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Unified quantum-defect-theory treatment of molecular ionization and dissociation
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Multichannel quantum-defect theory is extended to treat molecular dissociation processes simultaneously
with ionization processes. Allowance is made for nuclear momentum coupling and for coupling with core
excited channels. This theory combines the advantages of several less comprehensive approaches and is
noniterative, nonperturbative, and applicable for arbitrary interaction strength. Several examples showing good
agreement with experimental results relating to thentblecule are given.S1050-29407)51404-1

PACS numbg(s): 31.15~p, 33.80.Gj, 33.80.Eh, 34.50.Gb

lonization and dissociationl {-D) are the two fragmen- state; that of Ref.13] requires iteration and does not account
tation pathways available to a molecule. At high energy botifor electronic core rearrangement; that of Hé#] is highly
are accessible and competition occurs between them. Revaterative and restricted to sharp, nonoverlapping, resonances;
sal of one or the other leads to dissociative recombinatio@nd that of Ref[15] neglects electronic channel interactions
(DR) or associative ionizatiofAl), reactions that play a key and does not account for competition with preionization.
role in interstellar chemistry1] or occur in cold collisions We combine the various strands to account for the full
involving Rydberg atom$2]. The interconversion of elec- Panoply of rovibronic interactions nonperturbatively and in
tronic and nuclear energy is mediated by bound states inthe context ofl +D competition. Our_procedure involves
bedded in thd +D continua. This is ideally described by determining an effective reaction matix which explicitly
multichannel quantum-defect theotW!QDT), which treats accounts for ionization and dissociation channels. Because
discrete and continuum states in a unified fashion, extendinthis only needs to be done at a single energy in the region of
scattering theory to negative ener¢8]. We present an interest our procedure isoniterative Using theK matrix,
MQDT treatment fol + D competition, which, unlike earlier physical boundary conditions can be imposed, allowing us to
treatments, is based entirely on clamped nuclei ion-electropalculatel +D, their competition, DR, and Al, all without
scattering matrices and does not rely on a perturbation eaying to recalculaté<. Electronic core rearrangement is
pansion. The treatment accounts for rovibronic coupling dugccounted for and resonances of arbitrary width can be con-
to electronic core rearrangement and nuclear momentumsidered. We first present a concise description of our proce-
coupling. dure, relying on reference to earlier work, and follow with a

Since Fano’$4] first application of MQDT to a molecule, comparison of some initial results with experiment.
the range of molecular problems treated by MQDT has con-  Afready, in 1970, Fang4] recognized the utility of the
tinued to expand. Building on Fano’s pioneering work onejgenchannel functions of the scattering problem. The physi-
rotational channel coupling, Jungen and Atabié} ac-  cal wave functions can be expressed as linear combinations
counted for vibrational interaction and sketched out a NONpf the eigenchanne] functions. The linear expansion coeffi-
perturbative treatment for electronic core rearrangement. Wgjents are related to the elements of the diagonalizing trans-
recently implemented these ideas in a full rovibronic MQDT formation that can be determined as part of the solution of
treatment of thegeradelevels of H,, accounting for both  the eigenchannel problem.

singly and doubly excited electronic channs-9]. Mean- Forl+D, an eigenchannel functiol ; must have a com-
while MQDT has been extended to treat rotational and V|bram0n phase Shlft‘ﬁ in all open channels iboth the electron
tional autoionization simultaneoushiO], and Giusti[11]  scattering directior — and in the dissociative direction

has introduced a noniterative, perturbation-based, MQDTR_._ That is, ¥ ; must have the asymptotic form
treatment of dissociative recombination. Giusti’'s approach

was the first to calculate competition between preionization
and predissociatiohl2] while accounting for electronic re-
arrangement in the core. In 1984 one of us introduced an ) )
iterative MQDT procedure that successfully studiedD :;P Tiglfi(r)cogmrg) —gi(r)sin(my)]|i)
competition, accounting for rotational and vibrational chan-

nel interaction13]. Stephens and Greeh#4] recently pre-

W (r—o or R—x)

sented a simpler variant of the treatment of R&8]. On a +% Tapl Fa(R)cog m7g) — Gy(R)sin(mp)]|d),
different track, Gaet al.[15] obtained very good agreement
with experimental predissociation widths using a combined ()

R-matrix MQDT approach.

