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Z-scan technique for elliptic
Gaussian beams

ABSTRACT A novel z-scan
technique suitable for elliptic
Gaussian beams is proposed. It is
based on the direct measurement
of the beam’s semiaxes in the far
field instead of the irradiance
transmitted through an aperture,
as in the case of circular beams.

Ky thuat z-scan cho céc
chum Gauss ellip

Tom tit Ching t6i dé xuat
mot ky thuat Z-scan mai la
cho nhitng chum Gauss ellip.
Phuong phap nay dua trén
viéc do truc tiép cac ban truc
chum trong truong xa thay vi
do cudng d6 anh sang truyén
qua khe, gidng nhu trong
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This technique overcomes, for the
first time, the insurmountable
obstacles encountered when a z-
scan  technique based on
transmittance measurements s
used in the case of elliptic beams.
The experimental procedure of
this technique is realized using a
CCD camera connected to a laser
beam profiler, and has the
advantage of being insensitive to
beam pointing instability and
energy fluctuations. It also
reveals the different influence of
the optical non-linearities on the
two principal semiaxes of the
elliptic beam.

1 Introduction

The z-scan technique is one of the
most applica-ble methods for
determining optical non-
linearities in ma-terials, mainly
using the Gaussian
decomposition analysis as a
mathematical tool [1,2]. The
method has been analyt-ically
described by Bahae et al. [2] in
1990 and since then many
modifications have been proposed
[3-10]. In all cases, the non-linear
material is translated along the
propagation axis (z-direction) of a
focused laser beam, close to its
focus. The refractive non-
linearity of the material forms a
nonlinear lens, expanding or
contracting the cross section of
the beam in the far field. This
procedure  depends on the
material position relative to the
beam focus and the sign of the
non-linearity. The variations in

trwong hop cac chum tron.
Lan dau tién, ky thuat nay
khic phu dugc nhitng khd
khin khong thé vuot qua
duoc khi ap dung k¥ thuat Z-
scan hé sb truyén qua cho
cac chum ellip. Quy trinh
thuc nghiém cua ky thuat
nay duoc tién hanh bang
camera CCD két ndi Vvoi
laser beam profiler (bo xac
dinh tham sb chum laser), va
c6 wu diém 1a khéng nhay
vGi sy bat 6n dinh hudng
chum va cdc dao dong nadng
lugng. N6 ciing cho thay su
phi tuyén quang hoc tac
doéng khac nhau dén hau ban
truc chinh ctaa chum ellip.
1.Gidi thiéu

Z-scan la ky thuat duoc dung
nhiéu nhat dé xac dinh su phi
tuyén quang hoc trong vat
licu, chu yéu dung phuong
phédp phan tich Gauss nhu
mot cong cu toan hoc [1, 2].
Phuong phap dugc mo ta boi
Bahae va cac cong su [2] vao
nim 1990 va ké tir d6 nhiéu
bién thé cua k¥ thuat nay da
dugc dé xuat [3-10]. Trong
tat ca cac truong hop, vat
licu phi tuyén duoc dich
chuyén doc theo truc Ilan
truyén (huéng z) cua chim
laser hoi ty, dén gan diém
hoi tu ctia nd. Su phi tuyén
chiét suat hinh thanh cac
thau kinh phi tuyén, lam mo
rong hoac co dién tich chum
trong truong xa. Qué trinh
nay phu thuoc vao vi tri cua
vat lidu d6i véi diém hoi tu
chum va dau phi tuyén. Su




the beam cross section as the
sample is translated along the
propagation axis cause changes to
the irradiance transmitted through
a hard or soft aperture in the far
field, which is experimentally
measured. Finally, fitting these
experimental measurements with
the  analytical  mathematical
model of the transmittance, the
nonlinear refractive index of the
material is determined. Since, in
most cases, the mathematical
model is based on a beam with
circular ~ cross  section, the
calculations are dramatically
simplified when a circular
aperture is used in the far field,
exploiting the similarity between
the beam and the aperture shapes.
However, because of the inherent
astigmatism in  most laser
systems, laser beams are usually
elliptic. Furthermore, the use of a
circular aperture in the case of
elliptic beams in-troduces
tremendous difficulties in the
calculations. This is due to the
lack of similarity between the
shapes of the beam and the
aperture. In this case, an elliptic
aperture with the same ellipticity
as the laser beam should be used
in order to maintain this
similarity. However, this is
practically im-possible since the
aperture  should follow the
variations of the beam cross
section as the non-linear material
Is  trans-lated along  the
propagation axis. This is the
reason for the very restricted
number of reports in the literature
contribut-ing to the z-scan

