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Predissociation of kl 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 & states. The motion of a Rydberg electron and the vibrations of the H

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 lifetimeg Bytberg states were obtained

by analyzing the effective Hamiltonian and compared with the available experimental values. The
sandp 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 comtrast,
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 therrolecule and the dissociative recombination of theieh

might be efficient under rotational excitation through inclusion of additional energy level2002
American Institute of Physics[DOI: 10.1063/1.149091]8

I. INTRODUCTION exhibit interesting property. The ground vibrational state for
the H; 2sA; Rydberg state predissociates very rapidly with
The triatomic hydrogen §i the simplest polyatomic the lifetime of 0.19 ps® The lifetime of the 3A; state is
molecule, has been the subject of many experimental angnger than 66 p&1°7 put for the 4 and 5A] states it
theoretical studies for a long tinte® It also attracts the at- becomes shorter, 7.6 ps and 3.8 ps, respectivEigr the
tention with respect to the dissociaFive'recombinatﬁmﬁz) 3pE’ state, the lifetime is longer than 66 ps while theE
of the H; ion with an electron, which is one of the most giate shows a faster rdtahis behavior, i.e., the increase of
important reactions in interstellar chemistry. Thg R 10 1ate constant with increasing the principal quantum num-
process starts with the capture of the incident electron t%er seems irregular, since the direct coupling between the
form the viprationa!ly excited kiRydberg states, and subse- Rydberg and dissoci'ativepZE’ states becomes smaller for
quent predissociation follows to produce, HH or H+H larger principal quantum number, in general. One of the pos-

+H fragments. In order to describe this DR process, it is .~ . . ; o )
9 b sible interpretations is the indirect mechanihwhere the

required to clarify the mechanism of nonadiabatic transitions . . . .
among the bound Rydberg states as well as to the dissocié—s and % Rydberg states vibronically couple with the vibra-

tive continua. In this respect, quantum dynamics studies ofonally excited ZA; states whose decay rates are large.

the predissociation of 5Rydberg states are indispensable to  T1heoretical studies of higher Rydberg states have been

understand the H DR reaction. It is noteworthy that there @dvanced based on the multichannel quantum defect theory

are still discrepancies between the experiments and theoretMQDT), which provide a wealth of information on the cou-

cal calculations on the magnitudes of the rate consfats. pling between the continuous and bound electronic states of
For several i Rydberg states, the experimental investi- Hs- "2 However, theoretical treatments of the predissocia-

gations have been performed to determine the predissoci#on of each H Rydberg state are rather limitéd,*° despite _
tion lifetimes® the branching ratid,the rovibrational distri- of those activities of experimental measurements. Schneider

bution of product H in two-body decay’'? and the and Oref® carried out quantum dynamics calculations to es-
fragments momentum correlation in three-body dééd§. timate the lifetimes of A, 3sA;, and PE’ states, based
Among these various experimental quantities, the lifetime®n ab initio calculations of the nonadiabatic coupling ele-
ments. However, they restricted the nuclear motion gftdd
3Electronic mail: tashiro@tap.scphys.kyoto-u.ac.jp the C,, arrangement, to two dimensions. Their study was
YElectronic mail: shigeki@kuchem.kyoto-u.ac.jp based on the direct couplings betweepE2 and excited
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of the H; ion. The concluding remarks of this paper are
summarized in Sec. IV.

)

g Il. THEORETICAL METHOD

©

= A. Effective Hamiltonian

(o]

g In order to treat the predissociation dynamics of H
Rydberg states, we introduced the effective Hamiltonian in
the form,

N N N N i
-1.6 ' ! ' ' L Her=HN(R)+H(r,R)+A(r,R)— = I'(r,R), (1)
0.4 0.2 0 0.2 0.4 2
X

whereH is the the Hamiltonian for the nuclear motion of
FIG. 1. One-dimensional cut of potential energy surfaces. The upper solighe |_g ion andFIe is the one-electron Hamiltonian for the

