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Introduction

The purpose of this Account is to describe the re-
markable infrared predissociation spectrum of H,*.12
The H;* molecular ion was first detected in 1911 by J.
J. Thomson.? It is an extremely stable species with a
dissociation energy of 4.355 eV (420.236 kJ mol™)* and
is one of the main constituents of hydrogen plasmas,
where its suppression is of some interest for prospects
of nuclear fusion. As the simplest polyatomic molecule,
H,* has been the subject of many theoretical studies,
which have been unanimous in their conclusion that its
equilibrium geometry is that of an equilateral triangle.
This was first confirmed experimentally in 1978 by
Coulomb explosion measurements.* Until recently,
experimental studies of Hg* were confined to its chem-
istry, which has been extensively examined by using
mass spectrometry and related techniques. Over the
past eight years, however, the spectroscopy of Hs* and
its deuterium isomers has been developed extensively,
following the pioneering work of Oka® and Wing and
his co-workers.® These studies have examined the
lowest vibration-rotation energy levels of the ground
electronic state, confirming the main conclusions of the
theoretical studies.

The ground electronic state of H;* has 1A/ symmetry,
and it dissociates to H, + H*. In our experiments, H;*
is formed by electron-impact ionization of hydrogen, the
electrons being supplied either from a heated filament
or by means of a plasma discharge. The predominant
mechanism for the formation of H;* involves the pro-
cesses

H, + ¢ — Hy* + 2¢”
H2+H2+_"H3++H

The reaction between H, and H,* is exothermic by
1.703 eV,” and studies using crossed molecular beams
have shown that Hs* ions produced in this manner
possess high internal energies.® The H,* ions formed
by electron impact on hydrogen also possess high in-
ternal energies, all bound vibrational levels being pop-
ulated because of favorable Franck-Condon factors, and
there is good evidence that this vibrational energy is
converted into internal energy of the Hy* product ions.
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Infrared Spectroscopy of Molecular Ions

Conventional infrared spectroscopy relies on meas-
uring the absorption intensity of radiation transmitted
through a sample. The infrared radiation from a hot
source is dispersed with a prism or diffraction grating;
more recently, continuously tunable (diode or F-center)
lasers have been used as sources, and Fourier transform
techniques have replaced traditional absorption mea-
surements. Infrared methods have, however, required
considerable modification for the successful study of
ions in the gas phase because of their very high re-
activity.

The difficulties have been overcome in two ways: by
the continuous production of molecular ions in dis-
charges, or by the confinement of ions in traps or beams
in high-vacuum environments. In both cases, the low
concentration of ionic species presents problems. The
spectroscopy of ions in discharges has been greatly en-
hanced by the use of velocity modulation, a technique
that was first applied to discharges by Gudeman, Be-
gemann, Pfaff, and Saykally.® By application of an
alternating high voltage between two electrodes, a
discharge can be maintained coaxially with a laser
beam. The ions experience an oscillating electric field;
this results in an alternating drift velocity, determined
by collisions with neutral species, and gives rise to
frequency modulation of spectral absorption lines be-
cause of the Doppler effect. This modulation enables
phase-sensitive detection to be employed, hence dis-
criminating against all neutral (unmodulated) species
present in the discharge. The technique has the added
advantage that spectroscopic lines from negatively
charged ions appear with the opposite phase to those
from positively charged ions, because they are accel-
erated in the opposite direction in the same field.

Ion beams suitable for spectroscopy may be studied
by mass spectrometric methods, and their use offers
certain particular advantages:

1. In electron-impact ion sources, the ions are often
formed with a high degree of internal excitation and can
be rapidly accelerated from the source before collisional
relaxation can occur. Alternatively, if internal excita-
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Figure 1. A simplified diagram of the modified mass spectrom-
eter used to record the infrared photopredissociation spectrum
of Hs*. Ions formed in the source are accelerated into the magnet,
where the ion of interest is mass selected. The ion beam then
interacts with a collinear laser beam in the drift tube. The
resulting fragment ions are separated from the main beam in the
ESA and monitored with the detector (see text for details).

tion is undesirable, ions can be formed at high pressures
in a discharge or chemical-ionization source where many
collisions occur before acceleration.

