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Extremely narrow peaks in predissociation of sodium dimer
due to rovibronic coupling
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In sodium dimer the ?Hg, 3 3Hg, and 432; electronic states are coupled; the coupling of the two
3Hg states is due to vibrational motion while the nonadiabatic interaction betweéﬁ&*hand the

3Hg states—in particular, the 3319 state—is mediated by rotational interaction. The resulting
vibronic problem is studied in some detail. The bound vibrational states of thi, Znd 4°I1;

states lie in the dissociation continuum of the"H?g state and become resonances due to the
prevailing nonadiabatic coupling. The resonances are calculated using the complex scaling method
and the availablab initio adiabatic potential energy curves. It is demonstrated that the resonances
associated with rotational nonadiabatic coupling are narrower by several orders of magnitude than
those that emerge from the vibrational nonadiabatic coupling. The predissociation cross section is
computed and compared with experiment. 2004 American Institute of Physics.
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I. INTRODUCTION vides not only the energies and widths of the resonance

E . tal studi f sodium di di iation i states, but also allows one to classify these states by inspect-
xpenmental SIdIes ot sodium dimer predissociation Ining the nodal structure of the computed corresponding wave
the energy region between-88d and 3s-4p atomic disso-

iation limits h b N ber of K functions? Specifically, we calculate the resonance energies
clation fimits nave been reported. A large NUMDET of pEaKS =, |ifetimes as well as the predissociation cross section by
in the experimental predissociation cross sectimeasured

tomic fl tiuave b ated with taking into account both the vibronic coupling between the
as atomic fluorescence spec Ve been associated with 3Hg and 311, and rotational-electronic coupling between

the rLgfs?_nance fsttr?te_z oft_s],cpd(;um dimer. tat ied withi 3311g and 43239 states. We show here that this subset of the
ifeuimes of the identified resonance states vaned Withiy | interaction is sufficient to obtain both broad and narrow

Zeveral ?r?hers ?]f n;zla_gngude indicating theltr <tj|fferhent naZ)tureresonance states associated with the predissociating levels of
ome of the short-lived Naresonances states have been, 31, and 432;;’ respectively.

attributed to the predissociated3Hg vibrational levels by Our calculations are numerically exact and do not in-

i 1 3 3 i i i
L|u” eg;al. Tih? 2t Htgh ar;js;:j H?‘ delge;térlom(i sr;?teﬁma::hatr)atl volve perturbative approximations. We obtaifi the reso-
cally dissociate to the a p atomic S '€ hance states associated with the physical system under study
%y using the complex generalization of variational principle.
The resonance states were later used to construct the predis-
. : sociation cross section based on the formalism of non Her-
with the continuum of the QHQ and become metastable mitian scattering theor§.Theoretical calculations involving

shotlt_rl]lvmg resonancefsttr;':ltﬁs. lived tates | trotational-electronic coupling between different electronic
1€ appearance of the long fived resonance sza esn hs‘?ates of triatomic molecules were performed earlier by Ced-
experimental cross section was explained byetal” They ; 8

S ; erbaum’s groug:
suggested that the vibrational levels 01321g above the
3s+3d limit are predissociated by the continuum of the
2311, via the resonance states of théIB,. Fermi golden !l POTENTIAL ENERGY CURVES

rule approximation has been used to estimate lifetimes of the \ye begin with the potential energy curves of the elec-

resonances states. tronic states involved in predissociation. Initially, the inter-

In this article, we focus our attention on demonstratingmediate v = 14, J=14, state is prepared by a pump laser
that the complicated structure observed in photodissociatioBL”Se in the BII, electronic state which dissociates to the
experiments on Nacan be explained by nonadiabatic cou- 35 3p |imit as shown in Fig. 1. The minimal set of elec-
pling of potential energy curve®ECS. The computations yronjc states that can describe the predissociation resonances
are performed using the complex scaling method which prog e o direct(electroni¢ and indirect(rotational-electronic
couplings, consists of three states’l?,, 3°Il,, and
dpresent address: Optun Inc., 3211 Scott Blvd., Santa Clara, CA 95054. 432; : The 23Hg dissociates to the 3s3d limit and pro-
YPermanent address: Department of Chemistry and Minerva Center of Noryides the continuum states in the energy region between the

linear Physics in Complex Systems, Technion—Israel Institute of Technol-35+3d and 3s-4p dissociation thresholds. Both the’d
ogy, Haifa 32000, Israel. ' g

