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Continuum-electron interferometry for enhancement of photoelectron circular dichroism
and measurement of bound, free, and mixed contributions to chiral response
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We develop photoelectron interferometry based on laser-assisted extreme ultraviolet ionization for flexible
and robust control of photoelectron circular dichroism in randomly oriented chiral molecules. A comb of XUV
photons ionizes a sample of chiral molecules in the presence of a time-delayed infrared or visible laser pulse
promoting interferences between components of the XUV-ionized photoelectron wave packet. In striking contrast
to multicolor phase control schemes relying on pulse shaping techniques, the magnitude of the resulting chiral
signal is here controlled by the time delay between the XUV and laser pulses. Furthermore, we show that
the relative polarization configurations of the XUV and IR fields allow for disentangling the contributions of
bound and continuum states to the chiral response. Our proposal provides a simple, robust, and versatile tool for
the control of photoelectron circular dichroism and experimentally feasible protocol for probing the individual
contributions of bound and continuum states to the photoelectron circular dichroism in a time-resolved manner.
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Chirality, the property of a molecule to be nonsuperposable
with its mirror image [1], is a ubiquitous property in nature
with profound effects on many fundamental chemical and
physical processes. Photoelectron circular dichroism (PECD)
is a signature of chirality and designates the relatively strong
effect whereby randomly oriented chiral molecules ionize
asymmetrically for left- and right-circularly polarized light
[2]. The strength of PECD has led to its use to observe
chirality in molecules [3–19] and turned it into a practical
tool for, e.g., measuring enantiomeric excess [6,16,17]. Since
PECD probes molecular chirality with electric fields only,
it is a natural candidate for coherent control, from pump-
probe spectroscopy [13,20] to more advanced pulse shaping
[21] or carrier-envelope phase control [22]. Coherent control
techniques also allow for measuring PECD within a single
experiment, not requiring polarization reversal, when using
bichromatic fields [23,24]. PECD can be enhanced by in-
terference, either between ionization pathways in resonantly
enhanced multiphoton ionization [21] or by Fano interference
near a continuum resonance [25]. While these techniques
attest to the versatility of PECD, it is not yet clear what
determines the values that PECD can take for a given molecule
[26] nor how the chirality of bound or continuum states re-
flects in the PECD. Furthermore, coherent control schemes
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aiming at large enhancements of the PECD such as the shaped
ionization pulses we have previously suggested [21] require
challenging generation of and control over the spectral coher-
ence of multicolor ultraviolet laser fields.

In this Letter, we propose a flexible, yet robust imple-
mentation of coherent control of PECD in randomly oriented
molecules that neither requires shaping circularly polarized
XUV laser sources, a formidable experimental challenge, nor
relies on the accurate calculation of electronically excited
states in chiral molecules, out of reach for even the most
advanced ab initio theories. Rather, it leverages the RAB-
BITT (reconstruction of attosecond beating by interference
of two-photon transitions) technique [27,28], a versatile in-
terferometric approach that has been implemented in many
experimental laboratories [29–31]. The necessary circularly
polarized XUV fields have been synthesized [32,33] and
used in PECD experiments recently [34]. In contrast to
the shaping of photoelectron wave packets in strong-field
above-threshold ionization [15], our pathway interference
operates in the perturbative regime of light-matter interac-
tion. This opens the way to probing spectroscopically bound
and continuum contributions to PECD and thus to quantify
how short- and long-range interactions reflect in a chiral
observable.

Using CHBrClF as a prototypical chiral molecule [35,36],
we explain how promoting interferences in the continuum in
a controlled manner results in precise control of PECD after
XUV ionization in the presence of a time-delayed IR field.
Rather than relying on multiple resonantly enhanced multi-
photon ionization and multicolor pulse shaping techniques to
control PECD [21], control here is achieved by adjusting the
time delay between the XUV comb and IR field or by varying
the IR pulse duration. Changing the polarization configuration
of the pulses with optimized delay and IR duration allows for
revealing the chiral contributions of different states.
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FIG. 1. RABBITT scheme for measuring PECD: (a) A comb of XUV harmonics ionizes a chiral molecule with ionization potential ε0,
generating the harmonics H2q+1. (b) PECD (upper hemisphere) and PAD (lower hemisphere) resulting from single-photon ionization by the
XUV comb in the absence of the IR field. (c) PECD and PAD in the presence of the IR field. PECD is given in percentage of peak intensity in
the PAD, polarization configurations are depicted by the blue (XUV) and red (IR) arrows, and PADs are shown for left circular polarization.

