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Abstract
The supersonic free-jet expansion technique has been used in different fields
of research in physics, physical chemistry and chemistry to study vibrational
and rotational molecular structures in ground and excited electronic energy
states as well as in cold chemistry to study chemical reactions in a unique
environment. The supersonic beam technique, as a widely used method in
laser spectroscopy of molecules, exploits a source of monokinetic, rotationally
and vibrationally cold molecules, that are very weakly bound in their ground
electronic states (van der Waals molecules). In experiments at Jagiellonian
University the supersonic free-jet beam serves as a source of ground-state van
der Waals objects in studies of neutral–neutral interactions between group 12
metal (M = Zn, Cd, Hg) and noble gas (NG) atoms. Recently, the method has
been applied as a source of entangled 199Hg atom pairs in order to test Bell’s
inequality in an experiment at Texas A&M University.

1. Introduction

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 (BECs), 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 [1], 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
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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. There is no obvious way to efficiently decrease
translational as well as rotational and vibrational molecular internal motion using only one
method. Usually, whenever there is a lowered Tt, there are internal degrees of freedom
(i.e., vibrational Tυ and rotational Tr) that are still considerably large and vice versa; in fact,
ro-vibrationally cold molecules frequently travel with significant translational velocities.

In consideration of the translational cooling of molecules one has to mention five methods.
(i) Polar molecules, i.e., those with a permanent electric dipole moment d can interact with a
non-homogeneous electrostatic field and be translationally slowed down in a Stark decelerator
to a temperature Tt ≈ 350 mK (see the example of deuterated ammonia ND3 [2]). The
molecules can be further cooled and also trapped or stored in electric field traps (Tt ≈ 2 mK)
or electrostatic storage rings. (ii) Thermalization via elastic collisions in a cold buffer gas
and subsequent magnetic trapping between superconducting anti-Helmholtz magnet coils is
applicable for molecules with large magnetic dipole moment µ. For calcium monohydride
CaH, Weinstein et al [3] obtained Tt ≈ 400 mK. (iii) A very efficient method of photoassociation
(PA) of two previously cooled and trapped atoms and using one near-resonant photon gives
even lower Tt ∼ 100 µK. It was successfully realized for alkali homonuclear (e.g. [4–7]), other
homonuclear (H2, He2 and Ca2) (e.g. [8]) as well as heteronuclear (6Li7Li, 39K85Rb) (e.g. [9])
molecules. However, a one-photon PA scheme leaves translationally ultra-cold molecules in
rather high vibrational levels. Nevertheless, it was possible to design multi-photon schemes
that form molecules in lower vibrational levels [10]. (iv) The 87Rb atom pairs photoassociated
from BEC via a stimulated Raman process were cooled further by Wynar et al [11] down to
Tt ∼ 100 nK. (v) Ultra-cold molecules created from ultra-cold atoms via Feshbach resonances
in an external magnetic field. The molecules are produced by tuning the magnetic field over
the resonance in which the energies of the unbound state (the atomic pair) and of the molecular
state (the diatomic molecule) are equal. Molecules produced from fermionic atoms (binding
energy in the mK range) may exist for a long time (up to 1 s) [12] contrary to those created
from bosonic atoms which are quickly destroyed by collisions. The creation of ultra-cold
molecules via Feshbach resonances from BECs was demonstrated from bosonic (85Rb2 at
Tt = 150 nK [13] and 133Cs2 at Tt = 19 nK [14]) as well as from fermionic atoms (6Li2 in
υ ′′ = 38 ground-state vibrational level [15], 6Li2 at Tt = 2.5 µK [16] and 40K2 at Tt =
79 nK [17]).

Methods that lead to very efficient vibrational and rotational cooling of molecules, but
leave them in high Tt are (i) supersonic beams of HeN nanodroplets (at a temperature of
380 mK) are capable of capturing foreign molecules in flight and reducing their internal ro-
vibrational temperature down to 2–4 K due to He evaporation [18] and (ii) supersonic free-jet
expansion beams which provide a variety of diatomic and larger molecules cooled down to
Tυ = 500 mK and Tr = 30 mK [19]. Among the several advantages of supersonic free-jet
beams, two of them are unique: (a) the possibility of studying interactions between two
neutral and ro-vibrationally cold atoms that (because of low Tυ and Tr in the expansion) form
a so-called van der Waals (vdW) molecule in its ground electronic state [20] and (b) the
investigation of a variety of cold chemical reaction paths in experiments of crossed supersonic
beams [21–24].

One of the results of studies in supersonic free-jet beams are inter-atomic potentials of both
ground and excited electronic energy states that characterize the neutral–neutral interaction in
different regions of internuclear distances, R. The potentials, especially those determined for
long-range R (governed by vdW forces), are very important to the study of cold collisions, PA
processes and other cold-matter phenomena.
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2. Supersonic free-jet expansion

2.1. Characteristics of supersonic free-jet expansion

2.1.1. Temperatures. When a gas of metal (M) atoms and M2 molecules mixed with a carrier
noble gas (NG) 3 expands freely from a high-pressure region (P0) through a small orifice with
diameter D into the vacuum (P1), an adiabatic cooling of the internal energy occurs4 (see
figure 1). 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⊥) = Tυ =
Tr , where T0 is the temperature in the source, T‖ and T⊥ are translational and transverse
temperatures (governed by the distribution of the v‖ and v⊥ velocity components),5 and Tυ 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 λ0 �
D, where λ0 is a mean free path of the expanding gas. The degree of cooling depends on the
number of collisions during the expansion, which is proportional to the product n0D, where
n0 is the density of the expanding species in the source and nozzle orifice [25, 26]. The
cross-section for elastic collisions (σ elast) is larger than that for collision-induced rotational
transitions (σ r), which is larger than that for collision-induced vibrational transitions (συ) i.e.,
σ elast > σ r > συ. Consequently, the translational cooling (monokinetization, i.e., narrowing
of the translational velocity distribution N(v‖); see figure 1(a)) is more effective than the
rotational or vibrational cooling, and after the adiabatic expansion T⊥ < T‖ < Tr < Tυ. A
simple estimate of the terminal translational temperature, T‖∞, in the free-jet beam can be
made using the following relationship which was derived for Ar as the expanding carrier gas
[27]:

T‖∞ ≈ T0

1 + 5896(P0D)0.8
, (1)

where T0, P0 and D are expressed in K, atm and cm, respectively. According to equation (1),
for typical conditions of the expansion in experiments at Jagiellonian University (T0 = 900 K,
P0 = 11 atm, D = 0.02 cm) and at Texas A&M University (T0 = 460 K, P0 = 1 atm, D =
0.1 cm) one can approximate T‖∞ ≈ 510 mK and T‖∞ ≈ 490 mK, respectively.

The other approach to estimate T‖∞ employs characteristics of the carrier gas NG–NG
long-range interaction [28]:

T‖∞ ≈ 2.5T0

S2
‖∞

, (2)

where

S‖∞ = A

[
n0D

(
C6

kT 0

)1/3
]δ

(3)

3 Here one considers mainly two-component supersonic beams in which a special class is exemplified by seeded
molecular beams (the seeded gas, e.g. M vapour, has a much smaller density number than the NG carrier gas at P0,
i.e., nM � nNG).
4 Beams considered 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 (called a skimmer) eliminates jet boundaries and leaves only a
central well defined part of the beam.
5 The difference between T‖ and T⊥ (in a spherically symmetric flow) is taken into account by assuming two
Maxwellian distributions with different T‖ and T⊥ as parameters (a so-called ellipsoidal distribution): Ne(v) =
(m/2πkT‖)1/2(m/2πkT⊥) exp[−m(v‖ − u)2/2kT‖ – mv2

⊥/2kT⊥], where u and m are the mean translational (flow)
velocity of the gas in the beam and the mass of the expanding species. The mean temperature is T̄ t = (T‖ + 2T⊥)/3.
For T‖ = T⊥, N(v) reduces to the usual N(v) Maxwellian distribution [28].
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Figure 1. Schematic cross section of a supersonic free-jet expansion beam. M—Mach numbers:
Meff—effective, M∞—terminal; Xeff, X∞—corresponding distances from the nozzle; XM—distance
to the Mach disc shock; P0, T0, n0—pressure, temperature, and density of expanding species in
the source; D—diameter of the orifice; P1—background pressure (P1 � P0). The magnitude of
the Mach number (M = 1, M � 1, M < 1) is indicated along the expansion (see text for details).
Arrows schematically indicate 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. (a) Narrowing of the translational
velocity distribution N(v‖) relative to the modified Maxwellian distribution N(v‖) ∝ exp(−m(v‖
− u)2/2kT‖) along the expansion (see footnote 5). (b) Meff (see equation (4)), (c) relative
temperature in the beam, T‖/T0 (see equation (5)), and (d) relative density in the beam, neff/n0 (see
equation (8)) plotted against Xeff for D = 200 µm. (b)–(d) illustrate that with increasing Xeff and
cooling process (Meff) in the beam the relative temperature (T‖/T0) and relative density (neff/n0)
in the beam drops dramatically. From this point of view, using a large Xeff has to be compromised
with the fast decrease of neff.

is the terminal value of the parallel speed ratio S‖ = u/(2kT‖/m)1/2. For Ar the parameters
in SI are A = 1.782, δ = 0.495 [29]. C6 and k are the long-range NG–NG vdW interaction
constant and the Boltzmann constant, respectively. For NG = Ar, C6(Ar–Ar)/k = 4.45 ×
10−55 Km6 [29], and using equation (2) for the experimental conditions at Jagiellonian
University (T0 = 900 K and P0 = 11 atm, n0(Ar) = 8.5 × 1019 cm−3), one finds S‖∞ =
63.2 and T‖∞ ≈ 560 mK, close to the value obtained using equation (1).

