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Low Energy Dissociative Electron Attachment to Ozone
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The production of O2 and O2
2 by dissociative electron attachment to ozone is reported for incide

electron energies between 0 and 10 eV. A previously unobserved sharp structure is observe
the formation of O2 ions at zero incident energy. This large additional cross section peak h
important consequences for the role of ozone in the anion formation processes in the ionosp
[S0031-9007(99)09373-4]
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The discovery of the “ozone hole” above Antarctica b
Farmer and co-workers in 1985 has led to a major intern
tional research program to study the chemical reactions
ozone responsible for such dramatic ozone loss [1]. T
catalytic destruction of ozone by halogen free radicals
now largely understood, and the major mechanisms
which ozone is destroyed in the stratosphere have be
identified [2]. The role of ozone in theD region in the
ionosphere is, however, less well established. The phys
and chemistry of theD layer of the ionosphere are domi
nated by ion-molecule reactions and, in particular, by t
formation rates of CO32, HCO3

2, and NO3
2 anions [3].

Current models of theD layer [3] assume that the major
negative ion formation process in this region arises fro
the exothermic nondissociative three-body electron atta
ment to molecular oxygen [4], i.e.,

e 1 O2 1 O2 ! O2
2 1 O2 , (1)

with CO3
2, HCO3

2, and NO3
2 anions being formed

subsequently in a complicated sequence of reactions
volving neutral constituents [5]. The dissociative electro
attachment reaction to molecular oxygen is not consider
in these models since the cross section is significant o
at electron energies above about 4 eV [6].

Conversely, electron impact dissociative attachme
to ozone may also form significant concentrations
oxygen anions at about thermal energies. Two possi
dissociative attachment channels first observed by Cur
[7] exist,

e 1 O3 ! O2 1 O2 , (2a)

e 1 O3 ! O 1 O2
2. (2b)

The product oxygen anions may then be subsequently l
either by associative detachment with atomic or molecu
oxygen or by charge transfer reactions with ozone. T
O3

2 anions produced in these charge transfer reactio
may then undergo further reactions with H, CO2, and NO2
to form HCO3

2,CO3
2, or NO3

2. Current ionospheric
models [3] have used the rate coefficients estimat
from the early experiments of Curran [7] and Stelma
et al. [8] (see also [9]) to compare the anion formatio
rate from electron attachment to ozone via the exotherm
reaction (2a) with the three-body attachment to molecu
oxygen via reaction (1). They concluded that the electr
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attachment process (2a) is only a minor contribution
the total oxygen anion production. Nevertheless, seve
groups [10–14] have recently reported new results
the mechanism of dissociative electron attachment
ozone and ozone clusters [15] which suggest that
role of dissociative electron attachment to ozone in t
ionosphere should be reevaluated.

Similarly the role of low energy electron attachmen
in those electrical discharges used to produce ozo
in commercial apparatus (so-called “ozonizers”) shou
be reappraised. Ozonizers are remarkably inefficie
instruments producing only a few percent (often less th
1%) of the required product. Models of such electric
discharges have suggested that the product yield sho
be much greater [16–18] but, to date, it has not be
possible to obtain such calculated yields. Low ener
electron attachment may provide a mechanism for t
destruction of nascent ozone within the discharge, sin
there is a preponderance of low energy electrons in su
discharges, and therefore explain the low yields achiev
by such devices.

It is therefore important to study low energy dissoci
tive electron attachment to ozone and quantify the mag
tude of the cross section for the formation of both O2 and
O2

2 anions. As part of a continued investigation of ele
tron scattering studies from aeronomic molecules we ha
therefore reinvestigated low energy dissociative electr
attachment to ozone. In particular, we have studied tho
processes leading to the dissociation of ozone at low en
gies (less than 2 eV) with high energy resolution. In th
Letter we report, for the first time, the presence of a lar
peak close to zero eV in the formation cross section
O2 anions via reaction (2a). The large measured cro
section for the formation of O2 anions at such therma
energies suggests that, in contrast to present assumpt
the production of oxygen anions by electron attachment
ozone via reaction (2a) is a major anion formation proce
in the D layer and not three-body electron attachment r
action (1) to molecular oxygen.

The high resolution trochoidal electron spectromet
used in these studies has been described previously [19
allowing one, in principle, to produce electron beams wi
a resolution of better than 5 meV FWHM. The attachme
© 1999 The American Physical Society
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reaction occurs in a small collision chamber from whic
the anions are extracted by a weak electric field into
quadrupole mass spectrometer. The mass-selected
are detected in a single-ion pulse counting mode using
channeltron. Data acquisition during the measureme
was controlled by a personal computer. The electr
energy scale and electron energy spread are calibrated
determined throughout the experiment using CCl4 and SF6
as test gases (for details, see [20]).

