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Cold chemistry with ions

• Exotic chemical processes

• Quantum character of  ion-neutral 
collisions
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• Accurate quantum-state AND collision-
energy control

• Chemical reactions with single localised 
particles

Ion chemistry in a new physical regime

New methods for controlling 
chemical reactions

Cold chemistry  with ions

Laser-cooled Ca+ ions

Sympathetically-cooled
N2

+ ions

Experiment:

Simulation:

A Coulomb crystal 
of  laser-cooled Ca+ ions

A bi-component Coulomb crystal with 
sympathetically-cooled molecular ions



Cold chemistry:

1. Light-assisted processes in the cold regime:

Ca+ + Rb and Ba+ + Rb

2. Reactions with molecular ions at mK energies:

N2
+ + Rb

Controlled chemistry:

1. Fully state- and energy-selected reactions with 

Coulomb-crystallized ions

2. Reactions between Coulomb crystals and 

selected conformers of  complex molecules
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Hybrid trap: combination of  a trap for ultracold atoms with an ion trap 
(originally proposed by W.W. Smith 2003)
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Cold chemistry

Basel hybrid trap: 87Rb MOT superimposed on a linear RF ion trap for laser- and 
sympathetically-cooled ions
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Cold chemistry: 1. Light-assisted processes in 
the cold regime: Ca+ + Rb and Ba+ + Rb

A Ca+ Coulomb crystal 
immersed in a cloud of  

ultracold Rb atoms
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FIG. 2. (a) Series of Ca+ ion laser-cooling fluorescence images
as a function of the time of reaction with ultracold Rb atoms. (b)
Pseudo-first-order analysis of the reaction kinetics of the experi-
ment shown in (a). The uncertainties are smaller than the size of
the symbols in the plot.

transitions, respectively (Figure 1 (b)). Upon laser cooling,
the ions form Coulomb crystals [8]. The average ion ki-
netic energies were dominated by the micromotion (the fast
motion driven by the radiofrequency trapping fields) whose
contribution was characterized by a comparison of experi-
mental Coulomb crystal images with molecular-dynamics
simulations [8, 9]. In our experiments, the average colli-
sion energies hEcolli were entirely governed by the ion ki-
netic energies which were varied by changing the size and
shape of the Coulomb crystals as discussed in Ref. [9].

The MOT was set up with two water-cooled solenoids in-
stalled in vacuum to generate a quadrupolar magnetic field
with a gradient of 20 G/cm. Laser beams around 780 nm
in an optical-molasses configuration were used for cooling
and repumping Rb on the (5s) 2S1/2 ! (5p) 2P3/2 transi-
tion (see Fig. 1 (b)). The number density and temperature
of the Rb atoms in the MOT were established using stan-
dard fluorescence measurement and time-of-flight meth-
ods, respectively [20]. The fluorescence of either the ions
or the neutral atoms was isolated using narrow-bandpass
color filters and imaged onto a CCD camera (Figure 1 (c)).
A detailed description of the experimental apparatus and
procedures will be given in a subsequent publication [21].

In our experiment, the Ca+ and Rb cooling lasers were
alternately blocked using a mechanical chopper at a fre-
quency of 1000 Hz in order to prevent photoionization of
Rb out of the (5p) 2P3/2 level by 397 nm photons. Un-
der these conditions, the typical Rb number densities and
temperatures achieved were on the order of 1⇥ 109 cm�3

and T = 150�200 µK, respectively. The chopping of the
cooling-laser beams only negligibly affected the kinetic en-
ergies of the ions and their overlap with the Rb cloud.

Reactive collisions between Ca+ and Rb lead to a de-
crease in the number of Ca+ ions in the Coulomb crys-
tals as shown in Figure 2 (a). When both species are
laser cooled, the populations are distributed over the
(4s) 2S1/2, (4p) 2P1/2 and (3d) 2D3/2 states of Ca+ and
the (5s) 2S1/2 and (5p) 2P3/2 states of Rb (compare Fig.
1 (b)). Reactive collisions occur in excited states of the
Rb-Ca+ system and the observed reaction rates represent
an average over all possible channels. Note that simulta-
neous excitation of both species does not occur because of
the alternate chopping of the cooling laser beams.

Rate coefficients were determined by measuring the de-
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FIG. 3. (a) Variation of reaction rate constants k with Ca+ level
populations. The bars indicate the relative level populations ob-
tained by varying the detunings of the cooling-laser beams, their
intercepts with the y axis give the values of the corresponding
rate constants. Each data point corresponds to an average of
three consecutive measurements (average statistical uncertainty
(2�) �k = 3 ⇥ 10�12 cm3 s�1). (b) Rate constant as a func-
tion of the average collision energy hEcolli/kB. The error bars
denote the statistical uncertainty (2�) of the measurements. (c)
Resonant-excitation mass spectra of Coulomb crystals (i) before
reaction, (ii) after reaction. The dashed vertical lines indicate
single-ion motional frequencies.

crease of the Ca+ Coulomb crystal volume V as a func-
tion of the reaction time and fitting the results to a pseudo-
first-order rate expression ln(V/V0) = k0t [7] where
V0 denotes the initial crystal volume and t is the reac-
tion time, see Figure 2 (b). Second-order rate coeffi-
cients k were obtained by dividing the pseudo first-order
rate constants k0 by the average density of Rb atoms NRb
in the MOT: k = k0/NRb. For the measurement dis-
played in Figure 2, the rate coefficient was established to be
k = 2.5(9) ⇥ 10�11 cm3 s�1, only two orders of magni-
tude smaller than the collisional (Langevin) rate coefficient
(kL = 3⇥ 10�9 cm3 s�1 [22]).

When the Ca+ cooling lasers were switched off, a rate
coefficient ks = 3(1)⇥10�12 cm3 s�1 was obtained. This
value proved to be insensitive to the excited-state popula-
tion of Rb which was varied in the range from 2% to 5%
compatible with a stable operation of the MOT. However,
the ions are likely to heat up in the absence of laser cooling
which also reduces their overlap with the cold-atom cloud.
Therefore, an accurate value for collision energies cannot
be given under these conditions and this value for ks must
be regarded as an estimate of the rate coefficient in the low-
est reaction channel Ca+(4s)+Rb(5s).

