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Numerical modelling of Cr:YAG Q-switched Yb:YAG micro-lasers
and comparison with experimental results

P. Bourdon*, C. Planchat, D. Goular, L. Lombard@astave, J. Le Gouet
ONERA, The French Aerospace Lab, Optics Departr(i2®TA), BP 80100, 91123 Palaiseau
Cedex, France

ABSTRACT

Some applications like range finding, optical cemmheasures or engine ignition, require laserstdapd delivering high
repetition rate bursts of nanosecond pulses witldteds of microjoules to a few millijoules in terofsenergy per pulse.

We previously developed such a diode-pumped Yb:YAiGro-laser with an oscillator delivering 250 puJ3@0 pJ per
pulse, with a 3 — 5 ns pulse duration, with anaifiturst pulse repetition frequency that can bedwuntinuously from
1 kHz to 20 kHz by increasing the pump power. Tssillator had been amplified to the mJ level byadditional laser
module.

But there is a large choice of possible dopant eotration and thickness for the Yb:YAG laser criysté low power
transmittance value for the Cr:YAG passive Q-switghcrystal and of pump power and burst duratiow] we want to
be sure the choice of design we make is the best on

In order to optimize this choice of design for ttmicro-laser, this paper, we developed a numericadleh of laser

amplification and passive Q-switch. After presegtihe model, we describe how it compares with previresults from

our own experimental results, in terms of energyése, pulse duration and repetition frequenctheflaser and how
we managed to obtain good agreement with the expeits by optimizing the numerical modelling of tverlap between
the laser and pump beams in the amplifying medium.

Finally, future work to verify the reliability oht numerical model and to use it for optimizatiéthe architecture of the
passively Q-switched laser is presented.
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1. INTRODUCTION

Engine ignition is most often triggered by sparkgd, but it can also be done using lasers. Onheofrtost promising
technique that is widely studiktlis non-resonant laser breakdown ignition. It imethod that is demanding in terms of
laser energy with tens of millijoules per pulsedrigger ignition and even higher energy per putseaf 100 % probability
of ignition.

Multi-pulse laser ignition has been proposed arstiett as an option to increase the efficiency cdser spark plug
Cumulative effects from double pulses have alsmlobserved, optimal pulse spacing being in therati£00 pé. That's
the main application behind the development of higpetition rate Q-switched laser sources that axeldone in our
tean?S.

We obtained interesting performances with a diodieyped Yb:YAG micro-laser in a Master Oscillator Rowmplifier
(MOPA) configuration as detailed in Fig. 1.

The laser diodes used for pumping are nLight eléfhsearies fiber coupled modules, e3 type for the 4DMand e6 type
for the 70 W DL. Both are coupled in a 105 um arRR(NA fiber. The 105 um output of the fiber is mdgd into a
210 um diameter pump beam using a +75 mm colligatichromatic convergent doublet and a +150 mm fogus
achromatic convergent doublet from Thorlabs.
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The oscillator is built with a 10 at. % doped 2-tiemgth Yb:YAG crystal followed by a 85 % initiabtinsmission Cr:YAG
crystal and a R = 70 % at 1030 nm concave outpupleo with a radius of curvature of 70 mm.
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Figure 1. Laser source architecture. A Cr:YAG padgi®Q-switched Yb:YAG master oscillator (MO) isfmlved by an
Yb:YAG power amplifier (PA) to achieve the expectasger performances.

As we will use this laser as a spark plug, we daeéd continuous emission pf the pulses and weectwosperate the
oscillator in a “burst emission regime”, where 3-thusation gcw pump pulses repeated at 1 - 5 Hz wszd. During these
3 ms of pumping, a burst of short pulses is emittethe laser with an energy per pulse around 27&lightly increasing
with the pump power level (see Fig. 2, left paff)e duration of these pulses is measured betwesd 3 ns.
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Figure 2. Energy per pulse emitted by the lasdlatmi vs. 40-W pump laser diode current (left) dluatal” intra-burst
repetition frequency of the 4-ns duration pulseghagpump power increases (right).



