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The vibrationally resolved Csdlsingle-hole ionization cross sections oD are measured in the region of
the o shape resonance. The energy of the shape resonance is pushed down by the excitation of the C-O
stretching vibratiorvs. Our calculations, which take account of elastic multiple scattering within the C-O
potential box, show that the downward shift of the shape resonance energy is originated from the elongation of
the characteristic internuclear C-O distance in the core-ionized molecule with an incregs&re charac-
teristic internuclear distance varies fraRi(0,0,0=1.198 A up toR*(0,2,0=1.415 A. In addition to the
elastic multiple-scattering mechanism, the internal inelastic scattering of thepBdtoelectron by valence
electrons is suggested as a possible mechanism responsible for the enhancement of vibrational excitations
through the shape resonance and near threshold.
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. INTRODUCTION 1a,(0 15)?2a,(C 1s)?3a24a31b51b32b52b, (7)°
Shape resonances are the most intriguing processes in mo- o1
lecular photoionizatiofil,2]. They are generally described in 5ay(0 ) (X A).

terms of trapping of the ejected photoelectrons by pmemiabltraviolet and x-ray photoelectron spectroscdpyPS and
barriers of the molecular ion, with subsequent tunneling intoxps) studies of HCO were reported some time afo-10]

the continuum. Recent progress i(_rshe_ll photoemission & 15 glectron energy loss and photoabsorption spectra were
highlights the effects of molecular vibrations on shape resogpserved by Hitchcock and Brida 1] and by Remmeret al

nances because their dependence on the final vibration 2], respectively, whereas GsSHI and C 5 total ioniza-
state(v’) of the absorber is revealed. A typical example of ;0" .. 0ss sections were measured by Kilcoyeal. [13].
these effects can be seen in the carbon mond@elé]. The @Fove the C % threshold, the dipole-allowed transition from

goshgpe r(ta)soEakr]lc% Objg/;;d inhx-lr gly absolrption spectra @ 2 (C 1s) orbital to thea, continuum orbital exhibits the
above both the C an resholds are also present in 2a;—5a, o shape resonance. This resonance is interpreted

the C and O & single-hole-ionizationSHI) cross sections as a result of elastic multiple scattering of the € photo-

for thi indivit(_jual vits)ra_'ii(_)nal compl?)zents. ;It']hrtotl;]gh vari- electron on the oxygen and carbon atoms within the mol-
ous observationg3-5], it is now well known that the energy ecule. The amplitudes of backscattered waves on the hydro-

of the ¢ shape resonance dependswnMistrov et al. [4] " ;
o . - en atoms are weak and their influence on the intramolecular
exhibited, both experimentally and theoretically, that the en-g

ergy of thev’-resolved shape resonance moves close to the gterference 's usually negligibld.4]. Then the C $ photo-
v - . .
1s threshold, and away from the Os Threshold, with an lectron wave function of JCO depends exclusively on the

) S d int ted this sit lectivé d internuclear C-O separation. Within this assumpfi@ierred
INcrease nv-, and interprete IS site-select EPEN" 5 as the elastic multiple-scattering model hereaftie dif-

A ) . L &Erence in the shape resonance energies §@@and CO is
Istic Intefrr&ut;slearddgt?c':es. fo;l different ylgraﬁonﬁl Iconf]po'attributed to the difference in the C-O bond length. This idea
nents of an lonized states, with the help of & \\aq iy fact the background of the bond-length-with-a-ruler
harmonic potential approximation for the relevant states, takf'nethod [15]. To what extent the bond-length-with-a-ruler
ing into account the interference of multiply scattered IC’ho'method works is still a subject of debate, with both evidence

toellectLron wave?. K di th lationshio bet favoring this method and indications that its application to
N the present work, we diScuss the retationship LEWEER, ya et hond lengths from excess energy positions of the

