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Abstract. It is shown that laser evaporation of a solid target followed by adiabatic expansion
can be used to produce cold beams of neutral small open shell molecules. LIF is applied to
detect Cull (X~S), CH (X2II), Sill (X2II), CuO (X2II), and FeO (XSA). A production of
109-+ ~ molecules/sr in a single pulse is obtained for Sill. For a copper target, the optical
emission of the jet plume is discussed.
PACS: 35.80. +s

Small molecular radicals play an important role as
intermediate products in chemical reactions. The study
of their electronic structure and therefore their
electronic spectra is of fundamental interest in order to
understand the chemical processes involving these
species. In general spectroscopic experiments on free
radicals suffer from low concentrations due to their
chemical instability. In the laboratory these species are
usually produced in high temperature sources like arcs,
ovens, exploding wires, flames and discharges which all
have in common that the temperatures (translational,
vibrational and rotational) of the resulting products
are consequently high. This results in many occupied
rovibrational levels in the electronic ground state
which in turn gives rise to congested spectra that are
generally too complicated to be unraveled completely.
Laser evaporation in combination with supersonic
expansion has been shown to produce rotationally
cold beams of species, normally to be found only in
very hot environments [1-4]. In this way even the most
refractory materials can be evaporated and expanded
to produce atoms, molecules and clusters, both neutral
and ionic, from dimers to droplets.
The processes to be controlled that influence the
formation of the different products, are the heating of
the plasma that is formed immediately after the laser
ablation and the subsequent cooling of these products
in the supersonic expansion. Several groups have
focused their attention on the production of beams of

larger metal clusters and cluster ions that were analysed by mass-spectrometric techniques. In the present
experiment we investigated whether this source is
suitable for the production of high densities of small
free radicals in a molecular beam. For this purpose we
aimed at diatomics in the first place formed from one
atom from the solid and one atom from a gas added to
the seeding gas, if not the seeding gas itself. In various
cluster experiments [5-7] diatomic oxides were seen to
be present in the beam. In a paper of Simard et al. [8]
an experiment is described in which a low concentration of oxygen in the helium carrier gas led to the
production of the oxyde of zirconium. In an experiment by Walkup et al. [-9] LIF was used to show the
presence of several diatomic products in plasma sputtering and reactive ion etching. There were indications
that it should be possible to produce a wide variety of
small molecules with a laser generated plasma.

1. Experimental
The nozzle part of our experimental setup is similar to
the one used by Smalley and coworkers [1, 3] in their
studies of metal cluster beams. Whereas in these
experiments several types of extensions of the flow
channel are used to increase the yield of larger clusters
in the beam (see for example [10]), we deliberately
designed the channel to be as short as possible in order
to prevent the products from clustering and to avoid
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secondary reactions as much as possible. The channel
in which the evaporation takes place is schematically
depicted in Fig. 1. In this diagram, all dimensions are
drawn to scale. The pulsed valve, a modified version of
a Bosch fuel injection valve, provides 100 Its F W H M
gas pulses. An electromagnet opens the 1 mm diameter
nozzle. It is dosed by a mechanical spring. The
duration of the current through the coil in combination with the tension in the spring, critically determines the temporal evolution of the density in the gas
pulse, which is monitored 200 mm downstream from
the nozzle by means of a conventional vacuum ionisation gauge. Gas stagnation pressures of 1 4 bar are
applied. At maximum gas density in the 10 mm long
and 2 mm wide channel, 1-10 mJ of third harmonic
radiation (355 nm) from a Q-switched N d : Y A G laser
(Quanta Ray DCR2) is focused onto the outer surface
of a solid target disc (6 mm thick and 50 mm diameter)
by a 50 cm focal length lens (estimated spot diameter:
0.2 mm). During operation, the solid disc is rotated and
translated continuously to achieve maximum shot to
shot stability of the density of products in the molecular jet by preventing the Nd : YAG laser from drilling
deep holes into the material. In this way a target disc
surface can be used for a period of roughly 10 h,
without significant decrease of beam quality. The
plasma formed during the laser pulse is cooled by the
adiabatic expansion into the vacuum chamber. Between two shots, the vacuum recovers to 10 -s mbar.
At a distance of 10 mm downstream from the nozzle
opening and after an appropriate time delay the jet is
crossed perpendicularly with the beam of an excimer

laser pumped dye laser (Lambda Physik EMG 201
+ F1 2002). The bandwidth of the laser radiation was
0.2 cm- 1. The LIF is collected by a short focal length
condensor and, after spatial filtering, imaged on the
cathode of a photomultiplier tube (EM19863). Several
optical bandpass and cutoff filters were used to
suppress the emission of the jet. The resulting signal is
fed into a digital oscilloscope (LeCroy 9400) and a
gated integrator (SRS 250), respectively, to allow for
time and spectrally resolved scans simultaneously.
The repetition rate of the experiment is 10 Hz and a
typical time constant for the gated integrator is 1 s.