The repetition rate of the pulses inside a pulsstiocreases with pump power from 1 kHz to 20 Kkkze Fig. 2, right
part), as can be observed in Fig. 3, resultingde@ease of the pulse spacing within the burdis.plulse spacing varies
from 50 us to 1 ms, an optimal range to study miygaict of pulse spacing on the multi-pulse laseitigmprocess.

As the average absorbed pump is between 60 anth800the advantage of this laser is that it doestjuire active
cooling and can operate in a heat-capacity regiittenw significant increase of the laser mediumgenature during long
term laser operation.

If required, it can be amplified in a second Yb:YAystal to reach the mJ per pulse energy level.

In the optimization process of the laser oscillatwe compared different Yb:YAG and Cr:YAG crystass well as
oscillator cavity output couplers (OC). But we ned& a complete and exhaustive analysis of theathpf the different
characteristics of these components on the perfacenaf the laser oscillator. We want now to designmost effective
architecture for this laser oscillator, for botkdaignition tests application and a new applicatb these laser sources
that will require continuous operation of theseetasources that will be used to generate UV lighfThird Harmonic
Generation in nonlinear crystals.

As we cannot test all the architectures for therlascillators, we developed a numerical model lokgpaf predicting the
main performances of this laser in order to chdbedest components for future realizations. Ofseubefore using this
model for laser source design, we also had to atdids results by comparison with experimentabktéd/e describe this
model and the first results of comparison with @xpental tests in the next sections of this paper.

2. NUMERICAL MODELLING OF PASSIVELY Q-SWITCHED YB:YAG LASERS

Numerical models of passively Q-switched Yb:YAGdeshave been developed for a long time now. Wigaprmepose
here is a synthesis of the main equations we udgkeirodel we chose to develop for our own purpose a brief
presentation of the solver we used.

The numerical model solves the rate equations tieguirom two different processes: i) the laser &figation in the
Yb:YAG material; ii) the saturable absorption ietGr:YAG material.

2.1 Numerical model of laser amplification in Yb:YAG

The energy level scheme for the Yb:YAG materigdrissented in Fig. 3. As Yb:YAG is not a perfece#d| laser medium

but rather a quasi 3-level medium where the loweell of the laser transition can be thermally pafad, one has to take
into account in the model the impact of the lasedium temperature and the thermal occupancy fadtags3 gives these

occupancy factors at 300 K temperature, which wecansider most of the time as we are developingrg low average

power laser where temperature of the laser medhould be very close to ambient temperature.
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1
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Figure 3. Energy level scheme of Yb:YAGafe the relative thermal occupancies arttidcwave numbers for the different
levels within the two manifold¥=s/2 and?F7z involved in the laser process transitions.

Using the same index values as in Fig. 3 to ref¢hé different energy levels, the relative therowmlupancies®for the
different levels involved in the laser processexpressed in the following formulae:



(-24) exp<— (E{(_ ES))
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where then; values are the population densities for the legélhie lower manifold and the; values are the population
densities for the levels of the upper manifolg,andn; are the total population densities of lower mddifand upper
manifold respectivelyky = 1.380649 - 10723 m? kg s2 K~! is the Boltzmann constant afdis the temperature in
Kelvin.

Z, andZ, are the partition functions of lower and upper iftdds respectively and are calculated as:

E; E;i— E
Z, = Xl grexp (_ k)TT) andZ, = /s g]l'JexP (_ %) (2)

For the Yb:YAG material, we havg’ = 1fori € [1;4] and g]l-’ = 1forj €[5;7]. Consequently, we can write
equation (2) in a simpler form (2°):

2= Siyew (- £) andz, = S senp (- L) 2)

kpT kpT

TheE; andE; values are calculated a&:= hck; andE; — Es = hc(k; — ks), with h = 6.62607015 - 1073 m? kg s~*
the Planck constant.

