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Simultaneous self-phase | Po ddng thoi tw diéu bién pha

modulation and two-photon
absorption measurement by a

spectral homodyne Z-scan
method
Abstract: We developed a

technique to simultaneously
measure self-phase modulation
and two-photon absorption using
shaped femtosecond laser pulses.
In the conventional Z-scan

va hap thu hai photon bing
phuong phap Z-scan dong tan
so pho

Tém tat: Chung t6i xay dung
mét k¥ thuat dé do ddng thoi su
tu diéu bién pha va hap thu hai
photon dung cac xung laser
femtosecond tao hinh. Trong k¥
thuat Z-scan truyén thong, mic
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measurement  technique the
amount of nonlinearity is
determined by measuring the
change in shape and intensity of
a transmitted laser beam. In
contrast, our method sensitively
measures  nonlinearity-induced
changes in the pulse spectrum. In
this work we demonstrate the
technique in nonlinear absorptive
and dispersive samples, quantify
the obtained signal, and compare
the measurements with
traditional Z-scans. This
technique is  capable  of
measuring these nonlinearities in
highly scattering samples.

Introduction

In this work we demonstrate a
new Z-scan technique to
simultaneously measure two-
photon absorption (TPA) and
self-phase modulation (SPM).
Conventional Z-scan techniques
can measure these nonlinear
effects in transparent samples,
but they are unable to do so if
strong scattering is present.
Biological tissues are examples
of highly scattering
environments  that  preclude
conventional TPA and SPM
measurements. Recently we have
shown that hemoglobin [1] and
melanin [2] offer intrinsic TPA
contrast of great potential
diagnostic value. We have also
shown that neuronal activity in
brain tissue can result in strong
intrinsic SPM signatures [3].
These new contrast mechanisms
could provide valuable
functional and metabolic

d6 phi tuyén dugc xac dinh
bang cach do su thay d6i hinh
dang hoac cuong d6 cua chum
laser truyén qua. Trai lai,
phuong phap cua ching toi co
thé do nhay sy thay d6i cam
ng phi tuyén trong phé xung.
Trong cdng trinh nay, ching toi
minh hoa k¥ thuat nay trong cac
mau hap thu va tan sic phi
tuyén, tinh toan dinh luong tin
hiéu thu dugc, va so sanh két
qua voi cac phuong phap Z-
scan truyen théng. Ky thuat nay
c6 thé do cac tham so phi tuyén
trong cac mau tan xa cao.

Gigi thiéu

Trong cong trinh nay, chdng toi
minh hoa ky thuat Z-scan mai
dé do dong thoi hap thu hai
photon (TPA) va ty diéu bién
pha (SPM). Ky thuat Z-scan
truyén thong do nhitng hi¢u tng
phi tuyen nay trong cac mau
trong suét, nhung khéng thé do
trong cdc mau tan xa manh. Cac
mé sinh hoc 1a nhitng vi du dién
hinh vé moéi truong tan xa
manh, 1am han ché kha ning
cua cac phép do TPA va SPM
truyén thong. Gan day, chung
t6i chiing t6 rang hemoglobin
[1] va melanin [2] c6 d6 tuong
phan TPA ndi tai c6 thé lam gia
trj chan doan tiém ning. Chung
t6i ciing chitng to rang hoat
dong than kinh trong mé néo cé
thé dan dén nhing tin hiéu SPM
noi tai manh [3]. Nhirng co ché
tuong phan méi nay c6 thé cung
cap thong tin chirc ning va trao
do6i chat co gia tri trong md néu




information in tissue if they can
be extracted efficiently using
physiologically acceptable
optical power levels.

