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Calculations on the Auger decay of CO after thes=-2#* excitation have been performed utilizing a
multichannel Schwinger approach. The bound orbitals used to expand the multichannel configuration-
interaction wave functions of the ion state were the natural orbitals of a single excitation and double excitation
configuration-interactiorfCl) calculation on the C4 ! core-hole state of CO. Fixed-nuclei photoionization
cross sections were then obtained with target states represented by complete active space Cl wave functions.
An analysis of the resulting cross sections using Fano’s spectral line profile and the lifetime vibrational
interference theory has lead to photoabsorption profiles in good agreement with experimental measurements.
Additionally, we have found good agreement with experimental data for the resulting photoelectron and
photoemission spectrgS1050-2947@7)00511-9

PACS numbgs): 33.80.Eh, 33.60.Fy, 33.70w

[. INTRODUCTION ever, we will see from our study that there are numerous
pathways for the relaxation of the G4 27* resonance

The advent of synchrotron radiation sources and the sulstate and that the decay into two-hole—one-particle shake-up
sequent improved experimental studies on molecular photcstates is quite significant. Thus we will demonstrate that the
ionization processefsl—3] have stimulated a corresponding process by which CO decays is both participator and specta-
development of theoretical methods for studying electrontor in nature.
molecule scattering4—7]. In the past decade, experimental  The body of this work is an extension of an earlier core-
data resulting from improvements in monochromator resoluipnization study{9] that includes the computation of photo-
tion now allow detailed study of the short-lived nature of thejpnization cross sections of highly excited core-hole states
electronic deexcitation leading to the Auger spectra of ditgr the diatomic molecule CO. CO is one of the simplest
atomic molecules such as carbon monoxi@®) [8]. These  peteroatomic diatomics, chosen here because it not only pro-
high-resolution experimental studies provide the possibilityyides enough complexity to be interesting, but has few
for a comparison with computed spectral functions, whichenough electrons to be amenable to more extensive quantum-
was not available previously due to the extremely smallimechanical calculations. With our calculations we have pro-
spectral linewidth necessary to separate the individual decayjged some additional insight into the branching ratios of the
channels. In this study we considered the excitation and dengjvidual channels as well as clarified some ambiguity in
cay of the C $—27* resonance state in CO obtained by thethe experimental assignment of electronic deexcitation spec-
excitation of the CO molecule with photons of an energy oftra| peaks.
approximately 287.5 eV. The rest of the paper is organized as follows. Section II

Autoionization is the process where the photoabsorptiomyriefly discusses the theory. The computational details are
excitation energy is sufficiently energetic to excite a resogjven in Sec. IIl. Section IV is devoted to the results and
nance state in which one of the electrons has been excitedlscussion and is further divided into three subsections. Sec-
into a bound valance orbital and is mOVing in the field of antion 1V A focuses on the resu'ts of th|s Study emp'oying the
excited ionic state. This excited resonance state then decayged-nuclei approximation in the calculation of the photoab-
into a continuum electron and a lower-energy ionic statesorption cross sections of core-hole excited states of CO,
The C 5—27* resonance state in CO occurs at an energyncluding the application of Fano’EL0] line profile in the
slightly below the energy of the core-hole ion state and theynalysis of the resonance line shapes. In Sec. IV B the theo-
27 electron moves in the field of the ion state, which is veryretical simulation of both the radiative and nonradiative de-
similar to the C $~* core-hole state of CO. The resonance cay spectra is presented. In Sec. IV C the lifetime-vibrational
state is usually only weakly coupled to the continuum, whichjnterference theory is applied to the theoretical simulation of

leads to a long lifetime for the resonance state. ~ the photoabsorption spectrum for the €-127* absorption
There are two possible forms of decay in the autoionizapf CO. Conclusions to this study are in Sec. V.

tion process: participator and spectator. A spectator type de-
cay is a transition from a one-hole—one-particle excited state
to a two-hole—one-particle final state, whereas a participator-
type decay occurs from an excited state that is similar to that
found in the spectator decay but decays to a one-hole final The method employed in all the scattering calculations in
state. Typically, only the one-hole final states are detectethis photoionization study is a multichannel Schwinger ap-
experimentally. Consequently, the autoionization procesgroach with Padapproximant correctiongt—6]. The multi-
from the C 5—2#* excitation of CO is commonly and channel configuration-interactidtMCCI) wave function for
misleadingly referred to as a participator Auger decay. How-a system with a continuum electron is written as

Il. THEORY
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where¢; is theith channel scattering state add represents The final equation for the differential cross section is ob-
the configuration-interactiofCl) wave function of the re- tained by integrating Eq:8) over all spatial orientations of
sidual ion in channel. N is the number of channels and the molecule in the laboratory frame.

