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Circular dichroism is a consequence of chirality. However, nonchiral molecules can also exhibit it when

the measurement itself introduces chirality, e.g., when measuring molecular-frame photoelectron angular

distributions. The few such experiments performed on homonuclear diatomic molecules show that, as

expected, circular dichroism vanishes when the molecular-frame photoelectron angular distributions are

integrated over the polar electron emission angle. Here we show that this is not the case in resonant

dissociative ionization of H2 for photons of 30–35 eV, which is the consequence of the delayed ionization

from molecular doubly excited states into ionic states of different inversion symmetry.

DOI: 10.1103/PhysRevLett.104.233003 PACS numbers: 33.20.Xx, 33.80.�b, 42.65.Re

The most recent advances in multicoincidence detection
methods [1], in which the momentum of all charged par-
ticles is fully determined, are currently used to challenge
the predictions of quantum theory to an unprecedented
degree of accuracy. For example, recent observations sup-
ported by accurate theoretical calculations have shown that
fixed-in-space homonuclear diatomic molecules behave as
Young’s double slits when the former are ionized by high-
energy photons [2–5]. They have also shown that interfer-
ences can be responsible for symmetry breaking in sym-
metric molecules [6–8]. In most experiments, the use of
linearly polarized light with a well-defined orientation with
respect to the internuclear axis restricts the study of these
interferences to states of a given molecular symmetry.
However, more complex effects and, therefore, more chal-
lenging for experiment and theory, can be expected if one
uses circularly polarized light that, in the case of diatomic
molecules, leads to a coherent excitation of� and� states.

One of these effects is circular dichroism, which mea-
sures the different responses of a molecule when exposed
to left- or right-handed circularly polarized light. This
phenomenon is usually associated with chiral molecules
and is often used to characterize the structure of the cor-
responding enantiomers [9]. However, as anticipated in
early theoretical studies [10–12], circular dichroism can
also be observed in the photoionization of oriented achiral
molecules. This is the result of the noncoplanarity of three
vectors, namely, the light propagation axis of circularly
polarized light k, the photoelectron momentum ke, and the
molecular axis n [see Fig. 1(a)]. The first experimental
demonstration was reported by Westphal et al. [13,14],
who studied valence and inner shell photoionization of
CO molecules adsorbed on a surface with a well-defined
orientation. In the gas phase, circular dichroism was first
observed in the photoionization of NO molecules that were
aligned by multiphoton absorption into a well-defined

excited state [15]. Circular dichroism has also been ob-
served [16–20] in molecular-frame photoelectron angular
distributions (MFPADs) of randomly oriented achiral
molecules (hereafter called ‘‘circular dichroism in the
angular distribution,’’ CDAD). In this case, the three vec-
tors can be unambiguously determined by detecting in
coincidence photoions and photoelectrons that result
from the one-photon dissociative ionization of the mole-
cule. In experiments performed with homonuclear mole-
cules [17,21,22], the CDAD has been found to be
antisymmetric with respect to the polar electron emission
angle �e [see Fig. 1(a)], which means that circular dichro-
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FIG. 1 (color online). (a) Molecular frame. The molecular axis
is Z and the proton emission direction is n. The light propagation
direction is k (along the X axis). The electron is ionized in the
direction �e ¼ ð�e;�eÞ and has a momentum ke. All results
shown in the following figures correspond to the YZ plane.
(b) Potential energy curves of H2 and Hþ

2 . X
1�þ

g denotes the

ground electronic state of H2, and
2�þ

g ð1s�gÞ and 2�þ
u ð2p�uÞ

the ground and the first excited electronic state of Hþ
2 .Q1 andQ2

denote the lowest 1�þ
u and 1�u doubly excited states above the

2�þ
g ð1s�gÞ and the 2�þ

u ð2p�uÞ threshold, respectively.

Semiclassical paths (green and blue lines) describing autoioni-
zation of the Q1 and Q2 states after absorption of a 32.5 eV
photon [thick vertical (orange) line] are shown.
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ism vanishes when the MFPADs are integrated over that
angle, i.e., when the electron angular distributions are not
resolved in the polar emission direction.

