PHYSICAL REVIEW A

VOLUME 46, NUMBER 9

Resonance-enhanced multiphoton-ionization photoelectron spectroscopy
of np and nf Rydberg states of atomic nitrogen
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(2+1) resonance-enhanced multiphoton-ionization photoelectron spectroscopy studies are reported
for the metastable 2D and 2Py nitrogen atomic species presumably produced by photodissociation of the
N;(X 2I1,) radical. Two-photon transitions to a multitude of doublet Rydberg states of odd parity are
observed in the wavelength range 225.5-294.5 nm. This comprehensive coverage follows all np Rydberg
states from n =3 to the ground-state ionization limit (*P§ , ,) with n =25 being the highest identifiable.
Perturbations are observed around n =5 due to an interloping np Rydberg state (n =3) converging to
the first excited ionic limit ('D$). A limited multichannel-quantum-defect theory (MQDT) analysis was
performed to estimate the composition of the wave functions in this bound-bound interaction. In addi-
tion, nf Rydberg states from n =4 to 10, and some other weaker quartet states, have also been identified;
these, and higher np states (n > 8) show a breakdown of LS coupling. Overall, a considerable number of
new states have been identified. Photoelectron kinetic-energy scans give information on the ion state dis-
tributions from the branching ratios to the *P§, , ground and the 1D and 'S excited states of N™; these
can be compared to calculated values obtained from the MQDT analysis. Core- and non-core-preserving
transitions are observed, and in one case almost complete state selection of excited ('D$) nitrogen atom-
ic ions is observed. Analysis of the Doppler profiles of the atomic transitions provides evidence for the

1 NOVEMBER 1992

mechanism which is at play in the formation of N metastable states.

PACS number(s): 32.80.Fb

I. INTRODUCTION

In recent work [1], covering the wavelength region
246-286 nm, we have reported preliminary aspects of a
(24 1) resonance-enhanced multiphoton-ionization pho-
toelectron spectroscopy (REMPI-PES) [2,3] study of the
NH radical obtained from in situ photodissociation of hy-
drazoic acid HN;. This investigation sought to obtain in-
formation on the electronic, vibrational, and particularly,
the rotational branching ratios of the ion products, ger-
mane to the dynamics of the photoionization process.
The primary photodissociation process of the HN; pre-
cursor has been intensively investigated, with attention
focusing on the NH and N, internal energy distributions
[4-13]. There are many competing channels for photo-
dissociation, especially in the vacuum ultraviolet, where
photodissociation leads to the production of electronical-
ly excited products, either directly or through secondary
processes. NH and N, are not exclusive fragments be-
cause H and Nj are also formed as primary products.
During the course of these REMPI-PES measurements
on NH it became evident that N atoms were also pro-
duced, with many two-photon transitions from the
N(CDJ) and N(*P§) metastable states observed. Indeed,
the N 2p23p(2S¢,, )«—~2p>*(*D}) transition was noted in
a previous REMPI wavelength scan of the NH system
[14], where the two arrows denote a two-photon transi-
tion. N atoms, their energies, oscillator strengths, photo-
ionization cross sections, and reactions are relevant to a
variety of processes, especially those in flames [15], the
upper atmosphere [16,17], and astrophysical environ-
ments [18-20], including theoretical studies related to
the OPACITY project, a collaborative effort which aims
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at calculating accurate atomic data required for opacity
calculations [21]. Some experimental and theoretical
work on single-photon photoionization of ground and
metastable N atoms has been reported [22-26]. Previ-
ously, the 2D? and *P¢ N atoms have been studied by
(2+1) REMPI using as a source microwave discharges in
N, [27-29]. The observed transitions were
2p?3p(2P$)——2p3(*P¢) and 2p*3p(%S¢ ,, )«——2p°(?D}).
More recently ground state N(*SJ,,) has been detected,
also as a product of a microwave discharge, by (2+1)
REMPI via the 2p23p(*D?) state [30]. The principal ob-
jectives of these studies have been to provide sensitive
evaluation of ground and metastable state relative con-
centrations using selected transitions. The N(*D{) and
N(*P$) metastables react several orders of magnitude fas-
ter with molecular oxygen than do ground state N atoms
to form vibrationally excited NO, an important infrared
emitter in the upper atmosphere [17]. N atoms have also
been monitored by REMPI from neutral channel photo-
dissociation of N,O [11], NO [31,32], and a rare gas ad-
duct of NO [33], and via an ion dissociation channel of
N, " [34].

In this work we report a (2+1) REMPI-PES study of
N atoms in which the target species are produced selec-
tively in the 2DJ and 2P states, probably by photodissoci-
ation of N3(X ’I1,). In a previous REMPI-PES study of
N atoms [35] photoelectron spectra were observed for
single-photon ionization of the 2p23p(25¢, ) state follow-
ing absorption of two photons from the D metastable
state (produced by photodissociation of N,0O). The sole
photoelectron signal at 1.67 eV corresponded to genera-
tion of the 3P° ground-state ion. Analysis of photoelec-
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tron angular distributions led to the suggestion of a
Cooper minimum near threshold, which was subsequent-
ly supported by calculation [36-38]. In that experimen-
tal work it was noted that data on high Rydberg states of
atomic nitrogen are “quite fragmentary.” The present
paper sets out to redress this deficiency by presenting re-
sults on a multitude of accessible doublet Rydberg states
of N 1in the region leading right up to the first ionization
energy (IE) of 14.534 eV, a region that is traditionally
difficult to access. Doublet states of odd parity,
specifically the np and nf series, converging to the
ground-state ion, are observed. In addition, some quartet
states are weakly detected. Of special interest is the use
of REMPI-PES to investigate the resulting ionic state
branching ratios since, at the energies used here, it is
feasible to select, with two photons, Rydberg states of N I
with different ion cores, and photoionize with one addi-
tional photon to produce N* in its ground CP§,,)
and/or excited (‘D and 'S¢) states. In principle, ioniza-
tion of a Rydberg level should leave the ion core unal-
tered, but an interloping series converging to the first ex-
cited ('D%) ion perturbs the energy levels around n =S5,
and significantly alters the branching ratios. A specific
objective, in the light of recent interest in state-selective
chemistry, would be to establish whether or not one
could state select N* uniquely in ground or excited
states. In addition, it is clearly of interest to attempt to
investigate the photodissociation mechanism leading to
the formation of the N(?DJ) and (*P§) metastables. A
preliminary account of this work has been given [39].

