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Abstract: This paper reviews the dynamic effect of tklice solidstate lasersubjectedo
frequencyshifted optical feedback, which led to the discovery tbé selfmixing
modulation effect, and its applications to quartomselimited versatilelaser metrology
systemswith extreme optical sensitivity.
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1. Introduction

Laser feedback interferometry (LFI), also known as lasernsigihg interferonetry (LSMI), is an
interferometric sensing technique based on the optical mixing of the field in the laser cavity with the
weak field backeflected or baclscattered by a remote targklieran, the historical phases leading to
thedevelopmenof laser feedback metrology are addressed.

1.1.Early Stage LaserFeedbacKknterferometry withGasLasels

The selfmixing effect, whereby extern&edback into the laser cavity induces intensdyiations
in the output of a gas laser, was noticedl960s just after the invention of laserg][ A few years
later, the first laser Doppler velocimeter, in which the laser cavity was used as an opticalvasxer
presented?2]. It wasalso recognizethat the fringe shift caused by an external reflectoresponds to
anoptical di spl acement of a/ 2, w h e r la addition, the t h e
intensityvariation corresponding to the temporal displacement of the external refdagaroticed to
be comparable to conventional interferomet@rordingto the classification of laserstonclasses A,
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B, and Cdepending on the time scales of their dynamical varigBlesuchgas lasergelong to class

A, in which adiabatic eliminations of population inversion and polarizatiotd, and the dynamic
respnse of the laser against the displacement is restricted merely by a photon lifetime of a laser
cavity, e.g., on the order of 10 Therefore, the earlgtage phenomenon should be referred to as
Gautodyné effect in the seHmixing laser interferometry rather than téeelfmodulatiord originating

from the dynamic effect in lasers.

1.2.DynamicEffect inSelf-Mixing ClassB Lasersand Versatile Optical Metrology Applications

Following the seHmixing interferometry with gas lasers, the dynamic effect was identified in
selfmixing classB lasers, in which the laser dynamics are governed bylubeescencegcarrier)
lifetime of theactive medium and the photon lifetime of the laser cavity.

The selfmixing modulation effecas well as nonlinear dynamics featuring chaotic behawors
classB lasers vereinitiated by Otsuka [4,5] using thinslice LINdR,O12(LNP) laser with coated en
mirrors under various externaperturbations including frequencyshifted or delayed optical
feedback[4,5]. Later, the self-mixing effect ina CQ laserwas reportedby Churnside[6], and the
optical feedback effeéh alaser diode was reported by Laagd Kobayashiq], Shinoharaet al. [8],
Beheim and Fritschusin@] and othersBy using the laser rate equation model, it was shown that the
laser is modulated due to the interference between a lasing field and a feedback field, in which the
effective ntensity modulation index is greatly pronounced in proportion to the fluorestepbeton
lifetime ratio, whichreacheon the order of 110 in thin-slice solidstate lasersindependently of
the laser output power [4,5,10].

The feedback interferomegtin classB lasers has attracted considerable attention, mainly because
classB lasers are much more sensitive to perturbations from the outside world than conventional gas
lasers 11]. The advantages of this technique with clBdasers are sensitivitgompactness, lowost,
and simple experimental setugic. Owingto these advantagemanyapplications using this technique
have been demonstrated, including rangin@,13, velocimetry B,14-25], displacement [@],
vibrometry [2Z7-29] and so on.

Lacotet al. performed selmixing laser imaging of an object in turbid media [30,31] followed by
3-dimensionalimaging[32] as well as cell imaging [33]t has also been used widely in biomedical
optics for blood pressure pulse registrationontinuous blood mssure registrationby
Meigaset al [34,35]and measurement of skin vibration due to Mi#ECourtevilleet al [36].

Anothernew application of feedback interferometmth classB lasers is the analysis of particle
size and flow velocity. Otsukeat al [37-43] measurd the particle sizef Brownian particles as well as
selfmobile planktonsand flow velocity by a lasediodepumpedselfmixing thin-slice solidstate
laser. Zakiaret al [44,45] measurd the particle size and flow velocity by a laser aiofeedback
interferometry (LDFI). Wanget al [46] extraced the particle size distribution from the power
spectrum of LDFI with the aid of an improved inverse algorithm.

In this review paper, the basic theoretical interpretation of thensrihg moduldion effect in
classB lasers and several distinct applications of lbedepumped, selmixing thinslice
solid-state lasers with extreme optical sensitivity are described.
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2. Basic Scheme of ThirSlice Solid State Lasers with LaserDiode Pumping

To begin with, let me show the basic scheme of -glice solidstate lasers with laseliode
pumping commonly employed in setfixing laser metrology systems, which will be described in this
review article.

The optical pumping setp of thinslice solidstae lasers is shown in Figure 1(3he collimated
elliptical beam from thdaser diode (LD), whoséasing wavelengthis tuned to the absorption
wavelength of the active ion in solglate laser (e.g., 808 nm for Mdped lasers), ishaped into a
circular keam using a pair of anamorphic prisms and then focuseldeomirrorM; by a microscope
objective lens, in which pure symmetrical gnampingis established. The change in the pump beam
profile is depicted in the figure.

Figure 1. (a) Basic configuratiorof thin-slice solidstate laser with lasatiode pumping
(b) Spot size vs focal length of the thermal lens for LNP lasers.
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The thinslice laser consists of a platelet laser crysté#h mirrors coaked on end surface
(M1: anttreflection atpump wavéengthand 99.96 reflection atasing wavelengthM2: 99% reflection
atlasing wavelength).

