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Multiple ionization of atoms and molecules in collisions with fast ions. Il. lon-molecule collisions
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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 wittntl 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 findingsS1050-294{@8)00702-1

PACS numbes): 34.50.Gb

I. INTRODUCTION model [10,11]. However, in applications of this method,
which proves to be very successful for the description of
In recent years detailed experimental investigations of théon-atom collisions, the molecular properties of the target are
dissociative ionization of small molecules by energetic ionpractically ignored 10,11].
impact have been carried out by several grolibs This In our previous pap€drl2], hereafter referred as I, an ex-
process is of fundamental importance in many areas of sckended version of the statistical energy-depositi@ED)
ence and technology, for example, in studies of astrophysicahodel was developed to describe the multiple ionization in
plasmas and upper planetary atmosphg2ésr in studies of fast ion-atom collisions. The basic ideas of the SED model
radiation damage to biological tissugd. Moreover, it was were formulated by Russek and his collaboratdr3—15
found that in ionizing collisions with heavy multiply charged and further developed by Cock&6]. The model implies that
ions, highly charged fragment ions are copiously producedhe multiple ionization is viewed to proceed in two stages. In
[4]. Therefore, such experiments provide unique informatiorthe first one, part of the kinetic energy of the projectile is
upon the dissociation of multiply ionized molecular ions thattransferred to electronic excitations of the target system.
is not accessible in experiments with electron or photorThen, in the second stage, after the partners depart from one
beams. another, the deposited energy is distributed among all target
Recent progress in the investigation of the dissociativeelectrons and the system subsequently autoionizes to reach
ionization is due to the use of the coincidence time-of-flightits final ionization state.
technique[5-9] that gives the possibility to study various In | we extended the Russek-Meli-Cocke model in two
dissociation channels, their relative abundances, kineticrespects. First, the deposited energy for each projectile tra-
energy distribution in a particular channel, etc. It was showrjectory is considered as a fluctuating quantity with a certain
that coincident measurements with a position- and timedistribution, and the ionization probability is calculated as a
sensitive multiparticle detector provide a complete threeweighted average over this distribution. Second, the mean
dimensional image of the breakup process for each indivalue and the straggling of the deposited energy are calcu-
vidual event[9]; this means that the dissociation of highly lated within the Lindhard-ScharffL7] local-electron-density
ionized molecules can be even studied for a definite orientaapproximation. In this approximation the energy transferred
tion of the molecular axis. to the target is determined by the target ground state electron
Quick progress in the experimental studies demands a delensity. Therefore, this approach can be easily extended to
velopment of reliable theoretical methods for treating thethe case of ion-molecule collisions provided the electron
ion-molecule ionizing collisions. However, here the situationdensity of the target molecule is known.
is far from satisfactory. To the best of our knowledge, the In the present paper we describe an application of the
multiple ionization of multielectron molecules by fast ion extended SED model to ion-molecule collisions. As ex-
impact was treated only within the independent-electroramples, collisions of He and F ions with diatomic, Mnd
CO molecules are considered.
In the next section we discuss in more detail the SED
*On leave from the Institute of Nuclear Physics, Moscow Statemodel and in particular the calculations of the energy trans-

University, Moscow 119899, Russian Federation. ferred to a molecule in a fast ion-molecule collision. In Sec.
Ton leave from the Institute for Nuclear Research, 47 Pr. Naukilll sample calculations of multiple ionization cross sections
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theoretical description of the effect of molecular alignment We assumésee ) that the projectile ion is a point charge

on the multiple ionization, which was recently revealed ex-Z; moving along a straight-line trajectory with a constant

perimentally [18—-20. We give conclusions in Sec. V. velocity v and an impact parametér which is taken from

Atomic units are used throughout unless otherwise indicatedhe center of mass of the target molecule. The energy loss in
a collision is a statistical process and the transferred energy
may be characterized by the mean energy and energy strag-

Il. STATISTICAL ENERGY-DEPOSITION MODEL gling.
OF MOLECULAR IONIZATION Within the LDA the mean deposited energy for a certain

