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Abstract: Coherent perfect absorption refers to the interferometric enhancement of ab-
sorption in a partially lossy medium upto 100%. This can be achieved without modifying the
absorbing medium itself, instead of engineering its photonic environment. lon-doped fibers
are one of the most technologically relevant absorbing materials in optics, which are widely
employed in fiber amplifiers and lasers. Realizing complete optical absorption of an incident
field in short-length moderately-doped fibers remains a challenge for the cost-effective de-
sign of compact fiber lasers. Here, we exploit the concept of coherent perfect absorption to
overcome this challenge, whereby two appropriately designed fiber Bragg gratings define a
short-length erbium-doped-fiber cavity that enforces complete absorption of an incident field
on resonance—-independently of the doped-fiber intrinsic absorption. This approach applies
to any spectral window and guarantees the efficient utilization of the fiber dopants along its
length, thus, suggesting the possibility of next-generation efficient single-longitudinal-mode
fiber lasers for applications in optical communication, sensing, and metrology.

Index Terms: Optical cavities, interference, Fabry-Pérot resonator, erbium-doped fiber.

1. Introduction

Coherent perfect absorption (CPA) is an interferometric phenomenon whereby a partially absorbing
material is made to perfectly absorb incoming light by properly engineering the photonic environment
around the absorptive medium. The effect can be explained through the combined effect of inter-
ference and critical coupling, which results in a maximal interaction between the absorber and the
electromagnetic field. The initial concept of CPA was proposed and demonstrated one-dimensional
(1D) structures in a two-sided-incidence configuration [1], [2]. In this scheme, the absorbing layer
is placed inside the standing wave formed from two symmetric counterpropagating beams with a
specific relative phase. By tuning this relative phase, the absorption is modulated from near zero to
near unity at discrete resonant wavelengths. Although this scheme is useful for optical modulation
and switching [2]-{10], it may not be a convenient one for other applications such as optical pump-
ing and solar cells. It has been shown that by properly devising an asymmetric cavity around the
absorbing medium, the CPA effect is achievable in a one-sided-incidence configuration [11]-[13].
The concept has been extensively applied to various materials including silicon [2], [6], [7], [13],
patterned conductors [3], [5], [9], [10], [14], and 2D materials [4], [15]-[24], and demonstrated in
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different platforms such as planar geometries [13], [15], [22]-[25], on-chip systems [6], [8], [26],
photonic crystals [16], [27], ultrathin metasurfaces [3], [5], [9], [10], [21] plasmonics [3], [14], [15],
[28], and nonlinear optics [29], [30].

Despite extensive theoretical studies of CPA and its realization in various photonic platforms
[31], no investigations of fiber-based systems have yet been reported. Active fibers are building
blocks for fiber amplifiers and fiber lasers which are widely utilized for their salutary features such
as obviating the need for optical alignment, minimal mode distortion, and high efficiency [32].
Recently, compact short-length fiber lasers with single-longitudinal-mode operation have been
developed for applications in coherent communication [33], optical clocks [34], video transmission
[35], spectroscopy [36], and sensing [37]. Constructing an efficient short-length fiber laser using
germanosilicate fibers remains a challenge due to fundamental limitations on high pumping power
stemming from difficulties associated with high ion concentrations [38]-[40].

This challenge prompts the following question: is it possible to enforce total absorption of the
pump energy in a moderately-doped few-centimeter-long fiber independently of the fiber’s intrinsic
absorption? We propose a solution to this challenge by exploiting the notion of CPA realized here
in a short-length Er-doped single-mode fiber (EDF). Despite the low intrinsic absorption of this EDF
(=7 dB/m), we demonstrate that a 10-cm-long segment can fully absorb an incident optical field
when appropriate fiber Bragg-gratings (FBGs) are provided at the two ends of the EDF. Indeed,
CPA severs the link between the intrinsic absorption in the EDF segment and the net absorption in
the EDF cavity, guaranteeing full absorption on resonance. We also highlight a unique feature of
the CPA configuration: incident light is fully absorbed while simultaneously optimizing the utilization
of the doped active ions by maintaining a uniform axial absorption profile. This is particularly the
case when compared to other traditional pumping configurations, including a bare fiber, dual-side
pumping, and a fiber provided with a back-reflector. Since in this work the goal is perfect absorption
of an incoming light rather than coherent control of absorption, we only explored the one-port CPA
system. In this system, one can take an arbitrary length of an arbitrary absorbing material, and
enforce the material to perfectly absorb an incoming light independently from the materials intrinsic
absorption.