Due to the heat generation caused by theradrative process gradient refractive index change is
formed in the crystal reflecting the parabolic temperatus&idution along the radial direction. If we
use laser crystals with a large absorption coefficient for the pump light, e.g., LNP,-thagidgl
Nd:GdVO4, and Yb:YAG, the heat is localized around. NLonsequently, a stable laser cavity
consisting of a cone& mirror (radius of curvatur®;) and a flat mirrorR. = o) is formed through the
thermal lens effect as depicted in the upper inset of Figure 1(b), where the focal length of a thermal
lens is given by

f=—"r[— &, B 1)

whereK is the hermal conductivityQ is the heat generated by unit volurde/dTis the coefficient of
thermalrefractiveindex changea is the coefficient of thermal expansion, ads the refractive index.
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The cavity stability condition is given byl @g,g, 1, whereg, =1 —é(R; : radius of curvature

of end mirrors)and thespot sizest theend mirors,w;, W, are given by

2 _ 4pny! ’ 9.9
b Oi 1- 9.9 (2)

Example results for thiglice LNP lasers for oscillating wavelengths of 1fid and 1.32ym are
shown inFigure 1(b)assuming different crystal.€. cavity) thickness|, where spot sizes at two
mirrors are shown as a function of the focal length of a thermalfleis/2 [47]. The stable region is
indicated by the arrows. The stable cavity condition is found to be attained because the focal length is
on the order oteveral millimeters under the usual pumping condgigrelding a stable fundamental
TEMgo operationthat is realized in the simplest thslice laser configuration suitable for metrology
applications. As for other laser materials which appear in thiewepaper, the cavity stability
condition is established as well under the usual pumping conditions.

3. SeltMixing Modulation Effect in Class-B Laserstoward Laser Doppler Metrology
3.1. Rate Equation Model
First, the physical interpretation is givear the selfmixing modulation effect [4,5] using Figuge

Figure 2. Field interference schenme self-mixing lasers.
Mirror Mirror
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If we consider the interference between a lasing field and the coherent component of a feedback
field from a target,ite combined optical field is given by

E,=ak 4§ ®)
WhereIJ-_Ef is the lasing light field,ﬁ is the feedback light field is the field amplitude transmittance of

the output mirror. As aesult, the optical intensity of the combined field is expressed by
s=|[E| #E| |§ #£& EF& (4
The last two terms represent the interference effect and can be rewritten as
ab & + & E 2 | lcos 5)

wherewy, is the angular beat frequency ween two fields.

Insering Equation (5) into Equation (4), and settiq)g:‘ IEf ‘2:
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s=g( +cosw, )& , (6)

underthe weak feedback conditipne., ‘ﬁ/ E‘z <1. Here,m:Z‘ é la E‘ andR; * ‘I’_Eb/a E,‘ is

the field amplitude feedback ratio.

From the relationship between the lasing light intensity inside the cayitgnd the output laser
intensity, s, in the stationary state, the intensity transmittafi@e, {ntensity lossa? of the output
mirror is considered to be modulated at the beat frequency between the twdfields,/2p.

On the other hand, the rate equations for eBakssers are given by

dN/dt=W -N/If B NS
ds/ di= BNS- 8, +eN . (7)

whereN is the population inversionedisity,Sis the photon density which is proportional to the lasing
light intensity,W is the pumping rateB. is the stimulated emission ratet, are fluorescence lifetime
and photon lifetime, respectivelgnde is the spontaneous emission coeffitien
Assume that the intensity loss of the output mir@f), which is inversly proportional to the
photon lifetime, is modulated at the beat frequency as mentioned above, then after the standarc
normalizations, the following rate equations are derived
dn/dt=w -n ns
ds/ dt= K§ n{1 -wosw, J]. (®)

where w = W/Wy, (Wi: threshold pumping rate)y = N/Ny (N, @ threshold population inversion),
s = S/ Y w=2)(S(w=2): steadystate photon density a = 2), time is normalized by and the
spontaneous emission term is negledtedausee<< 1 in generalK = t/t, is the lifetime ratio. It
should be noted that the effective modulation indek, is enhanced b¥-value. As for thirslice
solid-state laser, extremely lardgevalues on th order of 18~10' are attained [10] because tbfe
short photon lifetimes inherent to short cavitiebereasn laser diode& = 1.

3.2. Generalized Clas8 Laser Equation with Frequend&hifted Optical Feedback

The generalized dynamical equationsdelt-mixing lasers can be obtained as follows by extending
theLang-Kobayashi equations [7] to include multipl® frequencyshiftedfeedbacKights [37]:

dN(t)/dt = {wT 1T N@©) T [1 + 2NO)]E)Z/(K/2) (9)

dE(t)/dt = N(O)E(t) + RE(tT tp) Scod «(t) + {2dN() + 1} 2| (t) (10)
df(t)/dt = R[ET to)/E(t)] S sinf k() (11)

He®) =h petT £+ F(tT to)T (A o+ Dh /2)tp, k=1,2,é n (12)

where E(t) = (gt )'E{t) is the normalized field amplitude\(t) = ONint p(N(t) /N T 1) is the
normalized excess population inversion whékgis the threshold population inversiog.is the
differential gain coefficient, where gain is defined@s G + g(N(t) T Ni). w = W/W, is the relative
pump rate normalized by the thresholit) is the phase of the lasing fieltl ((t) is the phase



Sensor011, 11 220(C

difference between the lasing and tkh feedback field,Rs is the common amplitude feedback
coefficient for allfeedbackields. h px =wp/ ks the normalized instantaneous frequency shift of the
feedback light from the lasing frequendy, = wy/k of thek-th target,Dh = D wik is the constant
frequency shift provided by acousbptic modulator.t and tp are the time and theethy time
normalized by the damping rate of the optical cavty (1/2,). The last term of Equation (10)
expresses the quantum (spontaneous emission) noise, aiettee spontaneous emission coefficient
and, (t) is the Gaussian white noise with zeroameand the value|<(t)], (t9> = ot 1 t9 that is
d-correlated in timeln the short delay limit of, << 1 and in the case of a single feedback bkani,
Equatiors (i 12) are reduced to the rate equation, Equati8n Generally speaking, by using
selfmixing thinslice solidstate lasers with extremely large values versatile laser Doppler
measurements can be performechvektreme optical sensitivity.

