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Networks play essential roles in both our everyday lives and 
in our work as physicists. The Worldwide LHC Computing 
Grid, based at the site of this year’s joint SPS/ÖPG meet-
ing, is just one particularly striking example of how we rely 
on fiber-optic networks for communication and for compu-
tational tasks beyond the capability of individual devices. 
The importance of such networks for classical information 
encourages us to confront the question: How will we build 
an internet for quantum computers 1 ? That is, assuming that 
quantum computers will process and store information in 

1  H. J. Kimble, Nature 453, 1023 (2008).

quantum states, how will we distribute these quantum states 
between remote nodes of a network while still preserving 
fragile quantum superpositions and entangled states?

Such future quantum networks offer certain advantages 
that cannot be attained with even the most sophisticated 
classical networks. First, quantum networks provide a route 
to secure long-distance cryptography via quantum key dis-
tribution (QKD), which allows two remote parties to gen-
erate a shared secret key 2. Second, distributed quantum 

2  N. Gisin and R. Thew, Nature Photon. 1, 165 (2007).
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In this work [1, 2] we have demonstrated that molecules im-
mersed in superfluid helium form the quasiparticles of a new 
kind – the ‘angulons’ – which were recently predicted by us 
theoretically [3, 4]. Angulon represents a rotating quantum 
impurity – such as a molecule – dressed by a cloud of su-
perfluid excitations.

Theoretical description of molecules interacting with sol-
vents is extremely challenging and usually requires large-
scale numerical simulations [5, 6]. However, even when the 
latter are computationally feasible, the amount of under-
standing one can extract from such ‘numerical experiments’ 
is quite limited. Treating molecules in superfluid helium as 
angulons allowed us to drastically simplify the problem and 
to provide simple interpretation for the experimental data 
collected over last 20 years, see Fig. 1.

Furthermore, the framework of angulons provides a simple 
and transparent way to understand the exchange of angular 
momentum between quantum particles and the surround-
ing environment. This allows to tackle previously intractable 
problems [7] as well as to uncover novel physical phenom-
ena associated with angular momentum [8, 9]. Since orbital 
quantum impurities arise in numerous settings of atomic, 

chemical, and condensed matter physics, the applications 
of angulons reach far beyond molecules in superfluids.
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FIG. 1. Evidence of the angulon formation in experiment. 
Renormalization of the rotational constant, B*/B, as a function 
of the two-body molecule-He interaction parameter γ [1, 2]. Left: 
heavy molecules, Middle: medium-mass molecules, Right: light 
molecules (note different y-axis scale). Experimental data (empty 

squares) are compared with the angulon theory in the strong-cou-
pling regime (red circles), and the weak-coupling regime (blue tri-
angles). Green crosses show the intermediate-coupling interpola-
tion between the strong- and weak-coupling theories.
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computing will allow small-scale quantum computers to be 
linked together. Scaling up the number of quantum bits is 
an outstanding challenge for quantum computing, and one 
approach is to construct optical interconnects between 
computers 3. Third, quantum networks may provide efficient 
solutions to intrinsically distributed problems.

A visionary approach to constructing quantum networks, 
outlined 20 years ago, is based on nodes consisting of 
three-level lambda-type atomic systems in optical cavities 4. 
The role of the cavity at each node is to enhance the electric 
field associated with a single photon such that the system 
acts as an interface between single atoms and single pho-
tons. The cavity is tuned to match a frequency correspond-
ing to one arm of the lambda system. When an atom in the 
cavity is driven by a laser field at a frequency resonant with 
the other arm, a single photon is generated from the vac-
uum field of the cavity through a cavity-mediated Raman 
process. That photon then leaves the cavity and travels to 
another node along an optical fiber or a free-space path, 
where is absorbed by an atom in a second cavity via the 
time-reversed version of the same process. Here, the cavity 
provides a coherent interface such that quantum informa-
tion stored in the electronic states of the atom is mapped 
onto the photon, and vice versa.

