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Turbulence-Free Double-slit Interferometer
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Optical turbulence can be detrimental for optical observations. For instance, atmospheric turbulence may
reduce the visibility or completely blur out the interference produced by an interferometer in open air.
However, a simple two-photon interference theory based on Einstein’s granularity picture of light makes a
turbulence-free interferometer possible; i.e., any refraction index, length, or phase variations along the optical
paths of the interferometer do not have any effect on its interference. Applying this mechanism, the reported
experiment demonstrates a two-photon double-slit interference that is insensitive to atmospheric turbulence.
The turbulence-free mechanism and especially the turbulence-free interferometer would be helpful in
optical observations that require high sensitivity and stability such as for gravitational-wave detection.
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Since Young invented his double-slit (double-pinhole)
interferometer in 1807 [1,2], interference phenomena have
played an important role in our fundamental understanding
of nature and have had practical applications in almost all
fields of science [3-7]. It is well known that optical
turbulence is harmful in optical observations. Random
variations in the composition or density of the medium
lead to changes in the index of refraction, known as optical
turbulence, and thus vary the relative phases between
different optical paths of an interferometer. These variations
may “blur” the interference pattern partially or completely,
thus reducing the sensitivity and effectiveness of an
interferometer [8,9]. This turbulence is particularly detri-
mental for extremely sensitive interferometers, interfero-
metric spectrometers, and other interferometer based
sensors, for instance, those used in gravitational-wave
detectors like the Laser Interferometer Gravitational-
Wave Observatory (LIGO) [10,11], which must be placed
in a high-cost vacuum. Here, we report an experimental
study of a turbulence-free two-photon double-slit
interferometer.

As depicted in the schematic setup of the experiment,
Fig. 1, the demonstrated interferometer is a classic Young’s
double-slit interferometer except that it has two pointlike,
scannable photon counting detectors D and D,, rather than
one. Together they measure the photon number fluctuation
correlation (An(x;)An(x,)) or the intensity fluctuation
correlation (AI(x;)AI(x,)) [12]. In fact, this interferometer
is able to produce three outputs corresponding to two types
of measurement: (1) (n(x;)) < (I(x;)) and (n(x,)) x
(I(x,)), corresponding to the measurement of mean inten-
sities at D, and D,, respectively; (2) (An(x;)An(x,))
(AI(x)AI(x,)), corresponding to the measurement of the
intensity fluctuation correlation at D; and D,, jointly. In
this experiment, we managed to have the spatial coherence
length /. of the field much smaller than the separation d
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between the upper slit (slit A) and the lower slit (slit B),
[, < d, where [, = A/A8, with 1 the wavelength of the
monochromatic thermal radiation, and Af; the angular
diameter of the light source [2,12]. Consequently, no first-
order interferences are observable from (/(x;)) and (I(x;)).
However, an interference pattern with 100% visibility is
observed from the measurement of (An(x;)An(x;)) «
(AI(x;)AI(x,)) and the interference is insensitive to any
refractive index variations and atmospheric vibration
induced phase variations in the optical path of the inter-
ferometer; namely, it is turbulence free when scanning D,
and D, in the neighborhood of x; & x,.

How could interference appear from the measurement of
the intensity fluctuation correlation? And why is it turbu-
lence free? Recall, in 1905, Einstein introduced a granu-
larity to radiation, abandoning the continuum interpretation
of Maxwell. This led to a microscopic picture of radiation
and a statistical view of light [13]. In Einstein’s picture, a
natural light source, such as the sun or a distant star,
consists of many pointlike subsources (“atomic transitions”
in modern language), each of which emit their own sub-
fields (originally labeled in German by strahlenbiindel,
translated to “bundle of ray” in English, and now labeled as
“photon” in modern language) in a random manner: the
mth subfield (photon) that is emitted from the mth pointlike
subsource (atomic transition) may propagate in all possible
directions with any random phase. This kind of light has the
popular name “thermal light” due to its chaotic nature. It
has been proven that for a defined quantum state, such as
the thermal state, an effective wave function of a photon can
be calculated from the quantum theory of optical coherence
[14]. The effective wave function of a photon in the thermal
state is mathematically the same function as Einstein’s
subfield [12,15]. In Einstein’s picture, the radiation mea-
sured at coordinate (r,?) is the result of a superposition
among a large number of subfields,
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FIG. 1. A turbulence-free double-slit interferometer. This interferometer has two types of output: (1) (n(x;)) « (/(x;)) and
(n(x2)) o (I(x,)), and (2) (An(x;)An(x,)) < (AI(x;)AI(x,)). Because of the experimental condition of d > I, no interferences are
observable from (I(x;)) and (I(x,)). However, a turbulence-free interference with 100% visibility is observed from the measurement of
(An(x;)An(x,)). The observed interference is a two-photon phenomenon: a random pair of photons interfering with the pair itself. In
the figure, the superposed two different yet indistinguishable two-photon amplitudes are indicated by red and blue colors. When the
detectors are scanning in the neighborhood of x| = x,, the red amplitude and the blue amplitude “overlap,” which means the pair
experiences the same phase variations, and thus the interference is turbulence free. The turbulence starts reducing the visibility after ~ten

periods from x; = x,.

