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The total and partial ion yield of ozone using time-of-flight is presented. The measurements were
done using multicoincidence between a photoelectron and a photoion~PEPICO!. Comparison with
the photoelectron spectrum and previous measurements using other techniques allowed the
assignment of most broad features in the spectra. Kinetic energy released is obtained for O1 and O2

1

ions. A discussion about the dissociation channels is included. ©2001 American Institute of
Physics. @DOI: 10.1063/1.1394945#
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I. INTRODUCTION

During the last decades, ozone has attracted conside
attention from the general public after it has been pointed
that it presents an absorption band around 4.5 eV. In
stratosphere the presence of the ozone layer blocks bio
cally harmful UV radiation, due to this band, from reachi
earth’s surface. Otherwise, the presence of this radiat
strongly absorbed by human tissues, may cause cancer
other diseases. A number of studies present in the litera
are concerned about the absorption spectrum below the
ionization threshold at 12.52 eV. The first study showi
absorption spectrum above the ionization threshold co
from Ogawa and Cook.1 However, few studies can be foun
above this limit.2–4 An understanding of the ozone phot
chemistry above the ionization limit shall give key inform
tion on understanding the formation and destruction of oz
in higher atmosphere. In fact, ionic species are known to
extremely reactive and even a small number of these spe
may play an important role in ozone production and destr
tion in the stratosphere.

More studies can be found in the literature related to
photoelectron spectra where the different ionic states
assigned.5–8 In our present studies the assignments from
photoelectron spectrum~PES! states will be used in the un
derstanding of the ion yield spectrum above the ionizat
threshold. Very recently, both PES and resonant Auger s
tra were recorded using synchrotron radiation as excita
source.9 Valence ionic states can be resonantly popula
even outside the ground state’s Franck–Condon reg
These other unknown states can be important to explain
dissociation of the states reached through direct photoion
tion. See for example studies on O2.10

The absorption above ionization threshold is closely
lated to the total ion yield spectrum where for each pho

a!Author to whom correspondence should be addressed. Electronic
arnaldo@lnls.br
5040021-9606/2001/115(11)/5041/6/$18.00
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absorbed an ion is produced. Different dissociation chann
may produce different composition of an ion and neut
fragments. Therefore, following each partial ion yield, im
portant information about each dissociation channel fo
certain state can be obtained. In this work, we present
partial ion yield of ozone between 12 and 21 eV. The assi
ments of these spectra are also discussed.

II. EXPERIMENT

Synchrotron radiation from the Brazilian Synchrotro
Light Source~LNLS!11 was used. The excitation beam wa
monochromatized by a toroidal grating monochroma
~TGM! beamline that provides linearly polarized bendi
magnet radiation. The usable photon energy range in
beamline is from 12 to 300 eV.12 The photon energy resolu
tion, from 12 to 30 eV, is given byE/DE5550. This allows
experiments with vibrational resolution to be performed.

The ions produced by photoionization and photodis
ciation were detected using a time-of-flight~TOF! mass
spectrometer of Wiley–MacLaren type, constructed at
Institute of Physics, Brasilia University, Brasilia, Brazil.13

The axis of the TOF spectrometer is perpendicular to
photon beam and in the plane of the storage ring. A stro
electric field is applied in the ionization region to collect o
electron in the detector positioned in front of TOF tube, c
ating a start signal. The ions produced are accelerated in
opposite direction. After traveling through the TOF drift tub
they hit a multi-channel plate~MCP! detector. Each ion
reaching the detector will send a stop signal. Differences
the arrival times for different ions give information about th
ions mass-to-charge ratio, and the form of the peaks g
information about the kinetic energy release and compara
abundance of each ion during the photon reaction.

The ozone gas was produced by electric discharg
pure O2 using a commercial ozonizer. In this process, a m
ture of 10% ozone and 90% oxygen is obtained. An ozo
concentration larger than 80% was obtained by a purifica
il:
1 © 2001 American Institute of Physics
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 This a
process described in Ref. 14. Ozone should be caref
treated because it is very reactive and may explode du
the purification process.