II. EXPERIMENT

The experimental setup has been described previously
[40]. Briefly, experiments are carried out using the
frequency-doubled [employing a 5-BaB,0O, (BBO) crystal]
output of an excimer pumped dye laser system (Lumonics
Inc.) operating with a pulse width of ~ 10 ns and a repeti-
tion rate of 30 Hz. The dye laser was operated with the
C-540, C-500, C-480, and C-460 dyes to provide tunable
radiation between 290.3 and 225.5 nm, at a bandwidth of
~0.08 cm~!. The laser output (~ 150 uJ/pulse) was fo-
cused (focal length 25 mm) into the ionization region of a
“magnetic bottle” electron spectrometer. A diverging
magnetic field (diverging from ~ 1 T in the ionization re-
gion to ~1073 T in the flight tube) allows the kinetic-
energy resolved detection of the photoelectrons with
~50% collection efficiency and an energy resolution of
6-8 meV. The original design [41] has been modified to
allow the study of reactive and transient species.

Two kinds of experiments are carried out. First, excit-
ed states are located by scanning the excitation wave-
length while simultaneously detecting the total, or some
energy selected fraction of the total, electron current.
Second, the laser wavelength can be tuned to a feature of
interest and the ejected photoelectrons are then analyzed
according to their kinetic energies. As the photoelectron
acceptance angle is 27 sr, no angular resolved measure-
ments are possible, and the observed ionic branching ra-
tios are the “true” branching ratios.

The dye laser wavelength was calibrated in the visible
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using optogalvanic lines of neon, excited in a hollow
cathode discharge. Additionally, (2+1) REMPI signals
of N(2D$) and N(®P{) via known intermediate states pro-
vided a confirmation of the calibration [42-44]. The en-
ergy scale of the photoelectron spectra was calibrated us-
ing (2+ 1) ionization of Xe at 249.6 nm.

N atoms are produced in the 2D} and ?P{ metastable
states probably by photodissociating N3(2Hg). N3(2Hg)
is, in turn, generated from photodissociation of HNj,
produced in situ by gently heating a solid 5:1 mixture of
stearic acid and NaN; to ~380 K [1]. Ideally, to study
transitions from N(*DJ,2P§) over a wide range of ener-
gies, photodissociation leading to N;(X zﬂg ), and subse-
quent dissociation to give the target N metastables should
occur with little variation in the quantum yield. In the
present study, photodissociation and subsequent REMPI
are carried out with one laser only. We cannot, there-
fore, determine the branching ratios either for formation
of the neutral metastable N atoms or, indeed, for the
two-photon transitions to the intermediate Rydberg
states.

III. RESULTS AND DISCUSSION

A. General considerations

In Fig. 1 an energy-level diagram showing several
relevant electronic states of N 1, and the three lowest cat-
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FIG. 1. Energy-level diagram for some of the relevant states
of N1 and N11. The regions where *P¢)4p and (*P¢)5p, as well
as the ('D°)3p interloper states are located, are enlarged. The
lengths of the arrows indicate the accessible ranges. Note the
scale discontinuity between 30000 and 90000 cm ™.
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ionic states, is depicted, together with some of the transi-
tions to be discussed here. The lowest electronic
configuration of the N atom is 1s522522p®. This
configuration supports the *S$ , ground state and the *D?
and 2P¢ metastable states. Removal of an outer electron
produces the lowest electronic configuration (2p)?, giving
rise to the *P§ , , ground and 'D$ and 'S§ excited ionic
states.

In the present experiments, two-photon transitions
from the 2D and 2P¢ metastable states are studied in the
wavelength region 290.3-225.5 nm. Strict two-photon
selection rules are even-even, odd-odd, and AJ=0,+1,+2
with J=0+J=1. The parity selection rule implies that
from the 2D{ and *P} initial states two-photon transitions
to the (2p)’np and (2p)*nf Rydberg states are allowed.
Transitions from ground state S, nitrogen atoms were
looked for in (3+ 1) REMPI, but none were observed.

The 2p* valence and the lowest np Rydberg states can
best be described in an LS-coupling scheme. In this cou-
pling scheme the additional two-photon selection rules
AS=0 and AL =0,%1,12 with L=0<L =1 hold. LS-
coupling breaks down for higher members of the Ryd-
berg series, where the ordering of states within one multi-
plet is no longer governed by electron correlation, but by
the spacing between the fine-structure components of the
ionization limits (*P¢, *P¢, and 3P%) to which these higher
states converge, i.e., by spin-orbit coupling in the ionic
state. These higher members of the np series where the
Rydberg electron becomes uncoupled from the ion core
and the total nf series can best be described in a different
coupling scheme. The nf Rydberg electron is non-
penetrating, i.e., the orbital angular momentum (/ =3) is
greater than the highest orbital angular momentum
present in the ionic core. Hence LS coupling is not valid
in the nf series even at low n. In an appropriate coupling
scheme, J_K (or j.[) [45], the total angular momentum of
the ion core (J, ) is coupled to the orbital angular momen-
tum of the Rydberg electron (/) to form the quantum
number K. Finally, the spin s of the Rydberg electron is
coupled to give the total angular momentum J. For
(3Pé)nf states, the total orbital angular momentum (L)
also tends to be a good quantum number, resulting in a
labeling S[K];, P[K];, D[K],, etc.

In the energy range studied, only the two lowest Ryd-
berg states (*P¢)3p and (*P¢)4p are accessible with two
photons from the 2D}’ initial state, whereas from the
higher lying 2P/ initial state the complete Rydberg series
converging to the 3P¢ limit are within reach at the two-
photon level (Fig. 1). These series have previously been
reported to n =5 for the doublet states, and to slightly
higher principal quantum numbers (n =6-7) for the
quartet states [43]. In this study the series are extended
to much higher values: to n ~25 for the np series, before
intensity is lost ~180 cm ™! below the IE.

The (*P°)np Rydberg series are perturbed around n =5
by interlopers, namely various configurations of the
('D$)3p state, the first members of the Rydberg series
converging to the lowest excited state of the ion. The
perturbations reveal themselves in the shifted line posi-
tions in the wavelength scan and in the ionic state
branching ratios observed in the photoelectron (PE) spec-
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tra. As the perturbations occur at quite low principal
quantum numbers, relatively few levels are perturbed and
not enough information is available for a full
multichannel-quantum-defect theory (MQDT) analysis
[18,46—-48]. Limited MQDT analyses were, however,
performed to roughly estimate the composition of the
wave functions affected by the perturbation.