N, is the number of configuration state functiof@SF$ in Fano's[10] theory treats the phenomenon of autoioniza-
the expansion. The notatiog;(£) implies a spin-adapted tion both in the case where one discrete state and one con-
N-electron CSF, not a simple product ¢f and ;. tinuum of states mix and in the case where more than one

To obtain the equations for the scattering orbial the  continuum interacts with the discrete state. In the case where
MCCI wave function given above is required to satisfy thethere is one discrete state and one continuum, Fano’s final
projected Schidinger equation profile to fit the transition probability is given in terms of the

transition dipole matrix operatdr or the transition probabil-
Ne ity. This profile is given by
>, ®i(8&)| He— E[Pycer ) =0, 2
- KYElTIDP _ (a+e)?

whereH,, is the purely electronic Hamiltonian and the bra (el TIHP — 1+6*
represents all possible variations ®f(&;) that may be ob-
tained by the variation of the scattering orbital. The deriva
tion of the form of the scattering potential is covered in detai - /.
by Bandarage and Lucche§g] and its evaluation is dis- state |V g) t'o the probability of a transition to the unper-
cussed by Stratman and Lucchégé]. If the formalism de-  turbed continuum statiee). The reduced energy variabbe
scribed above is applied to photoionization then the channétnd the quantity on the right-hand side of Eq9) are de-
transition monent may be obtained, where final variationaf€™mined by the equations

9

‘where the left-hand side of the equation is the ratio of the
transition probability from the initial staté) to the true final

expression for the channel transition momérit? is given -
by ZZﬂ (10)
(YelTliyzaT
EYV=(RIVE) + 2 (RFY[G Vol i and
ap
X(Vo—VoGcVa) sl Bl Vol £), 3) o E—[EfF(Eﬂ , 11
I

where the quantitR!'(V) is a function of the electronic dipole 2
operatorui ). The superscript(V) denotes that this equa- where |¢) represents the resonance stdieis the spectral

tion may be solved either for the length form or for the linewidth, E,+ F(E) represents the energy of the resonance,
velocity form, which differ by the value of the electronic andE is the excitation energy.

dipole operator represented by Cross sections and their related spectral intensities are
L . greatly influenced by the dynamics of both the intermediate
wi(j)=vkirj-n (4) state and the final state. If the intermediate state is long lived,

the absorption intensity will have a series of sharp resonance
peaks exhibiting the vibrational spacing of a system where
Vi a the intensity is predominately governed by the Franck-
Hi (j)_(\/ﬁlhw)vj‘n ® Condon prir¥ciplepand the exc);ta?ion—decay grocess can be
in the |ength and Ve|ocity forms, respective|y, whaerss the described as two independent steps. The first step, the initial
direction of the polarization of the lighty the frequency of excitation of the electron from the ground state to the inter-
the photon, and; the momentum of the photoelectron in the Mediate state, results in a population distribution represented
ith channel Vo in Eq. (3) is the Phillips-Kleinman pseudo- by the Franck-Condon matrix elements. The second step, in

potential[9] and G, is the multichannel Coulomb Green'’s which the intermediate decays, is practically independent of

and

function matrix given by the first excitation step, thus it may also be described by the
Franck-Condon matrix elements. Therefore, the observed in-
(Ge)ij=Gc(E) 6y (6) tensity 7 of the transition between the initial and the final
state going through a particular intermediate sajemay be
where the Coulomb Green’s function is defined as given by[1]

2_ 2 2 2 2
(_ T T TIF)P= M Mg 2 M PRRF)R, - (12
where(l|n) and(n|F) are the vibrational overlap integrals
In the mixed form the doubly differential photoionization of the wave functions for the initial state intermediate state
cross section of a given channel is proportional to the prodn, and final staté=, and the electronic transition matrix ele-
uct of the length and velocity forms of transition momentsments are represented By, and M,-. Equation(12) is
from Eq.(3) and is given by valid as long as the peaks are very narrow and are adequately
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separated. However, when the lifetime of the intermediate TABLE I. Shake-up and core-hole states of C@nd their ion-
state is so short that lifetime broadening results in overlapization potentials.

