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Abstract. A detailed experimental analysis of the ampli- dynamical instabilities [8] that could be detrimental in soliton
tude noise in high-repetition-rate picosecond pulse trainansmissions.

generated by spectral filtering of a frequency-modul&ed In this article we describe the experimental characterization
Yb:glass laser is reported. Two distinct sources of noisef the amplitude noise detected in the pulse trains generated
are identified, and stabilization techniques for noise suppre®y an FM-operateér-Yb:glass laser at533 nmand the sta-
sion are proposed and experimentally demonstrated. Intensitylization techniques used for the noise suppression, and we
noise suppression of 20 dB, corresponding to less th@&%  report on the results achieved. The experimental layout for
residual amplitude fluctuations of the pulse train, has beethe nonresonant generation of the pulse trains is similar to
achieved at repetition rates of 2.5 GHz &n@Hzwith pulse that previously reported [4] and consists of an intracavity

durations of~ 50 ps phase modulater-Yb:glass laser and an external spectral
filtering stage. The laser cavity consists of a compact two-
PACS: 42.60.Fc; 42.60.Rn mirror hemispherical resonator that is abédtmmlong, with

a l-mmtthick Er-Yb:glass disk, end-pumped @80 nmby an

InGaAslaser diode, which forms one end of the resonator [9].
The generation of high-repetition-rate picosecond pulse train& resonantLiNbO3; phase modulator placed inside the cav-
at1.5um is currently a topic of great importance in soliton- ity is used to operate the laser in the fundamental-order FM
based optical transmission systems [1]. Active mode-lockingegime at a modulation frequency 85 GHz An uncoated
methods, based on intracavity amplitude or frequency modt20-pm-thick Polarcor etalon is also inserted in the cavity
ulation, are attractive for their capability of generating sym-with the double aim of ensuring the field polarization along
metric and chirp-free pulses suitable for soliton transmisthez axis of theLiNbOj3 crystal and of controlling the carrier
sions, but they usually fail in producing pulse trains withfrequency of the laser emission. The laser output is coupled
long-term stability owing to their extreme sensitivity to cav- through a microscope objective into a single-mode fiber and
ity length variations, requiring some nontrivial form of ac- sent, through a three-port optical circulator, td-an-long
tive stabilization [2, 3]. We recently proposed [4, 5] a novelfibre Bragg grating, designed to operate in the reflection
nonresonant technique to generate high-repetition-rate puls®nfiguration as a narrow bandpass filter. The mean optical
trains with controllable pulse duration, attractive for its highpower at the output, for a fiber coupling efficiency 4%,
tolerance to cavity length fluctuations with respect to convenis ~ 0.5 mW, corresponding to~ 10%—-15% of the overall
tional active mode-locking methods. The technique is basefiber-coupled power of the FM signal. The pulse duration
on suitable spectral filtering [6] of the optical field emit- can be easily tuned, by fine adjustement of the detuning fre-
ted by an intracavity frequency-modulated (FM) laser [7], inquency, fromB0 psdown to40 ps Time-bandwidth products,
which the modulation frequencyy, is close but not equal as derived from spectral and autocorrelation measurements,
to the cavity axial mode separatiofy or, in the so-called indicate that the pulses are close to the Fourier transform
harmonic regime, to one of its harmonics. The feasibilitylimit.
of this technique to generate transform-limited pulse trains In order to assess the suitability of the laser source for
at a repetition rate equal to or twice the modulation fre-soliton transmissions, a detailed analysis of short- and long-
quency was previously demonstrated by using a compaterm stability of the pulse trains has been performed. Two
Er-Yb:glass laser FM-operated in a third-harmonic configunoise sources, corresponding to distinct phenomena, have
ration [4, 5]. Although the nonresonant modulation techniquéreen found to affect the pulse train envelope. These include
makes the pulse trains largely insensitive to cavity lengtlamplitude fluctuations due to relaxation oscillations, typic-
variations, the asynchronous regime of operation of the lasally in the range of tens of kHz, and amplitude oscillations
deserves special attention from the point of view of possiblat the detuning frequenayf = | f,, — fc| and harmonics, typ-
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ically in the range of a few MHz. The former source of ical origin related to the asynchronous mode of operation
noise is commonly found in other mode-locked erbium laseof the phase modulator [11]. It is probably ascribable to at
systems (see, for instance, [10]), and, in our typical experileast two different mechanisms: mode-hopping among lon-
mental conditions, it is not appreciably influenced by thegitudinal modes of the frequency-modulated cavity [7], in-
asynchronous mode of operation of the laser. Relaxation ogsluced by environmental perturbations, on the one hand, and
cillation noise causes amplitude fluctuations ¥0%—20%,  strong excitability of the laser dynamics at the detuning fre-
peak-to-peak value) of the pulse train envelope on a time scatpuency and harmonics, leading to enhanced amplification
of ~10-30us, mainly ascribable to fluctuations of cavity of the noise level at these resonances, on the other hand.
losses and amplitude noise of the pump laser. The relativehe excitability of the laser dynamics at the detuning fre-
intensity noise (RIN) spectrum of the laser output exhibitsquency and harmonics is basically a resonance phenomenon
a characteristic peak around the relaxation frequency, whiakelated to the fact that distinct FM cavity modes have spec-
can vary between 35 an@0 kHz depending on the pump tral components separated by the detuning frequency and
power level. A typical behaviour of the RIN spectrum is multiplies [7]. In addition, especially at low values of the
shown in Fig. 1a (dashed line), and the corresponding signaletuning, the FM modes become highly distorted and their
in the time-domain is reported in Fig. 1b (dashed line). Wenon-orthogonal character is responsible for an enhanced sen-
measured a typical 10% peak-to-peak amplitude modula- sitivity of the system to noise. In fact, it can be shown that
tion, compared to the DC value, which is superimposed on than intracavity frequency-modulated laser operated close to
pulse train envelope. threshold can sustain a large excess of field fluctuations as
Amplitude oscillations at the detuning frequency (typ-a result of the non-orthogonality of laser modes. In par-
ically 2—4 MHz), with modulation depths of- 15%-25% ticular, the excess of noise variance can approach values as
(peak-to-peak value), were also observed on the pulse tralrigh as10® at a point corresponding to the transition re-
envelope. Figure 2a (dashed line) shows a typical RF noisgion between FM oscillation and FM mode-locking, leading
spectrum of the pulse train in the MHz range, detected byo a huge transient amplification of perturbations [11]. Evi-
a low-noise photodiode (New Focus Model 1811, bandwidtldence of noisy behaviour of FM-operated lasers is indeed
125 MH32), which exhibits a high peak @9 MHz and alower reported in the literature [8]. Experimentally, we have found
second-harmonic peak &t8 MHz. The detuning frequency in our case that the noise level, as expected, is largely de-
was 2.9 MHz, corresponding to an oscillating bandwidth of pendent on detuning, increasing as the detuning parameter is
130 GHz and to a pulse duration of 50 ps The corres- decreased until marked noisy behaviour is observed corres-
ponding time-domain signal is reported in Fig. 2b (dashegonding to the transition region between FM oscillation and
line). This source of noise has a much more involved physF-M mode-locking. However, typical detuning values of in-
terest for pulse train generatiod { > 2.5 MHz) are rather
far away from this highly unstable regime, which occurs be-

