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Time-Resolved Dual-Beam Two-Photon Interferences with High Visibility

J. Brendel, E. Mohler, and W. Martienssen
Physikalisches Institut der Universita't Frankfurt am Main, D 6000-Frankfurt am Main, Federal Republic of Germany

(Received 5 November 1990)

We perform a two-photon interference experiment in a Michelson interferometer with photon pairs
produced by spontaneous parametric down-conversion. The interferometer is set to a path difIerence
much larger than the coherence length of the light field. Application of a time-resolved coincidence
detection scheme reveals two-photon interference fringes with a visibility of 87%. This high visibility
clearly demonstrates the nonclassical nature of the observed interference and should allow further spin-
free tests of Bell's inequalities.

PACS numbers: 42.50.—p, 07.60.Ly

During the last years a number of experiments using
correlated photons in a pair state have been performed to
demonstrate fourth-order interference effects. These
manifest themselves as a phase-dependent variation of
the photon correlation in the detected light field, and
they can be obtained even in the absence of the familiar
second-order or intensity interferences. Fourth-order in-
terferences were first observed in experiments regarding
the correlation of spatially separated photons of a
pair. '

A related interference effect has been demonstrated
recently using Michelson interferometers driven by pho-
ton pairs. Although the path difference between the
arms of the interferometer exceeded the coherence
length of the light by far, correlation measurements be-
tween the interferometer outputs still exhibited interfer-
ence fringes with visibilities close to a value of 50%. In
these experiments, the observed correlation interference
can be understood as the interference of photon pairs
with themselves. However, one has to take into con-
sideration that part of the photon pairs are split during
passing the interferometer. For large path differences
and low temporal resolution these processes result in an
unmodulated background in the interference thus limit-
ing the visibility to 50%.

It has been pointed out that fourth-order interferences
with visibilities up to 50% in the absence of second-order
interferences could also be obtained with classical light
fields. ' ' On the other hand, the possibility of such an
explanation has been questioned. In any case, if visibili-
ties above 50% are obtained, they unambiguously dem-
onstrate the nonclassical nature of the pair state.

Fourth-order interferences can also be used for spin-
free tests of Bell's inequalities. '" In particular, in-
terferences in large-path-difference interferometers have
been suggested for such a test. ' ' Experiments of this
type, however, would require visibilities exceeding a
value of ( —,

' )'l =71%. Therefore it appears promising
to improve the experiments with Michelson interferome-
ters aiming at visibilities larger than those obtained up to
now.
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FIG. 1. Possible processes of photon-pair propagation inside
a Michelson interferometer. The small boxes schematically in-
dicate "snapshots" of those pairs where both photons are leav-
ing the interferometer through the exit arm.

In this Letter, we report on an experiment which al-
lows one to eliminate the background of split photon
pairs in the interferogram. This elimination is achieved
by highly time-resolved coincidence detection; it leads to
fourth-order interferences with visibilities much larger
than 50% and also larger than the Bell limit of 71%.
The path differences exceed the coherence length by or-
ders of magnitude.

The photon pairs are produced by spontaneous para-
metric down-conversion. The process, in which the pho-
tons of a pair are emitted simultaneously, ' ' obeys the
frequency and (inside the crystal) wave-vector conserva-
tion relations

p =cps+ Mt' kp =ks+ki' .

Here cop and kp denote the frequency and the wave vec-
tor of the pump photons, respectively, and m„co;, k„k;
are the corresponding quantities for the created signal
and idler photons. The transmission probability P2&(6)
for photon pairs in a Michelson interferometer can be
derived by regarding the four different ways the pair can
traverse the interferometer from the entrance arm to the
exit arm (see Fig. 1). Representing each quantum-
mechanical process by a complex probability ampli-
tude, ' ' the total probability is given by

P22(b) =(R T I 1+exp[i(8+8„,)]+exp[i(8+8„)]

1142 1991 The American Physical Society



VOLUME 66, NUMBER 9 PHYSICAL REVIEW LETTERS 4 MARcH 1991

P (b) = —,
' [1+—' cos{28)]. (3)

We thus obtain interference fringes with a visibility of
50% and a period given by the wavelength of the pump
light.

