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REFRACTION MODULATION
Z-SCAN FOR MEASUREMENT
OF NONLINEAR REFRACTIVE INDEX

We present a nowvel single-beam refraction-modulation Z-scan technique that combines ele-
ments of the standard Z-scan and loss-modulation methods to enable sensitive measurement
of third-order refractive nonlinearities in the closed-aperture configuration. Compared with the
original Z-scan technique, the proposed method provides an almost background-free signal. An
analytical expression relating the nonlinear refractive index ny to the powers of the incident
beam and the transmitted beam components at the first and second modulation harmonics is
derived and experimentally verified using SiO2 and LiF' samples.
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1. Introduction

Femtosecond lasers are widely used nowadays to fab-
ricate micro-optical elements both in the bulk and
on the surface of optoelectronic materials through
laser-induced micromodification of their optical prop-
erties. However, the propagation of intense femtosec-
ond laser pulses is strongly influenced by material’s
nonlinearity. The absorption of laser light — and thus
the precision of point modifications and energy de-
position inside the bulk of material — depends on
two-photon absorption (2PA) coefficient /3, while the
beam spatial transformation in transparent materi-
als is governed by nonlinear refractivity (or Kerr)
index no. Thus, to understand the physics of laser
propagation and interaction with optical materials —
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as well as to develop advanced laser-based micro-
fabrication techniques, we need highly sensitive and
accurate methods for measuring nonlinear optical
parameters.

The well-known Z-scan technique, first proposed
in [1], involves moving a thin sample through the
focus of a laser beam and measuring the transmit-
ted light to determine the sample’s nonlinear op-
tical properties. Both refractive nonlinearities, gov-
erned by the real part of the nonlinear susceptibility
tensor, and absorptive nonlinearities, governed by the
imaginary part of the nonlinear susceptibility tensor,
can be tested in this way (Fig. 1). If we measure two-
photon absorption coefficient 3, open aperture con-
figuration collecting all the transmitted power is used
(Fig. 1, a). In this case Z-scan trace features a dip at
the focal position of the sample due to the 2PA. Using
the Z-scan model in [1], 5 can be calculated from the
Z-scan trace. In case of measuring nonlinear refrac-
tive index mso, closed aperture configuration is used
(Fig. 1, b), and only the light, which passes a small
diaphragm is recorded. A Z-scan trace has an oscil-
lating shape in this case due to the Kerr lens induced
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Fig. 1. Z-scan open-aperture configuration for measuring the two-photon absorption coefficient 8 (a). Z-scan closed-aperture

configuration for measuring the nonlinear refractive index na (b)

in the illuminated area of the sample, and ny can be
calculated from this trace.

A number of derivative techniques have been devel-
oped to advance the standard Z-scan method. Among
them, several variations of the eclipsing Z-scan tech-
nique enhance sensitivity by blocking a large por-
tion of the transmitted beam power near the opti-
cal axis [2-4]. The Z-scan technique for thick sam-
ples was discussed in [5-8]. The two-color Z-scan
uses two lasers with different wavelengths [9, 10],
while the white-light continuum Z-scan investigates
nonlinear properties over a wide spectral range [11,
12]. The time-resolved pump-probe Z-scan combines
time-resolved spectroscopy with Z-scan to study the
dynamics of nonlinear optical processes [13, 14]. The
top-hat beam Z-scan uses a flat on-axis intensity dis-
tribution [15, 16|, and the polarization Z-scan ex-
amines the influence of different polarization states
of the probe light on nonlinear optical properties
[17, 18]. Sensitivity was increased with the differen-
tial Z-scan technique, which provides a background-
free signal dithering the sample’s longitudinal posi-
tion [19]. The F-scan technique uses a tunable focus
instead of a fixed-focus lens [20, 21]. A modification
named reflection Z-scan studies the nonlinear opti-
cal properties of material surfaces using a reflectivity
signal [22, 23].

The above techniques have been useful in charac-
terizing the nonlinear optical properties of a wide
range of advanced functional materials, including
semiconductors, nanomaterials, organic compounds,
and metamaterials, which find applications in science
and technology, e.g. photonics, lasers, quantum op-
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tics, material science, optical switching, 3D memory,
telecommunications, bio-imaging, etc.

