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Simple asymptotic potential model for finding weakly bound negative ions
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A peculiar class of weakly bound states is discussed. These states are made up of threélemjtarslC)
which have the following propertyA does not form bound states wiih or C separately but there is BC
bound state and aABC bound state. The term Tango state is suggested to distinguish this class from other
weakly bound systems. Two of the mechanisms for formingXB€ Tango state are discussed. The following
systems are predicted to form bound stateg: HHeH™, NeH™, ArH™,... and Mg~ ; quantum chemistry
calculations very strongly indicate that;Hand HeH form bound states. For the first four species, any
exchange of D for H will also be a Tango stat81050-294{®9)09607-9

PACS numbgs): 31.15.Ct, 36.90tf

Weakly bound states of three-body quantum systems are Mass-charge correlation will often allow Tango states to
intrinsically interesting as a “laboratory” for correlation be- form; with this mechanism, the relatively large mass of ob-
cause small changes in interaction can cause large changegécet B becomes correlated with the charge of obj@avhen
the systems’ properties, e.g., size, binding energy, polarizthe stateBC is formed. This mechanism will generate Tango
ability, etc. In nuclear physics, there are several systems ditates for all system#&=noble gas atomB=open shell
three particles wherA does not form bound states wighor ~ atom that does not bind t4, andC=electron. Tango states
C and B does not form bound states with but ABC will form with this mechanism because the electron and open-
form a bound stat¢1-5]. Another class of weakly bound shell atom move together in a highly correlated manner; this
states is the class of Efimov stafé, which occurs when can be thought of as an electron with a very large mass. The
two identical particles have a bound state at zero energy; fogffective potential for an electron interacting with a noble
this case an infinite number of three-body states occurs fogas atom has an effective short-range repulsion but a long-
three identical bosons. In molecular physics,Hed He  range attractive interaction; a/(2r?), arising from the po-
form weakly bound statedor some of the isotope combina- larizability of the rare-gas atom; this attractive potential is
tions) that provide an intense experimental and theoreticahot enough to give bound states because of the small mass of
challenge for their correct descripti¢A—13. the electron. The interaction of an open-shell atom with the

For a three-object system composed of identical objectgare-gas atom has a short-range repulsion and a long-range,
there are four possible bound-state combinati¢énd\either  attractive van der Waals interaction; unfortunately, the van
two- nor three-body bound states are form@id. Two-body  der Waals interaction is usually too weak to give bound
bound states are not formed but three-body bound states astates. By attaching the electron to the open-shell atom, the
formed[14]. (iii) Efimov states are formediv) Both two-  combination gives the more attractive polarizability interac-
and three-body bound states are formed. If the three objecti®on, — a/(2r?), with the heavier mass of the atom.
are not identical, a fifth possibilitfTango statemay occur. This combination of properties is enough to ensure that
(v) ObjectA will not form bound states with either objeBt  HeH™ will form a true bound statgl5]. In fact, H and D
or C separately but will form a bound statéBC, with both ~ form bound states with all of the rare-gas atoms. Since this is
objects togetheBC. The term Tango state is suggested forthe least likely combinatior{because of the low reduced
this type of weakly bound system because it is necessary fanass, it is expected that any negative ion will form at least
the two entitiesBC, to move in a highly correlated manner one bound state with any rare-gas atom. For example, the
to form the bound statdBC. A possible example of this, reduced mass in the HeLisystem is three times larger than
discussed below, is HeH HeH does not have anfyound in the HeH system; as another example, the NeNgstem
states and He does not have any bound states, althoughhas a reduced mass over 10 times larger than the HeH

both systems have long-livedetastablestates. But, H will system and has a large number of bound vibrational states.
bind with He giving a bound state, HeH1-9 cm * below  Another system that forms Tango states using this mecha-
the separated atom limit, HeH ™. nismis H~, H,D™, D,H™, and Dy~ . Hy~ can be thought of

