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CAC PHEP PO Z-SCAN VA EZ-
SCAN SU PHI TUYEN QUANG

2-SCAN AND EZ-SCAN
MEASUREMENTS OF OPTICAL

NONLINEARITIES

We describe the application of single
beam propagation methods, namely Z-
scan and EZ-scan, for the
determination of nonlinear refractive
indices in materials including thin
films. In these experiments the
transmittance of a sample is measured
either through a finite aperture (Z-

HOC

Chung t6i md ta trng dung cua cac
phuong phap lan truyén don chum, cu
thé 1a Z-scan va EZ-scan dé cac dinh
chiét suat phi tuyén trong céc vat liéu
ké ca mang mong. Trong nhing thi
nghiém nay, hé sb truyén qua mau
duoc do hoac qua mot khe hiru han
(Z-scan) hoac quanh dia (EZ-scan)
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scan) or around an eclipsing disk (EZ-
scan) placed in the far-field as the
sample is moved along the
propagation path (Z) of a focused
beam. Both methods can also be used
to separately measure the nonlinear
absorption so that both the real and
imaginary parts of the nonlinear
susceptibility are determined along
with their signs.

The sensitivity to induced phase
distortion depends on the sensitivity of
the measuring apparatus  to
transmittance changes AT. For the 10
Hz repetition rate Nd:YAG lasers used
In our experiments, we can detect AT
~ 10~3. This leads to a sensitivity to
optical path length changes of A/103
for the Z-scan and A/104 for the EZ-
scan where A is the wavelength. This
interferometric  sensitivity, using a
single beam, allows measurement of
nonlinear refraction in thin films
without the need for wusing a
waveguiding geometry.

1. Introduction

We describe the use of the single
beam methods, Z-scanl,2 and EZ-
scan,3 for determining the magnitude
and sign of nonlinear refraction of
light in a variety of materials. We also
describe how these methods can
separately measure the nonlinear
absorption. Previous measurements of

nonlinear refraction have used a
variety of techniques including
nonlinear interferometry,4,5

degenerate four-wave mixing,6 nearly-
degenerate  three-wave  mixing,7
ellipse rotation8 and beam distortion
measurements.9,10 The first three
methods, namely nonlinear
interferometry and wave mixing axe
potentially sensitive techniques but all

dit ¢ truong xa khi mau di chuyén
theo hudng lan truyén (z) caa chim
hoi tu. Ca hai phuong phap déu dugc
diung dé do hap thu phi tuyén dé co6
thé xac dinh dugc ca phan thuc va
phan 4o cua do cam phi tuyén cung
vé6i dau cua ching.

D06 nhay cia do0 méo pha cam ung
phu thudc vao do nhay cua thiét bi do
hé so truyén qua AT. Doi voi cac
laser Nd:YAG tan sé6 10 Hz ding
trong cac thi nghiém cua chung toi,
chdng t6i cd thé phat hién AT ~ 10~3.
Tuong tng voi do nhay ddi véi su
thay doi quang 16 A/103 dbi véi
phuong phép Z-scan va A/104 doi véi
phuong phap EZ-scan, trong do A la
budc song. PO nhay giao thoa ké nay
cho phép do chiét suat phi tuyén
trong mang moéng ma khong can ding
cau hinh éng din séng.

1.Gidi thiéu

Chdng t6i mo ta viéc sir dung cac
phuong phiap don chum, Z-scan va
EZ-scan dé xac dinh do I6n va dau
cua chiét suat phi tuyén cua anh sang
trong nhiéu vat li¢u. Ching t6i ciing
mo ca cach do hap thu phi tuyén cua
nhirng phuong phap nay. Tru6e day
dé do chiét suat phi tuyén nguoi ta
ding nhiéu ky thuat khac nhau chang
han nhu giao thoa ké phi tuyén, trong
bdn song suy bién, tron ba séng gan
suy bién, quay ellipse va cac phép do
méo chum. Ba phuong phap dau tién,
cu thé 1a giao thoa ké phi tuyén va
tron song la nhirng ky thuat nhay
nhung tit ca déu doi hoi nhirng dung
cu twong ddi phuc tap. Mat khac,
phép do méo chum tuy khong nhay




require relatively complex
experimental apparatus. Beam
distortion measurements, on the other
hand, are relatively insensitive and
require detailed wave propagation
analysis. The techniques reported here
are based on the principles of spatial
beam distortion but offer simplicity as
well as surprisingly high sensitivity.
We have demonstrated a sensitivity to
nonlinearly induced wavefront
distortion of A/103 for Z-scan and
A/104 for .EZ-scan using relatively
noisy laser systems. The ultimate
potential of these techniques should, in
principle, be orders-of-magnitude
higher.

