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Macroscopic quantum superpositions by means of single-atom
dispersion -
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We show that macroscopic quantum superpositions of the electromagnetic field can be generated through amplifi-
cation of microscopic quantum superpositions prepared in a single atom. Our scheme has the advantage that
dissipation is negligible, and hence the superpositions are not rapidly destroyed.

The principle of the superposition of states is central
to quantura mechanics. In some alternative theories,
such as the nonlinear generalization of Weinberg,! it
does not hold. For macroscopically distinguishable
states the difficulties associated with quantum-me-
chanical superpositions are popularly referred to as
the Schrédinger’s cat problem.? Among the more
promising suggestions for the experimental investiga-
tion of macroscopic quantum superpositions are con-
denged-matter? and optical*!? systems.

Research on condensed matter has centered on the
possibility of observing coherent oscillation between
quantum states of the magnetic flux through super-
conducting quantum interference devices.> An early
optical scheme proposed propagating a coherent state
through an optical Kerr medium to generate a super-
position of two coherent states 180° out of phase.* A
more Tecent optical scheme proposes measuring the
probe in a quantum nondemolition measuring device
to project the signal into a superposition of oppositely
phased coherent states.>®

Dissipation rapidly changes macroscopic quantum
superpositions into mixtures.!®!* This has been the
major obstacle to their implementation in supercon-
ducting quantum interference devices.? Various pro-
posed optical systems are also made impractical by
field dissipation in the generating medium. Although
the micromaser can generate superpositions in the
face of cavity losses, the phases of successively injected
atoms must be precisely controlled.!12 The optical
system we propose has negligible dissipation. Thisis
because the medium is a single atom in a vacuum,
which eliminates loss mechanisms associated with ex-
tended optical media such as Rayleigh scattering in
optical fibers. The atom could either be trapped or in
an atomic beam. Furthermore, the atom is stongly
detuned from resonance with the field, which elimi-
nates atomic spontaneous emission.

Qur scheme generates a superposition of macro-
scopically different coherent states of a single-mode
electromagnetic field. The superposed coherent
states have the same amplitude but different phases.
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Hence the macroscopic separation is in the field
mode’s phase space rather than in physical space.

It is important to distinguish between the addition
of field operators and the superposition of quantum
states. The addition of different field modes follows
from the linearity of Maxwell’s classical electrody-
namics and is verified in two-slit interference experi-
ments.15 However, the superpositions of interest in
this Letter are superpositions of quantum states and
occur in a single field mode, not between different field

modes. The state superposition is specific to stan-

dard quantum mechanies.

The basis of our scheme is the dispersive interaction
of the field with an atomic transition. The atom is
prepared in a superposition of states, and the superpo-
sition is transferred to the field. A suitable atomic-
state scheme is shown in Fig. 1. For definiteness we
discuss the example of a J = 1/2 to J = 1/2 state
scheme, although the exact structure is not important.
The first step is to prepare a superposition of the
atomic states |—); and [+, with a resonant =/2 pulse
centered at (radio) frequency wgr. Next, a circularly
polarized pulse centered at (optical) frequency wor,
strongly detuned from resonance, interacts dispersive-
ly with the transition |-}, <= |[+).. Angular momen-
tum conservation prevents the field from driving the
[+)g < |—). transition. Subsequently, the combined
atom-field system is in a superposition state. The
atomic states |—); and |+), are correlated with a dis-

Fig. 1. Atomic-state scheme for the J = 1/2 to J = 1/2
system. A radio-frequency field is used to prepare superpo-
sitions of the states |-}, and [+) ¢« The optical field inter-
acts dispersively with the transition |—)g 43,

© 1990 Optical Society of America

E e B -



Atomic-state
measurement

Homodyne
Detector

g —m—
!

Fig. 2. Schematic of the experimental setup. The dashed
line represents an atomic beam, and the solid lines represent
the three pulses used in the superposition-generating
scheme. The lenses are needed to couple strongly the atom
to the optical pulse. ’

persively phase-shifted field state and an unshifted
field state, respectively.

