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Quantum dynamics study on predissociation of H 3 Rydberg states:
Importance of indirect mechanism
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Predissociation of H3 Rydberg states was investigated using the effective Hamiltonian which
describes the vibronic transitions among the Rydberg states as well as the predissociation through
the vibrationally excited 2s states. The motion of a Rydberg electron and the vibrations of the H3

1

ion core was treated simultaneously without assuming the Born–Oppenheimer approximation. We
developed the effective potential for a Rydberg electron, which contains the Coulomb potential and
the exchange effect. The energies and predissociation lifetimes of H3 Rydberg states were obtained
by analyzing the effective Hamiltonian and compared with the available experimental values. The
s andp Rydberg states with lower vibrational excitation have lifetimes between a few ps to 1 ns and
show an irregular lifetime distribution with respect to the principal quantum number. In contrast,d
and f Rydberg states have longer lifetime, 10 ns for example. The energy level spacings of the
Rydberg states obey the distribution close to the Poisson one and thus indicates these states being
regular. The route of predissociation was investigated by propagating a wave packet as well as
analyzing the eigenvectors of the effective Hamiltonian. We found that the energy level matching
between nearby states play an important role for efficient predissociation. The present results
suggest that the predissociation of the H3 molecule and the dissociative recombination of the H3

1 ion
might be efficient under rotational excitation through inclusion of additional energy levels. ©2002
American Institute of Physics.@DOI: 10.1063/1.1490918#
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I. INTRODUCTION

The triatomic hydrogen H3, the simplest polyatomic
molecule, has been the subject of many experimental
theoretical studies for a long time.1–5 It also attracts the at
tention with respect to the dissociative recombination~DR!
of the H3

1 ion with an electron, which is one of the mo
important reactions in interstellar chemistry. The H3

1 DR
process starts with the capture of the incident electron
form the vibrationally excited H3 Rydberg states, and subs
quent predissociation follows to produce H21H or H1H
1H fragments. In order to describe this DR process, it
required to clarify the mechanism of nonadiabatic transitio
among the bound Rydberg states as well as to the disso
tive continua. In this respect, quantum dynamics studies
the predissociation of H3 Rydberg states are indispensable
understand the H3

1 DR reaction. It is noteworthy that ther
are still discrepancies between the experiments and theo
cal calculations on the magnitudes of the rate constants.6,7

For several H3 Rydberg states, the experimental inves
gations have been performed to determine the predisso
tion lifetimes,8 the branching ratio,9 the rovibrational distri-
bution of product H2 in two-body decay,10–12 and the
fragments momentum correlation in three-body decay.13,14

Among these various experimental quantities, the lifetim
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2050021-9606/2002/117(5)/2053/10/$19.00

Downloaded 06 Mar 2008 to 130.54.110.22. Redistribution subject to AIP
nd

to

s
s
ia-
of

ti-

-
ia-

s

exhibit interesting property. The ground vibrational state
the H3 2sA18 Rydberg state predissociates very rapidly w
the lifetime of 0.19 ps.15 The lifetime of the 3sA18 state is
longer than 66 ps.8,16,17 but for the 4s and 5sA18 states it
becomes shorter, 7.6 ps and 3.8 ps, respectively.8 For the
3pE8 state, the lifetime is longer than 66 ps while the 4pE8
state shows a faster rate.8 This behavior, i.e., the increase o
the rate constant with increasing the principal quantum nu
ber, seems irregular, since the direct coupling between
Rydberg and dissociative 2pE8 states becomes smaller fo
larger principal quantum number, in general. One of the p
sible interpretations is the indirect mechanism,18 where the
4s and 5s Rydberg states vibronically couple with the vibr
tionally excited 2sA18 states whose decay rates are large.

Theoretical studies of higher Rydberg states have b
advanced based on the multichannel quantum defect th
~MQDT!, which provide a wealth of information on the cou
pling between the continuous and bound electronic state
H3 .19–22 However, theoretical treatments of the predissoc
tion of each H3 Rydberg state are rather limited,23–25despite
of those activities of experimental measurements. Schne
and Orel25 carried out quantum dynamics calculations to e
timate the lifetimes of 2sA18 , 3sA18 , and 3pE8 states, based
on ab initio calculations of the nonadiabatic coupling el
ments. However, they restricted the nuclear motion of H3 to
the C2v arrangement, to two dimensions. Their study w
based on the direct couplings between 2pE8 and excited
3 © 2002 American Institute of Physics
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Rydberg states. The role of the indirect mechanism rem
unknown.

