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ABSTRACT.

Recently a blood velocimeter was developed, based on the principle of self-mixing in a semiconductor laser. This means
that the intensity of the light is modulated by feedback from moving scattering particles, which contains the Doppler shift
frequency. Upon feedback the characteristics of the laser diode will change. The threshold current will decrease and an
instable region may become present just above the new threshold. It turns out that the amplitude of the Doppler signal is
related to the difference in intensity between the situations with and without feedback. This amplitude is highest, but also
most unstable, just above feedback. The suppression of reflection from the glass fiber facets is of paramount importance.
Using an optical stabilization of the feedback, we are able to optimize the performance of the laser-fiber system and the
Doppler modulation depth, and to clarify the behaviour with a suitable physical model.

The velocimeter has been used in vivo with the glass fiber inserted in normal catheters, both in upstream and in
downstream situations. For the latter, the fiber facet in the liquid has been provided with a special side-reflecting device.

1. INTRODUCTION

In some previous papers'3 we discussed the physical background of a fiber-coupled self-mixing diode-laser Doppler
velocimeter, applied to measure the velocity of opaque fluids, such as whole blood or milk. The self-mixing effect originates
from light coherently scattered from the moving sample back into the laser cavity. This self-interference causes an intensity
modulation of the laser output, with beat frequencies related to the Doppler frequency. In the present setup light transport to
and from the sample is provided by a glass fiber.

Some advantages of this method lie in the easy alignment of the setup, the relatively comfortable signal-to-noise ratio and
the low costs of the apparatus. Thus multiplexed measurements with a set of instruments combined with one signal-processing
system are feasible, and correlations between different measuring positions can be made easily. There are some disadvantages
as well. First, when the intensity of the laser is too high, optical instabilities may occur. As a result, the signal-to-noise ratio
will drop considerably and spurious frequencies may arise. Secondly, the method is invasive and the fiber positioned in the
flow will cause a local disturbance of the velocity pattern. When a normally cut fiber facet is being used, the light emerges in
front of the facet and the disturbed volume almost coincides with the optical probe volume. It can be shown3 that even in
those cases one can perform absolute measurement of the undisturbed flow velocity, provided the fiber is positioned in the
upstream direction of the flow. However, in various clinical situations the fiber is inserted in the downstream direction, in
which the disturbance volume is much larger and the region of undisturbed flow cannot be reached by the light that easy any
more3.

The present paper deals with both these problems. At first we discuss the origin of those instabilities, derive a theoretical
approach to explain the modulation depth of the Doppler signal as a function of the laser current and deal with the stabilizing
effect upon the power-current behaviour of the laser diode using a simple optical element which blocks unwanted reflections
in a satisfactory way. This is done in sections 2 and 3. Secondly we address the problem of downstream measurements. In
section 4 a constructive solution is presented, together with a series of measurements in an opaque liquid. In section 5the
device is applied in a down stream intra-arterial experiment. Section 6 contains the discussion and conclusions.

2. STABILIZATION OF SELF-MIXING: THEORETICAL ASPECTS

Self-mixing laser Doppler velocimeters use the Doppler shift of light scattered backwards from moving particles to
determine the velocity of these particles (Fig.l). Some of the scattered light reenters the laser cavity and will be mixed with
light in the laser diode. This interference results in a fluctuation of the laser intensity with a frequency equal to the Doppler
shift (self-mixing interference or backscatter-modulation).
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In Fig. 1 the transport of the light is provided by a glass fiber. This results in a setup with five mirrors (M-M5), the "five-
mirror" or "fiber-coupled" set-up. By approaching the fiber tip to a moving object or inserting it into a tube with a flowing
fluid containing scatterers, it is possible to determine the velocity of the object or the moving scatterers in the fluid. This set-
up is very suitable for the determination of blood flow velocities, using catheterization.

Fig. 1. Sketch of the self-mixing velocimeter with glass-fiber F. The moving object is a rotating wheel W, covered
with paper. D: laser diode; L: lenses. The five "mirrors" M are indicated.

