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Experimental and theoretical study of longitudinally monomode vectorial solid-state lasers
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The dynamics of a quasi-isotropic continuous-wave solid-state laser sustaining the oscillation of two or-
thogonally polarized eigenstates is experimentally investigated. A set of phase-sensitive vectorial Maxwell-
Bloch equations is developed to describe theoretically the evolution of such a laser. Different temporal behav-
iors for the output intensities are observed, depending on the relative amounts and orientations of the phase and
loss anisotropies and on the frequency of relaxation oscillations. Namely, the frequency locking of the two
orthogonally linearly polarized eigenstates is shown to lead to a surprising pulsed mode-locked oscillation
regime. In addition, for different values of the parameters, other peculiar operation regimes are found, such as
cw circularly polarized, double-pulsed, or triple-pulsed output intensities. These experimental results, obtained
using a diode-pumped Nd:YAGYAG denotes yttrium aluminum garnelaser, are well confirmed by the
theoretical model[S1050-294®9)07601-5

PACS numbdps): 42.55.Ah; 42.60.Fc; 42.25.Ja

I. INTRODUCTION count, has been developed to describe polarization instabili-
ties in strongly multimode fiber lasefd5,16, it has not
Monomode solid-state lasers are usually described thedseen experimentally investigated in the case of longitudi-
retically by the so-called rate equations, which yield the dy-nally monomode lasers, especially when one introduces
namical evolutions of the photon number and of the populatransverse loss anisotropy, i.e., a locking mechanism be-
tion inversion in a laser cavity. Derived by Statz and de Marsween the two polarization eigenstates. Of course, to describe
[1], this formalism arises from a semiclassical description ofsuch locking behaviors, phase-sensitive interactions have to
the atom-field system, where the atomic polarization is adiabe taken into account, as in Ref45, 16 and in the case of

batically eliminated. It has proven satisfactory to predict thethe dynamics of two-longitudinal mod§l7] or three-
transient—spiking, relaxation oscillations—and steady-statgransverse modgL8] lasers.

outputs of monomode solid-state lasers. When two or more The aim of this paper is consequently twofold. First, we

longitudinal laser modes oscillate, extensions of the mOdellnanage to derive a set of phase-sensitive Maxwell-Bloch
have taken the spatial hole-burning effect into accg@r8],  gquations which takes the transverse nature of the atom-field

but the atom-field interaction has kept its scalar nature, henGgq.action into account and includes the crossed phase and

gipF:alxlsntgtgnlyo;[/f/)e\llaesrersu;):i?ilggilrgg icl:nsc?lijlrs]?;e Iljsslirrlsza\:\;?]?cﬁss anisotropies of the cavity. Second, the predictions of this
9 ’ ' d P ' odel obtained by numerical integration of the differential

may sustain the oscillation of two orthogonally pOIarIZGdequations of evolution of the laser are compared with the

eigenstates in the same longitudinal mode, have recentl . ; S .
ég(penmental behavior of a longitudinally monomode quasi-

been the subject of widespread research, due to their pote L ] :
tial applications in Doppler velocimetry, vibrometry, and op- isotropic diode-pumped Nd:YAGYAG denotes yttrium alu-

tical microwave systemgt—11]. Indeed, this two-eigenstate mingm garne)tlaser.'Original' intensity and po[arization dy-
oscillation regime has been shown to be permitted by th&@mics are emphasized. This paper is organized as follows.
relatively low value of the coupling constant between or-Section Il is devoted first to the calculation of the cold-cavity
thogonally polarized eigenstates in solid-state lagagj.  €igenstategSec. Il A. Second, the derivation of the differ-
Moreover, peculiar self-pulsing behaviors have recently beegntial equations relating the amplitudes and phases of the
observed using these two-frequency laddi3,14. In Ref.  two electromagnetic field eigenstates and the population in-
[14], it was observed that a frequency locking between theversion in the active medium is performed, starting from the
two cold-cavity eigenstates due to a transverse loss anisotiensity matrix formalism(Sec. 11 B. The comparison be-
ropy was responsible for the appearance of a monomodeveen the results of the numerical integration of these equa-
pulsed output. Namely, this unexpected phenomenon appeatiens and the corresponding experimental results is presented
when the relaxation oscillation frequency of the laser fallsin Sec. Ill. After a brief description of the experimental setup
within the locking region. But, to date, no theoretical model(Sec. Il A), the dynamics of the two-eigenstate laser is ex-
taking cold-cavity eigenstate locking into account has led tglored, with full attention paid to the magnitude of the lock-
predictions close to these experimental observations. Aling region with respect to the relaxation oscillation fre-
though a vectorial model, i.e., a model where the transversguency (Sec. |l B). Particular attention is paid to the
dependence of the field-atom interaction is taken into acapplication of these dynamics to the development of short

pulse monomode lasers witho@ switch. The results, as

well as the perspectives of this work, are then summarized in

*Electronic address: brunel@univ-rennesl.fr Sec. IV.
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Active frequency and experience different losses. On the other hand,
x4+ medium At; AQ @) for |wy—w,|>Aw_, the two eigenstates are also elliptical,
z Laser exhibit the same losses, but their angular frequensiesnd
y Output w_ are no longer degenerate, leading to a beat frequegcy
Diode Z/ H given by
Pump wp=w,—w_~(0y—w)[1- Awf/(wy— w212 (2)

Ml 45° Xy M2

2 At /m The cold-cavity eigenstates that we have just derived, and
2t ®) in particular their beat frequency given by E8g), will serve

' T as a guideline for the physical discussion of the results. How-
ever, quantitative predictions of the laser behavior can be
obtained only if we take the role of the active medium into

account, as is how going to be performed.

