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Attosecond entangled photons from two-photon decay of metastable atoms:
A source for attosecond experiments and beyond
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We propose the generation of attosecond entangled biphotons in the extreme-ultraviolet regime by two-photon
decay of a metastable atomic state as a source similar to spontaneous parametric down-conversion photons.
The 1s2s 'S, metastable state in helium decays to the ground state by the emission of two energy-time
entangled photons with a photon bandwidth equal to the total energy spacing of 20.62 eV. This results in a
pair correlation time in the attosecond regime making these entangled photons a highly suitable source for
attosecond pump-probe experiments. The biphoton generation rate from a direct four-photon excitation of
helium at 240 nm is calculated and used to assess some feasible schemes to generate these biphotons. Possible
applications of entangled biphotons in attosecond timescale experiments, and a discussion of their potential to

reach the zeptosecond regime are presented.

DOI: 10.1103/PhysRevResearch.4.1.032038

Quantum entanglement is a fascinating quantum phe-
nomenon that has no classical analog [1]. Entanglement is
at the heart of quantum information science, quantum sens-
ing, quantum enhanced imaging and spectroscopy, and other
emerging quantum technologies. Entanglement of photons has
particularly played an important role in many areas of basic
and applied research that leverage the quantum advantage.
For example, entangled photons have been used in nonlinear
spectroscopy [2—4] which goes beyond the time-frequency un-
certainty limit [5-7]; moreover, a linear (rather than quadratic)
scaling of two-photon absorption rates versus intensity is ob-
served with entangled photons [3,7-9], which enhances the
process at low intensities. As a light source, entangled photons
can collectively excite uncoupled atoms [10,11], and lead
to entanglement-induced two-photon transparency [9], which
cannot be obtained by a classical laser source.

Typical sources of entangled photons use the process of
spontaneous parametric down-conversion (SPDC) in nonlin-
ear crystals in the visible and infrared region of the spectrum
[12]. These sources generate energy-time entangled photons
with correlation times on the femtosecond timescale which
has been only recently directly measured [13]. SPDC has
also been demonstrated in the hard x-ray regime where the
correlation times are expected to be attoseconds or smaller
[14]. Recent experiments using nanophotonic chips for SPDC
have demonstrated entangled photon generation with broad
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bandwidth of 100 THz (0.41 eV) and a high generation ef-
ficiency of 13 GHz/mW [15]. Here, we propose a method
to generate entangled photon pairs in the extreme-ultraviolet
(XUV) regime with an ultrabroad energy bandwidth (>20 eV)
large enough to create correlation times on the attosecond
scale.

It is well known that the 1s2s 'S, metastable state of a
helium atom, its isoelectronic ions, and the 25 25| /2 metastable
state of the helium ion decay predominantly by two-photon
emission [16-20]. The emitted photons are energy-time en-
tangled with a correlation time related to the energy spacing
between the 2s and s levels which is 20.62 and 40.81 eV
for the helium atom and ion, respectively. Two-photon emis-
sion as a source of energy-time entangled photons has been
previously studied in semiconductors [21,22] where the en-
ergy bandwidth is small due to the small band gap. The
large energy bandwidth of the emitted entangled photons from
metastable helium and heliumlike ions corresponds to corre-
lation times in the attosecond domain, thus opening up the
possibility of attosecond timescale pump-probe experiments
using these photons.

We first consider a gedanken experimental setup in which
we have a spheroidal cavity containing two helium atoms,
with one atom placed at each of its two foci. One of the
atoms is prepared in the 1s2s ('Sp) excited state, which is
used as an emitter (atom 1), and the other atom is in 1s?
('So) ground state, which is used as an absorber (atom 2), as
shown in Fig. 1. Atom 1 decays to the 1s? ground state by the
simultaneous emission of two photons, according to selection
rules. This decay channel dominates over the magnetic dipole
transition to the 1s2s 3S; state. The metastable 1s2s ('Sp)
state has a long lifetime of v = 0.0197 s [23], and the energy
gap between the 152s (1Sy) and 1s? states is 20.62 eV. Thus,
the two emitted photons have both a good frequency corre-
lation and a narrow emission time difference. The biphotons
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FIG. 1. A schematic diagram of entangled photon generation and
absorption in a spheroidal cavity. The emission and absorption atoms
are placed at the two foci of the spheroid. The photons are reflected
by the boundary of the cavity, and propagate along equal length paths
to reach the absorber. The shape of the cavity will influence the rate
of this process by a geometry factor, as discussed in the Supplemental
Material [25].

should also be correlated in angular momentum, according
to the angular momentum conservation rule. However, we do
not address that aspect, since inside a spheroidal cavity the
entangled photon pair will be collected at the absorber after
traveling along equal length paths, irrespective of their angular