2. Once in the accelerated beam, the ions enjoy an
almost collision free environment (unless a target gas
is deliberately introduced).

3. Many different molecular ions may be formed by
ion—molecule reactions in plasmas and in electron-im-
pact sources. In a mass spectrometer, however, the ion
of choice may be mass selected, giving an unambiguous
identification of the species studied.

A disadvantage of ion beams is that even with the
maximum beam fluxes obtainable (=103 ions/s in our
apparatus) the number of ions is often too low for
normal absorption spectra to be obtained. Moreover,
it is frequently found that many vibration-rotation
levels are populated by the ionization process, so that
the populations of individual levels are low. In these
cases, the detection of resonant transitions must be
accomplished by an indirect method which relies on
detecting changes in ion-beam intensity (parent or
fragment) occurring as a result of photon absorption.
In our studies of the H;* ion, for example, we monitor
changes in the number of photofragment H* ions re-
sulting from absorption of infrared radiation. We do
not attempt to measure directly the absorption of in-
frared photons. However, direct infrared absorption
spectra of ion beams have been reported recently by
Saykally and his colleagues,'® and such studies are likely
to become more common as the techniques are im-
proved.

Experimental Methods

Our experiments make use of an Hg™ ion beam,
formed in a modified Vacuum Generators ZAB 1F
tandem mass spectrometer, a simplified diagram of
which is shown in Figure 1. The ions are formed in an
electron impact ionization source, the potential of which
may be varied from 0 to +10 kV with respect to the rest
of the mass spectrometer, which is at earth potential.
The ions are therefore accelerated from the source into
a magnetic mass analyzer as shown. Ion-beam poten-
tials below 1 kV are not used because of the low beam
intensities, so that for Hy* the ion velocities range from
2.5 X 10° to 7.9 X 10° m s™'. An important modification
to the spectrometer is the addition of two windows,

(10) Coe, J. V,; Saykally, R. J. Ion and Cluster Ion Spectroscopy and
Structure; Maier, J. P., Ed.; Elsevier Publishers: 1989. Coe, J. V.; Ow-
rutsky, J. C.; Keim, N. V.; Agman, D. C.; Hovde, D. C,; Saykally, R. J.
J. Chem. Phys., to be published.
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which allow a laser beam to be introduced collinearly
with the ion beam, in either a parallel or antiparallel
arrangement.

Infrared radiation is obtained from a CW carbon
dioxide laser, which is line-tunable over the region
872-1094 cm™, adjacent lines being separated by typ-
ically 1 or 2 em™. The use of an isotopic gas such as
13CQ,, as a lasing medium increases the number of lines
available. In order to achieve continuous frequency
coverage through the laser region, we make use of a
Doppler tuning method; by changing the source po-
tential, the velocity of the ions is scanned and therefore,
via the Doppler shift, the frequency is also scanned. For
light ions such as H;* we obtain essentially complete
coverage with the range of beam potentials and veloc-
ities available, within the limits imposed by the laser.
The use of either parallel or antiparallel alignment of
the ion and laser beams means that negative or positive
Doppler shifts can be employed. Sweeping of the ion
source potential must, of course, be coupled with syn-
chronous sweeping of the magnetic analyzer so that
continuous transmission of the Hs* beam is obtained.

An important advantage of using fast ion beams is
a narrowing of the Doppler line width due to kinematic
compression; the Doppler width of an absorption line
is determined by the ratio of the velocity spread to the
absolute velocity, and this ratio becomes smaller as the
ion-beam velocity increases. The Doppler width is re-
duced, typically, by an order of magnitude compared
with that obtained in conventional absorption or
emission experiments.

