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Illustration of the role of saddle-point and molecular-type ionization mechanisms
in atomic collisions
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We complete a previous description of classical ionization in He211H collisions, extending the energy
range of the illustrations and using as initial conditions either a microcanonical distribution or a hydrogenic one
that produces better cross sections near threshold. We call those ionizing electrons that are bound in a frame
where the nuclear motion is suppressed molecular-type electrons. We illustrate the evolution of these electrons
in phase space, and show that it may properly be called saddle-point ionization at low nuclear velocities, while
they give rise at high energies to the standard direct ionization process.@S1050-2947~98!01603-5#
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I. INTRODUCTION

In the treatment of atomic collisions at intermediate en
gies, detailed information on the characteristics and evo
tion of the ionizing densities is required@1# in order to im-
prove upon the quality of close-coupling basis sets.
obtain this information, in Ref.@2# we studied the main prop
erties of electronic distributions obtained from a classi
trajectory Monte Carlo~CTMC! treatment for He211H col-
lisions. The results of our analysis were then employed i
preliminary work@3# to generate new close-coupling base
for the He211H system. This system was shown in Refs.@1,
4# to be a good benchmark forXq11H collisions.

An interesting feature of our previous study concerned
so-called saddle-point ionization~SPI!—a topic introduced
by Olson @5# that has given rise to many works and som
controversies~see, e.g., Refs.@2,6#!. We found, on the one
hand, that the saddle part of the nuclear potential ind
plays a crucial role at nuclear velocitiesv,1 a.u. but not at
higher energies; and, on the other hand, that the corresp
ing mechanism at high energies is the standard direct ion
tion process@7–9# yielding soft electrons. For He211H col-
lisions, the present work illustrates these findings, wh
were only briefly mentioned in Ref.@2#.

With regards to the low-energy results, we shall focus
the properties of the electronic distribution, and analy
whether the characteristics of the ionization mechanism
such that it can properly be called SPI. We shall also stud
what extent our conclusions on this point depend upon
use of the standard initial microcanonical distribution in t
CTMC treatment. This is a pertinent question, since the c
responding initial spatial H(1s) density significantly differs
from the quantum mechanical one@10–12#, and a conse-
quence of this unphysical feature is that standard CT
calculations yield@13,2# a shift of the threshold region. Con
sequently, the ionization cross section calculated with
usual CTMC method is inaccurate precisely in the ene
range where the SPI mechanism was found to be opera
Then, in order to answer the question, we shall also pre
results, at low nuclear velocitiesv, from ~nonstandard!
571050-2947/98/57~3!/1809~12!/$15.00
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CTMC calculations carried out with an improved initial di
tribution @14# that reproduces both spatial and momentu
densities of H(1s) to a good approximation.

In the present work we shall also illustrate the evoluti
of the SPI mechanism as the impact energy increases
particular, the correspondence between low- and highev
electron distributions will be established by developing
original idea of Bandarage and Parson@13#, who studied the
time evolution of electron trajectories in a quasistatic m
lecular frame in which the nuclear motion is suppressed~as
in the Born-Oppenheimer approximation of quantal tre
ments!. We shall callmolecular typethose ionizing electrons
that are bound in this clamped-nuclei frame. Then, a sepa
study of molecular-type and nonmolecular ionizing electro
provides useful information on the properties of the ionizi
distributions at a given nuclear velocityv, and on the varia-
tion of the mechanism as this velocity is changed. Furth
more, and as reasoned in Refs.@2,3#, the properties and time
dependence of the molecular-type distribution bear a rela
to molecular pictures of ionization, such as provided by
hidden crossing model@15,16#, and to the relay-race mecha
nism described in Refs.@4,1# for close-coupling treatments

Our paper is organized as follows. Section II A present
summary of the methods; Sec. II B is devoted to defin
molecular-type and nonmolecular electronic distributio
and Sec. II C describes the tools employed in our illust
tions, which are arrow diagrams simultaneously display
electronic positions and momenta, and longitudinal mom
tum densities. Section III A presents the ionization cross s
tions, and shows the accuracy achieved by the CTMC tr
ment when the improved initial condition is employed; Se
III B contains our illustrations for the standard CTMC calc
lations, starting from the initial microcanonical distributio
and Sec. III C focuses on the modifications that appear w
the treatment is modified to allow for a better representat
of the H(1s) radial density. Finally, our conclusions ar
drawn in Sec. IV.

