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Tunable nonlinear coherent perfect absorption in cavity QED
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We propose and analyze a scheme for tunable coherent perfect absorption (CPA) and near-perfect reflection
(near CPR) in a three-level A-type atom-cavity system. With electromagnetically-induced-transparency-type
interference induced by a coherent coupling laser, it provides a method of tunable near CPR at two-photon
resonance. By virtue of different coupling strengths, CPA can be tuned from the linear regime to the nonlinear
or bistable regime at a fixed input-field frequency. In addition, the CPA regime can be switched to the near-CPR
regime with variable linear absorption or gain by an incoherent pump field. This work suggests a mechanism for
manipulation on perfect absorption and reflection theoretically which can potentially be applied to logical gates
and optical switches for coherent optical computing and communication.
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I. INTRODUCTION

Coherent perfect absorption (CPA), as the realization of
extreme absorption, has potential applications in all-optical
switching, optical probes, optical memories, logical gates
[1-4], etc. From a physical perspective, CPA arises from
the time-reversed process of lasing at a threshold which
corresponds to a zero eigenvalue of the scattering matrix
[5]. Recent studies showed that linear CPA generally occurs
in solid-state systems, where the linear dielectrics are used
as the absorber, e.g., the solid-state Fabry-Pérot structure
[6], metamaterials [7], semiconductors [8], and whispering-
gallery-mode microcavities [9]. In the consideration of the
nonlinear dielectrics, nonlinear CPA would appear in solid-
state devices such as epsilon-near-zero plasmonic waveguides
and nonlinear metasurfaces [10,11]. In addition, quantum
CPA can be produced for a system driven by a quantum field,
e.g., squeezed light [12].

However, the absorption regime in a definite solid-state
material is generally invariable. In a cavity quantum elec-
trodynamics (CQED) system with controllable parameters,
e.g., the cavity decay rate, coupling strength, and density of
atoms inside the cavity, the absorption regime is more flex-
ible. For example, in a strong-coupling CQED, CPA occurs
in the linear excitation regime when the first-order polari-
ton states, rather than the higher-order polariton states, are
included [13-15]. In a weak-coupling regime with a second-
order nonlinear crystal, the linear and nonlinear excitation
regimes are both considered; as a result, the CPA domain is
tunable [16,17]. In general, CPA of a CQED can be tuned from
the linear to the nonlinear regime by changing the frequency
or intensity of an input probe field [18]. Moreover, the variable
frequency of the probe field would induce CPA in a bistable
regime, where the optical bistability (OB) with a CPA point
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[17,18] plays an important role in the all-optical processing
elements [19-22].

Nonetheless, the excitation regime is determined for a cer-
tain frequency of the probe field in a two-level system [23].
Comparatively, CPA in a multilevel system can be switchable
among the linear, normally nonlinear, and bistable regimes at
a certain frequency because of the modification of absorption,
dispersion, and nonlinearity by atom coherence and quantum
interference [24,25]. Furthermore, the influence of an inco-
herent process on the CPA condition has not been analyzed in
previous studies. Therefore, we propose a scheme to analyze
the tunable regime of CPA by a coherent coupling field and
an incoherent pump field in a three-level atom-cavity system.
The scheme provides an approach to achieving four-frequency
CPA, modifying the CPA domain, and switching from a CPA
to a near-perfect-reflection (near-CPR) regime.

In previous studies, the normally nonlinear CPA and the
bistable CPA were realized at different frequencies of an input
probe field. In this study, with a coherent field coupling one
of the ground states and the excited state of the atoms, two
types of CPA appear at the same frequency. Furthermore, an
incoherent pump field which is applied to modify the popula-
tion at atomic levels induces the controllable linear absorption
by different pumping rates. As a consequence, the CPA is
tunable between the bistable and linear regimes. In addition,
the system can be switched from a CPA state to a near-CPR
state with a larger pumping rate.

