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We report on interferometric autocorrelation measurements of broadband supercontinuum light in the anoma-
lous dispersion regime using two-photon absorption in a GaP photodetector. The method is simple and low-cost
and provides a direct measure of second-order coherence properties, including quantitative information on co-
herence time and average duration of the supercontinuum pulses as well as on the presence of temporally coherent
sub-structures. We report measurements in regimes where the supercontinuum is coherent and incoherent. In the
former case, the interferometric measurements are similar to what is observed for mode-locked laser pulses, while
in the latter case, the interferometric measurements and coherence properties are shown to have characteristics

similar to those of a stationary chaotic light source.
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1. INTRODUCTION

Supercontinuum (SC) generation in nonlinear fibers has at-
tracted significant attention because of its potential for a wide
range of applications. Depending on the intended application,
the coherence properties of SC need to be carefully considered
and characterized. For example, applications in metrology, tele-
communications, or coherent spectroscopy require high shot-to-
shot phase stability and long coherence time, while applications
in imaging and sensing may be more tolerant to fluctuations and
do not require SC with especially long coherence time. Several
studies of SC coherence properties have been conducted, both
theoretically and experimentally [1-3]. In these studies, the
quantification of coherence is typically realized utilizing the
second-order (in fields) normalized degree of spectral coherence
[1]. This description, however, characterizes only the shot-to-
shot phase stability and a more complete characterization of SC
coherence may be obtained using correlation functions of the
second-order coherence theory of non-stationary light [4-6].
The second-order degree of temporal coherence is character-
istic of the emission mechanism of a light source [7,8]. For ex-
ample, the normalized second-order degree of coherence of
petfectly classical fields at zero delay is equal to one for a quasi-
monochromatic continuous laser, while for a chaotic stationary
source, it is increased to two [7,8]. The simplest method for quan-
tifying the second-order degree of coherence of a light source is to
use a nonlinear autocorrelation technique such as e.g., intensity

autocorrelation (AC) [9] or interferometric autocorrelation (IAC)
[10]. A fundamental difference between AC and IAC is that,
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unlike AC, IAC also provides information about the phase, which
is particularly useful when characterizing short pulses [11,12].
In addition, AC and IAC measure the second and fourth powers
of the electric field amplitude, respectively, such that IAC yields
a higher contrast and enhanced sensitivity to the pulse shape.
Specifically, the envelope of the IAC profile for non-stationary
(pulsed) light has a peak-to-background ratio of 8:1, compared
to the AC profile with a ratio of 2:0.

Both TAC and AC may be performed using second-harmonic
generation in a nonlinear crystal [11,13] or via two-photon
absorption (TPA) in a semiconductor [14-16]. In second-
harmonic autocorrelation, the beam to be characterized interferes
with a delayed replica of itself in a nonlinear crystal that generates
light at the second-harmonic frequency of the input light.
The autocorrelation trace is then proportional to the second-
harmonic intensity measured as a function of delay between
the interfering beams. TPA-based IAC on the other hand is more
compact and inexpensive and does not require phase matching as
compared to the second-harmonic approach [14,17,18], and, in-
deed, characterization of short laser pulses [19-21] and photon
bunching in a blackbody source [15,22] with resolution down
to the femtosecond level have been reported using this simple
approach.

Second-harmonic based IAC measurements of ultra-short,
coherent broadband SC have been reported earlier, including
the study of compressed SC in a hollow-core fiber filled with
a noble gas [23] or the study of mid-infrared filamentation and
post-compression in bulk dielectrics [24]. TPA-based IAC
measurements of fiber-based SC have also been performed;
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however, they have been restricted either to highly stable
and coherent SC generated in the normal dispersion regime
[25], or to study relatively narrowband and filtered spectral
components [26].

