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The supersonic free-jet expansion technique is being used in different fields of research in physics,
and physical chemistry to study vibrational and rotational molecular structures in ground and
excited electronic energy states. The supersonic beam technique exploits a source of monokinetic,
rotationally and vibrationally cold van der Waals (vdW) molecules that are very weakly bound in
their ground electronic states. In this article we review experiments at the Jagiellonian University
in Kraków (Poland) in which the supersonic free-jet beam serves as a source of ground-state vdW
molecules in studies of neutral–neutral interactions between 12-group metal (Me = Zn, Cd, Hg)
and 18-group noble gas (Ng = He, Ne, Ar, Kr, Xe) atoms. The experiments lead to determination
of spectroscopical characteristics and interatomic potentials of MeNg and Me2 molecules,
allowing determination of distinct trends in the Me–Ng and Me–Me interactions in different regions
of internuclear separation. The determined interatomic potentials are also used in designing
mechanisms of internal vibrational cooling of molecules photoassociated in magneto-optical traps.
Recently, versatility of supersonic beams is confirmed in quantum information where the technique
is planned to be used to create pairs of entangled atoms in experiments dedicated for testing of
Bell’s inequality for atoms. A purpose of the experiment – which is in a preparational stage in
our laboratory – is to create pairs of entangled cadmium atoms with regard to their nuclear spin
orientations. It is planned to be achieved in supersonic molecular beams of cadmium dimers using
two dye-laser pulses and stimulated Raman process leading to a controlled photodissociation of
the molecule.
Keywords: supersonic free-jet expansion, cooling of molecules, van der Waals molecules, interatomic
potentials, covalent admixture, dissociation energy, bond length, vibrational energy,
rotational energy, entanglement of atoms, Bell inequality.

1. Introduction
The van der Waals (vdW) forces [1] are responsible for many phenomena such as
atom–surface interaction, diffusion, adsorption, adhesion, liquids flow, solvolysis,
and viscosity. They dominate in liquids, molecular crystals, polymers and biological
systems resulting in their structural properties, for example, they play a fundamental
role in the stability and conformation of biomolecules such as DNA and RNA, proteins
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and their complexes. The vdW forces are important from the point of view of searching
for new technologies (they allow condensing gases as well as permitting, e.g., to use
graphite as a lubricant) or for new materials, e.g., so-called gecko-tapes [2]. The properties of small vdW clusters, of which dimers are the simplest prototypes, are of current
interest with an eye towards the understanding forces that hold liquids and solids
together as well as transition of molecular properties to bulk metal properties [3, 4].
Consequently, these are the vdW dimers that are of current interest. They represent
a unique class of simple heteronuclear and homonuclear diatomic species with very
small (10–1000 cm–1) dissociation energies, thus filling some of the last gaps in
a periodic table of dimers [5]. Experimental determination of the unusual vdW nature
of these species provides a good test for theoretical formulations [6] which aid our
understanding of simple models as well as phenomenological regularities that govern
the long-range dispersion forces (i.e., London–Drude theory [7, 8], Slater–Kirkwood [9]
and Kramer–Herschbach [10] models, or Liuti–Pirani [11] and Tang–Toennies [12]
regularities). Determination and understanding of simple vdW forces mechanism in
elementary diatoms enable to build a picture of binding in larger complexes of this
type (e.g., [13–15]). This bridges the gap between the vdW molecules and clusters.
The electronic properties of excimers and exciplexes allow a relatively easy production
of population inversions, thus making them likely candidates for laser media [16, 17].
In different branches of atomic and molecular physics there is rapidly growing interest
in long-range forces acting between atoms which interact in a variety of traps,
experiments of matter-wave interferometry, photoassociation of cold molecules [18],
quantum degeneracy, quantum entanglement from dissociation of diatomic molecules
[19, 20], and internal vibrational cooling of molecules [21]. Recently, the interest in
highly-excited (Rydberg) molecular electronic states has been revived in the context
of two- and three-step photoassociation processes in magneto-optical traps [22, 23].
