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Rigorous state-to-state quantum calculations of the dynamics of the radiative association reaction
He+H; —HeH, + hv are performed. For this purpose the appropriate methodology is described in
detail and computational aspects facilitating the actual calculations of the resonances and the
free-bound phototransition amplitudes are discussed. Under the assumptions that the reaction is a
single-state process proceeding entirely on the ground electronic state potential energy surface of
HeH, and that higher dissociation channels of the ion complex can be neglected, all resonances
contributing to the association are determined and the rate constant as a function of temperature is
calculated for the low-temperature intervakZ<100 K. Its maximum value is predicted to be
small, 2.1x 10" 2° cm®s ! at a temperature of about 20 K. @003 American Institute of Physics.
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I. INTRODUCTION between highly excited rovibrational levels close to the dis-
sociation limit microwave spectral observations were re-

The dynamical processes in low-energy ion—moleculeported by Carrington and co-workefs:22Attempts to assign
collisions of various combinations of hydrogen atoms andhese transitions with the help of some of the best at that time
moleculegboth neutral and ionjowith helium ions or atoms  existing ab initio potential energy surfaces for the ground
have been studied intensively in the past because thelectronic state were essentially unsuccessful due to deficien-
[HeH,]* ensemble is one of the most simple many-electrorcies in the theoretical description, especially of the long- and
systems which allows for direct comparisons between exthe anisotropic short-distance interactions between He and
periments and high-level theoretical treatménishas also  H, . These failures have triggered a number of recent theo-
been argued that a comprehensive knowledge of these pregtical attempts to evaluate more reliable interaction poten-
cesses can provide theoretical rationales for various phenortials for the HeH systemt®**and to improve that part of the
ena observed in astrophysical environments since hydrogeground-state potential which represents the Hdétmation-
and helium are the most abundant interstellar elenfents. ~ destruction reaction HeHj =HeH" +H.? Most recently,

A number of experiments were performed to determinecalculations on an accuracy level similar to that in Refs. 13
reaction rates for different exothermic inelastic processes o&nd 14 were completed in which the potential energy sur-
curring in He' +H, collisions under conditions simulating faces of the ground- and first excited states of KleMere
astrophysical environments® and absolute rate constants at determined simultaneouslty. Accurate potentials for both
ultralow energies for some of these processes were measurélgctronic states are needed to investigate the radiative
by Schaueret al® In He+H; collisions the endothermic charge transfer reaction
!oroton abstrgcuon process Iead_mg to the formation of HeH He* +Hy— He+ H +ho, 1)
is of some interest in primordial gas models because the
reverse exothermic process could be an efficient depletiowhich could be of considerable interest in primordial gas
reaction for HeH . It has been studied experimentalsee, models because it has a rather large cooling effect.

e.g., Ref. 7 and has received intensive theoretical attention  Making use of the ground electronic state results of these
over the past few year¢ésee Refs. 8, 9, and references recentab initio calculations;’ the present study gives a de-
therein). tailed state-to-state description of the dynamics of the low-

Due to the experimental difficulties to produce stabletemperature radiative association reaction
HeH, ions in their ground electronic state, reliable high-
resolution spectroscopic information for the bound rovibra-

tional energy levels is still missing. Only for some transitionsp ;s tg the low binding energy of the HgHassociation com-

plex, the rate constant of this reaction can be expected to be
3Electronic mail: felicja@phys.uni.torun.pl rather small. However, the reaction is used here as a conve-

He+H, —HeH, +hv. 2
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nient first test case on which the present theory for triatomiavhere k(T) is the radiative association rate constanfs-
association processes can be applied. For this purpose andsasningR;_; to be the rate of transition of a HeH, pair
a reference for later studies of the more complicated radiafrom a continuum statg) to a bound stat¢) due to sponta-
tive charge transfer reactiq), a complete overview of the neous emission in the atom-diatom association, this rate
methodology is presented here and some computational asenstant can be expressed as
pects in the calculations of resonandesd their contribu-
tions to the rate constantand in evaluating transition am-
plitudes are discussed. k(T):Ef 2' Rei Pi(T). “)

In the present calculations it can be safely assumed that

the association reac_tio(ﬂ) is completely determined by the The rateR;. ; is given by the following golden rule-like
ground-state potential of the HgHcomplex. The ground expressioft (accounting for the matter—radiation interaction

state is well separated from the first excited state having thg, first order of perturbation theory and assuming the electric
same symmetry, and there are no nonadiabatic couplings bgipole approximation for this interactipn

tween then® over the entire range of geometries relevant for

the association reaction at low temperatures. Such a process 2 haog

is therefore called a single-state process. A further assump- RfH:TE m|<f|€g'd|i>|25(5f— Ei—fiwg), (5

tion made in this study is that the existence of the higher a =ro

dissociatipn channel leading to HeH H. can be neglecteq. whered is the electric dipole moment of the HeH, system,
becau_se It Opens atan energy exc_egdmg by far the coliisio ; €, for v=1,2, andwy=cq denote, respectively, the wave
energies considered here. Finally, it is assumed that the COUactor. the polarization vectors, and the frequency in one
pling of the electronic and nuclear spin states with the angu-, - e ,of the emitted radiation. is ,the speed of lighty is the

lar momentum states can be ignored because the effects d '

. ) (L,JSvity volume, andeq is the electric permittivity in free
to this gﬁuphﬂg are too small to be relevant for the presengpace(lmw in electrostatic units E; andE; are the energies
purpose:

. . of the initial and final molecular stateg) and [f), respec-
Apart from a number of rigorous quantal studies of theti B ) P

dyna}[rnlcssua;::d ratt(.a clotnstatnts c;f atfo tr;: ic radiative ass_oc:|at||on The Hamiltonian of nuclear motion of the HeH, sys-
reactions,” theoretical reatments of these processes N POlytay, iy the center-of-mass reference frame can be expressed
atomic systems are so far essentially based on the phaseH_H YV whereH- d bes th i ¢ int
space approach®or statistical rate theordf These theories 257~ Mo™V, WNeréH, describes the motion of noninter-

are mostly not able to account in detail for quantum-acting He and Bl subunits and/ is the interaction potential.
phenomena and their contributions to the process. Theyhe Hamiltonian is most conveniently represented in the
should therefore be supported by truly quantum-mechanicaiPace-fixedSF) reference frame using Jacobi coordinates,
calculations. The present paper presents the first rigorous déé; ,¢,):=Ff, R, (6r.¢r) =R, which denote the lengths, the
tailed quantum state-to-state study of a triatomic atom-spherical, and azimuthal angles between the vectarsdR
diatom radiative association reaction. It is the first one of goining, respectively, the nuclei in Hand the nuclear center
series of forthcoming studies of such processes in the weakl§f mass of this ion with the He nucleus. In these coordinates
interacting He- H; and He + H, systems and in other more Ho consists of two commuting operatorsty(r,R)
strongly bound atom-diatom systems which are now in=Kue_y R) +Hpp+(r), where Kye_pyi(R) is the kinetic
progress. energy operator of the relative HeHnotion

_ 32

KHe—HH(R):_AR:i ?(R)+ I2(R),
2u 2u

Il. FORMULA FOR THE ASSOCIATION RATE 2,LLR2
CONSTANT
_ ) with p(R) and| denoting the radial and angular momenta