For many of the resonances observed in the wavelength
scans photoelectron spectra are recorded in order to as-
sess the ionic state branching ratios. In a (2+1) ioniza-
tion scheme, one (*P§ | ,) to three CP§, ,, 'D$, and 'S¢)
ionic states are energetically accessible, depending on the
initial state (*DJ or 2P§) and the photon energy. The
J=0, 1, and 2 components of the P} ionic state should,
in principle, be resolved with the available instrumental
resolution (~6-8 meV). The N atoms are, however, gen-
erated in a photodissociation process with significant
translational energy. This leads to Doppler broadening
of the photoelectron signals of ~15 meV, thus obscuring
the different J components. Some Doppler broadening is
also apparent in the wavelength scans where the atomic
transitions show a width of typically 1.2 cm ™.

Photoionization of Rydberg states should, in principle,
occur with preservation of the ion core. Core switching
can be strong when configuration interaction is impor-
tant, for instance at the intermediate state level. This will
be shown to be true for the members of the (3P5_,’2 )np
Rydberg series which are perturbed by the (!D$)3p inter-
lopers. In addition, even for unperturbed high CP§ , ,)np
Rydberg states, core switching appears to be not negligi-
ble, which could be ascribed to configuration interaction
in the continuum.

In the following sections the results of this study will
be discussed in more detail. First, attention will be fo-
cused on the two-photon resonances observed in the
wavelength studies from the 2DJ and 2PY initial states.
Second, the ionic state branching ratios observed in the
photoelectron spectra obtained for ionization via the ob-
served resonant states will be discussed.

B. Wavelength studies
1. Transitions from the *D} initial state

The 2D¢,, and 2DY,, states lie 19224.464 and
19233.177 cm™!, respectively, above the 4S¢,, ground
state [43]. Two-photon absorption from these states em-
ploying the wavelengths in the range 290.3-225.5 nm
reaches excited states ~ 88 100—107 900 cm ™! above the
4S¢,, ground state. Within this energy range the only
states of the correct symmetry are the (*P¢)3p and
(*P¢)4p Rydberg states, the (CP¢)4f lies higher. In LS
coupling the (*P¢)np Rydberg series consist of five dou-
blet states and eight quartet states. At these low princi-
pal quantum numbers LS coupling should still hold, im-
plying that only transitions to doublet states are allowed.
Transitions to all doublet states associated with the
(®P°)3p and (*P¢)4p configurations are indeed observed in
the wavelength scan as strong resonances, except for
transitions to the 2S¢,, states, which are much weaker.
As these energy levels have previously been reported [43],
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these resonances serve as wavelength calibration, and are
not reported here. No transitions to quartet states are
observed.

2. Transitions from the P} initial state

The 2P¢,, and °2?P§, states lie 28838.920 and
28839.306 cm !, respectively, above the *S$,, ground
state [44]; the J=1 and 3 components are not resolved in
the wavelength scan. From these initial states, a much
more comprehensive series of np and nf excited states in
the energy range 97700-117440 cm ™' above the *S§,,
ground state are accessible by two-photon absorption
(Fig. 1), encompassing the complete Rydberg series con-
verging to the 3P6.1,2 ionic limits (unweighted mean
value, 117 314.55 cm ™ ') [44].

(P)nf series. From the 2P}, initial state, transitions
to all CP°)nf Rydberg states except G[5);1,2 G[5]s,2
G [4]y 5, and F[4],,, which exceed the maximum change
in angular momentum AJ =2 are allowed. The CP¢)nf
Rydberg series have previously been reported for n =4-6
[43]. In the present experiments these series are observed
weakly starting at n =4 and are extended to much higher
n (~10). The observed energy levels and tentative assign-
ments are given in Table I. The experimental line posi-
tions agree to within experimental uncertainty with posi-
tions calculated on basis of quantum defects, indicating
that perturbations are very small.

(3P®)np series. Transitions to the np Rydberg states are
the most prominent and extensive series (up to n =25)
observed in the present study. As indicated above, in LS
coupling the *P°)np Rydberg series consist of five dou-
blet states, namely S$,,, 2P{,, 2P$ )5, 2Dy, and 2D$,,
and eight quartet states, namely *S$,,, *P¢ ,, *P$ 5, *P% 5,
‘D¢ ,,, *D$,,, *D?,,, and *D9,,. Resonances associated
with two-photon transitions from the 2P¢ 12,302 State to all
the doublet states show up as very strong resonances in
the wavelength scan, apart from transitions to the 2S¢,
states which are weak. It should also be noted that tran-
sitions to the n =3 and 4 Rydberg states are much weak-
er than transitions to the n =5 states. This could be due
to a sudden decrease in the two-photon excitation or ion-
ization matrix elements; it seems more likely, however,
that the dominant photodissociation channel leading to
2P¢ nitrogen atoms is closed at these lower energies. Pos-
sible photodissociation mechanisms will be discussed in a
later section.

The (P¢)np series have previously been reported only
to n =5 for the doublet states, and to slightly higher prin-
cipal quantum numbers (n =6-7) for the quartet states
[43]. This is due, in part, to the fact that states of odd
parity are not accessible by one-photon absorption from
the *S9,, ground state. Also, these states are located
14-14.5 eV above the ground state, which makes them
difficult to access in conventional one-photon spectrosco-
py. Figure 2 shows a wavelength scan covering the two-
photon energy from 86750 to 88500 cm ™!, which em-
braces the np series from n =9 to 24, and also shows
some of the weak nf series. The observed np transitions
are listed in Table II, where the Rydberg states are denot-
ed in LS coupling even for high n.