Knowledge of the complex shape of the Rydberg-state interatomic potential allows
designing the photoassociation schemes for molecules and makes the cooling
processes highly efficient.
The London dispersion vdW-type interaction* acts between two induced electric
dipole moments created in, e.g., two neutral atoms, and dominates the long-range
tail of diatomic molecular potential if the two atoms forming the molecule are
in S electronic energy state (e.g., Me(n1S0) + Me(n1S0)). If the atoms are sufficiently
far apart that their electron clouds overlap is negligible, the interatomic potential in
the long-range region can be written as:
U ( R ) = De –
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The other two vdW-type interactions, i.e., Keesom and Debye, are those acting between two permanent
electric dipole moments, and between permanent and induced dipole moments, respectively.
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where De is the dissociation energy limit. For large R, one power of R will usually
dominate and the potential can be approximated as U (R ) = De – Cm /Rm, where m is in
general not an integer, and m = 6 for pure vdW interaction (m = 8 for dipole–quadrupole, m = 10 for quadrupole–quadrupole and dipole–octupole, etc., interactions).
Although at large R only the leading term makes a substantial contribution to the attractive energy, at smaller R near to equilibrium internuclear separation Re, it is found [24]
that the higher order terms may contribute as much as 20% of the total dispersion
energy.
The interaction of closed-shell (neutral) metal (Me) or noble gas (Ng) atom with
ground- or electronically excited-state Me atom is an example of vdW interaction, and
it has been an important area of study in our laboratory [25– 42]. The studied complexes
consist of 12-group Me (Zn, Cd, Hg) homoatomic Me2 as well as 12-group and
18-group Ng (He, Ne, Ar, Kr, Xe) heteroatomic MeNg complexes. Determination of
accurate interatomic potentials for specific Me2 or MeNg ground and excited-state
interactions in different regions of internuclear separation is important to broaden our
knowledge about these basic interactions. A special emphasis has been placed on
searching for an evidence of a covalent admixture to the vdW bonding [43] as well as
explaining irregularities (i.e., double-well potentials, potential barriers) in the excited-state interatomic potentials. The experimentally derived interatomic potentials are
frequently confronted against results of ab initio calculations.

2. Experimental method
2.1. Supersonic free-jet expansion
Over the past several decades physicists have learned to translationally cool atoms to
very low temperatures using properly arranged laser beams coupled to closed resonance transitions. The payoffs have included atom interferometry, precision spectroscopy, atomic Bose–Einstein condensates (BEC), beams of coherent matter (so-called
atom lasers) and studies of the interactions between ultra-cold atoms (cold and ultra-cold for atoms or molecules at Tt < 1 K and Tt < 1 mK, respectively [44], where Tt is
a translational temperature). The obvious next step would be an extension of the approach to more complex objects–molecules. Unfortunately, the same approach does
not work due to the multitude of fluorescence paths via ro-vibrational bound–bound
as well as bound–free transitions that are available after a selective ro-vibrational
excitation in a molecule. This obstacle has led to a growth in the number of methods
to not only achieve an effective translational cooling of molecules but to also provide
control over rotational and vibrational degrees of freedom.
Supersonic free-jet expansion technique is a widely used method in laser
spectroscopy of molecules. The method has been engaged in different fields of
research in physics, chemistry and in both physical chemistry and chemical physics.
The supersonic expansion technique provides a source of rotationally and
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Fig. 1. Schematic cross-section of a supersonic free-jet expansion beam. P0, T0, n0 – pressure, temperature,
and density of expanding species in the source, respectively; D – diameter of the orifice; P1 – background
pressure (P1 << P0). Arrows show the thermal and ordered movement of expanding species behind and
downstream from the nozzle, respectively. Translational v| | and transverse v⊥ components of the resulting
velocity v of the expanding species are shown. Thanks to the adiabatic process in the orifice, along
the expansion a narrowing of the translational velocity distribution N(v| | ) occurs relatively to the modified
Maxwell distribution N(v| | ) ∝ exp[–m(v| | – u)2/2kT| | ], where u and m are the mean translational velocity
of the gas in the beam and the mass of the expanding species. Beams discussed here are supersonic
free-jet expansion beams in which the expanded medium leaves the reservoir through an orifice and
undergoes wall-free expansion into the vacuum; another category is the supersonic nozzle expansion beam
in which a conically shaped aperture – a skimmer, shown for reference – eliminates jet boundaries and
leaves only a central well defined part of the beam. The molecular beam apparatus with supersonic
nozzle expansion is presently developed in our laboratory (see Section 2.3).

