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ABSTRACT

Heterodyne dynamic light scattering is a powerful interferometer allowing determination of velocities and directions of nano-sized objects
that are too small to be tracked using conventional optical microscopy. Here, their scattered signal is directly mixed in optical fibers with that
of a local oscillator (LO) originating from the same laser source, thus offering easy and precise control of the LO reference signal and high
detection sensitivity over the entire range of scattering vectors. In this paper, we detail the expression of the heterodyne intensity correlation
functions, which depend both on the modulation produced by the particle scattering processes but also on the phase shift introduced by the
difference in optical path taken by the two interfering fields in the fiber. We subsequently study various situations ranging from pure Brownian
diffusion to ballistic motion. In particular, we detail the analysis of the motion of photocatalytic active nanoparticles capable of autonomous
propulsion when exposed to UV irradiation. In such a case, the heterodyne intensity-intensity correlation function is an oscillating function
of the lag time with a velocity-dependent frequency allowing both speed and propulsion direction of active nanoparticles to be accurately

determined.

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0303786

. INTRODUCTION

Heterodyne detection originally developed for the detection of
radio waves and microwaves is widely used in various fields cur-
rently, ranging from quantum devices and optics to gravitational
wave search.”” This technique plays a major role in the detection of
nuclear magnetic resonance and scanning tunneling spectroscopy,
but it has also been used in atomic force microscopy.” Heterodyne
optical detection involves an optical signal that is mixed at the detec-
tor with waves from a local oscillator (LO) and allows very high fre-
quencies to be determined. On this same principle, heterodyne pho-
ton correlation laser spectroscopy makes it possible to measure the
speeds of molecules or nano-sized particles and thus constitutes an
interferometric technique of choice for nano-objects (<100 nm) that
are too small to be able to be followed by conventional optical micro-
scopy techniques. Conducting this type of experiment is difficult and

delicate using conventional optical components and mounts, but the
use of optical fibers has greatly simplified its implementation."”
Above all, it is necessary to clarify the vocabulary associ-
ated currently with heterodyne and homodyne detections in light
scattering. While in the light wave communication and radar liter-
ature the term homodyne is used when the signal is mixed with a
non-frequency-shifted reference signal (local oscillator) before the
detector, a different convention is used in the dynamic light scatter-
ing (DLS)—or photon correlation spectroscopy—literature: in the
homodyne DLS (or self-beat) method, only the light scattered from
the sample is detected, while in the heterodyne DLS method, the
signal of the LO, which usually is a small fraction of the intensity
of the incident laser light, is mixed with the scattered light on the
detector’'* (we should note a different use of these terms in some
earlier spectroscopic light-beating literature). If the reference signal
is shifted relative to the incident laser wavelength, we speak of super
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FIG. 1. Comparison of homodyne (self-beating) (a) and heterodyne (mixing) (b)
configurations used for DLS. I o represents the reference beam (local oscillator),
whereas Iy and /s represent the incident laser intensity and scattered intensity from

the sample, respectively. Incident (E), scattered (Z), and scattering (q—x;) wave
vectors are drawn in Fig. 1(a).

heterodyne DLS. Figure 1 illustrates the two measurement config-
urations. In such heterodyne DLS experiments, the reference beam
can be obtained either by deflecting a small fraction of the intensity
of the laser light before it reaches the sample, as in the present case,
or by scattering part of the incident light from the wall of the sam-
ple tube or a solid object immersed in the scattering volume, e.g., a
needle."” " In either case, the reference beam, I1o, is mixed with the
light scattered from the sample, I, on the detector.

If nano-objects undergo both directed motion (due to an elec-
tric, magnetic, thermal, or gravitational field, or even autonomous
directed propulsion) and random diffusion, equations for forced dif-
fusion can be used to describe this situation. Although DLS is a
well-established technique for measuring particle size in the range
of a few nanometers to a few micrometers and a technique of choice
for studying the dynamics of solutions, and in particular diffusive
processes due to Brownian motion, it does not allow access to
the average velocity of particles. The study of directed motions
or forced diffusion requires advanced heterodyne DLS (HDLS)
experiments,”’** allowing measurement of dynamical structure
factors characterized by both diffusive (stochastic) and ballistic
(directional) processes.

Heterodyne DLS is thus an interferometric technique of choice
for measuring the speed of molecules or nano-objects that are too
small to be followed by microscopy. Conducting such an exper-
iment, however, proves to be very tricky, especially when using
conventional optical components and mounts, which explains the
limited number of reported attempts. Some important applications
of this “laser velocimetry” method were made in the 1970s to probe
blood flow in vessels,"* flowing solution of macromolecules, or in
electrophoresis where an electric field is applied.'” In most studies,
the reference signal was obtained by scattering part of the incident
light using a scratch or reflection on the wall of the sample tube
or a solid object present in the scattering volume, for example, a
needle."” "’ Such methods introduce numerous arbitrary light reflec-
tions that are difficult to control and assess, which limits and makes
it difficult to vary the scattering angle (equivalently the scattering
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vector). A wide angular variation is, however, essential for accurately
determining the direction of propulsion of a particle. Furthermore,
the intensity of the local oscillator signal is arbitrary and uncon-
trolled even though it constitutes a crucial experimental parameter,
which must be chosen and dosed according to the study systems.
These technical difficulties certainly explain the lack of subsequent
HDLS studies. It is only much more recently that DLS optical
devices incorporating single-mode optical fibers have been devel-
oped. R. Brown notably showed that the use of single-mode fibers
and couplers would make it possible to carry out both homodyne
and heterodyne DLS experiments.” An optical fiber-based interfer-
ometer has also been used to measure velocity profiles in sheared
complex fluids, but not to determine velocities of nanometric-sized
objects.”””" In addition, a couple of other teams have successfully
performed heterodyne measurements using a fiber-optic sensor tip
(optode) with a perpendicular exit face where the reflected light acts
as local oscillator. Such reflected light was mixed in the fiber with the
back scattered light from the sample (scattering angle fixed at 180°)
to study diffusion in concentrated dispersions.”””'* However, these
setups do not allow a variation of the scattering angle and even less a
control of the intensity level of the reference signal, I 0. Thus, to the
best of our knowledge, there is currently no user-friendly method for
determining the speed and direction of a nano-object.

At the same time, emerging research is being developed today,
particularly on complex active systems, texturing of new nanoma-
terials, and even cargo transport of particles. New experimental
strategies must, however, be deployed to probe these new systems
at nanoscales. In this context, HDLS could open up new perspec-
tives, for example, in the field of active matter, which until now was
limited to the study of micrometric-sized objects in 2D-confined
environments. The study of the self-propulsion of active nanoparti-
cles requires determining both the speed and direction of movement.
This is possible here thanks to an original HDLS configuration
involving optical fibers and integrated couplers, which offers both
precise control of the LO signal and high sensitivity over the entire
range of scattering vectors. Although the use of optical fibers facil-
itates the mixing of scattered and reference signals and greatly
simplifies the implementation of such an HDLS experiment, it can
introduce a phase shift between the two beams. These effects make
autocorrelation functions more complex, which must, therefore, be
established carefully.

