Vibrational Predissociation and main stable down-stream of their zone

of genesis. Becker, Hagena, Gespann
Dimer 3pectroscopy and others of the Karlsruhe group claim
rightly to have been the first to observe

s even very big clusters and to have intro-
J. Reuss and S. Stolte, Numegen duced new techniques for their investi-

(Fysisch Laboratorium, Katholieke Universiteit) gation (coping with units of tens of

Since 1978, the experimental techni-  Supersonic Beams and Cluster Produc-  thousands of atoms). Dimers are the
que introduced by Giacinto Scoles and  tion smallest members of this complex fami-
his colleagues in Waterloo, infrared The technique of supersonic expan- Y- They can consist of two equal consti-
spectroscopy of dimers formed in the sion of molecular beams already descri- ~ tuents, eg. Ar,, or of combinations like
supersonic expansion of a molecular bed (see p. 12) has won wide accep- 0,-He, produced in seeded beams, ie. a
beam, has produced much information tance as a means of obtaining wanted He expansion, seeded by an admixture
on the interaction between vibrationally ~ species in energetically low lying states. of typically 1% (often less) of 0,.

excited molecules. If the applied laseris  To obtain rotational temperatures of The mass spectrometric detection of
given the right frequency, constituents  about 1Kis no longer consideredtobea  clusters is difficult owing to their ten-
of molecular complexes become excited  difficult task. dency to fragmentation upon ionisation
and the complexes themselves are de- Not surprisingly in a medium of such  and one of the few ways of distingui-

stroyed by predissociation before rea- low temperatures, complexes bonded shing between neutral dimers and
ching the molecular beam detector (see by van der Waals forces are formed and  daughter cluster ions, is by spectro-
Fig. 1). because of the absence of collisions re-  scopy utilizing IR predissociation.
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Fig. 1 — Typical molecular beam set-up for
the study of dimer spectroscopy employing
aCo, laser.

IR Predissociation of Dimers: Life-time
If a dimer absorbs an energy quantum
of 0.12 eV corresponding to the absorp-
tion of a single CO, laser photon (about
1000 cm™), it typically climbs into a
state very much above the dissociation
threshold for a van der Waals complex.
Nevertheless, it does not fly apart im-
mediately, since some time is needed to
redistribute the energy “intermolecular-
ly”. How long this time really is has not
been demonstrated yet, but it is ex-
pected to be rather long because of the
big mismatch between the initially ex-
cited mode (1000 cm™) and the final
dissociative van der Waals stretch mode
(= 20 cm™). One expects also very
large variations: H,-Ar with its extreme
mismatch is expected to live much
longer than CF,Br-Ar, where many in-
between levels are avalable to facilitate
the energy repartitioning.
Experimentally, the situation is really
undetermined. With a few exceptions,
the observed linewidths are all about 10
cm’ fwhm, yielding a lower limit for the
life-time of the predissociation state of
about 0.5 ps. The upper limit is set by
the time of flight between excitation
zone and molecular beam detector; if
the excited complex can survive that
distance the beam signal is not attenua-
ted. Typical beam velocities are 500 m/s,
typical laser detector distances 0.5 m,
thus yielding 1 ms as upper limit.
Recently, Hoffbauer, Giese and Gen-
try (Minneapolis, USA) proposed that
the linewidth might change drastically if
one could predissociate a complex by a
CO, laser photon whose energy was
barely sufficient to reach the dissocia-
tion threshold. Taking the hydrogen
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bonded system (CH, OH),, they found
that indeed the product velocities in the
centre of mass system became very low
(50 m/s), but detected no change at all in
the fwhm linewidth. They argued that
the 0.4 ps minimum lifetime (deduced
from the linewidth) would be just long
enough for the dissociation products to
move apart about 0.2 A. They conclu-
ded therefore that the linewidth cannot
reflect the lifetime of a complex with
respect to dissociation but forms a mea-
sure of the typical time of energy redis-
tribution within the complex.

