
Suplemento de la Revista Mexicana de Fı́sica2 (1) 11–18 JANUARY-MARCH 2021

Optical-fiber ring cavity with saturable rare-earth-doped fiber
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Resonance properties of the all-fiber ring cavity filled withχ′′′ nonlinear material - saturable rare-earth-doped fiber are analyzed and exper-
imentally investigated. Unlike the earlier investigated erbium-doped fiber at 1550 nm where the optical absorption photo-induced change
(saturation) is observed only, the ytterbium-doped fiber at 1064 nm demonstrates the saturation of the refractive index mainly. For this
configuration we report the experimental observation of the optical bistability and hysteresis in the transmitted output light at the 10 mW
scale incident light power. The experimental results are in qualitative agreement with the theoretical analysis that takes into account the
saturation of both parameters: the optical absorption and the refractive index of the doped fiber. The reported results seem very promising
for applications in high-sensitivity interferometric configurations at 1064 nm operation wavelength.
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1. Introduction

High-quality optical-fiber ring cavities can be arranged in a
very simple way by the connection of two opposite termi-
nals of a single-mode optical fiber coupler with division ratio
κ-see Fig. 1. The resonance properties of this configuration
are similar to those of a bulk Fabry Perot (FP) cavity with
the back 100%-reflection mirror and were analyzed earlier -
seee.g. [1,2]. This cavity demonstrates the conventional FP
set of the equally spaced by∆f = c/neffL (whereL is the
closed-loop length andneff is the effective refractive index of
the fiber mode) resonance transmittance minima.

Different versions of the ring fiber cavity are widely uti-
lized in the single-frequency fiber lasers [3]. As itself, this
arrangement is also interesting for different applications as a
filter, optical memory, optical delay line, etc. [4,5]. Probably,
one of the most interesting properties of this cavity is the ex-
istence of a critical couplingκ = t (t is the total transmittance
of the closed-loop), for which the resonance transmitted light
power goes to zero:|E2|2 = 0. This, clearly, means that un-
der this condition, the total incident light power is absorbed

FIGURE 1. Ring optical fiber cavity (t is the total transmittance of
the loop andκ is the coupler division rate).

inside the cavity. Also, the light power entering the closed-
loop is maximum in this case and can be significantly higher
than the incident one. Figure 2 that is taken from our earlier
publication [5] shows the results of a numerical simulation
of the spectral profiles of the normalized output and in-cavity
powers around one resonance peak, evaluated forκ = 0.5
and three different values oft = 0.3, 0.5, and 0.7.

What is also interesting is that around the point of a crit-
ical coupling point when one goes from the under-coupling
(κ > t) to the over-coupling (κ < t), the dispersion in the
resonance point changes its sign and the “slow” light propa-
gation is substituted by the “fast” light propagation [4]. This
opens interesting possibilities for manipulation with optical
pulses [4]. Especially promising can be the possibility to con-
trol the pulse delay by optical means,e.g., by changing the
average incident light intensity. Such results were reported in
[6] using a saturable semiconductor amplifier, incorporated
in the fiber ring cavity, and in [5] using the saturable erbium-
doped fiber (EDF).

The experiments reported in [5] were performed with the
saturable EDF at the wavelength of 1550 nm. At this particu-
lar wavelength, the photoinduced refractive index change of
the doped fiber that accompanies the saturation of its optical
absorption is minimum [7] and can, practically, be neglected.
In this case, a variation of the average incident light power
does not result in a detuning from the incident light wave-
length but changes the coupling with the cavity only. Note
that even in this case, the strict analysis obviously needs a
self-consistent consideration of the cavity and the saturable
medium inside it.

The situation proves to be more complicated and interest-
ing if the saturable fiber, in addition to the absorption change,
also demonstrates a change of the refractive index. This leads
to the photo-induced detuning of the cavity with the incident
light and can result in the observation of the optical bistability
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FIGURE 2. Spectral dependences of the normalized output power
P2/P1 -a, and the normalized light powerP4/P1 that enters the
closed-loop. The curves were calculated in [5] forL = 5 m,
λ ≈ 1550 nm, fiber effective refractive indexneff ≈ 1.5, κ = 0.5
for under-coupling (t = 0.3), critical coupling (t = 0.5), and over-
coupling (t = 0.7).