J

distribution or momenta. In treating this process we assume
the following: (1) The cavity is large enough, that no quanti-
zation of photon frequencies or Purcell effect is relevant. (2)
Both atoms are deeply trapped, so no recoil effects can be
observed. (3) The mirror of the cavity is 100% reflective to all
the frequencies, so no energy loss occurs during reflection of
the photons. Further, it is noted that the emitted biphotons are
also polarization entangled but we do not discuss polarization
entanglement in this Letter. All possible polarization configu-
rations are considered in our calculation. Our evaluations are
based on a variational R-matrix calculation, which represents
the atomic states as antisymmetrized products of single-
electron orbitals, inside an R-matrix box radius of 34 a.u. The
single-electron radial basis set includes functions with up to
38 nodes, and orbital angular momenta / = 0-9. The corre-
lations between the electrons are fully accounted for in this
approach. A detailed introduction of our method can be found
in Ref. [24], which also demonstrates the accuracy of our
calculation.

Inside the cavity, the photon-atom interaction takes place
in three stages: the population inversion of atom 1, the spon-
taneous two-photon emission by atom 1, and photoabsorption
by atom 2. In the first stage, we prepare the singlet 1s2s
state using four-photon absorption, with photons of energy
hwoy = 5.155 eV (240.54 nm). With a monochromatic inci-
dent electric field &£yéy cos (wpt), the four-photon excitation
amplitude Cey, is
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where |g) is the 15 ground and the initial state, |e) is the 152s
excited and the final state, |j; »3) are the intermediate states,
and the A with indices are the energy difference between
them. Equation (1) is given under the electric dipole ap-
proximation, with 7 representing the summed position space
vectors of the two electrons, ¥ = 7 + #,. Through the follow-
ing identity,
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the resulting unnormalized state following the excitation,
which is also the initial state for the emission process, is
ly) = im8(Ag — 4w0)(%)4D$)|e). For a realistic laser field,
the § function should be integrated over a broadened spectrum
of the laser, as is discussed in the Supplemental Material [25].

The photon-atom interaction for the second and third
stages is
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where & is the electric field of one emitted/reabsorbed pho-
ton, and V is the quantization volume. The electric field
generated by a single photon is proportional to 1/+/V. The
photon modes s have frequency w;, propagation direction ks,
and polarization direction &;. From a second-order perturba-
tion analysis, the amplitude of two-photon emission (|y) ®
[vac) — [g) ® [Ly, 1y)) is
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|j) denotes the intermediate states for the emission process.
From Eq. (3) we obtain the He 1s2s (!Sy) lifetime as 7 =
0.0197 s, which agrees with the experimental value [23].
Since no singlet energy level exists between E; and E; 4
A, for atom 2, the absorption process can only start after both
photons have been emitted, with w; + wy = A,,. The modes
of the photons are not detectable inside the cavity, therefore
the entangled photon state is obtained by summing over all
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the modes (s, s') [26]:
|2ph) = Zc;fnf 't > o)l 1) “)

Based on a second-order perturbation calculation, the en-
tangled photon absorption amplitude can be written as
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|i), |m), and |f) denote the initial, intermediate, and final
states for atom 2. (t1.2) in Eq. (5) are the electric fields of
the photons that are reflected by the cavity (whose frequen-
cies stay the same but propagation and polarization directions
change), and absorbed at times #; and f,, respectively. The
evaluation of Eq. (5) depends on the shape of the cavity; the
absorption process can be described by a rank-0 tensor, which
is discussed in the Supplemental Material [25].

The time correlation of the entangled photon pair can be
found from the scalar (vac|E(t,)E(t1)|2ph), which is propor-
tional to the Fourier transformation of the spectrum [8,9,27],
as
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The right-hand side of Eq. (6) is plotted in Fig. 2 against the time difference between absorption events of the two photons.
The timescale between the two absorption events is around +4 a.u., which gives a correlation time [5] around 200 as. Finally,
according to Egs. (1), (3), and (5), the rate of excitation, emission, and absorption, where an entangled photon pair is transferred

coherently, is
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® is a geometry factor which is introduced in Eq. (S3) and
its values shown in Fig. SI in the Supplemental Material

6471
s ’ - trans —
[25]. Specifically, for a spherical cavity, ® = andR

1.91x107%&$ a.u. The input beam flux is J = 8ﬂﬁw0 Note

that the transition rate is proportional to J*. The entangled
photon absorption rate is known to be proportional to the
beam intensity (when the beam intensity is not very strong)
[2,7,9], and our result can be regarded as a generalization
of this linearity. Since our excitation process involves four
photons, the four-photon flux can be considered the input flux,
J® = J*, with Rygns ox J@.

arb. units
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FIG. 2. The photon correlation function {vac|E(#,)E(t;)|2ph) (up
to a constant factor) as a function of the time difference t, — #; (a.u.),
which indicates that the correlation time is around 200 attoseconds

(as).

