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Physical origin of observed nonlinearities in
Poly (1-naphthyl methacrylate): Using a single
transistor-transistor logic modulated laser beam
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A thermal lens technique is adopted using a single modulated continuous wave (cw) 532-nm laser beam to evaluate
the nonlinear refractive index nj, and the thermo-optic coefficient dn/dT, in polymer Poly (1-naphthyl methacrylate)
(P-1-NM) dissolved in chloroform, tetrahydrofuran (THF), and dimethyl sulfoxide (DMSO) solvents. The results are
compared with Z-scan and diffraction ring techniques. The comparison reveals the effectiveness and the simplicity of the
TTL modulation technique. The physical origin is discussed for the obtained results.
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1. Introduction

It is well recognized that measurements of thermophys-
ical properties are important for the researchers interested in
the optical materials area. The interaction between lasers
and matter can result in thermal loading causing degradation
and/or reduction of the thermal performance. The changes
in properties such as thermal conductivity, thermal diffusivity,
and temperature coefficient of optical length with the sample
temperature rise define the figure of merit for a given material.
The measurements of these properties as a function of temper-
ature with traditional methods are always a challenging goal
since it requires high cost devices and an appropriate excita-
tion regime to obtain the data, especially when performed in
the temperature interval where the material is submitted to a
phase modification.[!?!

The thermal lens (TL) spectroscopy is one of the most
sensitive absorbance methods used in the measurement of
a temperature rise following the conversion of the absorbed
optical radiation into heat through non-radiative relaxation
process.[!l Absorption of a laser beam generates thermal en-
ergy in the medium through non-radiative de-excitation result-
ing in an increase of the temperature of the irradiated region.
The temperature distribution of the irradiated region will be
the same as the intensity distribution across the beam cross
section which is usually Gaussian. Since most liquids have
a positive coefficient of thermal expansion, the thermo-optic
coefficient, dn/dT, is negative and consequently the thermal
lens generated is a divergent one. The formation of the ther-
mal lens can be probed either by the same pumping beam!’!
or by a dual beam.[*! The thermal lens generated by the re-
fractive index when a sample is placed beyond the beam waist

ayp, by one confocal length, 77:(1)3 /A, is detected by its effect
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on the intensity at the center of the probe laser beam measured
through a pinhole aperture with a photodiode, where A is the
light wave length.

Thermal lens spectroscopy has drawn attention due to
its application in measurements of the thermo-optical prop-
erties in an optical material. In addition, it was used in two
different techniques, the mode matched thermal lens 1561 and
the mode mismatched thermal lens spectropies.'’! It was used
in a variety of applications such as scanning microscopy,®!
food analysis, and environmental research, (%] realization of
optical logical gates,!'!l measurements in microchips,'?! mi-

crochemical chips,!'*! complex fluids,!'*!

investigation of the
quantum yield,">!%1 jon chromatography,!!”! and determina-
tion of iodine. '8!

Changes in refractive index induced by an optical field
can give rise to various nonlinear phenomena in optical
materials.['”) In the spatial dimension, the interplay between
the divergence of the propagating beam and the nonlinear op-
tical response of the medium can give rise to a wide range of
self-action ranging from optical self-trapping to spontaneous
formation of ring patterns due to the modulation instability. [>!
A related phenomenon is the spatial self-modulation of a co-
herent beam which generates concentric intensity rings in the
far field. The diffraction rings have been observed in nematic
liquid crystals by Zolotko et al.,*!1 in thermally dependent re-
fractive index,!??! polymer films,”¥ in Kerr medial®*>>! and
liquid crystals.[26-27]

The diffraction ring pattern is understood from the spatial
self-modulation effect. A pump beam with a Gaussian inten-
sity profile should induce a phase shift A@, with a bell-shaped
transverse profile. For each point y;, on the Gaussian distri-
bution of the beam, another point profile y, exists, with the

http://iopscience.iop.org/cpb http://cpb.iphy.ac.cn

114209-1


http://dx.doi.org/10.1088/1674-1056/22/11/114209
mailto:badran_hussein@yahoo.com
http://iopscience.iop.org/cpb
http://cpb.iphy.ac.cn

Chin. Phys. B Vol. 22, No. 11 (2013) 114209

same slope. The radiation field in the regions around y; and y,
have the same wave vector and should interfere constructively
or destructively when A®(y;) — AP (y,) = mm, if m is even or
odd respectively.

