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Abstract. In this paper, we use improved Z-scan and I-scan methods to analyze the
refractive optical nonlinearities of the deoxyribonucleic acid (DNA) samples, which
occur with continuous wave and femtosecond pulsed lasers and our proposed solutions
to further improve both the methods and the nonlinear optical properties of DNA.
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1. INTRODUCTION
Z-scan and I-scan are well-known and widely used methods for the
characterization of refractive optical nonlinearities. These methods were proposed
by M. Sheik-Bahae, E. W. Van Stryland et al. [1] and by B. Taheri et al. [2],
respectively. Due to their relative simplicity, many laboratories implemented them
in measurements of the nonlinear optical parameters. In Romania, these methods
were firstly introduced in the Nonlinear and Information Optics (NIO) Laboratory
of the Laser Department from the National Institute for Laser, Plasma and
Radiation Physics by V. I. Vlad et al. [3–4]. After the first implementations, NIO
group has done a lot of work for refining these methods and for applying them in
the measurements of novel optical materials from nanostructured silicon to nanocrystals [4–18]. Recently, we used both these methods for the study of optical
nonlinearities of dye-doped DNA structures, bio-materials that have promising
characteristics for photonics [19].
In this paper, we shall briefly introduce these methods as they are implemented
in our laboratory and we shall analyze the refractive optical nonlinearities of DNA
samples, which occur with continuous wave (c.w.) and femtosecond pulsed lasers.
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2. Z-SCAN AND I-SCAN METHODS
When a beam passes through a nonlinear sample it induces a change of the
total refractive index proportional to the beam intensity and to the nonlinear
refractive index of the material. In the simplest case, when only third-order
nonlinearities are present, this results in the change:

n = n0 + n2 I .

(1)

Here n is the total refractive index, n0 is the linear refractive index, n2 is the thirdorder nonlinear refractive index and I is the excitation intensity. If the incident
beam is a Gaussian one, due to its intensity profile, it will induce a profile of the
nonlinear refractive index change with the effect of a lens to the beam itself. Thus,
the beam propagation is inducing, in the nonlinear medium, a refractive index lens.
The transmission Z-scan method is based on the scanning of the sample
relative to the focal plane of a lens (the focusing lens L1 in Fig. 1). The refractive
index lens effect is monitored during the displacement of the sample, by a detector
placed behind the sample, in the far field, with an aperture in front of it (closedaperture Z-scan). Thus, the variable focusing / defocusing due to the light induced
lens inside the sample is measured. The experimental data are fitted with the
following formula, derived by Sheik-Bahae et al. [1], to obtain the nonlinear
refractive index:
(3 )
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Here:
1 − exp(− α 0 L ) 
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∆Φ(I 0 )0 = k∆n 
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(3)

is the phase change introduced by the third-order nonlinear optical effects, I0 is the
on-axis intensity of the Gaussian beam in the focusing plane, ∆n=n2I0 is the
nonlinear induced refractive index change, k=2π/λ is the wave-number (with λ –
the wavelength), L – the sample thickness, α0 – the linear absorption, z – the
position of the sample and z0 – the Rayleigh length of the beam.
The experimental setup for transmission Z-scan experiments is presented in
Fig. 1 and its basic elements are the focusing lens, the translation stage and the
detector.
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Fig 1 – Experimental Z-scan setup.

The nonlinear absorption is another process that can be investigated using
this method. In general, when a two photon absorption nonlinear optical process is
involved, we can write the total absorption as:
α = α 0 + βI ′ ,

(4)

where α is the total absorption coefficient, α0 – the linear absorption coefficient, β
is the nonlinear absorption coefficient and I – the incident intensity. During the
translation (Z-scan) of the sample relative to the focus of the beam, the incident
intensity changes due to the change of the incident spot dimensions. By monitoring
the entire transmission of the sample during its scan (no aperture placed in front of
the detector – open-aperture Z-scan), one will have a dependence of its absorption
on the incident intensity. The theoretical function that describes this is [1]:
T ( z) =

ln[1 + q0 ( z )]
,
q0 ( z )

(5)

where:

1 − exp ( −α 0 L ) 
βI 0 

α0


.
q 0 ( z) =
2
2
1+ z / z 0

(6)

These general formulae, which are valid for the third-order nonlinear optical
processes, have to be refined when higher-order processes are involved. For
example, when the saturation of the nonlinear refractive index change occurs, one
can write:
∆n 0 ( I 0 ) =

n2 I 0
.
1 + I 0 / I sat

(7)

I-scan [2] was developed as a variant of the Z-scan method. In this method,
the sample is kept at a fixed position and the incident intensity is changed using
optical attenuators (Fig. 2).
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Fig. 2 – I-scan experimental setup.

