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Following a suggestion by Wheeler, we have performed delayed-choice experiments in both the
spatial and time domains. For the first experiment we use a low-intensity Mach-Zehnder inter-
ferometer, and for the second the technique of quantum beats in time-resolved atomic fluorescence.
The results obtained show no observable difference between normal and delayed-choice modes of
operation, in agreement with the predictions of quantum mechanics.

I. INTRODUCTION

The description of Young’s interference experiment in
the photon picture has been the subject of extensive dis-
cussions in the past. One of the pregnant questions is
whether or not the interference pattern formed by integra-
tion of many events in which there is only one photon in
the apparatus at a time is the same as that obtained with
an intense light source.

Experiments to answer this question have been carried
out in various arrangements by several authors.! With the
exception of an experiment by Dontsov and Baz’ all
showed no change of the intensity pattern when the inten-
sity was lowered. In any event the repetition of the
Dontsov and Baz experiment later yielded results in ac-
cord with the other expen'ments.1 Therefore, light seems
to exhibit, on the one hand, wave properties and on the
other hand it shows the localization pertinent to a particle
and demonstrated, for example, by the Compton effect.

We note, however, that these interference experiments
have been performed with light from low-pressure
discharge lamps. The probability of detecting another
photon right after a photon has been measured is given by
the second-order correlation function® g®(0) which in
this case is equal to two and thus nonvanishing. The pho-
tons have therefore the tendency to arrive in bunches, as
known since the pioneering experiments by Hanbury-
Brown and Twiss.* In a single-photon interference experi-
ment with light from a discharge lamp the probability
that a second photon follows immediately after the first
one and disturbs the experiment is thus higher than for
photons at random. The situation is somewhat improved
by the use of laser light since in this case g*(0)=1. The
light ideal for single-photon interference experiments is
therefore antibunched light® with g2(0)=0, observed, for
example, in resonance fluorescence from atoms of a very
diluted atomic beam® or from a single ion in an ion trap.’
So far only one interference experiment using antibunched
light has been performed.® Here cascading atoms served
as a light source for a Mach-Zehnder interferometer. In
the same spirit is an experiment currently under way
which uses antibunched light provided by an ion in an ion
trap so small that only one single ion can get trapped.
Photon counting rates of 60000 counts per second have
been achieved.” Note also that this experiment does not
have the restriction imposed by the statistics of the

35

scatterers in the interaction region with the exciting laser
beam important in the experiment of Ref. 8.

According to Bohr,® Einstein very early drew attention
to a rather striking instance of wave-particle duality,
which arises when one attempts to pictorially represent
the behavior of a photon in the Young double-slit experi-
ment.!® Due to its particle character the photon always
chooses one of the two slits. However, in order to explain
the interference structure it is necessary to assume that
the photon has traveled both paths. Moreover, Einstein
proposed to use the linear momentum of the photon at the
detector to determine the path of the photon. However,
Bohr showed later that the uncertainties in the linear
momentum and position of the detector would violate the
Heisenberg uncertainty principle. Therefore, it is only
possible to observe either the path or the interference of
the photon but never both simultaneously.

In this connection an interesting question has been put
forward by Wheeler'! and von Weizsicker.'? They ask
whether the result of the experiment is changed if the de-
cision for observation of either the path of the photon or
interference is made after the photon has passed the slits.

Wheeler’s delayed-choice Gedankenexperiment is sum-
marized in Fig. 1. A pulsed electromagnetic wave is split