line is the curve for i . The dotted lines below Hindicate Rydberg states. . N £
The dashed line represents thg BsA; state. The two lowest solid lines Rydbe_rg eIectrqn. The Hermit operatqts,an_dl?, represent .
show the DE’ dissociative state. The uppepE’ state correlates to H the shifts and widths caused by the dissociation. The coordi-
+H-+H, whereas the lower2E’ state correlates toH+H. The coordinate  nates of nuclei and Rydberg electron are denoted aadr,
X is defined by the hyperspherical coordinates asgénwhich represents respectively. In deriving Eq.1), we employed the Feshbach
the C,, distortion of the nuclear geometry. Note that these curves wer artitioning techniqué’?® where the total molecular vi-
obtained by the one-electron Hamiltonian described later in Sec. [IB 1, i% . 9 q A
combination with the Bl potential surface of Jaquet al. (Ref. 28. ronic St"_ﬂes are divided 'mB'_SpaC_e composed of Rydberg
states with bound nuclear vibrations, adspace corre-
sponding to the valencepE’ electronic states with dissocia-
tive continua of nuclear motion. Although this effective
Rydberg states. The role of the indirect mechanism remainslamiltonian formally depends on the energy, we replaced it
unknown. _ . ~with the energy eigenvalue ®fpp and neglected its energy
In the present paper, we investigate the role of indirectlependence. This approximation is justified because the off-
process in the predissociation of Rydberg states. As seen diagonal elements & andfl” are usually small compared to
- . ) .
in Fig. 1, the potential energy of thes2, state is well sepa-  the diagonal elements when the effective Hamiltonian is rep-
(rjatedtfron;_a densf hlghter ?ydb?;g rr)anlfdould E(3 ,) ?ntd tkle resented by the eigenfunction Bf-p. The explicit expres-
tr:re((:j' pre _|sts_ouat|otn rates rom_d eBlblan 3‘)” states to q tsions of these matrix elements will be shown in Sec. Il C.
thet flsso?ﬁ IV;AS, atef are Cﬁns' ek:a Sy hsm"?‘der co&n%aFr(T ° we represent this effective Hamiltonian by the diabatic
at from the 54, stale as shown by Schnelder an el. basis,xn(R) ¢n(r,Rp), whereR, stands for the equilibrium

We therefore paid our attention to the vibronic coupling S . S
. _ . nuclear geometry of H. The vibrational basis functiog,, is
among higher Rydberg states and their couplings to the vi- g y of & R

brationally excited 8A; states which have large predissocia- the eigenfunction oMy,
tion r.ates.. To realize thl§ picture, we cqnstructed the effective Anxn(R) = Eﬁ,N)Xn(R), )
Hamiltonian for describing the dynamics of bound Rydberg
states, taking into account the direct nonadiabatic transitioand the electronic basig,, is the eigenfunction oﬂe,
effect from the 3A; to 2pE’ states. An effective potential R
for a Rydberg electron was developed to describe the elec- He(r,Ro) m(r,Ro) =Ef(Ro) thm(r,Ry). (€
tronic structures of bound Rydberg states. The dynamics iﬁere the BA, and 2DE’ electronic wave functions are omit-
then treated as the combination of thg Eobre vibrations and Lo . R

. . . ted from the basis functions. The Hamiltoni&h is then
the motion of the Rydberg electron. Note that the vibronic d in terms of the basis B&fy,) as
interaction between a Rydberg electron and tHeieh core represented in Xn
is explicity treated without assuming the Born— (Xn'¢m'||:|eﬁ|)(nlﬂm>
Oppenheimer separation, though two electrons of the H

core are assumed to follow the nuclear motion adiabatically. = (EMN+E(®) 6/ nSmm+ (Xn' ¥m | AVel Xnthm)
The organization of this paper is as follows: Sec. Il de- i
scribes theoretical methods both fab initio electronic +<Xn’¢m’|A|Xn¢m>_ §<Xn'¢m'|f|xnlﬂm> (4)

structure and quantum dynamics calculations. We construct

the effective Hamiltonian for calculating the lifetimes of the

Rydberg states. Details of the effective potential for the

Rydberg electron are also given. In Sec. Il the results of AV =V, (r,R)—V(r,Ry), (5)
calculations for the energy levels of Rydberg states and their .

predissociation rates are shown. Comparison with the avaiwhere Ve is the potential term of the one-electron Hamil-
able experiments is made. We further give a brief discussiotonianH, in Eq. (1). The operators andi" are represented
about the implication of the present results to the DR procesas
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(Xnr ¢m’|A|Xn¢m> Here the effective charge on each protzﬁf,f(r,R), includes

the shielding effect by two electrons occupying the; Dr-
bital of Hi . The chargez®" should approach to unity near
the proton positiorR; and have the valug; away from the
proton, whereZ; is the partial charge obtained to reproduce
the H3 electrostatic potential at the outer region. We used
(an¢mr|f|xn¢m> the exponential function to represent this shielding effect as

ZF"(rR)=Z(R)+{1-Z(R)lexp—y|Ri—r|). (13

= Z <Xn' Yy |Xi(25> ‘//(25)>Ai(25)<)(i(25) ¢(23)|Xn¢m>, (6)

and

=2 (Ot e WP 02 0 ). (7) _
[ Although the exchange effect is formally represented by
The matrix elementxn: i | x 22 ¥3) is the overlap inte- @ nonlocal potential, we employed the local approximation

gral between the diabatic basis, (R) ¢y (r,Ro) and the based on free-electron gas modddecause of its simplicity.
adiabatic basis(-(zs)(R) #29(r,R), where?¥ is the elec- We will show in Figs. 4 and 5 that the present model can
I H H

reproduce thab initio Rydberg energies reasonably well. In
this paper, we used the following form of the exchange
potentiaf* which have been used in the literatdfe

tronic wave function of 8 state andXi(zs) is theith vibra-
tional wave function on the 2 surface. We renormalized
these matrix elements so as to satisfy the condition,