The photoionization dynamics is described within the
fixed-nuclei and nonrelativistic dipole approximations. The
time-dependent Schrödinger equation reads
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with Ĥ0 the field-free Hamiltonian, γR the Euler angles defin-
ing the orientation of the molecular frame, R, with respect
to the laboratory frame R′, D(1)

μ,μ′ (γR) the elements of the
Wigner rotation matrix, Eμ(t ) the electric field component
along the spherical unit vector eμ, with μ = ±1, 0, and finally,
r̂μ the component of the position in the direction of eμ. In R′,
the electric field is a superposition of the XUV comb and IR,
resp. visible field,

E(t ) =
Np∑
n

E(XUV)
n (t ) + E(IR/VIS)(t − τIR/VIS ), (1b)

with Np the number of pulses in the XUV comb, and

E(XUV)
n (t ) = hn(t − τn)Re{En,0 e−i(ωn (t−τn )+φ̃n ) eXUV},

where n = 2q + 1 with q an integer; i.e., the XUV frequen-
cies are odd multiples of the fundamental, ω0, ω2q+1 = (2q +
1)ω0. hn(·) is a Gaussian function and eXUV the spherical
unit vector describing circularly left (e−1 = (ex − iey)/

√
2),

right (e+1 = −(ex + iey)/
√

2), and linear (e0 = ez) polariza-
tion of the radiation field. Here, τn describes the inherent
chirp if the various XUV components are temporally delayed
[37,38]. IR and visible pulses are analogously defined with
hIR/VIS (t − τIR/VIS ) and ωIR/VIS , and τIR/VIS describes the delay be-
tween the IR/VIS and XUV field. We explore two cases.
First, the frequency ωIR is identical with the fundamental ω0

(ωIR = ω0 = 1.5 eV) to control PECD at the sidebands [cf.
Fig. 1(a)]. Second, the frequency is twice the fundamental

(ωVIS = 3.0 eV) to control PECD at the harmonic peaks [cf.
Fig. 4(a)].

We consider the relative forward-backward anisotropy
of photoelectron emission with respect to field propagation
direction upon reversal of the XUV and IR polarization he-
licities. Both XUV and IR pulses copropagate along the
laboratory-frame z axis. The PECD is determined by the dif-
ference in the photoelectron angular distribution (PAD),

PECD(εk, θk′ , φk′ )

= N−1
0

(
d2σ (eXUV, eIR)

dεk d�k′
− d2σ (e′

XUV, e′
IR)

dεk d�k′

)
, (2)

obtained with XUV and IR polarization configurations
(eIR, eXUV) and (e′

IR, e′
XUV). Here, k′ denotes the photo-

electron momentum with energy k2/2 and direction �k′ =
(θk′ , φk′ ) in R′ [39], and N0 = max[PAD] is a normalization
factor defined as the maximum intensity in the PAD [14].

In contrast to Ref. [15] operating in the multiphoton
above-threshold ionization regime for the ionization step, we
exploit here the single-photon character of the XUV-induced
ionization to treat the photoionization dynamics perturba-
tively. Equation (1a) is then solved within the second-order
time-dependent perturbative formalism of Refs. [21,40]. This
allows us to describe XUV ionization and the ensuing IR-
mediated transitions giving rise to two-photon interferences
at the sidebands to the lowest-order approximation as well as
to analytically perform the integration over all molecular ori-
entations. The differential photoionization cross section then
reads

d2σ (eXUV, eIR)

dεk d�k′
≈

∫ ∣∣αk′ (1)
i0

(γR) + α
k′ (2)
i0

(γR)
∣∣2

d3γR, (3)

with α
k′ (1,2)
i0

(γR) = 〈
k′
i0 |�N (1,2)

