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Abstract 

I introduce the need to study interactions between cold and trapped species of atoms, molecules and ions very carefully for an 

understanding of quantum many particle systems. The experiments at RRI, which are devised to measure such interactions, 

that is hybrid trap experiments are described. Some results of interactions between trapped atoms and ions are discussed as 

well as non-destructive measurement of interactions using cavities.   

Introduction1  

From the early years of the 20th century, quantum mechanics 

has redefined how science explains the world around us. 

Quantum mechanics is not just a new theory, but it is a 

philosophical departure from classical thinking and 

analysis [1]. It is classical experience which builds our 

intuition and understanding as we learn. The difference 

between classical and quantum approach is so stark that, only 

at universities when physics is taught, the first proper exposure 

to quantum mechanics results.  Consequently, most people go 

through their lives without knowing the basic rules which 

govern natural phenomena.  

While the above statement might seem extreme, given that 

there is much which can be explained by the application of 

classical physics, it is regrettably true. Historically, physics 

has been a reductionist science, that is, it makes an effort to 

capture the essence of the phenomenon, without worrying 

about a host of accompanying details, which are treated as 

measurable effects on top of the essential phenomenon. This 

approach leads to a very powerful set of simply stated 

principles, on which rests the basic understanding of modern 

physics.  

However, this reductionist approach has its drawbacks. The 

key issue is in the description of interacting systems with few 

and many particles, where dynamical approaches tend to fail. 

In such a scenario, we appeal to the statistical behaviour of the 

system, or in certain special cases, exploit convenient 

symmetries to reduce complex and intractable problems to 

something more manageable. However, the level of 

 

1 This article is based on the lecture given at the presentation 

of IPA P.K. Iyengar award 2018. 

predictability for such systems is quite limited and the 

workaround to this impasse is the construction of models for 

interacting systems, with the aim of capturing the essential 

properties. This is very hard, and a century of progress along 

such lines, with quantum theory as its backbone, still leaves 

major problems across fields unsolved.  

The pivot on which accuracy of the physical models rests is 

the precise knowledge of the interactions between the 

constituents of the model. Interactions can be isotropic, 

anisotropic and even tensorial in character, and short or long 

range. These interactions need to be known minimally 

between two particles, so that our efforts with the models can 

improve. The question then arises, how do we get to know 

these interactions better? How do we measure these? 

While we still struggle with older and more recent interaction 

related problems and work towards solving them, the 

application of quantum mechanics and electromagnetism has 

led to a technological revolution. As an example, the number 

of Nobel Prizes awarded and other path breaking research 

bundled into a mobile phone, is staggeringly large. The 

precision with which we can engineer electromagnetic probes 

and environments for quantum systems is more than sufficient 

to start answering the question posed for interactions above. 

To encapsulate in a nutshell, can we now study and measure 

interactions between carefully prepared quantum systems? 

The answer is a definitive yes. There are many lines of attack. 

The way we do it in the Quantum Interactions (QuaInt) 

laboratory at the Raman Research Institute, using hybrid traps 

for multiple species, is described below.    
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The Systems  

To study interactions, we need to identify the appropriate 

quantum systems. While multiple systems exhibit quantum 

behaviour, we need very well characterized systems. Atoms, 

molecules and their corresponding ions are ideally suited for 

such experiments. For these, the properties of the individual 

system can be calculated with great precision using 

computational methods. As an example, in Figure 1, we 

illustrate the power of numerical methods to understand the 

ultracold collision between an atom and an ion. In such a 

system the wave functions of the colliding system can be 

accurately determined, as shown. It is worth noting that these 

are amongst the few systems which occur in identical copies 

naturally, and so with some effort, which has ushered in a 

minor revolution in physics, the creation of an ensemble of 

quantum mechanically identical particles, which can be 

experimented on with precision, and in large numbers is now 

possible [2-10]. The problem of interacting systems can 

therefore be framed as: assume a collection of atoms2, ions or 

molecules and their mixtures, how do they interact with each 

other? What is required to quantify the interactions? 

 

Figure 1: The molecular ion ground state potential energy 

curve for the Li-Li+ (Lithium molecular ion) showing the 

bound state and scattering state wave functions. The low 

energy scattering state wave function (red dashed) is the 

domain of interest for cold, dilute gas physics, where the 

quantum effects in interactions between atom and ion most 

strongly manifest, as it is just above the dissociation limit. The 

blue solid curves are some of the molecular ion bound states 

and the purple dashed is the scattering wave function at 1 K 

above the dissociation limit (shifted far above for clarity).   