2
2 [t X292 2= 1, 8) Vel tR)=—A(R) —keF (), (14)
nm
which is intended to correctly reproduce the @&cay widths ~ where
obtained byab initio calculations. We used the diagonal _ 2 13
widths T'{?® and shiftsA(®® of 2s state in Eq.(7) and ne- Ke(FR)={3m e (LR)}™ 9
glected the off-diagonal terms, because they were typically 1 1-7% |1+9
3-5 orders of magnitude smaller compared to the diagonal F(7)= >t Wmm : (16)

terms.

At this point, the relation between the coordinatesnd  and
R is not specified. We placed théh proton inr-space ac-
cording to the mapping;(R), v;(R) andz(R) which satis-
fies the Eckart conditiof

(hR)=(K?+ 21 +k2) Y2k . 17

Here o(1,R) is the density oH; 1a; electrons. The wave
_ numberk of the incident electron is set to zero in this work.
,213 miXi(R):izls myyi(R)=0, z(R)=0 (i=1,2,3 In these equationd, represents the ionization potential and

’ 9) A(R) is the multiplication factor depending on the nuclear
geometry. The ionization potential was chosen to be 1.2 har-

and tree. We will discuss the explicit functional form 8{R) in
Sec. Il A.
,213 mi{x;(Ro)AYyi(R) —Yi(Rg)AXi(R)} =0 (10 In order to represent Rydberg orbitals, we need to use a
basis set that resolves a region around the ion core and also
with covers a large distance region from the core. This condition

Ax(R)=x(R)=x(Rg), Ayi(R)=yi(R)=yi(Ro). (11) is needgd because the changes of Rydbg-rg orb?tglsH@ar

play an important role for the nonadiabatic transition among
The first condition places the center-of-mass of theibh at  Rydberg states, although they extend far away from the core
the origin of ther-space with the molecular plane being the region. To achieve this requirement, we used the mapping
xy-plane. The second condition determines the rotation anglgrocedure proposed by Fattat al,®* in which the radial
around thez-axis. Under these conditions, the integral coordinater is transformed to the new variab@ as

| AV reserves th® 5, symmetry of the sys-
l<:é(rn‘nlr/fm | e|Xn'r/’m> p \4 3h SY y 3% r=Q—aarctam,8Q), (18

where « and B are the control parameters for the mapping.

B. Electronic and vibrational basis for Rydberg states The radial part of the electron kinetic energy operator is writ-

ten as
1. Electronic basis 7?2 9 2
Frad_ _ JfI/Z_J*l/Z (19)
The potential term in the one-electron Hamiltonian € 2mg dQ '

Hq(r,R) is approximated as the sum of the Coulomb poten-WhereJ is the Jacobian of the transformation,

tial of the H; ion core and the exchange one. The Coulomb

potential is represented as dr
o IQ=55- (20
ze(r,R) Q
Vo(r,R) == > ——r. (12) .
i%13 |[Ri—r| The angular part is the same as usual,
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=~ 57| — | SIN0eg—— - —7|-
e 2mgr“ | siné, 96, 90, ' Sir? 6, s

(21
We used the discrete variable representatbWR) for

the Q variable and the DVR points were obtained by diago-

nalizing the matrix f,|Q|f ), wheref,, is the sine function,

fa(Q)=2/Qo sin(nTQ/Qy), (22)

with n being integer. The spherical harmoni€g, (0., ¢e)
were used to represent the angular part.

In the actual calculations, we tod®,= 1600 bohr, «
=1599.0, and3=0.000625. The value af corresponding

M. Tashiro and S. Kato

where y; is the vibrational wave function of the #2sA;

adiabatic electronic state ai is its energy. The operat&
in Eq. (26) represents the nonadiabatic coupling,
g h? ) d J . 32 g d

16 cosd

psing

J
(Wil g2

8 9 9

Here<¢d|&/ap| lﬂ25>, <¢d|‘9/‘90| ¢25>! and<¢d|‘9/‘9¢| ¢25> are

Qo is 343 bohr in this case. With these parameters, Rydberghe nonadiabatic coupling matrix elements between the dis-
energies were well reproduced up to the principal quantumgociative E’ electronic stateyy and XA, Rydberg state
numbern=11. For the case of the hydrogen atom, the errory,,.. Note that Egs(24) and (25) represent the diagonal

of the calculated energy to the exact On§Eqc
— Eexac)/Eexadl, is 10°° for n=11 and 102 for n=12. The
same accuracy was achieved fog Rydberg energies.

