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We study single ionization of helium by the impact of the H+
2 molecule which in the collision undergoes a

transition from the ground state to its first dissociative state. We show that two types of interference effects arise
in the spectra of the emitted electrons. One of them is due to the interaction of the atomic electron with the nuclei
of the molecule. In the other one the interference is caused by the interaction of this electron with the electron
of the molecule. Interference effects of the first type dominate at the low collision velocities due to the effective
threshold for the electron-electron interactions.
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I. INTRODUCTION

Young-type interference in atomic collisions has been
extensively studied since the pioneering theoretical work of
Tuan and Gerjuoy in 1960 [1]. In their studies, they investigated
the electron capture in collisions between protons and H2,
and predicted that the capture from two identical centers of
H2 would lead to interference structures in the cross sections
differential in the collision energy.

Experimental observation of interference effects in capture
collisions was not successful until 1993 when Cheng et al. [2]
found interference effects in cross sections as a function of the
molecular orientation. Later, electron capture were studied for
different collision systems involving molecules [3–7].

Interference effects can also arise in electron emission from
molecules under ion impact ionization [8,9]. The first results
on interference in ionizing collisions were reported in [8]
where the single ionization of H2 by 60-MeV/u Kr34+ ions
was investigated. There the interference effects were found
in the ratio of the measured doubly differential (in emission
energy and angle) cross section to the theoretical cross section
for ion-impact ionization of atomic hydrogen.

In [10] a strong interference dependence on the electron
emission angle was predicted, which was later confirmed ex-
perimentally [11–13]. Interference effects were also observed
in the cross-section differential in the projectile scattering
angle [14,15]. Note that interference effects in the ionization
of molecules by the impact of fast bare ions were very recently
reviewed in [16].

A qualitatively different situation arises when collisions
occur between a molecule and an ion (an atom), which
initially has an electron, and interference effects are considered
for electron emission from the ion (the atom). In [17] the
projectile-electron loss was considered for collisions of highly
charged ions with two-atomic molecules. The results of the
authors of [17] suggest that pronounced interference effects,
which can arise in the electron loss spectra, could be directly
observed.
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Recently, interference effects were discussed in [18] for the
reaction

(H+
2 )1sσg

+ He → (H+
2 )∗2pσu

+ He+ + e

→ H+ + H + He+ + e. (1)

In that paper, interference effects were discussed for electron
emission from the atom by considering the cross-section
differential in the transverse momentum transfer in the col-
lision and using the condition that the molecular orientation is
perpendicular to the beam direction.

In the present paper we consider the same reaction (1)
with electron emission from the atom in a complementary
situation where interference effects are studied in the electron
emission spectra which are obtained by integrating the fully
differential cross section over the transverse momentum
transfer. In this situation, in contrast to [18], interference
effects are sensitive to the longitudinal momentum transfer,
the longitudinal component of the momentum transfer in the
collision.

Atomic units are used except where otherwise stated.

II. GENERAL CONSIDERATION

In the reaction (1) one of the electrons of the atomic target
and the electron of the projectile simultaneously undergo
transitions. This reaction can be described using perturbation
theory in the projectile-target interaction. Let us consider the
collision between H+

2 and He. Let the nucleus of the target
be at rest and taken as the origin. We shall describe the target
using the single active electron approximation and denote the
initial and final states of this electron by φi(r) and φf (r),
respectively, where r is the electron coordinate. Further, the
initial and final internal states of the H+

2 will be approximated
by [ψ1s(ρ + λ/2) ± ψ1s(ρ − λ/2)]/

√
2, where the sign “+”

refers to the initial bound state 1sσg , and the sign “−” to the
final dissociated state 2pσu. Here, ψ1s is the hydrogen atomic
orbital, ρ is the coordinate of the projectile electron, and λ is
the vector connecting the nuclei of the molecule.
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In the first order of perturbation theory, the contribution to
the transition amplitude for the reaction (1) is given by

Aee
f i(q⊥) = 2

q2v
〈ψ1s(ρ)|e−iq·ρ |ψ1s(ρ)〉 sin(q · λ/2)

×〈φf (r)|eiq·r |φi(r)〉, (2)

where v is the collision velocity and �q = (�q⊥,q‖) is the
momentum transfer in the collision. The longitudinal part of
the momentum transfer reads q‖ = (�Em + �Eat )/v, where
�Em and �Eat are the transition energies of the projectile and
the target, respectively. Note that according to the first-order
perturbation theory only the interaction between the electrons
of the target and projectile contributes to the simultaneous
transitions of these electrons. Therefore this channel of the
reaction (1) can be referred to as the ee mechanism.

