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We describe a sensitive method for measuring time-dependent changes in refractive index within
�5 �m of an interface using off-null time-resolved ellipsometry and a dual-cavity femtosecond
laser. The sensitivity to changes in refractive index is two orders of magnitude higher than
conventional picosecond interferometry. A thin metal film on a sapphire substrate is heated by
�10 K using an ultrafast optical pump pulse; the subsequent changes of the phase difference ��
between p̂ and ŝ polarized reflectivity are tracked using off-null ellipsometry using a time-delayed
probe pulse. We demonstrate a sensitivity of ���3�10−7 deg / �Hz using interfaces between Au
and water, and Au and various gases including R134a, a common refrigerant. Our data for the
damping rate of �200 MHz frequency acoustic waves in O2, N2, and Ar at atmospheric pressure
agree well with prior results obtained at much lower pressures and frequencies. © 2010 American
Institute of Physics. �doi:10.1063/1.3465329�

I. INTRODUCTION

The science of interfaces—and the tools needed to char-
acterize interfaces—are not as fully developed as their coun-
terparts for the bulk. Here, motivated by the fact that mea-
surements of the transport of heat at interfaces can provide a
powerful tool for studying physical state of interfaces,1 we
describe a sensitive method to probe thermally induced
changes in refractive index in the region that lies within a
few microns of a liquid/solid or gas/solid interface. Our
method is based on off-null ellipsometry and provides a
time-resolution of �100 fs using a dual-cavity Ti:sapphire
laser.

Time-resolved ellipsometry has been applied previously
in studies of fast electronic and structural relaxation of semi-
conductors and metals; typically, time-resolved ellipsometry
provides higher sensitivity to optical constants than time-
resolved reflectometry.2–9 With the use of femtosecond laser
sources, subpicosecond time resolution is easily achieved but
the signal-to-noise is often a limiting factor in the measure-
ment. Several studies describe methods to improve the sen-
sitivity of time-resolved ellipsometry by optimizing the op-
tical configuration.5–7 A common implementation involves
the use of a polarizing beamsplitter configured to maximize
the change in the optical power7–9 dP /d�, where P is the
optical power on photodetector and � is the ellipticity.

We describe further improvements in the sensitivity that
enables high-precision measurements of changes of the re-
fractive index of liquids and even gases adjacent to a
abruptly heated surface. We show that the off-null geometry
provides an order of magnitude improvement in sensitivity
compared to other approaches.7 Furthermore, rapid scanning
of the pump-probe delay time using a dual-cavity laser sys-
tem improves the sensitivity by another order of magnitude.
Customarily, the disadvantage of the off-null geometry is
heating created by high laser fluence incident on the sample.

Alleviating this, we coat the Ti heating layer with a highly
reflective Au coating to minimize heating by the probe and
reduce background signals from the solid surface.

Consider a gas or liquid in contact with a planar thin
metal film that is abruptly heated by an optical pulse. Two
classes of phenomena must be taken into account: heat trans-
fer and the propagation of acoustic waves. The thermal and
acoustic phenomena are, of course, coupled: the amplitude
and phase of the acoustic wave generated at an interface are
at least partly controlled by the rate of heat transfer across
the interface. Heat moving from the metal film into the fluid
increases the temperature of the fluid; the resulting thermal
expansion of the fluid contributes to the amplitude and phase
of the acoustic wave.10

Time-resolved ellipsometry offers advantages in ultrafast
heat transfer experiments in comparison with time-domain
thermoreflectance1,11 �TDTR� or picosecond interferometry,
approaches used by our laboratory and others.12,13 In a typi-
cal TDTR experiment, a metal layer is heated by a pump
optical pulse and the thermal relaxation of the metal layer is
monitored through transient changes in optical reflectivity.
The optical reflectivity of most metals depends on tempera-
ture. Changes in optical reflectivity are therefore linearly re-
lated to temperature if the temperature excursion is small.
TDTR measures the decay of the temperature of the same
layer that is heated; i.e., the heat source and thermometer are
the same component of the system. In time-resolved ellip-
sometry, the heat source is, as in TDTR, optical absorption
by a thin metal film, but the transfer of heat is probed
through changes in the index of refraction of the adjacent
material. Separating the heat source and temperature mea-
surement provides enhanced sensitivity because the signal
starts from zero and grows rather than starting at a high value
and decaying.

