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Radiative association of He * with H, at temperatures below 100 K
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The paper presents a theoretical study of the low-energy dynamics of radiative association processes
in the He +Hj, collision system. Formation of the triatomic Hgkon in its bound rotation-vibration

states on the potential-energy surfaces of the ground and of the first excited electronic states is
investigated. Close-coupling calculations are performed to determine detailed state-to-state
characteristic§bound—free transition rates, radiative and dissociative widths of resonpases

well as temperature-average characterigtiaie constants, photon emission speabfahe two-state
(X—A) reaction HE(’S)+H,(X'S7) —HeH;(X?A’)+hv and of the single-statéA«— A) reaction
He+(28)+H2(X12g)HHel—|§(A2A’)+hu. The potential-energy surfaces of te and A-electronic

states of Hekl and the dipole moment surfaces determiagdinitio in an earlier worKraemer,

Spirko, and Bludsky, Chem. Phy&76, 225(2002] are used in the calculations. The rate constants
k(T) as functions of temperature are calculated for the temperature interw@l<l1100 K. The
maximum k(T) values are predicted as 330 ®stcm® for the X—A reaction and 2.3

X 102° st cm? for the A— A reaction at temperatures around 2 K. Rotationally predissociating
states of the He-H, complex, correlating with the=0, j=2 state of free K, are found to play a
crucial role in the dynamics of the association reactions at low temperatures; their contribution to the
k(T) function of theX« A reaction atT<30 K is estimated as larger than 80%. The calculated
partial rate constants and emission spectra show that inXthe\ reaction the HeE{(X) ion is

formed in its highly excited vibrational states. This is in contrast with the vibrational state
population of the ion when formed via th&«X) reaction Hé15)+H§(X225)—>HeH£(X2A’)

+hv. © 2005 American Institute of PhysidDOI: 10.1063/1.1924453

I. INTRODUCTION He"(*S) + Hp(X'S5) — HeH5(X?A") + hw, 2

It has been pointed out previouéfythat the HeH ion, as well as
apart from its potential astrophysical relevance, is one of the o los 5,
simplest examples for which high-level theoretical calcula- ~ HE'(°S) + Hy(X"2g) — HeHy(AA’) + hy, 3

tions can be performed and directly compared with experiy nere this latter reaction for the excited state is formally an

mentally derived spectroscopic properties, as far as they are?nalog to(1), i.e., the reaction product in this case is the

available, and with experimental measurements of its reacsoyplex Hé-H, in vibration-rotation states lying below the
tive behavior. . . He"+H, dissociation level of the excited state. Reactig)
Recently, as the first attempt to rigorously calculate the,q yeyer, is the main focus of the present study. This type of
dynamics of the radiative associati¢RA) reaction for a o4ction has previously been characterized as a two-state pro-
triatomic system, the reaction cess and according to experience from earlier calculations for
the simple diatomic HeHion®* its reaction rate constant can
He('s) + HE(XZEQ) — HeI—E(XZA’) +hv (1 be expected to be much larger than those of single-state re-
actions(1) and(3).
was investigated on a highly accurate level of theory and the \Whereas the above-mentioned reactions are generally
results were reported in Ref. 1, hereafter called paper I. Nowe€liéved to be of minor astrophysical importance, it is the

we initiate investigations on the same accuracy level of th@ther radiative process originating from the "He, colli-
dynamics of the radiative processes originating from the colSION System, the radiative charge trandfRCT) reaction

lision system Hé+H,, in other words, of the radiative pro- Het(3S) + Hy(X!S ;= 0) — He(1S) + H3 (X3S :0)

cesses starting from the excited electronic state potential of g g

HeH,. First, in the present paper, the two radiative associa- (4)

tion reactions stabilizing the HeH, system are investi- \yhich could possibly play a role in astrophysical environ-

gated, especially the reaction ments because it can provide an efficient cooling mechanism
in the primordial gas chemistry. This reaction will be the

¥Electronic mail: felicia@phys.uni.torun.pl subject of a forthcoming paper. For its rigorous state-to-state
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quantum-mechanical treatment a detailed quantitative insighlquasibound states that contribute appreciably to the rate con-
into reactiong2) and(3) is necessary. stant of this triatomic reaction is considerably increased as
Reaction(4) has been studied experimentally by Schauercompared to the number of resonances driving the RA pro-
et al. using an ion trap techniqueln order to rationalize the cesses in the diatomic He+Hand Hé+H collision
experimental results for its reaction rate at temperatures beystems=>"*°In addition, recent calculatiohsf J=0-2 qua-
low 40 K, the following assumptions about its reaction sibound rotation-vibration energy levels of the excited elec-
mechanism have previously been made. tronic state of Hel indicate that the number of resonances
and their role in reaction€) and(3) may be even larger.
The leading mechanism for the formation of the excited-
e resonances, already predicted in the first qualitative
"Eharacterization of the polarization wélis a temporary con-
version of kinetic energy of the relative motion in the *He
+H,(v=0,j=0) collision system into rotation of §li.e., the
rotational predissociation mechanism. It is quite likely that
these resonances substantially enhance the rate of the RA
reactions at low temperatures. The effect may be comparable
to or even larger than the enhancement caused by shape reso-
nances. If this proves to be true, the implication will be that
the contribution of rotationally predissociating states to the
RCT reaction, which was neglected in the model of Ref. 6,

(i) The process is practically entirely driven by radiative
coupling between the lowest excited and the groundStat
electronic states, whereas nonadiabatic coupling is u
important.

(i)  Complex formation in the excited state, or rather the
formation of rotationally predissociating states does
not have much impact on the rate of the reaction.

(i) The rate of the accompanying RA reaction, E2),
which is involves the same collision partners(dsis
negligibly small.

The radiative mechanism of charge transfer irf Hi, ther-
mal collisions postulated in the first assumption was origi-

nally proposed by Hoppémwho, investigating the ground Ccould be rather large. , ,
and the lowest excited electronic states of the Eléh The present state-to-state calculations for RA reactions

found a shallow H&-H, ion-molecule polarization well on (2) and(3) provide a sufficiently accurate and reliable quan-
the potential-energy surface of the first excited electroniditative basis which allows us to discuss the points mentioned
state with a T-shaped geometry. Assumptidiis and (iii) above. Emphasis is put on investigating the role of rotational
were implicitly made by Kimura and Lane in their early the- Prédissociation especially on RA reacti@). The accompa-
oretical stud9 of RCT reaction(4). Namely, in the simple "Ying study of reactiont3) is intended to assist in exhibiting
reaction model which was adopted in this study no energ)}he most characteristic features of the nuclear dynamics in

flow to diatomic rotation was possible, neither in the reactanf® €xcited and ground electronic states and in resolving the
nor in the product channel, and radiative transitions from thdMPact of these features on the rates of radiative transitions
vibrational continuum of the excited state to all continuumPetween the states. Information of this kind may be valuable

and bound vibrational states of the ground electronic statd! the forthcoming attempt to devise a more realistic model
were accounted for by means of the optical potential. ThdO" radiative charge transfer reactidi). Altogether, the
calculated rate constants, describing the RCT and RA read"€sent study is hoped to contribute to an extension of the
tions together, appeared reasonably consistent with the vafXisting theoretical description of the Hgldystem. _
ues measured for RCT. This fact was quoted in the discus- ' "€ €lectronic structure input needed for studying reac-
sion of Ref. 5 as supporting the hypothesis that the role ofions(1)—(4), the potential-energy surfaces of the ground and
the complex formation in the RCT reaction is negligible. ~ the first excited electronic states of F@Hh? corresponding
Concerning assumptiofi), it is now a well-established dipole moment surfaces, and the tr.ansmo_n.@pole moment
fact that the two lowest electronic states of the Hébh are surface, have been calculated E)Grewoualy initio and are
well separated from each other over the entire range of thefivailable in terms of analytic fits: , _
potentials important in low-energy collisions. Only for pro-  1hroughout the paper, the ground and the first excited
cesses at higher collision energies has it been shown th&l€ctronic states of HeHare called thex- and theA state,
nonadiabatic couplings between the lowest electronic statd€SPectively. The three RA reactiond), (2), and (3), are
of A’ symmetry become importaftHowever, assumptions €ferred to ask—X, XA, and A«A processes, respec-
(i) and (iii) raise some doubts as to their validity, the lattertiVely: The symbol Heli(A) is used to denote the FieH,
because RA reactiof®) is a two-state process with usually COMPIex in its “bound” and quasibound stafarictly, the
non-negligible rate constant values, and the former becausdates below HerH,(1v=0,j=0) threshold are electronic
there is some evidence that rotational excitation gfipi ~ r€Sonances The symbol He',%‘(x),de”mes the ion in its
collisions with Hé can play an important role in the low (truly) bound and(purely) rovibrational quasibound states.

collision energy regime. The evidence comes mostly fromfoccasionally, the He{X) ion is viewed as an He—}com-

the investigations of the HeHon in its ground electronic plex.
state which have shown that rotation of thg subunit is a
crucial factor in the dynamics of the system. Numerous cal-
. . . : . Content of the paper
culations of its vibration-rotation energy spectrum have re-
vealed a considerable mixing ¢fstates of H within the A detailed overview of the quantum theory of radiative
ion."?%*2Rotations(and vibration$ of the H; ions in colli-  association in application to atom-diatom systems was given
sions with He atoms were treated rigorously in our recenin paper |. Apart from treating the association as an effect of

study of RA reaction(1). It was found that the number of weak interaction with the radiation field, three major as-
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sumptions are made in the theory to describe the initial anth Sec. IV D. Finally, in Sec. V, the overall reliability of the

final molecular states in the process, all three being welpresent results is assessed, answers to the questions posed
justified in the energy range of interest hef®: the nuclear above are given, cf. assumptioi§ and (iii ), and their sig-
motion is determined by a single potential-energy surfacanificance is briefly discussed.