thay doi tiét dién chum khi
mau dich chuyén theo truc
lan truyén lam thay doi
cuong do bic xa truyén qua
khe ctng hoic khe mém
trong truong xa, va dugc ghi
nhan trong thuc nghiém.
Cubi cung, khép nhitng phép
do thuc nghiém nay véi mo
hinh toan hoc giai tich cua
phuong trinh dudong cong
truyén qua, ching ta co thé
xac dinh duoc chiét suat phi
tuyén cua vat liéu. Bai vi
trong da sd cac truong hop,
mo6 hinh toan hoc dua trén
chum tiét dién tron, céc tinh
toan s& don gian dang ké khi
dung khe tron & truong Xa,
khai thac sy giéng nhau giira
hinh dang chum va khe. Uy
nhién, do su sai léch ddi
Xang ngau nhién trong da sd
hé laser, chum laser thuong
c6 dang ellip. Hon nita, viéc
su dung khe tron cho chum
ellip lam nay sinh nhirng kho
khan rat 16n trong qué trinh
tinh toan. Piéu nay 1a do sy
khong gidng nhau gitra chim
va khe. Trong truong hop
nay, chadng ta phai dung khe
ellip véi @6 ellip tuwong tu
nhu chum laser dé duy tri sy
giong nhau nay. Tuy nhién,
diéu nay khong kha thi trong
thuc té vi khe phai phi hop
v6i nhitng bién thién tiét
dién chum khi vat liéu phi
tuyén dich chuyén doc theo
truc lan truyén. Pay 1a
nguyén nhan khién cho
nhitng cong trinh nghién cau
vé ap dung ky thuat Z-scan




technique with elliptic Gaussian
beams [6, 7,10]. However, only in
one of them [6] has a z-scan ex-
periment been performed,
measuring the transmittance of
the irradiance, although the
analysis of the experimental
results was realized by a
simplified model based on
geometrical optics.

In the present paper, a novel and

accurate  z-scan  tech-nique
suitable for elliptic Gaussian
beams is  proposed. The-

oretically, the model is based on
Gaussian decomposition analysis,
appropriately extended to elliptic
beams.  Experimentally, the
measured quantities are the
lengths of the beam’s semiaxes in
the far field, instead of the
irradiance transmitted through an
aperture. In practice, this is
realized using a CCD camera
connected to a laser beam
profiler. The measurement of the
beam’s dimensions has been
introduced in  the z-scan
technique for the case of circular
Gaussian beams, as described in a
previous paper of ours [11]. This
measuring procedure provides
several advantages, such as
elimination of the problem of
beam pointing instability and
reduction of the sensitivity in
energy fluctuations. Additionally,
in the case of elliptic beams, this
experimental procedure
constitutes a unique method for
accurate determination of optical
non-linearities.

2 Theory

As mentioned in the introduction,

cho céc chum Gauss ellip rat
it [6, 7,10]. Tuy nhién chi
mét trong s dé dugc tién
hanh thuyc nghiém, do hé sd
truyén qua cua bac xa, mic
du viéc phan tich cac két qua
thuc nghiém duogc thuc hién
bang mo hinh don gian hoa
dua trén quang hinh hoc.

Trong bai bao nay, chung toi
dé xuat mot k¥ thuat Z-scan
méi la va chinh xac thich
hop cho cac chum Gauss
ellip. Vé mat ly thuyét, md
hinh dua trén phép phan tich
Gauss, duoc md rong cho
cac chum ellip. V& mat thuc
nghiém, nhiing dai Iugng
duogc do 1a chiéu dai cua cac
ban truc cua chum trong
trrong Xa, thay vi anh sang
truyén qua khe. Trong thuc
té, diéu nay duoc thuc hién
bang camera CCD két ndi
voi laser beam profiler. Cac
phép do kich thudc chum
trong ky thuat Z-scan danh
cho cac chum Gauss tron da
dugc mo ta trong bai béo
trude day cua chang toi [11].
Quy trinh do nay c6 mot b
uu diém chang han nhu khic
phuc duoc vin dé bat on
dinh hudéng chum va giam
nhay voi d6 bién dong niang
luong. Thém vao do, trong
truong hop cac chum ellip,
quy trinh thuc nghiém nay
cau thanh mot phuong phap
duy nhit dé xac dinh chinh
xac su phi tuyén quang hoc.
2. Ly thuyét

Nhu d3 néi trong phan gidi




for determining the far-field
pattern of the beam, we employed
Gaussian decomposition analysis,
appropriately extended to ellip-
tic beams. First, let us suppose
that an elliptic Gaussian laser
beam, including astigmatism, is
focused by a lens (Fig. 1a). The
electric field of this beam at a
distance z from the lens is given
by the equation [12,13]:

FIGURE 1 The fundamental
characteristics of an elliptic
Gaussian beam: a General profile;
b magnification of the region
around the y-focus; and ¢
magnification of the region
around the x-focus

where EO(t) is a constant in space
containing the temporal
en-velope of the electric field, k
Is the wave number, and wox,
w0y are the beam widths at the
two waists of this astigmatic
elliptic beam. The parameters
wx,y (z), Rx, y (z) and 0(z) are
the Dbeam widths, radii of
curvature and on-axis phase shift
of the beam, defined by the
relationships:

where zOx,y are the locations of
the waists and zRx,y the Rayleigh
lengths of the incident beam for
each principal direction (x, y). All
these parameters are shown in
Fig. 1b and c.

