
Selective population of spin-orbit levels in the autoionization 
of a polyatomic molecule: Branching ratios and asymmetry parameters 
for the Tanaka-Ogawa Rydberg series in CO2 

A. C. Parr 
National Institute of Standards and Technology, Gaithersburg, Maryland 20899 

P. M. Dehmer and J. L. Dehmer 
Argonne National Laboratory, Argonne, Illinois 60439 

K. Ueda,a) J. B. West, M. R. F. Siggel, and M. A. Hayes 
Daresbury Laboratory, Daresbury, Warrington WA4 4AD, United Kingdom 

(Received 11 February 1994; accepted 11 March 1994) 

The spin-orbit selectivity of angle-resolved photoelectron spectra was used to provide new 
information on the electronic structure, symmetry, and decay dynamics of members of the 
autoionizing Tanaka-Ogawa Rydberg series in COs. This represents the first time that spin-orbit 
selectivity has been used to obtain such information for a polyatomic molecule. The spin-orbit 
photoelectron branching ratios were used to show that the angular momentum quantum number X of 
the excited Rydberg electron does not change upon autoionization. Furthermore, a consideration of 
the present results together with previous calculations of the relative intensities of the discrete and 
continuum ionization channels shows that the most probable electron configuration for the Tanaka- 
Ogawa Rydberg series is . . . ( T,)~( ~~)~nda, and that autoionization proceeds primarily via a 
d 8,-t ef 8, process for the totally symmetric vibronic components of the ion. The asymmetry 
parameter /3 was determined for individual spin-orbit components of the various vibronic bands of 
the X 211s state and is discussed in terms of recent theoretical calculations. The Rydberg series 
appears to be well described by 0,~ coupling, even for relatively low principal quantum numbers. 
The general utility of this technique for autoionizing Rydberg states and its extension to multiphoton 
ionization of Rydberg states that lie below the first ionization threshold are discussed. 

I. INTRODUCTION 

The determination of the electronic structure, symmetry, 
and decay dynamics of Rydberg states is far more difficult 
for polyatomic molecules than for diatomic molecules. The 
definitive assignment of the symmetry of excited states has 
traditionally come from the rotational analysis of dipole tran- 
sitions; however, for Rydberg states of polyatomic molecules 
and, particularly for those states that lie above the first ion- 
ization threshold, such as analysis is ,often impossible be- 
cause the rotational structure is diffuse due to rapid decay of 
the state by ionization and dissociation. As a result, a number 
of alternative methods have been used to gain spectroscopic 
information on such states, including electron impact 
spectroscopy,’ magnetic circular dichroism,2 polarization- 
selected multiphoton processes,3-y the observation of the po- 
larization of fluorescence of photoions produced by autoion- 
ization of Rydberg states,” and the comparison of such 
quantities as quantum defects and relative intensities of 
Rydberg series with theoretical predictions. The study of the 
decay dynamics of such states is likewise frustrated by the 
lack of rotational structure; studies are, by definition, rota- 
tionally averaged, and thus they provide far less information 
than studies in which all of the quantum numbers of both the 
excited state and the final state(s) are determined experimen- 
tally. Because diffuse rotational structure is an inherent char- 

-_a 
“Permanent address: Research Institute for Scientific Measurements, 

Tohoku University, Sendai 980, Japan. 

acteristic of polyatomic molecule spectra, alternative experi- 
mental probes that can provide insight into the properties of 
excited states are constantly being sought. 

Recently, Guyon et aZ.” and Cub& et CZZ.‘~,‘~ have 
shown that information on the decay dynamics of autoioniz- 
ing Rydberg states of diatomic molecules can be obtained 
when both the autoionizing state and the final ionic state 
show resolvable spin-orbit structure. In particular, they 
showed that for 3110,0,1,2 autoionizing Rydberg states of 
02, the relative populations of the 0: X 211,,2, and 
X 2H3,2, spin-orbit components were strongly dependent on 
the value of Sz; this dependence provided information on the 
angular momentum of the electron ejected in the autoioniz- 
ation process. In this paper, we demonstrate that this tech- 
nique has significant potential for the study of autoionizing 
Rydberg states of polyatomic molecules, even for those 
states whose electronic structure and symmetry have not yet 
been well characterized, this by judicious combination of 
experimental observations and theoretical predictions. Here, 
we describe the first such study for the polyatomic molecule 
C02. We have determined both the spin-orbit branching ra- 
tios and the photoelectron angular distributions for individual 
spin-orbit components of the X 2111, ionic ground state fol- 
lowing the autoionization of a number of members of the 
Tanaka-Ogawa Rydberg series. 

Because CO, is a first row, linear triatomic molecule and 
because it has been thoroughly studied, it is a logical initial 
choice for extension of the work of Guyon et al.” and Cu- 
b&5 et aZ.12,13 There have been numerous investigations of 
the spectrum of CO, using both absorption14-21 and 
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ionization22-30 techniques in the region of the prominent 
autoionization structure, i.e., in the region from the threshold 
for formation of 2 21T, (-900 A) to the threshold for for- 
mation of c “2: (-639 A). The spectrum shows consider- 
able discrete, diffuse structure. Much of this structure has 
been grouped into Rydberg series converging to the A 2111(, 
j ‘X,:, and e “LZ.:,’ states of the ion;16P17,31,32 these groupings 
were made almost exclusively on the basis of quantum de- 
fects and, in general, the electronic structures and the sym- 
metries of the series are not known. The present investiga- 
tion, which uses energy analysis of the ejected 
photoelectrons, is further aided by an excellent knowledge of 
the low-lying vibronic components of the 2 211, ground 
state from fixed wavelength photoelectron spectroscopy,33-46 
variable wavelength photoelectron spectroscopy,47-54 thresh- 
old photoelectron spectroscopy,55-5g zero kinetic energy pho- 
toelectron spectroscopy,60-61 and a variety of spectroscopic 
investigations of the ion.62-64 Some of these studies have 
also provided evidence for very high vibrational excitation of 
the ground state of the ion following autoionization of the 
Rydberg states in the ionization continuum.51’52~54 Indeed, the 
photoelectron spectra resulting from autoionization of the 
Tanaka-Ogawa bands extend for well over 1 eV. We also 
present here our first attempt at assigning some of these lev- 
els; however, a more complete discussion of the assignment 
of the higher vibronic levels, which will include Franck- 
Condon factor calculations, will be presented in a future 
paper.65 