molecular vibrations and the shape resonance in p(_)lyat_oml ape resonance is at best ungatee, e.g.[1]). To investi-
systems. For such a purpose, We_fogus_on _the vibration ate the effect of the shape resonance on specific vibrational
excitations that accompany G photoionization in the form- components of the core-ionized states can be very instructive
a_Idehy_de moleculel $CO. The ground-state electronic con- from the point of view of the debate regarding the bond-
figuration of HCO is length-with-a-ruler method because different vibrational
components probe different characteristic C-O distances for
H,CO, as discussed in detail by Mistr&t al. [4] for CO.
*Electronic address: ueda@tagen.tohoku.ac.jp These investigations have shown that the energy of the shape
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resonance cannot be unambiguously linked to a single C-O (0,0,0)
equilibrium distance in the ground state. In addition to many- 7
electron effects, this energy is noticeably influenced by the
vibrational excitations accompanying inner-shell ionization.
Thus, information obtained in the present work opC®
provides deeper understanding of the relationships between
the position of the shape resonance and interatomic separa-
tion. In addition to the C-O stretching vibrations, in the case
of H,CO the CH scissor and the C-H stretching vibrations
can also be involved in molecular dynamics and may affect
the C Is photoemission dynamics.

In order to examine the above-described multiple-
scattering model and understand furthermore to what extent
the complexity of molecular dynamics influences the € 1
photoemission in HCO, in comparison with CQ4], we
have carried out vibrationally resolved measurements 8 C 1  FIG. 1. C I photoelectron spectrum of 8O at the photon
photoemission in the shape resonance region. The influenemergy of 312.22 eV. Dots, measured spectrum; solid line, jgast-
of the C-O stretching vibrations on the shape resonance effit; dashed lines, individual components of the fitting but without
ergy observed here is well reproduced by the present calcuhe instrumental broadening.
lations. Possible mechanisms responsible for the enhance-

Kinetic energy (eV)

ment of other modes will be qualitatively discussed. taining the solid sample to 50-65 °C. At this temperature, a
background pressure of TOPa (uncorrected for the ioniza-
Il. EXPERIMENT tion efficiency of formaldehydewas measured in the experi-

mental chamber, in which the gas cell is placed. A plug of
glass wool was placed over the powder in the reservoir to
The experiments were conducted at the ¢ branch of thprevent the powder from dispersing during warming or
soft x-ray photochemistry beamline 27$W6] at SPring-8, pumping of the reservoir. All tubing from the reservoir to the
the 8 GeV synchrotron radiation facility in Japan. The mono-gas cell was heated to 60 °C to prevent condensation and
chromator installed in this beamline is of Hettrick type and apossible polymerization of the formaldehyde vapor in the
resolution of between 10 000 and 20 000 can be achieveihlet lines. The whole electron spectrometer apparatus was
[17]. The light source is a figure-8 undulatpt8], with  kept at 65 °C during the measurement. Assuming equilibrium
which one can perform angle-resolved electron spectroscopgonditions apply, the dimer-monomer ratio was estimated to
by switching the direction of polarization from horizontal to be 10“ under the experimental conditiori$0™* Pa H,CO
vertical, and vice versa, only by adjusting the gap of thepressure and 50 9Cand thus the contribution from dimers
undulator. The degree of light polarization was confirmed tocould be neglected.
be greater than 0.98 for both directions by measurement of
the .25 and 2 photoelectrons of Ng for the present optical B. Experimental results
setting[19]. The monochromator slits were set to values cor-
responding to a photon energy width of about 50 meV. The The C Is photoelectron spectrum of 8O measured at
electron spectrometer employed is manufactured byP€ photon energy dfiv=312.22 eV, 17.87 eV above the C
GammaData-ScientdSES-2002 It consists of a hemi- _1s ionization threshold, is presented in Fig. 1. The figure
spherical electron analyzer with a Herzog-plate terminatioincludes the spectrum at the magic angle, reconstructed from
and accelerating-retarding multielement lens, as well as witfhe mga;urgd angle-resolved spectra, and the corresponding
a gas cell(GC-50, which are installed in the differentially leasty~ fit with the |no_I|V|duaI V|brat|qnal components. The
pumped chambef20]. For these particular measurements,SPectrum at the magic anglé€54.79 is obtained from the
the analyzer was operated at a pass energy of 10 eV, and wigingle-resolved spectra at 0° and 90° |54.79=1(0°)
a slit setting of 1.5 mm, which correspond to approximately*+2!(90°). In addition to the intense main peak, at least three
50 meV electron energy width. Each individual spectrumvibrationally excited bands are resolved. I3GO there are
was recorded for approximately 10 min; this time is suffi- threea, totally symmetric vibrational modes: C-H stretching
ciently short that a possible slow photon energy drift causeév1), C-O stretching(v,), and CH scissor(vs). The vibra-
negligible additional broadening to the observed structure. tional frequencies of these modes in neutrglCB in the
In the present measurements, the £ahd photoelectron ground state are»;=345.0,w,=216.5, andw;=186.0 meV
spectra of HCO were recorded at excess energies of bef21]. We attribute the most intense component in the spec-
tween 17.87 and 2.78 eV. Formaldehyde in its dimerizedrum in Fig. 1 to(0,0,0, the component that peaks near
form, i.e., para-formaldehyde, was purchased from Wako, 17.47 eV t0(1,0,0, the one at 17.65 eV to the unresolved
Japan, with a stated purity of 97%, and was degassed byomponents(0,1,0+(0,0,1), and the small bump near
repeated freezing under a pressure of*a without further  17.10 eV to(2,0,0.
purification. The formaldehyde target beam was prepared di- Each angle-resolved spectrum was normalized by gas
rectly from thepara-formaldehyde by heating a bottle con- pressure and photon flux. The photon flux was measured by