[8,9]. The effects are manifested in the observation of two
different output power values (or the transmittances T) of the
configuration for the same fixed incident light power. It is
also demonstrated in an effect of the “optical hysteresis”,i.e.,
in different dependences of the output power versus incident
one depending on the direction of the input power change
(growth or decay). A similar hysteresis loop can also be ob-
served for a fixed incident power, but when the externally
introduced detuning changes in the opposite directions.

Below, we present the results of the experimental in-
vestigation of the ring fiber-optic cavity with the saturable
ytterbium-doped fiber (YDF) in it. The saturation of the opti-
cal absorption in YDF in the wavelength rangeλ > 1000 nm
[10,11] is also accompanied by a significantly larger photo-
induced change of the doped fiber refractive index∆n as
compared with that of the optical absorption∆α(∆n À
∆αλ/4π). Simplifying, we can neglect the photoinduced
changes of the doped fiber absorption and consider the sat-
urable YDF as a Kerr media with the refractive index depen-
dent on the incident light (I4 in Fig. 1) intensity. The specific
feature of this nonlinear medium is that it is rather inertial.
The characteristic relaxation time of the refractive index to a
new value corresponding to the changed light intensity occurs

with the characteristic time, governed by theY b+3 ion meta-
stable level relaxation timeτ0 that is about 1 ms in YDF [12].

2. Experimental configuration and results

Resonance ring fiber cavity with the saturable YDF was in-
vestigated using the experimental setup presented in Fig. 3.
In the reported experiments we utilized a 1.77 m-long seg-
ment of the Leikki Yb-1200 ytterbium-doped single-mode
fiber. Following the provider information, the fiber has the
mode-filed diameter (MFD)4.4 ± 0.8 µm and the numeri-
cal aperture (NA) 0.2 at wavelength 1060 nm. The utilized
doped fiber piece was spliced between two pieces of conven-
tional single-mode fiber HI1060 of Corning and terminated
with the standard APC connectors.

As the coherent light source, we utilized cw Nd:YAG
laser CL-2000 from CrystaLaser with the maximum∼ 300
mW power at the single-mode optical fiber output. The laser
wavelength is 1064 nm with the spectral width∼ 10−5 nm,
that ensured a coherence length of about 300 m. The utilized
photodetectors were InGaAs PIN photodiodes DET410 from
Thorlabs with the DC bias of 12 V and external load resistors
RL ≈ 1 kom. This ensured the constant transfer function of
the input digital oscilloscope circuit up to 1 MHz.

FIGURE 3. Schematic of the experimental ring optical fiber cavity
with a segment of the saturable YDF.

FIGURE 4. Transmittance of the utilized YDF as a function of the
incident light power (λ = 1064 nm).
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FIGURE 5. The normalized output power transmitted the resonance
fiber cavity with the saturable YDF, observed with the 1.3 Hz tri-
angle modulation of the cavity optical length for different incident
light powerP1.

Inside the cavity loop, we have also introduced the piezo-
electric phase modulator (stretcher). It consisted of the piezo-
electric cylinder with several meters of the single-mode fiber
HI1060 that was wound around it. Application of an external
voltage to the electrodes on the opposite (external and inter-
nal) cylinder surfaces resulted in a change of its diameter that
resulted in the phase modulation of the transmitted through
the fiber wave.

Direct measurements performed with the doped fiber at
the operation wavelength 1064 nm [12] resulted in the non-
linear transmittance T curves presented in Fig. 4. This de-
pendence allowed us to evaluate the initial (not saturated)
doped fiber absorbanceα0L ≈ 0.83 and the saturating power
Psat ≈ 12 mW. As usually [13], the latter parameter is de-
fined as the incident light power resulting in a two-fold re-
duction of initial optical absorption of the saturable medium.
The above-mentioned value is in a reasonable agreement with
that reported for a similar YDF at 1064 nm earlier [14].