The nonlinear response of a medium can be character-
ized using the Z-scan technique developed by Sheik-Bahae et
al.?8) This technique employs a single Gaussian beam in a
tight focus geometry to measure the transmittance of a non-
linear medium as a function of the sample position. The Z-
scan technique is based on the self-focusing or defocusing of a
converging beam of known spatial structure induced by mov-
ing a nonlinear sample along the light propagation direction (z
axis). This technique permits a rapid evaluation of the magni-
tude and sign for both the real (nonlinear refraction, NLR) and
imaginary (nonlinear absorption, NLA) parts of the nonlinear-
ity of transparent solids and liquids. As far as NLR is con-
cerned, the transmission across the aperture in the far field is
registered as a function of the sample position along the z axis
(closed aperture, CA), while NLA can be inferred either by us-
ing CA Z-scan or more accurately, by independently measur-
ing the overall sample transmission (open aperture, OA).[2%-301
The on-axis phase shift A®, the nonlinear refractive index nj,
and nonlinear absorption coefficient 3, can be estimated by
using this method.

In this paper, the observation of a thermal lens effect is
reported, using a cw transistor—transistor logic (TTL) mod-
ulated laser beam with 532-nm wavelength in the polymer
Poly (1-naphthyl methacrylate) (P-1-NM) solutions. The cal-
culated nonlinear refractive index ny, and thermo-optic coeffi-
cient dn/dT, are compared with those calculated by using the
Z-scan and diffraction ring techniques.

2. Theory
2.1. Thermal lens technique

Consider the transmission of optical radiation with cer-
tain intensity through an absorbing medium. In TL technique,
the thermal gradient established after absorption and thermal
relaxation of the sample results in a change of intensity at the
beam center owing to the incident beam divergence. The ther-
mal lens signal is expressed as the relative change in power. 3]
A convenient quantity for the experiments is the total frac-

tional intensity change
I(x,t) —I(x,t = o)
I(x,t = o0)
{1 (8/2)tan ! [20/3 42+ (9+22) (1/20)]] }
- {1-(6/2)tan"! [2x/(3 +22)]}*

where I(x,7) is the intensity measured at the beam center,
I(x,t = oo) is the intensity measured at the detector after suf-
ficient time when a steady state temperature difference is

reached x = z/zo and

_ PoLey dn

Ak AT’ @

where z is the distance between the sample and the waist of
the beam zq is the Rayleigh range, « is the linear absorption
coefficient, L. is the effective thickness of the sample which
is given by (Lot = (1 — e ~%L) /@), L is the sample thickness,
P is the laser input power, A is the pump laser wavelength,
k is the thermal conductivity, and dn/dT is the thermo-optic
coefficient.

The characteristic thermal time of the medium ¢., can be
written as

2
_9%

o= 25 A3)

Here, @y is the beam radius at the sample and D is the thermal
diffusivity which can be written as
k
D=—, 4
pC “
where p is the sample density and C is the specific heat of the
sample.
For the thermal nonlinearity and steady state case, the on-
axis change in the refractive index An, can be expressed as>?/

dn Iaw?
"= AT Ak ©)
In addition, An can be related to the total refractive index of
the medium n, and the background refractive index ng as!33!
n=ngy+An, (6)
and
An = nol, @)

where n, is the nonlinear refractive index and 7 is the laser
input intensity (= 2p/m@?).

2.2. Diffraction ring technique

Due to the average on-axis refractive index change An,
the beam traversing the medium acquires nonlinear phase-shift

A®, given by3?]

AD = AnkoLett, 3

where ko(= 27 /A) is the beam wave vector in a vacuum.
The on-axis nonlinear phase-shift A®, can be related to

the number of rings observed N as>#!