A. Experimental procedure
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a photocurrent on the refocusing mirror upstream of the gas
cell. In the photon energy region of interest, the measure-
ments of photon flux by the photocurrent suffer from carbon
contamination on the surface of the optical components. This
was corrected by comparing intensities of angle-resolved Ar
2p photoelectron spectra with their cross sections and angu-
lar distribution in the photon energy of interest. The trans-
mission of the electron analyzer is not constant in this low-
electron-energy region, and it was corrected by comparing
Ar 2p photoelectron spectra with their cross sections and
angular distribution in the kinetic energy region of interest.
After these corrections, each angle-resolved electron spec-
trum was fitted. Each partial cross section was determined
from the intensities of each individual component in the
angle-resolved spectra. The effect of postcollision interaction
was included by simulating the individual profiles with the
equation of van der Strateet al. [22], convoluted with a
Gaussian distribution to take into account the experimental
broadening. The full width at half maximum of the Gaussian
profile was fitted to about 70 meV.
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From the result of the fit of the spectra at all energies the Kinetic energy (eV)

natural “fe“m‘? Width I'is 283(7) meV, independent of FIG. 2. Measured CdSHI cross sections in $#CO: 0500 UIoo
mheéhzithrﬁ;nés :ur Infliz‘,sg:rtler?nsitr;s?ju:rfs m?]df'for . aglmgm ando” as given by Eg(l). Calculated cross sectiop%oo
e onized state ot i etermined here can beé COM- anqs?, are also given by solid and dotted curves, respectively. The

pared W|thF f0r C 1s ionized states Of Othel’ Simple mOI' measured)-}:oo and 0—810+001 and Ca|cu|ated,-610 have been multi-
ecules(all in meV): 78(10) [23] and 985) [24] for CO;  plied by 4 in the figure. The energy scale of the calculated cross
78(15) [25] and 992) [26] for CO,; 83(10) [27], 95(2) [28],  sections has been shifted downward 4.0 eV to make the maximum
and 97.42.0) [29] for CH,; 77 for CF, [24]; 95 [30] and  of the calculatedryy, cross section coincide with the measurement.
85(10) [31] for C,H,; 106(2) for C,H, [32]; 98(10) [33] and  The kinetic energy scale is the difference between the photon en-
100(2) for both GHg and GDg [34]; 89 for both CHF, and  ergy and thg0,0,0 threshold energy of 294.352 €27]. The ver-
CHF,CI [35]. We intend to use the lifetime widths as the tical scale has been set in such a way that measured and calculated
parameters entering in the equation for the PCI prgfilg. (000 cross sections have the same maximum.

(8) of [22]]. In the limit of high excess energy, where the PCI

becomes negligible, the line profile becomes asymptotically * = To00
Lorentzian and” becomes the full width at half maximum of (1)
the Lorentzian distribution. The fitting procedure included all

the components with; <2 andv,+v;=<1. No anharmonic- The adiabatic cross sectiar},, dominates in the main pho-

ity is considered. The intensities of the mixed componentsoline in Fig. 1. Thes™ shape resonance is seen clearly in the
(1,1,0 and(1,0,9, as well as(2,1,0 and(2,0,1, were con-  spectral dependence of all partial cross sections in Fig. 2.
strained to the product of the intensities for excitations of theThe cross section™ exhibits the shape resonance at the ex-
independent vibrational progression. The vibrational fre-cess energy of 5.8 eVh»=300.2 eV}, oy, at 6.0 eV (hv
quency of the Chlsymmetric stretching mode was treated as=300.4 eV, UIoo at 6.0 eV(hv=300.4 eV}, and 0301+010 at

