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Phase-sensitive laser detection by frequency-shifted optical feedback
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For further interferometric application on diffusive target, the phase fluctuation of a solid-state laser sub-
mitted to frequency shifted optical feedback is analyzed both theoretically and experimentally. As a drawback
of the laser high sensitivity to optical feedback, the phase fluctuations induced by a strong phase-amplitude
coupling noise are several orders of magnitude higher than the standard interferometric phase noise induced by
the laser frequency widtfSchawlow-Townes limjt Nevertheless, by sending a few milliwatts output power
microchip laser beam on a diffusive target with an effective reflectivity of 1®target displacement precision
of 0.1 A/VHz has been experimentally determined.
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I. INTRODUCTION for a given laser output power and a given detection band-

Laser properties and behavior can be significantly affecteM‘”dth; ) i ]
and modified by optical feedbagk]. Since the discovery of _ This paper is organized as follows. In the theoretical sec-
lasers, parasitic coherent optical feedback has been tHiN, we recall the rate equations governing the dynamics of
source of serious laser problems, increasing noise and cred- laser submitted to frequency shifted optical feedback.
ing laser instabilities2,3]. On the other hand, controlled These equations are then solved in a linear approximation.
optical feedback can be of practical ugg. For example, For weak optical feedback, we have compared the phase
line width narrowing can be obtained with an external cavityfluctuations induced by the laser frequency width with the
laser diodg5]. Potential applications are also possible. Onephase fluctuations induced by the strong phase-amplitude
of these is laser feedback interferomettyFl), where the coupling noise inherent to the LOFI detection principle. For
steady state intensity of a laser is modified by coherent opstrong optical feedback, the influence of the laser relaxation
tical feedback from an external surfag@. This phase sen- frequency on the laser phase fluctuations is also reported. In
sitive technique is dependent on the reflectivity, distance anthe experimental section, vibration measurements are real-
motion of the targef7]. ized to study the LOFI phase fluctuations versus the target

The remote characterization of noncooperative targetsffective reflectivity. The ultimate target displacement preci-
such as diffusing surfaces is relevant for many applicationsion is then determined and compared to the theoretical pre-
[8,9]. In these cases, the reinjected light is only partiallydiction.
coherent. The nature of such light reduces drastically the
interference contrast occurring inside the laser cavity. To
overcome this problem, one solution is then to use the laser II. THEORY
dynamic which is several order of magnitude more sensitive
to optical feedback than the laser steady state properties Figure 1 shows the experimental setup for the detection of
[10,11. Nowadays, the dynamical sensitivity of lasers to fre-frequency-shifted optical feedback in a laser. The optical
quency shifted optical feedback is used in a self mixing lasefeedback is characterized by: the optical frequency shift
Doppler velocimetryLDV) experimen{12,13 and in ala- (), the distancéd,) between the laser cavity and the target
ser optical feedback imagin@OFl) experimen{14]. Com-  gnq the effective power reflectivit§R,) of the target under

pared to conventional optical heterodyne detection, frey,estigation. For a microchip laser, typical operating param-
quency shifted optical feedback allows intensity modulationgters gre given in Table I.

contrast several order of magnitude higligpically 10 for
a diode laser and $Gor a microchip laser[15]. The maxi-

mum of the modulation was obtained when the frequency Lens Lens  Target
shift was resonant with the laser relaxation oscillation fre- Frequency t R
quency(typically 1 GHz for a diode laser and 1 MHz for a Laser shifter
microchip laser. on

For further interferometric application on diffusive target, ' Il
the phase fluctuations of a laser submitted to frequency e o Y

shifted optical feedback need to be analyzed both theoreti-

cally and experimentallyf16]. The main objective of this FIG. 1. Schematic of the laser detection with frequency shifted
paper is then to study the phase fluctuations of the LOFbptical feedback(), is the total optical frequency shifR, is the
signal induced by the laser quantum noise, in order to deteower effective reflectivity of the target under investigation, dpd
mine the ultimate displacement precision of a diffusive targets the feedback laser distance.
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TABLE |. Typical operating parameters.

