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The second-order temporal interference of two independent single-mode continuous-wave lasers is discussed by em-
ploying two-photon interference in Feynman’s path integral theory. It is concluded that whether the second-order temporal
interference pattern can or cannot be retrieved via two-photon coincidence counting rate is dependent on the resolution
time of the detection system and the frequency difference between these two lasers. Two identical and tunable single-mode
continuous-wave diode lasers are employed to verify the predictions. These studies are helpful to understand the physics of

two-photon interference with photons of different spectra.
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1. Introduction

In Feynman’s point of view, interference is at the heart of
quantum physics and it contains the only mystery of quan-
tum physics.!!! Tt should be helpful to understand quantum
physics if interference is understood better. Interference can
be divided into different categories based on different crite-
ria. For instance, based on the source employed, interference
can be categorized into interference with sound waves, pho-
tons, massive particles, etc. Based on the order, interference
can be categorized into the first-, second-, third-, and high-
order interference. Based on the valid superposition princi-
ple, interference can be categorized into quantum interference
and classical interference.!”’ Among all kinds of interference
mentioned above, two-photon interference is an ideal tool to
study the properties of interference in quantum physics be-
sides single-photon interference. The reasons are as follows.
Two-photon interference is a second-order interference phe-
nomenon, which is the simplest higher-order interference of
light.
ference belongs to quantum interference. >3 The interference

Photon is a quantum concept and two-photon inter-

experiments with photons are much easier than the ones with
massive particles, so that the theoretical predictions can be ver-
ified conveniently.

Two-photon interference, which is also known as the
second-order interference of light, was first observed by Han-
bury and Twiss in 1956, in which they found that randomly
emitted photons by thermal light source arrive at two detec-
tors in bunches rather than randomly.*! Theoretical explana-
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tions for this strange phenomenon advance the development
of optical coherence theory. Among all the interpretations,
Glauber’s quantum optical coherence theory may be the most
successful one, which is usually thought as the foundation of
modern quantum optics.>®! In Glauber’s quantum optical the-
ory, two-photon bunching of thermal light can be understood
by two-photon interference.!”] Two-photon interference has
been studied extensively with photons in both classical and

nonclassical states[®-10]

since the observation of two-photon
bunching of thermal light.[*] Recently, two-photon interfer-
ence with photons of different spectra has drown lots of atten-
tion due to its possible applications in quantum information
processing.[!1-22] All the experiments did not take the resolu-
tion time of the detection system into account except Ref. [17],
in which Flagg et al. pointed out that the observed dip is
affected by the response time of the detector. In the recent
experiments about the second-order interference of two inde-
pendent lasers,!?1:>?! the influence of the resolution time on
the observed interference pattern is not considered, either. In
this paper, we will study in detail how the resolution time of
the detection system affects the observed second-order inter-
ference pattern when the frequency difference between these
two lasers varies. Two independent and tunable single-mode
continuous-wave lasers are employed to verify theoretical pre-
dictions. We will also discuss the physics of two-photon inter-
ference with photons of different spectra, which is helpful to
understand the physics of interference.

The organization of the following parts is as follows. In
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Section 2, we will theoretically study the second-order tem-
poral interference of lasers with different spectra based on the
superposition principle in Feynman’s path integral theory. The
second-order interference experiments with two independent
and tunable single-mode continuous-wave diode lasers are de-
scribed in Section 3. The discussion and conclusions are given
in Sections 4 and 5, respectively.

2. Theory

Although the second-order interference of classical
light can be interpreted by both quantum and classical
theories,>%23 we will employ two-photon interference based
on the superposition principle in Feynman’s path integral the-
ory to interpret the second-order interference of two indepen-
dent lasers with different spectra. Recently, we have employed
this method to discuss the second-order subwavelength inter-
ference of light,[>*! the spatial second-order interference of
two independent thermal light beams,?! the second-order in-
terference between thermal and laser light, [26] etc. These stud-
ies indicate that the advantages of this method are not only
simple, but also offer a unified interpretation for all orders of
interference with photons in both classical and nonclassical
states. The scheme in Fig. 1 is employed in the following cal-
culations.

Lo

Ly D,

BS

D»

Fig. 1. (color online) Second-order interference of two independent
lasers. Two independent laser light beams are incident to two adjacent
input ports of a 1:1 non-polarizing beam splitter (BS), respectively. L;
and L, are two single-mode continuous-wave lasers. D and D; are two
single-photon detectors. CC is two-photon coincidence count detection
system. The mean frequencies of photons emitted by L; and L, are
Vi and Vs, respectively. The distance between the laser and detection
planes are all equal. For simplicity, the polarizations and intensities of
these two light beams are assumed to be identical, respectively.