If this beam passes through a thin
sample of a non-linear material, a
phase shift of the form

Is induced [2]. In the above
equation, zs is the sample

thiéu, dé xac dinh hinh dang
chum trong truong xa, chung
ta si dung phuong phap
phén tich Gauss m¢é rong cho
chum ellip. Trudc hét, ching
ta gia st rang chum laser
Gauss, ké ca bat ddi xtng
duoc hoi tu biang mot thau
kinh (H.la). Di¢n truong
twong tng vai chum nay tai
khoang cach z cach thau
kinh c6 dang [12, 13]:

HINH 1 Nhiing dic trung co
ban cua chum Gauss ellip:
bién dang tong quat; b do
khuéch dai cua ving quang
diém hoi tu y; va ¢ do
khuéch dai cua ving quang
diém hoi tu x

Trong d6 EO(t) 1a hiang s
trong khbéng gian chaa
duong bao thoi gian cua dién
truong, k 13 s6 séng, va wox,
wOy lan luot 1a d6 rong
chum tai hai ¢ chum cua
cham ellip bat d6i xang nay.
Cac tham s6 wx,y (z), Rx, y
(z) va 0(z) lan luot la do
rong chum, ban kinh cong va
dd dich pha doc theo truc
cua chum duoc dinh nghia
qua cac hé thuc:

Trong d6 zOx,y la cac vi tri
cua co chum va zRx,y 1a céc
dé dai Rayleigh cta chum
t6i d6i véi mdi hudng chinh
(X, y). Tat ca nhitng tham s
nay duoc biéu dién trong
H.1b vac.

Néu chum nay do qua mot
mau phi tuyén mong, d6 dich
pha c6 dang

Pugc hinh thanh [2], zs la
khoang cach tir mau dén thau




dis—tance from the focusing lens,
Leff =[1 — exp(—a0OL)]/a0 the
effective  propagation  length
inside the non-linear material and
An(x, y, zs, t) = yl(x, y, zs, t) the
refractive index change due to the
non-linearity of the material.
Here, L is the sample length, a0
its linear absorption coefficient, Y
the non-linear re-fractive index
of the material, and I(X, v, zs, t)
the irradiance profile of the
incident beam. Thus, the electric
field pattern at the exit plane of
the sample takes the form:

where Ein (X, vy, zs, t) is the
electric field pattern of the
incident beam, given by (1), for z
= ZS.

According to the Gaussian
decomposition method [1,2,7], if
we expand the induced phase
shift Ay(x, vy, zs, t) into a Taylor
series, the electric field pattern at
the exit plane of the sample can
be expressed as a linear
combination of elliptic Gaussian
beams. These can be propagated
to any desired distance D from
the exit plane of the sam-ple, and
the electric field at this distance is
given by the equation:

where A<p0(zs, t) is the on-axis
(x =y = 0) phase shift, and
E(m)(x, y, D) the electric field
pattern of each derivative beam,
given by the relationship:

The parameters F(m), n(m) have
been introduced for consistency
with the electric field pattern at
the exit plane of the sample. Here

kinh hoi tu, Leff =[1 —
exp(—a0L)]/a0 1a chiéu dai
hiéu dung bén trong vat liéu
phi tuyén va An(x, y, zs, t) =
yl(X, Y, zs, t) 1a sy thay doi
chiét suat do sy phi tuyén
cua vat lieu. O day, L la
chiéu dai mau, a0 1a hé sb
hap thu tuyén tinh cua nd, Y
la chiét suat phi tuyén cua
vat liéu, 1(x, y, zs, t) la bién
dang bic xa cua chum tai.
Vi thé, bién dang dién
truong tai mat phang ra co
dang:

Trong d6 Ein (x, y, zs, t) la
bién dang dién truong cua
chum vao tuan theo phuong
trinh (1), khi z = zs.

