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The performance of an active-passive mode-locked and mechanically Q-switched Nd: glass laser is investigated. The mechani
cal chopper used for Q-switching reduces the temporal pulse train jitter. The acousto-optic modulator stabilizes the pulse trains. 
The wavelength tuning from 1048.5 nm to 1069.5 nm for a Nd:phosphate glass (Schott LG-703) and from 1056.2 nm to 1078.3 
nm for a Nd: silicate glass (Schott L G 680) is achieved with a 5 mm thick single-plate birefringent filter. 

1. Introduction 

Passively mode-locked N d : glass lasers are widely 
used for the generation of intense picosecond light 
pulses [ 1 - 4 ]. The shot-to-shot reproducibil i ty o f the 
Nd:glass lasers has been improved considerably by 
the combined active and passive mode-locking [ 5 -
12]. Theoretical investigations of the simultaneous 
active and passive mode-locking are found i n refs. 
[13-15] . Frequency tuning of passively mode-locked 
Nd:glass lasers wi th prisms has been reported (tun
ing range 1058 n m to 1066 n m ) [16] . 

In this paper we describe a frequency tunable, ac
tive-passive mode-locked, and mechanically Q-
switched N d : glass laser. A mechanical chopper de
fines the onset o f laser action (slow Q-switch 
[17,18]) and reduces the jitter i n the build-up time 
of the pulse trains. A n acousto-optic modulator 
[19,20] initiates the mode-locking and improves the 
shot-to-shot reproducibili ty. The frequency tuning is 
achieved with a single-plate birefringent filter [21 ]. 
N d : silicate glass (Schott L G 680) and N d : phosphate 
glass (Schott L G 703) rods are used as active media. 

2. Experimental 

The experimental setup is depicted in fig. 1. The 
laser oscillator incorporates the laser rod A M , the 
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birefringent filter B R F , and the anti-resonant ring 
arrangement (Sagnac interferometer) [23,24]. In
side the anti-resonant ring the saturable absorber cell 
S A (passive mode-locking), the acousto-optic mod
ulator (active mode-locking), and the mechanical 
chopper (active Q-switching) are located. 

The saturable absorber K o d a k N o . 9740 dissolved 
i n 1,2-dichloroethane is used for passive mode-lock
ing. Its absorption recovery time is r a = l l ps [25] 
and its saturation intensity is 7 s = 2 . 8 x 10 7 W / c m 2 

(/s = A i / L / t 7 A T A ; a A = 6 . 1 x l O " 1 6 c m 2 [26] is the ab

sorption cross-section at the laser frequency vL). The 
small signal single-pass transmission through the ab
sorber cell S A is set to 7^ = 0.81. 

The acousto-optic modulator (Brewster-Brewster 
cut fused silica, IntraAction model M L - 5 0 Q , 50 M H z 
acoustic frequency, 325 k H z mode-spacing) is placed 
i n the center o f the anti-resonant ring. A t this po
sit ion the modulator introduces the smallest losses to 
the cavity and gives the best pulse shortening (see 
below fig. 4a) . The resonator length is adjusted to 
the resonance frequency of the acousto-optic mod
ulator (accuracy ± 2 0 urn) . The modulator is ther-
mostated to ± 1 ° C (temperature drift is 7 k H z / ° C 
[27 ] ) . 

The chopper wheel rotates at 6000 cycles per m i n 
ute. The laser beam distance from the rotor axis is 
5.5 cm and the slit moves a distance of 0.5 m m within 
15 |is. The flashlamp pumping is synchronized with 
the chopper and laser action starts when the chopper 
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Fig. 1. Experimental setup. M1-M5, dielectric laser mirrors (Rl =0.7, R2 = R3 = R4 = R5= 1.0). H M , 50% mirror. A M , active medium, 
BRF, single-plate birefringent filer. SA, saturable absorber. AOM, acousto-optic modulator. CH, light chopper, He-Ne, He-Ne laser. AL, 
aluminium mirror for laser alignment. PD1, P D2, photo-detectors. ID, saturable absorber cell for intensity detection. L, lens, SP, grating 
spectrometer, VID, vidicon. DC, cell containing two-photon fluorescence dye solution. CA, camera. SIT, intensified silicon target vidi-
con. Inset (a): Light path of ordinary (o) and extra ordinary ray (e) through birefringent filter, oa indicates optical axis of crystal (in 
A-B plane of inset b). Inset (b): Section A - B through birefringent filter. Inset (c): Illustration of Bragg diffraction in acousto-optic 
modulator. 