There are three different cases to trigger a two-photon co-
incidence count in Fig. 1. (i) Both photons are emitted by L;.
(i1) Both photons are emitted by L,. (iii) One photon is emit-
ted by L and the other photon is emitted by L,. Although the
frequencies of the photons emitted by these two lasers are dif-
ferent, the photons are indistinguishable if |[v; — v, | is less than
1 /At,, where A, is the time measurement uncertainty of pho-
ton detection.>?”! Photon is usually detected by photoelectric
effect in a single-photon detector. It has been proved by For-
rester et al. that the time delay between photon absorption and

electron release is significantly less than 10710 5,281 which can
be treated as the time measurement uncertainty.

When photons emitted by these two lasers are indistin-
guishable, the two-photon probability distribution for the j-th
detected photon pair is/?+%’]

2
P; J(r1,013m2,12)
— |ei(0L1K” ei<(p“+%)K12+ ei(<PL2+%)K21 el Ky

+elfu KlleigoLszz + ei((PL1+%)K12ei((l’LQ-*-%)KZI|27 €))]

where ¢, and @, are the phases of photons emitted by L; and
L, in the j-th detected photon pair, respectively; Kqp is the
Feynman’s photon propagator from Ly to Dg at (rg,5) (@,
B =1, 2). The extra phase 7/2 is due to the photon reflected
by a beam splitter will gain an extra phase comparing to the
transmitted one.*”! The final two-photon probability distribu-
tion is the sum of all the two-photon probability distributions,

2
PO (ry111ma,1) = Y PP (1, 013m0,1)
7

. . . .
= (Je' MKy e T K), + e Pty e M Ky

el el MKy + el T HK el ?), (2)

where (---) is ensemble average by taking all the two-photon
probability distributions into consideration. Since L; and L,
are independent, (e'(?11792)) equals 0. Equation (2) can be
simplified as

P(z)(T1,l1;7‘27lz)
= (|K11K12|?) + (| K21 Kn |*) + (|K11 K22 — K12K21 ). (3)

The first and second terms on the right-hand side of Eq. (3)
correspond to two-photon coincidence counts of photons emit-
ted by L; and L,, respectively. The third term on the right-
hand side of Eq. (3) corresponds to two-photon interference
when two photons are emitted by two lasers, respectively. In
order to simplify the calculations, we assume that the modes
of both lasers are plane wave. Feynman’s photon propagator
for a photon in the plane wave is/>!!

Kop = exp[—i(kgp - Tap —27Valg)], 4

which is the same as Green function in classical optics.??! k,, B
and 74 are the wave and position vectors of the photon emit-
ted by Lo and detected at Dg, respectively. vq and 75 are the
frequency and time for the photon that is emitted by L, and
detected at Dﬁ, respectively (a, f =1, 2).

Substituting Eq. (4) into Eq. (3) and with similar calcula-
tions to that in Refs. [10], [22] and [24]-{26], it is straightfor-
ward to have one-dimensional temporal two-photon probabil-
ity distribution as

1
PO (1),1r) o< 1 — Ecos[ZJL'AV(tl —n)], ®)
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where paraxial and quasi-monochromatic approximations
have been employed to simplify the calculations. The posi-
tions of D; and D, are assumed to be the same in order to
concentrate on the temporal part. Av is the frequency differ-
ence between these two lasers, which equals |v; — v»|. The
maximum visibility is 50%, which is consistent with the con-

clusion in Ref. [33]. Two-photon coincidence counting rate
i5[8:34.35]

1 tA+TR tg+TR 2)

Rec(tasts) = ﬁ/ dr / dnP(t,12),  (6)
TR A B8

where TR is the resolution time of two-photon detection sys-

tem. With a similar method used in Refs. [10] and [35] and

setting 7 = (¢; +1#2)/2, T_ =1, — 2, equation (6) can be sim-

plified as

1 Tx
Rec(ta,t) =1— 3 sin [ZEAV (tA —1g— ;)} sinc(TAVTR), (7)

where cos[2AV(f] — ;)] = Re{exp(2mAv(t; —t;))} has been
employed in the calculation. sinc(x) equals sinx/x. Based on
Eq. (7), we can discuss the relationship between the measured
two-photon coincidence counting rate and two-photon proba-
bility distribution function in three different situations.