Laser parameters

Laser wavelengthh.=1064 nm

Cavity damping ratey,=8x 10° s1

Population inversion damping ratg=5x 10° s
Pumping parameterg=1.7

Relaxation oscillation frequencg/27=0.84 MHz
Relaxation oscillation damping rate)g/27~=1.6 kHz
Laser output powePy,=4 mW (ny,=2 % 10 photons/$

Feedback parameters

Feedback distancg,=80 cm

Feedback time delay,=2d./c=5.33x107° s

Feedback reflectivity T34<R,<1078

Feedback coupling rate>810% s1< .=y, /Re<8X 10° s*

Reduced parameters

LOFI enhancement factoy,/ y,= 1P
Coupling parameter 4:81076< y,7,<4.3x 1073
Dynamical parametef)7,=2.8X 1072

A. Phase detection by frequency-shifted optical feedback

1. Basic equations

In the case of weak optical feedback, the dynamical be-
havior of a reinjected solid-state laser can be described by a

simplified Lang and Kobayashi modgl,14,17:
dN

=P - y,N-BNE®})|?,
dt Y1 | ()|

E iot] — | ; } _ i wt
dt[E(t)el ]_[lwc+ Z(BN yc):|E(t)el

+ YeE(t - rexpio(t - 7o) + Fe(t). (1)

Here, N is the population inversiork(t) is the complex
slowly varying amplitude of the electric field in reduced
units (photon unit$, w, is the laser cavity frequency which is
presumed resonant with the atomic frequeneys the opti-
cal running laser frequencB, is the Einstein coefficien® is
the pumping ratey, is the decay rate of the population in-

version andy, is the laser cavity decay rate. The laser quan-
tum fluctuations are described by the conventional Langevin

noise functionF¢ [18,19. From the dynamical point of view,
the optical feedback is characterized by two parameters:

2d,
=7 (2

Te v Ye< 'yc\“”Re-
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reinjected electric field inside the laser cavity is given by

()

where E(t) and ¢.(t) are respectively the slowly varying
amplitude and the optical phase of the laser electric field.
The set of Eqs(1l) can then be rewritten:

EJ(t— re)ei ¢c(t—7'e)ei(w+QQte—i(w+QeIZ)Te,

NN BNEG, -
dt
di(t) = }(BN = Y)Ec(t) + veEo(t - Te)CO{ e
dt 2
Qe
- (a)"‘ ?)79_ belt) + et - Te)} ’ FEC(t)1
(4b)
gt @@t e Ec(t) Sm[QEt A

- d’c(t) + ¢c(t - 7'9):| + F(DC(t)- (4C)

In the set of Eqs(4a—4c), the periodic functions express
the coherent interactiofbeating between the lasing and the
feedback electric fields. The net laser gain is then modulated
by the reinjected light at the optical frequency siift/ 2.

The laser quantum fluctuations are now described by the
Langevin noise termgl9]:

Fe () = ReFe(texd - jéc(t)]],

Im[Fe(t)exp(=j¢c(t)]

F,(t)= , 5

20 =0 (5a)

which are defined as having a zero mean value
(Fe(0)=0, (Fy(1)=0, (5b)

and a white noise type correlation function
I\ — Ye ’
(FeOFg (t)) = ot =1), (50)
(Fy (OF (1)) = 58t -t), (50)
C Cc 2ES

(Fe (DF 4 (1)) =0. (56)

2. LOFI signal

For weak optical feedback, the set of E¢éa)-(4c) can
be solved by linearization. IAN(t), AE.(t), andAd(t) are
small modulations of the laser variable around the stationary

The first one is the photon round-trip time between theyalues, we can write
laser and the target and the second one is the reinjection rate

of the feedback electric fielfll,14].