The necessity of I-scan development originates from its advantages. Firstly,
in the Z-scan method one will have different illuminated areas of the sample due to
the scan of it relative to the focal plane. This could be a problem in the case of
inhomogeneous samples, where a different area of the sample will be measured at
each scan distance, leading to very inconsistent data. Also a major advantage of
this method is that the sample is no longer passing through the focus and the
probability of damaging is lowered. Another huge advantage came from the fact
that by using this method it is easier to observe high-order effects from a single
experiment.
The theoretical function describing the transmission in a closed-aperture
I-scan experiment is [14]:

Tclosed (I ) z =−0.85 z ≅ 1 − 0.2k ⋅ ∆n = 1 − 0.2k ⋅ n2 I .
0

(8)

When only third-order nonlinearities are present and ∆n = n2I one can observe
that we have a linear dependence of the transmission on the incident intensity. The
slope of this function is proportional to the nonlinear refractive index (Fig. 3).

Fig. 3 – The theoretical nonlinear refractive index from the curve transmission vs. intensity
in the closed aperture I-scan.

It can also be observed that in the saturation case described by the equation 7
(or for higher nonlinearities), when:

970

I. Dancus et al.

∆n = n2 ⋅ I + n4 ⋅ I 2 + …

5

(9)

the shape of the transmission function is no more linear. From this shape, it is easy
to determine the order of the nonlinearities involved, from a single I-scan
experiment (Fig. 4). To determine the refractive index change dependence on
intensity (saturation or high nonlinear optical effects) in Z-scan, one has to do
multiple experiments at different incident intensities (Fig. 4 – left). Using I-scan,
one can obtain this data from a single experiment (Fig. 4 – centre and right).
An important improvement of the Z-scan method, that was proposed by
V.I. Vlad, A. Petris et al. [6], is the double Z-scan method. This method is used to
discriminate between fast and slow cumulative nonlinearities in the case of highrepetition-rate femtosecond (fs) lasers.

Fig. 4 – Left – dependence of refractive index change on intensity, determined from multiple Z-scan
experiments; Centre and right – The same information obtained from a single I-scan experiment.

The slow nonlinearities are present both in the case of continuous wave and
in the high-repetition-rate ultrafast excitation and they induce the same refractive
index change, if the c.w. laser intensity is equal to the average incident intensity in
the ultrafast laser excitation. The double Z-scan method [6] consists of measuring
the n2slow from c.w. laser experiments, where the nonlinear induced refractive index
change is:

∆nc.w. = n2 slow I 0c.w. ,

(10)

and to use it to deduce the n2fast from ultrafast laser experiments, where the
nonlinear induced refractive index change can be expressed as:
∆n pulse = n2 slow I 0 average + n2 fast I peak .

(11)

In our double Z-scan method, performing Z-scan experiments with the fs
laser without mode-locking (c.w.) and with mode-locking and using these
equations for fitting the experimental results, one can obtain the experimental
values of the slow and fast nonlinear refractive indices, respectively. This method
can be easily adapted for I-scan.
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3. FUNCTIONALIZED DNA SAMPLES

The bio-derived materials are currently of great interest due to their
possibility of being produced by environmental friendly technologies and
providing attractive physical properties. An example is the deoxyribonucleic acid
(DNA), called also “molecule of life”, as it encodes all genetic information
governing the life. Its chains can interact in various ways with molecules (nonbinding interactions, groove binding and intercalation) that can lead to the
modification of the molecules properties [20, 21].
There are a lot of DNA properties that makes it an interesting host for
different materials for nonlinear photonics [22–24]. One of this is the fact that it
forms very stable complexes with surfactants through electrostatic interactions,
which are soluble in a number of organic polar solvents. For example DNA-CTMA
complex is stable up to cca. 230 °C and form by solution casting excellent thin
films with low propagation losses. Another important characteristic of it is that the
specific structures of DNA and DNA surfactant may prevent dye aggregation,
present in synthetic polymers and limiting the efficiency of devices.

Fig. 5 – Proposed structure of the DNA-CTMA with the intercalation
of the dye molecules (red ellipse).

