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Photoionization cross sections for various Rydberg series that correspond to ionization channels of
ammonium and oxonium Rydberg radicals from the outermost, occupied orbitals of their respective
ground states are reported. These properties are known to be relevant in photoelectron dynamics
studies. For the present calculations, the molecular-adapted quantum defect orbital method has been
employed. A Cooper minimum has been found in the 3sa,-kpt, Rydberg channel of NH, beyond the
ionization threshold, which provides the main contribution to the photoionization of this radical.
However, no net minimum is found in the partial cross section of H;O despite the presence of
minima in the 3sa;-kpe and 3sa;-kpa; Rydberg channels. The complete oscillator strength
distributions spanning the discrete and continuous regions of both radicals exhibit the expected

continuity across the ionization

[DOL: 10.1063/1.3168397]

I. INTRODUCTION

Rydberg radicals are transient polyatomic species, which
have unstable, dissociative ground states but are stable in
excited states. Observations and analysis of the Rydberg
emission spectra of Hy by Herzberg and co-workers' sparked
interest in the spectroscopy of such molecules. Since then, a
number of molecules in specific Rydberg states have been
detected as short-lived intermediates in the mechanisms of
reactions performed in terrestrial laboratories, as well as in
the atmospheres of several planets and in a variety of astro-
nomical objects.2

Typical examples of Rydberg radicals are ammonium,
NH,, and oxonium, H;O. Rydberg states of NH, were first
observed in 1981 by Herzberg3 by using hollow-cathode dis-
charges through NH;. The NH," ion is present in dense in-
terstellar clouds* and has, very recently, been identified in the
ion neutral mass spectrometer spectra of Titan obtained by
the Cassini spacecraft.5 The dissociative recombination of
electrons with the ammonium cation is a potential source of
NH; in these environments, with the reaction mechanism
being thought to occur via the NH, radical. The formation of
NH, on solid surfaces has also been claimed.*” The H;0
radical was first produced by irradiation of water vapor with
ionizing electrons by Melton and Joy.8 Some authors assert
its role as an intermediate in water radiolysis experiments.("‘10
The solvated oxonium radical is a species of major interest in
the domain of liquid phase reactivity, for an electron-ion
(H307":--€7),q pair it has been found in femtosecond spec-
troscopy experiments carried out in highly concentrated
acidic solution.'" The H;0 radical also attracted much atten-
tion since Andersen et al.' provided the first evidence that
the mechanism of generating the water molecule in interstel-
lar clouds involves dissociative recombination reaction of
H;0™" with electrons. In this process, electronic states of H;O
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appear as intermediates, as initio
calculations.*™"”

Several theoretical and experimental works on the NH,
and H;O radicals focused on electronic structure and ground-
state stability. In contrast, only a few theoretical works stud-
ied Rydberg excited states and transition intensities of NH,
and H;0 in detail.'”"% In two recent studies,26’27 we concen-
trated our efforts on analyzing the absorption electronic spec-
trum of NH, and H;0O. The study was performed through a
combination of ab initio electron propagator and coupled
cluster methods with the molecular quantum defect orbital
(MQDO) formalism. We determined vertical excitation ener-
gies, adiabatic ionization potentials, and transition intensities
for the bound spectral region of both radicals.

Photoionization processes in NH, and H;O have been
less investigated despite the usefulness of photoionization
cross section values for estimating the kinetic energy distri-
butions of ejected electrons and fragment ions. Experimental
measurements concerning this property are rather difficult to
perform, for the lifetimes of both NH, and H;O radicals are
short. In this context, Fuke et al.®® studied the photoioniza-
tion of NH,(NH;), radicals produced by photolysis of am-
monia clusters at 193 nm with one-photon ionization and
time-of-flight mass spectroscopy. They determined the ion-
ization potential of NH, and also measured the photoioniza-
tion efficiency curve near the threshold for the isotopic mol-
ecule ND,4, a more stable species than NH,. Following the
observations by Fuke et al.,28 theoretical calculations and the
resemblance of the ND, radical to alkali atoms, Smith and
Chupka29 attributed the unusual behavior of the photoioniza-
tion cross section in the threshold region to a deep Cooper
minimum. The same authors also predicted the existence of
such a minimum in the vicinity of the ionization threshold of
the NH, radical.

