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Multiple ionization of atoms and molecules in collisions with fast ions. II. Ion-molecule collisions

N. M. Kabachnik,1,* V. N. Kondratyev,1,2,† Z. Roller-Lutz,1 and H. O. Lutz1
1Fakultät für Physik, Universita¨t Bielefeld, D-33615 Bielefeld, Germany

2Advanced Science Research Center, Japan Atomic Energy Research Institute, Tokai, Naka, Ibaraki 319-11, Japan
~Received 6 August 1997!

An extended version of the statistical energy-deposition model is used for a description of multiple ioniza-
tion of molecules by energetic ion impact. The energy transferred to the molecule during the collision is
calculated as a function of the impact parameter within the local-electron-density approximation for a fixed
molecular orientation. The fluctuating character of the deposited energy is taken into account by introducing a
straggling of the energy transfer. For a given deposited energy the probability of multiple ionization of the
molecule is assumed to be proportional to the volume of phase space available at the considered ionization
state. The total ionization cross section is obtained by integrating over impact parameters and averaging over
all orientations of the molecule. Sample calculations for collisions of He and F ions with N2 and CO molecules
are presented and compared with experimental data. A dependence of the multiple ionization cross section on
the molecular orientation is considered. A strong molecule alignment effect has been obtained in agreement
with recent experimental findings.@S1050-2947~98!00702-1#
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I. INTRODUCTION

In recent years detailed experimental investigations of
dissociative ionization of small molecules by energetic
impact have been carried out by several groups@1#. This
process is of fundamental importance in many areas of
ence and technology, for example, in studies of astrophys
plasmas and upper planetary atmospheres@2# or in studies of
radiation damage to biological tissues@3#. Moreover, it was
found that in ionizing collisions with heavy multiply charge
ions, highly charged fragment ions are copiously produ
@4#. Therefore, such experiments provide unique informat
upon the dissociation of multiply ionized molecular ions th
is not accessible in experiments with electron or pho
beams.

Recent progress in the investigation of the dissocia
ionization is due to the use of the coincidence time-of-flig
technique@5–9# that gives the possibility to study variou
dissociation channels, their relative abundances, kine
energy distribution in a particular channel, etc. It was sho
that coincident measurements with a position- and tim
sensitive multiparticle detector provide a complete thr
dimensional image of the breakup process for each in
vidual event@9#; this means that the dissociation of high
ionized molecules can be even studied for a definite orie
tion of the molecular axis.

Quick progress in the experimental studies demands a
velopment of reliable theoretical methods for treating
ion-molecule ionizing collisions. However, here the situati
is far from satisfactory. To the best of our knowledge, t
multiple ionization of multielectron molecules by fast io
impact was treated only within the independent-elect
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model @10,11#. However, in applications of this method
which proves to be very successful for the description
ion-atom collisions, the molecular properties of the target
practically ignored@10,11#.

In our previous paper@12#, hereafter referred as I, an ex
tended version of the statistical energy-deposition~SED!
model was developed to describe the multiple ionization
fast ion-atom collisions. The basic ideas of the SED mo
were formulated by Russek and his collaborators@13–15#
and further developed by Cocke@16#. The model implies that
the multiple ionization is viewed to proceed in two stages.
the first one, part of the kinetic energy of the projectile
transferred to electronic excitations of the target syste
Then, in the second stage, after the partners depart from
another, the deposited energy is distributed among all ta
electrons and the system subsequently autoionizes to r
its final ionization state.

In I we extended the Russek-Meli-Cocke model in tw
respects. First, the deposited energy for each projectile
jectory is considered as a fluctuating quantity with a cert
distribution, and the ionization probability is calculated as
weighted average over this distribution. Second, the m
value and the straggling of the deposited energy are ca
lated within the Lindhard-Scharff@17# local-electron-density
approximation. In this approximation the energy transfer
to the target is determined by the target ground state elec
density. Therefore, this approach can be easily extende
the case of ion-molecule collisions provided the electr
density of the target molecule is known.