For these experiments, we have prepared samples of DNA-CTMA
functionalized with Rhodamine 610 dye (10% wt) dissolved in butanol. A
schematic of the proposed structure of the composite is presented in figure 5. For
the preparation of the samples, we have used DNA with reduced molecular mass
obtained by sonication from salmon DNA. The sonicated DNA was washed and
mixed with CTMA surfactant for obtaining samples soluble in butanol.
The final molecular mass was 2×107 Dalton and an approximate dimension of
4.1µm. This results in an average of 3×104 nucleotide base pairs (the average
molecular mass of the nucleotide base pair is assumed to be 662 g/mol [4]). The
concentration of DNA-CTMA in butanol was 6g/l. The spectral characteristics of
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the samples in the visible range are presented in Fig. 6. One can observe the typical
absorption peaks of the Rh 610 dye. The sampled used in these experiments are
about one year old expecting to have a stabilized material.

Fig. 6 – Absorption spectra of the functionalized DNA samples.

4. MEASUREMENT OF NONLINEAR OPTICAL PARAMETERS.
RESULTS AND COMMENTS

The results obtained by I-scan method on Butanol, the solvent that we used
for our DNA samples, using the double scan technique are presented in Fig. 7. The
laser used in this case is a 150 fs laser emitting at 1550 nm and with a repetition
rate of 76 MHz.

Fig. 7 – Closed-aperture I-scan data for butanol at 1550 nm with the resulting nonlinear refractive
indices: left – c.w. experiments, right – fs experiments, for double I-scan method.
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Fig. 8 – Closed aperture Z-scan at 1550nm with chopper, for butanol: left – 100µs chopper opening,
right – 200µs chopper opening, blue- c.w. experiments, red – fs experiments for DZ-scan method.
The values of n2 determined from DZ-scan experiments are presented below the graphics.

In Fig. 8, we are presenting the results obtained with the Z-scan method and
chopping the laser beam with the fill factor > 1/100 (that will reduce drastically the
slow cumulative nonlinear optical effects), using the same laser and experimental
conditions. Two chopping frequencies, resulting in exposure times of 100µs and
200µs, were used for comparison purposes.
From these experiments, we can observe that the values of the slow and of
the fast nonlinear refractive indices are approximately the same, for both
experiments. This means that the involved slow optical nonlinearities have a rise
time faster than the opening of the chopper (~100µs).
The results obtained for DNA-CTMA dissolved in butanol, in the same
experimental configurations of I-scan and Z-scan methods, are shown in Figs. 9
and 10, respectively.

Fig. 9 – Closed-aperture I-scan data for DNA-CTMA in butanol at 1550nm with the resulting
nonlinear refractive indices: left – cw experiments, right – fs experiments for double I-scan method.
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Fig. 10 – Closed aperture Z-scan at 1550nm with chopper for DNA-CTMA in butanol: left – 100µs
chopper opening, right – 200µs chopper opening, blue- c.w. experiments, red – fs experiments for
double Z-scan method. Resulting n2 are presented below the graphics. The fast n2 is too small to be
measured by this method resulting in the inconsistence of the two results.

From the spread of results for the fast nonlinear refractive index, presented in
Fig. 10, one can observe that the Z-scan method is not sufficiently sensitive to
measure it. This is due to the fact that the fast nonlinear refractive index has a small
impact on the overall large nonlinear refractive index change. This can be observed
from the almost identical experimental data obtained under c.w. and fs excitation.
Comparing these results with the ones obtained on the solvent only (butanol),
we can observe that the influence of DNA-CTMA to the overall nonlinear response
consists of a small increase of the slow nonlinear response and a drastically
reduction of the fast one. This can be due to the higher linear absorption of the
compound at 1550 nm wavelength resulting in higher opto-thermal effects (usually
responsible for the slow nonlinear refractive index).

Fig. 11 – Open-aperture Z-scan data for Rh610 10% in butanol at 1030 nm, showing that no nonlinear
absorption was observed: left – c.w. experiments, right – fs experiments for DZ-scan method.
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For the next experiments, we have used the same experimental arrangements,
but a laser emitting 150 fs pulses with a repetition rate of 40MHz, at the
wavelength of 1030 nm, at which the absorption of the samples (as well as the
opto-thermal effect) is lower.

Fig. 12 – Closed-aperture Z-scan data for Rh 10% in butanol at 1030nm: left – c.w. experiments,
right – fs experiments for DZ-scan method.

In Fig. 11, we are presenting the open-aperture double Z-scan experimental
results for Rh610 10% in butanol, obtained under c.w. and fs excitation. The spread
of the experimental points is around the value of 1 and presents no specific valley
or peak in the focal plane, resulting that no nonlinear absorption is observed in this
sample.
The closed aperture double Z-scan data obtained for the Rh610 10% in
butanol are shown in Fig. 12. The value of the fast nonlinear refractive index
obtained by the double Z-scan method from c.w. and fs Z-scan experiments is five
orders of magnitude lower than the slow one (Table 1).

