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Coherent laser detection by frequency-shifted optical feedback
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The dynamical response of a laser to frequency-shifted optical feedback is investigated both theoretically
and experimentally. The ultrahigh sensitivity of a cl&&aser(i.e., a laser with a cavity damping rate
higher than the population damping ratg) to external light injection is demonstrated by the optical detection
of weak optical feedback. Compared to a conventional optical beating, the intensity modulation induced by the
coherent interaction between the laser electric field and the frequency-shifted reinjected electric field can be
several orders of magnitude higher. This method permits high sensitive interferometry and hence imaging. We
call this laser detection technique laser optical feedback imagi@g1). When the optical frequency shift is
resonant with the laser relaxation frequency, the intracavity amplification of the beating is maximum and the
enhancement is given by the laser damping rate rgtiby,. This amplification is of the order of £Cfor a
microchip laser. We also show that without optical feedback the strong fluctuations of the laser output power
are well described by the Langevin noise process. In a broad range around the laser relaxation frequency the
laser quantum noise is also resonantly amplified and is then several orders of magnitude higher than the
detector noise. In these conditions, the LOFI is a shot noise limited detection technique. Reflectivity as low as
10 %3 s then easily detectable with a laser output power of a few milliwatts with a detection bandwidth of 1
kHz. Experimentally, for weak optical feedback the laser fluctuations are principally composed of the LOFI
modulation signal at the shifted frequency and of the laser quantum noise amplified at the relaxation frequency.
For strong optical feedback, nonlinear effects appear in the laser dynamics. In these conditions, harmonics and
parametrics peaks appear in the power spectrum. The LOFI detection system is then saturated.
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[. INTRODUCTION occurring inside the laser cavity. The challenge is then to
increase the observable signal in order to overcome this
Laser properties and behavior can be significantly affectegroblem.
and modified by optical feedbadi,2]. The electrical field One solution is then to use the laser dynamics which are
reinjected into the laser cavity is highly coherent when themore sensitive to optical feedback than changes in the laser
beam is reflected by a mirror but can be partially or weaklysteady state. In 1964 Kleinmdi4] suggested that a weak
coherent if it is reinjected from a diffusing surface or vol- external signal applied to a claBslaser(solid-state laser or
ume. Since the discovery of the laser, parasitic coherent oemiconductor lasgmwhich exhibits relaxation oscillations
tical feedback has been the source of serious laser problendyring the onset of laser oscillation, can drastically influence
increasing noise and creating laser instabilifids On the the temporal laser spiking pattern. For example, high-
other hand, controlled optical feedback can be of practicatlimensional chaos and controllable chaos can easily be pro-
use. For example, linewidth narrowing and improved fre-voked[15,16. More recently Otsuk§2?] reported the analy-
quency stability can be obtain¢d]. sis of a laser response to Doppler-shifted optical feedback.
Potential applications are also possible. One of these i$he sensitivity of such a laser to optical feedback is propor-
laser feedback interferometi§.FI), where the steady-state tional to the ratioy./vy;, wherevy. andvy; are, respectively,
intensity of a laser is modified by coherent optical feedbackhe damping rate of the laser cavity and of the population
from an external surfacit]. This induced change is depen- inversion. For typical solid-state or semiconductor lasers,
dent on the reflectivity, distance, and motion of the targetvalues of this ratio are of the order of*1@hile for a micro-
The first LFI device for distance and velocity measurementhip laser, the value is as high as®1@hich makes such
was demonstrated in 1963 by King and Stewfseb]. In lasers very interesting for experiments based on weak optical
subsequent years, this phase-sensitive technique has bdeedback[17-19. This high sensitivity has been used in a
used to determine the direction of the target mofigh to  self-mixing laser Doppler velocimetryLDV) experiment
measure the laser axial mode numkp8}, for velocimetry [20]. The maximum of the modulation was obtained when
[9], for laser frequency stabilizatiorl0], and in metrology the Doppler-shifted frequency was resonant with the laser
[11,12. relaxation oscillation frequency. In this condition, an optical
It is not always possible to have a mirror as a reflector infeedback level as low as 170 dB (compared to the intrac-
such applications. Noncooperative targets, such as diffusingvity powe) has been detectd@1].
surfaces or volumes or absorbing surfaces, have to be used In this work we use the properties of a cld&daser to
on some occasionjd 3]. In these cases, the reinjected light is enhance the optical interference signal for analyzing and im-
only partially spatially and/or temporally coherent. The na-aging noncooperative target properties. Hereafter, we call
ture of such light reduces drastically the interference effectshis detection technique LOFI, which stands for laser optical
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Laser Frequency lens, f target d ) )
shifter —E(t)e''=[iw.+ 5 (BN—yc)]E(t)e'

r A I3 dt
1 I

n Qo/2 + 7eXtE(t_ T)elw(t_7)+ FE(t)!

