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Optical–optical double resonance process in free-jet supersonic expansion of van
der Waals molecules: characteristics of the expansion, number of excited
molecules and emitted photons
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ABSTRACT
Basic characteristics of a free-jet supersonic expansion beam are presented alongwith an estimation
of a number of expanding CdAr and ZnAr molecules that are excited in the free-jet in the opti-
cal–optical double resonance process. The estimation is demonstrated for laser excitation from the
ground, via respective A30+(53P1) or C11(41P1) intermediate, to the E31(63S1) or 11(41D2) Rydberg
state of CdAr or ZnAr, respectively. A number of subsequently emitted and collected photons is also
predicted.
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1. Introduction

For experiments in physics and chemistry, pioneering
applications of molecular beams were those in Stern-
Gerlach [1] and the maser [2] experiments. In those
works, so-called effusive beams were used, however, they
were limited to low number densities and relatively high
temperatures, as particles were emitted in free-molecular
flow. Supersonic molecular beams [3] introduced denser
beams of ro-vibrationally colder molecules, leading to
advances in fields of research such as nanomaterials [4],
atom interferometry [5], reaction studies [6] and high-
resolution molecular spectroscopy [7]. Later, supersonic
beams have been employed as sources for molecular
decelerators [8,9], applied toward molecular evaporative

CONTACT Joanna Sobczuk joanna.b.dudek@doctoral.uj.edu.pl Marian Smoluchowski Institute of Physics, Jagiellonian University, S. Łojasiewicza 11,
30–348 Kraków, Poland

cooling [10,11] and in molecular interferometry experi-
ments [12].

Free-jet (i.e. skimmerless) supersonic expansion beams
[13] have been frequently combined with laser excita-
tion and subsequent observation of laser-induced fluo-
rescence (LIF) excitation or emission spectra. They con-
sist a well-established experimental technique for studies
ofmolecular electronic, vibrational and rotational energy
structures [13,14]. Usually, to excite molecules propa-
gating in the beam, one- or two-step laser excitation is
employed to transfer a molecular-level population from
the ground to a lower or higher lying (Rydberg) electronic
energy state. Then, sweeping the laser frequency or spec-
trometer wavelength, LIF excitation or emission spectra
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Figure 1. (a) Geometry of the experimentwithCdAr or ZnAr vdWmolecules excited in amolecular free-jet usingOODRprocess. Two laser
beams overlap in the interaction region with the molecular free-jet. A lens is used to collect LIF from the interaction region. To acquire
the excitation spectrum, LIF is recorded by the detector (CCD camera or photomultiplier) as a function of frequency of the second-step
excitation laser. To observe the emission spectrum, LIF is dispersed using spectrograph situated in front of the detector (not shown). (b)
An approximate molecular density distribution in a cross-section of the molecular free-jet perpendicular to its direction of propagation;
a Gaussian distribution of themolecular density with σ = Dm

2 standard deviation has been assumed. (c) As in (b) but in a cross-section of
themolecular free-jet along its direction of propagation. In this model, a linear increase of standard deviation σ of themolecular density
along X is assumed.

are observed, respectively. In both processes, but partic-
ularly in the process of excitation of Rydberg states via
optical–optical double resonance (OODR), a final num-
ber of excited molecules in the free-jet appears to be a
crucial parameter for assessing whether LIF signal would
be strong enough to be detected with e.g. a CCD camera
or a photomultiplier.

In experiments devoted to studies of CdRg or ZnRg
(Rg = rare gas atom) van der Waals (vdW) molecules
that are performed in our laboratory [15], cadmium
or zinc pellets are heated in a molecular source cru-
cible (see Figure 1) to the temperature T0 (equal to the
source nozzle stagnation temperature [16]) that results
in pMe cadmium or zinc vapour partial pressure (ME
= Cd or Zn). A carrier gas (argon), under the pres-
sure pAr, is delivered to the crucible causing a mix-
ture of metal vapour and argon to expand through the
source nozzle (diameter Dn) into a vacuum chamber.
In OODR process, at the distance X from the nozzle,
two counterpropagating resonant laser beams (each of
diameter Dl) excite molecules. At X, the molecular free-
jet has diameter Dm. After the excitation, LIF signal is
collected from a solid angle � using a lens (diameter
Df ) located at the distanceL from the interaction region
(L� Dm).

