A to D) Calculated absorption spectra for c.c., z, anti-c.c., and anti-z phase relations. Four distinct structures were observed: the hat,
ladder, inverted-hat, and inverted-ladder features, respectively. (E to H) Experimental AOD in Rb under varying laser intensities and vapor densities, demonstrating the phase

relation control.
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Table 1. Summary of 4 phase relations and associated experimental conditions. The experimental results are shown in Fig. 5E to H. Errors
shown are the range of each parameter such that the residual least-squares error between the model and the experiment increases by 10%.

Experimental conditions 1Q)2
2 2
Relations Ipump (W/sz) Iprobe (W/sz) T (OC) ‘QH| )QT2|
c.c. relation 1.2 x 10 5.7 x 10° 70 014+0% 0.40+9%
= relation 12 x 10" 57 x10° 120 0.2570% 06030
Anti-c.c. refation 30x10° 57 x 10° 120 0607502 0.59* 50"
Anti-z relation 12 x 10 19 x 10° 120 0660% 032109
Conclusion Acknowledgments

In conclusion, we have identified 4 fundamental line shape
phase relations between transitions within a short-pulse-
driven superposition: c.c., 7, anti-c.c., and anti-z. 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 NJ 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 N7, 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 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
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transitions within such superpositions remain largely unexplored. Here, we use transient absorption spectroscopy to
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producing distinct spectral signatures. These relations naturally arise from second-order perturbation processes and can
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Section 1: Separation of signals in the TAS of Rb

In the Rb experiment, since the pump and probe pulses share the same wavelength, it is
essential to carefully block the pump beam during the spectral measurement to ensure that it does
not contaminate the probe signal. Therefore, we employ a non-collinear geometry, as shown in
Fig. R1. A 3 mrad non-collinear crossing angle was chosen to ensure sufficient spatial overlap of
the two beams throughout the 50-mm Rb cell, while allowing clear spatial separation at the
collection optics located 2 m downstream. The required light intensity in this experiment is
relatively low (~10° W/cm?), and both the pump and probe beams are kept collimated with a
beam diameter of 2 mm. The two pulses fully overlap at the center of the Rb cell. The maximum
spatial walk-off within the 50 mm cell is estimated to be AX = 25 mm X tan(3 mrad) = 75 pum,
which is much smaller than the beam diameter. Therefore, the effective overlap length can be
approximated L = 50 mm (the full length of the Rb cell). At the detection plane, the beam
separation is AS = 2000 mm X tan(3 mrad) = 6 mm, which is significantly larger than the
beam diameter, indicating that the two beams are fully separated in space. A baffle is used to block
the direct pump beam, allowing only the probe beam to enter the integrating sphere. In addition,
an aperture is placed in front of the integrating sphere to further suppress scattered light.

Pump
Iris

2m | @ Integrating
| sphere

Probe Rb Cell

Baffle|

L=6mm

.—.Dia=2mm

Fig. S1. Schematic of the Rb experimental setup. The baffle, iris, and integrating sphere are
positioned 2 m downstream from the Rb cell to ensure effective separation of the two beams. The
pump beam is carefully blocked during spectral measurements to prevent contamination of the
probe signal.

Section 2: Fourier filtering

In our pump-probe experiment, the pump pulse induces both population transfer among states
and quantum coherences between them. The population dynamics are typically slow and largely
independent of the pump-probe delay, reflecting quasi-steady-state redistribution of population. In
contrast, the coherence dynamics are fast and strongly delay-dependent, arising from the quantum
beat between different states [1,2]. The experimental observable, the differential optical density,
is defined as: AOD(w, 1) = —log[lon (w,7)/Iofs(w,T)], where w is the photon energy, 7 is the
pump-probe delay, I,,(w, T) and I, ¢ (w, T) are the transmitted probe spectra with and without the
pump, respectively. This signal inherently contains contributions from both population changes
and quantum coherences. By applying a Fourier filter to AOD, we can isolate the delay-dependent
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component. This enables a more precise analysis of line shape changes induced by quantum
coherences.