ping of the vibrational levels, the decay spectrum becomes — : :
more complicated as both constructive and destructive intelState IP(eV) Principal configuration

ference modify the spectrum. core hole 287.04 &220'30%4025021 742 7°

ibrational Stracture of e photosbearbton pcit of smAlPe > 20794 1220'30%0%50?L 02!
molecules. For molecules vsith a decaptime (F))n the order o 86°I 294.94 ©*20'30%40°50 10" 20"
X y 842A 310.71 W?20'30%40%50%1 722 72

their vibrational frequency, it is widely known that interfer-
ence is observed in the vibronic emission spectra. The ex-
pression used to calculate the spectral interiBity

was to perform a “five-channel” calculation. This included a
M|n<||n><n|F>MnF|2 valence ion state, the Cslcore-hole state, and three ion
, (13 shake-up states above the core-hole state. A shak&uUp
‘ state differs from the core-hole state by a single electron
excitation. The addition of the shake-up states allowed for
whereE is the excitation energy,, is the energy difference  the inclusion of correlation effects in the description of the

between the initial state and tim¢h vibrational energy level resonance state. The SU ion states included in the calculation
in the intermediate statd, is the transition dipole operator, \were selected using the following procedure.

Zoe[(1[T|F)|P=
KITIFP=| 2 e 3T

andI’ is the spectral linewidth. First an approximate description of the resonance state
was obtained by diagonalizing the €64 complete active
IIl. COMPUTATIONS space Cl Hamiltonian. The next step was to find the overlap

o . ) integral of this approximate Csl-2#* resonance state

The photoionization cross-section calculations were peryith penetration terms[15] constructed from various
formed in two major_ stages beginning with the_ calculation Ofshake-up states. A penetration term is\aelectron Cl wave
a set of natural or_bltals. These molecular orbltgls Were g€nnction constructed by taking the spin-adapted antisymme-
erated by performing a Hartree-Fo@HF) calculation onthe ;64 product of a target molecular orbital and a CI wave
core-hole state of CO utilizing the GAMESS-UK [12] com-  gnction for an (N— 1)-electron ion target state. By perform-
puter code. This is done by first performing a restricteding g1 possible combinations of states, three shake-up states
Hartree-Fock calculation on the electronic ground state Ofyere finally chosen whose penetration terms had a total over-
CO (1‘7)2(2‘7)_2(3")2(4")2(177)4(5‘7)2 at the equilibrium |5 integral with the resonance state of 0.994. These three
internuclear distance of 2.132 a.l43] using a standard gtates are listed in Table | along with their ionization poten-
triple ¢ valence plus polarization basis set augmented by §ais. We found that the peak energy at the maximum shifted
set of diffuse functions. We included the diffuse functions tof,qm 280.303 to 279.154 eV for the two- and five-channel
describe the first two Rydberg orbitals of GO4]. The re-  gicylations, respectively. This decrease in the energy of the
sulting ground-state energy for CO is112.775974 a.u. peak maximum for the resonance state of 1.15 eV can be
This calculation yielded a set of molecular orbitals that were,sriputed to the inclusion of correlation.

used in the subsequent restricted open-shell HF calculation ¢ Schwinger-method-with-Ba-approximants study of
on the core-hole state o_f CO with a finall total energy of ¢ photoionization cross sections for the G-127*
—101.842 717 a.u. The final step to acquire the needed natiycitation of CO yielded information for various possible
ral orbitals for the scattering calculation again utilized thefina ion state channels. To choose the final valence ion
GAMESS-UK program, this time to perform a Cl on the core- giate channels to use in this study, all valance ion con-
hole state, freezing theslorbital and using 36 virtual orbit- g rations were identified that could be obtained from
als, resulting in a total Cl energy for the core-hole state ok,_glectron Auger decay process from the resonant
—101.916 624 a.u. _ _ 10220'30%40°50°17* 27! configuration. Then the val-

~ The second step of the calculations leading to the scattelyce jon states that had a greater than 50% contribution from
ing cross sections utilized the ten orbitals with the highesyne of the identified configurations were selected. This re-
occupation from the natural orbital set generated usingited in a set of 31 channels chosen from #3211, 2A
GAMESS-UK. The transition moments defined in E®) are  gymmetries. The cross section for each possible channel was

numerically determined using a single-center expansion.omputed at a sufficient number of energies to adequately
This technique is discussed in detail elsewH@&and will  joscribe the structure of the resonant peak.
not be covered in this work. The radial grid used in this study

contained a maximum of 3500 points. As in previous studies

[15], we found that the differences between energies of the IV. RESULTS AND DISCUSSION

various ion states obtained were relatively insensitive to the

maximum value ofl, used in the partial-wave expansion.

