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Spectroscopy and Applications

of Diatomic and Triatomic
Molecules Assisted by Laser Light
at 157.6 nm

Alciviadis-Constantinos Cefalas and Evangelia Sarantopoulou
National Hellenic Research Foundation, Theoretical and Physical
Chemistry Institute, Athens, Greece

I. THE MOLECULAR FLUORINE LASER

Laser radiation from molecular fluorine transitions at 156.71, 157.48, and 157.59
nm was observed for the first time in 1978 by J. R. Woodworth and J. K. Rice
[1,2]. They used e-beam excitation to achieve population inversion in a mixture
of He (1500 mbar) and F, (5.3 mbar). The observed stimulated emission was
assigned to the *IT, — °I1, transitions of the F, molecule. The intensity of the
laser pulse was 7 MW/cm? and the efficiency was 3.5%. The experimental setup
used by Woodworth et al. was complicated and the system had to be pumped
and filled back after each shot. Plummer et al. [3] in 1979 used a different more
convenient technique by pumping mixtures of F, and He in a fast ultraviolet
(UV)-preionized discharge. This technique proved successful for pumping of the
excimer lasers and it was more flexible. The cathode electrode whose position
was fixed consisted of a stainless steel mesh. The discharge volume could be
varied by moving one electrode in order to find the optimum electrode spacing
for higher laser output. In 1985 Cefalas et al. [4] developed a simple UV preion-
ized F, laser of the fast-discharge type to measure the small signal gain by the
passive cell absorption method. The gain with this equipment at optimum work-
ing conditions of 2 atm total gas pressure and 2 cm electrode spacing was found
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192 Cefalas and Sarantopoulou

to be 3.2% cm™'. The output energy was measured as 12 mJ per pulse and the
pulse duration was 10 ns despite the use of gases with high concentration of
impurities (0.1% impurities). With this experimental apparatus it was proved that
the molecular fluorine laser had the potential to be a powerful VUV laser similar
to the excimer lasers. Following its development, higher output energy of 15 mJ
per pulse was achieved by Ishchenko et al. [5]. The above values of output energ-
ies were half those predicted by the theoretical calculations of Ohwa and Obara
[6], if one considers only the dissociative collision of F, molecules by ion—ion
recombination of energy transfer reaction and neglecting the direct excitation of
F, molecules by electron impact or energy transfer from He*-, He**-, and
He-excited atoms or clusters.

The predictions of Ohwa and Obara were confirmed by Yamada et al. [7],
who developed an F, laser that delivered 112 mJ per pulse at 8 atm total gas
pressure. The electric circuit in this apparatus was similar to that developed by
Cefalas et al. (1985) of the fast charge transfer type with UV preionization. The
innovating point in the geometry of this cavity was the small distance between
the electrodes of 10 mm, providing stable discharge even at higher gas pressure
and hence improving the laser’s performance. In an effort to investigate the physi-
cal parameters and limits of the F, molecular laser, Cefalas et al. used two dis-
charge laser heads driven by a spark-gap switch to measure the small-signal gain
and the saturation intensity in the oscillator—amplifier configuration [8,9]. The
small-signal gain coefficient was measured to be 5.2 = 0.4% cm™' at 3 atm total
pressure and 1.5 cm electrode spacing. It was 4.1 = 0.4% cm™! at 2 atm total
pressure and 2 cm electrode spacing. The values of saturation intensities were
found to be SMW/cm? and 4.6 MW/cm?, respectively. The dependences of the
energy output and efficiency of the F, laser on the pump power (up to 40 MW/
cm?®) have been studied by Kuznetsor and Sulakshin [10]. The maximum lasing
efficiency was 0.05% and the laser radiation energy was 120 mJ at pressure of
the He—F, mixture of 3 atm. A theoretical kinetics model successfully described
the characteristics of the F, laser output. The authors concluded that at high gas
pressure operation, where dissociation of the F, (A’) state is accelerated, higher
discharge pumping power is achieved [11]. The small-signal gain and the satura-
tion intensity of the discharge pumped F, laser, operated at higher pressures (<10
atm) and higher excitation rates (7-39 MW/cm?), were measured [12] with a
similar oscillator—amplifier configuration to that used by Cefalas et al. [8,9].
The small-signal net gain with this apparatus now reaches 37 = 4% cm™' at an
excitation rate of approximately 26 MW/cm? for a 6-atm gas pressure. The satura-
tion intensity, which depends on a nonsaturation absorption coefficient, was esti-
mated. The output energy and the temporal behavior of a molecular F¥ laser
pumped by a coaxial electron beam have been measured in gas mixtures of He/
F, and He/Ne/F, [13]. The highest output energy of 172 mJ has been obtained
in a mixture of He/Ne/F, (19.9%/80%/0.1%) at a pressure of 12 bar, correspond-
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ing to a specific output energy of 10.8 Joule/1t and an intrinsic efficiency of 2.6%.
An electron beam pumped molecular F¥ laser with pulse width up to 160 ns,
and output energy of 1.7 J (optical flux of 4.6 MW/cm?) has been realized [14]
by the same group. The widths of the laser pulses seem to be limited by the
duration of the excitation pulse (160 ns). For specific output powers up to 100
kW/cm?, no signs of self-terminating laser pulses, due to bottlenecking in the
lower laser level, have been observed. The application of a prepulse—main pulse
excitation scheme utilizing a saturable magnetic switch in combination with x-
ray preionization has resulted in the generation of long optical pulses from a
molecular fluorine laser [15]. Optimum laser pulse durations of 70 ns (full width
at half maximum) have been obtained in a gas mixture of helium and 3 mbar
fluorine at a total pressure of 2 bar. Laser pulse duration was limited by instabili-
ties in the electric discharge. The laser pulse duration was found to decrease with
increasing fluorine pressure and to saturate with increasing current density.

iIl. PHOTOLITHOGRAPHY AT 157 nm

Despite the fact that the molecular fluorine laser emits strong monochromatic
radiation at 157.6, its nontunability in the VUV is a serious drawback for a wide
range of applications. However, this disadvantage is balanced by the high energy
emitted per photon. The molecular fluorine laser has the potential to be used in
the near future in many areas of science and technology. Indeed, next-generation
microelectronics circuits will have minimum dimensions below 100 nm. It is
envisioned that 157 nm laser lithography will be the next step in optical lithogra-
phy. At 157 nm, under VUV illumination of the mask target, lithographic features
with dimensions of 0.10 pm on the photoresist have be achieved by an F, laser
lithographic stepper developed by Exitech UK [16]. The high-repetition-rate mo-
lecular fluorine laser developed by Lambda Physik in Germany was likewise the
driving force for developing 157 nm photolithography. The first to propose the
F, laser in photolithography was White et al. in 1984 [17]. A 2 kHz repetition
rate discharge-pumped molecular fluorine laser oscillating at 157 nm was devel-
oped. It has achieved an average power of 22 W at the repetition rate of 2 kHz
with a newly developed solid-state pulse power module with 6 J/pulse input
energy [18]. Single-line operation at 157.6 nm was achieved by means of a prism
assembly. Laser operation at repetition rates up to 1 kHz without signs of power
saturation results in an average power of 15 W. The energy stability with these
devices was comparable to the stability of the ArF laser [19].