(PES, (2) the initial, scattering states lie sufficiently close to
the lowest atom-diatom dissociation limit of the respective
PES of the triatomic system so that they cannot be affecte
by the presence of other fragmentation limits of this PESA. Radiative association rate constant
and (3) spin rotation and hyperfine interactions can be ig-

nored. The formula; d.er|ved- for the rate copgtant, EMISSIOL; thermal equilibrium with temperature and concentrate
spectrum, and radiative widths of long-living rotat|on-_On the formation of Hel ions due to spontaneous photon

vibration resonances are briefly summarized here in Sec. Il i ission according to the reaction described in @Y. The
terms of their application to the Hle H, system. Section Il . '

; . . . __increase of the number density of Helibns with time is
provides the necessary information on the computatlonarp

. 4 o : roportional to the product of the number densities of the
methodology exploited in realization of the particular tasksreactants
of the present study. The main task, i.e., evaluation of the ’
rate constants of reactiofi®) and(3), is fully accomplished d —K
- : Nherss = KNh Npet (5)
by the approach elaborated in paper I. The approach is based dt 2
on the standard formulation of close-coupling equations for nd the proportionalit nstakiis th iation rat -
an atom—diatom system in a body-fixed reference frame ud € proportionafity constakis the allssoczi onra e_co
) . ) . ) . L stant, wherek is the sum of the ratek' for =0 andl=1
ing adiabaticbasis setCC-BF-diabatig. Its effective imple- . . o :
. : - . which describe the association of Heith para- and ortho-
mentation relies on the exploitation of algorithms of the gen- : :
. o . hydrogen, respectively. Eadth can be resolved further into
eralized log-derivative methdd. Since the complete artial rates
description of this CC-BF-diabatic approach can be found irP '
Refs. 1 and 18, only some notations and necessary details on k' = E k'zs = E E kIBevj’ (6)
the accuracy controlling parameters used in the present cal- B B 4
cu_Iatlons are given here in Sep. l.” A._An additional .taSk¥vherek'B gives the efficiency of the formation of the H&H)
arises from the need to get an insight into the dynamics %ns in statés) with definite energyE®, andk., . describes
processe$l)—(3) which would permit an analysis of the cal- 9" B

L . ) . the situation when also the vibration-rotation ener f H
culated characteristics. To this end a possibly meaningful la- 9y ¢

beling of terminal states of transitions involved in the pro- reactants is specified as; with v andj for the respective
g of : PO \ibrational and rotational guantum numbefgissumes even
cesses is needed, strictly, of bound and long-living

) . . (odd) values forl=0(1). The rate constarli‘&_vj is obtained

q;JaS|b(_)u|r?d stattes of t_hetrl]—|§ﬂ-1 ) and thetH?%(A) |on_s.t|t IS" " as a function ofT by averaging the bound free transition
ot crucial Importance In the assignment of appropniate quang,, 2R!(EB;E,vj) over a canonical ensemble. The rate

tum numbers, particularly to states of HgM), to have an O RIEBE i lated b imole ki ic f h
adequate measure for the separability of the Hebéhding & E% ’.vj)’ rle ated by a simple kinematic factor to the
cross sectioff chij(E), cf. paper I, describes the associa-

motion from He—H (and H-H stretching motiots). A pro- t{on under the conditions that the energy of relative transla-

cedure is developed for this purpose in which use is made Qonal motion of Hé and H, is specified in addition to the

properties of natural expansions of multimode vibrational .
; _ L . ._internal energy,,; so that the total energy of the reactafits
functions™®>?! A description of the assignment procedure is 9%y 9y ;

oy g +dEl
given in Sec. Il B. In Sec. IV, the most important results of the center-of-mass systeris in the rangd £, E+dEJ. Thus

the present close-coupling calculations of tie-A and we have
A—A RA processes are summarized and discussed. Apart n=|pPET aR'(EB;E,vj)dE 7
from the rate constants of the processes in the temperature 5(T) = (ET) JE ' )

range of 1-100 K and exemplary photon emission spectra | ) ]
(also from theX— X procesy the results presented include WhereP'(E,T) denotes the population of the states with en-

the energies of all bound states of the*He, complex as ergy E (per unit volume of the gas and for unit densities of

well as the energies and widths, nonradiative and radiativéne reactants

of quasibound states in the range up to 300'cabove the g (2mh?

He"+H,(v=0,j=0) threshold. In Secs. IVA and IVB, a P'(E,T)=ﬁ( T
. . . . . MK

characterization of the rotation-vibration energy spectrum of

the He' —H, complex and its comparison with the spectrumhere Z(T)=X,g;(2j+1)exp(-e,;/ksT) with gj=g°=7 for

of the charge-transferred complex Hex Hre provided. A  even] andgj:glzf for oddj, u is the reduced mass of the

detailed analysis of tendencigpropensity rules among He*'+H, system, andg is the Boltzmann constant.

bound—resonance transition rat@adiative widths of reso- Since the total angular momentum is preserved in the

nance} in the two-state and in the two single-state RA pro-bound states of the HgHon and these states possess definite

cesses(1l) and(3), is presented in Sec. IV C. A comparison parity, the boune-free transition ratefER'(EB;E,vj) is re-

of the temperature-averaged characteristics of the three prgelved into contributions of transitions from the continuum

cesses, in particular, of the photon emission spectra, is givestates of the Her H, system which are also characterized by

H. AN OUTLINE OF THEORY

We consider a gas mixture of Hens and H molecules

3/2
) exp(— E/kgT), (8)
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a definite total angular momentum afspectroscopicparity JR(B;EJpvj) 1 o res i
quantum numbers) and p, respectively. There are three — 2 = %FB 5(E—E'35)Ftot, (13

JBpB . Jp transitions possible to a given bound state of the
ion, i.e., whereE™®is the resonance energy, andI"2 are the reso-
nance partial widths, nonradiative and radiative, respectively,
andI™'=T+I"dwith I'=X,I',; and["™9=3 ;124 The index

Y

B
IREBEY) w
M = (23+1)
JE =381

IR (E®IPp®;EJp,vj)
JE '

(9) def
| is omitted and the abbreviatiofi=(EBJBp®) is used here-

with p:pB(_l)J+JB+1' The rates of the individual transitions after. The partial radiative width'2%is given by the formula
4

are expressed in terms of partial boundree transition am- rad— s =B\3lr 1.
plitudesT,,, (EBJ®p®; EJp), Iz —Bﬁ—gcg(E -E°)’T(B;R)

JR'(EBIBPB; EJp,vj)

2, (14)

where T(B;R) represents a bourdresonance transition

JE amplitude. It is defined analogously 8, (E®J®p®;EJp),
4 i.e., by Eq.(11) in which the partial scattering state Bt
= 3ﬁ4c3(E_ E®X |T,; (EB3Pp®;EIp) 2, (100  =E'sis replaced by an appropriate bound state of energy
|

close toE™sS cf. paper |. The approximation of E(L3) leads
which are reduced matrix elements of the appropriate transf® (@n approximate resolution of the rate constait into

tion dipole moment Veoto{rdq;q:_l’oy:l}’ resonance and background terr‘dq,'l')%kres('r)+kback(-|-2‘
o & with K®T)=3 43 rks. »(T), and to the following formuf
T (EBJBpB.EJp)_ 277 +1 for the contribution of individual3«+ R transition:
& TN 2041
1 r
(EPPMEpTldEIMp ) ks—r(T) = 3 PESTI2I+ DI (15)
X 11

B B !
C(JLJ",MqM®) The resonance contribution to the emission spectrum

|[E*IMp,1jl) denote(energy normalized partial scattering density can be presented in terms of the following averages
states of the HerH, system withM being the quantum in subsequent intervals;, »j+Av] of photon frequency:
number of the projection of the total angular momentum on  __ 1

the space-fixedSP Z axis; the numbers behind the comma Iy, Avy;T) = A—E > varkp o (T)0(v; + Av

(vjl) characterize the state before scatteringpecifies the VB R

angular momentum of the relative motion, a@d..,...) de- — vpR) 0(vsR — 1), (16)
notes the Clebsch—Gordan coefficiemin Eg. (10) denotes ] o )
the speed of light. where vz, =(E™-EP)/h and ¢ is the Heaviside function.

[ll. COMPUTATIONAL ASPECTS
A. Some details on the CC-BF-diabatic approach

B. Emission spectrum

The power emitted at temperatufeby the considered

gas, contained in a volumé due to RA reactiori2) is given The configuration of the nuclear centers in the"HEl,

by I(T)nHane"V- The factorZ(T) is the emission intensity System is described in terms of the Jacobi vectojsining
which can be written as the integrdl(T)=/Z(v, T)d(hv) the H nuclei, andR, pointing from the center of mass of,H
with Z(»,T) denoting the spectral density of emission, atowards the He nucleus, whereas the angle between these
quantity of dimension of power/energywolume, cf. Ref. ~Vectors is denoted by. The motion is described relative to
23. Z(v,T) can be resolved into terms which describe thethe BF reference frame with the axis directed along the
emission arising from the formation of H&HM=0) and  VectorR. The coupled radial equatioli® R=|R| coordinate
HeH;(1=1) in different statesB, i.e., Z=3,357%. The term for the rovibrational bound and free states of the"H,

Tl(v,T) is simply related to the bounefree transition rates, system are constructed using parity-adapted total angular
viz., momentum eigenfunctiorisf. Egs.(17) and(18) below] and

R(ED-E o radial functions(in r=|r| coordinatg of the rovibrational

Ti(w,Td(hv) = th'(E,T)E MdE, (12) states of free Kl The equations in a set for a given paiand

i JE p are enumerated by three quantum numbersg; and\, the
latter being the absolute value of the projection of the angu-
lar momentum on the axis. The sizeN of the coupled
equation sets is reduced by imposing a limif,, on the
number which introduces an extra approximati@oriolis-
coupling reductioh into the close-coupling approach to

Quasibound vibration-rotation states of the *Hél,  states withJ>\,,,,. However, as has been demonstrated in

complex manifest themselves as sharp structures of the ratgaper |, a sufficiently accurate description of the dynamics of

<=R/(EBJBpB;EJp,vj) as functions of the energfg. Very  the He+H system on the lowest part of théstate potential

sharp peaks are approximated &yunctions, surface was achieved there wil,,,=4. There is a good

with hv=E-EB.