(

The above calculations assume a direct multiphoton exci-
tation from 1s? to 1s2s. Since the 1s2s 'S, metastable state
has a narrow linewidth of ~50 Hz, a multiphoton excitation
to this state ideally requires intense lasers with a linewidth
smaller than 50 Hz at a wavelength of 240 nm. While multi-
photon excitations of metastable states with narrow linewidth
lasers have been previously demonstrated [28], achieving the
required high intensities with a narrow-band 240-nm laser is
currently challenging. However, femtosecond lasers that can
achieve peak intensities of 10'* W cm~2 are readily available.
Using our calculations for the four-photon excitation rate
with a monochromatic electric field, we estimate the helium
152s 1Sy four-photon excitation rate for a femtosecond laser.
With a 240-nm femtosecond laser, with a typical bandwidth of
~5 THz, we obtain a biphoton generation rate of ~10!! s~!
[see Supplemental Material [25] and Fig. 3(a)].

An alternative scheme using a lambda-type transition be-
tween the 1s2, 1s2p, and 1s2s states could be used to achieve
significant excitation. The energy levels of the latter two are
21.22 and 20.62 eV above the ground state, respectively.
A two-step sequential excitation to first excite the 1s*> —
1s2p transition and then the 1s2p — 1s2s transition could
be used. The oscillator strengths for the one-photon exci-
tation processes are f,_.;, = 2Au|(b|éy - F|a)|?, which gives
Sieo12p = 0.28 and fi, 5150, = —0.36 for the two steps.
To achieve this two-step sequential excitation, a high photon
flux helium lamp source can be used in the first step to excite
1s2p and a 2059-nm laser can transfer population to the 1s2s
state [see Fig. 3(b)]. The ~2 GHz linewidth of the 1s2p state
makes transitions to the 1s2s state using a broadband laser
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FIG. 3. (a) Generation of entangled biphotons in the XUV via two-photon decay of the 152s 'S, state excited by four-photon excitation
using a broadband 240-nm laser. (b) Two-step sequential excitation of the 1s2s state via the 1s2p state using a high photon flux helium lamp
and a 2059-nm coupling laser. (c) The SCRAP technique to populate the 1s2s state using a multiphoton pump pulse and a Stark shifting pulse
which enable rapid adiabatic passage and ionization suppression by LICS (LICS not shown). The estimated biphoton generation rate is also
shown for each scheme in (a)—(c). (d) Proposed experimental scheme to generate XUV entangled photons and utilize them in an attosecond
pump-probe photoionization experiment. () An attosecond pump-probe photoionization scheme in molecules using entangled biphotons.

more feasible in comparison to direct multiphoton excitation.
Currently available helium lamp sources are capable of gener-
ating ~10'3 photons s~!. Using a high-pressure helium target,
nearly all of these photons could be absorbed to generate
helium atoms in the 1s2p state. A high repetition rate pulsed
laser source at 2059 nm could transfer nearly all these excited
helium atoms to the 1s2s state. We estimate a biphoton gener-
ation rate of ~10'3 s~! using this method (see Supplemental
Material [25]).

Another alternative approach to achieve significant popula-
tion of the 152s singlet metastable state is to use Stark-chirped
rapid adiabatic passage (SCRAP), previously proposed to ex-
cite the 2s metastable state in a hydrogen atom [29,30]. In
this technique, a pump pulse excites the metastable state via
a multiphoton transition in the presence of a Stark pulse that
Stark shifts the 1s2s state across the bandwidth of the pump
pulse [see Fig. 3(c)]. The combined effect of the two pulses
results in a Landau-Zener-type adiabatic passage that can sig-
nificantly populate the 1s2s state. The SCRAP technique [30]
can also suppress ionization loss by laser-induced continuum
structure (LICS) [31-33]. If we ignore ionization loss, for a
typical femtosecond laser pulse width of 50 fs with a band-
width of 8.8 THz, rapid adiabatic passage can excite nearly all
atoms in the focal volume. When ionization loss is considered,
since LICS can suppress ionization loss, it is reasonable to
assume that ~0.1% of the atoms can be excited using SCRAP
for every pair of pump and Stark pulses. With ~10'* atoms
in the focal volume corresponding to a 100 um spot size and

1 mm path length at 1 bar target pressure, this results in ~10'!
atoms excited per pulse. At a femtosecond pulse repetition
rate of 100 kHz currently available, this results in an entan-
gled biphoton generation rate of 10'® s=! (see Supplemental
Material [25]). Among the three methods discussed here to
excite helium to the singlet 1s2s state, the SCRAP method is
expected to provide the highest excitation rate and hence the
highest entangled biphoton generation rate.

