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Inner-valence photoionization of HCN: An example of the complete breakdown
of the quasiparticle picture of photoionization
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We performed both single- and coupled-channel scattering calculations of the photoionization of HCN at a
photon energy range of 40—-1000 eV. Based upon the present results, we predict that HCN is a system for
which the inner-valence photoionization is characterized by a complete breakdown of the quasiparticle picture
of photoionization. We find that there is no inner valence main line and that the intensity from photoionization
from the inner valence @orbital is split into two prominent satellites and two weaker satellites. These four
satellites occur at binding energies of approximately 27.0, 29.5, 31.0, and 33.0 eV, and are almost solely of
inner valence origin. We identify these satellites as being of inner-valence origin as a consequence of the
theoretically predicted high-energy convergence of the photoionization cross-section rations to the ratio of
corresponding spectroscopic intensity factors. Additionally, we find that there is one mixed provenance satel-
lite that occurs on the shoulder of the highest binding energy 4 line at 22.5 eV, i.e., lower than the
expected energy range for satellites. The existence of this satellite is another result of the breakdown of the
quasiparticle picture. On a phenomenological basis, all four of the inner-valence-derived satellites appear to be
dynamically correlated shake-up statg81050-294{®9)02711-0

PACS numbd(s): 33.80.Eh

[. INTRODUCTION main line, the integrated intensity of which will very closely
agree(to within =70%) with that predicted by the Thomas-
Our recent theoretical work on the inner-valence photo-Reiche-Kuhn sum rule; electron correlation may result in
ionization of acetylene is the first of which we are aware thatveak satellite features, typically several eV to the high-
examines the problem dynamically with inclusion of corre-binding-energy side of the main line in photoelectron spectra
lation and multichannel effect§l]. Since this approach that accounts for any remaining intensity that would other-
yielded interesting results and new insights into the innerwise reside in the main line. However, in the inner-valence
valence photoionization of acetylene, we would like to ex-region it is often the case that the inner-valence molecular
tend the application of the method to other molecular syserbital is quasidegenerate with one or more two-hole—one-
tems. There were several points to suggest HCN as the neparticle (zh-1p) configurations. In this event, final-state cor-
system to study. First, acetylene and HCN are both veryelation may enable a satellite to “borrow intensity” from
important molecules in the envelopes of carbon-rich starsthe inner-valence main line, resulting in a significant redis-
and as such their photoionization behavior has received atribution of intensity from the main line to the satellite, and
tention in astrophysical literatur2—6]. Second, since the in extreme cases, the inner-valence main line intensity may
two molecules are isoelectronic, HCN represents a systerde almost completely redistributed over a number of satel-
which provides a basis for comparison and contrast witHites, some of which may even appear on the low-binding-
acetylene in terms of its inner valence photoionization dy-energy side of the main ling24]. When the inner-valence
namics. Finally, because HCN has less symmetry than acetynain line is thus severely diminished or obliterated, we refer
lene, the possibility exists that it would exhibit a more pro-to this as the breakdown in the quasiparticle model of photo-
nounced deviation from the molecular-orbital model ofionization[24-28.
photoionization than the partial breakdown observed with Our previous work on the inner-valence photoionization
acetylene. Unfortunately it was not possible to gauge th@®f acetylene[1] provided an example of the breakdown of
prospects of HCN in this respect because there is insufficierthe quasiparticle picture of photoionization; the 2" inner-
theoretical and experimental data available with which to dovalence line of acetylene loses50% of its intensity to the
so. Although the photoionization of HCN has been well stud-satellite region, up to half of which is borrowed by satellite
ied in the lower photon energy region up-+®20 eV[7-23], 2, the 11225 state. Since most of the acetylene inner-
the inner-valence photoionization of HCN has received onlyalence intensity still resides in one line, this is only a partial
cursory attentior]13,14,2]. This work then will be a first breakdown of the quasiparticle picture of photoionization.
step in understanding the inner-valence photoionization o¥Vith respect to HCN, however, we maypriori expect more
HCN. extreme deviations from the quasiparticle picture. This is be-
When the quasiparticle picture of photoionization holdscause HCN has lower symmetry than acetylene. Therefore,
for the inner valence region, there will be an inner-valenceHCN has -1p configurations resulting from ionization out
of the 4o orbital that are potentially quasidegenerate with the
HCN 30! inner-valence main hole ionization, whereas in
* Author to whom correspondence should be addressed. acetylene ionization from the analogous orbitad;,2 pro-
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duces configurations that are symmetry forbidden from mixing the programMoLPRO [33]. The basis set for these calcu-
ing with the inner-valence hole stateqrgl. lations was an augmented valence triple-zeta b@\&TZ)

In keeping witha priori expectations, a central result from themoLPRO library. The HCN geometry used hal,,
from the present inner-valence photoionization study presymmetry with Re_n=1.153A and Re_;=1.066 A [34]
dicts that HCN is a molecule exhibiting a complete break-HCN has the ground-state configuration
down of quasiparticle photoionization wherein no single line
is definitively identifiable as the inner-valence main line. (10)%(20)%(30)*(40)*(50)*(1m)*,

One implication of this loss of the “main” inner-valence o ) ]

line is that it is problematic to analyze the results in terms ofVhich in theMOLPRO AVTZ basis set with the above geom-
the energy-dependent satellite and main cross-seftioex- €Ty yields a total SCF energy fot '~ of —92.909132
perimental intensity ratios that figure prominently in the hartree. The MCSCF calculation performed a state average
phenomenological classification system of Becker and Shirover fourteen HCN states in which the occupied Hartree-
ley [27], and also figure prominently from the theoretical Fock orbitals of HCN were included in the orbital space but
standpoint. From a theoretical standpoint, under certain convere not varied. The MCSCF active space consisted of the
ditions and for reasons we will review in Sec. Il at high HCN ground-state occupied orbitals listed above and a set of
photon energy the satellite and main ratiegperimental or  Virtual orbitals including one orbital obr symmetry, two
theoretically derived from cross sectionaill approach the ~Orbitals of — symmetry, and one orbital af symmetry. The
corresponding ratio of spectroscopic intensity factors, an(ground-stgte excitation restrictions allowed a total of two
this behavior, which we henceforth refer to as convergenceglectrons in the virtual active space above and a total of
can be used to determine the provenance of the satellite. figur electrons in all of the virtual orbitals. Similarly, the ion
other words, convergence occurs when the satellite reprec,late.excitation restrictions allowed a total of one electron in
sents intensity borrowing from the main line to which it is the virtual active space aboverzand a total of three elec-
compared. Also in the Becker-Shirley classification system(rons in all of the virtual orbitals. We varied the number and
the satellite and main cross-section ratios can be used fymmetry of orbitals in the MCSCF active space, and the
determine what kind of correlation effects contribute to thenumber and symmetry of states included in the MCSCF state
manifestation of the satellite. We should note that theAverage to arrive at a best MCSCF result within the desired
Becker-Shirley classification system is more commonly apSizé range of the calculation, a size range dictated by the
plied to situations such as photoionization from core state!ogistics of the subsequent scattering calculafi®®,35.

