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SINGLE-BEAM

MEASUREMENT
AND ANALYSIS
The Z-scan technique is a popular
method for measuring degenerate
(single frequency) optical
nonlinearities using a single laser
beam. In order to perform reliable
measure-ments, it is necessary to
carefully characterize and control a
number of experimental parameters,

Z-SCAN:
TECHNIQUES

Z-SCAN PON CHUM: KY THUAT
PO VA PHAN TiCH

Z-scan la mot phuong phap phd bién
dé do su phi tuyén quang hoc suy
bién (don tan s6) bang mot cham
laser. Pé thyc hién cac phép do dang
tin cay, ching ta can xac dinh can
than va kiém soat mot sd tham sb
thuc nghiém, chang han nhu chat
lugng chim, cbng suat va dic tinh
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such as the beam quality, the power
and temporal characteristics of the
laser, the collection aperture size and
position, the sample reflectivity,
sample thickness and imperfections in
the sample. Failure to control these
parameters leads to  inaccurate
determinations of the nonlinearities. In
this paper, we review the theory of Z-
scan and examine each of these issues
from experimental and theoretical
viewpoints. This work will be of
interest to anyone who performs Z-scan
experiments and to those interested in
optical power limiting and nonlinear
optical propagation.

1. Introduction

The Z-scan techniquel2 is an
increasingly popular method for the
measurement of optical nonlinearities,
particularly nonlinear refraction and
nonlinear absorp-tion. It has been used
to measure nonlinear optical properties
of semiconductors,3-7 dielectrics and
glasses,8-12 organic or carbon-based
molecules13-17 and liquid
crystals, 18,19  with  nonlinearities
ranging  from  femtosecond7 to
millisecond20  time-  scales. It
complements and sometimes replaces
other measurement techniques such as
four-wave mixing. Z-scan has the
advantage that it immediately indicates
the sign and type of nonlinearity
(refractive or absorptive).

In the Z-scan technique, a sample is
scanned along the optic axis (the z-
direction) through the focus of a single
laser beam, while the energy
transmitted through an aperture in the
far field is recorded as a function of
sample position (Fig. 1). It is
convenient to plot T, the transmittance
normalized to the linear transmittance

thoi gian cua laser, kich thudc khe
thu thap anh sang va vi tri, o phan xa
mau, chiéu day mau va nhitng khyét
tat trong mau. Sai s6t trong viéc kiém
soat nhitng tham s6 nay dan dén viéc
xac dinh khdéng chinh x&c cac tinh
chat phi tuyén. Trong bai bdo nay,
chdng t6i tong quan Iy thuyet Z-scan
va danh gia nhitng van dé nay tir cac
quan diém thuc nghiém va ly thuyét.
Cong trinh nay 14 mdi quan tim doi
véi bat cu ai thuc hién céc thi nghiém
Z-scan va quan tim dén gigi han cong
suat quang hoc va sy la truyén phi
tuyén.

1.Giéi thiéu

Z-scan dang ngady cang tro nen phd
bién trong viéc do cac tham s6 quang
phi tuyén, dac biét 1a chiét suat phi
tuyén va hé sé hap thu phi tuyén. N6
dugc dung dé do cac tinh chat quang
phi tuyén cta ban dan, 3-7 dién moi
va thuy tinh, 8-12 cac phan tir hitu co
hodc carbon 13-17 va tinh thé long
18, 19 v&i su phi tuyén c6 thang thoi
gian nam trong khoang tir femto giay
dén mili gidy 20. N6 bd sung va dbi
khi thay thé cac ky thuat do khac nhu
su tron bdn song. Z-scan co uu diém
la n6 cho biét ngay lap tuc dau va loai
phi tuyén (tan sac hoac hap thu).

