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Supplementary Note 1: Diffraction pattern processing

Our data processing follows the below workflow.

1. Detector mask. A mask is generated for each image. All pixels outside the phosphor screen
region are masked out and the hot pixels are removed.

2. Background subtraction. A diffraction pattern is collected with the same integration time
before delivering the sample to the gas cell. This image is then used as the background. Each loaded
pattern is then subtracted from this background.

3. Determination of the diffraction center. The center of each image is determined by fitting a
ring to the pixels within a certain intensity range (typically 1500-2000 counts).

4. Alignment of the patterns. All patterns are aligned based on the centers obtained from the
fitting.

5. Normalization. All patterns are normalized based on the total counts within a certain mo-
mentum transfer range (1-10 A_l ).

6. Average. Images at the same delay are averaged. Then, the averaged patterns for all time
delays are obtained, forming a set of data.

7. Bootstrap. A total of 300 patterns are randomly selected and averaged for each time delay to
generate a new dataset. This sampling process is repeated 200 times, and the resulting 200 datasets
are used to estimate the experimental uncertainty.

8. Radial integration. The salt and pepper noise is removed by performing 2D median filtering.
Then, the one-dimensional scattering intensity /(s, ) is obtained by radial averaging around the
diffraction center.

The above procedures delineate the method for obtaining the 1D I(s, #) from the 2D measured
diffraction pattern. The static scattering intensity /(s,7 < 0) comprises the molecular scattering
signal I,,(s,t < 0), atomic scattering signal /,(s,¢ < 0) and other background I, (s, < 0). To
extract I,,(s,t < 0), we follow the methods used by Ihee!. First, zero points of I$™(s,t < 0)
from theoretical results are calculated. Then, we fit the values of I(s, < 0) at these zero points
with a low-order polynomial. The fitted curve contains both the background and atomic scattering
signals. Finally, the static molecular scattering intensity 7,,(s,¢ < 0) is obtained by subtracting the

fitted curve from I(s,t < 0). The modified scattering intensity (sM) is computed by the following



equation:

L,(s,t <0
sM(s) = %s, (1)
The atomic scattering intensity is calculated as follows:
N
Io= )" [ () £(s) )

i
where f;(s) is the elastic scattering amplitude for the ith atom and is calculated by the ELSEPA

program?,

The difference scattering intensity is computed as follows:
Al(s,t) =1(s,t) —I(s,t <0). 3)

Both the background and the atomic signal are subtracted without further processing. Then the
modified difference scattering intensity can be calculated as follows:
Al(s,t
AsM(s, 1) = ES )s. &)

a

Due to the relatively low signal-to-noise ratio in the high-s region, a baseline modification to
AsM(s > 5.5 A) by fitting a low-order polynomial to the signal is used, similar to the method
used by other groups 3. The AsM(s, ) before and after the correction are shown in Supplementary

Fig. 8.

Supplementary Note 2: Linear absorption range

In order to minimize the impact of multiphoton absorption and ionization on the experimental re-
sults, it is necessary to carefully select the pulse energy for the UV pump laser. To this end, the
integrated absolute intensity of /(t = 2 ps) — I(t = —1ps)at 1.5 < s < 6 A™" was measured
under varying laser intensities. The results are shown in Supplementary Fig. 9. The intensity ex-
hibited a linear relationship with the pulse energy. In this study, the pulse energy was maintained

at approximately 50 wJ, which is within the linear region.

Supplementary Note 3: Details in pair distribution function (PDF) transform

. . o —1
In the measured static sSM(s), the signals at s < 0.8 A~ are not measured due to the central hole

of the phosphor screen. Additionally, the procedure of removing the background by polynomial fit-
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ting mentioned above cannot accurately eliminate the background signal at small scattering angles,
leading to deviations between the experimental and theoretical values at 0.8 < s < 1.3 A™". This
Unremoved background signal may be attributed to the unscattered electron beam. Noted that the
background signals can be naturally eliminated when calculating the difference signals. To circum-
vent the occurrence of non-physical outcomes stemming from the truncation of the low-s region
when computing the static PDF, scaled simulation results are used to supplement the data within
the range of 0 < s < 1.3 A

For the modified difference scattering intensity AsM(s, ¢), although the background has been
subtracted when computing A/, the inelastic scattering signals in the low-s region (s < 1.3 A_l)
can still affect the structural information. Thus, we fill AsM(s, ) in the range of 0-1.3 A by ex-

trapolation of the experimental data. We fit the AsM(s)at 1.3 < s < 4 A™" with the model:

sin(sry)

