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Decoherence of quantum
superpositions through
coupling to engineered reservoirs

C. J. Myatt*, B. E. King*, Q. A. Turchette, C. A. Sackett, D. Kielpinski, W. M. Itano, C. Monroe & D. J. Wineland

National Institute of Standards and Technology, Div. 847.10, 325 Broadway, Boulder, Colorado 80303, USA

The theory of quantum mechanics applies to closed systems. In such ideal situations, a single atom can, for example, exist
simultaneously in a superposition of two different spatial locations. In contrast, real systems always interact with their
environment, with the consequence that macroscopic quantum superpositions (as illustrated by the ‘Schrodinger’s cat’ thought-
experiment) are not observed. Moreover, macroscopic superpositions decay so quickly that even the dynamics of decoherence
cannot be observed. However, mesoscopic systems offer the possibility of observing the decoherence of such quantum
superpositions. Here we present measurements of the decoherence of superposed motional states of a single trapped atom.
Decoherence is induced by coupling the atom to engineered reservoirs, in which the coupling and state of the environment are
controllable. We perform three experiments, finding that the decoherence rate scales with the square of a quantity describing the

amplitude of the superposition state.

One of the fundamental properties of quantum mechanics is the
principle of superposition, a principle whose introduction was
considered a “drastic” measure by Dirac'. The fact that quantum
superpositions do not exist in the macroscopic world hinders our
intuition and leads to the apparently strange behaviour dictated by
quantum mechanics. A famous example of this was posed by
Schrédinger in 1935 (ref. 2) who pointed out that quantum
mechanics would predict bizarre situations such as a cat being
simultaneously dead and alive. The existence of superpositions
prescribed by quantum mechanics is valid for systems that are
closed, that is, free from external influences. In contrast, real systems
always couple to these external influences, the environment, which
is typically composed of an extremely large number of degrees of
freedom. Lack of knowledge about the environment is expressed by
averaging (mathematically tracing) over the possible states of the
environmental degrees of freedom. This leads to an evolution of the
density matrix of the system, in which the quantum superpositions
are continuously reduced to classical probability distributions, a
process generally known as decoherence (see, for example, refs 3-5).
One approach to describing decoherence is to treat the environment
as a reservoir of quantum oscillators, each of which interacts with
the quantum system in question. An example of such a reservoir—
system interaction is the ensemble of empty electromagnetic field
modes, each represented by a quantized harmonic oscillator, inter-
acting with an atom in order to induce spontaneous emission. As a
quantum superposition is made larger, decoherence tends to act
more quickly. For truly macroscopic superpositions, such as that of
‘Schrodinger’s cat), decoherence occurs on such a short timescale
that it is almost impossible to observe quantum coherences. How-
ever, mesoscopic systems present the possibility of studying, in a
controlled way, the process of decoherence and the transition from
quantum to classical behaviour.

In the past few years, techniques have been realized to generate
mesoscopic superpositions, also called ‘Schrdodinger cats, of
motional states of trapped ions® and of photon states in the context
of cavity QED (ref. 7), where decoherence through coupling to
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NATURE|VOL 403|20 JANUARY 2000 | www.nature.com

A4 © 2000 Macmillan Magazines Ltd

ambient reservoirs and the sensitivity of the rate of decoherence to
the size of cat were observed. Here we extend the investigations
beyond the ambient reservoirs and ‘engineer’ the state of the
reservoir, as well as the form of the system-reservoir coupling.
One way this can be achieved for a system of trapped ions is by
applying noisy potentials to the trap electrodes, simulating a hot
resistor (reservoir) connected to the trap electrodes, with control-
lable temperature and spectrum. For a range of two-component
superposition states, we demonstrate the expected exponential
dependence of the decoherence rate on the separation of the
components in Hilbert space. We also present the first, to our
knowledge, study of decoherence into an engineered quantum
reservoir, using laser cooling techniques to generate an effectively
zero-temperature bath®’.

