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The vibrationally resolved C 1s single-hole ionization cross sections of H2CO are measured in the region of
the s* shape resonance. The energy of the shape resonance is pushed down by the excitation of the C-O
stretching vibrationv28. 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 increase inv28. The charac-
teristic internuclear distance varies fromR+s0,0,0d=1.198 Å up toR+s0,2,0d=1.415 Å. In addition to the
elastic multiple-scattering mechanism, the internal inelastic scattering of the C 1s photoelectron 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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I. INTRODUCTION

Shape resonances are the most intriguing processes in mo-
lecular photoionizationf1,2g. They are generally described in
terms of trapping of the ejected photoelectrons by potential
barriers of the molecular ion, with subsequent tunneling into
the continuum. Recent progress inK-shell photoemission
highlights the effects of molecular vibrations on shape reso-
nances because their dependence on the final vibrational
statesv8d of the absorber is revealed. A typical example of
these effects can be seen in the carbon monoxidef3–6g. The
s* shape resonances observed in x-ray absorption spectra of
CO above both the C and O 1s thresholds are also present in
the C and O 1s single-hole-ionizationsSHId cross sections
for the individual vibrational componentsv8. Through vari-
ous observationsf3–5g, it is now well known that the energy
of the s* shape resonance depends onv8. Mistrov et al. f4g
exhibited, both experimentally and theoretically, that the en-
ergy of thev8-resolved shape resonance moves close to the C
1s threshold, and away from the O 1s threshold, with an
increase inv8, and interpreted this site-selectivev8 depen-
dence of the resonance energy as the variation of character-
istic internuclear distances for different vibrational compo-
nents of C 1s and O 1s ionized states, with the help of a
harmonic potential approximation for the relevant states, tak-
ing into account the interference of multiply scattered pho-
toelectron waves.

In the present work, we discuss the relationship between
molecular vibrations and the shape resonance in polyatomic
systems. For such a purpose, we focus on the vibrational
excitations that accompany C 1s photoionization in the form-
aldehyde molecule H2CO. The ground-state electronic con-
figuration of H2CO is

1a1sO 1sd22a1sC 1sd23a1
24a1

21b2
21b1

22b2
22b1sp*d0

5a1ss*d0sX 1A1d.

Ultraviolet and x-ray photoelectron spectroscopysUPS and
XPSd studies of H2CO were reported some time agof7–10g.
C 1s electron energy loss and photoabsorption spectra were
observed by Hitchcock and Brionf11g and by Remmerset al.
f12g, respectively, whereas C 1s SHI and C 1s total ioniza-
tion cross sections were measured by Kilcoyneet al. f13g.
Above the C 1s threshold, the dipole-allowed transition from
the 2a1sC 1sd orbital to thea1 continuum orbital exhibits the
2a1→5a1 s* shape resonance. This resonance is interpreted
as a result of elastic multiple scattering of the C 1s photo-
electron on the oxygen and carbon atoms within the mol-
ecule. The amplitudes of backscattered waves on the hydro-
gen atoms are weak and their influence on the intramolecular
interference is usually negligiblef14g. Then the C 1s photo-
electron wave function of H2CO depends exclusively on the
internuclear C-O separation. Within this assumptionsreferred
to as the elastic multiple-scattering model hereafterd, the dif-
ference in the shape resonance energies for H2CO and CO is
attributed to the difference in the C-O bond length. This idea
was in fact the background of the bond-length-with-a-ruler
method f15g. To what extent the bond-length-with-a-ruler
method works is still a subject of debate, with both evidence
favoring this method and indications that its application to
extract bond lengths from excess energy positions of the
shape resonance is at best unsafessee, e.g.,f1gd. To investi-
gate the effect of the shape resonance on specific vibrational
components of the core-ionized states can be very instructive
from the point of view of the debate regarding the bond-
length-with-a-ruler method because different vibrational
components probe different characteristic C-O distances for
H2CO, as discussed in detail by Mistrovet al. f4g for CO.
These investigations have shown that the energy of the shape*Electronic address: ueda@tagen.tohoku.ac.jp
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resonance cannot be unambiguously linked to a single C-O
equilibrium distance in the ground state. In addition to many-
electron effects, this energy is noticeably influenced by the
vibrational excitations accompanying inner-shell ionization.
Thus, information obtained in the present work on H2CO
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 H2CO the CH2 scissor and the C-H stretching vibrations
can also be involved in molecular dynamics and may affect
the C 1s 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 C 1s
photoemission in H2CO, in comparison with COf4g, we
have carried out vibrationally resolved measurements of C 1s
photoemission in the shape resonance region. The influence
of the C-O stretching vibrations on the shape resonance en-
ergy observed here is well reproduced by the present calcu-
lations. Possible mechanisms responsible for the enhance-
ment of other modes will be qualitatively discussed.

