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Abstract. We demonstrate passive mode locking dfcdavan-  used as a compact, simple and robust device for passive mode
adate Nd:YVO,) laser to repetition rates of up tt8 GHz  locking. In all cases we operated the laser at its fundamental
With Ti:sapphire pumping, we achieved mode locking atcavity repetition rate, i.e. the repetition rate of the laser equals
13 GHz with 310 mW of average output power and pulse the laser cavity free spectral ranggep = ¢/2nL) which we
widths of 9.5 ps With diode pumping, we achieved mode will refer to as fundamental mode locking, as opposed to
locking at a repetition rate df2.6 GHzwith 198 mWof aver-  harmonic mode locking, where the repetition rate is an inte-

age output power and a pulse duratioB8&¥ ps ger multipleN of the cavity free spectral randéep, harm=
Nc/2nL, N > 2). As the repetition rate increases, the fun-
PACS: 42.60; 42.55 damental mode-locked laser cavity becomes very short, e.qg.

al0-GHzlaser has a free-space cavity length of dh§8 cm
The main challenge of passive mode locking at high rep-

Lasers with multi-gigahertz repetition rates are requirecktition rates is to exceed the threshold for Q-switched mode
for applications in the fields of microwaymillimeter-wave locking (QML) [12]. In this regime, the pulse train is modu-
communication, photonic switching, telecommunication andated with a Q-switched envelope. As derived in [12], stable
particle accelerators. Pulse energies of at least a few picaw mode locking (rather than QML) of picosecond lasers is
joules are often required [1]. So far, repetition rates of hunachieved when the intracavity pulse eneEpyexceeds a crit-
dreds of GHz have been achieved with harmonically modeical value:
locked fiber lasers [2], but with typical pulse energies of much
less thanl pJand often poor stability. Repetition rates evenEp > Ep.ciit = v/ ELsaEAsaA R, 1)

greater tharnl THz have been demonstrated with semicon- . . .
ductor lasers [3], but their pulse energies are far belqul whereE| sarand Ea sarare the saturation energies of the gain

Higher pulse energies and average powers in a diffractiorfedium and the saturable absorber, arilis the modulation
limited beam can be obtained from diode-pumped solid-statgeIOth of the absorber. Here it is assumed that the laser is op-
lasers. Actively mode-locked solid-state lasers have bee?]rated far above threshold, the absorber is fully saturated, and
demonstrated withd0 GHz repetition rates [4] and0.5pJ he absorber fully recovers between two pulses.
pulse energies. Passive harmonic mode lockingréf:YAG By dividing the square of (1) bi, we obtain
lasers has resulted in up &7 GHz with 30.4 pJ pulse en- AR

ergy [5], and with fundamental (i.e. not harmonic) modeEp > Etsarg- (2)
locking of solid-state lasers the maximum repetition rate

was aboutl GHz with 200 pJ[6]. Another way of gener- where we introduced the saturation paramétes E,/En sat
ating high-repetition-rate optical pulse trains is to multiply For the intracavity laser intensity in the gain medium we
the repetition frequency by using an extracavity dispersivebtain the condition

medium [7,8] or by intracavity spectral filtering [9]. But AF

these techniques add additional complexity and losses to tHe > I it = frepFLsa—= 3)
setup, and they tend to increase intensity fluctuations and S

pulse duration. for stable cw mode locking. In order to meet this condition

In this work we present very compact diode-pumpedwith a high value off;ep, we minimize the other factors on
Nd:YVO, lasers which are stable, self-starting and passivelyhe right-hand side of (3). First of all, a laser medium with
mode-locked at repetition rates of more thEOGHz with small saturation fluencés, sar= hv /mo (with e.g.m=2
up to 300 mWand more of average output power. A semi-for the double pass in a standing-wave cavity), should be cho-
conductor saturable absorber mirror (SESAM) [10, 11] wasen. The modulation depth R should be only as large as
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2 W-100 pm laser diode Achromat Achromat ~ Output coupler, 0.4% transmission, 10 mm Fig. 1. Setup of diode-pumpetiid:YVO, laser
with cylindrical micro-lens f=100 mm f=50 mm radius of curvature with 12.61-GHz repetition rate

necessary for starting and stabilizing the mode-locking prothe crystal) and slope efficiency weSenW and25%, respec-
cess. Furthermore, the saturation param8térdicating how tively, for pump powers belovt W. For higher pump pow-
strongly the SESAM is saturated, should be made large bgrs (up tol.5 W), the slope efficiency was somewhat lower
keeping the spot size on the SESAM small gty choos-  (Fig. 2). Stable self-starting cw mode locking a&t298-GHz
ing a SESAM with small saturation fluence. The valueSof repetition rate was achieved for pump powers (incident on
is ultimately limited by damage of the SESAM. Finally, the crystal) above50 mW at an average output power of
can be made large by choosing a small mode size in the las&89 mW. This is in reasonable agreement with the theoret-
medium and keeping the cavity losses (including output couical expectations. A precise estimate is difficult to obtain; the
pler transmission) as small as possible. path length in the crystal and thus the spot sizes are difficult to
Figure 1 shows the setup of our diode-pumped laser, usindetermine (because of the angled interface), and the SESAM
a2-W laser diode from Polaroid with a stripe sizeldfOum  was not fully recovered after one round-trip time. We note
and a directly attached cylindrical microlens. The pump opthat the SESAM was not strongly saturated; the saturation pa-
tics created a spot at the laser crystal (measured in air) wittameterSwas only~x 2 at maximum power.
radii of 15um and 25pum in the sagittal and tangential di-
rections, respectively. The experiments were also carried out
with aTi:sapphire laser instead of the laser diode; in this ca

