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The spectroscopic literature reporting on the coupling between Fourier trans-
form spectrometers and supersonic jet expansions is reviewed. Particular attention
is devoted to high resolution infrared absorption experiments. Short and much
longer introductions are provided on Fourier transform spectrometers and jets, re-
spectively, with emphasis on the problems raised by coupling the two techniques.
Details of the optical designs reported in the literature are considered. The liter-
ature on all the molecules studied is tabulated. Some of the spectroscopic results
are highlighted, in particular those obtained at Université Libre de Bruxelles.
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1. Introduction

Levy and co-workers pioneered the implementation of supersonic jet expansions
in the field of high resolution spectroscopy in the 1970s [1, 2]. In supersonic jets,
gases are expanded from a higher to a lower pressure chamber through a suitable
small orifice. This can be a pinhole, a confining flow nozzle, a slit or a multinozzle
assembly. The free mean path in the gas and the orifice dimensions are such that
a large number of collisions take place at the initial stage of the expansion. As
a result a flow of molecules is produced, moving in one direction at supersonic
speed and in a collision-free regime. The resulting drastic decrease of the rotational
temperature leads to a spectacular spectral simplification, allowing the spectrum of
larger molecules to be reliably investigated. Because the molecular speeds become
aligned, spectroscopic sub-Doppler resolution conditions can be obtained without
the use of high power saturating lasers. In addition, molecular complexes and
clusters are being built-up by long range interaction forces in the initial phase
of the jet formation, and remain longer in the expansion, hence favouring their
spectral investigation. Thus, because of spectral simplification, sub-Doppler resolution
and formation of complexes and aggregates, supersonic jet expansions opened up
a new era in the characterization of intramolecular and intermolecular properties
within the field of high resolution spectroscopy. Supersonic jets are today a central
feature in a variety of studies in physical chemistry. It is interesting to note that
a number of studies of jet-cooled molecules are reported in the literature that are
based on microwave spectrometers, a very active field (e.g. [3, 4]), and also on
ultraviolet spectrographs (e.g. [5-8]), in addition to laser and Fourier transform
spectrometer-based experiments, as reported below.

Fourier transform spectrometers (FTS) started invading the field of high-
resolution spectroscopy at about the same period supersonic jets did, that is some
twenty years ago when commercial instruments became available. FTS very quickly
replaced conventional monochromators and spectrographs in most spectral ranges
because of the numerous advantages they provide. The multiplex recording, the
broadband coverage, the calibration facilities and the computer control indeed
proved to be decisive in the competition with grating-based, slit instruments. FTS
today even access the vacuum ultraviolet region despite the very severe optical con-
ditions required at such short wavelength spectral ranges to achieve high resolution
Michelson interferometry.

The first report of an instrumental combination of FTS and supersonic expan-
sions was in 1981, by Snavely et al. from Yale University [9]. In the infrared range,
the competition between FTS and lasers is obviously very strong since both types
of instrument access identical spectral regions. Laser sources appear to be ideally
suited to probe supersonic expansions (see [10-12] among numerous references for
infrared laser work). They indeed provide reduced instrumental linewidth, adapted to
sub-Doppler investigation. They also lead to optimized sensitivity through a variety
of instrumental techniques, allowing species in low concentration to be observed in
the expansion. In addition, laser beams can be precisely directed, allowing a defined
spatial region in the expansion, corresponding to precise experimental conditions,
to be probed. FTS unfortunately fail to provide similar characteristics and, initially,
one could have doubted the interest of investigating jet-cooled molecules using FTS
in spectral ranges in which laser sources were also available.

Today, however, some twenty years after supersonic jets and FTS separately
started their career in high resolution spectroscopy, a prolific research area has
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settled around their combined use. Altogether, we spotted over 100 papers in
the international refereed literature published up to the fall of 1999, which are
based on the use of FTS to investigate supersonically jet-cooled molecules. A
complete overview of Fourier transform (FT) FT-jet spectroscopy demonstrates
that a variety of experiments were performed, including infrared absorption and
emission techniques as well as the study of electronic transitions in emission. All
these papers will be mentioned but the focus of the present review is set on high
resolution and absorption FT-jet spectroscopy to probe vibration—rotation spectra. In
this specific field, following the first experiment already mentioned and corresponding
to medium resolution conditions, Quack and his group at Eidgenossische Technishe
Hochschule (ETH) Zurich reported in 1984 Fourier transform infrared (FTIR)
spectra of jet-cooled molecules at high spectral resolution [13]. This group has since
been very productive in this area. In addition to a number of more isolated studies,
such as those from Barnes and Gough [14] in 1987, and from Winnewisser et al.
at Giessen, initiated in 1991 [15], four other research groups started investing more
systematically in this field. They are listed below in order of their first publication
on the subject: Université Libre de Bruxelles (ULB) Belgium [16], Texas A&M-USA
[17], Monash-Australia [18], and Paris VI-France [19]. Additional groups are now
working along similar lines, such as those from Rennes (France) [20], Gottingen
(Germany) [21, 22] and Orsay (France) [23].

As an introductory illustration of FT-jet achievements, figures 1 and 2 present
results of the investigation of the infrared spectrum of N,O, achieved at ULB.
Dinitrogen hemitetroxide is in chemical equilibrium with its monomer, NO,, and
both species are therefore simultaneously observed in the FTIR absorption spectrum
recorded in a cell, as presented in figure 1(a). Temperature conditions slightly
lower than room temperature were used to record the cell spectrum in figure 1 («)
(T = —50°C), to raise the relative amount of the dimer. As exemplified on the
spectrum in figure 1 (), the spectral congestion in each of the bands of N,O4 on
the cell spectrum prevents detailed investigation from being achieved. The spectra
at the bottom of figure 1 (parts (¢) and (d)) demonstrate that FT spectroscopy
in supersonic jet expansions provides the required simplification and allows the
rotational structure to be unravelled in N,O4. Those recent spectra, from [26],
extend and improve previous FT-based investigations of this molecule [27-29]. One
should notice that the resolution (0.005 cm™! apodized resolution) and the signal-
to-noise ratio (close to 100 for the strongest line) are not as good as those achieved
in a diode laser investigation also reported in the literature [30]. The latter study,
however, could only cover very limited parts of the full range in figure 1 due to the
characteristics of the diode laser used. It did, among other drawbacks, not spot the
bands presented in figure 2.

It is the purpose of sections 2 and 3 to detail the instrumental features be-
hind FTS in connection with the investigation of supersonic expansions. A short
introduction on FTS is given in section 2. This section also provides a much more
solid introduction to supersonic expansions, to help understand the specificity of
the various optical designs built to adapt FTS to supersonic expansions, which are
detailed in section 3. Section 3 also highlights the basics of all relevant types of
nozzles. Section 4 reviews the FT-jet literature, listing all papers, thus including
emission work and the study of electronic transitions. Section 4 details some of the
results in the field of high resolution infrared absorption spectroscopy, in particular
those achieved at ULB.
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Figure 1. Infrared transmittance spectrum of N,O, recorded using a FT spectrometer
(adapted from [24-26], ULB data); (a) low resolution spectrum under —50°C tem-
perature conditions showing absorption by NO, (A) and N,0O4 (A) simultaneously
present in the sample because of the chemical equilibrium connecting the monomer
and dimer species; (b) band centred at 1260 cm™' recorded under room tempera-

ture conditions; (¢) same band recorded under jet-cooled conditions (1:1 mixture of

Ar:NO,/N,0y, 40 scans, 0.005 cm™! resolution, Ty = 30 K); (d) portion of the

recording in (¢) with a comparison with the simulated spectrum.
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Figure 2. Infrared transmittance spectrum of N,O, recorded under jet-cooled conditions
using a FT spectrometer (adapted from [26], ULB data); top: bands centred around
750 ecm™! (4:3 mixture of Ar:NO,/N,0O,, 40 scans, 0.005 cm™' resolution, Ty =
30 K) with a comparison with the simulated spectrum; bottom: band centred around
3125 cm™! (10:7 mixture of Ar:NO,/N,O,, 200 scans, 0.005 cm™! resolution, Ty =
40 K) with a comparison with the simulated spectrum.
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2. Basics of Fourier transform spectrometers and supersonic expansions
2.1.  Fourier transform spectrometers

Fourier transform spectroscopy was first introduced in 1895 by Michelson [31]
who probably measured the very first FT spectrum. Since then the technique has be-
come quite evolved and microcomputers have helped in the production of affordable
commercial equipment since the early 1980s. Users interested in basic developments
are referred to various textbooks [32, 33] concerned with Fourier transform spec-
troscopy and its applications, and to early references [34-41]. We focus hereafter on
features more relevant to FT-jet spectroscopy.

Basically, FTS uses the interference pattern produced by a two-arm Michelson
interferometer. One of the mirrors is moving along one of the arms and a variable
optical path difference is produced between the two sides of the interferometer. The
resulting interference pattern is given by:

I(x) = % /O ) B(H)(1 + cos 2mix)) di, (1)

with x the optical path difference between the two arms, B(V) the spectrum of the
light source and v the wavenumber. The oscillating part of equation (1) is recorded
at equally spaced values of x, defining the ‘interferogram’, which samples discretely
the cosine Fourier transform of the spectrum of the light source. The corresponding
spectrum is then retrieved by inverting the FT using a digital fast Fourier transform
algorithm [42, 43].

Among the well-known advantages of FTS versus dispersive techniques, one
should highlight the combination of a number of features: (i) the digital treatment
of the signal, (ii) the multiplex (or Felgett) advantage, meaning that each point of
the interferogram contains information about the whole spectrum and that the noise
is distributed along the whole recorded range thus increasing the signal-to-noise
ratio, and (iii) the ‘all the spectrum at once’ benefit, which means that a spectrum
over a broad spectral range can be recorded in a single experiment, at high spectral
resolution.

Since the interferogram can only be recorded over a finite path difference, L
(usually a few metres), a truncation occurs which limits the spectral resolution.
Usually the resolution is defined as 0.5/ L, for example for interferometers built by
the Bomem company, but one finds some other more conservative definitions like
0.9/ L used, for instance, for the instruments built by the Bruker company.