There are strong similarities between the autoionization 
processes in the decay of the autoionizing states in O2 (Refs. 
1 I- 13) and in C02. In both cases, the autoionizing Rydberg 
states have or are predicted to have “311~=0,1,2 symmetry 
and the final ionic state has 2l&r+ = r12 312 symmetry. Thus, it 
is tempting to try to apply the sl-& propensity rules de- 
rived and observed for O2 to CO,. However, we show here 
that this is not possible, because the Rydberg states in the 
two molecules are described by different Hund’s coupling 
cases. In particular, the observed spin-orbit dependence of 
the branching ratios and asymmetry parameters depends 
critically on the coupling case for Rydberg states with J?,= 1. 

II. SPECTROSCOPIC BACKGROUND 

The ground state electron configuration of the linear CO2 
molecule is 

x(3cr,)2(17r,)4(15T&J4 2 12;. 

The present work focuses on a small region of the spectrum 
containing low-lying members of Rydberg series converging 
to the 2 211, and g ‘2,’ states of the ion. Because these 
ionic states are separated in energy by less than .1 eV,46 
strong perturbations occur between the ionic states and be- 
tween the corresponding Rydberg series. This situation has 
added to the difficulty in making assignments. 

The optically allowed transitions for series converging tp 
the t? 211, and 5 “Xc: states of the ion in Hund’i case (a) or 
(b) coupling (which are normally the appropriate coupling 

W-4 

cases for states of low principal quantum number) will be to 
states of ‘2: and ‘IT, symmetry;66 the allowed series are 

C02...(‘bg)2(3cr,)2(h,)4(1~,)4 2 ‘2; 

+(17$Qzs(Ts tl& 

-+(lrr,)-‘ndo-~ ‘II, 

+( 1 rrJ1ndng ‘I;,’ 

-43qpndc5 ‘2: (lb) 

-+(3qpnd?Tg ‘l-I*. 

The optically allowed transitions in Hund’s case (c) cou- 
pling, which is the appropriate coupling case for states of 
high principal quantum number or high rotational level, will 
be to states with 0=0 and 1; both such series are associated 
with each of the electron configurations listed earlier. The 
three normal vibrational modes in CO2 associated with the 
neutral and the ionic states are denoted (y ,~.r+), where y is 
the quantum number of the ~,(a:) symmetric stretching 
mode; y is the quantum number of the z~~(rr,) bending 
mode; and y is the quantum number of the ~r(o;f) asym- 
metric stretching mode. 

Figure 1 shows ‘me relative photoionization cross section 
for the production of CO; from a rotationally cooled sample 
of CO2 in the region of interest in the present study. These 
data were taken earlier3’ by using a high-intensity vacuum 
ultraviolet helium continuum light source, a 1 m near-normal 
incidence monochromator equipped with a 2400 line/mm 
grating, and a differentially pumped quadrupole mass filter 
for ion detection. With 25 ,um entrance and exit slits, the 
observed wavelength resolution was 0.12 A. The CO2 
sample gas was cooled by expanding a 10% mixture of CO, 
in Ar through an unskimmed 12.5 pm diameter jet with a 
stagnation pressure of 2000 Torr. Under these conditions, the 
beam temperature was estimated to be 20-25 K by using the 
method described previously.67 This spectrum shows nar- 
rower autoionizing structure than does a similar spectrum 
taken at room temperature with a wavelength resolution of 
0.07 A,” and it serves as a useful visual aid for understand- 
ing the Rydberg structure of importance in the present study. 
The region shown contains the low-lying members of both 
the Tanaka-Ogawa Rydberg seriesI that converge to 
x 211,, vT=O-6 and the Henning sharp and diffuse Rydberg 
series’4*‘6,‘7 that converge to i “xl, UT =O. The n = 3 mem- 
ber of the Henning sharp series, the most intense peak in the 
photoionization spectrum, has an intensity of 50 on the scale 
of Fig. 1. 

Although the present work focuses on the Tanaka- 
Ogawa series, it is useful to review the current understanding 
of the electron configurations and the symmetries of all three 
series, since the series may be mutually perturbing. Most 
simply, the series could be assigned to three of the nlX elec- 
tron configurations given in Eq. (1); however, this is may 
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FIG. 1. Relative photoionization cross section for rotationally cooled CO, determined at a wavelength resolution of 0.12 A. The n= 3 member of the Henning 
sharp series has an intensity of 50 on the scale of this figure. 

well be unrealistic both because I is not a good quantum 
number in molecules and because case (a) or (b) coupling 
may not be appropriate for these series. Nevertheless, it is 
useful to begin with this model. 

The Henning sharp and diffuse series are considerably 
better understood than the Tanaka-Ogawa series. These two 
series must correlate with two of the three electron configu- 
rations given in Eq. (lb). There is now nearly uniform agree- 
ment that the Henning diffuse series corresponds to 
ns(~ lx:,‘. The observed quantum defect (a-0.3, mod 1) is 
in aicord with the calculations of Fridh et al 32 England and 
*Ermler 68 Padial et al 6g and Dittman et al.. ‘$0 

the results of Poliak& et c2Z.l’ 
Furthermore, 

on the determination of the 
polarization of fluorescence from the CO: I? 2H,+-i 2H, 
transition following autoionization of the Henning sharp and 
diffuse series .show that both series have ‘2; character. 
Somewhat more controversy surrounds the assignment of the 
Henning sharp series, which has 6-0.0, mod 1. Fridh et ~1.~~ 
assigned the Henning sharp series as nd-rrglIII,; however, 
Padial et aL6’ and Dittman et aL7’ showed that the ndr, 
excitation is too weak to account for the large intensity of the 
Henning sharp series. England and Ermler6’ assigned the 
Henning sharp series as ndw,‘z,f in accord with the results 
of Poliakoff et uZ.,l’ which show that this series has ‘2: 
character. Thus, the most probable assignments appear to be 
as follows: The Henning diffuse series is nsa,‘~,,f , and the 