In the present paper we describe an application of
extended SED model to ion-molecule collisions. As e
amples, collisions of He and F ions with diatomic N2 and
CO molecules are considered.

In the next section we discuss in more detail the S
model and in particular the calculations of the energy tra
ferred to a molecule in a fast ion-molecule collision. In Se
III sample calculations of multiple ionization cross sectio
are presented and discussed. Finally in Sec. IV we discu
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57 991MULTIPLE IONIZATION OF ATOMS . . . . II. . . .
theoretical description of the effect of molecular alignme
on the multiple ionization, which was recently revealed e
perimentally @18–20#. We give conclusions in Sec. V
Atomic units are used throughout unless otherwise indica

II. STATISTICAL ENERGY-DEPOSITION MODEL
OF MOLECULAR IONIZATION

We consider ionizing collisions of light ions with simpl
molecules in the energy range 50 keV/amu to 5 MeV/amu
this energy region the collision time is much shorter than
characteristic time of molecular rotations or vibration
Therefore, we may consider an ion collision with a molec
of fixed orientation and interatomic distance, which we
sume to be equal to the equilibrium distance. Moreover,
suppose that the electrons are removed slowly in compar
with the collision time and rapidly in comparison with th
nuclear motion in the molecule, a condition that is co
monly expected to be fulfilled in the processes conside
Accordingly, the dissociative ionization of molecules may
considered as proceeding in several stages. The first sta
a collision of the projectile with the molecule in which pa
of the kinetic energy of the projectile is deposited into t
target. The second stage consists of autoionization~evapora-
tion! of several electrons from the highly excited molecu
and formation of the transient molecular ion state. Fina
this transient molecular ion dissociates into the final sys
of ion fragments.

The first two stages resulting in multiple ionization of th
molecule are treated here within the framework of the sta
tical energy-deposition model. The energy transferred in
collision ~or rather the distribution of the transferred ene
gies! is considered as a reasonably well defined function
the collision parameters and will be treated in the next s
section. Given that the deposited energy is known, the p
ability for each final ionization level is calculated as su
gested by Russek and Meli@15#. It is proportional to the
volume of phase space available in a particular ionizat
state, and it is directly related to the deposited energy and
ionization potentials of the various levels.

A. Energy transfer in ion-molecule collisions

In the considered energy range the recoil energy is m
less than the energy transferred to the electronic shell of
target@21#. In other words, the energy loss of the projectile
approximately equal~with negative sign! to the deposited
electronic energy. In order to calculate this deposited ene
we use the well-known approximation used in the stopp
power theory, the so-called local-plasma or local-~elec-
tronic! density approximation~LDA !. It is based on the idea
of Lindhard and Scharff@17# who suggested to consider ea
volume element of the target atom as an independent e
tron plasma of uniform density that is equal to the elect
density of the atom. Using the known stopping power of
electron gas and integrating over the atomic volume with
known electron density a good description of the energy l
is achieved@22,23#. The LDA has also been successful
applied for calculating the energy loss in molecular targ
@24#. We use this approximation in order to calculate t
energy deposition in ion-molecule collision.
t
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We assume~see I! that the projectile ion is a point charg
Z1 moving along a straight-line trajectory with a consta
velocity v and an impact parameterb, which is taken from
the center of mass of the target molecule. The energy los
a collision is a statistical process and the transferred ene
may be characterized by the mean energy and energy s
gling.

Within the LDA the mean deposited energy for a certa
ion trajectory can be calculated as a line integral along
trajectory

Ē~b!5
4pZ1

2

v2 E
2`

`

dz r~r !L„r~r !,v…, ~1!

where thez axis is chosen along the ion beam directionr
5$b,z%, r(r ) is the electron density of the molecule@we
normalize the density to the total number of electrons in
molecule:*drr(r )5Z2#, and L„r(r ),v… is the usual stop-
ping number. Convenient approximate expressions for ca
lating L„r(r ),v… for a free-electron gas have been sugges
by Lindhard and Winther@25# within the framework of the
linear response dielectric formalism@see expressions~6!–~8!
in I#.

