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Multichannel Penning detachment of H™ from excited Li and Ca atoms
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We develop theoretical cross sections for Penning detachment ofréin excited Li and Ca atoms for
impact energies between 25 meV and 20 eV. We examine two kinds of cases: those that leave the target in its
ground state and those that leave the target excited after the collision, namehf,i€8s), H™ +Li(3p),
H™+Li(3d), and H +Ca(4s5s'S?). Our results show that, in general, Penning detachment is enhanced
when several decay channels are open and that the target is left preferentially in the nearest excited state.
[S1050-294{@7)00506-4

PACS numbd(s): 34.50.Fa

I. INTRODUCTION though in [7] we also investigated detachment from
Li*(1s?3s), Li*(1s?3p), and Li*(1s?3d) excited states,
Penning detachment is the name we have given to theve only allowed for decay into the ground state of Li, so that
process in which a negative ioh~ collides with an elec- the computed cross sections do not correspond to total cross
tronically excited energy dondd* and the energy of exci- sections.
tation passes from the donor to the negative ion and sets the In this work we study multichannel Penning detachment
excess electron free, leaving as final produatsN+e~.  processes by considering all energetically allowed final states
The process was so named by analogy with Penning ionizaf the target. Our aim is not only to provide total Penning
tion, the well-studied collision process+N* —A+N™* detachment cross sections for these cases but also to find out
+e~. Typical cross sections for Penning ionization arehow the presence of several open channels affects this pro-
roughly like gas-kinetic cross sections, of order #dcm?  cess, either by enhancing its cross section or by redistribut-
[1,2]. Cross sections for simple collisional detachment caring the products among the accesible final states. This may
be much smalle(see, e.g.[3] and references thergime-  be valuable information for experiments in progré8kbe-
cause their magnitudes come largely from crossing-point incause, although single-channel Penning detachment cross
teractions of potential-energy curves for bound and freesections are very large, the available ion densities are rather
states of thextraelectron. By contrast, early estimafdgof ~ small. Since experiments carried out in our laboratory make
the cross sections for Penning detachment indicated thatse of Ca atoms as energy donors, we will also present cal-
these should be considerably larger than either of these, posulations for Penning detachment of Hrom excited Ca. As
sibly even of the order 10** cm?. Hence the process is is well known, electron correlation between the two valence
tantalizing for study, even for this reason alone. Cross secglectrons of Ca is very importafi®], which is a major dif-
tions this large imply that Penning detachment must play aference from the targets investigated[ij. Thus our calcu-
important role in kinetics of almost any gaseous or plasmaations with Ca targets will also allow us to study the role of
environment in which negative ions and excited atoms ofnitial-state correlation in the process.
molecules are both present. Nevertheless, it has gone nearly In the next section we briefly describe the methods used
unstudied until now5,6]. to carry out the calculations. Section Ill presents the cross
In a previous wor 7] we have studied Penning detach- sections and Sec. IV a discussion of the results and their
ment of H™ by impact of excited He and Li atoms. In that implications. Atomic units are used throughout unless other-
paper, we considered Penning detachment processes Wise stated.
which the neutral atom remains in the ground state. This led

us to understand the basic principles that govern Penning Il. THEORETICAL METHOD
detachment and to provide total cross sections for collisions o
in which the target is initially in the lowest excited state: A. Local approximation

H™+Li*(1s°2p) and H™ +He* (1s2s'S%). In these cases e treat the problem semiclassically in this sense: the
all the excitation energy is used to detach the excess electrafuclei follow classical trajectories in the field induced by the
from the ion. In contrast, when the target is initially in a effective interatomic potential, whereas the electrons are de-
higher excited state, the excitation energy may be largecribed quantum mechanically. On any given nuclear trajec-
enough to detach an electron and leave the target in a lowgéry, the electronic wave function is the solution of the
excited state. For example, in the collision "H Schralinger equation

+Li *(152323), the Li atom can be left in eitherzthe ground q

state Li(1s°2s) or the first excited state Ei(1s°2p). Al- ia‘l’(t):Hel‘l’(t), 1)

