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In mixed systems of trapped ions and cold atoms, the ions and atoms can coexist at different 
temperatures. This is primarily due to their different trapping and cooling mechanisms. The 
key questions of how ions can cool collisionally with cold atoms and whether the combined 
system allows stable coexistence, need to be answered. Here we experimentally demonstrate 
that rubidium ions cool in contact with magneto-optically trapped rubidium atoms, contrary 
to the general experimental expectation of ion heating. The cooling process is explained 
theoretically and substantiated with numerical simulations, which include resonant charge 
exchange collisions. The mechanism of single collision swap cooling of ions with atoms is 
discussed. Finally, it is experimentally and numerically demonstrated that the combined  
ion–atom system is intrinsically stable, which is critical for future cold chemistry experiments 
with such systems. 
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The cooling and trapping of particles facilitates their precise 
interrogation and manipulation. Cooling lowers the momen
tum spread of particles and allows the interparticle inter

actions to dominate the evolution of the system. Trapping spatially 
localizes the coordinates of particles, for convenient and extended 
study. The processes of cooling and trapping, although disparate  
in their nature, are both critical to studies with individual or  
collections of particles at low energies.

Trapping and cooling of ions, and separately atoms, has been at 
the core of modern physics for decades. A mixed system of cooled 
and trapped atoms and trapped ions1–6 paves the way for ion
assisted cold chemistry7–10 and many novel body studies11. As the 
mechanisms for trapping ions and atoms differ, so do their ener
gies near the bottom of their respective traps. The combined system, 
therefore, presents the problem of how the trapped ions and atoms 
interact with each other and exchange energy and whether the  
combination is stable. The trap type, energy of the trapped particles, 
cooling mechanisms and other details impact the manner and rate 
of energy exchange between ions and atoms.

The long range ion–atom potential is of the form  − α/r4, where α 
is the static electric polarizability of the atom and r is the ion–atom 
separation. The scattering mediated by this potential is the pri
mary channel for the exchange of energy between the ions and the 
atoms. In the present experiment Rb +  (rubidium) ions are confined 
in a linear Paul trap, which has a trap depth of a few electronvolt 
(eV). On the other hand the typical temperature of the Rb atoms, 
which are laser cooled in the magnetooptically trapped (MOT) 
is of the order of 100 µK (10 − 8 eV). This large difference in the 
energies of the ions and the cold atoms results in the exchange of  
energy between them, which needs to be understood to exploit the 
experimental possibilities of the combined system.

As Rb +  ions have a closed shell electronic configuration, they 
are not amenable to direct laser cooling. In addition, trapped ions 
heat12 due to factors such as trap imperfections, background gas 
collisions and radiofrequency (RF) heating due to ion–ion repul
sion. In this study, collision with cold atoms is the only available 
cooling channel for Rb +  ions. A combined experimental, analyti
cal and numerical approach is attempted here to understand the 
consequence of mixing optically dark ions and lasercooled atoms 
as described below. We first show in general that the elastic colli
sionmediated cooling between ions and localized cooled atoms, is 
possible for all ion–atom mass ratios. This is contrary to the general 
expectation for buffer gas ion cooling13, wherein ion cooling should 
result only for the case when the mass of the ion is much greater 
than the mass of the atom. The reason for the difference in cooling 
outcomes is explained within the theoretical framework that applies 
to both MOT and buffer gas density distributions. For the specific 
case of Rb +  ions and Rb MOT atoms, the role of resonant charge 
exchange is explored in detail and the mechanism of swap cooling 
of ions in a single collision is explained. It is numerically demon
strated that ion cooling for equal ion–atom mass ratios is robust 
for two cases, when only elastic collisions are considered and when 
elastic and charge exchange collisions are both considered. Experi
mental studies with this system are then presented, which show that 
in the limit of long ion–atom hold times the number of trapped ions 
stabilize, whereas the measured width of the ion distribution con
tinues to shrink. In the absence of the cold atoms the trapped ions 
evaporate out of the trap rapidly. This loss rate of ions from the trap 
is used to determine the ionheating rate. Incorporating the ion 
heating rate into our ioncooling simulation yields ion number 
stabilization at long hold times, consistent with the experimental 
observations. A novel technique involving the virial theorem and 
molecular dynamics (MD) simulation, in conjunction with the 
experimental data, is used to evaluate the temperature of the opti
cally dark ions in the trap. The arrivial time distribution of the ions 
on the detector is mapped to the trapped ion temperature. A fall in 

the temperature is shown, demonstrating the experimental cooling 
of the ions by the MOT atoms. The combination of ion cooling and 
constant ion number in the trap demonstrates the intrinsic stability 
of the ion trap and MOT system.