The biphotons from the decay of the 1s2s state are emitted
in all directions with an approximate distribution given by
1 + cos?(0) [20], where 0 is the relative angle between the
entangled photons. The photons that are emitted in a direction
orthogonal to the excitation laser propagation direction can be
collected within a large solid angle and sent along independent
time-delayed paths towards a pump-probe target. Figure 3(d)
shows a schematic of a proposed experimental setup for the
generation of these entangled photons and their utilization
in an attosecond pump-probe experiment. In this scheme, a
grazing incidence toroidal mirror collimates the emitted pho-
tons which are then split into two halves using a grazing
incidence split mirror that introduces a controllable time delay
between the two halves of the beam. Collecting biphotons
emitted along the same direction within a large solid angle
(as opposed to those emitted in opposite directions) ensures
that no time smearing is introduced in the arrival times of
the biphotons. A 10% collection solid angle will result in
1% collection of biphotons. The split beams are then focused
using a second toroidal mirror onto the target gas jet. A
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pump-probe experiment with attosecond time resolution can
be performed by measuring a photoion or photoelectron signal
arising from the absorption of entangled biphotons by an atom
or molecule [see Fig. 3(e)]. Recent work on entangled two-
photon absorption sets upper bounds on the enhancements in
a two-photon absorption cross section with entangled pho-
tons when no intermediate resonances are involved [34,35].
Assuming a biphoton rate of ~10'? s~! at the pump-probe
target and a two-photon cross section of 107° ¢cm*s, a pump-
probe photoionization rate of ~1000 ions per second, which
is well above the detection threshold of ion spectrometers, is
expected. When intermediate resonances are involved, such
as broad absorption resonances in molecules typically studied
in attosecond experiments, this photoionization rate can be
increased by a few orders of magnitude (see Supplemental
Material [25]). Further, measuring a pump-probe photoion-
ization signal as opposed to a photon absorption signal as
in previous two-photon absorption experiments allows for
the detection of low absorption rates. Such entangled pho-
ton pump-probe experiments will extend the capabilities of
attosecond science, where currently attosecond pulses from
high-order harmonic generation (HHG) [36] or free-electron
laser [37] sources are used.

The entangled photon generation schemes discussed here
can be extended to the soft x-ray (SXR) regime using helium-
like ions. Two-photon decay in heliumlike ions has been well
studied [16,18,20]. Similar to the 1s2s 'S, state of neutral he-
lium atoms, the 152s 'S, states of heliumlike ions such as N>+,
0°*, and Ne®*, predominantly decay by two-photon emission
with a rate proportional to Z%, where Z is the atomic number.
The large energy difference between such excited states and
the ground state of the ions, which can be in the range of sev-
eral hundred to thousands of eV, results in entangled photon
correlation times of a few attoseconds to zeptoseconds. For
example, the 152s 'S, state of Neb™ is located ~915 eV above
the Ne" ground state and this bandwidth corresponds to an
entangled photon correlation time of ~5 as. The two-photon
decay rate in this case is ~1x 107 s~! which is significantly
larger than the corresponding rate for neutral helium atoms
of ~5x10" s~!. Ne®" has been previously generated using

strong femtosecond laser fields [38,39] as well as using strong
femtosecond x-ray pulses from free-electron lasers (FELs)
[40] both of which can potentially also create Ne* in the
152s 1Sy excited state. In one possible scheme, strong laser
field ionization could generate Ne®" ions in the ground state
and an FEL could excite them to the 1s2s 'Sy state by two-
photon excitation which then generates highly broadband
entangled biphotons at SXR energies. It has been previously
demonstrated experimentally that the bandwidth required to
generate few-attosecond pulses can be obtained from HHG
using midinfrared pulses [41]. Further, it has been theoreti-
cally shown that zeptosecond pulses can be generated from
HHG when suitable filters are used [42]. However, the short-
est measured attosecond pulse is currently 43 as [36]. Our
approach of using entangled photons from the two-photon
decay of heliumlike ions offers an alternative path for carrying
out ultrafast measurements in these extreme regimes of a few
attoseconds to zeptoseconds.

In conclusion, an unconventional approach is presented
here for generating attosecond entangled biphotons in the
XUV and SXR regimes using two-photon decay in helium
atoms and heliumlike ions. Multiple alternative schemes
can be used to excite the 1s2s 1S, metastable state in he-
lium for which excitation rates have been estimated and an
experimental scheme is suggested to collect and use the emit-
ted XUV biphotons in attosecond pump-probe experiments.
The calculated photoionization rates indicate that attosecond
pump-probe experiments with entangled photons are fea-
sible. A potential extension of such metastable excitations
to heliumlike ions is additionally proposed, whereby SXR
biphotons can be generated with entanglement times in the
few-attosecond range with the possibility of reaching the
zeptosecond regime. This approach can open doors to us-
ing XUV/SXR entangled photons in quantum imaging and
attosecond quantum spectroscopy of atomic, molecular, and
solid-state systems.
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