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We propose a kind of spectral polarization-encoding (SPE) for broadband light pulses, which is realized by inducing
optical rotatory dispersion (ORD), and decoded by compensating ORD. Combining with polarization-sensitive devices, SPE
can not only work to control polarization-dependent transmission for central wavelength or bandwidth-tunable filtering, but
also can be used for broadband regenerative or multi-pass amplification with a polarization-dependent gain medium to
improve output bandwidth. SPE is entirely passive thus very simple to be designed and aligned. By using an ORD crystal
with a good transmission beyond 3-pm mid-infrared region, e.g., AgGaS,, SPE promises to be applied for the wavelength
tuning lasers in mid-infrared region, where the tunning devices are rather under developed compared with those in visible

and near-infrared region.
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1. Introduction

It is well known that ultrashort light pulses have inher-
ent broad spectral bandwidth, which provides us with great
convenience to implement spectral manipulation or shaping.
Consequently, femtosecond pulse shaping has attracted an
increased interest due to its important applications in many
fields including ultrahigh speed communications, !> ultrafast
optical signal processing and computing,! ultrafast nonlin-
ear processes,*3 ultrafast optical imaging,!®”! precise op-

(891 quantum coherent control,!'%) high effi-

tical metrology,
cient terahertz pulse generation,!'!! and chirped-pulse amplifi-
cation (CPA).['2131 Until now, many methods for femtosecond
pulse shaping have been reported. For example, spatial light
modulator'# and fiber Bragg grating!">! were used for ultra-
high speed communications, whereas etalons,[!®! wavelength-
dependent reflectors, 7] birefringent plates,!'®! and acoustic-

optical programmable dispersive filters!'”]

were applied in
CPA systems to alleviate spectral narrowing effects.

This paper proposes a novel way to implement fem-
tosecond pulse shaping, which, similar to the spectral time-
encoding in CPA, is a kind of spectral polarization-encoding
(SPE) for ultrashort light pulses. SPE can be realized simply

by allowing a linearly polarized broadband light pulse through

DOI: 10.1088/1674-1056/abfOfb

some optically active crystals to induce some optically rota-
tory dispersions (ORD). As a result, all spectral components of
the ultrashort pulse are still linearly polarized but their polar-
ization directions can be manipulated by controlling the ORD.
This SPE can be decoded by compensating ORD, which is im-
portant for some of its applications, e.g., broadband light pulse
amplification, spectral shaping, and so on.

2. Theory and proof-in-principle experiments

An ultrashort light pulse has inherently very affluent spec-
tral components. For a transform-limited pulse, when it prop-
agates through a disperser, it becomes a chirped pulse, and its
affluent spectrum allows its temporal duration to be stretched.
As a result, in different temporal slices, one will “see” dif-
ferent frequencies inside the chirped pulse. This process can
be regarded as a spectral time-encoding. Traditionally, these
spectral components have an identical polarization. However,
polarization is one of the most important freedoms of a light
pulse, so it is very interesting to encode the polarization direc-
tion of all the spectral components of an ultrashort light pulse,
which, fortunately, can be simply realized by inducing ORD.

As we know, a linearly polarized light beam can be seen
as the overlap of left circularly polarized and right circularly
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polarized components. When the beam goes through an ORD
medium, the two components will travel with different veloci-
ties. Consequently, the output beam still keeps its linear polar-
ization but rotates its polarization direction by a wavelength-
dependent angle with regard to that of the input beam due
to ORD. Consequently, we can actualize SPE for a broad-
band pulse. One of the simple ways to induce ORD is to
allow a light pulse through some optically active substances.
It is an entirely passive method and very easy to be aligned,
meanwhile, unlike the magnetic ORD due to Faraday effect, it
works without need of any applied fields.

When a linearly polarized beam at wavelength of A passes
through an optically active substance with thickness of L, the
rotating angle can be expressed as

a(A) =n(4)L. ()

Here (1) and 11(A) stand for rotating angle and rotation coef-
ficient, respectively. Both of them are wavelength-dependent.
One can see that ORD stems from 1(A) is proportional to the
thickness L. Accordingly, if the input is a linearly polarized
pulse with broad bandwidth, after through an ORD crystal,
different spectral components of the pulse correspond to dif-
ferent polarizations, i.e., SPE. Obviously, we can manipulate
SPE or o¢(A) by changing 1(A) or/and L of an optically active
crystal.