II. THEORETICAL MODEL AND ANALYSIS

The scheme proposed here is depicted in Fig. 1(a), where
some cold atoms [the energy levels in Fig. 1(b)] are trapped in
a single-mode cavity. By a beam splitter (BS), a probe laser is
split into two beams (ai, ; and aiy ). They can drive the atomic
transition |1) — |3) and be injected into the cavity along the
cavity axis with a relative phase ¢. An incoherent field pumps
the population from level |1) to level |3). Moreover, a control
laser which is perpendicular to the cavity axis couples levels

©2023 American Physical Society
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FIG. 1. (a) Schematic diagram of a two-sided cavity filling with
(b) three-level atoms.

|2) and |3). Furthermore, two detectors are employed to mea-
sure the output fields aoy ; and aqy . For implementation, an
example of the atomic system is 87Rb with 1) = (3Sip, F =
1), 12) = (5812, F =2), and |3) = (5P;2, F =2). A 780-
nm laser can be the probe and coupling lasers. An incoherent
pump field can be used with the linewidth I'pypp larger than
the decay rate of level |3) (I'pump > 6 MHz). Meanwhile, its
central frequency wpump is resonant with the transition |1) —
13) (wpump A 384 THz). For simplicity, the Doppler effect is
negligible in our scheme. In experiment, one can confine cold
87Rb atoms (N ~ 3 x 10°) in a magneto-optical trap produced
at the center of a 10-port stainless-steel vacuum chamber and
inject the coupling laser (w;. ~ 384.2 THz) at a small angle
from the cavity axis to form a Doppler-free configuration.

Under the rotating-wave approximation, the off-resonant
coupling terms are omitted, and the Hamiltonian of the system
is given by [26]

N
H=—h{(A,— Aga'a+ ) [(A, — A)od,
j=1

+ Apo3j3 + gaTcrlj3 + 91053] +H.c., €))

where 7 is the reduced Planck constant, N is the number of
atoms inside the cavity, H.c. denotes the Hermitian conjugate,
Ap = wp — w31 (Aye = wc — w31) is the frequency detuning
of the probe laser (the cavity mode) and the atomic tran-
sition |1) — |3), A = wi. — w3, is the frequency detuning
of the coupling laser and the atomic transition |2) — |3},
a’ (a) is the creation (annihilation) operator of the cavity
photons, o,',"m = |m)(n| (m,n = 1, 2, 3) is the atomic operator,

J

(ain,l + Olin,r)\/ K/f

g = ni3vo./(2heyV) is the cavity-QED coupling coefficient
with free space permittivity &y and cavity mode volume V, and
Q) = wu3E /A is the Rabi frequency of the coupling laser with
field amplitude £ and matrix element of the electric dipole
moment [y;,.

In consideration of the contribution of the decay and inco-
herent pump mechanism, quantum Langevin equations of the
system described by Eq. (1) [27,28] are

pr1=—rpi1 +igla pi3 — aps1) + 3103,
pr2=[i(A, — A1) — yi2lp12 — igapsz + iQ21 013,

) . r . .
P13 = (lAp - 5),013 +iga(p11 — p33) + 21012,

P22 =1iR1(p23 — p32) + 32033,
. . r . .
023 = (lAl - 5)/723 +igapr + i21(p22 — P33),

py3=rpn +iglaps —a' pi3) +iQ(p32 — p23) — o33,

(Kl + Kr)

a= [i(Ap - Aac) - T:| + igN;OIS + vV Kl/fain,l

+ VKr/Tain,r- )

Here r is the pumping rate of the incoherent field which
determines the equations of motion for p;; and p33, I is the
decay rate of atomic energy level |3) with ' = I's; + 32, v12
is the decoherence rate between levels |1) and |2), «; (k) is
the field decay rate from the left (right) cavity mirror, and t is
the photon round-trip time inside the cavity [29].

A. CPA criterion of a three-level system

In semiclassical approximation, we treat the expectation
values of field operators as the corresponding fields [26], e.g.,
(a) = a and (a) = «*. Under the steady-state condition, the
time derivatives of the mean values of the system operators
vanish, i.e., (p) = (a) = 0. To simplify our analysis, a sym-
metric cavity is considered with k; = k, = «, and the coupling
field is assumed to be resonant with the atomic transition
[2) — |3) (i.e., A = 0).