To assess the contribution of the excited Ca+ channels,
we modified the populations in the Ca+ states by vary-
ing the frequency detuning of the 397 nm and 866 nm
lasers in the range 20-100 MHz and 0-70 MHz, respec-
tively. In these measurements, it was ensured that the ion
cloud always remained Coulomb-crystallized so that the ef-

Cold chemical reactions between 
Ca+ and Rb 

(only Ca+ fluorescence is shown)
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Resonant-excitation mass spectra of  
reaction products:
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FIG. 2. (a) Series of Ca+ ion laser-cooling fluorescence images
as a function of the time of reaction with ultracold Rb atoms. (b)
Pseudo-first-order analysis of the reaction kinetics of the experi-
ment shown in (a). The uncertainties are smaller than the size of
the symbols in the plot.

transitions, respectively (Figure 1 (b)). Upon laser cooling,
the ions form Coulomb crystals [8]. The average ion ki-
netic energies were dominated by the micromotion (the fast
motion driven by the radiofrequency trapping fields) whose
contribution was characterized by a comparison of experi-
mental Coulomb crystal images with molecular-dynamics
simulations [8, 9]. In our experiments, the average colli-
sion energies hEcolli were entirely governed by the ion ki-
netic energies which were varied by changing the size and
shape of the Coulomb crystals as discussed in Ref. [9].

The MOT was set up with two water-cooled solenoids in-
stalled in vacuum to generate a quadrupolar magnetic field
with a gradient of 20 G/cm. Laser beams around 780 nm
in an optical-molasses configuration were used for cooling
and repumping Rb on the (5s) 2S1/2 ! (5p) 2P3/2 transi-
tion (see Fig. 1 (b)). The number density and temperature
of the Rb atoms in the MOT were established using stan-
dard fluorescence measurement and time-of-flight meth-
ods, respectively [20]. The fluorescence of either the ions
or the neutral atoms was isolated using narrow-bandpass
color filters and imaged onto a CCD camera (Figure 1 (c)).
A detailed description of the experimental apparatus and
procedures will be given in a subsequent publication [21].

In our experiment, the Ca+ and Rb cooling lasers were
alternately blocked using a mechanical chopper at a fre-
quency of 1000 Hz in order to prevent photoionization of
Rb out of the (5p) 2P3/2 level by 397 nm photons. Un-
der these conditions, the typical Rb number densities and
temperatures achieved were on the order of 1⇥ 109 cm�3

and T = 150�200 µK, respectively. The chopping of the
cooling-laser beams only negligibly affected the kinetic en-
ergies of the ions and their overlap with the Rb cloud.

Reactive collisions between Ca+ and Rb lead to a de-
crease in the number of Ca+ ions in the Coulomb crys-
tals as shown in Figure 2 (a). When both species are
laser cooled, the populations are distributed over the
(4s) 2S1/2, (4p) 2P1/2 and (3d) 2D3/2 states of Ca+ and
the (5s) 2S1/2 and (5p) 2P3/2 states of Rb (compare Fig.
1 (b)). Reactive collisions occur in excited states of the
Rb-Ca+ system and the observed reaction rates represent
an average over all possible channels. Note that simulta-
neous excitation of both species does not occur because of
the alternate chopping of the cooling laser beams.

Rate coefficients were determined by measuring the de-
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FIG. 3. (a) Variation of reaction rate constants k with Ca+ level
populations. The bars indicate the relative level populations ob-
tained by varying the detunings of the cooling-laser beams, their
intercepts with the y axis give the values of the corresponding
rate constants. Each data point corresponds to an average of
three consecutive measurements (average statistical uncertainty
(2�) �k = 3 ⇥ 10�12 cm3 s�1). (b) Rate constant as a func-
tion of the average collision energy hEcolli/kB. The error bars
denote the statistical uncertainty (2�) of the measurements. (c)
Resonant-excitation mass spectra of Coulomb crystals (i) before
reaction, (ii) after reaction. The dashed vertical lines indicate
single-ion motional frequencies.

crease of the Ca+ Coulomb crystal volume V as a func-
tion of the reaction time and fitting the results to a pseudo-
first-order rate expression ln(V/V0) = k0t [7] where
V0 denotes the initial crystal volume and t is the reac-
tion time, see Figure 2 (b). Second-order rate coeffi-
cients k were obtained by dividing the pseudo first-order
rate constants k0 by the average density of Rb atoms NRb
in the MOT: k = k0/NRb. For the measurement dis-
played in Figure 2, the rate coefficient was established to be
k = 2.5(9) ⇥ 10�11 cm3 s�1, only two orders of magni-
tude smaller than the collisional (Langevin) rate coefficient
(kL = 3⇥ 10�9 cm3 s�1 [22]).

When the Ca+ cooling lasers were switched off, a rate
coefficient ks = 3(1)⇥10�12 cm3 s�1 was obtained. This
value proved to be insensitive to the excited-state popula-
tion of Rb which was varied in the range from 2% to 5%
compatible with a stable operation of the MOT. However,
the ions are likely to heat up in the absence of laser cooling
which also reduces their overlap with the cold-atom cloud.
Therefore, an accurate value for collision energies cannot
be given under these conditions and this value for ks must
be regarded as an estimate of the rate coefficient in the low-
est reaction channel Ca+(4s)+Rb(5s).

