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ABSTRACT: Using the recently developed threshold photo- |
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electron—photoion coincidence (TPEPICO) velocity imaging
mass spectrometer (Tang et al. Rev. Sci. Instrum. 2009, 80,
113101), dissociation of vibrational state-selected Oz+(B22g,
v = 0—6) ions was investigated. Both the speed and angular
distributions of the O™ fragments dissociated from individually
vibronic levels of the BZZg state were obtained directly from the
three-dimensional time-sliced TPEPICO velocity images. Two
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dissociation channels, 0" (*S) + O(°P) and 0" (*S) + O('D),
were respectively observed, and their branching ratios were
found to be heavily dependent on the vibrational states. A new intersection mechanism was suggested for the predissociation of
02+(B22g) ions, especially for dissociation at the energy of the v =41level. In addition, the anisotropic parameters for ot fragments
from different dissociative pathways were determined to be close to zero, indicating that the v = 0—6 levels of Bzzgpredissociate on
a time scale that is much slower than that of molecular rotation.
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1. INTRODUCTION

Photoelectron—photoion coincidence (PEPICO) technique,
as a powerful approach to produce and study state-selected ions,
has been applied for along time. " In principle, the kinetic energy
of the photoelectron is correlated with the internal energy of its
coincident ion when a molecule is photoionized. If only the
photoelectrons with zero kinetic energies are detected, this type
of PEPICO method is usually called as threshold PEPICO
(TPEPICO).> "* It is well-known that the TPEPICO method
has the advantages of higher collection efficiency and higher
energy resolution of photoelectrons.

In most of the TPEPICO experiments,3’77u’l4720 linear and/
or reflectron time-of-flight (TOF) mass spectrometers were
employed to detect ions. When the internal energies of ions
exceed dissociation limits, dissociative photoionization (DPI)
processes will occur. In this case, fragment ions are usually
produced with kinetic energies, and hence their TOF profiles
in mass spectra are broadened. Through fitting the TOF profiles
of fragments, kinetic energy released distribution (KERD) in
dissociation can be obtained."* '®*'7** However, its energy
resolution is generally limited, and thereby some delicate in-
formation in dissociation may be buried.

Compared with the method of fitting TOF profiles, velocity
map imaging (VMI)*® can provide not only the highly resolved
KERD, but also the angular distribution simultaneously. Thus,
we have constructed a novel TPEPICO mass spectrometer with
double VMI using synchrotron radiation (SR),"” in which a
delicate VMI design has been applied for both photoelectrons
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and photoions simultaneously. Benefiting from the application of
VMY, threshold photoelectrons (TPEs) can be detected with the
higher collection efficiency and higher energy resolution. From
the VMI of photoions in coincidence with the TPEs, the KERD
and angular distributions can be measured directly, and then the
dissociation mechanisms and dynamics of state-specified molec-
ular ions can be obtained.

As a simple diatomic molecule, the electronic configuration of
the ground state oxygen molecule is (IGg)z(IOU)Z(ZOg)Z(ZGu)Z-
(30,)*(17,)*(177,)*. When an electron is excited from the 30,
bonding orbital and taken out, the oxygen molecule will be
ionized to form the O, " ion at Bzzg or b42g state.”®?” The Bzzg
state is strongly predissociative, and its ionic structure was
explored by He I(IT) photoelectron,” TPE,**~*' TPEPICO,"***~ %
and pulsed field ionization photoelectron (PFI-PE) spectro-
scopy.”” Two dissociation channels exist in the excitation energy
range of the Bzﬁg(fr =0—6) states, i.e., the first limit of O (*S) +
O(°P) at 18.733 €V and the second limit of 0" (*S) + O('D) at
20.700 eV.>*"** The corresponding dissociation dynamics were
investigated using the TPEPICO method,>* ™3 in which the
KERDs of fragment ions and the predissociative lifetimes of
different vibrational states were roughly obtained. Recently, the
dissociation of the Bzzg state has also been studied by the vector-
correlation method.>® However, the vibrational levels of BZZg are
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not well resolved in the vector-correlation measurement due to
the limited energy resolution.