According to the second-order perturbation theory, the main
contribution to (1) is given by the reaction channel in which the
electron of the target makes a transition due to its interaction
with the nuclei of the molecule and the electron of the projectile
undergoes the transition due to its interaction with the core of
the target (the target nucleus and the passive target electron).
The corresponding contribution to the transition amplitude
reads

AeN
f i (q⊥) = −i

2Zat

πv2

×
∫

d2qm,⊥
1

q2
m

〈ψ1s |eiqm·ρ |ψ1s〉 sin(qm · λ/2)

× 1

q2
at

〈φf |eiqat ·r |φi〉 cos(qat · λ/2), (3)

where qm = (qm,⊥,�Em

v
) is the momentum exchanged between

the target core and the projectile electron, and qat = q −
qm = (qat,⊥,�Eat

v
) is the momentum transferred between two

projectile nuclei and the target electron. In the following, the
above second-order channel for the reaction (1) will be referred
to as the eN mechanism.

We note that, compared to the interference of light emitted
(scattered) from two slits, the first-order transition amplitude
(2) predicts a phase shift of π of the interference fringes
in the electron emission spectrum. This phase shift appears
because in our case the “slits” themselves undergo a transition.
Indeed, according to the first-order perturbation theory, the
slits are represented by the electron of H+

2 , which itself makes
a transition from even [ψ1s(ρ + λ/2) + ψ1s(ρ − λ/2)]/

√
2 to

odd [ψ1s(ρ + λ/2) − ψ1s(ρ − λ/2)]/
√

2 state. This quantum
transition introduces the additional phase shift of π .

According to the second-order perturbation theory, the
transition of the electron of H+

2 is caused by its interaction
with the core of the atom whereas the transition of the atomic
electron is due to its interaction with the nuclei of the molecule.
Since the state of the molecule nuclei (practically) does not
change in the collision, here one has a more direct analog to the
optical interference and no additional phase shift of π occurs.

From the structure of the first- and second-order transition
amplitudes, it is rather obvious that the more pronounced
interference in the emission spectrum will take place when
the molecular axis is parallel to the collision velocity. Indeed,
in such a case the sin and cos terms in the amplitudes (2)

and (3) do not depend on the transverse component of the
momentum transfers and, therefore, the integration over these
components does not smear out the interference effects. For
this parallel orientation of the molecular axis (�M = 0◦, �M is
the angle between the molecular axis and the beam direction)
the cross-section differential in the momentum of the emitted
electron can be cast into the following form:

d3σ

dk3
=

∫
d2q⊥

∣∣Aee
f i(q⊥) + AeN

f i (q⊥)
∣∣2

= σ1

{
1 − cos

[
(�Em + �Eat )

λ

v

]}

+ σ2

[
1 + cos

(
�Eat

λ

v

)]

+ σ12 sin

[(
�Em + �Eat

2

)
λ

v

]
cos

(
�Eat

2

λ

v

)
, (4)

the terms, which are proportional to σ1 and σ2, correspond to
the cross sections obtained by taking into account only the
ee and eN mechanisms, respectively. The term proportional
to σ12, which can be positive or negative, is the result of the
interference between these two mechanisms.

The phases of the form �Eλ/v in (4), which lead to the
interference, can be rewritten as �ET , where T = λ/v is the
time difference between two instances at which the molecular
centers pass the target. Thus, the interference in the electron
emission spectrum can be thought of as caused by a pair of
“time slits” acting on the electron [17].

III. RESULTS AND DISCUSSION

In Fig. 1 we show the calculated spectra of the electron
emitted from the atom neglecting the contribution of the

(a) (b)

(d)(c)

FIG. 1. (Color online) The emission pattern calculated by ne-
glecting the ee mechanism. (a)–(d) correspond to collision energies of
500, 200, 100, and 50 keV/u, respectively. The molecular polar angle
is 0◦ and λ = 4 a.u. In (b), (c), and (d) cross sections [Mb/(a.u.)2] are
multiplied by 0.17, 0.07, and 0.02, respectively.