In the present paper, we investigate the role of indir
process in the predissociation of H3 Rydberg states. As see
in Fig. 1, the potential energy of the 2sA18 state is well sepa-
rated from a dense higher Rydberg manifold (n>3) and the
direct predissociation rates from the 3sA18 and 3pE8 states to
the dissociative states are considerably smaller compare
that from the 2sA18 state as shown by Schneider and Ore25

We therefore paid our attention to the vibronic coupli
among higher Rydberg states and their couplings to the
brationally excited 2sA18 states which have large predissoc
tion rates. To realize this picture, we constructed the effec
Hamiltonian for describing the dynamics of bound Rydbe
states, taking into account the direct nonadiabatic transi
effect from the 2sA18 to 2pE8 states. An effective potentia
for a Rydberg electron was developed to describe the e
tronic structures of bound Rydberg states. The dynamic
then treated as the combination of the H3

1 core vibrations and
the motion of the Rydberg electron. Note that the vibro
interaction between a Rydberg electron and the H3

1 ion core
is explicitly treated without assuming the Born
Oppenheimer separation, though two electrons of the3

1

core are assumed to follow the nuclear motion adiabatica
The organization of this paper is as follows: Sec. II d

scribes theoretical methods both forab initio electronic
structure and quantum dynamics calculations. We const
the effective Hamiltonian for calculating the lifetimes of th
Rydberg states. Details of the effective potential for t
Rydberg electron are also given. In Sec. III the results
calculations for the energy levels of Rydberg states and t
predissociation rates are shown. Comparison with the av
able experiments is made. We further give a brief discuss
about the implication of the present results to the DR proc

FIG. 1. One-dimensional cut of potential energy surfaces. The upper s
line is the curve for H3

1 . The dotted lines below H3
1 indicate Rydberg states

The dashed line represents the H3 2sA18 state. The two lowest solid lines
show the 2pE8 dissociative state. The upper 2pE8 state correlates to H
1H1H, whereas the lower 2pE8 state correlates to H21H. The coordinate
X is defined by the hyperspherical coordinates as sinu/2, which represents
the C2v distortion of the nuclear geometry. Note that these curves w
obtained by the one-electron Hamiltonian described later in Sec. II B 1
combination with the H3

1 potential surface of Jaquetet al. ~Ref. 26!.
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of the H3
1 ion. The concluding remarks of this paper a

summarized in Sec. IV.

II. THEORETICAL METHOD

A. Effective Hamiltonian

In order to treat the predissociation dynamics of H3

Rydberg states, we introduced the effective Hamiltonian
the form,

Ĥeff5ĤN~R!1Ĥe~r ,R!1D̂~r ,R!2
i

2
Ĝ~r ,R!, ~1!

whereĤN is the the Hamiltonian for the nuclear motion o
the H3

1 ion andĤe is the one-electron Hamiltonian for th
Rydberg electron. The Hermit operators,D̂ andĜ, represent
the shifts and widths caused by the dissociation. The coo
nates of nuclei and Rydberg electron are denoted asR andr ,
respectively. In deriving Eq.~1!, we employed the Feshbac
partitioning technique,27,28 where the total molecular vi-
bronic states are divided intoP-space composed of Rydber
states with bound nuclear vibrations, andQ-space corre-
sponding to the valence 2pE8 electronic states with dissocia
tive continua of nuclear motion. Although this effectiv
Hamiltonian formally depends on the energy, we replace
with the energy eigenvalue ofĤPP and neglected its energ
dependence. This approximation is justified because the
diagonal elements ofD̂ andĜ are usually small compared t
the diagonal elements when the effective Hamiltonian is r
resented by the eigenfunction ofĤPP . The explicit expres-
sions of these matrix elements will be shown in Sec. II C

We represent this effective Hamiltonian by the diaba
basis,xn(R)cm(r ,R0), whereR0 stands for the equilibrium
nuclear geometry of H3

1 . The vibrational basis functionxn is
the eigenfunction ofĤN ,

ĤNxn~R!5En
~N!xn~R!, ~2!

and the electronic basiscm is the eigenfunction ofĤe ,

Ĥe~r ,R0!cm~r ,R0!5Em
~e!~R0!cm~r ,R0!. ~3!

Here the 1sA18 and 2pE8 electronic wave functions are omit
ted from the basis functions. The HamiltonianĤeff is then
represented in terms of the basis setucmxn& as

^xn8cm8uĤeffuxncm&

5~En
~N!1Em

~e!!dn8ndm8m1^xn8cm8uDV̂euxncm&

1^xn8cm8uD̂uxncm&2
i

2
^xn8cm8uĜuxncm& ~4!

and

DV̂e5V̂e~r ,R!2V̂e~r ,R0!, ~5!

where V̂e is the potential term of the one-electron Ham
tonianĤe in Eq. ~1!. The operatorsD̂ andĜ are represented
as
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^xn8cm8uD̂uxncm&

5(
i

^xn8cm8ux i
~2s!c~2s!&D i

~2s!^x i
~2s!c~2s!uxncm&, ~6!

and

^xn8cm8uĜuxncm&

5(
i

^xn8cm8ux i
~2s!c~2s!&G i

~2s!^x i
~2s!c~2s!uxncm&. ~7!

