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Ion-molecule reactions proceed with highly rotational-state-specific rate coefficients and are amenable
to stereodynamical control at low temperatures. We introduce a scheme to control cold ion-molecule
chemistry with microwaves based on the coherent transfer of molecular rotational-state populations. We
use a merged-beam approach to reach collision energies in the range from ∼0 to kB × 10 K for the reaction
between Heþ and rotationally cold CO molecules (Trot ≈ 3 K) and manipulate the rotational-state
population of CO using microwave pulses. We achieve reaction inhibition by up to ∼40% with microwave
pulses resonant with pure-rotational transitions in CO, unambiguously demonstrating a nonthermal
mechanism for microwave-assisted chemistry.
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At low temperatures, gas-phase molecules occupy only
very few quantum states and are sensitive to external fields
and to long-range forces exerted by neighboring particles.
These properties make it possible to experimentally manipu-
late their motion, their quantum states, and their chemical
reactivity. As a result, cold molecules are exploited in a
rapidly growing number of applications [1] including quan-
tum information processing and simulation [2,3], metrology
and fundamental physics [4,5], and cold chemistry [6–11].
In the context of cold chemistry, the topic of the present

Letter, ion-molecule reactions play a special role: Long-
range intermolecular forces between ions and molecules
attract even distant partners. For barrier-free exothermic
reactions, the attractive forces lead to reactive capture with
high rate constants, particularly at low temperatures, which
explains their dominance in rarefied chemical environ-
ments such as interstellar clouds [12–14].
The general theoretical framework to understand the key

features of the state specificities and stereodynamics of
low-temperature ion-molecule capture reactions, rotation-
ally adiabatic capture theory [15–20], has been derived
more than 30 years ago. It is, however, only recently that
experiments have reached the low temperatures and the low
collision energies needed to rigorously test the theoretical
predictions [21–27]. Based on theory and experiments,
it is now established that the inhomogeneous electric field
emanating from the ion acts differently on different con-
formation isomers [28], different isotopologues [29–31],
and different nuclear-spin isomers [11,20] of the neutral

molecules and even on their different rotational levels and
magnetic sublevels [11,25,31–34].
In this Letter, we present new results on the control of

cold ion-molecule reactions by microwave radiation with
the example of the Heþ þ CO → Heþ Cþ þ O reaction.
Specifically, we demonstrate the use of microwave pulses
as switches between different levels of chemical reactivity
through the coherent transfer of population between
rotational states of the neutral molecule. The mechanism
for the microwave control of low-temperature reactivity
is illustrated in Fig. 1. It relies on (i) the large differences
in the capture rate coefficients associated with the different
jJ;MJi rotational levels of CO [33] [Fig. 1(a)], (ii) the large
imbalance of the occupation probability of the lowest
rotational levels of CO below Trot ≈ 5 K, and (iii) the
microwave-induced coherent population transfer (π pulse)
between pairs of rotational levels [Figs. 1(b)–1(d)].
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FIG. 1. (a) Rotational-state-specific capture rate coefficients of
the Heþ þ COðjJ;MJiÞ → Heþ Cþ þ O reaction for jJ;MJi ¼
j0; 0i (blue), j1; 0i (yellow), j1;�1i (orange) and for a statistical
average of j1;−1i, j1; 0i, and j1; 1i (orange-yellow dashed line)
from Ref. [33]. (b)–(d) Illustration of the microwave-induced
coherent population transfer between the j0; 0i (b) and j1; 0i
(c) states of CO and after randomization of MJ (d).
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For simplicity of the argument, we consider first the
case where only the ground j0; 0i level is populated [see
Fig. 1(b)]. In the collision-energy (Ecoll) range of interest
(Ecoll=kB between 100 mK and 12 K), this level [blue trace
in Fig. 1(a)] is more reactive than the j1; 0i (yellow) and
j1;�1i (orange) levels by a factor of ∼2. Transferring the
entire population from the j0; 0i level to the j1; 0i level with
linearly polarized microwave radiation would thus approx-
imately halve the reaction rate [compare blue and yellow
traces in Fig. 1(a)]. The redistribution during the traversal
of the field-free region between the coherent state transfer
and the reaction zone might randomize theMJ value of the
J ¼ 1 level [Fig. 1(d)], which would also approximately
halve the rate (orange-yellow dashed line). The mechanism
presented in Fig. 1 is general and expected to be efficient
whenever the capture rates are influenced by long-range
interactions involving ions and molecules. In these cases,
the rate coefficients are indeed expected to be strongly state
dependent [15,18,35], as verified in a growing number of
ion-molecule reactions [11,25,31–34].
This state specificity makes the mechanism presented in