As far as FT—jet spectroscopy is concerned, one of the most limiting factors is the
time required to record a spectrum. Optimal resolution with commercial instruments,
as for example available with the Bruker IFS120HR spectrometer used at ULB, is of
the order of 1.86 x 10~3 cm™!. It corresponds to a maximum optical path difference
of 483 cm. Since in typical working conditions the mirror moves at a speed of about
1.25 cm s7!, that is an optical velocity of 2.5 cm s~!, the time required to scan a
single ‘full resolution’ interferogram is of about 3 min. To increase the signal-to-noise
ratio, an accumulation of more than 100 scans is not uncommon. The signal-to-noise
ratio indeed increases as the square root of the number of co-added scans. Thus,
under such conditions, the total acquisition time climbs to about 5 h. This means
that the expansion has to be fed with huge quantities of gas. As an example, the
spectrum of figure 3, which was obtained at the optimal resolution available at ULB
(1.86 x 1073 cm™!) and which will be referred to again later in the text, corresponds
to 40 min recording time, which accumulates only 12 scans. The gas consumption
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Figure 3. Very high resolution (0.001 86 cm™! instrumental resolution) transmittance slit-jet-
cooled spectra (boxcar apodization, 12 scans co-added, 97.5:2.5 mixture of Ar:Gas)
of CH,4 and of C,Hs. The measured linewidths on the spectra (FWHM) are 0.0034
and 0.0030 cm™', respectively, ie. about twice the instrumental linewidth but about
one third of the Doppler width at room temperature for methane. The excess width
on the spectrum is partly attributed to the residual Doppler effect at the ends of the
slit sections (adapted from [44], ULB data).

for the existing flow conditions for the ULB slit-jet (20 L min~' continuous flow,
po & 20 kPa) is of about 800 L. High spectral resolution is thus achieved at the
expense of gas consumption. This explains why somewhat lower resolution is usually
reported in the literature. A typical value of 1 x 1072 cm~! appeared to be a good
compromise in most of the ULB studies. Such a limitation is obviously much less
stringent with other set-ups used in the various laboratories cited in section 4, which
use pinhole expansions with, therefore, reduced amounts of gas. It should also be
noted that tunable laser based investigations, usually providing higher resolution
and improved sensitivity but covering much narrower spectral ranges, may also face
similar problems. In other words, calculating the gas consumption in the jet per
absorption line recorded could be favourable to FT-based experiments.

In conventional absorption spectroscopy, the optimal signal-to-noise ratio is
achieved by increasing either the absorption path length (/), or the sample density
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(n), which is proportional to the pressure (p), or even both of these parameters.
In jet-cooled spectroscopy, most experimental conditions are determined by the
characteristics of the expansion, many being related to the size of the nozzle, as
detailed later in this review. Typically, the available absorption path is of the order of
a few millimetres for a pinhole to about 20 cm for slits, while in static experiments
the total absorption length can be over 100 m. Furthermore, the typical sample
density remains of the order of about 10'* to 10'® cm™3, while in static experiments
this number can be 10'® to 10! cm~3. The reduction in the line density, leading to a
concentration of the same band intensity in fewer vibration-rotation lines, does not
fully compensate for these drawbacks. Therefore, high resolution FT—jet absorption
spectroscopy has so far focused mainly on stronger fundamental and related hot
bands in the infrared range. However, despite the anticipated lack of sensitivity and
resolution achieved with FTS compared with laser-based investigations, molecular
complexes, as well as weaker near-infrared bands of stable species, could be observed
and analysed (see section 4). Actually, some authors claim in a convincing way
[22, 45] that in specific cases, in particular whenever very high resolution is not
required, FT—jet experiments prove to be highly sensitive, possibly even more than
cavity ring down-laser experiments [46, 47] for the study of larger clusters at medium
spectral resolution [22].

The designs developed in FT-jet spectroscopy account for the severe optical
limitations of the instrument. Indeed, the absorption light beam is far from being
a point and so probes the molecular beam over a wide spatial region, usually
including the surrounding hotter gas. The resulting absorption thus simultaneously
accounts for various, sometimes very different temperature, molecular speed and
concentration conditions. The research groups involved in FT-jet spectroscopy have
different responses to these constraints. The resulting designs are briefly reviewed
later. We shall, in particular, highlight in section 3 those set-ups which increase the
absorption path in the beam, either through multi-pass optics or using slit jets, all
requiring minimization of the waist of the optical beam.

As another general comment, one should mention the problems raised by the
mechanical noise created by the ever more powerful pumping units reported in the
literature, further detailed in section 2.2. An important ‘dead’ space is usually required
to set the jet assembly away from the spectrometer, necessitating the building of
solid and adequate optical designs from the absorption source to the spectrometer,
through to the supersonic expansion chamber. Different ways of constructing such
systems are presented later.

2.2. Supersonic expansions

A typical evolution of a condensing gas in a supersonic expansion is presented
in figure 4 (adapted from [48]). In this schematic diagram (In(p),In (7)), the gas
starting from reservoir conditions (point A on figure 4, defining py and T;) expands
along an adiabatic and reversible path (isentrope). After reaching point B on figure 4,
the gas behaviour follows the isentrope in the supersaturated region up to point
C determining the onset conditions for clustering. If the onset point is passed, the
gas starts condensing and reaches the liquid—gas equilibrium curve. This incursion
in the supersaturated region is of primary importance to study both isolated ‘super-
cooled’ molecules and small complexes in the gas phase. Translational temperatures
reached in supersonic gas expansions, corresponding to the velocity distribution,
range typically from a few Kelvins to a few tens of Kelvin. Campargue even reports
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Figure 4. Schematic thermodynamic diagram (In p, In 7') showing the evolution of a con-
densing gas during isentropic expansion (adapted from [48]).

a translational temperature of 6 mK obtained in a supersonic jet of helium [49]. Even
at such extreme temperatures, the medium (helium in the example just mentioned)
remains gaseous in the expansion, being thus highly super-saturated. This is a really
significant advantage compared to static gas cells in which the gas temperature is
lowered with the help of standard cryogenic techniques using refrigerating fluids
(e.g. [50]). In the latter case, for a given temperature, the pressure of the gas
has to be maintained under its vapour pressure p,(7) to prevent liquefaction,
thus strongly limiting the amount of gaseous material and, hence, the absorption
intensity. Collisional cooling techniques [51], not considered further in the present
review, provide an interesting alternative way to achieve low temperatures, however
they also strongly limit the amount of absorbing gaseous material.

Supersonic cooling is based upon the thermodynamic properties of the isen-
tropic expansion of a fluid, which always leads to cooling the fluid. Practically,
an isentropic expansion is realized by expanding a gas through an orifice from
a stagnation reservoir at ‘high’ pressure p, (typically 100 kPa or more) into an
evacuated chamber where a lower residual pressure p, remains (typically a few
hPa or less). The shape and the dimension of the orifice—or nozzle—determine
both the thermodynamic and the kinetic properties of the downstream expansion.
Many different nozzle geometries are reported in the literature: axisymmetric (pin-
holes, capillaries, converging-diverging nozzles) or planar (slit nozzle, bi-dimensional
converging—diverging nozzles). They are detailed in this section and in section 3.

Two case studies are to be distinguished, depending on the relative sizes of the
nozzle dimension d* (pinhole diameter or slit width) and of the mean free path 1y of
the molecules under stagnation conditions. One defines the nozzle Knudsen number
K,, = Ao/ d*, which can be interpreted as a rarefaction parameter, ie. K,, increases
as the number of collisions experienced by a molecule decreases. When d* is smaller
than Ao, i.e. K,,, > 1, the number of collisions approaches zero when molecules leave
the reservoir and, under such conditions, the velocity distribution in the reservoir is
kept unchanged beyond the gas exhaust. Such an effusive molecular beam does not
lead to cooling effects. In the opposite case, i.e. d* is larger than 4y and K, < 1, a
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large number of collisions take place, at least during the first stage of the expansion,
tending to establish an equilibrium among the gas particles. Newtonian mechanics
can be applied to model the expansion and, at high reservoir pressures, the effects
of gas viscosity and heat transfers on the flow are minor. It is then convenient to
treat the flow as inviscid and isentropic.

The following describes the physical properties of such an adiabatic flow. For a
flowing fluid the basic thermodynamic quantity is the enthalpy / (per unit mass),
rather than the internal energy. These two quantities differ from each other by the
‘flow work’, i.e. the work due to the pressure forces moving the considered fluid
volume along the flow direction. The adiabatic energy equation for unit mass is:

h+ 1u* = constant. (2)

The second term on the left of equation (2) is the kinetic energy per unit mass.
Equation (2) may be applied to the reservoir particles for which the flow velocity
u in the fluid centre of mass is zero. Thus, one can write /iy = constant, where /g
denotes the stagnation or reservoir enthalpy. For a perfect gas, 1 = ¢,T and the
energy equation becomes:

e, T + %uz = ¢, Ty 3)

Equation (3) shows that the available thermal energy in the reservoir at temperature
T, is to be partially converted into kinetic energy of directed mass flow as the gas
expands into the vacuum chamber. The fluid acceleration is then accompanied by a
decrease in the temperature, 7', of the flow. Ideally, this process stops when all the
available stagnation enthalpy has been converted into kinetic energy, i.e. when the
maximum flow speed u,,,, has been reached. Letting 7 — 0 in equation (3) leads

to:
2%T, 1/2
Umax = (2CpTO)l/2 = |:_O <L>:| (4)
my \y—1

with y the ratio of heat capacities of the gas (or Poisson coefficient), m, the
gas particle mass and k the Boltzmann constant. Equation (4) gives 1765 m s~!
and 558 m s~! for helium and argon, respectively, expanding from a reservoir at
Ty = 300 K. Note also that for a given mass, an increase in y produces a decrease
in the flow velocity (ma (Y = 9 7) > tpax (7 = 7/'5) > tpax(y = 5/ 3)).

The decrease of the local temperature of the flow, 7', produces both a narrowing

of the velocity distribution of the gas and a decrease of the most probable local

thermal velocity, u, = (2kT/mp)”2. An ‘observer’ moving within the gas along the

jet axis would notice a progressive reduction of the thermal motion of the molecules
around him until they become completely still in the moving reference axis system,
when the ultimate flow velocity is reached (# — .y, T — 0). This ideal limiting case
corresponds to a cloud of ‘frozen’ molecules whose ensemble velocity distribution is
close to a Dirac distribution located at .

