Vol 14 No 3, March 2005
1009-1963/2005/14(03) /0546-06

Chinese Physics

© 2005 Chin. Phys. Soc.
and IOP Publishing Ltd

Effect of coupling between linear absorption and

nonlinear absorption on Z-scan measurements’

Zang Wei-Ping(Jl4EF), Tian Jian-Guo(FHE[E)T, Liu Zhi-Bo((XI% %),
Zhou Wen-Yuan(J& 3(ig), Song Feng(*R &), and Zhang Chun-Ping(3kFHF)

Photonics Centre, College of Physics, Nankai University, Tianjin 300071, China

(Received 16 September 2004; revised manuscript received 22 October 2004)

The contribution of multiphoton absorption to open-aperture Z-scan measurements is analysed by coordinate

transformation. The approximate closed-form solution is obtained, which is suitable for application in higher-optical

power regime. As an example, the coupling between linear absorption and two-photon absorption is discussed in detail.
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1. Introduction

The Z-scan technique has been utilized ex-
tensively for measurements of nonlinear index and
nonlinear absorption because of its simplicity and
accuracy.['"?l The beam propagation in a thin nonlin-
ear medium has already been analysed and modelled
extensively. But the analysis of Gaussian beam prop-
agation in a thick nonlinear medium is usually more
complicated. Some analytical approaches have been
applied,>~8 most of them involve the aberrationless
approximation, and the results are only correct to the
first order in irradiance. Zang analysed the Z-scan
within strongly nonlinear regime by a novel varia-
tional method,® but the numerical calculation just
involved a nonlinear medium only with nonlinear ab-
sorption. Hermann gave an approximate solution for
the strongly nonlinear absorption regime,!%11 but the
algebra was rather tedious and the formula exhibiting

a saturation effect was obtained through hypothesis.

In this paper, an approximate closed-form solu-
tion to open-aperture Z-scan measurements with mul-
tiphoton absorption is obtained by coordinate trans-
formation, which is suitable for application in higher-
optical power regime. The effect of the coupling be-

tween linear absorption and nonlinear absorption on

open aperture Z-scan measurements is discussed.

2.Coordinate transformation of

beam propagation

The particular coordinate transformation is based
on the vacuum behaviour of a focused Gaus-
sian beam.['l Some other authors used similar
systems!'314 to enhance the computational speed and
accuracy in analyses of laser resonator cavity and

beam propagating in atmosphere.

The basic concept of the coordinate transforma-
tion is to calculate the amplitude changes induced in
the vacuum rather than to calculate the complete am-
plitude. Therefore, this procedure removes the neces-
sity for sampling the high frequency oscillation in the
phase induced by focusing. The coordinate transfor-
mation alters the independent variables so that the de-
pendent variables take a different functional form, but
are numerically identical to the untransformed ampli-
tude at equivalent points in space in the two coordi-

nate systems.

The paraxial wave equation including linear and

nonlinear absorption in the Fresnel approximation can
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be written as
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where k is the wave vector, ng is the linear refractive-
index, «,, is the m-photon absorption coefficient and
ny 1s the nonlinear refractive-index coefficient.
Assuming a TEMgy Gaussian beam travelling in
the +z direction, we can write the electric field E as
follows:
r? ikr?

+itan1(z/z0)>, (2)

where w(z) = wy (1 + 22/2(2))1/2
R(z)=z(1+
wave-front at z, wop is the radius of beam in focus and
29 = kw? /2 is the Rayleigh length of the beam. E(t)

denotes the radiation electric field at the focus and

is the beam radius,

zg / 22) is the radius of curvature of the

contains the temporal envelope of laser pulse.
As explained in Ref.[15],

quadratic term in the imaginary part of the exponen-

the existence of the

tial will cause a high-frequency oscillation in the am-
plitude for r > w(z). This can exceed the sampling
frequency of the computational mesh. Therefore, a
phase change shall be made to remove this term. Ad-
ditionally, the amplitude will increase as z — 0 due
to the existence of the term wy/w(z). Identically, it is
desirable to remove this factor as well. As the beam
focuses and becomes smaller, the mathematical mesh
should shrink at the same rate to model the transverse
distribution accurately. These considerations lead to

the following sequences of coordinate transformations:

E(r,z) = Eo(t)C (1, 2) A(7, 2), (3a)
_ o wWo lkf2 itan~1(z

C (7, %) o) e )+ tan™'(2) |, (3b)

dz 1 1

FER A (8c)

where Z = z/zy, ¥ = 7/wy, and 7 = 7/(1422)/2. The
phase of function A (7, %) changes very slowly with 7.
The quadratic term in the imaginary part of the expo-
nential in Eq.(3b), which will cause a high-frequency
oscillation in the amplitude for » > w(z), and the term
wo/w(z) have been included in the function C (7, z).

