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In this theoretical study, we show how photoelectron signals generated by time-energy
entangled photon pairs can monitor ultrafast excited state dynamics of molecules with
high joint spectral and temporal resolutions, not limited by the Fourier uncertainty of
classical light. This technique scales linearly, rather than quadratically, with the pump
intensity, allowing the study of fragile biological samples with low photon fluxes. Since
the spectral resolution is achieved by electron detection and the temporal resolution by a
variable phase delay, this technique does not require scanning the pump frequency and
the entanglement times, which significantly simplifies the experimental setup, making
it feasible with current instrumentation. Application is made to the photodissociation
dynamics of pyrrole calculated by exact nonadiabatic wave packet simulations in a
reduced two nuclear coordinate space. This study demonstrates the unique advantages
of ultrafast quantum light spectroscopy.

entangled light | photoelectron spectroscopy | photodissociation

Nonlinear spectroscopy has been instrumental for probing dynamical processes in a
wide variety of material systems ranging from atoms, molecules to biological complexes
and semiconductors (1-3). These techniques mostly rely on coherent laser pulses with
well-defined electric field and phase. Employing quantum light in nonlinear molecular
spectroscopy has brought many novel opportunities to enhance the signal-to-noise ratio,
the resolution, and the selectivity of transition pathways (4—15).

Photon entanglement offers a new and unique spectroscopic knob that is not available
by classical laser pulses. One notable example is entangled two-photon absorption
technique (ETPA, i.e., two-photon absorption with entangled photon pairs), which
has attracted much recent interest (16-21). ETPA differs from classical two-photon
absorption in many ways. First, the absorption cross-section scales linearly, rather than
quadratically, with the pump intensity (22), reducing the risk of photodamage of fragile
samples. Enhancement magnitude of ETPA over classical light with the same photon
flux is under current (10) experimental and theoretical studies’ debate (21, 23, 24).
Additional intricate features associated with entangled photons have been proposed. For
example, it was shown that entangled photons can probe classically forbidden transitions.
These states are dark in classical two-photon absorption due to destructive interference.
This interference can be controlled and eliminated by entangled photons (20). Another
example is entangled photon-pair two-dimensional fluorescence spectroscopy (17), which
employs the Franson interferometer (25). In a recent theoretical study, ETPA has been
used to monitor conical intersection dynamics in molecules in real time by employing
further time delays (26). It was further theoretically suggested that Raman scattering can
be enhanced by positive frequency correlations of entangled photons (27).

Quantum interferometers such as Hong-Ou-Mandel (28) and coincidence detection
are being explored for spectroscopic applications (29-33). With molecules inserted in
one possible photon pathway, information is revealed by how the presence of matter
affects the interference pattern. Because such interferometers typically operate at the
few-photon level, quantum interferomertic spectroscopy has no analogs with coherent
classical light source. Theoretical studies have shown that such setups can be used to
select Liouville space pathways that cannot be achieved with classical light, and measure
correlation functions that do not arise in the optical response to classical stimulus (29).

Quantum light spectroscopy shows great promise for extracting new information of
matter by novel spectroscopic techniques and measurements, which have no classical
analogues.

In this theoretical study, we propose a time-resolved entangled photoelectron
spectroscopy (EPES) technique, which employs a time-frequency entangled photon
pair, and demonstrate how it can be used to monitor the photodissociation dynamics
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of the pyyrole molecule, schematically shown in Fig. 1. A
narrowband pump beam passing through a nonlinear crystal
creates entangled photon pairs, historically known as signal and
idler, by a spontaneous parametric down-conversion (SPDC)
process. The signal photon first brings the molecule into an
electronically excited state, initiating the photochemical process.
The idler photon, time-delayed by a phase shifter, then inter-
rogates the molecule by ionization. The signal-idler time delay
is scanned and the energy-resolved photoelectron is detected.
We demonstrate that this technique allows virtually unlimited
joint spectral and temporal resolution, which is not possible with
classical light. In time-resolved photoelectron spectroscopy with
classical ultrashort pulses, the temporal and spectral resolutions
are subjected to the Fourier uncertainty, oytoo,—py > 1
where ¢ denotes standard deviation. Broadband pulses must
be used to achieve the temporal resolution at the expense of
spectral resolution. Frequency resolution can be improved by
narrowband pulses, which however erodes the time resolution.
For entangled photons, while both photons can be broadband,
the sum of their frequencies can be very narrowly distributed
when a narrowband pump pulse is used in the SPDC process. In
classical photoelectron spectroscopy, an ultrashort laser pulse is
used to launch the photoreaction, thus we know precisely when
the molecule is photoexcited. In EPES, the arrival time of the
signal photon is random with uncertainty determined by the
pump bandwidth. However, the arrival time difference between
signal and idler, # — #, is determined by the entanglement time,
which can be made very short by using a thin crystal. This is
because for entangled photons, £ —  is not the Fourier conjugate
of the sum frequency w; + w;.