Picosecond interferometry—also known as time-domain
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Brillouin scattering—has been used extensively in studies of
acoustic waves generated at an interface; the majority of this
prior work has focused on the use of these acoustic waves in
studies of the elasticity of materials and the thickness of thin
films.14,15 Picosecond interferometry has also been used to
study gigahertz acoustics of liquids. Measurements of the
reflectance of solid-glycerol interfaces at 100–300 GHz were
compared to the predictions of the acoustic mismatch
model.16 The dispersion and attenuation of 20–90 GHz shear
and longitudinal acoustic waves were related to relaxation
dynamics in this frequency range.17

In the following, we analyze the signal acquired in time-
resolved ellipsometry using a Jones matrix formalism18,19

and demonstrate our approach on a model system, the Au/
water interface, in which acoustic waves are predominately
created by thermal expansion of the solid substrate and wave
propagation into the adjacent water. Because of the small
thermal expansion coefficient and small thermal diffusivity
of water, heat transfer does not contribute significantly to the
generation of the acoustic wave. We then show that off-null
ellipsometry provides orders of magnitude more sensitivity
than a detection scheme that utilizes a p̂ or ŝ linearly polar-
ized probe. Finally, the utility of our time-resolved ellipsom-
eter is further demonstrated using data for several gases. The
thermal expansion coefficient of gases is large and the trans-
mittance of acoustic wave from solid to gas is small; there-
fore, acoustic waves in the gas are predominately created by
heat transfer at the solid-gas interface.20

II. TIME-RESOLVED ELLIPSOMETRY USING
OFF-NULL GEOMETRY

The off-null ellipsometry geometry reduces background
and improves the signal-to-noise ratio when compared to the
use of a polarizing beamsplitter to determine the polarization
state of the probe.7–9 A schematic diagram of the sample
structure and the optical layout is shown in Fig. 1. Heat
pulses are produced by the absorption of the pump beam in a
thin film of Ti deposited on sapphire. To minimize the ther-
moreflectance signal generated by the heat source, a thin film
of Au is deposited on top of Ti layer. The thicknesses of the
Au and Ti layers are measured by Rutherford backscattering
spectrometry.

Probe pulses are used to measure the resulting time-
dependent change of the phase ��� between p̂ and ŝ polar-
ized light at variable time delays relative to the pump pulses.
Pump and probe pulses are generated by separate Ti:sapphire
laser oscillators that coexist in a custom-built two-cavity la-
ser setup; variable time delays between pump and probe
pulses are generated by the small differences of the repetition
rates of the two oscillators. �The repetition rates of the two
mode-locked lasers are both �80 MHz.� The 1 /e2 intensity
radius of the focused pump and probe beams is w0

�10 �m. For the pump laser powers that we typically em-
ploy 50–70 mW, the temperature rise created by one pump
pulse is �10 K and the steady-state temperature rise created
by the average laser power is �30 K.

A. Optical analysis

Ellipsometry measures the ratio of the Fresnel reflection
coefficients of p̂ and ŝ polarized light �rp /rs�. This ratio is, in
general, a complex number; the amplitude and the phase of
the ratio are usually decomposed as rp /rs=exp i� tan �.18,19

Our implementation of time-resolved ellipsometry is related
to certain types of imaging ellipsometers where the spatial
variations of the thickness of a layer are obtained through
changes in the intensity of light produced when the sample is
translated in the x-y plane.19 In imaging ellipsometry, the
output data are the spatial variation in thickness; in time-
resolved ellipsometry, the output data are the time evolution
of changes in the ellipsometric parameters �� and ��, in-
duced by the pump optical pulses. These changes can be a
small as ���10−2 which is equivalent to the change in
phase created by a 3 pm thick layer of SiO2 on Si at an angle
of incidence of 	i=70° and optical wavelength of 

=632.8 nm.