The aim of this article is twofold: (i) we first detail in depth the
heterodyne technique and the specific heterodyne correlation func-
tions related to the use of optical fibers to mix the two interfering sig-
nals; (ii) the second part of the article successfully demonstrates the
possibility of easily and accurately measuring the different relaxation
modes associated with the dynamic processes of nano-objects in
large statistical 3D ensembles. This type of measurement allows not
only the study of motions of Brownian origin as in standard DLS but
also a complete study of forced diffusion and propulsion processes.
In particular, the motion of photocatalytic active AgCl nanoparti-
cles with radius of ~70 nm that use electrolyte self-diffusiophoresis
to achieve autonomous propulsion is fully characterized, allowing
accurate determination of both random Brownian diffusion and
ballistic contributions. Most importantly, their speed and propul-
sion directions are determined with great precision, pioneering
results that demonstrate remarkable possibilities offered for future
studies.
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1. MATERIALS AND METHODS
A. Materials

Dispersions of silica nanoparticles (SiNPs) with radius
R = 40 nm at a concentration of 2 wt. % were obtained by dilution
of the required quantity of a commercial dispersion ([SiO] = 40.5
wt. %, pH = 9) of SNOWTEX ST-ZL colloidal silica from Nissan
Chemical Industries, Ltd. (Tokyo, Japan). These colloidal silica dis-
persions are very stable in the 2-4 and 8-10 pH ranges and were used
as received without further purification.

Suspension of small-sized photocatalytic silver chloride (AgCl)
nanoparticles (NPs) (radius <100 nm) at a concentration of 4.9%
was purchased from Thermo Scientific Chemicals. The stock solu-
tion was diluted 100 folds with dust-free deionized filtered water
allowing to obtain stable 0.049% AgCl suspensions, thanks to
their small size. DLS gives an apparent hydrodynamic radius of
Ruapp > 65 nm. The analysis with the cumulant method also high-
lights a fairly polydisperse solution, indicating that individual NPs
can form minority pairs or trinomials. The precise size of AgCl NPs
was obtained using small-angle x-ray scattering (SAXS on beamline
SWING at synchrotron Soleil, Saint-Aubin, France). A hard sphere
model for the form factor gave a total radius equal to R = 72 nm,
with a log-normal dispersion of 0 = 0.165. A fresh 2 ml solution was
prepared and transferred into a 1 cm diameter cylindrical scatter-
ing cell for each scattering angle measurement. To illuminate and
activate the autonomous propulsion of the NPs, we use a 2 W/cm?
irradiance UV LED source working at 365 nm from UWAVE.

Dispersion of 65 nm PSS NPs in water at a concentration of
0.2 g/l was also measured for comparison with the other systems
studied.

A 20 uM-0.2% (in terms of tetramers) concanavaline A was
prepared in a 0.05M HEPES buffer at pH = 6.9 also containing
0.15M NaCl, 0.001M CaCl,, and 0.001M MnCl,. Solutions were
filtered through a 0.2 ym cellulose membrane.

B. Optical fiber heterodyne DLS setup

The measurements used a 3D light scattering spectrometer
(LS Instruments, Fribourg, Switzerland) equipped with a 120 mW
single transverse mode laser module (Ondax laser diode with typ-
ical linewidth of 300 MHz) operating at Ay = 638 nm and coupled
to a single mode fiber (with a 4 ym germanium doped core fused
with a 125 pym silica cladding, OZ Optics Ltd., Canada), a two-
channel multiple tau correlator (1088 channels in autocorrelation), a
variable-angle detection system mounted on a motorized goniome-
ter (allowing the scattering angle to be varied between 15° and
150°), and a temperature-controlled index matching vat (LS Instru-
ments). The scattering spectrum was measured using a single-mode
fiber detection and a high sensitivity avalanche photodiode (APD)
detector (Excelitas Technologies Canada, model SPCM-AQR-13-
FC). Only one scattered beam of the 3D DLS setup was used to
perform the experiments. All the components mentioned above,
along with the optical bench and lenses, are arranged on an optical
table forming an open and accessible setup.

The geometry of the configuration for the optic fiber hetero-
dyne dynamic light scattering (HDLS) is shown in Fig. 2. This HDLS
setup was implemented by modifying and updating the existing
standard DLS configuration with the customized technical support
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FIG. 2. Schematic of the optical fiber heterodyne DLS setup. The scattering angle
0 can be varied between 15° and 150°.

from the company LS Instruments. HDLS experiments are possible
here thanks to the mixing of interfering beams within a single-mode
optical fiber specially designed for this project and manufactured
on demand by OZ Optics Ltd. Specific mechano-optical mounts
from LSI were used to integrate and align the fiber in the optical
setup and to couple it directly to the monochromatic fiber laser. The
resulting assembly is, therefore, unique and original, allowing easy
switching from a standard homodyne configuration to a heterodyne
configuration.

The specific optical fiber consists of a fiber-integrated fused
beam splitter that operates by the splitting off of 1% of the laser
light into a first arm that is used to carry the reference signal
(local oscillator, LO), with the remaining 99% being directed into
a second arm fiber and a lens-ended collimator with a focal length
of 3.9 mm. 99% of the light (bottom of the scheme), which can be
attenuated at the output of the collimator depending on the scat-
tering level of the sample, constitutes the incident signal, Iy, and
is subsequently directed through an optical lens (focal distance of
25 mm) to form a ~100 to 200 ym diameter beam waist in the middle
of the sample scattering cell. Scattered light from the nanoparti-
cle suspensions to be measured is collected by another optical lens
(focal distance of 25 mm) and by another collimator (focal length
of 3.9 mm) identical to the one used for the incident beam. The
1% signal (top of the scheme) is directed toward two successive
optical attenuators, one having a fixed attenuation (107°) and the
other allowing the LO signal to be varied (between 0 and 107°) and
defined. This LO signal, I10, is directed into a fiber-integrated fused
coupler made to meet up with the scattering signal, I5(6). In such a
single-mode fiber-optic setup, a fiber coupler is then used instead of
abeam splitter; the mode matching is then guaranteed without a spe-
cial alignment. The single-mode fiber improves spatial coherence;
it propagates only one transverse mode, maintains a phase correla-
tion, and, at the output, the beams have a well-defined wavefront.
As the same source is used for the scattering and reference signals,
wLo = wo (note that this case is similar to that used to describe
the self-homodyne method in the optical communication literature).
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The mixed signal is finally transported by the single-mode optical
fiber to the avalanche single-photon-counting module (APD), with
dark-count rate lower than 100 Hz, and processed by the correlator.
The standard homodyne configuration is simply obtained by tacking
Iio=0.

