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Abstract

Ultrabright femtosecond X-ray pulses generated by X-ray free-electron lasers (XFELs) enable the high-resolution
determination of nanoparticle structures without crystallization or freezing. As each particle that interacts with the pulse
is destroyed, an aerodynamic lens (ADL) is used to update the particles by focusing them into a narrow beam in real time.
Current single-particle imaging (SPI) experiments are limited by an insufficient number of diffraction patterns; therefore,
optimized ADLs are required to improve the hit rate and signal-to-noise ratio, particularly for small particles. Herein, an
efficient and simple method for designing ADLs and a new ADL specifically designed for SPI using this method are presented.
A new method is proposed based on the functional relationship between a key parameter and its influencing parameters in
the ADL, which is established through theoretical analysis and numerical simulations. A detailed design process for the new
ADL is also introduced. Both simulations and experiments are performed to characterize the behavior of the particles in the
ADL. The results show that particles with diameters ranging from 30 to 500 nm can be effectively focused into a narrow
beam. In particular, particles smaller than 100 nm exhibit better performance at lower flow rates than the injector currently
used in SPI. The new ADL increases the beam density and reduces the gas background noise. This new method facilitates
the design of ADLSs for SPI and has potential applications in other fields that utilize focused aerosol beams.

Keywords Aerodynamic lens - Stokes number - Aerosol sample-delivery system - Single-particle imaging - X-ray free-
electron laser

1 Introduction

X-ray free-electron lasers (XFELSs) produce ultra-intense and
ultra-short coherent X-ray pulses [1-3]. Femtosecond XFEL
pulses can be used to record diffraction patterns before a
sample is destroyed, known as ‘diffraction before destruc-
tion’ [4, 5]. This method overcomes the limitations of X-ray
radiation damage in biological samples [6]. By recording
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thousands of diffraction patterns of identical noncrystalline
single particles or macromolecules, a three-dimensional
(3D) structure can be reconstructed at atomic or near-atomic
resolution; this is known as single-particle imaging (SPI). In
recent years, SPI has developed rapidly as an initial motiva-
tion for XFELs. For SPI experiments, freezing or crystalliza-
tion is unnecessary. It mainly includes the following steps.
First, identical samples are transferred to the XFEL beam,
and a series of 2D diffraction patterns are obtained from
randomly oriented isolated particles. Thousands of 2D dif-
fraction patterns are then oriented and assembled into 3D
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diffraction patterns. Finally, high-resolution 3D structures of
the samples are obtained via phase recovery [7]. SPI experi-
ments with XFELs have been demonstrated on various sam-
ples. The sizes of the particles of interest have transitioned
from larger viruses to smaller proteins, such as the 450-nm
Mimivirus [8], 220-nm Melbourne virus [9], 100-nm car-
boxysomes [10], 70-nm rice-dwarf virus [11], and 70-nm
PR772 bacteriophages [12]. Recently, single-shot diffraction
patterns of noncrystalline protein complexes with a diameter
of only 14 nm were recorded [13].

Although SPI has been demonstrated in several
experiments, and resolutions better than 10 nm have been
achieved [14], a number of limitations to achieving atomic
resolution still remain. Currently, the main limitation is
the collection of a substantial number of high-quality
diffraction patterns within a short time [15, 16], which is
closely related to sample-delivery systems. Because any
target material is destroyed or damaged by an ultra-intense
X-ray pulse [17, 18], new particles must be updated for
every pulse in real time. Various types of sample-delivery
systems have been applied to single-shot imaging,
including fixed targets [19, 20], liquid-jet injectors [21],
and aerosol injectors [10]. Among these, aerosol injectors
are widely used owing to their low background scattering
[22]. The main component of an aerosol injector is an
aerodynamic lens (ADL), which focuses and accelerates
individual particles into the X-ray interaction region.
Currently, the most widely used aerosol injector is the
‘Uppsala injector,” which is equipped with an ADL
(AFL100) designed to focus particles ranging from 0.1
to 3 um [10]. In this process, atomization techniques are
used to transfer the sample particles from the solution into
the gas phase. A gas dynamic virtual nozzle (GDVN) is a
commonly used atomization device that employs helium
or nitrogen as the carrier gas. Commercial electrospray
is also used to atomize smaller particles to reduce
contamination from nonvolatile components, employing
nitrogen (approximately 90% in volume fraction) as the
carrier gas [22]. Recently, helium electrospray ionization
was proposed to reduce the background signal from heavy
gas molecules [23]. Helium was introduced to reduce
nitrogen and carbon-dioxide consumption in the original
ESI. The Uppsala injector was successfully applied in
several experiments [8, 10, 13, 24]. Using the current
aerosol injector, a hit rate (the fraction of X-ray pulses that
hit at least one particle) of up to 79% can be achieved when
the X-ray focus is approximately a few micrometers [10].
However, when attempting to obtain diffraction signals
from samples with high scattering angles or smaller
sizes (such as proteins), the required X-ray focal-spot
size is of the order of 100 nm. In such cases, the hit rate
is typically below 0.05%. Recent computational studies
have estimated that protein reconstruction at a resolution
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of 0.3 nm requires approximately 10°-10° diffraction
patterns [25]. A low hit rate results in long measurement
times and excessive sample consumption. Additionally,
background-scattering signals from gas molecules emitted
by ADL may overpower the sample signal, particularly
at high diffraction angles, thereby limiting the achievable
resolution for biological samples.