£ g i e Y 15 . where we have added an external feedback term to the com-

Pt blt—> d; d; plex form of the standard laser equatid®].
> > Here, N is the population inversiork(t) is the complex
p > amplitude of the electric field in reduced unihoton units,

w. is the laser cavity frequency which is presumed resonant

FIG. 1. Principle of the laser detection with frequency-shifted With the atomic frequencyd.=w,), o is the optical run-
optical feedback. ning laser frequencyB is the Einstein coefficienty;Ng is

the pumping rate,y, is the decay rate of the population

feedback imaging. We describe and study a simple systefversion, andy, is the laser cavity decay rate. The laser
that needs no expensive equipment and no complex opticguantum fluctuations are described by the conventional
alignment and which allows measurements of reflectivity,| angevin noise termg, andFg [23]. The optical feedback
distances, VelOCitieS, Vibrations, etc. with a hlgh degree Ofs characterized by two parameters: the first QﬁeZd/C, is
accuracy. the photon round-trip time between the laser and the target

This paper is organized as follows. In the theoretical secand the second ON@,y, IS the reinjection rate of the feed-

tion, we determine the ultimate sensitivity of a cld&faser pack electric field. As derived in the Appendix, the coeffi-
with coherently shifted optical feedback. First, we determinecjent y,,, is related to the cavity damping rate. and to

the coupling coefficient between the reinjected feedbackefiectivity of the target; as

electric field and the intracavity electric field. Then we give

the rate equations governing the dynamics of a laser in the

presence of frequency-shifted optical feedback. The laser Yext= 7c\/R_eszv 2
guantum noise is described by standard Langevin forces. By

solving the rate equations with a linear approximation, WeyhereR 4=|gr;2 is the effective reflectivity of the target and
determine the amplitude and the phase of the output modyy js the coupling coefficient taking into account the overlap-
lation induced by both the frequency-shifted optical feedbackying of the retrodiffused field with the Gaussian cavity beam.
(i.e., the signaland by the Langevin forcege., the noise | the above expression of the coupling ratg, the multiple

The theoretical signal to noise ratio is given and its depenefiections between the laser and the target have been ne-
dence on the frequency shift is discussed. glected.

In the experimental section, we briefly describe the LOFI
experiment. The frequency dependence of the LOFI signal to

) L : . 2. Steady state
noise ratio is compared to the theoretical result and the ulti- y

mate sensitivity is determined. The stationary lasing conditions can be obtained from the
set of Egs.(1) by neglecting the noise terms and by setting
Il. THEORY the complex electric fiel&E and the population inversioN

to be constant. Without optical feedbacky(=0), the
Let us consider the case of a reinjected beam with aRteady-state solutions are given by

optical frequency shiff)y. Figure 1 shows the principle of
such a laser experiment with the optical feedback shifted in
frequency byQ),. I is the length of the laser cavity is

the gain medium refractive indek,is the distance between
the laser and the frequency shifter, ands thickness. R, where |, is the stationary intensity of the laser fielt,
=|ra|?, Ro=]r,|? are the power reflectivity of the laser cav- —g2 —, /B is the saturation intensity, angi=BNo/, is

ity mirrors, d=d,+d, is the distance between the output the normalized pumping rate. At this point, we notice that the
couplerR, and the targeté is the distance between the im- mean optical phas®, of the laser field does not appear in
age waist and the target, aht the focal length of the lens. he steady-state solutions. This means that the phase is not

Ns=7./B, Is=|Ed*=Elf(n—1), w=wc, O

; ity B = [ |2 ) . -
The target has an effective self-reflectivity Rf=r 5| determined or is randomly distributed over.2\Ve can there-
o fore arbitrarily fix the mean value of the phasedq= 2,
A. Auto-injected laser which is quite convenient since the steady-state electric field

becomes real.

_ With optical feedback;y.,# 0, the steady-state solutions
In the case of weak optical feedbaalg{1), the follow-  gre given by

ing equations describe the behavior of the Id4ér

1. Basic equations

Yo~ 2YextCOS @' 7)

dN , ,
o7 = 71(No—=N) =BN[E(1)|*+Fy(1), @ Ng= B ,

dt

(4a)
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FIG. 2. Laser steady state versus change in time détafor
two values of the optical coupling parametgy,7=0.1 (Reg=3
X108 and yer=~10 (Re=3%X102) and with w,=1.78
X10%s7 9,=5.7x10°s !, 7=1x10"8s (d=1.5m). (a) Laser
detuning frequencyyw=ow'— w., (b) relative change of the sta-
tionary intensityAlg/l1s=15—14/l5.

E2 7= 1+2(Yex! yc)COL @' T)

lg=|Ee|*=Egy _— . (4b
1- ZﬂCOS(w 7)
Ye
®' =0 Yo SIN@' 7). (40

In the case of weak optical feedback.(;7<<1), Eq.(40)
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2
1+ n—lyviﬂ
ls=1s » t° (6)
1—2 X
Ye

The modulation of the stationary intensity is now crushed.

