New life for Schrodinger’s cat

The observation of quantum superpositions of distinct macroscopic states by groups at
Stony Brook and Delft represents a milestone in experimental quantum physics. Both teams
have reported spectroscopic evidence for currents of microamps flowing through a
superconducting ring in opposite directions at the same time

From Tony Leggett in the Department of
Physics, University of lllinois at Urbana-
Champaign, US

When the formalism of quantum mechanics
is applied to experiments involving micro-
scopic objects such as electrons, we often find
that the resulting description assigns finite
probability amplitudes to two, or more, pos-
sibilities that appear to be mutually exclusive.
In the classic Young’s double-shit experiment,
for example, these possibilities are the pas-
sage of an electron through either the lefi- or
right-hand slit.

According to most interpretations of

quantum mechanics, we cannot say that any
given electron goes through one slit or the
other: to explain the interference patterns
observed in double-slit experiments it ap-
pears that each electron must leave ils
options open until it is “observed”, at which
point it always chooses one possibility (i.c. a
particular slit) or the other.

As Schridinger pointed out in a famous
paper in 1935, this curious state of affairs
cannot be quarantined at the atomic level.
If we believe that quantum mechanics gives,
in principle, a complete deseription of the
physical world, then it is quite easy to set up
asituation in which the formalism assigns a
finite probability amplitude to each of two
states that differ in dramatic ways. In
Schrodinger’s “quite absurd” example, a cat
is alive in one state and dead in the other. In
such a situation we know that a measure-
ment will reveal whether the cat is one state
(e.g alive) or the other (dead).

However, i’ we interpret the formalism
ol quantum mechanics in the same way as
we do at the microscopic level, we could not
say that the system (i.c. the cat) was in just
one state before it was observed. Do we
really believe this, oris the system in just one
of the states, even in the absence of meas-
urement? This latter scenario is called the
“macrorealistic” scenario.

For many years it was widely believed that
this rather fundamental question cannot,
in principle, be answered. According to this
view, by the time that the two states are
“macroscopically” distinet, it will automat-
ically be impossible to see the kind ol quan-
tum interference effects that are observed at
the atomic level. The reason usually given
for this assertion is the phenomenon of
“decoherence”: the macroscopically distinet
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(a) A schematic of the SQUID device used in the Stony Brook and Delft experiments. Depending on the
direction of the magnetic flux through the superconducting ring, which is about 5 microns across, a
persistent current of about 1 microamp will flow around the device in either the clockwise or

anticlockwise direction (black arrows). The Josephson junction, which is essential for a superposition to
develop, is formed by placing a thin barrier layer (shown in red), normally an insulating metal oxide,
between two superconducting regions. (b) The variation of the potential energy of the SQUID (y-axis) with
current at three different values of the external magnetic flux through the ring. The two lowest energy
levels in the system, |1) and |2}, are shown in red. When the potential-energy curve is asymmetric (left and
right curves), these states are essentially localized in one or other of the wells, although there is a small
“leakage” due to tunnelling through the barrier. When the potential is symmetric (middle curve), quantum

mechanics predicts that tunnelling will resultin the energy eigenstates of the system becoming linear
superpositions of the localized states, |1) and [2). The so-called antisymmetric state, (|1) - |2))/'\|'2, will
have a slightly higher energy than the symmetric state, (|1) + |2)}/\"2. In the absence of tunnelling, and
hence of superposition, the states would be localized with the same energy (vellow lines). (¢) The energy
levels of the two lowest energy levels of the system (y-axis) as a function of the externally applied flux. The
solid (dashed) curve corresponds to the presence (absence) of superposition. The energy “splitting” of

these two levels is measured in the experiments.

states of the system of interest (e.g the cat)
rapidly get correlated, 1t 1s claimed, to mutu-
ally orthogonal states of the “environment”
{e.g the radiation field). Once this decoher-
ence happens, standard theorems of quan-
tum mechanics assure us that no experiment
on the system alone can show any quantum
interference effects. In fact, all predictions
made by quantum mechanics for such ex-
periments are indistinguishable from those
made using macrorealistic scenarios.

Which way round?

Over the last 20 years, however, it has
gradually become accepted that this argu-
ment may fail in certain experimental sys-
tems. The key 1s to find a degree of freedom

that can both generate macroscopically dis-
tinct states and also remain sutficiently de-
coupled from its environment.

Although several experimental systems
have been explored, the most promising has
been a device known as a superconducting
quantum interference device or SQUID.
This is a superconducting ring that contains
one or more Josephson junctions, and the
relevant variable is the current circulating
in the ring (figure a). Under appropriate
conditions the potential energy of the sys-
tem is a “double potential well” when plot-
ted as a function of the current (figure ).
The two states, the possible superposition
of which we would like to investigate, are
the ground states in the left and right well,
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respectively. One state corresponds to a cur-
rent of about one microamp circulating in
the clockwise direction, and the other cor-
responds to a similar current in the ant-
clockwise direction.

Accordmg to standard quantum mechan-
ics, such a superposition would manifest
itsell” as a coherent oscillation of these two
currents. This oscillation could be observed
directly in a so-called time-domain experi-
ment. The superposition can also manifest
itsell” as an energy diflerence or “splitting”
between the two ground states that varies
as a function of the bias applied to one well
relative to the other (see figure ¢). The biasin
these so-called spectroscopic experiments
is in the form of an external magnetic flux
through the superconducting ring,

Although there have been a number of
experiments on related phenomena, such
as quantum tunnelling out of a metastable
well, up until very recently there was no
rcimblv direct evidence for the SUperposi-
tion of macroscopically distinct states in a
SQUID system.