Although numerous experimental studies have been done
before, the angular distributions of the o" fragment ions from
0, (B* Eg) states and the corresponding dissociation mechan-
isms are still not very clear. In this work, we performed
TPEPICO velocity imaging experiments to remvestlgate disso-
ciation of the vibrational state-selected Oz+(B %,) ions. The
TPEPICO velocity images of the O fragment ions were
presented, and both the speed and angular distributions were
obtained subsequently. In addition, the relationships between the
branching ratios of two dissociation channels with the excited
vibronic levels were discussed and a new predissociation mecha-
nism was suggested.

2. EXPERIMENTS

The present TPEPICO imaging experiments were performed
at the Ul4-A beamline of the National Synchrotron Radiation
Laboratory (Hefei, China). The details of the beamline have
been introduced previously,'>* and thus it is only described
briefly here. SR from an undulator was dispersed with a 6 m
spherical-grating monochromator equlpped with three gratings
(370, 740, or 1250 grooves -mm "). In the present experiments,
only the 370 grooves-mm ' grating was used to cover the
photon energy from 7.5 to 22.5 eV. The energy resolution was
about 2000 when the widths of the entrance and exit slits of the
monochromator were set as 80 xm. The absolute photon energy
scale of the grating was carefully calibrated using the well-known
ionization energies of gases. Using five spectral lines at 21.565
(Ne), 18.355 (N,), 15.760 (Ar), 14.000 (Kr), and 12.120 eV
(Xe), the relations between wavelength and position of the
grating were determined precisely. A gas filter filled with neon
gas was placed in front of the photoionization chamber to
eliminate higher order harmonic radiation of the undulator.

Photoelectrons and photoions were collected through a
specially designed ion lens, and their veloc1ty images were
mapped at opposite direction simultaneously.'> A significant
improvement of suppression of hot electrons was acquired by
utilizing a repelh ‘% VMI electric field to magnify the image of
photoelectrons A single-start/multiple-stop (SM) data ac-
quisition mode*" was utilized to record TPEPICO TOF mass
spectra, where TPEs provided start signals for measuring TOFs
of ions. Through the VMI electric field, photoions were acceler-
ated and projected onto a dual microchannel plate (MCP)
backed by a Phosphor Screen (Burle Industries, P20). A TE-
cooling CCD detector (Andor, DU934N—BV) was used to
record images on the screen. Since the electric vector of SR light
was perpendicular to the axis of the TOF tube and parallel to the
surface of MCP, the three-dimensional (3D) image of ions could
be obtained from inverse Abel transformation of two-dimen-
sional raw image,”” or directly from the time-sliced image.'>**

A continuous supersonic molecular beam of pure O, gas was
generated through a 30 um diameter nozzle with a stagnation
pressure of 1.1 atm. The molecular beam was collimated by a 0.5
mm diameter skimmer and then intersected by SR at 10 cm
downstream from the nozzle. The source chamber and ionization
chamber of the coincidence imaging spectrometer were pumped
respectively by the 1800 and 1600 L/s turbomolecular pumps,
and the typical backing pressures were 2 X 10> Paand 4 x 10 °
Pa with the molecular beam on. The signal intensities of detected
electrons and ions were normalized using the photon flux from a
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Figure 1. TPES of O, in the energy range of 20.1—21.1 eV. The
vibrational progressions of the B*Zg and X, states were assigned
respectively.