N(t) = Ng+ AN(t), (6a)

Let us consider now the case of a reinjected beam with an

optical frequency shiftQ).. After a round-trip timer,, the

Ec(t) =Es+ AE((Y), (6b)
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d(t) = ps+ A1), (60) 1. Interferometric phase noise

where the laser stationary values are given by In a first step, the set of Eqeda—(4c) suggests that the
mean value of the LOFI phask, =w.7,) need to be com-

b% ared with the phase fluctuation induced by the inteferomet-
Ns= /B, Is=|Eq*= El(”_ D, ¢s=2m  (6d) ﬁc phase diﬁergnce: ’

and wherd is the stationary intensity of the laser field and O¢(t, 7e) = pe(t) = Pelt = 7o) (93

7=BP /¥y, is the normalized pumping parame{eo]. From the dynamical point of view, if we suppose that the

We. Now suppose t_hat the e~ffect of the feedback on th(?ound trip time outside the cavity is shorter than the LOFI
detuning of the cavity is weakv = w.) and we only consider modulation period 7, < 27023, by using[Eq. (49)], we as-
e /» . ’

the case where the round trip time outside the cavity is muc : e o
shorter than the period of the modulatioime<27rﬂgl). Igume the following approximation for the phase fluctuations:

From the dynamical point of view, this implies th&t(t Sbu(t, 1) = Tatbo(t) = 7.F , (1). 9b
D () ) = e Pelt,70) = TehelD) = 7 4 (1 (9b)

In these conditions, by substituting Eq&a<6d) into  From Eqg.(9b), one easily obtains the power density spec-
Egs.(4a—(4c) and neglecting both the second order term andrum of the phase difference fluctuation, by using the auto-
the Langevin quantum noise, we obtain the following solu-correlation function of the Langevin phase noj&a. (5d)]:

tion for the relative laser output power modulation: .
Pig () = FI(8(t, 7o) bt 7e))] = o
AP, (1,Q 2AE(t,(), S c c [ e
out( e) - c( e) — ZV,EG(QP)COiQet 2<Pout>
Pout Es (10a
- w7t Dg), (74

where F[y(t)] denotes the Fourier transform gft) and
where G(€) is an amplification gain defined by the laser where(P,,) = y:E5 is the steady-state photon output rate. Af-

parameters: ter the low pass filterindAF) of the lock-in amplifier, the
—_— noise power of the LOFI phase is then given by
'}’c\“Té + Qé
VIQE- Q22 +T3025 (ADP), =Py (1= 0)2AF = ngp 2AF = 722w 6V2AF,
t
where®dy, is a dynamical phase shift defined by o (10b)
2 2
tan®g = O (0r- Q) - FR], (7c)  Where 5v=(1/2m)(v;/2P,,) is the laser optical frequency
I'ROf width first introduced by Shawlow and Towngk9,27.
and whereP,(t) = y.|E(t)|? is the photon output ratgwum- 2. Phase-amplitude coupling noise

ber of photon per secondQg=+/y:1y.(—1) is the laser re-
laxation oscillation frequency, and'gr/2=vy,7/2 is the
damping rate of the relaxation oscillation.

As derived in the Appendix, the demodulation of the lase
oscillations[Eq. (78)] by the means of a lock-in amplifier
gives us the amplitude and the phase of the LOFI sif2t

The set of Eqs(4a—4c) shows that for a laser with op-
tical feedback, the time evolution of the amplitude and the
Iphase of the laser electric field are coupled by the LOFI
modulation(i.e., by the coherent interaction between the las-
ing and the feedback electric fiejd#\s a consequence the
LOFI amplitude noise and the LOFI phase noise are also

