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First Spectroscopic Observation of the CZIIu Excited State of H
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The translational-energy spectroscopy is used to search for the first transitions from
the X2z ¢ ground state of H," to bound excited electronic states. Electron impact is used
to create the H," ions from CH,. It is known that electron impact on CH, creates H," ions
highly rotationally excited. A transition is observed centered at 10.2 eV. The observed
peak is assigned to the optically allowed transitions X 2= g"» c’,.

PACS numbers: 33.70.-w, 33.20.Ni, 34.50.Hc

The H," ion is the simplest molecule and as
such its properties are of considerable fundamen-
tal importance. As a result, it has been the ob-
ject of a large number of theoretical studies, of
which a few of the pertinent ones are noted here.
One of the important predictions of these studies,
first made by Teller,® is the existence of two
stable bound states, B®2," and C?I,. Accurate
theoretical spectroscopic constants for these
states have been obtained.?

In addition to the fundamental interest in this
ion, there is substantial interest in its spectro-
scopic properties for astronomical reasons.*” ¢
The H," ion is expected to be a major component
in stellar atmospheres as well as the upper at-
mospheres of hydrogen-rich planets such as
Jupiter. Hence, its electronic spectrum is po-
tentially of great astronomic importance.

Despite the fundamental and astronomic im-
portance of the ion, there are no confirmed tran-
sitions reported between the X22g+ ground state
and the B®Z," state (optically forbidden) or the
C?Il, state (optically allowed). There is one re-
port of a possible H," transition in the far-ultra-
violet spectrum of the star £-Tau® but this ob-
servation is almost certainly due to water im-
purity.>*” There have been calculations of the
probable spectrum of H,*, both as Lyman-ao side-
bands in stars*” and in Jupiter’s atmosphere.®
(A prediction of transitions between the B%2,"
and C?I1, excited states has been made by Kroll.?)

The principle reason the electronic spectrum of
H,* has not been observed in the laboratory is
that the equilibrium separations of the two excited
states are very much greater than for the ground
states'™®: 7, (B2, ") = 4.7 A; 7, (C?1,)=4.24;

7, (X322 g*) =1.06 A. Hence the Franck-Condon
factors are very small for all transitions except
those originating from very excited X22g+. The-
ory*®7 suggests that vibrational states of H,"-
(X22g+) of v =18 may be required for low values
of J.
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We decided to approach the problem using trans-
lational-energy spectroscopy®® (TES). Our in-
strument has been described in detail previous-
ly.!° Briefly, ions are formed by electron im-
pact in an ion source, extracted, accelerated to
8 kV, mass selected by a magnet, injected into a
collision cell filled with a variable pressure of
He gas and located at the intermediate focus,
passed through a high-resolution electrostatic
energy analyzer (ESA), and detected by single-
ion counting techniques. TES spectra are ob-
tained by scanning the ESA at energies near the
energy of the ion being investigated. Inelastic
electronic transitions appear as peaks to lower
translational energy. Peaks can occur due to
excitation of either the ion beam or the neutral
collision gas. Ultimate resolution on our instru-
ment is ~0.1 eV. In this work 0.6 eV was utilized
for signal-to-noise reasons.

We first chose to form H," from H, since it is
known'' that H, forms substantial amounts of
vibrationally excited H," on electron impact. The
TES spectrum obtained by use of He collision gas
is given in Fig. 1. The only transitions observed
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FIG. 1. Translational-energy-loss spectrum for
H," formed from H,. The H," main beam has an in-
tensity of ~7x 10° counts and the most intense He
transition, ~2x 10° counts. The resolution is ~ 0.3
ev.
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FIG. 2. (a) Translational-energy-loss spectrum for
H," formed from CH,. The feature at an apparent en-
ergy gain of 6 eV is due to a trace D* impurity (be-
cause of its slightly larger mass, D* is focused at a
slightly higher energy than H,"; the D* ion has no TES
spectrum and serves as a useful check on energy cali-
bration). The main beam has an intensity of ~ 7x 10°
counts, and the feature at an energy loss of 10.2 eV
has ~ 7% 10% counts. The resolution is 0.6 eV. (b) Iden-
tical to (a) except for D,* from CD,. Note the absence
of the D* peak.

occur between energy losses of 19 and 30 eV and
can be unambiguously assigned to excitation of
the He collision gas.