022706-2



INTERFERENCE IN DIELECTRONIC TRANSITIONS IN H . . . PHYSICAL REVIEW A 90, 022706 (2014)

first-order mechanism. This spectrum is given by the cross-
section differential in the longitudinal and transverse compo-
nents of the momentum of the emitted electron and is obtained
by integrating the cross section (4) over the azimuthal angle of
the emitted electron. The internuclear distance λ was chosen
to be 4 a.u. [19]. The spectra are given for different collision
energies, which means different values of T . From Figs. 1(a)
to 1(d), the collision energy is 500, 200, 100, and 50 keV/u,
corresponding to the time difference of 0.9, 1.4, 2.0, and
2.8 a.u. (0.02, 0.03, 0.05, and 0.07 fs), respectively. Note that
these time differences are of the order of the typical transition
times in the reaction (1) for the active electron in helium and
the electron of the projectile.

If the contribution of the ee mechanism is ignored, only
the second term in the right-hand side of (4) remains and the
interference in the calculated spectra arise due to the factor
1 + cos(�EatT ) [see formula (4)]. Therefore, the centers
the of maxima and minima in the emission spectra are
approximately located at ε

(max)
k = εi + 2nπ/T and ε

(min)
k =

εi + (2n + 1)π/T , respectively. Here, εi and εk are the initial
and final energies of the electron, and n is a positive integer.

In Fig. 1 we show the emission spectrum as a function
of the longitudinal k‖ = �k · �v/v and transverse k⊥ = |�k − (�k ·
�v)�v/v2| parts of the electron momentum �k. In accordance
with what was discussed in the previous paragraph, it indeed
follows from the results shown in Fig. 1 that the spectrum
in the coordinates (k‖, k⊥) is concentrated on the ridges
along the rings corresponding to fixed emission energies.
When the collision energy decreases, the time T increases
and the distances between the rings become smaller.

In Fig. 2, we show the emission spectra obtained by
taking into account the ee mechanism and neglecting the
eN mechanism. Note that within such an approximation,
only the first term on the right-hand side of (4) remains.
Correspondingly, the centers of the maxima and minima in the

(a) (b)

(d)(c)

FIG. 2. (Color online) Same as in Fig. 1 but neglecting the eN

mechanism. In (b), (c), and (d) cross sections [Mb/(a.u.)2] are
multiplied by 0.33, 0.22, and 0.35, respectively.

emission pattern are given by ε
(max)
k = εi + (2n + 1)π/T −

�Em and ε
(min)
k = εi + 2nπ/T − �Em, respectively.

According to the results in Fig. 2, the spectrum shows
much less pronounced interference structures. This is related
to the effective threshold for the ee mechanism [20–24]. This
mechanism becomes efficient at collision velocities where the
energy of an equivelocity free electron satisfies the condition
v2/2 � k2/2 + Ib, where Ib = |εi | + �Em. On the other hand,
to observe that there is more than one maximum in the
spectrum, the variation of the phase factor (�Em + �Eat ) λ/v

should not be smaller than 2π , which means that k2/2 should
vary from 0 to at least 2πv/λ. Since the collision velocity
should not be too low in order that the ee mechanism is efficient
and the emission decreases rather rapidly with increasing k,
one sees that the maxima at higher k are strongly suppressed.

Figure 3 shows the electron momentum spectra calcu-
lated for three different orientations of the molecular axis:
�M = 0◦, 10◦, and 20◦. The collision energy is 50 keV/u
and λ = 4 a.u. Taking into account that |εi | ≈ 0.9 a.u. and
�Em(λ = 4 a.u.) ≈ 0.4 a.u. [25], we obtain the minimum
energy transfer Ib ≈ 1.3 a.u. and the corresponding threshold
collision velocity vth ≈ √

2Ib ≈ 1.6 a.u. The later value is
above the actual collision velocity (v ≈ 1.4 a.u.). Therefore,
the ee mechanism is already suppressed and the spectra mainly
feature the interference pattern due to the eN mechanism.

