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Abstract. An actively mode-locked dye laser is experimentally investigated. 
Coupling the laser resonator to an empty external cavity (passive feedback con
trol) is found to dramatically influence the mode-locking performances. Under 
certain feedback conditions a large improvement of the known capabilities of the 
actively mode-locked dye lasers is obtained. Operation on the femtosccond time 
scale is demonstrated at considerably increased output powers and with the tun
ability preserved. Further, the laser is insensitive to unusually large cavity length 
variations. 

1. Introduction 

The liquid dye solutions were the basic gain media of the femtosecond laser oscilla
tors and amplifiers during the 1980s. The last few years have brought about dramatic 
advance in the physics and technology of ultrashort pulse generation based exclusively 
on solid-state components (see e.g. [1] and references therein). Broadband materials 
such as Ti:sapphire, Cr:LiSAF, Cr:forsterite and various rare-earth doped hosts become 
attractive alternatives to the traditional organic dyes for generation and amplification 
of femtosecond pulses in the near IR spectral range. In addition to the ease of handling 
and other obvious advantages of a solid state material over a dye solution (high degree 
of stability and reliability, long tenn reproducibility and performance) the solid-state 
femtosecond lasers produce shorter pulses and higher output powers and are widely 
tunable. 

However, in order to extend the wavelength range today accessible to the primary 
solid-state femtosecond sources c~ 750 nm-1.5 µm) one needs an amplifier pumped 
by a separate laser and followed by one or more frequency conversion stages. The 
requirement of multiple stages and/or multiple pump lasers makes such systems rela
tively complex and expensive. Therefore, in some cases, especially when short pulses 
in the visible are required, a mode-locked dye laser might be the best feasible and 
costs an effective apparatus. For example, the output from a synchronously pumped 
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dye laser (typically ~ 200 mW of average power at repetition rates ~ 100 MHz) is high 
enough for a range of applications such as photon-echo and pump-probe experiments. 
Increased pulse energies (up to tens of nanojoules) and still at high repetition rates 
are obtainable when a cavity dumper is incorporated in the laser cavity. lf these pulse 
energies could be combined with femtosecond durations, the peak intensities would 
be sufficient to pennit a wide range of ultrashort optical experiments including the 
study of many nonlinear optical effects. Unfortunately, a synchronously pumped dye 
laser produces pulses in the picosecond range, whereas the femtosecond dye lasers 
- the passively and hybridly mode-locked systems, are normally low-power devices 
(Table l ). Another serious drawback of the femtosecond dye lasers is the limited tun
ability which is a result of the presence of a resonant saturable absorber in the laser 
cavity. With a very few exceptions [2, 3] these lasers are completely untunable for 
pulse duration below~ 100 fs. 

Table 1. Typical parameters of mode-locked dye lasers 

ML dye laser system Pulse duration Output power Tunability 
("=' I 00 MHz.repetition rate) 

Synchronously pumped "" few ps "='200 mW* ++ 
Passively mode-locked sub-100 fs "='JO mW limited 

Hybridly mode-locked sub-100 fs ""few IO's mW* limited 

Actively mode-locked "=' few !O's ps "='few mW 

• few nJ-few IO's nJ at kHz repel1t1on rates with cavity dumper 

In brief, many applications would benefit from a ML dye laser capable of producing 
femtosecond pulses at high outputs and with the tunability maintained. In this paper I 
demonstrate that similar performances could be obtained from a simple actively mode
locked (AML) dye laser, feedback controlled by an empty external cavity. The noise 
behaviour of AML dye laser is also described and self-stabilization is obtained by 
application of the technique of Coherent Photon Seeding. 

