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Molecular three-continuum approximation for ionization of H, by electron impact
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A molecular three-continuum-type approximation is developed to studyet2e)(reaction for H targets.
The molecular nature of the target is treated within the framework of a two-effective-center approximation. The
correlate motion of the particles in the final channel of the reaction is taken into account by an adequate
product of Coulomb functions. Triple differential cross sections are computed. A good agreement with the
available experiments is obtained.
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[. INTRODUCTION The study of ionization of molecular species has advanced
in a slower way than the atomic ones. On the experimental
Interaction of electrons with atoms and molecules is ofside, it has not been possible yet to prepare the molecular
interest in many fields such as astrophysics, plasma produtarget in a particular rovibrational state. Another great prob-
tion (including plasma-etching mechanisms of great impordem to be solved is the finite resolution of the electron beam.
tance, for instance, in the design of semiconductor deyicesin general, the rotational and the vibrational states of the
planetary and upper-atmosphere reactions and irradiation efolecules cannot be resolved during a collision experiment.
living matter[1]. All mentioned areas need a full understand-On the theoretical side, these extra degrees of freedom com-
ing of the mechanisms involved in electron-atom andplicate the theoretical description of the reaction. In addition,
-molecule collisions. This is not surprising if one realizesthe molecular structure must be fully included in any realistic
that structure, properties, and processes of matter depend Wascription of the process. This requires the representation of
timately upon interactions between electrons, atoms, anghe continuum states of the scattered and emitted electrons in

molec.uleg. . . the field of the residual molecular target. Even for the sim-
lonization of atoms by electron impact has been widely lest diatomic molecules, such as,Han exact treatment of

S.tUd'ed'. bqth t'heoren_cally anq experimentally. In the case ?fhe involved wave functions renders the collisional problem
single ionization, this reaction leads to three unboun

charged particles interacting through Coulomb potentials irﬁgzﬁséeuvn;{ggézble' Therefore, several approximations have

the final channel. An exact quantum solution for this three- . t ts h ived a lot of attenti th
body problem is not known yet. Several theoretical approxi- ' 2 argets have received a fot of attention as they may

mations were developed to describe the dynamics of ionizaSS/V€ s a test case containing most of the complications of
tion by electron-impact ranging from the first order of a Born molecular targets. Indeed, it has been a matter of active re-
series(FBA) in which the incident and the scattered elec-S€arch over the past 25 yeqfs-9). There exist TDCS mea-
trons are represented by p|ane waves to much more e|ab§UrementS for this target, a set of TDCS obtained in a relative
rated approaches. Of particular interest in this work is thescale[5] and another one of absolute TDCS obtained at
approximation given by Brauner, Briggs, and K{aereafter ~much higher impact energig$]. On the theoretical front,
BBK) [2] to study ionization of H atoms. It is worthy to different perturbative models were developed. For highly
mention that a version of this approximation was previouslyasymmetric coplanar geometries, FBA was used. The ionized
developed for impact of ionf3]. In the BBK approach, the electron was described in previous works by a plane-wave
exact final-state wave function is obtained in an approximat¢10,11] or by a continuum wave function corresponding to a
way as a product of three Coulomb functions. Consequentlypne-centerCoulomb potential ofeffective charge Zy¢;=1

the correlate motion of the particles interacting through longplaced at the center of mass of the molecil€]. More
range potentials in the final state is properly taken into acelaborated continuum wave functions were also developed
count. BBK predictions were in agreement with the availableby using aone-centempotential including the interaction be-
experimental results of triple differential cross sectionstween the ionized electron and the residual tafgesuming
(TDCS) for atomic H[4] in coplanar asymmetric geometry that the ionic core remains frozen during the readtidr].