*Permanent address: Departamento denfiea C-9, Universidad whereH,, is the molecular Born-Oppenheimer Hamiltonian,
Autonoma de Madrid, 28049 Madrid, Spain. which depends parametrically on time through the internu-
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clear distanceR(t), W(t) is the electronic wave function, y(R) is the radial velocity of the nuclei
andt is the time coordinate of the collision event. The initial

state of the systemA™ +N*, is embedded in the electronic (R)= 1 (10
continuum of the molecular negative i&N~ formed during v 2V(R) b2 '
the collision. With this picture in mind, we define a basis of vo\/1— —>— =
states as follows. Bound electronic statestfer— are for- pwog R
mally the solutions of andRy is the classical turning point/(R) is the interatomic
_ . potential, » the reduced mass of the nucleiy the initial
(QHQ—E) =0 2 velocity, andb the impact parameter. The total detachment

. . . ___cross section is given b
and (unbound electronic continuum states are the solutions 9 y

of a=2wrbp(b)db. (11)
0

(PuHePy—E) e 1 =0, )

where v represents the set of quantum numbers describing B. Wave functions
the final state of the targeltjs the angular momentum of the | the H- +Li * collision Penning detachment is essen-

ejected electron, anBl,; andQ are projection operators that (il a two-electron process in which the energy of the ex-

satisfy the exclusionary conditions cited electron of Li is transferred to the loosely bound elec-
PP, =8, 8" (4)  tronof H™, the other electrons remaining passive during the
collision. Therefore, the dynamics of the Penning detach-
ment process can be studied using an effective two-electron
P=> > P,, (5  HamiltonianH,,. In the H +Li* case we have used the
v same model Hamiltonian and the sa@eavave functions as
in [7]. Besides theP functions used ir{7] to describe the
final continuum states associated with the lowest target state
Li(2s), in this work we have also included those associated
P+Q=1 (") 1o the first excited state Li(®. In the latter case, the two-
electron continuum states are built using the same discretized
continuum orbitals of H as those used ifv] for the former
case.
For the H +Ca* collision, the situation is more compli-
. - - cated because the electron correlation between the two va-
of coupled equations showed that, for collision Veloc't'eslence electrons of calcium cannot be neglected. So one has to
_smaller than 0.01 a.u., all dynamical coupli_ngs corresp_ondéxtenol the techniques developed T to deal with an effec-
Ing to the breakdown of the Born-Oppenhelmer approXiMatye three-electron system. The potentials that describe the
tions can be neglected. The calculations also showed that tr?ﬁteraction between an electron and the core of the negative

couplings (e, 1| P HeiP 11| e ,117) are responsible for & 41'5nq hetween an electron and the Ca coee, an electron
redistribution of the population within the continuum and and a C&" ion) take the simple formfl2,13

barely contribute to the total detachment process, which is

PQ=0, (6)

for all R.

To solve Eq(1) in [7] we used the close-coupling method
by expanding the electronic wave functigf(t) in the basis
{#i,¢e 1} An explicit solution of the corresponding system

mainly controlled by the bound-continuum couplings _ Lw e
(i|QHeP | e, 1) Finally, we found that, under these con- Vi-=-— K(H ap-Ty-)e =i, (12)
ditions, a local approximatiofl10,11], which assumes that

i i 1 Zea—1
the entrance channel, is well separated in energy from the Ve — —— (Zca— 1) (1+ aeg e 29cdca  (13)

remainingQ states and that the resonant state formed in the lca lca
collision decays exponentially, leads to Penning detachment

cross sections that are almost identical to those obtained witiyhose analytic expressions are identical to those usgd|in
the much more involved close-coupling method. For this reaAs in the latter work, we usey-=0.6973. For the Ca po-
son, and since the number of continuum states one mugential we have usedvc,=1.7228. The effective three-
include in a multichannel problem is much larger thafiah  electron Hamiltonian is written

we use the local approximation to evaluate the total Penning _
detachment cross sections in this work. In this approxima- Her=Hu- (1) + Hed 23+ Vi-(2)+ Vi (3) +Ved 1)

tion, the total ionization probability for a given nuclear tra- 1 1
jectory can be written =t (14
li2 Tis
P(b)=1—exp(—2f F(R)/v(R)dR), (8  where
Ro
1
Hy-(1)=— 5 Vi+Vy-(1) (15)

wherel'(R) is the total width of they, state 2

F(R)=2772 Z |<l//o|QHe|PV||'J/E:EO,VOF, (9) Z?Odrr’ll-.{(;a is an effective two-electron Hamiltonian for the Ca
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1
2

1 1 T T T
Zy2 -
SV5+ Ved 2)+Ved 3) L

(16)
3d

The latter Hamiltonian includes neither valence-core polar- o4l /\ 3p
ization potentials nor dielectronic polarization potentials that ~ 3s
are essential to obtain highly accurate energy ley&. i
However, our aim is not to reach spectroscopic accuracy for
the Ca atomic states, but to provide a basis of correlated Ca
states for the dynamical treatment; we do not expect these -02 | o8 ]
terms to have a significant effect in the calculated cross sec-

tions.