3 + . . . .
“Permanent address: Theoretische Chemie, Physicalisch-Chemisches Iné?i_nd 4_ 2g dBSOC'_ate to the 3s4p limit and support bound
tut, Universita Heidelberg, D-69120 Heidelberg, Germany. vibrational levels in the same energy range. A closer look at

avoided crossing in the region of the inner turning pokt,
~5a.u. Thus a number of bound states (ffl'[«}J interact
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3 6 9 12 15 18 FIG. 2. The complex energy spectra ofe'E[g and 2711, electronically
R (au) coupled states obtained by varying the avoided crossing point energy. The

quantity AR indicates the change of the crossing point compared to the
FIG. 1. Potential energy curves of electronic states involved in the predisoriginal ab initio data. The rotating continua are denoted by dotted lines.
sociation experiment. The :2'[ and 33H curves dissociating to the The resonance positions and lifetimes obtained for Alie=—0.02 a.u.
3s+3d and 3s-4p atomic limits ‘are diabatic curves constructed from adia- Show reasonable agreement with the experimental results.,
baticab initio data(Refs. 9 and 1D The energy origin is at the dissociation
limit for producing two N& ions.

noted byvg|(R) We employed the complex scaling method,

the adiabatic 311, and 4°%; PECs in the region of the R=(R—Ry)exp(6)+Ry, to obtain resonance energies and
inner turning pomt reveals that there is an avoided crossingvave functions, wherd is the complex rotation parameter
at aboutR=5.44a.u. The estimated closest approach adiaand Ry=6.58a.u. is the rotation origin chosen to coincide
batic energy difference at the avoided crossing is 376'cm Wwith the minimum of the 311, PEC. Within the complex
(Liu et al! used the value of 300 cm). Assuming a slow scaling method resonance phenomena is described by the
dependence of the diabatic electronic couplii@aussian discrete part of the complex-scaled Hamiltonian spectrum.
shape with full width at half maximum of 3 a.u. centered atMoreover, a resonance state is associated with a single
R.=5.44 a.u.), we performed the transformation of adiabaticsquare integrable function, rather than a collection of con-
potentlal energy curves to the diabatic PEC set. The resultingnuum eigenstates of the conventional Hermitian
diabatic PECs for both the 41, and 3°I1, states are pre- Hamiltonian?
sented in Fig. 1. In order to S|mpI|fy the appllcatlon of com- Complex eigenvalues of E@l) presented in Fig. 2see
plex scaling method thab initio PECs were fitted to analytic open triangles onlyfall into several classes. Eigenstates that
functions (we choose a sum of Morse oscillator and two are below the 383d dissociation limit are the bound vibra-
Lorentzian functions tional levels of 2°I1, and 3%I1,. Continua of the 211, and
3 3H are rotated |nto the complex energy plane by the angle
26 around the 3$3d and 33-4p thresholds, respectively.
Between the two dissociation limits a number of discrete
¢-invariant resonance states are exposed. They are associated
First, we calculate the Napredissociating resonance with the vibrational levels in the @.‘Ig PEC and decay to the
levels and spectrum by taking into account the vibronic cou-3s+3d continuum. The real part of the complex eigenvalue,
pling between the QH and 33H states. The vibrational E—iI'/2 gives the resonance position, while the complex
levels of the 3?’1'[ PEC above the 3s3d dissociation limit, part is related to the decay probability=1"/%. Note that a
become resonance states due to the diabatic coupling to tiseries of densely spaced resonances appear close to the
continuum of the ?Hg PEC. The two-coupled electronic 3s+4p dissociation threshold. These resonances are located