Because of the high reactivity of ozone on surfaces a
in order to quantify any charge transfer processes or io
molecule reactions (which may result in erroneous sign
being recorded), two ozone samples were used of grea
different purities. High purity sources of ozones.80%d
were prepared using a mobile ozone generator [21]
which low concentrations of ozone were produced usi
a commercial Fischer ozonizer prior to being collected o
silica gel cooled to280 ±C. Subsequent desorption from
the silica gel allowed high purity samples of ozone to b
collected in a five liter glass bulb prior to insertion into
the electron spectrometer. Low concentrations of ozo
sø1%d were produced with a negative corona dischar
ozonizer, with the effluent being passed directly in
the spectrometer without further purification. The cro
sections for anion production from ozone were found
be independent of the ozone concentration, product
method of ozone, and the geometry and constructi
materials of the gas inlet system.

Figure 1(a) shows the measured O2 anion cross section
as a function of incident electron energy in the low en
ergy region up to 2 eV. A broad peak centered at 1.3 e

FIG. 1. Upper part O2 cross section for dissociative electron
attachment to ozone and lower part O2

2 cross section for
dissociative electron attachment to ozone: open circles, pres
results; solid line, data by Allanet al. [11]. Inset, see text.
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is observed in excellent agreement with the earlier hi
resolution data of Allanet al. [11] and those of other re-
cent experiments [10,12,14], not shown in Fig. 1(a) f
the sake of clarity. Fine (vibrational) structure is ob
served [see inset in Fig. 1(a)] superimposed upon
peak in close agreement with [11] and has been us
to renormalize the energy scale of Allanet al. (a shift
of 20 meV). This structure [arrows in Fig. 1(a)] ha
been attributed to the opening of dissociation chann
with a vibrationally excited O2 fragment [11]. However,
evidence for dissociative excited states of O3

2 in this en-
ergy range has also been reported in laser photodisso
tion studies [22], and thus this structure could arise fro
complex curve crossings between the O3

2 anion and O3
ground state of the neutral molecule. Figure 1(b) sho
the measured O22 anion yield as a function of incident
energy. A single structureless peak is observed peak
around 1 eV, in excellent agreement with the data of A
lan et al. [11] and other recent experiments [10,12,14
not shown in Fig. 1(b) for the sake of clarity.

Figure 2 compares the present O2yO3 cross section
curve with the cross section of Allanet al. [11] (nor-
malized to Skalnyet al. [10]) and the recent absolute re
sults of Rangwalaet al. [14] in the energy range up to
10 eV. The present cross sections are in good agreem
for energies less than 1.3 eV but are lower than those
[14] at the high energy side of this peak (see inset
Fig. 2). This difference may be ascribed to the obse
vation by Rangwalaet al. [14] of a high energy shoul-
der between 2 and 4 eV. Allanet al. [11] and Walker
et al. [12] have shown that O2 anions arising from the
resonant region between 2 and 4 eV have high kine
energies. This will lead to a loss of these ions in th
present study, because our apparatus is optimized for
detection of near zero energy anions with high ener
resolution by using a near zero extraction field [20,23
Rangwalaet al. [14], in contrast, are able to apply highe

FIG. 2. Comparison of present results (solid line) for O2

cross section for dissociative electron attachment to O3 with
those of Allanet al. [11] designated by dotted line and those o
Rangwalaet al. [14] designated by dashed line.
5029
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extraction fields preventing such kinetic discrimination an
therefore provide a more realistic measure of the absolu
yield of those anions produced with high kinetic energie
Similarly between 6 and 8 eV the O2 anions are produced
with high kinetic energies and are therefore partially lo
to our detector but are observed by Rangwalaet al. [14].

The major observation in the present results is that
contrast to the earlier measurements we observe (see Fi
upper part and Fig. 2), a rather large and sharp peak in
O2 cross section at or close to zero energy. Observati
of this unexpected “zero energy” peak (see Fig. 3)
dependent upon the incident electron energy resolution
determined from the half width at full maximum of this
sharp peak; see below. At apparent resolutions in exc
of 100 meV the feature is broadened such that it can
longer be distinguished from the background. Therefo
it is not surprising that those earlier experiments havin
electron beam resolutions of more than 100 meV we
unable to observe this structure. Only Allanet al. [11] has
similar nominal resolution to the present work (with typica
resolutions used of 30 meV) but did not report this featur
We were therefore extremely careful to check the prese
apparatus for any experimental artifacts that could giv
rise to such a structure. The nonobservation of any su
structure in the simultaneously recorded O2

2 cross section
[Fig. 1(b)] and the absence of such structure in studies o
for instance, NO [23] and N2O [24] excluded any apparatus
artifact. In order to probe any interfering ion-molecule o
surface interaction the experiment was repeated over
course of several months with ozone sources of grea
different purities and with different gas inlet systems [25
In each case the observation of this feature was found
be solely a function of the actual incident electron bea
resolution (as determined by the width of this feature
ozone). It should be mentioned, moreover, that we ha
observed a strong deterioration of the energy resolution

FIG. 3. The O2 cross section (arb. units) for dissociative
electron attachment to ozone measured at the two elect
energy resolutions of 30 and 80 meV.
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about more than a factor of 2) when changing from CC4
(used in each experimental run first as test gas to determ
the nominal resolution of the monochromator via the wid
of the Cl2 zero energy peak [20]) to ozone. This is a like
explanation for the nonobservation in previous studies.

