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ABSTRACT 
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A high average power (~150 mW) subpicosecond (0.5 psec) passively 

double mode-locked dye laser is described. Two synchronized cw pulse trains 

are generated which are independently tunable over broad wavelength ranges 

(~600 1b. 
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I. Introduction 

Highly Efficient, and Widely Tunable 
DOuble Mode-Locked Dye Laser 

With the advent of synchronously pumped dye lasers,( 1- 4 ) picosecond 

spectroscopy is becoming widely investigated. Despite the difficulty in 

achieving subpicosecond operation, these dye lasers have the favorable 

characteristics. of high average ·output power (-100 mW) and wide tuning 

range (-6001) when operated in the picosecond r.egime. * Conventional 

passively mode-locked dye lasers,< 5-S) on the other hand, while generat-

ing shorter pulses, yield low output power (-10 mW) and have a rela;.. 

uvely rest.ricted tuning range c-2oo 1>. 

In this letter, we report on a passively double mode-locked dye 

laser which produces subpicosecond pulses (0.5 psec) with high output 

power c- 150 mW) and high conversion efficiency (5-10%) over a wide tun­

ing range c- 600 A). In addition, through double mode-locking( 9 , 10 ), a 

highly synchronous secondary picosecond beam, tunable over a similar 

range, is generated at longer wavelengths. 

Furthermore, we point out that, in the subpicosecond regime, pas-

sively mode-locked dye lasers are ultimately more efficient than their 

synchronously pumped counterparts, as demonstrated below. 

II. Experiment 

+ ( Ao) ( ) A cw Ar laser 5145 pumped rhodamine 6G R6G laser is double 

mode-locked by a mixture of rhodamine 101 (R101) and cresyl violet (CV) 

* Throughout this paper, the word "conventional" implies a non-ring 
type cavity for which there is no overlap of counter propagating pulses 
in a dye medium. We consider only conventional mode-locked dye lasers. 
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_in an _!-p.dependen!:ly~tunabl~_c:avity configuration_as shown in Fig. _(l)e 

The following factors optimize the operation of this laser: 

(1) Output coupler M3 has a transmission value T of 3% to 10%, thus 

yielding high output coupling efficiency. 

(2) The double mode-locking mixture RlOl/CV has an absorption spectrum 

which closely matches the gain spectrum of R6G, thus enabling easy 

tunability over a wide wavelength range. 

(3) Cavity length L is kept at about 75 em to avoid multiple pulse 

operation. 

(4) The R6G jet is placed near the center of the cavity to maximize the 

gain for single pulse operation.(ll) 

(5) The ratio of the radii of curvature R4/R
1 

of mirror M4 and M1, 

respectively, is kept high resulting in a wide wavelength range of 

stable mode-locking. 

(6) Folding angles are kept to the minimum possible to obtain good 

astigmatic compensation. Mode structure of the R6G beam is main-

tained a good Gaussian. 

(7) The angle between the two beams in the RlOl/CV jet is minimized to 

obtain maximum overlap. 

(8) The thickness of the birefringent tuning filter (LFl) is suffi-

ciently thin (0.375 mm) to suppress a red lasing tendency in the 

R6G cavity. This also results in less dispersion. 

With these conditions satisfied and the cavity lengths matched, 

this double mode-locked dye laser provides 0.5 psec pulses (yellow) with 
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a wide tuning range (570-630 nm), and high average power (- 150 mW for 

2W pump power). Typical efficiencies of 5-10% for pump laser powers of 

1-2.5 W are readily obtained, with a weak dependence on pulse width. To 

our knowledge, this is the highest output power and efficiency for a cw 

mode-locked subpicosecond dye laser ever reported. Excellent pulse sta-

bility and compact autocorrelation traces are maintained over many hours 

of operation. Multiple'and satellite·pulsing problems are readily elim-

ina ted. Subpicosecond pulses are obtained near and also significantly 

above threshold. It was observed that stable picosecond operation per-

sists while the birefringent tuning filter is continuously rotated over 

nearly the entire tuning range without the need for adjusting the pump 

* power or the cavity alignment. 

In Fig. (2) we show two typical (yellow) pulse autocorrelation 

traces, at 575 nm and 625 nm, as displayed bya rapid scan autocorrela­

tor. (1 2) Assuming a sech2 pulse shape, we measure a pulsewidth "t.t of 500 

fsec. Pulsewidth-bandwidth products t.vt.t are typically in the range of 

0.5 - 1.0. Peak powers correspond to -1.5 KW for the repetion rate of 

200 MHz. 

By means of the double mode-locking process( 9), independently tun­

able picosecond pulses are synchronously< 13 , 14 ) generated at a longer 

wavelength (red), tunable over 630- 660 nm. With the output coupler of 

T = 1%, typical average power for these red pulses was a few mW. The 

long wavelength limit, at present, was set by the coating characteris-

tics on MS. In principle, the tuning range of the red beam should 

* Pump power and cavity adjustments are necessary to obtain subpi­
cosecond pulses at a given wavelength. 

4 



encompass most of the lasing spectrum of the R 101/CV mixture (620 nm 

700 nm). In the present work, no attempt was made for the optimization 

of the red pulses. It was also observed that as the shorter wavelength 

(yellow) was tuned towards 630 nm, the mode-locker ceases to lase with 

the yellow beam remaining conventional passively mode-locked. 