Ill. PREDISSOCIATION DUE TO VIBRONIC
INTERACTION OF 2 3Hg AND 3 3Hg STATES

state Schrdinger equations are given by between 53000 and 52 800 wave numbers in Fig. 2 and are
E due to the shape of the 3]Hg adiabatic potential energy
H(2°I1,) Hei(2°114,3% )\ [ b2 SHQ(R) curve near dissociation.
He (3 31‘[9, 231'19) H(3 31‘[g) ¢§ 3Hg(R) The calculated resonance width for the state, that can be

associated with the =33 vibrational level of §H , Is 16
(¢2 o, (R)) “1Liu et al! measured the linewidth of the same reso-
(1)  nance state and obtained the value of 22 tnBased on
¢3 an (R) perturbation theory, they estimated the resonance width to be
3 3 42 cm *. Although the width of thev =33 resonance state
where H(27T14,3%11g) = TV 311331 (R)+Hyo is the that has been obtained by our complex-variational calcula-
sum  of ) electronic ~ and rotatlonal Hioe=%23(3  tions is in a good agreement with the experimental results,
+1)/I(2uR ) Hamiltonian, T is the nuclear kinetic energy \ye found that the widths at higher energies>(33) deviate
operator, Vs &334 (R) are the diabatic PECs, and considerably from the experimental valueee Liuet al,
Heai(2 H 331'[ g) IS the diabatic electronic coupling also de- Fig. 1). The widths of the first 12 (38v<44) calculated
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resonances decrease monotonically with energy whereas thi 1.5 ' ,
widths of the corresponding peaks in the experimental cross
section do not change appreciably. We found out that this r i
disagreement may be corrected by tuning the energy positio
of the diabatic electronic potential crossing point between
the two?’Hg states as was first proposed by ldtial} Note,
that the value of the crossing.=5.44a.u. is close to the
first grid point atR=>5 a.u. in theab initio potential energy
data and hence not reliable. We tuned the energy of the cross;
ing point by shifting the ?Hg diabatic PEC with respect to
the 23Hg PEC in coordinate space. Complex energy spectra g
obtained for different values of the crossing point energy are §
presented in Fig. 2. The shift of the avoided crossing energy
to higher values causes the calculated resonance width tc 0 J ‘
decrease. This is in contradiction with earlier assumptions of =~ 6% -58510 '533é°(cm-1')5323° -530%0 52950
Liu et al! The decrease in the resonance width is accompa-

nied by the qualitative change in the resonance structure bé&4G. 3. Calculated predissociation cross section &fI3 levels electroni-
havior. For a highefthan that estimated frormb initio data ~ cally coupled to ZII, continuum.

crossing point energyE.=54390cm ! (diamonds in Fig.

2), the width of the first ten resonance states is about con: . . . .
. . . fit the experimental absorption peaks. Since we are interested
stant, in agreement with the experimental results.

We have confirmed here that the resonance lifetime id" calculating the photodetachment cross section in the en-

sensitive to the energy at the avoided crossing, as Wa(%rgy region between the 38d and 3s 4p dissociation lim-
pointed out by Liuet al,! and that by fitting the calculated - the only channel open for dissociation is thefB con-

resonance lifetimes to the peak widths in the experimentatlmuum' Therefore the final state vector consists of

. - : : continuum wave function of 2I1, only. To simplify the cal-
predissociation cross section, one can estimate the energy at, .. . 9 '
. - Culations we approximate the final vector by taking the com-
the crossing more accurately than from thle initio data.

Shifting the potential energy curve is not the most accuratglex scaled outgoing wave of energy=#k"/(2u) instead,

5)
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way to tune the avoided crossing point position. Changing 0

the steepness of the repulsive wall at small internuclear dis- + — 1 _ (5)
. . . f — Ak((R=Rg)expif)+Rg) |

tances is more physically sound, however because our inten- €

tion here is not to find an exact agreement with experiment,

we proceed with thab initio PECs as calculated by Magnier The photodetachment cross section presented in Fig. 3, re-

et al>1° produces correctly the positions and the asymmetric line
Upon obtaining the resonance eigenvalues and eigerfroadening of the peaks. The reversal of Fano’s line shape

functions, it is straightforward to calculate the photodissocia@symmetry parameterhappens at the minimum of the cross

tion cross sectiohi'2 The photodissociation cross section SectionE=—53300cm *. This line shape modulation for

can be written as the half-collision Lippman—Schwingerthe molecular systems was first predicted by Corae#l!®

equation Our results presented in Fig. 3 are in a good agreement with
) theoretical results obtained by Kimueaal® Note, however,
a(E)=(¥i[1+GV[¥)[%, (2 that the calculations performed by Kimueaal. do not pro-

whereG is the Green operatd = 1/(E — H) associated with Vide resonance positions and widths explicitly.
the full HamiltonianH,
IV. PREDISSOCIATION DUE TO ROVIBRONIC