A® = 27N. )

Combining Eq. (4) and Egs. (7)—(9), one can calculate An, ny,
and dn/dT.
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2.3. Z-Scan technique

From the open aperture (OA) Z-scan technique, the non-

linear absorption coefficient §, can be calculated using the fol-

lowing formulal?®]

. 2V2AT
ILety

Here, AT is the one-valley transmittance on the (OA) Z-scan

(10)

curve.
The difference between the normalized peak and the val-
ley transmittance A7, v, can be written as (28]

AT,_, = 0.406(1 — $)** |A®|. (11
and
—2r2
S=1- @, 12
eXp( P~ ) (12)

Here, A® is the on-axis phase shift at the focus, S is the linear
transmittance of the aperture, r, is aperture radius, and @, is
the beam radius at the aperture. The nonlinear refractive index

n,, can be approximated using the following equation: 3!
AAD
= . 13
= 2rl Leff ( )

3. Experiment
3.1. Sample preparation

The poly (1-naphthyl methacrylate) was prepared ac-
cording to Aspler and Guillet!**37) by the free radical poly-
merization of 1-naphthyl methacrylate in a benzene solution

O O
Fig. 1. The chemical structure of Poly (1-naphthyl methacrylate) (P-1-NM).
lens

beam
splitter

ﬂ sample
N

degassed to < 0.005 Torr (1 Torr=1.33322x 10? Pa) residual
pressure. Decanoyl peroxide was used as an initiator. The
polymer was polymerized to about 100% yield for 70 h at
70 °C and purified by multiple precipitations from benzene
into methanol and then freeze dried from benzene. The aver-
age molecular weight was Mn =132 000. Figure 1 shows the

structure of the polymer under the present study.

3.2. Spectroscopic studies

The spectral properties of the P-1-NM in the solvents
chloroform, tetrahydrofuran (THF), and dimethyl sulfoxide
(DMSO) are studied by recording the absorption spectra of the
P-1-NM solutions using Cecil ReflectaScan Reflectance Spec-
trophotometer CE-3055. The absorption spectra of the P-1-
NM in the solvents chloroform, THF and DMSO are shown in
Fig. 2. The spectrum of the optical absorption was computed
from the absorbance data. The values of absorption coeffi-
cient ¢, at a wavelength of 532 nm for 0.05 mM concentration
of P-1-NM in chloroform, THF, and DMSO are 15.81 cm™!,
14.4 cm™!, and 10.05cm™!, respectively.

T T T T T L) T
—a—P-1-NM-chloroform-
——P-1-NM-THF

L ——P-1-NM-DMSO .

Absorption/arb. units

1100

300 500 700 900
Wavelength /nm

Fig. 2. The absorption spectrum of P-1-NM in the solvents chloroform,
THEF, and DMSO.

3.3. Experimental setup

The Poly (1-naphthyl methacrylate) was prepared in a
glass cell of 1-mm thickness as the nonlinear material in

the experiment. The apparatus consists of a diode laser

oscilloscope

I

SRR

detector

% detector

computer

TTL
modulation
circuit

Fig. 3. (color online) Thermal lens experimental setup.
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4-mW cw output, beam radius 1.5 mm at 1/ €%, 532-nm wave-
length, a positive glass lens of +50-mm focal length, a glass
cell 1-mm thickness filled with P-1-NM solutions, a trans-
parent screen of 30 cmx30 cm, a digital camera, two power
meters to measure input and transmitted output beam powers
through the cell, a frequency generator model (EM1634) and
an oscilloscope model (lodestar-MOS-620CH). For the ring
pattern the output power meter is replaced by the screen. Out-
put of the laser is modulated at 20 Hz for the TL measure-
ments. Figure 3 shows the experimental setup.

4. Results
4.1. TL measurements

The transient signals of Poly (1-naphthyl methacrylate) in
chloroform, THF, and DMSO are shown in Fig. 4 for a pump-
ing power 4 mW at room temperature. The solid line corre-
sponds to the data fitting of Eq. (1) to the TL experimental one

with 0, t. as adjustable parameters. The values obtained for 6
and ¢, are given in Table 1. Using Egs. (3)—(7), the values for
D, np, dn/dT, and An are calculated and shown in Table 1.

1.0 = T
i —-=— P-1-NM-DMSO
3 —— P-1-NM-THF
g 0.8F —a— P-1-NM-chloroform ]
& NG signal
£ 06f \ 1
o u
[
S 04} 'S tN—
g o\%:’\.
5 0.2} — T ]
z input signal i
0 n 1 1 i 1 1 "
0 5 10 15 20 25
Time/ms

Fig. 4. Transient signals of (P-1-NM) solutions, dotted curve represents
the input signal.