Results
Experimental setup. The experimental schematic is illustrated in  
Fig. 1. The details of the experimental apparatus6 are described briefly 
in the Methods section. The saturated MOT with 2.3( ± 0.2)×106 
atoms has a Gaussian density distribution (s.d. ≈ 0.43 mm) and is 
formed at the centre of the ion trap secular potential (origin). As 
seen in Fig. 1, the linear ion trap volume (vIT) is much larger than 
the volume of the cold atoms in the MOT (vMOT). The apparatus 
allows for simultaneous trapping of ions and cold atoms with spatial 
overlap and to study the evolution of the respective populations for 
different interaction times.

Ion cooling mechanism. To show that the collisions between the 
trapped ions and the cold atoms in the MOT leads to cooling of  
the ions, we closely follow the early, seminal work of Major and 
Dehmelt13. In describing the ion–atom collisions, the MOT atom 
temperature of ≈100 µK permits us to set the velocity of the atom 
before a collision, vA = 0. If the instantaneous velocity of the ion 
before a collision is c, its velocity after the collision c′ is given by

ˆ′ = +c c( / ) ( / ) ,m M c m McA Iθ (1)(1)
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Figure 1 | The schematic of the experimental setup. The nested moT in 
the linear Paul trap with CEm is illustrated in (a). The ion–atom combined 
trap is constructed, so as to coincide the moT centre with the minimum 
of the ion trap secular potential, at the origin. The moT is formed at the 
intersection of the six cooling and repumper beams. Ions are created  
from the excited moT atoms, by absorption of a photon from a blue  
light source (not shown). The out of phase oscillating voltage on the 
quadrupole electrodes, shown in (b) effects x − y trapping, whereas a 
constant end electrode voltage VEC = 80 V confines along the z direction  
as seen in (c). The approximate size of the moT is illustrated in red in  
the cut views of the ion trap potential, demonstrating vmoT  vIT. The 
confined ions are detected by a CEm (housed in an evacuated extension 
to the main chamber), post extraction from the trap, by switching VECs 
between  + 80 to  − 5 V as shown. The port hole in the outer wall of the 
chamber constitutes a drift region for ToF measurement of the ions 
extracted.
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where qĉ  is a unit vector oriented at an angle θc with respect to c, mI 
is the ion mass, mA the atom mass and M = mI + mA. θc corresponds 
to the angle of deflection of the ion in the centre of mass reference 
frame. The ion motion can be decomposed into its macromotion 
and its inphase micromotion oscillation with the applied electric 
field14. The pre and postcollision ion velocities then are c = u + v 
and c′ = u′ + v, where u and u′ are the respective secular velocities, 
v ∝Esin(φRF), is the micromotion velocity and φRF is the phase of the 
electric field E at the instant of collision. The change in ion tempera
ture on undergoing collisions is principally due to a change in its 
〈u〉, as a collisional change in the positiondependent v results only 
in a dephasing of the ion’s micromotion. So the quantity of inter
est is 〈u′2 − u2〉, which gives a measure of the extent of the change 
in the ion’s kinetic energy averaged over long times. Substituting 
c = u + v and c′ = u′ + v in equation (1) and with some regrouping of 
the terms, we obtain an expression for u′2 − u2 as

ˆ
′ − = − + ⋅ + −

+ + ⋅ − ⋅
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In conventional buffer gascooling techniques, a nonreactive buffer 
gas in thermal equilibrium with a reservoir floods the entire ion 
trap volume with collisions possible at all parts of an ion’s trajectory. 
But as the ion spends most of its time at the classical turning points 
of its macromotion, where 〈|u|〉→0 and 〈|v|〉  0, most collisions 
happen there and we can make the approximation c vc c

ˆ cosq q⋅ ≈v 2 .  
This results in the righthand side of equation (2) being negative 
for mA  mI, which is a case of ion cooling, positive for mA  mI, 
which leads to ion heating, and no net change of ion temperature 
for mA = mI.