Henning sharp series is ndcr,‘X,f . Members of these series 
shown in Fig. 1 are labeled with their principal quantum 
numbers, n; this modifies the assignments originally pro- 
posed by Lindholm3t and retained in other, more recent, 
works even though the diffuse series was reassigned some 
time ago.32 

Less is known about the Tanaka-Ogawa series, which 
has S-0.06, mod 1. The most intense members of this series 
converge to i 2H.112U; considerably weaker members con- 
verge to A 2113/2U. Fridh et ~1.~’ assigned this series as 
nsa, *III, and predicted that the lowest member of this se- 
ries, the n= 3 member, would lie near the first ionization 
threshold. The 3sag’H, state has recently been identified in 
the high resolution absorption spectrum7’ and has S= 1.2, in 
rather poor agreement with the quantum defect of the 
Tanaka-Ogawa series. However, other evidence suggests 
that the Tanaka-Ogawa series is an nd series. England and 
Ermler68 assigned the series as nd8, I’&. In addition, Pa- 
dial et ~1.~’ and Dittman et ~1.~’ have shown that the Us 
channel is strong only for the lowest transition, which is the 
transition to 5 erg . The notation 5 (+s is preferred to 3sas , 
because So@ a mixed-character orbital rather than a Ryd- 
berg orbital. Because the 5~~ state is not a true Rydberg 
orbital, its quantum defect need not agree with that of higher 
members of the nscrg series. In the region of interest in the 
present work, the calculations indicate that the Sg channel is 

J. Chem. Phys., Vol. 100, No. 12, 15 June 1994 

Downloaded 22 Aug 2006 to 129.6.168.231. Redistribution subject to AIP license or copyright, see http://jcp.aip.org/jcp/copyright.jsp



Parr et a/.: Autonization of Rydberg series in CO, 8771 

considerably more intense than the as channel because of 
the effects of a shape resonance. Both calculations6g’70 indi- 
cate that the rg channel is far too weak to account for the 
observed series. Therefore, to summarize, we can eliminate 
the nd?rg ‘xc,’ transition from further consideration, because 
it is predicted to be extremely weak. Furthermore, the weight 
of the theoretical evidence (calculations of both intensity and 
quantum defects) indicates that the ndS, ‘II, configuration 
is more probable than either the ns~~ or nda, configura- 
tions. Here, we seek to confirm these recent theoretical pre- 
dictions, if possible, and to understand the decay dynamics 
of members of the Tanaka-Ogawa Rydberg series. Members 
of this series shown in Fig. 1 are labeled with the running 
number, m, corresponding to the conventional number in use 
to date. The relationship of m to the true principal quantum 
number n is n = m - 1 if the series is nd Sg (as predicted by 
theory) or ndug ; however, the relationship is n=m if the 
series is nsu, . 

III. EXPERIMENTAL APPARATUS AND RESULTS 

A. Experimental apparatus 

The electron spectrometer system used in this study 
comprised two hemispherical electron analyzers, each posi- 
tioned to detect electrons ejected at right angles relative to 
the horizontal photon beam. One analyzer was fixed in posi- 
tion and accepted electrons ejected horizontally; the other 
was rotatable about the light beam through an angular range 
of a little more than 90” from a vertical orientation. The 
angular acceptance of each analyzer was limited by an aper- 
ture in the entrance lens to approximately “2’. With a pass 
energy of 1 eV, the electron resolution was -17 meV. To 
enhance the sensitivity of the spectrometers, area detectors of 
the resistive anode type were mounted at the exit plane of the 
hemispheres. A complete description of the electron spec- 
trometer system has been published previously by Parr 
et aLI3 

A 2 rnm i.d. capillary light guide channeled the vacuum 
ultraviolet radiation from the exit slit of the optical mono- 
chromator to a point near the gas outlet to form an ionization 
region “viewed” by both analyzers. The vacuum ultraviolet 
radiation was provided by the Synchrotron Radiation Source 
at Daresbury Laboratory, a 2 GeV electron storage ring. 
Light was focused onto the entrance slit of a 5 m near- 
normal-incidence monochromator; in the present experi- 
ments, the wavelength resolution was -0.25 ii (-6 meV). 
The normal-incidence monochromator and its performance 
have been described by Holland et a1.,74 and the beamline to 
which this instrument was attached has been described by 
West and Padmore. 

The CO, sample gas was cooled by expanding pure CO, 
through an unskirnmed 25 ,um diameter jet at a stagnation 
pressure of 1.067X lo5 Pa; the jet tip was positioned 3 mm 
from the ionization region. Under these expansion condi- 
tions, the ionization rate for the dimer was 2% that for the 
monomer, and the ionization rate for heavier clusters was 
negligible.76 The pressure in the ionization region during the 
measurements was -4.OX1O-3 Pa. The beam temperature 
was estimated to be 20 K,67 which is approximately the same 

as that for the data shown in Fig. 1; however, the actual beam 
temperature was apparently somewhat higher as evidence by 
the observed linewidths, which appeared broader than those 
in Fig. 1. 

The radiation from the exit slit of the monochromator 
was elliptically polarized with the major axis of the ellipse in 
the horizontal plane. The degree of polarization was deter- 
mined by using an analyzer incorporating three gold coated 
mirrors that wss attached to the rotating analyzer. The trans- 
mission function (or detection efficiency) of each electron 
spectrometer was determined as a function of the photoelec- 
tron energy by using the known photoionization cross 
sections77 and angular distributions78 for Ar. The electron 
signal was corrected for the variation of incident light flux, 
which was measured by an incident flux monitor, a tungsten 
mesh in the polarization analyzer. The angular distribution of 
the photoelectrons for dipole excitation of randomly oriented 
molecules is given by the expression7’ 

(2) 

where the photoelectron asymmetry parameter p completely 
characterizes the photoelectron angular distribution. In this 
expression, p is the polarization of the incoming light, 13 is 
the angle between the major polarization axis and the ejected 
electron direction, and (+ is the partial cross section for that 
channel. This expression was used for calibration and to de- 
termine the values of the partial cross section (+ and the 
asymmetry parameter p. 