Trong ky thuat Z-scan, mau duoc di
chuyén doc theo truc quang hoc
(huéng z) qua diém hoi tu cta chum
laser, dong thoi nang lugng truyén
qua khe ¢ truong xa dugc ghi nhan
theo turng vi tri twong tng (H.1). Viéc
vé d6 thi cua T (hé 50 truyen qua
chuin héa ddi véi hé sb truyen qua
tuyén tinh cta hé) tuong ddi thuan




of the system. A typical Z-scan profile
for a thin sample with a

Fig. 1. Experimental arrangement for
Z-scan measurement of nonlinear
refraction.

z(mm)

Fig. 2. Z-scan result for a thin self-
focusing medium (Eq. (11)). A3>0 =
0.1, ZR =2 mm, 2| = 10 m (far field).

purely refractive, positive nonlinearity
is shown in Fig. 2. The nonlinearity can
often be evaluated from the difference
between the maximum and nlinimum
values of the normalized transmittance,
AT. For a thin optical Kerr medium
(where the refractive index varies
linearly with irradiance) with nonlinear
refractive index coefficient n/ (in units
m2W-1), AT s proportional to the
nonlinear phase shift A$o on the axis
with the sample at the waist,2 and
hence to nj:

AT = 0.406|A%0|, (1)

where A$o = kniloLeg. Here k —
27r/A, A is the wavelength, 1Q is the
axial irradiance at the waist and Leg is
the effective sample length. This is
given by Les = (1 — e~*“°L)/ao, where
L is the true sample length and OCQ is
the linear absorption coefficient (Leff =
L in the absence of linear absorption).
Equation (1) is correct to first order in
lo (the weak interaction regime), for a
Gaussian profile laser beam and an
infinitesimal aperture or pinhole at the
far field.

For Z-scan measurements of nonlinear
absorption, the aperture in Fig. 1 is
usually removed so that the total beam
power or energy can be collected. A Z-
scan profile for a thin nonlinear
absorber is depicted in Fig. 3. For an
absorption coefficient which varies

lgi. Dang duong cong Z-scan dién
hinh d6i v&i mot ma mong co

H.1.B4 tri thi nghiém di véi phép do
Z-scan chiét suat phi tuyén

z(mm)

H.2. Két qua Z-scan dbi véi moi
trueong tu hoi tu mong (Pt.11). A3>0
= 0.1, ZR = 2 mm, 2I = 10 m (truong
Xa).

Chiét suat phi tuyén thuan tay, duong
dugc biéu dién trong H.2.Su phi
tuyén thuong duoc danh gia thong
qua do chénh léch gitra cuc dai va cuc
tiéu truyén qua chuan héa ....Ddi véi
mét moi truong Kerr phi tuyén mong
(trong d6 chiét sudt thay doi tuyén
tinh theo cudng d6 buc xa) véi hé sb
chiét suat phi tuyén ...(theo don
Vi...), ...ty 1é voi d6 dich pha phi
tuyén....trén truc VoI Mau nam tai cb
chum, va do do6 voi....:

(1)

Trong do....... O day, ..... , ...la budc
song, ....1a buc xa trén tryc tai co
chum va Leff 1a chiéu dai hiéu dung.
DPai lugng nay dugc tinh theo cong
thirc. ..., trong d6 L 1a chiéu dai thyuc
ciia mau va ...1a hé sé hap thy tuyén
tinh (Leff = L khi khéng c6 hap thu).

Phuong trinh (1) chinh xac dbi véi
bac nhat cua 10 (ché d6 tuong tac
yéu), dbi véi mot chum laser bién
dang Gauss va mot khe vo cung be
hoic mot 16 & trudng xa.

Déi véi phép do Z-scan hap thu phi
tuyén, trong H.1 chidng ta loai bo khe
dé thu thap toan bo cong suat hoic
nang lugng chum. Hinh dang duong
cong Z-scan duogc biéu dién trong
H.3. Dbi véi hé sé hap thu bién doi
tuyén tinh theo cuong do bac xa, hé




linearly with irradiance, the coefficient
of nonlinear absorption ai (in units
mW'1) can be evaluated using2

with Qo = otiloLeff. Note that Eq. (2)
Is correct to all orders of Jo-

The Z-scan method is attractive owing
to its experimental simplicity (it is a
single beam technique), the fact that it
yields both the sign and the magnitude
of the nonlinearity and the fact that raj
and aj may be easily extracted with a
minimal amount of analysis. A further
advantage is the close similarity
between the Z-scan and optical power
limiter geometries. Detailed Z-scan
studies not only give important
information on the nonlinear optical
characteristics of a material but also
yield vital information regarding
optimization of the optical power
limiting geometry such as the optimum
sample position and optimum sample
thickness. This makes Z-scan the
preferred technique when assessing
materials for an optical power limiting
application.