(in this arrangement, the incident, the scattered, and th&wo-center partial-wavgl3] and two-center continuufi4]
ejected electrons belong to the same plane; and the scatterealculations were also performed fop.H

and ejected electron energies differ considerabRDCS Recently, awo-effective-centesipproximationN TEC) was
bring detailed information about the dynamics of the reactiorintroduced[15]. In this model, it is assumed that ionization
constituting one of the most stringent tests to theories. of the active electron takes place more likely in the neigh-
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borhoods of each molecular nuclei. Thassiveelectron is

supposed to screen completely the nucleus from which ion-

ization is not produced. Thus, the continuum wave function

of the ejected electron is proposed as a simple product of a

plane wave centered at the molecule mass centeroaed

centercontinuum factors of chargé;=1. Theseone-center

continuum factors describe the interaction of the ionized

electron with each molecular center. One of the advantages

of the TEC approximation is that the numerical evaluation of

transition matrix elements is greatly simplified. The TEC

model is expected to work well at sufficiently high impact

energies. As a matter of fact, TDCS obtained with the TEC

approximation were in good agreement with absolute mea-

surementd8] in this energy regime. As the impact energy

decreases, the inclusion of all mutual interactions present in

the final channel and not taken into account in the TEC ap- FIG. 1. Coordinates used in the text.

proximation is crucial. A good candidate to extend the do-

main of Va||d|ty of the TEC approximation to lower impact tities. At the energies considered in this Work, the collision
energies is the BBK approximation. In spite of its success ifime is much smaller than the vibrational and rotational pe-
the atomic domain, it is not surprising that so far no extenJiods involved. Consequently, the molecule can be consid-
sion of this model has been attempted to the case of molec§ed as frozen thoughout all the reaction. In particular, the
lar targets. It is not easy to handle all the continuum funcinternuclear distance remains unchanged. Therefore, only
tions that such an extension require. In a recent work, atomitertical transitions from the ground electronic state of the
BBK TDCS for electron and positron impact on, hivere  target to the ground electronic state of the residugl ldre
computed[16] to compare with a kinematically complete considered in this work. Moreover, as only highly asymmet-
experiment in which hydrogen molecules are ionized usindiC arrangements are studied, exchange effects in the colli-
positron as projectilefl7]. In these BBK calculations, the Sion dynamics may be disregarded.

H, target is assumed to be composed of two noninteracting The triple differential cross section is given by the follow-
hydrogen atoms with binding energy equal to the ionizationNg expression15]:

energy of the H molecule.

In the present work, a molecular BBK-tygIBBK) ap- @) dc Zzi(z )4keks 40 [t2 (po)?
proximation is developed within the framework of the TEC ¢ dQ..dQ d(k3/2) =qn'cT ki pitilPo) 1™
approximation. In the formulation, virtues of both BBK and e e @

TEC are exploited. On one hand, the TEC model is used to

take into account in a simple but efficient way the molecularyhere the emitted electron is ejected with momenkyinto
nature of the target as well as the influence of the passivge differential solid anglé), with respect to the incidence
electron on the reaction. On the other hand, the BBK apyjrection, and the projectile is scattered with momentum
proximation is used to include in a proper way the correlaténtg the solid angle),. In Eq. (2), p, denotes the equilib-
motion of the unbound charged particles in the final channejym internuclear vector of the molecular target.

of the reaction. The prior version of the transition matrix element reads

Atomic units will be used except where otherwise stated.

tfi(po)= (V¢ (po.R.I 1, 1)V ¥ (po.R1.12)), (3
Il. THEORY
] ) ) ) . where¥;" is the nonperturbed electronic wave function in

The reaction of interest is the electron-impact ionizationy,q initial channel and; is the final exact electronic wave
of H, molecular targets, namely, function with correct asymptotic conditions. Coordinates are
described in the laboratory system and are sketched in Fig. 1.

- 15 + - 2% +
e +Hy( 2g )—2e +Hy ' ( Eg ). D V; is the perturbation in the entrance channel, given by
The incident direction defined by the wave veckprof 1 1 Zy Zy
the incident electron is taken as theuantization axis. Vi ZE + E - R_a - R_b’ (4)

As experiments were performed so far only with low-
energy resolution, closure relations can be applied over alyith z. =1, being the charge of the molecular nuclei.
possible final rotational and vibrational states of the residual Thq initial nonperturbed wave functiol " is represented
target and the ionization process may be considered as a pure '
electronic transition11,12. Moreover, molecules are not
oriented in the experiments. So, an average over all possible aiki R
orientations of the molecular axis with an uniform probabil- Vr=———D(p,ry,10), (5)
ity distribution must be done in obtaining observable quan- ' o(2m32
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where ®; is the initial molecular bound state théh this In Eq. (7), it is supposed that electron 1 is ionized. The
work) is described by the Heitler-London-type wave functionexchange with electron 2 is taken into account by means of

proposed by Wanl18], the factor 2 in Eq(2).
This simple first-order version of the TEC model makes
(I)i(po,rl,rz):NHL(pO){e*“*rlae*“*r2b the computation of the transition matrix elements simple.
. . Moreover, at the energies considered in Réab|, a first-
+e e @ f2a}, (6)  order approximation may be considered as appropriate to

