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A new approach based on the uniform supersonic flow technique – a cold, thermalized de Laval expansion
offering the advantage of performing experiments with condensable species – has been developed to study
ion–molecule reactions at low temperatures. It employs a mass-selective radio frequency transfer line to
capture and select ions from an adaptable ionization source and to inject the selected ions in the core of the
supersonic expansion where rate coefficients and product branching can be measured from room temperature
down to ∼ 15 K. The transfer line incorporates segmented ion guides combining quadrupolar and octapolar
field orders to maximize transmission through the differential apertures and the large pressure gradients
encountered between the ionization source (∼ mbar), the quadrupole mass filter (∼ 10−5 mbar), and the de
Laval expansion (∼ mbar). All components were designed to enable the injection of cations and anions of
virtually any m/z ratio up to 200 at near ground potential, allowing for a precise control over the momentum
and thermalization of the ions in the flow. The kinetics and branching ratios of a selection of reactions have
been examined to validate the approach. The technique will be instrumental in providing new insight on the
reactivity of polyatomic ions and molecular cluster ions in astrophysical and planetary environments.

I. INTRODUCTION

Ions are detected in trace amounts in astrophysical
environments, ranging from interstellar clouds and star-
forming regions to protoplanetary disks and circumstellar
envelopes.1–4 Nearly 30 positive ions have been discov-
ered in space to date, mostly through radio-astronomy.
This inventory has recently been enriched by the de-
tection of negative ions. The six anions identified so
far all belong to the chemical families of polyynes and
cyanopolyynes.5–10 In spite of their rarity, ions play a ma-
jor role in the chemistry of astrophysical environments
because they are highly reactive. In fact, most ion–
molecule reactions proceed with large rate coefficients at
room temperature and below due to the strong attractive
forces between the ion and the permanent or induced
dipole of the neutral partner. Ion–molecule reactions
have thus been invoked as formation pathways for com-
plex organic molecules.11 Molecular ions have also been
found to be the key drivers of chemical processes in cold
planetary atmospheres such as Titan’s, where the Cassini
Huygens probe has revealed the presence of a variety of
large and positive ions (up to 1000 m/q),12,13 and signif-
icant amounts of even larger negative ions (up to 13 800
m/q).14 These observations have led to the proposition of
a new chemical scheme in which molecular growth starts
at high altitude through ion–molecule reactions, leading
to a rapid mass gain of macromolecules that ultimately
generates aerosol seeds.15,16
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The formation and destruction pathways of most in-
terstellar and atmospheric ions under the cold conditions
prevalent in these environments are still elusive,2–4 al-
though considerable efforts have been devoted to develop
new experimental methods. In this realm, a key achieve-
ment remains the buffer gas cooling experiments with
the 22-pole ion trap of D. Gerlich.17 With an appropri-
ate combination of trapping time and neutral density,
the large and nearly field-free volume of this high-order
multipole ion trap is suitable for measuring the low-
temperature kinetics of slow reactions such as radiative
association.18–20 On the other hand, the T. Softley group
has demonstrated the possibility for reaching the ultra-
cold regime with collision energies below the mK by in-
troducing velocity-selected neutrals in a linear Paul trap
where laser-cooled ions were confined.21,22 Latterly, Paul
traps have been coupled to time-of-flight mass spectrom-
etry to make simultaneous measurements on multiple exit
channels.23,24 Nevertheless, ion traps are in general prone
to condensation issues at low temperatures, which often
limit their applications to light neutral co-reactants.

The uniform supersonic flow (USF) or CRESU tech-
nique, originally developed by J.B. Marquette and
B.R. Rowe to explore ion–molecule reactions at low
temperatures,25 offers the advantage of a wall-less exper-
iment where no condensation occurs in the scrutinized
medium. The technique relies on de Laval nozzles de-
signed by solving the nonlinear Navier–Stokes equations
for viscous fluids. From these nozzles emerge a dense
(typically 1016–1018 cm−3) isentropic core in which tem-
perature, density, and translational velocity are uniform
for several tenths of centimeters. Under these highly con-
trolled thermodynamic conditions, ions, neutrals, radi-
cals, and clusters are thermalized by inelastic collisions
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with the carrier gas and travel for several hundreds of
microseconds in the course of which their reactivity can
be monitored with diverse spectroscopic and mass spec-
trometry probes.26–32 Today this technique has reached
a high degree of transferability and versatility owing to
the development of different strategies to obtain stable,
non-turbulent pulsed flows that reduce considerably the
necessary pumping capacities,33–35 and to the design of
temperature-tunable de Laval nozzles.36