Despite the apparent experimental
simplicity of the Z-scan technique,
great care has to be taken with the
experimental measurements to ensure
reliable results. There are several
factors which may lead to poor Z-scan
profiles and unreliable data if their
effects are not understood. They
include: (i) a poor input beam spatial
profile, (ii) poor understanding of the
temporal characteristics of the laser
(iii) fluctuating laser power, (iv) etalon
effects in non-ar-coated samples, (V)
sample thickness exceeding the “thin
sample” regime (vi) inappropriate size
or distance, or poor alignment of the
aperture  for measuring  on-axis
transmittance, (vii) wedge and lens

s6 hap thu phi tuyén c6 thé tinh qua
cong thire (theo don vi.....)

Trong d6.....Luu ¥ rang, Pt (2) ding
cho tat ca cac bac cua....

Phuong phap Z-scan rat thu hut do su
don gian vé mat thuc nghiém cua né
(n6 1a 1a ky thuat don chum), cé thé
suy ra dugC dau va do lon cua sy phi
tuyén va ...va...co thé rat ra duoc
mot cach de dang véi sé luong phép
phan tich toi thieu. Uu diém nixa 1a
su tuong tu giita cau hinh Z-scan va
bo giagi han quang. Cac nghién ctu Z-
scan chi tiét khong chi cho théng tin
quan trong vé cac dac tinh quang phi
tuyén caa vat liéu ma con cho nhing
théng quan trong dé t6i wu hoa cau
hinh gigi han quang chang han nhu vi
tri mau téi uu va do6 day mau téi wu.
biéu nay khién cho Z-scan 1a mot ky
thuat vu chudng khi danh gia cac vat
liéu cho trng dung gidi han quang.

Mac du k¥ thuat Z-scan ro6 rang don
gian v& mat thuc nghiém, nhung
ching ta can phai chu y dé nhiing
phép do thuc nghiém dé dam bao két
qua dang tin cay.C6 mot vai nhan td
dian dén hinh dang duong cong Z-
scan khong chuan va dir liéu khong
dang tin cay néu cac tic dong cua
chung khong duoc tim hiéu. Chulng
la: (i) bién dang khong gian chu dau
vao kém chat luong, (i) hiéu biét
chua tt vé cac dic tinh thoi gian cua
laser (iii) céng suat laser dao dong,
(iv) cac hiéu tng etelon trong cac
mau khéng phu ar, (v) do day mau
vuot qué ché do “mau mong”(vi) kich
thudc hoac khoang cach khong thich
hop, hoac su dinh huéng kem cua khe




effects and other defects in the sample,
and (viii) laser power exceeding the
range of the low power regime, in
which the nonlinear effects can be
calculated from expressions correct to
first order in irradiance. To measure
optical nonlinearities absolutely and
accurately, all of the above
experimental parameters must be
carefully  controlled, and proper
corrections need to be made in the
experimental analysis.

As pointed out by Bridges et al.,21 the
requirements for controlling all these
parameters can be relaxed somewhat
when the nonlinearity of a test sample
IS measured relative to that of a
reference sample. This is an excellent
approach, provided that one has a
suitable reference sample. Often one
does not have a sample with a well
characterized nonlinearity for the
particular wavelength and pulse length
regime of interest. This is particularly
so when nonlinear absorption and
refraction are both involved. In this
case, the reference sample would need
to have the same ratio of absorptive
and refractive nonlinearities.