) . o . describe the collision process. However, as the impact energy
with a* =1.166, po=1.406, and the normalization function gecreases, the correlate motion of the three particles in the
N - ) ] ) ] final channel must be included. The TEC model is particu-

The choice of an approximate final electronic wave func-4yjy suitable to perform this operation. Instead of the simple
tion ¥; is made in the present approach within the frame-gne-center Coulomb function employed in E§), a more
work of the previously developed TEC approximation for gjaphorate correlated one may be used. In this work, the

diatomic molecule$15]. In this approximation, the molecu- choice is made in a similar way to the BBK approximation
lar structure is preserved. The final state of the reaction ior atoms, leading to the following function:

treated as a three-body problem, namely, the scattered elec-
tron, the ejected electron, and the residual target; the latter ¢ = £ (k. ks,R,{r})
being considered as a whole body. lonization is assumed to

be produced in the neighborhood of each molecular center. giker

Then, if one electron is ionized from the proximities of =(ZT)3,2C(ke,r1,- +7e)C(Ks, R}, ¥5) C(K1p . T1p: Yep),
nucleusa(b), the remaining electron is assumed to screen

completely the nucleub(a). In this way, the influence of (11

the passive electron on the reaction is taken into account in

an approximate way. These are the basic assumptions of tiéhere{r} represents the ensemble of the target electron co-
TEC model. To proceed further, a choice for the electronicordinates, and the Sommerfeld parametgssys, and yep
final wave function has to be made. For the sake of simplicare given by

ity, the choice in Ref[15] was made within the first Born

approximation, resulting in the following electronic final ¥s= —Z1lks,

wave function:

=—Z1/Kkg,
ke R Ve T/Ke
Vo =—F—O(p,r , 7
f (277_)3/2 f(p 2)§C ( ) _ l (12)
Yep 2k1p'

®; is the wave function corresponding to the bound state of
the residual H* molecular ion represented in the PfesentHere,klp=%(ks— ke) is the momentum conjugate tq, .
work by a simple linear combination of atomic orbitals, The function, describes the mutual interactions between
_ ar ar the three bodies in the final channel of the reaction through
Pi(pir2)=Ni(p){e “2ate *2n}, ®  the use of Coulomb functions. Again, the basic assumptions

with N¢(p) being the normalization factor and=1.3918 of the TEC modg_l are exploned to achieve this end.
. C L So, the transition matrix elemefiqg. (3)] for the MBBK
being the variational parameter. As it is supposed that trané1 roximation reads
sitions are produced at fixed distanges= 1.406 (vertical PP
transitiong, N¢(pg) is used in the calculations.

The functioné, in Eq. (7) was chosen in Refl5] as te(p)= NN;(po)Ny, (po) | elkers
. fi (271_)9/2 HL
iKe Ty
gczgc(kearl):(z—)yzc(kearlj:_ZT/ke): 9 XlFl(i76;1;_i(ker1j+ke'rlj))
v

_ _ . . X qFa(iys;1;—i(ksRy+Ks Ry)) 1F1(i yep; 1;
wherej=a or b. The functioné, corresponding tq =a(b)
is used when the exponential terer " "1a(e™ @ ") js
present in the matrix transition element given by E8j.
This is in agreement with one of the basic assumptions of the X
TEC approximation, namely, when the active electron is ion-
ized from the proximities of one molecular center, the pas- _ . R . R

. IK-Rjq—a™r —a”r —a’r —a’r
sive electron completely screens the other one. The Coulomb xet (e @ a gm 2o e @ b @7 f22) ),
factor C(k,r,vy) in Eq. (9) reads

- | (klprlp+ klp' I’lp)) (67 ar2a+ 67 aer)

1 1 1 1)
r1p r2p Ra Rb

(13
ck,r,y)=T(1—iy)e ™2 F,(iy;1;—i(kr+k-r)).
(100  with j=a or b, the momentum transfé¢ =k, —k, and
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N=T(1+iy ) (1+ivys)

