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The first complete experiment for the K-shell of CO molecules in the region of the* shape
resonance has been performed by detecting photoelectrons in coincidence with fragment ions. Four
ratios of dipole matrix elements and four phase shift differences have been extracted from the experi-
mental data. Their analyses show that, in thieshape resonance due to thenixing, d and f partial
waves give the main contribution to the cross section, Arahd g waves give the main contribution
to a rapid increase of phase shift by [S0031-9007(97)05279-4]

PACS numbers: 33.80.Eh, 33.90.+h

It is well known [1] that the K-shell photoabsorp- references therein) where the orbital angular momentum
tion spectra in diatomic molecules exhibit broad reso{ of bound states is a good quantum number. The
nances above the ionization thresholds and, owing teontinuous spectrum wave function containing at large
that, strongly differ from monotonically decreasing atomicdistances a plane wave propagating in the direction
K-shell spectra. Dehmer and Dill [2] showed that thoughof photoelectron emission is represented as an infinite
the moleculark shells remain essentially atomiclike, the expansion in partial waves. The dipole selection rules
p-wave photoelectrons ejected from them interact with amestrict the number of partial waves in this expansion by
anisotropic molecular field and are scattered into statesnly two terms with!’ = [ = 1 where is the orbital
with another angular momentum, for example, wite=  angular momentum of an initial state. As a result, for
3. As follows from their calculations for Nmolecules, a complete experiment in closed shell atoms one needs
the o continuum wave function with = 3, which forlow to determine at most five parameters. This can be done
energies is concentrated outside the centrifugal barriehy measuring the angular distribution of photoelectrons
can penetrate into the molecular core region at a kinetigvith defined spin polarization ejected from unpolarized
energy of about 1 Ry. This penetration is rapid and leadatoms [6], or by measuring the angular distribution of
to the appearance of a broad maximum in the cross sectigrhotoelectrons ejected from polarized atoms without spin
which is called ac* shape resonance. Simultaneouslyanalysis of photoelectrons [7]. In molecules the orbital
the corresponding phase shift is increased-hy radians.  angular momentuna is not a good quantum number, and
This means that the molecular field can support a quasthe ground state wave function could not be characterized
boundf state oriented along the molecular axis. The facby a single value of. Therefore, the dipole selection
that the resonances appear onlyirthannels has recently rules could not restrict the summation over partial waves
been proved experimentally for several molecules [3,4]n continuous spectrum which extends to infinity, and
by measuring the partiar and 7= channel cross sections the complete experiment is impossible. But in practice
separately using angle-resolved photoion spectroscopy. the partial wave expansions are converging, and to a

The calculations in Ref. [2] were relatively simple and good approximation one can restrict the corresponding
gave only a qualitative description of the experimewstal summations by some finite number of terms. In this
shape resonances. But the majority of more recent anghore restricted sense the complete experiment is possible
more sophisticated calculations [5] are still giving muchalso in molecules as it was demonstrated in [8] for laser
sharper and stronger resonances than those observed excited NO molecules.
perimentally. Therefore a so-called complete experiment Equations for the angular distribution of photoelectrons
is needed from which it would be possible to extractejected from fixed-in-space molecules has been derived
directly the dipole matrix elements and phase shift dif-by Dill [9], and the first calculations for CO molecules
ferences describing the process and to establish the oifit0] demonstrated a rich structure of the corresponding
gin of the ¢* resonances. Measurements of the angulaangular distributions. But so far no complete experiment
distribution of photoelectrons ejected from fixed-in-spacehas been reported on photoionization from the ground
molecules reported in this paper are just the kind of exstate of molecules.
periment which is able to give this information. Photoionization of fixed-in-space molecules in a gas