In ord_er _to denve_the expression for the rate constant OBperators, angs being the reduced mass of Hél; , and
the association reactiof2), we consider here a gas at ther- iy . (r) is the Hamiltonian of the rovibrational motion of
mal equilibrium with temperaturd containingN,, He at- H2+. This Hamiltonian can be expressed againHag,-(r)

+ & T

oms andNH2+ H, ions. The number of HeH, pairs in the _ Ky_n(r) + Vi« (r), whereK,,_(r) involves now the op-
gas that occupy a given stdtpof ro-vibro-translational mo-  eratorsp(r), andj(f), and the reduced mass of, H
tion in the center-of-mass reference frame is given by  Continuum states dfi, or strictly speaking, the station-
Ni(T)= pi(T)NHeNH;:VPi(T) Nhehs s wherep;(T) gives  ary scattering states of outgoing wave type being of interest
the occupation probability of the stdig V is the volume of ~here, are defined by referring to statestif with a definite
the gas sampleny.=Ny./V and nH2+=NH2+ IV are the re-  momentum of the R motion, (Rrf|Ekvjm;)

spective number densities. The number denaimH; of  =Vpexpk-R(rfjvjm;), wherek denotes the direction of the
HeH; ions in the gas which are formed in reactit) in- ~ \Wave __vector k  whose length is k,(E)
creases then as =\(2ul#?) (E-&,j), &, denotes the energy of thejm;)

state ofHy+ with v andj being the vibrational and rota-
in = K(T) Nl 3) tional quantum numbers, respectively, angdis the quantum
dt et He''Hy» number associated with the operatgithe projection of the

Downloaded 28 May 2003 to 158.75.5.21. Redistribution subject to AIP license or copyright, see http://ojps.aip.org/jcpol/jcpcr.jsp



J. Chem. Phys,, Vol. 118, No. 23, 15 June 2003 Radiative association of HeH; ~ 10549

rotational angular momentum of;Hon space-fixed: axis. ~ whered,, for x=0,=1 denote spherical components of the
The factoryp=uk,; /(27%)° assures energy normaliza- vectord, do=d;, andd. ;= (1#2) (d,*idy).

tion of the states After performing the operationEijMdeIZ in the ex-
pressions for the rate constant E¢$—(5), the summation
j dR(v’j ’mj’|<E’I2’|EI2>|vjmj)=5(E—E')5Ujmj i over the radiation modes is done in the usual mafhke,,

® by replacing:Xq,— Vl(w203)qu_2dwq. Finally, the appro-
priate population factoP;(T) which has to be inserted into

The scattering state off which evolves from the state EQg.(4) is given by’
|ERvjmj) (under the action of the Moeller operat@r”, cf. E
Refs. 22, 23is denoted b)JE*,IA(vjmJ) where the symbols ex;{ )9'
behind the comma refer to quantum numbers which are not P'(E,T)=A3T)
preserved by the interactiow.

Thus,|i):=|E*,kvjm;) and the sum over the initial state with
in Eq. (4) should be understood és::dedeEUjEmj. The . €]
final state ket is specified af):=|EBJ®M®Bp®), accounting Zint(T):UEj 9;(2] +1)exr{ - kBT>’
for the fact that bound states éf are simultaneous eigen-
states of the operatord=(j+1)2, J,, and of the spatial Where \=+27%%/ukgT is the thermal de Broglie wave-
inversion operatofl with eigenva|ueg'12JB(JB+ 1), ﬁMB, Iength associated with the relative motldq, is the Boltz-
and (- 1)JBpB, respectively. The sum over the final statesMann constan?' is the statistical weight (O)f the nuclelar spin
therefore involves summation over different bound state enStates of H.g'=1/43/4 forl=0,1,9;=g" andg;=g" for
ergy levels and summation over magnetic substates | €ven and odd, respectively. _
=3 55 5. Obviously, the index3 is a composite one. Be- 'I;h_e resulting rate constant for the formation of the
sides the good quantum numbéfsandp®, it includes four ~HeH ion can then be written as the sum
approximate quantum numbers which can possibly be uti-  k(T)=Kko(T)+Kk(T),
lized to identify energy levels of HeH. ) )

Now, use can be made of the expansion of the scatteringfnere the terr+n:.k'(T) (1=0,1) describe formation gbara
state|E+,Rvjmj) into partial state®2 [E*IMp,vjl) hav- andortho HeH, ions, respectively, and the formula for them

ing well-defined quantum numbers), M, and p reads

=(—1)1""*J related to the operator¥, J,, andZ, respec- | |
tively k(T>=§ JZp (2J+1)J dEP'(E,T)

IR (B;EJp)

JE ©

Eduim)=3, S S £ mpoi) .
M p==11i(p) dR'(B;EJp) 4

£ =334 EE® TaL Ty o(E®I°p%EJp).

—

X D i'C(jlI,mmM) Y, (K). 7
m Ti..r denotes a column vector containing the reduced pho-

Here,| is the angular momentum quantum number of thetotransition amplituded; with j even(odd) for I=0(1).

relative motion, the sum ove(p) runs in steps of 2 from Obviously, the rate constaiid(T) can be further resolved

|[J—j|+ (1—p)/2 toJ+], the symbolC(...,...)denotes the according to

Clebsch—Gordan coefficient, aidrepresents spherical har-

monics. Applying the Wigner—Eckart theoréfhone can k'(T)=E 2 k'BHJ-(T), (10

show that(see, e.g., Refs. 25, 26 B o]

into the terms
> > | dk|(EBJEMBpE|el-dET kujm))[?

IR'(B;E,vj
o k'Bij<T)=deP'(E,T)%,
1
=§JEP (23+ 1)% |T,;i(E®I®p®EIp)|?, where the quantity 9R'(B;E,vj)]/JE dE has the meaning

of the rate of formation of the HejH{1) ion in a defined state
whereT,;; (EBJ®p®;EJp) denotes the reduced freebound B when the total energyin the center of magsof the ini-
phototransition amplitude. When this quantity is nonzerofially unbound and noninteracting HeH, system is be-
i.e., forJ=J8, JB+1, andp:pB(_l)HJBH, it is defined tweenE and E+dE and part of this energy,;, is the

as rovibrational energy of the diatomic subunit.
Equivalently, theB«<uvj transitions can be described by
T,;(EBJ®p®EJp) the cross sectionsy,_,;(E), defined through the relatiéh
23%+1(EPIBMBpB|d,|E*IMp,vjl) IR(B,E,vj) |
=\ 2371 C(I135,M M) , (8) T=47TU(E—Svj)P(E—SUj)U&_Uj(E),
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wherev(e) denotes velocity of the translational motion of In order to apply the Bain—Bardsley formula to the
energye=E—¢,; andp(e) is the energy density of transla- present study, it is helpful to summarize the approximations
tional states per unit volume;#bp=kfj/(7-rh). In terms of  on which it is based. The first approximation made is to
the reduced phototransition amplitude®, the formula for  neglect initially the radiation field and to apply the standard
03y (E):=2;3,(2]+1)op._,;(EJp) reads isolated resonance mod&l;®i.e., it is assumed that all the
R sharp resonances are sep'arated from each oJ'r[her anq that they
O-IBij(EJp):k_ZW(E_EB)E}E |TLJ|(B;EJp)|2_ do_not overlap. The_ partial scatt_enng stght‘e J!\/lp,vjl) _
vj 1(p) which becomes dominant and rapidly varying with energy in
1D the vicinity of a resonance can then be approximated as
Using this cross section, we can rewrite the expression for " S\ =B J
the rate constark. ,;(T) as [ETIMPp.vjl)~[E*IMP)oa, i(E)

