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Preface

For the second edition, we made three additions:

1. We brought the book up to date. This has been a particularly active time
for research on the foundations of quantum mechanics, and many excit-
ing new experiments have recently been performed.

2. We added a discussion of experiments accessible to undergraduate labo-
ratories. In recent years, thanks to extraordinarily rapid advances in
technology, many of the pioneering experiments we describe in this book
can now be done with quite modest budgets and can be integrated into
the undergraduate curriculum. In the Appendix we provide a quick tour
through this very exciting new development.

3. We added a new chapter on quantum information and quantum compu-
tation (Chapter 9).

We would like to say a few words about the philosophy that has guided
us in the writing of this book. In his Nobel Prize acceptance speech, Richard
Feynman wrote

Iwas inspired by the remarks in those books; not by the parts in which
everything was proved and demonstrated [but byl the remarks about
the fact that this doesn’t make any sense. . . So I had this as a chal-
lenge and an inspiration.”

The great problems of science, like great works of art, challenge us rad-
ically. But the exhilaration of actually grappling with such issues is usually
reserved for practicing scientists. Undergraduate students, on the other
hand, are often insulated from these deeply unsettling and exhilarating
questions. We want to remove this insulation.

We are convinced that the essential cores of many important scientific
problems can be approached with intellectual rigor at the advanced under-
graduate level. A treatment at the level of the technical monograph is not
required to understand the broad issues at hand. By the same token, a
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nontechnical treatment at the level of the popular book is often not suffi-
cient to seriously approach the relevant issues. More significantly, the reader
of a popular book is to a degree at the mercy of its author. The reader must
think as instructed and stands as a passive witnesses to the issues. In con-
trast, we hope to empower the reader to actively think about these issues for
him- or herself, We want to offer readers a way into one of the great problems
facing physics today.

Ag tzxfbook instzucts its readers in the methods and techniques of a ﬁe:ld.
This book is explicitly intended to reach a different end. By tight_ly fos:usmg
attention on an important unsolved problem, it is intended to inspire. As
Richard Feynman testified at his Nobel Prize acceptance speech, a \yonder-
ful exhilaration comes from holding in the mind the deepest questmtfs we
can ask. Such questions animate all scientists. Many students pf science
were first attracted to the field as children by popular accounts of 1mP0rtant
unsolved problems. They have been waiting ever since to begin working on a
mystery. We hope this book allows them at last to begin.
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Prologue

Not long ago, the authors of this book decided to organize a conference on the
foundations of quantum mechanics.

Conferences are the staff of life to the working scientist. The lectures
presented at conferences provide an in-depth view of the latest advances in
the field: often these lectures are collected and published as a book, which
stands as an invaluable summary of the current state of the art.
Paradoxically, however, what participants often find most valuable in a con-
ference is not these lectures. Rather, it is what happens in the nooks and
crannies lying between the formal presentations: the brief conversation over
coffee, the chance encounter in the hallway, the scientific argument that
erupts over dinner. We decided to organize a conference that would consist of
nothing but these informal chats.

The meeting that we envisaged was to be a week-long conversation,
tightly focused on the issue at hand. Attendance was to be kept low: in addi-
tion to the local physicists from the host institutions, only a limited number
of the world’s foremost workers in the field would be invited. Total immer-
sion, we decided, was an important consideration: the conferees would sleep
under the same roof and eat all their meals together. It was essential that
the accommodations be comfortable and the meals tasty. We decided to hold
it at Amherst College, our home institution.

After eight months of planning and preparation, the conference began
with a cocktail party on the back porch of what had, until recently, been a
college residence hall. The school year had just ended; hard upon the heels
of the departing students, a small army had descended on the building—
cleaning up the mess, moving in new furniture, and putting fresh sheets on
the beds. The sun shone brightly down, puffy white clouds marched across
a sky of perfect blue, and the meeting’s participants enthusiastically
pumped one another’s hands. Some had flown in from Europe or across the
United States, others had driven for hours, and yet others had walked over
from their offices. Although some collaborated regularly, others had not
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seen one another for years; indeed, a few had known each other only as
names on scientific publications, and were meeting for the first time.
Suiteases stood around unattended as their owners, not bothering to carry
them up to their rooms, fell deep into conversation.

The next morning, after a gourmet breakfast, we gathered around a
large table downstairs. One of the participants stood to deliver a brief talk.
He had not spoken for five minutes before someone interrupted him with a
comment. Someone else then chimed in with a comment on the comment—
and we were off.

For the rest of the week, participants gathered around the table to dis-
cuss some of the most fascinating and profound problems of modern
physics—problems that are the subject of this book. But the conference did
not take place only around that table. It also took place out in the garden,
and on the streets of Amherst, as two or three participants would break
away from the group and wander off for a stroll. It took place over meals,
which were invariably huge and invariably delicious. The conversation
would zip from topic to topic with astonishing rapidity—from the implica-
tions of a recent experiment to the standings of the New York Mets, from
culinary delights to a possible new theorem four of the participants thought
they had just discovered (these four skipped going out to a movie with the
rest of us one evening, stayed up to all hours, and eventually decided that
their promising new approach was probably no more than a dead end).

Late one afternoon, we all repaired to the Greensteins’ back yard for a
picnic. There Abner Shimony, who has Ph.D’s in both physics and philoso-
phy and whose name will appear often in these pages, propounded on the
rules and strategy of croquet with the same thoroughness he has brought to
the study of quantum mechanics. David Mermin, some of whose work we
will describe in Chapter 5, played piano four hands with Victor Weisskopf,
former director-general of CERN. Later in the evening, Weisskopf teamed up
with Barbara Greenstein, a violinist, to play Beethoven sonatas. Wafting in
through an open window came the protests of Heide Zajonc as one of her
sons prepared to whack her croquet ball out of the court: “But I'm your
mother,” she remonstrated, as the ball bounded off into the bushes.

At one point, Greenstein spotted John Bell and Kurt Gottfried off in a
corner. As the reader of this book will shortly see, the problems posed by

quantum mechanics are as difficult as they are profound. There is no con-
sensus among workers in the field as to how to solve them. At times the dis-
agreements that surfaced during the conference became severe. One such
moment had occurred just that afternoon, when Bell and Gottfried squared
off. For years Bell has probed with astonishing brilliance and depth the
foundations of quantum theory, and he has argued that the theory is plagued
by fundamental inadequacies. Gottfried, in turn, has argued with great sub-
tlety that the mysteries of quantum mechanics have been widely exagger-
ated, and that in reality the theory poses difficulties no deeper than those
raised by many other branches of physics. That afternoon, their debate had
risen to a passionate intensity.

Prologue ® XV

Greenstein grew perturbed. Bell and Gottfried stood with heads together,
isolated from the rest of the throng. Were they at it again? Had emotions risen
so high that they had grown furious at one another? Greenstein sidled unob-
trusively over to eavesdrop—and found them quietly comparing their cameras.

Both of us look back on that conference as a peak experience. We were
taking part in one of the deepest pleasures the practice of science can
bring—a week-long debate, on issues as important as they are mysterious; a
debate that was tightly focused, passionate, and regularly punctuated by
bursts of laughter. Throughout that conference, the historic arguments that
had so gripped the founders of quantum mechanics took new guise, as recent
exciting developments were discussed.

Since its inception in the early decades of the twentieth century, quan-
tum mechanics has joined Einstein’s theory of relativity and Darwin’s theory
of evolution as a dominating scientific presence. There is hardly a single
facet of physical science that it has not transformed beyond recognition.
Nevertheless, the theory has steadfastly resisted interpretation. It gives a
detailed set of instructions for calculating submicroscopic processes, while
at the same time failing to provide the usual comprehensive picture of how
these processes take place.

Indeed, it seems possible that such a picture may never be reached.
Quantum mechanics seems to teach, for example, that a particle can pass
through two different slits at the same time to produce an interference pat-
tern. It teaches that measurements can never be perfectly accurate, but rather
are beset by a fundamental uncertainty. It teaches that the very concepts of
cause and effect must be rethought. What can we make of these lessons?

The battle over the interpretation of quantum mechanics raged until the
early 1930s. The inventors of the theory, well realizing the magnitude of the
dilemma, devoted considerable energy to its mysteries. Two gigantic figures
presided over this debate.

@ Niels Bohr, on the one hand, originated the so-called Copenhagen inter-
pre

: tation, according to which all hope of attaining a unified picture of objec-
tive reality must be abandoned. Quantum theory, he held, would provide
predictions concerning the results of measurements—but, unlike all previ-
ous theories, it was incapable of providing a full account of “how nature did
it.” Indeed, Bohr argued that the very desire to seek such a complete account
was misguided and naive. All human understanding takes place in terms of
the classical concepts fashioned from direct experience, he maintained. But
the quantum world is demonstrably nonclassical. Therefore the quantum
universe cannot be understood in the old sense of the term—not even in
principle.

_ Albert Einstein, on the other hand, never abandoned his dissatisfaction
Wl_th quantum mechanics. In his famous dictum that “God does not play dice
with the universe,” he expressed his opposition to the probabilistic nature of
the theory. In 1949, responding to the accolades lavished in honor of his sev-
entieth birthday, he emphasized that the theory had relinquished precisely
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what has always been the goal of science: “the complete description of any
(individual) real situation (as it supposedly exists irrespective of any act of
observation or substantiation).”* He emphasized that for centuries science
had viewed its aim as the discovery of the real. This entailed creating new
concepts to correspond with that reality, and so scientific ideas guch as force,
energy and momentum were hammered out over decades of struggle and
debate. They corresponded to important features of the physical world, and
so could be used productively to understand it. Yet the Copenhagen inter-
pretation insisted that this tradition, which defined the very nature of the
scientific enterprise, had now to be abandoned.

This debate never reached a satisfactory conclusion. Rather, with a few
signal exceptions, it was simply relegated to the back burner. After the 1930s
there followed a long period in which most physicists turned their attention
elsewhere, and progress in understanding the foundations of quantum
mechanics attracted only the attention of the relatively small number of
people who continued to seek an understanding of these matters. During
this period, the wonderful difficulties of quantum mechanics were largely
trivialized, swept aside as unimportant philosophical distractions by the
bulk of the physics community. This did not mean, however, that these issues
of interpretation had been solved. Indeed, the interpretation of quantum
theory remained as unclear as ever: in his book The Character of Physical
Law, Richard Feynman unabashedly declared that “nobody understands
quantum mechanics.”

Recently, however, renewed efforts to explore these puzzles have gained
momentum—and hence our decision to organize a meeting. A complex skein
of developments, ranging across fields as diverse as physics, mathematics
and philosophy, has led to this development; but in this history two important
advances stand out. The first was a theorem published in 1964 by John Bell,
which shed an extraordinary new light on quantum theory. Bell's Theorem
showed that questions pertaining to the foundations of quantum mechan-
ics were not purely matters of interpretation and philosophical argument.
Rather, they actually had physical implications. One consequence was that
experiments could be performed that would shed light on these questions,
experiments that ultimately were carried out. Bell, in fact, played a central
role in our conference’s discussions; tragically, he was to die unexpectedly a
mere few months after returning home from the conference.

The second great advance has been the enormous technological strides
that have occurred in recent years. These now permit us to perform single-
quantum experiments of every type. Until recently, the manipulation of
individual particles had been little more than a theorist’s dream.
Experimenters commonly dealt with millions to trillions of particles at the
very least. But now our latest techniques bring to the lab methods that
permit us to manipulate and measure individual atoms, individual elec-
trons, individual photons. Using such methods, experiments have recently
been performed that the founders of quantum theory only dreamed about.

Prologue ® xvii

In our roundtable discussions these beautiful ezperiments surfaced again

@ and again, transforming what for decades had been an abstract discussion

into !;he stuff of everyday life. In this book we will describe many of them in
detail —they show quantum effects with a vengeance.

But they do not solve the problems that so perplexed the creators of
quantum theory. Indeed, in our view, modern research has only made the
theory’s paradoxical nature more evident. Our thesis in this book is that
the quantum universe forces upon us a radical revision in our conception of
Fhe physical world, a revision that has by no means been achieved. Our aim
is not to accomplish this task, for we have no idea how this could be done.
Bather, our aim is to make as vivid as possible the difficulties of interpreta-
tion posed by quantum mechanics.

In the past, books dealing with these issues have been constrained by
two complementary difficulties. At the instructional level, the theoretical
apparatus of quantum theory is complex and unfamiliar; textbooks are
therefore forced to concentrate heavily on the technical aspects of the theory.
Most texts, if they discuss issues of interpretation at all, do so only briefly. A1;
the popular level, in contrast, considerable attention is often devote(i to
these questions; but owing to their nontechnical nature, such presentations
are necessarily limited in the understanding they can convey.

The Quantum Challenge is explicitly intended to fill the gap between
these two approaches. We believe that the material can be presented with
reasonable rigor and intellectual honesty in a presentation accessible to
undgrgraduate physical science, mathematics and engineering students. In
partu:u.lar,_ neither a presentation of Hilbert space nor of quantum electro-
fiygmnlcs is required for this purpose. Rather, we concentrate on developing
insight l.)y means of simple calculations using only nonrelativistic quantum
mechanics. A unique feature of our presentation is that we have taken care
to p?esent conceptual issues in an experimental context, in which the diffi-
culties of interpretation are dramatized by means of reference to actual con-
temporary experiments.

. In addressing our intended audience, our aim has been purely pedagog-
ical. 'Ifhe goal has been to reach as many readers as possible. We have there-
fore rigorously adopted the policy of introducing a topic only to the extent
that it illustrates one or another of the overarching themes of quantum
theory: squeezed states as exemplars of the uncertainty principle, quantum
beats as exemplars of complementarity. In contrast, we have made no
attempt to survey the field in its entirety and we have found ourselves forced
to pass over in silence much fine work and many wonderful subjects. We
have also paid only brief attention to a variety of alternative interpretations
of qu‘:mtum theory, and of entirely new theories that have been proposed to
take its place. Brevity, we are convinced, is a great virtue.

We also hold it to be a virtue that a book speak the language of its intended
readers. In this case our readers are scientists, engineers and mathematicians;
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and we suspect that most hold a view of the nature of physical reality shaped
by their ordinary daily experience. It will become evident as this book pro-
ceeds, however, that the challenges to our understanding posed by quantum
theory extend all the way to our conceptions of the nature of physical reality,
and of the proper function of science itself. The research we describe has
made abundantly clear that the conventional view is entirely inadequate.
While a full discussion of these issues would carry us far beyond the scope of
this book, we should alert the reader to the fact that modern research on the
foundations of quantum mechanics has generated an extensive philosophical
literature, as people struggle to find a way of thinking that can do justice to
the remarkable situation that research has revealed.

No longer does it make sense to ignore the more bizarre phenomena of
quantum physics. Atom-by-atom, instant-by-instant, we can probe them
with fascinating results. As a consequence, contemporary research has
moved far beyond the original concerns of quantum theory’s founders, into
such issues as quantum beats and quantum non-demolition measurements,
quantum non-locality and quantum erasers. A burgeoning new mood is on
the rige, in which the contradictory features of quantum phenomena are
enjoyed in their own right. Seen in this light, the mysteries of quantum
mechanics can enchant us, as they encourage us to ask ever-deeper ques-
tions. Perhaps by thinking long enough about these effects we will come to a
pew way of seeing, to a new idea that will allow us to understand the quan-
tum world after all.

In every textbook we know, quantum mechanics has been largely sani-
tized of these beautiful enticements and their implications. This book is
intended to complement these accounts with a broader range of considera-
tions. With even a modest mastery of the technical side of quantum mechan-
ics, many of its mysteries can be appreciated. Each new problem delights,
through the confusion it sows in our otherwise straightforward mechanical
picture of the world. We hope that every reader finds, as we do, that the puz-
zles of quantum theory are plums to be savored, and returned to again and
again; and we write this book in the hope that our readers will join in the
burgeoning discussion of these wonderful mysteries. The enjoyments they
offer are both lasting and profound.

Greenstein, Zajonc: The Quantum Challenge, 2nd Edition

Chapter

Matter Waves

The concept of matter waves is central to quantum theory. Ever since 1924
t_he year Louis de Broglie introduced the notion, physicists have learned t(;
lfve W.lth its strange duality between particles and waves. But learning to
live with something is not the same as fully coming to terms with it. In this
chapter we will explore some of the curious ramifications of this con-cept.

1.1 An Experiment

In 1989 an experiment was reported that dramatizes de Broglie’s matter
wave conundrum in particularly striking terms.! In this experiment
A. Ton}omura, J. Endo, T Matsuda, T. Kawasaki and H. Exawa, working a1:
the Hitachi Advanced Research Laboratory and Gakushuin U’niversity in
Tf)kyo, positioned & source of electrons to fire the particles through a barrier
pierced by the equivalent of a pair of slits. After passing through the barrier,
each electron fell upon a sheet of fluorescent film, which emitted a brie%
burst of light at the point at which it had heen struck. By recording each
burst, the experimenters were able to document the arrival of each electron

The experimental design was as follows. Following an earlier design b)}
Moelle.nsFedt and Druecker,? the experiment of Tonomura et al. used an elec-
trop b1p1:13m to simulate a double-slit geometry. Similar in operation to an
optical blp.rism, the device deflected the electrons as they passed between a
charged wire and grounded electrodes. Figure 1-1 diagrams their appara-
tus. Its effects on the electrons were identical in kind to those that would be
produced by the two slits of Figure 12, :

After passing the electrons through a system of electrostatic lenses
Tonomura .and collaborators used a state-of-the-art position-sensitive elec:
tl.-op-countmg system to image the arrival of electrons one by one. When a
single 50-kV electron struck the fluorescent film, about 500 photons were

|
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Figure 1-1 An Actual Realization of a Classic Thought—Experimer_zt. The experi-
mental design used by Tonomura et al. in their demonstration of the interference of
matter waves, Incoming electrons pass between two parallel grounded plates, and
are deflected around a thin wire maintained at positive potential midway between.
them. sOURCE: Adapted with permission from A. Tonomura, J. Endo, T. Matsuda, T. Kawasaki
and H. Exawa, “Demonstration of single-electron buildup of an interference pattern,” Amer.
oJ. Phys., vol. 57, p. 117 (1989},

produced. Abutting the film was a plate of optical fibers that captured these
photons and carried them without image degradation to a photocathode.
Here each weak light pulse produced a corresponding pulse of electrons.
These few electrons were multiplied enormously in number by passing thexfl
through a honeycomb of tiny electron-amplifying tubes, termfad a “13m1t1-
channel plate,” to the image sensor. The end result was an exact image in the
sensor plane of the events on the fluorescent film. Data from the image
sensor were processed and displayed on a video monitor, such that a pixel on
the monitor lit up in a position that corresponded to the places where the
primary 50-kV electrons had originally struck the film.

