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Abstract

The application of the non conventional imagindgteque LOFI (Laser Optical Feedback Imaging) toezeht microscopy is
presented. This simple and efficient techniquegifiiequency-shifted optical feedback needs the satode scanned in order to
obtain an image. The effects on magnitude and péigsals such as vignetting and field curvatureasimned by the scanning with
galvanometric mirrors are discussed. A simple nwimy method based on phase images is proposéutthe optimal position of

the scanner. Finally, some experimental resulistitating this technique are presented.

Keywords : Optical feedback, phase-sensitive digtiecscanner, vignetting, field curvature.

1. Introduction

The coherent re-injection of light in a laser cgwian be at the origin of a modification of thedlabehavior. Often considered as a
parasitic phenomenon, it can for example driveldker in a chaotic regime][ When it is correctly controlled, the optical re-
injection in a laser can however be used in ordémprove its characteristics, such as for exartipdinewidth narrowing?], or for
metrology purposesfid], thus conferring on the laser the role of sowed detector at the same time. Since 1963, thigipte was
employed in an autodyne configuration to measuwstadces or speedsif12]. More recently, a heterodyne imagery techniqukeda
LOFI (Laser Optical Feedback Imaging) was develdpeldand has been used for miscellaneous applicafi@nss]. Coherent
microscopy is one of many areas of applicatiorh@f versatile technique. It provides access tatmplex amplitude of the

backscattered field and thus allows obtaining & hégsolution, 3D representation of a sampie1p]. Classically, to measure the
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height of a sample with a high resolution (i.e. msmaller than the wavelength), one have to builthterferometer which is usually
complicated to implement. The LOFI technique alloneaking interferometric measurement with a partidylsimple arrangement
which can easily be adapted on a conventional mixee to provide an existing setup with new imagnuglalities. Moreover, under

some particular conditions, the reinjection of tighthe laser may introduce an optical amplifioatof the interferometric signal.

2. Principle

The LOFI technique allows the coherent detectiothefphotons that have been backscattered by et fachy For that purpose, a
laser which is a coherent light source is usedhetarodyne interferometer of which the referenoe ia replaced by the laser cavity
itself. By doing so, interferences occur insideltiger cavity because of the reinjection of a sex@bunt of the backscattered light,
accordingly to the reverse path principle. Theserfarences can be analyzed by measuring a frasfithe laser output power. This
approach has several advantages that will be dtesthelow.

First, the detection of backscattered photons alawrking with a very wide range of targets, traarspt or opaque, thin or thick.
Only a single interface between two media withatight optical index is needed to get a signal.

Then, much information is contained in the com@eplitude of the interferometric signal. Its magd#& depends on the amount of
detected photons, which is linked to the refractingex contrast, absorption and diffusion coeffitg polarization and even the
target topology. On the other hand, its argumegbigerned by the optical path length between therland the target. This quantity
depends on the refractive index and thickness#seaiedia through which light traveled. Severatlkiof images can then be
realized, with a contrast generated by the optoygdcal parameters of the target, thus havingedkfft significations and values.
The coherent detection is also favorable to obitah resolution images in a scattering mediash, pecause the multi-scattered
photons have lost their coherence. Only the ballgtotons that keep the spatial information ofrth@eraction with the target are
detected. Unfortunately, they are usually very &l it is therefore necessary to implement a vengitive detection scheme.

The use of the laser cavity as a reference alsg®some benefits. First, there is no need foliaade alignment between the probe
beam and the reference beam because the setupalgreed by construction. Then, the main trumpgha$ technique lies in the
interferometric signal amplification by a resonapbenomenon in the laser dynamics. Such amplifinéi made possible by the use
of a class B laser which is characterized by aghbfetime in the cavity that is shorter than therescence lifetime of the active
medium. These lasers show relaxation oscillatidriear intensity and are very sensitive to optieadback, particularly when the
reinjected light has a frequency shift which isseldo the relaxation frequency. We have shownthisigain increases the signal to

noise ratio of the system for given laser power roide detection leveb{,22].

3. Experimental setup

Figure 1 shows a schematic of the experiment.itnstudy, we used a diode-pumped®SNdAG microchip laser with a 800 pm thick
cavity which emits a radiation of a few mW at thewelength of 1.064 um. Its relaxation frequencgrisund 1 MHz. The
heterodynation is realized with a frequency shifemstituted by two acousto-optic deflectors (IAtgon, ATM-801A2),

respectively operating at 81.5 MHz (order +1) ahb8HzAf (order —1), so that the overall frequency shifhf. This frequency
shift can be controlled from the AOD driver (Intrethon, DFE-804A4A). It is chosen close to the raldon frequency of the laser in
order to profit from the dynamical amplificationgrfomenon. A two-axis galvanometric mirror scan@anibridge Technology,
6220) makes it possible to move the beam on tHasuipf the sample to obtain an image. The beanjested into the microscope
(Zeiss, Axio Imager M1) via the side port and istfsed on the sample by the objective (Zeiss, A-B(ai0.65). Because of the great