The purpose of this paper is to point out the existence ofis the bound state of tand H™ [16].
this class of states and to discuss two mechanisms which Model calculations can be performed to discover which
cause them to be true bound stafé®re are probably other Tango states are likely to be formed. The primitive calcula-
mechanisms that are active in different systems than thos#ons that follow serve as a strong indicator of Tango states
discussed hejeQualitative calculations are performed in or- but do not replace full quantum-chemistry—type calculations
der to derive estimates of the binding energies for simpleor experimental measurements. The model calculation is
systems. Comparison with existing quantum chemistry calmeant to test whether Hwill form bound states with differ-
culations is performed for the two simplest systems; there arent rare-gas atoms. To accomplish this task, it is necessary to
no ab initio calculations for some of the more complex sys- calculate the Born-Oppenheimer potential curve with the dis-
tems treated here. tance between the proton and the rare-gas nucleus serving as
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the adiabatic variable. This potential will be zero by defini- S N
tion when the H and the rare-gas atom are infinitely far r ! 1
apart. Because the potential curve only depends on the dis- 20 ! —
tance between the Hand the atom, the His placed at the \
origin and the atom will be on the positiweaxis a distance
R from the origin.

The key part of the interaction is that the electron is
loosely bound to the H atom with all other electrons being —20+ —

tightly bound. Ther will be used to denote the distance of L -
the loosely bound electron from the proton. The loosely 400l 0 ol
bound electron’s wave function can be approximated by 0 5 10 15 20
W(r)=F(r)/\4mr?, where F(r)=Nexp(—«r) for r R (au)

>1 a.u. and=(r)=N(br+cr?+drd) for r<1 a.u. withb, c,
andd chosen sd=(r), F’(r), andF"(r) are continuous at
r=1a.u.;N is a normalization constanN~ \2«, and the

constantk=0.235a.U= y—2E,, whereE, is the binding  oquced mass in the Hamiltonian isp=(M,

energy_of H. 'I_'he effect of having _the the<1 a.u. de_pen_— +Mg)Mc/(Ma+Mg+Mc). The parameters used for the
dence inF(r) is to increase the size of the normalization yifferent rare-gas atoms are given in Table I.

constant from the valug2«. Since the H never gets closer  The electron—rare-gas phase shifts are calculated without
to the rare-gas atom than 1 a.u., this has the effect of slightl,cjuding the polarizability potentiglL7] since this interac-
increasing the strength of the repulsive contact interaction. ion term is included irJ,, . The polarizabilities for the rare-
‘The two main terms in the Born-Oppenheimer potentialyss atoms are taken from REL8]. The only parameter that
arise from the interaction of the loosely bound ldlectron s not determined isv,. As w, increases, the size df,
with the rare-gas atom. The distance between the proton angbcreases, which will decrease the binding energy. The pro-
the rare-gas atom will be denot&d This interaction has two cedure adopted here is to I} take two values, 1 a.u. and 3
parts:(i) a repulsive contact potential term a.u. Since the size of the rare-gas atoms is less thha.u.,
the binding energies from these two valueswgf will pro-
vide rough upper and lower bounds on the binding energy. In
fact, the valuevy=3 a.u. is unrealistically large, which will
give an unrealistically small polarizability interaction; this
where a=tan(&)/k as k—0 with &, the swave electron— large value was chosen so that if bound states result even
rare-gas atom phase shift at kinetic enefgyk?/2, and(ii)  With an unrealistically weak polarizability potential, we can
an attractive polarizability potentizhlp=<¢|vp|¢>. The po- have confidence that bound states would result in the true
larizability potential has the asymptotic form «/(2w?),  potential. _ _
wherew=|r—R] is the distance between the electron and N Fig- 1, the Born-Oppenheimer potential for the HeH
the rare-gas atom. In order to make the integral tractablelyStem is shown for the two caseg=1 a.u.(solid line) and
Vp(w)z—(a/Z)wzl(w2+w§)3, where w, is a distance WQ—'3 a.u.(dashed Im:}a It is clear that the potential has a
where the potential changes from? to its correct minimum whose position a?”d depth strongly_de_:pend/\@n
asymptotic W* behavior. With this potential, the integral Nevertheless, both potentialeven the unrealistically large

: ; Wo=3 a.u) contain bound states. In Table Il, the number of
over angles can be performed analytically leaving bound J=0) states and the binding energy are presented for

o (= several Tango states for,=1 a.u. and fowy=3 a.u. Sub-
Up(R)=—§f drF2(r)[1—n(r)&(r)]n(r), (2)  stituting D for H will also be a Tango state because the
0 Born-Oppenheimer potential curve will be the same and the
reduced mass increases. There are several states which are so
where the functionsy(r)=[(r’+wg—R?) +4R?w3] " and  tightly bound, the model potential failéNeH™ for w,
E(r)=wa(r?+w3+R?). The integration in Eq(2) is carried
out numerically for eactR needed for the potential curve. TABLE Il. Binding energy,E,, and numben of boundJ=0
The full Born-Oppenheimer potential I9=U.+U,. The  states for different systemsy, is the rough distance at which the
asymptotic form of the polarizability potential begins.