Greenstein, Zajonc: The Quantum Challenge, 2nd Edition
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Incoming
Electrons

Double Detecting
Slit Screen

Figure 1-2 The Thought-Experiment of which Figure 1-1 is the Realization. Note
the resemblance of this diagram for electrons to Figure 1-11, the classic double-glit
experiment by which the existence of waves is demonstrated.

Sparkles appeared upon the video monitor, each recording the arrival of
an electron. At first glance, these tiny bursts of light appeared to be distrib-
uted more or less evenly over the film. But as time pagsed, hints of a pattern
began to emerge. The bursts appeared to be preferentially occurring in cer-
tain regions, and to avoid others altogether. Tonomura and colleagues
employed a scheme whereby these patterns of preference and avoidance
could be documented. They recorded the position of each sparkle with a
photon-counting image acquisition system, ran the experiment for progres-
sively longer and longer periods of time, and displayed the final results on a
TV monitor. The technique was analogous to positioning a camera so as to
photograph the fluorescent film, and setting it to take time exposures. A
brief exposure would record the locations of a small number of flashes of
light, but a long time exposure would show the pattern of arrival of enor-
mous numbers of electrons.

Figure 1-3 shows a sequence they obtained of five such “time exposures”
of successively longer and longer duration. In the initial frames of this
figure, which document the arrivals of a relatively small number of elec-
trons, little can be discerned. But by the third frame, hints of an orderly pat-
tern are beginning to emerge. By the final frame, in which fully 70 000
arrivals have been documented, a pattern has become evident: an alternat-

ing series of parallel bands.
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1.2 A Second Experiment

The experiment of Tonomura et al. describes an intriguing phenomenon,
and the urge is great to seek an explanation for it. But it will pay to delay
this task, and describe now a second experiment. It is but a minor modifi-

. cation of the first: we plug up one of the two slits and run the experiment
over again,

We begin by plugging up slit A. Although Tonomura et al. did not happen
to perform this variation, there is not the slightest doubt as to what the
result would have been; it is diagrammed in Figure 1-4. In this figure the @
same number of arrivals as the last frame of Figure 1-3 have been recorded.
But it is evident that we are now witnessing an entirely different pattern of
preference and avoidance of arrivals. The alternating sequence of light and
dark bands has been replaced by a single band. This band turns out to be
positioned directly across from the open slit, slit B.

What are we to make of this fact? It implies that, in the original experi-
ment, the electrons must have been passing through slit A. After all, had @
they not been passing through this slit, plugging it up would have made no
difference. But if we now unplug that slit, and block the other, we obtain yet
a third pattern—one centered across from slit A. In this way, we can show
that in the original experiment, the electrons must also have been passing
through the other slit.

By this series of operations, we have shown each electron to have been
passing through both slits in the experimental apparatus. But this is
utterly impossible. The electron is a particle, and by the very meaning of
this term we mean something that is at a particular point in space. A par-
ticle can be “here” or “there,” but never in two places at once. But the elec-
trons in the experiment of Tonomura et al. have apparently managed to do
just that.

One might imagine that these results can be understood in a relatively
prosaic way. Perhaps a sort of “traffic jam” of electrons had developed as they
passed through the two slits. Suppose that each electron is indeed an indi-
visible, elementary particle, and that each passes through one and only one
slit—but that, in this passage, each collides and jostles against others, which
themselves have passed through the other slit. If this were the case, the
pattern of arrivals of electrons at the screen might be expected to depend on
whether one or both slits were open.

Figure 1-3 (left) Experimental Demonstration of Motter Waves. Each dot records
the arrival of an electron at the detecting screen. In (a) 10 electrons have been
recorded, in (b} 100, in (¢) 3000, in (d) 20 000 and in (e} 70 000. The banded pattern
is the classic signature of interference. source: Reproduced with permission from
A. Tonomura, J. Endo, T. Matsuda, T. Kawasaki and H. Exawa, “Demonstration of single-electron
buildup of an interference pattern,” Amer: J. Phys., vol. 57, p. 117 (1989).
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But this possibility is not available to us. Tonomura et al. demonstrated
that it was untenable by turning down the intensity of the source produc-
ing their electrons. They arranged for their source to be so weak that one
electron at a time was in the apparatus. Specifically, they adjusted their
electron flux to be about 1000 electrons/second. At 50 kV, electrons have a
velocity of about 10® m/s. Assuming them to be emitted in a roughly uniform
way, the electrons were therefore separated from one another by 100 kilo-
meters! In this way the likelihood of a “traffic jam” in their experiment was
eliminated. But no matter how much they turned down the source inten-
sity, reducing further and further the probability that more than one elec-
tron was present in their apparatus, their experimental results remained
unchanged.

The logic seems irrefutable. Tonomura’s electrons were at two places at
the same time,

1.3 Locality

Or were they? The conclusion seems irrefutable: indeed, this is the standard
interpretation of this and other similar experiments. But this interpretation
is not the only possible one. In recent years, interest in another interpreta-
tion has grown.

Recall the logic we employed in the preceding section. We noticed that
plugging up one slit influenced the pattern of arrivals, and we concluded
that this proved the electrons to have been originally traveling through that
glit. “After all,” we wrote, “had they not been passing through this slit, plug-
ging it up would have made no difference.” But this is not necessarily true.
It would only be true if we were to make an assumption: that plugging one
slit has no effect on the electrons passing through the other one.

This is known as the assumption of locality. The locality hypothesis is
that things done at one location only have effects at that location. But if we
drop the locality hypothesis, and allow for the possibility that plugging one
glit might alter the paths of electrons passing through the other slit, we
would no longer be forced to conclude that electrons can be in two places
at once.

Locality has long been a guiding principle of physics. But it is not invio-
late. Recent years have seen a growing interest in the consequences of drop-
ping the hypothesis. In Chapter 6 we will recount the nonlocal interpretation
of David Bohm, which accounts for the results of the double-slit experiment
in entirely different terms.

Figure 1-4 (left) Simulated Dato with One Slit Closed. The interference
pattern has disappeared.
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1.4 Beyond the Electron

. . ot
One might imagine that these strange results point to somleiz bltza‘;'rssli);;pzeu)z
of electrons. But the electron experiments have been replicate

trons, atoms, and Bose-Einstein condensates.

. th
Neutrons Zeilinger and collaborators have perforr‘ned expe;g;::dv:; s
neutrons of very low velocities (arount;l 2 kn;)fs), ;T;lgﬁll :{: ric:l e e
i it made from a neutren-absor rial. _
Bl o e % i diameter boron wire placed in the
it itself is formed by a 104 micrometer diam .
iliztitf: of 1a larger slit formed from absorbing glasi.t '?he sip;iﬁ%izegt:;:; ::3}:;
i BF, proportiona :
two slits was 126 pm. Downstream 2 Bl o o Seanming
hrough a 20-um-wide exi - S
tected the neutrons that passe.d thre ning
fﬁeeslit allowed the group to spatially image the neutron flux ;rr:lalrg;r;ir ;ed
the double skit. Once again, neutron by neutron, a pattern gradu ] yele(;trons
with the same detailed structure we have seen for Tonomura’s

(Figure 1-5).
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i’rmoiszlGﬁfﬂe; and A, Zeilinger, “Wave-optical experiments with very cold neutrons,” Ame

J. Phys., vol. 59, p. 316 (1991).
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Atoms Here an important step is made from simple te composite systems.
The electron is thought to be a truly elementary particle, and while the neu-
tron is thought to be composed of quarks, these quarks apparently cannot
exist in isolation. Atoms, in contrast, are quite complex.! Two elements often
used in these experiments are helium and sodium: helium is composed of six
particles (two protons, two neutrons and two electrons), whereas sodium pos-
sesses fully thirty-three constituents. By being composite, atoms constitute a
bridge between the microscopic world of elementary particles and the macro-
scopic world of everyday objects.

Furthermore, the evidence that atoms are corpuscular in nature appears
overwhelming. For example, in a recent technological breakthrough, it has
become possible actually to image atoms. Furthermore this image, gener-
ated using scanning tunneling microscopy, was not only obtained, but was
actually constructed by adapting the microscope for micro-manipulation.
Images of this sort are not optically generated, but reflect the changes in
tunneling current between the microscope’s tip and the surface as it “feels”
its way about. The group that obtained this image used the Van der Waals
and electrostatic forces between the tip of their micrescope and the xenon
atoms to act like the hand on a robotic arm to grasp and drag atoms over the
surface into position. Figure 1-6 is from the same group,® and shows stages
in the assembly of a linear array of xenon atoms on an ultracold surface of
nickel. Such atom manipulation promises to become the hallmark of a new
nanotechnology, in which the assembly of increasingly complex structures
takes place on the atomic scale.

Atoms are, at present, the smallest building blecks we can get our hands
on, and they certainly seem solid. But in 1991, Mylnek and Carnal* per-
formed the first of many similar experiments in which atoms were passed
through a double-slit apparatus and their apparent solidity evaporated.
Again the experiment was a tour de force of experimental techniques. Tiny
micro-fabricated transmission structures were produced in gold films by a
photolithographic technique. These were even tinier than the slits used in
the neutron experiments: 1 um wide and 8 pm apart. As with the neutrons
and electrons, a position-sensitive single-atom detector (a secondary elec-
tron multiplier) could be scanned to show the downstream structure in the
atomic beam after the double slits. The results are shown in Figure 1-7.
Again, the characteristic banded pattern is evident.

Bose-Einstein Condensates Finally, we move to the observation of interfer-
ence in a truly multiparticle system, one containing literally millions of par-
ticles. This is perhaps the most spectacular example of matter-wave
interference observed to date: that seen in the collision of two Bose-Einstein
condensates, demonstrated by Wolfgang Ketterle’s group at MIT in 1997.6 To
understand it we need to briefly discuss the novel state of matter known as
the Bose-Einstein condensate, or BEC.
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Figure 1-6 Moving Atoms Around with a Scanning Tunneling Microscope.
Tllustrating the stages in construction of an “atomic corral” made of iron atoms on a

copper substrate. SOURCE: Image reproduced by
Research Center. Unauthorized use not permitted.

permission of IBM Research, Almaden

As we have seen, the quantum or wave properties of a particle are set by
its de Broglie wavelength, A= A/p. The cooler a gas, the slower the particles
within it move. Thus, this wavelength grows larger as the gas grows cooler,
and we can think of the effective quantum—mechanical “gize” of a particle as
increasing at low temperatures. When this “size” exceeds the spacing
between particles, novel quantum-mechanical features arise.

Normally, long before this state is reached, the gas condenses to a liquid
or solid. To prevent this, care must be taken to work with sufficiently dilute

ere are two possible end states. If the particles

gasses. If one succeeds, th
possess half-integral spin, the Pauli exclusion principle limits the number

that may occupy the same state, and the result is the so-called degenerate
gas. If they possess integral spin, on the other hand, they are all allowed to

occupy the same state, and the result is the BEC.
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W . "
densa:e caénugii; a mtl,lghh n‘.lea of the conditions required to form such a con-
wave]en.gl;h , bt;m ehavior starts to become manifest when the de Broglie
waveleng . comes comparable with the distance d between particl "
shown that the de Broglie wavelength is given by _—

N ey .

where k i ’ '

i b:cfuggh‘f:hm s o-:onstant. :I‘he number density n of a gasis given b

qua;ltum use ez part;cle occupies a volume of space d®°. So the onset o);'

quantum be vior occurs whfan Alis of order d®, or 1/n. In fact, the actual cri
or the onset of Bose-Einstein condensation is found to i)e A= 2u61§llr1-

We, therefore, find the critical temperature to form a BEC to be

h2 2/3
T.- { n
2nmk} 2.612 (1.2)

Ifl - 13 )

tezil:;zerts typical values of m and »n into this formula, extraordinarily lo

v thislll;es, O:et;]}_lie order of 1075 Kelvin, are ¢btained, Neverthelesys i:
ng-predicted new state of matter was experimentally achie\;ed

*If we combin: .
from elassicale;heiligula ld= hip for the de Broglie wavelength with the expression p = y2mE
result. O course. we 5 h:::l ?in E = (3/2)kT from statistical mechanics, we reach a ve}:'y—simil
expression is no longer valilcllognequant::o:: I;}cet: tical ment, because the factor 42 in the ]atg
- atistica i .
phase change depend on more than the mean energy plclal: ;l::tlmc(]:: and because the details of a
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For their pioneering work in this area, E. A. Cornell, Wolfgang Ketterle, and
F. Wieman received the 2001 Nobel Prize in Physics.

The production of a BEC requires the marriage of two new experimental
techniques: laser cooling and evaporative cooling inside a magnetic trap.
Laser cooling uses the atomic recoil of atoms as they absorb and re-emit
laser detuned light to slow them, that is, to cool them to ultralow tempera-
tures. This is only the first stage, however, It merely cools the atoms suffi-
ciently so they can be stored in a magnetic trap that holds the charge-neutral
atoms by their magnetic moments. Then the trap well depth is decreased
slowly, and the “hot” atoms boil out, leaving only the cold atoms behind. The
condensate forms when the temperature reaches 500 nK to 2000 nK and the
density is 10™ to 10'° atoms per cm®.

The state of the condensate is no longer properly described by a many-
body wave function but instead by & single-particle wave function (the so-
called order parameter). Thus, in many senses a BEC acts like a single
massive particle. We have seen that atoms and molecules can display
matter-wave interference offects. This is also true of BECs.

The Experiment Ketterle and coworkers used a specially designed trap to
create two separate condensates of sodium atoms approximately 40 pm
apart. These two condensates were held apart by means of a double-well
potential formed by magnetic and optical fields. The two BECs were then
allowed to freely expand into one another to produce interference fringes
(Figure 1-8). These fringes had a 15-pm fringe spacing, which is on the order
of the de Broglie wavelength for their trap and their way of releasing the
condensates. The presence of these fringes was clear evidence of a long-
range order throughout the two condensates and of a relative phase coher-
ence between them.

Ketterle and coworkers also did the equivalent of covering up one slit of
a two-slit interferometer to check that interference disappears. They did this
by examining the pattern formed by one condensate alone. Two condensates
were formed as before, but in this case one was illuminated with a focused
beam of weak resonant laser light just before release. This light—which they
referred to as a “flame thrower’—changed the state of the atoms to
untrapped states that quickly evaporated, leaving behind only one of the
two condensates. No structural patterns like those for interference were
seen for the single expanding condensate.

The images in Figure 1-8 comprise approximately 10% Na atoms. If
we try to understand the significance of the experiment, we can say that
as the condensates passed through one another, the probability of finding a
Na atom at a particular location was modulated due to the interference of
one condensate with the other. Depending on their relative phases, the
atoms of the condensate constructively or destructively interfered with one
another. As Ketterle put it in his Nobel prize acceptance gpeech,” “atoms
plus atoms add up to vacuum!”
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expg::;n l-lgECIntiro'{;rence of" Bose-Einstein Condensates. The intersection of two
- Sxpandis gAIl - s produces an interference pattern, SOURCE: Reproduced with permission
) .R. ews, C.G. Townsend, H.-J. Miesner, D.8. Durfee, D.M. Kurn and W, Ketterle

ation f m !‘f iy -
obﬁel‘o‘ Q terferences between the BOSe Elnstelﬂ condensate v J
8. Sclence, 0].. 2 5,

1.5 Quantum Theory of Two-Slit Interference

Every physicist will immediately recognize th i
y;xenigs we have been recounting. The?arlze méffzx?;s;::;ar{:: ;l;ghtl;lszer-
_::hiztlcl?l t]tlo that pl.'oduced by passing light waves—or indeed, any wa{r:f
o :io :ftwo ghts. Every physicist also knows that quantu,m mechanics
unt for this phenomenon. We now turn to a descripticn of this aceount,

Quantum mechanics treats th i
o~ e motion of an elect;
by writing down the Schridinger equation: cetron, newtron or atom

h ., 0

where m is the particle mass and V the external potential acting on the par-

- ticle. As these particles pass through the two slits of any of the experiments

we have been discussing, the i
;- the Schridinger Wuatioi’. y are moving freely: we therefore set V= 0 in
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Let us seek a solution of the form of a traveling wave
v = Aexplilkx—0t) (1.4

i i % and o are constants to be deter-
A is the amplitude of the wave, and 1 _ t
:il]?:g Tlaking the derivative with respect to the time of our trial solution,

we find
W L5
—=—iw
% 4
Taking two derivatives with respect. to x, we find
Yy (1.6)
9Y
9x’ v
; 'i‘hus Equation (1.4) will be a solution of the Schrodinger equation if
2 (- 4
b2y = | =2 i)
By [ 5 ]( 10y
ie.,if

h

Thus we see that Schrodinger’s equation leads U}Li’r quit}tla ?}?turalg ﬁtfn tclgzll;t of

i i f waves, but only through the wav .
qua I e o ho re- in intuitively satisfying form by
This solution can be re-cast in a more 1ntu 0y
@ rewriting it in terms of the wavelength 4 al}d period P of the v;iv:}.u To ii: E:;i,
we take a “snapshot” of the wave at some instant, say £ = 0. 8 ,

the wave function has the form

wit =0)= Ae™ (1.9)

At the origin, x =0, y has the value A; by the wtavelengt};‘r we T}?m:; 1:2: dl:';f
tance we must progress before ¥ returns to this valye. om eee thz; g
complex numbers, we know that e?* = 1, from whlch' Welcigl:dsto e
returns to A when kx = kA = 27. Thus the wavelength A is rela v

2z (1.10)
A

By a similar argument, we can show that the period P of the wave is related
to @ through

2n (1.11)
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Figure 1-9 Constructive Interference. Waves add to produce a larger wave.

