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Abstract: Quantum optical coherence tomography (QOCT) makes use of
an entangled twin-photon light source to carry out axial optical sectioning.
We have probed the longitudinal structure of a sample comprising multiple
surfaces in a dispersion-cancelled manner while simultaneously measuring
the group-velocity dispersion of theinterstitial media between the reflecting
surfaces. The results of the QOCT experiments are compared with those
obtained from conventional optical coherence tomography (OCT).
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1. Introduction

Optical coherencetomography (OCT), atechnique for carrying out axial sectioning of a speci-
men, has comeinto wide use[1]-{6]. A quantum version of OCT that makes use of an entangled
twin-photon light source has recently been proposed [7] and experimentally demonstrated [8].
A particular merit of quantum optical coherence tomography (QOCT) is that it is inherently
immune to group velocity dispersion (GVD) of the medium by virtue of the frequency en-
tanglement associated with the twin-photon pairs [9]-{12]. Moreover, for sources of the same
bandwidth, the entangled nature of the twin photons provides a factor of two enhancement in
resolution relative to OCT.

In addition, QOCT permits us to directly determine the GVD coefficients of the intersti-
tial media between the reflecting surfaces of the sample. A typical QOCT scan comprises two
classes of features [7]. The features in the first class carry the information that is most often
sought in OCT: the depth and reflectance of the surfaces that constitute the sample. Each of
these featuresis associated with areflection from a single surface and isimmuneto GVD. The
features in the second class, in contrast, arise from cross interference between the reflection
amplitudes associated with every pair of surfaces and are sensitive to the dispersion character-
istics of the media between them. Measurement of the broadening of a feature associated with
two consecutive surfaces directly yields the GVD coefficient of the interstitial medium lying
between them. In an OCT scan, only asingle class of featuresis observed; each featureis asso-
ciated with the reflection from asingle surface and is subj ect to the cumul ative dispersion of the
entire sample aboveit. Thus, GVD information is not directly accessible via OCT; to measure
the GVD of a particular buried medium, one must consecutively compute the GVD of each of
the constituent layers aboveit.

That said, the title of this paper is understood as follows: QOCT provides two classes of
information, a dispersion-cancelled tomograph and a dispersion-sensitive determination of the
GVD coefficients of the various mediathat comprise the sample.

In this letter we report a QOCT experiment in which we simultaneously probe the longitudi-
nal structure of alayered sample and the GV D of theintervening media. A parallel experiment
using conventional OCT, with a source of identical bandwidth, is conducted to provide a direct
comparison of the two techniques. Our sample consisted of the four surfaces of two fused-silica
windows sandwiching a 12-mm-thick ZnSe window (a highly dispersive material). Using the
reflections from this sample, we observe an improvement in resolution of a factor of ~ 5.5.
This improvement arises from the concatenation of two advantages inherent in QOCT: disper-
sion cancellation and the factor-of-two entanglement advantage. The GVD coefficient of ZnSe
is simultaneously determinedtobe " ~ 4.0+ 0.8 x 107®s*m™1,

2. Principlesof QOCT

We begin with a brief discussion of the principle underlying QOCT (for a comparative review
of the theories of QOCT and OCT the reader isreferred to Ref. [7]). A schematic of the QOCT
arrangement isillustrated in Fig. 1. The entangled twin photons may be conveniently generated
via spontaneous parametric downconversion (SPDC) [13]. In this process a monochromatic
laser beam of angular frequency wp, serving as the pump, is sent to a second-order nonlinear
optical crystal (NLC). A fraction of the pump photons disintegrate into pairs of downcon-
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verted photons. Both downconveted photons have the same polarization and central angular
frequency wo = wp/2, corresponding to type-I degenerate SPDC. We direct our attention to a
noncollinear configuration, in which the photons of the pairs are emitted in selected different
directions (modes), denoted 1 and 2 in Fig. 1. Although each of the emitted photons has a
broad spectrum in its own right, the sum of the angular frequencies must always equal w , by
virtue of energy conservation.