γR
(t )〉 the first, resp. second,

order corrections for t → ∞, and where i0 labels the highest
occupied molecular orbital.
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The states |
k′
i0 〉 consisting of particle-hole excitations to

the continuum orbitals ϕ−
k′ (r) are constructed from the anti-

symmetrized product [41,42]


k′
i0 (r1, . . . , rN ) = AN

[
ϕ−

k′ (r); 
i0 (r1, . . . , rN−1)
]
. (4)


i0 (r1, . . . , rN−1) is the ionic component with r j denoting
the position of the jth electron. ϕ−

k′ (r) is the photoelectron
scattering wave function in R′. In R, ϕ−

k (r) is a solution of
the scattering problem [43],[

−∇2

2
− 1

r
+ V (r) − k2

2

]
ϕ−

k (r) = 0, (5a)

with V (r) the short-range portion of the static-exchange po-
tential [43]. The scattering states with momentum k′ in the
laboratory frame are obtained according to

ϕ−
k′ (r) =

∑
�,m,m′

ϕ−
k,�,m(r)D(�)†

m,m′ (γR)Y �∗
m′ (�k′ ), (5b)

with ϕ−
k,�,m = 〈�, m|ϕ−

k (r)〉. The theoretical challenge in
describing continuum-electron interferometry stems from cal-
culating matrix elements between continuum states. Some
schemes use regularization [44]; here, we choose to converge
the corresponding matrix elements with respect to the Gaus-
sian basis. This approach may converge systematically and
takes advantage of the fact that the perturbed wave functions
are semi-localized due to operation by the dipole (or other
interaction) operator μ̂,

ψ (k)(t ) = (−i)k
∫

t>t1...>tk>t0

e−iĤ0(t−t1 ) μ̂ e−iĤ0(t1−t2 )

× · · · μ̂ e−iĤ0(tk−t0 ) ψ (t0) dt1 · · · dtk . (6)

While each operation with μ̂ extends the range of the func-
tion, it is still local and representable by Gaussian functions,
so long as they are converged. Calculations of occupied
and unoccupied Hartree-Fock orbitals of the equilibrium ge-
ometry were obtained using the MOLPRO program package
[45,46] using the augmented correlation consistent basis set
aug-cc-pVQZ [47]. Transition matrix elements to scattering
states were obtained with the ePolyScat program package
[48–50].

Starting with the usual RABBITT scheme depicted in
Fig. 1(a), we first investigate the influence of the IR-driven
continuum transitions on the forward-backward PECD shown
in Fig. 1, where θk′ describes the angle between the photoelec-
tron direction of emission and the field propagation axis in the
(k̂′

x, k̂′
z ) plane. The XUV pulse is defined by a synchronous

frequency comb of odd-order harmonics ω11, ω13, and ω15

circularly polarized in the x, y plane, as indicated in Fig. 1(a).
Each harmonic is represented by a Fourier-limited pulse with
intensity of 1011 W/cm2, FWHM of 10 fs, and flat spectral
phase (τn = τn+1 = 0). The IR field frequency (ωIR = ω0) is
fixed. The IR amplitude, FHWM, and delay with respect to
the XUV comb are, in a first stage, scanned or optimized
to obtain the maximum forward-backward anisotropy in the
(k̂′

x, k̂′
z ) plane. No optimization over spectral components is

carried out. Note that by taking the fundamental ω0 = 1.5 eV,
XUV inner-shell and IR multiphoton contributions to the pho-
toelectron spectra at the harmonic peaks H2n+1 and sidebands

S2n of interest are avoided, while simultaneously placing IR
excitation of vibrational modes far from resonance [51].

In the absence of the IR component, the XUV comb
induces the PECD and PAD shown in upper and lower hemi-
spheres of Fig. 1(b), exploiting their symmetry with respect
to the field propagation axis. The PAD in Fig. 1(b) shows
that the ionization probability is enhanced in the direction
perpendicular to the light propagation axis. The XUV ioniza-
tion results in a maximum PECD of 2% at a photoelectron
kinetic energy of 6 eV, corresponding to single-photon ion-
ization driven by the harmonic ω11 in the XUV comb. The
maximum forward-backward anisotropy induced by the XUV
comb alone [Fig. 1(b)] is parallel to the light propagation
direction, which is typical in the single-photon regime with-
out any quantum pathway interference. The presence of the
IR pulse induces two-photon interferences at the sidebands
[cf. Fig. 1(a)]. The relative phase of these pathways can be
controlled by means of the XUV-IR relative delay. Figure 1(c)
shows the PECD and PAD obtained by XUV ionization in
the presence of an IR field with optimized intensity of 1.26 ×
1012 W/cm2 and delay of +0.92 fs with respect to the XUV
comb of Fig. 1(b). In this case, the PECD reaches 10% at the
sideband S14 (10.5 eV). It corresponds to the photoelectron
kinetic energy where IR-mediated interferences between the
photoelectron components ionized by the harmonics ω13 and
ω15 take place.

