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Quantum coherence in dissociative electron attachment: Isotope effect
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Dissociative electron attachment (DEA) is one of the processes that shows a strong coupling between the
nuclear and electronic degrees of freedom in a molecule. This coupling results in an efficient transformation
of the kinetic energy of attaching free electrons into the chemical energy of the compound molecule. A recent
discovery of quantum coherence in this process has opened a different dimension in its description. On the other
hand, the mass variation in isotopes of the constituent atoms has a profound effect on DEA. In quantum coherence
observed in DEA, the isotope effect depicts itself in terms of change in the phase and the amplitude of the
interfering dissociation paths. Here, we report the quantum coherence observed in DEA to HD, an isotopolog of
H2. In this isotopolog, both H− and D− show identical forward-backward asymmetry in the angular distribution.
We explain these findings using the interference between two quantum paths, with the permanent dipole moment
due to asymmetric mass playing no role in the process.
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I. INTRODUCTION

Low energy electron attachment to molecules and the
evolution of the resultant short-lived molecular negative ion
state is a subject of continuing interest both from fundamen-
tal physics and a variety of practical applications points of
view [1]. The development of momentum imaging techniques
for negative ions formed by dissociative electron attachment
(DEA) [2] led to several reports on the dynamics of the evolu-
tion of these transient states in a wide spectrum of molecules
with unprecedented details [1,3]. Recent advances in theoreti-
cal techniques have also helped in understanding the dynamics
of simpler molecules [4–6]. The negative ion resonances in
molecules, resulting from electron-molecule collisions, act as
an effective gateway for transferring kinetic energy into chem-
ical energy in a medium. It has been an important aspect of
electron-induced chemistry used for several practical applica-
tions [1,7]. This aspect of electron-induced chemistry through
the energy-dependent dynamics and its role in the chemical
transformation was found to have an increased potential for
chemical control through functional group-dependent site-
selective fragmentation of organic molecules by DEA [8]. A
recent and rather surprising observation has been the coherent
superposition of two resonant states in electron attachment
to molecular hydrogen [9], the simplest and most abundant
molecule in nature. In fact, it has been shown that such a
coherent superposition of two excited states can be accessed in
the most general electron scattering channel, namely inelastic
scattering channels [10]. DEA forms an important subset of
these channels. These findings raise the possibility of a dif-
ferent avenue for chemical control using electron collisions.
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In the DEA channel, the quantum coherence is observed in
the form of an unexpected forward-backward asymmetry in
the differential cross section for the H− ion generation from
the inversion symmetric H2 molecule at 14 eV electron energy
[9]. This process also shows an isotope effect where the extent
of the forward-backward asymmetry varies in D2 compared
to H2 due to longer dissociation time. In that case, how does
this quantum coherence play out in the mass-asymmetric iso-
topolog HD?

The H− ion yield curve from DEA to H2 shows three
peaks at 4, 10, and 14 eV electron energy [11]. The 4-eV
peak arises due wto the dissociation of the lowest attractive
X 2�+

u anion ground state accessed by the electron capture.
This dissociation results in H(2S) and H−(1S) fragments [12].
The broad peak extending from 6 to 13 eV with a maximum
at 10 eV has been identified due to the repulsive B2�+

g anion
state [13,14] that dissociates to the lowest limit of H (2S) +
H−(1S). This peak also shows a contribution from the pre-
dissociation of the high-lying bound resonance (C2�+

g ) [15].
The 14-eV peak is found to be due to the coherent excitation
of both 2�+

g and 2�+
u anion states that dissociate to H(n = 2)

and H−(1S) [9]. This coherent superposition leading to the
quantum interference of two dissociating paths culminates
into inversion symmetry breaking in the form of forward-
backward asymmetry in the H− angular distribution about the
incoming electron.

