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Penning detachment of H2 by impact of excited He and Li atoms

F. Martı́n* and R. S. Berry
Department of Chemistry and The James Franck Institute, The University of Chicago, 5735 South Ellis Avenue,

Chicago, Illinois 60637-1403
~Received 10 June 1996; revised manuscript received 5 September 1996!

We present calculations of electron detachment from slow H2 ions with excited He and Li atoms. The
theoretical method is based on a close-coupling expansion of the electronic wave function and makes use of a
discretization technique to describe the continuum. The calculated cross sections for these processes typically
vary from.10213 cm2 at 50 meV to 10214 cm2 at 20 eV and are the result of~i! the attractive nature of the
interatomic potential and~ii ! the Stark mixing induced by the ion on the excited neutral atom.
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I. INTRODUCTION

Among the many processes that atomic or molecular
lisions may induce, one has gone almost unnoticed, des
both the attention paid to closely related processes and
likelihood that its associated cross sections are large. Th
the process in which a negative ionA2 collides with an
electronically excited energy donorN* and the energy of
excitation passes from the donor to the negative ion and
the excess electron free, leaving as final produ
A1N1e2. This is analogous to Penning ionization,
which the energy donorN* collides with a neutral atom
whose ionization energy is less than the excitation contai
in N* , so that the final products areA11N1e2. On this
basis, we shall call the detachment process described
‘‘Penning detachment.’’

One investigation, by Blaney and Berry@1#, produced
order-of-magnitude estimates of some cross sections for
ning detachment. These indicated that the process is like
have a high probability; typical estimates from that wo
were cross sections of order 10214 cm2. An experimental
study by Fehsenfeldet al. @2# reported the occurrence of de
tachment of electrons from O2 by collision with excited
oxygen molecules. Detachment of electrons from Cl2 ions
by collision with optically excited sodium atoms was th
object of a study reported briefly by Doweket al. @3#. These
three seem to be the only reports in the literature dire
related to Penning detachment.

Here we report the results of fairly robust calculations
the cross sections for Penning detachment of electrons f
H2 by collision with He* and with Li* . These calculations
are meant to be complementary to the experiments repo
by Darveauet al. @4# demonstrating Penning detachment
electrons from O2 by collision with optically excited cal-
cium atoms Ca(4s4p1P). The calculations are not yet deve
oped enough to treat precisely the problem examined in
experiments, but they do address processes that are a
sible experimentally and they illustrate some general prop
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ties of the process that the experiments of Darveauet al.can
reveal.

The next section treats the methods used to carry out
calculations. Section III describes the calculations the
selves and Sec. IV presents the cross sections. Section V
discussion of these results and their implications. Atom
units are used throughout unless stated otherwise.

II. GENERAL THEORY

A. Close coupling

We treat the problem semiclassically in this sense:
nuclei follow classical trajectories in the field induced by t
effective interatomic potential, whereas the electrons are
scribed quantum mechanically. On any given nuclear tra
tory, the electronic wave function is the solution of th
Schrödinger equation

i
d

dt
C~ t !5HelC~ t !, ~1!

whereHel is the molecular Born-Oppenheimer Hamiltonia
that depends parametrically on time through the internuc
distanceR(t), C(t) is the electronic wave function, andt is
the time coordinate of the collision event. The initial state
the system,A21N* , is embedded in the electronic con
tinuum of the molecular negative ionAN2 formed during the
collision. With this picture in mind, we define a basis
adiabatic states as follows. Bound electronic states
t52` are formally the solutions of

~QHelQ2Ei !c i50 ~2!

and ~unbound! electronic continuum states are the solutio
of

~PlHelPl2E!cE,l50, ~3!

wherel is the angular momentum of the ejected electron a
Pl andQ are projection operators that satisfy the exclusio
ary conditions

PlPl 85d l l 8, ~4!
1099 © 1997 The American Physical Society
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P5(
l
Pl , ~5!

PQ50, ~6!