Figure 5 shows the output power profiles obtained with
the triangular-shape modulation of the optical length of the
fiber loop using the piezoelectric phase modulator (stretcher)
inside the cavity loop (Fig. 3). The modulation was per-
formed at a rather low frequency (< 5 Hz) to ensure quasi-
steady-state operation of the cavity with the saturable YDF.
With the additional fiber length (12.3 m) inside the piezoelec-
tric modulator, the total fiber ring length was about≈ 16 m.
This allowed us to evaluate the distance between two reso-
nance peaks of our ring cavity (free space) as≈ 12 MHz.

From Fig. 5, one can see that for a low incident laser
power (P1 ¿ Psat), the observed resonance transmittance
curves are quite symmetric, as it is expected for the linear
(no-saturable) fiber or for the conventional bulk FP cavities
(see,e.g., Fig. 2a). In contrast, when the incident power is
approaching or is higher than the saturating power of the fiber
and the YDF refractive index change is significant, the reso-
nance maxima obtain remarkable asymmetry (Fig. 5, 6a).

FIGURE 6. a) Transmitted power at the output of the resonance
ring cavity with the saturable YDF demonstrating difference for op-
posite tuning scan directions (triangular profile corresponds to the
modulation voltage), and b) the corresponding hysteresis loop ob-
served for the opposite directions of the modulation voltage change.

What is important, these shape changes are different for
the opposite slopes of the modulation signal -see Fig. 6a). In
other words, the cavity transmittance in the resonance peak
area depends on the direction one uses to cross the reso-
nance peak. Clearly, here we observe the optical bistability
effect [12] that is typical for the resonance cavities, filled with
χ′′′ nonlinear optical material [13].

More clearly and directly, it is seen in Fig. 6b), where the
same parts of the resonance curves from two adjacent semi-
periods of the triangular modulation signal are presented as
a function of the modulating voltage, but not as a function
of real-time. At relatively high input light, powers one can
see the hysteresis loop, where the transmittance of the non-
linear configuration depends on the direction in which we go
through the resonance peak. Note that at the high cavity mod-
ulation frequency, when the YDF refractive index does not
follow changes of the intracavity light power, the hysteresis
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loop disappeared, as it also does for low incident light pow-
ers.

3. Numerical simulations

Below we present results of the theoretical analysis and nu-
merical simulations for the steady-state operation of the ring
cavity. Note that optical bistability in nonlinear bulk FP con-
figurations was analyzed in many earlier publications (see,
e.g., [8]). The probably new element of our consideration is
that in the saturable doped fiber (YDF in our case), both the
refractive index and the optical absorption are changed syn-
chronously under changing the intra-cavity light powerP4.

The basic equations utilized in our consideration are the
following:

E2 = E − 1
√

κ+ + iE4

√
1− κ

(
−αL0

2

)

× exp[ik(nL + ∆nL0)], (1)

E4 = E1

√
1− iκ+ + E4

√
κ exp
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2

)

× exp[ik(nL + ∆nL0)]. (2)

HereL0, α, and∆n are the length, the saturable absorp-
tion, and the refractive index of the doped fiber segment, re-
spectively, andL andn are the total length of the ring and
the average (no-saturable) refractive index of the total fiber
closed loop. For simplicity of consideration, we assume that
the cavity is in resonance for complete saturation of the doped
fiber (i.e., knL is the multiple of2π). The ring optical length
L can be changed, however, externally by an introduction in
the cavity an additional phase shiftφ via the piezoelectric
phase modulator (see Fig. 3).

Under this assumption, the amplitudes of the transmitted
and that entering the cavity light waves can be written as:
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√
κ− exp

([
iκ∆nL0 − αL0

2

]
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2

]
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In the above equations, both the doped fiber absorption
and the refractive index depend on the transmitted intra-
cavity light power. Here we simplify the consideration and
also assume that the fiber is saturated by the light powerP4

that enters the cavity. In this approximation of “constant sat-
urating power”, the exponential factors in Eqs. (3), (4) can be
written as:

exp
([

iκ∆nL0 − αL0

2

]
+ iϕ

)

= exp[ia(φ + iβ) + iϕ] (5)

Hereφ and2β are the maximal values of the saturable phase
and absorbance of the doped fiber and the saturation fac-
tor [13]:

a = 1/(1 + P4) (6)

Here and below, in theoretical analysis, we use all the light
powers normalized to the saturation power of the doped fiber.