For the probe, we use a polarizer-compensator-sample-
analyzer arrangement with a fixed compensator angle as
shown in Fig. 1. The combination of a 
 /2 wave-plate and
polarizer selects the initial polarization and intensity of the
incident light. The null position, where the signal in the pho-
todiode is minimized, is obtained by adjusting the angle of
the polarizer and analyzer. The slit reduces the spread of the
incidence angle from 15° to 2°–5°.

Null ellipsometry is conveniently described using the
Jones matrix formalism �see Refs. 18 and 19�; we briefly
summarize the main results here for completeness. For unity
probe power on the sample, the electric field of p̂ and ŝ
polarized light on the photodetector is given by

	Ep

Es

 = R�− 	A��0 0

0 1
�R�	A�SC	− sin 	P

cos 	P

 ,

R�	� = � cos 	 sin 	

− sin 	 cos 	
� , �1�

C = R	−
�

4

�ei�/4 0

0 e−i�/4�R	�

4

 ,

where R�	�, S, and C are the frame rotation, sample, and
quarter wave-plate matrices, and 	A and 	P are the counter-
clockwise rotation angles of the analyzer and the polarizer
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FIG. 1. Schematic drawing of the time-resolved ellipsometer. P: polarizer;
W: 
 /4 wave-plate; A: analyzer; S: slit; D: silicon photodiode. The inset
shows a magnified view of the sample.
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from the out-of-plane axis �see Fig. 1�. The fast axis of the
quarter wave-plate is rotated by � /4 from the horizontal
plane. The rotation direction of the quarter wave-plate is cho-
sen arbitrarily and its counter-rotation affects only the shift
of null positions.

The sample matrix is diagonal and can be represented by
the Fresnel coefficients or, equivalently, by the ellipsometry
parameters,

S = �rp 0

0 rs
� =

rs

cos �
�sin �ei� 0

0 cos �
� . �2�

The Fresnel reflection coefficients, rp and rs, that appear in
Eq. �2� are generally derived as a function of 
 and 	� using
a multilayer optical model. We use the program source code
from Ref. 19. The null positions of the angle of polarizer and
analyzer in the region, 0�	A�� /2, are easily related to the
ellipsometry parameters: �=3� /2−2	P and �=� /2−	A.
Using Eqs. �1� and �2�, we calculate the signal intensity at
the photodiode as P= Ep2+ Es2.

We begin our analysis of the experiments by considering
how the propagation of an acoustic pulse transmitting from
Au into water modifies the off-null signal. The acoustic pulse
in water corresponds to a thin layer of water at higher pres-
sure than ambient. This change in pressure creates a change
in density and index of refraction. As a function of time, the
thin layer of water with higher index moves farther away
from the interface at the longitudinal speed of sound, l

=1497 m /s at 25 °C.21

We calculate how the motion of this thin layer alters the
Fresnel coefficients using a thin layer optical model that is
illustrated by the inset to Fig. 2�a�: nAu=0.438–4.42i, nwater

=1.33, 
=740 nm, 	i=70.8°, and 1 nm thick layer of nlayer

=1.331 moving at the speed of sound. �0=42.5° and �
=104.0° are calculated in the absence of an acoustic pulse
and nAu is measured using a commercial ellipsometer. The
scale of the x-axis in Fig. 2�a� is ten times larger than the
scale of the y-axis. The main effect of the acoustic pulse is to
produce a change in � that oscillates around the null as the
acoustic pulse propagates. Changes in � are �30 times
larger than changes in �. This result is expected because, in
general, a higher density layer affects mainly the phase and
not the amplitude.

The predominance of changes in � over changes in �
enables a unique conversion between the measured changes
in intensity P and changes in � using a calculated conversion
factor, �=dP /d�. Although � increases linearly with the
deviation of � from the null, � is approximately constant
over the small range of � created by the acoustic pulse. In
Fig. 2�b�, we compare the model simulation results based on
our measurement scheme at 	P=null+5° and values derived
directly from Fresnel coefficients; the agreement is excellent.