—2/R coupled.
ALRe) = 2VRG(2e) Pous (83 In order to be able to calculated the phase-amplitude cou-
and pling noise for a laser with optical feedback, let us recall the
2d main results concerning the LOFI amplitude noigkd].
® (do) = wcTe' (8b)  First, for the small laser fluctuations induced by the Lange-

vin gquantum noise, the power density spectrumEgft) is

Knowing the LOFI amplification gaifiEg. (7b)], the effec-  91ven by
tive reflectivity R, and the positiord, of the target can be y, T2+ 02
determined. Pe(Q) =251 5. (113
¢ 2 [(Qg= Q)+ (TrQ)7]
Second, for a detection bandwidi+ narrower than the
laser relaxation resonance wid2mAF<I'g), the noise
The main objective of this section is to study the phasepower at the frequency shifd, is given by

fluctuations of the LOFI signa(\/<A<I>f>) induced by the ) B
laser quantum noisE:EC(t) and F%(t)], in order to deter- (AE:(Qe)) = Pe (Qe)24F. (11b

mine the ultimate target displacement precisiQiAd?)) for  n these conditions, the signal to noise rat®/N) of the
a given detection bandwidthF. LOFI amplitude is obtain by using Eq&a) and(11b) [14]:

B. LOFI phase noise
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S_ _ARG(QPoy _ RePoy 110 ) msh
N 47cpout<AEc(Qe)> AF 10° 3
As we can see, the laser quantum ndigeg. (118)], as 10— =
well as the LOFI signalEq. (8a)] exhibit a resonance at the Y ™~
laser relaxation frequendyf2,=Qp), but the signal to noise 10 SNy
ratio is frequency independefig. (11¢)] and also shot noise 10" o~ s ©)
limited. Indeed the ultimate sensitivi§s/N=1) is obtained . k/><(
when, during the integration tim@=1/AF), only one pho- 10 B x b)
ton is re-injected inside the laser cavity. As an example, for 10 o= T
an output beam of one milliwatt at a wavelength of one ; 1L
micrometer, the minimum detectable value of the effective 1o "
reflection coefficient is mifR,)=2x 1073 for an integration 107 .
time of one millisecondi.e., AF=1 KHz). 10% 10" 10" 10° 10* 107 10° 10° 10°
At this point, let us remark that Eqllc) can also be R,

directly obtained from the comparison of the LOFI modula- 5
tion driven function with the Langevin noise driven function  FIG. 2. Target displacement precisiqAd?) versus the effec-

obtained from the laser differential equatiffag. (4b)]: tive feedback reflectivityR,) for a LOFI detection system using a
0 microchip lasersee Table | for operating laser parametend= is
_ _ e _ the lock-in filter bandwidth(a) Interferometric phase noisgEq.
yeEt TE)COS{Qet <w+ 2 )Te Po(0) + be(t=7e) | (10b)]. (b) Phase-amplitude coupling noifgq. (13)]. (c) Nonlinear

(122 phase-amplitude coupling noig&q. (15b)] with resonant optical
feedback(Qe=Qg).

FEc(t)' (120 The power density spectrum of the nonlinear phase fluc-

From the Appendix, one obtains directly the SNR given bytuations is then simply obtained from the Fourier transform
Eq. (110 by using for the signah3=y2EZ(t-n)~12E% and  (FT) of the autocorrelation function of E¢14b):

by using for the noise the diffusion coefficient given by Eg. Do (Q) = FUSb(t. 7) St
(50) Di: YC/Z §¢C( ) (< ¢C( !TE‘) ¢C( 17-9))
As also mentioned in the Appendix, phase measurement ’ye'Tg 2 ,
fluctuations are also induced by the laser amplitude noise =\ 26, Q= Q)Pe (Q-Q), (159

[i.e., by Langevin noise functioRe (t)]. By using Eq(AT7b),
the noise power of the LOFI phase induced by the lasevhere Pg () is the power density spectrum of the laser
amplitude noise is then given by amplitude fluctuations given by E@L10). After the low pass

filtering (2wAF <I'g) of the lock-in amplifier, the nonlinear
AF. (13) noise power of the LOFI phase is then given by