wheel opens the laser path; the pulse train m a x i m u m 
appears approximately 10 ^s after full opening o f the 
pathway. 

Frequency tuning of the laser is achieved by tun
ing the azimuthal angle 0 of a single-plate birefrin
gent filter [21 ] (quartz crystal) which is posit ioned 
at the Brewster angle. T w o different plate thick
nesses of dx = 5 m m and d2=l0 m m are used. 

A Nd:s i l i ca te glass rod (Schott L G 680) and a 
Nd:phosphate glass rod (Schott L G 703) are used 
as active media. In both cases the rod diameter is 9 
m m and the rod length is 13 cm. The doping o f the 
glass rods is 3 weight % of N d 2 0 3 . 

The laser performance is investigated by pulse train 
observation (photo-detector P D 1 ) , peak intensity 

detection (energy transmission measurement through 
K o d a k dye N o . 9860 in 1,2-dichloroethane [28] with 
detectors P D 1 and P D 2 ) , spectrum registration, and 
pulse duration measurement (two-photon fluores
cence technique [29] , dye 3 x l 0 ~ 3 molar rhoda-
mine 6 G i n methanol) . 

3. Results 

The standard operational parameters o f the laser 
together wi th performance data are listed i n table 1. 

The normalized stimulated emission cross-section 
profiles cr e m (A )/<7 e m , m a x ° f t n e active media are de
picted i n fig. 2. They have been determined by meas-



Table 1 
Performance data 

Laser glass LG680 L G 703 

Standard parameters 

Flashlamp voltage [V] 
Modulator power PA [W] 
AOM frequency vA [MHz] 
Modulator position z [cm] 
Absorber transmission T0 

Laser wavelength XL [nm ] 
BRF thickness t [mm] 

1380 
4 

48.75 
0 
0.81 

1060 
5 10 

1380 
4 

48.75 
0 
0.81 

1053.6 
5 10 

Results 

Tuning range [nm] 

AtL [ps] 
7 O L

a ) [W/cm 2 ] 
Pulse train width b ) [ns] 
Jitter [ns] 

1056.2-1078.3 
8 ± 1 

109 

500 
± 3 0 0 

1056.8-1067.6 

500 
± 3 0 0 

1048.5-1069.5 

500 
± 3 0 0 

1050.3-1062.0 
1 0 ± 2 
109 

500 
± 3 0 0 

' At pulse train maximum outside output coupler M l . b ) FWHM. 
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Fig. 2. Stimulated emission cross-section spectra of Nd:glasses and round-trip transmission of a single-plate birefringent filter. Solid 
curve, Nd:silicate glass Schott L G 680. Dashed curve, Nd:phosphate glass Schott L G 703. Dash-dotted curve, round-trip transmission 
through 5 mm thick birefringent filter. Horizontal bars indicate wavelength tuning regions obtained with 5 mm (long bars) and 10 mm 
(shot bars) birefringent filters. 



uring the fluorescence spectra E{X) wi th a self-
assembled spectro-fluorometer [30] ( t r e m (A) ocA4 

E(X) [31 ] ) . The absolute stimulated emission cross-
sections are aem,max = 2 . 9 x 1 0 ~ 2 0 c m 2 for L G 680 and 

4 . 1 X 1 0 " 2 0 c m 2 for L G 703 [32] . 
The laser wavelength is tuned by rotation o f the 

birefringent filter B R F (azimuthal angle 0). The 
variat ion of the laser wavelength versus tuning angle 
0 is depicted in fig. 3b for the N d : silicate glass L G 
703 and the 5 m m thick birefringent filter (circles 
and dashed curve) . The corresponding laser thresh
old versus angle 0 is depicted i n fig. 3a (500 u F ca
pacity o f condenser o f power supply) . The obtained 
tuning range is 21 n m (from 1048.5 n m to 1069.5 
n m ) . The tuning ranges o f L G 703 and L G 680 for 

the birefringent filter thicknesses of 5 m m and 10 m m 
are collected i n table 1. 