The stopping cross section may be obtained by integra
the energy lossĒ(b) over all impact parameters:

S5E d2 bĒ~b!. ~2!

Similarly, the straggling of the deposited energy can
calculated within the Lindhard-Scharff model as a line in
gral along the trajectory:

WLS
2 ~b!54pZ1

2E
2`

`

dz r~r !
V2

„r~r !,v…

VB
2

, ~3!

where

VB
254pZ1

2Z2 , ~4!

and V2
„r(r ),v… is the straggling in a free-electron ga

which we have calculated using analytical approximatio
suggested by Bonderup and Hvelplund@26# @see expressions
~11! and ~12! in I#.

The straggling has been corrected allowing for the spa
correlations of the collisions with electrons inside the m
ecule~so-called bunching effect@27#, see I for details!. Note
that in our approach we do not have to apply an additio
correction due to the spatial correlations of atoms in a m
ecule which was discussed by Sigmund@28#, because we
calculate the electronic density of the moleculeab initio in-
stead of considering the molecule as a system of individ
atoms.

The total straggling may be obtained as an integral o
all impact parameters

V25E d2b W2~b!. ~5!

The electronic density of the molecules that enters in
pressions~1! and~3! was calculated in the Hartree-Fock a



th
p

di
d
h
ou
2

r

n
ro
or
e
l t
th
rg

as

.0

al

ve
ergy

ver
ien-

ent
otal
the
omic
its
-
for

jec-
he
w-

is

he

cu-
of
d

n-
ion-

ed
tial
tion
n-
ec-
or

xi-

he
ed
on
cule
n-
les
ori-

we
re

r

.
th

10
pe
g-

992 57KABACHNIK, KONDRATYEV, ROLLER-LUTZ, AND LUTZ
proximation using theMOLPRO code @29–31#. The ground-
state electronic wave function was obtained using
double-zeta plus polarization Gaussian basis set for the o
mized geometry of the molecule. The impact parameter
tribution of the energy transfer and of the straggling depen
naturally, on the molecular orientation with respect to t
ionic beam. In Fig. 1 we show, as an example, the cont
plot of the deposited energy distribution for the case of
MeV He21 scattering from a N2 molecule. The results fo
two orientations of the molecule are shown:~a! when the
molecule is aligned with the beam direction,~b! when it is
perpendicular to the beam. Note that in the orientation~a! the
transferred energy is much larger in the central region tha
the case~b!. This is easy to understand since when the p
jectile moves along the molecular axis it encounters m
electrons in the central region than when it moves perp
dicular to the axis. The energy loss, which is proportiona
the electron density sampled by the projectile, is larger in
aligned case. Similar results are obtained for the ene
straggling~see Fig. 2!.

The total energy loss, calculated for the considered c
is 32.4310215 eV cm2/atom, which agrees well with the
experimental value 32.7310215 eV cm2/atom@32#. The cal-
culated straggling of the energy loss is 8

FIG. 1. Contour plot of the deposited energy~in eV! calculated
for collisions of He21 ions with a N2 molecule at the energy of 2
MeV. Projectile velocity is along thez axis. The molecular axis is
oriented~a! along the ion beam, or~b! perpendicular to the beam
The outermost solid line corresponds to an energy of 10 eV. O
lines are drawn in steps of 20 eV~a! or 15 eV ~b!. The innermost
line corresponds to an energy of 170 eV~a! and 85 eV~b! .

FIG. 2. The same as in Fig. 1 but for the energy straggling~in
eV2). The outermost solid line corresponds to a straggling of3

eV2. Other lines correspond to a straggling of 2,5,10,20,50, res
tively, in units 103 eV2. The innermost line corresponds to a stra
gling of 53104 eV2 ~a! and 23104 eV2 ~b!.
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310212 eV2 cm2/atom. It is less than the experiment
value 9.3310212 eV2 cm2/atom @33#, but greater than the
value of 6.6310212 eV2 cm2/atom given by Chu in Ref.
@34#. Thus we may conclude that the LDA calculations gi
a rather accurate account of the deposited energy and en
straggling.