In our experiment, the cloud of cold atoms acts as the buffer gas 
and its density distribution is localized around the centre of the ion 
trap as vMOT  vIT. So the ion–atom collisions happen preferen
tially at the centre of the trap, which corresponds to the limiting 
case of 〈|u|〉  0 and 〈|v|〉→0. Evaluating equation (2) above in this 
limit and after carefully taking a time average over φRF , we obtain 
the expression for 〈u′2 − u2〉 as,

v
cu u m m u M

→
〈 ′ − 〉 ≈ − 〈 〉 −

0

2 2 2 22 1lim ( cos )/ .I A q

For a given deflection angle, this quantity is negative irrespective 
of mI/mA and its magnitude is highest for mA = mI. In other words, 
there is a reduction in the average macromotion energy of the ion 
in each collision and that the maximum cooling in a collision, for 
any particular deflection angle, occurs for the equal mass case. This 
indicates that a spatially compact density distribution of the buffer 
gas leads to the cooling of the ions.

Swap cooling by resonant charge exchange. The analysis above 
is valid for elastic scattering with a fixed scattering angle θc in the 
centre of mass frame for any general combination of ion and atom 
species. For the specific case of Rb + –Rb collisions the resonant 
charge exchange (RCx) channel15–18 is also a dominant channel, 
which needs to be considered in the collisions between the ions and 
atoms. In an RCx collision, the valence electron of the atom trans
fers from the atom to the ion with no other change in the dynamical  
or internal states of the colliding partners, apart from swapping 
their respective charge states. For low ion–atom collision energies 
(E) involved in the experiment, the RCx cross section σcx ∝1/E1/2, 
is comparable to the ion–atom elastic cross section17,19 σel ∝1/E1/3, 
so both channels participate in ion cooling. At higher energies, the 
charge exchange, which depends on the molecular state overlap is 

(2)(2)

(3)(3)

a very slowly varying function of energy and therefore dominates. 
In those glancing collisions where RCx occurs, the swapping of  
the charge state results in an ion almost at rest. This swap cooling 
occurs preferentially at the ion trap minimum, where the MOT  
density is maximum. As glancing collisions are overwhelmingly 
more probable than headon collisions, the RCx mechanism for 
transferring energy from ions to atoms can dominate the elastic 
channel. The difference in the evolution of ion cooling by these two 
processes in a multiple scattering framework is illustrated by the 
numerical simulations discussed below.

Numerical validation for the collisional cooling of ions.  
Trajectories of 100 noninteracting trapped ions are computed, each 
undergoing multiple collisions within a Gaussian density distribu
tion (s.d. = 0.43 mm) of atoms about the ion trap centre. Elastic15,20 
and RCx21,22 collisions are both incorporated in the simulation. 
The ions are evolved in the experimental potential6, from a random 
initial position distribution, which is much bigger than the extent 
of the atomic distribution, for elastic only and the elastic with RCx 
collisions. All collisions are instantaneous and the ion–atom binary 
interaction potential20,21 determines the specifics of the scatter
ing event. The number of RF cycles between collisions is sampled 
from a Poisson distribution with a mean of 20 RF cycles and the 
exact instant of collision within the chosen cycle is randomized  
uniformly. This procedure ensures the randomness of successive 
ion–atom collisions, while contracting the time interval over which 
the ion trajectory needs to be calculated between collisions, allowing 
the simulation to be experimentally realistic and computationally 
feasible. Each collision occurs with an impact parameter b chosen 
from a probability distribution pb(b) ∝ b such that 0 < b < bmax where 
bmax corresponds to a scattering angle θc > 60 microradian. The elas
tic collisions can result in simple angular deflections that do not cross 
the angular momentum barrier or the more complicated inspiral
ling orbital motion depending upon whether the impact parameter 
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Figure 2 | Critical impact parameters for elastic and charge exchange 
collisions as a function of ion velocity. The plot of the critical impact 
parameters in atomic units (a.u.), for elastic collisions bcel (blue) and  
RCx bcx (red) as a function of the approach velocity of the ion and the  
atom is shown in a log-log scale. At high values of the collision energy,  
the value of bcx is substantially higher than that of bcel and charge 
exchange happens way above the centrifugal barrier. In this regime,  
a fast ion at a high impact parameter can exchange its charge state  
with an atom at rest resulting in a slow ion and a fast atom. In effect,  
the ion and the atom swap their dynamical states and a cold ion can  
result from a single collision at the ion trap centre. The top axis denotes  
the velocity equivalent temperature to make contact with the results 
described below.
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is greater or lesser than a certain critical impact parameter bcel,  
respectively. The crosssection σL = πb 2cel corresponding to this 
impact parameter is often referred to as the Langevin crosssection 
and the crosssection for chargeexchange tends to this value at low 
energies. At higher energies, the charge exchange is active outside 
the centrifugal barrier and we can define a critical impact parameter 
for charge exchange bcx such that when b ≤ bcx, the average probabil
ity for RCx is 1/2 and for b > bcx the probability of RCx rapidly falls 
to zero. The value of bcx is determined from the Rb + –Rb molecu
lar potential21,22. The two critical impact parameters bcel and bcx  
are plotted in Fig. 2 as a function of the approach velocity for the 
85Rb system. The collision results in the change of ion velocity from 
c→c′. The kinematics of the collision are computed following the 
treatment in McDaniel15.