Table 1. Ionization Energies and Relative Intensities of
Vibronic Levels of O, " (BZE X))

ionization energy (ev) relative intensity

assignment TPES® TPES’ PFL-PES® TPES® TPES” PFI-PES®

20.2983 99.8  108.0 94.1
20.3528 13.6
20.4361 100.0  100.0 100.0

B’S, vi=0 20298 20296
25,vi=0 20353 20352
B’S, vi=1 20438 20436

25,vi=1 204537 20449 204518

Sovi=2 205537 20.5488

B, vi=2 20573 20565 205690 568 850 53.8
’5,vi=3 20638 20637  20.6392 52

B’%,vi=3 20697 20.691 20.6958 329 440 312
2E,vi=4 20727 20725 207281 5.8

s,vi=s 208177 20.8106

B3, v'=4 20817 20812 20.8180 82 111 62
S,vi=6  20.897° 20.8936

B3, v'=S 20932 20927 209349 189 266 17.4
5vi=7 209727 209721

B’Y,vi=6 21042 21.038 21.0470 90 108 119

“ Present experimental results, where the ionization energies were read
from the peak positions and the relative 1nten31t1es were estimated from
the peak heights of TPES in Figure 1. ’ Data from ref 30. “Data from
ref 37.  Resonance energies were estimated based on the present TPES
and previous PFI-PES.

silicon photodiode (International Radiation Detectors Inc.,
SXUV-100)."

3. RESULTS AND DISCUSSION

3.1. Threshold Photoelectron Spectrum (TPES) of O, in
the Energy Range of 20.1-21.1 eV. TPES of O, in the
excitation energy range of 20.1—21.1 eV was measured with a
step size of 5 meV, and presented in Figure 1, where the main
resonance structures of the spectrum were very similar to the

28—31,34,36,37
previous measurements According to the assign-
ment of Evans et al,,>’ the vibrational progress (v =0-6) of
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Figure 2. Time-sliced coincidence images from the dissociation of O, (B* 2 v" =0) state. (a) Raw image of O™ (b) Raw image contributed by the
false coincidence events. (c) Modified coincidence image of O™ after subtractlng image b from image a; (d) Modified image after deconvolution,

quadrant symmetrization, and moving to the center of image.

the Bzzg state and several vibronic bands of the concomitant *%,
state were clearly observed in the present energy range.

The ionization energies and relative intensities of the vibronic
levels of 02+(BZZ *3,) observed in the present experiments
are summarized in Table 1, as well as the previous TPES*® and
PFI-PES® data. Obviously, the present ionization energies
agreed well with the previous results, where the differences were
less than S meV and within the energy uncertainty of the grating
(~10 meV). Moreover, the relative intensities of vibrational
bands in the present TPES were very similar to those of the PFI-
PES,” but a little difference existed between our data and the
previous TPES.*® As hot electrons are suppressed more effi-
ciently in our spectrometer,12 the present intensities were
believed to be more reliable. In addition, the intensities of v =
5 and 6 vibrational bands in TPES were higher than that of the

= 4 band, which is thought to be due to the enhancement
effect of near resonant autoionization.>”

3.2. TPEPICO-TOF Mass Spectrum for the 02+(BZE;) State.
Two dissociation limits for O, " are involved in the present
excitation energy range: 0" (*S)+0(°P) at 18.733 eV and
07 (*S)+0('D) at 20.700 eV.?>73° When fixing the photon
energy at 20.298 eV of the 02+(BZZ v = 0) state, only the first
dissociation limit can be reached, and the O, molecules undergo
a DPI process to produce O+(4S) fragment ions. With a 25 V-
cm™ ! extraction electric field in the ionization region, a nearly
rectangle-shape TOF profile was observed in the present TPE-
PICO TOF mass spectrum to cover the 6.05—6.55 s range with
a center of 6.30 us, whose spectral carrier was definitely assigned
to the O™ fragment ions. Due to the released kinetic energy in
dissociation, the total TOF width of O™ expanded to about 500
ns. For all vibrational bands of the B Eg state, the measured mass
spectra were very similar to those of Richard-Viard et al,,>* except
that almost no TOF peak for O, ions was observed in the
present measurement. Because the B 2 electronic state of O, "
is fully predissociative, the mass peak of Oz (centered at 8.9 us)
should not be observed in the TPEPICO TOF mass spectra.
Therefore, the TOF peak of O," observed by Richard-Viard
et al.>* should come from the false coincidence events. With the
vibrational excitation, the TOF widths of the O™ fragment were
expanded a bit, and a second component with lower kinetic
energy appeared at the v = 4 level. Interestingly, this second
component abruptly disappeared at v = 5, which was consistent
with the previous measurements;*>>* however, it regenerated at
the v = 6 level.