The emergence of superconducting MHz repetition-rate
hard-XFEL facilities, such as European-XFEL, SHINE, and
LCLS-II, provides new opportunities to record sufficient
diffraction patterns with limited experimental beamtime
[26-29]. The repetition rate of the X-ray pulses in the new
facilities is approximately 10,000 times that of conventional
XFEL facilities [30-33]. With the aid of improved aerosol
injectors, thousands of high-quality diffraction patterns
may be collected per second [34]. Therefore, improving
and developing efficient aerosol injectors are crucial
for SPI experiments. To increase the hit rate and collect
more diffraction patterns with high-repetition XFELs, the
particle-beam diameter must be further reduced to increase
the sample density. Furthermore, the carrier gas must be
reduced or the focal position of the particle beam must be
extended to minimize the background-scattering noise and
improve the signal-to-noise ratio.

The concept of ADL was first proposed by Liu et al. in
1995 [35], and was primarily used in mass spectrometry
[36]. Typically, the ADL comprises a relaxation chamber,
a multistage lens stack, and an accelerating nozzle [37, 38].
After decelerating and returning to the horizontal laminar
flow inside the relaxation chamber, the aerosol passes
through a series of coaxial circular orifices (i.e., lenses).
Within the lens stack, particles tend to accumulate near
the central axis owing to the combined effects of the drag
force and inertia. Subsequently, an accelerating nozzle is
employed to regulate the operating pressure within the ADL.
Simultaneously, it further focuses the particle beam and
delivers the particles into the vacuum. In the ADL, particle
focusing is influenced by various interrelated parameters,
including the Stokes number (St), Reynolds number (Re),
Mach number(Ma), tube-constriction ratio (), initial radial
position of the particles (r), and ratio of lens thickness to
orifice diameter (L;/d;) [35, 39, 40]. Among them, St is
the key factor affecting the focusing performance. Ideally,
the trajectory of the particles after passing through a lens
coincides with the lens axis. The corresponding Stokes
number is known as the optimum Stokes number (St,).
However, as St is affected by the various parameters
mentioned above, no clear functional relationship exists
between St and its influencing parameters [35]. Therefore,
St, does not have a fixed value under different conditions,
which makes the design of ADLs challenging. The following
studies demonstrate the design process of ADLs. Wang
et al. emphasized that St, is a function of Re and Ma [39].
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They developed an aerodynamic lens calculator (ALC) to
facilitate the design of ADLs. The ALC is an efficient tool
that has been used in the fields of mass spectrometry, sample
delivery, and aerosol printing [41, 42]; however, it cannot
meet the high requirements of SPI [43]. Lee et al. established
a universal correlation between Sz, and a combination of
parameters [44]. Given the initial dimensional parameters of
the ADL, the diameter of each lens was optimized through
multiple iterations of numerical simulation. A research
group in Hamburg employed numerical simulations to
design an ADL for focusing 50 nm gold particles [43]. The
optimization procedure was performed iteratively from the
exit to the entrance of the ADL, with different combinations
of geometric values (i.e., lens-aperture radius and inner-tube
radius) tested to ensure that the particle beam fulfilled the set
conditions. Moreover, this group published related work on
optimizing ADL injectors and employed injectors in various
successful SPI experiments [13, 45-47].