The matrix element̂xn8cm8ux i
(2s)c (2s)& is the overlap inte-

gral between the diabatic basisxn8(R)cm8(r ,R0) and the
adiabatic basisx i

(2s)(R)c (2s)(r ,R), wherec (2s) is the elec-
tronic wave function of 2s state andx i

(2s) is the i th vibra-
tional wave function on the 2s surface. We renormalized
these matrix elements so as to satisfy the condition,

(
nm

u^xncmux i
~2s!c~2s!&u251, ~8!

which is intended to correctly reproduce the 2s decay widths
obtained byab initio calculations. We used the diagon
widths G i

(2s) and shiftsD i
(2s) of 2s state in Eq.~7! and ne-

glected the off-diagonal terms, because they were typic
3–5 orders of magnitude smaller compared to the diago
terms.

At this point, the relation between the coordinatesr and
R is not specified. We placed thei th proton in r -space ac-
cording to the mappingxi(R), yi(R) andzi(R) which satis-
fies the Eckart condition,29

(
i 51,3

mixi~R!5 (
i 51,3

miyi~R!50, zi~R!50 ~ i 51,2,3!

~9!

and

(
i 51,3

mi$xi~R0!Dyi~R!2yi~R0!Dxi~R!%50 ~10!

with

Dxi~R!5xi~R!2xi~R0!, Dyi~R!5yi~R!2yi~R0!. ~11!

The first condition places the center-of-mass of the H3
1 ion at

the origin of ther -space with the molecular plane being t
xy-plane. The second condition determines the rotation an
around the z-axis. Under these conditions, the integr

^xn8cm8uDV̂euxncm& preserves theD3h symmetry of the sys-
tem.

B. Electronic and vibrational basis for Rydberg states

1. Electronic basis

The potential term in the one-electron Hamiltoni
Ĥe(r ,R) is approximated as the sum of the Coulomb pot
tial of the H3

1 ion core and the exchange one. The Coulo
potential is represented as

Vcl~r ,R!52 (
i 51,3

Zi
eff~r ,R!

uRi2r u
. ~12!
Downloaded 06 Mar 2008 to 130.54.110.22. Redistribution subject to AIP
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Here the effective charge on each proton,Zi
eff(r ,R), includes

the shielding effect by two electrons occupying the 1a18 or-
bital of H3

1 . The chargeZi
eff should approach to unity nea

the proton positionRi and have the valueZi away from the
proton, whereZi is the partial charge obtained to reprodu
the H3

1 electrostatic potential at the outer region. We us
the exponential function to represent this shielding effect

Zi
eff~r,R !5Zi~R!1$12Zi~R!%exp~2guRi2r u!. ~13!

Although the exchange effect is formally represented
a nonlocal potential, we employed the local approximat
based on free-electron gas model30 because of its simplicity.
We will show in Figs. 4 and 5 that the present model c
reproduce theab initio Rydberg energies reasonably well.
this paper, we used the following form of the exchan
potential31 which have been used in the literature,32,33

Vex~r,R !52A~R!
2

p
kFF~h!, ~14!

where

kF~r,R !5$3p2%~r,R !%1/3, ~15!

F~h!5
1

2
1

12h2

4h
lnU11h

12hU, ~16!

and

h~r,R !5~k212I 1kF
2 !1/2/kF . ~17!

Here%(r,R) is the density ofH3
1 1a18 electrons. The wave

numberk of the incident electron is set to zero in this wor
In these equations,I represents the ionization potential an
A(R) is the multiplication factor depending on the nucle
geometry. The ionization potential was chosen to be 1.2 h
tree. We will discuss the explicit functional form ofA(R) in
Sec. III A.

In order to represent Rydberg orbitals, we need to us
basis set that resolves a region around the ion core and
covers a large distance region from the core. This condit
is needed because the changes of Rydberg orbitals neaH3

1

play an important role for the nonadiabatic transition amo
Rydberg states, although they extend far away from the c
region. To achieve this requirement, we used the mapp
procedure proposed by Fattalet al.,34 in which the radial
coordinater is transformed to the new variableQ as

r 5Q2a arctan~bQ!, ~18!

wherea and b are the control parameters for the mappin
The radial part of the electron kinetic energy operator is w
ten as

T̂e
rad52

\2

2me
S J21/2

]

]Q
J21/2D 2

, ~19!

whereJ is the Jacobian of the transformation,

J~Q!5
dr

dQ
. ~20!

The angular part is the same as usual,
 license or copyright; see http://jcp.aip.org/jcp/copyright.jsp
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T̂e
~ang!52

\2

2mer
2 F 1

sinue

]

]ue
S sinue

]

]ue
D1

1

sin2 ue

]2

]fe
2G .

~21!

We used the discrete variable representation~DVR! for
the Q variable and the DVR points were obtained by diag
nalizing the matrix̂ f nuQu f m&, wheref n is the sine function,

f n~Q!5A2/Q0 sin~npQ/Q0!, ~22!

with n being integer. The spherical harmonicsYlm(ue ,fe)
were used to represent the angular part.