In practice, a small fraction of the gas of interest is seeded into a monoatomic
gas for which the cooling effect is larger, because the Poisson coefficient y (5/3) is
the largest possible (see next section). All kinds of rare gases can be used as carrier
gas. Helium and argon are generally preferred because of cost considerations. In the
case of a mixture of two gases, two velocities have to be considered. The interesting
point is that the seeded gas reaches the final temperature of the carrier gas. For more
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detailed information on the subject, see the ‘Pocket Model of Seeded Supersonic
Beams’ by DePaul et al. [52].

One accesses the thermodynamic properties of the expanding flow using equation
(2). The prediction of the local translational temperature 7'(6), local pressure p(d),
local density p(d6) = 1/v(6), with v the volume of a unit mass of gas, and local
molecular number density n(d), expressed in terms of the dimensionless distance
0 = x/d*, that is the distance from the nozzle in diameter units, requires the
additional knowledge of the evolution of the flow velocity, u(d). In a compressible
fluid, the flow velocity and the flow density are linked in a non-trivial way by the
one-dimensional continuity equation (law of conservation of mass), using the mass
flow rate (/n):

m= puA = constant, %)
where A4 is the cross-sectional area of the stream tube considered. Moreover, in
compressible flow theory the pressure-density relation for the fluid plays a central
role. This relation naturally introduces the speed of sound a:

0 kT
@ = <_p> = y_, (6)
op/ m,

where the subscript s in this case specifies an isentropic process. In a flowing fluid, the

flow speed relative to the speed of sound is a meaningful dimensionless parameter,
called the Mach number (M), which measures the compressibility of the flow:

u(d)

M(o)= —=. 7

=25 ™

From equations (3), (6) and (7), one finds the temperature evolution of the expanding

gas:
T) _ 2
To 2+ (y — D)M2(5)

Furthermore one can use the following standard isentropic relations for a perfect
gas to connect to M, through equation (8), the ratios p/ py, p/ po and n/ ny (at specific

o values):
p P y n\? TN\
= - = — = R . 9
Po <P0> <"0> <TO> )

Finally, equation (7) may be rewritten using equations (6) and (8) to express the

flow velocity as:
~ KT\ /2 B 1/2
= (B0) (rrmm) 1o

In the case of seeded beams, equations (8)-(10) can be applied using the following
specific-heat ratio ., of the mixed gas:
1 X, 1—X
= ~— + > (11)
Vmix_l ys_l yc_l
s and y, are the specific-heat ratios of the seeded gas and the carrier gas, respectively.
X is the mole fraction of the seeded gas.
The flow Mach number plays a central role in equations (8) to (10). This
quantity only depends on the nozzle geometry and on the ratio of heat capacities of
the gas or of the gas mixture. It can be determined numerically using the method

(®)
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of characteristics [53]. The resulting numerical curves M(J) can then be fitted by
adjusting the free parameters of various analytical functions. Such a procedure is
illustrated in section 3.

Let us now describe the different flow regimes taking place during an isentropic
expansion, considering for simplicity a gas escaping from a pinhole. If the chamber
pressure is kept lower than the stagnation pressure, the gas will be forced to move
through the pinhole. A bundle of converging and diverging streamlines will form
respectively above and below the pinhole (see figure 5). The fluid enclosed in this
converging—diverging stream tube structure is subject to different flowing regimes
governed by the area—velocity relation (see e.g. [55]):

du —dA/A

o (12)

This relation shows that sonic speed (M = 1) can be attained only if the section
remains constant (d4/ A = 0). The flow variables corresponding to a point where
conditions are sonic in the expansion will be henceforth denoted by the superscript
* According to equations (8) and (9), the sonic pressure relative to the reservoir

pressure then drops to:
> 2 \ME-D
n ) @

Equation (13) leads to pressure ratios of 0.487 and 0.528 for an ideal monoatomic
gas (y = 5/3) and an ideal diatomic rigid gas (y = 7/5), respectively.

The condition M = 1 at the throat will only be reached provided the pressure
in the residual chamber (p,) is lower than the sonic pressure, that is if the condition
pr < p*(= po/2) is fulfilled. In this case, beyond the nozzle, the flow bifurcates
towards the supersonic (M > 1) branch (p, = p* corresponds to the limiting case
separating subsonic and supersonic branches). Equation (12) shows that, when
M > 1, the increase of the stream tube section area beyond the nozzle exit produces
an increase in velocity. The flow below the throat is thus continuously accelerated.
Such an expansion, which is unsymmetrical because two otherwise identical areas
situated in the subsonic region and in the supersonic region do not correspond to
the same flow velocity, is currently called a ‘supersonic’ expansion. The flow velocity
is, however, limited to the ultimate value u,,, and, practically, the most significant
effect in the residual chamber is the decrease of the flow density (see later figure 8).
As a result, high M values, up to M = 20 or more are obtained locally.

A supersonic expansion formed by expanding a gas through a simple orifice
not containing nozzle walls is termed ‘free jet’, as distinct from jets arising from
expansions forced through converging-diverging channels.

It is interesting to note that, for a given stagnation pressure (pg), the amount
of fluid forced through the nozzle is fixed once the sonic pressure is reached at the
throat. The mass flow rate at the nozzle becomes insensitive to any further decrease
in the residual pressure (p;). The mass flow rate is then calculated using equation (5)

under sonic conditions:
12
ymy (2 \OTVOTD )
kT() Y + 1

];}’l: p*u*A* — poA*

with 4* = 7d*?/ 4 for an axisymmetric nozzle and 4* = d*/ for a planar nozzle of
length /.



16:51 21 January 2011

Downl oaded At:

High resolution Fourier transform spectroscopy 289

2.3.  Relaxation processes

Different molecular relaxation processes are connected to the two-body collisions
experienced by the molecules in the jet. The total number of binary collisions
during the flow expansion, for each molecule, scales as the so-called relaxation
parameter pod”*. We have assumed in the previous section that the flow follows
the idealized continuum model, thus implying that the number of intermolecular
collisions is large enough to equilibrate the various molecular degrees of freedom.
Under such conditions, the translational (I" = Ty), vibrational (7;,) and rotational
(T;or) temperatures would remain identical.

The translational energy exchanges occur very rapidly so that the translational
temperature T appearing in all equations provided so far remains properly defined.
Rotational relaxation is somewhat less efficient and needs therefore, a somewhat
greater number of collisions to equilibrate with translation. This number is much
larger, on the order of 10>-10%, for a complete vibrational relaxation to occur
[56]. Unfortunately, the decrease of molecular density along the flow axis induces
a continuous drop in the collision frequency, so that the total number of collisions
experienced by a molecule (typically of the order of 10 [54]) is, in general, just
sufficient to permit complete rotational relaxation but not complete vibrational
relaxation. This is a well known phenomenon, also considered by authors using FTS
(see e.g. [57-59]). Thus one needs to define various temperatures in the jet, each
related to a different molecular internal degree of freedom, with Ty, > Tyor = T4
(see e.g. [60]).

At some point downstream of the gas exhaust, the number of binary collisions is
not sufficient to equilibrate the translation. At this particular point, the continuum
model becomes invalid, the cooling stops and the Mach number reaches a terminal
value. This onset of non-equilibrium effects can be estimated by calculating the
local or jet Knudsen number K, defined as the ratio of the mean free path in the
laboratory system A to the scale length of the temperature field /r = T/|dT/dx]|
[48]:

(15)

T
For a hard sphere gas, non-equilibrium effects are assumed to become significant
for the translational temperature if K,, > 0.04 [48].

Beyond the value of K, = 0.04, the collisions are so infrequent that the distri-
bution function of the velocity component parallel to the jet axis stops evolving,
ie. the temperature T) relative to this motion is fixed. On the other hand, the
dispersion of perpendicular velocities still increases since the molecules with large
perpendicular components of velocity move away from the jet axis as the distance
from the nozzle increases. This purely geometrical effect leads to narrowing of the
perpendicular velocity distribution and hence to translational temperature decrease.
Finally, beyond the terminal Mach number one reaches Ty, > Troy > T > T

Various spectroscopic and fundamental insights arose in the FT spectrometer
literature from the study of the different temperatures in the jet. Concerning the
vibration degrees of freedom, the large amplitude motions such as, in particular, the
torsion, are very efficiently cooled under free jet experimental conditions. A number
of studies, concerning N,Oy (e.g. [26], see figure 1), C,O5 (see later figure 22 [61])
and 1,2C,H4Cl, [62], among other species, indeed confirmed that the cooling of
the low frequency vibrations is efficient enough to lead to a spectacular decrease
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in line density in the jet-cooled spectra, allowing the rotational structure of the
main vibrational bands to be analysed. Such specific vibration degrees of freedom
seem thus to behave very similarly to rotation, as far as the cooling efficiency in
the expansion is concerned. Other cooling effects and related temperatures were
also investigated, such as spin orbit effects, in NO [59], and nuclear spin effects,
in CHy [59]. In the latter case, Quack and co-workers [59] demonstrated that the
collision-induced energy transfers occurring in the jet did not connect the various
nuclear spin species in CHy, leading to interesting relative line intensity features, as
confirmed in additional experiments carried out using both diode lasers [63] and
FTS [64] (see also [65, 66]).

All features so far reported concern continuous jet expansions. It is known that
pulsed jets are more efficient in cooling the molecules than continuous expansions.
Their use also obviously decreases gas consumption. Pulsed jets are therefore attrac-
tive. However, several technical limitations are encountered in the infrared range
when coupling pulsed jets to FTS, explaining why so few experiments are reported
in the literature. The main problem is the continuous displacement of the moving
mirror of most interferometers which makes it really difficult to synchronize the
pulsation of the jet with the acquisition rate of the FTS. The common sampling rate
with FTS is of a few kHz while the duty cycle of the injection systems is of about
10 ms. An attempt to by-pass this problem has been made by Quack and co-workers
[67] by recording the pulsed jet asynchronously. The hashing of the interferogram is
partially washed out by the drift of the phase between the pulsing and the acquisition
signals. This technique has interesting potential even though, as the authors admit, it
has severe problems, such as the appearance of spatial harmonics in spectra. Quack,
Suhm and co-workers also succeeded in coupling semi-synchronously pulsed jets to
their continuous FT spectrometer [68, 69], by opening the jet valve simultaneously
with each rapid scan, corresponding to low resolution conditions.