To assess the contribution of the excited Ca+ channels,
we modified the populations in the Ca+ states by vary-
ing the frequency detuning of the 397 nm and 866 nm
lasers in the range 20-100 MHz and 0-70 MHz, respec-
tively. In these measurements, it was ensured that the ion
cloud always remained Coulomb-crystallized so that the ef-

radiative association
or charge transfer

Curve crossings: non-adiabatic charge transfer
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Potential-energy curves of  CaRb+:
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Measured rate constants as a 
function of  Ca+ level populations:

Potential energy curves of  
excited states: 3

fect of the detuning on the average ion energies is negligi-
ble. Figure 3 (a) shows the resulting rate coefficients which
clearly correlate with the population in the Ca+(4p) 2P1/2

state, whereas no correlation with the populations in the
(4s) 2S1/2 and (3d) 2D3/2 levels is observed. The popu-
lations were inferred from an Einstein rate-equation model
of the laser excitations in the Ca+ three-level system, with
an estimated relative uncertainty of 20% [21].

We fitted the data in Fig. 3 (a) to a kinetic model ac-
counting for the relevant reaction channels. Taking into ac-
count the chopping of the Ca+ cooling laser beam, the mea-
sured rate coefficient can be expressed as k = 1

2

⇥
ks(ps +

1)+kppp+kdpd
⇤
. Here, ks, kp, kd and ps, pp, pd stand for

the rate coefficients and populations in the Ca+(4s), (4p)
and (3d) levels. We find kp = 1.5(6) ⇥ 10�10 cm3 s�1

and ks,d  3⇥ 10�12 cm3 s�1.
Rate coefficients as a function of the collision en-

ergy are displayed in Fig. 3 (b). Within the range
hEcolli/kB =200 mK-20 K, we observe an increase by a
factor of two. A detailed analysis of these observations
will be published in a subsequent article [21].

The chemical identity of the reaction products was estab-
lished using resonant-excitation mass spectrometry of the
Coulomb crystals [23]. The spectra taken before immers-
ing the Ca+ Coulomb crystal in the MOT only show a sin-
gle resonance corresponding to the excitation of the Ca+
ions (Figure 3 (c) (i)). By contrast, the spectra recorded
after the reaction (Figure 3 (c) (ii)) exhibit in total four dis-
tinct resonances which are identified as Ca+, Rb+, CaRb+

and Rb+
2 by comparison with the expected single-ion exci-

tation frequencies (indicated by dashed vertical lines).
Whereas the Rb+ product is a result of charge exchange

between Ca+ and Rb, CaRb+ can only be formed in an
association reaction whereby the collision complex is sta-
bilized either collisionally or by the spontaneous emis-
sion of a photon (radiative association, RA). Collisional
stabilization is negligible at the low Rb densities in the
MOT. Moreover, Rb+

2 is only observed in the presence of
CaRb+ indicating that this product results from the reaction
CaRb++Rb! Rb+

2 + Ca which is exothermic by ⇡0.4 eV
according to our calculations. Product-ion peaks for Rb+

and CaRb+ were observed over the range of cooling laser
detunings used in the present study and when the Ca+ cool-
ing laser was switched off, indicating that these ions are
produced in the ground as well as in the excited reaction
channels [21].

Figure 4 displays the RbCa+ potential energy curves
(without spin-orbit interaction) up to the twenty-second
dissociation threshold Rb(5s)+Ca+(4p) which can be
reached in the present light-induced dynamics. Currently,
the only reliable way to describe such highly-excited states
consists in treating explicitly only the two valence electrons
of CaRb+ in the field of two ionic cores Rb+ and Ca2+ rep-
resented by effective core potentials [24, 25]. Correlation
between core and valence electrons is modeled via effective

Rb++Ca(4s2 1S)

Rb(5s)+Ca+(4s)

Rb(5p)+Ca+(4s)
Rb(5s)+Ca+(3d)

Rb++Ca(4s4p3P)

Rb++Ca(4s3d1D)
Rb++Ca(4s4p1P)

+Ca(4s3dRb+ 3D)

Rb(5s)+Ca+(4p)

Rb++Ca(4s5s1S)

Rb++Ca(3d4p1D)
Rb++Ca(4s5p1P)
Rb++Ca(4s4d1D)

Rb++Ca(4p2 1D)
Rb++Ca(4s6p1P)

-15000

-10000

-5000

0

5000

10000

15000

E
ne

rg
y 

(c
m

-1
)

(a)

(b)

(c)
20000

25000

Internuclear distance R (a.u.)
5 10 15 20 25 30 35

(i)

(ii)

FIG. 4. Computed RbCa+ potential energy curves (PECs) in
the regions of (a) Rb(5s)+Ca+(4s), (b) Rb(5s)+Ca+(3d), (c)
Rb(5s)+Ca+(4p). The PECs of the relevant entrance channels
of the reaction are highlighted with thick lines. PECs for 1� and
3� symmetries are omitted for clarity. Downward arrows suggest
possible pathways for formation of ground-state RbCa+ ions by
radiative association. In (c), only PECs of 1⌃+ symmetry are
displayed for clarity.

core polarization potentials. Therefore, a full configuration
interaction (FCI) calculation is achievable in a configura-
tion space built from a large basis set of Gaussian orbitals
for the valence electrons [25, 26]. The complete set of cal-
culations will be presented elsewhere [21].

Over the energy range of about 41000 cm�1, two kinds
of asymptotic channels are present: a Rb (5s or 5p) atom
colliding with a Ca+ (4s, 3d, or 4p) ion (4 channels), and a
Rb+ ion colliding with a Ca atom (18 channels). In our ap-
proach, the level energies of Rb and Ca+ are constrained to
the experimental values. The energies of the effective two-
electron Ca atom are obtained through the FCI calculation,
with an accuracy of a few hundred wave numbers typical
for such calculations. Therefore, in the congested region
around the Rb(5s)+Ca+(4p) asymptote (Figure 4 (c)) the
order of several asymptotic limits is changed, preventing a
detailed state-to-state modeling of the dynamics. Neverthe-
less, the calculations provide a useful guide to a qualitative
understanding of the underlying reaction mechanisms.

