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Two-color, two-photon resonant, three-photon ionization, and high-resolution photoelectron spectroscopy are
combined to characterize the photoionization dynamics of the 3pσ 2Σu

+ electronic state of NO2. Direct
photoionization of selected vibrational levels of the NO2 3pσ 2Σu

+ state shows a strong propensity to preserve
the vibrational quantum numbers of the intermediate state. Efficient methods for producing NO2

+ X 1Σu
+

(000), (010), (100), and (001) with over 95% purity are discussed. This approach is expected to be applicable
to the study of the mode dependence of the effects of vibrational excitation in ion-molecule reactions involving
NO2

+.

I. Introduction

The experimental conditions for ion-molecule reactions
naturally afford opportunities to investigate collision-energy
thresholds for chemical transformations.1-5 The degree to which
internal energy drives such reactions can provide additional
dynamical insights, and with the advent of coincident photo-
electron spectroscopy and PEPICO techniques introduced by
Baer and co-workers,6 it has become possible to compare cross
sections for ions in different, well-defined initial vibrational
states. Such photoelectron-photoion coincidence methodologies
have been refined to the rotational level for some reactions by
introduction of pulsed-field-ionization threshold photoelectron
spectroscopic monitoring.7,8

Alternative approaches have tuned multiple-photon laser
ionization pathways through specific intermediate resonances
to actively produce populations of cations in selected vibrational
states.9-11 Studies using this direct strategy have successfully
exposed reaction dynamics influenced not only by the total
energy and its partitioning between translation and vibration
but also by the topology of internal motion as determined by
the combination of normal modes excited.12,13Such experiments
rely on Franck-Condon factors that preserve vibrational
quantum numbers in photoionization from selected intermediate
Rydberg states.14 In the present work, we show how this effect
can be used along with the broad Franck-Condon envelope
normally associated with the geometry changes typically
encountered upon ionization of open-shell neutral molecules to
allow the production of state-selected ions in a wide range of
vibrational levels. Our molecule, NO2, is representative of the
important class of free radicals that transform from open-shell
neutrals to yield closed-shell cations. We demonstrate by
multiresonant photoelectron spectroscopy that efficient pathways
exist for creating abundant populations of NO2

+ ground state
ions in the (000), (100), (010), and (001) vibrational levels with
>95% purity.

The ion-molecule reactions of NO2+ are important in a
number of contexts, including stratospheric chemistry involving

protonated nitric acid,15 high-temperature combustion,16,17 and
astrochemistry.18 Studies of the vibrational mode dependence
of the reactions of NO2+ are expected to be particularly
informative. Unfortunately, conventional one-color multiphoton
ionization has not provided an effective method for producing
state-selected NO2+. This situation is a result of two effects.
First, the geometry of ground state NO2 is bent, while the ground
state ion and the Rydberg states converging to it are linear. Thus,
the Franck-Condon factors from the ground state to any of
the low-lying vibrational levels of the Rydberg states are very
small (with the exception of those involving the bending
vibration), and this results in a very low efficiency for ion
production. Second, when two-photon excitation is used to
populate the Rydberg state, the energy of the first photon lies
in a strong absorption band that leads to the dissociation of NO2,
which further reduces the efficiency of ion production. In
addition, NO produced by this dissociation is efficiently ionized,
leading to a large background of NO+. Although this background
can be removed by mass selecting the ions, it can still be a
nuisance.

Our approach uses two-color, two-photon excitation to
prepare selected vibrational levels of the 3pσ 2Σu

+ Rydberg
state of NO2, which are then photoionized by a single photon
of either color. As shown by Grant and co-workers, this
photoexcitation strategy exploits the vibronically mixed char-
acter of the states that form the visible absorption system of
NO2 to bridge the Franck-Condon gap between the bent neutral
and the linear Rydberg state.19-26 In the present paper, we
combine this two-color approach with high-resolution photo-
electron spectroscopy to characterize the direct photoionization
dynamics of the 3pσ 2Σu

+ state. This work demonstrates that
the two-color stepwise excitation can overcome the difficulties
associated with one-color multiphoton ionization and be used
to produce vibrationally state-selected NO2

+ in all three normal
modes. The results also provide insight into the photoionization
dynamics of the 3pσ 2Σu

+ state.

