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We experimentally study a fiber loop laser with an integrated erbium-doped fiber (EDF). The output
optical spectrum is measured as a function of the EDF temperature. We find that below a critical temper-
ature of about 10 K the measured optical spectrum exhibits a sequence of narrow and unequally spaced
peaks. Externally injected light and filtering are employed for tuning the peaks’ wavelengths. Operation
of the device as an optical memory having a storage time of about 20 ms is demonstrated. The multi-
mode lasing tunability can be exploited for novel applications in the fields of sensing, communication,
and quantum data storage.
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Introduction.—Erbium-doped fibers (EDFs) are widely
employed in a variety of applications. Key properties of
EDFs can be controlled by varying the temperature [1–3].
Multimode lasing has a variety of applications in the fields
of sensing, spectroscopy, signal processing, and commu-
nication [4]. Multimode lasing in the telecom band has
been demonstrated by integrating an EDF cooled by liquid
nitrogen into a fiber ring laser [5–7]. It has been recently
proposed that EDFs operating at low temperatures can be
used for storing quantum information [8–13]. Population
storage times exceeding 10 s [14], and electronic spin life-
times exceeding one hour [15], have been demonstrated
using persistent spectral hole burning.

In this work we study a fiber loop laser with an inte-
grated EDF [16,17]. We measure the emitted optical
spectrum as a function of the EDF temperature [18,19].
Below a critical temperature of about 10 K the measured
optical spectrum exhibits an unequally spaced optical
comb (USOC) made of a sequence of narrow peaks. The
observed USOC and multimode lasing are attributed to
intermode coupling [20,21]. We find that the wavelengths
at which the multimode lasing occurs can be controlled
by light that is externally injected into the fiber loop. The
possibility of using the device under study as an optical
memory is explored, and a storage time of about 20 ms
is demonstrated. The USOC controllability, together with
its high stability, can be exploited for facilitating novel
applications in the fields of sensing, communication, and
quantum data storage.

Experimental Setup.—The experimental setup is schemat-
ically depicted in Fig. 1(a). An EDF having length of 20
m, absorption of 30 dB m−1 at 1530 nm, and mode field
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diameter of 6.5 µm at 1550 nm is cooled down using a
cryogen-free cryostat. The EDF is thermally coupled to a
calibrated silicon diode serving as a thermometer, and it
is pumped using a 980-nm laser diode (LD) biased with
current denoted by ID. The cold EDF is integrated with a
room-temperature fiber loop using a wavelength-division
multiplexing (WDM) device. Two isolators [labeled by
arrows in the sketch shown in Fig. 1(a)] and a 10:90 out-
put coupler (OC) are integrated in the fiber loop. The loop
frequency fL (inverse loop period time), which is measured
using a radio frequency spectrum analyzer and a photode-
tector, is given by fL = c/ (nFlL) = 4.963 MHz, where c is
the speed of light in vacuum, nF = 1.45 is the fiber refrac-
tive index, and lL = 41.7 m is the fiber loop total length.
An optical spectrum analyzer (OSA) is connected to the
10:90 OC.

USOC.—Near a wavelength of 1540 nm and below a
critical temperature of about 10 K the measured optical
spectrum exhibits narrow peaks at a sequence of wave-
lengths denoted by {λn}, where n = 0, 1, 2, . . . [see Fig.
1(b)]. For the data presented in Fig. 1, λ0 = 1540.629 nm
and λ1 − λ0 = 0.1661 nm. The frequency fn associated
with wavelength λn is given by fn = c/λn. The intensity
of the USOC peak occurring at wavelength λn is denoted
by In.

The normalized frequency sequence in ≡ (f0 − fn) /fL
and the normalized intensity sequence sn ≡ In/I1 are well
described by the following empirical laws:

in = ν log pn, (1)

sn = λn+1 − λn

λ1 − λ0
, (2)
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FIG. 1. USOC. (a) The experimental setup. (b) The measured
optical spectrum with diode current ID = 120 mA. (c) Com-
parison between the measured normalized frequencies in =
(f0 − fn) /fL and the calculated values of ν log pn [see Eq.
(1)]. The dimensionless prefactor ν is found by fitting to
be given by ν = 5610. (d) Comparison between the normal-
ized intensities In/I1 and the normalized wavelength gaps
(λn+1 − λn) / (λ1 − λ0) [see Eq. (2)].