Estimates of Tr and Tυ can be made from T‖∞. Usually, one assumes Tr ≈ T‖∞ and Tυ as
about one order of magnitude higher that Tr [30]. In seeded beams (nM � nNG; see footnote 3),
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a heavy M gas is usually seeded in a light NG carrier (mM > mNG) and always T‖M > T‖NG.
However, as recently shown [31] in the opposite case (mM < mNG), T‖ can be substantially
lower for the seeded M gas than for the NG carrier gas (T‖M < T‖NG),6 e.g., T‖Ar/T‖M = 2.6
or 1.9 for M = Li or Na, respectively.

The results presented here were obtained in two different experiments using continuous
(Cd or Zn seeded in NG = Ar, Kr, Xe) supersonic free-jet beam in the laboratory at Jagiellonian
University and pulsed7 (Hg seeded in Ar) beam in the laboratory at Texas A&M University.
Typical Tr and Tυ attainable in these beams for D = 0.1–1 mm, P0 = 1–15 atm, and T0 =
450–1000 K were estimated to be in ranges from 500 mK to 3 K and from 5 K to 30 K,
respectively. It is a straightforward conclusion, consistent with the above discussion (e.g.,
from equations (1) and (2)) that an increase of P0 or n0 in the source causes more efficient
cooling of rotational and vibrational molecular degrees of freedom. 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 [26, 33]; T⊥ can even decrease to 0.5–10 mK.

2.1.2. Collisionless ‘zone of silence’. Internal cooling in the supersonic free-jet beam has
two advantages for laser spectroscopy. First, only the lowest (υ, J) ro-vibrational levels in
the electronic ground energy state are populated. This reduction to a few populated levels
implies a considerable reduction in the number of absorption lines and leads to an appreciable
simplification of spectra (see discussion in section 2.2 and figure 4). Moreover, because of the
low temperatures, very weakly bound vdW molecules with small dissociation energies, D0, can
be formed in the beam8. The weakest bound molecules studied so far at Jagiellonian University
were those of MHe and MNe for which the well depths De ranged from approximately 8 cm−1

for HgHe [20], through 14.2 cm−1 for CdHe [34, 35], to 23.6 cm−1 and 28.3 cm−1 for ZnNe
[36] and CdNe [37], respectively.

In order to determine a region in the beam that can be most useful for spectroscopy of vdW
molecules it is worthwhile to review other characteristics of the supersonic free-jet expansion.
Consider a position at some distance Xeff downstream from the nozzle. Both the temperature
and the effective density, neff, of the expanding gas (consisting of atoms, diatomic molecules
and sometimes larger clusters9) decrease with increasing Xeff (see figures 1(c), (d)), and the
collision rate falls rapidly. X∞ is the value of Xeff at which the transverse velocity distribution
N(v⊥) and effective Mach number, Meff,10 become essentially ‘frozen’, i.e., no further cooling
takes place (‘zone of silence’ in figure 1). Meff can be expressed by [27]

Meff = 3.26

(
Xeff

D

)0.67

(4)

and characterizes a particular point of the expansion (see figure 1(b)).
The value of T‖ attained in the expansion is directly related to Meff [27] (see figure 1(c)):

T‖
T0

=
[

1 +
1

2
(γ − 1)M2

eff

]−1

, (5)

6 This is governed by two effects: (i) the relative ranges of the M–NG and NG–NG interactions and (ii) the mM/mNG
mass ratio as it plays a crucial role in the way the energy is redistributed during collisions.
7 Characteristics of the supersonic continuous seeded beams can be easily applied to pulsed beams [32]. One of
the advantages of employing pulsed beams is the possibility of using larger D (which increases the internal cooling
process) and less efficient pumping systems.
8 They would immediately dissociate at room temperature where kT0 � D0.
9 The relative composition of expanding species in the supersonic beam depends on many parameters (e.g., P0, P1,
T0, D, length of the nozzle channel, etc.) and the problem has been discussed in a number of articles as well as in the
study of higher Hg2NGn, HgNG2 and Hg3 clusters [32].
10 Meff is the ratio of the local velocity, u, of the gas in the beam to the local velocity of sound, vs(vs ∼ (T‖)1/2;
therefore when Meff increases T‖ drops rapidly along the expansion).
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Figure 2. (a) Terminal Mach number, M∞ (equation (6)) and (b) terminal distance, X∞
(equation (7)) plotted against carrier gas pressure, P0, for three different orifice diameters D
(0.1, 0.2 and 0.3 mm). It is shown that (a) for increasing D, the same M∞ is attainable for
decreasing P0, and (b) the X∞ to M∞ increases considerably with P0. This illustrates also that the
distance to the collisionless ‘zone of silence’ is larger when one uses orifices with larger D.

where γ is the heat capacity ratio cp/cv .11 The calculations show that for typical experimental
conditions (T0 = 1000 K, Meff = 50), T‖ can drop by four orders of magnitude along the
expansion. The so-called terminal Mach number, M∞, for monoatomic gas (e.g., Ar) is given
by [27]

M∞ = 133(P0D)0.4, (6)

where P0 and D are expressed in atm and cm, respectively. Expression (6) is a good
approximation for other NG monoatomic gases (except He [28]). Figure 2(a) shows the
M∞ attainable in typical experiments discussed here as a function of P0, which for seeded
beams is in fact the carrier-gas pressure. The M∞(P0) dependence is plotted for three different
D illustrating the importance of D and the fact that, for the same P0, the cooling in the
beam increases while D increases (an increasing number of collisions in the orifice causes
more efficient energy transfer from the molecular internal degrees of freedom). The terminal
distance, X∞, at which M∞ occurs, is given by

X∞ = D

(
M∞
3.26

)1.5

. (7)

The dependence (7) is shown in figure 2(b) for three different D, assuming M∞ given by
equation (6). Figure 2(b) shows that the distance to the collisionless ‘zone of silence’ is larger
when one uses nozzles with a larger orifice. One of the experimental reasons for employing
supersonic free-jet beams is to carry out a laser excitation process in this particular zone
where molecules do not disturb each other and, in some sense, can be treated as isolated.
Unfortunately, in many experimental set-ups the distance X∞ to this zone is large and the
relative density of molecules is low. The relative density neff/n0 is expressed by [27] (see
figure 1(d))

neff

n0
=

[
1 +

1

2
(γ − 1)M2

eff

]−1/(γ−1)

, (8)

11 cp/cv = 5/3 for a monoatomic gas.
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1 cm 

Figure 3. Water-cooled source of the supersonic free-jet beam employed in experiments at
Jagiellonian University. The arrow points to a nozzle orifice at the top of the molecular beam
source. The oven inside is made of stainless steel or molybdenum for studies of Cd2 (and CdNG)
or Zn2 (and ZnNG) complexes, respectively. A water shield made of copper protects the interior
of the chamber from high oven temperatures. The independent (one for the oven body, one for
the oven nozzle) heaters ensure T0 is as high as 1000 K; n0 is approximately 8.3 × 1017 cm−3 and
45 × 1017 cm−3 for Zn and Cd vapours, respectively [38] (compare with equation (8)).

where neff is the density at Xeff. From figure 1(d) it is evident that neff/n0 drops very rapidly
with Xeff; for D = 0.2 mm, neff/n0 decreases about four orders of magnitude from Xeff = 0 mm
to 10 mm. Therefore, one would have to considerably increase the density n0 in the source
(i.e., T0 and P0 of the expanding species) to ensure a sufficiently high neff in the excitation
region.