Each of these previous treatments, however, has a limitavhere the sum onis over all open ionization channels, and
tion. The technique of Refl12] is applicable for weak inter- that ond is over open dissociation channels. There are as
action between Rydberg states and a dissociative valeneeany independent functiong ; as there are open channels.
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fi(r) andg;(r) are Coulomb functions describing the radial

motion of the Rydberg electron, whike,(R) andG4(R) are PO (R<Ry)=2, P filis(x) -2 Ki(f)ng;(X)))
numerically evaluated vibrational continuum functions cho- ' ' &)

sen so thaF, is regular atR=0 andGy is taken a quarter

cycle out of phasdi) represents the-independent part of a are determined by imposing the boundary condition that
rovibronic ionization channel, which is specified by the elec-,()(y_, «) takes the form of the first sum in E€L), with
tronici ™, vibrationalv *, and rotationaN™ state of the ion

core, along With thd value of the Rydperg .elt_'-zctrorhd) Tig- In Eq. (3) the sums ori andj are over all ionization
represents th&-independent part of a dissociative channel. hannelgopen and closadK, the full vibronic reaction ma-
Restricting our consideration to energies below the thresholg;, [Egs.(2)—(5) of Ref. [8]] is calculated from th&- and

for dissociative ionization,|i:R—x<)—0 and [d;r—=) g mmetry-dependent electronic body frame quantum-defect

_.’0' Thu_s only one of the sums in E{l) remains fPr & matrix. K involves integrals over the ionic vibrational wave
given limit. T;; and T4z are the elements of the matrix that functions and therefore depends xn

d!agonal!ze§ the full+ D scatterlng.@trlx. .Inver3|on of this A linear combination of all the resulting solution$§)x),
diagonalization leads to the effectie matrix for | +D, is sufficiently flexible to account for any logarithmic deriva-

tive at Ry and therefore can be used to express Ithé

— _ N eigenchannel function¥ 5 in the interior region
Kmm,ztan(mmm,)zé Tmgtan(mrg) T (2)

T§<) taking the place ofr; and Ti(;) taking the place of

v B=% MY I(R<Ry). (4)
The indicesm andm’ and the summation og run over all
open ionization channelse P and all open dissociation We thus require a procedure to determine the eigenphases
channelsd. w, as defined in Eq(2) is the quantum-defect of the full | +D problem, 74, and the element3 ;=T
matrix for I +D. and Ty, of the diagonalizing matrix of Eq(1). As we shall

Imposing the boundary condition in thedirection given  see, this requires the determination of the linear coefficients
by the first summation in Eq(1), Jungen and Dill[10]  ¢£® of Eq. (4). Once these quantities are determined the

showed how to determine eigenchannel functignsappro-  effective K matrix K of Eq. (2) can be calculated and used
priate for preionization with no dissociation. We divide the ¢5; | + D and related processes.

range of internuclear spacings into an interior regiorR To obtain these quantities we connect the interior expres-
<R, and an exterior regioR=R,. The interior region is  gign of Eq.(4) to the exterior regiorR=R,, and then im-

chosen af’ gh?tti”t‘r’]"hi"\:ﬂh (I:Do_lr_wftigur?tior&_inte;fagt_ion is ?irTCtlyposg the boundary condition of E€1). We make the con-
mcorptorafeth |n<|) te Q tr_ea met[%?S](; 'W'a‘{l[ﬁ”a €l nection between the interior and exterior regions on each
ements of the electronic reaction matfi8]). We then use ,(x) - (x)
the ¢, of Ref.[10] in the interior region. Thér-dependent l’bp. - Fora glverx we have chogen t.h$” 50 t_hat t(r)]fy al

p arrive atR, with the same logarithmic derivative b'**. In

ifﬁ(:t%ré;?g% gz:;g;;c;irf Xgﬂiﬂ%gﬁmsvsgzgﬁg?ﬂ;l#)((jé d the exterior region we neglect electronic configuration inter-
9 action and assume that in each dissociation chadngle

Iar?e vaIuF Oﬂ:\;’ _?_i ap&roprflate \r/]vhen;:clf dlss;)mﬁtlve CE.‘?tn'system evolves adiabatically along a well-defined potential-
nels are closed. The, therefore have different phase shifts energy curve(Note that in the future a more complete treat-

in different dissociative channels and as such are not immes " interactions that occur at long range—such as the
diat_ely appr_opria_lte for ”e"?‘“”‘J*D- More clearly, the nonadiabatic avoided crossings between+HH™-ion pair
ch0|_ce of V|brat|onz_;\I func_t|ons that_ Van'Sh ﬁ: RO IS states and covalent states—could be developed by incorpo-
equivalent to choosing a fixed Ioga.rlthmllc .derlvatmmt.h rating a coupled-equations approach in the exterior region.
respect toR), —b=e, "’%t Ro. In dissociative scatt_ermg, In the present approach the wave function in the exterior
however, the wave function &, can have any logarithmic o io can thus be written as a simple linear combination of
derivative. To account for d|s$OC|at!ve scattering we theresnctions for each dissociative channel. These functions are
fore .neeq a more gengral basis set n the Interior region. VVgimply products of the same vibrational continuum functions
obtain this by performing several preionization calculatlons,F and G that we already met in Eq1), complemented by

