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Abstract: Even-order dispersion cancellation, an effect previoicky-
tified with frequency-entangled photons, is demonstratqueiémentally
for the first time with a linear, classical interferometercémbination of a
broad bandwidth laser and a high resolution spectrometsius@d to mea-
sure the intensity correlations between anti-correlafetital frequencies.
Only 14% broadening of the correlation signal is observedmignificant
material dispersion, enough to broaden the regular integfam by 4250%,
is introduced into one arm of the interferometer.
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1. Introduction

Interferometry is an indispensable tool for precision nieasments. Low-coherence, or white-
light, interferometry is used for precise measurements atennal properties, such as optical
path length and dispersion. Optical coherence tomograPyr{, a technique for non-invasive
medical imaging, is based on low-coherence interferonjé{rg]. Both white light interferom-
etry and OCT use broad bandwidth light sources to achieveomieter scale image resolution
[3]. Although large spectral bandwidth is essential foramfing high resolution, it also in-
creases dispersive broadening of the interferogram.

Quantum metrology uses quantum mechanical features, sushtanglement and squeezed
light, to improve the sensitivity of measurement device$J4A two-photon quantum interfer-
ometer [6], based on frequency-entangled photon pairdédws demonstrated to be insensitive
to all even orders of dispersion ([7, 8]; for a related, bwtidct result, see [9]). This effect,
known as quantum dispersion cancellation, was proposetkdsaisis folquantumoptical co-
herence tomography [10] and a proof-of-principle was destrated experimentally [11]. A
very recent theoretical model [12] claims that interfertmeedispersion cancellation does not
require the use of individual pairs of entangled photone $bheme is instead based on a
nonlinear optical interferometer that employs broad-bphdse conjugation between two re-
flections from the same sample. Experimental implementaifchis technique would be ex-
tremely difficult requiring both development of novel opticources and a suitable method of
phase conjugation. Other approaches use numerical metivadspensate dispersion in data
and images obtained with low-coherence interferometry®©T QL3, 14, 15, 16, 17].

Dispersion cancellation is staightforward in quantumrig@metry, but the methods pro-
posed so far in classical interferometry are not. Can wehesatuition derived from quantum
technologies to achieve dispersion cancellation in a mphy in a classical interferometer
[18, 19, 20]? In this work, we show that dispersion cancielfatan be achieved using only
a classical light source, linear optics, and frequencyetated detection. We review quantum
dispersion cancellation and use its essentials to designaogous classical system.

2. Theory

Consider the nonclassical two-photon interferometer shinwig. 1(a) [6]. The upper path
is of length,Ls, and the lower path is of lengthy=L; + A. A nonlinear crystal, pumped by a
narrow bandwidth laser of frequencywg generates photon pairs with central frequetgyvia
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parametric down-conversion into the upper and lower patthiseointerferometer in the state,
W)= [ dBen(en + 5w + 56)s e - 56 W

The subscripts 1 and 2 are mode labels, Afwh + dw) is the amplitude for a pair of photons
of frequenciesw + dw in mode 1 andw — dw in mode 2. The sum of the frequencies in each
term of the superposition is fixed by energy conservations-itha frequency-entangled state
with perfect frequency anti-correlation. The photons aterierometrically combined at the
50/50 beamsplitter followed by two single-photon countilegectors. The signal of interest is
the number of coincident photon detection events as a fumdfi the optical delay).

Insertion of a dispersive, lossless medium of lengtfin the upper path of the interferometer
results in a frequency-dependent phase stift,c)=ku (w)L, whereky (w) is the wavevector
at frequencyg, in the material. We series expakgd(w) aboutoy:

dw|,, 2 dw?

36’ + ..., 2)

k(@) ~ k(o) +
Wy

The first derivative is the inverse of the group velocity, at ap and leads to a shift in the
centre of the interference pattern. The second derivadithe leading-order dispersive term,
which causes loss of both spatial resolution and contratwircoherence interferometry by
broadening the width and reducing the visibility of the nfiéeence pattern.

Following Ref.[7], we make the assumpti&icy + dw)=A(wp — dw), i.e., the amplitude is
symmetric about the central frequenagy. We find the expected coincidence rate, as a function
of Ais:

®)

c) O ’/déwA(ab+5w)|2{l—cos{25w(L+A) dk ]}

—ZLE&A}

The expression is in agreement with Ref. [7], but uses $liglitferent notation. Notice that the
second derivative does not appear — this is the dispersimcetiation. In fact, all higher-order
even derivatives are cancelled. Maximum destructivefiatence occurs when the argument of
the cosine term is zero for every frequency. This happensiheextra group delay imposed
by the material is balanced by extra optical delay in theradim of the interferometer. We will
refer back to this expression when describing our classigstem.

