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The gas-phase reaction of LiH+ (X2S) with He(1S) atoms, yielding Li+He with a small

endothermicity for the rotovibrational ground state of the reagents, is analysed using the

quantum reactive approach that employs the Negative Imaginary Potential (NIP) scheme

discussed earlier in the literature. The dependence of low-T rates on the initial vibrational state of

LiH+ is analysed and the role of low-energy Feshbach resonances is also discussed. The inverse

destruction reaction of LiHe+, a markedly exothermic process, is also investigated and the rates

are computed in the same range of temperatures. The possible roles of these reactions in early

universe astrophysical networks, in He droplets environments or in cold traps are briefly

discussed.

I. Introduction

The combination of cryogenic matrix isolation techniques and

of seeded supersonic beams of atoms and molecules has led in

recent years to the remarkable development of a new probing

approach, i.e. the isolation of atomic and molecular species in

ultracold (T = 0.37–0.15 K) helium droplets which are made

up of 103 to 108 helium atoms.1–4 The confined fluid environ-

ment thus formed can readily pick up atoms and molecules

which can in turn form complexes with those species embedded

in the interiors, or on the surface, thereby providing unique

experimental opportunities.5–8

Such a flexible matrix has therefore been demonstrated over

the years to yield a very adaptable environment, with extremely

low temperatures and little matrix broadening effects, one

which could also be considered for studying chemical reactions

under novel conditions.8–11

The case for chemical reactions inside helium drops becomes

even more compelling when ionic species are considered as

molecular dopants inside the clusters.8,9 In those situations, in

fact, it has been shown that marked electrostriction effects are

induced within the cluster,12,13 where the ionic dopant is usually

solvated well within it, and a shell-like structure of the surround-

ing adatoms is formed around the ionic solute, thereby allowing

the selective interaction of inner-shell component adatoms with

the ionic partner.13

Thus, we can say that to analyse the behaviour of ionic reactants

with He and within He drops can indeed provide further informa-

tion on low-T chemical reactions as those induced by ions in that

energy range.14

There is a further, fast progressing area of chemical dynamics

where low-T ionic reactions play an important role and have

been accordingly pursued: the laser-cooled ionic trap environ-

ments. It has been established, in fact, that when trapped ionic

species are laser-cooled to low kinetic energies, they undergo

a phase transition to ordered lattice-like structures known as

‘‘Coulomb crystals’’, in which the characteristic inter-ion

distance is typically 10–20 mm. Such structures can therefore

provide an unusual source of translationally cold (B10 mK to

10 K depending on their structure) and strongly localized

ions that may be trapped for long times.14–16 Spatial imaging

of such ions allows the determination of their number, thus

following their disappearance in time because of some chemical

process, while their Coulomb interaction could allow non-laser

cooled partner species to be sympathetically cooled to similar

kinetic energy values.6,17 Such situations could therefore be

thought to also provide a different environment where ionic

reactions can be analyzed at low, and even ultralow energies in

order to observe their general features under less conventional

conditions.

In the present work we have therefore decided to analyse the

computational behaviour of simple chemical partners which

are expected to be amenable to the experimental detection in

either helium drops or cold traps:

LiH+ (X2S+) + He(1S) $ LiHe+ (X1S) + H(2S) (1)

The above system also carries additional interest within the

astrophysical community because of the role that lithium

compounds, and their chemical behaviour with simple partners

like H, He, and H+, are thought to be playing in the early

universe environments.18,19 In other words, it is additionally of

interest to evaluate from accurate computational sources the

efficiency of reaction (1) both as a barrier-carrying reaction
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leading to LiH+ depletion, or as a barrierless reaction leading

to the formation of LiH+, with the disappearance of LiHe+.

The present paper is organized as follows: the next section

briefly outlines the features of our ab initio reactive potential

energy surfaces (RPESs) for both the chemical reaction direc-

tions, while Section III summarizes our computational method

for the reactive dynamics. The results for both reactive channels

of eqn (1) are discussed in Section IV, while our conclusions are

summarized in the final Section V.