-60 T 1.55—————— low d f ~ 0.6 MHz, so that it is not of concern in the present

— -70F | @1 = study.
T -0k 4 o} In order to suppress relaxation oscillation and frequency
) S . I detuning noise, active stabilization based on a double control
o, -90 ] o loop was carried out. As far as relaxation oscillation noise is
Z -100F ] > concerned, a feedback circuit acting on the pump power was
T 110 . O designed on the basis of the measured transfer function (both

1200 v a L in amplitude and in phase) between pump power and laser

10 50 1'00 1'50 200 1'350 5'0 100150200 Output [12,13]. Figure 3 shows a schematic diagram of the
Frequency [kH - control feedback loop: a small fractioty %) of the output
quency [kHz] Time [Hs] power is sent to a low-noise photodiode, the output of which

Fig. 1a,b. Relative intensity noise (RIN) spectrum at around the relaxation: : ; ;
oscillation frequencyd), and corresponding time-domain signh) 6f the is connected to a bandpass filter, F1, with adjustable central

pulse train envelope with the feedback circuit enlid line) and off @ashed fre_quenCY(\’ 30 kHZbandWith at-3 dB) that provides high .

line) gain at the relaxation oscillation frequency. The electrical sig-
nal is then sent to the current driver of the pump laser diode;
the resulting open loop gain s 20 dBat the relaxation peak.

i~} . . . 1.35 Figure 1a shows the measured low-frequency noise spectrum

I 40+ : @4 = of the laser with the feedback circuit turned on (solid line);

£ ' ° Fig. 1b also depicts the corresponding time-domain signal.