Xr(l+i')’ep)exr[_77('}’e+ Vst '}’ep)/z]- (14
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wherelL is a two-center integral given H20]

L(p,q) = J drze_prZae_qub

In the computation of TDCS, one additional approxima-

tion is made. The matrix element may be written as a sum of

direct and indirect terms as follows:

t?i<po>:§ (" +"),
j41

i,l=a,b, (15

where

tjd,ilroc<f'-’ike'rl 1Fa(iye: 1 —i(Kel 1y +Ke-T15))

X qF1(iys;1;—i(ksRj+Ks R))) 1F (i yep: 1;

—i(KypriptKip-rip)) (€7 “2+e 2

et
rp R

eiK-Re—a*rlje—a*r2|> (16)

and

X 1F1(iys; 1 —i(KsRj+Ks R))) 1F 1 (i ¥ep: 1;

—i(KypriptKkip-rip)) (€ *2i+e 2

i_i>

X
r2p R|

iK-Refa*rljefa*rm .

17

The direct and indirect terms may be interpreted in the
following way [19]. The direct term describes ionization of
electron 1 from centef=a (or b) by means of the interac-

tion of the projectile with this electron and with cenjelhe

8
— = [p(pC—4q)e % +q(pC+4p)e ],
C3p

(19
with C=p?—q2.
U in Eq. (18) is given by

U(a,a*;K,ke):f dR,dr,e'K Rag iKe T1ag™@" 11

><( 1 1)
lp R,

X1F1(=i7e;15i(Ker1a+Ke T1a))

X 1F1(=ivys;15i(ksRatKs Ry))

X1F1(=1vep: 11 (Kypr1ptKip-rip))-
(20)

This six-dimensional integral is reduced to a three-
dimensional one and then solved by numerical quadratures
as in previous work$21,22.

Finally, performing the integration over all possible mo-
lecular orientations, the triple differential cross section given
by Eg.(2) may be rewritten as

& 4275 2 NNy o) Nux (o)
Q. d0d(K22) ki T PoTHLLPO
X[L(a,a*)+L(a+a*,0]?U(a,a*;K k)|?

% ( 14 Sin(XPo)) ’
XPo

3=

(21)

indirect term may be considered as giving ionization of elec-
tron 1 from centej through the interaction of the projectile with y=k.—K.

with electron 2 and with the other center labele®f course,

electrons are shared by both nuclei in the molecule, but ma-
trix elements admit this interpretation. The contribution of
indirect terms to the TDCS has been analyzed within the

Ill. RESULTS AND DISCUSSIONS

In this section, the spectra of ejected electronginH,

first-order TEC approximation, i.e., with the function given ionizing collisions are analyzed. In all cases, the studied ar-
by Eq. (9). It has been found that at the impact energiesangements correspond to coplanar asymmetric collisions.

considered here, TDCS are practically not modified by ne-

In Figs. da)—2(c), MBBK triple differential cross sec-

glecting the indirect terms. This supports to some extent thgons as a function of the ejection angle and for impact

neglecting of them in the present approach.

and emission energids =4087 eV andE.= 20 eV, respec-

The transition matrix element for the molecular BBK ap- tively, are presented. Three different geometries correspond-

proximation[Eg. (13)] may be written in the following com-
pact form:

2
t5i(po)= (ZT)Q,ZNNf(Po)NHL(Po)[L(CY,a*)

+L(a+a*,0)]U(a,a* ;K ke)

X cog (ke—K) - po/2], (18)

ing to scattering angle&=1°,1.5°, and 3°, respectively, are
shown. Experimental results from RE8] are also displayed

in the figures. The agreement of MBBK TDCS with experi-
ments is very good. Only in the region of the binary peak,
MBBK values seems to underestimate the measurements by
a very small amount. However, the theoretical predictions
are always within the experimental uncertainties. Moreover,
the dispersion of experimental data is particularly marked in
this angular region, specially in Figs(l2 and Zc). The po-
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FIG. 2. Triple-differential cross sections as a function of the ) ) .
ejection angled,. Impact energyE; =4087 eV; emission energy ~ FIG. 3. Same as Fig. 2, but impact enefgy-4168 eV, emis-
E.=20 eV; and scattering angléa) 6.=1°, (b) 6.=1.5°, and(c) sion energyE.=100 eV; and scattering angléa) 6,=8.2°, (b)
0.=3°. Present MBBK results are represented by full line, TEC 6s=8.9°, and(c) 6s=9.6°.