3.3. TPEPICO Images of O" lons Dissociated from O,"
(Bzzg, v =0—6).In the present experiments, the 3D time-sliced

imaging method was used to record the TPEPICO images of O "
fragments, in which a pulsed high voltage triggered by the
collected TPEs was applied to ion MCPs as a mass gate to select
O™."* The typical mass gate was located at the O " TOF center of
6.30 us and with 80 ns duration.

The recorded raw coincidence veloc1ty image of O™ fragment
ions dissociated from the O, " (BZZ v' =0) state was presented
in Figure2a. The molecular beam ﬂowed along the x-axis direc-
tion from right to left, and the vacuum ultraviolet (VUV) light
propagated along the y-axis with the electric field vector ¢ along
the x-axis in this configuration. There were obviously three
components in Figure 2a: an outer ring, an excenric bright
spot, and a weak middlemost diffuse plaque. As we discussed
previously,"* both the ring and the bright spot are off the center
of the image and correspond to the flowing downstream distance
of ions with a certain center-of-mass (CM) speed along the x-
axis. Moreover, the center of the ring does not coincide with the
bright spot, indicating their spectral carriers are totally different.
Because only the first dissociation limit O™*(*S) + O(C’P) at
18.733 eV can be reached at the present excitation energy, the
coincident O fragment ions had a certain kinetic energy, and
thereby contributed to the outer ring of the image. As noted in ref
12, the O, " parent ions generated in the false coincidence events
distribute randomly in time, and thus they can be collected
partially in the mass gate as well and contribute the bright spot.
Therefore, combining the flowing downstream distance of the
bright spot and the O, " flight time, the CM speed of the present
molecular beam was calculated to be about 732 m-s™ . The
parallel translational temperature of beam was calculated to be
27 K by fitting the x-axis intensity distribution of the 02 image
(bright spot) in Figure 2a with a Gaussian function.*® Addition-
ally, the middlemost diffuse plaque was believed to come from
the contribution of background ions in the chamber,™ as it still
existed with the molecular beam off.

Generally, the speed distribution of O™ fragment ions could be
obtained directly by accumulating intensities of the outer ring in
the image. However, the excenric bright spot and the middlemost
diffuse plaque would cause errors in accumulating process,
especially for the lower speed distribution (close to the center
of image). As the false coincident ions distribute uniformly in the
present TPEPICO TOF mass spectra when the average ioniza-
tion frequency is kept less than 1 kHz,'> we chose an “empty”
mass gate (a time center of 2.0 us and 80 ns duration) and
recorded its image, which corresponded to the false coincidence
ions and is shown in Figure 2b. Obviously, the bright spot and
diffuse plaque in the image are identical with those in Figure 2a.
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Figure 3. The modified coincidence of fragment ion images from the Oz+(B22;,, v = 1—6) state, where panels a—f are recorded at 20.438, 20.573,
20.697, 20.817, 20.932, 21.042 €V, respectively, and correspond to the v = 1—6 vibrational states.

Consequently, the pure coincidence image from the OZ+(BZZg,
v'=0) state was obtained by subtracting Figure 2b from Figure 2a
and presented in Figure 2¢c. Only the outer ring remained in the
modified coincidence image of Figure 2¢, and its shape and
intensity were kept, indicating that contribution from the false
coincidence events in the raw TPEPICO image was eliminated.