B. Frequency-shifted optical feedback
1. Basic equations

Let us consider now the case of a reinjected beam with an
optical frequency shiff),. We write the intracavity field as
E(t)e'“'=E(t)e'® et whereE(t) and ®.(t) are, re-
spectively, the slowly varying amplitude and the optical
phase. After a round-trip time, the reinjected electric field
inside the laser cavity is given by E(t
— 7)€ Pt gl (0t Qo)ta=ile+(Qf2)]7 |n the interests of sim-
plicity, we have supposed that the frequency shifter is as near
as possible to the laser cavity<€d) and has also a very
small width e<d). The set of Eqs(1) can then be rewritten
ignoring the Langevin’s noise terms,

dN 5
gi = 72(No—N —BN[Ec(D)],
dE.(t) 1 Qo
T ZE(BN—'yC)EC(t)-l-'yextCO Qot— w+7 T
() +D(t—17) |Ec(t—7), %
dd(t) . Qo
=we— Ot YexitSIN Qot— | 0+ — | 7— D(1)
dt 2
E(t—17)
+ D (t—7) —Ec(t)

We now suppose that the effect of the feedback on the

detuning of the cavity is wedks'=w., see Eq(4c)]. Here-

shows that the laser optical frequency is not really affectedifter we only consider the case where the round-trip time

by the external cavity dw=
tion (4b) becomes

o' —w:.=0) [Fig. 2@)]. Equa-

7 VYext

|s lg 1+277_’}/_C Jw.T)|. (5)

The stationary intensity is therefore modulated by a weak

interference effeciFig. 2(b)]. In the case of strong optical

coupling (ye™1), EQ. (40) shows that the laser can be
multimode. The laser optical frequency is now given by the
longitudinal mode having the maximum gain of the com-
pound cavity. For this mode, the oscillation condition is

given by (cosv’ 7=1). Figure 2a) shows that the frequency

outside the cavity is shorter than the period of the frequency
shift (Qg7<1);
O (t—7)=D(t). Equationg7) can be simplified to

this implies thatE.(t—7)=E(t) and

S = 71(No—N)=BNIE[?,

1
£ = E[BN_ Yot 2¥exiCOL Qot —w,7) |Ec,

at 8

dod, .
T YextSINQot — we7).

The set of Eqs(8) shows that both the net gain and the

detuning varies linearly with the length of the compoundoptical phase of the laser are modulated at the heterodyne

cavity. In this condition, Eq(4b) becomes

frequency(Q,. The amplitude of the modulation is propor-
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tional to vy, Which depends on the target properties while or
the phase shifto.7 of the modulation depends on the target
position. -20

2. LOFI signal

Solutions of Eqs(8) for small variations can be obtained
by linearization. IfAy(t), AEC(t), anqu,c(t) are small fluc-

tuations around the stationary values, we can write

-40

-60

Power spectrum (dB)

N(t)=Ng+An(t), 80

Ec()=EstAe (1), ©) 4000.0 0.2 0.4 0.6 0.8 1.0

O (t)=27+ Aq>c(t), Frequency shift F (MHz)

whereN, andE; are given by Eqs(3). By substituting Egs. FIG. 3. Power spectrum in dB of the square of the relative

: : litude of the modulatiotAng/ny,; versus the frequency shift
9) into Egs.(8) and neglecting second-order terms, we ob-2"P : out’™ out .
t(ai)n the f(?IIO\(Ni)ng set o?linear?zed equations: (Fo=Q¢/27) for different values of the pump parametgr with
: y1=5X10°s7%, y,=5.7x10°s %, Ryy=10"4

dA
d_tN: —(y11B|Eg/®)AN—2BNsESAE , Moreover, the optical phase of the lasing electric field is
dAg, 1 __ Yext _
dt c — E BESAN+ ’yextcoiﬂot_ wcr) ES, A¢>C(t!QO)_ QO Coiﬂot wCT). (12b)
dAg Figure 3 shows the theoretical power spectrum of the
TC: Yext SIN(Qot — weT). (10 square of the relative amplitude of the modulation

Ang,/ngu- As we can see, the power spectrum exhibits a
strong resonance at the laser relaxation frequesicwith a
full width at bhalf maximum (FWHM) given by AQM