In the actual calculations, we tookQ051600 bohr,a
51599.0, andb50.000 625. The value ofr corresponding
Q0 is 343 bohr in this case. With these parameters, Rydb
energies were well reproduced up to the principal quan
numbern511. For the case of the hydrogen atom, the er
of the calculated energy to the exact one,u(Ecalc

2Eexact)/Eexactu, is 1025 for n511 and 1023 for n512. The
same accuracy was achieved for H3 Rydberg energies.

2. Vibrational basis

We employed the hyperspherical coordinatesr, u, andf
used by Varandas and Yu35 to represent the nuclear geometr
The rotationless nuclear HamiltonianĤN in Eq. ~1! has the
form,

ĤN52
\2

2m H ]2

]r2 1
16

r2 F 1

sinu

]

]u
sinu

]

]u

1
1

4 sin2~u/2!

]2

]f2G J 1
15\2

8mr2 1W~r,u,f!, ~23!

wherem is the reduced mass andW is the potential function
of the H3

1 taken from Jaquetet al.26

The vibrational wave functionsx i were prepared by di-
agonalization of Eq.~23!. The DVR basis of Colbert and
Miller36 was used for the hyperradiusr. The DVR points
were placed in the range 1.3<r<5.3 bohr with the spacing
of 0.1 bohr. For the hyperanglesu and f, we used the hy-
perspherical harmonics,37 which are the eigenfunctions of th
angular part of the nuclear Hamiltonian Eq.~23!. Details of
the procedure are given in our previous work.38

C. Width and shift matrices of 2 sA 18 state

The time-dependent version of Fermi’s Golden Rule w
used to obtain the predissociation widths and shifts of thes
state as follows:

G i
~2s!5

2

\
ReE

0

`

dt expS iEi t

\ D ^f~0!uf~ t !&, ~24!

and

D i
~2s!5

1

\
Im E

0

`

dt expS iEi t

\ D ^f~0!uf~ t !& ~25!

with

uf~ t !&5expS 2
iĤ t

\
D V̂ux i&, ~26!
Downloaded 06 Mar 2008 to 130.54.110.22. Redistribution subject to AIP
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where x i is the vibrational wave function of the H3 2sA18

adiabatic electronic state andEi is its energy. The operatorV̂
in Eq. ~26! represents the nonadiabatic coupling,

V̂52
\2

2m F2^cdu
]

]r
uc2s&

]

]r
1

32

r2 ^cdu
]

]u
uc2s&

]

]u

1
16 cosu

r2 sinu
^cdu

]

]u
uc2s&

1
8

r2 sin2~u/2!
^cdu

]

]f
uc2s&

]

]fG . ~27!

Here^cdu]/]ruc2s&, ^cdu]/]uuc2s&, and^cdu]/]fuc2s& are
the nonadiabatic coupling matrix elements between the
sociative 2pE8 electronic statecd and 2sA18 Rydberg state
c2s . Note that Eqs.~24! and ~25! represent the diagona
matrix elements of width and shift operators. For the o
diagonal matrix elements of width operator, we used the
lowing equation:

G i j
~2s!5

2

\
ReE

0

`

dt expS iEt

\ D ^x i uV̂† expS 2
iĤ t

\
D V̂ux j&,

~28!

whereE is the average ofEi andEj . The off-diagonal ele-
ments of shift operator have the similar form as well.

We carried outab initio calculations to obtain the nona
diabatic coupling elements usingMOLPRO98 package.39 The
state-averaged complete active space self-consistent
~CASSCF! method40,41 was employed. We placed
(9s4p)/@6s4p# basis set at each position of proton a
(5s5p2d) basis at the center-of-mass. The exponents
contraction coefficients were taken from Schneider a
Orel.25 The analytic gradient method was used to calcul
the nonadiabatic coupling elements.

The initial vibrational wave functionsx i were prepared
by diagonalizing Eq.~23!, where the potential termW was
replaced by theab initio H3 2s surface. The wave packe
V̂ux i& was propagated by the Chebychev polynom
method42 on the 2pE8 surfaces.43 We used the same angula
basis as for theH3

1 vibrations. For the hyperradiusr, the grid
points were extended up to 9.3 bohr.

We calculated the diagonal and off-diagonal elements
the width and shift matrices. Since the off-diagonal ter
were 3–5 orders of magnitude smaller compared to the d
onal ones, we used only the diagonal terms for construc
the effective Hamiltonian.