Thus we obtain as an alternative form of the solution to the Schridinger

equation in empty space
. t
W= Aexp|:2m [%—FH (1.12)

We now turn to a discussion of interference. It is a property of every
wave. Figure 1-9 illustrates a rope that has been stretched tight between
two people. They have shaken the ends in such a way as to produce two
waves traveling toward one another. As illustrated, when the waves meet
they combine to produce a resultant that is greater than would have been
‘produced by either wave acting alone. This is constructive interference; it
arises when the two oscillations are in phase with one another. Figure 1-10
Ulustrates the opposite case of destructive interference, which arises when
the combining waves oscillate out of phase. In this case the wave amplitude
upon combination is zero.

Figure 1-11 diagrams a generic version of the double-slit experiment we
have been recounting. Interference effects arise here too. In all these exper-
iments, each slit each acts as a source of waves, which propagate toward the
detecting screen. At some points along this screen the waves add, as in
Figure 1-9, to give constructive interference; at other points, they subtract,
asin Figure 1-10, to give destructive interference. Running along the screen,
therefore, is an interference pattern exhibiting alternate maxima and
minima. It is just this pattern that the experiments have revealed.

We now turn to 2 mathematical treatment of these general principles.
The wave at the point of combination will be the sum of those from each slit.
If y, is the wave from slit 1 and y, that from slit 2,

y=vitys (1.13)
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. oduce a smaller wave. Incoming Double Detecting
Figure 1-10 Destructive Interference. Waves subtract to pr Waves Slit Screen

In the case illustrated, the subtraction is perfect.

Figure 1-11 The Two-Slit Interference Experiment for Waves. Each slit acts as a
source of waves; along the detecting screen, both constructive and destructive inter-
fx 2 ference result. Note the striking resemblance of this diagram to Figure 1-2—but
w1 =Aiexp| 2m (1.14) note also that Figure 1-2 referred to particles, whereas this figure refers to waves.

where

A P

{xs 2 where an asterisk denotes the complex conjugate. Thus we see that f(x,, x,)
2= As exp| 2m 2 P contains the information we seek describing the interference pattern. Since

the amplitudes A; and A, are real, we get (writing 6; = 27x/1)
where A, and A, are the amplitudes of the two waves. Each term in this sum p 1 2 g g6 -/
1 2

> . A t to yield : | F P=[Aie™ + Ae’®][Ase™ + Ase™*)
time behavior, which can be factored ou _ _ (1.17)
has the same — A12 + A% +A1A2{ex[&a-91) + e:(&:—ﬂz)}
2t 1.15)
v = f(x1, x2) eXp [— P } ¢ Note; however, that the term in curly brackets represents a quantity plus its
complex conjugate; this equals twice the real part of this quantity, or
where 2mins |, 4o Irixs ‘J | |f [?= Af + A% +2A, A; cos[8; — &)
f(x1,%:) = Arexp zexpl — L APsAZ+2A, Azcos|:2x(x2-—x1)j| (1.18)
A
According to quantum theory, | w|? at each point in space gives the prob-

. - - - - 2 -

o . :cle there. We write ) This result gives the predicted interference pattern. Its first term, A3, is
ability of finding the particle . - just what we would expect if slit 1 alone were emitting waves. Similarly, A
lwP=y'y .. is the term arising from slit 2. The last term in Equation (1.18} gives the

. omit it (1.16) effects of combining the two waves. As we progress up along the screen, this
=f exp P fexp| - P term oscillates, yielding the characteristic maxima and minima of the inter-
FroIfE ference pattern. '
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How is this theory to be compared with the experiment? The light bands
that we saw in Figure 1-3 represent areas of the detector upon which elec-
trons are falling with a relatively great frequency—that is, areas in which
the probability of finding a particle is greatest. Conversely, the dark bands
are regions of low probability of finding a particle. The density of experi-
mental points should therefore be proportional to | w| 2. Similarly, the peaks
in Figures 1-5 (neutrons) and 1-7 (atoms) should also fall at locations at
which | w|2is greatest. When the experimental data is compared to this pre-

_ diction, the agreement turns out to be excellent in all three experiments.

1.6 Critique of the Quantum-Mechanical Account

Take a step backwards now, and survey the above account. Quantum mechan-
ics has correctly reproduced the results of experiment. But has the theory
explained to us how indivisible particles manage to pass through two slits at
once?
It has not. Nothing in the preceding section gives us the slightest insight
into how a particle manages to do this. On the one hand, the quantum treat-
ment deals primarily with waves rather than particles. Indeed, a quick
glance over the above section will reveal that the very word “particle” plays
little part in the Jiscussion. Aside from a few introductory appearances, the
word does not appear until the very close, where the principle was used that’
| v|? measures the probability of finding “the particle” at a given point. On
the other hand, at no place did the theory attempt to analyze the particle’s
path through space. Indeed, as we will discuss in Chapter 3, quantum
mechanics regards the very concept of a trajectory as deeply suspect.

The connection between interference as a characteristic of waves and
particles was noticed by de Broglie. He connected particle to wave mechan-
ies through a generalization of Equation (1.10) above. In Equation (1.10) the
wavelength is inversely proportional to the wave number k. De Broglie pro-
posed that particles behave as if they possessed a wavelength that was
inversely proportional to their momentum, mv, and that the constant of pro-

portionality was Planck’s constant, A:

1=t (1.19)
muv

With this simple relationship and the quantum-mechanical treatment
of interference, we can precisely predict the outcomes of the matter wave
experiments described above. Electrons at 50 kV have an associated
de Broglie wavelength of 0.0054 nm. Depending on the temperature of the
helium gas source (which determines the mean velocity of the helium), the
de Broglie wavelength of the atoms in Mlynek et al’s experiment ranged
between 0.56 nm and 0.103 nm. By using extremely cold beams with corre-
sponding low velocities, Zeilinger et al. could produce neutrons with
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later, when Louis de Broglie made the even bolder suggestion that particles
could behave like waves. During the early decades of this century, when the
quantum theory was being developed, the evidence for matter waves was
meager. But by today, with experiments such as those we have recounted in
this chapter, the evidence has become utterly compelling.

We are left in a remarkable state of affairs. Normally, once we have
developed a theory of a phenomenon, we have also reached some sort of
understanding of that phenomenon. Newtonian mechanics allows us to com-
prehend the orbits of the planets about the sun in terms of the response of
material bodies to mechanical forces. While the details of the theory may be
complex, the underlying insight is straightforward. Similarly, thermody-
namics yields the insight that heat is a form of energy.

But what is the insight provided by quantum mechanics? The quantum-
mechanical account we have given of particle interference has managed o
avoid asking the very guestion we would most like to see answered.
Furthermore, it has avoided the question by the very nature of the terms of
analysis it employs. By the structure of this theory, by the manner in which
it proceeds, quantum mechanics evades the inconceivable.

What are we to make of this strange state of affairs? Different views are
possible. Throughout his life, Albert Einstein never accepted the quantum
theory. He consistently argued that the theory has failed us in an essential
respect. Surely something is going on in these experiments, he would have
claimed, some remarkable process that accounts for each particle’s strange
behavior. Quantum theory has not told us what that process is, and it is our
wish to search for an understanding of this sgomething.” According to
Einstein’s view, quantum mechanics, while perfeetly adequate so far as it
goes, simply does not go far enough. It is not telling us everything we
demand of a good theory. The theory is incomplete.

Niels Bohr championed an opposing view. According to him, particle
interference experiments present us with a state of affairs that is quite lit-
erally incomprehensible, at least if we are restricted to conventional ways of
thinking. While we naturally wish to build in our minds a picture of the
behavior of the particles used in the experiments, we are not going to get our
wish—not because we have not yet found the right means, but because the
atomic world simply cannot be approached in this manner. Mental pictures
draw their elements from our sense world, but nothing like the quantum
world has ever appeared to our senses, 80 how can we expect to make a suit-
able image of it?

Up to this point in the development of scientific knowledge, it has always
been possible, to a greater or lesser degree, to build in our minds a visualiz-
able image of the workings of the world. But, according to Bohr's view, we
are now presented with a situation in which such visualization is impossi-
ble. In entering the atomic realm, we have entered a world in which our very
ideas of what human knowledge can achieve need revision. Reality can no
longer be thought of in the terms we have become used to; new terms need
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Photons

Electrons are obviously discrete; they are the epitome of “particleness.”
Light, in contrast, is most naturally thought of as a wave, and for over 200
years has been known to exhibit the phenomena of interference and diffrac-
tion assocciated with waves. In Chapter 1, the force of experiment drove us to
accept the existence of matter waves, introduced by Louis de Broglie in 1924.
Historically, however, de Broglie’s hypothesis was preceded by another
daring suggestion: that of photons. In 1900, Maz Planck proposed that an

.atomic oscillator could exchange energy with a radiation field only in dis-

crete units. In 1905, through his analysis of the photoelectric effect, Einstein
broadened this suggestion to the notion that light itself consists of a collec-
tion of particles with wave-like properties.

Thus, ever since the early days that saw the creation of quantum theory,
physicists have tended to regard matter and light as essentially equivalent:
particles show wave-like properties and light shows particle-like proper-
ties. Recent work, however, has revealed the actual situation fo be a good
deal more subtle than this. In 1969, it was shown that the photoelectric

-effect could be understood without invoking the concept of photons at all.

Furthermore, subsequent experiments designed to expose the particle
nature of light surprised the physics community by entirely failing to do so.
Not for some time did the situation clarify and unambiguous evidence for it
appear. -

- In the first half of this chapter we will recount this story—proceeding

cautiously, for the pitfalls of hasty conclusions have turned cut to be many

and well-camouflaged. In the second half we will turn to recent interference
experiments involving photons, which dramatize yet again the strange

‘nature of the quantum. -
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2.1 Do Photons Exist?

Detection and the Quantum of Light If we think of light as a wave, then
when it falls on photographic film we might liken it to an ocean wave hitting
the beach. Nothing prevents an ocean wave from hitting the sand simulta-
neously along its full extent. By analogy, one might expect light falling on
film to expose it uniformly along its entire wavefront. But this is not what
happens. When examined carefully, one finds that individual grains of silver
halide have been blackened, one at a time.

We find a similar situation with more modern detection systems such as
photomultipliers, avalanche photodiodes, and the like. These detectors respond
to a continuous light source not in a continuous manner, but by “clicking.” Light
falling on the cathode of a photomultiplier gives rise to ejected electrons; each

~ electron so produced is multiplied by being accelerated from the photocathede

=]

through a series of secondary electrodes. Colliding with each electrode in turn,
each primary electron produces secondaries that go on to cascade down the
dynode chain, The final result is a great number of electrons where initially
there was only one. These electrons are then routed through a conventional
amplifier and displayed, appearing as a brief electronic pulse. Thus the “click.”
Thus, whenever detected, the originally diffused light acts as if it were
contracted to the smallest dimensions, arriving in a single place at a single
moment in time. All this might argue for a particle picture of light. Isaac
Newton's first definition of light rays fits these modern features: “By the Rays
of Light T understand its least Parts and those as well Successive in the same
Lines, and Contemporary in several Lines.” Ever gince the American ‘chemist
G.N. Lewis named them in 1926, it has seemed natural to identify these “least
parts” with photons. Newton’s conception seems a prescient anticipation of
the quantum theory.
But is this really a good picture of light, or only an artifact of the tools
{ we have used to investigate it? Discrete detection events do not necessarily
! imply discrete impact events. Looking out a window on a crisp day in late
fall, one sees the painted leaves of a maple shower to earth following a gust
of wind. Single leaves fall, one by one—but how shall we imagine the wind
that caused them to fall? Is the wind a hail of bullets that picks off leaves the

@ way bullets pick off tin cans? Or should we think of the wind as a continu-

ous, undulating fluid that rocks the leaves until their stems snap? Similarly,
when light falling on 2 photocathode causes a shower of electrons, has a hail
of light-particles hit the surface? Or have the electrons been rocked by a
light-wave, until the force that binds them to atoms snaps, and a single free
photoelectron starts its trek down the dynode chain?

Photoelectric Effect In 1922, Albert Einstein received the Nobel Prize—not
for bis relativity theory, but for his interpretation of the photoelectric effect
as being due to particle-like photons striking the surfaces of metals and
ejecting electrons. Texthooks regularly repeat Einstein’s arguments as proof
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Figure 2-1 [lusirating the Photoelectric Effect.
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a. Electrons are emitted even at times very shortly after the onset of
illumination.

b. The photocurrent rises linearly with the light intensity.

¢. The current tothe cathode decreases with increasing retarding potential,
becoming zero at the “stopping” potential, Vo.

d. The stopping potential V, is linearly proportional to the frequency of the
incident light and shows & definite threshold frequency Uo.

In Einstein’s account, a photon of energy E = hv strikes the surface. Part
of its energy goes into overcoming the binding of the electron in the atom;
this sets the threshold frequency in (d) above. Since even a single photon can
jonize an atom, there need be no delay between the onset of the light and the
gjection of a free electron, thus accounting for (a). An amount of energy &,
the so-called work function, is used to liberate the electron, with the remain-
ing photon energy appearing as electron kinetic energy E. This is summa-
rized by the relationship.

hu=E+¢ (2.1)

Since the kinetic energy E can be related to eV, the product of the electron
charge and the stopping potential, Equation (2.1) shows why the stopping
potential 1s proportional to frequency. And finally, the intensity of light is
modeled by Einstein as a meagure of the flux of photons, which would
account for the linear relationship between intensity and photocurrent.

Thus all four aspects of the photoelectric effect are neatly accounted for
by Einstein’s theory. But Lamb and Scully showed that this theory, while
feasible, is not the only possible one. They were able to find an entirely dif-
ferent theory of the photoelectric effect, one that did not invoke the concept
of the particle nature of light at all. Their conclusion was that the photo-
electric effect does not constitute proof of the existence of photons.

The theory of Lamb and Scully treated atoms quantum-mechanically,
but regarded light as being a purely classical electromagnetic wave with no
particle properties. In such a “semiclassical” theory, the atom was quantized
in the usual way into energy levels according to the Schridinger equation.
These energy levels were simplified to a ground state g and a series of free-
electron states k that formed 2 continuum (Figure 2-2). The atom interacted
with a classical time-varying electromagnetic field, which they wrote as a
single-frequency'sinusoidal wave (monochromatic light),

E = E,cos wt (2.2)

This electromagnetic wave was treated as a perturbation, whose interaction
potential with the atom was given in the dipole approximation by

V(t) = —eE x(t) 2.9

We recognize —ek as the force on the electron that causes its ejection; V(#) is
the time-dependent potential associated with that force.
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The second aspect of the photoelectric effect, that the photocurrent is
proportional to the light intensity, is similarly accounted for. The intensity of
the light is proportional to E%. But from Equation (2.4), the probability of
electron emission is just proportional to EZ.

The first property of the photoelectric effect, that electrons are emitted
immediately after the onset of illumination, is treated as follows. Equation
(2.4) represents the probability for a transition to one of the continuum
levels k. But the probability of emission of a photoelectron is the probability
of a transition to any such level, which is the sum of Equation (2.4) over all
k. Lamb and Scully did this sum, and showed that the transition probability
was proportional to the time. This implied that the transition rate was con-
stant, so that even at short times electrons would be emitted.

Thus all aspects of the photoelectric effect were accounted for without
resort to Einstein’s Nobel Prize-winning argument. Moreover, the random,
unpredictable character of individual quantum—mechanical events was prop-
erly preserved, but in this model, was due not to the quantum nature of
light, but to that of matter, Many of the other go-called “proofs” of the quan-
tum nature of light are equally suspect; the gemiclagsical treatment of the
Compton effect,” for example, while not as compelling as QED, nonetheless

is quite successful.

Anticoincidences What, then, are the firm grounds for pelieving in pho-
tons? How might we design an experiment that could give evidence for the
particle nature of light? A clue is contained in the very meaning of the term
“particle.” By its nature, such an object occupies 2 definite location in space.
It is either “here” or “there,” but never both. A wave, in contrast, spreads over
an extended region. We are therefore led to design an experiment that asks
whether light can be in two different places at the same time. The method is
to place two detectors at widely separated locations, illuminate them both
with the same light source, and ask whether they click at the same instant.
Within the particle picture of light, they should not.

The experimental apparatus required for such an experiment is con-
summately simple: a light source, & half-silvered mirror and two detectors
(Figure 2-3). Light falls on the half-silvered mirror, which acts as & beam
gplitter. If the incident light intensity is I, then behind the mirror the detec-
tors each register an intensity 1/2. While on average this is always true, we
can investigate the situation more closely by monitoring the temporal
response of the two detectors to the light incident upon them.

Each detector responds with “clicks.” As we have seen, this does not nec-
essarily imply that the light itself is quantized, but rather merely that the
detectors’ response to light is to click. We correlate these clicks by connect-
ing them to a coincidence counter, which records a count only if both detec-
tors click at the same moment. The proposed experimental test is 10 send
light to the half-silvered mirror and measure the number of coincidence
counts relative to the number of individual counts of the detectors.
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435.8-nm interference filter. This filter ensured that only photons of the cor-
rect wavelength entered the photemultiplier tubes: a photon that somehow
“split” at the beam splitter, half its energy going one way and half the other,
would have the wrong wavelength and be rejected.