= 7nv,. At the resonance frequency, the maximum relative

By solving Egs.(10), we obtainAg (t). The photon out-
put rate(i.e., number of photons per seconsl simply given

by amplitude of modulation is
Noult) = 7c|Ec(t)|2- (11 Angwr) 2
Noud @ Yext Y
The relative laser output power of the modulation is then 2= =02 Ry (13
; (Now 771
given by
Ang (1,00 28g (t,Q0) (_Zompared to a standard heter_odyne_ detection, an amplifi-
— cation of y./ vy, occurs. For a microchip las¢25], y./y1
(Nou(1)) Es is typically of the order of 188 Assuming a pumping rate of
5 5 n=2, a relative amplitude of a 100% modulation is obtained
V(7y1) + Q4 for a feedback corresponding to a reflectivity as lowRag
=2%ext Jwl_02? > =10'2 The high sensitivity of the LOFI detection tech-
(0r = Q)"+ (771)" Qg nique comes from this resonant amplification. For a zero-
X cog gt — wor+ b,), (129 frequency shift, Eq(12a becomes
where (n,,y is the averaged photon output rate, Ang(t,Q0=0) 7 Yex 4
=Jy17.(n—1) is the relaxation frequency of the laser, and (nou(t))  “p—1 TCCOS(%T)’ (14

¢, is an additional phase shift which is independent of the
nature (yex) and the positior(7) of the target and is defined \yhich is identical to Eq.(5) obtained previously for the
by steady state.
Qol (07 —08) — (771)*]

n7107 '

tang, = C. Ultimate sensitivity

In the preceding section we evaluated the signal amplifi-
We see from this signal that the effective reflectiigyy and  cation. In this section we will evaluate the signal to noise
the positiond of the target can be determined, respectivelyratio that determines the ultimate sensitivity of the LOFI
from the LOFI amplitude term and the LOFI phaser. detection technique.
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1. Langevin noise terms 2. Laser quantum noise
Without optical feedback ¥.=0), the set of Eqs(1) In the same way as in Sec. [IB2, solutions for small
allows us to study the laser fluctuations induced by théluctuations induced by the quantum noise can be obtained
Langevin noise terms, by linearization of Eqs(15) around the steady states. We get
the following equations:
dN
——=791(Ng—N)—BN|E|?+ Fy(t), dAy(t)
de 7 " G0 =~ 771N — Y ELA() T AE(D]+Fy(t),
(15
dE
=1 - dAg(t) 1
57 = S[BN= 7B+ Fe(t), e B+ Felt). 19

whereF\(t) andFg(t) are the Langevin forces which de- pye to our choice of the steady-state solutions of the optical

scribe the quantum fluctuations of the laser population anghase, the amplitude and optical phase fluctuations are, re-
the radiation field. These forces are defined as having a zeipectively, given by

mean value and white-noise-type correlation functions:

Ae(t)+AE(D)
(Fm(1))=0, Ag (D)= E%,
i L (19)
(Fm(t)F(t"))=Dpm,8(t—t"), (16) A 1 Ag()—AX(D)
with m, | e[E,N] and with the following values for the dif- % Eq 2i '

fusion coefficientg 26]: From the set of Eq(18), we obtain the following alge-
braic equations for the Fourier amplitudes of the laser

_ -1
Dee=0s"", 178 fuctuations  [with  the  definition  Ay(Q)
_ oo 10t {17
B - (IN2m) [+ 2 A(t)edH:
EEFT 2 2 e IQANQ) == 7y1ANQ) — Y EJAL(Q) +AE(— Q)]
N HE(O),
Dn,n=¥1No+ v1(N) +B(N)(|E] >:27c77§- (179 LOAL(Q) = 2BEA(Q)+Fe(Q) (20)
E -2 S=N E .

Finally, due to their common physical origin, the photon  The correlation functions of the Langevin forces are now
noise and the population inversion noise are perfectly antigiven by[27]
correlated and have a diffusion coefficient , ,
(Fm(Q)F(=Q"))=Dp8(Q-Q"). (21)

Den=—B(N)E)=— 7, %( 7—1). (17d) Wa'rl'gzrzzslzlgéigrzoof the linear set of EqRO0) is straightfor-

1, 2, ; 1, .+ BEs
Ewr—Q +iQny; FE(Q)—EwrFE(—Q)-HQ 5 Fn(Q)
Aet)= 1Q[w? = 02+iQ 7] 22
|
Due to the stationary optical phase chofoeal field, the The power density spectra of the amplitudkeég)g and

spectra of the fluctuation of the amplitude () and of the ¢ gptical phaseA? ), are obtained from their autocorre-
phaseAq,c(Q) of the complex intracavity field\g(t) are lation functions[27] ¢

straightforwardly obtained from Eq§19)

1 (Ae (D)Ae (—Q)=2m(AF )ad(Q—Q),
Ag (Q)=5[Ae(Q)+AE(-Q)], 24)

(23 (Do (D)Ag (—Q)=2m(A )od(Q-Q),

1
Agp (Q)===T[A(Q)—AE(—Q)].
o, () 2|ES[ () —Ae(~ )] and are given by using EG22),
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(82 ) o LY mntol wor
502w 2 (0] - 007+ (77:1Q)% 160 |
_ (25) 140 [
2.~ = Y "
(A(DC)_Z’]T 2|ES|2 QZ' 120.—
_ . 100 |- a)
We can now use these expressions to calculate the signal to g0l

noise ratio of the LOFI signal. b)

| c>
40 ( d)

e)