sensitivity of the system with respect to any begflection, all the lenses (except for the micrgeeobjective) are anti-reflection



coated for the working wavelength: 1.064 pm. A it of the output intensity of the laser is semtaoSi-photodiode with a beam
splitter. The magnitude and phase of the interfetoimsignal are provided by a lock-in amplifierengting at Af (Stanford
Research, SR844) and digitized by a 12 bits dajaisition board (National Instruments, NI USB-621Hpme-made software
developed under the LabVIEW environment has ingdaéo drive the scanner and to synchronously aedhé data in order to build

the images.

4. Scanner induced distortions

The phase measurements are those that requireoteattention. In order to have good quality imagids necessary to scan the
target quickly to avoid any drift during the acqtiis1. One should also remove any source of vibreti For these reasons, it is
preferable to use a galvanometric mirrors scarmscan the beam on the target rather than movintatiget itself. However, this
solution also has some drawbacks that result tordésl magnitude and phase images.

In an ideal case, the scanner must be positionaglane conjugate to the entrance pupil of thessmope objective to avoid the
vignetting phenomenon when scanning. In practtds,riot possible to satisfy this condition simakausly for both the scanner
mirrors (unless they are conjugated with additialcs, which complicates the setup and makesiermumbersome). Therefore, it
occasions a vignetting effect that can be easdgssed.

The last part of the setup taking place betweers¢h@ner and the target is detailed on Figurg & e conjugate plane of the
entrance pupil Pu of the microscope objectiyeTlhe scanner mirrors Mand M, are separated by a distance e. They are arramged o
either side of the plane, Bo that M is separated from P by a distance d. For simplafirepresentation, the deflection by the two
mirrors has been represented in the same planen this figure, it is easy to establish that whes My mirror deflects the beam by a
small anglen from the optical axis, the lateral shift of theabecompared to the entrance pupil of the objedtive

P's| =%da @)

In the same way, we have for the mirroy: M

|P'T| = i—i(e -d)a 2)

L; and L, lenses are wide enough to avoid losses duringdas. In order to profit from the whole numericpégure of the
microscope objectivedand, in the same time, to limit the power lossies Jenses system has been designed so that ihe oddhe
beam, that is assumed to be gaussian (see Figusel3) times smaller than the radius of the abjeentrance pupil, corresponding
to a 99% power transmission ratio wheer0°. By computing the ratio of the field that pasterough the objective pupil as a function
of the lateral shift, one can then quantify theneiling effect on magnitude images of a flat anfoumly scattering object located in
the observation plang fFigure 4). These results suggest that the bégi@oto minimize the vignetting effect on magmituimages
(therefore to limit the degradation of the sigmahbise ratio) is to share it out on both dimensiby locating the scanner so that the
ideal plane Pis exactly at the same distance from the mirBysdoing so, the magnitude is significantly affettanly on the edge of
the accessible field. The resulting magnitude V@@ can then easily be corrected with a postgssiag of the images.

On the other hand, the length of the optical pattiben the laser cavity and the laser spot oratiget is modified during the scan.
This effect can also be calculated. The path lemgttations in both dimensions will be determingccbmparison with a reference

path, in dotted line on Figure 2. Whatever the ealfithe deflection angle of the beam relative to the optical axis, all tipical



paths between P and P’ have the same length bettessepoints are conjugated. Moreover, becausa&@®& are in the focal planes
of Ls, P’ is at the same optical distance from everyipon RB. The reference optical path length is then inddpahofa.

If the first scanner mirror Mis at a distance d from P, it is easy to find thatdifference between the real and the referepteal
paths is given by :

M, Q| =[M,P| = d(cos(a)-1) (3)
Similarly, the distance between the mirros &hd the point P is responsible for an optical pertigth variation when scanning which
is equal to:

|PM, | =|PR| = (e —d)(1 - cos(a)) (4)

By considering that the mirrors Mind M, deflect the beam by an angleandp respectively, the phase function of the scanning
process can be determined from equations (3) gnd (4

o(a, B) = @, +2K[d(cos(a) - 1)+ (e = d)(1 - cos())] (5)
where®y is an arbitrary phase term, kw2 is the wave number and the factor 2 outside thekats corresponds to a round trip
between the laser and the target. Equation (5péas evaluated for three different scanner positaord the results are shown on
Figure 5. These images correspond to the phaseesithgt would be obtained by scanning a flat tandpéth is perpendicular to the
optical axis. To recover an image that correspaadie target profile, the phase must then be @smEto remove the scanner
induced field curvature.