where the delineation between shake-up states and the main T0 determine which states should be included in the MC-
line is not subject to the ambiguity that may exist in inner-SCF state average, we first performed several preliminary
valence photoionization. However, an analysis of the preserfidlculations of spectroscopic intensity factdSIFg as a
results indicate that assigning a main line is far less of &um of pole strengths according to

problem than the problem of overlapping satellite lines, i.e.,

lines that_cannot resolved experinjen_tally, and that any inner- S = 2 1%e= E |x<°)|2, (1)
valence line may serve as a main line as long as its prov- T

enance is the same as the satellite to which it is compared.

The methodology developed previously for studying thewhereld;t is the contribution of each individual molecular
inner-valence photoionization of acetylene is again usedrbital g from which photoionization occurs to the total SIF,
here, with apparently excellent results inasmuch as theg is the final-state channel contributing to the SIF intensity,
agree well with the little experimental data availafl®,14. andxgc) is the transition amplitude defined by
In agreement with the experimental results, we find that there
are four satellite lines to the high-binding-energy side of the xg°>:<¢g"N—1|aq|\in"N>_ 2)
HCN 40! main line, and these occur at approximately
22.5, 27.0, 31.0, and 33.0 eV. Additionally, the present re4n Eq. (2), q>§'~N—1 and \lIiC|'N are thecth channel N—1)-
sults predict another small satellite@ 2—3 eV above the electron target ion state ani-electron initial-state wave
27-eV state. The four high-lying states likely result from afunctions, respectively, derived from a numerical configura-
predominately 3~ * origin, but the lowest satellite at 22.5 tjon interaction calculatiotiCl, vide infra), anda, is an an-
eV appears to be of 8%, 40~ %, and 5~ * mixed prov- nihilation operator for an electron in orbitgl The prelimi-
enance. In terms of the Becker-Shirley terminology, we il-nary calculations were based on several sets of orbitals from
lustrate how the four satellites of inner-valence origin are alldifferent MCSCF calculations and the resulting SIF results
dynamically correlated shake-up states. indicated that, similar to acetylene, the most important satel-
lite states for HCN are those ot " symmetry. Based on
these calculations, 13 of the 14 states included in the
MCSCF state average were 6 " symmetry, and the 14th

The computational methods for the inner-valence work orstate was of IT symmetry.

HCN are similar to those for the inner-valence work on For the inner-valence work on acetylene, there were many
acetylene, and for general details or the calculation we refegxperimental and theoretical data available which quantified
the interested reader to this reference and other appropriatee binding energies of all of the main lines and the first two
reference$1,28—3Q. To begin this work, we first obtained a satellites fairly closely. Thus, in the case of acetylene we
set of molecular orbitals from a state-averaged multiconfiguwere able to judge the best MCSCF in terms of tig’'s

ration self-consistent fieldMCSCB [31,32 calculation us- between the firstzzg state and three subsequent states of

II. THEORY AND COMPUTATIONAL METHODS
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TABLE I. Numerical Cl results using the natural orbitals from TABLE II. lonization potentials from the main lines of HCN
the best state-averaged MCSCF calculation on HCN compared tobtained from the numerical CI results using the natural orbitals
other calculations and experimental data. from the best state-averaged MCSCF calculation on HCN compared
to other calculations and experimental data

AE(eV)

) } . lonization potentialeV)
1237 relative 2 237 relative 1237 relative

to 1211 to 1211 to22s* 12M(1r Y 12750 2227 (407Y)
MCSCF, 0.15 6.85 6.70 Cl, this study 13.8 13.9 20.6
this study MCSTEP 13.8 13.8 20.5
MCSTEP 0.04 6.76 6.72 AMRSDC+Q? 13.6 13.8 -
AMRSDCHQ? 0.15 EKTP 14.0 14.8 22.0
EKTP 0.80 8.02 7.22 PES 13.6 14.0 19.1
PES 0.40 PESY 13.6 14.0 20.0
PES 0.40 6.40 6.00
8Referencd 37, calculated.
8Referencd37], calculated. bReferencd36], calculated.
bReferencd 36], calculated. ‘Reference$13] and[19].
°Reference$13] and[19]. dReference$19] and[23].

dReference$19] and[23].

which states to reject. Conveniently, this delineation indi-
; ) N Aated that only eight ion states were required, still a large
experimental and theoretical consensus, and so we judg ultichannel calculation, but tractable. The SIF's in Table

the. bestt MCSICF OT. the .baS|s AfE’.S bettwe(tar? thtﬁ three IIl are normalized to the number of degenerate electrons per
main outer vaience fines in comparison to other theory an%rbital in order to illustrate the main line “recovery.” While
experiment. Table | compares the values of Aties from the the 17-L 50— and 4~ SIF’s are close to 0.90. the inner
present best MCSCF calculation to expenmentgl phOtoeIec\?alence E’nfl is’ unidentifiable as a single line, a,nd thus in
tron spectre(P_ES [13,19,23 and to other theoretical results the inner-valence photoionization of HCN we see a complete
computed using the extended Koopman’s theorem metho, reakdown of the molecular-orbital picture

[36], the multiconfigurational spin tensor electron_ propagator  ag. choosing a set of target ion states based on SIF
method (MCSTB) [37], and the multireference singles and intensities, a second criterion that we use to determine if any

doubles CI with estimated quadrupleAMRSDCI+Q) " ; . : ;
; additional target ion states need to be included is the oscil-
method[37]. The best MCSCF results are not ideal, but A ator strength criterion. The eigenfunctions of theslectron

far superior to the other MCSCF calculations that we Peryamiltonian solved in the space of the CSF’s which we ob-

formed, and are quite good compared to other theorem%\ined using the same orbitals and occupation restrictions

results and in light of the experimental uncertainty. used to compute the initial-state Cl wave function represent a
The natural orbitals from the MCSCF calculation Servediq . etization of the photoionization continuum, and thus ap-
as the starting point for a nu_merlcal Cl calculatia®] that proximately represent the resonant and open-channel states
produces both thal-electron final state andN(—1)-electron  y 4 o g strongly excited by the photoexcitation of the initial
target ion state wave functions that are used in the scattennsg(ate_ We want to make sure that all of these important