The optimal way to record spectra using pulsed jets is to use step-scan inter-
ferometers that stop the mirror motion at each recording point, allowing the FT
spectrometer sampling and pulsed gas inlet to be properly synchronized. Low reso-
lution commercial versions have been used for this purpose [22] (see also [70] for
the coupling of cavity ring down laser spectroscopy with FT spectroscopy, in a cell)
and home made high resolution constructions are available in some laboratories and
were designed to work in the time-resolved mode (e.g. [71-76]). Note also that some
commercial instruments are able to provide a pseudo step-scan function mode allow-
ing time or pseudo-time resolved spectroscopy to be achieved in the present context
by fully synchronizing the jet valve and the FT signal sampling. This technique has
been used by the group of Leone with a modest resolution spectrometer to probe the
result of pulsed laser excitations [77, 78] and also by Lindner et al. [79] for pulsed
jet experiments combining pulsed laser excitation and low resolution recording. Zhu
and co-workers used this pseudo time-resolved operation for FT-coupled ICLAS
type experiments in a static cell [80, 81].

3. Details of FT-jet assemblies
3.1.  Pinhole expansions
Initially in the literature, the first supersonic jet sources to be combined with FTS
were circular nozzles. Such nozzles, made from steel, aluminium or non-conductive
materials such as Pyrex or quartz if used with high voltage discharges, are still
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Figure 5. Flow structure of axisymmetric and planar free jets (adapted from [54]).

widely used in FT-jet experiments. Their diameters usually vary from 100 um up to
2 mm (see table 1).

Figure 5 shows the structure of a free jet produced through a pinhole nozzle,
from pictures taken using light-scattering techniques, such as Schlieren photographs.
This structure includes an axisymmetric core enclosed in a system of shock waves.
Shock waves are very thin regions characterized by a strong gradient of the var-
ious flow parameters. They can be seen as discontinuity regions across which the
flow parameters (thermodynamic variables, velocity, Mach number and so on) are
jumping between very different values in a very short distance, of the order of one
local mean free pathT. A shock wave is a non-isentropic process induced by the
supersonic regime of the flow. As the gas travels faster than the perturbations which
it generates, propagating at the local speed of sound, the supersonic gas ‘ignores’ the
boundary conditions of the vacuum chamber in which it evolves. As a consequence,
the supersonic gas overexpands to a pressure considerably lower than p, and is
abruptly recompressed by shocks [53]. For example, a supersonic flow characterized
by M; = 10 just upstream of a normal shock, reaches M, = 0.45 after crossing the
shock. In this example, according to equation (9), pressure, density, temperature and
flow velocity ratios between upstream and downstream conditions are calculated to
be 125, 3.9, 32.2 and 0.26, respectively.

The normal shock, perpendicular to the centreline of the jet is termed the Mach
disc. The lateral shock surrounding the central part of the expansion forms the
barrel shock. The Mach disc and the barrel shock encapsulate the gas expansion in

t In the case of low-pressure chambers (in the 107~107* hPa range) pumped by cryopumps
or diffusion pumps, the local mean free path may be very long (up to several centimetres)
so that the shock waves present a diffuse structure. This kind of expansion is often called
a ‘Fenn’ type expansion as opposed to the ‘Campargue’ type expansion characterized by the
presence of thin and well marked shock waves owing to a higher pressure in the chamber
(107'-1072 hPa).
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the so-called ‘bottle of Mach’. Because of its above-mentioned isentropic properties,
the central part of the jet is the region of spectroscopic interest. This region is
also termed the silence zone in recognition of the fact that the low temperature
leads to very low speeds of the sound, and hence to high Mach number values (see
equation (7)).

Of practical importance is the Mach disc location x,,, or é,, in nozzle diameters,
i.e. the distance at which the flow becomes subsonic [82]:

172
o= M =067 <@) . (16)
a Pr

The Mach disc location does not depend on the gas since equation (16) contains
neither the coefficient y nor the mass. It rather depends on the efficiency of the
pumping unit, that is on the ability to maintain low residual pressure in the vacuum
chamber despite high reservoir pressure.

In FT-jet experiments using cryogenic-pumped (e.g. [18, 83, 84]) or diffusion-
pumped systems (e.g. [15, 19, 57]), the pressure ratios obtained are of the order of
magnitude 10° and 10°, respectively (see table 1). Thus the corresponding Mach disc
locations are 670 and 213 in nozzle dimension units, or equivalently, 13.4 cm and
426 cm below a standard 200 um diameter nozzle. The zone of silence is then large
enough to be probed by the intrinsically large diameter (several millimetres) of the
incoherent infrared FT light beam.

More widely used in FT-jet experiments are mechanically pumped systems (e.g.
[107, 111,113, 118, 122,123, 127, 128]) essentially based on root blowers. Supporting
higher background pressures (10-100 Pa), they can be used at higher nozzle flow
rates (up to several hundred of mol h™!, see table 1). The counterpart is the relatively
small pressure ratio they can afford, ranging between 103 and 10*. A typical ratio
pol pr = 1000 gives d,, = 21. Under such conditions, selecting a 500 pm diameter
nozzle restricts the probing zone to 10.5 mm below the reservoir aperture. In this
case, the Mach disc location becomes a significant constraint for the design of the
FT-jet optics, as further described in section 3.2.

Thermodynamic parameters along the expansion are connected to M(d) via
equations (8)-(10). The centreline Mach number is given by [53]:

n=3
: A
M= (&) VIN 2 for 6> 0.5, 17
() ZO S for (17)
M =10+ a,6° + a36°, for 0 < § < 1.0, (18)

where, in equation (17),j = 1 stands for an axisymmetric jet. j = 2 stands for planar
jets considered in a later section devoted to slit jets. The various fitted constants are
listed in table 2, reproduced from [53].

Equations (17) and (18) are plotted in figure 6. This figure illustrates the more
efficient cooling associated with the use of a monoatomic gas. Often, laser based
experiments use very dilute mixtures with less than 1% of seeded gas. FT-jet
experiments, however, usually need higher mass flow rates to compensate for their
lower inherent sensitivity. In practice, carrier gases are used in moderate proportion
without exceeding 50% . Expansions made of pure gases are currently used in FT-jet
experiments, so that y.;, is then closer to the less favourable value of the Poisson
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Table 2. Numerical coefficients (reproduced from [53]) useful for characterizing the Mach
number versus distance downstream from the nozzle in unidimensional units, both
for axisymmetric (jf = 1) and planar (j = 2) jets, for different values of 7y (see text for
more details).

J Y Ao A A, A; a a3
1 5/3 3232 —0.7563 03937 —0.0729 3337 —1.541
1 7/5 3606 —1742 09226 —02069 3190 —1.610
1 9/7 3971 —=2327 1326 —0311 3609 —1.950
2 5/3 3038 —1.629 09587 —0.2229 2339 —1.194
2 7/5 3185 —2195 1391  —03436 2261 —1.224
2 9/7 3252 —2473 1616 —04068 2219 —1.231
18 T T T T
[ Axisymmetric expansion | .~ |
[~ -~ Planar expansion 3
“ 12 ! N R e o
L))
O
= S ST N S by [ R
=}
e b e et 4 e
-
[&)
(1]
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M
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Figure 6. Mach number versus distance beyond the nozzle in one-dimensiona units, for
axisymmetric and planar jets and different values of y (adapted from [53]).

coefficient of the spectroscopic gas. The resulting gain in sensitivity is then obviously
connected to a loss in the cooling efficiency.

The flow, which undergoes an important part of its acceleration during the
subsonic regime (u*/ up,, = 0.50; 0.41; 0.35, respectively for y = 5/3; 7/5; 9/7), is
still accelerated throughout the supersonic regime but reaches its maximum velocity
very rapidly, after travelling approximately 10 nozzle diameters in the case of a
monoatomic gas (see figure 7). Such a distance from the nozzle corresponds to
about M = 15 for a monoatomic gas (see figure 6). However, as already pointed
out, in practice the local Mach number increases to much higher values due to a
simultaneous decrease of the flow density, which reduces the speed of sound (see
equations (6) and (7)).

Inserting equation (17) into equation (9) shows that the number density n drops
approximately as the square of the distance from the nozzle, as shown on figure 8.
This figure also presents the evolution of other important parameters along the jet
axis. This 1/6% behaviour comes from the important spreading due to a pinhole
expansion, owing to the fact that the gas is set free to expand in all directions after
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Figure 7. Relative flow velocity (u/ umax) and speed of sound (a/ ap) beyond a pinhole for
different values of y. An atomic gas reaches maximum flow velocity very rapidly while
other gases reach this limit further away from the pinhole.
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Figure 8. Evolution of the temperature, pressure and density in a pinhole expansion. The
linear scale is selected to show clearly the very abrupt decrease occurring over distances
corresponding to a few pinhole diameters.

escaping from the reservoir. The Doppler spread actually induces a line broadening
of about 0.008 cm™' (FWHM (full width at half maximum)) as measured in FT-jet
experiments using a CO, supersonic expansion [15]. A second restriction now arises
in the present circumstances. An FTIR experiment needs to maximize the number
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of probed molecules in order to boost its sensitivity and it is necessary to probe
the zone close to the nozzle exit, where the molecule density is highest. However, as
seen in figure 8, this can only be achieved at the expense of the cooling efficiency.
This figure also shows that, for FT-jet experiments, the various thermodynamic
parameters in this optimal zone, located close to the nozzle, are strongly non-
uniform. The rather wide FT light beam thus probes a wide range of experimental
conditions. The next section highlights in the FT—jet literature some of the optics
designed to deal with this specific problem. In addition, it has to be kept in mind
that, depending on the value of ¢, the pressure in the core expansion can be much
lower than the residual chamber pressure. Therefore, unwanted absorption from
background gas can arise, especially with mechanical pumps (10 Pa < p, < 100 Pa).
To mitigate this problem, which can be a significant one, the optical windows
in the vacuum chamber along the FT light beam have to be placed as close as
possible to the expansion. This problem is less severe when using diffusion pumps
or cryopumps because of the lower background pressure, usually in the 0.001-1 Pa
range.