3.3. Comparison of Selflixing ThinSlice SolidState Laser Doppler Metrology with Conventional
Measirement Systems.

In the conventional interferometric laser Doppler measurement systems depicted in3faguee
reference lasing light and a scattered light from the target are combined on thelgtileotor and the
electric beat signal, which is proportal to the productﬁlﬁ, is measured. Since the feedback light
is extremely weak, in general, the highly sensitive phigtiector followed by a sophisticated signal
processing system is required to extract the Doppler signal eietbed the noise.

Figure 3. Comparison of (a) conventional interferometric measurement and
(b) seltmixing laser measurement
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In the seHmixing laser Doppler measurement systelustrated in Figure 3(h)the laser acts as a
guantum-noiselimited mixeroscillator driven by a Doppler beat optical wave and the ptietector
is employed just to monitor the lasautputintensity. Moreover, the optical sensitivity is determined
only by thefeedbackratio Rrand enhanced bi-value, inggpendently of the laser output power. In
addition, the system is simple and saifjned, with no solid interferometer being required.



Sensor011, 11 2201

4. Multiple -Channel SeltMixing Laser Doppler Measurement with Carrier-Frequency-Division
Multiplexing

As we discussed ithe previousSection 3, thirslice solidstate lasers having large lifetime ratkos
ensure high optical sensitivity and enable us to perform-tirmal nanometescale vibration
measuremestunder the intensity feedback rabielowi 100 dB [28,29].Compat, inexpensive real
time laserDoppler metrology systemsouwld be achieved, if we could make simultaneous
measurements of multiple targets or different positions of the target using one laser utilizing the high
optical sensitivity inherent to thislice ®If-mixing solidstate lasers. This section describes such
simultaneouseattime measurements ¢drgetswith one thinslice solidstate laser, multiple sets of
optical frequency shifters for carriiequency multiplexing and a muithannel FMdemodulabn
circuit [37,41].

4.1. MultrChannel Reallime Vibration Measurements
4.1.1.Experimental Results of€hannel Vibrometry

The experimental setup is shown in Figdtewhere a 0.3nm-thick LNP laser with coated end
mirrors (M1: 95% transmittance at 808n, 99.8%reflectance at the lasingavelength ofL,048 nm;
M.: 98% reflectance at 148 nm)was used.

Figure 4. Experimental setup of twohannel selimixing laserDoppler measurements.
FMD: 2-channel FMwave demodulation circuit, PC: personal compyteprinted with
permission fronj35]; © 2005, Optical Society of Ameria
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The LNP lasing wavelengthwas 1048 nm. The threshold pump power was 30 sVl the slope
efficiency was 4@. A part of the output beam (96%) was divided into taccess beams and each
beam was focused on a speaker through two sets of Ppllogdsteoptic modulators (AOMS),
i.e,, optical frequency shifter& microscope objective lens (numerical aperture: NA = 0wty used
to focus the beams. Here, the firsdDM1 introduced the common upward frequency shift of 80 MHz
for two channels. The second AOM2 and third AOM3 induceé8.65 and 78.25 MHz downward
frequency shift, respectively. In short, the rourig carrierfrequency shift, fAiom, for two channels
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wasf.; = 2.7 MHz for channel 1 and, = 3.5 MHz for channel 2, respectively. Another part (4%) of

the output beam vgadelivered to an InGaAs phetliode receive(PD). The electrical signal from the
photodiode was used to measure waveforms and power spectra of modulated and demodulatec
outputs with a digital oscilloscog®0) and a rf spectrum analyzg€A).

The modulted signal was composed of two Ripe intensity modulated waves whose carrier
frequencies ard.; = 2.7 MHz andf., = 3.5 MHz, respectively. As a result, the observed power
spectrum consists of two power spectra around 2.7 and 3.5 MHz whose frequemponents show
FM sidebands. An example power spectrum of the modulated signal ewagjrafied view around
fc2= 3.5 MHz are shown in Figes 5(a) and5(b) respectively, where the common sinusoidal voltage
was applied to the two speakers at modulatiomueacy f, = 914 Hz. The intrinsic relaxation
oscillation intensity noise is indicated lyo in the figure. The effect of relaxation oscillations on
vibration measurements was not observed.

Figure 5. Example power spectrum of the modulated signal and delaied output
voltages. Modulation frequendy,. = 914 Hz.(a) Power spectrum of modulated signal
(b) magnified view around., = 3.5 MHz and(c) demodulated voltages of two channels
(reprinted with permission frofi35]; © 2005, Optical Society of Anniea).
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Figure5(c) shows demodulated output voltadk) of two channels corresponding to &igs 5(a),
each of which corresponds to a velocity variatin of each speaké rough surface. The vibration
waveform, Dp(t), can be deduced by integrag v(t) over time. In the present case, the vibration
waveformDy(t) is similar in shape ta(t), i.e., Vo(t). Due to the poor quality of the speakers, slightly
irregular amplitude variations are seen. It was confirmed that the talkdsetween two sp&ars was
absent. In short, the demodulated output waveform of one speaker was kept unchanged when we
blocked an access beam to another speaker. This is because that the nonlinear wave mixing betwee
the strong lasing field at frequendy,and extremely wak reinjected fields in the lasef,+ f.1 and
f + .o, €.g., combinatiofione polarizations are not created neamjected light frequencies under
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such weak feedback conditions, especially when two carrier frequencies are incommensurate like the
present frequency arrangement.