;:r?lcul\l/laggré; h(tahCI excitation Ievtels fégéhe same tas th doset f(é(l-electron states are adequately described by the set of target
€ » there were up to symmetry-adapleg,, siate plus continuum function permutations. To do this,

configuration-state function€SF's for the Cl initial _states, we first evaluate whichN-electron excited states are most
an u%.to 660 symmstry?d;ptﬁd C SF's fpr It_he on St?teslmportant by calculating the oscillator strength between the
epending on symmetry. Table Il gives main line ioniza 'Onground-state HCN CI wave functiofr® (X 13 *), and an

potentials(IP’s) from the ClI, along with IP’s from the litera- . S CIN .
ture. The IP’s for each main line are in reasonable agreemetj1\{'6|ectron excited-state Cl wave funct!dnf - The oscil-
gIator strengths are calculated in the mixed form

with the other estimates in Table II, especially considerin
the apparent experimental uncertainty in the IP’s.
Wgﬁhen exaﬁ"nine the SIF’s whicﬁ/ derive from the best f V= 3(U N W PNW N Y e Y, ()
MCSCF orbitals in order to choose ion states for the scatter-
ing calculation. By previously developed critefi we have  wherer is the length form transition operator, aNg is the
determined that any states which have a large SIF connectingelocity form transition operator. AniX-electron state hav-
the ion state to the initial ground state should be included iring an oscillator strength 0#0.05 was incorporated into our
the scattering calculation. Table Il lists thel £ 1)-electron  evaluation of whether the oscillator criterion was met. Table
target states for the multichannel scattering calculations, th&/ gives the percent recovery, as indicated by the normalized
most important configurations for each target state, theprojection of the final state onto the target plus molecular-
threshold energy of each state, the SIF of each state, and tlegbital penetration terms, of tHé-electron initial states hav-
most important configurations for the ground state's, *. ing significant oscillator strengths by the set dfi{1)-
Regarding the states not listed in Table lll, since the nexelectron ion states in Table Ill. Optimally the recovery in
largest SIF is only~10% of the smallest SIF in Table Ill, Table IV should be=0.90, but in the case of 12 * we
there was a natural delineation of which states to use andould not identify further ion states which, upon inclusion

that symmetry. In the case of HCN there is not such a
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TABLE Ill. HCN N-electron ground state andN (- 1)-electron ion states used in multichannel scattering

calculation.
Energy above
ground state,
State eV SIF Important configuratiorfs

N-electron ground state
Xzt 0.00 NA 0.95 ground state
0.23 (1) ?(2m)?
(N-1)-electron target states
12017 1Y) 13.82 0.90 0.94(%) !
0.19(17) 3(2m)?
0.16(1r) ?(2m)*
123%(507Y) 13.88 0.85 0.90(5) *
0.28(50) Y(1m) 1(2m)?!
0.19(50) " Y(17) %(27)?
2237 (407Y) 20.61 0.84 0.88(4) 1
0.21(50) Y1)~ Y(2w)*
0.21(40) Y(1m) " 2(2m)?
0.20(40) " Y(1m)~1(3m)?!
0.21(40) Y17 " Y(2m)?
3237 22.81 0.083 0.87(8) " Y(17) " L(2m)!
0.24(50) Y1) %(27)?
0.19(40) 1
0.16(37) "t
0.15(50) " }(17) ~?(27)%(3m)*
0.15(50) *
6237 27.79 0.226 0.76(4) (1) (2m)?*
0.45(30) ¢
0.18(50) " Y1m) " Y(2m)?
0.15(40) " Y(17) ~2(27)Y(3m)*
923+ 30.41 0.083 0.63(&8) (1) 2(2m)?
0.37(50) Y1m) " 1(2m)?!
0.36(17) ?(60)*
0.28(30) *
0.25(40) Y(1m) 1(2m)?!
0.22(50) "%(60)*
1323 32.29 0.255 0.48(8) *
0.43(50) " Y(1m) %(27)?
0.40(40) Y(1m) " Y(2m)?!
0.32(50) Y1m) " 1(2m)?!
0.29(17) "?(60)*
0.19(40) Y(50) *(60)*
142357 33.44 0.279 0.56(8) }(17) " 1(2m)?!
0.48(3) *
0.39(50) “}(17) ~2(2)?
0.27(40) Y(50) Y(60)*
0.19(50)  Y(1m) Y(3m)*
0.16(30)  X(1m) 2(2m)?
0.15(40) " Y(17) 2(2m)?

aNormalized by dividing by the number of degenerate electrons in orbital, 4-f@rfor o.
PAbsolute values of CI coefficients.

into the target ion state list, improved this recovery. Becaus¢28,3§. One manner by which overcompleteness may be
the state has a very weak oscillator strength, i.e., is not likelyavoided is to impose orthogonality constraints which pre-
to be a very importani-electron excited state, and becauseclude the inclusion of linear dependencies in the multichan-
the recovery of this state in Table IV is still quite reasonablenel Cl wave function expansion used in the scattering calcu-
at 0.75, we continued the calculation without adding anylation. For the inner-valence calculation on HCN we found
further target ion states to the set listed in Table III. that it was sufficient to orthogonalize the continuum scatter-
A final consideration before performing the scattering cal-ing functions to the strongly occupied molecular orbitals, and
culation is to avoid the phenomenon of overcompletenesao other orthogonality constraints were necessary. We veri-
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TABLE IV. N-electron excited states used in choosing ion statesan antisymmetrized spin- and symmetry-adapteelectron
for multichannel scattering calculation on HCN. final-state function constructed from the product of tfih

channel target ion staté)ff,"N_l and the continuum state

Energy above Fraction of initial o . . . . )
Excited-state  ground state Oscillator ~ state recovered Xc' e, Similarly, the notationy;(xcs c.s) is an antisymme
) trized spin- and symmetry-adaptdd-electron CSF con-
Symmetry (eV) strength by penetration terms
structed from the product af; and ./ ¢ s-
513 15.90 0.07 0.97 The Lippman-Schwinger equations gives the functions
613" 17.75 0.65 0.98 Xc'.c,s through
7137 18.57 0.45 0.97 ©
1013 * 22.70 0.43 0.97 Xcs=XesTGY Xes: (6a)
1213+ 23.68 0.05 0.75 . )
181 + 27.00 007 091 wherey, s is a lengthN, vector of componentg.: ¢ s, X¢$