C. Resonance contribution
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reason to expect that the same rangé. ofalues can assure def — . . o
even a better accuracy in describing the Hel, system in  7in(6) = V(2j+1) /2d} o(6), and in terms of the vibrational
the well region of theA-state potential because the aniso-fUNCtioNSy,;(r) of free diatom(H, or Hy). Thus, information
tropy of the interaction potential is smaller in this case. ~ N Mixing of »- and j-diatomic states in the stat&"Jp) of
The coupled equations for FieH,(I) were formulated the HeH ion is obtained by inspecting the probability distri-

in the bases involving 28 rovibrational states of Mith v i« p (EBJp)dz(aijExle i(EBJp;RPdR and p(ERJIp)

|:_01 1Tﬁ 3 ac?qlzfo, 2 12ff0h”:0 andj=1,3,..., 13 fzrf defined analogously. For all bound states of both E{é(l)-l
=1. The radial functions of the stlates were generated from, HeH(A), the distributiong, reveal maximal population
an appropriate asymptotic part Of_ tate PES. The maxi- of the v=0 state, exceeding 90% in most cases. This indi-
mal A value allowed wWasnac=3 in (most of the calcula- cates good separability of themotion from theé- and R

'F'O';'Ston (?r\;]er] s;cﬁtes an_ckmalxz_él n th_e calfc tjrllatlons (I)n dOdd motions and justifies labeling the states of both ions with the
| states. Thus, the maximal dimension of the coupled €qugy, . m number,=0. For states of HeHA), the distribu-

tions wasN=124. The coupled equations were usually mte—t.Ons p; show also a dominance of ofestate of H. Thus,

grated within the range of 1-17 A. The energy range covereYLe dominanij value, denoted by, can be used to charac-

|3no(§he _ﬁal(gu'at'(zﬂs Iextentdﬁd&mozn_%ﬂ_‘dg;bs!ow L.jpt. 00 terize the motion in a given statéEBJp) of the HeH,(A)
ch™above the lowest, 2(w=0,]=0), dISSocialion 5 and then an appropriate quantum numizeto label the

limit. R-stretching motion in this state is obtained by counting
nodes in the radial functioR, ,(E®Jp;R).

B. Assignment of HeH } states: Applying natural Obviously, the diabatic representation used in the calcu-

expansion analysis (NEA) lations and suitable for assigning the states of K@l can-

Within the CC-BF-diabatic approach, the bound-statenOt display equally clearly the character of atom-diatom mo-

functions of HeH are determined using the following expan- tion in states of Heb1X). This is because of the anisotropy
9 g exp properties of theX-state PES differing substantially from the

sions. properties of theA-state PES. As depicted in Fig. 1, the
5 Nmax 5 M bending motion in theX state is governed by the potential
W(EBIMp;r,R) = 2 W, (EBIp;r,R 0)0M(a,8,0), barrier at the perpendicular configuration of the He nucleus
A=Nmin

relative to the H-H axis which is ca. 2.3 times higher than
(17) the barrier at the collinear configurations of the three nuclei
in the A state. One thus expects a difference in character of
this motion between states in the energy ranges below and
well above the barrier top. There is certainly a substantial
mixing in the low-energy range. A sizable coupling with the

(18) stretching(R) motion can be expected in the intermediate

The first expansion describes rotation of the SF referencéange, close to the barrier top. Considering a change of the
frame with respect to the body-fixed one whageaxis is  diabatic representation given by EG8), it is expedient to
aligned to the vectoR, andY axis is perpendicular to the Use natural expansions which are kndWf to provide the
plane of the three nuclei, 8, and are Euler angles of the Most rigorous characterization of separability(sfluare in-

rotation ani""”(a,ﬁ,{) is related to Wigner’s rotation ma- tegrable functions in given coordinates. Thus, the functions
trix DY, W, (EBJp;r,R, 6) are reexpanded in terms of natural orbitals

in all three coordinates:

1
%(EBJp;r,R,m:@E > Fun(EBIpR)x, (N 73, (6).
v j(sN)

def] ZJ + l 1/2
®JMp(a|B1§) = |:—:| [DJ* (C!,B, g) Innv
A 1672(1 + 5, MA W, (r,R,0) = >, VahMr)¢M(R,6) and
% |
+p(= 1)*Dyy-y (. B,0)].
The resulting probability distribution among allowadval- l@(R, 6) = E \/’afi)}n(R)ti)\m(e);
ues[Amin=0(1) for p=1(-1) and A px=Jl, m
def o o T . \ . . .
. the orbitalsh(r) for i=1, 2, ... are eigenfunctions of the
pA(EBJp):f deRJ r2drf singde density kernél(o)(r ) 9
0 0 0 A ] i
B 2 _ def T
X|W(EZJpir, R O)f%, % m=1, py(r,r)=rr’ f deRf sinfddo W, (r,R OV, (r',R,6)
0

provides information about the strength of Coriolis coupling
in a given statgEBJp). Existence of a maximum ip, that
exceeds 0.5 is a good criterion for using the maximum posi-
tion, denoted by, as a label of the state. The second expanio the eigenvalueaix which satisfy the relatioEia,-”:pA. The
sion, Eq.(18), gives a diabatic representation of theom-  orbitals fi”m(R) andti”m(e) for m=1, 2, ... come from diago-
ponents of the function of the stat&®Jp) in terms of the nalization of the respective kerngi$(R,R’) and p}(6, '),
matrix elements of the reduced rotation matdk i.e., calculated using the functios (R, #). The common eigen-

= 3 M),
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-500 VN - ) FIG. 1. Left: Cut ofX-state potential
at optimum bond distancesr,

- T =1.0981 A andR.=1.573 A. Zero of
energy corresponds to the He3(k
B B =0,j=0) dissociation threshold. En-
ergy levels of thelJ=0 bound state of
HeH,(I) for 1=0 andl=1 are shown
with solid and dashed lines, respec-
tively. For the four lowest levels, the
splitting betweerl =0 andl=1 values
is too small to be visible in the figure
(see Table Il and Fig.)2 Right: Same
for A-state potentiat,=0.7480 A and
R.=2.387 A.E=0 corresponds to the
He*+H,(v=0,j=0) threshold.
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valuesc), of the two latter kernels satisfy,C},=1 for each  hereafter “vibrational” states. The pattern of the correspond-
i. The numbeta?ci“m times 100% gives the occupancy of the ing energy levels with theiy, and vy quantum number as-
natural configuratiom(r)f} (R)t},(6) in the total function of ~ signments are displayed in Fig. 2. Details on the natural ex-
the investigated state. The aforementioned good separabilifyansions of the investigated functions, such as occupancies
of ther motion from #- andR motions manifests itself by the of the two leading configurations and numbers of nodes in
fact that the largest eigenvalu&?, numbered withi=1, is  their - and R orbitals, are given in Table Il. Some charac-
close top,. Thus, only the configurations witl+1, ordered terization of rotational structure of the few lowest

so thatb;,=Db;,=Db,5=> ... are chosen for further examina- =0,[v],k,p) groups([v]=1-3) is provided in Table IlI.

tion. The numbers of node®,, ng, andny) in the orbitals As displayed in Fig. 1 ford=0 and in Fig. 2 for allJ
forming the most occupied configuratiofwith m=1, 2 are  =k=0-3 bound states of He}X), there is a clear distinc-
converted to vibrational quantum numbeysug, andv,orb.  tion between the energy level patterns in the ranges below
Obviously, v,=n, and vg=ngr. Two numbers are needed to and above the top of the barrier @&t 90°. The patterns foy
distinguish thed orbitals. Namely, for orbitals strongly local- even andj odd states are identical in the lower range but
ized around collinear configurations, being combinations otlepart from each other above. The spacings between the low-
several functionsy,(6) (with j even or odd fol=0 and 1, est levels of the ground stretching stétg=0), i.e., (vy,k)
respectively, it is appropriate to definey=n, and v,=n, =(0,0), (0, 1), (0, 2), and(2, 0), are not much different from

-1 for A +1 even and odd, respectively. Thept\ correlates  those between® 11, 22, and 2 levels of semirigid linear
with the vibrational number of circular harmonic oscillator molecules(or case 3 atom—diatom complexes according to
and \ corresponds to the vibrational angular momentumRef. 25. Above the barrier in states with an excited stretch-
However, if a given orbital reveals smajl mixing, i.e., ing mode, the bending vibrations become more and more
t}m(e)x m(6), then it is most naturally assigned with the delocalized because the} ldubunit of the ion tends to rotate
leadingj value, i.e., withb=n,+\. There is, of course, a more freely. In states withg=3, close to the dissociation
simple connection between the two numbegsand b (b limits of the para- and orthoions, the rotation is essentially
=v,+\ andb=v,+N+1 for even and odd +1, respectively.  free. These states are marked in Table II.

However, by choosing one of the symbols one can indicate  The results in Table Il confirm that in states above the
the type ofé motion in a given configuration; whether it is barrier the separability between the bending and stretching
more like vibrations of a semirigid linear molecule or more modes is considerably reduced. The occupancies of the lead-
like (adiabatically invariantrotations of diatom within an ing configurations in the functions ¢fv]=3, k=0, 1) states,

atom—diatom complex of case 2, cf. Ref. 25. with v,=2 oruz=2, drop by about 20% below the occupan-
cies of (vy,1r)=(0,0), (0, 1) configurations in[v]=1, 2
IV. RESULTS AND DISCUSSION states. This trend is amplified in higher excited stdfes

=4-7) in which an increasing mixing of mostly two differ-
ent bending-stretching configurations is observed. The mix-
All 536 bound states of Hejsupported by the PES of  ing is facilitated by the fact that the fundamental bending and
staté were determined in paper |. The states were classifiedtretching frequencies do not differ much from each other, cf.
into 61 rovibrational groups, designated with the quantumTable III.
numbersl, p, andk, and with a collective indekv] for the The general characterization of the higher excited states
three(r, #,R) vibrational modegdTable KA)]. A closer ex- given here is actually consistent with what was already noted
amination of the vibrational motion is undertaken in thisin the first calculation’s on rotation-vibration states of
work applying the natural expansion analysis of functions ofHeH;(X). The present analysis adds to the previous qualita-
J=k states from the particula¢l,[v],k,p) groups, called tive description a quantitative measure for the size of the

A. Bound states of HeH 3(X)
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TABLE I. (A) Bound state®3=([v],k,J,p) of the HeH(l) ion, =0, 1, on the PESs of thé andA-electronic states. Classification into rovibrational groups
(1,[v],k,p). (B) Count of J«—J+1, J bound—free transitions involved in th¥« A and A~ A processes.