To model laser amplification, we will require sonedues of the absorption and emission cross-sexctibthe Yb:YAG
medium at the pump wavelength, 941 nm, and the isaeelength, 1029 nm. More accurately, we will tise average
values of these wavelengths corresponding to theadevavelength of the laser spectrum emittedeetipely by the laser
diode pump and by the Yb:YAG laser itself:

107

7
Apump) = Too=nm ~ 941,2651 nm and{Agser) = Gosreiz; M ~ 10293361 nm

The values of the absorption and emission crossesscat these wavelengths can be found in theatite€. These values
are temperature dependent. We fit the values fautie literature with an exponential decay for@asing temperature.
The resulting formulae for the absorption and eioissross-sections of Yb:YAG vs. temperature asfthlowing:

T
216.86934

0a((pump), T in °C) = 5.93443 - 1072 exp (— )+ 281052 1072 3)

0 ((Aigser), T in °C) = 1.80901 - 10720 exp (— ) + 0.72484 - 1020 @)

115.99974

The emission cross-section at pump wavelength badrption cross-section at laser wavelength thaivil@equire for
some of the calculations are simply assessed tisingell-known McCumber relation:

oe(AT) _ 7y exp ((E —%)) (5)

oqAT) ~ Zy kg T
For instance, af = 300 K, using this McCumber relati§rfor Yb:YAG one finds:

e A aser’
Ge((Apump), 300 K) = 0212 0, ({Ayump), 300 K) andorg (Aqser), 300 K) = Zeliaser) 3000

In a real experimental case, using the peak valuthé pump absorption cross-section will probdéhd to overestimated
performances for the laser as this value is toovigtic and does not consider the fact that pumsrdpne with a 40-W
pump laser-diode. As the emission spectrum ofltser diode is quite broadX = 5 — 6 nm), the effective absorption
cross-section one can assess the effective abmomgss-section dtt,,,,) for the Yb:YAG oscillator we developed
from the measurements that were done using our 4040p laser-diode. As the emission spectrum ofl#fsisr diode is
quite large A =5 — 6 nm), the absorption cross section overgpectrum varies significantly and cannot be ctarsd
to be the peak value measuredAf,,,,,). One has to consider an average value of the-sgxg®n integrated over the
broad spectrum of emission of the laser diode.

During the experimental tests, we did measure ffecteve cross-section corresponding to the avenaee of the
absorption cross-section over its large emissioectspm (see Fig. 4). As this measurement is derifveth the



measurement of the fraction of pump power absombdéte medium, one can consider that it is theotiffe value of the
absorption cross-section to consider when pumpiity & broadband laser diode. The effective crostiese value
obtained at  (Apump) is Oaerf ((Apump), 300 K) = 7.3837 - 1072 cm? instead of the
0a({Apump), 300 K) = 8.22 107! cm? value from the literature. This 0.89826 multiptiva factor to assess the
effective cross-section when pumping with a broadbaser diode is only to be applied to the cresgisns (absorption
and emission) afl,,m,), as it is due to the broad spectrum emitted byptimap laser. For the assessment of the cross-
sections atld;,s.r), as the laser emission spectrum is much narromeuse the values from the literature.

Another parameter of the model is the radiativetiliie of Yb:YAG which is 951 us. Due to lifetimeenching effect,
this value measured at 300 K decreases when theetammre of the laser medium increases, but weotloansider this
variation in the model.

The rate equations to be solved for numerical miodebf laser amplification in the Yb:YAG laser maaial are the
following oned 1213

(d¢> ¢

dt = t_ (Zo—ele_ (1_ ROC)_ 5_2alasl)
r

{ dN . N
— = =20, PN — —+ W
dt em¢ Tias p

whereg is the photon density in the laser cavity of agtlengthl,, N the population inversion density of the laser raedi
. o 21 . . o o .
c is the speed of light in vacuum, = — is the cavity round-trip timeg,,, the emission cross-section at the laser
Cc

wavelength (1029 nm) s the length of the Yb:YAG laser gain medilRac is the reflectivity of the output coupler mirror

andé are the intracavity dissipative round-trip loss, is the lifetime of the upper laser level, for Y&®, 7,,, = 951 ps.
W, is the volumetric pump rate.

Some examples of values for these parameters ta®of our experimental demonstration mentiongida introduction
part of this paper: optical cavity lendth= 5 cm = 0,05 ml,= 2 mm for the 10 at. % doped Yb:YAG crystadc = 70 %.