In this Letter we show, by means of experiments and
theoretical calculations, that circular dichroism in resonant
dissociative photoionization of H2 exhibits unusual prop-
erties that emerge from the control of electron emission in
the molecular frame as a function of the kinetic energy
(KE) of the emitted proton. In particular, for specific KEs
and photon energies in the range 30–35 eV, the CDAD
antisymmetry associated with homonuclear molecules dis-
appears. Consequently, circular dichroism persists even
when electron angular distributions are integrated over
the polar emission direction. In addition, the present study
probes the coherent interplay between the � and � elec-
tronic states and the nuclear wave packets that are launched
into the corresponding ionization and dissociation continua
after absorption of a vacuum ultraviolet photon. The com-
parison with four-body (full dimensional) time-dependent
calculations provides information about the relative emis-
sion times of autoionizing states of different symmetries in
the femtosecond time scale.

The experiments were performed at the DESIRS beam
line [23] at SOLEIL, operated in the eight-bunch mode
(period 147 ns, time width 50 ps), using the vector corre-
lation method [24]. The circular polarization rate s3=s0 of
the light, where (s0, s1, s2, s3) are the Stokes parameters,
was higher than 0.95. The light beam was crossed with a
supersonic H2 or D2 gas jet (SAPHIRS) inducing photo-
ionization in a narrow interaction volume. The ejected ions
and electrons were guided to two time and position sensi-
tive detectors by a dc electric field E coupled to a set of
focusing lenses, whose magnitude, between 20 V=cm and
150 V=cm, ensured a 4� collection of both particles [25].
The VH ionic fragment and Ve photoelectron emission
velocity vectors were calculated from the impact times
and positions for each (Hþ, e) dissociative photoionization
event. The electron-ion kinetic energy correlation derived
from the (VH, Ve) vector correlation provides the detailed
energy sharing between the photoelectron energy (Ee) and
the KE of the atomic fragments [8,24]. The coincident
events assigned to the studied reaction are easily identified
along a diagonal band which corresponds to the [Hþ þ
Hð1sÞ] ground-state dissociation limit, at 18.1 eVabove the
H2ðX1�þ

g ; v ¼ 0Þ origin, which is the single one opened

for the system in the explored photon excitation energies
h� � 35 eV [8]. Selection of such events enables us to
record the MFPAD as a function of the KE. The MFPAD,
Ið�; �e; �eÞ, is a function of the polar angle � referring the
orientation of the molecular axis n with respect to the light
propagation axis k, and the electron emission direction
keð�e;�eÞ in the molecular frame defined by the molecular
axis and the light propagation axis [19,22], as shown in
Fig. 1(a). We use the data analysis reported in [19] to
perform a fit of the Ið�; �e; �eÞ distribution and obtain
the Ið�e;�eÞ MFPAD for any orientation (�) of the

fixed-in-space molecule. The CDAD is largest for scatter-
ing in a plane perpendicular to the light propagation axis
(�e ¼ 90� or 270�) that contains the molecular axis (� ¼
90�). In this plane, it is defined as the relative variation of
the Ið� ¼ 90�; �e; �e ¼ 90�Þ MFPAD [or the Ið� ¼
90�; �e; �e ¼ 270�Þ] when the helicity of the light is
changed from þ1 (left-handed circular polarization) to
�1 (right-handed circular polarization):

CDAD ð�eÞ ¼ ½Iþ1ð�eÞ � I�1ð�eÞ�=½Iþ1ð�eÞ þ I�1ð�eÞ�:
(1)

The CDAD takes values in the interval [� 1, 1].
The theoretical method used in our computations has

been described elsewhere [26,27]. Briefly, we solve the
time-dependent Schrödinger equation in which the
laser-H2 interaction is described in the dipole approxima-
tion. The laser field is represented by a pulse of 10 fs
duration, temporal cosine-square envelope, and peak in-
tensity 1012 W=cm2. The pulse duration is large enough to
represent the long duration of the radiation field used in the
experiment [26,27]. All electronic and vibrational (disso-
ciative) degrees of freedom are taken into account (7
dimensions). Thus, the calculations are performed in the
real three-dimensional world (except for the nuclear rota-
tion) and, therefore, include the effect of electron correla-
tion and interferences between different ionization and
dissociation pathways. In practice, the time-dependent
Schrödinger equation is solved by expanding the time-
dependent wave function in a large number of vibronic
states that include the 1�þ