: , , 60
3. Signal to noise ratio

For the amplitude, from Eg$11l) and(25), we obtain the
power density spectrum of the fluctuations of the output
power due to the Langevin quantum noise,

Anoisd )= 4nout7c(AEC) Q

20

Normalized Power Spectrum (dB)

O I L 1 " L N i L 1 L J
00 02 04 06 08 1.0

Frequency shift F) (MHz)
_ nout'yg 7]')’%"_92
21 (0;— 0%+ (9y,)?0%

(26) FIG. 4. Normalized theoretical power spectra of the output
power of a reinjected laser versus the frequency shift (

] ) ) - =00/27): () signal, (b) white detector noise(c) laser quantum

The power density spectrum of the LOFI signal is Obtamednoise,(d) signal to noise ratio in the absence of detector noise

from Eq. (1239 (shot-noise limi}, (€) signal to noise ratio including detector noise

with =15, y;=5X10°s}, 9,=5.7X10°s™}, Rz=10"4

Aqona Q) = n2 A2 (7771)2"'92 S(Q—0y) Power spectra are normalized to the quantum shot npig2QAF)
signa OUtyeXt(wf_QZ)2+(nyl)292 0 with the following parametersP=1mW, A\=1um, and AF
(27 =1 kHz.

In the bandwidthAq around the frequencfly, the de-  effective reflection coefficienRT" could be as low as 2

tected noise power and the detected signal power are theg,10-13 for an integration time of 1 ms.

respectively, given by Figure 4 shows the calculated power speffas.(28)] of
the output power of a frequency shifted reinjected laser. As
<[NAmpI(QO)]2>:2f Anoisd 0)dQ, we can see, the laser quantum noise, as well as the LOFI
Aq signal exhibit a strong resonance at the laser relaxation fre-
(29 guency. In the absence of detector noise the signal to noise
ratio is frequency independent and also shot-noise limited.
<[SAmpl(QO)]2>:2L Asignaf 1) dL2. Now by including the detector noise presumed to be a white
¢ noise, the signal to noise ratio is only shot-noise limited
If the bandwidth of the detection is narrower than theWithin a frequency range close to the laser relaxation fre-
resonance width {o=27A-<77y,), the power signal to duency(i.e., in a frequency domain where the laser quantum
noise ratioS/N of the amplitude of the modulation reduces noisg is several orders of magnitude higher than the detector
to noise.
For the optical phase, in the same way as for the ampli-
Pout Vot 1273+ Q3 t.ude., the power density spectra of the optical phase fluctua-
T2 2 g0l (29 tion is obtained from Eqg11) and(25):

SAmpl / NAmpI

Experimentally, in most case§),> 7y, and theS/N is P (Q)=(A2 __i?’_g 31
the independent of the frequency sHift. In that case, the noisd )= (A5 ) =57 Nout Q2 (31)
minimum detectable effective reflection coeffici&f" for a

given signal to noise ratio is The power spectrum of the optical phase modulation is

obtained from Eq(12b),

min 2A¢
eff :_[SAmpI/NAmpI]- (30)
P =170 0 (32)

P =— - .
Physically, this means that N=1 is obtained when, sgnaf £2) 407 ( o)
during the integration time, only one photon is reinjected
inside the laser cavity. The LOFI detection is therefore shot- In the bandwidthAQ around the frequenc{},, the de-
noise limited. As an example, for an output beam of 1 mW atected optical phase signal and noise are then, respectively,
a wavelength of Jum, the minimum detectable value of the given by
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Diode Microchip AOD beams are stopped by absorbing surfaces. The focused beam
laser  laser is diffracted and/or diffused by the target in the half space

3 GM TR
and only a small part of the retroreflected light is reinjected
inside the laser cavity after a second pass through the fre-
quency shifters. After this round trip the reinjected beam is
PD RF then shifted byF,. This frequency can by adjusted and is
;?p“g; typically of the order of the laser relaxation frequency.
C_ L] > 13 Three-d|m¢n5|ona[3D)_|r_nages can be obtained from the
Lock-in Amplifier LOFI amplitude (reflectivity) [19] or f_rom th_e LOFI phas_e
(profilometry [24]. Images are obtained either by moving
@ Target the target in three dimensions using micrometric motorized
stages or by moving the laser beam using a galvanometric
Spectrum scanner. In the latter case, the third dimension is then ob-
' ' analyzer tained by aZ micrometric motorized stage or by a variable
ke focus leng 19].

