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Measurement of absolute differential excitation cross sections of molecular oxygen
by electron impact: Decomposition of the Herzberg pseudocontinuum
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Using a crossed-beam method, we have measured electron energy-loss spectra for excitation of the Herzberg
pseudocontinuum of molecular oxygen. The scattering angle and electron-impact energy ranges covered were
from 12° to 156° and from 10 to 30 eV, respectively. We decomposed the spectra into contributions from three
superposed Gaussian line shapes by means of computerized least-squares analysis. The three line shapes were
identified as representing excitation of tA€%., A’ 3A,,, andc '3 states. Absolute differential and inte-
grated cross sections for all three states’ excitations were obtained, along with linear electronic potential-
energy curves for the Franck-Condon region.

PACS numbe(s): 34.80.Gs

[. INTRODUCTION Such a decomposition would be interesting from the point of
view of pure physics and chemistry because the excitations
On account of its abundance in the Earth’s atmospher8ere are all forbidden, and electron impact is well known for
physical processes, one would expect substantial research 4§€ful in atmospheric science, as heS, state has been
have been done on the oxygen molecule. This is generall ostulated to be important in the series of reactions leading
true for optical measurements and theoretical calculation tthe rﬁd at105m|f oxygen emissions observed in the Earth's
[1,2], but relatively little research has been done on the low AtMosp! eré_ -19. .
: o . In this article, we present the results of decomposition of
energy electron-impact excitation of,OAs shown in the ! .
low-energy electron-impact spectra of the pseudocontinuum.

reviews by Trajmar, Register, and Chutjig8l, by Trajmar A
. ) total of more than 650 energy-loss spectra were measured,
and Cartwrigh{4], by Itikawaet al.[5], and by Zecca, Kar- covering the scattering angle and impact energy ranges of

wasz, and Brus§b], the data here can been characterized a§2°_156° and 10—-30 eV respectively. The data was ana-
fragmentary at best. Assignment of the opserved transition@,zed by means of a con;puterized least-squares technique.
is incomplete and there are gaps in the impact energy anglis analysis yielded absolute differential-excitation cross
angular ranges for the measured cross sections. This is pajactions for each state, along with an approximation for each
ticularly true for the Herzberg pseudocontinuum, which isstate’s potential-energy curve in the Franck-Condon region.
composed of thé °3 [, A’ %A, andc 'Y states, and lies Absolute integrated cross sections were obtained from the
between about 4 and 7 eV excitation enefgy-9]. differential ones. Our results are compared with those of
Konishi et al. made integral-excitation cross-section mea-others.
surements for the pseudocontinuufdQ]. Differential-
excitation cross-section measurements of the pseudocon- Il. EXPERIMENT
tinuum were later done by Wakiyfl1l,12. He used an
energy resolution of about 200 meV and an angular range of
5°-130° to obtain cross sections summed over all thre€
states in the pseudocontinuum region. Based on the trends in
angle and impact energy exhibited by his results, he posited
thec'S, state to be the dominant one excited by electron
impact below about 100 eV incident energy, in agreement
with the previous assignment of Trajmar, Williams, and
Kuppermanr{13]. Teillet-Billy, Malegat, and Gauyacq stud-
ied the electron-impact excitation of the pseudocontinuum
both experimentally and theoretically, and concerned them-
selves with the role of the p(zl'[g) resonance in the exci-
tation proces$14]. They treated only the scattering angle of , 5
90°, and used the impact energy range from 10 to 20 eV. — - . T . .
Unfortunately, none of these researchers tried to decompose ~ -015 o015 350 50 7.0
their spectra into contributions from the underlying states. Fnergy Loss (=)

The apparatus and procedures used for our measurements
f the pseudocontinuum region were essentially the same as

Elastic Peak

Signal (Arbitrary Units)