2. Vibrational basis

We employed the hyperspherical coordingies, and ¢
used by Varandas and %o represent the nuclear geometry.

The rotationless nuclear Hamiltoniaﬁh,\, in Eq. (1) has the

form,
hZ
|
1 92 W

T asitor) 02| T ppr T WP 0 9),

whereu is the reduced mass amil is the potential function
of the HJ taken from Jaquett al?®

The vibrational wave functiong; were prepared by di-
agonalization of Eq(23). The DVR basis of Colbert and
Miller®® was used for the hyperradiys The DVR points
were placed in the range 3 =<5.3 bohr with the spacing
of 0.1 bohr. For the hyperanglesand ¢, we used the hy-
perspherical harmonic€which are the eigenfunctions of the
angular part of the nuclear Hamiltonian Eg3). Details of
the procedure are given in our previous wofk.

3? +16
ap? " p2

1 9
sing Jd0

) J
sing—

HN:_

2

+ (23

C. Width and shift matrices of 2 sA; state

matrix elements of width and shift operators. For the off-
diagonal matrix elements of width operator, we used the fol-
lowing equation:

V] x;j),

2 (= iEt) . iHt

(28) = — — | {y:|VT -

Ii; ﬁRefo dtexp( - )<X,|v exp( .
(28)

whereE is the average oE; andE;. The off-diagonal ele-
ments of shift operator have the similar form as well.

We carried outb initio calculations to obtain the nona-
diabatic coupling elements usingoLPRO98 package’® The
state-averaged complete active space self-consistent field
(CASSCH method®** was employed. We placed
(9s4p)/[6s4p] basis set at each position of proton and
(5s5p2d) basis at the center-of-mass. The exponents and
contraction coefficients were taken from Schneider and
Orel?® The analytic gradient method was used to calculate
the nonadiabatic coupling elements.

The initial vibrational wave functiong; were prepared
by diagonalizing Eq(23), where the potential terrdV was
replaced by theab initio H; 2s surface. The wave packet
\7| Xxi) Wwas propagated by the Chebychev polynomial
method? on the D E’ surfaced® We used the same angular
basis as for thél 3 vibrations. For the hyperradiys the grid
points were extended up to 9.3 bohr.

We calculated the diagonal and off-diagonal elements for
the width and shift matrices. Since the off-diagonal terms
were 3-5 orders of magnitude smaller compared to the diag-
onal ones, we used only the diagonal terms for constructing

The time-dependent version of Fermi's Golden Rule wasyq effective Hamiltonian.

used to obtain the predissociation widths and shifts of the 2

state as follows:

(23)23 °°d |E_,t
I ﬁRe . texp — ((0)|p(1)), (24)
and
1 > Elt
A =21m JO dtexp('T)<¢<0>|¢<t>> (25
with
iHt) .
|¢(t)>=exp<—7 V|xi), (26)

lll. RESULTS AND DISCUSSION

A. Rydberg electronic states

We diagonalized the one-electron HamiItoniEig(r,R),

to obtain the electronic energy levels of Rydberg states. The
partial chargeZ;(R) in Eq. (13) was obtained by Distributed
Multipole Analysié¢* and the parametey was chosen to be
2.0 so as to reproduce tlab initio electrostatic potential as
shown in Fig. 2. The electronic densip(r,R) required to
construct the local exchange potential, Ef4), was ob-
tained byab initio calculations. The multiplication factor
A(R) in Eq. (14) was determined to reproduce thb initio
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Pot.(hartree)

0 y(bohr)

Vety Vex, Ve (hartree)

-

-2

!

i i i -3 -3 -2 -1 0 1 2 3
3 2 1 0o 1 2 3 x (bohr)

x(bohr)

FIG. 3. One-electron potentialé,, V, Ve, through liney=0 andz
=0. The positions of the protons are the same as Fig. 2. The solid line is
Ve, the dashed line i¥ and the dotted line i¥/, .

