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5. Ion-neutral interactions: theory

Elements of  classical collision theory 

Types of  collision events:

• Elastic collisions: total kinetic energy and the internal state of  the collision 
partners are conserved 

• Inelastic collisions: total kinetic energy and internal state of  the reaction 
partners change, the chemical structure is conserved 

• Reactive collisions: kinetic energy, internal state and chemical structure 
change
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Consider the collision trajectory of  two structureless particles 
(e.g., atoms) in the centre-of-mass (COM) frame:

As the total angular momentum is 
conserved, two coordinates suffice to 
describe the relative motion of  the collision 
partners. We choose

R ... relative position vector 
ψ ... orientation angle of  R with 
respect to the original velocity 
vector v

Elastic collisions, i.e., collisions in which the kinetic energy is conserved, are 
the simplest form of  scattering events. 
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Angular momentum:

|~L| = L = µvb

Relevant physical quantities

~L = µ~v ⇥ ~R

L before collision = L after collision:

|~L| = L = |µ~v ⇥ ~R| where μ is the reduced mass

= µ~v · ~R sin 

Total energy:

E = Ekin + Ecent + Epot
kinetic centrifugal potential

with the angular velocity  ̇ = d /dt = !

L = µR2!
VL(R) ... centrifugally corrected (effective) potential
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µṘ2 +

1

2
µR2 ̇2 + V (R)

) E =
1

2
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Centrifugally corrected potentials 

VL(R) for L3 > L2 > L1 > L0=0

VL(R) =
1

2

L2

µR2
+ V (R)

Centrifugally corrected potentials

Centrifugal energy = energy taken up in the 
rotation of  the position vector R 

Collisional angular momentum L = angular 
momentum associated with the rotation of  R 
about ψ 

The effective potential for the collision contains 
both, the interaction potential V(R) and the 
centrifugal energy:

centrifugal barrier

Collision cross section (hard-sphere approximation):
� = ⇡b2max

with bmax … maximum impact parameter

Collision rate constant: k = �v
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Ion-neutral long-range interactions 

Ion-neutral interactions are governed by the long-range part of  the interaction 
potential which is usually expressed as a power series in the internuclear 
distance R:

• The C2 term corresponds to the charge-dipole interaction with

C2 = �
µD cos ✓

R2

This is usually the leading term if  the neutral interaction partner is a polar 
neutral molecule (it is zero for apolar neutrals and neutral atoms)

dipole moment of  the neutral molecule orientation angle of  the charge w.r.t. the dipole

(in atomic units)

V (R) =
C2
R2
+
C3
R3
+
C4
R4
+ ....

• The C3 term is the ion-quadrupole interaction. This is usually the leading term 
if  the neutral interaction partner is an atom in a P,D,F,... state or an apolar 
molecule. If  the neutral is a linear molecule with quadrupole moment Q, we 
have

C3 =
Q(3 cos2 ✓ � 1)

2R3
(in atomic units)

quadrupole moment of  the neutral molecule orientation angle of  the charge w.r.t. the molecular axis

Lit.: e.g., A. Osterwalder, O. Dulieu (ed.), Cold Chemistry, RSC Publishing, 2018;  
M. Tomza et al., Rev. Mod. Phys. 91 (2019), 035001



Cold molecular ions in traps: methods and applications

electronic orbital angular momentum (L) and   
projection (Λ) quantum number

Wigner 3j symbol

reduced matrix element  
of  the quadrupole moment Q2

If  the neutral interaction partner is an atom in a P,D,F,... state, the C3 
coefficient is more conveniently expressed as

(in atomic units)

• The C4 term is the ion-induced dipole (Langevin) interaction with
scalar polarisability of  the neutral

(in atomic units)

This is the leading term if  the neutral is a structureless polarisable particle, 
i.e., an atom in an S state or an apolar molecule with small quadrupole 
moment. Usually, the C4 coefficient also has an anisotropic component 
because the neutral is not structureless.

C4 = � 12↵

C3 = (�1)1+L�⇤
✓
L 2 L
�⇤ 0 ⇤

◆
h'||Q2||'i
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Capture processes 

Ion-neutral collisions are often dominated by capture dynamics. This means that 
the collision rate is entirely determined by the long-range attractive interactions 
between the reaction partner.

Important example: Langevin capture

If  there are no other energetic 
barriers along the collision 
coordinate, the centrifugal 
barrier constitutes the limiting 
factor. Classically, a successful 
collision event can only happen 
if  the collision energy Ec exceeds 
the height of  the barrier.
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Figure 1.2: A schematic plot of Veff against R for an inter-particle potential V that
scales asymptotically with R

≠s where s > 2. The maximum in the potential is known
as the "centrifugal barrier", and occurs at Rmax with a height of Veff (Rmax). Also
indicated is the asymptotic kinetic energy EK of an incoming system. A criterion for
access to short-range is that EK |R=Rmax Ø 0, or equivalently, EK Ø Veff (Rmax).

with C

ET ≠ V (Rmax) ≠ ET b
2

R2
max

D-----
b=bmax

= 0. (1.10)

For a given long-range collision energy, and a given interaction potential, equation 1.8
is used to find Rmax. Rmax is then inserted into V (R) to find V (Rmax). All these
quantities are then used in equation 1.10 to find bmax.

The calculated bmax can be thought of as the maximum passing distance for which
a collision will occur. In this case bmax defines the radius of the circle drawn around,
say, particle A, perpendicular to the relative velocity vector, where if any B particles
come within the area of the circle, they will collide with A. The area of this circle
defines the cross section ‡ = fib

2
max.

The rate of collisions on average is the rate at which the collision volume is swept
out by the collision circle. This rate is given by the magnitude of the velocity vector,
such that the collision rate constant kcoll is given simply by kcoll = ‡ · v.

As described above, for a particular entrance channel, the reaction rate may be
some value below the collision rate, except for the case when every collision leads to
a reaction, where they are equal. For reactions with an energy threshold, the energy
dependence of the short-range processes must be included explicitly in the capture
model. For barrierless reactions, such as the cold ion-neutral reactions studied in this
work, it is postulated (see section 1.2.1) that the energy dependence of the reaction
rate constant is governed solely by the long-range interaction potential, and so can
be described by classical capture models such as the one derived above, although the

8

EC

Collision energy
Centifugal barrier

VL(Rmax)

V
L
(R

)

The effective potential VL(R) and hence the height of  the centrifugal barrier depend 
on the collisional angular momentum L:

VL(R) =
1

2

L2

µR2
+ V (R)

The collisional angular momentum in turn depends on the impact parameter b:

|~L| = L = µvb

Lit: A. Osterwalder, O. Dulieu (ed.), Cold Chemistry, RSC Publishing, 2018
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Hence, for a specific collision energy Ec, there is a maximum collisional angular 
momentum Lmax with impact paramter bmax which fulfils the condition:

VL(bmax) = Ec

The collisional cross section is hence calculated as:

� = ⇡b2max

yielding a corresponding rate constant for the collision:

k = �v(Ec)

where      is the collision velocity at energy Ec.v(Ec) =
p
2Ec/µ

Ion-neutral collisions often (at least approximately) fulfil classical capture 
dynamics as outlined above in the classical collision regime. If  the long-range 
potential is dominated by the ion-induced dipole ("Langevin") interaction

V (R) = �
1

2

↵0e2

4⇡"0

1

R4

one obtains from the conditions above the Langevin collision cross section and rate 
constant:

Please mind: the Langevin rate constant is independent of  the collision energy and, 
therefore, of  temperature !

(in SI units)α'=α/4πε0 ...  polarisability volume of  the neutral 
e ... elementary charge
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Outline of  quantum elastic-collision theory 

The quantum-mechanical problem of  the elastic scattering of  two structureless 
particles reduces to solving the time-independent scattering Schrödinger eq. for 
positive energies E:

collisional angular momentum operator

Lit.: e.g., M.S. Child, Molecular Collision Theory, Dover 1996; R.V. Krems, Molecules in Electromagnetic Fields, 
Wiley 2019; A. Osterwalder, O. Dulieu (ed.), Cold Chemistry, RSC Publishing, 2018


�
~2
2µ

1

R

@2

@R2
R +

L̂2

2µR2
+ V (~R)

�
 (~R) = E (~R)

• The Schrödinger eq. has the general solution:

 L(~R) =
1

R
'L(R)PL(cos ✓)

Legendre polynomial of  order L

with the collisional angular momentum quantum number L=0,1,2,...
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• The radial scattering wave functions φL(R) have the asymptotic form

'L(R!1) ⇡ sin
�
kR � L⇡/2 + ⌘L

�

Scattering phase
k =

p
2µE/~ ... wave number of  the collision  

(E=collision energy, μ=reduced mass)
where

• The scattering cross section is given by 

� =
4⇡

k2

1X

L=0

(2L+ 1) sin2 ⌘L

• In the semi-classical limit (large L), the 
scattering phase shift ηL for elastic 
collisions can be approximated by

⌘L ⇡
⇡µC4
4~4

E

L3

• This leads to a semi-classical expression 
for the elastic scattering cross section:

� = ⇡

✓
µC4
~2

◆1/3✓
1 +
⇡2

16

◆
E�1/3

R. Cote and A. Dalgarno, PRA 62 (2000), 012709

Na+  + Na elastic collision  
cross sections

phase shift cannot be used. At higher energies, the quantal
results oscillate about the semiclassical one. On the same
graph, we show the elastic cross sections for the collision of
neutral sodium atoms in the 3s state in the molecular singlet
X 1!g

! and triplet a 3!u
! states "14#. The cross sections of

the atom-ion collisions are orders of magnitude larger than
their neutral counterparts.

IV. CHARGE TRANSFER AND DIFFUSION
CROSS SECTIONS

The charge-transfer cross section in the collision of Na!

with Na is given by Eq. $3%. In Fig. 7 we show it as a
function of the collision energy. At high energies, the influ-
ence of the long-range attractive force tends to cancel and the
cross section is determined by the exponential decay of the
difference between the 2!g

! and 2!u
! potentials. The charge-

transfer cross section varies as "7,13#

&ch'$a lnE"b %2 a.u., $20%

with a#1.33, b#22.943, and E is expressed in eV. At high
energies beyond our calculations, oscillations about the mean
value have been predicted "15# and observed "16#.
At low energies below 10"3 a.u., the cross section is

dominated by scattering from the attractive 2!g
! interaction

varying as R"4 and small values of the angular momentum.
As shown in the figure, the cross section varies approxi-
mately as the classical Langevin formula for a polarization
potential

&Langevin'(!2C4E"1/2 a.u. $21%

modified by quantum oscillations. In the limit of zero energy,
only the s-wave contributes and the Langevin formula fails.
The limiting charge-transfer cross section is given by

&ch#($ag"au%2#1.5$108a0
2#4.2$10"9 cm2. $22%

For bosons, the diffusion cross section for an ion in its
parent species is given by "13#

&d)
s!1
2s!1 &!!

s
2s!1 &", $23%

where s#3/2 is the nuclear spin of the Na atom, and

&!#
4(

k2
! *
l even

+

$ l!1 %sin2$, l
g", l!1

u %

! *
l odd

+

$ l!1 %sin2$, l
u", l!1

g %" $24%

and

&"#
4(

k2
! *
l even

+

$ l!1 %sin2$, l
u", l!1

g %

! *
l odd

+

$ l!1 %sin2$, l
g", l!1

u %" . $25%

For large l, , l
g ,u#, l!1

g ,u and "13#

&d#2&ch . $26%

FIG. 7. Charge-transfer cross section as a function of the colli-
sion energy. The Langevin cross section and a fit given by
&Langevin/4 are also shown.FIG. 6. Elastic cross sections as a function of the collision en-

ergy: comparison of the quantal and semi classical treatments, and
the neutral singlet and triplet values from "14#.

R. CÔTÉ AND A. DALGARNO PHYSICAL REVIEW A 62 012709

012709-4



Cold molecular ions in traps: methods and applications

6. Ion-atom hybrid systems 

the magnetic trap we load the atom cloud into a vertical
1-dimensional optical lattice trap formed by two counter-
propagating laser beams (diameter ! 500 !m) at a
wavelength of 1064 nm with a total power of 2 W. We
use the lattice as an elevator to transport the ultracold
atoms upwards into the center of the Paul trap, which is
located 30 cm above the quadrupole Ioffe configuration
trap. The lattice is moved by changing the relative detuning
of the two beams in a controlled manner [17]. The transport
efficiency reaches more than 60%. During transport the
depth of the lattice is sufficiently small (! kB " 10 !K) so
that evaporation keeps the atom temperature at about
1 !K. After transport the atomic sample is loaded into a
crossed optical dipole trap (" # 1064 nm). By lowering
the trap depth, we evaporatively cool the atoms and end up
with a Bose-Einstein condensate (BEC) of about 105 atoms
confined in a dipole trap with trap frequencies of about

!$x;y;z%
Rb # $60; 60; 8 Hz%. The condensate is detected via

standard absorption imaging.
The BEC is initially located about 300 !m away from

the ion. We move the ion within 2 ms along the Paul trap
axis (x axis) into the BEC by changing the end cap volt-
ages. The cooling lasers for the ion are switched off in order
to ensure that the ion relaxes into its electronic ground state
jF # 1=2; mF # &1=2i and to avoid changes in the atom-
ion collision dynamics due to the cooling radiation.

Initially, the temperature of the ion is on the order of a
fewmK, which is much larger than the optical trap depth of
about kB " 1 !K. Thus almost any collision with a cold
atom leads to the atom being lost from the trap. As a
consequence, one could naively expect that the atom loss
stops after a few collisions, once the ion is sympathetically
cooled to atomic temperatures. However, when we
measure the number of Rb atoms remaining in the trap as
a function of the interaction time, we find a continuous loss
of atoms (Fig. 2). It is the driven micromotion [18] of the rf

trap which is responsible for this continuing loss. In an
atom-ion collision, energy can be redistributed among all
motional degrees of freedom, enabling also the flux of
micromotion energy to secular motion. After each colli-
sion, micromotion is quickly restored by the driving rf
field. An equilibrium between the energy that is inserted
by the driving field and the energy taken away by the lost
atoms is reached within a few collisions. Thus the minimal
temperature of a sympathetically cooled ion stored in a rf
trap is determined by the amount of micromotion of the ion
[19]. Stray electric fields which shift the ion position away
from the zero of the rf potential increase micromotion,
leading to the so-called excess micromotion [18]. By
applying dc electric fields along the radial direction, this
part of the micromotion is tunable.
Figure 2 shows the elastic collision measurements with

either (a) a thermal cloud of atoms (temperature TRb #
80 nK, which is just above Tc) or (b) a BEC. In the
following, we analyze these data in detail starting out
with the case for thermal atoms. In general, the atom losses
in our experiment are predominantly determined by atom-
ion collisions. The lifetime of the atom sample without an
ion being present exceeds 15 s. The loss of atoms is then
described by _N # '~n#elvI, where ~n is the density of
the atom cloud at the position of the ion, #el the elastic
atom-ion cross section, and vI the velocity of the ion. In
principle, all three quantities are unknown. Based on our
measurements and additional constraints of the following
model, we can still give estimates for them.
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FIG. 2 (color online). Number of remaining Rb atoms as a
function of time as a sample of Rb atoms interacts with an ion.
(a) A single Ba( ion is immersed into the center of a thermal Rb
cloud. The line is an exponential decay fit. (b) A single ion (Ba(

or Rb() is immersed in a Rb Bose-Einstein condensate. The
lines are fits based on our simple model described in the text.

FIG. 1 (color online). Combined atom-ion trap: A linear radio
frequencyPaul trap is used to store ions [20],whereas the ultracold
atoms are confined in a crossed optical dipole trap. By precisely
overlapping the positions of these two traps, a single ion can be
immersed into the center of the ultracold neutral atom cloud.

PRL 105, 133202 (2010) P HY S I CA L R EV I EW LE T T E R S
week ending

24 SEPTEMBER 2010

133202-2

low energies, the semiclassical Langevin model ceases to
be valid when the s-wave scattering limit is reached, which
happens near Es ! @4="2!2C4# $ 4 peV $ kB % 50 nK.
Quantum simulations [6] of this system [22] confirm the
semiclassical Langevin model in the indicated energy
range. For collisions between different isotopes, the
Langevin expression should be modified at low collision
energies comparable to the small difference in binding
energy of the electron to the two nuclei, i.e., the isotope
shift of the ionization potential. In this case, we expect
endoenergetic charge-exchange collisions to be suppressed
[25,26].

We use a magneto-optical trap (MOT) in combination
with a Paul trap, as originally proposed by Smith [11]. The
setup, shown in Fig. 1, is described in detail elsewhere
[21]. In the present work, 172Yb, 174Yb, or 171Yb atoms are
selectively loaded from an atomic beam into a MOT by
tuning the laser frequency near the 1S0 ! 1P1 transition at
"a $ 398:8 nm. Typically, the MOT is operated at a
75 G=cm magnetic-field gradient and contains 3% 105

atoms at a peak density of 2% 108 cm&3 and a temperature
of 700 !K as determined by a time-of-flight measurement.

