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We report observations of nanosecond non-uniform colloidal dynamics in a free flowing liquid jet
using ultrafast x-ray speckle visibility spectroscopy. Utilizing a nanosecond double-bunch mode, the
Linac Coherent Light Source free electron laser produced pairs of femtosecond coherent hard x-ray
pulses. By exploring anisotropy in the visibility of summed speckle patterns which relates to the
correlation functions, we evaluate not only the average particle flow rate in a colloidal nanoparticle
jet, but also the non-uniform flow field within. The methodology presented here establishes the
foundation for the study of nano- and atomic-scale inhomogeneous fluctuations in complex matter

using x-ray free electron laser sources.

Nanoscale fluctuations of matter are closely related to
transport, polarization, and mechanical properties in a
wide range of materials. Dynamics in the systems un-
der investigation often display non-uniformity, which can
be intrinsic to the materials like heterogeneous dynamics
concurrent with glass and jamming transitions [1] or col-
lective avalanche-like relaxation driven by temperature,
strain or magnetic and electric fields [2—4]. Studying such
systems exhibiting complex non-uniform dynamical be-
haviors requires probes with nanoscale spatio-temporal
resolution. Thermal, mechanical, or dielectric probes [5—
7], as well as visible dynamic light scattering (DLS) [8],
can probe the temporal behavior but lack sensitivity to
nanoscale fluctuations. The x-ray analogue to DLS, x-ray
photon correlation spectroscopy (XPCS), provides sensi-
tivity on the nano and atomic length scales. However,
XPCS studies have so far been limited to slow dynamics
due to the relatively small scattering cross section from
atomic order and the low coherent flux at current x-ray
sources [9].

X-ray free electron lasers (FELs) provide new oppor-
tunities with an unprecedented high coherent flux de-
livered within sub-100-femtosecond pulses [10] capable
of capturing snapshots freezing the atomic arrangements
of the system [11]. Thus, a pair of femtosecond pulses
with a time separation in the femto- to nanosecond
timescales enables XPCS measurements probing fluctua-
tions at these much faster timescales [12-17], relevant to
systems with avalanche behaviors. While such timescales
are beyond the current time resolution of x-ray detectors,
visibility spectroscopy that relies on analyzing the con-
trast change of the summed speckle has been proposed,
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providing information equivalent to intensity autocorre-
lation functions [18, 19]. Note that this approach is dif-
ferent from speckle visibility spectroscopy demonstrated
with visible light in DLS [20] and with x-rays [21], where
sample dynamics are determined by varying an integra-
tion window by modulating either detector exposure time
or illumination pulse length. Following the first observa-
tion of high contrast speckle from atomic-scale order at
x-ray FELs [22], much progress has been made towards
applying the two-pulse modes and visibility spectroscopy
to investigate homogeneous dynamics in various material
systems [23-26].

In this paper, we explore nanosecond nanoscale col-
loidal dynamics with a non-uniformity imposed using
a flowing liquid jet. The non-uniform dynamics were
analyzed through the dependence of the time correla-
tion functions on the magnitude and direction of the
scattering wavevector. The methodology of probing the
anisotropy of the correlation functions demonstrated here
allows measuring inhomogeneous diffusion in disordered
systems at previously inaccessible timescales. However,
we also demonstrate that non-uniform dynamics can be
unintentionally introduced, for example, as a byproduct
of the sample delivery mechanisms such as within contin-
uously flowing liquid jets or more sophisticated microflu-
idic devices [27, 28].

The experiment was carried out at the x-ray corre-
lation spectroscopy instrument at the Linac Coherent
Light Source [29] with the FEL operating in the so-called
nanosecond double-bunch mode [12]. Pulse pairs sepa-
rated by 7 = 49 ns were used. The pulse pairs were
attenuated by a factor of 20 to avoid beam heating and
monochromatized using a 4-bounce Si(111) monochro-
mator at 8.2 keV, with an average total pulse energy of
0.03 pJ measured at the sample plane. Beryllium com-
pound refractive lenses ~ 400 m downstream from the
undulator focused the beam to ~ 3 pum at the sample
with a focal length of ~ 3.3 m. Slits at the lens lim-
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FIG. 1. Schematic of the two-pulse XPCS experiments. Two
x-ray pulses with a time separation of 7 were generated using
the nanosecond double-bunch mode and delivered to the sam-
ple. A high-speed intensity monitor upstream of the sample
measured the relative intensities of the two pulses within each
pulse pair. A 2D detector 8 meters downstream of the sam-
ple recorded the sum of the scattering from each pulse pair.
Enlarged views are shown of the region of interest outlined
by the yellow rectangle of the simulated speckle pattern sum
for 7 = 0 and 7 — oo, illustrating the loss of contrast when 7
exceeds the time scale of the dynamics.