Theo phuong phép phan tich
Gauss [1, 2, 7], néu ching ta
khai trién do dich pha cam
ung Ay(x, Y, zs, t) thanh cac
chudi Taylor, bién dang dién
truong tai mat phang ra cua
mau cd thé biéu dién dudi
dang t6 hop tuyén tinh cua
cac chum Gauss ellip.
Nhitng chum ndy c6 thé
truyén dén bat ky khoang
cach mong muén D nao céch
mat phang ra cua mau, va
dién truong ¢ khoang céch
nay co dang:

Trong d6 A<pO(zs, t) 1a do
dich pha trén truc (x = y =
0), va E(m)(X, y, D) la bién
dang dién truong cua moi
chum phat sinh, tuan theo hé
thuac:

Céc tham so F(m), n(m)
dugc dua vao @€ phu hop voi
bién dang dién truong & mat




ST™) are the distances between
the sample and the waists of each
derivative beam for the two
principal directions (X, y), defined
positive if the sam-ple plane is
behind the beam waist. Also
zZRXy are the Rayleigh lengths of
each derivative beam and each
prin- cipal direction. These
parameters are given by the
equations:

Thus, the electric field pattern
and consequently the irradiance
distribution of an elliptic
Gaussian beam passed through a
thin non-linear optical material
have been determined in the far
field.

However, as also mentioned in
the introduction, the ori-ginal z-
scan technique employing
transmittance measure~ments is
inappropriate for the case of an
elliptic Gaussian inci~dent beam.
Instead of this, we propose the
direct measurement of the lengths
of the principal semiaxes of the
beam (xq, yq), defined as the
distances from the beam center (X
=y = 0) to the points where the
irradiance reduces to a certain
fraction q of its on-axis value.
They are numerically calculated
by the relationships:

for the x and y axes respectively.
Here, c is the speed of light in the
vacuum, e0 the permittivity of the
vacuum, n0 the refrac-tive index
of the air and I(x, y, D, t; ApO(zs,
t)) the irradiance profile of the
beam at a distance D from the

phang ra cia mau. O
day....]a cac khoang cach
gitta mau va cd chim cua
mdi chum phat sinh ddi voi
hai hudng truc chinh (x, y),
dugc dinh nghia la duong
neu mat phang mau nim sau
cd chum. Tuong tu, ....1a
cach khoang Rayleigh cua
moi chum phéat sinh va moi
huéng chinh. Nhitng tham sé
nay tuan theo céc phuong
trinh:

Do do,bién dang dién truong
va phan b bic xa caa chum
Gauss ellip qua vat liéu
quang phi tuyén méng duoc
xac dinh trong truong Xa.

Tuy nhién, nhu d3 dé cap
trong phan gidi thiéu, k¥
thuat Z-scan ban day st
dung cic phép do truyén
qua khéng thich hop cho
chum t6i la chum Gauss
ellip. Thay vi vay, ching toi
dé xuat do truc tiép chiéu dai
cua cac ban truc chinh cua
chum (xqg, yq), dugc dinh
nghia la khoang cach tir tm
cham (x =y = 0) dén nhiing
diém ma cuong do buc xa
giam moét luong q nao do so
v&i cuong do tai truc chum.
Chung duoc tinh toan sé qua
cac hé thuc:

Tuong tng dbi V&i cac truc x
vay. O day, ¢ 1a téc d6 anh
sang trong chan khong, e0 la
hing s6 dién moi chan
khéng, n0 la chiét suat cua
khong khi va .....1a bién
dang buc xa cua chum tai




sample. The value of the non-
linear phase shift ApO(zs, t) and
consequently  the  non-linear
refractive index y is calculated by
fitting (18a) or (18b) to the z-scan
measurements of the lengths of
the x or y semiaxes, respectively.
However, the accuracy of the
method is enhanced by fitting
both equations with a common
value of the parameter Ay0(zs, t).
This technique of common fitting
has been described in our
previous paper for circular beams,
where it had been applied to the
measurements of the radius and
transmittance variations [11]. In
the present paper, the common
fitting applies to the
measurements of the two
semiaxes of the elliptic beam.

khoang cach D ti mau. Gia
tri cia d6 dich pha tuyén
tinh...va do do chiét suat phi
tuyén...duogc tinh bing cashc
khép (18a) hoac (18b) voi
cac dix lieu do chiéu dai cua
cac ban truc x hoac y. Tuy
nhién, d0 chinh xac cua
phuong phdp duogc tang
cudng bang cach khép ca hai
phuong trinh v&i mét gia tri
chung cua tham s6.... Ky
thuat khop chung nay da
duoc mb ta trong bai béo
trude ddy cta ching toi doi
véi cac chum Gauss tron, ¢
d6 chung t61 da ap dung cho
cac phép do ban kinh va su
dao dong hé sb truyén qua
[11]. Trong cong trinh nay,
phuong phap khdop chung
duoc ap dung cho cac di
liéu hai ban truc chinh cua
chum ellip.