vibrationally cold molecules, which are very weakly bound in their ground electronic
states (e.g., CdHe dissociation energy D''e = 14.2 cm–1 [26]). Moreover, in a certain
part of the expansion called zone of silence the molecules can be treated as isolated
objects that are travelling in the beam without collisions.
When a gas of Me atoms and Me2 molecules mixed with a carrier Ng* expands
freely from a high-pressure region (P0) through a small orifice with diameter D into
the vacuum (P1) (refer to Fig. 1 and to [21]), an adiabatic cooling of the internal energy
occurs. During the process, the thermal energy of the molecules in the source is
partly transferred into the expansion energy. In the source, the thermal energy is
comprised of translational, vibrational and rotational energies (temperatures), and
T0 = (T| | = T⊥ ) = Tν = Tr , where T0 is the temperature in the source, T| | and T⊥ are
translational and transverse temperatures, and Tν and Tr are vibrational and rotational
temperatures in the beam, respectively. The energy transfer takes place in the orifice
at densities where the collision probability is very high and λ 0 << D, where λ0 is a mean
free path of the expanding gas. The degree of cooling depends on the number of
*
Here one considers two-component supersonic beams in which a special class is represented by seeded
molecular beams (the seeded gas, e.g., Me vapor, has a much smaller density number than the Ng carrier
at P0, i.e., nMe << nNg).
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collisions during the expansion, which is proportional to n0 D, where n0 is the density
of the expanding species in the source and its orifice [45]. In the expansion,
the translational cooling (monokinetization, i.e., narrowing of the translational velocity
distribution N(v| |)) is more effective than the rotational or vibrational cooling, and
after the adiabatic expansion T⊥ < T| | < Tr < Tν . Terminal translational temperature,
T| | ∞, in the free-jet beam can be estimated using formula which was derived for Ar as
the carrier gas [46]:
T0
T ||∞ ≈ -------------------------------------------------0.8
1 + 5896 ( P 0 D )

(2)

where T0, P0 and D are expressed in K, atm and cm, respectively. For typical conditions
of the continuous free-jet expansion in experiments in our laboratory (T0 = 900 K,
P0(Ar) = 11 atm, D = 0.02 cm) one can approximate T| | ∞ ≈ 510 mK. Usually, one
assumes Tr ≈ T| | ∞ and Tν as about one order of magnitude higher that Tr [25]. It was
reported that in the central part of the expansion T| | can decrease to 1–30 mK,
particularly when He is used as a carrier gas [45]; T⊥ can even decrease to 0.5–10 mK.
The results presented here were obtained using continuous (Me = Cd or Zn seeded
in Ng = Ne, Ar, Kr or Xe) supersonic free-jet beam. Typical Tr and Tν attainable in
the beam were estimated to be 0.5–3 K and 5–30 K, respectively.
2.2. Laser spectroscopy in supersonic beam
Laser-induced excitation spectra are produced by scanning the laser frequency over
the structure of the excited electronic energy state (isotopic, vibrational, rotational)
while recording the total fluorescence signal. Using the supersonic free-jet expansion
one simplifies the spectra as the excitation starts mostly from the lowest
vibrational and rotational levels of the ground electronic energy state. Using excitation
spectra, the energy structure in the excited-state bound well can be investigated
(bound ← bound transitions) even up to the dissociation limit if allowed by
the “Franck–Condon (F-C) window” for the excitation (see [27, 29, 30, 33, 39, 40]).