P1Q51 ~7!

for all R. Notice thatHel is not completely diagonal in the
$c i ,cE,l% basis because, in general,^c i uQHelPl ucE,l& and
^cE,l uPlHelPl 8ucE,l 8& are different from zero. Therefore, th
$c i ,cE,l% basis is adiabatic in the sense that Eqs.~2! and~3!
are fulfilled for allR. We expand the electronic wave fun
tion C(t) in this basis

C~ t !5(
i
ci~ t !expS 2 i E

2`

t

Eidt8Dc i

1(
l
E dE cE,l~ t !expS 2 i E

2`

t

E dt8DcE,l ~8!

and use the single-state initial condition

ci~2`!5d i0 , ~9!

cE,l~2`!50, ~10!

wherec0 represents the initial state. Substitution of Eq.~8!
into Eq. ~1! leads to the system of differential equations

i
d

dt
ci~ t !5(

l
E dEexpS i E

2`

t

~Ei2E!dt8D
3^c i uQHelPl ucE,l&cE,l~ t !, ~11!

i
d

dt
cE,l~ t !5(

i
ci~ t !expS i E

2`

t

~E2Ei !dt8D
3^cE,l uPlHelQuc i&1 (

l 8Þ l
E dE8cE8,l 8~ t !

3expS i E
2`

t

~E2E8!dt8D
3^cE,l uPlHelPl 8ucE8,l 8&. ~12!

In Eq. ~12! we have neglected all dynamical couplings co
responding to the breakdown of the Born-Oppenheimer
proximation. For the collision velocities considered in th
work this is a very good approximation: explicit calculatio
including those couplings at 1 eV are practically indist
guishable from those excluding them. This can be easily
derstood because the dynamical couplings are proportion
the collision velocity, which in the present work is of th
order of 1023 a.u. In Eqs.~11! and ~12!, the couplings
^c i uQHelPl ucE,l& are responsible for bound-continuum tra
sitions and therefore for Penning detachment. The coupl
^cE,l uPlHelPl 8ucE,l 8& represent continuum-continuum trans
tions and therefore they are responsible for a redistributio
the population within the continuum. The total ionizatio
cross section is given by
-
p-

n-
to

gs

of

s ion52pE
0

`

bP~b!db, ~13!

where

P~b!5 lim
t→`

P~b,t !5 lim
t→`

(
l
E dEucE,l~`!u2 ~14!

andb is the impact parameter.

B. Local approximation

We show here that the usual local approximation, wh
assumes an exponential decay of the resonant state form
the collision ~see@5,6# and references therein!, can be de-
rived from the system of differential equations~11! and~12!.
Our results of Sec. III show that the local approximation
very accurate in the cases investigated here and can be
as an alternative to the close-coupling calculations.

First, we assume that the entrance channel is well se
rated in energy from the remainingQ states~isolated reso-
nance approximation!. Then, since there is no direct couplin
in Eqs. ~11! and ~12! among thec i states belonging to the
Q subspace, we can neglect allQ states except the one tha
corresponds to the entrance channelc0.

Second, from Eqs.~11! and ~12! one can write

d

dt
P~b,t !5(

l
E dE

d

dt
ucE,l~ t !u2

52
d

dt
uc0~ t !u2

5ImF(
l
c0~ t !E dE cE,l* expS i E

2`

t

~E2E0!dt8D
3^cE,l uPlHelQuc0&G , ~15!

which shows that the variation with time of the total ioniz
tion probability does not depend explicitly on th
^cE,l uPlHelPl 8ucE8,l 8& couplings. Equation~15! is identical
to the one that would be obtained if all those continuu
continuum couplings were zero. Therefore, if one is not
terested in the actual population for each value ofl andE,
the neglect of such couplings is a reasonable approximat

Using these two approximations, we can write, from E
~12!,

cE,l~ t !52 i E
2`

t

dt8c0~ t8!expS i E
2`

t8
~E2E0!dt9D

3^cE,l uPlHelQuc0&. ~16!

Substitution into Eq.~11! leads to

d

dt
c0~ t !52(

l
E dE^c0uQHelPl ucE,l&

3E
2`

t

dt8c0~ t8!expS i E
t8

t

~E02E!dt9D
3^cE,l uPlHelQuc0&. ~17!
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Now, let us call DE an energy interval such tha
^c0uQHelPl ucE,l& barely changes in the intervalI E0
5@E02DE,E01DE#. If the collision velocity v(t)5v0
2m21*2`

t ¹Vdt8 ~whereV is the interatomic potential,m
the reduced mass of the nuclei, andv0 the initial velocity in
a.u.! is small enough such thatuvu,DE for all t, the integral
in Eq. ~17! is almost zero outsideI E0 due to the strongly
oscillatory behavior of the exponential. Then, Eq.~17! leads
to

d

dt
c0~ t !.2pc0~ t !(

l
z^c0uQHelPl ucE5E0 ,l

& z2, ~18!

so that the total ionization probability for a given trajecto
can be written

P~b!512expS 2E
2`

`

G~ t !dtD , ~19!

where

G~ t !52p(
l

z^c0uQHelPl ucE5E0 ,l
& z2. ~20!

