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Nonlinear optical measurements using a #icoherent imaging system with phase objects
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We report a one-laser-shot measurement technique using a phase object at the entryabfemeht imaging
system to characterize the value of the nonlinear refractive index of materials placed in the Fourier plane of the
setup. Experimental and simulated images are presented here in order to validate our approach. We show that
the use of a quarter-wavelength dephasing object maximizes the transmission variations in the detected image.
We show also that the use of phase objects increases significantly the sensitivity of the measurement compared
to top-hat beamgby a factor of . Moreover, by adding this type of object at the entry of our imaging system
it is possible to determine the sign of the refractive nonlinearity.
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I. INTRODUCTION We will show here that, by adding a quarter-wavelength

We have reported recently a nonlinear-imaging one-lasehase objects in thef4maging system, it is possibl¢) to
shot techniquéNIT) based on a #icoherent imager system €xtract the non_!lnear optical index of t_he' material with only
with top-hat beams to characterize nonlinear optical properone-laser-shoti) to increase the sensitivity of the measure-
ties [1]. In this method (see Fig. 1 we studied the ment compared with Gaussian or top-hat beam objects, and
Fraunhofer-diffracted image intensity profile. The self-(iii) to determine the sign of the nonlinear index. We con-
diffracted spectrum on the spatial filtgghase and/or ampli- sider C$, the well-known nonlinear material, in order to
tude created by the incident spectrum intensity into the nonvalidate this new approach.
linear materigl gives rise to changes in the transmitted In summary, in this paper, we will inverse the Zernike
intensity. Instead ofZ scanning” the materigP] we focused spatial filtering experiment: instead of placing the quarter-
our attention on the transverse modification in the imagevavelength plate in Fourier plane to have information about
acquired with a charge-coupled devig@CD) camera. The the unknown phase object at the entry of the imaging system,
experimental acquisitions were fitted by a simple theoreticalve will place it in the object plane in order to obtain infor-
model based on Fourier optics to obtain the nonlinear coefmation on the nonlinear filter induced in the material placed
ficient. Furthermore, it was shown that the use of top-hain the Fourier plane.
beams instead of Gaussian ones in tlfiesystem increased  The theoretical model used for our calculations is briefly
the sensitivity of the measurements, as was reported by Zhaecalled in Sec. Il. Section Il deals with the numerical simu-
et al. using aZ-scan techniqug3]. On the other side, we had |ation. Section IV is devoted to the experimental details and
investigated, both experimentally and theoretically, the optitesults.
cal nonlinearities of infrared chalcogenide glasses using a
spatially resolved Mach-Zehnder techniqUdZT) [4-7].

Experimental data clearly indicate that the samples used in Il. THEORETICAL MODEL
our experiment cannot be described with the usual third-
order nonlinear theory and intensity-dependant nonlinear co- In this section we briefly recall the adopted theoretical
efficients were attributed to the presence of fifth-order nonmodel(see Refs[1,8,9 for more details In what follows, it
linear susceptibility{7]. The MZT is a powerful method to is assumed that Fourier optics is sufficient to describe image
obtain one-laser-shot measurements, giving more convincinf@rmation using the #system[10].
results when one is looking for intensity-dependant nonlinear A two-dimensional objeatFig. 1) is illuminated at normal
coefficients. But the great inconvenience of this technique isncidence by a linearly polarized monochromatic plane wave
the complexity of the optical setup, especially when one igdefined byE=Ey(t)exd—j(wt-k2)]+c.c., whereaw is the an-
using an unstable beam outdsatich as from an optical para- gular frequencyk is the wave vector, anBy(t) is the ampli-
metric generatofOPG)]. For the NIT method, the alignment tude of the electric field containing the temporal envelope of
is simple. Other advantages included no displacement of thghe laser pulsedelivered by a pulsed laser. Using the slowly
nonlinear medium. However, an inconvenience of thisvarying envelope approximatiofSVEA) to describe the
method compared to théscan technique or MZT is that we propagation of the electric field in the nonlinear medigirj
were not able, up to now, to have the sign of the nonlineaand since we are concerned with the image intensity, the
index coefficient. temporal terms will be omitted. Moreover, thermo-optical
effects are not significant when one is using ultrashort pulses
in the picosecond rangéhe full width at half maximum time
*Corresponding author. FAX:(33) (0)2.41.73.52.16. Electronic 7 is 15 pg and low repetition rat¢10 H2). If the transmit-
address: georges.boudebs@univ-angers.fr tance of the object if(x,y), the field amplitude in the focal
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FIG. 1. (@) Schematic of & coherent system
imager. The nonlinear materiéNL) is placed in
the Fourier planeL,—Lj3, lenses;Mq, M,, mir-
rors; BS, beam splitter; tf, neutral filter(b)
Schematic of phase object used at the entry of the
setup.