In the present study, cross sections for the ionization
from the outermost subshell of both species, NH, and H;O,
has been analyzed in terms of photoelectron energy. These

predicted by ab
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quantities are of key importance in the study of the nature of
photoelectrons ejected from matter.”” An additional goal of
this work was to study the possible existence of a Cooper
minima in the partial cross sections leading to the respective
cationic cores of the NH, and H;O radicals. A Cooper mini-
mum (defined as a minimum in the cross section) appears as
a consequence of a change in sign in the matrix element
corresponding to one of the principal channels in the
continuum.>® As Carlson et al.®! indicated, Cooper minima
are ideal phenomena for studying photoelectron dynamics.
The present results have been obtained with the MQDO
method,32 which was formulated for calculating intensities of
transitions involving Rydberg molecular states. The MQDO
approach has been broadly used to successfully determine
one-photon transition intensities in both the discrete and con-
tinuum regions in molecular Rydberg transitions. >

Finally, the oscillator strength spectral density in the dis-
crete and continuous regions has also been determined for
both NH, and H;0. Comparisons of transition probabilities
involving the continuum spectral regions of NH, and H;0
appear to be unprecedented. One may assess the correctness
of the present approach by the criterion of continuity of the
differential oscillator strength across the ionization threshold.
The present results may also stimulate further inquiry con-
cerning gaps in experimental data or the influence of auto-
ionization processes.

Il. METHOD OF CALCULATION

The photoionization cross section is a measure of the
probability that an absorbed photon will produce ionization

and is expressed, in units of megabarns (Mb), as follows: ¢

+K
M,

1

where T is the ionization potential in Rydberg units of the
initially bound electron, k? is the kinetic energy of the free
electron upon ionization, also expressed in Rydberg units, g;
is the degeneracy of the initial state, and M, is the transition
matrix element between the initial and final state wave func-
tions, W; and W, respectively. In the electric dipole approxi-
mation,

M,-f=2 E(‘I’i|”|‘1’f>’ (2)
i f

g (1)

T
o= 2.6891(

where the summation is over all degenerate components in
the initial and final states. W represents the system consist-
ing of a cationic core plus a free electron. When ionization of
outer subshell electrons takes place, the integral in Eq. (2)
reduces to an integral over one-electron wave functions, for
the cationic core is approximately the same for the initial and
final states. These functions should describe the spatial dis-
tribution of a single electron before and after the absorption
of a photon. The MQDO method provides the one-electron
wave functions we employed. This approach, based on a
model potential, is appropriate in dealing with molecular Ry-
dberg states because these possess a quasihydrogenic charac-
ter, with the spherical ionic core replaced by a molecular
cation which imposes internal crystal field splitting accord-
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ing to its symmetry. A full description of the model is re-
ported in detail in our previous papers.32’37 Therefore, only
the main points will be briefly outlined here.

The radial parts of the MQDO orbitals are the analytical
solutions of a one-electron Schrédinger equation involving
an effective potential as follows:

MN+1)=1(I+1) Zyet

V(r) =
) 277 r

: 3)
where \ is a parameter which determines the electron screen-
ing and Z, is the effective nuclear charge acting on the
Rydberg electron. The radial parts of bound-state wave func-
tions are expressed as second Whittaker functions,

R(r) = W11—6,)\+1/2[22netr/n - 5]’ (4)

where 6 is the quantum defect which accounts for penetra-
tion into the core region.