Fig. 1 a clear example of nonthermal microwave-assisted
chemistry, a topic that is discussed controversially in the
chemical literature [36–42]. Whereas it is broadly accepted
that heating by microwave radiation enhances reaction
rates, experimentally proven mechanisms for nonthermal
effects of microwaves on reaction rates are lacking. Simple
arguments indeed suggest that dielectric heating at the
typical 2.45 GHz frequency of commonly used microwave
ovens and reactors is not likely to lead to nonthermal
effects. Instead, reaction control through selective rota-
tional excitation and molecule orientation represent plau-
sible schemes [43,44]. Experimental conditions favorable
for such control would require (i) low temperatures with
significant population of only very few rotational levels
and (ii) reactions with rate coefficients exhibiting a strong
rotational-state dependence through long-range inter-
actions. Both conditions are met in low-temperature capture
reactions between ions and molecules having permanent
dipole and/or quadrupole moments [14–16,32,45], as dis-
cussed in the context of the mechanism presented in Fig. 1.
We report here on a quantitative study of microwave-

controlled cold ion-molecule chemistry with the example
of the Heþ þ CO reaction. This reaction has been studied
experimentally at temperatures and collision energies in the
range between ∼100 mK and ∼10 K and the rotational-
state-specific capture rate coefficients depicted in Fig. 1
have been derived from the analysis of low-temperature
reaction rate coefficients [33] using a rotationally adiabatic
capture model [15,16,32]. Following this early work,
we use the Rydberg-merged-beam approach to cold ion-
molecule chemistry [23,32] to reach the low-temperature
conditions necessary for the efficient reactivity control
through microwave fields. Specifically, we investigate the
reaction HeðnÞ þ CO → Heþ Cðn0Þ þ O at low collision

energies, for which we have demonstrated experimentally
that the Rydberg electron acts as a spectator to the ion-
molecule reaction taking place within its orbit by verifying
(i) that the reaction rates are independent of n and (ii) that
the Rydberg electron is not affected by the reaction, i.e.,
that n ¼ n0 [46]. The ion-molecule reaction Heþ þ CO →
Heþ Cþ þ O is a dissociative charge-transfer process
taking place at close-to-capture-limited rates, as established
in earlier work [33,47–51].
The experimental setup, consisting of four differentially