(b) O(x,y)

plane of the first lend.; is the spatial Fourier transform of S (uv)= Su,v)e 1 +q(u,v)](1kn2/ﬁ‘1/2), (3)
O(x,y)=Et(x,y): . ,
where q(u,v)=BLeil (U,v), Leg=(1-€ )/, L is the
1 ~ sample length, ant{u,v) denotes the intensity of the laser
Su,v) = Ff[O(x,y)] beam within the sampléroportional to/S(u,v)[?). T(u,v),
1 the complex amplitude response introduced by nonlinear-

1 L .
=2 [ [ otxyent- 2miuxroyaxay, @ 1 defned @
1
(u,v) ; :
- T(up)= Sé—) = {1 +q(u,0) 1} 2 exd ey (u,0)],
where F denotes the Fourier transform operatiomx/\f; ’
andv =y/\f; are the spatial frequencies in the focal plaie, (4)

is the focal length of the lenls;, and\ is the wavelength of , ) .
the exciting wave. where gy, the nonlinear phase shift of the beam, is given

At the output of the 4 system, the image intensity can be by
written as

o (U0) = %”2 L1 +q(uv)]. (5)

~ 2
linx,y) = U P= | F S0 TR, @)
In the particular case of a lossless Kerr material, wheaad
whereF! denotes the inverse Fourier transform &ha,y) B are both negligiblgsuch as Cgconsidered hereafter in
the coherent optical transfer function applicable toS€Cs: Il and 1V, Eq. (E’) reduces topy (U,v)=knpLI(u,v)
aberration-free  lenses,H(u,0)=¢(\u?+v2\G/N,). The 2and EQ.(3) to S (u,v)=Slu,v)exdjen (u,v)] [2]. .
function ¢(p) is defined equal to 1 if the radiys(u,v) is By considering a top-hat beam_ experlment, a C|_rcular dia-
less than or equal to 1 and 0 elsewhe¥g.is the numeri- phragm at the entry offdsetup defines the object with trans-

cal aperture of the lenk; and G is the magnification of mittance
the optical system. We assume a cubic nonlinearity and 53
we ccl)Dnsiderysamples exhibitin@) linear absorption ge- ta00y) = VX + /Ry, 6)
fined by « (m™), (ii) two-photon absorption2PA) de- This assumption is valid only iR,, the radius of the ap-
fined by g (m/W), and(iii) a nonlinear index defined by erture, is much smaller compared to the spatial extension of
n, (m?/W). When the nonlinear medium is regarded asthe incident beani.e., beam waist of the Gaussian bgam
“thin,” the complex field at the exit face of the sample canorder to assume an incident plane wave passing through the
be written[12] aperture. Let us now add a circular phase object of radius
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Lp(Lp,<R,) centered inside the top-hat beam having a uni-maximum ofAT. The parameters of the simulation wege
form phase shifth, . The transmittance of this new object can =0.96 GW/cm (at ¢, =0), A=1.06 um, L=1 mm, B8=0,

be written[see Fig. 1b)] n,=3.2x10¥ m?/W, R,=1.45mm, and G=1. Here
. = H(u,v), the coherent optical transfer function, is considered
to(%,Y) = ta(X,y)explj ¢ VX" + yTLp ]} (") to be very large in order to avoid the “ringing” effect that

In the focal plane of lenk, the intensity pattern distribu- ©OCcurs at the edge transition. The results are shown in Fig. 3
tion (which becomes the Airy pattern distribution when the Where we can see thaf_giving the AT maximum depends
phase object is absent—i.¢.,=0 or L,>Ry) induces am- N the radiud.,. However, the phase plate that has been used
plitude and/or phase circular grating in the mategiL). N our experimental acquisitions here beldiy,=0.5 mm
The self-diffracted spectrum on this pattern is collected byShows approximately a maximum aroudg= /2. In Fig. 4
the second len$L,). Thus in the image plane we obtain a We calculated the transmission change as a function of

spatially filtered image of the circular phase object having®NL max the nonlinear phase shift at the center of the incident
intensity profile variations. spectrum beam. Note the good linearity betwe¥h and

