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Non-Hermitian formulation of interference effect in scattering experiments
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Non-Hermitian quantum mechanics allows one to calculate a physical observable, e.g., scattering
cross section, as a sum over a finite number of discrete resonance states. The coefficients in the
sum can get complex and negative values even in cases where conventional scattering theory
predicts real positive coefficients only. Consequently, struct(de absence of structure

in scattering cross section can be obtained as a result of interference between a small number
of discrete resonance states; whereas, conventional scattering theory would require integration
over the continuum of scattering states and therefore it is a heavy numerical task. We show here that
in electron scattering experiments the interference between overlapping broad resonances leads to
oscillations in the phase of transition probability amplitude and to enhancement of the transition
state lifetime due to nuclear motion. @000 American Institute of Physics.

[S0021-9606)0)00539-F

I. INTRODUCTION place between a given resonance state and a weakly energy
dependent background. Fano interferences lead to distortion
In the theories of chemical reactions, transition state isf the shape of the resonance peak in the cross section but
usually associated with a quasibound state of the collisiomot to a substantial increase of the lifetime of the trapped
complex. Isolated resonance states have been observed darticle in the scattering process. In our case the structure is
transition state spectroscopy experiments as finite widthhe result of the interference among resonances and consists
peaks in the cross sections. Whenever the resonance staf¥Sheaks where each one of them is much narrower than the
have a short lifetime and strongly overldre., the distance  gth of a single resonance stakg,. Since the lifetime of
between two consecutive resonances smaller then the invergg, (anped particle is proportional to the inverse of the width
lifetime), their contribution to reac'.uon dynamics is usu.ally of the peak in the cross section, it implies that the narrowing
thought. to b,e washed out ar_ld unimportant. So far, ,E”CSO%f the peak in the cross section increases the lifetime of the
fluctuations in the cross section are the only known finger- trapped particle. Moreover, the interference takes place be-
prints of overlapping resonances. The Ericson fluctuatioqWeen resonances which are separated by a large energy in-

model is based on an assumption that the initial stat_e "ANerval as compared to the corresponding resonance widths,
domly populates all resonance states embedded within a

) . i.e. — e >Max(I',,,I',). Therefore we may consider
given range of energy in<{€.}<Emax- Another assumption len—enl> . (T, T'm) Y
. : . the new mechanism presented here as a collective coherent
of this model is that all of the overlapping resonances pOSFesonance henomenons will be discussed below. this
sess the same width’,. In such a case it can be shown that P ’

the terms in the expression for the scattering cross sectiorﬁ),henqmenfn V\f/a§ f||rstt9bselrvid, W'thotjtt rgahzfmg It, in t:e
o(E)=|3a,/(E— e, + (i/2)T)|2, which are responsible for experiments of inelastic electron scattering from ag

3 . .
the interference among the different resonance states, atholecule. Th? shlarp structgre in the exper.|mer?tal electr.on/
canceled out. Consequently(E) is reduced to a sum over ydrogen-molecule scattering cross section is associated

Lorentzian line shapes weighted by random positive number&ith the short-lived vibrational states of the autoionizing H
lan|2, o(E)=3a,|?/((E—e,)2+('%4)). This gives rise intermediate. We have calculated the positions and the

to fluctuations in the scattering cross section with a characidths of these B states within the local approximation and
teristic width which is equal td". In this special case the tO our surprise we obtained that the width of the resonance

structure in the scattering cross section appears as a result §ftes were 2—3 times larger than the widths of the peaks in
the absenceof interference between different resonancethe vibrational excitation cross sectich¥et, the mechanism
states. that leads to this phenomenon remained unclear and only
In this paper we will propose another mechanism whichvery recently the crucial role of the nuclear motion in the
is substantially different from the above one and yet leads t&lectron trapping mechanism has been pointed® dutthis
structure in the cross section even when the resonances gvgper this mechanism will be studied in more details. As we
overlapping, i.e.l',>|e,— €,+1|. We will describe a case will show here the understanding of the increasement of tran-
where theinterferenceamong resonance states results insition state lifetime due to the nuclear motion is based on the
sharp structure in the scattering cross sectioifhis is very  extension of quantum mechanics to deal with non-Hermitian
different from the known Fano interferenéewhich take operators and requires the replacement of the scalar inner
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product by a more general definition of the inner productproduct can give rise to the complex coefficients,

which is known as the-product® =(0[V|n)(n|V|0), in Eg. (3). The fact that{a,} can get
complex and real negative values is essential to obtain the
interference phenomenon which increases the lifetime,of H