Double mode-locked operation of this laser depends on the close 

matching of the lengths of the two cavities. For subpicosecond pulses, 

cavity lengths needed to be matched to within a few ~m. At present, 

thickness fluctuations of the R6G jet is likely to be· the main pul­

sewidth limiting factor. This separate cavity independently tunable 

configuration provides for the correction of the inherent cavity 

mismatch (due to different group delays of the pulses in various optical 

elements) present in the collinear cavity configuration previously 

described(lO). Similar results of pulsewidth (yellow), output power, 

and tuning range were obtained also in the collinear configuration, 

which indicates a dynamic compensation of the mismatch. The average 

power in the red beam was higher (- 20 mW) in the collinear configura­

tion, as contributed by the R6G gain. However, independent tunability 

is difficult to obtain. The present configuration also has the advan­

tage over the prism tuned configuration< 15 ) that the thickness of the 

tuning elements can be kept smaller (less dispersion) while the cavity 

length is kept shorter to avoid multiple pulsing• 

The absorption spectrum of the double mode-locking mixture is given 

in Fig. (3). The peak absorptance corresponds to a single pass small 

signal absorption of 8% (0.15 mm thick jet) and a threshold pump power 

of ~2 W for T=3%. -5 The corresponding dye concentrations are 1.4x10 
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molar for R101 and 1.3x10-S molar for cv. Also shown in Fig. (3) is the 

emission spectrum of R6G. The excellent matching of the two spectra is 

important for the demonstrated wide tunability. 

III. Discussion 

In Fig. (4) we plot the output pulse energy and ultimate pulsewidth 

for an ideal (stable pump pulses, no cavity length perturbation, no 

dispersion) conventional synchronously pumped dye laser (T=SO%, ·pump 

pulsewidth = 100 psec) as a function of cavity mismatch< 16 >. The pul-

sewidth and energy of the conventional passively mode-locked lasers 

depend upon parameters such as S = F cr I cr (where F is the ratio of the a e 

focal spot areas in the two dye jets, cr is the absorption cross-section a 

of the mode-locking dye, and cr is the emission cross-section of the e 

laser dye), cavity length, threshold pump power, and the output coupler 

transmission. A typical energy/pulse for T=3% under ideal conditions 

(no triplet losses, etc.) is cr E • 0.1 photons.< 11 >. The correspond-e out 

ing pulse width depends on the cavity dispersion but can be in the sub-

picosecond range. This value is plotted in Fig. (4) as a straight line. 

It can be readily seen that the pulse energy of synchronously pumped dye 

lasers decreases significantly as the pulsewidth decreases, to below the 

pulse energy value for passively mode locked lasers for the subpi-

cosecond regime. 

Hence, Fig. (4) depicts the generally unrecognized fact that, 

despite its apparent higher losses, the pulse compression dynamics in 

the passively mode-locked dye laser cavity is such that subpicosecond 

pulses ~ higher energy~ be stably sustained, as compared to a con-

ventional synchronously pumped dye laser. In the latter case, only a 
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small fraction of the available gain is usable for sustaining a subpi-

cosecond pulse(l6), with the remainder lost to fluorescence or to the 

generation of spurious satellite pulses. Pulses of higher energy become 

stable in a synchronously pumped dye laser cavity only at the expense of 

+ a broadened pulsewidth. 

The extent of the role of the double mode locking process (lasing 

of the mode locking dye) in the demonstrated high efficiency of our sys-

tem remains to be fully understood. However, there is a strong indica-

tion that this phenomenon enables stable subpicosecond operation at high 

values of S, which also correspond to higher pulse energies.(ll) On the 

other hand, for conventional passively mode locked dye lasers, there 

exists theoretical(ll) and experimental(lS) evidence that S must not 

reach very high values, particularly for long cavity lengths; this may 

* result in lower pulse energies. The observed wide tuning range of our 

double mode locked laser provides further related evidence in support of 

this argument. 

v. Conclusions 

In summary, a highly efficient cw double mode-locked dye laser i~ 

described. In addition to generating widely tunable, compact subpi-

cosecond pulses with high power, a highly synchronous and independently 

tunable pulse is simultaneously generated at a longer wavelength. This 

two-color cw ultra-short pulsed laser source should prove to be a 

+ The energy of stable pulses ge?Y7'ted by a combination of synchronous 
pumping and passive mode-locking is most likely(~~re characteristic' 
of passive mode-locking than of synchronous pumping. 
* Additional pulse sharpening mechanism, as in Fork et.al.(lg) can im­
prove the pulse energy and the pulse width of passively mode-locked 
lasers. 
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versatile tool for excite-and-probe type experiments in picosecond spec­

troscopy. 
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VIII. Figure Captions 

Fig. 1 Cavity configuration of the independently tunable double mode-

locked dye laser. M1, M2 and M4 are R6G high reflectors (560 nm 

- 650 nm) with radii of curvature R1=R2=10 em and R4=3.5 em (or 

5 em). M5 is a broadband high reflector with R5=2.5 em. M6 is 

a red high reflecting mirror (600 nm - 700 nm) with R6=5 em. 

Output couplers M3 has T=3% or 10% andM7 has T=1%. LF1 and LF2 

are single plate birefringent filters. 

Fig. 2 Autocorrelation traces of two R6G pulses. (a) A =575 nm (b) 

A=625 nm. Horizontal scale corresponds to 1.5 psec/division for 

2 a sech pulseshape. 

Fig. 3 Absorption spectrum of the mode-locking mixture of R101/CV and 

the emission spectrum of R6G. Peak absorptance of R101/CV is ~ 
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Fig. 4 

l'". 

'·:;/ 

0.4 for a 1 mm pathlength. 

Pulsewidth and energy/pulse for synchronously pumped dye lasers 

(T=SO%, pump pulsewidth = 100 psec) vs. cavity mismatch Also 

shown is a typical output energy value (0.1 photons) for a sub­

picosecond passively mode-locked dye laser pulse. 
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