/ BS1 Path y M
BS2
1
M Path x "N Detector x
ﬁ
Detectory

FIG. 1. Schematic diagram of Wheeler’s delayed-choice ex-
periment. A single photon pulse enters the interferometer via
the beam splitter 1 (BS1). In the absence of the second beam
splitter (BS2) the detectors (x and y) ascertain on which “route
(path x or path y) the light quantum traveled.” Installing the
beam splitter 2 this information is irreversibly lost and the two
detectors show an interference signature, implying that the light
quantum “‘has traveled both routes.” According to Wheeler the
insertion of the second beam splitter occurs only after the light
pulse has entered the interferometer.
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into two beams (x and y) by the beam splitter BS1. Two
mirrors (M) bring the beams together at the lower right.
A detector is placed in each of the two beams (detector for
path x and another one for path y). Two experimental
situations can be envisioned. In one a second beam split-
ter (BS2) is introduced at the point of intersection of path
x and y. When the path lengths in the two arms of the
interferometer are correctly adjusted, no signal appears in
one of the counters due to destructive interference, while
constructive interference produces a signal at the other
detector with the intensity of the beam originally incident
on the first beam splitter. This experiment is, as Wheeler
puts it, “evidence that the arriving photon came by both
routes.” In the alternate arrangement the second beam
splitter is removed and thus the detectors indicate whether
the photon has traveled along path x or y. As in the
double-slit experiment it is impossible simultaneously to
obtain path information and observe the interference. In
the new delayed-choice version of the experiment one de-
cides according to Wheeler “whether to put in the second
beam splitter or take it out at the very last minute. Thus
one decides whether the photon shall have come by one
route, or by both routes after it has already done its trav-
el.”

The delayed-choice aspect in interference experiments
has attracted considerable attention, and several proposals
for experiments have been published.!>~!7 In the present
article we describe the experimental realization of both a
spatial- and a time-domain delayed-choice interference ex-
periment. Preliminary results of these experiments have
been published in Ref. 13.

The paper is organized as follows. In Sec. II we decom-
pose the measurement process of the delayed-choice ex-
periment into the different stages!®!° of state preparation,
decomposition, extension of the Hilbert space of the ob-
ject, and reading. Moreover, we present explicit represen-
tations of the noncommuting operators corresponding to
path information or interference phenomenon. A
delayed-choice experiment in the time domain based on
quantum beats is introduced in Sec. III. The experimental
setups for the delayed-choice interference as well as the
quantum-beat experiments are discussed in Sec. IV. The
corresponding experimental results can be found in Sec.
V. Finally, Sec. VI is a summary and conclusion.

II. THE DELAYED-CHOICE EXPERIMENT
AND THE QUANTUM-MECHANICAL MEASUREMENT
PROCESS

In this section we analyze Wheeler’s original delayed-
choice experiment summarized in Fig. 1 as a quantum-
mechanical measurement process in the von Neumann
sense.'®!®  This section does not intend to replace a
rigorous discussion of the delayed-choice experiment in
the language of quantum optics which will be the subject
of a future publication.?’ It rather emphasizes the com-
plementarity of the two observables of the photon corre-
sponding to path information or interference phenomenon
for which we derive explicit operator representations.

In the following treatment we denote the state vector of
a light pulse propagating in the x direction by |x) and
similarly for the y direction. The explicit form of | x ) or
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| ) depends on the experimental technique used to pro-
duce the pulse.

As discussed later in this paper, the present experiment
has been performed using a picosecond laser pulse.
Therefore, a laser pulse | x) propagating in the x direc-
tion consists®® of a suPerposition of 2N +1 modes being

in coherent states?' |a'),

—N) _—(N-1) (0)

Ix)=|ai™™,a; ,...,ax,...,a;N)HOy)

(1)

with a Gaussian frequency distribution

j — (J) _4(0)y2
V= e (17272 —410))

and j=—N, ..., +N. Here, 7 is the pulse duration and
the normalization constant .4 is
172

[
N = |2Vrn—=—
T

where n denotes the number of photons per pulse, L is the
length of the cavity of the laser, and [ =c.

Another experimental technique to produce the single-
photon pulse utilizes the resonance fluorescence light
from a (two-level) atom in an atomic beam® or an jon in
an ion trap.” In this case the pulse | x ) is given?® by the
state vector

8K, 1
%2 % i (v—w)+iy

, lkx> ’ (2)

where y denotes the decay rate of the atom, w is the fre-
quency difference between the two levels, and g describes
the coupling to the electric field. The state | x ) is thus a
superposition of different single-photon states | 1 kx> with

a Lorentzian frequency distribution.

For the sake of simplicity we confine ourselves in the
following discussion to states | x) and |y) such as Eq.
(2). In addition, we conclude this section by presenting
the results for the interference pattern produced by the pi-
cosecond pulse [Eq. (1)].