2. Why Active Mode-locking? 

The large emission cross section of the active media and the short gain recovery 
time (comparable to the cavity round trip time) makes the dye lasers well suited to 
mode-locking techniques based on saturable absorption and saturable gain. Ther~fore, 
although the active mode-locking was historically the first technique applied to a dye 
laser fo.r generation of short pulses, very few active locking experiments have been 
performed. In early 70's pulse durations of a few tens of picoseconds have been obtained 
from the CW pumped dye lasers at pump powers close to the threshold (see e.g. the 
review paper [4]). The modulation depth of an active loss or phase modulator proved 
too insufficient to mode-lock the available bandwidth of a dye laser and the active 
modulation technique had soon been left as inefficient. · 

The experiments with active mode-locking presented here were motivated by the 
idea to get use of the technique of mode-locking with spatial dispersion in the gain 
medium [5]. It has been demonstrated [3] that this technique could aid in more effective 
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exploitation of the available gain bandwidth of a mode-locked laser when the strength of 
a given mode-locking mechanism is insufficient. The results reported in [3] have beeu. 
obtained with a passively mode-locked dye laser. Although some· tuning was achieved 
at sub-100 fs pulse durations, and at relatively high outputs, that laser still entailed the 
negative consequences of the passive mode-locking - a restricted tunability and high 
complexity (two jets, two sources of instabilities, critical alignment etc.). Therefore 
experiments were initiated with the hope to take advantage of the spatially dispersive 
scheme when applied to a relatively simple laser system and when mode-locking was 
implemented by a wavelength insensitive techniqoe. 

Another incentive piece of information was the recent report of Yankov [6] on 
reduction of the pulse duration of an AML dye laser from 15-20 ps to below l ps 
as a result of utilization of regenerative RF feedback. In this type of schemes [7] the 
modulator drive signal is derived from a frequency component of the laser output. In 
this way, the drive frequency to the acousto-optic device is automatically matched to 
the cavity frequency. 

3. Laser Design and Experiments 

A schematic representation of the AML dye laser is shown in Fig. 1. The cavity con
figuration is similar to that which allows for the dispersive scheme to work under 
proper alignment and positioning of the intracavity components [3]. A Brewster angled 
acousto-optic loss modulator (Spectra Physics Model 324A) was driven at ~ 41 MHz 
to achieve active or regenerative mode-locking. The dye Kiton Red (Exiton) was used 
as a gain medium and was pumped by all lines of a small frame Ar ion laser (Carl 
Zeiss Jena Model ILA-120). The tuning was accomplished by a single birefringent 
filter plate (BFF). Pulse width measurements were perfonned by a standard autocorre
lation technique based on second harmonic generation in a 0.5 mm thick DKDP crystal. 
The scanning range of the autocorrelator was ~ 60 ps when the time delay was varied 
slowly (tens of seconds) and a few picoseconds in a rapid scanning (real time) mode 
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Fig. 1. Schematic representation of the actively mode-locked and feedback controlled 
dye laser 
AOM - acousto-optic loss modulator, BFF - birefringent filter plate, PD - photodiode, 
PLE - phase locking electronics 
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of operation. Spectral infonnation was acquired by focusing the second order reOectcd 
beam from 1800 lines/ mm diffraction grating onto a linear diode array with the readout 
electronics coupled to an oscilloscope. The resolution of this equipment was 0.25 A. 

3.1. Active and Regenerative Mode-locking in Standard Non-Dispersive Cavity 

.The experiments were initiated with the standard non-dispersive cavity configuration 
and with an RF signal provided from the internal signal generator of the Spectra Physics 
Model 452 mode-locker driver (standard AML). At an RF power in the range~ 0.5-
0.8 W the laser produces pulses having durati9n 20 - 30 ps. With an output coupler of 
~ 12 3 transmittivity the output power was 14 mW for a pump power of 1.1 W which 
was close to the threshold of 0.8-0.9 W (the mode-locker switched on). A typical 
autocorrelation trace under these c;onditions is shown_ in Fig. 2a. Higher pump powers 
caused multipulsing and a CW lasing component to appear. The detuning characteristics 
of the AML laser were analogous to those widely reported for the case of synchronous 
pumping. Pulse shapes sequence identical to this given in [ 4] (see also references 
therein) was observed when the cavity length was varied over a range of ~ 60 pm 
within which acceptable mode-locking occurred. Cavity length setting to better than 
10 11m was necessary to get the shortest pulses. 
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Fig. 2. Autocorrelation traces of an actively mode-locked dye laser without (a) and with 
(b) coherent photon seeding 