Research in new photoresists for 157 nm photolithography [20-26] re-
quires the investigation of basic optical and photochemical studies at these wave-
lengths. The high value of the absorption coefficient of the polymeric materials
in the VUV, from 10* to 10® cm™!, imposes restrictions on selection of the pho-
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toresists for 157 nm photolithography, demanding high-purity materials and de-
fect-free thin films. There is a complete bond breaking of all the organic mole-
cules at these wavelengths. The parent molecule disintegrates into small
fragments, atomic, diatomic or triatomic, which fly apart with supersonic speeds.
This occurs because, for all the organic molecules, the dissociative excited states
of the small radicals occupy the energy range above 6.2 eV (200 nm). Therefore
the photodissociation process could impose serious problems on the optics of the
projection system by contaminating it.

To overcome this serious problem, complete microscopic description of
the photodissociation dynamics involved in the scission of the polymer chains,
and the dynamics of the extraction of the photoproducts, is required at 157 nm.
Until now various theories have been developed that analyze the role of the ex-
cited species in ultraviolet laser materials ablation. The complexity and diversity
of the processes involved in laser ablation dynamics, such as laser excitation of
the absorbing molecules and energy transfer from the excited parent molecules
into the internal and the translational degrees of freedom of the photofragments,
require for their description the analytical expression of the potential energy sur-
faces of the parent molecules and the photofragments, for both ground and the
excited states [27].

As the first contribution in this subject, and in order to investigate basic
photochemical mechanisms of the photodissociation dynamics of various poly-
meric materials at 157 nm, we have used potential photoresistive materials with
aliphatic and aromatic chains in their molecular structure [21-22]. Nylon 6.6 is
a good example. The nylon 6.6 monomer has the potential to dissociate into
small photofragments in which most of the photoresists used for 193 and 157
nm photolithography are likely to be dissociated.

Mass spectroscopy of nylon 6.6 at 157 nm [24] reveals that even at moder-
ate laser energy there was a complete breaking of the polymeric chain bonds.
The following fragments were observed for m/e larger than 30 atomic mass units
(amu). The molecular photofragments from the photodissociation of the parent
monomer were observed mainly between 20 and 30 amu (Fig. 1). Photofragments
with two carbon atoms have a relatively higher probability of being dissociated
from the parent monomer than heavier photofragments with four carbon atoms.
The polymeric material dissociates into fragments with the predominant mass at
28 amu for both laser wavelengths. Therefore the amide group is mainly involved
in the photodissociation process of nylon 6.6 in the VUV at 157 nm, which is
the case for wavelengths shorter than 248 nm [21].

Experimental findings suggest that the bound potential energy surfaces of
the excited states of the parent molecule correlate with the dissociative potential
energy surfaces of the excited states of the molecular photofragments over a wide
energy range above 5 eV. Photochemical dissociation of the aliphatic chain is
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Figure 1 a. Background mass spectrum of nylon 6.6 at 10”7 mbar b. Mass spectrum
of nylon 6.6 following photofragmentation at 157.6 nm.

the main ablative process at 157 nm. The same response to 157 nm photons has
been found in molecules with aromatic structure [22].

The experimental apparatus for obtaining the mass spectrum consists
mainly of the molecular fluorine laser source and the vacuum chamber, into which
the quadrupole mass spectrometer and sample under investigation were placed
(Figs. 2, 3). The sample was a membrane of pure amorphous nylon 6.6, 150 um
thick. The density of the sample was 0.25 gr/cm? and it was placed 1 mm apart
from the quadrupole mass spectrometer (Baltzers QMG 311) at right angles to
its axis (Fig. 2). The all stainless steel 316 vacuum chamber was evacuated to
107¢ mbar using a turbomolecular pump.

Laser sources used in these experiments were of the fast-discharge type,
which have been described previously [8,9]. The laser head delivers 10 = 1 mJ
per pulse, and the pulse duration was ~15 ns at FWHM.

The laser beam was focused on the nylon 6.6 sample, using a quartz lens of
40 cm focal length. After photodissociation of the parent molecule, the molecular
photofragments were ionized using an electron gun inside an isopotential cham-
ber (Welnet). The molecular ions were focused with an Eizen lens, and eventually
directed alongside the quadrupole mass filter. The upper detection limit of this
filter was 300 amu. After entering the mass filter, ions were deflected at right
angles, and detected using a high-gain (~10%) secondary electron multiplier
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Figure2 Experimental setup for obtaining mass spectrum of nylon 6.6. LB, laser beam;
L, lens; VC, vacuum chamber; TM, turbomolecular pump; W, LiF, window; S, sample;
P, photofragments; QMS, quadrupole mass spectrometer.

Figure 3 157 nm F, laser and mass spectrometer at the NHRF.



Spectroscopy of Diatomic and Triatomic Molecules 197

(SEM). The signal was then amplified and registered using a boxcar integrator
and a computer. Using the same experimental techniques, several polymeric ma-
terials have been studied for both VUV absorption below 200 nm and photodisso-
ciation dynamic processes under 157 nm illumination. Si-based polymers seem
to have the right value of absorbance of 4 um™' at 157 nm and therefore they
can be imaged at the usual bilayer thickness of 0.1 um. However, excessive
outgassing at 157 nm at the moment is a serious drawback for their use in 157
nm photolithography [20]. Mass spectroscopic and outgassing studies at 157 nm
suggest that a complete bond breaking of the aromatic and linear carbon chains
is taking place even at low values of laser energy [20]. However, fluorocarbon
polymeric materials seem to have the right absorption coefficient in the VUV
and limited outgassing at 157 nm.

lll. 157 nm SPECTROSCOPY OF DIATOMIC
AND TRIATOMIC MOLECULES

A. OH

Photodissociation of the OH radical was studied at 157 nm via detection of the
product H atoms with the resonance fluorescence technique [28]. OH radicals
were produced in a fast-flow cell from the reaction between H and NO, and
subsequently photodissociated by an excimer laser operating on the F, emission.
The quantum yield for photodissociation of OH was measured and the photodis-
sociation cross section calculated.

B. O,

Direct photodissociation of molecular oxygen from the B *Y;' state have been
studied by photoexcitation at 157 nm. The fine structure branching ratios and
Doppler profiles of O(°P;) photofragments were measured using a resonance-
enhanced multiphoton ionization technique. Branching ratios of the OCP;), j =
2, 1, 0, photofragments were measured [29]. The fine structure population of
O(P;) produced in photodissociation of O, at 157 nm was measured in a pump
and probe experiment [30]. The population of the ground state (/ = 2) was found
to be 93%, with only 6% in the J = 1 level and 1% in J = 0. The predominance
of J = 2 is consistent with direct dissociation on the B3}, potential energy
surface. Based on available information in the literature, excitation of the I,
state and curve crossing to the °TI, state are ruled out as possible origins of the
population with J < 2. The populations of J < 2 are due to nonadiabatic transi-
tions at large distances. Mechanisms consistent with the data include a Demkov-
type interaction, which is caused by coupling by the radial kinetic energy opera-
tor. Photodissociation of O, at 157 nm has been studied using the photofragmen-
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tation translational spectroscopic technique [31]. Two product channels O, +
hv = O('D) + O(C’P), O, + hv = O(’°P) + O(’P) have been observed. The
relative yields and anisotropy parameters of both channels were determined. An-
isotropy mixing of dissociation resulting from a perpendicular excitation and a
parallel-type excitation has been observed in the dissociation channel O, + hv —
O(CP) + O(C’P). The observed results can be used to look at the detailed dynamical
processes of O, dissociation through the Schumann-Runge band.