N
SMextra(s) = Z (097

k=1

s, ®)
Stk

in which @ and r; are the optimization parameters. In consideration of the asymptotic behavior
of AsM(s) at s = 0, we impose the constraint Zszl ar = 0 and N is set to 4. Subsequently, the
AsM(s) signals at 0 < s < 1.3 A7 are filled by the fitting function. The complete AsM(s, 1)
after extrapolation is shown in Supplementary Fig. 10 where the inelastic scattering signals have
been removed. We compare the APDF(r,t = 1 ps) calculated by two different integration intervals
(13 <s<10 A and 0 < s < 10 A_l), as shown in Supplementary Fig. 11. It can be seen that
filling the signals at s < 1.3 AT only results in a slight change in the intensity of certain peaks
without affecting the overall characteristics of APDF.

It is important to note that all the methods described above for filling sM at low-s region are not

required in the super-resolved inversion technique.

Supplementary Note 4: Super-resolved pair distribution function (s-PDF) trans-
form
Here, we provide a concise overview of the procedures employed to achieve super-resolution # in

this experiment.

1. Discretization in momentum and real space. A schemed discretization is applied in the real-



space inversion:

,-—]JOOI’VNAS l1<i<N
(6)

R, = 1\]40_&’ l<m<M

in which jy; is the ith root of jy (the zeroth-order spherical Bessel function of the first kind). In
this study, the discrete spacing in momentum space, denoted by As, is set to 0.1 A™". Given the
maximum effective s-range (~ 10 A_l), N is set to 101 and therefore s,,,, = NAs = 10.1 A
M=ceil(z/(ARAs))+1. AR is chosen to be 0.05 A, and the corresponding super-resolution factor is
M/N =~ 6.

2. Window function. The window function %(s) is chosen to be the same as that for computing
PDF:

e_ks2 Smin <8 < 8
) min max

h(s) = (7N
0, S < Smin
Given the effective s-range, k is set to 0.03 A% In the super-resolution inversion approach, we take
Smin = 1.3 A_l and therefore we no longer need to fill the scattering signals in the low-s region
(s <1.3 A_l), as was done in the PDF transform.
3. Dictionary of natural scattering kernel (NSK). Super-resolution reconstructs the original pair

distance density (p(R)) with a series of weighted d-function pair distance density. NSK corresponds

to the real-space transformation of individual §-function density (0(R) = 6 (R — Ry;+))

M - 1)As]? A
NSKm*(Rm) = % Z sz]O(S iRin )s h(sl) 8)
JomJjoi
Gmi = ZM- 9)
JomJj (]Oi

Then the dictionary is composed of a set of NSKs along the real-space sampling R,,;+:

NSKy+(Ry) -+ NSKu«(Ry) -+ NSKuy-(Ry)
D = [NSK-(Rp) --- NSK,:+(Rn) --- NSKp:(Rn)|- (10)
NSKy+(Rpy) -+ NSKy«(Rm) -+ NSKp-(Ry)



4. Inversion of scattering signals. The discretized scattering signals are converted to the pair
distribution function in real space by:

M

[(M - 1)As]? ZIG AI(s;, 1)

APDF(R,,. 1) = _ i
Jom P Je(si)

sih(si), (1)

where Al(s, t) is the diffraction signals that contains the structural information. In the case of static
structures, Al(s,t) corresponds to the molecular diffraction signal. Similarly, for time-resolved
structural changes, it refers to the difference diffraction signals. f, (s) is the effective atomic scatter-
ing factor and is estimated by f,(s) = f,(s) f»(s), where a and b refer to the main types of atoms.
In this study, C-C pair distances dominate, and as a result, f(s) is set to f%(s) fc (s).

5. Deconvolution of APDF. The dictionary generated above is used to deconvolute APDF by
minimizing:

||APDF — Dw||* + aR(w), (12)

where R(w) = Y, [wnul|. This [; regularizer> gives us sparse weighted §-function pair density
with w,,, being the weight. a is determined by the corner of L-curve®. The convex optimization is
performed with a package’. For static s-PDF, we impose the constraint w,, > 0.

