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Single ionization cross sections for heavy-ion impact on H2 are calculated by applying the continuum-
distorted-wave–eikonal-initial-state model. We have used a representation of the bound-state initial wave
function which takes into account the molecular character of the target. To describe the final continuum state
we have used the two-effective-center approximation, previously employed with success to study electron
capture from H2 by ion impact. Interference effects are also analyzed and the dependence of the oscillation
frequency with the projectile velocity and ejection angle is presented. The importance of adequately describing
the target as a molecule is emphasized.
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I. INTRODUCTION

Knowledge of differential and total ionization cross sec-
tions of atoms and molecules by protons and heavier ions is
of great interest in many areas such as atmospheric, plasma,
and biological physics. In particular, hydrogen plays a major
role in some of the hottest environments either found in na-
ture or artificially made, such as stars or fusion reactors. An
important heating mechanism of these systems is due to the
thermalization of4He particles continuously produced by
2H+3H or 2H+2H fusion reactions. The understanding of the
way in which the atomic and nuclear interactions involving
these particles takes place is a key factor to model such sys-
tems. To achieve this goal, cross sections corresponding to
the different possible reactions must be obtained in the labo-
ratory. However, in these experiments, atomic hydrogen is
rarely found without being mixed with molecular hydrogen.
Then, the knowledge of collision processes involving H2
molecules is a necessary step to model the progress of par-
ticles in hydrogenic gases media.

The process of ion impact electron emission from atomic
targets has been studied in great detail since the 1960s.
Nowadays perturbative models based on distorted-wave
theory are able to describe the process with very good accu-
racy [1–3]. On the contrary, in the case of molecular targets
current theoretical methods are far from reaching the same
level of success as for atomic targets. This is mostly due to
the geometrical structure of the molecule which breaks the
simpler symmetry of atoms and to the difficulty of including
a good description of the electronic structure of the molecule
together with the dynamics of the collisions.

In a previous work we have calculated the single ioniza-
tion cross sections of several molecular targets(N2, O2, CO,
CH4) by proton impact[4] employing two different approxi-
mations: Bragg’s additivity rule, where the molecule is con-
sidered as a sum of atoms, and a molecular representation of

the initial target bound state. In the latter, the cross section
was approximated by a linear combination of atomic cross
sections with coefficients determined from a population
analysis and binding energies extracted from experimental
spectra. Deviation were found with respect to the additivity
rule showing therefore the importance of taking into account
the molecular character of the target. However, the geometry
of the molecule was not taken into account and, in the final
continuum state, we considered that the electron evolved in a
static Coulomb potential generated by the effective interac-
tion of the ejected electron with the nuclei and electrons of
the residual target as a whole(one-center approximation).

Recent experimental findings[5] have shown evidence of
interference patterns in the electron emission spectra pro-
duced in collisions between fast highly charged ions with H2.
These results have been explained as interference from the
coherent emission from the proximities of the two nuclei of
the molecule[5–7] which can only be represented theoreti-
cally by including in the model the two-center character of
the molecular target.

In the present work we will develop a theoretical model of
single ionization of H2 by ion impact. The improvement with
respect to our previous work is the inclusion, within the two-
effective center approximation, of the two-center character of
the molecule. For this purpose we follow previous work for
single electron capture from molecular hydrogen[8]. A short
account of the model with an application to study interfer-
ence effects has been given a short while ago[6]. Here we
present the full development of the theory, its applications to
the calculation of differential and total cross sections, and to
more recent results which provide evidence of interference
effects. Atomic units will be used except when otherwise
stated.

II. THEORY

The basic difficulty in modeling the single ionization pro-
cess in ion-atom or ion-molecule collisions at intermediate to
high energies arises from the long range of the Coulomb*Electronic address: galassi@fceia.unr.edu.ar
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interaction between all charged particles. In the initial chan-
nel, the projectile field will distort the initial bound state,
while in the final channel, the emitted electron will travel in
the combined fields of the residual target and projectile. Fur-
thermore, there is an additional difficulty introduced by the
fact that the target is a multielectronic atom or molecule. A
convenient way to treat this problem in perturbation theory is
through the distorted-wave formalism and by reducing the
many-body problem to that of one active electron in some
model potential[9].