Under the collective strong-coupling regime with go/N >
(k,T') and g < (x, ') [30], the higher-order terms of the in-
tracavity field o(«) can be ignored. Therefore, the steady-state
intracavity field « is

o =

42 NQ2(2A|a[*T3,82+iT'BX) ’

3)

k= i(Ap = Au) =

where A =Tr+2iA,(I' +7), B=T3r—2iA,(r—1T73),
C=TTxnr+2A32C +7r), D =TTyr+4Q4(Ts +2r),
and X =TA, + 2i(A[2, — SZ%). Considering y;, < I' (e.g.,
y12 2 0.002 MHz and I" &~ 6 MHz for 87Rb), we have ignored
the decoherence rate y, to simplify the analytical solution,
i.e., Eq. (3). However, for the numerical results, we treat
y12 = 0.001T". A similar result was verified in a one-sided
cavity within three-level atoms [16,26,31]. This indicates that

4la|2g? [FngzA[z,+2CQf+4Q?(F+F31 +r)]+D|X |}

(

there is an atomic optical bistability of the system [32] in
Eq. (3), where the existence of three steady-state solutions of
« is guaranteed. In a strong-coupling regime with g > («, I'),
atomic optical multistability can be induced by taking into
account the higher-order terms of «.

With the input-output relations of a two-sided cavity
[18,28], the output field can be derived from

Cout,l = VKTQX — Uip,[, Oout,r = A/ KT — Ujp - (4)
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For simplicity, we assume that oy, , = oy and o ; = ame’®,
where ¢ is the relative phase of two input probe beams. When
CPA occurs (ie., ¢ =0 and o, = &, = 0), two specific
conditions can be attained from the real and imaginary parts

of Egs. (3) and (4). One is the frequency matching of the
|

2

4T3 21X, — r[(TT3 + 8Q7) (2¢°NT A2 — X) + 88 NQiX;]

cavity mode and the input fields, which is not presented for
the complicated formula. The other is the nonlinear relation
between the input intensity and the system parameters, which
can be solved by the intensity of the intracavity field |acpa|?
(ISP = ktlaceal?),

|ocpa

where X = Tn(T?A2 —4Q7) + 8I'Q{(AS + Q7),
X, = 2g2NFA§ — IC[FZAZ + 4(A§ —Q1?, and X;=
I‘A[z, + F32(Q% - Af,). The frequency range A; of CPA
can be obtained by solving |acpa|> > 0. To show clearly the
relation of CPA with the intensity, the frequency of the probe
field, and the pumping rate r (and/or the coupling strength
), we derive the Taylor series expansion of loecpa|? as
follows:
F3] Q%Xz r
grXy  4gkX}
+T3(&N + Ti)] + kX [8g* N Q1 X;

+ (T3 +8Q7) (2°NT A} — X,) ]} (6)

lacpa |3 ~ {SFng?Xz[Zc (Ai—i—Q%)

where the higher-order term of r is negligible in comparison.

B. CPA criterion of a two-level system

When the coupling laser is off, the system can be degen-
erated into a two-level system by an assistant field, which
pumps the population from level |3) into level |1) with a large
detuning; then I's; &~ 0, and I';; = I'. Correspondingly, the
solution of the intracavity field « is

;L (@in,s + ain, INVK /T 7
o = (A A 28°N(r—T)(I'+2iA,) ’
K= i(Ap = Aae) = A P@ T+ (T +2r)(T2+4A2)

which is consistent with that in Ref. [18] when r =0.
However, the distinct advantage of our system is that the ma-
nipulated nonlinear dependence of « on the intensity and/or
frequency of the input probe field by €2; or r, which can be
inferred from Egs. (3) and (7).

In the same principle, |acpa|* of the two-level system can
be derived from Eqgs. (4) and (7) or from Eq. (5) with I'3; =
Q; =0,

, 2&@ND(T —r) — k(I +2r) (I 4 4A%)

o = . (8
el 4g2/c(2f'+r) ®

The Taylor series expansion of |agp, |* is
2¢°NT — k(% +4A7)
8g%k
r[6€°NT + 3k (I 4+ 4A%)]
B 16g2«T

/ 2
locpalr =

) 9

which can also be obtained from the degeneration of Eq. (6).