32. FT optics for pinhole expansions

The first design reported in the FT-jet literature, by Snavely et al. [9, 84],
involves a single pass through a pinhole jet located outside of the spectrometer.
Such set-ups have to deal with the relatively large light beam issuing from the
FT spectrometer. This beam is nearly parallel or converging, depending on the
instrument manufacturer. The optical design must therefore be adjusted to reach a
focal point at the precise position of the molecular beam.

Some authors, Quack [57, 59] and later Herman in the early ULB set-up [16] and
their co-workers designed systems to work inside the spectrometer, thus exploiting
the internal optical characteristics of the spectrometer provided by the manufacturer.
Such set-ups face problems with the mechanical coupling between the expansion cell
and the spectrometer, especially if one wishes to be able to evacuate the spectrometer,
as in [57, 59]. The two parts can also be made physically completely independent,
as in [16], partly compensating the vacuum problem by purging the spectrometer
with dry nitrogen. In all these options, the use of a multi-pass system or a slit jet is
not favoured by the reduced space available in the sample compartments fitted in
commercial spectrometers.

The introduction of a double- and multi-pass system to probe expansions located
outside the spectrometer was achieved by McNaughton ez al. [18] who designed a
star-shaped arrangement of the light rays, as shown in figure 9. The nearly parallel
light beam of ca. 25 mm in diameter is reflected on 10 flat mirrors surrounding the
molecular beam in such a way that the expansion is crossed 11 times. Each mirror
is separately adjustable, and the region of the jet that is probed can be precisely
selected. The gain in sensitivity is claimed to be about a factor of 10.

Asselin et al. [19] introduced a White-type multireflection set-up. While this
design offers a really stable and easy way to provide an important number of passes,
24 in the present case, the main drawback is that the jet is crossed at different
positions and so different temperature regions are probed. However, according to
these authors, the separation between the first and last light spots varies by about
8 mm along the jet axis, reducing this problem.

Another strategy was recently proposed by Petry et al. [61] who designed a very
compact cell allowing 11 passes through a jet with an experimental gain of 10.3 in
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Figure 9. Schematic view of the star-like jet FT spectrometer set-up at Monash (with
permission from the authors, adapted from [18]).

sensitivity. Figure 10 presents a schematic of the optical set-up. The design is based
on two spherical mirrors. The parallel light beam from the spectrometer is focused
on a small aperture in the first mirror. After 10 reflections, the beam is refocused
on a hole in the second mirror and leaves the cell. The waist that is generated in
the centre of the cell is about 10 mm wide, which is suitable to allow either pinhole
or small slit jets to be probed. A detailed discussion of the image formation is given
by Gross et al. [129].
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Figure 10. Schematic view of the multi-pass FT spectrometer set-up at Giessen (unpublished
results from [61], with permission from the authors, Giessen data); top: general view;
bottom: details of the optics.

Due to the flexibility of the original design of the jet system [15] the multire-
flection unit could be added with no modifications to the system other than some
adjustments of movable parts. This design is very compact and quite ingenious.
However, it is not versatile in the sense that the arrangement must be calculated by
a ray-tracing program in order to determine the exact mirror distance d and cannot
be later modified.

The optics designed by Asselin et al. [19] and by Petry et al. [61] also can both
be used with small slits, as the authors report. Slit jets are further described in
section 34.
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3.3. Multinozzle assembly

The multinozzle system is achieved by multiplying the number of pinholes
over one single light pass. This approach was implemented at ULB, following
a suggestion by Jost (Laboratoire des Champs Magnétiques Intenses, Grenoble)
[130], and is described in [105] (see also [78]). The system consists of a series
of 400 um diameter pinholes mechanically drilled in an 18 cm long aluminium
plate separating the gas reservoir and the vacuum chamber. Various plates with
different numbers of equidistant holes were tested up to a maximum of 31 holes, as
imposed by the available pumping system. As assumed in the numerical study of a
free jet multinozzle source published by Kuleznev e al. [131], one can expect the
neighbouring expansions to interfere, defining a more complex shock wave pattern
than described in the previous section.

The Ar* laser induced fluorescence of NO, in the visible spectral range was used
to visualize the flow structure in the ULB multinozzle assembly [132]. An expansion
of NO, and argon mixed in equal amounts was formed using standard working
conditions (T = 300 K, py = 100 kPa, p, = 50 Pa). The flow was then excited using
an Ar* continuous-wave (cw) laser (5 W, all lines). The laser beam was set parallel
to the hole alignment and positioned 6 mm (g = 15) below the nozzle exits.
This positioning corresponds to that for the FT light beam under normal working
conditions. In this experiment, the hydrodynamic’ time' defined as the time needed
by the molecules to ‘fly’ through the silence zone can be estimated to few tens of
microseconds while the lifetime of the excited NO, molecule is typically of the order
of 20 ps [133]. Thus, the NO, fluorescence allows the complete structure of the
supersonic expansion to be observed.

A section of the 31 pinhole expansion was photographed using a 1/1 macro-
objective, as presented in figure 11. The gas expands from the top to the bottom of
the picture. The reservoir as well as the pinholes, not directly visible on the picture,
are depicted using white hatched marks. The two circular shadows appearing on
each side of the picture are screws used to hold the aluminium plate on the reservoir
and are not relevant to the present discussion. Graph paper placed behind the
expansion appearing in the background of figure 11 allows the various observed
features to be scaled down.

Various well separated zones can be observed. The most luminous zones, in
yellow, presenting the shape of inverted triangles, are centred on each gas exhaust,
5 mm away from its first neighbour. Thus, each triangle represents a multinozzle
silence zone, containing the cold gas with M > 1. This triangular shape does
not match the standard or ‘academic’ single pinhole expansion shape depicted in
figure 5. It is believed that two nearby barrel shocks do cross each other and define
this oblique shock wave structure observed in the picture. It can be expected that,
when crossing these shock waves, the flow suffers sudden thermodynamic change,
involving important warming, in particular.

A second important feature, highlighted by yellow dots on figure 11, is the
tenuous line appearing below the triangles, stretching from one side of the expansion
to the other. This line marks the end of the NO, fluorescence zone and is interpreted

T The hydrodynamic time can be defined as thyq = Xu/ Umax, Where x,, is the Mach disc
location of a single pinhole expansion given by equation (16), and .y is the maximum flow
velocity calculated from equation (4), using ymix & 1.4 calculated from equation (11). Finally,
one finds uy, = 659 m s™', x,; = 12 mm and Thya = 18 ps.



16:51 21 January 2011

Downl oaded At:

300 M. Herman et al.

l NO> + Ar
>« 0.4 mm

7N 777 7 N B 777 N O ZZ T 7 77 AT ZZ AZZ ZZ AT 77 A ZZ 77 A
Laser Ar

| oo |

S5 mm

Figure 11. Picture of a portion of the multinozzle assembly used at ULB and described
n [105]. The jet-geometry, including the location of the normal shock, is visualized
through the Ar* laser induced fluorescence in NO, flowing in the expansion (M =
Mach number).

as the normal shock wave on the residual background pressure. The second law of
thermodynamics requires that such a shock wave produce a change from supersonic
to subsonic regimes. Thus the regions located above and below (on the picture) the
normal shock wave correspond to M > 1 and M < 1, respectively.

This ‘visual’ analysis of the flow structure was improved at ULB by recording
N,O FT absorption spectra in the infrared range. N,O was preferred to NO, in
these additional experiments because it gives a strong and simple infrared absorption
spectrum. The same pressure conditions as for NO, were used to keep the same
overall expansion pattern. The rotational temperatures were extracted from the
intensity ratio of the observed rotational lines, using conventional techniques (see
e.g. [107]). Two rotational temperatures were obtained: 44 K (T,o1) and 211 K
(Tyot2)- The colder temperature is assumed to correspond to the 31 adjacent silence
zones. A reasonable hypothesis would be to attribute the warmer temperature to the
flow located between two consecutive silence zones, thus characterizing molecules
that went through the oblique shock wave.

This warming can also be estimated using a relation [55] linking the translational
temperatures just before, 74, and after, 75, a shock wave:

2

Loy 202DM =1 ey, (19)

T, G+ 12 M
with M the local Mach number of the flow just located before the shock. Equa-
tion (19), which is valid for a normal shock wave, must be corrected in the present
case to account for the oblique shockwave arising from the crossing of two nearby
expansions. The related streamlines thus intersect the shock with an incident angle
B. Assuming that the velocity component of the flow parallel to the shock sur-
face remains unmodified by the shock [55], one has only to consider the velocity
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component perpendicular to the shock uy; = u;/sin f8, used to define the following

Mach number:

My, = M sin § = ”al—l (20)

1

The subscript 1 denotes the flow conditions just before the shock. At & = Jjign; the
incident angle f measured on the photograph of figure 11 appears to be close to 45°.
Using, on the other hand, equation (17) with yn,0 &~ 9/7, one finds M| (djign) = 8.3
and then M (dygne) = 5.9. Thus, applying equation (19) by replacing M; with M,
and using the numerical values just mentioned, one finds a temperature ratio of
T>/ Ty = 5.8. This value is in reasonable agreement with the one extracted from the
N,O measurements (Tyor; = 44 K and Tron = 211 K), ie. Trorof Tror1 = 4.8.

We therefore tentatively suggest that two supersonic zones coexist when the
expansions from neighbouring nozzles cross in the multinozzle system, each of them
being characterized by a different temperature.

It was experimentally checked [132] that by increasing the distance between
two adjacent pinholes, the jet interferences vanish and each pinhole progressively
recovers its individual shock wave pattern. The spatial zones located between two
adjacent expansions are then subsonic and contain fully re-thermalized, warm gas
(300 K).

The multinozzle system, among other experiments referred to in section 4, was
used to investigate the CHy4 absorption spectrum in the 4000-6100 cm~! energy
range [64]. However, so far, none of the reported experiments made specific use of
the peculiar multinozzle shock wave pattern.

34. Slit jets

The number of molecules flowing per unit time through a nozzle is proportional
to the product pyA* (see equation (14)). In order to raise the flow rate, one can
either increase the throat area or the stagnation pressure. In practice, as the reservoir
pressure is limited in standard working conditions to a few atmospheres, one
eventually enlarges the throat area, using slit nozzles. Such a design is particularly
adapted to large pumping capacities, such as produced by root blowers. Planar slit
gas sources are currently interfaced to FTS (e.g. [15, 19, 45, 59, 103, 111, 116]). The
slit nozzle areas (4*) reported in the FT-jet literature vary between 0.015 mm? [59]
to 4.8 mm? [106].