Fig. S2(a) shows the original AOD signal for Rb. Fig. S2(b) displays the corresponding two-
dimensional Fourier transform spectrum. The spectral features near 0 THz arise from the delay-
independent population changes, while the peaks around 7 THz correspond to delay-dependent
quantum coherences between 5p;,, and 5ps/, states [3]. To isolate the coherence signal, a
bandpass filter from 5 THz to 9 THz was applied. The resulting filtered signal, shown in Fig. S2(c)
(same as Fig. 2b in the main text), clearly highlights the quantum beat dynamics.

Similarly, Fig. S3(a) and Fig. S3(b) show the original AOD signal and its Fourier transform
spectrum for H2. The dominant beating frequency at 17 THz corresponds to quantum coherences
between X'2} (v = 0,/ = 1) and X'E (v = 0,] = 3) states. A bandpass filter from 14 THz to 20
THz was applied to emphasize the quantum beat signal. Fig. S3(c) shows the filtered signal (same
as Fig. 3b in the main text).

(a)

—
O
-~

Cc
Original AOD Fourier transform ©) Filtered AOD

15F 7

T -' T
0.2 2l 1 0.2
m ‘ 101 T il m
L el 4 o L

L

S0
‘ §
[

0.1 15 004 1
° y 0.02
10

0 5 0
1 Ay 057 1) -0.02
L 1 1 L 1 _01 0 _‘_‘_I_‘_L 0 L l’ L L
1.56 1.561 1.59 1.591 1.56 1.561 1.59 1.591 1.56 1.561 1.59 1.591

Photon energy (eV) Photon energy (eV) Photon energy (eV)

Frequency (THz)
<
W”’?

Fig. S2. Fourier filtering of Rb quantum beat signal. (a) Original AOD signal. (b) Two-
dimensional Fourier transform spectrum. The applied bandpass filter (5-9 THz) is indicated by
dotted black lines. (¢) Filtered AOD signal, highlighting the quantum beat oscillations between
5p1 /2 and 5p3, states (same as Fig. 2b in the main text).
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Fig. S3. Fourier filtering of H> quantum beat signal. (a) Original AOD signal. (b) Two-
dimensional Fourier transform spectrum. The applied bandpass filter (14-20 THz) is indicated by
dotted black lines. (¢) Filtered AOD signal, highlighting the quantum beat oscillations between
X'2f(v =0,] = 1) and X'Ef (v = 0,] = 3) states (same as Fig. 3b in the main text).
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Section 3: Fitted AOD through line-shape analysis

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

fitted with o(w,T) = a {cos[d) (0] #FZ + sin[¢(7)] L“’)FZ} + b. Representative one-

(wo—w)?+—- (Wo—w) 2+
dimensional slices of the measured and fitted spectra are shown in Fig. 2d and Fig. 3d of the main
text. Here, we present the full two-dimensional comparison in Fig. S4, illustrating the excellent

agreement between the experimental and fitted line shapes across all pump-probe delays.
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Fig. S4. Experimental and fitted differential absorption of Rb and H.. (a) Experimental AOD
of Rb. (b) Fitted AOD of Rb. (¢) Experimental AOD of Hz. (d) Fitted AOD of Ha.

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

Consider a generic three-level system with states labeled ‘a’, ’b’ and ’c’, with corresponding
eigenenergies E,, E;, and E., respectively. A pump pulse creates a superposition between ‘b’ and
‘c’, a subsequent probe pulse couples this superposition to state ‘a’ at delay 7, as shown in Fig. S5.
The wavefunction of the electron in this system is expressed as:

[W(t, 7)) = Ca(t, D) + Cp (8, Dhp) + Cc (&, D [We), (S1

where C,, C, and C, are the complex probability amplitudes, and |Y,), |¥},) and [,) are the
eigenfunctions of the three levels, respectively.