Equation~19! can also be written

P~b!512expS 22E
R0

`

G~R!/v~R!dRD , ~21!

wherev(R) is the radial velocity of the nuclei

v~R!5
1

v0A12
2V~R!

mv0
2 2

b2

R2

~22!

andR0 is the classical turning point.

C. Adiabatic states

Penning detachment is essentially a two-electron proc
in which the energy of the excited electron of the neut
atom is transferred to the loosely bound electron of the ne
tive ion. In the present model used here, all other electr
remain passive during the collision. Therefore, the dynam
of the Penning detachment process can be studied usin
effective two-electron Hamiltonian. This Hamiltonian can
written

Hel52
1

2
¹1
22

1

2
¹2
21VA2~1!1VA2~2!

1VN~1!1VN~2!1
1

r 12
, ~23!

whereVA2 (VN) is the potential that describes the interacti
between an electron and the core of the negative ion~the
neutral atom!. In this work we have used the simple form

VA252
ZA
r A

~11aAr A!e22aArA, ~24!
ss
l
a-
s
s
an

VN52
1

r N
2

~ZN21!

r N
~11aNrN!e22aNrN, ~25!

which are widely used in the study of ion-atom collisions@7#
as well as in atomic structure calculations@8#. Notice that
both potentials have the correct asymptotic behavior

lim
r A→0

VA252
ZA
r A

, ~26!

lim
r A→`

VA250 ~27!

and

lim
rN→0

VN52
ZN
rN

, ~28!

lim
rN→`

VN52
1

r N
. ~29!

TheQ states are obtained by diagonalizingQHelQ in a
basis of~properly antisymmetrized! two-electron configura-
tions of the form$w1sA2wkN

%, wherew1sA2 is the lowest one-
electron orbital of the anion

~2 1
2¹21VA2!w1sA25e1sAw1sA2 ~30!

and thewkN
orbitals are the solutions of

~2 1
2¹21VN!wkN

5ekNwkN
. ~31!

Two-electron configurations with both electrons inN are not
included in the diagonalization procedure since their con
bution to the Penning detachment process is expected t
small. Thew orbitals are written as linear superpositions
Gaussian-type orbitals~GTOs!.

TheP states are~properly antisymmetrized! two-electron
configurations of the formc̃E,l5w̃e,lwvN

, wherewvN
is the

valence orbital of the neutral atom and thew̃e,l functions are
discretized continuum orbitals. The latter correspond to th
solutions with energies lying above the ionization thresh
and are obtained by diagonalizing Eq.~30! using an even-
tempered sequence of GTOs for eachl @9#. The eigenfunc-
tions w̃e,l resulting from this diagonalization are related
the properly normalized continuum orbitalswe,l through the
equation

we,l.r1/2~e!w̃e,l , ~32!

wherer is the density of continuum states. This quantity h
been evaluated as in Ref.@9#.

The use of a discretized basis of continuum states imp
that all energy integrals*dE in Eqs. ~11! and ~12! must be
replaced by quadratures( iDe i . The couplings

^cEn ,l
uPlHelQuc0&.r1/2~En!^c̃En ,l

uPlHelQuc0& ~33!

and
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^cEn ,l
uPlHelPl 8ucEn8,l 8

&.r1/2~En!r
1/2~En8!

3^cEn ,l
uPlHelPl 8ucEn8,l 8

&

~34!

are only known for the energiesEn resulting from the diago-
nalization of Eq.~30! in the GTO basis. In the present pro
lem, the energy spacing required to achieve convergenc
the quadrature is much smaller than the energy spacing
vided by such a diagonalization. However, since the c
plings defined in Eqs.~33! and~34! vary smoothly withE, it
is possible to obtain their values for any desired energy
simply interpolating the corresponding histograms for ea
R. Finally, we have verified that orthogonality betweenP
andQ subspaces is well satisfied forR.2 a.u.