We introduce the principles of these
techniques in Sec. 2 along with a brief
de-scription of the data analysis in
Sec. 2. More in-depth analysis is given
in Ref. (2) for Z-scan and in Ref. (3)
for EZ-scan. Analysis of so-called
‘thick” nonlinear media, where
nonlinear propagation within the
material is important, is given in Ref,
(11). For many practical cases, the
sign and magnitude of nonlinear
refraction can be obtained from a
simple linear relationship between the
observed transmittance changes and
the induced phase distortion without
the need for performing detailed
calculations. In Sec. 4 we present
measurements of nonlinear refraction
and absorption in a variety of
materials.

2. Z-Scan and EZ-Scan Technique

We first describe the use of these
techniques for measuring nonlinear
refraction. We then describe their use
for measuring nonlinear absorption
and finally describe how nonlinear
refraction can be measured in the

va doi hoi phai phan tich chi tiét su
lan truyén s6ng. Nhirng ky thuat dugc
trinh bay ¢ day du trén nguyén tic
méo chum khong gian nhung don
gian dong thoi c6 do nhay rét cao.
Chung t6i da dat dugc d6 nhay méo
mat dau séng cam @ng phi tuyén dén
A/103 d6i véi Z-scan va A/104 dbi
véi EZ-scan dung nhitng hé thdng
laser c6 d6 nhiéu tuwong doi manh. Vé
nguyén tic, do nhay cudi clng cua
nhitng ky thuat nay c6 thé cao hon
mot bac do lon.

Chlng tdi trinh bay nguyén tic cua
nhitng k¥ thuat nay trong Phan 2 ciing
Vi mo ta vé phan tich dir liéu trong
phan 2. P& hiéu sau hon, do gia co
thé tham khao phuong phap Z-scan
trong (2) va eZ-scan trong (3). Phép
phan tich méi trudng phi tuyén day,
trong d6 su lan truyén phi tuyén trong
vat liéu dong vai tro quan dugc dua ra
trong (11). Dbi vai nhiéu trudng hop
thuc té, diu va do 16n cua chiét suat
phi tuyén c6 thé suy ra tir hé thac
biéu dién mbi quan hé gitra do thay
d6i hé s truyén qua va d6 méo pha
cam (ng ma khdng can thuc hién
nhitng tinh toan chi tiét. Trong phan
4, ching to1 trinh bay céc phép do
chiét suat phi tuyén va hap thu phi
tuyén trong nhiéu loai vat liéu.

2.K¥ thuat Z-scan va EZ-scan

Truéc hét chldng tdi md ta viéc dung
nhitng k¥ thuat nay dé do chiét suat
phi tuyén. Sau dé chung t6i mo ta
viéc dung chinh dé do hip thu phi
tuyén va cudi cing mé ta cach do
chiét suat phi tuyén khi cé hap thuy phi




presence of nonlinear absorption.
Using a single Gaussian laser beam in
a tight focus geometry, as depicted in
Fig. 1, we measure the transmittance
of a nonlinear medium through a finite
aperture (Z- scan) or around an
obscuration disk (.EZ-scan), both
positioned in the far field, as a
function of the sample position Z
measured with respect to the focal
plane. The following example
qualitatively describes how such data
(Z-scan or EZ-scan) are related to the
nonlinear refraction of the sample. We
first describe the Z-scan and then
show how the EZ-scan gives a large
enhancement of the sensitivity.