As mentioned above, the parallel translational temperature of
the molecular beam was 27 K, and thus the speed distribution of
the molecular beam along the x-axis can cause the width of the
rings in the images to slightly broaden along the direction as
shown in Figure 2c.'”** A Gaussian profile could be used to fit
the intensity distribution along the x-axis of the bright spot (false
coincident parent ions) in the image of Figure 2b, which
represented the speed distribution of the beam along this
direction. Consequently, the true intensity distribution in the
coincidence image of O" could be obtained through deconvolu-
tion with the fitted Gaussian function. In addition, the coin-
cidence images also need be further processed with quadrant
symmetrization to reduce nonuniformity of the MCP detector.
The details of this multistep data disposure process are described
in the Supporting Information of ref 45. Finally the modified
coincidence images of the O" fragment ions dissociated from
Of(BZZg, v" = 0) are exhibited in Figure 2d. Similarly, the
coincidence 3D velocity images of the O fragment ions from the
other vibronic levels (Bzzg, v' = 1—6) were processed with the
same approach and are shown in Figure 3. In the following
sections, only the modified coincidence images are presented and
discussed unless otherwise noted.

With the vibrational quantum number increasing, the diameter
of the ring increased gradually. It is well-known that only two
dissociation limits, O (*S) + O(°P) at 18.733 eV, and O™ (*S) +
O('D) at 20.700 eV can be achieved in the present excitation
energy range. When the photon energy reaches 20.817 eV of the
BZZg (vi=4) energy level, a second ring with a smaller diameter

6342

appeared in the image as shown in Figure 3d. Therefore, two
rings in the image straightforwardly corresponded to the two
dissociation channels, respectively. The outer ring was contrib-
uted by the O" ions dissociated along the lower dissociation
pathway of O*(*S) + O(°P), while the inner ring corresponded
to the O (*S) 4+ O('D) dissociation channel. Interestingly, the
inner ring in the modified coincidence image of the OZ+(B22g,
v' = 5) state of Figure 3e was very weak, implying that almost all
the O, " (B*Z,, v = 5) ions dissociated along the lower channel to
produce O+(g4S) fragment ions. Nevertheless, when the photon
energy was increased to 21.042 eV of the B’Z,(v" = 6) level, the
inner ring reappeared in the image as shown in Figure 3f.

3.4. Speed Distributions of O™ Fragment lons. From the
modified coincidence images of O"in Figure 2d and Figure 3,
the speed distributions of the O fragment were derived directly
by integrating the intensity of the image over angles,** and are
presented in Figure 4.

A unique peak was observed in the speed distribution for v* =
0—3, while an additional peak distinctly appeared for v* = 4 and 6
levels. For the v = 5 level, the second speed distribution around
1200 m-s~ " was almost nonexistent. The magnitudes of speed
gradually increased with the vibrational number. As mentioned
above, the higher speed distribution in Figure 4 corresponded to
the first dissociation channel of 0" (*S) + O(P), and the lower
speed peaks with a weaker intensity correlated to the second
dissociation pathway of O*(*S) + O('D). The obtained speed
distributions of O™ fragment ions from different vibrational
states were summarized in Table 2, which exactly match the
images in Figures 2d and 3. It should be noted that the speed
distributions of the O('D) channel showed an elongated shape
toward lower speeds, which were different with the symmetric
profiles of the O(°P) speed distributions. Generally, a sufficiently
narrow mass gate is necessary to record the 3D time-sliced
image and obtain the same speed distribution as the conventional
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velocity imaging. However, the TOF widths of the O fragment
associated with the O('D) channel only expanded a little bit, and
thereby the time-sliced images did not present good resolution
for the inner images in Figure 3d—f. With the same data
disposure process as the outer ring, the obtained speed distribu-
tions of the O('D) channel showed an asymmetric profile with a
tail toward lower speeds.