Here, we expand previous studies and report TPA-IAC mea-
surements of broadband SC using a semiconductor GaP photo-
detector. In contrast to eatlier studies [24,25], measurements are
performed in the anomalous dispersion regime and for the full
duration of the SC pulses extending over several picoseconds.
We study both the case of a (phase-stable) coherent and incoher-
ent SC. Although IAC does not provide a direct measure of the
(average) phase across SC pulses as frequency-resolved optical gat-
ing [27] or spectral phase interferometry for direct electric field
reconstruction [28], it nevertheless reveals useful information
about the presence of coherent sub-structure and provides a direct
measure of second-order coherence properties. Our experimental
results are in good agreement with numerical simulations, and
they show that simple, TPA-based, IAC measurements can be
a convenient means to characterize the temporal properties of
broadband SC light with direct access to coherence time.
Coherence time here is referred to as the temporal width of
the coherence function around zero delay and for which interfer-
ence of the pulse with its delayed replica is observed [9,11,29].

2. NUMERICAL SIMULATIONS
The IAC profile as a function of delay can be written as [30]
10 = [TIEO + EG-opPa ()

(s)

Expanding the term in the bracket, the IAC profile consists of
four distinct contributions [30]:

I(t) = Iyg + Iac(7) + 1,(7) + 154(2), 2
where
Iy = 2/w[2(t)dt,

Ino(e) = 4 / P 18Iz - 7)ds,

oo

1,(7) =4 / U@ + 1(t - DIR[EDE* (¢ - D)]de,

L(7) = 2 / " RIE2()E2(¢ - 7)|dr

oo

correspond to the second harmonic of individual pulses (i.e.,
the background intensity), AC, field autocorrelation (i.e., the
spectrum), and the interferogram of the second harmonic,
respectively. Normalizing this equation relative to the back-
ground intensity /1,g, the IAC profile can then be expressed as

L@ |, 1 | 1@ g
bg I bg { bg
Equation (3) also shows that the AC function 7 5¢ can be obtained
from the IAC trace by filtering out the fast oscillating components
1,(7) and 7,,(7) and subtracting the normalized background
(i.e., 1). The AC and IAC functions for stationary chaotic light
and mode-locked pulses are illustrated in Fig. 1. It can be seen that
for chaotic stationary light, the peak-to-background ratio of the
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Fig. 1. Comparison of the properties of stationary chaotic light (left
panels) and mode-locked pulses (right panels). (a), (b) Time-domain
intensities; (c), (d): IAC function (blue) and superimposed low-pass
filtered trace (red); (e), (f) AC function. The coherence time of both
chaotic light and mode-locked pulses here is 7, = 100 fs.

IAC function is equal to 8:2, while for mode-locked pulses light,
the ratio is increased to 8:1. The corresponding AC function ob-
tained then yields a ratio of 2:1 for chaotic stationary light and 2:0
for pulsed light. This can be understood from the fact that in the
pulsed case, there is no overlap between a pulse and its delayed
counterpart at long delay times, yielding zero value for the AC
function, while in the case of stationary light, the two delayed
replicas of the field overlap at all delay times, yielding an AC back-
ground of 1. The IAC envelope [the first two terms of Eq. (3)]
obtained from the addition of the AC with normalized back-
ground therefore yields the corresponding IAC background of
2 for stationary light and 1 for pulsed light.