Our interest in the reactivity of molecular ions in astro-
physical and planetary media has led us to report recently
on the rate coefficients and branching ratios of reactions
of CN− / C3N− ions with the polar molecules HCOOH
and HC3N over the [36–300] K temperature range.37–39

To our knowledge, it was the first time the kinetics of
bimolecular reactions involving a tetraatomic anion was
revealed at low temperatures. The experiments were per-
formed with continuous USFs and an electron gun gen-
erating a high energy and high current (200 µA) electron
beam crossing the flow transversely. Under this configu-
ration, the production of ions is limited by the availabil-
ity and properties of the precursors, which must exhibit
a sufficient vapor pressure at room temperature (> 10
mbar) and be commercially available or synthesizable.
Cations are generated through charge transfer with the
ionized carrier gas (Ar+, He+, N2

+). In most cases, the
process induces heavy fragmentation and makes the ki-
netic analysis complex and the determination of branch-
ing ratios difficult, if not impossible. For anions, which
are produced by dissociative electron attachment,40 the
cross–section for the low-energy electrons generated by
the ionization of the buffer gas must be non-null and the
process must also lead dominantly to the targeted ion.
Taken together, these conditions put strong constraints
on the variety of ions that can be studied in the labora-
tory.

An alternative approach consists in injecting mass-
selected ions issued from an external ion source into the
core of the uniform supersonic flow as in the first CRESU
set-up.25 Similarly to the selected ion flow tube (SIFT)
method,41 only the primary ion of interest and the neu-
tral co-reactant are present in the reaction zone. The
method was validated with the study of the ion–molecule
reactions He+ + N2, O2

+ + CH4, and N+ + H2 at tem-
peratures of 20 and 70 K. The drawback was that the
ion source was incorporated within the de Laval nozzle
generating the USF, which had to be changed every time
the reaction was investigated at a different temperature.
Later on, Speck et al. developed a pulsed ion source cou-
pled to a CRESU reaction chamber and independent of
the nozzle design, although this time the source was not
selective in mass.42

To overcome these limitations, we have developed a
new approach based on a mass-selective ion transfer line
that aims at achieving the same versatility than the SIFT
technique while taking advantage of the latest develop-
ments in radio frequency (rf) ion guiding. The design
of the new experiment is presented in Sec. II and char-

FIG. 1. The CRESU reaction chamber incorporating the new
mass-selective ion transfer line. A movable quadrupole mass
spectrometer updated with a skimmer / hexapole ion guide
combination is used for monitoring ions in the de Laval expan-
sion. High-capacity roots pumps (> 20 000 m3/h) maintain
the desired pressure (0.1–2.0 mbar) in the reaction chamber.

acterized in Sec. III. A number of rate coefficients and
branching ratios of benchmark reactions were measured
and are discussed in Sec. IV. Concluding remarks and
future directions are given in Sec. V.

II. DESIGN

An overview of the CRESU reaction chamber with
the new mass-selective ion transfer line is shown in
Fig. 1. The monitoring of ions along the de Laval ex-
pansion is performed by a quadrupole mass spectrometer
(QMS) housed in a differentially-pumped conical cham-
ber. The detection chamber, mounted on a position-
controlled translating stage, was modified to incorporate
a rf hexapole ion guide combined with a molecular beam
skimmer to enhance sampling efficiency of reactant and
product ions.

A. Mass-selective ion transfer line

The mass-selective ion transfer line is shown in Fig. 2,
along with the operating pressure regimes of the differ-
ent ion optical components. A hollow cathode discharge
source operated at ∼1 mbar is depicted although a vari-
ety of ionization sources can easily be implemented. Ions
formed near the boundaries of the plasma are transferred
through a rf ion funnel and injected into a low pressure
region (< 10−2 mbar) accommodating a segmented rf
ion guide (labeled 1, 5 x 2 cm segments). Ions are sub-
sequently introduced into a quadrupole mass filter op-
erated at ∼ 10−5 mbar with an optimal kinetic energy
of 10 eV. In detection mode a mass spectrum is gener-
ated using an off-axis electron multiplier. In transmission
mode ions are transferred into a second, elongated rf ion
guide (labeled 2, 20 x 2 cm segments) operated at ∼ 10−2
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FIG. 2. 3D CAD model of the mass-selective ion transfer line
along with pressure regions.

mbar and injected into the reaction chamber through a
2 mm aperture – the exit lens – located near the tip of
the de Laval nozzle. The voltage applied to a deflector
plate, which is positioned 5 cm from the exit lens, is ad-
justed to inseminate the isentropic core of the transversal
uniform supersonic flow with the mass-selected ions.