Remarkably, XUV ionization in the presence of the opti-
mized IR pulse vanishes at the harmonic peaks, indicating
a highly efficient population transfer dynamics from the
harmonics H2q+1 to the sidebands S2q induced by the delay-
optimized IR pulse. The fact that ionization is maximized at
the sideband S12 (7.5 eV) while PECD reaches its maximum
at 10.5 eV S14 can be attributed to kinetic effects, since the
PECD is normalized with respect to the PAD peak intensity,
in this case the PAD peak intensity at 7.5 eV.

The enhancement in the PECD due to the presence of the
IR pulse, largest at the sideband S14 (10.5 eV) [cf. Fig. 1(c)],
is obtained with circular polarization of both XUV and IR
pulses. The corresponding polarization reversal is indicated
by the red (IR) and blue (XUV) arrows in Fig. 1(c). Removing
the IR field and scanning the XUV frequency to promote
single-photon XUV ionization within the energy range of
interest (6–12 eV), in particular at the sidebands (4.5, 7.5,
and 10.5 eV), result in a significantly smaller PECD effect,
of only 3% at 6.25 eV (cf. the Supplemental Material [52]).
This procedure allows us to exclude kinetic energy effects and
confirms an interference effect as the main driver for PECD
enhancement.

Rather than removing the IR field and thus the inter-
ferences, we can also perform the reversal of the circular
polarization in only one of the fields [52]. The strongest
PECD values, however, are obtained under polarization
reversal of both the XUV and IR fields. This suggests
that chiral-sensitive contributions from bound-continuum and
continuum-continuum transitions are combined to enhance
the overall PECD, as we discuss in more detail below. Finally,
the different angular dependencies at the sidebands in Fig. 1(c)
are also explained by the interferences driven by the IR at
the sidebands S2n, as illustrated in Fig. 1(a). In fact, while in
one-photon ionization the PECD at the harmonics arises from
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FIG. 2. Robustness of RABBITT-PECD: (a) PECD trace along
the sideband S14 of Fig. 1(a) as a function of the XUV-IR time delay
at the emission direction θk′ = 0◦ obtained with identical circular po-
larization states for the XUV and IR fields with polarization reversal
as in Fig. 1(c). (b) Influence of the XUV comb delay dispersion on
the sideband S14: positive and negative chirps merely shift the PECD
value with respect to the unchirped case.

unequal contributions of continuum states with negative and
positive odd magnetic quantum numbers m [2], the IR field
induces interferences between the amplitude distributions of
two consecutive harmonics that mix their odd and even m at
a given sideband. Since the distribution of odd and even m at
the harmonics is energy dependent, such a mixing explains the
difference in the angular distributions at the two sidebands in
Fig. 1(c).

The extent to which the interferences are controlled by the
relative delay between the IR and XUV fields is investigated
in Fig. 2(a), showing the PECD trace centered around the
sideband S14 of Fig. 1(a), at 10.5 eV, for the IR- and XUV-
reversed polarization configurations displayed in Fig. 1(c).
An oscillating behavior of the PECD as a function of the
XUV-IR time delay is observed with alternating PECD sign.
For long IR durations (20 fs), the PECD exhibit cosine-type
oscillations, which is expected from an IR field of constant
amplitude as in RABBITT [27,28] where the much shorter
XUV field is contained within half of the IR period. As the
IR duration decreases toward that of each component of the
XUV comb (10 fs), the PECD still oscillates as a function
of the XUV-IR delay but the oscillations deviate from a pure
cosine like behavior, resulting in the oscillation patten shown
in Fig. 2(b); see Ref. [52] for more details or Ref. [24] for CEP
effects in forward-backward PECD. The maximum achievable
PECD increases for shorter IR durations and reaches a plateau
as a function of the ratio of IR to XUV intensities (which
occurs at a few percent). This plateau corresponds to the case