Scattered light from a moving particle will obtain a Doppler shift depending on the difference i.k between the wave
vectors of the scattered light (index s) and the incoming light (index i) and the direction of motion of the particle. The
Doppler shift \v from a moving scattering particle is given by

v =v —v =(k .v)= 2•v .M.sin().cos (1)

where v indicates the frequency, v is the velocity vector of the moving scatterer, a is the angle between k5and k , and f3 is
the angle between v and M. In the self-mixing set-up the back-scattered light enters into the laser diode cavity and changes
the optoelectronic behaviour of the laser. Neglecting the finite aperture of the cavity, the Doppler shift can be written as:

(2)
2ic

where ?L0 iS the wavelength of the laser light in vacuum, j.t is the refractive index of the medium surrounding the scatterers
and 9 is the angle between the velocity vector of the scatterers and the direction of the incoming laser light.

From the standard expressions for the electric field vector in the laser cavity, as seen as a combination of light reflected
from the rear laser facet (index B) and from the front facet (index F) and including the external cavity, the intensity I at the
back facet (where z0=O) can be written as3'4:

I(z0 ,t) E. + E + 2EF EB cos (21tiv +4ltLext,o +((P B —(F)) (3)

with E denotes the field strength, is the length of the external cavity at zero time and p denotes a phase factor. The phase
difference PBPF s a constant. Here it is assumed that the external mirror moves with a velocity v' ,implyingL(t) =

LCXLO
+v 't.

The first two terms in eq.(3) are DC-terms.
In a previous paper3 we derived the conditions for lasering for a five-mirror setup as described here. It can be shown that the
threshold gain changes from g1 to g according to:

gcgth=LKJcos(27tvtj); j=f1,f2,ext. (4)

where L is the laser cavity length, and K denotes a coupling efficiency factor for each external mirror: f andf for the fiber
facets and ext for the moving object. These factors include the cumulative mirror reflectivity and a correction factor to take
the imaging efficiency into account3. 'r is the time for the light to travel to the particular mirror and back into the laser cavity;

Text contains the time dependent term arising from the moving scatterer: 'ç= 2 Ljt) plc. The output power can be considered
as proportional to the gain difference. The phase matching condition is (m integer):

= 2rcL(V —v th )+ + cx 2K ,sin(2rcv'r1 + arctana) = rn 27t ; m E [1,2....] (5)
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where cx is df/df', ji' and C' being the real and imaginary part of the refractive index..t" is related to the loss coefficient cx
[cm'] in the cavity: .t"= (cz1 — g)I(2k) . Stable solutions can be obtained with m=O, provided the feedback intensity is
relatively small4.

Feedback will change the power-current characteristics of the laser (Fig.2). The threshold current will decrease and the
curve will show a kinky behaviour48.

i Fig. 2. Light intensity versus current for
moderate feedback for a distant reflector, as2 measured with the setup used for the present
experiments (see section 3). J1, is the threshold

2 current at zero feedback, and &1,,' are shifts
in threshold current due to feedback. A, B and C
(a,b,c) denote regions where the instability time

50 60 is short, intermediate and long respectively. In
Current, J (mA) the transition region B ondulations may occur

(kink).

An explanation is given in literature8'9. For nearby external reflectors (order cm) some ondulations may show up, due to
mismatch in interference upon feedback. This results in a decrease of the intensity. The effect of kinks is impotrant for the
self-mixing mechanism, since it will be shown that the self-mixing intensity is related to the shift in the curve, towards lower
current values.

For the calculation of the amplitude of the self-mixing signal and its modulation depth we will make use of a Taylor
expansion48" for the refractive index of the laser medium and the gain as a function of the charge carrier density n:

(6)g(n + n) = grn + M = grn +(dg I dn)th
by which and p are defined. Then, using the phase and gain expressions

2j.t L'th 2itM th a L —Lj ln(rLlrL2 ) (7)
for the laser without external cavity (rU and r being the reflectivities of the laser facets), it follows:

LVc = —
K

ext /i cx2 sin(29ext arctana) (8)
2IthLD

Lg = pL\n = —K ext cos(29 ext 2LVCLext,O)L ; 9 ext (1-ext,O + vt)k (9)