This relatively simple picture of supersonic free-jet expansion is complicated by the
presence of shock waves in the expanding beam (see figure 1). The central core of the
expansion, phenomenologically described above, is surrounded concentrically by a shock
boundary (Barrel shock). Particularly important is the shock front, called the Mach disc,
perpendicular to the direction of the flow. The disc originates as the beam molecules collide
with surrounding gas. Therefore, the collisionless ‘zone of silence’ defined above extends up
to XM, the distance at which the Mach disc occurs [27],

XM = 0.67D

√
P0

P1
, (9)

where P1 is the pressure in the vacuum chamber. For a given D, P0 and P1, the ‘zone of silence’
from X∞ to XM has a length of 10 mm to 20 mm.

Figure 3 shows a supersonic expansion beam source used in experiments at Jagiellonian
University. The source was used in studies of Cd2 [40–43], CdNG [44–47], Zn2 [47, 48] and
ZnNG [47].

2.2. Laser systems

2.2.1. Laser system at Jagiellonian University. The neutral–neutral interactions between
closed-shell atoms (Zn, Cd and NG) in the supersonic free-jet expansion beam were
investigated at Jagiellonian University observing excitation and fluorescence spectra at chosen
electronic transitions in Zn2, Cd2, ZnNG and CdNG vdW molecules [20]. The spectra were
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obtained by crossing the supersonic free-jet beam and the laser beam at right angles at a
distance Xeff from the orifice. The excitation spectrum relied on the detection of a total
laser-induced fluorescence (LIF) while sweeping the laser frequency over a ladder of the
(υ ′, J′) ro-vibrational levels of the electronic excited state ((υ ′, J′) ← (υ ′′ = 0, J′′)). The
fluorescence spectrum was recorded by setting the laser frequency on a particular υ ′ ← υ ′′ =
0 transition12 and analysing the resulting fluorescence with a monochromator. The molecules
in the beam were irradiated with a pulsed Nd+:YAG laser-pumped dye-laser (LCR I of Sopra or
NarrowScanTM of Radiant Dyes Laser&Accessories). The spectral bandwidth �ν̃las of the dye
lasers (0.5–1.0 cm−1 or 0.02–0.04 cm−1, respectively) made it possible to resolve vibrational
or rotational structures in the excitation13. The monochromator resolution (∼5–10 cm−1) was
such that most of the υ ′ → υ ′′ bound→bound transitions (mostly to the lowest υ ′′) could be
resolved in the fluorescence. For details of the experimental procedures, the reader is referred
to [20].

2.2.2. Laser systems at Texas A&M University. The experiment at Texas A&M University
employs four laser systems: two (2660 Å and 3550 Å) for 199Hg2 photo-dissociation (see figure
7) and two (2537 Å and 1973 Å) for Hg atom excitation and ionization (for more details, see
[52]). These laser sources are as follows: 2660 Å is the third harmonic of an injection-seeded
Alexandrite laser running at 7980 Å; 3550 Å is from an excimer-pumped dye laser; 2537 Å
and 1973 Å are the third and fourth harmonics of 7611 Å and 7892 Å, respectively, produced
simultaneously by a single flash lamp-pumped injection-seeded Ti:sapphire laser [53]. The
Alexandrite laser has the most stringent specifications of the four systems; it must selectively
excite a single P-branch J′ = 9 ← J′′ = 10 rotational transition in the υ ′ = 57 ← υ ′′ = 0
vibrational band. For the initial investigation of the rotational structures, the second harmonic
of an excimer-pumped dye laser (EMG 201–204 MSG/FL 3002E of Lambda Physik) was used
[54]. Narrowing of the �ν̃las bandwidth of the dye laser to approximately 0.06 cm−1 in the UV
was achieved using an angle tuned air–gap intracavity etalon of 1 cm−1 free-spectral-range
(FSR) and finesse 30. Depending on the alignment of the laser, �ν̃las varied from 0.04 cm−1

to 0.08 cm−1.
The Doppler effect in the transition at 2660 Å is used to spectroscopically dissociate only

those 199Hg2 in a free-jet beam that are within a velocity spread �v‖ = 3 m s–1. Specifically,
if the resonant frequency of a transition is ω0, the laser frequency is ω̃las = 2πν̃las and the
molecule velocity is v‖, then the Doppler effect gives ω̃las = ω0 + kv‖, where k is the wave
vector for 2660 Å laser radiation and is at an angle ζ = 10◦ to the molecular beam. If the laser
frequency spread is �ω̃las = 2π�ν̃las (FWHM), then the corresponding spread in molecule
velocities that are resonant with it is �v‖ ≈ λ�ν̃las. To obtain �v‖ � 3 m s–1 at λ = 2660 Å,
the laser must have a bandwidth �ν̃las � 11 MHz. The required narrow bandwidth is directly
obtained in the proposed scheme [55]. The 120-ns pulses produced by the Alexandrite laser
have a transform limited bandwidth of 3.7 MHz, resulting in a bandwidth of 11 MHz for the
third harmonic radiation.

2.3. Rotationally and vibrationally cold molecules

Figure 4 illustrates the vibrational and rotational cooling that can be achieved using a pulsed
supersonic free-jet expansion operating under appropriately chosen conditions. Figures 4(a)
and 4(b) show an excitation spectrum recorded for the B31, A30+ ← X10+ transitions in a HgAr
molecule [39] in relatively ‘cold’ and ‘hot’ conditions, respectively. Estimates of Tr and Tυ

12 The J ′ ← J ′′ excitation does not influence the final result (see discussion in section 4.3.3).
13 In the latter case �ν̃las is comparable with �νDopp (see equation (10)).
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Figure 4. Illustration of the simplification of excitation spectra due to vibrational- and rotational-
cooling processes in the supersonic free-jet expansion beam. The profiles (a) and (b) show the
same B31 ← X10+ (short-wavelength side) and A30+ ← X10+ (long-wavelength side of the atomic
line) transitions in the excitation of HgAr molecule, studied in [39] and recorded for (a) relatively
‘cold’: Tr ≈ 600 mK, Tυ ≈ 6 K (P0 = 2 atm, Xeff = 17 mm, D = 0.30 mm); and (b) relatively
‘hot’: Tr ≈ 2.2 K, Tυ ≈ 22 K (P0 = 0.5 atm, Xeff = 10 mm, D = 0.25 mm) conditions in the beam
(T0 = 450 K). The relative intensity scale has been changed (×10) near the long-wavelength limit
of the spectra (1 Å = 10−1 nm). Diagrams on the right represent transitions between vibrational
(υ ′ ← υ ′ ′) and rotational (J′ ← J′ ′) levels for both cases. The increasing thickness of lines for
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‘hot’ (b) to the ‘cold’ (a) case (both the vibrational- and rotational-level population distributions in
the supersonic free-jet beams are non-Boltzman; see text for details). The increasing thickness of
the arrows for the transitions has an analogous meaning. The laser bandwidth (0.2 cm−1) did not
permit resolution of the rotational structures. (•) and (••) depict υ ′ ← υ ′ ′ = 1 and υ ′ ← υ ′ ′ = 2
transitions, respectively.

were 600 mK and 6 K, respectively for the ‘cold’ case, as well as 2.2 K and 22 K, respectively
for the ‘hot’ case. The spectra in figure 4 deserve two comments. First, trace (a)—the
‘cold’ spectrum—shows essentially the υ ′ ← υ ′′ = 0 progressions (vibrational cooling, i.e.,
decreased Tυ), while trace (b) presents the ‘hot’ spectrum that contains so-called ‘hot’-bands
due to the transitions from the υ ′′ = 1 and υ ′′ = 2 levels that are sufficiently populated in
the expansion (see also a diagram on the right-hand side of the figure). Second, the ‘blue-’
and ‘red-shading’ of the profiles of vibrational components in the B31 ← X10+ and A30+ ←
X10+ transitions, respectively, are very distinct in the ‘hot’ spectrum (b) due to the relatively
large rotational populations of the J′′ > 0, which are governed by Tr in the beam. Significant
deviations from the equilibrium populations determined by the Boltzmann distribution were
found in high-resolution studies of molecules in supersonic free-jet beams; these deviations
show that high rotational J′′ states relax much faster than low J′′ states [56, 57] (e.g., studies
of Na2 [58], CO [57, 59] or N2 [60]).