The loss modulation technique for the measure-
ment of two-photon absorption (2PA) was first in-
troduced in [24] and later refined by our group in
[27]. In this method, the intensity of the laser beam
is modulated with a pure sinusoidal waveform at fre-
quency F'. The modulated beam is then normally fo-
cused into the bulk of the sample, and the transmitted
light is detected using a lock-in amplifier at the sec-
ond harmonic (2F) of the modulation frequency. The
open-aperture configuration is used, where the entire
transmitted beam is collected by the detector. The
name of the technique reflects the fact that the mod-
ulated beam induces a corresponding modulation in
the sample’s optical losses due to the nonlinear ab-
sorption effect. The underlying principle of the loss
modulation technique is that 2PA preferentially at-
tenuates the peaks of the sinusoidal intensity modu-
lation, thereby distorting the waveform. This distor-
tion generates second harmonic (SH) components at
2F in the frequency spectrum of the transmitted sig-
nal. Due to the sensitive lock-in detection of the small
2F component in the wide spectrum of the transmit-
ted power, the loss modulation technique provides
significantly higher sensitivity (3 ~ 107 cm/GW)
compared to the conventional Z-scan method.

In the original implementation [24] of the method,
a rather sophisticated experimental setup was used
to achieve sinusoidal modulation. It involved com-
bining two beams of slightly different frequencies de-
rived from the same femtosecond laser source. These
beams are frequency-shifted using two acousto-optic
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modulators and then precisely recombined in space
and time with the help of a delay line. Moreover, the
original loss modulation method does not involve lon-
gitudinal Z-scanning of the sample under test. Con-
sequently, its sensitivity is limited by a background
spurious signal at the doubled modulation frequency
(2F), which is unrelated to 2PA and remains inde-
pendent of the Z-position.

In the improved loss modulation technique [27],
we not only significantly simplified the optical setup
but also integrated the Z-scan and loss modulation
methods into a single configuration. The second har-
monic (SH) signal at 2F was recorded while scanning
the sample along the Z-axis. This approach enabled
the separation of the useful 2F signal from a z-in-
dependent high spurious 2F background by compar-
ing the total 2F signal in the focused and defocused
positions.

Here we present a mnovel single-beam technique
that combines the principles of the standard Z-scan
and loss modulation methods for the sensitive mea-
surement of third-order refractive nonlinearities. Un-
like in [24, 27], a closed-aperture configuration was
used. We refer to this method as refraction modula-
tion Z-scan, highlighting the fact that the measure-
ment procedure involves nonlinear modulation of the
sample’s refractive index by the intensity-modulated
laser beam. Both the experimental setup and the
mathematical model for the processing of measure-
ment results are presented.

2. Theory

To derive an equation relating the SH component in
the transmitted modulated laser beam probe to the
nonlinear refractive index no, we start with the well-
established theoretical framework of the traditional
Z-scan technique [1, 25|, which involves probing the
sample using a laser beam. In contrast to the conven-
tional approach [1, 25], where the laser beam average
power P is assumed to be constant, we introduce a
slow sinusoidal modulation of the beam power at the
frequency F (with F' < fj, where fj is the repetition
rate of the laser pulses). Specifically, we consider the
incident power to vary in time as

P(t) = Py(1 + cos(2nFt)). (1)

Applying straightforward trigonometric analysis,
we derive an expression that links the second har-
monic (SH) component (at frequency 2F) of the de-
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tected signal to the nonlinear refractive index ns of
the sample material.

However, to validate this approach, we first apply it
to the Z-scan analysis for determining not the non-
linear refractive index, but the two-photon absorp-
tion (2PA) coefficient [1, 25] and compare the result-
ing expression with the well-established formula for
the loss modulation technique [24]. It is shown in [1,
25] that in open aperture mode, assuming thin sam-
ples (sample thickness L < Zy, where Z; is Rayleigh
length in air), small linear losses (oL < 1, where
« is a linear absorption coefficient, small 2PA losses
(BIhL < 1, where (8 is a two-photon absorption co-
efficient, I is an on-axis intensity of the laser beam
within the sample) and Gaussian time shape of the
laser pulse, 8 can be found by fitting the experimen-
tal shape AT(z) in the change of the transmitted
beam power P;(z) against z, normalized to the lin-
early transmitted power P, at the defocused posi-
tion (|z| > Zp, where Z, is Rayleigh length):

_ BIL 1
22 L+ 22/23)

Here AT(Z) = (Pt(Z) — Ptoo)/Ptoo

However, if we limit ourselves to measuring P;(2)
only at two positions — at focus (P at z = 0), where
the transmitted power is minimal, and far from focus
(P;oo ), where the nonlinear absorption does not affect
the transmitted power — then Eq. (2) takes the form

Pio/Pioo =1 — BIoL/2V2. (3)

For a Gaussian beam with the Rayleigh length in air
Zy formed by the train of the pulses with Gaussian
temporal shape of duration 7, and repetition rate fjy,
Iy = 2P/(ZoA7fo), where P is the average beam
power within the sample. Thus, formula (3) takes the
form