U (em™)
o

FIG. 1. Born-Oppenheimer potential for the Heldystem for
wo=1 a.u.(solid line) andwy= 3 a.u.(dashed ling

UeR) = (ulVel ) = —2mau(R)= = 525 FAR), (1)

TABLE |. Scattering length d=tar{ &]/k), polarizability (a),
and reduced magg) needed for the calculation of Hplus neutral ~ System wg (a.u) E,(cm™) n  wy(a.u) E,(cmY) n
Tango state.

HeH™ 1 9 2 3 0.9 1
Neutral a(a.u) a (a.u) u (a.u) NeH™ 1 640 St 3 12 2
ArH™ 1 20000 5+ 3 290 5+
Ne -1.07 2.38 1750 Ho,o 3 16 3 5 4 5
Ar —-1.50 10.77 1795
H, —2.14 4-5 1225 “a=5a.u.
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the binding energy is large, even for unrealistically large
04 choices ofwg and small values for, then we would expect
ST that H;~ is bound; the anisotropic interactions increase the
0.2 ’ 7 binding energy.
, - The scattering length was obtained from the sum of the
W . eigenphase shifts of Rdfl9] based on the method described
0 2 4 6 8 104 in Ref. [20]; exchange effects are treated exactly using the
4 linear-algebraic method, as describe in Refl]. The bind-
_ ing energies of Table Il indicate that;H forms at least one
~ i bound state. Further, there will be long-lived resonance
N ol R states attached to each of the rotational states,ofTHese

40 60 80 results are in good agreement with the quantum chemistry
R (a.u.) calculations of Ref[16], where the binding energy was cal-
culated to be~70cm .

An interesting aspect of H is its interaction with slow,
positively charged ions. Because ki very weakly bound to
H,, a slow proton(for examplg will have a very large cross

—1a.u. and ArH for both values ofiy); these states will ~Section for capturing the Hfrom thezl—b. The capture cross
certainly be bound but the precise value of the binding enSection can be estimated froo 7rs, wherer is the far-
ergy is not certain because the atoms overlap too much arffiest distance that a proton can classically strip thefidm
the core electron of the H interacts with the electrons on théhe Hy; this distance can be estimated by noting thét

rare-gas atom. In Fig. 2 is a plot of the radial part of the=1/Eg, whereE; is the electric field needed to strip the H