results by dotted lines, twice BBK results for effective atomic hy- . . . o
drogen by dashed and dotted lines, and experimémts Ref.[8]),  'espectively, are studied. In particular, the Bethe condition is
are represented by full circles. satisfied atfs=8.9°, i.e., the recoil of the target is zero and

all the momentum is transferred to the ejected electron. It can

sition of the binary peak is well described by MBBK. The be seen that MBBK TDCS have a good agreement with the
recoil peak region is also well representedfat1°,1.5°,  experimental results from Refi8]. However, a small under-
within experimental errofno experimental results are avail- estimation of the TDCS is observed at the binary-peak posi-
able for6s=3° in this region. TEC TDCS are also shown in tion. BBK TDCS for effective H atoms are also included in
the figures. Both theoretical predictions are in excellenthe figures. In this case, the maximum values of experiments
agreement except at the greatest scattering angle for whidre overestimated by a factor of 20—35 %.
small discrepancies are observed around the binary-peak re- The situation at lower but still high impact energies is
gion. Results corresponding to twice BBK triple differential studied in Figs. 4—6 where MBBK triple differential cross
cross sections for atomic hydrogen targets computed with theections as a function of the ejection angleat fixed impact
molecule ionization energy are also included in the figuresenergyE; and emission energk. are presented. In all fig-
These results remain practically the same if the atomic bindures, theoretical predictions are compared with experimental
ing energy of H is used. This is in accordance with the faciTDCS obtained in a relative scalg]. In order to make the
that at this very high impact energy, the bound electron mayomparison possible, experimental points appearing in Figs.
be considered as almost free. It can be seen that at the-6 were extracted from the smoothed experimental curves
smaller scattering angles, i.@,=1°,1.5°, the atomic BBK presented in Ref5] and normalized to MBBK results at the
cross sections underestimate the experiments, giving figuresaximum value corresponding to the binary encounter peak.
around 25-30 % lower than the measured binary-peak valug.EC TDCS are also shown in the figures. In general, there is
This clearly shows the importance of including the moleculara very good agreement between MBBK TDCS and experi-
character of the target in the model. mental data. The position of the binary peak is well repro-

In Figs. 3a)—3(c), TDCS around the Bethe region at im- duced by MBBK TDCS, but systematically slightly shifted
pact and emission energi€&s=4168 eV andE.=100 eV, to greater angular values with respect to experiments. The
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3L (c)o=12° |
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Ejection angle 6, (deg) 1F
FIG. 4. Same as Fig. 2, but impact enefgy=250 eV; emis- 0 . S— .
sion energyE.=4.5 eV; and scattering anglé¢a) ;=4° and(b)
0,=8°. Present MBBK results are represented by full lines, TEC 0 90 o 180 270 360
results by dotted lines, twice BBK results for effective atomic hy- Ejection angle 8, (deg)
drogen by dashed and dotted lines. DWVA results by dashed lines, ) ) )
and experiment§from Ref.[5]) are represented by full circles. FIG. 5. Same as Fig. 2, but impact enefgy=250 eV; emis-