(ADP) =Py (= 0)2AF

2 1
e AR =

YA RePou
The phase-amplitude coupling noise is then frequency inde-

<A®L>b— 22AF—
AS

pendent and inversely proportional to the amount of optical _ ( 7?72)& QArz+0d AF
feedback. 4 ) Pou[(Q3- QA%+ (TrQ?]
3. Nonlinear phase-amplitude coupling noise (15b)

For higher feedback levels, a much more complicated Compared to the interferometric phase ndige. (10b)]
scheme is also possible to obtain phase-amplitude couplingnd to the linear phase-amplitude coupling ndigq. (13)],
noise. the nonlinear LOFI phase noise is frequency dependant and

As previously mentionedSec. Il B) the LOFI phase exhibits a strong resonance at the laser relaxation frequency
(® =w.7) need to be compared with the phase fluctuationQ,=0p).
induced by the inteferometric phase difference:

0Pt 7o) = () = et — 7o) = Te(-f)c(t)- (143 ) . . . .
For a LOFI detection system using a microchip laser, Fig.

_ For higher feedback levels these phase fluctuations arg ghoys the ultimate precision of the target position calcu-
induced by the non linear interaction of the periodic LOFI|ated from the LOFI phase fluctuation:

modulation with the laser amplitude fluctuation. By using

4. Ultimate phase sensitivity

Eq. (4¢), one obtains for the nonlinear phase fluctuations the oo LN oo
following equality: V(Adg) = EZTWACDL)' (16)
, Ec(t - 7o) Trace (a) shows that the interf tric ph ise in-
S (tr) = Q- =79 4 (8) shows that the interferometric phase noise in
Pells 7o) = e SNl ~ el E.(t) (14b) duced by the laser optical frequency width is only dependant
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Diode Microchip AOD VA L3 T output power is a few mW and the relaxation frequefgy
laser laser — e i
=Qg/27 is in the range of 1 MHz.
} I l I\B—S The frequency shift is generated by means of two
acousto-optic deflectoréAOD) respectively supplied by a
L1
L2

RF at 81.5 MHz and 81.5 MHzR,/2 whereF.=Q./27 is
{?7”) the frequency shift. By combining the diffracted beéwrder
::W‘;" - - -1) of the first AOD with the diffracted bearforder +1) of
Py —lm the second AOD, the resulting optical frequency shift of the
Spectrum laser is then given by./2 (F./2=-81.5 MHz+81.5 MHz
analyzer +F./2). The laser beam is then focused by a lens and sent to
the target under investigation mounted on a piezoelectric
FIG. 3. Schematic diagram of the LOFI experiment; L1-L3, transduceXPZT). All other beams are stopped by absorbing
lenses; BS, beam splitter; AOD, acousto-optic-deflector; RF, radigurfaces. The focused beam is diffracted and/or diffused by
frequency generatoE,, frequency shift; VA, variable attenuatdr; the target and only a small part of the retroreflected Iight is
target under investigation; PZT, piezoelectric transducers; PDteinjected inside the laser cavity after a second pass through
photodiode. the frequency shifters. After this round trip the optical fre-
guency of the reinjected beam is then shifted Fy This
on the laser intrinsic parameters and consequently is indd@gquency can by adjusted and is typically of the order of the
pendent on the amount of optical feedbaBe). !a;er relaxation frequency. The gmount of light coming bgck
For the linear phase amplitude coupling noigmceb),  inside the laser cavity can be adjusted by means of a variable
when the effective feedback reflectivitiRe) increases, the attenuatorVA). The PZT allows us to control the feedback
LOFI modulation is better defined, resulting in a more pre-iime delay(i.e., the optical phase shifbetween the laser

cise phase measurement. As a consequence the ultimate pfaVity field and the feedback electric field. _
cision of the target position increases. A small fraction of the output beam of the microchip laser

Inversely, for the nonlinear phase amplitude coupling’S Sent to a Si-photodiode loaded by a G0resistor. The
noise (tracec), a strong laser interaction between the LOFIdelivered voltage is analyzed by by a spectrum analyzer
modulation and the laser quantum noise fluctuation is necend/or a lock-in amplifier which gives directly the amplitude
sary. The ultimate precision of the target position decrease@Nd the phase of the LOFI signal. All these signals are A/D
with the amount of optical feedback. converted and recorded by a PC for further analysis and/or

