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Angular distributions of O * from O,?* produced by electron impact on G
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Coincidence measurements of the angular distributions ofli@sociated from ¢#" produced by electron
impact on Q have been made. With an incident electron energy of 55 eV, 2.6-, 3.7-, 4.5-, and 5.8-@v©
were detected separately using the time-of-flight and coincidence method at selected angles between 40° and
140° in 10° steps. The results show two flat, isotropic and two anisotropic angular distributions and attempts
have been made to interpret these symmetries and to identify the sources of th8168€0-294{©6)00909-2

PACS numbd(s): 34.80.Gs

[. INTRODUCTION Thulstrup, and Andersof26], and Hurley[27]. The agree-
ment among these data is poor and interpretations are not
For the last several years, a series of papers on the kineticonsistent. In the experimer{ts6—18 where the energy dis-
energy distributions of fragment ions from,nd G [1,2] tributions of singly ionized products dissociated from doubly
and the angular distribution of fragment ions from [8]  ionized molecules were measured, assignments of the
upon dissociative ionization by electron impact have beersources of these singly ionized products showed discrepan-
reported by the authors. Angular distributions of molecularcies.
dissociation products have been of interest since DOuin This situation spurs more intensive research on the double
reported a selection rule based on symmetry. Angular distriionization of molecules. One way of increasing the informa-
bution measurements have been made mostly farNj,  tion on the electronic states of doubly ionized molecules in-
and G, and the results at threshold have shown good agreerolved in the production of the dissociation products is mea-
ment with the selection rulg5—14]. However, in most ex- suring the angular distributions of singly ionized dissociation
periments, only singly ionized dissociation products from ei-products and applying Dunn’s selection rule to the resultant
ther of the following two processes, taking & an example, distributions as described abof@]. This information is im-
were detectedwithout using coincidence detection tech- portant in assigning the electronic states of doubly ionized

nigues parent molecules from which singly ionized molecules origi-
nate. Based on the kinetic-energy distribution of @ns
e+0,—0,"+2e—~0"+0+2e, (1) obtained by the authors, coincidence measurements of the
angular distributions of O dissociated from ¢* produced
e+0,—0,2" +3e—20" +3e. (2) by electron impact on ©have now been carried out. Our

previous measuremefit] of the kinetic-energy distribution

A few experimentg12,14,15 detected doubly ionized dis- ©f O" ions produced from doubly ionized ,(by electron
sociation products and determined their angular distributiondMPact showed two dominant peaks at 3.7 and 5.8 eV with
Although some experimen{d6—18 employed coincidence Signs of the smaller peaks near 2.6 and 8.8 eV. With an
detection to measure trenergydistributions of singly ion-  incident electron energy of 55 eV, 2.6-, 3.7-, 4.5-, and
ized products dissociated from doubly ionized parent mol->-8-€V _O+_|ons were detected separately using time-of-flight
ecules, no experiment, except the one by the autf®s and comc!dence techniques at selected angles between 40°
measured thangular distribution with a coincident energy- and 140° in 10° steps.

selection mechanism. This is probably due to difficulties
from the very low counting rates.

Recently, there has been increasing interest in double or
multiple ionization of atoms and molecules, and many ex- The experimental setup used in this experiment was the
periments have been done with discharge lamps or synchre@ame as the one used in the previous experiment o2\
tron light sources[19-21. There have also been some and only the changes will be described here. An electron
electron-impact double-ionization experimenfib—17,22— beam was generated from a hot iridium filament to increase
24]. However, the results are limited and less well analyzedhe lifetime in the oxygen environment, and was pulsed with
compared to the photon-impact experiments. For the case @f full width at half maximum(FWHM) of about 15 ns. The
double ionization of molecular oxygen, there exist theenergy of the incident electrons was adjusted to 55 eV, and
photon-impact results of Curtis and Elaf®b|, Elandet al.  the currents of the dc and pulsed electron beams were main-
[19], and Price and Elan®0], the electron-impact results of tained at about LA and a fewnA, respectively. The reason
Feldmeier, Druchholz, and Hofmaf@3] and Larssoret al. ~ for choosing 55-eV incident energy is this: since Dunn’s
[24], and the theoretical results of Larsseinal.[24], Beebe selection rule applies near the threshold, the electron-impact