Note that in the LDA the total energy loss averaged o
all impact parameters is independent of the molecular or
tation. This is so because each elementary volume elem
contributes to the energy loss independently, and the t
energy loss is a simple sum of these contributions. For
same reason the energy transfer to a heteronuclear diat
molecule depends only on its alignment but not on
orientation.1 This is a property of our approximation. In prin
ciple, the energy transfer can depend on the orientation,
instance, if we take into account a deceleration of the pro
tile along the trajectory or the Coulomb deflection of t
projectile in the field of the target nuclei. Such effects, ho
ever, should be small for the systems considered here.

The deposited energy distribution for each trajectory
assumed to be Gaussian

w~ET ,b!5
1

A2pW~b!
expS 2

@ET2 Ē~b!#2

2W2~b!
D ~6!

with parameters calculated in the LDA according to t
above expressions.

B. Multiple ionization cross sections: sample calculations

Knowing the deposited energy distribution one can cal
late the probability of multiple ionization as a convolution
this distribution with the probability of ionization calculate
for each deposited energy@see expressions~1! and~16! in I#.

At this stage of the calculation the knowledge of the io
ization potentials is necessary for each state of molecule
ization. Using theMOLPRO program@29–31# we have calcu-
lated the total ground-state energies of the multiply ioniz
molecular ions. The difference of energies of two sequen
molecular ions was taken as the corresponding ioniza
potential,Ei5Ei 212Ei . This procedure means that we co
sider multiple ionization as a sequential emission of el
trons, which is slow enough to provide sufficient time f
relaxation; it may be considered as an extreme case~the
other extreme would be a frozen molecular orbitals appro
mation!. The calculated ionization potentials for N2 and CO
molecules are presented in Table I.

As is clear from the discussion in the Introduction and t
previous section, our calculations are performed for a fix
molecular orientation, and the calculated multiple ionizati
cross sections may depend on the alignment of the mole
with respect to the ionic beam. This alignment effect is co
sidered in the next section. For randomly oriented molecu
the cross section has to be averaged over all molecular
entations.

Before considering the results of sample calculations
would like to discuss a contribution of the electron captu

1Here we use the termorientation in its narrow sense as a vecto
characteristic of the system.
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57 993MULTIPLE IONIZATION OF ATOMS . . . . II. . . .
TABLE I. Calculated ionization potentials~in eV! for N2 and CO molecules and molecular ions f
different states of ionization.

1 2 3 4 5 6 7 8 9 10

N2 15.92 29.79 41.63 54.37 68.13 88.31 97.61 114.6 162.6 191
CO 13.31 28.64 39.68 57.84 80.24 71.29 102.1 128.5 168.8 19
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process, to multiple ionization. It is well known that electr
capture can strongly affect the ionization process, espec
at not very high collision energies. Direct experiments
which the projectile and the recoil ion were detected in
incidence@35# showed that the transfer-ionization chann
can contribute considerably to the total ionization cross s
tion. The question arises if capture channels are include
the SED model. In his paper of 1979 Cocke@16# argued that
in principle, the SED model takes into account all pha
space available to the outgoing electrons. Part of this sp
may be that which is occupied by electrons bound to
projectile. However, he concluded that the answer to
above question is not clear. We are inclined to believe t
the capture channels are excluded from the SED model.
basic assumption of the model is that the electron emis
occursafter the collision when the fast projectile is alread
far from the interaction region. Therefore a captured elect
as well as any other fast ‘‘directly’’ knocked out electro
are not considered by the model. Practically, this means
if the capture channels are important the corresponding c
sections should be added to the one calculated within
SED model.