B. Photoelectron spectra and angular distributions 

Photoelectron spectra were obtained for the following 
autoionizing bands shown in Fig. 1: (1) the n = 3, (000) 
member of the Henning sharp series at 132 977 cm-‘; (2) the 
m = 5, (100) member of the Tanaka-Ogawa series at 
133 779 cm-‘; (3) the entire energy region - 134 725- 
135 210 cm-’ at intervals of 32 cm-‘, which includes the 
m =5, (200) member of the Tanaka-Ogawa series at 
134 899 cm-’ and the m = 6, (000) member of the Tanaka- 
Ogawa series at 135 193 cm-‘; and (4) the unassigned peak 
at -136 108 cm-’ . As expected (because the i ‘2,’ ion core 
does not show spin-orbit splitting), the photoelectron spec- 
trum taken on the rz = 3, (000) member of the Henning sharp 
series at 132 977 cm-* shows equal branching ratios for the 
formation of 2 21J13,2g and 2 2111,2,. So, too, does the pho- 
toelectron spectrum taken on the unassigned band. However, 
the photoelectron spectra taken at energies corresponding to 
members of the Tanaka-Ogawa series all show substantial 
enhancement in the intensity of the 2111,2, spin-orbit com- 
ponent in each totally symmetric photoelectron band. 

In this paper, we concentrate on the m = 5, (200) mem- 
ber of the Tanaka-Ogawa series at 134 899 cm-‘. Photoelec- 
tron spectra were taken across this band; hence, it is possible 
to estimate the contribution to each photoelectron peak from 
continuum ionization. (This is because the bands in the 
Tanaka-Ogawa Rydberg series have large Fano 4 param- 
eters, suggesting that the interactions between the discrete 
autoionizing resonances and the underlying continua are 
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FIG. 2. Photoelectron spectra taken on the m=5, (200) member of the Tanaka-Ogawa series at 0” and 90”. The spe_ctra with the solid data points were taken 
on resonance; those spectra without data points were taken off resonance. The energy scale is with respect to the X(OOO)21T3,2s level. 

weak.) Figure 2 shows photoelectron spectra taken at 0” (up- 
per panel) and 90” (lower panel) both on resonance (134 899 
cm-‘) and off resonance (at 134 996 cm-‘, the minimum on 
the high energy side of the autoionizing peak). Figure 3 
shows the difference between the on-resonance and off- 
resonance photoelectron spectra for the data taken at 0”. This 
difference spectrum is exceptionally striking, showing that 
virtually 100% of the photoelectron intensity appears in the 
2rI 1,2g spin-orbit component for each assigned totally sym- 
metric vibronic band. Figure 4 shows the photoelectron 
asymmetry parameter p as a function of excitation energy for 
both the Z(OOO)2113,2, and g(OOO)2111,,2, photoelectron 
bands and the relevant region of the total photoionization 
cross section from Fig. 1. (The difference in widths of these 
two spectra results from the difference in rotational tempera- 

ture of the molecular beams and from the difference in wave- 
length resolution in the two spectra.) It is not possible to 
separate the contributions from resonance and continuum 
ionization for the quantity p. 

IV. DISCUSSION 

A. Assignment of the bands in the photoelectron 
spectrum 

The present discussion is limited to the assignment of 
the prominent bands in the energy region of the photoelec- 
tron spectrum shown in Fig. 3, which is the difference be- 
tween the on-resonance and the off-resonance photoelectron 
spectra for the m = 5, (200) member of the Tanaka-Ogawa 
series. The many weak features and the features at higher 
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FIB. 3. Photoelectron spectrum taken on the wz = 5, (200) member of the Tanaka-Ogawa series at 0” (difference between the on-resonance and off-resonance 
spectra of Fig. 2). The known energy levels of members of the (v,OO), (yOl), and (~~02) progressions are shown as solid lines (Ref. 62); higher members of 
these progressi_ons, which were estimated by linear or quadratic extrapolation of the known levels, are shown as dashed lines. The energy scales are with 
respect to the X(OOO)211s,2s level. 

energy will be discussed in a future paper.65 The known en- ejection of a gerade electron during the autoionizing process. 
ergy levels62 of members of the (yOO), (yOl), and (~02) Although these two processes might result in photoelectrons 
progressions are shown in Fig. 3 as solid lines; higher mem- that have the same value of ,G, it is unlikely that they do. We 
bers of these progressions, which were estimated by linear or note that the n=3 member of the He-mung sharp Rydberg 
quadratic extrapolation of the known levels, are shown as series autoionizes to produce a strong X(OOO)2111, band and 
dashed lines. The vibronic symmetry of each progression is significant X(00 1)211, and X( 10 1)21’T, bands; the asymrne- 
shown below the progression label; for example, the (~~00) try parameter for the (000) band is quite different from that 
progression has 211, vibronic symmetry. of the (~01) bands.65 

Table I presents the observed energies and our assign- 
ments for the six prominent bands in the spectrum. We have 
assigned the three lowest energy bands as the three lowest 
members of the X( yOO)21111,2, progression on the basis of 
their observed energies and the uniformity of their observed 
asymmetry parameters. Although there is a near coincidence 
in energy between the X(100)21T,,,, and ~(001)2111,,,, 
levels and between the X(200)211,,2, and X( 10 1)2111,,2, 
levels, the (u,OO) and (~01) progressions are expected to 
have different asymmetry parameters, because the autoioniz- 
ation process must necessarily be different for the progres- 
sions. The (yO0) progression has gerade vibronic symmetry 
and must result from the ejection of an ungerade electron 
during the autoionizing process, while the (1.~~01) progression 
has ungerade vibronic symmetry and must result from the 

We have assigned the two highest energy bands in Fig. 3 
by extrapolation of the known energy levels; these bands are 
the X(400)211,,2, level at 5174.1 cm-’ and the 
~(302)2~,,2, level at 6727.7 cm-r. The X(400)2nI,,2, 
band is broader than the electron spectrometer resolution and 
is degraded toward lower energy, indicating that it contains 
contributions from additional photoelectron bands. 