II. EXPERIMENTAL DETAILS
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(i) 5.8 eV. As mentioned above, the total uncertainty in
2 the kinetic energy in our results is up to 0.2 eV, while Feld-
58eV meier, Druchholz, and Hofmani23] did not give an esti-
mate. However, since both experiments are the low-
resolution electron-impact experiments, it seems that the
5.3-eV peak of Feldmeier, Druchholz, and Hofmann might
correspond to our 5.8-eV peak. Neither Feldmeieal.[23]
nor we could identify the source of this peak from just the
0 previous kinetic-energy distribution results. No assignment
of the states to this peak had been available except that of
2l . Lt Larsson et al. [24] who assigned several states to their
1 e 3.7eV 6.0-eV peak, which is close to our 5.8-eV distribution. How-
ever, their calculated energies of those assigned states
showed big differences from the measured value of 5.8 eV.
In the photoionization experiment of Curtis and Eland
[25], a total kinetic-energy release of 11.5 eV, half of which
is fairly close to our 5.8-eV peak, was observed to be in great
abundance, and it was postulated that the state from which
this kinetic-energy release originated was near 43.9 eV.
From the potential-energy curves o§% given in the report
FIG. 1. Angular dis_tributions of Oions dissociated from §* g{)b%rsrsétl)enztssl.a[Zté(EI{;IhEirﬁ)gtsisltélrelesr’;a;egfnffr542§ :\é,x\é-v'hlch
produced by electron impact on,O 1334, andC °I1,. Since the ground state ohb@& X °% 4, a
transition to either £A, or C °I1, in the perpendicular di-

energy in this experiment has to be near the threshold forrection with respect to the symmetry axis is allowed and a

double ionization of oxygen molecule_s. The pOtential'er1erg¥ransition to 13H5 is allowed in both the perpendicular and
curves of the doubly ionized {Btates in the Franck-Condon eparallel directions according to Dunn’s selection rule. None

region I'.e mostly between 45 and 50 eV. Therefore th of these three states is excluded from contributing to the
electron-impact energy should not be much greater tha Lo .

: ; . .8-eV kinetic-energy peak. Therefore, even though we still
these energies. In this experiment, an electron energy of 5

. annot uniquely identify the states responsible for this
eV was chosen. The presef @nergies were 2.6, 3.7, 4.5, ) 3 .
and 5.8 eV. An estimate of the total uncertainty in the kinetics'8 eV peak, we conclude tha "I, and either or both

3 3 — . . . .
; ; . A, and 1°% ', a combination of which results in a flat
g 9
ﬁiré?]rtgy varies from 0.1 to 0.2 eV, depending on the time 0angular distribution, are contributing based on the results of

the angular distribution.
(i) 4.5 eV. Larssonet al.[24] obtained a noncoincident
ll. RESULTS AND DISCUSSIONS O*-ion kinetic-energy spectrum following electron impact—
The angular distributions of the 2.6-, 3.7-, 4.5-, ang'Which means that the Odissociation products both from the

+
5.8-eV O' ions dissociated from 3" produced by electron O, S:ja:ﬁs ?nlfl from ;he%* S:)‘rjllte.s V\_/ere(zj gteit?djani as-
impact on Q are given in Fig. 1. In every data set, a point atS'gnea the foliowing two doubly tonize states 1o the

90° is normalized to 1. 4.5-eV peak:

As mentioned already, one angular distribution measure-
ment must be made at one selected, preset kinetic energy of
the ion, and the next measurement at the next kinetic energy.

The kinetic-energy distribution of Rdf1] was used to select A %3, —0"(45)+0"(49). (4)
these preset kinetic energies—2.6, 3.7, 4.5, and 5.8 eV—at

which the angular distribution measurements were madd-dowever, Doolittle, Schoen, and Schubj8] measured the
Our result of the kinetic-energy distribution showed peaks akinetic-energy distribution of Oions produced by photoion-
2.6,3.7,5.8, and 8.8 eV and was similar to that of Feldmeierizationbelow the appearance potentiall O,>* and noticed a
Druchholz, and Hofmanfi23], even though the details do peak at 4.5 eV, which means that the 4.5-eV peak is coming
not agree in several aspects. The kinetic-energy distributiofrom a singly ionized state of O Furthermore, neither Feld-

of Feldmeier, Druchholz, and Hofmann shows two dominantmeier, Druchholz, and Hofman23] nor we [1] observed
peaks at 3.8 and 5.3 eV, and a third peak near 8.4 eV. Owany peak at 4.5 eV in the previous kinetic-energy distribu-
result shows two dominant peaks at 3.7 and 5.8 eV with cleations. Therefore, it is possible that the 4.5-eV peak observed
signs of smaller peaks near 2.6 and 8.8 eV. The reason fdiy Larssonet al. was coming from the @ states instead of
taking an angular distribution at 4.5 eV even though nothe O states.