The distance between the laser output and the sample cell is
only 0.84 m, while the path length of the LO reference signal (i.e.,
the branch separating the beam splitter and the coupler positioned
before the photodiode) is about 3.6 m. It must be emphasized that
such a length of fiber is necessary to connect the two successive
attenuators and join the coupler and the photodiode arranged at
the end of the goniometer arm without bending tension, particu-
larly during its rotational motion. The optical path difference, Lopp,
is, therefore, of the order of 2.5 m, which results in a time difference
To = LC%D between the LO and the scattered signal of ~6 x 107° s,
where c is the speed of light in vacuum and n = 1.4 is the refractive
index in the fiber. These values are to be compared with the coher-
ence length, Lc = 7 Teonerences and coherence time, Teoherence =

1
2nAf>
which directly depend on the laser characteristics. Based on the Vah{e
of the linewidth of the diode laser equal to Af = 300 MHz, it is esti-
mated that Lc = 0.1 m and Teoperence = 5.3 x 107'% s, which are values
reflecting a regime 79 > 7. for which the phases of the interfering
fields on the photodiode are uncorrelated.

C. Electric field and intensity correlation functions
in homodyne DLS

The scattering vector is given by

— — — 4
q =k —ks, q=ﬂsing,

N 1

where Z and z are wave-vectors of the incident and scattered light,
respectively. Ao = 638 nm is the incident wavelength at the laser;
n the refractive index of the solvent (n = 1.33 at T = 20 °C for water);
and 0 is the scattering angle.

The scattered electric field at the detector is determined by the
actual positions of the N scattering centers m(t) present in the
scattering volume V.

N iz .|
Es(q, t) - Z A (t)Eoe—t[w0t+¢0(t)]

m=1

_ f(t)EOe*i[on%(f)], (2)

where A, contains the amplitude factors for the mth particle, such
as polarizability and the distance to the detector. wy is the laser
frequency; ¢y is the phase shift; and f(t) = ¥N_| Ane™ () is the
modulation produced by the scattering process. If one assumes that
all A, values are identical, this latter quantity is proportional to
C(G,t) = ¥N_ & (D \which is the Fourier transform of the par-
ticle concentration C(7,t) calculated over the scattering volume
V. The relationship between the mean intensity averaged over the
oscillation period (i.e., cycle average) and the field is defined as
I = (ceo/2)|E|?, where ¢ is the velocity of light and & is the vac-
uum permittivity.'”'"”’ Since we are concerned with the relative
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intensity, the factor ceo/2 has been suppressed in the following
sections. Therefore, the scattered intensity can be written as follows:

N N . .
I(q.t) = EE; = |f(t)|2E(2) - Z Z A,,,A;e’q[’m (-7 (t)]E(Z)’ 3)

m=1 n=1

where the subscript s refers to scattering. When the mutual posi-
tions of the scattering particles ry(t) change, the field Es and the
intensity Is change accordingly. Hence, time correlations in the slow-
changing (compared to the light frequency) E(t) and Is(¢) functions
carry information about the particle motions.

The time dependence of E,(t) is characterized through the first-
order time autocorrelation function of the scattered electric field,

G (g 1) = (EX(q.1)E(g, t+1)) = (E(.0)E(q, 7)), (@)

where 7 is the delay time. The right-hand side of Eq. (4) represents
the time average of the product of the complex conjugate of the field
at time ¢ with the field at time T later. Assuming that E(¢) is a sta-
tionary random variable with properties that are independent of the
time origin, ¢t can be replaced with zero in Eq. (4). In accordance
with the proportionality relationship Es(g, t) o< C(4, t), the function
G (also called the heterodyne correlation function) is propor-
tional to the coherent intermediate scattering function Fi(g,7),
or equivalently, to the autocorrelation function of concentration
fluctuations,

6 e R4 1) = (C*(30)C( 1)) = (Z S exp (i7[7(0) - 7))}

(5
It can be directly measured with the so-called heterodyne DLS. The
quantity measured at the detector is the scattered intensity Is(¢)
rather than Es(t), and the second-order function Gs?, which is
often called the homodyne correlation function, is directly mea-
sured by the correlator connected to the APD light detector of the
DLS setup,

62 (q.7) = (L(g.O(g.t+ 7)) = (I(3.0)(g.7). (6

For ergodic systems, the time averages in Eqgs. (4)-(6) are equiv-
alent to statistical averages over a long enough measuring time,
tpis. In practice, the DLS experiments are often described using the
normalized heterodyne and homodyne correlation functions,

(g 1) (EX(q0)E(q 1))

M (g 1) = _
&s (%T) = Gs(l)(q, 0) (Is>
_FR(an) _(C(20C(47)) -
Fi(g,0) (c(g.0)
@
@ (gr) - L (@) _{(e.0)kg)) ®)

{I.(¢,0))°

Hence, gs(l)(q, 0) = 1 by definition. Note that Gs(l)(q, 0) = (L(q, 1))
= I(q) gives the angular dependence of the time-averaged scat-
tering intensity, where Is(g, t) is defined in Eq. (3). The limits of
short and long times of the homodyne correlation function are

G (g, 00)
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”mﬁ)——f—zmﬂg(kew)—

function g )(q, ) decreases from 2 to l In general, g,V(q, 1) is
not simply related to gs*(¢, 7) in self-beat (homodyne) experiments.
However, in special cases, such as in the so-called Gaussian approx-
imation, the two DLS correlation functions are connected through
the Siegert relation,

=1, respectively, so the

2
g7 (@) - 1= (@7 (©)

This relation expresses the fact that the electric field is made up
of many statistically independent contributions, implying that Ej,
which is itself a random variable, must be distributed according to
a Gaussian distribution (an ideal case is a dilute solution of identical
point-like particles). In Eq. (9), f is the so-called coherence factor,
which depends on the optical geometry and samples; it is equal to
1 in ideal situation.

Ill. RESULTS AND DISCUSSION

A. Correlation functions in heterodyne
optical fiber DLS

In the non-Gaussian case, the relation between gs(l)(q, 1) and
gs?(g, 1) may contain extra useful information about the scattering
processes. In addition, for complex dynamic processes of particles
or molecules, such as forced diffusion exhibiting a velocimetry com-
ponent in gs(l)(q, 7), an independent measurement of gs(l)(q, T)
is required. This may be accomplished by using the heterodyne
technique, a method in which the scattered electric field is mixed
with the reference light from a local oscillator source: here, the
incident light from the same laser as that used for the scattering
experiments.