C. HCI, DCI, CH,CI

Hydrogen chloride and methyl chloride were photodissociated at 157 nm [32].
Branching ratios for production of the resulting chlorine atoms in the 2P, , state
relative to the *P;, state were determined at 157 nm for HC1 and CH;Cl. Doppler
profiles of the chlorine fragments have been measured and are interpreted by
assuming their anisotropy parameters and translational energies. HCI undergoes
a perpendicular optical transition. For CH;Cl, the transition is a mixture of paral-
lel and perpendicular types at 157 nm.

The H, D, and CI atoms from the photodissociation of HCI and DCI at 157
were detected by laser-induced fluorescence (LIF) in the vacuum ultraviolet re-
gion [33]. Doppler profiles of H and D resonance lines at 121.6 nm in the LIF
spectra indicate that the absorption of HCI and DCI at 157 nm is a mixture of
perpendicular and parallel transitions. Fine-structure branching ratios were mea-
sured for the chlorine atom by LIF. Results suggest that nonadiabatic couplings
during the break-up of HCI (DCI) in the excited states play an important role in
determining the fine-structure branching ratios.

D. H;

The photochemical desorption of molecular hydrogen was investigated by F, laser
irradiation of a Si(111)-(1*1):H surface [34]. The photon energy of 7.9 eV used
was in the region of the broad sigma—sigma* optical transition of SiH centered
around 8.5 eV. Molecular dynamics calculations, based on a Tersoff-type interac-
tion potential between silicon and hydrogen, describe the reaction of a hydrogen
atom created in a direct bond-breaking process with a neighboring hydrogen atom
to form molecular hydrogen. This secondary surface reaction preserves the non-
thermal character of the desorption process.

E. OCS

The production of significant concentrations of electrons in high-intensity pulsed-
laser photolysis of carbonyl sulfide (OCS) to S('S) at 157 nm has been observed
[35]. These results imply a photoionization cross section for S('S) of 2.6 X 107"
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cm?. The authors have measured the quenching of S('S) for a variety of condi-
tions, including incident laser fluences of 100 mJ/cm? and initial S('S) densities
of 3 X 10" cm™. Quenching by electrons can be minimized by adding diluents
such as SF; or CF,. They interpret their observed S('S) decay rates in terms of
quenching by S(®°P) with a rate constant of 3 X 107" cm®s~' and by CS [and/
or O(®P)] with a rate constant near 2 X 107'° cm? s™'. The measured S('S) lifetime
decreases with increasing initial S('S) density, reaching a value of about 1 ps at
a S('S) density of 3 X 10' cm™. The quantum yield for S('S) production was
found to be high (near 0.8) and independent of incident laser flux or added diluent
pressure. These storage times and production efficiencies are consistent with pos-
sible use of the S('S) to S('D) transition as an efficient high-energy-storage laser.

A F, laser at 157 nm was also used in a time of flight experiment to measure
the translational energy distribution of the fragments of OCS from which the
vibrational energy distribution was inferred [36]. It is highly inverted in spite of
the fact that the CO bond distances are similar in CO and OCS. Vibrational
population inversion, the authors believe, is related to the vibrational structure
seen in absorption. A symmetrical type of vibration is excited during the dissocia-
tion,which tends to pull both the O and S atoms away from the C atoms. The
quasivibrational trajectory ends with the sulfur atom separating, but in the process
the CO vibration is strongly excited.

F. H,0

Polarized photofluorescence excitation spectroscopy of H,O was described by
Andresen et al. [37]. The H,0* state (A'B,)* dissociates directly and rapidly
with 2.7 eV excess energy. Water molecules were photolyzed by an F, laser at
157 nm [38,39]. The nascent OH °I15,,, rotational state distribution, probed via
laser-induced fluorescence, reveals a strong preference for populating the upper
lambda-doublet component. The population inversion is found to be a function
of both the initial temperature of the H,O and the final rotational state in which
the OH radical is formed. These results may provide a simple mechanism for
the astronomical OH maser observed by others.

H,0 was excited to the lowest electronic excited state, 'B,, at 157.6 nm.
The OH product state distribution was completely analyzed by special LIF experi-
ments probing the fragment distribution [40]. The OH rotational excitation is
relatively low and can be described by a temperature parameter of approximately
500 K independently of the OH vibrational excitation. This is in accordance with
former measurements as well as with theoretical calculations. No selective popu-
lation of the electronic fine-structure levels was observed, which is in agreement
with the expectations for a room-temperature experiment. The observed magni-
tude of the vibrational excitation [P(v” = 0):P(v” = 1):P(v” = 2):P(v” = 3):
PV’ =4) = 59.2:33.1:6.1:1.4:0.2] is smaller than the one calculated. Calcula-
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tions predicted the v = 6 level to be populated, whereas in the experiment,
transitions probing the v” = 5 state were not observed.

In similar experiments vibrationally mediated photodissociation, in excita-
tion of an overtone of an O—H stretching vibration, has been used. The vibra-
tionally excited molecule is dissociated with a second photon and initial vibra-
tional excitation alters the decomposition dynamics. For example, the amount of
vibrationally excited OH produced in vibrationally mediated photodissociation
of H,0 depends strongly on the eigenstate prepared in the vibrational overtone
excitation step. This is in agreement with theoretical calculations [41]. The au-
thors describe experiments that exploit this sensitivity to control breaking of the
O-H bond in HOD.

Laser-induced fluorescence of microwave-stimulated OH molecules from
H,0 photodissociation was investigated as a first step in a series of laboratory
experiments to understand features of astronomical OH masers [42]. The inver-
sion between the I3, J = 7/2 lambda-doublet states of OH generated via photo-
dissociation of cold H,O at 157 nm is shown to be 1.8:1. Within a microwave,
Fabry—Perot cavity tuned to the resonance of one of the main hyperfine transitions
in this lambda doublet, it is possible to stimulate all inverted OH molecules. The
linewidth of the two main microwave transitions is measured as a function of
microwave power and interaction time.

G. ICN

Dispersed CN B 2Y,* — X*X.* photofragment fluorescence polarization anisotrop-
ies measured [43] following iodo cyanide (ICN) dissociation at 157.6 nm vary
widely and apparently erratically with emission wavelength. They cannot be con-
verted directly to CN B 2X.* rotational alignments because of spectral congestion.
A novel linear regression technique is used to extract CN B 2%.* populations
and rotational alignments from fluorescence emission and polarization anisotropy
measurements. The authors present a flexible procedure that allows one to con-
sider many models for the population and alignment distributions. Criteria are
established to identify the best models. The CN B 2X* vibrational branching
ratios for v = 0:1:2:3:4 are determined by linear regression to be 0.46:0.25:
0.13:0.09:0.07, with adistinct rotational population dependence within each vibra-
tional level. Extracted CN B? X.* alignments for " = 0,1,2, and 3 are presented,
and these range from —0.31 to nearly 0.2. The alignments vary smoothly with
nuclear rotation N’ for each v, demonstrating that the scatter in the measured polar-
ization anisotropies results from vibrational band overlap at different wavelengths.
These results show the largest photofragment alignment variation with vibration
and rotation that has been measured following a single-photon dissociation process.
A model is presented to estimate partial channel CN B(v” = 0) product populations,
and a discontinuity in the experimental v" = 0 alignment is considered.
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H. HDO

Experimental values for the absorption coefficient and the branching ratio of
HDO at 157 nm were compared with theoretical values [44].