If the

Function C (7,z) can be solved analytically.

function A (7, %) is obtained, we can obtain the elec-
tric field through Eq.(3a).

of the function A (7,%) in these new coordinates, the

Rewriting Eq.(1) by use

following equations can be obtained:

10 0A 0A
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where &,, = amlém 2o is the nonlinear absorption
at focus for the nonlinear medium with one Rayleigh
length.
For simplicity, we ignore the coupling between
nonlinear absorption and nonlinear refraction, and set
= 0. For the case with p(A) = 0, which corre-
sponds to the beam propagation in vacuum, the trans-

formed field has the following form:
A(F, 2) = exp(—i?). (5)

This means that the form of the amplitude in vacuum
is unchanged as the beam propagates in this coordi-
nate system. Therefore, the use of the transforma-
tions in Egs.(4) can reduce significantly the size of the
data arrays and the computational time, since a fewer
points can express the radial field distribution and the
propagation distance is shrunken greatly. Numerical
computing has shown that the numerical computing
efficiency for Eqgs.(4) has been enhanced two order of
magnitude as against that for Eq.(1).[%

For the case of a thick medium, the numerical
computing shows that the change of the shape of elec-
tric field A(#,%), which is induced by nonlinear ab-
sorption, can be ignored. We can define the normal-

ized intensity as follows:

(6)

The change induced by nonlinear absorption is only
the amplitude of normalized intensity when nonlinear
refraction is absent or the coupling between refraction
and absorption can be ignored. The normalized inten-
sities for several positions inside the medium are given
in Fig.1 by solving Eq.(4a) numerically.['*] We can see
from Fig.1 that the change of shape of normalized in-
tensity is very small. This implies that the beam shape
is almost unchanged and there exists effectively uni-
form attenuation across the radial dimension of the

beam. The beam is most strongly absorbed along the
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Fig.1. The normalized intensities for some positions
in the medium. The unit of medium length is Rayleigh
length zg. The other parameters are @z = 1, and lin-

ear absorption coefficient &; = 1.

axis where the irradiance is highest across radial di-
mension, presumably because diffraction redistributes
off-axis light towards the axis for compensating the
central loss. We define the scaled peak intensity (SPI),
Is(0,z) = |A(0,2)]>. Is(0,z=a) =1 is the SPI in
the front surface of medium, z is the position of the
front surface of medium. So the scaled intensity in

medium can be expressed as
Ig1 (7, 2) = I5(0, 2)exp (—27°) . (7)

Because the shape of electric field A(7, %) keeps un-
changed, the first and second terms on the left-hand
side of Eq.(4a) counteract each other. Inserting Eq.(7)
into Eq.(4a) and completing the integration about
cross section of beam, we find that the SPI attenu-

ates according to

d/s (0, 2)
dz

15 (0,2)

—Dm—n (8)

=—a11l5(0,2) — am

Equation (8) can be solved exactly and the solution

can be written as

expl-a(z - z)

IS(O)E): F)

(m—1)

m

<1 + @y X x Leau (g, z,:c)>

(9a)

: [exp[al(zl - w)]] Y dz', (9b)

Lot (dl,i,x) :/ (1 + 2/2)

x

where m > 2.

3. Z-scan analysis and results

Using Eq.(7) and Egs.(9), we can obtain the nor-
malized transmittance of open-aperture Z-scan by the
ratio of the beam intensity in the front surface to that

in the exit interface

T (2,1) = Is (ay, am, 1)
© ~ Is(ay,am, =0,1)
1

1
m—1

(m—1)

<1+am><
m

x Leau (al,l,:c)>
(10)

The formula is in a general form for multiphoton ab-
sorption case.

For the two-photon absorption case, Eq.(10) can
be reduced to

1

T (,1) = 1 . (1)

<1 + Qg X 5 x [equ (al,l,a:)>

where
x+1 _ 1

equ [ = _ exp [70[1 (Z - 33)] -
Lo (oq,l,:c)—/w (1127 dz’. (11b)
If the linear absorption is absent, &; = 0, we can

complete the integration of Eq.(11b) and obtain the

following expression:
L*" (a; = 0,1,z) = tan" ' (z + 1) — tan"* (z), (12)

which is the distance between the front surface and
exit surface of medium in this new coordinate system
and we can call it equivalent medium length. The
relation between equivalent medium lengths, medium
length and the position of medium is shown in Fig.2. If
the linear absorption coefficient exists, the equivalent
medium length can be expressed as Eq.(11b). The re-
lation between the equivalent medium length and the
linear absorption coefficient is shown in Fig.3 and the
real medium length is 4z9. We can see that the linear
absorption coefficient affects the equivalent medium
length and the position of equivalent medium length.
Therefore, the linear absorption coefficient must also
affect the magnitude of absorption dip and the po-
sition of absorption dip. The relation between the
absorption dip of normalized transmittance and the
linear absorption coefficient is shown in Fig.4, and the
real medium length is 4z5. We can see that the ab-
sorption dip decreases as linear absorption coefficient

increases. This is because that the equivalent medium
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length decreases as the linear absorption coefficient in-
creases. The relation between the position of absorp-
tion dip of normalized transmittance and the linear
absorption coefficient is shown in Fig.5 and the real
medium length is the same as that in Fig.4. We can
see that the position of absorption dip moves towards
the front surface of medium as the linear absorption
coefficient increases. This is because the equivalent
medium length decreases as linear absorption coeffi-

cient increases.
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Fig.2. Equivalent medium length Le¢qu versus the po-
sition of medium x. The unit of medium length L is
Rayleigh length zg.
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Fig.3. The equivalent medium length versus the lin-

ear absorption coefficient.
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Fig.4. The absorption dip of normalized transmit-
tance versus the linear absorption coefficient. The real
medium length is 4zp, and @2 = 1.
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Fig.5. The position of the absorption dip versus the linear

absorption coefficient. The real medium length is 4z.

4. Conclusion

In this paper, we have analysed the open-aperture
Z-scan with multiphoton absorption by coordinate
transformation. The approximate closed-form solu-
tion is obtained. The coupling between linear absorp-
tion and nonlinear absorption is also analysed in de-
tail. Results show that not only the magnitude of the
absorption dip, but also the position of absorption dip
of the normalized transmittance of open-aperture Z-
scan is affected seriously by linear absorption coeffi-

cient.
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