The ORD generated by this way is compensable, so our
SPE can be decoded, which is important in some applications,
e.g. broadband pulse amplification. One way to compensate
ORD is to allow the broadband pulses with ORD through an-
other optically active substance which has a rotation coeffi-
cient of —1(A) and an equal thickness of the crystal to gen-
erate ORD (Fig. 1(a)). Fortunately, this compensation is prac-
ticable because some of the optically active substances, e.g.,
quartz, have two mirror-symmetrical configurations: the left-
handed and the right-handed, which have opposite values of
n(A) with each other. We call this decoding method as LR
method. Another way to realize ORD compensation is shown
in Fig. 1(b) including only single crystal puls a mirror, which
we call SCM method. There, the ORD is generated from the
first pass through a piece of rotatory crystal, and can be com-
pensated automatically to bounce the beam back through the
same crystal again with a mirror.

Besides these two ways, we propose another way to com-
pensate ORD, which, as shown in Fig. 1(c), includes double
complete same ORD plates plus a broadband half-wave plate
(BHW) between the two plates, and we call this decoding as
DCW method. It is an all-transmission method which com-
bines the advantages of the two other methods. Here the BHW
is firstly aligned so that its fast or slow axis along with the
polarization direction of input pulse without the ORD crystal
(ORDC) there. Suppose the ORDC will rotate the polarization

direction of its incident light pulse with an angle of ¢¢(4), the
light beam will pass though the BHW following the ORDC
with a cross angle of o(A1) between its polarization direction
and the fast or slow axis of the BHW. After passing through the
BHW, the rotation angle becomes —a(A) or 7—a(A), which
means that the ORD can be removed by inducing another ro-
tatory angle o/(A), or passing through another complete same
ORD crystal as the first one. If the fast axis of BHW is at an ar-
bitrary angle 0 relative to the input polarization, after passing
through BHW, the polarization direction is 26—a(A ), SPE can
also be decoded by the second ORDC, except the polarization
direction rotates to 26.

(a) input ORDC+ ORDC_ output
pulse pulse
input M ORDC HR
(b) pulse
-4 -
7?7 —
output pulse
(C) input ORDC BHW ORDC output
pulse pulse
> —
a(d) O > >
—_— N » _O‘(A)

Fig. 1. The ways to compensate ORD: (a) using another crystal with mirror-
symmetrical configuration (LR), (b) reflecting the light beam back to the sub-
stance (SCM), or (c) using two complete same ORD plates plus a broadband
half-wave plate (DCW). ORDC: ORD crystal; ORDC+ and ORDC-: two
ORD plates with the same ORD value but opposite signs; BHW: broadband
half-wave plate; M: mirror; HR: 0° high reflective mirror.
Proof-in-principle experiments are implemented for three
decoding methods as shown in Fig. 1, using a commercial fem-
tosecond laser oscillator (Mirca-5, Coherent Co.) as the light
resource. The oscillator exports 80 MHz, 780 nm, 400 mW
pulse chain with a tunable bandwidth from 60 nm to 100 nm.
A piece of left-handed quartz with a thickness of 20 mm
is used for encoding. The rotation coefficient of quartz at
0.78 um is about 12 deg/mm, and the rotating angle at 0.78 um
is a(0.78 wm)=241 deg. After encoding, the wavelength-
dependent rotating angle of the polarization is shown by the
purple line in Fig. 2. When wavelength varies from 0.72
to 0.88 um, the rotating angle decreases from 285.1 deg to
187.6 deg, close to a linear trend. Another 20-mm quartz with
the opposite/same chirality is used for decoding in the config-
ures of LR or DCW, respectively. All the elements, including
the mirrors and the wave plate, are using broadband design.
By applying a linear polarizer and a spectrograph (HR4000,
Ocean Optics, Inc.) at the output side in the three designs re-
spectively, the output spectra (solid lines) and the correspond-
ing transmissions (dotted lines) are shown in Fig. 2. The thick
gray line stands for the input spectrum. It is obvious that
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the compensated spectra coincide well with the original one
and their transmissions are nearly constant of 1 (normalized),
which shows that all three designs can operate well for SPE

