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Z-Scan  Measurements  of | Po cac tham s6 quang phi

Optical Nonlinearities

There is considerable interest in
finding materials having large
yet fast nonlinearities. This
interest, that is driven primarily
by the search for materials for
all-optical switching and sensor
protection applications,

concerns both nonlinear

tuyén bang phwong phap Z-
scan

Cac nha nghién ctu rat quan
tam dén viéc tim nhitng vat liéu
c6 dic tinh phi tuyén vira 1on
lai vira nhanh. Mdi quan tam
nay cha yéu dé phuc vu cho
cac nghién ciu vé vat liéu cho
cac ung dung chuyén mach
toan quang va bao vé cam bién,
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absorption (NLA) and nonlinear
refraction (NLR). The database
for nonlinear optical properties

of materials, particularly
organic, is in many cases
inadequate  for  determining

trends to guide synthesis efforts.
Thus, there is a need to expand
this database. Methods to
determine nonlinear coefficients
are discussed throughout this
book. The Z-scan technique is a
method which can rapidly
measure both NLA and NLR in
solids, liquids and liquid
solutions.1,2 In this chapter we
first present a brief review of
this technique and its various
derivatives. Simple methods for
data analysis are then discussed
for “thin” and “thick” 3,4,s°6
nonlinear ~ media  Z-scans,
eclipsing Z-scan (EZ-scan) 7,
two-color Z-scans 8’9, time-
resolved excite-probe Z- scans
10,11, and top-hat-beam Z-
scans 12. Finally, an overview
of the reported measurements of
the nonlinear optical properties
of organic  materials as
determined using these
techniques will be presented .

The Z-scan method has gained

rapid acceptance by the
nonlinear optics community as a
standard technique for
separately  determining  the

nonlinear changes in index and
changes in absorption. This
acceptance is primarily due to
the simplicity of the technique
as well as the simplicity of the
interpretation. In most

lién quan dén ca hap thu phi
tuyén (NLA) va tan sic phi
tuyén (NLR). Co s¢ dit lidu vé
cac tinh chat quang phi tuyén
cta vat liéu, dac biét 1a chat
hitu co, trong nhiéu truong hop
khong du dé phuc vu cho viéc
téng hop. Do d6, chung ta can
phai mo rong co sé dir ligu
nay. Nhiing phuong phap xéc
dinh cac hé sb phi tuyén duogc
thao luan trong toan bo sach
nay. Ky thuat Z-scan la phuong
phap c6 thé do nhanh ca NLA
va NLR trong chat ran, chat
long va cac dung dich long.
Trong chuong nay, trudc hét
ching toi tong quan ngan gon
vé k¥ thuat nay va cac bién thé
khac nhau cta n6. Sau do
chung toi thao luan cac phuong
phap don gian dé phan tich di
litu danh cho Z-scan mdi
truong phi tuyén “moéng” va
“day”, Z-scan nhat thuc (EZ-
scan0, Z-scan hai mau, Z-scan
kich thich-do phan giai thoi
gian. Cudi cung, chung toi
trinh bay tong quan ve cac
phép do cac tinh chat quang phi
tuyén cua vat liéu hitu co da
dugc bao cao dung nhitng ky
thuat nay.

Phuong phap Z-scan da nhanh
chéng nhan duoc sy chap nhan
ctia cong dong quang phi tuyén
nhu mot k§ thuat tiéu chuan dé
xac dinh su thay d6i chiét suat
phi tuyén va su thay d6i hap
thu phi tuyén. Su chip nhan
nay chu yéu do tinh don gian
cua ky thuat cling nhu sy don
gian trong cach dién giai.
Trong da s cac trudng hop, su




experiments the index change,
An, and absorption change, Aa,
can be determined directly from
the data without resorting to
computer fitting. However, it
must always be recognized that
this method is sensitive to all
nonlinear optical mechanisms
that give rise to a change of the
refractive index and/or
absorption coefficient, so that
determining the underlying
physical processes present from
a Z-scan is not in general
possible. A series of Z-scans at
varying pulsewidths,
frequencies, focal geometries
etc. along with a variety of other
experiments are often needed to
unambiguously determine the
relevant mechanisms. In this
regard, we caution the reader
that the conclusions as to the
active nonlinear processes of
any given reference using the Z-
scan technique is often subject
to debate.