As the DEA process competes with the autodetachment of
the electron from the negative ion resonance formed by the
electron attachment, the isotope substitution in the molecule
greatly affects the DEA cross section. This is due to the ex-
ponential dependence of the survival probability of the parent
anion against autodetachment on the dissociation time. The
three resonances observed in DEA to H2 clearly show this
effect in terms of dramatically low cross sections for heavier
isotopologs [11]. However, the most intriguing effect of the
isotopic masses on DEA is observed for the 14-eV peak in
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terms of the variation of the forward-backward asymmetry
observed [9]. As mentioned earlier, the angular distribution
of the H− ions at the 14-eV peak shows a forward-backward
asymmetry about the direction of the incoming electron beam.
It is an unexpected result from a homonuclear diatomic
molecule that possesses an inversion symmetry. The observed
asymmetry results from the interference of two dissociat-
ing quantum paths arising from the attachment of a single
electron and ending in the same dissociation limit [H(n =
2) + H−(1S)]. The electron attachment leads to the formation
of a coherent superposition of two resonances of opposite
parity. The extent of asymmetry is determined by the phase
difference between the two paths and the contribution of each
of the paths to the dissociation signal. The former depends
on the potential energy curve of the involved resonances, and
the latter depends on the lifetime of these resonances against
the autodetachment. The isotope effect manifests in the form
of a change in phase difference due to longer dissociation
time for the heavier isotope. Additionally, for the heavier
isotope, the amplitude in each path would vary depending on
the corresponding widths of the involved resonant states. As
for the short-lived resonance, the corresponding path would
contribute less to the interference, affecting its contrast, which
is the forward-backward asymmetry. This effect is seen in the
forward-backward asymmetry in the DEA to H2 and D2 at 14
eV electron energy [9].

HD is the heteronuclear isotopolog of H2 due to its
asymmetric mass. Although the observed forward-backward
asymmetry in DEA is due to the interference between the
two quantum paths of opposite parity, in principle, no such
inversion symmetry is expected to exist in HD as the two
atoms have different masses, making the center of mass of
the system differ from the geometric center of the system.
Under the Born-Oppenheimer approximation, HD is known to
behave like a homonuclear diatomic molecule possessing an
inversion symmetry at shorter internuclear separations [16].
However, with the additional terms in the Hamiltonian, which
couple nuclear motion with electronic motion, the two atoms
stand distinguishable due to the different reduced masses of
electrons around them. This is particularly observed at higher
internuclear separations. Here, HD is expected to behave like
a heteronuclear diatom and hence possesses no inversion
symmetry [16]. HD is known to possess a permanent dipole
moment and, thus, shows a rovibrational spectrum [17], which
is used to establish the precise measure of the ratio of the
electron and proton mass [18] and limits on quantum forces
from dark matter [19]. The difference in the reduced mass
of an electron in H and D atoms results in their different
excited state spectra, ionization potentials, as well as electron
affinities. The dissociation limits H(n = 2) + D− and D(n =
2) + H− have an energy difference arising from the difference
between the energy levels H(n = 2) and D(n = 2) and the
electron affinities of H and D atoms in their ground states.
This difference in energy is estimated to be 2.4 meV [20]. This
implies that the two dissociation channels contributing to the
14-eV peak in DEA to HD, namely, H− and D−, are distinct.

It is important to understand the effect of this energy dif-
ference on the quantum interference observed in the DEA. Xu
and Fabrikant found a negligible effect of the small permanent
electric dipole moment of HD on the resonance parameters for

the ground anion state formed in the electron scattering [21].
The DEA measurements on HD around 10 eV electron energy
also show that the permanent electric dipole moment of HD
does not play any significant role in the electron attachment
process [14]. Although the 10-eV resonance dissociates to
the H(2S) + H−(1S) limit, this limit differs in energy for the
H− and D− channels. These dissociation channels show an
angular distribution identical to that from the homonuclear
isotopologs, highlighting the lack of any significant effect of
the permanent dipole moment on the electron attachment [14].
How does the distinguishability between the two channels and
the lack of any effect of permanent electric dipole moment on
the electron attachment manifest in the quantum interference
observed in DEA at 14 eV? We have conducted experi-
ments using negative ion momentum imaging to address these
questions.