A superheterodyne method with a central frequency of 10.7 MHz was employed to demodulate the
FM wave;frequencies of external oscillators were tuned to provide the 10.7 MHz central frequency to
both channels anthe amplifierin each channdlad amaximumgain of 20 dB and a-8B bandwidth
of 111 kHz.In Figure5(c), the displacemeridy(t) of each speakés surface is also shown on the right
vertical axis, where the displacement is related to the output voltdgg\as= 20 ["m/V]. To obtain
such avoltagedisplacement relationshipye used Hilbert transformation of the modulated output
waveform and phasgensitive detectioty using LabView software om personal computeP(),
assuming the relatiob, (t) = | DO)F @ whereDF () is theanalytic phase difference between the
carrier (reference) wave and the modul [2828]d wa
The analytic phaseFa is related to analytic signaMa and its time average<Va> by
Va T <Va> = Ra(t)exdiF a (1)]. Here,Va(t) = I(t) + ilx(t), wherel(t) is the time series of the scalar
intensity andly is its Hilbert transform.The maximum vibration amplitud€,.x was also evaluated
accurately from the FM modulation index = deBerZnined from ratios dfM sideband intensities to
the carrier intensity of modulated signatsing the relatioVmax =1 2p yielding D, = 5.3mm, which
parallels the vibration amplitude shown in Figusg) [right vertical axis] calibrated from the
phasesensitive detection othe PC. From the systematic measurement for different voltages to the
speaker, the vibration amplitude was found to vary in the relatidpQE 60 [nm/\] atf,, = 8 kHz as
shown in Figure6. Simultaneous redlme measurements were performed succegsiuken if the
speakers were driven at different frequencies.

Figure 6. Vibration amplitude versus voltage applied to the speaker. Modulation frequency
fm = 8 kHz(reprinted with permission froff35]; © 2005, Optical Society gimericg).
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4.1.2. NumerichResult

To confirm the idea of carridrequencymultiplexed seHmixing lasefrDoppler vibrometry using
one laser and reproduce the experimental results, the numerical simulation of theauatiehof a
laser subjected to frequenayodulated multiplededback lights Heptiors Qi 12), assuming

W,, = DWbsin ¥, (13)
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whereW, x = wn /K is the normalized angular frequency of the applied voltage tk-thearget. The
numerical results are shown in Figufdor the case of two feedback fields as demonstrated in the
experiment.The photon lifetimet, of the present laser wasstimatedfrom the pumpdependent
relaxation oscillation frequencigo, using the relatiofiko = (12 P(w1 1)/t §], wherew = P/Py, is the
relative pump power antd= 120 ns is theLNPG fluorescence lifetimeThe estimated value was
t, = 300 ps,yielding a lifetime ratio oK = 23 10°. Otheradopted parameter values, which are relevant
to the present experiment, ave= 6.45, carrier frequencié¥; = f; ;= 2.7 MHz,Df, = ., = 3.5 MHz,and
modulation frequencief, 1 = fm2 = 914 Hz,b = 32, delaytime = 6 ns, amplitude feedbackefficient
R = 10° (i.e., intensity feedback ratio ®f100dB) ande= 16

A sample calculated power spectrum of the modulated signals amdgaified view around
fc2= 3.5 MHz are shown in Figes7(a) and7(b), repectively, where the common sinusoidal voltage
was applied to the two speakers. Vibration waveforms for two channels, which were calculated from
the modulated waveform by the phasmnsitive detection using Gal®ranalytic phases on PC, are
shown Figurerz(c). The numerical results well reproduce the simultaneous independent measurement
of vibrations of two targets shown in Figuse The range of acceptable levels of intensity feedback
ratio, 10 logR?, in the present system was estimated to 1@0 dB from the correspondence between
results of experiment and simulation.

Figure 7. Numerical results for twaehannel operationga) Power spectrum of modulated
signal,(b) magnified view around. , = 3.5 MHz, andc) vibration waveforms. Parameters
are given in the tex{reprinted with permission fronfi35]; © 2005, Optical Society

of Americg.
> oy
7105 Jro Jor Jor (@ . 106 (b)
=
2107 S107
S100 £ 100
3 8
8_1 g1 Q4o
(] 0
2107 €107
[} o \ T T T .
o 0.3 0.6 0.9 1.2 15 & 1.02 1.05 1.08
Normalized Frequency (x10-3) Normalized Frequency (x1073)

- Channel 1
7 Channel 2

HAVAVAVAVAV]

4 8 12 16 20
Normalized time (x108)

+ (c)

Vibration amplitude (um)
0RO ROQEROP®

o

4.1.3. 3Channel Reallime Measurements of Nanometer Vibrations

A variety of threedimensional (3D) metrology systems have been developed for measuring
moving objects and turbulent fluid flow [485]. Typical examples include-3 laserDoppler
vibrometry systemsising three oblique incident beanispinging on the target and particle image
velocimetry systems. In these stafethe-art 3D optical metrologysystems reported so far, beat
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signals or interference fringes between the lasing output field and the scattered optical fields from
moving targets are detectadingsophisticated optics and highdgnsitive electronics.

On the other hand, the simplestlf sdigned 3D nanometescale metrology systems with extreme
optical sensitivity, without using any sophisticated optical interferometerdighly sensitive
electronics, can be realized with &l3annel selmixing thin-slice solidstate laser metrologgystem.

Experimental results of simultaneous measurements of three different vibrating targets are shown.
The experimental setup is shown in Fig8revhere a 3 at.% Ndoped imm-thick Nd:GdVQ, laser
with coated end mirror@M1: 95% transmittance at 808m 99.8%reflectance at the lasingavelength
of 1,064 nm; M,: 98% reflectance at 1,86nm) and three sets of TeGacousteoptic modulators
(AOMSs) are used.