I. AsF;

Visible fluorescence from one-photon excitation of AsF; at 157 nm was dispersed
and the fluorescing species were attributed to the excited photofragment of AsF,
[45]. The radiative lifetime of AsF¥ was measured to be 25.5 * 1.8 ps. The
quenching rate constant of AsF¥ by AsF; was (1.51 * 0.05) X 107 cm® s7'.
Ultraviolet AsF (A-X) emission is observed from two-photon excitation of AsF;.

J. O,

Ozone was generated in pure oxygen (p ~ 5 kPa), synthetic air (p ~ 7 kPa),
and oxygen—argon mixtures (p ~ 3 kPa) by irradiation of these gases with the
VUV light of a repetitively pulsed (15 Hz) F, laser at 157.6 nm with maximum
energy of about 4 mJ/pulse [46]. An absorption photometer measurement op-
erating at 253.7 nm (Hg line) determines the ozone concentration as a function
of oxygen and/or additive gas pressure, the repetition frequency of the laser, and
the wall temperature of the reaction chamber. The temporal development of ozone
concentration as a function of these parameters is calculated by means of rate
equations for the species OCP), 0,(X *¥;), O; ('A)), O('D), O,(a'A),
0,(b' %), vibrationally excited OF ('A,), and the photon distribution. The max-
imum concentration of O; in the sealed-off chamber reaches 1.6% in pure O,,
4.1% in air, and 1.2% in a 1:5 O,/-Ar mixture at 3 kPa. The annihilation of O,
by the wall and temperature-dependent volume processes (300 K < T < 395 K)
was studied and experimental and theoretical results were compared.

K. CO,

The branching ratio was measured for the production of O(*P) in the photodisso-
ciation of CO, at 157 nm [47]. A gas mixture consisting of CO,, H,, and Ar was
irradiated with an F, excimer laser, while the relative concentration of O(°P) was
monitored continuously using atomic resonance fluorescence. The O('D) product
was removed by either reacting with H, or being quenched by CO,. At high H,
CO, ratio, a residual O(*P) signal persisted due to the nascent photofragments
of CO,. Stern—Volmer analysis indicated that the fraction of O(*P) produced is
5.9%. Control experiments using O, and N, and O as precursor molecules con-
firmed this interpretation of the data. A mechanism is proposed based on curve
crossing from 2B, to *B, potential energy surfaces of CO,. Since the 'B, state is



202 Cefalas and Sarantopoulou

bent, a substantial fraction of absorbed energy is initially in bending motion,
resulting in a long-lived chaotic trajectory that has many opportunities to cross
over to the triplet surface.

O@p *P)) (j = 2, 1, and 0) fragments produced in the 157 nm photodissoci-
ation of CO, were detected by resonance-enhanced multiphoton ionization in a
molecular beam [48]. Doppler profiles and fine-structure branching ratios were
measured for the oxygen-atom photofragment in the P, states. Doppler profiles
were analyzed to give an anisotropy parameter of B = 2.0 and an internal energy
equivalent to 3.9 vibrational quanta of CO. The fine-structure populations were
found to be 0.70, 0.16, and 0.14 for j = 2, 1, and 0, respectively. A mechanism
is proposed in which complex on the 'B, surface undergoes intersystem crossing
to the *B, surface. A phase-space model with a constraint on the impact parameter
is shown to be consistent with the observed energy release. The nonstatistical
fine-structure population could be caused by long-range interactions on the triplet
surface. In a bulb experiment, O(*P) was produced by quenching of O('D). The
fine-structure populations of the resulting O(*P;) were 0.64, 0.25, and 0.11. This
state distribution is consistent with a long-lived complex that decays to give statis-
tical products.

Vibrational and rotational distributions of CO('Y,,) produced in the 157
nm photodissociation of CO, have been determined by measuring vacuum-ultra-
violet laser-induced fluorescence spectra of the CO photoproduct [49]. The photo-
dissociation of CO, is known to occur via two pathways; one yielding O('D) and
the other yielding O(*P). Spin conservation and previous experimental studies
confirm that dissociation via the O('D) channel is the dominant process. The
available energy for this channel is sufficient to populate only the ground and
first excited vibrational levels of CO. The authors measured the rotational distri-
butions for CO in v = 0 and v = 1 and found them to be non-Boltzmann. In
fact, a highly structured distribution with distinct peaks at J = 10, 24, 32, and
39 is observed for CO in v = 0. A less structured population is displayed by
molecules in v = 1. The relative vibrational population (v = 0/v = 1) was
determined to be 3.7. Doppler spectra of individual rovibronic transitions were
also recorded. The profiles have widths in accord with the available translational
energy, display the expected v perpendicular to J correlation, and are best de-
scribed by an isotropic distribution of the velocity vectors with respect to the
polarization direction of the dissociation light.

Photodissociation of CO, at 157 nm was studied by the photofragment-
translational spectroscopy technique. Product time-of-flight spectra were re-
corded and center-of-mass translational energy distributions were determined
[50]. Two electronic channels were observed; one forming O('D) and the other
O(*P). With previously determined anisotropy parameters of B = 2 for the O(°’P)
channel and B = 0 for the O('D) channel, an electronic branching ratio of 6%
O(C’P) was obtained, consistent with previous results. The translational energy
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distribution for the CO(v) + O(*P) channel was very broad (over 30 kcal/mol)
and appeared to peak near CO(v = 0). The value of B = 2 for the O(*°P) channel
was confirmed by comparing Doppler profiles, derived from the authors’ mea-
sured translational energy distribution, with previously measured Doppler pro-
files. This suggests that the O(*P) channel arises from a direct transition to an
excited triplet state. The O('D) channel had a structured time-of-flight that related
to rovibrational distributions of the CO product. The influence of the excitation
of the CO, (V,) bending mode was investigated and shown to have a small but
not negligible contribution. Based on a comparison of the authors’ data with a
previous VUV laser-induced fluorescence study, they obtain as their best estimate
of the vibrational branching ratio CO(v = 0)/CO(v = 1) = 1.9, for the CO(v)
+ O('D) channel.

L. SiH

SiH bonds on a hydrogenated Si(111) surface were directly broken by electronic
excitation with the 7.9 eV photons of a F, laser [51]. Independence of the kinetic
energy of the desorbing hydrogen and the linear dependence of the desorption
yield on fluence prove the photochemical character of the photoprocess. Solution
of the heat diffusion equation indicates a negligible surface heating for the flu-
ences applied.