In some cases (free ← bound transitions) permit determination of a shape of
the repulsive part in the excited-state potential (see [28, 34, 36]) as well as position
and shape of the excited-state potential barrier (see [31, 35, 41]).
Laser-induced fluorescence spectra (called also dispersed emission spectra),
which occur after a selective excitation of a ro-vibrational level in the excited state,
may terminate at different parts of the ground-state interatomic potential. From one
point of view (bound → free transitions), it makes possible an accurate determination
of steepness of the ground-state repulsive part and, consequently, it allows description
of a short-range interaction between atoms constituting the molecule providing possibility for estimation of a covalent admixture to the ground-state vdW bonding [26].
Characterization of such a kind has been performed in our laboratory for a number of
complexes such as Cd2 [27, 31], as well as ZnNe, ZnAr and ZnKr [38]. From the other
side (bound → bound transitions), using dispersed emission spectra, the energy struc-
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ture in the ground-state bound well can also be investigated extending the ground-state
characterization well above the lowest ro-vibrational levels. Using this approach,
the vibrational structure of the ground state of Cd2 [39], Zn2 [42] and ZnNg [38] has
been studied.
2.3. New experimental set-up at the Jagiellonian University
The experimental set-up that was previously used in our laboratory consisted of
a vacuum expansion chamber equipped with continuously operated stainless-steel (or
molybdenum) high-temperature supersonic free-jet beam source. The set-up was
described earlier in a number of articles [25– 42] and was extensively used over fifteen
years. In order to make an improvement and to alter the set-up (to meet our present
requirements for the proposed experiment (i.e., generation of entangled atoms from
diatomic molecules [41])), new complex apparatus consisting of four vacuum
chambers was built [47]. It accommodates specifically designed high-temperature
pulsed stainless-steel beam source. The quality of the expansion was improved by
placing a skimmer between the chamber with the beam source and that devoted to
molecular spectroscopy and production of entangled atoms.
Excitation and fluorescence spectra were produced using a number of pulsed
lasers, mainly Nd:YAG-pumped dye lasers, with spectral bandwidth varying between
0.05 cm–1 and 1 cm–1. The dye lasers were equipped with frequency doubling
generators in order to provide the excitation radiation in the UV spectral region.
After excitation the total fluorescence signal was recorded using photomultiplier
tubes (PMT) (e.g., [28–30, 33, 34, 36, 37, 40, 41]). Analysis of the fluorescence spectra
was performed using various wavelength-scanned monochromators (e.g., [27, 35]) or
spectrographs (e.g., [38, 39]) equipped with PMT or CCD camera, respectively. In
the case of the fluorescence spectra the spectral resolution of the detection system
approached 1 cm–1 or 13 cm–1, respectively, and in certain cases did allow resolving
the bound → bound transitions (e.g., [39]).

3. Spectra
3.1. Excitation spectra
Laser induced fluorescence (LIF) excitation spectrum is shown in Fig. 2. It presents
rotational profile of the 228Cd 2 isotopologue in (ν ', ν '' ) = (26, 0) vibrational band of
the A 1 0 +u ( 5 1P1 ) ← X 1 0 +g transition. The profile is simulated assuming full isotopic
composition of the 228Cd 2 isotopologue. The simulation allowed first-time
determination of the B'e ( A 1 0 +u ) = 0.040(2) cm–1 and B''e = 0.0209(5) cm–1 rotational
constants, and the R'e ( A0 +u ) = 2.71(7) Å and R''e = 3.76(4) Å bond lengths of the excited and ground states, respectively. Moreover, the obtained absolute value for
Cd2 ground-state bond length was smaller than the R''e = 4.58 Å predicted from a pure
vdW interaction but closer to the ab initio values R''e = 3.98 Å [27] and 3.915 Å [49].