FIG. 1. A typical electron energy-loss spectrum for excitation of
the pseudocontinuum by electron impact. The scattering angle was
*Also at the Department of Physics, University of Michigan, Ann 72°, while the impact energy was 10 eV. Note the contribution on
Arbor, M1 48109-1120. the right-hand side from the Schumann-Runge continuum.
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FIG. 5. Absolute differential cross sections for excitation of the
c '3, state of molecular oxygen by electron impact.

those utilized for our previous electronO, scattering ex-
periments[20—-25, and are given detailed accounts else-
where in the physics literaturg26—28. We thus provide
only a terse account of them here. Comprising our apparatus
are three principal subsystems: a neutral-molecular-oxygen-
beam source, a monoenergetic electron-beam source, and a
scattered-electron detector. All three subsystems are housed
in a high-vacuum enclosure that is divided into differentially
pumped upper and lower chambers. Three orthogonal sets of
Helmholtz coils surround the vacuum enclosure to reduce
stray magnetic fields—including the Earth’s—to less than 20
mG in all directions in the interaction region. The energy
scale of our measuring apparatus was calibrated via the
19.35-eV resonance of helium.

The neutral-molecular-oxygen-beam source resides in the
upper chamber. Research gradei€piped into this chamber
from a commercial storage cylinder. The piping terminates at
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FIG. 6. Absolute integrated cross sections for excitation of the

. 4. Absolute differential cross sections for excitation of the A3, A’ 3A, andc 'S states of molecular oxygen by electron

state of molecular oxygen by electron impact.

impact.
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TABLE I. Uncertainty percentages in our measurements. TABLE Il. Mean excitation energie¥, and slopegy for the
states comprising the pseudocontinuum, along with the results of
State cly, A’3A, AZS S Klotz and Peyerimhoff.
Source of uncertainty V, (present V, (Klotz and v v (Klotz and
Raw data(statistic$ 5 5 7 State resuly  Peyerimhoff (present resuit Peyerimhoff
Line shape 10 10 15
Detector efficiency 10 10 10 A3 6.27 6.28 —10.14 —15
Elastic cross 14 14 14 ACA, 6.06 6.12 —9.06 -15
sections cls, 5.72 5.75 —7.94 -15
Total 21 21 24

We repeated our measurement process over the prescribed
impact energy and angular ranges. The results are electron
a capillary array positioned at the interface between the twenergy-loss spectra like the one shown in Fig. 1.

chambers. A vertically collimated molecular beam is thus

provided in the lower chamber, where the electron-molecule ll. DATA ANALYSIS

collisions occur. . . Our data-analysis technique was based on the original
The electron-beam source is mounted on a turntable in thF‘noIecuIar line shape arguments of Frafi2&] and Condon

lower chamber, and can be rotated frer80° to +160° ina 30 31] for the vertical excitation of repulsive states. They
continuous fashion. Comprising the beam source are an elegpowed that if the transition momept were constant with
tron gun with a thoriated-iridium filament, a 127° cylindrical yespect to the internuclear separatigrthen the repulsive-
energy selector, two electron lens systems, and two bea@gkcitation line shape’s form is obtained from changing vari-
deflectors. Currents in excess of A are produced by this  ables fromr in the internuclear probability density to excita-
subsystem, while the angular divergence of the electrofion energyE. The relationship between these two variables
beam is approximately-3°. is given by the form of the internuclear potential-energy
Also residing in the lower chamber is our scattered-curve for the involved excited state. In position space, the
electron detector. The detector is made of a 127° cylindricainternuclear ground-state probability density is to very good
and a hemispherical energy analyzer in series, two electroapproximation a Gaussian—with a FWHM of quite nearly
lens systems, and a Channeltron electron multiplier. This a9.086 A for Q. To good approximation, the involved
rangement provides a signal-to-noise ratio more than 100epulsive-state potential-energy curves are linear in the

times better than the single-analyzer system we have enfranck-Condon region for O and their transition moments
ployed in the past. vary by only a few percenf32—35. The excitation line