is a lengthN, vector whose components are all zero except

for the one which is the continuum function in the absence of

fied this by calculating the eigenvalues of the overlap matrixhe scattering potential for the asymptotic st&ti channel

for the target plus molecular-orbital penetration terms. ¢, G is a diagonal matrix of Coulomb Green’s functions, and
After arriving at a suitable list of ion states, and determin-Y IS the potential matrix. The potenti& has the form of a

ing that no special orthogonality constraints were necessary,hillips-Kleinman pseudopotentig2], and the multichan-

we performed both single-channel and multichannel scattef€l Coulomb Green’s-function matrix is

ing calculations to determine the photoionization cross sec-

tions for HCN over the photon energy range of 40—-1000 eV; (6)=(G)ecr G(Ee) dccr » (6)

in the course of this work, we als_o calculated photoionizatiothereG is the Coulomb Green’s function,

asymmetry parametef89], but will not report these here as

they do not enter into the discussion below. Since the scat- 1 1 -1

tering calculations have been described in great detail previ- G(Eo)=Ilim| — EVZ— T"Ec—ie] (60

ously [28,30,40,4], we will only briefly review them here. &0

In the study of photoionization we only need to calculate

matrix elements of one-electron operators between th

initial- and final-state wave functions. We calculate multi-

channel(MC) or single-channe(SC) photoionization cross

sections using a Schwinger variational method that dete

mines photoionization cross sections in the mixed form. o

Photoionization cross sections are given by Ter _TsF @

Ec is the asymptotic energy of the electron leaving the mol-
ecule in target state, and é is the Kronecker delta.

As noted in Sec. | previous theoretical works 24,43
Jjave described how, under certain conditions, the expression

Oc SIF
sic,f is valid. Equation(7) may only be true under the following
conditions:(1) At photon energies high enough to be in the
X(U NV, [ @ MCESOCINy, (4)  sudden limit, or, in other words, when the photoionized elec-
tron leaves with sufficient energy that the residual target ion
where in a neutral system &f electrons one of the electrons state orbitals do not have time to relax during the prodéss.
plicitly incorporated into the electronic multichannel or are negligible(3) When the photoionization process is domi-
Slngle—Channel Conf|gurat|0n'|nteraCtKXMCCI or SCCD nated by a Sing'e Orb|ta(4) When the photoionization ma-

2
a_(l\:/IC(SC),mixed:zS 4;7 (WMC(SOCIN| | CLNy

scattering functionW ¥7°"N | such that trix elements for states andc’ are similar and the energy
N, Ne Np g_ependetr)]ces of both ar?I WbezT_k. TZe sgcond andh_for?rtﬂ con-
MCCI,N _ CILN-1 _ itions above are generally believed to be true at high photon
Vs _c’§=:1 Po XC”C'S)_CZ;‘l .2‘1 YilXer s Cic' energy[24]. In the event that Eq(7) is valid it implies that
(58  the provenance of a satellite statecan be assigned to the
main linec and provides a form of correspondence between
and static theory(energy-independent SIF’and dynamic theory

Ng (energy-dependent photoionization cross secjidiswever,
SCCIN_ ,CIN—1 _ . . even in cases where E(f) is invalid, the energy-dependent
sy = (XC'C*S)_iZ‘l Yi(Xces)Cic-  (5b) cross section ratio can still be used to study the effects of
correlation on satellite states per Becker and Shirley.
In Egs. (4 and (5) the index S indicates the asymptotic

boundary condition for ionization leading to th# ion state, IIl. RESULTS AND DISCUSSION

the indexf indicates a final scattering staté, is the number

of channels,x. . s is the c’th channel one-electron con- A. Photoionization cross sections

tinuum function, Ny, is the number of CSFsy; is an (N The high-energy behavior of photoionization cross sec-

—1)-electron CSF, an€;.. are expansion coefficients for tions can be qualitatively understood by approximating the

the expansion ofDE,"N_l. The notationd)cc,"N_l(xc,,cys) is  continuum function in the dipole matrix element, which de-
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FIG. 1. Total multichannel cross sections for main-line channels <} 0.1
of HCN as a function of photon energy. o 0.01 4
termines the cross section, by a plane wave. Then the energy 0'00] ]
dependence of the cross section can be seen to be determined
by the momentum distribution of the hole orbital. In general 0.14
an s orbital has more high-momentum components than the 0.014
corresponding orbital coming from the same atomic shell. 0.001
Thus the cross section for ionizing out of arorbital will 0.1
decrease more slowly at high energy than does the cross
section for the corresponding orbital. Additionally, one 0.011
would expect that as atoms with high&iare considered the 0.001 <= —T
cross sections from the same orbital would also decrease at a 20 40 60 100 1000

slower rate at high photon energy compared to the cross Photon Energy (eV)

sections for atoms of lowet. These qualitative expectations
are in agreement with the atomic photoionization cross S€Gine) cross sections for théS, * —sn 23, * + ko continua of the main
tion for the C and N atoms. The cross sections for both C ang o and most significants,* satellite channelga) 1 25 * (50 1.
N 2p orbitals are much smaller at high energy than the CrOSHy) 2 25 (40 1). () 325+, (d) 623 *. (6) 9 25*. (f) 1323+,
sections for either C or N2 Additionally, the cross section (g) 1425+

