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Inelastic electron scattering induced
quantum coherence in molecular dynamics

Akshay Kumar1, Suvasis Swain1,2 & Vaibhav S. Prabhudesai 1

Quantum coherence is pivotal in various applications ranging from chemical
control to quantum computing. An example of its manifestation in molecular
dynamics is inversion symmetry breaking in the photodissociation of homo-
nuclear diatomicmolecules. On the other hand, the dissociative attachment of
an incoherent electron also induces such coherent dynamics. However, these
processes are resonant and occur for projectiles with a specific energy. Here
we present the most general scenario of non-resonant inelastic electron
scattering inducing such a quantum coherence in molecular dynamics. The
ion-pair formation (H+ + H─) that proceeds after the electron impact excitation
of H2 shows a forward-backward asymmetry about the incoming electron
beam. Simultaneous transfer of multiple angular momentum quanta during
the electron collision induces the underlying coherence in the system. The
non-resonant nature of this process makes this effect generic and points to its
possible prevalent role in particle collision processes, including electron-
induced chemistry.

In modern scientific endeavours, controlling chemical reactions has
been one of the most sought-after goals. In this context, coherent
control of molecular dynamics using light has been explored quite
extensively since the invention of lasers. The coherence induced due
to the absorption of photons forms the basis of themechanismbehind
this control1. In this context, single electron attachment to a molecule
also induces coherent molecular dynamics2. Here, the attachment of a
free electron causes the transfer of multiple quanta of angular
momentum to the molecule. Thesemomentum transfer channels that
originate due to the single electron attachment are inherently coher-
ent, introducing coherence in the dissociation dynamics in the pro-
duced anion. Although this effect is induced in every such attachment
process, its undisputed signature is observed in the homonuclear
diatomic molecules. Such multiple momentum transfer channels that
individually have inversion symmetry may invoke the formation of
coherent superposition of such multiple anion resonance states. As
these individual anion states are associated with transferring either an
even or odd number of angular momentum quanta to the ground
molecular state, they show inversion symmetric or antisymmetric
characteristics. However, their coherent superposition would not
possess the inversion symmetry. Dissociation resulting from such a

superposition state shows inversion symmetry breaking in the form of
forward-backward asymmetry in the fragment anion ejection with
respect to the incoming electron beam. This process is analogous to
the interference of two quantum paths invoked by the absorption of
one or two photons. However, both photoabsorption and electron
attachment are resonant processes. They occur at a specific photon or
electron energy at which such respective excited neutral or anion
states are present.

A common feature of free electron molecule collision is non-
resonant inelastic scattering, in which the incoming electron excites
the target molecule by transferring part of its kinetic energy. Inelastic
electron collision with molecules takes place wherever free electrons
are available. The most extensively studied phenomenon arising from
inelastic electron scattering is electron impact ionisation. Electron
attachment is also a subset of inelastic electron scattering. However,
electron impact excitation and dissociation are equally important but
relatively less explored channels. Except for the electron attachment,
all other channels are non-resonant processes that open up if the
incoming electron has more energy than their respective energy
thresholds. For example, the ionisation potential for theH2molecule is
15.4 eV, and the inelastic scattering of an electron with higher energy
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may cause its ionisation. These inelastic scattering channels are sig-
nificant in plasma processes, radiation biology, astrochemistry, and
any other environments involving energetic electrons capable of
triggering these processes. They are responsible for the chemistry of
such environments. More importantly, each such collision would
associate with angular momentum transfer to the molecule, similar to
what is observed in the electron attachment process. Then would they
also invoke the coherent dynamics in the molecule?

Ion-pair formation, also known as dipolar dissociation, is a charge-
asymmetric dissociation of the excited molecule. It is one of the
channels of dissociation arising from the non-resonant inelastic scat-
tering of particles. In this work, we show the inversion symmetry
breaking in the ion-pair formation from molecular hydrogen on
inelastic collision of electrons. We explain this result as due to the
coherent excitation of two states of opposite parties that results in
symmetry breaking. Ion-pair formation being a nonresonant inelastic
process, the coherent transition to multiple excited states and the
subsequent molecular dynamics happens at all electron energies
beyond the threshold.Most importantly, as the electronic excitationof
molecules is a very general process in all energetic particle-molecule
collisions, these observations apply to all such cases.