4.5-eV kinetic-energy peak was observed will be discussed According to Dunn’s selection rule, a transition from the
later. ground stateX *3. ; of O, to neither of the above twB °3,

As can be seen in Fig. 1, the angular distributions at 2.&andA 33| states is allowed in both the perpendicular and
and 4.5 eV are isotropic while those at 3.7 and 5.8 eV argarallel directions, which would result in a flat angular dis-
anisotropic. The one at 3.7 eV exhibits a minimum and theribution. This supports the flatness of our 4.5-eV result of
other at 5.8 eV a maximum near 90°, the angular distribution. Therefore it can be concluded from

e e e |4Bey
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the kinetic-energy distributions, as well as from the angulabeen made employing time-of-flight and coincidence tech-
distributions, that a 4.5-eV kinetic-energy peak is not ex-niques. Energy-selected'Gons, 2.6, 3.7, 4.5, and 5.8 eV,
pected from the double ionization ob(at least near thresh-  were detected in coincidence for angles between 40° and
old. 140°. The angular distributions at 2.6 and 4.5 eV are isotro-
(iii) 3.7 eV. Larssonet al.[24] assigned the 3.4-eV ions pic while those at 3.7 and 5.8 eV are anisotropic. The distri-

to theB °% ; state. This may be the same peak as the 3.8-e¥yution at 3.7 eV exhibits a minimum and the one at 5.8 eV a
peak of Feldmeier, Druchholz, and Hofmann and our 3.7-eMynaximum near 90°.

peak. Dunn’s selection rule allows a transition from the £q; the 5.8-eV distribution the%g 1329_ andC 3Hu

3 — 3 — . . 1 L 1
ground stateX "X, of O, to the ", state in the parallel g4t are possible candidates. Since the ground statg isf O
direction with respect to the symmetry axis. This agrees Wlﬂ‘x 3% -, a transition to either 1A, or C 311, in the perpen-

. . . . . - g ) g u
ieggfg#waerrg;ggbgﬂ?gr?gtu?(;:r g|\s/ 'Er?lt\)lzlt(i?nsrgg\ijvl?sasLr::)lgloTtutrr?diCUIar direction with respect to the symmetry axis is al-
assignment of Larssoet al. [24]. We note that the experi- ?og\rlsj(ijcjg ? aa:c?nsgfanu;? E?e;oar:ls?waecié? d?r?th ttgegjrr]_n,s
ment of Larssoret al. was a noncoincident experiment and P lecti | Thp ¢ Id lud tﬁ%?H d
the assignment was principally based on the potential curvey €ction rule. i herefore Weg could conciude t u an

either or both of f’Ag and 1°%  are contributing.

alone. It is very difficult to assign a correct state among ) 3

many closely spaced states to a certain kinetic-energy peak,o,ln ﬂje 4.5-eV case, Larssat al. assigned th@ “I1, and

in electron-impact experiments due to their poor resolution/A “>u doubly ionized states as the origins of the 4.5-eV
(iv) 2.6 eV. The angular distribution of the 2.6-eV*O peak. However, according to the Dunn’s selection rule, a

fragments is fla(see Fig. 1 The origin of these fragments transition from the ground stat¢ 3~ of O, to neither of

cannot be identified even from this angular distribution re-the above two states is allowed in any direction, which is

sult. Curtis and Elanf25] and Elandet al.[19] reported the ~considered with the flatness of our 4.5-eV angular distribu-

observation of the total kinetic-energy release of 4.5 eV, andion. Therefore, we conclude that a 4.5-eV kinetic-energy

later Price and ElanfR0] interpreted that this energy release peak is not expected, at least near threshold.

was due to two-step photoionization processes. However, The angular distribution at 3.7 eV, which shows a mini-

Dunn’s selection rule was derived for a single-step electronmum at 90° supports the notion that tBe’S, | state is re-

impact process and cannot be applied to the two-step photsponsible for this kinetic-energy release. The symmetry ar-

ionization process. Therefore this symmetry argument is nogument confirmed the result derived from potential-energy

applicable and a possible relation between this total-energgurves. The origins of the 2.6-eV ions cannot be derived

release and our 2.6-eV feature is only tentative. Further studfom the angular distribution result.

ies using a different experimental method are required.
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