Cold ions are produced by nonresonant photoionization
from the excited 1P1 state of the MOT with 370-nm light
from a semiconductor laser [21]. The ion trap is a surface-
electrode Paul trap printed on a vacuum-compatible sub-
strate [21], and is typically operated at 1.4 MHz to create a
0.3 eV deep pseudopotential trap 3.6 mm above the trap
surface with a secular frequency of 67 kHz. Ion trap
populations can be adjusted between a single and 104

ions by varying the trap loading time.
Two beams from the same 370 nm laser used for photo-

ionization provide Doppler cooling of the ions on the
2S1=2 ! 2P1=2 transition along all three principal trap

axes. Ions that decay to a metastable D state are repumped
[27] using a laser operating at 935 nm [21]. We detect the
ion population by monitoring trap fluorescence at 370 nm

with a photomultiplier tube. A single cold, trapped ion
produces 5 kcounts=s.
Collisions that change only the particles’ energy and

momentum are difficult to observe in our setup due to
the continuous laser cooling. On the other hand, charge-
exchange collisions between different isotopes #Yb' '
$Yb ! #Yb' $Yb' are easy to observe using isotope-
selective ion fluorescence: we first load the ion trap from
the MOT with isotope #Yb', change the MOT isotope to
$Yb by adjusting the frequency of the 399-nm laser, and
then monitor the decay of the #Yb' ion population through
the decay of the 370-nm fluorescence. In order to prevent
photoionization and direct loading of the ion trap with
$Yb', we modulate the MOT and ion light out of phase
to ensure that the MOT contains no excited atoms when the
370-nm light is present. Without the MOT, the ion trap loss
is exponential with a typical lifetime %0 $ 400 s for ion
crystals (Fig. 2, circles), presumably due to collisions with
background gas atoms. In the presence of the MOT, % is
substantially shortened, with a shorter lifetime for higher
MOT density. Simple exponential decay over a decade in
ion number indicates that the loss involves a single ion,
rather than collisions between ions. We also measure the
trap fluorescence for identical ion andMOT isotopes. In the
latter case, we observe a small initial decay, likely due to
heating by collisions interrupting the ions’ micromotion,
but no exponential loss (Fig. 2, inset). This confirms that
the measured trap loss for different ion and MOT isotopes
is indeed due to charge-exchange collisions, and not
caused by heating from ion-atom collisions that interrupt
the ion’s micromotion [28].
To accurately determine the charge-exchange rate coef-

ficient, we vary the atomic density at the ion trap location
by moving the MOT with a magnetic bias field. We deter-
mine the local atomic density at the ions’ location by

FIG. 1 (color online). Setup for trapping neutral (MOT) and
singly charged (surface planar Paul trap) Yb in the same spatial
volume. Stray dc field compensation and trapping along ẑ for the
Paul trap is provided by dc electrodes. The traps are imaged
along both the (1,0,1) and (0,1,1) axes.
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FIG. 2 (color online). Typical 172Yb' ion-crystal fluorescence
decay and exponential fits for no (circles), moderate (squares),
and high (triangles) 174Yb atomic density at the ion trap site.
Inset: 172Yb' (dashed line) and 174Yb' (solid line) population
evolution in the presence of 174Yb. Both traces are normalized by
the same peak value.
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similar neutral atom polarizabilities, which yield a large
transition dipole moment and large Franck-Condon fac-
tors. In what follows, we describe the experimental setup,
results, and theoretical model. We conclude with a possible
explanation for the apparent contradiction between typical
theoretical predictions and measurements of the RA pro-
cess in this and other experiments [17].

Figure 1 shows the hybrid magneto-optical and ion trap
system used in these experiments [5]. Yb! ions, created by
laser ablation of a solid Yb target, are trapped in a radio-
frequency linear quadrupole trap (LQT) [25] (250 kHz "
frf " 400 kHz, Vrf # 300 V) and laser cooled using laser
beams (! $ 369, 935 nm) aligned along the trap axis. A
voltage-gated channel electron multiplier (CEM) provides
a species nonspecific method of ion detection. Ultracold Ca
atoms are produced and held in a magneto-optical trap
(MOT) constructed with laser beams (! $ 422, 672 nm)
that intersect at the LQT center. Fluorescence images of
both the CaMOTand theYb! ion cloud from two separate,
nearly orthogonal camera angles allow a 3D reconstruction
of the ion and atom clouds. An example of such images and
the reconstruction is shown in the inset of Fig. 1.

The typical MOTatom number, density, and temperature
are measured by absorption and fluorescence imaging
and found to be NCa $ 3:7% 0:5& 106 atoms, "Ca $ 7%
1& 109 cm'3, and TCa $ 4% 1 mK, respectively. Ion
number and temperature are determined by observing
ion fluorescence while scanning the 369 nm laser ( _f $
500 MHz=s) and fitting the resultant truncated Voigt profile
[26]. When operating the LQT in a region where both Ca!

and Yb! ions are stable, a large heat load on the laser-
cooled Yb! ions is observed due to the ionization of Ca

atoms in the 4 1P state by the Yb! cooling laser. To elimi-
nate this effect, we modulate the intensity of the 422 and
369 nm lasers out of phase. Additionally, this effect is
eliminated if the LQT is operated where Ca! ions are not
trapped.
In absence of the Ca MOT, the trap lifetime of the laser-

cooled Yb! ions, measured by monitoring the ion fluores-
cence, is (240 s. However, when an overlapped MOT is
introduced, the ion lifetime decreases to (10 s, as shown
in Fig. 2(a). This induced ion loss is also confirmed visu-
ally by imaging the ion cloud during the decay, as well as
observing a decreased number of detected ions using the
CEM. The inset in Fig. 2(a) suggests that the loss of ions is
not due to ion heating, as such an effect would increase the
ion cloud size. From data such as these we calculate a loss
rate constant using K $ h#vi $ !

"" , where ! is the mea-

sured fluorescence decay rate, " is the peak density of
the MOT, and " a factor that quantifies the degree of
overlap of the atom and ion clouds. We define " $R
"̂Ca) ~r* #"I)~r*d~r, where "̂Ca is the unit-peak normalized

Ca atom density and #"I is the unit-integral normalized
Yb! density, thus 0<"< 1.
To verify that kinematic effects were not responsible

for the loss of Yb! ions from the trap, we measured the
loss rate constant while varying only q, the Mathieu pa-
rameter, which determines the ions’ stability and micro-
motion amplitude in the LQT [25], as well as when only
varying the trap depth, TD [see Fig. 2(b)]. As the rate
constant appears independent of these fundamental trap-
ping parameters, it is unlikely that the loss is due to kine-
matic effects in the LQT. In addition, we performed
an experiment where BaCl! ions, produced by laser abla-
tion of an additional target (see Fig. 1), were sympatheti-
cally cooled by cotrapped, laser-cooled Yb! ions. We
then compared, after 20 s of interaction with the MOT,
the number of ions remaining in the trap and found that
while the Yb! ions had decayed away, the BaCl! ions
remained. As BaCl! ions are energetically forbidden to

CEM
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MOT Beams

369 nm, 935 nm
 Cooling Lasers

Overlap Calculation

~ 1 cm

Camera 1

Yb Ions

Ca Atoms
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Overlap Calculation

Ca and
 Yb+ clouds

~1 mm

FIG. 1 (color online). MOTION trap schematic. Yb! ions and
Ca atoms are laser cooled and trapped in the central region.
Typical images of the ultracold clouds, shown in the upper left of
the figure, are used for a 3D reconstruction that yields the degree
of overlap. Ions are also detected with a voltage-gated CEM.
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Mathieu stability parameter q and the trap depth TD.
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Cold molecular ions in traps: methods and applications

• Rb MOT superimposed on atomic/molecular Coulomb crystal in a linear Paul trap 
• Tailored for collision experiments between cold atoms and atomic or molecular 

ions down to mK energies

Example: the Basel hybrid-trap experiment:
F.H.J. Hall et al., Phys. Rev. Lett. 107 (2011), 243202;  
Mol. Phys. 111 (2013), 2020

•Atom: Rb 
•Number of  atoms: 

N≈105-106 
•Density: n≈108-1010 cm-3 

•Atom temperature: 
T>100 μK

•Ion: Ca+ (Ba+), 
molecular ions 

•Number of  ions: N≈1-1000 
•Density: n≈108 cm-3 

• Ion temperature 
(secular): T>5 mK

MOT Ion trap

Light-assisted ion-neutral reactive processes in the cold regime:
radiative molecule formation vs. charge exchange
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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 molecular ions in traps: methods and applications

 Cold elastic ion-atom collisions 

Elastic collisions between the ions and the atoms typically transfer micromotion 
energy to the atoms, leading to their loss from the trap:

the magnetic trap we load the atom cloud into a vertical
1-dimensional optical lattice trap formed by two counter-
propagating laser beams (diameter ! 500 !m) at a
wavelength of 1064 nm with a total power of 2 W. We
use the lattice as an elevator to transport the ultracold
atoms upwards into the center of the Paul trap, which is
located 30 cm above the quadrupole Ioffe configuration
trap. The lattice is moved by changing the relative detuning
of the two beams in a controlled manner [17]. The transport
efficiency reaches more than 60%. During transport the
depth of the lattice is sufficiently small (! kB " 10 !K) so
that evaporation keeps the atom temperature at about
1 !K. After transport the atomic sample is loaded into a
crossed optical dipole trap (" # 1064 nm). By lowering
the trap depth, we evaporatively cool the atoms and end up
with a Bose-Einstein condensate (BEC) of about 105 atoms
confined in a dipole trap with trap frequencies of about

!$x;y;z%
Rb # $60; 60; 8 Hz%. The condensate is detected via

standard absorption imaging.
The BEC is initially located about 300 !m away from

the ion. We move the ion within 2 ms along the Paul trap
axis (x axis) into the BEC by changing the end cap volt-
ages. The cooling lasers for the ion are switched off in order
to ensure that the ion relaxes into its electronic ground state
jF # 1=2; mF # &1=2i and to avoid changes in the atom-
ion collision dynamics due to the cooling radiation.

Initially, the temperature of the ion is on the order of a
fewmK, which is much larger than the optical trap depth of
about kB " 1 !K. Thus almost any collision with a cold
atom leads to the atom being lost from the trap. As a
consequence, one could naively expect that the atom loss
stops after a few collisions, once the ion is sympathetically
cooled to atomic temperatures. However, when we
measure the number of Rb atoms remaining in the trap as
a function of the interaction time, we find a continuous loss
of atoms (Fig. 2). It is the driven micromotion [18] of the rf

trap which is responsible for this continuing loss. In an
atom-ion collision, energy can be redistributed among all
motional degrees of freedom, enabling also the flux of
micromotion energy to secular motion. After each colli-
sion, micromotion is quickly restored by the driving rf
field. An equilibrium between the energy that is inserted
by the driving field and the energy taken away by the lost
atoms is reached within a few collisions. Thus the minimal
temperature of a sympathetically cooled ion stored in a rf
trap is determined by the amount of micromotion of the ion
[19]. Stray electric fields which shift the ion position away
from the zero of the rf potential increase micromotion,
leading to the so-called excess micromotion [18]. By
applying dc electric fields along the radial direction, this
part of the micromotion is tunable.
Figure 2 shows the elastic collision measurements with

either (a) a thermal cloud of atoms (temperature TRb #
80 nK, which is just above Tc) or (b) a BEC. In the
following, we analyze these data in detail starting out
with the case for thermal atoms. In general, the atom losses
in our experiment are predominantly determined by atom-
ion collisions. The lifetime of the atom sample without an
ion being present exceeds 15 s. The loss of atoms is then
described by _N # '~n#elvI, where ~n is the density of
the atom cloud at the position of the ion, #el the elastic
atom-ion cross section, and vI the velocity of the ion. In
principle, all three quantities are unknown. Based on our
measurements and additional constraints of the following
model, we can still give estimates for them.
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FIG. 2 (color online). Number of remaining Rb atoms as a
function of time as a sample of Rb atoms interacts with an ion.
(a) A single Ba( ion is immersed into the center of a thermal Rb
cloud. The line is an exponential decay fit. (b) A single ion (Ba(

or Rb() is immersed in a Rb Bose-Einstein condensate. The
lines are fits based on our simple model described in the text.

FIG. 1 (color online). Combined atom-ion trap: A linear radio
frequencyPaul trap is used to store ions [20],whereas the ultracold
atoms are confined in a crossed optical dipole trap. By precisely
overlapping the positions of these two traps, a single ion can be
immersed into the center of the ultracold neutral atom cloud.
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corresponds to the mass of 87Rb!. We conclude that the
dominant inelastic process in our system is the charge
transfer process Rb! Ba! ! Rb! ! Ba with a cross sec-
tion!ch:ex: ranging between 10

"19 and 10"18 m2. So far we
have not observed the formation of molecular ions. Our
charge transfer results are comparable to the ones observed
for the heteronuclear case of #Rb;Yb!$ [13]. Homonuclear
charge transfer rates are orders of magnitudes higher [11].
In our case the charge transfer is predicted to be domi-
nantly radiative, where a photon carries away most of the
1 eV of energy released in this reaction [21].

We now show how a single ion may be used to locally
probe the atomic density distribution. By controlling the
end cap voltage we vary the position of the single Rb! ion
relative to the atom sample. At each position x the atom
loss is measured on a freshly prepared atom cloud for a
given interaction time (Fig. 5). The measurement is per-
formed for three different condensate fractions. We can
theoretically reproduce the data shown in Fig. 5 with our
model, which demonstrates our quantitative understanding
of the dynamics. For this we write the total atom loss of a
partly condensed cloud as a sum of the individual losses
from the BEC and the thermal cloud as discussed before.
For numerical calculations we choose!el % 3& 10"14 m2

and make use of the well-known density profiles for a
thermal and a condensed atom cloud confined in a har-
monic trap. The thermal component and BEC are in equi-
librium and obey Nc=N % 1" #TRb=Tc$3, where Tc is the
critical temperature and Nc=N is the condensate fraction
which changes with time. The temperature TRb of the
atomic sample is constant, as determined by the optical
trap depth. It is used as a free fit parameter in our model
together with the ion energy EI, which we keep fixed for all
three measurements. Figure 5 depicts the total number of
remaining particles N#x$ as a function of the ion’s position
x. The values for TRb obtained from the fit (a) 50, (b) 35,
and (c) 25 nK are in nice agreement with the temperatures
determined separately in time-of-flight measurements.
Moreover, the fit suggests EI ' kB & 14 mK, which is in
the same range as the temperatures found in the Ba!

experiments. The ion probe features a spatial resolution
on the micrometer scale and has advantages compared to
absorption imaging which integrates over the line of sight.
The authors thank Albert Frisch and Sascha Hoinka for

their help during the early stage of the experiment and
Thomas Busch, Tommaso Calarco, Robin Côté, Bretislav
Friedrich, Bo Gao, Zbigniew Idziaszek, Tobias Schätz,
Wolfgang Schnitzler, and Jaques Tempère for helpful dis-
cussions and support. We are grateful to Rudi Grimm for
generous support and to Michael Drewsen and the group of
Rainer Blatt for advice on the design of the ion trap. This
work was supported by the Austrian Science Fund (FWF).
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FIG. 5 (color online). Number of Rb atoms remaining in the
trap depending on the position of theRb! ion relative to the center
of the atom cloud. The measurement is performed with (a) a
thermal cloud, (b) a partially condensed cloud, and (c) an almost
pure Bose-Einstein condensate. The interaction time was (a) 1.5,
(b) 1, and (c) 0.5 s. The solid lines are fits, where the ion energyEI

and the atom temperature TRb are used as free fit parameters.

FIG. 4 (color online). Left: Fluorescence imageof twoBa! ions.
Right: Fluorescence of one 138Ba! next to an unknown dark ion .
We infer the existence of the dark ion from the position of theBa!.
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Trap loss of  Rb atoms by collisions with Ba+ and Rb+ ions

Minimizing the atom loss rate as a function of  the position of  the ion in the trap 
can be used to minimize the ion micromotion.

A. Härter et al., Appl. Phys. Lett. 102 (2013), 221115



Cold molecular ions in traps: methods and applications

 Sympathetic cooling of  ions by atoms 

To observe interactions between the ion and the Bose–Einstein
condensate, we quickly move the pre-cooled ion over a distance of
Dx 5 140 mm, into the centre of the condensate. The potential depth
of the optical dipole trap is 1 mK, which is less than the vibrational
level spacing of the ion-trap potential. Therefore, every collision will
result in the loss of a neutral atom. We monitor this loss as a function
of the interaction time. The data are displayed in Fig. 2. From the
decay of the atom number, we estimate the cross-section for atom
loss to be sal 5 (2.2 6 0.2) 3 10213 m2 (Methods). The measured
atom-loss cross-section allows us to estimate more precisely the col-
lision energy between the ion and the neutral atoms and, thus, the ion
temperature. An ion of mass mion trapped in a harmonic oscillator of
frequency vion at a temperature T has a root mean squared spread in
position of

!!!!!!!!!!!!!!!!!!!!!!!!!!!
kBT=mionv2

ion

p
. Convolving the position spread with the

theoretical expression for the elastic-scattering cross-section,
s(E 5 kBT), and equating the convolution with the measured result
for sal yields T 5 2.1 6 0.5 mK. This temperature is comparable to
the Doppler temperature limit of laser-cooling, TD 5 0.5 mK. Buffer-
gas cooling in the simplified case of a classical gas of hard spheres has
been predicted26 to reach temperatures of T < mionV2d2/2kB, where d

is the amplitude of the micromotion in the Paul trap. Comparison of
the theoretical estimate with our data suggests a micromotion amp-
litude of approximately 2 nm, which is compatible with our trap
parameters. Extrapolating to the limit in which d R 0 leads to
kBT < Bv, which could allow ground-state cooling.