ONL maxe The sensitivity, as indicated by the slope of linear
lines, increases slowly for a lower radius of the phase object.
It should be mentioned here that the sensitivity increases
In order to illustrate the validity of this model, numerical approximately by a factor of 6 when we compare the dotted
simulations have been compared to experimental acquislines(phase objects of different radiusith the solid ongno
tions in Ref.[1] (where the phase object was abgesmid  phase shift in the objert
compared with some experimental results found in the litera-
ture such as i13,14. Very good agreement was obtained IV. EXPERIMENTAL RESULTS AND DISCUSSION
between acquired and calculated images which allowed us to
measure the absolute value of the nonlinear index corre- Excitation is provided by a Nd:YAG laseicontinuum)
sponding to CSand to estimate the, coefficient of differ- ~ delivering 15-ps single pulses at=1.064um with 10-Hz
ent chalcogenide glasses. In this paper, we added a circulg@petition rate. The input intensity is varied by means of a
phase object defined by E(7). In Fig. 2, we can see the half-wave plate and a Glan prism, in order to maintain linear
calculated images using our mod&lgs.(1)«7)] for ¢, the  polarization. A beam splitter at the entry of the seféim.
phase shift in the object equal to/2. The other parameters 1(&)] permits one to monitor any fluctuation occurring in the
of the simulation are close to those found in the experimenincident laser beam. Other experimental parametersfare
(detailed below: 1,5=4.8 GW/cnd, A=1.06 um, L=1 mm, =f,=30 cm (focal length of lense4, andL,), G=1, and
B=0, ny;=3.2x10®m?/W, L,=0.5mm, R,=1.45 mm, R,=1.4mm. The latter is small compared to the beam waist
N,=0.1, andG=1. Thex andy coordinates are in pixels Of the incident laser bearfl cm). The Airy radius at the
(12x12 um?). The left image(1) is obtained without the focal plane of lend.; is wy=1.22Af;/(2R,) =140 um giving
phase object and the right oi2) is the image in the pres- a Rayleigh rangezy,=mw3/\~6 cm. This value is much
ence of the quarter-phase plate. Note the increasing of thlarger than specimen thickneg&-mm-thick fused silica
transmitted intensity inside the geometrical image of thecell). The image receiver is &000x 1018-pixel cooled
phase plate. As shown in this figure, the transmission changeamera(Hamamatsu C4880with a fixed linear gain. The
AT (defined as the difference between the mean values of theamera pixels have 4095 gray levels. Neutral filisuch as
diffracted intensity inside the phase plate and the intensityf) are used to keep the camera within its linear response
outsidg is considerably increased. The whole energy in therange. The phase-changing circular plate consists of a glass
image should be conservé¢because there is no absorptipn structure on which a transparent dielectric digf radius
therefore, we can see from Fig(t@ by comparing profiles L,=0.5 mm has been depositgérig. 1(b)]. The disk has a
(1) and (2) that the increased intensity in the center is de-thickness and index of refraction such that it retards the
flected from outside the wave plate. Inversely, for negativephase of the incident light byr/2 radians relative to the
n, and by considering the same parameters as before, thghase outside the disk. We verified that the phase shift in the
simulation gives profil€3) in Fig. 2c), where we can see a object is independent of the direction of the incident rectilin-
decrease in the intensity profile at the center to the benefit afar polarized beam. By rotating the phase plate we could not
the region outside the phase plate. Physically, this behaviasbserve any significant change in the acquired image, neither
can be understood by considering a constructive or destrudn the linear regime nor in the nonlinear one.
tive interference between the filtered spatial frequencies Three sets of acquisitions are need@fNo material the
forming the image depending on the sign of the nonlineafirst acquisition is made without the nonlinear material. This
dephasing(i.e., the sign ofn,). In Zernike phase contrast acquisition is used to calibrate the incident intensity in the
microscopy such a behavior is well known and is calledFourier plane. We perform a two-dimensional spatial fast
“positive or negative phase contragfi. 221 of Ref.[10]). Fourier transform{FFT) on the image and compare its spec-
This is an important result because it is the first time to ourtral density to the energy given by a calibrated joulemeter.
knowledge that we are able to characterize the sigm,of Thus, for each laser shot, we are able to monitor the energy
with an only one-laser-shot diffraction-based technique.  and spatial profile fluctuations by reading the image of the
A numerical simulation was performed in order to find thereference beam given by lehsg (after another calibration of
best parameters, and ¢, of the phase object that gives the the reference compared with the joulemgtédere we as-

IIl. NUMERICAL SIMULATION
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sume that temporal pulse duration is constant and is alwaysccurs after diffraction on the step phage. Nonlinear ac-
equal to 15 ps(ii) Linear acquisition[see Fig. 8a)]: the  quisition[see Fig. B)]: the final acquisition is carried out by
second acquisition is done with low incident intensity by placing the same high-density neutral filtétf§, used before,
placing high-density neutral filtergf) before the nonlinear after the nonlinear material. This acquisition will be used to
medium(NL). In order to defind,(x,y), the transmittance of deduce then, value by comparison with the theoretically
the object, the location of the physical edges of both thecalculated image given by relatiori$)—(7) in Sec. Il. As
top-hat beam, and the phase plate are needed. For the top-Ipaedicted by the theoretical calculatiofis Sec. 1ll) we note
beam, we find all the pixels under 25% of the meanthe increasing of the phase contrast inside the phase plate.
asymptotic value intensity distribution inside the aperture The comparison between the experimental nonlinearly fil-
and we put them to zersee p. 159, Ref10]). For the phase tered image[Fig. 5b)] and its numerical simulation using
plate object, we consider the minimum of the intensity thatthe model described above taking into account the previously
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object. this figure.