We consider ionizing collisions of light ions with simple ion_ trajectory can be calculated as a line integral along the
molecules in the energy range 50 keV/amu to 5 MeV/amu. Ifrajectory
this energy region the collision time is much shorter than the
characteristic time of molecular rotations or vibrations. E(b)= 47TZlJ°C dz p(r)L(p(r),v) 1)
Therefore, we may consider an ion collision with a molecule v? LoP PO,
of fixed orientation and interatomic distance, which we as-
sume to be equal to the equilibrium distance. Moreover, wavhere thez axis is chosen along the ion beam direction,
suppose that the electrons are removed slowly in comparisori{b,z}, p(r) is the electron density of the moleculee
with the collision time and rapidly in comparison with the normalize the density to the total number of electrons in the
nuclear motion in the molecule, a condition that is com-molecule: fdrp(r)=2,], and L(p(r),v) is the usual stop-
monly expected to be fulfilled in the processes consideredping number. Convenient approximate expressions for calcu-
Accordingly, the dissociative ionization of molecules may belating L (po(r),v) for a free-electron gas have been suggested
considered as proceeding in several stages. The first stagelg Lindhard and Winthef25] within the framework of the
a collision of the projectile with the molecule in which part linear response dielectric formaligreee expression®)—(8)
of the kinetic energy of the projectile is deposited into thein 1].
target. The second stage consists of autoionizageapora- The stopping cross section may be obtained by integrating
tion) of several electrons from the hlghly excited mOIecuIethe energy |05E_(b) over all impact parameters:
and formation of the transient molecular ion state. Finally,
this transient molecular ion dissociates into the final system 5 =
of ion fragments. S=j d< bE(b). 2

The first two stages resulting in multiple ionization of the
molecule are treated here within the framework of the statis- Similarly, the straggling of the deposited energy can be
tical energy-deposition model. The energy transferred in thealculated within the Lindhard-Scharff model as a line inte-
collision (or rather the distribution of the transferred ener-gral along the trajectory:
gies is considered as a reasonably well defined function of

the collision parameters and will be treated in the next sub- ) , [” Q2(p(r),v)
section. Given that the deposited energy is known, the prob- WLs(b)=47Tzlﬁde P(UT, (€
ability for each final ionization level is calculated as sug- B

gested by Russek and MdIL5]. It is proportional to the where

volume of phase space available in a particular ionization

state, and it is directly related to the deposited energy and the Q§= 47TZ§ZZ, (4
ionization potentials of the various levels.

and Q?(p(r),v) is the straggling in a free-electron gas,

which we have calculated using analytical approximations

suggested by Bonderup and Hvelplum®] [see expressions
In the considered energy range the recoil energy is mucin1) and(12) in 1].

less than the energy transferred to the electronic shell of the The straggling has been corrected allowing for the spatial

target[21]. In other words, the energy loss of the projectile iscorrelations of the collisions with electrons inside the mol-

approximately equalwith negative sighto the deposited ecule(so-called bunching effe¢27], see | for details Note

electronic energy. In order to calculate this deposited energihat in our approach we do not have to apply an additional

we use the well-known approximation used in the stoppingcorrection due to the spatial correlations of atoms in a mol-

power theory, the so-called local-plasma or locedec-  ecule which was discussed by SigmufB], because we

tronic) density approximatioiLDA). It is based on the idea calculate the electronic density of the molecakinitio in-

of Lindhard and Scharff1 7] who suggested to consider each stead of considering the molecule as a system of individual

volume element of the target atom as an independent elegtoms.

tron plasma of uniform density that is equal to the electron The total straggling may be obtained as an integral over

density of the atom. Using the known stopping power of anall impact parameters

electron gas and integrating over the atomic volume with the

known electron density a good description of the energy loss 5 5 5

is achieved[22,23. The LDA has also been successfully Q :f d’b W(b). ®)

applied for calculating the energy loss in molecular targets

[24]. We use this approximation in order to calculate the The electronic density of the molecules that enters in ex-

energy deposition in ion-molecule collision. pressiong1) and(3) was calculated in the Hartree-Fock ap-

A. Energy transfer in ion-molecule collisions
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' X 10 12 eV? cmP/atom. It is less than the experimental
{2 value 9.3x10 2 eV? cmP/atom[33], but greater than the
value of 6.6<10™'? eV? cnf/atom given by Chu in Ref.
[34]. Thus we may conclude that the LDA calculations give
10 yaw a rather accurate account of the deposited energy and energy
straggling.