If photons were indivisible, Hanbury-Brown and Twiss expected no coin-
cidences, and the anticorrelation parameter A would be zero, But this was
not what they found! Indeed, they found precisely the opposite result: a
strongly enhanced coincident signal. Their measured value of the anticorre-

) i i tion parameter is measured as
In an actual experiment the anticorrela -
follows. The experiment lasts for a time T, and it counts the total I.lll]I.lbel‘ of -
clicks N, and N; of the two detectors and the number N, of coincidence
counts in this time interval. By «coincidences” in this context we mean that

i he time reso-
i tween clicks of the two detectors was less than A_t,t‘
B e tho ox think of the run as consisting of (T'/ At)

lution of the experiment. We can
opportunities for each detector to respond, and the same number of oppor-

. . i d probability is then .
tunities for comc1dence's..’(11'h§ sxgﬁnmfgi)aiyoﬁe;::;?lmgﬁeS'- lation parameter turned 01.1t to be A = 2. Whenever a click occurred at one
the number of events divided by the i p.hototube, they found a higher than random probability that a click had
poo Niosz ' gimultaneously occurred at the other.
Yor2 ——T (2.7 _ The result of the Hanbury-Brown and Twiss experiment was astonish-
o ing. Not only did it fail to demonstrate the existence of photons and the indi-

S _ _ call visibility of weak light, it actually showed that light seemed to travel

Thus the anticorrelation parameter 1s given 1o terms of experimentally through space “bunched up™: one can divide the bunch in half, but the two
measured quantities by @ half-bunches arrive at the photodetectors at the same time. These results
startled the physics community and launched an entirely new discipline, the

An N. [_fl_’] (2.8) explicit study of the quantum nature of light.
NN\ At How is this astonishing experiment to be understood? Clearly, it pro-
@ ;ides rio evidelnce :lat all for the particle nature of light. Does it argue rather
e i experiment and its or a classical understanding of light? Let us explore this possibility. Wi
We turn now to iilge*ﬁrst attempt at a realization of this exp therefore drop the concept of photons and think ofI::he light bzam simpsiy a:
unexpected results. ahwazlve can'yinlg energy. Begin with a completely classical picture, in which
— : < Experiment In 1956 the first careful inves- the detectors also are thou_ght of classically: they are devices for capturing
fi?; g:;sbz?; ggf;?c‘;?fcﬁﬁ: > {,v ~ve porformed by Hapbury-Brown a1_1d f}.vnci }fit;;}nngh thlf:i energy until enough has b_een accgrm:lated to power a click.
Hgatioe O P mdertoolk the apparently simple task of showing that, for dim | thl . sucl' 1 amework, each detector will then “fill” at the same rate, and
light sources, single photons arriving on a beam splitter are not split, and : hf:re ore clic Cat the same rate. Hanbury-Brown and Twiss’s results have
therefore lead to anticorrelation (A = 0) when detected. The wave th‘eqry, by _ .Sll;l:;f)e:ty dan all their x:esul‘ts be understood in these tenys?
contrast, would predict that no matter what the intensity of light arriving on ' ' e wz t(-::tgctors begin with zero stored energy, they will require the |
the bean; splitter, it is halved in both directions, so that random coincidences same z_’;\mg:nt of tixqe to fill and therefore bOtl:l emit their first clicks at the -
e O ed (= 1. same instant, yie mgg a commdgnce. They. w1.11 then empty, commence re- :
wouIIl their experiment, the 435.8-nm light from an emission line of a mer- : filling, and emit their second clicks as coincidences. Clearly, within this !
oy me :vlas isglated by,a system of filters and sent to a half-s.ilvered mirror. ‘ . iat.fnework, every eventis a c?incidence: N“ =N; =N,, yielding an anticorre- ;
Downstream were two photomultipliers connected to a coincidence c.Ol:mt(_%I'- ron paramcitl:fer A= 1/P1., Since P, «1 in the.Hanbury-Brown and Twiss |
From atomic physics, Hanbury-Brown and Twiss possessed an egphcﬂ; pic- ‘ 11l?ll:ipe_rlmen.t, this wou%d give an enormous anticorrelation parameter. But
ture of the mercury light source. Individual mercury atoms collided with ' : S.Il,inot m:t(:i;)rd with their measurements.
clectrons; the impacts excited the atoms to various states, including a state b € expe - s;‘ntllcm:relatmn parameter in such a theory can be reduced
that rapidly decayed to the ground state, emitting a photon of wavelquth : . ,elf lIl'J.ﬁlglJ:lltnl%e e ol' owing scenario. Perhaps I-_Ianbury—Brown and Twiss’s
435.8nm. This cycle happened millions of times a second to produce the light Doou xperiment began with their two detectors partially, but unequally, filled. In
X or was a narrowband A this case one would click and then the other. But this modification will not

_In front of each detect : -
thet traele o he detee work, for it predicts that, rather than every event being a coincidence, none

‘i_s': "l_:!;e expected anticorrelation parameter is not too big, but too small.
Slmﬂiaﬂy, other ways might be imagined in which the classical account might !
be adjusted to fit the data, but none turns out to be successful, No purely clas- !

) sical explanation for Hanbury-Brown and Twiss’s result has ever been found.

ight i inci i if two photona
¥ i d of photons, coincidences can always arise by chance if :
B e at tne same 1 ity of this happening decreases with the

happen to arrive at the same moment. The probabil : *
intrt:iesity of the light. All experiments must then operate at very low light levels in order to

reduce this probability to negligible values.

Greenstein, Zajonc: The Quantum Challenge, 2nd Edition
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-clagsical attempt to understand their result—

We turn then to a semi
and this is an attempt that will turn out to be wholly successful. Such a way
classical terms, i.e., as consisting

of thinking describes the light in purely
solely of waves and having no particle properties. The detectors, however,
are treated quantum-mecha.nicaﬂy: they are regarded as systems possessing
several energy levels, and the process of detection is regarded as a transition
from the ground state to the positive-energy continuum state.

This is precisely the problem treated by Lamb and Scully as described
earlier (see “Photoelectric Effect”). Recall their result: the probability that
such a transition will occur in a time interval At is proportional to At and to
the intensity of the light beam . We write the proportionality constants for

the two detectors as o and ap. Thus
P1 = ch AL (29)
e P 7 = a;;I AL
Similarly, the probability of exciting two atoms in the two detectors involves
the «’s, At squared and I squared:

.Pc - a10212 (At)2 (210)

We therefore find the anticorrelation parameter to be

_ ol B
Sl Al A 1 (2.11)

which is not in accord with the results of Hanbury-Brown and Twiss.

But Equation (2.11} 18 valid only if the beam intensity 1 is constant in
time. Hanbury-Brown and Twiss’s light source produced light whose instan-
taneous intensity rapidly fluctuated about an average. This is true of many

light sources. Light bulbs and flames, for instance, whose light is produced

by a superposition of individual emissions from a multitude of atoms, have

this property. For such sources we replace Equations (2.9) and (2.10) by
P1 = a’l(I )At
Po=ax{}2 (2.12)

P =ma: (Iz>(ﬁt)2

where the brackets denote averages: {I} is the average intensity over many
instantaneous measurements, and (I%is the average of the intensity squared.
Using Equation (2.12} in the definition of the anticorrelation parameter

A (Equation (2.5)), we obtain
__ e (I yat)”
(an (D) At) e (T} AF) (2.13)
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This. resulf, shows tha..t t}_le expected anticorrelation parameter within the
::ml-cla?s;ﬁal theory is simply the average of I squared as compared to the
uare of the average of 1. But we can easil ]

‘ ly prove that this must alw
ireater than .umty._To see how this is done, begin with the simple casfg if?;
eam whose 11:}ten51ty fluctuates between only two values, I, and I;. Definin,
x to be the ratio I/T;, the averages are i i s

(I?y=1(I?+12 V& 2
=3 1+Iz)=?(1+x)

-, ) . (2.14)
(I%= {5 +LF=I [—;E]
But the first of these quantities is always greater than the second
1+2? (1+xY
since this can be rewritten _
21 +x%) > (1 +x)? (2.16)
which can be rearranged to read
(1-x¥>0 (2.17)

Whi‘:]}; is always true, since the square of every real number is positive. This
res.ub can be extended‘to a beam whose intengity fluctuates between any
number of values by using the so-called Cauchy-Schwartz inequality,

=2y (2.18)

We have therefore shown that, accordin; i
' ' \ g to the semi-classical theory, th
:;:Lcour;gatrllshparimt;ter for a fluctuating source must always be grrfate:
‘ Y. ough this argument does not explain wh

. : arg y Hanbury-Bro
and Twiss obtained A =2, it is at least in accord with their resulzrii fac:n;

~more detailed semi-classical analysis can be developed that yields A = 2

canE;t: ?;clu$o§ is that hglt_lt from sources such as light bulbs and flames
can be ua::tx;'s oth on the basis of a purely classical theory of light coupled
ik a qh ntum theory of atomsi, and that it provides no evidence whatever

at Hght is composed of particles. With the invention of the laser, the

“ i{uanbau:y-Brclnwn and Twiss experiment was repeated, but now with the mer-
° bori rc rep aced by a laser.* The light emitted from a laser running high
; e its threshold turned out to show a different anticorrelation parameter

from the mercury arc, but still not what one would expect from a source of

rufha:t.;c:es: tl;e al}tlcorr_elatlon para_meterA was found to equal one. Recall that

Eon tl;;l-(.‘.( 2aslswal p¥cture predl_cts A = 1 for a source constant in time
By 11:1 .11)), which agrees with the description of lager light as a stable .
_ sical electromagnetic wave with negligible intensity fluctuations. l

-
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Physicists still lacked direct evidence for light as comprised of indivisible

decay of th :
Physe y ese atoms back down to the ground state. As in the Hanbury-Brown

- ;‘nh:im;ii egﬁ):ril?ltin:ilmillions clif decay photons were produced each second
wi e laser photons and peneral back; dli ‘
from this seething chaos, was the sin i e et
X gle-photon eigenstate to arise? G i
and c;:]league§ needed a means of isolating individual events. They Il;aeréf:ll::l-
somroi‘h (;nrr:l ;}f mg?]{:l, alhirtlng them to the fact that an atom had just decayed
ans they hit upon was to raise their Ca atoms ¢ ‘
5 1] o a state th
il::sa{ﬁ: 'by famlt’lcn;‘ghtwo photons rather than one. The first of these p]fotoz:
. ir signal. The second was the phot i
their anticorrelation experiment. photon upon which they conducted
Calcium atoms were excited to a hi i
; ' gh-lying s-state that quickly decayed
:;i(? ﬂt.he g:éo;nd state,‘v1a an intermediate p-state, by giving off two grhcd:on{sr of
ifferent frequency in rapid sequence (Figure 2—4). The first of these photons

Photons at Last Do these experiments pose a problem for quantum
mechanics? Does their failure to show anticorrelations cast doubt on this

@ theory, which, after all, regards light as possessing particle properties?
Recent work has shown that, while not supporting the photon picture, at
least they do not invalidate it. The resolution of the apparent paradox rests
on the concept of an eigenstate.

Recall that, within quantum theory, to every observable there corre-
gponds an operator, and that certain wave functions are cigenstates of this
operator. These eigenstates possess well-defined values of the observable in
question. The familiar hydrogen-atom wave functions, for instance, are eigen-
states of the energy operator. If an ensemble of hydrogen atoms is prepared in
one of these states—the ground state, say—every succeeding measurement of
energy is sure to yield the same answer, the energy of the ground state.

But these are not eigenstates of other operators. If we were to measure, .
not the energy, but the linear momentum of electrons in a succession of . Tri Ca Atom
atoms, all in the ground state, we would find each measurement yielding a thfoezd ® > Second
different result. While the electron’s energy possesses a well-defined value, Photon
its momentum does not. Within the formalism of guantum theory, this can 1 vy
be seen by noting that the eigenstate of linear momentum is the familiar
plane wave ¢** for which the corresponding momentum is k. The ground-
state hydrogen-atom wave function can be written as a sum of many such
functions, each with a different value of &. This sum, the Fourier expansion Laser
of the ground state, contains an infinite number of terms, corresponding to : Excitation
the fact that successive measurements of the linear momentum can yield

_ any result at all. ' : High Lying

‘ Similarly, experiments that attempt to show that light is composed of s-State
photons will only succeed if the light they study is composed of a well-defined o

. number of photons—namely, one of them. The light must be in an eigenstate Las
of the operator corresponding to photon number. Recent work has shown , Excit:tzon
that the light sources used in early experiments did not have this property. : :
Rather, the light was in a quantum state that was a linear superposition of
many different eigenstates of the photon number operator. ' - Ground

The difficulty with these experiments therefore lay in the light sources : s-State
they had elected to use. Anticorrelations are only expected if the source pro- o ; Energy-Level
duces light in an eigenstate of the photon number operator. How to design : _ Diagram
such a source? This has only recently been achieved, beginning with an : :
important experiment by Clauser in 1974, and nowhere more elegantly than
in the 1986 work of Grangier, Roger and Aspect.’

Using well-established molecular-beam technigues, Grangier, Roger and
Aspect produced a well-collimated stream of calcium atoms, and raised them
to an excited state by means of two-photon laser excitation. The light upon
which they conducted their anticorrelation experiment was produced by the

Y

Intermediate

p-State
V2

Fi . .
o m (}21-4 iinf::-lPshXtoni Sourcio used in the successful anticoincidence experi-
e angier et al.” A calcium atom is illuminated by a laser and make

: ;SIt;.m;i(t:] sflélllgh-lﬁng g-state. It decays, first to an intermediate p-state ;;}‘;’f:l?e
emis e trigger photon v,, and then to the ground s-state with the emission of

" -the second photon v; this i .
_ ‘iB'cdnduct,eg, . n vy: this is the photon upon which the anticoincidence experiment

Greenstein, Zajonc: The Quantum Challenge, 2nd Edition
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PMT,

PMT,  Trigger  Second\_Beam Splitter
@ , Fhoton O Photon ) » @__\
Single
Photon
Source Coincidence
Counter
PMT, J
. —w—__ _
v Gate
Signal

- 5 The trigger
ent of Aspect and Co workers

detected: this alerts the two detectors PMT,
gate period” w.

Figure 2-5 Anticoincidence Experim

hoton from the single-photon source is ‘ s ale
Ia:'md PMT, to expect a photon sometime during the brief

was allowed to fall directly on a photomultiplier PMTlfl ﬁlzi,l:v :1;2 ?‘:11-116;
struck a beam splitter as before (F(ilg?:sto 2—5)1.3511}11‘3 f;;sg: g M(;}T e ot o

» shoton that alerted the other detectors, : » to exp i
g:ioﬁd ;}?(I)izon. The detection electronics was gated open for a brief time fol

lowing the arrival of the first photon. With this special arrangement,

Grangier et al. could reject the random arrival of light at PMT, and PMT,,

v detect the single photons sought. . _
and’;ﬁej; measured the anticorrelation paramei.:er for‘ this ex.pe.nn::?it;{
arrangement, and extrapolated the results to low intensity to elimina

. . ™ tie
itations due to instrumental resolution. They obtained A = 0: perfect an

correlation. Photons had been detected at last.

Albert Einstein, arguably the greatest physicist
work that subsequently turned
at this work, which was instru-
particle duality, turned out

Remarks 1t is ironic that :
since Newton, received the Nobel Prize for

out to be flawed. And it is doubly ironic th
mental in placing before us the concept of wave-

t even though flawed. _ _
* bt;;;:; ‘;eople tend to think of photons as being the constituents of

light, in the same sense that atoms are t!me constitl:xents of mat:‘el;oBml;t
this \’riew is erroneous. While a brick contains a definite nqmber 0 ali ht,
the same cannot always be said for light. Most forms of licht—sunhght,
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for example, or light from electric bulhs—are not composed of one photon,
or ten photons, or any particular number of photons at all. Indeed, as we
have seen, these forms of light can be entirely accounted for on the basis
of classical ideas combined with a quantum treatment of the detection
process. The central lesson of the story we have recounted in this section
is that the concept of the photon is far more subtle than had been previ-
ously thought.

2.2 Wave-Particle Duality for Single Photons

With the experiment of Grangier, Roger and Aspect,® we have clear evidence
at last for the existence of photons. Grangier, Roger and Aspect then set out
on a new experiment. Having shown that, at a beam splitter, individual par-
ticles from their source were either reflected or transmitted, going one way
or the other but never both, they then allowed these same photons to pass
through an interferometer.

Their apparatus, known as a Mach—Zehnder interferometer, is dia-
grammed in Figure 2-6. Light enters through a half-silvered mirror. Instead
of proceeding directly to a pair of detectors, the two beams reflect from mir-
rors and recombine on a second beam splitter. Thus there are two paths from
the input to the cutput, and interference can occur. Were light purely a wave,
it would divide at the first beam splitter and recombine at the second, with
some phase shift between them that determines the amplitude in the two
output beams, If the interference is constructive for one output direction,
then all the light emerges in that direction and none in the other. The phase
difference between the two paths can easily be adjusted by moving one of the
mirrors slightly.

But would this occur for individual photons? Grangier, Roger and Aspect
used their identical Ca cascade light source, and the same triggering scheme
to tag the single photon as it entered the apparatus. If interference were to
be observed, then the standard interpretation of quantum mechanies would

have us think of each particle as splitting at the first beam splitter and trav-
-eling both arms of the interferometer. But from their anticorrelation experi-

ment described above, we know that their source produces something that

never splits at a beam splitter, but rather always goes one way or another.
‘We would therefore not expect interference.

