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Excited state refraction of C;y/toluene studied by using
4f coherent imaging system with phase object*
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Dynamic nonlinearities of Cr7g/toluene solution are measured and analysed by an improved picosecond time-

resolved pump-probe system based on a nonlinear imaging technique with phase object. The photophysical parameters

are determined by the five-level model, which is adopted to interpret the experimental data. The change of refraction

index per unit density of the excited state obtained by a numerically simulation is a critical factor to determine the

nonlinear behaviour of C7g in picosecond time regime.
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1. Introduction

Since the 1990’s, the nonlinear absorption of

1-9]

fullerenes! has been studied and understood

clearly. At the same time, the nonlinear refraction
of fullerenes has not been comprehended completely.
The reported values of third-order nonlinear suscepti-
bility x® and nonlinear refractive index of fullerenes
are shown to have a wide range each. The various
results in different measurements are probably due to
the following reasons. The nonlinear parameters are
sensitive to the magnitude of the light intensity. Since
the excited molecules play an increasing important
role as the pulse width increases, a wide range of pulse
width (from femtosecond to nanosecond) used in var-
ious experiments should yield different results. Vari-
ous measurement techniques (DFWM, third harmonic
generation, Z-scan) and spectral dispersion may also
present different results. The nonlinearity of host ma-
terial, such as, toluene, polymer and organometallic
film, has also influence on the overall nonlinear char-
acteristics of the fullerene-containing samples. In pre-
vious studies, the confusion was explained by the influ-
ence of additional nonlinear processes (thermal effects,
Stark effect, etc.) other than the pure electronic Kerr
effect.
of excited singlet and triplet molecules determines the

Based on the consideration that the density

nonlinear refraction of Crg/toluene, a new parameter,
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which is defined as the change of refraction index per
unit density, is introduced into the theoretical model
to interpret the excited state refraction in this work.
This parameter can determine the sign of nonlinear
refraction naturally. A newly developed technique is
adopted in the nonlinearity measurement.

A nonlinear-imaging single-shot technique (NIT)
based on a 4f coherent imaging system to measure
nonlinear optical properties has been developed by
Boudebs et al.l'Y) A modified system, into which the
4f nonlinear imaging technique with phase object
(NIT-PO) is incorporated, with a time delayed pump-
probe technique, has been presented in Refs. [11]-[15]
recently. The improved technique of greater signal
sensibility can be used to measure the nonlinear ab-
Another
vital advantage of the technique is that it can extract

sorption and refraction at the same time.

information about both the magnitude and the sign
of the nonlinear coefficients simultaneously.

In this paper, we investigate the dynamic nonlin-
earities of Crg/toluene solution by the time-resolved
pump-probe system based on 4f NIT-PO. The
excited-state dynamics of the nonlinear samples is
studied completely. A five-level model is adopted
to describe the optical spectral response of the Crq
molecule. The index of refraction is determined to
help us to understand the nonlinear behaviour of Crq
molecules.
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2. Experiment

The arrangement of the time-resolved pump-
probe system to which a 4f NIT-PO system is incor-
porated, is shown in Fig. 1, and it is the same as that
in previous work.['1=13 The optical source of the ex-
periment is a frequency-doubled beam (A = 532 nm)
with a pulse width of 21 ps, irradiating from a Q-
switched and mode-locked Nd:YAG laser (EKSPLA
PL2143A). Tt is split into an intense pump beam and
a much weaker probe one. The polarization of the
pump beam is adjusted in the direction perpendic-
The

spatial distribution of the laser beam is an approxi-

ular to the probe beam by a half-wave plate.
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mately Gaussian beam distribution. The probe beam
passes through a typical 4f system with a PO, which
consists of convex lenses L; and Ly with equal focal
length f; = fo = 40 cm. The aperture with a ra-

dius R, = 1.7 mm, in the middle a PO with a ra-
dius L, = 0.5 mm gives a fixed phase retardation
@ = 0.4 7, is placed in the front focal plane of L;.

Only a small portion of the expanded weak probe laser
can pass through the aperture in the centre. Since the
radius of the expanded probe beam is much greater
than the aperture, the laser beam illuminating the
aperture can be considered as a top-hat one. And the
nonlinear sample is placed in the Fourier plane of the

4f system.
y >
a
Q
O
NL Lo
Ls
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Fig. 1. Schematic of the time-resolved pump-probe system based on 4f nonlinear imaging technique with

phase object. BS denotes the beam splitter, M1—Ms mirrors, L1—L3 convex lenses, A the aperture with

phase object, tf the neutral filter, and NL the nonlinear sample.