Now experimental tcams at the State
University of New York at Stony Brook ( JR
Friedman et al. 2000 Nature 406 43) and the
Technical University of Delfi in the Nether-

lands (C van der Wal et al. 2000 Seience sub-
mitted) have performed spectroscopic ex-
periments and observed the variation of the
energy splitting with external magnetic flux
that is predicted by quantum mechanics.

The two experiments are similar in con-
cept and design. The principal difference is
lhdt the Delft group observed the splitting
of the ground state, as described above,
whereas the Stony Brook team ivestigated
a particular pair of excited states ol the in-
dividual wells. In both cases, all the param-
eters necessary to caleulate the quantum
predictions were measured in independent
experiments, and good agreement with
these predictions was found.

While there has been much debate over
the extent to which these two states are really
“macroscopically” distinct, the Dellt and
Stony Brook experiments are very diflerent
from typical micr “opic experiments in two
respects. First, the circulating current in the
two super} )owcl states differs by an amount
of the order of a microamp. This corres-
ponds to a difference in magnetic moment
of about 10" Bohr magnetons: magnetic
moments of a few Bohr magnetons are typi-
cal in experiments at the atomic level.

Second, we can ask how many electrons

Nuclear magic numbers
appear and disappear

From Jim Al-Khalili in the Department of
Physics, University of Surrey, UK

Atomic nuclei are classified according to
the number of protoa'ls and neutrons they
contain. Most of the 7000 or so nuclides
that are possible are highly unstable, and
many are only now being studied for the
first time. On the other hand. it has been
known for many years that nuchdes con-
taining “magic’ “number s (2, 8, 20, 28, 50,
82 and 126) of protons or neutrons are
unusually stable. However, three interna-
tional teams of nuclear physicists have re-
cently found new exceptions to this rule.
They have shown that the old magic num-
bers disappear, and new ones appear, in
certain exotic nuclei.

Protons and neutrons can be thought of
as filling up separate quantum shells, just as
electrons fill the shells outside the nucleus,
although the effect is not as pronounced.
By ncreasing the number of protons ()
or neutrons (N), we move away from the
region of stable nuclei towards limits known
as the driplines, beyond which no more
neutrons or protons will bind. Here the
physics 1s very different and we encounter
some rather exotic nuclear species.

The study of exotic and dripline nuclei 1s
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1d3;2 e 4 neutrons
2s,, 2 neutrons  sd shell
1d5;2 6 neutrons
1Py =2 2 neutrons ol
1ps5 4 neutrons
151;2 Nesia 2 neutrons s shell

1 The first few energy levels in the standard nuclear
shell model. The levels are given by nl, where nis the
principal quantum number, lis the orbital angular
momentum quantum number (dencted as s,p,d.f, ...
for/=0,1,2,3, ...),andjis the total angular
mormentum given by the vector sum of the orbital
angular momentum and the intrinsic “spin”.

currently one of the most active and exciting
areas in nuclear physics (sce Physics World
January 2000 pp29-34). A number of new
phenomena have already been observed in
the most neutron-rich light elements. In-
deed, some nuclides are so saturated with
neutrons that the last one or two spend most
of their time beyond the short range of the
nuclear potential that binds them to the rest
of the nucleus. More correctly, the wave-
functions of these weakly bound neutrons
have long tails, which extend out to clas-
sically forbidden regions, forming what is

are behaving “1ppr(‘c‘ial ly differently” 1
the two states? Clearly the answer to thls
question depends on what is meant by ap-
preciably different, but if we use the dcf'r:i—
tion given by this author, l}w ansm*n would
seem to be in the range 10%-10" (A J Leg-
gett 1980 Prog. Theor. Phys. Suppl. 80 p69).
[n both these respects the SQUID system
appears, al present, to be unique among
the candidate systems for demonstrating
“macroscopic” superpositions.

What next?

Although the Dellt and Stony Brook experi-
ments, when interpreted according to the
standard quantum formalism, give strong
evidence [or the existence of quantum
superpositions of macroscopically distinet
states, neither in their present form can
definitively rule out the alternative hypothe-
sis of macrorealism.

However, it should be possible to do this (or
not!) in a ime-domain experiment in which
one measures a set of two time correlations
of the current. This will be an impm*tanl
goal in the next generation of experiments.
And then we shall know for sure whether
Schridinger’s cat has definitively expired or
not before we look at it!

June 1996 pp33-38).

known as the neutron halo (see Physics Warld
Other phenomena,
such as neutron “skins”, new modes of exci-
tation and a reordering of energy levels in
the shell structure due to “intruder” states,
have also been discovered.

Most recently, interest has [ocused on the
last of these phenomena, with the disap-
pearance of the old magic numbers as we
approach the driplines, and even the ap-
pearance of new ones. It had alreacy been
predicted theoretically that the magic num-
bers of nuclei near the driphne would differ
from those of the stable nuclei. Now three
papers have been published with strong ex-
perimental evidence to support this.

[t is widely acknowledged that the basic
premuises and assumptions of both the shell
model and the mean-field description
theories that have served so well when ap-
plied to stable nuclel — become questionable
when applied to the light dripline nuclei.
The diffuse distribution of neutrons and
weak binding energies mean that the so-
called spin-orbit splitting, which is respon-
\.1h|(* for the observed magic numbers, 1s

veaker. As a result, the spacing between the
energy levels, and even their ordering, can
change. In addition, correlations between
pairs of protons and pairs of neutrons
become more important in weakly bound
nuclei, and can also cause a reordering of
the shell structure.

There is already firm experimental evi-
dence that some nuclei with N'=8 and
N'= 20 neutrons do not have closed neutron
shells, which implies that these numbers are
no longer magic. The most famous of the
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