In our experiments, the off-null signal is measured with
nulling 	A and off-nulling 	P typically by 5°–8°, and cali-
brated using the quadratic fitting of measured P and off-null
angle of 	P without generating acoustic wave. The angles are
	P and 	A=91.5° and 47.6° at the water interface, and 88.0°
and 47.8° at the gas interface, respectively. Under these con-
ditions, light is incident on the sample is approximately cir-
cularly polarized.

We compare experimental data and calculations for the
Au/water interface in Figs. 3 and 4. The discussion of the
ellipsometry signals above does not include contributions
from changes in the index of refraction of Au or contribu-
tions from the changes in the temperature of water near the
interface. Contributions to the signal from Au include a fast
electronic response, a slow thermal response, and longitudi-
nal acoustic waves that reflect between the surface and the
Au/Ti/sapphire interface. Contributions from water include
the slow temperature rise and temperature decay of water,
and the longitudinal acoustic waves discussed above. The
frequency of the oscillation in the signal, often referred to as
the Brillouin frequency, is given by f =
 / �2nwatervl cos 	i�.
The initial phase of the signal oscillation is determined by
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FIG. 2. Optical model for the effect of the propagation of an acoustic pulse
on the ellipsometry parameters � and �. The geometry of the model is
shown as the inset to panel �a�. Data in panel �a� are the simulation result as
a function of the propagation distance of the acoustic pulse, x; �0 and �0 are
the ellipsometry parameters in the absence of the acoustic pulse. Panel �b�
shows a comparison between the changes in � calculated directly from the
model �solid line� and the changes in � derived indirectly �filled symbols�
by the simulation of our measurement.
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FIG. 3. The acoustic signal from the Au film measured at short time is used
as an input to simulate the acoustic wave that enters water. The inset shows
the geometry of a simulation model: three acoustic pulses are modeled as
three layers in water with corresponding distances and proportional values
of the index of refraction.
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the measurement geometry �	A and 	P� and the mechanisms
that generate the acoustic wave.

To calculate the contribution from the acoustic wave, we
assume that the generation of the acoustic wave is caused
only by expansion of the metal film and we neglect any
contribution from the thermal expansion of water. Figure 3
shows the data for small values of the delay time between
pump and probe where three peaks are visible at 12.1, 35.1,
and 58.1 ps with amplitudes of 6.3�10−3, 1.8�10−3, and
4.2�10−4, respectively. We interpret the first peak as the
transit time of acoustic pulse generated in the Ti layer to the
front surface of Au; the second and third peaks correspond to
one and two round trip times between the front and back
surface of the Au film.

The relative amplitude and delay time of three acoustic
peaks are used to simulate the ellipsometry data at long times
using the moving thin layer model as shown in the inset of
Fig. 3. The delay time of acoustic peaks is converted to the
position of thin layers using the speed of sound, vl

=1541 m /s, measured in this experiment. The thickness of
layers is chosen to be 1 nm which is ��acvl, where �ac is the
acoustic pulse width shown in Fig. 3. The proportional value
for the modulation of refractive index is chosen to mimic the
experimental data. The distance x is converted to pump-
probe delay by the same speed of sound; the initial offset in
the delay time is 58.4 ps given by the sum of time for the
third acoustic peak and the acoustic travel time across 0.5
nm. This simulation, see Fig. 4, is in good agreement with
the data but is shifted to smaller delay times by 26 ps.

B. Dual-cavity laser to generate the optical pump
and probe

Our pump-probe measurement does not employ the con-
ventional means of varying the delay time using a mechani-
cal stage as an optical delay line. Instead, the pump and
probe pulses are generated by two different custom-built Ti-
:sapphire lasers, which operate at 80 MHz with slightly dif-
ferent repetition rates, �f �300 Hz.22 The beating between
the lasers automatically generates a delay time of 0–12.5 ns
that repeats at a frequency �f . The advantage of using a
dual-cavity laser, rather than an optical delay line, is the
elimination of artifacts created by variations in beam-size
and drift in the overlap between the pump and probe beams

as a function of delay time. A second advantage is that fast
scanning over delay time reduces the sensitivity of the ex-
periment to slow fluctuations of the laser power and within
the sample, which we find can be a problem in complex fluid
media.