II. EXPERIMENTAL SETUP

The measurements were carried out using a velocity
slice imaging (VSI) spectrometer. A magnetically collimated
pulsed electron beam (100 ns pulse width) was made to inter-
act at a right angle with an effusive molecular beam produced
by a capillary array at room temperature. The anions formed
in the interaction region were then extracted into the VSI
spectrometer using a pulsed electric field (50 V amplitude
and 1 µs width) with a delay of 100 ns after the electron
pulse. The details of the spectrometer were reported earlier
[22]. The magnetic field used for collimating the electron
beam was produced by a pair of Helmholtz coils mounted
outside the vacuum chamber. The ions were detected using
a two-dimensional position-sensitive detector consisting of a
pair of microchannel plates stacked in the chevron geometry,
followed by a phosphor screen. The image on the phosphor
screen was recorded using a charge-coupled device (CCD)
camera. Velocity slice images were taken by pulsing the bias
of the detector. The pulsing of the detector corresponds to the
arrival of the central slice of the Newton sphere of the relevant
ions. In the present experiment, the width of the biasing pulse
of the detector is 80 ns. The electron energy was calibrated
using the H− ion-yield curve from H2 as well as using the O−
ion-yield curve from CO.

III. RESULTS AND DISCUSSION

We first carried out fresh measurements of H− and D−
velocity slice images from H2 and D2, respectively, around
14 eV. The images obtained were consistent with the earlier
reports [23]. Subsequently, we have recorded the H− and D−
velocity slice images produced from DEA to HD at various
electron energies across the 14-eV peak. The images obtained
are shown in Fig. 1. As can be seen from the figure, both
channels show a forward-backward asymmetry where the ion
counts are peaking in the backward direction with respect to
the electron beam. The two ions show identical momentum
values, as expected for the ions generated from HD. However,
the D− channel shows relatively poorer momentum resolu-
tion. This is because the D− ions with the identical linear
momentum value as that of H− would have a smaller spatial
reach on the detector due to their heavier mass and, hence,
lower speed. The overall angular distribution appears similar
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FIG. 1. Velocity slice images of H− from HD at (a) 14 eV, (b) 14.5 eV, and (c) 15 eV electron energy and that for D− from HD at (d) 14 eV,
(e) 14.5 eV, and (f) 15 eV electron energy. The electron beam direction is from top to bottom, as shown in the figure.

to that observed for H− from H2. As expected, the momen-
tum images of both ions show identical sizes. We estimated
the forward-backward asymmetry observed in the momentum
images using the equation

η = IF − IB

IF + IB
, (1)

where IF and IB are the intensity of the ion signal in the for-
ward and backward direction of the incoming electron beam.
These are determined by integrating the ion counts from the
momentum images with positive and negative py momentum
values, respectively.

The electron energy spread in the experiment was about
0.8 eV full width at half maximum. This shows up as a spread
in the ion momentum images. Moreover, the 80-ns slice width
in time is quite thick for the overall time of flight spread of
around 200 ns for the H− ions. We estimated the forward-
backward asymmetry by looking at the thin ring in the
momentum image around its outer edge, as shown in Fig. 2(a).
The calculated values of the forward-backward asymmetry are

FIG. 2. (a) Velocity slice image of H− from HD at 15 eV of
electron energy. The annular region shown in the image is used
to determine the forward-backward asymmetry to reduce the effect
of finite spread in the electron beam energy. The electron beam
direction is from top to bottom as shown (b) forward-backward
asymmetry observed in DEA to H2 ( ), D2 ( ), and H− ( )
and D− channels ( ) from HD at various electron energies.