Here we used a value &f,= 60. The computed fixed-nuclei resonance absorption profiles
Calculation of the cross sections was performed in twowvere analyzed by fitting the computed cross sections to the

different fashions. The first will be referred to as a “two- Fano absorption profile given in E¢P). Fano’s profile pro-

channel” calculation. In these calculations a multichannelvided an excellent fit to the resonance peaks. From this fit we

calculation was performed including the core-hole channelere able to obtain the peak maximum, the decay witdi

and an individual valence ion channel. The second methothe autoionizing state, and the transition dipole moment

A. Fixed-nuclei approximation
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TABLE Il. Computed ionization potentialdPs) of the states of TABLE lIl. Radiative and nonradiative decay partial widths for
CO" and partial decay widths to the ion state from thesG-R 7* selected channels from the 6% 27* resonance state. The radia-
resonance state. tive widths given are for decay to the 13" ground state of CO.

o Width (meV) Nonradiative Radiative
Principal Channel width (meV)  width (meV)
configuration Symmetry IReV) 2C 5C

40) Y(50) Y (2m) "t 12.5 1.77
(40)"Y(50) Y27t 11 22.6 159 125 ( )_1( ) em
(1)L - 126 08 08 (1m) 4.8 1.77
w . . . -1 -1 +1
5 1 2 3.5 1.78
(50)72(2m7) "1 a1 17.6 4.6 4.8 533_1( ™ (2m) 08 161
(50)"%30) " Y(2m) ! 1 415 4.6 4.0 30)- Y1) L(2m) 1 0'7 1'91
(50) "1 (1m) L(2m) "1 27 207 45 3 9 (m (2m : '
(40) Y(50) L(2m)*? a1 23.9 4.2 3.7
(50) " H(1m) " H2m) "t ) 19.2 42 35  the average radiative decay lifetime of the core-hole reso-

o T T . . . nance state using this method was found to bex3/ S,

(50) 7 (1m) ~H2m) ! 27 17.8 35 28 tat th thod found to bexag 13
(50)71 %z, 8.5 3.1 2.9 slightly higher than that predicted by Neeb al. [8] of a
(50) " Y1m)~r2m)*? 2z 21.2 2.5 2.2 “few” femtoseconds. From the calculated lifetimes using
(40)7* 25, 15.3 2.0 2.0  Eq.(14) and the relationship
(50) " Y1m)~t2m)*? %3, 17.7 1.3 1.0
(40)~Y(1m) " H2m) 2A 28.1 10 1.0 Ti=fl, (15)

-1 2
(3“)71 . " 22 33.9 0.7 0.9 the radiative decay widths were then calculated. In Table IlI
(o) (Am) ~ (2m) A 457 08 08 e see that the calculated radiative decay width for decay
(40)71(177)71(277)+1 22 30.1 0.8 0.7 from the resonance state to the ground state is nearly inde-
(50) " (1m)~(2m) > 45.8 0.6 0.6 pendent of which nonradiative channel is being considered.
(40)"H(1m)H2m) T ) 284 05 05 In addition, Table Il illustrates, for a few selected channels,
Total width 646  60.0 that the nonradiative decay widths calculated using Fano’s