III. DATA ANALYSIS

In the present experiment, apart from the ozone total
yield spectrum, we present, for the first time, the partial
yield spectra using the photoelectron photoion coincide
technique~PEPICO!. Information about the kinetic energ
released after dissociation will also be given in the pho
energy range studied.

Possible contributions from second- and higher-or
light from the monochromator was checked by following t
intensity of the pair O1/O1, which can only be produced b
second and higher orders. A small intensity of this pair w
found. Below the ionization threshold, a constant ba
ground, slightly higher for O2

1 and O1, was present which
can be due to scattered, unmonochromatized light, whic
expected to add a constant background.

Figure 1 shows a typical PEPICO spectra of O3 and O2

at 15.09 eV excitation energy. From right to left the produ
observed were O3

1 , O2
1 , O1 for ozone and O2

1 , O1 for
molecular oxygen. Because the photon energy is below
double ionization threshold, there are no contributions
double ionization of ozone and oxygen molecules. The re
tive areas of the peaks reflect the relative abundance of

FIG. 1. PEPICO spectra of oxygen~top! and ozone bottom at 15.09 eV
photon energy.
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ionic species and the width is proportional to the kinet
energy released~KER! during the photofragmentation pro
cess.

Due to the photodissociation O31hn5O2
11O1e,

which is likely to generate O2
1 ions with KER large than

zero, the O2
1 from O3 is broader than O2

1 from molecular
oxygen where no dissociation takes place. A thorough d
cussion of the KER distribution will be given below.

The total ion yield~TIY ! spectrum together with the par
tial ion yields ~PIYs! O3

1 , O2
1 , O1 spectra of ozone are

shown in Fig. 2 while the O2
1 , O1 ion yields of oxygen are

presented in Fig. 3. These spectra were normalized by
photon flux. Comparing these spectra of ozone and oxyg
molecules we noticed a~less than 20%! contamination from
molecular oxygen in the ozone gas. The effect of this co
tamination was removed by subtraction. The result of th
procedure can be see in Fig. 4, where we show the T
spectra of ozone before and after the contamination subt
tion. Care was taken to make sure the amount of contam
tion remained constant during the whole run by measur
PEPICO spectrum at fixed photon energies before and aft
series of runs. Within the error bars no change in the quan
of the contamination was observed. We adopted a conse
tive approach in the subtraction of the molecular oxyge

FIG. 2. Total~dots! and O3
1 , O2

1 , and O1 ~indicated in the figure! partial
ion yield spectra of ozone. On top, PES of ozone from Ref. 9, in the reg
14.4 to 18.6 eV, the spectrum is multiplied by 6. The inset in the gra
shows the blow up of O3

1 and O2
1 partial ion yields of ozone, in the energy

window from 12 to 16.5 eV.
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 This a
therefore, the contamination may be slightly overestimat
In order to maximize the ozone signal with respect to

small O2 contamination, the photon energies used in the p
tial ion yield spectra were chosen not to coincide with t
maximum of the molecular oxygen peaks. Therefore, in F
3, both O2

1 and O1 partial ion yield spectra do not show th
extensive vibrational bands present in the total ion yield.

One great advantage of using a TOF spectrometer is
possibility to compare the different dissociation chann
~O3

1 , O2
1 , and O1) directly. This is so because no ion

discriminated within a certain acquisition. Therefore, it
possible to determine the photoionization products at e
energy and how they contribute to the TIY. The partial i
yield spectra are constructed from the time-of-flight spec
between 12 and 21 eV photon energy with steps of 0.1
except in a few energies where, for obvious reasons, a
ferent step would improve the quality of the recorded da

In the PIY spectra, each point corresponds to one tim
of-flight spectrum measured at that photon energy. The in
sity of each ionic fragment is obtained by fitting a Gauss
function to the time of flight spectra. The sum of these
tensities is normalized by the corresponding intensity in
TIY spectrum.