Note that for the reflectivity of the output couplas we use some mirrors that are far from hidleceance, we cannot
use the low signal approximationBf. =~ In (RL) that would be true foRoc > 90 %.

oc
For the intracavity dissipative round-trip losseyhare induced by the transmission of Bagx mirror closing the laser
cavity and the loss of the anti-reflection coatin§the crystal faces. Over a round-trip, we paésd through the 4 crystal
faces, each face havingRe< 0.2 % coating. Estimating the average reflegtiof these coating to besr = 0.15 %, we
can assess the loss induced by the 8 passes thitoesgh coatings to be close to 1.2 %. We add &0dss from the
Rmax = 99.5 % cavity mirror and obtath= 0.0017 = 1.7 %.

Both for pump absorption and laser absorptionényth:YAG crystal, we can use the absorption coigffitx = o [Ybh37]
where[Yb37] is the doping density. For a 1 % at. doped Yb:Y&@stal®, [Yh3*] = 1.38 - 102° cm™3. Consequently,
for our 10 % at. doped Yb:YAG crystal, we hg¥é3*] = 1.38 - 102! cm™3.

We can apply this formula to calculatg, = o,({1,,5.,), T) [Yb**]. We can also use it to calculate the pump absmrpti

coefficienta,,,,, = aa((/lpump), T) [Yb3*]. This coefficient is helpful in assessing the wogiric pump rate:
Ppump (1 - exp(— apumpl))
P AU A |

pump pump

wherePpun is the average pump power afydyw, the area of the pump beam that can be calculatedthe 1/e radius of
for a gaussian beam as this 1/e radius is thesafian equivalent uniform laser beam (top-hat) maosed of the same
overall energy. For instance, in our experimentaifiguration, the pump beam has a 1/e2 diamet@16fum and we
calculateApump from the 1/e diameter which is 148.5 um.

We will assume in the numerical model that therlaseplification occurs transversally within thigaPsunm, that will be
used to assess the photon dengigs well as the population densities.



Spontaneous emission is necessary to start thesiemiprocess as the first rate equation is propaatito¢. Without
spontaneous emissiogh, will remain null while running the numerical modé&\Ve use a simple assessment of the
spontaneous emission factor by assuming that deljight emitted within the solid angle of the lapamped area inside
the cavity contributes to seeding the laser emisdige define S, the spontaneous emission factaesponding to the
fraction of spontaneous emission contributing ®ltsing process within the cavity by the formula:

_ Apump
4l

Spontaneous emission is added to the first ratateguby an additionaiﬁ term.

Tlas
We also have to consider the fact that the lowezlgeof both manifolds are partially thermally defpld and consider the
impact of the relative thermal occupandig$; andf; on the rate equations.is somehow already considered in the pump
absorption coefficient. In fact, the effective geection calculated previously and formerly expdi by the large
bandwidth of the laser diode used here can alstthibuted to thé; factor. In fact, it's quite exactly equalfioat 300 K.

The effective cross-section multiplicative fac®probably a mix between the impacf;aind of the pump laser broadband
and such a factor of 0.87 to 0.89 should be usedyrcase. As the pumping only lasts for a few asieconds, there’s not
enough time for the laser medium to thermalize wadlon't have to apply thig factor, we can consider that the pump
process only populates the upper state level ofaer transition (level 5 in Fig. 3). If we hadeoated in a continuous-
wave regime, we would have to apply thenultiplicative factor to tha\p term in the second equation to obtain the
effective population inversioN.

Finally, thefs factor leads to a hon-zero population of the lolegel of the laser transition that will be takeioi account
by defining N asV = N — N; = N; — f3[Yb3*].

The final rate equations system is:

Jd_d) = ® 2 0o (Ns — f3[YD3*D 1= (1= Rpe) — 8 — 2 aygsl) + S(Ng — f5[Yb3*])
" tr Tias

L dévs = =2 OemcPp(Ns — f3[Yb3+]) _ w_l_ w,

t Tlas

2.2 Numerical model of saturable absorption in Cr:YAG

Next step is to add the passive Q-switch operatethé Cr:YAG crystal to the numerical model. Cr:YAfassive Q-
switching has been studied in the past. To obtagahstic formula for the passive Q-switch, ons taconsider not only
the saturable absorption effect from the grounteéstbtheCr:YAG material, but also the absorptiomf an excited state
of the material.