At the first beam splitter the wave function correspond-
ing to the state | x) is partially transmitted and reflected.
The phase of the transmitted part is shifted by ¢ and thus
the single-photon state in the interferometer is

|¢)=—‘/l—7(|x)+|y>e"¢). 3)

Here we have assumed that the state vectors | x) and
| y) are orthogonal and normalized.?

The process described so far is the state preparation.
The succeeding detection process will be described by the
expectation values of the object observables.

One such observable is, for instance, the intensity mea-
sured by photomultiplier x or y with the second beam
splitter being removed. The classical intensities I\’ and
I;d) are then

(cl) (cl) 1
I, =I"=+5,

where for the sake of simplicity we have set the initial in-
tensity I, equal to unity. Using Eq. (3), it is easy to verify
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that the operators
?.x: |x )<x l ’
L=y)yl,

indeed yield the above-mentioned classical result. In the
basis { | x), |y)}] these operators allow a simple matrix
representation

1
00

~

=3(1+6,),

x=

00
01

~

= =+(1-6,)

with the Pauli matrix

1 0

9:= 10 —1

and the unity matrix 1.

Before we turn to the case of the second beam splitter
being installed we contrast the path information obtained
using the picosecond pulse, Eq. (1), to the one provided by
the single-photon state, Eq. (2). In the arrangement of
Fig. 1 the route of the photon is determined by either a
klick in the detector x indicating that the photon has
traveled along path x or in the detector y corresponding
to path y. Since a single photon is assumed to be present
in the interferometer there should be a perfect anticorrela-
tion in the two detectors. In other words the second-order
correlation function g(Z)(O) should vanish, i.e., the light
should be antibunched as discussed in the introduction.
Since the picosecond pulse consists of a superposition of
modes being in a coherent state, and therefore g‘?(0) be-
ing nonzero, no perfect path information can be obtained.
Only antibunched light,’~7 i.e., the single photon states,
Eq. (2), experimentally realized, for example, in the reso-
nance fluorescence light of a single ion stored in a trap’
provide the means to unambiguously determine the route
of the photon (see also Ref. 8).

We now continue the discussion of the measurement
process for the case of the second beam splitter being in-
stalled. The classical intensities J,(f” and J},Cl) measured at
the detectors x and y are then

JV =sin%(¢/2) ,

(5)
Ly =cosX($/2) .

In contrast to the above case it is not so straightforward
to find the corresponding operators 3,: and jy. This will
be the subject of the remainder of this section.

We start by representing the operators jx and jy by
their eigenstates | s;) and |s;),

'/]\x:ax |sl)<sl | +Bx |S2><52| ’
(6)

jy:ay |s1)(s1 | +By [s22(s2]
and similarly the state vector | '),
[¥)=ci|si)+cals2) @)

with complex coefficients a,, a,, Bx, By, ¢, and c¢;. The
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representation of the object state | 1) as a linear combina-
tion of the eigenstates |s;), |s,) is the first step of the
quantum-mechanical description of the measuring process
and is called decomposition.

The next step is the mathematical extension of the ob-
ject Hilbert space H, and the apparatus Hilbert space H 4
with its pointer basis®> |a;),|a,) to the product space
Hy®H,.

In the case of the interference observation the apparatus
contains the second beam splitter and the detectors x and
y. Further discussion will be restricted to the observable
.7\,, i.e., only the signal on the detector x is considered.
(The treatment of .7y is completely analogous.) The detec-
tor is characterized by the two macroscopically distin-
guishable states, the so-called pointer basis,

' a; ) = Ig > ’
where the detector is in the ground state, and
lax)=e),

where the detector is in the excited state. The state of the
extended system ‘“‘object-apparatus” is thus