spectral line profile vary significantly for each channel.
Following the logic of Fano’'s multicontinua problem
[10], the sum of the individual partial widths for each chan-
(| T|i)[?. Afit was performed for each chosen channel. Thenel should be a good approximation to the total observed
resulting partial decay widths are tabulated in Table Il inspectral linewidth. To the extent that this approximation is
decreasing order of widths in the five-channel calculationgood, then a very time intensive multichannel computation
along with the principal configuration, ionization potential, may be simplified into a series of shorter calculations where
and symmetry of each state. While all 31 channels were corenly one final ion state is included. To check this additivity
sidered, only those with a decay width greater then 0.5 me\approximation, we compared the total width of a small num-
are included in the table. As discussed in Sec. lll, all calcuber of channels computed together versus the sum of their
lations were performed both with two channéRC) and  Wwidths computed separately. We have found that the two
with five channelg5C). Referring back to Table II, we note Methods of computing the widths agree within 0.2%.
that the partial decay widths for the five-channel calculation Note that the total width presented in Table Il includes
vary slightly from the two-channel widths. The summed©nly the nonradiative decay pathways. Therefore, our next
width of all 31 calculated channels, referred to here as thétep was to compute the contribution from the radiative de-
total width, is approximately 8% lower for the five-channel &y t0 the total width. The determmatlon.of.the radiative
calculations. One reason for this difference may be that adlfetlmes from the resonan.ce state to the individual neutral
ditional correlation in the resonance state will add configu-States began with calculation of the oscillator strengths, ob-
rations that do not have coupling matrix elements with thef@ined from the same codes used to calculate the cross sec-
final states under consideration here at the expense of co#ons. The relationship between oscillator strenfytand the
figurations that do couple with those states. This implies thatansition matrix element given in atomic units is given by
the decay probability may have increased to some of the f_4 1| Tli)[2 (16)
weaker final states. A definitive conclusion would require 3Vl (@[Tl

additional StUd_'eS'_ o From Egs.(14)—(16) the radiative decay widths were then
The determination of the radiative lifetime from the reso-ca|cylated. Table IV contains the calculated radiative decay
nance state to the groun_d state is a _stralghtforward extensiQidths greater than 0.005 meV along with the principal con-
of fitting the fixed-nuclei cross-section peaks to the math+igyrations and emission energies for the final states. Refer-
ematical peak profile of Fano. One of the factors obtaineging to the first configuration in Table IV, note that this is the
from the fitting of Fano’s profile was the transition dipole raqiative decay of the core-hole state given here with a 2.285
moment|(¢|T|i)[?. Using the relationship between the tran- mev/ width. As expected, this width is comparable to the
sition dipole moment and the lifetime,; , average radiative decay width of 1.758 meV calculated from
3hcd _Fano profile fits displa}yed in Table Ill. The slight dif_ference
== —, (14)  in these two values is due to the fact that the singte 2
#earty| (ol Tl orbital from the core-hole CI calculation is going to be some-
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TABLE IV. Computed radiative decay widths and emission energies to the significant final states from
the C 5—2=* resonance state.

Configuration Symmetry EnergigV) Decay width(meV)
10%20%30%40%50%1 7 15t 287.04 2.285
(50) " Y(1m)"Y2m)*? 10 278.81 0.788
(A7)~ Y2m)*? 1A 276.96 0.366
(1m)~Y2m)*t 3zt 276.93 0.199
(50)%(27) "2 21A 271.12 0.014
(40) Y(50) " 1(2m)*2 31A 265.18 0.033
(40) Y(50) " 1(2m) "2 61t 264.35 0.009
(40) YAm) " H2m) "2 511 263.51 0.008
(Am)~%(2m)*? 41A 259.72 0.006
(Am)~%(2m)*? 93+ 259.34 0.014
(17)~2(2m)*? 51A 258.95 0.015
(50) " Y(1m) " Y2m)*? 611 258.74 0.036
(1m)~Y2m)*? 71 258.17 0.022
(17) " Y(2m)t? 91 256.52 0.040
Total width 3.855

what different from the 2 resonant orbital described nu- continuum, the ratio of the widths must therefore correspond
merically in the scattering calculation. In the final compari-to the ratio of the decay probabilities. For the nonradiative
son of the total calculated spectral linewidth with decay, we assume a Gaussian distribution of the incoming
experimental lifetime widths previously published, our re-photon energies. The width of the distribution was matched
sults, taking the sum of the radiative and nonradiative decago the observed width the experimental spectfl] to ac-
widths, still fall short of the experimental decay width of the count for broadening due to excitation linewidth. The final
C 1s—27™* resonance state as shown in Table V. The defifull width at half maximum(FWHM) of the Gaussian curve
ciency in our calculated final total width has two probablewas 1.68 eV. This Gaussian curve was weighted with the
causes. The first probable cause is the use of the core-hgbartial spectral decay width for each channel and then placed
orbitals in the calculation of the Cl wave functions used inat the relative ionization energies as given in Table Ill. The
the Schwinger scattering code. The core-hole orbitals alonfjnal calculated spectrum is shown in Fig. 1, as well as the
with the chosen shake-up states provide a reasonable but nmimparable experimental spectrum reported by Eberhardt
exact representation of the resonance state. Second, the togédlal.[16]. In this figure our theoretical spectrum was shifted
nonradiative decay width reported in Table IV is the sum ofby 7.4 eV to match the energy of the strongest experimental
the 31 scattering channels calculated. This is only a smalpeak at 27.8 eV. This was done because relative ionization
sample of the many possible channels, although they wengotentials are more accurately obtained then are the absolute
chosen such that they should include all of the main chanvalues. Additionally, the relative experimental data were
nels. It is possible that decay to the many neglected weakcaled so that the two spectra agreed at 27.8 eV. Figure 1
channels, including the continuum of doubly ionized ( shows that our calculations reproduce the intensity pattern of
—1)-electron ion states, could explain the missing decayhe deexcitation spectrum very well to within 1 eV. Table VI
width. lists our assignments of the visible and underlying peaks in
Fig. 1, as well as the corresponding assignments made by

