Do quantum jumps occur at well-defined moments of time?

George Greenstein

Department of Astronomy, Amherst College, Amherst, Massachusetts 01002

Arthur G. Zajonc

Department of Physics, Amherst College, Amherst, Massachusetts 01002

{(Received 13 May 1994; accepted 8 February 1995)

Shelved atom experiments appear to show clear evidence for quantum jumps. We use a gedanken
interference experiment to demonstrate that a fundamental temporal ambiguity in the photon

time-of-emission occurs in such transitions.

I. INTRODUCTION

The quantum jump, introduced by Bohr! in 1913, was one
of the essential ingredients of the “old” quantum mechanics.
With the development of the modern quantum theory, how-
ever, the concept was relegated to a far more problematical
status, for as is well known the theory nowhere appears to
describe such discontinuous transitions but rather speaks
only of continuous evolution of the wave function. Until re-
cently, no direct experimental evidence on jumps was avail-
able, for any such events would be averaged out in observa-
tions of the emission from large numbers of atoms.

Experiments involving so-called shelved atoms, however,
first suggested by Dehmelt? and first reahzed in the labora-
tory by Nagourney, Sandberg, and Dehmelt,> have altered the
situation. These experiments are often referred to as having
provided us at last with direct evidence for something suspi-
ciously reminiscent of Bohr’s events: discontinuous atomic
transitions, downward jumps occurring at well-defined mo-
ments 1n time. The first three pubhshed experimental
papers>* on the sub]ect all bore the phrase “observation of
quantum jumps” in their titles. Subsequent papers referring
to them followed suit: by our count 12>¢ papers have ap-
peared since this seminal work, all citing it as evidence of
the existence of jumps.

Unease over the concept has persisted, however. Numer-
ous authors have elected to put the phrase “quantum jumps”
in quotation marks, and a few papers have appeared in the
literature arguing against so literal an interpretation of the
experiments. It is revealing to note, however, that these pa-
pers advance radlcally differing reasons for rejecting the ex-
istence of quantum jumps. One author’ has wntten of them
as “knowledge-induced transitions;” another® as events aris-
ing purely from the Schrodmger equation without additional
postulates; and a third® as artifacts from the process of deco-
herence.

In this paper we will also argue that the shelved-atom
experiments do not constitute evidence for quantum jumps in
the old sense. Indeed, we will argue that situations can be
arranged in which no unique moment can be assigned to the
transitions observed by these experiments. If jumps occur,
their time of occurrence is ambiguous or “fuzzy.”

Our method stems from a comment originally made by
Schrodinger.'® Schrodinger contrasted the supposed instanta-
neous character of a quantum jump with the duration of a
coherent wave observed in an interferometer. How can these
be reconciled? To be specific, imagine passing a photon
emitted by an atom through a double-slit interference appa-
ratus in an ideal thought-experiment. After trasversing the
slits, the photon is detected at a screen at a well-defined
moment of time. When, then, had it been emitted? Within
standard interpretations of quantum mechanics the phenom-
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enon of interference demonstrates that the photon must have
passed through both slits. But the time of flight from the
emitting atom to the detector differs between the two paths.
‘We can only conclude that the single photon must have been
emitted at two different times.

We can also take this argument a step further. Imagine a
source of light that somehow announces the emission of each
photon in an unambiguous way. Then pass the photon, whose
emission time is well known, through a double-slit apparatus
to a screen where it arrives at a well-defined time. By the
above argument, this photon must not be able to produce
interference. But why not?

The shelved atom is thought to provide the experimenter
with the imagined system we want. In Sec. II we will briefly
review the physics of shelved-atom experiments and, in Sec.
II1, pass to a consideration of thought experiments involving
interference of photons emitted by these atoms. At no point
do we discuss issues pertaining to turning our thought ex-
periment into a real one.

II. SHELVED ATOMS

The so-called shelving of atoms arises in the three-level
system schematically diagrammed in Fig. 1. Here “s” repre-
sents a high-lying state which strongly decays to a low-lying
state “0.” Similarly, “w” is a metastable hlgh-lymg state
which weakly decays to “0” at a rate ~10"° that of the
strong transition. Two lasers drive the o«>s and o« w tran-
sitions simultaneously but not w—s because these transi-
tions are forbidden. Current technology allows individual
ions to be studied while trapped in, e.g., a Paul trap. Transi-
tion rates to and from the strong state of ~10® transitions/s
can be achieved: under these circumstances the resulting
fluorescence emission from the s—o transition is actually
bright enough to be seen with the naked eye.

Experimentally, however, it is found that the emission is
not continuous. Rather, the s— o emission is found to turn on
and off. Figure 2, reproduced from Ref. 3, is a record of
some actual data. It can be seen that the fluorescence radia-
tion persists at a steady intensity for times on the order of a
minute before randomly and apparently discontinuously
dropping to approximately zero: this is the so-called “quan-
tum telegraph.”

The periods during which the strong fluorescence signal is
detected represent times during which the system is rapidly
shuttling back and forth between the ground state and the
upper, strongly decaying state. But occasionally the system
makes a transition to the weakly decaying state. Because this
is a metastable state, the ion remains in it for a long time,
during which time it is unavailable to produce the s— o fluo-
rescence radiation. The strong intensity has been turned off:
the system is said to be “‘shelved” in the metastable state.
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