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Abstract. Two different types of micromirrors are integrated with a fiber
laser to modulate the cavity Q-factor. Both systems operate at frequen-
cies up to 60 kHz and generate a pulse peak power 100 times higher
than the continuous emission. We simulate the emitted pulses and find a
good agreement with the measured value for the period of relaxation
oscillations. The simulations also show the necessity of a shorter rise
time of the Q-factor modulation to achieve one single giant and narrow
Q-switched pulse.
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1 Introduction

Recently,micro-optical and microelectromechanicaltech-
nologieshavebeenhighlighted.Becauseof their potential
for batch processingand inexpensivereplication, these
technologiesaremergingto createa newandbroaderclass
of micro-optoelectromechanical~MOEM! devices.

The developmentof commercialdevicessuch as tor-
sionalmirrors, laserscanners,optical shuttersanddynamic
micromirror displays will benefit from this new
technology.1

Thegoalof thispaperis to studytheuseof micromirrors
in a switchableoptomechanicalsystem.For that purpose,
we built a compactpulsedfiber laserwith a microelectro-
mechanical~MEM! element~torsionalmicromirror or ver-
tical mirror! actingasoneof thetwo reflectorsof thecavity
and as the switching element.To generatea pulse in a
conventionalQ-switchedfiber laser,a modulator~acousto-
optic, electro-opticor mechanical! mustbe introducedinto
thecavity.2 In our configuration,no additionalelementsare
needed;the modulator is the reflector itself, thus we can
build an all fiber laserwith a closedand compactcavity.
Moreover,it hasthe potentialof integrationin a compact
microsystem.

2 Fiber Laser

Figure1 showsthesetupof thepulsedfiber laser.Thefiber
laser is basedon a 120 mm long Nd31 dopedfiber. The
cavity consistsof the switchablemicromirror ~torsionalor
vertical! describedin Section3 and a Bragg grating with
48% reflectivity and0.1 nm bandwidthat 1071nm, which
is still inside the fluorescencespectrumof neodymiumin
silica. The laser fiber is spliced to a wavelengthdivision
multiplexing ~WDM! coupler,enablingus to usetheBragg
grating as an output reflector,while pumping through it.
Thepumpsourceis a150mW GaAlAs laserdiodeemitting
at 810 nm. For this configurationand with the torsional
micromirror,we measureda laserthresholdof 3 mW anda
slopeefficiency of 19% ~seeFig. 2!. Theseresultsare in
goodagreementwith the valuescommonlyreportedin the
literature.3

3 Micromechanical Mirrors

Two types of micromechanicalmirrors were fabricated.
The first is a torsionalmirror and the secondis a vertical
mirror.

The torsionalmicromirror hasan areaof 50 3 70mm2

and is fabricatedby polysilicon surfacemicromachining.4

The rectangularmirror hasa torsionalsuspensionbeamin
themiddleandtwo electrodes~addressandlanding! placed
underneath~Fig. 3!. The torsionalmicromirror is covered
with 0.2 mm of aluminum to improve its reflectivity to
typically 75%. When a voltageof 35 V is applied to the
addresselectrode,the electrically groundedmirror rotates
by an angleof 2.6 degandhits the landingelectrode.The
SEM of Fig. 3~b! showssucha mirror, which is one ele-
mentof an arrayof 20 3 20 torsionalmicromirrors.

The vertical mirror hasan areaof 75 3 100mm2 ~Fig.
4!. It is fabricatedby deepanisotropicreactiveion etching.5

The vertical mirror movesalongthe optical axis driven by
two combactuators.Thedisplacementof themirror is typi-
cally 5 mm with anappliedvoltageof 40 V andfrequencies
up to 60 kHz. Theverticalmicromirror is coveredwith 0.2
mm of aluminum to improve its reflectivity, which was
measuredto be 65%. The SEM of Fig. 4 showssuch a
mirror with its two comb actuatorsand the U-groove for
receivingthe fiber.

