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Abstract
It is shown how classical laser light impinging on a beam splitter with internal reflections may
mimic anti-correlations of the detected outputs, similar to those observed for anti-bunched
light. The experimentally observed anti-correlation may be interpreted as a classical
Hong–Ou–Mandel dip.
PACS numbers: 42.50.Ar, 42.25.Hz
(Some figures may appear in color only in the online journal)

mode operators âλ with discrete frequencies ωλ = λ · δω
(λ = 0, 1, 2, . . .), would reveal the statistics of the photon
number,
X †
N̂in,1 (t) = N
âλ0 âλ ei(ωλ −ωλ0 )t ,
(2)

1. Introduction
Splitting a stationary optical beam into two parts and
observing anti-correlation between the detected parts is
commonly believed to be a sufficient condition to attribute
anti-bunching to the incident light beam. This is based on the
classical treatment of the correlation function together with
the application of the Cauchy–Schwartz inequality, leading to
the inequality [1]
G(τ ) 6 G(0).

λ,λ0

which is accumulated during the response time τdet of
the detector. It is supposed that τdet  τcoh , where the
coherence
R time of the light is τcoh = 2π/1ω so that N =
c0 τdet dA|E(x, y)|2 /h̄ ω̄ with the transverse beam profile,
E(x, y), being integrated over the area of the photo detector
(PD).
The two output fields 10 and 20 are incident on PD1 and
PD2 with the output photon numbers accumulated during the
response time τdet being (i = 1, 2)
X
N̂out,i (t) = N
f i (ωλ , ωλ0 )âλ†0 âλ ei(ωλ −ωλ0 )t + vacuum terms.

(1)

The violation of this inequality has been experimentally
shown for the first time in [2].
Here, we argue that the violation of (1) is only a
necessary but not sufficient condition for anti-bunching in the
incident light. We show both theoretically and experimentally
that a classical laser source can violate (1) when the beam
splitter shows interference effects by internal reflections.
Then the setup becomes equivalent to a classical version of
the Hong–Ou–Mandel interferometer [4] with two filtered
coherent input fields. The observed violation of (1) may then
be interpreted as a kind of classical Hong–Ou–Mandel dip.

λ,λ0

(3)
The interferometric structure is encoded by the functions
f i (ω, ω0 ), which are restricted by the relations f i (ω, ω0 ) =
f i∗ (ω0 , ω), imposed by the Hermiticity of the photon numbers
(3). Note that the ‘vacuum terms’ contain mode operators of
the vacuum field at input port 2.
Recording the traces of the outputs of PD1 and PD2, the
normally ordered cross correlation of photon numbers,

2. Theory
Assume a general four-port interferometer where a light beam
with central frequency ω̄ and spectral width 1ω and vacuum
enter input ports 1 and 2, respectively, see figure 1. Photo
detection of the input field 1, being described by the bosonic
0031-8949/13/014030+04$33.00

G out (t1 , t2 ) = h: N̂out,1 (t1 ) N̂out,2 (t2 ) :i,

(4)

is obtained by statistically averaging the product of
time-delayed traces. For stationary light at input port 1, the
1
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1

f 1 (ω , ω  )

Inserting (12) into (5) and performing the continuum
limit δω → 0 by defining the spectral photon-number density
n̄(ωλ ) = limδω→0 N̄λ /δω with mean ω̄ and width 1ω ( 1ω 
ω̄), the first- and second-order contributions are obtained as
Z ∞
Z ∞
2
dω
dω0 n̄(ω)n̄(ω0 )
G (1)
(τ
)
=
N
out

PD1
C

vacuum

2

2

f 2 (ω , ω  )

PD2

−∞

Figure 1. A four-port interferometer with a classical light field at
input 1 and vacuum at input 2.

correlation (4) only depends on the difference time τ = t1 − t2
and is obtained from (3) and (4) as [1]
G out (τ ) = N

2

∞
X

∞
X

iωµ τ

e

(2)
G out
(τ ) = N

f 1 (ωλ , ωλ−µ )

+e
(5)

∞

Z

∞

dω

i(ω−ω0 )τ

dω0 n̄(ω)n̄(ω0 )[ε1 (0, ω)ε2 (0, ω0 )

−∞

ε1 (ω − ω0 , ω)ε2 (ω0 − ω, ω0 )].