The 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. The ions cool much faster when the RCx channel is active 
along with the elastic one. The 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 verified by measuring the evolution of 
the ion population in the trap as follows. The Rb dispenser and the 
quadrupolar magnetic field for the MOT are kept ON throughout 
the measurement. Initially, the MOT is loaded for τml = 40 s until 
saturation, during which the ion trap RF field is kept OFF. Once 
the MOT is saturated, the ion trap’s RF field is switched ON and a 
small fraction of the atoms in the MOT are ionized by pulsing ON 
the ionizing blue light for τil = 1 s to load the ion trap. At the end 
of the ionloading 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. The ions are trapped for a further hold time, τih, either 
without MOT atoms or with MOT atoms, following which they are 
extracted onto the channel electron multiplier (CEM) by switching 
VECS. The ion count detected on the CEM is measured as a function 
of τih separately for the two cases.

The CEM ion counts versus τih is plotted in Fig. 4a and the FWHM 
of the ion arrival timeofflight (ToF) distribution in Fig. 4b. When 

the MOT is switched off, all the ions exit the trap by τih ≈ 15 s and 
the ToF FWHM increases rapidly. The 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 τih ≥ 1 s, the 
ion loss rate from the trap drops and so does the FWHM of the 
ion ToF distribution. Beyond τih ≥ 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 lasercooled parent atoms is achieved and a thermally  
stable equilibrium exists within experimental means.

Determination of the trapped ion-heating rate. The analysis of the 
ion–atom heat exchange first requires the ion heating rate in the 
absence of the MOT atoms. This 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 τih. 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 ± 9) is trapped without detectable loss beyond τih ≥ 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 τih. 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 τih ≥ 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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atoms. We assume a homogeneous exponential antidamping factor 
Γ to collectively represent the different heating mechanisms of the 
ions. This is a reasonable approximation when there is no cooling 
mechanism and the ion cloud is dilute, implying that ion trajectories  
are largely independent of each other. An ion with initial position 
(xi,yi,zi) sampled from the MOT density distribution, evolves in 
the ion trap potential with the antidamping factor Γ. The ion exits 
the ion trap at time tej, when it’s kinetic energy exceeds Eej, where  
the relation between tej and Eej (details in the Methods section) is 
written as,

t
m E

m x y q zr r z

ej
I ej

I
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+ + +{ }+
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where x0 = xi/(1 + q/2), y0 = yi/(1 − q/2) and z0 = zi, Ω is the drive fre
quency, Ω Γr r m2 2 2 24= +[ /( )]w I , q is the Mathieu stability parameter 
and ωr and ωz are the secular oscillation frequencies in the radial 
and axial directions, respectively. Eej is the maximum kinetic energy 
including the micromotion energy that the ion can possess and still 
remain in the trap. The time of ejection tej of the ion for each initial 
position is determined using equation (4). The cumulative probabil
ity distribution for tej gives the fraction of ions ejected from the trap 
at a certain time and from this the fraction of ions remaining in the 
trap, at different times is determined. The model curve is compared 
with the measured data of Fig. 4 in the absence of MOT atoms for 
different values of Γ and Eej and the pair of (Γ,Eej) for which the χ2 
of the fit is minimized is chosen. The model and the data are shown 
in the inset of Fig. 4a for Γ = 5.7×10 − 24 kg s − 1 and Eej = 2.83 eV. This 
value for Eej corresponds to a secular motion energy of 0.8 eV.