Results
We investigated the ion-pair formation in molecular hydrogen on
electron collision. In H2, this process would result in H+ + H─ forma-
tion. The minimum energy required for obtaining this channel is
about 17.3 eV3. This process is understood as a predissociation of the
excited H2 molecule via the ion-pair potential energy curve of the
system, as shown in Fig. 1(a) and (b). Hence, inelastic scattering of
free electrons with an energy >17.3 eV would cause this process. The
incoming electrons with sufficient energy excite the hydrogen
molecule to the neutral states present above this threshold energy in
the Franck-Condon region. On survival against autoionisation, these
states may predissociate on the ion-pair curve to the ion-pair for-
mation limit.

In principle, the ion-pair formation can be studied by observing
either the H─ or H+ signal. However, from 18 eV onwards, H+ is also
produced by dissociative ionisation, which prevents obtaining a clean
signal from the ion-pair formation channel4,5. HenceobservingH─ is the
ideal way to study this process. The ion yield curve of the H─ ions from
H2 shows a steady increase in the ion signal from 17.3 eV as this is a non-
resonant process6.

We obtained the velocity slice image (VSI) of H─ ions as a function
of electron energy starting from the threshold of the ion-pair forma-
tion. The experimental details are described inMethods. Starting from
the 17.3 eV electron energy, the image shows a blob. As the electron
energy increases, the blob size does not change. As the electron energy
reaches 25 eV, a new structure in the form of a ring begins to appear in
the VSI image, indicating the formation of ions with higher kinetic
energy. This ring widens in its outer radius until the electron energy is
40 eV, and its size remains unchangedbeyond it (see the Suplementary
Information). We explain the appearance of these two structures and
their behaviour based on the potential energy curves given in Fig. 1.

Energetically, the ion-pair formation limit lies above theneutralH2

dissociation limit of H(1 s) + H(n = 2, 3, and 4) (Fig. 1). Hence, only those
curves dissociating to these limits would cross the ion-pair potential
energy curve.Moreover, due to angularmomentumconsideration, the
ion-pair formation limit (H+ +H─(1S)) corresponds to only 1 Σ+

u and 1 Σ+
g

states. Therefore, the excited target states of only these symmetries,
dissociating to the H(1 s) + H(n = 2, 3, and 4) limit, would contribute to
the ion-pair formation. The series of states of these allowed symme-
tries converging to the ground state of the H2

+ cation intersect the
Franck-Condon region close to the threshold of ion-pair formation, as
shown in Fig. 1a. On surviving the autoionisation to the ground cation
state, these states contribute to the ion-pair formation at and near the
threshold. The H─ from these states will appear with very little kinetic
energy. The kinetic energy of the H─ ions produced would not change
with the electron energy due to its origin from a threshold process, as
the scattered electron would carry away the excess energy after the
molecular excitation. The relatively smaller slope of the potential
energy curves and their limited range in the Franck-Condon region
also contribute to this behaviour, as shown in Fig. 1a.

The ring formedby ions of higher kinetic energymaybe explained
by considering the potential energy curves in Fig. 1b, where we show
the set of higher-lying states that belong to the Rydberg series (Q1

series)7,8 converging to the first excited state of H2
+. These states

intersect the Franck-Condon region from 25 eV onwards. For these
states as well, the dissociation limits are the same (H(1 s) +H(n = 2, 3,
and 4)), and hence based on symmetry, only 1 Σ+

g and 1 Σ+
u states of the

Q1 series would contribute. As these states are considerably higher in
energy than the dissociation limit, the ion-pair formed would carry
substantial kinetic energy. These states also have a steep slope in the
Franck-Condon region; consequently, the kinetic energy distribution
would widen as a function of electron energy. However, beyond 40 eV,
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Fig. 1 | Schematic of ion-pair formation in H2. The potential energy curves are
taken from ref. 7. a For the production of low kinetic energy H─ ions and (b) for the
high kinetic energy ions. The potential energy scale is about the v = 0 state of the
electronic ground state of H2. The red dotted curves are the H2