As a final preliminary remark, and as stressed in Ref.@2#,
most of the features observed in CTMC illustrations hav
known parallel with semi-classical treatments at higher en
gies, employing either perturbational or close-coupli
1809 © 1998 The American Physical Society
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1810 57CLARA ILLESCAS, I. RABADÁN, AND A. RIERA
techniques—see reviews in Refs.@7–9#. Atomic units are
used throughout, except where otherwise indicated.

II. METHOD

A. Distribution functions

As in Ref.@2#, to treat He211H(1s) collisions we applied
the impact-parameter CTMC method. In this method,
internuclear vectorR follows rectilinear trajectoriesR5b
1vt, with impact parameterb and velocityv, while the elec-
tronic motion is described through an ensemble of trajec
ries which are solutions of the Hamilton equations; the tre
ment is parallel to the semiclassical impact-parame
method usually employed at low and intermediate energ

As mentioned in Sec. I, our calculations started from
ther of two initial H(1s) distributions. The first one is the
standard microcanonical function, which corresponds t
sharp value of the energyE520.5 hartree:

r~r ,p;v,b,t→2`!5
1

8p3 dS E2
p2

2
1

1

r D , ~1!

wherer andp are the electron position and momentum ve
tor, respectively, with respect to the target~H! nucleus,
which is taken to be at rest, andd is a delta function. Inser-
tion of Eq. ~1! into the Liouville equation shows this distr
bution to be stable in time, in the absence of the projec
To generate it, we have employed the procedure of Abri
and Percival@17,18#.

Distribution ~1! yields an exact initial H(1s) momentum
density but a spatial one that is too compact, with a cu
value (2E)21 ~in a.u.!. Hence several procedures have be
proposed to improve on it. Here we also employed the al
native initial condition proposed in Ref.@14#, which is a
superposition of eight microcanonical functions:

r~r ,p;v,b,t→2`!5(
j 51

8
~22Ej !

5/2

8p3 ajdS Ej2
p2

2
1

1

r D .

~2!

Since the weightsaj are time independent, this function
stable in time, like Eq.~1!, in the absence of the projectile
Furthermore, the energiesEj522/j hartree (j 51, . . . ,8)
were chosen so that the individual cutoff values (2Ej )

21 are
in an arithmetic progression; and the weightsaj were calcu-
lated in Ref.@14# so as to achieve good approximations
the spatial and momentum quantal densities, together
the condition that the mean valueĒ5( jajEj520.5 hartree.
CTMC calculations carried out with the initial condition~2!
will be calledhydrogenicin the following sections.

For a given nuclear velocityv, a series of impact param
etersb, and starting from either condition~1! or ~2!, the
Hamilton equations were integrated with a variable-s
Burlisch-Stoer@19# algorithm. Ionizing trajectories were se
lected by using, at the end of the time integration (t5tmax),
the usual energy criterion@20,13#. Along each such trajec
tory, our numerical integration yielded a test particle discre
zation for the corresponding ionizing distribution functio
r i(r ,p;v,b,t). Convergence of the results was deemed to
sufficient for our purposes with statistics involving 30 0
trajectories for v,1 a.u. and 20 000 trajectories forv
e

-
t-
r

s.
-

a

-

.
s

ff
n
r-

th

p

i-

e

.1 a.u., together with a value oftmax5500v21 a.u., save for
some very loosely bound electrons which were separa
investigated@2#. From the asymptotic values of the distribu
tion functions, the ionization cross sections i was calculated
by addition over all ionizing test particles, and numeric
integration over the impact parameter:

s i~v !52pE
0

`

db bE drE dp r i~r ,p;v,b,tmax! ~3!