Pot.(hartree)

8 these figures, the energy is represented by the effective quan-
tum numbemg; defined as

. 0.5
E(H3)—E(H;)=— n—zﬁ (hartree. (30
€
0 y(bohr) Figure 4 shows the dependence of the energies orCthe
distortion of the H molecule. The H energies at the equi-
-1 librium geometry ofH; are well reproduced and the Jahn-
Teller energy splittings opE’ states also agree. Figure 5
2 shows the dependence of the energies onthegeometry
: i ) distortion. These energies well reproduce #feinitio ones.
3 P '1 (') 1' é 3 -3 It is noted that the nuclear geometry dependenca(&) in
x(bohr) Eqg. (29) is intended to _reproduce thedepe_nde_nce opE’
quantum defects. The independent multiplication factok
provided rather constaqgE’ quantum defects with respect
FIG. 2. Electrostatic potential around;Hproduced by(a) ab initio calcu- to the Dy, distortion, althougrBAi states still agreed well

lation and(b) Eq. (12). Thez=0 cut of thexy—pl_ane is shown. The three with the ab initio results.
protons are located on the same plane, as indicated by the cross marks.

energies of H Rydberg states, which were calculated by the
state-averaged CASSCF method with the same basis set f
the calculations of nonadiabatic coupling elements. The re
sultant form ofA(R) was given as

A(p16!¢):CO+Clpv (29) Cw

where the parametecg andc,; were chosen to be0.95 and
1.60, respectively. Here the hyperradjuss given in bohr
unit. In Fig. 3, the exchange potentid}, is compared with
the Coulomb potentidV, and the one-electron potentidl, .

As shown in the figure, the one-electron potential is domi- 1oL L 1
nated by the Coulomb term and the contribution of the ex- -0.8
change term is noticeable only around the center. This be

havior explains the trend that the exchange potential mainly

affects the energy of and p Rydberg states. FIG. 4. Effective quantum numbers along tBg, distortion. The solid lines
are obtained by the one-electron potential and the dotted lines are ap the

The Rydk_)erg_ state energies Ob_tamed from the ON€itio calculation. The hyperradius is fixed po=2.17 bohr. The value op
electron Hamiltonian are compared with those framinitio is O for sinél2 cos¢=0 and for sin 62 cos¢=<0. The equilibrium geom-

state-averaged CASSCF calculations in Figs. 4 and 5. latry of H) correspond®=0.

1 1 1 1 i 1

-06 -04 02 0 02 04 06 08
sin 6/2 cos ¢
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3.2

3 -
28 |
26
24
22

2
18 |
1.6 |

14 |

1.2 1 1 1 ! 1 1 1 0.1 1 L ! 1 1 ! L !
14 16 18 2 22 24 26 28 3 4 35 -3 25 -2 15 -1 05 0 05

p (bohr) energy [eV]

100 T T T T T I— T T

10 2 '_:.

Nefi
rate [1014 s"]

FIG. 5. Effective quantum numbers alobg;, distortion. The solid lines are
obtained by an one-electron potential and the dotted lines awmbhiyitio FIG. 7. Predissociation ratd§ /% of the vibrationally excited ki2s states.
calculation. The hyperangléis fixed to 0. The energy of each state is given with respect to the ground vibrational level

of Hj . The solid line represents average rate.

B. Predissociation widths and shifts of the 2 S state

We calculated the nonadiabatic coupling elements per€sult is also included in Fig. 7. The average width increases

tween the A, Rydberg and the RE’ dissociative elec- with increasing the vibrational energy, and becomes about
1

. ) . : 2.0x10* s ! at E=0 eV, which corresponds to the energy
tronic states as functions of the hyperspherical coordinates of the HY vibrational around. Note that the fluctuation
0, and ¢. The representative results are shown in Fig. 6, s VI : _ground. _uctuatl

aeround the average width is large even at a high energy re-

where we can see that the couplings to the upper dissociativ jon. The energy shifts are presented in Fig. 8, where the
surface are generally larger than those to the lower surface. #t .. ". o ; . C
g ylarg shift is 1.4 cm® for the ground vibrational state. As the

is also seen that the couplings are larger at smakrom - : : :
these results, thes2state is expected to decay into the upperv!br"?lt.'on"’lI energy increases, the shift becomes large with a
significant scatter.

2p surface predominantly passing through compact geom-
etry of Hs.

The predissociation widths and shifts were obtained foIC. Predissociation of higher Rydberg states
600 vibrational states of theszlectronic state. The resultant ) ) o
decay widths are shown in Fig. 7. For the ground vibrationat’- COMPlex eigenvalues of the effective Hamiltonian
level, the calculated rate is 20" s~ which is close to The effective HamiltoniarH 4 was diagonalized to ob-
the experimental valde of about 6<10'*s™%. The widths  tain the complex eigenvaluds—iT';/2. To construct the di-
were averaged over 70 states at each energy window and th@atic basis, the electronic basgs were prepared for the
Rydberg states with the principal quantum number
@ ) © =2-10 with the angular momentuls= 3. As already noted,

p coupling [bohr™] g coupling [rad.”"] o coupling [rad.™]