(A) 1=0 (j even 1=1 (j odd

p=1 p=-1 p=1 p=-1
X state k=0 1 2 k=1 2 3 k=0 1 2 3 k=1 2 3
No. of states 103 41 16 67 37 4 106 62 16 2 64 16 2
Max{ v]? 9 4 2 8 6 1 9 8 2 1 8 2 1
Max J° 20 16 11 17 13 6 21 16 11 4 16 11 4
A state k=0 1 2 k=1 2 4 k=0 1 2 3 k=1 2 3
No. of states 103 14 29 63 99 5 52 100 6 14 100 6 14
Max{ v]? 9 2 3 6 9 1 5 9 1 2 9 1 2
Max J° 20 11 16 18 22 8 16 21 7 13 21 7 13
(B) TransitionsR,P,Q=J+J-1,J+1,J
X—A
No. of R,P 311 208 363 156
No. of Q 151 108 177 82
A—A
No. of R,P 283 32¢ 339 231
No. of Q 237 59+102 167 120

qv] enumerates different=k states among the ones assigned with gikeand p. The enumeration is according to energy of the states, starting [frdm

=1 for the lowest energy.

®J value of the highest bound state in thg=1 group.

°Energy threshold of the initial states of these transitions lies at 354.08 cmTable IV. The transitions contribute negligible amounts to the rate constants
at temperatures below 100 K and therefore were not taken into account in the calculations.

ditalic number denotes transitions to bound states of energies above I80oonitted in the calculations.

mixing between the vibrationdb- andR) modes and reveals modes in bound states of HgX), the Coriolis coupling
that in several cases the mixing is substantial. Some care hagtween differend components of the states has been dis-
therefore to be used when attempting to assign rovibrationalussed extensively in the previous studies on the (s&e
states of the HeKHX) ion. Simple extrapolations from the paper | and references therpifexamples of effects gener-
semirigid-molecule model to the excited states above the bagated by this coupling should be noted in Table I, such as the
rier may yield meaningless results. energy splitting betweer- and f-symmetry states and the
Unlike the question about the separability of vibrational cases of the second most occupied natural configurations oc-

FIG. 2. Energy levels of bound “vibrational” states of
HeH,(X). He+H;(v=0,j=0,1,2 thresholds are indi-
cated by tiny dashed-dotted lines. All segmentskin
=1 columns represent two closely spadeif) levels.
(For evenj, the e levels aboveE=0 pertain to quasi-
bound state3. Segments drawn with a dashed line indi-
cate states of predominantly,=2 character. Continu-
ous segments denoig=0 states. The highest levels in
the k=0, 1 columns, indicated by thinner lines, are la-
beled withb=v,+k+1. The numbers is shown only in

-500 -500 | 5

E/cm’

-1000 -1000

-1500

—_—

0
VR

HeH,"(X)
j even
(J=K levels)

-1500

—_—

0
VR

HeH2+(X)
jodd
(J=k levels)

cases of good separability betwe& and # modes
(when the occupancy of the leading natural configura-
tion in the respective function exceeds 80%, see
Table II).
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TABLE II. Energies of bound “vibrational” staté$, [v],k,J=k, p) of HeH,(X). Analysis(NEA) of functions of the states: occupancies of two leading natural
configurations in(r, #,R)-coordinates and quantum numbessand v, assigned to themw,=0 in all cases. The energies are given in"tmelative to the
He +HeH;(v=0,j=0) threshold. The dissociation limits pf=-1 states of He+He}{X;1=0) and of all He+HeH(X;1=1) states lie at 174.20 cthand 58.22
cml, respectively. Fok=1, energies op=-1 states are listed i& columns. Energies of=1 states are shown relative to thei=—1 counterparts ire

—f columns. Fork>0, NEA results ofp=-1 states are shown.

1=0 I=1
k  [v] E et (v % (v)® % E e-f ()" % () %
0 1 -1763.5 00 100 c -1763.5 00 100 c
2 -1037.2 01 99 -1037.2 01 99
3 -632.4 (20 82 (02 12 -630.3 (20 82 02 12
4 -518.1 02 86 21 14 -517.4 02 86 21 13
5 -282.6 21 71 (03 21 -236.5 03 60 22 36
6 -199.2 03 74 22 18 =-172.7 22 60 21 30
7 -98.0 21 54 049 36 -38.5 (0°4) 89
8 -51.1 (0°3) 71 (41 17 31.6 (0'5) 74 2'1) 14
9 -11.0 (0°4) 93 52.8 (0'6) 65 (2°2) 13
1 1 -1123.6 -03 (00 99 -1123.7 -03 (00 99
2 -538.7 -1.4 01 95 -541.3 -1.0 (©1) 94
3 -192.7 -02 (02 69 (21 29 -244.0 -05 (20 70 22 28
4 -132.0 -0.0 21 75 02 20 -155.4 1.1 21 74 (02 19
5 32.4 41 (03 90 -56.5 -0.2 (03 57 22 40
6 131.5 00 (09 79 (22 19 -12.8 04 (22 56 40 28
7 155.0 09 (23 60 (23 28 35.3 1.3 (03 92
8 173.0 95 (04 96 57.6 04 (0% 98
2 1 -511.8 -0.0 (00 80 -510.8 -0.8 (00 85
d (01 17 (01 13
2 -158.6 -00 (01 83 (22 12 -107.8 00 (01 86
3 16.0 91 (02 73 (21 24
4 99.7 0.0 21 68 03 27
5 140.7 0.2 02 71
d (02 13
6 170.2- 02 (03 91
3 1 27.2 9.0 00 56 -5.4 0.0 00 92
d 02 35

dltalic numbers denote quasi-bound states.

PAsterisk marks cases of smalmixing for which the numbeb is better suitedb=v,+k andb=v,+k+1 for even and odtt+I, respectively.
“The second configuration is shown only if its occupancy is larger than 10%.

dConfigurations listed in the second lines occur in k-1 components of analyzed functions.

TABLE IIl. Energies of J=k levels in selected! =0,[v],k,p) states of HeB(X). p=-1 in all k>0 cases.
def

Parameters of fitting to the polynomi(J;k)=E°+B(J;k)-D(J;k)>+H(J; k)% in (J;k) =J(J+1)-k?. Deper-

turbed valuegsee footnoté) are given(in the last two linesfor Coriolis coupled(k,[v])=(1,2) and (2, 1)

states. All parameters are in thm

k [v] (voR) E° B D10* H10P Jia deV
0 1 00 0.00  4.08 3.74 -0.05 0.00
2 01 72629  3.68 2.78 0.72 0.01
3 20 113112  3.88 14.66 -3.38 0.47
1 1 00 635.80  4.09 5.11 -0.14 0.00
1 2 01 122242  2.38 -59.21 -1415.70 139.0
2 1 00 1242.82  4.47 179.80 253.83 35.5
1 2 01 1231.75  3.44 7.80 -1.08 313 0.02
2 1 00 1229.02  3.94 9.09 -0.02 313 0.06

Calculatede(J) values forJ=2-6 were fited to eigenvalues of a*22 (symmetri¢ matrix having diagonal
elements parametrized d&5J;k=1) and E(J;k=2), respectively, and off-diagonal elements in the form
MEMS pe
VI3+1)-2.
Mean-square deviation between fitted and calculated valu&$Jok) for J=k, ..., k+10.
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TABLE IV. Energies of(“vibrational”) J=k states of HeBl(A) below the H&+H,(v=0,j=0-2) thresholds. Assignment with quantum numbefsorrelating
with j number of free H) and u. All energies are given relative to the HeH,(v=0,j=0) threshold which lies 74507 crh above He+H(v=0,j=0)
threshold ofX state.j=1, j=2, andj=3 thresholds of\ state lie at 118.37, 354.03, and 704.83 §mespectivelyp=—1 parity states witth even are bound
up to thej=2 thresholdb odd states of both parities are bound up to jthé threshold. Fok>0, f levels are listed only. Among the boudék states, the
largeste—f energy splitting, —0.3 cn, occurs in the(b,k,uz)=(2,1,0 case.

