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We report the energy and angular distribution of electron double differential cross sections (DDCS) in
collision of 6-MeV/u C°* ions with molecular hydrogen. We explain the observed distributions in terms of the
two-center effect and the Young-type interference effect. The secondary electrons having energies between 1
and 1000 eV are detected at about 10 different emission angles between 30° and 150°. The measured data are
compared with the state-of-the-art continuum distorted wave-eikonal initial state and the first Born model
calculations which use molecular wave function. The single differential cross sections are derived and com-
pared with the theoretical predictions. The oscillations due to the interference effect are derived in the DDCS
ratios using theoretical cross sections for the atomic H target. The effect of the atomic parameters on the
observed oscillations is discussed. An evidence of interference effect has also been shown in the single
differential cross section. The electron energy dependence of the forward-backward asymmetry parameter
shows a monotonically increasing behavior for an atomic target, such as He, which could be explained in terms
of the two-center effect only. In contrast, for the molecular H, the asymmetry parameter reveals an oscillatory
behavior due to the Young-type interference effect superimposed with the two-center effect. The asymmetry
parameter technique provides a self-normalized method to reveal the interference oscillation which does not

require either a theoretical model or complementary measurements on the atomic H target.
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I. INTRODUCTION

The shape of the low-energy electron spectrum emitted in
heavy ion atomic collisions is sensitive to the various ioniza-
tion mechanisms. Spectra from double differential electron
emission clearly identifies different processes, such as, soft
collision electrons (SE), two-center electron emission
(TCEE), electron capture to the continuum (ECC) at zero
degree and the binary encounter (BE). Unlike the case of low
charged projectiles, such as, e¢~, H*, and He?*, etc., the mo-
tion of the ionized electron is considerably affected by the
two moving sources of Coulomb potentials, namely, the re-
ceding highly charged heavy projectile ion and the residual
recoil ion. Although, the projectile velocity considered here
is much larger than the velocity of the electron in the atom,
(vp/v,~11.5) it is seen that the first Born calculation (B1)
fails to explain the energy and angular distributions of the
ionized electrons. This is a consequence of the fact that, B1
accounts only for the target center effects and does not con-
sider the effect of the receding projectile after the electron
has been ionized. In order to account for the projectile center
effects, a theoretical model based on the continuum distorted
wave-eikonal initial state (CDW-EIS) approximation has
been developed [1]. This method is a first order in the dis-
torted wave series and is shown to be adequate to describe
the dynamics of the ionized electron in the combined Cou-
lomb fields of the projectile and the target. The model was
extended and fine-tuned by many workers over the period of
time for multielectronic targets [2].
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Furthermore, the electron emission spectrum from H,, un-
der heavy ion impact, has revealed an additional mechanism
of the Young-type interference effect affecting the shape of
the DDCS spectrum. Although this effect has been observed
in the case of photoionization [3,4] and electron capture
[5,6], it is interesting to note that the influence of interfer-
ence on the ion impact ionization of the molecule was not
known until recently. It is only very recently that, the inter-
ference effect in the low-energy electron spectra emitted
from H, has been demonstrated, in collisions with high-
energy (60-MeV/u) Kr*** ion impact [7] and relatively low-
energy collisions [8]. The initial measurements on interfer-
ence effect in ion induced ionization of H, has provided a lot
of impetus for the revival of the study of this fundamental
process in the ionization of molecules by heavy ions as well
as in photoionization and electron impact ionization studies.
As a result this study of Young-type interference effect has
attracted a great deal of attention, both on the theoretical
[9-18] as well as on the experimental fronts [19-29] and is a
topic of current interest in the particle induced ionization
studies. Galassi et al. have also extended the atomic-type
CDW-EIS calculation for a diatomic molecular target such as
H, [9] by introducing the molecular wave function. Although
this model has been used to describe the interference effect
in ionization of H,, the overall energy and angular distribu-
tions of DDCSs have not yet been compared against the
experimental data. Very recently, Becker and co-workers [30]
have investigated the effect of isotope substitution on the
interference oscillations in case of N, to explore the effect of
two dissimilar “slits.”