Our assignments indicate that the most intense vibronic 
levels populated by autoionization of the m = 5, (200) mem- 
ber of the Tanaka-Ogawa series have gerade vibronic sym- 
metry and can be attributed to X(yOO)21T1,2, and 
w@2m1,2, levels. No bands with ungerade vibronic 
symmetry (odd quanta of the bending or asymmetric stretch- 
ing modes) have been identified. The photoelectron spectrum 
for the m = 5, (100) member of the Tanaka-Ogawa series 
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FIG. 4. Wavelength dependence of the photoelectron asymmetry parameter p for production of ~(OOO)211t,zs and .?(OOO)211s,zs (upper panel) and the 
relative photoionization cross section from Fig. 1 (lower panel) in the region of the rn= 5, (200) member of the Tanaka-Ogawa series. The difference in 
widths of the resonance in the two frames is due to the difference in rotational temperature in the molecular beams used for the two sets of data and to the 
difference in wavelength resolution for the two sets of data. 

shows structure somewhat different from that for the m = 5, 
(200) member shown in Fig. 3; however, the prominent 
bands also are of gerade symmetry. Hence, the following 
discussion is limited to autoionization processes in which an 
ungerade electron is ejected to produce a final ionic state 
with overall gerade symmetry. 

B. Selective population of spin-orbit levels 

The population of spin-orbit levels is determined solely 
by the selection rules for autoionization, which are exactly 

those for a homogeneous perturbation, that is, the excited 
Rydberg state and the ion plus outgoing electron must obey 
the following: AS= AL= AJ= AlR = 0. Depending on the 
Hund’s coupling case, some of these may not apply. Guyon 
et al.” and Cubrid et al.13 have published tables showing 
possible combinations of excited states and continuum states 
that obey these rules for autoionization of O2 assuming 
Hund’s case (a) or (b) coupling. We have adapted and ex- 
panded these tables for COz in order to show quantum num- 
bers appropriate both to case (a) or (b) coupling and to case 
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TABLE I. Observed energies of the prominent bands in the photoelectron 
spectrum of the Tanaka-Ogawa m = 5, (200) band. 

Observed Other experimental Extrapolated 
energy (cm-‘) energya (cm-‘) energy (cm-‘) Assignment 

156.4 
1421.5 
2682.4 
4305.7 
5174.1 
6727.7 

159.33 mw~,,2, 
1425.1 mo)*~,,*, 
2680.3 Rw*~I,,*, 
4306.5 

-5180b 
~wmh, 
%~W*~IKZ, 

-6729” &302)*rk7, 

‘Reference 62. 
bA linear or quadratic extrapolation of the energies of the X:(OOO)211s,2s 

levels places the x(4oo)2&2, he1 at 4987 Cm-‘; aSSUmhg that the 

spin-orbit splitting of the (400) level is the same as that of the (TOO) level, 
then the X(OOO)211r,2, level is estimated to be at 5180 cm-‘. 

eFrom a linear extrapolation of the B(v,O~)~II~,~, levels. 

(c) coupling (hereafter referred to as AS coupling and fl,w 
coupling, respectively”). The results are shown in Table II. 
Both singlet and triplet states are included to facilitate the 
discussion of the transition from AS coupling to fi,o cou- 
pling. Note that implicit in Table II is the assumption that the 
spin of the excited electron does not change upon autoioniz- 
ation, i.e., that oR = u, and that CT= = CT’, where a, , ffe, UC, 
and C’ are the projections on the internuclear axis of the 
spin angular momenta of the Rydberg electron, the ejected 
electron, the core electrons before autoionization, and the 
core electrons following autoionization, respectively. This 
assumption is reasonable, since both the ionic state to which 
the Tanaka-Ogawa series converges (A ‘II,) and the final 
ionic state after autoionization (2 2111,) have the same spin 
multiplicity. 

Table II is limited to only four autoionization processes, 
because (1) as noted earlier, all of the theoretical calculations 
indicate that the Tanaka-Ogawa series most probably results 
from an ndc?, or, possibly, an nsa, excitation, (2) the pho- 
toelectron spectra show that the final ionic state has overall 
gerade symmetry, requiring the ejection of an ungerade elec- 
tron, (3) dipole selection rules limit transitions to Rydberg 
state having ‘2: and ‘II, symmetry in AS coupling or Q=O 
or 1 symmetry in cR,w coupling, and (4) the overall symme- 
try of the Rydberg state and the complex composed of the 
ion . ..( w~)~ plus the outgoing electron EX,, must be con- 
served. The four combinations of Rydberg state configuration 
and ion plus outgoing electron that satisfy these requirements 
are the following: 

. ..(~.)3(~8>4u,-t...(rr,>4(~~)3+Eu~, 

. ..(rr.>3(~8)4u8,-t...(rrU)4(~8)3+E8,, 

(34 

CW 

. ..(71.)3(rr,>4s,~...(~,)4(~8)3+Eu~. 

(3c) 

(34 

In order to use the information in Table II, it is necessary 
to understand how the a= 1 levels behave in AS coupling 
and in fiR,o coupling. Following Lefebvre-Brion and Field,81 
the wave functions are written in the form IL,, CT, ,hR ,cT~). 

For the case of the . . . (+rr,) 3( ~-s)~cr~ configuration, the wave 
functions in AS coupling (ignoring full or half-full orbitals) 

;,=1+1,+1/2,0,+1/2), (44 

3n,=~~~+1,+1/2,0,-112)+~+1,-112,0,+1,2)~, 
6 

W 

3110=~+1,-1/2,0,-1/2), (4c) 

Parr et al.: Autonization of Rydberg series in CO2 8775 

(44 
These functions are equivalent to those shown in the appen- 
dix of &brid et al.13 As is seen, in AS coupling the Cl=0 
and 2 levels have pure A” 2rl: ij2,, and i 2113/2u cores, respec- 
tively; but the Cn= 1 levels result from a linear combination 
of the A” 21J112U and the i 2113/2u core states. However, in 
aCw coupling, this is not the case. The IR=l levels given in 
Eqs. (4b) and (4d) are completely mixed to produce two new 
functions denoted l+ and l-, which are given by 

1+=-{~31111)+~1111)}=~+1,+1/2,0,-1/2), (5a) 
i 

1-=1{~311,)-~111,)]=~+1,-l/2,0,+1/2). (5b) 
Jz 

Here, the l+ function has only the i 2113/2u core, and 
the l- function has only the 2 2111,2U core. Analogous func- 
tions can be written for the . . . ( v,)~( vg)“Sg configuration. 
This change in the description of the Ck= 1 levels reflects the 
transition from AS coupling, in which the Rydberg electron 
is strongly coupled to the core electrons by exchange effects, 
to n,w coupling, in which the Rydberg electron is strongly 
coupled to one of the two spin-orbit states of the ion core. 