In this study, we established a functional relationship
between St, and its influencing parameters through
theoretical analyses and numerical simulations. Based
on this relationship, we propose an efficient and simple
method for designing the ADL. We then design an ADL for
focusing particles ranging from 30 to 500 nm based on the
requirements of SPI with this improved method. Both the
simulated and experimental results showed that the newly
designed ADL effectively focuses particles into a narrow
beam at a low nitrogen flow rate. The new ADL performs
better on particles smaller than 100 nm than the current
aerosol injector. This study optimizes the performance of
aerosol injectors, which will contribute to achieving the
high-resolution imaging of single particles using XFELSs in
the future.

2 Methods
2.1 Theoretical analysis

In the ADL, particles are focused through the contraction
and expansion of the flow field, causing them to deviate from
gas streamlines owing to their inertia. The focusing effect
is determined primarily by the Stokes number (St), which
characterizes the degree of deviation. St is a dimensionless
number in fluid mechanics defined as the ratio of the
stopping distance of the particles to the characteristic size
of an obstacle:

St = Ff, (D

where 7 denotes the relaxation time of the particles, u is the
average flow velocity at the entrance of the lens, and d is
the orifice diameter of the lens.

Figure 1 shows the focusing principle of a single lens in
the ADL. The single lens comprises a tube with a diameter D
and an orifice plate with a diameter d;. The aerosol enters the
lens from the left side in the laminar-flow state. After pass-
ing through the lens, the particles at a specific initial radial
position (r) deviate from the gas streamline owing to inertial
effects. When St < 1, the drag force governs the movement of
the particles, causing them to move along the gas streamline
without focusing. When St > 1, the inertia governs the move-
ment of the particles, causing them to diverge away from the
axis. When St = 1, both the inertia and drag force are equiva-
lent; thus, the particles are focused by the lens. Ideally, the
particles move exactly along the axis, and the corresponding
Stokes number is the optimum Stokes number [35, 40].

The particle diameter in SPI typically ranges from a few
nanometers to a few micrometers, whereas the mean free path
of gas molecules ranges from tens of micrometers to hundreds
of micrometers in an ADL. According to the definition of the
Knudsen number of particles (Knp, which is the ratio of the
mean free path to the particle radius), Kn,, is considerably
greater than one. Therefore, the Stokes number is defined using
the Epstein flow model in the free molecular-flow regime [48]:

; 3
1 rp,d,c

> 2
(1+%)\/2ny3 P%d? @

where a is the momentum-adjustment coefficient that
describes the ratio of possible collisions between the gas
molecules and particles, y is the specific heat of the gas, 1 is
the gas-mass flowrate, p, is the mass density of the particles,
d,, is the particle diameter, c is the speed of sound in the gas
upstream of the lens, P, is the pressure upstream of the lens,
and d; is the orifice diameter of the lens. Given the flow-field

St =

Fig. 1 Focusing principle of a single lens in the ADL. The red and
green lines represent the inlet and outlet, respectively. The solid blue
line represents the gas streamline and the three black dashed lines
represent the trajectories of particles with different Stokes numbers
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parameters and St,, the required d; and P, values for focusing
on a particular particle can be calculated using Eq. 2.

St, is affected by different geometric parameters and
operating conditions [35, 39, 40], including the tube-
constriction ratio (f, defined as d;/D), ratio of the lens
thickness to the lens orifice diameter (L;/d;), Reynolds
number (Re), Mach number (Ma), gas-mass flowrate, and
initial radial position of the particles (). To simplify the
design method of the ADL, we first conduct a mathematical
analysis of the main parameters that affect Sz, based on
previous research and make reasonable assumptions.
Subsequently, we establish a functional relationship between
St, and its influencing parameters through numerical
simulations.

For a specific carrier gas, the relationship between St and
its influencing parameters can be expressed as:

dy Ly
St, :f1<5,Re,Ma,m,d—f,r>. 3)
Because of the viscous effect of the fluid, the flow velocity
near the wall is low. For the same lens cross section, the
local St value varies at different radial positions, resulting in
different focusing effects. Because the particles significantly
approach the axis after passing through the first lens, we
assume that the particles are released from a radial position
of 0.15 times the diameter of the tube (D). Moreover, L;/d;
has a minor impact on the focusing effect [35] and the
actual thickness of the lens is small (typically 0.1—0.3 mm);
therefore, the influence of L;/d; on St, can be neglected.
Therefore, the relationship between St, and its influencing
parameters can be expressed as:

d

Sty = f, (—f, Re, Ma, m) 4)
D

If i1 and d; are given, the average velocity of the carrier gas

at the orifice is

y = mo 4
d; ﬂpldfz’ &)
4

where p, denotes the carrier-gas density upstream of the lens.
Equation 5 is then substituted into the definition of the
Reynolds number, and Re based on the orifice diameter is

_ pudy 4

Re S
U 7 uds

(6)

where u denotes the gas viscosity determined by the gas
temperature.