II. The reactive potential energy surfaces: an outline

The actual numerical details of the RPESs, and of their

numerical fitting procedure, have been already given in our

previous work8,20 and therefore only a few, essential features

will be mentioned here in order to better understand the

foregoing discussion: interested readers are referred to the

above publications for additional information.

In order to guide our present discussion we report in Fig. 1

the energy profile for one of the strongest interacting paths,

the one along the collinear approach.

The energy profile shown in the figure allows us to quickly

assess the following:

� the reaction of LiH+ destruction turns out to be slightly

endothermic for the molecular ion in its v = 0 level (by above

0.05 eV), while the internally excited reagent in its v = 1 level

takes part in an exothermic reaction leading to LiHe+ formation;

� the inverse reaction for LiH+ formation is clearly an

exothermic reaction with an energy gain of about 0.06 eV from

the v = 0 level of the LiHe+ reagent.

� the complex goes through the formation of a three-particle

intermediate which supports a substantial number of bound-

states and exhibits a nonlinear minimum configuration for

[HeLiH]+.8 The existence of this complex shall play a role in

shaping the low-energy features of the reactive cross-sections

in both directions, as we shall further discuss below.

The numerical fitting of the RPES has also been described

before20 and we have employed those findings to carry out reactive

cross section calculations for the two branches of reaction (1),

following the NIP approach discussed in the following section.

III. The quantum reactive method

The method employed in our calculations is based on the use

of a Negative Imaginary Potential (NIP), as originally intro-

duced by Baer and coworkers.21 The leading idea is to use the

NIP to convert a multiarrangement reactive system into a

system where a subreactive (inelastic) problem is apparently

solved while a reactive system is really being analysed.

Our approach combines the use of a NIP with a Coupled

States (CS) approximation dynamics.22 Within the CS approxi-

mation the orbital angular momentum operator l2̂ is assumed to

be equal to Ĵ 2 + jˆ2 � 2Ĵzjẑ so that the couplings between

different projections of the rotational angular momentum O
along the body fixed axis are neglected thereby reducing the

dimensionality of the problem. The method has proven to provide

accurate reaction cross sections while reducing the computational

cost,31,35,36 especially in the case of ionic reactions.

We solve the time-independent Schrödinger equation in

Jacobi coordinates at fixed values of total angular momentum,

J, and its projection along the body-fixed axis, O:

ĤCJ,O(R,r,W) = ECJ,O(R,r,W) (2)

where

Ĥ ¼ � 1

2m
r2

R þ
Ĵ
2 þ ĵ

2 � 2Ĵzĵz
2mR2

� 1

2m
r2

r þ
ĵ
2

2mr2

þ V̂ðr;R; WÞ þ V̂
NIPðr;R; WÞ

ð3Þ

The V̂NIP(r,R,W) term in the equation describes our absorb-

ing potential. Several model forms of NIP have been proposed

over the years:21,23–27 one of the most usual forms is given by a

monomial of order n:

V̂
NIPðr;R; WÞ ¼ �iu0

r� rmin

rmax � rmin

� �n
rmin � r � rmax ð4Þ

Eqn (4) defines an isotropic absorbing potential that is acting

on the whole R domain. In order to solve eqn (2) we divide

the range of integration over the R coordinate into N sectors.

At the mid-point ( %Rk) of each sector we construct a local

roto-vibrational adiabatic basis-set by solving the molecular

Schrödinger equation:

ĥ %Rk
ja(r, W; %Rk) = eaja(r, W; %Rk) (5)

where the subscript ‘‘a’’ is a collective index which indicates a

given roto-vibrational state of the target molecule. The ĥ %Rk

operator can be viewed as the molecular Hamiltonian pertur-

bed by the presence of the colliding atom at a distance %Rk from

the diatom center of mass. The ĥ %Rk
Hamiltonian is defined by

the following equation:

ĥ �Rk
¼ � 1

2m
r2

r þ
ĵ
2

2mr2
þ V̂ðr; W; �RkÞ ð6Þ

The total wave function CJ,O(R,r,W) is then expanded over the

ja(r, W; %Rk) functions:

CJ;O
a ðr;R; WÞ ¼

X
a

GJ;O
a ðRÞjaðr; W; �RkÞYO

J ðW;fÞ ð7Þ

where YO
J (W,f) are the spherical harmonics and GJ,O

a (R) are the

unknown translational scattering wave functions.