I MIRROR
T

NLC

ENTANGLED
TWIN-PHOTON
SOURCE

SAMPLE

Fig. 1. Schematic of quantum optical coherence tomography (QOCT). A monochromatic
laser of angular frequency wp pumps anonlinear crystal (NLC), generating pairs of entan-
gled photons. BS stands for beam splitter and 7 is an adjustable tempora delay. D; and
D, are single-photon-counting detectors that feed a coincidence circuit indicated by the
symbol . The outcome of an experiment is the coincidence rate C(7).

The twin-photon source is characterized by the frequency-entangled state

¥) = [ d2C()@+ Q)1 joo— Q2. @

where Q is the angular-frequency deviation about the central angular frequency @ of the
twin-photon wave packet, £(Q) is the spectral probability amplitude, and the power spectrum
S(Q) = |£(Q)|? isnormalized such that [ dQ S(Q) = 1. For simplicity we assume S(Q) to bea
symmetric function. Each photon of the pair resides in a single spatial mode, indicated by the
subscripts 1 and 2 in Eq. (1).

The schematicillustrated in Fig. 1 has, at its heart, the two-photon interferometer considered
by Hong, Ou, and Mandel (HOM) [14]. The conventional HOM configuration is modified by
placing the sample to be probed in one arm and an adjustable temporal delay 7 in the other arm.
The entangled photons are directed to the two input ports of asymmetric beam splitter (BS). As
shown in Fig. 1, beams 3 and 4 at its output ports are directed to two single-photon-counting
detectors, D1 and D, respectively. The coincidencerate of photonsarriving at thetwo detectors,
C(t), isrecorded within atime window determined by a coincidence circuit (indicated by ®).

An experiment is conducted by sweeping the temporal delay T and recording the interfero-
gram C(7). If amirror were to replace the sample, this would trace out adip in the coincidence
rate whose minimum would occur when arms 1 and 2 of the interferometer had equal path
lengths. This dip would result from interference of the two photon-pair probability amplitudes,
viz. reflection or transmission of both photons at the beam splitter.
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A weakly reflecting sample is described by a transfer function H(w), characterizing the
overall reflection from all structures that comprise the sample, at angular frequency :

H(w) = /Ow dzr (z, ) €292®). 2

The quantity r(z w) is the complex reflection coefficient from depth z and 2¢(z w) is the
round-trip phase accumulated by the wave while travelling through the sample to depth z
Losses are not included in this expression athough they are accounted for subsequently. As
shown previously [7], the coincidence rate C(7) is then given by

C(7) o= Ao— Re{A(20)}, )
where
Ao = /dsz|H(wo+Q)|25(sz) 4
and
A7) = /dQH(wo+Q) H* (w0 — Q) S(Q) e 1% )

represent the constant and varying contributions, respectively. The interferogram C(t) yields
useful information about the transfer function H (@) and hence about the reflectancer (z, ) [7].

3. Experimental arrangement

The details of the QOCT experimental arrangement are shown in Fig. 2. For QOCT scans, the
dotted components (mirrors M ; and Mo, as well as detector D3) are removed. The entangled
photons, centered about 1o = 812 nm and emitted in a non-collinear configuration, travel in
beams 1 and 2. The photon in beam 1 travels through a temporal delay t before it enters the
input port of the first beam splitter, BS;. The second photon in beam 2 goes through a second
beam splitter, BS,, which ensures normal incidence onto the sample. The photon returned from
the sample is directed to the other input port of BS;. Beams 3 and 4, at the output of BS;, are
directed to detectors D1 and D, respectively.

For OCT scans, the photons in beam 1 are discarded and mirrors M1 and M, remain in
place (see Fig. 2). The photons in beam 2 then simply serve as a short-coherence-time light
source. The reflections from the sample and mirror M 1, after recombination at beam splitter
BS; aredirected to detector D3 viamirror M. Theresult is asimple Michelson interferometer,
the standard configuration for OCT. To conduct an experiment, mirror M ; is scanned thereby
sweeping the delay 7 at the bottom of Fig. 2, and the singles rate is recorded, forming the
OCT interferogram | (7). Thisarrangement permits afair comparison between QOCT and OCT
since both make use of alight source with identical spectrum. An alternative configuration for
OCT scans, which we sometimes use, involves eliminating M , and D3 altogether and simply
recording the singlesrate | (7) at D1 or Dy.