Py /Pioc = 1 — BPL/N2(ZoAT fo). (4)

Assume now that the average power of the incident
pulse train experiences a slow purely sinusoidal mod-
ulation (1). Hence, Equation (4) becomes

Pyo(t)/(Pioo(1 4 cos(2nF't)) =
=1 BPy(1 + cos(2rF't)) L/v/2(ZoA7 fo). (5)

AT(z) = (2)

Here the normalized transmitted power, mea-
sured at the sample position far from focus, re-
mains modulated by a pure sinusoid. We neglect
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second-order smallness effects in the term SPy(1+
+cos(2mE't)) L /\/2(ZoAT fo), assuming that the beam
power inside the sample is unaffected by 2PA and can
be approximated by a pure sinusoid, given the previ-
ously stated condition SIyL < 1.

Fresnel reflections do not influence the ratio on the
left-hand side of the equation. However, they should
be accounted for when determining the power inside
the sample Py(1 + cos(2nFt)).

For simplicity, let us designate SPyL//2(Zo T fo)
as K. Then

Pig(t)/Pioo = 1+cos(2nF't) — K (14cos(2nFt))?, (6)
PtO(t)/Ptoo = (1 - 1’5K) +
+ (1 —2K) cos(2mFt) — 0,5K cos(2m2Ft). (7)

It follows from Eq. (7) that the ratio Pi(t)/Pico
apart from a DC term and a sinusoidal oscillation
at the modulation frequency F', acquires a zero-offset
oscillating term at the doubled frequency 2F' that is
proportional to the 2PA coefficient 3.

Equation (7) can be rearranged for the case of mea-
suring the powers of oscillating components of the
transmitted beam with a photodiode and a lock-in
amplifier. Considering 100% modulation, we replace
the ratio of the transmitted powers Py (t)/Pioo With
the ratio of the corresponding lock-in signals V. In
this case, absolute power calibration of the lock-in
measurements is not required. If |z| > Zj, the power
signal P, can be replaced with the lock-in signal Vi g
at the reference frequency 1F. The signals at dou-
bled frequency can be measured separately at dou-
bled reference frequency 2F. Thus, when measuring
the transmitted power signals Vo at the second har-
monic of the modulation frequency (z = 0) the DC
and 1F terms are irrelevant, and equation (7) reduces
to the following form:

Vor/Vir = 0.358PyL/(ZoAT fo). (8)

Here the power P, inside the sample should be mea-
sured separately before the sample in absolute units
with a power meter and corrected for Fresnel reflec-
tion. To determine S from Eq. (8) we must — aside
from knowing Py — also measure the ratio between
the signal Vor(0) at the focal position (z = 0) and
the signal Vip at |z| > Zj, both obtained using the
lock-in amplifier.
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To validate the above analysis, we compare Eq. (8),
that we derived based on the results of the stan-
dard Z-scan technique for thin samples [1, 25|, with a
corresponding equation for the loss modulation tech-
nique presented in [24] for the samples of arbitrary
thickness. This comparison reveals that, in the limit
of thin samples, apart from the difference in designa-
tions, the only discrepancy between the two equations
lies in the numerical coefficient, which is 0.35 in our
case and 0.33 in [24].

Thus, having validated our approach, we apply a
similar method to the equation relating the nonlinear
refractive index ns to the difference between peak and
valley transmittance, AT, (see Fig. 1, b) for closed-
aperture Z-scan measurements [1, 25]:

2
AT, = 0.406(1 - 8)*7 =T na| Io L, (9)

where S represents the transmittance of the aperture
in the absence of the sample. It is assumed here that
both linear and two-photon absorption are negligibly
small, and AT}, < 1.

Considering the slow modulation of the laser beam
power under similar assumptions as for open-aperture
Z-scan, we derive the following equation from Eq. (9):

A P
AVorm o 5501 - )02y — L0

— L. 10
Vir ZoA%T fo (10)

Equation (10) relates ng to the beam power Py inside
the sample, and to the ratio of the lock-in signal Vi g
at |z| > Zj to the peak-value difference of the lock-in
signal AVap,, .

3. Experiment and Results

To further validate this concept, we verified Eq. (10)
experimentally, having conducted experiment on re-
fraction modulation Z-scan using l-mm-thick sam-
ples of fused silica and LiF crystals.

The experimental setup is shown in Fig. 2.