B. Molecular-type r2
i and nonmolecular r1

i ionizing
distributions

As mentioned in Sec. I, it is useful for the present pu
poses to extend the analysis carried in Ref.@2#, regarding the
portion of r i which could in principle be reproduced b
bound molecular states, and the part which cannot, and th
fore requires pseudostates. To obtain these portions, and
lowing an idea of Bandarage and Parson@13#, for each set of
values$r ,p,v,R% we define the electronic molecular energ
Em , that would correspond to the situation where the nucl
motion would be artificially suppressed:

Em~r ,p;v,b,t !5 1
2 @p2 f ~r ,R!v#22

1

r
2

2

ur2Ru
, ~4!

where the switching function 0< f (r ,R)<1 was introduced
originally by Schneiderman and Russek@21#, in their defini-
tion of a common electron translation factor~CTF! for mo-
lecular close-coupling expansions. This function is co
monly interpreted@22# as defining a degree of attachment
the electron to one or the other nucleus, so thatf (r ,R)v
represents an effective drag velocity of the electron due
the nuclear motion. In our calculations, we have chosen
form introduced by Harel and Jouin@23#,

f ~r ,R!5
1

2 F11aa/2
h

~a211h2!a/2G , ~5!

with h5(r 2ur2Ru)/R the spheroidal coordinate, anda
51.25 a parameter which was determined in semiclass
molecular calculations for He211H collisions using a CTF
@24#.

Then, assuming an approximate correspondence betw
classical and close-coupling densities, we have thatEm is the
classical analog of the Born-Oppenheimer electronic ene
and may reason that a part of the ionizing cloud with a m
lecular energyEm,0 could in principle be described by
superposition of bound molecular wave functions, wherea
portion with Em.0 would require the introduction of pseu
dostates with positive molecular energies. To find the
portions, along each ionizing trajectory and at each ti
t, we distinguished between those ionizing electro
with Em,0 and Em.0, and constructed what we henc
forth call molecular-typer2

i (r ,p;v,b,t) and nonmolecular
r1

i (r ,p;v,b,t) ionizing distributions, respectively; notic
that at any time we have that the total ionizing distributi
function r i5r2

i 1r1
i is given by the sum of molecular-typ

and nonmolecular contributions.
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57 1811ILLUSTRATION OF THE ROLE OF SADDLE-POINT . . .
C. Arrow diagrams and momentum densities

In this paper, our basic tool to illustrate the mechanis
will be $r ,p% arrow diagrams, introduced in Ref.@2#, and
displaying the positions and momenta of ionizing electro
that are located near the collision plane. Specifically,
fixed values of the internuclear coordinateZ5R• v̂5vt
along a given nuclear trajectory, each diagram consists
set of arrows drawn from the electron (x,z) coordinates to
the head values (x1 lpx ,z1 lpz). Thex, z, px , andpz data
are the spatial and momentum coordinates, with respec
the target nucleus which is at rest, of the ionizing electro
that lie at the timet5Z/v within the slab2«,y,« about
the collisionXZ plane; this half-width« was varied when-
ever necessary to study the mechanisms. In Table I we
the values of« used in our drawings, as well as those of t
scaling factorl for the arrows. For a meaningful compariso
of the diagrams, thel values were chosen to be the same
microcanonical and hydrogenic calculations, whereas dif
ent values of« were required to optimize visualization.
should be taken into account that not all electrons appea
in the diagrams at different times are necessarily the sa
because asZ5vt increases, some particles, with sizablepy
values, depart from the slab region, while the larger« values
employed result in that some other electrons, with smallepy
values, are then included.

Unlike Ref. @2#, our present illustrations display separa
arrow diagrams corresponding to the molecular-typer2

i and
nonmolecularr1

i ionizing distributions, defined in Sec. II B
Furthermore, to bring forth any relation between the dis
bution of molecular-type ionizing electrons and the shape
the potential-energy surfaceV(r )521/r 22/ur2Ru, we su-
perposed some lines of force~which are parallel to¹V and
perpendicular to the equipotential curves! onto the arrow dia-
grams for the distributionr2

i and forZ55500 bohr. For the
sake of clarity, the lines of force are excluded from oth

TABLE I. Parameterse and l used in the arrow diagrams o
Figs. 5, 6, 7, 8, and 9~a, b, c, andd! for ionizing electrons lying
in the slab2e,y,e bohr, with the length of the arrows multiplie
by the scaling factorl to improve the clarity of the figure. The
coordinates for each arrow are (x,x1 lpx) and (z,z1 lpz).