Since critical coupling (CC) and CPA are closely related concepts, it is necessary to be more
precise when using the two terminologies. In the framework of resonator optics, CC generally
refers to as a condition where the optimal coupling between a ring resonator and a waveguide
results in zero transmission. Consequently, CC is employed to find a condition for highly efficient
power transfer from a fiber waveguide taper to a high-Q resonator [41]. On the other hand, in the
framework of CPA, the goal is finding a condition to have all the light inside a weakly absorbing
material. Similar to the waveguide-ring system where the ring Q-factor must match the coupling to
reach CC, the CPA requires that the front mirror reflectivity (which acts as the coupler) matches the
single-pass absorption (which determines the Q-factor). In this sense, while the underlying physics
of both phenomena are similar, we should use the appropriate term for a given application.

2. CPA Cavity Design

We model the single-transverse-mode fiber cavity as a planar system, which allows us to employ the
analysis developed in [12]. Consider a cavity where two mirrors My and M, (reflectivities R4 and Ra,
respectively) sandwich a lossy layer having an intrinsic normalized single-pass power absorption
0 < A <1 [Fig. 1(a)]- A fiber-based realization consists of an absorbing fiber, such as an EDF,
between two FBGs [Fig. 1(b)]. In the CPA model described in [1], counter-propagating fields are
incident on the two cavity ports. The CPA limit in this two-sided-incidence arrangement corresponds
to no outgoing fields (both incident fields are fully absorbed), resulting in a normalized net cavity
absorption of A; = 1. In a symmetric cavity Ry = R» = R, the following conditions are necessary
for CPA: (1) the incident fields have equal amplitudes; (2) selecting R = 1 — A such that the cavity
reflection and transmission coefficients for an incident field have equal amplitudes; and (3) the
relative phase between the incident fields is either 0 or & [12]. The latter requirement is particularly
challenging in practice. If one field is incident on this symmetric cavity, which eliminates the need
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Fig. 1. (a) Two-sided-incidence configuration in a symmetric (R1 = R> = R) planar cavity containing an
absorbing layer. (b) A fiber-based cavity corresponding to (a). FBG: fiber-Bragg grating; EDF: Er-doped
fiber. (c) One-sided-incidence configuration in an asymmetric planar cavity (R # R2). (d) A fiber-based
cavity corresponding to (c). (e) Calculated normalized resonant net cavity absorption A; as a function
of Ry and R> when A = 0.15, for which we used (3) at resonance ¢ = mx. The vertical dashed white
line corresponds to Ry = (1 — A)? = 0.72. The yellow dot corresponds to the CPA condition Ry = 0.72,
Ro = 1, and A; = 1; the green dot to the experimental value of R, ~ 0.93 that limits A; to 0.75; and the
red dot to the condition A; = A when Ry = R> = 0.

2-A)

for maintaining phase stability, it can be shown that an optimal A; = BT is achieved by selecting
R = % [12]. These results apply for values of A in the range 0 < A < 2/3, beyond which

the cavity yields no improvement in .4; over A. This indicates that a minimum of A; = 0.5 is always
achievable when a single field is incident on a symmetric cavity independently of A (even A « 1) —
as long as an appropriate value for R is used.

Here we eliminate the phase-stability requirement in the two-sided-incidence configuration
[Fig. 1(a,b)] and still achieve CPA by ‘folding’ the system back on itself, whereupon a strong
reflector is used for M, and a single beam is incident on My [Fig. 1(c)]. The corresponding
asymmetric fiber-based realization requires FBGs of different reflectivities [Fig. 1(d)]. To show that
this one-port system achieves CPA, we obtain the transmission and reflection coefficients (See the
Supplementary Material in [42]):

(1 =R -R)T

Ty = , 1
! (1 — '/R1R2)?2 + 4I'\/R1R2 sin2¢ M
R4 +R2F2—2«/R1RQCOS2¢ (2)