We time-resolve the dynamics of the immersion cooling process
by immersing a hot ion directly into the Bose–Einstein condensate.
For this measurement we partly suppress pre-cooling of the ion in the
thermal cloud of neutral atoms by displacing the ion diagonally in the
x–y plane. As a result, the initial temperature of the ion is approxi-
mately 4 K. Then we quickly move the ion into the Bose–Einstein
condensate, wait for a variable interaction time, release the neutral
atoms and measure the ion’s temperature using the fluorescence
method (Fig. 3a). The fluorescence method, although limited in its
temperature resolution, is a reliable and independent method in this
temperature range. We observe sympathetic cooling of the ion in the
condensate on a timescale of a few tens of milliseconds. After 60 ms,
the ion has reached a temperature of T 5 0.6 6 0.7 K, corresponding
to a temperature as low as our resolution limit in this measurement.
We simultaneously monitor the atom loss rate (Fig. 3b). While the
ion is hot, atom losses are very small and we estimate a cooling
efficiency of approximately 1,000 vibrational quanta per collision.
This is very efficient in comparison with laser-cooling, in which
typically only a few quanta are removed per collision. Furthermore,
while the ion is hot the radius of its trajectory is comparable to the size
of the condensate. As the ion cools, it becomes more strongly loca-
lized at the centre of the condensate and the loss rate of atoms
increases, possibly as a result also of the increase in the collisional
cross-section, s(E).

Apart from elastic scattering, there are other possible interaction
processes between an ion tightly confined in a Paul trap and ultracold
neutral atoms. First, atoms and ions can undergo charge-exchange
collisions13,20,21,27 of the type Yb1 1 Rb R Yb 1 Rb1 or Yb1 1 Rb R
YbRb1, the second of which creates a charged molecule. This process
is signalled by a loss of the Yb1 ion from the ion trap. Our choice of
elements is made with the aim of suppressing charge exchange by
making the process off-resonant. Second, there are inelastic collisions
due to micromotion of the ion. Collisions in the presence of this
driven oscillation can result in energy transfer from the driving elec-
tric field to the colliding partners.

A small charge-exchange collision rate is indicated by a low probability
for loss of the ion in collisions with the neutral atoms. The ion loss
probability is determined using the same experimental sequence as for
the loss of neutral atoms (Fig. 2) and is shown as a function of the
interaction time in Fig. 4a. We observe a linear increase in the ion loss

z

xy

Figure 1 | Experimental apparatus. The linear Paul trap (grey) is positioned
between the solenoids (copper) used to magnetically trap the neutral atoms.
The neutral atoms are first prepared outside the ion trap and are
subsequently moved into the trap through a bore in the end-cap electrode. In
the final position, the atoms are loaded into a crossed-beam optical dipole
trap (red) in which the final evaporative cooling to Bose–Einstein
condensation is performed (inset). The drawing is to scale and the distance
between the square magnetic field coils is 36 mm.
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Figure 2 | Atom loss from a Bose–Einstein condensate due to collisions
with a single ion. The solid line is a fit using a theoretical model (Methods)
and is used to determine sal, the cross-section for neutral-atom loss. Each
data point is averaged over approximately 40 repetitions of the experiment
and the standard error is given. The bare atom loss rate, that is, the loss rate
without the ion present, has been subtracted.
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Figure 3 | Time-resolved sympathetic cooling of a single ion.
a, Temperature decrease as a function of interaction time. The temperature
is measured by laser fluorescence and the standard deviation of the
maximum-likelihood estimate is shown. b, Atom loss during sympathetic
cooling. While the ion is hot, atom losses are small and the cooling rate
approaches 1,000 vibrational quanta per collision. When the ion cools, it
localizes inside the region of higher density and the atom loss rate increases.
The standard errors are shown. Each data point is averaged over
approximately 200 repetitions of the experiment.
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Elastic collisions with ultracold atoms lead to the sympathetic cooling of  the 
trapped ions. 

Ultracold atoms are heated by the collisions and are lost from the trap.

Yb+ ion temperature as a 
function of  the interaction 

time with ultracold Rb atoms

Ultracold atom number as a 
function of  the interaction 
time with a single Yb+ ion

C. Zipkes et al., Nature 464 (2010), 388

Sympathetic cooling of  a single Yb+ ion with ultracold Rb atoms



Cold molecular ions in traps: methods and applications

 Cold reactive ion-atom collisions

 Light-assisted processes 

F.H.J. Hall, M. Aymar, N. Bouloufa, O. Dulieu and SW, Phys. Rev. Lett. 107 (2011), 243202 
F.H.J. Hall, P. Eberle, G. Hegi, M. Aymar, M. Raoult, O. Dulieu, SW, Mol. Phys. 111 (2013), 2020  
F.H.J. Hall,M. Aymar, M. Raoult, O. Dulieu and SW, Mol. Phys. 111 (2013), 1683

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-
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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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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
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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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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-

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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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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• Measured rate constants as a 
function of  Ca+ level populations:

State dependence of  reaction rates
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“Universal” cold reaction dynamics:

• Energy-dependence of  rate constants for cold reactions:
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The rate constant does not (or only weakly) scales with the energy for all cases, 
in line with classical Langevin theory !

F.H.J. Hall, et al., Mol. Phys. 111 (2013), 2020
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Quantum theory for radiative association and charge transfer: cross sections
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of two contributions [39, 40]:
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⌘
. (2)

In Equations (1) and (2), all quantities are expressed in atomic units. p is the
statistical weight of the entrance channel, ! is the angular frequency of the emit-
ted photon and the ket |✏, Ji represents a partial wave component of an energy-
normalized continuum wave function of the two nuclei corresponding to an en-
ergy ✏ at infinite internuclear separation. ✏i is the kinetic energy in the incoming
channel ✏i = E � Vi(1), ki =

p
2µ✏i is the associated wave number, µ is the re-

duced mass of the system and ✏f denotes the kinetic energy in the exit channel
✏f = E�Vf (1)� ~!i,f . If J is the total angular momentum in the entrance chan-
nel, then J 0 = J ± 1 are the two possible allowed total angular momenta in the
exit channel. In Eq. (1), hJ 0, ✏f |D(R)|✏i, Ji is the transition dipole moment (TDM)
between two energy-normalized continuum wave functions

hJ 0, ✏f |D(R)|✏i, Ji =
Z 1

0
F f
J 0(✏f , R)D(R)F i

J(✏i, R) dR (3)

where D(R) is the electronic dipole moment function. The continuum wave func-
tions behave like

F`(✏, R) ⇠
r

2µ

⇡k
sin(kR� `

⇡

2
+ �`) (4)

at large distance. In Eq. (2), the final state |v, Ji is a discrete, bound rovibrational
level of the ground electronic state of the CaRb+ molecular ion. Accordingly, the
transition dipole moment becomes

hJ 0, v|D(R)|✏i, Ji =
Z 1

0
�f
vJ 0(R)D(R)F i

J(✏i, R) dR. (5)

Here, �v,J is a rovibrational wave function of the molecule normalized to unity.
Our calculations cover an entrance-channel energy range from 10�5 cm�1 to

50 cm�1. As a consequence, up to 200 partial waves have to be taken into account
in the calculations to obtain converged cross sections. The high J values and low
energies render it necessary to propagate the continuum wave function in the en-
trance channel to very large values of the internuclear distance R ⇡ 20000 a.u. to
ensure that the classically-allowed region situated at long range behind the cen-
trifugal barrier is reached. Moreover, in the integral over the exit-channel energy
appearing in Eq. (1), an upper limit ✏max

f =1000 cm�1 and an integration step size

d✏f= 1cm�1 have been used to ensure convergence. In order to simplify the cal-
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transition dipole moments (TDMs)

• Radiative charge transfer:

• Radiative association:

collision energy of  reactants kinetic energy of  products

• Non-radiative charge transfer:

�NRCT =
⇡~2p
2µE

1X

J=0

Pi f (J, E)(2J + 1) M. Tacconi et al., PCCP 13(2011), 19156

where p is the statistical weight of  the initial scattering state and Pif is the non-
adiabatic transition probability between the initial and the final scattering state. 
If  the non-adiabatic transition is effected by spin-orbit (SO) coupling (as in Ca+ + 
Rb), then Pif can be formulated as: Pi f (J, E) =

����2µ
Z 1

0
h f |Hso | i idR

����
2

with Hso ... SO coupling operator
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Transition to universal classical dynamics:

• Couplings localized in deep 
potential well: TDMs independent 
of  collision energy εi 

• TDMs independent of  J for large J: 
factor TDMs out of  sum over J 

• Thus: � / J2max/k2i ⌘ b2max
as predicted by classical 
collision theory 

• For      bmax / ✏�1/4i ) k = const.

Thus, the energy dependence of  the rate constants can be explained in terms of  a 
classical collision model in line with Langevin theory. The absolute magnitude of  
the rate constants, however, is determined by the strength of  the short-range non-
adiabatic and radiative couplings.
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Engineering excited-state interactions 

M. Mills et al., PRL 122 (2019), 233401

Collisions with atoms in excited states, e.g., populated 
by excitation during laser cooling, are suppressed 
when the time for collision is comparable or longer 
than the lifetime of  the excited state, e.g., in the Ca - 
Yb+ system. In this case, the excited state of  the atom 
decays before reactive processes such as charge 
exchange can occur at short range.

Charge exchange (CE) in the excited  
1P1 state of  Ca with Yb+ is 

suppressed by spontaneous 
emission during the collision before 
the system can reach the CE region 

at short distances.

occurs to the Ca!"4s 2S1=2# ! Yb"5d6s 3D2# exit channel.
The Ca!"4s 2S1=2# ! Yb"5d6s 3D3# channel is energeti-
cally inaccessible to this entrance channel, and the
Ca!"4s 2S1=2# ! Yb"5d6s 3D1# channel is only crossed at
short range R ! 25 a0, where the estimated couplings
between these diabatic potentials, using the Heitler-
London method [24], are too large to significantly con-
tribute to the rate coefficient. More details about the
potentials, diabatic couplings, and calculation are given
in our accompanying paper [25].
Therefore, the nonradiative charge transfer is primarily

driven by coupling of the j!j $ 1=2 entrance channel
diabats at their crossings with the exit channels. In the
diabatic representation, this coupling arises from the
molecular electrostatic interaction and therefore conserves
!, implying that only charge transfer to the j!j $ 1=2 exit
channel diabats, at crossing points Rc $ 40.7 a0 and
42.3 a0, is relevant. Since the electronic basis functions
are very different for the two channels, the nonadiabatic
coupling is localized and approximated by identical
Lorentzians centered at each Rc. The half-width of this
Lorentzian, R0, is chosen to match the experimentally
determined charge-transfer rates. In the absence of any
additional means to overcome reaction blockading, the
atom-ion pair can reach these crossing points and undergo a
charge-exchange reaction via two pathways. The first
pathway is directly on the Ca"4s4p 1P1# ! Yb!"6s 2S1=2#
entrance channel, where we determine the population of Ca
atoms in the 1P1 state by solving a rate equation derived
from the optical Bloch equations, which includes the
distance-dependent detuning of the MOT beams [26].
The second pathway describes a collision on the photon-
dressed Ca"4s2 1S0# ! Yb!"6s 2S1=2# state, which is coupled
to the Ca"4s4p 1P1# ! Yb!"6s 2S1=2# state via the MOT

laser. Because the MOT laser is tuned 2! ! 34.6 MHz
below the asymptotic transition energy, as the atom and ion
collide the laser is shifted into resonance. At this point,
there is a resonant amplification of the coupling to the
Ca"4s4p 1P1# ! Yb!"6s 2S1=2# state by the molecular inter-
action due to the large density of states near the threshold.
Using the infinite-order sudden approximation (IOSA)

[27–30], a coupled-channels calculation is performed on
these potentials to determine the charge-transfer cross
section, ""E;l#. The effect of spontaneous emission is
included by classically computing the collision time on the
entrance channel and determining the probability p"E;l#
for a colliding pair to survive to Rc without spontaneously
emitting. The charge transfer rate constant is then deter-
mined as

k $
X"

l$0

"2l! 1#p"E;l#""E;l#v"E#; "1#

where l is the average orbital angular momentum quantum
number used in the IOSA, E is the collision energy, v"E# $!!!!!!!!!
E=#

p
is the relative velocity, and # is the reduced mass.

The resulting rate constant is displayed alongside the data
in Fig. 1(d) for R0 $ 0.39 a0, with and without the inclu-
sion of p"E;l#. A detailed description of the excited-state
potentials and charge transfer can be found in [25].
Given that this reaction blockading is expected to occur

in all low-temperature excited-state collisions, it is desir-
able to develop a method to remove it. Here, we demon-
strate one such means. Building on ideas developed for
control of hyperfine-changing collisions [12,20,31], we
apply a strong laser, dubbed the catalyst laser, that couples
the ground state with an excited state at short range. This
allows selection of the excited-state reaction channel and

(a) (b) (c) (d)

FIG. 2. Long-range diabatic potential energy curves. (a) Relevant long-range molecular potentials. The two crossings between
potentials relevant for charge exchange are indicated with black circular markers. The potential energy zero is located at the
Ca"4s2 1S0# ! Yb!"6s 2S1=2# dissociation limit. (b) The first pathway corresponds to a collision between an excited 4s4p 1P1 Ca atom
with a ground-state 6s 2S1=2Yb! ion. The charge-exchange (CE) crossing is shown by a red circle. The vertical wavy line represents
spontaneous emission to the ground Ca"4s2 1S0# ! Yb!"6s 2S1=2# channel. (c) The second pathway corresponds to a collision between a
ground-state 4s2 1S0 Ca atom with a 6s 2S1=2Yb! ion in the presence of a photon of the MOT laser. The dashed blue curve corresponds to
the dressed-state potential for this entrance channel. It has an avoided crossing with the excited Ca"4s4p 1P1# ! Yb!"6s 2S1=2# potential.
(d) In the presence of a catalyst laser, the incoming Ca"4s2 1S0# ! Yb!"6s 2S1=2# state is coupled to the reactive Ca"4s4p 1P1# !
Yb!"6s 2S1=2# state at short range, where spontaneous emission is unlikely before reaction.
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The introduction of  a "catalyst laser" at 
a suitable wavelength excites the 

system during the collision promoting 
charge exchange.

