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Quantum interference by two temporally distinguishable pulses
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We report a two-photon interference effect, in which the entangled photon pairs are generated from two laser
pulses well separated in time. In a single pump pulse case, interference effects did not occur in our experi-
mental scheme. However, by introducing a second pump pulse delayed in time, quantum interference was then
observed. The visibility of the interference fringes shows a dependence on the delay time between two laser
pulses. The results are explained in terms of indistinguishability of biphoton amplitudes that originates from
two temporally separated laser pulsg$1050-294{99)51007-X

PACS numbsgs): 42.50.Dv, 03.65.Bz

The superposition principle plays the central role in inter-lowing way. A pair of SPDC photons is fed into the interfer-
ference phenomena in quantum mechanics. In a quantunemeter. The idleri() is delayed byr relative to the signal
mechanical picture, interference occurs because there are i(s) before it meets the beam splittéBS). After the BS, the
distinguishable ways for an event to ocddy. Classically, signal is delayed byr;; however, only in one arm of the
one would not expect to observe interference from two teminterferometer. Two analyzer-detector packages are placed at
porally separated laser pulses. To observe interference, tfge two output ports of the interferometer. The coincidences
two pulses, if coherent, must be brought back together ifpetween the two detectors are recorded to observe the fourth-
space or “spread” by a narrow-band filter. However, it is Order interferencésecond order in intensityas well as the
possible to observe interference effects for entangled twosingle counting rates of the detectors. Since we are interested

photon states generated by two laser pulses that are well observing the fourth—order interference, we o!’lly consider
separated in time the two-photon(biphotor) amplitudes that contribute to a

In this paper, we report a quantum interference experi-COinCidence count. There are two biphoton amplitudes that
’ ould result in coincidence counts for this interferometer:

ment in which interference occurs between the amplitudes it X ; .
entangled two-photon states generated by two temporaﬁ?om the signal and the idler af®) transmitted {-t), and(2)

well-separated laser pulses. The delay between the two pu gflected (-r) at the beam splitteBS). Notice that ther-t

I | s ch b h ter than the width d thet-r amplitudes cannot result in a coincidence count,
aser pulses 1s chosen to be muc gr‘(‘aa er than Pj, WIBIN Qi ce the signal-idler photon pair ends up at the same detec-
the pump pulse and the width of the “wave packet” deter-

) i ) tor (either atD, or D,). If the pump is a cwor a pulse with
mined by the spectral filter used in front of the detectors.(rpulse> 7,71, Whereo s is the pump pulse widih inter-

Therefore, the “wave packets” are well distinguishable from ¢, ance between the amplitudes andr-r may occur. Due

the single-photon point of view. We first show Wh¥ interfer- {4 the long coherence length of the pump, the two biphoton
ence effects are not expected for the case of a single pumgnplitudest-t andr-r may be indistinguishable, although
pulse in our experimental setup. Then we introduce a secor@daysT and r, are introduced as shown in Fig[3]. How-
pump pulse delayed in timie and show how one can recover eyer, when a short pump pulse, €1> 0puisd s Used, inter-
quantum interference. In this sense, this experiment can bgrence can never occur. It i principle, possible to know

viewed as a temporal quantum eraser. _ which path ¢-t or r-r) the pair took to contribute to a coin-
The two-photon state in this experiment is generated by

spontaneous parametric down-conversiS®DQ. SPDC is
a nonlinear optical process in which a higher energy UV
pump photon is converted to a pair of lower-energy photons
(usually called signal and idlemside a noncentrosymmetric
crystal (in this case,3-BaB,0,, called BBQ, when the
phase-matching conditidw,= ws+ ;, k,=Ks+K;, where
the subscripts refer to the pump)( signal &), and idler
(i)] is satisfied[2]. The signal and the idler have the same
polarization in type-l SPDC, but orthogonal polarization in
type-Il SPDC.