B. Derivation of the coupled field-atom equations

To fully describe theoretically the behavior of the laser,
000l oo we need a set of Maxwell-Bloch equations to predict the

Ag/m temporal evolution of the field-atom system, taking the cold-

_ ) _ cavity anisotropies, the vectorial nature of the electromag-
FIG. 1. (@ Experimental arrangement. Active medium: peic field[15,16], and phase-sensitive interactiofi—18

Nd:YAG crystal.A¢:x-y phase anisotropiAt, : slightly tilted @a- ;15 account. First, since in the experiments described in Sec.

lon, ensuring longitudinally monomode oscillation and creating || the active medium is located near one of the mirrors of

C.rossed loss anisotropgb) EVO".“'O”_ of the angular e'genfreque.n' the cavity and is much thinner than the beat length between
ciesw, andw_ of the cold-cavity eigenstates versus phase anisot;

A - 12 is th | lar f the two eigenstates, we can neglect spatial hole-burning ef-
ropy A¢. wo_(f‘)"my? 's the average laser angular frequency. fects. This allows us to withdraw the spatial dependence of
Notice the locking regiom\ w =cAt, /L. ! e . ) .

the electromagnetic field and to write the associated electric
field E in the following manner:

002 001

II. THEORETICAL MODEL
A. Calculation of the laser eigenstates E(t)=3{Exexd —i(wyt+ @) 1%+ Ejexd —i(wyt+ @y) 19}

Let us derive the cavity eigenstates of a Fabry-Perot laser +c.c., 3
closed by two mirrordM; andM, and containing phase and
loss anisotropies, as depicted in Figa)l To this aim, we Where E, and ¢, (respectively,E, and ¢,) are the time-
recall the calculation of the Jones matkikcorresponding to  dependent real amplitude and phase of thgolarized (re-
the propagation of the light electromagnetic field for onespectivelyy-polarized component of the field in the active
round-trip inside the cavity. We consider both a linear phasgnedium and wher& andy are unit vectors along theand
retardanceA¢ between thex andy polarization directions Y directions, i.e., perpendicular to the laser axisin the
and a small linear loss anisotropyt, not aligned withAg.  Slowly varying amplitude and phase approximation, and if in
For simplicity, we choose the orientation of the low-loss axisa first step we neglect the loss anisotrofy, , we then
at +45° with respect to th& andy axes. The active medium obtain the following equations of evolution of the fie[ds$]:
is supposed to be isotropic. Starting from the middle of the
cavity, the matrixM is then

FX ) iwx 2w
(&t+7 [Exexq_l‘Px)]:z JO 7x(0,1)d6, (4a)
3 exp—iAe) 0 i

B 0 exfiAg)

1 At

} . (1)

r

y

+ —
oy >

) lwy (27
(B exi—ie,) 1= 5 [ ny(0.0d6, (4D

The resolution of the resonance conditiBfE=AE, where

E is the electromagnetic field amplitude andthe corre-  wherel’, andI’, are the intensity loss coefficients along the
sponding eigenvalue, yields the laser eigenvectors and eiger-andy directions and wherey, and 7, are the slowly vary-
frequencies. With the phase anisotropy alone, i.e., wheing complex amplitudes of th& and y-polarized compo-
At, =0, the laser eigenstates are linearly polarized along thaeents of the dipole moments induced by the laser transition.
x andy axes, with angular frequencies, and oy, respec- As in Ref.[15], we suppose that these terms depend on the
tively. Their difference isw,—w,=cA¢/L, wherec is the  orientationé of the dipole of the considered emitting atom
velocity of light andL the optical length of the cavity, as with respect to the axis. Although in the case we consider
shown by the straight lines in Fig.(d). Now, in the case here of an emitting ion embedded in a crystalline matrix
where a small loss anisotrogyt, <1 exists, the eigenstates (Nd:YAG) one should consider the environment of each
become slightly elliptical and a frequency locking region emitting ion, we still follow the approximations used in Ref.
Aw =cAt, /L appears. One can then distinguish betweerf15] for the case of neodymium ions in a glass. We will
two operating regimes. On the one hand, when— w,| indeed see in the experimental section tfiatthe model
<Aw, the two elliptical eigenstates lock to the same eigen-obtained is in good agreement with experiments @ndhe
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same laser behaviors are obtained for glass active media as I,

well as for crystal active media, emphasizing the low impor- ot 5 |Ex=kaE(Do+Dy)
tance of the emitting ion environment on the considered
physics. + k(ay cosV+a, sinW)E,D,,
As in Ref. [15], we obtain expressions for the source (108
terms », and 7, in Egs.(4) from the time evolution of the
density matrix elements and by adiabatic elimination of the r
optical coherences between the two laser levels, leading to (at+ ?y E,=ka,E,(Dy—D,)
2
= — TZ—Z (i g+ T, ) D(0,1){E exp — i @y) (1+ cos ¥) + k(aycos V¥ —aysin V)E,D,, (10b
+Eyexd —i(wy—w)t—ie]sin 20}, (58 d1@x=Kay(Dg+Dq)— k(aysin ¥ —&,cos V) ? D,
X
Teu? . (109
77y=——ﬁ(Iay-l—ay)D(0,t){EyeX[Z(—I<py)(l—COS p.)) -
~ . ~ X
+Exext] — i (wy— wy)t—i gy]sin 26}, (5b) dipy=Kay(Do—Dy)+ k(aysin ¥ +a,cos V) E_y D,,