Figure 4 (a) shows the region already studied theoreti-
cally in Ref. [22]. Note that the Rb(5s)+Ca+(4s) entrance
channel is not the lowest dissociation limit. Non-radiative
charge exchange (NRCE) induced by non-adiabatic cou-
plings can occur around the crossings with the (1)3⇧ state
correlating with the Rb++Ca(4s4p 3P ) asymptote [22].

2S1/2: ks = 3.10-12 cm3 s-1

2P1/2: kp = 1.5(6).10-10 cm3 s-1

2D3/2: kd < 3.10-12 cm3 s-1

Rate constants:

2

FIG. 2. (a) Series of Ca+ ion laser-cooling fluorescence images
as a function of the time of reaction with ultracold Rb atoms. (b)
Pseudo-first-order analysis of the reaction kinetics of the experi-
ment shown in (a). The uncertainties are smaller than the size of
the symbols in the plot.

transitions, respectively (Figure 1 (b)). Upon laser cooling,
the ions form Coulomb crystals [8]. The average ion ki-
netic energies were dominated by the micromotion (the fast
motion driven by the radiofrequency trapping fields) whose
contribution was characterized by a comparison of experi-
mental Coulomb crystal images with molecular-dynamics
simulations [8, 9]. In our experiments, the average colli-
sion energies hEcolli were entirely governed by the ion ki-
netic energies which were varied by changing the size and
shape of the Coulomb crystals as discussed in Ref. [9].

The MOT was set up with two water-cooled solenoids in-
stalled in vacuum to generate a quadrupolar magnetic field
with a gradient of 20 G/cm. Laser beams around 780 nm
in an optical-molasses configuration were used for cooling
and repumping Rb on the (5s) 2S1/2 ! (5p) 2P3/2 transi-
tion (see Fig. 1 (b)). The number density and temperature
of the Rb atoms in the MOT were established using stan-
dard fluorescence measurement and time-of-flight meth-
ods, respectively [20]. The fluorescence of either the ions
or the neutral atoms was isolated using narrow-bandpass
color filters and imaged onto a CCD camera (Figure 1 (c)).
A detailed description of the experimental apparatus and
procedures will be given in a subsequent publication [21].

In our experiment, the Ca+ and Rb cooling lasers were
alternately blocked using a mechanical chopper at a fre-
quency of 1000 Hz in order to prevent photoionization of
Rb out of the (5p) 2P3/2 level by 397 nm photons. Un-
der these conditions, the typical Rb number densities and
temperatures achieved were on the order of 1⇥ 109 cm�3

and T = 150�200 µK, respectively. The chopping of the
cooling-laser beams only negligibly affected the kinetic en-
ergies of the ions and their overlap with the Rb cloud.

Reactive collisions between Ca+ and Rb lead to a de-
crease in the number of Ca+ ions in the Coulomb crys-
tals as shown in Figure 2 (a). When both species are
laser cooled, the populations are distributed over the
(4s) 2S1/2, (4p) 2P1/2 and (3d) 2D3/2 states of Ca+ and
the (5s) 2S1/2 and (5p) 2P3/2 states of Rb (compare Fig.
1 (b)). Reactive collisions occur in excited states of the
Rb-Ca+ system and the observed reaction rates represent
an average over all possible channels. Note that simulta-
neous excitation of both species does not occur because of
the alternate chopping of the cooling laser beams.

Rate coefficients were determined by measuring the de-
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crease of the Ca+ Coulomb crystal volume V as a func-
tion of the reaction time and fitting the results to a pseudo-
first-order rate expression ln(V/V0) = k0t [7] where
V0 denotes the initial crystal volume and t is the reac-
tion time, see Figure 2 (b). Second-order rate coeffi-
cients k were obtained by dividing the pseudo first-order
rate constants k0 by the average density of Rb atoms NRb
in the MOT: k = k0/NRb. For the measurement dis-
played in Figure 2, the rate coefficient was established to be
k = 2.5(9) ⇥ 10�11 cm3 s�1, only two orders of magni-
tude smaller than the collisional (Langevin) rate coefficient
(kL = 3⇥ 10�9 cm3 s�1 [22]).

When the Ca+ cooling lasers were switched off, a rate
coefficient ks = 3(1)⇥10�12 cm3 s�1 was obtained. This
value proved to be insensitive to the excited-state popula-
tion of Rb which was varied in the range from 2% to 5%
compatible with a stable operation of the MOT. However,
the ions are likely to heat up in the absence of laser cooling
which also reduces their overlap with the cold-atom cloud.
Therefore, an accurate value for collision energies cannot
be given under these conditions and this value for ks must
be regarded as an estimate of the rate coefficient in the low-
est reaction channel Ca+(4s)+Rb(5s).

To assess the contribution of the excited Ca+ channels,
we modified the populations in the Ca+ states by vary-
ing the frequency detuning of the 397 nm and 866 nm
lasers in the range 20-100 MHz and 0-70 MHz, respec-
tively. In these measurements, it was ensured that the ion
cloud always remained Coulomb-crystallized so that the ef-
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FIG. 2. (a) Series of Ca+ ion laser-cooling fluorescence images
as a function of the time of reaction with ultracold Rb atoms. (b)
Pseudo-first-order analysis of the reaction kinetics of the experi-
ment shown in (a). The uncertainties are smaller than the size of
the symbols in the plot.

transitions, respectively (Figure 1 (b)). Upon laser cooling,
the ions form Coulomb crystals [8]. The average ion ki-
netic energies were dominated by the micromotion (the fast
motion driven by the radiofrequency trapping fields) whose
contribution was characterized by a comparison of experi-
mental Coulomb crystal images with molecular-dynamics
simulations [8, 9]. In our experiments, the average colli-
sion energies hEcolli were entirely governed by the ion ki-
netic energies which were varied by changing the size and
shape of the Coulomb crystals as discussed in Ref. [9].