E. de BEER, C. A. de LANGE, AND N. P. C. WESTWOOD 46

For low n(n =4-5), as with the 2D}’ metastable origin,
no transitions to quartet states are observed. At n =6
very weak features attributable to quartet states are dis-
cerned, but only for still higher n (= 8) do these states be-
come appreciable in intensity. Assignments have
remained very tentative and are not reported. The prin-
cipal quantum number at which LS coupling breaks
down can be estimated by comparing the *D¢, and D,
energy difference for a given n and the *P¢ and *P$ ener-
gy difference, these being the states to which the quartet
and doublet states, respectively, converge. At low n, the
doublet-quartet splitting (due to electron correlation) is
much greater than the *P¢ and *P¢ energy difference in
the ion (due to spin-orbit coupling), so the latter can be
treated as a perturbation. Going up in n, the (*D?,,-
D¢ ,,) energy difference converges to the (P$-P$) split-
ting, and when this difference decreases to a few times the
(P¢-3P%) energy difference, both effects are comparable
in strength. Hence spin-orbit coupling can no longer be
treated as a perturbation, implying that the L and S are
no longer good quantum numbers from approximately
n =7 onwards; this is supported by the observation that
transitions to quartet states are first weakly observed at

TABLE 1. Term values for the observed (*P¢)nf Rydberg
states. Energy levels not previously observed, to the best of our
knowledge, are denoted by asterisks.

Term value (cm™!) Assignment
110349 4f D[3)°
110385 4F G[3[°
110402 4f G[4]°
110404.5 4f D[2]°
110459.5 af D[1)°
110486 4f F[2]°
110498 4f F[3)°
110501.5 4f Fla)
112826 5f D[3]°
112869 5f G[3)°
112880 5f D[2]%5f G[4]°
112948 5f D[1]°
112958 s5f F[2)°
112967 5f F[3,4])°
114171 6f D[3]°
114216 6f G[3]°
114222 6f D[2)%6f G[4)°
114296 6f D[1]°
114302 6f F[2]°
114307 6f [3,4])°
114981* 1f D3]
115033* 1f D[2]°7f G[4]°
115 108* 7f D[1]°
115115* 1f F[2,3,4]
115 508* 8f D[3]°
115 558* 8f D[2]°,8f G[4]°
115 640* 8f F[2,3,4]°
115871* 9f D[3]°
115919* 9f D[2]°9f G[4]°
116001* 9f F[2,3,4)
116 177* 10f D[2]°
116 258* 10f F[2,3,4]°
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TABLE II. Term values for the observed (*P¢)np Rydberg states. Energy levels not previously observed, to the best of our
knowledge, are denoted by asterisks.

Term values (cm ™! Assignment Term values (cm™') Assignment
96788 3p DS, 116023* 10p 2D$,,
96 864 3pD¢, 116087* 10p %P3,
97770 3p*PS, 116 106* 10p 2D¢,,
97 806 3p %P3, 116 117* 10p *PY,,

107183 4p D3, 116250* 11p2D$,,
107253 4p D3, 116317* 11p %P3,
107 588 4p2P3, 116333* 11p D¢,
107 628 4p 2P3,, 116341* 11p %P3,
110521° 3p’’D3,, 116423* 12p D3,
110 545° 3p'*D2, 116 489* 12p *P3
1107112 3p' ¢, 116 506* 12p D¢,
110715 3p'2F3, 116512* 12p %P,
111199 5p PS¢, 116 555* 13p2D3,,
111213 5p 2P$,, 116 628* 13p 2P¢,,
111853 5p D3, 116641* 13p 2P3,,
111907 5p D2, 116 659* (*P))14p
112294* 3p'*PS, 116 746* (*P,)14p
112 320° 3p' P4, 116 828* (*P,)15p
113518* 6p D3, 116 865* CP)17p
113 593* 6p2DY,, 116 895* (3P,)16p
113 629* 6p 2P3 116912* (*P)18p
113 673* 6p 2P3 116 950* CP,)17
114581* 7§ ZD?;/,ZZ 116 984* ( 3PT ;20£
114 654*° Tp DY, /2P, 116 995* (*P,)18p
114 660*° 7p D¢, /2P, 117011* P,)21p
114 698* Tp *P3,, 117034* (°Py)19p
115254* 8p 2D}, 117056* (3P)23p
115318* 8p %P3, 117066* (*P,)20p
115336* 8p D¢, 117074* (3P, )24p
115 360* 8p 2P3,, 117 094* (3P,)21p
115707* 9 ’D$,, 117 118* (3P,)22p
115768* 9 2P$,, 117 139* (*P,)23p
115788* 9p 2D¢,, 117 156* (*P,)24p
115 804* 9p 2P$,,

“Assignments indicated with a prime refer to Rydberg states converging to the ' DS ionic state.
®The quantum defects of these two states are too close to reach a definitive assignment, especially because the quantum defects do not
show a linear energy dependence due to the perturbing ('D$)3p Rydberg states.
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n =6 and become appreciable in intensity above n =8.

From the quantum defects calculated for the newly ob-
served energy levels it has been established that the 2P{ ,,
2p¢,,, and DY, states converge to the >P$ ionic limit and
the 2D$, state converges to the *P{ ionic limit. Table ITI
shows the convergence limits for the various series. The
lowest ionization limit *P§) of 117225.66 cm ™! has pre-
viously been founded on that of *P{ by fitting the
(CP°)nd *F§,,(n=3-6) and nf G[5]$,,, energy levels,
which are accurate to 0.001 cm™!, to Ritz formulas
[44,49]. The energy levels determined in the present
study are only accurate to 2 cm™!. Although there are
now many more experimental energy levels available, be-
cause of the limited accuracy of the present data, no at-
tempts were made to try to improve the previously deter-
mined ionization limits. As for the quartet states, the line
positions observed for the 25¢,, Rydberg series are not
listed, because for these weak lines the assignments are
not always definitive. However, the ionization limits
have been established from quantum defects (Table III).
The *S§,, and the *DY,, quartet states are not observed in
this study. The *D9,, Rydberg series converges to the
3P$ ionization limit, as this is the only limit that supports
a J=1I component. The limit to which the s9,, Ryd-
berg series converges can therefore also be deduced, as
there is only one J=32 component left to be assigned.
The limits for the *P¢,, and *D$ , series reported previ-
ously [44] are in agreement with the present results. For
high quantum numbers, the quantum defects show small
deviations from a linear energy dependence, probably due
to weak interactions between the Rydberg series. Be-
cause of the low accuracy (quantum defects become in-
creasingly inaccurate as the ionization energy is ap-
proached) of the experimental results, these perturbations
were not investigated.

For the principal quantum numbers n# =4-11 most of
the multiplet components of the np Rydberg series are
observed as separate resonances in the wavelength scan.
For higher quantum numbers Rydberg states converging
to the same ionization limit are beginning to merge to-
gether (Fig. 2), and there are numerous accidental over-
laps between the series converging to the different limits.