+ ground and first
excited states. The black dashed curve is the ion-pair curve, and the blue curves are
the neutral excited states from the Rydberg series converging to the cation ground
state in (a) contributing to the low kinetic energy ion-pair signal and from the Q1

series in (b) contributing to the higher kinetic energy ion-pair signal. The blue

curves from the Q1 series are partly shown as dashed-dot, indicating that the
autoionisation is active in this region. The grey thick-shaded curves indicate the
paths taken by the 1 Σ+

g and 1 Σ+
u states after excitation by the incoming electrons

leading to the ion-pair formation (see the text). Vertical purpledashed lines indicate
the Franck-Condon region with the vibrational ground level of the electronic
ground state of H2. The verticle black dotted line separates the linear x-axis scale
from the logarithmic x-axis scale for larger internuclear separation.
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these states would go out of the Franck-Condon region, explaining the
observed behaviour of the ring with electron energy change.

Figure 2(a) and (b) show the VSIs obtained for H2 and D2 at 50 eV
electron energy, respectively. Since the outer ring shows anisotropy in
the angular distribution, we plotted them for the two isotopomers in
Fig. 2(c) and (d), respectively. Here we have taken the intensity from
the entire width of the ring (corresponding to a kinetic spread of
2.5 eV–9 eV). The angular distribution is obtained with respect to the
incoming electron beamdirection. It showsmaxima in the forward and
backward directions with a non-zero signal at all angles. Most impor-
tantly, the angular distribution shows forward-backward asymmetry
withmore intensity in the backward direction.We have taken care that
this asymmetry is not arising from any experimental artefacts due to
the recoil motion of the molecular target and detector efficiency (see

Methods). The asymmetry observed here is intriguing as it is not
expected from a homonuclear diatomic molecule due to its inherent
inversion symmetry, which must show up as a forward-backward
symmetric dissociation pattern.

The overall signal strength is poorer in D2 than in H2 due to the
isotope effect, where the heavier isotope experiences more loss in the
population due to autoionisation, as pointed out by Krishnakumar
et al.7. We have measured the forward-backward asymmetry in terms
of the asymmetry parameter η defined as

η=
IF � IB
IF + IB

ð1Þ

where IF and IB are the signal intensities in the forward and backward
direction with respect to the electron beam integrated over the
kinetic energy range of 2.5–9 eV. Figure 3 shows the asymmetry
parameter, η, obtained experimentally as a function of the incoming
electron energy. It also shows the value of η obtained for D2 at 50 eV
electron energy. We note that the asymmetry parameter changes
with electron energy. It is also different for H2 and D2, though the
measured uncertainties overlap.

The angular distribution of the molecular dissociation products
following electron impact is discussed in detail by Van Brunt9. The
angular distribution at the threshold, where the entire electron energy
is transferred to the excitation of the molecule, is expected to follow
that of the dissociative attachment (DA) process. However, as the
electron energy increases and the scattered electron carries away the
excess energy, the angular distribution is expected to show changes
with the electron energy, predominantly due to the role of higher
partial waves in the excitation process. As the initial and the final target
states have specific inversion symmetry, the dissociation process is
expected to retain this overall inversion symmetry. This implies that
only oddor evenpartial waves play a role in the excitationprocess for a
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Fig. 2 | Angular distribution of ion-pair formation. Velocity slice image of (a) H─

from H2 and (b) D─ from D2 obtained from the ion-pair formation at the 50eV
electron energy. The arrow indicates the direction of the incoming electron beam.
c and d Are the angular distributions obtained for the kinetic energy range of
2.5–9 eV from the two images (a) and (b), respectively. The angular distributions

are normalised w.r.t. the counts at 90° with the error bars indicating the standard
deviation. The solid (red) curves in (c) and (d) are the fits for the data obtained
using Eq. 6, discussed in the text below. The error bars in (c) and (d) are determined
by the error propagation of the counting errors for the negative ions from the
momentum images in (a) and (b), respectively.
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Fig. 3 | Asymmetry parameter. Experimentally obtained kinetic energy-integrated
asymmetry parameter (η) for ion-pair formation from H2 as a function of electron
energy (blue circles). Also shown is the asymmetry parameter obtained for D2 at
50 eV electron energy (red square). The error bars are obtained by the error pro-
pagation of the counting errors of the ions measured in the forward and backward
directions. The imagesused fordetermining these asymmetryparameters are given
in the Supplementary Information.
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homonuclear diatomic molecule depending on the initial and final
state of the target. For example, in the case of H2, the 1 Σ+