2.4. Monokinetic molecules in a supersonic free-jet beam and Doppler broadening

In the experiments presented here (as in most experiments with atomic and molecular beams),
the supersonic molecular beam and the laser beam propagate along mutually orthogonal
directions. As indicated in figure 1(a), molecules are largely monokinetized in their
translational motion in the direction of the beam flow. However, a residual v⊥ component
of the velocity vector is not eliminated and is present even for well-collimated beams (e.g.,
when a skimmer is applied). Figure 5 presents a visualization of a continuous supersonic
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Cd 

Figure 5. Visualization of a Cd (seeded in Ar) supersonic free-jet expansion beam used in studies
of Rydberg electronic energy states of CdNG molecules [49–51]. The bright spots above the nozzle
represent fluorescence from the beam photographed for three distances (Xeff = 1.5, 3.5 and 5 mm)
from the nozzle orifice to the place where two resonant (pump and probe) counterpropagating
pulsed-laser beams crossed the supersonic beam. The two laser pulses caused step-wise excitation
from the 51S0 ground to the 63S1 excited via the 53P1 intermediate atomic state. The fluorescence
was registered at the second (visible) transition (1 Å = 10−1 nm). Other parameters are as follows:
D = 0.18 mm, P0 = 10 atm, T0 = 850 K, and pump-probe pulse delay 10 ns. An average divergence
angle θ between the direction of the flow and the velocity vector v is shown.

(This figure is in colour only in the electronic version)

free-jet expansion used in studies of Rydberg electronic energy states of CdNe [49], CdAr
[50] and CdKr [51] molecules. The width and intensity of the fluorescence spots reflect the
approximate shape of the expansion and the neff in the beam at a particular Xeff, respectively.
From the shape of the expansion it is possible to estimate a divergence of the beam (i.e., an
average divergence angle θ between the direction of the flow and the velocity vector v) and
therefore approximate a Doppler broadening �νDopp caused by the presence of a residual v⊥
component (and T⊥, i.e., that the free-jet beam is not collimated):

�νDopp = 2
√

ln 2ν0
u

c
sin θ. (10)

Using a wave number ν0 = 35 000 cm−1, u = 500 m s–1 and θ = 10–20◦ gives �νDopp = 0.017–
0.033 cm−1 (θ depends on the experimental conditions of the expansion and is determined in
the pump-and-probe experiment [50]). Thus, �νDopp in the supersonic free-jet beam does not
prevent resolution of the rotational structures of quite heavy Zn2, Cd2 [40], Hg2 [54] or of the
NG complexes ZnNG, CdNG [35, 37] and HgNG [20]; the spectral bandwidth �ν̃las of the
excitation laser may be the limiting factor (see section 3).

2.5. Isolated molecules—minimalization of collisions

As discussed above, the best zone for spectroscopy in a supersonic free-jet expansion beam
is the collisionless ‘zone of silence’ located between X∞ and XM (see figure 1). In this zone,
molecules travel without disturbing each other, collisional transfer of energy between them is
negligible and, in some sense, they can be treated as isolated. However, at such a distance
from the nozzle, neff is low (see figure 1(d)) and few molecules are excited.
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Figure 6. Vibrational energy transfer due to collisions in the supersonic free-jet beam. (a) A short-
wavelength part of the excitation spectrum recorded at the E31υ′ ← A30+

υ ′′=5 after an excitation of
the intermediate υ ′ ′ level from the X0+

υ=0 level in the optical–optical double resonance (OODR)
experiment in CdAr [50] (1 Å = 10−1 nm). The spectrum exhibits some vibrational bands
(•) originating from unwanted collisional population as shown in (b). (b) A partial schematic
diagram of vibrational levels involved in the OODR experiment. It shows the step-wise (E31υ ′ ←
A30+

υ ′′=5 ← X10+
υ=0) excitation process as well as the appearance of various unwanted vibrational

bands in the excitation spectrum in (a). They originate from vibrational energy transfer due to
the collisional population of υ ′ ′ levels in the A30+ intermediate state (see encircled arrows). The
dotted and full arrows indicate transitions from the designated (υ ′ ′ = 5) and from collisionally
populated vibrational levels (depicted by (•) in (a)).

Figure 6(a) shows a short-wavelength part of an excitation spectrum recorded at the
E31←A30+

υ ′ ′=5 transition in CdAr after a selective (pump) laser-pulse excitation of υ ′′ = 5
from υ = 0 in the X10+ state (see diagram in figure 6(b)) [58]. Before the second (probe)
laser-pulse (the pump-probe delay is 20–50 ns) collisions between the excited molecules in
the beam populate several of the neighbouring υ ′′ levels. This occurs because the step-wise
excitation to the E31υ ′ levels is realized in a region of the beam where Xeff < X∞. The second
laser pulse excites a ladder of the υ ′ levels of the E31 state giving rise to the observed spectrum.
The phenomenon (i.e., vibrational energy transfer during this time interval between the two
pulses) has an influence on the overall profile of the excitation spectrum. Inelastic collisions
populate the υ ′′ = 6 as well as levels from υ ′′ = 4 down to υ ′′ = 3, 2, etc and give rise to broad
vibrational components shaded towards shorter wavelengths. The appearance of additional
components is especially clear for υ ′ in the range from 10 to 18 (see figure 6(a)). The relatively
wide profiles of the vibrational components (due to rotational shading) suggest a high Tr in
the beam. The details of the collisionally formed ‘ghost components’ and their relationship
with the parameters of the free-jet beam have been studied and discussed in [27, 61, 62].

2.6. Free-jet expansion—source of entangled atoms for a test of Bell’s inequality

One of the recent applications of a supersonic free-jet expansion beam is associated with a
fundamental test of quantum mechanics, i.e., a test of Bell’s inequality [55] for atoms. In 1995
Fry et al [52, 63] proposed a loophole-free experimental realization of Bohm’s spin-1/2 particle
version of the Einstein–Podolsky–Rosen (EPR) experiment. For a more detailed discussion,
the reader is referred to [52]. In the proposal, controlled photo-dissociation of a diatomic
molecule is the critical initial step to create two atoms in an entangled state. Previously,
Lo and Shimony [64] had also proposed an EPR experiment with Na2 molecules. In Fry’s



S1136 J Koperski and E S Fry

u¢=57, J =9 

63P1 

61S0 

130°

(((  ))) 

. 

3550 Å 

2660 Å

2541 Å 2537 Å

. 

D31u

X10g
+ 

F30 u
+ 

1.17 eV 

0 2 3 4 5 6
R (Å)

U
 (

cm
–1

) 

43000 

32000 

21000 

10000 

-1000 
=0, J =10 

1

u≤ ≤

¢

Figure 7. Diagram of the electronic energy states of Hg2 and the relevant Raman (excitation
at 2660 Å and dissociation at 3550 Å) transition leading to excitation and dissociation of the
molecule and creation of the pair of entangled Hg atoms. Diagrams of the rotating (υ ′ ′ = 0,
J′ ′ = 10), ro-vibrating (υ ′ = 57, J′ = 9) and dissociating (with 130◦ separation angle and 1.17 eV
centre-of-mass kinetic energy) molecules are also shown. The F30+

u state and its laser excitation
(2541 Å) from the X10+

g state as well as the 2537 Å atomic transition that are needed to illustrate a
Walther scheme for PA of Hg2 and its vibrational cooling (see section 4.3.2 and figure 8) are also
depicted; refer to text (1 Å = 10−1 nm).

proposal, two 199Hg atoms in the 61S0 state, each with nuclear spin (I = 1/2),14 are produced in
an entangled state with total nuclear spin zero. Such a state is obtained by dissociation of the
199Hg2 isotopomer produced in its ground state in a supersonic free-jet beam. The dissociation
is achieved using a spectroscopically selective stimulated Raman process. In the process,
the 199Hg2 are selectively excited at a carefully chosen rotational transition using a laser at
∼2660 Å and then photo-dissociated using a laser at ∼3550 Å (see figure 7, 1 Å = 10−1 nm).
The former excitation utilizes the P-branch J′ = 9 ← J′′ = 10 rotational transition in the
υ ′ = 57 ← υ ′′ = 0 vibrational band of the D31u ← X10+

g electronic transition. The latter
process is a stimulated transition from the (υ ′ = 57, J′ = 9) level directly to the repulsive
(auto-dissociating) part of the X10+

g state potential. This leaves the two dissociated 199Hg
atoms with a centre-of-mass (CM) kinetic energy 1.17 eV. Due to momentum conservation
the atoms fly apart in exactly opposite directions in the CM frame. In the laboratory frame,
however, as a consequence of the initial velocity of the molecules in the supersonic free-jet,
the dissociated atoms separate at different angles and arrive at the respectively located separate
analysers/detectors. Finally, 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.

Bell’s original formulation of the inequalities was idealized and not readily suited to
realistic experimental conditions. Consequently, several researchers have formulated other
versions of the Bell inequalities that are more experimentally amenable. One of them is the
Bell–Clauser–Horne (BCH) inequality [65] that will be tested in Fry’s proposed experiment.