To understand the meaning of the intensity of s-PDF, we consider a simple case when the
molecule only consists of one type of atom. In this case, Eq. (11) can be further simplified to:

2M1

[(M = 1)As] 3
‘] i=1

APDF(Ry. 1) = 2 Gnilsp(R.0)jo(siR)sih(s). (13)
R

where Ap (R, t) refers to the difference pair charge density. Comparing Eq. (13) with the NSK (8),
we can see that w(m) ~ Ap(R = R,,t) if R is sparse. Therefore, the super-resolved intensity
directly reflects the pair density for molecules comprising solely one type of atom. For molecules
comprising different types of atoms, the super-resolved intensity is proportional to the pair density
and the product of scattering cross sections of the atom pairs.

The validity of the deconvolution can be further substantiated by employing the L-curve method
depicted in Supplementary Fig. 12. The L-shaped curves in both the static s-PDF and As-PDF justify

the choice of /1 regularizer.



Supplementary Note 5: Static C-H pair distribution

The static scattering signals encode the ground-state CHD structural information with a high signal-
to-noise ratio. The super-resolution technique facilitates the reconstruction of diverse interatomic
distances, including all C-C and C-H interatomic distances for static structures. As previously men-
tioned, the super-resolved peak intensities are proportional to the product of the pair density and
the scattering cross sections of the atom pairs. To facilitate comparison with s-PDF, here the distri-
bution of the interatomic distance in the static structures obtained through theoretical sampling is
scaled with the scattering cross sections of the atomic pairs and shown in Supplementary Fig. 13.
To gain more insights, we separate the different types of atomic pairs. As shown in Supplementary
Fig. 13b, the C-C interatomic distances exhibit three distinct peaks corresponding to R, R, and Rj3.
The C-H interatomic distances in Supplementary Fig. 13c exhibit peaks at 1.05, 2.1, 3.5, and 3.9 A,
corresponding to the 1st, 2nd, 3rd, and 4th C-H interatomic distances, respectively. The small peak
near 2.9 A overlaps with the R3 C-C pair distance. The weight of the H-H interatomic distances
in Supplementary Fig. 13d is too small to be clearly observed. Nevertheless, the reconstruction of
characteristic C-H pair distances has been accomplished with high fidelity, underscoring the distinct

advantage of s-PDF in achieving high spatial resolution.

Supplementary Note 6: Background subtraction of the inelastic scattering sig-

nal

The intensity of the inelastic scattering signal is obtained by integrating over the 0.8 < s < 1.05 AT
region in AsM, as shown in Supplementary Fig. 14a. While the signal’s primary origin is inelas-
tic scattering, it also contains contributions from elastic scattering and the residual background.
Consequently, we subtract the extrapolated elastic scattering signals and the remaining constant
background signals which may be induced by the ionization effects, and the modified inelastic
scattering signals are shown in Supplementary Fig. 14b. It is evident that these procedures exert
minimal influence on the rising edge of the signal, with only a small effect on the fitted decay time

constant at the falling edge.



Supplementary Note 7: The influence of different atomic pairs on the inter-

pretation of CI dynamics.

Since the scattering signals are dominated by carbon atoms, we focus on the influence of C-C pairs
on structural dynamics. In addition to the analyzed C;-Cg pair, Supplementary Figure 15 shows the
evolution of C1-C; (nearest) and C1-C3 (next-nearest) obtained using the simulated trajectories. The
dynamics of these two interatomic distances can help us assess the impact of molecular distortions
beyond the contributions from the C;-Cg pair and explain why the evolution of C;-Cg was used to
qualitatively analyze the characteristic changes in atomic pair density near 1.95 A and 2.3 A within
the first 100 fs, respectively.

We first consider the As-PDF near 1.95 A. As shown in Supplementary Fig. 15a, in the absence
of C1-Cg pair, the nearest atomic pairs arising from molecular distortion or vibration typically con-
tribute to signals below 1.75 A, and thus have minimal impact at 1.95 A. Also, Supplementary
Figure 15b shows that next-nearest pairs generally influence regions beyond 2.1 A, indicating that
their contribution to the 1.95 A signal is also negligible. Therefore, the feature at 1.95 A primarily
originates from the early-stage opening of the C;-Cg pair, as it approaches and crosses the 1.95 A
region.

Since the excess kinetic energy of the molecule reaches its maximum after the electronic state
decays to its ground state, structural distortions and vibrational motions are not pronounced during
the early stage of the CI passage. As shown in Supplementary Fig. 15b, d, the evolution of the next-
nearest pair remains largely unchanged within the first 80 fs. Significant C;-C3 oscillations only
appear after the wave packet passes through the second CI, when the molecule gains substantial
kinetic energy. Therefore, although the As-PDF feature near 2.3 A lies within the typical range of
R», during the initial 80 fs of CI dynamics, the signal arising from molecular distortions is relatively
weak. The observed knee feature at ~2.3 A in the As-PDF is primarily attributed to the progressive
elongation of the C;-Cg pair distance approaching this distance.