given in Table I for various electron energies. The use of a thin
ring in the momentum image around its outer edge reduces
the uncertainty in the obtained results due to electron energy
spread. As this image is for the diatomic molecule, the kinetic
energy of the fragment has a well-defined relationship with
the attaching electron energy, as the system does not have any
internal degrees of freedom. This also reduces the effect of un-
certainty in the electron energy calibration on the dependence
of the asymmetry observed with electron energy. The fresh
measurements on H2 and D2 that we carried out, along with
the HD measurements, are important to make the appropriate
comparison of the forward-backward asymmetry observed in
the system. The values obtained for all three systems are given
in Table I.

As can be seen from Table I, the forward-backward asym-
metry observed in both H− and D− channels from HD is
nearly identical within the experimental uncertainty. It is also
distinctly different from that observed from H2 and D2, as
can be seen in Fig. 2(b). The angular distribution of H−
and D− formed from DEA to H2 and D2 have already been
reported for 14-eV resonances by Krishnakumar et al. [9].
Our present measurements show that the overall trend of the
angular distributions of the anionic fragments is consistent
with the previous report [9]. We may add that, as in the case
of HD images, we have used a thin ring in the momentum
image around its outer edge to reduce the uncertainty due to
electron energy spread. This is an improvement we have made
in our measurements of the forward-backward asymmetry for
H2 and D2 compared to the previous measurements [9].

To understand the forward-backward asymmetry observed
in the homonuclear diatom H2 and D2, the coherent superposi-
tion of two resonances of opposite parities was considered [9].
Based on the overall angular distribution observed for DEA,
it was estimated that the contributing resonances would be of
the terms 2�+

g and 2�+
u where they overlap in the Franck-

Condon region of the neutral ground state 1�+
g . The lifetime

against autodetachment for the 2�+
g state involved has been

reported to be 9 fs [24], and the lifetime for the 2�+
u state
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TABLE I. Forward-backward asymmetry parameter (η) measured for H− and D− ions from HD and those obtained for H− and D− from
H2 and D2, respectively, in the present measurements. The corresponding electron energy obtained from the momentum images is given in
brackets.

Forward-backward asymmetry (η)

Electron energy (eV) H−/HD D−/HD H−/H2 D−/D2

14 eV 0.07 ± 0.09 (14.25 eV) 0.07 ± 0.09 (14.30 eV) −0.38 ± 0.02 (14.25 eV) −0.02 ± 0.03 (14.25 eV)
14.5 eV −0.17 ± 0.09 (14.40 eV) −0.18 ± 0.09 (14.55 eV) −0.37 ± 0.02 (14.45 eV) 0.16 ± 0.03 (14.45 eV)
15 eV −0.13 ± 0.09 (14.75 eV) −0.16 ± 0.09 (14.75 eV) −0.25 ± 0.03 (14.75 eV) 0.04 ± 0.03 (14.75 eV)

was taken as a parameter to estimate the forward-backward
asymmetry observable from H2 and D2. Interestingly, the mo-
mentum images observed for both H− and D− channels from
HD are closely similar and resemble those from H2. Due to
the asymmetric mass, HD is expected to show no inversion
symmetry. This is particularly valid for the larger internuclear
separation [16]. As a result, the contributing resonances in the
case of either channel, namely H− and D−, are 2�+. This can
be ascertained using the angular distribution observed in either
channel. The corresponding angular distributions, obtained
for both channels at 14.5 eV, are shown in Fig. 3. The ground
state of the neutral molecule is 1�+. We have fitted the angular
distribution using the equation

I(k, θ ) = A2
s + A2

pcos2θ + 2AsApcosθ cosϕ, (2)

where As and Ap correspond to the amplitude of the s-wave
and p-wave capture by the neutral molecule, θ is the angle of
ejection of anion fragment about the incoming electron beam,
and ϕ is the relative phase between the two partial waves
captured. This fit indicates that the NIR state leading to either
of the anion channels is of 2�+ symmetry.