Figure 8. Experimental setup of threshannel selmixing laserDoppler measurement
system (eprinted with permission frorfd1]; © 2009, Optical Society of Ameriga
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The photon lifetimet, of the present laser was estimatedbe 235 ps from the pumgependent
relaxation oscillation frequenciko, yielding a lifetime ratio oK = 4.053 10°, assunmigt = 90 ns.
Here, AOM1 introducech common upward frequency shift of 79.85 MHz falt three channels
AOMZ2, 3 and 4 provided 78.8578.%, and 77.6eMHz downward frequency shiftsgspectively. In
short, the roundrip carrierfrequency shift 2faom for three channelsveref.; = 2 MHz for channel,
f.2= 3.5 MHz for channe®, andf. 3 = 4.5 MHz for channeB. The electrical signal from the photodiode
was delivered to a software defined radio (RFSPACE Inc.-$#DRDG30 MHz) or threechannel
frequeng-modulated wave demodulation circuan@logueFM-demodulator) having three different
outputsmatched to carrier frequencig, fc 2, andf. 3, depending on the purpose.
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Figure 9. Example vibration waveforms of three piezoelectric elemsergasured byhe
threechannel analog FM demodulatieircuit. Modulation frequency.f=5 kHz. Applied
voltage Va = 10 Vy, (reprinted with permission fronl]; © 2009, Optical Society

of America).
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Here, three vibrating targetsach of which consietl of a mirrorattached to piezoelectrieelement,
were used as shown in FiguBeFigure9 shows vibratingvaveformscalculated by the integral of the
output signalsv/y(t) from the FMdemodulator which igroportionalto the instantaneous velocity of
the piezoelectrieelement over time for eaclf the three channels. Here, the displacement,
Dp(t) = | DRpwas estimated fronthe Hilbert transformation of a modulated signal and the
phasesensitive detection for each channiet.( carrier frequency) by using LabViewfsgare on a
personal computer, as mentioned 4ri.1. The measured vibration amplitude was confirmed to
coincide with those measuredth a capacitive displacement sensor [39]. The cross talk among three
channels was completely eliminated by tuning thterfibandwidth of the FMiemodulator circuit
around the carrier frequency.

The vibration amplitudes measured at different driving frequencies are summarized in1Bigure
The softwaredefined radio enabteus to perform phasgensitive detection of modulatesignals to
obtainvibration amplitudes directly in the form Bi(t) =1 D 2p. The vibration amplitudevasfound
to be independentdf thedriving frequencies in the randge®m 1 Hz to 5 kHz for vibration amplitude
larger than 30 nm. Ae measurable vibtian amplitide in the present threshannel reatime
vibrometry system waabout 2 nm at 5 kHas indicated by open circles in Figur@

The present saip can be applied to dynamic bending measurements of metal plates by impinging
access beams on at# three positions of the target. If we focus three access beams on the same
position of the target from three different directions, vibration test addn8nsional vibration
analysis of small structures, housing and components can be performed.



Sensor011, 11 2207

Figure 10. Vibration amplitude versus driving frequencies for differepitagesapplied to
piezoelectric elementgreprinted with permission fron1]; © 2009, Optical Society
of Americg.
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4.2. 3Dimensional Measurement of Liquid Flow
4.2.1.Dilute SampleFlow through &V ertical GlassColumn

Sensitive and rapid detection of small particlea fluid flow is needed for many applications, such
asthe production of pharmaceuticals arehsiconductoequipment conservation of water qualitand
marine science. For examplategratedcircuits useelectrial lines as narrow asearly 0.1 nm, and
highly efficient detection of micrparticlesand nanometesizedparticles in washing water is required
to evaluae semiconductor wafer contaminatiorhe detection of small particles in fluid flow has been
performed extensivelysing amagnetic flowmeter [56,57], ultrasound Doppler velocimeter [58,59],
and laser Doppler velocimeter (LDV) [@2}]. The advantage of the LDV fardilute samplelow
comparedvith conventional measuring techniques lies in the Bjgdtialand temporal resolution and
the possibility of nofcontact measurement ftire detection ofparticlesof 1 nm to 10mm in sizein a
dilute sample. In the LDV, the velocity of moving particieselated to the Doppler shift frequenfgy
of scattered lighby [65]:

o= 2v, _ 2vsin
D / / ' (14)

Here,/ is the wavelengthy is the velocity otthe moving particley;, is its velocity along the probe
beam axis, and is the angle between the veltcivector and the probe beam axiie LDV system,
which utilizes the selmixing modulation effect in semiconductor lasers, has baaplied to
vibrometry [6668], speckle pattern interferometrgg], and measuremeno f t he MAaver agc¢
and flow ofsmall particles and reblood cells 16,17,2123,70,71].

Before presenting-® measurement of liquid flow, let us show the liquid flow in a vertical glass
column measured with a single access beam using the same 3 atép&ttiNd:GdVQ@seltmixing
laser metrology system as that used in the experiment describéd..i® under the singlehannel
configuration. The distinct feature of seffixing thin-slice solidstate laser scheme, which is not
expected in selmixing semiconductor lasers, includes theeir@mt high optical sensitivity due
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to 2 3 orders of magnitude larg&rvalues, much narrower lingidth as well as smaller spontaneous
emission noise than LDs.

Figure 11. Configuration of the flow passage fardilute sampleéflow (reprinted with
permissim from[40]; © Copyright 2007, Optical Society of Amerjca

4111«1.2 mm

The flow passages illustrated inFigure 1. A Dopplershift frequency can be increased with
increasing the angle. Therefore, the large angle is suitablenéasuringvelocity distributionsof
liquids with high viscosities. For measuring liquid flow with lower viscosities, on the other hand, we
need anarrowerfrequency span.ge., high frequency resolution) for power spectrum analysiextract
the informationin the vicinity of 2faom. Therdore, the anglavas seto 10° to measure liquids having
various viscosities withreasonableesolutions under the same scattering schéméhe scattering
cell, 3.7 cm?® of fluid flowed from the reservoir at the top down througlveatical glass column
of 100 mm long and 1.2 mm diameter Waterglycerol mixtures with various glycerol concentrations
were used as liqujéind polystyrendatex standards (PS) with diameter 0262 nm were addeas the
tracer Here, the flow velocitypecomes sloer by addng glycero] becausehe viscosity of the
glycerol is muchhigher than that of the water. The concentration of PS particles used in the first
experimenwwas0.05 wt% in all mixtures.

