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TABLE I. Differential vibrational-excitation cross sections of molecular oxygen. Numbers in
parentheses are extrapolated data points.

(deg) 12 24 36 48 60 72 84 96 108 120 132 144 156 168
(10 ' cm )

(a) do. (v)/dQ (10 ' cm /sr) at 5 eV impact
15 14 11 8.3 7.2 6.4 5.2 6.5 6.0 6.4 7.3 8.5 8.6 (9.0)
(8.2) 6.4 5.0 3.0 2.7 2.9 2.0 1.9 1.4 1.9 2. 1 2.4 2.9 (3.3)

9.5
3.4

(b) do. (v)/dQ (10 ' cm /sr) at 7 eV impact
42 35 33 28 23 22 17 16 20 23 25 29 33 (36)
19 15 12 8.0 7.8 7,9 6.3 5.8 7.7 7.4 9.9 12 14 (16)
9.8 7.4 5.3 3.5 2.3 2.1 2.5 2.2 3.3 3.3 4.0 4.3 4.8 (5.3)
7.6 5.5 4.1 2.4 2.2 2.1 2.2 2.1 2.1 1.7 2.4 2.9 3.4 (3.7)

30.5
11.4
4.5
3.5

39
22
11
7.6

(c) do. (v)/dQ (10 ' cm /sr) at
34 26 22 19 19 20 22 21
18 14 13 11 10 11 12 12
7.8 6.0 5.5 5.4 4.6 5.3 5.2 5.9
4.2 3.1 2.7 2.4 2.3 2.7 2.6 3.0

10 eV impact
25 26 32 41 (50)
13 13 16 19 (22)
6.5 6.4 6.5 7.8 (8.5)
3.3 3.7 3.6 4.8 (5.3)

31.2
16.5
7.5
4.0

11
3.7
1.8
0.8

8.6
2.4
1.1
0.5

(d) do. (v)/dQ (10 ' cm /sr) at
6.2 3.8 3.5 2.9 3.2 3 ' 5 3.8
1.6 1.3 1.3 0.9 0.7 0.7 0.9
0.7 0.5 0.5 0.5 0.3 0.3 0.4
0.4 0.3 0.3 0.2 0.2 0.1 0.2

15 eV impact
4.1 3.8 4.8
1.2 1.3 1.3
0.4 0.5 0.6
0.2 0.2 0.2

6.4 (8.0)
1.6 (1.7)
0.7 (0.7)
0.3 (0.3)

5.7
1.5
0.65
0.31

energy of the incident electrons are fixed, while the ener-
gy of the scattered electrons is swept repeatedly over the
region of interest. This procedure is repeated for
different scattering angles and energies. A typical
energy-loss spectrum is shown in Fig. 1; it is for a scatter-
ing angle of 96 and an impact energy of 10 eV. Clearly
visible are several vibrational states (u =1 through 4) and
the a 'A~ and b 'X electronic states. Several other
unidentified peaks are also present; these may represent
higher-vibrational excitations of the electronic ground
state, or perhaps vibrational excitations of the a '6 and
possibly b 'Xg electronic states.

In addition to cross sections, our analysis also yielded
energies for the vibrational states. To within +0.01 eV,
we have determined the energies of the v = 1, 2, 3, and 4
states to be 0.19 eV, 0.39 eV, 0.57 eV, and 0.77 eV, re-
spectively. Note that while our apparatus can resolve
electronic and vibrational transitions, it is incapable of
resolving rotational transitions.

Absolute values of the cross sections were obtained by
normalizing to the absolute elastic cross sections mea-
sured by one of the present authors [6]. The actual pro-
cedure involved first computing the ratio between the
known cross section and the measured elastic signal and
then multiplying this ratio with the signal corresponding
to the excitation under consideration. The impact energy
scale was calibrated against the 19.3 eV resonance of heli-
um.

III. EXPERIMENTAL RESULTS

We have measured vibrational-excitation cross sections
for the electronic ground state of molecular oxygen by a
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FIG. 2. Differential vibrational-excitation cross sections for
v =1 and 2 at 5 eV impact. Cross sections for excitation to the
a 'hg state are also shown for the purpose of comparison.

crossed-beam technique. At an impact energy of 5 eV,
the v =1 and 2 cross sections were measured, while at im-
pact energies of 7, 10, and 15 eV the v =1, 2, 3, and 4
cross sections were measured. Final results for the cross
sections are given in Table I.

The statistical uncertainty in our raw data is less than
+8% for 5, 7, and 15 eV, and less than +5% for 10 eV.
This resulted in an overall uncertainty of less than +17%
for 5, 7, and 15 eV, and less than +15% for 10 eV, when
the +14% uncertainty of the elastic cross sections was
accounted for.
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FIG. 3. Differential vibrational-excitation
cross sections for v = 1, 2, 3, and 4 at 10 eV im-

pact. Cross sections for excitation to the a 'Ag

state are also shown for the purpose of com-
parison.
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Figure 2 shows the angular distributions of
vibrational-excitation cross sections v =1 and 2 for 5 eV
impact, along with a '5 electronic-state cross sections
for the purpose of comparison. The scattering is strong
in the forward and backward directions, while all states
have a scattering minimum near 90 . Note that the
vibrational-excitation cross sections for v=1 are larger
than the a '6 electronic-state cross sections. This same
trend is apparent for the 7- and 15-eV results.

Figure 3 shows differential excitation cross sections for
v =1, 2, 3, and 4 for 10 eV impact energy, along with the
a 6 electronic-state cross sections. Note that the v = 1,1

and in this case also the v =2, cross sections are larger
than the a 'Ag electronic-state cross sections.

In Fig. 4, integrated cross sections for individual vibra-
tional excitations are shown. A broad resonance of half-
width of about 5 eV is apparent near 10 eV impact ener-

gy. Figure 5 depicts the same cross sections, but here
they are plotted against the vibrational quantum number
for each incident energy. Interestingly, the cross sections
reduce exponentially as the quantum number increases
for all incident energies. Using a least-squares technique,
we have determined the best fj.t of this data to the func-
tion Ae '", where A is the amplitude, a the exponential
decay rate, and n the vibrational quantum number. A ex-
hibits a maximum near 10 eV impact energy, while a has
a minimum near 10 eV impact. This behavior may be as-
sociated with the broad resonance and the Franck-
Condon coeScients in this impact energy region.
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FIG. 4. Integrated vibrational cross sections vs impact ener-

gy. A maximum occurs near 10 eV impact energy of half-width
of about 5 eV.

FIG. 5. Integrated vibrational cross sections vs vibrational
quantum number. Note the exponential decay as the quantum
number increases.
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