From the energy conservation and momentum conservation,
the speed of o* fragment ions, Vo, can be calculated from the
relation

hv — Doy = Eoral = 2EO* = mO+V(2)+ (1)

where hv is the excitation photon energy, D is the dissociation
limit for a specific channel, E, is the total released kinetic
energy, mo, and Vo | are the mass and speed of the O™ fragment
ion, respectively. Takmg the dissociation limits D as 18.733 eV
for the O (*S) —|— O( P) channel and 20.700 eV for the O (*S) +
O('D) channel,** the speeds of the O fragment ions from
dissociation of the OZ+(BZZ v = 0—6) levels were calculated
and listed in Table 2 as well. Obwously, the present experimental
and calculated speeds agreed very well, and the errors of less than
20 m-s~ " corresponded to about 8 meV energy, which mostly
came from the energy uncertainty of the grating,
3.5.Branching Ratio Dependent on Vibrational States and
Predissociation Mechanism. From Figures 3 and 4, an abrupt

B 0'('s)+o('p) 0'('s) + OCP)
[vi=6 N
"'1-= /\__
v'=4_/_.rf\\,__,___._..-- /\_’
% + x10 /\
I
: /\
=
—_— +
v =
v'=1 /\
i 1 i 1 i 1 i
[1] 1000 2000 3000 4000
Speed (m/s)

Figure 4. Speed distributions of the O™ fragment from dissociation of
02+(B22g, vT = 0—6) ions.

variation of branching ratio for the two dissociation channels
could be observed with the vibronic 1evels As a strongly
predissociative state, the 02+(B22g, vt = 0-3) states can
dissociate completely along the lower channel o*(*s) + o(p).
The potent1al energy curves of the low-lying electronic states of
* from Beebe et al.’s calculations are shown in Figure S,
Wthh are obtained by reading points of the enlarged copy of the
published figures. For all listed electronic states, the calculated
energy difference between the states remains good for spectro-
scopic data, thus these calculated curves are generally used to
analyze ionization/dissociation mechanisms up to now,*> %%
although an energy shift exists between experimental and calcu-
lated dissociation limits. In order to match the experimental
dissociation limits, we slightly vertically shifted the calculated
curves in Figure S.
On the basis of the calculated potential energy curves, the
22 state was the best candidate to intersect the B Zg state to
cause predissociation, while the f Hg and d“zg+ states cross the
B 2 state near its equlhbrlum distance and probably caused its
predlssoaatlon as well.** All these interactions could make the

B’Z, state dissociate along the lowest O (*S) + O(C’P) dis-
sociation pathway.

When the photon energy increased to over the second
dissociation limit of O (*S) + O('D), the O™ fragment ions
could be produced via both channels, although the lower or(*s) +
O(®P) channel was kept dominant. Accumulating intensities of
the higher and lower speed components in Figure 4, the
branching ratio of two dissociation channels could be estimated
forthe v =4 and 6 levels. Nearly 10% of the O, " ions dissociated
along the second dissociation pathway of O™ (*S) + O('D) for
both the v© = 4 and 6 states, while no O™ fragment ions
correspondmg to the second dissociation channel were observed
for the v = S level. Previous experiments>> > have mentioned a
similar phenomena through fitting the TOF profile of O,
although no TOF profiles of O for v = § and 6 states have
been displayed in the published papers. The present images
intuitively showed this vibrational dependency, and were con-
sistent with the previous conclusions. However, there was no
satisfactory explanation for the fluctuation of the branching ratios
with the vibronic levels up to now.*>~

As Beebe et al. calculated, the second dissociation pathway can
be performed through crossing between the 2 H and B Z
states at an energy around the B>, (v = 6) level Marlan
et al.*’ recalculated these potential energy curves and found this

Table 2. Speed Distributions and Anisotropic Parameters (f3) of the O" Fragment Ions from Dissociation of State-Selected