kIBHUj(T):pII)J'(T)J»O W(e’T)de\/;o-lBevi(e_FSvj)v ’yJPI
vj
(12 ()= —, (14
wherep,;(T)=Z,'9' exp(- &,j/kgT) is the occupation prob- E—-E™+ 2T

ability of the internal vj state and w(e,T)de B _
— 2wl(kaT)3’2\/Eexp(— elksT)de is the probability distri- where |E @QJMp)q denotes a bound-type eigenstate of the

bution of the energy of the relative motion in the canonicalfamiltonianH projected onto an appropriate subsparé®
ensemble at temperatufe The corresponding eigenenergfe is assumed to be close
The expressions for the cross sectigf_,;(E) and the to the energy of the resonanck‘gf:s.2 The associated reso-
rate constanky, ,;(T) derived here for atom—diatom sys- Nance width is given by’ = | v,ji|*. As a consequence of
tems are the equivalents of the corresponding quantities usd@iS aproximation, a Lorentzian profile is obtained for the
in the description of atom-atom radiative associatich ~ €nerdy-differential association rate
Ref. 28. JR(BEIp) 1 | T2
o~ 7 nds 7 (15)
(E— Eres)2+ >

Ill. RESONANCE CONTRIBUTION TO THE
ASSOCIATION RATE CONSTANT where the parametdt % ; of the profile is defined as

There are many long-living quasibound stat@sso- I
nanceg of the HetH, pairs in the low collision energy FradB::303ﬁ3
range, and is it known from theoretical considerations, cf.
Refs. 29-31, and from a number of atomic associatioVith T(5;E®Jp) denoting the reduced phototransition am-
calculation&~35that these resonances can enhance the assblitude which is obtained when the stg&*eIMp)q, is in-
ciation rates significantly. Some care therefore has to be useggted into Eq.(8) in place of [E"JMp,vjl). Obviously,
to take their contributions to the association rate constankias/f is @ measure of the rate of radiative decay of the

(E™s—EB)3|T(B;EBp)|?, (16)

k(T) properly into account. resonance into stat8. The quantity
Resonances manifest themselves in the rapidly changing
energy dependence of the rategR(B;EJp)]/JE [or the Frad::E rﬁ;’dﬁ, (17)
photoassociation cross sectionsg._,j(EJp)]. Obviously, B
this complicates the evaluation of the integral in E8). s therefore called the radiative width of the resonance. Inte-

Very long-living resonancegextremely sharp structures in gration over the energy of the profil@5) with a very small

the respective energy functionequire a special treatment, \yidth I" would give according to Eq9) the following esti-

not only for technical reasons, cf. Refs. 30, 32. When thenate of the contribution of the corresponding resonance to
probabilities for the decay of such resonances due to molecype rate  constant K(T): K®{T)~P(E™ST)(2J+1)

lar interactions become comparable to the probabilities 0f><(1/h) [,aq. I this estimate every resonance can participate
their decay due to interaction with a radiation field, these twqp, the radiative association process, no matter how long is its
decay pathways can no longer be treated completely indgifetime for nonradiative decayi/I". But, this would not be
pendent from each other. This fact has been accounted for ignsistent with the assumed kinetics of the process which is
the formula for the resonance contributions to the associatiogzsed on the requirement that the concentration of reso-

rate constant published by Bain and Bardsley in their earlyygnces in the gas has to be in thermal equilibrium with the

1972 papet; concentration of the reactantsf. Ref. 30 for a discussion of
1 r, this poind. In order to correct this inconsistency, the interac-
kres(T):gE P(ELeS*T)(Z‘Jn_I_l)FPadn—_'_F, (13)  tion with the radiation field is now incorporated into the
n rad n

approximate resonance state description of @¢) making
where the indexh counts the contributing resonances. Thisuse of the implicit optical potential approach of Ref. 29, i.e.,
formula has been widely used since then in many calculathe real energye"* is replaced with the complex valug®®
tions of atomic radiative association processes. — (i1/2) T 4q- This leads finally to the above Bain—Bardsley
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formula of Eq.(13). The additional factof,/(T'[,q+T,) in
this expression becomes effectivellf is comparable to or

much smaller thai'[, ;.

IV. DETERMINATION OF FREE-BOUND
PHOTOTRANSITION AMPLITUDES

For the discussions of this section, the expression of Eq.

Radiative association of HeH; ~ 10551
ing the X, Y, and Z-axes directed along the spherical
basis vectore,,, €., ander:=R, respectivelys is the
azimuthal angle of the vectarin this frame

.1 .
BF(I)?Mp(r’rBiR):FX(Vj)f(r)®€jh;|\£(erR)! (20)
where ©@7\"P(5,R) is the parity adapted BF angular
function, cf. Ref. 25

(8) defining the transition amplitudes is rewritten here in the

more explicit form
Te_r(E®J®p®EJp)

B [23B+1

“V23+1

<,\I,(B)JBMBpB(EB r R)|d (r, R)\I}(+)JMP(E r R))
C(J1J8,MuMB)

X

\If(&),jzﬂp(E;r,R) denotes here the set of the partial scattering

outgoing waves{r,RIE*IJMp,q;) for i=1,...N,, which
correspond to all open scattering channels, i.Bl,
=Ny(E,J,p) is the number of different’s, a:=(v,j,l),
which for the given energ¥, total angular momentun,

OpP(Pg, R)=1,[ (23 +1)/4m]"?
X[ Dy (#r. 0.0 Y\ (0,1)
)\( ¢R ’ 0R10)Y] 7)\( 61 lﬂ)L

the index\, ranging fromA\ ,i(p)= (1—p)/2 for p=1,

—1 to Apae=min(J,j), is the absolute value of the quan-
tum number associated with the projection of the total
angular momentum on th& axis, Dy, ($g,6r,0) is an
element of the rotation matrix, defined as in Ref. 24, and
the factort, equals 1/2 fon=0 and 192 for A\>0.

J
+pDyi_

Obviously, both bases are orthonormal with respect
to the scalar producfX|Y]:=fdyX'(y)Y(y) with fdy

and parityp, are consistent with the angular momentum ad-:= [r2dr [df [dR, dﬁz::d¢Rd Or sin(fr), anddf (or dig) be-

dition rules and with the requirement that;<E. Corre-

ing defined analogously, and are related by an orthogonal

spondingly, ¥ (®)amp(EB;r R) denotes the bound state func- matrix U’P

tion.
IMp_ JMpy 1Jp

A. Applying the close-coupling  (CC) approach s srPUT 1)

As characteristic of this approach, the dependence of th¥hose elements arpt’Pl,jy urjn =8, ,+ 61 [U”P(j) 1, and
scattering and bound state functions on the coordiRate 3

: ining Y () e =UP()

treated differently than the dependence on the remainin
so-called internal coordinates. First, a number of appropriate J o [
basis functions is chosen to represent the dependence on the 175 (=17 M 2l+ 1)1/2< N 0),
internal coordinates, denoted here collectively withThen, A
appropriate boundary-value problems for systems of coupled (22)

differential equations are formulated whose solutions give

the dependence on thR coordinate. The following two

bases @ IMP(y):={dIMP(y),.... MP(y)} are particularly
1XN

useful:

(1) e @’MP—expressed in the SF Jacobi coordinates
=(r,’,R)

1
seP7VP(r 1, R) = X(yj)f(r)y(“)p(r R), (18)
where yJM"(r R) is the e|genfunct|0n of the angular
momenta operatord, J,, j?, andl?