The corresponding continuum orbitals may be described
as first Whittaker functions:

R(r) =My i r+12(2ikr), (5)

and are normalized to a Dirac delta function &(k-k'). The
angular part of the MQDO functions is expressed as a
symmetry-adapted linear combination of spherical harmonics
such that the molecular orbitals form bases for the irreduc-
ible representations of the specific symmetry group of the
molecule under study. This allows us to formulate separately
the radial and angular contributions to the transition moment,
given by Eq. (2), so that the photoionization cross section
adopts the following expression:

a=2.6891{i +k2]ﬁQ{i — fHRyI*. (6)

(n-9)°
QO{i— f} are the angular factors resulting from the integration
of the angular functions and the transition operator and R;; is
the radial transition moment. An important computational
advantage of the MQDO model is that the transition integral
results in a closed-form analytical expression.

lll. RESULTS

The %A, ground-state electronic configuration of NH, in
a tetrahedral, 7, geometry can be written as
(1a,)*(2a;)*(11,)°(3a,), while the one for H;0 is
(1a;)*(2a,)*(1e)*(3a;)*(4a,) in C;, geometry. In both cases,
the ground electronic state consists of a very stable closed-
shell core and a distant electron in a 3s Rydberg orbital.
Throughout this work, Rydberg orbitals will be designated as
nil';, where n and [ identify atomic principal and angular
momentum quantum numbers and I'; is the irreducible rep-
resentation of the molecular point group.

In the present work, we calculated partial photoioniza-
tion cross sections (defined as probabilities for one-electron
ionization to a particular electronic state of the ion) leading
to the ground states of the NH," and H;0" cores. To do so,
we determined the photoionization cross sections for each of
the single ionization Rydberg channels, which correspond to
excitation of the 3sa; electron in the ground states of the
NH, and H;O radicals. A single channel is defined as one in
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FIG. 1. MQDO photoionization cross sections for the 3sa;-kpt, Rydberg
channel of NH, as a function of photoelectron energy.

which a single electron is excited independently of the others
and which leads to an unperturbed Rydberg series with a
constant quantum defect.” For the ionization of the 3s elec-
tron in both molecules, the 3s-kp channel is dominant, for
contributions from s and d continuum orbitals vanish accord-
ing to the Al==*1 selection rule for electric dipole transi-
tions. In the case of NHy, the 3sa-kpt, channel represents
the main contribution to the partial cross section. However,
for the photoionization of H;0, the splitting of the p orbitals,
requires consideration of the 3sa;-kpe and 3sa;-kpa, chan-
nels. The ionization potentials used in the present work have
been obtained in our previous coupled cluster
calculations,*®?’ assuming 7, and a C;, geometries for the
ground states of NH, and H3O, respectively. These values
are 4.67 eV for NH, and 5.50 eV for H;O. The quantum
defects have been obtained through the well known Rydberg
formula, using the vertical excitation energies determined in
our previous works with the ab initio electron propagator
formalism.”**” For the kpt, channel of NH,, as well as for
the kpe and kpa, channels of H;0, we adopted the quantum
defects that belong to the orbitals with the lowest n-values of
the corresponding Rydberg series, i.e., those of 3pt,, 3pe,
and 3pa,, respectively. These are expected to be more accu-
rately described than those with higher n. The & values are
equal to 0.842 for the 3pt, orbital of NH, and 0.966 and
0.746 for the 3pe and 3pa; orbitals of H30, respectively.

In Figs. 1 and 2, we plotted the MQDO cross sections
for the 3s-kp channels of the ammonium and the oxonium
radicals versus the photoelectron energy, i.e., the photon en-
ergy minus the radical’s ionization energy. Usually, con-
tinuum cross sections behave similarly to those of the hydro-
gen atom, decreasing monotonically with increasing
energy.38 However, in some atoms, the cross section exhibits
a minimum. Such Cooper minima have also been observed
in angle-resolved photoelectron spectroscopy using synchro-
tron radiation for molecules such as Cl,, HBr, CS,, COS, and
CC14.39_42 As is apparent from Fig. 1, the 3sa;-kpt, cross
section of NH, goes to a minimum at a photoelectron energy
of about 0.49 eV. This minimum occurs because the kp wave
function’s nodes contract toward the nucleus (the region of
maximum overlap with the ground s-state wave function) as
the photoelectron energy increases. As a consequence, the
contributions of opposite sign to the matrix element for
photoionization balance exactly at a certain value of photo-
electron energy, and there will be zero absorption. Above this
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FIG. 2. MQDO photoionization cross sections for 3sa,-kpe and 3sa,-kpa,
Rydberg channels of H;0 and partial photoionization cross section values as
a function of photoelectron energy.

energy, a mismatch between positive and negative contribu-
tions to the integral may occur. Therefore, the transition in-
tegral increases and passes through a maximum before de-
creasing again with a trend that begins to approach
hydrogenic behavior.