det‘?“"."”'pg a ?evlv t_set Odfﬁgf n et";Ch ﬁa.ICUIa]f'tohn' IThes& R-independent factorgd). Thus, in the exterior region,
prejonization caicliations dier i the Cholee of Mhe 1o9arth- 4 should take the form of the linear combination

mic derivative imposed on the vibrational factorsRat. In-
dexing these separate calculationsxpywe denote the loga-

rithmic derivative for sex by —b® and the resultingy, P(R= Ro)=2, T[Fg(R)cog 77y)
eigenchannel functions by . For eachx we follow the d
procedure of Ref[10] (which can be cast as a generalized — G4(R)sin(773)]]d). (5)

eigenvalue problerfil6]) and obtain the set of eigenchannel

functions y’(R<Ry), their associated electronic eigen- The vibrational continuum phase shitg) must be such that
IOhaSGSTfJX), and the diagonalizing matriceE(z), one for at R, the logarithmic derivativgwith respect toR) of the
each of the open ionization channels. Tzhg) are obtained exterior function of Eq(5) matches that of the interior func-
in the sense that the linear coefficie@* of the rovibronic  tion of Eq. (3), which is —b®. The 7{% can thus be found
expansion by solving
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Fi(Ro)cod 7)) — G§(Ro)sin(w 7))
Fa(Ro)cod 7757) — Gy(Ro)sin(mry))

—p™= (6) lonization Yield (%)

[ spo,v=4 4p, v=5

Next, the linear coefficient$) in Eq. (5) are obtained by

projecting the interior function onto the exterior function. In 1 N=1 N=
the case in which there are no relevant dissociative channels  1p0 _/
differing only in the principal quantum number at the disso-
ciative limit we obtain[13] 80
60
S 2% e (Rl AN o
TS = , .
9 Ny(Rg)[Fg(Rg)cog m74)) — Gy4(Ry)sin( w7y0) ] 2097
(7) 0 7 e o am

(Rolv ™) is the value of the vibrational wave function at Obs.  Cale. Obs.  Cale.

Rg. The rotational elementéA|[N*) of the frame transfor-

mation matrix are given in Eq14) of Ref. [8]. Ny(Ro) is FIG. 1. Competition between ionizatigshown [17] and dis-
the energy normalization factor B, for the electronic state  sociation (100%-ionization in excited levels of singletingerade
involved in channel. Note that the rovibronic channel in- H,.

dexi in Z; includesy "N*, and that the sum over'N* and
the vibrational and rotational factors must all be those appro

te for ch d and the | q1 thmic derivati ting only small discrepancies & from the unit matrix. The
Flr';()g or channet an € Imposed loganthmic dernvalive .+ results were obtained when théd™ were chosen so

, , (x=0) _ ... that for each set an interior solution existed near the energy
Choosing the entire set af, functions as the initial o

T . . AR . at which the calculation oK was being done. In the calcu-
basis, it is sufficient to complete this basis with one addi g

. C(x#0) : o . lations presented below the mean absolute discrepancy was
tional functiony, fo_r each open dissociative c_hgnnel in not greater than 0.001.
order that the expression fo¥ 5 in Eq. (4) be sufficiently In practice a few “almost” open ionization channels are

erX|b_Ie 1o be able to fmd the same number Of. |ner§nden| ft open when calculatind<, as in Ref.[13]. Thus these
W ; eigenchannel functions as there are open ionization an S —
west closed channels are explicitly includedKkin and do

dissociation channels. We therefore choose one functionot introduce strona enerav dependence characteristic of
from each sef 4”9} and add it to the sgty>*=%}. We let o g gy cep =
P P proximity to a resonance. This allows us to evalukitat a

g index the resulting set of pairs pfx values that are actu- . | d th it id Th
ally included inW 4 in Eq. (4). We can therefore replace the ?'ng € e,r,1ergy and then use it over a wide energy range. 1he
indices (X)<—>q Then ¥ 7 and 79 79 (4 depends on almost” open channels are closed in the last stage of the

P N q d di’d calculation, with the imposition of the physical boundary
g solely through its dependence &h conditions

Imposing Eq(1) as th'e bouf‘dary condition ol in Eq. We have shown how to determine the effective reaction
(4) leads to the generalized eigenvalue problem o . o : L
matrix K, which contains the ionization and dissociation

sfﬁztar(m-ﬁ)céﬁ, 8 channels explicitly. Usind< and imposing physical bound-
ary conditions we can calculate- D, their competition, DR,
where the matriceS andC have elements and Al. A separate calculation using this treatment must be

performed for each total angular momentim space-fixed
(9) projectionM, and total parity in which we are interested. We
_ q B ) q present two examples relating tg HThe first concerns three
Caq=TaqC04774), Suq=TagSIN(77d), ungerade np,v Rydberg resonances of,Hying closely

dth ticients? (=cB® dinto th ¢ together between the™ =1 and 2 ionization thresholds of
and the coefficients, (=c,™) are arranged into the VECor | % "pa0n of these correspondsite-v* > 1 and would be