III. CALCULATIONS

A. One-electron orbitals

The value of aH2 used in VH2 @Eq. ~24!# is
aH250.6973, which provides a ground-state energy
20.527 03 a.u. with our GTO basis. This is close to t
actual value in H2 ~the exact nonrelativistic ground-sta
energy computed by Pekeris@10# is 20.527 75 a.u.!. This is
the only bound state that we have found for alll , in agree-
ment with the experimental observations. The values
aHe51.6847 andaLi51.6480 have been chosen to repr
duce simultaneously the ground and the excited states o
neutral atoms. In the case of Li, the lowest eigenfunction
to be excluded from the calculations since it correspond
an unphysical virtual core state with three electrons in
1s shell.

To analyze the validity of the discretization technique
describing the one-electron continuum orbitals of H2, we
have compared the radial factors of the 1s orbital of H2

with discretized continuum orbitals with energiese50.73
and 0.067 a.u. These are the mean kinetic energies o
ejected electrons when H2 collides with He(1s2s,1S) and
Li(1s22p), respectively. The exponential decay of the d
cretized continuum wave functions occurs far beyond
region where the 1s orbital of H2 has significant amplitude
at a much larger distance in the low-energy, Li-initiated d
tachment than in the higher-energy, He-initiated exam
The consequence of this examination is that we can be
fident that the discretized wave functions yield reliable m
trix elements between 1s and continuum levels of H2. The
same holds for the direct and exchange terms of the t
electron matrix elements, although the exchange terms m
be less accurate for the He example than for the case with

B. Potential-energy curves and couplings

As explained in Sec. II C, the Schro¨dinger equation in
Q space has been solved by diagonalizingQHelQ in a basis
of antisymmetrized two-electron configurations$w1sH2wkN

%.

The wkN
orbitals included in the present calculations a

wkN
51s, 2s, 2p, 3s, 3p, 4s, and 4p for He andwkN

52s,

2p, 3s, 3p, 3d, 4s, 4p, and 4d for Li. In Figs. 1~a! and 1~b!
we present the resulting eigenenergies as functions of
internuclear distance. These energies correspond to a
in
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couplingS50; the corresponding values forS51 are very
similar. Since the effective two-electron Hamiltonian of E
~23! includes twoatomicmodel potentials, we expect ou
description of the HeH2 and LiH2 quasimolecules to brea
down when electron delocalization affects the atomic cor
This effect is negligible forR.2 a.u., so that the potential
energy curves shown in Fig. 1 should be reliable forR.2
a.u. In particular, the Stark mixing@11# within a given mani-
fold ~which is a fundamental effect to properly describe Pe
ning detachment! is well described in the present calcul
tions. Stark mixing is important at long distances, even w
beyond 100 bohrs for the most extreme case we examine
H21Li(1s23d). At these distances, delocalization effec
on the atomic cores are completely negligible. As we w
show in Sec. IV, the shape of the potential-energy cur
shown in Fig. 1 is crucial to understand the variation of t
Penning detachment cross sections with the collision ene

FIG. 1. Potential-energy curves for the~a! HeH2 and ~b!
LiH2 quasimolecules. The labelsnl represent the asymptotic state
H21He(1snl) and H21Li(1s2nl), respectively. The dotted line
show the position of the ionization thresholds H1He(1s2)1e2 and
H1Li(1s22s)1e2.
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We have compared thêcE5E0 ,l
uPlHelQuc0& couplings

obtained including and excluding exchange. We have fo
that exchange is important at rather large values ofR. In
general, exclusion of exchange leads to slightly smaller c
plings, which would lead to smaller cross sections. For t
reason, exchange has been included in all ourbestcalcula-
tions.

C. Convergence of the close-coupling calculations

We have solved the system of coupled equations~11! and
~12! and checked the convergence with the size of the b
for the H21Li(1s22p) collision atv050.006 a.u. and spin
couplingS50. As we will see in Sec. IV, in this particula
example and for this energy, we can use straight-line tra
tories to describe the nuclear motion. Although this may
be the case for all other systems and other collision energ
the consequences of this study will be of general validity

We have found that the cross sections are practically
sensitive to the number ofQ states included in the close
coupling expansion. For example, results obtained by inc
ing onlyf0 ~i.e., the state that asymptotically correlates w
the initial state! are practically the same as those obtained
including additionalf i states. As a consequence, for the c
lision processes investigated here, the resonances can be
sidered as isolated.