II. EXPERIMENT

A. Experimental procedure

The experiments were conducted at the c branch of the
soft x-ray photochemistry beamline 27SUf16g at SPring-8,
the 8 GeV synchrotron radiation facility in Japan. The mono-
chromator installed in this beamline is of Hettrick type and a
resolution of between 10 000 and 20 000 can be achieved
f17g. The light source is a figure-8 undulatorf18g, with
which one can perform angle-resolved electron spectroscopy
by switching the direction of polarization from horizontal to
vertical, and vice versa, only by adjusting the gap of the
undulator. The degree of light polarization was confirmed to
be greater than 0.98 for both directions by measurement of
the 2s and 2p photoelectrons of Ne for the present optical
settingf19g. The monochromator slits were set to values cor-
responding to a photon energy width of about 50 meV. The
electron spectrometer employed is manufactured by
GammaData-ScientasSES-2002d. It consists of a hemi-
spherical electron analyzer with a Herzog-plate termination
and accelerating-retarding multielement lens, as well as with
a gas cellsGC-50d, which are installed in the differentially
pumped chamberf20g. For these particular measurements,
the analyzer was operated at a pass energy of 10 eV, and with
a slit setting of 1.5 mm, which correspond to approximately
50 meV electron energy width. Each individual spectrum
was recorded for approximately 10 min; this time is suffi-
ciently short that a possible slow photon energy drift causes
negligible additional broadening to the observed structure.

In the present measurements, the C 1s and photoelectron
spectra of H2CO were recorded at excess energies of be-
tween 17.87 and 2.78 eV. Formaldehyde in its dimerized
form, i.e., para-formaldehyde, was purchased from Wako,
Japan, with a stated purity of 97%, and was degassed by
repeated freezing under a pressure of 10−4 Pa without further
purification. The formaldehyde target beam was prepared di-
rectly from thepara-formaldehyde by heating a bottle con-

taining the solid sample to 50–65 °C. At this temperature, a
background pressure of 10−4 Pa suncorrected for the ioniza-
tion efficiency of formaldehyded was 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
prevent the powder from dispersing during warming or
pumping of the reservoir. All tubing from the reservoir to the
gas cell was heated to 60 °C to prevent condensation and
possible polymerization of the formaldehyde vapor in the
inlet lines. The whole electron spectrometer apparatus was
kept at 65 °C during the measurement. Assuming equilibrium
conditions apply, the dimer-monomer ratio was estimated to
be 10−4 under the experimental conditionss10−4 Pa H2CO
pressure and 50 °Cd and thus the contribution from dimers
could be neglected.

B. Experimental results

The C 1s photoelectron spectrum of H2CO measured at
the photon energy ofhn=312.22 eV, 17.87 eV above the C
1s ionization threshold, is presented in Fig. 1. The figure
includes the spectrum at the magic angle, reconstructed from
the measured angle-resolved spectra, and the corresponding
least-x2 fit with the individual vibrational components. The
spectrum at the magic angleIs54.7°d is obtained from the
angle-resolved spectra at 0° and 90° asIs54.7°d= Is0°d
+2Is90°d. In addition to the intense main peak, at least three
vibrationally excited bands are resolved. In H2CO there are
threea1 totally symmetric vibrational modes: C-H stretching
sv1d, C-O stretchingsv2d, and CH2 scissorsv3d. The vibra-
tional frequencies of these modes in neutral H2CO in the
ground state arev1=345.0,v2=216.5, andv3=186.0 meV
f21g. We attribute the most intense component in the spec-
trum in Fig. 1 to s0,0,0d, the component that peaks near
17.47 eV tos1,0,0d, the one at 17.65 eV to the unresolved
componentss0,1,0d+s0,0,1d, and the small bump near
17.10 eV tos2,0,0d.

