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receptor within a latitude

Ay < (fringe spacing)/2m = (L/2s)X. 1)

To tell from which slit the quantum of energy arrives one
must register the transverse kick it gives to the receptor
within a latitude small enough to distinguish clearly
between a momentum p = #/X coming from below, at the
inclination s/L, and a momentum coming from above at a
like inclination; thus,

Apy < (S/L) (#/X) . t2)

However, for the receptor simultaneously to serve both
functions would be incompatible with what the principle of
indeterminancy has to say about receptor dynamics in the
Y-direction,

AyApy > #/2. (3)

Not being able to observe simultaneously the two
complementary features of the radiation, it is natural to
focus on the one and forego examination of the other. Either
one will insert the pin through the hole shown in Fig. 1.
It will couple the receptor to the rest of the device. It
will give the receptor a well defined location. Then one
will be able to check on the predicted pattern of inter-
ference fringes. Or one will remove the pin. Then one can
measure the through-the-slot component of momentum of the
receptor before and after the impact of the quantum. Then
one will say that one knows through which slit the energy
came.

Pin in or pin out: when may the choice be made? Must
it be made before the quantum of energy passes through the
doubly slit screen? Or may it be made after? That is the
central quastion in this paper as that question first seems
to impose itself. However, a closer look shows that the
measurement of transverse momentum kick, in principle
conceivable, is practically almost out of the question.
Therefore it is appropriate to alter the idealized experi-
ment before taking up the question of "before" versus “after."
What is the difficulty and what is the change?
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Fig. 1. Top: Idealized double-slit experi-
ment. Distance of each slit from optic axis, S; from
photographic plate, L. For simplicity, details of the plate
and plate holder are omitted from the circle encompassed by
the magnifying glass and are presented below, magnified and
in perspective. Lower left: The version of the Bohr-Einstein
dialog. The plate catches every photon. It registers pre-
cisely the y-coordinate of impact or the y-component of im-
pulse delivered--but does not and cannot do both. Omit the
photodetectors. Lower right: The present "delayed choice"
version. Include the photodetectors. One or other of them
is sure to catch the quantum of energy when the plate is
swung aside. Whether to expose the plate or expose the photo-
detectors, whether thus to infer that a single gquantum of
energy shall have gone through both slits in the screen or
only one, is subject to the free choice of the observer after
the energy has already traversed the screen.
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An irreversible act of amplification (2, 3); a phenome-
non brought to a close by observation (4); "indelibility" (5):
all these features a photographic plate has; and all these
features the receptor of Fig. 1--if it is to record
fringes--must have. A receptor acceptable in this sense
that is electronic and heavier than a photographic plate is
easy to conceive, but not one much lighter. Moreover, the
lightest plate is heavy, as seen by a look at the following
factors and their product:

Minimum number of fringes with
which one would be satisfied, ~.ab

Minimum number of y-values or
"domains" required adequately

to spell out one fringe, 2T

Minimum cross sectional area

required to intercept photons

of wave length A incident on

one domain, A2

Minimum thickness required for
absorption and irreversible
amplification in silver halide
grain, . V10A

Product of factors so far,
evaluated for A = 50002 =

5 x 10" Scm, Al 10" tligad
Minimum density, nv1lg/cm?
Minimum mass, of % 10 Yig

Dncertainty, (MkT)l/z, in
momentum of so great a mass
by reason of thermal agita-

tion at T = 300degk, A10" '2g cm/s

Lateral momentum of incident
photon, say 10 %#w/c or less, A10”2%g cm/s

Factor by which this lateral
momentum fails of being
measurable, n10'2
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The origin of the difficulty is not far to seek. The
measuring equipment--the photographic plate--has itself been
made the subject of measurement. One might as well put
a Geiger counter or Schrddinger's cat or Wigner's friend into
a box and try to measure the lateral momentum communicated
to that enormity! An irreversible act of amplification,
yes; but make it part of the system under study? No.
Principle does not call for it and practicality forbids it.

The difficulty is overcome by a simple change:

(1) Give up measuring the y-component of the momentum
of the photographic plate.

(2) Hold its y-coordinate fixed.

(3) By means of a hinge parallel to the y-axis arrange
that this high narrow plate can be swung out of the way of
the incident light--at the last minute option of the observer--
quicker than the flight of light from screen to plate. (Switch
from "operative" to "open" position.)

