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An active and passive mode-locked Nd:glass double laser system is built-up. It consists of two gain branches and a common 
antiresonant ring. The electro-optic Q-switch, the acousto-optic modulator and the saturable absorber are incorporated in the 
antiresonant ring. A Nd:phosphate glass rod, a Nd:silicate glass rod, and birefringent tuning elements are in the separate gain 
branches. Time synchronized pulses of 15 ps duration were be tuned over a frequency region of 0 to 200 cm""1, 

1. Introduction 

Time synchronized frequency tunable picosecond 
light pulses are needed in many time resolved spec
troscopic experiments (e.g. C A R S studies, all kinds 
of pump and probe techniques) [1-5]. Fixed-fre
quency, time-synchronized picosecond light pulses 
have been obtained by harmonics generation [6-8 ], 
stimulated Raman scattering [6,7,9-11 ], and Stokes-
anti-Stokes Raman interaction [11-13]. Frequency 
tunable time-synchronized ultrashort light pulses 
have been generated in parametric generator-ampli
fier systems [14-16], laser generator-amplifier sys
tems (amplified spontaneous emission) [17-23], 
and synchronous pumped lasers [24-28]. The syn
chronous pumping of two dye lasers with a mode-
locked pump laser allowed the independent fre
quency tuning of both dye lasers [25,26]. In some 
pump and probe experiments intense laser pulses are 
combined with picosecond or femtosecond light con-
tinua (for reviews see [29,30]). 

In this paper we describe a mode-locked Nd:glass 
double laser system which allows the time-synchro
nized generation of two frequency tunable pulse 
trains. The tuning range is limited by the spectral lu
minescence width of the two applied Nd:glass rods. 

1 Present address: Max Planck Institut für Quantenoptik, D-
8406 Garching, Fed. Rep. Germany 

Intense picosecond light pulses of 15 ps duration and 
a frequency difference between 0 and 200 cm ~ 1 have 
been generated. 

2. Experimental 

The experimental setup of the time-synchronized, 
frequency tunable double-pulse laser is shown in fig. 
1. The system consists of two laser branches with a 
common antiresonant ring. The resonator branches 
have separate gain media (Nd: phosphate glass Schott 
LG703 and Nd:silicate glass Schott L G 680) and 
frequency tuning elements (birefringent filters [31 ]). 
The common antiresonant ring (Sagnac interfero
meter [32-34]) incorporates an electro-optic Q-
switch consisting of a half-wave voltage double 
Pockets cell and two stacked-Brewster plate polar
izers [35], an acousto-optic modulator for active loss 
modulation [36], and a saturable absorber for pas
sive mode-locking [37]. The common Q-switching, 
active, and passive mode-locking in the antiresonant 
ring leads to the time-synchronized simultaneous 
generation of two picosecond pulse trains which are 
frequency tuned independently by the birefringent 
filters in the gain branches. The Nd:phosphate glass 
laser is pumped by two Xe flashlamps in series which 
are connected to a capacitor bank of 500 | iF . The 
Nd:silicate glass laser is operated with two Xe flash-
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Fig. 1. Experimental setup of branched picosecond double laser 
system. M l . M2: output mirrors (reflectivity 70%, curvature 3 
m). M3, M4: plane mirrors (100% reflectivity). LAI: 
Nd:phosphate glass laser rod (Schott type LG703). LA2: 
Nd: silicate glass laser rod (Schott type LG680). P1-P4, stacked 
glass plate polarizers. BRF1, BRF2: single plate birefringent fil
ters (quartz plates, thickness 5 mm). DPC: KD*P half-wave 
voltage double Pockels cell (Gsänger type LM81M, Q-switch 
driver: Baasel type EOQS2). SA: saturable absorber in center of 
anti-resonant ring (Kodak dye No. A9740; small-signal single-
path transmission 7*0=0.7). AOM: acoustic-optic modulator 
(IntraAction model ML-50Q mode-locker and model MLE-6A 
mode-locker driver; 50 MHz acoustic frequency, 325 kHz mode-
spacing). HM: 50% beamsplitter (actual reflectivity 47 to 49% 
within tuning range, false coupling for Nd:phosphate laser ca. 
5%. false coupling for Nd:phosphate laser ca. 3%). PD1-PD4: 
photodetectors. ID1, ID2: saturable absorbers (Kodak dye No. 
A9860, small signal transmission 17.3%) for peak intensity de
tection [54]. L1-L3: lenses. SP: grating spectrometer. VID, vi-
dicon (OSA system of B u M Spectronik). TPF: two-photon flu
orescence cell for cross-correlation detection (dye: 5x 10"3 molar 
rhodamine 6G in methanol). CA: camera. SIT: silicon-intensi-
fied-target vidicon (B u M Spectronik). DL: optical delay line. 