a free fitting parameter, determined to be &J7MmeV. The 54 ev (hy=299.8 eVl. These excess energies, expressed as
other two vibrational frequencies are too close to each othehe gifference between the photon energy and thesC 1
to extract them and their corresponding intensities, so theyp 0,0 threshold of 294.352 eV12], were extracted by a
were fixed to their corresponding values in the neutralgayssian fit of the strongest points in the partial cross sec-
ground state. For this reason we cannot extract the individualons of Fig. 2, and are precise to 0.1 eV or better. The shape
intensities of th_e(O,l,Q and (0,0, vibrations but only their  yesonance energy 0%, 0.001iS NOticeably lower than those
sum. The thin line that peaks near 17.65 eV in Fig. 1 is they ohpoandoiy, Thisv’ dependence is similar to the case of
sum of the PCI profiles for th€0,1,0 and (0,0,) compo-  the C 11" shape resonance in CR27], where theo”
nents. shape resonance moves toward the sttreshold with an

Spectral dfpengences 0+f the measuredsCSHI Cross  jncrease of the vibrational C-O stretching excitations.
sectionso™, 04yp 100 @Ndogp14010ar€ presented in Fig. 2.

Here the SHI cross sectian*l-k corresponds to the transition
(0,0,0—(i,]j,k) accompanying the Cslionization. The to-
tal cross sectionr* corresponds to the sum of tt{8,0,0,
(0,1,0, (0,0,1, (1,0,0, (1,1,0, (1,0,, (2,0,0, (2,1,0, and
(2,0, partial cross sections:

+ + + + +
* 0010+001F 100t O110+101F O200F T210+202

Ill. THEORY

The C I SHI cross sectiona:, for the individual
vibrational component v’ is  proportional to
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|ff<I>’;(r,R)r<Di(r,R)drdH2. In the Born-Oppenheimer ap- the intensity ratio 0.061 of(0,1,0+(0,0,1} to (0,0,0
proximation the molecular wave functions of the grouimit measured at the photon energy-e#00 eV. Here we have
tial) ®@; and ionic(final) ®; states are described as productsassumed that the contribution frai®,0p3) is negligible, fol-

of the functionsW(r,R) and X,;,(R) for the electronic and lowing the analysis of the Rydberg members by Remrseérs
vibrational motions, wherg and R are the electronic and al. [12]. The calculated distanc&® (v,) using these approxi-
nuclear coordinates, respectively. We assume here that themeations and assumptions are 1.198, 1.350, and 1.415 A for
is no vibrational excitation in the ground stat¢,=0. The (0,0,0, (0,1,0, and(0,2,0, respectively. Thus we have the
functions X,(R) and Xy(R) change drastically within the relation
Franck-Condon(FC) region. TheR dependence of the elec- " " " "
tronic wave function is? on the otherphand, very smooth and R*<R'(0,0,0 <R(0,1,0 <R'(0,2,0. )

thus the integration ovar in the calculation ofa;, is often  The characteristic internuclear C-O distari®&v,) is larger
performed under the assumption thatis independent oR  than the equilibrium distancB" and increases with an in-
for the region of the zero-point vibrational distribution in the crease in the C-O stretching vibratiog.

ground state. The choice & in defining the FC region As a consequence of the vibrational effects on the shape
should not influencer;, because of weak dependence of theresonance its energy position cannot be unambiguously con-
electronic function orR. Within this fixed-nuclei(FN) ap- ~ Nected to the equilibrium distance. By inspecting the com-
proximation, the C & SHI cross sectiow, is a product of puted d'St‘f"meRT(Ué) for v;>0 we see that they are close
the electronic cross sectian(E, |R,) found at the FN ge- to the turning points on the potential curve of the ionic state.