In the case of Hz, prior to the arrival of the probe XUV pulse, state ‘a’ is unpopulated. In contrast,
for Rb, all three levels retain nonzero populations after pump excitation. Accordingly, the models
for H2 and RbD are treated separately.

4.1 Model for H»
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(a)  A-type three-level system in H, (b) V-type three-level system in Rb

a e % = ¢ m— ) = 4 oite®

b =——— CIEO} = Ay eir®

b e—— " = 4,0

c e () = 4 i

Fig. SS. Schematic diagrams of the A-type (a) & V-type (b) three-level systems. Céo), C ISO)
and CC(O) are the complex probability amplitudes before the arrival of the probe pulse.

For Ha, the superposition between ‘b’ and ‘c’ evolves freely before the probe pulse. The complex
probability amplitudes are given by:

C = 0,c = 4,ei4v®, O = 4 ei¢c®), (S2)

where A, and A, are the amplitudes, and ¢, (t) = —E, T and ¢.(t) = —E .7 are the phases of the
respective states (atomic units are used throughout, unless otherwise noted).

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

R Eq —UapE(t)  —pqacE(L)
H(t) = |—tpaE(L) Ey 0 , (S3)
—UcaE(t) 0 E.

where p,), and p, . are the transition matrix elements, E (t) is the probe field. Given that the probe-
matter interaction is impulsive and weak, E (t) is approximated as a delta function. The probability

amplitudes C;(t) (i = a, b, c) can be expressed as C;(t) = Ci(o) (t) + Ci(l)(t) + Ci(z)(t), where
Ci(n)(t) denotes the nth-order contribution in the perturbative expansion. These terms can be
calculated using the recursion formula of second-order time-dependent perturbation theory [4],

Ci(O) (t) — Ci(O)

. t
cP© = ~5 > [ dr GHEOmeen D), (s4)
mzi~ %
@) t ‘ iwimt! (1)
C;7 () = _EZI dt’ (i|H(t")|m)e'®mt C, 7 (t").
mzi~ %

Under the delta-function approximation for the probe field, the probability amplitudes are:
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Gt 1) = i[Achaei(bC(T) + Abeaei%(T)]e_iEat
Cp(t,7) = [Abei¢b(r) — Qba(Abeaeitl)b(T) + Achaei(bC(T))]e_iEbt, (S5)
C.(t,7) = [ — Q0 (ApQpae’®® + A0y eiPc®)|eiEet,

where Q = u fjooo f(t)dt, uis the value of transition dipole and f(t) is the envelope of probe

pulse. The free induction decay (FID) is given by d(t) = (Y(t, t)|r|(t, 7)), for transitions T;
('b" - 'a") and T,('c’ - 'a’), they are expressed as

( Alz)ﬂba(l - |-Qba|2) ]
+A420,,10041%€™ .
dpa(t,7) = 2Re { i c*balBeal € eUEEtThat | (S6a
ba( ) Hpa +AcAcha(1 _ IQbalz)ez[¢c(1)—¢b(‘t)] ( )
\ A Ay Qg | Qpg |2l Op@ e ] J
( / A(Z:'Qca(l - |Qca|2) \I
+A%Qcalﬂbalzem ;
dea(t,T) = 2ZRe i : gt(Be~Fa)t—Teat $ S6b
Ca( ) Hea | +AcAb'Q'ba(1 - |Qca|2)el[¢b(r)_¢c(r)] I | ( )
\ RO LR CEOR MO, )

where I' is the decoherence rate. The corresponding absorption cross section is calculated by
o(w) x Im[d(w)], where d(w) is the Fourier transform of d(t),

( )
Uba(w, T) < Im-< +Anga|QCalzeln . 9 (S7a)

+A.A4,Q.,(1 — |Qba|2)ei[¢c(‘f)—¢b(‘f)] (E, — Ep — w) — i%

\ +AcAb'Qca|-Qba|zei[¢b(T)_¢€(T)+7T] )