[W)=(ci|s1)+cals2))|8)

where we have assumed the detector to be in its ground
state | g) before the interaction. The interaction of the
object with the apparatus transforms the state | ¥) into

|W')=cy|s))|a)+calsy)]ay) .
According to von Neumann'®!® an essential feature of a
measuring instrument is that the probability amplitudes
¢, and ¢, of the object state remain unchanged through
interaction with the instrument. Moreover, the interac-
tion generates only terms |s;)|a;) (i =1,2) where the
states | s}), | s3) are orthogonal object states, which are
not necessarily the same as |s;), |s,). Therefore, each
state of the pointer basis is uniquely related to an eigen-
state of the object.
In the case of the interferometer we get

W) =c,|s1)|g)+ca|s2)|e) . (8)

On the other hand, due to the properties of a beam splitter
(see Fig. 2), the photon state |¢) given by Eq. (3) is
transformed into the state

[W)=3(14+e®) |p)+5(1—e?)|x) . )

After the interaction with the detector x the state of the
whole system object-apparatus is described by

W) =3(1+e) |y) [g)+3(1—e)[0) [e) .

Comparison with Eq. (8) yields, for the constants ¢; and
Cas
(1+e'),

1
C1=7
T(1—e').

(10)

C2

Inserting Eq. (10) into Eq. (7) determines the state | ) of
the photons before the second beam splitter. Since this
expression must be identical to the one for |v¢) in Eq. (3)
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FIG. 2. At beam splitter 2 of the interferometer the two par-
tial waves corresponding to the states (1/V2) [x) and
(1/v?2) | Ye™ are reflected and transmitted. The phase of the
partial wave (1/ V?2) |y Ye'® is shifted by 7 since it is reflected at
the optically denser medium.

the eigenstates |s;) and |s,) can be expressed in terms
of the states | x) and |y ) via

s =—5(1x)+ 190,

(|x)Y=1|y).

|s2>—‘/5
Substituting this result back into Eq. (6) we arrive at
Te=2a, (14 |x)p |+ |»)x )
+ 38— XXy | = [»)x ),
J,=ta,(1+ |x)y |+ [»Xx])
+3B,(1—|x)y | — [y {x|).

The constants a,,Bx,a,,B, can finally be determined by
comparing the expectation values to the classical result
Eq. (5). It is easy to verify that the operators

Te=20—1x)p | = »)x ),

T=30+|x)y |+ |y)x]),

indeed yield the classical expressions Eq. (5). In matrix
representation they take the form
~ 1| v =1 R
=511 1 |=21-0x),
(11)
~ 111 . R

with the Pauli matrix

01
10

From Eqs (4) and (11) we observe that the operators 1. x,I f

and JX,J corresponding to path information or interfer-
ence phenomenon are noncommuting operators,

[Ix» ]"‘“

A

g

"y’ 1,,J,1= y

Nl--

with

The measurement process is completed by the so-called
abstraction and reading. The purpose of the measurement
process is to deliver the expectation values of the observ-
ables J, and .’fy as given by Eq. (5).

In the standard version of the interferometer experi-
ment summarlzed m Flg 1 the decision which of the ob-
servables Ix,I or Jx,J is measured is made before the
photon enters the 1nterferometer, i.e., before the state | '),
Eq. (3), is prepared. In the delayed-choice mode, however,
this decision is made after the photon has passed through
the interferometer, i.e., after the state preparation. In this
sense the delayed-choice experiment probes the degree to
which state preparation and measurement are indepen-
dent.

We conclude this section by outlining a discussion on
the observation of the interference phenomenon in the
language of quantum optics. The intensity J(r,t) mea-
sured on a detector located at position r after the second
beam splitter is determined by the correlation function of
first order’

J(r,)=(y' | EU,n0E *(r,0) | ')

with the state vector |¢’) given by Eq. (9) and the posi-
tive frequency part of the electric field operator

ENr,)=iF &rape ®rk
K

Here k= |k |, &y is the electric field amplitude per pho-
ton,?! and a; denotes the annihilation operator. Using the
picosecond states | x ) and | y) defined in Eq. (1), the in-
tensities J, and J, at the two detectors can be calculated?®
and yield

J, =sin? cl>/2)‘/_g2 (/) x—en)

Jx =cos ¢/2)‘/_$(2)e—‘“/12)(y—ct)

where &, denotes the electric field amplitude per photon
at frequency v'*). Note that this is in agreement with the
above simplified treatment.