Douglas et al. studied collisional focusing effects in rf
quadrupoles and showed that, provided a low initial ion
kinetic energy (1 - 30 eV), the ion transmission through
a small aperture at the exit of a quadrupole increases
as the pressure increases to reach a maximum near 10−2

mbar, i.e. very close to the pressure conditions of ion
guides 1 and 2.43 In addition, collisional focusing was
found to be accompanied by significant losses of axial ki-
netic energy, which is one of the purposes of the new ion
transfer line. The ion optics assembly is indeed designed
to maintain the exit lens at near ground potential to al-
low for a precise manipulation of the mass-selected ions
in the injection region and their rapid thermalization in
the flow (see schematic and potentials in Fig. 3). This re-
quired to modify the rf generator driving the quadrupole
mass filter (Cyionics) so that it can operate at a floating
potential (±500 V). Both ion guides are designed with
an octapolar field at the entrance (three segments) to

FIG. 3. Schematic of the ion optics assembly and optimized
potentials for injecting Ar+ ions in a uniform supersonic flow.
Lens potentials are in black and floating potentials of rf com-
ponents are in color. Injection region is highlighted in purple.

enhance phase space acceptance and a quadrupolar field
at the exit to compress ions radially and thus maintain
high transmission through narrow apertures. A weak dc
gradient is applied across the segments to counteract col-
lisional cooling and maximize transmission.44

All dc and rf potentials applied to the ion transfer line
are controlled electronically through our own computer
interface. Bipolar dc power supply units (PSU) are em-
ployed so that the transfer line can be operated in pos-
itive and negative ion mode. A single rf PSU delivering
a 2 MHz sinusoidal waveform is used to drive the fun-
nel, the ion guides, and the hexapole integrated upstream
the detection QMS (see Sec. II C), while independent dc
PSUs are employed to control all static potentials ap-
plied to the lens electrodes and to establish the axial dc
gradients across the ion guides. In terms of vacuum re-
quirements, the ionization source is backed by a rotary
pump (Edwards, 28 m3/h) and its pressure adjusted with
a butterfly valve. Two turbomolecular pumps are used
to maintain the ion guides at intermediate pressure (Oer-
likon, 360 L/s and Edwards, 70 L/s) and combined with
another one (Edwards, 70 L/s) to differentially pump the
quadrupole mass filter.

B. Ion trajectory simulations

Ion trajectories were simulated in realistic low-pressure
gas flows to better understand the role of scattering on
the ion transmission in the injection region (see Figs. 3
and 4). Computations for the diffusive jet formed at
the exit lens by the USF carrier gas in the direction of
ion guide 2 were performed using the direct simulation
Monte Carlo solver45 implemented in OpenFOAM. In-
let boundary conditions were obtained by introducing a
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FIG. 4. Simulated trajectories of C2H5
+ ions in the injection

region (last three segments of ion guide 2 / exit lens) super-
imposed on velocity contours of 50 m/s for He (red) and N2

(orange) buffer gases with maximum axial and radial speeds
of 620 m/s and 360 m/s, respectively.

high pressure inlet boundary at the exit lens and solving
the expansion flow along the axis of the ion guide main-
tained at 10−2 mbar. The quadrupole geometry consisted
of three 20 mm long equally spaced (1 mm) segments.
The inscribed radius of the ion guide was 4 mm and the
10−2 mbar pressure boundary was defined at a 7.5 mm
radius with reference to the ion optical axis. The post-
processed solution for the flow field was introduced in
SIMION where ion optical tracing was carried out using
a velocity dependent ion–molecule collision model based
on ion mobility experimental data.46