Fig. 1 Collinear profile of the RPES computed in ref. 20 for the

present system. On the two sides of the reaction the energy spacings of

the diatomic partners are shown: LiH+ (X2S+) left and LiHe+(X1S+)

right. See text for further details.
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Substituting eqn (7) in eqn (2) we obtain the usual coupled-

channel equations which are solved using an R-matrix propa-

gator, generalized to deal with the complex algebra induced by

the presence of the NIP form (as discussed in ref. 28 and 29).

The R-matrix is propagated from the origin up to the asymp-

totic region, where the asymptotic matching conditions are

enforced, thereby providing the scattering matrix (S-matrix).

Because of the flux-absorbing effect of the NIP, the resulting

final S-matrix is non-unitary and its default to unitarity gives

us the overall reaction probability:

PJO
ða!allÞ ¼ 1�

X
b

jSJO
ab j

2 ð8Þ

From the reaction probability one can in turn obtain the

reactive cross section in a straightforward manner by applying

the formula:

sða!allÞðEÞ ¼
p

ð2ja þ 1Þk2a

X
J

X
O

ð2J þ 1ÞPJO
a!all ð9Þ

IV. Results and discussion

In our approach the reactive scattering involving the forward

and backward reactions sketched by eqn (1) reduces to the

solution of two separate inelastic scattering problems: one in

the conventionally labelled ‘‘LiH+’’ arrangement (left side of

eqn (1)) and the other in the ‘‘LiHe+’’ arrangement (right side

of eqn (1)). This means that two separate sets of parameters

have to be tested for the two different NIPs in order to reduce

the relative error of the two sets of the calculated reactive cross

sections within 1%. Starting with the ‘‘LiH+’’ arrangement,

the length of the basis set expansion given by eqn (7) is 400

leading to an equal number of coupled equations. At each

propagation sector, a converged set ja of molecular basis

functions has been obtained by variationally solving eqn (5)

and expanding ja over a direct product of a Colbert–Miller30

discrete variable representation (DVR) of 150 points (ranging

from 0.75a0 to 15.0a0) and a set of 43 spherical harmonics. In

the case of the ‘‘LiH+’’ arrangement the R-matrix has been

propagated to 45.0a0 by using 654 sectors. Considering now

the inverse reaction for the ‘‘LiHe+’’ arrangement, the total

wave function reported by eqn (5) is represented by a linear

expansion of 500 elements giving an equal number of coupled

equations. A converged ja basis has been obtained at each sector

by using a direct product of a Colbert–Miller discrete variable

representation (DVR) of 150 points (ranging from 0.75a0 to

15.0a0) and a set of 65 spherical harmonics. In this case the

R-matrix has been propagated up to 130.0a0 by using 843

sectors. The calculations were carried out over a wide range of

energies, from 10�5 to 1.0 eV, and for total angular momentum

values (J) ranging from 10 to 135 for the highest energy of the

forward reaction and up to 65 for the backward one. The NIP

parameters were tested following the Baer criteria:21 the NIP

stability has been reached for rmin = 7.75a0, rmax = 11.25a0, and

the NIP order n= 2 (see ref. 31 for further details) in both cases.

A. Reaction probabilities and cross sections

As mentioned in the Introduction, we have employed the NIP

approach to generate first the corresponding reaction prob-

abilities for the destruction reaction involving LiH+

LiH+ + He-Li+He + H (10)

and the data collected in Fig. 2 report these probabilities over

a broad range of collision energies (given in eV) and for

different values of the reagent molecule’s vibrational energy

content: one should notice here that the v = 1 and 2 initial

states overcome the endothermic barrier to the products (e.g.

see Fig. 1) and therefore the probability values can be obtained

from the zero energy threshold.

Two interesting features are detected from that figure: (i) the

presence of strong resonant oscillations near threshold for the

v = 0 case, and (ii) the marked increase of the probability

values at low energies as v changes from v = 0 to v = 2.