1=0 1=1
b=0 b=2 b=4 b=1 b=3
" k=0 k=0 k=1 k=2 k=4 k=0 k=1 k=2 k=3
0 -817.0 -55.8 -264.0 -514.1 228.2 -390.5 -744.7 17.4 -2145
1 -538.4 -22.3 -253.9 -168.1 -461.9 76.0
2 -326.3 152.0 -32.9 -13.6 -245.1
3 -177.2 263.6 126.4 76.7 -90.3
4 -83.2 323.9 232.0 114.9 105
5 -3L.9 348.4 295.3 69.3
6 -9.1 320.2 99.4
7 -1.1 345.9 1132
8 353.1 118.2

4n the classification of Table |, this state belongs to (tke0,[v]=6) group. Consequentlib=0, uz=5, 6, 7 states belong to th&=0, [v]=7, 8, 9 groups.

curring in thex=k-1 components of the analyzed functions. A state in Ref. 2; 313 states pertain to HéA;1=0). An

The example in Table Il concerns perturbations in the pro-overall classification of the states is presented in Tat#e |
gressions of rotational energy) levels of closef-symmetry  together with that for the ground electronic state. The uni-
states(k,[v])=(1,2) and(2, 1). The perturbations are shown form labeling of the rovibrational groups of states in both
in terms of the anomalous values of the spectroscopic paramgectronic stategusing the indexv]) is convenient in orga-
eters which result when each progression is fitted separatemzing the rate constant calculations. For a more complete

to a polynomial inJ(J+1)—k2. A simple deperturbation pro- characterization of Hej{A), the quantum numbets, b, and

cedure, described in the corresponding footnote, is applied to . e
this case. Apart from correcting the parameters, it provideéjR composing[] are specified in Table IV. The pattern of

. . L . energy levels ofJ=k vibrational states is shown in Fig. 3.
information on the strength of the Coriolis coupling between_I_ ble V lists th ¢ . tants f f th
the two statein terms of the parametes). able ists the spectroscopic constants for some of the

lower stategb,k,uz) and provides an example for Coriolis
coupling in the system.
The pattern oflJ=k energy levels of Hek(A) shown in
Altogether 605 bound rovibrational states are found toFig. 3 and in Table IV differs qualitatively from that of
be supported by the PES calculated for the excited electronideH,(X) particularly in two aspects. First, in the state a

B. Bound states of HeH ;(A)

800 k=8 kedq a0 k=0 kel ke2 k=3
0 —_ s —ai
600 - 0 4 600} 2 S —
—_—
400 | k=0 k=1 k=2 0 4 ap0}l —_ _ FIG. 3. Energies of(y,=0,b,vg,k,J
e e~ E— = =k) states of HeE(A) with b=0-3
_ 0 T lying below their respective He
200 k — 1 200F 40 ket o i +H,(v=0,j=b) thresholds, cf. Table
—_—__g | S _ IV. The thresholds are indicated by
- k=0 -_— dashed-dotted lines. Seven lowdst
R ety g - oF 3 4 0 - =4 levels are also shown in the left
~ =0 3 panel. All segments ifkk=1 columns
w ’ represent two closely spacéel f) lev-
200 8 4 -200 | J— els. In the left panele levels between
_ 2 j=0 andj=2 thresholds and all levels
— above j=2 pertain to resonances of
-400 | 4 -400 [ 0 = (predominantly Feshbach type. In the
1 right panel, all levels abovej=1
—_— 0 threshold pertain to resonances.
-800 | + 4 -600 | .
HeHz™(A) HeH,"(A)
j even 0 jodd
-800 F—m— —p 4 -800 | VR .
Vg (J=K levels) (J=k levels)
-1000 -1000
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TABLE V. Energies ofJ=k levels in selectedb,k,vg,p) states of HeB(A). p=-1 in k>0 cases shown.
Parameters of the fit to the polynomial listed in Table Ill. Deperturbed values are @ivéme last two lines
for Coriolis coupled(b=2,k=1,u:=0) and (b=k=2,15=1) states. All parameters are in thm

b k i E% B D 10/ H 106 B dev®
0 0 0 -817.03 1.98 3.29 -0.06 0.00
1 278.61 1.74 3.86 0.17 0.09
1 0 0 -508.82 1.85 3.83 -0.19 0.00
1 222.36 1.57 5.32 0.32 0.05
1 1 0 -865.07 2.01 3.35 -0.08 0.00
1 283.04 1.76 3.86 -0.81 0.07
2 0 0 -409.49 1.79 7.76 -3.03 0.02
2 2 0 -899.06 1.96 3.10 -0.06 0.00
2 1 0 -619.95 1.88 20.26 -55.03 8.82
2 2 1 -611.18 1.58 -275.63 -937.16 182.0
2 1 0 -614.25 1.91 3.76 -0.10 0.30 0.39
2 2 1 -616.67 1.72 3.73 -0.12 0.30 0.39

Given relative to the HerH,(v=0,j=b) thresholds, see Table IV. Italic numbers are relative to the values in

Ereceding linegthe stretching frequencigs
See Table Il

‘In the (b,k,1r)=(2,0,0 case, there are only six bouddevels.devaccounts only for these levels.

clear assignment of levels to particulpthresholds is pos-
sible which is due to the fact that the anisotropy of the po-
tential is weaker and that the separations between the threshk
olds are larger. This justifies categorization of the system as ¢
case 2 atom—diatom complex according to the classificatior
given in Ref. 25. Second, levels assigned to a givdmesh- =
old (and to a given stretching stateorm a descending se-
quence fork growing from 0 toj, a feature which is known

to be common among nonrigid complexes with T-shaped
equilibrium geometry.

A direct quantitative comparison of some characteristics
of the spectrum of Hek{A) with their HeH;(X) analogs fur-
ther demonstrates the basic difference between the twc
states. From the numbers in Table V for the spectroscopic
parameterE® a splitting of 365.25 crmt between(b,k, vg)
=(1,1,0 and (1, 0, O states is obtained. Considering this
quantity to be a counterpart of the HEM) fundamental
bending frequency of 635.80 cin(Table Ill), then the ratio
of the two numbers can be viewed as a measure for the‘-‘E
smaller anisotropy of thé-state potential. Apart from this, <
the shallowness and almost long-range binding characte Y
(large R, valug of the A-state potential lead to substantial
differences in the spectroscopic parameters such as muc
smaller stretching frequencies and rotational constBnas
listed in Table V. Finally, the values of the paramefin
Tables Il and V show that the strength of the Coriolis cou-
pling in the A state is much smaller compared to the ground
electronic state.

£

(3]

.
-
o

C. Quasibound states of HeH 3(A)

105} 5
108k 5
107 5
o2l ]
09F 1
300 S | 7
—_y =8 - —
—_—13 9 = =14 -10_1 18 15_ _7 —_—8
L —_ - —5 i
250 7 ® um=, 5
-7z ';3 7 =9 —
— - 20 -
200} 6 p 8 158 j
5 18 12 =
—11 5 -7
- e -18=12_¢
-3 —_— —b
150 —10m= 1 E
0 -5 19 =1 1_—a
=10 —
=15
J =10
100} =20 9 i
- =8 —18 140
501 —19 - =8
¥ -7 =13 _ 1
8 _13—7
=21 -5 —_7 =8
o i) 10=4 —
0120123012345 0 Vg
=0 <« k=0-> <— k=1--> < k=2 -—- > k=4
i, R — b=2 s b=dl

FIG. 4. Quasibound states of H&tA;1=0) in the range up to 300 cth

The ranges of continuum ener@which are important
for the association of Hewith H,(l) at temperatures below
100 K can be estimated as extending up to 300'cabove
the thresholds HerH,(v=0,j=1) at E=0cm! and E
=118.20 cm? for =0 andl=1, respectively. These ranges
were searched for nonbroa@ <1 cnil) resonances with
J=<21 andJ=<22 for =0 andl =1, respectively. Altogether

above the He+H,(v=0,j=0) threshold, cf. Fig. 3. Lower panel: Energies
and dissociative widths of the states. Shown are only states characterized by
I'<1 cnit. The widths are indicated by lengths of the segments; the lengths
are proportional tglog I'| if I'>1075 cm™®. The longest segments represent
widths I'< 1075 cm™™. Full assignment is shown of all states except for the
ones in the leftmost columfsee Table VI foruz and J numbers of these
state$. Upper panel: Radiative widths of shaf(p=<0.1 cni') resonances
associated with th¢=2 threshold. The widths pertaining fo— A process

are multiplied by 18. Crosses representing widths of the lowest-energy

198 such resonances are found; 115 of them are quasibousgtes from particulatk, 1) groups are joined with solid lines.
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TABLE VI. Energies and widths, dissociative and radiatfa# in cm™?), of the most importani-state resonanceés=0,p=1). Maximal contributions of the
resonances to the rate constatX«— A) as a function of temperature is showin s™* cm?) behind the vertical lingT ., in K).

l'*rad
A—A KT ey
k [v] (b %" J res r X10%  X—AX10° Trmax X—AX 106
0 9 07 3 0.32 9.7-2) b
9 4 0.9 0.9
8 (06 6 1.7 0.1
7 (05 97 8 2.16 0.7-3) 0.20
5 (04 11 11.1 0.1
4 03 96 13 7.96 1.2-7) 0.67 0.08 7.6 0.08
4 14 28.0 2.7-1)
3 02 98 16 24.65 3.66) 0.90 0.01 23 0.00
3 17 58.5 0.2
2 01 98 19 50.69 2.6-6) 1.27 0.00
1 00 99 21 19.72 ~0° 1.84 0.00
6 (20 57 6 17.61 1.2-2) 1.13 8.34 17 2.25
6 77 7 42.19 5.8-2) 0.66 7.79 34 0.60
6 71 8 68.51 7.72) 0.62 6.60 46 0.22
1 2 21 89 4 5.25 1.7-2) 1.38 6.18 5.0 7.08
2 86 5 20.66 2.4-2) 1.32 6.13 20 1.10
2 84 6 39.18 3.0-2 1.30 6.22 32 0.47
2 75 7 60.89 322 1.18 6.23 42 0.24
2 70 8 85.95 3.0-2 1.09 5.52 53 0.11
2 9 97.2 0.1
1 (20 61 12 1.54 ~0° 0.85 2.61
1 13 44.2 0.2
1 14 89.8 0.2
2 3 22 94 5 1.68 2.7-3) 2.45 3.48 1.6 26.55
3 65 6 19.23 3.2 1.76 6.36 18.0 1.50
3 85 7 38.12 1.6-3) 2.08 1.95 32 0.18
3 90 8 60.50 8.4-3) 2.04 1.61 42 0.07
3 91 9 85.34 1.72) 1.90 0.33 52 0.01
2 21 72 13 33.26 472) 1.28 0.11 29 0.02
2 74 14 76.92 8062 0.83 0.10 49 0.00
1 (20 93 17 15.52 ~0° 1.07 0.04
1 90 18 77.55 1602 0.00 0.02 49 0.00

40ccupancy of the configuratiaiy,=0,k,b, 1) in the natural expansion of function of the state, see Table VII. In the cases shown, the occupancy is at most
smaller by 2% than the corresponding valuepgfy; no mixing of vibrational(r, #,R) modes practically occurs within the=k component of the function.