To drive the laser regeneratively I used the fast photodiode and part of the phase 
locking electronics of Spectra Physics Model 344S Cavity Dumper and Model 454 
Cavity Dumper Driver [8]. In contrast to the results reported in [6], the autocorrelation 
traces of the regeneratively mode-locked dye laser were identically the same in width 
and shape to those obtained in the standard AML case. No pulse reduction was achieved 
with the regenerative scheme even when experiments were perfonned with the same 
equipment (regenerative RF electronics and acousto-optic device) used in [6]. The only 
benefit of using the regenerative scheme was the improved long-term stability of the 
laser. The mode-locked operation became insensitive to cavity detunings of~ ±30 µm, 
practically determined by the resonance bandwidth of the acousto-optic loss modulator. 
All further results have been obtained .jn the standard AML driving mode. 
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3.2. Noise Behaviour of the AML Laser. Coherent Photon Seeding 

The autocorrelations of the AML laser were taken with the slow-scanning autocorrelator 
and the autocorrelation signal was applied to a pen recorder. The traces (Fig. 2a) exhib
ited well pronounced coherence spike signifying the presence of a pulse substructure. 
In addition, the extended wings of the traces might be an indication for fluctuations 
of the pulse characteristics on a time-scale much shorter than the time intervals over 
which the autocorrelation data were taken [9]. To learn more about the noise features 
of the laser, I monitored on the microsecond time-scale the iluctuat-ions in the raw 
and frequency doubled laser output. The pulse e!1ergy fluctuations 0,£/ E (r.m.s.) were 
8.5 % for the fundamental and 42 % for the second ham10nic. As an illustration Fig. 3 
shows part of an autocorrelation trace (around zero delay) taken with a rapid scanning 
autocorrelator when the time constant of the photomultiplier output electronics was 
properly adjusted. The time-scale in the figure is 50 /lS per centimeter. 

Fig. 3. Second harmonic intensity of the laser output on the microsecond time 
scale. Parts of two "real time" autocorrelations with and without seeding are super
imposed around zero time delay. The smooth bright line in the center of the picture 
corresponds to the c~se with seeding 

Both the shape of the autocorrelation traces taken with the slow-scarming equipment 
and the noise detected in the laser output are reminiscent to those of the synchronously 
pumped mode-locked dye lasers [10, 11]. I shall briefly describe the noise behaviour 
and the physical mechanism responsible for the noisy character of the synchronously 
pumped systems which have been widely. studied. 

It is now well-known that the noise of synchronously pumped lasers is mainly 
intrinsic, i. e. not concerned with the perturbations in the surrounding environment: It 
has been shown by numerical simulations [12] that the synchronous pumping is an 
inherently noisy process and that this feature stems from the peculiar role played by 
the spontaneous emission, not just in initiating bt;t also in sustaining the mode-locked 
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operation. In the process of amplification the pulse feeds on the noise located at its 
leading edge every time it passes through the gain medium. Thus the stochastic nature 
of the noise background causes severe perturbations of the pulse profile_ The resulting 
large-scale high-frequency fluctuations of the pulse performances manifest itself in the 
extended wings of the usually observed autocorrelations [12, 13] and are also readily 
observable in the detected laser output [ 14]. 

An essential point in the dynamics described above is the fact that the mode-locked 
pulse and the intracavity noise (which is more or less a periodic structure) have different 
round-trip times, thus on consecutive round-trips_ the amplified profile feeds on different 
noise pattern. The relative motion of the two fields results from the time· shift which 
the short pulse has experienced in the gain medium (in forward direction) due to the 
gain saturation. This gain dynamics manifests itself in the detuning characteristics of 
the synchronously pumped lasers. 

Because the experimental results showed strong analogy between the noise behaviour 
and detuning characteristics of the AML laser and those of synchronously pumped 
system, I applied to the AML case a technique of self-stabilization used to overcome 
the noise problems in synchronously pumped systems. This technique termed Coherent 
Photon Seeding (CPS) [14] eliminates the influence of the spontaneous emission by 
injecting a coherent seeding signal in the laser cavity at the leading edge of the pulse. 
This signal is strong enough to swamp the background noise, but is sufficiently week 
and the pulse dynamics is not affected. To provide coherent signal one usually uses a 
week replica of the pulse circulating in the cavity. 