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Fig. 2. Rotational profile of 228Cd 2 isotopologue recorded in (ν ', ν '' ) = (26, 0) vibrational band of
the A0 +u ( 5 1P1 ) ← X 0 +g ( 5 1S0 ) transition. (b) Experimental trace; (c) computer simulated [48] profile
obtained as a result of convolution of every rotational transition with a Voigt function; in the simulations
Δlas ≈ 0.08 cm–1, ΔDopp ≈ 0.12 cm–1 and rotational temperature Tr = 13 K were assumed; (d) P-branch
(blue bars) and R-branch (red bars) of the (114Cd)2 isotopologue; P- and R-branches of the 112Cd 116Cd
isotopologue (grey bars). (a) Fringes recorded using a Fabry–Perot etalon (FSR = 0.2 cm–1) for
a fundamental dye-laser frequency.

Our result indicates that the hypothesis of a covalent admixture is plausible.
Consequently, the ground-state bonding in group-12 Me2 molecules (particularly in
Cd2 but also in Hg2 [51]) cannot be described as pure vdW interaction.
3.2. Dispersed emission spectra
Laser induced fluorescence (LIF) dispersed emission spectrum is shown in Fig. 3.
It presents characteristic Condon internal diffraction (CID) pattern recorded for
ZnKr using the C 1Π 1 ( 4 1P1 ) → X 1Σ 0+( 4 1S0 ) transition after a selective excitation of
the ν ' = 19 level. The simple oscillatory pattern suggests their reflection rather than
interference structure [52]. The CID pattern continues into the bound → bound part of
the spectrum (most short-wavelength part of trace b) in the form of the F-C factors
envelope of the discrete transitions. The experimental profiles are result of integration
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Fig. 3. LIF dispersed emission spectrum of ZnKr recorded using the C 1Π 1 ( 4 1P1 ) → X 1Σ 0+( 4 1S0 )
transition after a selective excitation of the ν ' = 19 level. (a) Gross and (b) most short-wavelength part
of the spectrum recorded with 100 cm–1 and 30 cm–1 spectral resolution, respectively. (c) Simulation [50]
of the bound → free part (blue line) performed with an assumption that the C 1Π1 and repulsive part of
1
the X Σ 0+ state potentials are represented with Morse and Maitland–Smith M-S(n0 = 9.09, n1 = 7.81) [26]
functions, respectively (amplitudes of the first five bound → free maxima were saturated). Simulated
most short-wavelength part of the spectrum, includes (c) as above (blue line), and (d) bound → bound
transitions (F-C factors represented with red vertical lines). The individual F-C factors corresponding to
the ν ' = 19 → ν '' vibrational transitions were convoluted with a Gaussian function (FWHM = 30 cm–1)
representing the spectrograph throughput. (e) and (f ) pictures from a CCD camera corresponding to (a)
and (b), respectively, showing a shape of the ν ' = 19 wave-function squared.

of a signal extracted from the CCD camera images (traces (e) and (f ), respectively),
showing a shape of the ν ' = 19 vibrational wave-function squared – real snapshots from
the molecular quantum world. The number of maxima in the spectrum is equal to ν ' + 1,
which is frequently used to corroborate the assignment in the C 1Π 1 ← X 1Σ 0+ , ν '' = 0
excitation spectrum reported in [34]. Due to the limited resolution of the detection
system it was not possible to resolve the ν ' → ν '' bound–bound transitions (shown in
Fig. 3d with red vertical lines). Increasing to higher ν '' values and passing through
the X 1Σ 0+ state dissociation limit, the unresolved ν ' → ν '' components smoothly transform into the continuous spectra of the bound → free transitions, forming the gross
CID pattern. The main objective of the investigation was determination of the repulsive
part of the X 1Σ 0+ -state potential of ZnKr. The best was the representation using
a Maitland–Smith, M-S(n0, n1), function [26] which is a Lennard–Jones, L-J (n – 6)
potential, with the parameter n being a function of R, ñ = n0 + n1(R/Re'' – 1).
The M-S(n0, n1) potential was successfully applied to represent the ground-state
interatomic potential the ZnAr, CdAr, HgAr, CdKr and HgKr [25].