PAn empty entry in"2d column means that the resonance was included in the background part of the rate constant for the process indicated.

“The width is much smaller thai*®, see Eq(15) and Sec. IV D

states of HeE(A;1=0). Energies of these states, the quan-selectedX-state resonances extending partly the information
tum numberd, k, v, andJ assigned to them, and the dis- available previously in paper I. Tendencies among r%ﬂ—ﬁ”
sociative widthsl™ are shown in the lower panel of Fig. 4. of individual bound—resonance transitions in reactiof®
The widthsI" of most of the resonanceg80 and 51 forl and (3) are illustrated in Fig. 5. More details on the transi-
=0 and =1, respectively are found to be smaller than tions in the X« A process are presented in Table VIII. In
0.1 cnl. They are treated as sharp resonances in the calcparticular, the two main factors that determiffg according
lations of the rate constants of reactiq@sand(3) and their  to Eq. (14) are listed: the transition line strengffi(3;R)|?
radiative widthsI™9 are evaluated using E¢L4). The mag- and the transition energy fact¢E™s-EB)3, called hereafter
nitudes of the radiative widths and some correlations withS- and€ factor, respectively. Figure 6 provides an illustration
the assignments of the resonances are displayed in the upperthe discussion of th& factors showing probability densi-
panel of Fig. 4. In Table VI, the characteristics determined ofties which characterize the spatial extenRnand 6 coordi-

all 32 A-state resonances in the range below 100'cate  nates of terminal states in three representaB(¥) «— R(A)
listed, such as their positionE™s, the widthsT', I"*{A transitions. Information on selectégk— R transitions in the
—A) and I'"'*(X«A), as well as their complete labeling A< A andX« X processes, analogous to that in Table VIII,
with the numberg, b, g, andJ (p=1 andy, =0 in all casep is given in Table IX.

Also maximal contributions of the sharp resonances to the The energy-level patterns plotted in Fig. 4 are essentially
rate constank(T) of X« A process are estimated. For com- consistent with what one would expect from the character-
parison, analogous information is provided in Table VII onization of the bound-state spectrum of HgH) given in Sec.
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TABLE VII. Selected X-state resonance$=0,p=1). Shown are energieEs, widths I' and '™ (all cm?), maximal contributionsKa,=k®(Tmad (i

stcn) to rate constank(T) of X« X process(Tn in K), and results of the natural expansion analy8l&A) of resonance function§Analyzed were
bound-state functions approximating the quasibound ones. The approximation is rather crude in caSesOwiitbnT™. Therefore the occupanciésolumn
10) of the leading natural configuratiorfsolumn 9 have only qualitative meaning in these cdses

K2 [v? J pres r [rady 101 Tonax KX 1071 (\vyR) %
0 7 8 15.4 3.4-01) 4.50 14.0 1.88 (004 85
5(6) 11 23.44 2.8-04) 7.34 18.0 2.02 (003 79

3(4) 14 29.10 2.6-09) 13.99 205 3.01 (002 74

2 18 83.71 4.7-10) 12.46 46.0 0.06 (001 66

(101 18

43) 12 10.46 5.0-12) 7.73 9.9 0.53 021 45

(101 23

6(5) 9 14.12 2.1-03 491 13.0 2.66 (003 56

021 17

(102 16

1 3 9 27.4 5.6-01) 4.83 20.0 0.81 (002 35
(024 14

(101 36

2 2 8 29.59 8.4-03) 2.13 20.7 0.27 (201 77
3 2 15.92 2.6-03) 4.87 14.0 0.57 (202 73

*These are the labels assigned to the states in Ref. 1 by inspecting solely the progressions of energies of bound and quasibound states. Irgérentheses a
most obvious changes indicated by NEA of functions of the states; compare columns 9 and 10 with Table II.

Il B. There are only a fewb=0 states whereas the majority affects the dissociative widths as can be seen from the non-

of states are the rotationally predissociathw?2 states. Co- uniform variation of the widths of th¢b=2,k=0,u53=0, 1)

riolis coupling appears to cause the exchang@=sb levels  states with increasing. Actually, all the predissociation

between thg2, 0, 0 and (2, 1, ) states and similarly o8  widths are a combined effect of the potential anisotropy and

=6 levels between the2, 0, ) and (2, 1, 2 states. It also the Coriolis interaction. A more detailed, perturbative analy-

sis of these widths will be presented in a future publication.

The present discussion concentrates on the radiative

0122k 0123k widths of the quasibound HekA;1=0) states. For most of
o o themF’ad(X<—A) is in the range of 1F-10° cm™, with the

R ' Ju maximum value of 8.3%10°%cm™ for the (b,k,ug,J)

, ' E— =(2,0,0,6 state. Looking at th&€"24X— A) results in Table
= e VI and Fig. 4 one notices that

won
—~

s (i)  the widths of theb=0 states are at least two orders of

] magnitude smaller than the widths of the2 states,

(i)  b=0 widths decrease rapidly with increasidg

- (i) for b=2 the change of the widths with increasing
: (1r,J) is relatively small for states witk=0, 1 but

“rooer s ] becomes considerably larger amobgk=2 states.

The largesk=2 widths are smaller thak=0 widths.

—
|
-

-500F % -

E /cm™

(A; V] K J)<--
=>(X; vk J)
(A; V=2 k=1 J=4)

In contrast, the ™4 A« A) results are about five orders of
magnitude smaller and their correlation with the quantum
numbers differs entirely from the three items specified above
T for XA transitions. First, thd™@{A— A) widths of b=0

Probability states are comparable b>=2 widths. Second, fob=0 the

» o _ ) widths increase witll and with decreasingg; for example,

FIG. 5. Probabilitied 29/ T of stabilization of a representative quasibound . .
state of HeH(A), R =(1=0,[1]=2,k=1,J=4,p=1) (cf. Table VI, in differ- the value for(0, O, 0, 2] is nearly three times larger than the
ent bound state=(1=0[v],k,J=3-5) of HeH}(X) and HeH(A). Ener-  value for (0, O, 3, 13. Finally, among the stategb
gies of B states are shown relative to the dissociation threshold of theirzzyk,UR'J) which are close in energy and have similar
respective electronic state. The probabilities of stabilizatio®ah all (17 . .
and 14 states(X;k) with k=0 andk=1, and in(3) states(X;[v]=3,k=1) values, the Ia_rgest VYIdthS occur for those .W(FhZ. .
are 21.6%, 70.9%, and 64%, respectively. The stabilization probabilities in A comparison withX-state resonances is also of interest
(4 and 8 states(A;k) with k=1 andk=2, and in(3) states(A;[v]=1,k at this point. The first four examples listed in Table VII,
=1) are, respecuvgly, 70.7%, 25_.4%, and 70%. Note the big difference beassigned Witf‘k+v9=0, are clearly shape resonances, coun-
tween the probabilities of transitions &;[v]=2,k=1,J=3) state and to _ .
[1]=1,J=3, 5 states. The relatively largestfactor of the first transition, ~te€rparts of théo=0 quasibound Stat?S of HgtA). The other
preserving v] numbers, is damped by its smdllfactor, cf. Table IX. examples may be treated approximately as analogs of the

-1500
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TABLE VIII. Bound—Resonance transitions of largest ratesKin- A process. For each transition shown are: assignments of terminal states, Efieofy

def def
initial state (relative toA state dissociation thresholdnd transition energ#™®s-EB+74507 =£* (both in cntb), transition line strengtls=|T(3;R)|? (in
Debyé), andT'2%in (cm™). [T (cm™)/5.3088% 10712 gives rate in S.] Behind the vertical line listed are: contribution of the transition to total radiative
width of R and total number of transitions contributing &

B2 R

[v] k J b k "R J Eres EY3-74 507 Sx10° Iedx10P 29 Tr2d% 100% Nirn

7 0 1 2 0 1 0 139.57 233.41 3.37 2.34 335 13
6 0 6 2 0 0 7 42.19 141.47 3.26 2.26 29.0 30
4 0 1 2 0 1 0 139.57 650.38 3.00 2.12 30.3 13
3 1 5 2 1 1 4 5.25 125.03 2.98 2.06 334 41

3 1 6 2 1 1 5 20.66 110.82 2.73 1.88 30.8 37
6 0 g 2 0 0 & 17.61 146.87 2.58 1.79 21.4 33
b 2 6 2 2 2 ] 1.68 57.65 2.02 1.40 40.1 37
48 0 12 0 0 3 13 7.96 121.13 0.05 0.03 46.0 8

dCorrelations of v] with (vy, ug) are as shown in Table II.

PSee Fig. 5 for full probability distribution in this case, among 41 st&#e$X;[v],k,J=3-5).
“See Fig. 6 for probability density,—(R, §) pertaining to the state.

9Shown as representative of transitions frémk, vg)=(2,2,2 resonances.