HAVIR < 1

In this regime, the resolution time of the detection system
is much less than the beating period of these two lasers. The
function, sinc(wAvTR), can be approximated to be 1. Equa-
tion (7) is simplified as

1 T;
RCC(IA,IB)Z l—isin |:27Z?AV<IA—ZB—2R):|, ®)

which is the same as the two-photon probability distribution
function (Eq. (5)) except a phase factor difference. The mea-
sured two-photon coincidence counting rate is the same as the
two-photon probability distribution function.

(i) AvIR > 1

In this regime, the resolution time is much larger than the
beating period. The function, sinc(TAVTR), can be approx-
imated to be zero. Equation (7) becomes a constant, which
means that no second-order interference pattern can be ob-
served by measuring two-photon coincidence counting rate.
However, there is two-photon interference in this condition.
The reason why the second-order interference pattern cannot
be observed is the visibility of the interference pattern is very
low.

(iii) AvTg is comparable with 1

In this regime, the observed two-photon coincidence
counting rate is proportional to the two-photon probability dis-
tribution function modulated by a sinc function. In order to
get an intuitive understanding about the relationship between
two-photon coincidence counting rate and two-photon prob-
ability distribution function, figure 2 presents the simulated

two-photon coincidence counting rates for different values of
frequency difference. The parameters are similar to the ones
in our experiments in order to compare the theoretical and
experimental results. The central wavelength of the laser is
780 nm. The frequency bandwidth is 100 kHz. The resolu-
tion time of the detection system is 0.35 ns. The time window
for the second-order temporal interference pattern is 40 ns and
the time width for each channel is 0.0122 ns. Figures 2(a)—
2(h) correspond to the frequency differences between these
two lasers are 0.1, 0.2, 0.5, 1, 2, 2.86, 5, 10 GHz, respec-
tively. When the frequency difference is 0.1 GHz, the beating
period is 10 ns. The resolution time of the detection system is
much less than the beating period. The observed two-photon
coincidence counting rate is the same as two-photon probabil-
ity distribution function, where the visibility is 50% as shown
in Fig. 2(a). The visibility of the observed interference pattern
decreases as the frequency difference between these two lasers
increases, which can be seen from Figs. 2(a)-2(e). In Fig. 2(f),
the resolution time equals the inverse of the frequency differ-
ence between these two lasers. It is almost impossible to re-
trieve the interference pattern from two-photon coincidence
counting rate. However, if we analyze the simulated two-
photon coincidence counting rate closely, the second-order in-
terference pattern still exists. The reason why there seems no
interference pattern is the visibility is 2.22%. When the fre-
quency difference is 10 GHz, the visibility is 0.02%, in which
no two-photon interference pattern can be observed via two-
photon coincidence counting rate.

1.5, (@) 0.1 GHz 1.5, (b) 0.2 GHz
9
10 1.0
0. 0.
30 0 20 30 0 20
131 (¢) 0.5 GHz 15 @)1 6z
::cg 1.0 1.0
0. 05
30 0 20 30 0 20
15 15
(¢) 2 GHz () 2.86 GHz
Q:S 1.0 1.0
0. 0.
L3, 20 0 O] 0 20
(2) 5 GHz “| (h) 10 GHz
o
10 1.0
0 0.
30 0 20 30 0 20
(t1—t2)/ns (t1—t2)/ns

Fig. 2. Simulated two-photon coincidence counting rates when the fre-
quency difference varies. Rc.: two-photon coincidence counting rate.
1 —tp: time difference between two single-photon detection event for a
two-photon coincidence count. The parameters for the simulation are as
follows. Central wavlength: 780 nm, frequency bandwidth: 100 kHz,
resolution time: 0.35 ns, channel width: 0.0122 ns. Time window:
40 ns. (a)—(h) correspond to the frequency difference between these
two lasers are 0.1,0.2 0.5, 1, 2, 2.86, 5, 10 GHz, respectively.

However, it should be noted that the simulations in Fig. 2
is based on Eq. (7), which is valid when the frequency dif-
ference is less than 1/A¢,. Photons with frequency difference
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larger than 1/A#, are distinguishable. Probabilities instead of
probability amplitudes should be added to get the j-th detected

).[1,29

two-photon probability distribution in Eq. (1 ! n this con-

dition, equation (3) should be changed into

PO (ry,113m0,1)
= (|KnKi2*) + (|K21 K2 |?)
+(|K11 K2 ) + (|K12K21 |*), )

in which no second-order interference pattern exists in the
two-photon probability distribution.