More important is to study the convergence with resp
to the number of continuum states included in the exp
sions. In Fig. 2 we have plotted the transition probabilit
versus impact parameter forv50.006 a.u., obtained with a
increasing number of continuum states. In all cases, o

FIG. 2. Convergence of the Penning detachment transition p
ability for the H21Li(1s22p) collision at 900 meV and spin cou
pling S50. The close-coupling expansion includes theQ states
shown in Fig. 1 andl50 and l51 P states. The upper cutoff fo
P continuum states is placed 0.05 a.u. above the H21Li(1s22p)
resonance. The figure shows the variation of the transition prob
ity times the impact parameter as a function of the impact param
when the energy spacing between continuum states included in
close-coupling expansion~8! is 0.01 a.u.~dash-dotted line!, 0.002
a.u.~dotted line!, 0.0005 a.u.~dashed line!, and 0.000 25 a.u.~con-
tinuous line!.
d

u-
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-
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l50 and 1 angular momenta have been included in the c
tinuum. Convergence is achieved when the energy separa
between neighboring continuum states is rather small.
continuum states that are significantly populated at a gi
time t are those that lie in a region of widthG(t) around the
resonancef0. Consequently, if one tries to work with to
small a number of continuum states near the resonance,
could obtain cross sections very much in error. Since
position off0, E0(t), is a function oft, a fine energy spacing
must be used throughout the whole energy interval in wh
E0(t) varies. In contrast there is no need to use such a
energy spacing away from the resonance~in fact, the upper
cutoff used in this convergence study could have been m
lower!.

Due to the long-range nature of the Penning detachm
process~see above and@1#!, one can expect that the dipole
dipole term of the multipolar expansion of 1/r 12 is respon-
sible for most of the relevant couplings of the process. Si
the ejected electron initially occupies the 1s orbital of H2,
the consequence is that most of the electrons must be eje
into continuum orbitals withl51. This conjecture is sup
ported by our calculations: the converged total ionizat
probability obtained by includingl50 and 1 continuum
states barely differs from that obtained by includingl51
only. Looking at thel50 andl51 contributions separately
~Fig. 3!, we observe that the most important effect of t
l50 continuum states is to absorb probability flux from t
l51 states, which are directly populated fromf0. As argued
in Sec. II B, this is done through thêcE,l uPlHelPl 8ucE8,l 8&
couplings. However, direct transitions fromf0 to the l50
continua are not very important. A similar effect can be e
pected if one includes continuum states withl.1. For this
reason we have limited the sum inl @Eq. ~8!# to l50 and 1
in all calculations.

It is interesting to compare the close-coupling results w
the local approximation presented in Sec. II B because m
of the hypotheses for the validity of this model are appro
mately fulfilled. For this purpose, we have evaluated

b-

il-
er
he

FIG. 3. Contribution of thel50 and 1 components to the con
verged Penning detachment transition probability shown in Fig
The dotted line shows the results of the local approximation.
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1104 55F. MARTÍN AND R. S. BERRY
resonance widthG defined in Eq.~20! from the same cou-
pling matrix elements used in the close-coupling calcu
tions. Figure 3 shows the total transition probability vers
impact parameter obtained with both the local approximat
and the close-coupling method. As can be seen, the re
are almost identical, which proves the validity of the loc
approximation to obtain Penning detachment cross sect
in the present case. For the case of straight-line nuclear
jectories, computational effort is comparable in both ca
because most of the time is spent in the evaluation of
coupling matrix elements. On the other hand, when tra
tory effects are important, the solution of the system
coupled equations is more involved than the use of the lo
approximation. For this reason, the results obtained in S
IV by including the effect of the trajectory have been o
tained within the local approximation.