IV. VUV SPECTROSCOPY OF TRIATOMIC CLUSTERS

Investigation of the properties of small charged or neutral clusters is a subject
of growing interest because they bridge the gap between a solid and molecular
state of matter [52—-59]. Experimental techniques developed to study the clusters
and their ions can be classified into two main categories: the optical and the
mass spectroscopic. The use of laser spectral techniques such as laser-induced
fluorescence or two-photon ionization has been proved unsuccessful for large
clusters. This is because both techniques require that the laser-induced transition
populate an excited electronic state that survives long enough to be detected by
either its fluorescence or its lowered ionization threshold. The large metal clusters
have hundred of electronic states within the first few electronvolts. Those states,
even if they interact weakly with each other, produce a very dense magnifold of
vibronic levels. As a result, very complicated spectra arise or radiationless transi-
tions between those levels that quickly lead to a degradation of electronic excita-
tion. On the other hand the detection of cluster ion using mass spectroscopy is
free of such problems for both large and small clusters. Mass spectroscopic stud-
ies provide basic information about the dissociation energy and kinetics of the



204 Cefalas and Sarantopoulou

clusters. This can be expressed by the appearance of strong cluster peaks in the
mass spectrum denoting the stability of the particularly cluster structures.

It has been observed experimentally that stable clusters can exist in various
sizes containing a definite number of atoms for a specific charge. This number is
called ‘‘magic number’’ [59-62]. A key problem is to find a sufficiently sensitive
detection scheme to detect them. Several models have been proposed to predict
or explain the experimentally observed ‘‘magic number’’ [63-68].

Investigation of the electronic structure and dynamics of clusters using vac-
uum ultraviolet spectroscopy is very important area in the study of clusters. VUV
experimental techniques have two advantages: systems with a large band gap can
be studied and excitation of inner shell electrons allow us to obtain element-
specific information.

The application of a tunable, intense, and coherent VUV light source to
molecular spectroscopy and photodissociation chemistry is proposed by K. Ya-
manouchi [69] to study the high-lying electronically excited states of small jet-
cooled molecules and van der Waals clusters. Combination of the VUV laser,
generated by two-photon resonance, four-wave sum, or difference frequency mix-
ing scheme, and the free jet expansion techniques is promising to derive precise
and substantial information about the level structure and the dynamic processes
characteristic of highly excited molecular species excited in the VUV wavelength
region.

Moller et al. [70] provide an overview of recent developments in the field
of cluster research using VUV radiation. Electronic excitation and relaxation dy-
namics in helium clusters, and the inner shell photoionization of NaCl clusters
produced with a new pick-up cluster source, are also discussed. The near edge
absorption structure at the Cl 2p edge contains information on the geometric
structure of clusters.

Clusters can be formed in a molecular beam apparatus [71-75], in an oven
using the gas aggregation technique [76-80], and by desorption from a surface
by ion beam bombardment [8§1-83], but they can also be the result of photodisso-
ciation of a parent molecule [84-87].

Ionization of clusters can be achieved by electron impact [88—90], by one-
photon ionization with VUV [91-93] light, by synchrotron radiation or multipho-
ton ionization with UV or visible laser light [94-96], by liquid metal ion source
LMIS [97-99], and by laser-induced field vaporization (LIFV) [68,100-101].
An interesting experimental setup for photoluminescence spectroscopy on van
der Waals clusters has been described by R. Karnbach et al. [102]. It consists of
a molecular beam apparatus with a cluster beam installed behind a high-intensity
VUV synchrotron radiation beamline. Special emphasis was given to the design
of a very intense cluster source that can also be used for preparation of quantum
clusters (He, H,). To determine the cluster size, a time-of-flight mass spectrome-
ter can be attached to the setup. In addition, an atomic cross jet is installed in
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the experimental chamber that can be used for mass separation or for doping of
the clusters. Luminescence light can be recorded with several different detectors
or spectrally analyzed with a secondary monochromator equipped with a position-
sensitive detector. The pulsed nature of synchrotron radiation provides the basis
for time-resolved measurements in the regime 100 ps—3 ps.

In the work of Wucher et al., neutral atoms and clusters desorbed from a
solid germanium surface by 5 keV Ar* ion bombardment [74,103]. Charged clus-
ters were detected directly by time-of-flight mass spectrometry (TOF-MS). The
corresponding neutral species were postionized prior to mass and energy analysis.
These authors employed two different photoionization schemes. The first was a
single-photon ionization process using an F, molecular laser as an intense VUV
source with photon energy in excess of all relevant ionization potentials. The
second was a nonresonant multiphoton ionization process using a high-intensity
laser delivering pulses of 250 femtosecond duration at a wavelength of 267 nm.
The two processes were compared, and in both cases the available laser pulse
energy was sufficient to saturate the ionization of Ge atoms and all detected Ge,,
Ges, and up to Ge, clusters. This is an indication that the results obtained with
both photoionization techniques closely reflect the true cluster sputtering yields
and, in particular, are not dominated by photon-induced fragmentation.

Relative yields of sputtered Ge, clusters are found to obey a power law
dependent on the cluster size n with an exponent around —6.5 [74]. Kinetic en-
ergy distributions exhibit a shift of the maximum toward lower energies with
increasing cluster size. Asymptotic decay towards high energies is found to be
virtually identical for all measured atoms and clusters. The experiments were
repeated on two different single crystalline Ge surfaces <100>and<<111> that
could be reproducibly amorphized by ion bombardment and reannealed. As a
result, the crystalline structure of the ion-bombarded surface was not found to
play a significant role in the formation of sputtered clusters.

Neutral clusters of Ag, Al, Nb, and Ta were also formed using the technique
of sputtering of polycrystalline surfaces. They were studied experimentally by
nonresonant single-photon postionization using a UV or VUV laser beam and
time-of-flight mass spectrometry [104]. The mass spectra were recorded at differ-
ent laser intensities. As a result, photoionization cross sections and the yields of
sputtered clusters were determined as a function of the cluster size. The cluster
yields roughly exhibit a power law dependence on the cluster size, the exponent
of which is found to be inversely correlated with the sputtering yield of the sam-
ple. This finding is of particular importance, since it rules out simple statistical
combination models to describe the formation of large sputtered clusters. From
the yield distributions it is inferred that, depending on the sputtering conditions,
up to 46% of the sputtered atoms may be emitted in a bound state. Experimental
results were compared with theoretical model descriptions of the cluster forma-
tion process.
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Neutral silver atoms and small clusters Ag, (n = 1 ... 4) were generated
by bombarding a polycrystalline silver surface with Ar* ions of 5 keV [105,106].
The sputtered particles were ionized by a crossed electron beam or by the F,
single photon at 7.9 eV from a pulsed VUV laser that permits nonresonant single-
photon ionization (SPI) of all investigated species and is subsequently detected
by a quadrupole mass spectrometer. Photoionization cross sections were evalu-
ated from the laser intensity dependence of the measured mass spectrum. SPI
ionization cross sections do not vary dramatically between silver atoms and dif-
ferent clusters. As a consequence, fragmentation influences encountered in previ-
ous studies with longer-wavelength lasers are practically eliminated from the
determination of yields and kinetic energy distributions of the sputtered clusters.
The resulting relative cluster sputtering yields (normalized to the yield of silver
atoms) exhibit a power law dependence on the cluster size n according to n-delta
with exponents of delta ranging from 4.3 to 7.4 depending on the nature and the
bombarding energy of the primary ions. Kinetic energy distributions of the sput-
tered neutral atoms and clusters are evaluated up to clusters containing seven
atoms. Asymptotic decay of the energy distribution towards high-emission energ-
ies becomes steeper from Ag to Ag; and remains practically constant for larger
clusters. By in situ combination of both ionization mechanisms, absolute values
of the ratio o(e) (Ag(,))/c(e)(Ag) between the electron impact ionization cross
sections of silver clusters and atoms could be determined for a fixed electron
energy of 46 eV. These values can then be used to calibrate previously measured
relative ionization functions. By calibrating the results using literature data mea-
sured for silver atoms, we present absolute cross sections for electron impact
ionization of neutral Ag,, Ags;, and Ag, as a function of the electron energy
between threshold and 125 eV.