a smaller circular spot witthi3um beam radius (measured in € 3ggL o
air) was generated. A dichroic mirror was used to extract thgs .

laser output beam. The laser medium is a/Baéwster-cut 2 250~ R

Nd:YVO, crystal with 3% neodymium doping. This mate- 2 200 - o

rial has a low saturation fluenc843 mJycn?, e.g. about 6 3 150 °

times smaller than that fod:YAG) and a very short ab- ‘g °

sorption length 0BOm, so most of the pump power is ab- ¢ 100 °

sorbed within the range where the pump beam is smaller tha? 50

the laser mode size. The path length in the crystal is abog 0

1.3mm The output coupler, placed at ab&utnmfrom the < 5 : 4(')0 : 8(')0 : 12'00 :

crystal, has a radius of curvature D@ mm a coating with

only 0.4% transmission at the laser wavelength and a high Pump power, mW

transmission ¥ 95%) for the pump beam a808 nm The  Fig 2. pump power versus average output power for Tiesapphire-

laser spot on the SESAM has calculated beam radl6pfm  pumpedNd:YVO, laser

and66um in the sagittal and tangential directions, respec-

tively, and is only slightly largerZ7 um/66 um) in the gain

medium. 0
The MOCVD-grown SESAM was mounted in direct

contact with the laser crystal. It consists of obhB&nm-

thick GaAg/Ing 25Gay 75As quantum well embedded ifD nm

GaAs and AlAs spacer layers, a dielectric top mirror with

55% reflectivity for the lasing wavelength df064 nmand

a GaAgAlAs bottom Bragg mirror. The measured parame-

ters of this SESAM ar€p, sar~ 601.J/cm? and A R%o 0.4%,

and the recovery time isz 100 ps The estimated nonsat-

urable losses are 0.1%. -60 L '
We have built severald:YVO, lasers with the same type 1296 1297 1298

of cavity and repetition rates &.7 GHz, 6 GHz 9.4 GHz Frequency, GHz

ar.]d aboutl3 GHZ In this paper we des_cnbe only the Ias_er Fig. 3. RF spectrum ofTi:sapphire-pumped laser with2.98-GHz repeti-

with 13 GHz First we report the experimental results with tion rate at1 W of pump power. Thenset shows the RF spectrum with

Ti:sapphire pumping. The threshold pump power (incident om 26-GHz frequency span
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Fig.4. Measured autocorrelatior(dotted) of 8.3-ps pulSEs
12.61-GHz diode-pumped laser a90 mW. Solid line: seck fi

The RF spectrum (Fig. 3) shows the first harmon
12.98 GHzand the second harmonicat26 GHz The max-\\§
imum output power wa810 mW (corresponding t&7.5 W

intracavity power an@4 pJoutput pulse energy) at an inci- ACKg

dent pump power of.5 W on the crystal. The pulse duration,
measured near the QML threshold with an autocorrelator is
9.5 ps assuming a seélpulse profile.

With the diode-pumped setup, the air space between the
crystal and output coupler had to be increased by a smalli.
amount to establish cw mode locking; this leads to some- 2.
what reduced spot sizes on the crystal and on the SESAM3:
(23pum/62pum), and the repetition rate wa$2.61 GHz
The threshold power3(mW), slope efficiency 22%) and
pulse duration&.3 pg remained nearly unchanged. An au-
tocorrelation trace is shown in Fig. 4. Stable cw mode 5.
locking was achieved with pump powers betwet8 m\W
and 916 mW, corresponding to output powers between
178 mW and 198 mW (14.1-15.7 pJ pulse energy). Fig-
ure 5 shows the RF spectrum with the first and second
harmonic. For output powers abod®8 mW, QML was
observed; the reason for this is the excitation of higher-
order transverse modes, caused by the poorer beam quality’
of the pump diode a compared to that of thesapphire 10.
laser.

We have demonstrated passive fundamental mode Iockin(i;1
of Nd:YVOy lasers with repetition rates as high B8 GHz :
and a maximum output power of abo3®0 mW. The ten- 15
dency for Q-switched mode locking was suppressed by care-
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Fig. 5. Averaged RF spectrum of diode-pumped laser Wi#t61-GHz rep-
etition rate. Theinset shows the RF spectrum with 26-GHz frequency
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