A small fraction of the output beam of the microchip laser
is sent to a Si-photodiode loaded by a(bQ@esistor. The

FIG. 5. Schematic diagram of the LOFI experiment: L1-L3, delivered voltage is analyzed by a lock-in amplifier which
lenses; BS, beam splitter; PD photodiode; AOD, acousto-optic degives directly the amplitude and the phase of the LOFI signal
flector; RF, radio-frequency generatdfy, frequency shift; GM, and/or by a spectrum analyzer. All these signals are a/d con-

X,Y,Z motorized stages

galvanometric mirror. verted from analog to digital and recorded by a PC for fur-
ther analysis and/or imaging.
2\ _
<[Sphas&QO)] >_2LQ Psigna(Q)dQ' B. Experimental observations
1. Laser quantum noise
<[Nphaséﬂo)]2>=2f Proisd 2)dQ). (33 Without optical feedback, the microchip laser exhibits in
AQ the time domain relatively strong fluctuations of the output

. . . . . intensity. As it was demonstrated in the theoretical section,
The power signal to noise ratio is then given by the ratioese flyctuations, of the order of several percents, are

of the two previous expressions, mainly due to the resonant amplification of the Langevin
2 gquantum noise at the laser relaxation frequency.
Pout Yext (34) Figure Ga) shows a typical example of the time evolution

N, =—ou . . I
Sphasd Nohase™5 7 P of the laser output power where the relative fluctuation is of

' ' ' _ the order ofAPy /Py, —=40%. The inset shows clearly that
As for the amplitude detection, the optical phase signal tdaser quantum noise is mainly composed of quasiperiodic
noise ratioS/N is frequency independent. The optical phaseoscillations at the laser relaxation frequency. Figutk) 6

detection is also shot-noise limited. shows, for a microchip laser with an output power of 4 mw
(7=1.7,ny,=2X 10'® photon/$, a comparison between the
IIl. EXPERIMENTAL RESULTS experimental and the theoretical noise power spectrum of the

laser. The experimental study of both the resonant frequency
w,2= v1vc(7—1) and the full resonant width Q =y,  ver-
The experimental setup is shown schematically in Fig. 5sus the pump parameterallows us to determine the follow-
The laser is a Nt :YAG (yttrium aluminum garngtmicro-  ing laser damping rates:y;=5x10°s! and 7y.=8
chip laser with a cavity length of 800 microns lasing at ax 10°s * [29].
wavelength of 1061.34 nmi28]. The pumping laser is a With these parameters, the theoretical noise power spec-
810-nm diode laser. In typical operating conditions thetrum obtained from Eq(26) is in good agreement with the
threshold pump power is of the order of a few tens of mW.experimental one. The discrepancies between the two curves
The maximum pump parameter available is abgpst2. For  at low and high frequency comes from thé& Toise induced
such conditions, the infrared output power is a few mW andby the detection system and the harmonic noise induced by
the relaxation frequencl; = w,/27 is in the range of 1 MHz.  the nonlinear laser dynamics not included in the linear ana-
The frequency shift is generated by means of twolytical development in Sec. Il C 2.
acousto-optic deflectof&\OD). The first is supplied by radio For comparison, the power spectrum of the photodiode
frequency(RF) at 81.5 MHz and the diffracted beafarder  detector is also shown in Fig. 6. Far away from th& 1/
—1) is sent into the second AOD which is supplied by a RFnoise, the laser quantum noise is several orders of magnitude
at (81.5+Fy/2) MHz, whereF,=Q,/27 is the frequency higher than the detector noise. For a microchip laser, the
shift. Its diffracted beanorder +1) is therefore shifted by LOFI detection system is then shot-noise limited in a broad
an optical frequency df /2. The beam is then focused by a frequency range around the laser relaxation frequency. This
lens and sent to the target under investigation. All otherresult is again a consequence of the very high value of the

A. Experimental setup
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FIG. 7. Experimental power spectra of the laser output power

FIG. 6. (a) Typical time evolution of theNd®*: microchip laser  with frequency-shifted optical feedbadle) Weak optical feedback.
without optical feedback(b) Experimental and theoretical laser (b) Strong optical feedback. For clarity of observation, the optical
noise power spectrum with the following laser parameters:5 frequency shiftF, is not resonant with the laser relaxation fre-
X10®s™Y, y.=8%x10°s™Y, =17, Pyu=4 mW (n,,=2x10°  quencyF,.
photon/3. The photodiode noise power spectrum is shown for com-

parison. tical feedback. The spectra are obtained by scanning the fre-
guency shift and measuring with the lock-in amplifier.
laser damping rate ratioy./y;=1.6x 10P). For weak optical feedback, the laser quantum noise, as
well as the LOFI signal, exhibit a strong resonance at the
2. LOFI signal laser relaxation frequency. As predicted theoreticqlg.