Moreover, the linear rather than quadratic scaling of the EPES
signal with the pump intensity allows the study of fragile samples
with low photon flux. This advantage is shared by ETPA, and
comes from the bunching of the twin photons, rather than from
the entanglement (34). Furthermore, the spectral resolution is
achieved by energy-resolved electron detection and the temporal
resolution is independently determined by a variable phase delay,
Thus, it is not necessary to scan the pump frequency and the
entanglement time, which greatly simplifies the experimental
setup making it feasible with current instrumentation.

We apply EPES to study the photodissociation dynamics of
pytrole molecule which involves a passage through a conical
intersection. The exact nonadiabatic wave packet dynamics is
calculated for a vibronic model (35) that includes two nuclear
degrees of freedom. Pyrrole is a prototypical heteroaromatic
molecule with vanishingly small fluorescence quantum yield
due to nonradiative decay channels between the excited and
the ground electronic states. The photoelectron spectroscopy of
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pyrrole has been measured previously using classical femtosecond
lasers with broad kinetic energy distribution of photoelectrons
(36). We demonstrate how entangled photons can monitor
the nonadiabatic dynamics in real time and resolve the final
dissociation channels, which is not possible with classical
light. Our results clearly demonstrate the merits of employing
quantum light for monitoring ultrafast molecular dynamics in
real time.
Atomic units m, = ¢ = = 1 are used throughout.

Theory. The total Hamiltonian H = Hy+ Hr+ Hrm consists of
the molecular Hamiltonian Ay representing the electron-nuclear
motion, the quantized radiation Hamiltonian AR describing the
entangled light. The interaction between the entangled photon
pair and molecules in the electric dipole gauge and the rotating-
wave approximation reads

Hing =~V (f-:s(” + 1::(“) + He., 1]

i

where ES(/T) = es/iﬁs/i is the (transversal) electric field operator of
signal/idler photon beam (37) and V (V ) is the lowering (raising)
component of the dipole operator, g =V + V', and H.c. stands
for Hermitian conjugate.

The EPES signal is given by the time-averaged electron flux

with momentum k

+oo i
S(k) = / dtTr{Ni 1 (t) oo} (2]

—00

where N, = ¢|t¢k is the electron number operator of momentum

k with annihilation (creation) operator (131( ((]Aﬁb, and py is the ini-
tial total density matrix. The subscript H denotes the Heisenberg
picture. Using fourth-order time-dependent perturbation theory
in HRru, the signal can be read off the loop diagram in Fig. 2

0 t 0 2
S(k) = / ds / dn / dz, / dy
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where G(#, 41, 11) = (®IE T () ET () ED ()BT

(t1)|®) is a field correlation function, and O(#) denotes the
operator O in the interaction picture with the noninteracting
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Fig. 1. The entangled photoelectron spectroscopy setup. A narrowband pump pulse impinges a nonlinear crystal to create an entangled photon pair, signal
and idler. The signal photon excites the molecule, triggering a photochemical reaction. The time-delayed idler photon finally interrogates the molecule by

photoionization. The ejected photoelectron is detected.
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Fig. 2. Time-loop diagram for the time-resolved entangled photoelectron
spectroscopy. Blue/red arrows indicate interaction with signal/idler photon.
ti € (0,00) are time intervals between light-matter interactions in the time-
dependent perturbative expansion that are integrated to yield the final signal.
The rules for the time-loop diagrams can be found in ref. 38.

Hamiltonian of matter and field Hy = Hy + Hg. Here |¥;) is
the initial electron-vibrational (vibronic) state, |®) is the twin-
photon state.

When the two-photon and the molecule are in a pure state, the
photon correlation function can be factored out and 3 simplifies
to S(k) = " | Tgr|?, with the transition amplitude given by

o0 n
Tor = f d, / dny (WK VI () V()W) A2, 1),
14 1)

(4]
where A(y, t1) = (0|E(£,)Ey(#,)|®) is the two-photon ampli-
tude and |0) denotes the vacuum state, |\I-’;f) = |V, Xy is the
final vibronic eigenstate of the cation molecule with energy Er,
F = (f/vr) is a composite index indicating vibrational state vy
on the f'th adiabatic potential energy surface.

The Time-Frequency Entangled Photon Pairs. We consider en-
tangled photons created by a type-II SPDC process whereby
a pump photon splits into a pair of entangled twin-photons
by interaction with a second-order nonlinear crystal. The twin-
photon frequencies are anticorrelated due to energy conservation.
The two-mode squeezed state of the twin-photons reads

| D) :/ dwsdw; J(w, a)i)az(a)s)a?(wi)IO), (5]

where J(w1, w3) is the (unnormalized) joint spectral amplitude
characterizing the joint probability amplitude of the signal
photon at frequency w; and idler photon at w;.