To preserve the short pulse duration of the lasers, pulse
dispersion within the optics is compensated using a pair of
prisms. The cross-correlation of pump and probe is 100 fs.
The two lasers operate at slightly different wavelengths, the
pump at 800 nm and probe at 740 nm, so that the scattered
light from the pump is easily suppressed using an optical
short-pass filter.

The pump and probe beams are focused to a diameter of
20 �m although the shape of probe beam is highly elon-
gated because of the glancing angle of incidence. The vol-
ume probed is the region of overlap between the incident and
reflected probe beam; this region extends 3–4 �m from the
surface when the angle of incidence is 70°–75°. Differential
detection using a reference beam is used to improve upon the
limited dynamic range of the 100 MHz analog-to-digital data
acquisition board used to detect each probe pulse. Typically
4000 probe pulses are averaged at each delay time. The total
measurement time is typically 13 s.

C. Sensitivity

The sensitivity scales with �P / P rather than �P because
the dynamic range of the photodiode is limited. Figure 5
shows calculated values of �P / P as a function of the off-null
angle. As expected, �P / P is inversely proportional to the
off-null angle. We choose the off-null angle in the experi-
ment, typically 5°–8°, as a trade-off between sensitivity
��P / P� and signal strength ��P�. At this off-null angle, off-
null ellipsometry shows an order of magnitude higher sensi-
tivity than the use of a polarizing beamsplitter.

Figure 6 shows an experimental comparison between
time-resolved ellipsometry and conventional reflectivity
measurements using p̂ or ŝ linearly polarized light. The sig-
nal oscillations caused by acoustic wave propagation decay
linearly with time because the probe area defined by the
overlap of the incident and outgoing probe beam decreases
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FIG. 4. Comparison of measured and simulated phase � of the acoustic
wave in time-resolved ellipsometry for a Au film in contact with water.
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pulses.
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linearly with distance from the interface. Time-resolved el-
lipsometry provides 75 and 300 times larger signal than re-
flectivity using p̂ and ŝ linearly polarized light, respectively.
Based on Eq. �1� and the model of Fig. 2, �P / P=1.66
�10−3, 1.72�10−5, and 3.55�10−6 for time-resolved ellip-
sometry and reflectivity measurement using p̂ and ŝ linearly
polarized light, respectively; the relative values of the sensi-
tivity factors are in good agreement with experiment. The
sensitivity of time-resolved ellipsometry is ���3
�10−7 deg / �Hz, which is two orders of magnitude better
than a previous report of time-resolved ellipsometry using a
polarizing beamsplitter and mechanical delay line.7 This sen-
sitivity is equivalent to a temperature excursion of �1 mK in
a 1 nm water layer from the model calculation. �A 1 mK
temperature change will causes a 10−7 change in density and
therefore a 3�10−8 change in refractive index; from our
model calculations, a 3�10−8 change in refractive index of 1
nm thick layer produces a change of phase of ���3
�10−7 from the model calculation.�

D. Transfer of heat from solid to gas

To further demonstrate this technique, we employed
time-resolved ellipsometry to study a Au surface in contact
with various gases at atmospheric pressure. In contrast to the
situation with water, the acoustic pulse generated in the gas
is mainly the result of heat transfer and associated thermal
expansion of the gas. �The acoustic impedance of gas is
much smaller than that of metal and most of energy in the
acoustic pulse generated by the thermal expansion of Au is
reflected back into the film and eventually into the substrate.�
The background contribution to the signal from the Au film
is readily measured in vacuum and be easily subtracted from
the data, as illustrated in Fig. 7�a� for several simple gases
�Ar, O2, N2, and He� and also a common refrigerant R134a.23

�The molar mass of R134a is 102 g mol−1.� All data in Au/
gas experiments are obtained at 	i=75° and 	p=null+7.5°
with 70 mW pump power, and each 5 ps time-window is
averaged.