As a first example we now consider the multiple ioniz
tion of N2 molecules by He21 ions at 0.5-MeV/amu energy
At this energy the contribution of electron capture is neg
gible. Thus we calculated the ionization cross section in
SED model using the energy deposition given in the prec

FIG. 3. Cross sections for removingn electrons from N2 by
2-MeV He21 impact. Calculated points are connected by lines
guide the eyes. Black dots connected by solid lines represen
cross sections averaged over all orientations of the molecule. P
connected by dashed lines represent the cross sections for the
lecular axis aligned with the beam~squares! and perpendicular to it
~open circles!.
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ing section. The results of the calculations are presente
Fig. 3 for two different orientations of the molecule as we
as averaged over all orientations. We recall that in the S
model there is a free parameterg ~see I! characterizing the
mean square matrix element of autoionization. We have c
sen it to be 0.01. This is close to the values we used in
previous calculations~I! of ion–Ne-atom collisions at
slightly higher energy. Besides, with this value we obta
good agreement between calculated and experimental c
sections for a He1-Ar collision at the same collision energ
2 MeV @36#, Ar having ionization potentials very similar to
those of N2. One can see from Fig. 3 that the multiple io
ization cross sections steeply decrease with increasing de
of ionization as is known from ion-atom collisions. Fu
themore, the cross sections for multiple ionization clea
show the alignment dependence, which will be discusse
more detail in the following section. In order to demonstra
the influence of the energy straggling we calculated the sa
cross sections disregarding straggling (W50). The results
are shown in Fig. 4. One can see that the slope of the cu
has increased. Moreover, the difference between the c
sections for the two orientations is drastically increased t
The straggling of deposited energies smooths the alignm
dependence.

Similar calculations have been performed for F41 scatter-
ing from CO molecules at an energy of 1 MeV/amu. In th
calculation we assumed that the F41 ion can be considered
as a point charge withZ154. This is justified, at least for no
very high degrees of molecular ionization, because the ra
of the ion is small~0.2 a.u.! in comparison with the dimen
sions of the molecular orbitals. The results of the calcu
tions are compared with the experimental data@6# in Fig. 5

he
ts
o-

FIG. 4. The same as in Fig. 3 but disregarding the straggling
the deposited energy (W50).
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994 57KABACHNIK, KONDRATYEV, ROLLER-LUTZ, AND LUTZ
where the relative multiple to single ionization cross sect
ratios are displayed. The parameterg was fitted to obtain
good agreement with the experimental data. The fitted va
g50.007 is close to the value 0.01, which was chosen in
describe F41-Ne collisions at the same energy. With th
choice ofg the SED model yields very good agreement w
experiment. In order to show the sensitivity of the results
the parameterg, we present in Fig. 5 the results of the ca
culations for a smaller~0.005! and a larger~0.01! value ofg.
With increasingg the cross-section ratios increase while t
single ionization cross section decreases.

The calculated value of the single ionization cross sec
is 8.29310216 cm2, which is less than the experiment
value (1768)310216 cm2. We note that in our previous
SED-LDA calculation of ion-atom collisions the single ion
ization cross section was also underestimated~see I!. This
can probably be explained by a shortcoming of the LD
Due to the long-range character of the Coulomb force,
energy transfer decreases less steeply at large impact pa
eters than predicted by the LDA, where it is approximat
proportional to the electron density of the system. This
been demonstrated in I~see Fig. 1 in I! where we compared
the impact parameter dependence of the energy transfer
culated within the LDA and the more accurate semiclass
approximation@37,38#. The LDA underestimates the energ
loss at large impact parameters that contribute consider
to the single ionization cross section. Note that the ratio
the single ionization cross sections for F41 1 CO and F41

1 Ne, which, in fact, was measured in@6#, is given by the
SED-LDA model more accurately than the individual cro
sections. The experimental value of the ratio is 4.060.7
while the theory gives 3.6.