V. LASER-INDUCED FLUORESCENCE AND MASS
SPECTROSCOPY OF MERCURY DIATOMIC
AND TRIATOMIC CLUSTERS ASSISTED
BY LASER LIGHT AT 157.6 nm

Laser-induced fluorescence of the mercury clusters Hg, and Hgs in the spectra
range from 300 to 510 nm has been obtained from the dissociation of HgBr, at
157.6 nm with an F, molecular laser. The excitation process involves two-photon
absorption, which dissociates the molecule at 15.76 eV total photon energy with
the subsequent formation of metallic clusters [85].

Photodissociation of HgBr, at 157.5 nm using the F, molecular laser was
proven to be an efficient method for producing small mercury clusters Hg, and
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Hg; in their excited states [107]. Although photodissociation of mercury halides
by the ArF excimer laser at 193 nm (and at other excimer and dye lasers wave-
lengths) has been extensively studied [108—113], there are no reports of metallic
cluster formation at this wavelength. In addition, a detailed study of the spectros-
copy of the triatomic mercury clusters in electric discharges has been investigated
well before VUV optical excitation [114,115].

The electronic structure of HgBr, and the HgBr molecules indicates that
three-dipole allowed transitions can be excited between the low-lying electronic
states of the HgBr, molecule, 1 'Tlu, 1 'Y}, 2 'XF, and its ground state 1 'X}
[116-119]. VUV excitation at 157.5 nm stimulates the 1 'Y} — 2 '3." transition,
(Fig. 4).

HgBr,(1 '2;}) + hv(7.88 eV) — HgBr,(2 '2)). (1)

The 2 'Y state of HgBr, at 7.88 eV correlates with the the D(*IT5,,) and C(*IT, )
states of HgBr and the *P state of Br.
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Figure 4 Energy pathway of formation of mercury atoms from the dissociation of HgBr,
at 157.6 nm.



208 Cefalas and Sarantopoulou

HgBr,(2 'X) — HgBr,(*I1,,) + Br(*P)

()
HgBr,(2 'Y) — HgBr,(*I1;,) + Br(*P)

The 2 'Y} electronic state is strongly correlated with D(*IT5/,) and C(*IT,),)
electronic excited states of the HgBr diatomic following dissociation to HgBr
and Br.

The small energy gap between the D state and the available energy from
one photon at 157.5 nm can be bridged thermally at high temperatures. Therefore
a fraction of the population is transferred to the D state [120] and the remaining
part to the C state of HgBr. From the C and D states the molecules can either
radiate to the X state or can absorb a second 157.5 nm photon and photoionize
the HgBr molecule. The C — X transition at 285 nm is the strongest transition
in the spectrum, while the D — X transition at 265 nm is ~10 times weaker.
The overall absorption cross section at 157.5 nm has been found to be (4.5 =
2.6) X 107'% cm? [107] in the temperature range between 40 and 90°C. This is
considerably higher than the value of the absorption cross section at 193 nm,
which has been found to be 3.8 X 107'7 cm? [121]. However, the theoretical
calculations of Wadt [116] predict that the absorption cross section between 1
'Y+ and 2 'Y states at 157 nm should be smaller than the absorption cross
section between 1 '3 and 1 'Z; states at 193 nm by a factor of 35. The above
discrepancy between the experimental and theoretical values indicates that other
loss mechanisms than the absorption between the 1 'Y and 2 'Y} states should
play a major part in the annihilation of VUV photons by the HgBr, molecules.
These absorption mechanisms include one-step ionization of HgBr from the C
and D states and two-step ionization of HgBr, from its ground state. The C and
D states of HgBr at 7.88 eV correlate with the 6°P,; metastable states of Hg
either via one-photon absorption and subsequent deexcitation to the 6°P, ; states:

HgBr(*I1,,, *T1y,) + hv(7.88 eV) — HgBr*(15.76 eV)
HgBr*(15.76 V) — Hg(6D, 7S) + Br(*P) 3)
Hg(6D, 7S) — Hg(6P) + hv

or through thermal dissociation according to
HgBr(’I1,;,, 6°Py ;) + kT — Hg(6°P,, 6°P,) + Br(*P) 4)

The energy gap between the [T, state of HgBr and the Hg(6°P,) state of mercury
is between 0.58 and 0.53 eV [122,123]. Therefore, at 300°C less than ~0.1% of
the population of the diatomic is thermally dissociating to the Hg(6°P,) + Br(*P)
atoms. The observed emissions at 404.6, 435.8, 407.8, 312, 313, 296, 365, 366,
and 254 nm are from the allowed dipole transitions from the 7S, 6D, and 6P
states of mercury
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Hg(7'Sy) — Hg(6%P,) + hv(407.8 nm)
Hg(73So) — Hg(6°P,) + hv(4358 nm)
Hg(7'Sy) — Hg(6°Py) + hv(404.6 nm)
Hg(6'D,) — Hg(6°P,) + Av(365.5 nm) 5)
Hg(6°D,) — Hg(6°P,)) + hv(312.6 nm)
Hg(6°D,) — Hg(6°P,) + Av(313.1 nm)
Hg(6°P,) — Hg(6'Sy) + hv(253.6 nm)
Hg(6°D,) — Hg(6°Py) + hv(296.0 nm)

The kinetic processes associated with the formation of Hg,(AO;) from 6°P;
and 6'S, states have been studied in detail [124]. Spectroscopy of the Hg, mole-
cule has been given by the work of Niefer et al. [125], Callear et al. [126], and
Drullinger et al. [127]. A collision between a metastable mercury atom 6°P, and
a ground state atom 6'S, can create the mercury dimer Hg, in its excited states
AOj;. Collision between a 6°P, mercury atom and a 6'S, ground state atom can
form a mercury dimer either in the AO; state or in the DI, state, depending on
the thermal energy available. The AO; states 2800 cm™' below the optically
active DI, state either can act as an energy reservoir for the formation of the Hg;
cluster or can thermally populate the DI, state of Hg,, which gives the 335 nm
band through de-excitation to the dissociative ground state.

Hg(6°P;) + Hg(6'Sy) — Hg,(AO;)
Hg(6°Py) + Hg(6'S,) — Hg,(AOy)
— Hg,(D1,)
Hg(AO;) + kT(0.34 eV) — Hg,(Dl,)
Hg(Dl,) — 2Hg(6'S,) + Av(335 nm)
The spectral lines detected in the region between 410 and 426 nm originate
from the de-excitation of the Hg,(Pl,) Rydberg state to the AO, state.
The Hg,(Pl,) state is created through a collision between an Hg(73S,) atom
with a ground state atom Hg(6'S,)
Hg(7°S)) + Hg(6'S,) — Hg,(PL,)
Hg,(Pl,) = Hg,(AO;) + hv(410-426 nm)
This de-excitation channel is another pathway of populating the reservoir of the
AOj; states.
The 335 nm band is much narrower than the one previously reported from
electric discharges [128]. Transition from the 6°D, , manifold to the 6°P, state

is located at 313 nm. Transitions from the same 6°D, ;3 manifold to the 6°P,
state were recorded as well. Two new progressions of lines at 349 nm, 353 nm,
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and 357 nm, and at 371 nm, 375 nm, and 380 nm had been observed. The first
manifold has been observed previously in HgBr discharges and was attributed
to the presence of N,. However, the spectra have been recorded alongside of and
sideways to the laser beam and the presence of N, should be excluded from our
laser system.

