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| Introduction

The H,™ + HD reaction at low collision energies:
Hz*/H,D™ branching ratio and product-kinetic-
energy distributionst

Katharina Héveler, Johannes Deiglmayr,f Josef A. Agner, Hansjurg Schmutz and
Frédéric Merkt 2 *

The fully state-selected reactions between H,™ molecules in the X* 2T *(v* = 0, N* = 0) state and HD
molecules in the X 1ZZEJJ'(V = 0, J = 0) state forming Hs* + D and H,D* + H have been studied at
collision energies E.o between 0 and kg-30 K with a resolution of about 75 mK at the lowest energies.
H, molecules in a supersonic beam were prepared in Rydberg-Stark states with principal quantum
number n = 27 and merged with a supersonic beam of ground-state HD molecules using a curved
surface-electrode Rydberg-Stark decelerator and deflector. The reaction between H," and HD was
studied within the orbit of the Rydberg electron to avoid heating of the ions by stray electric fields. The
reaction was observed for well-defined and adjustable time intervals, called reaction-observation
windows, between two electric-field pulses. The first pulse swept all ions away from the reaction
volume and its falling edge defined the beginning of the reaction-observation window. The second
pulse extracted the product ions toward a charged-particle detector located at the end of a time-of-
flight tube and its rising edge defined the end of the reaction-observation window. Monitoring and
analysing the time-of-flight distributions of the Hz* and H,D* products in dependence of the duration
of the reaction-observation window enabled us to obtain information on the kinetic-energy distribution
of the product ions and determine branching ratios of the Hz* + D and H,D* + H reaction channels.
The mean product-kinetic-energy release is 0.46(5) eV, representing 27(3)% of the available energy, and
the Hz* + D product branching ratio is 0.225(20). The relative reaction rates correspond closely to
Langevin capture rates down to the lowest energies probed experimentally (xkg-50 mK).

are thus well suited to study resonance phenomena in the
collision cross sections at low collision energies and to study

In recent years, studies of collisions and chemical reactions
using merged-beams techniques have enabled the investigation
of reactions between neutral molecules at collision energies
E.on much below kp-10 K (kg is Boltzmann’s constant) and in
some cases even below kg-1 K.'”” In merged-beams studies, the
energy resolution can be much enhanced if pulsed valves
releasing very short gas pulses are used to generate supersonic
beams and the gas pulses are allowed to expand over a long
distance between the valve orifice and the reaction region: By
exploiting the longitudinal velocity dispersion of the beams, one
can make sure that only molecules within a very narrow velocity
distribution participate in the reactions.™® Merged-beams studies
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chemical reactions under conditions where quantum effects
affect the cross sections.

The study of ion-molecule reactions at low collision energies
and low temperature is more challenging than the study of
reactions between neutral molecules. Studies at very low collision
energies or temperatures are becoming possible in experiments
in which (ultra)cold atoms and atomic or molecular ions are
trapped in the same volume (see, e.g, ref. 8), but are so far
restricted to atoms that can be laser cooled. Temperatures down
to about 10 K have been reached in supersonic beams expanding
out of Laval nozzles® and in ion guides and traps using cold He
gas to cool the reactants.'®™* Until recently, lower temperatures
could generally not be reached because stray electric fields in the
reaction volume accelerate and heat up the ions. The most
important ion-molecule reactions at low temperatures are barrier-
less, exothermic reactions, for which the rates are expected to be
well described by capture models.”**” These models predict
fast reactions with low-temperature behaviours dictated by the
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electrostatic properties of the neutral molecules, ie., their
polarisabilities, dipoles, quadrupoles, etc. In fast capture reac-
tions, shape resonances of the kind encountered in reactions
between neutral molecules are not expected. However, below 10
K, ion-molecule reactions have been predicted to exhibit strong
effects caused by the alignment of the rotational angular
momentum vector of apolar neutral molecules and the orienta-
tion of polar neutral molecules in the Coulomb field of the ion,
see, e.g., ref. 13-25. These effects tend to be strongly dependent
on the rotational state of the neutral molecule but have not
been systematically studied experimentally yet below 10 K.