The goal of this article is to estimate a number of
excited molecules and number of consequently emitted

photons in the total emission per one laser pulse. It
is realised in the environment of a free-jet supersonic
expansion for laser excitation from the ground, via
respective A30+(53P1) or C11(41P1) intermediate, to the
E31(63S1) or 11(41D2) Rydberg state of CdAr or ZnAr,
respectively. Besides few characteristics of the free-jet
supersonic expansion that are crucial to the analysed
problem, several quantities are evaluated: an equilibrium
constant of formation ofMeArmolecules, a number den-
sity of MeAr at the distance X from the nozzle, a number
of excitedMeAr based on Einstein coefficients calculated
using LEVEL Fortran code [17] and number of emitted
photons.

2. OODR processes in CdAr or ZnAr

A scheme of OODR process that is realised to excite Ryd-
berg electronic energy states inCdAr or ZnAr is shown in
Figure 2. It has been described in detail in [15]. Generally,
two laser beams in the VIS and/or UV region are used
in the process. They are employed to excite molecules to
the electronic states to which transitions from the ground
state are forbidden or not possible in one-step excitation.
Moreover,OODRcan involve different intermediate elec-
tronic states to access and probe different parts of the
ro-vibrational energy structure in the final Rydberg-state
potential well(s).
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Figure 2. Ab-initio calculated interatomic potentials of electronic states in (a) CdAr [18] and b) ZnAr [15] molecules. A scheme of OODR
process is shown (solid vertical arrows) for excitation of (a) the E31(63S1), υ ′ = 2 and (b) the 11(41D2), υ ′ = 13 levels in Rydberg states
(level |3〉) fromυ = 0of theground state (level |1〉) using (a) theA30+(53P1),υ′′ = 5and (b) theC11(41P1),υ′′ = 10 intermediates (level
|3〉← |2〉). Possible channels of the allowed emission analysed in [15] are shownwith dashed vertical arrows. 350× 200mm (300× 300
DPI)

Detection of dispersed emission from a Rydberg state
can be used in determination of those parts of lower
lying state potential that are not accessible in the exci-
tation from the ground state. As shown in [15], it can
be applied for CdAr or ZnAr molecules by collecting
fluorescence from molecules previously excited to the
E31(63S1) or 11(41D2) Rydberg states via the A30+(53P1)
or C11(41P1) intermediates, respectively (see Figure 2).
However, to effectively realise OODR process, one must
ensure that the chosen molecular transitions guaran-
tee efficient vibrational-level population transfer from
the |1〉ground to the |3〉 Rydberg state. Except for suf-
ficiently intense resonant laser pulses and adequately
‘dense’molecular free-jet (in the sense ofmolecular num-
ber density), one has to choose transitions forwhich tran-
sition dipole moments (TDMs) have satisfactory large
values. Figure 3 presents |TDM|2(R), where R is an inter-
nuclear separation, for (a) the E31←A30+←X10+(51S0)
and (b) the 11←C11←X10+(41S0) transitions for CdAr
and ZnAr, respectively. As one can see, for ZnAr,
as both transitions are singlet←singlet transitions, are

appreciably large, which is not the case for the first
triplet←singlet transition in CdAr that is characterised
by |TDM|2 which is three orders of magnitude smaller.
Fortunately, despite the fact, the A30+←X10+ transi-
tion in CdAr has been experimentally realised in several
laboratories as reported, e.g. in [13] and [19].

3. Number density of ground-state MeAr
molecules in free-jet supersonic expansion

Let us consider a process of formation of diatomic
molecules (here MeAr fromMe and Ar atoms), in a ther-
mal equilibrium bath which takes place in the source
nozzle

Me + Ar � MeAr

According to Vigasin [20], near the bottom of the molec-
ular potential that is well approximated by a truncated
harmonic oscillator, Kp equilibrium constant can be
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Figure 3. Ab-initio calculated transition dipole moments TDM 2 for electronic transitions in (a) CdAr [18] and (b) ZnAr [15]
molecules shown in Figure 2 for which OODR process is performed. 289× 202mm (300× 300 DPI)

expressed in (atm−1) as

Kp = 18.86
ωeBvχT0

0.5μMeAr1.5

[
e
De
T0 −

(
1+ De

T0

)]
, (1)

where ωe is a harmonic vibrational constant and Bv is
a rotational constant for a given υ, both in (cm−1), χ

is the symmetry number (equal to 1 for heteronuclear
molecule), T0 is a nozzle stagnation temperature (equal
to the temperature of a gasmixture in the crucible) in (K),
μMeAr is a reducedmass ofMeAr in (atomic units) andDe
is MeAr ground-state potential depth in (K).