~a!

Fig. 5 Fig. 6 Fig. 7

v55 a.u. v51.4142 a.u. v50.7 a.u.

Z e l e l e l
a 23 0.03 0.1 0.02 0.3 0.4 0.3
b 0 0.025 0.1 0.025 0.35 0.6 0.4
c 5 0.045 0.3 0.1 0.6 1.5 1.5
d 500 2.5 30 4 40 35 100

~b!

Fig. 8 Fig. 9

v51.4142 a.u. v50.7 a.u.

Z e l e l
a 23 0.02 0.3 0.16 0.3
b 0 0.03 0.35 0.2 0.4
c 5 0.08 0.6 1 1.5
d 500 3.5 40 22 100
s
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r
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diagrams, and from the regions closest to the nuclei.
In this work spatial densities will not be presented, f

conciseness. On the other hand, illustrating the momen
distributions is indispensable for a quantitative analysis
the arrow diagrams. However, it is sufficient for our pu
poses to display the densitiesr(pz) projected along the
laboratory-fixedp̂z5Ẑ5 v̂ direction: we have integrated th
ionizing distribution r i(r ,p;v,b,t) over the spatial and
px ,py coordinates, thereby obtaining

r i~pz ;v,b,t !5E drE dpxE dpyr
i~r ,p;v,b,t !. ~6!

By further takingX̂5b̂, the Y axis is always perpendicula
to the collision plane, in this reference frame.

III. RESULTS AND DISCUSSION

A. Ionization cross sections

In Ref. @2# we displayed results for the ionization cro
sections i , obtained from CTMC calculations, and an initi
microcanonical distribution ~1!, for the energy range
12 keV amu21<E<10 MeV amu21 ~nuclear velocities
0.7 a.u.<v<20 a.u.!. We showed that the method yield
good agreement with experiment forv>2 a.u., whereas for
v,2 a.u. one obtains a shift of the threshold rise. This liab
ity is offset when the initial hydrogenic distribution~2! is
employed. This was shown in Ref.@14#, and is confirmed in
Fig. 1 down tov50.5 a.u. Besides the data from Ref.@14#,
we also include the results of Refs.@25,26#, the close-
coupling values of Refs.@27,28#, @29#, @30# and @3#; and the
measurements of Refs.@31,32#. Near threshold, the improve
ment reached with the hydrogenic CTMC method is seen
be sufficiently good for the present purposes; on the ot
hand, for 2 a.u.<v<4 a.u. the microcanonical cross sectio
are closer to the experiment~see, however, remarks on th
measured data in Ref.@30#!, and, forv.4 a.u., our microca-
nonical and hidrogenic cross sections coincide. Incidenta
the small differences between our data and those of R
@25,26,14# are probably due to our improved statistics.

We showed in Ref.@2# that the improvement obtaine
with the hydrogenic distribution also held for the probabi
ties, insofar as one could tell from accurate results that w
available to compare with the classical ones. For the sak
conciseness, we do not complement this here by showing
agreement between our hydrogenic ionization probabili
and the corresponding~unpublished! data of the calculations
reported in Ref.@3#. We conclude that the inaccuracy of th
microcanonical results at lowv is mostly due to the abrup
decrease of the corresponding initial spatial density withr ,
and not to the use of the classical method. As also show
Ref. @2#, from the contributionbP(b) of the ionization prob-
abilities P(b) to the cross section, nuclear trajectories w
b52 bohr can be considered sufficiently representative,
we shall take this choice in our present illustrations.

It should be stressed that, in the same spirit of Re
@13,2,3#, our following discussion refers to thedominantfea-
tures of the ionization mechanism. As is well known~see,
e.g., the reviews quoted in Sec. I!, subdominant processe
such as the capture-to-the-continuum peak, and the bin
encounter maximum at highv, are also very important from
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FIG. 1. Ionization cross section in He211H collisions (10216 cm2) as a function of relative nuclear velocityv: ~d! present work using
an initial hydrogenic distribution;~.! present work using an initial microcanonical distribution;~(! experimental data of Refs.@31,32#; ~j!
results of Refs.@25,26#; ~n! Hardie and Olson@14#; ~,! Winter @27,28#; ~full triangle! Erreaet al. @3#; ~3! Kuang and Lin@30#; and ~h!
Toshima@29#.
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the point of view of interpreting double-differential cro
sections, and require much better statistics.

