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Fingerprints of Broad Overlapping Resonances in the + H, Cross Section
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We have shown here that the sharp peaks inethie H, vibrational excitation cross section indicate
the existence of transition states of Hvhich have lifetimes 2—3 times larger than the lifetimes of
individual overlapping H autoionization resonances. Each one of these transition states is associated
with a collective ensemble of overlapping broad resonances,ofifitl therefore does not necessarily
decay exponentially in time. The structure in the experimental cross section is shown to be a result of
the quantum interference between the overlapping resonances.of[30031-9007(98)07092-6]

PACS numbers: 34.80.—i

Sharp resonant structures in the energy dependenctate possessing@mplexelectronic “energy.” The real
of vibrational excitation of K by electron impact were part of the complex eigenvalue is the energy position of the
predicted by theoretical calculations of Mundglal. [1]. resonance state, and the imaginary part is proportional to
This structure appearing in the cross section for thets decay rate (inverse lifetime)From here it follows that
excitations to higher vibrational levels ohHr = 2) was instead of using many real coupled electronic potential
experimentally confirmed by Allan [2]. The result was surfaces within the BO approximation we can solve
a surprising one since it is known that tﬁE,‘j resonance the nuclear Schrodinger equation with a single complex
of H, , responsible for the vibrational excitation in the low potential energy surface.
energy region is an extremely short-lived resonance with a In this Letter we will show that the sharp structures
lifetime comparable with the duration of the nonresonan&ppearing in the vibrational excitation cross section despite
scattering [3]. the large width of the overlapping resonances are due

Domcke and Cederbaum proposed that vibrational deto the interference effect between them. It is known
grees of freedom of fare responsible for narrowing the that the structure in the cross section can be obtained if
width of the resonances of an intermediate stafe[#].  two overlapping resonances interfere with each other with
However, to the best of our knowledge, no attempt waslesirable phases. The case 6f ld more complicated, and
made to calculate the actual positions and widths of thesimterference involves a large number of resonances. The
resonances without the separation of electronic and vibrdeey point, however, is the relatively large interaction of the
tional motion. discrete, vibrationally bound autoionization states ef H

The most usual method that allows the coupling betweemvith the slightly above the threshold states af Which are
electronic and vibrational degrees of freedom of moleculeontinuum states of nuclear motion but resonances because
is the Born-Oppenheimer (BO) approximation. Within theof the autoionization process.
framework of this approximation electronic energy levels In order to calculate the vibrational excitation cross sec-
are found for fixed nuclei configuration. The electroniction, o, we used the expression derived by Cederbaum
energy obtained as a function of nuclei distance serveand Domcke within the framework of the local complex
later as a potential energy surface for vibrational motiorpotential approximation [5]:
of nuclei. 12

The_BO approximation is apphcal_ole When(_ever the en- oL(E) = (E E,,> I VR(E — H) " 'WelO)2. (1)
ergy distance between the electronic states is larger than E
the coupling term between them. In such a case nuclei _ _ o
move on a single electronic potential surface, and the coulhis expression describes an incident electron of energy
pling to the others can be neglected. However, ihter- £ hitting the H molecule in its ground vibronic state and
mediate for fixed internuclear distancBs< 3.2 a.u. has Preparing the wave packet with entry amplitutig|0)
no bound states. Because of the autoionization processqf the potential energy surface of the Hhtermediate.
supports only continuum states. The distance between thhe prepared wave packet is propagated via the nuclear
electronic states of continuum is zero, hence the usual BBorn-Oppenheimer H HamiltonianH with the complex
approximation would require dealing with an immensepotential,
number of electronic potential surfaces strongly coupled PR ;
with each other. H=Ty +V{R) — =T{R). 2

For a fixed HH distance the H molecule decays 2
exponentially with a rate depending on that distance. Thiginally, an electron with the energy @ — E, leaves
exponential decay can be described by a single resonanttee H, molecule in a vibrationally excited state. The
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probability amplitude to obtain a specific vibrational state 0.010
v of H, is determined by the exit amplitudé& |v).
The scope of our work is to explain the existence of the 0.000 |

structures in the vibrational excitation cross section rather
than to obtain its correct numerical value. Therefore we oot ‘ L ‘ ‘
will use a simplified expression for the cross section, 012 o013 o014 fo1s o016 017 018

o, (E) = Kv|(E — H) ') 3)

0.00

The expression given above produces qualitatively the (b)
same structural phenomena as Eq. (1) does; however, it
gives us a better physical insight into the problem. o

Since our explanation of the phenomena is based on -0.01 -
the vibrational eigenstates of the intermediate e will
use the spectral representation of the Green opetAter

H)'in Eq. (3):

Im(E) (a.u.)