Let us consider the single ionization of molecular hydro-
gen by impact of a bare nucleus of chargeZP and velocityv.
In what follows, we will work within the straight-line ver-
sion of the impact parameter method. We will consider that
the internuclear vector of H2 remains fixed during the reac-
tion, and the rotation and vibration of the nuclei will be
ignored(this assumption is valid for collision times smaller
than the vibrational time). Therefore the molecular orienta-
tion appears as an additional degree of freedom, and the
average over all possible molecular alignments must be con-
sidered to obtain differential and total cross sections.

The total Hamiltonian of the system is given by

H = −
1
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whereZT is the nuclear charge of each one of the nuclei of
the target(in this work ZT=1). The middle pointO of the
internuclear vectorr is taken as the origin of the laboratory
reference system(see Fig. 1). The coordinatesx, x1, x2, and
s correspond to the electron to be ionized(active electron),
whereas the primed coordinates correspond to the nonionized
electron(passive electron). R1 andR2 are the coordinates of
the impinging ion with respect to each nuclei of the molecu-
lar target. Working in the distorted-wave formalism, the post
version of the first-order transition amplitude can be written
as

Ai f
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] t
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where Ci
+ and C f

− are the initial and final distorted-wave
functions in the entrance and exit channels, respectively, and
b is the impact parameter referred to the pointO.

Within the independent electron approximation, the
distorted-wave functions are written as a product of wave
functions corresponding to the active and passive electrons.
We also assume that the passive electron remainsfrozenin its
initial orbital wi

psx8d during the collision. The initial and final
total wave functions are then proposed as

Ci,f
+,−sx,x8,td = zi,f

+,−sx,tdwi
psx8d. s3d

We now define a new HamiltonianH̃ averaged over the pas-
sive electron wave functionwi

p:

H̃ = kwi
puHuwi

pl = H̃a + VssR,rd + «p, s4d

where
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represents the active electron Hamiltonian,
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is the static potential between the projectile and the residual
H2

+ ion,
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represents the interaction between the electrons and
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is the passive electron energy.

From Eq.(4) it results thatH̃ is a monoelectronic Hamil-
tonian describing the dynamics of the active electron. The
static potentialVs depends only onR andr. Therefore, as it
is well known, it can be taken into account through phase
factors[1]. If we define the wave functions

zi
+sx,td = xi

+sx,tdexps− i«ptdexpS− iE
−`

t

dt8VssR,rdD ,

s9d

z f
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t
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the transition amplitudeAi f
+ can be written as

Ai f
+sr,bd = expS− iE

−`

+`

dt8 VssR,rdDAif
+sr,bd, s11d

where

FIG. 1. Reference system.
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Ai f
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In the present work we are only interested in the calcula-
tion of differential cross sections, as a function of electron
emission angle and energy, and of total cross section. These
are obtained from the integration of the square modulus of
the transition amplitude. Thus the phase factor appearing in
Eq. (11) gives no contribution. Therefore the internuclear
interaction has no effect, within the impact parameter ap-
proximation, on the cross sections which depend on the elec-
tron angle and energy. We can therefore work with the tran-
sition amplitudeAif

+ given by Eq.(12).
The initial and final distorted-wave functions for the ac-

tive electron are proposed as

xi,f
+,− = Fi,fLi,f

+,−, s13d

where Fi and F f are the initial and final time-dependent
bound and continuum wave functions andLi

+ and L f
− the

corresponding distortions. These multiplicative distortion
factors take into account the interaction between the projec-
tile and the active electron and thus can be chosen as in the
atomic target case. In the present case we will use the
continuum-distorted-wave–eikonal–initial-state(CDW-EIS)
model which has been applied with great success to atomic
targets[9,10]. In this model, which we label CDW-EIS-MO
to indicate that it accounts for the molecular geometry, the
distortion factors are given by

Li
+EIS= expS− i

ZP

v
lnsvs+ v ·sdD , s14d
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p
D

1
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p
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for the initial and final states, respectively. In Eq.(15), p is
the electron momentum in the projectile frame andNsad
=expspa/2dGs1+iad.