Let us first consider the case in which a single pump pulse
is used for a SPDC process in the experimental setup show
in Fig. 1. This two-photon interferometer works in the fol-

FIG. 1. Schematic of the experiment with a single pump pulse.
The idler () is delayed byr before reaching the BS and the signal
*Permanent address: Department of Physics, Moscow State Un{s) is delayed byr, after leaving the BS; however, only in one arm
versity, Moscow, Russia. of the interferometer.
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FIG. 2. Feynman diagrams for the single pulse case. Two am- FIG. 3. Feynman diagrams for the two-pulse case. (first
plitudes are distinguishable since the pump pulse acts as a clockpulse andt-t (second pulseare indistinguishable with respect to
coincidence detections.
cidence count. See the Feynman diagrams in Fig. 2. One
could, in principle, distinguisht-t and r-r amplitudes by ~mal calculation show§4] that the two biphoton amplitudes
measuring the time difference between the pulse pump anegnnot bendistinguishable(or overlapped when we choose
the coincidence detection since the pump pulse would act & delay 7, 71> o pyise, the pump pulse width, as in our ex-
a clock that fixes the origin of the biphoton. In other words,periment. Thus the interference cannot occur in our experi-
the Feynman alternatives that originate from a single pulsgental setup from a single pulse pump.
are distinguishable. It is clear that no interference will be Now we might ask ourselves, in the case 0f opse,
observed in this case. whether it would be possible to “recover” quantum interfer-
In a formal quantum-mechanical representation, the coinence. The answer is “yes.” This can be accomplished by
cidence counting ratéourth-order interferenges given by  introducing a second pulse delayed in tiniewith T=r
integrals over the firing times of the two detectofg, and > 0uise- This solution may come with a surprising ques-
T,, respectively[5], tion: Can interference occur between two temporally distin-
guishable pulses? The answer is also “yes.” Figure 3 shows
the Feynman diagrams for this two-pulse-pump scheme. It
has been shown that there are certain conditions to be satis-
fied in order to observe interference in this two-pulse-pump
case[4],

1 (T
RCM?JO dT,dT(W[E{TESESVE | W)

1 (T
~ 1 | amamgoleg e P &
T=71, 27=14. 3)
where, for exampleE{™) is the field operator that contains

annihilation operators for a photon arriving at detediqr. When this condition is safisfied, even though the two

|W) is the two-photon state of SPDC. Then, in the case of &YMP pulses are well distinguishable in time, diidl detec-
single pump pulse, as shown in Fig. 1, thishoton wave tion events for the signal or the idler are distinguishatiie,
packetsare “superp;osed” in the fornﬁéll] ’ r-r amplitude from the first pulsandthe t-t amplitude from

the second pulsare indistinguishable with respect to coin-

(O|ESTE(D| W)= —sing; cosbA(t, — 71,t1,— 27+ 77) cidence detections. This is illustrated in Fig. 3. This is a
_ two-photon interference phenomenon between biphoton am-
+Cc0s64 SinB,A(t, ,—t1o), 2 plitudes that originates from two temporally well-separated
pulses.
where t,=j3(t;+t,—27), ti=t;—t,+7, and t;=T, Naturally, another question arises. Do we still expect

—li/c, i=1,2, withl; denoting the optical path length from 10094 interference visibility in this double-pulse interference
the output face of the BBO crystal to detecfdr. sing, and  scheme? Surprisingly, the answer is “no.” The maximum
cosé, are the result of projecting the polarization states of thenterference visibility that one would expect, in this case, is
photons onto the detector analyzers. found to be 50%. Detailed theoretical calculations can be