The total electric field of the light at the detector is the sum of
contributions from the local oscillator and light scattered from the
sample. E7 can thus be expressed by a superposition of the scattered
field E, given by Eq. (2) with a frequency-shifted reference field Ep,

Er(t) = Eo(t) + Er(t)e ™"
_ Eof(t)e*f[wo“r‘bo(f)] +ELOe*i[wof+¢Lo(f)] « e*iAfo’ (10)

where the subscripts 0 and LO refer to the scattering and reference
sources, respectively. Aw = wro — wo is the mean frequency differ-
ence between the two mixed fields; it is equal to 0 if the same source
is used to generate both signals. Finally, ¢(t) represents the total
phase of the signal in each branch and may also contain the contribu-
tion associated with phase noise (see the Appendix). The measured
count-rate heterodyne auto-correlation function is then given by

G2 (g,7) = (EF(t)Er()EF(t + 7)Er(t + 7). (11)

We must, however, distinguish two cases, depending on whether
Aw is zero or not.

1. Heterodyne correlation function in the Aw + 0
detection case

G? het(q T) is obtained by substituting Eq. (10) in Eq. (11) with
Aw # 0. The expansion of Eq. (11) yields 16 terms, 10 of which,
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involving explicit time dependence appearing in the form of (e*2"),

average out to zero. In addition, in practice, an HDLS experiment
directly measures the normalized time heterodyne autocorrelation
@)

function, g = ng‘)z, (Ilo)? + (I)? + 2(Io)(L,) is
the square of the average total intensity measured at the detector,
I1o is the intensity of the reference beam, and (Is) = (|f(t)]*Eo*) is
the time averaged scattered intensity. Using such normalization after
a straight-forward calculation on the remaining terms allows us to
obtain the following relationship:

where (Itot)zz

<z>_1_<1s>:( 1) {Lo)(L)

Ehet - (Itt 2 \&s

Rfava+n
(IF(OF)

where cc denotes the complex conjugate and A¢(t) is the phase
difference between the two interfering beams,

Ag(t) = pro(t) = do(t). (13)

ifAg(t+)-20(1)] ’A“”>+cc], (12)

2. Heterodyne correlation function in the Aw = 0
detection case

Substituting Eq. (10) in Eq. (11) now gives rise to 16 terms,
which are non-zero when e = 1. The 10 additional terms com-
pared to the previous case reflect the coupling of the two fields. It
is important here to clarify the difference between implementations
that use optical fibers and those that do not. If the LO and scattered
fields originate from the same source, their phases are correlated as
long as the optical path difference is less than the coherence length
of the laser. The two fields are, therefore, spatially coherent through
their common source and consequently statistically dependent even
if their relevant dynamic (Brownian) fluctuations are independent.
However, the use, for example, of a needle, which is necessarily
rough and has nanometric aspirations, or of a scratch on the test tube
to generate the reference signal (LO) causes random phase varia-
tions. The correlation with the incident field is lost and the two fields
are, therefore, statistically independent. In the case where an opti-
cal fiber is used, this phase correlation is maintained and the fields
remain statistically dependent. In the present case involving optical
fibers with Aw = 0, correlation function (11) can be multiplied out
and simplified to express ghet ) as a function of AP(t + 1) and AP(¢)
and their linear combinations,

e
(EoEL0) iNG(t+T ing(t
+7(I,f;) (f(t+1)e #( )+f(t)e ¢())+cc
. {Bo)(s )<f(t)f(t+f)
(L)* \ {IF(OF)
Lo {o)l. >;R<f (Df(E+7T) itapen- A¢(t>]>

{Iiot)? {If(OF)
(14)
where R denotes the real part of the dynamical structure factor

appearing in the fourth term. Equation (14) reveals two additional
terms and their conjugates (second and third lines) compared to

@) L
Gt (@T) 1= i{AG(t+7)+09(1)]

+ cc
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the previous case (Aw # 0). A more complete calculation taking into
account phase noise is given in the Appendix.

Importantly, A¢(t) is the phase difference between the two
interfering fields (originating from the same source here), which
depends on the difference in the optical path taken by the two
beams of the interferometer. In the coherent regime, the phases of
the fields in the two branches are correlated with a constant mean
phase difference of wy 70.27 %’ However, if this optical path difference
(Lopp) is greater than the distance over which the phases remain
correlated, or equivalently when delay-time 7o is larger than the
coherence time of the laser T perence = ﬁ, then A¢ is a function
of lag-time 7. This is the case here with values for Lopp ~ 2.5 m
and 79 = 6 x 107° s (see Sec. II), respectively, higher than those
of the coherence length L. = 0.1 m and Tcoherence = 5.3 X 1070 g,
which directly depend on the characteristics of the laser. A con-
sequence of this phase decorrelation is that the second and third
terms of Eq. (14) will become oscillatory functions, i.e., depending
on cos A¢(t+ 1) and cos[Ap(t) + Ap(t + 7)], respectively. Their
period is independent of the wave vector g, as observed in Fig. 3
showing the heterodyne correlation function ghet(z)(q, 7) measured
at various scattering angles between 30° and 130° for a SiNPs dilute
solution with a 40 nm diameter . We can note that in certain cases
(not shown), we observe two series of oscillations of different ampli-
tude that are shifted from each other {cf. cos A¢(¢ + 7) compared
with cos[A¢(t) + A¢(t+7)] in second and third terms, respec-
tively}. Note that the difference A¢(t + 7) — A¢(t) appearing in the
fourth term of Eq. (14) should only moderately influence the struc-
(S f+n))

ture factor 17 Of

generally visible in much higher lag-time
regimes.

Therefore, the heterodyne intensity-intensity correlation func-
tion, get'? (¢ 7), is oscillatory, showing more than 20 g-independent
periods of T = 1.8 x 10™® s. They are identical and observed for
all study samples, such as SiNPs, AgCl NPS, polymeric NPs, and

6-30°
6-40°
6=50° E
6-60°

6=70° [
0-80°
6-90°
6-100°
6-110°
6-120°
6=130°

g?, (21

107 106 10° 104 103 102 10 100 10°
z(s)

FIG. 3. Angular dependence of the heterodyne correlation function gne?(q, 7)-1
recorded at various scattering angles, 6, for a ¢ = 2 wt. % 40 nm SiNPs solution.
For the sake of clarity, curves are shifted vertically. The dashed line represents the
6-independent position of the first oscillation. The intensity of the reference signal
Lo = 51 kHz is kept constant here for all scattering angles.