In addition to identical and characterized quantum systems, 

the details of the state of motion for each of the atoms is 

required. In a gas of atoms this is hard to do, unless one cools 

down the gas very close to absolute zero and so slows the 

atoms down. This in combination with the possibility to trap 

the atoms is required, so that the interactions between them 

can be precisely studied. Therefore, critical to the study of 

 

2 The term “atoms” is henceforth used to imply atoms, ions, 

molecules- unless specified explicitly. 

interactions is the cooling and trapping of atoms, ions and 

molecules [2-8]. The invention of lasers which are coherent, 

monochromatic and bright, is the critical transformative 

technology, which helps control both the internal state of the 

atoms, as well as their motional states.  

One of the more significant experimental developments 

towards the end of the 20th century is the development of 

cooling and trapping of atoms, ions and molecules [11,12]. 

The cooling is made possible because the atoms are identical 

and the laser can be tuned to be absorbed and radiated by these 

atoms. In the process of light interactions with atoms, energy, 

momentum and angular momentum are exchanged with the 

atoms. By interaction of light with the internal state of atoms, 

the motion of the atoms and therefore their dynamics, is 

transformed. So, with clever manipulation of laser fields, 

atoms can be cooled to micro Kelvin temperatures and 

lower [11]. When this laser cooling is combined with 

electromagnetic gradient fields to form traps for the cooled 

atoms, we can then create very cold ensembles of atoms, 

molecules and ions which are spatially trapped [11,12].  

It then follows that those systems which are well understood 

as standalone quantum systems are, via cooling and trapping, 

available in identical copies in large numbers and are therefore 

the natural choice for the study of interactions in the quantum 

regime [7-12]. Laser cooled and trapped atoms, ions and 

molecules have created specifically tailored ensembles of 

these and led to a vast array of experiments, ranging from 

quantum (Q) degeneracy [7,8], Q simulations [11] and Q 

computation [10] to list a few. In the overwhelmingly large 

number of cases a single cold species (such as atoms, or ions 

or molecules) is confined, cooled and its state is prepared so 

that it can be appropriately manipulated and studied. In recent 

times, experiments with mixtures of gases have taken root, and 

as an extension experiments with mixture of species. This is 

required to explore the range of possible interactions and 

anisotropic, long range effects. When mixtures of species are 

co-trapped, the traps are called Hybrid Traps, as they combine 

multiple technologies in non-trivial ways to study mixtures of 

species. Our Quantum Interactions (QuaInt) group at RRI has 

explored the interaction between multiple co-trapped species 

in Hybrid Traps [13-15].   

Accessing the Quantum Regime 

In general cooling of the trapped species is required such that, 

under fairly well controlled conditions one can reach regimes, 

where the trapped atoms are better expressed by their wave 

functions rather than their specific position and momentum 

coordinates. This is a sufficient condition for quantum effects 

to manifest when the interactions between the atoms is 

accurately described. A consequence of lowering the kinetic 

temperature of the atoms is that collision cross sections are 

several orders of magnitude greater than at room temperature 

equivalent energies and the time taken for a collision increases 

as an inverse function of the relative velocity, since given for 

a specific  range  of  the interaction, the time spent within the  
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Figure 2: The linear Paul trap with four rf electrode rods in quadrupole arrangement and dc end cap electrodes is shown. This 

arrangement traps the ions within the purple ellipsoid denoting the maximum extent where an ion can be trapped. The red 

sphere at its centre represents a MOT of Lithium and is photographed in the inset. The magnetic field coils produce the gradient 

quadrupole magnetic field, which linear Zeeman shifts the Li atoms allowing them to be cooled by red detuned lasers as shown, 

forms the MOT coincident with the intersection of the cooling lasers and the zero of the magnetic field. Ions (Li+ or Ca+) can 

be created by multi-photon ionization of atoms and they can be imaged using fluorescence or destructively detected. Extraction, 

deflection and steering electrodes allow the ion to be detected on a position sensitive detector at the far end.  

range increases with decreasing velocities. In such a situation, 

the particular value of the quantized angular momentum of the 

colliding partners start making a big impact on the collision. 