Equation 5 is substituted into the definition of the Mach
number, and Ma based on the orifice diameter is
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u ”P]d?
Ma = - = . (7)
¢ YR.T,
M

Equation 6 and Eq. 7 share the same parameters; therefore,
Eq. 8 can be derived by dividing Eq. 6 by Eq. 7:

Re 1 yM
e =Pidq 2 ®)
Ma u\l R.T,

where y, M, R, and T, are the specific heat, molar mass,
universal gas constant, and temperature of the upstream gas,
respectively. Because of the small temperature change in the
laminar flow at low flow velocities, the viscosity of the gas
before and after the orifice plate remains nearly constant.
Therefore, we assume that only d; and P, are the variables on
the right-hand side of Eq. 8. Thus, Eq. 4 can be transformed
as follows:

dg :
Sty = 1 B’df’th : )

In addition, the mass flowrate through the lens orifice can
be expressed as [49]

4 Ji—p '\ RT, P

(10)

where C; is the flow coefficient related to the particle
Reynolds number (Re,,), Y is the expansion factor, and
AP = P, — P, is the pressure decrease across the orifice. P,
is the pressure downstream of the lens (i.e., back pressure).

Based on Eq. 10, P, is mainly determined by 1, d;, and
P,. Then, Eq. 9 can be expressed as

d.
St, =f4<l—)r,df,P2,m>. (11)

Finally, when d;/D is less than 0.2, the effect of d;/D on
the focusing can be neglected [35]. Therefore, the design
of an aerodynamic lens must only ensure that D is at least
five times the maximum orifice diameter. Thus, Eq. 11 can
be simplified to

Sty = f5(dp, Py, 1i). (12)

2.2 Numerical simulation

Owing to the large number of influencing parameters, an
effective ADL design is difficult to achieve based solely
on experimental experience. The design process of an
ADL typically requires both iterative optimization and
experimental measurements. Numerical simulations allow
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for the design and rapid iteration of the ADL on computers.
Various internal-flow parameters of the ADL can be easily
obtained through simulations. The computational fluid
dynamics software FLUENT is adopted to calculate the
flow field and predict the motion of the particles. The
volume fraction of the particles is much smaller than
that of the fluid in the ADL. We assume that the particles
do not affect the flow field and that no interaction force
exists between the particles. In addition, the particles are
assumed to be spherical; thus, the lift force is neglected.
We first calculate the flow field by solving the steady-state
Navier—Stokes equations. The particles are then introduced
into the flow field to obtain the trajectories and velocities
using the Lagrangian method.

The geometry of the ADL is axisymmetric; thus, a 2D
axisymmetric model is used. The Navier—Stokes equations
are solved using the finite-volume method. The SIMPLEC
algorithm is selected as the pressure—velocity coupling
method. The flow properties are typically characterized
by three dimensionless numbers: the Reynolds, Mach, and
Knudsen (Kr) numbers. Because Re is generally less than
100 in the ADL, the viscous model is set as laminar. The
flow inside the ADL is limited to a subsonic condition.
Because Ma > 0.3 at the accelerating nozzle, the flow is
assumed to be compressible. The mean free path of the
gas in an ADL is several tens of micrometers, whereas
the diameter of the lens is approximately 1 mm; hence,
Kn < 0.1. The flow is assumed to be in the continuum- or
slip-flow region. In the vacuum chamber, the gas is in the
free molecular-flow region, and the particles are hardly
affected by the gas. We assume that the simulation can
still predict the particle motion after they leave the ADL.

A quadrilateral mesh is used for the simulations. The
cell size near the orifices ranges from 4 to 10 pm, and is
100 pm in the spacers. The numbers of mesh cells for a
single lens and the ADL are approximately 70,000 and
370,000, respectively, with a growth rate of 1.1 and an
average element quality greater than 0.95. The boundary
conditions are defined in Sect. 3. For all simulations,
when the continuity residual is less than 1 x 107!% and the
relative error of the inlet and outlet mass flowrate is less
than 0.01%, the calculation is considered convergent.