Figure 12. Time dependency of the power spectrum for-B62 diametePS particlesin
waterflow with concentratiorof 0.05wt% (a) before the flow othe dilute sampleand at
(b)0s,(c)2s (d)5s (e)8 s and(f) 11 s.(4.799 Mbytes)reprinted with permission
from [40]; © 2007, Optical Society of Ameriga
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Figure 12 shows timedependent power spectra of the modulated wave for PS particles in water.
Before the flow the power spectrum sheda Lorentzshape representing the Brownian motion of PS
particles as will be shown iBection5. When the diluteamplebeganto flow in the passage, power
spectrum with an asymmetric shape appeéan the higher frequency side with respect to the carrier
frequency 2aom = 2 MHz forq > 0 (see the corresponding Supplementary Matgrial

Theaveraged power spectra for PS particles in various glyeatelr mixturesre shown in Figur#&3.

Figure 13. Power spectra for 262m diameterPS particlesin various wateglycerol
mixtures(reprinted with permission frorfd0]; © 2007, Optical Society of Amerita
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The power spectrurbecamenarrow and the peak frequency approacBioy as theglycerol
concentration increase@his approach towardfZwu resuled from adecreas in the velocity of PS
particlesmovingin the verticaldirectionin the fluid flow as theglycerolconcentration was increased
In other words, the velocity ofhe dilute sampleflow containing PS particles decreateas the
viscosity ofthe waterglycerd mixture increasegdand the decrease velocity of PS particlegedto a
decreaseén the Doppler frequeneghift of the modulated wayasrepresented biquation(14). The
narrowing of the power spectrum with decreasing velocity of dilute saiihple was predicted in
Referencd72].

4.2.2.Analysisof ExperimentaResults

To explainthe observedoower spectra, let us characterthe measured power spectra during the
time period whenstationary flow (e., constant peak frequency shift) was establislsdshownin
Figure12(bi e). The results of the dilute samyflew within the pipe, the fluid flow can be treated as a
laminar flow and therelocity distribution of fluid flow can beexpressedising Poiseuill® taw. The
Poiseuille equation gives the veltycdistribution of the fluid flow as

V)= g ) a9

where [P is the pressure difference between the two ends of the pagsadiee kinetic viscositya is
the radius of the passage, aridthe distance from the center of the passage.
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Let uscalculate the power spectrum lafht scattered from PS particles adilute sampleflow in
the passageThe wlumetric flow rateQ/t for a dilute sampldlow in the passagén the vertical
directionis related tahe maximumof thevelocity distibution vimaxby:

Q= @, = B (16)
t 2
Here, vayg is the average of the velocity distributiorwhere vayg = (1/2Vmax The velocity
distribution calculated for PS in watisrshown inFigure14(a). The theoretical study indicates that the
power pectrum oflight scattered from a rotating ground glassa particlemoving uniformly is a
Gaussian spectrumvhosewidth depends on the transient tirag a singleirregularity or a particle
acrossthe incident light beanj72]. Thereforethe observed powespectrum for PS particles in dilute
sampleflow can be interpretedas the summation of Gaussian spectra wetintinuously changing
width and peak frequen@s
y 2
|(W) — a ﬁexpf’_ [W' 2p(2fA(;M + fD,i)] E
i W Wi '
where subscript is an element of the velocity in the passdgmpirical parameterAandw arethe
amplitude and width of the Gaussian spectrafating to thevelocity of the particlerespectivelyfp is
the Doppler shift frequencyof scattered lightgiven by Equation (14)Figure 14(b) showsthe
calculated powespectrum for each PS particle moving ardilute samplelow together with the
experimental power spectrum

17

Figure 14.(a) Dependence of the calculated flow velocity in the passagéstande from
the center of the passage) Power spectrum for PS waterflow in thepassage. fie black
line indicates the observed power spectrum. The dashed lines inkdéecptaver spectrum for
PS particles movingvith each velocity element. red: = 5.5 mm, orange: 5.0 mm,
green: 4.0 mm, blue: 2.0 mm, violet: 0 mnieThin gray curveindicates the summation of
the power spectra for all velocity elemefitsprinted with permission frof#0]; © 2007,
Optical Society of America
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Here, the fitting procedure is as follows:

(1) Thirty Gaussian functiongire setwithin the observed power spectrum, whose center
frequenciesp; are equally spaceth describe the vetity distributions.



Sensor011, 11 2211

(2) vi-valuesare derivedusing Equation (4) andwi-valuesare determinedsing theempirical
relation, w; = 574100v;, which was experimentallpbtainedfrom the Gaussian curve
fitting of time dependenpower spect for 262nm-diameterPS particlesin &ropped
watedfrom the vertical pip shown in Figure 1Bl0]. Here,the velocity distribution othe
PS particles in the light path is very sma#,, v(r) = v (constantwhen the focusing point
is larger than 2.5 mm below the exit of the pipe

(3) A variety of A-values are introducedas fitting parameters for the summation of
Gaussian spectrahe Gaussian spectrum bro&dbroadenedand the peak frequency,

fmax (F2faom + fp), is shifted to a higher frequency range for each element with
increasing.

Thethin grey curveindicates the sum of the Gaussian spectra for all elemémcalculatd power
spectrum isn good agreement with the power spectrum observeadiute sampleflow.

4.2 .3.Evaluationf Flow VelocitiesandKinetic Viscosities

From the excellentorrespondencéetweenthe experimental power spectra attie theoretical
velocity distributions discussed so fdir,is concludedthat the present seffiixing laser can measure
velocity distributions of PS particles adilute sampleflow in apassagéhat obeg Poiseuillé Bw.

Now, let usevaluatethe maximum flow velocities 1ad kinetic viscosities from experimental power
spectraThe peakfrequency ofthe observed power spectru(finayapprea, does not agree with the peak
frequency of the power spectrum for a particle moving with maximum velocity at the center of the
passage(fmayv=vmax as shown in Figur@3(b). The relationship between #etwo frequencies was
investigatedanalytically for dilute samplélows with various velocitiego obtain the flow velocity
quickly and directly from the observed power spectrum. It waad that(fnayappea iS proportional to
(fmav = vmax@S(fmayv = vmax= 1.0783 (fmagapper T 15651 8.