lamps in parallel whereby each lamp is connected to 
a capacitor bank of 500 nF. 

Two-branch lasers with a common antiresonant 
ring part have been proposed in the literature 
[32,34,38]. Colliding pulse mode-locking of pico
second [39-49] and femtosecond [50-52] lasers in 
antiresonant ring arrangements is a frequently used 
technique. In ref. [53] a frcqu9ncy tunable picose
cond laser is described which has a mechanical Q-
switch, saturable absorber and acoustic-optic mode-
locker in the antiresonant ring. 

The pulse trains of the two-branch laser are ana
lysed. The pulse energies are registered by the pho
todetectors PD1 and PD3 which are calibrated by a 
pyroelectric energy meter (Gentec type ED100A). 
The peak pulse intensities are determined by energy 
transmission measurements through the saturable 
absorber cells ID1 and ID2 (Kodak dye No. 9860, 
small signal transmission r() = 0.173) with the pho-
todetector PD1, PD2 and PD3, PD4 [ 54 ]. The spec
tra are recorded with a 25 cm grating spectrometer 
and a vidicon. 

The pulse durations are measured by the two-pho
ton fluorescence technique using a colliding pulse ar
rangement (not shown in fig. 1) [ 55 ]. The half-width 
Ar (fwhm) of a fluorescence trace S(z) (measured 
at the signal height [S(ao) + S(0)]/2) is related to 
the auto-correlation time AT by AT=2nAz/c 0 and the 
relation between pulse duration A / L and the auto
correlation time AT is A / L = A r / j \ n is the refractive 
index of the two-photon absorbing dye solution at 
the laser frequency and c0 is the vacuum light ve
locity, y depends on the temporal pulse shape. For 
gaussian pulse shapes it is )-=2 , / : [56,57]. 

The cross-correlation time measurement of the two 
pulse trains is illustrated in the lower part of fig. 1. 
The fluorescence trace 5 c ( r ) of the two-photon ex
cited dye solution in the cell T P F is imaged to a SIT 
camera. The cross-correlation time A r c (fwhm) is re
lated to the trace width A r c (fwhm measured at 
[.S c(oq)+S c(0)]/2) by A T c = 2 ; ? A - C A V and for 
gaussian pulses the relation between AT c and the pulse 
durations At2 and A / 2 of the two interacting pulse 
trains is A T c = [ (A/, ) 2 + ( A / , ) 2 ] T h e time jitter of 
the two pulse trains results in a shot to shot changing 
of the position zp of the two-photon fluorescence 
peak. For N measurements the mean position is 



The standard deviation of the peak position is 

^ p = [ l ( . V - ^ p ) 2 / ( i V - l ) ] , 

and the temporal jitter is o^p-2naz%JcQ. 

3. Results 

The performance data of the double-laser system 
are determined for the active mode-locked (without 
saturable absorber) and the hybrid mode-locked op
eration (simultaneous acousto-optic and passive 
mode-locking). 