In this paper, we show the details of the measurements of
the oscillations due to the interference in the electron DDCS
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for various forward and backward emission angles. The ef-
fect of the atomic parameter on the derived oscillations in the
DDCS ratios are discussed. We also show the evidence of
interference effect in the single differential cross section
(SDCS) as a function of energy. In addition, we report a
detailed study of two-center effect (TCE) in the collision of
bare carbon ions with molecular hydrogen by measuring the
energy and angular distributions of the DDCS. The hydrogen
molecule has a narrower Compton profile compared to He
and hence the binary peak for H, has less width than that for
He.

The large discrepancy in the forward-backward asymme-
try parameter compared to the prediction of the B1 approxi-
mation is known to be the signature of the TCE [31-35]. In
addition, we show, for the H, target, an oscillatory structure
overriding the monotonically increasing asymmetry param-
eter as a function of electron energy signifies the interference
effect along with the TCE. This provides a method, as pro-
posed in Ref. [28], to derive the oscillations due to interfer-
ence which is self-normalized, i.e., it needs only the DDCS
for the H,, not the DDCS for atomic H. The experimental
data have been compared with the modified state-of-the-art
theoretical model calculations such as the CDW-EIS and the
B1 approximations which use a molecular wave function [9].

II. MEASUREMENTS AND EXPERIMENTAL
RESULTS

The present measurements were carried out for impact of
6 MeV/u C® ions with H,. The BARC-TIFR Pelletron ac-
celerator facility at Mumbai was used to obtain the ion
beams. The mass analyzed C®" ions were energy analyzed by
a 90° analyzing magnet. The beam was collimated by two
sets of 4-jaw slits (2 X2 mm?) placed 1 meter apart. Finally,
the beam was cut by a 4 mm circular aperture before it en-
tered the scattering chamber and interacted with the target
atoms. The last aperture was essential to cut down the for-
ward moving electrons which are generated on the way
through slit scattering and may therefore contribute severely
to the background at extreme forward angles. The target gas
was flooded inside the chamber through a 6 mm hole from
one of the side ports. The gas pressure was constantly moni-
tored and kept very low, i.e., ~0.1 m Torr for electron ener-
gies up to 100 eV and ~0.3 m Torr for higher energy elec-
trons to minimize scattering of low-energy electrons from the
gas. The chamber was continuously pumped by a 2000 1/s
Turbo molecular pump to maintain a static gas condition
throughout the experiment. The secondary electrons emitted
were energy analyzed by the hemispherical electrostatic ana-
lyzer having inner and outer radii of 25 and 35 mm, respec-
tively. A preacceleration voltage of 5 V was applied to the
spectrometer front and exit slit to improve the collection ef-
ficiency of very-low-energy electrons (<5 eV) which can be
very much affected by any stray electric or magnetic field
present near the interaction region. The residual magnetic
field near the interaction zone was reduced to less than
5 mGauss by setting two layers of u metal sheets close to the
inside wall of the scattering chamber. The energy analyzed
electrons were finally detected by a channel electron multi-
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plier (CEM) kept at the exit slit of the analyzer. The cone of
the CEM was kept at a positive potential of 100 V, because
the detection efficiency of the CEM is close to one for elec-
trons having energy between 100 and 500 eV.

The detection efficiency goes down as the energy of the
electron increases and hence an efficiency correction is
needed to put the yield of high-energy electrons on an abso-
lute scale. Since we are mainly interested in the below
500-eV region of the spectra, no efficiency correction to the
electron spectra was required. The energy dependence of the
DDCS was studied for 10 different angles between 30° and
150°. At each angle the electrons having energies between 1
and 1000 eV were detected except for 150° for which the
spectrum was collected up to 500 eV. In some cases electron
of energies up to 2000 eV or above were also detected.

III. COMPARISON WITH THEORY
A. Energy distributions at fixed angles

Figures 1 and 2 show the measured energy distribution of
DDCS for electron emission for 6-MeV/u C®* +H, collision
along with the CDW-EIS predictions. We also compare the
measured cross sections with the prediction of Bl calcula-
tions. The data presented shows a decrease of cross section
over several orders of magnitude as the electron emission
energy is increased. At low energies, approximately close to
zero eV, the cross section reaches a maximum due to the
contribution of the soft electron emission process. The struc-
ture at the higher energy side of the DDCS plot for 60°
emission angle is due to the binary encounter electrons. The
peak position (Egg) of the BE peak is proportional to the
impact energy and varies as cos® 6 for a given impact energy
(E,), 6 being the angle of emission [36,37],

Egp=4tcos> 0-1, (1)
=548 4[(£ﬂ>(MeV/u)} ()
A, ,

where ¢ is the cusp energy in eV and [ is the ionization
potential of the ls electron.