However, as discussed earlier, the two dissociation limits
are energetically not the same and cannot result from the same

FIG. 3. Momentum images and corresponding angular distribu-
tions of H− and D− ions from HD at 14.5 eV electron energy. (a)
Momentum image of H−; (b) H− angular distribution for the KE
range 0.2–0.3 eV; (c) momentum image of D−; (d) D− angular
distribution for the KE range 0.16–0.2 eV. The arrow indicates the
direction of the electron beam.

negative ion state. Hence, the two ion signals cannot arise
from the same NIR state. The observed coherence effect in
H2 arises from the strong overlap of the 2�+

g and 2�+
u states in

the Franck-Condon region. H2 and HD are not electronically
very different. Hence, one would assume that DEA to HD,
also at 14 eV, would have a contribution from two correspond-
ing states. These states would be the mix of 2�+

g and 2�+
u

states necessitated by the loss of inversion symmetry and
would independently contribute to the two channels, namely
H− + D(n = 2) and D− + H(n = 2). In that case, the two
resulting linear combinations would be

ψ1 = 2�+
g + 2�+

u , (3a)

ψ2 = 2�+
g − 2�+

u . (3b)

The corresponding angular distribution expected from
these states would be given by

I1(k, θ ) = A2
s1

+ A2
p1

cos2θ + 2As1 Ap1 cosθ cosϕ1, (4a)

I2(k, θ ) = A2
s2

+ A2
p2

cos2θ − 2As2 Ap2 cosθ cosϕ2, (4b)

where the terms with the s and p subscripts arising from the
s-wave and p-wave capture and ϕ1 and ϕ2 are the relative
phases between the two partial waves for each of the linear
combinations of the resonances. Here, the two resulting states
would be energetically close to each other as the perturbative
term that lifts the inversion symmetry is extremely small. This
can be ascertained from the fact that the permanent electric
dipole moment of HD due to asymmetric mass is extremely
small [25]. Consequently, the phases ϕ1 and ϕ2 will have
almost the same values. In such a scenario, the expected
angular distributions would peak in opposing directions for
the two channels. In other words, if the ion intensity for H−
peaks in the forward direction, then that for D− will peak in
the backward direction or vice versa, which is not observed
in the present measurements. A simpler physical picture in
terms of the orientation of the molecule is as follows. In
a heteronuclear diatom, under the axial recoil motion, the
observed angular distribution is the direct manifestation of the
preferred orientation of the molecule for the DEA process. It
is represented in terms of the amplitude and relative phases
of the allowed partial waves transferred in the electron at-
tachment process. In the case of HD, as the two resonances
that contribute to the H− and D− signals separately are of
the same symmetry and extremely close in energy in the
Franck-Condon region, the amplitudes and relative phases of
the partial waves involved in electron capture would also be
closely similar. This means the preferred orientation of the
HD molecule for both the resonances in DEA would be the
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same. As a result, the observed asymmetries for H− and D−
signals would be opposite to each other as they arise from
the same orientation of the target molecule. However, what
is observed is not in accordance with this. This could be
explained only in terms of quantum coherence, similar to that
invoked in H2.

We note that the absolute cross sections of the two channels
in HD for 14 eV resonance are more or less identical, which
is clear from the momentum images. To understand this re-
sult, we have estimated the dissociation time and the survival
probability for the two resonances. For this purpose, we have
picked up two potential energy curves in this energy range
from the literature [26] that run close to each other and lead to
the dissociation limit with one of the constituent atoms in the
excited state (n = 2). As the dissociation limits for both the
channels differ by 2.4 meV, we assume that the upper curve
dissociates to the D(n = 2) + H− channel and the lower state
dissociates to the H(n = 2) + D− channel. The absolute cross
section of the DEA process is given by

σDEA = σC × p(E ), (5)

where σc is the electron capture cross section and p(E) is
the survival probability against autodetachment. The survival
probability is given by

p(E ) = exp

(
− td

τ

)
, (6)

where td is the dissociation time, and τ is the average lifetime
of the resonance against autodetachment. One can estimate
the survival probability for the two channels if one knows the
autodetachment lifetime of the resonances. Using the selected
potential energy curves, we estimate the dissociation time for
each of them for HD to be 14.43 and 14.06 fs for 15 eV
incident electron energy.