pumped vacuum chambers, is depicted schematically in
Fig. 2 and has been described in Ref. [32]. Here, we
emphasize the aspects pertaining to the microwave control
of the reactivity. A rotationally cold (Trot ≈ 3 K) sample of
CO is generated in a supersonic beam of a (80∶20) mixture
of He and CO using a valve thermalized at 190 K and
releasing short (duration ∼20 μs) gas pulses at a repeti-
tion rate of 25 Hz. This beam, with initial velocity of
∼1050 m=s, is merged with a translationally cold and
velocity-tunable beam of Heðn ¼ 35Þ Rydberg atoms
using a curved Rydberg-Stark deflector [25,52,53]. The
Heðn ¼ 35Þ atoms are produced by photoexcitation (wave-
length ≈260 nm) of metastable ð1sÞ1ð2sÞ1 3S1 He atoms
generated in an electric discharge located near the orifice
of a short-pulse cryogenic valve (Tvalve ¼ 100 K). Before
reaching the reaction region, the short CO-gas pulses
propagate over a distance of ∼60 cm, which ensures a
large spatial dispersion in the y direction. As a result, the
small cloud (diameter ∼ 1 mm) of HeðnÞ atoms only
interacts with neutral reactants in a narrow velocity class,
and a collision-energy resolution of ∼kB × 200 mK is
achieved near Ecoll ¼ 0 [25,52]. Reactions between the
Heþ ion core and the CO molecules located within the
Rydberg-electron orbit are monitored in the reaction zone by
ion time-of-flight (TOF) mass spectrometry. The Rydberg
electron acts as a spectator and remains attached to the Cþ
reaction product until detection by pulsed-field ionization
and extraction of the Cþ ions toward a microchannel-plate
(MCP) detector, as discussed in detail in Ref. [46].
Microwaves resonant with the j0; 0i − j1; 0i transition

in the X 1Σþ ðv ¼ 0Þ vibronic ground state of CO at
∼115.2712 GHz are used to induce a coherent population
transfer. The microwaves are generated with an rf synthe-
sizer (Anritsu MG3692A) driving a multiplication-
amplification chain (×12, Virginia Diodes WR 6.5, power
≈4.5 mW). They are pulsed using an absorptive attenuator,
amplified to a peak power of ∼26.5 mW with a D-band
power amplifier and emitted through a conical horn. The
microwave radiation has a Gaussian spatial intensity profile
and is linearly polarized along the z direction (see Fig. 2).
A Teflon lens (diameter of 8 cm, f ¼ 10.3 cm, thickness
2.8 cm) positioned ∼10 cm away from the molecular beam
focuses the microwave beam to a 1=e2 waist radius of
∼1.2 cm on the axis of the CO beam in a perpendicular
arrangement. The rotational-state population of the CO
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beam is characterized by (2þ 1) resonance-enhanced
multiphoton ionization (REMPI) from the ground vibronic
state via the E 1Π (v ¼ 0; J0) intermediate state [54] in
the beam-diagnostics chamber. The REMPI spectra are
recorded using the frequency-tripled output of a tunable
pulsed Nd:YAG-pumped dye laser (wavelength ∼215 nm,
bandwidth 0.05 cm−1, pulse energy ∼150 μJ) and the
observed transitions correspond to two-photon transitions
connecting the ground-state rotational levels populated in
the beam to rotational levels of the electronically excited E
(v ¼ 0) state of CO, which are ionized by a third photon of
the same frequency. The beam-diagnostics chamber also
contains two fast-ionization gauges for beam-velocity
measurements [31].
Figure 3 describes how we quantify the microwave-

induced population transfer by recording (2þ 1) REMPI
spectra of the CO sample. These spectra consist of five
ΔJ ¼ J0 − J00 branches with ΔJ ¼ 0 ðQÞ, �1 (R and P),
and �2 (S and O) labeled in Fig. 3(a) by the value of
the ground-state rotational quantum number J00 in paren-
theses [54]. The positive and negative black traces in
Fig. 3(a) correspond to the REMPI spectrum of CO
recorded without the microwave field and the spectrum
calculated using the program PGOPHER [55] for a popula-
tion ratio between the J ¼ 1 and 0 levels corresponding to a
rotational temperature of 3 K, respectively. The occupation
probabilities of the J ¼ 0½ð62þ11−8 Þ%�, J ¼ 1½ð30þ6−8Þ%�, and
J ¼ 2½ð9þ2−3Þ%� levels inferred from the comparison of the
measured and calculated intensities are presented on the left
side of Fig. 3(d). To optimize the population transfer, the
laser frequency is set to the Sð0Þ line and the frequency and
duration of the microwave pulse are adjusted to minimize