With frequency-shifted optical feedback, the microchip (29 @nd Fig. 4, when the laser quantum noise is several
laser exhibits in the time domain relatively strong oscilla-°rders of magnitude higher than the detector noise, the signal
tions of the output intensity. As it was demonstrated in thel® N0ise ratio is frequency independ¢htg. 8@a)].

theoretical part, these fluctuations can be of the order of sev- FOr strong optical feedback, when the optical frequency
eral percent for a feedback reflectivity as low &g shift Fg appro_aches the Ia_ser_ relaxation frequeﬁgy the
—10 12 effects of nonlinear dynamics increase and there is a genera-

Figure 7 shows typical experimental laser power Spectr%‘ion of harmonics, parametrics, and also probably chaotic

obtained with a spectrum analyzer. For weak optical feed'@Ser oscillations. In this condition the LOFI signal at the
back[Fig. 7(@)], the laser fluctuations are principally com- T€9UENCYF is completely saturated and the signal to noise
posed of the laser quantum noise at the relaxation frequendio €xhibits an antiresonande., a deep holeat the laser
F, and of the LOFI signal at the frequenéy,. For strong elaxation frequencyFig. 8(b)). _ _ _
optical feedback, nonlinear dynamical effects appear in the Figure 9 shows a study of the LOFI signal to naise ratio
laser output power. In these conditions, the power spectrut{€rsus the effective reflectivitres. Experimentally, the ab-

displays harmonic peaks E2,3F,...) andparametric peaks solute value oRg is first calibrated by the study of the laser
(Fy 4+ Fo.2F +Fo.2Fg t Fy o). steady state. For strong optical feedback with zero-frequency

shift, the change in the laser output power allows us to de-
) ) termine the external coupling coefficient,; and then to
C. Experimental analysis calibrateR.¢ [see Eqs(2) and (6)].

The aim of this section is to confirm experimentally the = The amount of optical feedback is then changed over sev-
behavior of the LOFI signal and the noise determined theoeral orders of magnitude by using calibrated optical attenua-
retically in Sec. |. Figure 8 compares the laser power spectrtors. Figure 9 shows the normalized LOFI signal and the
obtained for two different amounts of frequency-shifted op-LOFI signal to noise ratio versus the effective reflectivity
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FIG. 8. Typical LOFI signal and laser noise versus the optical g1 g | OFI signals measured with the lock-in amplifier versus
frequency shift(a) For weak optical feedback the signal to noise ye apgojute effective reflectivitRyy for different values of the
ratio is approxmgtely independent of the optical fr_quency Sh'ﬁ'detuning frequencyF =F,—F, . (a) Theoretical(shot-noise limit
(b) For strong optical feedback the laser output oscillatiof gis and experimental power signal to noise ratio with=1200 kHz
completely saturated and the signal to noise ratio exhibits an anti;,4r = 900 kHz (b) Normalized LOFI signal Py, /Py, EXperi-

. . r . ou out*
resonancéi.e., a deep holeat the laser relaxation freque_ncy. Laser ental conditions: laser OUtPUL POWET, =4 MW (Ngy=2X 101
output powerPy,=4 mW (ny,=2x 10'® photon/3; lock-in inte- photons/k lock-in integration timeT=1 ms.
gration timeT=1 ms.

(laser optical feedback imagingletection technique. In the

LOFI technique, the beam of a laser is focused on or into a

observe that for over five orders of magnitude of the effec/’oncooperative target. Only photons backscattered from a
volume located near the focus are reinjected by mode match-

tive reflectivity (10 ®<R.4=<108), experimental results - - . ;
are in good agreement with the theoretical result obtained'd !nto_the. laser. The laser beam is frequency shifted before
from Eq. (30). On this graph, we can also observe that ar€injection into the laser by a frequenky. The effect of the

signal to noise ratio equal to unity is obtained for a reﬂec-reinjeCted light is to modulate th?_”et laser gain at th? radio
tivity of Res=10'2. For these experimental conditions, this fr_equencyFO an(_j then to be amplified. The modylated Inten-
value corresponds to the shot-noise lifoibe photon retrore- sity of the laser is detected by means ofa lOCk.".n aT“p“.f'er or
flected is detected during the detection integration time by a spectrum analyzer. The maximum amplification is ob-

In Fig. 9 we also observe that the saturation of the LOFIfained when the beating frequengy is resonant with the

signal due to the nonlinear laser dynamics corresponds to &/@xation oscillation frequencig of the laser. In such a

laser output modulation of approximately 80% and is inde_'con-dition, the relative modulation amplitude of the intensity
pendent of the frequency detunid. We also observe that 1S 9iven byAPo(F=Fg)/Pou=2(yc/771) VRer, Wherey
the dynamic range of feedback detection increases with thié the normalized pumping paramet®,y is the effective

frequency detuning. Indeed, for a microchip laser, due to th&flectivity of the target, ang. and y, are, respectively, the
high value of the laser parameter ratig/y,=1x 1%, the  Cavity and the population inversion damping rates. Com-