In conclusion, at low feedback leveR,<10), the imaging. _ _
phase fluctuations are mainly control by the phase SP images can be obtained from the LOFI amplitgce
amplitude-coupling noise and are several order of magnitudi€ctivity) [25] or from the LOFI phasgprofilometry [26].
higher than the standard interferometric phase noisdMagdes are obained either by moving the target in three di-

(\/<A®E>b> \'/<A(I)E>a)- This result is a direct consequence of mensions using micrometric motorized stages or by moving

the high sensitivity of the microchip laser to optical feedbackthe laser beam using a galvanometric scanner.

(i.e., the high value of the cavity damping ragg.

At high feedback levelR,>107°), a strong interaction
takes place between the LOFI modulation and the laser quan-
tum noise in the vicinity of the laser relaxation frequency. In 1. LOFI signal
these conditions, the phase fluctuations increase with the

amount of optical feedback, leading to the deterioration Ofex Fé?i%in?aﬁhiwsu;ntygcsaleIZ:tOrErln2\OnV:|erzZEeAcfgsv:2§nseede
the target displacement precisiQA®?2).> \(ADZ),. P y Dy using a sp yzet. :

Il b d(15b1 the ph for weak optical feedback the laser fluctuations are princi-
In all caseqEgs. (100, (13), and(15D)] the phase mea- ally composed of the LOFI signal at the optical frequency

surement precision is inversely proportional to photon outpukyig £ ang of the laser quantum noise at the relaxation
rate (P,,) and then can be increased by increasing the 1as€feq encyF,. The LOFI oscillations are induced by the fre-
output power. quency shifted optical feedback while the noise fluctuations
are mainly due to the resonant amplification of the Langevin
guantum noise at the laser relaxation frequency.
l1l. EXPERIMENTAL RESULTS Figure 4 also shows a good agreement between the ex-
perimental and the theoretical noise power spectrum of the
microchip laser. The discrepancies between the two curves at
The experimental setup is shown schematically in Fig. 3high frequency comes from the harmonic noise induced by
The laser is a N#:YAG microchip laser with a cavity the nonlinear laser dynamics not included in our linear ana-
length of 800 microns lasing at a wavelength of 1061.34 nniytical development. For comparison, the power spectrum of
[23,24. The pumping laser is a 810 nm diode laser. In typi-the photodiode detector is also shown on this figure. As we
cal operating conditions the threshold pump power is of thecan see, the laser quantum noise is several orders of magni-
order of a few tens of mMW. The maximum pump parametettude higher than the detector noise. For a microchip laser, the
available is abouty=2. For such conditions, the infrared LOFI detection system is then shot noise limiféd].

B. Experimental observations

A. Experimental setup
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FIG. 4. Typical experimental power spectrum of a LOFI experi- ¢

ment with a Nd*: YAG microchip laser(see Table | for operating

laser parameteysAcquisition time 100us. Feedback parameters: sion \ A dﬁ) versus the effective reflectiviti, Laser output power:

Fe=500 kHz, d,.=80 cm, andR.~1071°. The power spectrum of - 5 , e e =
the laser quantum noise and of the photodiode noise are shown f(glf"“t_2>< 10°¢ photon/s; lock-in integration timef=100 us.

comparison.

FIG. 6. Experimental and theoretical target displacement preci-

de=(dg) + d, cog2aF, 1), (17)

At the optical frequency shifiF,=500 kH32, a direct  jth (ds)~80 cm, d,~150 nm, andF,~100 Hz. In good
comparison of the LOFI signal and of the experimental |ase%lgreement with Eqg8b) and(17), the LOFI phase shows a
quantum noise allows us to determined a S/N of the order °§teady periodic oscillatior{1/F,=0.01 § with a peak to
20 dB(i.e., S/IN=100. Then, for a frequency bandwidth of peak amplitude given b{27/)\)4d, ~  rad.