In order to understand the specific features associated with the
IAC profile of a broadband SC, we first perform numerical sim-
ulations based on the generalized nonlinear Schrodinger equation
[31]. The simulations presented below use the parameters of the
experiments reported in the next section. Specifically, the input
pulse is a chirped-sech pulse centered at 860 nm with 210 fs du-
ration and time-bandwidth product 1.27. The model includes
dispersion coefficients up to the 10th order, frequency depend-
ence of the nonlinear response, as well as (experimental) Raman
gain of silica [31]. Noise on the input pulse is also included in the
form of one photon with random phase per spectral bin with a
bin size of 31.25 GHz. We first analyze the case where the gen-
erating dynamics are fully deterministic with no pulse-to-
pulse fluctuation, such that the SC is fully phase-stable and
coherent (in any field order). The injected peak power is P, =
240 W, corresponding to an input soliton number NV = 10.
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The temporal intensity and average SC spectrum are shown in
Figs. 2(a) and 2(b). The spectrum extends over a 200 nm span
(=30 dB bandwidth), while in the time domain, the dynamics are
essentially dominated by higher-order soliton compression and
fission with a resulting temporal SC duration of c.a. 100 fs.
The corresponding computed IAC and AC traces are shown
in Figs. 2(c) and 2(d). One can see that the IAC profile (blue
line) consists of a slowly varying envelope, including a number
of side lobes with very fast oscillations across the full duration
of the envelope. The oscillation period is determined by the cen-
tral wavelength of the SC pulses, and interference across the full
duration of the IAC envelope is an indication of the near-perfect
coherence property of the SC field. It also provides a direct mea-
sure of coherence time of the SC pulses 7, & 300 fs, taken as the
delay over which interference is observed underneath the IAC
envelope. The total number of side lobes on one side of the zero
delay corresponds to the number of coherent sub-structures in the
temporal intensity profile of the SC pulses. The IAC trace is par-
ticularly efficient in revealing the presence of such coherent sub-
structures, in contrast with the AC profile extracted from the IAC
by simple low-pass filtering and which provides mostly informa-
tion on the duration of the SC pulse. The envelope of the central
spike in the AC trace has a contrast of 2:0 with characteristics
quite similar to those of mode-locked pulses (see Fig. 1).

We next examine the case where the injected peak power is
increased to P, = 7.9 kW, corresponding to an input soliton
number N = 59. The spectrum now extends over more than
one octave (-30 dB bandwidth), and we note the absence of
fine structure in the average (over 2000 distinct realizations)
temporal envelope and spectrum of the SC shown in Figs. 3(a)
and 3(b). The absence of fine structure is a clear indication of
large shot-to-shot fluctuations associated with the relatively
large soliton number and triggered by noise-seeded modulation
instability [31]. For the purpose of comparison with the experi-
ments reported below, a super-Gaussian bandpass filter over the
range of 750—1100 nm is applied (see section on experiments),
and the calculated autocorrelation profiles correspond to that
of the filtered SC spectrum. Fast oscillations under the IAC
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Fig. 2. Simulated coherent SC with P, =230 W. (a) Intensity in
time domain. (b) Normalized spectrum. (c) Interferometric autocor-

relation (blue) and superimposed AC function trace obtained by low-

pass filtering the IAC profile (red). (d) AC function.
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Fig. 3. Simulated incoherent SC with P,=79 kW. (a), (b) SC
average temporal intensity and spectrum computed over 2000 realiza-
tions, respectively. (c) Interferometric autocorrelation (blue) with
superimposed AC function trace obtained by low-pass filtering the
IAC profile (red) computed over 100 realizations. (d) AC function.
Note that for the purpose of comparison with the experiment, a
super-Gaussian bandpass filter over the range of 750-1100 nm was
applied. These wavelength range corresponds to the absorption range
of the GaP photodetector and long-pass filter used to reduce the linear
absorption in the lower wavelength range.

envelope are observed only for very short delays (c.a.
+50 fs) around the central spike, as shown in the figure inset.
The rapid decay in the oscillations around the central spike and
their absence in the broad pedestal is a consequence of the sig-
nificant shot-to-shot phase fluctuations of the SC pulses.
Notice that the decay of the envelope of the interference pattern
from 8 to 2 in the central spike is similar to what is observed for
a stationary chaotic light source (see Fig. 1). The coherence
time in this case is reduced to 7, = 50 fs. Note that it is im-
portant to compute the IAC profile over an extended delay to
observe the full decay of the IAC pedestal from to 2 to 1, since
SC spectral components do not overlap in time on average. The
AC profile, on the other hand, shown in Fig. 3(d) is similar to
the mean envelope of the JAC. The width of the spike of the
AC function is ~100 fs, and it provides an estimation of
the average duration of the sub-pulses present underneath
the broad average temporal envelope, while the width of the
pedestal close to 4 ps corresponds to the average temporal du-
ration of the SC pulses. We also note that the amplitude of the
spike in the AC trace has a contrast close to 2:1, similar to what
is observed for a chaotic light source.