As can be seen from Fig. 1 and from Eq. (1), the BE peak
shifts towards the lower energy side as the angle of emission
is increased. It can also be noted [Figs. 1 and 2] that, as we
move from 60° to 90° through 75°, the BE peak starts to
merge with the low-energy continuum part of the spectrum
and finally at 90° the peak completely disappears contribut-
ing to the whole energy range of the spectrum. Therefore, the
binary encounter electrons have a substantial contribution, at
the lower energy end of the spectrum, for forward emission
angles close to 90° and at lower impact energies. The width
of the BE peak is a manifestation of the Compton profile
(CP) of the 1s electron in the target atom. The BE process
can be regarded as a Rutherford back scattering of the target
electrons when viewed from the rest frame of the projectile.
For bare projectile ions, the DDCS for BE electron produc-
tion is given by [36,37]
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FIG. 1. (Color online) The double differential cross section of
electrons for four different angles, namely 30°, 45°, 60°, and 75°.
The CDW-EIS and B1 calculations are shown as solid and dotted
lines, respectively.
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dQ dE BE - vp + Q/me dQ Rutherford,
where (do/dE)RS, ¢ ., is the Rutherford scattering cross sec-
tion in the rest frame of the projectile, and V), is the labora-
tory frame projectile velocity. The argument of the CP, J, Q,
the component of the target electron’s momentum projected
along the beam axis is given by

0=V2m,E, i +1)-m,V,, (4)

proj

where [ is the ionization potential of the target and E,; is the
outgoing electron’s energy in the rest frame of the projectile
ion.

The effect of these BE electrons on the interference struc-
ture can be found in [25,26] at lower impact energies for
2.5-MeV/u C* +H,/H and 1.5-MeV/u F**+H,/H collision
systems. All the features observed in the present spectrum
are well explained by the CDW-EIS model calculations. For
lower emission energies, a good agreement is found, whereas
a noticeable discrepancy is observed for very-high-energy
electrons at backward emission angles. The measured DDCS
is found to match quite well with CDW-EIS and B1 calcula-
tions for angles close to 90°. This is due to the fact that most
of the target electrons ejected close to 90° are generated from
a binary collision with the projectile, hence not influenced by
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FIG. 2. (Color online) Same as in Fig. 1, except for angles 90°,
110°, 135°, and 150°.

the receding projectile. B1 being a target-centric model, ex-
plains the result quite well. Figure 3 shows the energy dis-
tribution of the single differential cross section (SDCS) of
ejected electrons along with the theoretical predictions of
CDW-EIS and B1 calculations. The SDCS was derived by
integrating the angular distribution of the DDCS (see below
in Fig. 4). The solid line in Fig. 3 corresponds to CDW-EIS
calculations using molecular distorted wave functions for the
initial and final states. The dotted curve corresponds to the
B1 calculations. In general an excellent agreement has been
found between the experiment and the theoretical calcula-
tions.

The uncertainty in the calculation of the absolute cross
section is close to +25%, the main contribution being origi-
nated from normalization procedure adopted. The relative
uncertainty in the calculation of cross section as a function of
energy can be about *10% —15% which was significant
above 100 eV. The data for low-energy electrons can be as-
sociated with even higher uncertainties which could be dif-
ficult to estimate. This could be attributed to the collection
efficiency of these low-energy electrons, which are easily
deflected by the stray electric and magnetic fields present
near the interaction zone. Again, the statistical errors for very
low cross section events, where the background contribution
is large, (i.e., E,>500 eV) can introduce larger uncertainties
in the measured cross sections.
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FIG. 3. (Color online) Energy distribution of single differential
cross section of electrons emitted in 6-MeV/u C® +H, collision.
The CDW-EIS and B1 calculations are shown as solid and dashed
lines, respectively.