A prototypical example of such reactions is the reaction H," +
H, — H;' + H, which plays a key role as initial step of reaction
cycles in interstellar clouds (see ref. 26 and references therein).
This reaction closely follows Langevin-capture behaviour for
reactions with a dominant ion-induced-dipole long-range
interaction,*® and only significantly deviates from this behaviour
at elevated temperatures or at temperatures much below 1 K.>>*°
The reaction is strongly exothermic, with a 0 K reaction internal
energy AU°(0 K) of —1.70 eV, corresponding to the difference
between the 0 K dissociation energy of H,"*' and the 0 K
dissociation energy of H;* into H, and H'.>’ Product-recoil
measurements at collision energies E., between 1.5 and
5.3 eV in crossed-beams experiments indicate that about a third
of the available energy (E.on + A:U°(0 K)) is released as kinetic
energy, two thirds being stored as internal (rovibrational) energy
of H;".**?* With this reaction, we have recently demonstrated
that the ion-heating effects of stray electric fields can be strongly
reduced if the ion is replaced by the parent neutral species
excited to a high Rydberg state.****> The Rydberg electron,
orbiting at large distances from the ion core, does not signifi-
cantly affect the reactions of the ion core with neutral molecules
located within the Rydberg-electron orbit,>*>° but effectively
shields the ion-molecule reaction system from heating effects
by stray electric fields. Additionally, Rydberg atoms and mole-
cules have large electric dipole moments, so that inhomoge-
neous electric-field distributions can be used to manipulate their
velocity distribution, in particular to slow down and deflect
supersonic beams in free space®*" or above the surface of
integrated circuit boards.*” In our studies of ion-molecule reac-
tions, we exploit curved circuit boards as Rydberg-atom®® and
Rydberg-molecule** decelerators and deflectors. These devices
are ideally suited (i) to merge supersonic beams of Rydberg
atoms and molecules with supersonic beams of neutral mole-
cules and (ii) to adjust their relative velocity, and thus the
collision energy for studies of ion-molecule reactions at collision
energies below k-1 K.3354%46

In our studies of the H," + H, — H;" + H reaction mentioned
above, we observed that it is only at collision energies signifi-
cantly below kp-1 K that the reaction cross section starts
departing from Langevin-capture behaviour.*> By comparison
with theoretical calculations,>*° this deviation could be attrib-
uted to the alignment, by the joint effects of the ion-quadrupole
interaction and Coriolis coupling, of the rotational angular-
momentum vector of ortho-H, molecules in their J = 1 ground
state, which formed 75% of the H, population in the beam. This
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effect should not be present in collisions from supersonic
expansions of para-H, or HD because only the J = 0 rotational
ground state is populated in such expansions and this state does
not have a quadrupole. We present here the results of an
experimental investigation of the reaction between H," and HD
at very low collision energies, which we undertook to verify this
expectation. In contrast to the H," + H, reaction, which has only one
product channel (H;" + H) at low collision energies, the H," + HD
reaction system has two competing product channels:

H," +HD —» H;' +D 1)
and
H,"+ HD — H,D' + H, )
next to the charge-transfer reaction channel
H," + HD — H,+ HD", (3)

which is endothermic by about 10 meV and not observable at
the low collision energies (<4 meV) investigated here. The
reaction system thus offers the opportunity to determine the
branching ratio between the reaction channels (1) and (2) at
very low collision energies and under conditions where both
reactants are in a single quantum state, their ground rotational
state (N" = 0 for H," and J = 0 for HD). Because H;" acts as very
efficient proton donor and is at the origin of important reaction
cycles in interstellar clouds, the branching ratios of reactions
(1) and (2) at low collision energies are relevant in the context of
the deuterium fractionation of hydride molecules in the
interstellar space.

Deuteration of the H, and H," reactants has been success-
fully used to clarify the reaction mechanism in earlier work at
higher collision energies.*”*”>° We have also extended our
experimental approach so as to be able to obtain information
on the kinetic energy distribution of the product ions, which,
through energy-conservation arguments, can be related to the
distribution of internal quantum states of the products, as
previously demonstrated for these reactions by Pollard et al.**