3. EXPERIMENTAL SETUP

We next proceed to the experimental IAC measurements of SC
with characteristics similar to those presented in the numerical
simulations section above. The SC is generated by injecting
Tewim = 210 fs pulses at 860 nm into the anomalous
dispersion regime of a 50 cm long photonic crystal fiber (PCF,
Thorlabs NL-2.8-850-02). The pulses are produced by a
mode-locked Ti:Sapphire laser (Spectra-Physics Tsunami) with
80 MHz repetition rate. The zero-dispersion wavelength
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(ZDW) of the PCF is 850 nm with dispersion slope of
0.48 ps/nm?/km and nonlinear coefficient 47 W1 km™.
The IAC setup used here is a Michelson interferometer with
a4 nm precision piezo motor (SmarAct SLC2430) that controls
the delay in the scanning arm. Light at the output of the inter-
ferometer is focused onto a GaP (transimpedance amplified)
photodetector (Thorlabs PDA25K) to perform the two-photon
intensity IAC measurement, as shown in Fig. 4. The photocur-
rent from the photodetector is measured directly with an
oscilloscope as a function of delay in the moving arm. In prin-
ciple, direct absorption in the GaP photodetector is limited to
the 150-550 nm wavelength range, such that TPA occurs for
wavelengths from 550 nm to 1100 nm. However in practice,
impurities in the semiconductor material extend the linear re-
sponse of the photodetector, and significant direct absorption
can still be observed for wavelengths above 550 nm. This un-
wanted linear response of the photodetector is in fact the main
challenge in two-photon IAC measurement of broadband SC
light, as the intensity associated with some of the spectral com-
ponents of the SC in the normal dispersion regime is relatively
weak, and the resulting nonlinear absorption may be domi-
nated by direct absorption for those wavelengths. In order
to circumvent this problem, we take advantage of the fact that
TPA is proportional to the square of the intensity and is thus
observed only when the photodetector is placed at the focal
plane of the overlapping beams. As the photodetector is dis-
placed from the focal point, nonlinear absorption is signifi-
cantly reduced up to a point where only linear absorption
occurs. Therefore, by subtracting the interferogram recorded
when the detector is out of focus at the interferometer output
from the interferogram measured when the detector is at the
focal plane, one can isolate the true TPA IAC. We emphasize
that only 0.1% of the incident light is absorbed by the photo-
diode, such that the intensity of the light is nearly constant
across the thickness of the semiconductor material. This im-
plies that both linear and nonlinear absorption rates are similar
across the material and do not affect each other as may occur
in the case of large absorption [32]. Note also that when the
photodetector is in the out-of-focus position, one needs to

M1
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Ti-Sapp {ZZ §§2 - l

Caser PCF BS

| ] R
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Fig. 4. Experimental setup. Supercontinuum source generated by
injecting 210 fs pulses from a Ti:Sapphire mode-locked laser through
a photonic-crystal fiber (PCF). TPA interferometric autocorrelation
measurements are performed in a Michelson interferometer with a
fixed (M1) and a moving mirror (M2), beam splitter (BS), aspheric
lens to focus the interfered beams, and a GaP photodetector connected

to an oscilloscope (OSC).
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ensure that the beam size does not exceed that of the detector,
such that the full intensity is actually measured.

