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Odd- and Even-Order Dispersion Cancellation in Quantum Interferometry
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We describe a novel effect involving odd-order dispersion cancellation. We demonstrate that odd- and
even-order dispersion cancellation may be obtained in different regions of a single quantum interferogram
using frequency-anticorrelated entangled photons and a new type of quantum interferometer. This offers
new opportunities for quantum communication and metrology in dispersive media.
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Introduction.—The even-order dispersion cancellation
effect based on nonclassical frequency-anticorrelated en-
tangled photons has been known in quantum optics for
some time [1,2]. The nonlinear optical process of sponta-
neous parametric down conversion (SPDC) traditionally
provides a reliable source of frequency-entangled photon
pairs with anticorrelated spectral components, as a conse-
quence of energy conservation. If the frequency of the
signal photon is wy, then the frequency of its twin idler
photon must be w; = ), — w,, where (1, is the frequency
of the pump beam. A quantum interferometer records the
modulation in the rate of coincidence between pulses from
two photon-counting detectors at the output ports of a
beam splitter in response to a temporal delay between
two spectrally correlated photons entering its input ports
symmetrically. This type of quantum optics intensity cor-
relation measurement, exhibited in the Hong-Ou-Mandel
(HOM) interferometer [3], is manifested by an observed
dip in the rate of coincidences. In previous demonstrations
of dispersion cancellation, one photon of the down-
converted pair travels through a dispersive material in
one arm of the HOM interferometer while its twin travels
only through air. The final coincidence interference dip is
not broadened in this case, demonstrating insensitivity to
even-order dispersion coefficients [2,4].

Even-order dispersion cancellation has been used in
quantum-information processing, quantum communica-
tion, and in quantum optical metrology. For example, it
enhances the precision of measuring photon tunneling time
through a potential barrier [5] and improves the accuracy
of remote clock synchronization [6]. The same effect pro-
vides superior resolution in quantum optical coherence
tomography [7] by eliminating the broadening of the in-
terference envelope resulting from group velocity disper-
sion. The potential of quantum even-order dispersion
cancellation has recently stimulated efforts to mimic this
effect by use of classical nonlinear optical analogues [8—
10].

In this Letter, we introduce a novel type of quantum
interferometer that enables the demonstration of the odd-
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order dispersion cancellation as a part of a new dispersion
management technique. In our design, both even-order and
odd-order dispersion cancellation effects can be recorded
as parts of a single quantum interference pattern.

HOM interferometers are commonly used to produce
either | W) ~ |2, 0)-]0, 2) state, when the delay 7, is set to
balance the two paths, ensuring destructive interference in
the middle of the interference dip, or a superposition of
[1,1), 10,2), and |2, 0) states, when the delay 7, signifi-
cantly unbalances two paths and shifts coincidences to the
shoulder of HOM interference pattern. Mach-Zehnder
(MZ) interferometers fed by a particular quantum state
have also been studied in detail [11].

In the new design, two interferometers work together:
one output port of a HOM interferometer provides input to
a MZ interferometer. The state of light introduced into the
MZ interferometer is continuously modified when the
delay 7, in the HOM interferometer is scanned. A signal
from one of the HOM output ports is fed into a MZ
interferometer with a dispersive sample providing a phase
shift ¢ in one arm, as shown in Fig. 1. The delay 7, inside
the MZ interferometer is kept at a fixed value. A peculiar
quantum interference pattern is observed in the rate of

FIG. 1 (color online). Schematic diagram of the optical setup.
The SPDC source produces pairs of frequency-anticorrelated
photons combining on a beam splitter in a HOM interferometer
configuration. Photons exiting one HOM port are fed into a MZ
interferometer. Coincidence events are registered between two
single-photon detectors at the output ports of the MZ interfer-
ometer. A dispersive sample in one arm of the MZ interferometer
generates a phase delay (¢).
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coincidences between two photon-counting detectors, D1
and D2, at the output ports of the MZ interferometer as a
function of 7;. The interference profile has two distinct
patterns. The central interference pattern depends only on
even-order dispersion coefficients, while the peripheral
pattern depends only on odd-order terms. This ability to
manipulate and evaluate odd-order and even-order disper-
sion terms independently in a single quantum interferome-
ter opens new perspectives in quantum communication and
in precise optical measurement.

Theoretical model.—For detectors D; and D,, much
slower than the temporal coherence of the down-converted
photons, the coincidence rate in such intensity correlation
measurements is [12]

RC(TI’ 7'2) = jdtl fd[zG(z)(tl, tz), (1)

with G?(z,,1,) the second-order correlation function
G (11, 1):

GA(ty, 1,) = KOIE (0) EST) (1) [ W) |2 )

E(1+)(t,) and E(;)(tz) are the electrical field operators at the
surfaces of detectors D, and D,, respectively.