4. Resultsfor a non-dispersive sample

The first experiment makes use of a four-surface sample (j = 1,...,4) comprising two thin
fused-silica (FS) windows separated by air, asillustrated at the very top of Fig. 3. The transfer
function of the sample, H(®), is therefore given by

H(®) = He(®) + Hg(0) €% @™ (6)

where He(@) = r1 +r2€®% and Hg () = r3 +r, €% are the transfer functions of the front
(F) and back (B) fused-silica windows, respectively. The round-trip time 74 between the two
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Fig. 2. Experimental arrangement for quantum/classical optical coherence tomography
(QOCT/OCT). A monochromatic Krt-ion laser operated at A, = 406 hm pumps an 8-
mm-thick type-l LilOgz nonlinear crystal (NLC) after passage through a prism, P, and an
aperture (not shown), which remove the spontaneous glow of the laser tube. BD stands for
beam dump (to block the pump), BS for beam splitter, M for mirror, A for 2.2-mm aper-
ture, F for long-pass filter with cutoff at 725 nm, and D for single-photon-counting detector
(EG& G, SPCM-AQR-15). The quantity t represents a temporal delay. For QOCT scans,
the dotted components M1, M, and D3 are removed, the delay 7 at the top of the figure is
swept, and the coincidence rate C(7) is measured within a 3.5-nsec time window. For OCT
scans, beam 1 isdiscarded (beam 2 serves as the short-coherence-time light source), mirror
M1 is scanned thereby sweeping the delay 7 at the bottom of the figure, and the singlesrate
I(7) isrecorded.

surfaces of each fused-silicawindow is given by 74 = 2nd/c, whereas 7p = 2D/c is the time
delay associated with around trip through the intervening air. The reflectance from each surface
of each window is |rj|? = 0.04 at normal incidence; each window has a thicknessd = 90 um
(whichisgreater than the 37-um coherencelength of the source); D = 4.5 mmistheair spacing

between the two windows; ¢ is the speed of light in vacuum; and n ~ 1.5 isthe refractiveindex

of the fused silica (which is taken to be independent of w by virtue of the low dispersiveness of

this material). Under these conditions, Egs. (4)—(6) yield

4
Ao= I ()
=

and
A(T) = Ap(T) + As(T — 270) + AFa(T — T0), (8)

where g = 14 + .
Thefirst two termsin Eq. (8), Ag(t) and Ag(7), represent the individual QOCT scans [8] of
the front (F) and back (B) fused-silica windows, respectively, and are given by

AR(T) = |raf?s(t) +|r2|?s(t — 219)

+2Re{rir;s(t — 7q) €™},
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A(t) = ral’s(7) + |ral?s(r — 21a)
+2Re{rar;s(t — 1q) €M}, 9)
where s(7) is the Fourier transform of the power spectrum S(Q2). The QOCT scan of the front
window (Ag) and the back window (Ag) each comprise three terms. The first two of these are

dips that arise from reflections from the front and back surfaces of each window (r 1 and ro for
the front window; r3 and r4 for the back window). These dips, each of which is associated with
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& @2, 4 (1,3
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O
@)
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= La+@29
x .
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DELAY-LINE DISPLACEMENT cz/2 (um)