6 T T T 0.4 T T H T T T 400 T T T T T T T T T
AN 0.6 S .
0 S 300 .
0.4 .
4 0.4 200 |- -
- 0.2 !
0.8 <~ 100 | .- '
2 -1.2 0 g ol ) . e J
1.6 -0.2 % sl
0 ) o4 -100
e -200 - .
0 [rad] 8 [rad.] 6 [rad.] -300 - S |
FIG. 6. Nonadiabatic coupling elements of & with 2pE’ dissociative -400 1 1 1 1 1 1 LI 1
states at the hyperangie= 7/6. Each panel corresponds to the coupling as -4 -35 -3 25 -2 15 -1 -05 0 05
(@ (Walaldplihas), (b) (Wl 9186]dras), and (©) (wy|dlde|thas). The thick energy (eV)

lines are the couplings betwees and upper PE’ state, and the thin lines

represent the couplings betweenahd lower 2 E’ state. Solid lines are for

p=1.5bohr, dashed lines fop=2.1bohr, and dotted lines fop FIG. 8. Energy shiftd\; of 2s vibrational states. The origin of the energy is
=2.7 bohr. the same as Fig. 7.
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TABLE I. Comparison of energy differences with experiments.

2
' ' ' ' ' ' ' ! State This workcm ™) Expt. (cm™Y)

1k e e e A 2sA {00} ~17556 -17593
I 53 52 =S 5= == == = 35400} 0 it
S ol = S == =Z IZ -= = 3sA{10°} 3227 3219
2 I == T= T - -— —— - 4sA{00% 5680 5727
5 2= -= - 4sA{10P) 8888 8936
e 1 EE -7 . 5sA/{00%} 8303 8337
° s =_ 5sA{10° 11500 11528
g 2 = 6sA[{00° 9707 9748

5 2L - - sA{00%}
= 6sA{10°} 12870 12928
= 7sA {00} 10553 10588
8= . 7SA{10°) 13735 13762
- 3pE’{01} —1136 —1146
4 L 1 L 1 ! 1 ! 1 4pE’{01} 7039 711%

2 3 4 5 6 7 8 9 10
Nest #Dabowski and Herzber(Ref. 15.
e

bUsed as reference energy. Taken from Bjetail. (Ref. 16.

. . . . ‘Mistrik et al. (Ref. 8.
FIG. 9. Energy levels of diabatic states. For each diabatic paég,, the dLembo and Helm(Ref. 45.

total energy is plotted against the effective quantum number of the elecs R -
tronic basey,,. The origin of the total energy is the same as Fig. 7. “Observed in vibrational autoionizatigRe. 49.

, . , ) the decay rates of higher Rydberg states are distributed. The
the 2pE state.s. were not included in this set. We furtherpoints inside this region amount to 1344. This 3 Rydberg
added one p05|t|ye energy state with symmej[ry “? observe component has large vertical extent from the fast decay rate
the effect of autoionization. A total of 1000 vibrational bases ¢ 112 <1 {g the slow rate of 10s-*. The number of states
Xm Were also prepared. The energy of these bases extends Yy, yhe fifetimes shorter than 1 ps is 82, whereas the num-
to 4.8 eV from the vibrational ground state. From the prod-ye, jncreases to 708 for the lifetimes shorter than 10 ps,
ucts of_thes_e electronic and V|_brat|onal bases, we_se_lectqqdicating that more than half of the higher Rydberg states
4?0 diabatic baseg,x, according to the energy criterion icqqciates within 10 ps. Each eigenstate is usually domi-
E\(_).OS ha_lrtree,_except _for thes2 stafte. These are shown nated by a single diabatic stae,,, except for the states
in Fig. 9 with their energies and effective quantum numbersy,,ing farge widths. For this reason, we sometimes label the
Note that we took the diagonal part of the Hamiltonldpr  eigenstate by its dominating diabatic state hereafter. The
as the energy of the diabatic~stat<i. eigenstates with fast decay rates, about?1¥s !, are

The complex eigenvaluel;—il’;/2 are shown in Fig. mainly composed of the=3 Rydberg states with high vi-

10, where the decay widti& are converted to the predisso- brational excitations. In contrast, the eigenstates with slow

ciation rates. In the upper part of the figure, fast decay ratetates, <10'°s™*, are mainly composed of the and f

of the vibrationally excited 8A; states are extended as a Rydberg states with the ground vibrational state or singly

horizontal band, which consists of 577 points. The distribu-excited vibrational states. The eigenstates composeduod

tion and average value of these rates are almost the same pRydberg states have relatively fast decay rates in many

those shown in Fig. 7, which were derived from the wavecases, irrespective of their principal quantum numbers and

packet calculations. In the middle to lower part of the figure vibrational states, although some states exhibit very slow
rates. We classified these eigenstates according to their sym-
metry, which is given as the direct product of electronic and

108 F 7 . . . . vibrational symmetries. For thes2\ electronic statesA;
10" | s bradd states tend to have slow rates compared toAheand E’
R S states, as already shown in our previous wirkor higher
107 - Rydberg states, no significant trend was observed among the

