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Large linewidth-enhancement factor in a microchip laser
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We evidence experimentally that the linewidth-enhancement factan take a rather large valge= 1) for
a nonsemiconductor laser, here a®NA&/AG microchip laser. This measure is performed using an original and
simple method adapted to this kind of laser and based on the variations of the laser relaxation frequency when
the laser is subjected to an optical feedback.
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The linewidth-enhancement facter is one of the key trometer in order to apply the method of rf modulatidr3].
parameters to describe the behaviors of semiconductor lase®ur method avoids also the use of a tunable injection laser
Indeed, this factor characterizes the coupling between phage4].
and amplitude that, for example, induces linewidth broaden- The plan of this paper is as follows. We first introduce the
ing in semiconductor lasefd]. This factor plays also a cru- model of a laser with external feedback, and derive the ex-
cial role in the dynamics of semiconductor lasers with exterpressions for the intensity and the relaxation frequency as a
nal feedback2—-4] as well as of injected lasef8,5]. Most of  function of thew factor and the feedback parameters. Then,
the studies about the factor concern semiconductor lasers. the experimental results obtained for a different level of
In contrast, little is known about the case of solid-state laserfeedback are compared with the theoretical predictions. The
such as microchip lasers. However, recent studies evidencevalue of the amplitude-phase coupling coefficients then
large four-wave-mixing effect in a solid-state lagét that  determined.
implies a non-negligiblex factor for such lasers. Moreover, In the case of weak optical feedback, the dynamical be-
the dynamics of microchip lasers is better described by takhavior of a reinjected laser can be described by the following
ing the a factor into accounf7]. Since microchip lasers are set of equation$9,15:
widely used for practical applications such as imadiag)],
laser Doppler velocimetrj/Q], or vibrometry[11], it is cru- dN_(t)
cial to have a complete characterization of their behavior dt
including thea factor.

In this paper, we evidence experimentally that thedE.(t) 1
linewidth-enhancement factor of a microchip solid-state laser gy = (BN~ YEc(l) + YexEclt ~ 1)CO belt = 7) = (D)
can take a non-negligible valuer=1). We performed this
measure using a simple and original method. The principle of - 1], (1b)
the method is to measure the phase shift between the variaa(b ® Et-
tion of the relaxation frequency and the variation of the out- d¢c() _ a AL=7) . o
put intensity when the laser is subjected to a modulated dt  © @ ZBNM‘EXt E.(t) sinlge(t = 7) = elt)
round-trip time feedback. This phase shift is directly related
to the factora. Standard techniques used to determine the ~w1]. (10
linewidth-enhancement factor in the case of semiconductoK(t) is the population inversion with decay rage E(t) and
lasers are not easily applicable in the case of solid-state las (t) are the amplitudgin photon unity and the phase, re-
sers due to their very different spectral and dynamical charspectively, of the electric field in the laser cavity; is the
acteristics. Hence, the width of the spontaneous-emissiophoton cavity decay ratew, is the laser cavity frequency at
spectrum is only three or four free spectral ranges, whiclihe atomic transition and is the optical running frequency.
makes it difficult to apply the method of Henning and Col- B js the Einstein coefficient angyN, is the pumping rate.
lins [12], based on net gain measurement and wavelengt{ie have added to the model of R3] the phase-amplitude
shift. Moreover, the relaxation frequency lies in the MHZ coupling parametes [7].
range, which implies the use of an ultrahigh-resolution spec- The optical feedback is characterized by two parameters:

(i) the photon round-trip time between the laser and an ex-
ternal feedback mirrorr=2d/c (with d the distance between
*Present address: Laboratoire de Spectrométrie Physique, UMRser and mirroy;, and (ii) the reinjection rate of the electric
CNRS 5588, Université Joseph Fourier, F-38402 Saint Martirfield of the feedbackye,= vc\Rer, WhereRyy represents the
d’Heres, France. effective reflectivity of the mirror coupled to an attenuator.

= 71(No— N) - BNEX(1), (1a)
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The stationary lasing conditions can be obtained fromary solution is stable. Note that a Hopf bifurcation can ap-
Egs.(1) by setting the population inversidw, the amplitude pear under some conditiorjd8]. The imaginary partQ)g,
E;, and the phase, of the electric field to be constant. The gives the relaxation frequency and we see that it depends on
steady-state solutions in the presence of feedback are givéhe o parameter.

by In the case of very weak optical feedbagk,,7<<1), the
relaxation frequency and the steady-state solutions can be
N, = N50<1 - 27&“005(0,57)) , (2a)  approximated as
Ye
) QRQQRO{l—%)[a sin(wg7)
1+ —1@005(%7) )
-1
ls=1g, c , (2b) +<1—T>C0iwsr)}}, (74
1- ZMCOS((;)ST) (7= Dyemo
Ye
Yext
@ _ 2777
0s= wet EVC_ Yexd @ COdws7) + SiN(wsT)], (20) g~ |SO 1+ - :(I:. coq wgT) [, (7b)
where Ng =7v./B, Is,=|Es[*=(71/B)(7-1), and 7=No/Ng,
are, respectively, the steady-state values of the population Ws = W, (70)
inversion, intensity, and pumping rate of the laser withoutyhere 7= 74+ 7, with 7, the mean value of the feedback
optical feedback. delay andsr< 7.