decoding.
T T T T T — 2.0

~ 1.0 == OTiginal

T IR 1300
= 0.8 — SCM 1.5 e
g DCW 2 )
! %4250 =
S 0.6 4 1.0 2 5
N 1) )
2 0.4 3 £
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2 0.2 Q
E A~

0 4150

L L L L L = 0
0.72 0.75 0.78 0.81 0.84 0.87
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Fig. 2. Experimental ORD compensation results for LR (blue lines), SCM
(red lines), and DCW (green lines), solid lines are spectra versus wavelength
and dotted lines are transmission versus wavelength.

3. Applications
3.1. Spectra shaping

It is well known the transmission of a linear polarizer
is polarization-dependent, so SPE by the aid of a polarizer
can work to manipulate wavelength-dependent transmission,
thereby realize the spectra shaping of broadband pulses.

As shown in Fig. 3, when a linearly polarized broadband
pulse passes through a BHW and an ORDC, each spectral
component of the pulse has its own polarization direction due
to ORD, thereby has its own transmission. Here the BHW be-
fore the ORDC is used to rotate the polarization directions of
all input spectral components with an identical angle (— ),
thus the spectral component (Ag) with the maximal transmis-
sion can be chosen flexibly. The rotatory angle after the ORDC

and BHW is
o' (A) =n(A)L—ap = a(A) — 0. 2)

Accordingly, the spectral/polarization-dependent transmission
of the linear polarizer can be expressed as

T(A) =cos’ [N(A)L—ap] or cos*[o(A) — ). 3)

Figure 4(a) shows the transmission curves T(A) of the setup
in Fig. 3 versus wavelength (um) by using a quartz plate as
ORD crystal (black: L = 5.0 mm; red: L = 10.0 mm; blue:
L =15.0 mm; green: L = 20.0 mm; purple: L =40 mm)
when setting op at A = 0.75 um. We can see for a fixed o,
the transmission bandwidth decreases with the thickness of the
quartz crystal. Accordingly, if using a wedge pair instead of
the quartz plate to make the thickness to be alterable, the setup
in Fig. 3 can work as a bandwidth-tunable filter. Figure 4(b)
shows the shift of the transmission peaks by simply rotating
the BHW at different ¢ty with a 40-mm-quartz as an encoding
ORDOC. It can be seen obviously that there are multiple trans-
mission peaks in Fig. 4(b), and for normal use of the filter, the
adjacent interval should be larger than the pulse width. Ap-
plying such a spectra shaper to our laser, wavelength-tunable
output can easily be realized. Confirmatory experiments are
carried out where an 80-MHz, 2.5-nJ pulse with a tunable
bandwidth from 60 nm to 100 nm is used as the input and the
results are shown in Fig. 4(c), where the experimental output
spectra (dots) are consistent well with the calculative results
(lines). Although the transmissions have multi-peak structure,
however, the “free spectrum range”, or the interval between
adjacent peaks, is up to 156 nm, which is much wider than the
spectral width (72.1 nm) of the laser we used here. Therefore,
output spectra present single-peak structures, and the band-
width is as broad as about 43 nm.

In addition, the ORD profile can be altered by combi-
The black line in Fig. 5
presents the spectral-dependent rotatory angle of a quartz

nation of multiple ORD crystals.

plate with a thickness of 4.5 mm. One can see that from visi-
ble to near-infrared (near-IR), as those of many optically active
substances, the |a(A)| of quartz decreases with wavelength.

output

J I\ I 'ORD,C VL -

input linearly

polarized pulse BHW polarizer

Fig. 3. The setup for spectral shaping. BHW: broadband half-wave plate;
ORDC: optically rotatory dispersion crystal.