sion energyE.=9 eV; and scattering angld®) 6,=4°, (b) 6
position of the recoil peak cannot be fully contrasted as only=8°, and(c) 6s=12°. Present MBBK results are represented by
limited measurements are available in this domain. But thdull lines, TEC results by dotted lines, twice BBK results for effec-
general trend of the measurements is well described in thiive atomic hydrogen by dashed and dotted lines. DWBO results by
region, except in Fig. ®). In this particular arrangement, dashed and double dptted lines, and experimgras Ref.[5]) are
MBBK results underestimate measurements exhibiting a les§pPresented by full circles.
pronounced slope, which prevent them from reproducing the
sudden rise in measurements. Also in this geometry, MBBKhe ejected electron will be reoriented in the binary encounter
predictions show a broader binary peak, overestimating thpeak region, to larger angles with respect to the incident
experimental data at angles greater than the binary peaRirection of the projectile beam. Results obtained as twice
Comparison between TEC and MBBK results leads to théhe BBK TDCS for effective H atoms with the ionization
conclusion that TEC values are greater than MBBK at theenergy of the molecule are also shown.Et=250 eV these
binary-peak region while the situation is reversed at the reestimations are up to 33% greater than the MBBK values
coil peak angular domain. This is similar to the behavior ofaround the binary peak. Af;=100 eV, deviations are also
FBA and BBK for atoms[2], and proves the relevance of important in the recoil regiorisee Fig. 6. The departure
including the interaction of the projectile with the ejected from the MBBK results increases if the true binding energy
electron as the impact energy decreases. The repulsive chafthe H atoms is used.
acter of this interaction diminishes the possibility of a binary In order to compare with other theories, TDCS obtained
encounter collision, increasing the electron emission in the&vith a distorted-wave velocity approximatigpWVA) [12]
backward direction. TEC predictions for the binary-peak po-and with a distorted-wave model within the Born-
sition show a marked shift towards greater angles with reOppenheimer approximatiofDWBO) [9] are included in
spect to experiments. This behavior can be also attributed tbigs. 4 and &), respectively. In DWVA, the transition ma-
the repulsive projectile-active electron interaction. Its inclu-trix element is calculated in its velocity form, and the wave
sion in the theoretical description of the reaction provokes dunctions corresponding to the high-energy incident and scat-
larger relative angular separation between those particles. Stgred electrons are treated as plane waves. The interaction of
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" T " T " T " MBBK model by almost one order of magnitude. The
12 [ (a) 8.=7° N double-differential cross sectiof®DCS) as a function of
: . the scattering angle obtained in this DWBO approximation
present a good qualitative agreement with available experi-
. ments [9]. However, at incident energ¥; =250 eV and

b emission energieg,=100, 117.3 eV, the DDCS underesti-

! mate absolute DDCS data at large and small scattering
angles. Unfortunately, DDCS fd.=9 eV analyzed in Fig.
5(b) were not reported in Ref9]. As stated by the authors in
Ref. [9], their distorted-wave model neglects multichannel
effects as well as postcollisional correlation between the two
outgoing electrons. On the contrary, these effects are taken
into account in the MBBK approach and may be the reason
of the observed differences.

TDCS (a.u.)

IV. CONCLUSIONS

. A molecular BBK model has been developed within the
framework of a two-effective-center approximation to study
ionization of H, molecules. In this model, the molecular
structure of the target as well as the correlated motion of the
particles in the final channel of the reaction are taken into
account. The latter fact is accomplished by means of a three-
continuum function. The agreement of calculated TDCS with
available experiments is satisfactory. The present approach
0 90 180 270 360 may be useful in studying other simple diatomic molecules
such as N, where the electron distributions are less concen-
trated at nuclei than in the Hcase. For instance, the in-
FIG. 6. Same as Fig. 2, but impact enefy=100 eV; emis- \_/olved molepulgr orbitals can be mode_lized by means of a
sion energyE,=4.5 eV; and scattering angléa) 6,=7° and (b) I|_near combln_atlon of atpmlc orbltals_ln a self-consistent
0= 15°. field [23], as it was previously made in the framework of
heavy-ion impact24]. Finally, it is worthy to mention that

the MBBK computational scheme is, in general, more time

the ejected electron with the ionized target is approximate(éonsuming than the TEC one. However. MBBK results are
by means of the static-exchange potential evaluated in th@asily obtained with a standard PC working on Linux.
frozen-core Hartree-Fock approximation. In DWBO, the

wave function of the incoming electron is calculated in the
static-exchange potential field generated by a neutral H
molecule, whereas those of the two outgoing electrons are This work was partially supported by the French-
calculated in the static-exchange potential field of theé H Argentinean ECOS-Sud prograntGrant No. A98EOR

ion. In contrast, the projectile-active electron interaction isC.R.S., O.A.F.,, and R.D.R. also acknowledge support from
considered only in a first-order approximation in both mod-the Agencia Nacional de Promoci€ientfica y Tecnolgica

els. DWVA results shown in Fig. 4 do not present relevant(BID 802/0OC-AR PICT; Grant No. 03-04262nd the Con-
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