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Rotational line profiles in the He I-excited photoelectron spectrum of the N, molecule
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The rotational line profiles of the v =0 peaks of the outer-valence X and B states in the photoelectron
spectrum of N, have been observed. The line associated with transitions to the X 22; (v=0) state shows
a central peak reflecting the AN =0 transitions surrounded by pronounced features corresponding to
AN =12 and *4 transitions. The B >Z} (v =0) state shows a doublet structure associated with AN =+1
transitions and weaker structures corresponding to transitions with AN ==3. The assignments are sup-
ported and quantified by simulations of the line profiles.

PACS number(s): 33.60.Cv, 33.70.Jg

The outer-valence UV photoelectron spectrum of the
N, molecule is well known at least as regards the main
features corresponding to transitions to the X3,
A ™M, and B 23] cationic states. The inner valence re-
gion has also been studied with ultraviolet photoemission
spectroscopy (UPS) and vibrational structure has been
observed in the C >3 and 323 states [1-3].

In UPS it is usually very difficult to obtain a spectrom-
eter width that is better than about 10 meV. At this level
of resolution the rotational line profiles can be studied
only in special cases where the rotational energy spacings
are large. The best examples are the H, and D, mole-
cules, for which the individual rotational transitions can
actually be resolved [4-7]. However, rotational structure
has also been studied in several other cases [8—15].

In the case of the N, molecule, Allen and Grimm [16]
used a deconvolution procedure to derive the rotational
profiles of the lines of their He I photoelectron spectrum,
which was recorded at a resolution of about 10 meV. We
have now recorded the same v=0 components as in Ref.
[16] at a resolution level of 4.5 meV.

The photoelectron spectrometer, which is of the hemi-
spherical type, has been described in some detail else-
where [17]. The gas cell has been supplied with elec-
trodes in order to compensate for a field gradient which
tends to lower the resolution [18]. Also, the background
intensity has been reduced considerably. Therefore most
of the intensity in the present spectra is significant, which
is important in order to identify rotational transitions in-
volving large changes in the rotational quantum number.
The ionizing radiation is produced by a microwave
powered electron-cyclotron-resonance source designed in
this laboratory [19]. This source is extremely brilliant
and has a measured linewidth of 1.2 meV.

In order to check the stability and the spectrometer
function the line profiles were recorded using a 50% N,,
50% Ne mixture in the gas cell. The Ne2p;,, line with a
binding energy of 21.565 eV was recorded using the
He1 B component at 23.087 eV for the ionization, im-
mediately before and after the recordings of the N, lines.
The total recording time was 5 minutes and the energy
step was 1.0 meV. The full width at half maximum of the
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Ne line was found to be 5.7 meV. Since the Doppler
broadening is 3.4 meV for this line, the spectrometer
resolution was 4.5 meV assuming Gaussian distributions.
The energy scale was calibrated against the Ne line, and
should be accurate to within +1 meV for the B >X line
and 2 meV for the X *X;" line.

Figure 1 shows the lines recorded. For nitrogen they
correspond to transitions from the vibrationless neutral
ground state to the v =0 level of the X 22; and B3}
states of N,*. The observed line shapes correspond qual-
itatively very well to the rotational profiles expected from
theoretical arguments. Rotational selection rules (e.g.,
[20,21]) suggest that transitions to the X 23 cationic
state may occur with a change AN =0, 2, 4, etc. in
the rotational angular momentum. The maximum inten-
sity is expected for the AN =0 transition, while the tran-
sitions involving a change in the rotational quantum
number should decrease gradually as observed.

For transitions to the B 23 cationic state it would be
expected that only such transitions take place that in-
volve a change in the rotational angular momentum by
an odd quantum number, i.e., AN==%1, +3, etc. where
the AN==1 components are expected to dominate the
spectrum. As can be seen from Fig. 1 this agrees well
with the observations.

In order to verify these assignments and to obtain
quantitative values on the probabilities for transitions in-
volving different AN, we have simulated the observed
spectra using the energy levels of the simple rotator [22].
The relative intensity for the individual rotational transi-
tion was simply obtained using the relative number of
molecules N; in the rotational level J of the lowest vibra-
tional state at the temperature T given by the formula
(22]

hcB
N;~(2J+1 -
7~ ) exp kTJ(J—H)],
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B is the rotational constant and I is the moment of iner-
tia. However, since N, is a homonuclear molecule, and
the nitrogen nucleus has a spin which is equal to 1, the
rotational energy levels characterized by even- and odd-J
quantum numbers will have different statistical weights.
Also taking this into account, the relative intensities of
the different transitions are given by

I=6N;k,y for even values of J

and
I=3N;k,y for odd values of J .

Here k, is a factor containing, e.g., the overlap integral
between the states. The factor has been used as a fitting
parameter in the calculations. The calculations for the
X 'SF(N))—X *35(N,") transitions were carried out
for rotational quantum numbers N corresponding to
AN =0, £2, and £4 and the 25 lowest rotational transi-
tions were included for each AN. The energy levels were
calculated using the equilibrium bond distances given in
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FIG. 1. The upper part shows the He I excited photoelectron
spectrum corresponding to the X '2F(N,, v=0)
—X 22S(N,*, v=0) transition. The lower part shows the He
excited photoelectron spectrum corresponding to the
X '/ (N,,(N,, v=0)—B2=(N,", v=0) transition. In the
upper right part the Ne 2p;, line excited with the He 1 3 radia-
tion at 23.087 eV is inserted. The lines connecting the experi-
mental points are drawn as guides to the eye.