B. Ionization results using a microcanonical initial distribution

For the representative trajectories with impact param
b52 bohr and nuclear velocitiesv55, 1.4142, and 0.7 a.u
in Figs. 2~a1! and 2~a2!, 3~a1! and 3~a2!, and 4~a1! and
4~a2!, respectively, we illustrate the arrow diagrams~see
Sec. II B! displaying the positions and momenta of ionizi
electrons lying in a slab2«,y,« about thex,z collision
plane. In a vertical layout, the figures illustrate the ti
variation of the ionizing distributions. We have selected
internuclear distancesZ5vt523 bohr (a5a), 0 bohr (a
5b), 5 bohr (a5c), and 500 bohr (a5d), along the rep-
resentative nuclear trajectories with impact parameteb
52 bohr. The evolution of the nonmolecular distributionr1

i

is shown on the left (b51) of each figure, and that of th
molecular-type distributionr2

i on the right (b52). It
should be recalled that the drawings exclusively refer to
ionizing electrons, and therefore the elastic, excitation
capture clouds are not shown. To complement the diagr
Fig. 5 displays the corresponding longitudinal densi
r i(pz).

A global consideration of the figures shows that, roug
speaking, the dominant classical mechanism giving ris
ionization for the energy range considered is as follows.
first step@exemplified by the distanceZ523 bohr in Figs.
2~a2!, 3~a2! and 4~a2!# is a shift of the electron cloud to
wards the projectile@33#, due to Coulomb attraction. As ma
be expected, since the structure of the polarized cloud is
of atomic character, and atomic-type electrons are but a
ticular case of molecular-type electrons, most of the drift
particles still have a molecular energyEm,0; consequently
s

ter

g

e
e

he
nd
ms,
s

ly
to

he

till
ar-
g

we obtainr i'r2
i . For Z.23 bohr, the next steps of th

ionization mechanism strongly depend on the projectile
locity.

When the relative nuclear velocityv is larger than that o
the cross-section maximum~as in the situation exemplifie
in Fig. 2, for v55 a.u.!, the projectiles goes so fast wi
respect to the target electron that capture is a secondary
cess, and most polarized electrons are left behind in eith
excited, bound state of the target, or an ionizing state
particular, due to the pull from the projectile, a part of
cloud picks up enough energy so that it eventually ionize
is remarkable that the portion of this ionizing cloud tha
close to the target still preserves, at small internuclear
tances, a molecular character: for instance, we see from
2~b2! for the velocityv55 a.u., that about half of the ioniz
ing electrons are described byr2

i , while the rest of the dis
tribution r1

i of Fig. 2~b1! lies closer to the projectile. As th
nuclei separate, the nonmolecular part increases at th
pense of the molecular one, and at large internuclear
tances@Z5500 bohr in Figs. 2~d1! and 2~d2!# the r2

i →r1
i

passage is practically complete, and consequently the w
ionizing cloud is nonmolecular. In this asymptotic regio
most of the ionizing electrons have momentaupzu,v that are
close to the target velocity~equal to 0 in our referenc
frame!. This is confirmed in Fig. 5, and shows that at la
nuclear velocities the longitudinal momentum density fu
tion tends to the well-known soft electron maximum in
high-energy direct ionization mechanism.

In the other extreme~see, e.g., Fig. 4 forv50.7 a.u.!, for
v,1 a.u. the drifting process mainly causes electron tran
However, we see from Figs. 4~a2! and 4~b2! ~for v
50.7 a.u.! how a relatively small number of the polariz
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FIG. 2. Arrow diagrams for a microcanonical calculation displaying the position and momentum of ionizing electrons lying in th
2«,y,« bohr about the collision plane for~a! Z523 bohr, ~b! Z50 bohr, ~c! Z55 bohr, and~d! Z5500 bohr.~1! Em.0 and~2! Em