Il Experiment

The experiments were carried out using a redesigned version of
the merged-beams experimental setup used in our previous
measurements of the H," + H, — H;" + H reaction at low
collision energies.*>*® We refer to ref. 35 for the general
description of the experimental apparatus and measurement
procedures. Here, we recapitulate the main features of the
experimental approach to study ion-molecule reactions at low
collision energies and focus on the improvements of the
apparatus made for, and on aspects specific to, the present
investigation. These improvements have significantly enhanced
the stability and performance of the experimental setup and
enabled us to improve the collision-energy resolution of the
experiment by a factor of about 4, reaching a value of kz-75 mK
at the lowest collision energies. They have also led to a better
control and a more precise characterisation of the velocity and
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Fig. 1 (a) Side view of the vacuum chambers in which supersonic beams of H, and HD are generated with pulsed valves (source chambers), the beams

are merged using a Rydberg-Stark deflector and the reaction takes place (deflection and reaction chamber), and the product ions are detected (detection
chamber). (b) Schematic aerial view of the merged-beams experimental setup employed to study the H,* + HD reaction at low collision energies, with
the laser system used to excite H, to long-lived nk Rydberg-Stark states through the triply resonant excitation sequence nkm[X*(v* =0, N* = 0)] R

I(v=0,N=2) AL B(yv=3,N=1) HAS X(v=0,N = 0) and the differentially pumped vacuum chambers. FIG: fast ionization gauge; MCP: microchannel

plate; TOF: time-of flight; W: window; BBO: beta barium borate; NIR: near infrared; VIS: visible; VUV: vacuum ultraviolet; YAG: yttrium aluminium garnet.

See text for details.

spatial distributions of the clouds of reacting molecules. Schematic
side and aerial views of the experimental setup are presented in
Fig. 1a and b, respectively.

Supersonic beams of HD and H, (referred to as the HD and
H, beams below) are generated in separate source chambers by
home-built cryogenic pulsed valves producing short (about
20 ps long) gas pulses and initially propagate along axes
separated by 10 degree. Before entering the reaction zone, the
HD beam expands into vacuum from a stagnation pressure of
6 bar and passes through two skimmers with orifice diameters
of 20 and 3 mm, located 16 and 55 cm downstream of the valve
orifice, respectively. A careful optimisation of the properties of

2678 | Phys. Chem. Chem. Phys., 2021, 23, 2676-2685

the valve-plunger-driving system has enabled the complete
suppression of the emission of secondary gas pulses generated
by the rebounce of the plunger, which had complicated the
analysis of the velocity distributions and reduced the collision-
energy resolution of our previous experiments.*>*> The mean
velocity of the gas pulses is set by stabilising the temperature of
the valve at any chosen value between 77 and 300 K. For most
experiments presented here, the valve was maintained at a tem-
perature of 109 K, corresponding to a mean velocity of 1390 m s~ .
We verified that only the J = 0 ground rotational state of HD is
populated in the HD beam by recording the laser-induced-
fluorescence spectrum of the B 'E,'(v = 4, /') — X 'Z,'(v = 0, /")
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band. The band consisted of a single line, corresponding to the
transition from the J” = 0 level of the X state to the ' = 1 level of
the B state. No transitions could be observed at the position
expected for transitions from the J/ = 1 ground-state level, from
which we conclude that more than 95% of the population of HD
molecules in the beam are in the absolute ground state.

The H, beam expands from a stagnation pressure of 8 bar
and passes through a single skimmer of 2 mm diameter located
16 cm downstream of the valve orifice. The H, molecules in this
beam are excited to low-field-seeking Rydberg-Stark states with
the H," ion core in its ground X *Z,'(v" = 0, N* = 0) state and
principal quantum number n = 27. The photoexcitation is
carried out using a triply resonant three-photon excitation
sequence using pulsed lasers (repetition rate of 25 Hz, pulse
lengths in the range from 2 to 8 ns), as detailed in ref. 51. The
photoexcitation takes place between two parallel metallic plates
(Stark electrodes in Fig. 1a) used to apply a homogeneous electric
field of about 5 V em™" necessary to make the Rydberg-Stark
states optically accessible from the selected I(v = 0, N = 2)
intermediate state. At each experimental cycle, about 1000 Ryd-
berg molecules are produced in a volume of about 1 mm?®, as
inferred from the strength of the pulsed-field-ionisation (PFI)
signal and the numerical particle-trajectory simulations of the
Rydberg-Stark deflection process described in ref. 35 and 44 (see
also below).

