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The full Born—Oppenheimer (BO) potential energy surface that describes the interaction between a vibrating
and rotating LiH molecule and an He atom, obtained from ab initio VB calculations described l&tem.(
Phys.1997, 215, 287), is employed here to evaluate the corresponding partial integral cross sections over a
range of energies of astrophysical relevance. The process examined involves rotovibrational heating of the
initially “cold” target molecule in a single-collision situation, and it provides specific indications on the process
efficiency for modeling global kinetics of primordial clouds. The details of the dynamical coupling produced

and some specific features of the potential energy surface are analyzed in relation to the behavior of the
inelastic cross sections. The average energy transfer values and the relaxation rates are obtained from quantum
dynamics and found to be unexpectedly large for such a weakly interacting system.

1. Introduction With the production of neutral lithium, the LiH molecule would

The search for the possible presence of LiH and "LiH then be formed by radiative associatfon,

molecular species in the interstellar medium has been intensified
in recent years because of the role that such molecules are
expected to play in the early universe chemistry (EUC).

As the universe expanded, in fact, atoms and molecules were
formed from the free nuclei and electrons, as photoionization

Li +H— LiH + hy 3)

and by associative detachment,

and photodissociation gradually became ineffective due to the Li+H —LH+e (4)
cooling of the radiation temperature. The matter temperature, i ) . .
T, and the radiation temperatuf®, remained largely the same The above reactions are likely to initially form the title

until a red shift ¢ of about 1300 was reached, marking the Molecule in rotovibrationally excited states, which could then
beginning of the recombination era, after which the Compton radiate through spontaneous or stimulated emission processes.
scattering was no longer able to overcome the cooling by the N the absence of heavier elements, the radiative cooling at

expansion and the values @, became lower than those of teémperatures of less than 8000 K is controlled by the presence
T,.1 The primordial matter therefore continued to cool until Of @ small fraction of the gas that has become molecular, and it

collapse was initiated in the protogalactic clouds. is the molecular cooling that then allows the primordial clouds
Chemistry was expected to begin with the appearance of thet® collapse’ The details of the cooling mechanisms are
first neutral molecule Ksoon after the production of neutral therefore important for the determination of both the large-scale
atomic hydrogen through the radiative recombination of protons Structure, represented by globular cluster and galaxy masses,
and electrons. The specific chemistry involving lithium, on the @nd the small-scale structure, represented by the initial mass
other hand, was initiated by the recombination of Li which function. At the onset of the collapse the relative molecular

occurred, az values around 450, through radiative recombina- abundances, as evolved from the postrecombination period,
tion, provide a constraint for the cooling processes and therefore

influence the initial galactic and stellar evolution of the
universe! It has been suggested, therefore, that primordial
molecules with large permanent dipole moments might become
detectable by their radiative imprint in the cosmic background
radiation (CBR) arising from the resonant enhancement of the
Thompson scattering cross sections which can occur at the
Li*+H —Li+H (2 transition frequencies of such molecufes.
More specifically, the effects of the presence of LiH in the

t This work is dedicated to our friend and colleague Raphy D. Levine, €arly universe have been recently explored experimerftally,
on the occasion of his 60th birthday and with our most sincere wishes to although the final answer is still not unequivocally clear. It is

continue for many more years his outstanding contributions to the field of therefore important to be able to analyze more in detail the actual
molecular dynamics processes.
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Rd., Mumbai, 400005, India. the formation of rotationally and/or vibrationally “hot” LiH

Lit+e—Li+hv (1)