For the H;0 radical, we found a spectral shape similar to
those mentioned above for the cross section for the kpe chan-
nel, which also falls toward a Cooper minimum near the
threshold, at a photoelectron energy of 1.30 eV. For the kpa;
channel, the cross section diminishes rapidly and monotoni-
cally with increasing photoelectron energy until it traverses a
minimum at higher photoelectron energy than the one ob-
served for the kpe channel, which occurs about 19.0 eV. This
minimum is less pronounced than those found in the kpe
channel, for the cross sections are very small in the energy
region where they appear. The shift of the Cooper minimum
in the kpa; channel to larger photoelectron energies may be
explained in terms of the quantum defects. According to
Gallagher,43 the energy at which the minimum occurs is a
function of the difference between the quantum defects of
the ground state and those of the continuum orbitals.
Whereas the quantum defect we used in our calculations for
the 3sa; Rydberg orbital is 1.43, differences with the kpe and
kpa; quantum defects are 0.45 and 0.69, respectively. There-
fore, in comparison with kpe, kpa; penetrates less into the
core and its first node appears at a larger distance. Thus, the
cancellation between positive and negative contributions to
the photoionization matrix element and, hence, the Cooper
minimum occurs at higher energies for the kpa; channel.
Inspection of Fig. 2 reveals that the photoelectron energy
region below 5 eV, where the minimum for the kpe Rydberg
channel has been detected, is dominated by the kpa; cross
section and therefore no minimum is found in the partial
cross section in this energy range. At higher photoelectron
energies, the kpa; channel exhibits a Cooper minimum.
However, no net minimum has been observed for the partial
cross section of the H;O radical, for the kpe channel is domi-
nant in this region. Unlike their counterparts for the isoelec-
tronic NH, case, MQDO calculations on H;0O do not predict
a minimum of the partial cross section as a function of pho-
toelectron energy for photoionization leading to the ground
state of H;0™, although minima have been found in the two
single channels. The lower symmetry of the H;O radical
gives rise to two kinds of p-like orbitals, kpa; and kpe,
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TABLE I. Partial cross sections, in units of Mb, for the photoionization of
NH, and H;O leading to the ground state of the cationic cores.

Photoelectron energy

(eV) NH, H,0
0.01 0.0157 1.0315
0.05 0.0128 0.9987
0.1 0.0096 0.9597
0.2 0.0049 0.8870
0.3 0.0019 0.8210
0.4 0.0004 0.7609
0.5 0.0000 0.7061
0.6 0.0006 0.6562
0.7 0.0018 0.6106
0.8 0.0037 0.5689
0.9 0.0060 0.5308
1.0 0.0087 0.4958
11 0.0116 0.4638
1.2 0.0147 0.4343
13 0.0179 0.4073
1.4 0.0212 0.3824
15 0.0245 0.3594
25 0.0541 0.1233
45 0.0815 0.0697
6.5 0.0831 0.0528
8.5 0.0756 0.0446

10.5 0.0661 0.0391

12,5 0.0570 0.0346

145 0.0490 0.0308

16.5 0.0421 0.0275

18.5 0.0364 0.0246

19.5 0.0339 0.0233

20.5 0.0316 0.0220

225 0.0275 0.0198

245 0.0242 0.0179

26.5 0.0213 0.0162

28.5 0.0188 0.0147

30.5 0.0168 0.0133

325 0.0150 0.0122

345 0.0134 0.0111

36.5 0.0121 0.0102

385 0.0109 0.0094

40.5 0.0099 0.0086

05 0.0090 0.0080

445 0.0082 0.0074

46.5 0.0075 0.0068

485 0.0069 0.0064

50.5 0.0063 0.0059

whereas in NH, all p-like orbitals are degenerate. Despite the
isoelectronic relationship between NH, and OHj, the lack of
threefold degeneracy in the latter radical leads to two final
symmetry channels with distinct cross-section curves. There-
fore, no Cooper minimum in the total cross section is ob-
served. Numerical values for the partial photoionization
cross sections of both radicals are collected in Table I.