B. Radiative and nonradiative decay spectra

Using the results of our calculation, we have also simu-
lated experimental spectra for the radiative and nonradiative
decay. Under the assumption that the spectral linewidth for a
given channel is a good representation of the coupling to the

TABLE V. Total radiative and nonradiative decay width from
the C 5—2=* resonance state.

Relative Intensity (Arb. Units)

Decay width(meV) Source
63.9 this study 0 15 20 25 30 35 40 45 50
85(=3) Shawet al?
86(i 10) Osbornest al.b hv-Kinetic Energy (eV)
aReferencd 24]. FIG. 1. Deexcitation electron spectra of CO: experimental spec-

bReferencd1]. trum from Eberhardet al.[16], ----, and this study, —.
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TABLE VI. Dominant configurations for the peaks of the deex- |V, all with decay widths below 0.1 eV, do not contribute

significantly to the spectrum in this energy range. Note in
Fig. 2 that the peaks in the 277-280 eV range are surrounded

Configuration by the rather broad Cst1# peak in the experimental spec-
Peak label This stud Eberhardt trum. While the two peaks found in this calculation obvi-
eak labe IS study erhar ously contribute to the experimentally manifested structure
A (50)°1 (50) 71 around 280 eV, they are not the sole contributors. We must
B (1m) 1 (1m) 1 note that the experimental emission spectrum is the result of
c (40)~1 (40)~1 a multitude of different decay transitions from numerous dif-
D (50)"1(1m) -} 2m)*t  (50) " L(L1m)L(2m)*t ge_rir(;t ks:\a/tes within the experimental excitation energy range
(50) 227"t (50)7?%(27) ™t '
E 4 -1 5 -1 2 +1 4 -1 5 -1 2 +1
(40) (50) "(2m) (40) (c?r (2m) C. Photoabsorption spectrum
(50) 7 (1m) 2wt Deexcitation electron spectroscopy is the measurement of
= (40) " Y(1m)"Y2m*t  (40) " 1m)Y2m) L the kinetic-energy distribution of electrons released in the
G (30)71 (30)71 decay of an excited state of a molecule. One important ex-
H (30) " Y(50) " Y(2m)*t  (30) L(50) L(2m)*? ample occurs when a photon is absorbed, exciting an elec-
| (30)~Y(1m) " L(2m)*1 tron from a core orbital to a bound excited orbital. The sub-
(50)~2(1m) " L(2m)*1 sequent decay of this intermediate state to a final state is
usually thought of as a second distinct step, as shown by.
%Referencd 16).
hv
*
Eberhardtet al. Most of Eberhardt’s experimental peak as- A—AT (step 1, (17)
signments are in agreement with our theory; however, we A* SAt+e (step 2.

were able to clear up the ambiguity of the assignment to the

peak labeledE in Fig. 1. Eberhardtet al. labeled it as In the case of long-lived intermediates, the population of the
(40) Y (50) " Y(2m) " or (50) Y(1w) " Y(2m) "L, where in  intermediate state is governed primarily by the Franck-
our study the latter configuration shows up as a well-definedCondon factors that are determined from the overlap integral
shoulder to the former peak and is separated by approxketween the initial ) and intermediateA*) state. The sec-
mately 2 eV. ond step, during which the intermediate decays, is effectively