or by mutual neutralization,
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molecules by collision with the most common partners such as of He electrons. This optimized set of six occupied and four
He, H, and H. virtual orbitals was then used within a fully variational SCVB
It should also be made clear that in order to be able to provide calculation. As in our previous studywe found here that this
a more realistic global modeling of the EUC discussed before, very compact expansion, consisting of just 25 VB structures,
many more possible mechanisms, besides the few mentionedproduced overall accuracy that was comparable to that previ-
above, need to be included and need to be known both as kinetioously achieved in a more standard SCVB calculation based on
rates and as elementary processedn the other hand, given 15 virtual orbitals per active electron and on 2005 VB
how little we know at the quantitative level about the energy structures! Even the very small minimum of the present PES
exchange efficiency between the species of largest abundancef about 0.01 mhartrees at= 0° andR = 11 g (with r at its
and the molecular candidates that appear among the most likelyequilibrium value of 3.013%.) was well reproduced by the
sources of CBR anisotropy, it is indeed important to start to optimized, compact set of structures employed in the present
put together a more realistic picture and to analyze from first work.?
principles the heating efficiency and the relaxation rates of LiH ~ Using the above strategy, we computed 144 values of the
molecules in the presence of other atomic and molecular orientational and of the distance coordinates (12 valueg of
partners. and 12 values oR) for each of the chosen values of The
We have already discussed the excitation mechanisms thatatter five different values were selected by first constructing
can yield rotationally “hot” lithium hydride molecules after ~the LiH potential curve as a Morse function with the experi-
collision with He atom$. In the present work we wish to extend ~mental parameters. We then set thendrs values to be the
this analysis to the case where the vibrational levels of that Vibrational turning points for thes = 4 bound state of the
molecule are also being excited by low-energy collisions. isolated diatomic target (i.e., 2.29364 and 4.304 73 bohr,
One should also keep in mind, however, that given the relative respectively). As thes value we chose the ground electronic
lower abundance of He with respect to H in the interstellar State equilibrium bond length mentioned before. Finally, the
clouds, the latter process is likely to play an even more important tWo remaining values were chosenras= (r1+r3)/2 andr, =
role in modeling the global kinetics. It is still relevant, on the (rstrs)/2, i.e., 2.653 87 and 3.659 32 bohr, respectively.
other hand, to be able to rely on more realistic rate constants The overall representation of the full surface, now given by
when dealing with the former collision partner. a total of 144?< 5 = 720 points, has 'also begn given in detail
In the following section we describe the general features of Peforé€ and will therefore only be briefly outlined here.
the ab initio potential energy surface (PES) that has beerfused We thus followed the strategy adopted in earlier wéso
to obtain the coupling between the He motion and the LiH that the ab initio interaction energies were useql to construct an
rotovibrational motion, while section 3 reports the quantum a&nalytic representatiod(Ry) expanded in the familiar Legendre
dynamics involved in the collisional excitation modeling. Polynomials
Section 4 describes then the cross section behavior and the
effects on the decoupling approximations. Section 5 finally
reports the excitation and relaxation rates over a broad range
of temperatures, together with the average energy transfer

indices. Our present conclusions are summarized in section 6.,ith the radial coefficients/;(R) being further expanded in
Laguerre polynomials

Amax

V(Ry) = ) V,(R) P;(cosy) (5)

A=

2. The Vibrational Interaction

As discussed in our previous wotkthe fully ab initio . K 1
potential energy surface was computed as a function of the usual Vi(R) = Z)AMLK[OL%(R —a)jex _EU%(R —a)| ()
three Jacobi coordinateR, r, andy, where the atomdiatom k=

distanceR is taken from the target center-of-mass andthe The parameters; were determined by minimizing the square
0° orientation corresponds to the-tH—He configuration. The ¢ yhe geviations between the ab initio and fitted surfaces, as
calculations followed the spin-coupled valence bond (SCVB) ascribed before. We useda = 3.7330 94 bohr for the three
configuration interaction (Cl) treatment already discussed earlier g - 1iest values of anda = 5.0768 45 bohr for the two larger

in great detail® and we will therefore not repeat here its values off.

derivation. Suffice it to say that the spin-coupled (SC) wave i ¢, 10us from the orthogonality properties of the Laguerre
function for a van der Waals (vdW) complex is based on the polynomials that

antisymmetrized product of a single string of distinct, singly

occupied nonorthogonal orbitals and a fully optimized spin o 1

eigenfunction. The further configurations which are included Aa = aAL Vi(R) Lifay(R — a)] eXP(_E%(R - a)) drR (7)

in the subsequent nonorthogonal CI calculation are then

generated by excitations from the occupied orbitals into virtual and from the orthogonality properties of Legendre polynomials
orbitals associated with the same fragment. To avoid the basisthat
set superposition error (BSSE) which is frequently altering the
features of the interaction in weakly interacting partd€esach