TABLE III. Convergence limits of the (*P§)np Rydberg
series J,,, =0,1,2.

Series Jion

o

2¢o
172
4o
D3/2
4po
P1/2
4no0
DI/Z
4po
P3/2
2o
4D3/2
]
2D5/2
o
P1/2
4Qo
372
2po
P3/2
2no
D3,
4po
PS/Z
4o
D7/2
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For each of the three limits studied P, *P¢, and *P%),
the highest observed principal quantum number is
n=24-25. The two-photon absorption cross section in a
Rydberg series is typically proportional to (1/n*)%. The
experimentally observed drop in intensities is much more
dramatic. At present, there is no explanation for this, al-
though a change in the photodissociation cross section
cannot be excluded. Certainly, the breakoff of the series
cannot be due to field ionization, as very strong (~ 800
V/cm) electric fields are required to ionize n =25 Ryd-
berg states. Magnetic-field effects have also been con-
sidered, as the field in the ionization region is quite strong
(~1T). The quadratic Zeeman effect will cause / mixing
in high Rydberg states, and f character will be mixed
into the p orbital (only wave functions of the same parity
can mix). The photoionization matrix element will gen-
erally be much smaller for ionization of orbitals with high
angular momentum (nonpenetrating orbitals). So, if a
significant amount of f character is mixed in, the photo-
ionization cross section will decrease dramatically. In re-
cent experiments on Rb employing REMPI detection
[50], it has been demonstrated that / mixing causes a
breakoff in the intensity of transitions to a Rydberg series
for n>43 in a magnetic field of 1 T. As the magnetic
field in our experiments is also 1 T, and comparable states
are accessed, it seems unlikely that the quadratic Zeeman
effect can account for the breakoff of the Rydberg series
already at n <30 in the present experiments. A second
effect may be induced by the presence of the magnetic
field. A particle moving in a magnetic field (B) with ve-
locity v will experience an equivalent electric field with
strength E=BXv[51]. The velocity of the N atom is es-
timated to be in the order of 4000 m/s, leading to an elec-
tric field of 40 V/cm. As mentioned above, much higher
fields are required for field ionization of n =25 Rydberg
states. It seems therefore unlikely that this effect can ac-
count for the present observations.

3. Interloper states

In the region below the first IE (14.534 eV above the
ground state) there are only few states which belong to
Rydberg series converging to an excited ionic state,
namely the 2F?, P?, and D} states arising from the
('D$%)3p configuration, converging to the 'D$ limit. The
only other component of these series that has been re-

TABLE IV. Coefficients squared of the wave function W
=cd((*P*)np )5, +de(('D?)3p), s, determined in a (limited)
MQDT analysis.

*PS ’P3,, D3, ‘D3,
np c? d? c? d? c? d? c? d?
4 96 4 96 4 93 7 92 8
5 75 25 67 33 76 24 78 22
6 92 8 92 8 97 3 97 3
7 98 2 98 2 99 1 99 1
8 99 1 99 1 99 1 100 0
9 100 0 100 0 100 0 100 0
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ported is the ('D$)4p 2F° state, at 122246.4 cm ™! above
the *S$,, ground state [43]. This state, and all other
('D$)np configurations, lies above the first E; and outside
the energy range studied. The (!D$)3p interlopers
strongly perturb the (*P§)np Rydberg series around n =S5
(Fig. 1) [49]. A limited MQDT analysis has been per-
formed to assess the degree of mixing and hence the rela-
tive contributions of *P§)np and (‘D% )3p character in the
wave functions. To limit the number of interacting
channels, it is assumed that around n =5, L and S are
still good quantum numbers and that only states of the
same L, S, and J can interact. This reduces the problem
to four (*P¢,, 2P%,, D$,, and 2D,) two-channel
MQDT analyses, resulting in wave functions of the fol-
lowing type:

‘PL,S,J':C‘IZJ((:‘PE)np )L,S,J +d¢((1D§ )3p )L,S,J . (1)

The results of these analyses are given in Table IV. The
effective quantum numbers, and hence the presence of
perturbations, of the 2P$,, Rydberg series relative to the
3P% and 'D$ ionic limits are shown in a Lu-Fano plot
(Fig. 3). The assumptions made are probably reasonable,
as we know that LS coupling breaks down at n~7,
whereas at n =5, LS coupling should still be a reasonable
approximation. Also, if states having the same total an-
gular momentum but different L and S mix, the
(!D$)3p 2F¢,, state will be perturbed by the 2D?¢,, states,
whereas the 2F$ , state will be unperturbed. If this is the
case, it will likely lead to differences in the photoelectron
spectra for these two states. The observed photoelectron
spectra are the same (vide infra), suggesting that only
states having the same L and S interact.
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FIG. 3. Lu-Fano plot showing the interaction between the
2P$,, components of the (*P§)np and ('D$)3p Rydberg series.
The symbol v, pe signifies the effective quantum number relative

2

to the 3P$ limit, Vipe the effective quantum number relative to
2

the 'D$§ limit. Because of the increasing inaccuracy of the quan-
tum defects, only principal quantum numbers from #n =3 up to
15 are included in the figure.
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TABLE V. Branching ratios observed in the PE spectra from
the 2D° initial state via all observed intermediate states.

Initial state Intermediate state Pé 12 (%) D% (%)
2D‘s’/z 3p 2S'l’/z 100 0
2D‘s’/z 3p 2S'f/z 100 0
2 ) 3p 2P§/2 89 11
2D‘s’/z 3p 2P§/2 91 9
2Dg/z 3p 2P‘l’/z 91 9
‘D¢, 3p*P3 91 9
D ) 3p D Sn 92 8
2D‘5’/2 3P 2D‘5’/2 88 12
ZD(J)/Z 3p 2D§/2 91 9
*pg, 3p 2D‘3’,2 81 19
2D§/2 4p 2S?/z 100 0
zDg/z 4p zs?/z 100 0
2D§/2 4p °P3,, 84 16

$n 4p 2Pl}’/z 83 17
D3, 4p P 80 20
2D§/2 4p ZP’I’,Z 81 19
zDg/z 4p zDg/z 82 18

Sn 4p 2D§/2 79 21
Dy, 4p D3, 84 16
2D157/2 4p ZDg/z 87 13

C. Photoelectron studies and ionic branching ratios

1. REMPI PES from the °D} initial state

Photoelectron spectra were recorded for all the 20 ob-
served transitions into the 3p and 4p Rydberg levels; the
ionic state branching ratios are given in Table V. As
mentioned, the splittings between the J =0, 1, and 2 com-
ponents of the *P¢ ionic state are not resolved due to a
Doppler-type broadening of the PE signals of ~15 meV.