Traditional Z-scan techniques
operate  on the underlying
principle  that a  single,

transmitted, focused laser beam
interacting with a nonlinear
medium experiences changes in
its spatial phase and amplitude
profile. Both  phase and
amplitude changes result in
detectable variations of the
intensity pattern in the far field.
These changes depend on the
position of the nonlinear sample
relative to the focal point of the
laser beam. The sample is
scanned along the beam
propagation direction (Z-scan)
and the resulting far field
intensity pattern is analyzed to
yield information on type and
magnitude of the nonlinearity.
This method  was  first
demonstrated in thin nonlinear
samples [4, 5]. In the case of a
two-photon absorbing medium
the relative position of the
sample with respect to the beam
focus determines the attenuation
and  therefore  the  total
transmitted power, which can be
easily measured by collecting the
entire beam onto a
photodetector. In the case of a
medium with self-phase
modulation properties the total
power remains constant but
nonlinearity-induced phase
changes in the beam modify the
far-field intensity pattern (self-

ching c6 thé duoc rat ra mot
cach c6 thé qua biang nhiing
muc cOng suit quang hoc co
btheer chap nhan duoc vé mat
sinh ly hoc

Ky thuat Z-scan truyén thdng
hoat dong dua trén nguyén tic
co ban la mét chum laser hoi tu
truyén qua tuong tac v&i moi
truong phi tuyén chiu nhing
thay d6i vé pha khéng gian va
bién dang cuong do cua nd. Ca
su thay d6i pha va bién do dan
dén nhiing dao déng cuong do
c6 thé phat hién duoc trong
truong xa. Nhitng thay d6i nay
phu thuoc vao vi tri caa mau phi
tuyén d6i voi tieu diém cua
chum laser. Mau duoc di
chuyén doc theo huéng lan
truyén cta chim (Z-scan) va
bién dang cuong d6 truong xa
cudi cung duoc phan tich dé thu
duoc théng tin vé loai va do 16n
cua hi¢u tng phi tuyen Phuong
phap nay lan dau tlen duoc tién
hanh trong cac mau phi tuyén
mong [4, 5]. Trong truong hop
moi trudong hap thu hai photon,
vi tri twong d6i ctia mau ddi voi
diém hoéi tu chum (ti€u diém
chum) xac dinh su suy hao va
do d6 tong cdng suat truyén
qua, dai lugng cé thé do duoc
dé dang biang céach thu toan bo
chum trén detector quang.
Trong truong hop moi truong tu
diéu bién pha, toan bo cong suat
khong doi nhung su thay doi
pha cam tng phi tuyén trong
chum lam thay d6i bién dang
cuong do truong xa (tu hoi ty).
Sy thay d6i hinh dang chim nay
c6 thé dugc phat hién bang cach




focusing). These beam shape
changes can be detected by
measuring  the  transmission
through an appropriately placed
small aperture (most commonly
placed in the center of the beam).
For media that exhibit both TPA
and SPM, an open-aperture scan
can  determine the TPA
coefficient, whereas the closed-
aperture scan contains signatures
of both coefficients.

The fundamental difficulty in
conventional Z-scan
measurements is that for peak
intensities that do not damage
the sample under study the
measured intensity changes can
be exceedingly small. The
sensitivity to beam  shape
changes can be enhanced over
closed-aperture  measurements
by eclipse-type measurements
[6] or by numerically fitting
complete beam profiles acquired
with an imaging device (e.g. a
CCD array) [7]. The detection
can also be improved by
employing multi-color, pump-
probe type schemes [8, 9], lock-
in detection with an intensity-
modulated source [10] or
differential measurements while
dithering the sample position

[11]. Despite these
enhancements the major
drawback remains that small
changes in the beam profile

caused by effects other than the
nonlinearity (for example
imperfect sample surfaces or
scattering within the sample) can
complicate if not prevent reliable
measurements. Also, a well

do hé s6 truyén qua qua mot khe
nho duoc dat ¢ vi tri thich hop
(thong thuong nhat dugc dit &
tam chum). D6i véi moi trudng
cd ca TPA va spm, scan khe m¢o
c6 thé xac dinh duoc hé sb
TPA, trong khi d6 scan khe
dong chira dung thong tin vé ca
hai hé so.