Now focusing on the radiative decay spectra, the relativéindependent of the excitation step, once again relying on the
spectral intensity was calculated using a standard Lorentzranck-Condon factors from the overlap between the inter-
line shapg17]. The intensities for all the possible ion states mediate &*) and final A™) states. However, in our case the
are then summed and plotted with respect to the excitatiointermediate is a short-lived Csi-2#* core-hole excited
energy in Fig. 2. The strongest of the three peaks in oustate where the decay time of this state is expected to be on
spectrum is the radiative transition back to the ground statéhe order of a few femtoseconds. In cases such as this, where
at about 287.5 eV, which was shifted By7.15 eV to match the decay time is on the order of the vibrational frequency of
in energy the peak Petterssenal. [18] attributed to this the molecule, the two-step approximation breaks down.
transition(note our core-hole peak energy is given in Table | When the decay widths are on the order of the vibrational
as 287.04 eY. The following two peaks at 279.3 and 277.4 spacing in the intermediate, both constructive and destructive
eV are from the (&) " (17) " *(27)*? and (17) " (2m7)*' interference occurs and must be taken into account in the
transitions, respectively. The other transitions listed in Tabledescription of the vibrational intensity. Theoretically, this

has been accomplished by a number of means, ranging from
a more sophisticated method using Green'’s functjds$ to
800 a more simplistic time-dependent Franck-Condon treatment
used by other investigato] leading to Eqg.(13) given
earlier.

As mentioned above, the decay of the vibrational mani-
fold of the C 1s—2#* state of CO into the valence-hole
C(ls)12n >gs. | ionic continuum has been discussed in detail previously by

By a many authorg2,13,19,20. Experimental technique has im-
i Y proved to the point that Osborret al. [1] were able to in-
f T S, vestigate the vibrationally resolved electronic autoionization

..-\,.,3:? of the core-hole resonance in CO. Their study employed a
) e l technique called mirror shadowing, allowing them to im-

J . . l prove the resolution of their plane grating monochromator to
290 285 280 275 excitation linewidths as low as 45 meV. The CG-227*
ion yield spectrum used for our comparison was taken with
an excitation linewidth of 56 meV. The final Lorentzian line-

FIG. 2. Carbon % radiative decay spectrum. Carbon x-ray emis- width obtained by deconvoluting the ion yield spectrum was
sion spectrum from Pettersat al. [18], ----, and this study, —. found to be 86 meV.
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FIG. 3. Potential-energy diagram for CO, including the com-
puted C 5—27* resonance state, the core-hole state, as well as
the ground state and three excited-state RKR potentials.
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FIG. 4. CO photoabsorption spectrum. Experimental photoab-
ption spectrum from Osborret al. [1], ® ® @ @; this study,
---; and convoluted with a Gaussian line profile of 56 meV, —.

We have simulated the absorption spectrum of OsborngOr
et al. using Eq.(13). The Frank-Condon factors used in the _
vibrational intensity formula were obtained with the use of
expanded Morse potential curves. For the ground state and i ) )
the A 21T, X 23*, andB 23" final states of CO, known State potential-energy curve were subsequently obtained in
Rydberg-Klein-ReeséRKR) potentials[21] were used and &N analogous manner to vibrational states of the initial- and

fitted to an expanded Morse curve in the form of final-state potentials. _ _
The final Frank-Condon overlap integrals used in the