There are consequently two additional rate equatiorsolve when the Cr:YAG crystal is added ingfoelaser cavitf:

dN, Nego — N,
gs sa0 gs
—= =2 ¢N,y + ———
dt %9sCPNgs Tos

Neg = Nggo — Ngs

The rate equation for the photon density has aldmtmodified adding two terms:

?(—20 Nl — ZJesNeslsa)

gs''gstsa

In these equationss,, and g, are the absorption cross-sections of ground atatexcited state of the saturable absorber,
respectively],, is the length of the saturable absorber ad and N, are the ground state and excited state population
densities of the saturable absorber respectivély, is the total population density of the saturatiiecaber and,, the
lifetime of the excited state of the saturable albsn

The absorption cross-sections and lifetime of excdtate for Cr:YAG are now well known even if theasurement of
the cross-sections were not obvious and took sameetb converge toward reliable values.



We use the most recent and reliable &hes,; = 4.6 - 1078 cm?, g5 = 8.2+ 107 cm® andr,s = 3.4 ps.

To asses#,,, one needs to measure the length of the Cr:YAGtaly,, = 1.6 mm in our experimental configuration,
and to know the initial transmission of the crys@®] =85% in our experimental configuration. A%, =

exp(— 04slsaNsqo )., it's €asy to assesh,, = ~In(Ty)

dgslsa

It's also possible to assess the maximum transomssf the saturable absorber that is reached drealisorber has

Oes

completely bleached?,,,, = exp(— 0pslsgNego ) = To 9.
2.3 Complete numerical model of Cr:YAG passively Q-switched Yb:YAG laser

Combining the rate equations from sections 2.12aRdwe obtain this final set of 4 rate equatidrat tve will solve using
an adaptive step Runge-Kutta algorithm.

dp ¢ S(Ns — f3[Yb**])
E = t_ (2 O—e‘m(NS - f3[Yb3+]) -2 UgsNgslsa -2 O—esNeslsa - (1 - ROC) - 6—2 alasl) + T,
r as
dN N: — Yb3+
W o g et — il — LT LDy
dt Tias
dN, Nego — N,
gs __ sa0 gs
ar -2 GgSC¢Ngs + T—ES

Nes = NsaO - Ngs
To test the equations and the validity of the mpde started by using a very simple and fast Rufugia first order
algorithm with a relative tolerance of 10

In the future, we will implement more accurate Reniutta algorithms like fourth order Runge-Kuttaoriersion to
Python IDE is also ongoing.

3. NUMERICAL RESULTSAND CONCLUSION

Using the numerical model described in detailseictisn 2, we were able to reproduce quite accyrdibel results from
our experimental configuration, both in terms ofspurepetition frequency and pulse duration, eviéh & RK 1 solver
that doesn't offer the best accuracy we can exgdw.adaptive step process allows for fast comjmutditme of only 10
to 15s.
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Figure 4. Example of numerically modelled pulsesbat 4.8 kHz “local” repetition rate (left) andara on one of the
pulses of the burst. This repetition frequency .8fkHz is a little lower than the 6.6 kHz frequerudyserved when
operating with a 10-W level of emitted pump povibat served as an input value for the model.

Fig. 4 presents an example of pulse burst and putsfde at a repetition frequency of 4.8 kHz. Tiheel of pump power
introduced in the numerical model is 10 W. For tleigel of emitted pump power, we experimentally exived higher
repetition rates close to 7 kHz. The energy peseulbtained with the model is 350 pJ and is highan the 270 pJ
measured experimentally.



The 5-ns pulse duration from the numerical modeigodly fits the value measured experimentally.

We tried to change the input parameters of the mgalenodel and it appeared that we could fit bibh 7 kHz repetition
rate and the 270 uJ energy per pulse just by chgribe value for the pump beam diameter. This vdkfaes the area
in which the laser amplification process occursciigasing the 210 um value for the 1/e2 laser beameter to 185 um,
we observed excellent agreement between the sieauidatd measured values for the repetition ratetengulse energy.

We now want to go further into the comparison waitl experimental data, and to explore in more tetiais comparison
by trying to compare results from different pubtioas with our model’s.

Once the model demonstrated as reliable, futurd widt use it to optimize the design of the lasscidator and choose
the best crystals, both Yb:YAG and Cr:YAG, as veallthe best output couplers for the laser perfocaman
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