II. Experimental Section

The experiments employ a magnetic bottle electron spec-
trometer to measure the velocities of electrons produced by
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stepwise photoionization using two nanosecond pulsed Nd:
YAG-pumped dye lasers. As shown in Figure 1, the selected
vibrational level of the 3pσ 2Σu

+ state is populated by a two-
photon transition involving one photon ofλ1 and one ofλ2. Here,
λ1 corresponds to the fundamental output of the first laser, while
λ2 corresponds to the frequency-doubled output of the second
laser. The pulse energies ofλ1 andλ2 are approximately 5 mJ
and 0.5 mJ, and the bandwidths are 0.03 and 0.1 cm-1,
respectively. The values ofλ1 andλ2 are chosen so that a single
photon ofλ1 cannot dissociate the NO2 but could still ionize
the selected intermediate level via a vertical transition (i.e.,
without a change in the vibrational quantum numbers of the
intermediate state). The first photon atλ1 excites theΝÃ2 to a
region of very high density of states produced by the complex
vibronic structure of three interacting electronic states. The
pulses of the two lasers overlap in time, and becauseλ2 is
considerably shorter thanλ1, the intermediate state can be
ionized by the absorption of one photon from either laser. The
relevant ionization thresholds are given in Table 1.

The two laser beams copropagate collinearly, and focus
loosely into the collision zone of the electron spectrometer,

where they cross the molecular beam of NO2. The molecular
beam is produced by expanding a 1:1:20 mixture of NO2/O2/
He at a stagnation pressure of 1000-1500 Torr into a vacuum
chamber by using a piezoelectric pulsed valve. The resulting
beam is skimmed approximately 5 cm downstream of the nozzle
and crossed perpendicular to the laser beams in the interaction
region. The wavelengths of the two lasers were optimized by
performing scans ofλ1 with λ2 fixed, and ofλ2 with λ1 fixed,
while monitoring the total photoelectron yield. In addition, lock
scans were performed by scanningλ1 up andλ2 down while
maintaining a constant photon energy. This process was repeated
for the 3pσ 2Σu

+ (000), (100), (010), and (001) intermediate
states, where the labeling (V1,V2,V3) corresponds to the symmetric
stretch, V1, the bend,V2, and the asymmetric stretch,V3,
respectively. Optimizingλ1 can result in improved Franck-
Condon factors for the overall two-photon transition to the
selected vibrational level of the 3pσ 2Σu

+ state, and greatly
enhance the ionization yield. While the high density of states
at the one-photon energy ensures that a resonance will be nearby,
as discussed below, it also can make it difficult to assign the
structure in the two-photon spectrum. The lasers were calibrated
by using the optogalvanic effect in Ar, Ne, and U, and by using
commercial wavemeters.

The magnetic bottle electron spectrometer has been described
previously.27-29 Briefly, the photoelectrons are produced in a
region of 1-T magnetic field, which diverges from 1 to 10-3 T
at the entrance to the flight tube. The diverging field acts to
parallelize the trajectories of the photoelectrons, while maintain-
ing information on their velocities. Thus, high-resolution
photoelectron spectra can be recorded with high collection
efficiency. The drift tube can be biased to provide a retarding
or accelerating potential. The resolution for the present experi-
ment is∼7 meV for electrons with energies less than 0.1 eV
and considerably lower for the fast photoelectrons produced by
the (λ1 + λ2 + λ2) process. Nevertheless, this resolution is
sufficient to resolve the vibrational structure of interest. The
rotational constant of NO2+ is too small to allow the observation
of resolved rotational structure in the photoion.