Note that in the LDA the total energy loss averaged over
1, all impact parameters is independent of the molecular orien-
. . . tation. This is so because each elementary volume element
2 0 2 2 contributes to the energy loss independently, and the total

x(@u) x(au) energy loss is a simple sum of these contributions. For the
same reason the energy transfer to a heteronuclear diatomic
molecule depends only on its alignment but not on its

MeV. Projectile velocity is along the axis. The molecular axis is OT'?”t";‘EO”' This Ist a pr?perty Ogour agprO)f[Irr]nathn. tlntprln f
oriented(a) along the ion beam, aib) perpendicular to the beam. f:lp e, the '(;,‘nergyk “”?“S er can epzn ?n 'e orl;anha |0n,. or
The outermost solid line corresponds to an energy of 10 eV. Othe'lnStance’ It we take into account a deceleration of the projec-

lines are drawn in steps of 20 el or 15 eV (b). The innermost tile_alo_ng_the trqjectory or the Coulomb deflection of the
line corresponds to an energy of 170 @ and 85 eV(b) . projectile in the field of the target nuclei. Such effects, how-

ever, should be small for the systems considered here.

L . The deposited energy distribution for each trajectory is
proximation using thevoLPro code[29-31. The ground-  ,<<imed to be Gaussian

state electronic wave function was obtained using the

(a)

FIG. 1. Contour plot of the deposited energy eV) calculated
for collisions of HE" ions with a N, molecule at the energy of 2

double-zeta plus polarization Gaussian basis set for the opti- E-—E(b)12
mized geometry of the molecule. The impact parameter dis- wW(E; ,b)=—exr{ - M) (6)
tribution of the energy transfer and of the straggling depends, J27W(b) 2W2(b)

naturally, on the molecular orientation with respect to the

ionic beam. In Fig. 1 we show, as an example, the contouwith parameters calculated in the LDA according to the
plot of the deposited energy distribution for the case of 2-above expressions.

MeV He?" scattering from a N molecule. The results for

two orientations of the molecule are show(@ when the B. Multiple ionization cross sections: sample calculations
molecule is aligned with the beam directigib) when it is . ) o
perpendicular to the beam. Note that in the orientat@ihe Knowing the deposited energy distribution one can calcu-

transferred energy is much larger in the central region than itftt€ the probability of multiple ionization as a convolution of
the caseb). This is easy to understand since when the pro_thls distribution with the probability of ionization calculated
jectile moves along the molecular axis it encounters mord®" €ach deposited energgee expressiorid) and(16) in 1].
electrons in the central region than when it moves perpen- At this stage of the calculation the knowledge of the ion-
dicular to the axis. The energy loss, which is proportional to!zat!on potgntlals is necessary for each state of molecule ion-
the electron density sampled by the projectile, is larger in théZation. Using thevoLPro program[29—-31] we have calcu-
aligned case. Similar results are obtained for the energlfited the total ground-state energies of the multiply ionized
straggling(see Fig. 2 molecular ions. The difference of energies of two sequential
The total energy loss, calculated for the considered cas&olecular ions was taken as the corresponding ionization
is 32.4<10° %5 eV cnf/atom, which agrees well with the potential,& =E;_,;—E;. This procedure means that we con-

experimental value 321015 eV cr/atom[32]. The cal- sider multiple ionization as a sequential emission of elec-
culated straggling of the energy loss is g otrons, which is slow enough to provide sufficient time for

relaxation; it may be considered as an extreme dise
other extreme would be a frozen molecular orbitals approxi-
mation. The calculated ionization potentials for,Mind CO
72 molecules are presented in Table 1.

As is clear from the discussion in the Introduction and the
previous section, our calculations are performed for a fixed
10 yEuw molecular orientation, and the calculated multiple ionization
cross sections may depend on the alignment of the molecule
with respect to the ionic beam. This alignment effect is con-

12 sidered in the next section. For randomly oriented molecules
. . : the cross section has to be averaged over all molecular ori-
2 0 2 entations.
x (a.u.) x(a.u.)

Before considering the results of sample calculations we
FIG. 2. The same as in Fig. 1 but for the energy straggling Would like to discuss a contribution of the electron capture

eV?). The outermost solid line corresponds to a straggling &f 10

eV2. Other lines correspond to a straggling of 2,5,10,20,50, respec-

tively, in units 16 eV2. The innermost line corresponds to a strag- Here we use the termrientationin its narrow sense as a vector

gling of 5x 10" eV? (a) and 2x 10* eV? (b). characteristic of the system.
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TABLE |. Calculated ionization potentialén eV) for N, and CO molecules and molecular ions for
different states of ionization.