Each angle-resolved spectrum was normalized by gas
pressure and photon flux. The photon flux was measured by

FIG. 1. C 1s photoelectron spectrum of H2CO at the photon
energy of 312.22 eV. Dots, measured spectrum; solid line, least-x2

fit; dashed lines, individual components of the fitting but without
the instrumental broadening.
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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 Stratenet al. f22g, 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.

From the result of the fit of the spectra at all energies the
natural lifetime width G is 83s7d meV, independent of
whether the fit is run in least-x2 or least-squares mode.G for
the C 1s ionized state of H2CO determined here can be com-
pared withG for C 1s ionized states of other simple mol-
ecules sall in meVd: 78s10d f23g and 95s5d f24g for CO;
78s15d f25g and 99s2d f26g for CO2; 83s10d f27g, 95s2d f28g,
and 97.4s2.0d f29g for CH4; 77 for CF4 f24g; 95 f30g and
85s10d f31g for C2H4; 106s2d for C2H2 f32g; 98s10d f33g and
100s2d for both C2H6 and C2D6 f34g; 89 for both CH2F2 and
CHF2Cl f35g. We intend to use the lifetime widths as theG
parameters entering in the equation for the PCI profilefEq.
s8d of f22gg. In the limit of high excess energy, where the PCI
becomes negligible, the line profile becomes asymptotically
Lorentzian andG becomes the full width at half maximum of
the Lorentzian distribution. The fitting procedure included all
the components withv1ø2 andv2+v3ø1. No anharmonic-
ity is considered. The intensities of the mixed components
s1,1,0d and s1,0,1d, as well ass2,1,0d and s2,0,1d, were con-
strained to the product of the intensities for excitations of the
independent vibrational progression. The vibrational fre-
quency of the CH2 symmetric stretching mode was treated as
a free fitting parameter, determined to be 377s5d meV. The
other two vibrational frequencies are too close to each other
to extract them and their corresponding intensities, so they
were fixed to their corresponding values in the neutral
ground state. For this reason we cannot extract the individual
intensities of thes0,1,0d ands0,0,1d vibrations but only their
sum. The thin line that peaks near 17.65 eV in Fig. 1 is the
sum of the PCI profiles for thes0,1,0d and s0,0,1d compo-
nents.

Spectral dependences of the measured C 1s SHI cross
sectionss+, s000

+ , s100
+ , ands001+010

+ are presented in Fig. 2.
Here the SHI cross sectionsi jk

+ corresponds to the transition
s0,0,0d→ si , j ,kd accompanying the C 1s ionization. The to-
tal cross sections+ corresponds to the sum of thes0,0,0d,
s0,1,0d, s0,0,1d, s1,0,0d, s1,1,0d, s1,0,1d, s2,0,0d, s2,1,0d, and
s2,0,1d partial cross sections:

s+ = s000
+ + s010+001

+ + s100
+ + s110+101

+ + s200
+ + s210+201

+ .

s1d

The adiabatic cross sections000
+ dominates in the main pho-

toline in Fig. 1. Thes* shape resonance is seen clearly in the
spectral dependence of all partial cross sections in Fig. 2.
The cross sections+ exhibits the shape resonance at the ex-
cess energy of 5.8 eVshn=300.2 eVd, s000

+ at 6.0 eV shn
=300.4 eVd, s100

+ at 6.0 eVshn=300.4 eVd, ands001+010
+ at

5.4 eV shn=299.8 eVd. These excess energies, expressed as
the difference between the photon energy and the C 1s
s0,0,0d threshold of 294.352 eVf12g, were extracted by a
Gaussian fit of the strongest points in the partial cross sec-
tions of Fig. 2, and are precise to 0.1 eV or better. The shape
resonance energy ins010+001

+ is noticeably lower than those
of s000

+ ands100
+ . This v8 dependence is similar to the case of

the C 1s−1 s* shape resonance in COf27g, where thes*

shape resonance moves toward the C 1s threshold with an
increase of the vibrational C-O stretching excitations.