Table 1. Characteristic TL time constant (7 ), thermal conductivity (K), thermally induced phase shift (), thermal diffusivity (D),
nonlinear refractive index (n;), and thermo-optic coefficient (dn/dT) are obtained for (P-1-NM) solvents.

*Solvent /W-m~1.K~! fe 6/rad D/10™* cm?-s~! /1077 cm? W! (dn/dT)N107> K~! An/10™*
Chloroform 0.117 3.43 2.741 3.41 8.49 5.37 0.046
THF 0.126 2252 2.435 5.19 7.15 5.34 0.038
DMSO 0.199 9.416 2.155 1.25 5.31 8.99 0.028

*The standard error of all estimated optical properties was +1.165 %, +3.103%, and +4.986% for Chloroform, THF, and DMSO, respectively.

4.2. Diffraction ring pattern measurements

The experimental setup for the diffraction ring patterns is
the same as that previously mentioned, except replacing the
output power meter by the semi-transparent screen. The on-

axis index change An has been calculated using the relation!*?!
AD

An=—. 14
kLess

As mentioned in Table 2, the number of rings, N, observed
are 7, 5, and 2, for the P-1-NM solutions respectively. Based
on N, the parameters AP, An, ny, and dn/dT are calculated

Table 2. Nonlinear optical parameters for (P-1-NM) solutions deter-
mined by using the diffraction ring technique.

Solvent N A® An nafem®> Wl (dn/dT)/K™!
Chloroform 7 0.76 129x10~*  2.37x10~7 1.50x107
THF 5 054 0.876x107*  1.61x1077 1.20x1075
DMSO 2021 029x107*  0.54x1077 0.91x1073

©

(a) (b) (c)

Fig. 5. (color online) Diffraction ring patterns for the P-1-NM solutions.
(a) Chloroform. (b) THE. (¢c) DMSO.

and the values obtained are given in Table 2. The diffraction

ring patterns for the P-1-NM solutions are shown in Fig. 5.

4.3. Z-Scan measurements

The Z-scan experiments were performed using the same
laser (532 nm) which was focused by the same lens (4-50 mm).
The laser beam waist @y, at the sample is measured to be
21.63 pum and the Rayleigh length zp, is 2.76 mm, aperture
radius r,, is 2 mm, the radius of the beam spot at the aperture
@y, is 3.82 mm, the distance from the focal point to the detec-
tor z, is 250 mm, input power p, is 4 mW which lead to an
input intensity I, of 544.05 W/cm?. The linear transmittance
at the aperture S, is 0.42.

Figure 6(a) shows the normalized transmittance of P-1-
NM solutions, which was measured using the open aperture
Z-scan technique. The sample exhibited a reduction in the
transmission near the focus of the lens which is indicative of
a nonlinear absorption. Closed aperture Z-scan transmittance
curves of the samples are shown in Fig. 6(b). The peak-to-
valley structure of the closed aperture Z-scan curve in Fig. 6(b)
implies that the sample possesses a negative nonlinear refrac-

tion property (self-defocusing).
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Fig. 6. Z-scan experimental data for P-1-NM solutions: (a) closed aper-
ture (CA), (b) open aperture (OA), and (c) CA/OA .

If a nonlinear absorption is present, as in our case by di-
viding the curves obtained from the two Z-scan modes (closed
aperture/open aperture) one can extract the pure nonlinear co-
efficient 8, thermo-optic coefficient, dn/dT and nonlinear
refractive index n,. These parameters are calculated from
the open and closed aperture normalized transmittances in

Figs. 6(a) and 6(c) respectively, and are given in Table 3.

Table 3. Nonlinear optical parameters for (P-1-NM) solutions deter-
mined by Z-scan technique.