( / A2000(1 = Q) \ \

+Al2)Qca|Qba|Zem 1
Peal,T) ¢ - L (s7b
ca( ) | +AcAb'Q'ba(1 - |Qca|2)el[¢b(7)—¢c(‘5)] | (E _E — a)) _ ih ( )
; a ¢
\\ +A Ap Qo | Qg |21 Pc@dp (D] / 2|

Each FID signal in Eq. S6 and the corresponding absorption cross section in Eq. S7 comprises four
terms: among which only the last two are delay-dependent anfend related to the measured AOD
signals. We define the delay-dependent FID signal as dp,, (t, 7), given by

(1 = |Qpg D) eilPcm—¢s(®]

i(Ep—Eq)t—Tpat
10y, [2eilBr@-gc@4] )el ’ ’ } (S8a)

dDyn,ba (t' T) = 2Re {iﬂbaAcAcha <

(1 = |Qgq|?)eiler@=dc®)]

dDyn,ca (t,7) = 2Re {i/v‘caAcAb-Qba ( > ei(EC_Ea)t_rcat} . (S8b)

110, |2eildc@-dpm)-]
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These expressions are identical to Eq. 1 and Eq. 2 in the main text. Each dp ., (¢, T) comprises two
phase-dependent terms, as summarized in Table S1. The combination between these terms gives
rise to four distinct phase relations.

Table S1: Summary of four kinds of phase relations.

dDyn,ba ¢c(T) — Py (7) (D) — (D) + 7

dDyn,ca

¢ () — ¢ () c.c relation

¢(®) — pp(0) —

anti-1 relation

7 relation anti-c.c relation

4.2 Model for Rb
For Rb, the complex probability amplitudes prior to probe pulse are:

C = A,,C” = A,ei®®, ¢V = 4@, (59)
When the probe pulse arrives, the corresponding Hamiltonian is:

E; 0 _MacE(t)
H) = 0 E, —UapE@®) | (510)
—UeaE(t)  —papE(t) E,

Using the recursion formula in Eq. S4, the probability amplitudes are given by:
Co(t,7) = {A.(1 — Q2 — 02) + i[ApQpee™®® + 4.0 ,e'PcD]}eiEat,
Co(t, ) = [Ape!®® +i4,Qpy — Qpa(ApQpae®® + A,.Qe!%cD)]e~EbE, (S11)
C.(t,7) = [Ace™®® + iA,000 — Qo (ApQpaei®r@ + A,.Q, 019 )] e~iEet,

The free induction decay for transitions T; ('b’ - 'a’) and T, ('c’ - 'a’) are expressed as:

( )
AFQpa (1 = |Qpql?)

+A%Qba|Qca |Zem
+A%2Q,,Ze'™

+A4,45|Qp, |zei[¢>b(r)—%]
. s
FALAQ Ol P

. T

+AaAb (1 - |-Qba|2)Ze_l[¢b(T)+7]

. T

FALA QO Ze P @+]
FAAL QL (1 — |y [2)eilbc@-d5®)]
\ A AL Qg |Qpg |2t Ep @D =dc(D)4m] )

dya(t, ) = 2Re X iy, e!Ep=E)t=Trat L (S12q)
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A%-Qca(l - |Qca | 2)
+A2Q0001Qpq1%e™
+A42Q0, ,Ze™

. T
FALA 0y Qe PP D2
. T
+A,4:|Qcq%e ' [(PC(T) _f]
. T
FALA, QO Ze [ 9p @]

. s
+AaAcZ(1 _ |Qca|2)e—l[¢c(‘[)+7]
+A,ApQpa (1 — |Qpg|?)ei@p@=¢c@]
\ +A Ay Qpa Qg |? e 1P e 7] )

d.,(t,T) = 2Re il g elBeBa)t-Teat & = (S12b)

where Z = 1 — [Qpq|? — |Qq|?. FID signals in Eq. S12a and Eq. S12b consist of nine terms. The
first three are delay independent. Terms 4—7 oscillate rapidly with a period of ~ 2.7 fs, much
shorter than the experimental temporal resolution (~ 10 fs), and therefore average to zero.
Consequently, the experimentally measured AODin Rb arises only from the last two terms, as in
the A-type three-level system of H.. Each transition contains two phase-dependent contributions:
T, ¢ (1) — $p(2) and ¢y(0) — be(2) + 103 Ty, by () — e (v) and po(7) — by(2) + 7. The
combinations of these contributions give rise to four distinct phase relations, as summarized in
Table S1.