VIR = X ClmmM)Y (7)Y (R)

m; ,m

with (—1)I*'=p(-1)’, (19
and x,;(r) is the radial rovibrational function of the H
molecule;

sr®@’MP—expressed in the coordinatgs: (r,fg ,R) with
fg:=(6,¥) and #=cos t-R which are associated with
the (two-angl€®) body-fixed (BF) reference frame hav-

for A=N\min(p), )\,_mn+1,...
FAmint2,--. ] — Nin -

Expansions of the scattering functiods'")avp(E;r,R)
in the two bases yield radial functlogﬁF( )JF’(E a;;R) and

s Y(E.BiiR), B=(vi), with (=1..N and |

=1,...N,, which are collected here in the matrices
F F (F)ip(E;R) andge F (*)3p(E;R), respectively. The
NXNg NXNg

radial functions satisfy the coupled equations

N max and|:|J_j|+)\min1 |J_j|

2

1
g2 HKP(E) — 22 CP+VI(R) [ (F(Im(E;R) =0

for fr=SF, BF; (23

| denotesN X N unit matrix. The matrice&’® and;C’P are
diagonal in the channel indices

(kP10 = 800 811 K217P()), (24)
[sEC™uj0rj = 6y.00 65,5 17P(0), (25)
[BFCJp]Uj,U’j’:5v,v’5j,j’cjp(j)i (26)
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I'P(j) denotesnxn unit matrix with n(J,p,j)=min(J,j) Expansion of the bound state functidr®me(E®;r,R)
+(1+p)/2, 1 P(j) is the diagonal matrix with the ele- in the bases ®’MP for fr=SF, BF, gives vectors of radial
nxn functions;, F (®p(EB:R) which satisfy Eq.(23) and the
mentsl(1+1) for | ranging as described in E¢22), and Nx1
¢ 7P(j) is the following tridiagonal matrix: boundary conditions:  F(®w(E®;0)=0 and
nxn +F®p(EB:R) ——— 0.
[Py =, [IA+1)+j(j+1)— 277 Finally, the phototransmon amplitudes can be written in

terms of the radial integrals

172
+ 6 n=1[ (146, 0 (1+ 6, 0] To.(EBIBpB:EJp)

X[JI(I+1)—A(A+1)]¥?

12 :(BFF(B)JB"B(EB)|BFdJBpBJpBFF(+)J’)(E))UJp, (33
X[j(+1)—=A(Nx1 .

HO+D=A(=1)] where X|Y):=[dRX'(R)Y(R) and the matrixgec® PP is

Obviously, the following relation takes place: built of the following elements:
Jpri1TAIP/ Jpriy—1J B.B
[UP(HT e P(HUP(j) =1"P. @7 [aed™P(R) 4 4

The matrices,V’P(R) in both the SF and BF formulations
introduce coupling between differenvj) channels. Ele- =—E (Xorj [APR(rR) xup)e(J N 3%pBIO 1N Ip),
ments ofgeV'P(R) are
[6rVP(R) 1 0 (34)

20 in which dPf(r,R) denotes radial component of the dipole
:F; (Xui VLRI X, 1) (OFMPI P (cos®)@INP),  moment vector field in the BF angular basis

4
28 - 1ul
(28) d,(r,R) v LZA dff(r, RO (fg,R), (35)

where P, for L=0,2,... denote Legendre polynomials and
Vi (r,R) come from expan5|on of the interaction potentialand the reduced matrix elemeft) is defined consistently
V(r,R, 6) into these polynomials; cf. Eq39). In the analo-  With Eq. (8) VIZ. (I'N3p 1O linap)
gous formula for[SFVJP(R)]M , the angular integrals :=2J"+1(0 J,Q", P’ 1"1|®J'\"">/C(JlJ MuM’)/2I+1.
JM'J|P,_(cosa)0 ’3 are replaced with Percival-Seaton Formula  for <@JXM, P’ |.M1|J,J)lﬂp> in terms of
coefﬂments(y |P|_(COS¢9)37 N 3j-coefficients can be found, e.g., in Ref. 25.
The cond|t|ons obeyed by the radial functions
sF(MIp(E;R) are as follows:

s (MIn(E;R) —— Ol (29
R—0 When applying the CC approach to evaluate the pho-
totransition amplitudes for the HgHsystem, the calcula-
tions can be highly facilitated if part of the Coriolis coupling
(30) terms in the BF coupled equations is neglected. This is done
it “o by setting a limitX 5 ON the values of the quantum number
where the subscript “o” serves to denote the part of the\ " 1he matricex?®(j) become reduced to their submatrices

i (+) - —~
m;m))(m(éﬂ: I;;(\I/Evnlfl) cTriis ?r?cll?:e?o at:f) e;uzlﬁzzgsel of dimensionn:=min(j,J,\ a0 + (1+p)/2, denoted below by
a i “« P g P "&P(j, A may). Correspondingly, the potential coupling matrix

P i i i sIpE- ;
S is the partial scattering matrix, anNd(X)N (E;R) with VJP(R) is reduced by dropping its blocks numbered with

s=+,— denote diagonal matrices of the respectlve solutlon§\>)\max Respective columns and rows are deleted also
of the SF coupled equations in the asymptotic redishere  from the matrix BFdJBl’BJ"( R). The reduction affects, of
the potential coupling vanishes course, the behavior of the resulting approximate radial func-

B. Dimensionality reducing approximation

sy " P(E;R) —— O7%P(E;R)~ O™ (E;R)SP(E),

R— >

tions geF(")9p(E;R) in the asymptotic region and all the re-
[O"P(EiR) o, = 8u.0, 0., O] \/2 = koYM (KyiR), lations between the corresponding quantities in the BF and
(31) SF representations. In particular, the relati®v) is no
longer valid for U’? given by Eq.(22). Diagonalizing the
with 7" being the spherical Ricatti—Hankel functionsl tf matrix?:Jp(j,Xmax)
order, H"(2) —a exd *xi(z—1#/2]). For a correspond- — - S -
ing to a closed channel, the functiegF " P(E, ; ;R) de- [U7PG N mad 1P A UZP(J N ) = TP, (36)
cays asymptotically liké<,"(i|k,;|R). The boundary condi- gne obtains eigenvalugd®®), ;= 72— 1 for i=1,...7i, with
tions obeyed by the BF rad|al functions are consistent with . differing from half-integer numberlﬁ+(1/2) when)\

the relation |s smaller than botl andJ. The corresponding apprOX|mate

geF(Map(E;R) = UP o F(F)ap(E; R)U7PT, (32)  functions gF(")Jp(E;R) can be introduced as
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UPT(X ma) geF C3P(E;R)UPP(N aw)  UsSiNG  transformation
UP(X ey built of appropriate matrice&)?P(j X yqy). From
the relations given above, it is obvious how one could con

struct the corresponding reduced representations of the inter-

P

molecular potential and of the dipole moment in the S
frame. These quantities are not needed, however. The r
duced BF coupled equations can be used for numerical ge

eration of the radial functions. The transformation to the SFg

frame serves only imposition of appropriate asymptotic for

m
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sharp resonances, and functions pertaining to such reso-
nances should have very small amplitudes outside the inter-
action region, there is some freedom to modify the above

eigenvalue problem without a danger of introducing any ma-
or difference(error. In particular, one can use the boundary
condition operatoB' instead ofB which means practically

Eﬁat functions with zero values at tii, boundary are to be

enerated instead of functions having specifiezto deriva-
tives at this boundary.

on the functions generated; it needs to be done only once, in
the region where the potential coupling vanishes. Obtaining/!- CALCULATIONS

the necessary formula for the functiog(")p(E;R) in the

asymptotic region is only a matter of redefining the matrices

O*’? in Eq. (30. Namely, the spherical Ricatti-Hankel
functions’H (k,;R) for s=+,— have to be replaced in Eq.
(31 with the Hankel functions of appropriate real order
strictly with i\7/2(k,;R)*2H{9(k,;R) for k=1,2, respec-
tively, wherek denotes the kind of Hankel function.