Theoretical predictions
Decoherence of specific mesoscopic quantum superpositions, with
a variety of couplings to a reservoir, has been investigated exten-
sively in theory’™>*!®~">. The model in these studies is a system
harmonic oscillator coupled to a bath of environment quantum
oscillators. (These and other sources of decoherence in the context
of trapped-ion experiments have been more recently discussed
theoretically in refs 13-16.) As an illustration, we consider the
system oscillator to be in a superposition of coherent states. A
coherent state'” of a harmonic oscillator is a gaussian wavepacket
which oscillates back and forth while retaining its shape. In
quantum mechanics, a coherent state is represented by a state
vector |a), where o = |ar|e” is a complex number whose magnitude
|| is a dimensionless amplitude of the wavepacket’s motion and
whose phase 6 is the phase of the oscillation at some initial time
t = 0 (the phases of all subsequent coherent manipulations are set
relative to this initial phase). Coherent states are analogous to
classical trajectories of a harmonic oscillator, approximated by a
marble rolling back and forth in a bowl. A superposition of coherent
states, |¥) = N(Jo,) + |o,)) where N is a normalization factor,
can be visualized as a marble rolling in a superposition of two
trajectories.

We consider the system oscillator to couple to the reservoir
through an interaction proportional to the product of the ampli-
tude of motion of the system oscillator and the amplitude of
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fluctuations of the reservoir. For brevity, we call this an amplitude
reservoir. In the classical analogy, a hot amplitude reservoir behaves
as if the bowl is subject to random displacements of its centre,
resulting in a random force on the marble. For a superposition of
coherent states coupled to such a reservoir, a simple scaling law may
be stated: the rate of decoherence (here a dephasing between the |o;)
and |a,) components of |{)) scales as the square of the separation of
the wave packets, |o; — o, |%. In an idealized case where, first, the
superposition is created, then the amplitude reservoir is coupled to
the system for a time t, and then the coupling is turned off, the
remaining coherence between the two wave packets is*:

C(t) = expl[— |, — a,|*£t] 6]

Here £ is a coupling constant between the reservoir and the system.
The larger the size (|o; — o,|) of the superposition, the faster the
decoherence.

Another basis of quantum states for the harmonic oscillator is the
energy eigenstates, also known as Fock or number states. The Fock
state |n) has energy hw(n + 1/2) and represents a state of 7 units of
quantized vibration, where n = 0 is an integer. Fock states have no
classical analogue, as they are delocalized in position and uniformly
distributed in phase. A superposition of two Fock states
[¥) = (In,) + [n,))/\/2 loses coherence when the modes of the
reservoir couple linearly to the energy of the oscillator, which is
equivalent to averaging over a gaussian distribution of phase shifts
of the oscillator. We denote this case a phase reservoir. The
coherence between the two Fock states decays at a rate that scales
as the square of the difference between the Fock indices, |n, — n, %,
given by*:

C(t) = exp[—|n, — n,|’xt] ©))

Here « is a coupling constant.

Trapped ions

In the experiments described here, a linear Paul trap, similar to the
one described in ref. 18, confines single *Be" atomic ions in a
harmonic potential, for which we isolate the axial motion at
frequency w = 2w X 11.3MHz Within the ion’s electronic
ground-state hyperfine manifold we restrict our attention to two
states, the |F =2,m; = — 2) state, which we label ||), and the
|F = 1,my = — 1) state, which we label |f), separated in energy by

hw,, where w, = 2w X 1.25GHz, and where F and my are the
quantum numbers associated with the total angular momentum
of the atomic state. The ion is cooled to the n = 0 ground state of
motion, denoted |0), and optically pumped to the ||) state with
resolved-sideband stimulated Raman cooling'®. Thus, the initial
state for all the experiments is ||)|0).

We drive coherent stimulated Raman transitions with a pair of
laser beams detuned approximately 12 GHz from the atomic
resonance near 958 THz (N = 313nm). We use three types of
Raman transitions, determined by the beam geometry and differ-
ence frequency of the two beams: (1) Motion-independent spin-flip
transitions (|| )|#) < |1)n)). Here, the Raman beams are co-
propagating and the difference frequency is set to w,. (2) Sideband
transitions (| | )|n) < | 1)|n + An)). Here, the beams are orientated
with their difference wavevector pointing along the trap axis and
their difference frequency set to a motional sideband at w, + wAn.
(3) Motional displacement transitions. Here, the beams are orientated
with their difference wavevector pointing along the trap axis and
their difference frequency set to the trap frequency w. This approxi-
mates the harmonic-oscillator displacement operator D(«), where
the operator is defined*® by the relation D(c)|0) = |a). The dis-
placement |e| is proportional to the duration of the laser pulse, and
0 is set by the phase of the applied laser field*". In general, o
depends on the internal state of the ion.