The photoelectron time-of-flight traces for individual laser
shots are recorded by sending the signal from a dual channelplate
detector to a digital oscilloscope. Typically, data from 3000 laser
shots are averaged to produce a photoelectron spectrum. The
low photoelectron energies resulting from the (λ1 + λ2 + λ1)
process makes it necessary to apply a potential of approximately
-0.4 V to a grid in the interaction region to push the electrons
into the flight tube of the spectrometer. To obtain reasonable
resolution for the fast photoelectron peaks produced by the (λ1

+ λ2 + λ2) process, we recorded separate photoelectron spectra
with a retarding voltage applied to the flight tube grid. As
discussed previously,24,25photoelectron spectra were calibrated
by using the energies of photoelectron peaks corresponding to
known photoionization processes. In particular, the vertical
photoelectron peaks resulting from (λ1 + λ2 + λ1) and (λ1 + λ2

+ λ2) photoionization above the X1Σg
+ (V1V2V3) thresholds

were used, as well as the NO+ (X 1Σ+, V+ ) 0) photoelectrons
produced byλ1 ionization of NO (A 2Σ+) state. Calibration
uncertainty was(5 meV for the low-energy photoelectrons.

III. Spectroscopic Considerations

The symmetry labels and selection rules relevant to the
present experiment have been discussed in detail previ-
ously.25,26,30In what follows, the quantum numbers of the ground
state are labeled with double primes, those of the 3pσ 2Σu

+

intermediate state with single primes, and those of the ion with

Figure 1. Schematic energy level diagram showing the relevant energy
levels of NO2. The first photon,λ1, accesses a selected level within a
region of high vibronic state density associated with levels of the2B1,
2B2, and2A2 excited states, all of which are vibronically coupled with
X 2A1. The second laser,λ2, drives the transition from this selected
level to a selected rotational level of the 3pσ Σu

+ (001) Rydberg state
(for example). Ionization occurs by absorption of a photon at eitherλ1

or λ2.

TABLE 1: Ionization Thresholds for Relevant Vibronic
Levels of NO2

+ X1 Σg
+

vibronic state ionization threshold (cm-1)

(000) 77316.7a

(010) 77943.6a

(02°0) 78551.1a

(0220) 78559.4a

(100) 78703.5b

(0310) 79186.8c

(0330) 79212.8c

(001) 79678.7a

a Values are taken from ZEKE experiments (ref 22) and the ionic
vibrational levels (ref 26).b Value is taken from ZEKE experiments
(ref 22). c Values are taken from ZEKE (ref 22) and the 3pσ Rydberg
Q-branch assignments (ref 23).
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plus signs. As in earlier work,25,26 the selection rules for the X
2A1 to 3pσ 2Σu

+ transition will be considered in terms of the
overall two-photon transition. The two most important symmetry
elements common to the NO2 X 2A1 ground state, the 3pσ 2Σu

+

intermediate state, and the electron-ion complex are the
inversion symmetry (or total parity),(, and the permutation
symmetry for exchange of the oxygen nuclei, s/a. Because the
terminal 16O nuclei are spin-zero bosons, the permutation
symmetry of all of the levels that exist must be s. TheK′′ ) 0
levels of the X2A1 vibrational ground state have+ symmetry,
and, as shown in Figure 2, only those withN′′ ) even, which
have (+,s) symmetry, exist. ForK′′ ) 1, all allowed levels have
(-,s) symmetry.