* For v,=0 the characteristic interatomic distance can be ap-
2 - 2
ometry and .the FC fa?tdF’f'| ’ wh'ere.Fv,. JX, %3 dR The proximately described a&*(0) = (1/2)(R.+R"). This clearly
FC factor gives the vibrational d|§trlbgt|0n and thU? e ghows that the energy of the shape resonance for the stron-
dependence of,, as long as the vibrational energy is much get componer(w}=0) depends on the equilibrium distances
smaller than the photoelectron kinetic enerdy, >Av  in hoth the neutral ground and core-ionized states.
=k, ~Eo. _ Within the VDFN approximation, the SHI cross section
Dehmer and co-workel®2] have pointed out that the FN o individual vibrational component is given ]
approximation does not hold for diatomic molecules in the

shape resonance regions because here the photoelectron U':, => cr:,’F(Ev,) = 00|Fv,|22 Mr(E,,R"(v")), (4
wave functionWg depends significantly on the internuclear r

distange. ThiR dependence oV is a natural consequence \yhereM (E, ,R*(v')) describes the interference of the pho-
of the intramolecular interference. The connection bew"ee?oelectron wave with kinetic energg, within the core-
U,

t_he R-dependent interferential picture ar_1d_ the final vibra-ionized molecule whose C-O distance is equaRtey’):

tional component can be found by examining the matrix el-

ementsff(lb;(r,R)r(I)i(r,R)drdR, as discussed in detail for . 1+B,S

CO by Mistrov et al. [4]. In particular, for small displace- Mr(E,,R,) =R 1-B.S| (5)
mentsu of the nuclear separation from the equilibrium dis- e

tanceR*, one may define a characteristic internuclear diswhereS and B,, are the scattering and reflection matrices,

tanceR*(v’) in the core-ionized molecule for each as respectively{4]. The interference functionsi(E, ,R*(v"))
. are different for individual vibrational components because
R'(b) =R + _j X" uX, du. 2 of the difference in the_z characteristic mternuclear distances
®") F, v %o @ R*(v'). The sum ovel includes all the dipole-allowed tran-

] . i ) sitions,I"'=a,, by, andb,. For C 1s photoemission in KCO,
The second term in the right-hand side of E2). describes  the multiple-scattering effect is maximum in the,2-Ea;
the effective linear displacement responsible for #fede-  {ransition and plays a minor role inag—Eb, and 2
pendence of the molecular geometry. Then the SCSHI g, Thus, we haveM(E,.) =~ Mp(Eo) ~ 1 for I'=b, and
cross section for the individual vibrational component isy,
computed within the geometry fixed Bt(v'). This approxi- Using Egs.(4) and (5), we have computed the GsBHI
mation is called the’-dependent FNdenoted hereafter as partial cross sections of 480 for the (0,0,0 and (0,1,0
VDFN) approximation. The FN approximation is valid when components in the vicinity of the” shape resonance, under
the effective linear displacement is negligible. the same approximations as made for [2Q) The cross sec-

_We have computed the characteristic internuclear C-Qjons * thus computed are compared with the measured
distancesR*(v5) using Eq.(2) for C 1s ionization in HCO V2

. . . .+
for the individualv}. The molecular vibrational functions,, ~ ©nes in Fig. 2. The partial cross sectioms are computed
and X, of the ionic and ground states are approximated talso integrating ovetlR- [see Eq(9) in [4]]: the agreement
eigenfunctions of the harmonic oscillator in the vicinity of between the two theoretical spectra confirms the validity of
the equilibrium position®R, andR* in the ground and Cd  the VDFN approximation. Then reasonable agreement be-
ionized states, respectively. The equilibrium distance for théween the theoretical and experimental cross sections are ob-
ground state is 1.2072 A36]. The equilibrium distance for tained. The downward shift of the shape resonance energy by
the C Is ionized state is obtained to be 1.188 A in such athe vibrational excitatiorE(0,1,0-E(0,0,0~-1.0 eV is
way that the ratio of the FC factofBy,d%/|Food? is equal to  close to the measured energy shift=ef0.6 eV between the
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TABLE I. Changes in the fixed-nuclei geometry and the energy Photon energy (eV)
of the shape resonance for individual vibrational components refer- 295 300 305 310
ring to the C-O stretching vibratiot’ or v}), for the C & main L e —

line in CO (Ref. [4]) and H,CO.