Part 2 of the present paper sets up a
theoretical framework needed for dis-
cussing Z-scan measurements,
introducing  previously  published
equations of importance and also
presenting significant new material.
The Z-scan technique for a thin
nonlinear refractor is discussed, and the
discussion is then broadened to allow
for nonlinear absorption. Equations are
introduced to describe the irradiance
away from the optical axis, as needed
for discussing finite aperture effects

trong qua trinh do hé so truyén qua
trén truc, (vii) cac hiéu wng ném hoac
thau kinh va nhiing khuyét tat khac
trong mau, va (viii) cong suat laser
vuot qua ché do cong suat thap, trong
c6 cé&c hiéu ng phi tuyén co thé phan
tich qua céac biéu thuc chinh xac bac
nhat dbi voi cudng do bic xa. Bé do
su phi tuyén quang hoc chinh xac, tat
ca nhitng tham sb thuc nghiém & trén
phai dugc kiém soat can than, va
nhitng hiéu chinh thich hop can dugc
tién hanh trong phan tich thyc
nghiém.

Nhu Bridges va cac cong su da chi ra,
cac yéu cau kiém soat tat ca nhiing
tham s6 nay c6 thé hoi dé dang hon
khi sy phi tuyén cia mau kiém tra
dugc do ddi voi su phi tuyén ciia mau
chuan. Pay 13 cach tiép can tuyét voi,
mién l1a ching ta c6 mau chuan thich
hop. Thong thudng ching ta khong
c6 miu chuan da dugc xac dinh day
da cac tinh chat phi tuyén cho mét
buéc song cu thé va ché do chiéu dai
xung dang nghién ctru. Piéu nay lai
cang cip thiét hon khi hap thu phi
tuyén va tan sac phi tuyén cung hién
dign. Trong truong hop nay, mau
chuan Can phai c6 cing ty sé hap thu
va tan sac phi tuyén.

Phan 2 cua bai bdo nay xay dung
khubn kho ly thuyét can thiét dé thao
luan cac phép do Z-scan, gioi thiéu
nhiing phuong trinh quan trong da
dugc xuat ban truge dy va ciing trinh
bay vé vat liéu mai. Ching ta sé thao
luan k¥ thuat z-scan ddi véi chat tan
sac phi tuyén moéng va mo rong cho
truong hop ¢6 hap thu phi tuyén. Cac
phuong trinh duoc dua vao dé mo ta
cuong do bic xa cach xa truc quang
hoc, can thiét dé thao luan anh huong
cua khe hiru han va sy sai léch huéng




and aperture  misalignment.  An
improvement to the conventional
approach is suggested for separating
the nonlinear refraction result when
absorptive and refractive effects are
simultaneously present. Next, the on-
axis description for thin media is
extended to deal with thick media. This
theory is not only important for
understanding the sample thickness
requirements in Z-scan experiments,
but is also very useful for modeling
optical power limiters.  Finally,
numerical calculations using the
Gaussian-  Laguerre  decomposition
method are discussed. These allow the
study of nonlinear effects to be
extended to higher power levels, where
the analytic calculations correct to the
first order in irradiance are no longer
valid. These numerical results indicate
the regime of validity of first-order
analytical theory, and give some
guidance in correcting the first-order
calculations to take account of higher-
order effects.

In Part 3 the experimental sources of
inaccuracy listed above are analyzed
and methods are suggested for
overcoming some of the problems. The
impact of a poor spatial input beam
profile is examined and it is established
that for a standard devi- ational error in
AT of less than 5%, the spatial profile
of the laser beam should have an M2
value of less than 1.1 for nonlinear
refraction, or 1.3 for nonlinear
absorption, and that corrections should
be made for a non-unity value of M2.
Suggestions are given on how to
achieve a good beam profile.