. 1 -
(+) _ —iw;t;
By ) =7= fdwfe b)), 3)

where b ;(w)) is the mode operator at detector j, expressed
in terms of the input field operators d;(w;) [12]. The
quantum state of light emitted in a frequency-degenerate
noncollinear type-I phase-matching SPDC process with a
monochromatic pump (2, is

) ] dof(@)al(Q + w)al(Qy - 0)|0), (4

where f(w) is a photon wave packet spectral function
defined by the phase-matching condition in the nonlinear
material, () = €2,/2 is a central frequency of each wave
packet, w; = )y + w is the signal photon frequency, and
w; = )y — w is the idler frequency.

The phase shift ¢(w) acquired by the broadband optical
wave packet as it travels through a dispersive material
could be expanded in a Taylor’s series [13]:

¢(w5,i) = Co + Cl(ws,[ - QO) + Cz(wm - Qo)z
+ ezl — Qo) + -0, (5

where the linear term c; represents the group delay and the
second-order term ¢, is responsible for group delay dis-
persion. In a conventional white-light interferometer, ¢, is
responsible for a temporal shift of the interference pattern
envelope, ¢, causes its temporal broadening, while c;
provides a nonsymmetric deformation of the wave packet
envelope. Higher-order terms might be included when a
strongly-dispersive material is used or in the case of ex-
tremely broadband optical wave packets.

In the optical setup of Fig. 1, the dispersive material
providing phase shift ¢(w) could be situated in three
possible locations. When the sample is placed on an arm
of the HOM interferometer, it leads to the well-known
even-order dispersion cancellation effect [4]. It may be
shown that the presence of a dispersive material between
the two interferometers does not affect the coincidence
interferogram. We thus concentrate on the most interesting
case: we place the dispersive sample of phase shift ¢(w)
inside the MZ interferometer, with delay 7, set to a fixed
value, and 7, as the variable parameter.

Following the usual formalism [12], one can show that
the coincidence rate between the detectors is

Ro(ry, 7)) = [ do[®y — Oy (w, 5) — Dylw, 75)]

X[flo)f* (o) + flo)f (-w)en], (6)
where @, is a constant,
D (w, 7)) = e 2w it Q=) p=id(Qoto) 4 c o (7)
and
Py, 7y) = e 2 i?m0)pidQoto) 4 c e (8)

Although not obvious from the form of Eq. (6),
R.(7, 75) is a real function for any spectrum f(w), as
can be seen by rewriting Eq. (6) in manifestly real form:

Ry, m) = [ dollf(@) + [f(—w)

+ [e 2T f(w) f*(—w) + c.c.]}
X [Dy — P, (w) — Pg(w)]. ©)

This fact ensures that the technique demonstrated here
applies to all types of broadband frequency-anticorrelated
states of light, including those with nonsymmetric spectral
profiles produced in chirped periodically-polled nonlinear
crystals.

The final coincidence counting rate R,(7,, 7,) of Eq. (6)
may also be written as a linear superposition:

RC(TI’ 7-2) =B+ RO(TI) - Reven(Tl! T2) - Rodd(TIr 7-2)-
(10)
The first coefficient B incorporates all terms that are not
dependent on the variable delay 7, providing a constant

after integration. It establishes a baseline level for the
quantum interferogram. The following terms,

Ry(ry) = 4 f dof(@)f (@) 2om, (1)

Reven(1, 72) = [ dof()f*(-)
. e*Zinl[6721'0.07'2e*i(ﬁ(ﬂ(,*m)e*id)(ﬂ(ﬂrw)

+ 621'(2072ei¢(ﬂo_w)ei¢(90+w)], (12)
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Roqa(r1, 72) = [ dof(w)f*(—w)
. [6*21'0)(7'1 +72)ei¢(00*w)e*i¢(ﬂo+m)

+ 20 —m) pmid( Q= w) pid(Qte)]  (13)

are responsible for the shape of the interference pattern.

The term R((7;) represents a peak centered at 7; = 0
that is simply a Fourier transform of the down-converted
radiation spectrum and is insensitive to the dispersion
associated with ¢(w). Since Reyen(7), 72) is dependent on
the sum ¢(Qy — w) + ¢(Q( + w), it is sensitive only to
even-order terms in the expansion Eq. (5). This manifests
odd-order dispersion cancellation and generates a
dispersion-broadened function centered around 7 = 0.
The last term R.44(7|, 72), in contrast, is sensitive only to
odd-order dispersion terms in ¢(w). This term demon-
strates the well-known even-order cancellation. The coef-
ficients e =211+ 72) and ¢~ 2(11~72) ghift the two dips away
from the center of the interference pattern in opposite
directions. Such decomposition of quantum interference
terms makes it possible to observe odd-order and even-
order dispersion cancellation effects in two distinct regions
of the coincidence interferogram.

Example.—Our results are illustrated by a numerical
example of quantum interference for a 3-mm thick slab
of a strongly-dispersive optical material ZnSe, inserted in
one arm of the MZ interferometer to provide the phase shift
¢(w). In this experiment, we assume the use of frequency-
entangled down-converted photons with a 100-nm wide
spectrum. As illustrated in Fig. 2, one can identify the
narrow peak R,(7;) in the center, which is insensitive to
dispersion, along with the component R..,(7, 72), which
is broadened by even-order dispersion contributions only.
This central component of the interferogram illustrates the
odd-order dispersion cancellation effect.

