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In this study, we report on the transient resparfsz passively mode-locked erbium fiber ring laaerstudied
by switching the optical pumping of the erbium dogider on and off. We confirm that the laser caaintain
its mode-locking state even while the pump is mathd, and describe the laser behavior and its alpic

transient response upon abrupt changes in thesityenf the optical pump.

Keywords : Erbium-doped fiber laser, Fiber laser, Passive mode-locking, Nonlinear polarization rotation

. INTRODUCTION

Over the past two decades research on passivelg-tookled fiber lasers has attracted considerable
interest due to their capability of generating godlity ultra-short pulses (< ps), typically atwegengths that
can be tuned over several tens of nanometers. Abeurof passive mode-locking mechanisms have been
studied and numerous fiber ring laser configuraidrave been demonstrated [1], based e.g. on skgurab
absorption [2], Sagnac interference [3] and noawlingolarization rotation (NPR) [4]. Passively mddeked
fiber laser technology has grown in sophisticatsignificantly in recent years and important advanbave
been achieved in short pulse generation [5], stalibn [6], repetition rate increase [7-9], wavejéh tunability

[10], multiple wavelength operation [11] and taitwy of the pulse characteristics [12].



Generally, passively mode-locked fiber lasers gverated under continuous optical pumping and
generate a continuous pulse train. Compared wihréBults for improving the pulse generation pentomce,
there have only been few works studying their dyiearincluding relaxation oscillation (RO) behavj@B-15].
Rangel-Rojo and Mohebi studied the onset of sedipg behavior in an erbium-doped fiber laser [13]o et
al. reported a theoretical and experimental studytlee onset dynamics in erbium-doped fiber lasers t
determine the laser parameters [14]. They utilited laser two types of erbium-doped fiber withfeliént
physical parameters, such as level of erbium iamcentration, existence of ion pairs and clustens, fiber
length. They reported that when the pump is tulmredhe lasing light has a build-up time regardiesahether
the laser is operated in a continuous wave orméfing mode. They showed that the build-up timatikast a
few milliseconds depending on the pump power ame tyf Er-doped fiber (EDF) used. Also, approximate
analytical relations were reported for the chargties of RO in an erbium fiber laser [15]. Howewvihe mode-
locking behavior and how this is affected by RO eveot thoroughly investigated. The transient dyranm a
passively mode-locked fiber-based laser incorpoegadin erbium-doped fiber as the gain medium angbatgm
well optical amplifier as a saturable absorber aig® studied in [16]. Passive mode-locking was iokbth for
zero or low bias levels to the diode amplifier, ahen the diode drive current was modulated to éedal fast
change in the cavity losses. It was reported tieturn-on and turn-off transients of the laseraxsscompanied
by self Q-switching periods lasting a few microsets, i.e. turn-on Q-switching followed by RO as wad
turn-off Q-switching. In another work, the dynamiesan EDF laser were studied based on both nualeric
simulations and experimental verification usingheit harmonic or random modulation of the pump aurre
driving the laser [17].

In this paper, we report on the transient resparfise conventional passively mode-locked fiber ring
laser based on NPR. To measure the transient respae constructed a mode-locked laser based onadBR
modulated the output of the pump laser into then gaeédium. Our measurements confirm that the Er-dope
fiber ring laser can maintain the passive modeitogistate even after a period when optical pumpiag been
absent and there is no symmetric phenomenon suc@-swsitching for turn-on and turn-off as in [16].
Furthermore, the results identify a typical resgois optical pumping, which is made up by a numbler
discrete time intervals, including an RO build-upd, RO followed by RO settlement and, then, passiode-
locking.

The paper is organized as follows. Section Il dbssrthe experimental setup of the Er-doped fiber

ring laser. Section Il provides the general chemastics of the laser under continuous-wave pugp8ection



IV deals with the measurement of the transientarsp by modulating optical pumping, injected irtte gain

medium of the fiber laser. The paper concludes ®éhtion V.

II. Experimental Setup

Fig. 1 shows the experimental setup of the passivelde-locked fiber ring laser. Mode-locking was
based on nonlinear polarization rotation. The laseorporated a 3-meter section of EDF as a gaidiune,
pumped with a 1480 nm pump laser. A WDM coupler wssd to couple the pump beam into the EDF. The res
of the fiber ring laser consisted of portions @stard single mode fiber (SMF — the pigtails of theous fiber
components), a polarizer between two polarizationtrollers (PCs) to control the nonlinear polaiizat
rotation and two optical couplers to tap opticghsil out of the laser cavity (the number of coupleas chosen
purely for convenience): a 90:10 coupler was usednbnitor the waveform mode-locking and the pulse
repetition rate and a 70:30 coupler was used fectspl and autocorrelation measurements. An isolats
used to ensure unidirectional propagation. Theed@pn parameterd), of the EDF and SMF were -24

ps/nm/km and 17 ps/nm/km at 1550 nm, respectively.