The Rydberg molecules are then loaded into an electric trap
moving above a curved surface-electrode Rydberg-Stark decelerator
and deflector.** The propagation velocity of the moving trap is
controlled by applying suitable time-dependent electric potentials
to the surface electrodes of the decelerator. This device is used to
merge the H,-Rydberg beam with the HD beam and to adjust the
relative mean velocities of the two beams. The H, molecules that
are not excited by the laser beam propagate in a straight line and
are blocked by a collimation slit at the entrance of the reaction
zone. This zone is delimited by a cylindrical tube made of three
distinct sections to which square-shaped electric-potential pulses
are applied to define the interval during which the reaction is
monitored (see Fig. 2a). These pulses extract the product ions in a
direction perpendicular to the merged-beams propagation axis
towards a microchannel-plate (MCP) detector located at the end
of a time-of-flight (TOF) tube. In the measurements presented
in this article, we monitor the current of product ions impinging
on the MPC as we systematically vary selected experimental
parameters, such as the relative velocities of the beams, as
explained below.

The precise knowledge of the velocity and spatial distributions
of the Hy-Rydberg and HD molecules in the beams is crucial
because these distributions determine the collision energy and the
energy resolution. To determine these distributions we combine
measurements, particle-trajectory simulations and extrapolations
of distributions measured at different locations, as is now
explained in detail. The propagation of the H,-Rydberg molecules
from the entrance of the Rydberg-Stark deflector to the reaction
zone is simulated in numerical particle-trajectory calculations,*>**
which enable us to determine the spatial and velocity distributions
of the H,-Rydberg-molecule cloud in the reaction region.
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Fig. 2 (a) Two-pulse ion-extraction sequence enabling the control of the
duration t© of the reaction-observation window, which we refer to as
reaction time. t. is the time at which the packets of H,-Rydberg molecules
with velocity vgygq and HD ground-state molecules with velocity vyp reach
the centre of the reaction chamber. (b) TOF profiles of the product ions
Hs* and H,D* generated from the H,* + HD reaction at a collision energy
of kg-1 K for reaction times ranging from 1 to 6 ps. The experimental TOF
profiles (grey and black dash-dotted lines for Hz* and H,D*, respectively)
are normalised to the same total integrated product signal and compared
to simulated TOF profiles (full orange and red lines for Hz* and H,DY,
respectively). See text for details.

To characterise the H,-Rydberg-molecule beam, a movable
MCP detector is slid into the beam 10.5 cm beyond the centre of
the reaction zone and monitors the H," ions generated by the
field ionisation of the H,-Rydberg molecules close to the MCP
surface. Information on the H,-molecule beam is also obtained
from experiments in which the H,-Rydberg molecules are
pulsed field ionised in the reaction zone by applying large
electric-potential differences across the extraction electrode
stack. The H," ions produced by PFI are accelerated towards
the same MCP detector as used to monitor the reaction
products. Following the procedure introduced for studies of
the He" + CH3F reaction,*® we measure the PFI signal as a
function of the time delay between the laser pulse and the PFI
pulse. In particular, we determine the rise and fall of the PFI
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signal as the H,-Rydberg molecules enter and leave the electrode
stack. In this way, we can precisely determine the time ¢. at
which the H,-Rydberg cloud is located at the centre of the
reaction zone, which we choose as the central time of the
reaction-observation temporal window (see Fig. 2a). At the centre
of the reaction zone, the Rydberg-molecule cloud forms a 4 mm-
long tubular cloud with axis parallel to the laser propagation axis
and cross-sectional diameter (1/e*) of about 2 mm. The relative
velocity distribution of the H,-Rydberg molecules in this cloud is
determined by the depth of the moving trap, which is itself given
by the amplitude of the potential waveforms applied to the
decelerator electrodes (see ref. 44). For the experiments presented
in this article, the relative-velocity distribution of the H,-Rydberg
molecules exiting the deflector is well described by a thermal
distribution corresponding to a temperature of about 75 mK.

In the case of the HD beam, the TOF distributions are
monitored by two home-built fast-ionisation gauges (FIGs)
located 19.2 and 38.5 cm beyond the centre of the reaction
zone. From these distributions and the known positions of
both gauges, the relative density and velocity distributions of
the HD molecules along the beam-propagation axis can be
reconstructed with high accuracy at any point within the
reaction zone by backward propagation of their trajectories.
The diameter of the HD-molecule cloud in the dimensions
perpendicular to the merged-beams propagation direction
roughly matches the dimensions of the Rydberg-molecule
cloud, but is much longer (several cm) in the dimension
parallel to the merged-beams propagation direction as a result
of the longitudinal velocity dispersion during the beam pro-
pagation. From the knowledge of the spatial and velocity
distributions of the HD beam, we can then set the HD-valve
trigger so that HD molecules within a well-defined velocity class
reach the centre of the reaction zone at the central time of the
reaction-observation window. Because of the high degree of
transverse collimation by the two skimmers and the large
longitudinal velocity dispersion, the velocity distribution of
the HD molecules that overlap with the H,-Rydberg-molecule
cloud is much narrower than the velocity distribution of the H,-
Rydberg molecules and corresponds to a temperature of (much)
less than 50 mK. The velocity of the reacting HD molecules can
be adjusted by changing the HD-valve trigger time relative to
the trigger time of the lasers used to photoexcite the H,
molecules.