4¢2{2rQ}[T5(Tk 4+ &N) + 2k (A2 + Q1) | + « X1}

; (&)

(
III. NUMERICAL RESULTS AND DISCUSSION

It is concluded from Egs. (6) and (9) that the intensity
of the probe field for CPA ISP is linearly dependent on
the incoherent pumping rate but quartically on the coupling
strength, which is presented clearly in Fig. 2. The parame-
ters are A; = 0, go/N = 10T, g = 0.02I", kT = 0.01,x =T,
y12 = 0.001T", and I'3; = I's; = 1/2I in Figs. 2-7.

A. Switching of CQED for CPA

When ©; =0, the system degenerates to a two-level
atom-cavity system in which the input intensity for CPA is
quadratically dependent on the frequency A, [see Eq. (8)
and Figs. 2(a) and 3(a)]. In addition, the dual-frequency CPA
is realized and tunable by the incoherent pump field. When
r =0, the analytical and numerical results are consistent
with those in Ref. [18] [see Eq. (7)]. With the increase of
the pumping rate, it can be inferred from Eq. (8) that |A ]
is decreased to maintain |ocpal> > 0, and CPA occurs at
lower input-field intensity for a specific |A,|. From a phys-
ical perspective, it arises from the reduced absorption of the
probe field at the same frequency mathematically correspond-
ing to the decreased imaginary part of media susceptibility
[31]. Therefore, the frequency range of CPA is narrowed in
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FIG. 2. The input intensity [, (arbitrary units) for CPA as a
function of the frequency detuning A, (a) and (b) the pumping rate
r, and (c) and (d) the coupling strength €2, in units of I" (6 MHz).
@R =0,b)Q;=T,(c)r=0,and (d) r =0.5T.

033704-3



GUO, LI, LI, AND WU

PHYSICAL REVIEW A 107, 033704 (2023)

700 @ 300 ©
a
600 PN 250
500 200
400 / \
8 \ £ 150
300 \
2000 ooy
1000 / sop /
ot ; \ \ ot SN\ \
-8 —6-4-20 2 4 6 8 -8 —6-4-20 2 4 6 8
ApIT ApIT

FIG. 3. The input intensity I;, (arbitrary units) for CPA versus the
frequency detuning A ,/T" with (a) 2 = 0 and (b) 2; =T".r = 0 for
the dashed red line, » = 0.25T for the solid green line, and r = 0.5
for the dot-dashed blue line.

Figs. 2(a) and 3(a). When the pumping rate is approximately
equal to the decay rate of level |3), i.e., r = 0.99T, a greater
population would be pumped into level |3). As a consequence,
CPA cannot occur [see Fig. 2(a)]. It is also calculated that the
threshold frequency |A£| = 0 when r > 0.99T" from Eq. (8).

When € # 0, the input intensity for CPA depends
on the frequency A, quartically [see Eq. (5)], which
induces tunable four-frequency CPA instead of dual-
frequency CPA within the threshold value of the probe
field frequency Ag, as shown in Fig. 3(b) [see also
Figs. 2(b)-2(d)]. The four-frequency CPA arises from the
electromagnetically-induced-transparency (EIT)-type inter-
ference. The cavity-atom coupling produces two bright
polariton states |W.) = %(ﬁ ijvzl 1,...3;,...1)]0.) &
[1,...1,...1)|1.)), where |0.) and |1.) are zero-photon and
one-photon states of the cavity mode. Without the coupling
laser, the light fields are completely absorbed at A, = 0, and
the photon energy is converted into the equal excitation of
two polariton states |W.). With the coupling laser (A; =0
in our system), it creates the quantum interference between
two excitation paths |1)|0) — |W1) and forms a dark po-

lariton state |W,) =\/ﬁ(gzy:] 1,...25,... 1) —
1

Q1,...1,...1)|0.)) at A, = Ay = 0, which results in an
even greater intracavity light field and near-perfect reflection
of the probe fields at A, = 0. Therefore, CPA cannot appear
at the frequency. In addition, the intensity for CPA decreases
significantly compared with that in a two-level system, which
makes our scheme applicable to weak-field CPA.