The pulse durations of the hybridly mode-locked 
laser are 8 to 10 ps (see table 1). The pulse train 
widths (fwhm) are approximately 500 ns, and the 
pulse train widths at one tenth height are roughly 1 
us. 

The mechanical chopper reduces the time jitter o f 
the pulse train max imum. Without the chopper, the 
pulse train m a x i m u m appears approximately 500 (is 
after firing the flashlamps and the time jitter is ap
proximately 15 jis. W i t h the mechanical chopper the 
pulse train m a x i m u m appears approximately 25 jis 
after the beginning of opening the light path and the 
jit ter is approximately 300 ns. 
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Fig. 3. Laser wavelengths (b) and laser threshold voltage (a) 
versus azimuthnal angle p of a 5 mm thick birefringent filter. Cir
cles belong to Nd:phosphate glass (Schott L G 703). The solid 
curves (b) are calculated (öc — ö0 = 2m, upper curve m = 4\, lower 
curve m = 44). The dashed curves connect the experimental 
points. 

4. Discussion 

In the following the experimental results are com
pared wi th predictions of the birefringent filter the
ory (frequency tuning) and the acousto-optic 
modulator theory (active mode-locking). 

4.1. Frequency tuning with birefringent filter 

The theory o f birefringent filters is given i n ref. 
[21 ]. The action of the single-plate birefringent ap
pl ied i n our laser arrangement is discussed here. 

Starting wi th p-polarized light E{ = {Q)E{ between 
H M and B R F of fig. 1 the round-trip transmission 
T B R F is given by 

7 1 3 1 ( i ) ^BRF — I Eo 

with 

£o = M A R RM SAM AOMMBR FM L RM M 1 M L R M B R F £ i , 

(2) 

The M s represent 2 x 2 Jones matrices [33] . The 
birefringent filter matrix is given by [21] 

MlUBRF=(l/A) [exp(iJe) ( " o - s i n 2 ^ ) cos2<p 

+ exp(i<50) nlsin2<p] , (3a) 

^I2,BRF= (QBRF/A) [ e x p ( i 4 ) - e x p ( i ^ ) ] 

Xn0 s i n 0 cos0 {nlsin2^)1/2, (3b) 

M21,BRF=^12,BRF, (3C) 
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M22 

,BRF — (^BRFM) [exp(i<Je) n2

0 s i n 20 
+ exp(i<U (^2 _ s i n 2 ^ ) c o s 20] . (3d) 

The parameters in eqs. ( 3 a ) - ( 3 d ) are the extra-or
dinary phase 

Öe = (2n/A)[ne(ßc)dc + Ad] , (4a) 

the ordinary phase 

S0 = (2n/l)n0d0, (4b) 

the extra-ordinary refractive index 

n M = [ ( c o s 2 Ä ) I n l + (1 - c o s 2 & ) / r c e

2 ] " 1 / 2 , 

(4c) 

the extra-ordinary path length 

dc=t[l-Sm20M(ßc)]-1'2, (4d) 

and the ordinary path length 

d0 = t[l-sm26Jn2

0]-l/2. (4e) 

The angle ße (inset a of fig. 1) is derived by use o f 
the relations cos ße — cos 0cos ae (spherical trigo
nometry) and s in0i = « e ( Ä j ) c o s a e (Snell 's l aw) . It 
is 

ße = arccos{w ~ 1 cos 0 sin 6{ 

X f l - c o s ' ^ s i ^ ö ^ l / w ^ - l / n 2 ) ] - 1 7 2 } . (4f) 