A "catalyst laser" laser can be introduced to excite the 
system right during the collision at short range thus 
promoting charge exchange in the excited channel.

may, in principle, be used to select a desired reaction
product in polyatomic systems.
The operation of the technique is sketched in Fig. 2(d),

where the CaYb! molecular potentials, dressed by the
photon energy of the applied laser, are shown. Near the
catalyst laser avoided crossing distance RCL, the catalyst
beam couples the upper and lower states, promoting the
complex to the Ca"1P1# ! Yb!"2S1=2# state at short range.
The probability of promotion can be estimated fromLandau-
Zener transition theory as P"!R# $ 1 ! exp f!!"!!R#2=
%2!v"!=!R#"E&g, where !R is the Rabi frequency of the
catalyst beam, v is the radial velocity, and "E is the energy
difference between the diabatic potentials [32]. Thus, for a
scattering event with rate constant k, this technique yields
an experimentally observable rate ko $ kP"!R#e!"t"RCL#="P ,
where "t"RCL# is the time required for the atom-ion pair to
propagate from RCL to short range and "P is the lifetime of
the excited state.
In order to test the catalyst laser technique at the lowest

possible collision energy, where the suppression is strong-
est, the ions cannot be shuttled, but must be arranged in a
stationary linear ion chain overlapped with the MOT.
Because of collisional heating effects [23,33,34], the linear
ion chain cannot be maintained during MOT exposure
without active laser cooling. However, if the ions are laser
cooled, the charge-exchange rates include collisions origi-
nating in the Yb!"2P1=2# and Yb!"2D3=2# states [35,36].
Therefore, in order to isolate the Ca"1P1# ! Yb!"2S1=2#
charge-exchange rate without the shuttling method, we
develop and implement a dual-isotope technique (see
Fig. 3) for collision rate measurement. Specifically, we

simultaneously trap both 172Yb! and 174Yb! ions, while
laser cooling only the 174Yb! ions, which, in turn, sym-
pathetically cool the 172Yb! ions. As the 172Yb! ions are
only sympathetically cooled, they remain in the 6s 2S1=2
state. Because of off-resonant scattering of the cooling laser
for the 174Yb! ions, it is necessary to apply a repumping
laser for the 172Yb! ions to prevent population from
accumulating in the 5d2D3=2 state. Therefore, by monitor-
ing the number of 172Yb! ions with time, we isolate and
measure the charge exchange of Ca"1P1# ! Yb!"2S1=2#.
Figures 4(a) and 4(b) show the results of using this

dual-isotope technique to monitor Ca"1P1# ! Yb!"2S1=2#
charge-exchange reactions as a function of the detuning and
intensity of the catalyst laser, respectively, at a collision
temperature of "50 mK. For large detunings, although
the atom-ion pair is promoted at a small value of RCL,
increasing the likelihood of reaching short range before
spontaneous emission, the large value of "!=!R#"E
and the high velocity of the reactants leads to a lower

FIG. 3. Dual-isotope technique. False-color fluorescence im-
ages of the Yb! ions and the Ca MOT (not to scale), illustrating
the dual-isotope method used to measure the low decay rate
of 172Yb!"2S1=2#. We first trap 172Yb! and 174Yb!, while laser
cooling only 172Yb! ions (shown in red), while 174Yb! ions
(shown as blue circles) remain dark. We then switch the 369 nm
cooling laser frequency to cool 174Yb! ions (shown in blue),
while the 172Yb! ions (shown as red dashed circles) remain dark.
We then overlap the MOT with the laser-cooled 174Yb! ions as
well as the ground-state 172Yb!"2S1=2# ions for a variable amount
of time. Finally, we cool and measure the final number of
172Yb! ions.
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FIG. 4. Removing suppression with addition of a catalyst laser.
Total charge-exchange rate coefficient as a function of catalyst
laser (a) frequency and (b) intensity. Plotted alongside exper-
imental data are the results of a coupled-channels calculation and
an estimate using the Landau-Zener approximation. For refer-
ence, the experimental rate with no catalyst beam is shown. Error
bars correspond to the standard error in experimental measure-
ments and error bands include uncertainties from the theoretical
simulations and experimental parameters. Horizontal error bars in
(a) are smaller than the plot marker. Details are found in the
Supplemental Material [37].
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Promotion of  charge exchange by a 
catalyst laser: Charge-exchange rate 
constant for Ca-Yb+ as a function of  

the detuning of  the catalyst laser 
from the 1S0-1P1 transition in Ca. 
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Cooling of  trapped ions by charge exchange (“swap” cooling)

K. Ravi et al., Nature Commun. 3 (2012), 1126

Rb+

Rb

fast ion, slow atom

Rb+

Rb

charge exchange

Rb

Rb+

slow ion, fast atom
ARTICLE

��

NATURE COMMUNICATIONS | DOI: 10.1038/ncomms2131

NATURE COMMUNICATIONS | 3:1126 | DOI: 10.1038/ncomms2131 | www.nature.com/naturecommunications

© 2012 Macmillan Publishers Limited. All rights reserved.

is greater or lesser than a certain critical impact parameter bcel,  
respectively. !e cross-section SL = Pb 2cel corresponding to this 
impact parameter is o"en referred to as the Langevin cross-section 
and the cross-section for charge-exchange tends to this value at low 
energies. At higher energies, the charge exchange is active outside 
the centrifugal barrier and we can de#ne a critical impact parameter 
for charge exchange bcx such that when b a bcx, the average probabil-
ity for RCx is 1/2 and for b > bcx the probability of RCx rapidly falls 
to zero. !e value of bcx is determined from the Rb + –Rb molecu-
lar potential21,22. !e two critical impact parameters bcel and bcx  
are plotted in Fig. 2 as a function of the approach velocity for the 
85Rb system. !e collision results in the change of ion velocity from 
clc`. !e kinematics of the collision are computed following the 
treatment in McDaniel15.

!e mean ion kinetic energy (�TK®) for the cases where only the 
elastic channel is active and both elastic and RCx channels are active 
is shown in Fig. 3. Ion cooling is clear from the reduction of mean 
kinetic energy per ion of the noninteracting ions in the trap with 
time. !e ions cool much faster when the RCx channel is active 
along with the elastic one. !e initial spatial distribution of the ions 
is taken to be much bigger than the FWHM of the atom density dis-
tribution to emphasize the role of compactness in the distribution 
of atoms for ion cooling.

Experimental results. Our hypothesis for ion cooling is experi-
mentally implemented and veri#ed by measuring the evolution of 
the ion population in the trap as follows. !e Rb dispenser and the 
quadrupolar magnetic #eld for the MOT are kept ON throughout 
the measurement. Initially, the MOT is loaded for Tml = 40 s until 
saturation, during which the ion trap RF #eld is kept OFF. Once 
the MOT is saturated, the ion trap’s RF #eld is switched ON and a 
small fraction of the atoms in the MOT are ionized by pulsing ON 
the ionizing blue light for Til = 1 s to load the ion trap. At the end 
of the ion-loading interval, the cold atoms can be retained in the 
trap or can be ejected within a few milliseconds by simultaneously 
switching OFF the cooling and repumper lasers with a mechani-
cal shutter. !e ions are trapped for a further hold time, Tih, either 
without MOT atoms or with MOT atoms, following which they are 
extracted onto the channel electron multiplier (CEM) by switching 
VECS. !e ion count detected on the CEM is measured as a function 
of Tih separately for the two cases.

!e CEM ion counts versus Tih is plotted in Fig. 4a and the FWHM 
of the ion arrival time-of-$ight (ToF) distribution in Fig. 4b. When 

the MOT is switched o%, all the ions exit the trap by Tih y 15 s and 
the ToF FWHM increases rapidly. !e rapid loss of ions from the 
trap, and the increase in the width of the arrival time distribution 
are shown in the insets of Fig. 4a,b, respectively. On the other hand, 
when the ions are held in the presence of the MOT, for Tih q 1 s, the 
ion loss rate from the trap drops and so does the FWHM of the 
ion ToF distribution. Beyond Tih q 2 min, the number of trapped 
ions stabilizes to a constant value, wheras the width of the ToF dis-
tribution decreases, indicating that ion cooling is still under way. 
We therefore conclude that a number equilibrium between daugh-
ter ions and laser-cooled parent atoms is achieved and a thermally  
stable equilibrium exists within experimental means.

Determination of the trapped ion-heating rate. !e analysis of the 
ion–atom heat exchange #rst requires the ion heating rate in the 
absence of the MOT atoms. !is is computed from the experimental 
data using a Monte–Carlo calculation for a noninteracting distribu-
tion of ions, to model the loss of ions from the trap in the absence of 
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Figure 3 | Numerical results for collisional cooling of ions. The fall in 
average ion kinetic energy as a function of the total number of collision 
events (which corresponds directly to evolution time) for the simulation 
of 100 independent ions with the localized atoms. Here the green and blue 
lines represent elastic and elastic + RCx collisions, respectively. In both 
cases �TK® decreases with collision number. However, we note that for the 
elastic + RCx collision, the reduction in �TK® requires fewer collisions when 
the ions are more energetic.
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Figure 4 | Experimental demonstration of ion cooling. Evolution of 
trapped ion population and distribution is experimentally determined when 
the ions are held in the trap without MOT atoms (red filled circles) and 
with MOT atoms (blue empty circles). (a) Plots the number of Rb +  ion 
counts as a function of Tih. Without a MOT, the ions exit the trap rapidly, 
whereas with cold atoms the ion loss is much slower and a stable number 
of ions (187 o 9) is trapped without detectable loss beyond Tih q 2 min. The 
inset in (a) shows the detail of the ion loss (red circles) when the ions are 
held without the MOT atoms. This ions loss is fitted with a function (black 
solid line) obtained by the Monte–Carlo model described in the text.  
(b) Illustrates the variation of the FWHM of the ion ToF distribution 
against Tih. In the absence of the MOT atoms, the FWHM increases in  
time as the trap empties out, the detail of which is shown in the inset.  
In contrast, when ions are held with the MOT atoms, a systematic 
decrease in the ion ToF distribution is seen, consistent with ion cooling.  
For Tih q 2 min, when the trapped ion number has stabilized, the ToF  
width is still decreasing indicating continued ion cooling, as illustrated  
by a least square fit to the last six data points. The statistical s.d.e. bars  
are shown.
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Three-body recombination processes between two 
ultracold atoms colliding with an ion

relatively high ion energies (! 35 mK " kB [18]). Plotted is
the number of remaining atoms after an atom-ion interac-
tion time !. Each data point corresponds to a single mea-
surement. Overall, the plot shows a relatively smooth
decay of the atom cloud with a relative scatter of the
atom number of less than 10%. This changes drastically
when we carry out the experiments at low ion energies
(! 0:5 mK " kB [18]) and larger densities (! 1012 cm#3)
[Fig. 1(b)]. Here, the scatter dramatically increases with !
and is on the order of the number of lost atoms. In Fig. 1(c)
histograms are shown which contain the data of Fig. 1(b).
With increasing time !, the initial Gaussian distribution
develops a striking tail towards large atom numbers. At the
tips of the tails we find cases where even after interaction
times of several seconds barely any atoms have been lost, a
signature of missing atom-ion interaction. Apparently,
sporadically the ion is ejected from the atom cloud and
promoted onto a large orbit for a period of time during
which atom-ion collisions are negligible [Fig. 2(a)]. In
principle, this is reminiscent of the energy distributions
with high energy tails that have recently been predicted for
trapped ions immersed in a buffer gas [15,16]. However, it
turns out that such an explanation is inconsistent with our
observations on the grounds of energetics and scaling.
Rather, we find that it is a three-body recombination pro-
cess involving the ion and two neutrals that ejects the ion
from the cloud. Due to the large trap depth the ion is not

lost in such an event, but it is recooled back into the cloud
through binary collisions after some time.
Figure 2(b) illustrates in a simple picture how the decay

of the atom number over time can follow different paths.
The solid trace T1 shows the case when only binary atom-
ion collisions occur. Such traces result in the narrow
Gaussian peak of the atom number distribution shown on
the right of Fig. 2(b). Traces T2 and T3 exhibit three-body
collisions at points E2 and E3. At point R2 the ion reenters
the atom cloud after an interruption time tout. Rare three-
body events and long times tout result in a long tail of the
distribution. We can reproduce the histograms in Fig. 1
with a simple Monte Carlo type simulation (for details see
Supplemental Material [19]). We assume an initial
Gaussian distribution of the atom number which then
decays exponentially with the binary atom-ion collision
rate K2nat. Here, K2 is a rate constant given by the product

FIG. 2 (color online). (a) Illustration of an atom-atom-ion
collision. (I) Two atoms simultaneously enter the interaction
radius of the ion and a three-body process takes place. (II) The
three-body reaction ejects the ion onto a trajectory much larger
than the atom cloud. (b) Illustration of our simple model. Left:
Various possible time traces for the atom number. If only binary
atom-ion collisions occur the atomic sample decays exponen-
tially (Trace T1). Three-body events (E2, E3) interrupt the atom
loss until the atom is recooled and reenters the sample at point
R2 (Traces T2 and T3). Right: Atom number histogram from
Fig. 1(c) (! $ 8 s) and the corresponding simulation result (solid
black line). (c) Plot of the probability Pthree-body for initial atomic

densities %1:8; 1:1; 0:7; 0:3& ' 1012 cm#3 and atom numbers
%6:5; 4:0; 2:8; 1:6& ' 104, respectively. The solid lines are results
of the numerical simulation.

FIG. 1 (color online). Decay of the atom cloud under influence
of a single trapped ion. (a) Remaining atom numbers after
interaction time ! for an ion with Eion ! 35 mK " kB [18] and
nat ! 1011 cm#3. The solid line indicates the decay of the mean
atom number. (b) Same as (a) but Eion ! 0:5 mK " kB [18] and
nat ! 1:1' 1012 cm#3. (c) Histograms containing the data
shown in (b).
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relatively high ion energies (! 35 mK " kB [18]). Plotted is
the number of remaining atoms after an atom-ion interac-
tion time !. Each data point corresponds to a single mea-
surement. Overall, the plot shows a relatively smooth
decay of the atom cloud with a relative scatter of the
atom number of less than 10%. This changes drastically
when we carry out the experiments at low ion energies
(! 0:5 mK " kB [18]) and larger densities (! 1012 cm#3)
[Fig. 1(b)]. Here, the scatter dramatically increases with !
and is on the order of the number of lost atoms. In Fig. 1(c)
histograms are shown which contain the data of Fig. 1(b).
With increasing time !, the initial Gaussian distribution
develops a striking tail towards large atom numbers. At the
tips of the tails we find cases where even after interaction
times of several seconds barely any atoms have been lost, a
signature of missing atom-ion interaction. Apparently,
sporadically the ion is ejected from the atom cloud and
promoted onto a large orbit for a period of time during
which atom-ion collisions are negligible [Fig. 2(a)]. In
principle, this is reminiscent of the energy distributions
with high energy tails that have recently been predicted for
trapped ions immersed in a buffer gas [15,16]. However, it
turns out that such an explanation is inconsistent with our
observations on the grounds of energetics and scaling.
Rather, we find that it is a three-body recombination pro-
cess involving the ion and two neutrals that ejects the ion
from the cloud. Due to the large trap depth the ion is not

lost in such an event, but it is recooled back into the cloud
through binary collisions after some time.
Figure 2(b) illustrates in a simple picture how the decay

of the atom number over time can follow different paths.
The solid trace T1 shows the case when only binary atom-
ion collisions occur. Such traces result in the narrow
Gaussian peak of the atom number distribution shown on
the right of Fig. 2(b). Traces T2 and T3 exhibit three-body
collisions at points E2 and E3. At point R2 the ion reenters
the atom cloud after an interruption time tout. Rare three-
body events and long times tout result in a long tail of the
distribution. We can reproduce the histograms in Fig. 1
with a simple Monte Carlo type simulation (for details see
Supplemental Material [19]). We assume an initial
Gaussian distribution of the atom number which then
decays exponentially with the binary atom-ion collision
rate K2nat. Here, K2 is a rate constant given by the product

FIG. 2 (color online). (a) Illustration of an atom-atom-ion
collision. (I) Two atoms simultaneously enter the interaction
radius of the ion and a three-body process takes place. (II) The
three-body reaction ejects the ion onto a trajectory much larger
than the atom cloud. (b) Illustration of our simple model. Left:
Various possible time traces for the atom number. If only binary
atom-ion collisions occur the atomic sample decays exponen-
tially (Trace T1). Three-body events (E2, E3) interrupt the atom
loss until the atom is recooled and reenters the sample at point
R2 (Traces T2 and T3). Right: Atom number histogram from
Fig. 1(c) (! $ 8 s) and the corresponding simulation result (solid
black line). (c) Plot of the probability Pthree-body for initial atomic

densities %1:8; 1:1; 0:7; 0:3& ' 1012 cm#3 and atom numbers
%6:5; 4:0; 2:8; 1:6& ' 104, respectively. The solid lines are results
of the numerical simulation.

FIG. 1 (color online). Decay of the atom cloud under influence
of a single trapped ion. (a) Remaining atom numbers after
interaction time ! for an ion with Eion ! 35 mK " kB [18] and
nat ! 1011 cm#3. The solid line indicates the decay of the mean
atom number. (b) Same as (a) but Eion ! 0:5 mK " kB [18] and
nat ! 1:1' 1012 cm#3. (c) Histograms containing the data
shown in (b).
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Probability for a three-body recombination 
process as a function of  the interaction time 

for different atom densities nat

(I) Two Rb atoms simultaneously enter the 
interaction region with a Rb+ ion. (II) A Rb2 

molecule is formed in a three-body collision. 
The energy released in the process sends 

the Rb+ on a large trajectory in the trap.

A. Krükow et al., PRL 116 (2016), 193201

(see blue and red solid lines). In general, the overall
magnitude and energy dependence of k̄3 is reproduced
by the presented ab initio CTC treatment down to the mK
regime, which is remarkable as Emin is the only free
parameter.
We now turn to briefly discuss the molecular products

after TBR. In a previous study of TBR for He, it was
suggested that the binding energy of the products is
correlated with the collision energy [18]. We find again
the same behavior for TBR of an ion with two atoms.
Figure 4(a) shows two logarithmically binned histograms
of molecular binding energies after TBR. The maximum
of each histogram can be considered the typical binding
energy and is shown in Fig. 4(b) as a function of the
collision energy Ecol. A fit to a power-law dependence gives
Ebinding ! E0.88!0.02

col for the energy range investigated here.
Thus, our calculations suggest that the formation of deeply
bound molecules after TBR should be highly improbable
at low collision energies.
The present CTC results also suggest that BaRb" should

be the dominant product state of the three-body recombi-
nation in the collision energy range considered here.
Indeed, we have observed the formation of BaRb" ions
in our experiment. However, collisional or light induced
secondary processes lead to short lifetimes. A detailed
study of the initial TBR products and involved secondary
reactions is currently in progress and needs to be discussed
elsewhere.