Wavelength (pm)

Fig. 4. (a) The transmission versus wavelength (in unit pm) by using a piece of quartz as ORD crystal (black: L = 5.0 mm; red: L =

Wavelength (pm)

2.0 T T —
m — 1mpu
- (c) Z o 0-800 um)
1.6 a (0.791 pm)
o = b L —a g0.765 pmg'
0.781
'% ‘% *? 1.2r “a (0.774 Efﬁ)
g g ] £ os
g g E
0.800
& = —a go 791 ﬁiﬂi 0.4
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—« (0.781 pm)
a (0.774 ym) 0
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Wavelength (pm)

10.0 mm; blue:

L =15.0 mm; green: L = 20.0 mm; purple: L =40.0 mm) for a fixed oo = ¢ (0.75 pm); and (b) by using a 40-mm-thick quartz for different op: «
(0.800 um), & (0.791 pum), o (0.765 um), o (0.781 pum) or & (0.774 um); (c) theoretical and experimental results of the spectrum versus wavelength (um).
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However, this monotonous trend can be changed by using the
combination of multiple ORD crystals. For example, if the
combination consists of an AgGa$S; plate and a quartz plate
with a thickness ratio of 1:5.1, the ORD will exhibit parabolic-
like profile (the green line in Fig. 5). The blue or red line cor-
responds to a thickness ratio of 1:4.0 or 1:6.0. Obviously, the
ORD profile can be altered by changing the thickness ratio.

. 0.4
. 0.6 La:Lg=
o]
g 1: 5.1 { =
£ 04 ——1: 6.0 E
g —1:40 0.3 <
iéo 2
3 0.2 2
i ]
2 02 2
g o0 2
3 2
Q
=
_ . . . do.1
096 0.7 0.8 0.9 1.0

Wavelength (pm)

Fig. 5. The ORD ¢(A4) of a piece of quartz crystal (black line), a combination
consisting of an AgGa$S, and a quartz plate with different thickness ratios of
the AgGaS, to quartz: 1:5.1 (green line), 1:6.0 (red line) or 1:4.0 (blue line).

—0.05
1.0
a —
( )-—0.10 3
o 0.8 La:Lg=1:5.1, Ly =2.0 mm =
ke o)
= =
g @
12}
Z 04 020 %
0.2 —0.25 £
—ap=0.50 °
—ap=0.94 — ;=35 —ap=0.0
0 ; ; { _0.
0.6 0.7 0.8 0.9 1.0 0-30
Wavelength (pm)
1.0 —
£}
0.8 i‘f/
§ <
g 1: 4.0, black o
g 0.4F 1: 4.5, red 5
Y 1: 10.0, blue <
H 3 g
0.2 N 172 0o
N ~
0 . . R T —4
0.6 0.7 0.8 0.9 1.0

Wavelength (pm)

Fig. 6. The transmission versus wavelength (in unit pm) by using a combina-
tion of an AgGaS; plate and a quartz plate for (a) different op: 0.50 (purple),
0.94 (red), 3.5 (blue) or 0.0 (dark cyan) with fixed La: Lg (1:5.1) and La
(2.0 mm), and (b) for different La: Lqg: 1:4.0 (black), 1:4.5 (red) or 1:10.0
(blue) when o = 0.0.

In Fig. 6(a), for a given thickness ratio of the AgGaS;
to the quartz plates (La : Lo = 1 : 5.1), the parabolic ORD
profile (black line) can be used to achieve not only a flat (pur-
ple line, oy = 0.5) or saddle shaped (blue line, oy = 3.5), but
also upward (dark cyan line, o = 0.0) or downward (red line,
0p = 0.94) parabolic transmission from 0.6 pm to 1.0 pm by
tuning ¢. For a given oy, e.g. 0 = 0.0 as shown in Fig. 6(b),
the black, red or blue line corresponds to the different thick-
ness ratio of the AgGaS; to the quartz plates: La: Lo =1:4.0,

1:4.5 or 1:10.0 (blue), respectively, which means the transmis-
sion can also be altered by changing L4 : Lq.