Beynon and co-workers,'? however, have re-
cently reported that highly rotationally and vi-
brationally excited Hz+ can be formed by elec-
tron-impact dissociative ionization of CH,: CH,
+e”~H,"+ CH,+ 2¢”. The H,"* ions so formed
have substantial population in J>30. Hence we
formed a beam of H," from electron impact on
CH, and obtained the TES spectrum given in
Fig. 2(a). This spectrum is identical with that
given in Fig. 1 except for the feature centered
at an energy loss of 10.2 eV with a full width at
half height of 0.65 eV. (The He transitions, not
shown, are identical with those in Fig. 1.) There
are no possible transitions in He at 10.2 eV and
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FIG. 3. A plot of potential energy vs H-H internucle-
ar distance for the four lowest energy electronic states
of H,". For the X°Z gs B?2,*%, and CUI, states curves
are shown for =0, 10, 20, 30, and 40. In each case
rigid-rotor rotational constants were used. The transi-
tion drawn is purely for demonstration purposes and is
not meant to imply a spectroscopic assignment.

there can be no impurities in the ion beam at
mass 2 (except D* which has no TES spectrum;
the trace D* impurity is, in fact, useful for cal-
ibrating the energy scale). Hence this feature
must be due to a transition(s) in H,".

It would be instructive to be able to construct
H," potential curves for high J values. Unfor-
tunately the best available theoretical correc-
tions**>7 for centrifugal distortion are useful
only for J s10. We are in the process of gener-
ating a new set of potential curves at high J. For
the present a schematic presentation of H," po-
tential energy curves for high values of J can be
obtained with use of the rigid-rotor rotational
constants. A set of such curves is given in Fig.
3 with a 10.2-eV transition drawn in. From such
curves it appears that high-v, high-J, or high-v/
medium-J conditions can all lead to significant
Franck-Condon factors for the X*Z,* —~C®II,
transition.

Preliminary experiments have also been per-
formed on D,* from CD, and HD" from CD,H. In
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both cases transitions are observed at about 10.2
eV in complete agreement with the H," results.
An example of the D," spectra is given in Fig.
2(b). A transition is not observed at 10.2 eV for
D,* from D,.

The transition that we observe has a width of
~0.65 eV, essentially equal to the resolution of
this experiment (0.6 eV). Hence, it is not yet
possible to determine the natural width of the
transition. Modifications are underway in our
detection system that should allow examination
of the 10.2-eV transition at our ultimate resolu-
tion of 0.1 eV.

It appears that we are observing a relatively
dense cluster of transitions from v,J states in
X"’Zg+ tov’,J’ in C%Il,. High-resolution spectro-
scopic studies in this energy region will be re-
quired to obtain detailed assignments and spec-
troscopic constants for high-J transitions. These
will be very challenging experiments because it
is difficult to obtain intense H," beams with high-
v, high-J concentrations and spectroscopic light
sources at 10 eV are not easily available. These
high-resolution studies will also be required if
H," lines in stellar spectra are to be identified
and assigned.'®

In summary, the first experimental observation
has been made of bound-bound transitions be-
tween the X22," state and the CII, state of H,".
Such transitions are not Franck-Condon acces-
sible from the v,J states of H," obtained by elec-
tron impact on H,. Large populations of high-J
and possibly high-v states are required. Elec-
tron impact on CH, creates H," in such states
and allows observation of the transition with use
of TES. Further work is in progress and a com-
plete report will be published in the future.
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