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Photoionization of the 30' and 111' orbitals of CH 
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Pasadena, California 91125 

(Received 9 August 1989; accepted 14 September 1989) 

We report the results of theoretical studies of photoionization cross sections and photoelectron 
angular distributions for the 3u and ITT levels of CH leading to the A 1 n, a 3n, and X Il: + 
molecular ions. The calculations employed multiplet-specific Hartree--Fock potentials and 
numerical photoelectron continuum orbitals, obtained using the iterative Schwinger variational 
method. Noticeable nonstatistical behavior of the cross sections is seen for the 3u level near 
threshold, although deviations are not significant at higher photon energies. A comparison 
with some previous theoretical studies is made. 

I. INTRODUCTION 

Photoionization and photodissociation processes of 
CH, together with the dissociative recombination of CH+, 
play an important role in modeling the relative abundances 
ofCH+ /CH in diffuse interstellar clouds. 1--6 Due to the lack 
of experimentally measured cross sections for these pro
cesses, theoretical data based on ab initio calculations has 
been used for astrophysical model calculations.7 Our interest 
in CH stems mainly from its importance as a dissociation 
fragment or reactive intermediate species, probed, for exam
ple, by multiphoton ionization spectroscopy. 8.9 Establishing 
an accurate description of the ground state photoionization 
dynamics of CH is therefore desirable and a useful first step. 

Walker and Kellyl some time ago have studied the total 
photoionization cross sections of CH over a broad photon 
energy range using many-body perturbation theory. These 
authors predicted that the photoionization cross section of 
CH is nearly a factor of 2 larger than the corresponding 
carbon atomic value near threshold, which is quite surpris
ing. A later calculation by Barsuhn and Nesbet2 using the 
Stieltjes-imaging method 10 and a configuration-interaction 
target wave function showed that the photoionization cross 
section near threshold was substantially smaller than that 
obtained by Walker and Kelly. 1 Although this disagreement 
can be partly attributed to electronic correlations in the tar
get neglected in the Walker and Kellyl calculation, further 
theoretical studies are desirable in order to critically com
pare differences between the various sets of theoretical data 
and to extend them to higher photon energy. 

CH is an open-shell molecule with the ground state con
figuration 1d!2d!3d!lTT X 2n. Ionization of a ITT electron 
leads to formation of the ground state X Il: ion, while ioniza
tion of a 3u electron results in the a 3n and A 1 n molecular 
ions. In this paper we present the results of ab initio calcula
tions of the photoionization cross section for the ITT and 3u 
levels ofCH. The continuum wave function ofthe photoelec
tron is explicitly calculated in an exact Hartree-Fock (HF) 
potential field of the ion. Since calculations of the asymme-

aJ Permanent address: Departamento de Quimica, Universidade Federal de 
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try parameters were omitted in previous theoretical studies, 
we present these quantities for the 3u and ITT levels for the 
first time. In the present calculations, the photon energy 
ranges from the first ionization threshold 1 1 (lP = to.64eV) 
up to approximately 30 eV above this value. Since there are 
no available measured photoionization cross sections or 
asymmetry parameters in the literature, a comparison of our 
calculated cross sections is made with the theoretical results 
reported in earlier studies. 

II. THEORY AND CALCULATIONS 

The rotationally unresolved, fixed-nuclei photoioniza
tion cross section is given by 

4rw 
u = --I ('I'/(r,R) I~I'I'; (r,R) W, (1) 

3c 

where ~ is the dipole moment operator and w is the photon 
frequency. In Eq. (1) '1'; is the initial state of the molecule 
with Nbound electrons and '1'1 is the final ionic state plus the 
photoelectron. For '1'; we use a Hartree-Fock self-consistent 
field (SCF) wave function. For '1'; we employ the frozen
core approximation in which the bound orbitals of the ion 
are constrained to be identical to those of '1'; and the contin
uum photoelectron orbital hence satisfies a one-electron 
Schrodinger equation of the form 

(2) 

where A; are Lagrange multipliers which enforce orthogona
lity of the continuum orbital tPk to occupied orbitals X;, U is 
twice the nonlocal and nonspherical molecular ion potential, 
and k 2 is the photoelectron kinetic energy. Several methods 
for solving Eq. (2) have been developed. 12-17 We solve Eq. 
(2) for the photoelectron orbital by the iterative Schwinger 
variational method, the details of which have been discussed 
in previous papers. 14.15 

