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Observation of Quantum Interference Effects in the Frequency Domain

X. Y. Zou, T. P. Grayson, and L. Mandel

Department of Physics and Astronomy, University of Rochester, Rochester, New York, 14627
(Received 24 August 1992)

Interference has been observed in the mixing of signal photons produced by spontaneous down-
conversion in two nonlinear crystals, when the optical path difference through the interferometer greatly
exceeds the coherence length of the light. The interference shows up as a periodic modulation of the
spectrum. We demonstrate that the interference is nonclassical and connected with the entangled state
of the signal and idler photons, by inserting the long delay in the path of the idler photons, even though

the signal photons are interfering.

PACS numbers: 42.50.Dv, 42.50.Wm

As is well known, interference effects produced by two
light beams of similar spectral density are in general ob-
servable with one photodetector only when the optical
path difference ¢T between them is shorter than the lon-
gitudinal coherence length ¢7.. Actually, this “well
known” theorem is untrue. Interference occurs no matter
how long or short the optical path difference may be, but
the effect is manifest as a periodic spatial variation of the
light intensity when T <7, and as a spectral variation
when T> T,.. The spectral modulation has been known
within the domain of classical optics for many years
[1-3] although it is probably less familiar in the quantum
domain. Recently there has also been interest in spectral
shifts resulting from the interference of light [4-8].

We wish to report an experiment with single photons in
which interference shows up as a modulation of the spec-
trum, even when the long delay T is not inserted directly
in one of the two interferometer arms. This is the first re-
ported observation of one-photon interference under the
condition 7> T.. The visibility of the spectral modula-
tion can be controlled by adjustment of a filter of variable
transmissivity, as in some previous interference experi-
ments [9,10], and as before the effect is nonclassical. We
show that, under certain conditions, the spectral modula-
tion can be carried by each photon rather than by an en-
semble of monochromatic photons of different frequen-
cies.

Let us first treat the situation in which the optical fields
are classical waves. Let E{*(t) and E5* (1) be the pos-
itive frequency parts of two partly correlated electromag-
netic waves that come together and are mixed by a beam
splitter of reflectivity # and transmissivity 7 from one
side and R',T' from the other side. If wave 2 is delayed
by some time T, then the total complex fields E{*)(r)
and E§* (1) at the two exit ports of the beam splitter can
be written [11]

(1)33(a)) =¢((1)) [I%Iz(ll)*’ I‘TI 2(12)'*‘7{*7"((11)(12)) I/2‘}7126’["’7"*'C.C.] .

EPWO=REPO+TENG-T), )
(1
ESPWO=TEP W)+REP-T).

If the fields are stationary, the two-time autocorrelation
function of E{*’(¢) is given by

1“33(r) =|7f|21"“(r)+ |‘T|2r22(‘t)
+7i*‘T'F.2(r—T)+‘T'*7f1“2|(r+T), (2)

where rij(f)E(Ei(_)(t)Ej(+)(t+f)> (i,j=1,2,3), and
each autocorrelation or cross-correlation function de-
pends only on the difference between the two time argu-
ments. By the Wiener-Khintchine theorem, the Fourier
transform with respect to 7 of the correlation gives the
corresponding spectral density. Hence, if we write
®;; () for the autospectral or cross-spectral density, then
<1>,~,v(w)ELfm I(r)e dr (i,j=0,1,2). 3)
2 J
On making use of the symmetry property @ (w)
=®;;(w), we obtain from Eq. (2) after taking Fourier
transforms

®33(0) = | R0 (0) + | T| *®p(w)

+ R*T'® 3 (w)e T T +c.c. 4)

Finally, let us assume for simplicity that all Fourier
components of E{P (1) and £ (1) are correlated to the
same degree, which has been called the condition for
cross-spectral purity [12,13], so that

<D|2(w)/[<1>1|(w)¢22(a))]'/25712. (5)

Let @) () =U¢(w), Pnlw)=(¢(w), where (I;)
=T;(0) is the intensity of field j (j=1,2,3) and ¢(w) is
the normalized spectral density of either incoming beam,
normalized so that it integrates to unity. Then we have
from Eqs. (4) and (5) for the spectral density of E5%’(2),

(6)

The term proportional to the degree of coherence | 72| shows that so long as 71,70, a cosine modulation with respect to
the optical path difference ¢T is always present. Suppose that the spectrum of the optical field is centered at frequency
wo and has a bandwidth Aw. Then if T < 1/Aw, we may replace T by woT in the exponent to a good approximation,

© 1992 The American Physical Society

3041



VOLUME 69, NUMBER 21

PHYSICAL REVIEW LETTERS

23 NOVEMBER 1992

and then integration over all frequencies leads to the familiar interference law [11]

(I3)=T33(0) = 2Lf0°°q>33(w)dw =|RIXID+|T| X1+ 2| RT I 712 cos(woT +arg 71, +argT' —argR)
/9

(7)

But suppose that 7> 1/Aw. Integration over now |
causes the oscillatory terms in Eq. (6) to integrate to
zero. Nevertheless, as is clear from Eq. (6), interference
effects are still present, but they show up as a modulation
of the original spectral density ¢(w) rather than of the
total light intensity. Equation (6) is seen to be the more
fundamental interference relation, whereas Eq. (7) de-
pends on the special condition T < 1/Aw.