Now consider the Mach-Zehnder interferometer in Fig. 1{thle dimensions and mode la-
bels of this interferometer are identical to that descriingeig. 1(a), as is the dimension of the
dispersive material; both beamsplitters are 50/50. Thensity spectrum of the input light is
I (w). The intensities registered by the spectrometers for g gelaition,A, and frequency,
in the outputs labeled andb are,

a(@d) — |<w)co§{(“”?2“”“(“’)] (@)
b(w,d) — I(w)sinZ{(AJrL)%JZ_W(w)]. ©)

Each of these intensities is affected by all orders of d&iperin the series expansion@f (w).
Quantum dispersion cancellation is a result of frequemtgsgglement in fourth-order, i.e.,
coincidence, detection. Our approach seeks to mimic tfesteds closely as classical physics
allows. We use frequenayorrelations the classical analogue to entanglement, and measure a
fourth-order signal, achieved by multiplying pairs of ins&ty measurements. Specifically, we
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Fig. 1. Dispersion cancellation interferometry in a (a) Two-photon intenfieter using
frequency-entangled photon pairs [7, 8] and (b) a white-light Maehrder interferom-
eter with frequency-correlated detection. These interferometers airceitpected output
signals are described in the text. Coinc. is coincidence dete&idescribes a function of
the output from the spectrometers. (c) Experimental realization. Adbaa laser is the
source for a fibre-based two-path (Michelson) interferometer. €hgpsises a 50/50 beam-
splitter (FC 50:50), polarization controllers (PC), collimating lenses (Célitral-density
filters (F), two BK7 prisms for dispersion control (DC), a translation st@gS), mirrors
(M), and a spectrometer. The spectrometer contains a CL, a diffragttadimg (DG), and
focusing lens (FL).

measure the signah,

S@) = [ dowla(eo+ 5w)ls(an - 6) ®)

The integrand of this function is the product of two inteiesitwith an energy sum ofed. We
use Eq. (4) & Eqg. (5) and assume, as we did in the quantum dasethe input spectrum is
symmetric aboutw, i.e.,1(wp+ d) = | (e — ), to obtain,

28w (L+A dk
Bal+h) _ 2L@5w}

1
1-5 cos[
1 2up(L+4) d?k

so) = 3 [dowli(e+50)? @)

This is the signal of interest from our classical system aamdlwe directly compared with the
guantum signal in Eqg. (3). The argument in the first cosinm tisridentical to the quantum
expression and describes a dispersion-cancelled irtaerdip. The second cosine term does
not appear in the quantum case. Notice though, that its aggtilras only weak dependence
on the frequency differencéw (the integration variable) through the dispersion terndei
scribes a rapidly oscillating component, with wavelendgh= rc/wy, with a slowly decaying
envelope. The separation of length-scales between thess élows removal of the unwanted
fast oscillation in the final data with for example, a low-p&®urier filter. The other feature
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of interest in our classical expression is that the first tesimultiplied by 1/2. This imposes
the well-known classical limit of 50% on the destructiveeirierence visibility in two-photon
interferometers [21, 6]. The signd&, is the classical analogue to the Hong-Ou-Mandel dip [6]
and contains the same resistance to dispersion as its quanotunterpart.

3. Experiment

The experimental setup is shown in Fig. 1(c). A compact, {fietailed, femtosecond laser
(Femtolasers Inc., centre wavelength 792nm, bandwidth FWEBMnm, average power
60mW) was coupled to a fiber-based Michelson interferomBiread bandwidth optical and
fiber optic components were chosen to support propagatitimeoéntire laser bandwidth with
minimal spectral and power losses. A pair of BK7 prisms medrin miniature translation
stages in the reference arm of the system were used to gyecsapensate material disper-
sion mismatch between the two arms of the interferometes. fobusing lens and the mirror
in the reference arm of the system were mounted on a compaitgrelled translation stage
for variable optical delay. The interference pattern gatest by light reflected from the sam-
ple and reference mirrors was detected with a high-resolui®.09nm) and high-speed (20
kHz readout rate) spectrometer and recorded by a computersfectrometer utilized a 4096
pixel linear-array CCD camera and it was calibrated for {ectral range 607nm to 1012nm.
To demonstrate dispersion cancellation with the classitatferometer, measurements were
made both in a dispersion-balanced system and when flatatettdBK7 optical windows of
thickness 4690+ 0.005mm, 5940+ 0.005mm, and 8704+ 0.005mm (and several possible
combinations) were introduced into the sample arm. For eagdsurement, the reference mir-
ror was translated in steps of Qui and the spectral interference fringes were acquired with a
readout time of 6Qs per step — at least 4 orders of magnitude shorter as compétetypical
measurement times in entangled photon experiments.

The calculation of the signal functio®, was performed in the following way. One spec-
trometer reading was taken for each motor position to peuglwithl;(A,A). The wavelength
scale was converted to frequency and nonlinear interpolatias used to extract intensities at
evenly spaced intervals. We obtainéd) by measuring the intensity from the sample and ref-
erence arm separately and doubling their sum. Energy oaatsa, | (cw)=la(w,A)+lp(w, D),
was applied to extradt(w,A) without the necessity for a second spectrometer. To sdtisfy
assumption in our theory thatw)=I(2cp — w), | (w) andla(w) was multiplied by a mirror
version ofl (w) with respect to the centre frequenay. The integralSwas approximated by a
discrete sum over 4096 equally spaced energies.