10
where T is the lifetime of optical coherencesy;=1/[1 (10d
+Ti(w—w))?] and&;=Ty(w—w;)e; for j=x,y, o is the  where
center frequency of the transitiop, is the magnitude of the )
dipole moment of the considered transition, @b@o,t) is = wTsp (11)
the population inversion. From the density matrix equations, 8heqg
we also obtain the equation of evolution of this population
inversion, leading to Notice that contrary to Ref15], we have explicitly devel-

oped the terms containing the phaken our equations and

(3¢+v)D(0,t)=0—(D(0,1)[ ayEX(1+cos X) we will apply the model to a strictly longitudinally mono-
) mode laser in Sec. lll, devoted to the experimental results.

+ayEj(1—cos ¥)] The terms containing the phadée describe phase-sensitive

B interactions and will lead to the relevant phase locking phe-
(DO (ay+ ay)cos ¥ nomena in conjunction with the cold-cavity anisotropies. Fi-

+(ax—ay)sin W]EE,sin 20, (6) nally, we derive the equations of evolutions of the Fourier

component®,, D;, andD, [see Eqs(9)] of the population

where inversion thanks to Eq6), leading to
TS @  Do=7(Po=Do)~ dlax(Do+ D)l ay(Do=Dy)ly]
242"
— [ (ax+ ay)cosW + (ay—ay)sin WD, i, y,
V= (0x— oy)t+ oy~ @y, (8 (129

and wherey, is the decay time of the population inversion ~ _ _ _ _
and o is thg pumping rate. Since in our experiments the D1==%D1~ ffax(D1+Dof2)lt @y (D1~ Dof2)ly ],
pump laser is completely depolarized by its propagation (12b
through the fiber, we consider the pumping process to be D
isotropic, i.e., we suppose thatdoes not depend oa
If now we introduce Eqs(5) in the right-hand side of Egs. + (T —&y)sin ‘l']Do/ZM, (120
(4), we can see that the following angular Fourier compo-
nentsD,, D, andD, of the population inversiom (6,t) where we have kept only the first three terbg, D,, and
appear: D, in the Fourier expansion ob(6,t), where P, is the
pumping rate, and wherg=E2 and Iy=E§. Using these
Do(t)= i 27Td0 D(6,) (93) notations and after having reintroduced the loss anisotropy
27 Y At, which creates the locking regideee Fig. 1b)], the field
equationg10) finally become

2= =YD= {[axDol + ayD2|y]—§[(ax+ay)COS\If

1 (2= .
Dy(t)=5— . d@ cos ¥D(6,t), (9b) l,= =T+ Aw VI, ,cos ¥ +2ka,(Do+Dy)(Ix+&y)
L +2k(aycosV +a,sin W)DyylLly, (139
D (t)=—f dé sin 20D (6,t). (9¢) .
27 2w Jo ly=—T,l,+Aw VI,l,cos ¥ +2kay(De—Dy) (I, + &)

The equations of evolution of the field then become +2k(aycosV —aysin V)D,yl,ly, (13b)
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V=w.—wi—2Ao (et T/ sin W In order to compare the experimental observations with
x LTy T the predictions provided by the theoretical model, we feed
+ k[@(Do+D;)—ay(Dy—Dy)] the differential equations with the values of the different pa-
] _ rameters given by the experiment. These data are summa-
— «[(a,sin ¥ —a,cos W)Vl /1y rized hereafter. With the above-mentioned elements inside
~(aysin \If+71ycos\If)M]D2, (130 the cavity, the laser is chosen to operate at an excitation ratio

7n=2.0 (we then measure an output power of 20 mVihe
" . analysis of the low-frequency intensity spectrum yields the
wheree, qnd_sy are small quantities which hOId for Sponta- ra|axation oscillation frequendy22]. At this excitation level,
neous emission. Finally, we define the relative excitation rate .« measured to be./27=65 kHz. In the Nd:YAG lasers
; . :
7 by we consider here, the spontaneous emission lifetimg 1/
_ 1 =230us of the upper level of the laser transition is much
n=4KkPo(I'yx/ax+Tylay) . (14 longer than the cavity lifetime. We can consequently use the

well-known relation[23,24]
In the following, we use Eq912) and(13) to simulate the

behavior of the laser. This set of six coupled nonlinear dif- w,2=(77— LTy, (15
ferential equations is numerically integrated using a fourth-

order Runge-Kutta algorithifil9] and using the parameters |eading then to the loss rate of the cavity,=

given by the experiment. 3.8x10" s L. Of course, the low-frequency intensity spec-
trum also exhibits very-low-frequendy=15 kH2) structures
. EXPERIMENTAL RESULTS associated with antiphase dynamics of the two eigenstates
[20]. In the following, we experimentally investigate differ-
A. Experimental arrangement ent dynamical behaviors associated with the existence of the