The visibility of this interference can be enhanced,
however, by excluding processes 2 and 3 from detection.
As suggested in Refs. 5 and 6, this can be done by taking
advantage of the time delay between the photons which
traveled along different arms of the interferometer in

these processes. Correlation measurements with ade-
quate time resolution should allow the separation of
these events. In fact, subtracting the contributions of
processes 2 and 3 from the total probability, Eq. (3) is
modified to

P (b) = —,
' [I+cos(28)],

which means that the visibility of the interference fringes
is increased to 100%.

The experimental setup is shown in Fig. 2. The beam
of an argon-ion laser operating at wavelength k =458 nm
serves as the pump light for the generation of parametri-

transmission paths 1-4 shown in Fig. 1. Here, 6 is the
phase difference between the interfering beams for
coherent light and 8'„and 8„. are random deviations of
the phase differences due to the frequency distributions
within the signal and idler beams. Because of the con-
straints, Eq. (1), the random deviations obey the relation
8„+8'„; =0. R and T are the reflectivity and the
transmissivity of the interferometer beam splitter, re-
spectively, and the brackets {) denote averages over the
random Auctuations S„and b„;.

We will now assume that the path difference is much
larger than the coherence length of signal and idler pho-
tons, but still smaller than the coherence length of the
pump light. The random phase differences b„, and 6„;
then are suSciently large to destroy all interferences in-
volving paths 2 and 3 (see Fig. 1). Therefore these pro-
cesses only produce an unmodulated background. What
remains is the interference between the processes 1 and 4
which is still possible due to the constraints for the phase
deviations. The average in Eq. (2) therefore yields (for
Z=T= ,' )-

cally down-converted photon pairs in the P-barium-
borate (BBO) crystal. By use of an intracavity etalon in
the pump laser we achieve single-mode operation with
40-mW output and a spectral bandwidth of 54 MHz.
The coherence length of the pump light therefore is
about 5 m. Inside the crystal the pump beam subtends
an angle of approximately 25 with the optical axis. In
this way, phase matching for degenerate collinear type-I
down-conversion is achieved. The pump beam is
suppressed by a Gian-Thompson polarizer P and two
color glass cutoff filters F. The divergence of the pump
beam causes a frequency spread of the down-converted
light. ' The aperture A restricts the bandwidth of this
light to b,l, =100 nm. The center wavelength is at
AD=916 nm. The photon pairs pass the Michelson inter-
ferometer composed of the semitransparent beam splitter
BS1 and two highly reflecting mirrors Ml and M2. The
arm lengths are set to 2 and 30 cm, respectively. Mirror
M2 can be moved by a piezoelectric translation drive.
The transmitted light field is detected by the "photon-
pair detector" ' which consists of a semitransparent
beam splitter BS2 and two photon-counting avalanche
photodiodes DI and D2.

The output signals of the detectors are fed to a time-
to-amplitude converter (TAC). The output of the detec-
tor which provides the stop signal for the TAC is given a
bias delay of 30 ns by the unit DL. The TAC allows us
to monitor the time intervals between the pulses of
different detectors with a resolution of 50 ps. A single-
channel analyzer (SCA) is used to set the width and po-
sition of the time interval during which incoming pulses
are treated as coincident. The SCA output is fed to a
PC which serves as multichannel coincidence counter
and pulse-height analyzer. For recording interference
fringes the channel advance of the counter is synchron-
ized with the variation of the path difference between the
interferometer arms.

A typical time-difference distribution obtained by
pulse-height analysis is shown in Fig. 3. The count rates
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FIG. 2. Experimental setup; for details see text.
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FIG. 3. Distribution of the time differences i in the detected
photon-pair signals. The double arrows indicate time-
difference windows hi which are used for the interference ex-
periments shown in Fig. 4.
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are plotted against the time diAerence z between the out-
put pulses of the detectors. The center peak is due to
photon pairs in which both photons traveled along the
same arm of the interferometer (processes 1 and 4 in