When a fiber beam splitter is put at one output of BS to
measure the second-order temporal interference pattern as the
one in Fig. 3, only the positions of phase factor, /2, change in
Eq. (1). With the same method above, two-photon coincidence
counting rate (Eq. (7)) is changed into

Rcc(tAth)

1 T
~ 1+ 3 sin [ZEAV (tA —1g — ZRH sinc(TAVTR). (10)

It is easy to find that equations (7) and (10) are identical ex-
cept that the minus sign in Eq. (7) is changed into plus sign in
Eq. (10). All the discussion above is valid for the scheme in
Fig. 3.

3. Experiments

In Section 2, we have calculated two-photon probability
distribution and coincidence counting rate in the second-order
interference of two independent single-mode continuous-wave
lasers with different spectra. In this section, we will employ
the experimental setup in Fig. 3 to verify our predictions.

The measured two-photon coincidence counts are shown
in Fig. 4. The dark counts of both single-photon detectors
are less than 100 c/s. CC is two-photon coincidence count.
] — 1y is the time difference between these two single-photon
detection events within a two-photon coincidence count. Each
two-photon coincidence counting rate in Fig. 4 is collected for
120 s. The measured coincidence counts are raw data with-
out subtracting any background. The second-order interfer-
ence pattern is observed in Fig. 4(a), in which the frequency
difference is 189 MHz. The beating period is 5.29 ns, which is
larger than the resolution time of our detection system, 0.35 ns.
The frequency difference between these two lasers is varied
by tuning the frequency of L, while fixing the frequency of
L;. When the frequency difference is 461 MHz, the second-
order interference pattern can also be observed as shown in
Fig. 4(b). The visibility of the interference pattern in Fig. 4(b)
is less than the one in Fig. 4(a). No interference pattern is
observed in Fig. 4(c), in which the frequency difference is
1.11 GHz. Although there is interference pattern in the simu-
lation in Fig. 2(d) when the frequency difference is 1 GHz. Itis

difficult to retrieve the interference pattern experimentally via
two-photon coincidence counting measurement due to its low
visibility. When the frequency difference is 3 GHz, there is no
second-order interference pattern observed in Fig. 4(d), either.
The observed experimental results in Fig. 4 are consistent with

the theoretical predictions in Fig. 2.

Lo

Py

Ly Py

BS

Fig. 3. (color online) Experimental setup for the second-order inter-
ference of two tunable single-mode lasers. L; and L, are two identi-
cal grating stabilized tunable single-mode diode lasers (DL100, Toptica
Photonics). The central wavelength and frequency bandwidth of the
laser are 780 nm and 100 kHz, respectively. Py and P, are two linearly
polarizers to ensure that the polarizations of these two light beams are
identical. D is a fast amplified silicon detector (ET-2030A, Electro-
Optics Technology, Inc.). S is a spectrum analyzer (Agilent E441B) to
monitor the frequency difference between these two lasers. Dy and D,
are two single-photon detectors (SPCM-AQRH-14-FC, Excelitas Tech-
nologies) and CC is two-photon coincidence counting system (SPC630,
Becker & Hickl GmbH). BS is a 1:1 non-polarizing beam splitter. A is
an optical attenuator to decrease the intensity of light so that the single-
photon counting rates of both detectors are around 50000 c/s. FBS is a
1:1 non-polarizing fiber beam splitter, which is employed to ensure that
the positions of these two detectors are identical. The optical distance
between the laser and Df is equal to the one between the laser and the
collector of FBS, which is 525 mm. The length of FBS is 2 m.

30 45

(a) 189 MHz

20 40
(t1—t2)/ns

Fig. 4. Measured two-photon coincidence counts when the frequency
difference is (a) 189 MHz, (b) 461 MHz, (c) 1.11 GHz, () 3.0 GHz. CC:
two-photon coincidence count. f; —#p: time difference between two
single-photon detection event for a two-photon coincidence count. The
collection time for each figure is 120 s.

(tl—tQ)/ns
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4. Discussion

In the last two sections, we have calculated the second-
order temporal interference pattern of two independent single-
mode continuous-wave lasers when the frequency difference
varies and employed two tunable lasers to verify the theoreti-
cal predictions. The reason why the observed interference pat-
terns are different when the frequency difference varies is de-
pendent on the resolution time of the detection system and the
frequency difference. When the resolution time is much less
than the beating period, the observed two-photon coincidence
counting rate is identical to the two-photon probability distri-
bution function. The visibility of the observed interference
pattern decreases as the frequency difference increases, which
has been confirmed both theoretically and experimentally in
Figs. 2 and 4, respectively. When the frequency difference is
larger than a certain value, the visibility of two-photon coin-
cidence counting rates approaches 0. The interference pattern
cannot be observed.