3.1. Total output laser energy 

The total output pulse energy of each laser branch 
versus the input energy to the flashlamps is plotted 
in fig. 2. The double laser is mode-locked acousto-
optically. The Q-switch opens 600 jis after firing the 
lamps. With increasing pump energy the output laser 
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Fig. 2. Laser output energy versus plug-in input energy. Curve 1 
and circles: Nd:phosphate glass laser at A, = 1053 nm; curve 2 
and triangles: Nd:silicate glass laser at X2= 1061 nm. Laser sys
tem is active mode-locked with acousto-optic mode-locker drive 
power of P a o=2 W. Q-switch opening at / Q = 600 us after laser 
firing. 

energy rises linearly above the laser threshold. Many 
mode-locked spikes are formed with increasing pump 
voltage [58]. The differential plug-in slope efficien
cies of both branches are [59] (Nd;phosphate) 
= l X l 0 - 4 a n d >/„ (Nd:silicate) = 6.3x 10 " 5 . 

The hybrid mode-locked double laser is operated 
slightly above the laser threshold (flashlamp pump 
voltage approximately 50 V above threshold). The 
saturable absorber Kodak No. 9740 [60,61 ] with a 
single-path small signal transmission of 7o = 0.7 is 
used for passive mode-locking. In this case only sin
gle pulse trains are formed with an output pulse train 
energy of approximately 5 mJ for each branch. 

3.2. Laser build-up time 

The laser build-up time / b u versus excess flashlamp 
voltage (voltage above laser threshold) is displayed 
by the solid curves in fig. 3 for the active mode-locked 
laser. fbu is defined as the time difference between 
the positions of the peak of the first laser spike and 
the moment of opening the electro-optic Q-switch. 
The jitter of the build-up time <rtibu is shown by the 
dashed-dotted curves in fig. 3. At a excess flashlamp 
voltage of 300 V the laser build-up time is short
ened to approximately 800 ns, and the build-up time 
jitter (dash-dotted curves) is reduced to about 20 ns 
indicating a good temporal synchronization of both 
laser branches. 

The hybrid mode-locked double laser system 
(small-signal saturable absorber transmission 
7o^0.7) gives a good temporal overlap of the pulse 
trains of both branches already slightly above the laser 
threshold ( T e ^ 5 0 V ) . The laser build-up time is of 
the order of 3 JIS, but the temporal jitter between the 
peak train positions of both branches is only a few 
tens of nanoseconds. The bleaching of the saturable 
absorber synchronizes both laser branches (high 
round-trip gain for both lasers within opening time 
of saturable absorber). 

3.3. Pulse train length 

The dependence of the pulse lengths, tl/2 (fwhm, 
first spike) on the excess flashlamp voltage is dis
played by the dashed curves in fig. 3. The double laser 
system is actively mode-locked. Operating the laser 
branches 200 V above the threshold voltage results 
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Fig. 3. Temporal behaviour of acousto-optic mode-locked double 
laser system. (/>

ao=2 W). Curves l and circles belong to 
Nd:phosphate laser branch. Curves 2 and triangles belong to 
Nd:silicate laser branch. The flashlamp threshold voltages are 
l', h (Nd:phosphate) = 1490 V and F l h (Nd: silicate ) = 1150 V. 
Solid curves: laser build-up time. Dash-dotted curves, jitter of 
laser build-up time. Dashed curves, pulse train width (fwhm) of 
first laser spike. 

in a good temporal overlap of the pulse trains (pulse 
ha l fwidth» temporal build-up time jitter). 

The pulse train widths of the hybrid mode-locked 
laser system (T 0=0.7, l > 5 0 V, />ao*5 W) are 
/ , / 2 (Nd :phospha te150 ns and tx/2 (Nd:silicate) 
*250 ns. 

3.4. Output peak pulse intensity 

The output peak pulse intensities of the actively 
mode-locked double laser system at the first pulse 
train maxima are approximately 1.8 X 1 0 7 W / c m 2 for 
the N d : phosphate laser branch and 2.2 X 107 W / c m 2 

for the Nd:silicate laser branch at an excess flash-

lamp pump voltage of J' e^300 V and acousto-optic 
mode-locker drive power of ^ ^ 2 W. 