B. Angular distributions at fixed energies

Figure 4 shows the angular distributions of DDCS for H,
at selected secondary energies along with the prediction of
CDW-EIS and BI calculations. As it can be seen from the
figures, the angular distributions show a large forward-
backward asymmetry due to the two-center effect in qualita-
tive agreement with the molecular CDW-EIS calculations.
This asymmetry is not reproduced by the B1 calculations,
because B1 does not consider the projectile center effects.
The agreement with CDW-EIS is found to be good for for-
ward emission angles and for higher energies, whereas a no-
ticeable discrepancy could be observed for very-low-energy
electrons and at backward angles, indicating the failure of the
model in explaining the backward electron emission pro-
cesses. The overall agreement of CDW-EIS calculations is
found to be good except for extreme backward angles where
the theory underestimates the experimental results. B1 calcu-
lation underestimates the cross section at forward angles
whereas it overestimates the cross sections at backward
angles and the agreement is found to be good for angles
close to 90°. This is due to the fact that most of the electrons
ejected close to 90° are resulted from a binary collision event
with the projectile, hence there is very little effect of the
receding projectile ion. In case of forward angles the trajec-
tory of the electron is highly influenced by the receding pro-
jectile, as a result a forward focusing effect happens for rela-
tively high-energy electrons. Very low-energy electrons are
assumed to be least affected by the two-center effect, be-
cause the velocities are very small compared to the velocity
of the projectile ion. However, we still see a small angular
asymmetry for very-low-energy electrons indicating the ef-
fect of TCE on these slow moving electrons. However, the
hydrogen molecule being a two electron system, has a non-
Coulombic interaction potential between the electron and the
nucleus. This non-Coulombic nature of the target potential
can lead to asymmetry in forward-backward electron emis-
sion [31-34].

In Fig. 5, we show the angular distribution of the SDCS
of the ejected electrons along with the theoretical predictions
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FIG. 4. (Color online) The double differential cross section of
electrons for eight different emission energies, namely E,=3, 5, 11,
40, 100, 200, 300, and 500 eV. The CDW-EIS and B1 calculations
are shown as solid and dashed lines, respectively.

of CDW-EIS and B1 calculations. The solid curve in Fig. 5,
corresponds to the CDW-EIS calculations using molecular
distorted wave functions for the initial and final states. The
dotted curve corresponds to the Bl calculations. The mea-
sured angular distribution of the SDCS shows a good agree-
ment for forward emission angles, whereas a noticeable dis-
crepancy can be observed at higher backward emission
angles indicating the failure of the theoretical calculations.

C. Deriving interference oscillations

Since the two H atoms in molecular hydrogen are indis-
tinguishable, their contributions to the ionization probability
add coherently and an interference effect might be expected
in the single ionization of H,. Such electron emission from
H, may be closely related to the well-known Young’s two-
slit experiment which provided the crucial input to the de-
velopment of the quantum mechanics. Since the DDCS var-
ies over several orders of magnitude over an energy range of
300 eV, it becomes very difficult to notice small variation of
the order of 50% due to interference in the DDCS spectrum.
Therefore, in order to amplify the visibility of the structure,
the experimental DDCS for H, is divided by the correspond-
ing calculated DDCS for H in the absence of experimental
data on H as in [8,34]. The ratio R(k, 6) is plotted as a func-
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FIG. 5. (Color online) Angular distribution of single differential
cross section of electrons emitted in 6-MeV/u C® +H, collision.
The CDW-EIS and B1 calculations are shown as solid and dashed
lines, respectively.