HeH™ ground-state wave function¥ (R)=G(R)/\47R?, from the H. The maximum value of the potential
with a blow up of the smalR region: the solid line is for the — /(2R —E.R is —1.25%2a)"". Setting this equal to
potential withwo=1 a.u. and the dashed line is for the po- the binding energy gives~26a"|E|*, whereE,, is the
tential with wo=3 a.u. This shows that the inner tightly binding energy. UsindgE,=30 cmi ! gives a capture cross
bound electrons in He and H do not overlap at all, so all ofsection 2<10° a.u.
the potential is determined by the loosely bound électron A second mechanism that allows the formation of Tango
interacting with the He atom. In Refl15], large quantum states is dielectronic relaxation. This mechanism will some-
chemistry calculations gave a value of roughly 0.6¢rfor ~ times generate Tango states for the systAmelectron,
the binding energy of HeH B=atom, andC=closed shell atom. The electron does not
The results presented here arise from simple calculationgprm bound states with either atom but the two atoms form a
so it is necessary to assess the reliability of the approximaeoosely bound molecular system with the atoms separated by
tions. Using first-order perturbation theory is a good approxi-a distanceR. Although the electron does not form a bound
mation as long as the ratio of tHé¢.+U, to the binding state with atomB, it is assumed that it forms a resonance
energy of H(roughly 6000 cm?) is small; this ratio indicates state at a positive electron energy Bf. If the resonance
that the corrections for HeHand NeH will be less than state has nonzero orbital angular momentunthen the en-
10%. Another simplification involves using approximationsergy of theLIl, LA, ... states of theABC system will be
for theU; andU, terms. The approximation &f . througha ~E;— a/(2R%), wherea is the dipole polarizability of the
contact term will be quite accurate since the prefactor of thelosed shell atomC. The nonzero value ok, the projection
contact term uses thexactphase shift. This method has a of the total angular momentum on the internuclear axis, is
relative error proportional to the kinetic energy of the elec-important because this forces the electron wave function to
tron scattering from the potential; since the electron “scat-have a node on the axis; this greatly reduces the effect of the
tering” from the rare-gas atom is the outer electron of therepulsive short-rang@cC interaction, thus allowing the en-
H~ ion (kinetic energy of—0.03 a.u), errors of a few percent ergy to be substantially lower than it would beAf=%. If
are expected. The main source of error is in the calculation o, <a/(2R?*), then a Tango state may be formed; the elec-
U, because a simple model potential was chosen for thron cannot leave the system because it gains engrgy
polarizability interaction. As can be seen in Table Il, reasonwhen leaving atonB but must give an amount/(2R?) to
able choices ofw, can change the binding energy by an atomC, which it cannot do i, < a/(2R*). This mechanism
order of magnitude. This deficiency can be mended by usings similar to that discussed in Reff22] in the context of
an optical potential for the polarizablity potential. vibrationally inelastic electron-molecule scattering in a mo-
In Tables | and Il, parameters for,Hand H™ were also  lecular solid.
presented. The model presented here does not work very The 2P° resonance state of Mgcan serve as an example
well for this system because,lit not spherically symmetric; of dielectric relaxation as a mechanism to generate Tango
the potential for HH™ is anisotropic from the quadrupole states (Mg~); Mg~ does not form bound states but Mg
potential and from the polarizability potential which dependsdoes form bound states. The MgP° resonance state is at
on the angle between the Hand the H internuclear axis. an electron energy of 0.166 e\0.0061 a.u. If the projection
However, we can use the model for this system to checlof the angular momentum of this state on the internuclear
whether or not bound states are formed if we use a potentiaxis is +1, there will be a node of the wave function on the
that is everywhergreaterthan this anisotropic potential. If axis. Since the electron attached to one of the Mg does not

e
o
\

FIG. 2. Radial part of the nuclear wave function far,
=1 a.u.(solid line) andwy=3 a.u.(dashed ling Inset is a blowup
of the smallR wave function forwy,=3 a.u.
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overlap strongly with the other Mg, the ground-state energystates.(It is possible that these systems might form halo
will be roughly the resonance energy plus the energy for thetates if the neutral molecule does not form bound states. For
polarizability interaction. The polarizability of Mg is-70  example, it is very likely that XeMg will form bound states

a.u. This means that if the internuclear separation is less thagven if XeMg does nof.
~(al2E,)¥=8.7 a.u., the total electronic energy of Mg Two different mechanisms for the formation of weakly

will be less than the total electronic energy of MgThe bound states have been identified. This allows Simple calcu-
internuclear distance of Mgs 3.9 a.u. This strongly indi- lations to answer whether or not certain systems will form
cates that Mg~ will form a Tango state. bound states. This is a remarkable circumstance since large

It is a simple exercise to find the largest possible internu—CaICLli:"j‘t't?nS dare lthua'IIyt nleeged éo determine whether a
clear distance that will allow a Tango state to form. Usingwea y bound system IS truly bound.

the polarizabilities of Ref 18], NeMg™ will form if the in- | am grateful to Olen Boydstun and Michael A. Morrison
ternuclear distance is less thai8.7 a.u., ArMg will form if ~for providing electron-H scattering data in numerical form,
the internuclear distance is less tha®.4 a.u., KrMg will  and to M. S. Pindzola for calculating electron rare-gas phase

form if the internuclear distance is less tha6.0 a.u., and shifts. | also acknowledge several insightful conversations
XeMg~ will form if the internuclear distance is less than with Michael A. Morrison about electron-tscattering. This
~6.8 a.u. Probably several of these systems will form Tangavork was supported by the NSF.
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