g ! 1 Σ+
g

transitionwill have contributions only from the even partial waves, and
that for the 1 Σ+

g ! 1 Σ+
u transition would be only odd partial waves. As

a result, the transition probability would be an even function of the
angle, and the angular distribution would always be symmetric about
90° to the incoming electron beam for any given dissociating excited
state. Van Brunt provided the mathematical formulation to estimate
the angular distribution of the ion-pair formation process9. For a single
excited state contributing to the ion-pair formation at the threshold
energy, the angular distribution of the fragment ion is given by

Iðθ,KÞ=K�n
X1
l = dμe

il imðl + 1Þ
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ð2l + 1Þðl � μÞ!

ðl +μÞ!

s
jlðKrÞY l,μðθ,ϕÞ

������
������
2

ð2Þ

where n, m, and r are adjustable parameters, K is the magnitude of
momentum transfer from electron to molecule, jlðKrÞ is the spherical
Bessel function, and Y l,μðθ,ϕÞ are the spherical harmonics. Here,
parameter n is related to the partial wave involved in the transition,m
is related to the relative phase of the partial waves involved, and r is
related to the typical interaction length, which typically does not
exceed 10 a.u.9. For the homonuclear diatomic molecule, l values
would be either odd or even depending on the inversion symmetry for
the initial andfinal states. For the non-threshold values of the incoming
electron energies, the effective angular distribution can be estimated
by integrating the I θ,Kð Þ as

I θð Þ=
Z K0 +Kf

K0�Kf

I θ,Kð ÞKdK ð3Þ

whereK0 is thewavenumber of the incoming electron andKf is thefinal
wavenumber of the scattered electron.

If multiple states are contributing to the ion-pair formation
incoherently at a given electron energy, the final angular distribution
can be obtained as the sum of the individual contribution of each of
these states given as

I θð Þ=
Z K0 +Kf

K0�Kf

X
j

cj Ij θ,Kð ÞKdK ð4Þ

where Ij (θ, K) corresponds to the angle-dependent contribution of the
jth excited state obtained using Eq. (2), and cj is the corresponding
weightage.

Based on Eqs. (3) and (4), the observed forward-backward asym-
metry in the angular distribution cannot be explained using just one of
the 1 Σ+

g or 1 Σ+
u states or by adding their contributions incoherently.

This is because each of the terms in Eq. (4) will be symmetric under
inversion. In the following, we explain the observed asymmetry by
assuming a coherent excitation process in which a superposition of
two states of opposite parities is created. This necessitates the use of
both even and odd partial wave contributions coherently in the tran-
sition probability. That is, the angular distribution observed is needed
to be expressed as the square of the sum of the amplitudes from the
individual state rather than the sum of the square of the amplitudes.
This implies that the angular distribution may be written as

I θð Þ=
Z K0 +Kf

K0�Kf

K�n
X
j

ajλjðθ,KÞ
�����

�����
2

KdK ð5Þ

Here, λj is the amplitude corresponding to the contribution from
the jth excited state according to Eq. (2), and aj is the complex coef-
ficient that carries the information of the weightage of the state and
the phase w.r.t. the other contributing states.

We have taken n = 6 as suggested in ref. 9, although the final
function does not vary much with this. For the 1 Σ+

g ! 1 Σ+
u transition,

we have takenm= 1, and for the 1 Σ+
g ! 1 Σ+

u transition, we takem=09.
The lower partial waves play a significant role close to the threshold,
i.e. electron energy close to the excitation energy of the molecular
state. However, as the electron energy increases, higher partial waves
may become dominant with a higher value of Kr. As the observed
angular distribution does not show any sharp structures, we restrict
our angular distribution functions to the lower allowed partial waves
for each transition. Hence, after considering the s and d-wave con-
tribution in the 1 Σ+

g ! 1 Σ+
g transition and p-wave contribution to the

1 Σ+
g ! 1 Σ+

u transition, we obtain the fitting function for the observed
angular distribution using Eq. (5) as