The characterisation of both reactant beams allows us to
assess the energy resolution of our measurements and its
collision-energy dependence, which we find to be given by the
equation®®

Ecoll

AE.,
—eoll = ATl'es +2 V ATres Iw
B

kg

(4)

as long as the duration of the reaction-observation window
does not exceed 10 ps. For longer durations, the velocity
dispersion of the HD beam needs to be taken into account
because it leads to collisions of H," with HD molecules belonging
to different velocity classes, which reduces the collision-energy
resolution. In eqn (4), AT describes the distribution of relative
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velocities of the reaction partners in the merged beam for E.; = 0,
which is well approximated by a thermal distribution. In our
experiments, AT is about 75 mK and is primarily given by the
depth of the moving traps of the Rydberg-Stark deflector. The
velocity distribution of the reacting HD molecules hardly makes
any contribution because of the large degree of lateral collima-
tion and longitudinal dispersion of the beam, as explained
above. The collision-energy resolution of our experiments thus
increases from kz-75 mK to kz-2.7 K as the collision energy
increases from 0 to kz-30 K.

The duration of the reaction-observation window corre-
sponds to the field-free interval between two square potential
pulses we apply to the electrode stack in the reaction zone (see
Fig. 2a). The first pulse removes from the reaction zone all ions
produced until its falling edge so that this edge defines the
beginning of the reaction-observation window. The second
pulse then extracts the ions produced during the field-free time
between the pulses. The magnitude of the first pulse is chosen
to be small enough not to field ionise the H,-Rydberg molecules.
The magnitude of the second pulse should ideally be large
enough to field ionise the H, molecules and determine their
relative density, and also to field ionise the H; and H,D Rydberg-
product molecules. In the experiments, we observe that H; and
H,D Rydberg-product molecules autoionise very rapidly (within
less than 1 ps, as previously observed by Pratt and coworkers®®)
so that the H;" and H,D" product ions can also be extracted with
a second pulse of weak electric-field strength. These ions are
emitted with considerable kinetic energies so that some product
ions can leave the extraction region before the second pulse is
applied, particularly for long reaction-observation windows. For
short reaction-observation windows, both the Rydberg and the
ground-state H, densities remain constant to a good approxi-
mation, so that the reaction speed is constant. Consequently,
when we gradually increase the duration of the reaction-
observation window, the product-ion signals first grow linearly
until the fastest product ions generated at the beginning of the
observation window have left the reaction region by the time the
second pulse is applied. The product-ion signals then grow more
slowly, reach a maximum and eventually decrease when the
reaction-observation window is so long that the entire cloud of
H,-Rydberg molecules has left the reaction zone before the
second pulse is applied. The times of flight of the product ions
depend on their positions at the time of extraction. Ions that
have moved towards (away from) the MCP detector are extracted
by smaller (larger) potentials and thus have longer (shorter)
flight times. Typical distributions can be seen in Fig. 2b and
are discussed in Section III. In our investigations, we use both
the time-of-flight distributions of the product ions recorded for
different durations of the reaction-observation windows and the
deviation from linear signal growth observed for long reaction-
observation windows to model the kinetic-energy distributions of
the product ions. By energy-conservation arguments, we then
derive information on the internal-state distribution of the
products.