.- .. Data from their experiment is shown in Figure 2-7. It clearly shows an
Anterference pattern as the path length traveled by light in one arm of the

interferometer is increased relative to the other. The signature is unmistak-

able. The photon, which before chose one path, now takes both.*

“Recall, however, the crucial role played by the locality assumption in this conclusion.
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Input from a .
Single-Photon Beam Splitter pyih %__ Moveable

Source _, > Mirror

- Detector ¥y
L e N

v Beam Splitter

Detector x

. 5
Fi 2-¢ Interference Experiment for Single Photons of Asgf:: anuo:ll ;::;fw::;-:;rttr
Liglllltr;"rom a single-photon source enters a _sc?-ca]led Mach—Zt; ; ljirn iy
and is observed by the detectors. As the position of_ the moveab! et o e etorn
the ‘phase difference between the two paths varies and an inte

results.

The Mystery of Wave—Particle Duality We confront again j:h; hl?irzgtl;zlln
ties of the quantum. The essence of quantum mechamTc:];:n fndividually
these two experiments of Grangier,' Roger, and Aspect. understanding,
neither is particularly problematic; taken together, our

grinds to a hali.

In pages 18 to 21 we emphasized the mysterious nature of wave-particle

i to
duality. Recall from that discussion the intense t;l;b::; zlrlizi::l Bzfsr:f}e:g} ?Eng
ture of light and matter. As we recoun , >
:::Ee:f?ar];nce anfl diffraction demonstrated light's wave properx;i.:n;s.o f(').:{::;
experiments over the years demonstrated the particle properiie
s, and atoms. . .
tmnisk’l{l:l?zgnexperiments answered a question. But those we recoxar}get.iuﬁ
this and the previous chapter did no such. thing. Indet:ﬁét, ﬂ]l:io ;n S.:v st
the opposite: They posed a question, a question we find difficu
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Figure 2-7 Interference of Single Photons (the experimental results of Aspect and
co-workers). The number of counts in the two detectors of Figure 2-6 are plotted as
a function of the phase difference between the two paths. The photon, which before
chose one path, now takes both. source: Modified with permission from P, Grangier,
G. Roger and A. Aspect, “Experimental evidence for a photon anticorrelation effect on a beam-
splitter,” Europhys. Lett., vol. 1, p. 173. Copyright 1986 Les Editions de Physique.

The work of Grangier et al. can be summed up by saying that light appears
as a wave in certain circumstances and a particle in others. Similarly, the
burden of Chapter 1 is that precisely the same is true of electrons, neutrons,

- and atoms. Wave—particle duality forces upon us the necessity of a radical

revision in our thinking,

Delayed Choice Just how radical does this revision need to be? Is there
any way to grasp these phenomena while keeping common sense intact?
One possibility exists that would account for the phenomena we discussed
so far. According to this point of view, electrons, neutrons, atoms, and light
are not really behaving in an incomprehensible manner after all. Rather,
ag they travel toward the experimental apparatus they “sense” its setup,
and they adjust their nature accordingly. Ifthey sense an experiment capa-
ble of demonstrating interference, they become waves. But if they sense
one capable of demonstrating anticoincidences or the like, they become
particles. We might refer to such a point of view as a “conspiracy theory” of
physical reality.

"~ Whether one attempts to formulate a detailed theory incorporating
these ideas, or leaves them in the loose form expressed above, is a matter of

- taste. The “sensing,” for example, could involve some process by means of

which the first photons through the apparatus set up conditions that cause

the others to behave as waves or particles as required. At any rate, it is clear

that this point of view, while obviously requiring a severe revision of our
ideas, is nevertheless not so radical as others that could be imagined. But is
it correct?

... In 1978 the physicist John Wheeler® proposed a means of testing it: the

8o-called delayed-choice experiment. This experiment has recently been
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rformed. Its result implies that no revision of 1§hi_s sort can be ;;;iﬁcl:;ﬁ
fl?e conspiracy theory’s attempt to soften the crisis in understa:;1 dglg sed
by the wave—particle duality is doomed to failure. Moreover, the delay

choice experiment dramatizes the puzzling nature of light still further,

making yet clearer the radical demands placed on our imagination by the

na of the quantum world. ‘ ' _ )
pher\lﬁ(;ll?ezler’s delayed-choice experiment is capable of detex?m;i :;;h;;spi);;:ld
cles (anticoincidences) or waves (interference)_. But the experi']lm s designec
so that the choice of which aspect to observe is delayed until after the p

has “decided” what it will be. The physical arrangement is n111uch li:sdﬂtl):t; :
the Mach—Zehnder interference experiment, except that the sec

i time (Figure 2-8).
itter can be inserted or removed at any '
sphtlmracgin.e a single photon entering the interferometer via the first beam

i S,, the detectors
splitter BS;. In the absence of the second beam gplitter BS,

-

Path x

v

_ Dy
é 1L BS, (in or out)

Figure 2-8 Delayed-Choice E?cperi
Zehnder interferometer can be inserte
passed through the first bea.t.n gplitter an
a particle or a wave.” According

the effect of “tricking” the light into behaving in the wrong fashion.
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D, and D, ascertain which route the light quantum has traveled. If it trav-
eled by path x, the photon shows up in detector D,; if it traveled by path y, it
shows up in detector D,. Without BS, the experiment is essentially the anti-
correlation experiment performed by Grangier, Roger and Aspect.

But with BS, inserted, it becomes their interference experiment. We
irreversibly lose all information as to which path has been taken, and a
proper interferometer exists. Under this circumstance, the two detectors
show interference. Wheeler’s addition is to delay the choice of whether or not
to insert the second beam splitter until well after the photon has entered the
interferometer. Thus, the experimental configuration is ambiguous until the
last moment.

According to the conspiracy theory, this last-minute insertion or
removal of the second beam splitter should have the effect of “fooling” the
light. Imagine, for instance, that as the experiment begins, BS, is absent.
The conspiracy theory would hold that this causes each photon to act as a
particle, and take either path x or y. Furthermore, it will continue to do so
until well past the first beam splitter. The subsequent insertion of BS, will
not alter this fact, and even though BS, is present by the time the light
reaches it, interference cannot possibly be observed. The converse is true of
the opposite configuration: if the conspiracy theory is correct, the delayed
choice experiment in both cases will force the light into behaving in the
wrong fashion.

But does it? What does experiment reveal? At the Max Planck Institute
for Quantum Optics outside Munich, Hellmuth, Walther, Zajonc and
Schleich? have successfully executed a version of this experiment. For tech-
nical reasons, it proved impossible to physically remove BS, in the required

_short interval of time. However, it was possible to rapidly remove and

insert the equivalent of a mirror into one of the two paths, say path x
(Figure 2-9). This was done by using an electronic Pockel cell which, when
a voltage is applied, within 5 ns rotates the plane of polarization of light. A
Glans prism then reflects away light whose polarization has been altered,
but transmits unrotated light. Thus, when a voltage is applied to the Pockel
cell, the mirror is effectively in place, and the only light reaching BS, came
from a single path, path y: the interference element of the configuration is
lost. Conversely, with the voltage not applied, the mirror is effectively
absent: BS; receives light from both paths x and y, and interference is
possible.

~ The experiment used linearly polarized, short pulses of laser light, less

- than a billionth of 2 second in duration, with on average one photon in each.

The pulse was generated by a mode-locked laser, and provided the exact timing
mqulred to do the experiment. The travel time of the photon through the inter-
ferometer was extended to about 30 ns by use of 10-m-long fiber-optic delay

lines in both arms of the interferometer, which gave time for the Pockel cell to
_Operate, In this way the Munich group devised a high-speed version, contain-

ing all the strangeness of Wheeler’s experiment.
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High Voltage High Voltage
Switch Direction

Optical y No Voltage
Fiber Optic Switch Direction
Delay Lines

L aPathy .

Figure 2-8 Designof the Delayed-Choice Experiment employed by Walther and

co-workers.”

The results were that no matter when BS; was i:lsertt:i, ga;; i:lvtii;fggmi:g
ly, if the experiment was 2
pattern was observed. Conversely, i B o,
i tly removed, interference wa.
place, and it was subsequen rference W e they are
predicts,
These results are exactly what quantum mec o are
i ton can go from traveling one p
trary to the conspiracy theory. The phq : .
tgrll)of}?[r)aths at any time in its history. Light is never fooled: (.evenhw!lel}, gllz
experimental apparatus is changed “after the light has made 1ts choice,
i till makes the right choice. o ]
hgh%?hlat does this tell us? To appreciate the s1gmﬁc:.11:11ce ciftthe deiligzit
i i ts the following thought exp
choice experiment, Wheeler sugges ) experimen
i - “double quasars” are known: app y
Tigure 2-10). A number of so called “dou! ;
gd;i:ical quasars lying unusually close to one anothgr in the-skl_w.j. E:ufa‘s;a ua::{i
in fact, two separate images of the same distant object, their lig

ths by a gravitational lens produced by an

toward us along two separate pa . ' ced by &8
i i “Wheeler emphasizes that, s
intervening galaxy or cluster of galaxies e e from

i i j i hich a photo:
here exist two possible trajectories byl w : -
:heerquasar to us, interference can arise. Only one more step 18 needed: the

insertion of a beam splitter at the meeting point of the two trajectories.
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Earth WQU%N

Figure 2-10 Hypothetical Extreme Delayved-Choice Experiment. Light from a
gravitationally lensed quasar is passed through a delayed-choice apparatus. In such
a situation, we are tempted to say that billions of years of history can be altered by
our choice of whether to insert or remove the second beam splitter.

Without the beam splitter, an observer would see two images of the quasar;
with it, one finds interference.

Quasars, however, are up to billions of light years away, and we can delay
our choice of whether or not to insert the beam splitter until the last
moment. The conceptual consequences of such a delayed choice are now dra-
matic. With the beam splitter in place, the photon has been traveling for bil-
lions of years via both paths; changing our mind and leaving it out, the
photon has been going one way or the other. But what possible difference can
our insertion make in the billion-year past history of the light? OQur action in
this present moment seems to have consequences that stretch back into the
cosmic past.”

The delayed-choice experiment shows how flawed the simple wave-particle
description is. Once light is in an interferometer, we simply cannot think of it
as either a wave or a particle, Nor will melding the two descriptions into some

‘strange hybrid work. All these attempts are inadequate. What is called for is

not a composite picture of light, stitched together out of bits taken from various
classical theories. Rather we are being asked for a new concept, a new point of
view that will be fundamentally different from those developed from the world
of classical physics. And furthermore, as we have seen in Chapter 1, the same
comments apply to matter.

Comments Once again, we would like to emphasize that a quantum inter-
ference caleulation can be made for the delayed-choice case, as it was for
electron interference, and no disagreement with experiment is found.

*This formulation of “altering the past” is flawed. As we will see thronghout this book, and par-
ticularly in Chapter 8, it is wrong to think about a real physical situation prior to the observa-

- tion of that situation. In Chapter 8 we give a more careful interpretation of the implications of

the dglayed-choice experiment. -
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Quantum theory, therefore, is completely unperturbed by these results. By
contrast, we are unsettled for the simple reason that it seems impossible to
understand the experiments when taken together. Once again, quantum
mechanics avoids the difficulty by refusing to provide a picture of what hap-
pens in the delayed-choice experiment. It says pothing at all about splitting
at a beam splitter, a photon “choosing’ one path or both. All such descriptions
are troublesome holdovers from a classical world conception. Quantum
theory merely provides us with probabilities of various detection eventuali-
ties for the experiment under study.

Yet the theory does something more. The quantum—mechanical calcula-
tion of interference always makes use of the superposition principle. The
theory always involves the sum of two or more terms that are then squared
(as, for instance, in Equation 1.17). With this principle, something altogether
unique enters into physics. Even a single “indivisible” particle can be put
into a superposition state, and in this state, it no longer has a location. In a
detector, photons, electrons and the like always appear as gimple unitary
objects—but outside the detector, the very same objects are capable of devel-
oping into a highly complex, extended form that appears to sample all
aspects of the interferometer.

Wheeler has vividly described the quantum as a “great smoky dragon,”
simultaneously existing in every nook and cranny of the interferometer,
which suddenly bends forward to bite the detector. Perhaps this is as good a
description as we can find at present.

These are some of the implications of quantum—mechanical superposi-
tion. The objects and structure of quantum theory suggest a deep reforma-
tion of our conception of what the world is and how it is put together. The full
scope of that transformation is the subject matter of this book. We will
always stay close to actual experiments, never venturing too far into specu-
lation. But even so, the magnitude of the change demanded is enormous,
with each experiment adding another level of surprise and subtlety to the

description.
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Chapter

The Uncertainty Principle

E;)lrn :;L tll\,lie ?;orlc%’s unce.rtainties,. we are confident of its fundamental law-
fuln. reé} a;thalf';'wes asifby magic, and we are certain that each letter trav-
o2 I;e om a sender to its destination. We may know nothing of th
p * system that performs this task, but we are sure that here ; .
w. e;:, a ;ttainmlble, causal sequence stands behind it all ) B8 BT

particular, a single letter cannot have two poi - igi
points of origin. E ith-
:ugti :e:ff;l;rag:r]‘zis Wtz are :i:onﬁdent that, with a little eﬁ'mf:tm we Z:E ‘t’;:'l:l:e
\ ck to its sender. If this makes sense to nsi
_ you, consid -
lowing experiment, performed by Pfleegor and Mandel in 1967.11 o the fol

3.1 The Pfleegor-Mandel Experiment

g;l :.c:vsig:, Orllle Photon The light from two lasers making a very small
angle with :;;e ng:l;:z;v v;ass mgcil;le;nt u}gﬁ a screen (Figure 3-1). The experi-
. ta t was suc at individual photons could be detected
sensitive photomultipliers arranged along the o
o : : screen. Pfleegor and Mandel
phptomultiplij ::; 'mterference pattern in the distribution of clicks of the
mdtlﬁefeﬁéﬂ;:: Edependent light sources are phase-incoherent to one
mmntal,n ndno i e herence can arige. Two independent lasers, however, do
o o coherence over s}}ort periods of time, If an experimen,t is
pertormed 1z uixlg 1?0 more than this time, known as the “cocherence time,”
ter orer timWI e observed. In the Pfleegor—Mandel experiment th’e
opene elwas roughly 2.0 Hs. Repetitive measurements were made
Bac] ing no longer than this time, and the many individual results weré

- 'COmpi
oo piled and analyzed. Excellent evidence for interference was obtained
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Figure 3-1 A Single Le
Pfleegor—Mandel experim :
from two lasers onto an 1NV ; ‘

i d BS, direct portions _ :
e Bea:i iﬁtl)lnt;f::s]ﬁiiaad?ﬂ‘ere;ce in their frequencies. When these frequen

1;}::;5}: fe’;:xr'ly identical, the detector is gated open to gearch for interference

The wave picture of light can easily account for this 11:,"3,1:111;';':1 :Ze(::;fl
train from one laser is interfering with that frorg the otgir. Bu“‘temwg;e rane
Mandel now added a new twist to their experiment. They a

e . o ]
intensity of their light source enormously until, with high probability, onty

i ; 1 - mental apparatus. They found
one photon at a time was present in their expertme pp

i i in this case as well.
:stakable interference fringes in
e bifk? nn:;l;: terms of light quanta, it is natural to suppose that:, photon-s
e lam rfere with photons from the other. But in this exper1-

laser can inte 1 : e
f;n(;?tozzly one laser at a time was producing photons! P.AM. Dirac, on

. « -
the creators of quantum mechanics, has Wn!:ten that h...t;alsclil z‘l:::c‘); cf::_ r-
feres only with itself. Interference between different 1;1 c; O D ments
1t is relatively easy to see how Dira(f’s sta.tement applie o e e oho.
counted in the previous chapter, in which we discusse e e
ne involving a single photon traveling along two p.aths. u o
ot oxpe 1'ment two separate sources are emitting the hg-ht. fEn wrhat possi e
e A hot;)n interfering with itself in this case? Dirac’s du’:,tgm ;:10:1 d
:eel;: :) f‘elt;uire that the single quantum is being “co-produced” in the iw

different lasers.
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We will now proceed to argue that this is precisely the case. Quantum
theory possesses no means of determining which source each photon came
from. Furthermore, this inability turns out to arise for fundamental reasons,
rather than being merely a matter of poor experimental design: no conceiv-
able experiment will ever be capable of making this distinction. The conclu-
sion is that quantum theory does not even carry within it the notion of each
photon’s being produced in a particular laser.

The demonstration will make use of the famous Heisenberg uncertainty

principle, to which we now turn. In the following section we will return to
the Pfleegor—Mandel experiment.

The Heisenberg Uncertainty Principle Often, when we measure something,
we disturb it. Looking in on a sleeping child at night requires that we open
the door and turn on the light, possibly waking the child. Similarly, to meas-
ure the position of an atom requires that we scatter light (or something) off
it, which obviously will disturb it. All this is pure, classical reasoning. Within

_ classical physics there are two ways to get around the problem. On the one
hand, we can always reduce the magnitude of the disturbance as much as we
wish—by reducing the intensity of the light, for instance. On the other hand,
since any intrusion is governed by the deterministic laws of classical physics,
we can correct for it. The game of billiards, for example, depends on the pre-

- dictability of disturbances. From a final energy and momentum analysis, we
can determine the change the cue ball must have caused in the paths of
other balls, even without looking at the collisions themselves. We can there-
fore work back and correct our measurements to any accuracy we like.

. So far, nothing remarkable has entered the story. Heisenberg’s unique
contribution was not to point out that measurement affects the system being
measured. Rather, it was to recognize the new fundamental limits to meas-

. - urement set by the “quantum of action.” There are two such limits. First,
while according to classical physics we can make the disturbance as small as
we wish, according to quantum mechanics, we cannot. The action of Light, for
instance, is quantized, so that a photon cannot avoid disturbing a particle it
strikes. The second limit imposed by quantum mechanics is that this distur-
bance is uncontrollable and unpredictable. This latter feature reflects the

- deeply statistical nature of quantum mechanics, to which we will later return.

~The two new features appearing in Heisenberg’s analysis, therefore, are:

1: ‘The disturbance cannot be reduced in magnitude below a fundamental
. -limit, and

2. -Correction for the disturbance is impossible.