The intensity of these spectral lines varies with temperature (they are very
intense above 250°C). Their temporal behavior suggests that they are transitions
from excited states of the Hg, cluster formed by the highly excited states to Hg
without attempting any assignments. The dependence of the intensity of mercury
lines at 404.6 nm and 366 nm on temperature, together with rate of formation
arguments, suggest that these lines might originate from emissions from the
highly excited states of Hg,: for example, (Hg(7'D,) + Hg(6'S,)) to lower ones.
As far as the progression of lines around 380 nm is concerned, there is a depen-
dence between the intensity of these lines and the intensity of mercury lines at
365 nm that originate from the 6°D manifold. The remaining part of the spectrum
between 385 and 400 nm consists of a series of lines. Temporal evolution of
these spectral lines suggests that they originate from transitions from the excitated
states of the mercury triatomic Hg;. Similar long-lived states have been observed
previously around 446 nm and have been attributed to the complex potential
surfaces of Hg;. The lifetime of excited states of the Hg, cluster is believed to
be short [129], and the long decay rates observed are attributed instead to clusters’
rates of formation in their excited states. This argument is also supported by the
temporal evolution of the 335 nm band. Therefore, considering that the rates of
formation are small, the long lifetimes could be attributed to Hg; clusters because
of the complicated structure of their potential surfaces. Strong perturbations pres-
ent in the Hg; molecule, alongside tunneling effects, could be the source of long
decay rates. The broad continuum in the blue-green region of the spectrum taken
in a mercury vapour column with maximum at 495 nm has been assigned to
emission from the Hg; molecules [127]. The same band has been observed previ-
ously by Cefalas et al. [107] by laser-induced fluorescence. Niefer et al. [125],
using selective excitation in mercury vapor, had assigned the observed absorption
between 415 and 510 nm to the presence of the mercury cluster Hg;. The side-
ways fluorescence of the 495 nm band between 480 nm and 510 nm indicates
some vibrational structure with a maximum at 494 nm. The formation of Hg,
originates from the collision of an Hg, molecule in its first excited state with an
Hg atom in its ground state, since the band is observed even without the use of
a buffer gas.

Hg,(AO;) + Hg(6'S,) — Hg¥(AO;)
— Hg3(XO;) — 3Hg + hv(495 nm band) (6)

The emitted radiation at 495 nm is highly directional and concentrated. Its super-
fluorescence nature [107] was manifested by the appearance of blue—green spots
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on a screen even 50 cm away from the fluorescence cell. Similar kinds of blue—
green spots have been observed by Shingenari et al. {130] at 404 and 407 nm
during the photodissociation of HgBr, at 193 nm. The appearance of these spots
suggests that at 495 nm the gain exceeds the absorption for this excitation scheme.
The blue—green spots do not appear on a regular basis, indicating that thermal
gradients inside the heat pipe oven might cause strong refractive index variations.
For excitation schemes that involve electrical discharges or selective excitation
of mercury atomic levels at high temperatures, extension of the band towards
the red is due to the formation of mercury clusters Hg,(n > 3).

VI. BISTATE QUANTUM SWITCHING IN MERCURY
TRIATOMIC CLUSTERS

Quantum beats with a period from 25 to 100 ns have been observed in mercury
triatomic clusters following de-excitation from excited electronic states of volca-
nic shape to the ground electronic state (Fig. 5). Observation of the quantum
beats can be explained if we assume that the dynamic surface of the Hg; cluster
has a symmetry of a double well. This is true for a large number of X; systems,
including Cu; [131], Na; [132], P53, Ass, Sb; Bis [133] Cas, and Sc; [134]. Forma-
tion of the Hg; clusters was also observed by optical spectroscopy by J. Koperski
et al. [135].

Because the vibrational and the electronic parts of the total wavefunctions
are not any longer separable for the Hg; molecular system, the excited electronic
states have a complex volcanic structure. The presence of potential energy barri-
ers is the source of tunneling effects of the optical electron. In the simplest case,
potential energy barriers exhibit saddle points with double minima. A double
barrier can exhibit resonances where total transmission of electrons is taking
place even for energies below the height of the potential barrier. This accounts
for zero dispersion of the particle wave packet. It is responsible for the observed
long duration of the quantum beats because the molecule oscillates, trapped be-
tween a symmetrical and an antisymmetrical wavefunction without any reflection
losses. The presence of the double minima causes splitting of vibrational eigen-
functions in a symmetrical and an antisymmetrical component. The reason is the
introduction of an additional translational symmetry in the total Hamiltonian of
the system [136]. The amount of the energy split between the two parts depends
on the molecular parameters and energy separation of the optical electron from
the top of the potential barrier (Fig. 6). Energy splitting is related to the beat
period. Hence the period of the quantum beat depends on the electron energy
relative to the top of the barrier. It increases with increased energy separation
from the top of the double barrier because total transmission probability of the
optical electron through the energy potential barrier depends on its energy separa-
tion from the top of the potential barrier as well. The potential barrier over which
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Figure 5 a. Mode competition at 445 nm. b. Mode competition at 446.9 nm.

quantum beats were observed was found to be 0.05 eV deep [137]. As a result,
selective excitation in Hg; clusters could modulate the period of the quantum
beat and the electron transmission probability through the potential barrier of the
excited electronic states. This process simulates the switching function of a quan-
tum transistor with its gate driven by light.

Double-charged Hg; clusters following the photodissociation of the HgBr,
were observed using the mass spectroscopic technique. The parent HgBr, was
expanded from a molecular beam apparatus, after being heated in the molecular
beam chamber. Parent molecules were crossed with the F, molecular laser fo-
cused in the molecular beam with a MgF, lens with focal length of 20 mm (Fig.
7). The Hg; clusters were formed according to the mechanism described previ-
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Figure 6 Potential energy surface for the 445 nm band. Symmetry splitting is indicated.
Optical transitions are taking place between the excited and ground electronic states of
the mercury trimer.

ously, in their excited electronic states and were observed with the quadruple
mass spectrometer (Fig. 8). Double-charged triatomic mercury clusters were the
smallest ever observed (Fig. 7). Berchignac at al. [77], using a different experi-
mental technique, observed double-charged mercury clusters containing up to
five atoms of mercury. The theoretical calculations performed by Tomanek [67]
give for the number n in Hg2" the value of 300; Jentsh et al. found n = 8 [68],
and Sattler et al. found n = 9 [80].

To interpret the observed quantum beats and make the proper assignments,

Figure 7 Geometry of detection of trimer mercury clusters. Direction of the laser light
is perpendicular to the direction of the molecular beam and quadrupole mass filter.
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a simple formula was derived that relates the experimentally measured splitting
of the vibrational levels of the excited triatomic molecule to the shape of the
potential surfaces showing double minima. The presence of the double minima
imposes translational symmetry in the potential energy surfaces. We will consider
the simplest case: the potential energy surface is symmetrical with respect to an
axis that passes from the point equidistant from the two minima (Fig. 6). For the
sake of simplicity, we will consider only one dimension x. The symmetry of the
potential surface implies the relation

Ux + a) = Ukx) @)

where a is the distance between the two minima of the potential surface U(x).