The evolution of the Mach number versus the distance after the aperture is
given by equations (17) and (18), now using j = 2. It can be seen from figure 6
that the Mach number changes more slowly with a slit jet than with a pinhole jet.
As a consequence, the rate of fall of the translational temperature with ¢ is smaller
for a slit. The density also decreases more slowly. It can be seen from equations (9)
and (17) that the density decrease is now, theoretically, inversely proportional to
6, compared to 1/ 62 for the circular nozzle. The expansion is slower [48] and the
number of two-body, and, actually, also of three-body collisions is larger along
the expansion. As a result of the two-body collisions, mainly, the internal degrees
of freedom of the molecules (rotation, vibration) have a greater opportunity to
equilibrate with the translational temperature [56]. As a consequence of the three-
body collisions, molecular complexes are more easily formed. Bevan and co-workers
[17, 45, 113-115, 134] and, more recently, Suhm and co-workers [22], used slit
nozzles extensively to form and observe complexes of various sizes.

From the flow velocity (equation (10)) and the related temperature evolution
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Figure 12. Cooling rates associated with pinhole, slit and Laval expansions. The calculations
were performed by considering a pure argon expansion and a reservoir temperature
of 300 K.

along the jet axis (equation (8)), one can calculate the cooling rate using [48]:

dar Umax

L

As an illustration, we performed calculations using both a 30 pm x 160 mm slit,
which is the size of the ULB design [106], and a 2.5 mm diameter pinhole nozzle,
thus of equivalent area and therefore flow rate. Figure 12 shows the related cooling
rates. The rate appears to be much higher initially for the slit jet, because of the
1/d* dependence in equation (21). At longer distances, however, the pinhole cooling
rate becomes about one order of magnitude more efficient.

Concerning the flow structure of a slit expansion, one can refer to the work
done by Dupeyrat [135]. This bi-dimensional problem leads to the more complex
shock wave pattern that is presented in figure 5. The silence zone is encapsulated
in a system of lateral shocks either converging or diverging. The latter can only be
visualized from a side view. The converging shocks intersect below the orifice at a
position ¢, given by the empirical relation:

0.34
6. = ? = 40 <pr> . (22)

As explained in the previous section, the flow is abruptly slowed down after
crossing the lateral shock waves but still remains supersonic. The transition between
supersonic and subsonic regimes occurs after crossing a normal shock wave whose

SG=0 -1 e
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position is assumed to obey this other empirical relation:

X 0.775
oy = =M =123 <@) : (23)
d Pr

It can be seen from equation (23) that for a given pumping speed, and hence a
precise nozzle flow rate and a precise pressure ratio, the normal shock wave can be
moved away from the gas exit by increasing the slit width, and decreasing the slit
length to keep the same aperture area.

Last but not least, the reduced flow divergence of a slit expansion leads to a
reduced Doppler line broadening of interest for high-resolution spectroscopy. Hepp
et al. [44] report a linewidth of 0.0034 cm™! (FWHM) measured in an expansion
of methane seeded in argon (see figure 3), while Walters ez al. [15] measured
the Doppler broadening in a CO, expansion probed in directions parallel and
perpendicular to the slit length and found 0.003 cm™' (FWHM) and 0.006 cm™!
(FWHM), respectively.

In the case of slit nozzles, optical problems arise because of the difficulty of
getting a quasi parallel beam of light with a narrow waist and a small divergence, to
fit the expansion size along the slit. The beam emerging from the spectrometer can
usually be made parallel, using commercial optics provided by the manufacturer.
It is, however, of large diameter and effort must be made to shape the beam in a
converging pattern so that the focal point is located in the region of the expansion
to be explored. The divergence of the resulting beam must be relatively small to
limit the problems raised by the averaging of the temperature gradient of the jet. In
practice, one has therefore to work with relatively long focus optics, as achieved by
Bevan and co-workers (see figure 2.3 of [134] for a schematic description of their
set-up). The problem was even more dramatic in the set-up of Georges et al. [105]
who used a focusing mirror of a focal length of 1315 mm to probe a section about
16 cm long in the expansion formed either in the multinozzle design described in
the previous section, or in a long slit. In such an arrangement, the beam is 7 mm
wide at the cell windows, located close to the expansion, and 5 mm wide at the
focus point. Note also that the choice of the type of mirror is critical when dealing
with optical correctness of the beam (astigmatism, aberration) in the path from the
spectrometer to the detector located behind the expansion cell, and thus outside from
the spectrometer. Elliptic and parabolic sections are commonly used to account for
these problems. It is likely that toroidal sections, leading to a significant decrease in
the number of required mirrors, may provide an interesting alternative.

Figure 13 presents a schematic view of the set-up at ULB [107], which incorpo-
rates either a long slit or a multinozzle expansion. The multinozzle system, as well
as some of the available slits, in brass, can be heated up (see figure 16 in section
4). The expansion section mounted directly on top of the pumping units is located
some 2 m above the ground and about 1 m above the spectrometer plane. It is
vertical, although the whole set-up looks flat on the figure. The light beam emerging
from the spectrometer is thus initially sent vertically up by the first mirror (Mp)
and then horizontally to cross the expansion along the slit. This set-up, thanks to
the long absorption path (16 cm) and to the large pumping capacity (4000 m® h™!)
allowing high densities in the expansion, provides boosted sensitivity, however at
some expense. It needs rather heavy mechanical and optical designs, it requires a
long optical path in free air, thus impeding access to certain spectral regions where
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Figure 13. Schematic view of the slit-jet FTS set-up at ULB, adapted from [107]. (Mp: planar
mirror; Mg: spherical mirror; Mg: elliptical mirror; S: source; W: CaF, window.)

water or carbon dioxide absorbs, and it consumes gas at a great rate, as already
pointed out.

3.5. Confining flow nozzles

The sharp-edged orifices (pinholes and slits) we have discussed in the previous
sections enter the sonic nozzles category, with the M = 1 stream section assumed
to coincide with the nozzle exit plane. They produce ‘free’ or ‘under-expanded’ jets.
The latter are so-called because the static pressure of the flow just after the nozzle
exit is larger than the static pressure of the chamber in which it propagates.

Nozzles with solid boundaries also exist and are relevant to the present review.
The area-velocity relation (equation (12)) shows that the geometrical profile of the
channel can be chosen to constrain the flow parameters to pre-selected values. Such
constraints can be achieved using conical or Laval nozzles, all of them being either
axisymmetric or planar.

Real gases introduce some changes to the ideal isentropic description of free-
jets we have so far presented (see e.g. the section ‘Non-Idealities in Real Nozzles’
in [136]). Viscosity effects induce a reduction of the isentropic flow diameter by
developing a boundary layer at the wall. The isentropic core is thus characterized by
an effective throat diameter 4, smaller than the true geometrical diameter d*. The
viscosity is also partly responsible for bending the sonic surface out of the plane of
the throat. Actually, all points at which the flow velocity is sonic define a concave
rather than a planar surface, with respect to the flowing direction [82].
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The inclusion of a converging nozzle before the throat allows the gas velocity to
be progressively adjusted to the decreasing nozzle area and thus to remain uniform
over the whole flow area. The sonic surface is then planar and exactly located
at the throat cross-section. Moreover, with such a converging nozzle design the
isentropic flow diameter is very close to the geometrical throat diameter. Note that
the downstream part of the flow is set to expand freely through the vacuum chamber
and remains therefore correctly described by the isentropic free-jet model we have
used in the previous sections, as shown by Murphy and Miller [137].

In the same way, capillary tubes may be seen as particular kinds of converging
nozzles with an infinitely large radius of wall curvature. Some with length-to-
diameter ratios between 50 and 200 were reported in the FT—jet literature [19]. The
main interest in capillaries is to enhance clustering effects, probably at the early
stages of the expansion formation, inside the tube, and before the exit. The density
is still high enough to permit a large number of molecular collisions [136, 137]. In
general, the inclusion of diverging sections after the throat is a very powerful way
to extend clustering in jets because the diverging nozzle lengthens the period during
which the flow remains confined, as also evidenced with SF¢ nucleation experiments
[138]. The presence of solid boundaries controls the expansion and leads to very
low cooling rates not affordable in free jet expansions (see figure 12). Moreover, as
pointed out in [112], the use of a diverging nozzle reduces the divergence of the
supersonic expansion, limiting the gradient density responsible for anomalous line
intensities reported in the FT spectra of free jets [15].

In a recent contribution, Tanimura et al. [139] measured the onset of UF
nucleation. The (UF), aggregates were formed by using small bi-dimensional (planar
exit) converging-diverging (conical) nozzles and monitored by FT spectroscopy. In
these experiments the infrared light beam probes the supersonic flow perpendicularly
and before the nozzle exit through windows inserted in the lateral nozzle walls. Due
to the confining walls, the flow is one-dimensional and uniform over the whole
probed cross-section, as well as presenting precisely defined thermodynamic (static
pressure and temperature) and kinetic conditions (cooling rate).

The axisymmetric contoured Laval nozzles, used for decades by aerodynamicists,
provide an interesting alternative to free jets, when coupled to FTS. The geometrical
profiles of such nozzles are carefully calculated [140] and precisely machined to
produce a one-dimensional uniform supersonic flow, that is without gradients, over
a length of several tens of centimetres after the nozzle exit. Under such conditions, a
cylinder of a few tens of millimetres in diameter, forming the isentropic core in which
the conditions are uniform and thermodynamically well defined, is surrounded by
boundary layers arising from the viscosity forces of the ambient residual gas chamber.
The working conditions, the temperature in particular, can be imposed by profiling
adequate supersonic Laval nozzles. However, the boundary layers that develop at
the nozzle walls can drastically reduce the isentropic core diameter and limit the
spectroscopic applications. The ratio of boundary layer thickness A4 to isentropic
core diameter is given by:

A 1

—_— o —, 24

dise * (Re)llz ( )
with Re = pud/ u the dimensionless Reynolds number defined as the ratio of inertial
forces to viscous forces, where y is the viscosity of the gas and d is the diameter

of a nozzle cross-section. Equation (24) shows that the boundary layer thickness
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is reduced at high Reynolds number. If one expresses the Reynolds number by
introducing the mass flow rate (equation (14)), equation (24) can be rewritten as:

172
4. <“—d) | (25)

deff m

Equation (25) shows that the isentropic core diameter is preserved if the mass
flow rate is kept as high as possible, thus allowing spectroscopic experiments to be
performed. Benidar et al. interfaced such a uniform flow to a Fourier transform
spectrometer and observed the absorption spectrum of the NO dimer [20] (see later
figure 21). The Laval nozzles they used have a throat diameter of about 8 mm and
the reported effective pumping speed is 22 000 m?® h~! atm in argon.