1 2 3 4 5 6 7 8 9 10

N, 15.92 29.79 41.63 54.37 68.13 88.31 97.61 114.6 162.6 191.0
CO 13.31 28.64 39.68 57.84 80.24 71.29 102.1 128.5 168.8 190.0

process, to multiple ionization. It is well known that electroning section. The results of the calculations are presented in
capture can strongly affect the ionization process, especiallifig. 3 for two different orientations of the molecule as well
at not very high collision energies. Direct experiments inas averaged over all orientations. We recall that in the SED
which the projectile and the recoil ion were detected in co-model there is a free parametgr(see ) characterizing the
incidence[35] showed that the transfer-ionization channelmean square matrix element of autoionization. We have cho-
can contribute considerably to the total ionization cross secsen it to be 0.01. This is close to the values we used in our
tion. The question arises if capture channels are included iprevious calculations(l) of ion—Ne-atom collisions at
the SED model. In his paper of 1979 Codlé] argued that  slightly higher energy. Besides, with this value we obtain
in principle, the SED model takes into account all phasegood agreement between calculated and experimental cross
space available to the outgoing electrons. Part of this spacgections for a H&-Ar collision at the same collision energy
may be that which is occupied by electrons bound to the MeV [36], Ar having ionization potentials very similar to
projectile. However, he concluded that the answer to thehose of N,. One can see from Fig. 3 that the multiple ion-
above question is not clear. We are inclined to believe thaization cross sections steeply decrease with increasing degree
the capture channels are excluded from the SED model. Thef ionization as is known from ion-atom collisions. Fur-
basic assumption of the model is that the electron emissiothemore, the cross sections for multiple ionization clearly
occursafter the collision when the fast projectile is already show the alignment dependence, which will be discussed in
far from the interaction region. Therefore a captured electromore detail in the following section. In order to demonstrate
as well as any other fast “directly” knocked out electrons the influence of the energy straggling we calculated the same
are not considered by the model. Practically, this means thaiross sections disregarding stragglingg£0). The results

if the capture channels are important the corresponding crosge shown in Fig. 4. One can see that the slope of the curves
sections should be added to the one calculated within thhas increased. Moreover, the difference between the cross
SED model. sections for the two orientations is drastically increased too.

As a first example we now consider the multiple ioniza-The straggling of deposited energies smooths the alignment

tion of N, molecules by H&" ions at 0.5-MeV/amu energy. dependence.
At this energy the contribution of electron capture is negli-  Similar calculations have been performed fdr'Fscatter-
gible. Thus we calculated the ionization cross section in théng from CO molecules at an energy of 1 MeV/amu. In this
SED model using the energy deposition given in the precedealculation we assumed that thé Fion can be considered

as a point charge with; =4. This is justified, at least for not
very high degrees of molecular ionization, because the radius
of the ion is small(0.2 a.u) in comparison with the dimen-
sions of the molecular orbitals. The results of the calcula-
tions are compared with the experimental dd&hin Fig. 5
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FIG. 3. Cross sections for removing electrons from N by
2-MeV He?" impact. Calculated points are connected by lines to
guide the eyes. Black dots connected by solid lines represent thi 107
cross sections averaged over all orientations of the molecule. Point n
connected by dashed lines represent the cross sections for the mo-

lecular axis aligned with the beafaquaresand perpendicular to it
(open circles

<

FIG. 4. The same as in Fig. 3 but disregarding the straggling of
the deposited energy\(=0).
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10’ . . ment of the molecule with respect to the beam direction. In
this section we discuss the alignment effect in more detail.
3 Qualitatively, the influence of molecule alignment on the
F'—Co multiple ionization cross section can be easily explained by
IMeV/amu 3 the anisotropy of the electron-density distribution. As was
first suggested by Wohrer and Wat4@9] on the basis of a

3 very simple two-atom picture and an independent-electron
model, a significant suppression of the multiple ionization
3 cross section may be expected in the perpendicular orienta-
tion of the molecular axis with respect to the beam as com-
3 pared to the parallel onésee alsd40]). Within the SED
model this effect is related to the anisotropy of the energy
deposition along the trajectorigee Fig. L In order to re-

