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A ““Schrodinger Cat”
Superposition State of an Atom

C. Monroe,* D. M. Meekhof, B. E. King, D. J. Wineland

A ““Schrédinger cat’’-like state of matter was generated at the single atom level. A trapped
°Be* ion was laser-cooled to the zero-point energy and then prepared in a superposition
of spatially separated coherent harmonic oscillator states. This state was created by
application of a sequence of laser pulses, which entangles internal (electronic) and
external (motional) states of the ion. The Schrédinger cat superposition was verified by
detection of the quantum mechanical interference between the localized wave packets.
This mesoscopic system may provide insight into the fuzzy boundary between the clas-
sical and quantum worlds by allowing controlled studies of quantum measurement and

quantum decoherence.

Quantum mechanics allows the prepara-
tion of physical systems in superposition
states, or states that are “smeared” between
two or more distinct values. This curious
principle of quantum mechanics (1) has
been extremely successful at describing
physical behavior in the microscopic
world—from interactions of atoms with
photons to interactions at the subnuclear
level. But what happens when we extend
the quantum superposition principle to
macroscopic systems conventionally de-
scribed by classical physics? Here, superpo-
sitions introduce a great amount of concep-
tual difficulty, as pointed out in 1935 by the
celebrated  Einstein-Podolsky-Rosen  (2)
and Schrodinger cat (3) paradoxes. For ex-
ample, in Schrodinger’s thought experi-
ment (3), an unfortunate cat is placed in a
quantum superposition of being dead and
alive (correlated with a single radioactive
atom that has and has not decayed). The
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state of the system can be represented by
the entangled quantum mechanical wave
function,

el n+ el

where |@) and |@> refer to the states of a
live and dead cat, and | | yand | 1) refer to
the internal states of an atom that has and
has not radioactively decayed. This situa-
tion defies our sense of reality because we
only observe live or dead cats, and we ex-
pect that cats are either alive or dead inde-
pendent of our observation (4). Schrod-
inger’s cat paradox is a classic illustration of
the conflict between the existence of quan-
tum superpositions and our real-world ex-
perience of observation and measurement.

Although superposition states such as
Schrodinger’s cat do not appear in the mac-
roscopic world, there is great interest in the
realization of “Schrédinger cat”-like states
in mesoscopic systems, or systems that have
both macroscopic and microscopic features.
In this context, the “cat” is generalized to

(1)
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represent a physical system whose attributes
are normally associated with classical con-
cepts, such as the distinguishable position of
a particle (instead of the state of livelihood of
a real cat). In this article, we report the
creation of a mesoscopic “Schrodinger cat”
state at the single atom level: An atom was
prepared in a quantum superposition of two
spatially separated but localized positions. In
analogy to Schradinger’s original proposition
given by Eq. 1, we created the following state:

Ll 1)+ Il 1)
= 7 2)

where |x) and |x,) denote classical-like
wave packet states corresponding to sepa-
rated spatial positions of the atom, and | | )
and | 1) refer to distinct internal electronic
quantum states of the atom (5). The wave
packets are separated by a mesoscopic dis-
tance of more than 80 nm, which is large
compared with the size of the individual
wave packets (=7 nm) or the atomic di-
mension (=~0.1 nm).

Mesoscopic Schrédinger cats may provide
an interesting testing ground for the contro-
versial theory of quantum measurement (6).
At the core of this historical issue is the
question of the universality of quantum me-
chanics. The “Copenhagen interpretation”
of Bohr (7) and Heisenberg (8) holds that
the measuring apparatus always involves
classical concepts, thus forcing a seemingly
arbitrary division between the quantum and
classical worlds. Einstein (2) on the other
hand argued that for quantum mechanics to
be complete, it should describe physical be-
havior at all scales. One practical approach
toward resolving this controversy is the in-
troduction of quantum decoherence, or the

Fig. 1. (A) Electronic (inter- A
nal) and motional (external)
energy levels (not to scale) of
the trapped °Be™ ion, cou-
pled by the indicated laser
beams a through d. The dif-
ference frequency of the
“carrier’” Raman beams a
and b is set near w, /27 ~
1.250 GHz, providing a two-
photon Raman coupling be-
tween the 23, ,(F = 2, m- =
—2)and 2S5, ,(F =1, m =
—1) hyperfine ground states
(denoted by | | ) and | 1),
respectively). The difference
frequency of the “displace-
ment” Raman beams b and
cissettow/2m~ 11.2MHz.