ARTICLE pubs.aip.org/aipl/jcp

70nm AgCI NPs </| g>/<lg>=1.31
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FIG. 4. Heterodyne DLS correlation function gnei?(q, 7) — 1 measured at
0 = 90° for a 40 nm SiNPs solution at ¢ = 2 wt. %, a 70 nm AgCl NPs solu-
tion at 0.049 wt. %, a 65 nm PSS polymeric NPs solution at 0.2 g/, and a 3.8 nm
radius concanavaline A dilute solution at 2.02 g/l. The curves are shifted vertically
to improve visibility. The (/0 )/(/s) ratios are close to 1 and, therefore, correspond
to the maximum possible heterodyne contribution Angterogyne = 2(ho ) {Is ) {hot)?
=05.

proteins (see Fig. 4). In order to clearly visualize these short-time
range oscillations, their amplitude was maximized by choosing
an appropriate value for the LO intensity. The exponential decay
observed at longer time scales is associated with the Brownian
diffusive relaxation of the particles (see net Sec. I1I B).

It is appropriate here to recall and summarize the different
possible expressions that the heterodyne intensity autocorrelation

function, géezt), can take, depending on the experimental configura-

tion. Even though in all cases, g;ezt) contains the term that depends on
‘.R[gs(l)] (equivalently ‘R[%]) and, therefore, the infor-
mation associated with the dynamics of the sample, its expression
may differ depending on whether the two beams originate from
the same source and whether the arrangement uses optical fibers or
not.

(i) In the case where an HDLS experiment is performed with-
out the use of optical fibers, using, for example, the reflection
of the incident laser by a solid object immersed in the sample
(e.g., aneedle) as a reference signal, the scattered and LO fields
are considered to be statistically independent, which implies
that (Ero(#)Es(¢t)) = (Ero(¢))(Es(¢)). In addition to the fact
that the two fields originate from distinct physical processes,
this stems from their phase difference being random. This is
the case if they come from different sources (e.g., Aw # 0), but
more generally, the different portions of the field reflected,
for example, by a needle that has irregularities on the opti-
cal scale or by a scratch, undergo random phases in all cases.
It can be noted that the mixing of the fields took place at a
photomultiplier during these early experiments. In this case,
the mathematical expansion of g(:t) reveals several zero terms,

those involving (E(¢)E(t + 7)) or those linear in E (the same

applies to complex conjugates), which gives a fairly simple
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expression similar to Eq. (12) and corresponds to the known
expression in the literature.'”"" If we take advantage of the
random nature of the phases, ¢o and ¢10, the term in Eq. (12)
containing A¢ vanishes. In the case where the same source is
used for the scattered and local oscillator beams (Aw = 0), A¢
is related to the difference in path taken by the two beams but
becomes random due to the arbitrary reflections mentioned

above. Even though the expression of gfmzt) is much simpler,
the realization of this type of experiment is, as discussed pre-
viously, far too complicated, with major drawbacks, such as
the lack of control of the LO signal and a limited angular vari-
ation linked to random reflections of the immersed solid or
the scratch introduced on the surface of the sample tube.

(ii) In the more user-friendly case where a fiber optic setup is
used, two cases must be considered: If Aw # 0, the expres-
sion for gh(:t) remains simple and is given by Eq. (12). This is

related, as calculated above, to the fact that 10 terms are zero

because (e*iA“’t) = 0. However, such an experiment would
prove too complex to carry out with the integration of two
different sources operating at two different wavelengths. An
assembly using optical fibers and a single source facilitates
routine measurements but introduces several coupling terms,
which do not cancel out when Aw = 0. The expansion of
Eq. (11) thus gives 16 terms, all non-zero because the fields are
not statistically independent (the phase correlation between
the two fields is not lost) and because the term (e*iA‘”’) no
longer appears in the equations. Such considerations have
been described in the field of optical communications using
the superposition of a laser field and a time-delayed image of
itself, notably to measure the linewidth of the laser.”” *’ How-

ever, no study reports an expression of glsezt) involving a field
scattered by a sample in optical fibers and which is a function
of its response factor f(t) and its autocorrelation. It was, there-
fore, necessary to detail its expression given by Eq. (14), which
will be essential for future studies involving HDLS.

Although such coupling effects, which depend on the phase
shift between the two fields (i.e., on the OPD), must be taken into
account when performing optic-fiber HDLS, they are not trouble-
some and only visible for very short lag-time regimes lying outside
the time window of the correlator associated with the dynamic relax-

ation modes (i.e., gs(l)) of the systems studied. However, measuring
their amplitude proves useful because it allows, as Sec. 11 A 3 shows,
for the LO signal level to be correctly dosed.

Thus, for larger lag time regimes related to dynamic processes
of interest, such as nanoparticle diffusion and propulsion, the sec-
ond and third terms of Eq. (14) can be neglected and the correlation
function can be approximated as follows:

2 (IS>2 2 (ILO><IS) 1 i[wor+¢0(t+7) =10 (t
8;593—1“W(&()— ) T (g0 x elevrstuotte) (1),

(15)
In order to obtain this equation, which is simply the addition of
a homodyne term depending on gfz) and a heterodyne term, we
introduced the scattered electric field correlation function gs(l)(q, T)
defined previously by Eq. (7). Its expression in terms of f(t) is given
by the following relation:

ARTICLE pubs.aip.org/aipl/jcp

e (g) =

(E; ((1) t)ES(t+ T)) _ <f*(t)f(t+ T) e—i[wor+¢0(t+‘r)—¢0(t)] )

(L) {IF(F)
(16)

The correlation functions of Egs. (12) and (15) differ only in the
extra e'““"-factor entering the heterodyne formula for Aw # 0.

3. Effect of the variation in intensity
of the local oscillator

Importantly, the heterodyne contribution [second term of the
right-hand side of Eq. (15)] allowing determination of the real
part of the dynamical structure factor (i.e., autocorrelation func-
tion of concentration fluctuations) is proportional to the product
of the scattered intensity and reference beam, (I5)(I1o), and can
be easily modulated using the variable attenuator. Note that since
the ratio between the contributions of the self-beating (homodyne)
term, g;¥), and the heterodyne term, 9R[g;")], is proportional to
(Ls)/2(I10), Eq. (15) can be reduced to the second heterodyne term
if the added reference signal dominates the scattering signal: (I1o)
> (I;). Some authors have noticed that the signal-to-noise ratio
could be increased by an increase in the reference signal to dominate
the detector noise.””’ However, the modern APD used in this study
has a very low noise, which is less than 1 kHz and much smaller
than the experimental signal. Furthermore, several considerations
must be taken into account when increasing Ito. The homodyne
amplitude, Apomodyne = (Is)*/(Iiot)?, decreases continuously with
Io, while the heterodyne amplitude passes through a maximum,
Aheterodyne = 2(1L0>(Is>/<1tot>2 = 0.5, obtained for (IL0>/<IS) = 1.