of the SC occupied and virtual orbitals is expanded using only

the basis functions from the relevant fragment. With a
judiciously chosen basis set, one can therefore show that the Combining egs 7 and 8, we obtain
resulting BSSE-free potential energy surfaces can indeed provide

very accurate data. At each geometry, we determined first the 5 — 1 2%+ Do [ ”{V R ) P.(cosy) x
six SC orbitals pertaining to the ground-state configuration and Aa 2( ) ’l‘/‘; */‘; (Ry) Py(eosy)

then optimized a set of four virtual orbitals, considering the _ p(—l _ ) ; }
simultaneous single excitations of LiH valence electrons and Lo (R = a) ex 20%(R g)siny; dy dR (9)

Vi(R) =52+ 1) [{V(Ry) P(cosy) siny dy  (8)
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Figure 1. Computed examples of the full potential energy surface at two specific orientations (left and right) and for different values of the target
vibrational coordinate. Potential values and distances in atomic units.

The Ay, coefficients can easily be evalualddom this last induced by the present potential appears to be strongly dependent
expression using numerical quadrature (Galisguerre forR on orientation, active only over a limited rangeR¥alues and
and GausslLegendre fory). All the various coefficients have  coupling mostly neighboring levels of the target. All the above
been tabulated and were already given in our previous Work. features will be further analyzed by using the quantum dynamics
Just as an example of the behavior of the present surface apresented below.
a function of the vibrational coordinate, we show in Figure 1
the repuls?ve regionl of the intgractipn (left) and the region of 3 The Quantum Dynamics
the attractive well (right) for orientation values pf= 11° and
y = 169. The various curves refer to different values of the ~ There have been several coupling schemes for the angular
diatomic coordinate. One clearly sees there the following momenta relevant to the dynamics descriptions that have been
behavior: (i) the stretching of the molecular bond gives rise to suggested in the literatureover the years. Basically, one tries
a more repulsive interaction as the stretching increases, whileto decouple some of the molecular degrees of freedom depend-
the opposite is true when the bond is compressed below itsing upon their relative time scale with respect to the collision
equilibrium value; (i) such changes are even more dramatically interaction times. To solve the vibratioraibtational problem,
shown by the attractive region, where the shallow well disap- for example, one generally decouples the rotational motion from
pears when the molecular bond increases. On the other handthe vibrational and translational ones whenever the former
the attractive potential becomes even more so (with deeper wellremains adiabatic or nearly adiabatic with respect to the other
values) as the bond is compressed. two relative motions. A history of various quantum sudden
For the dynamical treatment discussed in the next section, approximations has been very clearly reviewed by Parker and
we will make use of the following representation of the potential: pPacks and, more recently, in ref 16. Strictly speaking, for such
L. a decoupling procedure to work, the interaction time must be
Vij (Ry) = f_1Xi () V(Ry,r) Xj(r)r2 dr (10) short when compared to the rotational period. Such decouplings
and their possible failures because of strong dynamical mixing

wherey’s are the numerically obtained bound vibrational states P&tween rotational and vibrational excitation channels in the
of the isolated target in its ground electronic state. Thus, the ¢aS€ Of ior-molecule interactions have been extensively
above quantities (far= j) represent the adiabatically averaged discussed by our groug:*® It was shown there that one needs
interaction potentials which describe beyond the simpler rigid & Certain amount of caution in applying the infinite order sudden
rotor (RR) approximation the atormolecule interaction, while (IOS) trea_tment, particularly with fast rotors Ilkg L|H.. As noted
the off-diagonal elements are a direct measure of the couplingin Our earlier worki® however, the VCC-RIOS (vibrational close

strength between the molecular vibrations and the perturbationcoUpling rotational 10S) approximation works fairly well for
induced by the impinging He atom. strongly interacting systems like the'HH. at collision energies

As it is to be expected, and as we have shown aIreadyEZ_3-_7 eV, and therefore we should expect it to be even more
elsewheré? such averaging essentially reproduces the RR realistic for the present neutral system, where short-range
interaction for thev = 0 andv + 1 diagonal elements, while  interaction and vibrational coupling acting largely in the
the coupling terms turn out to be strongly anisotropic, rather repulsive region (and at lowvalues) are present.
short-range in theirR-dependence, and rapidly become The VCC-RIOS scheme has been discussed and documented
negligible asAv increases from 1 to 2 (i.e., thé,, potential many times in the literature (e.g., see refs 15, 16 and further
coupling is much weaker than th&; term). Thus, one finds  references quoted therein). We therefore summarize only the
from the analysis of the vibrational interaction that the coupling relevant equations.