The complex value (φ + iβ) is a fixed parameter charac-
teristic of this particular doped fiber segment at the selected
operation wavelength. For example, it is approximately equal
to≈ i0.6 for the EDF at 1550 nm utilized in [5]. Following
[15] and Fig. 3, it can be evaluated as≈ 2.7+i0.4 in our 1.77
m-long YDF fiber at 1064 nm.

Before we present the results of simulations for our par-
ticular experimental conditions, let us illustrate the analy-
sis/simulation for two simplified cases: the purely absorbing
(ϕ = 0) and the purely refractive (β = 0) saturable fiber.
The complete analysis needs the self-consistent solution of
Eq. (4)-(6) that is difficult to do analytically. Qualitatively
this situation can be analyzed; however, using the graphical
method [8]. To this end, we present in the same 3d plot two
dependencies ofP4 as functions ofa andφ (for the fixed se-
lected values ofP1, κ, ϕ, andβ):

P4 = P1

∣∣∣∣∣
√

1− κ

1−√κ exp[ia(φ + iβ) + iϕ]

∣∣∣∣∣

2

, (7)

P4 =
1− a

a
. (8)

Here the first dependence is obtained from Eq. (4),
and the second one-from definition of the saturation factor
Eq. (6).

Example of such plot forκ = 0.5, β = 0.6, andP1 = 1
is given in Fig. 7 below. In this case, the resonance peaks are

FIGURE 7. Mutual 3d plots of Eqs. (7), (8) as functions ofa and
ϕ for the fiber with saturable absorption only:ϕ = 0 β = 0.4,
κ = 0.5, P1 = 1.
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FIGURE 8. a) similar plots as in Fig. 7 for the fiber with the sat-
urable refractive index only:ϕ = 2.7, β = 0, κ = 0.5, P1 = 1,
and b) the same plot shown for the reduced range of detuning close
to φ = 2π.

always observed atφ = 0.2π. One can see that for every fixed
externally introduced cavity detuningφ (in the total range
0...2 ∗ Pi), there is one self-consistent solution forP4 only.
Clearly, this means that there is no optical bistability in this
configuration.

Figure 8a) below illustrates the case of a purely refractive
index saturable fiber, with parameters of our YDF sample but
without absorption:ϕ = 2.7, β = 0 evaluated forκ = 0.5
andP1 = 1. One can see that, in this case, the resonance
peak position proves to be dependent on the initial detuning.
For this reason, in a special rather narrow range ofφ close to
2π -see Fig. 8b) -for one detuning, there are three solutions.
It is well known that one of them (the central one) is not sta-
ble [8]; the other two correspond to two stable solutions (i.e.,
the bistability).

FIGURE 9. a) Cross-sections of 3d plot from Fig. 8 obtained for
externally introduced detuningsφ = 6.2, 5.9, and 5.6 rad (dashed
line presents the saturation factor curve Eq. 8) and b) detuning de-
pendences of the normalized intra-cavity power obtained for the
same set of parameters as in Fig. 8.

The 2d cross-sections of this 3d plot for several spe-
cial detunings illustrating these three solutions are shown in
Fig. 9a). The system occupies the state that depends on the
direction from where you approach this detuning, forming,
in this way, the hysteresis loop (Fig. 9b). Note that in this
case, we show the hysteresis for the intra-cavity power only:
because of the absence of the intra-cavity losses, the output
power is always equal to the input one.

As it is illustrated in Fig. 7 itself, the saturable absorption
cannot result in optical bistability in our configuration under
consideration. However, because it changes the coupling of
the input light with the cavity, it also changes the intra-cavity
power and, as a result, can change the hysteresis loops that
appear due to saturable refractive index. Corresponding 3d
plots calculated for the set of parameters close to that of the
utilized YDF fiberφ+ iβ ≈ 2.7+ i0.4 andP1 = 1 are shown
in Fig. 10.