We can efficiently detect the ||) internal state of the ion by
applying circularly polarized laser light resonant with the transition
[1) = |e), where |e) is a short-lived excited electronic state that
usually decays back to ||) by emitting a photon'. In contrast, the
transition |1) < |e) is out of resonance, and an ion in the [f) state
scatters negligible light.

High-temperature amplitude reservoir

The motion of a trapped ion couples to uniform electric fields E
through the potential U = — gx - E, where x is the displacement of
the ion from its equilibrium position (proportional to the ampli-
tude of motion) and q is the charge of the ion. This coupling is
independent of the ion’s internal state. Our engineered amplitude
reservoir consists of random uniform electric fields applied along
the axis of the trap, oscillating near the ion’s axial-motion frequency
w. We generate axial fields in the trap by applying voltages to one of
the trap electrodes. A commercial function generator produces
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Figure 1 The decoherence of ‘Schrodinger-cat’ states coupled to an amplitude reservoir.
In the main figure, each point is the measured contrast of the interference fringes after
noisy potentials were applied to the trap electrodes. The fringe contrast at {/?) = 0 is
scaled to unity in order to make comparisons between different values of [Acl. The size of
the superposition, |Acl, varies linearly with the pulse time for Raman transition type (3).
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The applied mean-squared voltage {V/?) is scaled by |A«l?. The solid line is a fit to an
exponential. Inset, fringe contrast versus time of interaction with ambient fields is plotted.
Again, the fringe contrast is scaled to unity at t = 0 for comparison between different
values |Aal. The solid line is a fit to an exponential.
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pseudo-random voltages which are applied through a band-pass
filter centred near w, defining the frequency spectrum of the
reservoir.

In all the experiments reported here, we measure the coherence
of the quantum superpositions with single-atom interferometry,
analogous to that used in our previous work’. For example, to
observe the effects of the amplitude reservoir, the motional state of
the ion is split into a superposition of two components, each
associated with a different internal state of the ion, forming a
state like that of the Schrédinger cat®. The superposition is then
coupled to the reservoir, and finally the perturbed superposition is
recombined by reversing the steps which initially created it. We
repeat the experiment many times, measuring the internal state of
the ion as a function of the relative phase of the creation and reversal
steps, and the contrast of the resulting interference fringes char-
acterizes the amount of coherence remaining after coupling to the
reservoir.

In more detail, we first form a cat state of the form:

o) = (1Dl + [Dleeh/v/2 3)

This is created by driving a Raman transition (type (1)) to generate
an equal spin superposition, ||)|0) — (|1} + [1)|0}/+/2, followed by
a Raman transition (type (3)), with laser polarizations set such that
a; = — oy/2 in equation (3).

A uniform electric field oscillating near the trap frequency w
(applied in the experiment for 3 ps) results in the displacement
operator D(f3) acting equally on both ||} and |f), giving:

W — 1) = (DIB + o)+ €* DB+ a)/\/2 4)

Here ¢,, = ImBAa* and Ao = o) — ;. We probe the coherence by
reversing the steps taken to generate the cat state. We first reverse the
motional Raman transition (type (3)), resulting in the state

W — [ = (1) + € HIBY V2 (5)

A final pulse on the motion-independent spin-flip transition (1),
with phase 6 relative to the first pulse on transition (1), leads to
interference fringes with a residual phase shift 2¢,,. Averaging
over the gaussian random variable (3, the probability of finding
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Figure 2 Decoherence of superpositions of Fock states coupled to the phase reservoir.
The data points are the measured fringe contrast. The fringe contrast is normalized to
unity at {1/2) = 0. The mean squared voltage applied to the trap electrodes is scaled by
the squared size of the superposition 1A71%. The solid line is a fit to an exponential.
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the ion in the |) state is*":
1
P = E(1 — e Ml 05 (6)

Interference fringes are generated by recording P while sweeping 6.
The variance ¢ of 8 is proportional to the mean-squared voltage
noise (V) (proportional to the temperature of the simulated
resistor). A plot of the interference-fringe contrast as a function
of the applied mean-squared voltage, scaled by the squared ‘size’ of
the cat state |Ace|>, is shown in Fig. 1. Decay curves were recorded for
a variety of superposition sizes |Ac, and all the data agree with a
single exponential.