A femtosecond regenerative amplifier (Legend, Co-
herent) used in the experiment operated at a cen-
tral wavelength of 800 nm, photon energy of 1.55 eV
with a pulse repetition rate fo = 1 kHz, pulse du-
ration 7 = 150 fs, and an average output power of
1 W. The power of the beam transmitted through
the first polarizing cube (PC1l) was manually con-
trolled by adjusting its polarization plane using a
half-wave plate (HWP1) and varied between 90 pW
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Fig. 2. Experimental setup

and 400 W in the experiment. The beam’s polariza-
tion was further rotated by a second half-wave plate
(HWP2), mounted on a hollow-shaft motor rotating
at 75 s~1. As a result, after passing through the sec-
ond polarizing cube (PC2), the output beam acquired
intensity-modulation at a frequency F' = 300 Hz
with nearly 100% modulation depth. The beam of
2 mm diameter was focused onto the sample using
lens L1 with a focal length of 61 mm. The Rayleigh
length Zy at the beam waist under these conditions is
1.15 mm. The sample was translated along the Z-axis
using a motorized linear stage. In contrast to our ear-
lier work [27], where an open-aperture configuration
was used, here we employed a closed-aperture configu-
ration. In this arrangement, only a small axial portion
of the beam transmitted through the sample passes
through an approximately 0.5 mm diameter pinhole
aperture diaphragm before being detected by a wide-
area silicon photodiode, and the resulting signal is
then fed to the input of a lock-in amplifier. Experi-
mentally, the diaphragm transmittivity .S was found
to be 0.05 when the beam diameter was 2 mm. The
reference signal for the lock-in detection of the sig-
nals at 300 and 600 Hz was provided by an IR LED-
photodiode pair in combination with a four-blade
chopper mounted on the hollow-shaft motor. The out-
put of the lock-in amplifier was digitized using a 16-
bit ADC for recording as a function of the Z-position.

As stated in [25], the Rayleigh length of the inci-
dent beam can be directly found from the peak-valley
distance AZ,, of the standard Z-scan trace using the
following expression:

|AZy| ~ 1.7 7. (11)
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Applying (11) to the refraction modulation Z-scan
traces in Fig. 3, a, d, we find that Zy = 1.1 mm in
our experiment. At first glance, this appears to con-
tradict the requirement that the sample thickness L
must be much smaller than Z,. However, as shown
experimentally in [1], this requirement can be relaxed
to L < Zy. We believe, that this requirement relax-
ation is at least partially justified by the fact that
the Rayleigh length increases by a factor of n inside
a refractive medium. Thus, the higher the refractive
index n, the thicker the sample can be. This consid-
eration is particularly relevant for IR semiconductors
such as silicon, germanium, GaAs, and others with
refractive indices close to 3. However, it should be
noted that the simplified closed-aperture approach —
where the nonlinear refractive index is extracted from
the Z-scan peak-valley difference — is valid only if the
two-photon absorption can be neglected. Therefore,
the laser photon energy is restricted to the values less
than half of the semiconductor bang gap.

We conducted refraction modulation Z-scans vary-
ing the excitation power in a SiOs (E; = 8.9 €V)
and LiF (E, = 14 eV) samples (Fig. 3). Fig. 3, a
demonstrates a typical trace of refraction modulation
Z-scan for a 1-mm-thick fused silica sample under an
incident beam with an average power of Py = 190 uW
and Vip = 2.9 mV. The peak-valley difference signal
AVop,, is 185 pV for this measurement, resulting in
the AVap,, /Vir ratio of 0.064. A notable advantage
of the technique, contributing to its sensitivity, is that
in contrast to the ordinary Z-scan, the z-independent
background offset of the useful Vo signal at sample
positions z far from the focus is close to zero. Unlike
the traditional Z-scan, the sign of the peak—valley os-
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cillation here is determined not only by the sign of the
nonlinear refraction coefficient of the medium under
study, but also by the measurement phase set in the
lock-in amplifier. A 180° change in the phase setting
reverses the sign of the peak—valley oscillation trace
without changing the value of AVsp .

The logarithmic plot of the measured values of
logAVaE,, versus log Py where AVap,, is expressed in
pV and Py — in pW, is shown in Fig. 3, b. The fitted
slope of 1.94 4+ 0.14 indicates a nearly quadratic de-
pendence, consistent with the third-order nonlinear-
ity associated with the ny nonlinear refraction index.

Fig. 3, ¢ shows the experimental ny values for SiOs,
calculated using Eq. (10), for Py ranging from 35 mW
to 322 mW. The average ns value over the data points
is (1.4 4+0.1) x 1072°m?/W.