Having Kp, one can write the formula

Kp = pMeAr

pMepAr
(2)

which is valid only if Kp � 1 (it means only a small
fraction of Me and Ar atoms forms MeAr molecules
which is a realistic approximation in free-jet supersonic
expansion) and where pMeAr is a partial vapour pressure
of MeAr in the source nozzle where the molecules are
formed due to collisions. Using Equations (1) and (2),
pMeAr and then number density n0 of the ground-state

MeAr in the nozzle can be calculated assuming an ideal
gas approximation

n0 = pMeAr

kBT0
(3)

where kB is the Boltzmann constant.
For an isentropic flow in free-jet supersonic expan-

sion, after travelling the distance X, number density n(X)
of MeAr along with the central axis of free-jet propaga-
tion decreases according to the formula [7]

n(X) = n0[
1+ 1

2 (γ − 1)M(X)2
] 1

γ−1
(4)

where γ = cp
cv and cp(v) is the heat capacity at a constant

pressure (volume), and the decrease of n in Equation (4)
is due to the increasing ofM(X) local Mach number that
satisfies the equation [7]

M(X) = A
(

X
Dn

)γ−1
(5)

where A is a constant. Here, we discuss so-called seeded
molecular free-jet which consists of Me atoms with small
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Figure 4. (a) Relative number density n
n0
ofMeAr along the central axis of free-jet supersonic expansion and (b)MachnumbersMplotted

against distance X , both formolecular source nozzle diametersDn= 0.1, 0.2 and 0.3mm—according to (a) Equation (4) and (b) Equation
(5). 540× 208mm (300× 300 DPI)

number density in a cold ‘bath’ of carrier gas Ar atoms;
for monoatomic gas γ = 5/3 and A = 3.26. (Note: M
corresponds to υAr

υs
ratio of υAr, the local velocity of the

carrier gas in the free-jet, toυs, the local velocity of sound,
and as υs ∼

√
T, T drops along with the central axis of

expansion whileM increases).
Figure 4 shows (a) n

n0 (X) and (b)M(X) dependencies
that illustrate relations expressed with Equations (4) and
(5), respectively, and are derived for three different Dn
nozzle diameters, typical in our experiments. It is evi-
dent that number density n of the ground-statemolecules
along with the central axis of free-jet supersonic expan-
sion decreases quickly with X and, for experimental con-
ditions of present consideration, the decrease is approx.
from 5 to 6 orders of magnitude at X = 20 mm (Note: in
Figure 4(a) only X from 0 to 2 mm is shown).

It is interesting to examineM(X) for differentDn with
respect to MT terminal Mach number beyond which no
further cooling of molecular internal degrees of freedom
is taking place and particles travel in the molecular free-
jet in so-called zone of silence without collisions. Here,
MT for monoatomic gas is given by the phenomenologi-
cal formula [7,21]

MT = 133(pArDn)
0.4 (6)

where pAr and Dn are expressed (atm) and (cm), respec-
tively, and— asMT depends onDn and pAr —it is worth-
while to estimate MT for typical experimental parame-
ters. In Figure 4(b), several values of MT were depicted
with arrows numbered according to increased pAr: (1),
(2) and (3) for 1, 2 and 3 atm, respectively. Along with
the central axis of free-jet propagation, the distance XT
from the nozzle at whichMT occurs (and origin of ‘zone

of silence’ starts) can be estimated using the formula [16]

XT = Dn

(
MT

3.26

)1.5
(7)

and one can see that for all Dn and pAr available in
the experiment M attain their MT terminal values for X
smaller than 20 mm.

The analysis presented above allows to formulate a
conclusion: with increasing Dn the number density n of
molecules along with the central axis of free-jet expan-
sion increases as well; however, for largerDn the drop of n
along with the central axis is slower than that for smaller
Dn. For larger Dn, conditions for ro-vibrational cooling
become worse. The best cooling conditions are reached
for smaller Dn, and larger pAr and X.