. Heisenberg’s famous “uncertainty microscope” illustrates the analysis.
- It concerns the means whereby one determines the position of a particle by
- illuminating it with light and examining the scattered light. Figure 3-2 dia-
: grams the configuration. An incident light ray is scattered by the particle
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g;uminafi;zg it v:ith light; the scattered light is collected by a lens of angu

diameter 8.

the observer. From clasgical

. i toward
into a lens, which then focuses the light tow of this lens is given by

optics it can be shown that the resolving power .
Ax=Al8 3.

i th
where A is the wavelength of the light and 6 is the an.%!e suil‘):ﬁzie:;t 11)(531 : a(;
lens. Equation (3.1) gives the uncertainty Ax in the position o

i i tion. . o .
dEteFr‘Iingll?rzdﬁé giluss:r:tz?fh:a particular situation in which the incident light

i agating along the x-axis, while the scattered light is pro;;agatig n;n:}rlz
po Ii;gg 1:5)1'izontally along the y-axis. The component f’f momen ul]';ll 8 the
;I-‘axis given to the particle in the scattering process is then roughly eq

the incident momentum Prignt of the light. But i:t is not prectiisely- :;i\;al At“;‘o 1}11111::
for the scattered light is not propagating precisely alongt‘ € gt o ;ngle e
trated in Figure 3-2, the scattered light could be propagating

r minus &2 to the y-axis and still be collected by the_lens. Th; u::far;la;nty n
:he x-component of the scattered light’s momentum 18 then, for ,

Apx = (Pign X8/ 2) (3.2

This equals the corresponding uncertainty in the particle’s momentum after

the scattering. Combining the above two equations we obtain

AxAp: = Apug {2 (3.3)

Until this point, the analysis has been entirelj.r classical. U:iﬁg ;h:fl:::e (l)f
classical wave optics, we have derived an expression foi' :qhifl I;w kum of uncer
tainties (Ax) (Ap,). Clearly, a high-resolution experimen
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this product, allowing the experimenter to accurately determine both the par-
ticle’s position and momentum.

From Equation (3.3) it is evident that classically this product can be
reduced in two ways: by choosing short-wavelength light or by choosing low-
momentum light. The first alternative leads us to select gamma rays. The
second alternative leads us to reduce their intensity, since the mementum
carried by a classical electromagnetic wave is proportional to its intensity.
Thus, by employing light of arbitrarily short wavelength and arbitrarily low
intensity, the product of position and momentum uncertainties can be made
as small as we like. In classical physics, there is no fundamental lower limit
to the product of these uncertainties.

Quantum mechanics changes the situation completely. The previous
analysis 1s valid only until the granularity of light’s interaction with matter
becomes important. For very low intensities, we must think in terms of the
quantized interaction between light and matter—the Compton effect. At the
lowest intensity conceivable, scattering is by a single photon, not a small-
amplitude electromagnetic wave. According to quantum mechanics, the

. momentum of this photon is related to its wavelength through de Broglie’s
relation,

Pige =h/ A 3.4)

Substituting this quantum-mechanical relation into the classical equation,
Equation (3.3), leads o the cancellation of 4, and the famous Heisenberg
uncertainty relation

(Ax)(Ap.)=h/2 (3.5

A more formal derivation shows that the actual relationship is:

AxAp. 2h/2 3.6

" Once this level of accuracy is reached, reducing the wavelength or the light
intengity no longer helps. Quantum mechanics takes over, and the product of
uncertainties can never be reduced below the value given in Equation (3.6).
1. According to Heisenberg’s uncertainty relation, nothing prevents us
from measuring the particle’s position more and more precisely—but if we
do, nature will conspire to make our momentum measurement more and
more inaccurate. The same is true if we elect to make our momentum deter-
mination exceedingly precise; the accuracy in our determination of the par-
ticle’s position will be spoiled. It is easy to see physically how this
disturbance comes about in the gamma-ray microscope. There are only two

~‘ways to make our measurement of position more accurate. One is to use

gamma rays of a shorter wavelength. But according to the de Broglie relation

VIR
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Uncertainty in the Pﬂeegor—Mandel Experiment Returning to the Pfleegor—

Mandel experiment, we can now recognize the e-xplicit role played by t:he

ion i i g exists for determining whi
inty relation in ensuring that.no Tmean: :  whict
}ll;s(:aerﬂ;iodiced a given photon. In Figure 3-3 we diagram the expe

i “ ight” The pres-
it i f photons as “atoms of ligh I
* ized i terzthatltlswrongtot.}ul?ko. . e pros
“;e eﬁ;‘s?:‘ﬁfaﬁ:: this point yet again. That light 18 cumpoze‘;” of ﬁ:;tzi ls;) Ez:zn o
Heieor i i “element p X
h thing as an "e
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more carefully. We imagine the detectors that record arrivals of the photons
are individual atoms arranged along the screen. Each has two internal
states: exposed and unexposed, corresponding o its having been struck by a
photon and not struck. Atoms located at interference minima will be unex-
posed; those at interference maxima will be exposed.

In order to observe the interference pattern, we need to observe the
detector atoms. We do 8o by scattering light off them, and we will assume
that exposed atoms scatter the light differently from unexposed ones.
Conversely, in order to determine which laser each photon came from, we
need to observe the recoil of each atom. When a photon is detected, it trans-
fers its momentum to the detecting atom. As illustrated in Figure 33, if the
photon was produced in laser #1, the detector will recoil in one direction; if
the photon was produced in laser #2, the atom will recoil in another
direction.

Thus, in order to observe the interference pattern successfully, we need
to determine each atom’s position. Furthermore, we need to do so to high
accuracy—to an accuracy greater than the separation between interference
maxima and minima. Conversely, to observe the recoil successfully, we need
to determine each atom’s momentum to high accuracy—to an accuracy
greater than the difference between p, and p,. But these two measurements
are impossible. As we will now show, the required accuracy is greater than
that allowed by the uncertainty prineiple.

In order to detect the fringe spacing, the spatial uncertainty in the meas-
ured position of an atom, Ax, must be less than £, the fringe separation. One
can easily show that the fringe spacing is given by the ratio of the wave-
length to the angle of convergence: £ = A/6. Seeing fringes therefore requires
us to measure the atom’s position to an uncertainty Ax «A/8. If this is done,
then Heisenberg's uncertainty relation requires the uncertainty in the

x-component of the atom’s momentum to be

Ap.>h8/2A an

where 4 is the wavelength of the photon produced by the lasers. But by the
‘de-Broglie relation, Pgypya = £/ A is the photon momentum, which equals
that transferred to the atom P, .. So Equation (3.7) implies

Apx 0P /47 (38)

- From Figure 3-3, however, the x-component of an atom’s recoil momentum

from a single photon is

P. = Puon6/2 59
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Comparing Equations (3.8) and (3.9) and noting that the inequality in
Equation (3.8) is a strong one, we reach our essential conclusion: the uncer-
tainty in P, is greater than P, itself. Thus, the momentum uncertainty is
enough to rule out any possibility of identifying which laser a given photon
has come from. :
We repeat the point we made earlier: that this inability arises for fun-

damental reasons, rather than being merely a matter of poor experimental

design. The uncertainty principle is completely general, and it ensures that
tion and

no alternative strategy for simultaneously determining posi
momentum will fare any better than the gamma-ray microscope. So long as
we retain the interference pattern, no conceivable experiment will ever be
capable of determining the origin of a photon. Under such circumstances,
quantum mechanics does not even carry within it the notion of each photon’s
being produced in a particular laser in the Pfleegor—Mandel experiment.

o

32 Reflections on the Uncertainty Principle

Quantum Uncertainty versus Classical Ignorance We may make the above
conclusion more vivid by means of the following analogy. Replace the two
lasers in the Pfleegor—Mandel experiment by two rifles, and assume that
while a shell has been loaded into each, one of them is a blank. The two guns
are fired simultaneously, and a single bullet strikes the screen. The experi-
ment is repeated many times, and the distribution of bullet holes along the
screen is observed.

The result will be that the pattern is exactly what one expects from clas-
sical reasoning: the sum of the patterns for the two guns, each fired alone. In
particular, an interference pattern will not be observed. But in the
Pfleegor-Mandel experiment, it was.

The distinction between the experiment with rifles and the experiment
with photons is the distinction between two entirely different concepts: clas-
sical ignorance and quantum uncertainty. Classical ignorance is the per-
fectly normal state of being unsure about things. We are in a state of classical
ignorance when we do not recall today’s date, or when we are unsure of
someone’s name—or when we do not know from which of two rifles a bullet
emerged. But although we may not know these facts, we are sure that the
facts exist: today does indeed have a date, people do possess Names, and a
single bullet can only be fired from a single rifle. Classical ignorance can be
expressed as follows: the world has a well-defined state, but we do not happen
to know what it is.

But this is not whal we mean by quantum uncertainty. In quantum
uncertainty, it is no longer the case that the world possesses a definite classt-
cal state. Even particles with a well-defined quantum state do not possess
trajectories, and they are perfectly capable of passing through more than
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i);sz :llt(;t the galme tim‘e. They are even capable of being co-produced by two
ser a]] t;ruma (-1uest10n, of course, is whether such a quantum state
e d:g&l;};lizal Pr?pertiesi of a system, or whether, alternativelyc:lz;
. n is incomplete, We ha i .
and $e will takcle it up in detail in Chapter 5w)a already asked this question,
s :aia;nphamze 1:.hat this dichot_omy between quantum uncertainty and
classical gno:‘uance is no abstract distinction. It has a perfectly clear experi-
mental t}llinea;per:iﬁz :aﬂiizruime Rtltail tllitsi?ppearance of an interferenceppat-
alts. Rec at, as we have seen in Cha
:ixéi :1, tt;:}}lxetea.pp_ealrs;mce of an interference pattern is usually taken toplfslfhtle
at a single quantum has traveled along two different paths

E:legztat:o;l of the Uncertainty Principle The uncertainty principle is of
ughﬁﬁtih ;T:}Iz;tiigce ff?i hli)hgsicl::, and it will continually resurface
thro_ _ er of this book. I inui i i
igatbeamce, two themes will emerds. n our continuing explorations of its
o d'(;i ﬂf_tecabe Wil hthta!: in (.Jhapte1t 1, we discussed the inability of quantum theory
to Qeseribe at is going on in the double-slit experiment. We described tw
attit vifti : 1:lwfr‘aau'd this inability. Qne school of thought, led by Bohr, regarded i:
b Hinste Itl) zt-l::l;ﬁ lil:e;lslaém(fs%m;o;‘h;r school, most notably exemplified
: , . efect. The same is true of the limitati
;Tg:;ih l;)tr t;:le upce.rtamtzy principle. Throughout his careern;iliiz;(:ilﬁ
ooy Ho and E t}});l;lgc;grlle p:l)int:d I;o ]?n profound incompleteness iI; quantum
: -H ged to fruly know the world, and th
N i 0¥ . ey sought st -
lg:i c: ut:e c;szg;ent the uncertainty pr_mclple in order to complete fhe palz.'?;iiczl
picturo given ! v qgantum theory. While none of their efforts turned out to be
suctoss! ,dl ey have proved extraordinarily fruitful in deepening ou
anderstanding of quantum mechanics. We will return to th o in
corning chapters, o them often in
ferer(:::)iﬁr:n if t:: acceptlthe uncertainty principle as unavoidable, two dif-
ront l-tr{f‘)"lre ions of it seem possible. On the one hand, we can’ima ine
g Et; o nttyt arzsles beca.use the quantum world simply does not haiie a
e ea o sb ; t:h att:vrl;n::w?ly, we might imagine that such a state does
d y e forever prevented from 1 i i
He ' : : om learning about it.
: n:::&l:le;rginlzml:ertmnty.mlcroscopg might seem to support thi se::ondlin’:‘;lr(f
pretalt "t volving as it does a disturbance of a previously existing state
E er, it is important to note that the formal treatments whereby the:

G Lo unc - - - -
‘uncertainty relation is derived from operator algebra contain no trace of this

kind of reasonin is i ;
o £g. This is an : .
paradox and Bell's theoren:;_lssue we will return to in Chapter 5, on the EPR

n:é‘ ; - . . » - -
he:Uncertainty Principle and Causality The Pfleegor-Mandel experiment

dearly vi .
early violates our commonsense notion of causality. Light is normally pro-

duced-—i i
_ i.e., caused—by some kind of process in a device. Yet in this experiment
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an ambiguity arises as to which source emitted the photon, an ambiguity
due not to classical ignorance, but to the very nature of the experiment itself
This essential ambiguity means that we are also uncertain about the expla-
nation for physical events. This issue of causality is sufficiently important to
merit closer attention.

In 1812 Pierre-Simon de Laplace wrote of an all-seeing “Intelligence’
that could know “the positions of all things of which the world consists.”
Because classical physics embraced the principle of strict determinism, the
present state of the world, he argued, would lead through an inexorable
chain of cause and effect to its future state. “Nothing would be uncertain for
this Intelligence,” he wrote. “The past and the future would be present to its
eyes.”

Standing behind this passage is the classical concept of causality: the
notion that the universe rigorously obeys laws, and everything that happens
does so for a reason. Classical physics postulates an objectively real universe,
possessing objectively real properties evolving in perfect accord with the
laws of nature. Measurement is capable, in principle at least, of determining
these properties instant by instant to whatever accuracy we wish. No one
has ever claimed that it was possible in practice to attain complete informa-
tion with perfect accuracy through measurement. But no one needed to
make this claim; Laplace’s argument was one of principle, and the principle
was strict determinism. The world was completely knowable, and it evolved
according to laws.

The advent of quantum mechanics called determinism into question.
Before detailing the issues raised by quantum mechanics, we must further
clarify exactly what we mean by causality and determinism as they applied
to classical physics.

In the universe according to Laplace, atoms moved through a void, inter-
acting with each other by means of physical forces. At any given moment,
nothing prevented his sublime Intelligence from knowing the positions and
momenta of each and every particle in the universe. Taking this as an initial
state of the universe, and using the laws of physics together with a knowl-
edge of the forces between particles, Laplace’s Intelligence could determine
both the entire future and past of the universe. With these three pieces of
information—initial conditions, forces of interaction and the laws of physics—
averything was determined.

But quantum theory demands a reconsideration of this framework, and
with it a reworking of our ideas concerning causality and determinism. This

arises because Heisenberg’s uncertainty principle limits our knowledge of
the world. As we have seen, this is not merely a practical limitation, but one
tied to the quantum-mechanical nature of interactions and, therefore, 18
unavoidable and uncorrectable. Thus, even if we possessed a fully determin-
istic set of physical laws, the initial conditions required for the most mun-
dane calculation would always be uncertain. All prediction or retrodiction
would thereby be limited because of this initial uncertainty. Laplace’s
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Intelligence would try i i i ‘
: Ty in vain to gain complete knowled i
uation, and so would be prevented from knowing p:s: ai?iofft‘lﬁis resent it

In 1927, while under the infl AT e
put it this way: wence of Bohr's thinking, Werner Heisenberg

glsmg the sharp formulation of the law of causality, “If we know
o e Presl;ant exactly, We can predict the future,” it is not the con-
W:.:smn ut rather the presupposition that is false. In principle
ve :1221;;::: ;:;zlw the pr?s:n::i in full. Therefore, all observation is,.
; a complete domain of possibiliti d a Hmi
tion of future possibilities. Since istical characte ot
. ities. the statistical character of th
gzgn:lum theory is so tightly bound to the uncertainty of all obse:
vat ; ;)2;1;;:;1;;1 betlic-l :o t};e supposition that hidden behind the
- e, statistical world there is a “real world” i i
causal law is valid. But we would lik citly, sucl Yo
: ’ e to say explicitl h
ulations appear to us unfruitful : > ics shoald
] and senseless. Physics sh
onlytdescnbe the fomal relationship between obserZati:nSs Eglicel
;:na.n hruly charactel"lze the situation in the following way: in as
uch as all experiments are subject to the laws of quantum

mechanics, through quantum mechani i
s, £ anics the idi
of causation is definitively established.* invalidity of the law

Z::; ;.znﬁeerit:::l?; ;rin;iple and Descriptions of Natural Phenomena If we
rg’s extreme position, then our understandin i
! » of ph
_g:i(:;i cc.l:;r;gli:edé'ama.m;ally f"I‘he uncertainty principle prevgntslixsyggz:{
escription of the behavior of the world. To il
we mean, we consider ini atio e
we mes an example pertaining to the operation of a nuclear
o Ifn?;i:ie::g: fractioil of the electrical power generated today derives
i ors employing U-235 as fissionable material. I
. : : .In such -
:Jo;s;,n ug::;ol;']:l ;1;01;11 arelmduced to fission by the absorption of al:liu::(a):i
U . each nucleus itself releases oth .
; - nucleu: _ er neutrons that areab
L ﬁgdolt;‘l:s; ;u:izl;?or Saipta;m;g ﬁ chain reaction, A difficulty is that th: (;I;rl:ftc}
ted relatively igh energy, and the cross section f i
:E::gr:hneutx:ons is relatively small at these energies. Thus suzitgzlcilors)
sow eneeim}tted IEEUtmnS by means of a so-called moderator, until they
e absofll,zfi c;xlll : Ien a(;;c}:ex: qf th:}:mi: energies, where their probability of
_ aining the chain reaction is relati
. is relatively large.
energ: :stéleaﬂx: energy of egch -neutron, after it has been slowe{l to %hermal
e ajlrl o ; lpo;igrator, is given by E .., =(3/2)kT, where & is Boltzmann’s
onstant ! is the tel'nperature. This works out to about 6.3 x10721 J at
‘Foom | perature. At this energy, the neutron momentum is

Prean =V 2mE qcan
(3.10}
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L}

and, by the uncertainty principle, its position cannot be specified more accu-
r
rately than

Ax= R =-—E-——=1.1><10'“m (3.11)
2Ap: 2 Pmean

But if the reactor material is pure U-235, the cross ;ecgic'?h?t 22::;;2;3%?2
for absorption of such a neutron is a}bout. 5.5 x 102° m*.'lhis
the nucleus acting as if it had a radius given by

ar‘=0

(3.12)
r= ,ff’— ~15x10™m
b4

We see that the uncertainty in posit.itont Of,r; the neutron is one hundred times
] it strikes. '
grea'gri:};?ar; tg‘rhz:f:e?éﬂf:;;ug; :)tir attempt to comprel_len’d the 2§era:1sost; o:‘
the reactor. Classically, it is possible _to fol}ow in th_e 1(;11113 Sa?ylfeutj- 01:1 o ri °
of events within the reactor. We can imagine ea:ch_ in 1\31 u et N
ing its nucleus, each nucleus fissioning and emlttn.ll% (l)) e; ;n o the;f which
themselves move in definite paths thl:ough space ti 1;1 13; ch(mTS i,n e e
other nuclei. In this way we can i:;lagme 20 1:.10v1e, which s
ithi e reactor. '
aCtugLie;?ciI;;i;: i:ec;ll:i;:;&;mmechanics, such a movie car}ncit emsti;l'zhtz
neertainty principle forbids it. Thus we find ourselves entirely zz:ered °
v lize the operation of a nuclear reactor. We have already enco A
V}Sl{fi\;: esituatiI:)n before. We emphasized in Chapter 1 that the quail ;n;}
il:::hanical aceount of electron interference s'imply evadﬁs th; :):zcofm o
describing the particle’s passage through t.wo ghtg at orice. If;zcted ot
the same circumstance, but now in a guise mtlm?te ¥ (;:c; e e tante
inty principle. Furthermore, the reader will fin s ¢l g
uncurnncert'am e and again throughout this book, and often for yet other reat
Is;zns Thigs Eiiligi;;lssibility of visualizing its behavior is, in fact, a general elemen
of the quantum world.