PC PC
((O)
AC .
Polarizer
- ocC
trigger
A A4
0osC l 1ISO
SMF

oC O WDM
Optical Pump LD

ESA ‘_I Modulator 1480 nm

osC M Photoreceiver 1

trigger [ ]

Fig. 1. Experimental setup. AC: autocorrelator; AW&Bbitrary waveform generator; EDF: Er-doped
fiber; ESA: electrical spectrum analyzer; PC: pialation controller; 1SO: isolator; OC: optical cdep OSC:

oscilloscope; PC: polarization controller; SMF:genmode fiber; WDM: wavelength division multiplej.



The intensity of the pump beam could be modulategreally using a lithium niobate modulator
driven by a periodic rectangular signal generatedrbarbitrary waveform generator (AWG), which aléa for
its frequency, amplitude, and duty cycle to beyfallijusted. The AWG had a fast frequency respatiag {Hz,
250 MS/sec, Sony/Tektronix AWG2021), which ensuteat the edges of the rectangular signal were sieayp,
as compared to the lifetime of erbium. Using areedlly modulated pump beam (rather than e.g. naoitgj
the pump laser current) ensured that our obsenatan the operation of the mode-locked laser wate n
affected by any transient effects on the pump laself. A 100 MHz digital oscilloscope was usedntenitor
the pulse train after optoelectronic conversion. & optical spectra were measured using an ealaktri
spectrum analyzer with 44 GHz bandwidth and ancapspectrum analyzer, respectively. The laserepwidlth

was determined through autocorrelation measurements

[11. Characteristics of Passive Mode L ocking

We first operated the EDF ring laser in the conieeratl passive mode-locking condition. In the
experimental setup shown in Fig. 1, the duty cyafethe periodic rectangular signal driving the pump
modulation was set to 100 %, giving rise to CW puntpnsity. At first, for low values of the currett the
pump laser, the fiber ring laser emitted CW lighs this optical pumping grew further (to above 208
corresponding to a 1480 nm optical power of 16 mWha output of the modulator), the fiber ring lase
changed its state from CW to passive mode-lockiaged on NPR (provided that the PCs were properly

adjusted).
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Fig. 2. Measured waveform of the passively modé&ddgulse train.



Fig. 2 shows the measured waveform of the passivelgie-locked optical pulse train. Pulses with a
regular spacing of ~ 73 ns, corresponding to 18461z, were observed. The average optical pumpinggoow
was 26.66 mW (14.26 dBm) with the injection currehB50 mA to the pump laser. Under this conditithrg
output optical spectrum was centered at 1560.5 nth @ full-width at half maximum (FWHM) spectral
bandwidth of 7.5 nm, as shown in Fig. 3(a). Thecpésidebands shown on either side of the maék pa the
optical spectrum are known as Kelly sidebands if#] are related to the anomalous dispersion dilike ring
cavity. The total dispersion values contributeddagh section in the ring cavity are estimated Hewvis: the
amount of dispersion from EDF section is estimatele -0.072 ps/nm (-24 ps/nm/km x 3 m) and thanfthe
SMF sections to be 0.204 ps/nm (=17 ps/nm/km x }.2Time total dispersion in the cavity is then 0.532hm

(i.e. the net dispersion is anomalous), thus supypthe existence of Kelly sidebands.

L L
Ar=7.5nm 20
024
oy -é- -40 4
5 o
< )
> i >
Z o g i Z 0
2 2
£ £
0.0

T T T T T A
1540 1550 1560 1570 1580 10.00 12.50 15.00 17.50
Wavelength (nm) Frequency (MHz)

@ (b)
Fig. 3. Measured (a) optical spectrum and (b) gtzdtspectrum of the passively mode-locked pulaint
(RBW =1 kHz, VBW = 1 kHz)
The frequency response of the pulse train arouaduhdamental frequency component, as measured
using an RF spectrum analyzer is shown in Fig..3(bg figure confirms the fundamental frequencyheflaser
as being 13.67 MHz, which corresponds to a cawthgth of 15.31 m. It is noted that this repetitiate
remained stable throughout our experiments. Thetsgidrace suggests there exists a small leveb@<dB) of
low-frequency fluctuations in the pulses, typicaltpused by environmental noise, e.g. vibrationyntiaé

fluctuations, etc. [18].
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Fig. 4. Autocorrelation trace of the passively mémigked pulses.

The width of the pulses was estimated from measatgdcorrelation traces, as shown in Fig. 4. By
assuming a Gaussian pulse shape, the pulse widtktirmated to be 0.79 ps. Taking into account thisep
spectral bandwidth (Fig. 3(a)), the time-bandwipithduct of the passively mode-locked pulses isutated to
be 0.63, indicating close to transform-limited Gaas pulses. (We note that we have confirmed that t
background level shown in the figure originatesrfrthe measuring instrument and does not relatbedaser

signal).