Finally, according to a thermodynamic description
of free-jet supersonic expansion, M at particular X
expressed by Equation (5) allows to estimate an average
flow velocity [21,22]

υaver(X) = M(X)

(
γ kBT(X)

μMeAr

)0.5
, (8)

where T along with the central axis of propagation is
governed by the formula [7,21]

T(X) = T0

1+ 1
2 (γ − 1)M(X)2

. (9)

Figure 5 shows (a) υaver(X) and (b) T(X) dependen-
cies for ZnAr expanding in the free-jet as expressed by
Equations (8) and (9), respectively. It is evident that for
experimental parameters of this analysis υaver increases
sharply at the beginning of the expansion (say, first 0.5–1
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mm) and the larger Dn the smaller is υaver. As far as
T is concerned, it drops very fast from its T0 starting
value at first 1–2 mm of the expansion and its drop is
faster the smaller is Dn. Using Equations (8) and (9), one
can show that assuming typical experimental conditions
realised in our laboratory, i.e. Dn = 0.2 mm, T0 = 913 K
and T0 = 1073 K for CdAr and ZnAr, respectively, one
can arrive at υaver(Xexp = 10 mm) = 1131 m s−1 and
υaver(Xexp = 7 mm) = 1343 m s−1 for CdAr and ZnAr,
respectively.

4. Number of excitedMeArmolecules

To realise the first-step transition of OODR process, at
distance Xexp, the molecular free-jet is illuminated by a
pulsed laser beam that emits pulses of duration tp, spec-
tral bandwidth�ωlas (=2π�vlas) and a total energy per
pulse Ep. The pulses have spectral energy density distri-
bution ρ(ω) which is a function of angular frequency ω

and is given by the formula

ρ(ω) = ρ0
1√
2πσ

exp
[
(ω − ωlas)

2

2σ 2

]
, (10)

where ρ0 is energy density per laser pulse (ρ0 =
Ep

2π(Dl/2)2ctp
, c is the speed of light), σ = 1

2
√
2ln2

�ωlas,
and ωlas is an average laser frequency. Let us assume
ωlas is tuned to ω21 resonance frequency of the molec-
ular transition between |1〉 lower and |2〉 upper state
ro-vibrational energy levels: ωlas = ω12, and the transi-
tion natural linewidth �ωnat � �ωlas. Then, the total
rate of absorptionWabs

12 expressed in (s−1) is equal [23]

Wabs
12 = B12ρωN1 (11)

where B12 is Einstein coefficient for absorption in(
m3·rad· s−1

J·s
)
, ρω is energy density per unit of angular

frequency expressed as ρω = 1√
2π

ρ0
σ
in

(
J·m−3
rad·s−1

)
and N1

is an initial number of absorbing molecules in level |1〉
(see Equation (17)) Assuming a Gaussian distribution of
molecular number density along with the direction of
the laser beam with a variance σ satisfying the condition
Dm = 2σ (Dm can be determined experimentally [24]),
N1 can be approximated by

N1 = n(X)(2π)
3
2

(
Dm

2

) (
Dl

2

)2
, (12)

where n(X) is given by Equation (4).
Together with an increasing N2 number of the excited

molecules in level |2〉, spontaneous and stimulated emis-
sions with Wspont em

21 and Wstim em
21 rates, respectively,

occur and

Wspont em
21 = A21N2, (13)

Wstim em
21 = B21ρωN2, (14)

where A21 and B21 are Einstein coefficients for spon-
taneous and stimulated emissions to the lower level
expressed in (s−1) and

(
m3·rad· s−1

J·s
)
, respectively. Here,

for the sake of simplicity, we assume spontaneous emis-
sion only to one lower level. A21 coefficients were calcu-
lated by LEVEL program [17] taking into account inter-
atomic potentials of the electronic states involved in the
transitions and respective TDMs as a function of R, with
one exception: In case of the A30+, υ′′=5 ← X10+,
υ=0 transition in CdAr, the A21 coefficient has been
assumed as that determined experimentally [25]. Mutual
relations between Einstein coefficients are as follows [23]:

B21 =
(
2π3c3

hω3
21

)
A21, (15)

B12 =
(
g2
g1

)
B,21 (16)

where h is the Planck constant and g2(1) is degeneracy of
the upper (lower) level.