its intensity. Under π-pulse conditions, the J ¼ 1 ← J ¼ 0
transition appears as a 67-kHz-wide (full width at half
maximum) dip in the COþ REMPI signal at a frequency of
115.271 188ð3Þstatð25Þsys GHz, in agreement with previous
measurements of this transition [56,57]. The systematic
uncertainty in the transition frequency is dominated by a
possible deviation from 90° of the crossing angle between
the microwave and molecular beams. Varying the micro-
wave-pulse duration at the resonant frequency [Fig. 3(c)]
leads to damped Rabi oscillations, where the population in
the J ¼ 1 state evolves according to

PJ¼1 ¼
1

2
½1 − cos ðΩtÞ exp ð−t=T2Þ�; ð1Þ

with Ω ¼ 2π × ð0.042� 0.001Þ MHz, T2 ¼ 26� 2 μs,
and a maximal population transfer of ð88� 0.6Þ% at
13 μs. This information can be used to extract the CO
rotational-state population at the optimal transfer, as dis-
played on the right side of Fig. 3(d), i.e., ð16� 1Þ%
in J ¼ 0, ð75þ4−3Þ% in J ¼ 1, and ð9þ2−3Þ% in J ¼ 2.
Calculating the REMPI spectrum with these populations
leads to the blue inverted spectrum in Fig. 3(a), which
closely reproduces the REMPI spectrum measured at
optimal population transfer.
The Cþ product-ion signal from the Heþ þ CO reaction

is directly proportional to the state-averaged capture rate
coefficient. The inhibition of the reaction by the microwave
π pulse can thus be directly observed by comparing the Cþ
signal in the TOF mass spectra obtained for resonant (blue
trace in the inset of Fig. 4) and far-detuned (black trace)
microwave radiation. The comparison demonstrates an
inhibition
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FIG. 2. Schematic representation of the Rydberg-merged-beam setup used to study the effect of microwave-controlled cold ion-
molecule chemistry. See text for details.
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η ¼ 1 −
kmw

k
ð2Þ

of the reaction rate by ð40.4þ2.7−3.9Þ% at Ecoll=kB ≈ 0 K.
In Eq. (2), kmw=k is the ratio of the rates observed
with resonant (kmw) and with detuned (k) microwave
frequencies. The reaction inhibitions observed at collision
energies of ∼kB × 3 K and ∼kB × 10 K are ð30.2� 3Þ%
and ð27.5þ5.6−4.6Þ%, respectively (see Fig. 4). The blue line in
Fig. 4 depicts the reaction inhibition obtained as a weighted
average of the calculated state-specific capture rate coef-
ficients [see Fig. 1(a)] using as weights the measured
populations of the J ¼ 0–2 levels, considering the exper-
imental collision-energy resolution, and assuming com-
plete randomization of the MJ components of the J ¼ 1
level after the coherent microwave-driven population
transfer. The blue-shaded area represents the uncertainty
in the calculated value of η, which originates from the
uncertainties in the measured population of the rotational
levels (see above).
For comparison, the red line in Fig. 4 depicts the reaction

inhibition calculated assuming that the population initially
transferred to the J ¼ 1;MJ ¼ 0 level is not redistributed
to the other MJ components, corresponding to the situa-
tion depicted in Fig. 1(c). The calculations follow
the procedure described in Ref. [33]. In brief, jJ;MJi

