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We propose and analyze an experiment designed to probe the extent to which informa-

tion accessible to an observer and the "eraser" of this information affects measured re-

sults. The proposed experiment could also be operated in a "delayed-choice" mode.

As has been emphasized most admirably by
Wigner, ' the role of the observer lies at the heart
of the problem of measurement and state reduction
in quantum mechanics. For the past few years we
have been interested in specific calculations associ-
ated with this type of problem, and the search for
potentially realizable experiments probing the in-

fluence of such an observer. We have been focus-
ing on situations in which a reasonable quantum
mechanical analog of an observer may be woven

into calculations associated with some envisioned
experimental setup. In the following discussion,
we propose and analyze an experiment such that
the presence of information accessible to an ob-
server and the subsequent "eraser" of this informa-
tion should qualitatively change the outcome of
our experiment. The proposed experiment would

speak to this subtle aspect of measurement theory
as well as Wheeler's clever "delayed choice" ar-
rangement. In these latter considerations, Wheeler
has pointed out that the experimentalist may delay
his derision as to display wave like or particle like
behavior in a light beam long after the beam has
been split by the appropriate optics. The present
work suggests real world experiments along these
lines and is well within the grasp of modern optics.

In an attempt to prepare the reader for the argu-
ments which follow, we summarize our results in
the next few lines. Specifically, we consider the in-

terference between light scattered from atoms lo-
cated at sites 1 and 2 as in Fig. 1(a). These atoms
have three levels [see Fig. 1(c)],which are pumped
from c to a by pulse li, and interference fringes be-

tween the y photons emitted by atoms 1 and 2 are
sought. An absence of interference between pho-
tons y& and y2 of Fig. 1(a) is predicted when the
states b and c are distinguishable. This is as would
be expected, since an atom in the b state has left

information as to "which path" the photon took,
i.e., which atom it was scattered from. However,
when we arrange to "erase" this information (long
after emission of the y photons) via an appropri-
ately contrived photon correlation experiment the
fringes can be made to reappear. According to our
calculations, we may deride whether to emphasize
wave like (interference) or particlelike (which path)
behavior even after the emission is over without
physically "manipulating" the y photons.

(b)

FIG. 1. {a) Figure depicting light impinging from left
on atoms at sites 1 and 2. Scattered photons yi and y2
produce interference pattern on screen. {b) Two-level
atoms excited by laser pulse li, and emit y photons in
a ~b transition. {c)Three-level atoms excited by pulse
I& from e ~a and emit photons in a ~b transition. {d)
Four-level system excited by pulse It from c~a fol-
lowed by emission of y photons in a ~b transition.
Second pulse I& takes atoms from b~b'. Decay from
b'~c results in emission of P photons
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In order to set the stage for our problem, consid-
er a "two-slit" experiment in which the slits are re-
placed by "two-level atoms" resonant with the in-
cident pulse Ii, as in Fig. 1(a). The field correla-
tion function

describes the interference pattern associated with
our scattered light.

Here the negative frequency part of the field
E' '(r, t) is given by the usual Fourier sum involv-
ing the creation operators a~, and the polarization
vectors e~, etc., as

E' '(r, t)=ge~q
k

with a corresponding expression for the positive
I

frequency annihilation operator E'+ '( r, t) The
relevant portion of our atom-scattered field system
is now described by a state vector of the form

Ifo&= IbI»2&(I»&+ I)'I&) .

The state vector for the photon scattered from the
ith atom is given by

I) &=X
(ob k )

where ~k is a constant depending on the strength
of atom-field coupling, ~,b is the atomic frequency
between levels a and b, y is the decay rate for the
a~b transition, and r; is the atomic position of
the ith atom. From Eqs. (1)—(4a) the correlation
function for the scattered field is found to be

G"'(r, t)=IrI[8(t r, /c)e — ' /r, ]
—y(t —rl lc) —y(t —r2/c) tkO(rl —r2)+6(t —r i /e)e(t —r2/e)e e /rirp I +same 1~2,

where Iy is a constant intensity factor, e(x) is the
usual step function, eko is the central resonant fre-
quency ~,b, and r; is the distance from the ith
scattering atom to the detector. Equation (4) is
just the interference pattern associated with a
Young's double-slit experiment generalized to the
present scattering problem. Note that when the y~

and y2 photons arrive at the detector at the "same
time", interference fringes are present.