Line Shifts

Whilst the linewidth failed to give the
information sought, the line shift starts
to do so. Intuitively one expects a small
red shift from the following argument.
Consider the vibrational ground state of
a molecule that forms part of a dimer.
Above this there exist many close lying
states from van der Waals stretch vibra-
tions or orientational vibrations, which
interact slightly with the internal motion
of the considered molecule. This leads to
level repulsion, i.e. a lowering of energy
of the ground state. Similarly if we take
the first excited molecular state which,
on one side, is bordered by a manifold of
van der Waals vibration states, its
energy is again lowered. But as the
amplitude of the motion is larger for the
first excited state, the interaction with
the nearby states is bigger than for the
ground state, and the distance between
ground state and first excited state is
consequently decreased, leading to a
red shift.

In practice, however, as many blue
shifts as red shifts are observed, at least
for polyatomic molecules and the infe-
rence is drawn that Fermi-resonances
(“switched on and off”) play a vital role
in producing the observed shifts. Take
the CO, molecule, where Fermi discove-
red “his” resonance. The first v, mode is
nearly degenerate with the 2v, level,
both possessing the same symmetry.
Thus mutual interaction leads again to
repulsion. However, if the CO, molecule
is accompanied by an Ar atom (as in the
dimer CO,-Ar) the symmetry is pertur-
bed and the very strong Fermi-reso-
nance is weakened. This is precisely
what has been observed — and in other
molecules too, notably the related OCS
molecule. The shift caused by attenua-
tion of a Fermi-resonance can be quite
substantial, i.e. up to 10 cm™.

Yet the contrary can also happen. Take
the v, mode of C,H, (a butterfly mode,
as both H,-ends perform an in-phase
out-of-plane motion); this mode is near-
ly degenerate with the vg mode (here
the H,-ends perform the same motion,

but 180° out of phase). There is one
subtle difference between this and Fer-
mi's CO, case; v, and vg possess diffe-
rent symmetries and cannot interact in
the monomer. If, however, these sym-
metries become slightly perturbed, asin
a dimer, they start to interact producing
a level repulsion. This can explain the
observed blue shift in the v,-absorption
of (C,H,),.

The reasoning seems to work al-
though it becomes ambiguous for very
large molecules with many low-lying
modes. There one can produce blue and
red shifts at will, since many nearby
levels offer their help.

The Sum Rule

If the sum rule is applied to dimers it
says that the total integrated low power
absorption strength has to be conserved
if integrated over the small frequency
band Av, wherein shifts and broade-
nings take place (typically 30 cm™). The
assumption is that no order modes are
active within the bandwidth Av. Phra-
sed in this way the statement is nearly
tautological: if one does not “export”
absorption strength from Av elsewhere
and if one does not “import” absorption
strength from elsewhere into A\v, the ab-
sorption strength should remain cons-
tant. Consequently (SF), eg. should
absorb twice as much around 948 cm’'
as SF, (SFy),, ten times as much and so
on.

Not everybody is happy with this rule,
eg. R.P. Watts, RF. Miller and co-
workers (Canberra, Australia) seem
often to observe a stronger enhance-
ment for dimer absorption tk.an the sum
rule permits. The simplest explanation
for this deviation holds the polarizability
of the dimer partner to be responsible for
an induced time-dependent dipole mo-
ment. This oscillates with the frequency
of the transition dipole moment and
leads to an enhancement of absorption
strength in one band and a decrease in
another. But there can be more; con-
sider a dimer partner with a strong per-
manent dipole moment whichinducesin
the other partner a moment that is time-
independent by virtue of its polarizabili-
ty. If, moreover, the distance between
the two dimer partners starts to vary
slightly with the mode-frequency ab-
sorbed (remember, both sit in the poten-
tial well which is a compromise between
attractive and repulsive forces), then the
DC-induced dipole moment also ac-
quires a time-dependent component
which may be larger than that directly in-
duced as discussed above (the ratio
amounts to (3uAR)/(Ruy,) where u is
the DC-dipole moment, u,, the transi-
tion dipole moment, R the dimer dis-



tance and AR its variation in synchrony
with the mode-oscillation). (H,0), is a
good example of a dimer of small R (H-
bonding) and large u; moreover the
mode-amplitudes of H-atoms are relati-
vely large, producing sizable /AR varia-
tions. The general conclusion is that the
larger the deviation from the simple sum
rule, the more perturbed the dimer con-
stituents are by their mutual presence,
resulting in import and export of transi-
tion strength.
The Exceptions