02 L "ft %2 A, Aj andE’ symmetries, however.
e W] oG8 We picked up some representative eigenstates to com-

210" - pare with the experiments. The energies of these eigenstates
10 b ' are given in Table I. Although the experimental energies are
o L measured with respect to th@ &), (N=0K=0) {00} state,
we measured the energies relative to treAg00°} state,
10° |- since our bases did not includ€, andE" electronic states.
10’ | The results agree the experiments within about 100%cm

The decay rates of representative eigenstates are listed in

4 385 8 25 2 A5 Table Il along with the experimental values. TheA4{00°}

energy (eV) and 6A;{10°} diabatic states distribute over 2 or 3 eigen-
FIG. 10. Energies and decay rates obtained by the effective HamiltoniarState€s, so we listed all these states in the table. For the
The origin of the energy is the same as Fig. 7. 4sA{00%, 4sA{10°} and 4E’'{01"} states, the calculated
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TABLE II. Comparison of lifetimes with experiments. T T
1L 4
State This work Experimental value -
3sA {00} 39.4 ps ~1ng
3SAL107) 11.6 ps ~66 p& 05| iy
4sA {007} 3.53 ps 7.6 g5
15.0 ps 0 | i
4sA {107 15.7 ps 27 65 ] 2
5sA{0C°} 329 ps 3.8 g5 L= 1
5sA{10°} 200 ps A,
6sA{00°} 463 ps
6SAL{10°} 3.15 ps (1.3 py* X 05 T
4.93 ps o
151 ps =
7sA{00°} 194 ps
7sA{10°} 132 ps (>5.3 pg¢ .
3pE’{01%} 4.58 ps >66 pd
4pE'{01Y} 8.69 ps 21 p%
Bjerre et al. (Ref. 16 and Figgeret al. (Ref. 17).
bMistrik et al. (Ref. 8.
‘Lembo and HelmRef. 45.

dVibrational autoionizatior{Ref. 45.

lifetimes agree with the experiments within factor of 2 or 3. FIG. 11. Normalized level spacing distributidt(x) with x=AE/(AE).
But for the 3A{00°}, 5sA;{00°}, and PE'{01}} states,

the dewa_\tlons from the experlment_al values_ ex_ceed an ordeorbtained for states between 0.4 eV=E<04 eV and is
of magnitude. Although the experimental lifetimes for the

, LAl . given in Fig. 11 for each symmetng; , A, andE’, respec-
g;lﬁ t{lggf)}ngnda:\i/:frigig zLacE(rn:[Serarlﬁeii?:glsd?g?btlzelgggétgi S:[ively. The number of states in this energy range is 275, 191,
9 ind 444 with the mean level spacing 2:880 3, 4.16

This is because the calculated eigenstates are mixed with 102, and 1.7% 10°2 eV, respectively. As seen from the

states while these should be isolated to explain the experg; . .
- igure, the level spacings are close to the Poisson rather than
mentally observed long lifetimes. On the contrary, the calcu-

lated 55 A;{00°} state is isolated and the resultant lifetime |sthe W|gr_1er distribution, which means the states in this en
. . . rgy region are regarded to be regular. Thus some states can
much longer than the experimental estimate. The mixings of. : . . . . ,
. ._dissociate efficiently via mixing with the 2\ states,
states are governed by the energy differences between diaba: .
whereas other states cannot. We can expect from this distri-

tic states and if the diabatic energies are modified we will_" . - .

o . . bution that the predissociation rates widely scatter around the
obtain different decay rates. For example, there is an BIger n rate. as observed in the other sv&emd indeed such
state with the lifetime of 4.6 ps only 58 crh above the ' y

5sA;{00P} state, which is within the energy difference be- behavior is seen in Fig. 10.

X ) . There are many states with positive energies in Fig. 10,
tween the present results and the experiments as listed Which are regarded as the resonance states. These states un-
Table I, and the §A;{00°} state can mix with this short 9 )

lifetime state if the 5A;{00°} diabatic energy is slightly dergo the autoionization through the c.o.uplmg with .the elec
. . ! . tronic continuum. We included one positive electronic energy

raised. Thus, the discrepancies between the calculations an . : Lo .
fabatic state with the ground vibrational level, which has an

experiments can be attributed to the errors in the energy lev- ; - : :
overall symmetry ofA;, to mimic an electronic continuum.