In these experiments a small fraction of the intracavity beam was split off by the 
birefringent filter plate (Fig. 1) and was reflected back into the cavity by a suitably 
positioned mirror M'. This feedback configuration allows for the point of exact syn
chronism between the main and the control pulse to be established by observing the 
interference fringes of the Michelson interferometer, composed of the BFF and the 
mirrors Mo, M'. The level of seeding (defined as the fraction of the intracavity power 
coupled back into the· main cavity) was varied by insertion of neutral-density filters in 
the auxiliary cavity. 

The CPS technique turned out to work perfectly well in the AML laser. The effect of 
seeding was to stabilize the laser and to improve markedly the pulse quality. The pulse 
autocorrelation under seeding conditions is shown in Fig. 2b. The level of seeding in 
this case is ~ 1 x 10-7 and the feedback pulse is advanced 120 ps with respect to the 
main pulse. The other operating conditions are the same as for the case represented i.n 
Fig. 2a. As could be seen from the figure, with seeding the coherence spike, completely 
disappears and the autocorrelation shape is greatly improved. A noticeable narrowing 
of the pulse spectrum under seeding conditions was visually discerned, although, the 
resolution of the equipment was insufficient to accurate measure spectral widths below 
~ 1 A. The improved mode-locking was also evidenced by the marked reduction of the 
fluctuations in the detected laser output - from 8.5 % to 1.3 % for the fundamental 
and from 42 % to 9 % for the second harmonic (see the bright line in Fig. 3). The self
stabilization did not affect the average output power and the detuning characteristics of 
the laser. The width of the autocorrelation trace with seeding (22 ps FWHM) is slightly 
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longer than the corresponding main value for the case without seeding which can be 
extracted from the noisy autocorrelation (Fig. 2a), when the effect of coherence and 
the averaging nature of the measurements are taken into account [9, 10). 

The range and the influence of the feedback parameters (the level of seeding and 
the pulse timing) on the pulse perfonnances were similar to those reported for syn
chronously pumped lasers (see [15) and references therein). The control pulse must be 
fedback in advance to the main pulse and the optimum time advance was a few pulse 
lengths, for an optimum seeding level in the range 10-8 -10- 7 . These results show 
that as in the case of synchronous pumping, the CPS works whenever the timing and 
intensity of the coherent signal are such that it exceeds by some constant factor the 
background noise at the leading edge of the main pulse. 

3.3. Femtosecond Operation of the Feedback Controlled AML Dye Laser 

When the seeding parameters were varied in the experiments with the feedback con
figuration shown in Fig. 1, the existence of a new important mode of operation of this 
laser was found. If a control pulse of relative intensity :::::: l 0- 4 -10-3 (much stronger 
than in CPS-case) is fed back behind the main pulse, a dramatic reduction of the 
pulse duration occur. The laser entered this regime when the main cavity was made 
:::::: 160 µm shorter than the length giving the shortest pulses in the standard mode of 
operation (pulse duration of tens of picoseconds). Figure 4 shows an autocorrelation of 
the pulses obtained with a feedback of 3 x 10-4 and for a control pulse d.elayed by 
20 ps with respect to the main pulse. The FWHM of the autoconelation trace is 0.9 ps 
which corresponds to a shortening by more than one order of magnitude. 

Fig. 4. Autocorrelation trace of the feedback 
controlled actively mode-locked dye laser. The 
level of the feedback is 3 x l 0-4 and the control 
pulse is delayed (20 ps) with respect to the main 
pulse 
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The time separation between the main and the feedback pulse was not critical. Pulse 
reduction was observed when the auxiliary cavity was from :::::: 2 mm to beyond I 0 mm 
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longer than the main cavity. In the time domain this corresponds to a time delay of the 
feedback pulse in the range from ~ 13 ps to 70 ps. Owing to these particular seeding 
parameters it was possible to integrate the generation of the control pulse into the 
main cavity, avoiding the need of an auxiliary cavity. For this purpose, a 3 mm-thick 
output coupler was used with the second uncoated surface strongly parallel to the first 
reflecting one. The seeding signal was provided by reflection of the output beam from 
the second surface of the outcouplmg mirror. 