2. Results and Discussion

A schematic time diagram of the light detected by the
photomultiplier is shown in Fig. 2. At time t = 0 the
Nd:YAG laser is fired. After a short time of flight a
beam emission, exhibiting typical photon noise (not
shown in the diagram) is seen. This emission is
interpreted to be caused by locally produced highly
excited atoms that pass through the detection volume,
analogous to the C2 excitation in a similar evaporation
experiment by Anselment et al. [11]. The shape of the
emission curve simply reflects the sensitivity distribution of the imaging optics over the detection volume
multiplied by the temporal distribution of the density
of emitting atoms in this volume. Obviously, the
intensity of this emission strongly depends on the
material evaporated and the typical time of arrival
differs for different seeding gases. The radicals detected
in the beams were all found at the time of maximum
beam emission. By scanning the delay time between the
Nd: YAG laser and the probe laser over a large range,
also Mie scattering from macroscopically large particles was observed after times of the order of 100 ItS.
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Fig. 1. The evaporation channel. The dimensions are drawn to
scale. V: pulsed valve, S: solid, Y: beam of Nd :YAG laser, J: jet,
P: probe laser, LIF: laser induced fluorescence

Fig. 2. Schematictime diagram ofthe photomultiplier signals and
the detection gate. The shape of the beam emission reflects the
sensitivityvolumeof the imaging optics. Radical signal was only
obtained in the central region of this emission
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the Cu* formation could well be a result of collisional
fragmentation of larger positive clusters by neutral
species. The exact nature of this Cu* formation
process, however, is still unclear.
Sill was the first actual radical we investigated. For
this purpose pure silicon was evaporated and entrained in hydrogen. The probe laser was tuned to the
A2A(v'=O)+--xZH ( v " = 0 ) transition in Sill at
412 rim. The resulting spectrum is shown in Fig. 3. For
the assignment of the spectrum we used the data from
the work of Klynning et al. [16]. The rotational
temperature was determined to be 30 K. From the time
resolved fluorescence signal resulting from the excitation of molecules in a single rotational state, we
calculated the absolute number of Sill molecules
produced in this way to amount 10 9-+ 1 molecules/sr in
a single pulse.
Besides pure hydrogen, mixtures of different percentages of oxygen in helium were also applied as
carrier gas. In this way we produced CuO(X2//) and
FeO(X5A) in large amounts as inferred from their LIF
spectra [17, 18]. As an example, the spectrum of the
A2z~ + (v' = 0)+--X2/13/2 (v" : 0) transition of CuO is
shown in Fig. 4. A computer simulation of the low
temperature spectrum of this transition, using the
molecular parameters as determined by Appelblad and
Lagerqvist [-17] from their high temperature spectra,
yielded a rotational temperature of 60 K, still moderately high. It should be noted however that our
spectra were measured at a distance of 10 mm downstream from the 2 mm outlet opening of the expansion
channel which means still in the middle part of the jet
expansion, where the temperatures have not yet
reached their final values. We wish to emphasize that
these open shell radicals survive the expansion.
Figure5 shows the spectra of both the
AIZ+(v'=O)~X1S + (v"=0) transition in Cull and
the AZA(v'=O)~-X2FI (v"=0) transition in CH [19],
excited in the same frequency region. These spectra
occurred simultaneously when a copper disc, hosting
an unknown small concentration of carbon was

This clearly demonstrates that although we used high
energy (355 rim) photons for evaporation and heating
up the plasma in combination with a short expansion
channel in order to preferentially produce small compounds [12, 13], big clusters are also formed and
observed after appropriate delay times. The presence
of these large particles in the beam is in good agreement with the Planck emission study of Rohlfing [14].
In accordance with many cluster-ion experiments, an
impressive flow of ions was found to be produced.
Cull was choosen as the first candidate because it is
a closed shell molecule and thus most likely to survive,
if produced, the first high pressure stage of the
expansion.
Probing
the well known
[15]
A1Z,+(v'=O)~-XIS + (v"=O) transition around
429 nm yielded the spectrum of which a part is shown
in Fig. 5. The rotational temperature was determined
to be 45 K, if 1 bar of pure hydrogen is used as seeding
gas.
In the case of copper as target material, the beam
emission was particularly intense in the green as could
readily be observed with the naked eye. This emission
extended over a distance of 50 mm from the channel
orifice. On dispersion it was shown to originate from
cascade decay involving the allowed transitions in the
copper atom from states with energies just below the
ionisation limit down to the ground state. In order to
investigate the origin of these Cu* atoms we applied an
electric field (0-3000 V/m) both parallel and antiparallel to the jet. The parallel field did not influence the
emission at all, while the antiparallel field shortened
the range of green emission in proportion to the
applied field strength. This led us to the conclusion that
positive (cluster-) ions are involved in this Cu* formation while low energy electrons cannot be. This rules
out the recombination of Cu + with a low energy
electron as well as the collisional dissociation of larger
clusters induced by such electrons as proposed by
Anselment et al. [11] for the electronically excited C2
they observed. As the pressure in the detection volume
is estimated to be of the order of 1 Torr, i.e. rather high,
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Fig. 4. The CuO A2~"+ (0' =0)~--X2//a/2(V " =0) spectrum. The RI head is truncated due to photomultiplier saturation
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Fig. 5. The Cull A1S+(v' =0)~X1S + (v"=0) spectrum and the
CH A2A(v'=O)~X2II (v"=0) spectrum. The spectra are recorded under identical conditions, the only difference being the
position of the boxcar gate, from 0 to 300 ns and from 200 to
500 ns after the probe laser pulse for Cull and CH respectively
irradiated in the presence of hydrogen. T h e spectra
were unraveled by simply increasing the time delay
between the p r o b e laser and the gate of the b o x c a r
averager, thus p r o b i n g molecular states with shorter
( C u l l : 200ns) and longer (CH: 530ns) radiative
lifetimes respectively. T h e fact that traces of c a r b o n in
the solid target give rise to a high density of C H in the
b e a m indicates that the m e t h o d preselited in this p a p e r
can also be applied using alternative sources of atoms,
for example, thin layers, alloys or deposited salts,
clearly depending on the molecule under investigation.
W o r k is u n d e r w a y to a p p l y the m e t h o d presented
to molecules that are h a r d to p r o d u c e and possess
u n k n o w n electronic structures. W e plan to apply a
single frequency cw dye laser in order to obtain high
resolution spectra and to investigate highly excited
electronic states by pulsed-cw double resonance [20].
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