The possible existence of a Cooper minimum in NH,
was studied in the theoretical work of Smith and Chupka.29
These authors postulated the occurrence of a Cooper mini-
mum in this radical on the basis of observations in the photo-
ionization of ND, carried out by Fuke et al.”® Whereas they
predicted a minimum just below the ionization threshold, in
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FIG. 3. MQDO oscillator strength spectral density for bound and continuum
spectral regions of the 3sa;-npt, (n=4-10, continuum) Rydberg series in
NH, as a function of photon energy.

the present study, we found a minimum in the continuum
region of the spectrum. Because of their reliance on ND,
photoionization efficiency measurements, Smith and Chupka
did not consider their estimate of the location of the Cooper
minimum to be reliable.”

The discrete regions of the NH, and H;0 spectra provide
additional insight into the location of Cooper minima. Fig-
ures 3-5 exhibit the oscillator strength spectral density,
df/dE, as a function of incident photon energy in the discrete
and continuum spectral regions for each of the individual p
Rydberg channels of NH, and H;O. These results are based
on the procedure developed by Fano and Cooper.44 Above
the ionization limit, df/dE is related to the cross section
through the following equation:

o(E)=1.098 X 107'% cm? eV(ﬁ) (7)
dE

Below the ionization limit, the oscillator strength, or f-value,
is plotted as a set of rectangular blocks whose area is equal to
the f-value for the “n” transition. The base of each block has
a width equal to 2R/n*3, where R is the Rydberg constant,
and its height is equal to fdn*/dE,. Each of the blocks is
centered at the energy of the upper state of the transition, E,,.
The f-values used in this procedure have been taken from
our previous works on the H;O and NH, radicals,”®*’ which
were also obtained from MQDO calculations. In the case of
NH,, we reported emission coefficients, Af,-, which have been
now converted to f-values using the well known expression,

0.03

0.025

0.015 |

df/dE (V™)

0.01

0.005 |

8 10 12
E/eV

FIG. 4. MQDO oscillator strength spectral density for bound and continuum
spectral regions of the 3sa,-npa, (n=4-10, continuum) Rydberg series in
H;O as a function of photon energy.
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Ay =6.6702 X 10°N*(gi/g)f s, (8)

where g; and g, are the statistical weights of the initial and
final states in the absorption process, respectively, the wave-
length A is expressed in angstroms and A; is expressed in
s~!. Because the corresponding values for excited states with
n=3 are greater in magnitude than the others, these values
have not been included in the graphs.

An inspection of Figs. 3-5 reveals that no minima are
present in the values of the oscillator strength spectral den-
sity in the bound spectral region for the Rydberg channels of
both radicals. This result, along with the present MQDO
cross sections, suggests that the Cooper minimum for NH,
occurs just above the ionization threshold and not below, as
proposed by Smith and Chupka.29 Moreover, for both radi-
cals, complete consistency between the presently calculated
photoionization cross sections and our previous results on
oscillator strengths is obtained such that the oscillator
strength spectral density passes smoothly from the bound to
the continuum. These features, as well as the close agree-
ment between our previous f-values and data available in the
literature, confirm the reliability of the present MQDO cross
sections. Our previously reported results for H;O were con-
sistent with the most recent and accurate ab initio calcula-
tions by Luo and Jungen.17 In the case of NHy, our calcula-
tions were in good agreement with other theoretical data
obtained with a self-consisted field method using floating
spherical Slater orbital basis functions® and second-order
Rayleigh—Schrodinger perturbation theory.19