LiH Vibrational Excitation

Starting with the diabatic expansion representation for the
total wave function, we can describe the latter with an

J. Phys. Chem. A, Vol. 102, No. 47, 1998393

The vibrational wave functiong,’s and the corresponding
bound state eigenvalug&s’s were determined by the numerical

orthonormal basis of the asymptotic states of the molecular solution of the radial Sclidbnger equation as discussed in the

target,
PRIyIK) = ZuL(R| k) Vi) Yi(R) 257 () (11)

1oy

where the coeffipients depend on the wave vedtrthe
orientations” andR are referred to as a body-fixed (BF) system
with cosi(y) = 7R, and they, are the vibrational wave
functions of LiH. If we apply the so-called sudden limit, that
is, we freeze the relative projectile-to-target orientation during
the collision, we have
RO =TqRIOAOS  (12)

Since the target rotational spacings play no role during the
dynamics, the total wave function is thus additionally labeled
by the fixed values of the rotationjhnd translationdlangular
momenta (see below)s is now the initial vibrational state of
LiH, andk? is the wave vector selected within the infinite order
sudden (I0S) approximatiottswhere the centrifugal sudden
(CS) simplification has also been applied. For each of the
orientation-dependent radial coefficientg's, and at each
collision energy, one now obtains the familiar coupled equations
for the vibrational-to-translational (CT) exact energy-transfer
dynamics by writingk? = k2 = (k? — 2uE,).

|

10 +1)
R

d2

dR?

+ kjf] g (Riy) =

21y Vi (RIy) 6 (Rly) (13)

Applying the usual boundary conditions to the radial coef-
ficients of eq 12,

g Ry ~ (k#{a x| ~i(kg,R — 15| ~ 5(7) x
exp[—i(kTUR— T%]} (14)

iy i
TJW’(‘)/) - 6m/ - SW,(‘}/)
which, in turn, yields an orientation-dependent cross section for
the @' <— wv) process, already summed over all rotational

(15)

excitations and averaged over all possible rotational degenera-

cies.

T S - i 22
o —TJv ylk") =—22(2l + DTy (rI)1" (16)
K,
wherel is now a simple index over the usual partial wave sum.
One finally obtains the real physical observables, that is, the

previous section, where the actual coupling matrix elements of
eq 12 were also briefly discussed.

It is worth pointing out here, as is indeed well-known by
now, that to solve the VCC scattering equations within the
rotationally sudden scheme implies that the simultaneous energy
transfer by collision to the molecular rotational and vibrational
degrees of freedom is treated on a different footing, at least
from the dynamical viewpoint. In other words, what one is
saying here is that the perturbation induced by the weak
interaction on the vibrational excitation requires, especially at
low relative collision energy, the dynamical coupling of the
diabatic states of the target via the off-diagonal matrix elements
of eq 10 in order to yield a realistic estimate of the small inelastic
cross sections. On the other hand, the rotationally inelastic
processes (which have been shown earlier Bytabe caused
by the short-range part of a highly anisotropic interaction) can
be considered to occur on a different time scale so that those
excitation processes can be decoupled from the vibrationally
inelastic collisions and introducedsfter the vibrational dynam-
ics, via the weighted convolution of eq 16 over different atom
molecule orientations at which the vibrational CC problem has
been solved. Such an assumption is obviously dependent on
various factors and, all things being equal, on the relative
collision energies for which the inelastic process is evaluated.
We shall show below that such an assumption breaks down close
to the opening of the vibrational thresholds.