Figure 2 also shows symmetry assignments for the first few
rotational levels for theΣu, Πg, Σg vibronic levels of the 3pσ
2Σu

+ Rydberg state. As a result of the different u and g
symmetries for the different vibronic levels, accessing the
desired 3pσ 2Σu

+ vibronic level requires starting from a suitable
K′′ level. In theΠg vibronic components [e.g., (010)], only the
levels with (+,s) symmetry andN′ g 1 exist. In theΣu vibronic
states [e.g., (000), (100)], one finds only levels with (-,s)
symmetry andN′ ) odd, while theΣg vibronic states [e.g., (001)]
support only those levels with (+,s) symmetry andN′ ) even.
The permutation symmetry is set by nuclear spin statistics, and
the selection rules for the two-photon transition between the X
2A1 ground state and the 3pσ 2Σu

+ Rydberg state require that
the inversion symmetry does not change (+ f +, - f -).
Thus, transitions to states of vibronic symmetryΠg or Σg [(010)
or (001), respectively] can only originate fromK′′ ) even levels,
0, 2, ..., and transitions toΣu levels [i.e., (000), (100)] can only
originate fromK′′ ) 1 levels (or more generally, fromK′′ )
odd levels).

As discussed by Bryant et al.,21,22 the selection rules for a
single-photon transition from the 3pσ 2Σu

+ state to the ioniza-
tion continuum constrain the inversion symmetry and permuta-
tion symmetry transformations to+ f -, and s f s,
respectively. The 3pσ 2Σu

+ state and the NO2+ X1Σg
+ state are

both linear, so there is also a uf g selection rule on the vibronic
symmetry. As in the 3pσ 2Σu

+ state, nuclear spin statistics
restrict the rotational levels of the NO2

+ X 1Σg
+ ion that can

exist. These restrictions are shown in Figure 3. In particular,
the Πu vibronic levels have (-,s) symmetry, and levels exist
for all N+ g 1. TheΣg vibronic levels have (+,s) symmetry,

and levels exist for allN+ ) even. TheΣu vibronic levels have
(-,s) symmetry, and levels exist for allN+ ) odd.

IV. Results and Discussion

IV.A. Ionization-Detected Absorption Spectra.The prepa-
ration of selected vibrational levels of the 3pσ 2Σu

+ state of
NO2 relies heavily on the previous studies of the spectroscopy
of this state by Grant and co-workers.19-24 The vibrational levels
of interest are fairly well separated from neighboring levels so
that it is not difficult to select the vibronic level of interest by
a suitable choice ofλ1 andλ2. However, the detailed assignment
of the rotational level in the selected vibronic level of the 3pσ
2Σu

+ state is considerably more challenging. In principle, once
a two-photon resonance is found, one could scanλ1 with λ2

fixed, or scanλ2 with λ1 fixed on a particular pump transition.
In the former case, theλ1 spectrum would show peaks
corresponding to transitions from several rotational levels in
the X 2A1 state to the selected lower rotational level of theλ2

transition. This approach has worked quite well in some studies
by Grant and co-workers.19-24 Unfortunately, perhaps due to
the considerably shorter wavelength ofλ1 in the present
experiments, the density of states at the energy ofλ1 appears to
be high enough thatλ2 is resonant with more than one rovibronic
transition. This high density of optically accessible states results
from complex vibronic interactions among three different excited
electronic states of NO2. This situation makes it difficult to
assign theN′′ value of the two-photon transition. Similarly, if
λ1 is fixed and λ2 is scanned, a small number of peaks
corresponding to transitions from the selected intermediate level
to the allowed rotational levels (∆J ) 0, (1) in the 3pσ 2Σu

+

state should be observed. This spectrum should then support
an assignment of theN′ value in the 3pσ 2Σu

+ state. Again, as a
result of the high density of states at the one-photon energy,λ1

does not appear to pump a single rovibronic transition, and the
resultingλ2 spectrum typically contains many more than three
lines. The wavelengths used to excite the different vibronic
levels are given in Table 2. The most likely rotational assign-
ments for the two-photon transitions used in the present study
are provided in Table 3, but these should be regarded as
provisional.

An additional factor that contributes to the complexity of the
two-photon spectra is the presence of the 1-T magnetic field in
the interaction region. Although this field is necessary to achieve
high collection efficiency for the photoelectron spectra, it is

Figure 2. Rotational level diagram indicating rovibrational symmetries
in the 3pσ Rydberg state and two-photon transitions allowed from the
X 2A1 ground state.