As mentioned in the previous section, the density of
ions is too small for direct absorption measurements,
and an indirect method of detection must be employed.
We measure changes in fragmentation of the parent
ions resulting from resonant absorption of the infrared
photons. The two most important situations that have
arisen in our work are the following:

(i) AB* —> AB+* — A* + B

hy, hvy
(ii) AB* — AB** — At + B

In the first case, the excited level (AB**) must lie above
the lowest dissociation limit; it is therefore a quasi-
bound level which can predissociate with an energy
release which will be redistributed as kinetic energy of
the fragments. The absorption line width will be de-
termined either by the predissociation lifetime or by the
Doppler width, depending on which is the larger. In
the second case, a bound to bound transition at fre-
quency v, is detected through subsequent photodisso-
ciation of the upper state induced by absorption of a
second photon of frequency »; (which may be the same
as or different from »;). Our work on H;* is an example
of type i, while our studies of the HD* ion!! are of type
ii.

We separate fragment ions from the main beam with
an electrostatic analyzer (ESA), which then directs
them onto an off-axis electron multiplier. Consequently
the spectrum of Hj* is recorded by measuring the H*

(11) Carrington, A.; Buttenshaw, J.; Roberts, P. G. Mol. Phys. 1979,
38, 1711, Carrington, A.; Buttenshaw, J. Mol. Phys. 1981, 44, 267.
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Carrington, A.; Kennedy, R. A. Mol. Phys. 1985, 56, 935. Carrington, A.;
McNab, L. R.; Montgomerie, C. A. Mol. Phys. 1988, 64, 679. Carrington,
A.; McNab, L. R.; Montgomerie, C. A. Mol. Phys. 1988, 64, 983.
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Figure 2. A small region of the H,* spectrum (0.06 cm™) recorded
by (a) mechanical chopping of the laser beam and (b) velocity
modulation of the ion beam in the drift tube.

ion current as a function of beam potential using a
particular laser frequency. H* fragment ions are pro-
duced by collision-induced dissociation with the back-
ground gas, and introduction of the infrared laser beam
results in a small background (off-resonance) increase
in the H* fragment intensity. The sensitivity for de-
tecting resonances is enhanced by means of a metal
tube in the center of the apparatus, which we call the
drift tube, to which a modulating voltage (7 kHz) of up
to 10 V is applied. Ions entering the drift tube are
velocity modulated, enabling phase-sensitive detection
of the H* ion current to be employed. In order to re-
duce background noise arising from fragmentation
outside the drift tube, we apply a dc offset of between
+500 V to the drift tube. Hg* ions which fragment
inside the drift tube produce H* fragments with a ki-
netic energy different from that of the fragments
formed outside. The ESA may then be set so that only
fragments formed within the drift tube are collected.
Note that the combined use of velocity modulation and
tuning with phase-sensitive detection gives rise to
first-derivative line shapes. An alternative but less
sensitive method of detecting the spectrum is by me-
chanical chopping of the laser beam, which results in
normal absorption line shapes. A small section of the
H;* spectrum recorded by both techniques is shown in
Figure 2.

The electrostatic analyzer used in our experiments
is capable of high energy resolution, so that it can be
used not only to separate different fragment ions from
each other but also to measure the kinetic energies of
H* fragments. Two methods of scanning the kinetic
energy are available; we may scan the ESA voltage for
a given accelerating potential at which a resonant
transition occurs, or we can offset the ESA voltage and
scan the accelerating voltage. The first method yields
a spectrum (see Figure 3) in which forward and back-
ward scattered fragments are resolved, the separation
between the corresponding maxima giving the fragment
kinetic energy. The second method produces a slice of
the frequency spectrum at a given fragment kinetic
energy, and successive scans can be used to construct
a two-dimensional spectrum? in which the variables are
transition frequency and fragment kinetic energy.