A more rigorous way of describing the quantum dynamics
of the rotovibrational excitation process is therefore obtained
by including both rotational and vibrational coupling between
relative motion and internal degrees of freedom during the
collision dynamics. This corresponds to solving the full CC
rotovibrational equations for the collisionally inelastic cross
sections, either state-to-state or partially summed over states.
One therefore requires the calculations of the releVamtatrix
eIements,Tj,j.,,’U“(E), by solving more extended coupled equa-
tions which explicitly include the coupling, during the scattering
process, of rotational and vibrational channels via the perturbing
potential?® From the knowledge of the individual matrix
elements one then obtains the corresponding partial quantities:

Aijav'J’(E) = CjZ|Tf}’j’l',ujI ? (19)
with
o= (20)
k(3 +1)

where|yjCand|v'j'Ocorrespond to the quantum numbers of the
initial and final molecular states. The partial amplitudes
Ar(vjm — 'j'm’) which appear in the expression for the state-
to-state differential cross sectidfsare related to additional
averaged quantities which can be ultimately extracted from eq
19.

state-to-state cross sections for the particular process, by a

quadrature over BF orientations pfdependent quantiti€'s:
do’ L. 10 ..,
ol I =35 i —vyIQdcosy) (17)

i ] + 1 15 1
a( —TJulk?) = > 0 — v, yIk?) d(cosy) (18)

Aji(E) = Cj;lf’w'(vim — i) = nglTiw,yn ? (21)
m
Hence one can wrifé@

ZA;‘jﬂy,j.(zJ +1)= Z(zl + DIA (22)
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The corresponding state-to-state integral cross sections that Further quantities that can give us some indication on the

we are seeking to calculate here are given by system efficiency in collisionally populating higher levels of
the LiH target are the average rotovibrational (state-to-state)
0,jyi(E) = ZOJ]_ = Z(ZJ + 1)AJ]_ o= ZG"J_ = energy transfer index as a function of collision enekgy
VU v V)Y 12 et

@+ DA, (23) AE uinEvid) = (3 01y (B) A€ 5 ) (S i) (27)
Z =] p\&Y IZU jo—i €juj JZU jo—i

from which one can also define the partial wave contributions \yhereAg, ., is the energy spacing between two rotovibrational
to the CC cross sections as giverrby levels|juCand|j''l] A more averaged quantity that gives the
rotationally summed vibrational energy transfer for the process
o0 . =pl (24) considered is instead

vj—'j’ v, v’
As is well-known, the transition matrix elements are in turn 1
related to the scatteringmatrix elements, the absolute square AE,,(E,v) = (z Z.—ijj'v'AeivJ'v’
of which gives us the transition probabilities for each inelastic, rir(2+1)
state-to-state process. 1 -1
—O'J =i’ (2 8)
T+ 1

Sz];jlﬁu’j'l’ = ajj'én'am - ZiTjjl,Lr'j’I’ (25)
If one considers the more likely populational situation in the

Because of the rapid increase in the number of target interstellar medium and in the protogalactic clouds, then only
rotational states that become energetically open as the collisionthe » = 0 target states need to be considered. Thus, the
energy increases, and because of the multiplicity effects in eqvibrational energy transfer of eq 27 that interests us most is the
19, the number of coupled equations in the rotovibrational one fromy = 0 that becomes the energy transferred into excited
problem becomes rapidly very large and therefore computa- vibrational and rotational levels for different initial rotational
tionally very costly. On the other hand, the study of purely levels within thevy = 0 manifold, theAE,i,(E,0,j). By the same
rotational excitation processes in the present systes already token, the quantity defined by the further averaging and
shown that the present interaction, although rather strongly summing carried out by eq 28 could be taken, when from the
orientation dependent, is also a short-range interaction where ay = 0 only, to be theAE,,(E).

rather limited number of trajectories, or partial waves, iS | evaluating the efficiency of the collisional energy transfer
involved at low collision energies. Thus, it becomes both ,ocesses it is also useful to take into consideration temperature
reasonable and expedient to introduce a more approximatesffacts within the medium, i.e., to try to estimate what type of
treatment of the angular momentum recoupling during the {hermal averaging would be more useful to consider. In the
quantum dynamics which goes under the name of coupled statease of the excitation of LiH molecules which are in thei=