Finally, another effect will be discussed. So fee, have assumed that the mirrors were hit by tlaenben their rotation axis, which is
not obvious to achieve in practice without monitgriAccording to the Figure 6, when the beam isamdly centered on the mirror
(i.e. the optical axis intersects the rotation hitits reflected at point A, along the dotted lif@r any value ofr. If it is off-center,
then the mirror is hit at point B after a rotatimough an angle/2, introducing an optical path length differenicecomparison with

the centered case, which is given by:

1 3
AB|+|BC|=g| ——=—sin| —+a 6
| IIIg[r2 sm(4 ﬂ (6)
During the scan, an additional phase variatiohus introduced by this decentering:
_ 1 . (3
q)g (a) = 2kg|:ﬁ—sm(7+a’ﬂ (7)

As can be seen on Figure 7, the correction is ealkile, even for a small shift. A similar expressidithis correction is obtained for
each mirror, which allows us to compute a new plpageern taking into account the effect of mirrdesenteringFigure 8). It
should be noted that a bad centering is also rediplerfor an additional vignetting effect on magdi images.

To summarize, the monitoring of the phase imagesgsod and convenient way to adjust the positiahthe centering of the

scanner. The best configuration which minimizesuigaetting effect corresponds to a centered, saslihped phase image.

5. Phase unwrapping

When scanning a target, the phase signal provigeldeblock-in amplifier is wrapped, which meansttiiégs known modulo & To
recover the real profile of a target, without distiouity, the phase signal must still be unwrappgdee MLBT algorithm $3] has been
chosen for its robustness towards experimentaknélewever, correct phase unwrapping is imposgitthe phase fringes are not

sufficiently spatially resolved and aberrant resghn then be obtained. It is therefore not adlésabunwrap the raw phase image



because, as we have shown in the previous setti@scanner induced phase variations are veryveay from the optical axis (i.e.
away from the image centre) and it would necessddarge spatial oversampling which could be cetepf needless, considering
the spatial resolution of the image. Thereforés Wiser to subtract modula@he scanner phase function from the raw phaseéamag

before unwrapping it.

6. Experimental results

The LOFI microscopy technique was implemented tawggnitude and phase images on two different kiidsmples. The first

one is a part of an AFM calibration grid constitlitey a set of microscopic blocks etched on a silisarface. This sample was used
first in order to calibrate the horizontal scalésur images. On the magnitude image (Figure @ stivface micro-structure is clearly
visible. The lateral resolution is given by the Imeaaist on the target and is about 0.5 um withntieroscope objective that has been
used. This value is confirmed by the thicknesseflilocks edges (dark lines on the image). The énteg been voluntarily
oversampled in order to facilitate the blocks edgealization with a precision that is better tliba optical resolution. Since the
whole sample is made of silicon, the image confisasbviously not only governed by the optical irdentrast between the sample
and the surrounding medium (the air in this casef also by the geometrical characteristics ofsén@ple surface. For instance, there
is a contrast between the blocks and the spacaditbem because these regions have a differettdstiand we know that the
detection efficiency highly depends on the distamemveen the scattering/reflecting surface andabal plane $4]. In the case of a
reflecting surface, the incidence angle of the batsmo determines the amount of light that will bmjected, hence the signal
magnitude (the higher magnitude is obtained wherb#tam has a normal incidence). This is the reabgrthe blocks borders
appear darker, as the image edges where the inndidam is at an angle because of the scanningggdsee Figure 2). It should be
noted that the vignetting effect is negligible listcase because of the small dimensions of thgernampared to the accessible field
size.

On the other hand, the phase image (Figure 10) skiwatrue topography of the sample with an interfestric resolutionZs], that is

to say about a few nm on the vertical scale. Adogrtb the manufacturer, the blocks height is 1A40:10%. The precision of the
phase determination is strongly dependant on tireabto noise ratio, which is enhanced by the L@Ehnique. Thus, it is possible
to have a good quality phase measurement, everawiiiak backscattered signal (which is typicall/¢hse on the blocks borders).
Magnitude and phase images have been acquiredtamaolsly in 10 s for a size of 28&56 pixels. This time corresponds to 150
us by pixel which is the response time of our insientation.

The other object that we have observed is a bicddgiample. The cells from a fresh blood drop Hzen separated on a glass
microscope slide by the classical blood smear tigcien The edge of a red blood cell is visible amteagnitude image (Figure 11)
but the phase image (Figure 12) is much more istiexgeas we clearly see the characteristic conshape of the cell. This image
also shows that the cell seems to be surroundsdimg substance, probably the plasma. It shoulebtszithat there is no height
scale on Figure 12. Indeed, when dealing with #mid transparent objects such as a cell in theinfrared, the measured phase is no
longer proportional to the object height. A vermnple model can offer an explanation to this phenmmnelt results from the
interference between the signals scattered orctefleby the different interfaces of the object witezy are very close (that means
separated by a distance which is small or comparatthe Rayleigh range). Let us consider a targestituted by a thin transparent
layer on a semi-infinite substrate (Figure 13).