If, compared to pinholes, slit nozzles offer a longer absorption path because
the expansion can be probed over the full slit length, another way to increase the
absorption path is to probe the expansion along its path, thus making the light and
the jet axis coincide. Such a design involves complex transfer optics as well as stable
conditions in the expansion over a long pathlength. The use of the Laval nozzles
we have just discussed in this section, involving huge pumping units as reported in
section 2, provides such an alternative. This design is being developed with success
by Georges and co-workers [20], leading to some 36 cm absorption pathlength.

4. Spectroscopic investigations
4.1. Literature review

The development of FTIR absorption spectroscopy of jet-cooled molecules can
be followed in the literature through papers published by a number of contributing
research groups. These papers are listed according to the chronology of the initial or
sometimes unique contribution of each group, whose publication date is mentioned:
Yale in 1981 [9, 84], ETH-Ziirich in 1984 [13, 57, 59, 67], Waterloo in 1986 [111],
National Research Council of Canada in 1988 [127] and another group in Waterloo
in 1989 [141], Cambridge in 1990 [122], Giessen in 1991 [15, 61], ULB in 1992
[16, 44, 105, 107], Sussex in 1993 (see [142]), Texas A&M in 1993 [17], Rutherford
Appleton Laboratory in 1993 [83], Tsukuba in 1993 [143], Monash in 1994 [18],
Paris VI in 1996 [19], Riken in 1996 [139] and Boulder in 1996 [123]. In this list,
the first paper referred to corresponds to the initial contribution of each research
group mentioned, and the next ones to any subsequent relevant technical description,
sometimes accounting for important modifications in the respective set-ups. Many
of these groups are still active in the field and, as pointed out in the introduction,
others, such as at Rennes [20] and Géttingen [21, 22], have just started or, as Orsay
[23], are planning to contribute.

The following target molecules, investigated in the literature and dedicated
to absorption studies in the infrared range, are listed by increasing number of
constitutent atoms: DCI [144], CO [18, 59, 112, 144], NO [16, 59], CO, [13-
16, 19, 83], N,O [18, 67, 105, 127, 145], NO, [16, 26, 28, 29, 83, 123], C,H, [59], NH;
[9, 671, CH4 [13, 59, 64, 67], CH5C1[13, 59, 64, 67, 84], CHF;3 [59, 92], CHCIF; [97],
CHCLF [98, 146], CCLF, [18, 86], CBrF; [145], CBrCIF, [86, 88], CF;Cl [58], CF;1
[93, 95, 145], CCI3F [99], NCCNO [61], C,H4 [102, 103, 107], CH;0H [44], CH;C,H
[59], CH;CHO [110, 147], C50, [61], C,Hg [44, 108, 109, 142, 148, 149], C,F4 [143],
CH;CHF, [87, 150], CH3CF,Cl [151], CH,CICH,Cl [62], CF;CH,F [85], C3Hg
[152], (CH3),0 [153], C4H;sN [154], C3F7H [87, 155], CsHsN [90], CsHg [89], CsHg
[156]. Heavier stable species were studied, SFg [104, 111], ReF¢ [157] and metal
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carbonyl compounds, Ni(CO), [19, 122], Fe(CO)s [19] and Mo(CO)¢ [158]. Some
contributions concern unstable species: SPF; [94] and C30; [15]. Complexes were
investigated, some of which are NO and/or NO, containing species, namely (NO),
[20, 101], N,O3 [106] and N,O4 [16, 26-29], as well as HCl-containing molecules
[17, 45, 113-115]. Larger clusters presenting almost unstructured spectral signatures,
made of CO, [14], N,O [22, 105, 127], HF [67, 69, 96, 159], containing HF or HCl
[22, 100, 160], and made of larger species [21, 22, 111, 139, 161], were also studied.

FT-jet work was also carried out to record, in absorption or in emission, the fine
structure of electronic transitions. In absorption, NO, [123] and Cl10O, [125, 126, 162]
were investigated. In emission, the literature mentions CH [79, 163], C, [121], CN
[114, 119, 120, 124, 128], CCI1[117], N, [164-166], NO [167, 168] and I, [169], CCN
[118], CuCl, [170], CH;N [116, 171] and larger polyatomic radicals, p-xylyl [172]
and C6H3F;' [173]. Emission between vibrational states within the ground electronic
state was also observed using FTS, already in 1981, in jet-cooled CO and CO, [174-
176]. We have included the studies just mentioned in separate sections of table 3,
for completeness, although the present review is mostly devoted to high resolution
infrared absorption spectroscopy. Studies by Leone and co-workers, recording time-
resolved emission spectra using FTIR under quasi jet-cooled conditions are to be
mentioned (see e.g. [78, 177] and references therein) but are not listed in table 3.
This table updates previous review papers [11, 45, 134, 178-180].

In order to provide an entry into the literature complementary to table 3, we
list hereafter, using the same ordering for the groups as previously in this section,
all references for those groups having published two or more papers in the field.
We are restricting the selection listed to higher resolution absorption investigations
in the infrared range: Yale [9, 84, 89, 90], ETH-Ziirich [13, 28, 29, 57-59, 67, 92-
99, 145, 146, 157, 179], Giessen [15, 61, 144], ULB [11, 16, 26, 27, 44, 62, 64, 102-
110, 142, 147-149, 152-154], Texas A&M [17, 45, 113-115, 134], Monash [18, 85-
88, 142, 150, 151, 155], and Paris VI[19, 100, 101, 156, 158].

In the next two sections, we emphasize a number of studies, in particular those
related to the ULB investigations.

42. High resolution infrared study of hydrocarbons

Most of the investigations listed in table 3 are devoted to stable species, hydro-
carbons in particular. We already highlighted in section 2.3 experiments aimed at
the study of the relaxation between levels with different nuclear spin statistics. In
most papers, however, it is the spectral decongestion resulting from the decrease
of the rotational temperature in the expansion that is exploited to unravel the fine
structure of the recorded bands, allowing in many cases their rotational analysis to
be performed for the first time. In this category are the ULB studies in the mid
and near infrared ranges of ethylene (C,Hy) [102, 103, 107] and ethane (C,Hg)
[44, 108, 109, 142, 148, 149], which are highlighted hereafter.

Ethylene in the ground electronic state is a planar species (D,, symmetry)
exhibiting a dense vibration-rotation spectrum. The study of this species using FT-
jet experiments was quite challenging as most of the bands in the lower infrared
range were already studied at high resolution (see [181] for a review of the literature).
In the overtone range, on the other hand, one had to face the usual severe decrease
in the band strength occurring for overtone and combination absorption bands
compared to fundamental bands. The input of the FT-jet data helped at three
different levels.
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Figure 14. Portion of the jet-cooled (1:1 mixture of Ar:C,H,, 600 scans, 0.02 cm™! resolution,
T = 53 K) transmittance spectrum of '2C,Hy, in the range of the vs + v, band,
recorded using a FT spectrometer and simulated (adapted from [103], ULB data).

In the first place, thanks to the combination of high instrumental resolution
(0.01-0.02 cm™!) and efficient spectral decongestion (T, = 36 or 53 K), the FT-jet
data recorded using the 16 cm long slit jet facilities available at ULB [103, 107]
allowed vibration-rotation bands to be studied and rotationally assigned for the
first time. Figure 14, from [103], exemplifies the rotational analysis of the vs + vy,
combination band by presenting a 7 cm™! spectral portion of that band (with vs
and vy, two of the CH stretching modes, see [181]). The simulation, performed by
Perrin (PPM, Orsay) and detailed in [103], accounts for Coriolis resonances and is
also presented in figure 14.

In the second place, thanks to the broad coverage provided by FTS, an extended
analysis could be performed over the full range between 4100 and 6200 cm™!, only
previously studied at low resolution and under room temperature conditions. An
overview of the spectra is presented in figure 15. The analysis resulted in extensive
information on the vibrational levels of ethylene in this excitation range. This
information, concerning u-symmetry levels, was combined with the literature results,
and allowed the vibrational energy pattern in ethylene to be further studied [181].
New constants of the motion were suggested to deal with the overtone range, along
the line of previous investigations in acetylene [11]. Interesting questions, such as the
explanation of the relative intensity of all four allowed CH combination bands, one
not being observed under these experimental conditions, still remain to be answered.

In the third place, hot bands could be spotted in the 3 um range, using the
following experimental trick. The FT-jet absorption spectrum was recorded twice
under identical experimental conditions, similar to those used to record the data
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Figure 15. Overview of the jet-cooled (1:1 mixture of Ar:C,H,, 600 scans, 0.02 cm™! reso-

lution, Ty, = 53 K) transmittance spectrum of '2C,Hy, between 4100 and 6200 cm™!,

recorded using a FT spectrometer (adapted from [103], ULB data).

presented in figures 14 and 15, using different slit conditions. The difference between
the spectra was produced by heating the slit to some 150°C using internal resistors
framing the 16 cm slit over its full length, in one of the experiments. The ratio between
the two spectra, presented in figure 16, highlights hot bands. The population on a
number of excited vibrational levels, vio, vg and v7, respectively lying at 826, 940 and
949 cm~! above the ground state [181], is expected to be increased by the heating
procedure and to participate in the hot band absorption. The quality of the data
compares reasonably well with the spectra recorded by Reuss and co-workers using
collision induced energy population transfers which allowed the rotational analysis
of some of these hot bands to be performed [182, 183]. The rotational temperature
under the experimental conditions used to record the data presented in figure 16 was
about 50 K for the close-lying fundamental bands [102]. The vibrational temperature
was not determined.