There are two exceptions to the large
linewidth normally observed. The first is
the group of hydrogen-noble gas dimers,
which have been measured in an ab-
sorption multiple pass cell at low tempe-
ratures and high pressures. On top of the
broad pressure-induced absorption
band, McKellar and co-workers (Ottawa,
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Canada) have revealed with ever-increa-
sing accuracy, sharp structures (0.1 cm™’
fwhm). Analysis of these spectra by R.B.
LeRoy and co-workers (Waterloo, Cana-
da) indicates a connection between line-
width and lifetime.

Further, in IR predissociation measu-
rements, Janda and co-workers (Pasa-
dena, USA) have found that C,H,-Ne,
and to a lesser extent also C,H,-Ar,
exhibit a fine structure (0.5 cm™ fwhm)
which is tentatively attributed to internal
motions of the dimer system. To achieve
this, extreme expansion cooling was ap-
plied, in a 0.5% C,H,, 10% He and
85.5% Ne mixture which opens the
door to a new field of dimer dynamics in
the 500 GHz region, a field one could
glimpse only indirectly, up to now, using
the powerful molecular beam electric
resonance technique pioneered by
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Klemperer and others (Harvard, USA).

Another example of the second group
of exceptions is (SFg),, in which J.
Geraedts (Nijmegen, Netherlands) has
observed a double peak structure (spac-
ing 20 cm™, fwhm linewidth 1.5 cm™)
attributed to resonance dipole-dipole
forces. The blue peak arises from a ver-
tical transition, the red from a parallel.
These can be exploited to dissociate
preferentially certain orientations of the
dimer axis, to study orientational hole
burning effects in detail and to test the
sum rule for a non-trivial case. Extending
the technique to the measurement of
spectra of larger clusters at higher
source pressure, extra features appear.

Within the past few months quite
remarkable results have been announ-
ced. Miller and Watts (Australia) have
found dimer linewidths on (C,H,),,
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(CO,), and (N,0), as small as 3 MHz,
yielding an upper limit of 50 ns for the
lifetime of the upper state. Simulta-
neously, DeLeon and Muenter have mea-
sured vibrationally excited (HF), dimers
and found comparable linewidths. The
door is thus now wide open for the
determination of dimer structures and
intra-dimer dynamics.
Applications

Dimer predissociation can be achie-
ved with the absorption of a single pho-
ton. If there are big differences between
the spectra of molecules of different
isotopic composition, the method would
hold promise for applications in the
future. The group of Manot and van den
Bergh (Lausanne) who have been pur-
suing this line have recently come up
with an elegant two-stage scheme. We
discuss it by considering SF which can
be considered to have two isotopomers
(325 19Fe and 34S 1S’Fs). First, the 0.5%
SF4 in Ar mixture is irradiated close to
the nozzle (see Fig. 1) so that one mono-
meric isotopomer becomes excited and
is inhibited from forming clusters (ie.
SFg-Ar.). Then, a second laser down-
stream predissociates those clusters
that have been formed, and the frag-
ments collected contain only the other
isotopomer. Note that the first laser is
tuned to induce absorption of a photon
by one monomer, which possesses nar-
row and well defined absorption bands.
On the other hand, the second laser
does not need to distinguish separate
absorption bands for different isotopo-
mer dimers; only one type is present due
to the inhibition of the formation of the
other by the first laser. The great advan-
tage of the Lausanne method is that only
one (single expensive) IR photon is need-
ed per molecule to achieve enrichment
(in contrast to the MPD schemes). An-
other application stems from the unique
possibility of being able to identify and
select certain dimers by their spectra
(eg. (SFg), and C,H,-Ne, the excep-
tional cases). By tuning the mass spec-
trometer detector to different masses,
the fragmentation has been determined
quantitatively. For (SFg), it has been
found by the Nijmegen group that the
dimers show up on the mass of SF} at
least a hundred times more frequently
than on the dimer ion mass SF;-SF .