For these reasons, we use the evolution of the C;-Cg pair to qualitatively illustrate the structural

dynamics near the conical intersections.



Supplementary Note 8: Effect of temporal resolution on imaging the CI dy-

namics

In order to facilitate a reliable comparison between experiment and theory, all the simulated results
in this study have been convoluted with the instrument response function (IRF) of the measurement.
The s-PDF analysis reveals that the time for the wave packet to traverse through the two Cls is
approximately 30 fs, which is smaller than the IRF (about 80 fs). While resolving a time-delay
smaller than the IRF of the measurement is not uncommon, this analysis is only feasible when
the temporal resolution is sufficiently high. To illustrate the effect of temporal resolution on the
extracted information of the CI dynamics, the simulated intensity of the As-PDF at ~1.95 A and
~2.30 A with various IRF is shown in Supplementary Fig. 16. The results indicate that when the IRF
is larger than 120 fs, the characteristic features employed for CI dynamics extraction vanish. In this
study, the 80-fs IRF provides the sufficient resolution to resolve both the characteristic structures
of As-PDF at ~1.95 A and ~2.30 A, which are crucial for extracting the traversal time between the

two Cls.

Supplementary Note 9: Effect of s-range on imaging the CI dynamics

To simultaneously minimize the influence of inelastic scattering and enhance spatial resolution, we
chose arelatively small lower limit s = 1.3 A™". To validate whether different choices of the s-range
affect the observed CI structural dynamics, here we show the structural dynamics during passage
through the two ClIs calculated by two different s-ranges in Supplementary Fig. 17. The lower limit
of the momentum transfer used for the As-PDF transformation is set to 1.5 A~ in Supplementary
Fig. 17a, c and 1.7 A in Supplementary Fig. 17b, d. By comparing with the results in Fig. 4a, c
of the main text, we find that varying the lower limit of the s-range has no noticeable effect on the
characteristic features observed in the As-PDF evolution (knee structure). These findings indicate
that our results are robust against different s-ranges. Qualitatively, this robustness arises because the
dynamics near the conical intersection involve relatively small structural changes, which primarily

contribute to scattering signals at larger scattering angles.
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Supplementary Fig. 1: Experimental setup. The focused 273-nm laser pulse intersects with the
electron beam on the sample delivered via a flow cell. The electron beam is compressed by a double
bend achromat (DBA) which consists of two dipole magnets (D1 and D2) and three quadrupole
magnets (Q1, Q2 and Q3) to reduce both the bunch length and arrival time jitter. The instrument

response function in this experiment was ~80 fs (FWHM).
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Supplementary Fig. 2: The full data set of experimental percentage difference signal.Source

data are provided as a Source Data file.
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Supplementary Fig. 3: Active space orbitals in the XMS (3)-CASPT2(6, 6)/def2-TZVP calcu-

lations.
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Supplementary Fig. 4: The optimized geometries of Syo-min, CI;, CI, and three HT isomers.
a, So-min. b, CI;. ¢, Cl,. d, cZc-HT. e, cZt-HT. f, tZt-HT. Interatomic distances are given in units

of A. Source data are provided as a Source Data file.
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Supplementary Fig. S: Estimation of the quantum yield of HT. The residual norm under different
ring-opening ratios is defined as the difference between the simulated and measured values of the
AsM over the same time interval, with the simulated values calculated using different ring-opening

ratios. Error bars represent a 68% confidence interval. Source data are provided as a Source Data

file.
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Supplementary Fig. 6: The population evolutions of excited states as a function of delay time in

the nonadiabatic simulation. The uncertainties of these curves are given by the Bootstrap method.
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Supplementary Fig. 7: Simulated evolutions of the C;-Cg interatomic distance. a, All 193
trajectories. b, Ring-opening trajectories. ¢, Ring-closing trajectories. d-f, The same sets of trajec-
tories shown in panels a-c, respectively, after convolution with a Gaussian function (80-fs FWHM)

to account for temporal resolution. Source data are provided as a Source Data file.
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Supplementary Fig. 8: Baseline modification for high-s signals. a and b, The AsMs at six se-
lected time points before and after the baseline modification by a low-order polynomial fit performed
on AsM in the range of s > 5.5 A_l, respectively. The black dotted lines are the baselines for each
curve. The uncertainties are calculated by the bootstrap method and the shaded regions denote the