u and 1�u bound states of H2, the
2�þ

g ð1s�gÞ and the 2�þ
u ð2p�uÞ ionization continua, and

the doubly excited states embedded in them. Projection of
this wave function onto vibronic states leads, without any
ambiguity, to transition amplitudes that are easily com-
bined [28] to yield the fully differential electron angular
distributions. In contrast with simpler single-photon sta-
tionary methods (as those used, e.g., in [6]), solution of the
time-dependent Schrödinger equation not only provides
the desired transition amplitudes but also their time evolu-
tion. This is useful to unravel the dominant mechanisms
responsible for the delayed ionization from the H2 doubly
excited states.
Figure 1(b) shows the potential energy curves [29,30]

that are relevant to understand the physics of the different
processes. Figure 2 shows the measured and calculated KE
spectra for left-handed circularly polarized light of 19 and
32.5 eV. The theory provides the separate contribution of
ionization into the 1s�g and 2p�u channels. Figure 2 also

shows the measured and calculated MFPAD at selected
proton energies. At 19 eV, the dominant process is direct
ionization through the 1s�g state of the molecular ion [see

Fig. 1(b)]. As Fig. 2(a) shows, this process is only relevant
at very low KE, which is a consequence of the rapid
decrease of the Franck-Condon overlap between the initial
vibrational state of H2 and the dissociative continuum of
Hþ

2 . In this energy range, contributions from both the 1�þ
u
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and 1�u molecular symmetries are relevant, which leads to
an electron angular distribution that is neither that of the
1�þ

u electronic continuum nor that of the 1�u one (when
linearly polarized light is used, the latter two MFPADs are
associated with molecules oriented parallel and perpen-
dicular to the polarization direction, respectively). At
32.5 eV [see Fig. 2(b)], the KE spectrum is much more
complex. In addition to the direct ionization process men-
tioned above, which appears at very low Hþ KEs, there is a
significant ionization signal up to 7.5 eV. The latter signal
is mostly due to autoionization (AI) of theQ1

1�þ
u [31] and

Q2
1�u doubly excited states [32] [see Fig. 1(b)], as well as

to direct ionization (DI) through the 2p�u channel. More
specifically, the dominant processes that contribute to the
KE spectrum at this photon energy are

H 2 ! Hþ Hþ þ e�ð1s�g;
1�þ

u Þ DI; (2)

H 2 ! Hþ Hþ þ e�ð1s�g;
1�uÞ DI; (3)

H 2 ! H��
2 ðQ1Þ ! Hþ Hþ þ e�ð1s�g;

1�þ
u Þ AI; (4)

H 2 ! Hþ Hþ þ e�ð2p�u;
1�þ

u Þ DI; (5)

H 2 ! Hþ Hþ þ e�ð2p�u;
1�uÞ DI; (6)

H 2 ! H��
2 ðQ2Þ ! Hþ Hþ þ e�ð1s�g;

1�uÞ AI; (7)

H 2 ! H��
2 ðQ2Þ ! Hþ Hþ þ e�ð2p�u;

1�uÞ AI; (8)

where symbols within parenthesis indicate the ionization
channel (1s�g or 2p�u) and the symmetry of the final

electronic state (1�þ
u or 1�u). Processes (2) and (3) con-

tribute to the low KE region (0–1 eV), process (4) contrib-
utes to all KE> 1 eV, process (7) to the intermediate KE
region (1–5 eV), and processes (5), (6), and (8) to the high
KE region (> 5 eV). Therefore, channels of 1�þ

u and 1�u

symmetries overlap all throughout the KE spectrum, and
consequently, the MFPADs differ from those obtained with
linearly polarized light. Figure 2(b) shows the MFPADs at
selected Hþ KEs. In spite of the rich structure of these
angular distributions and of the fact that they rapidly vary
with Hþ KE, the agreement between experiment and the-
ory is good. As can be seen, for Hþ KE> 4 eV, the
MFPADs do not have inversion symmetry, in contrast
with the MFPADs obtained at very low KE or for lower
photon energies (< 28 eV). As we will see, this naturally
reflects in the CDAD.
Figure 3 shows the CDAD for the two photon energies