The longitudinally pumped laser used in the experimentdransverse loss anisotropy locking mechanism, and conse-
is schematized in Fig.(&). The active medium is a 1.1-mm- quently overlook this antiphase dynamics. Besides, the co-
long crystal of 1 at. % doped Nd:YAG. One of its efgge  herence lifetime is taken equal =80 ps[15] and the
M, in Fig. 1(a] is highly transmitting T>95%) at the average detuning is chosen to bg/27=1 MHz in the cal-
pump wavelength, i.e., 809 nm, and highly reflectiig ( culations. The quarter-wave plates and thealan are
>99.5%) at 1064 nm. The resonatoiLis 385 mm long and Mounted on micrometric positioning stages, permitting us to
is closed with a 500-mm radius of curvature concave mirroffinely tune the values of the phase and loss anisotropies.
M, with transmissionT=1% at 1064 nm, which serves as Nevertheless, the absolute values of these small phase and
the Output Coup|er_ The pump |aser is a ﬁber-coup|ed |ase|pss aniSQtropieS are difficult to measu.re d|reCt|y Thus, in
diode whose emission wavelength matches the absorptidhe following, these parameters are adjusted in the calcula-
peak of Nd:YAG at 809 nm. The end of the fiber is buttedtions to meet the corresponding experimental results. De-
against the input face of the laser crystal. A 1.5-mm-diamPending on these quantities, various intensity dynamics are
aperture is placed against the output mirror to ensure a singPserved, as is now described.
transverse mode oscillation. A continuously adjustable linear
phase I’e’[ardanc/.kqo between the andy pOlal’ization direc- B. |nvestigation of the laser dynamics
tions is created by two intracavity quarter-wave plates whose
neutral axes are not aligned. The two eigenstates are forceﬂ
to oscillate in a single longitudinal mode thanks to an un-t
coated 2-mm-thick silica plate, which acts as aalan. In-

Among the numerous intensity behaviors obtained both
eoretically and experimentally when changing the intracav-
ity anisotropies, we choose to focus our study on the param-
éabier regions where uncommon features appear. Numerical
integration of the set of differential equations developed in
Sec. Il evidences three main regions, which lead to different
singular intensity and phase dynamics. These regions are de-
fined by the relative magnitude of the locking regidm,

vith respect to the relaxation oscillation frequenoy and

of a longitudinally monomode laser, contrary to previous
works[16,20,2] which dealt with a great number of simul-
taneously oscillating longitudinal modes. Moreover, owing
to the Fresnel reflections on both faces of thisl@n, whose
normal axis is tilted with respect to the propagation axis o :
the cavity, we use thitalon to create and control the loss € frequency differences, —w_ between the two cold-
anisotropyAt, <1. cavity eigenstates of the laser. Within the framework of this

For the purpose of the analysis, the laser output is passecdasgificgtion, the Ia;er intensity behavior is consequently
through a polarizer followed by an optical isolator, and sepaStudied in each region when the beat frequergy=w,
is varied. Experimentally, this is obtained by rotating

rated into two beams. One part is sent to a 1.5-GHz confocal - ;
Fabry-Perot interferometer in order to check that the laser i9N€ Of the quarter-wave plates, hence varying the phase an-
longitudinally monomode. The other part is focused on aSOtOPyA¢.
200-MHz bandwidth InGaAs photodiode. The electrical sig-

nal obtained is then monitored thanks to an oscilloscope and

a spectrum analyzer. This experimental arrangement allows We first consider the case where the laser has almost no
us to check the output intensity and polarization evolutiondoss anisotropy, i.e., when the locking region is almost as
when the intracavity parameters are modified by slight adsmall as the relaxation oscillation frequency, /2w
justment of the phase and loss anisotropies. =65 kHz. We start fromw,> w, . We detect experimentally

LAw , o;<wy— oy
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FIG. 2. (a)—(c) Experimental time evolution of the laser output FIG. 3. Same as Fig. 2 witho(,— w,)/27=357 kHz.

power observed behind a polarizer orienfedalong thex axis, (b)

at 45° of thex andy axes, and(c) along they axis, when|wy  this frequency difference tey/2m =343 kHz. We then ob-
—y|>Aw_. (d) Experimental power spectrum corresponding 1o serve the intensity evolutions of the laser output through the
(). (&, 1) Corresp;)nglllng theoretical results obtained with ho|arizer aligned with the [Fig. 3(@)] andy [Fig. 3(c)] axes
liyéo-971:FxA:3-/82>< 10°s : 1/7/’\\2330#5’ (f’yg“’x)/%d and at 45° of thex axis [Fig. 3(b)]. As expected, it appears

= 'S(')V'HZ' @ /2m=100kHz, wof2mr=1MHz, Ts=80ps, and  q the intensities observed with the polarizer aligned along
7n=2.0.