Il GENERALIZATION OF THE INNER PRODUCT IN intermediate in the™ /H, scattering experiments.

QUANTUM MECHANICS AND INTERFERENCE The use of the generalized definition of the inner product
BETWEEN RESONANCES STATES has already lead to a remarkable agreement betweeabthe

_ _ initio calculated scattering intensities of helium atoms from
We would like to stress that the interference phenom-y(115) and the experimental scattering intensifless far
enon between the resonance states itself is associated W&g we know there is no other examp|e whebeinitio calcu-
the generalization of the inner product in quantum mechantations for helium diffraction from a solid surface agreed so

ics. This generalization is required when resonances, i.ewe||l with the experimental scattering intensities.
metastable states, are associated with complex, rather than

real eigenvalues of the Hamiltonian.

The transition probability amplitudeé(E), for a scatter-
ing experiment where the initial and the final states are idenHl. INTERFERENCE MECHANISMS
tical, i.e., |¢)=|#¢)=|0), is given by the Lippmann-—

. . We will now elaborate on the interference mechanism
Schwinger equation,

that could increase the lifetime of the trapped electron in the

t(E)=(0|V+VGV|0)=tgiecf E) +t,ed E). (1) scattering experiment, and therefore could lead to a sharper
structure in the scattering cross section as compared to a
width of a single resonance state.

We will start illustrating this phenomena for the case of
two overlapprirr:gg resonances following closely discussion
. given by Bohnr.

WhereH|fE>:'E|€>’ a(é):|<o|v|€>|2%0_ andp(e) stands for Let us assume thatE,=& —(i/2)T'; and E,=&,

the density of states. However, whehis an Hermitian op-  _ (j/2)T", are two poles such thdt,=T,=T", &=0 and
erator the eigenvalues, get real values only and the infor- ¢ — AE. The cross section similar to E8) in the neigh-
mation about the resonance phenomena is spread over a langgrhood of the poles is given by

number of continuum states. There are several methods, such )
as complex scalingC$s), which allow us to “concentrate” o(E)= 1 i c @)
the information about the resonance phenomena isingle E-AE+(i/2I  E+({/2)T] "’

square integrable statevhich is associated with a complex
energy eigenvaluek;>>=e,—(i/2)[',,. The resonance state
is associated with a complex eigenvalue even when the O(E)=01(E)+o2(E)+o1E), )
Hamiltonian is not complex scaled and Wpen no absorbingynere o1(E) and o,(E) are the first and the second pole
boundary conditions are imposed. That kjn)=E>In),  contributions to the cross section:

where|n) is an eigenfunction which isot in the Hermitian

The resonant ternt,.{E), is given by

el E) = f dep(e)a(e)l(E—e), @

or,

domain of the HamiltoniaH. The use of complex scaling 01(E) = =0,
does not effect the complex values of the resonance eigen- E°+T/4
values but does change the corresponding eigenfunctions to c2 (6)

be square integrable functions. This enables us to replace the ¢,(E)=

E_ARVZAT24
integral in the expression for the.{E) by a sum over the (E-AE)“+I™/4

discrete resonance states, The last term in the Eq5), o1,(E), stands for the interfer-
ence effect between the two poles:
t'“(E):; B /(E=ent (12T ). & E)= 2CE(E—-AE)+2CTr#4 @
714 B) = (B2 T2y (E- AE) 7+ T24)