IV. CROSS SECTIONS

We have calculated Penning detachment cr
sections for collision energies between 25 meV a
20 eV (v0.0.00120.025 a.u.! for the following
cases: ~i! H21He(1s2s,1S), ~ii ! H21Li(1s22p), ~iii !
H21Li(1s23s), ~iv! H21Li(1s23p), and ~v!
H21Li(1s23d). ~Energies are expressed in laborato
frames, not in center-of-mass frames, since these are wh
measured directly in typical experiments.! In cases~i! and
~ii !, the final states are H1He(1s2)1e2 and H
1Li(1s22s)1e2, respectively. In cases~iii !–~v! decay to
Li(1s22p) is also possible. One of the aims of the pres
section is to study the variation of the Penning detachm
cross section with impact energy. One might expect cr
sections to decrease with impact energy, but we will see
there are exceptions to this generalization. The energy ra
covered by the present calculations allows us to analyze
effects responsible for the various variations that occur w
energy. Another point of interest is to study the depende
of the cross sections on the initial state of the neutral a
for a fixed final state of the neutral. Cases~iii !–~v! allow
decay to several final states, which makes them very att
tive for both experimental and further theoretical investig
tion. It should be possible to observe some of the poss
final channels, such as Li(1s22p), via detection of the radia
tive decay of the residual excited state of Penning deta
ment. In all cases considered in these calculations thus
however, the residual state of the energy donor, follow
detachment, is ofS symmetry. This contribution can be de
termined from experiment, in cases~iii !–~v!, by subtraction
from the total detachment cross section of the contribution
any residual states that radiate down to theS state following
detachment. Also, as the only effective couplings at the
energies considered in this work are those induced by
electronic Hamiltonian betweenP andQ subspaces~as ex-
plained in Sec. II, nonadiabatic dynamical couplings are n
ligible! and the final states have onlym50 components, the
largest cross sections for the non-s-initial states will corre-
spond to them50 components. For this reason we will on
consider detachment from initialm50 states.

According to the model of Blaney and Berry@1#, in which
the Penning detachment process can be interpreted as
polar deexcitation of the target with a simultaneous exc
-
s
n
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tion from the ground state of the anion to the continuu
Stark mixing is necessary in cases~i!, ~iii !, and~v! in order to
have significant Penning detachment cross sections. On
other hand, in cases~ii ! and ~iv! the excited electron is al
ready in ap orbital, so that dipolar decay should be mu
more effective. Another important aspect that we are able
analyze by comparing He and Li targets is the role of
excitation energy of the neutral atom. Indeed, excitation
ergy in case~i! is much larger than in cases~ii !–~v! and
therefore the mean kinetic energy of the ejected electr
must be larger. The results presented in this section will h
to clarify these points.

A. H21He„1s2s,1S…˜H1He„1s2…1e2

Figure 4 shows the Penning detachment cross section
H21He(1s2s,1S). In the same figure we have included th
close-coupling results obtained using straight-line trajec
ries. As expected, the effect of the nuclear trajectory is sm
at higher energies where the cross section tend to the lin
trajectory results. However, at lower energies, the attrac
nature of the interatomic potential@see Fig. 1~a!# makes the
couplings much more effective than at high energies beca
the nuclei spend a much larger time close to each other. A
consequence, the transition probability increases. Such
effect is especially important at large impact parameters,
which the linear-trajectory calculations predict that transiti
probability is negligible. This is clearly illustrated in Fig. 5

The origin of the attractive nature of the interatomic p
tential is the interaction of the H2 ion with the induced
dipole of the neutral atom. Asymptotically, this potential
given by

V~R!52
a

2R4 , ~35!

wherea is the polarizability of the excited1S state of He.

FIG. 4. Penning detachment cross section for
H21He(1s2s,1S) collision. Continuous line with diamonds
present results; dashed line, Langevin approximation; dotted
results obtained by using straight-line trajectories; square, res
from Blaney and Berry@1#.
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Classical scattering of particles by this potential has b
considered by Langevin@12# in the study of mobility and
diffusion coefficients. He found that, for a given impact e
ergy, the deflection angle increases systematically with
creasing impact parameterb, until a limit value b0 is
reached, the Langevin radius, below which the imping
particle orbits into the target. The Langevin radius is rela
to the polarizability through the equation

b05S 4a

mv0
2D 1/4. ~36!

Then b0 increases whenv0 decreases. At sufficiently low
impact energy, transitions in the H21He(1s2s,1S) system
take place at very long internuclear distances, where the
teratomic potential is approximately given by Eq.~35!.
Therefore, forb,b0, the H2 ion orbits about the He atom
so that there is enough time for the couplings to be effect
As a consequence,Pion(b).1 for b,b0 and the cross sec
tion becomes

s ion5pb0
2 . ~37!