To determine the collision-energy dependence of the reac-
tion rate coefficients k(E.on), we record the yields of H;" and
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H,D' as a function of the difference between the central
velocities of the H,-Rydberg beam and the HD beam. To this
end, we keep the central velocity of the HD molecules interacting
with the H,-Rydberg molecules at the centre of the reaction zone
constant at the value of 1390 m s~ ' and vary the velocity of the
H,-Rydberg beam in the range between 1270 and 2020 m s~ by
applying suitable potential waveforms to the electrodes of the
Rydberg-Stark decelerator and deflector. In this way, we vary
the relative velocity vy, — viyp between —120 and 630 m s tand
the collision energy between 0 and ky-30 K. This procedure
requires the adjustment of the trigger time of the HD pulsed
valve to make sure that the H,-Rydberg and HD molecules with
the desired velocities reach the centre of the reaction zone at the
same time. To obtain reliable values for the rate coefficients, we
normalise the product yields through division by the H," signal
generated by PFI of the H,-Rydberg molecules and the HD signal
detected by the fast ionisation gauges. We also subtract the
background signal obtained by turning the HD valve off at every
second experiment cycle or by shifting its trigger time so that the
gas pulses no longer overlap in the reaction zone. This back-
ground signal consists primarily of H;" ions from reactions
between deflected H,-Rydberg molecules and H, molecules in
the background gas.

To determine the branching ratios for reactions (1) and (2),
we integrate the normalised ion-TOF signals corresponding to
the H;" and H,D" products recorded for different durations of
the reaction-observation windows and correct for the loss of
products taking place for long reaction-observation windows,
as explained in more detail in Section III.

1l Results

A. Product-ion time-of-flight distributions and
internal energies

Reliable relative reaction cross sections and branching ratios
for the two product channels (1) and (2) can only be obtained if
the TOF distributions of the product ions extracted at the end
of the reaction-observation window can be modelled quantita-
tively. Examples of such TOF distributions recorded for win-
dows of duration 7 increasing from 1 to 6 ps are depicted in
Fig. 2, where the experimental TOF traces near the H;" and
H,D" flight times are drawn as dashed grey and black lines,
respectively. These distributions, which have been normalised
to the same total integrated product signal for ease of comparison,
rapidly change with increasing t values. For the shortest window
(r = 1 ps) the product-ion TOF distributions are narrow and
symmetric. As 7 increases, they broaden and gradually develop a
characteristic double-peak structure caused by the expansion of
the products.

The peak on the late TOF side of the distribution corre-
sponds to the product ions generated just before the extraction
pulse and which are still located close to the reaction volume by
the time the extraction pulse is applied. Its position is therefore
independent of . The wings of the distribution on both sides of
this peak originate from product ions formed earlier and which

This journal is © the Owner Societies 2021

View Article Online

PCCP

have had the time to expand out of the reaction volume. The
earlier peak becomes noticeable in the range of = from 3 to 4 ps
and from 5 to 6 ps in the distributions of H;" and H,D",
respectively, when the product ions generated at the beginning
of the reaction-observation window have filled the entire
product-ion extraction zone. It originates from a TOF-
focussing effect affecting ions located close to the repeller plate
of the extraction stack. These ions are accelerated by the largest
potential difference and arrive earliest at the detector. In
contrast, the product ions that have moved towards the detec-
tor are less strongly accelerated so that their times of flight are
longer and subject to a strong dispersion. They form the weak
tail on the long-TOF side of the distributions.

To model the TOF distributions in particle-trajectory simula-
tions, we assume, as in our previous study of the H," + H,
reaction®>** and based on the earlier results of Pollard et al. at a
collision energy of 1.5 eV,** that the product ions of both reaction
channels are emitted isotropically and that the overall shape of
their recoil-energy (Ey,) distribution, de/dE,, corresponds to that
determined experimentally by Pollard et al.** (see their Fig. 12a for
v’ = 0). We then scale the entire distribution linearly by adjusting
the average product kinetic energy Enean to achieve the best
agreement between experimental and simulated distributions.
To have a quantitative measure of this agreement and to estimate
the error bar in Ep,ean, we integrate, for different values of Epean,
the simulated TOF distribution in narrow regions around the two
maxima (i.e., between 3.30 and 3.33 ps for the earlier peak of the
H,D" distribution and between 3.41 and 3.44 ps for the later peak)
and compare the ratios of the integrated values with the ratios
determined from the experimental data. The results of the com-
parison are presented in Fig. 3a, where the experimental ratios
extracted from the TOF distributions of H,D* measured for
reaction-observation windows of 4, 5, and 6 ps are depicted as
red, green and blue horizontal lines, respectively. The corres-
ponding ratios derived from the simulated TOF distributions
for different values of E,., are plotted as red circles, green
squares and blue triangles, respectively. The comparison
restricts the possible range of Eean to the area shaded in grey
in Fig. 3a. The average product recoil energy is thus 0.46(5) eV,
i.e., 27(3)% of the available energy. The corresponding distribu-
tion of recoil energy is depicted in Fig. 3b.