4 Results

Experimentally,the fiber is first placedcloseto the mirror
with a slight air gap.Then,themicromirrorsareactuatedat
frequenciesup to 60 kHz to producea modulationof the
resonatorlosses.Finally, we adjustthefiber-mirrordistance
and alignmentto optimize the output signal of the pulsed
laser. In such a configuration,we were able to achieve
pulsesup to 200mW, which is about100timeshigherthan
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thecontinuousemission.Figure5~a! showsa typical output
train obtainedwith the torsionalmirror at 20 kHz modula-
tion. If the mirror is operatedat lower frequencies,we ob-
servemultiple pulses.Figure5~b! showssuchpulsessepa-
rated by 25 ms and obtained with the torsional mirror
modulatedat 7 kHz. Thesemultiple pulsesare thoughtto
be generatedby the mechanicalrelaxationoscillationsof
the mirror, asdescribedby Jaecklinet al.6 Figure6 shows
theresultsobtainedwith theverticalmirror. For a repetition
rate of f 516kHz, a single pulse per switching period is
obtained.The enlargedview in Fig. 6~b! of oneindividual
pulse indicatesa pulse width of 2 ms with a superposed
modulationof about350 ns period.

Both typesof mirrorsgive typically similar pulses.Nev-
ertheless,theverticalmirror systemshoweda betterstabil-
ity comparedwith thetorsionalmicromirrorsystem.This is
dueto the integrationof the fiber holderandthe mirror on
the samechip makingthe whole systemmorecompact.

5 Simulations

To investigatethebehaviorof our device,we simulatedthe
generatedpulsesby using the rate equationsof the fiber
laser7

dN

dt
5Pp2

N~ t !

t
2N~ t !h~ t !sc ~1!

and

Fig. 1 Schematic diagram of the pulsed fiber laser system.

Fig. 2 Measured characteristics of the cavity: output power versus
absorbed pump power. The laser threshold is Pth53 mW and the
slope efficiency is 19%.
dh

dt
5N~ t !h~ t !sc2h~ t !b~ t !c1

V

4p

N~ t !

t
, ~2!

wherePp is the pump density,N(t) is the populationin-
version, t is the fluorescentlifetime, h(t) is the photon
density, s the transition crosssection,c is the speedof
light, b(t) is the resonatorlossesand V is the diffraction
limited solid angle of the fundamentalmode. With the
pump wavelength lp5810nm, the diameter fcore

52.8mm of thecore,the length l fiber5120mm of thefiber

Fig. 3 (a) Schematic drawing of the cross section of the micromirror
and (b) top view scanning electron micrograph (SEM) of a torsional
micromirror without metallization.

Fig. 4 Top view (SEM) of the vertical mirror with the comb actuators
and the fiber (dashed drawn) in the U-groove.



3

andthe measuredcoupledpowerPcpl'10mW, we get for
the volume of the cavity V'7.431027 cm3 and for the
pumpdensityPp5Pcpllp /hcV'5.531022cm23. With the
emissionwavelengthl51071nm, the refractive index n
51.5 andthe areaof the coreA5631028 cm2 we get for
thediffraction limited solid angleof the fundamentalmode
V5l2/n2A50.08sr. We measuredthe fluorescencespec-
trum and,with the Fuchtbauer-Ladenbergmethod,8 we ob-
tained for the emissioncrosssections'1.4310220cm2.
Thevaluet'500ms for thefluorescentlifetime wasdeter-
mined by measuringthe frequencytransfer function be-
tweenpumplight andfluorescence.9

With the mirror in the on position,we measureda laser
thresholdpump power of Pth'3 mW ~Fig. 2!. The losses
b th canbe estimatedfrom the averagereflectivity R of the
two mirrors and the fiber length l fiber of the laser through
the relation

b th5
2 ln R

l fiber
. ~3!

With R565% and l fiber5120mm we get b th53 m21. The
correspondingpopulation inversion Nth is then obtained
from

Fig. 5 (a) Pulse train obtained with the torsional mirror for repetition
rate f520 kHz and pump power P515.8 mW and (b) multiple-pulse
train obtained with the torsional mirror for repetition rate f57 kHz
and pump power P515.8 mW.
b th5Nths. ~4!