The time-dependent bound and continuum-wave func-
tions of the active electron are solutions of the following
Schrödinger equation:

F−
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] t
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s16d

In the present formulation we approximateFisx ,td by a
single-z wave function[8] which can be written as a sum of
orbitals f1,2 centered on each nuclei of the molecule(the
same representation is used for the initial bound state of the
passive electron):

Fisx,td > ff1sx1d + f2sx2dge−i«it, s17d

where the molecular orbital energy is given by«i =Ei −«P,
with Ei the total electronic molecular energy. The orbitals are
given by

f jsx jd = NisrdSZ3

p
D1/2

e−Zxj ; j = 1,2 s18d

with Nisrd=0.5459 a normalization factor corresponding to
the equilibrium internuclear distancer=1.4 a.u. andZ
=1.193. Replacing Eqs.(13) and(17) in Eq. (12), we obtain

Ai f
+sr,bd = − iE

−`

+`

dtkF fL f
−CDWuWf

†uf1Li
+EISle−i«it

− iE
−`

+`
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−CDWuWf

†uf2Li
+EISle−i«it, s19d

whereWf is the perturbative potential. As can be seen from
Eq. (19), the molecular transition amplitudeAif

+sr ,bd is equal
to a sum of two transition amplitudes which can be associ-
ated to the ionization process from effective bound states
centered on nucleus 1 and 2, respectively. We now use the
two-effective center model, previously employed with suc-
cess to study electron capture from H2 by ion impact[8,11]
and electron emission from H2 by electron impact[12], and
assume that when the active electron is emitted from a region
close to the nucleus 1(2), the passive electron charge screens
completely the charge of nucleus 2(1). The continuum wave
function F fsx ,td in the first (second) term is replaced by a

functionF f
1sx1,tdfF f

2sx2,tdg that describes the active electron
in the field of center 1(2). In this way, we neglect the influ-
ence of nucleus 2(1) and the passive electron in the choice
of the continuum function in the exit channel within the first
(second) term. These approximations allows to avoid the
problem of working with two-center integrals. The molecular
continuum is then given by

F f
jsx j,td = f fsx jdexps− ie ft + ib jk · r/2d; j = 1,2,

s20d

where k ;sk,ue,wedse f =k2/2d is the ejected electron mo-
mentum(energy), b1=−1, b2= +1, and

f fsx jd = s2pd−3/2eik·x j N!sg!d1F1s− ig!;1;− ikxj − ik ·x jd,

s21d

whereg!=Zef f/k andZef f=Î−2«i. Using this approximation
we finally obtain that

Aif
+sr,bd > o

j=1

2

e−ib jsk·r−qzrzd/2 Aif
ef f,+sr,b jd, s22d

with b j the impact parameter with respect to the molecular
centerj andqz=D« f i /v (with D« f i =« f −«i) the z component,
taken in the projectile’s direction, of the momentum transfer
q=−h−qzv̂. The vectorh;sh ,whd is the transverse compo-
nent of the momentum transfer. The functionsAif

ef f,+ are tran-
sition amplitudes corresponding to effective atoms located at
the position of each molecular center:
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where Wf,1 and Wf,2 are the perturbative potentials corre-
sponding to each molecular center given by

Wf,j
CDWx f,j = F f

jsx j,tdh¹xj
lnf1F1s− ijp;1;− ikxj

− ik ·x jdg ·¹sL f
−CDWj s24d

The main result from the model now appears in Eq.(22).
The transition amplitude is given by a coherent sum of ef-
fective scattering processes taking place on each molecular
center. The relative phase is given by the exponential term
which will contain therefore all the information about inter-
ference effects.

Instead of the scattering amplitude(23) it is more conve-
nient to work with its Fourier transform whose square modu-
lus is given by

uRif
+sh,rdu2 = 2h1 + cosfsk + qd · rgjuRif

ef f,+shdu2, s25d

where Rif
ef f,+ is the Fourier transform ofAif

ef f,+. Averaging
over all molecular orientations we obtain the final expression
for the doubly differential cross section as a function of elec-
tron energy and solid anglesdVd:

d2s

de fdV
= 8pkE dhS1 +

sinsuk + qurd
uk + qur DuRif

ef f,+shdu2

= Sds« f,Vd + Sis« f,Vd s26d

which involves the integration over the transverse momen-
tum transfer. As we have made explicit in Eq.(26), the dou-
bly differential cross section can be written as a sum of direct
sSdd and interferencesSid terms.

III. RESULTS AND DISCUSSIONS

A. Doubly differential cross sections

In order to test the model, we have made some calcula-
tions for proton and highly charged ion impact on H2 at
intermediate and high energies.