We know from our previous experiments that the lineShapes are therefore well approximated by Gaussians, with
shape that characterizes our overall machine respgrese ~Mean energie¥, giving the value of their potential-energy
the energy profile of the electron beam convolved with thecurves at ground-state internuclear equilibrium separation.
detector’s response functipis well represented as Gaussian 1he ratiosy of their FWHM's to the ground-state internu-
in energy, and for the present set of measurements, was fixé&dear density’s give the slopes of these curves. .
at about 90 meV full width at half maximu@FWHM). Note ~_The analysis of our pseudocontinuum data thus consists of
that such an energy resolution allows us to resolve vibralitting three Gaussians to each energy-loss spectrum, since

tional and nonoverlapping electronic excitations, but not rothere are three superposed states involved. To do this, we
tational excitations. chose model spectra of the form

During actual measurements, the impact energy and scatg 0.E. EN=pS.G(0)e(E—E
tering angle were fixed, while a dedicated microcomputer (P50, 0.E1 B)=pSG(0)e(Ei~E)

swept the energy-acceptance window of the detector over the N

region of interest and also accumulated the data. The sys- XZ Fi(Ei—EDI;(0,E))+B(E—E),
tem’s electronics are stable to within a few meV per day to =1
accommodate the often long data collection times required. (1)

TABLE Ill. Absolute cross sections for the excitation of t#e*S " state of molecular oxygen by electron impact. Units for the
differential cross sections are 1% cn/sr, while those for the integrated cross sections are'®idh?. Parentheses enclose extrapolated
values.

0 (deg 12 24 36 48 60 72 84 96 108 120 132 144 156 168 o

E (eV)
10 (45 6.0 9.2 15.7 17.6 17.9 19.3 142 228 206 208 16.0 11.8.0 2.34
15 (25 33 48 6.2 5.7 9.4 7.9 10.7 10.7 13.7 14.3 14.7 11.710) 1.31
20 (40 6.0 85 7.2 6.0 6.2 5.7 6.3 10.7 12.0 14.1 13.8 12.010) 1.11
30 1.2 14 14 1.0 0.7 0.8 1.2 1.5 2.0 3.1 3.9 3.6 2.82.0 0.25
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TABLE IV. Absolute cross sections for the excitation of thé 3A, state of molecular oxygen by electron impact. Units for the
differential cross sections are 1% cn/sr, while those for the integrated cross sections are'®dh?. Parentheses enclose extrapolated
values.

0 (deg 12 24 36 48 60 72 84 96 108 120 132 144 156 168 o

E (eV)
10 (20 26.2 382 388 455 508 51.7 489 427 441 356 439 5285 5.55
15 (17 136 153 227 269 325 308 313 334 377 351 357 3433 3.75
20 (6.5 7.6 8.3 8.8 8.4 7.6 7.8 7.8 8.0 10.0 124 149 16.017 1.19
30 (3.5 29 3.8 34 2.9 2.6 3.3 3.7 55 5.7 6.1 7.9 6.57.5 0.56