V. Transient Response

To study the transient response of the passivelgeatocked laser, the pump modulation was switchedrwd
off at a frequency of 100 Hz, as shown in Fig.1le Pnocedure followed in the experiment was theofeiihg:
once passive mode-locking was achieved for a puanect of 370 mA, we changed the duty cycle of the
rectangular pulse signal from 100 % (for cw optigaimping) to 70 % while maintaining the DC currémthe

laser diode constant. The average pump power wag 48 dBm at the input to the WDM coupler.
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Fig. 5. Measured waveform for the switched optmahping. The pump current to the pump laser isrB20
and the duty cycle of the rectangular pulse sigm#the optical modulator is 70 %.

It was observed that mode-locking operation cowdhaintained over successive cycles of the pump
modulation (Fig.5). On each switching cycle, stahlede-locking (the marked region in Fig.5) was poed by
a period of RO. The RO started about 0.5 ms afteroccurrence of the pump pulse and declined ghgdua
within 1.4 ms thereafter. After the period of ROpde-locked pulses were generated and were maidtaimid
the pumping was switched off (See Fig. 5). Thisleyepeated periodically following the switching thie

optical pump.
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Fig. 6. Comparison of transient responses at s cycle at 350 mA DC pump current. (a) With

and (b) without passive mode-locking.

To clearly understand the transient response of thassively mode-locked fiber

ring laser, we compare the responses obtained wifig. 6(a)) and without (Fig. 6(b))



passive mode-locking. The injection current to tlpegmp laser was set to 350 mA for this
measurement, resulting in an average pump power 1®»f7 dBm at the input to the WDM
coupler. The trace of Fig. 6(a) was measured firahd then the two PCs were misaligned
from the mode-locking condition to measure the di@mm response under CW operation
(Fig. 6(b)). The transient behavior was similar ithe two cases, apart from some
amplitude changes in the RO levels. These amplitudeanges are understood to be a
result of energy rebalancing inside the ring cavilgfter extinction of the mode-locked
pulse train.

Figure 6 also presents synchronous traces of themppumodulation (see the

waveforms at the lower part of the two graphs). i# observed that there exists a time

delay in the build-up of RO after optical pumping iswitched ‘on’. This existence is in
agreement with previous reports on the RO build-time [13-15]. This has been reported
as varying from 1 ms to more than 10 ms, dependaorg the EDF type and pump power.
In our measurements, the RO build-up time variedtwbéen 044ms and 1.06 ms
depending on the polarization adjustment.

Another observation from these traces is that afteO weakens, the background
level of the passively mode-locked pulse train Ipee® gradually lower compared to that
observed under CW operation. This background levelpresents the amount of energy

propagating continuously inside the cavity., As mtaiking stabilizes ever more energy

is concentrated on the pulses and the backgrowedidecreases.
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Fig. 7. Multiple periods at the same condition$-ag 6 (duty cycle = 90 %).



We also measured the pulse train when applying pmogulation with a longer duty cycle (90 %) and
at various frequencies (50 to 1000 Hz). As seeriqy 7, the amplitude of the relaxation oscillatioms
suppressed in this case, since the laser openatisrpushed closer to that of continuous passiveermking.
When the ‘off’ period is short, carrier evacuatfoom the upper lasing level is not complete [14jefefore, the

RO pulse is weaker compared to that with the lodvety cycle.
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Fig. 8. Typical waveform model of transient respodse to switched optical pumping.

A typical waveform model describing the transieggponse was derived inductively from successive
measurements with switched optical pumping, andbearepresented schematically, as shown in theatiagf
Fig. 8. As soon as optical pumping is turned ‘dhére is a certain amount of time delay)(Turing which RO
builds up. RO occurs between @nd . After the relaxation oscillation is stabilized.(F Ts), the passively
mode-locked pulses appears(Bnd gradually stabilize to a constant amplituslel A.. We presume that the
slope between amplitude levels and A is dependent upon the status of the passive numiél operation,
which may include polarization states, relative Bimges of RO and mode-locked pulses, existenaatidnal
mode-locking, background noise level, pump poweerigity, etc. Once optical pumping is turned off)(The
optical output from the fiber ring laser is alsoned off immediately, and the process repeatsc¢h gariod ().
It is noted that the abrupt turn-off in pulsing Bt contradicts the behavior reported in [16], whdrevas
reported that RO was also observed during the pomge turn-off. This suggests that the observatinrj6]

were specific to the behavior of the quantum wigltld which facilitated pulsing in the laser usedhiat work.



As an example, for the specific case of our lagérfar 100 Hz (T = 10 ms) modulation, pump current
of 350 mA, and 50 % duty cycle, the correspondingetconstants are; E 1.08 ms, T=2.38 ms, ¥=2.74 ms,

Tsa=5msand7=T =10 ms.

V. CONCLUSIONS

In this paper, we have reported on the transiespiaese of a passively mode-locked Er-doped fiber
ring laser based on nonlinear polarization rotatitime laser response was studied by switching gieady the
optical pumping into the Er-doped fiber used asghi® medium on and off. Our measurements confirthatl
mode-locking could be maintained even after suéeeggeriods when pump power was absent and thaemod
locking conditions did not change during these eyaf the pump power. We subsequently identifidégpacal
model of the transient response of a passively rmded Er-fiber laser, and described the roleeddxation

oscillation in it.
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