The importance of the laser’s temporal
profile is discussed, in the context of

khe. Chung t6i dé xuat mot phuong
phap cai thién phuong phap truyen
thong dé tach két qua tan siac phi
tuyén khi cac hiéu tng hap thu va tan
sic cung hién dién. Tiép theo, md ta
doc truc ddi véi mdi trudng mong
dugC Mo rong dé xét cac mo trudng
day. Ly thuyet nay khong chi quan
trong dé hiéu cac yéu cau vé do day
MAu trong cac thi nghiém Z-scan, ma
cOn rat c6 ich & mo hinh héa cac bo
giéi han quang. Cubi clng, ching ta
thao luan céc tinh toan sé dung
phuong phap phan tich Gaussian-
Laguerre. Nhiing phuong phap nay
cho phép ma& rong cac nghién ciu vé
hiéu tng phi tuyén cho cac muac cong
suat cao hon, trong dé cac tinh todn
giai tich chinh xac dén bac nhat cua
cuong do buc xa khong con gia tri.
Nhitng két qua sé nay cho thiy pham
vi ap dung cua ly thuyét phan tich bac
nhat, v cho mot s6 huong dan dé
chinh xac hda cac tinh todn bac nhit
dé xét dén céc hiéu ung bac cao.

Trong Phan 3, ching toi s& liét ké
nhitng nguén goc thuc nghiém dan
dén nhitng su khdng chinh xac duoc
lict ké & trén va dé xuét cac phuong
phap dé khac phuc mot s6 van dé.
Tac dong cua sy khdong hoan hao cua
bién dang chum dau vao duoc Kiém
tra va duoc xay dung cho sai sé léch
chuan cua...dusi 5%, bién dang
cham laser can phai c6 gia tri M2 nho
hon 1.1 d6i véi tan sic phi tuyén,
hodc 1.3 dbi vai hap thu phi tuyén |
va nhitng hiéu chinh d6 can duoc
thuc hién d6i vai gia tri M2 khac mot.
Chung t6i ciing dua ra cach dé dat
duoc bién dang chum tot.

Chung t6i ciing thao luan tim quan
trong cua bién dang laser, trong




pulsed laser experiments. This profile
should be recorded and analyzed, for

accurate measurements of
nonlinearities. The effect of laser
power  fluctuations upon the
apertureless ~ Z-scan  profiles s
illustrated, and a technique for
recovering the data is outlined.

The effects of unwanted surface

reflections are described, and it is
emphasized that the samples should be
anti-reflection-coated, at least on their
rear surfaces. Sample thickness is then
discussed, and it is shown that for a
nonlinear refractor AT is more than 6%
below the thin sample value if the
sample thickness is greater than UQZR,
the Rayleigh length of the beam waist
within the medium. For nonlinear
absorption, the reduction in AT under
these conditions is 7%. ¢

Results are also presented highlighting
the effect of aperture size upon the AT
value  for  nonlinear  refraction
measurements, and guidelines are
given for choosing an appropriate
aperture size. The impact of the
distance to the aperture is also
considered. As the Z-scan technique is
a far field measurement method in
practice it is important that the term
“far-field” be defined. At a distance of
10 Rayleigh lengths between the beam
waist and the aperture, there is an 18%
change in the T values, compared with
the values at the far-field. However, the
error in AT is only 1% because both
the peak and trough move in the same
direction. Modeling studies of the
effect of poor aperture alignment on the
Z-scan profile are presented. It is
shown that if the sample is wedged,
best results are obtained if alignment of
the aperture is carried out with the

khudn kho cua cac thi nghiém laser
xung. Bién dang nay can dugc ghi
nhan va phén tich dé do chinh xac cac
tham s6 phi tuyén. Anh huéng cua su
dao dong cong suit laser dén bién
dang Z-scan khong khe ciling duoc
minh hoa, va ky thuat phuc hoi di
liéu dugc phac hoa.

Anh huong cua nhitng phan xa bé
mat khéng mong mubn dugc mé ta,
va chiing t6i nhan manh rang mau can
duoc phu 16p chdng phan xa, it nhat &
bé mat phia sau cua ching. Sau do,
do day mau dugc thao luan, va ching
t6i chiing to rang ddi voi do tan sic
phi tuyén ....thdp hon 6% gia tri mau
méng néu d6 day mau I6n hon.....,
khoang Rayleigh cua c6 chim trong
moi truong. D6i voi hdp thu phi
tuyén, su giam....trong nhimng diéu
kién nay la 7%.