Figure 15. Time dependency of the power spectrum for-B6Rdiameter PS particles in
droppedwater with 0.05 wt% concentratiqa) 2 s, (b) 5s,(c) 8 s,(d) 11s. The red lines
indicate the results of curve fitting using a Gausdianction See the Supplementary

Material (1.763 Mbytes)(reprinted with permission frorf#0]; © 2007, Optical Society
of Americg.
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Figure16(a) shows the relationshspbetween(Vmaymeas@gainst(Vmayca for PS particles in glycereol
water mixtures. HerdVmaxca Was calculated fronffma)v = vmax@nd (VmaymeasWas obtainedfrom the
measuredolumetric flow rate

Figure 16. (a) Relationshig between the maximum \adities calculated fromthe
volumetricflow rate and obtained frombserved power spectr@) Relationships between
the kinetic viscosities for glyceravater mixturesmeasuredising an Ubbelohde capillary
viscosimeterh¢,, andthoseobtained fromobsewved power spectrdimeas(reprinted with
permission fronj40]; © 2007, Optical Society of Amerita
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There is good agreement betwd&eha,)ca and (Vimaymeas The kinetic viscosity othe dilute sample
was calculated for PS in glyceravater mixtures from Equationl) and the result ishown in
Figure16(b). The deviation from the calculated values in the low velocigy, (igh viscosity) region
is considered to arise from ttsibstantialcontribution of Brownian motions of particleAnother
systematic determination of the maximum flow velocity along the central axis will be discussed in
Section4.2.5.As shown in this sectiorthe flow velocity as well as the kinetigiscosiy for a dilute
sampleflow in the passag@aremeasuredjuickly and directlyfrom the power spectrumof a modulated
selfmixing laserintensity.

4.2.4. Detectiomf Small Particlesn Fluid Flow

Applying the liquid flow measurement, we can detect an extremely small amount of small particles
in afluid flow. Let us examinethe concentrationthat can be measuredth the present sehixing
LDV system for the dilute sampfiow. In the experiment, the flow passagms set such that the
sampleflow occuredthrough a horizontal column of a in2m diameter pipe. Irhts flow scheme, the
flow velocity in the passage the horizontal direction is smalldran thatin the verticaldirectionand
thetime taken for thelilute sampldo passthrougha unit volumeis long. As a result, we can measure
the average power spaatn for a long period of time.

Figure I7(a) shows average power spectra for-B62 diameter PS in waters theconcentration
was decreased’he anplitude of the power spectrum decrehseonotonially with decreasing PS
concentrationwhile the power spect profileswereunchanged.
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Figure 17. Power spectrum fofa) 262-nm diametePSparticlesand(b) red blood ceBin
a water flow with various concentration§eprinted with permission frorfd40]; © 2007,
Optical Society of America
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Here,262-nm PS patrticlesouldbe detected at 0.01 parts per million (ppm) &adilute sampleflow.

An example result for dilute sam@écluding amother size particlg,e., red blood cel of sheep witha
diameter of 3im in water,is shown in Figurel7(b). The red blood cedlin the dilute sampleflow were
detected ah concentration d@ ppm.

Note that power spectral profiles for red blood <elere different from those for 262m PS, in
which the effect othe Brownian motion of particles near theall wasdifferent for larger particles.
The measurable low concentration lidépended on @article size since the intensity of scattered
light depenédon the particlesize. According to the investigation of Brownian particles, which will be
discussedn chapter5, the lower boundof the concentration detected by the presentraeding
flowmetry is estimated < 1 ppm for particles of 800 nm diameters

4.2.5.3-D Flowmetry

The experimental setup for-I3 measurement and the spatial configuratibrthe three access
beams on the liquid flow are shown in Figui@ A glass pipewith a2 mm inner diameter was set
slightly tiltedwith respect to the optical stagg=£ 10.00 andy = 7.25 in Figure B) and the velocity
of water flow containing PS particles (théh diameter, 1 wt% concentration) was controlled
precisely by the syringe pumphe water flow rate was controlléd give laminar flow whose radial
velocity distribution obegd Poiseuillés law with maximum velocity at the center thie glass pipe.
The maximum flow velocity along the central axis was estimated to be 76.32 mm/s assuming
Equation (B), where a volumetric flow rate w&¥'t = 479.53mm’/s. In tte present experimemnsing
the same laser as FiguretBe direction othef.; beam was set alorthe Z-axis, whilethef.; andf
beans werein theYZ- and XZplanes, respectively. The crossed bdaous ofthethree access beams
was adjusted to theentral axis otheglass pipe
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Figure 18.Experimental setup of-B measurement of water flow

Liquid flow

Side view

Observed power spectra aroutite three carrier frequencies of the laser output, whigre
modulated by feedback scattered fields froovimg PS particles in water flow, are shown in Figl@e
Peculiar asymmetric power spectra, reflectangadial velocity distribution obeying Poiseuiitelaw,
which can be fitted by Equation (17) are seen. Indeed, the observed power speefaund tobe
fitted remarkably well by the summation of Gaussian spectra given by Equation (17), as depicted by
the fitting curves in Figure 19(a)lhe parametew;, which is proportional te;, wasassumed to be
w; = 574,100; as given in 4.2.2.

Figure 19. (a) Observed power spectra around the three carrier frequgibalescurves).
Fitting resultsconstructed by the summatioh 30 Gaussian spectra, whose intensity peaks
were equallyspaced in frequency, are also shown by thin cur@i@sDependence of
paramete A on Dopplershift frequencyused for the best fits of thexperimental power
spectra, as showm (a) (reprinted with permission frorfdl]; © 2009, Optical Society
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Thedepenmlence ofa fitting parameter of; on the Dopplesshift frequencyis shown in Figure 19(b).
It is obvious fromthis Figure thatA-values peak at different frequencies fioe three access beams.
This may imply that the scattered light intensityas maximum at these peaks.,e., Dopplershift
frequencies, fothethree access beams impinging on the liquid flow from different directions because
A is proportional to the intensity of light scattered from particles back into the laser. These peak
frequenciesvere expected to coincide witthe Dopplershift frequencies derived from the maximum
flow velocity along the central axis of the glass pipe, assurttiegmpinging angles othe three
access beams, since the focal positiothethree access beamssadjusted to the center of the glass
pipe where the effective plaiveave scattering occred as the LDV experiment using a rotating
cylinder experiment tells us [41].