FIG. 3. (a) Comparison of the experimental (dots and three-point running average) and calculated (inverted intensity scale) (2þ 1)
REMPI spectra of the E 1Πðv ¼ 0; J0Þ ← X 1Σþðv ¼ 0; J00Þ two-photon transition of CO recorded in a cold (Trot ≈ 3 K) supersonic beam
after applying a far-off-resonant microwave pulse (black) and a microwave pulse of the same duration and power but resonant with the
J ¼ 1 ← J ¼ 0 pure-rotational transition in the X 1Σþðv ¼ 0Þ ground state of CO (blue). (b) Microwave spectrum of the J ¼
1 ← J ¼ 0 transition of CO recorded as ion-dip spectrum on the Sð0Þ REMPI transition with the fitted line profile (red line). (c) Observed
(blue dots) and fitted (red line) Rabi oscillation in the J ¼ 0 population as a function of the microwave-pulse duration. The dashed line
indicates the pulse duration corresponding to the optimal coherent population transfer (π pulse). (d) Occupation probabilities of the
J ¼ 0 − 2 rotational levels of CO determined after optimal (right) and without (left) microwave-induced population transfer (see text).

µ

FIG. 4. Microwave-induced inhibition of the Heþ þ CO →
Heþ Cþ þ O reaction as a function of the collision energy,
obtained experimentally (black dots) and calculated assuming
coherent transfer to the jJ ¼ 1;MJ ¼ 0i state (red line) followed
by MJ randomization in the J ¼ 1 level (blue line). The vertical
error bars and shaded areas represent the uncertainties, and the
horizontal error bars correspond to the range of collision energies
probed experimentally. Inset: ion time-of-flight mass spectrum
of the Heþ þ CO reaction mixture recorded after application of
a far-off-resonant microwave pulse (black) and a microwave
pulse resonant with the J ¼ 1 ← J ¼ 0 rotational transition of
COX 1Σþðv ¼ 0Þ (blue).
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rotational-state-dependent rate coefficients are determined
using an adiabatic capture model based on the earlier work
of Clary et al. [15,17] and Troe [16], which considers the
long-range electrostatic attraction between the charge of
the ion and the electric dipole and quadrupole moments of
the CO molecules. The collision-energy-dependent rate
constant is then obtained as a weighted sum of contribu-
tions from the populated CO rotational levels. The large
discrepancy at Ecoll=kB ≈ 0 between the inhibition calcu-
lated under this assumption and the experimentally
observed inhibition suggests that, under our experimental
conditions, MJ is randomized in the J ¼ 1 level after the
coherent population transfer, corresponding to the situation
depicted in Fig. 1(d). We interpret the randomization ofMJ
as arising from a change in quantization axis. During the
microwave-induced rotational-excitation of the CO mole-
cules, the quantization (z) axis corresponds to the polari-
zation of the microwave radiation. In the reaction zone,
which is separated from the microwave-excitation region
by a field-free flight region where depolarization can take
place because of uncontrolled stray fields, the quantization
axis of the reacting CO molecules is given by the electric
field emanating from the nearest Heþ ion core.
These results demonstrate with the example of the

Heþ þ CO reaction the possibility to inhibit an ion-
molecule reaction using microwave fields resonant with
pure-rotational transitions of the molecule. Specifically, the
reaction was slowed down by coherent population transfer
from the ground J ¼ 0 to the first excited J ¼ 1 rotational
level. From the excellent agreement between the calculated
and the measured inhibition, we conclude that the mecha-
nism proposed to account for the microwave control of
reactivity (see Fig. 1) is valid. The contribution of thermal
effects caused by heating the sample with microwaves was
excluded in control measurements with off-resonant micro-
wave fields of the same power. The results provide
unambiguous evidence for a mechanism of nonthermal
microwave-induced reactivity control and thus represent an
important contribution to the field of microwave-assisted
chemistry [36–44]. Although we used the control scheme
to inhibit the reaction, it can be implemented as a general
reactivity-control scheme to either enhance, suppress, or
tune the rate of a reaction by appropriately choosing the
length of the microwave pulse and the phase of the Rabi
oscillation of the rotational population. Whereas the
scheme is demonstrated here using a sample cooled to
the ground rotational level, it would function equally well
for a molecule sample prepared in a selected rotational
level, e.g., using a strong-field state deflector [58] or
electrostatic multipole lenses [59].
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