The Q states are obtained by diagonalizi@g{,Q in a

basis of(properly antisymmetrizedhree-electron configura- . \ . J
tions of the form{<plsH,<DkCa}, where P1s,,- is the lowest _0'30 20 40 60 80 100

one-electron orbital of the anion and thg __functions are R(au)

the eigenstates of the calcium Hamiltonife,. Theq)kCa FIG. 1. Potential-energy curves for the LiHquasimolecule.

states included in the present calculations a8%(4s®),  The labelsnl represent the asymptotic states HLi(1s?nl). The
'De(4s3d), 'P°(4s4p), S%(4s5s), 'D°(4p3d),  dotted lines show the position of the ionization thresholds H
'D®(4s4d), 'P°(4s5p), 'F°(4p3d), 1S%(4s6s),  Li(1s?2s)+e” and HrLi(1s%2p)+e .
1p°(4s6p), and 'D®(4s5d). Configurations with three ac-
tive electrons in Cdi.e., corresponding to the Caion) are  calculated potential-energy curves should be reliable for
not included in the diagonalization procedure since their conR>2 a.u. where delocalization effects that might affect the
tribution to the Penning detachment process is expected to hgner atomic cores are negligible. Figure 1 also shows the
small. The Ca states are obtained by diagonaliziftgin a  position of the two lowest detachment thresholds. It can be
basis of properly antisymmetrized two-electron configuraseen that theQ states dissociating into F+Li(3s), H™
tions of the forme; _¢; ., where theg; _functions are the +Lij(3p), and H +Li(3d) can decay either to HLi(2s)
eigenfunctions of the Ca Hamiltonian +e~ or H+Li(2p)+e~, whereas the) state dissociating
—IV24V) e =€ o . (17) into H™ +Li(2p) can decay only to HLi(2s)+e~. The
Ca 'Ca’’Ca total Penning detachment cross sections for the former three
All ¢ orbitals are written as linear superpositions of CASes are given ir_l Fig._2. Itcan_ be observed that the values of
Gaussian-type orbitalGTOS. An illustration of the quality thgse cross sections in the high-energy region are at least
of our description for the Ca states is provided by the calcu{WiCe @s large as the ones reportedhwhere decay to H
lated value of the ground-state polarizability, which is 174L(2P)+€~ was not included. At lower energies, the present
a.u., to be compared with the experimental value of 169/alue_s are closer to the ones r_eported prev_lously be_cause the
+17 a.u.[15]. To avoid any possible inconsistency in the Penning dgtachment process is almost.entlrely do_mlnated by
evaluation of the cross sections, we have used the experfuclear trajectory effects: the Langevin effdds] in the
mental energies of calciufil6] at R=cc. case of I-F+L|_(33) [gnd to a lesser exten_tT—HL|(3 P, _
The P states are(properly antisymmetrized three- and the potential barrier that shuts off Penning detachment in

electron configurations of the fornﬁEYV|=Eey|d>VCa, where

Hed2,3=—5V5—

2p

Energy (a.u.)

@, is the final two-electron state of Ca and thg, func- 1000 ' ' '

tions are discretized continuum orbitals. We have evaluated Li(31) + H-

these states for all accesibllauCa states of calcium. The dis- 2\,

cretized continuum orbitalg, | are obtained by diagonaliz- o -

ing the one-electron Hamiltoniari{,,- using an even- m% 100 | E
tempered sequence of GTOs for eddii7] and correspond =

to those solutions with energies lying above the detachment %

threshold of H . The discretized electronic continuum thus £

obtained is handled as [i7]. Only | =0 andl=1 continuum “3’ 0L i
states have been included since, as explainddJinhigher 8 ]
angular momenta lead to a redistribution of the final state ©

population but barely affect the value of the total cross sec-
tion.