In Fig. 2 we present the doubly differential cross sections
(DDCS’s) for fixed emission angles as a function of the
ejected electron energy for 114-keV H+ impact on H2 calcu-
lated with the CDW-EIS-MO approximation in comparison
with experimental data[13]. Also presented in the figure are
calculations performed with the first Born(B1) and CDW-
EIS models using Bragg’s additivity rule. As expected, both
CDW-EIS calculations are in better agreement with experi-
ments. From the comparison of the calculations with atomic
or molecular wave functions it appears that for this system
the differences in absolute magnitude are small. It is impor-
tant to note that CDW-EIS-MO gives the best agreement at
low electron energies where the cross section has the largest
values.

For backward emission both atomic and molecular CDW-
EIS calculations underestimate the DDCS experimental data
at high enough electron energies. This behavior, which has

been previously observed for He targets using the CDW-EIS
approximation[24], has been attributed to the sensitive of
DDCS, at large emission angles, with the description of the
bound and continuum target wave functions[24,25]. In order
to improve the agreement between theory and experiment,
numerical exact molecular bound and continuum-wave func-
tions could be used. However, it implies an extremely diffi-
cult computational task, which is out of the scope of the
present paper.

In Figs. 3 and 4 the DDCS as a function of electron en-
ergy for 60-MeV/u Kr34+ and 68-MeV/u Kr33+ impact on H2
are compared with experimental data[5,14]. For the calcula-
tion the projectile charge is taken equal to the ionic charge.
This is a good approximation because the projectile electrons
belong to the inner shells and are tightly bound. Both atomic

FIG. 2. DDCS for single ionization of H2 by 114-keV proton
impact as a function of the electron energy for fixed values of the
electron angle. Theory: solid line, CDW-EIS-MO; dashed line,
CDW-EIS; dash-dotted line, B1. Experiments:ssd, from Ref.[13].

FIG. 3. DDCS for single ionization of H2 by 60-MeV/u Kr34+

impact as a function of the electron energy for fixed values of the
electron angle. Theory: solid line, CDW-EIS-MO; dashed line,
CDW-EIS; dash-dotted line, B1; short-dash, results from Ref.[7].
Experiments:ssd, from Ref. [5].
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and molecular CDW-EIS calculations are in good agreement
with the experimental data. It is interesting to note that even
though the impact energy is very large, due to the high value
of the projectile charge, the use of perturbative models where
the projectile potential is not included in the initial and final
wave functions can be a matter of discussion. Therefore it is
not surprising that the first Born approximation gives the
worst results for the 60-MeV/u Kr34+ case. As in the calcu-
lation for proton impact the differences between CDW-EIS
and CDW-EIS-MO are quite small.

In Fig. 3 we have also included the theoretical results
from Ref. [7]. This calculation uses the semiclassical model
based on the first Born approximation[15] assuming that the
initial state is a linear combination of 1s-type atomic orbitals
centered at each of the nuclei and the final state is repre-
sented by plane waves. Significant discrepancies with the
experiments are found at all electron energies. This is most
probably related to the simple representation of the final con-
tinuum state and to the use of a peaking approximation, ne-
glecting transverse momentum transfer contributions, which
is not valid at small values of the electron energy.

B. Total cross sections

After integration of the doubly differential cross section
over the electron energy and angle we obtain the total cross
section(TCS). In Fig. 5 we present theoretical results from
B1, CDW-EIS, and CDW-EIS-MO calculations in compari-
son with recommended values for single ionization of H2 by
proton impact[16,17]. Both calculations using the CDW-EIS
model are in very good agreement with the recommended
values at high impact energies. In the region of the maximum
the best result is obtained with CDW-EIS-MO. This is due to
the better description of the low electron-energy part of the
spectra which gives the main contribution to the total cross
section. It is well known that this part of the spectra is also
sensitive to the potential used for the target, i.e., to the qual-
ity of the target wave functions used in the calculation. It
appears therefore that the molecular wave function gives in-
deed a better representation of the bound state a trace of
which can be seen even in the total cross sections. This is
consistent with our previous findings[4] showing the limita-

tions of Bragg’s rule at intermediate impact energies. The B1
calculations overestimate the experimental data below
200-keV impact energy.