LOFI signal is rapidly saturated for a frequency shift close toPared to a classical optical beating between two waves with
the laser relaxation frequency. the same relative amplitude, an amplificationygf/ y; oc-
curs. This amplification is of the order of &€br a microchip
laser and 1®for a diode laser.
Experimentally, we have observed that for weak optical
We have studied both theoretically and experimentally thdeedback, the laser fluctuations is principally composed of
dynamical response of a laser to frequency-shifted opticathe laser relaxation frequency and of the LOFI signal at the
feedback and determined the ultimate sensitivity of the LOFfrequency shift. For strong optical feedback, nonlinear ef-

Res for different detuning frequenciesSE=Fy—F,).
For a detuning frequency afF =300 kHz[Fig. 9a)], we

IV. CONCLUSIONS

043815-9
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fects appear in the laser dynamics. In these conditions, the The effective cavity los3" of the compound cavity can
laser power spectra exhibit harmonics and parametrics peake expressed aﬁgﬁ:(dznlc)ln(lﬂr1|2||"§ﬁ|2)’ and by using
The LOFI signal at the optical frequency shif is then  Egs.(A2) and (A3) we obtain
saturated.

Without optical feedback, the strong fluctuations of the . c rs )
microchip laser output power are well described by Langevin e = Yc— YRS [rol?) r—ef"”% Ye—27cr38 .
noise process. In a broad range around the laser relaxation ¢ 2 (A4)
frequency, the laser quantum noise is resonantly amplified
and can be of several orders of magnitude higher than the | the above calculation, we have supposed that the sys-
detector noise. In these conditions, the LOFI technique igem is autocollimated and therefore that the light reflected
shot-noise limited. A reflectivity as low as 18 is then de-  from the target is totally reinjected inside the laser cavity.
tectable with laser output power of a few mW in a detectiongqy 5 target out of the focal point of the lens#0), the

bandwidth of 1 kHz. system is no longer autocollimatéBig. 1), andr ; has to be
multiplied by a normalized mode-matching coefficiegt
ACKNOWLEDGMENTS which takes into account the overlapping of the retroreflected

. electric field with the Gaussian cavity field. A similar situa-
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thors thank L. Fulbert and E. Molva of the Laboratoire ”?ed'“m’ in this casg has_ to ta_ke Into account the Qverlap-
d'Electronique de Technologie et d’Instrumentation/ ping of the retrodiffused field with the Gaussian cavity beam.

Commisariat d'Energie Atomique for providing the micro- In both cases, this factor is of the following forfa4].

chip lasers.
f f j |Ecavity||Ereinjecte(ﬁ 5)dv|
APPENDIX: DERIVATION OF EQ. (2)

cavity
Without optical feedback.,~=0), and by neglecting in- 9(9)= ) (A5)
ternal lossedqdiffusion, parasitic absorption,)...the cavity f f f |Ecavity||Ecavitydv|
damping rate is given by cavity
yczim(%), (A1) In the hypothesis of a short focal length<€d;) and for a
2nle\raf?lro fundamental Gaussian beam, with a mirror as the target, a

which in the case ofr,|2=1 and|r,|?~1 reduces to good approximation of EqAS) is given by

12

1
c ~| ———
¥e~ 5o (1=1ral?). (A2) 9= 35| (A0)
nle 1+ —
A
The feedback parameter,,, appearing in Eq(1) can be
readly expressed in terms of the mirror reflection coefficieniyhere 5 is the detuning between the focal point and the tar-
r, and the reflectivityr ; of the target. IfE;e'“! is the intra- get (Fig. 1) and whereA =v3Zg, is the half width at half
cavity incident field on the output mirror, then the total re- maximum(HWHM) and Zy is the classical Rayleigh length
flected field on this mir_ror, taking into account.the remjeCtEddeﬁned by the numerical aperture of the foca”zing lens.
field, is given by E.e'“'=[r,+(1—|r,|*)rse”'“7]E; €', The final expression of the effective cavity loss is then
where we have neglected multipass effectg1). We can  given by
then define an effective amplitude reflectivit§" for the

compound cavity as ygff: Ye— 29 ycrge‘i“". (A7)
rgﬂ:E:rz 1+(1_|r2|2)r_367iw7 _ (A3)  From the above equation, by comparison with EL. one
Ei I obtains the external coupling coefficient given by E).
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2811(1992. For classB lasers a better approximation of the
damping rate of the relaxation oscillatighe., the resonance
width) is given by

B %

Ye
AQ= +——= —+ —.
yin P " Nout

Compared to the prediction of our simple rate equation model
(AQ= vy, 7), the dramatic change of the resonance width near
the threshold regions»f~1) is due to spontaneous emission.
Fluorescence emission is known to give a significant contribu-
tion to the dynamics for guided lasers like semiconductor la-
sers or optical fiber lasers. In a microchip laser this effect is
also important far away from the thresholg~+2) due to the
high value of the cavity damping ratg, compared to the
population inversion damping ratg, .