A discrete phase model is used to introduce particles
into the calculated flow field, and user-defined functions
are used to describe the forces applied to the particles.
In the ADL, particles are mainly subjected to drag and
Brownian forces, as follows:
dﬁp - -

— = Fug + P (13)
where i, is the velocity vector of the particles, F, drag and i’bi
are the drag and Brownian forces per unit mass, respectively.

Because the mean free path is much larger than the
particle radius (i.e., Kn, < 1), the Cunningham slip
correction is considered. Thus, the corrected Stokes law
for the drag force on the particles is given by [50]

_ 37r,udp(uf - up)
drag — — _— ~

) (14)
m,C,

where p denotes the dynamic viscosity of the gas, d, is the
particle diameter, u; is the flow velocity, u, is the particle
velocity, and m, is the particle mass. C, denotes the slip
correction factor given by [51]:

CC=1+Knp[1.257+0.4exp<%n‘1>]. (15)
p

The Brownian force per unit mass in direction i at each time
step (At) is represented as [52, 53]

216vkT,

l

2 ’ 16
ﬂpldg<2—‘]’> C.At (16

where G; is a Gaussian random number with zero mean and
unit variance, v is the kinematic viscosity, k is the Boltzmann
constant, and p, is the gas density.

The focusing effect of the ADL is determined by a
combination of aerodynamic focusing and diffusion
broadening caused by Brownian motion [39]. When
studying the parameters that influence St, in a single lens,
only the drag force is considered. When evaluating the
performance of the ADL, both the drag and Brownian
forces are considered to approach a more realistic state.
The particle trajectories are calculated from the injection
location until they reach the exit or wall.

2.3 Optimization of the design method

For a single lens, when the mass flowrate and downstream
pressure are given, the optimal upstream gas pressure
(Procusing) and dy required to focus the particles can be
calculated using Eq. 17. The pressure decrease in a gas
passing through a single lens can be calculated using
Eq. 10. By repeating this process, all the diameters and
pressures of the multistage lens stack can be obtained
sequentially.

-

; 3
1 mp,d,c

3 (17)
<1 + %) 271']/3 Sto(df)df

P focusing =
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The mass flow of the gas is conserved in the ADL, whereas
the pressure decreases as the gas passes through each lens.
Thus, the pressure downstream of each lens (i.e., P,) varies.
If an ADL is designed based on Eq. 17 and Eq. 10, multi-
ple Sz, functional relationships corresponding to different
downstream pressures at the same flow rate are required. To
simplify this problem, the effect of P, on St, is ignored when
the pressure decrease is small. Alternatively, we can linearly
combine the St, functional relationships corresponding to
the two different downstream pressures under the same flow
rate, as shown in Eq. 18-20:

Sty =f1(d;), (18)
Stoy =fu(dy). (19)

Stop, =f (dr P»)

i Snkic I YN
- > H
P2,H - P2,L ?

P,,—P 20
N ) Sty (20)
Pyy—Pyy

where St,; and St, ; are the optimum Stokes numbers at
lower and higher downstream pressures, respectively. Sz, p,
is a binary function of Sz, with respect to d; and P, at a given
mass flowrate.

Based on the above analysis, the design process of ADL
becomes simple and efficient when a functional relationship
(or two) of Sz, is given. The optimized method is as follows.

First, the particle diameter of each lens is set based on the
particle-size range. When large particles pass through the
front lens and are focused near the axis, they are less likely
to diverge when passing through the rear lens. Therefore, the
front lenses are used to focus the large particles, whereas the
rear lenses are used to focus the small particles.

Second, the initial parameters are set and the diameter and
pressure decrease in each lens are calculated using Eq. 17
and Eq. 10. The initial parameters are the pressure before
the accelerating nozzle, tube diameter (D), and gas mass
flowrate. The relationship between St, and d; for specific
r1 and P, in Eq. 17 can be obtained by conducting several
single-lens simulations (see Sect. 3). The St, relationship
varies for different gases. D is set to at least five times the
diameter of the maximum lens orifice.

Third, the accelerating nozzle is designed based on
the pressure before it. Because of the significant pressure
decrease before and after passing through the acceleration
nozzle, the gas exceeds the sonic speed [54, 55]. The nozzle
diameter (d,) is calculated as follows [56]:

nd; CyY, b [2M

T _dfe p o [2ZM
4 Ji—p VR

@1
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where Y is the expansion coefficient of the critical state and
x, is determined by the specific heat ratio.