Next let us alter our "experiment" so as to re-

place the two-level atoms as in Fig. 1(b) by atoms
having three levels as in Fig. 1(c). Our atoms are
now excited to

I
a ) by the incident laser pulse 1~,

and then decay to
I
b) or Ic) via y photon emis-

sion.
Let us now arrange our detection system so that

it is sensitive only to radiation emitted in the a ~b
transition, i.e., we ignore radiation from the a ~c
transition. %e wish to again consider the scattered
field correlation function just as in the previous ex-

periment.
At first glance one might think that fringes

would again be observed since the "setup" of Fig.
1(c) is not that different from that of Fig. 1(b).
However, a little reflection will suffice to convince
oneself that experiment 1(c) is in fact very dif-
ferent. %e need only look to see which atom (1 or
2) is in the

I
b ) state in order to determine which

atom did the scattering. Now according to text-
book wisdom, if we know (or could know) which
source (slit or atom) the light came from we could
expect the interference fringes to disappear. De-
tailed calculation bears out this expectation as
shown below. The state of the system describing
the coupled atom-field system of Fig. 1(c) is now

I&I&= IbIcI& I»&+ IcibI& I)'z&,

and the field correlation function implied by this
state vector is given by

G(r, t)= Irf[8(t r, /c)e ' /r, ]2-
—y(t —r& Ic) —y(t —r2/c) iko(r) —r2)+(bI,cI I cI,bI )8(t rI/c)8(t rI/—c)e- e /rIrgj +saIIle 1~2 .

(5b)

From Eq. (5b) we see that the interference terms
have disappeared, since the states

I
b) and

I
c) are

orthogonal, in accord with our intuitive notions as
discussed earlier.

From the preceding paragraph we are naturally
led to ask whether we might not "reinstate'* our
fringe pattern by applying a second pulse 12 (from
say a tunable dye laser), which mixes the

I
b ) and
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I
c ) states so that they are no longer orthogonal.

If we could do this, then we would have an in-

teresting situation. That is, the y photons could be
well on their way to the detector (i.e., far removed
from atoms 1 and 2) and the fringes made to ap-
pear or not depending on what we do with the
atoms long after the y emission has taken place.
However, upon carrying out the appropriate calcu-
lation (including effects of the second laser pulse

l2) we find that the field correlation function [Eq.
(5b)] is changed only in that the atomic state inter-

product now becomes

&i i c2 lci b2& (bl c2
I

U'U lci»2&

The time evolution operator U describes the in-
teraction of the second pulse as it mixes states

I
b )

and
I
c ). Thus if our time development matrix U

is unitary, U U =1, and we see that we have not
succeeded in producing fringes by applying the
second pulse. Yet one wonders if some other
scheme designed to retrieve the interference fringes
might not work. After all the presence of the in-

formation contained in our three level atom is very

analogous to having information stored in the form
of an observation, and we know that the process of
observation changes the state vector in a nonuni-

tary fashion. More pictorally the question may
well be asked "can we erase the information
(memory) locked in our atoms and thus recover
fr1nges?

Motivated by these considerations let us consider
the following information eraser: allo~ our atoms
1 and 2 to take on a slightly more involved level

structure involving four relevent levels as depicted
in Fig. 1(d). The second laser pulse l2 is tuned so
as to be resonant with the b~b' transition and
tailored such that it transfers 100% of the popula-
tion from

I
b ) to

I
b'& That is, in .the jargon of

quantum optics, let the second laser pulse be a m

pulse. Such a pulse is defined' by the requirement
that the integrated amplitude of the laser pulse en-

velope be such that

Pbb I Ch'8'(r')lA=~, (7)

wherep~b is the dipole matrix element connecting
the

I
b ) and

I
b') states. The point is that such a

appulse will take .every atom it encounters in
I
b )

to
I
b'). Hence, the state of the system after in-

teracting with the l2 pulse is

I 6& =
I bi, c2 & I)'i &+ I ci,b2 & I r~&

But, as indicated in Fig. 1(d),
I
b') is strongly cou-

pled to
I
c ), so that after a short time we may be

sure that the ith atom has decayed to the
I
c ) state

via the emission of a photon which we designate as

I
((i; ). The exact specification of the state

I P; ) is
the same as that of the

I y) photon state, i.e., is

given by Eq. {4) with the obvious changes in wave
vector, and decay rates, etc. The state vector
describing the experimental arrangement after P
emlsslon now 1eads