tion of the ejected electron velocity. In Figs. 6-8, we show
such ratio spectra for several backward angles. The Figs.
6(a), 7(a), and 8(a) show the DDCS ratio for 110°, 135°, and
150°, respectively. The dotted lines (D) in all three panels
are fitted lines through the data points which show the over-
all increase of the ratios as a function of electron velocity.
This increasing trend of the ratios could be attributed to (i)
the systematic deviation of the calculated DDCS from the
actual (measured) cross sections for H. (ii) Use of different
effective charge (Z.) for the calculation of DDCS, which in
some way corresponds to the differences in the binding en-
ergies of the two systems. In Figs. 6(b), 7(b), and 8(b) the
DDCS ratios are divided by the fitted line (D;) to get a
normalized ratio (Ry=R/D,). These ratios (Ry) show oscil-
lations around a horizontal line at 1. However, use of differ-
ent values for Z.y, such as 1.05, derived from the binding
energy or 1.19, originated from the variational treatment of
the wave function for H,, leads to different ratios as shown
in the bottom panels of Figs. 6-8. In Figs. 6(c), 7(c), and
8(c) we show the DDCS ratio for Z.;=1.05 at 110°, 135°,
and 150°, respectively, and in Figs. 6(d), 7(d), and 8(d) we
show the same ratios for Z.;=1.19. It can be noticed that the
use of a higher value of Z, yields a DDCS ratio that oscil-
lates around a horizontal line at 1, with a slight tendency to
decrease with the increase of electron velocity as
opposed to the increasing behavior in the case of atomic H
(Zr=1.0). The use of different values of Z.; also changes
the phase and amplitude of the oscillations. The solid curves
in all the panels are the full molecular CDW-EIS calculations
for H,. It can be seen from the normalized ratios (Ry) that
both the experimental and the theoretical results show the
interference oscillations, although the agreement is not very
good as far as the phase and the amplitude of the oscillations
are concerned. The possible reason could be the limitation of
the theory to reproduce the DDCS for atomic H correctly
[8,34].

We also show the evidence of interference effect in the
SDCS as a function of ejected electron energy. Although the
calculation of SDCS involves an integration over all the
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FIG. 6. (Color online) (a), (c), (d): The symbols represent the
ratio R(k, 6) for different values of Z, ie., 1.0, 1.05, and 1.19,
respectively. The dotted line D, in (a) is a fitted straight line. (b)
Symbols represent the normalized ratio Ry for #=110° emission
angle and the solid line is a CDW-EIS calculation (see text).

emission angles, it still retains the interference information
preserved. The interference structure is obtained by taking
the ratio of experimental data for H, to the calculated values
for H and then deriving the normalized ratio Ry by dividing
by the fitted straight line. Figure 9 shows the normalized
SDCS ratio (Ry) along with the prediction of the CDW-EIS
calculations. The solid line in Fig. 9 is the prediction of the
CDW-EIS calculation and the dotted line is a guide to eye.
As in the case of the DDCS ratios, the SDCS ratio also
shows oscillations as a function of ejected electron velocity.
However, the agreement with theory is not good as far as the
phases and amplitudes are concerned. This is the first time
that an evidence of interference effect has been shown in the
single differential cross sections of electron emission from
H,.
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FIG. 7. (Color online) Same as in Fig. 6 except for 6=135°.
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FIG. 8. (Color online) Same as in Fig. 6 except for §=150°.

D. Asymmetry parameter and interference effect

The long-range Coulomb interactions between the elec-
tron target and electron projectile in the final state influence
the evolution of electron wave function and hence the angu-
lar distribution. The two-center effect as well as non-
Coulomb potential for two or multielectron targets are
known to cause a large forward-backward angular asymme-
try [31-35], which can be seen in the large difference in the
DDCS values (o) for small forward and large backward
angles. We define the quantity a(k) as

ok, 0) — ok, m— 0)
o(k,0) + olk,m— 6)’

a(k,0) = (5)

where electron energy £,=k>/2 (in a.u.) and 6 is chosen to be
the low forward angle, 30°. However, by expanding the
o(k, ) in terms of the Legendre’s polynomials, it was shown
by Fainstein er al. [35], that, the a(k) would represent the
angular asymmetry parameter if §=0. Since angular distribu-
tions vary slowly near 0 and 7 [34] the measured a(k,30°)
approximately represents the angular asymmetry parameter.

The derived values of a(k), [i.e., a(k,30°)] show a
smooth monotonically increasing trend as a function of elec-
tron velocity, for an atomic target such as He (Fig. 10). This
behavior is expected based on the two-center electron emis-
sion process which is qualitatively well represented by the
CDW-EIS model [35]. On the contrary, for C® colliding
with H,, the asymmetry parameter shows an oscillatory
structure superimposed on a smoothly varying function. This
difference in the behavior between an atomic and molecular
target at such high-energy collision was unexpected based on
the independent electron approximation and two-center ef-
fect alone.