Continuity of the oscillator strength spectral density near
the ionization energy is a fundamental property, which de-
rives from the continuity of wave functions across the ion-
ization threshold.*” With this advantage, one can interpolate
the value of the cross section at the ionization threshold, a
quantity that is not possible to determine by ordinary calcu-
lations, given that n— o°. In the present work, an interpolated
value for the cross section at the threshold may be inferred
from the graphs. The MQDO partial cross sections at the first
ionization limit are 0.02 Mb for NH, and 1.04 Mb for H;0.
The latter has been obtained by the addition of the values
corresponding to each of the single Rydberg channels, 0.99
and 0.05 Mb, for kpa; and kpe, respectively.

Comparison with Na and K alkali atoms provides an
additional test of the location of our minimum cross section
of NH,. Herzberg suggested the existence of significant re-
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FIG. 6. Photoionization cross sections of NH,, Na I, and K I as a function of
photoelectron energy.

semblances between the Rydberg spectrum of a molecule and
that of its united atom limit.*’ On the other hand, Mulliken*®
claimed that the chemistry of NH, should resemble that of
potassium rather than that of isoelectronic sodium. Thus,
similar behavior would be expected in the partial cross sec-
tions of NH, and those of Na and K alkali atoms. Photoion-
ization cross sections from the outermost electrons of Na and
K atoms in the vicinity of their minima also have been cal-
culated in this study with the aid of tabulated ionization po-
tentials and electronic energies.47 In Fig. 6, the current cal-
culated cross sections of Na and K, together with the MQDO
results on the NH,, have been plotted versus photoelectron
energy in the threshold region. To test the quality of our
methodology, we also included reliable experimental data
found in the literature for the alkali atoms Na and K. Marr
and Creek reported photoionization curves for the Na atom.*®
In the case of K, we represented the most recent measure-
ments by Sandner et al” using a pulsed laser followed by
time-of-flight analysis. Our atomic cross sections agree very
well with the experimental values in Fig. 6. Such agreement
confirms the reliability of our results and the adequacy of our
methodology in dealing with these kinds of systems. More-
over, the cross sections for the molecular radical are nearer to
those of the K atom than those of Na. In Table II, we col-
lected the present theoretical cross-section values at the

TABLE II. Cross sections at the threshold, in Mb, and minimum cross
section location, expressed as photoelectron energy in eV.

NH,* Nal KI
Cireshora/ Mb 0.02 0.116 0.009*
0.125° 0.007°
0.130° 0.011¢
0.010-0.012°
Eminimum/ €V 0.49 1.45° 0.29°
1.31° 0.20°
1.06-1.39¢ 0.24¢
0.18-0.43¢

“This work.

"Marr and Creek (Ref. 48).
“Hudson and Carter (Ref. 50).
dSandnet et al. (Ref. 49).
“Hudson and Carter (Ref. 51).
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threshold and the photoelectron energy at which the Cooper
minimum occurs for the NH, radical and for the alkali at-
oms. The experimental data for Na and K atoms have also
been included. Inspection of Table II reveals again the exis-
tence of important analogies among the photoionization
spectra of NH, and the K atom, not only in the location of
the Cooper minimum, but also in the value for the cross
section at the first ionization limit. These facts support the
earlier prediction by Mulliken regarding the closer analogy
between the ammonium radical and the K atom than with its
isoelectronic atom, Na. The cross section of NH, mimics the
behavior of the united atom, Na, with regard to the existence
of a Cooper minimum above the ionization threshold.

IV. CONCLUSIONS

Partial photoionization cross sections of the Rydberg
radicals of NH, and H;O have been obtained. A thorough
analysis of the oscillator strength distribution in the discrete
and continuum spectral regions of both species in terms of
photon energy has also been carried out. A Cooper minimum
has been found for the photoionization leading to the ground
state of the cationic core for NH,, but not for H;O. This kind
of phenomenon may be useful in the analysis of the nature of
continuum orbitals of both radicals and, thus, in the study of
their photoelectron dynamics. In addition, we hope these
properties may shed some light on the important processes in
which these molecules could be involved.
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