In other effects, as the kinetic temperature lowers, trapped 

particles get more delocalized and the overlap of the spatial 

wavefunctions (de Broglie) associated with the atoms leads to 

the manifestation of quantum degeneracy (Bose and Fermi) in 

identical particle systems [7,8]. 

For quantum interactions in identical particles, one can also 

allow for exchange processes to manifest. In such cases, we 

can see measurable effects of the exchange experimentally, 

even at much higher temperatures. 

We explore many of these scenarios in our experiments as 

shown below. 

Motivation 

A critical innovation of the experiments at RRI is the fact that 

we can trap multiple species, with overlap so that their 

interactions can be studied. While the interaction between 

atoms is very extensively studied, all the way to quantum 

degeneracy, the interaction between cold trapped atoms and 

its ions, molecular ions, molecule and atom interactions, 

molecule-molecule interactions are studied far less. This is 

partly because such experiments are intensive on resources 

and demanding of precision, even for a single species 

experiment. So what is gained by expanding beyond atoms as 

the prototype ideal quantum system? Atoms at cold 

temperature exhibit short range isotropic interactions. The 

answer leading into the studies which are described below, and 

one of the foremost reasons to venture beyond, is to get a grasp 

on different types of interactions and in addition to that, for 

anisotropic interactions, which in atoms are accessible via 

magnetic dipole-dipole interactions.  

As magnetic dipole-dipole interactions are relative weak 

compared to their electric counterpart, the motivation to work 

with hetero-nuclear molecules which exhibit electric dipole 

moments is natural, when the objective becomes long range, 

anisotropic interactions. While trapped ion-ion interaction is 

Coulombic (∝ 1/𝑟) in nature, species X-neutral interaction in 

their asymptotic form can be ( ∝ 1/𝑟𝑛 ), where 𝑛 takes values 

from 2 to 6, depending on the species that are interacting. As 

discussed above, this variation in interactions is required to 

make headway for a wide class of physics problems, which 

press for a solution.  

Experimental Strategies and Development 

To trap two different species so that they can interact, requires 

two different trap mechanisms to be in place simultaneously, 

with overlap. It is therefore very important to have compatible 

trapping strategies. Since laser cooling proceeds 

simultaneously, it is desirable that there be no interference 

between the cooling and trapping mechanism for the two 

species whose interaction is to be measured. Early 

experiments in the Quantum Interactions lab RRI were 

developed with the idea of trapping atoms and ions 

together [13]. This required the engineering of an apparatus 

capable of simultaneous trapping and cooling of cold atoms 

and cold ions  which we were among the first to do.  The 

design comprises building a linear Paul trap with a distance of 
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Figure 3: The Molecule-Ion-Cavity-Atom (MICA) experiment. The MOT is in the middle of the apparatus, and the magnetic 

centre, the intersecting beam centre, the ion trap centre and the cavity axis has to be in very precise alignment. The detail of 

the ion trap is shown at the bottom left. The red wire electrodes are the end cap dc electrodes and the blue central wires are 

the rf electrodes. Alternatively the linear electrodes can serve as rf electrodes for trapping the ion. The intra-cavity coupled 

field is shown as the standing wave, and this is the mode which couples the cavity and atoms strongly. The effect of strong 

coupling of atom-cavity and the principle for non-destructive measurements is shown. 

10 mm between neighbouring electrodes, and the end cap 

recessed far away so that the cooling beams for the vapour 

loaded magneto-optical trap (MOT) would intersect at the ion 

trap centre [13]. The original experiment was made to work 

with Rb and Cs. The next generation experiment which is 

more advanced in several ways, but in the spirit of the original 

experiment is illustrated in Fig. 2, is built to work with lithium 

(Li) and calcium (Ca), where a MOT of cold lithium atoms is 

shown. 

The most desirable experiment is one where non-destructive 

detection of interactions between the trapped particles occurs. 