A charge-coupled device (CCD, Imager QE of
Lavision Company in Germany), which has 1040 x
1376 pixels and a 4095 gray level, is placed in the rear
focal plane of Lo to collect the image of probe beam.
The nonlinear phase shift generated by the nonlinear
sample is modulated into the amplitude change of the
optical field and received by the CCD. The difference
in the mean value of the normalized intensity between
inside the PO and outside the PO is denoted as AT
The amplitude of AT increases with the induced non-
linear phase shift A® within the sample. If A® is
positive, one has AT > 0. Inversely, AT < 0 while
A is negative. Then, a numerically fitting method is
adopted to calculate AT so as to deduce the nonlinear
phase shift Ad.

As mentioned in Ref. [12], the ratio we/wp (we
is the radius of the pump beam and wp, is the ra-

dius of the probe beam) plays an important role in

determining the sensitivity of the measurement. The
best choice of this ratio is about 2-3. Thus, both
the nonlinear absorption and the refraction can reach
relatively high sensitivities. In this experiment, the
Airy radius of the probe beam in the Fourier plane is
wp = 0.61Af1/R, = 76 pm and the spot size of the
focused probe beam with a spatial Gaussian profile
is we = 180 pum (HW 1/€?). Thus, the 2 mm-thick
sample can be considered as a ‘thin’ one. A pinhole is
necessary to ensure the accurate spatial overlap of the
pump and the probe beams inside the nonlinear sam-
ple. The angle between the pump beam and the probe
beams is 4.5°, and the intensity of the probe beam is
approximately 1.5% of that of the pump beam. In
order to ensure the accuracy, the experiments are car-
ried out in a darkroom and the background light is
also zeroed by software.

In the experiment, three images are recorded to
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deduce the photophysical parameters by numerical
simulation. Firstly, a linear image is obtained while
a neutral filter is placed before the sample to attenu-
ate the optical intensity. Thus, the laser intensity is
too weak to induce the nonlinearity. Secondly, a non-
linear image is obtained by placing the same neutral
Thirdly, a no-
sample image is obtained by taking away the sample

filter behind the nonlinear material.

while the neutral filter remains there.

The number density of C7g molecules in this work
is 7.32 x 10?2, In the experiment, the energy of a sin-
gle pump pulse is 10.33 pJ, and it produces a peak
intensity of 0.70 GW /cm?.

3. Theory and discussion

In order to interpret the experimental results,
a theoretical model and the relevant expressions are
briefly reviewed. Polar coordinate is used in this work
to facilitate calculations because of the circular sym-
metry of the pump beam and the probe beam. And,
Fourier optics is used to describe the image formation
in 4f-NIT-PO. Because the nonlinear refractive in-
dex relaxes with a finite relaxation time, the dynamic
phase grating, which is induced by the real part of
the refractive index, yields a phase shift as the beams
propagate through the medium.

In this work, the pump beam has a polarization
linearly perpendicular to that of the probe beam. Af-
ter exiting the PO, the optical field of the probe beam,
which has a top-hat spatial profile, can be expressed
as

Apo(r,t) = Ao exp(—tQ/QTg) circ(r/R.)
x explip cire(r/Ly)], (1)

where the subscript 0 means no pump beam; Ay =
(Eo/m%/2R27,)Y/? with E, being the pulse energy; 7,
the laser pulse width (HW 1/e M); circ(z) is the circu-
lar function that has a value of one if x < 1 and zero,
otherwise; ¢ is the phase shift introduced by the PO,
which is equal to 0.4 7 here; R, and L, are the radii
of the aperture and the PO, respectively. The field in
the focal plane of Ly is the spatial Fourier transform
of Apo(r,t) expressed as

o
A1

where A is the wavelength of the probe beam, Jg is the

Ra
Apolp,t) /O r Ao (r ) Jo(2mrp)dr, (2

zero-order Bessel Function, and p = r/Af; is the spa-
tial frequency at the Fourier plane. The optical field

of the probe beam given in Eq. (2) induces a circular
grating on the sample with the thickness equal to L,
which is placed in the focal plane of L;. Thus, ne-
glecting the linear and the nonlinear absorptions, the
optical field exiting from the sample in the absence of
the pump beam is expressed as

ApL(p,t) = Apo(p,t) exp(i Apnr) (3)

where Apyy, is the nonlinear phase shift. At the out-
put of the 4f-NIT-PO (on the surface of CCD), the
complex optical field is the inverse Fourier transform
of Apr(p,t), ie.,

Apr(r,t) = 2mAfo /000 pApL(p, t)Jo(2mrp)dp.  (4)
So, the normalized fluence is given by
S22 A (1) Pt
Ty [ 72 | Ago(r, t) Pt
[ Ly(r,t) dt

- I(]\/ETT() (5)

where I,1,(r,t) is the intensity of the probe beam im-

NF(r) =

pinging received by the CCD. The functions of time
delay tq, Ipr(r,t) and NF(r) are not written out ex-
plicitly for brevity. In this work, AT, which is de-
fined as the difference in the mean value of the fluence
(transmitted energy per unit area) between inside the
PO and outside the PO, is obtained through the nu-
merical simulation of the nonlinear image by Eq. (5).