Since the eigenfunctiom) is not in the Hermitian domain of
the Hamiltonian it is not clear at all what is the definition of The interference can have a dual effect—it can be either
the inner product that we should use. If we will keep thedestructive or constructive. F&=—1 and forAE<T the
usual definition of the scalar product in quantum mechanicsinterference is constructive and there is a single peak in the
the coefficientsa,, in Eq. (3) will get real positive values cross section aE=AE/2. ForC=1 andAE=T the inter-

only [as well asa(e) in Eq. (2)] and the possibility of inter- ference termr,(E=AE/2) gives a zero contribution to the
ference among different resonance states which leads to tloreoss section and we obtain two separated peaks in the cross
trapping of an electron due to the molecular vibrations will section. However, i€ is allowed to acquire a complex value

be eliminated. The generalized definition of the inner producbf i and AE=T" a destructive interference occurs an(E

(..]...) rather than the usual scalar prodyct...) has to be =AE/2)=0! Consequently the two peaks in the cross sec-
used when the Hamiltonian is not HermitiahFor the sake tion are very well separateds one can see the widths of the

of simplicity and without loss of generality, we define here peaks inog(E) are decreased due to the quantum interfer-
(flg)=(f*|g). Only the application of the generalized inner ence effectsFollowing the Heisenberg uncertainty principle

Downloaded 29 Jan 2001 to 132.68.1.29. Redistribution subject to AIP copyright, see http://ojps.aip.org/jcpo/jcpcpyrts.html.



6090 J. Chem. Phys., Vol. 113, No. 15, 15 October 2000 E. Narevicius and N. Moiseyev

0.0100 0.810
Z 00075 | 1 £ 0795
E ]
: g
g 0.0050 g 0780
8 2
5 8
o 00025 | s 0765
20 0.750
0.74
1.5
e .
R B
o 10} = 0.70
c e
2 05 2
] & 066
0.0 °*
_0.5 1 L 1 1 0.62 \ L L
0.00 1.00 2.00 3.00 4.00 5.00 0.1400 0.1420 0.1440 0.1460

energy (a.u.) energy (a.u.)

FIG. 1. The behavior of the transition probabilitg) and its amplitude £, 2. (a) The behavior of the probability to excite,kholecule from the
phase(b) in the case of six resonances contributing to the expansion ofyq ng vibrational:=0 to thev=4 excited state ie/H, collision. (b) The
ted E), EQ.(3). The complex coefficients,,; n=1,...N—1 are obtained by phase of the corresponding probability amplitude.

solving the set of linear equations given in the text vat+1, A=1 a.u.,

I'=2au.

passing through a quantum ddtThe results presented in

L . L . Figs. 2a) and 2b) were obtained for electron scattering from
the uncertainty in energy times the lifetime of the system |s1_|2 molecule. The similarity between the model and the

larger thenk/2. Therefore we may say that by narrowing the physical systenfcompare Figs. 1 and)2mphasizes the rel-

widths of the peaks iwr(E) one increases the lifetime of the ¢, ance of the interference mechanism to ¢hdH, scatter-
system. Note that the usual concept of the lifetime as thgsng experiments.

inverse of the decay rate is applicable only for isolated reso-
nances and npt in our case where there is a large overlale. DERIVATION OF VIBRATIONAL EXCITATION
between the different resonances.
. CROSS SECTION

Let us now propose a more general model that illustrates
the increase of the lifetime of a trapped particle due to the Let us first derive the expression for the vibrational ex-
collective interference resonance phenomenon. Assume theitation cross section. We address ourselves to a scattering
a given system consists f equally spaced resonancEs  event where the electron, represented fiL/k;)e’ki", col-
=nA; n=0,1,..N—1. All have the same widtl', which is  lides with a molecule which hahl internal electrons. We
larger than the energy spaciggi.e.,I'’>A. This is the case assume that the electronic state of the molecule is varied
of N overlapping resonances. The goal is to find values,of adiabatically during the collision. The molecular degrees of
in Eq. (3) such that the peaks associated with the resonancéseedom are represented by coordinBePrior to collision
in the scattering cross section would be narrower than the molecule is in itsy vibrational state ,(R), and in its
Clearly, if t,.{E) will vanish between two consecutive reso- ngth electronic state¢n0({r}N ;R). Assuming adiabaticity,