ited the numerical aperture and provided a larger and
more stable focal spot. Figure 1 shows the experimen-
tal schematic. The sample was a liquid water jet con-
taining gold nanospheres of nominal R = 50 nm radius
(Nanopartz, 5 mg/ml, & = 0.026 vol%, capped with car-
boxylic acids for stabilization). The flow was adjustable
using a Shimadzu liquid chromatography pump, and was
delivered via a cylindrical glass capillary nozzle with
d. = 100 pm inner diameter. Upon exiting the nozzle,
the boundary condition change led to the shrinkage of the
jet known as the vena-contracta effect [30] and the diam-
eter was measured to be d = 92 um at the x-ray interac-
tion point /|y = 1.4 mm below the nozzle using an optical
microscope. A transmissive high-speed intensity monitor
upstream of the sample provided a measurement of the
relative intensity of the pulses within each pulse pair [31].
An ePix100 detector (pixel size, 50 um, 704 x 768 pixels)
8 m downstream of the sample measured the small angle
scattering [32, 33|, each exposure capturing the sum of
x-ray scattering from a pulse pair at 120 Hz.

As proposed by Gutt, et al. [18] and Shenoy, et al. [19],
the speckle contrast (the normalized variance of the in-
tensity distribution in the speckle pattern) of the sum was
obtained. This is equivalent to the intensity correlation
g2 measured in sequential XPCS experiments [34, 35].
The scattering sum was recorded at flow rates between
1 to 12 mL/min, corresponding to an average speed

v = 2.5 — 30.1 m/s using the jet diameter of 92 ym. At
12 mL/min, the Reynolds number at the capillary exit
was ~ 2876, at which the flow is generally considered in
transition to the turbulent regime [36]. For flow rates
from 1 to 8 mL/min, the flow was laminar. This agrees
with observation of the jet changing from a clear grad-
ually narrowing stream to a broadened hazy appearance
at ~ 14 mL/min.

Figure 2 shows the measured speckle contrast (after
calibration) as a function of the flow rate for an annular
region of interest (ROI) of average radius Q = 0.0055 A~*
and width AQ = 0.0013 A~! with an averaged count
rate of 0.01 photons/pixel (see Fig. 4(a) in Supplemental
Material). Accurate speckle contrast evaluation requires
several key calibration steps. First, contrast reduction in-
duced by sample dynamics must be separated from that
due to x-ray source effects such as relative pulse pair
intensity fluctuations and deviation from perfect spatial
overlap. The measured contrast 3 is related to the inter-
mediate scattering function f(Q,v,7) (where v denotes
the jet velocity profile) via

B=r2p1+ (1 —r)Ba+2r(1 = r)Brulf(Q,v,7)]%. (1)

Here 81 and (2 are the contrast values for each of
the pulses in the pair. The pulse intensity ratio r =
11/(i1 + i2) varies from pulse to pulse. The parameter
1 quantifies the effective spatial overlap. An estimate
of u ~ 0.74 £ 0.02 was obtained from analysis of scat-
tering from a static reference sample (see Supplemen-
tal Material Section I). The second calibration step ad-
dresses systematic statistical errors of the contrast evalu-
ation algorithms [37], where biased output of the photon
assignment algorithms that are detector-response depen-
dent can be removed. Moreover, mean intensity variation
within the ROI can lead to an overestimation of the con-
trast [38]. Following the procedure in Supplemental Ma-
terial Section II, we first grouped the scattering patterns
based on r, extracted and corrected the contrasts for dif-
ferent r values, and subsequently fit the corrected con-
trasts to Eq. 1 to extract 31, B2 and |f|?. We confirmed
that 81 and B (dark/light purple in Fig. 2) agreed with
each other for all flow rates within the error bars, indicat-
ing stability of the setup. The contrasts for r = 0.5 were
calculated and plotted as green circles in Fig. 2, where a
rapid decrease was observed between 0 and 6 mL/min.