14 A 199Hg atom in its 61S0 ground state has properties essential for the present experiment: the nuclear spin I =
1/2, and all other angular momenta (S, electronic and L, orbital) are zero. Therefore, the total electronic angular
momentum J = S + L is zero and the total F = I + J angular momentum is 1/2. Thus, the ground state atom is a
spin-1/2 particle.
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The BCH inequality is formulated in terms of a ratio of coincidence rates R↑↑(θ1, θ2) to single
rates Ri↑ (θ) for four different combinations of angles θ1 and θ2:

S(θ1, θ2, θ
′
1, θ

′
2) = R↑↑(θ1, θ2) − R↑↑(θ1, θ

′
2) + R↑↑(θ ′

1, θ2) + R↑↑(θ ′
1, θ

′
2)

R1↑(θ ′
1) + R2↑(θ2)

� 1, (11)

where R↑↑(θ1, θ2) denotes the experimental coincidence count rates when both atoms are
detected with nuclear spin I = 1/2 up in the directions θ1 and θ2, respectively, while R1↑(θ ′

1)

and R2↑(θ2) are singles count rates at analysers/detectors 1 and 2, respectively. In an actual
experiment the goal is to choose the angles θ1, θ2, θ ′

1 and θ ′
2 (e.g., equal to 135◦, 0◦, 225◦ and

90◦, respectively) so that when the quantum mechanical predictions for R↑↑(θ1, θ2), R1↑(θ ′
1)

and R2↑(θ2) are used [52], the resulting SQM provides a maximum violation of the BCH
inequality (SQM > 1).

One important aspect of Fry’s proposed experiment (it is underway at Texas A&M
University [54]) is that the entangled atom pairs are ‘born together’ from one 199Hg2 molecule
which was earlier produced in a supersonic free-jet beam. This automatically creates an
entanglement between the two atoms. The supersonic beam is used as a source of the
199Hg2 molecules because of their vdW character, i.e., shallow electronic ground-state with
small dissociation energy D′′

0 that requires the use of a cold environment for the beam (see
discussion in section 2.1.2). Moreover, due to internal cooling, most molecules occupy the
lowest υ ′′ level as well as low J′′ levels. Therefore, the molecules in the (υ ′′ = 0, J′′ = 10)
levels, from which the stimulated Raman process starts, have a relatively high population in the
beam. Also, in the free-jet expansion the 199Hg2 molecules have a well-defined translational
velocity v‖ which is determined by the NG carrier gas used for the expansion (the proposal
assumes v‖ = 412 ± 9 m s−1 and S‖ = 36, see section 2.1.2, for expansion in Xe). The
resulting most probable separation angle between the atoms after the photo-dissociation is
∼130◦ in the laboratory frame.

3. Neutral–neutral interactions

3.1. Van der Waals interaction

As stated in section 2.1.2, a supersonic free-jet beam can be an efficient source of weakly
bound vdW molecules. Efficiency of cooling of molecular rotational and vibrational degrees of
freedom creates the possibility of studying vdW interactions that may be important in studies
of interatomic interactions in the physics of cold collisions, in matter–wave interferometry, in
cold-matter interactions and in cold chemistry.

VdW forces dominate the interaction between atoms at a long-range internuclear distance
R. The long-range criterion distinguishes the vdW interaction from that which manifests itself
at small R (short-range) and is governed by valence forces. The valence forces are due to a
spatial overlap of the wavefunctions of the interacting atoms; they exponentially decrease with
R. The vdW forces, also called polarization forces, are manifested in the attraction between
atoms or molecules, whose wavefunctions have negligible overlap.

The total energy of the long-range vdW attraction between neutral atoms 1 and 2 is a sum
of three components—Uels, electrostatic, Uind, induction and Udisp, dispersion interactions—

UvdW = Uels + Uind + Udisp

= − 1

R6

[
2

3kT
d2

1d2
2 +

(
α1d

2
2 + α2d

2
1

)
+

3

2
α1α2

I1I2

I1 + I2

]
, (12)
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where d1,2, α1,2 and I1,2 are the permanent electric dipole moments, static dipole polarizabilities
and ionization potentials of atoms 1 and 2, respectively, whereas k and T are the Boltzmann
constant and the absolute temperature, respectively.

Representation of the permanent dipole-permanent dipole electrostatic (so-called Keesom)
component by Uels ∼ d2

1d2
2

/
T , is valid only for sufficiently high temperatures. As T goes to

zero, this representation is no longer valid and one has to use a term proportional to 1/R3 that
depends on the orientation of d1 and d2, and does not depend on T [66].

The permanent dipole-induced dipole induction component, Uind ∼ (α1d
2
2 + α2d

2
1 ), has

a simple interpretation. If atom 1 is in the electric field of the permanent dipole moment of
atom 2, an induced dipole moment is produced in atom 1. The induced dipole moment is
proportional, through the static polarizability, to the applied electric field E, which induces it
(i.e., ∼αE).15

The component (so-called London) which corresponds to the interaction of two induced
dipole moments, i.e., induced dipole-induced dipole (dispersion) component Udisp, is
proportional to α1α2 as well as to reduced ionization potential I1I2/(I1 + I2). It relies on the
correlation of electrons belonging to different atoms that interact minimizing the total energy
of the system. The London dispersion forces are present in every excited molecular state.
However, the valence forces generally overshadow them. Long-range forces are noticeable
only when the valence forces are very weak or non-existent, that is, for closed-shell spherical
atoms or, in general, at large R. As a result of the dispersion forces, two atoms will attract
one another very weakly at large R due to the induced (fluctuating) dipole-induced dipole
interaction, and repel one another strongly at small R as their electron clouds overlap.

For two atoms that are neutral and/or non-polar (that is, without d), the vdW-type
interaction is of dispersion type only and it will dominate the long-range tail of the diatomic
molecular potential. If the two atoms are sufficiently far apart that their electron cloud overlap
is negligible, the inter-atomic potential in the long-range region can be written as

Udisp(R) = D −
∞∑

k=3

C2k

R2k
= D − C6

R6
− C8

R8
− C10

R10
+ · · · , (13)

where D is the dissociation energy limit relative either to the well minimum (D = De) or
to the energy of the lowest ground-state vibrational energy level υ ′′ = 0 (D = D0). For
large R, one power of R usually dominates and the potential can be approximated as U(R) =
D − Cm/Rm, where m is in general not an integer, and m = 6 for a pure vdW interaction.
The additional terms represent contributions arising from the interactions of higher-order
instantaneous multipoles, such as dipole–quadrupoles (∼1/R8), quadrupole–quadrupole and
dipole–octupole (∼1/R10), etc, interactions16.

3.2. Interatomic potential determined in different regions of R

Generally, an interatomic potential U of a molecule can be characterized in different regions
of R using an appropriate method of investigation based on the Franck–Condon (FC) overlap
between the corresponding wavefunctions of the ground and excited molecular electronic
states. For example, an excitation from the lowest υ ′′ to the FC-accessible υ ′ usually

15 In first approximation, the induced dipole moment increases as the applied electric field increases. If the electric
field is large, the induced dipole moment is no longer a linear function of E and the first non-linear term becomes
important. The latter is called the hyperpolarizability γ , and the induced dipole moment is proportional to (αE +
γ E2/2).
16 Although at large R only the leading term makes a substantial contribution to the attractive energy, at smaller R
near to Re it is found [20] that the higher-order terms may contribute as much as 20% of the total dispersion energy.
At even smaller R, these higher order terms might be expected to become increasingly important.
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provides reliable information about the excited-state potential well, i.e., below the dissociation
limit. Fluorescence from a selectively excited υ ′ may terminate, again accordingly to the FC
principle, at different parts of the ground-state potential. When the fluorescence terminates
at the discrete υ ′′ and/or on the repulsive part of the ground state potential, then complete
information is obtained about the ground state potential below and/or above its dissociation
limit, respectively; this includes information about the long-range part described by
equation (13). Therefore, by combining all the experimental data available for a molecule,
one can develop a representation for U(R) over the widest attainable range of R.

The variety of examples of experimental data from the laboratory at Jagiellonian
University includes excitation spectra with ‘cold’ (υ ′ ← υ ′′ = 0) as well as ‘hot’ (υ ′ ←
υ ′′ > 0) vibrational progressions. The former may extend up to the dissociation limit,
facilitating conclusions on the shape of the excited-state potential at large R, the latter enhance
a direct characterization of the ground-state potential. From another point of view, fluorescence
spectra permit a precise determination of the steepness of the ground-state repulsive part or a
characterization of the ground-state bound well.