The MOT was set up with two water-cooled solenoids in-
stalled in vacuum to generate a quadrupolar magnetic field
with a gradient of 20 G/cm. Laser beams around 780 nm
in an optical-molasses configuration were used for cooling
and repumping Rb on the (5s) 2S1/2 ! (5p) 2P3/2 transi-
tion (see Fig. 1 (b)). The number density and temperature
of the Rb atoms in the MOT were established using stan-
dard fluorescence measurement and time-of-flight meth-
ods, respectively [20]. The fluorescence of either the ions
or the neutral atoms was isolated using narrow-bandpass
color filters and imaged onto a CCD camera (Figure 1 (c)).
A detailed description of the experimental apparatus and
procedures will be given in a subsequent publication [21].

In our experiment, the Ca+ and Rb cooling lasers were
alternately blocked using a mechanical chopper at a fre-
quency of 1000 Hz in order to prevent photoionization of
Rb out of the (5p) 2P3/2 level by 397 nm photons. Un-
der these conditions, the typical Rb number densities and
temperatures achieved were on the order of 1⇥ 109 cm�3

and T = 150�200 µK, respectively. The chopping of the
cooling-laser beams only negligibly affected the kinetic en-
ergies of the ions and their overlap with the Rb cloud.

Reactive collisions between Ca+ and Rb lead to a de-
crease in the number of Ca+ ions in the Coulomb crys-
tals as shown in Figure 2 (a). When both species are
laser cooled, the populations are distributed over the
(4s) 2S1/2, (4p) 2P1/2 and (3d) 2D3/2 states of Ca+ and
the (5s) 2S1/2 and (5p) 2P3/2 states of Rb (compare Fig.
1 (b)). Reactive collisions occur in excited states of the
Rb-Ca+ system and the observed reaction rates represent
an average over all possible channels. Note that simulta-
neous excitation of both species does not occur because of
the alternate chopping of the cooling laser beams.

Rate coefficients were determined by measuring the de-
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FIG. 3. (a) Variation of reaction rate constants k with Ca+ level
populations. The bars indicate the relative level populations ob-
tained by varying the detunings of the cooling-laser beams, their
intercepts with the y axis give the values of the corresponding
rate constants. Each data point corresponds to an average of
three consecutive measurements (average statistical uncertainty
(2�) �k = 3 ⇥ 10�12 cm3 s�1). (b) Rate constant as a func-
tion of the average collision energy hEcolli/kB. The error bars
denote the statistical uncertainty (2�) of the measurements. (c)
Resonant-excitation mass spectra of Coulomb crystals (i) before
reaction, (ii) after reaction. The dashed vertical lines indicate
single-ion motional frequencies.

crease of the Ca+ Coulomb crystal volume V as a func-
tion of the reaction time and fitting the results to a pseudo-
first-order rate expression ln(V/V0) = k0t [7] where
V0 denotes the initial crystal volume and t is the reac-
tion time, see Figure 2 (b). Second-order rate coeffi-
cients k were obtained by dividing the pseudo first-order
rate constants k0 by the average density of Rb atoms NRb
in the MOT: k = k0/NRb. For the measurement dis-
played in Figure 2, the rate coefficient was established to be
k = 2.5(9) ⇥ 10�11 cm3 s�1, only two orders of magni-
tude smaller than the collisional (Langevin) rate coefficient
(kL = 3⇥ 10�9 cm3 s�1 [22]).

When the Ca+ cooling lasers were switched off, a rate
coefficient ks = 3(1)⇥10�12 cm3 s�1 was obtained. This
value proved to be insensitive to the excited-state popula-
tion of Rb which was varied in the range from 2% to 5%
compatible with a stable operation of the MOT. However,
the ions are likely to heat up in the absence of laser cooling
which also reduces their overlap with the cold-atom cloud.
Therefore, an accurate value for collision energies cannot
be given under these conditions and this value for ks must
be regarded as an estimate of the rate coefficient in the low-
est reaction channel Ca+(4s)+Rb(5s).

To assess the contribution of the excited Ca+ channels,
we modified the populations in the Ca+ states by vary-
ing the frequency detuning of the 397 nm and 866 nm
lasers in the range 20-100 MHz and 0-70 MHz, respec-
tively. In these measurements, it was ensured that the ion
cloud always remained Coulomb-crystallized so that the ef-
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We present a combined experimental and theoretical study of cold reactive collisions between laser-
cooled Ca+ ions and Rb atoms in an ion-atom hybrid trap. We observe rich chemical dynamics which
are interpreted in terms of non-adiabatic and radiative charge exchange as well as radiative molecule
formation using high-level electronic structure calculations. We study the role of light-assisted processes
and show that the efficiency of the dominant chemical pathways is considerably enhanced in excited
reaction channels. Our results illustrate the importance of radiative and non-radiative processes for the
cold chemistry occurring in ion-atom hybrid traps.

Over the past few years, impressive progress has been
achieved in the study of reactive collisions at ultralow en-
ergies Ecoll/kB ⌧ 1 K [1, 2]. Recent landmark studies
using neutral molecules highlighted the distinct quantum
character of reactive processes in this regime and demon-
strated new approaches for an unprecedented control of
molecular collisions [3, 4]. Ion-neutral reactions are an-
other class of processes which exhibit different long-range
interactions and therefore a different chemical behavior in
comparison to neutrals [5–11]. With the development of
hybrid traps in which laser-cooled atomic ions stored in a
radiofrequency ion trap are combined with ultracold neu-
tral atoms in a magneto-optical trap [12–14] or a Bose-
Einstein-condensate [15, 16], the study of ion-neutral reac-
tions in the energy range between 1 and 10�3 Kelvin (usu-
ally termed the “cold” regime) has recently become possi-
ble. Under these conditions, only a few partial waves con-
tribute to the collision so that resonance as well as radiative
effects can become important [5, 6, 10, 17].

One key question pertains to the types of chemical pro-
cesses which can occur in hybrid traps. So far, either fast
near-resonant homonuclear charge exchange (in Yb-Yb+

[13]) or a slow loss of the atomic ions from the trap were
observed (in Rb-Yb+ [15] and Rb-Ba+ [16]). For Rb-Yb+,
the latter observation was rationalized in terms of radiative
and non-radiative charge exchange [18]. The feasibility of
molecular-ion formation has also been considered, and evi-
dence for a radiative mechanism has recently been found in
the Ca-Yb+ system [14]. However, a general understand-
ing of the interplay between these reactive processes and in
particular the role of light remains to be established.