environmentally induced reduction of quan-
tum superpositions into statistical mixtures
and classical behavior (9). Decoherence is
commonly interpreted as a way of quantify-
ing the elusive boundary between classical
and quantum worlds and almost always pre-
cludes the existence of macroscopic Schrod-
inger cat states, except at extremely short
time scales (9, 10). The creation of meso-
scopic Schradinger cat states may allow con-
trolled studies of quantum decoherence and
the quantum-classical boundary. We note
that quantum decoherence has received
much interest lately because of its impor-
tance in proposals for quantum computation
(11) and quantum cryptography (12).
Macroscopic superposition states of mat-
ter have been realized for electron (13),
neutron (14), and atom (15) beam splitters,
where these particles are split into superpo-
sitions of separated paths. The matter wave
packets in these experiments spread in time
because the particles are unbound. Spatially
separated superpositions of electrons within
atoms have been demonstrated by exciting
electrons to Rydberg states with pulsed la-
sers (16). Here, the electron wave packet is
also dispersive because of its anharmonic
binding potential. There have been related
proposals for the creation of macroscopic
superposition states of vibration in mole-
cules or crystals (17) and of electrical cur-
rents flowing in superconducting rings (18).
The appeal of creating a Schrodinger cat
state in a harmonic oscillator is that wave
packet dispersion can be negligible. The sim-
ple time evolution of a coherent harmonic
oscillator wave packet preserves the separa-
tion of the superposition and aids in the
visualization and interpretation of experi-

2P3/2 (3,-3)

B B
Trapped /’
ion
—>x
¢ (07),d (o) / l
b (c*/o™
= | 10, (ot/o7) /
D am

This excites the motion of the ion to a coherent state |o«9"“>e from an initial zero-point state of motion [O)e
inthe harmonic potential. Because of the polarization of beams b and ¢, they do not affect motion correlated
with the | | ), internal state. The three Raman beams (a, b, and c) are detuned A ~ —12 GHz from the
2P, .(F = 2,m- = —2) excited state (radiative linewidth y/2m ~ 19.4 MHz). Detection of the internal state is
accomplished by first iluminating the ion with o~ -polarized *‘detection’” beam d, which drives the cycling
28, F =2,m= —2) =3P, ,(F = 3, m. = —3) transition, and then observing the scattered fluorescence.
(B) Geometry of the three Raman laser beams a, b, and ¢, with polarizations indicated. The quantization axis
defined by the applied magnetic field B is 45° from the x axis of the harmonic trap potential.
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ments. There have been several proposals to
create mesoscopic Schrodinger cat states in a
single mode of the electromagnetic field,
which is formally equivalent to a harmonic
oscillator. For instance, these states are ex-
pected to evolve from the amplitude disper-
sion of a laser beam propagating in an an-
harmonic Kerr medium (19). In cavity-
quantum-electrodynamics, these states are
predicted to emerge by driving a coherent
state with a Jaynes-Cummings interaction to
the point of collapse (20), by continuously
pumping a single cavity mode with polarized
two-level atoms (21), or by realizing a dis-
persive interaction between a single atom
and a single cavity mode (22, 23). It has
been proposed that Schrodinger cat states of
a single harmonically bound atom can be
created by driving the atom with a strong
laser field and relying on a measurement to
project the desired superposition state (24)
or by optically pumping the atom to a “dark”
state with multiple laser beams (25).
Experimental approach. In the present
work, we create a Schrodinger cat state of the
harmonic oscillator by forming a superposi-
tion of two coherent-state wave packets of a
single trapped atom with a sequence of laser
pulses. Each wave packet is correlated with a
particular internal state of the atom. To ana-
lyze this state we apply an additional laser
pulse to couple the internal states and then
measure the resulting interference of the dis-
tinct wave packets (26, 27). The key features
of our approach are that (i) we control the
harmonic motion of the trapped atom to a
high degree by exciting the motion from ini-
tial zero-point wave packets to coherent-state
wave packets of well-defined amplitude and
phase; (ii) we do not rely on a conditional
measurement to project out the desired
Schrodinger cat state; and (iii) wave packet
dispersion of the atomic motion is negligible.
The experimental apparatus is described
elsewhere (28, 29). A single °Be™ ion is con-
fined in a coaxial-resonator radio frequency
(RF)—ion trap (28) that provides harmonic
oscillation frequencies of (0w, w,, w )/ 27 ~
(11.2, 18.2, 29.8) MHz along the principal
axes of the trap. We laser-cool the ion to the
quantum ground state of motion (29) and
then coherently manipulate its internal (elec-
tronic) and external (motional) state by ap-
plying pairs of off-resonant laser beams, which
drive two-photon—stimulated Raman transi-
tions (29, 30). As shown in Fig. 1A, the two
internal states of interest are the stable “S, ,(F
=2, mp = —2) and 231/2(1: =1, mg=-1)
hyperfine ground states (denoted by | |, ), and
| 1), respectively), separated in frequency by
oye/2m ~ 1.250 GHz. Here, F and m; are
quantum numbers representing the total in-
ternal angular momentum of the atom and its
projection along a quantization axis. The Ra-
man beams are detuned by A ~ —12 GHz
from the 2P1/2(F =2, mp = —2) excited state,