°Shown as transition from shape resonance of largest strength.

predissociatingy=2 stateg(although the analogy cannot be In order to rationalize the above observations, it is nec-
strict because of the sizable-R mode mixing, as shown in  essary to examine the partial width§ of the resonances.
the last two columns The radiative widths of théX-state Two examples in Fig. 5 for the probability distributions
resonances, as describing a single-state process, are mué@dlfrad illustrate that there is a considerable selectivity
closer to the widthd ™@{A«—A) than toI"™{X—A). The amongR-, P-, and Q transitions to the different state$
widths I X X) are only slightly larger than the widths =(X;[v],k,J) or B=(A;[v],k,J) which can stabilize a given
"X A). Also, no clear cutoff is seen between the valuesresonancé? =(A;[v],k,J). In both transitionsA« A and X

for k+v,=0 and fork+wv,> 0 resonances. However, there are — A a strong propensity is observed preserving the nurkber
also some noticeable differences between the radiativewvhich also exists inX« X transitions. The propensity is
widths of the resonances iK«— X and A—A processes. due to the properties of the dipole vector operators tdéd,
Namely, the largesf™{X— X) pertain to shape resonances. i.e., nonvanishing dipole transition amplitudes can only arise
These widths do not behave as monotonically with decreadetween components of the states with the samealue.

ing g as the widthd{A— A) of b=0 states. Transitions changing are thus only possible if Coriolis mix-
0 0 —— 0 ——
10 0rbkvgd)=(211, 1 'Otkvyd=(2225) 1
20 20+ h=1- 1 20r A=2 7
/
g 30 80F  E-5.25(m 1 O E-te8em! T
5, 40 401
B 50 50 |
@ 60 60 |
70 701
80 80 |
90 90
0 0
10 10}
20 20 L
o 30 30}
(]
S 40 40t
B 50 50 |
© 60 60 |
70 701
80 80 |
90 1 1

! L %1 1 a0 I I 1 a0 L Y \
1 15 2 25 3 35 4 1 15 2 25 3 35 4 1 15 2 25 3 35 4
R/A R /A R/A
FIG. 6. Probability densitiep,(EJp;R,8)=/r?dr|¥,(E,J,p;r,R,0)|* for the largestx components of terminal states in three representative bound
«—resonance transitions X« A process, cf. Table VIII. Making use of symmet#, (- - -7— 6) =(—)""*¥, (---), the densities are shown only in half of the

range ofé. The contours are shown with a step of 0.05. The integrated valuage 0.59, 0.92, and 0.97 for the upper stdtésTable VI), and 0.88, 0.90,
and 0.89 for the lower states.
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TABLE IX. Selected bound-resonance transitions i< A and X« X processes. All quantities are as in Table VIII.

B R

b k "R J b k "R J Eres & S Iiedx 10t 2 rradx 100% Nirn
0 0 0 20 0 0 0 21 19.72 68.35 348) 1.858 100 1
0 0 1 18 0 0 1 19 50.69 50.91 4511) 0.990 77.8 3
0 0 2 15 0 0 2 16 24.65 35.00 506) 0.418 46.7 7
0 0 1 14 0 0 3 13 7.96 201.32 0.HD) 0.145 21.8 11

%0 0 3 12 22.29 7.821) 21.7
2 2 1 6 2 2 2 5 1.68 193.10 5.031) 0.604 24.7 24

o 2 2 4 14.34 3.281) 0.7

2 1 0 5 2 1 1 4 5.25 221.43 2.861) 0.517 37.4 28

& 1 1 3 12.31 3.02-1) 0.7
2 1 0 9 2 2 2 8 60.50 175.78 6.7%1) 0.607 29.8 20
2 2 1 8 2 0 0 7 42.19 182.09 2.02) 0.203 31.0 20
2 0 0 1 2 0 1 0 139.52 191.41 768) 0.886 72.0 11
2 2 2 2 2 2 3 2 126.46 159.32 1(1®) 0.793 32.7 29

[v]® k J [v]® k J

1 0 20 1 0 21 31.72 154.98 8.08) 5.55 100 1
1 0 17 2 0 18 83.71 636.84 1.651) 7.09 56.7 3

) 0 17 114.88 1.271) 25.7
1 0 13 4 0 14 29.10 1063.46 26®) 4.09 29.3 8

& 0 13 72.64 1.9¢-1) 8.8
1 1 10 6 0 11 23.44 734.54 2.67) 1.56 21.3 16

% 0 10 42.36 3.081) 5.2

f1 0 10 1343.16 2.963) 15.9

*Transition fromR characterized by the largeStfactor, shown only when it does not coincide with the transition in the upper line, giving the &ig#st
~&S.

PProbability distribution among aM,, statesB=(A;b,k, v, J) is shown in Fig. 5. Note thab,k, ug) corresponds t¢[v]=wvz+1,k) for b=2, k=1, 2 and for
b=k=0, 1y<4, cf. Table IV.

°Example of transition changinig number. See Table VI for information an mixing in R state. A mixing of similar degree, betwear=2 and\=1
components, occurs iff state.

“This resonance and the three following examples cannot be stabilized by pure rotational transitions.

Tvl=1, 2, 4, 6 correlate with,=0, 1z=0, 1, 2, 3, cf. Table II.

Mransition withAvg=3; striking example of the role df factor in determining™ 2%/ T"aq,

ing of different\ components in terminal states takes place.overlap very little. But excitations in the mode of 5 states
An even stronger selectivity i8R transitions is associ- reduce effectively the displacemeAR.. With growing £,
ated with[v] numbers of the states, cf. the caption of Fig. 5.the respective functions extend to increasingly larfgetis-
This selectivity is different in the three processes consideredances and therefore the chances to overlap with functions of
The main difference shows up in the transition energy conR states increase. It should be noted here that only ground
tribution to the rate%l“[?d. In X—A these€ factors are big vibrational B states exist withl® high enough to be reached
and practically constant, cf. Table VIII. So, they determinein transitions fromR states characterized by=21-19.
the overall magnitude of the rates but hardly influence anyTransitions to vibrationally excited states with=2 andwg
relations between them which are almost completely deter=3 become possible for resonances wits 14 andJ<12,
mined by theS factors. In the single-state processes, he respectively. This explains the observation in itém listed
factors vary by several orders of magnitude and contribute tabove. The majority ofR states with excited bending mode
relative rates of3<— R transitions as significantly as thi®  and energies in the range of interest here are characterized by
factors, cf. Table IX and the last paragraph of this subsection]<12, cf. Fig. 4. Thus,5 states of the most delocalized
The S factors reflect the overlapping between resonancéunctions (largest 18, large #~R mode mixing can be
and bound-state functions, or rather between their respectiveached in (k,Jt1)<(k,J) transitions from (b=2k
\ components. There are obviously correlations between this0, 1,2 u,J<12) resonances. In addition to that, a consid-
overlapping of the functions any] numbers assigned to erable shift toward#9=0, 180° localizations takes place in
them. In X< A these correlations are quite different from the (b=2,k=0,1) resonances, cf. Fig. 6. Both displacements
those in single-state process€ly and (3) because of the AR, and A6, are thus compensated. This causes the large
large geometry rearrangement associated Wih A transi-  increase ofS factors of transitions fronb=2 resonances
tions, particularly the big changes in the equilibrium valuescompared to transitions frofh=0 resonancegcf. Table
of the two atom-diatom coordinatedR,=0.775 A and VIII) and explains observatiofi). Figure 6 shows also that
A6,=90°. Due to the large geometry change the ground vithe overlap conditions forb=2 resonances deteriorate
brational state functions of the initial and product iofs, slightly whenk increases from 0 to 2, observatigii).
=(A;b=0,k=0,151=0,J) and B:(X;v(,:o,k:O,vE:O,JB), In the A— A and X« X processes, the largeStfactors
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pertain to transitions which preserve all vibrational numbers
[v] of the initial statg(in addition tok, of course. They areP
transitions from the lowest resonance§]>k) atop the par-
ticular ([v],k) groups of bound states on the respective PES.
Table IX shows the increaséwith wugz) of the factors
S(A[v]=0) of (0,0,1,J-1)«(b=0,k=0,15,J) transitions

in A—A and X— X processes. The increase reflects mostly
the R dependence of the dipole moment vector fieldAef
and X states® The values ofS(A[v]=0) for (b=2 k,v),J)
resonances are smaller but remain within the same order of
magnitude as the values ftr=0 resonances. Most of the
B+ TR transitions in the processes change the vibrational
numbers, especiallyzr. Changes ob or v, (in X« X) occur

in transitions fromb=2 or v,=2 states labeled wittk=0.
From k>0 states, such transitions are possible only because
there are admixtures 0of=0 componentS factors of A[v]

#0 transitions are distinctly smaller than the factors of
A[v]=0 transitions. ForAb=2 transitions they are very
small, comparable t&(Avg=3). In general, the decrease of
the transition strengths with growinguz or Ab(Av,) is
slightly faster inA«< A than inX«— X.

- N
[S B ST |

k*10"® /5 'em®

05

J. Chem. Phys. 122, 224321 (2005)

total

00

resonances mwome- o

I o T EP R

Finally, some details on the role éffactors of B—R in 0 20 40 60 80 100
the single-state processes are addedA[ln|=0 transitions, T . T T
the factors depend on the amount of the released rotational
energy,£=(2BJ)3. £ factors of transitions changing in-
crease approximately likeAE®)3. Thus, even the largest fac-
tors £(A[v]=0), pertaining to transitions from resonances
with largeJ, are significantly smaller than the factors of pos-
sible Avzg>0 transitions from the same resonances. Obvi-
ously, the difference betweehfactors of pure rotational and
(ro)vibrational transitions becomes larger whkis decreas-

ing andAwg is increasing(more in X+ X due to the larger , . . .
AE®/B than in A—A). The dominance of(Ausz>0) over % 20 20 60 20 100
E(A[v]=0) in X« X transitions is so big that it always over- T/K

ride_s the relations betwees) factors Qf transition_s. DeSpite_ FIG. 7. Rate constantsof A« A, X« A, andX« X processes at tempera-
their large strengths, the purely rotational transitions contribyyres below 100 K. Shown are also the resolutitms@+k! and k=~ ks

ute much smaller amounts to the total width84X«— X) +kPak The crosses denote results of calculations in which the five lowest
than the vibrational transitiorisee examples in Table )Xin ~ 1¥ing b=2 resonancescf. Table V), at E*=1.7, 5.2, 17.6, 19.2, and
the A— A process, the factors have generally smaller jm- 207 €™ were shifted dowriupper crossgsor up by 2 cm-.

pact on the probability distributiod&2%/I""® amongB states

available for a giverk state. This is most clearly seen in the ranges 0-300 and 118.20-300 ¢nfor 1=0 and1=1, re-
cases of hight shape resonancegompare the first four spectively. In these ranges, the possible initiaj, | states
cases in Table IX with theiX-state counterparts in the lower are =0, j=0,1=J(p=1) for 1=0, and j=1,I=J+1(p
part of the tablg The purely rotational transitions frod  =1) |=J(p=-1) for I=1. All possibleJBpB— Jp transitions
=19, 16 resonances dominate over the vibrational transitiong x. A and A—A processes are counted in Tabl®)l

not only in their strengthsS) but also in their rate§~SE).  Among the total number 1556+1866 of these transitions,
nearly one-third could be omitted in the calculations, mainly
. because continuump=-1 parity states of HerH,(1=0) are