From the above discussions, one can see SPE allows us to
flexibly manipulate spectral shaping by inducing some spec-
tral polarization-dependent loss, which can be realized through
choosing a proper combination of multi-ORD crystals, their
thicknesses (the thickness ratio), and a broadband half-wave
plate.

3.2. Polarization-encoded chirped pulse amplification

SPE can also help us to manipulate laser gain spectra by
the aid of polarization-dependent gain. As we know, some
laser crystals have broad polarization-dependent gain spectra,
so SPE can be used to control the output spectrum from some
lasers. It motivates us to use SPE to suppress efficiently spec-
tral narrowing which is one of the most important but chal-
lenging works for a CPA system. Until now, the most popular
laser crystal used to boost ultrashort pulse power is Ti:S whose

[20] Even so,

fluorescence bandwidth is broader than 0.2 pm.
the serious spectral narrowing still occurs for a seed with few-
cycle pulse duration. Fortunately, the Ti:S has polarization-
dependent gain, which allows us to flexibly control amplified
spectrum by SPE. As is known, the gain cross-section of Ti:S
crystal for the m-polarized beam is about 2.4 times as large
as that for the o-polarized. Traditionally, the Ti: S amplifiers
are designed to amplify their seed pulses with z-polarization
for maximizing laser gain. In order to avoid the spectral nar-
rowing, efforts are usually made to suppress the laser gain for
the spectral components around the central wavelength of the
seeded pulses, meanwhile, to increase the gain for those far
away from the central wavelength. Correspondingly, by use of
a BHW and a block of quartz crystal, we applied our SPE to a
Ti:S regenerative amplifier>!) where the seed pulses are am-
plified with o-polarization for the spectral components around
the central wavelength, and with 7-polarization for those far
away from the central wavelength.

Figure 7(a) presents our calculations according to Egs. (1)
and (2) and Table 1 of Ref. [21] when using an 11-mm-
thick quartz plate and setting the o-polarization wavelength
As = 0.82 um. As shown by the blue solid-triangle marks, the
amplified pulse bandwidth is initially 44.1 THz, and increases
to 49.1 THz with the pass number N up to 30. In spite that it
decreases slightly to 48.1 THz when N rises to 40, the spectral
narrowing is efficiently avoided in the regenerative amplifica-
tion with an output pulse energy of ~ 3.24 mJ. However, o-
polarization amplification for the spectral components around
the central wavelength implies some sacrifices of amplifica-
tion efficiency. Consequently, amplification saturation occurs
at pass number N ~ 40 as shown by the black marks.

Furthermore, if a combination consisting of a quartz plate
and an AgGaS; plate is used instead of a single quartz plate as
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the optically rotatory disperser, the ORD profile can become
parabolic, so we can set two wavelengths on the opposite sides
relative to the wavelength with 7-polarization and the spec-
tral components around the central wavelengths to be ampli-
fied away from 7-polarization. In Fig. 7(b), we make numer-
ical simulation basing on the layout in Fig. 1(a) of Ref. [21]
with the same equations and initial specifications of Fig. 7(a).
The thicknesses of the used AgGaS; plate and quartz plate
are 8§ mm and 47 mm respectively, and the two m-polarized
wavelengths are set at 0.69 pm and 0.95 um by rotating the
BHW. Figure 7(b) shows the amplifier can still boost the out-
put pulses up to 3.28 mJ without spectral narrowing, but N
reduces to 30 for amplification saturation, which means the
amplification efficiency has been greatly improved compared
with that of Fig. 7(a).

el>*l amplification systems, where nearly 90-nm

regenerativ
broadband amplification was achieved. According to the re-
sults described above, our SPE may open a promising way to

few-cycle PW-class laser system.

3.3. Application in tunable mid-IR lasers

Obviously, SPE, which can be used to manipulate laser
gain/loss, can be also applied for laser tunning. In recent years,
3 wm—5 pum mid-IR lasers begin to draw considerable attention
due to a variety of important applications in biomedical, ma-
terial processing, remote sensing, target detection, and other
fields. However, compared with those in near-IR and visible
regions, the components, e.g., grating and prism in mid-IR re-
gion are much more immature and expensive which are drag-
ging the development of mid-IR tunable laser. Fortunately,
SPE allows us to realize the wavelength tunability for a mid-
IR laser by just a piece of ORD with good transmission in
mid-IR region.