4, Resultsand discussion

The total intensity registered by the spectrometer wasimddaby summing the intensities
measured at each pixel at a fixed translation stage posithoa.signal is equivalent to a signal
that one would have been measured by a square-law detaatbras a photo-diode. Two ex-
amples of the total intensity measured as a function of #estation stage position are shown
in Fig. 2 for the cases where no glass (a) and.80@+ 0.009mm thick BK7 glass window (b)
were inserted into the sample arm of the interferometeibViy is a measure of the contrast
of interference. For oscillating interference, visilyilis Vos=(Imax — Imin) / (Imax+ Imin ), Where
Imax andlyin are the maximum and minimum of the pattern. For interferaligs the visibility
we use the conventiovyip=(Imax— Imin) /Imax- As a result of the material dispersion, the inten-
sity interference pattern is dramatically broadened, f{@f4+ 0.03)um to (88.6 + 0.9)um,
and the fringe visibility is reduced, from 78% to 14%. Theagactlearly show the detrimental
effect that dispersion has on interference.

The corresponding correlation signal functi@for the two cases of no material dispersion
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Fig. 2. Experimental Data. (a) & (b) Total intensity, as measured byrsnmthe intensities
measured at each frequency by the spectrometer, versus moitorp@sth 0 and two
passes througfiL6.800+ 0.009)mm of BK7 glass in the sample arm of the interferometer,
respectively. (c) & (d)S versus motor position with no BK7 and 16.8mm of BK7 in the
sample arm. In (e) & (f), the data from (c) & (d) have been subject tparier low-
pass filter to remove rapidly oscillating terms. The solid curves are GauitsaThese
data show tha$ broadens by only about 14% by addition of the glass while the standard
intensity interference pattern is broadened by 4250%.
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Fig. 3. Performance of classical dispersion cancellation. (a) The widtte interference
patterns (total intensity, open circlg; solid circle), as measured by translation stage dis-
placement, versus the thickness of the glass traversed by the bearnwice.the glass
thickness. The inset expands the y-axis to show the almost constantafiStbver the
whole range of glass thicknesses. (b) The shift in the centre of thedrgede pattern ver-
sus the thickness of the glass. As discussed in the text, these data shihe thtgrference
pattern is displaced by the group delay.

and 16800mm BK7 glass are shown in Fig. 2(c) and Fig. 2(d), respelgti Each of these
signals has a sharp dip in addition to a rapidly oscillatinghnponent that corresponds to the
final cosine term in Eq. (7). Note that the magnitude of the dassillating signal iseduced
when a large amount of dispersion is present in the intarfeter. A similar effect was observed
when we simulated the measurements with a computer modelddta from Fig. 2(c) and Fig.
2(d) was filtered with a low-pass Fourier filter to remove thstfoscillating term and the the
filtered data is presented in Fig. 2(e) and Fig. 2(f). Theps diere fitted to a Gaussian function
to extract their centres and FWHM. While the intensity integfeee pattern is broadened by
4250% of its original size due to material dispersion, theralation signalS is broadened
only by 14%. The visibility of the correlation signal dip isduced from40.8 + 0.14)% and
(30.0+£0.3)% for Fig. 2(e) and 2(f), respectively (recall that the thetimal maximum visibility

is 50%). The deviations from the Gaussian shape of the fiftingtion are due partially to the
non-Gaussian spectrum of the laser as well as the presehaghef-order material dispersion.

Figure 3(a) is a plot of the total intensity FWHM (open cirglasd the correlation sign&
FWHM (solid circles) as functions of twice the physical thelss of the BK7 optical flats (we
use double the thickness because the Michelson interféeomses a reflection geometry). The
relative shift in the correlation signal dip centre as a fiorcof twice the physical thickness
of the glass in presented in Fig. 3(b). We estimated thessital error in the centre of the dip
to be about im based on the standard deviation of 5 consecutive measnteri@is is about
a factor of 50-100 times larger than the fitting error and ddag improved by using a higher
precision translation stage. However, the most signifineedsurement error is associated with
the widths of the BK7 flats. We expect the shift in the centré¢hef dip to be determined by
the group velocity by the relatioficair/vg — 1)L, wherecy; is the speed of light in air and,
is the group velocity, in our case at a wavelength of 800nranFFig. 3(b), we evaluate the
slope 02633. The accepted value2631, was obtained from the Sellmeier equation [22]. Our
errors are dominated by the uncertainty in the materiakttéss, which is about 0.1%, and at
this level the slope from the data and the theory agree. Tiheecef the correlation sign&is
determined by the group velocity.
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5. Conclusion

We have theoretically derived and experimentally dematetk a method for cancelling even-
order dispersion in classical low-coherence interferoyndispersion cancellation is not a

uniquely quantum effect, since it can also be observed inpbetely classical systems. How-

ever, the interference visibility in our classical analegsionly half that achievable in quantum
interferometers [6, 8]. Two seemingly contradictory coaisits are essential in both the quan-
tum and classical techniques: a wide bandwidth of frequengiovides good time resolution,

whereas narrow frequency correlations reduce sensitwitlispersion. Our approach dramati-
cally reduces experimental barriers for dispersion caatieh in low-coherence interferometry

and optical coherence tomography.
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