Therefore we believe the new structure observed h
in the O2 cross section for electron attachment to ozo
at zero energy is correct. Furthermore a plot of t
cross section against the incident electron energy o
logylog scale, Fig. 4, reasonably follows theE21 behavior
predicted by the de Broglies-wave cross section [26]
Such ans-wave mechanism is found for several molecul
and clusters that capture free electrons at low energ
(e.g., SF6 [27,28], CCl4 [20,29], O2 clusters [19], and NO
cluster [30]), and there it is not perhaps surprising th
ozone should show a similar behavior. However,s-wave
attachment to the ground state of ozone is forbidden
symmetry rules and therefore such an observation may
attributed to electron attachment to vibrationally excit
ozone. The deviation fromE21 behavior below 30 meV
is due to the finite resolution (approximately 40 meV
in the experimental run shown in Fig. 4 of the electr
beam. In turn such a low energys-wave cross section
behavior can be used to estimate the electron ene
distribution from the width of the zero energy peak (f
details, see [20]). This has enabled us (see above
obtain the important information that the resolution
the trochoidal monochromator is strongly decreased w
studying ozone.

The present results have some significant conseque
for the role of direct electron impact dissociative excit
tion of ozone within theD layer of the ionosphere and in
commercial ozonizers. At present the production of a
ions by electron attachment to ozone is neglected in
ionospheric models [3] as it was thought to be only a m
nor contribution to the total anion production compar

FIG. 4. A logarithmic plot of the present O2 yield (open
circles) against electron energy. At low energies the cr
section shows de Broglies-wave character [26], i.e., the cros
section is proportional toE21 (designated by solid line).



VOLUME 82, NUMBER 25 P H Y S I C A L R E V I E W L E T T E R S 21 JUNE 1999

.

,

.

.

d

,

.

,

,
.

i,
.

to the three-body attachment reaction (1). If, howeve
the present cross sections for the production of O2 are
converted to rate constants (taking into account that the
constants usually refer to thermodynamic equilibrium
while in the present case the internal energy of the ta
get is unknown), the dissociative attachment reaction
ozone becomes a major formation process for O2 ions
in the D layer of the ionosphere. In addition, there are
also important consequences of such a large dissoc
tive attachment rate constant for the production of ozon
in negative corona discharges in commercial ozonizer
Such discharges have a large flux of low energy ele
tronss,1 eVd. Should the cross section for electron dis
sociative attachment be large, it is possible that a sizab
proportion of the nascent ozone formed in the discharg
region is subsequently destroyed by electron collision
thus producing the low yields obtained from such device
Hence to increase the yield of ozone it would be necessa
to broaden the electron distribution within the discharg
and/or reduce the number of low energy electrons.

In conclusion, using a high resolution electron
monochromator to study electron attachment cross se
tions to ozone, we have been able to observe, for the fi
time, an additional sharp peak in O2 formation close to
zero incident energy. Present measurements suggest
the production cross section for O2 from O3 at about zero
energy is approximately 4 times that of the 1.2 eV pea
and since it is resolution dependent it may, in fact, b
even greater. This may have important consequences
the interpretation of the role of dissociative attachment t
ozone in commercial ozonizers and in the ionosphere.

This work has been carried out within the Associatio
ÖAW/EURATOM and supported in part by FWF and
BMWV, Wien, Austria, and the Aktion Österreich-
Slowakei science cooperation (Contract No. 21s17
N. J. M. thanks the Royal Society and Universität Inns
bruck for the opportunity to perform these joint studies
and P. S. thanks the Austrian Academy of Sciences f
receiving an APART grant. We would also like to
acknowledge the assistance of Dr. Peter Cicman in takin
some of the data.

*Permanent address: Department of Plasma Physic
Comenius University, Mlynska Dolina F2, 84215
Bratislava, Slovak Republic.

†Permanent address: Faculty of Physics Beograd, P.
Box 368, 11001 Beograd, Yugoslavia.

‡Permanent address: Department of Physics an
Astronomy, University College London, Gower Street
London WC1E 6BT, United Kingdom.