(CS), or centrifugal sudden, approximatin® The vibrational ¢ yiprational level, one could consider at first a distribution
degree of freedom, on the other hand, is still treated with the nction for the relative collisional energies in the medium when
correct CC scheme. the collision frequencies become high enough to induce transla-

One th(’arefore removes the coupling degeneracy given by eachijon thermalization. Thus, the simplest form of the distribution
pair of (,I') angular momenta of the entrance and exit channels ynction is the Boltzmann distribution for any given number

by considering only one value bfs contributing to the double density value of the species, in units of molecules< cm3.
sum from eqs 21 and 23. Physically, this means that the

collision process is seen as being dominated by short-range > n

forces, and therefore it is reasonable to assume that no change fET) = —3/2\@ exp(—E/kgT) (29)
of the initial | into a finall’ value is occurring in the dynamical \/;(kBT)

recoupling during the scattering process when the rotational
energy (angular momentum) content of the target is varied. In
other words, one keeps the correct vibrational coupling by the
potential and correctly includes the further coupling of vibra- "
tional levels with the rotational levels due to the anisotropic dE;,(T.j) = fo AE,,(Ej) f(ET) dE (30)
torque applied by the scattering event, but simplifies the number

of coupled equations by disregarding the rotor reorientation after . . . . .
b g y 9 9 which considers the molecules to be in a given rotational state

the scatteringj¢ conserving approximatiéh?3. X ) . .
Thus far we have employed the quantum treatment to generateOf the|o,j0manifold. The further averaging over the rotational

state-to-state partial cross sections on the energy shell. Bypopulatlon at the same macroscopialue as that reached by

further averaging their energy dependence over a Boltzman typethe translational thermalization yields now

velocity distribution, one can then obtain the corresponding
state-to-state excitation or relaxation rates: [AE,,Li(T) = ZQJ-(T) AE(T)j) =
]

> AE(T.) exp-e/ksT) (31)
J

which allows us to evaluate the following quantity:

312 2
Kyo(T) = 4”(#@) Jo G (0) X 2%) dv (26)

wherekg is the Boltzman constant ands the relative velocity Another quantity of interest is the collisional heating function,
between colliding partners. CHF, defined as the ratio between a chosen inelastic flux into
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Figure 2. Computed, rotationally summed vibrationally inelastic cross sections for the excitation and relaxation processes involving the (0, 1)
levels, left, and the (0, 2) levels, right. The calculations employ the VCC-RIOS coupling scheme (dashed curves) and the VCC-RCS coupling
scheme (solid curves). Two different ranges of energy are shown for both sets of collisional transitions.

excited channels and the overall collisional flux: included within the range afvalues actually computed to obtain
the full PES®*® The integration on the radial variable was
Zg(oj —2,j'|E) extended up tRnax = 30.0 ap, while the range of angular
S momenta went up tdmax = 24Ch. The angular integration
CHFE)) = (32) within the VCC-RIOS treatment included 27 different angular
Za(oj — 4j'|E) values reached by interpolation between the computed orienta-
] tions discussed befofe Within the CS treatment of rotational
coupling the rotational states were included up g = 16 for
. ™ . v =0,1 and up tGmax= 14 forv = 2. For thev = 3 channel
CHF(T)) = f:) CHFE)) f(E.T) dE (33) jmax Was taken up to 7. The numerical convergence of the
S-matrix elements required the inclusion of at least two closed
[CHF(T)L, = ZCHFUJ) Q) (34) vibrational states. Finally, the integration over the energy range
]

to yield all the temperature-dependent quantities involved at least
100 different energy values.