3.2.1. Ground state. When studying ground-state neutral–neutral interactions in the cold
environment of a supersonic free-jet beam and using techniques of laser spectroscopy, one has
to consider three basic sources of information that can be obtained from the experiments. First,
the LIF recorded in excitation spectra can contain information on the molecular ground-state
potential if a large number of so-called ‘hot’ υ ′ ← υ ′′ > 0 transitions is recorded. Usually, this
criterion places rather mild conditions on the beam-increased Tυ and Tr to allow the higher υ ′′

to be populated (e.g., see figure 4 or analysis of the �υ = υ ′ − υ ′′ = 0 vibrational sequences
in the F30+

u ← X10+
g transition in Hg2 [67]). Second, with a sufficiently narrow bandwidth

�ν̃las of the excitation laser, detection of the J′ ← J′′ rotational profiles within a vibrational
band can be a source of very important information about the ground state, i.e., the Bυ ′′=0

rotational constant which is directly associated with the B ′′
e constant17 and the R′′

e ground-state
bond-length

R′′
e =

√
h

8π2cµB ′′
e

, (14)

where µ is a reduced mass of the molecule and B ′′
e is expressed in cm−1. Thus, detection of

rotational profiles provides a unique possibility for direct determination of R′′
e . Rotationally

resolved excitation spectra were investigated in the case of CdHe [35], CdNe [37] and, recently,
Hg2 [54] and Cd2. Third, fluorescence spectra detected after selective excitation of a particular
(υ ′, J′) ro-vibrational level in the excited electronic state can give information on the repulsive
part of the final potential (mostly of the ground state) at which the analysed fluorescence
terminates by analysing Condon-internal-diffraction (CID) patterns. A lowering of the degree
of repulsion (as well as lowering R′′

e and the well depth D′′
e ) may be evidence of a covalent

admixture to the ground-state vdW bonding, a hypothesis recently verified for Hg2 [68, 69]
and Cd2 [42, 69]. It waits for such a verification in the case of Zn2 [48].

3.2.2. ‘Hot’ progressions in excitation spectra. The mild conditions of the supersonic
expansion (e.g., low P0 or small Xeff and D) were applied in studies of excitation spectra
of, among others, Hg2 [67, 70], Cd2 [71], CdAr [44] and ZnNe [36]. In each of those

17 B ′′
e = B ′′

υ + α′′
e (υ ′ ′ + 1/2) − . . . , where α′′

e is a constant that characterizes the interaction between the vibrational
and rotational motions in a molecule.
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examples, excitations from υ ′′ > 0 18 were observed. Consequently, the characterization
of the ground-state potential could be extended higher above the bottom of the potential
well. When a Birge–Sponer (BS) plot (i.e., the dependence of the �Gυ ′ ′+1 vibrational energy
differences versus (υ ′′ + 1) [72]) is linear, the inter-atomic potential is well approximated by
a well-established analytical function—a Morse potential [73],

U ′′(R) = D′′
e [1 − e−β ′′(R−R′′

e )]2, (15)

where β ′′ = (8π2cµω′′
e x

′′
e /h)1/2 is a constant depending on µ and the anharmonicity of the

potential ω′′
e x

′′
e . However, one must be careful to use this representation only in the region of

energies below the dissociation-energy limit in which a well-defined slope of the linear BS
plot determines the ω′′

e x
′′
e .

3.2.3. Trapping of Hg in magneto-optical trap, photoassociation and vibrational cooling of
Hg2. Figure 7 shows the F30+

u excited-state inter-atomic potential which correlates with the
63P1 atomic asymptote and has an R′

e similar to the R′′
e of the ground-state potential (R′

e (F30+
u) −

R′′
e = 0.03 Å [67]). This particular property suggests a method of vibrational cooling of Hg2 that

has been photo-associated in a magneto-optical trap (MOT)—the so-called Walther scheme
[74, 75]. The proposed scheme is a direct implementation of the FC factors determined for the
vibrational components of the F30+

u ← X10+
g electronic transition in the experiment employing

a supersonic free-jet beam [67]. This cooling approach contrasts with that of Bahns et al
[76] in which stimulated Raman sidebands are generated from one laser line using a cell
of gas containing the molecular species they intend to cool. By then selecting appropriate
combinations of laser lines from this comb of lines, they first rotationally, then translationally
and finally vibrationally cool the molecules. This should be applicable to many different
molecules. The Walther scheme relies on the fact that the two potential energy surfaces are
very similar in shape and depth. The significant feature is that it only requires one laser that
is slowly tuned; the disadvantage is that it is only applicable to a few special cases.

It is worthwhile to note that natural Hg is well suited for MOT experiments [77]. It has
bosonic (196Hg, 198Hg, 200Hg, 202Hg, 204Hg) and fermionic (199Hg, 201Hg) isotopes, which all
can be trapped. The vapour pressure of Hg can be easily adjusted over a wide range. Hg
possesses long-lived metastable states (lifetimes τ J are 5.6 s and 6.7 s for the 63P0 and 63P2,
respectively [78]), one of which (63P2) can be trapped magnetically and/or optically. Due
to its relatively large atomic mass, Hg has small Doppler vDopp = (h/2πmHgτ2)

1/2 = 5.0 ×
10−2 m s–1 and recoil-limited vrec = hk/2πmHg = 7.8 × 10−3 m s–1 velocities [79], where
mHg is the mass of a AHg atom, and A is the Hg mass number. Finally, due to the absence
of hyperfine and fine structure in the 61S0 ground state, no re-pumping lasers are required in
order to prevent optical pumping into states not accessible to the trapping laser.

Figure 7 also shows the 2537 Å atomic and 2541 Å (centre of the F30+
u ← X10+

g)
transitions that are the basis of the Walther scheme. The molecule-forming process starts upon
a collision of two trapped ground-state Hg atoms. Due to the 2537 Å laser they undergo a
free-bound (PA) transition into a υ ′ vibrationally-excited level of the F30+

u or D31u state, from
where they can decay back down to bound or free continuum levels of the X10+

g state (those
decaying to the continuum will be lost). It is generally known that a single-step PA process
leaves a translationally cold molecule in rather high Tυ, i.e., in a relatively high υ ′′ level [1].
Specifically, in PA molecules are generally rotationally cold as the association process starts
with cold atom collisions and generally only low-J partial waves are important. The population
of the vibrational levels, however, is determined by the FC factors when the molecules make

18 In [67] levels as high as υ ′ ′ = 20 were populated.
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Figure 8. Diagram showing Walther scheme [74, 75] for vibrational cooling of Hg2 in a MOT
after a PA process of Hg2 from two cold Hg atoms and a photon at 2541 Å. The scheme relies on
the fact that FC factors (written along the arrows from [67]) for the transitions with �υ = υ ′ −
υ ′ ′ = 0 (single arrows) are 10–40 times larger than those for �υ =−1 (double arrows). This leads to
a very effective vibrational-cooling process in which the υ ′ ′ quantum number can be systematically
decreased by continuous blue detuning of the 2541 Å laser (exact wavelengths [67] for the �υ

= −1 transitions are shown), and consequently repeated excitation/fluorescence cycles (1 Å =
10−1 nm). A time arrow is shown at the bottom. For additional explanation, see text.

the transition from the excited state into the ground state. Thus, the vibrational temperature
can be high.

As determined by Koperski et al [67], the F30+
u ↔ X10+

g bound–bound transitions in Hg2

are strongly allowed, particularly those with �υ = υ ′ − υ ′′ = 0, because of the exceptionally
small �Re (see above). The proposed mechanism for the vibrational cooling is shown in
figure 8, and the laser at 2541 Å is used for the process. The cooling relies on decreasing
the υ ′′ quantum number by continuous blue detuning of the 2541 Å laser, and successive
acts of laser excitation (at �υ = −1 transitions) and fluorescence (at �υ = 0 transitions that
are favoured over those at �υ = −1 since the former are characterized by approximately
10–40 times larger FC factors [67]). In addition, rotational heating does not occur during the
process. This can be understood by noting that when tuning the laser from the red to the blue
the P-branch—at least for rotational levels with a low J—is always in resonance first. So,
consider a molecule in the (υ ′′ = 2, J′′ = 2) ro-vibrational level of the ground state. The laser
is tuned from the red to the blue until it is resonant with the υ ′ = 1 ← υ ′′ = 2 transition. The
P-branch comes into resonance first, i.e., the molecule is pumped into the (υ ′ = 1, J′ = 1) level
from where it spontaneously decays to the ground-state υ ′′ = 1 level. The rotational quantum
number is either reduced by one (rotational cooling), or goes back to J′′ = 2. If one tunes the
laser slow enough all molecules initially in the (υ ′′ = 2, J′′ = 2) will have been pumped into
the υ ′′ = 1 level by this procedure before the laser comes into resonance with the R-branch
transition to (υ ′ = 1, J′ = 3), which of course would cause rotational heating. But as no
population is left, this does not happen and there should be no significant rotational heating.
Transitions at 2660 Å and 3350 Å are used for detection of the Hg2 in υ ′′ = 0. As stated in
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Figure 9. The formation of a CID pattern in the fluorescence band due to bound → free and
bound → bound transitions between the upper U′(R) (e.g., G10+

u ) and ground U′ ′(R) (e.g., X10+
g )

states of a molecule (e.g., Hg2). The diagram also shows wavefunctions [ψυ ′(R)]2 and ψ ′ ′(R, E)
of the emitting υ ′ and one of the ground continuum states, respectively. The relative intensity
of the corresponding bound → free spectrum is shown at the left (compare with figure 10 for
υ ′ = 39). The dotted curve in the ground state is the ‘Mulliken difference potential’ (see
equation (16)).