the x or they axis are now strongly modulated at the beat

on the photodiode the temporal evolutions of the imensitieérequer_]cy[see Figs. @) and %C)]' The spectrum of.the SI19-
along thex [Fig. 2a)] andy [Fig. 2(c)] directions and their nal delivered by the photodiode and corresponding to Fig.
_ N ; 3(b) is shown in Fig. &). One recognizes the undamped
beat note atw,/27=(w,—w_)/27~2.6 MHz [Fig. 2b)] . -
with the polarizer aligned at 45° of theandy directions. We relaxation oscillation frequency at 65 kHz, and the beat note
check that sincéw, — w,|>Aw, , the eigenstates are élmost at 343 kHz together with its relaxation oscillation induced
perfectly x- and y-ﬁnea)r(ly poIaLrized However. we observe sidebands. Also present is the first harmonic of the beat note
small modulations of their output.powers a£ the beat fre-at 6.86 KHz. Th_e thgorgtical results corresponding to this ex-
qguency. The beat note of Fig(l is then sent to a spectrum Pe”m‘?’.“ are given in Figs(@ and 3f). One can see that the
analyzer and the corresponding power spectrum is display |8ten5|t|es as_wel! as the_spectrum are very well reproduced
in Fig. 2(d). The undamped relaxation oscillation can be see%_}y thet_nun;etrt;cal mtegratl(t)n of Elq(iLfZ) and(13). Noge ZtZat
in this spectrum, together with the sidebands it induces in th € rafio of the powers at angular Irequencigs an b
power spectrum of the beat note at 2.6 MHz. With the pa-Obtame.d expe'rlmentallifFlg. Ad)] is also well reproduced
rameters corresponding to the experimental results of Figéhelor?rt]lcally[Flltg. 3](;)';: 5 and 3. the | isot L
2(a)—2(d), we numerically integrate Eq$12) and (13). We _ !N the results of Figs. 2 and 3, the 0SS anisotropy 1S in
then obtain the results of Figs(e and 2f), which are in first approxmauon negligible, and we just obtain Fhe beating
very good agreement with the experiment. In particular, th ftTe twc|> elserls{ﬁtes. Of (I:our_se::, du_(;,- to cor’r:pent:to?hefftects,
modulations of the intensitis andl, are well reproduced, a close look at the very-low-intensity spectra ot the two
and the residual peak at the frequensy2m=65 kHz of eigenstates Ieao_ls to the_z obse_rvatlon of the yvell-known fre-
relaxation oscillations can be seen in the spectrum of Figquenc_les associated with antiphase dynamics b_etween the
2(f). Figure 2 provides evidence of the classical beat not \r’]\':t e;%ennStart?%O]éWirﬂg\/?hzlssg figecgi?:':é(pz:\rz%n'tﬁ”%e
between the two cold-cavity eigenstates, contrary to the fol- ™ In previous w ' quencies vanish |

lowing results which are no longer usual. total intensityl -+, spectrum.
As expected from Eq(2), the adjustment ofA¢ allows
. . . . 2. o <Aw <2w,
the precise and continuous control of the eigenfrequency dif-

ference w, —w_. When this frequency difference is de- By further decreasing,, we reach situations where the
creased, we can expect the two eigenstates to beconieat note of the preceding subsection is replaced by other
slightly elliptical and to experience more nonlinearities astypes of behaviors. Indeed, this beat note becomes strongly
the relaxation oscillation frequency is approached. We seperturbed when the angular eigenfrequency differenge
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FIG. 4. (a) Experimental evolution of the component of the laser
output power polarized at 45° of theandy axes versus timeb) FIG. 6. Circularly polarized cw regimga) Theoretical polar
Corresponding experimental spectrufo), (d) Corresponding the- plot of the intensity obtained with the same parameters as in Fig. 4,
oretical results obtained with the same parameters as in Fig. 2 exxcept (,— w,)/27=80kHz. (b) Theoretical evolutions of the
ceptl’,/1.001=T,=3.8x10" s * and (wy— w,)/2m= 165 kHz. components of the laser output powarll line) and of the phas@

(dotted-dashed lineversus time(c) Corresponding measured po-

meets the double of the relaxation oscillation angular fredarization ellipse(d) Corresponding spectrum.
guencyw,. The period of the output intensity modulation
then doubles, as is shown in Fig(at The corresponding the experimental features. In particular, they confirm the fact
experimental spectrum is given in Figlbk The theoretical  that thex- andy-polarized components of the field are sur-
intensity temporal evolutiofiFig. 4(c)] and spectruniFig. risingly unlocked (¥)#0), although |wy— w,|<Aw, .
4(d)] show remarkable agreement with the ex_pe”memagesides, we find that both eigenstates then exhibit the same
ones. In this situation, the polarization of each eigenstate igyensity evolution.
elliptical and, whatever the orientation of the output polar-  gwever, for other values ob,— w, smaller than the
izer, the same modulation wave form is observed experimengcking thresholdA w, , it eventually happens that the two

tally and theoretically. eigenstates lock to the same frequency. Then, a peculiar os-
The next uncommon feature as we decrease the phagfjation regime appears. Namely, only one mode oscillates
anisotropyAg is observed whew, — w, comes close ta;. 5 5 cw regime with a quasicircular polarization. The calcu-