,0. The figures describe the time evolution of nonmolecular and molecular distributions forv55 a.u. as one goes down. The momenta
defined with respect to the target, and the nuclear positions are indicated~d!. The projectile-velocity vector is also displayed. To show t
connection between the distribution and the saddle potential, some lines of force are drawn. The length of the arrows are multip
scaling factorl in order to improve the clarity of the figure~see Table I!.
pr
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electrons rotate too fast, just miss being captured by the
jectile, and are subsequently caught instead by the comb
field of the nuclei in Fig. 4~c2!. Since most of this molecular
type density stays on top of the saddle region of the poten
@see Figs. 4~c2! and 4~d2!# as the nuclei separate, adapting
the shape of the potential surface, this ‘‘surfing’’ mechani
@34# may be properly qualified as saddle point type@inciden-
tally, this situation should be contrasted to that of Fig. 2~c2!
o-
ed

al

for v55 a.u., where because of the high speed of the pro
tile the ‘‘surfing’’ is so severely distorted toward the targ
that the mechanism is not saddle point type#.

As the collision proceeds, we again have ar2
i →r1

i tran-
sition, which takes place atZ values that are larger th
smaller the value ofv: for example, even at such a larg
distance asZ5500 bohr, we have forv50.7 a.u. andb
52 bohr that the distributionr1

i only accounts for abou
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FIG. 3. Same as Fig. 2 forv51.4142 a.u.
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25% of the ionizing trajectories. Moreover, whiler2
i is con-

centrated about thex,z collision plane in they direction, the
nonmolecular densityr1

i extends over largery domains. A
consequence of the latter, together with the different val
of «51.5 and 35 bohr~see Table I!, employed in the dia-
grams forZ55 and 500 bohr, respectively, result in th
some nonmolecular electrons appear in Fig. 4~d1!, whereas
they are absent from Fig. 4~c1!.

This illustration of the saddle-point character
molecular-type ionizing electrons atv50.7 a.u. is comple-
mented by Fig. 5. We see in this figure that the behavio
r(pz) is markedly different from that forv.1 a.u., and thus
s

f

from that explained in Ref.@2#. First, atZ50, and because o
its interaction with the slow projectile, the drifting cloud dis
plays a broadr(pz) density with the principal maximum
close to pz5v. Second, atZ55 a.u. a sizable amount o
electrons that are trapped by the saddle part of the pote
run quasiparallel to the lines of force and quasi-perpendic
to v @see Fig. 4~c2!#, accordingly,r(pz) becomes peaked a
v50. Third, at largeZ, and because of a post-collision in
teraction with the combined nuclear field,r(pz) ends up
with a maximum at the center of force valuepz5(1
1&)21v'0.3 a.u.. Hence the existence of SPI as a sepa
ionization mechanism at lowv is definitely demonstrated.
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FIG. 4. Same as Fig. 2 forv50.7 a.u.
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As stressed in Ref.@2#, the situation for velocities close t
the cross-section maximum is interesting, because it per
one to understand the evolution from lower to higher nucl
velocities, and because stronger interactions take place.
now show how the separate time evolutions ofr2

i and r1
i

permit one to explain some features mentioned in our pr
ous work forv51.4142 a.u.

Starting withr2
i , we see that its time variation in Fig. 3

intermediate between those of Figs. 2 and 4. In addition
shows that the peak ofr(pz) at approximately the center o
force value, which appears in Fig. 5 forv51.4142 a.u. and
Z55 bohr, is accompanied by a close relation between
its
r
e

i-

it

e

structure ofr2
i in Fig. 3~c2! and the shape of the sadd

region of the potential. The peak disappears at large inte
clear separations, and our diagrams illustrate that this is
to the fact that most of the electrons making upr2

i at
Z55 bohr @Fig. 3~c2!# are less efficiently trapped by th
saddle region of the nuclear potential, and become non
lecular atZ5500 bohr@see Fig. 3~d1!#: at this distancer2