Further Reading

Attention is drawn to two comprehensive
articles:
Gentry W.R., “Vibrationally Excited States
of Polyatomic van der Waals Molecules:
Lifetimes and Decay Mechanisms”, ACS
Symposium Series 263 (1984) 289-303.
Janda K.C., “Predissociation of Polyatomic
van der Waals Molecules”, Adv. Chem. Phys.
60 (1985) in print.
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Atomic Processes in Astronomy

M.J. Seaton, London

(University College)

The astronomer is often concerned
with the behaviour of matter under con-
ditions which are unusual from the
standpoint of the laboratory physicist,
either because they are very simple or
because they are very extreme. In either
case, studies of such conditions have led
to important advances in basic physics.
Many examples could be given: studies
of the laws of dynamics and gravitation,
of ultra-high densities, and of thermonu-
clear energy generation. | consider some
examples from atomic physics.

Many astronomical spectra differ
from laboratory spectra as a conse-
quence of being produced at very low
densities (the pressure in a typical
gaseous nebula is of order 10" atm,
that in the interstellar medium about
102° atm) and this simplifies their inter-
pretation. The way in which strengths of
lines depend on density can be under-
stood by considering carbon-like ions,
which have ground configurations 1s2-
2s22p? with three terms, 3P, 'D and 'S.
The energy-level diagram for the carbon-
like ion O2*, which gives strong lines in
many astronomical spectra, is shown in
Fig. 1. Since the ground configuration
terms all have the same parity, radiative
transitions between them cannot occur
by electric-dipole radiation. Such levels
are said to be “metastable” and the tran-
sitions to be “forbidden”, but they can
take place by electric-quadrupole or ma-
gnetic-dipole radiation with probabilities
of the order of 1 s compared with 10°
s for “allowed” lines. In radiation from
laboratory sources the forbidden lines
are very weak, and are rarely seen, butin
the spectra of gaseous nebulae they are
often the strongest features observed.
The number of photons emitted per unit
time in a transition 2 — 1 is given, in all
cases, by

P, =N,A,, (1)
where N, is the number of atoms in the
upper level and A, , the radiative transi-
tion probability. At densities of labora-
tory sources, the probabilities of transi-
tions due to collisions are much larger
than A, , = 1s™. To a good approxima-
tion, the relative populations of the
ground and metastable levels are given
by the Boltzmann equation, and the for-
bidden lines are very weak, compared
with other lines, because A, , in (1) is
very small. At the low densities of
nebulae, collisions are much less fre-
quent and are mainly due to electron im-
pacts, which produce both excitation
and de-excitation. Let N_ be the electron
density and a; N, the probability of a col-
lisional i — j transition (qii = <y, Qii>
where v, is the velocity of the incident
electron, Oa.' the collision cross-section,
and the average is over the velocity
distribution). At a critical density N,(c),
suchthatg,, N, (c) = A, ,, the probabili-
ty for collisional de-excitation equals
that for de-excitation by emission of
radiation. For the forbidden lines, typical
values of N, (c) are of order 10* cm3. For
N, << N, (c) effectively every excitation
by electron impact is followed by emis-
sion of radiation, giving

Py1 =N;q,,N, (2)
which is independent of A, ,. Densities
N, < N,(c) frequently occur in gaseous
nebulae and this explains why the for-
bidden lines can be the strongest fea-
tures in their spectra.

The observed spectra provide the
astronomer’s only means of estimating
temperatures and densities in nebulae. If
the condition N, << N,(c) can be
assumed for two lines (such asthe A =
5007 A and 4363 A lines of Fig. 1), the
ratio of their intensities will depend only
on the ratio of their excitation rates, and
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