V. DETERMINATION OF RESONANCE
CHARACTERISTICS

Information on the resonance positions and widt§;
and I, is contained in thgexces$ continuum density of
statesA p?P(E), which is knowid%?” to be directly related to
the collision time-delay matriQ’P(E),*

1
Ap’P(E)= mTrQJp(E),
where
pt
QJP<E>=iﬁ%SJP(E>. (37)

A convenient formula for evaluation of the mat@XP within
the CC approachiavoiding numerical differentiation of the
S’P matriceg, as well as a procedure of extraction of the

required information on resonances, are described in Ref. 42€"N

As to determination of the radiative widthk,,4, the

A. Electronic structure input

Both the intermolecular potentidf(r,R,cosé) and the
diatomic potentiaVy+(r) were extracted from the analyti-
cal fit to theab initio potential energy surfac€ES for the
ground electronic state of the HgHsystem, published in
Ref. 15

V(r,R,cosB)zg V. (r,R)P,(cos6)

=V(r,R,c0560) + V(). (39)
The parameters of the fit are constrained to give
limV -o(r,R)=0, and

R—o

VHH+(I‘)== lim Vo(r,R).

R— o0

(40)

The necessary dipole moment functiodﬁﬁ(r,R), for
A=0,1 and forL, assuming even values £2A), are di-
rectly related to the function® _,(r,R)

o 1 fiLrA)
dLA(riR): \/m (L_A)' DLA(r!R)! (41)

which arise from the following expansions of the compo-
tsd,(r,R)=d57(r,R) and dy(r,R)=— (1#2) d}7(r,R)
(dy=0) of the dipole moment vector in théYZ reference

description of Sec. Ill needs to be supplemented with d&ame, in which the spherical and azimuthal angles of the

specification of theQ subspace which supports the reso-

vectorsR andr are(0,0) and (6,0), respectively, cf. Ref. 43

nances of interest. Since they are in majority shape reso-

nances, the subspace is most appropriately chosen as 4—1)*V1+Ad87(r,R,6)=> D A(r,R)P}(cosh); (42
confined part of the configuration space available to the -

atom—diatom system so-called interaction region, boundeé’f denotes here the associated Legendre function. The func-

by a surfaceR=R,, where R, is large enough for
VP(R.,)~0. This choice is characteristic of thHR-matrix
theory of resonance$. Following the well-known proce-
dures of this theory, the sta(e,R|EBQJMp>Q, strictly the
radial functionsF(QB)Jp(R) representing this state in the basis

tions D, (r,R) were determined in Ref. 44 by fitting &b
initio calculated data for the dipole moment. Actually, only
the d, component of the dipole moment vector was ac-
counted for in the calculations of this work.

gr®’MP (the tilde denotes possible reduction of dimension-B. Some details on CC equations

ality of the basig can be found as a solution to the eigen-
value problem

[El—H(R) =~ B(R;R..) FS?/(R) = 0L, (38)

where H'P(R) :=R[ gc®’MP|H(1/R) gr®’™P] and B(R;R..)
:=(1%2u) S(R—R.)I(d/dR) is (a version of the Bloch
boundary condition operator. Since the functi )JP(R)

The coupled equations for the Hdi, (1) system were
constructed using functions of 32 rovibrational states $f H
with v=0,1,2,3 and =0,2,..,14 for =0 andj=1,3,..,15
for I=1. The radial functions of the stateg,;(r), were
generated from the potentied0). The energies,; obtained
for the lowest ( =0j) states are, respectively, 58.22, 174.20,
347.02 cm? for j=1,2,3 (these energies are relative to the

are needed only for evaluation of the radiative widths ofdissociation limits,_q;-o). The choice of the rovibrational
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TABLE I. Count of the functiong 4R (B;EJp)/dE] contributing to the rate constakt(T).

Bound state B:=([v],k,J%,pB) where[v]:=(v,,v,,vR)

=0 (j even I=1 (j odd

pB=1 pB=—1° pB=1 pB=—1

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

No. of [v]¢ 9 4 2 8 6 1 9 8 2 1 8 2 1
Transition§ R,P,Q:=J—J8=J+1-1,+0

No. of R,P 311 208 363 156

No. of Q 151 108 80+97 82

2The dissociation limit off-parity states of Hefl(para) lies 174.20 cm? above the limit ofe states(zero of
E). All states of HeH (ortho) are bound up t&E=58.22 cm %,

PFifty-one of the states counted here lie above the dissociation linjitesiene states.

“Assignment ofe-parity states wittk=0 or k=1 is ambiguous in some cases.

9Groups of levels assigned with the same valuesk aind p® and different[v] will be enumerated[v]
=1,2,.., according to the position on the energy scale of the lowa8tk) levels of the groupsE([v]
=1k,JB=k,p®)<E([v]=2k.k,p5)....

€ltalic numbers denote that none of the corresponding functions was determined within the entire energy range
0-300 cmt. Only sharp resonance structurds<{1 cm ') occurring in these functions were determined.

fCounted are here th@-transitions tok=0 states. They are not directly allowed by theomponent of dipole
moment and therefore are weak.

basis was made in calculations of bound state energies of thecessary versions of the meth@dr evaluation of bound-
HeH, ion for low values of] (i.e., J<2). The convergence free transition amplitudes, lifetime matrices, bound-state en-
error of the energies with respect to inclusion of functionsergies and functionsare coded in the computer program
with higherv or j was smaller than 0.01 cmd. With the  exploited previously in the theoretical simulations of the ab-
above ¢,j) channels included, the numbirof the v,j,I)  sorption spectrum of the Ar—HD complék*’ For the

or (v,j,\) states coupled in the SF or BF radial equationspresent task, the program was supplemented with the option
would grow quickly withJ, reaching the value of 288 for for performing the reduced dimensionality calculations.
J=15 (j odd andp=1). Since many thousands of individual

solutions of the CC equations were estimated to be needed

for the evaluation of the rate constaff. Sec. VI B, the

reduction of the dimensionality of the systems of these equaC: Bound states

tions was desirable. Possibilities of such reduction were Essential features of the rovibrational energy Spectrum
tested in preparation of every major stage of the calculationsf the HeH ion are well-known from the previous work on
such as the determination of all bound states of the HeH the subject®5! The energy levels are usually labeled with
ion in the PES used, the determination of parameters of rekhe two good quantum numbedsand p and with four ap-
evant sharp resonances, and the evaluation of free-bounffoximate quantum numbers, , vy, vg, andk. The v
transition amplitudeg(cf. the following subsections The  numbers describe the vibrational motions along the indicated
conclusion of the tests was that the paramatgy,, control-  coordinates an#l correlates with the vibrational angular mo-
ling the elimination of the Coriolis coupling terms from the mentum quantum number of linear molecules; here, it should
BF coupled equations, can be set as small as 4. Thus, the identified with the value of the quantum numbewhich
maximal sets of the CC equations solved éoparity states is dominant in a given state. Because of the need for a di-
of He+ H; (ortho) and Her H; (para) systems included 144 mensionality reducing approximation, the natural question
and 136 equations, respectively. Fostates, the respective arose how dominant thle number really is in states charac-
maximal dimensions were 112 and 104. terized by higher values af. If k were a nearly good quan-