Indeed, although this frequency difference is now smallefaiaq temporal evolutions of the intensities and the phlise
than the locking threshold w, , suggesting that the cold- are given in Fig. @), leading to the expected polarization
ca_1V|ty_e|gens_tates sho_uld_be lockeal distorted beat note ellipse reproduced in Fig.(6). The laser output power is
still exists as is shown in Fig. @) (temporal evolution of the  perfectly continuous, for any considered polarization direc-
intensity and Fig. §b) (corresponding spectrunat a beat oy The evolution of the corresponding phase difference,
frequency almost equal to the relaxation oscillation fre-ghown in Fig. 6b), provides evidence of the circularity of
quencyw,. The corresponding theoretical calculations areye emitted field polarization¥~3w/2). In this situation,
reproduced in Figs. () and 3d), in close agreement with e experimental polarization has been checked to be circu-
lar, by measuring the output power while rotating the polar-

(c) izer located in front of the detectpsee Fig. 6c)]. It is also

2 30 proved that the laser is then purely monomode, since the beat
g 40 note has vanished in the power spectriisee Fig. 6d)].
s 30 ] ] ] Moreover, we check experimentally and theoretically that
k) 20, 1 ] ] the handedness of the output polarization can be reversed by
5 10y iy changing the sign ob, — w,.
0
0 20 40 60 80 100
Time (us) 3. w,<Aw,
- en the locking range is further increased, so
1 (d) When the locking range is furth d, so that
§ X <Aw,, new temporal evolutions of the intensity are ob-
;10' served. Far from the locking range, i.e., whtn <A wy,
510'2 the usual beat note is observed experimentally as well as
[ §10-3 predicted theoreticallythe results are qualitatively similar to
055 T 055 510 40 ST the ones c_)btal_ned in Figs. 2 and Bet us now turn to the
Frequency (MHz) Frequency (MHz) opposite situation whedeuy— oy <Aw,, i.e., when the fre-

quencies of the two eigenstates of the cold cavity are locked.
FIG. 5. Same as Fig. 4 withu(,— w,)/27=55 kHz. Then, if the laser behavior followed the predictions of the
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FIG. 7. Single-pulse regiméa) Theoretical evolutions of the
component of the laser output powgull line) polarized at 45° of FIG. 8. Theoretical double-pulse regimé@)—(c) Theoretical
the x andy axes and of the phas# (dashed ling versus time, evolutions of the component of the laser output power polariagd
obtained with the same parameters as in Fig. 2, excegt ( along thex axis, (b) at 45° of thex andy axes,(c) along they axis
— w,)/27m=500 kHz andA w,/277=1.24 MHz. (b) Corresponding versus time, obtained with the same parameters as in Fig. 4, except
theoretical spectrum(c)—(e) Corresponding experimental results. (w,— w,)/27m=200 kHz andA w/277=500 kHz. (d), (¢) Theoreti-
Notice the theoretical as well as experimental increase of the lasaral spectra corresponding (a), (b).
peak power with respect to the results of Fig. 2.

Besides, it is striking to notice that the repetition rate of
. . - the laser pulses is approximately equal to 45 kHz, both theo-
cold cavity s_ummarlzed n Flg-(ﬂl), we vyould expe(_:t o_nly retically and experimentally, a value slightly below the re-
one of the eigenstates to oscillate continuously, with its POy, ation oscillation frequencys5 kHz). This repetition rate
larization elliptical and roughly aligned with the low 10ss 5 he varied within a few kHz around this value by careful
axis of the loss anisotropyt, . However, Eqs(12) and(13)  agjustment of the phase and loss anisotropies. Moreover, we
exemplify the predominant role of the active medium in thegpserve experimentally that the repetition rate increases with
laser behavior. In particular, they stress the role of the difthe excitation rate; of the laser. These results and the fact
ferent components of the population inversion, whose decayhat the pulsed regime is experimentally and theoretically
time is much longer than the empty cavity decay time. Wegptained only forw, <w,— w,<Aw,_ definitely prove that
can thus expect the relaxation oscillation phenomena to plagis new pulsed regime is due both to the frequency locking
a predominant role. This is illustrated by the predictions ofpf the two eigenstates of the cold cavity, and to the existence
Figs. 1a@ and 7b), which have been obtained foro{  of relaxation oscillations, i.e., to the fact that the population
—)/2m=500 kHz andAw /2r=1.24 MHz. Figure 7 inversion cannot be eliminated adiabatically in EC<).
shows that the frequency locking of the two eigenstates Contrary to the latter situation where the intensity evolu-
((¥)y=0) leads to an interesting self-pulsing operation oftions alongx andy axes are identical, a slight reduction of
the laser, the pulse duration being of the order g2 and the loss and phase anisotropies leads to a double-pulsed re-
its polarization being elliptical. To check this prediction ex- gime where the intensities along and y axes exhibit
perimentally, we further tilt the intracavitytadon in order to  complementary evolutions. Indeed, when nowwy, (
increase the locking threshollw . For |wy—wy|<Aw, — w,)/2m=200 kHz andA w, /27=500 kHz, numerical in-
we then obtain the experimental results of Figk)#7(e), tegration of Egs.(12) and (13) yields the predictions de-
which confirm the predictions of this new pulsed regime. Inpicted in Fig. 8. One can observe that, although the intensity
particular, Fig. 7e) shows that such a regime is not due to along the 45° directiofiFig. 8(b)] has a single-pulse tempo-
spiking effects related to the onset of lasing, but is a veryral behavior with a 46-kHz repetition rafsee the spectrum
stable pulsed oscillation regime. We check experimentallyn Fig. 8(e)], the intensities along the[Fig. 8a)] andy [Fig.
that the pulses are elliptically polarized, and that their dura8(c)] directions now exhibit a double-pulsed oscillation re-
tion is equal to Zus, as expected. It is worth noting that since gime. The fundamental frequency of the intensity spectrum
the phase differenc® between the- andy-polarized com- is then 23 kHZ see the spectrum in Fig(®]. To verify this
ponents of the laser field is locked, this operation regime oprediction experimentally, we tilt the intracavityadon back
the laser can really be called monomddd], contrary to the in order to decrease the locking threshdld, . We then
usual pulsed phase locking in multimode lad&5,2§. obtain the experimental results of Fig. 9, which confirm the