Concomitantly, the intercept of the correlation function glsezt) 0)-1
= AHomodyne + AHeterodyne 13, however, very reduced. Large I;0 implies
a low intercept, and hence, the recovery of the dynamic informa-
tion becomes less accurate. Thus, an optimal dosage of (Iro)/(I;)
must be defined in order to measure good quality correlograms
and to avoid the intercept approaching zero and the amplitude
of the dynamic relaxation modes being too close to the baseline.
It is also often important to obtain simultaneous measurements
of both homodyne and heterodyne contributions.”” As seen in
Fig. 5(a), the amplitude (equivalently the intercept) of the expo-
nential relaxation visible for 7 > 5 x 107> s and which reflects the
Brownian diffusion of 40 nm SiNPs is indeed considerably reduced

when (I10)/(I;) is increased. The decrease in g}fezt) (0) — 1 obtained
after extrapolation to zero-7 for a (I o0)/(Is) ratio varying from 0
to 3 is reported in Fig. 5(b) and displays a variation qualitatively
in good agreement with that predicted theoretically and given by
(L) {Ieot)* + 2{Ito)(Is)/(Itor)*. The shift between the theoretical
and experimental curves observed in this figure is certainly due to
the reduction in coherence factor  with I1 o as well as possibly due to
the laser noise via the pre-factor C(t, 7¢) entering into Egs. (A8) and
(A9) (see the Appendix).

Finally, a prior measurement of the amplitude of the fast oscil-
lations observed in the very short-time range of the correlation
function, which is proportional to the injected LO level, probes to
be an effective calibration method and a prerequisite for tuning the
optimal (I10)/(Is) ratio and defining a sufficient heterodyne con-
tribution while maintaining a suitable intercept for the particles
relaxations modes.
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FIG. 5. Heterodyne intensity correlation function gnet?(q, ) — 1 recorded at var-
ious (lLo)/(ls) ratios at @ = 90° for a ¢ = 2 wt. % 40 nm SiNPs solution (curves
are not shifted and fast oscillations are cut for clarity) (a). Evolution of the intercept
Gnet®(0) — 1 with (o )/(Is) compared with the theoretical prediction (continuous
line) (b).

B. Dilute solution of identical Brownian particles:
Translational diffusion

If the scattering particles are identical and if the solution is
dilute enough, we can assume their trajectories to be statistically
independent and Eq. (5) simplifies to'""’

Fl(ﬁ, T) = (N)(exp(i?[ﬁn)(r) - r_)m(O)])) = (N)FS(TJ),T). (17)

The exponential factor reflects the statistical properties of the par-
ticle displacement A7, () = 7m(T) — 7 (0), which are expected to
be the same for all particles in the scattering volume V. The sum-
mation has been dropped and the factor (N) inserted since each
particle has the same statistical behavior. (N) = (N(¢)) is the sta-
tistical average of the number of particles in V. FS(E),T) is the

ARTICLE pubs.aip.org/aipl/jcp

so-called self-intermediate scattering function which characterizes
the displacement of a particle during lag-time 7,

FS(T]),T) _ (eiq’ [ (t+‘r)—a(t)]>. (18)

For stationary systems, any joint point probability distribution does
not change with a time shift ¢, so Fs depends on 7, but not on ¢t. For g
# 0, the boundary conditions are Fs(ﬁ,o) =1 and Fs(ﬁ, oo) =0.
With this quantity being identical for each particle m, the aver-
age scattered intensity (I;) = N (\Am|2)E3 and the field correlation
function G," are found to be proportional to the product of single
particle correlation functions. Therefore, the normalized function
g directly gives the self-intermediate scattering function FS(_q: T)
of the particles,

(=
W= G (q.7)
& (17) = (1)

which can be directly measured with heterodyne DLS,

— Fs(?])ﬂ') % e—i[wof+¢0(f+7)—¢o(f)]) (19)

g~ 1% %(gﬁ” ~1)+ Z%m[ﬂ(q, Dl (20)

In the case of a solution of Brownian particles that do not interact
directly with each other, F; is a decreasing exponential,

E(q,7) = B(,0)¢ T =P, (21)

where Dr is the translational diffusion coefficient of the particles,
which allows their hydrodynamic radius Ry to be determined via
the Stokes-Einstein relationship if the absolute temperature T and
the viscosity of solvent # are known,

_ ksT
= 67TI1RH.

(22)

Unlike the homodyne function g,?), the heterodyne function gpe”

2
P (r)\ and R[g.V(1)] (i.e., R[F:(1)]) terms and is
the superposition of two relaxations,

contains both

(IS>2 _ZDTqZT+2<ILO>(IS) -Drq’t

(2)
-1 e s (23)
<Itut>2

= e
Ehet (Ifat>2

(1)\2 - 2D - 0

.| = exp (-2Drq’1). Equations (20)-(23) do
not take into account the phase jitter A¢(t, 1), and for clarity, the
very short time part (r < 5 x 107> s) of the correlation functions
is cut in the following figures. gh? was measured at different
scattering angles 6 for a dilute solution of 70 nm AgCl NPs with
optimal (I10)/(I;) ratios between 1.5 and 2 in order to obtain
well-defined relaxation modes with good amplitudes and intercepts
(see Fig. 6). Fitting heterodyne correlation functions using Eq. (23)
gives the decay time, 7. = 1/Drq’, which is inversely proportional
to ¢°. Such a variation is the signature of a pure Brownian diffusion
process (see the inset of Fig. 6) and allows us to determine a value of
1.1 x 10° nm?/s for Dr after extrapolation of 1/7.4 to zero-q. These
results are naturally in perfect agreement with those obtained from
self-beating experiments conducted with I1o = 0, thereby validating
the optical fiber based heterodyne DLS method.

where gs(z) -1=
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FIG. 6. Heterodyne intensity correlation function gnei?(q, 7)-1 recorded at various
scattering angles, 6, for a ¢ = 0.049% AgCl solution. The ratio (/.o )/(/s) is varying
between 1.5 and 2 depending on the scattering angle. Correlation functions are
normalized by their values obtained at 7 = 5 x 10~° s and well-fitted using Eq. (23)
(see the continuous lines). The inset shows the variation of the decay time with g.