The above quantities give us some indication of the overall The diagrams shown in Figure 2 report the behavior of the
efficiency of the excitation process, starting from the= 0 computed vibrationally (rotationally summed) inelastic cross
state, with respect to the elastic collisions which do not manage sections (VCC-RIOS and VCC-RCS) for both the excitation
to form internally “hot” target molecules. We shall see below and relaxation processes in the lower range of collision energies
that the evaluation of average energy transfer indices and(upper diagrams) and for the higher set of collision energy
collisional heating functions can help us to understand better (lower diagrams). The diagrams on the left in the figure (top

the microscopic behavior of the single-collision events. and bottom) correspond to thev = 1 processes, while the
o - diagrams on the right (top and bottom) correspond tathe=
4. The Computed Collisional Quantities 2 processes. It is interesting to note the following:

As mentioned earlier, the basic quantities needed to model (i) As the collision energy moves away from threshold, the
the collisional heating of LiH interacting with He atoms in a CS cross sections become consistently larger than the 10S cross
single-collision situation are the individual, partial integral cross sections, indicating that the correct recoupling of angular
sections involving rotational and vibrational states of the target momenta via this strongly anisotropic potential has a marked
molecule. We have therefore computed such quantities usingEﬁECt on vibrational inelasticity, as we shall further discuss
both the VCC-RIOS coupling scheme described in the previous below.
section and its more accurate recoupling approximation, which  (ii) The (0 — 2) excitation cross sections, although smaller
we have called the VCC-RCS dynamical treatment. than the single-transition cross sections, are still within the same

Given the range of action of the vibrational coupling, the order of magnitude, further indicating the cooperative effect of
target-bound vibrational states upide= 4 were taken into the  efficient rotovibrational processes in favoring vibrational excita-
expansion since the corresponding wave functions were thosetion mechanisms.
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-10.0 : ‘ : - beyond about 300 K. This result suggests that, already from
collision energies close to the threshold values, the rotational
excitation mechanism must be taken to be strongly coupled to
the vibrational excitation mechanism. As the collision energy
increases, the presence of a greater number of rotational target
states which are energetically open, and correctly treated in the
CS scheme, does make a difference and markedly affects the
values of cross sections and rates at higher temperdfures.

It is also surprising to note the actual size of the excitation/
relaxation rates of Figure 3: in spite of the weak nature of the
present interaction, in fact, one finds that the vibrationally
inelastic process is much more probable than in the case f CO

or of HFS interacting with the same rare gas. The strong
200 1000 1500 2000 7500 300.0 orientational dependence of the present system, therefore, does
T/K play an important role in driving flux into the inelastic channels,
both rotationdl and vibrational. The behavior of the efficiency
indices described in the previous section is shown by the results
presented in Figures 4 and 5.

It is interesting to note from the results on the average energy
transfer index (in units of meV), shown as a function of collision
energy on the left of Figure 4, that the CS calculations suggest
fairly large values of such quantities but only after a very slow
start at low collision energies. When looking at the individual
cross sections, one sees that the rotationally inelastic processes
are in fact contributing in a marked way to the energy transfers
since we see that thAE,j, values from the largej of the
manifold are smaller than those from the lovjeespecially at
higher collision energies.

10 ULt . . , , The corresponding temperature dependence assumes, to take
10.0 60.0. 110.0 160.0 2100 2600 on a simple model, a thermal distribution for the relative
_ o T/K _ collision energies and convolutes numerically the average energy
FlgUfes%OCr?”leUtid excitations an_dlz{ehxalﬂog fate;,?fofl_tﬁm\ljlg gtheS transfer indices of before. We see that such quantities, presented
up to » for the transitions witihv = 1, 2, and 3. The - for a unit number density value (one molecule;naary greatl
RIOS results are given by the solid lines, while the VCC-RCS results over the range of Consi)(/jered a(nd show thaﬁey r)ellgidly sypan
are given by the dashed lines. .

g y nearly 20 orders of magnitude over a range of 3000 K. The

(iii) At energies just above thresholds, the CS cross sections S2Me is true when thermal averaging of the rotational population
exhibit more structure than their 10S counterpart and indicate 'S included, where theéAE,[b: values become also several
the presence of low-energy resonances due to the effective®rders of magnitude larger at the higher
potential provided within the CS scheme: their specific features  The additional indices defined before by eqs—-32 are
will be discussed elsewhete. reported in Figure 5 as a function of energy and for several