III. MOLECULE ALIGNMENT EFFECT
IN MULTIPLE IONIZATION

We have already noticed in the preceding section that
multiple ionization cross section is influenced by the alig

FIG. 5. Cross sections for removingn electrons from CO by
1-MeV/amu F41 impact relative to the single ionization cross se
tion. Calculated points are connected by lines to guide the e
Solid lines with open circles:g50.007; dashed lines, triangle
pointed down:g50.005; triangles pointed up:g50.01. Black dots:
experimental data from Ref.@6#.
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ment of the molecule with respect to the beam direction.
this section we discuss the alignment effect in more deta

Qualitatively, the influence of molecule alignment on t
multiple ionization cross section can be easily explained
the anisotropy of the electron-density distribution. As w
first suggested by Wohrer and Watson@39# on the basis of a
very simple two-atom picture and an independent-elect
model, a significant suppression of the multiple ionizati
cross section may be expected in the perpendicular orie
tion of the molecular axis with respect to the beam as co
pared to the parallel one~see also@40#!. Within the SED
model this effect is related to the anisotropy of the ene
deposition along the trajectory~see Fig. 1!. In order to re-
move several electrons a large energy deposition is nee
When a diatomic molecule is oriented along the beam
probability of a large energy deposition is greater than for
orientation perpendicular to the beam because the proje
electron density sampled by the projectile is larger for traj
tories close to the molecular axis. At perpendicular orien
tion the probability of large energy transfer is small and t
multiple ionization cross section is suppressed. It is clear
more pronounced orientation effects are expected with
creasing degree of ionization since for those a larger ene
transfer is required.

Experiments@18–20# confirm the qualitative picture de
scribed above. Recent measurements@20# show a strong
alignment effect in multiple ionization for He1 collisions
with N 2 molecules at collision energies of 100–300 ke
Below we compare the predictions of the SED model w
the experimental data.

In contrast to the examples considered above, the H1

ion cannot be treated as a point charge withZ151. The
dimension of the electron cloud of He1 is comparable with
the dimensions of the target electron shells; thus, the scr
ing of the projectile nucleus charge by the electron is
complete. We take the screening into account by introduc
the ion effective chargeZeff according to the definition

S dE

dxD U
He 1

5Zeff
2 S dE

dxD U
Z151

, ~7!

where (dE/dx)uZ151 is the calculated energy loss for a poi

chargeZ151 moving with the same velocity as the ion, an
(dE/dx)uHe1 is the experimental He1 ion energy loss. This
effective charge not only includes screening effects but a
the influence of charge changing processes on the en
transfer. Of course, the effective charge depends on the
lision energy. In the following we present the results of c
culations for a collision energy of 200 keV. Similar resu
have been also obtained for other ion energies. The en
loss calculated within the LDA for collision of a point charg
Z151 with an N2 molecule at this velocity is 12.8
310215 eV cm2/atom. The corresponding experimental e
ergy loss for a He1 ion is 34.6310215 eV cm2/atom @32#.
Therefore, the effective charge isZeff51.65, which is in
agreement with conventional expectations.

Using this effective charge we calculated the impact
rameter dependence of the energy loss and straggling
various orientations of the N2 molecule. For calculating the
multiple ionization cross sections we have chosen the par

s.



to

th
ec
co
le
o

io
gr
e
e
gh
tiv
v
pe
d

t

re
e
n

e

n

fer
a-
is

wo
o a
er-
fer-
nt
,
for
ion

m-
ef-
anti-

ore

to-
a

y
the
el-

o 10
ns

o

on

e-
bu-
peri-
m

57 995MULTIPLE IONIZATION OF ATOMS . . . . II. . . .
eterg50.1, which gives good agreement for the multiple
single ionization cross section ratios in He1-Ne and He1-Ar
collisions at the same collision energy@36#. The results are
shown in Fig. 6 as a function of the alignment angleu (u
50 corresponds to the molecular axis being parallel to
beam direction!. For convenience, the calculated cross s
tions are divided by the cross-section values at 0°. The
responding absolute cross sections are presented in Tab
where we also give the cross sections averaged over all
entation angles as well as the multiple-to-single ionizat
cross-section ratios. The results presented in Fig. 6 a
qualitatively with those obtained from the simplified mod
@39,40#. At small degree of ionization the variation of th
cross section with the alignment angle is weak with a sli
increase at perpendicular orientation of the molecule rela
to the beam direction. When several electrons are remo
the cross sections have a pronounced minimum at the
pendicular orientation that becomes deeper for higher
grees of ionization.