The creation of entangled photons is calculated perturbatively
(39, 40). Thus, the twin-photon flux depends linearly on the
pump electric field. For a monochromatic pump with frequency
w, , we have (8] Appendix, section S2 for the derivation)

AwsT.
J(@, ;) o Eyd(wp — @ — w;)sinc ( a; ) , 6]
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where the entanglement time 7 characterizes the maximum time
delay between signal and idler photons, and Aw; = ws — Q; is
the detuning from the central frequency €2, and £, is the electric
field amplitude of the pump beam. The Dirac delta function
ensures energy conservation, and the sinc function arises from
the momentum phase matching condition.

Fourier transforming the joint spectral amplitude to the
time domain taking into account the signal-idler time delay 7°
controlled by an optical delay line, and inserting it in Eq. 3 leads
to the final expression for the signal (57 Appendix, section S2)

S(wp, T) o< 1, Y 8(wp — Er — E)
F

T4+T.2 2 7
x/ do (W KV Upm(n)VI 1wy |
T-T./2
where Up(#) = e ™" is the molecular propagator, and

|\IJ;_) = |1/fjj_, va> refers to the final cation vibronic state with
electronic state ) and vibrational state |xveds 1W1) = [¥0, Xo)
the initial vibronic state, 7, is the pump beam intensity, and

E = %|k|2 is the free electron energy. (7) implies that the signal
scales linearly with the pump intensity, reflecting the non-Poisson
statistics of the twin photons. The Dirac delta function ensuring
energy conversation reflects the energy anticorrelation of the twin
photons. Upon detection of the outgoing electron, the cation
energy, and thus state, is fixed by energy conservation. Moreover,
the entangled light offers a time window [T — 7¢/2, T+ T./2]
for interrogating the photodynamics. For short entanglement
times, this window is temporally narrow and the signal at
time delay 7 reflects the molecular state at that time. Longer
entanglement times will deteriorate the temporal resolution,
set by the entanglement time. By exploiting the time-energy
entanglement, the EPES signal shows a high temporal and
spectral resolution.

Comparison with Classical Photoelectron Spectroscopy (CPES).
We now compare the EPES signal with a time-resolved photo-
electron signal obtained with two classical ultrashort laser pulses
with electric field £;(#). To achieve similar temporal resolution
to EPES, the pump and probe pulses are both broadband. For
comparison, we use two coherent pulsed lasers with different
bandwidths. The transition amplitude now reads (cf. Eq. 4)

[e.¢] t
) = [ e [ dn V@V
) ) [8]

ED () B (1),

In contrast to quantum light, there is no delta function that
selects a particular final state. With broadband pulses (for good
temporal resolution), when the photoelectron is detected, the
cation is in a superposition of all final states accessible by the
spectral bandwidths of the pump and probe pulses need to be
included. For narrowband pulses, it is possible to resolve the final
cation state at the expense of the temporal resolution.

EPES and CPES of Pyrrole Photodissociation

We now apply EPES to monitor the NH bond breaking in the
photoexcited pyrrole molecule. We have employed the vibronic
model Hamiltonian developed in ref. 35. It contains two nuclear
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Fig. 3. The neutral and cation potential energy surfaces of pyrrole. Upon
photoexcitation to the bright S, surface by the signal photon, the nuclear
wave packet departs the Franck-Condon region and moves along the slope
of surface. It traverses a conical intersection between S, and Sy, relaxing
nonradiatively to the ground state. R is the distance between H and the
center-of-mass of the ring.

coordinates, the distance between H and center-of-mass of the
ring R and the out-of-plane bending angle 6 of the H atom, and
two electronic states Sp and Sp. Slices of the relevant potential
energy surfaces along the bond stretching at & = 0 are shown
in Fig. 3. A conical intersection occurs around mpy = 4.2
a.u.. The Jacobi coordinates are used for the nuclear kinetic
energy operator (35). We have further computed two ionized
potential energy surface Dy and Dy at the CASSCEF level (41, 42).
The Dyson orbitals from Sg/1 to D1 required to describe the

photoelectron signal are calculated at the CASSCF level and
depicted in ST Appendix, Fig. S1. SI Appendix, section S3 for
computational details. The potential energy surfaces are scanned
along the two nuclear coordinates followed by a least-squares
fitting to a functional form shown in S Appendix, section S3.
The vibrational eigenstates for the neutral molecule ground state
and for the two cation states are calculated by the discrete variable
representation (43). The former is required for the initial wave
packet, and the latter for determining the final ionized states.