In the current study, we present a combined experi-
mental and theoretical study of ion-neutral reactive colli-
sions in a Rb-Ca+ hybrid trap. Our experimental results
are interpreted using high-level electronic structure calcu-
lations of the CaRb+ potential energy curves (PECs) up
to the twenty-second dissociation limit. We observe rich
chemical dynamics which we rationalize in terms of non-
adiabatic and radiative effects. We show that the efficiency
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FIG. 1. (a) Schematic of the experimental setup. (b) Laser-
cooling schemes for 40Ca+ and 87Rb. (c) Superposed fluores-
cence images of a Ca+ ion Coulomb crystal (blue) and a cloud of
ultracold Rb atoms (red) in the hybrid trap.

of the dominant chemical processes (radiative molecule
formation, radiative and non-radiative charge exchange) is
considerably enhanced in excited reaction channels pop-
ulated in the presence of radiation. Using Rb-Ca+ as a
model system, our results illustrate the reactive processes
which can occur under the “cold” conditions of ion-atom
hybrid traps.

For the present study, an ion-atom hybrid trap was imple-
mented by superimposing a linear radiofrequency ion trap
[8] for laser cooling 40Ca+ ions with a magneto-optical
trap (MOT) [19] for 87Rb atoms (Figure 1 (a)). Doppler
laser cooling of the Ca+ ions was achieved using two
diode laser beams at 397 nm and 866 nm pumping on the
(4s) 2S1/2 ! (4p) 2P1/2 and (3d) 2D3/2 ! (4p) 2P1/2
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We present a combined experimental and theoretical study of cold reactive collisions between laser-
cooled Ca+ ions and Rb atoms in an ion-atom hybrid trap. We observe rich chemical dynamics which
are interpreted in terms of non-adiabatic and radiative charge exchange as well as radiative molecule
formation using high-level electronic structure calculations. We study the role of light-assisted processes
and show that the efficiency of the dominant chemical pathways is considerably enhanced in excited
reaction channels. Our results illustrate the importance of radiative and non-radiative processes for the
cold chemistry occurring in ion-atom hybrid traps.

Over the past few years, impressive progress has been
achieved in the study of reactive collisions at ultralow en-
ergies Ecoll/kB ⌧ 1 K [1, 2]. Recent landmark studies
using neutral molecules highlighted the distinct quantum
character of reactive processes in this regime and demon-
strated new approaches for an unprecedented control of
molecular collisions [3, 4]. Ion-neutral reactions are an-
other class of processes which exhibit different long-range
interactions and therefore a different chemical behavior in
comparison to neutrals [5–11]. With the development of
hybrid traps in which laser-cooled atomic ions stored in a
radiofrequency ion trap are combined with ultracold neu-
tral atoms in a magneto-optical trap [12–14] or a Bose-
Einstein-condensate [15, 16], the study of ion-neutral reac-
tions in the energy range between 1 and 10�3 Kelvin (usu-
ally termed the “cold” regime) has recently become possi-
ble. Under these conditions, only a few partial waves con-
tribute to the collision so that resonance as well as radiative
effects can become important [5, 6, 10, 17].

One key question pertains to the types of chemical pro-
cesses which can occur in hybrid traps. So far, either fast
near-resonant homonuclear charge exchange (in Yb-Yb+

[13]) or a slow loss of the atomic ions from the trap were
observed (in Rb-Yb+ [15] and Rb-Ba+ [16]). For Rb-Yb+,
the latter observation was rationalized in terms of radiative
and non-radiative charge exchange [18]. The feasibility of
molecular-ion formation has also been considered, and evi-
dence for a radiative mechanism has recently been found in
the Ca-Yb+ system [14]. However, a general understand-
ing of the interplay between these reactive processes and in
particular the role of light remains to be established.

In the current study, we present a combined experi-
mental and theoretical study of ion-neutral reactive colli-
sions in a Rb-Ca+ hybrid trap. Our experimental results
are interpreted using high-level electronic structure calcu-
lations of the CaRb+ potential energy curves (PECs) up
to the twenty-second dissociation limit. We observe rich
chemical dynamics which we rationalize in terms of non-
adiabatic and radiative effects. We show that the efficiency
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FIG. 1. (a) Schematic of the experimental setup. (b) Laser-
cooling schemes for 40Ca+ and 87Rb. (c) Superposed fluores-
cence images of a Ca+ ion Coulomb crystal (blue) and a cloud of
ultracold Rb atoms (red) in the hybrid trap.

of the dominant chemical processes (radiative molecule
formation, radiative and non-radiative charge exchange) is
considerably enhanced in excited reaction channels pop-
ulated in the presence of radiation. Using Rb-Ca+ as a
model system, our results illustrate the reactive processes
which can occur under the “cold” conditions of ion-atom
hybrid traps.