III. THE DELAYED-CHOICE VERSION
OF A QUANTUM-BEAT EXPERIMENT

The delayed-choice aspect of interference in the time
domain can be discussed in a way similar to spatial in-
terference. For the experimental observation the
quantum-beat method?* is used.

In the simplest case two energy levels |a) and |b)
corresponding to frequencies w; and w, are excited
coherently from the ground state | c¢) with a laser pulse
whose pulse duration 7 is smaller than the inverse of the
characteristic beat frequency w,—w,;. The state of the
system is thus described by a superposition of the two ex-
cited states |a) and | b), i.e,

|¥)=(ala)+B|b))|0)
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with complex coefficients @ and 3. Since initially no pho-
tons are present, the electric field is in the vacuum mode
10).

Due to spontaneous emission the two states decay back
to the ground state | ¢ ) which yields the two paths

le)—la)—|c)
and
le)—1b)—]c) .

Interference between these “routes” results in a modula-
tion of the time-resolved fluorescence intensity I. More
precisely, the intensity is given by?*2*

I= —lz—e(t —r/cle " 2rle—r/e)
,

X( |a&|*+ |BE,|?

@,)(t—r/c)

+SaB*$,$;e'(w‘_ +c.c.),

where » = | r| and © denotes the Heaviside step function.
For the sake of simplicity we have assumed one decay
constant y for the two states. The quantities &, &, cor-
respond to electric fields associated with the two transi-
tions and S =1.

The analogy to the spatial-interference phenomenon
discussed in Sec. II is obvious. In addition, we emphasize
the single-photon character of quantum beats; even when
many atoms are in the interaction zone the interference is
due to a single-photon scattering via two indistinguishable
channels. Care must be taken in the measurement process
to insure that both channels remain indistinguishable.?> If
one tries to obtain information as to which channel actu-
ally participates, using, for example, a filter which
transmits only photons of the transition
|e¢)—|b)—|c), the modulation (interference) disap-
pears and S =0.

In this case the observable

Go=|+)+|=5(1+6,)

is measured where | + ) denotes the eigenstate of the cir-
cularly polarized photon. Therefore, the observable &
corresponds to fx given by Eq. (4).

If the superposition of both paths is observed the ob-
servable

is measured which corresponds to jy defined by Eq. (11).
In the delayed-choice version the filter is removed long
after each fluorescence photon is emitted, but when the
photon has not yet reached the filter.

IV. EXPERIMENTAL SETUP

In this section we discuss the experimental setups for
the delayed-choice interference and delayed-choice
quantum-beat experiments summarized in Figs. 3 and 4,
respectively.

T. HELLMUTH, H. WALTHER, A. ZAJONC, AND W. SCHLEICH 35

A ' +o P %ﬁ
ps-Laser
POL

Beam Splitter

Micro§co e Objectives

+ + {2
Q Beam Splitter2
Glass Fiber
A

FIG. 3. Setup of the spatial-interference experiment with
Pockels cell (PC) and Glan prism polarizer (POL).

A. Delayed-choice interference experiment

Pulses with a pulse duration of 150 ps were produced
by an actively mode-locked krypton ion laser (wavelength
647 nm) with a repetition rate of 81 MHz. An acousto-
optical switch selected one pulse out of 8000. This reduc-
tion in the pulse-repetition rate was necessary since the
Pockels cell used to block one of the arms of the inter-
ferometer could not be switched more frequently. Fur-
thermore, the reduced pulse frequency guaranteed that the
time between two pulses was much longer than the transit
time of the light through the interferometer which was
about 24 ns. Between the laser and acousto-optic modula-
tor an optical attenuator (T =10"°) was inserted into the
laser beam. This ensured that the average number of pho-
tons per pulse was less than 0.2.