The threshold resonances in the J = 0 channel will be

further discussed below in greater detail, while the marked

increase of the reaction efficiency for vibrationally excited

molecular partners might indicate the presence of an insertion

reaction, i.e. the incoming He atom chiefly interacts with the

ionic side of a stretched molecule, inserting itself between Li+

and H, with a further out H atom as v increases. This mecha-

nism, if present, would therefore favor a more efficient H atom

detachment when the bond is further stretched and the Li+

becomes more ‘‘isolated’’ from its H atom in the molecule.

In any event, this is only a qualitative suggestion that, to be

further confirmed, would require additional calculations outside

the main scope of the present work.

We followed a similar study for the inverse reaction that leads

to the production of LiH+, presenting the results in Fig. 3

LiHe+ + H-LiH+ + He. (11)

One of the first differences for the probabilities of the inverse

reaction is provided by greater values of such probabilities in

the low-energy region in comparison with those given in Fig. 2.

These data indicate that exothermicity does play a signifi-

cant role and that the fact that the reaction can start right

up from zero collision energy implies a greater efficiency of

the product formation. Furthermore, the inverse reaction still

indicates a possible insertion reaction mechanism as its prob-

abilities markedly increase with the vibrational energy content

of the initial LiHe+. However, this time is the H atom which

Fig. 2 Computed reactive probabilities (J = 0) for the LiH+ depletion

reaction at low collision energies. The curves correspond to different

vibrational states of the ionic partner in the reactant region. See text for

further details.
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gets inserted into the existing bond, separating the nearly

neutral He atom from the ionic partner Li+. Additionally,

we see the clear presence of resonant structures at very low

energies (i.e. between 10�3 and 10�1 eV), all features that we

shall be discussing below in more detail.

The corresponding reaction cross sections, i.e. the dynamical

quantities which are now summed over all the contributing

J values, are now given in Fig. 4 and 5.

The data in Fig. 4 show very clearly the difference between a

reaction with an energy threshold (i.e. the process with LiH+

in its v = 0 initial state) and one without, which is obviously

fairly efficient at low collision energies and remains always

larger than the reactions with the v = 0 initial state of the

cation.

On the other hand, the inverse reaction that involves the

formation of LiH+ from existing LiHe+ quantities, shown by

the data in Fig. 5, clearly indicates how much larger these cross

sections are when compared with the destruction process:

between 10�2 and 10�3 eV of energies, in fact, one sees that

the formation process is on average two orders of magnitude

larger than the depletion reaction depicted in Fig. 4. In the

astrophysical environment, however, one has to additionally

consider the different relative abundances of LiH+ and LiHe+,

based on the different concentrations of H and He atoms.

Furthermore, we see that the cross sections for the formation

process of the lithium hydride cation also suggest very strong

oscillating structures at low energies which do not exist for

the same range and to the same extent in the case of the LiH+

(v = 1) depletion process. We shall analyse such features later

on, while noticing now the clear importance of complex

formation during this exothermic process.

On the whole, therefore, we see that the formation reaction

for LiH+ via the He-route outlined here corresponds to a

much more favorable process than the one involving depletion

of LiH+ (v = 1) via the same route, a feature that will be

further discussed below in order to assess the survival of LiH+

ions in the early universe models.

B. Computed reaction rates

Another important quantity that one needs to consider when

modeling chemical paths involving LiH+ and other species in

Fig. 3 Computed reaction probabilities for the inverse, exothermic

reaction leading to LiH+ formation. The different curves correspond

to different vibrational states of the reagent ion LiHe+. See text for

further details.

Fig. 4 Computed reaction integral cross sections for the depletion

reaction of LiH+ with He. Two different initial states of the ionic

reagent are shown. See text for further details.

Fig. 5 Computed reaction integral cross section for the exothermic

formation process of LiH+ from LiHe+ cations. See text for further

details.