In order to have the same absolute cross section for both
the channels, either the capture cross section and survival
probability for each resonance are identical, or the survival
probabilities are inversely proportional to the electron capture
cross sections. Here, we assume that the two resonances have
identical capture cross sections. For identical values of the
survival probabilities, the two resonant states must have very
similar lifetimes, as their dissociation times are pretty close.
This is possible because the two resonances are mixtures of
two corresponding resonances observed in the homonuclear
isotopolog with opposite parity. As these resonant states have
not been explicitly calculated in the past, we cannot estimate
their lifetimes.

From the 10-eV measurements for HD [14], it is observed
that the permanent dipole moment arising from the asym-
metric mass of HD does not play any significant role in the
electron capture process. This observation implies that HD
behaves like a homonuclear diatom for the electron capture
process, and similar to H2 and D2, the 14-eV resonance cor-
responds to the linear superposition of the two resonances of
opposite parity. However, our earlier analysis also rules out the
two-state description of two participating resonances at larger
internuclear separations, leading to two distinct dissociation
limits.

De Lange et al. [16] have developed a procedure to con-
struct long-range potential near the n = 2 dissociation limit,
which results in the breakdown of g-u symmetry. In H2 and
D2, due to the identical atoms, the n = 2 dissociation limit has
a twofold degeneracy. But in the case of HD, this degeneracy
is lifted. Therefore, for HD, there are two groups of limits for
n = 2 dissociation, H(2l ) + D(1s) and H(1s) + D(2l ), and
each limit has a twofold near degeneracy for l = 0 or l = 1.
They have pointed out that the potential energy curves for
isotopologs of H2 coincide for small internuclear separations.
However, for larger internuclear distances, the potential en-
ergy curves for HD deviate from the adiabatic curve and
converge to one of the dissociation limits without crossing
each other. Implementing this description implies that the
electron capture process would be identical for H2, D2, and
HD in the Franck-Condon region.

At the dissociation limit of the 14-eV resonance, the frag-
mented negative ion is in the ground state, whereas the neutral
atom is in the first excited 2s or 2p state. If the excited atom is
in the 2s state, the possible molecular states would be 2�+

g and
2�+

u , and if the exited atom is in the 2p state, then the possible
molecular states would be 2�+

g , 2�+
u , 2	g, and 2	u. For

homonuclear diatomic molecular anions H−
2 and D−

2 , all the
states mentioned above converge, as the 2s and 2p are the near
degenerate states. As explained before, the forward-backward
asymmetry is due to the interference of two dissociating quan-
tum paths. These paths involve resonances of 2�+

g and 2�+
u

symmetry coherently accessed by the transfer of the s wave
and p wave, respectively, in the electron attachment process.

For the heteronuclear counterpart, the HD−, n = 2 dis-
sociation limit has two distinct channels, H(2l) + D− (1S)
and D(2l) + H− (1S). The excitation is localized to either
of the distinct H or D atoms in each channel. These two
channels are separated by 2.4 meV of energy, about two or-
ders of magnitude higher than the fine structure splits [20].
The states for the heteronuclear molecule would be a linear
combination of the homonuclear molecular states. The lin-
ear combination of the four states would give four states of
HD− and these mutually orthogonal combinations would be
as follows:

12�+
g + 12�+

u + 22�+
g + 22�+

u , (7a)

12�+
g + 12�+

u − 22�+
g − 22�+

u , (7b)