where ν is a positive constant and pn is the nth prime
number. The comparison between the measured values
of in = (f0 − fn) /fL and the calculated values of ν log pn
[see Eq. (1)] yields a good agreement [see Fig. 1(c)].
The level of agreement is quantified by the parameter
ε = n−1

m
∑nm

n=1

∣
∣(in − ν log pn) /inm

∣
∣, where nm is the num-

ber of peaks that can be reliably resolved. For the data
shown in Fig. 1, nm = 200 and ε = 0.0043. The compari-
son between In/I1 and (λn+1 − λn) / (λ1 − λ0) [see Eq. (2)]
is shown in Fig. 1(d). The underlying mechanism respon-
sible for USOC formation remains mainly unknown. The
connection between the normalized frequency sequence
in = (f0 − fn) /fL and the sequence of prime numbers [see
Eq. (1)] is discussed in Ref. [21].

Gain saturation.—The fiber loop gain can be character-
ized by injecting input light having a continuous spectrum.
Injection measurements (shown in Figs. 2, 3, and 4) are
performed by integrating a 1:99 OC into the loop between
the points labeled as “A” and “B” in Fig. 1(a). For the mea-
surements presented in Fig. 2, the 1:99 OC is employed to
inject into the loop spontaneous emission (SE) light from
an external pumped EDF. The optical power of the exter-
nally injected SE light is controlled by a tunable attenuator.
The plot shown in Fig. 2 exhibits the spectrum measured
by the OSA as a function of the SE optical power PSE
feeding the 1:99 OC.

Consider two neighboring USOC peaks at wavelengths
λn and λn+1, where n is a non-negative integer. As can be
seen from Fig. 2, the loop gain gL in the region [λn, λn+1] is

FIG. 2. Gain saturation. Optical spectrum (in dBm) as a func-
tion of the SE optical power PSE feeding the 1:99 OC. The
temperature is T = 2.9 K and diode current is ID = 100 mA.

approximately a symmetric function around the midpoint
λa,n = (λn + λn+1) /2, at which gL peaks. The loop gain gL
vanishes at the end points λn and λn+1.

When the SE input optical power PSE is sufficiently
high, new USOC peaks at the midpoint wavelengths λa,n
are created (see the regions highlighted by the overlaid red
circles in Fig. 2). This behavior is attributed to the fact that
the wavelengths λn and λn+1, together with the midpoint
wavelength λa,n, nearly satisfy the mixing condition fn +
fn+1 = 2fa,n, where fa,n = c/λa,n (recall that |λn+1 − λn| �
λn). Note that the USOC created with relatively intense SE
injection (see Fig. 2) is significantly distorted, and it cannot
be well described by the empirical laws (1) and (2).

Laser Injection.—The plot shown in Fig. 3 demonstrates
external tuning of an USOC peak. For the measurements
presented in Fig. 3, the 1:99 OC is fed with a narrow-band
external laser having a tunable wavelength λL. The experi-
mental protocol has three steps. In the first one the external
laser having wavelength λL is turned on, then in the sec-
ond step the diode current is turned on, and in the last step
the external laser is turned off. After each step the opti-
cal spectrum is measured. The measured spectra after the
first, second, and third steps are shown in the plots in Fig. 3
labeled by the numbers 1, 2, and 3, respectively.

In some cases, the spectrum that is measured after the
third step, i.e., after turning off the external laser, contains
a peak at the injected external laser wavelength λL. This is
demonstrated by plots in Figs. 3(b) and 3(c). We find that
this persistent effect occurs only when λL is tuned inside
the USOC region of about 1540–1542.5 nm [compare with
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FIG. 3. Laser injection. The measured optical spectrum after
the first (1), second (2), and third (3) step. The monochromatic
injected light of the external laser has wavelength λL of (a) λL =
1537.917 nm, (b) λL = 1540.162 nm, (c) λL = 1541.784 nm,
and (d) λL = 1543.000 nm. The temperature is T = 3.0 K, diode
current is ID = 200 mA, and tunable laser power is 0.1 mW.

the plots in Figs. 3(a) and 3(d), for which the persistent
effect does not occur].