For the hybridly mode-locked laser system 
(r0=0.70 V c = 50 V, />ao*.5 W) the peak output 
pulse intensities at the pulse train maxima arc I0L 

(Nd:phosphate)%5xl0 8 W / c m 2 and / 0 l 

(Nd: silicate) * 1 X 109 W/cm?. 

3.5. Spectral tuning 

The laser tuning of the active mode-locked double 
laser system is illustrated in fig. 4. The flashlamp 
voltages are kept 300 V above threshold. The azi-
muthal angle of the birefringent filters (thickness 5 
mm) is varied. The Nd:phosphate laser branch is 
tuned between 1048.5 nm and 1060 nm while the 
N d : silicate laser branch is tuned between 1054.5 nm 
and 1072 nm. The continuous frequency tuning range 
spans the region from 0-200 cm" ' . The spectral 
widths of the pulses are AP< 1 cm ~ 1 . 

For the hybrid mode-locked laser system the same 
tuning range is obtained (r 0*0.7, Vcx 50 V, Ptox 5 
W ) . The spectral width of the pulses broadens to 
Av{ xAv2&20 cm " ! . The spectral width of the pulses 
is expected to change along the pulse train. A more 
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Fig. 4. Spectral tuning of acousto-optic mode-locked double laser 
system (/^o=2 W). Curve I and circles: Nd:phosphate glass laser 
branch. Curve 2 and triangles: Nd: silicate glass laser branch. The 
flashlamp excess pump voltage is l'e~ 300 V. 



definite situation would be obtained by single pulse 
selection. 

3.6. Temporal characteristics 

The pulse durations of the acousto-optic mode-
locked laser branches have been determined by in
tensity, energy, and beam cross-section measure
ment. At an excess flashlamp pump voltage of 
F E « 300 V (good time synchronization of both laser 
branches) and an acousto-optic mode-locker driver 
power of P a o * 2 W pulse durations of the order of 
200 ps were estimated. 

The pulse durations of the hybrid mode-locked 
N d : silicate laser branch have been measured apply
ing the two-photon fluorescence technique. For 
f r

e *50 V, />ao*5 W, and T0 (No. 9740) =0.7, pulse 
durations of A / 2 = 15 ± 3 ps and contrast ratios of 
2.7 ±0.3 have been obtained. The threshold flash-
lamp voltages are Vth (Nd:phosphate) % 1800 V and 
Vlh (Nd:silicate) ^ 1500 V. Pumping the laser sys
tem with excess flashlamp voltages K e £ l 0 0 V re
sulted in multiple pulse emission within the enve
lope of the acousto-optic mode-locked pulse width. 
Small signal transmission r 0 £0 .80 of the saturable 
absorber have been found to be not sufficient to ob
tain good temporal overlap of the pulse trains of both 
branches for excess voltages K c ^ 5 0 V. 

The cross-correlation of the hybrid mode-locked 
laser system with f e =50 V, P a o = 5 W, and T0 (No. 
9740) = 0.7 was found to be A T c « 2 1 ± 4 ps, indicat
ing that the N d : phosphate glass laser and the 
N d : silicate glass laser give about the same pulse du
rations ( AT C = [ (At,) 2 + (At2)2 ] 1 1 2 ) . For this exper
imental situation the synchronization jitter between 
the pulses of both trains was found to be a l p « 5 ps. 
The temporal pulse jitter is small compared to the 
temporal pulse width. 

4. Conclusions 

The performance of a time-synchronized picose
cond double-frequency Nd:glass laser system has 
been investigated. Pulses of 15 ps duration with a 
synchronization jitter of 5 ps have been generated. 
The frequency difference between both lasers could 
be tuned continuously between 0 and 200 c m " 1 . The 

laser system may be applied to many experiments of 
time-resolved nonlinear optical spectroscopy where 
two intense laser pulses of slightly tunable wave
lengths are needed. 
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