4. RESULTS AND DISCUSSIONS

We first test this two-step approach to measure the IAC trace of
the femtosecond pulses from the Ti:Sapphire laser before injec-
tion into the PCF. The measured interferograms recorded in
and out of focus for a peak power of 1.7 kW are plotted in
Fig. 5(a) in blue and red, respectively. One can see that there
is a high contrast between the two interferograms, showing that
the nonlinear absorption dominates significantly the linear ab-
sorption, where the interferogram measured at the focal plane
itself exhibits a peak-to-background ratio close to 8:1, similar to
that reported in [20] and expected for mode-locked pulses
(Fig. 1). The expanded view of the interferogram in Fig. 5(b)
shows the photocurrent measured around zero delay with each
measured delay point indicated by a blue circle. In order to
isolate only the TPA contribution, however, the linear contri-
bution must be subtracted following the procedure described
above. Figure 5(c) shows the resulting IAC trace, obtained
by normalizing the tail of the subtracted interferogram to 1.
The low-pass filtered component of the IAC trace corresponds
to the AC function, and it is shown in red in the figure. The
peak-to-background ratio is close to 3:1, corresponding to a
ratio close to 2:0 after background subtraction [see Fig. 5(d)].
Note that the near-perfect symmetry of the autocorrelation
around zero delay is an indication that the interferometer is
properly aligned. The width of the extracted AC profile is
~320 fs, corresponding to an effective duration of 210 fs, as-
suming hyperbolic-secant shape and a deconvolution factor of
0.65 [33]. The IAC profile, on the other hand, provides addi-
tional information where we can see that interference is not
observed across the full delay range for which the interfering
pulses overlap, indicating that the pulses are in fact chirped.
The chirp is caused by the dispersion in the optical isolator
and other optical components of the setup.
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Fig. 5. Laser characterization from the IAC trace. (a) Measured
interferogram at focus plane (blue) and out-of-focus plane (red), with
(b) expanded view around zero-delay. (c) Subtracted TPA trace with
peak-to-background ratio of 8:1 (blue) and low-pass filtered trace
(red). (d) Extracted intensity autocorrelation function.
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We next proceed to perform TPA IAC measurements of the
SC. We first study the case when the peak power injected into
the PCF is relatively low (P, ~ 240 W). At this power level,
the spectral broadening is limited from 750 nm to 950 nm
(-30 dB bandwidth), as shown in Fig. 6(b), with relatively
good qualitative agreement with the numerical simulations
in Fig. 2. We do note a discrepancy on the short wavelength
side with a more pronounced dispersive wave component as
compared to the numerical simulations, which we attribute
to the uncertainty on the dispersion profile provided by the
manufacturer and used in the modeling. Figure 6(a) shows
the interferogram recorded in steps of 40 nm (corresponding
to 0.27 fs delay step) by the GaP photodetector placed at
the focus (blue) and out-of-focus (red) planes. Note that in
order to reduce the overall measurement time and limit poten-
tial changes in the coupling conditions, recording is performed
in only one direction away from the zero delay. The retrieved
IAC profile after subtracting the linear absorption contribution
is shown in Fig. 6(c), and we remark very good agreement with
that of the simulations shown in Fig. 2(c). Specifically, the mea-
sured peak-to-background ratio is close to 8:1, and we observe
multiple side lobes with fast oscillations visible across the full
duration of the SC pulses, indicative of multiple phase-stable
sub-structures under the temporal envelope. The correspond-
ing coherence time is 300 fs, also in agreement with the sim-
ulations. The extracted AC trace extracted by low-pass filtering
is plotted in Fig. 6(d), and it has a temporal width on the same
order as that in the simulations with the expected peak-to-back-
ground ratio of 2:0.