02+(B22 v = 0—6) Ions

speed of O /m.s™" B
vt hv /eV dissociation channel exp. cal. present previous * 7 /ps”
0 20.298 0" (*s) + o(’p) 3055 + 10 3072 0.20 & 0.07 0.25 & 0.17 0.90
1 20.438 0™ (*s) + o(’p) 3197 £ 10 3205 0.28 + 0.07 024 +0.17 0.45
2 20.573 0" (*s) + o(’p) 3330+ 10 3328 0.34 & 0.07 0.26 & 0.19 0.45
3 20.697 0" (*s) + o(’p) 3446 + 10 3441 0.25 4 0.07 0.19 4 020 0.80
4 20.817 0" (*s) + o(’p) 35524+ 10 3546 0.16 + 0.08 0.19 + 0.20 0.50
o7 (*s) + o('D) 853 & 10 844 0.19 & 0.09
5 20.932 o7 (*s) + o(’p) 36324 10 3644 0.29 & 0.07 0.16 & 0.17 0.50
6 21.042 o™ (*s) + o(’p) 3756 £ 10 3736 0.25 £ 0.08 0.75
0t (*s) + o('D) 1439 % 10 1447 0.09 £ 0.09

? Reference 47. © Lifetime of individual vibronic levels from ref 37.
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Figure 5. The modified potential energy curves of the low-lying
electronic states of O, " from ref 26.

intersection in the neighborhood of v' = 10. Since the dissocia-
tion limits calculated by Beebe et al. were more consistent with
the experimental data, their potential energy curves of the low-
lying electronic states of O, were generally quoted in refs 32—35
and 46. Thus we also used Beebe et al’s curves to discuss the
dissociation mechanism of the BZZ state.

In experiments, the second dlssoc1atlon channel was found to
be open at the B°Z, (v =4) level, implying that the intersection
was probably lower than the calculated value.>> However, this
reason can not explain the abrupt decrease of the branching ratio
of the O('D) channel at the BZ, o(v" = 5) level. Another
explanation is suggested by Rlchard Vlard et al. as indirect
predlssoaatlon via an intermediate state (2 Hg or 2°% +).34
Since the 2 H or2°%, " states adiabatically correlate to the third
dissociation hrmts (Oé(zD) + O(°P)), the second-step crossing
between this intermediate state with 24Hg is necessary to
produce O+CS) + O('D) after the initial incidental resonance
between B*Z,(v" = 4) with a certain vibronic level of 2°T], or

22 * states. Because the intersection between the B*X, and
2H (or 222 ) states is far lower in energy than the B ) (V§ =4)
level a 51m11ar incidental resonance between B Zg(v =S) and
the vibronic level of 2 H or 222 *+ states should exist as well, and
thereby an indirect predlssoc1at10n is also expected for O,*-
(BZZg,V =5), which is contrary to the experimental conclusmns

In a recent spectral assignment of PFI-PES by Evans et al.,*
vibrational progress of the concomitant *T, state is first con-
firmed in the excitation energy range through 51mulat1ng the
rotational structure. Specifically, the *Z, (v"' = 5) and B’Z, (v =4)
levels have very close ionization energies within the present
energy uncertainty of 10 meV, as shown in Table 1. Therefore, a
new predissociation mechanism for the  appearance of the second
dissociation channel at the BZZ, (" = 4) level could be
suggested, in which both the BZE (v = 4) and *Z,(v' = 5)
states are 51multaneously p fulated at 20.817 eV, and then the
coupling between the *Z, (v* = 5) and nearby *T1, states caused
the predissociation to form O+C S) and O('D) fragments. Since
the intersection between the 23, and *I1, states, as noted with a
red circle in Flgure S, existed at a lower energy than the crossing
point of the B 2 and 2 H states (blue c1rcle) the second
dissociation channel seemed to be open at the B> (v =4) level
(20.817 eV). When the ionization energy was 1ncreased to the

BZ, (1/ =5) level, the O*(*S) + O('D) dissociation limit could
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Figure 6. Anisotropic parameters of dissociation from O," (B22 vt
0—6) states. The experimental and fitted angular distributions of OJr
fragment ions dissociated from 02+(B22 v'=1) states are presented in
the inset, where the open circles represent experimental data and the
solid lines are the fitted curves.

not be reached because the incidental degeneration between the

ZEg(fr 5) and 2Z, states does not exist yet, and the energy is
still lower than the intersection of B Eg and 2 H states.
Subsequently, the second dissociation channel reappeared once
the excitation energy was beyond the intersection between B Z
and 2*T], states, e.g,, at the B*Z (v = 6) level. Therefore, the
predlssoaatlon mechanism was more reliable and able to dis-
tinctly explain the vibrational dependency of the branching ratio
of the two dissociation channels.