for N 2p is ~3 times that of C @ at 1040 eV and the cross

section of N 2is ~2 times that of C &at the same energy amount ofp-like character as well aslike character. Since
[44]. The high-energy behavior of the photoionization from athe HCN 5 orbital has substantial Ns2and 2 character,
given molecular orbital can then be understood qualitativelythe qualitative model discussed above agrees with the fact
by considering the behavior of the orbital near the nuclei. Inthat the 5 (1 23 *) cross section for HCN falls off less
a linear-combination-of-atomic-orbital representation of arapidly at high photon energies than didrgl(l 22(}) for
molecular orbital, the expansion coefficients can be used tQcetylene.
qualitatively estimate the relativeandp content of a mo- A 'thorough scrutiny of the HCN inner-valence photoion-
lecular orbital at a given center, and thus to understand it ation requires an understanding of the cross-section behav-
high-energy photoionization cross section behavior. ior of the 23" states. Figures(3)—2(g) and 3a)—3(g) show
Figure 1 shows the total multichannel cross section for thgpe partial-channel cross sections for all of " states in
main line channels fI(17™%), 12%"(507%), and  this study. The first item of general note about both figures is
223" (40" ") as well as the multichannel cross section forihat the difference between the single-channel and multi-
the channel 133", the latter of which has CSF's that are channel cross sections is not very pronounced at any photon
most strongly dominated by the inner valence 3, per  energy. Those channels which do exhibit minor differences
Table IIl. Although the outer valence AI(17 ") is de-  are satellites, and, inasmuch as satellites are sometimes re-
creasing very rapidly with energy as compared toferred to as correlation states, it makes sense that these states
223%(407%) and 13’27, the 1?2 (50 1) outer-valence  would be more likely to exhibit correlation effects. On the
cross section does not decrease with the same rapidity asother hand, it is surprising that the minor differences be-
function of photon energy as the analogoudf; (30,")  tween the single-channel and multichannel results in Figs. 2
did for acetylene. In isoelectronic acetylene, molecular-and 3 occur in the intermediate photon energy range, and that
orbital coefficients show that theo3 orbital is considerably the agreement between the single-channel and multichannel
more p like than the inner valenced, orbital, and so the results is good in the lower photon energy range. As com-
cross section for fz; drops more rapidly than 22; at pared to our previous work on acetylene, the MCCI scatter-
high photon energy. The HCN molecular-orbital coefficientsing function in this calculation is constructed in the same
show that %, 40!, and 3! all have a reasonable manner. However, the active space used in the present MC-

FIG. 2. Single-channe(dashed ling and multichanneksolid
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partial-channel cross-section behavior. In Fig&),22(b),

FIG. 3. Single-channe(dashed ling and multichannelsolid  3(a), and 3b), we see that the main line cross sections have
line) cross sections for th&, " —n 23" + ks continua of the main  no structure in the range of interest above 40 eV, and de-
line and most significant> * satellite channelda) 12" (50").  crease steadily with increasing photon energy. There are
(b) 225" (407"). () 3%2". (d) 6°2". (9 922". () 135", gome oscillatory structures at photon energies above 100 eV
(g) 14237, in the 13 *—25*+ko channels which have been previ-

ously characterized in other systefis45], and which result
SCF calculation is smaller than the active space used in thigom energy-dependent variations in the contribution from
acetylene calculation, which reduces the amount of correlavarious components of angular momenta to the cross section.
tion associated with the initial and target ion states. Since th€or the satellite cross sections in Fig$c)2 2(d), and 2g),
main difference between the single-channel and multicharthere is a structure in théS ™ —23"+ko cross section
nel results is that the latter incorporate interchannel couplingwhich occurs at approximately 22 eV above threshold and is
we may interpret the similarity between the two sets of datgrobably a high-energy shape resonance. The shape of the
in Figs. 2 and 3 as an indication that interchannel coupling is'> " —23 "+ ko cross section in the 30—70-eV region in
not significant in this calculation. Figs. 2e) and 2f) suggests that there may be an additional

In discussing Table Ill, we remarked that the SIFs andshape resonance at approximately 9 eV above threshold. The
important CSFs for the states abové®" indicate a com- 37— 23" +kr satellite cross sections in Figs(cB-3(g)
plete breakdown of molecular-orbital photoionization. As aalso indicate an additional structure not apparent in the main
result, we cannot unambiguously identify a3 “line.” lines; this structure is manifested as a dip ne&0 eV in the
This makes the assessment of the satellite structures quite’® *— 23 * +kr cross section in Fig.(®) (3 2> ), which,
bit more challenging. For instance, on the basis of the energgiven the shape of the structure and the complex provenance
dependent behavior of thesd 1(2 22 %) and 50~ 1(1 22*)  of 3237 in Table Il is probably an interference effect aris-
cross sections we might be able to identify contributionsing when the various contributing functions have phases that
from these to the energy-dependent behavior of the satellitdo not vary at the same rate.
cross sections. Howeverg3 ! must also certainly be a large Figures 4a)—4(c) compare the total HCN #I1, 123",
contributor to the satellite cross sections, but since there is nand 223" cross sections from the present single-channel
“main line” for 3¢ 1 it is impossible to assign inner va- calculation to those from Ref21], which were calculated
lence contributions to the satellites on the basis of the3  using the multiple-scattering model. Generally, our results
energy-dependent behavior, i.e., the approach used in ttae in reasonable agreement with theirs, both qualitatively
inner valence study on acetylene. We will return to this pointand quantitatively. However, one disadvantage of the
later. For now, it remains to complete our examination of themultiple-scattering method is that resonances in the cross
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24 TABLE V. Orbital contributions to SIF intensity for HCN.
a) 12550y + ko i i
55 s Source of SIF intensity%)
Channel 3o 4o 50 60
2.0 4
1235% 0.10 0.10 99.73 0.06
181 2257 0.05 99.05 0.89 0.01
325 31.47 45.67 22.87 1.67
€ 6l 6257 93.24 4,62 1.80 0.34
e 923" 90.16 1.96 7.78 0.10
3 13237 92.54 4.70 2.64 0.12
2
g b) 2540 + ko 1425* 90.39 2.28 6.93 0.39
g 224
energy dependence of %, " and 223 are similar, there is
2.0 1 not any immediate avenue for assessing the relative impor-
tance of these contributions.
1.81 Convoluting the SIF pole strengths with Gaussian func-
tions produces a simulated PES. The resulting simulated
1.6 1 spectrum is in Fig. @ and Figs. G)—6(e) show a series of
simulated spectra from convoluting photoionization cross
1.4 Y T T sections with Gaussian functions. The cross-section-based
0 10 20 30 40 spectra are simulated for photon energies of 1000, 100, 70,
Kinetic Energy (eV) and 40 eV, respectively. For the sake of comparison, the

vertical axis in Fig. 6 represents intensity relative to the

FIG. 5. Single-channel eigenphase sums for electron-ion scatteg 23 + state. The four simulated spectra in Fig$h)6-6(e)
ing off of two main line hole states of HCN as a function of the jjjystrate how the predicted HCN PES changes with increas-
kIQEtLC en(irlg]y of the scattered electrg¢a). 1 * " (50~ 1) +ko. (b) ing photon energy. At 40 eV, most of the satellite intensity is
2727 (407 ) +ko. in 6 23", By 70 eV there has been a shift, and now most of
the intensity is in 1¥3 . From 70 to 1000 eV the satellites
with energies above 63" continue to increase in relative
intensity, with a gradual redistribution of intensity to higher
photon energy. In particular, 1 * acquires a significant
intensity by 1000 eV, relative to the other satellites.