Ion number stabilization with ion heating. Having determined 
the experimental ionheating rate, it is important to verify that the 
earlier ioncooling simulations still predict ion cooling and ion 
number stabilization. To qualitatively study the stability of ions in 
the presence of the atoms, multiplecollision numerical simulations 
for 100 noninteracting ions are performed with the antidamping 
factor Γ included. As the rate of ion heating is expected to vary with 
varying ion population and density in the presence of the atoms a 
constant Γ cannot be expected to replicate the quantitative features. 
However, in the absence of knowledge for the time dependence of 
Γ we take Γ = 5.7×10 − 24 kg s − 1 throughout. The initial ion positions 
are generated from the density distribution of the MOT and the 
impact parameter b is computed as before. To calculate over time 
scales comparable to the experiment, the average macromotion 
speed 〈u〉 of the ion is computed over the average atomic density 
n that it passes through, to determine the time interval before the  
next collision as T n uscoll = 〈 〉σ  where σs = πb2

max is the cross 
section corresponding to the maximum sampled impact parameter. 
The calculated ion trajectories are then analysed to determine the 
fraction of the ion population remaining in the trap as a function 
of time for τih = 50 s. The elastic and the RCx channels for ions and 
atoms in the ground state are incorporated as described earlier. The 
collisions in the excited state and the stochastic nature of the excita
tion and deexcitation of atoms are not considered. The result of this 
simulation, shown in Fig. 5, exhibits a qualitative correspondence to 
the blue trace of Fig. 4a and confirms the ion number stabilization 
that accompanies ion cooling as a function of ion hold times.

Ion temperature determination. Given that the constant number 
of trapped ions for τih > 2 min (Fig. 4a) and a systematic decrease  
in the arrival time widths (Fig. 4b), the temperature at any hold  
time is evaluated as follows. An ion distribution, consistent with a 
given temperature value, is evolved within a numerically generated  

(4)(4)

potential for the ion trap system that includes the CEM, using  
an interacting ion MD24 simulation. Interacting ion simulation  
is needed here to accurately account for lensing effects in the  
extraction and detection processes. The ions are subjected to  
the transient extraction potential of the ion trap and their arrival 
times at the detector’s position are analysed. The response function 
for the detector circuit is convolved onto the extracted ion distri
bution so that the experiment is mimicked with precision by the 
simulation.

The positions and velocities of trapped ions, consistent with a 
specific temperature are generated using the virial theorem23. To 
use this we assume that the ion–ion and ion–atom interactions 
are negligible. This is reasonable because the ion–ion collisions 
are occasional and the ion–atom collisions are rare within a sin
gle macromotion cycle, which is a natural time to take an average 
over. The surviving trap potential term after time averaging over the 
macromotion cycle can be substituted by the corresponding har
monic secular potential (Uext) and the virial equation for the present 
problem reduces to 〈TK〉 ≈ 〈Uext〉. This equation determines the  
relation between the spatial and velocity distributions of ions at 
temperature T in the trap. The variances of the position and velocity 
distributions (σ σi vi

2 2, ), consistent with temperature T is now given 
by wi i vi

k T m i x y z2 2 2σ σ= = ∈B I/ , ( , , ), where the ωi are the mac
romotion frequencies, kB is the Boltzmann constant and mI is the 
mass of the ion.