(il i) (Sl VW) |2
U(E):’Ek ' |kE—Ekk 0| , (3)  INTERACTION OF 2 °Il, 3°II,, AND 4 °37 STATES

This simple model of two electronically couple"dﬂg

and E, and |¢)), respectively, are the eigenvalues andstates does not account for the narrow features that appear on

eigenvectors of the full Hamiltonian. top of the broad ones in the experimental photodissociation
In the experiment, the initial state is prepared on the twacross section. One of the possible mechanisms that may lead

triplet 11 states by applying a laser field to the=14,J  to the presence of long-lived resonance states is the interac-

=14 intermediate level of #1,, tion of the 3, states with the 43, state. On symmetry
Ib3M,w=14 J=14) grounds, the coupling between theandll states cannot be
_ u . . . . . .
v, = b3 =14 =14 (4)  the direct electrostatic coupling. Bearing in mind that the

total angular momentum is largel€ 15), rovibronic cou-
The first and second elements of the vector stand for theling has to be considered. The total molecular Hamiltonian
portion of the wave function excited to the’Bl; and 2°I1; s given by

electronic states, respectively, andis the ratio between the HeH o+ H . +H ©)
transition dipole momentéwe assume coordinate indepen- — el T ib T Hrot »
dent transition dipole momentThe value ofu, is chosento whereHg, is the electronic Hamiltonian and
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1 42 1 The total angular momentum J= 15, electronic spin angu-
HyptHioi=—5——+ (J-L-9)? (7)  lar momentum isS=1, and electronic orbital momentum is
2 9R?  2uR? L=2

whereJ, L, andS are the total, the electronic orbital and spin  The matrix elements of the full Hamiltonian in B) in
angular momenta, respectively. Since the projection of thdhe representation of 15 electronic-rotational wave functions
nuclear angular momentum on the molecule-fixed axis i£an be easily calculated using the selection rules and the

zero (J,—L,—S,=0), the rotational Hamiltonian in Eq7) properties of raising/lowering operatofsee, for instance,
can be rewritten, Lefebvre—Brion and Field for detaileRef. 14]. We may

also assume that theL%—Li) diagonal Hamiltonian term
has been already included in the calculations of the adiabatic

_ 2 2 2 2 2 2
Hrot_—z =2 {[(F=3)+(L=L)+(S=S))] PECs. We, however, took this term into consideration in our
K calculations assuming thdt is a good quantum number
+(L*S +L S")—-JFL +JLY) (L=1,+1,, wherel, andl, are the electronic orbital mo-

(IS 435 ® mentum of atomic orbitals used in the construction of the
: asymptotic electronic wave functionsFollowing this as-
Represented in the electronic diabatic basis+H,;, leads ~sumptionL=1 for the 3°[l; and the £3 states and.

to the vibronic Hamiltonian matrix. It is convenient to =2 for 2°I1, state.

choose a diabatic electronic-rotational basis which is suitable It is convenient to represent the %5 Hamiltonian as a
to represent also the rotational part of the Hamiltonian. Thdridiagonal block matrix. The block size i3 and is asso-
resulting Hamiltonian matrix operator is our rovibronic ciated with%=—1, 0, +1 states. Each block corresponds to
Hamiltonian. Note that four “good quantum” numbers can one of the five available electronic-rotational wave function
be assigned to the adiabatic electronic states; the electrons@ts {¢"'(n=2, A=1)}, {¢"(n=2, A=-1)}, {¢"(n
quantum numben (denoted by indices 2, 3, and 4 in our =3, A=1)}, {¢"(n=3, A=—1)}, and{¢>(n=4)}. Di-
casé: It is actually not a quantum number but an indéx.  agonal block associated with th#l, state can be repre-
the projection of the electronic orbital momentum on thesented in the basis set of E@) as

molecularzaxis (+1 for the °II; states and O for thés. )

statg; and X, the projection of the electronic spin on the H(n3A=*1)= _i‘?_JrVd(R))l
molecular axig0, =1 in all three statgsThe fourth quantum 21 gR2 n
number is, of courseQ)=A+3, the projection of the total

angular momentd on thez axis. 1 do Bo1 O
The rovibronic Hamiltonian can be constructed using 15 +——| Byp d; Bi,l, (11)
electronic-rotational states associated with tHélg, 3°I1, 2uR 0 By, d

and 4%%; symmetries. For théll, states,A=+1, S=1,

andx=1, 0, —1. ForA=1, () can assume values 0, 1, and 2. wherel is the unit matrix. Other matrix elements are given
The set of three electronic-rotational wave functionspy