Fig. 6 Computed reaction rates for the LiH+ depletion reactions as a

function of the initial vibrational state of LiH+ and for the considered

range of temperatures. See text for further details.
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the early universe environment is the behavior of the com-

puted reaction rates from the available cross sections:

aðTÞ ¼ 8kBT

pm

� �1=2
1

ðkBTÞ2
Z 1
0

sa!allðEÞ expð�E=kBTÞEdE

ð12Þ

where sa-all stands for the computed values of the reactive

cross sections indicated in the previous subsection, |ai labeling
the initial states of the reaction partners and ‘‘all’’ indicating

all the final states of the reaction contributing to the flux losses

in the S-matrix as obtained from the NIP approach discussed

in the previous section. In the present examples only the initial

vibrational state of the ionic molecular reaction may change,

while no changes of the electronic state are considered in the

present study: they are all out of reach for the temperatures we

are considering.

The results in Fig. 6 and 7 report the calculated values of

reaction rates (in units of cm3 s�1) over temperature ranges

between 0.1 and 1000 K.

The data reported in Fig. 6 show again the marked effect of

the energy threshold: below 50 K only having LiH+ in its v= 1

initial level contributes to the depletion process, which is now

coming from an exothermic reaction and appears to be very

efficient.

It is interesting to note, in fact, that our calculated rates

for LiH+ depletion in reaction with H33 in the same range of

temperatures as those in Fig. 6 also depend very little on T and

are of the order of 10�9 cm3 s�1, while the present value for

LiH+ (v = 1) is around 7 � 10�11, i.e. more than one order of

magnitude slower. In other words, LiH+ (v = 1) is certainly

not very abundant in the early universe environments and the

present study further indicates its depletion by He to be a less

efficient process than that caused by the more abundant H

atoms in that environments. Thus, the present reaction could

be considered as only marginal for the disappearance of the

initially formed LiH+ molecular ions.

The corresponding rates for the fully exothermic inverse

reaction, that of the lithium hydride cation formation, are reported

by our data in Fig. 7, for two different initial states of LiHe+: the

same range of temperatures as in the previous case is reported in

the figure. The slow dependence of this ionic reaction on T

over that range of values is clear from the figure and confirms

the findings for LiH+ of before:33 the rates vary by less than

a factor of three over a T span of about three orders of

magnitude.

Our data also indicate that formation of LiH+ from this

route is an interesting possibility as the rates are of about the

Fig. 7 Computed reaction rates, as a function of T, for the formation

of LiH+ from LiHe+ in reaction with H. Two different initial

vibrational states of LiHe+ are considered.

Fig. 8 Computed reaction rates at low T with molecular partners in different rotational levels but always at n = 0. Left panel: LiHe+ + H

reaction. Right panel: LiH+ + He reaction. See text for further details.
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same order of magnitude as those shown by the corresponding

LiH+ destruction by H (see ref. 33) and nearly two order of

magnitude larger than the LiH+ destruction by He. Thus, one

may say that once LiHe+ is formed in any reasonable amount,

its chemical route to LiH+ formation in reaction with H

would be a barrierless, exothermic reaction with rather sub-

stantial rates that should be considered to increase the frac-

tional abundances of LiH+ from LiHe+.19

C. The effect of rotational energy

In the previous subsection we have shown the effects of vibra-

tional energy on the outcomes of the chemical reactions, both

for the one with an energy threshold that presides over the

formation of LiHe+ (see Fig. 6) and the exothermic path for the

inverse reaction that controls LiHe+ destruction (see Fig. 7).

On the other hand, we know that when one studies ionic

reactions in traps15–17 it is very likely that the reacting molecules

are vibrationally ‘‘cold’’ (i.e. in their ground vibrational levels)

but still carry a thermal distribution within their internal rotational

levels. As a preliminary test, therefore, we have further carried out

calculations of low-T reaction rates where, in both directions, the

molecular partners are taken to be in different rotational levels

which are always j > 0. In the computed rates we have con-

strained the jz projection to be only the jz = 0 component to

highlight dynamical effects but aware of the limit provided by this

choice. Fuller calculations will be presented elsewhere.

The results of our preliminary calculations are shown in the

two panels of Fig. 8. The right panel reports the destruction

reaction for LiH+, where we know that an energy threshold

exists between reactants, as discussed in the previous sections.

The various curves are associated with different rotational

levels of the LiH+ partner and clearly indicate that in the

examined range of energies the partner molecules which are

more rotationally excited undergo reaction more easily and,

down to the few kelvins regime, the increase can span several

orders of magnitude.