Three other important features of the laser operating under these feedback conditions 
should be noted. First, the laser becomes insensitive to unusually large cavity length 
variations. When the pulses get shorter the pe.rfonnances of the lasers mode-locked by 
an external modulation signal become increasingly sensitive to mismatch between the 
cavity length and the modulation rate. For pulses in the subpicoseconcl range one should 
normally expect a cavity length setting sensitivity bellow 1 /ll11 [ l 6, 17]. In contrast, 
this laser produced stab!~ subpicosecond pulses for variation of the cavity length over a 
range of~ 30 /LID. Second, in this feedback regime the laser supported clean single pulse 
operation at pump powers far above threshold. Moreover, with increasing_ the pump 
power the pulses even shorten and become more stable. The autocorrelation presented 
in Fig. 4 is obtained for a pump power of 2.4 W (the maximum available from our 
Ar laser). With an output coupler of ~ 12 % transmittivity the output power rn t!1is 
case was 150 mW at the peak emission wavelength (628 nm). finally. the phenomena 
described here were observed over a wide wavelength range. With minor changes in 
the pulse duration the laser was tunable over a range of 30 nm mainly limited by the 
transmission curve of the output coupler and the available pump power. 

It is apparent from the autocorrelation data that the pulse duration of this feedback 
controlled laser is in the femtosecond range. The spectrum width of the pulses pictured 
in Fig. 4 was 5.3 A which corresponds to a product of the autocorrelation width and 
spectrum width 6.T!:::..v = 0 36. This product is bellow the transform limited value 
for e. g. sech2 pulse shape (0.49). Both the shape of the autocorrelation trace and the 
value of the time-bandwidth product imply a possible asymmetry of the pulse .shape. A 
theoretical pulse function of the type I(t) = {cxp[t/(1 - a)]+ c~pflj(l + a)]}- 2 was 
used for test fitting purposes. This is an asymmetric pulse shape with the asymmetry 
increasing with the value of the parameter a. Good fit was obtained for a value of ~he 
asy1mnetly parameter of 3/4. Assuming this asymmetric pulse shape the pulse durat10n 
(Fig. 4) is 570 fs and the product t:::..tt:::..v is 0.23 (t:::..t is the pulse width) which is close 
to the transfonn-limited value of 0.22 [18]. To the author's knowledge, these arc the 
shortest pulses ever reported from a mode-locked dye laser without the use of nonlinear 
absorption as a shaping mechanism. 

4. Discussion and Conclusions 

As mentioned earlier, the experiments described here were initiated with the idea to 
apply the technique of mode-locking with spatial dispersion to an AML laser in an 
attempt to produce powerful and wavelength tunable femtosecond pulses. Ho\:ever, 
the new results obtained with the standard non dispersive cavity provided more simple 
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way to reach the aim without the need of using spatially dispersive configuration which 
makes· the laser critical to align [3]. 

The presented results show that the spontaneous emission plays an important role 
in the pulse formation in AML dye lasers and that the pulse perfonnances could be 
manipulated by seeding a coherent signal in the cavity. A sufficiently strong feedback · 
provided by an empty external cavity, could seriously affect the mode-locking dynamics. 

The main question to be answered is what the origins for the observed pulse reduc
tion and the related phenomena are. It should be noted that similar observations (pulse 
shortening and insensitivity to large cavity detuning) and under similar feedback condi
tions, have been reported for a synchronously pumped and passively mode-locked dye 
laser [19). The effects observed in [19) have been attributed to that specific nonlinearity 
of the semiconductor saturable absorber used in the experiments. In the cavity of the 
laser described here there is no other nonlinearity, except for the gain saturation, which 
could affect the pulse shaping. Presumably, the observed phenomena are associated 
with the increased role of the gain saturation as a pulse forming mechanism. 