{¢"(n,A=1)} possesses the following set of good quantum

numbers: do=(pa|(F~ D) +(L*~ L) +(S*~S)|¢q)
#1=|n3,0=0, LLA=1, S3=-1), =[IJ+1)—Q*+L(L+1)— A*+S(S+1)—327],
#'=]n,3,0=1, L,A=1, S3=0), 9 Bo,o'=(#a[J"S™+37S"|dqa) 12
=[n3,0=2, LA=1, S3I=1). =[J(J+1)-Q"(Q' =1 ]¥S(S+1)

Three more electronic-rotational functiong ¢''(n, A —3(3' )]0 00010 yrx1

=~ 1)} correspond to the values df=—1 and2=0, =1,  1pe yajyes of quantum numbers used in B) are defined
—2. In total, there are six rotational symmetry levels assOCH, ithin the set of rotational states as in E8). There are four
ated with each’Il staten=2 andn=3. The total angular

9= 15 and the el T | diagonal 3<3 blocks that correspond to thdI, states
momentum is)= 15 and the electronic spin angular momen-y 531 A1), H(23M,A=—1), H(3%T,A=1), and

tum isS=1. As discussed below, we assume thét a good H(3%,A=—1). The vibrational wave functions, em-

quantumsnumber where=1 for t+he 33H9 state and. =2 ployed in the construction of the matrix elements, are ob-
for the 2711, state. For the ﬁE_g state, A=0, S=1, ar_ld tained by diagonalizing the corresponding molecular
>=-1, .0, 1. The cqrrespgndlng set of th_ree rotatlonal-Hamiltonian T+Vﬂ(R)+ﬁ2J(J+1)/(2,uR2) with J=15.

electronic wave functiond¢™} has the following quantum \ye \sed the Colbert—Miller discrete-variable-representation

nhumbers: approachr with 5000 grid points and a box size of 20 a.u. A
¢ ,=|n,J,0=-1, L,A=0, S3=-1), cutoff in energy of—0.2 a.u. was chosen to reduce the size of
the Hamiltonian matrix without compromising the numerical
¢§=|n,J,Q=O, L,A=0, S2=0), (10 accuracy. As a result, the vibrational basis set size for the
s 2°11, and 3°I1, states was 313 and 285 functions, respec-
#1=[n,3,Q=1, L,A=0, S2=1). tively (instead of 5000
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The fifth diagonal block of the full Hamiltonian matrix where the matrix elemerwgl(R) is the diabatic electronic
corresponds to the ?Eg* state and is given by coupling.
In our approximation, both the 3£ ; and 3°l14 states
| electronic configurations include the 3s and 4p atomic orbit-
als only and it is easy to calculate the electronic-rotational
coupling matrix elements in the basis sets defined by &s.

2

3 19 d
H(n 2): _ﬂﬁ‘l‘vn(R)

1 dy B-yo O and (10
+ 5| Bo-1 do  Boa], (13
21R 0 Bio dg 1 0 D-11 Cogp
where matrix elementd,, andBy, o are calculated by sub- Hiot(4°%,n°1Y)=——| Doo Cop 0 |, (19
stituting the quantum numbers given in E4.0) into Eq. 21R Cio O 0
(12). The vibrational basis set size used for th%'EZg state
was 283. where the matrix element€ and D are calculated aR

We have assumed earlier that the electronic configura=«_ \Within the framework of the asymptotic approximation,
tion of the 23Hg state involves 3s and 3d atomic orbitals. they are given as,

This is rigorously correct only in the asymptotic limit. Simi-
larly the electronic configurations of the3]§[g and the

— /431t — -1 + 1
433 states include 3s and 4p orbitals. This implies that in Co0 =(dalITL7+I"LT)[g)

our scheme there is no electronic-rotational coupling be- =[JJ+1)—-Q'(Q'+=1)]¥L(L+1)

tween the 211, state and the 3114 or 433 states, since s

there is no operator in the rotational Hamiltonian equation A (A ED)]0g 01 x100 A7 21,