From these plots, we can reconstruct the detuning depen-
dences of the output and the intra-cavity light powers that
are presented in Fig. 11. As expected, the transmitted power
tends to the conventional symmetric shape of the detuning
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FIGURE 10. 3d plots similar to those in Fig. 8 for the saturable
medium with parameters close to those of the utilized YDF fiber:
ϕ = 2.7, β = 0.4, κ = 0.5, P1 = 1.

curve for the incident light power significantly lower than the
saturation power. The hysteresis loop is most pronounced for
the incident light power close to the saturation power of the
doped fiber.

One can see that, qualitatively, the results of our numer-
ical simulation correspond to the presented experimental re-
sults (Fig. 6, 7). In particular, one can observe significant
asymmetry of the tuning transmittance curves for the incident
powers approaching and higher than the saturation power.
The experimentally observed hysteresis loop width (Fig. 7)
proves, however, significantly larger than the theoretical eval-
uation of≈ 0.2 rad that can be obtained, in particular, from
Fig. 11b). This disagreement can partially be attributed to a
relatively high speed of scanning through the resonance cav-
ity. Additionally, it is necessary to introduce into the simula-
tions possible light attenuation introduced by the other intra-

FIGURE 11. Detuning dependences of the normalized output (solid
lines) and the intra-cavity (dashed lines) power, calculated for
the saturable medium with parameters of the utilized YDF fiber:
ϕ = 2.7, β = 0.4, κ = 0.5 and for the normalized incident power
a)P1 = 2, b) 1, c) 0.5, and d) 0.2.
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cavity elements. Surely, it is also necessary to evaluate more
precisely the doped fiber nonlinearity.

During an initial period of investigations of the optical
bi- and multi-stability, these effects were considered promis-
ing for the development of the optical logic and memory de-
vices [8]. However, the high potential of these effects for im-
proving the performance of the optical interferometric mea-
suring configurations was also estimated. Now such applica-
tions of similar arrangements are considered highly promis-
ing; especially, when utilization and generation of the non-
classical light are involved [16,17].

Simply this important property can be illustrated using
the response curves similar to those presented in Figs. 11c)
d). One can see that at the right side of the resonance trans-
mittance curve, the slope angle can theoretically be very high,
as compared with that at the other, left side, or in case, of the
resonance curve of the linear FP cavity (Fig. 2a). This means
that a small phase modulation introduced in a non-linear cav-
ity, tuned to this special point, can result in an unlimited re-
sponse in the transmitted light power.

Note that the necessary asymmetric shape of the reso-
nance transmittance curve with highly steep one side was
indeed, observed in our experiments -see Fig. 5. The ex-
periments on intra-cavity sinusoidal phase modulation under
such resonance conditions are in progress in our group now.
Here it is necessary to take into account that the theoretical
response curves (Fig. 11) were obtained for the quasi-steady-
state conditions,i.e., when the phase modulation signals are
significantly slower than the characteristic time of the non-

liner (saturation) response. In the case of the utilized sat-
urable YDF, this implies an operation frequency range below
some fraction of 1 kHz.

4. Conclusions

Summarizing, we have presented original experimental re-
sults on the investigation of the ring fiber-optic resonance
cavity with the saturable ytterbium-doped fiber. In particular,
we have demonstrated the optical bistability and the optical
hysteresis for the incident cw power close to the saturation
power of the YDF at 1064 nm (∼ 10 mW). We associate
the observed effects with a high photo-induced response in
the saturable refractive index of the doped fiber. The pre-
sented preliminary results are in a qualitative agreement with
the theoretical analysis and with numerical simulation. We
hope that the presented experimental configurations can be
promising for applications in high-sensitivity fiber configura-
tions operating at 1064 nm.

One of the co-authors of this text, namely SS, wants to
express his deep regret about the unexpected death of his
very close personal friend, highly respected person, excel-
lent researcher-physicist, and the real Teacher for many of
his students -Dr. Evgeny Kuzin.
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