§Also at Department of Plasma Physics, Comeniu
University, Mlynska Dolina F2, 84215 Bratislava, Slovak
Republic.

[1] J. C. Farmer, B. G. Gardiner, and J. D. Shanklin, Natur
(London)315, 207 (1985).

[2] P. Crutzen, J. U. Grooß, C. Brühl, R. Müller, and J. M.
Russell, Science268, 705 (1995).
r,

se
,
r-
to

ia-
e
s.
c-
-
le
e

s,
s.
ry
e

c-
rst

that

k
e
for
o

n

).
-
,
or

g

s,

O.

d
,

s

e

[3] R. P. Wayne,Chemistry of Atmospheres(Oxford Univer-
sity Press, New York, 1991).

[4] D. L. McCorkle, L. G. Christophorou, and V. E. Anderson,
J. Phys. B5, 1211 (1972).

[5] L. Thomas and M. R. Bowman, J. Atmos. Terr. Phys.47,
547 (1985).

[6] D. Spence and G. J. Schulz, Phys. Rev. A5, 724 (1972).
[7] R. K. Curran, J. Chem. Phys.35, 1849 (1961).
[8] D. Stelman, J. L. Moruzzi, and A. V. Phelps, J. Chem

Phys.56, 1849 (1972).
[9] G. E. Caledonia, Chem. Rev.75, 333 (1975).

[10] J. D. Skalny, S. Matejcik, A. Kiendler, A. Stamatovic, and
T. D. Märk, Chem. Phys. Lett.255, 112 (1996).

[11] M. Allan, K. R. Asmis, D. B. Popovic, M. Stepanovic,
N. J. Mason, and J. A. Davies, J. Phys. B29, 4727 (1996).

[12] I. C. Walker, J. M. Gingell, N. J. Mason, and G. Marston
J. Phys. B29, 4749 (1996).

[13] K. S. Klopovskii, N. A. Popov, O. V. Proshina, A. T.
Rakhimov, and T. V. Rakhimova, Plasma Phys. Rep.23,
165 (1997).

[14] S. Rangwala, S. V. K. Kumar, E. Krishnakumar, and N. J
Mason (to be published).

[15] S. Matejcik, P. Cicman, A. Kiendler, J. D. Skalny,
E. Illenberger, A. Stamatovic, and T. D. Märk, Chem
Phys. Lett.261, 437 (1996).

[16] S. Hadj-Ziane, B. Held, P. Pignolet, R. Peyrous, an
C. Coste, J. Phys. D25, 677 (1992).

[17] B. Elliasson and U. Kogelschatz, J. Phys. B19, 1241
(1986).

[18] V. Sobek and J. D. Skalny, Czech. J. Phys.43, 807 (1993).
[19] S. Matejcik, A. Kiendler, P. Stampfli, A. Stamatovic, and

T. D. Märk, Phys. Rev. Lett.77, 3771 (1996).
[20] S. Matejcik, G. Senn, P. Scheier, A. Kiendler,

A. Stamatovic, and T. D. Märk, J. Chem. Phys.107, 8955
(1997).

[21] K. A. Newson, S. M. Luc, S. D. Price, and N. J. Mason
Int. J. Mass Spectrom. Ion Process.148, 203 (1995).

[22] J. F. Hiller and M. L. Vestal, J. Chem. Phys.74, 6096
(1981).

[23] Y. Chu, G. Senn, P. Scheier, A. Stamatovic, and T. D
Märk, Phys. Rev. A57, R597 (1998).

[24] F. Brüning, S. Matejcik, E. Illenberger, Y. Chu, G. Senn
D. Muigg, G. Denifl, and T. D. Märk, Chem. Phys. Lett.
292, 177 (1998).

[25] G. Senn, Ph.D. thesis, University Innsbruck, 1999.
[26] L. G. Christophorou, D. L. McCorkle, and A. A.

Christodoulides, inElectron-Molecule Interactions and
Their Applications,edited by L. G. Christophorou (Aca-
demic Press, Orlando, 1984).

[27] D. Klar, M. W. Ruf, and H. Hotop, Chem. Phys. Lett.189,
448 (1992).

[28] S. Matejcik, P. Eichberger, P. Plunger, A. Kiendler
A. Stamatovic, and T. D. Märk, Int. J. Mass Spectrom
Ion Process.144, L13 (1995).

[29] H. Hotop, D. Klar, J. Kreil, M. W. Ruf, A. Schramm, and
J. M. Weber, inThe Physics of Electronic and Atomic
Collisions, edited by L. J. Dubeet al. (AIP, New York,
1995), p. 267.

[30] Y. Chu, G. Senn, S. Matejcik, P. Scheier, P. Stampfl
A. Stamatovic, E. Illenberger, and T. D. Märk, Chem
Phys. Lett.289, 521 (1998).
5031