B. Switching of CQED from linear CPA to nonlinear CPA

At the threshold value of Alf, the cavity-QED system is
in the linear excitation regime with low input intensity fj, <
1kTT2/g? [18] [see Fig. 4(a)]; consequently, the linear CPA
is realized in Fig. 5. It is evident that the dual-frequency
CPA appears at A, ~ £7.0I" for 2; = 0 in Fig. 5(a). When
@ =T, in addition to the sideband CPA at A, ~ £7.2I", two
narrow-band CPAs are attained at A, ~ £0.15I" in Fig. 5(b).
Because of the ElT-type destructive interference, the near
CPR occurs at A, =0 in Fig. 5(c), which shows a partial
enlarged drawing of the narrow-band CPA around the resonant
frequency of the probe field in Fig. 5(b). It also shows that
the linear CPA is dependent on the frequency rather than the
intensity of the input probe field. Practically, with « = I", the
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FIG. 4. The output intensity /I, (arbitrary units) versus the input
intensity I, (arbitrary units) with (a) A, =7.2I" and (b) A, = 7T.
The other parameters are »r = 0 and ; =T.

frequency bandwidth of the linear CPA is usually less than the
atomic linewidth I" [18]. The cavity mode cannot be matched
with all input-field frequency; therefore, CPA of the scheme
cannot appear in a wide frequency bandwidth.

However, with a stronger input probe field or smaller A,
e.g., i, 26250r A, =TI (A, < 7T for the two-level sys-
tem), the cavity-QED system is excited into the nonlinear
regime [see Fig. 4(b)]. Different from the linear CPA, the
nonlinear CPA depends on both frequency and intensity of
the probe field. Although the physical origin of the non-
linear regime is similar for both atom-cavity systems, one
major advantage of the three-level atom-cavity system is the
controllable absorption, dispersion, and nonlinearity of the
media through the coupling laser and the pumping field, which
provides an approach to exchanging the excitation regime of
CPA and realizing tunable nonlinear CPA. In the following,
we analyze the dependence of the input-output relation on the
coupling strength 2; and the pumping rate r. For comparison,
we choose frequencies of the probe field close to and away
from the threshold value of A;, eg,A,=7and A, = 6T,
respectively.

When A, =7T, the intracavity field @ in Eq. (3) has
only one real-value steady-state solution with ; = 0. Conse-
quently, the output field has a single-value solution, and linear
CPA is achieved, as shown by the red curve in Fig. 6(a). With
the increase in €2, the strong coupling between levels |2) and
|3) enhances the excitation of high-order polaritons, which
induces the nonlinear regime of the system. However, the mul-
tivalue solution of o cannot be attained unless 2; > 2.23I",
which can be inferred from Eq. (3). Therefore, the normally
nonlinear CPA occurs at [;, ~ 30 with 2; = 1.5T", as shown
by the green curve in Fig. 6(a). When 2; is increased as
2y = 2.5T, the intracavity field o has three real-value steady-
state solutions, which indicates the bistable excitation regime
of the system. In one of the bistable branches, CPA appears as
shown by the blue curve in Fig. 6(a), in which the dot-dashed
blue line represents the unstable branch.

When A, = 6I", the intracavity field o has a multivalue
solution. As aresult, the bistable CPA is presented in Fig. 6(b),
although the coupling field is absent (red curve). The black
dashed lines with arrows in the inset form the hysteresis cycle
of the bistability consisting of two stable branches (solid red
line) and an unstable branch (dot-dashed red line). However,
when the coupling field is applied, the enhanced Kerr non-
linearity produces a wider bistable region in Fig. 6(b) (see
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FIG. 5. The two-dimensional density plot of the output intensity I, (arbitrary units) versus the frequency detuning A,/I" and the input
intensity [, (arbitrary units) in the linear regime with » = 0. (a) 2; = 0 and (b) and (c) Q; =T.

the green and blue curves). At the same time, increasing the
coupling strength decreases the absorption of the probe fields,
inducing the transparency at two-photon resonance [32]. As a
result, it leads to higher input intensity for CPA, as shown by
the blue curves in Fig. 6. Nevertheless, the three-level system
has the distinct advantage of a controllable hysteresis cycle of
bistable CPA over a two-level system.