III. RESULTS AND DISCUSSION

A. Rydberg electronic states

We diagonalized the one-electron Hamiltonian,Ĥe(r,R),
to obtain the electronic energy levels of Rydberg states.
partial chargeZi(R) in Eq. ~13! was obtained by Distributed
Multipole Analysis44 and the parameterg was chosen to be
2.0 so as to reproduce theab initio electrostatic potential as
shown in Fig. 2. The electronic density%(r,R) required to
construct the local exchange potential, Eq.~14!, was ob-
tained by ab initio calculations. The multiplication facto
A(R) in Eq. ~14! was determined to reproduce theab initio
 license or copyright; see http://jcp.aip.org/jcp/copyright.jsp
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energies of H3 Rydberg states, which were calculated by th
state-averaged CASSCF method with the same basis set
the calculations of nonadiabatic coupling elements. The r
sultant form ofA(R) was given as

A~r,u,f!5c01c1r, ~29!

where the parametersc0 andc1 were chosen to be20.95 and
1.60, respectively. Here the hyperradiusr is given in bohr
unit. In Fig. 3, the exchange potentialVex is compared with
the Coulomb potentialVcl and the one-electron potentialVe .
As shown in the figure, the one-electron potential is dom
nated by the Coulomb term and the contribution of the ex
change term is noticeable only around the center. This b
havior explains the trend that the exchange potential main
affects the energy ofs andp Rydberg states.

The Rydberg state energies obtained from the on
electron Hamiltonian are compared with those fromab initio
state-averaged CASSCF calculations in Figs. 4 and 5.

FIG. 2. Electrostatic potential around H3
1 produced by~a! ab initio calcu-

lation and~b! Eq. ~12!. The z50 cut of thexy-plane is shown. The three
protons are located on the same plane, as indicated by the cross marks
Downloaded 06 Mar 2008 to 130.54.110.22. Redistribution subject to AIP
for
e-

i-
-
e-
ly

-

In

these figures, the energy is represented by the effective qua
tum numberneff defined as

E~H3!2E~H3
1!52

0.5

neff
2 ~hartree!. ~30!

Figure 4 shows the dependence of the energies on theC2v
distortion of the H3 molecule. The H3 energies at the equi-
librium geometry ofH3

1 are well reproduced and the Jahn-
Teller energy splittings ofpE8 states also agree. Figure 5
shows the dependence of the energies on theD3h geometry
distortion. These energies well reproduce theab initio ones.
It is noted that the nuclear geometry dependence ofA(R) in
Eq. ~29! is intended to reproduce ther dependence ofpE8
quantum defects. Ther independent multiplication factorA
provided rather constantpE8 quantum defects with respect
to the D3h distortion, althoughsA18 states still agreed well
with the ab initio results.

FIG. 3. One-electron potentialsVe , Vcl , Vex , through liney50 and z
50. The positions of the protons are the same as Fig. 2. The solid line i
Vex , the dashed line isVcl and the dotted line isVe .

FIG. 4. Effective quantum numbers along theC2v distortion. The solid lines
are obtained by the one-electron potential and the dotted lines are by theab
initio calculation. The hyperradius is fixed tor52.17 bohr. The value off
is 0 for sinu/2 cosf>0 andp for sinu/2 cosf<0. The equilibrium geom-
etry of H3

1 correspondsu50.
 license or copyright; see http://jcp.aip.org/jcp/copyright.jsp
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B. Predissociation widths and shifts of the 2 s state

We calculated the nonadiabatic coupling elements b
tween the 2sA18 Rydberg and the 2pE8 dissociative elec-
tronic states as functions of the hyperspherical coordinatesr,
u, and f. The representative results are shown in Fig.
where we can see that the couplings to the upper dissocia
surface are generally larger than those to the lower surface
is also seen that the couplings are larger at smallr. From
these results, the 2s state is expected to decay into the upp
2p surface predominantly passing through compact geo
etry of H3 .

The predissociation widths and shifts were obtained f
600 vibrational states of the 2s electronic state. The resultan
decay widths are shown in Fig. 7. For the ground vibration
level, the calculated rate is 2.031013 s21 which is close to
the experimental value15 of about 631012 s21. The widths
were averaged over 70 states at each energy window and

FIG. 5. Effective quantum numbers alongD3h distortion. The solid lines are
obtained by an one-electron potential and the dotted lines are byab initio
calculation. The hyperangleu is fixed to 0.

FIG. 6. Nonadiabatic coupling elements of 2sA18 with 2pE8 dissociative
states at the hyperanglef5p/6. Each panel corresponds to the coupling a
~a! ^cdu]/]ruc2s&, ~b! ^cdu]/]uuc2s&, and ~c! ^cdu]/]fuc2s&. The thick
lines are the couplings between 2s and upper 2pE8 state, and the thin lines
represent the couplings between 2s and lower 2pE8 state. Solid lines are for
r51.5 bohr, dashed lines forr52.1 bohr, and dotted lines forr
52.7 bohr.
Downloaded 06 Mar 2008 to 130.54.110.22. Redistribution subject to AIP
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result is also included in Fig. 7. The average width increase
with increasing the vibrational energy, and becomes abou
2.031014 s21 at E50 eV, which corresponds to the energy
of the H3

1 vibrational ground. Note that the fluctuation
around the average width is large even at a high energy re
gion. The energy shifts are presented in Fig. 8, where the
shift is 1.4 cm21 for the ground vibrational state. As the
vibrational energy increases, the shift becomes large with
significant scatter.