ELECTRO-OPTI
SHUTTER

ETECTOR

4 DETECTOR

FIG. 2. Laser pulses I~ and lq incident on atoms at
sites 1 and 2. Scattered photons yl and y& result from
a~b transition. Decay of atoms from b'~e results in

P photon emission. E11ipticai cavities reflect P photons
onto common photodetector. Electro-optic shutter
transmits P photons only when switch is open. Choice
of switch position determines whether we emphasize
particle or wave nature of y photons.

I
6&= lci c2&(

I
di& I)'i&+ I 42& I)'2&) .

Consider next an experimental arrangement
which, in effect, allows us to "reduce" the photon
states

I Pi ) and
I $2) to the vaccum with the exci-

tation of a common photodetector. ' In order to

accomplish this we place the scattering atoms in a
particular elliptical cavity' as in Fig. 2. The cavi-

ty is taken to be transparent to the radiation asso-
ciated with the I&, I2, and y radiation, but to be
highly reflecting in the case of the P photons.
This is possible since the frequency of the (() radia-
tion is different from that of the l&, l2, and y light.
Since atoms 1 and 2 are located at the foci of the
two ellipses all the P radiation leaving atoms 1 and
2 is focused to their common foci, where we place
a photodetector, see Fig. 2.

The photodetection of iI'i photons (at p, r) fol-
lowed by detection of y radiation (at r, t) is
described by the intensity correlation function
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G' '(r, t;P,r) = ($1Er (r, t)E~ (P,r)E~+ (P, r)Er+ (r, t) 11(|),

where subscript P or y denotes a field operator containing frequency components in the region of v~ or vz
only, Inserting Eq. (9) into (10) we find

Gi'i(rt; p,.) = &), 1E' (r, r)E„+'(r,r)1), ) &y, 1 E,'-'(p, .)EI,"(p,.)
1 y, &

+(yi 1

E'„'(r,t)Er+ (r, t)
1 y2)(gi 1 Ep '(p, r)Ep+'(p, r)1$ )

+same 1~2 .

But for the experimental arrangement of Fig. 2, in which pi ——p2 we find

(pi 1Ep '(p, r)Ep+'(p, r)1&i& =(PilEp '(p, r) y+'(p r) IA& . (12)

Hence, denoting the expectation values in Eq. (12) by 6&(p, r) and evaluating the y expectation values from

Eq. (4a), we find that Eq. (11) now becomes

6' '(r, r;p, r) =6~(p, r)I„[ [e(r —ri/c)e ' /ri j
—y(f —r l /c) —y(t —r2 Ic) ik&(r I

—r2 )+e(t —r i /e)6(t —r2/c)e e e " /ririj+c. c.

Now it is easy to show that for the positioning
of our t)) detector as indicated in Fig. 2, such that

pi ——p2, we have

&0+ I E~ '(p r)Ey' (p r)14+ & =6+(p r)~
(16a)

&0+ IEy (P r)Eq' (p r) IN-, &=0 (16b)

Clearly Eq. (13) contains an interference term as in

Eq. (4b). We may argue that the detection of the P
photons via the common photodetector, has erased
the record of which atom the y photons were scat-
tered from and thus reinstated the interference

patter. '4

The physics behind the retrieval of our fringes is
perhaps made clearer by rewriting the P, y state
vector (9) in terms of symmetric and antisym-
metric combinations. That is, if we define the
photon states

I &+ &
= (1&i&+ 112) )

1

2

where X is either P or ), then Eq. (9) may be writ-

ten

I
A&= lci,c2&(14+& I)'+&+ l4 & Ir &) .

(15)

Hence, we see that only the 1$+ )
1 y+ ) combina-

tion contributes to the intensity correlation func-
tion 6' '(r, t;p, ~) as given by Eq. (10).