R'(v')-R* A 0,20-: {
: }}H H{ } H b (rooyoo0)

Molecule v’ oruvh A) (eV)
SEEERR

CoO v'=0 0.025 0.0 ] {
v'=1 0.068 -0.8 0131 %
v'=2 0.111 —-1.7

H,CO v,=0 0.009 0.0 -(.95 1
vp=1 0.162 ~1.0 200
vy=2 0.226 -1.3 £

g
0 0.05
resonances iy, and og;0.00: 1he downward shift of the

o shape resonance can be described in terms of the trapping ]
of the C Is photoelectron by the residual molecular ion elon- 0.00 1 i
gated in comparison with its equilibrium geometry. Tive ]
dependence of the shape resonance energy comes from the
intramolecular interference within the vibrating molecular o &5 10 15 20
ion. Theo” shape resonance observed in thesphotoemis- Kinetic energy (eV)

sion spectra of KCO is regarded as a trap of the & ggho-

toelectron by the KHCO" ion whose geometry is fixed at FIG. 3. Vibrational intensity ratios. Full and white circles are
R*(vj). The characteristic C-O internuclear distance in-measured(1,0,0/(0,0,0] and[(0,1,0+(0,0,2/(0,0,0], the
creases with an increase in the C-O stretching vibrationdine is the computed branching rat[¢0,1,0/(0,0,0], the full
guantum numbes). In contrast to the FN approximation the squares are the difference between the measui¢ed, 1,0
vibrational dependence of the Gs BHI cross section of +(0,0,2}/(0,0,0] and the calculatef(0,1,0/(0,0,0] ratios.
H,CO is determined not only by the FC factors but also by ) - _
the difference in the molecular geometry of the trapping ion. _In the H,CO molecule, in addition to the C-O stretching
sectiona* does not coincide with the positions observed formay affect the C 4 photoemission dynamics. We now dis-

individual vibrational bands. cuss possible general mechanisms, applicable to any mode,
that can be responsible for the enhancement of vibrational
IV. DISCUSSION excitation near threshold and through the shape resonance. In

We first f h | f the vibrational eff ig. 3, we present the measured vibrational intensity ratios
e first focus on the resemblance of the vibrational e ec'[F(l,o,Q/(O,O,Q] and [{(0,1,0+(0,0,2}/(0,0,0], as

on the C 5 SHI spectral behavior of the &0 and CO g LU

molecules. For both $CO and CO, the shape resonance enjunctions —of the incident photon energy. The
ergy shifts downward with an increase of the quantum numl(1,0,0/(0,0,0] ratio is nearly constant, as for the C-H
ber referring to the C-O stretching vibrations. The changes itretching vibration in 6H, [37]; it increases weakly in the
the characteristic internuclear C-O distances and energy pé€9ion of the shape resonance as shown in Fig. 3. On the
sitions of the shape resonance for different vibrational comgontrary, the ratidi(0,1,0+(0,0,1}/(0,0,0] varies dra-
ponents in the C 4XPS band in HCO and CO are com- Matically across the shape resonance, again similarly to the
pared in Table I. In numerous x-ray spectroscopicOverlapped C-C stretching and gldcissor modes in £,
applications, the energy of the’ shape resonance is re- [37], though in GH, the ratio increases monotonically to-
garded as a measure of the chemical bond lefiti5). In ~ Ward threshold. _ _ _

the SHI spectra of LCO and CO, ther” shape resonances The variation of these intensity ratios cann.ot.be gnder-
appear at about 5.8 and 10.4 eV above thes@nhtesholds, stooq WI'FhIn the FN approximation pecause W|th|n. this ap-
respectively. This difference can be attributed to the increasBroximation these ratios are determined by the ratios of the
in the C-O bond length in KCO compared with CO. The FC factorsiKo, =|F,|?/|Fol%. The ratio[v'/0] is energy in-
efforts to obtain the bond length from the shape resonancédependent in the region whekg, > A, holds, since here
energy have encountered difficulties because the shape regbe shape resonance does not influence the distribution of
nance energy in the absorption and SHI cross sections turnetbrational excitations anf’/0]=K,,. The vibrational dis-

out to be different, due to many-electron effects, in manytribution can then be described with the help of the Ans-
molecules[1]. Our results reveal that, in addition to many- bacher formuld38] and reasonably approximated by a Pois-
electron effects, the energy of thé shape resonance is no- sonian distribution.