To understand this effect we use the molecular CDW-EIS
calculation [9]. The main feature of this model is to represent
the initial bound state of the active electron by a two-center
molecular wave function. Within the impact parameter ap-
proximation, the transition amplitude reduces to a coherent
sum of atomic transition amplitudes corresponding to indi-
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FIG. 9. (a) The SDCS (do/de,) ratio for the electron emission
in collisions of 6-MeV/u C%* with H,. The dotted line is a straight
line fit to the data. (b) The normalized ratio obtained by dividing the
ratio by the fitted line D;. Solid line is the CDW-EIS calculations,
and dotted line is to guide the eyes.

vidual molecular centers. This model, however, automati-
cally reproduces the Young-type interference effect in the
electron emission from H, and its dependence on the emis-
sion angle such that the frequency of oscillation is higher for
backward angles compared to the complementary forward
ones. This difference in the frequency, for forward and back-
ward angles, causes the oscillatory structure in the a(k). It
can be seen (Fig. 10) that molecular CDW-EIS predicts the
oscillation in the « values between 1 and 5 a.u. On the con-
trary, the atomic-type CDW-EIS calculation [2] based on in-
dependent electron approximation, i.e., using an effective
atomic number (Z;=1.19) for atomic H does not produce
(dashed-dotted line in Fig. 10) any oscillation and behaves
like a single center target such as the He atom. This again
implies that the interference process built-in molecular
CDW-EIS model using molecular wave function gives rise to
the oscillations in the asymmetry parameter for H,.
However, for completeness and to get a deeper insight
into the problem, we have recently developed a model [28]
which we apply here by discussing more details about it.
Following Cohen and Fano [3], Stolterfoht et al. [7] have
used the following expression for the DDCS for low-energy
electron emission from H, (under dipole approximation

[38]):

sin(kcd) ) ©)

O'Hz(k, 01) = Al(k)< 1+ ked

where d is the internuclear separation (1.4 a.u.) and c is an
adjustable frequency parameter. If the momentum transfer is
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FIG. 10. (Color online) The asymmetry parameter: symbols rep-
resent the experimental data for collision of 6-MeV/u C%" with H,
(open circles) and He (open squares). Solid line represents the mo-
lecular CDW-EIS calculation for H,; dashed line is the effective
atomic CDW-EIS calculation (Z.4=1.19) for H,; dashed-dotted line
corresponds to the atomic CDW-EIS calculation for He and the
dotted line is the model fit to the H, data (see the text below) with

18l=1.3.

completely neglected (like in the dipole approximation) the
parameter c=1. If only the transverse momentum transfer is
neglected it has been shown in [10] using a peaking approxi-
mation that c=cos 6. This simple result predicts therefore
that the frequency is the same for two complementary angles
0, and 6,=m—6,. Experimental observations by Stolterfoht
et al. [19] and Misra et al. [8], however, reveal that the
oscillations at backward angles have higher frequency. The-
oretical calculations without any assumption about the mo-
mentum transfer [12,14], reproduce indeed this asymmetry
although the predicted values at large emission angles are
lower than the experimental results. Therefore, we define the
DDCS in terms of a frequency which has a still unknown 6
dependence,
sin{k[©(6;) Jd
{k[O(6)] })' e

U'Hz(k’ 0;) = A;(k)< 1+ {[©(6)]d}

Let us define, a;=©(6;) and B=a;/a; which is essentially the
ratio of the frequency observed for ¢; and ¢;. A generalized
asymmetry parameter now can be defined, as in Eq. (5),

o(k,a;) — o(k,a;)

k)= )+ otka)

(8)

Using Eq. (5) and using B=a;/a; (and setting a,=a) one gets
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1.4] Bl=t @1

a(k), f(k), g(k)

0 2 4 6 8 10
Velocity (kin a.u.)

FIG. 11. (Color online) The calculated values [Egs. (11)—(13)]
of a(k), f(k), and g(k) for |8|=1 (a) and |B|=1.5 (b). The param-
eters, a [=cos(0)], b, ¢, d (=1.41 a.u., equilibrium bond length of
H,), and B in (a) and (b) are defined in Egs. (12) and (13).