Q 60k 2 1.25 The peak suppressionis 20 dBand the residual RIN is be-

E‘ : ; s - low ~ —88 dB/Hz, notice that, with the control circuit on, the

5 ; > 1154 {4 total peak-to-peak amplitude fluctuation is less th&i%o.

B -80r \ 1 o i ‘g{;’ In order to suppress the amplitude noise due to frequency

L e b . a . 7 detuning, we exploited the fact that in the asynchronous mode

» -100 . L ! 105+ . of operation the laser is easily excitable at the detuning fre-
0O 2 4 6 00 05 1.0 quency and harmonics. In particular, we found that the laser

Frequency [MHZz] Time [ ps] output is strongly sensitive to weak modulations, at the de-
Fig. 2a,b.Power spectruma), and time-domain behaviour of the pulse train tuning frEquenCy' of the RF power SL_Ipp|Ied to the Intracavity
envelope in theistime scale k), showing amplitude noise due to frequency Phase modulator. We therefore designed a second feedback
detuning with the feedback circuit osdlid line) and off dashed ling circuit acting on the RF signal and composed by an adjustable
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F1 tuning frequencies, respectively; P, phase
control; VA, variable attenuator

bandpass filter, F2, centered at the detuning frequency, foshould be noticed that the achievement of higher repetition
lowed by an additional phase control to achieve loop stabilityrates is still possible [14], but the laser would have to be
As can be seen from Fig. 3, the electrical signal at the outsperated in a harmonic regime. A detailed experimental an-
put of the low-noise photodiode is sent to the feedback circuialysis of the noise characteristics fo2&-GHz pulse train
and then to the low-frequency control input cBaAsMMIC generated in a laser configuration operated in the third-order
variable attenuator acting on the RF power level which drivediarmonic [4] indicated that, both with and without operated
the phase modulator. The solid line in Fig. 2a shows a typicdeedback loops, the noise levels at relaxation oscillation and
behaviour of the RF noise spectrum in the MHz range wheuretuning frequencies are not influenced by the harmonic op-
the suppression circuit is turned on, indicating that a reduceration regime of the laser and the results discussed above
tion of amplitude noise of more tha20 dBis obtained. In  are still valid. In this case, however, a third source of noise,
Fig. 2b (solid line) the corresponding time-domain signal isrelated to supermode competition, is sometimes observed.
also reported. A residual peak-to-peak amplitude oscillatioilthough in our case the relatively low harmonic order (third-
of the pulse train envelope less thaB% was achieved with order) enables us to reduce the occurrence of mode-hopping
the control feedback loop turned on. We note that this feedsy careful isolation of the laser from environmental distur-
back control does not require any additional optical elementances, supermode beating might remain a serious problem
inside or outside the resonator in order to stabilize the powewhen the laser is operated at larger harmonic orders, and
level. The overall long-term stability of the pulse train enve-effective suppression of such instability would require, for
lope with the two feedback controls turned on is shown ininstance, an intracavity spectral selective element. The same
Fig. 4, and compared with that with no feedback. In closedproblems, however, arise with waveguide lasers [15] and fibre
loop operation, no appreciable amplitude fluctuations wer&asers [16]. Fibre lasers, in particular, in addition to being
observed for more than one hour without particular care to resusceptibe to mechanical vibrations and temperature varia-
duce mechanical and acoustical noise being taken. It is wortiions affecting the cavity length, also operate at very high
pointing out that, for both the control circuits we realized,(from hundredths to thousandths) harmonics of the cavity
only low-frequency analogue electronic components are usethode spacing, and therefore they need effective suppression
and neither complicated stabilization techniques nor computf supermode noise. Although different techniques have been
ers are needed. proposed and successfully demonstrated to this aim, they turn
In order to assess the applicability of the feedback coneut to be generally rather complex.
trol system at higher repetition frequency, the proposed sta- In conclusion, a detailed investigation of the noise prop-
bilization method has also been exploited to stabilize a duakrties of pulse trains generated by spectral filtering of an
wavelength pulse train generated using a different spectr&lM-operatedEr-Yb:glass laser has been presented, and stabi-
filtering scheme [5], which enables doubling of the pulse replization techniques for noise suppression have been proposed
etition rate. While2.5 GHzor 5 GHz appears to be an upper and experimentally demonstrated. The high stability of the
limit for operation in the fundamental harmonic regime, it pulse trains on short and long time scales, together with the
absence of chirp and the tunability of pulse duration, makes
this laser source of interest for its potential use in soliton-
based transmission systems.
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