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Supplementary Table 1: Absolute values of the related transition matrix elements (in atomic
units).

Transitions This work Wang et al.!
1s* (15 —2s2p (1 P°) 0.0365 0.026
1s? (15€) - spasy (P2 0.0145 0.017

152 (15°) - 2p3d (1 P°) 0.0008

1s? (1S%) - spas_ (*P°)  0.0015

1s? (8% - spaay (*P°)  0.0091

2p% (15¢) —2s2p (L P°) 2.11 1.99
2p% (1S€) — 2p3d (1 P°) 1.74
2p* (1S°) = spaa— (1 P°) 1.13
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Supplementary Figure 1: Theoretical results. a Calculated time-resolved generalized absorp-
tion cross section and b the close-up around the 2p3d and sp, 4 states within an energy range
of 1.2 meV. The generalized absorption cross section of both 2p3d and sp, 4 states gets sub-
stantially enhanced when the XUV pulse overlaps or precedes the VIS pulse.
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Supplementary Figure 2: Identification of the dominant pathway for the enhanced spectral
visibility. a Time-resolved generalized absorption cross section obtained by artificial removal
of the 2p? (15¢) state in the numerical simulation. b The resulting transient absorption spec-
trum. For a direct comparison, the color scales for the cross section and the optical density are
kept the same as those in the full numerical results in Supplementary Fig. 1b and Fig. 3b in the
main manuscript, respectively. Without the intermediate 2p? (15¢) state, the two-VIS-photon
coupling between 2s2p and 2p3d/sps 4 (1 P°) states is highly suppressed and no obvious reso-
nant feature manifests in the absorption spectrum.
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Supplementary Figure 3: Measured transient absorption spectrum in a large energy range.
Contrary to the spectral evolution of 2p3d/sp, 4 states shown in Fig. 3 in the main manuscript,
the spectral amplitude of 2s2p state drops significantly in the pulse-overlap region, and then
gradually rises with increasing time delay. This is related to the loss of amplitude of 2s52p state
by the action of the coupling VIS pulse when it arrives at the helium target after the XUV pulse.
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Supplementary Figure 4: Effects of the VIS intensity on the spectral enhancement of
2p3d/sps 4 states. The spectral visibility first increases with increasing VIS intensity since
more quantum-state amplitude can be transferred to these two states, which subsequently de-
creases due to the ionization loss of the 2s2p and 2p3d/sp, 4 states at high VIS intensities.
Pronounced spectral enhancement is shown in an energy range of 1-7 TW /cm?.
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Supplementary Figure 5: Effects of the carrier-envelope phase (CEP) of the VIS pulse.
Differences in resonant OD values are observed by varying the VIS light CEP, while the general
spectral evolution with respect to time delay is pretty robust and the oscillations are still in
phase.
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Supplementary Figure 6: OD lineouts as a function of time delay at three different energy
positions. Except for a lower contrast of the oscillation observed in the experiment results in
panel a, which is explained by experimental time-delay jitter and spatial beam inhomogeneity,
the observed features are well captured by the theory calculations in panel b.
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