An important aspect of our experiment which has
some disadvantages is that it is intrinsically a high-
resolution technique; the magnetic field must be read-
justed as the source potential is scanned, and the source
potential can be changed by only 1000 V before the
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Figure 3. A proton kinetic energy spectrum of one line in the
H;* predissociation spectrum; the double peak shape is due to
backward and forward scattered fragments.

apparatus requires retuning. In order to achieve the
signal to noise ratio obtained for the Hy* spectrum, we
are restricted to a maximum scanning speed of about
1 cm™/day! With tunable lasers, much faster scanning
could be achieved, but at present these have insufficient
power to cause detectable increases in fragmentation.
Our experiments depend upon efficient population
transfer and usually require laser powers of at least 1
w.

Nature of the Observed Spectrum

Hj* was found to exhibit a strong and extremely
dense infrared predissociation spectrum throughout the
carbon dioxide laser region. This was totally unex-
pected, and at first there was no theoretical explanation
available. Because of the intrinsically high resolution,
it is extremely time consuming to scan large regions of
the spectrum. Nevertheless, a complete scan was made
throughout the laser region (872 to 1094 cm™), and over
26 500 lines of signal to noise greater than 2:1 were
measured, the spectrum taking some 2500 h to record.
The measurements were made by using a laser power
of 7+ 3 W, with an output time constant of 1 s and a
drift tube modulation amplitude of 7 V, and with the
ESA adjusted to collect H* fragments with zero kinetic
energy releases. However, all ion-beam slits were open
at their maximum aperture in order to maximize signal
intelnsity, giving a kinetic energy resolution of ~=+500
cm™,

It was important to establish that predissociation is
indeed the mechanism for the observed spectrum.
Three conceivable alternatives were as follows:

1. Enhanced collision-induced dissociation of the
upper state on resonance. This cannot be responsible,
since the addition of hydrogen gas as a collision partner
reduces signal intensity, rather than enhancing it.

2. Direct photodissociation of the upper state on
resonance. This is very unlikely since the H* photo-
product background for H;* off resonance is extremely
small, and further experiments using two carbon dioxide
lasers showed that addition of off-resonance laser power
did not enhance the intensity of the spectrum. This is
in marked contrast to observations of the HD* spec-
trum when detected through subsequent photodisso-
ciation.!!

3. Multiphoton excitation processes from bound
levels. These seem to play no part in the spectrum,
since detailed measurements of many line intensities
at different laser powers show an essentially linear
power dependence (until saturation occurs). Strong
lines saturate at powers greater than 2 W, and the
spectrum is considerably less dense at low powers.
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Line widths vary greatly throughout the spectrum.
The systematic scan of the spectrum described above
was performed by using voltage modulation which
discriminates in favor of the narrower lines because they
have widths comparable with the modulation ampli-
tude. Mechanical chopping of the laser beam does not
discriminate in favor of narrower lines, and widths from
3 to several hundred megahertz were observed; Figure
2 shows a small section of the spectrum illustrating
these features. The line-width variation is characteristic
of a predissociation spectrum involving energy levels
of varying lifetimes.

The geometry of the apparatus has enabled us to
measure the lifetimes of some states as follows. Since
we only detect molecules that fragment within the drift
tube, the transitions observed must involve a lower level
of sufficiently long lifetime to be extracted from the
source (~1 us) and transmitted to the detection region
(drift tube) with a significant population preserved. At
a beam potential of 5 kV, this implies that the initial
state lifetime must be 3 us or greater. Conversely, the
final state lifetime must be short enough for the mol-
ecule to dissociate within the drift tube, and at a beam
potential of 5 kV this implies that the final lifetime
must be less than 0.7 us. These aspects define an ex-
perimental lifetime window that has important conse-
quences for the interpretation of the spectrum. The
absolute lifetimes of the initial levels involved in some
transitions may be determined if a transition can be
observed by using two different laser lines at sufficiently
different beam potentials. The ions take longer to reach
the detection region at low beam potentials than they
do at high beam potentials. Since the initial levels
involved in transitions are excited vibration-rotation
states, their populations in the ion beam will begin to
decay immediately after formation; consequently a
resonance line involving such a state will have reduced
intensity in a spectrum recorded at a low beam poten-
tial compared with that at a high beam potential. As
the ions are in a collision-free environment, first-order
kinetics gives an exponential decay in the number of
ions in an excited state, and since the intensity of a
transition is determined by the population difference
between levels, two intensity measurements of the same
line for different times after formation make it possible
to determine the lifetime of the state involved, provided
the lifetime is sufficiently short for an observable de-
crease in intensity to have occurred. We have observed
many examples of this effect, yielding in these cases
initial state lifetimes of several microseconds;!%!2 final
state predissociation lifetimes may be obtained directly
from the observed line widths.