The energy-dependent behavior of 8™ is quite differ-
ent from the other satellites in Fig. 6, as we might expect

present results indicate a small structure~at0-eV photon from_ what we know_ of its provenance in T"’.‘ble_v' The in-
tensity of this satellite varies with the relative intensity of

energy which is not apparent in the results of Rat]. ety 1 ; 2
Both Ref.[21] and the present study indicate that there.2 2"(40™7), as apparent from the tail of the latter which is

may be one or more shape resonances appearing ifthe in the low photon energy region of the simulated PES in

. ; . v
channels. If there is such a resonance, it should be reﬂecn?'?gh?.o(?bt)h_e(s(i(ra])r}eli-\\;veje:]clgk ?}%?gito:;faggg'r;? ;fcegtzl e[rjg
by a rise in the eigenphase sum. Figuré® and 3b) show g P Y '

o .
e eigenphase sums for2 | and 2% respecively, 1 "0 58 TR arses b 26 8 el o7 e lonet
confirming this rise. A Breit-Wigner fit of these results indi- Y Y P Y '

cates that there is one shape resonance which appears at 2Q°}‘t3 satelllt;:- 0 f é('zs E '2 aﬁcle tyleni, 2; XV 02ulqlhave o :e a
eV above threshold in £5 * and 22.7 eV above threshold in Toe'e 90 g(394°), u(20y7), an
225+ with widths of 16.0 and 16.7 eV, respectively, in 2. >g (20 ); since this mixed provence is symmetry for-

each channel; this shape resonance contributes to the strfiidden in acetylene, we do not See any low binding energy
ture in the otherS* channels. acetylene satellite analogous to?S". Thus for HCN we

are able to observe one of the hallmarks of the breakdown of
the quasiparticle modgR4], that is, we observe a satellite
band in the binding-energy region which we normally think
Table V lists the orbital contributions to the SIF intensity of as the outer-valence region.
for each?> " channel. These data indicate that the t/" Returning to the consideration of static theoretical results
main lines, 123 * and 223", derive most of their intensity (SIFs in Fig. 6a), we see that these results agree rather well
from 50~ % and 401, respectively, in keeping with the qua- with the cross-section-based simulated PES spectrum at 1000
siparticle picture. Other than% *, which is an amalgam of eV. At 1000 eV, the simulated spectrum in Figbpis at the
5071, 4071, and Ir~ 1, Table V suggests that the remain- sudden limit. This means that as the photoionized electron
ing satellites derive most of their intensity fronr31. The  leaves the molecule too suddenly for the residual target ion
relative contributions of 51 and 40! to the satellites to relax during the exit process. If we look at the Ef)
does vary somewhat among the satellites, however, since tlexpression for the transition amplitude, a quantity that is

section are often unrealistically narro@ompare, for in-
stance, work on Nby Stephens and Dill46], Basden and
Lucchese[47], Lucchese and Zuralgs5], and Poliakoff,
Kakar, and Resenberi@8]). Thus the results of Ref21]
show two strong resonances in Figb¥and one strong reso-
nance in Fig. &), which are considerably more distinct than
what the present results indicate. Also, in Figc)dthe

B. Dynamic vs static theoretical treatment of satellites
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FIG. 6. SIF results, simulated PES spectra, and & ldeperi- are(@3°X", (b) 9°%7, () 13°%7, and(d) 14°%7.

mental spectrum for the satellite region of HCN. All results are
given without any binding-energy corrections. Simulated spectranote that the relative intensities are in good agreement with
are constructed by convolution of the cross-section magnitude othose found in the experiment.
SIF magnitude with peak widths fitted from experimental déa. The next step in analyzing the dynamic data in Fig. 6 is to
SIF pole strengths and simulated PES spectrum based on SIFRok at the satellite energy dependence as described by the
Simulated PES spectrum based on cross sections at a photon enefgiyenomenological approach of Becker and Shifg]. The
of (b) 1000 eV,(c) 100 eV, (d) 70 eV, and(e) 40 eV.(f) Experi-  proplem is that this approach for examining satellites in-
mental spectrum at a photon energy of 40.8 eV from Elandl.  \ojyes designating a parent peak, or main line. The two most
[Ref. [14]]. obvious choices for a “main” inner-valence line are’s "

and 1323 . The first is a reasonable choice since it is the
used to calculate the pole strengths that go into the SIFs, tHewest-binding-energy satellite for which both the SIF's in
ket in this expression describes a set Nf{1)-electron un- Table V and the CSF'’s in Table Ill indicate a substantial
relaxed orbitals. This is the reason why we may reasonablgmount of 3r~* character. The second, however, carries the
expect that simulated spectra based on static theoretical rbulk of the satellite intensity even at 70 ¢Wig. 6(d)] and is
sults should resemble results from dynamic theory at higlthe only satellite for which the principle CSF is ther3*
energies in the sudden limit. hole state configuration. Figuregal—7(d) show the satel-

There is little experimental data on HCN with which to lite/main ratios where 3" serves as the main line. The

compare the simulated spectra in Figgh)66(e), and Fig.  cross-section ratios in Figs(ty—7(d) are all within 15% of
6(f) is the only experimental PES spectrum of which we arethe corresponding SIF ratios. Also, the shape of each cross-
aware that clearly resolves the satellite region of H@M].  section ratio profile in Figs. (B)—7(d) suggests that the
The Heil PES in Fig. 6f) is in good agreement with the cross-section ratios are converging to the corresponding SIF
40-eV photon energy simulated spectrum in Figg)6Note  ratio. Since all of the states used in Figgh)77(d) are sat-
that the simulated PES in Fig(é) shows that in our calcu- ellites which have &1 hole state CSF contributions and no
lations the ionization potentials are consistently about 1 e\tontributions from 4! or 56~ CSF'’s, this observation
higher that the experimental ionization potentials. We alsanay represent convergence. We observed previously how
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the static picture from the SIF’s indicates that there shouldines contributed to each satellite, the SIF’s of the lines con-
be 40~ and/or 5y~ contributions to all of the satellites; tributing to each satellite were summed in the numerator of
thus this convergence behavior illustrates once again how thie expression. Inasmuch as no sum appears in the numerator
static and dynamic view of photoionization can sometimeof Eq. (7), this summing negates the possibility of observing
be at odds. One reason whyr4! and 5~ contributions  convergence of the intensity ration to the SIF ratio, except
might not interfere with the convergence behavior of satel-serendipitously. Since HCN appears to be an excellent pros-
lites in HCN is that the cross sections of the HCN main linespect for the experimental study of inner-valence photoioniza-
do not appear to have the kind of very different energy-tion, it is unfortunate that there are insufficient experimental
dependent behavior that we observed for the main lines iflata with which to compare the present results.