According to the refractiveindex.info database, the
authors of [28] report ny = 2.07 x 10720 m?/W for
SiO; at a wavelength of 772 nm. A value of no =
= 2.7x 1072 m?/W at 800 nm is given in [29]. At
wavelengths near 1.06 pm, the reported reference
values for SiOy range from 2.14 x 1072 m?/W to
2.74 x 10720 m? /W |28, 30-34]. A possible reason for
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the difference between the experimental ns values and
the literature data can be in the imperfection of Gaus-
sian profile of the incident beam. This discrepancy
can be eliminated by replacing the coefficient 2.55 in
Eq. (11) with 4.55.

The two refraction modulation Z-scans for 1-mm-
thick fused silica and LiF samples, presented in
Fig. 3, d were conducted under similar excitation pa-
rameters (Py = 470 pW, 800 nm wavelength, 150 fs
pulse width, 300 Hz modulation frequency, 1 kHz
pulse repetition rate, and a 61 mm focal length fo-
cusing lens). The only distinction from the measure-
ments shown in Fig. 3, a is that a darker neutral
density filter was placed in front of the photodetec-
tor to prevent saturation of the detected beam inten-
sity. However, the optical density of the filter does
not affect the calculated value of ny as the ratio
AV, Foo /ViF remains unchanged. According to these
measurements, ns = 1.56 x 10720 m? /W for SiO, and
ne = 5.2 x 1072 m? /W for LiF. For LiF, the refrac-
tiveindex.info database lists a single reference value of
ng = 8.8 x 10721 m?/W at 800 nm [29]. Other avail-
able LiF' measurements were obtained at 1.064 pm:

ISSN 2071-0194. Ukr. J. Phys. 2026. Vol. 71, No. 4
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ng = 7.9x1072' m? /W [33], ng = 7.55 x 1021 m? /W
[34], and ny = 1.1 x 1072% m?/W [32]. The ratio of
the measured values nagio2/ noLip = 3 is consistent
with that for the reference values [29, 31]. Applying
Eq. (11) with the corrected coefficient 4.55 instead
of 2.55 we obtain corrected values of no = 2.78 x
% 1072% m2 /W for SiOg and ny = 9.2 x 1072 m? /W
for LiF, which are in closer accordance with the lit-
erature data.

In summary, the refraction-modulation technique
in the closed-aperture configuration for measuring
nonlinear refractive index mo in closed-aperture con-
figuration is presented and experimentally demon-
strated for the first time. The method features a near-
zero Z-independent background offset in the mea-
sured signal, making it significantly less susceptible to
laser-power fluctuations and sample-surface imperfec-
tions. The introduction of a correction coefficient into
the derived theoretical expression, which relates ng to
the experimental parameters, results in experimental
ng values that agree closely with reference data.
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Z-CKAHYBAHHS

3 MOIYJISALIECIO PEOPAKITIT

JJId BUMIPFOBAHHSA HEJIIHITHOT'O
IMOKA3HUKA 3AJTOMJIEHHS

IIpencraBiieHo HOBUI METOJ, OJTHOIIPOMEHEBOIO Z-CKaHyBaHHS
3 MOIYJIALIEI0 INOKA3HUKA 3aJIOMJIEHHSI, SIKHH IOETHYE eJe-
MEHTH CTaHJaPTHUX METOMIB Z-CKAHYBaHHS 1 METOIY MOJY-
Jsil BTpaT s 3abe3ledeHHsl YyTJIUBOIO BHMIDIOBAaHHS pe-
dpaknifHux HeJHIHHOCTEN TPETHOrO MOPAAKY B KOHMIryparil
i3 dakpuroo giadparmoro. [TopiBHSHO 3 OopUriHAJIBLHUM METO-
IOM Z-CKaHyBaHHsI, 3alIPOIIOHOBAHII MeTox 3abe3redye Maii-
ke 6e3donoBuit curHana. OTpuMaHO aHAJITUYHUN BUPA3, IKUAA
OB’ sI3y€ HEJIHIAHUN [TOKA3HUK 3aJI0OMJIEHHS N2 3 IOTYKHOCTSI-
MU IaJaI090r0 IPOMEHSI ¥ KOMIIOHEHTIB IMPOITYIIIEHOIO IIPOMe-
Hsl Ha IIeplIiil i Apyriit rapMOHIKaX MOYJIsAI]; BUPa3 eKCIePH-
MEHTAJIbHO IepeBipeHo 3 BUKOpUcTaHHsIM 3pa3kiB Si02 Ta LiF.

Katwwoei caoea: MeTos Z-CKaHyBaHHSI, HEJIHIAHMIA [TOKa-
3HUK 3aJIOMJIEHHsI, KOeiI[ieHT JBOMOTOHHOIO MOTIMHAHHS.
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