To obtain a purely field superposition the atom
must be unitarily transformed by a further #/2 radio-
frequency pulse. This correlates the field superposi-
tion with a superposition of the atomic ground states.
Finally, a measurement of the state of the atom pro-
jects the field into the coherent-state superposition.

Interaction with more than one atom leads to super-

positions of many coherent states with phases ranging
between the extreme values. For a macroscopic num-
ber of atoms a continuous distribution of phase occurs.
The usual refractive index is recovered if no measure-
ment s performed on the atoms.

Dissipation is avoided by performing the experi-
ment in free space rather than in a cavity (Fig. 2). The
appropriate field modes are then obtained by decom-
posing the field into an orthonormal set of time-de-
pendent modes.!® A simple example of such mode
functions are the Nyquist modes.l” We choose our
modes so that one of them is the exciting pulse and the
others are left unspecified. They can be ignored pro-
vided that large atomic detuning prevents significant
scattering into them. '

Before discussing our scheme in detail, we review
the Jaynes—Cummings interaction of a two-level atom
with a single field mode.’® The mode is represented
by a harmonic oscillator having boson anmnihilation
and creation operators a and af. We denote general
upper and lower atomic states by |+) and |-}, respec-
tively, and the atomic raising and lowering operators
by ¢+ and o, respectively. The Hamiltonian for this
system is!®

H = hwpa'e + haylote™ — 1) + thglac™ — ale?),

where wy i8 the frequency of the field mode and w4 is
the frequency of the atomic transition. The coupling
strength between the field and the atom, g, depends on
the pulse mode function and the atomic transition; it is
assumed to be time independent. The rotating wave
approximation implicit in the Hamiltonian is valid for
interaction times much longer than wz~!. The eigen-
states of this Hamiltonian are the dressed atomic
states (10)|—), In4),In—-);n=1,2,...),

In+) = cos(g,)ln — 13]+) + i sin(¢,)n)l-),
Ih—) = — sin(p Hn — 1)I+) + i cos(¢,)ln)=),
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tan(2¢,) = 2enY*/A, A =wp—w,,

where [n} is the n-photon number state of the field and
¢ € [0, 7/2). The eigenvalues of these dressed states
are

E(n£) = (n — Y)hop £ A(Y,AZ + ng?)t?
= (n — Y)hwr + kg,
where g, is defined by the last equality. The time
evolution of an initial state [F(t = 0)) = |—)|a) with

the atom in the ground state |—) and the field in the
coherent state |e) is

19()) = exp( ~ e exo( ;:Ft) S te_lnyl-)
7=0

[a exp(~iwpt)]"
Jn!

c_ = sin’(¢,)exp(—ig,t) + cos®(9,)explig,t),

¢, = —sin(2¢,)sin(g,t). (1)

The details of our superposition generating scheme
are as follows. For the resonant radio-frequency
pulses, A =0, ¢, = x/4, and the states {—)gand [+),can
be superposed by interaction with a coherent state in
the limit |of — =, gt1 — 0 with ]algh = w/4. Then
(n)\/2gt, is approximately constant over the coherent-
state distribution, and Eq. (1) implies that

exp? é“’RFtl l
i‘Il(tl}) = (1& exp(—inFtl))RF[—)g

+eyln—1+))

>

V2
1 — [or exp(—iwggt)]"
- {exp(“ Py lalz) z [ +E1:2 |n>RF}I+>g):
n=0 3 -

where the subscript RF denotes the radio-frequency
pulse mode. The field state correlated with |— Yeisthe
coherent state of amplitude a exp(—iwgpt;). Forlarge
lod the field state correlated with [+), is the same
coherent state times a phase factor. The atom is then
in a suitable atomic superposition state (in this and
equations below we have suppressed phase-factors
multiplying states):

() = lo expl—iwopgt)Inp % (=) = g,

lad > 1.