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4. Interatomic potentials
4.1. Excited-state potentials
One of the objectives of the studies performed in Kraków’s group was explanation of
irregularities (i.e., double-well potentials, potential barriers) in the excited state
interatomic potentials. It was achieved by recording, analyzing and simulating
bound ← bound and free ← bound LIF excitation spectra for the CdKr [53], Cd2 [35]
and CdNg (Ng = Ne, Ar, Kr) [54–56] molecules and determining the double-well
structure of the B31(53P1), B11u(51P1) and E 3Σ 1+( 6 3S1 ) potentials, respectively. In
case of the E 3Σ 1+ Rydberg-state potentials, the excitation was achieved using
the optical–optical double resonance method via two A30+(53P1) and B31(53P1)
intermediate electronic states with considerably different R'e (i.e., R'e (A 3 0+) <
< R'e (B31)) to explore in a relatively large interval of R in the complex structure of
the E 3Σ 1+ -state potential. In case of the B31 and B11u potentials of CdKr and Cd2,
respectively, in order to define accurate potential energy curves, an inverted
perturbation approach (IPA) method [57] was applied to the experimentally measured
energies of vibrational levels in different isotopologues (see Fig. 4).
4.2. Ground-state potentials
The postulated covalent admixture to the ground-state vdW bonding (see Sections 1.1
and 2.2) can have impact on the magnitude of the bond length. For 12-group
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Fig. 4. The double-well B 31(53P1)-state potential of CdKr (full circles approximated with spline
function (solid line)) found as a result of calculation based on the inverted perturbation approach (IPA)
method [57] using energies recorded in the experiment as input data. (a) Energies of the vibrational
levels recorded in the experiment and (b) eigenvalues generated for finally obtained B 31-state potential.
Positions of outer and inner minima, Eout = 109.2 cm–1, Rout = 4.70 Å, Ein = 96.8 cm–1, Rin = 3.36 Å,
and potential barrier, Eb = 77.6 cm–1, Rb = 3.89 Å, are shown.
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homoatomic dimers (Hg2, Zn2, Cd2), values of R''e calculated from the pure London
dispersion relation described with Eq. (1) increase (4.01 Å, 4.35 Å, 4.58 Å,
respectively) as static dipole polarizability α M increases (5.02 Å3, 5.75 Å3, 7.36 Å3,
respectively) and are evidently larger than those obtained from ab initio calculations
of DOLG and co-workers (3.73 Å, 3.88 Å, 4.05 Å, respectively) [58, 59] in which it
was explicitly assumed that one-fourth of the ground-state bonding is a non-dispersion-like covalent bonding. The experimental values (3.654 Å [51], 4.19 Å [29],
3.76 Å [33], respectively), except that for Zn2, seem to confirm the character of
the bonding. However, only those for Hg2 [51] and Cd2 [33] were determined using
low-resolution rotational spectroscopy. The ground-state bond length for Zn2 was only
investigated in an experiment with vibrational resolution [29].

5. Applications
5.1. Photoassociation, vibrational cooling and E-P-R experiment
An internal vibrational cooling is a process that can occur in a molecule by employing
the ν ' ↔ ν '' transitions between two electronic energy states for which Δ Re is very
small. Such a situation occurs for the F 3 0 +u ( 5 3P1 ) ↔ X 1 0 +g transition in Hg2.
The transition was extensively studied [60] and constitutes the basis of so-called
Walther’s scheme [61]. The molecule-forming process starts upon a collision of two
trapped ground-state Hg atoms. Due to the 253.7 nm laser they undergo a photoassociation (PA) transition into ν ' level in the F 3 0 +u state. A single-step PA process
leaves translationally cold molecule in rather high Tν and Tr , i.e., in relatively high
(ν '', J'' ) level. As determined in our laboratory [25], the F 3 0 +u ↔ X 1 0 +g bound–bound
transitions in Hg2 (which are centred at 254.1 nm) are strongly allowed, particularly
those with Δν = ν ' – ν '' = 0 because of the exceptionally small ΔRe = 0.030 ± 0.002 Å.
The cooling relies on decreasing the ν '' quantum number by continuous blue detuning
of the 254.1 nm laser, and successive acts of laser excitation (at Δν = –1 transitions)
and fluorescence (at Δν = 0 transitions that are favoured over those at Δν = –1 since
the former are characterized by approximately 10– 40 times larger F-C factors). In
addition, rotational heating does not occur during the process [21].