This shows that in a given ensemble of scatter-

ing events half of the scattering events are expected
to lead to a count in the P detector, while the
remaining half will lead to no count. By keeping
only those events which lead to a P photon count
[which is precisely the operational meamng of the
photon correlation experiment described by the
function 6' ' of Eq. (10)], interference fringes are
found in the statistical distribution of y photon
counts on the observation screen. If on the other
hand we choose to not read our P photon counter
and keep all scattering events, no interference pat-
tern will be found in the complete ensemble of all

y photon counts. Thus in our experiment the total
ensemble of scattering events is decomposed into
two subensembels showing interference fringes and
"antifringes, " respectively. In fact by shifting the
position of the P counter from the center of the
cavity we can arrange for the 1$+ ) expectation
value (16a) to vanish while the 1$ ) expression
(16c) will be finite. In such a case, only events

corresponding to antifringes are counted.
In summary, we wish to emphasize the following

points.
(1) The y light scattered from our three-level

atoms shows no interference phenomena when con-
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sidered by itself, i.e., when we look at G'". This is
as might be expected since information concerning
which path (which atom scattered the photon) is
available. It is interesting to compare the present
logic, which attributes the disappearance of in-

terference fringes to the vanishing of (b
~

c), with
the usual presentation' maintaining that a "which
path" observation leads to smearing of the fringe
pattern. This point will be discussed further else-

where.
(2) The application of our second pulse l2, does

not in general "reinstate" the interference term in
G''"(r, t).

(3) However, when a two photon transition is en-

visioned, as in Fig. 1(d) and 2, interference fringes
are possible when measuring G' '(r, t;p, v-). It is to
be emphasized that with the envisioned positioning
of the photodetector we have erased the "which
slit" information.

(4) This eraser of information has points in com-
mon with the notion of observation and state
reduction in quantum mechanics. We have ar-
ranged our experiment so as to "force" the system
into a state such that there is no possibility of ob-

taining which slit information. To put it in opera-
tional terms, when we correlate the photocounting
events in the y detector with those in the P detec-
tor (with the electro-optic shutter open) interfer-
ence fringes between y photons are predicted.

(5) Finally, we note, that by a minor extension of
the present "apparatus" we have a delayed choice
experiment in the sense of Wheeler. By applying a
dc field to our electro-optic device ("throwing the
switch" in Fig. 2) we may close the shutter so that
photons from atom 1 never reach the photodetec-
tor. Thus any count in the P detector arises from
atom 2 and provides "which path information".
That is, for every count in the y detector, there
will be either a count in the P detector signaling
that the y photon was scattered from atom 2 or no
count indicating scattering from atom 1. Thus, in
this mode of delayed choice operation, the P detec-
tor provides which path (particle information) and

no fringes are expected. Contrarywise if we choose
to leave the electro-optic shutter open as in the ori-
ginal arrangement, the apparatus will be sensitive
to the wave (interference) nature of the scattered
light. Hence, we are potentially able to display ei-
ther the particle (path) or wave (interference) na-
ture of the scattered radiation even though we de-

lay this choice until long after the y photons have
beem emitted.

As has already been noted, the present treatment
does not exhaust our interest in the problem.
Further investigations, details relating to the
present studies and connection with previous work
will be presented elsewhere. The purpose of the
present note is to provoke' discussion and stimu-
late further investigations.
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sider the intensity of our 1~, laser pulse to be weak
enough that only one atom will be excited at any
given time. In that case two-photon states such as
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~
b),

~
c)

mixing via 12 does not bring back our interference pat-
tern. However, an equivalent simple physical argu-
ment is available and is, in some ways, preferable.
Namely, after the second pulse the atoms 1 and 2 are
now in some superposition of b and e states. Howev-

er, all we have to do to "know" which atom scattered
the y photon is to hit the atoms with a third pulse l3,
which would turn the atomic system back into its ori-
ginal state. For example, if I2 is a e pulse [in the
sense of Eq. (7)], and if we tailor l3 to be a o pulse
also, then we return the atoms to their "pre-12" con-
figuration. Clearly, if l& is a 8 pulse then l3 should
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