D. Rate constants and emission spectra negligibly populated at temperatures below 100 K.

The resonance parts &T) and Z(v,T) for the X< A Results of calculations performed in this work and those
and A+ A processes, including contributions from the sharpobtained previously in paper | on the temperature-averaged
A-state resonances mentioned above, are evaluated accordicitaracteristics of RA processEs—A, A—A, andX«+— X are
to Egs.(15) and(16). The factord™ /"™, “cutting” the sharp-  presented in Figs. 7—10 and in Table X. In the three panels of
est resonances, are used in the same form for both processggy. 7 the rate constant functiokéT) of these processes are
with To=T+T"adX—A)+I"YA—A). Resonances with shown for the temperature range of 1-100 K together with
widthsT larger than 0.1 cnt are included in the background their para- and orthocomponents and the contributions from
contributions to the above quantities. For these backgroun@harp resonances. The corresponding emission intensity
parts, the transition amplitudéléjjl(EBJBpB;EJp) are evalu- functionsZ(T) are plotted in Fig. 8. Figure 9 compares at a
ated at appropriate energy grid points which covers theselected temperature of=20 K the partial ratesk?[v]vk)
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FIG. 8. IntensitiesZ(T) of photon emission iM«—A, X«—A, and X—X photon energy (cm'’)

processes at temperatures below 100 K. o
FIG. 10. Emission spectra ok<—A, A—A, and X« X processes af

=20 K. Plotted are the average spectrum densitiE5Av;T)
def ) ) ) =L [ (p, T)dy, with Ap=50 cmi® for XA and X—X and Av
:EBE([U],k)k% for the formation of the product ions in the =25 cnrfor A< A. The corresponding integrated intensiti&3 = 20K) are
rovibrational states belonging to a given groip0,[v],k)  2.0x10°% 4.0 10, and 3.2< 10*°W cn¥, see Fig. 8. Photon energy in
and in Fig. 10 for the same temperature the spectra of phd?® X« A process is shown relative to the energy segaration betwegk the
tons emitted in the three processes are compared. Table %dx'smte dissociation thresholds which is 74 507tm
finally summarizes in numerical form the results of the
present(X« A) andk(A« A) rate constant calculations. nances in the energy range limited by the Boltzmann factor.

The results display two main differences between thdf sharp and nonbroad resonances are counted together, their

X« A process and the two single-state proceskesX and total numbers can be estimated to be comparable inkthe
A< A: First of all Figs. 7 and 8 clearly demonstrate that the@nd A states(at least in the energy range up to 175¢m
temperature functions of the rate const&(T) and of the above their dissociation threshold$he radiative widths re-
emissivity Z(T) are orders of magnitude larger fot—A main thus the main reason for the difference of five or four
compared to the other two reactions. Further, the populatiofrders of magnitude seen in Fig. 7 between the valuds of
of vibrational states of the product ions and the shape of thér XA and for the two other processes. The additional
emission spectra are totally different. The order of magnituddéwo orders of magnitude in the difference between the emis-
of k(T) in the considered temperature range is mosﬂy deterSion intensities seen in Flg 8 are essentia”y due to the fact

mined by the number and the radiative widths of the resothat the transition energies enter the expression for the inten-
sity to the fourth power. A comparison of the shapes of the
S functionsZ(T) andk(T) shows that they are almost identical
I o ",.,.M=2_ for the two-state process and differ fx— X and less no-
o Py ticeably forA—A. This is obviously a manifestation of the
1016 | X< A ‘:’f—ﬁ' N A role of the€ factors of the radiative widths discussed in Sec.
= i IV C. Turning now to the differences in the vibrational-state
- ) e A - populations and the emission spectra, Fig. 9 shows that in the
e 8 o A ; X« A process the ion is formed in a few highly excited
R e ] (most delocalizedvibrational states, such &bv], k)=(2,2),
2 - P (3,1, (6,0, (5,0. A high maximum in the intensity of photon
< emission occurs at energies not much largby about
' 100 cm!) than the energy separation between fheand
X-state dissociation thresholds. Almost no intensity is seen in
Fig. 9 in the photon energy region which would correspond
to the formation of states localized within the collinear wells
of the X-state PES. In th&X« X process, however, the situ-
ation is quite the opposite. The ion is formed preferentially in
the low bending and stretching states and therefore almost all
the emission intensity is placed in the region above
. "800 e o 500 cm_‘l. _Sim?lar to the situation @rxgx is the vibrational-
E(J=k) /om”’ state distribution of the product ion ih—A. The states of
HeH,(A) lying in the lower part of theA-state potential well
FIG. 9. Partial rate constanBs(,;k%(T) at T=20 K for the formation of ~ are mostly populated. The shift of the maximum population
Hin*(fX) a_rg)d ltﬂeHI(IA)t (?pen fsy;ﬂglol)slinsdifferent tglrour)IS(l=0,E}|v],_k,lo off the lowest state is only a quantitative difference. The
o o b e e srapopUlaton of the excited states rops evidently wihen they
gies of J=k states from the groupiselative to the dissociation threshold of @PProach the dissociation threshold. This is reflected by the
the respective electronic state, cf. Tables Il and IV. emission spectrum calculated for the— A process where

102

-1600
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TABLE X. Rate constantk for X—A and A—A processes, in I® and in 10%° s cn?, respectively, as
functions of temperaturg, in K.

X—A A—A
T k T k T k T k
1 25 16 15 1 1.8 16 0.8
2 3.3 18 1.4 2 2.3 18 0.8
3 3.1 20 13 3 2.0 20 0.7
4 2.8 25 1.2 4 1.8 25 0.7
5 25 30 11 5 1.6 30 0.6
6 2.3 40 0.9 6 14 40 0.5
7 2.1 50 0.7 7 13 50 0.4
8 2.0 60 0.6 8 12 60 0.4
9 1.9 70 0.5 9 11 70 0.3
10 18 80 0.4 10 1.0 80 0.3
12 1.7 90 0.4 12 0.9 90 0.3
14 1.6 100 0.3 14 0.9 100 0.3

the intensity turns to be very small on both sides of theFour additional resonancé¢g,1,1,4, (2,0,0,6, (2,1,1,9, and
spectrum. The differences discussed here reflect most closel2,2,2,6 are also very important at low temperatures as it
the differences between individual resonance-bound transfollows from the values fok™YT,,,) in Table VI. Together
tion rates in the processes discussed in Sec. IV C. with (2,2,2,5 they make about 90% of the entire resonance
There are other features, however, where the two proeontribution tok(X«— A) at temperatures around 20 (énd
cesses starting from th& state, X< A and A«—A, behave 70% at 40 K.
similarly but differ from theX« X reaction occurring en-
tirely on the X-state potential. Two items are especially dis-
cussed here: the contribution of transitions from sharp reso-
nances to the rate constak(fl) and the shape of thi(T) V. FINAL REMARKS
function at low temperatures. The contribution of sharp reso-

nances td(T) ranges forX—A from 86% at the maximum {ions of electronic energy potentials and dipole moment

of the rate constant curve aroufie-2 K to 57% at 100 K fynctions are performed on a highly accurate level ensuring
and forA<—A it is even larger at the rate constant maximumynat the accuracy of the radiative widths of thestate reso-
with 88% dropping to 44% at 100 K. These contributions arengnces and hence the overall magnitudé(@ are reason-
sensitive mostly to the attributes of the resonances whiclple. Most uncertain in this context is the shape ofkt®
depend on the molecular interactions within the initial elecynctions forX« A andA+« A at low temperatures due to the
tronic state. The dissociative widths decide about how fact that the positions of the resonances just above the dis-
many resonances can be separated from the background aggtiation threshold are very sensitive to inaccuracies in the
how accurately this can be done. There is no major differasymptotic regions of the calculated potential surfaces. As
ence between the widths of the and A-state shape reso- pointed out in Ref. 2, the accuracy of the PES for Ahstate
nances. The other resonances are, however, definitefy comparable to that for th¥ state used in paper I. In the
broader in theX state which is due to the stronger coupling discussion of paper I, near-dissociation vibration-rotation en-
between the bending and stretching modes. It is stated igrgy levels of thex state were compared to the energies from
Secs. IV A and IV B that th-state complex belongs to the the potential of Ref. 11. The largest differences were found
higher anisotropy class of atom-diatom complexes than thgy be close to 2 cit. Using this difference as a maximum
A-state complex. The contributions of low-energy resonancemaccuracy measure of the near-threshéldtate energies,

of comparable radiative widths strongly depend on their actest calculations were performed to check how this inaccu-
tual positions. In the range below 20 tnthe maximal con-  racy can possibly influence the rate constant behavior as a
tributions of resonances t¢T) scale like(E™®9™3/2 cf. Table  function of temperature. The effect on the—A rate con-

VI. Discussing the shape of tHgT) functions at low tem-  stant curve of shifting the five most influential resonances up
peratures, Fig. 7 shows that tHéX<—A) and k(A—A)  or down by the 2-crmt inaccuracy margin is indicated as
curves are very similar in this temperature range and haverosses in the corresponding panel of Fig. 7. The function
nearly identical sharp maxima at temperatures-@fK. The  k(T) in the maximum region is thus lowered considerably, by
shapes of the&(T) functions are extremely sensitive to the about 50%. Therefore, in terms of a discussion of the accu-
positions of the low-energy resonances. The curvature of theacy of the present results, the values provided in Table X for
peak in the individual functiokz,_(T), cf. Eq.(15), scales the rate constant below 10 K should be treated with some
like (E™9~7'2 (for low E™9. The positions of maxima in the caution. However, taking the accuracy limitations of experi-
functionsk(T) for X«<—A and A—A are determined by the mental rate constant determinations into account, such an
energy of one resonance, k,vz,J)=(2,2,2,9, at 1.7 cm™. uncertainty of the theoretical result does not pose a serious

The present calculations and the preceding determina-
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