Indeed, the similarity with the detuning characteristics of synchronously pumped 
lasers observed here (see also [20)) suggest that the gain saturation may play an impor
tant role in the AML dye lasers. Moreover, the lack of improvement found when the 
regenerative mode-locking scheme is used, shows that the gain dynamics is most prob
ably the shaping mechanism which ultimately detennines the pulse duration in these 
lasers. In addition, one could expect that in an AML laser the variations of the level of 
saturation should have crucial impact on the pulse duration because the gain saturati?n 
is the only mechanism here which could cause a severe gating effect. Following is a 
possible explanation on how the feedback could affect the gain dynamics. 

In the presence of a strong control pulse fed back behind the main jJulse, there 
are two coherent fields which interact constructively and build up a transient standing 
wave field at the rare front of the main pulse. The effect of the standing wave is to 
saturate the gain more efficiently similarly to the case in the colliding pulse mode
locked dye lasers, where two counter-propagating pulses saturate the absorber (21 ]. 
The effect is equivalent to reduction of the effective saturation energy of the medium. 
As the gain begins to be saturated at lower energies the shortening of the trailing edge 
of the pulse is favoured. This explanation is supported by the strong asymmetry of 
the pulse shape of the feedback controlled laser, as well as by the observed tendency 
of pulse shortening with increasing the pulse energy. The above interpretation is also 
consistent with the fact that the feedback controlled laser tolerates pump powers far 
above threshold. The stronger gain saturation in the presence of feedback, obviously 
serves in the suppression of the secondary pulse. 

In the view of the above explanation, one might expect that another mode-locked 
system, such as a synchronously pumped dye laser, in which the gain :saturati?.n play,~ 
an important role in pul~e formation, could also benefit from the techmque of strong 

feedback control. 
It should be noted, that the mechanism proposed above could hardly be expected to 

work in the case when the two pulses are separated by many pulse lengths. The fact 
that all mentioned effects were observed when the auxiliary cavity was up to 10 mm 
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longer than the main cavity is poorly understood. Better understanding of the behaviour 
associated with linear external cavities and the underling physical mechanism needs 
some further work. - . 

The pulses of the AML and feedback controlled dye laser (~ 500 fs) are somewhat 
longer than the value usually considered as necessary for the well-known soliton-l ike 
shaping mechanism to become effective in a typical femtosecond dye laser. The pulse 
energy is, however, one order of magnitude higher than that in a passively mode
locked laser for example. Therefore, further pulse shortening in the AML laser down 
to sub-100 fs durations might be possible by balancing the self-phase modulation and 
the group velocity dispersion in the cavity. For this purpose, the BFF plate should 
be omitted from the cavity shown in Fig. 1 and a couple of Brewster angled prisms 
should be added for control of the intracavity group velocity dispersion. This might be 
a subject of a further study. 

In conclusion, it has been demonstrated that coupling the AML dye laser to a linear 
empty external cavity has a profound influence on the mode-locking dynamics. Two 
regimes of feedback control are feasible. Under feedback conditions which COLTespond 
to what have come to be known as Coherent Photon Seeding the laser is greatly sclf
stabilized, producing· clean (assumed transfonn-limited) pulses tens of picoseconds long 
with reduced fluctuations. When a control pulse of relatively high intensity is fed back 
behind the main pulse the laser generates femtosecond pulses at considerably increased 
outputs and with the tunability maintained. The average output powers are comparable 
to those delivered by the synchronously pumped lasers. Under these feedback conditions 
the AML dye laser is insensitive to large cavity length detunings which allows for 
stable operation over extended periods of time without any readjustments of the cavity 
length. As no mode-locked pump source is requisite for this laser, it could be pumped 
by small frame Ar lasers in their all-lines operation, which is another advantage over 
the synchronous pumping. 

Further, the active mode-locking with passive feedback is a wavelength incentive 
technique. Therefore, this technique provides a simple mean to produce femtosecond 
pulses at any wavelength accessible to the laser dyes. If only an appropriate pump laser 
is at hand, dyes are available to produce outputs from 400 nm to beyond 1 µm. 
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