Solvent ATy Lalem A® :;2~W’] An/10~* /ﬁgf’éfj
Chloroform 0.565 0.050 1.59 4.94 268 312
THF 0416 0053 117 3.44 187 257
DMSO  0.330 0.063 0.93 229 125 388

5. Discussion

The physical and chemical properties of organic
molecules used in different scientific applications can strongly
depend on the properties of the surrounding media.3%3°! For
liquid solutions, the solvent plays a fundamental role in the
photo-physical processes, leading to the modification of the
ground and excited-state energies of the molecules. The inter-
action of solute with the surrounding solvent leads to the re-
orientation of the solvent molecules around a solute molecule.
The result of solute interaction with solvent molecules de-
pends on the nature of arising forces (as hydrogen bonding
in specific or universal interaction in general) which are deter-
mined by charge distribution and polarizability of the solvent
and solute molecules. Considerable changes in the energy of
the solvated solute molecules may occur with changes in the
solvent, especially in polar media. The values of absorption at
A = 532 nm of Poly (1-naphthyl methacrylate) (P-1-NM) are
derived from the absorption bands in chloroform, THF, and
DMSO that are 0.774, 0.654, and 0.404 respectively. Accord-
ing to the absorption values the maximum change in P-1-NM
solution temperature should occur with chloroform, then it de-
creases towards DMSO. Accordingly, the number of rings N,
decreases which leads to a reduction in the change of refrac-
tive index An, hence in the nonlinear refractive index n,, and
in the thermo-optic coefficient dn/dT. The obtained results
agree well with the trend of results achieved by the three dif-
ferent techniques suggested in this work, although the specific
results for the three parameters, i.e., An, ny, and dn/dT calcu-
lated show some discrepancy.

6. Physical origin of observed nonlinearities

The thermal properties of P-1-NM solutions are mainly
governed by the solvent. Therefore, the specific heat C, the
density p, and the thermo-optic coefficient dn/dT are all
properties which are characteristics of the solvent. Thus, as-
suming that a change in temperature of the dye solution pri-
marily leads to a change in the density of solution, so the vari-
ation of dn/dT for various solvents can be written as

dn  ondp on
ST - p(ap)a

o~ opoT s)

where I' is the expansivity. The change in refractive in-
dex with density can be determined from Lorentz—Lorenz
relationship.*?) The increase of absorption coefficient leads to
an increase of the absorbed amount of laser power by the so-
lution and as a result heat produced increases monotonically.
This will enhance the thermal nonlinear refractive index. As
the thermal conductivity decreases, it leads to a local accumu-
lation of resultant heat via the absorption, hence the enhance-
ment of thermal effects. It is known that thermal nonlinear-
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ity can be reduced via the use of solvents with high specific
heats. [4!]

According to the results obtained from the three meth-
ods used in this work on P-1-NM in three species of solvents,
it was found that the nonlinear refractive index n,, and the
thermo-optic coefficient dn/dT, of P-1-NM solutions are de-
pendent on the surrounding medium parameters, namely po-
larity, dipole moment, thermal conductivity, specific heat, and
absorption coefficient, as shown in Table 4.

The thermal contributions of the electric field must be
considered. This effect contributes to a negative nonlinear re-
fractive index. As the electric field is absorbed by the medium,
accumulative thermal heating causes a decrease in the index of
refraction. This process is a fluence dependent on the refrac-
tive index change with time. It is also possible for an acous-
tic wave to be generated by the nonlinear absorption in the
medium. This wave spreads the beam waist radius and again
causes a decrease in the refractive index.

Table 4. The important physical properties of the solvents used in the present work (1 deb=10""8 Fr-cm).

Solvent Polarity Dipole Density Thermal conductivity Specific heat Absorption coefficient
index moment/deb /gm-L~! k/W-m~1.K! Cc/1g~l.K! ofem™!
DMSO 7.2 3.96 1.092 0.199 1.958 10.05
THF 4 1.75 0.888 0.126 1.058 14.4
Chloroform 44 1.040 1.492 0.117 0.9566 15.81

7. Conclusion

Thermal lens, cw TTL modulated laser beam, experi-
ments are carried out in a polymer Poly (1-naphthyl methacry-
late) (P-1-NM) in two species of polar aprotic solvents
(DMSO and THF) and non-polar solvent (Chloroform). The
nonlinear refractive index ny, and thermo-optic coefficients
dn/dT, obtained are large and negative in nature and are
strongly dependent on the properties of the solvent such as po-
larity, dipole moment, thermal conductivity, specific heat, and
the absorption coefficient. The nonlinear refractive indices and
thermo-optic coefficients of the three solutions are found to be
of the order of 1077 cm?/W and 107> K~! respectively. These
results compared well with those obtained by the Z-scan and
diffraction rings techniques. Based on the experimental find-
ings, it appears that chloroform is the best candidate used for
nonlinear studies.
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