Two examples of ion trajectory simulations are shown
in Fig. 4, where C2H5

+ ions with kinetic energy of 5 eV
are transferred by a weak dc gradient (1.6 V per seg-
ment) and accelerated into the higher pressure region by
a 20 V difference applied to the 2 mm exit lens. Veloc-
ity contours are used to visualize the diffusive jet in the
rf ion guide. In the case of an He buffer gas, the ion
transmission is ∼ 60%, while in the case of N2 the scat-
tering is much more significant and the transmission falls
down to ∼5%. The simulations indicate that increasing
the potential difference between the final segment and
the differential aperture improves ion transmission only
marginally: an ion transmission of ∼80% is achieved for
a potential difference of 100 V with the He diffusive jet.
Significant losses due to scattering with He were also ob-
served for low-mass ions (≤ 10 amu).

C. Ion sampling and detection

Under the previous configuration with the electron
beam as ion source,37–39 the ion content in the USF was
sampled by an aperture of 80 µm at the tip of the cone
detection chamber, while the diameter of a typical isen-
tropic core ranges from 5 mm to 1 cm. A large distance
(66 mm) between the tip of the cone and the entrance
lens of the QMS led to significant losses of ions. The
sensitivity of the detection scheme had therefore to be
improved because the ion current generated by the new
transfer line lies in the [0.1–1] nA range, i.e. three orders
of magnitude lower than with the electron beam. To this

end the combination of a molecular beam skimmer with
an hexapole ion guide filling the gap between the cone
tip and the QMS was designed. Under CRESU operat-
ing conditions, the pressure in the ion guide is maintained
in the [10−2–10−3] mbar range through a connection to
the roots pumping system of the reaction chamber. The
voltage applied to the hexapole is decomposed into a dc
component of a few V and a rf component of a few hun-
dreds of V. A 10x larger skimmer (Beam Dynamics 0.8
mm i.d.), gold plated to protect from corrosion, was in-
stalled to increase ion transmission by 100x. The new
ion sampler was tested with a HCDS directly mounted
in front of the detection scheme. The skimmer was po-
larized by a fraction of V. The application of a poten-
tial of 200 V rf amplitude to the hexapole resulted in a
further 15x enhancement. The skimmer / hexapole ion
guide combination therefore enables us to circumvent in
its entirety the lower ion currents generated by the mass-
selective ion transfer line.

III. CHARACTERIZATION

We report here on proof-of-concept measurements for
the injection of Ar+ ions. An Ar/He mixture is admitted
into the ionization source and the glow discharge (360 V –
1 mA) projects ions through the ion funnel, from which
they are captured by the first ion guide before reaching
the quadrupole mass filter. The presence of Ar+, ArH+

as well as traces of H2O+, H3O+, and N2
+ ions was de-

tected, as shown in the inset of Fig. 5. Ar+ ions were
selected and all the dc potentials of the transfer line were
adjusted to maximize the ion currents measured on the
exit lens, the deflector, and the skimmer of the detection
chamber with a picoammeter. The optimized potentials
for injection at near ground potential are shown in Fig. 3.

FIG. 5. Mass spectra in a uniform supersonic flow at 49 K
inseminated by mass-selected Ar+ ions after a reaction time
of 95 µs in absence (green) / presence (pink) of N2O. Inset:
mass spectrum in the ion transfer line for an Ar/He plasma.
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FIG. 6. O2
+ ion signal at 49 K as a function of time for a

range of ethane concentration [C2H6] (top) and corresponding
loss rates as a function of [C2H6] (bottom), the slope of which
determines the rate coefficient of the O2

+ + C2H6 reaction.

In practice, the reaction chamber is first filled with the
USF buffer gas in a static manner so that one can opti-
mize the settings of the transfer line without consuming
all the gas and power necessary for a CRESU experiment.

A current of several hundreds of pA was measured on
the exit lens and the deflector for chamber pressure (Pch)
of 0.2 to 2.0 mbar, with a maximum at Pch ∼ 1 mbar.
With a de Laval expansion of helium at 49 K demanding
that Pch = 0.77 mbar, the ion current was monitored on
the skimmer at various distances from the exit aperture
of the transfer line (from 7 cm to 20 cm, i.e. the effective
length of this uniform flow). Applying a voltage of -
30±1 V on the deflector allowed for more than 95% of
the selected ions to be drifted towards the skimmer. The
measurements showed no variations greater than 3–4%
along the flow. We found that the current is very sensitive
to the voltage applied on the deflector as a change of
±5 V leads to its complete disappearance. This way, a
simple yet fine tuning of the kinetic energy necessary for
inseminating the USF with the selected ions is achieved.