nances, then the widthy, of the resonance peaks in the crossthe initial state,y,(R)®;({r}y+1;R), properly antisymme-
section will be at mosA irrespective of the resonance width, trized in the electronic coordinates such tdg({r}y.1;R)
e, y<A<I. = A(¢i({r}n;R) V(1K) e i'v+1) is an eigenfunction of the
Coefficientsa, that satisfy the condition of vanishing interaction free Hamiltonian
transition amplitude between each pair of resonanggsi:
=(ent €,.1/2))=0Vn, are the solutions of the following Ho=T(R)+T({rin+1)+Vmo({rin.R), (8)
set of linear equationsBa=b, where B, ,=2/(2(m—n)  whereT({r}n.1) andT(R) are, respectively, the electronic
—1+il'/A); bp=2a,/(1—2m—il'/A); {n,m}=12..N  and nuclear kinetic energy operators ang,({r}n.R) is the
—1. The resulting transition probabilitft..{E)|?, is pre- potential energy of the&l+1 electrons and nucleus of the
sented in Fig. (@) for the case of six resonanceBl€6). molecule. After the inelastic collision the molecule is found
Note that even ifa, is chosen to be a real number coeffi- in its vibrationally excited statey, (R) and the scattered
cientsa,,...,ay-1 Will get complexvalues. electron is in a state defined by(1/k;)e'*'n+1. The final
It is easy to show that the vanishing of the complexstate of the noninteracting electron-molecule system is
transition amplitude is accompanied by the shéspep-  y,, (R)®¢({r}n:1;R) where ®¢({r}ni1;R)=A(P:({r}n;
function like) drop (—m) of the phaseg, of the transition  R)./(1/k;)e'k'n+1). The energy of the scattered electron is
amplitudet=|t|e'?. For a simple proof see Ref. 10. This given by the energy conservation law:
phenomena is illustrated in Fig(l). Note that very similar 2 )
results were obtained recently in the measurements of the m_,_E :Vkal
phase of the transition probability amplitude for an electron 2me "o2me

+E,=E, 9)
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where m, is the mass of an electrofs, and E;, are the
energies of the initial and the final states of the molecule.  Ores—

lim <XV R)®i({rin+1; R)‘ mV
The Hamiltonian during the collision process is given by

e—0"

2

H=T(R)+T({r}n+1)* Vin{rfn+1,R), (10) XX,,(R)CIDf({r}N+1;R)> (16)

whereV;,; is theN+ 1 electron and nucleus interaction po-

tential. V,,; includes the coordinates of the colliding electron . o i )

as well as the coordinates of electrons of the molecule. Since H)~~ in EQ. (16) within the Born—Oppenheimer approxi-

the electronic coordinate is much faster than the moleculaiation framework one gets:

one the Born—OppenheiméBO) approximation is appli- (XV,|<q>i|V|\Ifﬁf‘a>r<\lfﬁf’a|v|®f>r|xv>R’2

cable here. The adiabatic BO Hamiltonian is defined by o= : £ gad ‘ . (17
& n,a

rR

Using the spectral representation of the Green operdor (

Had{rin+ 1R =T({rkn+ 1)+ Vi {rtn+1:R), (1)) The molecular anion, which is formed when an electron col-
lides with a neutral molecule, supports no bound states.
However, the electron can be trapped for a finite period of
time in the quasibound resonance state. There are several
methods, such as complex scalif@@S), which allow us to

ad a ad “concentrate” the information about the resonance phenom-
Had {rtns 1R 639{r s 13 R) = E3(R) ¢24{r}n1:R). ena into asingle square integrable statehich is associated