In the following discussion, we analyze the manipulation
of the output field with nonlinear CPA by the incoherent pump
field and present the results in Fig. 7 with ©; = I". It has
been inferred that ISP linearly decreases with r [see Eq. (6)];
therefore, an increasing r would decrease ISP and change the
CPA domain. For example, when the pump field is applied
with r = 0.01T, the system is excited from the nonlinear CPA
to linear CPA regime, as shown by the dashed red and solid
green curves in Fig. 7(a). From a physical perspective, it
arises from the nonlinearity being controllable by the pump
field. The increase of the pumping rate may enhance the
Kerr nonlinearity [24], which makes it easier for the cavity
field to reach saturation. Accordingly, the threshold of OB
is decreased [see the dashed red and solid green curves in
Fig. 7(b)]. However, a large pumping rate also destroys the
atomic coherence between levels |1) and |2), which reduces
the OB region [33].

With a quite large pumping rate, a greater population is
pumped into level |3). Nevertheless, the population cannot be
trapped in level |3), which leads to the gain of the probe field,

100 600
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804 500{100F=F
400} 50
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3 A1 2300
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FIG. 6. The output intensity I, (arbitrary units) under r = 0
versus the input intensity f;, (arbitrary units) with (a) A, = 7" and
(b) A, =6I'. Q; = 0 for the red line, 2, = 1.5I" for the green line,
and € = 2.5T for the blue line.

making it harder for the cavity to reach saturation. As a result,
the bistable CPA disappears; instead, the normally nonlinear
and linear CPAs are presented in Fig. 7(b) (see the dot-dashed
blue and dotted black curves). Meanwhile, for a frequency
near the threshold value of AIT,, e.g., A, =TI', CPA cannot be
obtained with a larger pumping rate. On the contrary, the near
CPR is shown by the dot-dashed blue or dotted black line in
Fig. 7(a). In previous studies, near CPR and CPR occur for the
EIT-type and classical destructive interference, respectively.
Due to the dissipation of the CQED, perfect reflection cannot
be achieved practically. However, the gain produced by the
incoherent pump field makes it possible to realize the perfect
reflection with the scheme. This implies a different method of
manipulation for CPR and nonlinear CPA.

IV. CONCLUSION

In summary, we have analyzed the manipulation of CPA
and near CPR with quantum interference and atomic coher-
ence induced by a coherent coupling laser and an incoherent
pump field. With the coupling laser, four-frequency CPA in-
stead of dual-frequency CPA was presented in the scheme.
At the same time, the quartic dependence of IC™* on the
coupling strength €2; allows the low-light nonlinear CPA in
our scheme, which has also been realized by increasing the
pumping rate r. Furthermore, the variable r results in the
manipulation of the frequency range of CPA and the threshold

(b)

Tout

00 20‘ 40 60 80 100 120 140
Iin

FIG. 7. The output intensity I, (arbitrary units) versus the input
intensity f;, (arbitrary units) with (a) A, = 7I" and (b) A, = 6I". The
dashed red, solid green, dot-dashed blue, and dotted black curves are
forr =0,r =0.01T", r = 0.05T, and r = 0.1T", respectively.
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value of the OB. In comparison, the controllable absorption
and nonlinearity in the three-level system provide an approach
to changing the operation domain between linear and nonlin-
ear CPA without changing the frequency of the probe field. In
addition, previous studies of CPR or near CPR were based on
the interference of the input probe fields. However, a method
of near CPR was proposed in which the linear absorption
or gain can be controlled by the incoherent pump field in
this paper. The results showed the possibility of manipulating
the output state between 0 and 1 with an incoherent process

and may have potential applications in quantum information
processing.
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