i

only accounts for about 10% of ionization.
Turning now tor1

i , a new feature at intermediate veloc
ties @2# is that a sizable part of the ionizing cloud collide
with either nuclei, and thereby becomes nonmolecular. T
is illustrated in Figs. 3~b1!, 3~a2! and 3~b2!. Only some of
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FIG. 5. Momentum densitiesr i(pz) in the v direction for a microcanonical calculation atZ50, 5, and 500 bohr.v55 a.u. ~up!, v
51.4142 a.u.~middle!, andv50.7 a.u.~down!.
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these electrons, which have smallupyu values, lie close to the
collision plane, and therefore appear in the diagrams of F
3~c1! and 3~d1!. In particular, these figures show that, as
result of hard encounters with the projectile, there arises
asymmetric shell of ionizing electrons in thev direction. The
intersection of the shell with the@2«,«# slab is a crescent
formed by nonmolecular electrons with velocitiespz'2v for
Z55 bohr, andpz'v for Z5500 bohr~see secondary peak
in the momentum density of Fig. 5!. Hard collisions with the
target produce a more isotropic distribution.

C. Ionization results using a hydrogenic initial distribution

Since a comparison between the CTMC results using
tial microcanonical and hydrogenic electron distributio
shows that the dominant ionization mechanism is qual
tively the same, our discussion will focus on the main diffe
ences, while also illustrating the similarities. Furthermo
s.

n

i-

-
-
,

since these differences appear at lowv, the arrow diagrams
will only be given forv51.4142 and 0.7 a.u. in Figs. 6 an
7, respectively, for the same representative trajectories w
b52 bohr as in Sec. III B; the corresponding momentum d
tributions are displayed in Fig. 8.

As may be expected, the most important novelties wh
the initial distribution of Eq.~2! is employed stem from the
more spread initial spatial density, resulting in a strong
polarization of the electronic cloud. Three consequences
that collisions with larger impact parameters become ion
ing; there appear a larger number of hard encounters with
nuclei at lower impact energies; and we obtain a smoot
transition between the processes described in Sec. III B.

We start with the nuclear velocityv51.4142 case~Fig.
6!, for which the arrow diagrams are similar to those of F
3 described in Sec. III B. Nevertheless, and because of
stronger polarization of the electron cloud, now hard enco
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FIG. 6. Same as Fig. 2 for a hydrogenic calculation forv51.4142 a.u.
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ters with the projectile take place sooner@see Fig. 6~a1!, to
be contrasted with the empty diagram forr1

i in Fig. 3~a1!#.
Another difference, which may be observed in Fig. 6~c2! for
Z55 bohr, is that ther2

i density is more spread in the sadd
region of the potential than in Fig. 3~c2!. Also, the secondary
peak found inr i(pz) at pz'2v in Fig. 5 ~for v51.4142 a.u.!
is less conspicuous in Fig. 8 for the hydrogenic case. Fina
the asymptotic distribution@see Fig. 6~d1!# displays a less
clear-cut spatial boundary between molecular and~crescent!
nonmolecular electrons than in Fig. 3~d1!, and the final mo-
mentum distribution function now has a single, broad ma
y,

i-

mum in Fig. 8. Consequently, the~approximately! sharp
classification between three ionizing mechanisms made
Ref. @2# for v51.4142 a.u. is seen not to be a general featu
and to be due to the use of an initial spatial density that w
too compact.

The differences between hydrogenic and microcanon
distributions become more conspicuous at lower velocit
For example, atv50.7 a.u. andZ55 bohr, changes in Fig. 7
with respect to Fig. 4 are substantial; notice in this resp
the smaller values of« employed in the former. In particular
we have an enhancement of the hard encounter mecha
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FIG. 7. Same as Fig. 6 forv50.7 a.u.
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~with the target nucleus and the projectile!. One consequenc
is that the crescent due to the electron-projectile collision
clearly visible in Figs. 7~c1! and 7~d1!, whereas it is practi-
cally absent in Figs. 4~c1! or 4~d1!.

A consequence of these differences is that atv50.7 a.u.
the ionization mechanism obtained in the hydrogenic ca
lations is a little less molecular type than for the microc
nonical ones. Accordingly, in order to obtainr i'r2

i at short
R with the former method, one has to treat lower velocit
than with the latter. A similar feature concerns SPI: it
apparent in Fig. 7~c2! that molecular-type electrons are le
efficiently trapped by the saddle potential, and accordin
is

-
-

s

y

have a higher probability to escape from it than in Fig. 4~c2!.
A consequence is that atR5500 bohr and for the trajectory
considered, the proportion of molecular electrons is 68%
little lower than for the microcanonical distribution~75%!.