In EPES, the early arriving signal photon brings the oriented
pyrrole molecule from the ground electronic state to the bright S»
state, initiating the N-H bond breaking. For a short entanglement
time, the idler photon arrives after a variable time delay T to
ionize the molecule. The emitted photoelectron is entangled with
the cation, a detection of the electron energy then collapses the
cation to a particular energy eigenstate.

The relevant molecular correlation function [3] was com-
puted by solving the time-dependent Schrédinger equa-
tion for the vibronic model, id;xy(R.t) = Kxo(R t) +
Zﬂ Vap(R)xg (R, t), where K is the nuclear kinetic energy
operator and V' is the potential energy operator in the diabatic
representation. The nuclear wave packets on So and S, are
calculated on a two-dimensional grid and propagated with the
split-operator method (44), S/ Appendix, section S3 for details of
the nonadiabatic wave packet dynamics.

Fig. 4 clearly shows how the nuclear wavepacket, departing
from the Franck—Condon region in the excited state, and travels
along the surface. Significant population transfer occurs ataround
10 fs where the nuclear wavepacket traverses through the conical
intersection. Thus, dissociation occurs on both surfaces.

Fig. 5 shows the EPES signal for the conical intersection
dynamics vs. the kinetic energy of the photoelectron and signal-
idler delay 7. Each final cation vibronic state is resolved,
generating a narrow line in the spectrum. Initially, there is a
strong peak at £, = 0.68 eV, arising from the $(1,0) —
Dy(1,0) ionization channel where (1,0) refers, respectively, to
the vibrational quantum number of the stretching mode and
bending mode. Although the two modes are not separable, this
description is a good approximation for low vibrational states.
This peak decays within 5 fs as the nuclear wave packet moves out
of the Franck—Condon region. Around 10 fs, there is significant
population transfer to the electronic ground state, and ionization
due to Sy — D; start to emerge. This leads to the rise of
other dissociation channels, Fig. 5B. Some cation eigenstates
important for the final photoionization are shown in S/ Appendix,
Fig. S3.
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Fig. 4. Nonadiabatic wave packet dynamics of the photodissociation of pyrrole. Top panels show the nuclear wavepacket in the excited state potential energy
surface Sy, Bottom panels correspond to the ground state Sp. Significant population transfer occurs at around 10 fs where the nuclear wavepacket traverses

through the conical intersection. Thus, dissociation occurs on both channels.
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Fig. 5. Comparison of (A) the EPES and (B and C) CPES. The right panels
show the frequency-integrated signal, that reflects the electronic relaxation
dynamics. The time-resolved CPES with a short pulse (B) reveals a good
temporal resolution but poor spectral resolution, whereas (C) a longer pulse
shows a better spectral resolution but poor temporal resolution.

For comparison, we have simulated the CPES spectra with
two Gaussian pulses. For pulse duration t = 4fs, the spectrum
exhibits good temporal but poor spectral resolution, which only
reveals two broadened features at w ~ 0.6, 1.2 ¢V (Fig. 5B).
With a longer pulse T = 8 fs (Fig. 5C), the spectral resolution is
improved. Nevertheless, the signal along the time delay deviates

PNAS 2023 Vol. 120 No. 21 e2300541120
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Fig. 6. Vertical cuts of the EPES in Fig. 54 showing the temporal resolution.

significantly from the shorter pulse case, and thus does not reflect
the real-time dynamics of the molecule. The contribution of
each final ion state to the total signal can be seen by the vertical

cuts of the EPES (Fig. 6).

Conclusions

We have computed the EPES signal with a time correlated
and frequency anticorrelated photon pair. Application for the
pyrrole photodissociation demonstrated that entangled photons
generate very high spectral and temporal resolution not possible
with classical light due to the Fourier uncertainty. In EPES,
although the arrival of each photon has a large uncertainty, the
time difference between signal and idler photons can be precisely
controlled by the short entanglement time. Another advantage is
that, similar to the entangled two-photon absorption, the EPES
technique scales linearly rather than quadratically on the pump
intensity, allowing the study of fragile samples at low photon flux.
Furthermore, this technique does not require scanning the pump
frequency and entanglement times thus simplifying significantly
the experimental setup and thus makes it experimentally feasible
since the photoelectrons rather than the photons are being
detected.

Our results show the great potential of quantum light for
monitoring ultrafast dynamical processes in real time. Future
directions involve modeling molecules with all vibrational degrees
of freedom and studying molecules in a condensed phase
environment where bath-induced dephasing must be taken into
account.

Supporting Information Appendix (SI). Theory of the twin-
photon state; Derivation of Eq. 3; Computational details for the

https://doi.org/10.1073/pnas.2300541120
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nonadiabatic nuclear wavepacket dynamics, electronic structure,
and signal calculations.

Data, Materials, and Software Availability. All study data are included in
the article and/or SI Appendix.
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