ZE (T, 1

where E,,(r,,, 1,,) labels the subfield emitted from the mth
subsource at coordinate (r,, t,), and g,(r,,?,;r,1)
represents the field propagator or Green’s function that
propagates the mth subfield from coordinate (r,,,7,,) to
coordinate (r,7) [12]. For free propagation, such as the
propagation of a subfield from the subsource to the double
slit (or from the double slit to a detector), the Green’s
function is of the form

G (T 3 X2 7). (1)

gm(rmv I, t) = ei(k~(r—rm)—a)(t_zm))' (2)

If there exists more than one different yet indistinguishable
path or alternative for the mth subfield to propagate from
(Cpsty) to (r,1), g,(r,, 1,;r, ) must be written as a
superposition

1 N
gm(rm’tm;r’ t) :ﬁzgms(rmJ‘M;R t)' (3)
s=1

Shortening the notation, we will replace E,,(r,,, t,,) with
E, and g,,(r,,, t,,;1,t) with g,,(r, 7). The measured inten-
sity corresponds to its statistical expectation value

0) = (CEr oY Ew)
= (Dl 0F ) + (S 05,0

m#n

= |Eu(r.0)* +0. (4)

We may conclude that the mean intensity is the result of the
mth subfield interfering with the mth subfield itself. The
interferences between different subfields, corresponding to

the m # n term, vanish when taking into account all
possible random phases of the subfields. If a measurement
deals with a limited number of subfields and their phases do
not take all possible random values, ) ., E;, (r, 1) E,(r, 1)
may not vanish. In this case, the interferences between
different subfields contribute a “noise” Al(r,t) to the
measurement of (I(r, 1)),

1) = Ep(r.0)E,(r.1). (5)

m#n

Assuming we have a measurement device that is able to
measure the intensity fluctuation correlation by means of a
correlation circuit and two independent and spatially
separated photodetectors, either in analog mode, which
measures (AI(r;,t,)AI(r,,1,)), or in photon counting
mode, which measures (An(r;,t,)An(r,, 1)),

(AI(ry, 1,)AI(rs, 15))

:<ZE;‘n(r1,t1 L(r1, 1 ZE 1, H)E

r2,t2)>

m#n P#q
= ZE v, H)E, (v, 1) E;, (12, 1) E,, (1), 1), (6)
m#n

due to the random relative phases between the subfields, the
only surviving terms in the above summation are the m = ¢
and n = p terms. Mathematically, the result of Eq. (6) is the
cross term of the following superposition

D IEn(r, 1) E, (82, 1) + Ey(v1, 1) E(r2, )2, (7)

m#n

corresponding to the superposition of two different yet
indistinguishable alternatives of joint photodetection:
(1) the mth subfield is measured at (r;, ;) while the nth
subfield is measured at (r,,%,); (2) the nth subfield is
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measured at (r, 7;) while the mth subfield is measured at
(rs, 1,). Physically, the above superposition defines a two-
photon interference: a random pair of subfields (photons)
interferes with the pair itself.

To see why the measurement of (An(ry, #;)An(r,, 1)) is
turbulence free, it might be helpful to recall why the classic
Young’s double-slit interferometer is turbulence sensitive.
In Dirac’s language [16], the interference observed from a
classic Young’s double-slit interferometer is a single photon
phenomenon: a photon interfering with the photon itself.
The interference patterns measured in (/(x;)) and (I(x,))
are calculated as follows:

(I(x)) = Z|Emgm(xj’ )P
= Z'Em\/iz[gmAOij tj) + gmB(xj7 tj)]lz

=Y |E, [ \/LE [ (Tas t4)ga(x). 1))
2, (8)

where g, (x;, ;) = [ga(x)5 1) + Gmp(X;s lj)]/\/i for
j =1, 2, is the Green’s function that propagates the mth
subfield from the source to D; at (x;,t;), indicated by a red
path and a blue path in Fig. 1, where A labels the upper path
(passing slit A), and B labels the lower path (passing slit B).
We have denoted g,,4(x;.t;) = gm(ra.t4)ga(x;. ;) and
gmB<xj’ tj) = gm(rB7 tB)gB(xj’ tj) with gm(r/w tA) and
gm(rp, tg) being the Green’s functions propagating the
mth subfield from the mth subsource to slit A and slit B,
respectively, and g, (x;, ¢;) and gg(x;, ;) being the Green’s
functions propagating the field from slit A and slit B to D;
at (x;,t;), respectively. For a continuous source with
angular size Ad,, the summation can be approximated as
an integral from —A6,/2 to A, /2. Because of g,,(r,, t4)
and g, (rg, 7z) both being present in the cross terms of
Eq. (8), this integral results in a sinc function and the
remaining Green’s functions, g, (x.,-, tj) and gp (xj, tj),
contribute to a cosine function [12], giving us