Nhitng két qua duoc trinh bay ciing
nhan manh anh huong cua kich thudc
khe dén gié trj ....ddi voi cac phép do
tan sic phi tuyén, va dua ra cach chon
kich thudc khe thich hop. Tac dong
ctia khoang cach dén khe ciing duoc
xét. V1 trong thyuc té, k¥ thuat Z-scan
la phép do truong xa, do d6 chung ta
can dinh nghia thuat ngir “trudong xa”.
Khi khoang cach gitra ¢6 chim va
khe bang 10 khoang Rayleigh, gié tri
T thay doi 18% so véi gia tri trong
truong Xa. Tuy nhién, sai so cua
...chi khoang 1% bdi vi peak va
thung ling di chuyén cung hudng.
Nhitng nghién cau md hinh héa vé
anh huong cua sy dinh hudng khe
kém dén bién dang Z-scan ciing duoc
trinh bay. Ching tdi thay ring néu
mau hinh ném, két qua thu dugc tét
nhat néu su dinh huéng cua khe duogc
tién hanh véi mau nam tai tdm scan.
Cac nghién ctru mo6 hinh hoda ciling




sample positioned at the center of the
scan. Modeling studies also establish
the effects which occur if the sample
has a lens-like profile or if it exhibits
surface roughness or scratches. We find
that the technique of subtracting low
power Z-scans from high power ones,
as recommended by Sheik- Bahae et
al.,2 works well for extracting the
nonlinear result when there are surface
imperfections.  Finally, we briefly
discuss extensions of Z-scan such as
the EZ-scan technique.22-24

This paper will be useful as a reference
document for those wishing to use the
Z-scan technique. It should also prove
to be of value to those involved in the
study and design of optical power
limiters. While the theory is based on
third-order optical nonlinearities (see
Egs. (5) and (15)), the principles and
experimental techniques discussed are
also applicable when higher-order or
other nonlinearities are  present.
Experimentalists primarily interested in
Z-scan may choose to omit Part 2,
which is mathematical in nature, and to
procced to the discussion of
experimental parameters in Part 3. It
should be noted, however, that this
discussion draws heavily on the
theoretical results of Part 2.

phan tich anh huong xuat hién khi
mau c6 dang thau kinh hoic néu nd
c6 su go bé mit hodc cac vét nat.
Chiang t6i thay ky thuat trir z-scan
cdng suat thip véi Z-scan cdng sut
cao do Sheik- Bahae va cac cong su
dé nghi c6 thé ap dung dé rut ra két
qua phi tuyén khi cé nhitng khuyét tat
bé mat. Cudi cung, ching tdi thao
luan ngan gon vé cac phién ban mo
rong cua Z-scan chang han nhu EZ-
scan.

Bai bio nay ciing co thé la tai lieu
tham khao cho nhirng ai muén dung
ki thuat Z-scan. N6 ciing 13 ngudn tai
liéu co6 gia ti cho nhitng ai quan tam
dén viéc nghién ctu va thiét ké cac
bo gisi han quang. Trong khi ly thyét
dwa trén sy phi tuyén quang hoc bac
ba (xem cac phuong trinh (5) va (15),
cac nguyén tic va ky thuat thuc
nghiém ciing c6 thé &p dung khi c6 sy
phi tuyén bac cao hoic cac loai phi
tuyén khac. Nhitng nha thuc nghiém
chu yéu quan tdm dén Z-scan cd thé
bd qua phan 2, nang vé toan hoc, va
tiép tuc thao luan vé céc tham sb thyc
nghiém trong Phan 3. Tuy nhién, can
lwu ¥ rang phan thao luan nay cha
yéu rut ra tir két qua ly thuyét cua
Phan 2.