In conclusion, we have investigated the energy scaling of
three-body recombination in an atom-ion system down
to mK energies. Single Ba" ions in contact with ultracold
Rb atoms have been used to measure the TBR rate
coefficient k̄3. Utilizing classical trajectory calculations,
we numerically accessed the TBR rate coefficient k3 for the
Ba" " Rb" Rb system for various collision energies. We
find a power law scaling of the form k3#Ecol$ " E!

col with an
exponent ! % #3=4. Our experimental and theoretical
studies indicate that the presence of several energy scales
gives rise to energy distributions of the immersed ion that
impede a direct application of scaling laws to the measured
data. The obtained energy scaling provides an important
insight for prospects of atom-ion experiments in the ultra-
cold regime, as the already strong TBR rate observed here
will increase by another three orders of magnitude once the
s-wave regime at 50 nK is reached.
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Limits to sympathetic cooling:  
Micromotion heating of  ions by (ultracold) buffer gases

• Due to the time-varying fields in RF ion traps, the ions undergo a fast oscillating 
motion driven by the RF fields ("micromotion") in addition to a slow thermal 
("secular") motion (see chapter 1) 

• The micromotion vanishes in the centre of  the trap where the RF fields are zero, 
but does not vanish elsewhere 

• It usually represents the dominant contribution to the ion kinetic energy

1D phase-space trajectory of  an ion with (blue) 
and without (red) micromotion

Micromotion-Induced Limit to Atom-Ion Sympathetic Cooling in Paul Traps
M. Cetina et al., PRL 109 (2012), 253201
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Figure A1. The phase-space trajectory of an ion in a radiofrequency trap with qj = 0.1, aj =

�0.000625/2,⌦ = 20 ⇥ 2⇡ MHz, an amplitude of Aj = 1 µm, and the phase set to �j = 0. (a) The tra-

jectory over one period of the secular motion comparing the exact solution to the Mathieu equation (solid line)

to the secular motion (dashed line). (b) The velocity of the ion close to the centre of the trap, r = 0, shown

for multiple periods of the secular motion to highlight the presence of micromotion at the centre of the trap.

We estimate the magnitude of this e↵ect as follows. Using the Fourier series defini-
tions for cej(⌧), sej(⌧) and trigonometric identities, it can be shown that,

cej(⌧)
2 + sej(⌧)

2 =
X

m,n

c2m,jc2n,j cos[2(m� n)⌧ ]. (A4)

As a result of the terms in this sum with m 6= n, this function is time dependent and
contains components with frequencies of integer multiples of ⌦. Evaluating Eq. (A4)
for m,n 2 (�1, 0, 1), and using the approximate values for the Mathieu coe�cients
c0 = 1, c±2,j = �qj/4 [3], we find,

cej(⌧)
2 + sej(⌧)

2 ⇡ 1� q cos(2⌧). (A5)

The velocity is therefore approximated by,

vj(⌧, rj = 0) ⇡ ± AjWjp
1� qj cos(2⌧)

, (A6)

and expanding this as a Taylor series to first order in qj around qj = 0 we obtain,

vj(⌧, rj = 0) ⇡ ±AjWj [1 +
qj
2
cos(2⌧)]. (A7)

An approximate value for the Wronskian Wj can be found using the m = 0 terms of
the Fourier series expansions of cej(⌧), sej(⌧), which produces Wj ⇡ c2

0
�j . Using this

2

I. Rouse and SW, Mol. Phys. 117 (2019), 3120
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• Even if  the ions are perfectly aligned with the RF null line in the centre of  a linear 
Paul trap, they are pulled away by attractive interactions during the collision with 
a neutral particle 

• The RF field can does perform work on the ion during a collision, ultimately 
leading to heating and setting limits to the collision energy

M. Cetina et al., PRL 109 (2012), 253201

will gain or lose energy on the order of W0, leading to a
randomwalk in energy until the atom finally unbinds. Then
!E depends sensitively on the rf phases at each hard-core
collision spaced in time by many rf cycles, leading to a
sharp dependence of!E on the rf phase! during the initial
collision for "<!< 2" (Fig. 2). Using the approach
below, we calculate the net average energy gain for 0<
!< 2" and ma=mi ! 1=2, q ! 0:1 as h!Ei ! 1:0W0.

To verify the above heating model, we numerically cal-
culated classical trajectories of low-energy one-dimensional
collisions as a function of !, ma=mi and q (Figs. 2 and 3).
The ion was initially held at the trap center while the atom
followed the analytic trajectory (1). At a critical ion-atom
distance r0, the ion was displaced so that the trap’s secular
force would balance the atom’s attraction, while keeping its

velocity zero. Choosing r0 ! 3:8"1#mi=ma$1=3R ensured
that for all the trap parameters in this Letter, the ion’s initial
micromotion energy was smaller than 10%5W0 and both the
atom’s kinetic energy andU"r0$ were smaller than 10%2W0.
The equations of motion were integrated using the
Dormand-Prince explicit Runge-Kutta method: away from
collision points, the integration variable was time while near
the collisions the ion-atom distance r was used with a hard-
core radius # ! 10%3"1#mi=ma$1=3R. The integration was
stopped when the atom reached a distance ra ! 2:1r0 much
larger than the ion motion, at which point the total secular
energy of the system was evaluated. We confirmed the
accuracy of our integration by replacing the rf potential
with a time-independent secular potential and confirming
energy conservation at the level of 10%3W0.
Figures 3(a) and 3(b) show the numerically calculated

maximal energy gainWmax in the initial collision as a function

FIG. 1 (color online). Trajectories of an ion ri"t$ and an atom
ra"t$ during a classical one-dimensional low-energy collision.
The atom of mass ma approaches the ion of mass mi ! 2ma held
in the center of a rf trap with secular frequency ! ! 2"=T and
Mathieu parameter q ! 0:1, leading to a hard-core collision at
ri ! ra ! rc, t ! 0 and rf phase !. For ! ! "=2 (dotted lines),
the rf field adds energy to the system, causing heating. For ! !
3"=2 (solid lines), the rf field removes energy, binding the atom
to the ion and causing further collisions at various rf phases until
enough energy is accumulated to eject the atom.
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FIG. 2. Change !E in the total secular energy of a colliding
ion-atom system (ma=mi ! 1=2, q ! 0:1), as a function of the rf
phase ! during the first hard-core collision. For 0<!< ", the
system undergoes only one collision with energy gain compa-
rable to the analytic prediction (3) (solid line). For "<!< 2",
the atom is bound and undergoes several collisions with the ion
before eventually escaping.
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FIG. 3. Maximal energy gain Wmax in a low-energy one-
dimensional ion-atom collision as a function of the atom/ion
mass ratio ma=mi with Mathieu parameter q ! 0:1 (a) and as a
function of q with ma=mi ! 1=2 (b). Data points are numeric
calculations. The solid lines correspond to Wmax ! Q, while the
dashed lines represent Wmax ! W0.
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FIG. 4 (color online). (a) Distribution of numerically computed
secular energy gains in 2883 random low-energy collisions
between a free 87Rb atom and a 174Yb# ion held in the three-
dimensional trap from Ref. [2], in units of the three-dimensional
micromotion heating energy scale W3D

0 ! 4 W0="3"$. Inset (b)
shows a sample ion-atom collision trajectory.
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Examples of  trajectories of  an ion and an atom during a 
classical 1D low-energy collision at different phases φ of  the 
RF field.  
φ=π/2: collision leads to heating of  ion 
φ=3π/2: initial removal of  energy from the ion, but frequent 
recollisions lead to eventual heating

which is used to recast Eq. (10) into the form

fE0!E0" #
Z

!0#!

!0#0

E0k!0k$1

!!k$ 1"
e"E

0!0f!!!0"d!0: !12"

Equation (12) has the form of a Laplace transform L. For
general distributions f!!!", f"!"" one gets

f!!!0" #
Z

"#!

"#0
"f!!"!0"f"!""d": !13"

A repeated application of Eq. (13) and substitution into
Eq. (12) can then be performed to obtain the energy
distribution of an ion after n collisions.
Thus, we formulate a recurrence relation for ! after

collision number i,

!i # !i"1="i: !14"

Since the ion is initially in a thermal state, we take !0 to be
constant. After n collisions starting from !0, we get

!n # !0
Yn

i#1

1="i: !15"

Each value of " is assumed to be independently and
identically distributed, and so by applying the central limit
theorem the product

Qn
i#1 1="i is log-normally distributed

for large n [39]. Hence, from Eq. (11) we write

f!n!!n" #
1!!!!!!!!

2#n
p

$!n
exp

"
"
!ln !n " ln !0 $ n%"2

2n$2

#
;

!16"

where % # hln "i and $2 # h!ln ""2i " hln "i2.
We now return to the energy distribution. By inserting

Eq. (16) into Eq. (12), we obtain,
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We use the Laplace integration method [41] to find an
approximate analytical solution for k # 2. We obtain

fEn
!En" #

!̂3E2
n

4

!!!!!!!!!!!!!!!!!!!!!!!
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q exp!"!̂En"
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erf

 !!!!!!!!!!!!!!!!!!!!!!!
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#

! exp
"
"
n$2

2
!!̂En " 2"2

#
; !18"

where !̂ is the point at which the integrand of Eq. (17) is
maximal. In the high-energy limit for k # 0, Eq. (18) has
been shown to exhibit an exponential decay [42,43]. From
the general property of the Laplace transform,

L%!k$1f!!!"& # !"1"k$1 dk$1

dEk$1
L%f!!!"&; !19"

it follows that if the high-energy behavior for k # 0 is an
exponential decay, then this holds true for any integer value
of k. Thus, we conclude that a purely multiplicative model
of the heating process does not lead to Tsallis statistics,
which is characterized by a power-law tail for the distri-
bution at high energies.
In order to test the validity of Eq. (18), a series of

simulations were performed at a buffer gas temperature
T # 0 K and varying the mass ratio or number of colli-
sions. The results are plotted in Fig. 2 along with the
distributions computed from Eq. (18). The % and $
parameters were computed from numerical distributions
f"!"" such as the ones shown in Fig. 1. At low collision
numbers, the agreement is generally poor, which is
expected due to the assumption in the derivation of
Eq. (18) that the central limit theorem can be applied.
Moreover, for all collision numbers, the agreement is not as
good at low energies due to the Laplace integration method
being valid only in the limit E ! !. However, for higher
energies and numbers of collisions, Eq. (18) becomes an
increasingly better representation of the simulated data.
For comparison, the numerical data for 25 collisions at a

mass ratio of 1.0 are presented in Fig. 3 together with the

(a)

(b)

FIG. 2. (a) Energy distributions of an ion in a rf trap after n
collisions with a neutral buffer gas at zero kelvin with a mass ratio
~m # mn=mi # 1.5. (b) The ion-energy distribution after 25
collisions at a range of mass ratios. The lines show corresponding
energy distributions computed with Eq. (18). The points show
numerical data sampled after 100 000 simulations.

PRL 118, 143401 (2017) P HY S I CA L R EV I EW LE T T ER S
week ending
7 APRIL 2017

143401-3

Simulated energy distributions of  a cold ion in an RF trap after 
25 ion-neutral collisions for different neutral-ion mass rations  
mn/mi for a buffer gas held at T=0 K. The micromotion heating 
becomes more pronounced with increasing mn/mi, i.e., heavier 
buffer gases.

I. Rouse and SW, PRL 118 (2017), 143401

• The heating induced by the micromotion depends on the mass ratio of  the neutral 
and the ion. Cold buffer gases which are too heavy do not, in fact, lead to cooling, 
but to heating of  the ions. F. G. Major and H. G. Dehmelt, Phys. Rev. 170, 91 (1968)
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• This effect can be mitigated by a localisation of  the buffer gas, i.e., for cases in 
which the ion trajectory is larger than the extent of  the buffer gas

number of surviving ions emerges. The larger survival
probability of the trapped 39K! ions in the presence of the
85Rb MOT can be explained only by the cooling of the
trapped ions by the 85Rb MOT atoms [12,13]. If, instead,
the ions were heating, the survival probability for 39K! ions
would be lower when in contact with 85Rb MOT atoms.
The experiments were repeated with 40K! ions instead of
39K! ions, and cooling of 40K! ions by 85Rb atoms was
also observed. The cooling of 39K! ions occurs because the
ultracold 85Rb atoms are localized precisely at the center of
the ion trap, and Va ! Vi, where Va (Vi) is the volume of
the trapped atoms (ions).
The experiment in Fig. 2(a) is repeated nine times—in

each case, the ion decay is relatively fast up to t " 5 s, and
two cases, with and without a MOT, are indistinguishable,
consistent with the 85RbMOT loading time. For t # 5 s, the
number of ions N"t# in both cases decays exponentially but
with different lifetimes. We fit a single exponential decay
of the form N"t# $ Nie!k"t!5# to obtain the ion loss rate
without a MOT (k1) and with a MOT (k2) for each of the
nine data sets. The mean values from the nine experimental
runs are k1$0.089"0.014# s!1 and k2 $ 0.056"0.018# s!1,
where the values in the parentheses are the standard
deviation (s.d.) of means. The corresponding lifetimes

without a MOT and with a MOT are !1 $ 11.2!2.2
!1.6 s and

!2 $ 17.8!8.2
!4.3 s, respectively. The increase in the ion life-

time is due to the cooling of 39K! ions by the ultracold
85Rb atoms in the MOT.
In Fig. 2(b), we plot, for t # 5 s, the ratio between the

number of trapped 39K! ions in the presence and absence of
the 85Rb MOT, obtained by averaging over the nine
experimental runs. The ratio increases with increasing t,
and a fit to an expression of the form Aekeff"t!5# yields A $
1.02"%0.04# and keff $ 0.0293"%0.0024# s!1. The agree-
ment between keff and (k1 ! k2) provides a consistency
check on the fits and ascertains the observed increase in ion
lifetime. The ion temperature without and with a MOT
increases approximately at rates $k1U and $k2U, respec-
tively, and thus the estimated net cooling rate (R) due to the
presence of the MOT is R $ keff U $ 14.7% 1.2 meV=s
(see Supplemental Material [28] for an ion cooling model).
In addition to the 85Rb MOT, there is the presence of the

background gas (b.g.) of Rb, trace amounts of K, and other
unidentified gases in our chamber. We observe that the K!

ion cooling is suppressed [Fig. 2(b)], when performing the
same experiment at an elevated b.g. pressure (obtained by
operating the Rb dispenser at higher currents), while
adjusting the MOT parameters such that the MOT numbers
and density are approximately the same. The Rb back-
ground vapor contributes to the heating of the 39K! ions
consistent with ion heating by uniform buffer gas atoms of
higher mass as predicted initially by Major and Dehmelt
[15] and recently by others [16–18].
We note that, in earlier experiments with 85Rb! and 85Rb

[12,24], the cooling of ions was faster, because the ions and
atoms were of the same mass, for which collisional cooling
is more efficient, and, in addition, resonant charge
exchange (RCE) might also have been active [30,31].
Since K and Rb are different species, RCE is not possible,
but nonresonant charge exchange (nRCE) is. However,
careful experimental tests allow us to conclude that this
channel is too weak [32] and is not detected in our
experiment (see Supplemental Material [28]). Therefore,
the dominant cooling channel is multiple elastic collisions,
which reduces the cooling rate of the 39K! ions by the 85Rb
MOTas compared to the cooling of 85Rb! by 85Rb [12,24].
The essence of the present experiment is that, in the ideal
situation with no background gas, a spatially small MOT at
the precise center of the ion trap would always cool a
trapped ion via elastic collisions, irrespective of the ion-
atom mass ratio but at different rates.
Rubidium ion cooling by cesium atoms.—To further

validate our results, we perform another experiment in an
entirely different experimental apparatus consisting of a
linear Paul trap for 85Rb! ions [12,21] and a MOT for
ultracold 133Cs atoms (see Supplemental Material [28]). To
demonstrate cooling of 85Rb! ions by 133Cs atoms, we
follow an experimental sequence similar to Fig. 1(d) except

FIG. 2. (a) The number of 39K! ions remaining in the ion trap
for different values of the hold time either in the absence (squares)
or the presence (circles) of the 85Rb MOT. The dotted and the
solid lines are single exponential fits for the respective cases. The
increase in the survival probability of trapped 39K! ions in the
presence of the 85Rb MOT indicates the cooling of 39K! ions.
The error bars represent the width (1 s.d.) of the underlying ion
number distribution. (b) The ratio between the number of trapped
39K! ions in the presence and absence of the 85Rb MOT, for low
(% 5.9 ! 10!10 Torr) background partial pressure of Rb (sym-
bols) and for high (# 8.3 ! 10!10 Torr) background partial
pressure of Rb (dotted line). The shaded region represents 1
s.d. for the measurements at high background pressure. At a high
background pressure, the cooling of 39K! ions (indicated by
ratios> 1) is not experimentally discernible. The solid line is a fit
to an exponential for the low background pressure case. The
quoted partial pressure of Rb was obtained from the loading rate
of the 85Rb MOT [29].
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S. Dutta et al., PRL 118 (2017), 113401

Number of  39K+ ions remaining in an ion trap as a function of  
the hold time with and without a localised buffer gas of  
ultracold 85Rb atoms held in a MOT. The localisation of  the 
buffer gas leads to a partial cooling of  the initially hot ions 
(prolonging their trap lifetime) in spite of  the adverse neutral-
ion mass ratio. 
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• Interactions of  ultracold Rb atoms 
(T≈5 μK) with Sr+ ions cooled to 
the motional ground state of  the 
trap:
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tric field of the ion, leading to an attractive potential
V (r) = �C4/2r4. Here, r is the atom-ion separation
and C4, which is proportional to the polarizability of
the atom, characterizes the interaction strength. Clas-
sically, atom-ion collisions are divided into glancing and
Langevin (spiraling) collisions by the scattering impact

parameter bc =
⇣

2C4
Ecol

⌘ 1
4
, where Ecol is the collision en-

ergy. Glancing collisions, which have a larger impact pa-
rameter than bc, are purely elastic and involve only very
small momentum transfer. In contrast, Langevin colli-
sions involve large momentum transfer and can also lead
to inelastic processes such as spin exchange or relaxation
[30], charge exchange [3], molecule formation [22] and
three-body recombination [31]. While the loss of atoms
from the trap in the presence of an ion is dominated
by glancing collisions [11] we expect the heating of the
ion to be dominated by the large momentum transfer of

Langevin collisions, the rate of which, �L = 2⇡
q

C4
µ nat,

is energy independent. For our experimental parameters
(reduced mass µ = matmion

mat+mion
⇡ 1

2mion and atomic peak

density nat ⇡ 1.2 · 1012 cm�3) the mean time between
Langevin collisions is tL = 1/�L = 0.35 ms.