In calculations on bound states of the Hekbn, the  tum number, the coupled staté3S) approximation! could
coupled equations were typically integrated within the rangebe applied, i.e., onlj =k states could be retained in the BF
of 1-9 A. A larger range, extending up to 20 A, was necescoupled equations. Unfortunately, energies of the 10
sary in calculation of some energiégery) close to the dis- states calculated in this approximation revealed unacceptable
sociation limits. The bound-type calculations for sharp resoerrors, exceeding 100 ¢ for the J=12- and 200 cm? for
nances, Eq(38), were done withR.,.=9 A. In calculations the J=19 states. In order to obtain values of these energies
concerning continuum states, the integration range was 1—16ith an accuracy within 0.1-0.5 ¢m, the Coriolis coupling
A. The continuum energy range covered in the calculationdetween thev=0 to A\=4 states had to be included.
extended up to 300 cnt above the dissociation limit. All Altogether, 536 bound states are supported by the used
the CC calculations were carried out with the help of thePES. Half of them are states of the Hegpara) ion. The
log-derivative methot?“®using a step size of 0.02 A. All the states can be classified into 61 different rovibrational groups
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) FIG. 2. Energy levels of Hef{para) above the He H, (v=0,=0)
j even threshold, in the range up to 175 th Only resonances whose widths are
I smaller than 1 cm! are shown in this figure.
—2
0

ferences in positions of the individual levels are too (@
FIG. 1. The spectrum of bound rovibrational states of the JHgdra) ion. qrc}er of 0-5_2_Cm ) fOI‘. a melanmngI compe}rlson of tran-
The way of presentation of the spectrum in the figure reflects the labeling osition frequencies in this region. The energiesJeftJ—1

the states; cf. Table I. Energies of states characterized with thegaarel  rotational transitions in the three lowest vibrational states
knumbe_rs are drawn as one ladder of levels. Thlcke_rllnes |na|a_1dde!' denoﬁ\sted in Table | of Ref. 52 are reproduced by the present
levels with J=k. They are the lowest levels of different ro-vibrational tential with deviati f0.1-0.8 cth for J=1—10 i
groups (v],k,p). J=k levels belonging to different groups within a given potental wi evia |on_s 0 i ¢ orJ= - in
(p,k) ladder are distinguished by lengths of the horizontal lines. the ground state and with deviations of 0.7—5.2 ¢rin the
lowest bend k=1) state.

([v;,vg,vRrlk,p), cf. Table I. The pattern of energy levels
is presented in Fig. 1. Though the PES used here is no
expected(cf. Ref. 15 to provide rovibrational spectrum of Figure 2 shows the spectrum of energy levels of
the ion which would be more reliable than that calculated inHeH, (para) ion in the region up to 175 cit above the
Refs. 14 and 50, a comparison seems in order. First, onde+H, (v=0,j=0) threshold. The pattern off-parity
should note that th&t=J=0 andk=J=1 levels(denoted bound-states energies is shown here in more detail than in
with thicker lines in Fig. 1 form the same pattern as the Fig. 1 and, which is the main purpose, the positiond of
levels from the Meuwly—Hutson potential shown in Fig. 6 of <1 cm ! resonances in this region are demonstrated. The
Ref. 14. The pattern of near-dissociation levels ofresonance energy levels are drawn and assigned as a continu-
HeH, (ortho) yielded by the potential is also similéfor J  ation of the progression of the-parity bound-states energy
<4) to that presented in Fig. 8 of Ref. 14. Obviously, dif- levels. A comparison of positions of the correspondaig

. Resonances
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TABLE II. Convergence with the parametkr,,, of energies and widths of selected resonances.

Eres 1" rrada
p k J Ximax cm ! cm ! 10 *em? T/ gt T)
j even
1 0 9 3 14.18 2.13¢03) 4.89 1.00
4 14.12 2.09 ¢-03) 4.91 1.00
11 1 27.63 1.79¢03) 6.59 1.00
3 23.47 2.13(¢04) 7.33 1.00
4 23.44 2.27¢04) 7.34 1.00
12 1 34.85 5.66 { 06) 8.64 1.00
2 14.59 2.62(10) 8.11 0.76
3 10.10 1.00 ¢11) 7.83 0.11
4 10.46 5.00 ¢-12) 7.73 0.06
14 1 39.96 3.20¢07) 12.79 1.00
3 29.24 2.78 ¢ 09) 13.98 0.95
4 29.10 2.55(-09) 13.99 0.95
18 1 112.36 1.55¢07) 13.15 1.00
3 84.15 5.25 - 10) 1251 0.81
4 83.71 4.73 ¢ 10) 12.46 0.79
1 14 3 99.93 2.91¢03) 4.46 1.00
4 99.25 3.06 (-03) 4.54 1.00
17 3 76.42 1.11¢09) 6.76 0.94
4 75.46 9.15¢10) 6.72 0.93
2 5 3 69.19 5.04( 02) 3.58 1.00
4 68.62 3.10¢02) 3.48 1.00
5 68.16 3.09 ¢02) 3.47 1.00
8 3 30.56 1.15¢02) 2.07 1.00
4 29.59 8.36 (-03) 2.13 1.00
5 29.56 8.27 ¢ 03) 2.13 1.00
3 5 3 101.36 6.02¢ 02) 2.02 1.00
4 91.22 2.57 (-02) 2.10 1.00
5 91.16 2.54(02) 211 1.00
j odd
1 0 13 3 97.40 7.54¢04) 4.79 1.00
4 97.02 6.48 (-04) 4.77 1.00
1 1 3 78.99 3.3006) 4.86 1.00
4 78.80 3.36 (-06) 4.90 1.00
-1 1 11 3 76.11 5.24+ 06) 3.79 1.00
4 75.88 4.46 (- 06) 3.84 1.00

~ B)3p
\ maxWas varied only in the calculations of the functidﬁé (R); cf. Eg.(38). The bound-state functions in the
transition amplituded (B;E8Jp); cf. Eq.(16)—(17), were in all cases determined with,,,=4.

and f levels from thek=1 ladders, in particular those as- is through the sharp resonance cutting factor in &8). As
signed with largeJ numbers, gives further evidence of a demonstrated in the last column of Table Il, sensitivity of this
significant Coriolis coupling in the system. The observedfactor to the Coriolis coupling controlling parametey,,, is
shifts between the levels are due to the fact thatrity k  again definitely smaller than the sensitivity of the widihs
=0 states do not exist and therefore tkeel states are themselves.
subject to fewer couplings than tharparity counterparts. There are 53 “nonbroad” <1 cm ') resonances of