The ion content of the USF was monitored by the mov-

TABLE I. Rate coefficients k compared with previous mea-
surements and Langevin rates.

T (K) k (10n molecule−1 cm3 s−1)
This work Prev. meas. Langevin [n]

Ar+ + C2H6 36a 1.20±0.12 0.86b 1.16 [-9]
49a 1.33±0.13 -
300 - 0.92c

380 - 1.14d

O2
+ + C2H6 49a 1.21±0.13 - 1.22 [-9]

300 - 1.21e/1.1f

Ar+ + N2O 36a 4.6±0.5 - 8.9 [-10]
49a 5.7±0.9 -
72a 4.8±0.6 -
300 - 3.3g/3.0h

Ar+ + N2 36a 3.07±0.27 3.00b 75.5 [-11]
49a 2.00±0.19 -
72a 1.09±0.12 1.30b

a Flow temperatures (±1 K) determined by impact pressure and
laser-induced fluorescence measurements.

b CRESU with pulsed ion injection by Speck et al.42
c Flowing afterglow experiments by Tsuji et al.47
d Selected ion flow drift tube experiments by Praxmarer et al.48
e Time-resolved atmospheric pressure ionization mass

spectrometry experiments performed in the [238–458] K range
by Matsuoka and Ikezoe49

f Selected ion flow tube experiments by Wilson et al.50
g Selected ion flow tube experiments by Shul et al.51
h Ion cyclotron resonance mass spectrometry experiments by

Kemper and Bowers52

able QMS incorporating the new ion sampler, as illus-
trated in Fig. 5 for the Ar+ + N2O reaction. Ar+ is the
only ion detected in absence of N2O while the reaction
leads to the appearance of the single product N2O+.

IV. KINETICS AND BRANCHING RATIOS

The rate coefficients k and branching ratios of a set
of benchmark ion–molecule reactions were measured at
various temperatures with the new mass-selective trans-
fer line and ion sampling scheme. Kinetic data were ob-
tained under pseudo-first order conditions by measuring
the loss rates of the mass-selected ions for various concen-
trations of neutral co-reactant set in excess, as illustrated
in Fig. 6 for the O2

+ + C2H6 reaction. Rate coefficients
are compared with previous measurements and Langevin
rates in Table I. Error bars account for statistical and
systematic (10%) contributions, the latter finding its ori-
gin in uncertainties in the mass flow rates and the reser-
voir / chamber pressures. The branching ratios reported
in Table II were determined at short reaction times to
minimize secondary reactions.

Two exoergic ion–molecule reactions involving Ar+

and O2
+ with non-polar ethane C2H6 were studied. For

these reactions, k remains constant as a function of tem-
perature. Previous measurements at 300 K and above
have shown a close agreement with Langevin rates,49,53
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TABLE II. Branching ratios for the Ar+ + C2H6 and O2
+ +

C2H6 reactions and comparison with previous measurements.

Products Branching ratios
This worka Prev. meas.

Ar+ + C2H6 → T (K) = 49 300b 380c

C2H6
+ + Ar 0.03 - -

C2H5
+ + H + Ar 0.10 0.08 0.18

C2H4
+ + H2 + Ar 0.23 0.22 0.18

C2H3
+ + H2 + H + Ar 0.36 0.42 0.38

C2H2
+ + 2H2 + Ar 0.23 0.23 0.20

CH3
+ + CH3 + Ar 0.05 0.05 0.06

O2
+ + C2H6 → T (K) = 49 300d

C2H6
+ + O2 0.26 0.30

C2H5
+ + O2 + H 0.57 0.55

C2H4
+ + O2 + H2 0.17 0.15

a Error bars can be estimated by adding systematic (±0.02) and
statistical (±5%) contributions.

b Flowing afterglow experiments by Tsuji et al.47
c Selected ion flow drift tube experiments by Praxmarer et al.48
d Selected ion flow tube experiments by Wilson et al.50

as our new low-temperature results for both reactions.
In the case of the Ar+ + C2H6 reaction, the branching
into the six identified exit channels, for which dissociative
charge transfer reactions dominate (97%), agree well with
previous flowing afterglow47 and selected ion flow drift
tube48 measurements. In the case of the O2

+ + C2H6

reaction, three exit channels leading to C2H6
+ (charge

transfer) and C2H5
+ / C2H4

+ (dissociative charge trans-
fer) have been reported previously and their branching
ratios measured at 300 K with the SIFT technique.50 The
results obtained here at 49 K show a remarkable agree-
ment with the SIFT values, suggesting that the branching
of this reaction does not, as for the Ar+ + C2H6 reaction,
depend on temperature over the explored range.