where s is the scattered-electron signal,the molecular- denoting the FWHM’'s of the measured, natural, and
beam density, an8, the incident electron curren&(6) isa  machine-response line shapes, respectively, we get a conve-
factor describing the scattering geomety,the impact en-  nient “triangle” equality of the form
ergy, andg, the electron energy loss. For the= 3 states the
Fi’s are the Gaussians, and have fixed values of one at their A2 =AZ A2 (2
maxima. Differences in excitation intensity among the states
are accounted for in the values of the. B is a term rep-  to hold. This allows us to remove the effects of the machine
resenting the background, and included contributions fromesponse from the fits to our data. A typical fit is shown in
the nearby strong excitation of the Schumann-Runge corFig. 2. Initial choices for the parameters describing the Gaus-
tinuum[25]. Before any fitting was done, our measured specsians in our analysis were obtained by consideration of the
tra were corrected for the effects of nonconstant detectionesults of Klotz and Peyerimhof35]. All parameters were
efficiency e with respect to energy. We note that the magni-allowed to vary independently.
tudes of the cross sections for the individual states’ excita- Once we obtained the fits, we generated cross sections by
tions are strongly dependent on the least-squares data redutsting that the latter scale as the scattered-electron current,
tion and background removal technique, as the excitationsr area under the excitation line shape. Other factors come in
are not resolvable in the spectra. here—such as the scattering geometry, the incident-electron
The fitting was performed numerically by the traditional current, and the molecular-beam density of Eig—but we
least-squares minimization approach, and the algorithm wevere able to dispense with them by normalizing to our pre-
employed for this purpose was the method of simulated anvious elastic cross section measurements where these effects
nealing implemented through the use of downhill simplexeswere already accounted f620]. The normalization relation-
The FORTRAN90program we used for this purpose was basedship was
heavily on the original source code of Press and Teukolsky
[36]. We chose the simulated-annealing algorithm because, do
though it is generally less efficient than the traditional (m
steepest-descents approaches, it has the advantage over these
that it does not get “stuck™ in local minima in parameter , )
space, and therefore can locate the true global minimunyhere @o/dQ)eps and do/d€Q)iy are the elastic and in-
among the many local minima often presé€si]. elastic cross sections, respectlvely, amgasge.as__ and
The fitting is complicated a litle by the fact that the linelAinel. SCale as.the areas unde_r their respective Ilne shapes.
measured-excitation spectra are broadened from the natural- Once we obtained absolute differential cross sections, we
excitation spectra by the machine response of our systeny/e'e abI.e to generate absolute integrated cross sectivias
Since this machine response is Gaussian, we can analyticaff)e refationship
perform the convolution integral of it with the natural Gauss-
ian line shape to obtained measured-excitation line shapes _ . g
also Gaussian in formi38]. With A eas, Anat, and A, U_j dedosin 6<d_Q) @

()

_ linel Ainel. d_O'
dQ
elas.

inel. I elas.A elas.

TABLE V. Absolute cross sections for the excitation of th&, | state of molecular oxygen by electron impact. Units for the differential
cross sections are 168°cn/sr, while those for the integrated cross sections are'8@?. Parentheses enclose extrapolated values.

0 (deg 12 24 36 48 60 72 84 96 108 120 132 144 156 168 ¢

E (eV)
10 (300 386 410 404 382 333 403 319 432 415 531 577 51(@5 5.16
15 (15 157 158 159 231 178 155 119 215 232 279 396 36(86 244
20 (9.0 104 117 9.3 8.3 7.5 8.8 83 13.1 133 190 238 26.80 1.60
30 (3.0 3.1 2.6 2.5 2.2 2.1 2.4 3.2 3.2 4.7 6.0 7.6 9.9100 0.49
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To perform the integrals, we employed the trapezoid algo- 1007
rithm. The integrals required that we extrapolate our differ- ]
ential cross sections to both 0° and 180°, which we did
semiexponentially. This introduced uncertainty into our re-
sults, but it was minuscule, as the value of &in Eq. (4) is
very small in the vicinity of these angles.

There were several sources of uncertainty that affected
our analysis of the differential cross sectio3CS9, as
listed in Table I. Since they were independent of each other,
they could be added in quadrature to provide net uncertain-
ties. As the extrapolation to large and small angle introduced
negligible uncertainty into the integral cross sectiQiSs,
net DCS and ICS uncertainty was about the same.