C. Identical particles subjected to directed propulsion

Let us now consider a dilute solution of identical diffusive scat-
termg particles, which are forced to move with an average velocity
7V due to an external field (e.g., magnetic, electrostatic,'”'*'’ grav-
itational®! etc.) or a macroscopic flow (e.g., convective flow’ 7).
In the particular case of active nanoparticles, autonomous directed
propulsion can be created by an “engine” transforming an external
source of energy into mechanical works.”””*** In all these situa-
tions where particles exhibit both random translational diffusion
and directed drift, the particle concentration C(_r), t) satisfies the
equations derived for a forced diffusion,

—
09U 5T <05 T=F0(F)-Drve(F)
2> /—
where J (7,t) is the particle flux. Solving Eq. (24) gives the Green
function F (_r) t) (or equivalently the Van Hove correlation func-
tion), Wthh is a conditional probablhty to find the particle at the
point 7 at time ¢ if initially it was at 7 = 0,'"'":

N 1 ( (7—7t)2)
Fs(r,t):iexp _— ], (25)

(4nDyt) 4Drt

where d is the space dimension. Spatial Fourier transformation,

subject to the appropriate boundary condition FS(T]), 0) = 1, yields
F(q.7)= ¢4 VT DT, (26)

Diffusion and ballistic terms, which depend on Dy and v, respec-

tively, enter as independent factors. For the heterodyne experiment,
Eq. (26) gives

2) (Is> @ _ (ILO><IS> —— —-Drg’t
= & 2 cos G vT e . (27)
St =T 1,02 (1) (T 1
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The second term of ghet(z)(q, 7) is oscillatory, but decays because
of the damping exponential term. The frequency of these oscilla-
tions, w = 77, carries the information about the value and the
direction of the velocity of the particles provided the scattering vec-
tor is varied. Therefore, beating between the two interfering fields
preserves information on the velocity of the particles (responsi-
ble of the detected frequency shift § v relative to wp) and is the

basis of laser Doppler velocimetry.”'” The function gs(z) ~ R
~ exp (—ZDquT) that is accessible using standard DLS only con-
tains the diffusive information.

Active nanoparticles capable of autonomous directed propul-
sion are expected to play a central role in nanoscience and
nanomedicine, with applications based on cargo transport to
a specific location or on the texturing and functionalization
of nanomaterial surfaces.”’ ”® However, a decrease in size to
the nanoscale presents new experimental challenges. First, nano-
propellers become too small to be tracked using optical micro-
scopy. Second, their dynamics and collective behaviors in large
three-dimensional statistical ensembles constitute an unexplored
area of study. Therefore, heterodyne optical fiber DLS turns out
to be a new technique of choice for measuring the speed and
direction of nanoparticles. In this context, UV-light activated spher-
ical silver chloride nanoparticles (AgCl NPs) capable of producing
autonomous directed propulsion by electrolyte self- diffusiophoresis
are suitable candidates to validate our technical approach.””” "'
More precisely, a UV light irradiation induces the reduction of sil-
ver chloride to Ag at the surface of the particles and the release of
H* and CI” ions with different diffusivities: the diffusion coefficient
of small-size H" is Dy* = 9.311 x 10~ cm” s™', while that of Cl” is
only Dy~ =2.032 x 107> cm® 51,7

4AgCl+2H,0 + hv — 4 Ag + 4H" +4Cl™ + O, (28)

Due to the asymmetric photodecomposition of the particles,
which is either due to particle surface heterogeneity or non-uniform
UV-exposure of the particles, the surface reaction generates a local
ionic concentration gradient and an endogenous net electric field, in
response to which the nanoparticles move [Fig. 7(a)]. In this work,
0.049 wt. % solutions of AgCl NPs with radius R ~ 70 nm are illumi-
nated by a focused UV beam oriented with an angle puy = 15° in the
(xy) plane, where guyv is the angle between the incident laser beam
and the UV irradiation [see Fig. 7(a)]. The UV LED source operat-
ing at 365 nm is positioned 6 cm from the center of the scattering
cell resulting in an irradiance of 0.5 W/cm® and a beam diameter
of 1.7 cm in the scattering volume. It should be noted that minimal
UV absorption remains possible.

Remarkably, few seconds after the UV light was turned on,
a very clearly defined series of damped oscillations appears in
g et for delay times greater than 10~ s and unambiguously reflects
a propulsive process characterized by an average velocity [Fig. 7(b)].
In addition, a ratio (I.0)/(Is) ~ 1.5 was used so that the hetero-
dyne relaxation amplitude associated with such propulsive process
is maximal while maintaining a good quality intercept. The depen-
dence of the oscillation frequency on the scattering wave-vector
dxy (or equivalently on the scattering angle 6) observed in Fig. 7(b)
clearly indicates that propulsion occurs in the (xy) plane. Fitting
correlation functions with Eq. (27) allows us to determine the
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FIG. 7. Principle of the self-propelled motion of AgCI NPs by UV-induced electrolyte
self-diffusiophoresis. The net electric field that powers the motion is due to the
local ionic concentration gradient generated by the difference in diffusivity of the
ionic species (a). Scattering angle 8 dependence of grei?(q, 7) — 1 (a fresh AgCl
solution was prepared for each angle measurement) for a UV beam orientation
ouv = 15°, an irradiance of 0.5 W/cm?, and 500 s after the UV illumination was
switched on. Continuous lines represent the best fits of the data using Eq. (27).
The curves are vertically shifted to improve the visibility. The very short-time range
oscillations due to the phase shift between the interfering signals and appearing
for 7 < 5 x 10~° s have been masked here (b). The frequency dependence on
0 and its best fit can be visualized in Fig. 7(c).
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g-dependent frequency w. Its variation reported in Fig. 7(c) gives
speed v and its direction,

2nn
A

w=47v Vok = v[cos a— cos (60— a)], (29)

= Ki

where « is the direction angle between Z and V. One obtains an
impressive speed of v = 170 ym s™' and a direction of a~guyv + k7,
showing that the trajectory of the propulsion is imposed by the ori-
entation of the UV irradiation. It is important to remember here
that active nanoparticles are also subject to rotational diffusion and
F, will, therefore, depend not only on Dr and v but also on the
rotational diffusion coefficient Dg.”**® For particles that are opti-
cally anisotropic (polarizability of AgCl NPs is not homogeneous
under UV irradiation), the exponential decay depends on both
Dr and Dr.'"'"** Dg was estimated to be equal to 19.2 rad® s™'
with a characteristic rotation time 7g of 52 ms.”” The long-time scale
regime 7 > 7r for which rotational diffusion leads to a random-
ization of the direction of propulsion corresponds to the long-time
scale baseline of the correlation function and is, therefore, not vis-
ible in our DLS experiments. In addition, the persistence length
over which NPs move in the direction of their original orientation
L = v/Dg is around few micrometers and is larger than the scatter-
ing length scale 1/g. In the time and length scales accessible in DLS,
the motion of active NPs is, therefore, well-described by a forced
diffusion process. Despite their small size and low Reynolds num-
ber, such active NPs have impressive speeds, which agree with the
Helmbholtz-Smoluchowski equation: v = elE/#. Here, E represents
the electric field generated by the local ionic gradient and scales with
the surface reaction rate that is to say with the UV irradiance.””" "'
For a given zeta potential {, the velocity is maximized by the directed
UV exposure, in response to which particles (with { < 0) travel
toward its direction.