Figure 3. Rotational level diagram indicating rovibrational symmetries
in the X 1Σg

+ cation ground state and two-photon transitions allowed
from the 3pσ Σu

+ intermediate state.
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possible to record wavelength scans of bothλ1 andλ2 with the
electromagnet turned off, albeit with a poorer signal-to-noise
ratio. Comparison of such “field-off” spectra with “field-on”
spectra shows that the latter are considerably more complex,
with many lines showing splittings and a significant number of
extra lines. While the Zeeman effect in the ground state of NO2

is well-characterized,31 it is considerably less characterized at
the one-photon energy,32 and is a subject of active research.33

In contrast, the Zeeman effect in the 3pσ 2Σu
+ state is likely

relatively simple, as the state appears to be relatively isolated.
In that case, the Rydberg electron is expected to act more or
less as a free electron, with a splitting of approximately 2µBB
between theMS ) (1/2 levels of a given state, whereµB is the
Bohr magneton of∼0.467 cm-1/T and B is the field in tesla.34

This splitting can be observed in the double-resonance spectra
via the 3pσ 2Σu

+ state. Levels with different values ofMN will
also be split by the field, but these splittings are not expected
to be resolved at the present field strength and laser resolution.
Although weak field-induced mixing with other states may
occur, and although the magnetic field increases the complexity
of the two-photon transition to the 3pσ 2Σu

+ state, the photo-
electron spectra reported below suggest that the vibronic
character of the selected levels are not substantially modified
by the field.

Before moving to the photoelectron spectra, it is worth
discussing the enhancement of the two-photon 3pσ 2Σu

+ r X
2A1 transition that is achieved by using a two-color excitation
process. As discussed above, the first benefit results from
choosing aλ1 photon energy that is below the dissociation
threshold for NO2. A second benefit is that the two-color process
allows both steps to be resonant, leading to a significant
enhancement over a nonresonant two-photon transition. Finally,
although it is difficult to characterize, it is possible that the
optimization ofλ1 andλ2 can significantly improve the overall
Franck-Condon factor between the bent X2A1 state and the
linear 3pσ 2Σu

+ state. This can be understood as follows. If the
geometry and potential surface of the intermediate state is
identical to that of the ground state, the Franck-Condon factor
for theλ1 transition will be unity, but the Franck-Condon factor
for the λ2 transition (and thus the product of Franck-Condon
factors for the overall transition) will be the same as that for
the one-photon 3pσ 2Σu

+ r X 2A1 transition. Similarly, if the
intermediate state is identical to the 3pσ 2Σu

+ state, the
Franck-Condon factor for theλ2 transition will be unity, but
that for theλ1 transition will be the same as that for the one-
photon 3pσ 2Σu

+ r X 2A1 transition. In either case, the overall

Franck-Condon factor will be very small. However, if the
intermediate state has a geometry intermediate between that of
the X 2A1 and 3pσ 2Σu

+ states (or an indeterminate geometry
owing to vibronic coupling), it is possible that the Franck-
Condon factors for both theλ1 and λ2 transitions will be
significant, with the overall product Franck-Condon factor
being substantially larger than that for the one-photon 3pσ 2Σu

+

r X 2A1 transition. While the spectroscopy at the first-photon
energy is incredibly complex and unassigned, the lock-scan
method allows an empirical approach for optimizing the
Franck-Condon overlaps, as well as the electronic transition
moments, for the two-photon transition.