The O2 contamination was then removed from each3
PIY. The resulting spectra are shown in Fig. 2.

IV. RESULTS AND DISCUSSION

A. Discussion about the total ion yield

In both molecules, the total spectrum intensity increa
with the photon energy. We can identify in the ozone sp
trum, Fig. 2, an increase in the total ion yield around 12.5

FIG. 3. Total~solid line! and O2
1 and O1 ~indicate in the figure! partial ion

yield spectra of oxygen.
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which coincides with the ionization threshold. Using the si
plest model available we can expect an increase in the
production every time a new ionic state is reached. Inde
when the first bound ionic state is reached, O3

1 ions starts to
be produced. The production of O2

1 and O1 ions may or may
not coincide exactly with the ionization energy identified
the PES. If the ionic state has a dissociation channel lead
directly to the production of the observed fragment ion
there will be a coincidence. In bound states, however, e
tation to the lowest vibrational state within the Franck
Condon region will give rise to O3

1 production initially. By
increasing the photon energy one can reach higher vi
tional states which could predissociate or dissociate, lead
to O2

1 and O1 fragments instead of O3
1 . This change in

fragmentation pattern will affect partial ion yield but not th
TIY. Therefore, in the TIY, a larger or smaller step will b
observed every time one reaches a new ionic state. The m
nitude of the step will depend upon the cross section. Fr
the photoelectron spectra~PES! we know the energy position
of each ionic state as well as their assignment. From
presence of vibrational progressions in the PES it is a
possible to determine which states are bound within
Franck–Condon region. Also, if a certain vibrational mode
excited predominantly, one can infer which products co
be more or less likely. In order to facilitate our studies w
have added the PES on top of Fig. 2, taken from Ref. 9.
most cases, the above assumption that the O3 TIY spectrum
features coincide with openings of new ionization chann
is correct, but one must mention also the possibility of sha
resonances and perhaps two-hole two-particle excitatio

FIG. 4. Total ion yield spectra of molecular oxygen~solid line! and of
ozone, with contamination~dots, in the middle! and after contamination
subtraction~dots, in the bottom!, in the region 12 to 22.5 eV.
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 This a
These excitations could create structures in the TIY spect
not related to the PES. Let us take O2 as a guideline on how
likely these excitations could occur in reality. In O2 , a broad
shape resonance was identified at 21.7 eV.10 A similar shape
resonance could be present in ozone at about the sam
ergy.

The first change in the slope at 12.5 eV agrees well w
the ionization energy of state 12A1(6a1). In this region,
slightly higher in energy, another overlapping state
present, 12B2(4b2).5 A weak band is present around 14 e
which can be assigned to the 12A2(1a2), with ionization
energy equal to 13.5 eV. A large band between 15.4 and
eV is clearly observed. Within this band two peaks can
identified. The first peak with a maximum at 16.1 eV can
assigned to a mixture of two states, 22B2 and 22B1 .5 The
second peak at 17.2 eV corresponds to the states 32A1 and
4 2B2 . A weak feature is also present at around 18 eV, wh
is still in the region assigned to the states 32A1 and 42B2 . It
is interesting to notice that the last three states have a s
ionization cross section in the PES spectrum and theore
calculation could give important information about the a
signment of the TIY spectrum. After this point the sign
increases even more rapidly until 21.0 eV, and then the
tensity stays almost constant up to 22.5 eV, the limit of o
spectrum. This broad maximum around 21.5 eV, like in
O2 molecule, could well come from shape resonance vale
excitation.

B. Discussion about the partial ion yield

According to some later experiments, the adiabatic i
ization potential~IP! of O3

1 is around 12.52 eV2 and for the
other products even higher IPs are found. The small prod
tion of O3

1 , O2
1 , and O1 below the IP is assigned to th

presence of scattered light. This effect seems to give a la
production of O2

1 and O1 ions as compared to the O3
1 ,

which is probably caused by the presence of scattered
with shorter wavelength where the ion production would
dominated by the presence of dissociated species.