Only the ionic ground state is energetically accessible
via the *P*)3p 2S¢, intermediate state at two-photon en-
ergies of 74357 and 74348 cm ™!, and so ions are pro-
duced in the *P* jonic state with 100% selectivity as pre-
viously reported [35]. For the other states, ionization to
the 'D$ ionic state (15319.19 cm™' above the ground
ionic state) [44] can also take place. Ionization of unper-
turbed Rydberg states should, in principle, occur with
preservation of the ion core, so transitions to the *P¢ ion-
ic state should dominate. This is indeed observed; the
3P(‘;,,,;,_:’Dg branching ratios are approximately 1:0.2 for
all of the multiplet components. As can be expected, the
branching ratios are the same if the intermediate state is
populated from the 2D$ , or D¢ , initial states.

2. REMPI PES from the 2P° initial state

(*Pé)nf series. PE spectra were recorded only for the
lower members of the nf series (n =4-6). For higher
principal quantum numbers, the resonances are too weak
to obtain adequate statistics. In the PE spectra only tran-
sitions to the P¢ ionic state have been discerned, even
though energetically three ionic states are accessible. This
high degree of core selectivity is probably due to the high
orbital angular momentum (/ =3) of the Rydberg elec-
tron, whose removal should not affect the core. So, when
ionization occurs via members of the (*P¢)nf Rydberg
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TABLE VI. Branching ratios observed in the PE spectra from the P° initial state. The transition to
the !S¢ ionic state is always very weak (< 5%) and is not included in the table.

%, S, D3, D3,
np *P¢ (%) 'D¢ (%) 3P¢ (%) D¢ (%) 3P (%) D¢ (%) 3P¢ (%) 'D® (%)
4 91 9 91 9 88 12 92 8
5 71 29 48 52 48 52 58 42
6 71 29 64 36 74 26 77 23
7 85 15 72 28 86 14 85 15
8 83 17 78 22 86 14 93 7
9 87 13 77 23 89 11 92 8
10 92 8 72 28 85 15 94 6
11 94 6 81 19 92 8

series, state-selective production of ions in the electronic
ground state is achieved.

(*P®)np series. For (2+1) ionization from the 2P
metastable state, three ionic states (P¢, 'D¢, and !S§) are
energetically accessible, except if ionization takes place
via the (*P°)3p and (*P¢)4p Rydberg states where only the
lowest two ionic states are within reach. PE spectra have
been recorded for most of the observed transitions, and
the ionic state branching ratios are given in Table VI.
When energetically permitted, transitions to the 'S¢ ionic
state at 32 688.64 cm ™! above the ground ionic state [44]
are very weak, at most a few percent of the total signal.
For those intermediate states where the wave functions
are perturbed by the (!D$)3p interlopers (below), the
transition to the 'D$ ionic state is strongly enhanced, as

(a) (b)

1 l T I T 1
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can be expected. Typical PE kinetic-energy scans are
shown in Figs. 4(a)-4(d) for photoionization to the 4p, 5p,
6p, and 10p Rydberg levels. The spacing between peaks
of 1.90 and 2.15 eV provides the first electron spectrosco-
py measurement of the N*(!D5-3P¢) and the Nt (IS§-
ID$) separations, respectively. These compare to the
more accurately known values of 1.899 and 2.154 eV [44].
He1 PES [52] has given the IE to the ground-state cation
only, since the spin selection rule in LS coupling dictates
that the singlet excited states of N ' are formally forbid-
den using one-photon ionization from the *S$,, ground
state.

The branching ratios for transitions to the ionic states,
determined by PES, can, in principle, be related to the
coefficients squared in the wave functions of the Rydberg

FIG. 4. Photoelectron kinetic-energy scans
associated with ionization from the 2P° meta-
stable state via the 2P¢,, components of the
(P$)np Rydberg states, with (a) n =4, (b)
n =5, (c) n =6, and (d) n =10. The weak peak
at low kinetic energy corresponding with the
IS¢ ionic state is not shown.

electron energy (eV)



46 RESONANCE-ENHANCED MULTIPHOTON-IONIZATION . .. 5661

states determined from the MQDT analysis (Table IV).
For transitions to the *P° and D ionic states the transi-
tion probabilities are proportional to

KW('D;)SI [, e CPmp)+du('D3p ) P
j

and

2. (2b)

|<W(3Pe)el cl/z((3P"’)np)+d1/J((‘D§)3p)>

25
j

A direct quantitative comparison, however, between the
wave-function composition and the photoelectron
branching ratios is not straightforward, since this
analysis does not take into consideration the kinetic-
energy dependence of the cross sections. In addition,
Cooper minima are known to play a role in the 2+1)
REMPI of N(2D?) atoms via the (*P¢)3p Rydberg state
[35-38]. As similar states and electron energies are ac-
cessed in the present experiments, Cooper minima are
also likely to play a role here.

The PE spectrum for ionization via the (P¢)4p *P$,,
level at a two-photon energy of 78 789 cm ! is shown in
Fig. 4(a), and indicates very little perturbation. This
should be contrasted with the PE spectrum via the
(*P¢)5p *P$,, state which occurs at a two-photon energy
of 82374 cm ! [Fig. 4(b)]. In this case the three lowest
electronic states of the ion, the 3P8'1,2, D¢, and 'S¢ states
are all energetically accessible, with the transition to 'S¢
weakly observed. The *P§ | ,:'D$ intensity ratio of 0.94:1
is due to a strong perturbation by the (!D$)3p state. This
bound-bound interaction leads to appreciable energy
shifts of up to ~500 cm™! [49] (see also Fig. 3) and
strong mixing of wave functions. From the two-channel
MQDT analysis the mixing coefficients |c|/=0.82 and
|d|=0.57 [Eq. (1)] are obtained, and the square of these
should approximate to the experimental intensities with
the reservations discussed above. This mixing with the
wave function of the (!D%) interloper is reflected in the
experimentally observed ionic state branching ratios
(Table VI) which show that the transition to the 'D$ ionic
state is strongly enhanced for all Rydberg wave functions
having both CP¢)np and (!D$)3p character. Core switch-
ing of this type has been seen before in REMPI-PES of
Xe [2,53,54] and other polyelectronic main group [55,56]
and transition metal atoms [57-60].