Notwithstanding these differences, the most important
sult is that the main conclusions from the microcanoni
calculations are unchanged when a more accurate initial
resentation is employed. In agreement with our findings
Sec. III B, Fig. 7 shows that, as one approaches threshold
increasing proportion of ionizing electrons are molecu
type, and from these an increasing number are trapped in
saddle region of the potential and have an asymptotic m
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FIG. 8. Momentum densitiesr i(pz) in the v direction for a hydrogenic calculation forZ50, 5, and 500 bohr.v51.4142 a.u.~up! and
v50.7 a.u.~down!.
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in a
use
mentum density peaked about the center of force value,
cause of a postcollision interaction: see Fig. 8 forv
50.7 a.u. Therefore, we conclude that the appearance of
at low collisional energies is not an artifact due to the use
a microcanonical initial electronic distribution, and al
arises for treatments that yield accurate cross sections in
energy region.

IV. CONCLUSIONS

From a study of the separate time evolutions
molecular-type and nonmolecular ionizing distributions
the benchmark case of He211H(1s) collisions, we conclude
that ~i! at sufficiently low nuclear velocities, the ionizatio
mechanism is determined by the molecular-type distri
tions;~ii ! at these velocities, it may also be properly qualifi
as saddle-point ionization;~iii ! these features hold for CTMC
calculations starting from either a microcanonical distrib
tion or the improved one of Eq.~2! that provides a bette
representation of the spatial H(1s) cloud; ~iv! and SPI and
direct ionization are the low- and high-v limits of a common
process involving molecular-type electrons at short inter
clear distances.

More specifically, with respect to the first three conc
sions, when the relative nuclear velocity is much lower th
that of the cross section maximum, the main steps of
ionization mechanism are as follows. One part of the po
ized electron cloud, given by the molecular-type distributi
e-

PI
f

at

f
r

-

-

-

-
n
e
r-

r2
i , misses being captured by the projectile, and is caugh

short R by the combined nuclear potential. Fort.0, the
shape ofr2

i is determined by the form of the saddle part
this potential; furthermore, in the asymptotic region its lo
gitudinal momentum densityr(pz) becomes peaked abou
the center of the nuclear force value because of a p
collision interaction. We have concluded that the name S
fitly describes such a mechanism.

The best way to portray conclusion~iv! above regarding
the higher-v results is to compare the variation in Fig
4~c2!→4~d2!, to that in Figs. 2~c2!→2~d1!: the mechanism is
clearly analogous, though dissimilar: at higher collision e
ergies the role of the center of nuclear force has waned~no
SPI!, and the electrons have become nonmolecular in a fa
way. Furthermore, a consideration of the outcome in b
cases shows that as the impact energy increases, the
mechanism at low energies@Fig. 4~d2!# is replaced by a di-
rect ionization@Fig. 2~d1!# mechanism in which most elec
trons depart with momentapz'0. In addition, at impact en-
ergies near the maximum of the ionization cross section,
have a more complex situation, because of a sizable num
of hard encounters with target and projectile nuclei.

Finally, some comments on the picture of molecular-ty
ionization that emerges from our diagrams may be relev
In this respect, we notice that the electrons making upr2

i

have been called molecular type because they are bound
Born-Oppenheimer clamped nuclei frame, and not beca
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they circle round both nuclei in a boundlike motion~which
we have seen is not the case!. Keeping this difference in
mind, we have that, at shortR, and for all nuclear velocities
treated here, several important steps of the ionization pro
can be said to have molecular characteristics: the polariza
effect, the SPI mechanism at lowv, and a sizable part of the
direct ionization mechanism at higherv, are all of molecular
type. The role of molecular-type ionizing electrons is t
more prominent the lower the impact energy, and may
taken as a justification of the success of molecular treatm
of ionization, such as the hidden-crossing@15,16# and close-
coupling @4,1# approaches.
l
lli

.

. B
ss
on

e
ts

On the other hand, it is also important to realize tha
sizable portion of the ionizing distribution has a nonmolec
lar character. In particular, all ionizing densities eventua
become nonmolecular, and ther2

i →r1
i transition occurs the

sooner the nuclear velocity becomes larger.
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