Fig. 13 – Open-aperture Z-scan data for DNA-CTMA-Rh10% in butanol at 1030nm showing that no
nonlinear absorption was observed: left – cw experiments, right – fs experiments for DZ-scan method.

In the case when DNA-CTMA is added to the compound, the experimental
data (obtained in the same conditions as the data from Fig. 11) are presented in
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Fig. 13. No nonlinear absorption is observed in this case too. The spread of the
experimental data from Fig. 11 and Fig. 13 are mainly due to the experimental
noise amplified by the typical normalization procedure of Z-scan.

Fig. 14 – Closed aperture Z-scan data for DNA-CTMA-Rh10% in butanol at 1030nm: left – c.w.
experiments, right – fs experiments for double Z-scan method.

In the experiments with double Z-scan method for DNA-CTMA Rh610 10%
in butanol, we have obtained the results shown in Fig. 14. The fast nonlinear
refractive index is about 20% higher than the value obtained for the solution
without DNA-CTMA resulting in a small influence of the DNA-CTMA to the
overall nonlinear response of the sample (Table 1).
Table 1
Experimental values for the nonlinear refractive index of the dye doped DNA obtained at 1030nm
from c.w. experiments, n2slow, and by subtracting the slow value from femtosecond experiment using
double Z-Scan method, n2fast

DNA-CTMA Rh10%
Rh10%

n2slow
(10-12m2/W)
-2
-2.2

n2fast
(10-17m2/W)
-5.7
-4.4

We consider that, due to the longer DNA sequences and its interaction with
the surfactant used by us, we have obtained a value for the nonlinear refractive
index higher than the value obtained by Samoc et al [24]. The fast optical
nonlinearities obtained in these experiments with a femto-laser are also higher than
the previous ones measured with picosecond pulsed lasers [22].
5. CONCLUSIONS

Our experiments show that the fast contribution of the DNA-CTMA to the
overall nonlinearity is relatively small, but higher than that obtained in other
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experimental conditions. We are preparing new doped DNA samples with the aim
to optimize their fast nonlinear response. Combining the DNA structural variations
with the fact that DNA matrix can support higher concentration of doping dyes
(without aggregation, which was proved by photoluminescence spectroscopy), we
expect to find a material with controlled optical nonlinearities and with interesting
features for photonics.
Double Z-scan and I-scan methods, used by us, are powerful methods for the
measurement of the nonlinearities of DNA, which can discriminate between fast
and slow nonlinearities and to evaluate the influence of different elements of the
composite.
Acknowledgements. This work has been supported by the project UEFISCDI Partnerships
3/2012 “Bio-Nano-Photo”.

REFERENCES
1. M. Sheik-Bahae, Ali A Said, Tai-Huei Wei, Yuan-Yen Wu, D.J. Hagan, M.J. Soileau, E.W. van
Stryland, Z-scan: a simple and sensitive technique for nonlinear-refraction measurements,
Proc. SPIE, 1148, 41–51 (1990).
2. B. Taheri, H. Liu, B. Jassemnejad, D. Appling, R. C. Powell, J. J. Song, Intensity scan and two
photon absorption and nonlinear refraction of C60 in toluene, Appl. Phys. Lett., 68, 1317
(1996).
3. A. Petris, E. Fazio, T. Bazaru, V. I. Vlad, All optical methods for the characterization of nonlinear
optical materials, Rom. Rep. Phys., 53, 727–739 (2001).
4. T. Bazaru, I. Dancus, P.S. Doia, A. Petris, V.I. Vlad, Multiple-pass Z-scan for Characterization of
the Partial Transparent Nonlinear Optical Materials, Proc. SPIE, 5581, 649–653 (2004).
5. I. Dancus, A. Petris, P.S. Doia, E. Fazio, V.I. Vlad, Z-Scan Measurement of Thermal Third Order
Optical Nonlinearities, Proc. SPIE, 6785, 67850T1-6(2007).
6. A. Petris, F. Pettazzi, E. Fazio, C. Peroz, Y. Chen, V.I. Vlad, M. Bertolotti, Electronic and thermal
nonlinear refractive indices of SOI and nano-patterned SOI measured by Z-scan method, Proc.
SPIE, 6785, 67851F 1–7(2007).
7. I. Dancus, V.I. Vlad, A. Petris, N. Gaponik, A. ShavelL, A. Eychmüller, Nonlinear optical properties of
CdTe QDs near the resonance regime, J. Optoelectron. Adv. M., 10, 1, S149–S151 (2008).
8. T. Bazaru, V.I. Vlad, A. Petris, P. S. Gheorghe, Study of the third-order nonlinear optical
properties of nano-crystalline porous silicon using a simplified Bruggeman formalism,
J. Optoelectron. Adv. M., 11, 6, 820–825 (2009).
9. F.A. Nicolescu, V.V. Jerca , I. Dancus, A. Petris, T.V. Nicolescu, I.B. Rau, V.I. Vlad, D.S. Vasilescu,
D.M. Vuluga, Synthesis and characterization of side-chain maleimide-styrene copolymers with
new pendant azobenzene moieties, J. Polym. Res., 18, 5, 1009–1016, (2010), doi:10.1007/s
10965-010-9501-6.
10. T. Bazaru, V.I. Vlad, A. Petris, M. Miu, Optical linear and third-order nonlinear properties of
nano-porous Si, J. Optoelectron. Adv. M., 12, 1, 43–47 (2010).
11. I. Dancus, V.I. Vlad, A. Petris, N. Gaponik, V. Lesnyak, A. Eychmüller, Optical limiting and
phase modulation in CdTe nanocrystal devices, J. Optoelectron. Adv. M., 12, 1, 119–123
(2010).
12. A. Petris, V.I. Vlad, Theoretical analysis of open aperture reflection Z-scan on materials with
high order optical nonlinearities, ICTP Preprint, IC/2010/10 (2010).