For the present study, an ion-atom hybrid trap was imple-
mented by superimposing a linear radiofrequency ion trap
[8] for laser cooling 40Ca+ ions with a magneto-optical
trap (MOT) [19] for 87Rb atoms (Figure 1 (a)). Doppler
laser cooling of the Ca+ ions was achieved using two
diode laser beams at 397 nm and 866 nm pumping on the
(4s) 2S1/2 ! (4p) 2P1/2 and (3d) 2D3/2 ! (4p) 2P1/2
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Cold reactions of  Ba+ + Rb

(i) (ii) (a) 

Ba+ fluorescence images:
(b) 
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Channel-specific rate constants:

+ Ba+(6s 2S1/2): ks ≤ 5.10-13 cm3 s-1

+ Ba+(6p 2P1/2): kp = 2(1).10-11 cm3 s-1

+ Ba+(5d 2D3/2): kd ≤ 1.10-12 cm3 s-1

Rb(5s) 

Rb(5p 2P3/2) + Ba+ (6s) : ks
* = 7.2.10-11 cm3 s-1

ks = 3(1).10-12 cm3 s-1

kp = 1.5(6).10-10 cm3 s-1

kd < 3.10-12 cm3 s-1

Compare with Ca+ + Rb:
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image

Simulated 
image

Collision-energy dependence of  reaction rates

Tuning of  collision energies in Ca+ + Rb: 
ion kinetic energies as a function of  Coulomb crystal size and shape
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Radiative cross sections (RCT, RA):
(O. Dulieu, M. Raoult, LAC/CNRS Paris)RESONANCES IN Ca+ + Rb NONADIABATIC . . . PHYSICAL REVIEW A 85, 042716 (2012)
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FIG. 2. The calculated cross section for the Ca+(4s 2S) +
Rb(5s 2S) → Ca(4s4p 3P ) + Rb+(1S) charge-exchange process as a
function of the collision energy for low and ultralow collisions. The
resonance structure is clearly seen in the sharp peaks of the higher
energy range of the collision energies.

s wave (J = 0) does not contribute into the CE cross section
for the process in question, since the final channel has the b 3!
symmetry.

III. RESULTS AND DISCUSSION

The results reported by Fig. 2 provide our numerically
converged, partial integral cross sections defined by Eq. (7)
for the very-low-energy behavior of the present nonadiabatic
CE process (1), one presented together with other transitions
in our earlier work [13].

One clearly sees in the figure that the range covered by
the sharp resonances goes from about 0.5 to 12 mK, which
is a range of possible temperatures that could be achieved in
Magneto-optical Traps (MOT) devices [11,12] and therefore
which could make such features amenable to experimental
observation.

To gain a better understanding of the reaction mechanisms
which are at play at these ultralow energies, we show in Fig. 3
two panels which analyze different aspects of the nonadiabatic
process. Both panels report the transition probabilities of
Eq. (6) as a function of the total angular momentum J . In
panel (a), the upper panel, one clearly sees that depending on
the energy values the number of contributing angular momenta
changes markedly: e.g., up to J = 22 at 10−6 eV, J = 13 at
10−7 eV, or J = 7 at 10−8 eV. The numbers of contributing
partial waves are determined by effective potential barriers
in the polarization potential of the initial state, which is the
basis for the classical Langevin model. It is also clearly
seen that at low collision energies the nonadiabatic transition
probabilities (≈0.007) become independent of the collision
energy in the low-J range when the total energy is above
an effective potential barrier. This is understandable since, at
this low-energy regime, the kinetic energy in the nonadiabatic
region is mainly determined by the attractive initial potential
rather than the asymptotic collision energy. Such behavior
is no longer the case for relatively higher collision energies
when the radial kinetic energies are mainly determined by the
asymptotic collision energies, a feature which results in smaller
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FIG. 3. (Color online) The calculated nonadiabatic transition
probabilities (symbols) for the Ca+(4s 2S) + Rb(5s 2S) →
Ca(4s4p 3P ) + Rb+(1S) charge-exchange process as a function
of the total angular momentum J for low and ultralow collision
energies. The dashed lines are plotted to be easier to follow by the
eyes. The panel (b) shows orbiting resonance transition probabilities
for different resonant energies as those appearing in the features of
figure 2.

values for the transition probabilities, as seen by the data for the
collision energy of 1 eV. Additionally, we see that at the highest
energy of 1 eV essentially no contribution appears for the
range of low-J values which dominates at ultralow energies.
Furthermore, and as expected, at the lower energies the largest
contributing angular momenta move down to smaller J as
the collision energy decreases. Orbiting resonances are also
clearly visible; the lower panel in the same figure reports
the J dependence for energy values which correspond to
the sharp resonances given by Fig. 2. We clearly see that at
each energy there is a markedly dominant value of J that
causes the dynamical trapping associated with each shape
resonance reported by the cross-section behavior of Fig. 2. We
can therefore argue that the CE processes at ultralow energies
should be accompanied by the appearance of strong resonant
features which indicate the orbiting dynamics of the colliding
partners at those energies.

To further understand the acting nanoscopic mechanisms
for the ultralow-energy dynamics, we focus in Fig. 4 on a
specific resonance among those depicted in Figs. 2 and 3: the
one located at 5.75 × 10−8 eV. This resonance corresponds to
a fraction of a millikelvin in terms of temperature of the ionic
crystal.

The top panel (a) of Fig. 4 reports the behavior of the
scattering wave function at this resonant energy as well as
the wave functions at energies slightly above and slightly
below the resonance value. One clearly sees the occurrence of

042716-3

F. Gianturco and co-workers: 
PCCP 13(2011), 19156;  Phys. Rev. A 85 (2012), 042716

Non-radiative (NR) CT cross sections:

Rate constants for Ca+ + Rb : comparison with theory
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• Expt. channel-averaged rate constants:
(c)
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• Theoretical radiative cross sections for 
lowest channel:
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• Predicted radiative rate constants for 
lowest channel:

• F.H.J. Hall, M. Aymar, M. Raoult, O. Dulieu and 
SW, arXiv 1301.0724 (accepted by Mol. Phys.)

• F.H.J. Hall, P. Eberle, G. Hegi, M. Aymar, M. 
Raoult, O. Dulieu, SW, arXiv:1302.4682 
(accepted by Mol. Phys.)