The contrast decrease can be primarily attributed to
the displacement of the gold nanospheres in flow. Free
diffusion, has an estimated time scale of ~ 70 us at
this @ range based on Stokes-Einstein Equation. Be-
ing much longer than the pulse separation, it can be ig-
nored. Therefore, the intermediate scattering function at
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FIG. 2. Calibrated contrasts for r = 0,0.5,1 as a function
of flow rate. The curves show the calculated contrast decay
assuming a uniform jet with different beam sizes. The two
dashed gray lines indicate the range for 3(0.5). The high
limit is smaller than $3;(2ydue to the non-ideal spatial overlap
between the two pulses.
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Here the particle displacement can be approximated us-
ing the velocity field of the jet r;(7) — r;(0) = [ vdt.
E;(1) is the electric field amplitude on the j-th gold
nanoparticle at time 7. Since the large number of parti-
cles in the scattering volume ((N) =~ 3.2 x 10?) samples
the electric field over a large number of pulse pairs, the
summation can be approximated as the integration over
the illumination volume
1Q.0.7) Jy, B(r',7)E(r,0) exp(iQ - vT)dr -
T Ty [E(r,0)]2dr

Here 7 is the location in the sample at time 0. At time 7,
the new location is at v/ = r + [ vdt ~ 7 +vr. E(r,7)
is then the electric field amplitude at time 7 for the part
of the sample at location r at time 0.

We first consider a uniform speed distribution, i.e., all
gold particles have the same speed (v = —9g). For a
Gaussian beam spatial profile

B(r,7) = By exp|-2?/(203)] exp[~(y —o7)*/(203)] (4)

Here we neglect the z-dependence of the electric field as
the sample thickness is much smaller than the Rayleigh
length of the x-ray beam. See Supplemental Material
Section III for more details. The intermediate scattering
function reduces to
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FIG. 3. Simulation of the anisotropic jet dynamics. (a) Sim-
ulated speckle pattern sum from a parabolic-flow jet at an
averaged speed of = 0.5 m/s. (b) and (c) are enlarged views
of the two ROIs outlined in yellow centered at 0.015 A~* for
¢ ~ 0and ¢ ~ /2. (d) For fixed Q = 0.0055 A~%, y =0
(parabolic flow), and ¥ = 5 m/s, calculated |f|* as a function
of time for ¢1_5 = 0,7/8,7/4,37/8, and 7/2. (e) For fixed
Q =0.0055 A"!, 5 = 7.5 m/s and 7 = 49 ns, calculated | f|? as
a function of azimuthal angle ¢ for v1_5 = 0.95,0.9,0.85,0.8,
and 0. (f) For fixed o = 0.5 m/s, v = 0 (parabolic flow), and
T = 49 ns, calculated |f|* as a function of azimuthal angle ¢
for Q1_4 = 0.0055,0.011,0.015, and 0.024 AL,

In this case the result is independent of @, since there
is no spatial structure to the dynamics. A best fit
(green line in Fig. 2) yields an x-ray beam size estima-
tion of o, ~ 0.25 um. This significantly deviates from
oy ~ 1.8 pm determined from the speckle size from a
static reference scattering sample. Clearly the uniform-
flow model is an oversimplification of the particle dy-
namics within the jet at 7 = 49 ns. A non-uniform-flow
model is required to more accurately describe our obser-
vations [39].

We now show that the fast decay originated from the
circular average over the anisotropic behavior of the de-
cay. It is well known that when viscous liquid enters
a pipe, given sufficient distance, a parabolic pipe flow
profile forms. Considering the flow rate used in our ex-



periment of 1-12 mL/min, and the capillary length of ~
20 mm, this was the case. As the fluids exit the capillary,
the boundary condition imposed by the wall of capillary
is lifted. The radial speed difference will gradually be-
come smaller as the center slows down and the outer
part of the jet speeds up. We model the flow profile as
a linear combination of the uniform and parabolic com-
ponents, and use v (0 <« < 1) to indicate the fraction
of the uniform flow component, such that the speed field
can be written as

4(2% + 2?)
T e

The speed at the center of the jet is (2—v)o and gradually
decreases towards the boundary to vv. Considering a
Gaussian beam and since 0,/d < 1, we neglect all the
O((0:/d)?) terms. The intermediate scattering function
takes the form