Assume, for example, a material with
a positive nonlinear refractive index.
Starting the scan from a distance far
away from the focus (negative Z) the
beam irradiance is low and negligible
nonlinear refraction occurs; hence, the
transmittance  remains  relatively
constant. The transmittance here is
normalized to unity as shown in Fig.
2. As the sample is bought closer to
focus, the beam irradiance increases
leading to self-focusing in the sample.
This positive nonlinear refraction
moves the focal point closer to the
lens leading to a larger divergence in
the far field. Thus, the transmittance is
reduced. Moving the sample to behind
the focus, the self-focusing helps to
collimate the beam increasing the
transmittance  of the  aperture.
Scanning the sample farther toward
the detector returns the normalized
transmittance to unity. Thus, the
valley followed by peak signal shown
in Fig. 2 is indicative of positive
nonlinear refraction, while a peak
followed by valley shows self-

tuyén. Dung mot chum laser Gauss
trong cau hinh hoi tu manh (Hinh 1),
chung ta do hé s6 truyén qua qua mot
moi truong phi tuyén qua mot khe
hiru han (z-scan) hoac quanh moét dia
che chian (EZ-scan), ca hai déu nam
trong truong xa, theo vi tri mau z
dugc do dbi vai mat phang tiéu. Vi du
sau ddy mo ta dinh luwong méi quan
hé gitta nhitng dit liéu nhu thé (Z-
scan hoic EZ-scan) végi chiét suat phi
tuyén caa mau. Trudc hét, ching toi
mo ta Z-scan va sau do6 mo ta cach
EZ-scan tang cuong d6 nhay.

Chang han ching ta xét vat liéu co
chiét suat phi tuyén duong. Bt dau
dich chuyén tir vi tri cach xa diém hoi
tu (z am), cuong do bic xa thip va
hién tuong tan sac phi tuyen khong
dang ké; do d6 hé sé truyen qua gan
nhu khong d6i. Hé sb truyén qua &
day duoc chuian hoa thanh mot nhu
biéu dién trong H.2. Khi mau dén gan
diém hoi tu, cuong do buc Xa ting
gay ra (din dén) sy tu hdi tu trong
mau. Chiét suat phi tuyén duong di
chuyén tiéu cu dén gan thau kinh hon
lam cho chum phan ky ¢ truong xa
nhiéu hon. Do do, h¢ s6 truyén qua
giam. Di chuyén miu ra phia sau
diém héi ty, hién tuong tu hoi tu gidp
chuan truc chum lam ting hé sé
truyén qua khe. Dich chuyén mau ra
xa hon vé phia detector 1am cho hé s6
truyén qua chuan hoa chuyén thanh
mét. Do d6, tin hiéu thap rdi dén cao
nhue H.2 ddc trung cho hi¢u ng tan
sac phi tuyen duong, trong khi tin
hiéu cao rdi dén thip tuong ung Voi
hiéu @ng tu phan ky. EZ-scan c6 thé
mo ta theo nhitng thuat ngir gan nhu




defocusing.

The EZ-scan can be described in
nearly identical terms except we
monitor the complementary
information of what light leaks past
the obscuration disk or eclipsing disk.
Clearly what is transmitted by the
aperture in a Z-scan is blocked by the
disk in an iSZ-scan, so that peak and
valley are reversed for the EZ-scan as
shown in Fig. 3. The additional
Important feature shown in Fig. 3 is
that the sensitivity to induced phase
distortion caused by self-lensing can
be significantly larger for the EZ-scan
(an experimentally observed factor of
~ 12 in Fig. 3). As described in the
experimental section, these data were
taken under identical experimental
conditions expect that the aperture was
replaced by a disk. Note that the
vertical scale for the Z-scan is
expanded by a factor of 10 for clarity.

tuong tw nhung & day chung ta giam
s4t théng tin bd sung cua anh sang ro
r qua dia mé duc hodc dia nhat thyc.
RO rang, phan anh sang truyén qua
khe trong Z-scan lai bi khoa boi dia
trong EZ-scan, vi thé cuc dai va cuc
tiéu cua EZ-scan nguoC V&I Z-scan
nhu biéu dién trong H.3. Mét dic tinh
quan trong nita duoc biéu dién trong
H.3 1a d6 nhay d6i véi sy méo pha
cam @ng do ty hoi tu o thé ting dang
ké trong EZ-scan (ting 12 lan nhu
trong H.3). Nhu di noi trong phan
thuc nghiém, nhitng dir liéu nay dugc
chon trong nhitng diéu kién thuc
nghiém giéng nhau ngoai trir khe
dugc thay thé bang dia. Luu y rang
thang thang dung trong Z-scan duoc
phong dai Ién 10 lan dé hién thi rd
hon.