III. THEORY

The C 1s SHI cross sectionsv8
+ for the individual

vibrational component v8 is proportional to

FIG. 2. Measured C 1s SHI cross sections in H2CO: s000
+ , s100

+ ,
s010+001

+ , ands+ as given by Eq.s1d. Calculated cross sectionss000
+

ands010
+ are also given by solid and dotted curves, respectively. The

measureds100
+ ands010+001

+ , and calculateds010
+ , have been multi-

plied by 4 in the figure. The energy scale of the calculated cross
sections has been shifted downward 4.0 eV to make the maximum
of the calculateds000

+ cross section coincide with the measurement.
The kinetic energy scale is the difference between the photon en-
ergy and thes0,0,0d threshold energy of 294.352 eVf27g. The ver-
tical scale has been set in such a way that measured and calculated
s000d cross sections have the same maximum.
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ueeF f
*sr ,RdrFisr ,Rddr dRu2. In the Born-Oppenheimer ap-

proximation the molecular wave functions of the groundsini-
tiald Fi and ionicsfinald F f states are described as products
of the functionsCsr ,Rd and XvibsRd for the electronic and
vibrational motions, wherer and R are the electronic and
nuclear coordinates, respectively. We assume here that there
is no vibrational excitation in the ground state,v9=0. The
functions Xv8sRd and X0sRd change drastically within the
Franck-CondonsFCd region. TheR dependence of the elec-
tronic wave function is, on the other hand, very smooth and
thus the integration overr in the calculation ofsv8

+ is often
performed under the assumption thatC is independent ofR
for the region of the zero-point vibrational distribution in the
ground state. The choice ofR in defining the FC region
should not influencesv8

+ because of weak dependence of the
electronic function onR. Within this fixed-nucleisFNd ap-
proximation, the C 1s SHI cross sectionsv8

+ is a product of
the electronic cross sections+sEv8uRed found at the FN ge-
ometry and the FC factoruFv8u

2, whereFv8=eXv8
* X0 dR. The

FC factor gives the vibrational distribution and thus thev8
dependence ofsv8

+ , as long as the vibrational energy is much
smaller than the photoelectron kinetic energy,Ev8@Dvib
=Ev8−E0.

Dehmer and co-workersf2g have pointed out that the FN
approximation does not hold for diatomic molecules in the
shape resonance regions because here the photoelectron
wave functionCE depends significantly on the internuclear
distance. ThisR dependence ofCE is a natural consequence
of the intramolecular interference. The connection between
the R-dependent interferential picture and the final vibra-
tional component can be found by examining the matrix el-
ementseeF f

*sr ,RdrFisr ,Rddr dR, as discussed in detail for
CO by Mistrov et al. f4g. In particular, for small displace-
mentsu of the nuclear separation from the equilibrium dis-
tanceR+, one may define a characteristic internuclear dis-
tanceR+sv8d in the core-ionized molecule for eachv8 as

R+sv8d = R+ +
1

Fv8
E Xv8

* uX0 du. s2d

The second term in the right-hand side of Eq.s2d describes
the effective linear displacement responsible for thev8 de-
pendence of the molecular geometry. Then the C 1s SHI
cross section for the individual vibrational component is
computed within the geometry fixed atR+sv8d. This approxi-
mation is called thev8-dependent FNsdenoted hereafter as
VDFNd approximation. The FN approximation is valid when
the effective linear displacement is negligible.

We have computed the characteristic internuclear C-O
distancesR+sv28d using Eq.s2d for C 1s ionization in H2CO
for the individualv28. The molecular vibrational functionsXv8
and X0 of the ionic and ground states are approximated to
eigenfunctions of the harmonic oscillator in the vicinity of
the equilibrium positionsRe andR+ in the ground and C 1s
ionized states, respectively. The equilibrium distance for the
ground state is 1.2072 Åf36g. The equilibrium distance for
the C 1s ionized state is obtained to be 1.188 Å in such a
way that the ratio of the FC factorsuF010u2/ uF000u2 is equal to

the intensity ratio 0.061 ofhs0,1,0d+s0,0,1dj to s0,0,0d
measured at the photon energy of.400 eV. Here we have
assumed that the contribution froms0,0,v3d is negligible, fol-
lowing the analysis of the Rydberg members by Remmerset
al. f12g. The calculated distancesR+sv28d using these approxi-
mations and assumptions are 1.198, 1.350, and 1.415 Å for
s0,0,0d, s0,1,0d, and s0,2,0d, respectively. Thus we have the
relation

R+ , R+s0,0,0d , R+s0,1,0d , R+s0,2,0d. s3d

The characteristic internuclear C-O distanceR+sv28d is larger
than the equilibrium distanceR+ and increases with an in-
crease in the C-O stretching vibrationv28.