εi (ν, ω) =

(14)

(6)

X

εi,k eiντi,k eiωti,k ,

(15)

k

where εi, j are amplitudes and τi,k and ti,k are time lags of
optical paths within the interferometer, which are assumed to
be τi,k , ti,k  τcoh . In this way, the contributions (13) and (14)
can be rewritten as
(
X
(1)
[ε2,k eiω̄t2,k g 1 (0) + ε1,k eiω̄t1,k g 2 (0)]
G out (τ ) = (N N̄ )2

with εi being terms that additionally depend on ω. Using (6)
the correlation (5) becomes an expansion in powers of εi ,
(1)
(2)
G out (τ ) = G (0)
out (τ ) + G out (τ ) + G out (τ ),

Z

(13)

The function εi can be represented as the sum over
interferometric phase factors,

The functions f i may contain parts gi that only depend
on the difference frequency,
f i (ω, ω − ν) = gi (ν) + εi (ν, ω),

2

−∞

µ=−∞ λ,λ0 =max(0,µ)

D
E
†
× f 2 (ωλ0 −µ , ωλ0 ) : âλ−µ
âλ âλ†0 âλ0 −µ : .

−∞


× g1 (0)ε2 (0, ω0 ) + g2 (0)ε1 (0, ω)

0
+ ei(ω−ω )τ g1 (ω − ω0 )ε2 (ω0 − ω, ω0 )

+ g2 (ω0 − ω)ε1 (ω − ω0 , ω) ,

(7)

where the zero-order term is obtained as
Z
∞
X
1 T 0 iωµ (τ −τ 0 )
G (0)
g1 (ωµ )g2 (−ωµ )
dτ e
G in,1 (τ 0 ),
out (τ )=
T
−T
µ=−∞

k

Z
+

(8)

dt|P0 (t)|2 [ε2,k eiω̄t2,k g 1 (t + τ − τ2,k )
)
iω̄t1,k

+ ε1,k e

with T = 2π/δω. Here G in,1 (τ ) = h: N̂in,1 (t + τ ) N̂in,1 (t) :i is
the correlation of the light source. It is assumed to be perfect
laser light, i.e. G in,1 (τ ) = const, leading to
G (0)
out (τ )

= 4(N N̄ ) g1 (0)g2 (0),
2

2
G (2)
out (τ ) = (N N̄ )

(9)

g 2 (t − τ − τ1,k )] ,

X

(16)



ε1,k ε2,l eiω̄(t1,k +t2,l ) 1 + |P0 (τ )|2 ,

k,l

(17)

with N̄ being the mean photon number of the light source
accumulated during τdet .
For the evaluation of the first- and second-order terms
in the expansion (7), we first calculate the normally ordered
expectation value of (5) using the density operator of a
quasi-monochromatic stationary laser field,
X
%̂ =
P({Nλ })|{Nλ }ih{Nλ }|,
(10)

where we defined the Fourier transform
Z
1
g i (t) =
dωe−iωt gi (ω),
2π

(18)

and the Fourier transform of the normalized and centred
photon-number spectrum,
Z
1
P0 (t) =
dωe−iωt n̄(ω + ω̄).
(19)
N̄

{Nλ }

where |{Nλ }i are Fock states and the probability to observe
the set of photon numbers {Nλ } reads

Y N̄λ Nλ e− N̄λ
P({Nλ }) =
,
(11)
Nλ !
λ

Its temporal width around its peak value at t = 0 is given by
the coherence time τcoh of the light source.
From (16) and (17), it can be seen that interference
effects occur that generate a time dependence of the intensity
correlation function. This time dependence appears in the
form of the Fourier transformed spectral intensity P0 (t) that
has a width given by the coherence time of the incident
light. As a consequence, the time dependence of the intensity
correlation vanishes for a perfectly monochromatic light
source.

with N̄λ being the mean photon number at frequency ωλ .
Using (10) and (11), the expectation value becomes
D
E 