12 \ith a complex energy eigenvalug,*=¢€,—(i/2)[',,. That

The adiabatic energfE2{(R) serves as a potential for the IS Hedn)=Ein), where Hcs is the complex scaled

where the nuclear coordinakeis a parameter. The adiabatic
HamiltonianH .4 possesseR-dependent eigenergie'ﬁd(R)
and eigenfunctiongh?¥({r}y.1;R) such that

motion of the heavy nuclei: Hamiltonian. Note by passing that Hamiltonian possesses
complex eigenvalues whenever the outgoing wave boundary
(T(R)+Eﬁd(R))Xn (R)_én Xn (R), (13  conditions are imposed. Complex scaling allows to obtain

these complex eigenvalues while forcing square integrability
where X (R) and ead are the nuclear vibrational wave on the solutions associated with the resonances. The solution

,

function and energy. Within the Born—Oppenheimer ap-SPace of the complex scaled molecular anion Hamiltonian
proximation the total wave function is a product of the can be divided into subspace of resonance states and into the
nuclear wave function and the electronic wave functionsubspace of continuum scattering states. Whenever the reso-
which depends parametrically on the nuclear coordinate: Nnance is isolate@he distance between two consecutive reso-
nances is larger then the width of each resonangend has
qfﬁda:qggd({r}N +1:R) Xﬁda(R)- (14) a large lifetime(I'/% is larger than any characteristic fre-
' ' qguency of the syste)rwe can make an assumption that a
According to the Lippman—Schwinger equation thescattering event involves a single resonance state.
probability to change the vibrational state of the molecule A common situation is thaAE,;,<I'<AEe. where
from x,(R) to x,/(R) due to the collision process is given AE,.. and AE,;, are, respectively, the energy spacing be-
by tween electronic levels and vibrational levels. In such a case
o= (W [V+VGVIW) 2, (15) scattering event pr_ogeeds via a singlectronic resonance
state,ny. However it involves a number of vibrational states
where, respectively, the initial and the final states arq)(f}d} belonging to the same electronic resonance stgje,
given by W=x,(RP;({rin:1;R) and \ Consequently the sum over electronic energy levelsan
=x, (R)®:({r}y:1;R). Vis defined a¥/ =V,;— V,o- The  be omitted from the sum in the expression for the resonant
resonant part of the excitation probability is part of the excitation probability in Eq17):

s (X (P VIR Xt W riXne o (Hh |V|q)f>er>R‘2
Ores— E_Eﬁfja ‘ . (18

a

Moiseyev and Peskin have shown that the integrals over thwhereF(')(R) is the partial width of the electronic resonance

electronic coordinates in Eq18) are related to the partial gia1en, as function of the nuclear coordina®e The products
widths. That is, of this decay channel are neutral molecule and a free electron

(@i|VIgad{rine iR P=TR(R) associated with a wave numbky. T'{{)(R) is the partial
ad - f ) (19 width for the decay channel that results in a neutral molecule
|<(I)f|v|¢n {rine s RN[= (R), and a scattered electron associated Withvave number.
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FIG. 3. The vibrational eigenstates of, Hbbtained:(a) ignoring the imagi- Energy (2.u.)

nary part of the potentiakb) with the full complex potential. The arrows

stand for the threshold energy to dissociatiorEgtecho= 0-1467 a.u. FIG. 4. Vibrational excitation cross sections-0— v=1,2.....4.

Within the local approximation the energy dependence
of the partial widthgvia the scattered electron wave numberH, + \H, possesses incomplete spectrum. The spectrum is
k) is neglected anﬂﬁ'g=Tﬁ2) . Using this approximation and incomplete when the number of independent eigenvectors of

Eqgs.(18), (19) one gets a matrix is smaller thal. We will explain this phenomena
using a following example. Suppose that non hermitian
res <Xyr|Frlf(R)|Xﬁg,a>R<Xﬁg,a|rﬁf(R)|XV>R‘ 2 Hamiltonian,H, which depends on some parametezan be
Ores— E_gad . represented by complex symmetric matrix 3
a Ny, .
(20) 6 e -1
_| air i
SinceTl", is the width of the electronic resonance stageit H(AM=) € 5_)\ 2e” | (22)
is related to the imaginary part of the adiabatic electronic -1 2¢ 1
d.
energyEq : The fact that the matrix that represents a non-Hermitian op-