1 L 1 I
0.1 1 10 100

impact Energy (eV)

lll. RESULTS

A H™+Li* . .
FIG. 2. Total Penning detachment cross sections for the H

In Fig. 1 we show the energy correlation diagram for the+ Li(3s), H™ +Li(3p), and H +Li(3d) collisions. The dashed
Q states of the LiH quasimolecule. As explained [i@], the line is the Langevin approximation.
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the case of H +Li(3d). As explained in7], the Langevin —04 : : : : :
model assumes that the transition probability is equal to one
for impact parameters smaller than that for which the projec- CaH™
tile orbits about the target. Consequently, in this model the
cross section is independent of the nature of the couplings 05 4s5s 'S° i
and is determined completely by the polarizabilityof the -
initial target state through the formulag] s dsdp B
ol a\ V2 ? -06 1 ﬁ 4s3d 'D° 1
= —| — =
o oo M) . (18 S
-0.7 4% 's° ]
The dashed line in Fig. 2 shows the results obtained from
this equation.
As the local approximation neglects coherence between -0.8 : ' ' : '
open channels, it is not possible to know from this approxi- 6 1 20 3 40 50 60

mation how much is left in the individual channels L¥)2 Rlau)

and Li(2p). However, it is still possible to infer whether FIG. 3. Potential-energy curves for the Calyjuasimolecule.
transitions to each channel are equally important or, by CONtpe japelsnin’l” represent the asymptotic states #HCa(nlnl').
trast, one channel dominates the detachment process. To afyje dotted lines show the position of the ionization
swer this question, we have also performed calculations bynresholds H Ca(4s?1S?)+e~, H+Ca(4s3d'D®)+e~, and H
closing artificially the lowest detachment channel H i ca(4s4plpo)+e-.

+Li(2s)+e~. The results so obtained are very close to

those shown in Fig. 2, thus indicating that, in a first step, . . .
the dominant process is the transition from the initial state ggreases substantlglly when We go up In energy, thus compli-
the continuum associated with the highest available channef&ting th_e theorgtlcal calculations. :
One might be tempted to say that this is not surprising for the We discuss first detachment from the two lowest exqted
Li(3s) and Li(3d) initial states because dipolar decay to States that can decay only to the ground state of Ca. Figure

Li(2p) is highly probable, but it is rather unexpected for 4 shows that the cross sections for these two processes are

: : . very similar in the higher-ener region. In fact, the
Li(3p) because the latter might be expected to decay mamlMDZ(453d) and 1P°(4s4gp) statesggre sgo close in energy

to Li(2s). However, this argument does not take into ac—Esee Fig. 3that mixing induced by the H ion is important

count that all these states suffer from Stark mixing, so tha . .

even at very long internuclear distances. Consequently, both
all of them have a component that can decay to py2 states have a comparalffecomponent that can decay to the
through a dipolar transition. In fact, we have shown(T) S ground state through a dipolar transition. The different

that Stark mixing for then=3 states of Li takes place at behavior observed at very low energies results from the dif-
distances as large as 100 a.u., so that the pi(8tate may ; ; y "9 ) X .
ferences in the interatomic potentials: while the potential-

undergo an effective dipolar transition to Ligp. Then, from energy curve of the quasimolecular state dissociating into

these calculations, we can conclude that, as far as dipolat - Imer : L . ;
decay of the initial state is possible, the collision leaves thjz‘_| +Ca(4s3d"D") is attractive in the region of physical

neutral atom in the closest excited states, so that the ejectér&tereSt’ that of the state dissociating into ~H
electrons have the lowest possible kinetic energy. The H

+Li(2p)+e~ channel may be populated in a second step as

a result of the interaction with the HLi(2s)+e~ channel. 1000 ! ‘
B H-+Ca* _ Ca(4sni) + H

In Fig. 3 we show the energy correlation diagram for the Qg 100 ¢ 1
Q states of the CaH quasimolecule. The figure also shows (=}
the position of the three lowest detachment thresholds. As in g . 4s5s
the previous case, we expect our calculated potential-energy B 4s4p
curves to be reliable foR>2 a.u. In this case we have T 4s3d |
studied Penning detachment of Hfrom the three lowest o
excited states of calciumD®(4s3d), P°(4s4p), and ©
13°(4s5s). Penning detachment of Hfrom the two former
states can leave Ca only in its ground stat8®(4s?),
whereas Penning detachment from the latter state can leave 1 o1 y 10 100

Ca in either the ground state or théD®(4s3d) or
1P°(4s4p) excited state(see Fig. 3. The corresponding
total Penning detachment cross sections are presented in Fig. FIG. 4. Total Penning detachment cross sections for the H
4. We have not considered detachment from more excited Ca(4s3d*D®), H™ +Ca(4s4p *P°), and H™ +Ca(4s5s'S°) col-
states of calcium because the number of open channels ifisions. The dashed line is the Langevin approximation.