(iv) Removal of the energy sudden approximation for the initial j states (on the left) and as a function of temperature (on
rotational levels when going from the 10S to the CS calculation the right). The further rotational averaging once again makes
of cross sections causes larger differences in the cross section$he total CHF factors larger at higher temperatures. Further-
themselves when the collision energy is increased since moremore, the slow onset of these factors at low energies, and their
states become energetically open and are dynamically coupledchange by several orders of magnitude over the examined range
by the anisotropy of the PES. of temperatures, underlines the crucial role played by the

As a preliminary conclusion, one may say that the roto- rotational energy ladders in funneling energy into the vibra-
vibrationally inelastic collisions in the present system are tionally excited molecules.
reflecting the broad features of the PES involved: strong
anisotropic features and rather weak vibrational coupling which 5. Summary and Conclusions
however gets strongly tied to the rotationally inelastic energy
transfers occurring within the vibrational manifolds. In the present work we have discussed, after producing for

The results of Figure 3 report the Corresponding rates for the first time quantitative estimates of it, the collisional
vibrationally inelastic processes over the range of temperaturesefficiency of exciting LiH molecules to their= 1, 2 vibrational
from threshold to about 300 K. The upper part of the figure levels and to corresponding manifolds of open rotational levels
shows the excitation processes from the ground vibrational stateby collisions with He atoms.
of the target (and rotationally summed) into the lower excited  The processes have been treated as quantum collisional
vibrational states up t8 = 3. The lower diagram, on the other events, and we have employed an ab initio potential energy
hand, reports the relaxation collisional rates into the ground surface that correctly couples the anisotropy of the interaction
vibrational level of LiH. with the range of action of the vibrational perturbation by the

It is remarkable to note that the excitation rates even in the impinging He atom. The dynamical effects caused by the
lower T range are showing the CS results to be invariably larger rotational states of the target, which are coupled with the
than their 10S counterparts. At higher temperatures even largercollisional (translational) angular momentum via the computed
differences exist between 10S and CS results up to temperaturePES, were considered within different coupling schemes, and
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Figure 4. Computed average energy transfer values (in meV) for different initial rotational levels of the target and from@tiritial vibrational
state of LiH. Left: results as a function of energy. Right: results as a function of temperature (solid line, averaging frem0thevel; dashed
line, further averaging over rotational levels). Values for a number density of one mobecurieS.
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Figure 5. Computed collisional heating functions, CHF, following eqs-32 of the main text. The values are labeled like the quantities of Figure
4: as a function of energy (left) and as a function of temperature (right).

the results for both the final inelastic cross sections and the markedly larger than those exhibited by, say, the—I8©
excitation rates were compared with each other. system*26over the same range of temperatures. Furthermore,
We had already found in our earlier stddjat the strong the present results allow us to obtain a more quantitative estimate
orientational anisotropy of the present system causes theof the energy and temperature behavior of some collisional
rotational inelastic component of the collisional energy transfer efficiency indicators, which can in turn help us to formulate
to be particularly large in spite of the weak nature of the vdW more realistic imput parameters for a global modeling of
interaction. We further find here that the vibrational coupling primordial clouds.® The previous discussion has shown that
is not very strong and rather short-ranged in character, as wethe average energy transfer index starts out very small aflow
have also extensively discussed elsewRérdhus, the roto- and so does the collisional heating function CHF (both presented
vibrationally inelastic cross sections come out to be fairly large in Figures 4 and 5), while they grow to very large values up to
mostly because of the cooperative effects from the rotational T ~ 3000 K. This means that the possibility exists for forming
energy ladders where rather largg transitions are still seen  rotovibrationally “hot” LiH molecules not only by radiative
to have a non-negligible probabilfty(cross sections). The recombinatiof but also by collisional excitations with other,
corresponding rotovibrational excitation rates are therefore found abundant species in the protogalactic clouds such as the He
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atoms? In conclusion, the present calculations, which carried
out a quantum description of the energy transfer dynamics to

LiH, allow us to show for the first time a realistic estimate of
collisional excitation probabilities for such molecules and
therefore provide a further piece of information to realistically
produce a fuller modeling of the kinetics of molecular formation
in the early universe. The extension of this study to H arid H
projectiles is currently under way in our laboratory and will be
reported in the near future.
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