where the photoelectron signal at the sidebands overtakes the
photoelectron peak intensity initially at the harmonics in the
absence of the IR. In all cases, the PECD amplitude exhibits
an oscillatory behavior as a function of the relative XUV-IR
delay τIR . This is of particular interest for PECD enhancement
as the tedious task of pulse shaping for spectral phase opti-
mization reduces to a scanning of the relative XUV-IR time
delay as the maximum PECD magnitude is a periodic function
of the delay. The PECD in Fig. 2(a) was obtained by assuming
a flat spectral phase for the XUV comb, i.e., unchirped XUV
harmonics. However, the RABBITT technique has revealed
a quadratic spectral phase for the plateau of high harmonic
generation [31,37,38,53,54]. This has been interpreted as a
temporal dispersion in the emission time of the group delay
associated with each harmonic ω2q+1 [37,38]. Consequently,
the various XUV frequency components defining the comb
are linearly delayed in time [37]. In Fig. 2(b), we investigate
the effect of such delay dispersion on the PECD signal. In
detail, a positive chirp, corresponding to lower XUV harmon-
ics preceding the higher ones, introduces a shift of the PECD
peaks toward positive XUV-IR time delays (blue line with
empty circles) compared to the unchirped case (dotted black
line). Conversely, a negative chirp results in a shift toward
negative time delays (orange line with full circles). For a
fixed delay, dispersion effects inherent to the high-order har-
monic generation process may significantly affect the PECD
strength. Remarkably, the chirped and unchirped XUV combs
generate just delayed versions of the time-resolved PECD.
This points to the robustness of the proposed interferometric
scheme: If the XUV delay dispersion merely introduces a shift
in the PECD oscillations, for an unknown chirp, the maximum
achievable PECD can simply be retrieved by scanning the
XUV-IR time delay (cf. Fig. 2(b)].

Modifying the polarization configurations allows us to ex-
tract even more information from the interferometric scheme.
To this end, we reconsider the two-photon excitation path-
ways shown in Fig. 1(a), but unlike in Fig. 1(c), we use
chiral-sensitive circular polarization in only one of the fields.
In Fig. 3(a), with linearly polarized IR and circularly polar-
ized XUV comb with left/right polarization reversal for the
XUV field only, the forward-backward PECD originates from
XUV-driven bound-continuum transitions only, whereas the
continuum-continuum transitions driven by the IR field are not
chiral-sensitive. As before, the interferences can be controlled
by the XUV-IR delay, which for this choice of polarizations
results in a maximum PECD of 8%, at a photoelectron kinetic
energy of 10.5 eV [cf. Fig. 3(a)].

The difference between 8% in Fig. 3(a) and the 10% ob-
served in Fig. 1(c) may be attributed to chiral effects in the
continuum. To directly probe the chirality of the continuum
states, we show in Fig. 3(b) the forward-backward PECD for
fixed linearly polarized XUV comb and circularly polarized
IR field with corresponding left-right polarization reversal. A
maximum PECD of 2% is found at a photoelectron energy
of 10.5 eV. The PECD shown in Fig. 3(b) is exclusively
due to the continuum-continuum transitions since for linearly
polarized XUV fields, bound-continuum transitions do not
contribute to the PECD [2].

Finally, we modify the standard RABBITT scheme
depicted in Fig. 1(a) to promote interferences between
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FIG. 3. Disentangling bound and continuum contributions to
RABBITT-PECD by choice of the polarization configurations:
(a) PECD (upper hemisphere) and PAD (lower hemisphere) obtained
with XUV (circularly polarized in the x, y plane) and IR (linearly
polarized along the y axis) pulses. PAD corresponds to the circularly
left polarized XUV and linear IR field. (b) Same as panel (a) but
with linearly polarized XUV (along y axis) and circularly polarized
IR (x, y plane) pulses. In panel (b), PAD corresponds to the lin-
early polarized XUV and circularly left polarized IR. Shown are the
maximum PECD obtained with their respective optimal time delays.
Dotted gray lines indicate the harmonic peak H2q+1.