For this, we need to imagine an apparatus with capacity 

beyond the ion-atom experiment. Since light is the most 

versatile tool on the quantum optics work bench, to measure 

the interactions using light is the favoured option. The concept 

of the Molecule-Ion-Cavity-Atom (MICA) experiment is 

rooted in harmonic oscillator physics [14-17]. Here an optical 

cavity is constructed so that the atom and ion trap are well 

centred with the mode volume of the optical cavity. The cavity 

is a high quality resonator for light, as is atom. When atoms 

are centred in the cavity mode, and the cavity and atomic 

transition frequency is tuned into resonance, there is a strong 

coupling of the two oscillators, and as a result the resonant 

frequency for the atom-cavity coupled system is exhibited by 

a split in the transmission frequency of the probe light through 

the cavity. The transmission of the cavity exhibits normal 

mode splitting, above and below the absence of transmission 

at the resonant frequency. The extent of the split is determined 

by the atom-cavity coupling, 𝑔0 and is proportional to the √𝑁𝐴 

, where 𝑁𝐴 is the number of atoms coupled to the cavity 

mode [17]. In this way the atom cavity-mode coupling 

exhibits as a frequency difference which is easily measured. 

This atom-cavity coupled system can now be used for 

detection of interactions as we play one interaction against 

another. Let another atom, molecule or ion denoted by 𝑋 be 

co-trapped with the atoms in the cavity mode. As the atoms 

interact with 𝑋 the atom- cavity collective strong coupling 

weakens. This manifests as a reduced normal mode split, 

which can be easily measured and compared to the situation 

where  𝑋   is absent [18]. The difference is the measure of the 
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Figure 4: Schematic of cooling by charge exchange (swap cooling). The ions and atoms are both initially trapped, with the ion 

being energetic and oscillating in its trap (red solid). The atom is very cold and is at the bottom of its trap (blue solid). When 

a glancing collision occurs, the dynamical state of the particles changes slightly. However, because the ion is derived by 

ionizing the atom, the electron sees two identical cores during collision and can swap with a probability of 1/2. In this case 

post collision, a fast atom leaves the trap in a single shot with a large velocity and a cold ion results at the centre of both traps.  

atom-𝑋 interaction, and depending on the precision of 

information of the dynamical state and numbers of the atoms 

and 𝑋, we can measure the interaction with varying precision. 

This principle can be expanded to measure fields as well, and 

there are also other possible non-destructive measurements 

with atoms, molecules and ions with cavities, which are 

beyond the scope of the present article [19]. The experimental 

design of the MICA experiment and the details of the principle 

of non-destructive detection is illustrated in Fig. 3. The 

apparatus, is a one of a kind trap for atoms, ions, molecules 

and light and is therefore conceptually primed to measure 

interactions in the quantum regime between the cooled and 

trapped species. Below we briefly describe a few key results 

with the experiments described above. 

Results 

The Rb atoms are laser cooled to form a MOT in the linear 

Paul trap [20,21] similar to that shown in Fig. 2. the simplest 

way to co-trap an ion is to resonantly two-photon ionize a cold, 

trapped atom at the centre of the ion trap. When this is done, a 

mixture of Rb atoms and Rb ions is created. On doing so, the 

Rb+ ions were very efficiently cooled by the Rb MOT 

atoms [15,20,21]. This was unexpected from the canonical 

treatment of trapped ion cooling by collisions with cold atoms, 

where only collisions with lighter mass atoms were expected 

to cool the ion. In the case of equal mass, neither heating nor 

cooling was expected, though in reality in such a case, due to 

trap imperfections and other mechanisms, the equal mass ion 

gains energy, and if the cold atom has higher mass than the 

trapped ion, rapid heating of the ion results [22]. These 

conclusions are borne out by experiments over the decades. 

We explained the rapid cooling of Rb+ ions by a MOT of 

localized Rb atoms due to two independent mechanisms 

cooling mechanisms. The canonical understanding of trapped 

ion atom elastic collision described above was for the situation 

when the atoms were present as a uniform buffer gas 

throughout the ion trap [22]. This meant that the trapped ion 

was most likely to collide with an atom away from the ion trap 

centre, in the grip of forced oscillatory motion from rf fields 

of the Paul trap. In a Paul trap, the ion is dynamically trapped 

by a combination of time dependent rf fields and dc 

potentials [1]. This means that the trap for the ion is time 

varying and direction dependent and the condition for trapping 

requires that the instantaneous motion of the ion be properly 

synchronized with the instantaneous trapping field. If in 

collision, the state of its motion of the ion alters in direction, 

it loses synchronization with the trapping field, as a result 

gains energy from the time varying potential and exits the ion 

trap. This results in the canonical conclusions reached above 

for collisional cooling and heating of trapped ions, with elastic 

collisions [22].  