Multiple ion ensembles are generated using the above distribu
tion widths for different temperatures. Each ensemble is evolved 
for a few macromotion cycles and extracted in the interacting ion 
MD simulation. The arrival time distribution recorded is plotted 
against the temperature in Fig. 6, which relates the experimentally 
measured width of the ToF distribution in Fig. 4b to the tempera
ture of the ion cloud. From this analysis we evaluate the temperature 
for the trapped ions as ≈30 K at τih = 180 s. The above temperature 
value represents an upper bound for the ion system so held. The 
ion system is capable of lower temperatures; however, our ability 
to determine the ion temperature significantly below this value, 
by the method described above, is limited. This is because at lower 
temperatures, for a fixed ion number, the ion density increases. The 
resulting increase in the ion–ion interaction then invalidates the 
approximate form of the virial theorem described above, and there
fore compromises further temperature measurements. In addition, 
at very low ion temperatures the sensitivity of this method drops as 
the ion ToF width varies marginally with temperature. Nevertheless, 
over the range of the present experiment, this analysis is robust and 
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Figure 5 | Numerical study of ion number stabilization with cooling 
and heating. The evolution of the ion population with hold time τih as 
computed from the multiple collision simulations in the presence of the 
exponential antidamping factor. The simulations give the fraction of the 
initial ion population, which is scaled to the experimentally observed 
ion population at τih = 0. We note that this is qualitatively similar to the 
sequence of blue circles of Fig. 4a.
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reliable and therefore suitable for the temperature measurement of 
trapped, optically dark ions.

Discussion
In the above study of ioncooling mechanisms we have exclusively 
focussed on the binary ion–atom interaction. Within this restric
tion we demonstrate that the ions are effectively cooled by collision 
with the localized, cold MOT atoms. It is the continuous atom cool
ing, which indirectly bleeds away energy from the trapped ions, and 
the constant number of atoms in the reservoir (MOT) that has the 
capacity to cool the ions. Without these two features simultaneously 
in place, the trapped ions will empty the atom trap very quickly, 
because of ion heating by various mechanisms and the relatively 
strong  − α/r4 ion–atom interaction potential. The effect of ion–ion 
interactions on the cooling and the stabilization of the ion numbers 
has not been numerically addressed as we are in the dilute ion limit. 
However, we have incorporated the Coulomb repulsion of the ions 
for the MD simulation used in the evaluation of the ion tempera
ture. The existence of ground and excitedstate populations within 
the cold atoms, with different polarizabilities, has been ignored 
in the discussions. Although these have an important role in the 
determination of the final state of the system, these details are not  
of primary relevance to the binary collisional cooling principle 
demonstrated here. Even in the charge exchange channel, there is no 
contribution of energy to the collision from internalstate changes. 
Therefore, the parent–daughter atom–ion system demonstrates ion 
cooling and longterm stability unequivocally.

In conclusion, we have shown that localized parent atom– 
daughter ion collisions allow a viable ion cooling technique. The 
cooling is understood from simple theoretical considerations  
for elastic collisions. It is numerically demonstrated that RCx  
accelerates the collisional ion cooling process. The experimental  
data illustrates that in the limit of long hold times, the number 
of trapped ions becomes constant, whereas the spread in the 
ion arrival times at the detector continues to shrink, implying  
continued cooling. The stabilization of trapped ion numbers is  
demonstrated numerically in a multiple ion–atom scattering  
simulation, where ion–ion interactions are ignored, but the experi
mentally determined ionheating rate is incorporated. The tempera
ture of the trapped ions, once the ion population has stabilized is 
determined using a combination of the virial theorem and a fully 
interacting ion MD evolution and detection of the ion ensemble. 

The ion temperatures and cooling rates are in line with the experi
mental expectations and further cooling is given. We therefore con
clude that a stable ion–atom ensemble is experimentally possible. 
The direct consequence of the cooling and stability demonstrated 
here then allows various mixtures of ions and atoms to simulta
neously coexist, whether the ions are laser coolable or not. These 
results lead to intriguing questions for future study such as, what 
is the equilibrium state and configuration of the cooled ion–atom 
system? How are collective oscillations of the ions damped in this 
RCx active system? Most significantly, the cold ion–atom ensemble 
that we have studied is a selfstabilizing system and sets the stage 
for ioninvolved production of cold molecules and generalization to 
studies with multiple species.