By using the information from Table II and from Eqs. (4) 
and (5), selection rules may be determined for Ckn,+(n+ for 
autoionization of a Rydberg state in either AS coupling or 
CXR,w coupling. The results are given in Table III. 

The observation by Tanaka and Ogawa that the intense 
members of the Tanaka-Ogawa series converge to the 
A” 2h12u ion core combined with the present observation 
that members of this series autoionize to produce the 
.f 2JA/2u ion core greatly limits the combinations of allowed 
configurations of excited state and ion core plus outgoing 
electron. Table III shows that only three dipole-allowed pos- 
sibilities exist for the 0, = 4-t fiZf = i process. These are that 
(1) the Rydberg state is 3110 in AS coupling (equivalent to 
a=0 in CIR,w coupling) for autoionization via os-+ EuU ; (2) 
the Rydberg state is OR= l- in !J,o coupling for autoioniza- 
tion via ~~+ea,; (3) the Rydberg state is cR=l- in !Jz,w 
coupling for autoionization via Sg+ ~8~. The transition from 
.? ‘2: to 3110 is forbidden in AS coupling, and it would be 
expected to be weak or absent if this were the appropriate 
coupling case. The remaining possibilities require that the 
excited state be described by CI,w coupling. While one 
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8776 Parr et al.: Autonization of Rydberg series in CO, 

TABLE II. Symmetry considerations for autoionization of the Takka-Ogawa series, 
co2 x ‘~:-co~(2 2rI,)nh,-iCO;(X *II,) + Eh,. 

i.e., for transitions of the type 

Ion state core Ion core 
Rydberg state Rydberg state Rydberg state Rydberg state following 

label 
Outgoing quantum 

core electron quantum numbers autoionization electron numbers 

Rydberg state to 
-- 

continuum state Case (a) Case Case (a) Or (6) Case (c) Case (c) 

transition or 64 (4 A, ffc Core state X, o;, 2 A 0 & 0, A+ U+ Ion state X, 0; a+ 0, 

(%)3(.ir,)4us -+ (rru)4(~g)3+ ECU 
3&i CL=2 +1 +f A 2rI,,& 

-1 -6 li 2r13,*y 

1*311,, 1 f2=1 fl +z ‘4 3-13,2U 

+1 -1 A 2rI,,2, 

-1 - f 2 2r13,,, 

-1 +& ‘4 VII,,,, 

3Gt CL=0 -1 +a a: %I,,,, 

+1 -i ‘4 2r11,2n 

(.rr.)3(.rr,)4uz -+ (r,)4(‘iTg)3+ES, 

3!J2” a=2 +1 +; A 2113,Z, 

-1 -$ i 2rI,,,, 
1.3n Irr O=l +1 +f /i 2rIs,2U 

+1 -1 ii 2r11,2u 

-1 - f .i 2rI,,,, 

-1 +1 1 A 2rI*,2U 

3hi n=o -1 +$ A %1,2u 

+1 -$ ‘i 2r11,2. 

(p,)3(.rr,)46, + (71;)4(.rr,)3+E8, 
3n2u f-L=2 -1 +A 2 QU 

+1 -1 ‘4 2rI,,2u 

ls3rI11, a=1 fl -1 2 zrII,,,, 

+I +?I 1 A -2 n3/2, 

-1 1 -2 i 2ri3& 

-1 +z 1 ‘4 2r11,2n 

3%! cl=0 fl ++ h zrI,,,, 

-1 -6 ‘i 2r13,2, 

(Q-L)3(~g)4sg * (rr,)4(.rr,)3+wu 

3n2u a=2 -1 +$ i TI,,,, 

+1 -f h 2rI,,2u 

1s3rI,, a=1 fl -d ii 2rI,,2u 

+l +T 1 A -2 n3/2, 

-1 - f ‘4 2r13,2u 

-1 +T 1 A -2 n1/2, 

3nl, iI=0 +1 +$ ‘4 2113,2a 

-1 -f i 2r13,,, 

0 +f 
0 1 

-5 
0 -+ 

0 +$ 

0 +; 
0 -1 

0 +; 
0 -i 

0 +$ 
0 1 

-5 
0 -g 

0 +; 

0 +h 

0 -1 

0 +f 

0 -1 

+2 +a 

-2-- -; 

-2 -b; 

-2 -; 

+2 +; 

+2 -; 

-2 ++ 

+2 -; 

f2 -b$ 

-2 -$ 

-2 +$ 

-2 -1 

+2 +$ 

+2 -$ 

-2 +f 

i-2 -f 

+I 

-1 

0 

0 

0 

0 

4-l 

-1 

fl 

-1 

0 

0 

0 

0 

+1 

-1 

Cl 

-1 

0 

0 

0 

0 

+1 

-1 

+1 

-1 

0 

0 

0 

0 

+1 

-1 

+1 f2 +$ +4 fl +$ f2r13,2, 0 +; +; +$ 

-1 -2 -9 -1 -1 -1 22n,,,, 0 -; -s -4 

fl t1 +; -i +1 +$ ~Y13,2s 0 -f +$ -f 

-4-l i-1 +a +$ fl -3 Zzr11,,2, 0 +; +& ++ 

-1 -1 -4 ++ -1 -1 2 2r13,,, 0 -b$ -; +; 

-1 -1 -a -1 -1 +4 ZQ& 0 -; -f -$ 

-1 0 -f +i -1 c; ZQ2, 0 +f -1 +$ 

+1 0 +f -f +1 -$ 222II,& 0 -4 +f -; 