v(z,z) =90+ 2(1 —v)v[l —

1
£@Quol = 5 [ expliZa(1 )¢
1 T2
exp{—;f@(l =71 =¢*) +1]7} dl,

which introduces an additional timescale ™ =
[QUsin ¢] !, with a dependence on ¢ defined as the angle
between @ in plane and &. The negative exponential fac-
tor dependent on 7y = 20, /7 characterizes the decrease of
the intermediate scattering function due to the averaged
displacement of the jet. The phase factor dependent on 75
modulates this amplitude. It reflects the effect of the ve-
locity gradient within the jet. At ¢ = 0, the phase factor
is unity. At ¢ = /2, the modulation term is significant
as 7/7o varies from 6.7 to 81 for flow rates 1-12 mL/min.
To better illustrate the ¢ dependence, we use simulated
speckle patterns from particles in a parabolic flow profile
(see Section IV. SPECKLE PATTERN SIMULATION in
Supplemental Material), which are displayed in Fig. 3(a-
¢). They show the sum of scattering from two instanta-
neous particle positions separated in time. One can see a
clear speckle visibility difference at different angular posi-
tions along a ring of constant |@Q|. Similar observations of
the anisotropic correlation functions were reported from
both DLS and XPCS studies of dynamics under contin-
uous shear [27, 28, 40] and in the XPCS measurement of
stress/strain relaxation in amorphous materials like col-
loidal glasses and polymers [41, 42], albeit at much slower
timescales. Figure 3(f) shows |f|? as a function of ¢, re-
vealing a strong dependence in the vicinity of ¢ ~ 0 or
m. This dependence is most prominent at small v values.
The timescales at ¢; = 0 and ¢5 = 7/2 differ by up to 2
order of magnitude as shown in Fig. 3(d). Moreover, as
plotted in Fig. 3(e), one can see that |f(¢)|? is sensitive
to v, e.g., a 5% decrease from v; = 0.95 to 7, = 0.9 leads
to |f|? decreasing from 0.67 to 0.20 at ¢ = /2.

To analyze the ¢ dependence in the data, the annu-
lar ROI with average radius Q = 0.0055 A~' and width
AQ = 0.0013 A~ (see Fig. 4(a) in Supplemental Mate-
rial) is divided into 10 sectors, each covering d¢ =~ 0.157.
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FIG. 4. (a) Dependence of |f|> on azimuthal angle ¢ for six
flow rates from 1 to 8 mL/min, revealing anisotropic dynam-
ics. The curves are fits giving the « values displayed in (b).
The dashed line is a guide to the eye.

The ¢ value of each sector is defined using its centroid,
reduced to the range of [0,7) assuming the equivalency
between the scattering in ¢ and ¢ + w. The intensity of
the intermediate scattering function is plotted for these
¢ regions in the laminar flow cases with flow rates from 1
to 8 mL/min in Fig. 4(a). For each flow rate, we numer-
ically calculated the optimal v values by least squares,
which is displayed in Fig. 4(b). One can see a ~ 5% re-
duction in the v values as the flow rate increases. This
qualitatively matches the notion of the effective jet flow
length I, = lyp/(d.Re) [30], which quantifies the evolution
of the velocity profile. Here Re stands for the Reynolds
number. [, is a dimensionless quantity and smaller I,
indicates earlier stage in the profile transition. With a
fixed beam sample interaction location, the travel length
lp in free-flight is fixed, whereas [, decreases as the flow
rates increase giving a less uniform flow and a smaller ~.

Our result presents the first observation of dynamic
visibility anisotropy at an x-ray FEL. We have shown
that velocity profiles can be evaluated with an extended
nanosecond nanoscale spatio-temporal resolution, which
has many applications [39, 43-45]. From the pulse pairs
in which one of them dominate in total intensity, the
high contrast indicates that a single pulse ‘freezes’ the
motion. Thus by using pulse pairs with shorter time sep-
arations including the nanosecond double-bunch mode or
the split-delay systems [12-14, 17], one can explore the
turbulent regimes. One surprising yet general implica-
tion of our result relates to the highly anticipated ex-
periments aiming at the study of atomic-scale dynamics
of supercooled liquids with the upcoming high repetition
rate x-ray FELs. In order to refresh the sample for each
probe pulse pair, the samples need to be delivered at
high speed, either via droplets or jets. One must make
sure the 79 equivalent of the jet delivery mechanism does
not introduce dynamics on the same time scale as the
intrinsic dynamics of the sample. Take a laminar water
jet for example, with an average speed of 20-50 m/s, 7o
will be in the ps time scale, e.g. at the structure factor

. -1 . . 1
maximum near 2 A~ . The internal collective flow within



high speed micro droplets could be in the ps time scale as
well. In such cases, ¢ dependent contrast analysis will be
mandatory in order to quantitatively isolate the relevant
dynamics information.

Our observation also demonstrates the radial modula-
tion of speckle contrast as a probe sensitive to the veloc-
ity gradient and thus the size of the nanoscale dynamic
regions in disordered systems. By going to higher @),
the experimental observation and measurement protocol
of the anisotropic nanoscale dynamics extends naturally
to the atomic scale. The spatial sensitivity to nano and
atomic scale non-uniformity enabled by the azimuthal
dependent analysis can also be exploited together with

higher order of time correlations [46] to provide a detailed
view of the heterogeneous nature of disordered systems
beyond simplistic time scale analysis.
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