In Eq. (2) the first term represents the amplituleave  found in Ref.[4]. Here we provide a simple explanation
packe} where both the signal and the idler are transmittechased on the Feynman diagrams; see Fig. 3. The coincidence
(t-t) at the beam splitte(BS), and the second term repre- coynting rate is proportional #60|ESVE()| W) 2. We now

sents the amplitudévave packetwhere both are reflected nhaye four amplitudes that could result in coincidence counts.
(r-r) at the beam splitter. To observe interference, thte  Therefore,

and ther-r biphoton amplitudes must be indistinguishable

(or the two wave packets should ovenldpr a given detec- Re|Agit+ Ao+ Arrr + Agpe| % (4)

tion time pair ¢;,t,). The indistinguishability of the two

Feynman alternatives implies that it ig, principle, impos-  whereA,; andA, represent the biphoton amplitudes resulting
sible to tell the biphoton path from the detection times. For-from the first and the second pump pulses, respectively. Sub-
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(a) 140-fsec width and a central wavelength of 400 nm. The
Quartz Rod Slow  Fast delay (T) between the two pulses was varied from

160um~280um (or 533—-933 fseg and a coincidence time
window of 3 nsec was used. The use of the 3-nsec coinci-
dence window has no effect on the visibility of the interfer-
(b) ence fringe, in principle. 3 nsec were chosen simply to cut
off unwanted accidental events between a double pulse and
the adjacent double pulse that is 11 nsec afk@ep in mind
that we have a train of “double-pulses”Therefore we can
safely say that the two pulses are temporally well separated,
and we only accept biphoton amplitudes originating from
two neighboring pump pulses with deldy
In the experiment, we made use of type-1l degenerate col-
linear SPDC ks=\;=2\,, wheres, i, andp stand for
signal, idler, and pump, respectiveiyfhe schematic of the
QR1 BS OR2 QR3 QP3 experiment is shown in Fig.(4). In this scheme, an orthogo-
, nal polarized signal-idler photon pafone with horizontal
o ] e B ot oy olaization, and he ather it vertcalpolarzabgrope:
) . C : ) ates in the same direction as the pump. The thickness of the
short focus lens, an interference filter with 10-nm full width at half . .
maximum, and an avalanche photodiode. BBO crystall used in the experiment was 10fn anzd the
' filter bandwidth was chosen to be 10 nriyg=\“/A\
=64um). Notice that the two pulses did not exist in the
BBO crystal at the same time at any moment. The interfer-
ometer consists of many quartz rods and quartz plates. If the
uartz rodgplates are placed with the optic axis either par-
lel or perpendicular to that of the BBO crystal, they intro-
duce delays between the signal-idler photon pair. The first
delay (7: QR1 and QPLis chosen to be 197%m (or 657
fseg and the second delay-{: QR2, QR3, QP2, and QP3
* * is chosen to be 197um. Therefore, we have satisfied one
R4+ AguAtr + Aarr A © of the two conditionsllfor observing two-photon interference

which shows 50% visibility in the maximum &, andA,,,  fom two separate pulses;=27. _

completely overlap. This deserves further comment. It is 10 demonstrate the two-photon interference effects, we
usually understood that quantum phenomena show 100(%’St show the poIarl_zatlon mterference. Th_e anaIyAQr_ls _
maximum visibility, while classical correlation of fields fixed at 45° andA, is rotated while recording the coinci-
show 50% maximum visibility in the fourth-order interfer- dence and single counts. The single counting rate of the de-
ence experimentgs]. In our case, however, maximum vis- tectorD; is found to be almost constant, while the coinci-
ibility is 50%, although interference is purely quantum me-dence counts show sit#;—6,) or sirf(6,+6;) modulation,
chanical in nature: it is due to quantum entanglement. It iglepending on the phases introduced when changing the in-
important to understand that the 50% visibility limitation is terpulse delayr [3,7,8. We recorded the visibility of this
purely the result of theory. Experimental imperfections arePolarization interference while varying the def@ybetween

not considered at all at this point. If we consider multiplethe two pulses. This is shown in Fig. 5. It is clearly shown
pulses (\>2) delayed in timeT with respect to one another, that when the dela¥ is equal to the interferometer delay

and include more biphoton amplitudes, the maximum visibil-the maximum visibility, which in this case is 33%, is ob-
ity can reach 1009%4]. served.