Relative cross section
=
T

0 L . ] move several electrons a large energy deposition is needed.
v When a diatomic molecule is oriented along the beam the
10" , , , , . probability of a large energy deposition is greater than for an
0 2 4 6 8 10 orientation perpendicular to the beam because the projected
n electron density sampled by the projectile is larger for trajec-

FIG. 5. Cross sections for removing electrons from CO by tpries close to t_he molecular axis. At perpendicular orienta-
1-MeV/amu F* impact relative to the single ionization cross sec- tion the probability of large energy transfer is small and the
tion. Calculated points are connected by lines to guide the eyednultiple ionization cross section is suppressed. It is clear that
Solid lines with open circlesg=0.007; dashed lines, triangles More pronounced orientation effects are expected with in-
pointed downyg=0.005; triangles pointed ug=0.01. Black dots: ~ creasing degree of ionization since for those a larger energy
experimental data from Reff6]. transfer is required.

. . , L , Experiments[18—-20 confirm the qualitative picture de-
where the relative multiple to single ionization cross sections.rined above. Recent measuremef#6] show a strong
ratios are displayed. The parametpwas fitted to obtain  ajignment effect in multiple ionization for He collisions
good agreement with the experimental data. The fitted valu ith N, molecules at collision energies of 100—300 keV.

g=0.007 is close to the value 0.01, which was chosen in | toBeIOW we com o .
; g - ; : pare the predictions of the SED model with
describe F*-Ne collisions at the same energy. With this the experimental data.

choice ofg the SED model yields very good agreement with .
experiment. In order to show the sensitivity of the results to, In contrta\:;)t t? thf gxamples _cc:nsrl]deredv\azltjovi, t_lr_f He
the parameteg, we present in Fig. 5 the results of the cal- '0n cannot be treated as a point charge with=1. The

culations for a smallef0.005 and a largef0.01 value ofg. dimension of the electron cloud of Heis comparable with
With increasingg the cross-section ratios increase while theth® dimensions of the target electron shells; thus, the screen-

single ionization cross section decreases. ing of the projectile nucleus (_:harge by the elec'gron is n_ot
The calculated value of the single ionization cross sectioffomplete. We take the screening into account by introducing

is 8.29x 10716 cn?, which is less than the experimental the ion effective charg&.y according to the definition

value (17-8)x10 %6 cm?. We note that in our previous

SED-LDA calculation of ion-atom collisions the single ion- dE

ization cross section was also underestimagask ). This ax

can probably be explained by a shortcoming of the LDA. He *

Due to the long-range character of the Coulomb force, the

energy transfer decreases less steeply at large impact paramhere @E/dx)|z, -1 is the calculated energy loss for a point

eters than predicted by the LDA, where it is apprOXimatelychargerl moving with the same velocity as the ion, and

Eropoglonal t? tft1ede_lez;:;tronF_denlsl_ty]of rt]he system. This dha?d E/dX)| e+ is the experimental Heion energy loss. This
een demonstrated in($ee Fig. 1 in ) where we compare . : :

e mpactparamete deperdence of e energy ransercfSCU1E 10 10 ol e screening e ul s

culated within the LDA and the more accurate semiclassica,[ ;

approximation37,38. The LDA underestimates the energy _rqnsfer. Of course, the eff_ectlve charge depends on the col-
loss at large impact parameters that contribute considerabﬁf'on_ energy. In the following we present the results of cal-
to the single ionization cross section. Note that the ratio ofulations for a collision energy of 200 keV. Similar results

the single ionization cross sections fof F+ CO and F** have been also c.)bt.ained for other io.n.energies._The energy
+ Ne, which, in fact, was measured [ifi], is given by the loss caICL_JIated within the LDA for coII|§|on ofa_p0|r_1t charge
SED-LDA model more accurately than the individual crosszlz}lSW'th an N, molecule at this velocity is 12.8
sections. The experimental value of the ratio is#7 <10 ™ eV cmZ/ator_n. The corresp_olgdlng experimental en-
while the theory gives 3.6. ergy loss for a Hé ion is 34.6x10° " eV cmZ/atpm[.32]'.

Therefore, the effective charge B.=1.65, which is in
agreement with conventional expectations.