3.3 Some Consequences of the Uncertainty Principle

. s
The uncertainty principle was revolutionary wh-en ﬁﬁﬁfgiﬂiﬁﬁ&gﬂ iln .
importance has only grown with the passage of 1:1m|a‘1 e T o
our conceptual understanding of physics, it al.so soT;e ac;: e ralty
that had, until its discovery, been deeply perplexing. The rang

of such applications are quite remarkable.
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Atoms So fundamental a property of the physical world as the very exis-
tence of atoms is related to the uncertainty principle. It was widely recog-
nized in the early decades of this century that, according to ciassical physics,
atoms should not exist. Rutherford had propesed in 1911 that an atom con-
sisted of a small, dense nucleus about which electrons orbited. Subsequent
experiments established the basic validity of this model. The problem was,
however, that according to classical electromagnetic theory, these orbiting
electrons should continually emit electromagnetic waves, lose energy, and
therefore spiral inward into the nucleus. Calculations revealed that the elec-
trons would be expected to hit the nucleus and be absorbed into it in an
exceedingly short time.

The modern quantum theory of electromagnetism shows what was
wrong with this argument, and it explains why electrons in an atom do not
gpiral inward in reality. Unfortunately this theory is beyond the scope of this
book. On the cther hand, it is easy to see that such a spiraling, if it occurred,
would be inconsistent with the uncertainty principle. For imagine that it
had taken place, and that the atom, as predicted by classical physics, had
shrunk to a point. We would then have to say that each electron in the atom
was confined to a region of space Ax of quite literally zero size. By the uncer-
tainty principle, then, the electrons’ momenta would have to be infinite,
which is absurd.

We can extend the argument and attempt to learn something about the
characteristic magnitude of atomic energies by using the uncertainty prin-
ciple in conjunction with the measured sizes of atoms. To say that an atom
has radius 7 is to say that each electron within it is confined to a region of
size Ax =2r. By the uncertainty principle, its momentum therefore can be no
less than p,;, = #/4r. Its kinetic energy, therefore, can be no less than

KE o = pain / 2m=1*/32mr* (3.13)

For an atom, a typical size would be a few Bohr radii. If we adopt r = 10~'°m
(about two Bohr radii), we obtain KE =4 x1072¢ J, or about 0.2¢V. For com-
parison, the binding energy of an electron in hydrogen is 13.6eV.

... .We can go further and actually use the uncertainty principle to attempt

to predict the typical size of an atom. Consider an electron at a distance r

from a nucleus of charge Ze. The electron, moving in a circle with velocity v,
experiences a centripetal acceleration of magnitude a = v¥r. This is provided
by the force of electrostatic attraction, which by Coulomb’s law is Ze?/r2.

.Newton’s second law, F = ma, reads then

P (3.14)
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so that the kinetic energy 1s

. _Ze" (3.15)
2r

(][

muv

If we combine this with Equation (3.13), we obtain

Ze® R
Ze* 16
2r  32mr® (319
so that

2

B __1 Bohrradii (3.17)

rz——s;—
16Ze*m 16Z

P

is an estimate of the typical size of an atom. For comparison, the root-mean-
square radius of the 1 5 state of hydrogen in reality is 5.48 Bohr radii.

We conclude that the uncertainty principle is very useful in getting a
crude idea of the order of magnitudes of atomic properties, but that the spe-
cific numerical values obtained by it are not to be trusted.

Nuclei A similar analysis can be carried out of the typical energies associ-
ated with nuclear processes. We possess no simple formula, analogous tp
Coulomb’s law, describing the force between neutrons and protons in an
atomic nucleus. But we can use the measured size of a nucleus, in conjunc-
tion with Equation (3.13). Takingr= 10~5m and m the mass of a nucleon, we
find energies on the order of an MeV.

We note in passing that this is a far from academic exercise. The energy
we have obtained, which is the typical energy obtainable from nuclear reac-
tions, is some five million times greater than our earlier estimate of the typ-
ical energy of an electron in an atom, which is the typical energy obtainable
from chemical reactions. This is the origin of the terrible destructiveness of
nuclear, as opposed to conventional, weapons.

Trajectories The uncertainty principle prevents us from observing the tra-
jectory of an electron as it orbits about the nucleus in an atom. As before, we
imagine shining a beam of light on the electron and detecting the scattered
photons. Classical optics tells us that the wavelength of the light A must be
far less than the radius of the atom r if we wish to resolve the electron’s tra-
jectory. But in this case, the momentum of the photons, Pig = hiA, greatly
exceeds the momentum of the electron that we get from the uncertainty
principle, Pelectron = #/4r. Thus the electron, as it scatters off the photons, suf-
fers a violent recoil that totally disrupts its motion. We conclude that the
attempt to observe the electron’s trajectory violently disrupts it. Indeed, it is
easy to show that the recoil is actually sufficient to ionize the atom.
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A precisely similar argument also forbids us from o i
. bse j
gfezi;};:dneqtmns and protons within a nucleus. Indeeg‘,’l:;lget:.lregflrﬁ:;
o o?m e gene:rally. Quantum mechanics prevents us from observ-
ing the orbit o any particle confined to any region of space, just so long as its
R (ljes Tllalot greatly exceed.the minimum value set by the uncer-
o hlgte. ; e gopcept of a trajectory includes two more fundamental
ot (.)r /mo Ti)lomtlon an.d that‘of .the rate of change of position—the
speciﬁc;ﬁo ;t: of.a h e-ur_;certmnty principle connects these two. The precise
e et ot rajectory depends upon the simultaneous specification of
i ﬁ;omentum, and this is forbidden. Thus the very idea of a
s radjca(]:] p:l through space loses a well-defined meaning. Quantum
oy e Wej; rete;? :cl;lfr::y we must think ajoou.t the world, for in classi-
e e Sp;ce. , accustomed to thinking of the trajectories of
poseiﬁﬁ é];(;uzstaltm.:e has an intix_nate relationship to the conundrum we
posed in Oh (f},l rt , In our d1scu§smn of the interference of material parti-
imp.o In that apter 1’\lav'e eynphasmed that the phenomenon was completely
e okt tc;;)mpl:e end in any normal sense of the word. It is worth point-
ng out that € 1;e phenomenon is so striking precisely because we find our-
selves difﬁco i::nf:elve of a t'raJectory that passes through two slits at
once. Our & dl;,e y in accoux}tlng for the interference of particles arose
e had been unconsciously assuming that the classical concept of

trajectory applies to them. The P .
problem still further. fleegor-Mandel experiment emphasizes the

3.4 TheEnergy-Time Uncertainty Relation

El;zslh-lvev}s?:;l;:rgr uncgrzjm'ty relation is but one of many uncertainty rela-
fions. We Witl]Jl ::ﬁ? ) dl_sc.uss a second. Just as there is a trade-off in the
acelracie ny ch position an'd momentum can be measured, so, too

gy and time. The uncertainty relation connecting the two is T

e will digcuss three instances of the use of this relationship. As our

- .- analysis proceeds, it will i it di
i , it will become evident that it differs considerably from

 erage Proper -
Average Properties of Systems We begin by showing that if the energy of a

system i .
8ysiem is not precisely defined, but rather possesses an uncertainty AE, then

its , . .
8 average properties will ;hange in a time given by the energy—time uncer

: tainty relation.
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The average value of any observed property of a system is its expectation
value:

= * A 1
0=y Oyd’r (3.19)

where O is the operator corresponding to the observable and yis the wave
function. What is this wave function? To say that the energy of a system is
well-defined is to say that v is an eigenstate of the energy operator (the
Hamiltonian). Conversely, if the energy is not well-defined, ¥ must be a
guperposition. Consider the simple case in which the system is in a super-
position of two states of energies E, and E;. Recalling that for conservative
systems, the time evolution of the wave function is always through the factor
exp (-Et/h), we see that this superposition will be of the form

w = ayn (e + asya(x)e (3.20)

where y;(x) and yu(x) are the two eigenfunctions and a, and a, are the coef-
ficients of the two terms in the superposition. It is easy to show that if
Equation (3.20) is used in Equation (3.19), (O} will fluctuate in time with a

period £ = h/(E, —~E).
Rather than working out the general case, we will discuss the specific
problem of determining the radius of an atom when the atom is in the super-

position state (3.20). This radius is given by

r={r? (3.21)

The expectation value of the radius squared i8

*

(r2) = I[aIWIeHEuM +a;w2e+i}3wh] r2[a1wle-iE;x.'h + azwze_wﬁm] d31‘
T —i[ By-Eg 1t/
(r2> - J. G%lﬂ'f!‘zdar + j ﬂ%l’f%rzdar -+ jala2w2r2w1e i Ey—Ez 18 hdar

-t-i[ErEz]tihdSr

(3.22)
+ J YT e

The first term in this expression has a simple physical meaning. It is
what we would have obtained had the atom been in the eigenstate of energy
E,—and notice that this term is independent of the time. So, too, with the

second term. But the third and fourth terms are not independent of the time;
each of them varies with time as

RS AL (3.23)
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L ¥ pure 1s
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2AE A E Time

Fig-u‘r . >

€ 3 1 EHEIgy jh”e [‘”CEJ tahl’ty Ii t}le EnExg} Df anabnmls MCEItm lts
- . . = . . .

S1Ze varies gver § tlme glven by the energy—tlme uncer tﬂlllty Ielatlon

g ot aa151 (;11;;181:;1:;: Flgure 3—4 graphs ¥{r*) for a superposition consist-
S doren o Ie of the ground and first excited states (1s and 2s) of
the hy< gen atom. It can be seen that the atom “breathes” in and
xPAlthng alllld contractmg over a time scale of order At = R/AE ot
i,s 2 fac(;uiu i‘;;v: ;:;:rielan;fd tj‘..his reslllﬂt for a particular exampl-e the result
y ct, - For times s ort relative to At = h/AE ’
properties of a system will change little. But for times long reléig:eea::ff

they change significantl
y. Thus, th ]
thg uncertainty in its energy. e rate of change of an observable is set by
Smleéot:ni }fme Widths The excited state of an atom decays with time
of ;‘ ucI; o ts ¢ gexmtgd state of a radioactive atomic nucleus. If the lifetim:,;
Eumrtainsba ZE? _d;; i can be shown that the energy of the excited state is
decay is V=JI’€ o _th_i/A't- Sl{lce the frequency of the photon emitted in the
iom 15 oot cerfoct] s implies that the spectral line produced by the transi-
inversely Plif)ps:t'y Shlatllap ,11;1“ rather possesses a finite width. The width is
nver, icnal to the lifetime: foti ’
:widths, short lifetimes to broad widtl?s.long Hifitimes carrespand to narow

an example, the 21-cm spectral line of hydrogen has proved to be of

=i igreatim i i is 1i
‘ portance in radio astronomy. This line corresponds to a transition in

-which i

b 11;111: til:lm 'I?}f :l;;af e#ectron goes fro_m being parallel to antiparallel to that

e mj]]j.on g ar: ﬁe of the excited parallel state is exceedingly long

oy tustin excezd. 1 a consequence, the wavelength of the 21-cm spec-,

T ingly sharply dgfined: the half-width of the line is 5 x
. Therefore, minute changes in this wavelength, ariging from motions
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of the source via the Doppler effect, can readily be detected. Radio
astronomers regularly use this technique to observe velocities of interstellar
hydrogen clouds to a high accuracy. Narrow Laser Beam 4
At the other extreme, certain elementary particles are known, termed Broad Line
resonance particles, whose decays are extraordinarily rapid. As a conse- . v
quence, the energies of these particles are very uncertain. This implies that d:[: l
to

their masses do not possess well-defined values, but rather exhibit a certain
range

EEE—

A a)

m

Intensity

Am=AE/c =h/zc? (3.24)

v

Wavelength

where 7is the lifetime. As an example, the rho meson decays in an astonish-

ingly brief 4.4 X 10~**s. Its mass—energy, therefore, is uncertain by 150 MeV;

this uncertainty amounts to fully 19% of its mass. Broad Laser Beam + N .
., arrow Line

Time and Frequency Standards 1t can be shown that if @ time At is required

to measure the energy of a system, the result will be uncertain by an amount d

given by the energy-time uncertainty relation. This result has important

practical applications in optical spectroscopy, particularly atomic clocks and

international frequency standards. :

Time and frequency standards make use of a very stable, precise energy B A
splitting between two atomic energy levels. Present-day experiments pro- Wavelonsth
ceed by illuminating an atom with precisely tuned light from a laser. The i gt
light’s frequency is gradually shifted until the light is ahsorbed; by measur-

.

Intensity

b)

Figure s Ty .
ing the frequency at which this occurs, one can determine the AE of the . -beam of v?n-'.gth gﬁ?stt-'ﬁm Broadening. An atom of velocity v drifts through a 1
' ' . If (a) the beam is narrow, the atom is illuminated by it fgr : s;ii:

transition. time : . .
What sets the limits to the accuracy of such a procedure? If the experi- : tral Ha;d;ii;lsl i,ieiﬁ;me :jil be broad. Conversely, if (b) the beam is wide, the s
ment lasts a time A, it will measure the energy separating two states of an : pondingly narrower. ’ pee
atom to within an accuracy AE given by the uncertainty relation. But A¢ is .
often limited by so-called “transit-time broadening.” Imagine an atom drift- . ‘atoms . . )
ing with }relocity ) t.hrough  laser beam of dian%ett‘ar o F.‘ig‘qre‘ 55, 1t will ; ' the Nag:tn:gsu;\::rgs ;r;ha;l ?tﬁ]{;m fm_mtain,”ﬁ As shown in Figure 3-6,
spend a time ¢ = d/v in the laser beam. This transit time Tz’ﬂll hr_mt the energy . moving extremely slowly Becas tffk in the earth’s gravitational field,
rgsolutlon to AE = hv/d. Therefore, even if the afr,om.lc line width were infi- broadening was reduced. en 56 hae aton}s moved so slowly, transit-time
nitely narrow, our measurement of it would be limited by the finite transit - mesasurement of the ene Ol;ilfflouslx leading to the world’s most precise
time and it would be broadened. : splitting of 1 771 626 129rgy ifference between two levels: a frequenc
Various clever strategies have been developed over the years to _ -2 Hz. Y
increase the transit time, but clearly the best idea would be to work with . " Moreo fe . )
stationary atoms. Getting an atom to hold still, however, is gomething of a . .- ‘have s:eg‘:;f:: 1z.i2:rgncma1nt), Pr:mciple and an Ambiguity in Time We
trick. At room temperature, atoms possess about 0.04eV of energy, imply- " vents us from learnin rerllﬁe EXpo:%rlments, the uncertainty principle pre-
ing an average velocity on the order of a kilometer per seconda. In an exper- ‘Pfleegor-Mandel expe ri?nw lc.h slit a quantum passed through. In the
imental tour de force, Steven Chu of Stanford University and collaborators ~ duced a photon Sixflli:larl ent, it prevents us from learning which laser pro-
attained unparalleled precision by using laser techniques to decelerate ‘reldtionship pr;events u y,f;n certau‘l situations the energy—time uncertainty
and then trap sodium atoms. Finally, they used a laser pulse to toss the ‘before its cause. s from finding out whether an effect comes after or
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] :_:‘ x-ray Scattered
3}{‘ rf - WAVEGUIDE 0 -
| T h | o<,
== {9 ] ==
i | i f
Electron Scattered Electron

Figure 3- 1
gur 7 Compton Scattering. A photon of momentum & scatters against an

electron of momentum i, changi
» Chan, ’
momentum to f. ging the photon’s momentum to %" and the electron’s

short-lived intermediate state
. , and then a ph i i i i
this l&a?hll)e represented as in Figure 3—81(::3)01:0ln s exnifted. Diogrammatically,
othing is peculiar about this. The ton is i i
. othing this. photon is in a micr i
:]I;aWh;]cI}: ;:: is caught, held briefly, and then thrown. The (;Sei?)rr)ll; %all oman
gram, however, cannot be understoed so simply [Figure 3-8(b)] aman

Figure 3-6 Atomic Fountain. Atoms are slowed in a trap, and then gently pushed
upward into a waveguide where a transition is excited. They then fall back down-
ward, where they are photoionized and then electrostatically focused by a curved .
metal shield into a detector. SOURCE: Reproduced with permission from M.A. Kasevich,
E. Riis, 8. Chu and R.G. DeVoe, “Rf spectroscopy in an atomic fountain,” Phys. Rev. Lett., vol. 63,
p. 612 (1989), published by The American Physical Society.