During collisions the ion’s energy distribution develops
a power-law tail [11, 16, 27, 32]. We use the Tsallis distri-
bution which is a generalization of the thermal Maxwell-
Boltzmann distribution to fit both our simulation and
experiment results [15],

P (E) = An
E2

⇣
1 + E

nkBT

⌘n . (1)

Here, An = (n�3)(n�2)(n�1)
2(nkBT)3 is a normalization factor, kB

is the Boltzmann constant, E is the ion’s energy and T
and n are parameters of the distribution. In the liter-
ature, Tsallis functions are usually defined with the q-
parameter, qT . Here we define n = 1

q
T
�1 such that in

the limit of n!1 (qT!1) the distribution in Eq. 1 be-
comes a thermal distribution of a 3D harmonic oscillator:
P (E) / E2e�E/kBT. For smaller n-values the distribu-
tion exhibits power-law asymptotic tail: P (E) ⇠ E2�n.
It is also important to notice that the distribution is non-
normalizable for n3 and the distribution mean diverges
for n4.

Our experiment, shown schematically in Fig 1, is de-
signed to overlap ultra-cold 87Rb atoms (⇠5 µK) trapped
in a cross dipole trap with ground-state cooled 88Sr+

ion (n̄<0.1 in all three modes of motion) trapped in a
linear segmented Paul trap. The ion’s EMM is rou-
tinely evaluated and compensated (EEMM<0.5 mK·kB)
using side-band spectroscopy on a narrow optical tran-
sition. Using optical-pumping we initialize the ion in
the 5s2S1/2

�
m = � 1

2

�
Zeeman sub-level. The atoms are

prepared in the F=1 hyperfine manifold of their ground
electronic state and are not polarized (for more experi-

Atoms chamber 

Ions chamber 

a 

FIG. 1: Experimental setup. a) Our apparatus is com-
posed of two vacuum chambers, connected with a thin tube.
In the top chamber, we collect atoms and cool them to a tem-
perature of several µK using standard magneto-optical trap-
ping and evaporative cooling in a CO2 dipole trap. We then
transfer the atoms to the bottom chamber using a 1-D moving
optical lattice where they are re-trapped in a crossed dipole
trap and overlapped with a single ground-state cooled ion.
b) Bi-chromatic fluorescence image of a single 88Sr+ ion im-
mersed in a cloud of 87Rb atoms. c) 88Sr+ ion energy levels.
We prepare the ion in the 5s2S1/2

�
m = � 1

2

�
electronic and

Zeeman ground-state. We use a narrow line-width laser res-
onant with the S1/2 ! D5/2 quadrupole transition at 674nm
to perform coherent Rabi thermometry. We use a 422nm
laser resonant with the S1/2 ! P1/2 dipole transition together
with a 1092nm re-pump on the D3/2 ! P1/2 transition for
state-selective fluorescence and Doppler re-cooling thermom-
etry. d) Rabi spectroscopy of the ion’s motional side-bands
(ftrap=(0.58,0.82,1.29) MHz)) showing ground-state cooling
(n̄=(0.1,0.09,0.01)) of all the ion’s modes.

mental details see Methods). We typically overlap 20,000
atoms with the ion for a variable interaction time rang-
ing from 0.5 ms to several seconds, at the end of which
the atoms are released from the dipole trap. Following
interaction we measure the ion’s energy. Di↵erent inter-
action times lead to di↵erent ion energies and therefore
two di↵erent ion-thermometry methods were used. Fol-
lowing short interaction times and with energies up to
few mK, carrier Rabi spectroscopy [13] of the narrow
electric quadrupole transition was used. For longer in-
teraction times, we used the Doppler re-cooling (DRC)
method [14] on a strong dipole allowed transition.

Each experimental run, typically lasting few seconds
of atom cloud preparation, transport and atom-ion in-
teraction, ends with ion interrogation. Since atom-ion
collisions lead to spin de-polarization [30, 33], we used a
short optical pumping (OP) pulse to transfer the popula-
tion back to the 5s2S1/2

�
m = � 1

2

�
state before perform-

ing the Rabi spectroscopy. Immediately after, we shine
a pulse of light resonant with the 5s2S1/2
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Langevin (spiraling) collisions by the scattering impact
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small momentum transfer. In contrast, Langevin colli-
sions involve large momentum transfer and can also lead
to inelastic processes such as spin exchange or relaxation
[30], charge exchange [3], molecule formation [22] and
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from the trap in the presence of an ion is dominated
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a power-law tail [11, 16, 27, 32]. We use the Tsallis distri-
bution which is a generalization of the thermal Maxwell-
Boltzmann distribution to fit both our simulation and
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and n are parameters of the distribution. In the liter-
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comes a thermal distribution of a 3D harmonic oscillator:
P (E) / E2e�E/kBT. For smaller n-values the distribu-
tion exhibits power-law asymptotic tail: P (E) ⇠ E2�n.
It is also important to notice that the distribution is non-
normalizable for n3 and the distribution mean diverges
for n4.

Our experiment, shown schematically in Fig 1, is de-
signed to overlap ultra-cold 87Rb atoms (⇠5 µK) trapped
in a cross dipole trap with ground-state cooled 88Sr+

ion (n̄<0.1 in all three modes of motion) trapped in a
linear segmented Paul trap. The ion’s EMM is rou-
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using side-band spectroscopy on a narrow optical tran-
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FIG. 1: Experimental setup. a) Our apparatus is com-
posed of two vacuum chambers, connected with a thin tube.
In the top chamber, we collect atoms and cool them to a tem-
perature of several µK using standard magneto-optical trap-
ping and evaporative cooling in a CO2 dipole trap. We then
transfer the atoms to the bottom chamber using a 1-D moving
optical lattice where they are re-trapped in a crossed dipole
trap and overlapped with a single ground-state cooled ion.
b) Bi-chromatic fluorescence image of a single 88Sr+ ion im-
mersed in a cloud of 87Rb atoms. c) 88Sr+ ion energy levels.
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laser resonant with the S1/2 ! P1/2 dipole transition together
with a 1092nm re-pump on the D3/2 ! P1/2 transition for
state-selective fluorescence and Doppler re-cooling thermom-
etry. d) Rabi spectroscopy of the ion’s motional side-bands
(ftrap=(0.58,0.82,1.29) MHz)) showing ground-state cooling
(n̄=(0.1,0.09,0.01)) of all the ion’s modes.
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few mK, carrier Rabi spectroscopy [13] of the narrow
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method [14] on a strong dipole allowed transition.
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Experimental demonstration of  micromotion heating in hybrid traps:  
Dynamics of  a ground-state cooled ion colliding with ultracold atoms

• The cold ions collide with the ultracold 
atoms in the RF field of  the ion trap. The 
resulting coupling of  micromotion with the 
secular motion leads to ion heating and a 
non-thermal distribution of  the ion energies 
E which is often modelled by a Tsallis 
distribution:

P (E) =
(n � 3)(n � 2)(n � 1)

2(nkBT )3
E2⇣

1 + E
nkBT

⌘n

n =
1

qT � 1
with

qT is the Tsallis parameter which describes 
the deviation from thermal (Boltzmann) 
behaviour. For qT→1, P(E) becomes a 
thermal distribution.

see also: I. Rouse and SW, PRL 118 (2017), 143401
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FIG. 2: Carrier Rabi spectroscopy for few atom-ion Langevin collisions. a-f) Each graph corresponds to a di↵erent
interaction time (0,0.5,2,3.5,5,6.5 ms for graphs a-f). We scan the shelving pulse time tRabi, and measure the shelving probability
PD. Each data point corresponds to 170 experiments. Error-bars are binomial distribution standard-deviation. We fit the data
to Eq. 2 with a power-law distribution (Eq. 1 - solid line) with two fit parameters (T and n). We also fit for thermal distribution
(dashed line). g) The ion’s temperature (TIon = T n

n�2 ) increases linearly with a rate of 219(40) µK
ms which is equivalent to

68(18) µK
Coll. . Error-bars are fit confidence intervals (one sigma). Shaded area represents linear fit confidence bounds (one

sigma). Open circles are simulation results which takes into account the reaction of the polarization potential on the ion’s
position. Black dots are simulation results taking into account only hard-sphere collisions. h) Fit results of the ion’s power-law
parameter, n. The ion’s energy distribution starts as thermal with n�1 consistent with a Maxwell-Boltzman distribution,
and saturates to n=3.9(1) after ⇠10 collisions. The solid line is an exponential fit for the data. The grey area represent the
non-normalizable region of the distribution (n<3). The dashed line represent the threshold (n=4) for mean energy divergence.

sions only, is TIon = 0.656EEMM/kB which has a slightly
higher slope, probably due to inaccuracies in DRC mod-
eling and atomic cloud size uncertainties. However, the
main di↵erence between the simulation and the experi-
ment is the steady-state temperature when EMM is com-
pensated. When EMM is compensated below 0.5 mk·kB,
a simulation of hard-sphere collisions predicts a steady
state temperature of similar magnitude (as shown in Fig.
3 by the crossing of the simulation data (black dots) in
the origin), whereas our data indicates a steady-state
temperature at least an order of magnitude higher. This
is a second indication for dynamics beyond simple hard-
sphere collisions. In the figure inset we show that even
the Doppler re-cooling signal is sensitive, at-least quali-
tatively, to the deviation of the ion’s energy distribution
from thermal (best fit shown by dashed line) to power-
law (similarly by solid line). Here however, DRC is not
sensitive enough to extract the exact power-law from the
experimental data.

To study the approach to steady state in the presence
of EMM we measured the ion’s temperature using DRC
after short interaction times. The ion’s temperature, as
it approaches steady-state, in the presence of EMM with
100 mK·kB average kinetic energy is plotted in Fig. 4

(magenta diamonds). From an exponential fit, we extract
a time-scale (1/e) of 3.6(2.8) collisions to reach steady-
state. We compare this collision time-scale with a sim-
ulation for both high (100 mK·kB as in the experiment)
and low (12 mK·kB) EMM energy (black dots) which
yields a time-scale (1/e) of 7.7 collisions to reach steady-
state for both. These time-scales are signature of EMM
dominated collisions where the ion quickly equilibrates
with the EMM. In the absence of EMM, we observe a
slow approach to steady state (74(14) collisions) which is
extracted from the heating rate (68(18) µK

Coll. ) measured
using Rabi spectroscopy (Fig. 2g) and the steady-state
(6.8(2.4) mK) measured using DRC (Fig. 3). This ob-
servation is the third indication for di↵erent dynamics in
the absence of EMM.

To conclude, we used two complementary techniques
to measure the ion’s temperature and energy distribution
After short (few collisions) and long (100s’ of collisions)
interaction times between a single trapped-ion, initialized
in the trap ground-state and a cloud of ultra-cold atoms
in the presence of negligible EMM. Our measurements
allowed us to characterize the deviation of the ion’s en-
ergy distribution from Maxwell-Boltzmann to a Tsallis
distribution with power-law tail. This deviation from a

• Ion temperature and n-exponent 
as a function of  the number of  
collisions with the atoms:
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interaction time (0,0.5,2,3.5,5,6.5 ms for graphs a-f). We scan the shelving pulse time tRabi, and measure the shelving probability
PD. Each data point corresponds to 170 experiments. Error-bars are binomial distribution standard-deviation. We fit the data
to Eq. 2 with a power-law distribution (Eq. 1 - solid line) with two fit parameters (T and n). We also fit for thermal distribution
(dashed line). g) The ion’s temperature (TIon = T n

n�2 ) increases linearly with a rate of 219(40) µK
ms which is equivalent to

68(18) µK
Coll. . Error-bars are fit confidence intervals (one sigma). Shaded area represents linear fit confidence bounds (one

sigma). Open circles are simulation results which takes into account the reaction of the polarization potential on the ion’s
position. Black dots are simulation results taking into account only hard-sphere collisions. h) Fit results of the ion’s power-law
parameter, n. The ion’s energy distribution starts as thermal with n�1 consistent with a Maxwell-Boltzman distribution,
and saturates to n=3.9(1) after ⇠10 collisions. The solid line is an exponential fit for the data. The grey area represent the
non-normalizable region of the distribution (n<3). The dashed line represent the threshold (n=4) for mean energy divergence.

sions only, is TIon = 0.656EEMM/kB which has a slightly
higher slope, probably due to inaccuracies in DRC mod-
eling and atomic cloud size uncertainties. However, the
main di↵erence between the simulation and the experi-
ment is the steady-state temperature when EMM is com-
pensated. When EMM is compensated below 0.5 mk·kB,
a simulation of hard-sphere collisions predicts a steady
state temperature of similar magnitude (as shown in Fig.
3 by the crossing of the simulation data (black dots) in
the origin), whereas our data indicates a steady-state
temperature at least an order of magnitude higher. This
is a second indication for dynamics beyond simple hard-
sphere collisions. In the figure inset we show that even
the Doppler re-cooling signal is sensitive, at-least quali-
tatively, to the deviation of the ion’s energy distribution
from thermal (best fit shown by dashed line) to power-
law (similarly by solid line). Here however, DRC is not
sensitive enough to extract the exact power-law from the
experimental data.

To study the approach to steady state in the presence
of EMM we measured the ion’s temperature using DRC
after short interaction times. The ion’s temperature, as
it approaches steady-state, in the presence of EMM with
100 mK·kB average kinetic energy is plotted in Fig. 4

(magenta diamonds). From an exponential fit, we extract
a time-scale (1/e) of 3.6(2.8) collisions to reach steady-
state. We compare this collision time-scale with a sim-
ulation for both high (100 mK·kB as in the experiment)
and low (12 mK·kB) EMM energy (black dots) which
yields a time-scale (1/e) of 7.7 collisions to reach steady-
state for both. These time-scales are signature of EMM
dominated collisions where the ion quickly equilibrates
with the EMM. In the absence of EMM, we observe a
slow approach to steady state (74(14) collisions) which is
extracted from the heating rate (68(18) µK

Coll. ) measured
using Rabi spectroscopy (Fig. 2g) and the steady-state
(6.8(2.4) mK) measured using DRC (Fig. 3). This ob-
servation is the third indication for di↵erent dynamics in
the absence of EMM.

To conclude, we used two complementary techniques
to measure the ion’s temperature and energy distribution
After short (few collisions) and long (100s’ of collisions)
interaction times between a single trapped-ion, initialized
in the trap ground-state and a cloud of ultra-cold atoms
in the presence of negligible EMM. Our measurements
allowed us to characterize the deviation of the ion’s en-
ergy distribution from Maxwell-Boltzmann to a Tsallis
distribution with power-law tail. This deviation from a

• Rabi flops as a function of  collision time in 
the interval t=0-6.5 ms (a-f) with ultracold 
Rb atoms and fits assuming thermal vs. 
Tsallis statistics:

dashed line: thermal distribution

solid line: Tsallis distribution (n=3.9)
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FIG. 3: Ion’s steady-state temperature after 100’s of
atom-ion collisions. We extract the ion’s temperature
from a fit to a time resolved fluorescence signal. Figure
inset (a) shows a re-cooling curve (pink dots, 150µs mov-
ing average) for 150 mK·kB EMM experiment and a fit for
power-law (black solid line) and thermal (blue dashed line)
energy distributions. Figure inset (b) shows the ion’s tem-
perature as function of the di↵erence in the voltage on the
electrode from the compensated value (top x-axis) and the
resulting electric field at the ion’s position (bottom x-axis).
The blue line shown is a parabolic fit. In the main fig-
ure, the two opposing-sign DC-voltages configurations are
averaged to show the ion temperature vs. the EMM ki-
netic energy. Error-bars are both fit confidence intervals (one
sigma) and the statistics of averaging over the two oppos-
ing EMM points. The blue line is a linear fit for the data:
TIon = 0.575(19)EEMM/kB+6.8(2.4) mK. Shaded area repre-
sents fit confidence bounds (one sigma). The black points are
simulation results (TIon = 0.656EEMM/kB) which takes into
account only the e↵ect of hard sphere collisions.

thermal distribution was emphasized by the use of an ion-
atom mixture of nearly equal-mass species. Our system
can be further used to study non-extensive thermody-
namics. We have seen that, in the regime of negligible
EMM, ion heating is dominated by the pulling of the ion
from the trap center by the atom. Although the steady-
state temperature of our ion is far from the quantum
regime, the heating rate is su�ciently slow to enable us
to study ultra-cold interactions by investigating the first
few collisions.