The possibility to perform a complete experiment inphase is realized here by detecting photoelectrons in
photoionization was first discussed for atoms (see [6] andoincidence with fragment ions as described in [11,12].
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In order to improve the time resolution for ion detectiondifferences entering the equations fdy, provided the

as C" and O ions are detected separately, the ionpartial wave expansion of the photoelectron wave func-
detector with a retarding grid was replaced with a paralletion is restricted by the maximal valug., = K/2. It
plate electrostatic analyzer, which was used to detect theeans that in this approximation, one can perform the
fragment ions having the kinetic energy ®f+ 2.5 eV.  complete experiment and extract the dipole matrix ele-
Details of the present experiment will be describedments and phase shift differences directly from the mea-
in the forthcoming paper [13]. The direction of light sured angular distributions. This opens the possibility of a
polarization was parallel to the molecular axis so that onlydirect probe of the orbital angular momentum composition
o — o transitions were contributing. This makes the of molecular photoelectrons and to establish the origin of
process axially symmetric and allows one to present théhe o* shape resonances. In a previous measurement for
general expression for the angular distribution, obtaine€ O molecules [12] the time resolution of the ion detector
in [9] as an expansion in spherical harmonics, as amvas not sufficient to distinguish betweerd @nd C" ions,

expansion in Legendre polynomials, and therefore the angular distributions were characterized
. K by the terms with only even values éfin Eq. (1) as in
do/dk = CZAiP,-(cose), (1) homonuclear molecules.

Figure 1 shows the observed angular distributions of

wherek = {6, ¢} is the photoelectron ejection direction C K-shell photoelectrons at three photon energies, the
in the molecular frame” is a normalization constant, and 10West energy 304.1 eVis very close to the position of the
the parameters; are presented below in Eq. (2). They C 15 — o shape resonance. It is interesting to mention
can be obtained by fitting the experimental angular distri-that in the resonance photoelectrons from carbon atom are

bution by Eq. (1). In homonuclear molecules symmetry€i€cted predominantly in the direction of an oxygen atom,
considerations limit the summation oveto even values, While above the resonance they are ejected mainly in the
and the number of parametets is always smaller than opposite dlreqt|on. The latter can be easily exp'Ialned' as
the number of matrix elements and phase shift difference® Packscattering of photoelectrons from the neighboring
entering the equations for these parameters. Therefore 3°M, while in the shape resonance the behavior of the
was impossible to extract them from the angular distribu@ngular distribution is defined by an interference between
tions measured in [11]. In heteronuclear molecules botifferent partial waves. o ,
even and odd contribute to (1). Because of that, for any The measqred angular distributions have been. fitted
even value ok the number of parameters is just equal  PY EG- (1) with K = 8. From the general equations

to the number of dipole matrix elements and phase shifPreS?nieg in [9,14] one can find the parametgréor the
| casel =

Ap=d} +d? +d3 + &% + d2,

. 4+/3 . 18 . 8 .
A= 2\/§d1d08|nA10 + idzdl SinA,; + —= dzd> SinA3, + ﬁd;;dg SinAys,

V5 V35
Ay =24} + 17—0d§ + %d_% + 17%0613 — 23/5dydy cosAyy — %dﬂll cosAz — %gdztdz cosAy; ,
Az = —2\/7d3d0 SinAsy — %aﬂ;dl SinAy4 + %dzdl SinAy; + %Chdz SinAz, + %7@(13 SinAys ,
Ay = 17—8d§ + %d% + %dﬁ + 6dydy COSA 4y — %c&dl cosAz — #d@iz coSA4,, (2)
As = %(hdz SinAz — %duil SinAy4; + %a&c& SinAgs,
Ag = %Odg - %dﬁ - %gdmzcosmz,
A7 = 351(1\3/7 dsds SinAys,
Ag = % di,

whered; are the dipole matrix elements (which are assumed to be real and positivd)asd5; — §; are the phase
shift differences corresponding to the transitions to the final state with orbital angular momestunor k. Extracting
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second largest contribution of thepartial wave is equal

to 24% which seems to be not compatible with the the-
ory. Then from the condition to have a smooth variation
of dipole matrix elements with photon energy we must se-
150 lect probable solutions for the next points at photon energy
317.4 eV. At least four solutions presented in Table | can
be taken as possible candidates at 317.4 eV, and at the mo-
ment there is no definitive argument to select one of them.
On the other hand, the differences between them are not
very essential, and for the following illustrations we shall
use only row 1 of Table I.

The contributions of different partial waves to the C
210 1s — elo photoionization cross section obtained in that
way are shown in Fig. 2. The curves show a possible re-
construction of the partial cross sections from the condition
to correctly reproduce the cross section measured in [4].