4-l i-2 +$ +i -1 -kf 1?2rI,,2, +2 +4 -i +; 

-1 c2 -5 -$ +1 -i Iz2111,2, -2 -4 +f -2 

fl fl +; -1 -1 +; x2rII,,2, +2 -+ -$ +f 

+1 t-1 +$ +; -1 -i 1?2rI,,,, +2 +f -; +; 

-1 -1 -5 +$ fl -i PJ&,2g -2 +; ++ -3 

-1 -1 -$ -; +1 +; p&28 -2 -; +; -$ 

-1 0 -1 +4 fl +h r?2n 3128 -2 ++ +$ -; 

+1 0 +$ -4 -1 -f z2n3,28 +2 -; -4 +; 

fl +2 -p +; -1 +; t2r11,,, +2 +$ -1 +; 

-1 -2 +$ -2 fl -f %‘n,,,, -2 -4 +I -4 

-1 -1 +$ -; +1 -f iQ2s -2 +; +$ -5 

-1 -1 +; -; fl ++ k2r13,28 -2 -; +; -g 

+1 +1 -$ +; -1 -5 %2r13,2, +2 -k$ -; +$ 

+1 fl -1 -6; -1 +f *WI,,,, +2 -1 -$- +$ 

-1 0 +; -$ +1 ++ Z2rI,& -2 +; +; -g 

+1 0 ‘-f +$ -1 -1 g9,,,, +2 -$ -3 +; 

fl f2 -i +4 +1 +4 ri’rr,,,, 0 +4 +; +i 
-1 -2 +f -5 -1 -1 ji2n3,29 0 -f -3 -f 

-1 -1 +; -5 -1 -4 f2r13,28 0 +$ -; +i 

-1 -1 +; -5 -1 -k; Z*II,,2, 0 -a -f -f 

+1 fl -1 +; fl -4 221-1,,2, 0 +i +$ +$ 

+1 +1 -+ +; fl +f z*r13,28 0 -; +; -f 

-1 0 +a -4 -1 +f k%,,,, 0 +$ -4 +f 

fl 0 -1 +; +1 -f Z*2n[,,2s 

might not ordinarily expect a Rydberg state with principal 
quantum number of 4 or 5 to be described by fiz,w coupling, 
there is good evidence that this is indeed the case here. The 
most compelling evidence is that the intense members of the 
Tanaka-Ogawa Rydberg series converge to the A” 211 1,2U ion 
core, even for the very lowest members of this series; Tanaka 

and Ogawat7 showed that the quantum defects are nearly 
constant for m = 4 - 11. Furthermore, Cossart-Magos et aL7r 
showed that for series converging to 2 ‘II, the breakdown 
of AS coupling occurs at low to moderate n. We therefore 
conclude that the m=5 member of the Tanaka-Ogawa Ry- 
dberg series may be described by a,~. coupling and that 
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TABLE III. fl,-+fi’ selection rules for autoionizing transitions in AS coupling and 0,~ coupling. 

n 
AS 

coupling notation Comments 

a=2 

f-L=1 

0,=1- 

CL=l’ 

n=o 

fin=2 

n=1 

Ci=1- 

fl=1+ 

cl=0 

a=2 

R=l 

n=1- 

n=1+ 

f-i=0 

J-l=2 

n=1 

CL=1- 
.n=1+ 

n=o 

3rr, 

‘v3rI, 

3rr, 
‘*3rl, 

3Ql 

(Dipole forbidden) 

} AS coupling 

I 
Qz,o coupling 

(Forbidden in AS coupling: 
allowed in fi,o coupling) 

(Dipole forbidden) 

} AS coupling 

I &w coupling 

(Forbidden in AS coupling; 
allowed in &JJ coupling) 

(Dipole forbidden) 

} AS coupling 

1 fi-co coupling 

(Forbidden in AS coupling; 
allowed in fi,w coupling) 

(Dipole forbidden) 

} AS coupling 

I &J coupling 

(Forbidden in AS coupling; 
allowed in OR,@ coupling) 

autoionization proceeds via os--+ea, or via S,+eS, . The 
conclusion that A of the Rydberg electron does not change 
upon autoionization is in agreement with the results obtained 
for O,.11-‘3 Although the weight of the theoretical evidence 
(calculations of both intensity and quantum defects) would 
indicate that the Tanaka-Ogawa series is ndS,, we seek 
additional evidence from the asymmetry parameter ,8 to see 
if it is possible to decisively eliminate nsu-, . 

C. Energy dependence of the asymmetry parameter p 

The off-resonance value of p for the m = 5, (200) mem- 
ber of the Tanaka-Ogawa series shown in Fig. 4 is approxi- 
mately -0.55, which is in good agreement with several theo- 
retical calculations.7°~82-84 In the most recent of these, 
Dittman et aL7’ showed that the direct ionization cross sec- 
tion in the energy region shown in Fig. 4 (-16.72 eV) is 
composed of approximately equal contributions of a, and 8, 
ionization continuua; the (T, contribution has 65% I= 1 char- 

acter and 35% I=3 character, and the 8, contribution is 
dominated by I= 3. Since no single angular momentum com- 
ponent is dominant, the off-resonance value of ,G does not 
exhibit the limiting geometric values of 0 CfS), -0.27 uo), 
or -0.40 (~a).~~ 

Figure 4 shows that the on-resonance value of ,B for the 
xwo)2~1,2g P s in-orbit component rises dramatically to a 
value of 0.4; the on-resonance value of /? for the 
x(ow2~3/2g P s in-orbit component shows no change from 
its off-resonance value. From the preceding discussion, we 
concluded that autoionization preserves the value of X during 
decay; the most likely value of X based on previous theoreti- 
cal calculations is 2, which would lead to the ejection of an 
f S partial wave if partial waves with I=5 and higher are 
neglected. Thus, if the photocurrent on resonance were due 
solely to the decay of the autoionizing resonance, we would 
expect to see an isotropic angular distribution @=O) on reso- 
nance. We attribute the failure of the angular distribution to 
confirm this picture to the sizable background continuum, 
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which can spoil the single partial wave picture. Therefore, 
we may only tentatively conclude that the Tanaka-Ogawa 
Rydberg series is described by the electron configuration 
. . .( 5r,)3( 9r,)4ndS,‘II, in AS coupling or, more appropri- 
ately, by . . . ( T,)~( n,)4nd8,0 = 1 - in f12,w coupling. More 
detailed calculations of the asymmetry parameter that spe- 
cifically include the effects of autoionization are required to 
confirm this conclusion. 