Calculations were done at the equilibrium internuclear 
distance of the ground state ofCH (Re = 2.117 a.u.).18 The 
SCF wave function for CH was obtained with a [9s5p/5s3p] 
basis set l9 augmented by two d functions (a = 0.92, 0.256) 
for the carbon atom, and a hydrogen [5s/3s] basis20 and two 
p polarization functions (a = 1.4, 0.25). With this basis, the 
SCF energy obtained for CH was - 38.279455 a.u., in good 
agreement with the result obtained by Barsuhn and Nesbet2 
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using an extended Slater basis set. Ionization of the l1r elec
tron results in the ground state X I ~ + ion. Ionization of a 30' 
electron leads to an ionic configuration [core] 30'11T, corre
sponding to the a 3" and A I" states, where [core] repre
sents the Itr2tr closed shell. For 30' ionic states, the cou
pling between the photoelectron and the molecular ion 
results in four different continuum electronic wave functions 
with the symmetries 2", 2~ + , 2~ -, and 2ll.. Here 2" symme
try results from 30' -+ kO' photoejection while all others result 
from 30'-+k1T photoejection. The a 3n and A In ion poten
tials differ in their exchange part, as defined in the one-parti
cle Schrodinger equation 

core 

+ahTK1". + as;'". + {3S;". -E]PltPk) =0. (3) 

Here tPk is a continuum orbital with a specific symmetry, J; 
and K; represent the usual Coulomb and exchange opera
tors, P is a projection operator which ensures the orthogona
lity of the continuum orbital to occupied orbitals, and E is 
photoelectron energy. The use of this projection operator is 
equivalent to the use of the Lagrange multipliers in Eq. (2). 
The S' and S" operators are defined by14.15 

S;tP+(r l ) =tP_(rl)fd3r2[1T_(r2)]·~+(r2) (4a) 
r l2 

and 

S~tP+(rl) = 1T+(rl)fd3r2[1T_(r2)]·~_(r2)' (4b) 
r12 

The one-electron operator /; is 

2 '" Za /; = - !V - £".-, 
a ria 

(5) 

where Za is a nuclear charge. The a3a , a l", a, and {3 are 
numerical coefficients. In the present study, the coefficients 
for the 30'-+ kO', k1T channels are identical to those reported 
for 50'-+kO', k1T photoionization in NO.21 This results from 
the identical orbital symmetries and active electrons rel
evant for coupling the photoelectron to the ionic cores. 

The continuum solutions of the static-exchange equa
tions were obtained using the iterative Schwinger variational 
method. This procedure begins using a separable static-ex
change potential of the form 14. 15 

U~ I(rIUla;) [U-I]ij(ajl Ulr'), 
ij 

(6) 

where the la;) are chosen to be Cartesian Gaussian func
tions. The basis sets used in the separable representation of 
the potentials here are given in Table I. The one-electron 
projected Schrodinger equation can be converted into an in
tegral form, the Lippmann-Schwinger equation. Further 
improvement of these solutions is obtained through an itera
tive procedure. 14 The converged solutions correspond to ex
act solutions of the one-electron static-exchange equation. 
In our calculations all relevant matrix elements and wave 
functions were evaluated using single-center expansions 
about the center of mass. For converged cross sections and 
asymmetry parameters, the following partial-wave expan
sion parameters were chosen: 

TABLE I. Basis sets used in separable potential, Eq. (6). 

Photo
ionization 
symmetry Center 

Type of Gaussian 
function" Exponents 

u C Cartesians 8.0,4.0,2.0,1.0,0.5,0.25 
z 1.0,0.5,0.25 

H Cartesian s 1.2,0.4,0.1 
z 1.2,0.4,0.1 

CM Spherical! = 0--3 0.1 
1T C Cartesian x 8.0,4.0,2.0,1.0,0.5,0.25 

xz 1.0,0.5,0.25 
H Cartesian x 1.2,0.4,0.1 

xz 1.2,0.4,0.1 
CM Spherical! = 1-3 0.1 
C Cartesian xy 8.0,4.0,2.0,1.0,0.5,0.25 
H Cartesian xy 1.2,0.4,0.1 
CM Spherical! = 2,3 0.1 

·Cartesian Gaussian basis functions are defined as ~a.~m .•. A (r) 
=N(x-Ax)1 (y_Ay)m (z-Az )'exp(-alr-AI2) and spherical 
Gaussian functions are defined as ~a,I.m,A(r) 

= Nlr - All exp( - air - A12) Ylm (fi,_A)' The Cartesian functions are 
centered on the nuclei and spherical functions are on the center of mass 
(CM). 