IV.B. Photoelectron Spectra.The photoelectron spectrum
for the 3pσ 2Σu

+ (000) band recorded with a minimal retarding
voltage on the flight tube is shown in Figure 4. The low-energy
(<0.5 eV) peaks in this spectrum are well resolved, but the
faster peak near 1.5 eV is not resolved. The slowest peak
corresponds to the ionization of the 3pσ 2Σu

+ (000) level by one
photon atλ1, that is, by a (λ1 + λ2 + λ1) process. The fastest
peak is produced by ionization of the 3pσ 2Σu

+ (000) level by
one photon atλ2, that is, by a (λ1 + λ2 + λ2) process. As a
result of the nature of the time-of-flight spectrometer, the
instrumental width of the peaks broaden with decreasing flight
time. The widths of the higher energy peaks can be reduced by
applying a retarding voltage to increase the flight times. Figure
5 shows a portion of a second spectrum via the same intermedi-
ate level that was recorded with a larger retarding voltage on
the flight tube. This provides significantly better resolution for
the faster photoelectron peaks. The spectrum in Figure 4 also
shows a photoelectron peak resulting from the ionization of NO
in the A 2Σ+ state. NO is present as an impurity in the gas
cylinder and is also produced by the multiphoton dissociation
of NO2, which may populate the A2Σ+ state; once identified,
this NO peak is helpful in calibrating the photoelectron spectra.
A weak peak in Figure 5 is also tentatively assigned to the (λ1

+ λ2 + λ2) ionization of ground state NO X2Π. Because the
photon energy atλ1 is just barely above the NO2+ X1Σg

+ (000)
ionization threshold, only a single slow photoelectron peak from
NO2 is observed in Figure 4. In contrast, the photon energy at
λ2 lies approximately 1.5 eV above the NO2

+ X1Σg
+ (000)

threshold, and there is the potential for producing NO2
+ X1Σg

+

in a number of different vibrational levels. The dominance of
the NO2

+ X1Σg
+ (000) photoelectron peak in Figure 5 clearly

TABLE 2: Excitation Wavelengths for the NO2
+ Vibrational

Levels Studied

V1′, V2′, V3′ λ1 (nm)a λ2 (nm)a

(000) 455.598 296.900
(010) 455.737 291.407
(100) 456.000 284.901
(001) 459.699 276.054

a The error bars for the wavelengths are(0.001 nm.

TABLE 3: Tentative Rotational Assignments for the
Two-Photon Transitions

3pσ 2Σu
+

V1′, V2′,V3′ N′′ N′
energy (cm-1)

[V1]
energy (cm-1)

[V2]

(000) 1 5 21949.2 33681.4
(010) 0 3 21942.5 34316.3
(100) 1 5 21929.8 35100.0
(001) 2 4 21753.4 36224.9 Figure 4. Photoelectron spectrum following direct ionization via the

3pσ 2Σu
+ (000) level with a small retarding voltage on the flight tube.

The weak peak labeled NO+ X 1Σ+ (A state) is assigned to the one-
photon λ2 ionization of NO A 2Σ+ produced by the multiphoton
dissociation of NO2.
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indicates that the geometries and potential surfaces of the NO2

3pσ 2Σu
+ and NO2

+ X1Σg
+ states are very similar.

Pairs of photoelectron spectra for the NO2 3pσ 2Σu
+ (100),

(010), and (001) bands are shown in Figures 6-11, respectively.
These spectra are similar to those for the 3pσ 2Σu

+ (000) band,
in that they show slow photoelectrons produced by the (λ1 +
λ2 + λ1) process and fast photoelectrons produced by the (λ1 +
λ2 + λ2) process. As in the (000) spectrum, the observed
vibrational progressions for the (λ1 + λ2 + λ1) process are
limited by theλ1 photon energy and are all very short, while
those for the (λ1 + λ2 + λ2) process are generally somewhat
longer. Nevertheless, the vertical transitions (that is, where
V′1 ) V1

+,V′2 ) V2
+,andV′3 ) V3

+) in both the (λ1 + λ2 + λ1) and (λ1

+ λ2 + λ2) processes totally dominate the photoionization of
the 3pσ 2Σu

+ state. The photoelectron branching fractions for
the four intermediate vibrational levels and both the (λ1 + λ2

+ λ1) and (λ1 + λ2 + λ2) ionization schemes are given in Table
4. Before discussing these branching fractions in more detail,
the relative intensities of the (λ1 + λ2 + λ1) and (λ1 + λ2 + λ2)
bands are first considered.