838 MARC BRUNEL et al. PRA 59

21kHz (d) (a)
2 20 2150}
g 5
2 =100 |
8 8
= ~ 50
o vy
=V = 0
0 02505075 1 050 100 150 20
Frequency (MHz) Time (us)
42 kHz (b)
g 204 €10-1
g 40 2102 g
5 -60 5103 5
2 -80 5104 2
&-100} £ 105 £ -
055355 05 £70 02505075 1 0703565 55
Frequency (MHz) Frequency (MHz) Frequency (MHz)

FIG. 10. Triple-pulse regimga) Theoretical evolutions of the
component of the laser output power polarized at 45° oktaady
axes and of¥ versus time, obtained with the same parameters as a
in Fig. 4, except I')/1.1=T,=3.8x10" s, (wy—w,)/2m
=500 kHz, andA w, /27=744 kHz. (b) Corresponding theoretical
spectrum(c), (d) Corresponding experimental results. Theandl,
components of the output lighihot shown exhibit the same tem-
poral behavior as;s.

FIG. 9. Experimental double-pulse regin{e)—(c) Experimen-
tal evolutions of the component of the laser output power polarizegis relaxation oscillation frequency i®,/2m=157.5 kHz,

(a) along thex axis, (b) at 45° of thex andy axes,(c) along they leading toT",=T',=1.07X 108 s L. With these parameters
axis versus time, corresponding to the theoretical predictions of Fig,, . " ~\ith X (wy_w )2wr=615MHz and Aw, /27
y~ ®x .

8. (d), (e) Experimental spectra corresponding&h (b). Notice the —6.82 MHz, Eqs.(12) and (13) lead to the predictions of
vanishing of the lowest-frequency component when the polarizer i?:. ) 11a) ’1]((:) We then expect a bulse width of the order
aligned at 45° to the axis. 9S. - ' Xp puise wi

of 720 ns and a repetition rate larger than 100 kHz. This is
. , ) verified experimentally, as can be seen in Figgdi-411(f).
predictions of a double-pulsed regime along #hendy di- | harticular, pulse durations as low as 780 ns are obtained in

rections. Note that, as predicted, the intensity evolutions Obgyig case showing that increasimg permit us(i) to increase
served with the polarizer aligned along thandy directions o repetition rate of the pulses afit) to reduce their dura-

are c_omple_mentary and that the intensity detggted .With tEons. In order to further reduce the pulse duration, we can
polarizer aligned at 45° of the andy axes exhibits single 5 4ine using microchip lasers with controlled anisotropies.
pulses at 42 kHZFigs. 9b) and 9e) ], as expected from it | — 1 mm and =3, the relaxation oscillation fre-
Figs. 8b) and 8e). quency must bew,/27=1.573 MHz, leading tol',=T',
=1.124<10"s % Then, with @,—w,)/2m=3 MHz and

Aw [2m=478 MHz, our model predicts the pulses shown in
Fig. 12. The pulse duration, which is now predicted to be 60

: . . ) ns, becomes almost as short as in the case of passively
regimes .W'th still lower fundamental frequenmes. For eX'Q-switched microchip lasers, without the need of an intrac-
ample, Figs. 1@, and 1@b) show the theoretical temporal 5, satyrable absorber. Moreover, as can be seen from Fig.
evolution of the intensity as well as the low-frequency spec-lz(a), the repetition rate is now 920 kHz, a value larger than

trum when @y —w,)/2m=500 kHz, Aw /2m=744KkHz, e vepetition rates which can be reached with comparable
andl_“yll"x= 1.1_. This triple-pulsed os<_:|llat_|0n regime is also passivelyQ-switched microchip Nd:YAG lasers.
obtained experimentally, as checked in Figqcl@nd 1Qd).

Note that, here again, the phases are locked and the laser is IV. CONCLUSION
consequently monomode with an elliptical polarization.