In these expressions uses has been made of the corresponding expressions for the so-called 3-mirror setup, consisting of the
laser crystal and the external cavity without the fiber. It is assumed that in the variable (which includes twice the length of
the fiber) changes in refractive index are properly taken into account. From now on we will use the subscripts ci and c2
respectively to describe the situation for lasering with feedback with the fiber included but not the moving object (ci) and
with the object included as well (c2).
For a particular value of the driving current, J, the laser may act differently in the cases without or with feedback4":

" th J fl
+vggthQth and +vggQ, (10)eV te eV 'Ce

with e, V, n,'ç, vg and Q denoting the electron charge, the volume of the laser cavity, the carrier density, the carrier lifetime
(typically 2 ns), the group velocity and the photon density. This leads to
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Q=Q—Qth=—
M

(t;'+vgpQ). (11)Vg th
The laser intensity can be written as

vQI =—Vhv-?---—1n(rLlrL2)
(12)D

and thus

( Vhv I
Al =K ext L ---;;-——--—— cos(29 ext (t)+2ESkLextO) (13)%teP D 1nrL1rL2))

Now we have to find an expression for It can be shown8 that J, the driving current, is proportional to n, with f= a
constant, depending upon the type of laser material: =2 for a GaA1As laser and 3 for an InGaAsP laser. Then we can write

1 Mci (agig'Kextln ; =I —I . (14)1 TL1TL2 Jcl
For GaA1As lasers'4 &4; for InGaAsP lasers &2. The intensity difference LV becomes:

L.J1(hvJ1
111 = __._:_. C

j cos(2e ext (t) + 2L\kLext 0 ) (15)I
Defining" a modulation coefficient m we can write:

I =
Io{1+mcos(2eext(t)+2vcLexto)] with m =

IS.JcihVJci +iJ (16)1l Jci e
in which I is the average optical intensity. Above threshold, I, is approximately proportional to J:

(o 'cl) 11(jji) (17)
with i is a constant, depending upon the laser type, and the subscript C denotes the threshold in the feedback condition
without the fiber. This leads to a hyperbolic relation" between m and J:

m=-L[h'%d1 +i}i +i(J—Ji))1 (18)

In first approximation the third factor in eq.(18) can be considered as being constant.

It has been pointed" out that the finite linewidth 6v of the laser can cause a further decrease of the modulation by a factor
exp(-'/2 v/-ç,). A further decrease of modulation can be originated from speckles. Assuming a speckle spectrum to be written
as S(t)= S .exp ip(t), with ip/t) = 2irv3t it can be shown that this leads to a splitting of the Doppler peak into two nearby
peaks, 2v apart. Since normally VS<<VD (VD being the Doppler frequency) this splitting will be small. However, part of the
signal will show up in the low frequency regions. This means that the AC signal is divided into two parts: one at low
frequencies (proportional to S), and one at the Doppler freuqencies. This offers a correction factor (C) for the amplitude
(eqs. (15) and (16)) and the modulation coefficient, which has to be determined experimentally. Thus the effective m will
read:

Mci (hvJi —1m =--—--—I 2 ('cl +T (J — Ji )) exp(—-----—)Cspec (19)p Jj ye LText

3. STABILIZATION. EXPERIMENTAL ASPECTS

We used a Philips GaA1As laser, type CQL47AID2, operating at 825 nm, with v = 1 .3 THz, v = 0.5 THz, LD 300 .tm,
V = 180 .tm3, n = 3.38, r11 = 0.55, r = 0.17, ; = 2-3 ns, jh = 39.0 mA, g = 1430 cm' and a 6. The optical part of the
experimental setup (Fig.3a) consists of a spherical cd lens (Philips A054, f =4.4 mm, NA 0.46) to obtain a parallel beam,
and a microscope objective (Olympus MD Plan lOx, NA = 0.25) for focussing. A rotating wheel, covered with white paper,
was used as the moving sample. The distance between the laser and the wheel (without fiber) was about 10 cm, thus the wheel
can be considered as a distant reflector. In the setup with fiber we used Philips multimode fibers with a core diameter of 50
rim, a cladding of 125 pm and NA =0.2. Coupling efficiencies were 65-70%. Typical fiber length = 1.5 m. The second fiber
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facet is brought close to the wheel (<1 mm). To analyze the light intensity we used twophotodiodes in side paths of the
setup.