A more detailed presentation of the effect of the COinliSthe Hel—g(para) ion in the energy range shown in F|g 2. For
coupling on resonances, not only on their positions but a|S¢1eH2+(ortho), 23 such resonances were found in the same
on the widths, is given in Table II. One can see that includingange(strictly, in 58.22—175 cm?). As it follows from Eq.
enough Coriolis coupling term@.e., using\ ., Sufficiently  (13), contribution of a given resonance to the rate constant
larger than thek numbers characterizing the resonandss k(T) is the larger the larger is @+ 1) .4 (provided the
particularly important for obtaining convergent widthses-  inequalityI",,4<I" holds and the smaller i&€"* The most
pecially the very small ones. The radiative widths revealcontributive resonances are listed in Table Ill. Shown also
much less sensitivity to the accuracy of the resonance funare all the cases encountered in which the fadtofl, g
tions; this seems to be associated with the character of the I') became operative.
formula describing these widthg.e., the matter—radiation
interaction is treated in first orderf~ortunately, the radiative E. Free-bound and resonance-bound transitions
widths are the more crucial characteristics of resonances for’
the purpose of evaluation of the association rate constant; cf. There are as many as 1556 functi¢a®R'(3;EJp)]/JE
Eq. (13). The explicit involvement of the nonradiative widths which describe all the allowed transitions to the 536 bound
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TABLE Ill. Energies and widths, nonradiative and radiati@d in cm™ 1), of some important resonances.

p k [v]? J E'es r IagX 101 /(T et T)
j even
1 0 7 8 15.4 3.4¢01) 45 1
6 9 14.1 2.1 ¢03) 49 1
5 11 23.4 2.3¢04) 7.3 1
4 12 10.5 5.0¢12) 7.7 0.06
3 14 29.1 2.6 £ 09) 14.0 0.95
3 15 103.7 1.5¢02) 10.6 1
2 18 83.7 4.7 ¢ 10) 12,5 0.79
1 21 31.7 ~0P 55 0
1 3 9 27.4 5.5(01) 4.8 1
2 13 14.3 ~0P 6.2 0
2 14 99.2 3.1¢03) 45 1
1 17 75.5 9.1¢10) 6.7 0.93
2 2 8 29.6 8.4 ¢ 03) 2.1 1
2 9 79.8 1.6 ¢01) 15 1
1 12 67.9 1.1€01) 3.2 1
j odd
1 0 7 8 66.4 6.4 ¢ 03) 3.2 1
5 12 91.3 1.8¢02) 8.0 1
4 13 97.0 6.5 ( 04) 4.8 1
3 15 103.8 3.3¢06) 12.3 1
2 18 83.6 ~0P 12.4 0
1 3 11 78.8 3.4€06) 4.9 1
2 14 102.7 2.4 05) 6.2 1
1 17 75.5 ~0P° 6.7 0
2 2 8 79.5 9.5¢02) 5.1 1
1 12 67.9 9.2¢11) 3.1 0.75
-1 1 3 11 75.9 4.5 06) 3.8 1
2 14 115.3 1.4 05) 6.9 1
1 17 66.0 ~0P° 3.9 0
2 2 8 76.8 4.5¢01) 3.4 1
1 12 67.9 ~0P 3.2 0

#The enumeration of the rovibrational groups of bound-state energy levels is continued for the quasibound
levels, so the meaning ¢ ] numbers is here the same as explained in Table I.
I" much smaller than the correspondifigy; the resonance does not participate in the association process.

states of HeH ; cf. Table I. If the association rate constant that appear in all the functionssR'(B;EJp)]/JE due to
k(T) at low temperatures, below 100 K, say, is of interest,resonances of widths smaller than 1 cmAltogether, con-
the functions should bépossibly accuratelyknown at low  tributions from about 1200 resonance structures in the func-
energiesE, in the range extending up to ca. 300 chmbove  tions JR!(B;EJp) were actually determinetthe extremely
the dissociation thresholtht E=0). There are many reso- sharp onesare also counted here.

nances in this range whose widths vary by several orders of As to contribution of background parts of the functions
magnitude, fromI’~10 cm ! to '<10 ® cm 1. Although [JR'(B;EJp)]/JE, describing direct free-bound transitions
the sharpest resonances c@amd even shou)dbe treated (i.e., transitions from continuum regions characterized by
separately, as described above, the functionsmoothly varying density of stateshe discriminating fac-
[oR'(B;EJp)]/JE still have to be known on a rather dense tors are: (i) the population factor of initial states,
and highly nonuniform grid of energy points; see Fig. 3 forexp(—E/kgT), and(ii) the energy released in the transitions,
examples of the functior[s)R'(3;EJp)]/JE and for a dem- entering as E—E®)? into the formula for the rate constant.
onstration of their sensitivity to the Coriolis coupling. Thus, The first factor allows one to neglect all the functions for the
determination of all the free-bound transition amplitudes in-R and P transitions tof-parity states of Hekl(para) (the
volved would be a formidable computational task. Fortu-continuum for these transitions beginsEat 174.20 cm %);
nately, considerable savings become possible if one makes. Table |I. Because of the second factor it is possible to
an estimation of the contributions brought by the variouseliminate evaluation ofthe background parts pthe func-
amplitudes to the rate constant. In the first place, accountingions for transitions to highly excited bound states.

for resonances of intermediate and larger widths, i.e., not In effect of the above estimations, only one-third of the
amenable to the treatment of Sec. I, should be considered.536 functions JR'(B;EJp)]/JE was actually determined
Some preliminary tests indicated that resonance-bound tramver the entire energy range specified (0—300 tm On
sitions may be important even if the terminal states lie not faaverage, the range was covered with 300 points. The spacing
from the dissociation limit. Therefore, it was decided to in- between the points was adjusted to the positions of reso-
clude contributions ofpossibly all the resonance structures nances included in the backgroutall resonances of widths
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TABLE IV. Rate constank, in 1072° cn® s™%, as function of temperature
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. A=0-1 wreeeee ;

'.—m weal T, in K.

5015 | EP--1e82.15cm’ A=0-3 - T K T K
m k= ks2| k=3 2 05 26 2.0
e 2B=0-4 6 1.0 28 2.0
| 8 13 30 2.0
o 10 15 40 1.8
Ta 12 1.7 50 1.6
3 14 1.9 60 1.4
o oos| 16 2.0 70 13
w 18 2.0 80 1.2
2 20 21 90 1.1
© 22 21 100 1.0

o
o
n
o
B
&
(3
o
2

100

o
XY

PN A=0-1 ——

(]

r'g £8_ 458,36 o i:g:g’_ =Ko(T)+kXT) with 0 and 1 representing thgara- andortho
oasp \Boo kb2 ks A=0-4 - 1 ions, respectivelyare plotted. These individual asso<_:|at|0n
[ 5 A=0-5 — rate constantk'(T) are also displayed separately in the
ﬁ A"=0-4 lower two panels, together with their contributions from the
o T most important resonances with>7 and the respective
m:_ largest constituents leading to the formation of rovibrational
- levels characterized by the indicepv{,k,p) for the two

G, e ] different forms of the ion where the numberifhg]=1,2,3

g refers to the ordering of the corresponding levels with the
% lowest J=K) values in Fig. 1.

