Quantum Zeno Effect, Instability, and Decay

Quantum Dynamics, encompassing all change in a Quantum system, is formulated in
terms of states and their changes in time. In most cases, this evolution is given by either the
Schroédinger equation, or its equivalent in Heisenberg formulation. In addition to motion, it
also describes transitions like the de-excitation of an atom accompanied by the emission of
a photon, and like the photoelectric effect in which a photon is absorbed and an electron is
liberated. Among such transitions is decay in which the initial state of a system is changed
into what is apparently another system. In this case we talk of a transition or decay.

In a decay, the initial (discrete) state is diminished and there is a compensating increase
in the final state. This is most evident in radioactive decays, in which an initial nucleus
gives birth to a final nucleus and some alpha or beta particles. The classical law tells us that

the rate of survival of the parent nucleus must be exponential with a characteristic time:
N(t) = N(0)e Y™ (1)

The only assumption is that the probability of decay per unit time is proportional to the
existing number: dN(t)/dt = —N(t)/T.

In some sense, this law must also exist in Quantum theory. In Quantum theory we
can obtain the survival probability P(t) as the square of a survival amplitude A(¢). The
latter is defined as the overlap of the evolved state at time ¢ with the initial state. By
a straightforward calculation it could be rewritten as the Fourier transform of the energy
spectrum o ()

At) = / h e Ma(N)dA (2)
0

The lower limit being 0 incorporates the essential requirement that the energy is bounded
below. It is clear from this expression that we cannot ever have a strictly exponential decay.
The latter would imply that the energy spectrum goes from —oo to +o0o. How does this
form affect the decay probability?

Since the expression for A(t) is analytic for complex time in the upper half plane, using
the Paley-Weiner theorem Khalfin [1] showed that there could not be a strictly exponential
survival amplitude for large times. But what about small times?

Since the survival amplitude should give A(t) = 1 — i\t + O(A?t?) for small enough time,



the survival probability is given by
P(t) = |A(t)]> = 1+ O\%?). (3)

So, for small enough times, the decay rate which is the derivative of the decay probability
is proportional to the time and goes to zero for time going to zero. This is in direct contrast
with the radioactive law which postulates a constant rate at all times.

As a consequence, if an unstable system is observed very frequently (and reset at each

time it is observed), the survival amplitude remains near unity.
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In the limit of N increasing with ¢ kept constant, we get P(t) — 1.

This is the Quantum Zeno Effect formulated by Misra and Sudarshan [2]. The same
study of survival amplitudes can be extended to uninterrupted decay to find the detailed
law of survival. A paper written by Chiu and Sudarshan [3] shows that there are several
time regions; the Zeno region for very small times, the Khalfin region for very long times,
and the intermediate time region. For many of the models studied, the middle region is
experimentally accessible. The detailed behavior depends on the analytic behavior of the
propagator. If there is a discrete pole in the lower half plane of the “second sheet”, it
will contribute to a near exponential decay [4]. But from general principles of Quantum
Mechanics, one can conclude that such poles must be accompanied by suitable branch cuts
which modify the detailed time evolution [5-8].

Quantum Zeno Effect obtains when a metastable Quantum state is measured repeatedly
and reset sufficiently often. Aharanov (and collaborators) extended this result by showing
that if the successive measurements are associated with the projection to a sequence of states
which have a prescribed time dependence, we could have the Quantum state actually pass
through this sequence of states. (It is as if we can gently lead the Quantum state along any
desired path !). [9]

Since small time scales are not available to experiments, the verification of Quantum Zeno
Effect requires some ingenuity. The effect was first empirically verified by Valanju, Chiu,
and Sudarshan [10]. They studied the multiplicity of pions produced in high energy cosmic
ray proton collisions with large nuclei. When a proton collides with a nucleus of atomic mass

M we expect effectively M3 collisions and hence M'/3 times the multiplicity in a single



nucleon-nucleon collision. In their analysis they found that the multiplicity was much less.
They quantitatively explained this as resulting from frequent “observations” by the target
nucleons on the colliding nucleon in times of the order of the internucleon distance (~ 1
Fermi) divided by the speed of light.

The first direct experiment to test the Quantum Zeno Effect was carried out by Itano
and collaborators at NIST and at the University of Colorado [11]. They studied transitions
from the excited state e to ground state g in an ion with three levels. The third level, 7, is
an intermediate meta-stable state. In their experiment, the electron is initially in state g or
e. Using a laser, the electron can be excited from g to i. A by-product of this excitation
is the emission of a fluorescent photon when the electron makes the transition from ¢ to g.
These fluorescent photons were recorded by their detectors. The excited level e is connected
to level ¢ only through the level g. If a series of photons are incident upon the atom, the
electron will make several transitions from ¢ to ¢ and back to g, emitting one fluorescent
photon per cycle. But now, if the electron initially is in state e then the photon will have
no electron in the state g to interact with; so nothing will happen (i.e. no emission of
fluorescent photon by the ion). The lack of emission from the atom can be interpreted as
indirect “observation” of the occupied state e. Their experiment showed that the life-time
of e was extended as the rate of incident photons became higher (large time period without
fluorescent photons), hence the Quantum Zeno Effect.

More recently Mark Raizen and collaborators at The University of Texas at Austin [12]
studied Sodium atoms trapped in a magneto-optical trap. They studied the tunneling of
atoms from the trap, and found that when atom population in the trap was “observed”
frequently, fewer atoms escaped the trap. This was the first observation of the Quantum
Zeno Effect in an unstable system. Sudarshan and his students Modi and Shaji theoretically
modeled and reproduced all the results of this Quantum Zeno experiment [13].

Expanding on these ideas, Sudarshan has recently developed a generalization of the usual
quantum theory into the complex energy plane, and operators with a complex spectrum,
yielding Quantum Dynamics in Dual Spaces [14]. With this theory he has calculated that
the decay of the neutral kaon leads to a very small but unmistakable correction, which is
often interpreted as part of the time reversal violation in the kaon decay [15].

The importance of the Quantum Zeno Effect can no longer be denied. Literature is flooded

by this topic for it has a pivotal place in understanding quantum theory of measurement



and is a vital tool in the field of quantum computing. Quantum Zeno Effect is also a strong

candidate in the fight against decoherence, which has been the most crippling challenge of

mother nature when it comes to storing a quantum state.
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