Impact Energy (eV)
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Ca(4s5s 'S°) + H”

0.1 1 10

Impact Energy (eV)

eV. We have focused on those cases for which the excitation
energy of the donor is large enough to leave it in an excited
state, namely, H+Li(3s), H™ +Li(3p), H™ +Li(3d) and

H ™~ +Ca(4s5s1S®). Our results show that Penning detach-
ment is enhanced when several decay channels are open. In
the case of Li projectiles with excited electrons in tive 3
shell, Penning detachment proceeds through the excited
Li(2p) state, thus yielding electrons with the lowest possible
energy. In the case of Ca$8s'S®), the dominant process is
decay to the neighboring Cag4p 1P°) state. We can then
conclude that the dominant mechanism is a transition from
the initially bound state to the continuum states associated
with the nearest detachment threshold. The remaining open
channels may be populated as well, but likely as the result of
a second transition from the dominant detachment channel
(direct transitions from the entrance channel are expected to

be important only at short internuclear distances, so that their
FIG. 5. Penning detachment cross sections for therelative contribution to the total cross section is less signifi-
H™+Ca(4s5s'S°) collision obtained by closing the H canj.
Ca(4s?1S®)+e~ and Ht+Ca(4s3dD®) +e~ channels(full line), In particular, our calculations for excited Ca targets lead
by closing the H-Ca(4s3d 'D®)+e~ and H+Ca(4s4pP°)+e~  to cross sections that are larger than ¥0cm? across the
channelgdashed ling and by closing the HCa(4s” 'S°) +e~ and  whole energy range investigated here. This result is in rea-
H-+Ca(4s4p 'P°)+e” channelgdotted ling. sonable agreement with order-of-magnitude estimates ob-

1 Ca(dsap 1P°) is slightly repulsive. Therefore, at very low tained from recent experiments using Ca atoms as energy
impact energies, Penning detachment from G4(4P°) is don(_)rs and O anions[8].
hindered and the cross section decreases. In any case, theF'na"y’ our r?SUI.tS for Ca targets show that, falthough
curves shown in Fig. 4 are rather flat in the region of impaclelectron.c_o_rrelatlon_ is extremely 'mp."”ar?t to describe prop-
energies considered in this work because the cross sectioffi§Y the initial and final states of calcium, it does not seem to
are so large at high energies that trajectory effects do ndftroduce new variables in our understanding of Penning de-
play a significant role in this casBWe found a similar situ- tachment processes. Indeed, Penning detachment is the result
ation in[7] for the collision H™ +Li(2p).] of the interaction between target and projectile electrons.
As mentioned above, Penning detachment fromSince this interaction leads to detachment at rather long in-
Ca(4s5s'S?) can also leave Ca in an excited state. It can bdernuclear distances, one can expect that target electron cor-
observed in Fig. 4 that at very low impact energies the crosgelation is only needed to account properly for Stark mixing
section tends to the Langevin values. The explanation foinduced by the charged projectile. Provided that this require-
this behavior is the same as the one given in Sec. Ill Ament is fulfilled, the basic mechanisms responsible for Pen-
However, in the present case, the actual cross section isng detachment are essentially the same as in the case of
much larger than the Langevin cross sectiespecially at effective one-electron targets.
higher energigs so that the Langevin effect is less apparent. Thus far, we have investigated only processes whose final
As in Sec. lll A, we can get significant physical insight into channel corresponds to free states of two neutral atoms and
the roles of the different detachment channels by closingin electron. Whether directly or by exchange, the departing
artificially some of them. In Fig. 5 we present results ob-electron in effect leaves the negative ion. A second kind of
tained by closing two channels, so that Penning detachmerchannel is possible if either the neutral atom is very highly
is only possible to the remaining channel. It can be seemxcited or the atoms remain in a molecular bound vibrational
that the dominant process is HCa(4s5s1S®)—H  state: this is the process in which the atoms form an ion pair
+ Ca(4s4p*P° +e~. Moreover, the corresponding cross N*A™ in the final state. The free channel with these products
section is almost identical to the one obtained by includings not available for the processes considered here. In future
all three channels. Therefore, as in the case of excited Livork, we plan to address the associative process, which may
atoms, Penning detachment takes place through the neardxst important in collisions of alkali- and alkaline-earth atoms
excited state of the target. Besides, it corresponds to the awith H™ and halide ions.
lowed dipolar transition Ca@@bs!S®) — Ca(4s4plP9),
which explains the high value of the cross section. Again we
observe that Penning detachment is enhanced with respect to
those cases for which only one decay channel is available.
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