The calculated cross sections~multiplied by sinu) are
compared with the experimental data~histogram! in Fig. 7.
For higher degrees of ionization (n5325) the theory de-
scribes the experimental alignment dependence well. I
interesting that for double ionization of N2 the experimental
distribution is peaked at 90° much more strongly than p
dicted by theory. One can speculate that this enhancem
may be explained by the contribution of transfer ionizatio
which is not included explicitly in our model. In fact, th
capture cross section for 200-keV He1 is 2.6310216 cm2

@41#, i.e., about 20% of the total ionization cross sectio

FIG. 6. The calculated cross sections for multiple ionization
N2 molecules in collisions with 200-keV He1 ions as functions of
the angleu between the molecular axis and the beam directi
Curves are normalized atu50°.

TABLE II. Calculated cross sections for then-fold ionization of
N2 molecules with the molecular axis aligned with the He1 beam
@sn(0)# and averaged over all orientations (sn

av) in 10216 cm2; R
is the ratio of the averaged cross sectionssn

av/s1
av.

s1 s2 s3 s4 s5

sn(0) 5.81 1.99 0.808 0.117 0.0139
sn

av 6.47 2.28 0.736 0.0733 0.005
R(%) 100. 35.3 11.4 1.13 0.080
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Thus one can expect a significant contribution of trans
ionization to the double ionization. For the transfer ioniz
tion of diatomic molecules another orientation effect
known ~see@42# and references therein!, which is interpreted
as an interference effect in electron capture from the t
centers of the molecule. This interference effect leads t
predominant ionization of molecules having their axis p
pendicular to the beam. Our estimates show that the inter
ence effect@42# can be very large at least for the domina
electron capture to the 2s,2p levels of the He ion. Therefore
the observed maximum at 90° in the angular distribution
double ionization~and possibly some excess cross sect
for triple and fourfold ionization! can probably be explained
by the interference effect in transfer ionization. Since co
peting ionization mechanisms give different orientation
fects, one can expect that such measurements and a qu
tative analysis of the angular distributions could shed m
light on the dominant ionization mechanism.

IV. CONCLUSION

We have described an application of the SED model,
gether with an LDA calculation of the deposited energy, to
description of multiple ionization of simple molecules b
fast ion impact. Using only one adjustable parameter,
statistically averaged square of the autoionization matrix
ement, we have been able to describe the removal of up t
electrons from diatomic molecules with the cross sectio

f

.

FIG. 7. Alignment dependence for the multiple ionization of N2

molecules in collisions with 200-keV He1 ions. Histograms show
the experimental results@20#, dashed curves are the theoretical r
sults of the SED-LDA model, dotted curves show the sine distri
tion. All curves are normalized to have the same area as the ex
mental histograms, andu is the angle between the ion bea
direction and the molecular axis.
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differing by as much as 5 orders of magnitude. For the c
sidered systems this free parameter is practically indepen
of the projectile and the target and varies slightly with t
projectile energy. The model describes well not only the to
cross sections averaged over molecular orientations, but
the strong variation of the multiple ionization cross sect
with the angle between the molecular axis and the io
beam.

The simplicity of the model allows one to extend it to th
cases of more complicated polyatomic molecules wh
more elaborate calculations are hardly feasible. The app
tion of the model so far is limited to an energy range wh
capture processes are not significant. Electron capture
related processes of transfer ionization can be considere
competing processes, and in a first approximation their c
i-
,

,

.H

r,

.J

n-

ev

n

B

.

k.

V

.M

z,
-
nt

l
lso

c

e
a-
e
nd
as

n-

tribution can be added to the cross sections calculated wi
the SED model.
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