C. Interferences effects

As already mentioned before, it appears clearly in Eq.
(26) that the cross section corresponding to molecular hydro-
gen present an oscillatory factor that arises from the coherent
emission from the proximities of both nuclei of the molecule.
These oscillations, also called interferences, can be related to
those expected from a Young-type two-slit experiments
[18,19]. However, it is not the diffracted projectile which
follows different trajectories as it scatters on the two nuclei.
This effect is not possible here due to the large mass of the
projectile which makes its wave length very small. On the
contrary, the continuous spectrum of emitted electron show
the preference of ionization to be produced from the prox-
imities of the molecular centers, according to the electron
distribution of the H2 ground state.

This type of interference effects, arising from the two-
center character of the H2 molecule, were first reported for
single electron capture[20] and photoionization[21]. More
recently, new results in photoionization[22,23], electronic
capture[8,11,26,27] and electron emission by electrons im-
pact[12,28] have allowed us to expand the knowledge about
the process leading to experimental verification of the theory.

In the case of ion-impact single ionization, the first ex-
perimental evidence of interference effects was obtained for
60-MeV/u Kr34+ ions impinging on H2 [5]. More recently
evidence has been found at smaller impact energies[29].
Theoretical calculations made with different models[6,7]
have been able to reproduce the general behavior of experi-
mental findings and give support to the interpretation as an
interference from coherent waves emitted from each molecu-
lar center.

The sum of amplitudes with different phases results
within the present CDW-EIS-MO model in a DDCS which
can be expressed as the sum of two different terms,Sd andSi.
They represent contributions from direct and interference

FIG. 4. DDCS for single ionization of H2 by 68-MeV/u Kr33+

impact as a function of the electron energy for fixed values of the
electron angle. Theory: solid line, CDW-EIS-MO; dashed line,
CDW-EIS; dash-dotted line, B1. Experiments:ssd, from Ref.[14].

FIG. 5. TCS for single ionization of H2 by proton impact as a
function of the projectile energy. Theory: solid line, CDW-EIS-MO;
dashed line, CDW-EIS; dash-dotted line, B1.s, recommended data
from Ref. [17]; stars, experimental data from Ref.[16].
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processes, respectively. The main difference betweenSd and
Si resides in the sinsuk +qurd / suk +qurd term in the integrand
of Eq. (26). This term depends on the molecular internuclear
distance, the momentum transfer and the electron energy and
angle. On the contrarySd is independent ofr. However, the
DDCS is not appropriate to highlight the oscillations because
it decreases monotonically by several orders of magnitude in
the electron energy range of interest(see, for example, Fig.
2). Therefore it is better to plot the ratioRsk,ued between the
DDCS for ionization of H2 and two times the DDCS for
ionization of H. If there are no effects due to the structure of
the molecule we can expect that, at the high impact energy
considered here, the ratio will give a value close to 1(it may
differ from this value due to the different binding energies of
H2 and H, the effective chargeZef f and the normalization of
the bound-state wave functions).

In Fig. 6 we plotRsk,ued as a function of electron velocity
at fixed emission angles in comparison with the experimental
data from[14] for 68-MeV/u Kr33+ impact on H2. The same
is plotted in Fig. 7 but in comparison with the data from[29]
for 3-MeV H+ impact. As in Refs.[5,29], for a better com-
parison, the calculations for H were made with the CDW-EIS
model using different charges for the target nucleus in the
entrancesZT=1d and exit (Zef f=1.19 in Fig. 6 andZef f

=1.05 in Fig. 7, respectively) channels and the experimental
value of «i =−0.566 a.u. as it has being done to normalize
experimental data. Theoretical CDW-EIS-MO calculations
are not expected to give a good description of experimental
cross section ratios at electron velocities lower than 1 a.u. In
a recent work[23] it has been shown that in photoionization,