Fig. 1). The registered delay for these signals is identi-
cal to the bias delay introduced for the stop-detector sig-
nal and is therefore marked as z=0. Two additional
peaks are found at z= ~ 1.9 ns. They belong to photon
pairs which are first split and then recombined while
passing the interferometer (processes 2 and 3 in Fig. 1).
The measured delay is in good agreement with a time de-
lay of ~ 1.87 ns calculated from the length diff'erence of
28 cm between the arms of the interferometer. The data
points are taken as sample averages during a scan of the
path diff'erence over several wavelengths. Therefore, the
relative weights of the peaks are 1:2:1 which correspond
to the ratios of the mean probabilities of processes 2, 1

plus 4, and 3, respectively. The distances of the observed
peaks are sufficiently large compared to their width to al-
low an effective separation of pairs with different time
differences z of their photons. On the other hand, the
path diAerence is much ~mailer than the coherence
length of the pump laser light, such that the phase con-
straints are still valid.

We now set a coincidence window h, z centered at z =0
on the time-diAerence distribution and record only the
counts within the window while scanning the path
diA'erence between the interferometer arms. First we
choose a rather broad window of h. z~ =5 ns width as
marked in Fig. 3 by the dashed vertical lines. The re-
sulting interference pattern is shown in Fig. 4(a). The
experimental data are represented by circles. The data
are obtained by integrating the count rates over 10 s at
each step of the phase scan. The rate of accidental coin-
cidences (about S s ) determined by shifting the coin-
cidence window by 5 ns has been subtracted. The figure
shows interference fringes with a periodicity given by the
wavelength of the pump light and a mean visibility of
46%. The solid line is a fit by the function P2q(B)
= —,

' [1+0.46cos(26)1. These results compare to earlier
measurements of correlation fringes ' in Michelson in-
terferometers.

Our electronic setup now allows us to increase the
time resolution by more than 1 order of magnitude com-
pared to previous experiments and to select only the cen-
tral peak in Fig. 3. By narrowing the coincidence win-
dow to h, z2 =330 ps as marked by the solid vertical lines
in Fig. 3 we register [Fig. 4(b)] only those photon pairs
whose photons arrive simultaneously at the two detec-
tors. The visibility of the interference pattern increases
to V =0.87. Again, accidental coincidences (about 1

s ') are subtracted. The solid line represents a fit by
P2q(8) = —,

' [1+0.87 cos(28) ]. This visibility clearly
exceeds the visibility limit of 50% which has been found
in previous experiments with photon pairs in 1arge-path-
diA'erence Michelson interferometers. The deviation
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FIG. 4. Recorded fourth-order interferograrns using a coin-
cidence window width of (a) Ar~ =S ns and (b) hr2=330 ps.
The setoA 60 of the phase diA'erence corresponds to a path
diA'erence of about 6x10 Xo. The solid lines are fits to the ex-
perirnental data as described in the text.

from the optimum value of V=100% is due to mechani-
cal instabilities of the interferometer, the finite size of
the aperture, and a slightly diAerent probability of the
detectors to collect the photons which passed diferent in-
terferometer arms.

Irrespective of the question of whether correlation in-
terferences with visibilities below 50% can also be inter-
preted classically, the results presented here have no
classical analogy. They are based both on the frequency
constraints of the field and on the temporal correlations
of the photons in the pair state. Although the frequency
constraint alone explains the appearance of the interfer-
ence fringes, it is the very two-particle nature of the
two-photon state which allows a separation of the dis-
turbing background intensity by the time-resolved detec-
tion scheme.

In order to perform a test of Bell's inequalities the
experimental setup has to be modified to a configura-
tion where two spatially separated interferometers are
used. ' ' This is the goal of a futore experiment.

During the course of this work, Rarity et al. as well
as Ou et al. ' demonstrated high-visibility fourth-order
interferograms by a diA'erent method. They used a
Mach-Zehnder interferometer in a setup where the pho-
ton pair entered the interferometer with one photon in
each entrance arm. In their experiment the time-
correlated photons of a pair are recombined by the semi-
transparent entrance beam splitter. Because of the
specific action of the beam splitter again a selective ob-
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servation of interference between unsplit photon pairs is
possible which in an ideal case would lead to visibilities
of 100%. In practice, visibilities of 62% (Ref. 20) and
about 75% (Ref. 21) were achieved.
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