The relative intensities of the (λ1 + λ2 + λ1) and (λ1 + λ2 +
λ2) processes in Figures 4, 6, 8, and 10 are determined by several

factors. The first is the relative intensity of the two laser beams,
which was different in all four spectra. Although the pulse
energy of theλ1 beam is considerably larger than that of theλ2

beam, the relative intensity in the interaction region is difficult
to quantify. In particular, the beams were only loosely focused

Figure 5. Photoelectron spectrum following direct ionization of the
3pσ 2Σu

+ (000) level. The spectrum was recorded with a retarding
voltage on the flight tube to enhance the resolution of the (λ1 + λ2 +
λ2) photoelectron peaks. The weak peak labeled NO+ X 1Σ+ (X state)
is tentatively assigned to the photoionization of NO X2Π via a (λ1 +
λ2 + λ2) process.

Figure 6. Photoelectron spectrum following direct ionization via the
3pσ 2Σu

+ (100) level with a small retarding voltage on the flight tube.
The weak peak labeled NO+ X 1Σ+ (A state) is assigned to the one-
photon λ2 ionization of NO A 2Σ+ produced by the multiphoton
dissociation of NO2.

Figure 7. Photoelectron spectrum following direct ionization of the
3pσ 2Σu

+ (100) level. The spectrum was recorded with a retarding
voltage on the flight tube to enhance the resolution of the (λ1 + λ2 +
λ2) photoelectron peaks.

Figure 8. Photoelectron spectrum following direct ionization via the
3pσ 2Σu

+ (010) level with a small retarding voltage on the flight tube.
The weak peak labeled NO+ X 1Σ+ (A state) is assigned to the one-
photon λ2 ionization of NO A 2Σ+ produced by the multiphoton
dissociation of NO2.

Figure 9. Photoelectron spectrum following direct ionization of the
3pσ 2Σu

+ (010) level. The spectrum was recorded with a retarding
voltage on the flight tube to enhance the resolution of the (λ1 + λ2 +
λ2) photoelectron peaks.
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into the interaction region and a nonachromatic lens was used,
making it difficult to characterize the relative spot size of the
two beams. The relative intensities of the two beams could be
varied by introducing neutral density filters into the beam paths,
and as expected, decreasing the intensity of a beam results in a
decrease in the relative intensity of the corresponding photo-
electron peaks. Even if the two beams had identical intensities

in the interaction region, the (λ1 + λ2 + λ1) process is expected
to dominate because the electronic part of the photoionization
matrix element for Rydberg states is typically greatest close to
threshold and decreases substantially as the photon energy is
increased well above the ionization threshold of the state.35

The observation that two different ionization processes [i.e.,
(λ1 + λ2 + λ1) and (λ1 + λ2 + λ2)] contribute to the
photoelectron spectra of the 3pσ 2Σu

+ vibrational levels would
create a problem in using this approach for producing state-
selected ions if the vibrational branching fractions were
significantly different for the two processes. Fortunately, Table
4 indicates that the ionization process creates state-selected ions
with g96% purity regardless of the ionization path for all four
3pσ 2Σu

+ vibrational levels. Thus, control over which laser
ionizes the intermediate state is not so important, and the relative
intensities of the two can be optimized based on other
considerations.

The observation that the vertical transition completely
dominates the photoionization dynamics for the four vibrational
levels of the 3pσ 2Σu

+ state studied clearly indicates that the
potential surfaces for this state and the NO2

+ X1Σg
+ state are

very similar, at least near the bottoms of their wells. The small
signal observed for off-diagonal transitions could be readily
explained in terms of small differences in the two surfaces, but
their low intensity makes these difficult to quantify as several
factors could influence the branching ratios. For example, the
electronic photoionization matrix elements may depend on the
electron kinetic energy and thus depend on the final vibrational
level that is accessed. This effect would skew the distributions
expected from the purely vibrational Franck-Condon factors.
The extent of such effects will only become clear when detailed
calculations of the photoionization dynamics of the NO2 3pσ
2Σu

+ state are performed.
The small Franck-Condon factors for all but the vertical

transition minimize the likelihood that vibrationally autoionizing
states influence the branching fractions. In particular, any
vibrationally autoionizing level would have at least one mode
with Vi g Vi

+ + 1, as the three-photon energy in either
ionization scheme lies above the diagonal threshold. The
observation that the branching fractions are strongly diagonal
also indicates that electronically autoionizing states are not
accessed at the three-photon energy in this study.