I θð Þ=
Z K0 +Kf

K0�Kf

K�6∣aðj0 Krð ÞY00 θ,φð Þ+ j2 Krð Þ
ffiffiffi
5

p
Y 2,0 θ,φð Þ e�iϕ2 Þ

+ b
ffiffiffi
3

p
j1 Krð ÞY 1,0 θ,φð Þ e�iϕ1 ∣2KdK

ð6Þ

Here, ϕ1 is the relative phase between the 1Σ+
g ! 1Σ+

g and 1 Σ+
g !

1 Σ+
u transitions, and ϕ2 is the relative phase between the s-wave and d-

wave contribution in the 1 Σ+
g ! 1 Σ+

g transition. This includes the
intrinsic phase difference between the s-wave and p-wave from the
same electron and the relative phase difference gained during
the dissociation process along the two dissociation paths. The
obtained fit for the data using Eq. (6) is shown in Fig. 2(c) for H2 and
2(d) for D2 at 50 eV electron energy and r = 1.5 a.u.

Model for estimating the forward-backward asymmetry
Asmentioned above, the states that produce the fasterH� ions by the
ion-pair formation process belong to the Q1 series of autoionising
states, which are repulsive in the Franck-Condon region8. Due to
predissociation on the ion-pair potential energy curve, these states
contribute to the measured H� channel. As explained earlier, the
Franck-Condon overlap with these states extends from 25 eV to
40 eV, yielding dissociating products with the kinetic energies
observed in the outer ring of the VSI obtained in our experiment.
Guberman calculated the potential energy curves for these states10.
Sanchez andMartin have also calculated these curves and their width
towards autoionisation11. We have used these widths and the com-
posite potential energy curve interpolated from the curves compiled
by Vogel7.

The ion-pair formation process is analogous to theDAprocess as
both processes compete with the decay of the underlying states by
electron ejection. For DA, the parent negative ion resonance state
may decay by autodetachment of the extra electron, whereas in ion-
pair formation, the neutral excited state may decay by autoionisa-
tion. However, the most crucial difference between the two pro-
cesses is that DA is a resonant process that involves a molecular
negative ion state. In contrast, ion-pair formation is a non-resonant
process and occurs at any electron energy above its threshold. In the
following model, we consider only the lowest 1 Σ+

g and 1 Σ+
u states in

the Franck-Condon region from the Q1 series (Fig. 1(b)). We estimate
the initial population of each of the states as a function of the
transferred energy as being proportional to the square of the cor-
responding part of the ground state vibrational wavefunction in the
Franck-Condon region. Using autoionization width as a function of
internuclear separation from ref. 11, we determine the amplitude of
each state that survives autoionisation. Subsequently, this wave-
packet dissociates along the ion-pair curve due to curve crossing. We
estimate the effective amplitude of the dissociating wavepackets
along the ion-pair curve by multiplying the surviving wavepacket
amplitude by the Landau-Zener factor that gives the transition
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probability between the diabatic states as12

Pij = 1� exp
�2πc2ij
_αv

 !
ð7Þ

where cij is the coupling matrix element between the crossing states i
and j. This coupling matrix element effectively becomes half of the
closest energy separation between the two relevant adiabatic potential
energy curves. The typical half-splitting value for H2 is about 0.27 eV

13.
The absolute slope difference (at the crossing) between the adiabatic
potentials is denoted as α, and v is the relative velocity of the
fragments. We estimate the phase difference between the two paths
along the two Q1 potential energy curves that cross the ion-pair curve
at higher internuclear distances (grey-shaded curves in Fig. 1(b)). For
both paths, we have used the same ion-pair curve. Using this phase
difference and the remaining amplitudes of the two channels, we
estimate the expected forward-backward asymmetry from the angular
distribution function