Moving a single peak.—Each USOC peak wavelength λn
can be individually tuned using external laser injection.
The tuning method is demonstrated for the second (n = 1)

FIG. 4. Peak moving. The tunable laser wavelength λL is var-
ied from 1539.988 to 1539.888 nm in steps of 1 pm. During
the time when the wavelength λL is modified, the external laser
optical power is turned off (using an external attenuator). The
measured optical spectrum is shown in dBm as a function of λL.
The temperature is T = 2.9 K, diode current is ID = 200 mA, and
tunable laser power is 0.39 mW.

USOC peak in Fig. 4. Peak moving is achieved by first tun-
ing the external laser wavelength λL to match the USOC
peak wavelength to be moved λn, and then by gradually
tuning λL to a target value denoted by λn,T. After reach-
ing the target value, the external laser is switched off. For
the example shown in Fig. 4, all peaks with n > 1 are
unaffected by the moving process applied to the n = 1
peak.

FIG. 5. Optical filter. A tunable filter is integrated into the fiber
loop. The plot displays the optical spectrum (in dBm) as a func-
tion of temperature T. The optical filter central wavelength λF is
tuned to the value λF = 1540 nm and the diode current is set to
ID = 100 mA.
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The moving of the USOC nth peak is possible when the
external laser power PL exceeds a threshold value denoted
by Pn. By carefully tuning PL (to be sufficiently close to
Pn), the tuning process of the nth peak wavelength from
the initial value λn to the target value λn,T can be performed
without affecting the wavelengths λn′ of all other USOC
peaks having n′ �= n.

Optical filter.—The band inside which USOC occurs can
be controlled using an optical filter. For the measure-
ment shown in Fig. 5, a Fabry-Perot filter having full
width at half maximum of 1.2 nm is integrated into the
loop between the points “A” and “B” [see the sketch in
Fig. 1(a)]. The plot shown in Fig. 5, which exhibits the
temperature dependence of the created USOC, demon-
strates a transition from low-temperature multimode lasing
to higher-temperature single-mode lasing. Note that the
same above-discussed tuning methods (see Figs. 3 and 4)
can be successfully implemented to manipulate the peaks
of the filtered USOC shown in Fig. 5.

Memory.—The USOC wavelength sequence {λn} is highly
stable. Over time periods exceeding 20 h, changes in the
sequence {λn} are too small to be reliably resolved by our

(a)

(b)

FIG. 6. USOC memory. Optical spectrum before (a) and after
(b) an off pulse having time duration of τoff = 22 ms. In our
experimental setup, the LD bias current ID can be fully mod-
ulated with frequency of up to about 150 kHz. Diode current
(before and after the off pulse) is ID = 150 mA and temperature
is T = 3.5 K.

OSA, provided that the 980-nm LD bias current ID is kept
constant. However, the sequence {λn} is significantly mod-
ified each time ID is switched off, and then switched on
again, provided that the off time τoff is sufficiently long.
On the other hand, we find that the sequence {λn} remains
unchanged when τoff is sufficiently short.

Amplitude modulation applied to the LD bias current
ID is employed to determine the USOC memory time,
which is denoted by τM . This is done by measuring the
sequence {λn} before and after a switching-off pulse hav-
ing time duration τoff is applied to ID. We find that when
τoff � τM , the sequence {λn} is unaffected by the off pulse,
where τM � 20 ms. On the other hand, {λn} is significantly
modified for τoff � τM . In the region where τoff � 20 ms,
we find that most of the wavelengths in the sequence {λn}
remain unchanged, except for the first and/or the second
ones (having the shortest wavelengths). This behavior is
demonstrated by the plots shown in Fig. 6, for which the
off time is τoff = 22 ms. For this case, the off pulse shifts
the first wavelength λ0 by −65 pm, and all other peaks
are nearly unaffected. Note that the memory time τM is
expected to strongly depend on the temperature [8–15].

Summary.—Further study is needed to reveal the underly-
ing mechanism responsible for the USOC formation. Our
measurements demonstrate several methods that allow tun-
ing of the wavelengths at which multimode lasing occurs.
Future study will focus on systematically characterizing
spectral hole burning [22] in the system under study, in
order to explore its performance for quantum memory
applications.
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