As a consequence of the vibrational effects on the shape
resonance its energy position cannot be unambiguously con-
nected to the equilibrium distance. By inspecting the com-
puted distancesR+sv28d for v28.0 we see that they are close
to the turning points on the potential curve of the ionic state.
For v28=0 the characteristic interatomic distance can be ap-
proximately described asR+s0d.s1/2dsRe+R+d. This clearly
shows that the energy of the shape resonance for the stron-
gest componentsv28=0d depends on the equilibrium distances
in both the neutral ground and core-ionized states.

Within the VDFN approximation, the SHI cross section
for individual vibrational component is given byf4g

sv8
+ = o sv8,G

+ sEv8d = s0uFv8u
2o

G

MG(Ev8,R
+sv8d), s4d

whereMG(Ev8 ,R
+sv8d) describes the interference of the pho-

toelectron wave with kinetic energyEv8 within the core-
ionized molecule whose C-O distance is equal toR+sv8d:

MGsEv8,Rv8
+ d = ReF1 + Bv8S

1 − Bv8S
G

11G

, s5d

whereS and Bv8 are the scattering and reflection matrices,
respectivelyf4g. The interference functionsMG(Ev8 ,R

+sv8d)
are different for individual vibrational components because
of the difference in the characteristic internuclear distances
R+sv8d. The sum overG includes all the dipole-allowed tran-
sitions,G=a1, b1, andb2. For C 1s photoemission in H2CO,
the multiple-scattering effect is maximum in the 2a1→Ea1
transition and plays a minor role in 2a1→Eb1 and 2a1
→Eb2. Thus, we haveMGsEv8d.MGsE0d<1 for G=b1 and
b2.

Using Eqs.s4d and s5d, we have computed the C 1s SHI
partial cross sections of H2CO for the s0,0,0d and s0,1,0d
components in the vicinity of thes* shape resonance, under
the same approximations as made for COf4g. The cross sec-
tions sv28

+ thus computed are compared with the measured

ones in Fig. 2. The partial cross sectionssv28
+ are computed

also integrating overdRCO fsee Eq.s9d in f4gg: the agreement
between the two theoretical spectra confirms the validity of
the VDFN approximation. Then reasonable agreement be-
tween the theoretical and experimental cross sections are ob-
tained. The downward shift of the shape resonance energy by
the vibrational excitationEs0,1,0d−Es0,0,0d<−1.0 eV is
close to the measured energy shift of<−0.6 eV between the
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resonances ins000
+ and s010+001

+ . The downward shift of the
s* shape resonance can be described in terms of the trapping
of the C 1s photoelectron by the residual molecular ion elon-
gated in comparison with its equilibrium geometry. Thev28
dependence of the shape resonance energy comes from the
intramolecular interference within the vibrating molecular
ion. Thes* shape resonance observed in the C 1s photoemis-
sion spectra of H2CO is regarded as a trap of the C 1s pho-
toelectron by the H2CO+ ion whose geometry is fixed at
R+sv28d. The characteristic C-O internuclear distance in-
creases with an increase in the C-O stretching vibrational
quantum numberv28. In contrast to the FN approximation the
vibrational dependence of the C 1s SHI cross section of
H2CO is determined not only by the FC factors but also by
the difference in the molecular geometry of the trapping ion.
The shape resonance position in the total C 1s SHI cross
sections+ does not coincide with the positions observed for
individual vibrational bands.

IV. DISCUSSION

We first focus on the resemblance of the vibrational effect
on the C 1s SHI spectral behavior of the H2CO and CO
molecules. For both H2CO and CO, the shape resonance en-
ergy shifts downward with an increase of the quantum num-
ber referring to the C-O stretching vibrations. The changes in
the characteristic internuclear C-O distances and energy po-
sitions of the shape resonance for different vibrational com-
ponents in the C 1s XPS band in H2CO and CO are com-
pared in Table I. In numerous x-ray spectroscopic
applications, the energy of thes* shape resonance is re-
garded as a measure of the chemical bond lengthf14,15g. In
the SHI spectra of H2CO and CO, thes* shape resonances
appear at about 5.8 and 10.4 eV above the C 1s thresholds,
respectively. This difference can be attributed to the increase
in the C-O bond length in H2CO compared with CO. The
efforts to obtain the bond length from the shape resonance
energy have encountered difficulties because the shape reso-
nance energy in the absorption and SHI cross sections turned
out to be different, due to many-electron effects, in many
moleculesf1g. Our results reveal that, in addition to many-
electron effects, the energy of thes* shape resonance is no-
ticeably influenced by the vibrational excitations accompa-
nying inner-shell ionization.