12�+
g − 12�+

u + 22�+
g − 22�+

u , (7c)

12�+
g − 12�+

u − 22�+
g + 22�+

u . (7d)

The prefix 1 refers to those � states involved in the 14-eV
DEA channel contributing to the forward-backward asymme-
try in H2 and D2, and the prefix 2 refers to those � states
which are not responsible for the 14-eV DEA peak. Among
these four combinations, two would converge to the H(2l)
+ D−(1S) limit, and the remaining two would converge to
the D(2l ) + H−(1S) limit. Here, based on the experimental
observation of the identical angular distributions for the two
channels, we predict that the combinations converge in pairs
either like (7a) and (7c) and in (7b) and (7d) or in (7a) and
(7d) and in (7b) and (7c). A detailed theoretical calculation
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is required to identify these anionic molecular states. This
picture explains the observed forward-backward asymmetry
for all possible isotopologs.

Charron et al. [27] theoretically demonstrated the coherent
control of isotope separation in the photodissociation of HD+

molecules. Applying a coherent addition of the fundamental
radiation with its second harmonic can lead to asymmetries
in fragment angular distribution. Their simulation shows that
the H+ and D+ ions are ejected preferentially in the forward
and backward directions, respectively, about the resultant
asymmetric light field formed by the zero phase difference
between the two colors. On the contrary, Sheehy et al. [28]
experimentally observed that in the two-color photodissoci-
ation of HD+, both the fragment ions (H+ and D+) show
identical asymmetry. This asymmetry varies with the relative
phase between the two light fields but remains similar for
both channels. Charron et al. clarified this difference in the
photodissociation pattern as follows [27]. There are two dis-
tinct regions of the enhanced probability of photodissociation:
low-frequency and high-frequency regimes of light. In the
low-frequency regime, the permanent dipole moment of HD
plays a role in controlling the dissociation pattern in which
the H+ and D+ ions are preferentially ejected in the opposite
direction. On the contrary, in the high-frequency regime, the
effect of permanent dipole moment is significantly reduced,
due to which the dynamics of HD+ are very similar to H+

2 ,
and no appreciable difference between the H+ and D+ partial
probabilities can be induced in this regime as observed ex-
perimentally by Sheehy et al. [28]. Therefore, it is concluded
that the preferential ejection of H+ and D+ ions in opposite
directions in the dissociation of HD+ is due to its permanent
dipole moment. The results obtained for the DEA to HD from
the coherent superposition of the two resonances also show
identical behavior. This also shows that the permanent dipole

moment of the HD due to asymmetric mass does not play any
role in the quantum interference, which is in accordance with
the photodissociation case.

IV. CONCLUSION

To conclude, we have shown that DEA to HD shows near
identical forward-backward asymmetry in both H− and D−
channels. The two channels have equal DEA cross sections.
We have explained the observed identical asymmetry in both
channels using the coherent superposition of two anion states
of opposite parities, as presented earlier for H2 and D2. How-
ever, the distinct dissociation limits for the two channels are
described by the linear combinations of four anion states,
two of which participate in the DEA process at 14 eV. As
the two participating states have the same signs in the dis-
sociation limit description, the forward-backward asymmetry
observed in the two channels is identical. The observation
also supports the earlier findings that the permanent elec-
tric dipole of the mass asymmetric HD does not play any
significant role in the electron capture process and, hence,
in the symmetry breaking. These results also indicate a dire
need for reliable calculations using modern theoretical tools
for determining the anion resonances in these simplest di-
atomic molecules in terms of their potential energy curves and
lifetimes.
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Mason, Phys. Rev. Lett. 106, 243201 (2011).

[12] I. Elizer, H. S. Taylor, and J. K. Williams, Jr., J. Chem. Phys.
47, 2165 (1967).

[13] M. Tronc, C. Shermann, R. I. Hall, and F. Fiquet-Fayard,
J. Phys. B: At. Mol. Phys. 10, 305 (1977).