To select an unperturbed situation, we will discuss ion-
ization via a high Rydberg state, which is unaffected by
interlopers. The 'D$ intensity is seen to drop off at 6p
[Fig. 4(c)], and this is tracked, in part, by the MQDT
wave-function analysis. The PE for ionization via the
(*P°)10p *P3,, intermediate state is shown in Fig. 4(d).
The *P¢'D$ branching ratio is 1:0.2, and transition to the
1S¢ ionic state is not observed. The transition in which
the ionic core is preserved dominates. This core preser-
vation is observed, to a greater or lesser extent, up to the
maximum n for which we have recorded PE spectra
(n =16) when photoionization takes place via a nominally
unperturbed (*P°)np Rydberg state. The transition to the
D¢ ionic state is still appreciable, however. The amount
of core switching is observed to depend on the quantum

numbers J, L, and S. When ionization occurs via unper-
turbed 2P$,, components of the (CP)np series, the
3P§,12:'D§ branching ratios are roughly 1:0.2. However,
the observed 3P{",,u:‘Dg branching ratios for the unper-
turbed 2P¢ ,, 2D$ ,, and D¢, intermediate states are ap-
proximately 1:0.1. This effect is probably due to a J, L,
and S dependence of the photoionization matrix element
and configuration interaction in the continuum.

('D$)3p interloper states. Those states that possess a
‘D§ ion core, not surprisingly, show the greatest intensity
upon photoionization to the 'D$ ion. Figures 5(a)-5(c)
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FIG. 5. Photoelectron kinetic-energy scans associated with
ionization from the 2P° metastable state via the (a) 2P}, (b) 2D},
and (c) *F§ components of the ('D$ )3p interloper states.
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show representative kinetic-energy scans for three sets of
transitions originating from the 2P} metastable which ac-
cess states with the 'D$ core. In all cases the transition
to the !D$ ionic state dominates. When photoionization
of the N atom occurs via the unique (!D$)3p 2F2,, Ryd-
berg state, whose PE spectrum is depicted in Fig. 5(c), a
very high degree of state selectivity is observed. A simi-
lar branching ratio is observed if ionization takes place
via the /=7 component. From the ionic state branching
ratios (*P§,,:'D§=0.05:1) we conclude that the
2R =2 and 1) Rydberg states are hardly perturbed by
the CP¢)np Rydberg series. As already stated above, this
supports our assumption that mixing only takes place be-
tween states having the same L, S, and J quantum num-
bers. Thus, when either the (D$)3p 2F¢,, or *F$ , state
is selected in the REMPI process, N ions are generated
with high specificity (> 95%) in their electronically excit-
ed !D¢ state. This state-selective production of electroni-
cally excited N is very intriguing in view of the recent
interest in state-selective chemistry.

D. Production of N(2D°) and N(?P°)

At this stage, given that only one laser is used for both
photolysis and detection, it is difficult to unambiguously
establish a mechanism for the production of the N(D°)
and N(?P°) metastable states. Still, some worthwhile in-
formation can be deduced from the present experiments.
It has been demonstrated previously that HN; has two
primary dissociation channels in the uv region [5]:

HN,;('4')—>N,('Sf)+NH(a'A), 3)
HN,('4")—N;(IT, ) +H(S) . 4)

Much research has focused on the characterization of the
photofragmentation process described by Eq. (3), whereas
much less is known about the other pathway, Eq. (4). Via
reaction (3) NH is formed predominantly in its a 1A state,
with several vibrational levels populated [4-13]. At
short wavelengths (<200 nm), other excited singlet states
also are populated to some extent [7]. Reaction path (3)
is found to be the dominant channel, but reaction (4) is
not negligible. This is evidenced by the fact that in the
present experiments a very strong signal is observed at
243.1 nm, which is associated with (2+1) REMPI of H
atoms via the n =2 level. In Fig. 6 the wavelength scan,
employing low laser power to avoid saturation, is depict-
ed, showing a “Doppler-split” line shape. In principle,
the observed H atoms can be formed either via reaction
(4) or via photodissociation of NH(a 'A). If NH(a 'A) is
considered as the precursor of H atoms, the accompany-
ing N atom should be formed in a doublet state, the most
likely candidates being *D° and 2P°. So, an analysis of
the line shape of the H(n =2) resonance can provide in-
formation not only on the origin of the hydrogen atom,
but also on the origin of the metastable nitrogen atoms.
A second possible pathway for formation of N(D°) and
N(P°) is photodissociation of Nj. As in the case of the
resonance line shape observed for the H atom, the
Doppler broadening of the resonances observed for the N
atom can provide information on the photodissociation
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FIG. 6. Doppler profile of the H atom transition 'Sy+e ™
282D <S5, at 243.1 nm.

mechanism. The, albeit small, Doppler broadening is
quite different for the two proposed dissociation mecha-
nisms, i.e., photolysis of NH and N;. The momentum
conservation rule dictates that the lightest fragment
formed in the dissociation process gains the highest ve-
locity. This means that, for comparable excess energies,
the velocity of N atoms formed from dissociation of N,
(where N is the lighter fragment) is much greater than
the velocity of N atoms formed from dissociation of NH
(where the N fragment is by far the heaviest). In the fol-
lowing it will be demonstrated that the linewidth of the H
atom resonance indicates that H atoms are most likely
formed via reaction path (4). From the linewidths ob-
served for N atom resonances, it is inferred that NCD°)
and N(*P°) are probably formed via photolysis of N;.

The frequency of light absorbed by a system, which has
a velocity component v, relative to the propagation direc-
tion of the light, will be

v=v,(l1—v,/c) (5)

where v, is the absorption frequency of the system at rest.