Section 5: Mixed phase relations

In Fig. 4 of the main text, the sum ¢, (t) + ¢,(7) and difference ¢, (t) — ¢,(7) of the
extracted line-shape phases exhibit weak oscillations around 0 and m, respectively. This behavior
arises from a mixed phase effect, in which the parameter |Q|? in Eq. S8a and Eq. S8b is neither 0
nor 1. In this intermediate regime, two phase-dependent terms contribute simultaneously to the
measured transient absorption signals. The delay-dependent absorption cross section is given by
Opyn(w,7) X Im[dpy,(w,7)] , wWhere dp,,(w,7) is the Fourier transform of dpy,(t,7) .
Specifically:

110 [2)eiléc®-05@] 1
Ooympa(@,7)  Im (( 2sal Je , (s13a)
(Ea_Eb

Qg 26186 @D=d @] o) i%

— 2 oildpp ()~ (7] 1
(1 |-Qca| e > } (513b)

Opynca(W,T) X Im ( . _
yn,ca { +|Qcalzel[¢c(r) ¢p(T)+1] (Ea _E, — w) — i%

By fitting the experimental spectra with Eq. S13, we extract the values of |Q|?. Using the
parameters: E, =0 eV, E, = 1.56 eV, E. = 1.59 ¢V, I}, = [, = 0.15 meV, ¢,(t) = —E,T
and ¢.(1) = —E,7, we find [Qpy|*> =0.2, [Qgal* =0. The resulting opyypa(w,7) and
Opyn,ca (W, T) calculated from these values are shown in Fig. S6(a). Using Eq. 1 in the main text,
we extract the line-shape phases ¢, (1) and ¢, (1), represented by red and blue dots in Fig. S6(b).

8
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The observed oscillation of ¢, (t) + ¢, (7) around zero agrees well with the experimental results
presented in Fig. 4a of the main text.

This effect is also observed in the phase relation control experiments. Similarly, we extracted
the values of |Q|? by fitting the experimental spectra with Eq. S13. Fig. S7(a)-(d) show the
experimental results, with the corresponding ||? values indicated at the bottom of each spectrum.
Using these extracted values, we calculated opyp pq (@, T) and opyy cq (@, T), which are shown in

Fig. S7(e)-(f).

(a)O T - ‘ T (b)
I . <5
U iy | 3
) I \ &
& S
%

I’\ ‘ 1

1.56 1.561 1.59 1.591

Photon energy (eV)

Delay (cycle)

Fig. S6. Mixed phase relation. (a) Calculated delay-dependent absorption cross section
Opynpa (@, T) and opyn cq(, T) by using [Qpa]? = 0.2, [Q4]*=0. (b) Extracted line-shape phase by
using Eq. 1 in the main text. The sum ¢, (7) + ¢, (7) oscillate around zero, well agrees with
experimental results shown in Fig. 4 of the main text.