The kinetics of two charge transfer reactions with
temperature-dependent rate coefficients was also mea-
sured. For the Ar+ + N2O reaction, the rate coefficients
measured at low temperatures are only slightly higher
than the one measured at 300 K because little tempera-
ture dependence is expected due to the small dipole mo-
ment of N2O (µ = 0.16 D). The new rates reach about
60% of the Langevin rate, compared to 35% at 300 K. In
contrast, k is much smaller than the Langevin rate for
the Ar+ + N2 (1-4%) and exhibits a pronounced nega-
tive temperature dependence below 140 K although N2

is non-polar (see Fig. 7). This is due to the competi-
tion between two exit channels: N2

+(v=0) + Ar, exo-
ergic by 0.18 eV and dominant at T < 140 K, and N2

+

(v=1) + Ar, endoergic by 0.09 eV and dominant at higher
temperatures.54 The kinetic results are totally consistent
with previous SIFT55 and CRESU42,56 measurements.

Whereas the thermalization of the translational and ro-
tational degrees of freedom is extremely efficient within
a uniform supersonic flow owing to its high density –
the mean time between collisions with the buffer gas is
typically a few tenths of nanoseconds –, the relaxation

FIG. 7. Rate coefficients for the Ar+ + N2 reaction as a
function of temperature. Blue circles: this work. Black trian-
gles: previous CRESU measurements.42,56 Green diamonds:
SIFT measurements.55 Red square: Average room tempera-
ture value taken from the review of V.G. Anicich.57

of electronic and vibrational excited states of the mass-
selected ions must be taken with caution, alike in SIFT
studies. Spin-orbit excited states of Ar+ and vibrational
excited states of O2

+ are indeed likely to be formed in
the plasma source. According to Hamdan et al.,58 the
de-excitation rate of Ar+ (2P1/2) to Ar+ (2P3/2) is equal

to ∼ 4 × 10−11 molecule−1 cm3 s−1 in He, meaning that
the relaxation to the ground state is achieved in the sub-
microsecond time scale, i.e. directly in the dense plasma
source. For molecular ions, vibrational relaxation may
turn out to be slow, in particular in the case of non-
polar diatomic molecules with relatively high frequency
vibrations.59 To settle this debate, the vibrational deac-
tivation of O2

+ (v=1, 2) with different neutral partners
was investigated in the laboratory by Böhringer et al.60

Their experiments showed that only ∼2 collisions with
neutral O2 are necessary to quench the v=1 and v=2
states of O+

2 , making this process very efficient. Ion tra-
jectory simulations with a hard sphere collision model
show that O+

2 ions undergo ∼800 collisions from their
production zone to the funnel exit while only a handful
of additional collisions take place in the ion guide. By
considering a typical mixing ratio of O2 in He of 1%, we
estimate that O+

2 ions undergo ∼8 collisions with neutral
O2 during their travel in the ionization source. This is a
conservative number because more sophisticated collision
models based on ion mobility data show that the hard
sphere model employed here underestimates the collision
cross sections for low relative velocities. These simula-
tions therefore suggest that O+

2 ions are thermalized at
the very beginning of the mass-selective ion transfer line.
From an experimental viewpoint, the kinetic traces would
likely show some curvature in case significant amounts of
either spin-orbit excited Ar+ or vibrationally excited O+

2

ions were injected.61 For instance, the effect of vibrational
excitation of O+

2 on the rate coefficient of the charge ex-
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change reaction O+
2 + O2 has been shown to enhance

the reactivity.62 Here the rate coefficients and branch-
ing ratios show overall a good agreement with previous
work, providing additional evidence for the effective ther-
malization of the selected ions inseminating the de Laval
expansion. We can therefore consider that no excited
states of either Ar+ or O+

2 were interfering with the ki-
netic measurements.