R = :
'T (1 = VA R.)2 + 4T VR, Rz sin2¢

where '=1— A =e¢" is the single-pass power attenuation, « is the attenuation coefficient,
¢ = nkoL + (y1 + y2)/2 is the single-pass phase, kg is the magnitude of wave-vector in free space,
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n is the refractive index, L is the cavity length, and yy and y» are the reflection phases of My and
Mo, respectively. This is silimar to characteristics of a Fabry-Pérot amplifier [43]-[46]. Note that
we assumed localized mirrors in this analysis, whereas in reality the mirror can be as simple as
an interface between two different dielectrics, or as complex as a chirped multilayer mirror. For
example, the reflection phase of a Bragg mirror is zero at the centre of its reflection band, with a
slight linear variation with wavelength [47]. Accordingly, the net cavity absorption Ay =1 — T; — Ry is

B (1 —R¢)(1 = T)(1 +TRy)
(1 =Ty/R1R2)? + 4I'/R{R; sin2¢’

It is straightforward to prove that perfect absorption — for a given I' — is predicated on satisfying
the following conditions: (1) the back mirror M, is a perfect reflector R, = 1; (2) the front mirror
M reflectivity is Ry = I'?; and (3) the incident-field wavelength coincides with a cavity resonance,
¢ = m for integer m. Substituting Ry = I'> and R, = 1 in (3) yields
1
A= 5 (4)
1+ (% sin ¢>>

whereupon A; = 1 on resonance (sin ¢ = 0) independently of .

To illustrate this enhancement in cavity absorption, we plot A; in Fig. 1(e) as a function of Ry and
R, at a single-pass absorption of A = 0.15 (the value used in our experiment). When Ry = R, = 0,
we have A; = A [the red dot in Fig. 1(e)]. The CPA case A; =1 is achieved when R, =1 and
Ry = I'? = 0.72 [the yellow dot in Fig. 1(e)]. Note that .4; drops quickly when R, departs from unity,
but is less sensitive to deviations in R4.

As a proof-of-principle experimental demonstration of CPA in an EDF, we construct a short-length
C-band fiber cavity. We make use of an EDF (M-15; Fibercore, Ltd.) that provides an intrinsic ab-
sorption of @ ~ 7 dB/m at a wavelength 1550 nm, and an effective mode-field-diameter of ~6.3 um.
Considering the absorption cross section of erbium at this wavelength (o ~ 0.25 x 10729 cm?), the
dopant concentration in the silica is estimated at Ng ~ 8 x 10" cm=3. A weakly absorbing L =
10-cm-long fiber segment (=60, 000x the incident wavelength) with A ~ 0.15 requires a front FBG
having a reflectivity R ~ 0.72. Such a cavity has a free spectral range (FSR) of ~8 pm (FWHM) at
the operating wavelength. Note that the EDF absorption changes with the incident power [48]. At
low power, only a fraction of the active ions are excited and the the absorption is determined by the
ion concentration. At high power, a significant fraction of the ions get excited, leading to absorption
saturation — an effect that is more prominent at low concentrations [49]. As a result, the effective
fiber absorption decreases with increasing incident power, as confirmed by our measurements in
Fig. 2(a). The EDF absorption of « ~ 7 dB/m is measured at a power of 500 uW. We therefore
hold this power level fixed throughout the experiment. Finally, note that the C-band was selected
for convenience, but the principle can be readily extended to other bands and is applicable to any
rare-earth ions or other dopants.

The cavity mirrors are custom-made FBGs (O-Eland, Inc.) with lengths <1 mm (« L) written
directly in the EDF to maintain a minimum distance between the FBGs and eliminate any splicing
losses. Both FBGs have a central wavelength of ~1550.3 nm and a 3-dB bandwidth of ~2 nm.
These spectral features are confirmed from low spectral-resolution measurements of Ry and T; for
the cavity as shown in Fig. 2(b). The target values in our experiment are A ~ 0.15 are Ry ~ 0.72
and R, = 1 [yellow dot in Fig. 1(e)]. Difficulties in writing the FBG directly in the EDF have limited
R» to 0.93, which in turn limits the maximum achievable value of A; to ~0.75 [green dot in Fig. 1(e)].
Note that absorption saturation in the EDF enables us to modify A by tuning the power to optimally
match the value of R4 of the front FBG.