10 ils Time

Finally, when the loss anisotropyt, is accompanied by
a loss anisotropy aligned with the and y directions ('
#I'y), the numerical integration of Eq&l2) and(13) leads
to the prediction of phase-locked multiple-pulse oscillation

We have experimentally investigated the dynamics of the
two eigenstates of a longitudinally monomode quasi-
isotropic solid-state laser in the presence of crossed phase

The preceding results have stressed the fact that the repnd loss linear anisotropies. We have developed a theoretical
etition rate of the monomode phase-locked single-pulsed ranodel for such lasers, taking the cold-cavity locking region
gime is closely related to the frequency of relaxation oscil-into account. Starting from the density matrix formalism, we
lations. This peculiar oscillation regime could lead tohave derived the coupled differential equations governing the
interesting applications to the design of a new type of pulsedmplitudes and phases of two laser eigenstates, as well as the
lasers, provided that the pulse duration could be reduced byopulation inversion in the active medium. The vectorial na-
increasingw, . To test this idea, we increasg by reducing ture of the atom-field interaction appears through an angular
the cavity length toL=0.105m and increasingy to 3.1.  Fourier expansion of the population inversion. The resulting
Then, when unlocked, the laser output power is 28 mW andgix differential equations are applied to describe the temporal

4. Towards shorter pulses?
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102 kHz (C) FIG. 12. Single-pulse regime predicted for a very short cavity
;‘E 1 . (L=1 mm). (a) Theoretical evolution of the component of the laser
g ’g output power polarized at 45° of the and y axes versus time,
o102 i) obtained with »=3, L=1mm, I',/1.001=I,=1.124< 10" s*,
%10_4 ) (wy— 0, )2m=3 MHz, andAw /2m=478 MHz, leading to a rep-
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FIG. 11. Single-pulse regime for a short cavity£0.105m).  reproduced. Usual as well as distorted beat notes between the
(a) Theoretical evolution of the component of the laser outputtwo eigenstates, cw circular polarization emission, and single
power polarized at 45° of the andy axes versus time, obtained and multiple pulsing in the self-locked regime are numeri-
with »=3.1, L=0.105m, I';/1.001=I",=1.07x10° s, (o, cally obtained. The single-pulse regime is obtairidat a
— wy)/2m=6.15 MHz, andA w /277=6.82 MHz. (b) Zoom on one  repetition rate of about 42 kHz, with a pulse width ofu®
of the pulses ofa), showing a pulse width equal to 720 ns FWHM. and a peak power of 20 times the cw output power, @nd
(c) Corresponding theoretical spectrufd)—(f) Corresponding ex-  at a repetition rate of about 105 kHz with a pulse width of
perimental results. Thig andl,, components of the output ligktiot 720 ns depending mainly on the frequency of relaxation os-
shown exhibit the same temporal behavior las. cillations. We have consequently verified that the reduction

behavior of a quasi-isotropic solid-state laser with a veryOf the photon lifetime in the cavity leads to shorter pulses

short active medium and containing crossed phase and Ic)emitted with a higher repetition rate, as observed. This opens
anisotropies 9 P The possibility of generating nanosecond pulses at MHz rep-

New behaviors in the laser output intensity and polariza-eutlon rates when using microchip lasers, withoQe

tion are then observed in a diode-pumped longitudinally andc’wItChIng processes. Furthermore, we have checked experi-

transversely monomode Nd:YAG laser sustaining the oscil-mentally the appearance of such self-pulsed regimes in a

lation of two polarization eigenstates. compact Er:Yb:glass laser emitting at 1.55.

(i) When the locking range is of the order of the relax- To conclude, the introduction of a crossed loss anisotropy

ation oscillation frequency of the laser, a usual beat note igreatmg a locking region for the two eigenstates of a mono-

observed between the two cold-cavity eigenstates, exceptfmode solid-state laser has led to the observation of peculiar

[ . : ) )
particular values of the angular beat frequency of the systerr?empOral behaviors for the output intensity, which are theo-

namel and 2. . which lead to original behaviors retically confirmed. These behaviors are physically explained
(i) )\//'Var){en the Iro'cking range is slightly larger thén the by the nonlinear interaction between two orthogonal eigen-

. o states in the active medium of lasers where the photon life-
relaxation oscillation frequency of the laser, a monomod

) : . . . Sime in the cavity is much shorter than the population inver-
continuous-wave circularly polarized regime is observed 83ion lifetime (class-B laseis The role of the relaxation

soon -as the _cold—cgwty eigenfrequency  difference faIISoscillations, as well as the need for a self-locking region,
within the locking region.

(iii) When the relaxation oscillation frequency of the Iaserhave been stressed. Besides, the self-pulsed monomode out-

. . ) . . ut may prove very useful when shorter laser cavities are
is small with respect to the locking bandwidth, different s el : . ; :
cific seIf-puIsedpregimes are obgerved. Multiple or sin%leusecj' Moreover, the possible existence of regions of chaotic

oulses are shown to be emitted with pulse widths as short 6\‘l;;%ehavior that we can suspect from preliminary theoretical
780-ns full width at half maximuniFWHM) at a repetition nd experimental observations deserves further investiga-

rate slightly smaller than the relaxation oscillation frequencytlons'

and peak powers about ten times the corresponding cw
power.

All these observations are theoretically confirmed by our The authors are happy to thank J. Marty and E. Molva for
model. Depending on the magnitude of the loss and phageroviding the microlaser used in the experiments. This work
anisotropies, every observed regime has been theoreticallyas partially supported by the Conseildenal de Bretagne.
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