What is very important and deserves a great deal of attention is an investigation
of long range interaction potentials of the excited and ground states of Hg2 using
PA spectroscopy. Hg2 is important for testing new approaches to ab-initio calculations
due to the presence of relativistic effects and correlations. These measurements may
result in important input data for these models.
A sophisticated application of a supersonic expansion of dimers which is proposed
and currently realized in our laboratory is associated with fundamental tests of quantum
mechanics, i.e., test of Bell inequality for neutral atoms. In 1995, FRY et al. [62]
proposed a loophole-free experimental realization of Bohm’s spin-1/2 particle version
of the Einstein–Podolsky–Rosen (E-P-R) experiment for (199 Hg)2. In the proposal,
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photodissociation of a diatomic molecule is a critical initial step to create two atoms
in an entangled state. In our laboratory we follow the idea and extend the proposal for
the isotope of another 12-group atom, namely 111Cd. Two 111Cd atoms in the 5 1S0 state,
each with nuclear spin (I = 1/2), are produced in an entangled state with total nuclear
spin equal zero (Itot = 0). Such a state is obtained by dissociating the (111Cd)2
isotopologue produced in its X 1 0 +g ground state in a pulsed supersonic expansion
beam using two consecutive laser pulses at the A 1 0 +u ( 5 1P 1 ) ← X 1 0 +g bound–bound
(257.1 nm) and A 1 0 +u → X 1 0 +g free–bound (305.0 nm) transitions which constitute
the so-called stimulated Raman process. The measurement of nuclear spin correlations
between the two atoms in the entangled state is achieved by detection of the atoms
using a spin state selective two-photon excitation–ionization scheme via the measurement of the resulting (e – ) – (111Cd+ ) pairs [63]. The crucial aspect of the proposed
experiment is that the 111Cd atoms in a given pair are “born together” from one
(111Cd)2 molecule which was earlier produced in a supersonic expansion beam.
5.2. Gecko-tapes and waalbots
One of the examples of practical application that comes from the studies of vdW
interaction is that based on adhesive force acting between gecko foot and a surface. In
2000 AUTUMN and co-workers [64] measured for the first time the force acting between
a single hair (called seta) extracted from tokay gecko’s (Gekko gecko) foot and a glass
surface. A single seta of the tokay gecko is roughly 110 μm long and 4.2 μm wide.
Each of the seta’s branches ends in a thin, triangular spatula connected at its apex.
The end is about 0.2 μm long and 0.2 μm wide. AUTUMN and co-workers concluded
that each seta produces an average force of 20 μN. As the foot of a gecko has about
5000 setae per mm2, therefore it can produce 10 N of adhesive force with approximately 100 mm2 of surface area. Consequently, the measurements indicated that if
all setae were simultaneously and maximally attached, a single foot of a gecko could
produce 100 N of adhesive force.
Results of the studies contributed to the invention of so-called gecko-tapes.
In 2003 GEIM et al. [2] introduced a prototype of such a self-adhesive tape made by
microfabrication of dense arrays of flexible plastic (polymer polyimide) pillars on
a soft bonding substrate (scotch tape), the geometry of which is optimized to ensure
their collective adhesion. Their approach showed a way to manufacture self-cleaning,
re-attachable dry adhesives, however a problem related to their durability was not
resolved. Although, the new material is still in its development stage, the gecko-tapes
found its application in robotics [65] where Murphy and Sitti proposed a small-scale
agile wall-climbing gecko-footed robot (waalbot) which was able to climb on smooth
vertical surfaces using flat adhesive elastomer material (Vytaflex 10) for attachment.
Along with their second generations of waalbots [66] the authors introduced
autonomous adhesion recovery and a motion planning implementation which resulted
in the ability to navigate to a goal in complex three-dimensional environments and
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avoiding obstacles. The robots are intended for inspection and surveillance
applications, and ultimately, for space missions.
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