Finally, Figure 7 shows the one (λ1 + λ2 + λ2) photoelectron
spectrum we obtained that exhibits anything like a vibrational
progression, with peaks observed forV1 ) 0-3. However, even
in this case, which was found for ionization via the 3pσ 2Σu

+

Figure 10. Photoelectron spectrum following direct ionization via the
3pσ 2Σu

+ (001) level with a small retarding voltage on the flight tube.
The weak peak labeled NO+ X 1Σ+ (A state) is assigned to the one-
photon λ2 ionization of NO A 2Σ+ produced by the multiphoton
dissociation of NO2.

Figure 11. Photoelectron spectrum following direct ionization of the
3pσ 2Σu

+ (001) level. The spectrum was recorded with a retarding
voltage on the flight tube to enhance the resolution of the (λ1 + λ2 +
λ2) photoelectron peaks.

TABLE 4: Branching Fractions for Direct Ionization of Selected NO2
+ X 1Σg

+ (V1
+,V2

+,V3
+) States

prepared state λ1 ionization λ2 ionization

3pσ 2Σ u
+

V1′, V2′, V3′ (V1
+,V2

+,V3
+)

branching fraction for
NO2

+ 1Σg
+ (V1

+,V2
+,V3

+)a (V1
+,V2

+,V3
+)

branching fraction for
NO2

+ 1Σg
+ (V1

+, V2
+, V3

+)a

(000) (000) 1.00 (000) 0.97
(020) 0.03

(100) (000) 0.04 (000) 0.01
(100) 0.96 (100) 0.97

(200) 0.02
(300) 0.01

(010) (000) 0.01 (010) 0.99
(010) 0.99 (030) 0.01

(001) (000) 0.01 (002) 0.01
(100) 0.00 ? 0.01
(001) 0.99 (001) 0.99

a The branching fractions with values less than 0.05 have error bars of(0.01.
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(100) level, the vertical transition accounts for∼98% of the
signal, and a small difference in the potential surfaces of the
Rydberg and ionic states could easily account for the progression
in NO2

+. It is interesting to note that, below the NO2
+ X1Σg

+

(100) threshold, vibrational autoionization of the (100) Rydberg
series accessed from the 3pσ 2Σu

+ (100) state show the greatest
rates for vibrational autoionization.19,25,26 The interaction re-
sponsible for the coupling between these “discrete” Rydberg
states and the X1Σg

+ (000) also serves to couple the (100) and
(000) continua above the X1Σg

+ (100) threshold. Such con-
tinuum-continuum coupling could be at least partially respon-
sible for the NO2

+ progression in Figure 7, but again, this will
only be determined when detailed calculations are performed.

V. Conclusions

A highly selective and very general method for preparing
vibrationally state-selected NO2+ via two-color ionization via
the 3pσ 2Σu

+ (V1V2V3) Rydberg state has been developed.
Specific approaches have been presented for producing NO2

+

X1Σg
+ in the (000), (001), (010), and (100) vibrational states.

Photoionization of the 3pσ 2Σu
+ (V1V2V3) by a single photon of

either color resulted ing95% of the ions produced in the desired
vibrational level. Experimental factors, such as the relative pulse
energies of the two lasers, do not significantly affect the
selectivity of these ionization schemes. The approach developed
here should allow experiments on the vibrational mode depen-
dence of the chemical reactivity of NO2

+.
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