In addition to the engineered reservoir of the applied voltage
noise, the ion also interacts with ambient fluctuating electric fields,
which we expect to have the character of an amplitude reservoir. To
examine this ‘natural’ decoherence, we ran the experiment outlined
above without any applied voltage noise, and with a variable time ¢
between the creation of the cat state and the recombination. The
fringe visibility as a function of |Ac|*t is shown in the inset to Fig. 1.
The decay curves are normalized to unity at t = 0. The decay of the
fringe visibility is exponential, and the decay constant y=
6.7 X 107 ws ™' is consistent with the measured heating rate" of
¥ =5.9X 10" ps~ ! for this apparatus. The effects of this ambient
reservoir were negligible during the time (3 ps) that the engineered
amplitude reservoir was coupled to the ion.

High-temperature phase reservoir

A phase reservoir coupled to the ion is simulated by random
variations in the trap frequency w, changing the phase of the ion
oscillation without changing its energy. We realize this coupling
experimentally by modulating the trap frequency. A random voltage
noise source is passed through a low-pass filter network with a cut-
off frequency well below w to maintain adiabaticity. The fluctua-
tions in potential are applied symmetrically to the trap electrodes so
as to produce linear field gradients and negligible uniform fields.
This in turn perturbs the trap frequency, by 6w(t). When integrated
over the time (20 ps) of the applied noise, the ion’s motion is phase-
shifted by ¢ = [6w(¢)dr. This technique yields a gaussian-distrib-
uted ensemble of phase shifts with variance > proportional to the
applied mean-squared voltage noise (V7).

Motional decoherence caused by a phase reservoir is clearly
illustrated with a superposition of two Fock states. We generate
superpositions of Fock states of the form |y} = [s)(|n) + |n')/\/2,
where s = | or ], with pulses on the Raman motional sidebands (case
(2) above) as in ref. 20. The trap frequency is then perturbed by the
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Figure 3 Implementation of an engineered zero-temperature reservoir. The states I|)In)
and |1)|n — 1) are coupled by driving Raman motion-sensitive transitions (case (2) in the
text). The state I1) is coupled to the environment by applying a weak optical pumping
beam. The circles represent the superposition generated before applying this zero-
temperature reservoir. The arrows show how the population in the [[)I2) state is driven
to the I1)I1) state, and subsequently to the I[)I1) state, through spontaneous Raman
scattering.
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Figure 4 Decoherence of a Fock state superposition into the engineered zero-
temperature reservoir. Fringe contrast is plotted as a function of the time the system is

applied random potentials, and the Fock states of the superposition
acquire a relative phase factor e¥*", where An = n — n’. The steps
that created the superposition are then reversed, with a relative
phase difference 6 between the creation and reversal pulses, leading
to a probability of detecting the ion in the ||} state":

1
P = 3 [1+ ef‘A”‘z"z/zcosé] 7)

Interference fringes are recorded by varying 6 as in the Schrodinger-
cat interferometer. The fringe contrast is plotted as a function of
|An|XV?) in Fig. 2. As with the Schrédinger-cat states and amplitude
reservoir, the data were fitted by a single exponential in |An|X V)™

Zero-temperature reservoir

A third type of engineered reservoir requires a quantum mechanical
description. This is a bath of laser cooling light plus optical
spontaneous emission, an engineered (nearly) zero-temperature
reservoir following the suggestion of Poyatos et al.®. Our imple-
mentation, shown in Fig. 3, is essentially a continuous Raman
cooling technique. A pair of Raman beams (case (2)), tuned to the
first red sideband, couples the states ||)|n) < |T)|n — 1). Concur-
rently, an optical pumping beam causes spontaneous Raman
transitions from |f) to [|) through an unstable excited state |e),
which decays at rate I'. The Raman coupling strength is character-
ized by the Rabi frequency Q,4, a function of the intensity and
detuning of the Raman beams". If the Rabi frequency of the optical
pumping beam is ,, then we can define an effective damping rate
for the |1) state of y = Q},/I, valid for our case of Q;, < I'. From the
diagram in Fig. 3 we see that all populations are driven towards the
state ||)|0), the defining property of a zero-temperature reservoir. By
varying the strength of the Raman and optical pumping couplings,
we can control the reservoir parameters.