The addit ional path-length Ad o f the extra-ordinary 
ray (inset a of fig. 1) is 

Ad=tsin61 [ t an(^ /2 —a Q ) - t a n ( 7 r / 2 — a e ) ] , 

(4g) 

( a 0 = arccos(A2~ 1 s inf l i ) , ae = a rccos |>~ 1 (ße) 
s in (ö i ) ] from Snell's l aw) , q is the transmission fac
tor o f s-polarized light through a single surface. It is 

« - l - > S - l - [ c o s 6 i + ( n 2 _ s h l % y / 2 ) • (4h) 

For the Brewster angle [ = 0 B = arctan ( ) ] q re
duces to 

q=2n/(\+n2) . (4i) 

« 0 = 1.534292 and ne-1.543039 are the ordinary and 
extra-ordinary principle refractive indices o f the 

quartz crystal at 1053 n m [34] . M s the thickness of 
the birefringent filter. The abbreviation A is given by 
A = n2 — c o s 2 0 s i n 2 0 i . 

The other Jones matrices M L R (laser rod) , MMl 

(output coupler) , MAOM (acousto-optic modula
tor) , MSA (saturable absorber cel l ) , and A f A R R (anti-
resonant ring) are diagonal ( M 1 2 = M 2 1 = 0 ) wi th 
M!, X R = A f , ! A O M = M l ! SA=M,! A R R = 1, 
M U M l = - \ , M22XR = qiK, A f 2 2 , M i = - l , 

^22,AOM=4AOM> ^22,SA=#SA> A I L D M22. ARR = 

RsTJ(RpTp). The # values are given by eq. (4h) or 
(4 i ) wi th the appropriate refractive indices. Rs, Rp 

and r s , Tp are the reflectivities and transmissions of 
the anti-resonant ring mirror H M for perpendicular 
and parallel polarized light ( in our case Rp= T p = 0 . 5 , 
i ? s = 0.905, T s = 0.095). 

In fig. 2 the calculated round-trip transmission o f 
the 5 m m thick birefringent filter is included for the 
azimuthal angle 0=4 6 . 2 0 4 ° . The wavelengths of peak 
transmission ( r B R F = l , öe-ö0 = 2nm, m integer) 
versus angle 0 are depicted i n fig. 3b. The free spec
tral range o f the single plate birefringent filters 
(wavelength difference between two transmission 
maxima) is 25 n m for 5 m m and 12.5 n m for 
t= 10 m m . 

The laser operates at the wavelength XL where the 
net gain 

Gnet(AL) = TBRF(AL) ^ A R R ^ S A ^ M l G(XL) , (5) 

is maximal . RMl is the reflectivity o f the output mir
ror M l . TARR is the transmisison through the anti-
resonant ring including the acousto-optic modulator 
(see eqs. (8) and ( 9 ) ) . TSA is the transmission 
through the saturable absorber. 

G ( A ) = 6 ! i < T c m a ) / ( T c m m a x ] , 

is the gain factor of the active medium. G0 is the peak 
gain at A m a x . The wavelength dependence of the gain, 
G(X), reduces the experimental tuning range to ap
proximately 80 percent o f the free spectral range of 
the birefringent filter (see experimental points in fig. 
3b) . 



4.2. Active mode-locking with acousto-optic 
modulator 

In the cousto-optic modulator the light beam is 
diffracted at the acoustic standing wave grating 
(Bragg mode of operation [19] ) . The modulator cell 
is t i l ted to the Bragg angle 0 B R for op t imum light dif
fraction. This angle is given by (inset c of fig. 1): 

SS1I1 0 B r = 2kL 2X = ^ 7 - , (6) 

kA = 2nvA/vA is the acoustic wave vector, vA the 
acoustic frequency, and vA the acoustic velocity 
( y A ^ 5 . 9 5 x l 0 3 m / s [19 ] ) . kL = 2nvLnJc0 is the 
laser wave vector, vL is the laser frequency, nL the 
refractive index and c0 the vacuum light velocity. The 
standing wave condi t ion requires dA = mkA/2 where 
m is an integer and dA is the modulator thickness. dA 

may be slightly varied by temperature tuning. The 
resonator round-trip t ime tR has to be adjusted to the 
acoustic frequency by tR = (2vA) ~1. 