In our experiments, the MOT atoms are localized in a small 

volume and co-centred with the ion trap. In this case, at the 

ion trap centre, the rf potential tends to vanish in the first order, 

leading to collision dynamics on an approximately flat 

potential. This implies that, if the ion has higher kinetic energy 

than the atom, it will lose energy on collision, irrespective of 

the mass ratio of the ion to the atom. Therefore, a localized 

and centred ensemble of the trapped atoms at lower kinetic 

temperatures than the ions will cool the ions [20,23]. In our 

experiments we measured rapid cooling of Rb+ ions by Rb 

atoms, which could not be explained by elastic collisions 

alone [20]. We therefore postulated a new mechanism, apart 

from cooling by localized ensemble of atoms via elastic 

collisions. This is a completely quantum process, which 

involved the transfer of an electron from the atom, to the 

daughter ion. This process conserves both energy and 

momentum as there is no change in the internal energy of the 

post exchange fragments. We call this process “swap cooling”, 

which is a consequence of symmetry and quantum physics 

with no classical analogue [20]. The mechanism illustrated in 

the panels of Fig. 4, is an example of a quantum interaction 

exploiting symmetry, which is active over a wide range of 

collision energies. If a swap collision takes place in a glancing 

collision between atom and ion, then we have a very cold ion 

at the trap centre, and a fast atom carrying away all the kinetic 

energy of the pre-collision ion. This atom escapes to infinity 

leaving a colder mixture. Swap cooling has been shown to be 

between ~39 to ~154 times more efficient at cooling the ion 

per collision, than an elastic collision, in recent experiments 
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with Cs and Rb mixtures [24]. In other experiments we also 

show that lighter mass ions are cooled by heavier mass MOT 

atoms, thus validating our cooling mechanism for trapped 

centred, localized cold atom ensembles [23]. This leads to an 

interesting consequence with respect to thermalization of the 

lighter ion with the heavier MOT atoms, which depends 

strongly on the spatial extent of the cold atom reservoir and 

only in the limit of near zero size, on the temperature of the 

reservoir. In this manner we developed conceptually and 

experimentally demonstrated two new mechanisms of trapped 

ion cooling, which lead to many possibilities going forward. 

The heavier trapped molecular ions Rb2
+, have exceedingly 

long trap lifetimes but are found to be unstable due to 

photodissociation, which has also been an object of extensive 

study [25]. 

In experiments with atoms coupled to cavity, we have 

demonstrated the collective strong coupling of Rb atoms to the 

cavity mode [14,17,18,26,27]. An illustration of the collective 

strong coupling signal for weak probe light transmission 

through the cavity is shown in the bottom panels of Fig. 3. 

This has been done for both two level and multi-level 

atoms [14,17]. The technique described in the section on 

experimental strategies for non-destructive detection of ions 

by strong coupling with atoms has also been developed, and 

this has been used to measure the trapped ion number density 

co-trapped with the atoms [18].  Cavities and molecules 

usually do not combine well in this regime of temperatures 

and small numbers. We have however devised ways to do non-

destructive detection of trapped molecules [19]. A new 

experiment has started to be put together to work effectively 

with molecules and measure interactions between them.  

The interaction between the resonant cavity mode and atoms 

is extremely rich and a number of experiments have been 

performed in our lab, to explore the nonlinearity that 

results [27-29]. This nonlinearity can manifest as an optical 

switch, which can be adapted in the future to do very sensitive 

detection of interactions. One remarkable phenomenon that is 

routinely observed in our experiments is the competition 

between spontaneous and stimulated emission of the 

resonantly driven MOT atoms by their cooling beams, and the 

cavity mode that results due to the optical interaction of the 

atoms with the optical resonator that the cavity represents [26]. 

The cavity coupling of light resonantly scattered by the driven 

atoms is therefore a whole new objective of research. 

Conclusion 

The experiments at the Quantum Interactions Laboratory at 

RRI and science described here explore quantum interactions. 

In addition, the experiments allow the opportunity to discover, 

as the mixture of systems put together are often not well 

understood enough, due to the complexity the interactions 

bring to the combined system, which is the goal. Much more 

experimentation is needed to make headway in the problems 

defined in the introduction, and it is clear that our approach 

provides a great platform to attack these. The future is rich for 

quantum physics with hybrid trap experiments.  
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