The ultimate goal of the apparatus presented here
remains the investigation of reactions with large poly-
atomic ions. Ferguson and coworkers pointed out that
vibrational deactivation efficiency is greater for low fre-
quency vibrations, in which a lesser amount of vibrational
energy need to be converted into translational energy.59

As their neutral precursors will be injected in significant
amounts (∼1%) in the source, one can very reasonably
assume that polyatomic ions will efficiently relax in the
plasma chamber itself, leaving little doubt on their good
thermalization. Hence, the ion transfer line offers the
convenience of preparing mass-selected, ground state ions
remotely, restraining the introduction in the uniform su-
personic flow of the species of interest only and permit-
ting a simple, robust analysis of low-temperature mul-
tichannel kinetic data. Depending on the studied ions,
these results do not however preclude for additional spec-
troscopic measurements to assess the internal energy of
ions but common sensitive methods (e.g. laser-induced
fluorescence or cavity ring-down spectroscopy) are vain
considering the very low density of ions in the flow, leav-
ing only indirect methods such as action spectroscopy.

V. CONCLUSION AND PERSPECTIVES

The new experimental approach presented here – a
mass-selective ion transfer line coupled with the uniform
supersonic flow technique to measure rate coefficients and
branching ratios of ion–molecule reactions at low temper-
atures – allows for monitoring this class of reactions in a
thermalized medium where no condensation takes place
and where only the target species are present. The data
analysis is made straightforward and the same versatil-
ity than the selected ion flow tube technique has been
demonstrated while offering new possibilities for inves-
tigating ion–molecule reactions in the cold regime. The
design of the ion transfer line, which takes advantage of
the relatively high pressure in the reaction chamber and
of the combination of quadrupolar and octapolar radio
frequency field orders, makes possible to concurrently (i)
maximize ion transmission through large pressure gradi-
ents, (ii) ensure the prompt thermalization of the mass-
selected ions, (iii) redirect the ion cloud along the prop-
agation axis of the cold de Laval expansion readily. Pro-
vided an efficient ionization source, this new strategy
will be dedicated to unveil the low-temperature reactiv-
ity of polyatomic ions of astrophysical interest, e.g. H–
(C≡C)n

− polyynes, and molecular clusters such as mi-
crosolvated ions.

The current apparatus is restricted to He / H2 uniform
supersonic flows because of significant scattering occur-
ring in the injection region. To overcome this limitation,
the design of low-density, low-pressure nozzles is under-
way. A better control over the pressure in the second,
elongated ion guide with additional pumping capacity
would be also advantageous. Alternatively, the develop-
ment of a differential aperture with an adjustable diam-
eter – an iris diaphragm for ion optics – to be mounted
at the interface between the ion transfer line and the
reaction chamber would facilitate the control of the bal-
ance between ion transmission, collisional focusing, and
scattering over the diversity of conditions imposed by
the fluid dynamics of de Laval expansions. Although
the present version of the mass-selective ion transfer line
has not been designed initially to be coupled with pulsed
CRESU flows, we anticipate that this would not require
any major adjustment. In both ways – continuous and
pulsed – the sensitivity of the detection could be fur-
ther enhanced by maintaining a higher vacuum in the
hexapole ion guide linking the molecular beam skimmer
to the entry lens of the quadrupole mass spectrometer.
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32B. Schläppi, J. H. Litman, J. J. Ferreiro, D. Stapfer, and R. Sig-
norell, “A pulsed uniform laval expansion coupled with single
photon ionization and mass spectrometric detection for the study
of large molecular aggregates,” Physical Chemistry Chemical
Physics 17, 25761–25771 (2015).

33D. B. Atkinson and M. A. Smith, “Design and characterization of
pulsed uniform supersonic expansions for chemical applications,”
Review of scientific instruments 66, 4434–4446 (1995).

34J. M. Oldham, C. Abeysekera, B. Joalland, L. N. Zack, K. Prozu-
ment, I. R. Sims, G. B. Park, R. W. Field, and A. G. Suits, “A
chirped-pulse fourier-transform microwave/pulsed uniform flow
spectrometer. i. the low-temperature flow system,” The Journal
of chemical physics 141, 154202 (2014).
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