(i) maximum partial-wave expansion of the photoelec
tron continuum orbital = 7; 
(ii) maximum partial-wave expansion of bound orbitals 
in the direct potentials = 60; 
(iii) maximum partial-wave expansion of the 10', 20', 
30', and I1T bound orbitals in the exchange poten
tial = 20, 20, 15, and 15, respectively; 
(iv) maximum partial-wave expansion of 1/r12 in the 
direct and exchange terms = 40 and 20, respectively; 
(v) maximum partial-wave expansion of the nuclear po
tentials = 40. 
The radial integration grid extended to 74 a.u. and con

tained 800 points. The integration step sizes ranged from 
0.01 to 0.04 a.u. up to 5 a.u., and from 0.04 to 0.2 a.u. beyond 
this point. Only two iterations were needed to obtain con
verged cross sections. 

III. RESULTS AND DISCUSSION 

A. Photo ionization of the hI' level 

In Fig. 1 we show the calculated photoionization cross 
section for the I1T orbital of CH which leads to the formation 
of the ground state X 1 ~ + ion. The enhancement of the cross 
section near threshold results mainly from the kinetic energy 
dependence of the I1T-+ kO' channel. Examination of the ei
genphase sum for this symmetry reveals that there is no 
shape resonance in this channel. This is not surprising since 
the first-row hydrides are not expected to support molecular 
shape resonances.22 The I1T cross sections are quite similar 
both in shape and magnitude to ionization from the 2p orbi
tal of carbon atom, I which is physically reasonable. 

In the same figure, the theoretical results obtained by 
Barsuhn and Nesbet2 up to 17 eV photon energy are also 
shown. In general there is good agreement between these two 
sets of theoretical data beyond - 1 e V above threshold. The 
results obtained by Walker and Kellyl using the many-body 
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FIG. 1. Calculated photoionization cross sections for producing the X Il; + 
state of CH+ . Solid line-length form; dash line-velocity foim; circles
results of Barsuhn and Nesbet (Ref. 2). 

perturbation theory are not shown, since these authors have 
only reported the total cross section. Nevertheless, for pho
ton energies below the second ionization threshold, their 
corresponding cross sections for the br orbital are signifi
cantly larger than ours. Since our calculations were also per
formed using Hartree-Fock target wave functions, the good 
agreement between our calculated results and those of Ref. 2 
suggests that electronic correlations in the initial state are 
not important for photoionization of the 11T level. Further
more, there is good agreement between our calculated cross 
sections using the length and velocity forms of the dipole 
moment operator. This suggests that the observed discre
pancies between the results of Refs. 1 and 2 are caused by the 
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FIG. 2. Calculated asymmetry parameters for the X 'l; -+ state of CH+ 
(same designation as Fig. 1). 
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FIG. 3. Calculated photoionization cross sections for producing the a 3n 
state of CH+ (same designation as in Fig. 1). 

different theoretical approaches and convergence criterion 
employed. 

In Fig. 2, we show the calculated asymmetry parameters 
{3 for eH I1T photoionization. There is no available theoreti· 
calor experimental data for comparison. The asymmetry 
parameters obtained using the dipole length and dipole ve
locity forms are nearly identical at low photon energy. How
ever, at higher photon energies, there is a difference of about 
15% between these values. The variation with energy and 
the values of these parameters are very similar to those for 2p 
photoionization of carbon.23 The rapid variation of {3 near 
threshold is due to variation of the sand d wave Coulomb 
phase shifts with photoelectron energy.23 
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FIG. 4. Calculated photoionization cross sections for producing the A In 
state ofCH+ (same designation as Fig. 1). 
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FIG. 5. Calculated asymmetry parameters for the a 3n state ofCH+ (same 
designation as Fig. 1). 

B. Photolonization of the 30' level 

Figures 3 and 4 show our calculated cross sections and 
angular distributions for the CH 30- orbital, leading to the 
production of the a 3II and A ) II ionic states. The results of 
Ref. 2 for the corresponding ionic states are also shown. For 
reasons mentioned above, direct comparison with the calcu
lations of Walker and Kelly) for these states cannot be made. 
As for photoionization of the I1r orbital, the enhancements 
near the respective thresholds are not due to shape reson
ances but result mainly from the energy dependences in the 
30-- ko-, k1T ionization channels. Comparison with the cross 
sections reported by Barsuhn and Nesbet2 shows that our 
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FIG. 6. Calculated asymmetry parameters for the A 1 n state of CH + (same 
designation as Fig. 1). 
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FIG. 7. Calculated total photoionization cross sections including I1T' and 30' 
levels (same designation as Fig. 1); triangles-results of Walker and Kelly 
(Ref. 1). Steps in the data occur at the I1T' and 30' ionization thresholds. 