Bkda(Al - A]) + (AIB Sln[kda] - A] Sln[ﬂkda])

)= daa, + A )+ (AB sin[kda] + A, sin[ Bkda])
)
If B=-1, i.e. if O®(6,)=cos 6,
_A®-A®)
( )_A[(k) +A;(k)’ (10)

which is free from any oscillatory behavior and increases
monotonically with k [shown in Fig. 11(a)]. Now if B# -1,

_ 1 -g(k)f(k)
W= W’ (”)
where
Sk = Aj(k)/A (k) = be™* (12)
and
N sin[ Bkda)
_ Bkda
gl = sin[kda] (13)
1+——
kda

The function f(k) is proportional to the incoherent
(nonoscillatory) part of the DDCS. It is a smoothly decreas-
ing function of k which resembles essentially the DDCS for
any atomic target and was chosen to be be™* (b and ¢ are
fitting parameters). For |B|=1, g(k)=1, as shown in Fig.
11(a). If | B8] # 1 then g(k) becomes an oscillatory function of
k [see Eq. (13) and Fig. 11(b)] and therefore the resultant
a(k) shows an oscillation. One such example is given in Fig.
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11(b) for |8| =1.5. The difference in the oscillation frequen-
cies, for two complementary angles, gives rise to the oscil-
latory structure in a(k). The data in Fig. 10(c) is fitted using
this model (dashed-dotted line) and the main fitting param-
eter |B]=1.3.

A good fitting of the oscillatory structure in Fig. 10 to the
above model (dashed-dotted line) indicates that the simple
expression of interference-influenced DDCS using a Cohen-
Fano-type function [3] can generally explain the phenom-
enon. It may also be noted that the CDW-EIS model [solid
line in Fig. 10(c)] calculation also provides a qualitative
agreement although with a lower frequency of oscillation
than the fitted line. This difference is not surprising since the
dashed-dotted line is only a model fit to the data, whereas the
solid line is a result obtained from an ab initio theory using
molecular wave function. Given the complexity of the pro-
cesses involved and the perturbative nature of the calculation
the qualitative agreement obtained by the CDW-EIS ap-
proach is quite reasonable. However, it is obvious from the
analysis in terms of these models that the interference plays a
major role in the asymmetry parameter such that this param-
eter itself will be a sensitive tool to explore the interference
effect. In addition, a deviation of | 8| from 1.0 (i.e., about 1.3)
implies that for backward angle the frequency of oscillation
cannot be governed by only the longitudinal component of
the momentum transfer, i.e., the simple cos @ dependence
which seems to explain the forward angle data only. One
may note here that the present value of B, which is obtained
using 30° —150° combination, is lower compared to our ear-
lier observation [28] for which the complementary angles
were chosen to be lower and higher extreme angles, such as,
20° and 160°. This means the asymmetry in the frequency
reduces for the complementary angles closer to 90° giving a
smaller value of B (i.e., close to 1.0). This observation has
been seen to be consistent with our other data sets taken at
different energies as well as for different complementary
angles such as 45°—135°, etc. In addition, this provides an
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important tool to study the interference phenomena for mo-
lecular target without making a comparison with the similar
data with corresponding atomic target. Therefore, this tech-
nique can be used, in principle, for other diatomic targets for
which getting the experimental or theoretical data for the
corresponding atomic target is difficult to get. Very recently
it has been shown [39] that ejected electron angular distribu-
tion in e-2e ionization of H, gets modified due to the inter-
ference effect, in agreement with our recent observation [28].

IV. CONCLUSIONS

We have demonstrated that the measurements of the elec-
tron DDCS in case of the molecular hydrogen provide cru-
cial information regarding the two-center effect and also on
the interference effect. The overall agreement of CDW-EIS
calculations is found to be good except for extreme back-
ward angles where the theory underestimates the experimen-
tal results. The B1 calculation underestimates the cross sec-
tions at forward angles whereas it overestimates the cross
sections at backward angles. However, the agreement is
found to be good for angles close to 90°. A technique of
extracting interference effect has been proposed by invoking
the effect of interference on the forward-backward asymme-
try parameter, which simplifies the experimental procedure.
The present technique may be unique for the study of inter-
ference effect in case of diatomic molecules such as N,, O,,
etc., since for these multielectronic atoms (e.g., O, N, etc.)
the experimental and even theoretical investigations are chal-
lenging tasks. In addition, it is demonstrated that the asym-
metry in electron emission is influenced by this mechanism,
i.e., the interference effect other than the known mecha-
nisms. The single differential cross sections, i.e., da/d(},
and do/de, have also been derived, and the evidence of in-
terference effect has been observed in the single differential
cross section, do/de,
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