Ref. [23]. The expected width of the individual com-
ponents is 7.2 meV assuming a spectrometer broadening
of 4.5 meV and a Doppler broadening of 5.6 meV. How-
ever, the best fit to the experimental spectrum was ob-
tained for a slightly higher value, 7.9 meV.

Figure 2 shows the result obtained and includes, in ad-
dition to the experimental and calculated spectra, also
the various subbands corresponding to different values of
AN. From this fitting, the transition between the zero ro-
tational levels (0-0) is found to be located at 15.581 (eV),
in close agreement with the energy given in Ref. [23].
The AN =0 transitions take about 47% of the total inten-
sity, while the AN =12 and *4 transitions take about
24% and 2%, respectively. The part of the total intensity
which is associated with AN =0 transitions is thus much
smaller than what was found in Ref. [16], where a decon-
volution procedure was employed in order to resolve the
various AN subbands. In that study the spectrum was
found to consist essentially of a single spike correspond-
ing to the AN =0 transitions.

The widths obtained for the AN =0, +2, and —2 tran-
sitions in Fig. 2 are 8.3, 11.9, and 13.9 meV, respectively.
The larger width of the components with negative AN
compared to those with positive AN gives rise to the
asymmetry of the lines and reflects the fact that the bond
distance of the ionic state is larger than that of the neu-
tral ground state.

The calculations for the X '3 (N,)—B?Z/(N,")
transitions were carried out for transitions corresponding
to AN==1 and %3, again including the 25 lowest rota-
tional transitions. The energy levels of a static rotator
were used along with intensities given by the statistical
weights W as above. The expected photoelectron
linewidth is 5.8 meV, assuming a spectrometer broaden-
ing of 4.5 meV and a Doppler broadening of 3.7 meV. As
in the case of the X 22g+ state, the best fit to the experi-
mental spectrum was obtained for a slightly higher value,
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FIG. 2. The experimental (full line) and fitted theoretical
(dashed line) X '=f(N,, v=0)—X?Z/(N,*, v=0) spectra
shown together. The spectra are very similar and differences
can be seen only on close inspection. For clarity the subbands
corresponding to transitions with AN =0, £2, and *+4 are in-
cluded. Also the weights used in the fitting of the theoretical
spectrum are shown in the figure normalized to 1.00 for the
AN =0 subband. The energy scale refers to zero at the 0-0 tran-
sition.
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6.3 meV.

Figure 3 shows the result obtained for the
X '3 (N,)—>B 3 (N,*) transitions. From this fitting,
the energy difference between the zero rotational levels
(0-0) is found to be 18.751 eV, in close agreement with
Ref. [23]. The AN =1=1 transitions take about 46% and
38%, respectively, of the intensity whereas the AN ==+3
transitions take about 8% each. It may be noted that the
intensity of the AN = +1 subband is approximately 20%
higher than the AN =—1 intensity which suggests that
the overlap integral between rotational states connected
by AN=+1 is larger than for the counterparts with
AN=—1. We have therefore carried out separate inten-
sity calculations based on the formulas for line strengths
derived by Honl and London [24] (cf. also Ref. [22], p.
208). In this case the weight factor for AN=+1is J+1,
whereas for AN = —1 it is equal to J. This fit gives a ra-
tio between the factors k,y for the AN=+1 and
AN = —1 transitions which is approximately inverted to
the results obtained when only the initial degeneracy is
taken into account. Thus neither of these models is
sufficient to explain the observed intensity relations in de-
tail.

The widths for the AN=+1 and — 1 subbands are 8.0
and 7.3 meV, respectively. This difference is even more
pronounced for the AN=+3 and —3 subbands, which
have widths of 22 and 17 meV, respectively. This ex-
plains the tail observed on the high binding energy side of
the photoelectron band and shows that the bond distance
of the ionic state is smaller than that of the neutral
ground state.

In conclusion, the present study confirms the adopted
selection rules for rotational transitions in photoelectron
spectra of homonuclear diatomic molecules. The rota-
tional subbands corresponding to transitions involving
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FIG. 3. The experimental (full line) and fitted theoretical
(dashed line) X 'S (N,, v=0)—B2Z}(N,", v=0) spectra
shown together. The spectra are very similar and an obvious
difference can be seen only at -12 meV from the zero level,
where the intensity of the experimental spectrum is somewhat
higher. For clarity, the subbands corresponding to transitions
with AN==1 and +3 are included. Also the weights used in
the fitting of the theoretical spectrum are shown in the figure
normalized to 1.00 for AN=—1 subband. The energy scale
refers to zero at the (unobserved) 0-0 transition.

different AN are clearly exhibited in the spectra, which
has allowed a determination of the relative intensities of
the rotational transitions. The results also show that the
electronic structure is far from that derived in a united-
atom description, where the 30, orbital becomes the 3s
atomic orbital. In the ionization from this orbital, only
transitions involving the AN =0 would be allowed.

Professor S. Leach, Orsay, is greatly acknowledged for
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