The initial population inversion Ni for a given coupled
pump power Pcpl , with the mirror in the off-position, is
relatedto Nth by

Ni

Nth
5

Pcpl

Pth
. ~5!

For Pcpl'10mW and with s51.4310220cm2 we get fi-
nally Nth5331018cm23 andNi5831018cm23.

Eqs.~1! and ~2! cannow be solvednumerically.Figure
7 showsthepopulationinversionN(t) andthephotonden-
sity h(t) during oneswitchingperiod.We assumethat the
lossesareswitchedlinearly from theinitial high to thefinal
low value ~b initial5Nis511m21 and bmin5bth53 m21!
with different rise times: 5 ms for Fig. 7~a! and 2 ms for
Fig. 7~b!.

The typical width of the simulatedpeak is 40 ns. The
relaxationtime is typically Trelax'320ns for 5 ms switch-
ing time @Fig. 7~a!# and 200 ns for 2 ms switching time
@Fig. 7~b!#. If we considerFig. 7~b!, we canseethat reduc-
ing the switching time from 5 to 2 ms leadsto a reduced
numberof peaks,whicharealsohigher.Thus,if wewantto
getonegiantandnarrowpulse~onerealQ-switchedpulse!,

Fig. 6 (a) Pulse train obtained with the vertical mirror for repetition
rate f516 kHz and (b) enlarged view of an individual pulse.
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we requireshorterswitchingtimes,of the orderof 100 ns.
The numericalsimulationsalso showedthat the spontane-
ous emissiontermsN(t)/t in Eqs. ~1! and ~2! cannotbe
neglectedin this regime.The expectedpeakpower of the
pulsecanbe calculatedfrom

Ppulse5hpulseh
c2

l
pS fcore

2 D 2

. ~6!

With hpulse51.631015cm23 @from Fig. 7~a!#, we get
Ppulse'500mW. The measuredvalue of the period of re-
laxation oscillations,which is 350 ns @Fig. 6~b!# and is in
good agreementwith that obtained from the simulation
shownin Fig. 7~b!, which is 320 ns.

6 Conclusions

We demonstrateda pulsedfiber laserusing two different
typesof micromechanicalmirrors, a torsionalmicromirror
anda vertical mirror. To generatereal Q-switchingpulses
~single giant pulseswith narrow widths!, we shouldhave
shorterswitching times. Nevertheless,the technologyfor
the fabricationof the mirrors is compatiblewith the fabri-
cationof othermicro-opticalelements,suchasmicrolenses,
fan-outandfan-in elements,10 which enablestherealization

Fig. 7 Simulation of pulses with bmax511 m21 and bmin53 m21

where the rise times of the quality factor are (a) 5 ms and (b) 2 ms.
of compactmicrosystems.Arrays of pulsedlaserscan be
combinedwith arrays of micro-optical elementsto form
highly paralleloptical networks.

Acknowledgments

The authorsarethankful to to J. P. Dan,G. Kotrotsios,V.
NeumanandH. Berthouof theCSEM Neuchâtel for fabri-
catingthedopedfiber andto Dr. H. Limbergerof theSwiss
Federal Institute of Technology, Lausanne~EPFL! for
manufacturingthe Bragg grating. The project was sup-
ported by the Swiss priority programsOPTIQUE II and
MINAST.

References
1. M. MotamediandL. Beiser,Eds.,Micro-optics/Micromechanicsand

LaserScanningand Shaping,Proc. SPIE2383 ~1995!.
2. W. Barnes,‘‘ Q-switchedfiber lasers,’’ in Rare Earth DopedFiber

Lasersand Amplifiers, M. Digonnet,Ed., pp. 375–391, Marcel Dek-
ker, New York ~1993!.
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René Dändliker received his diploma in
physics from the Swiss Federal Institute of
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