+ g (rp. t5)gp(x;.1;)]

ndAO, 2rd
———Ccos—

<I(x])> :IO 1+SinC 7 /IZ .Xj s

©)

where z is the distance between the slits and the detector
and the sinc function is defined as sinc(x) = sin(x)/x. It is
easy to see that (1) when d > A/Ad,, i.e., d > I, there
would be no observable interference and (2) one can never
make the red path and the blue path of the mth subfield
overlap unless one makes d — 0.

In contrast, Eq. (7) indicates that the interference
observed from (An(r;,t;)An(r,, 1)) is a two-photon
interference phenomenon. However, this two-photon
interference is different from the historical two-photon

double-slit interference that involves the superposition of
two-photon amplitudes of an entangled photon pair
[17-22]. The two-photon interference indicated in
Eq. (7), introduced by Scarcelli et al. [23], involves the
superposition of two-photon amplitudes of a random pair of
photons in the thermal state. Substituting the Green’s
functions into Eq. (7), the superposition can be written as

Z‘Emgm (XA’ tA)gA (xl ’ tl)Engn (xB7 tB)gB(XZv t2)

m#n
+ EpGm (X4, 1) 9a (X2, 1) E g, (xp. 15) gp(x1. 11) |2

and its cross term results in a sinusoidal function of
(x; — xp):

(ALyp(xy, 1) ALyp(xa, 1))

- ZE;ZQ:%(XA, tA)g;kX(xh tl)Engn<xB7 tB)gB<x1’ tl)
m#n

X E;ktg;; (xBa tB)gE(XZ’ [2)Emgm (‘xAv tA)gA ()Cz, t2)
= Z|Em|2|En|29fx(x1»ll)gB(xl,ll)gA(xzv 1) gp(x2. 1)

m#n

2rd
:I%COS?(XI —Xz). (10)

Two differences are apparent when comparing Egs. (8)
and (10): (1) unlike the interference in the measurement of
(I(x)) and (I(x,)), in Eq. (10), |g,,(xs,74)> =1 and
|9, (x5, t5)|*> = 1, removing the sinc function but leaving
the cosine function, which means the visibility of the
interference modulation does not depend on the angular
size of the light source, A#,, or on the spatial coherence
length /., and (2) it is possible to overlap the two-photon
amplitudes when scanning in the neighborhood of x; ~ x,
(as demonstrated in Fig. 1) and still keep the interference
observable when d > ..

In addition to the above alternatives for the mth and the
nth subfields to produce a joint photodetection event of D,
and D,, the mth and the nth subfields can also produce a
joint photodetection event when both pass through slit A or
both pass through slit B. These two alternatives contribute
constants to (Al(x;)AI(x,)). Adding the contributions
from all alternatives, we have an observable turbulence-
free interference in the neighborhood of x; = x, with 100%
visibility [23],

(AI(x1)AI(xy))
=(Alyp(x1,11)Alup(x2.15)) + (Al pa(x1, 1) Al pa (X, 1)
F (AL (x1,11) Al gp (X2, 1)) + (Al pg (X1, 1) Al g (x2,1))
2
=1 1+cos%l(x1—x2) . (11)
z

To simplify the photon number fluctuation correlation
circuit, we have employed a standard monochromatic
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pseudothermal light source [24] consisting of a rotating
ground glass and a single-frequency laser beam of wave-
length A = 532 nm. Millions of tiny diffusers within the
rotating ground glass scatter the laser beam into many
independent wave packets, or subfields, at the single-
photon level with random relative phases, artificially
simulating a natural thermal light source such as the
sun. Directly following the ground glass is an adjustable
pinhole used to control the transverse size of the light
source, allowing us to alter the spatial coherence length of
the thermal field. A double slit with d =2.5 mm and
linelike slits is then placed 1.6 m after the pinhole. Using
this, we simulated a thermal light source with an angular
diameter of A, ~0.00156 and thus obtained a spatial
coherence length of [, = A/A6, ~0.34 mm, satisfying
d>1.. In this case, no interference is observable from
(n(x;)) o (I(x;)) and (n(x;)) & (I(x2)).