Ay @)

3. Measurements and Results

We carry out the CPA measurements in the EDF using the optical arrangement illustrated in
Fig. 3(a). The setup enables measuring the cavity spectral reflection R; and transmission T; (both
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Fig. 2. (a) Measured absorption in the EDF at different power levels. To achieve CPA, the power level is
chosen such that the single-pass EDF absorption A corresponds to 1 — /Ry . (b) Measured transmission
and reflection of the cavity with low spectral resolution over ~3-nm bandwidth corresponding to the
highlighted range in (a). Measurements are carried out using a wide-band ASE source.

normalized with respect to the source spectrum), from which we obtain the absorption 4;. A tunable
laser diode (Agilent 81640A; linewidth 100 kHz) sweeps across a 3-nm-wide spectrum (from 1548.5
to 1551.5 nm) at a sweeping speed of 0.5 nm/s in wavelength steps of 0.1 pm. The relfection and
transmission ports are connected to fiber-coupled detectors (Newport 818-IR-L) that sample the
data at a 10-kHz rate (=20 data points in the FWHM of each resonance). The measured spectral
R: and T; are plotted in Fig. 3(b,c). In the ideal CPA scenario, we have R =1 and T; = 0, so that
At = 1. The data however shows that at the cavity resonances there are remnants of reflection and
transmission as a result of back-reflector being less than unity (R2 ~ 93%). The theoretical plots
utilize (1), (2) after substituting the experimental values of the parameters. Using a shorter fiber
or lower ion concentration reduces A, which requires a larger value of Ry, but A; = 1 is always
guaranteed as long as the correct value of R is implemented.

In addition to increasing .4; on resonance, potentially to 100% independently of .4, the CPA config-
uration has a useful advantage that has not been previously noted. Namely, the axial-dependence
of absorption along the EDF is considerably more uniformly distributed in stark contrast to the axial-
absorption profile in a heavily doped EDF. Therefore, CPA allows for the most efficient utilization
of the fiber dopants. The power absorption is quantified as the average power drop per unit length
along the cavity, A,(2) = — 0Pave(2)/9z, where Paye(2) is the average Poynting’s vector magnitude
normalized at the axial position z = 0. This quantity is defined as the magnitude of the Poynting’s
vector while ignoring the negligible interference term [42]:

P(2) = 2”_r |:|Ef(2)|2 —|Eb(2)® + % Im{Ef(Z)Eg(Z)}j| ni<<n 5)
o ne —_—
Pave(2) = 11(2) — 1b(2), ©)

where 1y is the free-space imdedance of electromagnetic radiation, E;(z) and Ey(z) are the forward
and backward electric fields along the cavity, respectively, n, and n; are real and imaginary parts
of refractive index, respectively, and /¢(z) and /,(z) are forward and backward intensities along the
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Fig. 3. Experimental demonstration of CPA in a short-length EDF. (a) Schematic of the setup to measure
the spectral transmission T; and reflection Rt from the EDF-cavity. ISO: isolator; FC: 50:50 fiber coupler.
(b) Measured R; across a 1-nm bandwidth (> 100 FSRs). (c) Measured R; and T; and (d) .4t in a 50-pm
bandwidth, corresponding to the highlighted span in (b). The data points in (b, c) are shown as circles
and the dashed lines are theoretical predictions. The dotted horizontal line is the measured value of A
in the EDF. The best fit between experiment and theory is achieved when setting .4 ~ 0.19.

cavity, respectively. We quantify the utilization of the EDF as an absorber by defining an effective
length L o,

L
Leff = /0 Anorm(2) dz, (7)

where Anorm(2) = A¢(2)/ A¢(0). When Lt = L, absorption takes place uniformly along the fiber,
and the EDF is efficiently utilized, while L ¢ < L indicates a non-uniform absorption distribution that
concentrates the absorption in sub-sections of the EDF. Here L o quantifies only the axial uniformity
of the absorption distribution, especially for moderate values of A, and more complex measures
are needed to account simultaneously for absorption saturation at high power levels.
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Fig. 4. (a) Plots of the axial component of Poynting’s vector P(z) normalized with respect to the to-
tal incident on the cavity (magenta curves, axis to the left), and the local absorption per unit length
A(2) = —9P(2)/0z (green curves, axis to the right) — along the normalized axial coordinate z/L . Four
configurations are depicted (shown schematically as insets): (I) single pass in a heavily doped fiber
(HDF); (1) fiber provided with a perfect back-reflector (PBR); (lll) two-sided pumping (TSP) with equal-
amplitude counterpropagating fields; and (IV) CPA. The total fiber absorption in designed in each
configuration to be At > 99%. Under this condition, the single-pass absorption A and the effec-
tive fiber length L o¢/L (which quantifies the utilization of the fiber dopants) are listed in each panel.
(b) Parametric plots of A; versus L /L as A is varied for the configurations shown in (a). The arrows
show the direction of increasing .A from 0 to 0.90.