and Dþ or Hþ kinetic energies considered in Fig. 2. As can
be seen in Fig. 3(a), for a photon energy of 19 eV, circular
dichroism is observed at all polar emission angles except
for 0�, 90�, and 180� where it is exactly zero. The CDAD
is perfectly antisymmetric with respect to 90�, in agree-
ment with previous results for N2 [17] and O2 [21]. In
contrast, Fig. 3(b) shows that, for a photon energy of
32.5 eV, the CDAD may not be antisymmetric with respect
to 90�. This is particularly true for KE energies between
4 and 7 eV where autoionization leaves Hþ

2 in both the
1s�g and 2p�u states with a significant probability [see
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FIG. 2 (color online). Dissociative ionization probability as a
function of deuteron (proton) kinetic energy for left-handed
circularly polarized light. (a) D2 with a photon energy of
19 eV. (b) H2 with a photon energy of 32.5 eV. Insets: Polar
plots of the MFPADs associated with the Dþ (Hþ) kinetic energy
intervals indicated in the figure. Red circles, experimental results
normalized to theory; green solid line, theoretical results; black
solid line, theoretical results convoluted with the instrumental
resolution; blue dashed line in the insets, fit to the experimental
results; green dashed line, dissociative ionization probability
associated with the 1s�g channel; green dash-dotted line, the

same associated with the 2p�u channel.
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FIG. 3 (color online). CDAD. Red circles: experimental re-
sults. Black curves: theoretical results convoluted with the
instrumental resolution. (a) Results for D2, a photon energy of
19 eV, and deuteron energies 0–2 eV. (b) Results for H2, a photon
energy of 32.5 eV, and proton energies 4.75–5.25 eV. The red
balls in the insets of (a) denote Dþ, and the black ones, D; the
blue arrow indicates the electron emission direction.
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Fig. 2(b)]. As a consequence, circular dichroism associated
with �e-integrated MFPADs (CD for short) is significantly
different from zero between 4 and 7 eV [see Fig. 4(a)]. In
this region, the probability of ionization into the 1s�g and

2p�u channels is comparable, which leads to a coherent
superposition of the 1s�g and 2p�u states of Hþ

2 [6].

Figure 4(b) shows the computed time evolution of the
CD. It can be seen that, at very short integration times (t <
0:2 fs), the CD is practically zero for all Hþ KEs. At such
short times, autoionization from the Q1 and Q2 doubly
excited states through processes (4), (7), and (8) has not yet
occurred and the CDAD is antisymmetric with respect to
90�. As t approaches 1 fs, the CD rapidly becomes differ-
ent from zero and remains more or less unchanged between
1 and 2 fs. Later on, the CD changes again and converges to
its final value at around 5–6 fs. The two different time
scales correspond to two different mechanisms. The fast
one involves autoionization from the Q1

1�þ
u and Q2

1�u

states into, respectively, the 1s�g and 2p�u channels

[processes (4) and (8)]. The interference between the latter
channels leads already to a nonzero CD. The slow mecha-
nism corresponds to autoionization from the Q2

1�u state
into the 1s�g channel [process (7)], which modifies the

pattern of the interference and hence the CD. These time
scales are compatible with the known autoionization life-
times of these three channels in the Franck-Condon region
[29,30].

In conclusion, the observation in homonuclear mole-
cules of circular dichroism in the photoelectron angular
distributions integrated over the polar emission angle is the
signature of delayed autoionization into channels of differ-
ent inversion symmetry. Thus, measuring circular dichro-
ism is a sensitive probe for the identification of molecular
autoionizing states in such molecules. In particular, fs
circularly polarized pulses might be the ideal tool to char-
acterize the autoionization dynamics.
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FIG. 4 (color online). Circular dichroism (CD) associated with
MFPADs integrated over �e for H2 and a photon energy of
32.5 eV. (a) Red dots, experimental results; black dashed line,
theoretical results; black solid line, theoretical results convoluted
with the experimental energy and angular resolution.
(b) Variation of the calculated CD with the integration time
used to solve the time-dependent Schrödinger equation.
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