We have evaluated the polarizability of the He(1s2s,1S)
state by fitting the calculated potential-energy curve@Fig.
1~a!# to Eq. ~35!. The resulting value isa5534 a.u.@13#.
Using this value, we have evaluated the Langevin cross
tion from Eqs.~36! and ~37!. The corresponding results ar
also shown in Fig. 4. This figure shows that the actual cr
section tends to the Langevin values at low energies.
Langevin cross section is almost two orders of magnitu
larger than the one obtained with linear trajectories. The
fore, the variation with energy of the Penning detachm
cross sections can be explained as a transition from a La
vin regime to a linear regime.

In Fig. 4 we have also included the cross section cal
lated at 1 eV by Blaney and Berry@1#, who used straight-line

FIG. 5. Penning detachment transition probability times the
pact parameter as a function of impact parameter for
H21He(1s2s,1S) collision at 900 meV. Continuous line, trajector
effects included; dashed line, results obtained by using straight
trajectories. Only spin couplingS51 is shown.
n
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trajectories and a very simple model to describe the S
mixing. Their result is close to ours in the straight-line a
proximation, but it is significantly smaller than the one o
tained by including trajectory effects. Therefore, the pres
results suggest that Penning detachment cross section
even larger than anticipated by Blaney and Berry.

B. H21Li „1s22p0…˜H1Li „1s22s…1e2

In Fig. 6 we present the values of the calculated cr
section for H21Li(1s22p0). In this case the straight-line
approximation is very good approximation in most of t
energy range investigated here. This can be understood
the help of Fig. 7, where we have plotted the transition pr
ability versus impact parameter for 900 meV impact ener
Note that some transitions take place even at very long
ternuclear distances (R.30 a.u.!, where the interatomic po
tential is almost flat, so that the nuclear trajectory is pra
cally a straight line. At very low energies, however, the cro
section decreases slightly with impact energy, which is d
to the slightly repulsive character of the interatomic poten
at long distances; in this case there is no attractive interac
between the H2 ion and the neutral atom because the lat
is in aP state.

C. H21Li „1s23s,3p0,3d0…˜H1Li „1s22s…1e2

Figure 8 shows the Penning detachment cross section
H21Li(1s23s), H21Li(1s23p0), and H21Li(1s23d0).
In the same figure we have included the close-coupling
sults obtained using straight-line trajectories. The potent
energy curves associated with these three states are attra
in the region where the couplings are effective, so that
cross sections including trajectory effects are larger th
those obtained in the straight-line approximation. As in S
IV A, the differences decrease with increasing energy a
for the higher energies, the two types of calculations lead
similar results. In the case of the Li(1s23s) target, the inter-

-
e

e

FIG. 6. Penning detachment cross section for
H21Li(1s22p) collision. Continuous line with diamonds, prese
results; dotted line, results obtained by using straight-line traje
ries.
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1106 55F. MARTÍN AND R. S. BERRY
atomic potential behaves as in Eq.~35! for largeR, so that it
is possible to evaluate the polarizability (a54262 a.u.! and
hence to obtain the Langevin cross section. The latter
also been included in Fig. 8. Since the polarizability is larg
than for He(1s2s,1S), the Langevin cross section is als
larger. As in Sec. IV A, the cross section tends to the Lan
vin cross section at very low energies, so that the same
bal behavior is observed. The Penning detachment cross
tion for Li(1s23p0) is comparable to the former in all th
energy range, and so is that of Li(1s23d0) above 400 meV.
This is a consequence of the strong Stark mixing between
neighboring 3s, 3p, and 3d orbitals of Li, so that having the

FIG. 7. Penning detachment transition probability times the
pact parameter as a function of the impact parameter for
H21Li(1s22p) collision at 900 meV. Continuous line, trajector
effects included; dashed line, results obtained by using straight
trajectories. Only spin couplingS50 is shown.

FIG. 8. Penning detachment cross section for
H21Li(1s23s,3p,3d) collisions. Continuous lines, present resul
dashed line, Langevin approximation; dotted lines, results obta
with straight-line trajectories.
as
r

-
o-
ec-

he

excited electron in ap orbital of the neutral atom in such
cases does not produce larger Penning detachment cross
tions. The behavior for Li(1s23d0) below 400 meV is strik-
ing. This cross section has a maximum at this energy
sharply decreases at lower energies; forE,200 meV it is
practically zero. The reason for this behavior is the occ
rence of a barrier in the interatomic potential atR.22 a.u.
@see Fig. 1~b!#. This barrier is the result of an avoided cros
ing with the upper potential-energy curve, which dissocia
into Li(1s24s). ForE,400 meV, the barrier is high enoug
to prevent the H2 ion from going into the inner well of the
potential. As a consequence, the couplings are no longe
fective and the Penning detachment process shuts off at
collision velocities. This situation is not restricted to th
state. It can be found for any repulsive state of a given St
manifold that interacts with attractive states associated w
higher manifolds.