68% confidence interval. Source data are provided as a Source Data file.
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Supplementary Fig. 9: The pump pulse energy scan. Correlation between the integrated absolute
diffraction intensity change in the range of 1.5 < 5 < 6 A™" and the UV pulse energy. Error bars

represent a 68% confidence interval. Source data are provided as a Source Data file.
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Supplementary Fig. 10: Extrapolation of elastic scattering signals. The measured elastic scat-
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tering AsM involves the removal of the original signals at s < 1.3 A ', which contain inelastic

scattering, and the supplementation of these signals with extrapolations derived from experimental

data within the range of 1.3 < s < 4 A™". Source data are provided as a Source Data file.
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Supplementary Fig. 11: APDFs computed with different s-range. The orange and blue lines
represent the APDFs before and after the extrapolation of low-s elastic scattering signals, respec-
tively. The shaded regions denote the 68% confidence interval. Source data are provided as a Source

Data file.
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Supplementary Fig. 12: The L-curve representations in optimizations of static s-PDF and As-
PDF. The L-curves, which plot the trade-off between the residual norm and solution Manhattan
norm when computing static s-PDF in a and As-PDF in b, are used to determine the regularization
parameters and verify the choice of the regularization. The regularization parameter « is set near

the corner of the L-shaped curve. Source data are provided as a Source Data file.
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Supplementary Fig. 13: The pair distance distribution of static simulated structures. a, All
pair distances. b, C-C pair distances. ¢, C-H pair distances. d, H-H pair distances. A total of 5,000
conditions sampled from the Wigner distribution function of the lowest vibrational state at the So-
min are counted. The count of each pair distance is scaled by the product of their atomic scattering

amplitudes. Source data are provided as a Source Data file.
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Supplementary Fig. 14: Background removal of the inelastic scattering signal. a, The original
integrated intensity of small-angle signals at 0.8 < s < 1.05 A b, The modified integrated
intensity after removing the elastic signals and the additional background. Error bars represent a

68% confidence interval. Source data are provided as a Source Data file.
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Supplementary Fig. 15: Simulated evolutions of C;-C; and C;-C; interatomic distances from
all 193 trajectories. Atomic labels are shown in Fig. 1b. C;—C; refers to a nearest carbon pair, while
C—-C;3 corresponds to a next-nearest pair. a and ¢, The evolution of C;—C, before and after temporal
convolution. b and d, The evolution of C;—C3 before and after temporal convolution. Source data

are provided as a Source Data file.
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Supplementary Fig. 16: Simulated As-PDF after convolution with Gaussian kernels of various
width. a and b, Simulated intensity of As-PDF at ~1.95 A and ~2.30 A, respectively. The simu-
lated results are convoluted with Gaussian kernels of 60 fs (orange), 80 fs (red), 120 fs (blue) and

160 fs (black) to illustrate the effect of temporal resolution in extracting the information of the CI

dynamics. Source data are provided as a Source Data file.
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Supplementary Fig. 17: Structural dynamics during passage through the two CIs calculated
by two different s-ranges. a and ¢, Measured intensity of As-PDF at ~1.95 A and ~2.30 A, respec-
tively. The lower limit is taken as 1.5 A band d, Measured intensity of As-PDF at ~1.95 A and
~2.30 A, respectively. The lower limit is taken as 1.7 A™". Error bars represent a 68% confidence

interval calculated from bootstrap sampling. Source data are provided as a Source Data file.
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Supplementary Table 1: The energies of three lowest electronic states at Sp-min, CI;, and CI,.

The energy of the ground state minimum of CHD is set to zero.

Geometries Sp (eV) S;(eV) S; (eV)

So-min 0 4.95 6.29
Cl 2.74 4.23 4.23
CI 3.66 3.66 5.89

Supplementary Table 2: Characters of two low-lying electronic states. The vertical excitation
energies (VEESs), oscillator strength (f) and electronic characters of two low-lying electronic states

at the XMS (3)-CASPT?2 (6, 6)/def2-TZVP level at Sp-min of CHD.

VEEs (eV) f Dominant Contributions
Sq 4.95 0.16378 HOMO—LUMO (Single excitation)
S, 6.29 0.00197 HOMO—-LUMO (Double excitation)
HOMO-1—LUMO (Single excitation)

26