Therefore,the velocity components of water flow in the center of the pipe along threegoriab
axes, X, Y, and Zcan be calculated frothe three peak frequencies in Figur®(i), and the
corresponding velocity vector.e., flow direction, can be determined by the trigonometric method.
Results are summarized in Table I.

Table 1. Measuredrelocity vector andnaximumspeed ofwaterflow within the glasspipe.
The values expected from our settings for the glass pipe ooptieal bench and &
syringe pump are also shown for comparison

Velocity (mm/s) g (degree) y (degree)
Experimental result 72.56 9.78 7.00
Experimental setup 76.32 10.00 7.25

The experimental velocity vectoi,e., flow direction, coincides with that expectddr the
experimental setup within 6% accuracy.

5. Microanalysis of Brownian Particles

The coherent nature of ladegght has been utilized in dynamic lightattering (DLS) methodg' 3]
for characterizing the motion of small particles in suspension, including gasses, Igplids, and
biological tissues74-77]. The DLS approach to measuring diffusion broadenihgaattered light
from moving small particles can be used to extract useful information glotitles in Brownian
motion and to determine their size.

One scheme for implementing tlBE.S method measures the fluctuation in intensity of scattered
light pasing through a smalpinhole, which represents the beat signals of Doggildted fields
scattered by differergarticles.The particle sizes and their distribution are estimated based on analysis
of a longtime-series of intensity variations given by amtocorrelation function/[3-76.

Another schemeneasures the beat signals between a reference light field and a scattered light field
using aroptical interferometer, in which a frequency shifter in one arm creates a freepheftesifield,
and an unslted reference beam in the other arm acts as a local oscillator field. Ihetei®dyne
detection scheme, the particle size is estimated based on the broadenirspettien T7].

These DLS methods developed so féwave not been suitable for thquick measurement of
Brownian motiols of particleshemselvesin this section, the application of a salfxing thin-slice
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solid-state laser tquick andaccurate sizing of an extremely small amount of Browiparticles in
wateris addressed. Also, the nebtion of many Brownian particles is explored by the analysis of the
demodulated signal of laser intensity fluctuations which can be done only in timei€alf laser DLS.

5.1. Particle Sizing

The experimental procedure is shown in Fig@@ wherea 3 at% Nddoped Imm-thick
Nd:GdVQOylaser with coate@énd mirrors was used as a saiiking lasersimilar to 3D measurements
in Section4.

A collimated beam from the LD operating at 808 nm \wassed through a pair of anamorphic
prisms and focusednto a lase crystal. A part of the laser beam (4%) was sent to an InGaAs
photoreceiver (New Focus 1811: BEI@25MHz) connectedto a spectrum analyzer (Tektronics
TDS540D: DG3 GHz).

A 10 mm® scatteringcell was made of fused quartz and filled with watentaining péystyrene
latex (PS)spheres. The sample contain@@2-nm standard spheres with 0.5% concentration in water
was purchased from Estapor. The average mean diametasured by a transmission electron
microscope (TEM) inthe company is 268m with the coefftient of variation(CV) ¢ 3%. Dilute
samples with concentratiomsinging from 0.05 to 50 pprwere preparedin which distilled and
tripedeonized water with an electric conductivity lower th8BnS/m was used.

Figure 20. Experimental setup. PD: photoreceiver, AOM: acowgitic modulator, OL:
microscope objective lens, SA: spectrum analyzer, [Diital oscilloscope, FMD:
frequencymodulated wave demodulator, P@&rsonal computer printed wih permission
from [39]; © 2006, The Japan Society of Applied Physics
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Example power spectra of the modulated signal oNti&sdV O, laser are shown in Figutl for
different concentrationsf 262 nm polystyrene latex spheres in waterteahperature o5 + 1 °C.
262nm particles were utilizetb identify the measurable low concentration limit in pinesent system,
since the light scattering efficiency peak®und this size dt = 1,064 nm asRayleighDebye theory
predicts[38,78].
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Figure 21 Power spectra of the modulated Nd:GdV@ser output for different
concentrations of 268m polystyrene latex particles in watEitting curves are shown by red
lines(reprinted with perngision from39]; © 2006, The Japan Society of Applied Physics
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The averaged spectrum of 100 power spectsaasvn for each concentration. All the power spectra
werewell fitted by the following Lorentz function similar to tloase of heterodyne detext in the
conventional dynamitght scattering method using an interferom¢st,38}

B k’D
I(k,w) = A(W_ 20,0 )2 + (K°D)? (18
ko T
D= A (19

where A is a proportionality constant related to thmplitude of the lighscatteredby the Brownian
patticles (the weak quantum noise of the laser used was negjeeatrésithe angular lasing frequency,
D is the diffusion constant is the diameter of the Brownian particlgs,is the liquid mediurés
coefficient of viscosity, andgT is Boltzmani@s factor. The k is the magnitude of the scattered
wave vector

adpn o @
K=gp— —
¢/ §n Zg (20)

wheren is the refractive index atfhe liquid medium,| is the wavelength of the laseand g is the
scattering angleg(= pin the selfmixing scheme) [37,38].

Figure 22(@) shows measured particle diametasfor 107, 262and 474nm PS particles as a
function of concentrationThe measured diameter coincides with the real value within &8d, the
linear dependence of scattered light intensity @oncentration holds ovem wide range of
concentrationsA proportionality constantA, which corresponds to scattered light intensifresn
particles,for the 262nm PS particle is plotted by solid circlas a function of the concentratids, in
Figure 22(b).The measurable it of concentrations for an accurate sizimgs small, namely,
0.05 ppm ie., 53 10 ° wt.%) for 262 nm particle. Measurements for 4f@h and 107hm particles