If (I)=(I,) and the relation |T|?+|R|*=1 holds,
then Eq. (6) reduces to

(1)33(w)=<11>¢(w)[l+7f*‘Z")712ei“’T+c.c.] . (8)

Similarly we may show that the spectral density at the
other beam splitter output is given by

Dys(w) =T Do) 1+ R'T* 712" +c.c.]. 9)

Because R*T'+ R'T* =0 from the symmetry properties
of a beam splitter, the two spectral modulations are in an-
tiphase. Exactly the same conclusions hold for a quan-
tized field when the correlations I",-,-=(E,'(_)(I)Ej(+)(t
+1)) are defined in terms of normally ordered field
operators.

Next let us consider the experimental situation illus-
trated in Fig. 1. Two similar nonlinear crystals NL1 and
NL2 are optically pumped by mutually coherent pump
beams of midfrequency wo and complex amplitudes
V1(1),V,(t), respectively, which are derived from one
laser. As a result parametric down-conversion can occur |

©33(w) =D |m)2Qr) |0(w,d) | X1+ R*TT* y1(z0)e™ 0"V p el

This may be compared with the classical Eq. (8). Here
712(1r) is the normalized cross-correlation of the pump
field at the two crystals with (/) =(I,), and the constants
m,n, that represent the two down-converter efficien-
cies are assumed to be equal. The spectral function
[¢(w,5)|? (6=w — wo) characterizes the spectral density
of the down-converted signal and idler light. Once again
we note that if the optical propagation time difference
[t2+ 70— 1> 1/Aw, ®33(w) carries a spectral modula-

FIG. 1. Outline of the experimental setup.
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at NL1 with the simultaneous emission of a signal s; and
idler 7, photon pair, or at NL2 with the simultaneous
emission of signal s, and idler i, photons. The crystals
are so arranged that i, and i, are collinear, and a filter of
complex transmissivity 7 is inserted between NL1 and
NL2. Light fields s; and s, are mixed at the beam
splitter  BSy with reflectivity % and _transmissivity
T (| R|>+|T|*=1) from one side and ®'.T' from the
other, and the combined signals fall on detector D;. Then
the quantized combined field é§+)(t) at Dy may be given
the mode expansion [10]

1 1/2

ESP () =% |

> ! zﬁ&sl(w)e —iw(t—1,)
T ) ®

+(z'-raAsz(w)eiw(xz-rz/c~t+rz) . (10)

where 70,7(,7, are the propagation times from NLI to
NL2, from NLI1 to Dy, and from NL2 to Dy, respectively.
We have taken the center of NL1 to be the origin,
whereas NL2 is centered at r. The quantum state |y(r))
of the down-converted light in the interaction picture at a
time ¢ after the pump beam is turned on has been calcu-
lated before [10], and it is found to be the entangled state
given by Eq. (5) of Ref. [10]. From these relations
we may readily calculate the autocorrelation function
<E§")(t)é§+)(t+ 7)), whose Fourier transform with
respect to 7 gives the spectral density of E§+)(t), and we
obtain

(rn

tion as in Eq. (8). The new element is the appearance of
the factor |T| in the visibility v of the spectral interfer-
ence pattern, which makes v=|T|y12(zo)| when |R|
=i‘f'|=l/\/§ and causes all interference effects to be
wiped out when 7 =0, i.e.,, when the path from NLI to
NL2 is blocked. A similar conclusion also holds for the
spatial interference pattern when |ty 10— 11| < 1/A0
[91.

We have carried out an interference experiment with
the apparatus in Fig. 1 in which the spectral modulation
in Eq. (11) was observed. The experiment is rather simi-
lar, in principle, to that described in Ref. [9]. NLI1 and
NL2 are two similar nonlinear 25-mm-long crystals of
LilO3, which are optically pumped by mutually coherent
pump beams derived from a single laser beam at 351 nm.
The interference filter IF; limits the bandwidth to about
10'2 Hz and the coherence length to about 0.3 mm. In-
terference effects show up in the counting rate of Dy
when BSy is translated through a few microns in the
direction indicated by the arrow. It has been observed
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FIG. 2. Results of light intensity measurements A4 with inser-
tion of the 3-mm delay plate in the s; arm; B with 3-mm delay
in the iy arm; C without any delay inserted. Data B have been
displaced upwards by 5000 for clarity.

previously [9,10] that s; and s, exhibit second-order in-
terference with about 30% visibility when i, and i, are
aligned and the path lengths of 5,5, are balanced so that
to+ 72 =1, but that the interference disappears when i,
is blocked and prevented from reaching NL2. More gen-
erally, insertion of a filter of amplitude transmissivity 7T
between NL1 and NL2 results in interference fringes
whose visibility is proportional to |T|. The effect can be
interpreted in terms of the indistinguishability of the pho-
ton paths [9], and has been treated in detail in Ref. [10].