The doubly peaked shape of the Doppler broadened
profile observed for the H(n =2) resonance indicates that
the majority of the H atoms have a high-velocity com-
ponent along the laser propagation direction. Since the
propagation is perpendicular to the polarization direc-
tion, the H atoms have an anisotropic translation perpen-
dicular to the polarization. The angular distribution of
the H atom for a single recoil velocity and linearly polar-
ized light is given by [61]

W(8)=(1/4m){1+BP,(cosh)} ,

where P,(x)=(3x2—1)/2 and @ is the angle between the
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fragment recoil direction and the polarization of the
light. The limiting values of the anisotropy parameter 3
are +2 and —1, corresponding to recoil along and per-
pendicular to the polarization vector, respectively, while
B=0 corresponds to an isotropic angular distribution of
the fragments. Doppler profiles predicted for = +2, 0,
and —1 are given in Figs. 7(a)-7(c). The observed profile
for the H(n =2) resonance, depicted in Fig. 6 is similar to
situation (c), indicating fast fragmentation and a transi-
tion moment perpendicular to the laser polarization.
From the profile a recoil velocity of the H fragment of
1.13X 10* m/s is deduced, in perfect agreement with the
value of 1.13X10* m/s, found for photolysis of HN; at
248 nm [62].

Let us now consider the possible dissociation pathways
and associated recoil velocities. If photolysis of NH
(a 'A) is considered at 243.1 nm, one-photon dissociation
can energetically only take place to H+N(D°. As
strong transitions from N(2P°) are observed at approxi-
mately this wavelength, it seems unlikely that one-photon
dissociation of NH is the sole origin of the atomic species
observed. However, it cannot be excluded as a produc-
tion mechanism for H+N(D°. The H atom recoil ve-
locity for this process is 1.25X 10* m/s, slightly larger
than the value of 1.13 X 10* m/s deduced from the profile.
If NH is photolyzed at the two-photon level, H+N(D°)
and H+N(P° give rise to H atom recoil velocities of
3.27X10* and 2.92 X 10* m/s, respectively, which would
lead to significantly broader Doppler profiles (9 and 8
cm™!). The second photolysis pathway is one-photon
dissociation of HNj, via Eq. (4). Here, the internal ener-
gy distribution of the N, fragment influences the recoil
velocity of the H atom. The dissocation energy and inter-
nal energy of the N, fragment of this reaction are not
known accurately, allowing only a crude estimate of the
maximum H atom recoil velocity (assuming N; gains no
internal energy) of ~1.2X 10* m/s.

From the above discussion, we suggest that the H
atoms are, most likely, formed from direct photodissocia-
tion of HNj;, in agreement with a previous study [62].
This implies that N; (or N,+N) are effectively formed
and Nj; has indeed been observed upon photolysis of HN;
at 248 nm [62]. Nj; should then be considered as a possi-
ble precursor for the N metastable states. The absorption
of N; is very diffuse for wavelengths <272 nm [63]. At

(a) (b)

0 0
frequency offset frequency offset
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272 nm, and presumably also at shorter wavelengths, N,
predissociates rapidly to form N(2D°)+N,(X) [63]. This
is in line with the present results where transitions from
N(D° are only observed for wavelengths <272 nm.
However, this in itself proves little as no resonances are
to be expected from N(?D°) at wavelengths between

+290.3 and 272 nm. As mentioned previously, the reso-

nances from N(?P°) to the (P¢)3p and (*P¢)4p states at
~290-294 and ~254 nm, are anomalously weak, indi-
cating that photodissociation channels leading to
N(P°)+N,(X) are closed at these wavelengths and
higher order processes are needed to produce N(P°).
Photolysis of N; to N(?P°)+N,(X) can probably take
place at shorter wavelengths.

Again, the Doppler broadening of the resonances can
provide information on the origin of the N metastable
states. If N(2D°) is formed via one or two-photon dissoci-
ation of NH, Doppler widths of 0.24 and 0.77 cm™!
would be expected. If N(2D°) is formed from Nj, the
width depends on the internal energy of the N, fragment.
If it is assumed that N, gains negligible internal energy,
N resonances should have a width of 1.5 cm~!. Analo-
gously, a Doppler width of 0.6 cm ! would be expected
for resonances from the N(*P°) metastable if generated
via two-photon dissociation of NH. If N(*P°) is generat-
ed via single-photon dissociation of N3, a width of 1.2
cm ! is expected. The observation linewidths of 1.35 and
1.2 cm ™! for transitions from N(2D°) and N(?P°), respec-
tively, indicate that these species are probably formed via
photolysis of N;.

Two-color experiments where the N atom production
is monitored for various dissociation wavelengths, togeth-
er with theoretical investigations into the electronically
excited states of N, are needed to substantiate these pre-
liminary assignments.

IV. CONCLUSIONS

We have performed REMPI-PES measurements on
many new doublet states of odd parity of the N atom, ac-
cessed by two-photon excitation from the *DJ and 2P}
metastable states on N. Photodissociation of hydrazoic
acid HNj; proves to be a convenient source of N atom
metastable states. The mechanism for the metastable
atom production is probably via N3(2Hg) photodissocia-

FIG. 7. Atomic Doppler profiles in the lim-
iting cases (a) B=2, (b) =0, and (c) B= —1.

0
frequency offset
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tion. These species arise throughout the energy range
considered via neutral channels, and the photodissocia-
tion cross section does not vary drastically with wave-
length, except at the red end of the range studied, where
transitions from the 2P° metastable state are anomalously
weak.

The single-photon forbidden np and nf series have
been observed between 88 100 and 117500 cm ™!, and in
the np case new states involving n =6-25 converging to
the first IE have been observed. This provides new data
on the higher Rydberg states of N atoms, and indicates a
breakdown of LS coupling at high principal quantum
numbers. Since photoionization of N occurs through
high-lying Rydberg states with either a 3P¢ or !D$ core,
photoelectron spectroscopy is a useful tool for determin-
ing branching ratios into the various ionic states. Both
core-preserving and non-core-preserving transitions are
observed. It is demonstrated that, by selecting specific in-
termediate states, ions can be generated with a high de-
gree of state selectivity in the *P° ground or the 'D¢ ex-
cited ionic state.

Future experiments must, in addition to establishing
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the photodissociation mechanism, address the important
issue of photoionization cross sections for these excited
states, of relevance to the predicted abundance of zeros in
the nl —¢, It1 dipole matrix elements (Cooper minima)
for excited states of atoms [64—66]. Measurement of the
photoelectron angular distributions, from which further
information regarding the presence of Cooper minima

may also be inferred, is clearly a worthwhile goal. In ad-

dition, experiments not much further to the blue will per-
mit access to states above the first IE where autoioniza-
tion processes should occur.
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