This work was supported by the Crown Photonics Cen-
ter, ICore-Israeli excellence center circle of light, the Is-
raeli Science Foundation, the US-Israel Binational Sci-
ence Foundation, and the European Research Council.

METHODS

Our apparatus consists of two vacuum chambers, con-
nected via a thin tube. In the top chamber we collect
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FIG. 4: Ion’s heating dynamics. Ion’s temperature as it
approaches steady-state for 100 mK·kB EMM energy (purple
diamonds) measured using DRC and for less than 0.5 mK·kB

EMM energy (blue circles) measured using Rabi spectroscopy
(same data as in Fig. 2g). From an exponential fit (purple
line) we calculate 3.6(2.8) (1/e) collisions to reach steady-
state which is with reasonable agreement with the number
of collisions, 7.7, extracted from a simulation (black dots).
Error-bars are re-cooling fit confidence intervals (one sigma).
Shaded area represents fit confidence bounds (one sigma). We
compare this result to the heating rate measured using Rabi
spectroscopy (Fig. 2) and the steady-state measured using
DRC (Fig. 3) for EMM energy less than 0.5 mK·kB. From an
exponential fit (blue line) we calculate 77(14) collisions (1/e)
to reach steady-state. For comparison, we show a simulation
results with EMM energy (12 mK·kB) which results in the
same steady-state temperature. Here, the number of collisions
(7.7) required to reach this temperature is much smaller.

107 87Rb atoms in a magneto-optical-trap. The atoms
are optically pumped to the F=1 hyperfine level and
then loaded into a single-beam CO2 (10 µm wavelength)
trap where they are evaporatively cooled to temperature
of ⇠5 µK. At this stage, the atoms are loaded into a
1-D optical lattice (1064 nm YAG laser) which is used
to transport the atoms to the bottom chamber. We
move the atoms in the lattice by changing the relative
frequency of the lattice beams by up to 3 MHz in 0.3
sec. In the bottom chamber 20,000 atoms are loaded
from the optical lattice into a crossed dipole trap po-
sitioned 60 µm above the ion. We have verified that
at this point the atoms are still in the F=1 hyperfine
level. This is important due to the large hyperfine en-
ergy (325 mK) which is coupled to the ion via spin de-
polarization collision. At the bottom chamber a single
88Sr+ ion is trapped in a linear segmented RF (26.5
MHz) Paul trap (ftrap=(0.58,0.82,1.29) MHz). We de-
tect the ion’s EMM using Rabi side-band spectroscopy
on the narrow 5s2S1/2 ! 4d2D5/2 quadrupole transi-
tion. We use three distinct 674nm laser beams to detect

• Ion heating dynamics and steady-
state temperature

sim.: 100 mK excess micromotion energy

expt.: 100 mK excess micromotion energy

sim.: 12 mK excess micromotion energy

expt.: excess micromotion minimized

• Despite initially being cooled to the 
motional ground state, the steady-state 
temperature was determined to be 
T≈7 mK.

• Conclusions: despite the initial 
ultracold temperatures of  both 
ions and atoms, the ion heating 
dynamics through collisions in the 
RF field leads to ca. 3 order of  
magnitude higher steady state 
temperatures. In this case, 
ultracold (T<1 mK) processes can 
only be studied during the first 
few collisions.
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Ultracold ion-atom collisions

Because of  its dependence on the neutral-ion mass ration, the problems with 
micromotion heating of  the ions can be mitigated by pairing a light buffer gas with 
heavy ions.

Choosing a very light ultracold buffer gas (6Li) with a very heavy ion (171Yb+) 
recently enabled the observation of  quantum signatures in ultracold ion-atom 
collisions in the few-partial-wave regime

T. Feldker et al., Nat. Phys. 16 (2020), 413

LETTERS NATURE PHYSICS

at the end of 1 s of buffer gas cooling. In this way, we achieve 
=!Tsec  42(±19) !K, corresponding to = . ± .n 3 7( 1 4) (Fig. 2b).
The total kinetic energy of the ion can be written as 

= + +E E E Ei sec iMM eMM, that is, the secular energy plus the energy 
due to the intrinsic (iMM) and excess micromotion (eMM).  

To obtain the total collision energy, we must additionally  
determine the axial secular temperature, Tsec

ax, and the various 
micromotion energies.

Owing to the weak confinement along the trap axis 
(! =z  2" # 130 kHz), it is more convenient to probe the excitation 
probability as a function of the frequency of the laser, which we now 
direct along the z axis. Thermal motion leads to Doppler broaden-
ing of the resonance (Fig. 2c). We fit a Gaussian distribution to the 
data and find the standard deviation ! = ±193( 26) kHz, correspond-
ing to Tsec

ax = 130(±35) !K. There are two reasons for the larger value 
compared with !Tsec: first, the weaker axial trap potential gives rise 
to a higher background heating rate (200 !K s$1) and thus limits the 
attainable final temperature; second, the thermometry method is 
less reliable and more prone to overestimation of the temperature 
due to saturation broadening.

Intrinsic micromotion leads to a kinetic energy of ! "E k TiMM B sec 
(ref. 28), where kB is Boltzmann’s constant. Excess micromotion 
occurs because of experimental imperfections that modify the 
trap potential. Details of the compensation and characterization of 
excess micromotion can be found in Methods. In the experiment, 
we find ! "E keMM B  44(±13) !K.

The collision energy is given by27

! != +E
m

E
m

E (1)col
i

i
a

a

with mi and ma the mass of the ion and atom, respectively, ! the 
reduced mass and = !E k T3 2a B a  the average kinetic energy of the 
atoms. Note that, owing to the large mass ratio, ! ! "m ma i. Taking 
into account the contribution of all types of motion (Table 1) results 
in a collision energy of = . ± . !E E1 15( 0 23) scol , with ! = .E k 8 6s B  !K 
the s-wave collision energy4.

Since we cooled the mixture close to the s-wave limit, we expect 
signatures of quantized angular momentum to occur in the col-
lisions. To look for signs of quantum effects in the interaction,  
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Experiment: Yb+ ions in a RF trap 
immersed into ultracold Li atoms in an 

optical dipole trap

After Doppler laser cooling, the Yb+ are buffer-gas 
cooled by the ultracold Li atoms (at T=2 μK) to 
T≈100 μK limited by residual micromotion heating.

Note that because of  the kinematics of  the 
collisions with reduced mass μ, the collision 
energy between ions (energy Ei) and atoms 
(Energy Ea) is given by:

Ecol =
µ

mi
Ei +

µ

ma
Ea

yielding Ecol ⪆ 10 μK which is much smaller than 

the ion energy and close to the s-wave regime.
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we investigate the occurrence of spin-changing collisions7,10,30 as a func-
tion of collision energy. Spin exchange is associated with short-range  
collisions between the atoms and ions, known as Langevin collisions. 
In the classical regime, the Langevin collision rate is strictly indepen-
dent of collision energy4. At very low collision energy, however, quan-
tization of the collision angular momentum and quantum reflection 
start to play a role. This leads to the occurrence of structure such as 
shape resonances in the spin-exchange rate. The details of this struc-
ture depend on the singlet and triplet scattering lengths that quantify 
the interactions between the atom and ion in the quantum regime.

After buffer gas cooling for 1 s in an atomic cloud 
with Ta = 11.6(±0.5) !K, we prepare the ion in the state 
! = = " #$S F m, 1, 1F1 2 , with a microwave pulse. The atomic 
ensemble is in a spin mixture of the lowest two Zeeman states 
! = " = ± " #"S F m, 1 2, 1 2F1 2 . Due to spin-exchange collisions during 
the interaction time, the ion can relax to the ! = = "#S F m, 0, 0F1 2  
state. We let the ion interact with the cloud of atoms with a den-
sity of 21(±10) " 1015 m#3 for ~10 ms, corresponding to about one 

Langevin collision. Only during the interaction time, we give the 
ion a variable amount of excess micromotion energy by ramping 
offset voltages on compensation electrodes4. We then shelve the 
population that remains in the ! = "#S F, 11 2  state to the long-lived 

!F7 2 state. Subsequent fluorescence detection allows us to discrimi-
nate between an ion in the ! = "#S F, 01 2  state (spin exchange) and 
an ion in the !F7 2 state (no spin exchange) with near unit fidelity. 
Figure 3 shows the result of averaging 309 such experimental runs. 
We see a notable dependence of the spin-exchange rate on the colli-
sion energy and thus a clear deviation from the classical prediction, 
particularly for low collision energies.

To gain further insight, we compare the data with multichannel 
quantum scattering calculations based on the complete description 
of molecular and hyperfine structures. The amplitude, slope and 
shape of the rate constants in the investigated energy range depend 
strongly on the values of the singlet and triplet scattering lengths. 
Figure 3 presents the calculated rate constants for the spin-exchange 
collisions convoluted with the experimental collision energy distri-
bution for the singlet and triplet scattering lengths of = .a R1 2S 4 and 

= ! .a R1 5T 4, with =R 704  nm (ref. 4), and 1.2 Langevin collisions on 
average during the interaction time. These values provide the best 
fit to the experimental data (see Methods).

In conclusion, we have demonstrated buffer gas cooling of a sin-
gle ion in a Paul trap to the quantum regime of atom–ion collisions. 
This has been an elusive goal in hybrid atom–ion experiments for 
more than a decade4. The data and simulations suggest that even 
lower temperatures may be reached when using colder and denser 
atomic clouds, both of which are technically feasible. In particular, 
a denser cloud would allow elimination of the background heating 
rate of the ion. We speculate that controlling elastic atom–ion colli-
sions using possible Feshbach resonances15,16 may allow the cooling 
rate and accessible temperatures in atom–ion mixtures to be tuned 
further, as is the case in neutral systems17.
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Table 1 | Measured energy budget of the trapped ion and atoms 
in terms of kinetic energy (Ekin) and collision energy

Type of motion E kkin B!  (!K) E kcol B!  (!K)

Radial secular ion ! ±2 21( 9) ±1.4( 0.6)
Intrinsic micromotion ! ±2 21( 9) ±1.4( 0.6)
Axial secular ion ±65( 18) ±2.2( 0.4)
Excess micromotion ±44( 13) ±1.5( 0.4)
Total ion energy 193(±42) 6.6(±1.4)
Atom temperature ! " ±3 2 2.3( 0.4) ±3.3( 0.6)

Total collision energy — 9.9(±2.0)

The atomic energy is obtained from time-of-flight analysis after the 1-s buffer gas cooling time. 
Errors are given in microkelvin.
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Fig. 3 | Spin-exchange rate versus collision energy. Probability of detecting 
the ion spin in ! "= =F m0, 0F  after preparing it in ! "= = !F m1, 1F  and 
letting it interact with the atomic cloud for ~10!ms. The collision energy is 
varied using an offset field to tune the excess micromotion energy. The 
red solid line is obtained by convolving the rate from quantum scattering 
calculations with the energy distribution of the ion (see Methods). Both 
theory and data show a clear deviation from classical behaviour in which 
the spin-exchange rate should be independent of collision energy. The 
dashed vertical lines indicate the heights of the energy barriers for the first 
four collisional angular momentum states =l 1, . . , 4. The inset shows the 
measured spin-exchange process in the ion (blue dot). Error bars denote 
the quantum projection noise.
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Subsequently, spin-exchange collisions for Yb+ (F=1→F=0) with Li were studied as 
a function of  the collision energy

The collision energy was tuned by imparting the ions excess micromotion by 
moving them away from the trap axis with static electric fields

The collision cross section was 
found not to be constant with 
Ecol, as predicted by Langevin 
theory, but showed a clear 
energy dependence and 
structure. 

Using quantum scattering 
calculations (red line in the 
figure), the data could be 
interpreted in terms of  quantum 
signatures in the collisions such 
as shape resonances.
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7. Molecular ions in hybrid traps 
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Molecular ions are produced by photoionization 
and sympathetically cooled into a Ca+ Coulomb 
crystal

Reactions in Rb (5s) 2S1/2 and (5p) 2P3/2 states 

Charge exchange according to: 
N2+ / O2+ + Rb → N2 / O2 + Rb+

Charge transfer dynamics in N2+ / O2+ + Rb 

F.H.J. Hall and SW, Phys. Rev. Lett. 109 (2012), 233202
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P. Eberle, A. D. Dörfler, C. von Planta, K. Ravi and SW, ChemPhysChem, 17 (2016), 3769

Tuning collision energies: a "dynamic" ion-atom hybrid trap for cold atoms and 
molecular ions     
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O2+ + Rb → O2 + Rb+N2+ + Rb → N2 + Rb+

Electron transfer in the millikelvin regime: 

• Entrance and product channels for electron transfer
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• Collision-energy dependence of  channel-specific rate constants

Langevin N2+ + Rb (2S1/2)

Langevin N2+ + Rb (2P3/2)

N2+ + Rb (2P3/2) ion-quadrupole capture

Langevin O2+ + Rb (2S1/2)

Langevin O2+ + Rb (2P3/2)

O2+ + Rb (2P3/2) ion-
quadrupole capture

A. D. Dörfler et al., Nat. Commun. 10 (2019), 5429
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Charge-transfer dynamics in N2+ + Rb (2P3/2):

• The charge-transfer rate constant measured for the excited  N2+ + Rb (2P3/2) 
channel at 20mK is k=2×10-8 cm3s-1. Compare with Langevin rate constant for 
this system: kL=6.6×10-9 cm3s-1

• Rb in the 2P3/2 state exhibits a permanent quadrupole moment. Thus, during the 
collisions there are charge-quadrupole (CQ) interactions in addition to the 
charge-induced dipole (CID, Langevin) interactions 

Interaction potential: V (R) =
C3
R3
�
C4
R4

CQ CID
+

F.H.J. Hall and SW, Phys. Rev. Lett. 109 (2012), 233202; A. D. Dörfler et al., Nat. Commun. 10 (2019), 5429

Predicted rate constants:
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Long-range potentials:
Comparison with expt.

• The CQ interaction is strongly energy dependent and leads to a considerably 
increased capture rate constant at very low energies.
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Charge-transfer dynamics in N2+ + Rb (2S1/2): 

A. D. Dörfler et al., Nat. Commun. 10 (2019), 5429

• N2+ + Rb (2S1/2): angle-dependent potential surface in the 
triplet channel

Non-adiabatic charge-transfer occurs around two crossings between 
potential energy surfaces. The coupling between the surfaces is 

strongly dependent on the orientation angle θ between N2+ and Rb

Rb

N2+ θR

• In the N2+ + Rb (2S1/2) channel, the charge exchange is still fast, but considerably 
slower than the Langevin rate which would be expected for a capture-limited 
process in this case

• Thus, short-range effects must play an important role here
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• Comparison expt. vs. 
theoretical (quasiclassical and 
quantum dynamics) charge-
transfer rate constants

16 18 20 22 24 26 28 30
2

4

6

8

1 10-8

O+
2 + Rb

Collision energy  Ecoll /  kB (mK)

Ra
te

 c
oe

ffi
ci

en
t  

k 
(c

m
3  s

-1
)

10 15 20 25 30

1 10-9

2

3

4

5
6
7
8
9

1 10-8

N+
2 + Rb

Collision energy  Ecoll /  kB (mK)

Ra
te

 c
oe

ffi
ci

en
t  

k 
(c

m
3  s

-1
)

(a) (b)

Quasiclassical trajectories Quantum Dynamics

A. D. Dörfler et al., Nat. Commun. 10 (2019), 5429

• Visualisation of  a reactive trajectory

red contour lines: 
entrance potential surface 
blue contour lines: 
charge-transfer potential 
surface 

red/blue trajectories indicate 
motion on the entrance/CT 
potential surfaces 

dashed lines:  
crossings between the 
potential surfaces at which a 
transition between the 
surfaces can occur

• Classical and quantum-dynamics simulations of  the collisions reveal a 
complex collision dynamics with often multiple crossings through the curve 
crossings (see the trajectory above) and that the charge transfer kinetics is 
determined by a subtle interplay between long-range and short-range 
interactions and the detailed topology of  the potential-energy surface
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Synthesis of  exotic chemical species in hybrid traps

P. Puri et al., Science 357 (2017), 1370

The peculiar chemical environment of  a hybrid 
trapping experiment lends itself  to the synthesis 
of  exotic chemical compounds which otherwise 
have so far not been obtainable by other means.