IðθÞ=
Z K0 +Kf

K0�Kf

K�6∣ag ðj0ðKrÞY00ðθ,φÞ+ j2ðKrÞ
ffiffiffi
5

p
Y 2,0ðθ,φÞ e�iϕ2 Þ

+au

ffiffiffi
3

p
j1ðKrÞY 1,0ðθ,φÞe�iϕ1 ∣2KdK

ð8Þ

where the ag and au are the effective amplitudes in each channel after
the loss due to autoionisation and appropriate transition to the cor-
responding ion-pair states. We take ϕ1 as the sum of the relative phase
gained during the dissociation along the two paths and the initial
relative phase between the s and p-waves, which is π ⁄2, and ϕ2 as the
initial phase difference between the s and d-waves, which is π. The
asymmetryparameterη is determined according to Eq. (1). The IF and IB
are obtained by integrating I θð Þ from Eq. (8) over the range 0 to π/2
and π/2 to π, respectively, and summing over the values of Kf. Here,
parameter r, equivalent to the impact parameter, does not have a well-
defined value. We estimate the asymmetry parameter over a range of
values for r. The estimated asymmetry parameter as a function of
incident electron energy and the impact parameter range is shown in
Fig. 4(a) for H2.

We also show the estimated values forD2, whichshows the isotope
effect (Fig. 4(b)). The heavier isotope yields reduced amplitudes of the
interfering wavepackets and alter the relative phase between them.
Due to steep dissociation, which results in high kinetic energy, we do
not see a substantial difference between the two isotopes. However,
the asymmetry diminishes for the heavier isotope as the width of the
participating 1 Σ+

g state is almost 50% larger than the 1 Σ+
u state,

affecting the contrast of the interference11. The values obtained by the
model are lower than the measured asymmetry parameters (Fig. 3).
However, the trend in the observed asymmetry parameters can easily

be observed in the simulated results for the typical impact parameters
comparable to the equilibrium bond length of the molecule.

To conclude, we have shown that the non-resonant inelastic scat-
tering of free electrons induces a coherent response from themolecule.
This manifests in the ion-pair formation process in H2 in the form of the
inversion symmetry-breaking. The quantum coherence induced by
the transfer of odd and even partial waves results in the transition of the
molecule to the superposition of two states from the Q1 band with
opposite parity and dissociating to the same limit. The non-resonant
nature of this process makes these results more generic than the DA or
photodissociation processes that are resonant in nature. The above
results indicate that similar asymmetry should be expected in the elec-
tron impact dissociation of inversion symmetric molecules resulting in
the fragments in the ground and excited states, for example, in the
electron impact dissociation of H2 intoH+H*.Wemay point out that the
forward-backward asymmetry observed in ion-pair formation from
electron impact with O2

14–16 may also be due to quantum interference of
two dissociation paths, as seen in the present case of H2, though it was
attributed tomolecular recoil effects14 anddetector efficiencyproblem16.
Unlike H2, O2 is a far more complex system, making analysis of the data
very difficult. However, the fact that such an asymmetry is not observed
in the two-photon absorption process leading to the ion-pair formation
in O2 where multiple paths of opposite parities are not involved in the
dissociation process17 indicates the role of coherent excitation of states
giving rise to the observed asymmetry O2 data as well.

The most striking and essential aspect of these results is the
conclusive identification of the coherent response of thematter to the
inelastic scattering of the particles in terms of ensuing molecular
dynamics. Although the coherence induced in the non-resonant
inelastic scattering of electrons from an incoherent source is clearly
observed in the homonuclear diatomic system, such effects must be
prevalent in general in the electron scattering from any molecule.
These findings also indicate that such coherent dynamics can be
induced in the inelastic scattering of any particle with molecules.
Recently, low-energy free-electron attachment has also been shown to
control molecular dissociation, which is the first step towards realising
the ultimate control in the chemical reaction18. In addition, there have
been extensive explorations of low-energy electron-induced control
over molecular dynamics, including efforts toward single-molecule
engineering using a scanning tunnelling microscope19. Our results
point to apossible avenueof electron-induced chemical control via the
neutral excited states. However, it remains to be seen how we can tap
these coherences to obtain total control over chemical reactions.