, _____

Fig.3. Schematic drawing of the test setup. (a) The fiber, to be positioned between lens L2 and the wheel, is not shown.
The "side wings" 1 and 2 are used for measurements of intensities. (b) Reduction of disturbing feedback from the first
fiber facet into the laser cavity.

To optimize the signal/noise ratio we positioned a glass plate directly in front of the first fiber facet, connected by a drop of
index-matching oil (Fig.3b). In doing so the coupling efficiency of this facet is reduced considerably3. In the following we
will compare experimental and theoretical results for the situation with and without this glass plate.

Fig.4 Intensity vs. current relation for this setup, with
fiber and wheel, without glass plate. The effect of
feedback shifting the curve towards lower current values
is clearly seen.
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Fig.6. Comparison of measured and calculated Doppler
amplitudes (see Fig.4). Note the multiplication factor

Fig. 4 shows the light intensity vs. current graph for the present laser and fiber, used to determine J J2 and M1. The kink
is clearly seen. The maximum decrease in threshold current Mci is 0.80 mA, immediately above threshold. It decreases to 0.55
mA beyond the kink. The threshold current for the situation without moving scatterers is J1 = 35.9 mA. Fig.5 collects self-
mixing spectra for different currents. Just above threshold (J2<J<J1), where the laser is expected to be most stable, the signal
to noise ratio is optimum. It improves for J>50 mA.
Fig.6 shows the measured AC-amplitude of the self-mixing signal and the calculated values for three values of J1: i..J(J),
0.80 mA and 0.55 mA; the first of these is derived from the experimental intensity vs. current relation:

M(J)=I.M(J) (20)

In this figure the measured Doppler amplitude was fitted to the theoretical curve by multiplication with a factor 38. It is
stressed here that this is an absolute fit. Part of the factor 38 can be explained by the influence of the two last factors in
eq.(19). Experimentally it was found that C, is about 2, which suggests an exponential damping factor of about 19. With ;
= 2pL/C 15 ns one expects a line width v 800 MHz, which is small compared to the line spacing and the spectral width
of the laser without feedback.

It is seen from Fig.6 that the amplitude follows the curve for &lcI = 0.55 mA, except for the region immediately above
threshold, where the curve for L\Jci = 0.80 mA is more appropriate.
Fig. 7 shows the modulation coefficient for the same values of Mci both theoretical and experimental. The experimental
curve has been fitted with the same factor 38.It is seen that the measured curve follows the same theoretical curves as with the
amplitude.

Insertion of the stabilizing glass plate has a profound effect upon the behaviour of the setup. Fig. 8 shows the intensity vs.
current characteristic, and Figs. 9-11 some spectra, and the amplitude and the modulation depth of the self-mixing peak. The
kinky behaviour is almost absent, which smoothes the amplitude and modulation curves considerably. We can evaluate J1
38.5 mA and iJ1 0.63 mA. With these values the theoretical curves in Figs. 10 and 11 have been calculated. Good
agreement has been obtained.
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Fig.8. Intensity vs. current relation for the setup with
fiber and wheel, and the glass plate.
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Fig.1O. Measured and calculated amplitude vs. injection
current for the setup of Fig. 8. Multiplication factor 34.
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Fig. 11. Measured and calculated modulation depth
for the setup of Fig. 8.

4. ADAPTING THE LIGHT TRANSPORT ThROUGH THE FIBER.

In previous papers'3 we indicated that with this instrument the measurement of flow velocities, with the fiber directed
upstream, lead to very reliable results. It was validated that the cut-off frequency of the Doppler spectrum does correspond
with the maximum velocity in the undisturbed flow. We tested this with a series of measurements in milk and blood, and in
vitro and in vivo. Comparisons were made with ultrasound and electromagnetic flowmeters, attached externally to the vessel.
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However, frequently blood flow measurements have to be performed in the downstream situation. It was shown that in that
case the Doppler spectrum does not extend to the expected frequency that corresponds to the velocity. The reason for this is
that in the downstream situation the wake of the flow caused by the presence of the fiber has a much larger volume. Then the
light cannot penetrate to the region of undisturbed flow any longer.