AF=10 kHz, Eq.(110 allows us to determine the effective Figure 5b) shows the fast Fouvrier transfor(AFT) of the
feedback reflectivity of the target under investigatid®y; time evolution of the LOFI phase. The power spectrum is

~ 10
~10 principally composed of the LOFI phase modulation at the
2. LOFI vibration measurement vibration frequencyr, and of the phase noise which is a first

. _— order approximation frequency independérg, white noise
The demodulation of the LOFI oscillations by means of 8yne function. The integration of the power spectrum hori-

Iock-in.amplifier gives us the amplitude and the phase of the, ) .- pase line over the full frequency bandwidite.,
LOF_' signal[Eq. (8)]. . . 10 kH2) allow us to determine the LOFI phase fluctuation
Figure %a) shows the time evolution of the LOFI phase (A(DE)%O.M rad and then by using Eq(16) the target

when the optical feedback distance between the target an P ey
the laser is periodically modulated at a low frequency bydiSPlacement precisiofy(Ad)~ 10 nm [27].

means of a PZT:
C. Phase measurement precision

:ﬁg: ? Figure 6 shows the dependence of the target displacement
5 b precision \,<Ad§> with the effective feedback reflectivity
8 053 (Ro). As we can see, when the amount of optical feedback
2 322 increases, more precise phase measurement are made result-
& :g ing in a better target displacement precisigre., a lower
20— ————— . T . value of \/<Ad§>). The experimental results also show a
wffo 001 002 003 004 Ti,?,'gs(s) 006 007 005 009 010 quali_tative good agreement Wit_h the theo_retical_ pre_diction
) 10° pbtalned whep the phase-ampl_ltude coupling noise is taken
< 10 b) into account in the LOFI experimefiEq. (13)]. The LOFI
% 104} phase fluctuations are therefore several order of magnitude
= 10°% higher than the standard interferometric phase noise induced
E 12; by the laser frequency widtgSchawlow-Twones limjt

When the amount of optical feedback increases, the dis-
agreement between the experimental result and the theoreti-
cal prediction also increase. As we can see in the theoretical

FIG. 5. (a) Experimental time evolution the LOFI phasde)  Section, this effect can be explained by the nonlinear phase-
Fast Fourier transforrtFFT) of the LOFI phase. Acquisition time: amplitude coupling noise which increases with the amount of
8192 samples 100 us. Feedback parameter§,=500 kHz, d, ~ optical feedbacKEq. (15b)].
=80 cm, andR,~1071°, Vibration parameters: vibration frequency, ~ To confirm the effect of the nonlinear phase-amplitude
F,~100 Hz; vibration amplituded, =150 nm. coupling noise, we have studied the LOFI phase fluctuations

100 ' o ‘10100
Frequency (Hz)
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a)F=750kHz  F =820 kHz In all cases the phase measurement precision is inversely

proportional to the photon output ratB,) and then can be
enhanced by increasing the laser output power. Finally, by

o oo 00 ons olo sending a few milliwatts output power microchip laser beam

- S

o
=

& 4, bF=820MHz F=80Kiz on a diffusive target with an effective reflectivity of T a
f‘é g target displacement precision of 0.1 &1z has been experi-
g 2] mentally determined.