To determine the relaxation frequency of the laser with  The relative variations induced by a weak feedback of the
external feedback, we proceed to a linear stability analysis ofg|axation frequency and of the intensity are

the steady-state solutions of E@®) of the system equations

1). This approach leads to the following characteristic poly- AQg | 2r—Q YextTor .
E]())mials[Z%plq' g poly 0 R= q Rl = e; 9 & sin(w,7) + B codw,7)]
L 1 - RO RO
2I‘Ro 2 0 2, 2
PN =| N+ Yot [N+ 2¥ext COJ @) = %\yaZ + B2cog weT— i) (8
1-2" coqw7)
Ye
_ _ lo—1
X(1 =€+ 1 -] Al |2 ) 2 20 Yergoq ) (9)
Iso Iso -1

2 v
+02 1+ Lext
Ro -1 v, codw?) where3=1-2/(n-1)y.7y and y=arctaria/ B).

The quantitiesAlg and AQg are periodic functions of the
feedback delayr and are phase-shifted. The phase shift is
wherel'g =(y17)/2 andQg =\/y17.(n~1) are, respectively, direc_tl)_/ related to the linewidth enhancement factgrthe
the damping rate and the relaxation frequency of the lasegoefficient3 depends only on the known parametejsr,
without feedback. In the case of weak optical feedbackandy.. Therefore, the value af can be determined by vary-
Yextr<1, the solution of Eq(3) will satisfy A\7<1, and the ing the feedback delayr and measuring the phase shift
term [1-expg—\7)] can be approximated asr [2]. More-  induced betweer()g and Al The accuracy of the method
over, for a clas® laser,y; <y, and the roots of Eq3) are IS limited by the precicion of the measurementAff); and

X[\ + Yexl(COdwT) = @ sin(w7)) (L -e™)], (3)

. Is
AM=0 and Apz=-T'+ilg, (4) The experimental setup is shown in Fig. 1. The laser is a
Nd®*:YAG microchip laser with a cavity length of 1.43 mm
r= I'o (5) and lasing at 1.06&m. The pumping laser is a 810 nm di-

ode laser. The diode and the microchip are in the same TO3
packageNorthrop-Grumman ML-00038 In typical operat-
ing conditions the output power is of the order of tens of
2 1/2 mW. The optical feedback is provided by a mirror located at
Qr= QRO[l + —i“cos(wr)} a distanced from the laser output. The mirror is mounted on
7=1 % a piezoelectric transducer. Variable optical density allows us
1 + Yer(COLw7) — a SiN(wT)) 1/2 to adjust the level of feedback. The output laser signal is
1+ 290 COS ) + Yo (6) detected by a silicon photodiode. The position of the feed-
ext ext back mirrord, and consequently the feedback delgyis
The trivial root\; expresses the arbitrary choice of the laserslowly modulated over several wavelengths around its mean
phase[17]. The real part of the complex-conjugate rokts,  position d, by applying a triangular signal at 20 Hz on the
is positive for weak feedback, which means that the stationpiezoelectric transducer to induce a periodic variation of the
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. ) . . FIG. 3. Lower trace: Low pass filtered intensltyof the signal
FIG. 1. Experimental setup: L, microchip laser; BS, beam split-of Fig. 2. Upper trace: Relaxation frequency of the same signal.
ter; OD, variable optical density; L, lens; M, moving mirror; D,

detector. denced by plotting the relaxation frequerrtcgllR/QR0 versus

the intensityAIS/ISo that gives the central ellipse of Fig. 4.
®he value ofa is determined from the signalsl, AQg and

Egs. (8) and (9). We find =1%0.2, the parameters being
=1.2, 7,=2.5x10°%s, andy,=6x 10° s’*. We determine

SO Yexi=2.75X 10" s71.

When the amount of feedback is increased, the represen-
ion AQg versusAlg becomes a deformed ellipgsee Fig.

relaxation frequency and of the intensity as explained in th
preceding section.