The incident light passes through the first beam splitter
(Fig. 3) and the two beams are then directed and focused
into two separate single-mode optical fibers of 5 m in
length (core diameter 4 um). The principal axis of the
fibers was aligned such that the polarization of the light
leaving the fiber was linear. After recombining the two
beams by the second beam splitter the interferences are
detected by photomultipliers 1 and 2 (PM1 and PM2)
which were cooled to reduce the dark count rate. The in-
tensity recorded in the experiment by each one of the two
photomultipliers changed with the path difference in a
complementary way having opposite turning points for an
optical path difference of A/2. Since the path difference
of the two arms is strongly influenced by temperature-
induced refractive-index variations in the fibers and in the

Atomic Beam

X

kels Cell
— B Frelg okels e

-

Polarizer

ps-Laser Beam
(linearly
polarized)
le———— 8m _— >

FIG. 4. Schematic arrangement of the quantum-beat experi-
ment.
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air the interference pattern changed steadily in time.

To introduce the delayed-choice aspect in the experi-
ment the light path in one arm is interrupted until the
photon has passed the first beam splitter. For this pur-
pose a Pockels cell (PC) is installed in the upper arm of
the interferometer. To shut off one arm, a voltage is ap-
plied to the Pockels cell. As a consequence a phase shift
of one-half wave is introduced between two orthogonal
polarization components of the incident light, thereby ro-
tating the polarization by 90°. The Pockels cell is fol-
lowed by a Glan polarizing prism (POL) which deflects
the light when the polarization direction is rotated. The
rise time of the Pockels cell shutter is 4 ns.

In the experiment the interference pattern of the
delayed-choice mode is compared to the “normal” mode.
In the normal operation the Pockels cell is open when the
light pulse reaches the first beam splitter and is kept so
during the whole transit time through the setup. In the
delayed-choice mode, however, the Pockels cell is normal-
ly closed and opened 5 ns after the pulse has passed
through the first beam splitter. Therefore, the light pulse
is well inside the optical fiber when the Pockels cell is
opened. In order to assume that the Pockels cell is fully
open when the light pulse arrives, the length of the fibers
had to be sufficiently long. Since the rise time was 4 ns,
the length had to be at least 1 m.

An interesting point concerning time ordering in this
version of a delayed-choice experiment has been raised
and discussed by Mittelstaedt.? He stresses the fact that
the locations of state reduction, i.e., beam splitter 2, and
state preparation, i.e., beam splitter 1, are separated in
space. Therefore, expressions such as ‘“switching the
Pockels cell before or after the photon has reached the
first beam splitter” have to be interpreted using synchro-
nized clocks located at these points. Note, however, that
the synchronization procedure only involves the shortest
distance between the two beam splitters which in the ex-
periment was smaller than 1 m in contrast to the length of
the fiber being 5 m. This guarantees that the normal-
choice event occurs in the backward light cone of beam
splitter 1.

For data taking the mode of operation was switched be-
tween normal and delayed-choice with each successive
light pulse. The photons counted by the photomultipliers
were stored in different multichannel analyzers according-
ly. The switching was controlled by pulses which were
derived from the 40.5-MHz driver for the mode locker of
the krypton ion laser.

B. Quantum-beat experiment

The quantum-beat experiment was performed using an
atomic beam of barium atoms. A magnetic field generat-
ed by two Helmholtz coils was applied perpendicular to
the direction of the atomic beam (see Fig. 4). Pulses from
a synchronously pumped dye laser with a pulse duration
of 1.5 ps and repetition frequency of 10 kHz propagate in
the x direction. The laser light is polarized in the y direc-
tion and its frequency is tuned to the barium resonance
line 'S,-'P,.

Under these conditions a coherent superposition of the
two Zeeman sublevels m =+1 and m = —1 having an

m=+1

Ba

150

FIG. 5. Excitation scheme of barium used in the quantum-
beat experiment.

energy difference AE=2hw; is populated. Here w; is
the Larmor frequency (see Fig. 5). The field used was 21
G, corresponding to a splitting which is smaller than the
Fourier linewidth of the laser pulses. The fluorescence
light is observed time resolved following each laser pulse
in the z direction. The collection optics accepted light
within a solid angle of 0.1 sr.