Methods
Experimental construction and operation. The Rb MOT is vapour loaded by 
heating a Rb source. The MOT has six independent laser beams of 1 cm diameter  
and a gradient magnetic field of 12 Gauss cm–1. Measurements on the cold atoms 
are made by fluorescence detection and optical imaging. The Rb +  ions are created 
with negligible recoil from the trapped MOT atoms by two photon ionization, 
where one photon is available from the cooling laser itself. The second photon 
(456 nm), is emitted by a lightemitting diode, which is switched on to create ions 
from the excited MOT atoms. The ion trap is a linear Paul trap with hollow cylin
drical end caps as shown in Fig. 1. A sinusoidal voltage of amplitude VRF = 91 V, 
frequency Ω = 2π × 600 kHz with 180° phase difference between adjacent rods 
is applied for x–y confinement. Confinement in z is effected by a DC voltage 
VEC = 80 V applied to end electrodes along the z axis. These ions are destructively 
detected by sweeping out the trapped ions through the hollowend electrode and 
a drift region, onto a CEM, by switching the voltage, VECS from 80 V → − 5 V. The 
CEM and a preamplifier assembly together convert the incident extracted ions 
from the trap to a proportional voltage signal.

Energy evolution of an antidamped ion in a linear Paul trap. Consider an ion ini
tially at a point (xi,yi,zi) in a linear Paul trap operating at a RF voltage of amplitude 
VRF and frequency Ω. The Mathieu stability parameter in the radial direction is 
q eV m r= 2 0

2
RF I/( )Ω  where r0 is a geometrical constant of the trap. Let the secular 

frequencies in the radial and axial direction be ωr and ωz, respectively. For q  1, 
the ion’s trajectory in the presence of an antidamping factor Γ is given by

x t x t q t
m

t

y t y

r( ) cos( ) cos( ) exp

( ) cos(

= +















=

0

0

1
2 2

w

w

Ω Γ

I

rr

z

t q t
m

t

z t z t
m

t

) cos( ) exp

( ) cos( )exp

1
2 2

20

−















=

Ω Γ

Γ
I

I
w











The energy of the ion rapidly oscillates between zero and a maximum value  
and this maximum value changes over time under the influence of Γ. The time 
derivatives of equation (5) give the corresponding instantaneous velocities.  
Squaring each velocity, we substitute the quadratic oscillatory terms with the  
corresponding maximum values and neglect the linear oscillatory terms. The  
remaining time dependence is in the form of the exponential antidamping factor. 
The maximum kinetic energy contributions from each direction are obtained as
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Summing these, the evolution of the maximum total kinetic energy, including the 
micromotion is subsequently obtained as
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Figure 6 | Ion temperature determination. The trapped ion ensemble 
temperature is determined for the duration when the ion number has 
stabilized, that is for 2≤τih ≤ 3 min. For this duration the temperature fit to 
the trapped ions as obtained from mD simulations (dashed line) is plotted 
as a function of trap hold time. The corresponding experimental ToF width 
of the extracted ions is marked on the top axis. The open circles represent 
the hold times at which the experimental measurements were made.
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When q is not so small compared with unity, the expression for the ion’s trajectory 
is not well represented by equation (5). But the expression for the energy envelope 
equation (7) still remains a good approximation. 

References
1. Smith, W. W., Makarov, O. P. & Lin, J. Cold ionneutral collisions in a hybrid 

trap. J. Mod. Opt. 52, 2253–2260 (2005).
2. Cetina, M., Grier, A., Campbell, J., Chuang, I. & Vuletic, V. Bright source of 

cold ions for surfaceelectrode traps. Phys. Rev. A 76, 041401 (2007).
3. Grier, A. T. et al. Observation of cold collisions between trapped ions and 

trapped atoms. Phys. Rev. Lett. 102, 223201 (2009).
4. Zipkes, C., Palzer, S., Sias, C. & Köhl, M. A trapped single ion inside a Bose

Einstein condensate. Nature 464, 388–391 (2010).
5. Schmid, S., Härter, A. & Denschlag, J. H. Dynamics of a cold trapped ion in a 

BoseEinstein condensate. Phys. Rev. Lett. 105, 223201 (2010).
6. Ravi, K., Lee, S., Sharma, A., Werth, G. & Rangwala, S. A. Combined ion and 

atom trap for lowtemperature ionatom physics. Appl. Phys. B 107, 971–981 
(2012).

7. Zipkes, C., Palzer, S., Ratschbacher, L., Sias, C. & Köhl, M. Cold heteronuclear 
atomion collisions. Phys. Rev. Lett. 105, 133201 (2010).

8. Willitsch, S., Bell, M. T., Gingell, A. D., Procter, S. R. & Softley, T. P. Cold 
reactive collisions between lasercooled ions and velocityselected neutral 
molecules. Phys. Rev. Lett. 100, 043203 (2008).