As mentioned above, the H* kinetic energy release
for any given resonance may be determined, but to do
so for all the observed resonances would require a
prohibitive amount of recording time. However, sec-
tions of the spectrum have been examined in this
manner. It is found that there are many resonances for
which the fragment H* kinetic energy release is between
2000 and 3000 cm™!. (See Figure 3.) Since the input
energy of the photons used is only 1094 cm™ at most,
and since multiphoton processes do not contribute,

(12) Carrington, A. J. Chem. Soc., Faraday Trans. 2 1986, 82, 1089.
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these observations prove that many of the transitions
that occur involve an initial level that lies at least 2000
cm™ above the appropriate dissociation limit. In con-
sidering these results, it should be noted that a very
large family of dissociation limits exists, because the H,
fragment molecules may be produced in many different
vibration—rotation levels. Unfortunately, we are unable
to identify the particular dissociation channel for a
given resonance.

Finally, it should be noted that the predissociation
spectrum arises from only a very small proportion of
the total Hy* beam. Most of the ions are in bound levels
which lie too far below the lowest dissociation limit to
contribute to the spectrum.

Pseudo-Low-Resolution Spectrum

It was soon clear that to assign the 26 500 lines was
probably an impossible task, but a usual first step to
take in such a case would be to examine the low-reso-
lution spectrum. Unfortunately, due to the intrinsically
high resolution obtained, it was not possible to record
a low-resolution spectrum directly. It was therefore
decided to construct a pseudo-low-resolution spectrum
by a computer convolution of the data. This was
achieved by assuming a Gaussian line shape for each
measured line of the spectrum and convoluting the data
with a line width of 4 ecm™. Structure was immediately
apparent in the convolution, and reducing the convo-
luted data to the strongest 1934 lines showed very clear
structure, while convolution of the remaining data
showed none. The pseudo-low-resolution convolution
spectrum showed four peaks, at 1033.62, 978.45, 928.02,
and 875.65 cm™!, with an uncertainty of about 1 ¢m™
in the peak positions. Carrington and Kennedy? noted
that these numbers correlate remarkably closely with
the calculated frequencies of the j = 3-5 rotational
transitions in the first four vibrational levels of H,.

In the light of subsequent theoretical work, it seems
uncertain at present whether this correlation is coin-
cidental or not. It suggests, however, that H;* ions in
levels close to an H, + H* dissociation limit might
usefully be regarded as H*.-H, complexes, and some
of the dynamical consequences of that model (for ex-
ample, the motion of H* relative to the H, core) have
been investigated.

Deuterium Isotope Studies

When suitable mixtures of hydrogen and deuterium
are used in the ion source, it is possible to produce
intense beams of D3*, D,H*, and H,D*. For each ion,
collision-induced dissociation results in the formation
of all possible atomic and molecular fragments, but
photofragment diatomic molecules are not detectable.
For the mixed isotope species, both H* and D* frag-
ments are produced by photodissociation.

D,* shows a spectrum similar in type to that of Hg*,
but with a greater density of lines and less intensity.
This may be a result of the same number of ions being
distributed over a greater level density because of the
increased mass. It should also be remembered that we
are restricted to measurements in the carbon dioxide
laser region.