2.3 Eclipsing Z-scan
Scan)

As the Z-scan method relies on

(EZ-

propagation of a phase
distortion to  produce a
transmittance  change, the

minimum detectable signal is
determined by how small a
transmittance change can be
measured.  The  surprising
interferometric sensitivity
comes about from  the
interference  (diffraction) of
different portions of the spatial
profile in the far field. Recently,
it was realized that this
sensitivity could be greatly

thay do6i chiét suat...., sy thay
ddi hap thu....co thé dugc xéac
dinh truc tiép tor dit liéu ma
khéng can dén khop may tinh.
Tuy nhién, chung ta phai ludn
lubn nhan thtc rang phuong
phép nay nhay véi tat ca cac co
ché quang phi tuyén lam nay
sinh sy thay do6i chiét suat
va/hoic hé sé hap thy, vi thé
viéc xac dinh cac qua trinh vat
Iy co ban hién dién tir Z-scan
noi chung khong kha thi. Mot
loat cac phép do Z-scan ¢ do
rong xung, tan sé, cau hinh hoi
tu khac nhau, v.v...cung véi
nhiéu thuc nghiém khac rat can
thiét dé ching ta cé thé xac
dinh duoc mot cach rd rang
nhitng co ché c6 lién quan. Vé
van dé nay, doc gia luu y rang
nhitng két luan vé cac qua trinh
phi tuyén trong bat ky tai liéu
tham khao nao dua trén Ky
thuat Z-scan thuong la cha dé
gay tranh céi.

2.3 Ky thuat Z-scan nhan thuc
(EZ-scan)

Vi phuong phap Z-can I¢ thude
vao sy lan truyén cua su méo
pha dé tao ra sy thay doi hé sd
truyén qua, tin hiéu cuc tiéu co
thé phat hién dugc dugc xac
dinh qua cach do nhiing thay
d6i nho cua hé sé truyén qua.
Do nhay giao thoa ké tuong ddi
I6n do su giao thoa (nhiéu xa)
ciia cac phan khac nhau cua
bién dang khéng gian trong
truong xa. Gan day, nguoi ta
thdy rang do6 nhay nay co thé
tang dang ké bang cach xét ria
ngoai cua chum trong truong




increased by looking at the
outer edges of the beam in the
far field rather than the central
portion as in the Z-scan. This is
accomplished by replacing the
apertures in Fig. 1 with disks
that block the central part of the
beam. The light that leaks
around the edges appears as an
eclipse, thus the name EZ-scan
for eclipsing Z-scan.7 An
analogous empirical expression
to Eq. 9 for the EZ-scan is
ATpv = 0.68(1-S)-0441A00|,
(11)

2.6  Excite-Probe Z-scans

Excite-probe  techniques in
nonlinear optics have been
commonly employed in the past
to deduce information that is not
accessible with a single beam
geometry. The most significant
application of such techniques
concerns the ultrafast dynamics
of the nonlinear optical
phenomena. There has been a
number of investigations that
have used Z-scan in an excite-
probe scheme.8,91011 The
general geometry is shown in
Fig. 6 where collinearly
propagating  excitation and
probe beams are used. After
propagation through the sample,
the probe beam is then
separated and analyzed through
the far-field aperture. Due to
collinear propagation of the
excitation and probe beams, we
are able to separate them only if
they differ in wavelength or
polarization. The former
scheme, known as a 2-color Z-

xa thay vi phan trung tdm nhu
trong Z-scan. Bé thuc hién diéu
nay ching ta thay thé cac khe
trong H.1 bing cac dia chan
phan trung tdm cua chum. Anh
sadng ro qua mép cb hinh dang
giéng nhu nhat thuc, vi thé
nguoi ta dat tén la EZ-scan cho
ki thuat Z-scan nhat thyc. Biéu
thac thuc nghiém tuong tu Vi
Pt.9 d6i véi EZ-scan 1

(11)