ticeably influenced by the vibrational excitations accompa- Within the VDFN approximation, in addition to thi€g,
nying inner-shell ionization. factor, the changes in intramolecular interferencesfocom-
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ponents affect the intensity ratio. From Ed), it follows  describing the particles with energidstnw,y, where n
that =0,1,2,.. [40,42. This inelastic effect may play an impor-
. tant role in SHI when the traversal timeis larger than or
2 +Ma1(Ev”R ©") comparable to the period@l of molecular vibrations. For a
Koy’ > — . (6) .
+Mj, (Eo,R(0) broad shape resonance, wheres much shorter thaff, or
the shape resonance width is much broader than the vibra-
Equation (6) describes how the interference effect in thetional spacing, as in the J£0 and CO cases concerned here,
2a; — Ea; transition changes the ratios from the ratio of thehowever, the contribution of the “sidebands” to the distribu-
FC factors,Ko, . Far from the ionization threshold, the am- tion of vibrational excitations is expected to be rather small.
plitudes of backscattered photoelectron waves are small and The second mechanism is connected to internal inelastic
the intramolecular interference plays a minor role in thescattering. Recent core-level photoemission studies have re-
spectral dependence of inner-shell photoemission; in such gealed that the internal inelastic scattering of the photoelec-
limit the ratio [v'/0] becomes energy independent and thetron on valence electrons results in noticeable changes in the
vibrational distribution approaches the Poissonian distribuSHI cross section at thesd (3,) shape resonance of GO
tion. [43-46 and thee; shape resonance of §f47,48. Internal
Using Eq.(6) and the computed characteristic internuclearinelastic scattering of the photoelectron on vibrations in the
distances, the rati0,1,0/(0,0,0](hv) is computed. This  residual ion also influences the distribution of the vibrational
ratio, presented in Fig. 3, varies in the vicinity of the shapeexcitations. If this is the case, such inelastic scattering may
resonance, demonstrating the influence of intramolecular inexplain the characteristic spectral behavioiRghv).
terference on the distributions of the C-O stretching vibra- Doubly excited states autoionizing into the G &on-
tional excitations in the residual ion. The computed spectrainuum may fall into the region we investigated and may also
variations of the ratid(0,1,0/(0,0,0](h») are, however, provoke deviations from the Poissonian distribution. These
rather smooth in comparison with the measured ratistates are, however, much more localized than the broad
[{(0,1,0+(0,0,1}/(0,0,0](hv). Thus the measured spec- shape resonance and thus the peculiar spectral variation of
tral variation cannot be fully explained within the VDFN R(hv) in a wide range cannot be attributed to these states.
approximation in which the elastic multiple scattering is
taken into account within the C-O bond-length-dependent V. CONCLUSIONS
scattering potential box. o )
For further discussion, we made a subtraction of the com- The. VIbratlon_aIIy resol\*/ed C sLSHI cross sections of
puted ratio[(0,1,0/(0,0,0](hv) from the measured ratio H,CO in the region of ther shape resonance are presented.

[v'10] =

[{(0,1,0+(0,0,1}/(0,0,0](hw): We found that the shape resonance energy moves toward
v Y Y threshold with an increase in C-O stretching vibrational ex-
R(hv) =[{(0,1,0 +(0,0,1}/(0,0,0](hv) citations. Our calculations, which take into account the elas-

_ tic multiple scattering within the C-O potential box, have
[(0.1,0/(0,0,0](hw). @) shown that this downward shift of the shape resonance en-

The subtractiorR(hv) is also presented in Fig. 3. The en- ergy originates from the elongation of the characteristic in-

hancement oR(hv) is significant in the vicinity of the shape ternuclear C-O distance in the G ibnized molecule with an

resonance. Examining its spectral behavior in detail, we se#icrease inv,. The characteristic internuclear distance varies

that it peaks at the energy of 0.6 eV higher than the energy cfignificantly from R*(0,0,0=1.198 A up toR*(0,2,0

the peak ofoj,4.00; We consideR(hv) as representing the =1.415 A. Thes" shape resonance in the SHI cross section

contribution beyond the elastic multiple scattering. Belowfor individual vibrational components can be regarded as a
some plausible mechanisms are discussed. trap of the ejected photoelectron by the molecular ion, whose

The first is tunneling of the Cslphotoelectron through characteristic internuclear distance increases when the vibra-
the potential barrier into the continuum. MacCdq9] tional excitation is increased. The enhancement of the inten-
pointed out in 1932 that tunneling is not only characterizecsity ratio of the C-O stretching and/or Gldcissor vibrations
by a tunneling rate, but also by a time during which thenear threshold and through the shape resonance region can-
particle is actually traversing the barrier. Since then therdot be explained within the elastic multiple-scattering model.
have been many investigations of this problem, and we willnternal inelastic scattering of the photoelectron is suggested
cite only a few[40,41]. The idea is as follows: a time- as a possible explanation.

dependent barrie(r,R,t) can be presented as
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