The initial drop of the signals at 0 ns� t�0.5 ns re-
veals the initial shape of the acoustic pulses generated at the
solid-gas interface. The data for the refrigerant R134a show
that time scale for the initial drop extends four times longer

than the other gases. This reflects the slower mean collision
time between the surface and gas molecules, and the slower
acoustic velocity because this refrigerant molecule is more
massive than the other gas molecules. From the time scale of
the initial drop and the speed of sound, the thickness of the
layer related to the formation of the acoustic pulse in the gas
phase is estimated to be 10 nm for He, N2, O2, and Ar, and
20 nm for R134a. The impulsive temperature rise of these
layer is 1° for He, and 3° for N2, O2, and Ar, and 2° for
R134a using the same model calculation as for the Au/water
system. An advantage of the experiment’s high time reso-
lution is to follow the full cycles of the acoustic pulses.

We fit these and similar data sets using a combination of
a damped sinusoidal oscillation and a thermal background
modeled by two exponential functions, a1 cos �2�t /a2

+a3� exp�−t /a4�+a5�1−exp�−t /a6�� exp�−t /a7�+a8, where
the main parameters are the amplitude a1 and phase of the
oscillation a3, the Brillouin frequency 1 /a2, and the damping
time a4. The other terms in the equation involving a5 to a8

parameters are an empirical functional form that is intended
to account for background signals from relatively slow heat-
ing and cooling of the gases. Table I shows the fitting param-
eters, and Fig. 7�b� shows representative fits to the Ar data.
When the spatial extent of acoustic pulse is much shorter
than the wavelength of light, the amplitude of the oscillation
is proportional to the spatial integration of refractive index
modulation inside the acoustic pulse, which is, in turn, pro-
portional to the amount of heat transferred from solid to gas.
A more meaningful number can be extracted when the am-
plitude a1 is normalized by ngas−1; ngas is the refractive in-
dex of the gas. For the data in Fig. 7�a�, the normalized
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amplitudes, a1 / �ngas−1�=0.9°, 2.0°, 2.1°, 2.0°, and 2.5° for
He, N2, O2, Ar, and R134a, respectively. These relative num-
bers are proportional to reports of the thermal accommoda-
tion coefficients for He, N2, and Ar on soot surfaces, 0.13,
0.36, and 0.35, respectively �see Ref. 24�.

For all rare gases at this experiment, the mean collision
time � is in the range 150 ps���190 ps, close to the in-
verse frequency of the acoustic wave.25–27 In this regime, the
dispersion and damping of an acoustic wave are a function of
the rarefaction parameter, f�, where f is the frequency of
acoustic wave. Dispersion is expressed by the ratio of phase
velocity, Re���=v0 /v, where the subscript 0 denotes the
value at the low-frequency limit. Damping can be expressed
as −Im���=�
0 /2�, where ��=�a4v�−1� and 
0�=a2v0� are
the absorption coefficient and acoustic wavelength, respec-
tively.

We could not apply this analysis to the data for He be-
cause of very small signal intensity. Figure 8 shows the re-
sults of this analysis for O2, N2, and Ar with comparison to
prior studies at 11 MHz and various pressures from 0.004 to
1 atm. The reference data from low frequency measurement
reported consistent dispersion and absorption for monatomic
gases such as He, Ne, Ar, Kr, and Xe, but N2 and O2 data
reported deviations due to the additional vibration and rota-
tion relaxation modes. In our results, all the parameters are
calculated at 331 K, which is estimated to be the substrate
temperature that results from steady-state heating of pump
and probe laser pulses. Table II summarizes parameters of
these calculations.

The difference between the low-frequency measurement
of Refs. 26 and 27 and our data might reflect interface ef-
fects, or might reflect systematic errors in the fitting of the
data. For the relatively weakly damped acoustic waves in

R134a, the finite size of the optical beams also introduces a
small systematic error by increasing the apparent damping
rate.

III. CONCLUSION

We have developed a time-resolved ellipsometer using
an off-null detection scheme and showed that the phase of
acoustic signal thermally generated by a pump optical pulse
can be studied quantitatively. The sensitivity is approxi-
mately two orders of magnitude larger than obtained in re-
flectivity measurements. In addition to studies of heat trans-
fer at interfaces, this technique will be useful for studying
interfacial fluid and gas layers that have gradually changing
physical properties near the interface.
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