2.6 Zscan kich thich-do

Trudc day, trong quang phi
tuyén, ngudi ta thuong sir dung
ki thuat kich thich-do dé rat ra
dugc nhitng thong tin khéng
thé suy ra dugc v&i cau hinh
mot chom.  Ung dung quan
trong nhat caa nhitng ky thuat
nhu thé lién quan dén dong hoc
siéu nhanh cua cac hién tugng
quang phi tuyén. C6 mot sb
nghién ctru da sir dung Z-scan
trong cau hinh kich thich-do.
So d6 tong quat duoc biéu dién
trong H.6 trong d6 chum do va
chum kich thich cling truyén
theo mot dudng thang duogc sir
dung. Sau khi truyén qua mau,
chum do dugc tach ra va phén
tich qua khe ¢ truong xa. Do su
truyén dong thoi doc theo
duong thang cua cac chim do
va chum Kkich thich, ching ta
chi c6 thé tach ching néu
ching khéc nhau vé budc song
hodc ché do do phan cuc. So
dd dua trén phuong phép tach
budc song dugc goi la Z-scan




scan, has been used to measure
the nondegenerate n2 and p in
semiconductors.8,9 The time-
resolved  studies can be
performed in two fashions. In
one scheme, Z-scans are
performed at various fixed
delays between excitation and
probe pulses. In the second
scheme, the sample position is
fixed (e.g. at the peak or the
valley positions) while the
transmittance of the probe is
measured as the delay between
the two pulses is varied. The
analysis of the 2-color Z-scans
is naturally more involved than
that of a single beam Z-scan.
The measured signal, in
addition to being dependent on
the parameters discussed for the
single beam geometry, will also
depend on parameters such as
the excite-probe beam waist
ratio, pulsewidth ratio and the
possible focal separation due to
chromatic aberration of the

lens.8,10

2.7 Z-scans with Non-
Gaussian Beams

While Gaussian beams are

extremely convenient since their
propagation is  particularly
simple (e.g. a Gaussian beam
remains Gaussian throughout a
linear optical system in the
absence of aberrations), the
output of many lasers do not
posses a Gaussian profile in
space. Zhao and Palffy-
Muhorayl12 derived the results
of performing a Z-scan using a
focused “top- hat” beam, where
the profile at the initial focusing

hai mau, d3 duoc dung dé do
n2 va ... khong suy bién trong
cac ban dan. Cac nghién cuau
phan giai thoi gian co thé tién
hanh theo hai cach. Véi céach
thet nhat, Z-scan duoc thuc
hién vé&i do tri hodn thoi gian
khong do6i gitta xung do va
xung kich thich. Vai cach thu
hai, vi tri mau dugc cb dinh
(chang han tai vj tri peak hoic
thung liing) trong khi hé so
truyén qua cia chum do duogc
do dugi dang do tré cua hai
xung lai bién ddi. L& di nhién,
phan tich Z-scan hai mau co
mdi lién hé chat ché hon vai
Z-scan don chum. Tin hiéu do
duoc, cung vai viéc phu thudc
vao cac tham sé duoc thao luan
ddi véi cadu hinh don chum,
cling sé¢ phu thuoc vao céc
tham sé chang han nhu ty s6 ¢6
chum gitta chum do va chum
kich thich, ty s6 d6 rong xung
va khoang cach hoi tu kha di
do hiéu tng sic sai cua thau
kinh.

2.7 Z-scan vai cac chum khong
Gauss

Trong khi cac chum Gauss cuc
ky thuan tién boi vi sy lan
truyén cioia ching dac biét don
gian (vi chang han cham Gauss
van con git nguyén dang
Gauss khi di qua hé quang hoc
tuyén tinh néu khong c6 quang
sai), dau ra cua nhiéu laser
khong c6 bién dang Gauss
trong khoéng gian. Zhao va
Palffy-Muhoray12 di rut ra két
qua cua viéc thuc hién Z-scan
dung chum “top-hat”, trong do
bién dang tai thiu Kinh héi tu




lens is approximately a step
function (Heaviside function) in
the radial coordinate r (i.e.
©(r0-r) with r0 a constant). In
practice, one can produce this
type of Dbeam profile by
sufficiently  expanding any
spatially coherent optical beam
and then use a circular aperture
at the focusing lens. The lens
focuses this beam to an Airy
pattern in the absence of
aberrations.  The  emprical
expression relating ATpv to
AOO and aperture transmittance
Sis given by: 12

ATpv « 2.8(1-S)114
tanh(0.37A00) , (13)
where AOO0 is the peak

nonlinear phase shift at the
center of the Airy disk at the
focal plane. For S«0 and small
AOQ, the above expression
gives ATpv«1.036 A®O0,
indicating approximately a 2.5
times larger sensitivity than for
a Gaussian beam Z-scan. This
enhanced sensitivity is due to
the steeper beam curvature
gradients encountered by the
nonlinear sample at Z positions
near the focal plane.