(4) Sufficiently far beyond the region of the plate,
the beams from upper and lower slits cease to overlap and
become well separated. There place photodetectors. Let
each have an opening such that it records with essentially
100 percent probability a quantum of energy arriving in its
own beam, and with essentially zero probability a quantum
arriving in the other beam.

Now the choice is clear; and the objective, too. We
today cannot argue, and Einstein in his later years would
not even have wanted to argue, his erstwhile case of logical
inconsistency against quantum theory: the photon goes
through both slits, as evidenced in interference fringes,
and yet simultaneously through only one, as evidenced in
lateral momentum kick. Choose we know we must between the
two complementary features open to study; and choose we do,
by putting the plate athwart the light or turning it out of
the line of fire. 1In the one case the quantum will trans-
form a grain of silver bromide and contribute to the record
of a two-slit interference fringe. 1In the other case one
of the two counters will go off and signal in which beam--
and therefore from which slit--the photon has arrived.
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In our arrangement the photographic plate registers
only the point of impact of a photon. In the earlier
idealized experiment it could additionally (Einstein) or
alternatively (Bohr) record the transverse momentum delivered
by the impact. We have assigned the two distinct kinds of
measurement to two distinct kinds of register. We have de~
moted the plate from a privileged status. That demotion
is irrelevant to any gquestion now at issue. Equally irrel-
evant is the different distance--and time of flight--from
entry portal to plate, or photodetector, aceording as the
one or other register is exposed. But the essential new
point is the timing of the choice-—between observing a two-
slit effect and a one-slit one--until after the single
quantum of energy in question has already passed through the
screen.

Let the reasoning be passed in review that leads to
this at first sight strange inversion of the normal order
of time. Then let the general lesson of this apparent
time inversion be drawn: "No phenomenon is a phenomenon
until it is an observed phenomenon." In other words, it is
not a paradox that we choose what shall have happened after
"it has already happened." It has not really happened, it

is not a phenomenon, until it is an observed phenomenon.

ANALYSIS OF THE "DELAYED CHOICE" EXPERIMENT

Whatever we now do to spell out the otherwise idealized
experiment, we will leave idealized its most unusual features:
the "swinging door photographic plate." That term includes
the arrangement, whatever it may be,

(1) for a last minute choice, to swing the plate
aside or leave it athwart the beam, after the arriving energy
has already traversed the doubly slit screen, and

(2) for completion of that movement before the energy
arrives at the plate. In practice it will be more reasonable
to swing the beam than swing the plate. Fix the plate.
Halfway from screen to it, position a Kerr cell. Apply to
it a positive or a negative voltage (6) according as one
wishes to record fringes on the plate, or register "which
beam" an a counter. Or, still better, Manfred Fink suggests,
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replace the experiment with the photon by an experiment with
an electron. Then the last minute deflection of the elec-
tron beam can be accomplished by a localized magnetic field
centered between screen and plate. One or another of these
arrangements to swing the beam will be understood hereafter
to apply in practice when in principle we speak of swinging
the plate.

Now we turn to other requirements and presuppositions
of the idealized experiment. First among them is the "window
in time" that admits the incoming radiation to the entry
portal. Well known windows today tailor the pulse of
radiation that implode a pellet of p-T (7). The window in
the present device we take to be "Gaussian in time." The
incident amplitude is given by

E(x,t) = Re const exp [iko(x-t) - (x-t)2%/272) (4)

Here the origin in x and origin in time are so chosen as to
bring the center of the wave train to the doubly slit screen,
x = 0, at t = 0; and the symbol Re stands for "real part of."
In this expression and hereafter three simplifications are
made. First, time is expressed in cm of "light travel time;"
that is, in the same geometrical units that are employed for
distance. Second, all reference is eliminated to polarization.
Only that scalar function is considered which multiplies the
familiar polarization factor in a full-dress treatment of a
propagating electromagnetic wave. This simplification will
be legitimate provided that we reduce sufficiently the
angles of diffraction of the beams, and the angle of their
crossing, and the consequent departures from the forward
direction.

The third simplification requires more discussion.
One part of the factor that multiplies the scalar amplitude
(4) and subsequent expressions for diffracted waves is a
quantum-field-theory creation operator, at. It will be
understood so unmistakably to be a part of all such ex-
pressions that it will never even be written down. The
rationale for this omission was given originally by Heisenberg
and Pauli (8) and was subsequently spelled out by Breit (9).
In the present context that rationale goes as follows: The