D. Comparison between He and Li targets

It is interesting to compare the present results for Li a
He. This comparison is made in Fig. 9. ForE.1 eV, the
cross section for Penning detachment for Li(1s22p0) targets
is roughly an order of magnitude larger than f
He(1s2s,1S). This is consistent with the crude model o
Blaney and Berry: in the first case, dipolar decay is mo
favored than in the second, for which Stark mixing
needed. However, at very low energies, one can observe
the opposite. Thisanomalousbehavior for Li(1s22p0) tar-
gets appears because the ion-atom interaction potential d
ates sharply from Eq.~35! even at large distances, so th
system does not follow Langevin trajectories. In other wor
the attractive nature of the H21He(1s2s,1S) interatomic
potential leads to an increase of the cross section with res
to the straight-line results, whereas the H21Li(1s22p0) in-
teratomic potential is almost flat in the region where tran
tions take place. A similar conclusion applies to com
parisons of H21Li(1s22p0) with H21Li(1s23s), H2

1Li(1s23p0), and H21Li(1s23d0) ~except for E,400
meV in the latter case!.
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e

d

FIG. 9. Comparison between Penning detachment cross sec
for the H21He(1s2s,1S) and H21Li(1s23s,3p,3d) collisions.
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55 1107PENNING DETACHMENT OF H2 BY IMPACT OF . . .
It can also be observed in Fig. 9 that, although Penn
detachment cross sections for H21He(1s2s,1S) and
H21Li(1s23s) behave qualitatively in the same way, th
latter decreases slower with increasing collision energy t
the former. At lower energies, the cross sections are iden
to the Langevin cross sections, which decrease as 1/v0. How-
ever, this model is no longer valid at higher energies, wh
Stark mixing governs most of the physics of the proble
Stark mixing of the Li(1s23s) state with the neighboringp
state is much larger and takes place at much larger dista
than for He(1s2s,1S). As a consequence, the transitio
Li(1s23s)→Li(1s22s) is much more probable tha
He(1s2s,1S)→He(1s2), which explains the observed be
havior.

V. CONCLUSION

The present work is a theoretical attempt to obtain ac
rate cross sections for Penning detachment of negative
by impact of excited neutral atoms. Our results confirm t
this is a highly probable process, especially at very low i
pact energies. Although Penning detachment cross sec
are very large for a wide range of impact velocities, t
physics of the process at low and high energies is quite
ferent. At low energies~say, less than 200 meV!, the high
values of the cross sections are due to the attractive inte
tion between the ion and a highly polarizable target. F
neutral atoms in metastableS states, the calculated cross se
tions is almost identical to the Langevin cross section
tained from purely classical considerations. In other ca
however, the Penning detachment process can be suppr
at low energies by the occurrence of energy barriers in
interatomic potential. This is the case, for instance, of
Li(1s23d) initial state.
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At high energies~say larger than 1 eV!, the dominant
feature is the dipolar decay of the excited neutral atom
therefore the most favorable situation corresponds to neu
atoms inP states, which decay to theS ground state. How-
ever, dipolar decay from excited states with different sy
metries is still possible if Stark mixing withP states is im-
portant. The closer the states, the larger the mixing~hence
the cross section!. As a rule of thumb, excited states wit
electrons occupying excited orbitals with high princip
quantum numbern are the best candidates to undergo P
ning detachment at high energies.

Finally some comments are appropriate regarding the
lidity of the classical description used in this work to d
scribe the nuclear motion. The transition probabilities in t
semiclassical calculations are already so high that full qu
tum corrections would at most make small, quantitat
changes and perhaps add some oscillations not shown in
semiclassical method@especially in the case of Li(1s23d),
where tunneling effects may play some role#. However,
nuclear quantum effects may be essential in the descrip
of differential cross sections~differential in the nuclear de-
flection angle!. Now that there is experimental evidence f
Penning detachment@4#, it becomes worthwhile to look for
more refined effects that would only be revealed accura
in full quantum calculations.
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