A '4 T T T T 1

g 0w 002 0.04 0.06 0.8 0.10 APPENDIX: LOCK-IN AMPLIFIER OUTPUT NOISE

©)F=850kHz F, =820 kHz

;: By using a reference frequency given by the optical fre-
o] quency sh_ifl(QreFQe), the lock-in amplifier genera?es, from
o o o Y ore oo an input signalS(t), two quadrature components given by

Time (s)

2 T
. . . V= _f S()cogd Qpett + Prep)dt,
FIG. 7. Time evolution the LOFI phad&, ) for strong optical TJo

feedback(R,>10"") and for different values of the optical fre-

quency shift:(a) Fe=750 kHz<Fg; (b) Fe=Fgr=820 kHz; (c) F, 2 (T

=850 kHz>Fg. Vibration parameters: vibration frequency, Vy = —j S(t)Sin(Qeit + P re)dt, (A1)
~100 Hz; vibration amplituded, =150 nm atd,=80 cm. TJo

where®, is an adjustable reference phase a@nig the in-
in the case of moderate optical feedba&~107"). In a tegration time of the lock-in amplifier.
good qualitative agreement with the theoretical predictions, For a noisy input signal modulated at the optical fre-
the vibration measuremeniBig. 7) show clearly an increase quency shift one can suppose tigt) can be written in the
of the LOFI phase noise when the optical frequency shiftfollowing form:
becomes resonant with the laser relaxation frequeicy
=Fp). S(t) = AgcogQt + dg) + SA(D), (A2)

For strong optical feedbadlR.>107"), nonlinear effects where Ag and &g are respectively the amplitude and the
appear in the laser dynamibursting, parametric oscillations phase shift of the modulation signal and where we assume
and chaotic oscillations The LOFI signal is then very un- that SA(t) is an additional noise with a zero mean value
stable and difficult to analyze. In these conditions, the study(sA(t))=0) and a white-noise type correlation functions
of the nonlinear phase amplitude coupling noise is not rel-
evant for further interferometric application. As a conse- (SA(M) SA(t = 7)) = DRA(7). (A3)

_quehr_lce the corresponding experimental results are not shown By substituting Eq.(A2) into Eq. (A1) and after a low
In this paper. pass filtering(T> le), the mean values of the quadrature
components are given by

<VX> ~As Cos(q)ref_ q)S)l ) (A4a)

IV. CONCLUSIONS

We have studied both theoretically and experimentally the
phase fluctuations of a laser submitted to frequency shifted _ . B
optical feedback. (Vy) = Assin(®res — D), (A4b)

At low feedback leveltypically R,< 10’ when working  while their standard deviations are related to
with a Nd:YAG microchip laser the LOFI phase fluctua-

tions are mainly controlled by the phase-amplitude coupling <AV>2<> =((Vx = (V) = DE\ZAF* (A5a)
noise induced by the optical reinjection and are several or-
ders of magnitude higher than the standard interferometric (AVE) =((Vy = Vy)?) = D32AF, (A5b)
phase noise induced by the Ilaser frequency width
(Schawlow-Twones lim)t This result is a direct conse- (AVRAVY) =((Vx = (V) (Vv = (Vy))) =0,  (Abc)

quence of the high sensitivity of the microchip laser to opti- _ . ) .
cal feedbacki.e, the high value of the cavity damping rate Wh\?\;i?hAF'llll :ﬁ thr(:] lclz}’i\"fatshs f':;erdb?nt?"\r’]'dt?ﬁ litude and
vo)- In this regime when the effective feedback reflectivity a lock-n ampltier, the modulation ampitude a
(Re) increases, the LOFI modulation is better defined, resultEhe phase shift of t_he Input §|gn:?1I are then simply extracted
ing in a more accurate phase measurement and as a con?é{-us'ng the following equations:

quence to a better target displacement precision. Ag= \““"<Vx>2+ (Vy)2, (A6a)
At high feedback levelR,>10"), a strong interaction

takes place between the LOFI modulation and the laser quan- (Vy)

tum noise in the vicinity of the laser relaxation frequency. In Os=D-ata o) (ABb)

these conditions, the phase fluctuations increase with the
amount of optical feedback, leading to the deterioration ofwhile the amplitude and the phase fluctuations are respec-
the target displacement precision. tively given by
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2_& 2 & 2\ — 2
AAS= B+ <\/$><Av>(> + v <V$><AVY) =D42AF, (A7a)
AP2= L(AW) + L(sz) = D—f\zAF (A7b)
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