=0.02 -

(vla) (al0) [
) =\> o) ‘ : (4)
where the sum is made over the vibrational eigenstates 003 ‘ ‘ ‘ ‘ ‘
|a) of the Hamiltonian defined in Eq. (2).E, are the < S S A
corresponding complex eigenvalue6. - | - - -) is the gen- o _ _
eralization of the inner product for the non-Hermitian FIG- 1. hTh_e vibrational elgefzn?]tates OE'Tt’lbtaL”Edl h(a% Igf— !
Hamiltonians [6]. The complex probability amplitude to 28”{[]3?8;( Solt@rilt?;?ar')('h%azratrrgwts gtgr?(;efr(])t;atﬁe( t%révslkoltd eengrgy
populate the resonance statds given by(a|0), whereas g dissociation aEeqeq = 0.1467 a.u.
the complex probability amplitude to decay from this reso-
nance to a vibrational level is (v|a). (On the complex

(¢]

probability amplitude see Ref. [7].) optimal one for our calculations (resonance positions were
In Fig. 1a we represent the energy levels of When insensitive to the variation of).
the autoionization process is neglected; iB(R) = 0 Cross sections for vibrational excitations = 0 —

in the Hamiltonian given in the Eq. (2). There are 9v = 1,2,...,4 calculated using Eq. (4) are represented
infinite-lifetime vibrational bound states obH In Fig. 1b  in Fig. 2. The structures appearing under the dissociation
we show the results obtained when the complex nonlothreshold are in a good qualitative agreement with previ-
cal Hamiltonian of H is diagonalized [i.e.'(R) # 0in  ous results obtained for the nonlocal theory [1,8]. Since
Eq. (2)]. The complex nonlocal potenti®(R) — 5I'(R),  the electronic resonance state of ldecays byp waves,
was taken from Ref. [8]. As one can see when the imaginonlocal effects will influence the scattering cross section,
nary part of the potential is taken into account, each vibrabut not the quality of the interference effects due to nuclear
tional state of H acquires a finite width. The vibrationally dynamics. For discussion of local versus nonlocal effects
bound states become discrete resonance states, and the gise [5]. No structure is seeninthe= 0 — v = 1 cross
sociative continuum now becomes a dissociative continsection. However, peaks below the dissociation threshold
uum of resonances. The discretization of the continuum ienergy first appear fow = 0 — v = 2 cross section
due to the usage of the finite basis set. The actual situaticeind become even more pronounced for the excitations to
is of a branch cut. That is, a continuum of singular pointshigher vibrational levels.
of the scattering matrix. The absence of the structure forthe= 0 — » = 0, 1
Eigenstates of the H used in the calculation of the excitation and formation of it for higher ones could suggest
cross sections were obtained by diagonalization of théhat the structure of the final state introduces the structure
Hamiltonian matrix in the discrete variable representatiorin the cross section. This effect is known as the reflec-
(DVR) basis. Complex scaling (CS) of thelticoordinate tion principle [10]. This possibility, however, was ruled
(R — Re'?) which is equivalent to the usage of absorbingout by the following numerical experiment. The cross sec-
boundary conditions in that coordinate was employed [9]tion for ther = 0 — » = 0 vibrational “excitation” was
Application of CS enabled us to get rid of nonphysicalcalculated, when the HBorn-Oppenheimer potential was
weak oscillations in the cross section above the thresholghifted in such a way that its minimum coincides with a
energy to dissociation obtained in previous calculationsninimum of the neutral Kl molecule. The shift affected
[8]. We used only 200 grid points in the interval of 20 a.u.,only the shape of the broad background line leaving the
while the CS parametef = 0.25 turned out to be the fine structure in the cross section the same as obtained
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FIG. 2. Vibrational excitation cross sections=0— v =
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whereo | (E) and o,(E) are the first and the second pole
contributions to the cross section:

1
E? + T2/4°
C2
(E — AE)? + T2/4°

oi1(E) =
(7)

oy(E) =

The last term in Eq. (6)g12(E), stands for the interfer-
ence effect between the two poles:

2CE(E — AE) + 2CTI'?/4 8
(E2 + T2/4)[(E — AE)? + '2/4] ®

on(E) =

For C = —1 and forAE = T there is a single peak in
the cross section & = AE/2. However, forC = 1 and

AE = T the interference ternor,(E = AE/2) gives a
zero contribution to the cross section and consequently
we obtain two well separated peaks in the cross section.
As one can see, the widths of the peaks i) are de-
creased due to the quantum interference effeétsllow-

ing the Heisenberg uncertainty principle the uncertainty in
energy times the lifetime of the system is larger tligB.
Therefore we may say that by narrowing the widths of the
peaks ing(E) one increases the lifetime of the system.
Note that the usual concept of the lifetime as inverse of
the decay rate is applicable only for isolated resonances

in Figs. 2b—2d. The conclusion is obvious: peaks in theand not in our case where there is a large overlap between

cross section are unrelated to the structure of the initialthe ﬁ|fferent resorr:ang:es. d ived ab . d h
or the final states and cannot be explained by the reflec- | € Same mechanism as described above introduces the

tion principle. structure below the threshold energy to dissociation in the

Another possible explanation would be to relate thec@S€ Of H. Since the only states existing below this

structure appearing in the vibrational excitation cross secENergy are the discrete resonances, one would expect that

tion to the discrete resonance states gfappearing at en- these states give the main contribqtion to t.he cross section
ergies below the dissociation threshold energy. HoweveR€low the threshold energy to dissociation. However,
resonance positions do not coincide with the peak position¥Nen the sum in Eq. (4) was truncated to include only the
in the cross sectionMoreover the widths of the peaks ap- JISCréte resonancem structure at all was obtained.
pearing in the cross section are 2 to 3 times smaller than The reason for that is the surprisingly large contrlputlon
the widths of the resonances calculated beforée struc- Of the continuum resonance st'ates fo th_e cross section. In
ture appears in the cross section although the resonanc_'é@' 3 we present the population of the ktates versus
are broad and overlapping. This effect can be achieved ffS €nNergy positions. . L

the overlapping resonances interfere with each other wit __One can clearly see that in addition to the large proba-
an appropriate phase. We have illustrated this pheno ility to populate the discrete resonances states, there

ena for the case of two overlapping resonances foIIowing’f’ also a large bprobability to hpohpulatel the (;:or;.tirr]]ulum
Closely discussion given by BOhm [11] esonances at aboQt156 a.u. which are located s (0] ty

Let us assume thak; = F; — LT} and By = E; — a??r\]/e thetthf[_eslh_olq to disdso::ri]ation. _If the i_maginarlyt_part
i - _ of the potential is ignored, the maximum in population
%l;zzari gWOT%ﬂeirsgghstehcﬁén SFan arrtbelq (2) ?r? dth o Of continuum states is located at different energy and is
. . o ' much smaller compared to the population of the discrete
neighborhood of the poles is given by states. In order to explain this phenomena we plotted the
1 C wave functions of the continuum resonances corresponding
E — AE + %F + E + %F () to the maximum of population. It turned out that the
amplitude of the wave function was two orders larger
or than the amplitude of the discrete resonance states. (Note
that since the Hamiltonian is non-Hermitian the normal-
ization of the wave functions is by theproduct [6].) The

2
o(E) =

o(E) = o(E) + 02(E) + op2(E), (6)
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3 ‘ ' . Assuming that the sharp peaks in the cross seckiomot
reflect the structure of the initial stat@s in the present
case) we can associate the peaks with delay times in the
propagation of the initial wave packet. On this ground we
can say that we have shown that the sharp peaks in the
e + H, vibrational excitation cross section indicates the
existence of transition states of Hvhich have lifetimes 2—
3 times larger than the lifetimes of individual overlapping
H, autoionization resonances. Each one of these transi-
tion states (referred to as vibrationally resolved resonances
in Ref. [13]) is associated with a collective ensemble of
overlapping broad resonances of lnd, therefore, does
not necessarily decay exponentially in time. The sharp
structure in the cross section and its dependence on the
vibrational exit channel is obtained due to the quantum in-
terference between the vibrationally bound autoionization
states of H and the branch cut of dissociative continuum
autoionization states of H
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