results are about 20% lower for photon energies near the 
thresholds. However, the discrepancy diminishes rapidly 
with increasing photon energy, and at higher energy the re
sults of Ref. 2 lie between our length and velocity form cross 
sections. The differences observed between our results and 
those of Ref. 2, together with the differences between the 
results obtained using the length and velocity form of the 
dipole operator, indicate that electronic correlations in the 
initial state are quite important. Differences up to a factor of 
2 between our length and velocity results were observed in 
the 30--ko- component, indicating that correlation effects 
are particularly important for this channel. For photon ener
gies near threshold, where exchange is expected to be most 
important, we find deviations of - 25% from the statistical 
ratio of 3: 1 for the cross sections leading to the a 3II and A ) II 
ions. However a nearly 3: 1 statistical ratio is obtained at 
photon energies;;;. 30 e V. 

In Figs. 5 and 6, we show calculated asymmetry param-

TABLE II. Photoionization cross sections and asymmetry parameters for 
the ITT orbital of CH. The cross sections are given in units of megabarns ( 1 
Mb = 10- 18 cm2

). 

hv(eV) O'L O'v PL Pv 

11.14 8.063 7.881 0.779 0.829 
11.64 8.168 7.731 0.918 0.915 
12.64 8.036 7.191 1.137 1.059 
16.64 6.026 4.853 1.512 1.313 
18.64 4.873 3.915 1.583 1.363 
20.64 3.939 3.215 1.621 1.395 
24.64 2.645 2.260 1.651 1.428 
26.64 2.220 1.928 1.650 1.435 
28.64 1.899 1.663 1.643 1.437 
30.64 1.655 1.443 1.635 1.440 
34.64 1.315 1.112 1.612 1.433 
38.64 1.088 0.872 1.583 1.419 
42.64 0.920 0.691 1.549 1.398 
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TABLE III. Photoionization cross sections and asymmetry parameters for 
the 3uorbital ofCH, producing the A I II ion. The cross sections are given in 
units of mega barns (I Mb = 10- 18 cm2). 

hv(eV) UL Uv f3L f3v 

14.18 4.421 3.023 0.718 0.757 
14.68 4.490 3.002 0.895 0.871 
15.68 4.461 2.869 1.115 1.008 
17.68 4.009 2.439 1.350 1.150 
19.68 3.387 1.993 1.468 1.223 
21.68 2.803 1.618 1.528 1.262 
23.68 2.317 1.319 1.552 1.282 
25.68 1.930 1.083 1.551 1.289 
27.68 1.624 0.891 1.534 1.289 
29.68 1.380 0.735 1.507 1.283 
31.68 1.184 0.606 1.472 1.267 
37.68 0.830 0.379 1.366 1.231 
41.68 0.669 0.276 1.306 1.209 
45.68 0.555 0.209 1.236 1.174 

eters corresponding to the production of the a 3n and A In 
ionic states of CH, respectively. The behavior of /3 for these 
two ionic states is very similar both in shape and magnitude, 
implying that the photoelectrons show essentially identical 
angular distribution patterns. This is in accordance with the 
nearly statistical ratios predicted for the cross sections. The 
asymmetry parameters obtained using dipole length and di
pole velocity forms also show significant differences, again 
indicating the importance of electronic correlations in the 
target. 

c. Total cross sections 

Figure 7 shows calculated total photoionization cross 
sections, which correspond to the sum of the results from the 
ItT and 30' levels. The comparison with the results of pre
vious studies shows that our results agree quite well with 
those calculated by Barsuhn and Nesbet,2 except -1-3 eV 
above the thresholds. The total cross sections obtained by 
Walker and Kellyl are significantly larger, particularly at 
lower photon energies. Nevertheless, discrepancies between 
all calculations diminish with increasing photon energy. 
Comparison with results of Ref. 1 for photon energies above 
20 eV cannot be made because they include contributions 
from the 20' subshell, which has not been considered in the 
present work. 

In order to facilitate the comparison of our results with 
future theoretical or experimental studies, Tables II-IV give 
values of the partial cross sections and asymmetry param
eters for the 30' and ItT levels of CH as a function of the 
photon energy. 
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