In the experiment, we examine the time evolution of the coher-
ence of the Fock state superposition ¥ = [|)(|0)+ [2))/+/2 for
varying lengths of reservoir-interaction time. The interferometry
is the same as in the study of the phase reservoir, where the Fock
superposition is created, coupled to the reservoir, recombined, and
probed, generating interference fringes. The data are shown in Fig.
4. Fach data point represents the contrast of the fringes after the
system interacts with the reservoir. We show two cases, y < Q,;, and
v > Q.. In the former case, the coherence between the |0) and |2)
state disappears and reappears over time, with an overall decay of
the fringe contrast. The underlying effect is population transfer back
and forth (Rabi flopping) between the states |])|2) and |f)|1) with a
coupling of the [f)|1) state to the outside environment through
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coupled to the zero temperature reservoir. The only difference in the two cases shown was
the intensity of the optical pumping beam (see Fig. 3).

spontaneous Raman scattering. In effect, we have restricted the size
of the environment (here the manifold of [f)|n) states, weakly
coupled to the outside environment) to an extent where we can
reverse the effects of decoherence (of the ¥ = [1)(|0) + [2))/1/2
state) in a way similar to that proposed in ref. 22. This is also a
striking example of non-exponential decay” in a context that is
investigated in ref. 24. For the case y >, the fringe contrast
decreases monotonically to zero. Even in the case of monotonic
decay, a deviation from exponential is observed, a manifestation of
the quantum Zeno effect**®,

Although the data with y < Q, illustrate how coherence trans-
ferred to the environment can be recovered, an alternative explana-
tion would say that by transferring the [|)|2) component of the
superposition to the [1)| 1) state, we gain ‘which-path’ information in
our interferometer—the paths being the |)|0) and ||)|2) parts of
the superposition. The oscillation in which-path information is
analogous to that illustrated by other experiments**.

Conclusions

The decoherence caused by the engineered high-temperature reser-
voirs described above can be explained by ensemble-averaging over
random classical fields applied to the ion**. From previous
experiments®, we know that we can undo the effects of this
decoherence by applying, in each experiment, a pulse of radiation
that reverses the ‘random’ displacement. Similarly, the experiments
here could also be carried out by coupling a hot resistor (with
appropriate spectral filtering) between the trap electrodes (our case
would correspond to a limit where the temperature T — o and the
damping resistance R — 0) (ref. 10). However, even in this case we
could, subject to both practical and fundamental measurement
uncertainties, record the voltages applied to the electrodes and
reverse the effects of the random noise in each experiment. If we
choose to ignore any knowledge of the electrical potentials applied
to the trap electrodes, we can account for the observations just as
well by considering the ion to be coupled to a large number of
quantum oscillators, forming a heat bath. In the latter case, the state
of the ion is entangled with that of the environment oscillators.
After tracing over the environment variables, we are left with a
reduced system, involving only the ion. The behaviour is the same as
that obtained in the former case, in which the decoherence is caused
by a deliberately applied external potential, but the environment is
not considered to be a dynamical system itself **. Loosely speaking,
the effect of an environment oscillator in the latter case is replaced
by that of a single Fourier component of the electrical potential in
the former case. Therefore, in the high-temperature limit simulated
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by the first two experiments, one need not consider the entangle-
ment with the environment because the environment noise can be
sensed (classically) and its effects reversed. This is in contrast to the
decay of ion motion into a zero-temperature reservoir described
above, similar to that seen in cavity-QED experiments’. In this case,
after the quantum system couples to the environment through
spontaneous emission, a measurement of the environment is not
sufficient to reverse the effects of decoherence.

The methods of engineering reservoirs that are presented here
begin to broaden the field of experimental investigations of deco-
herence. With control over the reservoir parameters combined with
non-classical motional states of trapped ions, detailed comparisons
between theory and experiment are possible. Here we have simu-
lated the decoherence caused by coupling a charged atom to a hot
resistor (reservoir) by applying noisy voltages to the ion-trap
electrodes. The cases considered demonstrate a quadratic depen-
dence of the rate of decoherence on the size of the superpositions,
demonstrating the difficulty in generating truly macroscopic super-
positions, such as that of ‘Schrodinger’s cat’ As a practical matter,
these ‘high-temperature’ sources of noise are important because
they currently limit the performance of a trapped-ion quantum
computer'’. We have also simulated a zero-temperature reservoir by
using laser cooling to damp the ion motion. Extensions of the
technique used to generate this zero-temperature bath should
permit some interesting system—bath interactions that would be
difficult to realize in any other way. One possibility is generating a
squeezed reservoir, where all initial states asymptotically relax to a
squeezed state of motion®. Other couplings can be tailored to relax
the system into a ‘Schrédinger-cat’ state®". O
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