The time dependence of the signal was measured using
a time-to-amplitude converter together with a multichan-
nel analyzer in the pulse-height analyzing mode. This
method could be used since there was always less than one
photon per laser pulse registered by the detector system.
The time-to-amplitude converter was started by the signal
of a photocell monitoring the laser pulse, and was stopped
by the first signal photon. For the standard quantum-
interference experiment a linear polarizer with a polariz-
ing direction parallel to the y direction is placed in front
of the photomultiplier. This allows detection of the in-
terference of the two “paths” |0)— | +1)— |0) and
|0)— | —1)— | 0). The delayed-choice version requires
that one path remains blocked until the emitted photon
arrives at the detection system. For this purpose again a
Pockels cell was placed in front of the linear polarizer. If
a suitable voltage is applied to the Pockels cell the ot
light resulting from the path |0)—|4+1)—|0) is
changed into linearly polarized light which is transmitted
by the polarizer. The o~ light is changed into linearly
polarized light with a polarization direction perpendicular
to the one of the filter and is therefore blocked.

For delayed-choice operation the time of flight of pho-
tons between the atomic beam and detection system must
be long compared to the rise time of the Pockels cell and
the quantum-beat period 7=(2w; )~!. For this reason the
light path between atomic beam and detection system was
chosen to be 8 m corresponding to a time of flight of 26
ns.

V. EXPERIMENTAL RESULTS

In this section we present the experimental results ob-
tained in the two versions of Wheeler’s delayed-choice ex-
periment.

A. Interference experiment

In Fig. 6 we show counts accumulated in a 30-s time in-
terval for photomultiplier 1 [Fig. 6(a)] and photomulti-
plier 2 [Fig. 6(b)] with alternative light pulses running in
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FIG. 6. Comparison of interference patterns for normal and
delayed-choice configurations. Dots represent the data taken
with the interferometer in its normal configuration, and crosses
are data for delayed-choice operation. (a) is for photomultiplier
1, while the phase-inverted signal detected by photomultiplier 2
is shown in (b). The points are four-channel averages of the raw
data. The horizontal axis is equivalent to time with 30
s/channel.

the normal (denoted by dots) and delayed-choice modes
(indicated by crosses). The resulting counts are stored in a
multichannel analyzer operating in the multiscaling mode.
The counting was for 30 s/channel. The results shown in
Fig. 6 are a four-channel average of the raw data. The
time axis is determined by the temperature-induced
refractive-index variation within the interferometer. The
visibility of the interference patterns in this experiment
was reduced from its ideal value of 100%. The origin of
this can be related to imperfections of the beam splitters
and the detection scheme of the interferences. The light
leaving the fibers was collimated by microscope objectives
as shown in Fig. 3. Due to the remaining divergence the
interference pattern at the output port of the interferome-
ter was a ring system. Only the zeroth-order maximum
was detected by the photomultipliers. Due to the finite
aperture of the photomultipliers the visibility was re-
duced.

A more quantitative comparison between the data for
delayed and normal modes is achieved by taking the ratio
of the corresponding channel counts. These ratios for
photomultipliers 1 and 2 are presented in Figs. 7(a) and
7(b), respectively, and yield for the average value

No/N  =1.0010.02
and
Neg/N,=0.99+0.02 .

This result is in very good agreement with Ng/N =1
predicted by the Copenhagen interpretation’ of quantum
mechanics.
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FIG. 7. Ratio Ng¢/N, using the results from Fig. 6. Again
the horizontal axis is equivalent to time. The Copenhagen inter-
pretation of quantum mechanics predicts Ng/N . =1.

channel

B. Quantum-beat experiment

We start by first showing results for the quantum-beat
experiment in normal mode. In Fig. 8(a) a quantum-beat
signal is obtained without voltage applied to the Pockels
cell; in this case a superposition of ot and o~ light in the
fluorescence is observed and the exponential decay is
modulated. Applying the quarter-wave voltage to the
Pockels cell results in the detection of a single polarized
component and thus in the exponential time dependence
of the signal as shown in Fig. 8(b). Note that in Figs. 8, 9,
and 10 time zero corresponds to the arrival time of the
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FIG. 8. Time-resolved fluorescence from pulse-excited bari-
um in normal quantum-beat configuration when (a) Pockels cell
voltage is zero, (b) a quarter-wave voltage is applied to the Pock-
els cell.
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FIG. 9. Time-resolved fluorescence intensity with the Pockels
cell switched off at different times (marked by S).

first fluorescence photon at the detector which is 26 ns
after the laser pulse. Note also that due to the time reso-
lution of the photomultiplier and the time-to-amplitude
converter, the signal reaches its maximum value at about
2 ns.