IV. CONCLUSION

In summary, the use of optical fibers makes it easier to carry
out of heterodyne dynamic light scattering experiments, provides
great versatility, but also generates a contribution to the heterodyne
intensity correlation function at very short time scales, which may
depend on the difference in the optical path taken by the scattered
and LO interfering signals and on the linewidth of the laser. These
instrumental effects, however, appear in a time domain very far from
that associated with dynamic particle processes and above all make
it possible to optimize the experimental conditions by weighting the
heterodyne contribution best suited to the system.

Heterodyne dynamic light scattering proves to be a method of
first choice to study the dynamic processes of nanometric particles
capable of producing self-propulsion or being subjected to external
fields. It also allows easily and directly determining the direction and
speed of complex objects of various natures (colloids, nanoparticles,
polymers, and proteins) that are too small to be followed by optical
microscopy. Finally, such an optical approach should open up new
perspectives not only in the study of active matter but also in various
fields related to nanotechnology and biotechnology.
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APPENDIX: DETAILED DERIVATION OF THE
CORRELATION FUNCTION

The total electric field Er at the detector is given by

ET(t) _ Es(t) + ELO(t) - Eof(t)e—i[w0t+¢0(t)] + ELOe—i[wot+¢,_o(t)] « e—x’Amt’
(A1)
where Aw = wro — wo is the frequency difference between the local
oscillator LO and the incident light. ¢(¢) is the total phase of the
signal in each branch, which, as detailed later, also contains the
contribution associated with phase noise. Finally, the amplitudes
of the fields, Ey and E;o, are assumed to be constant in time. The
heterodyne beat signal is thus given by the following expression:

Tt (t) = [Erl* = B + | f () PEp + EroEo f (£) [P0 (D=0 (OF80t] oo
(A2)
where cc denotes the complex conjugate of the preceding term.
The auto-correlation function for I (second-order correlation
function) is

G2 (4,7) = (It (@ Dt (@, £+ 7)) = (E()Ep(DEf(t + 1)Ep(t + 1)),
(A3)
1. Case for which Aw # O:

The function G(z)het(q, 7) can be multiplied out and simplified
to obtain

2
G2 (a.7) = (I1o) + 2(Lo)L) + (B) (IF (OFIf (¢ + D))
+ (EgEiof*(t)f(t*' T)ei[@.o(ﬁf)*%(HT)*WO(‘)*%(‘)] x eiAWT) ¥,

(A4)

where we have used the following result: (e cos Awt)
+i(sin Awt) = 0, which reduces the total number of terms to six

:tiAwt) _ (

ARTICLE pubs.aip.org/aipl/jcp

instead of 16. I1o is the intensity of the local oscillator and (I)

= (|[f(H)Eo?) is the time averaged scattered intensity by the sam-

ple. In practice, the HDLS experiments are described using the
. . . . c®

normalized time autocorrelation functions, gfmzt) = 0‘1—“)2 and gs(z),
tot

where the total intensity measured at the detector is given by (Iiot)>

= (Ii0)* +{Is)" + 2o (1),

2 (L) [ @ {Io (L)
g}Eez) 1= (Imt>2 (gs( ) - 1) + (Imt>2
fFf(t+1) lB6(n)=09(0] eiAwr> CC:I
' [( (F ) Feep (49

where A¢(t) = ¢ro(t) — ¢o(t) denotes the phase difference between
the two interfering beams.

2. Case for which Aw = 0:

In this paragraph, we perform an analysis quite similar to that
of the previous one, with the difference that <eiiA“’t) = 1. Conse-
quently, there are ten additional terms compared to the previous
case that depend on the coupling between the two fields, which
are considered statistically dependent when using optical fibers. We
reiterate that both fields originate from the same source. It can be
pointed out that this case is similar to that used to describe the
self-homodyne method in the optical communication literature for
statistically dependent interfering fields,”*’

<f(t + 7)) f(t)emd’(t)> +cc

L) <f(f)f(t +7) ei[A¢(t+1)+A¢(t)]) e
(I (OF)
L) <f*(f)f(f+ 7) ei[A¢(t+T)—A¢(t)]> ‘e
: (LF ()

2
g}(uet)(q’ T) -1= <ILOO

(A6)

Although this result is sufficient to interpret the correlation
functions, one can go further by decoupling the total phase into
two contributions, one associated with the signal in each branch
and the other with the phase noise of the laser: ¢() = @sign(t)
+ ¢a(t), where @sign 1S @o or pro depending on the branch of the
interferometer. The noise ¢,(t) is a stochastic process represent-
ing the random phase fluctuation, which leads to the broadening of
the spectral line. We could also include a fixed phase difference ¢
due to the interferometer’s couplers/beam splitters. The phase noise
jitter A@n(t,7) = @u(t + 1) — @u(t), ie., the random phase change
between times ¢ and ¢ + 7, is usually assumed to be a Gaussian noise
with zero-mean. Its variance increases linearly with time delay T,
(Agn(t, 7)2) = (A(pﬂ(1)2> = 27A f|7|, where 2nAf is the angular full
linewidth at half maximum of the Lorentzian optical profile line.”” **
Since the scattered signal and the LO are seeded from the same
source, their phase noise can be assumed to be shifted by a time-
delay of 79 due to the optical path difference between the two
branches of the setup, namely, ¢.(t) = @10, n(t) = @o, u(t+ 10).
7o also refers to the possible remaining phase correlation between the
two combined beams. This is the optical time delay for unbalanced
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interferometric systems or the dispersion time for the polarization-
dispersed modes in single mode fiber mixing.”” Therefore, by using
the well-known relationship for Gaussian random variables,

<e[iiA‘Pn(fxT)]) _ e[*%(A%(T)Z)]_ (A7)

g}fi) can be expressed as a function of (Ago,,(r)z) and (A(p,,(ro)2>,

(LY [ ¢
il 1)

EyE, . .
+ 7( OI 10) (f(t)e@(t) +f(t+ T)e’e(tﬂ)) x 2 4 ¢

( tot
. (Io){L) <f(f)f(t+ ) M CIGECICE)

(g -1=

@ | (7 OF) S
o (I(LI(::f)?)m(f*((G(ft()i% D) on-e)] ).
where "o
A() = = (30" (). 2 2
B ) = (802(0)) - (a9, () - L2000 ) _ BT ),
C(rm) = -89 2(0) - (g2 () + (Afﬂnz(;ﬂo)) N (Afﬂnz(;—fo)),

(A9)
and R denotes the real part of the complex correlation func-
tion [dynamical structure factor appearing in the fourth term of
Eq. (A8)]. To obtain this result, it was assumed that Ag, and
oro(t) — ¢o(t) were independent. Phase noise occurs in the form
of pre-factors and could contribute to a decrease in the amplitude of
the correlation function. Importantly, @(t) = ¢ro(t) — ¢o(t) is the
phase difference between the two signals, which depends on the dif-
ference in optical paths taken by the two beams of the interferometer
(see the main text).
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