The simulated TOF profiles obtained for Eean, = 0.46 €V are
drawn in Fig. 2b in orange and red for H;" and H,D", respectively,
and are in excellent agreement with the measured ones, which
illustrates the reliability of this analysis. Fig. 3c displays the
corresponding velocity distributions of the H;" and H,D" products,
which peak at 3.45 and 2.05 km s~ *, respectively. Consequently, the
fastest H;" products reach the repeller plate of the electrode stack
earlier than the fastest H,D' products and, consequently, the
earlier peak of the TOF profile of H;" becomes noticeable at shorter
reaction-observation windows in Fig. 2b than that of H,D".

B. Relative reaction cross sections and branching ratios of the
H;" and H,D" reaction channels

The large velocities of the product ions imply that, with increasing
duration of the reaction-observation window, a growing fraction of
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duration 7 of the reaction-observation window, called reaction time.

these ions leaves the extraction region before the ion-extraction
field is applied. Because of their different masses and recoil
velocities, Hy;" and H,D" are not detected with the same effi-
ciency, especially for the longer reaction-observation windows.
These aspects do not affect measurements of the collision-energy
dependence of the reaction cross sections because the range over
which the collision energy is varied (about 3.5 meV) is negligible
compared to A.U°(0 K). However, they play an important role in
the determination of the branching ratios of the H;" + D and
H,D" + H reaction channels because H,D" is detected more
efficiently than the faster H;" (see Fig. 3¢ and d).

Fig. 4 displays the relative total reaction cross section as a
function of the collision energy between 0 and kz-30 K in a double
logarithmic plot. In the experiment, the velocity of the H,-Rydberg
beam was varied from 1270 to 2020 m s~ ' whereas the velocity
of the HD beam was kept fixed at 1390 m s~ ', as explained in
Section II. The relative velocity was thus varied from —120 to
630 m s, including ranges where the H,-Rydberg beam was
slower and faster than the HD-beam velocity. Consequently, the
relative reaction cross sections were measured for both positive
and negative relative velocities in the collision-energy range from
0 to kg-1.5 K, as indicated by the full circles and squares in Fig. 4.
The results of two sets of measurement carried out for reaction-

2682 | Phys. Chem. Chem. Phys., 2021, 23, 2676-2685

observation windows of 5 and 6 ps duration are presented in
Fig. 4 as blue and red data points, respectively. For each data
point, the grey horizontal bar indicates the range of collision
energies probed experimentally (see eqn (4)) and the vertical bar
represents the statistical uncertainty (one standard deviation). In
a double-logarithmic representation (Fig. 4), the two data sets are
perfectly described by a linear function and a linear regression
gives a slope of —0.505(14), which is consistent with the Eq;
dependence of Langevin-capture reactions. In contrast to the
behaviour observed in our investigation of the H," + H, reaction,
no deviation from Langevin-capture behaviour is noticeable in
Fig. 4 within the uncertainty limit of our measurements. We
attribute this difference to the fact that the HD molecules are all
in the X 1Zg*(v =0, J = 0) ground state, which rules long-range
ion-quadrupole interactions out. In our studies of the H," + H,
reaction, we used a natural H, sample, with 75% of the population
in the J = 1 rotational level (ortho-H,), which has a quadrupole
moment causing the deviation from Langevin-capture beha-
viour.>®*® Our ability to accurately model the observed TOF and
kinetic-energy distributions of the product ions in particle-
trajectories simulations makes it possible to extract the detection
efficiencies of the H;" and H,D" product ions as a function of the
duration of the reaction-observation window. These efficiencies
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are displayed as orange and blue dashed lines in Fig. 3d. They
indicate that almost no product ions are lost when the reaction-
observation window does not exceed 3 pis but that almost 20% and
8% of the H;" and H,D" product ions are lost, respectively, when
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the reactions products are extracted after 6 ps. It is therefore
necessary to correct the ion signals for these losses when
determining the branching ratios of the H;" + D and H,D" + H
product channels from measurements carried out at 7 values of
more than about 3 ps.