Results of the delayed-choice version of this experiment
are shown in Fig. 9. The arrow marks the time when the
voltage was applied to the Pockels cell. Thus for the mea-
surement shown in the upper box the Pockels cell was
switched 2 ns after the arrival of the photon at the detec-
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FIG. 10. Comparison of time-resolved fluorescence intensi-
ties for the normal (below) and the delayed-choice (above) modes
of operation. Only the hatched area is used in evaluation (see
text).
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FIG. 11. Quantitative comparison of the hatched area from
Fig. 10. Dots represent the delayed-choice and crosses the nor-
mal mode of operation. The vertical axis gives the number of
counts per channel, and the horizontal corresponds to time with
0.56 ns/channel.

tor. The middle and lower diagrams show the exponential
decay up to 17 and 29 ns, respectively, after which the
Pockels cell was switched and the modulation of exponen-
tial decay was observed for longer times. In Fig. 10 we
compare the usual quantum-beat signal (lower part of Fig.
10) with the one obtained in delayed-choice observation
(upper part). Here the voltage at the Pockels cell was
switched on at a time of 4 ns (30 ns after the laser pulse).
Only that part of the signal which lies between 10 and 30
ns was used in the evaluation. The lower time limit was
determined by the rise time of the Pockels cell (4 ns) and
the time constant of the detection system (2 ns). The
upper limit is determined by the time of flight between
atomic beam and detection system.

The mode of operation was switched between normal
observation and delayed-choice after 10* laser pulses. In
this way the two signals shown in Fig. 10 were accumulat-
ed simultaneously (storing normal and delayed modes in
different parts of the multichannel-analyzer memory).
The hatched part of the two signals of Fig. 10 are shown
in Fig. 11, where the dots correspond to the delayed-
choice and the crosses to the normal version. The ratio of
the signals in the corresponding channel numbers (time
difference 0.56 ns) was calculated. The ratio

No/N _ =1.031+0.02

corresponds again to the one expected from the
Copenhagen interpretation. The slight deviation may be
due to a slight misalignment of the optical axis of the
Pockels cell.

VI. CONCLUSION

The results obtained for the spatial and the time-
domain interference experiments described in this paper
show no observable difference between normal and
delayed-choice modes. They thus confirm the
Copenhagen interpretation of quantum mechanics. In
this context we note that Alley and collaborators?’ have
recently completed a delayed-choice experiment similar to
the one discussed in Secs. IVA and V A. Their results
were also in agreement with the standard interpretation of
quantum mechanics.
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We conclude by noting that one way of approaching the
logical contradiction inherent in statements concerning
photons traveling “one route” or “both routes” is based on
quantum logic?®*?®?° which differs substantially from
classical logic. Another possibility has been pointed out
by Wheeler!! who noted that it was just “bad use of
language” which got us in the dilemma of deciding
whether the photon ‘“‘shall have come by one route, or by
both routes” after it has ‘“already done its travel.” Re-
minding us of N. Bohr who introduced the word
“phenomenon” into his dialogue with Einstein, Wheeler
emphasizes that “No elementary phenomenon is a
phenomenon until it is a recorded phenomenon, . .. until
it has been brought to a close by an irreversible act of am-
plification such as the blackening of a grain of silver
bromide emulsion or the triggering of a photodetector.”
We therefore have no right to say what “the photon is do-
ing” during its journey in the interferometer. During this

time the photon is “a great smoky dragon”!! which is

only sharp at its tail (at the beam splitter 1) and at its
mouth where it bites the detector. We conclude by noting
that the delayed-choice experiment thus has far-reaching
consequences for our picture of the past. As Wheeler has
frequently pointed out, the strangeness of the delayed-
choice experiment reminds us more explicitly than ever
that “the past has no existence except as it is recorded in
the present.”!% 1!
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