— ad erator is complex symmetric is the direct result of the use of

F”O(R) 2 lmE”O(R)' @D the generalized inner product as was discussed in the Sec. Il.
Equation(20) given above not only simplifies the calculation One can easily see that the matrix given in &) has three
of o but also provides a simple physical insight to the prob-distinctive eigenvalues and eigenvectors for all but one value
lem of electron scattering from a neutral molecule. Since th@f parameten. When the parameter approaches value of
final expression for the vibrational excitation cross section=7/2 two of the eigenvalues and eigenfunctions approach
does not depend on the electron coordinates, we can say theach other and finally coalesce, iE;— E3 andV,— W3 as
the electron-neutral molecule collision prepares a nucleak— /2. For\ = /2 matrix[Eq. (22)] has only two distinct
wave packet on the potential energy surface of the moleculag@igenvectors:
anion intermediate(see Figs. 3-b The prepared wave
packet is propagated via the nuclear Born—Oppenheimer mo-
lecular anion Hamiltonian with the complex potential
Eﬁg(R). Finally, the anion undergoes autionization process

resulting in the molecule in a vibrationally excited state. The
probability amplitude to obtain a specific vibrational state

of the molecule is given in Eq20). This expression is in a
complete agreement with the results obtained by Domcke
and Cederbauli by applying the local approximation to the
exact expression fod.

Cross secion (arbitrary units)

V. INCOMPLETE SPECTRUM OF NON-HERMITIAN

1.8 2.4 3.0 3.6 4.2
OPERATORS B (ev

Moiseyev and, F”edlar}a have proved that if twoN FIG. 5. Solid line shows the calculated probability to excitg riblecule
XN real_ symmetric matricel; and H, do not CommUt_ev from the ground vibrational=0 to they=4 excited state ie/H, collision.
there exists at least one value of paramatsuch that matrix  Dotted line represents the shifted experimental results.
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1 0 x10_3 “B* e
-1/3 i

(23

Whenever two eigenvectors approach each other they gradt
ally become self-orthogonal within the definition of the gen-

eralized inner product, i.ed(,|¥,)—0. In our example ei- 5
genvectorV, is self orthogonal fol = 7/2: o
E
0
(0 1i)|1|=0. (29
i (A =099 ei0,04)
-6 _34 L ‘ 1
0.1591 0.1593 0.1585 0.1597
If we will try to normalize the eigenvecto®, such that (A=
(qullpz):l we will have to divide its components by 0! _8_143 0.1I48 0_1I53 0.158
In the case studied by Moiseyev and Friedland the pa- Re(E) (a.u.)

rameterA was related to the complex scaling parameter and
the incompleteness of the spectrum was an artifact of the useG. 6. A-trajectory calculations of the complex eigenvalues of Hye(
of the complex scaling method. —iN Im(H), whereH is a matrix representation of the nucleay Hamil-

We will show here that the phenomenon of Spectrumtonian with complex electron potential surface. ker 0 the autoionization
is artificially suppressed and the real eigenvalues obtained are divided into

incgmpletenetss is inh?rent in_ the case Q_f Hhe Ham_”' vibrationally bound state@enoted by “B” and into dissociative continuum
tonian of the intermediate Hwithin the BO approximation solutions denoted by “C(note that the discretization is due to the finite
is gi\/en by, box approximation The inset shows that very close xe=1 (the physical
solution one of the continuum solutions and the eighth “B” solution coa-
. lesce.
H(R)=T(R)+V(R)—(i/2)T'(R). (25
We can rewrite this Hamiltonian introducing an autoioniza-
tion strength parametex in the following manner: complex values of the parameterclose tox=1 the bound
state which enters the continuum part of the spectrum crosses
H(R)=T(R)+V(R)—A(iI/2)T'(R). (26)  the continuum states one by one. Since the crossing does not

happen at =1, the picture we see at the physical value of
For A=1 it is reduced to the original physical Hamiltonian A =1 is that of avoided crossing. It should be stressed that
of H,. Using the real basis functions or DVR representationthe crossing here implies coalescence of two eigenstates, one
the matrices representing the operatdi@R), V(R) and eigenstate originating from the bound statenatO and the
I'(R) are real symmetric ones. The, HHamiltonian in the  second one from the continuum &t=0. Indeed, we found