The light transmission (undeflected beam) 
through the acousto-optic modulator oriented under 
Brewster angle is [18] 

^AOM(0=cos 2 [(5 M sin(27i^ A 0] , (7) 

SM is the modulat ion index. It is proport ional to the 
square root o f the R F drive power PA and is inverse 
proport ional to the laser wavelength A L , i.e. SM = 
KP]

a

/2/2.l. Fo r SM =<Vi/2 = 1.27 the time averaged 
transmission 

c o s 2 [ £ M sm{2nvAt' ) ] dt' , 

is equal to 0.5. Accord ing to ref. [27] the corre
sponding drive power is P A > , / 2 « 2 W at A L = 1.06 um. 

If the acousto-optic modulator is positioned a dis
tance z from the center o f the antiresonant ring, the 
output transmission of the ring is [22] 

TARR(t, z ) = \pprptAOM(t-z/c0) 

+/>PVAOM(' + Z/C0)|2 , 

where /? 2 =RP is the reflectivity o f the mir ror H M for 
parallel polarized light, T 2 = 1— RP is the transmis
sion through the mir ror H M , and tAOM = TAOM is the 

transmission through the acousto-optic modulator. 
Insertion of eq. (7) gives 

TARR(t,z) 

=Rp(l-Rp){cos[(7Msm(2npA(t-z/c0))] 

+ c o s [ ^ M s i n ( 2 7 r z / A ( ^ + z / c 0 ) ) ] } 2 . (8) 

For z = 0 (center o f antiresonant ring) eq. (8) re
duces to 

TARR(t,0)=Rp(l-Rp)cos2[SMsm(2nvAt)] . (9) 

In fig. 4a the transmissions TARR(t, z) are shown for 
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Fig. 4. (a) Transmission through antiresonant ring due to acousto-
optic modulator. Dashed curve, acousto-optic modulator in cen
ter of antiresonant ring (z=0) and modulator power P A = 2 W. 
Solid curve, z=0 cm and P A =4W. Dash-dotted curve, z=20 cm 
and PA = 4 W. (b) Pulse duration AtL versus build-up time tb 

(number of round-trips tnR = tb/tR; tR resonator round-trip time). 
Curve is calculated (see text). The experimental points belong to 
the hybridly mode-locked laser. Circle, L G 680 and birefringent 
filter thickness J=5 mm. Triangle, L G 703 and t= 10 mm. 



( i ) Z>A = J p A 1 / 2 = 2 W , z = 0 , Rp = 0.5 (dashed curve) , 

( i i ) PA = 4W, z = 0 , Rp = 0.5 (sol id curve) , and ( i i i ) 

P A = 4W, z = 2 0 cm, Rp = 0.5 (dash-dotted curve) . 

A lower l imi t o f the pulse duration of the actively 

mode-locked laser after m R round-trips may be es

timated by the relations TAR~R(tl/2) = 0.5 and 

AtL=2tl/2 ( fwhm). The calculated pulse duration 

A / L versus build-up time th = m R tR is plotted i n fig. 

4b (sol id curve) . The experimental pulse durations 

of the hybridly mode-locked laser are included i n fig. 

4b. The pulse shortening action o f the saturable ab

sorber is seen clearly. 

4. Conclusions 

The frequency tunable, mechanically Q-switched, 

and hybridly mode-locked Nd:glass laser described 

allows a wavelength tuning of approximately 20 n m 

around the center lasing wavelength. The shot-to-shot 

reproducibil i ty is increased by the acousto-optic 

modulator. The temporal jit ter o f the pulse train 

m a x i m u m could be reduced to ± 300 ns. A further 

reduction of the jitter is expected by using a fast elec-

trooptical Q-switch instead o f the slow mechanical 

Q-switch. 
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