We also obtain the normalized transmitted energy
(NT) expressed as

E, 27 fj;: dt fooo rlpdr
B EoTy ’
where E,; can be obtained by integrating all the pixels

NT = (6)

of the nonlinear image, and Fj is obtained in the same
manner in the absence of the pump beam.

A five-level system model as shown in Fig. 2 is
adopted to interpret the nonlinear absorption refrac-
tion of Crg molecule. The pump beam pulse excites
the C7¢ molecules from ground state Sy.

Sn

o8, | Ts j Tn

<)
T, |7TT,
S1 A 1
TISC
TS, TSy Tl
O'T1

So

Fig. 2. Energy-level diagram of a C7g molecule.
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From state S7, the molecules will rapidly relax
back to Sy or undergo intersystem-crossing transition
to the lowest excited triplet state 77 through a spin-
flip process. Otherwise, they are promoted to higher
excited state S, (where n > 2) by absorbing photons
(excited-state absorption). The molecules in state T
can also be excited to a higher triplet state T;,. For
the short lifetimes of S,, and T,, (<ps), the above ex-
citing processes and relaxations of states S,, and T,
are negligible. However, the relaxation of 77 to Sy is
forbidden and therefore very slow. The triplet state
T1, which has a long lifetime and larger absorption
cross-section than the ground state, will accumulate
significant population and eventually become a domi-
nant absorption source. If the two-photon absorption
(TPA, with coefficient expressed by 8 (m/W)) and
Kerr refraction (ng (m?/W)) are considered, equations
to calculate intensity I,(p, t) and phase ¢p(p, t) can be
obtained as

dr,
dizp = —(0g,Nsg, + 05, Ns, + o1, N, + 2031,) Ip7(7)

dép
dz

where the factors of 2 before § and ng come from

= k(AnSlel + A?]TlNTl + 271/2[9)7 (8)

weak-wave retardations and their validities depend on
the condition that the response time of the medium
7, must be shorter than the beat period, i.e., 7 |wp —

1.00 A
0.98 A
H i
Z 0.96
0.94 A
0.92 A
0 500 1000
tq/ps

we| << 1.1'617) In the present work, it is true for de-
generate or instantaneous nonlinearities. The inten-
sity depletion equation of the pump beam is expressed
as

drl.
dz

where N; denotes the population density of state i,

= (USONSO + USlel + UT1NT1 Jrﬁlc) I, (9)

which has a corresponding absorption cross section o;;
An; denotes the change of refraction index per unit
density of state I; z is the propagation length of laser
within the sample.

The rate equations should be numerically solved
first. Then, together with Eqgs. (7)—(9), IpL(p,t) and
opL(p, t) are obtained to simulate NT and AT, thereby
being compared with the experimental data.
of NT and AT for
Cro/toluene solution are shown in Fig. 3 as solid

Experimental results
points. The NT data shown in Fig. 3(a) are obtained
by integrating the intensity distribution over the ex-
posed pixels of CCD. In Fig. 3(a), NT shows a steep
drop near the zero delay time region and then follows
a slow recovery as tq increases. And the normalized
enhanced transmission AT data at various values of
delay time tq are shown in Fig. 3(b). AT increases
to about 0.03 at zero delay time because of the Kerr
refraction of toluene. Then, it decreases abruptly to
about —0.1. Subsequently, it gradually increases to a
constant level.

AT

0 500
ta/ps

1000

Fig. 3. (a) NT, the normalized transmittance, and (b) AT, transmittance contrast plotted versus delay

time tq for Crg/toluene solution, where dots denote experimental data, and curves represent theoretical fits.

The nonlinear absorptive and refractive dynam-
ics in the Crg/toluene solution decide the dependence
of NT and AT on tq. The rate equations describing
various transition processes are given as follows:
_USOIeNSO 6[3 N81 NT

dNsg, L
= - — 4+ —+, (10
dt hw 2hw + Ts, + T, (10)

dNS1 _ _O'SIIEZVS1 USDIeNSO _ &
dt hw hw T8,
N, N,
- o1 + S ) (11)
TIsC TS,
d.V I.N, I? N,
s, _ osileNs, pIs S0 (12)
dt hiw 2w Ty

n
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dN- I.N N- N N-
T, _ 01 leNT, N1y AT T,L7(13)
dt hw T, TiIsC 7T,

dN- I.IN N-
T, _ 0T leNT, Tn’ (14)
dt hw T,

where 7; is the lifetime of state I, 7ig¢ is the intersys-
tem crossing time from singlet state Sp to triplet state
T1, h is the Planck constant, w is the laser frequency,
and I, denotes the pump intensity.