9. Rellergert, W. G. et al. Measurement of a large chemical reaction rate between 
ultracold closedshell 40Ca atoms and openshell 174Yb+ ions held in a hybrid 
atomion trap. Phys. Rev. Lett. 107, 243201 (2011).

10. Hall, F. H. J., Aymar, M., BouloufaMaafa, N., Dulieu, O. & Willitsch, S. Light
assisted ionneutral reactive processes in the cold regime: radiative molecule 
formation versus charge exchange. Phys. Rev. Lett. 107, 243202 (2011).

11. Côté, R., Kharchenko, V. & Lukin, M. D. Mesoscopic molecular ions in  
BoseEinstein condensates. Phys. Rev. Lett. 89, 093001 (2002).

12. Major, F. G., Gheorghe, V. N. & Werth, G. Charged Particle Traps. (Springer
Verlag, Heidelberg, 2005).

13. Major, F. G. & Dehmelt, H. G. Exchange collision technique for the  
rfspectroscopy of stored ions. Phys. Rev. 170, 91–107 (1968).

14. Zipkes, C., Ratschbacher, L., Sias, C. & Köhl, M. Kinetics of a single trapped  
ion in an ultracold buffer gas. New J. Phys. 13, 053020 (2011).

15. McDaniel, E. W. Collision Phenomena In Ionized Gases (John Wiley and Sons, 
1964).

16. Smrinov, B. M. Physics Of Atoms And Ions (SpringerVerlag, 2003).
17. Côté, R. & Dalgarno, A. Ultracold atomion collisions. Phys. Rev. A 62,  

012709 (2000).
18. Smirnov, B. M. Atomic structure and the resonant charge exchange process. 

Physics-Uspekhi 44, 221–253 (2001).
19. Landau, L. D. & Lifschitz, E. M. Quantum Mechanics (2nd ed., Rev, Pergamon 

Press, 1965).
20. Lide, D. R. (Ed.) CRC Hand Book Of Chemistry And Physics (CRC Press, 2004).
21. Olson, R. E. Determination of the difference potential from resonant charge

exchange total cross sections: analysis of Rb+Rb and Cs+Cs. Phys. Rev. 187, 
153–161 (1969).

22. Holstein, T. Mobilities of positive ions in their parent gases. J. Phys. Chem. 56, 
832–836 (1952).

23. Birkl, G., Yeazell, J. A. & Rückerl, R. Walther H. Polarization gradient cooling  
of trapped ions. Europhys. Lett. 27, 197–202 (1994).

24. Blaum, K. & Herfurth, F Trapped Charged Particles and Fundamental 
Interactions (Lecture notes in Physics 749, Springer, Heidelberg, 2008).

Acknowledgements
We gratefully acknowledge T. Ray, A. Dhar and S. Sabhapandit for useful discussions and 
RRI workshop and RAL for technical support.

Author contributions
K.R. and S.L. are responsible for the experimental measurements under the supervision 
of S.A.R.; K.R. built the experiment and A.S. participated in the instrument development. 
Experimental methods, analysis of data were developed by K.R., G.W. and S.A.R.; 
Interpretation of the results was done by K.R., S.L., G.W. and S.A.R.; Ion–atom collision 
framework was developed by K.R., S.L. and S.A.R.; Montecarlo simulations by K.R. and 
molecular dynamics simulations by S.L.; S.A.R. was responsible for project planning, 
execution and writing the manuscript.

Additional information
Competing financial interests: The authors declare no competing financial interests.

Reprints and permission information is available online at http://npg.nature.
com/reprintsandpermissions/

How to cite this article: Ravi K. et al. Cooling and stabilization by collisions in a mixed 
ion–atom system. Nat. Commun. 3:1126 doi: 10.1038/ncomms2131 (2012).


	Cooling and stabilization by collisions in a mixed ion–atom system
	Introduction
	Results
	Experimental setup
	Ion cooling mechanism
	Swap cooling by resonant charge exchange
	Numerical validation for the collisional cooling of ions
	Experimental results
	Determination of the trapped ion-heating rate
	Ion number stabilization with ion heating
	Ion temperature determination

	Discussion
	Methods
	Experimental construction and operation
	Energy evolution of an antidamped ion in a linear Paul trap

	Additional information
	Acknowledgements
	References