We have modified the original experiment, first by in-
serting a 3-mm-thick glass plate in the s| arm of the in-
terferometer, as shown, that introduces an optical path
difference ¢T of about 1.5 mm between the two arms. As
this appreciably exceeds the 0.3-mm coherence length, all
interference in the light intensity falling on Dy is lost, as
is apparent from the data A4 in Fig. 2. However, insertion
of a scanning Fabry-Pérot interferometer with resolution
of about 40 GHz before D, reveals the spectral modula-
tion expected from Eq. (11). The results of an accumula-
tion of 10000 interferometer scans are shown by data 4
in Fig. 3, and they clearly exhibit the expected modula-
tion. The continuous curves in Fig. 3 are given by the fol-
lowing equation, which was found by a least-squares pro-
cedure:

y=212+401¢ ~(VT8NY4002 ) 4 1, cos[2n(v — ¢)/2301}
(12)

with © =37% for curve 4 and v =30% for curve B. The
broken curves correspond to v =0, and are identical to the
curves in Fig. 4.

Up to this point all observations are describable also in
classical wave terms, as is apparent from a comparison of
Eq. (11) with Egs. (8) and (9). We now insert a beam
stop between NL1 and NL2 so as to block i, and make
T =0. As shown by the data in Fig. 4, we find that the
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FIG. 3. Results of measurements of the spectral density at
detector D; with the 3-mm delay plate inserted in arm s, (A4)
and in arm iy (B). The full curves are based on Eq. (12). The
broken curves are the same as in Fig. 4. Data B have been dis-
placed upwards by 400 for clarity.

spectral modulation of the signal beam E+*’(r) disap-
pears, in agreement with the quantum prediction given by
Eq. (11). As was observed in previous experiments [9],
sy and s, then become mutually incoherent for reasons
that are not understandable classically, but can be ex-
pressed in terms of the distinguishability of the 5,5, pho-
ton paths.

Next we remove the delay 7 from the s, interferometer
arm and insert it between NL1 and NL2 instead (see Fig.
1). As is shown by data B in Figs. 2 and 3, we observe
the same absence of interference in the light intensity (/3)
and the same spectral modulation of £47’(¢) as before,
even though neither of the two interfering signals s,s; is
delayed or disturbed directly by the insertion. This also is
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FIG. 4. Results of measurements of the spectral density at
detector D with the 3-mm delay plate inserted in arm s; and
beam i, blocked (7 =0). The broken curve is given by Eq.
(12) with v =0.
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a nonclassical effect that is connected with the entangled
state of the signal and idler photons, and is in accord with
Eq. (11). The absence of interference in the total light
intensity measured by D; can be understood in terms of
the potential distinguishability of the photon paths NLI
to Dy and NL2 to D;. If an efficient photodetector D;
were inserted in the path of i, at distance ¢t; from NL2,
then simultaneous detections by D; and D; would be at-
tributable to photons from source NL2, whereas D;
detections that lag behind D; detections by T would obvi-
ously be attributable to photons emitted by NLI1. It is
this distinguishability, in principle, which wipes out the
interference in the total light intensity. It does not, how-
ever, wipe out the spectral modulation, because this is
measured with an interferometer whose passband is much
narrower than 1/T, which makes the time delay T un-
resolvable. Once again it is found that the modulation or
interference disappears when T =0, for the same reason
as before (see Fig. 4).

Finally, we briefly address the question whether the
rather complicated spectral distribution in Fig. 3 is to be
attributed to an ensemble of monochromatic photons of
different frequencies, or whether each photon emerging
from one output port of BSy should be regarded as carry-
ing the spectrum. The answer depends in a subtle way on
the bandwidth dw of the classical pump field and on
whether this field is stationary in time. In practice, with
stationary ensembles, the two cases are really indistin-
guishable. We can make use of Eq. (5) of Ref. [10] to
calculate the density operator /5(3) of the light emerging
from BSp in mode 3. We then find that if the pump field
is stationary then p‘m is strictly diagonal in zero- and
one-photon states |w), so that the emerging light should
be regarded as a mixture of monochromatic photons. On
the other hand, if the pump field is not stationary, then
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we encounter a linear superposition of one-photon |w)
states of different frequencies within dw, but these super-
posed states are mixed incoherently over the wider down-
converter bandwidth Aw. The condition for one photon to
carry a significant portion of the modulated spectrum is
evidently that 1/T < éw. This inequality is not satisfied
in our experiments, and therefore the modulated spec-
trum must be regarded as being carried only by the en-
semble, even with a nonstationary pump. We emphasize,
however, that the quantum mechanical character of the
spectral modulation we have observed does not depend on
this issue.
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