els of diabatic states, since the present model is too crude tPhe analysis of the eigenstates indicates that thA’{BlOO}
reproduce the Rydberg state energies with the accuracy TE'{01%} states have large overlap with thié positive

within several cr. . . o
. .. __energy state, suggesting the existence of large autoionization
As seen from the table, some states with large principal . T "
L widths for these two states. The photoabsorption intensities
guantum numbers decay within several ps, whereas slow de- S
S 0 autoionizing Rydberg states have been explored both from
cay rates for small principal quantum numbers are also Obéx erimental and theoretical points of vié%W?2?In order to
served. The fast decay rates of the higher Rydberg states P P '

o . ; . = compare these results, we need more elaborate treatment of
indicate that the indirect predissociation can work efficiently. : . o
. L . the electronic continuum states, which is beyond the scope of
The irregular distribution of the decay rates with respect tg .
e T the present calculations.
the principal quantum numbers seems to share similar fea-
ture with the experiments. The cause of these irregular rate
distribution is attributed to the accidental energy matching _ . . o
between states, because the decay rate and the energy of each To investigate how the predissociation proceeds, we took
state sensitively depends on the energies of the diabatifie 7PE’'{01"} base as the initial vector and propagated it for
bases. 10 ps. Note that the overall symmetry of this initial state is
In order to examine the energy structure of the Rydberdc’. In Figs. 12 and 13, the time evolution of the norm

states, the nearest-neighbor level spacing distribution walsl(t)|? and the mean electronic enerdy |H|W)/(W|¥)

. Predissociation route
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FIG. 14. Time evolution of the electronic components. The initial state is
FIG. 12. Norm of the wave packet with an initial statp& {01'}. the same as Fig. 12.

are shown. Figure 14 displays the time evolution of the elecwith extra vibrational excitations. When these lower interme-
tronic components of the wave packet, which were obtainedjiate states couples tv=3 Rydberg states with high vibra-
by integrating the vibrational components of the wave func+ional excitation, the efficient predissociation of the initial
tion. The initial 70E’{01'} state have large overlap, 0.81, state is possible, because these vibrationally exaited

with the eigenvector which has the lifetimes of 7.19 ps. Thmydberg states Strong|y coup|e witls Btates having |arge
relatively fast decay of the norm observed in Fig. 12 is atwidths. In this process, thapE’ Rydberg states play an
tributed to this eigenstate. In Fig. 13, we can see a rapigmportant role as intermediate lower Rydberg states, since
decrease of the mean electronic energy within 1 ps and thgese states couple strongly with=3 Rydberg states. The
corresponding decrease of the effective quantum numbeisaA; Rydberg states play the role, although their effects of
from 7.6 to 4.5. The mean electronic energy oscillates after nediation are weaker than those of theE’ states. The

ps. We can also see this initial decay of 1 ps and the recuipE’ Rydberg states have large vibronic couplings with
sive behavior in Fig. 14, where the population of lower Ry-other states because of their Jahn-Teller effect as shown in
dberg states gradually increase. The inspection of Fig. 14 angig. 4 and the importance of such effect was emphasized by
the eigenvector shows that the fast predissociation of thgtephens and Greefléin the context of autoionization and

initial 7pE’{01'} state is mainly mediated by the transition py Kokoolineet al” in the dissociative recombination of the
to the HE’, 4sA;, 3sA;, and PE’ state. Although the HJ ion.

vibrational states for BE’ and 4 A state can be specified

to be {02?} and{03'}, respectively, 3A; and PE’ elec-

tronic state involve several different vibrational states. - +

The time evolution of the wave packet indicates that therecomblnanon ofH 3

predissociation of Rydberg state with a few vibrational exci-  The dissociative recombination of the;Hon with an

tation begins with transitions to the lower Rydberg stateslectron begins by the capture of incident electron to gener-
ate H; Rydberg states, with the vibrational excitation of the
ion core. If we assume that a low energy incident electron
causes a single vibrational excitation to the ion core, the

: : : : ngt  6sA{10°} and PE’{01'} states are the representative can-

D. Implication to the dissociative

-0.008 18 didates for such Rydberg states. These diabatic states have a
17 large overlap with eigenstates having a variety of predisso-
-0.012 ciation lifetimes; 3.15, 4.93, 151 ps fos®;{10°} and 7.19,
T 0.016 16 33.8, 151 ps for PE’'{01'} state, which suggests that de-
g ‘ tailed information about the nonadiabatic transitions among
< 002 - 15 H; Rydberg states is required to derive the DR rate constant
=4 of Hy correctly.
& 0004} There are many states with the lifetime shorter than 10
ps aboveE=0 eV as seen in Fig. 10. Many of these states
-0.028 |- correspond to vibrationally excited states of the ion core. If
14 multivibrational excitations can take place by the attachment
0032 é ; ('3 é 10 of incident electron, the DR rate becomes faster than that

from singly vibrational excited initial state. Even if singly
vibrational excited states are prepared by the electron cap-
FIG. 13. Mean electronic energy. The initial state is the same as Fig. 12.ture, these short lifetime vibrationally excited states can be

time (ps)
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