In our experiment, two temporally separated pump pulses We also observed the dependence of the coincidence
were obtained by transmitting a single pump pulse through gounting rate on the phase shift between the two pump
quartz rod with the optic axis normal to the pump beam andbulses: the space-time interferen&. This was done by
rotated by 45° with respect to the pump polarization. Seérienting the two polarizersA; andA;) at 45° and by plac-
Fig. 4a). Since the e ray and o ray inside the quartz propaing two additional quartz plates after the quartz rod in Fig.
gate with different group velocities, the incident single pulse4(@). By tilting the quartz plates, we introduced an additional
starts to separate into two pulses. The length of the quartghase delay between the pump pulses. From &jgand(5),
rod controls the delay between the two output pulses: on&e expect to observe
polarized in the fast axis direction and the other in the slow
axis direction of the quartz rod. We can further vary this Rex4—27(T)cosQpep), (6)
delay by placing quartz plates after the quartz rod to either
make the delay biggefoptic axis parallel to that of the where (), is the pump frequencyg, is the pump phase
guartz rod or smaller(optic axis perpendicular to that of the delay, andn(T) has a value of 8 1 and reflects the fact that
guartz rod. The repetition rate of the original pump pulse the visibility of the interference fringe depends on the value
was about 90 MHz: thus the distance between adjaceruf the interpulse delayf. For the case of maximum visibil-
pulses was about 11 nsec. The single pump pulse had abaty, »(7)=1. The data shown in Fig. 6 demonstrate the de-

v

scriptstt andrr simply refer to transmitted-transmitted and
reflected-reflected. It is clear from Fig. 3 that amplitudeg
and A,,, are indistinguishable with respect to coincidence
detections. Therefore, the cross terms lead to nonvanishin
interference terms. Other terms, efyy,, andA;;;, are dis-
tinguishable: hence the cross terms become zgkg,|?
=1, and similarly for other terms. This leads to
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FIG. 5. Visibility change of the polarization interference while FIG. 6. Space-time interference showing the dependence on

the delay between two pulses is varied. WRBR 7, maximum  ,ymp phase. The modulation period is 400 nm, as expected from
visibility was observed. Eq. (6).

curs between these two biphoton amplitudes only when they

pendence on pump phase change. The modulation period de indistinguishabldii) The BBO crystal in our experiment
400 nm(pump wavelength as expected from Ed6). Data 55 only 100um thick, so the two pulses did not exist in the

shown in Figs. 5 and 6 clearly demonstrate two-photon inggg crystal at the same time at any moméiit) Due to the

terference effects between the biphoton amplitudes generat%@ays in the interferometer(r,), the signal and idler never

from two temporally separated pump pulses. met at the beam splitter. Therefore, the existence of two-
In conclusion, we have experimentally demonstrated theyhqoton interference cannot be viewed as the interference be-

two-photon interference between biphoton amplitudes arisgyeen the signal and the idler photons. These three points
ing from two temporally separated pump pulses. It is impor-4gain emphasize the fact that it is, indeed, the indistinguish-

tant to note the following(i) The pump pulse intensity was pijity of the Feynman alternatives for the biphoton ampli-

low enough so that single counting rates of the detectorg,qes that is responsible for the quantum interference effects.
were kept much smaller than the pulse repetition rate: the

probability of having one SPDC photon pair per pulse in our We would like to thank T. E. Keller and M. H. Rubin for
experiment is negligible. Hence the interference cannot béelpful discussions. This work was supported, in part, by the
explained as two SPDC photons from two pump puleee  U.S. Office of Naval Research, and an ARO-NSA grant.
SPDC pair from each pulgéinterfering at the detectors. The M.V.C. and S.P.K. would like to thank the Russian Founda-
two pump pulses simply provide two biphoton amplitudestion for Basic Research under Grant No. 97-02-17498 for
that could result in coincidence counts, and interference ocsupporting their visit to Maryland.
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