Methods
Experimental setup
The schematics of the experimental setup are shown in Fig. 5. The
experiments were performed in a vacuum at a typical background
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Fig. 4 | Asymmetry parameter (η) from the model. The asymmetry parameter (η) as false colour plots obtained from the model for (a) H2 and (b) D2 as a function of
incoming electron energy for various values of the ‘r’ parameter.
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pressure of around 1 × 10−6 torr after introducing the target gas. A
pulsed (100 ns and 10 kHz repetition rate) electronbeamcollimatedby
a 50G uniformmagnetic fieldwasmade to cross an effusivemolecular
beam produced by a capillary array. The capillary array was mounted
coaxially to the VSI spectrometer. The electron beam was created
using a home-built electron gun that uses the tungsten filament. The
electron gun current was measured using a Faraday cup mounted
coaxially but diametrically opposite to the gun about the molecular
beam.Themagneticfieldwasgeneratedusing apair of coilsmounted in
the Helmholtz geometry outside the vacuum chamber. We machined
the entire vacuum chamber, along with the VSI spectrometer from
titanium alloy of grade ‘V’, to avoid any effect of the straymagnetic field
arising due to the magnetisation of the electrodes. The ions generated
by electron interaction with molecules were extracted into the VSI
spectrometer using a pulsed extraction field. This field was generated
by applying a negative square voltage pulse (−350 V amplitude and
250 ns duration) on the pusher electrode, which was delayed from the
electron pulse by 160ns. The puller electrode was grounded, and
appropriate DC voltages were applied to the lens electrodes along with
the flight tube. The values of these voltages were first determined using
an ion trajectory simulating software SIMION8.0 and then optimised to
obtain the proper image. As the electron beam collimating magnetic
field was at right angles to the trajectories of the extracted ions, the
trajectories deviated from the axis of the spectrometer. This deviation
was maximum for the H─ ions and could distort one side of the
momentum image. We used a short-flight tube of length 15mm to
minimise this distortion. This short-flight tubewas sufficient to separate
the H─ and D─ ions in the time of flight spectrum obtained in the VSI
mode. As the system carries the cylindrical symmetry about the elec-
tron beam axis, only the left or right half of the image that arrives close
to the centre of the detector was used for the analysis.

We detected the ions using a two-dimensional position-sensitive
detector made of a pair of microchannel plates followed by the
phosphor screen. We pulsed the detector bias to obtain the slice of
Newton’s sphere of the ions generated in the interaction volume and
extracted into the VSI spectrometer. The detector bias pulse was
appropriately delayed w.r.t. the extraction pulse so that the central
slice of the ion momentum sphere was captured on the detector. As
the H─ ions generated in the ion-pair formation process were relatively
fast (KE up to 10 eV), we needed to use a higher extraction field along
with the higher voltages on various electrodes suitable for the VSI. This
reduced the overallflight time spread for theH─ ions (to about 200 ns).
To obtain meaningful slices from such a time of flight peak, we used a
10 ns duration detector biasing pulse. The images recorded using the

charge-coupled device camera were analysed offline for the H─ ions’
kinetic energy and angular distribution. We carried out the electron
energy calibrationusing theDA signal fromH2 at 14 eV and the imaging
calibration by measuring the VSI of H─ ions from the 10 eV DA peak of
H2. The images are obtained from the crossed-beam geometry of the
target region by subtracting the contribution from the static gas
background20.

We obtained the momentum image for the 10 eV DA resonance
fromH2 that showedno asymmetry in the forward-backwarddirection.
The image obtained at 8.5 eV is shown in Fig. 6. This observation is
consistent with the fact that only one anion state contributes to theDA
signal below 10 eV20. This eliminates any role of detector efficiency-
induced artefact in the observed forward-backward asymmetry.

In the inelastic scattering process, the scattered electron induces
the recoil motion in the molecular target, which influences the
momentumdistribution of the fragments in the laboratory frame. This
recoil effect can appear as a small forward-backward asymmetry if the
observation ismade at a specific kinetic energy of the fragment14,21. The
velocity slice imaging (VSI) techniqueprovides the angulardistribution
for all the kinetic energies in a single measurement. We observe the
forward-backward asymmetry for the signal integrated over the entire
kinetic energy range, eliminating any such artefact due to molecular
recoil.

Data availability
The data that support the findings presented in Fig. 3 are provided in
the Supplementary Information. The data are available from the cor-
responding author upon request.
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