A few other points can be made regarding the absolute 
values of p on and off resonance. The on-resonance value of 
p for the X ‘II rj2s s m-orbit component is significantly dif- p’ 
ferent from the off-resonance value. In particular, the large 
negative anisotropy observed off resonance gives way to a 
positive anisotropy on resonance. Since no calculation yet 
exists for this resonant process, further discussion of the 
variation of p within this resonance must be very specula- 
tive. In this discussion, we will use the angular momentum 
transfer picture for photoproduct angular distributions intro- 
duced by Dill and Fano.86 In that picture, p is an incoherent 
sum of P(jt), weighted by the partial cross sections cr(jt), 
thus eliminating the interference terms present in an angular 
momentum representation. The angular momentum trans- 
ferred in the photoionization process, j, , is the vector sum of 
the angular momentum of the incoming photon and the an- 
gular momentum of the ejected electron. This sum is equal to 
the angular momentum transferred to the unobserved ionized 
molecule in the photoionization process. Of interest here is 
that there are at most three values of j, for a particular ion- 
ization channel; each value is characterized by a well-defined 
set of angular momentum quantum numbers. Of these, j, 
components for which j,+ 1 +j, is odd correspond to 
“parity-unfavored” transitions; those for which j,+ 1 + j, is 
even correspond to “parity-favored” transitions. The key 
point is that parity-unfavored transitions are characterized by 
/3= - 1. This is a geometric value, independent of dynamics. 
The value of /3 for parity-favored transitions is given by Eq. 
(12) of Ref. 86. This shows that it is possible for /3 to be 
negative under certain circumstances, but p for parity fa- 
vored transitions is usually positive,87 reaching the maximum 
value of /3=2 in some well-known cases. 

counterintuitive behavior. Specifically, off-resonance, direct 
photoionization produces a p with a large negative value, 
usually indicating dominance by parity-unfavored compo- 
nent(s). On the other hand, resonant autoionization in this 
case produces positive values of p, which require parity- 
favored components. Of course, the observed behavior is not 
forbidden, because anisotropic forces are intrinsic to electron 
motion in a molecular field; rather, the observed behavior is 
just different from commonly invoked physical pictures. It 
would be very interesting to examine the details of a realistic 
calculation of this process to determine what produces the 
observed behavior and what physical picture best explains it. 
In this case, such a calculation would also help to definitively 
determine the value of h for the Tanaka-Ogawa Rydberg 
series. 

V. SUMMARY AND CONCLUSIONS 

The spin-orbit dependence of angle- and energy- 
resolved photoelectron spectra was used to determine the 
electronic structure, symmetry, and decay dynamics of mem- 
bers of the Tanaka-Ogawa Rydberg series in COz. This rep- 
resents the first time that spin-orbit selectivity has been used 
to obtain such information for a polyatomic molecule. The 
Tanaka-Ogawa Rydberg series in CO,, which is assumed to 
have the electron configuration . . . ( T,)3 ( wg)4nd Sg , was 
shown to autoionize primarily via a d8,tef 8, process 
when the totally symmetric vibronic components of the ion 
are produced. The Rydberg series appears to be well de- 
scribed by !J,w coupling, even for relatively low principal 
quantum numbers. 

In the usual mechanistic picture, photoionization is bro- 
ken into two stages-an initial stage of photoabsorption and a 
subsequent stage of escape of the photoelectron from the 
target. The first stage is characterized by parity-favored val- 
ues of j, ; parity-unfavored values of j, are added to the 
photocurrent only as a result of anisotropic interactions ex- 
perienced by the photoelectron as it escapes through the mo- 
lecular field. The parity-unfavored components are character- 
ized by /3= - 1, meaning that the photocurrent has a node 
along the polarization direction of the ionizing radiation and 
peaks perpendicular to this direction. Thus, the photoelectron 
escapes with an angular distribution signature opposite to 
that of the incoming radiation. This, in turn, implies that the 
anisotropy introduced into the excited complex by the in- 
coming radiation remains in the residual ion. In parity- 
favored processes, the opposite is usually observed (though 
not rigorously required), and the photoelectron carries off the 
anisotropy brought into the process by the incident radiation. 

The interesting point is that the present results exhibit a 

The interrogation of spin-orbit branching ratios and 
asymmetry parameters promises to be a quite versatile addi- 
tion to the existing experimental techniques used to investi- 
gate the excited states of polyatomic molecules. Here, angie- 
and energy-resolved photoelectron spectroscopy was used to 
study the spectroscopy and decay dynamics of an autoioniz- 
ing Rydberg state with diffuse rotational structure. It would 
also be of interest to study such a process as a function of 
principal quantum number. One might expect to see the pho- 
toelectron distribution change as the Rydberg state evolves 
from AS coupling to s2,o coupling with increasing principal 
quantum number (for example, from ‘II1 and 3110,1,.z states 
to (n=2, If, l-, 0 states). Furthermore, the interrogation of 
spin-orbit branching ratios and asymmetry parameters 
should prove useful in multiphoton ionization studies of Ry- 
dberg states that lie below the first ionization threshold. Be- 
cause such states cannOt decay by autoionization, they are 
more likely to show well-resolved rotational structure. It 
should then be possible to study the direct ionization process 
as a function of both principal quantum number and rota- 
tional excitation. With resolved rotational structure, both 
Hund’s case (c) and Hund’s case (e) coupling limits may be 
observed. The latter has been developed to describe the de- 
parture from Hund’s case (c) coupling that accompanies j 
uncoupling of the Rydberg electron from the internuclear 
axis.8**88 In this limit, w is no longer a good quantum num- 
ber, but both fiZf and Jf are well defined. Such studies could 
provide new information on the dynamics of the coupling in 
excited states. 
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