The first contribution to the detected signal corirem the reflection at the superstrate/layer iiaiee. In the reference plane, after a

round trip, the complex amplitude of the reflectiedt is proportional to:



E, =E,; exp(qul) (8)
with
E, :Eo[“'““"] ©)
n+n
sup
and
®, =2k(d- h)nsup (10)

where g is the incident field magnitude and k®R2 is the wave number.
The second contribution comes from the layer/satestreflection (one reflection on this interfacel &wo transmissions through the
other interface):

E, =E, exp(i®,) (11)
with
2n -
E, =E,| — [“Sub “j n (12)
n+nsup Ny +n n+nsup
and

®, =2k|(d ~h)n,,, +hn| (13)

One then detects the coherent sum of these twasfielhose magnitude and phase have been plottE@jore 14 as a function of the
layer parameters n and h, in the particular casareviy,=1.51 and g,=1 corresponding to a sample on a microscope slid@. It is
clear that the phase is not proportional to thedalyickness, except for ngg(like in Figure 10) because in that particularecdke
layer/substrate interface vanishes and there more interference.

However, Figure 14 suggests that it is possibErltaneously determine the thickness and thealptidex of the layer from both
magnitude and phase of the reflected field. Unfwataly, it only works in normal incidence; therefpthis method can't be applied
for profilometry purpose because the detected ntag@ialso depends on the interfaces locale orientap4] which are generally

unknown.

7. Conclusion and outlook

The application of the LOFI technique to coheremtroscopy was presented. The simple setup carydssiimplemented on an
existing microscope in order to extend its imagimgdalities.

The LOFI is a point based technique; it meanstthauild an image, the target must be scanned.lMagametric mirrors scanner
moving the beam on the sample surface is a fastamgenient solution, but it induces some distoition images that have been
discussed. In particular, the phase pattern gesgbtat the scanning process can be useful to omithiz scanner positioning in order
to reduce the vignetting effect.

Finally, magnitude and phase images obtained oite+atructured silicon sample and a red blood lealle been presented to
illustrate the potentialities of this non convenabimaging technique.

These results encourage us to develop this tecamigorder to realize in depth microscopy of secattemedia such as biological
tissues. Indeed, the characteristics of the LO&Iparticularly interesting for the biomedical apptions. The used laser emits a
radiation of a few mW at 1.064 um that suits weilhiological tissues observation. Coherent detectith the great sensitivity

provided by the dynamical amplification performedtbe used laser makes it possible to obtain imagssattering media, without



need for contrast agerss]. In addition, the TEMy mode of the laser plays the role of a spatiaffitturing the detection stage, like
the pinhole of a confocal microscope, which alldhes localization of the signal in the three dimensiof spacezf]. However, some
work still has to be done to eliminate the spurimftections that scramble the image by causingriatences when they are
superimposed on the useful signal from the focah@l Usually negligible, the spurious reflectiotastto be annoying when the
signal is very weak, which is typically the caseewtit travels trough a scattering medium. The muopbrtant contributions to this
parasitic signal come from the microscope objecivd the surface of the sample. The presence @fex plate on the sample also
causes an important unwanted echo. A promisingisalbased on a multi-beam illumination of the sénjps] is currently being

implemented.
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Figure 1 — Description of the experimental set-upk ;, collimation lens; BS, beam splitter; AOD, acousto-optic deflector at
81.5 MHz (order +1); AOD,, acousto-optic deflector at 81.5 MHZAf (order —1); L,, collimation lens; MM ,, two-axis

galvanometric mirrors scanner; Ls, scan lens; L, tube lens; Ls, microscope objective.

optical axis

pd
~
pd
~
—
pd
~

A
:
A
:
v
A
v

f3 f3 f4 f4 f5 f5
Figure 2 — Ray tracing for the computation of ampliude and phase images distortionsgff, and f; are respectively the focal

lengths of the L, L4 and Ls lenses. Pu is the entrance pupil ofdand P; is the observation plane.

Ls L,
'Y ' ' Y

r (mm)
o
[l
———— |

1250 1300 1350 1400 1450 1500 1550 1600
distance (mm)
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the simulations are:a=0°; ;=50 mm; £,=150 mm; £=4.7 mm.
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Figure 5 — Computed phase patterns generated by thsganning process for three different positions dhe scanner. The

parameters for the simulations are:gp=0 rad; A=1064 nm; e=9.1 mm.
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Figure 11 — Magnitude image of an isolated red blabcell on a glass slide (20200 pixels).
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Figure 13 — Model for the multiple scattering/reflestion effect assessment.
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Figure 14 — Normalized magnitude and phase of théeld reflected by the structure on Figure 13 when f,=1.51 and n,~1.
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