Fig. 3. QOCT and OCT normalized interferograms for two d = 90-um fused-silica (FS)
windows separated by D = 4.5 mm of air. The four surfaces that comprise the sample are
numbered, as shown at the top of the figure. The abscissa is the scaled tempora delay
ct/2, which represents the displacement of the delay line for both experiments (OCT and
QOCT). (a) Coincidence rate C(t) normalized to the constant background Ag (the nor-
malized QOCT interferogram). Features labelled (j, j) correspond to reflections from the
jth surface whereas those labelled (i, k), J # k, correspond to cross-interference between
pairs of surfaces. The outermost clusters of features, labelled Ag and Ag, correspond to the
triplets of terms appearing in Eq. (9). The center cluster, labelled Arg, corresponds to the
terms appearing in Eq. (10), in which (1,4) and (2, 3) overlap. The power of the pump laser
was 7 mW, which resulted in a power in each of the downconverted beams of 43 pW. (b)
Singles rate | (t) normalized to constant background (the normalized OCT interferogram).
The power of the pump laser was 13 mW, resulting in a downconverted-beam power of 80
pW.
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the reflection from a single surface, carry the information about the structure of the sample that
is often sought in OCT. They are separated by t4 and are expected to exhibit 25% visibility by
virtue of Egs. (3), (7), (8), and (9), since|r j|> = 0.04for j = 1,...,4. The third termin Af or
Ag [see Eq. (9)], which appears midway between the two dips, arises from cross interference
between the reflection amplitudes associated with the two surfaces. This intermediate term
ranges from a peak to a dip depending on the values of wp, n, d, the arguments of r1 and r»
(front window), and the arguments of r 3 and r4 (back window).
Thethird termin Eq. (8), Ars(7), whichis given by

Ars(T) = 2Re{[r1r5 (1) + (rirj e ™% 4 r,r} & 0%)s(1 — 14)
+1215 (T — 214)] €70}, (10)

arises from cross interference between the reflection amplitudes associated with pairs of sur-
faces (one from each window) when the two windows are incorporated in a sample. These
cross-window intermediate terms are of the same nature as the third termsin A g and Ag for the
individual QOCT scans of each window [see Eqg. (9)]. Substituting Egs. (7)—(10) into Eq. (3)
yields an interferogram that containsten varying terms.

The experimental QOCT interferogram for this sample, normalized to the constant back-
ground Ag, is plotted in Fig. 3(a). The dips associated with the reflection from single surfaces
arelabelled (], j), where j isthe surface number as shown at the top of thefigure. Thesedipsare
separated by the optical path length of the medium between them: going fromright to left in the
figure, the values of the optical path lengths are nd = 135 um (front window), n 4D =1D=4.5
mm (intervening air), and nd = 135 um (back window). All (j, j) dips exhibit 23% visibility,
in close agreement with the theoretically expected value of 25%.

The cross-interference features associated with reflections from pairs of surfaces arelabelled
(J, k), j # k. For example, intheindividual QOCT scan of the front window, A () in Eg. (9),
the feature corresponding to the term 2Re{r 1r; (7 — 1q) €“°™} islabelled (1, 2). Because of
the low dispersion of the layers comprising this sample, al dips and peaks in the plot have
the same width (18.5 um full width at half maximum, FWHM). It is of interest to note that
although the two fused-silica windows are identical, the intermediate feature of the front win-
dow, labelled (1, 2), turns out to be a peak while that of the back window, labelled (3, 4), is
adip. This can result from a dlight thickness mismatch, of the order of the wavelength of the
light, between the two windows, as mentioned earlier. The abscissa is represented in units of
the scaled temporal delay ct/2, representing the physical displacement of the delay line.

The OCT interferogram for the same sample is expected to consist of four interference-
fringe envel opes, each with visibility calculated to be 30%, separated by the same optical path
length as the (], j) dips. The experimental OCT interferogram for this sample, normalized to
the constant background, is displayed in Fig. 3(b). The centers of the envelopes exhibit 26%
visihility, which is close to the expected value.

It is apparent that the 18.5-um FWHM of the dips observed in QOCT provides a factor
of 2 improvement in resolution over the 37-um FWHM of the envelopes observed in OCT.
Thisimprovement, which isin accord with theory [7], ultimately results from the entanglement
inherent in the nonclassical light source used in QOCT [§].