It is worth noting that although the second-order interfer-
ence pattern cannot be observed when the frequency difference
exceeds a certain value in our experiments, the second-order
interference pattern still exists when the frequency difference
is less than 1/A#,. There is interference pattern in the simula-
tion when the frequency difference is 2 GHz in Fig. 2(e). The
second-order interference pattern can be retrieved if we have a
detection system with much shorter resolution time. Based on
the discussion above, a question arises naturally. Is it possible
to observe two-photon interference between any photons if we
have a detection system with infinity small resolution time?
The answer is yes in classical physics for there is no limit on
the measurement accuracy. In quantum physics, the answer
is no since the measurement accuracy is limited by Heisen-
ber’s uncertainty principle.>?’! The time measurement uncer-
tainty in photon detection is determined by the photon detec-
tion mechanism. In the photon detection based on photoelec-
tric effect, the time measurement uncertainty is significantly
less than 10710 5.8 Without loss of generality, we assume
the time measurement uncertainty of photon detection based
on photoelectric effect is 1070 s. Photons with frequency
difference larger than 10 GHz is distinguishable for the de-
tection system.[?! The different ways to trigger a two-photon
coincidence count are distinguishable in the scheme in Fig. 1.
Based on the superposition principle in Feynman’s path inte-

[1.29] there is no two-photon interference when dif-

gral theory,
ferent alternatives are distinguishable. Two-photon probability
distribution is given by Eq. (9) when the frequency difference
is larger than 10 GHz. No second-order interference pattern
exists in this condition.

It is well-known that the observed result is dependent on
the measuring apparatus in quantum physics. For instance,

there is no two-photon interference for photons with frequency

difference larger than 10 GHz if the detection system based on
photoelectric effect is employed. It does not mean there is
no two-photon interference for other detection systems. For
instance, the time measurement uncertainty of two-photon ab-
sorption is at 10~!> s range.3®! Photons with frequency differ-
ence less than 10 GHz are indistinguishable. There is two-
photon interference when the frequency difference is less than
10° GHz for detection system based on two-photon absorp-
tion. Photons with different spectra are distinguishable for
some detection systems, while these photons can be indistin-
guishable for other detection systems. When talking about the
measured results in quantum physics, one has to pay special
attention to the employed measuring apparatus.*”}

Although our calculations and experiments are for the
second-order interference of classical light. The discussion
and conclusions above can be generalized to the second-order
interference of nonclassical light.[“’lz’l“‘”’mJ For instance,
when these two lasers are replaced by two single-photon
sources in Fig. 1, there are only two possible alternatives to
trigger a two-photon coincidence count. One is the photon
emitted by source 1 goes to detector 1 and the photon emit-
ted by source 2 goes to detector 2. The other alternative is the
photon emitted by source 1 goes to detector 2 and the photon
emitted by source 2 goes to detector 1. The same method as
the one in Section 2 can be employed to calculate the second-
order interference of photons in nonclassical states. Further-
more, the method is also valid for the second-order interfer-
ence between classical and nonclassical light. For instance,
there is two-photon interference by superposing photons emit-
ted by laser and nonclassical light source if the photons are

indistinguishable for the detection system. 38!

5. Conclusions

In conclusion, we have theoretically and experimentally
studied the second-order temporal interference of two inde-
pendent single-mode continuous-wave lasers when the fre-
quency difference varies. Whether the second-order inter-
ference pattern can be retrieved via two-photon coincidence
counting measurements is dependent on the resolution time
of the detection system and the frequency difference of these
two superposed lasers. When the resolution time is much less
than the beating period, the observed two-photon coincidence
counting rate is the same as two-photon probability distribu-
tion function. When the resolution time of the detection sys-
tem is fixed, the visibility of the observed second-order inter-
ference pattern decreases from 50% to nearly zero as the fre-
quency difference increases. When the frequency difference
is larger than the inverse of time measurement uncertainty of
the detection system, there is no two-photon interference for
the different alternatives to trigger a two-photon coincidence
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count are distinguishable. The results are helpful to under-

stand the second-order interference of light in the languages

of photons.
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