harmonics separated by ωVIS = 2ωIR = 3.0 eV, as indicated
in Fig. 4(a). Optimizing the visible pulse parameters (ampli-
tude, FWHM, time delay) while keeping those of the XUV
as in Fig. 1 and with the relative polarization configuration
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FIG. 4. (a) Modified RABBITT scheme for probing the kinetic
energy dependence of PECD: Replacing the IR pulse by a visible
field (with ωVIS = 2ω0) results in interferences between even- and
odd-parity pathways and controls PECD at the harmonic peaks in-
stead of the sidebands. (b) Corresponding PECD (upper hemisphere)
and PAD (lower hemisphere). PAD corresponds to the corotating
circularly left polarized XUV and IR fields. PECD is to be compared
to PECD without interference at the harmonic peaks [Fig. 1(b)] and
to interference-enhanced PECD at the sidebands [Fig. 1(c)].

of Fig. 1(c), we obtain a maximum PECD of about 8% at
a photoelectron kinetic energy of 6 eV, shown in Fig. 4(b).
Analogously to Fig. 2(b), the magnitude of PECD oscillates
as a function of the VIS-to-XUV time delay. The maximum
PECD of 8% at 6 eV in Fig. 4(b) (upper hemisphere) has
to be compared to the PECD of 2% at 6 eV obtained with
the XUV alone shown in Fig. 1(b). The significant enhance-
ment in PECD compared to Fig. 1(b) can be attributed to
the interfering pathways ω9 + 2ωIR and ω13 − 2ωIR depicted
by the violet and red arrows in Fig. 4(a), which are absent
in Fig. 1(b). In fact, the single-photon ionization pathway
represented by ω11 in Fig. 4(a) plays a minor role in the PECD
enhancement: removing ω11 from the XUV comb results in
maximum PECD of 6%. The main contribution to the PECD
enhancement observed in Fig. 4 can thus be attributed to a
two-photon pathway interference effect, determined by the
pathways ω9 + 2ωIR and ω13 − 2ωIR interfering at 6 eV.

Replacing the IR field (ω0 = 1.5 eV) that maximizes the
PECD at the sidebands in Fig. 1(c) with a visible field (ω0 =
3.0 eV) as in Fig. 4 allows us to probe and exploit kinetic
energy dependence effects. Both two-photon interferometric
approaches discussed here, i.e., standard and modified RAB-
BITT schemes, result in an overall enhancement of the PECD
compared to the XUV-only case. This attests to the ability of
two-photon quantum pathway interferences to enhance PECD
across the kinetic energy spectrum by exploiting continuum-
continuum transitions with a minimum number of control
parameters and offers a complementary control protocol to
schemes based on bound-state one- and two-photon quantum
interference.

In conclusion, using CHBrClF as a chiral prototype, we
have identified a robust scheme for the coherent control of
PECD in randomly oriented chiral molecules. It is based on
two-photon quantum pathway interference where control is
achieved simply by varying the XUV-IR time delay. This is
in striking contrast to multicolor phase control schemes [21]
that require pulse shaping techniques that, while within ex-
perimental reach, are not yet practically accessible as well as
the accurate prediction of electronically excited states, which
is out of reach even for the most advanced ab initio theories.
At the same time, we have shown that the control is robust
since the XUV comb delay dispersion simply introduces a
shift in the PECD oscillations as a function of the XUV-IR
time delay but does not affect the maximum PECD ampli-
tude. Thus, effects of the spectral properties of the XUV train
on the PECD can be compensated by adjusting the relative
delay between the IR and XUV combs. We have also shown
that changing polarizations of the XUV and IR pulses probes
individual contributions of bound and continuum states to the
PECD in a spectroscopic manner. Experimental verification of
RABBITT-PECD would confirm that PECD is largely due to
the chiral potential experienced by the bound state electrons,
while continuum-state transitions contribute to a lesser extent.
The continuum states, however, are critical to enhance PECD
via interferences promoted by the IR field. Our work opens the
way for robust coherent control of PECD as a practical tool to
answer questions such as what determines the maximal value
of a chiral observable or how does the chiral potential manifest
itself in experimentally accessible quantities.
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