Rate constants for Ba+ + Rb : comparison with theory
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Reaction dynamics: observations

• Rate constants are essentially constant with collision energy

• The energy dependence of  the rate constants (but not their magnitude !) 
seems to be similar across all channels

Interpretation:

• Disregarding the shape resonances, the 
energy dependence can be described by 
classical dynamics: the reaction proceeds 
if  the centrifugal barrier is overcome

• For ion-neutral collisions with V(R)∝ R-4:

rate constant k= const.
(classical Langevin capture)
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• Magnitude of  rate constant is determined by short-range non-adiabatic and 
radiative couplings

• Short-range coupling matrix elements are independent of  the collision 
energy for low energies

F.H.J. Hall, P. Eberle, G. Hegi, M. Aymar, M. Raoult, O. Dulieu, SW, accepted by Mol. Phys. (arXiv:1302.4682)
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Cold chemistry: 
2. Reactions with molecular ions at mK energies: N2

+ + Rb

F.H.J. Hall and SW, Phys. Rev. Lett. 109 (2012), 233202
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Reactions with molecular ions at collision energies 
down to Ecoll/kB ≈20 mK:

Reaction products:
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Rate constant vs. Rb excited-state population:
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State-specific rate constants: N2
+(X)+Rb(2S1/2): ks<2×10-10 cm3s-1

N2
+(X)+Rb(2P3/2): kp=2.4(13)×10-8 cm3s-1
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Reaction mechanism: electronic energies of  entrance and product channels

see A.B. van der Kamp, P.C. Cosby and W.J. van der Zande, Chem. Phys. 184 (1994), 319
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Predicted rate constants:

CID (Langevin)

CID + CQ

• Classical capture model including charge-induced dipole (CID) and charge-
quadrupole (CQ) interactions

C4 =
1
2↵0V (R) =

C3
R3
+
C4
R4

M. Krych et al., PRA 83 (2011), 032723

Interaction potential: C3 = (�1)`+⇤
✓
` 2 `
�⇤ 0 ⇤

◆
h`||Q2||`i

Rate constant in excited N2
+(X) + Rb(2P3/2) channel: kp=2.4(13)×10-8 cm3s-1

• Compare with Langevin (charge-induced dipole): kL=6.6×10-9 cm3s-1

Cold chemistry: 2. Reactions with molecular ions at mK energies



State-selective threshold-
photoionisation scheme for N2
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 state-selected N2

+ ions

Experiment:
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24 N2
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Quantum-state preparation of  sympathetically-cooled molecular ions

X. Tong, A. H. Winney and SW, Phys. Rev. Lett. 105 (2010), 143001

Controlled chemistry: 1. Fully state- and energy-selected 
reactions with Coulomb-crystallized ions
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Population diagnostics
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LICT efficiency 
out of  N+=0: 

50±8 %
(max. 55 %)

Total population
in N+=0: 93±11%

(averaged over 5 expts.)

Laser-induced charge-transfer (LICT) spectroscopy: N2
+ + Ar → N2 + Ar+   (v+ ≥ 1)

N2
+ + Ar →    (v+ = 0)

S. Schlemmer et al.,  
Int. J. Mass Spectrom. 185 (1999), 589
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The N2
+ + N2 → N2 + N2

+ symmetric charge-
transfer reaction studied with (almost complete) 

state and energy control

N2 molecular  beam
Trot=8 K: J=0 (1,2)

v=790 m s-1

Coulomb crystal 
with state-selected

N2
+ ions (N+=0)

X. Tong, T. Nagy, J. Yosa, M. Germann, M. Meuwly and SW,
Chem. Phys. Lett. 547 (2012), 1
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LICT measurements of  N2
+ ions prepared 

in N+=0 as a function of  the reaction time:

Time-dependent spin-rotational state 
populations N+=0,1,2 (F1,2):
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Reaction mechanism and translation-to-rotation energy transfer:

• The reaction proceeds via a linear N4
+ 

complex forming at the collision (Langevin) 
rate: [ N≣N ... N≣N ]+

P.A.M. van Koppen et al., J. Chem. Phys. 81 (1984) 288
M. J. Frost et al., J. Chem. Phys. 100 (1994) 6359

C. Leonard et al., 
J. Phys. Chem. A 
103 (1999), 1846

contraction step, it is ensured that, for example, NBF1 and NBF2
are sufficiently large that the NV1 + NV2 contracted functions
are all converged to a required threshold.
These NV1 + NV2 functions in R1 and R2 are combined with

NBF3 functions in R3 with M3 integration points, and a further
contraction takes place, from which N3D1(Σg

+ + Σu
+) three-

dimensional stretch functions are stored from the total of

(NV1+NV2)*NBF3. In all the above stretch contraction
schemes, the angles are frozen at their equilibrium values.
Turning now to the bending coordinates, a ϑ1, ϑ2 contraction

(coordinates 4 and 5, respectively) is carried out for two τ
(coordinate 6) functions cos(0τ) and cos(1τ), and then for two
τ functions with sin(1τ) and sin(2τ). These contractions use
NBF4 and NBF5 basis functions in θ1 and θ2, respectively, with

Figure 1. Contour plots of sections of the RCCSD-T PEF for pairs of coordinates defining the six-dimensional expansion. The contour spacing
is 250 cm-1; the highest contour is 10 000 cm-1. In the cuts including the torsion and R1 or R3, ϑ1 ) ϑ2 ) 120°, and for τ vs ϑ1, ϑ2 ) 120° (R1,
R2, R3 are in bohr, and ϑ1, ϑ2, τ in degrees).

1848 J. Phys. Chem. A, Vol. 103, No. 12, 1999 Léonard et al.

R

Θ

[ N≣N ... N≣N ]+
R

Θ

• Translation-to-rotation energy transfer in a 
long-lived, strongly bound (1.3 eV) reac-
tion complex: Product rotational excitation 
is produced by bending vibrations upon 
breakup of  the complex 
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Summary and conclusions

Summary and conclusions

Coulomb-crystal techniques enable chemical-reaction 
experiments with an energy and state control 
unprecedented in ion-molecule chemistry.

Control of  the chemistry of  complex molecules is 
becoming a reality

State- and energy controlled reaction experiments 
reveal fine details of  the reaction mechanism such as 
the conversion of  energy during chemical change.

Ion-neutral reaction experiments at energies down to 
20 mK are now feasible, revealing unusual reaction 
mechanisms at low temperatures and fine details of  
intermolecular interactions.
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