It is also possible to use a
sample of known nonlinearity
as a reference to calibrate a
system using a beam of
arbitrary profile. Referencel8
shows a way to use a reference
sample to obtain the relative
NLA and NLR without regard
to the laser beam characteristics.
This also allows violation of the
thin sample approximation as
long as the reference sample has

ban dau cd dang gan duang 1a
ham ham bac thang (ham
Heaviside) trong hé toa do cuc
(thc 13....v6i rO 1a mot hang
sb). Trong thuc té, ching ta c6
thé tao ra loai bién dang nay
bang cach mo rong bat ky
chum quang hoc két hop khdng
gian nao va sau do dung mot
khe tron tai thdu kinh hoi tu.
Thau kinh s& hoi tu cum nay
thanh bién dang Airy Kkhi
khéng c6 quang sai. Biéu thirc
thuc nghiém thiét lap moi quan
hé gitra...v6i....va hé sb truyé
qua khe....co dang:

(13)

Trong d6 ....1a @6 dich pha phi
tuyén cuc dai tai thm cua dia
Airy tai mat phang tiéu. Khi
....va...nho, biéu thirc ¢ trén c6
dang....... , cho thidy d6 nhay
I6n hon 2.5 1an so v&i Z-scan
chum Gauss. B nhay nay la
do gradient @ cong chum dang
bac thang ma mau phi tuyén di
chuyén vao tai nhing vi tri z
gan mit phang tiéu.

Chung ta ciing co6 thé ding
nhitng mau d4 biét cac tham s6
phi tuyén nhu mot chuan dé
dinh chuan hé théng dung
chum co bién dang tuy y. Tai
liéu tham khao 18 trinh bay
cach dung mau chuan dé thu
dugc NLA va NLR tuong ddi
ma khoéng can quan tim dén
cac dac tinh cua chum laser.
Phuong phap nay ciling cho
phép vi pham phép gan ding




the same thickness as the
sample under measurement, and
the irradiance is adjusted such
that the ATpv’s in both
measurements are nearly equal.
More generally, Z-scans using
reference sample calibration are
useful provided that the orders
of both nonlinearities are the
same (e.g. both are x(3) type)
and conditions and parameters
of both experiments are kept
nearly the same.

2.8 Background Subtraction
In all the possible situations
discussed above, it is often
beneficial to perform
experiments at high and low
irradiance levels (low enough
that the nonlinear response is
negligible) and subtract the two
sets of data.2 This greatly
reduces background signals due,
for example, to sample
inhomogeneities or  sample
wedge. A necessary condition
for this background subtraction
process to be effective is that

the  sample  position  be
reproducible for both high and
low irradiance scans (i.e.

laterally, vertically and along
Z). It is also important that the
data sets be normalized before
subtraction such that
T(|Z|>>Z0) are made equal for

high and low irradiance Z-
scans. Experience shows that
even when the signal s
indistinguishable in a

background that this subtraction
can often uncover a usable
signal.2

mau mong mién 13 mau chuan
c6 cung d6 day véi mau can
do, va cuong do buc xa duogc
diéu chinh sau cho ....trong ca
hai phép do gan bing nhau.
Toéng quat hon, Z-scan ding
phép canh chinh miu chuén
htru dung moeexn la bac phi
tuyén giéng nhau (tuc 1a ca hai
déu co6 dang....), cac diéu kiéen
va tham sd cua ca hai thi
nghiém dugc @it gan nhu
nhau.

2.8 Trir nén

Trong tat ca nhitng trudng hop
duoc thao luan 6 trén, viéc thuc
hién cac thi nghiém & cac muac
cudng d6 cao va thap (du thap
dé dap &ng phi tuyén co thé bo
qua) va tru hai tap dic liéu
thuong cd loi. Didu nay gilp
giam dang ké tin hiéu nén,
chang han nhu do sy khéng
ddng nhat cia mau hoiac miu
hinh ném. Diéu kién can thiét
dé qua trinh trr nén nay co
hi¢u qua la phai dam bao vi tri
mau giéng nhau d6i véi hai lan
quét cuong do bic xa cao va
thap (tuc 1a ngang, doc va doc
theo z). Piéu quan trong la
nhitng tap dir liéu can duoc
chuan hoéa trudc khi trir sao cho
....bang nhau dbi v&i Z-scan
bac xa cao va thip. Thuc
nghiém chang té rang ngay ca
khi tin hiéu khéng rd rang
trong nén, qua trinh trir nay
thudng c6 thé loai bo nhirng tin
hiéu khdng 6n dinh.