1.0 — T T T

(a)
0.8}

0.61

0.41

Transmission

0.2 | — crystal quartz (2 mm)

— AgGaS; (2 mm)
0 L L 1
3.0 3.5 4.0 4.5 5.0
Wavelength (pm)

(b)

e
>

a5l . . . 50
O —a—energy PN (a) 49
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Fig. 7. The evolutions of the amplified bandwidth and pulse energy versus
pass number N of the seed through Ti:S regenerative amplifier shown in Fig. 1
of Ref. [18] with (a) an 11 mm-thick quartz plate and A = 0.82 pm, and with
(b) an 8 mm AgGaS; plate plus a 47 mm quartz plate and Az = 0.69 um,
Arr = 0.95 um.

In a Ti:S multi-pass amplifier, we have also set two 7-
polarized wavelengths (A;; and A,;) by using a block of
quartz plate to induce ORD,[??] where the 7-polarized wave-
length A7y for the odd-numbered amplification is different
from A, that for the even-numbered amplification, and A 5
and A, are on the opposite sides relative to the wavelength
with maximal gain. Calculations show our design can also am-
plify a 0.8-pum, 10-fs seed pulse from sub-nJ to more than 3 mJ
without spectral narrowing. What is more, proper ORD allows
the setup to output its spectrum to be as broad as 0.149 pum.

The validity of our SPE to manipulate laser gain spec-
tra was experimentally confirmed in a multi-pass>}! and a

Transmission
°
=

e
o

4.5 5.0
Wavelength (pm)

Fig. 8. (a) The transmission of quartz and AgGa$; in 0 pm-5 um;lzi%] (b)
The transmission versus 1/wavelength (1/um) by using a 15-cm AgGaS, as
ORD crystal.

According to the data from Terahertzlabs, Inc.,[>>20] fig-
ure 8(a) presents the transmittance of quartz and AgGaS, with
a thickness of 2 mm. We can see the transmittance curve of
AgGaS; almost kept a constant of ~ 97% ranging from 3 pm
to 5 um without consideration of Fresnel loss. By contrast,
the transmittance of the quartz begins to decrease, and drops
to 50% at 4.0 pm.

Similar to the calculations in Fig. 4, figure 8(b) shows
the polarization-dependent transmission of a setup according
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to Fig. 3 with a 15-cm AgGaS, as the ORDC for different
maximal transmission wavelengths: 3.6, 3.7, 3.8, 3.9, 4.0, and
4.1 um, which can be tuned by adjusting the angle of half-
wave plate as mentioned above. From Fig. 8, AgGaS$; is ex-
pected to be a promising candidate for wavelength tunning in
mid-IR laser.

4. Conclusions

In this paper, a kind of spectral polarization-encoding,
or SPE, is proposed for ultrashort light pulses by inducing
ORD from some optically active crystals. SPE encodes all the
spectral components of a linearly polarized ultrashort pulse
with different polarization directions, and can decoded by
compensating the corresponding ORD, which is easily real-
ized not only by using a double-pass design, two optically
rotatory dispersers with mirror-symmetrical configurations,
but also by a combination of another same optically rota-
tory disperser plus a broadband half-wave plate. By using
some ORD crystals plus a linear polarizer, SPE can work
to manipulate polarization-dependent transmission for cen-
tral wavelength or bandwidth-tunable filtering through induc-
ing spectral polarization-dependent loss. SPE can also in-
duce polarization-dependent gain by the aid of some broad
polarization-dependent laser media. Applying our SPE to a
Ti:S amplifier, we can boost a 0.8-pwm nJ-pulse up to mJ level
with a bandwidth to support few-cycle pulse duration. This
SPE is entirely passive thus very simple to design and align, so
it can be used to realize flexibly mid-IR tunable laser beyond
3 um by using an ORD crystal with a good transmission, e.g.
AgGaS,, where the tunning devices are rather under developed
compared with those in visible and near-infrared region.
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