matrix form is several branch points associated with the coalescence of
bound and continuum states which are in the vicinity\of
H=T+V—\(i/2F=Hge—\(i/2)T. (279  =1. For example see the inset of Fig. 6 where we show the

branch point abh =0.991 450 98-i0.040 065 15. The trajec-
Since matricesige andI" do not commute, it follows from  tory approaching from below is associated with the eighth
the theorem proved by Moiseyev and Friedland that therepound” state and the trajectory approaching from above is
exists\, such that the spectrum éf is incomplete. In order associated with the “continuum” state. This branch point is
to find the values o where the spectrum is incomplete in the closest one ta=1 and the two states that cross at this
the case of B we have studied tha dependence of the point are very close to be self orthogonal for the physical
spectrum. In Fig. 6 we present the spectrum gf ébtained  value of A =1. Consequently, the amplitudes of these states
while varying\ from 0 to 1(i.e., increasing the strength of are several orders of magnitude larger than the amplitudes of
the ionization phenomenanThere are nine bound vibra- the discrete resonance states that are not involved in the
tional states of B when the autoionization process is ne- crossings with the continuum states. We show below that
glected, i.e.n=0. They all acquire finite width whenever the this effect plays a crucial role in the mechanism that leads to
value of\ is increased. However, the width and the positionthe electron trapping by the Hnolecule.
of each state changes at a very different rate. The most dra-
matic change occurs to the eighth bound state Q). This
state is “pushed out” above the energy threshold for the ] _
dissociation. Interestingly, whenever the position of the\éll.?gggusLETgﬁ%ﬁgNVALuES OF H, AND EXCITATION
bound state crosses the threshold energy the behavior of the
continuum states changes as well. That is the width of the In Fig. 3@ we represent the energy levels o} kvhen
continuum states starts to decrease with increasingVe  the autoionization process is neglected, I'éR) =0 in the
suspected that the reason for this behavior is that for somdamiltonian given in Eq.(13). There are nine infinite-
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lifetime vibrational bound states ofH In Fig. 3b) we show Another possible explanation would be to relate the
the results obtained when the complex nonlocal Hamiltoniarptructure appearing in the vibrational excitation cross section

of H, is diagonalizedi.e., I'(R)#0 in Eq.(13)]. The com- 0 the discrete resonance states gf &ppearing at energies
plex nonlocal potential,E2%(R)=V(R)—(i/2)'(R), was below the dissociation threshold energy. However, resonance
0 . . Rosmons do not coincide with the peak positions in the cross
taken from Ref. 14. As one can see when the imaginary pal . : LT
N . . ; section.Moreover, the widths of the peaks appearing in the
of the potential is taken into account, each vibrational state . . .
- . . . L cross section are 2 to 3 times smaller then the widths of the
of H, acquires a finite width. The vibrationally bound states .
become discrete resonance states and the dissociative Core_s onances calculated befor@he structure appears in the
. ) . . Woss section although the resonances are broad and overlap-
tinuum now becomes dissociative continuum of resonance ing
The discretization of the continuum is due to the usage of th '
finite basis set. The actual situation is of a branch cut. That
is, a continuum of singular points of the scattering matrix. VII. STRUCTURE IN THE CROSS SECTIONS AND
Eigenstates of the Hused in the calculation of the cross INTERFERENCE

sections were obtained by diagonalization of the Hamiltonian

matrix in the (_jiscrete variable representgti(cﬁWR) basis. Figs. 28 and 2b) where the electron-fiscattering cross
Complex scaling(CS) of the H-H coordinate R—Re’)  saciion and the phase of the corresponding excitation prob-

which is equivalent to the usage of absorbing boundary congpjity amplitude are shown. The phase shows an oscillatory