Ex.o_ss—éll ; T C iiar '7 z
31332y

g ' " | | ] R L |
o AR A IR ut .
Cal. =ﬁe*0’1—‘"7 0.40 »f0.25 i 0.60 | —9'_0%%59_' »_ﬁ_O.%_J» 0.32 | "
E:o.gs(! ‘\) (;}F ()Q\. :; (§1¥ :5

g R/ O [ EE b R\
B AR A 4115

-1
1.56 1.561 1.59 1.591 1.56 1.561
Photon energy (eV)

1.59 1.591 1.56 1.561
Photon energy (eV)

1.59 1.591 1.56 1.561
Photon energy (eV)

1.59 1.591
Photon energy (eV)

Fig. S7. Phase relation control in Rb. (a)-(d) Experimental transient absorption spectra. Four
distinct structures were observed, the hat, twill, inverted-hat and inverted-twill features,
respectively. The extracted value of |Q|? is shown on the bottom of each spectrum. (e)-(f)
Calculated delay-dependent absorption cross section.

Section 6: Numerical simulation based on density matrix
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The evolution of the three-level system described in Section 4 was simulated by numerically
solving the Liouville-von Neumann equation:

dp(t) in
——=——|H(t),p(t)|. S14
= [, ()] (514)
R R Ea _.uabE(t) _HacE(t)
The Hamiltonian H(t) is given by: H(t) = | —upaE(t) E, 0 , where
_.ucaE(t) 0 Ec

Uqp and [, are the transition matrix elements, and E (t) is the probe field. The energy levels are
settoE, =0 eV,E, = —11.45¢eV and E, = —11.95 ¢V. The initial probe electric field E,(t)
is a transform-limited Gaussian pulse with the duration 7 =1 fs, the peak intensity I, =
2 X 101 W/cm?, and the central photon energy w, = 12.4 eV.

Paa Pab Pac
The density matrix is represented as: p(t) = |Pba  Pbb  Pbc |, where the diagonal elements
Pca Pcb  Pcc

are the populations, and the off-diagonal elements are the coherences between states. The initial
density matrix is assumed as p,,(0) = 0, ppp(0) = 0.5 and p..(0) = 0.5, with all coherences
initially zero in the absence of a pump pulse. When a preceding pump pulse is included, it
establishes an initial coherence pp,.(0) = 0.25e "i{Eb=Ec)T hetween the ‘b’ and ‘¢’ states, where T
is the pump-probe delay.

The equations of motion are solved numerically using the Crank—Nicolson method. The
medium polarization is computed as P = N X Tr(pfi), where N is the number density. The
polarization acts as a source term in the one-dimensional wave equation for the probe field,
expressed in the probe’s reference frame as:

0E(t,z) _ ~ <1 1 > 0E(t,2) _2_7'[6P(t,z)

(515)

0z c v,] ot c ot

g

Here, c is the speed of light, vy, is the group velocity. A single propagation step of 0.08 pm
in a density of 108 cm™3 is sufficient to generate a free induction decay signal. Propagation
includes first- and second-order changes to the electric field and is suitable for many propagation
steps, but the calculation uses a single step to accommodate the computation time. The transmitted
probe spectrum is calculated as I(w) = |E(w)|?, then convolved with the experimental resolution

w 2
function: I.(w) = I(w) @ G(w), where G(w) = e‘“nz(%) and w = 15 meV.

Simulations are performed both with [/, ,,, (w)] and without [I. ,rf(w)] the pump excitation.
The predicted differential absorption spectrum is calculated in the same way as for the
1 c,on(w) ]

experimental data: AOD = — log [1 @)
coff

By varying the magnitude of |Q|?, the simulation results for the four phase relations are
obtained, as shown in Fig. S8. Four distinct structures were observed, the hat, twill, inverted-hat
and inverted-twill, corresponding to the c.c., i, anti-c.c., and anti-m phase relations, respectively.
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197 These simulation results are in excellent agreement with the theoretical predictions and
198  experimental observations presented in Fig. 5 of the main text.
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200  Fig. S8. Calculated differential absorption spectra AOD. (a) |Q,,]? = 0.02, [Q,|? = 0.02. (b)
201 [Qpgl? = 0.02, |Quql? = 0.84. (c) |Qpgl? = 0.84, [Qug]? = 0.02. (d) [Qp,|? = 0.84, Q|2 =
202  0.84. The calculations use atomic units.
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