to describe the abrupt fall of experimental data as the elec-
tron velocity decreases, it is necessary to use accurate bound
and continuum electron target wave functions. In that work,
these molecular wave functions were obtained numerically
by usingB-spline basis functions. Moreover, it was shown
that structures belowk=1 a.u. do not correspond to interfer-
ence but to electron correlation and/or screening effects.
Thus interference effects must be investigated for electron
velocities larger than 1 a.u. In this velocity domain, the
present CDW-EIS-MO model gives a good description of
experimental data for 68-MeV/u Kr33+ impact atue=30° and
ue=60° and for 3-MeV H+ impact atue=30° where evidence
of interference patterns is observed. The peak shown by ex-
periments atk=4 a.u. for 3-MeV H+ could be due to the
large experimental uncertainty ask increases, according to
the preliminary character of the measurements[29]. We have
observed that for theue=60° case, theoretical results(not
shown in the figure) present, at larger emission velocities, an
oscillatory behavior characteristic of the presence of interfer-
ences. For Kr33+ at ue=90° the agreement between theory
and experiments is poorer. The origin of this discrepancy,
also shown in calculations of Ref.[7], is not well understood.
Experimental data and theoretical calculations shown in Fig.
6 for ue=90° present a weaker dependence with electron
velocity compared with the ratios obtained for the other an-
gular cases. This behavior has been attributed to the contri-
bution of binary encounter electrons[14]. As in theue=60°,
calculations forue=90° show oscillations for larger electron
velocities. Forue=150°, in both Kr33+ and H+ cases, experi-
mental ratios present oscillation frequencies larger than the
ones predicted by the theory. It could be due to the men-

FIG. 6. Ratio of the DDCS for electron emission at 30°, 60°,
90°, and 150° from H2 and 2-H atoms, for 68-MeV/amu Kr33+

impact as a function of the electron velocity. Experiment:ssd, from
Ref. [14]. Theory: solid line, present CDW-EIS-MO calculation.

FIG. 7. Ratio of the DDCS for electron emission at 30° and
150° from H2 and 2-H atoms, for 3-MeV proton impact as a func-
tion of the electron velocity. Experiment:ssd, from Ref. [29].
Theory: solid line, present CDW-EIS-MO calculation.
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tioned limitation of the validity of the CDW-EIS-MO model
at backward emission angles.

To understand more quantitatively the interference struc-
tures, an analytical fit function of the form

Rsk,ued = AS1 +
sinsckrd

ckr
D + B s27d

was proposed[14]. In Eq.(27), A andB (with A=B=0.5) are
interfering and noninterfering cross-section fractions, respec-
tively, andc an adjustable frequency. The theoretical model
from Ref. [7] predicts thatc=cN= uk cossued−qzu /k which at
the high impact energies considered here is given with good
approximation bycN<cossued. In the CDW-EIS-MO ap-
proximation this frequency can also be found in closed ana-
lytical form. From Eq.(26) we see that the oscillatory term
in the integrand presents a frequencyuk +qu /k where

uk + qu2 = k2 − kSh sinsued cosswh − wed +
D«

v
cossuedD + q2,

s28d

which depends on the transverse momentum transferh, so
that it is impossible to compare directly the results from
CDW-EIS-MO and the experimentalc value. We have to
integrate over the transverse momentum transfer and then fit
the ratios to extract a value of the frequency which can be
compared with experiments. If we neglect the transverse mo-
mentum transfer in Eq.(28) we arrive at the approximate
frequency cG<fk−qz cossuedg /k which can be taken out
from the integral. The first important result is that both the-
oretical models predict that the frequency depends on the
emission angle. This effect was recently demonstrated in ex-
periments[14]. However, we see that we can never retrieve
the result of Ref.[7] as we cannot impose on our final result
the approximations made in that calculation. The most strik-
ing result from the CDW-EIS-MO approximation is, how-
ever, that the frequency depends on the electron momentak.
This shows that it is in principle not possible to fit the whole
function Rsk,ued with such a simple function. It can only be
made in a restricted range ofk values where for example the
function makes just one oscillation. Using expression(27)
we have therefore fitted our results obtained employing Eq.
(26) in thek range covered by the experiments[14]. It permit
us to determine precisely the frequencycG given by CDW-
EIS-MO. In Table I we show the results from this fitting in
comparison with the experimental data for the 68-MeV/u

Kr33++H2 system and with the high-energy approximation to
the theoretical results from Ref.[7].

We can see that the present theoretical results are in very
good agreement with the experimental ones forue=30° and
60° and show an improvement in comparison with the results
from Ref. [7]. At 90° the dependence given by CDW-
EIS-MO is very smooth and we were not able to fit these
results with a simple function such as that given by Eq.(27).
For backward angles theory and experiment are not in agree-
ment. This is already expected from the results shown in
Figs. 6 and 7. However, the value obtained from CDW-
EIS-MO is larger than that given bycN showing an asymme-
try of the frequency between forward and backward angles.
Therefore the whole functional dependence of the frequency
on emission angle found in the experiment is qualitatively
reproduced by CDW-EIS-MO.