acetylene. In acetylene, theog® cross section decreases The foregoing discussion of the convergence of the cross
much less rapidly at high energy than the;&l cross sec- Section ratios to the correspondmg SIF ratios at high photon
tion, and as a result a small contribution ofr;l to the  SNeray. per Figs. B)-7(d) provides the foundation for as-

P . . _ signing 623%, 923%, 1323", and 14?3 as being of
1873, state caused this state to behave unlike tig 3 inner-valence origin, and this assignment permits us to dis-
main line from which originated.

. P et 2t cuss Figs. #@—7(d) in terms of correlation. Since the break-
In contrast to the ratios 8% /6 %%, 13”5%7/6°%",  qown of quasiparticle photoionization is attributed to near
and 14°% /6 X", the cross section ratio for& /6 %, gegeneracy of the single hole state with-2p states, close
in Fig. 7(a) has approached a constant value at high photogontemplation of the B-1p states is important. If we are
energy, but this ratio at 1000 eV is50% of the SIF ratio.  considering ionization from, for example, the 8rbital, then
This suggests that the ratio of the satellite to main crosshe 2h-1p configuration 3~ *17 127! resembles a single
sections for 3, a satellite with a mixed hole state prov- 17 127! excitation on top of the ionization and this is
enance, is nonconvergent as a result of the mixed prowealled a shake-up. Alternately, even if ionization occurs from
enance. Also, in comparing Figs(bj—7(d) with Fig. 7(@), the 3 orbital there are B-1p configurations such as
we see how this mixed provenance compares with othebo~ 17 1271 which may contribute to the indirect term
cased9 23> *, 1323 ", and 1423 ") where there is apparent and, at least in the case of interchannel coupling, Becker and
convergence, and where both the SIF’'s and CSF’s indicat8hirley referred to these as conjugate shake-ups. Distinguish-
only small contributions from ¢ and 5~ ! main lines. ing between the two in this manner can be confusing since
We mentioned that in the case of HCN there are at leasthe configuration 517 127! can also be viewed as a
two logical choices for the main line, and that 38" might  shake-up of 5. Cederbaunet aland Becker and Shirley
also serve in examining the energy dependence of satellitelassified both shake-up and conjugate shake-up states as
states per the Becker-Shirley approach. At some point, tharising from final-state configuration interaction. Inasmuch
guestion arises of how this approach might be extended ias there is na priori reason why the nonorthogonality or
cases of even more drastic splitting of the inner-valence lineindirect terms should vanish with increasing photon energy
To pursue this idea we considered all possible permutationicondition (3) for Eq. (7) to be valid,vida suprd and the
of ratios for 623, 923 %, 1323 " and 14°3*, and com-  previous work on the inner valence photoionization of acety-
pared the cross section ratios at 1000 eV to the correspondene suggests that indirect terms, containing contributions
ing SIF ratios. The cross-section ratio for all of the possiblefrom both of these types oftf21p states, can be significant
main line choices differs from the SIF ratio by an average ofto a photon energy of hundreds of eV, it may be confusing to
17%. In contrast, the satellite to main cross-section ratios anckfer to these contributions in terms of correlation because
SIF ratios using all permutations of & ", 9 23+, 13237, correlation is not typically associated with such high photon
and 1423 " as satellites and 31, 1 S ", and 223" asthe  energies. We will refer to these terms as shake-up and con-
main lines results in a cross-section ratio that is on averaggigate shake-up contributions per Becker and Shirley. An-
742% of the corresponding SIF ratio. Thus it appears that thether issue relating to correlation and pertinent to the present
cross-section ratios in Figs(aJ—7(d) are converging to the results is that, because the present calculations employ fully
SIF ratio, and that this convergent behavior may occur evegorrelated targets and initial states, both the MCCI and SCCI
if a low intensity line such as 83 " is used as the main line, scattering functions may inherently include both shake-up
as long as the two lines designated as the satellite and maand conjugate shake-up type contributions, though only the
have the same provenance. MCCI scattering functions wilkexplicitly have h-1p con-
Note that the binding energies in Table Ill and the spectrdigurations from other channels. Thus, from the standpoint of
in Fig. 6 all suggest that, unlike the acetylene satellite regionthe type of calculation we describe here, discussing these
the states identified here can each be considered as individuadntributions in terms of correlation, can become ambiguous
satellites, and hence the ratios in Figs. 7 should be directlpecause there is more than one level of correlation built into
comparable to experimental data. This is an important pointhe calculation.
A theorist obtains separate lines from a calculation by which In Becker and Shirley’s description of energy-dependent
data can be viewed either in terms of E@) or in terms of  correlation effects satellites which originate from shake-up
the Becker-Shirley system. Conversely, treatment of experieontributions should display a satellite to main ratio which is
mental data by either approach is problematic if one or moreery low at threshold and gradually increases to a constant
lines overlap and cannot be resolved. One wptR] ad-  value at high energies. Conversely, satellites which originate
dressed this problem by comparing experimental satellite tfrom conjugate shake-up contributions should display a sat-
main intensity ratios to SIF ratios, per ET), and, because ellite to main ratio which is high at threshold and gradually
the theoretical results in that study indicated that severaflecreases to a constant value at high energies. The former
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behavior is expected because orbital relaxation effects at en- 0.8

ergies well below the sudden limit result in decreased satel- a) 9%s+/1325+  — Cross Section Ratio
lite intensity; the residual ion state orbitals have time to relax 0.6 SIF Ratio

from potential excitations accompanying photoionization

into a main hole state. Likewise, conjugate shake-up contri- 0.4

butions, particularly in the form of interchannel coupling, are =~ }p--==s=s=s====w—w2c-----ccceov=----.
thought to be more important towards threshold, resulting in % 02 phenomenologically a conjugate shake up
increased satellite intensity toward threshold. Looking at the 6./G. With E. <E.