[74, 75], motivations for this study are more accurate measurements of the lifetimes of the
metastable 63P2 and 63P0, the evaluation of neutral Hg as a new time standard, an investigation
of the possibility of observing Bose–Einstein condensate (BEC) in Hg by determining its
s-wave scattering length, and the exploration of possibilities for observing BEC in Hg by
purely optical means (cooling via the 63P2 ← 61S0 transition). What is very important and
deserves a great deal of attention is an investigation of the long-range interaction potentials of
the excited and ground (see equation (13)) states of Hg2 using just 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.

3.2.4. Fluorescence spectra—Condon internal diffraction. For selective excitation of a
suitable υ ′, most of the observed fluorescence will terminate on the repulsive part of the
ground-state potential. As mentioned in section 4.3, an analysis of CID patterns provides
information about that repulsive part of the ground-state potential. Selective excitation from
the υ ′′ = 0 level is possible due to the fact that the molecules under investigation are produced
in the cold environment of the supersonic free-jet beam (low Tυ). The CID patterns [80] are
the result of interferences between the vibrational wavefunction of the bound excited state
ψυ ′(R) and the continuum of wavefunctions belonging to the unbound ground state ψ ′′(R, E)
(see figure 9). What is more, the CID oscillatory pattern can continue into the bound–bound
part of the spectra in the form of the FC envelope of the discrete transitions. The profile of a
CID pattern depends on the ‘Mulliken difference potential’ defined as

UMull(R) = G(υ ′) − [U ′(R) − U ′′(R)], (16)



Molecules in supersonic free-jet expansion beams S1143

monochromator wavelength (Å) 

L
IF

 (
ar

b
. u

n
it

s)

(a)

2000 2100 2200 2300 2400

(b)

(c)

(d)

2025 2030 2035 2040 2045 2050

Figure 10. (a) and (c) bound → free and bound → bound fluorescence spectra recorded at the
G10+

u → X10+
g transition in Hg2 after a selective excitation of the υ ′ = 39, and studied in [68]. The

spectra were recorded for Xeff = 5 mm, D = 0.9 mm, P0(Ar) = 1 atm, T0 = 510 K. (b) Simulation
of the bound → free part of the spectrum shows the ‘best fit’ obtained using a Lennard–Jones
(6.21–6) function representing the repulsive part of ground-state potential. (d) Simulation of
partially resolved bound→bound transitions obtained with an assumption of a Morse representation
for the well of the ground-state potential (1 Å = 10−1 nm).

where G(υ ′) is the total vibrational energy of the emitting υ ′ level, and U′(R) and U′′(R) are
potential energies of the emitting and ground states, respectively. When UMull(R) has one
or more extrema, the spectrum displays a complicated interference structure, whereas, when
UMull(R) is monotonic, the spectrum displays a reflection structure, that is, regular oscillations
in the resulting spectrum are reflections of the (ψυ ′)2 vibrational wavefunction squared19.
Thus, in this case the number of maxima in the resulting CID pattern exceeds by one the υ ′ of
the emitting level. Consequently, detection and simulation of the fluorescence spectra enables
one to confirm the υ ′-assignment that was assumed while analysing the excitation spectrum20.

An example of a characteristic G10+
u,υ ′=39 → X10+

g reflection fluorescence spectrum of
Hg2 is shown in figure 10. The intense peak at the short-wavelength end of the profile shown
in trace (a) is interpreted as being due mainly to unresolved bound→bound transitions (see
also trace (c)) to the closely spaced υ ′′ levels of the shallow ground-state, while the broad
maximum at the long-wavelength end corresponds to the inner turning point in the potential
of the emitting υ ′ level (compare with figure 9). The simulation of the bound→bound part
relies on the calculation of FC factors for transitions from the emitting υ ′ level to the ladder
of bound υ ′′ levels while the simulation of the bound→free part consists of a calculation of
continuous intensity profiles for the fluorescence bands.

Traces (b) and (d) of figure 10 show results of the simulation of bound→free
and bound→bound parts, respectively performed with an assumption of Morse and

19 A detailed discussion on reflection and interference spectra was given by Tellinghuisen [81].
20 The simulations are performed for rotationless structures in the excited and ground states (i.e., J′ ′ = J′ = 0). When
the transitions with J �= 0 are included in the simulations, a slight broadening of the CID patterns and a little change
in intensity at the minima will occur [82, 83].
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Figure 11. Calculated and experimental ground-state bond lengths R′′
e versus αM for M2 (M =

Zn, Cd, Hg) molecules according to (i) the pure vdW London model of dispersion interaction
Udisp (see equation (10)) (full squares), (ii) ab initio calculations of Czuchaj and co-workers
[42, 85, 86] (full triangles), (iii) ab initio calculations of Dolg and co-workers [87, 88] (full
circles), and (iv) experimental results of rotational spectroscopy of Koperski et al [54], Łukomski
et al [89] and vibrational spectroscopy of Strojecki et al [48] for Hg2, Cd2 and Zn2, respectively
(empty diamonds) and rotational spectroscopy of van Zee et al [90] for Hg2 (full diamond);
1 Å = 10−1 nm.

Lennard–Jones (LJ) U ′′
LJ(n−6)(R), n = 6.21 21 functions representing the excited- and ground-

state potentials, respectively. The main result of the modelling of bound→free continua is an
analytical representation of the ground-state repulsive wall above its dissociation limit (e.g.,
see the X10+

g-state potential in figure 7). In the case of the Hg2 potential it was found that
the short-range repulsion is unusually soft (n = 6.21, compared with n = 11–13 for standard
ULJ(R) or Maitland–Smith potentials that generally work mostly for NG–NG molecules22).
This lowering of the degree of repulsion can be considered as a confirmation of a covalent
admixture to the ground-state vdW bonding. It should be emphasized that ab initio calculations
[87, 88, 91] have shown that group 12 molecules cannot be considered pure vdW. The mixing
dominates at short and intermediate R and might cause a decrease in the bond length R′′

e .
Figure 11 collects results of R′′

e versus the static dipole polarizability αM for three group
12 molecules. The figure shows the influence that the postulated covalent admixture to the
ground-state vdW bonding can have on the magnitude of the bond length. Values of R′′

e
calculated from the pure dispersion (vdW) relation described as Udisp in equation (12) are
shown with full squares23. For all three molecules values of R′′

e increase as αM increases and
are evidently larger than those obtained in ab initio calculations by Czuchaj and co-workers
[42, 85, 86] (full triangles) and Dolg and co-workers [87, 88] (full circles). The latter explicitly
assumed one-fourth of the ground-state bonding as a non-dispersion-like covalent bonding.
The experimental values (full and empty diamonds) seem to confirm the character of the
bonding. However, only that for Hg2 and Cd2 were determined using rotational spectroscopy
at the D31u ← X10+

g [54, 90] and 10+
u ← X10+

g [89] transitions, respectively. The ground-state
bond length for Zn2 was only investigated in an experiment with vibrational resolution [48]; an
experiment that will investigate rotational energy structures of Zn2 is underway at Jagiellonian
University.

21 A general form of the LJ(n − 6) potential [84] is U ′′
LJ(n−6)(R) = [D′′

e /(n − 6)] × [6(R′′
e /R)n − n(R′′

e /R)6].
22 Maitland–Smith potential is a LJ(n − 6) of footnote 21 with n(R) = n0 − n1(R/R′′

e − 1) [20].
23 Substituting Udisp = D′′

e in equation (12) one obtains R′′
e = (3IMα2

M/4D′′
e )1/6, where α1 = α2 = αM and I1 = I2 =

IM.
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Figure 12. (a) D31u ← X10+
g transition in the excitation spectrum of Hg2 studied by Koperski

et al [70]. The spectrum shows the isotopic structure of the whole υ ′ ← υ ′ ′ = 0 progression
recorded for Xeff = 11 mm, D0 = 0.3 mm, P0(Ar) = 2 atm and T0 = 460 K. The 57 ← 0 band
chosen for testing the Bell’s inequality at Texas A&M University is indicated (see also figure 13);
1 Å = 10−1 nm.