270 The contributions ofl andf partial waves could not be ex-
FIG. 1. Angular distributions of photoelectrons ejected fromtracted unambiguously having only one point in the reso-
C K-shell of fixed-in-space CO molecules measured at thre@ance; therefore their sum is also presented which is
photon energies: 304.1 eVll), 317.4 eV (x), and 333.7 eV defined with much higher confidence. It is seen from
(®) normalized to the total cross section measured in [4]'Fig. 2 that the cross section maximum in thé shape

The positions of C and O atoms correspond foabd 180, is f d not b domi i tributi
respectively. Light is linearly polarized along the molecular '€SONaNce Is formed not by a predominant contribution

axis. Curves show the fit of experimental points by Eq. (1)0f the / = 3 partial wave but by a joint contribution of
with K = 8. d and f partial waves, with thel partial wave contribu-

tion being slightly larger. This is also evident from the

eight ratiosA; /Ay from the fit of experimental angu- view of the angular distribution shown in Fig. 1 which
lar distribution by Eq. (1) withK = 8, we can deter- does not have a pattern characteristic forftpartial wave
mine from Egs. (2) four ratios of dipole matrix elementsand differs strongly from the theoretical predictions [10].
d;/dy and four phase shift differencés; — 5y), where  From Table | it is seen that the phase shift differensgs
i = 1,2,3, and4. But since Egs. (2) are quadratic in for i = 1 and2 are slowly varying between the first two
dipole matrix elements, there are eight different solutionsneasured points in photon energy while fo= 3 and4
for four ratios of dipole matrix elements. Moreover, sincethey are growing by~ /2 radians each. It means that
the phase shifts enter the arguments of sine or cosine funthree partial waves with = 2,3, and4, are participating
tions, there are two sets of phase shift differences corrdan forming the o™ shape resonancd, and f waves giv-
sponding to each set of dipole matrix elements, so thahg the main contribution to the cross section, ghdnd
totally there are 16 different solutions at each photon eng waves giving the main contribution to a rapid increase
ergy. One could not select one of these solutions withoudf phase shift byr. This strongl/ mixing makes ther*
additional information on photoionization process. shape resonance in CO essentially different from the analo-

From the theory [2] it follows that in the* resonance gous resonances in homonuclear molecules. In homonu-
the f partial wave contribution to the cross section shouldclear molecules like Nthe o* shape resonances occur
be predominant. Therefore from the eight different solu-in 1so, — &lo, transitions where the partial waves with
tions at 304.1 eV we have selected that one which givesdd ! are contributing, with the predominant contribution
the largest fraction for the = 3 cross section (34%). The of only onef partial wave [2]. Thed partial wave is

180

TABLE |I. Dipole matrix elements (normalized by the conditidg = 1) and phase shift differences (in degrees) deduced with
the help of Egs. (1) and (2) from the measured angular distributions shown in Fig. 1.

Energy No. dy d; d> ds dy Ao Ay Az Ay
304.1 eV 1 0.152 0.436 0.654 0.580 0.149 575 —151.7 44.5 —140.4
2 122.5 151.7 135.5 140.4
317.4 eV 1 0.234 0.840 0.380 0.276 0.136 71.9 —131.1 156.9 —=57.1*
2 0.217 0.752 0.561 0.233 0.136 169.0 183.9 229.8 271.3*
3 0.315 0.872 0.261 0.230 0.136 183.7 —66.3 70.1 —152.2%
4 0.436 0.868 0.114 0.160 0.136 23.0 —190.9 —69.9 34.5°

aThe second set of phase shift differences is obtained by reversing the sign of differences withaadeny applying the equa-
tion (A;p), = 7 — (A;); for oddi as is demonstrated in row 2 for photon energy 304.1 eV.
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measured data. The analyses of these data demonstrate
that due to a strong-channel mixing three partial waves
with [ = 2,3,4 are participating in forming the* shape
. resonance in CO molecules. The first results obtained
here clearly demonstrate that the complete experiment in
molecules is now feasible, and that it enables one to per-
form the most stringent test of existing theories.
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