A qualitative, and preliminary, explanation suggests that

the more internal energy is available for reaction the lower the

threshold energy becomes, thereby yielding more efficient

product formation of LiHe+.

On the other hand, if we look at the left panel reporting the

rates over the same range of temperature, but this time for the

inverse reaction that causes destruction of LiHe+, we clearly

see that the rates become uniformly much larger than in the

previous reaction, as also occurred for the rates reported earlier

in Fig. 6 and 7. However, we see in this case, where no threshold

exists, that putting energy into reagent molecular rotations causes

the corresponding rates to become lower, albeit varying much

less dramatically than those for the previous reaction.

At this preliminary stage it is difficult to say precisely which

molecular mechanism may cause such changes and therefore

we plan to study the effects more in detail in further studies

that will appear elsewhere. However, we can already say that

for both reactions, with molecular partners in their n = 0

levels, their internal rotational energy contents play a signifi-

cant role in changing the size of the reaction rates, especially so

when the LiHe+ formation reaction is considered. Thus, the

data in Fig. 8 already allow us to see that controlling the

rotational energy content of ionic partners in traps is very

likely to have sizeable consequences on the outcomes of the

chemical reactions being considered.

D. Reaction features at ultralow energies

Because of the current general interest in ionic reactive pro-

cesses at low and ultralow energies, as discussed and documen-

ted in our Introduction, we thought it to be useful to carry out a

further analysis of the features of the pure reaction probabilities

for the J= 0 component, which is the dominant one at energies

from and below the meV range, in order to connect our findings

with the specific properties of the RPES in the strongest

interaction region between reacting partners. The analysis of

these reaction probabilities is generally justified by the fact that

Fig. 9 Computed reactive cross sections (J = 0) for the formation reaction of LiHe+ at low collision energies. The sequence of vertical lines

reports the positions of the bound states for the adiabatic potentials of Fig. 11. See main text for further details.
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the ‘‘s-wave dominance’’ is an established property of ultracold

collisional regimes.34

We have already seen from Fig. 3 that the reaction prob-

abilities for the Li+He formation channel, i.e. the one exhi-

biting an energy threshold of about 50 meV, showed strong

oscillatory structures in the region from about 50 to about

100 meV, with marked intensity peaks appearing at specific

energy locations. Such structures are shown more in detail by

the data reported in Fig. 9, where we see the energy range for

which those marked peaks are present.

Additionally, the destruction reaction for the same mole-

cule, the one already analysed in the previous subsections, also

showed marked oscillatory behaviour of its J = 0 reactive

cross sections. Such features are reported more in detail in

Fig. 10

To better understand the molecular-level mechanisms pre-

siding over those structural features, it is important to realize

first that, as shown in Fig. 1, both reacting partners’ arrange-

ments for the two reactions in Fig. 9 and 10 go via a complex

formation stage where the local interaction added to that of

the asymptotic molecules is quite important. Such additional

interactions, viewed as generating a set of adiabatic potentials

as discussed in Section II for each reactive arrangement, i.e.

both for [LiH+� � �He] and [LiHe+� � �H], can be involved in the

Fig. 10 Same calculations as in Fig. 9, but this time for the inverse, destruction reaction for LiHe+. The vertical lines have the same meaning as

those of Fig. 9 and refer to the bound states of the adiabatic potentials of Fig. 12. See main text for further details.

Fig. 11 Computed adiabatic potential curves, as defined in Section II, for the LiH+ + He reaction. The two dotted lines indicate the range of

energy covered by the reactive cross section structures in Fig. 9.
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occurrence of Feshbach resonances at low collision energies,

where it is more likely that the attractive energy of the inter-

actions at short ranges will cause the scattering complex to

become locally bound as the system moves through the different

adiabatic (vibrationally adiabatic) potentials for LiH+� � �He in

the formation reaction and for LiHe+� � �H for the destruction

reaction.

The data in Fig. 11 show pictorially the large set of such

adiabatic potentials involving the vibrational states of the

LiH+ partner and averaged over scattering orientations.