Two symmetric side dips R,qq(7), 72) appear shifted far
away from the central peak by the group velocity delay ¢,
acquired by entangled photons inside the dispersive mate-
rial. However, this shift can be controlled by properly
adjusting the value of the fixed delay 7,. Such a simple
adjustment moves both dips back closer to the center and
makes it convenient for observing both dispersion cancel-
lation features in a single scan of the variable delay line
(7y) inside the HOM interferometer (see Fig. 2). The
appearance of asymmetric fringes on the side of two dips
is a clear sign of the third-order dispersion [13].

Discussion.—This result can also be understood physi-
cally by analyzing all possible probability amplitudes that
lead to measured coincidence events between D1 and D2.
The MZ interferometer input is a pair of spectrally-
entangled photons separated by time delay 7;; if the lead-
ing photon has a high frequency, the lagging photon will
have a low frequency, and vice versa. We consider first the
case when no dispersive element is present, so that the MZ
interferometer introduces only a time delay 7, between its

@ 2.0 =
© R.(z,
g TN
s 1.5
o Reven (T15T) /
(E> 4 \ L.
E \—(c,+1,'z) (c+7,) |~
® 0.5
£ Rou(T:,7)
[e]
z
0.0 : :
-1500 -750 0 750 1500
. (fs)

FIG. 2 (color online). The normalized coincidence rate as a
function of 71 when a 3-mm thick ZnSe sample is placed in the
MZ interferometer. The fixed delay 7, = 26 ps is used. The
insert illustrates the odd-order dispersion contribution.

two arms. We assume that 7, is much greater than the
photon wave packet width, 7.. To explain the dependence
of the photon coincidence rate on 7, as shown in Fig. 2, we
consider three processes occurring at the input ports of the
last beam splitter in the MZ interferometer: (1) If |7,| > 7.
and |, — 7;| > 7, then the two photons arriving at the
final beam splitter will be distinguishable, so that no quan-
tum interference is exhibited. (2) If |7,| = |7/, so that
|7, — 71| < 7., then quantum interference can occur
when the leading photon takes the long path of the MZ
interferometer and the lagging photon takes the short path.
The two arrive almost simultaneously (within a time 7,.) at
the two ports of the final beam splitter. Then the HOM
effect is exhibited at the beam splitter, albeit with only 25%
visibility because of the presence of the other possibility
that both photons arrive at a single port, leading to a
background coincidence rate independent of 7. From a
different perspective, one may regard this scenario as
similar to that obtained in a Franson interferometer [14],
for which photon pairs follow long-long or short-short
paths. This scenario explains the components of the coin-
cidence interferogram near 7; = *7,, and in this case the
two spectrally-entangled photons entering separate ports of
the final beam splitter lead to quantum interference accom-
panied by even-order dispersion cancellation. (3) Finally,
when |7,| < 7., then one possibility is that the photons
arrive at separate input ports of the final beam splitter.
Since these photons are separated by a time 7, > 7,
they are distinguishable and do not contribute to quantum
interference. The other possibility is that the pair arrive at
the same beam splitter input port. In this case, upon trans-
mission or reflection at the beam splitter there are two
alternatives for producing coincidence: transmission of
the high-frequency photon and reflection of the low-
frequency photon, or vice versa. This explains the compo-
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nent of the coincidence interferogram near 7; = 0. In this
scenario, which involves two spectrally-entangled photons
entering a single port of a beam splitter, quantum interfer-
ence is accompanied by odd-order dispersion cancellation.
We thus see that the quantum interference effects exhibited
in scenarios (2) and (3) are accompanied by dispersion
cancellation—although in opposite manners in the two
cases.

In conclusion, we have demonstrated a new effect in
which even- and odd-order dispersion cancellations appear
in different regions of a single interferogram. This is
achieved via frequency-anticorrelated photons in a new
quantum interferometer formed by a variable delay HOM
interferometer followed by a single-input, fixed-delay
Mach-Zehnder interferometer. The possibility of indepen-
dently evaluating even- and odd-order dispersion coeffi-
cients of a medium has potential for applications in
quantum communication and in quantum metrology of
complex dispersive photonics structures. In particular, the
ability to accurately characterize higher-order dispersion
coefficients is of great interest in the study of flattened-
dispersion optical fibers [15,16] and in dispersion engi-
neering with metamaterials [17]. The demonstrated poten-
tial of even-order dispersion cancellation has stimulated
the search for classical analogues [8,9]. We expect that the
scheme presented here would also trigger the similar de-
velopment of nonlinear optical techniques mimicking this
quantum effect. Finally, note that our apparatus may be
extended by adding a second Mach-Zehnder to the unused
HOM output port, allowing the investigation of new four-
photon interference effects.
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