ditions in that coordinate was employEthpplication of CS  penavior rather than sharp drops since the complex cross
enabled us to get rid of nonphysical weak oscillations in the&ection amplitude does not exactly vanish. Note that our nu-
cross section above the threshold energy to dissociation obnerical results presented in FigaRare in reasonable agree-
tained in previous calculatiort8. We used only 200 grid ment with the experimental cross sectfn.
points in the interval of 20 a.u., while the CS parameter We will now give a more detailed description of this
=0.25 turned out to be the optimal one for our calculationsphenomena_ By solving the nucleaj i$chralinger equation
(resonance positions were insensitive to the variatiof)of  ith the complex potential surface we obtained two distinc-
Cross sections for vibrational excitations=0—v tive types of resonance states, as discussed in the Sec. VI.
=1,2,...,4 calculated using the simplified ver$iohEq.(20)  The first one is associated with vibrationally bound motion
are represented in Fig. 4. The structures appearing under thg autoionizing H molecule, i.e., H—H,+e". We will
dissociation threshold are in a good qualitative agreemeryefer to these states as vibrationally discrete autoionization-
with a previous results obtained for the nonlocal thé8ri’.  resonance states. The second type of states is associated with
Since the electronic resonance state of ldecays by the free motion of the nuclei and is referred to here as vibra-
p-waves, nonlocal effects will influence the scattering crossionally continuum  autoionization-resonances  where
section, but not the quality of the interference effects due tq—|2(bounC)+e’in’(continuun)iH’JrH (.e., a branch

n;clear dynamlfcs.zFor d!scussmn of Iocalhversus nqnlocag:ut of autoionizing statesNote that the autoionizatiof)
effects, see Ref. 12. In F',g' Swe pres.entF & comparison c}fakes place at the inner classical turning point where the
the calculated cross section for the vibrational excitation width of the complex potential surface is the largest. The

=0—v=4 with the experimental cross section measured byjisqociation(B) occurs at the outer region where the width of
Allan.® The experimental cross section was shifted up in eng,q complex potential is zero. As we will show below the
ergy by 0.45 eV to emphasize the agreement between thgrmation of branch cut of resonances due to the nuclear
vibrational structures seen in the spectrum. _ motion plays the key role in the mechanism which is respon-
No structure is seen in the=0—w»=1 cross section. gjple for the enhancement of the electron trapping by the
However, peaks below the dissociation threshold energy ﬁrsﬁydrogen molecule.
appear forr=0— v=2 cross section and become even more ~ The injtial state populates both types of resonance states
pronounced for the excitations to higher vibrational levels. of H, . Interference between the vibrational discrete and the
The absence of the structure for the 0—»=0,1 exci-  yijprational continuum autoionization resonances takes place
tation and formation of it for higher ones could suggest thatyithough the resonance positions of the vibrationally discrete
the structure of the final state introduces the structure in th@utoionization-resonancédisc-res states and the vibra-
cross section. This effect is known as the reflectiontionally continuum autoionization-resonance statest-res
principle!” This possibility, however, was ruled out by a are very “far” from one another(as compared to their
following numerical experiment. The cross section for thewidth). One may think that whef ~ e,(disc—res there is
v=0—»=0 vibrational “excitation” was calculated then as only one dominant term in the series resonance expansion of
the H, Born—Oppenheimer potential was shifted in such at,(E) [see Eq.(3)]. This is, however, not the case. The
way that its minimum coincides with a minimum of the neu- numerators associated with the branch-cut resonances,
tral H, molecule. The shift affected only the shape of the a,(cont-reg, get complex values where both the real and
broad background line, leaving the fine structure in the crosghe imaginary parts are larger than the corresponding ones of
section the same as obtained in Figs. 4{{). The conclu- a,(disc—re9 by several orders of magnitud&his is a direct
sion is obvious: peaks in the cross section are unrelated teesult of the non-Hermitian properties of, HHamiltonian as
the structure of initial or the final states and cannot be ex-was shown in Sec. V. Consequentlya,(cont-res|
plained by the reflection principle >|a, (disc—res| but, however, at E=E,(disc-res,

There is a similarity between Figs(dl and Xb) and
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