One clearly sees there that over the shown collision energies

the potentials which are asymptotically accessible become bound

at short range, thereby causing the occurrence of probability-

enhancing Feshbach resonances in the product channels. Due to

the large number of such states supported by the potentials given

in Fig. 11, we only indicate in Fig. 9 their energy location

without attempting any nanoscopic classification: it is clear from

the data that several hundreds of such bound states exist and

several of them can cause reaction probability enhancements at

specific collision energies. As that energy increases, however, the

system moves too far above the well depths and therefore the

coupling necessary to generate such features decreases, causing

the enhancement effects to disappear.

A similar analysis is carried out for the destruction reaction

structures in Fig. 10 and the corresponding adiabatic poten-

tials are given in Fig. 12. The different vibrational structure of

LiHe+ is now causing a much larger number of adiabatic

potentials to exist and therefore the corresponding structures

in the reactive cross sections can extend over a larger range of

energies. Their positions are given in Fig. 10 and one indeed

sees that they now cover a much larger energy range, causing

much larger enhancements in the corresponding cross sections.

One could therefore say that both complex-forming ionic

reactions indicate the occurrence of several Feshbach-type

resonances at vanishing collision energies for the J = 0 case,

some of which could also survive as structures when final cross

sections are obtained (see Fig. 4 and 5) thereby becoming

amenable to possible observation in trap studies.14 Only when

confirmed by observation one might embark into a more

detailed classifications of such wealth of Feshbach resonances.

V. Conclusions

In the present work we have carried out a series of quantum

reactive studies for apparently simple ionic reactions: the

one involving LiH+ destruction by He partners and the one

forming LiH+ from the destruction of LiHe+ by H atoms.

Both reactions have direct bearing on the construction of

kinetics models for the chemical network in the early universe

environment (low redshift values)18,19 since they involve atoms

with high fractional abundances (H and He) with one of the

ionic molecular candidates which would be next in abundance:

LiH+.32

Furthermore, the reactivity of a light cation with He could

be in principle tested in two other experimental environments:

that involving pickup of the LiH+ by an He droplet10,11 and

the one where a ‘‘Coulomb crystal’’ set-up for the cation is

made to interact with a buffer gas of laser or sympathetically

cooled rare gas partners.14–17

The present calculations have dealt chiefly with the low-T

behavior of the present set of reactions and, by employing an

ab initio generated reactive potential energy surface (RPES),8,20

have computed the corresponding cross sections and reaction

rates from a quantum treatment of the reaction dynamics that

employed our in-house implemented NIP approach.21,31,36

The results of the present calculations indicate the following

features of the reactivity in both processes:

� the LiH+ destruction cross sections in reaction with He

exhibit a marked threshold for the LiH+ (v= 0, j=0) reaction

partner, thereby producing significant rates only above 100 K of

temperature (see Fig. 6);

� the same reaction with a vibrationally excited partner becomes

exothermic, exhibits much larger rates and indicates very efficient

destruction of the molecular cation at vanishing energies;

Fig. 12 Same as in Fig. 11 but for the destruction reaction of LiHe+ + H. See text for further details.
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� the LiH+ formation reaction from LiHe+, on the other

hand, is a strongly exothermic reaction which starts already at

zero energy and remains orders of magnitude larger than the

destruction process;

� both reactions show very slow dependence on T at the

temperatures of interest and therefore are expected to remain

relevant for astrophysical modeling of chemical networks at

low redshifts;32

� both reactions are shown to have rates that are enhanced

by putting vibrational energy into the reacting molecules,

thereby possibly suggesting a likely insertion mechanism for

the partner atom with respect to the reacting cation;

� finally, both reactions are shown to exhibit marked

resonances at low and ultralow energies, further indicating

their possible survival as detectable structures even after the

opacity summation over angular momenta. Such structures

may therefore be amenable to detection in laboratory environ-

ments for low-T reactions as those outlined in our Introduction.

In conclusion, in spite of the apparent simplicity of the

molecules considered, the corresponding reaction rates indi-

cate a wealth of details which could be linked to both experi-

ments and to improved modelings of chemical kinetics in the

early universe.19 The latter issue is currently under study in

our group.
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