†
: âλ−µ
âλ âλ†0 âλ0 −µ : = δµ,0 + (1 − δµ,0 )δλ,λ0 N̄λ N̄λ0 −µ .
(12)
2
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ε1,1 = ε1,2
= T0∗ T1 , ε2,1 = ε2,2
= R0∗ R1 and non-zero time
lags ti,1 = −ti,2 = τi,2 = τbs (i = 1, 2). Inserting these
coefficients together with (24) and (25) into the three
contributions (9), (16) and (17), the complete correlation is
obtained as2


G out (τ ) = 4(N N̄ )2 |T0 |2 + |T1 |2 |R0 |2 + |R1 |2



× 1 + A 1 + |P0 (τ )|2 ,
(26)

C
PD1

r12 , t12
R0

R1

 , t
r12
12

BS
vacuum

s

l

T1

where the relative amplitude of the interference contribution
is3
κr − κt
A = −κr κt ξ 2 +
ξ
(27)
2

PD2

âλ
n1

l

T0

n2

with the three independent parameters
vacuum

n1

Figure 2. Beam splitter (BS) with principal optical paths R0 and
T0 and internally reflected additional optical paths R1 and T1 in
reflection and transmission, respectively.

κr =

(20)

and reflectivity and transmittance for the (first-order)
internally reflected contributions (ghosting),
R1 =

0
t12r21
t21 ,

ri0 j

T1 =

0
0
t12r21
r21 t21
,

(21)

f 1 (ω, ω − ν) = |T0 |2 + |T1 |2 eiντbs + T0∗ T1 eiωτbs
(22)

f 2 (ω, ω + ν) = |R0 |2 + |R1 |2 eiντbs + R0∗ R1 eiωτbs
(23)

where the time delay between direct and internally reflected
beams is τbs = (l − 2s)/c. The incoherent contributions are
identified from (6) as the first two terms in (22) and (23),
respectively, with its Fourier transforms being
g 1 (t) = |T0 | δ(t) + |T1 | δ (t − τbs ) ,

(24)

g 2 (t) = |R0 |2 δ(t) + |R1 |2 δ (t − τbs ) .

(25)

2

2

|T0 T1 |
.
|T0 |2 + |T1 |2

The light source was a tunable external cavity diode laser [3]
using a laser diode (Sanyo DL-7140-201s) and a diffraction
grating (Thorlabs GH25-18 V) with 1800 grooves/mm at
a distance of approximately 6 cm. Part of the laser light
(3.2 mW @ 785 nm) is incident on a low-absorption near-IR
beam-splitter plate (Edmund Optics NT48-903) with multilayer AR coating optimized for random polarization at 45°
angle of incidence. As S polarization is chosen, the incidence
angle for obtaining balanced outputs is approximately 7° and
the AR coating is to a large extent disabled, allowing for
internal reflection. The transmitted and reflected light is then
focused onto two Si PIN photo diodes (Hamamatsu S3883)
with transimpedance amplifiers (Hamamatsu C8366). The
output voltages are recorded with two channels of a digital
oscilloscope (LeCroy WJ354A) at a sampling rate of 1 GHz.5
Each trace of the measured data contains 100 000 data
points from which the correlation is calculated. The resulting
normalized correlation

where ri j (ti j ) and
are the electric-field reflection
(transmission) coefficients for the first and the second surface
of the beam splitter, respectively, see figure 2.
For this case the functions characterizing the
interferometric effects in the two output channels are1

+ R0 R1∗ e−i(ω−ν)τbs ,

(29)

κt =

4. Experimental results

(ti0j )

+ T0 T1∗ e−i(ω−ν)τbs ,

|R0 R1 |
,
|R0 |2 + |R1 |2

The interference terms in (26) (∝ A) establish an extrema
at τ = 0 with the width being proportional to the coherence
time of the light source. This extrema can be a maximum
(‘bunching’) or minimum (‘anti-bunching’) depending on the
sign of A.4 The maximum anti-correlation (i.e. A < 0) can
be obtained for κt ≷ κr when ξ = ±1, for which A = −κr κt −
|κr − κt |/2.