5. Resultsfor a dispersive sample

To demonstrate the dispersion-cancellation capability of QOCT, as well as the ability to mea-
sure GVD coefficients, we carry out a second QOCT/OCT experiment with a highly dispersive
medium: a 12-mm-thick window of ZnSe placed between the two fused-silica windows. The
ZnSe window is slightly canted with respect to the incident beam to divert back-reflections, as
schematized at the top of Fig. 4.
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Fig. 4. QOCT and OCT normalized interferograms for two d = 90-um fused-silica (FS)
windows sandwiching an L = 12-mm window of highly dispersive ZnSe. As shown at the
top of the figure, the ZnSe is slightly canted with respect to the incident beam (arrow) to
divert back-reflections. The four surfaces that comprise the sample are numbered, as shown
at the top of the figure. The abscissa is the scaled temporal delay ct/2, which represents
displacement of the delay line for both experiments (OCT and QOCT). (a) Coincidence
rate C(t) normalized to the constant background Ag (the QOCT normalized interferogram).
Features|labelled (j, j) correspond to reflectionsfrom the jt surface whereas those labelled
(j, k), J # k, correspond to cross-interference between pairs of surfaces. The outermost
clusters of features, labelled Ar and Ag, correspond to the features appearing in the first
and second terms of Eq. (13), respectively. The center cluster, labelled A‘,i'BSp , corresponds
to the terms appearing in Eq. (14), in which (1,4) and (2,3) overlap. The power of the
pump laser was 120 mW, which resulted in a power in each of the downconverted beams
of 685 pW. (b) Singlesrate | () normalized to constant background (the normalized OCT
interferogram). The power of the pump laser was 120 mW, resulting in a downconverted-
beam power of 685 pW.

The transfer function of this composite sampleis
HY® (@) = Hr(w) + aHg (0) €2 2P (@)L (12)

where (o) is the wave number and L = 12mm is the thickness of the ZnSe window. We have
ignored the air gaps between the fused-silica and ZnSe windows since this has no material
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effect on the results. The factor o represents the loss introduced by the ZnSe window; it is
measured to be |2 = 0.32. The phase factor €/2(®)L in Eq. (11), which represents the round-
trip propagation through the dispersive medium, replaces the phase factor e'®™ in Eq. (6),
acquired through propagationin air. We now carry out the usual Taylor expansion of (@ o+ Q)
to second order in Q, where Q is the angular frequency deviation about wo: (wo+ Q) ~
Bo+ B'Q+ B"Q2?, where B’ istheinverse of the group velocity at @, and B represents group-
velocity dispersion (GVD) [15].
Substituting H4% () from Eq. (11) into Egs. (4) and (5) yields

2 4
Ao= Y IrjP+]al*Y Irjl%, (12)
] =
and p
A(T) = Ap(T) + | a|?Ap (T — 271) + Agg (T — 1), (13)

respectively, where 11 = 14 + 1., and 7. = 28’L isthe round-trip travel time through the ZnSe
window. The first term in Eq. (13), Ag(7), which represents the individual QOCT scan of the
front window, is unaffected by the presence of the dispersive ZnSe medium. The second term
of Eq. (13), representing the QOCT scan of the back window, behaves as |a| > Ag. The multipli-
cation by the loss factor |oc|? simply resultsin areduction of visibility. Neither B¢ nor the GVD
parameter 3" appear in the second term; nor, in fact, would any higher even-order terms were
we to carry the Taylor expansion further. Thus the features associated with the scan of the back
window remain unaffected by dispersion.

The cancellation of GVD isanimportant signature of QOCT. In OCT, 3" does not cancel and
the result is a degradation of depth resolution and areduction of the signal-to-noiseratio [16].

On the other hand, the third term in Eq. (13), Aggp, which is a dispersed version of Agg, the
third term appearing in Eq. (8), is given by

AP(2) = 2Re{ o [rar H9(2) 4 (rarj e 90% 1 ror3 0% (7 1)
+1or5 9P (7 — 274)] (@0 +2Bob)y (14)

where s%% (1) isthe Fresnel transform
& (7) — / dQS(Q)e 128" PLg o, (15)

The sensitivity of the cross-window intermediate terms in A,‘i'BSp to the dispersiveness of the
ZnSe medium permits the measurement of its GVD coefficient 8.