The field state is independent of, or disentangled
from, the atomic states and can be ignored in the
subsequent analysis.

Having prepared the atomic superposition, the next,
and crucial, step is to imprint a superposition on the
optical field. In the dispersive limit, A > 2lelg, the
time-evolved state Eq. {1) becomes

[¥(t)) = la exp[—iwor — 8or™/D)ta]) opl—) e

where gor is the Jaynes-Cummings coupling strength
to the optical pulse and the subscript OF denotes the
optical-frequency pulse mode. On interaction with
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the optical pulse, the initial superposition of states, {1/
y2)(I=)¢ — [+)), evolves into the superposition state

ho(ty) = iz [l exp(—ivts)dopl=),;

%

+ Ia exp(_‘iwo)_:*tz)>opl+>g],
Agp = wop — ws > 2ladgor,
¢ = wop — Bor/Aor- (2)

Note that the |+), part evolves freely, as it is not
coupled to any other state by the optical pulse, while
the interacting part evolves at the frequency ¢ rather
than the free field frequency wop. This i3 the source of
our superpositions. They will be macroscopic, pro-
vided that the product of the phase-space angular
separation and coherent amplitude exceeds the coher-
ent-state amplitude uncertainty.

The evolved state [Eq. (2)] is an entangled superpo-
sition of the atomic and field states. A measurement
on the field alone would not reveal the superposition,
since the required trace over the orthogonal atomic
states |~), and |+), would reduce the field state to a
mixture.? A simple measurement of the atomic state
|—)g or |+, would project the field onto the correlated
coherent state, again destroying the field superposi-
tion. Consequently, the states F_>g and l+)g must be
transformed so that each evolves into superpositions of
the other. Each eoherent state will then be correlated
with both atomic states, and an atomic-state measure-
ment will project the field into a superposition.

Specifically, a radio-frequency =/2 pulse identical to
that used in the preparation of the initial atomic su-
perposition transforms the state of Eq. (2) into the
state

i, + ) = J—lﬁ [1a expl—igt))or — (=), — [+))

V2

. 1
+ §C¥ exp(—LwOFtQ)}OF \/__2_‘ (l_)g + |+>3)J R
As above, the radio-frequency field state is unimpor-
tant. An atomic-state measurement then projects the
field into the state

|\I’) = % {:Ha exp(—itptg))OF + la exp(‘_‘iwopt2))op],
(3

where the plus applies if the atomic state was mea-
sured to be [—), and the minus applies if state [+ ¢ was
measured. This coherent-state superposition can be
detected by the homodyning technique of Yurke and
Stoler.t Depending on the local oscillator phase, ei-
ther the presence of the two distinct coherent states or
the fact that they are in a superposition can be veri-
fied. To ensure mode matching, the local oscillator
must be split off the optical pulse before the interac-
tion. Alternatively, the oscillations in the photon-
counting distribution resulting from the superposition
Eq. (3) could be detected.?!

Finally, we discuss the neglect of atomic spontane-
ous emission in the treatment above. First, it was
ignored for the resonant processes of atomic superpo-

sition generation. These superpositions are main-
tained for times much shorter than the upper-level
lifetime; hence the experiment must be performed
much more quickly than the state E+)g decays. Fora
radio-frequency transition this should not be a prob-
lem. Second, the spontaneous emission out of state
I+). was ignored. This is justified provided that the
detuning Agy is sufficiently large so that the probabili-
ty for a photon to be spontaneously emitted into the
pulse mode is negligible.

In summary, we have presented a scheme for the
generation of a quantum-mechanical superposition of
macroscopic coherent states of the electromagnetic
field. Although we have used the example of aJJ = 1/2
to J = 1/2 atomic system, the method is readily gener-
alized. In future research we plan to relax the as-
sumptions in our present treatment and fo examine
the practical aspects of the scheme.

C. M. Savage acknowledges discussions with M. An-
drews, H. Bachor, D. McClelland, and B. Sanders.
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