This is illustrated in Fig. 12, showing the relation between upstream and downstream cut-offfrequencies for the same flow
of low-fat milk. The upstream frequencies correspond to the expected velocity value.

To solve this problem we choose the setup as shown in Fig.13. The fiber is cleaved in an oblique direction, and the
cleaved surface is covered with a specular reflecting layer. The effect of the beam directed sideways is that cos e 0.1
(eq.(2)), which decreases the Doppler frequency range (apart from multiple scattering). We call this the "mirror fiber".

Fig. 12. Relation between measured
cut-off frequencies, in the upstream
and the downstream situation. The
frequencies measured upstream
correspond with the actual velocities,
according to eq.(2).

Fig. 13. "Mirror fiber". Oblique cleaving (35° 5°) of the fiber facet (diameter: core 50 tim, cladding 150 jim).
Attachment layer: chrome 2 nm; Reflecting layer: silver 200 nm (reflectivity 88%). Afterwards the facet was
covered with a silicon protecting layer ( 200 nm; not shown). Beam A and B are at 95° and 20° with the axis
respectively. Beam A is by far the most intense. Overall fiber transmission (for beam A) 50%.

As an illustration we present measurements in a flow with lowfat milk as the flowing liquid. It contains spheres of fat,
average diameter 3.6 jim. The volume fraction of particles is about 100 x lower as in whole blood. Thus the penetration
depth will be larger and the region of undisturbed flow will be reached more easily. The fiber was inserted in the lumen of a
5-french (1.7 mm) catheter (Cook) equiped with an extendable basket, such that the emerging light of the fiber penetrated
directly sideways in the flow. Fig. 14 shows a spectrum and a comparison between the measured velocity and that calculated
using an independent volumetric flow calibration.

It is seen that the cut-off frequency can be determined quite easily and that the measured velocity is within a factor of 1-2 of
what could be expected (actually a parabolic profile). The cos e - effect is much less pronounced, due to overwhelming
multiple scattering. This was confirmed by Doppler Monte Carlo simulations.
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6.5 7.0

Fig.14. "Mirror fiber" in catheter, downstream in milk flow. (a). Doppler spectrum; (b) measured and calculated
velocity.

5. INTRA-ARTERIAL MEASUREMENTS

We also performed some in-vivo intra-arterial measurements, as we did before3 with the fiber in the upstream position.
Now the "mirror fibers" were positioned downstream. In Fig. 15 some typical measurements are shown. As before, the arteria
pulmonalis of a healthy calf was measured. The average flow was 4 1/mm (measured with an ultrasound external probe),
which corresponds to about 15 cm/s (assuming uniform flow and with a diameter of 2.5 cm). Should cos ehave been unity,
the corresponding cut-off frequency would have been 475 kHz. We measured a lower cut-off velocity, about 100 kHz. A
similar effect was measured in case of the milk flow (above) and was verified using Doppler Monte Carlo simulations.

0,25

Fig. 15.
Downstream measurements in the
arteria pulmonalis of a healthy
calf. Several curves are shown,
taken one after another.

In this contribution two aspects of self-mixing laser-Doppler flowmetry using a glass fiber were dealt with.
i The first was the optimization of the instrument. We were able to clarify the behaviour of the instrument using a

theoretical model based on the downward shift of the threshold current upon feedback. It was shown that measurements and
theory of the amplitude and the modulation depth of the self-mixing signal can be brought together quantitatively. The
stabilizing effect of an extra glass plate in front of the first fiber facet was demonstrated and explained.
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The second point is the use of the instrument, both in upstream and in downstream situations. To be able to measure
downstream it turned out to be of help to supply the fiber facet in the flow with an oblique mirror, by which the laser beam
emerges sideways from the fiber and directly into the flow. In doing so, the problem of the light not penetrating beyond the
voluminous wake in the downstream situation can be avoided. We tested this instrument in two situations, in vitro in a milk
flow and in vivo in an artery of a calf. Due to the almost perpendicular entrance of the light into the flow, the measured
frequencies are lower than the cut-off frequencies for entrance along the fiber axis. The corresponding factor is related to the
refractive indices of the fiber and the liquid, to the flow pattern and the scattering characteristics.
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