We subsequently increased the peak power to P, =
7.9 kW, leading to an increase in the SC bandwidth with
the average spectrum plotted in Fig. 7(b) now spanning from
c.a. 550 nm to 1300 nm (-30 dB bandwidth) in relative good
agreement with the numerical simulations shown in Fig. 3(b).
The discrepancy is again probably caused by the uncertainty
on the dispersion profile. In order to avoid significant linear
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Fig.6. Quasi-coherent SC case. (a) Measured interferogram at focus
plane (blue) and out-of-focus plane (red). (b) Spectrum measured
by an OSA. (c) IAC trace (blue) and low-pass filtered trace (red).
(d) Extracted AC function. Note that the autocorrelation traces for
negative delay shown here are obtained by mirroring the measured
positive delay traces.
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absorption that still occurs in the GaP detector for wavelengths
up to 700 nm and even beyond, we use a long-pass filter with
cut-on wavelength at around 750 nm. Note also that spectral
components above 1100 nm do not contribute to the TPA sig-
nal and are thus filtered out by the detector. The measured in-
terferograms in and out of focus are plotted in Fig. 7(a), while
Figs. 7(c) and 7(d) show the temporal IAC profile and extracted
AC, respectively, measured for a total delay of 3.9 ps. Note that
in order to minimize possible variations in the injected peak
power caused by slow thermal effects at large values during
the acquisition of the IAC, the measurement time was reduced
by using a different precision in the scanning mirror step for
small and large delays from the zero-delay position. Specifically,
for delays below 400 fs, corresponding to the span of the central
spike, a step of 30 nm (corresponding to a 0.2 fs resolution) was
used, while a larger step of 1.5 pm (corresponding to a 10 fs
resolution) was used for longer delays, corresponding to the
broad pedestal part of the profile. Fast oscillation is observed
only around the central spike with a peak-to-background ratio
close to 8:2, confirming the chaotic light nature of the SC gen-
eration process. The coherence time estimated from the IAC
profile is 75 fs. The width of the spike of the AC function here
(giving the estimation of the average duration of sub-pulses
underneath the broader SC temporal envelope) is 150 fs, while
the width of the pedestal gives the average total span of the SC
pulses, close to 4 ps. We also note that the amplitude of the
spike in the AC trace has the expected contrast close to 2:1,
typical of a chaotic light source.

The difference observed between the numerical simulations
and experimentally measured values of coherence time and
width of the AC profile may arise from different factors.
There is of course some uncertainty of the fiber dispersion pro-
file provided by the manufacturer, which can lead to discrep-
ancy in the simulated temporal and spectral profiles of the SC.
Another factor that can in principle contribute is the spectral
dependence of the TPA process on the photodetector [20].
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Fig. 7. Quasi-incoherent SC case. (a) Measured interferogram at
focus plane (blue) and out-of-focus plane (red). (b) Spectrum mea-
sured by an OSA. (c) IAC trace (blue) and low-pass filtered trace
(red). (d) Extracted AC function. Note that the autocorrelation traces
for negative delay shown here are obtained by mirroring the measured
positive delay traces.
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However, we checked through numerical simulations using a
wavelength-dependent TPA model that the effect was rather
modest. This can be understood from the facts that in the co-
herent case, the main contribution to the TPA signal arises
from the compressed central part of the pulse (see Fig. 2),
which spans only a few tens of nanometers at the FWHM,
while in the incoherent case, the main contribution to the
TPA signal comes from the pump residue around 860 nm with
a very limited bandwidth. It is also possible that chromatic
aberration contributes to the slightly larger value of coherence
time observed in the experiments. However, because the semi-
conductor material in the photodiode is significantly thicker
than the shift of the lens focal distance over the SC bandwidth,
the effect of chromatic aberrations in the measurements is rel-
atively minor, as also checked through numerical simulations of
the IAC, including the spectral dependence of the beam area as
a function of delay.

5. CONCLUSION

We have shown that low-cost and simple IAC measurement of
broadband SC can be achieved using a semiconductor GaP
photodetector based on TPA. We have demonstrated that the
linear absorption due to impurities in the semiconductor
material of the photodetector can be eliminated using in- and
out-of-focus measurements, allowing direct access to the sheer
IAC profile. The interference pattern for a coherent SC extends
over the entire IAC trace, while for a quasi-incoherent SC, it
extends over only a few tens of femtoseconds temporal delay,
corresponding to only a fraction of the SC average duration.
The delay over which the interference pattern is observed pro-
vides an estimation of coherence time, while the envelope also
provides information about the presence of sub-pulses. The ex-
tracted AC trace on the other hand has characteristics of mode-
locked pulses in the case of a low-power SC, while it has the
characteristics of a chaotic stationary light source around the
zero delay for increased power. We anticipate that the simplicity
of the technique may be very useful in studying the coherence
properties of light sources.
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