After passing through the double slit, wave packets
(subfields) propagate to the observation plane and meet the
pointlike tips of two single-mode optical fibers, which are
able to be scanned along the x axis by two step motors.
These fibers direct the light to photon counting detectors
D, and D,. The pointlike tips of the optical fibers allow for
the collection of light at x; % x, and, to allow further
overlap of x; and x,, the two optical fiber tips were placed
on either side of a beam splitter (not pictured in Fig. 1).

A photon number fluctuation correlation circuit [25,26]
is used to measure the photon number fluctuation corre-
lation for each chosen value of (x; —x,). The photon
number fluctuation correlation circuit has two synchron-
ized event timers to record the registration times of each
photodetection event of D; and D,. The time axes of the
event timers can be divided into a sequence of time
windows At, each labeled by time ¢, for i =1,2,....N.
The software first calculates the mean photon number for
each detector, 71, and 715, and then calculates the photon
number fluctuations for each ith time window, An,(t;) =
n(t;) — iy and An,(t;) = ny(t;) — i, which can either be
positive or negative. It then calculates the photon number
fluctuation correlation

(an)Ane)) = D B (t)am(n).  (12)

where N is the total number of time windows for a data
point of a chosen x; and x,.

Even though the atmosphere always contains a certain
amount of optical turbulence, we had the light propagate
over the heating elements of a toaster oven to achieve an
extreme effect (Fig. 1). These heating elements produce
enough heat to rapidly vary the air density above them,
thereby causing variations in the index of refraction. The
resulting optical path variations “blur out” the classic
interference pattern observed in the measurement of
(n(x;)) when [.>d, where j=1, 2 labels the

measurements by D; and D,. However, this turbulence
does not change the interference pattern observed in the
measurement of (An(x;)An(x,)) when scanning in the
neighborhood of x; = x,.

Figure 2 reports a set of typical experimental results
observed from the photon number fluctuation correlation
(11). Figure 2(a) is a measurement of (An(x;)An(x,))
when the heating elements were powered off, i.e., no
turbulence present, and Fig. 2(b) is a measurement of
(An(x;)An(x,)) when the heating elements were powered
on, i.e., strong turbulence present. When D and D, were
scanned in the neighborhood of x; = x,, the visibility
of the interference pattern with turbulence present was
94.3% + 0.2%, which is consistent with the visibility
without turbulence present, 94.6% =+ 0.2%. The data in
Figs. 2(a) and 2(b) have been normalized by the same
factor, maintaining the ratio between the two. Comparing
the two maximums we see that the amplitude of the pattern
with turbulence present is approximately 86% of the
amplitude of the pattern without turbulence present, which
is due to the scattering effect of the turbulence. However, as
represented in Fig. 2(b), this scattering does not devalue
the visibility of the interference observed from the
measurement of (An(x;)An(x,)). In other words, we have
demonstrated a turbulence-free Young’s double-slit
interferometer.
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FIG. 2. Typical measurement of turbulence-free interference.
(a) Without turbulence, the measurement of the photon number
fluctuation correlation produces an interference pattern when
[. < d. (b) When turbulence was introduced, the interference
pattern remained with almost 100% visibility.
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FIG. 3. Typical measurement to confirm strong enough turbu-
lence is present. (a) Without turbulence, the classic Young’s
double-slit interferometer produces an interference pattern when
l. > d. (b) When turbulence is present, it blurs the interference
pattern completely.

To demonstrate that the turbulence was strong enough to
blur the classic interference present, we removed the
rotating ground glass and directed the unaltered laser beam
in the TEM,, mode directly onto the double slit. The spatial
coherence length of a TEM,, mode laser beam is as large as
the transverse size of the beam itself, equivalent to having a
thermal source of Af; — 0 or [. — oo, satisfying the
condition of /. > d. Figure 3(a) reports a typical measured
result of (n(x;)) when the heating elements were powered
off, i.e., without turbulence, Eq. (8). Figure 3(b) reports the
same measurement of (n(x;)) but now with the heating
elements powered on. It is clear that the interference pattern
is completely blurred out by the turbulence. This result
guarantees the turbulence introduced by our heating ele-
ments is strong enough to demonstrate the turbulence-free
nature of our new type of interferometer.

In principle, this mechanism of achieving turbulence-
free two-photon interference could be applied to other types
of interferometers, making them turbulence free as well. To
avoid atmospheric turbulence and vibrations, many inter-
ferometers are contained within complicated, high cost
vacuum systems. With a turbulence-free interferometer,
these complicated and expensive systems would no longer

be required. For instance, we shall be able to design and
build sensitive interferometers in the open air for gravita-
tional wave detection.

The authors thank Tao Peng, Jane Sprigg, and Vincenzo
Tamma for helpful discussions.
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