In the H2CO molecule, in addition to the C-O stretching
vibrations, the CH2 scissor and the C-H stretching vibrations
may affect the C 1s photoemission dynamics. We now dis-
cuss possible general mechanisms, applicable to any mode,
that can be responsible for the enhancement of vibrational
excitation near threshold and through the shape resonance. In
Fig. 3, we present the measured vibrational intensity ratios
fs1,0,0d / s0,0,0dg and fhs0,1,0d+s0,0,1dj / s0,0,0dg, as
functions of the incident photon energy. The
fs1,0,0d / s0,0,0dg ratio is nearly constant, as for the C-H
stretching vibration in C2H4 f37g; it increases weakly in the
region of the shape resonance as shown in Fig. 3. On the
contrary, the ratiofhs0,1,0d+s0,0,1dj / s0,0,0dg varies dra-
matically across the shape resonance, again similarly to the
overlapped C-C stretching and CH2 scissor modes in C2H4
f37g, though in C2H4 the ratio increases monotonically to-
ward threshold.

The variation of these intensity ratios cannot be under-
stood within the FN approximation because within this ap-
proximation these ratios are determined by the ratios of the
FC factors:K0v8= uFv28

u2/ uF0u2. The ratiofv8 /0g is energy in-
dependent in the region whereEv8@Dvib holds, since here
the shape resonance does not influence the distribution of
vibrational excitations andfv8 /0g=K0v8. The vibrational dis-
tribution can then be described with the help of the Ans-
bacher formulaf38g and reasonably approximated by a Pois-
sonian distribution.

Within the VDFN approximation, in addition to theK0v8
factor, the changes in intramolecular interference forv8 com-

TABLE I. Changes in the fixed-nuclei geometry and the energy
of the shape resonance for individual vibrational components refer-
ring to the C-O stretching vibrationsv8 or v28d, for the C 1s main
line in CO sRef. f4gd and H2CO.

Molecule v8 or v28
R+sv8d−R+

sÅd
D

seVd

CO v8=0 0.025 0.0

v8=1 0.068 20.8

v8=2 0.111 21.7

H2CO v28=0 0.009 0.0

v28=1 0.162 21.0

v28=2 0.226 21.3

FIG. 3. Vibrational intensity ratios. Full and white circles are
measuredfs1,0,0d / s0,0,0dg and fs0,1,0d+s0,0,1d / s0,0,0dg, the
line is the computed branching ratiofs0,1,0d / s0,0,0dg, the full
squares are the difference between the measuredfhs0,1,0d
+s0,0,1dj / s0,0,0dg and the calculatedfs0,1,0d / s0,0,0dg ratios.
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ponents affect the intensity ratio. From Eq.s4d, it follows
that

fv8/0g . K0v8

2 + Ma1
„Ev8,R

+sv8d…

2 + Ma1
„E0,R

+s0d…
. s6d

Equation s6d describes how the interference effect in the
2a1→Ea1 transition changes the ratios from the ratio of the
FC factors,K0v8. Far from the ionization threshold, the am-
plitudes of backscattered photoelectron waves are small and
the intramolecular interference plays a minor role in the
spectral dependence of inner-shell photoemission; in such a
limit the ratio fv8 /0g becomes energy independent and the
vibrational distribution approaches the Poissonian distribu-
tion.

Using Eq.s6d and the computed characteristic internuclear
distances, the ratiofs0,1,0d / s0,0,0dgshnd is computed. This
ratio, presented in Fig. 3, varies in the vicinity of the shape
resonance, demonstrating the influence of intramolecular in-
terference on the distributions of the C-O stretching vibra-
tional excitations in the residual ion. The computed spectral
variations of the ratiofs0,1,0d / s0,0,0dgshnd are, however,
rather smooth in comparison with the measured ratio
fhs0,1,0d+s0,0,1dj / s0,0,0dgshnd. Thus the measured spec-
tral variation cannot be fully explained within the VDFN
approximation in which the elastic multiple scattering is
taken into account within the C-O bond-length-dependent
scattering potential box.