To highlight this feature quantitatively, we compare four pertinent configurations —each comprising
a fiber with single-pass absorption A [Fig. 4(a)]. (I) A single pass through a heavily doped EDF cor-
respondingto Ry = R, = 0and A; = A, such that Aom(2) = It thus Leg/L = (I' — 1)/InT, where
I' =1 — Ais the single-pass attenuation. It is possible to reach a high net absorption by increasing
A, at the expense of inefficient utilization of the EDF (L < L). The field is absorbed mostly in the
first section of the fiber and the doped ions at the other end of the fiber are less utilized. (Il) An EDF
with a back-reflector correspondingto Ry = 0, Ry = 1, Pave(2) = % and Anorm(2) = FZ/L&#,

in which case A;=1-T2> A and Leg/L = = ];?2; (Il) an EDF with two counter-propagating

equal-amplitude fields with Ry = R = 0, where Paye(2) = % and Anorm(2) = F/LL—F;_/L re-

sulting in Ay = A and Let/L = 1% {=1. Symmetrization of absorption along the fiber length can be
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improved in configurations (II) and (Ill). This symmetrization is best achieved at low A (and thus low
Ay), whereupon L o — L. Increasing A increases A; but reduces L . (IV) The CPA configuration,
where Ry = (1 — A)?, Ro =1, Ay = 1, and Anom(2) and L ¢ is the same as configuration (Il) with a
back-reflector. The four configurations (I) through (V) in Fig. 4(a) are designed such that the fiber
system has a total absorption of A; > 99%. We note two advantages of the CPA configuration: a
small single-pass absorption A is required, and the axial absorption profile is uniform with respect
to the other three more familiar configurations.

The results for the four absorption configurations are summarized in Fig. 4(b) where we plot
parametric curves of A; against L /L while varying A. These curves bring out the advantages of
the CPA configuration clearly. In particular, at low single-pass absorption .A — 0, CPA combines
perfect absorption A; = 1 with a large effective length Lo+ — L (and thus highly efficient utilization
of the fiber dopants).

Finally, we comment on the potential utilization of CPA in constructing a fiber laser. A CPA
cavity would be designed for efficient absorption at the pump wavelength, while a secondary
cavity would be introduced for the emission wavelength. Such a scheme can be implemented
with an additional pair of FBGs written in the doped fiber section [50]. Open questions remain for
future research. Critically, does the enhancement in A; produce a corresponding enhancement
in the fiber gain? Furthermore, instead of the core-pumping scheme explored here, can the CPA
approach be extended to cladding-pumping arrangements where the multimode operation can help
with resonance multiplexing?

4. Conclusion

In conclusion, we have presented — to the best of our knowledge — the first demonstration of CPA
in a short-length, low-absorption EDF, which may have important implications for compact fiber
laser systems. Such a general scheme may help increase the lasing efficiency by improving pump
utilization. Crucially, this strategy is not limited to a specific ion or wavelength range, and is readily
implemented by providing a pair of suitably designed FBGs to a weakly absorbing fiber section.
Furthermore, the CPA configuration guarantees optimally utilizing the EDF by maintaining uniform
local absorption along the fiber. Single-longitudinal-mode lasing action may be possible in such
short-length fibers if the FBG bandwidths are sufficiently narrow. Such narrow-linewidth compact
systems can help address stringent requirements for high temporal coherence and insensitivity to
environment. Note that the design in its current form requires further development to be included
in a fiber laser. Most notably, the linewidth of the resonant absorption in the current embodiment is
considerably narrower than the bandwidth of commercially available diode lasers. Further research
is thus needed to identify an approach for broadening the cavity resonances. One avenue that is
particularly attractive is to multiplex resonances in a multi-mode fiber arrangement.
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