For the mixed isotope species, predissociation spectra
are also found. With DoH* the possibility arises of
monitoring either H* or D* fragments, and spectra of
the same frequency region recorded at zero kinetic en-
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ergy release by monitoring the different fragments in
turn were found to be totally different, with a noticeably
reduced intensity in the case of those taken by moni-
toring the D* fragments. In the case of H,D*, only
spectra recorded by monitoring H* fragments could be
measured, because the magnetic analyzer has insuffi-
cient resolution to differentiate between D,* and H,D*.
Consequently, attempts to measure the spectrum of
H,D* by monitoring D* ions are obscured by direct D*
photodissociation products from D,*, which has an
allowed electronic transition to a repulsive state.

It should also be noted that, as with Hy*, the mixed
isotope species show resonance lines with fragment
kinetic energies greater than 2000 cm™.

Concluding Remarks

Assignment of the 26 500 lines observed for Hy* does
not seem possible, and in that sense, the problems posed
by the spectrum will remain unsolved for the foresee-
able future. That would certainly be the view of a
conventional spectroscopist, but it is perhaps overpes-
simistic. The traditional approach to the final analysis
of a vibration-rotation spectrum is to start with an
assumed molecular geometry, incorporate the relevant
electronic, nuclear, and spin degrees of freedom into an
effective Hamiltonian, and use the methods of quantum
mechanics to calculate the energy levels, selection rules,
and transition frequencies and intensities. Comparison
with experiment leads to progressive refinement of the
starting point, and the process is repeated until satis-
factory convergence is achieved. The end product is
then a set of values for the molecular constants included
in the effective Hamiltonian. The major problem with
highly excited Hy*, and other molecules with substantial
internal energy, is the starting point. The concept of
an equilibrium geometry becomes meaningless in ex-
treme cases of molecular nonrigidity, and it is then
difficult to find a basis for spectroscopic analysis. These
problems will surely be better understood as more
spectra of highly excited molecules are recorded. For
the Hj* ions studied in our work, the only certain good
quantum numbers are the total angular momentum and
the parity; spectroscopic analysis requires rather more
than that! It is likely that as the essential molecular
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physics of the molecule is better understood, particu-
larly the dynamical aspects, a better model will be
found to form the basis of spectral assignment. There
is also little doubt that better measurements could be
made; the use of a high laser power, for example, ef-
fectively obscures any useful selection rules that might
exist. For the present, however, there are a number of
established facts about the spectrum which an ac-
ceptable theory must accommodate. These are as fol-
lows:

1. We observe a line density of 120 lines/cm™ in the
872-1094-cm™ region.

2. The initial states involved in the transitions must
have lifetimes greater than =3 us; the final states have
lifetimes from 1077 to 107 s. There are good reasons
to suppose that both longer and shorter lived states
exist.

3. Most of the states involved lie above the lowest
dissociation limit for which the H, fragment has v = 0,
N = 0. There are many long-lived states of Hg* lying
at least 2000 cm™! above this dissociation limit, and
probably above higher energy dissociation limits in
which the H, fragment is rotationally or vibrationally
excited.

4. The spectrum exhibits a characteristic coarse-
grained structure consisting of four well-defined max-
ima.

5. D,H* exhibits different predissociation spectra
depending on whether H* or D* fragment ions are
monitored.

A number of theoretical models have been developed
to account for at least some of these observations, and
certain further predictions, yet to be verified experi-
mentally, have been presented. These are reviewed in
the following paper, by Pollak and Schlier.!¢

We have had many enjoyable and valuable conversations with
Dr. R. A. Kennedy (who was involved in much of the work de-
scribed), Dr. M. S. Child, and Dr. E. Pollak. A.C. thanks the
Royal Society for a Research Professorship, and I.R.M. thanks
the University of Southampton for a Research Fellowship. We
thank the SERC for financial support of our work.
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