3.6. Angular Distributions of O Fragment lons. From the
modified coincidence images in Figures 2d and 3, angular
distributions of O™ fragment ions can be derived by integrating
over a proper range of speed at each angle. Consequently, the
anisotropy parameter 3 can be obtalned by fitting the angular
distribution, I(0), with the formula*®

1(0) = (4m) ' [1 4 B-Py(cos 0)] (2)
where 0 is the angle between the recoil velocity of fragment ions
and the electric field vector € of VUV light, and P,(cos ) is the
second-order Legendre polynomial. Figure 6 shows the depen-
dence of the anisotropic parameters 3 on the v number. To
compare the present and previous conclusions, the fitted values
of 3 to ether with the previous data derived from fitting TOF
profiles™ are summarized in Table 2. As an example, both the
experimental data and fitted angular distributions of O frag-

ment dissociated from O, (BZZ v" = 1) states are presented in
the inset of Figure 6. Obviously, the uncertainties of the /3 values
obtained from the images were much smaller than those of
previous fitting results. The present /3 values were consistent with
the lifetimes obtained by Evans et al.>” All the /3 values were near
zero, indicating that the o" fragment ions from O, (BZZ

0—6) states had a nearly isotropic distribution in dlssoc1at10n

Therefore, the dissociation of OZ+(B22g, v =0—6) states were
really predissociative on a time scale that was much slower than
that of molecular rotation.

4. CONCLUSIONS

Dissociation of vibrationally selected Oz+(B22;, vt =0-6)
states in the 20.1—21.1 eV energy range were studied using
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TPEPICO velocity imaging. The ionization energies and relative
intensities in the present TPES were reasonably consistent with
previous results. The 3D coincidence velocity images of O"
fragment ions dissociated from the 02+(B22g, v" = 0—6) states
were measured for the first time.

In the present experiments, an improvement was applied for
acquiring the pure TPEPICO images through subtracting an
image of the false coincident ions from the recorded raw
TPEPICO images, and thus the influences of the false coin-
cidence events in images could be eliminated. Consequently,
speed and angular distributions of the O™ fragment ions were
obtained for every vibrational state of O, " (B*Z, ¢)- The aniso-
tropic parameters of the O fragment ions from different
dissociation channels were determined through fitting the angu-
lar distributions. All anisotropic parameters were found to be
close to zero, indicating that all the 02+(B22g, vt =0—6) states
predissociated on a time scale that was much slower than that of
molecular rotation.

Interestingly, the branching ratios of the O™ ions produced
along the two dissociation pathways showed a dramatic variation
with the v quantum number. Nearly 10% of the O," ions
dissociated along the second dissociation pathway of O+(4S) +
O('D) for both the v = 4 and 6 states, while no O™ fragment
ions correspondmg to the O('D) dissociation channel were
observed for the v" = 5 level. A new reasonable explanation
was suggested in which the B2, (v = 4) and concomitant
23, (v = 5) states are populated s1mu1taneously at 20.817 eV,
and then the coupling between *Z, (v = 5) and nearby 1,
states caused predissociation to form 0" (*S) and O( D). When
the ionization energy was increased to the B>, (v =5) level, the
0" (*s) + O('D) dissociation limit could not be reached
because the incidental degeneration did not exist, and the
excitation energy was still lower than the intersection of B Z
and 2 H states. Subsequently, the second dissociation path—
way reappeared once the excitation energy was increased to
the B’°Z,(v" = 6) level and beyond the intersection of B>Z, and
2 H states.
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