3.3. Characterization of excited states—the D31u(
3�+

u ) state of Hg2

Characterization of the excited-state vibrational and rotational structures of the group 12
molecules in supersonic free-jet beams is illustrated here using as an example, the D31u

electronic state of Hg2 that is correlated with the 63P1 atomic asymptote. This choice is
because the D31u ← X10+

g transition was selected at Texas A&M University as the first step in
a test of Bell’s inequality for pairs of entangled 199Hg atoms obtained using photo-dissociation
of 199Hg2 (see section 2.5).

3.3.1. Rotational profiles of molecular isotopomers in Hg2 excitation spectrum. The
magnitude of the isotopic effect in an excitation spectrum increases when the υ ′ ← υ ′′ = 0
excitation terminates at relatively high υ ′, as is the case for the D31u ← X10+

g transition
(see figure 7). The excitation spectrum recorded for this transition [70] is shown in
figure 12. Because of sufficiently low Tυ in the beam, only the υ ′ ← υ ′′ = 0 progression
appears. It is well resolved and υ ′ in the spectrum extends from 42 to 67. Details of the υ ′ =
57 ← υ ′′ = 0 component, recorded with resolutions as in figure 12, are shown in figure
13(a); as expected, the isotopic shift is significant [20]. From this spectrum the isotope shift
between neighbouring A1 + A2 components was determined to be 5.15 ± 0.04 cm−1 which
confirms the υ ′ assignment. In the experiment at Texas A&M University, the A1 + A2 = 398
component (where A1 and A2 are Hg mass numbers in the A1 HgA2 Hg molecule) was recorded
with higher resolution in order to resolve its rotational structure. The 398 component consists
of three combinations of m1 + m2 isotopomers24: 198 + 200, 196 + 202 and the homonuclear
199 + 199. The latter will be the source of pairs of entangled 199Hg atoms in the test of
Bell’s inequality with atoms. Due to a relatively large Tr in the beam (2–2.5 K) the rotational

24 Each pair (m1 + m2)i and (m1 + m2)j of isotopomers within the same A1 + A2 component are shifted according to the
formula [92] �νij(υ ′, υ ′ ′ = 0) = (ρj − ρi)ω′

e(υ ′ + 1/2) − (ρ2
j − ρ2

i )ω′
ex

′
e(υ

′ + 1/2)2 + δ, where δ = (ρj − ρi)ω′′
e /2 +

(ρj − ρi)2ω′′
e x′′

e /4, ρj = (〈µ〉/µj)1/2, and 〈µ〉 and µj are mean reduced mass and reduced mass of the jth isotopomer,
respectively.
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Figure 13. (a) Isotopic structure of the 57 ← 0 vibrational band of the D31u ← X10+
g transition

in Hg2 recorded with low laser resolution for D = 1 mm, Xeff = 12 mm, P0(Ar) = 1 atm, T0 =
465 K [54]. The total molecule masses, A1 + A2, are shown above the components. (b) Simulation
of the spectrum shown in (a) which takes into account the isotopic composition of the 57 ← 0
band and rotational structure of all its isotopomers. Rotational constants Bυ ′=57 = 0.017 33 cm−1

and Bυ ′ ′=0 = 0.012 51 cm−1 obtained (see footnote 25) from rotational analysis as well as Tr = 2
K and �ν̃las = 0.35 cm−1 were used in the simulation. (c) High-resolution experimental profile
of the 398 isotopomer and (d) its simulation obtained for Bυ ′=57 and Bυ ′ ′=0 as in (b), Tr = 2.4 K
and �ν̃las = 0.06 cm−1. Simulations for the three individual mass combinations, (m1 + m2)i that
constitute the 398 isotopomer are shown.

transitions extend up to approximately J = 20. In order to selectively excite the J′ = 9 ←
J′′ = 10 rotational transition, the profile will be recorded with even higher resolution in the
next stage of the experiment. At this point, the analysis of the recorded rotational profiles
for combinations of all isotopomers (A1 + A2 = 396–406, 408) provided rotational constants
Bυ ′=57 and Bυ ′ ′=0 for the D31u and X10+

g states, respectively (see figure 13). This permitted
direct determination of the excited and ground-state bond lengths25, R′

e = 2.745 ± 0.003 Å
and R′′

e = 3.654 ± 0.003 Å, respectively.

4. Chemical reaction dynamics studied in crossed supersonic beams

A review of chemical reaction dynamics using the method of crossed supersonic molecular
beams can be found in [21]. Usually, the process starts with reactants with well defined
velocities v‖, approach angles and internal (vibrational and rotational) quantum states; it
is finalized in the measurement of velocities and angular distributions of the products or
the angular distributions of the state-selected products. Because of the special environment
for these beams, chemical reactions take place at low Tt and even lower Tυ and Tr (see

25 Preliminary result.
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Figure 14. Typical crossed molecular beam arrangement with fixed beam sources and rotating
mass spectrometer TOF detector. Pressures (in mbar) for each region are indicated (from [21] with
permission of IOP Publishing).

section 2.1.1). At such temperatures chemical reactions are quantal in nature and dominated
by tunnelling processes. Thus, selection of the translational and internal energies of the
reactants is important and can be controlled by adjusting conditions in the expansion of the
crossed beams. Figure 14 shows a schematic diagram of a typical crossed molecular beam
instrument. For the F + H2 → HF + H benchmark reaction studied experimentally by Lee and
co-workers [93]26, the instrument consisted of effusive F-atom (with a velocity selector) and
H2-molecules supersonic nozzle expansion (i.e., with a skimmer, see footnote 4) beam sources.
The reaction products were analysed with a rotating mass spectrometer time-of-flight (TOF)
detector. In theoretical studies of the F + H2 reaction it was shown that strong resonances due
to the intermediate quasi-bound states are playing an important role and that the quasi-bound
states are entirely dynamical in nature [95]. In the experiment [93] it was shown that the
product (HF) angular distribution in the CM has enhanced forward peaking (scattering) in
the υ ′ = 3 state and that the quasi-bound states are formed. Moreover, an energy barrier
in the F + H2 entrance channel exists but there is no attractive well near the transition state.
Recently, possibilities of studying the F + H2 and F + D2 reactions in utltra-cold temperatures
were presented by Balakrishnan and Dalgarno [96] and Bodo et al [97], respectively. Their
quantum-mechanical considerations show that the long duration of the two-body F and H2

collision in ultra-cold Tt allows a tunnelling through the repulsive activation barrier even in the
limit of Tt = 0. For the F + D2 reaction, however, due to the changed mass, a new feature was
found in the reaction probabilities and was attributed to a Feshbach resonance corresponding
to a metastable state in the reaction exit channel. Observation of Feshbach resonances in the
F + H2 reaction was also reported [98, 99].

26 An isotopic analogue of the reaction, i.e., F + D2 → DF + D, was studied by Toennies and co-workers [94] with
improved resolution of product internal states.
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In general, in the reactions studied using the crossed molecular beams method, the
translational, vibrational and rotational excitation processes were investigated leading to,
among others, (i) the determination of the translational energy dependence of differential and
integral cross sections for reactions (e.g., CN + H2 [100]), (ii) the production of data on the
effect of the rotational energy on differential cross sections (e.g., F + H2 [93]) or on the effect
of reagent rotation on product energy dispersal (e.g., O(3P) + HCl (υ ′′ = 2, J′′ = 1, 6, 9) →
OH(υ ′, J′) + Cl(2P) [101]) and (iii) the determination of the vibrational dependence of the
integral cross sections (e.g., in reactions of selectively excited high υ ′ of Na2 in the Na2 +
Cl → NaCl + Cl∗ reaction [102]).

5. Conclusions

Among a variety of methods that are used in experiments on the cooling of molecules,
supersonic free-jet beams are recognized as sources of rotationally and vibrationally cold
diatomic and larger objects. Also, monokinetization during the expansion assures that
molecules ‘travel’ in the beam with well-defined velocity and, after they reach a terminal
distance from the nozzle, they can be treated as isolated molecules moving without collisions.
Due to low vibrational and rotational temperatures, the supersonic free-jet expansion is
an excellent environment where weakly bound van der Waals molecules can exist and be
investigated using laser techniques. Such studies provide information about neutral–neutral
interactions between atoms in different regions of inter-nuclear distance. Moreover, chemical
reaction dynamics can be extensively studied in crossed supersonic free-jet beams providing
information on selection rules and branching ratios for chemical reactions that are enhanced at
low temperatures. The universality of supersonic free-jet beams has been confirmed recently
in quantum physics where it is being applied in order to obtain entangled atom pairs in a
loophole-free test of the Bell–Clauser–Horne version of Bell’s inequality.
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