Using this effective charge we calculated the impact pa-
rameter dependence of the energy loss and straggling for
We have already noticed in the preceding section that thgarious orientations of the Nmolecule. For calculating the
multiple ionization cross section is influenced by the align-multiple ionization cross sections we have chosen the param-

_ =2
_Zeff

, Y

z,=1

dE
dx

IIl. MOLECULE ALIGNMENT EFFECT
IN MULTIPLE IONIZATION
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FIG. 6. The calculated cross sections for multiple ionization of % 2000 | £
N, molecules in collisions with 200-keV Heions as functions of 1000 F.7
the angled between the molecular axis and the beam direction. 408 N
Curves are normalized #=0°. ]
300
eterg=0.1, which gives good agreement for the multiple to 2001, A~ oo v ]
single ionization cross section ratios in HéNe and He" -Ar 100 A RN
collisions at the same collision ener§86]. The results are P N T TP
shown in Fig. 6 as a function of the alignment angl€ 0 120 180

60
=0 corresponds to the molecular axis being parallel to the 0 (degree)

beam directioh For convenience, the calculated cross sec-
tions are divided by the cross-s_ectlon values at 0 ._The COMolecules in collisions with 200-keV Heions. Histograms show
responding abso_lute Cross sectlon_s are presented in Tabletrﬂle experimental resul{®0], dashed curves are the theoretical re-
Wher? we also give the cross Secuons averaged o,ve'T a”,oré'ults of the SED-LDA model, dotted curves show the sine distribu-
entation angles as well as the multiple-to-single ionization;o, A curves are normalized to have the same area as the experi-
cross-section ratios. The results presented in Fig. 6 agregental histograms, and is the angle between the ion beam
qualitatively with those obtained from the simplified model gjrection and the molecular axis.

[39,40. At small degree of ionization the variation of the

cross section with the alignment angle is weak with a slightry, s one can expect a significant contribution of transfer
increase at perpendicular orientation of the molecule relative, - ation to the double ionization. For the transfer ioniza-
to the beam direction. When several electrons are removegh, of giatomic molecules another orientation effect is
the cross sections have a pronounced minimum at the pejmqwn (see[42] and references thergiwhich is interpreted
pendicular orientation that becomes deeper for higher desg an interference effect in electron capture from the two
grees of ionization. , . _ centers of the molecule. This interference effect leads to a
The calculated cross sectiorigultiplied by sird) are  pregominant ionization of molecules having their axis per-
compared with the experimental dateistogram in Fig. 7. hengicular to the beam. Our estimates show that the interfer-
For higher degrees of ionizatiom¢3—5) the theory de-  gnce effec{42] can be very large at least for the dominant
scribes the experimental alignment dependence well. It i§actron capture to thes22p levels of the He ion. Therefore,
interesting that for double ionization of Nhe experimental e gpserved maximum at 90° in the angular distribution for
distribution is peaked at 90° much more strongly than prey,yple jonization(and possibly some excess cross section
dicted by theory. One can speculate that this enhancemepyy yiple and fourfold ionizationcan probably be explained
may be explained by the contribution of transfer ionization,py the interference effect in transfer ionization. Since com-
which is not included explicitly in our model. Iplgact, the peting ionization mechanisms give different orientation ef-
capture cross section for 200-keV Hes 2.6<10°*° ¢ focts one can expect that such measurements and a quanti-
[41], i.e., about 20% of the total ionization cross section.iative analysis of the angular distributions could shed more
light on the dominant ionization mechanism.

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

TABLE II. Calculated cross sections for timefold ionization of
N, molecules with the molecular axis aligned with the Heeam
[o4(0)] and averaged over all orientations¥) in 10" % cn?; R IV. CONCLUSION
: . . -
is the ratio of the averaged cross sectiorfs 7", We have described an application of the SED model, to-
gether with an LDA calculation of the deposited energy, to a

g1 (o) g3 Oy 05 .. . . . . .
description of multiple ionization of simple molecules by
a,(0) 5.81 1.99 0.808 0.117 0.0139 fast ion impact. Using only one adjustable parameter, the
o’ 6.47 2.28 0.736 0.0733 0.005  statistically averaged square of the autoionization matrix el-
R(%) 100. 35.3 11.4 1.13 0.080 ement, we have been able to describe the removal of up to 10

electrons from diatomic molecules with the cross sections
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differing by as much as 5 orders of magnitude. For the contribution can be added to the cross sections calculated within

sidered systems this free parameter is practically independetite SED model.

of the projectile and the target and varies slightly with the

projectile energy. The model describes well not only the total ACKNOWLEDGMENTS
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