C. Predissociation of higher Rydberg states

1. Complex eigenvalues of the effective Hamiltonian

The effective HamiltonianĤeff was diagonalized to ob-
tain the complex eigenvaluesẼi2 i G̃ i /2. To construct the di-
abatic basis, the electronic basescn were prepared for the
Rydberg states with the principal quantum numbern
52 – 10 with the angular momentuml<3. As already noted,

FIG. 7. Predissociation ratesG i /\ of the vibrationally excited H3 2s states.
The energy of each state is given with respect to the ground vibrational leve
of H3

1 . The solid line represents average rate.

FIG. 8. Energy shiftsD i of 2s vibrational states. The origin of the energy is
the same as Fig. 7.
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the 2pE8 states were not included in this set. We furthe
added one positive energy state withA18 symmetry to observe
the effect of autoionization. A total of 1000 vibrational base
xm were also prepared. The energy of these bases extends
to 4.8 eV from the vibrational ground state. From the prod
ucts of these electronic and vibrational bases, we selec
4000 diabatic basescnxm according to the energy criterion
E<0.05 hartree, except for the 2sA18 state. These are shown
in Fig. 9 with their energies and effective quantum number
Note that we took the diagonal part of the HamiltonianĤPP

as the energy of the diabatic state.
The complex eigenvaluesẼi2 i G̃ i /2 are shown in Fig.

10, where the decay widthsG̃ i are converted to the predisso-
ciation rates. In the upper part of the figure, fast decay rat
of the vibrationally excited 2sA18 states are extended as a
horizontal band, which consists of 577 points. The distribu
tion and average value of these rates are almost the same
those shown in Fig. 7, which were derived from the wav
packet calculations. In the middle to lower part of the figure

FIG. 9. Energy levels of diabatic states. For each diabatic basexncm , the
total energy is plotted against the effective quantum number of the ele
tronic basecm . The origin of the total energy is the same as Fig. 7.

FIG. 10. Energies and decay rates obtained by the effective Hamiltonia
The origin of the energy is the same as Fig. 7.
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the decay rates of higher Rydberg states are distributed.
points inside this region amount to 1344. Thisn>3 Rydberg
component has large vertical extent from the fast decay
of 1012 s21 to the slow rate of 107 s21. The number of states
with the lifetimes shorter than 1 ps is 82, whereas the nu
ber increases to 708 for the lifetimes shorter than 10
indicating that more than half of the higher Rydberg sta
dissociates within 10 ps. Each eigenstate is usually do
nated by a single diabatic statexncm , except for the states
having large widths. For this reason, we sometimes label
eigenstate by its dominating diabatic state hereafter.
eigenstates with fast decay rates, about 1012– 13 s21, are
mainly composed of then53 Rydberg states with high vi
brational excitations. In contrast, the eigenstates with s
rates, ,1010 s21, are mainly composed of thed and f
Rydberg states with the ground vibrational state or sin
excited vibrational states. The eigenstates composed ofs and
p Rydberg states have relatively fast decay rates in m
cases, irrespective of their principal quantum numbers
vibrational states, although some states exhibit very s
rates. We classified these eigenstates according to their s
metry, which is given as the direct product of electronic a
vibrational symmetries. For the 2sA18 electronic states,A18
states tend to have slow rates compared to theA28 and E8
states, as already shown in our previous work.38 For higher
Rydberg states, no significant trend was observed among
A18 , A28 andE8 symmetries, however.

We picked up some representative eigenstates to c
pare with the experiments. The energies of these eigens
are given in Table I. Although the experimental energies
measured with respect to the 2pA29 (N50,K50) $000% state,
we measured the energies relative to the 3sA18$000% state,
since our bases did not includeA29 andE9 electronic states.
The results agree the experiments within about 100 cm21.

The decay rates of representative eigenstates are liste
Table II along with the experimental values. The 4sA18$000%
and 6sA18$100% diabatic states distribute over 2 or 3 eige
states, so we listed all these states in the table. For
4sA18$000%, 4sA18$100% and 4pE8$011% states, the calculated

c-

n.

TABLE I. Comparison of energy differences with experiments.

State This work~cm21! Expt. ~cm21!