A typical laser output signal obtained for very weak
modulated optical feedback is shown on Fig. 2. This signag]I
exhibits the well known quantum noise-driven relaxation os-
cillations that are already present without optical 1‘eedbacl§at

[7]. The inset of Fig. 2 shows that the period of the relaxatlon4, external curve In this condition, the linear approxima-

oscillation is around 0.wm. The signal envelope is charac- .. : :
terized by a slow periodic modulation that is induced by thetlons of Eq.(7) become less valid and the full expression of

X . i QOg, given by Eq.(6), as well as the complete steady-state
_modulatlon of the _feedb_ack mirror position. The slow vary- expressions, Eq2), have to be taken into account. In both
ing partlg of the signal intensity is obtained by a low pass

.9 b ) ; . k i f h ical
filtering of the signal. To obtain the temporal evolution of the casegweak and increased feedbaclhe theoretical curves

relaxation fr NV, We or d to the following analvsis ¢ in good agreement with the experimental ones, Fig. 4.
claxation frequency, we proceed 1o the Tolowing analysis. ¢ higher feedback level, we emphasize that the effect of

first, we cpmpute th_e output intensity variatidrl(t)=1() a can be directly evidenced on the waveform of the laser
~Is which is a rgal S|gngl of the forml(t)zA(t)cos{CD(t)]._ verage intensity.. Indeed, when the level of feedback is
Second, from this real signal we construct the analytic sign igh, the approximations,~ . is no longer valid, ando

’ S C ’ S

S)=Aexdid(t)], using the relationS(t)=Al+iH(Al),  haq to be obtained by solving the transcendental equégjon
whereH(f) denotes the Hilbert transform of the functibn  pg 5 result, wer does not evolve linearly withr and the

tive of the phase feedback and of the value of [19]. The evolution ofl for
different values ofx is displayed in Fig. &), underlining the
Qr(t) = ae@ _ |m(i@>, (10)  deformation of the sine with the increasing valueaofThe
dt St) dt deformation of the sine is observable only for the large value
_ . of feedback as shown theoretically in Fighband experi-
where In(z) denotes the imaginary part af
The temporal evolutions of the intensity and of the 0.1
relaxation frequencyly are represented in Fig. 3. They cor-
respond to sine waves as expected from @g. The phase
shift between the two sine waves of Fig. 3 is better evi- g
% 0
g
0.1} .
Tjn::(zms) i -0.1 0 0.1

AlL/IL,

Intensity (arb. units)

FIG. 4. Plots of the relaxation frequency variation vs the inten-
sity variation. Solid lines: experiments, the central curve is obtained
with the signal of Fig. 3; the external curve correspond to the higher

Time (ms) feedback level. Dashed line: plot of the analytical expresepns
Eq. (2b) for v.,=2.75x10"s1 (central curvg 7yex=6.3

FIG. 2. Temporal output intensity obtained for very weak feed- x 107 s7* (external curvi The other parameters arg=1.2, y,=6

back. The insert displays a temporal zoom of the signal. X10° s, 15=2.5X 10°°, a=1.
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FIG. 5. Plot of the laser average intensdkysllSO obtained from
Eq. (2b) with wg solution of Eq.(2¢) and »=1.2.(a) Evolution as a
function of a: 10 (solid line), 1 (dashed ling O (dotted line,
VRe#=0.3 in the three plotgb) Evolution as a function of Rg: 0.3
(solid line), 0.2 (dashed ling 0.1 (dotted ling, «=2 in the three
plots.
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FIG. 6. Experimental evolution of the laser average intensity for
three different level of feedback.

a non-negligible linewidth enhancement facta@r in the
range of unity. Since standard techniques used to determine
the linewidth enhancement factor in the case of semiconduc-
tor lasers are not easily applicable in the case of solid-state
lasers, we used an original method to measure this factor.
This method consists in measuring the phase shift between
the variation of the relaxation frequency and the variation of
the output intensity when the laser is subjected to a modu-
lated round-trip time feedback. In the case of large feedback,
the effect of« is directly observable on the laser average
intensity. Since microchip lasers are widely used in practical
applications of imaging and sensing based on feedback, this

mentally in Fig. 6. In this latter case, we found a value ofwork motivates further studies on the effect @fon the
a=2. Note that the value af found in the experiments can imaging and sensing efficiency. In addition, due to their
be different depending on the operating condition of the laselower relaxation frequencyin the MHz range, instead of
(temperature, pump currgnbut also on the condition of GHz for semiconductor lasérsmicrochip lasers are conve-

feedback(tilt of the mirror, level of feedback, etg.which
can change the emission wavelength and theretd&90]. To

nient devices to study the effects of injection and optical
feedback on lasers. Most of the phenomena predicted or ob-

clarify the situation, a more careful treatment of the injectionserved for semiconductor lasers should be observable in mi-

(taking into account spatial dimension, for exampeould

crochip lasers.

be necessary, however this is beyond the scope of this paper.
In this paper, we evidence experimentally that a nonsemi- We would like to thank Thomas Erneux for stimulating
conductor laser, here a RidYAG microchip laser, can have discussions.
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