most important CSF’s for HCN in Table Ill, the conjugate § v b

shake-up configurations greatly predominate over shake—up% 0 s

configurations if we adhere to Cederbaetnal.’s terminol- % 0.45 - b) °2*/6°Z

ogy of a shake-up as being a single excitation on top of the &

main hole (in this case inner valenggphotoionization. In
HCN, of the four inner-valence satellites?8 ", 9237,

1323 ", and 14%3 7, the only inner-valence shake-up con- phenomenologically a shake up
figuration in Table Il is 3 *17 2272, a doubly excited 0.15 6./G. WIth E. > E.

state which is a relatively minor CSF of & *. Moreover, n o

since the breakdown of molecular-orbital photoionization is 0 ; ' .

thought to result from degeneracy between a main hole state 250 500 750 1000

and Zh-1p states, we may anticipate more conjugate
shake-up terms that are degenerate with 3 than inner-
valence shake-up terms, many of which will lie at too high  FIG. 8. lllustration of how the phenomenological behaviors of
an energy. Still, though the CSF's lead us to expect thathe satellite and main cross-section ratio depend on whether the
essentially all of the HCN inner-valence satellites should dissatellite binding energy is higher or lower than that of the state
play conjugate shake-up behavior, all of them display theshosen for the “main line."(@) 9 23 */132%". (b) 9 23 */6 2% .
shake-up energy dependence described by Becker and Shir-
ley. We note that this discrepancy between the CSF’s nolbgical behavior results. Conversely, whenever the state in
appearing as shake-ups in the Cederbatmal. terminology  the denominator has a lower photoelectron kinetic energy,
and leading to states which display shake-up behavior in theelaxation is more pronounced for the state in the denomina-
Becker and Shirley terminology appears to be a result of théor and the phenomenological “conjugate shake-up” behav-
embryonic state of the current knowledge of the dynamics ofor is observed. This explains why%, " is a shake-up rela-
inner valence photoionization. A future direction in inner- tive to 6?3 ", and a conjugate shake-up relative to?23",
valence photoionization work would be to separate the conbut is not the only explanation for the behavior. Becker and
jugate shake-up contributions from the shake-up contribuShirley did not direct their work to situations wherein, as
tions, and examine both as a functions of photon energy. with the inner-valence study here, the main line is energeti-
Above we noted that for HCN any choice of an inner- cally above the satellite, and in their work the phenomeno-
valence satellite can be used as the main line in(Bgand, logical behavior was based on the kinetic energy of the pho-
as long as the satellite used in the numerator is of the sameelectron rather than its binding energy. However, we find
provenance as the main line, the anticipated convergence bthat the trends in Figs. 7 and 8 are unchanged when plotted
havior will be observed. Figureg@ and 8b) illustrate how, in terms of the photoelectron kinetic energy. For inner-
according to the Becker-Shirley system, théX" state dis- valence work, whenever a situation arises that the main line
plays conjugate shake-up behavior when?t3 is used as has a higher binding energy than the satellite to which it is
the main line[Fig. 8@)], but shake-up behavior in when compared, as for example in Fig(a8 the normal energy-
6 23" is used as the main lingFig. 8b)]. Since the above dependent behavior for both shake-ups and conjugate shake-
arguments lead us to expect more conjugate shake-up stategs is reversed.
that are quasidegenerate with the inner-valence hole than In the preceding paragraph, we provided an explanation
shake-ups, another way of looking at Figéa)#7(d) is that  for the behavior observed in Fig. 8 which is based on adia-
6237, 925", 1423", and 13°S" are all conjugate baticity. A purely quantitative view of the Fig. 8 results from
shake-up states, and that whenever the “satellite to main’an examination of the photoionization cross sections in Figs.
cross-section ratio is plotted, the interchannel coupling term& and 3. If two functions behaving as exponentials and hav-
of the state with lower photoelectron kinetic energy are largeng exponentials that differ by at most a constant are ratioed,
enough to strongly affect the cross-section ratio and hencthen the result will be a constant. In Figs. 2 and 3 we see that
determine the phenomenological behavior. However, in thithe photoionization cross sections behave as exponential
scenario we expect the reverse of the trends illustrated in Figunctions at higher photon energy, and in Figs. 7 and 8 we
8. If, alternately, we view the state with lower photoelectronsee how the resulting ratios of any two cross sections are
kinetic energy as evincing stronger adiabaticity in the photo€onstant. However, in Figs. 2 and 3 we see that the cross
ionization process, then whenever the satellite to main crossections generally flatten toward threshold and deviate from
section ratio is plotted such that the state in the numeratahe exponential behavior that they exhibit at higher photon
has a lower photoelectron kinetic energy, the numerator igenergies. It is this change in the energy-dependent near
smaller than the denominator because of the orbital relaxthreshold behavior of the cross sections relative to each other
ation effects near threshold and the shake-up phenomenthat results in the nonconstant value of the ratios in Figs. 7

Photon Energy (eV)
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and 8 at lower photon energies. In our continuing studies oistate of mixed inner- and outer-valence provenance which
inner-valence photoionization, we are examining the causeappears as a shoulder on the high-binding-energy side of the
of the cross-section energy dependence from low to higho~* hole state. Cross-section ratios of any two inner-

photon energy more closely. valence states converge at high photon energy to the corre-
sponding SIF ratio, and, when the state has the higher pho-
IV. SUMMARY toelectron kinetic energy, consistently display the shake-up

behavior described by Becker and Shirley. When the state in

Although there is little experimental data on the photoion-the numerator has the higher photoelectron kinetic energy,
ization of HCN, the present theoretical results agree welthe cross-section ratio of any two inner valence states dis-
with the one available PES spectrum of the HCN satelliteplays the conjugate shake-up behavior described by Becker
region. Also, eigenphase sum results indicate that thereris aand Shirley.
shape resonance at18-30 eV above threshold in the
125* and 223 channels which has not previously been
characterized. With respect to the inner valence photoioniza-
tion of HCN, this system provides an example of the com- We gratefully acknowledge support of this work by the
plete breakdown of the quasiparticle picture of photoioniza\Welch FoundationGrant No. A-1020 and the support of
tion. In this study we find that the inner-valence hole is splitthe Texas A&M University Supercomputing Facility.
into four states with significant intensity; these aréX%", M.C.W. thanks the U.S. Environmental Protection Agency
925 1323, and 14°S". Also, there is one satellite for financial support.
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