The frequency of oscillation calculated with CDW-
EIS-MO also depends on the projectile velocity(but not on
the projectile charge). As we discussed at length in our pre-
vious work[6], as the projectile velocity decreases the ratios
must be analyzed with care. It is well known that the DDCS
presents characteristic structures: the electron capture to the
continuum (CTC) and binary encounter(BE) peaks. The
CTC peak rapidly disappears as the emission angle increases
but the BEP remains at all forward angles. The position in
the spectra of the BEP depends on the projectile velocity. In
the experimental studies[5,14,29] performed so far the range
of k values is limited to values smaller to those where the
structures appears. If this range is fixed and the impact en-
ergy decreased it may happen that at a certain value the peak
appears. The BEP depends on the Compton profile of the
target, being therefore different for H and H2. This difference
can produce additional structures in the ratio which have no
relation to the interference pattern. It is therefore not conve-
nient to study this dependence with the functionRsk,ued. We
therefore define as in Ref.[6] a new ratio given by
R8sk,ued=sSd+Sid /Sd which avoids this problem becauseSd

and Si present the same Compton profiles and just differ in
the interference factor.

In Fig. 8 we show calculated values ofR8sk,ued as a func-
tion of the electron velocity for fixed emission angle, for
different impact energies. In all cases we find a damped os-
cillatory behavior which asymptotically behaves as
R8sk,ued→1 ask→`. This behavior can be deduced from
Eq. (26). The damping depends on the impact energy and it
increases as the impact energy decreases. The frequency also
depends on the impact energy and it is seen that it also in-
creases with decreasing impact energy. Although we have
taken care to eliminate all structures not related to the inter-
ference pattern, additional structures appear for 100-keV and
1-MeV impact energy at approximately 3 and 10.9 a.u., re-
spectively(indicated by arrows in Fig. 8). It can be easily
shown that these structures correspond to the binary encoun-
ter region. The binary peak appears when the whole momen-
tum transfered from the projectile is taken by the electron
(binary collision). This can be represented mathematically by
the conditionk =−q. In this case the interference factor takes
its maximum value equal to 2[see Eq.(26)].

TABLE I. Fit values of the frequency parameterc as a function
of the electron emission angleue.

ue

Experimental results
from Ref. [14]

Theory
from Ref. [7]: cN

Present
results:cG

30° 0.96 0.87 0.98

60° 0.52 0.5 0.51

90° 0.29 0

150° 1.46 0.87 1.105
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IV. CONCLUSIONS

We have presented a theoretical model to calculate doubly
differential and total cross section for single electron emis-
sion from H2 molecules by ion impact. The comparison with
experimental and recommended DDCS’s show that it is im-
portant to use a representation of the bound and continuum
states, which take into account the two-center character of
the molecule. Theoretical results give the general trend of
experimental DDCS’s.

A more detailed comparison is given when absolute
DDCS’s are divided by effective hydrogen DDCS’s. It al-

lows also the study of interference effects. The present the-
oretical model, as shown from recent calculations for photo-
ionization, is not valid at electron velocities lower the 1 a.u.,
where screening and/or correlation effects dominate. Interfer-
ence effects must be studied for larger electron velocities. A
good description of experimental interferences is obtained
for forward ionization. However, as the emission angle in-
creases, the theoretical model fails to represent the existing
experimental results, giving only their qualitative behavior.

We have also shown that the frequency of oscillations
depends on the emitted electron energy, ejection angle, and
projectile velocity. Therefore it is not possible to find a fre-
quency depending only of the emitted electron angle to char-
acterize the oscillations as it has been found in previous
work.

To obtain a better representation of the studied ionization
reaction, accurate molecular bound, and continuum wave
functions must be employed, as it has been recently shown
for photoionization [23]. For the larger electron velocity
range considered here it implies an extremely difficult com-
putational task, which is a matter of our future interest. At
low electron velocities, the coupling of direct ionization with
autoionizing two-electron channels as well as the coupling
between direct ionization and the nuclear movement of the
molecule should be considered in the theory. Work in this
line is also in progress in our research group.
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