FIG. 5. (a) Experimental acquisition showing
the image of the phase object inside the aperture
at the entry of the setup under low incident inten-
sity. Note the diffraction that occurs at the border
of the circular phase platéb) Experimental ac-
quisition showing the image of the phase plate at
the entry of the setup under high incident inten-
sity (1,=3.8 GW/cnf) through 1-mm-thick C$
Note the increasing of the phase contrast inside
4000 the circular phase objectc) Theoretical simula-

' ' ' ' ' tion of the image given by the measured opti-
ol 1 mizedn, value (n,=3.2x 1078 m?/W) found by
g b) 3 fitting the experimental acquisition ifb) using
— - : b i our model. (d) Profiles of imagesb) and (c)
T taken aty=200. The comparison of profilg®)
25001 1 (in bold) and(c) (dot9 shows a very good agree-
ment between experimental acquisition and nu-
34 1 = merical simulation.
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defined object by “linear acquisition” leads to the knowledgetained with only one-laser-shot profiting from the parallelism
of the nonlinear characteristics of the filtering material. Thisinherent to coherent optical information processirfgsgs-

is done by fitting the calculated image to the experimentatems.

one by varyingn,, the only unknown parameter in relations  Finally, the question that remains is, should we expect an
(2) and (4). All the other parameters in these relations areincreasing of the sensitivity with the usualscan experiment
supposed to be known(lp=3.8 GW/cnf, L=1mm, py adding a phase object at the entry of the setup? We be-
a=0, pB=0.8cm/GW, Na=0.1, N=1.064um, G=1, Jieve yes. Experiments and simulations in this regard are
R,=1.4 mm, L,=0.5 mm. We have used the subroutine ynderway. It will be very useful to add a simple quarter-
fminsearchof Matlab which uses the Nelder-Mead simplex phase object in the existing conventioZascan experiments

(direct searchmethod for unconstrained nonlinear minimi- 1, improve the sensitivity of the measurement for those who
zation. We can see in Fig(® the theoretical simulation of do not want to use a CCD camera

the image given by the measured absolnjevalue (n,
=3.2X 10 m?/W) obtained from fitting. This fitting has
been done for ten different sets of acquisitions showing a V. CONCLUSION

good reproducibility of the measuremeritsithin 10% er- hi h d ful but simpl h
ror). In Fig. 5d)) we show the profiles of the experimental In this paper we have reported a powerful but simple tech-

and simulated images along an axis passing through the ceRlqué based on nonlinear imaging with a top-hat beam asso-
ter the aperture. As can be noted, very good agreement dated with a quarter-wavelength phase object to characterize
found between theory and experiment. Moreover, the absdghe nonlinear refractive index. First we showed numerically
lute value obtained with our good lossless Kerr mediumthat phase objects are preferable to amplitude ones, espe-
(CS,) is very close to values found in the literature cially for determining the sign ofi,. Next we showed that
[1,2,4,6,8,13,11 the sensitivity is increased by a factor_of 6 compared to the
It is interesting to note the analogy that exists between outS€ Of top-hat beams. In order to validate the method, we
XY-scan experiment done hefesing transmission changes Measured the nonlinear coefficient of £She absolute
in the transverse plane containing the OGDd the usuaz ~ Value obtained is in very good agreement with other results
scan(using transmission changes in the longitudinal jaxis OPtained by different methods. The optical alignment is easy
Furthermore, the use of the closed aperture in thé@nd no displacement of the material is needed unlike in the
Z-scan-normalized transmittance to detect the refractive noré-Scan method. Only one-laser-shot is required, giving the
linearity should be compared with the use of the circularP0Ssibility to study materials showing intensity-dependant
phase plate in this paper. Indeed, Fig. 4 here shows an ifl- On the other side, this is particularly advantageous in
crease of the sensitivity with lower radius of the phase platéituations where the optical beam quality of the laser output
which is analogous to the increase of sensitivityZirscan 1S poor(such as in OPG laserand when the optical mate-
with lower aperture sizésee Fig. 3 in Ref[2]). Moreover, in ~ fials under study are fragile.
both cases, the measured sigial here, peak-valley differ-

ence inZ scan is proportional to the induced nonlinear ACKNOWLEDGMENTS
phase shift. Another analogy comes from the fact that in both
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