Figure 4(a) displays the normalized QOCT interferogram for this sample. As predicted by
Eq. (13), the widths of all featuresin Ag and Ag remain essentially as they were in the absence
of the dispersive medium [see Fig. 3(a)]. These features encompass al the dips labelled (j, j),
which carry the structural information of the sample. Thus the optical sectioning capability of
the QOCT techniqueis unaffected by the presence of the dispersive medium.

Thereis adlight broadening from 18.5 um to 19.5 um of the three features in the leftmost
cluster labelled Ag. This could result from the sensitivity of QOCT to the higher odd-order
terms in the Taylor expansion of B(wg + ), namely B”, BV, ...etc, which are not cancelled.
In the case at hand, however, numerical simulation reveals that the broadening associated with
B (~0.05um) isfar less than that observed in the experiment. The broadening appears rather
to be a consequence of the diffraction of the beam as it propagates and its subsequent passage
through an aperture, which resultsin atruncation of the spectrum of thelight, an effect we have
previously observed in other experiments. The center features of the triplets, (1, 2) and (3, 4),
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in the QOCT interferogram displayed in Fig. 4(a), are also unaffected by the presence of the
ZnSe, sincethey are sensitive only to the dispersion of the fused silica, whichisnegligible. This
would not be the case, however, if the interstitial materials between the reflecting surfaces, 1
and 2 (front window), and/or 3 and 4 (back window), were dispersive[7].

On the other hand, theintermediatefeatures, labelled (1, 3), (1,4), (2, 3), and (2, 4), appearing
in the center cluster denoted A,‘i'BSp are broadened (FWHM = 35.5 um). This broadening arises
from the dispersiveness of the ZnSe medium lying between the (j, k) pair of reflecting surfaces
appearing in their labels. Given the thickness of the ZnSe, L = 12 mm, and fitting the data
to Eqg. (15), the value of the extracted GVD coefficient §” is determined to be f” ~ 4.0+
0.8 x 107?m~1. This result is in good agreement with the nominal value obtained using
the Sellmeier equation, B” ~ 5.4 x 10-?°s?m~1 [17], and with the value obtained via direct
computation from n(A) (the refractive index as a function of wavelength [18]), whichis 7 =~
52x 10 ®s?m L,

In contrast, inthe normalized OCT interferogram displayedin Fig. 4(b), thetwo interference-
fringe envel opes associated with reflections from the surfaces of the back window are broad-
ened from 37 to 104 um as aresult of dispersion. Those of the front window are clearly unaf-
fected by the dispersion of the medium that lies below the window.

6. Discussion

In the absence of prior information relating to the structure of the sample, featuresin the QOCT
interferogram associated with reflections from asingle surface (referred to asthe “first class’ of
features) may be confounded with cross-interference features associated with pairs of surfaces
(the“second class’ of features). These two classes may be readily distinguished, however, since
dlight variations of the pump frequency change the form of features in the second class (e.g.,
from dips to humps), whereas those in the first class are invariant to such variations.

Thus, dithering the pump frequency, for example, can serve to wash out the features in the
second class, thereby leaving intact the dispersion-cancelled portion of the interferogram that
revealsthe axial structure of the sample[7]. We expect that returns from scattering mediawould
have this same effect because of the associated random phases. Simple subtraction of this pat-
tern from the undithered version allows the second class of features to be separated, thereby
also providing a dispersion-sensitive determination of the GVD coefficients of the various me-
diathat comprise the sample.

The signal-to-noise ratio (SNR) for the OCT and QOCT interferograms is determined by a
number of factors, including the optical power in the interferometer, the transmittances of the
optical paths, the quantum efficiency of the detector(s), and the duration of the experiment.
These parameters play different rolesin OCT and QOCT; in the case at hand, they varied from
one experiment to another, asis clear in Figs. 3 and 4.

7. Conclusion

We have carried out experiments demonstrating dispersion-cancelled and dispersion-sensitive
guantum optical coherencetomography (QOCT). Thethree principal advantagesthat stem from
the frequency entanglement of the twin-photon source: dispersion cancellation, resol ution dou-
bling, and the ability to directly measure the GVD coefficient, have been illustrated.
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