The O3
1 PIY spectrum is presented in Fig. 2, showing

increasing intensity with the photon energy. The energy w
dow from 12 to about 16 eV is blown up in the inset in t
graph. We can identify a weak adiabatic production beg
ning at 12.7 eV, followed by an increasing in the intens
with a high slope. In this region, Weisset al.2 measured in
the 12.519 to 12.924 eV window a series of seven st
using a magnetic mass spectrometer. The location of the
set for the steps can be correlated with the vibrational pe
observed in the first band of the ozone photoelectron sp
trum, 12A1 , assigned to the bending moden2 .5 The second
band, 12B2 , in the photoelectron spectrum, between 13
and 13.34 eV, also presents a vibrational progression
signed to the symmetric stretch moden1 .5 Our spectrum
does not have enough resolution to determine the locatio
the steps, but it is clear that the two first bands of the p
toelectron spectrum appear in this region in our O3

1 PIY
spectrum. We can confirm that the two states, 12A1(6a1)
and 12B2(4b2), are bound and, after ionization, O3

1 is pro-
duced.
rticle is copyrighted as indicated in the article. Reuse of AIP content is sub
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Yet in the O3
1 PIY spectrum we can see a large ba

between 15.4 and 16.5 eV with a maximum at 16.1 eV t
coincides with the first maximum of the large band in TI
spectrum. We conclude that the O3

1 makes a big contribution
to this band in the TIY spectrum and it can be assigned to
2 2B2 . The intensity of O3

1 rises rapidly after 18.9 eV.
In the partial ion yield O2

1 spectrum from ozone the ris
in the O2

1 production occurs at 13.2 eV, leading to a sm
band with a maximum around 14.1 eV. This band coincid
with the ionic 12A2(1a2) state~see the PES spectrum in Fig
2!. As we discussed before, the rise in the fragment ion p
duction does not need to coincide with the ionization ene
in the PES, although in this case it does. This will only
true for dissociative states or predissociative states wit
crossing in the lowest Franck–Condon allowed vibratio
state. This is probably true for the present case. If the cro
ing leading to predissociation takes place at higher vib
tional energies, the position of the rise in the PIY will b
shifted to higher energies by the same amount. Accordin
theoretical calculations15 the 12A2 state has an electron den
sity mainly localized at the terminal oxygen atoms. For t
lowest two states, 12A1 and 12B2 , the situation is less clea
and these orbitals may be delocalized. The rise in the2

1

PIY at 14.1 eV can hardly be seen in the O3
1 PIY. Therefore,

the dissociative or predissociative character of this stat
anticipated. Indeed, according to Katsumata, this state m
be predissociative and only a faint vibrational structure w
assigned to the symmetrical vibrational stretching mode. T
PIY also presents structures similar to the TIY spectrum
tween 15.6 and 17.5 eV. Three maxima can be found in
region, the first one at 16.1 and the second between 16.7
17.2 eV. They correspond to the states labeled, in the
spectrum, as, 22B2 ~15.6 eV! and 22B1 ~16.5 eV!. In the
PES the 22B1 state contains an extensive vibrational pr
gression assigned to the symmetric stretching mode. At
O3

1 PIY there is a decrease in the intensity, which can in
cate a predissociative character for this state. The first p
at 16.1 eV can also be identified in the O3

1 PIY indicating
that the molecular ionic states are initially populated lead
to the dissociation into O2

11O. The states 32A1 and 42B2

~17.6 eV! do not present distinct vibrational progressions
the PES and thus can be dissociative. Possibly they ca
related to the O2

1 rise above 18 eV. The weak feature prese
at around 18 eV in TIY spectrum is well seen in O2

1 PIY
spectrum. The intensity of O2

1 increases even more steep
than O3

1 after 17.5 eV, giving more contribution than th
other fragments to the TIY spectrum, in this energy regio
valence shape resonance can be responsible for this b
feature.