Therefore we can introduce the translation operator T(a), which translates
the space coordinate of a point at x by a distance a, and for a wave function ¥ (x)
we have

T@y® = y(x + a) ®)
Expanding y(x + a) in a Taylor series around the point x we have

y(x +a) = Z i%a'" = (20: r—’lz—!a'"V'")w(x) = T@yx) 9
and the translation operator T(a) is of the form

T(a) = exp(aV) (10
The action of the translational operator on the potential function is of the form

T@Ux) = Ulx + a) = UX) an
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Figure 8 Mass spectrum of mercury doubly ionized trimer clusters.
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Using the relationship above it is easy to see that the translation operator com-
mutes with the potential energy of the system and the kinetic part of the Hamilto-
nian H, where

"
2m dx?*

A= - + Ux) (12)

Therefore the translational operator commutes with the Hamiltonian of the system
and the operators H and T(a) have the same set of wave functions, Y(x).

Suppose now that the eigenfunction y(x) of the translation operator T(a)
corresponds to the eigenvalue T'(a)

T(@yx) = T(@)yx) (13)
We can prove easily that
T™(a) = T(ma) (14)

and if we write T(a) in the form

T(a) = exp(i9p(a)) (15)
it can be proved that

0(a) = ka (16)

T(a)y(x) = exp(ika)y(x) = y(x + a) an

y(x + a) = exp(ika)y(x)

Therefore the eigenfunctions y(x) of the Hamiltonian and the translation operator
obey the so-called translation property of Eq. (17) (Bloch equations). The zero-
order approximation now of the wave function y(x), Yo(x) enables the calculation
of the energy eigenvalues of Eq. (12) to the first order.

- n d?

B = T om it + U) [yolx) = Eyo(x) (18)
where the subscripts 0 and 1 refer to the zero and first-order approximations for
the wave function and the energy. From Eq. (18) we find

_ T @l=@2m)(d*dx*) + U)]lye(x)dx
[ Wi wo(x)dx

E, (19)

The potential function can be expanded now around x in a Taylor series

Ux) = Z U.(x)exp(ika) (20)
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Therefore Eq. (19) becomes

2 2
=1] vy} (x)[ ™ sz Z U.(x) CXP(ika)]\Vo(x)dx (21)
where
= ([ w0 yo(x)dx}™!
Now we have
= I{I\Vo (X)[—— —+ z U, (x)exp(ika’) + U (x)exp(lka)]\uo(x)dx} (22)

taking into account the translational properties of the potential function U(x) and
the wave function y(x) Eq. (17), we have

2 2
E, = I{J \va"(x)[—ﬁ—d— + Z Usx —a )]\uo(x)dx
+ Ux — a) J\Va"(x)\lfo(x)dX}
7i d2 , , .
{f L% (x)[ o A Z Us(x — a )]\vo(x — a’)exp(ika)dx
+ Ux — a) Jwa“(x)wc(x)dx} (23)

= E, + F(a, k)exp(ika)
where we have denoted
E,=U(x — a)

and

F(a, k) = I{J Wk (x)[—— = Z Usx—a — a)]\yo(x - a)dx} (24)

The last integral describes the exchange of energy between the two parts of the
barrier: right of the symmetry axis where the wave function is y,(x) and left of
the symmetry axis where the wave function is Yy(x — a).

The energy E, therefore depends quasicontinuously on the wave vector k
and its real part changes from E| ., to E; .. as k changes:
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E, = E,+ F(a, k)cos(ka)
Eimin = E, + F(a, k) (25)
Eiwmx = E, + F(a, k)

Hence the amount of the energy splitting as the particle moves through the double

barrier is AE = 2F(ak). The mass of the cluster m is related to the energy E,
through the equation

L1 aE
" l;dT 20
and therefore
2
-1 = 12 Z:; - %cos(ka) 27)

For a heavy particle like the triatomic mercury trimer, we do not expect the
exchange integral to change a great deal with the wave vector k. Therefore, Eq.
(27) becomes

2h?

= e 28
AEa*cos(ka) @8

Equation 28 is our final result and relates the energy-splitting AE of the
vibrational levels to the mass (m) of the triatomic and the distance (a) between
the two minima of the potential surface. The observed period of the quantum
beats (Fig. 9) is related to the energy-splitting AE of the vibrational levels by

Intensity I,

time

Figure 9 Time evolution of transitions between excited and ground electronic states of
mercury trimer.
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Table 1 Period T of Quantum Beats for the Three Emission
Bands of Mercury Triatomic Cluster

Band A (nm) Emission A (nm) Q B Period T (ns)
385 385, 387, 389 75, 50, 25

445 445, 447, 449, 451, 453 100, 75, 50, 25

485 482, 485, 488 300, 100, 75, 50, 25

The second column shows the wavelength of emission from different vibronic
levels.

the uncertainty relation AE AT = h. For a typical beat distance of 75 ns, AE =
5 X 107% eV. From Eq. 28 we find that this value corresponds to a distance a
between the minima of the potential surface of 0.2 nm for k = 53 X 10" m™".

A formula that relates the molecular parameters to the amount of splitting
AE is given by

B
AE = AE"exp(—J |k|dx) (29)
T -B
where B is the distance between two turning points (Fig. 6), AE, the energy
difference between two neighboring vibronic levels near the top of the barrier,
and k is the wave vector related to the reduced cluster mass and it is given by
k = 2m/hw* (E — U))". (E — U) is the distance of a vibronic level from the top
of the barrier. Eq. (29) can be used to test the validity of our approximations,
which have been derived from Eq. (28).

From spectroscopic data the energy difference between two neighboring
vibrational levels is 0.04 eV. Hence, the first vibronic level below the top of the
potential barrier will be situated below the top of the barrier at the most by the
same amount of energy of 0.04 eV. Therefore, the wave vector k associated with
the vibronic level near the top of the potential barrier is ~3.6 X 10" m™'. For
a splitting AE of 5 X 107 eV, the distance 2 is estimated to be 0.02 nm and
the distance o between the two minima is 0.2 nm. The period of the observed
quantum beats for the three emission bands is indicated in Table 1. Fourier trans-
form analysis of the signals indicates multiple frequencies over the same vibra-
tional level. This is due to the fact that the potential energy surfaces are not
symmetrical in space. Quantum beats are observed only for the vibrational levels
indicated in Table 1 because symmetry splitting and tunneling is taking place
only for those levels close to the top of the potential barrier, in agreement with
the theoretical model. The transmission coefficient T of a particle for a double


file:///k/dx/
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barrier described by the U,cosh™%(x/2P) dependence in a region near its top is
given by the equation

N sinh?(2mkp)
T=— (30)
sinh2(2mkP) + cosh?['AmN32mUm B2 — 1]

From Eq. (30) if 1 — 32mU,n*B* = (2n + 1)?, then the transmission
coefficient is equal to 1. In this case the particle is transmitted through the barrier
with zero reflection losses. For n = 1, Uy = 107 €V, in agreement with our
experimental results regarding the high of the potential barrier over which beat
oscillations were observed. The process simulates the switching properties of a
molecular transistor with its gate driven by light.
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