This can be seen by comparing the left column [Figs. 3(a),
3(c), and 3(e)] and the right column [Figs. 3(b), 3(d), and
3(f)]. The results shown in the left column were obtained
by neglecting the ee mechanism, whereas those in the right
column take into account the contributions of both (ee and eN )
mechanisms. It is seen that only at small emission energies the
ee mechanism yields substantial contributions, while at higher

(a) (b)

(d)(c)

(f)(e)

FIG. 3. (Color online) Electron emission spectrum calculated for
three different molecular orientations: (a, b) �M = 0◦, (c, d) 10◦, and
(e, f) 20◦. The collision energy is 50 keV/u, and λ = 4 a.u. The
results shown in the left column were obtained by neglecting the ee

mechanism. In (b)–(f) cross sections [Mb/(a.u.)2] are multiplied by
0.66, 1.19, 0.61, 1.61, and 0.55, respectively.
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FIG. 4. (Color online) The energy spectrum of the electron emit-
ted in the reaction (1). The orientation angle of the molecules
randomly varies between 0◦ and 10◦ and λ = 4 a.u. The dotted and
dashed curves show the contributions of the ee and eN mechanisms,
respectively. The solid curve is the full result.

energies the emission pattern is practically fully determined
by the eN mechanism alone.

At �M = 0◦ the calculated spectra show a clear interference
pattern [see Figs. 3(a) and 3(b)]. However, when the angle
�M increases the interference rapidly weakens and almost
disappears already at �M = 20◦ [see Figs. 3(e) and 3(f)]. The
basic reasons for this are two-fold. First, when �M increases
the effective longitudinal size of the molecule (λ‖ = λ cos �M )
decreases, which makes the dependence of the emission
pattern on the electron energy oscillating slower. Second, when
the molecular axis is not parallel to the collision velocity, the
interference pattern depends also on the angle between the
transverse momentum transfer and the transverse component
of the molecular axis [see formulas (2) and (3)] and the
integration over this angle washes out the pattern. This washing
out becomes relatively more important when �M increases,
leading to a gradual decrease in the interference effects.

Interference effects can also be observed in the energy
spectrum of the emitted electron. In Fig. 4 we show the energy
spectrum for collisions with molecular ions obtained under the
assumptions that the orientation angle �M of the molecules is

randomly distributed between 0◦ and 10◦ and λ = 4 a.u. The
cross section, averaged over the molecular orientation, was
calculated according to

σ ∼
∫ 90◦

0◦
f (�M )σ (�M ) sin �Md�M, (5)

where σ (�M ) is the cross section at a given �M and

f (�M ) =
{

1; 0◦ � �M � 10◦,
0; �M > 10◦.

It is seen from the figure that the contribution of the ee

mechanism can be very important at low emission energies,
but becomes strongly suppressed at larger energies due to the
threshold effect for this mechanism. As a result, the maxima in
the spectrum, which are centered at Ee ≈ 1 a.u. and ≈3.3 a.u.,
arise solely due to the eN mechanism.

As was already mentioned, the interference effects in the
emission spectra rapidly weaken when the angle �M increases.
We note that according our calculations interference effects in
the spectra vanish if the molecules are randomly oriented in
space [f (�M ) = 1 for 0◦ � �M � 90◦]. This is because the
effects are clearly visible only for small angles �M whose
contribution to the cross section (5) is suppressed due to the
factor sin �M .

IV. CONCLUSION

In conclusion, we have studied interference effects in
the spectra of electrons emitted in the reaction H+

2 + He →
H + H+ + He+ + e. We have shown that the spectra show
clear interference effects provided the collision velocity is
not too high. The interference appears mainly due to the
second-order collision mechanism in which the electron of
the target undergoes a transition due to its interaction with the
nuclei of the molecular ion, whereas the electron of the ion
is excited because of its interaction with the nucleus of the
atom. According to our results, the most favorable condition
for observing the interference is when the molecular axis is
almost parallel to the collision velocity.

The predicted effects can be verified experimentally by
colliding a beam of H+

2 ions with an impact energy of, say,
50 keV/u with a helium target. Using the reaction microscope
one can detect in coincidence all the fragments (H, H+, He+,
and e−) and concentrate only on those events in which the
initial internuclear distances in H+

2 molecules are large enough
and the molecules are almost parallel to the beam velocity in
order that the interference effects are strong enough. Note that
the information about these distances can be obtained from the
kinetic energy release and the orientation can be deduced from
the momenta of the molecular fragments.
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