Present-Total
Trajmar
Wakiya
Teillet-Billy

o(10%cm?)
o
L
e
e (-4
o p 0o X
[+]

—
1

0.1 v T v T T T T v
IV. DISCUSSION OF RESULTS 0 10 20 30 40 50 60

The pseudocontinuum region of the oxygen molecule’s E(eV)
spectrum is especially attractive for electron-collision studies . ) o
since this molecule’s groun state has unusuas. - sym- FIG. 7. Absolute integrated cross sections for excitation of the
¢] 3y + r 3 15—
metry, and also because all three transitions to it are electri¢um of theA"S,, A’ “A,, andc 3, states of molecular oxygen
dinole forbidden. Excitation oA 33+ is not allowed by the y electron impact. The results of others are also shown. “Present-
294_)2+ rule e>.(citation ofA’ 3A By the AA=0.+1 any Total” indicates our results, “Trajmar” the cross sections of Traj-
L u - y—

A o T mar, Williams, and Kuppermann, “Wakiya” those of Wakiya, and
rule, and excitation o "%, by the rule forbidding electron- gjjiet-gilly” the values of Teillett-Billy, Malegat, and Gauyacq.
spin changes. All three also result from the promo-

tion of a wm2p electron in the ground-state , ,
(Ugls)z(O'ulS)z(0'925)2(0'u25)2(0'92p)2(7Tu2p)4(7792p)2 at |mpagt energies of 10', 15, 20,.and SQ eV. These are typical
configuration to an orbital ofr,2p symmetry. fo'r forpldden-state eXC|tat|0n—|sotrop|c' angular chargcter

Our values for the mean excitation energies and slopes fo¥ith slightly enhanced backward scattering. As the incident
linear approximations to the potential-energy curves in thénergy increases, the overall cross sections become smaller.
Franck-Condon region are presented in Table Il, where theyhe forward scattering reduces more than the backward
are compared with the results of Klotz and Peyerimhoff. Thedoes.

form of the potential-energy curves is Figure 6 shows the excitation ICS’s for the three states.
For theA33 [ andc 'S states they decrease exponentially
V=1y(r—rg)+Vo, (5)  asthe incident energy increases. The cross sectioAs if,

state have a broad maximum near 15 eV. TH&, state is

the largest and tha 33, state the smallest contributor to the
Bseudocontinuum’s excitation.

Finally, Fig. 7 shows the summed integrated cross sec-
ns of three states along with those of Trajmar, Williams,

whererq is the equilibrium internuclear distance fop Q.e.,

the bond lengthand has a value of about 1.207 A. Agree-
ment of the mean excitation energies is encouraging. But th
slopes we arrive at give somewhat shallower curves thaﬂo

theirs. and Kuppermann, of Wakiya, and of Teillet-Billy, Malegat,

Table IIl lists the excitation cross sections for thé3. | 4G Th | f Trai Will d K
state. Figure 3 shows the angular distributions at impact ergnd auyacq. The values of Trajmar, Willlams, and fupper-

ergies of 10, 15, 20, and 30 eV that have a tendency ofann, and those of Wakiya are larger than the present results
convergence to zero at extreme angles as predicted by tfY More than a factor of 2. Those of Teillet-Billy, Malegat,
3~-3* rule for electron-impact excitatiof89,40. (In this and Gauyacq are in good _agreement with the present results.
and other figures, we show error bars for only selected dat¥/€ note, though, that their integral cross sections were ob-
points, because providing all error bars would give OVe”ytalned as 4 times the measured differential cross sections at
cluttered figures.The cross sections decrease as the inciden?0°.
energy increases. A minimum appears near 90° at 20-eV
impact and near 75° at 30-eV impact.

The cross sections for the excitation of tA&3A, state V. CONCLUSION

are provided in Table IV. Figure 4 shows the differential o
excitation cross sections at impact energies of 10, 15, 20, and W€ have measured spectra for excitation gs®lerzberg

30 eV. The angular distributions exhibit strong backwardPSeudocontinuum by electron impact. The spectra were de-

scattering. Overall, the cross sections increase toward 15 e§omposed numerically into contributions from tAe’. [,

and then decrease at higher energies. There is a broad ma®’ A, andc '3 states, resulting in absolute differential

mum near 15 eV. cross sections for these states’ excitations, along with
Table V provides the 3 -state excitation cross sections potential-energy curves in the Franck-Condon region. Inte-

by electron impact. Figure 5 shows the angular distributiongrated cross sections were also obtained.
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