A beam splitter without anti-reflection (AR) coating has
reflectivity and transmittance coefficients for the direct
reflection and transmission,
0
T0 = t12 t21
,

(28)

and

3. Beam splitter with internal reflections

R0 = r12 ,




ξ = cos arg R0∗ R1 + ω̄τbs ,

G̃ out (τ ) =

G out (τ ) − G out (∞)
G out (∞)

(30)

Note that τbs  τcoh so that the approximations made for obtaining (16)
and (17) are justified.
3 Here we employed T ∗ T = −|t 0 |2 R ∗ R , which results from the Stokes
0 1
21
0 1
relations of the reflecting surfaces.
4 Note that for τ
coh → ∞, i.e. for a perfectly monochromatic source, the
correlation function becomes a constant.
5 dc values are measured separately from ac values (1 MHz high pass filter).
Systematic errors where ±(1.5% + 0.5% full scale) with full scale being 2 V
(dc) and 100 mV (ac), respectively.
2

The remaining terms in (22) and (23) correspond
to interference effects, resulting in the amplitudes
1

For notational simplicity we choose identical optical paths from the point of
incidence of the light field to the two detectors and take the point of incidence
as zero phase reference.

3
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the Cauchy–Schwartz inequality, which leads to
p
G 12 (τ ) 6 G 11 (0)G 22 (0),

0

-0.5

assuming stationary light. For obtaining (1) from (33) it must
be assumed that
(34)
Ni (t) = ki N (t),

-1

G̃out(τ ) (×10−4)

(33)

-1.5

i.e. the Ni (t) (i = 1, 2) are proportional to a common
statistical process N (t). Under this assumption the indices
of the correlations become irrelevant, i.e. G i j (τ ) → G(τ )
becomes an auto-correlation, and (1) is obtained.
Equation (34) requires a perfectly flat frequency response
of the beam splitter within the spectral range of the incident
light. Thus, for applying the condition (1) in order to proof
anti-bunching in the incident light beam it is therefore
only necessary but not sufficient to observe anti-correlations
between the split output beams. Additionally, one must proof
that the beam splitting is done according to condition (34).
The effects seen here are somewhat similar to the
Hong–Ou–Mandel dip [4]. In fact, our system is equivalent
to a perfect balanced beam splitter with two filtered coherent
input fields, for which a classical Hong–Ou–Mandel dip
would be expected for the case τdet  τcoh . However, our
coherence time supersedes the detection time. Possibly, this
is compensated for by the spectral difference between the
two equivalent input fields,√which read â± (ω) = â(ω)[(R0 +
R1 eiωτbs ) ± (T0 + T1 eiωτbs )]/ 2. In this sense the observed
anti-correlation may be similar to a classically generated
Hong–Ou–Mandel dip, such as implemented with time
delay [5], dispersion [6] or anti-correlated chirped light
[7, 8].
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-80

-60

-40
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0

20
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Figure 3. Normalized correlation G̃ out (τ ) determined from the
measured data with error bars containing systematic and statistical
errors. The blue curve shows a least-squares fit to the Fourier
transform of a Lorentzian spectrum.

is shown in figure 3. It is fitted well assuming a Lorentzian
spectral photon-number distribution of the light source,


N̄
1ω
n̄(ω) =
,
(31)
π (ω − ω̄)2 + 1ω2
from which the normalized correlation results as
G̃ out (τ ) =

A
exp (−21ω |t|) .
1+ A

(32)

Deviations from this curve are observed for a range of
10 ns delay time around the peak, which corresponds to the
bandwidth limitation of 100 MHz of the photo detectors. From
the width of the fitted peak, the laser line width is determined
as 1ω/2π ≈ 7.4 MHz, which corresponds to the coherence
time τcoh ≈ 135 ns and is in perfect agreement with the laser
setup used.
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From the measured correlation, cf figure 3, following
inequality (1) one could infer anti-bunching in the incident
light beam. However, our light source is classical laser
light both in experiment and in the presented theory, which
perfectly matches the experimental results. Therefore, a
reason must exist for which (1) may not be applicable here.
It is identified by reproducing the derivation of (1):
Classically, the cross-correlation function is given by
G 12 (τ ) = N1 (t + τ )N2 (t), where Ni (t) is the time-integrated
optical flux at the photo detector i (i = 1, 2). A classical joint
probability P(N1 , t + τ ; N2 , t) for the detection of N1 and N2
at times t + τ and t, respectively, allows for the application of

4