TheN1 andN2 numbers of molecules are time depen-
dent, thusN1 ⇒ N∗1 (t) andN2 ⇒ N∗2 (t). In general,ρω is
also time dependent due to absorption (emission) of pho-
tons and non-rectangular shape of the laser pulse in time
domain. However, in case of considered transitions, the
number of absorbed photons is negligible as compared to
the total number of photons in the laser beam.Moreover,
for the sake of simplicity as shown above, in time domain,
we assumed a rectangular shape of the laser pulse. In such
a case, ρω is constant. With the above assumptions, the
population transfer N2(t)← N∗1 (t) occurs and N∗2 (t) is
given by the equation

dN∗2
dt
=Wabs

12 −Wspont em
21 −Wstim em

21 = B− AN∗2 (t),
(17)

where A = B12ρω + B21ρω + A21 and B = B12ρωN1.
With the boundary conditionN∗2 (t = 0) = 0, solution of
Equation (17) is

N∗2 (t) =
B
A

(1− e−At). (18)

Excitation in the second-step of OODR process is anal-
ogous to that in the first-step, with the exception that in
the second-step theN∗3 (t) ← N∗2 (t) population transfer
occurs and emission from level |3〉 is recorded.

In this study, it is approximated that there is no delay τ

between the two excitation pulses inOODRprocess. This
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Figure 5. (a) Average flow velocity υaver and (b) temperature T along the central axis of free-jet supersonic expansion plotted against
distance X for ZnAr, and for source nozzle diameters Dn= 0.1, 0.2 and 0.3mm—according to (a) Equation (8) and (b) Equation (9).

Table 1. Parameters of the experiment with OODR excitation process of CdAr and ZnAr molecules from the ground to the E31(63S1) and
11(41D2) Rydberg states, respectively.

Parameter Unit Description CdAr ZnAr

Initial parameters of the free-jet supersonic expansion
T0 K Nozzle stagnation temperature = temperature of a gas

mixture in the crucible
913 1073

pMe bar Metal vapour pressure in the crucible [28] 0.220 0.335
pAr bar Argon pressure in the crucible 5 7

Geometry of the experiment
Dn mm Diameter of the nozzle 0.2 0.2
Dm mm Diameter of the molecular free-jet at Xexp 5 4
Dl mm Diameter of the laser beam at the intersection with the

molecular free-jet
2 2

Df mm Diameter of the collecting lens 51 51
Xexp mm Distance between the nozzle and the laser beam 10 7
L mm Distance between the intersection of the laser beams and

molecular free-jet, and the collecting lens
100 150

Parameters of laser beams in OODR process
Ep1 mJ Energy per pulse of the first excitation 3 1.5
Ep2 mJ Energy per pulse of the second excitation 1.5 1.5
tp ns Laser pulse duration 10 10
�νlas cm−1 Spectral bandwidth of the laser pulse 0.2 0.2

Parameters of the molecular electronic ground-state
υ — Vibrational quantum number 0 0
ωe cm−1 Harmonic vibrational constant [13,29] 19.8 19.8
Bv=0 cm−1 Rotational constant for υ = 0 [17] 0.046 0.034
De K Potential well depth [13,29], 146.88 116.73

is because after τ of few tens of ns (in the experiment τ ≈
50 ns) molecules in the free-jet travel approx. 60–70μm
which is a negligible distance as compared with Dm and
Dl that are of few mm each (see Table 1). Thus, the loss
ofmolecules from the interaction region is also negligible
and τ = 0 ns is justified to be assumed.

5. Number of emitted and collected photons

As excited energy level |3〉 in both Rydberg states of CdAr
and ZnAr possess a limited lifetime, so in our model one
can assume that one photon from each excited molecule

in the first-step LIF is emitted. Secondary LIF events are
not taken into consideration. Thus, the number of emit-
ted photons is equal to the number of excited molecules:
Nphottot = N∗2 (t). Moreover, in this study, an idealised
detection system is described. It is affected neither by
scattering from the collecting lens nor efficiency of the
detector. Although photons are emitted in full solid angle,
only these that reach the collecting lens can be detected
(see Figure 1). Thus, a number of photons collected by
the lens approximately equals

Nphot =
π(Df /2)2

4πL2
Nphot tot . (19)
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Table 2. Calculated parameters of the experiment of OODR process and subsequent emission from the E31(63S1) and 11(41D2) Rydberg
states of CdAr and ZnAr molecules, respectively.