The O1 partial ion yield spectrum does not present cle
structures. The most evident aspect in this spectrum is
increase in the signal after 18.3 eV. The discussion about
channel in ozone will profit from an analysis on the sam
channel in molecular oxygen, which has been studied
greater detail in the literature. If we compare our molecu
oxygen O1 partial ion yield spectrum with the analysis pr
sented in Ref. 16, we notice that the O1 production at about
18.7 eV coincides with the one observed in our spectru
According to Ref. 16, this channel was assigned to the
ject to the terms at: http://scitation.aip.org/termsconditions. Downloaded to  IP:
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sociation of O2
1 into O11O. Another channel at lower en

ergy was also assigned coming from the ion pair O1/O2.
The presence of this channel is best identified if the app
tus can also detect negative ions, which we cannot do
fact, it is difficult to identify this channel in our O1 spec-
trum. The same situation may apply to ozone, i.e., an ion
channel may exist for ozone, which we cannot easily iden
with our apparatus. Measurements using a quadrupole m
analyzer would, in this case, be valuable. The increase
intensity in the O1 channel at 18.3 eV is followed by
similar increase in the O3

1 production. This seems to agre
with the interpretation that an ionic state of O3

1 is populated
first, predissociating to the O1 channel observed. This chan
nel is lower in energy in ozone as compared to molecu
oxygen.

Other information we were able to obtain was the O1

and O2
1 kinetic energy released~KER!. Of course, the preci-

sion of the KER determination is limited in our case since
used a strong extraction field~70.8 V/mm! in order to avoid
discrimination against ionic species. In the KER calculat
we fitted fragment peaks using Gaussian functions. From
full width at half-maximum~FWHM! the full width at one-
tenth of the maximum was obtained and used in the calc
tion. In it, the instrumental and thermal Doppler broaden
were subtracted. The O2

1 KER was 0.28 eV on average wit
small fluctuation through the whole window and O1 KER
was 1.3 eV, again small fluctuations were observed~see Fig.
5!. In molecular O2 the O11O pair is produced with low
kinetic energy release~about 0.8 eV! in the two lower disso-
ciation limits coming from predissociative states.10 A larger
kinetic energy release is expected for entirely dissocia
states. We have compared our KER obtained for molec
oxygen with the one presented in Ref. 17. For the comp
son we have chosen excitation energy of 21.05 eV. At

FIG. 5. Kinetic energy release of O1 ~top! and O2
1 ~bottom! fragments from

ozone. The vertical axis is broken in two parts to better represent the re
rticle is copyrighted as indicated in the article. Reuse of AIP content is sub
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energy the signal to background ratio is very good. At low
photon energy our measurements for O2 were always done a
the valley of the O2 resonant peaks. These measureme
followed the O3, in which we try to avoid the O2 contami-
nation. At 21.05 eV we obtained O1 KER51.1 eV, which
compares well with the one given in Ref. 17. In that refe
ence, the KER distribution peaked at 1.0 eV. In Fig. 5
present the KER for both O2

1 and O1. We were careful to
give the results in the range where good signal to ba
ground was present, thus avoiding excessive contamina
of them from the small higher-order light contribution. The
spurious contributions would tend to exaggerate the t
KER.

V. CONCLUSIONS

The TIY was found to be composed of broad featu
although our resolution was certainly good enough to reso
several vibrational progressions in molecular oxygen. Us
the ability of TOF spectroscopy to collect in parallel, witho
discrimination, ions produced through photoionization,
could directly compare the abundance of each ion. O2

1 is
certainly the most abundant species. This behavior is st
ger at higher photon ionization in the interval studied. Co
parison with the PES allowed the assignment of seve
broad structures observed in the PIY. Two states, 12A2 ~dis-
sociative! and 22B1 ~predissociative with symmetric stretch
ing vibration!, were identified. These states presented pe
at the O2

1 not present in the O3
1 PIY spectrum. The KER for

O1 is far larger than that for O2
1 .
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