Kho khan co ban trong cac phép
do Z-scan truyén thong l1a doi
V&i cac cuong do cuc dai khong
lam héng mau dang nghién ctu,
su thay doi cuong do do dugc
c6 thé cuc ky nho. Po nhay véi
su thay d6i hinh dang chim c6
thé ting cudng hon so véi cac
phép do Z-scan khe dong bang
cac phép do loai nhat thuc [6]
hodc khap sé toan bo bién dang
chum thu dugc bang thiét bi ghi
anh (chang han nhu mang CCD)
[7]. Tin hiéu phat hién c6 thé
cai thién bang cach ap dung céc
so d6 nhiéu mau, bom-dod [8-9],
phat hién lock-in véi nguén
diéu bién cuong do [10] hoic
cac phép do vi phan lam thay
dbi lién tuc vi tri mau [11]. Mac
cho nhitng bién phap tang
cudng ndy, nhugc diém chinh
van la sy thay doi nho trong
bién dang chum do nhitng hiéu
ung khong phai hi¢u ang phi
tuyén (chang han nhu bé mit
mau khéng hoan hao hoic su
tan xa trong mau) c6 thé lam
phic tap thém néu khong sir
dung cac phép do dang tin cay.
Bién dang chum dau vao phai
rat rd dé cac phép do chinh xac




characterized input beam profile
IS required  for  precise
measurements (a review of the
Z-scan technique including the
effects of input beam profiles is
given by Chapple, et al. [12]).
These stringent requirements on
the detected beam profile can
only partially be alleviated by
performing measurements
relative to a well characterized
standard sample [13].

We believe that none of the
existing Z-Scan techniques is

suitable to highly scattering
samples, especially ~ when
scattering is as large as to

completely destroy the incoming
beam profile or when no
transmitted beam is available at
all (as is the case for microscopy
in thick tissue samples). To
overcome this limitation, we
developed a technique that does
not encode the signature of the
nonlinear interaction in the
spatial beam profile but in the
pulse spectrum. As a
consequence we then do not
detect small beam shape changes
but small spectral changes.
Analyzing the pulse spectrum
has the advantage that, unlike the
beam shape, it is generally not
affected by confounding linear
effects such as scattering.
However, as would be expected,
these spectral changes can be
just as minuscule as the beam
shape changes. To overcome the
challenge of measuring these
small changes we  have
developed the ‘hole-refilling”
technique that uses femtosecond

(tong quan vé ky thuat Z-scan
dé cap dén anh huong cua bién
dang chum diu vao duoc
Chapple va cé&c cong su nghién
ctru trong [12]). Nhitng yéu cau
nghiém ngit vé bién dang chim
phat hién chi c6 thé giam nhe
mét phan bang cach thuc hién
cac phép do d6i v&i mau tiéu
chuan da duoc phan tich [13].

Ching tdi tin riang hién nay
chua c6 ky thuat Z-scan nao
thich hop cho cdc mau tan xa
cao, dic biét khi tdn xa co thé
I6n dén mac pha hay hoan toan
bién dang chum t&i hoac khi
chum truyén qua phén tan manh
(ching han nhu trong trudng
hop kinh hiéu vi trong cac miu
mo day). Bé khac phuc giéi han
nay, ching téi x&y dung k¥
thuat khong mé hoa chir ky cua
tuong tac phi tuyén thanh bién
dang chum khong gian ma
thanh phd xung. Do d6, chiing
ta khdng phat hién nhitng thay
dbi hinh dang chum nho ma
nhitng thay d6i phd nho. Phan
tich phd xung c6 vu diém, do 13,
khéng giong nhu hinh dang
chum, néi chung n6 khéng chiu
anh hudng cuaa nhitng hi¢u rng
tuyén tinh gay nhiéu chang han
nhu tdn xa. Tuy nhién, nhu dyu
doan, nhiing thay doi phd nay
chi c6 thé rat nho nhu nhitng
thay do6i chum. Pé khic phuc
kho khan trong viéc do nhitng
thay doi nho nay, chung toi da
xdy dung Kky thuat “hole-
refilling” dung phuong phép tao
hinh xung laser femtosecond dé




laser pulse shaping to
substantially improve sensitivity

[14]. Here we describe the
implementation of a “hole
refilling”-based Z-Scan

technique, verify its nonlinear
scaling behavior, provide a
quantitative analysis, and
compare the technique to
traditional Z-scans in nonlinear
absorptive and dispersive
samples.

cai thién dang ké do nhay [14].
O déy, ching to6i mé ta cach tién
hanh ky thuat Z-scan “hole
refilling”, xac dinh dac tinh ¢
thang phi tuyén cua no, cung
cap phan tich dinh luong, va so
sanh k¥ thuat voi Z-scan truyén
thong trong cac mau hap thu va
tan sac phi tuyén.