Compton scattering is a process in which an x-ray photon scatters from
a free electron, with a concomitant shift in the photon’s frequency. We may
schematically diagram the phenomenon as in Figure 3-1.

Prior to the interaction, we have a photon in the momentum state & and
an electron in an initial state i; after the scattering event, the photon isina
new momentum state k" and the electron is in state f. When evaluated care-
fully, it turns out that two distinct Feynman diagrams contribute signifi-
cantly to Compton scattering; as usual, they must be added and then - i
squared to determine the probability. The first diagram corresponds 1o a
process in which the photon is briefly absorbed by the electron to create a

Figure 3-8 The Tw

o Feynman Di ibi

and the “time. eyn agrams Describing Compton 8 ing

e “time-scrambled” diagram (b) must be included in tﬁeo:alccl‘fl:;’;n Poth @
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i edi-
Here the initial and final states are exactly as befor:, :n::: it;h: r;til:;jnand
te state is quite different. In this case, first the final p : Z Lis et ha’s md
a Iy later is the initial photon absorbgd. N9 ball gam(;a e o e pracess
;’;airer throw the ball before catching it. If mi‘;erfrifi d :md o éoes Drocess
i i recisely X
ted by this second diagram says p .
zﬁpl‘ej ‘iacllleas of¥ a well-running, causally ordered umve:l'se. 1w amplitude?
OI‘INe might ask if we really need the pfx(')verse aief;oaiu?; B B ection
ut to be a clear “yes.” Uneca ] on
TheCanswtirnt:::tstgring in two ways: first by using only t{)he S:Eilg]ll)zfg:_‘v'_[‘he
fi‘?r t(])?r:alpnman diagram of Figure 3—-8.(a), a:}d a?fecomi1 v f:om iach - ne
r1::ult iz that the two calculations d1ff;9;r Slg?ﬁﬁ:iie ); From oac ation
eriment has clearly shown tha tion
Furtherlﬁ;}f:};: Til;ta and the first dees not. We conclude 1_:hat ;c::c]i‘:;;lbled’
?ee:;uof Figure 3-8(b), in which the normal flow of time
iagr ,in W
ine i analysis. o -
muslttl::e rl?l(s:lggf C;:)I;E‘lrzr thabir: we can never catch the scattering in its “time
u 3 3

inciple. ‘ .
pnnT;) be concrete, let the incoming photon be an X

100 keV, The Compton shift is given by the formula

-ray with an energy of

h
=1 —A=——[1-cosé]
A=A -4 )

or

: 25
sE =FE (1-cos6] (3.25)
mc

AEh maximuxﬁ for 0= =, of 40 keV. Therefore, to be able to distinguish
as a s

. . > hot
between incoming and outgomng p
resolution of better than 40 keV. By the unce
ment must therefore last longer than

rtainty principle, the experi-

At=h/40keV=17x10""s (3.26)

i for a time
i i i Feynman diagrams lgstec_l
L e e e o enperi ﬂ::l: vv‘;zuldynot be able to distinguish between

- e ' L] 3
:ﬁor:er ﬂ;?: vtr};l\f]:;ii: }‘:)I:a able to say whether the emission was before or
e two;

after the absorption.
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While 1.7 x 102 5 seems a very short time, it is not short enough. The
second Feynman diagram [Figure 3-8(b)] violates energy conservation. This
is not a problem as long as the violation lasts an exceedingly short time,
because the resultant energy uncertainty will then be sufficient to mask the
violation. In this case the energy violation is 100 keV, which, from the uncer-
tainty principle, corresponds to a maximum lifetime for the intermediate
state of 6.6 x 102! . This is 2.5 times shorter than the required duration of
the measurement as given by Equation (3.26) above.

Thus, while we can distinguish the incoming from the outgoing x-ray
photons by their energy shifts, we cannot tell whether the outgoing photon
originated from a normal process or one in which the ordering of cause and
effect is reversed. As before, the uncertainty principle has masked what hap-
pened. In this case, however, the two possible sequences of events differ in
their ordering in time; the one perfectly classical, and the other entirely
incomprehensible in classical terms. Although the second process does vio-

lence to the concept of causality, its existence is hidden by the uncertainty
principle.”

Origin of the Energy-Time Uncertainty Relation In its practical applica-
tions, the energy—time uncertainty relation can be used in much the same
way as the more familiar position—-momentum one, Nevertheless, the above
examples clearly differ in their “feel” from Heisenberg’s uncertainty miero-
scope. In contrast to it, they provide us with no visualizable mechanisms or
disturbances whereby the energy-time uncertainty relation comes about.
Moreover, this relation cannot be derived from the formalism of quantum
mechanics in the same manner as the position-momentum relation. The
position—momentum uncertainty relation can be derived from the commu-
tators of two operators. The energy—time relation cannot be so derived, how-
ever, for in quantum mechanics time is a parameter, not an operator.
‘Nevertheless, in its practical applications, this new principle can be used in
‘much the same way as the more familiar one.

""" Nevertheless, because quantum mechanics is a wave theory, some
insight into the origin of the energy-time uncertainty relation can be gained
by considering a well-known property of wave motion. In this section we
describe this property and some experiments that dramatize it. We then go

‘on to analyze the very significant differences between these properties and
*the uncertainty principle. Qur central conclusion is that although this analysis
© - ’gives some understanding of the energy-time uncertainty relation, it falls

far short of providing a complete account.

*A caveat: One needs to be very careful about interpreting Feynman diagrams too literally.
4 :While these diagrams taken together make up the quantum ealculation, it is much less clear
. that each individual diagram always has a sensible meaning.
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Sawicki® described a particularly simple experiment demonstrating this
phenomenon. A signal generator generates a 200-Hz sine wave that drives a
loudspeaker: The resulting note lies slightly below middle C. This sound,
however, is not continuous: A push button allows students to pulse it on for
a brief period of time. A microphone records the emitted sound, and software
aliows the spectrum of the sound to be displayed.

1t is found that if the generator is turned on for relatively long periods of
time, the spectrum shows a single frequency. But as the duration of the
sound is reduced, the spectrum proadens to include other frequencies adja-
cent to 200 Hz. Experimental data show that the gpread of frequencies Afis
inversely proportional to the duration of the sound Af:

Af At=1 (3.27)

For example, if the sound is pulsed on for 0. 1 seconds, the observed spread in fre-
quencies is 10 Hz, which is 5% of the emitted signal, a significant broadening.

How can we understand this phenomenon? Let us consider it from the
opposite standpoint: the time evolution of a wave consisting of many fre-
quencies. Qur goal is to understand why a wave consisting of a range of fre-
quencies turns out to be a pulse whose duration in time is At = 1/Af.

Let us begin by considering a wave congisting of just two frequencies
separated by Af. In Figure 3-9a we show a wave train consisting of a single
frequency (arbitrarily chosen to be 1 Hz), in Figure 3-0b one at a higher fre-
guency (1.1 Hz), and in Figure 3-9¢ their sum. The waves in a and b con-
tinue at constant amplitude indefinitely, but in ¢ their sum drops to zerc
(after about five cycles of the oscillation in this example). Thereafter, the
amplitude commences growing again—indeed, if the graph 1s continued, it
turns out that the amplitude oscillates indefinitely.

This is the well-known phenomenon, known to all musicians, of “beat
notes.” It arises because the wavesinaand b are in phaseatt=0 and so add
constructively but thereafter go out of phase until, at ¢ = 5, they are adding
destructively. Thereafter, the phase of one relative to that of the other con-
tinues slipping, and the sum comimences growing again, 80 that the sum of
consists of a series of “pulses.”

We can easily derive the duration of each “pulse” as follows. The first
wave is described by cos(2 nf, t) and the second by cos(2 7f?). Let us denote
the time at which the amplitude of the sum has dropped to zero by At/2
(because At is the full width of the pulse). This occurs when the two waves

are out of phase by @

(3.28)
which is just Equation (3.27).
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Notice how classical and quantum ideas are melded together in this analy-
gis. Similarly, the experiments we recounted in Chapter 3 reveal phenomens
far beyond what is contained in a classical analysis.

An experiment that does directly exemplify the uncertainty principle
was described by DeYoung, Jolivette, and Rouze® Nuclei of "Co decay into
an excited state of 5’Fe. The iron nuclei then decay to an intermediate state
via the emission of 122-keV gamma rays, after which the intermediate state
decays to the ground state by emitting 14-keV gamma rays. The experiment
consists in measuring the width AE and lifetime At of the intermediate state
and verifying that their product is Planck’s constant.

The width is measured using the techniques of Mossbauer spectroscopy.
The 14-keV gamma rays produced by the decay pass through an absorber
consisting of yet more 5Fe nuclei, after which they are counted by a detec-
tor. Because the gamma rays are resonant with the transition from the
ground to the intermediate states, they induce these upward transitions in
the absorber and are therefore absorbed within it. The detector therefore
counts gamma rays at a low rate. If however, the radioactive source is moved
toward or away from the absorber at a constant velocity, the energy of the
gamma rays is altered by the Doppler effect. So narrow is the width of the
intermediate state that modest velocities are sufficient to shift the incoming
gamma rays entirely out of resonance with the upward transition. They then
pass through the absorber, and the detector counts gamma rays at a higher
rate. If the count rate of the detector is plotted against the velocity of the

- source, a spectrum is obtained. The width of the dip in the spectrum meas-

ures the width AFE of the intermediate state.

The lifetime was found by measuring the time interval between detec-
tion of the 122-keV and 14-keV gamma rays, which signaled the creation
-and decay of the intermediate state. The distribution of this interval was
fitted to an exponential, and the decay constant of the exponential deter-
‘mined in the usual manner. Finally, the experimentally determined values
of AE and At were multiplied together. Within experimental uncertainty, the
result equaled Planck’s constant.

. -Comment The experiments we recounted here cast new doubt on our naive

‘conception of the nature of the photon. We might think of the photon as an
‘infinitesimal “particle of light,” and this might lead us to believe that in a
‘quanfum jump a photon is emitted in an instant. But if so, the Af would be
zero, and the photon’s spread in its frequency Af would be infinite, which is
clearly not observed to be the case.

+*+ How long, then, does it take to emit a photon? The first two experiments

‘we recounted in the section show that if a source of waves is on for a time At,

their frequency spread is 1/At. Because in the third experiment the fre-
quency spread is measured to be one divided by the lifetime of the interme-

- diate nuclear state, we would seem to conclude that the nucleus is “on,”
. emitting its single photon, for the entire lifetime of this state. This is clearly
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article of light.” Indeed, as we

inconsistent with the view of the photon as a “p
nception of the photon is

have seen throughout this book, such a naive €0
entirely inadequate.

35 Squeezed Light and the Detection
of Gravitational Radiation

Up to this point, our discussion has primarily focused on relatively well-

known consequences of the uncertainty principle. In recent research, how-
ever, the principle has emerged in new and unexpected ways. We now turn
to a description of some of this current work. We begin with a topic from
astrophysics: present-day attempts to detect gravitational radiation.

Gravitational radiation, predicted by the General Theory of Relativity, is
an extraordinarily elusive form of radiation. In spite of intense efforts by

many strong research groups Over decades, its direct detection remains

beyond our reach at the time of this writing. Detectors have improved enor-

mously in recent years. Until now, the limitations on their operation have
been classical in origin: thermal noise, acoustic vibrations, and the like. One
by one, these limitations are being overcome by such strategies as cooling
the detectors to near absolute zero, or by levitating them in magnetic fields.
But so minuscule are the effects of gravitational radiation, that in order 10
detect it, experiments will ultimately run up against the limits set by the
uncertainty principle. And in contrast to the former, these limits will never
be overcome, for they are set by fundamental physical principles. In recent

years, however, methods have been proposed for performing measurements

that neatly evade what one might suppose the quantum limits to be.
Notable among these methods are squeezed states and quantum non-

demolition measurements. We turi here to the subject of squeezed light,
deferring until the next section non-demolition techniques. First we will

briefly discuss gravitational radiation, and then the squeezed states of the
simple harmonic oscillator, before finally passing on to squeezed light.

Gravitational Radiation Gravitational radiation bears a gtrong resem-
blance to electromagnetic radiation. Flectromagnetic waves are produced by
accelerating charges; gravitational waves are produced by accelerating
masses. Conversely, an electromagnetic wave is detected by monitoring its
effect on charges—charges in, for instance, an antenna. The passage of an
electromagnetic wave sets the charges in the antenna in motion, and the
resulting flow constitutes an electric current that is amplified and detected.

Qimilarly, the passage ofa gTavitational wave sets mass into motion.

The most significant difference between the two forms of radiation lies in
their strengths. In the laboratory, electromagnetic radiation is incomparably

more intense than gravitational radiation. Electrons, for instance, possess
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Just as the hydrogen atom possesses an infinite number of discrete
eigenstates, labeled by a set of quantum numbers, so too with the simple

harmonie oscillator. In one dimension it has an infinite series of equally
spaced energy levels, of energy

E=(n+)ho (3.32)
Here w is the natural frequency of the oscillator and n is the quantum
number of the state. The ground state corresponds to n = 0, the first

excited state is n = 1, and so forth. Figure 3-11 graphs the three lowest
eigenstates,

To discuss the widths of these states, we think in terms of the so-called
variances, defined to be the squares of the uncertainties:

var(x) = (Ax)* = {x?)—(x)*
var(p)=(4p)° =(p*)-(p)’ 3.33)

These variances are made unnecessarily complicated by the fact that x and

p have different units. So to make things simple, let us define new dimen-
sionless variables % and p:

- mao
X=X, —
f (3.34)
p=—=E
mwh

where m is the mass of the oscillator. It can be shown that for the eigen-
states, the variances of £ and p are:

var(x)=var{p)=n+1 (3.35)

Notice that the variances are equal; the energy eigenstates do not allow us

to sacrifice knowledge of one variable for the sake of gaining greater accu-
racy in our knowledge of the other.

In terms of # and p, the uncertainty principle states that

var(£) var(p) > (})° (3.36)
. lff'r_om Equation (3.35), the product of the variances is
- var(%) var(p)= (n+1)* (3.37)
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Notice that this product obeys the uncertainty principle, as it must. Notice
also that the product increases from a minimum for n = 0 to ever greater
values for the excited states (n > 0). Only the ground state is a minimum
uncertainty state.

Squeezed states are constructed as linear superpositions of these energy
eigenstates, and the coefficients of the superposition are ingeniously chosen
to give the states the required properties. In contrast to the energy eigen-
states, which are constant in time, the squeezed states are functions of time.
The squeezed states oscillate back and forth in the potential well at exactly
the oscillator frequency. Furthermore, as they do so, they “breathe” in and
out, growing first broader, and then narrower. The special character of
squeezed states that makes them interesting for our purposes is that when
they are narrow, they are narrower than the energy eigenstates.

In Figure 3—12 we present a sketch of a representative squeezed-state
wave function. The origin of time, ¢ = 0, is chosen to be the moment at which
the peak of the wave function is farthest to the right in its motion.
Furthermore, at this moment it is also narrowest. As time passes, the wave
packet starts moving left. After 1 of a cycle, it has moved to the center of its
motion—and by this point the wave function has expanded to its maximum
width. During the next 1 cycle the peak moves to the left-hand limit of its
motion, by which point it has again collapsed to its smallest width. The

1.3
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0.8
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: Flg‘ure 3-12 A Squeezed State of the simple harmonic oscillator, constructed from

its energy eigenstates. source: Reproduced with permission from Richard Henry and Sharon

- :Glotzer, “A squeezed state primer,” Amer. J Phys., vol. 56 (4), p. 318 (1988).
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reached its greatest excursion, its width was smallest; when it passed
through the origin, its uncertainty was bigger.

The race to squeeze light culminated in 1985 with the successful exper-
iment of Slusher and Yurke'® at AT&T Bell Labs. Within two years, squeez-
ing had gone from a few percent to 60%. The various techniques that have
been used to produce squeezed light generally follow a common strategy:
phase-sensitive amplification and attenuation. Imagine a child swinging on
a playground swing. It can pump the swing by standing and crouching, but
whether this leads to an increase or a decrease in the swing’s amplitude
depends on the phase relationship between the instantaneous position of
the swing and the child’s pumping action. In like manner, optical squeezing
makes use of the phase relationship between two optical signals. Two opti-
cal waves are mixed within a nonlinear medium—typically a crystal or an
atomic vapor—inside a cavity. The output wave is very sensitive to the rela-
tive phase between the two inputs. Conditions can be arranged such that
one input is maximally amplified, while the other is maximally attenuated.
This amplification or attenuation can affect not only the signal, but also its
noise—the uncertainty in the signal.

As we have mentioned, Caves has shown that if squeezed light is used in
LIGO, its operation can be improved. The dominant classical sources of noise
in LIGO are seismic and thermal, but the quantum nature of light also leads
to photon shot noise. We therefore turn to a discussion of photon counting
statistics.

Recall that each mode of an electromagnetic field can be in any of an
infinite set of energy eigenstates labeled by “n,” the degree of excitation of
the associated abstract oscillator. Quantum electrodynamics treats “n” as
the number of photons present in that mode. For example, if a particular
mode is raised to its first excited state n = 1, there is one photon present of
that mode’s frequency. Similarly, if the mode is in its ground state n = 0,
there are no photons present.

A mode whose state is an energy eigenst#te is therefore one character-
ized by a definite number of photons; it is an eigenstate of the photon
number operator we discussed in Chapter 2. States that are superpositions,
on the other hand, do not have well-defined numbers of photons. The
squeezed st