spectral intensity formula given in E¢1l3) were obtained
V=hcDe{1-e 2R ReN2+ C {1 2R Re)3 from the normalized initial, final, and resonance wave func-
—a(R-R .4 tions. The calculated intensities for the individual final states
+Cp{1-e d e (18) were then weighted according to the calculated individual
spectral widths and then summed. However, in comparing
for the purpose of determining the wave functions. The wavehe theoretically obtained absorption spectrum with the ex-
functions for the first six vibrational states were obtainedperimental photoabsorption spectrum for the €-427*
from the Numerov methof22]. obtained by Osbornet al.[1] note that while there is rela-
By calculating the cross sections for the most significantively good agreement in the relative peak positions, the
channel leading to théll state at an ionization potential of FWHM of the calculated spectrum of 64 meV is approxi-
22.6 eV as given in Table Il, at various internuclear distancesnately one-half of the observed value of 112 meV. In Table
R ranging from 1.0 to 1.2 A, we were able to construct the CV note that a width of 86 meV for Osborre al. is reported.
1s—2x* core-hole and resonant potential. For each valuérhis value for the width comes from deconvoluting the ob-
of R a new resonance peak was obtained. The intensities gferved spectrum into the monochromator Gaussian line pro-
these peaks and their widths remained relatively constarfile and the natural Lorentzian linewidth. To obtain a better
with respect to change iR. The final energy values used for representation of the observed spectrum we then convoluted
the resonance and core-hole potentials were obtained lyur intensity spectrum with the Gaussian line profile of Os-
computing the following series of energy differences. Firstborneet al. of 56 meV. The final theoretically obtained spec-
we calculated the energy difference between core-holérum is given in Fig. 4 as a solid line. Note that the FWHM
(C 1s) ! state and resonance G-4:27* state at various of this peak is now 101 meV, much closer to the experimen-
values ofR using the single-center scattering code as detally obtained spectrum of Osborret al. The theoretical
scribed above. We then calculated the energy difference bdackground of deconvoluting the Gaussian statistical and
tween the core-hole state aid'> " initial state using the natural Lorentzian line shapes from an experimental spec-
GAMESS-UK program. These two energy differences weretrum is covered in detail by Wertheiet al. [23]. We have
added to the experimentally determined RKRS, ™ initial- shifted the energy scale and the intensity so that the peak of
state potentials to obtain a potential for the core-hole andhe experimental and theoretical curves agree at a photon
resonance state. Figure 3 displays the resulting resonanemergy of 287.4 eV. This corresponds to an energy shift of
state potential as well as the initial- and final-state RKR po-—2.72 eV. Concentrating on Fig. 4 we note that the experi-
tentials. The vibrational wave functions of the resonancemental peak maximum for the’=1 transition appears
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TABLE VII. Experimental and calculated vibrational energies for the absorption spectrum.

Experimentdl Calculated
v’ Relative intensity EnergyeV) Relative intensity EnergyeV)
0 1.000 287.410 1.000 287211
1 0.130 287.659 0.255 287.68
2 0.018 287.909 0.004 287.95

3Referencd1].
bShifted to agree with experiment.

slightly redshifted relative to the theoretical peak. This is theall the possible decay channels, but rather that a series of
result of the overlapping of the wider experimental peaks angmaller two-channel calculations is sufficient to obtain an
a small difference in position of the underlying peaks asaccurate total decay width from the intermediate state. This
given in Table VII. The discrepancy between our theoreticastudy also utilized these partial decay widths to calculate the
simulation and the experimental spectrum is due to the sertansition rates for the nonradiative decay resulting in a
sitivity of this peak to shifting the minimum of the resonance Simulated deexcitation spectrum that provided excellent
state to different values. The minimum of the resonant po2greement with the experimental data. Also, the transition
tential was found to lie at 1.1629 A, in comparison to 1.1529moments from the multichannel Schwinger calculations were

A reported by Neelet al.[8]. This difference of 0.01 A then used in the calculation of the radiative decay lifetime and in

leads to the difference in the absorption spectra seen in Figl'€ Simulation of a radiative decay spectrum of the resonance

4. In Table VIl we have compared the calculated vibrationaPt2t€: We have shown that this approach successtully repro-
duces the main features of the experimental spectra.

Eggrgles for the absorption spectrum with our calculated val- Comparing, the nonradiative lifetime of our core-hole
' resonance state on the order of s to the characteristic
molecular vibrational frequency of CO, which is in the range
V. CONCLUSION 101-10" s7%, it is easy to understand why it was necessary
o take into consideration the local vibrational interference
effects in the absorption spectra. The application of this well-
ﬁnown lifetime vibrational interference formula to the core-
ole decay of carbon monoxide has proven to provide excel-
lent correlation with experimental studies, as shown in the
8omparison with the work of Osborret al. in Fig. 3.

The aim of the present work was to demonstrate by meal
of a few numerical techniques the ability to simulate theo-
retically the absorption and the subsequent radiative an
nonradiative decay from the extremely short-lived C
1s—27™* core-hole resonance state of carbon monoxide. Af
ter the initial calculation of the core-hole and resonance stat
cross sections utilizing th(_e multlghannel Schwinger ap- ACKNOWLEDGMENTS
proach, we utilized Fano’s line profile to compute the spec-
tral widths for the multitude of nonradiative decay channels We acknowledge partial support from the Robert A.
from the resonance state. This study shows that it is no#Welch FoundationHoustor) under Grant No. A-1020 and
necessary to perform a large multichannel calculation withalso the helpful discussions with Robert Zurales.
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