2sA18$000% 217556 217593a

3sA18$000% 0 0b

3sA18$100% 3227 3212c

4sA18$000% 5680 5727c

4sA18$100% 8888 8936d

5sA18$000% 8303 8337c

5sA18$100% 11500 11528d

6sA18$000% 9707 9740d

6sA18$100% 12870 12924e

7sA18$000% 10553 10583d

7sA18$100% 13735 13762e

3pE8$011% 21136 21146c

4pE8$011% 7039 7111c

aDabowski and Herzberg~Ref. 15!.
bUsed as reference energy. Taken from Bjerreet al. ~Ref. 16!.
cMistrı́k et al. ~Ref. 8!.
dLembo and Helm~Ref. 45!.
eObserved in vibrational autoionization~Ref. 45!.
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lifetimes agree with the experiments within factor of 2 or
But for the 3sA18$000%, 5sA18$000%, and 3pE8$011% states,
the deviations from the experimental values exceed an o
of magnitude. Although the experimental lifetimes for t
3sA18$000% and 3pE8$011% states are considerably long, th
calculations gave much shorter lifetimes for these sta
This is because the calculated eigenstates are mixed wits
states while these should be isolated to explain the exp
mentally observed long lifetimes. On the contrary, the cal
lated 5sA18$000% state is isolated and the resultant lifetime
much longer than the experimental estimate. The mixing
states are governed by the energy differences between d
tic states and if the diabatic energies are modified we
obtain different decay rates. For example, there is an eig
state with the lifetime of 4.6 ps only 58 cm21 above the
5sA18$000% state, which is within the energy difference b
tween the present results and the experiments as liste
Table I, and the 5sA18$000% state can mix with this shor
lifetime state if the 5sA18$000% diabatic energy is slightly
raised. Thus, the discrepancies between the calculations
experiments can be attributed to the errors in the energy
els of diabatic states, since the present model is too crud
reproduce the Rydberg state energies with the accu
within several cm21.

As seen from the table, some states with large princ
quantum numbers decay within several ps, whereas slow
cay rates for small principal quantum numbers are also
served. The fast decay rates of the higher Rydberg st
indicate that the indirect predissociation can work efficien
The irregular distribution of the decay rates with respect
the principal quantum numbers seems to share similar
ture with the experiments. The cause of these irregular r
distribution is attributed to the accidental energy matchin
between states, because the decay rate and the energy o
state sensitively depends on the energies of the diab
bases.

In order to examine the energy structure of the Rydb
states, the nearest-neighbor level spacing distribution

TABLE II. Comparison of lifetimes with experiments.

State This work Experimental value

3sA18$000% 39.4 ps ;1 nsa

3sA18$100% 11.6 ps .66 psb

4sA18$000% 3.53 ps 7.6 psb

15.0 ps
4sA18$100% 15.7 ps 27 psc

5sA18$000% 329 ps 3.8 psb

5sA18$100% 200 ps
6sA18$000% 463 ps
6sA18$100% 3.15 ps ~1.3 ps!d

4.93 ps
151 ps

7sA18$000% 194 ps
7sA18$100% 132 ps ~.5.3 ps!d

3pE8$011% 4.58 ps .66 psb

4pE8$011% 8.69 ps 21 psb

aBjerre et al. ~Ref. 16! and Figgeret al. ~Ref. 17!.
bMistrı́k et al. ~Ref. 8!.
cLembo and Helm~Ref. 45!.
dVibrational autoionization~Ref. 45!.
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obtained for states between20.4 eV<E<0.4 eV and is
given in Fig. 11 for each symmetry,A18 , A28 , andE8, respec-
tively. The number of states in this energy range is 275, 1
and 444 with the mean level spacing 2.8831023, 4.16
31023, and 1.7931023 eV, respectively. As seen from th
figure, the level spacings are close to the Poisson rather
the Wigner distribution, which means the states in this
ergy region are regarded to be regular. Thus some states
dissociate efficiently via mixing with the 2sA18 states,
whereas other states cannot. We can expect from this di
bution that the predissociation rates widely scatter around
mean rate, as observed in the other system46 and indeed such
behavior is seen in Fig. 10.

There are many states with positive energies in Fig.
which are regarded as the resonance states. These state
dergo the autoionization through the coupling with the el
tronic continuum. We included one positive electronic ene
diabatic state with the ground vibrational level, which has
overall symmetry ofA18 , to mimic an electronic continuum
The analysis of the eigenstates indicates that the 6sA18$100%
and 7pE8$011% states have large overlap with this positiv
energy state, suggesting the existence of large autoioniza
widths for these two states. The photoabsorption intensi
to autoionizing Rydberg states have been explored both f
experimental and theoretical points of view.20–22 In order to
compare these results, we need more elaborate treatme
the electronic continuum states, which is beyond the scop
the present calculations.

2. Predissociation route

To investigate how the predissociation proceeds, we t
the 7pE8$011% base as the initial vector and propagated it
10 ps. Note that the overall symmetry of this initial state
E8. In Figs. 12 and 13, the time evolution of the nor
uC(t)u2 and the mean electronic energy^CuĤeuC&/^CuC&

FIG. 11. Normalized level spacing distributionP(x) with x5DE/^DE&.
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are shown. Figure 14 displays the time evolution of the el
tronic components of the wave packet, which were obtai
by integrating the vibrational components of the wave fu
tion. The initial 7pE8$011% state have large overlap, 0.8
with the eigenvector which has the lifetimes of 7.19 ps. T
relatively fast decay of the norm observed in Fig. 12 is
tributed to this eigenstate. In Fig. 13, we can see a ra
decrease of the mean electronic energy within 1 ps and
corresponding decrease of the effective quantum num
from 7.6 to 4.5. The mean electronic energy oscillates afte
ps. We can also see this initial decay of 1 ps and the re
sive behavior in Fig. 14, where the population of lower R
dberg states gradually increase. The inspection of Fig. 14
the eigenvector shows that the fast predissociation of
initial 7pE8$011% state is mainly mediated by the transitio
to the 5pE8, 4sA18 , 3sA18 , and 3pE8 state. Although the
vibrational states for 5pE8 and 4sA18 state can be specifie
to be $022% and $031%, respectively, 3sA18 and 3pE8 elec-
tronic state involve several different vibrational states.