Trapped ions provide an experimental platform that is 
well-suited to such an interface. In particular, the 40Ca+ ion, 
the building block for the experiments described here, has 
a lambda-type electronic structure available between the 
42S1/2, 42P3/2 and 32D5/2 states. Single photons are created 
at the 42P3/2 to 32D5/2 transition frequency of 852 nm, which 
is compatible with fiber-optic communication. Meanwhile, 
the quadrupole 42S1/2 to 32D5/2 transition at 729 nm can be 
addressed directly with a narrow-linewidth Ti:sapph laser, 
enabling high-fidelity preparation of the ion’s motional and 
electronic state as well as coherent gate operations 5. We 
confine ions in a linear Paul trap under ultra-high vacuum. 
A high-finesse cavity 2 cm in length surrounds the Paul 
trap, and in-vacuum piezo stages allow the cavity to be 
positioned precisely with respect to the trap. The cavity is 
near-concentric in order to obtain a small mode volume and 
thus an increased ion-photon coupling strength 6.

In order to map a quantum state from an ion to a photon, fol-
lowing the protocol of Cirac et al. 5, we implement a bichro-
matic Raman process, that is, two parallel cavity-mediated 
Raman processes  7. In one process, the ion starts in the 
42S1/2, mS = -1/2 Zeeman state and a horizontally polarized 
photon is created in the cavity. In the second process, the 
ion starts in the 42S1/2, mS = +1/2 Zeeman state and a verti-
cally polarized photon is created. When the processes are 

3  C. Monroe and J. Kim, Science 339, 1164 (2013).
4  J. I. Cirac, P. Zoller, H. J. Kimble, and H. Mabuchi, Phys. Rev. Lett. 78, 
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5  H. Häffner, C. F. Roos, and R. Blatt, Phys. Rep. 469, 155 (2008).
6  A. Stute, B. Casabone, B. Brandstätter, D. Habicher, H. G. Barros, P. 

O. Schmidt, T. E. Northup, and R. Blatt, Appl. Phys. B 107, 1145 (2012).
7  A. Stute, B. Casabone, B. Brandstätter, K. Friebe, T. E. Northup, and R. 

Blatt, Nature Photon. 7, 219 (2013).

driven simultaneously, a quantum state encoded in the ion’s 
two Zeeman states is mapped onto the photon’s polarization 
state. Afterwards, the technique of quantum process tomog-
raphy is employed to verify that the information has been 
faithfully transferred. Tomography also allows us to under-
stand how spontaneous emission can lead to errors in the 
mapping process.

We have focused thus far on a coherent, deterministic 
trapped-ion interface, but it is also possible to construct 
probabilistic, heralded interfaces for quantum networks 8. In 
a heralded interface, quantum information transfer between 
remote locations is not achieved on every attempt, but when 
transfer does succeed, this event is heralded by a signal. 
For example, if each of two remote ions is entangled with 
a photon, then the detection of those two photons can be 
used to prepare the ions in an entangled state, which is sub-
sequently available as a resource for teleportation of quan-
tum information from one ion to another 9. We have shown 
that a bichromatic Raman process in an optical cavity can 
be used not only for state mapping, as described above, but 
also to entangle ions with photons 10 and subsequently, ions 
with ions 11. Optical cavities are not a requirement for such 
an interface, but they are a means to achieve efficient pho-
ton collection and thus to speed up communication within a 
network.

The building blocks that we have demonstrated to date for 
quantum networks have focused on an ion-photon interface 
at a single network node. To put these interfaces to work 
for quantum communication and quantum computing, it will 
be necessary in the future to link together multiple nodes, 
to suppress decoherence channels, and to optimize the ef-
ficiency of information transfer, challenging tasks that will 
require both new technological developments and close col-
laboration with our theoretical colleagues.

8  T. E. Northup and R. Blatt, Nature Photon. 8, 256 (2014).
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Figure 1. An optical cavity integrated with a linear Paul trap under 
ultra-high vacuum is the basis for a quantum interface between 
ions and photons.