T 140 The rate constant curve in the upper panel of the figure
shows the typical temperature dependence for relatively
FIG. 3. Exemplary rateisR!(B;EJp)]/JE of association into two different Weakly bound systems. It has a broad maximum of 2.1
bound state®= ([v]=1kB JB=4pB=1), withkB=0 andkB=2, as func- X 10 2% cm®s ! aroundT=20 K and a moderately fast fall-
t?ons of gnerg)E of the initial partial continuum state with=>5 (the con- off at h|gher temperatures. In the maximum region the domi-
tinuous lines. Apar't from the two sharp resonances. Table Il for thelr nating contributions tOk(T) arise from j-even levels,
parameters occurring in both rates, a broad resonance of width . . . . .
~4 cm lis seen in th&E=0 case. Convergence of the rates with respect toWhereaS thg-odd contributions are slightly more dominat-
the number of\ components X =0—X ) retained in the continuum state NG at temperatures above 50 K. Similar temperature func-
is also demonstratetby proximity of the broken lines to the respective tions for the total rate constant have previously been found
cpntinuous line, represenping_ full CC resultShe observations to be made_: for atom—atom associations. Actually for the related
S e mon oot a6 vy "PrOtoN-helium association the, maximum rate consiant has
present in the continuum staté) In order to account simultaneously for the Previously been determin&f***to be about one order of
structures due to the=0-3 resonances it is safer to keep alwaysxhe magnitude larger compared to the present result. Since the
=0-4 components. Hence, the choicegf,,=4 was made in all the cal- rate constant is strongly dependent on the photon energy re-
culations. leased in the radiative process, this can in principle be ratio-
nalized as a consequence of the large difference between the
1 , binding energies of HeH and the triatomic complex,
larger than 1 cm® and most of the resonances of widths 16 455 cm'® as compared to 2703 crh for HeH; . Consid-
between 0.1-1 ). ering this large energy difference, it appears somewhat sur-
prising though that the rate constants differ only by one order
\ékngfx_::ﬂ(—)sNOF THE RATE CONSTANT of magnitude. According to some earl@er theoretical consid-
erations(Refs. 29, 30 and also Ref. Bthis can, however, be
For the rate constant determination, cubic spline interpofelated to the fact that resonance contributions can signifi-
lations were made between calculated points of the functionsantly enhance the radiative association rates at low tempera-
[oR!(B;EJp)]/JE in order to perform the required integra- tures. Whereas in HeHessentially only two resonances at
tion over energy. Contributions from sharp resonances ndbw energies were found to drive the association reaction, the
included in the background were evaluated using the expregpresent calculations show that in HeHa large number of
sion (13). resonances exist which are contributing to the radiative pro-
The results of these calculations obtained for the temeess. The much smaller energy gain in the radiative stabili-
perature interval 2 T<100 K are collected in Table IV and zation of the He- H, association process is thus partly com-
plotted in Fig. 4. In the upper panel of this figure, the totalpensated by a larger number of resonance contributions to
rate constant for the formation of HgHand its decomposi- the rate constant.
tion into the HeH (para) and HeH (ortho) formation rate For a better understanding of the dynamics of reaction
constantdaccording to the aforementioned expressigm) (2), it seems therefore to be helpful to discuss here in more
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k *10%° /cm®*sec™ k *10%° /em3*sec”

k *10%° /em®*sec™

04

FIG. 4. Upper panel: The rate constant for formation of the Hébh and
its decomposition into parts describing formation of the Hépara) and
HeH; (ortho) ions. Middle panel: The association rate constdt), the
contribution of the most important resonandesth J>7), and the largest
constituents ok®(T) which describe formation of the HgHipara) ion in
states belonging to different rovibrational groups \,k,p). The numbers
[v]=1,2,3..., give the ordering on the energy scale of the lowéstk(
levels from the groups assigned with the same valuds arid p (forming
the same ladder in Fig. )1Bottom panel: Same for the HgKortho) ion.

detail the role of resonances in the formation of the BleH
ion. Obviously, in contrast to the light HeHion the density

resonances J»7 -

+
HeH2 (para) resonances J>7 ——
p=1 k=0[v]=1J=0-20 —

[V]=2 J=0-17 ---=m-

k=1 [V]=1 J=1-16 mmemm

resonances Js7 .-
p=1 k=0 [V]=1 J=0-21 ——
+ [ o g—
HeH, " (ortho)

k=1[V]=1J=1-16 -

Radiative association of HeH; 10559

contributions from sharp resonances with-7 which are
more easy to account for separately. In the three panels of
Fig. 4 the thick solid curves for the total rate constant are
compared with small dotted curves representing these reso-
nance contributions. In the case of the total rate constant in
the upper panel, the highcontributions already account for
about 40 percent in the maximum region of the temperature
function. It was previously discussed in this paper that sharp
resonances are treated by applying the fornii of Bain

and Bardsley" rederived here in the context of atom—diatom
associations. This formula contains the factof(I", g+ 1)
(cutting factoy which is needed to cut out resonances with
I'<T',,4 that are not in thermal equilibrium and therefore
have to be excluded from the summation for the rate constant
k(T). If this factor had not been taken into account the maxi-
mum of the function k(T) would rise to 3.2
x10 2% cm®s™! and shift slightly to a lower temperature
(=18 K). Viewing this change with regard to the general
accuracy limitations of experimentally determined rate con-
stants, it appears to be rather insignificant. In the context of
the present study, however, which intends to present an ac-
curate implementation of the most rigorous theory available
by now, a change in the absolute rate constant value of ap-
proximately 50 percent should certainly be taken into ac-
count, even if it turns out to be unimportant for the HeH
association. It can actually be expected that for other more
strongly bound systems the role of the cutting factor be-
comes more decisive. In this discussion of the importance of
different sources from which the total rate constant is com-
posed, it should also be mentioned that the contributions
from broad resonances are not negligible. They are evaluated
together with the contributions from free states, which in-
creases the computational effort necessary in the rate con-
stant calculations because a much larger number of evalua-
tions of these free-bound transition amplitudes becomes
unavoidable.

The big differences between the temperature curves for
the rates of formation of thepara- and ortho species of
HeH, and their different contributing constituents as they
are displayed in the lower two panels of Fig. 4 are mostly
due to the shift of their dissociation limits. Looking in these
panels at the comparison of the total rates with the contribu-
tions from sharp highl level (J>7) resonances, it can be
noticed that for the Hell(para) these contributions amount
to even more than 50 percent in the maximum region. Since
the effect of resonances is generally rapidly decreasing with
increasing temperature, the resonance contributions to the
rate constant of thertho species are much smaller. There is
in this case instead a larger effect from the highésvels of

of quasibound and continuum levels above the dissociatiof first series{v]=1) of states with p=1k=0).

threshold is much larger for the triatomic complex. Due to

fchis dense energy I_evellpattern it is very difficult, or rathervm_ CONCLUSIONS
impossible, to distinguish between resonance-bound and

free-bound contributions t&(T). There is in general no

The present study presents the first rigorous detailed

clear-cut difference between their widths, and even the magstate-to-state quantum calculation of a triatomic radiative as-
nitudes of the resonance widths themselves change consideeciation reaction for the relatively weakly interacting atom—
ably (see Table II). In this situation an attempt was made diatom system HeH, . It is assumed in the calculations
here to obtain a realistic lower estimate of the total resonancthat the reactior(2) is a so-called single-state process, i.e.,
contributions to the total rate constant by summarizing thehat it is completely determined by the ground electronic
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