The top panel in Fig. 5 presents the measured signal ratios
I(H3")/[I(H5") + I(H,D")] as a function of 7 as black dots. The
turquoise diamonds indicate the corresponding ratios expected
from the simulations after scaling to a value of 0.225 at 7 = 0.
The good agreement between the measured and simulated
ratios enables us to derive the corrected branching ratios
displayed in the bottom panel of Fig. 5. At short values of t,
the product-ion signals are weak and thus subject to large
statistical uncertainties. The signals increase with increasing
value of t but beyond about 6 ps, the systematic deviation
associated with the different detection efficiency of H;" and H,D"
becomes significant. We therefore determine the branching ratio
and its uncertainty from the measurements carried out at © <
6 us, as indicated by the full and dashed red lines in Fig. 5b,
which correspond to a branching ratio of 0.225(10) for the H;" + D
reaction channel. Taking the systematic uncertainty, which is
comparable to the statistical one, into account leads to a
branching ratio of 0.225(20).

IV Conclusions

In this article we have presented improvements in the design
and operation of a merged-beams apparatus developed recently
to study ion-molecule reactions at low collision energies.*®
These improvements include a better collimation of the pulsed
supersonic gas beams, more sensitive and reliable diagnostic
tools for the characterisation and optimisation of the temporal,
spatial and velocity distributions of the gas pulses, and the
optimisation of the plunger-driving mechanism of the pulsed
valves to avoid the emission of secondary pulses caused by the
plunger rebounce. In combination with the development of a
more stable optomechanical layout and of optimised electric-
pulse sequences to extract the product ions, these measures
have led to an improvement of the collision-energy resolution
of our measurements by a factor of four, i.e., reaching 75 mK at
the lowest collision energies. They have also enabled us to
measure the kinetic-energy distributions of the product ions,
from which information on the internal-state distribution of
the product ions can be inferred.

We have used these improvements in a study of the two
reaction channels of the reaction H," + HD, forming H;" + D
and H,D' + H, at collision energies between 0 and kz-30 K.
A special feature of the experiment is the full state selection of
the reactants, both H," and HD being in their ground rovibro-
nic state. The main scientific results obtained on this reaction
system are (i) the determination of the energy dependence of
the total reaction cross section, (ii) the determination of the
product-kinetic-energy distribution, and (iii) the measurement
of branching ratios for the two reaction channels. Concerning
(i), our new data exhibit Langevin-capture behaviour down to
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the lowest collision energies accessible, i.e., 50 mK. This
observation indicates that the very small dipole moment of HD
plays no role, as expected, and is attributed to the absence of
the ion-quadrupole long-range interaction because HD is in its
J = 0 ground state. This behaviour differs from what was
observed in the reaction of H," + H,, where the quadrupole
in the J = 1 ground state of ortho H, led to an enhancement of
the reaction cross section compared to the Langevin-capture
value below collision energies of kg1 K.*>°

The mean Kkinetic energy of the products was found to be
0.46(5) eV. With the dissociation energies of H,,>> HD,>® H,"*"
and H;"™? and the zero-point vibrational energies of H,",*?
H,D",*>* H, and HD,” the exothermicity (A,U°(0 K)) of the
reactions (1) and (2) can be estimated to be —1.662 and
—1.718 €V, respectively. Consequently, 27(3)% of the available
energy is transferred as product kinetic energy, slightly less
than the value of 32% found by Pollard et al. in their study of
the H," + H, — H;" + H at a collision energy of 1.5 eV, but in
excellent agreement with the value of 28% predicted by Eaker
and Schatz®® for this reaction. Our results therefore indicate
that the H;" and H,'D ions are produced with an average of
about 1.25 eV of rovibrational energy. No significant effects of a
possible forward-backward asymmetry on the product distribu-
tion could be detected at the low collision energies of our study.

The branching ratio of the channel forming H;" + D was
found to be 0.225(20). This ratio is close to, but slightly below,
the value of 0.25 one would obtain by randomly choosing the
atomic fragment from the H;D" collision complex. Previous
studies of this reaction have shown that it follows a direct
stripping mechanism?*2*%775% 5o that the agreement of the
branching ratio observed experimentally with the prediction of
this combinatorial argument is likely to be accidental. The
observation might be related to the slight preference for a
D-atom hop over an H-atom hop from HD to H," at very low
collision energies predicted by Sanz-Sanz et al.>® (see their
Fig. 12). A characteristic of our new experimental results is that
they are obtained in the collision-energy range where the
charge-transfer reaction (eqn (3)) is energetically forbidden.
The charge transfer process is allowed at the lowest collision
energies for the reaction HD' + H, and we are currently
adapting our measurement procedure to study this reaction.
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