To fit the NT and AT experimental data, the
populations, the absorption cross sections and the
lifetimes of various energy levels, as well as the in-
tersystem crossing time and the change of refrac-
tive index per unit density should be adjusted. The
set of differential equations should be solved numer-
ically. Since the intersystem crossing time is about
one nanosecond, the population density of triplet state
can be neglected in the picosecond time range. og, =
3.8x 1072 cm? is set as mentioned in Ref. [9]. Firstly,
NT and AT are calculated by varying the values of
0s,, 0Ty, TSy, B, Ang, and Anp,, until the best fit to
experimental data is obtained. Then the intensity and
the phase of the probe beam can be obtained by using
the fit value in Eqs. (7)—(9).

It is found that the best fit occurs when og, =
4.9 % 10717 cm?, or, =49 X% 10717 em?, 7g, = 0.7 ns,
B =0, Ans, = —23 x 107%2 cm?® and Any, =
—3.9 x 10722 ecm®. 3 = 0 indicates that the non-
linear absorption originates from the excite-state dy-
namics. The result that og, is greater than og, in-
dicates that the excited-state absorption of S; causes
the steep drop observed in the NT experimental data.
The subsequent slow recovery from the valley bottom
of NT can be interpreted by the long lifetime of the
triplet state Ty, which is on the order of 1072 5.8 The
value of Ang, implies why AT decreases abruptly near
the zero delay time region. The subsequent increase
to a constant level is because of the long lifetime and
large Anr, of T} state.

From the above explanation, it is found that the
absorption and the refraction of excited-state deter-
mine the nonlinear process in picosecond time range.
os, and Ang, of the singlet excited state S; are crit-
ical factors to affect the nonlinear behaviour of Crq
molecules near the zero delay time region. But popu-
lations of S7 will rapidly relax back to Sy or transfer
to the lowest excited triplet state 77 by intersystem
crossing. Then, populations will accumulate in state
T because of its long lifetime. Thus, the long trans-
mittance tail of NT and the long increase of AT, which

occur in nanosecond time range, are determined by
or, and Anr,.

The photophyscial parameters obtained by 4f-
NIT-PO and listed in Table 1, are in agreement with
the ones reported in the earlier literature. Ang, and

Anr, are obtained only in the present system.

Table 1. Photophysical parameters obtained by fitting
the pump-probe experimental data to the theoretical for-
mula. The published values of Crg, cited from Ref. [7],
are also listed there for comparison.

this work Ref. [7]
o5, /cm? 3.8x10~17 3.5x10~17
og, /cm? 4.9x1017 (6.04£0.5)x 1017
o, /cm? 4.9x10717 (4.240.1)x10~17
Ang, /cm3 -2.3x10722
Anr, /cm? -3.9x10722
n2/(cm? /GW) 0.8x10~18
Ts, /ns 0.7 0.65
TIsC/ns 1.2 0.65

The population evolutions of Crg in various states
during the determination of photophyscial parameters
as shown in Fig. 4, are obtained for a better interpre-
tation of the optical process in picosecond time range.
When the pump pulse passes through the nonlinear
sample, the absorption of Sy excites the population
from Sy to Sy. This absorption causes the steep drop
in the transmission intensity. Then, the population of
51 relaxes back to Sy or makes intersystem-crossing
transition to the lowest excited triplet state T7. The
population will accumulate in state 77 within picosec-

ond time range.

N/102%2

200 400 600 800 1000
t/ps

Fig. 4. Populations of states Ns,, Ns, and N, cal-

—200 O

culated from the rate equations and the photophysical
parameters determined from the theoretical fit.
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4. Summary

The picosecond time-resolved pump-probe system
based on 4f nonlinear imaging technique with phase
object is introduced to measure the optical nonlineari-
ties of Crp/toluene solution. This modified system can
be used to measure the dynamic nonlinear absorption
and refraction of the excited-state simultaneously. A
five-level model is adopted to interpret the experimen-
tal data of NT and AT It is found that og, and Ang,
of the singlet excited state S7 determine the nonlin-
ear absorption and refraction respectively while the
delay time is on the picosecond time scale. Because of

the short lifetime of the excited singlet state S; and
a rapidly intersystem crossing, populations should ac-
cumulate in the excited triplet state 77, which has a
rather long lifetime. Then, the nonlinear behaviour of
Crp is determined by or, and Anr, while the delay
The val-
ues of Ang, and Anr,, which denote the changes of

time comes to the nanosecond time scale.

refraction index per unit density of states S; and 77,
are obtained in the present system by numerical sim-
ulation. We find that the coefficients Ang, and Anr,
play a very important role in the nonlinear refraction

of Crp/toluene solution.
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