¢, Stgndardﬁtechniques give the full eigenphageand the  ¢51hiqgen by the well-known propensity rule. Figure 1 com-
coefficientsc; . The components of the full diagonalizing pares our results with experimeft7] and shows that each

Ciq=TigCos 77q), Siq=TigSiN(77y), i€P;

transformation are level follows the pathway requiring the least interconversion
of vibrational and electronic energy. Thup3, v=8 is
T :2 cAT.,co§ m(r5—14)] forieP fully predissociated, whereaspt, v=4 has a vibrational
iB q'iq B 'q ’ LT . C.
q (10) autoionization yield of about 80%. The remaining level

4p, v=>5 corresponds to a delicate balance between the
competing fragmentation pathways. Its behavior changes
dramatically upon rotational excitation, decaying primarily
into an ion and an electron fak=1, whereas folN=2
This matrix is subjected to a symmetric orthogonalizationfragmentation into two neutral atoms prevails. Table | com-
procedureT— VT, providing a criterion for optimizing the pares our results with observed resonance posifib&lsand
choice of imposed logarithmic derivativesb™ by permit-  widths[19]. Our calculated yields and widths are of similar

Tas= ; cBTyqcod m(75— 791
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e|s1(—3??-||2_FL Energies and widths (cit) of singletungeraddev- Ca2s) 124200 . 124150

(a) observed

S~
2
N=1 N=2 5
State Energy Width Energy Width E ]
5po, v=4 obs. 127 599.4 127 666.9 'g 1 T Y Lﬁ
calc. 127 602.2 0.38 127 669.7 0.48 et ‘—\VI\“/’—T
4pm, v=5 obs. 127 667.6 127 758.7 'a
calc. 127 665.4 0.046 127 758.4 0.024 )
3pm, v=8 obs. 1272482 3@ 127321.6 10.2) g (b) calculated
E(m™)

quality to previogs resultsl3, 14, and the resonanqe posi- FIG. 2. Part of predissociation spectrum of singjeradeH,

thI’IS. are gre.atly |mproy¢d. We s_tress that the only |npu_t dat@xcited from theB 13, v=0, N=0 level. (a) Observed21]; (b)

requweq arg(l) theab mltlo poten.tlal-energ_y curve of the ion calculated(present work

along with its electronic adiabatic correctiolfis) an energy-

dependent guantum-defect functipn(R) for each of the and 18 open rovibrational ionic channels. Although no ion-

po and thep channels(obtained fromab initio potential-  ization channel was open in this energy range the latter were

energy curveg20] by the Rydberg equatignand (ii) the included in the effectiveK matrix. These channels were

electronic dipole transition moments for excitation from theclosed by the imposition of the physical boundary conditions

H, ground statg10]. in the last step of the calculation and yielded the calculated
The second example concemsrade sandd series built ~ resonances seen in Fig. 2.

on the ion ground state. For these states strong predissocia- In summary, the approach outlined here treats correlated
tion is induced by electronic coupling with doubly excited Motion of atoms and electrons in a diatomic molecule, while

channels built on the repulsive excited state of the ion. A fullPréServing the main advantage of quantum-defect theory:
treatment of such states has not previously been availabl 1at the electronic wave functions are not explicitly required.
Figure 2 shows part of the predissociation spectrum of N€ R-dependent quantum-defect matrices are the only dy-

Rottke and Welge21]. Here sharp, slowly predissociat- namical parameters rgquired and are directly related to the
ing, Rydberg structures are superimposed on a broad, fag[amp.ed nuclei potential-energy curves .Of _the.mqlec.ule. F_or
decaying resonance. Our calculation uses energy-dependeficrgies beloy\{ the threshold for dISSOCIat-Ive ionization this
nondiagonal electronic quantum-defect matripdR) (ob- procedure unifies the treatment of the different molecular
tained fromab initio potential-energy curve0] and which fragmentation pathways .|nto a single quantum-defect treat-
account for core excitation as in Rg8]), and involves three MeNt based on th matrix.

dissociation channel&F 'Y, GK'3,, and | 'lly. The S.C.R. thanks the Natural Sciences and Engineering Re-
dipole transition moments from the lowB'S, | state were search Council of Canada and the Univérsite Paris—Sud
calculated from the quantum defects in the same manner dsr support and L. Wolniewicz for providing results in ad-
in Ref.[22]. The expansion in Eq2) included 168 closed vance of publication.
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