Ethane is a molecule with two CHj; internal rotors, whose vibration-rotation
spectrum in the ground electronic state is very dense and complex. Besides one
fundamental band that could be fully analysed [184], the literature only mentions
partial rotational assignments for a very limited number of bands (see [185] for a
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Figure 16. Portion of the difference between the jet-cooled FT absorption spectrum of
2C,H, in the region of 3000 cm™' recorded with and without a heated (150°C) slit
recorded using a FT spectrometer (unpublished results from Herman and co-workers:
1:1 mixture of Ar:C,H,, 40 scans, 0.01 cm™! resolution, T, = 50 K, ULB data).

review of the literature). The same three types of results, as just emphasized for
ethylene in the previous paragraph, could be obtained from an extensive FT-jet
investigation performed at ULB. Figures 17 and 18 demonstrate the power of such
investigations in unravelling a broad spectral range in the overtone region, allowing
detailed rotational assignments to be performed. The observation of hot bands was
also reported, but is not detailed here [44]. Figure 18 highlights the observation
of a band at lower energy, to demonstrate the usefulness of the experiments in
the mid-infrared range. In this figure, a band that is hidden in the congested room
temperature spectrum is identified in the FT-jet spectrum and could be vibrationally
(vg+ v1») and partly rotationally assigned [149]. Significant progress in the knowledge
of the vibration-rotation structure in ethane was made, as summarized in [185].
Compared to ethylene, ethane needs to be further investigated before global models
dealing with the vibrational structure can be suggested.

The decongestion ensured by the jet-cooled experimental procedure exemplified
in figure 18 was observed in many other investigations reported in table 3 (see also
the spectrum of Cs0, in figure 22 in the next section). An additional example of
spectral decongestion is provided in figure 19, now using a larger metal-containing
species. The figure demonstrates the quality of the set-up achieved by the group at
Paris VI [158].

4.3. High resolution infrared study of radicals and unstable species including
nitrogen oxides and small molecular complexes
A large amount of work in the FT—jet literature was devoted to nitrogen oxides.
We have presented in figures 1 and 2, in the introduction, some of the results
concerning the investigation of the infrared spectrum of N,O,4. Two major driving
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Figure 17. Jet-cooled (1:1 mixture of Ar:C,Hs, 300 scans, 0.01 cm™! resolution, Ty =
40 K) transmittance spectrum of '>?C,Hj; in the overtone range recorded using a FT
spectrometer (adapted from [108, 109], ULB data). The energy scale corresponds to
wavenumbers (in cm™!). Top: overview of the spectrum with, above for comparison,
room temperature conditions; middle: details of the vs + vo band showing the first
AK = —1 subbands; bottom: the torsional splittings in the 7 Q;(J) branch of this the
vs + vio band, with the stick spectrum simulating approximate relative intensities.
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Figure 18. Portion of the jet-cooled (1:1 mixture of Ar:C,Hg, 200 scans, 0.01 cm™! resolution,
T:ot = 40 K) transmittance spectrum of '2C,H; in the fundamental range, compared
with the room temperature spectrum, recorded using a FT spectrometer (adapted
from [149], ULB data). The energy scale corresponds to wavenumbers (in cm™").
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Figure 19. Observed and simulated v¢ band of Mo(CO)s recorded under jet-cooled conditions
(about 98:2 mixture of Ar:Mo(CO)s, 250 scans, 0.004 cm™! resolution, Ty, = 13 K)
using a FT spectrometer (adapted from [158], with the permission of the authors,
Paris VI data). The energy scale corresponds to wavenumbers (in cm™!).

forces motivate the studies of nitrogen oxides. On the one hand the study of the
behaviour of the NO, «<»N,0, chemical equilibrium under jet-cooled conditions is
of interest and was attempted by Luckhaus and Quack [28, 29] and by Frost et
al. [123]. On the other hand, the jet-cooled conditions are known to favour the
formation of related dimers and complexes [186] and, at the same time, to allow
their otherwise prohibitively dense spectra to be studied.
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Figure 20. Observed and simulated portion of the v; band of N,O; recorded under jet-cooled
conditions (about 1:3 mixture of Ar:NO, 92 scans, 0.005 cm™! resolution, T, = 44 K)
using a FT spectrometer (see [106], ULB data).

The high resolution investigation of the v; quasi diatomic NO-stretch band
of N,O; (ON-NO,) was initiated at ULB using the FT—-jet facilities [106], and
since significantly extended at Bonn using diode lasers [187]. Figure 20 presents
the related FT transmittance spectrum. The observed ON-NO, species is planar
with the a axis directed reasonably close to the direction of the NN chemical
bond. Unexpectedly for this NO stretch, the v; induced dipole moment happens to
lie close to the direction of this NN bond, as confirmed by ab initio calculations
[106]. This prediction helped interpreting the absence of a b-type subband in the
rotational structure of this fundamental band. Although probably searched for by
some research groups, the larger complex N,Os has not yet been reported using
FT-jet experiments.

The study of the NO dimer, observed and studied using lasers in supersonic jets
and using FTS in cooled cells, motivated a number of investigations using FT-jet
facilities. These led recently to the observation of the dimer [20, 101], as exemplified
in the spectrum recorded at Rennes and presented in figure 21.

Other complexes, containing HF or HCI, were observed and are reported in the
literature, from Texas A&M in particular. Very nice data were recorded by this
group, which are illustrated in the related references mentioned at the beginning of
this section (see table 3) and in an earlier review paper by Arno and Bevan [134].

Two additional examples concerning unstable species are provided by the recent
study of C50, in the Giessen group [61], and the study of SPF3 at ETH-Ziirich
in collaboration with Wuppertal [94]. Those investigations are exemplified in fig-
ures 22 and 23, respectively. In the case of OC;0, accumulation of this unstable
species in isopropylcyclohexane solution was seeded in 150 hPa argon and its jet
spectrum recorded at Giessen. As already pointed out, this spectrum provides an-
other striking example of the use of FT—jet spectroscopy in highlighting bands
that can almost not be identified at room temperature, in this case because of the
presence of numerous hot bands. In the case of SPF3, which illustrates the many
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26 K) using a FT spectrometer (adapted from [20], Rennes data). The simulation was
performed using the rotational constants from [188].
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Figure 22. Overview of the v, stretching band of OCsO recorded under jet cooled conditions
(60 scans, 0.008 cm™' resolution) using a FT spectrometer (unpublished results from
[61], reproduced with permission from the authors, Giessen data). The lower spectrum
corresponds to a cell spectrum with the products of the pyrolysis of the precursors
slowly pumped inside, while the upper spectrum was obtained by seeding the same
products, after dissolving them for stabilization, in 150 hPa argon and expanded in a

jet.
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Figure 23. Observed and simulated jet spectrum of SPF; close to the v; band centre (neat
SPF;, 0.0024 cm™! resolution, Ty, = 80 K) using a FT spectrometer (adapted from
[94], with permission from the authors, ETH data). The system allowed recovery of
the SPF; used in the continuous jet. The energy scale corresponds to wavenumbers
(in cm™").

achievements by the ETH group, the sample was permanently recycled allowing
the study to be performed using the FT spectrometer running under continuous
operation.

The various studies highlighted in this section thus demonstrate that the basic FT
spectrometer characteristics are not incompatible with the investigation of unstable
species and of small sized complexes.

44. Trends for high resolution absorption infrared spectroscopy

The literature review demonstrates that FT-jet spectroscopy today offers a
variety of facilities, competing with laser investigations in some cases and providing
significant advantages in other cases. A number of additional investigations of what
have today become ‘conventional’ FT—jet studies can therefore be expected to appear
in the literature. As far as high resolution instrumental developments are concerned,
it seems that at least four tracks can be foreseen for future research.

In the first place, there seems to be no reason why additional unstable species and
molecular complexes would not be observed and studied using FT—jet facilities. Such
developments are most probably only available for those groups having developed
set-ups achieving very cold translational temperatures, thus using single pinholes
and multi-pass optics. In any such event, however, the studies will have to cope with
the limited spectral resolution, also reducing the signal-to-noise ratio, when using
FTS. However, many developments along this research direction can certainly be
accomplished before irremediably facing this limitation.

In the second place, more detailed studies of vibrational temperatures, and of
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energy transfers than those so far published seem readily achievable. Compared
with tunable laser-based investigations, FT-jet spectroscopy allows wider spectral
ranges to be probed, giving an easier access to relevant data in this context. Relative
intensity measurements are however concerned with this type of investigation, whose
precision is still to be somewhat assessed in FT-jet experiments.

In the third place, one could expect larger organic species to become favourite
targets of future investigation, thus extending the initial contribution by Snavely
concerning benzene [89]. It is likely that the problem to be faced, also encountered in
laser investigations, is the clustering of the species in the jet, whose efficiency might
be directly related to the vapour pressure of the sample. Most of the larger organic
species are indeed liquid under STP conditions. The experimental conditions required
with FT-jets to achieve similar signal-to-noise ratios as with lasers, unfortunately call
for significantly larger amounts of sample, thus probably raising the clustering effects
during the formation of the supersonic jet stream. This problem was tentatively
faced at ULB using a pulsed inlet of material in a heated volume, prior to the
injection in the slit. Such a set-up was tested with success with methanol [44].
Other liquid species under STP conditions were investigated with, however, so far
limited results, probably because of the weakness of the infrared absorption bands
in larger species, relative to the smaller ones, which strongly limit the signal-to-noise
ratio.

It should be mentioned that the cluster formation just mentioned opens up, on
the other hand, a research field ideally suited for FT spectroscopy studies. Indeed,
large spectral ranges can be covered and only medium resolution is required given
the lack of rotational structure in larger clusters. In addition, FTS are capable of
investigating quasi continuum absorption features, which is not the case with several
laser based techniques. This trend for future investigations is certainly emerging
from recent studies [22, 160, 161] and might prove to be a central issue for FT-jet
spectroscopy. This field is of high interest but, however, does not fit the field of high
resolution spectroscopy anymore.

In the final place, higher sensitivity could be reached using improved designs
based on longer slits and multi-pass absorption possibly achieved within a laser
cavity. Such developments would lead to advances in a number of fields, including
overtone spectroscopy of larger species at chemically significant energy.
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