[14] S. Swain, E. Krishnakumar, and V. S. Prabhudesai, Phys. Rev.
A 103, 062804 (2021).

[15] A. Kumar, S. Swain, J. Upadhyay, Y. Upalekar, Rajesh Arya,
and Vaibhav S. Prabhudesai, Phys. Rev. A 107, 062803
(2023).

[16] A. De Lange, E. Reinhold, and W. Ubachs, Int. Rev. Phys.
Chem. 21, 257 (2002).

[17] G. Herzberg, Nature (London) 166, 563 (1950).
[18] J. Biesheuvel, J.-Ph. Karr, L. Hilico, K. S. E. Eikema, W.

Ubachs, and J. C. J. Koelemeij, Nat. Commun. 7, 10385
(2016).

[19] S. Fichet, Phys. Rev. Lett. 120, 131801 (2018).
[20] NIST Chemistry Webbook https://webbook.nist.gov/chemistry/

(accessed on 31 March 2024); NIST Atomic Spectra Database
https://www.nist.gov/pml/atomic-spectra-database/(accessed
on 31 March 2024).

042805-6

https://doi.org/10.1063/1.1899404
https://doi.org/10.1007/978-981-13-9969-5_2
https://doi.org/10.1103/PhysRevLett.103.233201
https://doi.org/10.1103/PhysRevLett.106.049301
https://doi.org/10.1088/0953-4075/44/20/205203
https://doi.org/10.1103/PhysRevLett.95.143202
https://doi.org/10.1038/nphys4289
https://doi.org/10.1038/s41467-023-38440-6
https://doi.org/10.1103/PhysRevLett.106.243201
https://doi.org/10.1063/1.1712249
https://doi.org/10.1088/0022-3700/10/2/017
https://doi.org/10.1103/PhysRevA.103.062804
https://doi.org/10.1103/PhysRevA.107.062803
https://doi.org/10.1080/01442350210124515
https://doi.org/10.1038/166563a0
https://doi.org/10.1038/ncomms10385
https://doi.org/10.1103/PhysRevLett.120.131801
https://webbook.nist.gov/chemistry/
https://www.nist.gov/pml/atomic-spectra-database/


QUANTUM COHERENCE IN DISSOCIATIVE ELECTRON … PHYSICAL REVIEW A 109, 042805 (2024)

[21] Y. Xu and I. I. Fabrikant, Appl. Phys. Lett. 78, 2598 (2001).
[22] K. Gope, V. Tadsare, V. S. Prabhudesai, and E. Krishnakumar,

Eur. Phys. J. D 71, 323 (2017).
[23] V. S. Prabhudesai, N. J. Mason, and E. Krishnakumar, J. Phys.:

Conf. Ser. 1412, 052006 (2020).
[24] A. Weingartshofer, H. Ehrhardt, V. Hermann, and F. Linder,

Phys. Rev. A 2, 294 (1970).

[25] P. G. Drakopoulos and G. C. Tabisz, Phys. Rev. A 36, 5556
(1987).

[26] T. E. Sharp, At. Data Nucl. Data Tables 2, 119 (1971).
[27] E. Charron, A. Giusti-Suzor, and F. H. Mies, Phys. Rev. Lett.

75, 2815 (1995).
[28] B. Sheehy, B. Walker, and L. F. DiMauro, Phys. Rev. Lett. 74,

4799 (1995).

042805-7

https://doi.org/10.1063/1.1368191
https://doi.org/10.1140/epjd/e2017-80539-1
https://doi.org/10.1088/1742-6596/1412/5/052006
https://doi.org/10.1103/PhysRevA.2.294
https://doi.org/10.1103/PhysRevA.36.5556
https://doi.org/10.1016/S0092-640X(70)80007-9
https://doi.org/10.1103/PhysRevLett.75.2815
https://doi.org/10.1103/PhysRevLett.74.4799