(7), that changes the principal quantum number. However (16)
there is an electrostaticadia) coupling between the #1 Do =(¢5l(L*S +L"S")|dy.)

and 331'[g PECs and it is nonvanishing only between '

electronic-rotational states having the same set of rotational =[L(L+1)—A' (A" +=1)]YS(S+1)

good quantum numbers. The off-diagonak3 block of _2,(2,11)]1/25A’A,i152]2/11'

the full Hamilton matrix[see Eq(17) below] that represents
the electrostatic coupling can be expressed using the s

of 3T electronic-rotational wave functions given in E@) ‘?Ihe matrix elements are calculated using the quantum num-

bers defined in Eq99) and (10). As mentioned above, we

as took into account the electrostatic coupling between the
Vg|(R) 0 0 2 3Hg and 3°I1,, states and the rotational-electronic coupling
3y +
3[7A p 377AY — 0 Va4 (R 0 between the SIly and 4°%; states. As a result the full
Hei(n "%, n 71T el(R) g (19 Hamiltonian matrix is block tridiagonal. It can be schemati-
0 0 V(R cally shown using the 83 blocks defined above,

H(2°Ig) Hel(2°%115,3%IT;) 0 0 0

Hei(3%115,25115)  H(3°ITy) Hiot(3°%5,4%%7) 0 0

0 Heo(4335,3%15) H(43%)) Heor(4334 3%, Y 0 .1

0 0 Hoot(33M5 4,452 0) H(3°%I0,Y) He(3 %I04 4,231 Y)

0 0 0 He(23115 1,330 H(2°I1,Y)

The resulting 1% 15 Hamiltonian governs the motion in sented in Fig. 4. Predissociating resonances of tﬁEg4
the manifold of the coupled electronic and rotational statesstate have much longer lifetime as compared to tﬁﬂ§
Note that in the absence of rotational-electronic coupling thepredissociation.
full rovibronic problem presented in EL7) reduces to the The energies and widths of the resonance states were
2x2 problem[Eq. (1)]. As one can see there is no direct obtained by diagonalizing the total 44%3473 complex
coupling between the %% ; and 2°I1, states, which means symmetric Hamiltonian matrix. Since the complex scaling
that the predissociation of the3E§ levels is treated as a method is employed again, the resonances fall into discrete
second order process in our coupling scheme. It takes plageart of the spectrum and are described by square integrable
through the electronic-rotational coupling to théIBg vibra-  localized wave functions. The nodes of the resonance wave
tional levels. The effect of the indirect coupling is clearly functions can be counted facilitating the classification of
seen in the complex spectrum of the full Hamiltonian pre-resonance states.
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FIG. 4. The complex energy spectrum of vibronically coupledli3, FIG. 5. Calculated predissociation cross section 8f3 and 4°3; levels

2 3Hg and 4325 states. The rotating continua are denoted by dotted |ineSdirect|y and indirectly coupled to the continuum o Hg , showing the

The bound states were obtained below the first 33 threshold. The inset  extremely narrow peaks which are associated with the resonances shown in
shows energy region with extremely narrow resonances resulting from thehe inset Fig. 4.
nonadiabatic couplings mediated by rotations.

) tween 33-3d and 3s-4p atomic dissociation limits can be

Two groups of resonances appearn the complex energyyite accurately reproduced by taking into account the rovi-
spectrum shown in Fig. 4d) 3°II, predissociation states pronjic coupling between three potential energy curves; the
similar to vibronically unperturbed levels presented in Fig. 25311~ 3311~ and 433" . Vibronic coupling between
and(ii) 4 3 ; predissociation levels that have width of about » 31—[3 and 33%—19 states gises rise to short-lived predissocia-

71 . . . .
0.04 cm ~ (see inset in Fig. # The calculated width of the tjon resonances seen as broad peaks in the experimental
resonance state associated withdke28 vibrational level of 455 section. Rovibronic coupling between t levels
3 + . _ . . . . "

the 4°3; state is 0.06 cm'. The experimental line widftis g 3°I1, states leads to the formation of long-lived predis-

about 0.5 cm”. A possible explanation might be that in the sqciating resonances. Although our coupling scheme is
experiment the three rotational stateswof 28 vibrational  gomewhat simplified—we do not hawab initio electronic
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