For further discussion, we made a subtraction of the com-
puted ratiofs0,1,0d / s0,0,0dgshnd from the measured ratio
fhs0,1,0d+s0,0,1dj / s0,0,0dgshnd:

Rshnd = fhs0,1,0d + s0,0,1dj/s0,0,0dgshnd

− fs0,1,0d/s0,0,0dgshnd. s7d

The subtractionRshnd is also presented in Fig. 3. The en-
hancement ofRshnd is significant in the vicinity of the shape
resonance. Examining its spectral behavior in detail, we see
that it peaks at the energy of 0.6 eV higher than the energy of
the peak ofs010+001

+ . We considerRshnd as representing the
contribution beyond the elastic multiple scattering. Below
some plausible mechanisms are discussed.

The first is tunneling of the C 1s photoelectron through
the potential barrier into the continuum. MacCollf39g
pointed out in 1932 that tunneling is not only characterized
by a tunneling rate, but also by a time during which the
particle is actually traversing the barrier. Since then there
have been many investigations of this problem, and we will
cite only a few f40,41g. The idea is as follows: a time-
dependent barrierWsr ,R,td can be presented as

Wsr,R,td = W0sr,Rd + W1sr,Rdcossvvibtd, s8d

whereW0 is a static component andW1sr ,Rd is the amplitude
of a small modulation of the barrier due to molecular vibra-
tions. Tunneling of the particles with kinetic energyE
through the barrier given by Eq.s8d gives rise to “sidebands”

describing the particles with energiesE±nvvib, where n
=0,1,2,… f40,42g. This inelastic effect may play an impor-
tant role in SHI when the traversal timet is larger than or
comparable to the periodT of molecular vibrations. For a
broad shape resonance, wheret is much shorter thanT, or
the shape resonance width is much broader than the vibra-
tional spacing, as in the H2CO and CO cases concerned here,
however, the contribution of the “sidebands” to the distribu-
tion of vibrational excitations is expected to be rather small.

The second mechanism is connected to internal inelastic
scattering. Recent core-level photoemission studies have re-
vealed that the internal inelastic scattering of the photoelec-
tron on valence electrons results in noticeable changes in the
SHI cross section at the 4su

* sSud shape resonance of CO2

f43–46g and theeg
* shape resonance of SF6 f47,48g. Internal

inelastic scattering of the photoelectron on vibrations in the
residual ion also influences the distribution of the vibrational
excitations. If this is the case, such inelastic scattering may
explain the characteristic spectral behavior ofRshnd.

Doubly excited states autoionizing into the C 1s con-
tinuum may fall into the region we investigated and may also
provoke deviations from the Poissonian distribution. These
states are, however, much more localized than the broad
shape resonance and thus the peculiar spectral variation of
Rshnd in a wide range cannot be attributed to these states.

V. CONCLUSIONS

The vibrationally resolved C 1s SHI cross sections of
H2CO in the region of thes* shape resonance are presented.
We found that the shape resonance energy moves toward
threshold with an increase in C-O stretching vibrational ex-
citations. Our calculations, which take into account the elas-
tic multiple scattering within the C-O potential box, have
shown that this downward shift of the shape resonance en-
ergy originates from the elongation of the characteristic in-
ternuclear C-O distance in the C 1s ionized molecule with an
increase inv28. The characteristic internuclear distance varies
significantly from R+s0,0,0d=1.198 Å up to R+s0,2,0d
=1.415 Å. Thes* shape resonance in the SHI cross section
for individual vibrational components can be regarded as a
trap of the ejected photoelectron by the molecular ion, whose
characteristic internuclear distance increases when the vibra-
tional excitation is increased. The enhancement of the inten-
sity ratio of the C-O stretching and/or CH2 scissor vibrations
near threshold and through the shape resonance region can-
not be explained within the elastic multiple-scattering model.
Internal inelastic scattering of the photoelectron is suggested
as a possible explanation.
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