978

I. Dancus et al.

13

13. I. Dancus, V.I. Vlad, A. Petris, N. Gaponik, V. Lesnyak, A. Eychmüller, Saturated near-resonant
refractive optical nonlinearity in CdTe quantum dots, Optics Letters, 35, 7, 1079–1081 (2010)
14. I. Dancus, V.I. Vlad, A. Petris, V. Lesnyak, N. Gaponik, and A. Eychmüller, Optical limiting in
CdTe nanocrystals embedded in polystyrene, Proc. SPIE, 7469, 74690A (2009).
15. T. Bazaru, V.I. Vlad, A. Petris, M. Miu, Effective nonlinear refractive index of nano-porous
silicon and its dependence on porosity and light wavelength, Proc. SPIE, 7469, 74690D
(2009).
16. I. Dancus, V.I. Vlad, A. Petris, S. Frunza, T. Beica, I. Zgura, F.A. Nicolescu, V.V. Jerca, D.M. Vuluga,
Low power laser induced optical nonlinearities in organic molecules , Rom. Rep. Phys., 62, 3,
567–580 (2010).
17. V. I. Vlad, A. Petris, T. Bazaru, M. Miu, Theoretical and experimental study of the effective linear
and nonlinear optical response of nano-structured silicon, CAS 2010 Proceedings, 11–18 (2010).
18. T. Bazaru Rujoiu, A. Petris, V. I. Vlad, Nonlinear refractive properties of 1D periodically
nanostructured silicon-on-insulator investigated by reflection I-Scan, Proc. SPIE, 8882 (2013)
doi:10.1117/12.2032351.
19. I. Dancus, V. I. Vlad, A. Petris, I. Rau, F. Kajzar, A. Meghea, A. Tane, Nonlinear optical
properties of Rh610 sensitized DNA-CTMA characterized by Z-Scan, Proc. SPIE, 8882 (2013);
doi:10.1117/12.2032352.
20. J.Grote, Biopolymer materials show promise for electronics and photonics applications, SPIE
Newsroom, 10.1117/2.1200805.1082, http://spie.org/x24479.xml?ArticleID=x24479 (2008).
21. A.J. Steckl, H. Spaeth, H.You, E. Gomez and J. Grote, DNA as an Optical Material, Optics &
Photonics News, 36, 35–39 (2011).
22. I. Rau, R. Czaplicki, B. Derkowska, J. G. Grote, F. Kajzar, O. Krupka and B. Sahraoui, Nonlinear
Optical Properties of Functionalized DNA-CTMA complexes, Nonl. Opt. Quant. Opt., 43, 283
(2011).
23. Wang L., Yoshida J., Ogata N., Sasaki S., and Kajiyama T., Self-assembled supramolecular
films derived from marine deoxyribonucleic acid (DNA)-cationic surfactant complexes largescale preparations and new linear and nonlinear optical, electrical and thermal properties,
Chem. Mater., 13, 4, 1273 (2001).
24. Marek Samoc, Anna Samoc, James G. Grote, Complex nonlinear refractive index of DNA, Chem.
Phys. Lett., 431, 132–134 (2006).