Parameter Unit Description CdAr ZnAr

Free-jet supersonic expansion
Kp atm−1 Equilibrium constant of MeAr formation in the ground

state, Equation (1)
8.9 · 10−5 4.3 · 10−5

n0 m−3 Number density of MeAr molecules in the source nozzle
(Equation (3))

7.7 · 1020 6.7 · 1020

n m−3 Number density of MeAr molecules at X along the axis of
molecular free-jet, Equation (4)

4.6 · 1016 8.2 · 1016

M — Mach number at X, Equation (5) 44.8 35.3
T K Temperature at X, Equation (9) 1.5 2.6
υaver ms−1 Average velocity of molecules at X, Equation (8) 1131 1343

First-step excitation in OODR process (transition |2〉←|1〉)
A21 s−1 Einstein coefficient for spontaneous emission [15,22] 3.7 · 105 1.26 · 108
B12 m3·rad· s−1

J·s Einstein coefficient for absorption, Equation (16) 1.95 · 1019 1.87−1021
B21 m3·rad· s−1

J·s Einstein coefficient for stimulated emission, Equation (15) 9.73 · 1018 9.36−1020
ω12 rad s−1 Resonant angular frequency 5.77 · 1015 8.79 · 1015
N∗2 — Number of MAr excited molecules after laser pulse

(t = 10ns) first excitation, Equation (18)
1.2 · 109 1.7 · 109

Second-step excitation in OODR process (transition |3〉←|2〉)
A32 s−1 Einstein coefficient for spontaneous emission [15] 2.42 · 105 1.35 · 106
B23 m3·rad· s−1

J·s Einstein coefficient for absorption, Equation (16) 1.59 · 1018 1.29 · 1020
B32 m3·rad· s−1

J·s Einstein coefficient for stimulated emission, Equation (15) 7.95 · 1017 1.29 · 1021
ω23 rad s−1 Resonance angular frequency 3.75 · 1015 2.98 · 1015
N∗3 — Number of MAr excited molecules after laser pulse

(t = 10ns) second excitation, Equation (18)
4.0 · 108 1.1 · 108

Nphot — Number of photons collected by lens per one laser pulse
(transition |3〉→|2〉), Equation (20)

6.5 · 106 8.0 · 105

6. Conclusions

Basic characteristics of a free-jet supersonic expansion
along with its central axis such as: Mach number M(X),
terminal Mach number MT , number density n(X) of
molecules, average flow velocity υaver(X) and tempera-
ture T(X) were analysed along with an estimation of N∗3 ,
the number of expanding CdAr and ZnArmolecules that
are excited in the free-jet in OODR process. The esti-
mation was demonstrated for laser excitation from the
ground, via intermediate, to the E31(63S1) or 11(41D2)
Rydberg state for CdAr or ZnAr, respectively. A number
of subsequently collected photons,Nphot , in the detection
system was also evaluated.

Table 1 collects parameters of the experiment with
OODR excitation process of CdAr and ZnAr molecules
from the ground to the E31 and 11 Rydberg states, respec-
tively. It encloses initial parameters of the free-jet super-
sonic expansion, parameters describing the geometry of
the experiment, laser beams and molecular electronic
ground-state. Table 2 collects calculated parameters of
free-jet supersonic expansion, two steps of excitation in
OODR process and subsequent emission from the E31
and 11 Rydberg states in both molecules.

It was shown that for both CdAr and ZnAr, the num-
ber of Rydberg-state excited molecules N∗3 (1.27 · 108
and 5.31 · 107, respectively) as well as subsequently emit-
ted photons Nphot (2.08 · 106 and 3.8 · 105, respectively)
may ensure detection of ZnAr in the free-jet supersonic

expansion after excitation of the 11 Rydberg state. This
is because LIF emission from the E31 state in CdAr has
been readily detected not only in our laboratory [26,27]
while Nphot in the case of ZnAr is only approx. 5.4 times
smaller than that of CdAr.
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