An example is the synthesis of  the mixed 
hypermetallic oxide BaOCa+ in a Ca-Ba+ hybrid 
trap experiment.

performed for the Ca + BaOCH3
+ ! BaOCa+ +

CH3 reaction (24, 25). Optimized geometries for
BaOCH3

+ and BaOCa+ and their fragments were
obtained from density functional theory (DFT)
by using the triple-z correlation consistent basis
sets (cc-pwCVTZ on calcium and barium and cc-
pVTZ on hydrogen, carbon, and oxygen) and the
B3LYP density functional. Coupled cluster theory
including single and double excitations with per-
turbative triples, denoted CCSD(T), was used to
estimate thermochemical energy differences (18).
To check the validity of the DFT geometries

for this problem, the CCSD(T) energies of the
stationary points were recalculated at geome-
tries obtained from second-order Møller-Plesset
(MP2) theory, and the changes in thermochem-
ical energy differences were less than 1 kcal/mol.
DFT and MP2 offer different approaches to the
electron correlation problem, but they predict geo-
metries of generally comparable accuracy. Discrep-
ancies between the two would be an indication
that a higher level of theory should be used, but
their agreement here suggests that such methods
are not warranted. The electronic structure cal-
culations were performed by using the Gaussian
09 and Molpro 2012 program packages (25, 26).
The calculated results predicted the Ca (1S0) +

BaOCH3
+ ! BaOCa+ + CH3 reaction to be exo-

thermic by 5.3 kcal/mol at the CCSD(T)/cc-pVTZ
level of theory. Most of the exothermicity resulted
from a loss of vibrational zero-point energy be-
tween reactants and products. At the more ex-
pensive CCSD(T)/cc-pV5Z level of theory, the heat
of reaction increased to 8.4 kcal/mol. In mixed
hypermetallic oxides, the electronic degeneracy
of the metal atom locations is removed, and our

calculations predicted electron localization on
the Ca atom because of its higher ionization po-
tential (Fig. 2A). This conclusion was supported
by a natural bond order analysis assigning par-
tial charges of +1.67 to barium and +0.91 to cal-
cium in BaOCa. Calculations also indicated that
the ion has a larger permanent dipole moment
(2.80 D) than that of neutral BaOCa (1.32 D),
again supporting principal removal of Ba-centered
electron density upon ionization. The first strong
electronic transition in BaOCa+ corresponds to
transfer of this electron density from Ca to Ba.
Because this electron does not strongly partic-
ipate in the molecular bonding, the associated
Franck-Condon factors are moderately diagonal
and may allow optical cycling and detection (27).
Further, studies of neutral BaOCa also revealed

an ionization energy of 4.18 eV, which is slightly
higher than in BaOBa [experimentally reported
as 3.87 eV (28)] but closer to BaOBa than CaOCa,
which is calculated to be 4.90 eV. Calculations
for neutral BaOCa also predicted that, like BeOBe,
it is a diradicaloid system with a similarly small
singlet-triplet splitting of only 407 cm!1 but with
very different energies for the radical centers. The
small singlet-triplet splitting in neutral MOM!
molecules is amanifestationof the spinuncoupling
on themetal centers. The reaction experimentally
studied in this work produces the BaOCa+ cation
andaCH3 coproduct, twodoubletswhose spins are
uncorrelated, and thus, the singlet-triplet splitting
vanishes, and the potential energy surfaces are
degenerate.
A calculation of the intrinsic reaction coordi-

nate (IRC) leading from the transition state to
reactants and products was performed (B3LYP/

cc-pVTZ) along the Ca ground-state singlet sur-
face (Fig. 2C) and revealed the existence of two
bound BaOCH3Ca

+ complexes, one in the en-
trance channel and one in the exit channel.
These structures and their relative energies were
further investigated at the more sophisticated
CCSD(T)/cc-pVTZ level of theory (Fig. 2A), in-
dicating the existence of a 10.2-kcal/mol barrier
to the reaction (18).
Last, multiconfigurational self-consistent field

calculations were performed on all stationary
points presented in Fig. 2A and verified that multi-
reference effects do not play a substantial role
in the system, except possibly in the singlet tran-
sition state (18). To this end, natural orbital anal-
ysis and a coupled cluster theory calculation, by
using the singlet wave function with the two most
relevant configurations included, was performed
and indicated a 3.4-kcal/mol increase in the singlet
barrier height. This barrier still precludes re-
action along the singlet surface, and the calcu-
lation further verifies that multireference effects
would not substantially alter the conclusions of
our computational study.

Experimental search for reaction pathway

Given that the predicted barrier is insurmount-
able at experimentally realized collision energies
and that the tunneling probability through the
barrier is negligible, we hypothesized that the
observed synthesis occurred through an electron-
ically excited state of the Ca reactant. To test this
explanation, we varied the Ca electronic state
populations via control of the Ca MOT lasers (18)
and measured the resultant changes in BaOCa+

production. The excited-state populations of the
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Fig. 1. Experimental schematic and sample data acquisition. (A) A
schematic of the experimental apparatus, including the LQT, the high-voltage
pulsing scheme (shown as solid and dashed lines), and the ToF. (B) An
illustrative experimental time sequence that depicts initialization of a Ba+

crystal, production of BaOCH3
+ (visualized as dark ions in the crystal)

through reactions with methanol vapor, and subsequent MOT immersion.

(C) Sample mass spectra obtained after ejecting the LQT species into the
ToF after various MOT immersion times, ti. (Inset) A superimposed
fluorescence image of an ion crystal immersed in the Ca MOT. (D) Mass
spectra of photofragmentation products collected after inducing
photodissociation of BaOCa+. The identified photofragments were used
to verify the elemental composition of the product.
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Experiment: A hybrid trap coupled to 
a time-of-flight mass spectrometer 

for chemical analysis

performed for the Ca + BaOCH3
+ ! BaOCa+ +

CH3 reaction (24, 25). Optimized geometries for
BaOCH3

+ and BaOCa+ and their fragments were
obtained from density functional theory (DFT)
by using the triple-z correlation consistent basis
sets (cc-pwCVTZ on calcium and barium and cc-
pVTZ on hydrogen, carbon, and oxygen) and the
B3LYP density functional. Coupled cluster theory
including single and double excitations with per-
turbative triples, denoted CCSD(T), was used to
estimate thermochemical energy differences (18).
To check the validity of the DFT geometries

for this problem, the CCSD(T) energies of the
stationary points were recalculated at geome-
tries obtained from second-order Møller-Plesset
(MP2) theory, and the changes in thermochem-
ical energy differences were less than 1 kcal/mol.
DFT and MP2 offer different approaches to the
electron correlation problem, but they predict geo-
metries of generally comparable accuracy. Discrep-
ancies between the two would be an indication
that a higher level of theory should be used, but
their agreement here suggests that such methods
are not warranted. The electronic structure cal-
culations were performed by using the Gaussian
09 and Molpro 2012 program packages (25, 26).
The calculated results predicted the Ca (1S0) +

BaOCH3
+ ! BaOCa+ + CH3 reaction to be exo-

thermic by 5.3 kcal/mol at the CCSD(T)/cc-pVTZ
level of theory. Most of the exothermicity resulted
from a loss of vibrational zero-point energy be-
tween reactants and products. At the more ex-
pensive CCSD(T)/cc-pV5Z level of theory, the heat
of reaction increased to 8.4 kcal/mol. In mixed
hypermetallic oxides, the electronic degeneracy
of the metal atom locations is removed, and our

calculations predicted electron localization on
the Ca atom because of its higher ionization po-
tential (Fig. 2A). This conclusion was supported
by a natural bond order analysis assigning par-
tial charges of +1.67 to barium and +0.91 to cal-
cium in BaOCa. Calculations also indicated that
the ion has a larger permanent dipole moment
(2.80 D) than that of neutral BaOCa (1.32 D),
again supporting principal removal of Ba-centered
electron density upon ionization. The first strong
electronic transition in BaOCa+ corresponds to
transfer of this electron density from Ca to Ba.
Because this electron does not strongly partic-
ipate in the molecular bonding, the associated
Franck-Condon factors are moderately diagonal
and may allow optical cycling and detection (27).
Further, studies of neutral BaOCa also revealed

an ionization energy of 4.18 eV, which is slightly
higher than in BaOBa [experimentally reported
as 3.87 eV (28)] but closer to BaOBa than CaOCa,
which is calculated to be 4.90 eV. Calculations
for neutral BaOCa also predicted that, like BeOBe,
it is a diradicaloid system with a similarly small
singlet-triplet splitting of only 407 cm!1 but with
very different energies for the radical centers. The
small singlet-triplet splitting in neutral MOM!
molecules is amanifestationof the spinuncoupling
on themetal centers. The reaction experimentally
studied in this work produces the BaOCa+ cation
andaCH3 coproduct, twodoubletswhose spins are
uncorrelated, and thus, the singlet-triplet splitting
vanishes, and the potential energy surfaces are
degenerate.
A calculation of the intrinsic reaction coordi-

nate (IRC) leading from the transition state to
reactants and products was performed (B3LYP/

cc-pVTZ) along the Ca ground-state singlet sur-
face (Fig. 2C) and revealed the existence of two
bound BaOCH3Ca

+ complexes, one in the en-
trance channel and one in the exit channel.
These structures and their relative energies were
further investigated at the more sophisticated
CCSD(T)/cc-pVTZ level of theory (Fig. 2A), in-
dicating the existence of a 10.2-kcal/mol barrier
to the reaction (18).
Last, multiconfigurational self-consistent field

calculations were performed on all stationary
points presented in Fig. 2A and verified that multi-
reference effects do not play a substantial role
in the system, except possibly in the singlet tran-
sition state (18). To this end, natural orbital anal-
ysis and a coupled cluster theory calculation, by
using the singlet wave function with the two most
relevant configurations included, was performed
and indicated a 3.4-kcal/mol increase in the singlet
barrier height. This barrier still precludes re-
action along the singlet surface, and the calcu-
lation further verifies that multireference effects
would not substantially alter the conclusions of
our computational study.

Experimental search for reaction pathway

Given that the predicted barrier is insurmount-
able at experimentally realized collision energies
and that the tunneling probability through the
barrier is negligible, we hypothesized that the
observed synthesis occurred through an electron-
ically excited state of the Ca reactant. To test this
explanation, we varied the Ca electronic state
populations via control of the Ca MOT lasers (18)
and measured the resultant changes in BaOCa+

production. The excited-state populations of the
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Fig. 1. Experimental schematic and sample data acquisition. (A) A
schematic of the experimental apparatus, including the LQT, the high-voltage
pulsing scheme (shown as solid and dashed lines), and the ToF. (B) An
illustrative experimental time sequence that depicts initialization of a Ba+

crystal, production of BaOCH3
+ (visualized as dark ions in the crystal)

through reactions with methanol vapor, and subsequent MOT immersion.

(C) Sample mass spectra obtained after ejecting the LQT species into the
ToF after various MOT immersion times, ti. (Inset) A superimposed
fluorescence image of an ion crystal immersed in the Ca MOT. (D) Mass
spectra of photofragmentation products collected after inducing
photodissociation of BaOCa+. The identified photofragments were used
to verify the elemental composition of the product.
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Sample mass spectrum after leaking 
methanol CH3OH into the chamber

BaOCa+ was obtained in reactions of  laser-cooled 
Ca atoms with BaOCH3+, which in turn was 
synthesised from Ba+ reacting with methanol 
CH3OH leaked into the chamber
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Ca atoms were determined from a rate equation
model spanning 75 electronic states that in-
corporated the intensities and detunings of all
near-resonant laser fields present in the MOT
trapping volume (29). The chemical reaction rate
for the Ca + BaOCH3

+! BaOCa+ + CH3 reaction
is given by G = nakt, where na is the Ca atom
number density and kt the total reaction rate

constant, which is found as kt = Sipiki, where pi
and ki are the population and reaction rate con-
stant of the ith electronic state, respectively. The
total reaction rate constant was experimentally
measured by monitoring the amount of both
BaOCH3

+ and BaOCa+ present in the LQT as a
function of interaction time with a Ca MOT of
known density. The solution of a differential

equation incorporating all measured loss and
production rates for each molecular ion due
to photodissociation, chemical reactions, and
background loss was then fit to the reaction ki-
netics data in order to determine kt (18).
The experimentally measured reaction rate

exhibited no statistically significant dependence
on the population of the singlet Ca electronic
states involved in the laser cooling process, the
4s2 1S0, 4s4p

1P1, 4s5p
1P1, and 3d4s 1D2 states

(18). This observation is consistent with prelimi-
nary theoretical calculations, which suggested that
a reaction barrier, similar to that of the Ca (1S0) +
BaOCH3

+ channel, exists on all of these singlet
channels.
Studies have shown spin-forbidden optical tran-

sitions lead to the production of a small number
of Ca atoms in the 4s4p 3PJ states (Fig. 3C) in Ca
MOTs (29, 30). Although atoms in these meta-
stable states are not trapped by the MOT force,
they are continually produced, leading to a steady-
state population in the trapping volume. Further,
controlling the MOT lasers can vary the electronic
populations in these states and reveal how they
affect the reaction rate in a manner similar to
studies of the singlet state. The observed reac-
tion rate as a function of total population in the
4s4p 3PJ states is shown in Fig. 2D, with a char-
acteristic kinetics data set and the corresponding
fitted solutions shown in the inset. Here, the lin-
ear dependence of the reaction rate constant on
the 4s4p 3PJ population was shown to be consist-
ent with zero vertical intercept, suggesting that
the observed formation of BaOCa+ initiates pre-
dominantly along the triplet Ca (3PJ) + BaOCH3

+

surface.
Although nonadiabatic interactions from the

excited singlet surfaces coupling to other elec-
tronic states could permit reaction despite the
calculated barriers, the experimental observa-
tions indicate that these effects, if present, do
not play a substantial role (18). Additionally, be-
cause the collected data are sensitive to reaction
entrance channel, but not necessarily to the sur-
face along which the reaction completed, events
in which coupling from the triplet surface to the
singlet surface occurred and resulted into reac-
tion would not be experimentally distinguish-
able from reactions evolving exclusively along
the triplet surface.

Experimental verification of triplet
reaction pathway

In order to verify the Ca 3PJ pathway of the re-
action, we performed two additional experiments.
First, wemeasured the reaction rate of Ca atoms in
a single internal quantum state, the j3P2;mJ ! 2i
state, by loading MOT atoms in this state into
a magnetic trap and overlapping them with the
ions. This experiment showed unequivocally that
the reaction occurs between a Ca atom in the 3PJ
state and a BaOCH3

+ ion. In the second experi-
ment, we used additional optical pumping lasers
to populate only a single 3PJ state during Ca
MOT operation, enabling the extraction of fine-
structure–resolved reaction rate constants for
the 3PJ states.
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Fig. 2. BaOCa+ production mechanism. (A) Energy of stationary points along the Ca 1S0 (black) and
3PJ (red) reaction pathways calculated at the CCSD(T)/cc-pV5Z level of theory. The corresponding
energies for the singlet pathway in kcal/mol are, from left to right, 0, –25.5, 10.2, –56.4, and –5.3, and
for the triplet pathway are 43.5, –13.9, 18.1, –11.3, and –5.3. The presence of a barrier in the Ca 1S0

pathway precludes reaction at low temperature, whereas the transition state in the triplet pathway is
well below the energy of the reactants and does not prevent the exothermic reaction to BaOCa+

and CH3. The geometries of the complexes at each stationary point are shown below the singlet
pathway and above the triplet pathway. (Inset) The linear geometry of the BaOCa+ molecule and its
open-shell highest occupied molecular orbital. (B and C) Energy along the IRC for both the (B) singlet
and (C) triplet surfaces calculated at the B3LYP/cc-pVTZ level of theory. The circles correspond to
the stationary points in (A), and all energies are given with respect to the ground-state reactants.
(D) Experimental total reaction rates plotted as a function of aggregate triplet Ca population, presented
alongside a linear fit to the data (weighted by the reciprocal of the standard error squared) and its
corresponding 90% confidence interval band. Experimental uncertainties are expressed at the 1s level.
(Inset) The temporal evolution of both BaOCH3

+ and BaOCa+ amounts, normalized by initial Ba+

number, in the LQTas a function of MOTexposure time as well as the solutions of differential equations
globally fit to ~250 kinetic data points in order to extract reaction rate constants, with a reduced c2

statistic of 1.03 specifying the goodness-of-fit to the displayed data set (18).
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Quantum-chemical calculations revealed that the reactions occur with laser-
excited Ca 3P atoms from the MOT with BaOCH3+ on the excited triplet surface

P. Puri et al., Science 357 (2017), 1370

The hypervalent metal oxide BaOCa+ is of  interest to chemists because of  its 
peculiar chemical-bonding characteristics.