The time evolution of the wave packet indicates that
predissociation of Rydberg state with a few vibrational ex
tation begins with transitions to the lower Rydberg sta

FIG. 12. Norm of the wave packet with an initial state 7pE8$011%.

FIG. 13. Mean electronic energy. The initial state is the same as Fig.
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with extra vibrational excitations. When these lower interm
diate states couples ton53 Rydberg states with high vibra
tional excitation, the efficient predissociation of the initi
state is possible, because these vibrationally excitedn53
Rydberg states strongly couple with 2s states having large
widths. In this process, thenpE8 Rydberg states play an
important role as intermediate lower Rydberg states, si
these states couple strongly withn53 Rydberg states. The
nsA18 Rydberg states play the role, although their effects
mediation are weaker than those of thenpE8 states. The
npE8 Rydberg states have large vibronic couplings w
other states because of their Jahn-Teller effect as show
Fig. 4 and the importance of such effect was emphasized
Stephens and Greene20,21 in the context of autoionization an
by Kokoolineet al.7 in the dissociative recombination of th
H3

1 ion.

D. Implication to the dissociative
recombination of H 3

¿

The dissociative recombination of the H3
1 ion with an

electron begins by the capture of incident electron to gen
ate H3 Rydberg states, with the vibrational excitation of th
ion core. If we assume that a low energy incident elect
causes a single vibrational excitation to the ion core,
6sA18$100% and 7pE8$011% states are the representative ca
didates for such Rydberg states. These diabatic states ha
large overlap with eigenstates having a variety of predis
ciation lifetimes; 3.15, 4.93, 151 ps for 6sA18$100% and 7.19,
33.8, 151 ps for 7pE8$011% state, which suggests that de
tailed information about the nonadiabatic transitions amo
H3 Rydberg states is required to derive the DR rate cons
of H3

1 correctly.
There are many states with the lifetime shorter than

ps aboveE50 eV as seen in Fig. 10. Many of these sta
correspond to vibrationally excited states of the ion core
multivibrational excitations can take place by the attachm
of incident electron, the DR rate becomes faster than
from singly vibrational excited initial state. Even if singl
vibrational excited states are prepared by the electron c
ture, these short lifetime vibrationally excited states can.

FIG. 14. Time evolution of the electronic components. The initial state
the same as Fig. 12.
 license or copyright; see http://jcp.aip.org/jcp/copyright.jsp
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achieved by the vibration-rotation coupling through t
Colioris interaction in rotationally excited states.47,48 In ad-
dition, the number of accessible states increases by the
tional excitation.47 Actually the H3

1 ion used in the storage
ring experiments is estimated to be rotationally excited w
the temperatureTrot51000– 3000 K.49 In this respect, it
would be required to treat rotationally excited states in or
to interpret the storage ring experiments.

IV. SUMMARY

The predissociation of H3 Rydberg states were invest
gated. We paid our attention to the vibrationally exciteds
states and explored the indirect predissociation of higher
dberg states through 2s electronic state. The effective Hami
tonian was constructed to examine this mechanism, wh
the H3 system was treated as a Rydberg electron plus3

1

core vibrations.Ab initio calculations of 2s predissociation
widths were carried out and these data were incorpora
into the effective Hamiltonian. We obtained the complex
genvalues of this effective Hamiltonian and analyzed the
tribution of lifetimes and energies of Rydberg states, and
route of predissociation. Our result shows the irregular li
time distribution with respect to the principal quantum nu
ber which resembles the experiment results, although sig
cant deviation from experiments are observed for so
Rydberg states. We found the importance of the accide
energy level matching for fast predissociation and the role
npE8 Rydberg states which have strong coupling with t
lower Rydberg states. Based on the present results, the
plication to the DR process of the H3

1 ion was given. The
importance of rotational excitation was pointed out to
solve the discrepancy between the experiments and the t
ries.

It is noted that the direct nonadiabatic couplings betwe
n>3 Rydberg states and 2pE8 dissociative states were ig
nored in the present work. Such couplings may be requ
to obtain more accurate predissociation rates of higher R
berg states, though the magnitudes of such nonadiabatic
pling elements are considerably smaller than that betw
the 2sA18 and 2pE8 states. The improvement of the prese
model, especially the effective potential for a Rydberg el
tron, will be also needed for the precise decay rate of in
vidual Rydberg states. We employed the local approxima
for the effective potential and justified its use by showi
that it can reproduce theab initio Rydberg energies well
However, the local approximation may be not enough
known in the literature of low energy electron–molecu
collision. More elaborate treatments of the exchange ef
beyond the local approximation may be possible.50,51
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