Finally, the spacer lengths (L) are calculated by using
the overall simulations of the ADL. After passing through
the lens, the flow forms a recirculation zone. Subsequently,
the flow returns to the horizontal laminar-flow state after a
particular distance (redevelopment length). Before entering
the next lens, the flow starts to curve toward the centerline,
resulting in the approach length. To provide sufficient space
for periodic contraction and expansion, spacers are used to
separate lenses that have lengths greater than the sum of
the redevelopment and approach lengths. By presetting a
sufficiently long length for each spacer, the redevelopment
and approach lengths can be calculated through an overall
simulation of the ADL. The spacer lengths for the final ADL
can be determined based on the simulation results. Note that
small changes in L have little effect on the pressure inside
the ADL, because the flow resistance is mainly determined
by the lens orifice. In addition to the simulation method, L
can be estimated using empirical formulas [39].

2.4 Experimental setup

An aerosol sample-delivery system was established to
validate the simulation and test the new ADL, as shown
in Fig. 2. It consists of an atomization device, a nozzle/
skimmer stage, an aerodynamic lens, and other auxiliary
devices. Briefly, a solution containing the particles of inter-
est was atomized using the GDVN [21] in the aerosolization
chamber. The particles were then introduced into the ADL
through a nozzle/skimmer stage placed 1-2 mm apart. The
excess carrier gas was extracted to control the pressure in
the relaxation chamber. The particles were focused by the
ADL and a particle beam was generated in the downstream
vacuum chamber (1071072 mbar). The particle beam was
illuminated by a continuous laser (650 nm, 50 mW), and the
scattered light was collected using an ultra-long working-
distance objective lens (ULWZ-200 M, OptoSigma, France;
N.A. 0.014-0.08) and a complementary metal-oxide semi-
conductor camera (CS165MU1/M, Thorlabs, USA). The

Butterfly valve
& scroll pump

Turbomolecular pump
& scroll pump

m 10%.104 mbar
O

Aerodynamic lens 2

10-1000 mbar 0.5-10 mbar

Gate valve

SE T
Aerosolization Nozzle/skimmer
chamber stage

0
Vacuum chamber

Fig.2 Experimental setup of the aerosol sample-delivery system.
The system was mainly composed of an atomization device, a nozzle/
skimmer stage, and an aerodynamic lens, from left to right
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particle-beam diameter (full width at half maximum) in the
experiment was determined by measuring the projection of
the beam along the laser-propagation axis. Downstream of
the accelerating nozzle, the point with the smallest beam
width was defined as the focal point.

3 Results and discussion
3.1 Simulation results of the single lens

Single-lens simulations with different orifice diameters are
performed to verify the theoretical analysis described in
Sect. 2. As shown in Fig. 1, the red and green lines represent
the inlet and outlet of the computational domain of the
single lens, respectively. The solid black line on the exterior
represents a wall. Mass-flow conservation is used as the
inlet condition, and pressure is used as the outlet condition,
according to the specific conditions shown in Figs. 3 and 4.
A polystyrene (PS) sphere with a density of 1050 kg/m? is
injected from an initial position and experienced only a drag

force. To avoid the impact of a non-fully developed flow at
the entrance, the initial injection position is located 10 mm
downstream of the lens inlet and 0.15D from the axis. After
passing through the lens orifice, if the radial position of a
particle is less than 1 pm and the particle moves parallel to
the axis, the single lens is considered to be in its optimal
operating state. The corresponding St, value is obtained
using Eq. 2.

Figure 3 shows the relationship between Sz, and d; under
the same downstream pressure but different mass flowrates
using single-lens simulations. St, increases with increasing
d; under the same downstream pressure and mass flowrate.
This is attributed to the fact that the velocities of the gas and
particles decrease near the lens orifice with an increase in
d;. Thus, the particles cannot easily deviate from the stream-
lines. Thus, the lens is suitable for focusing larger particles
corresponding to a larger St,. In addition, under the same d;
and downstream pressure, as the mass flowrate increases, St,
decreases. This is attributed to the fact that when the flow
rate increases, the radial velocity of the gas at the orifice
also increases, causing the particles to deviate from the gas
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Fig.3 Relationship between St and d; with different mass flowrates obtained by single-lens simulations when the downstream pressure is (a)
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streamlines more easily. Thus, the lens is more suitable for
focusing smaller particles corresponding to a smaller Sz,. In
addition to the differences in St, values, helium and nitrogen
exhibit similar patterns.

Figure 4 shows the relationship between St and d; with
the same mass flowrate but different downstream pressures
based on single-lens simulations. Under the same mass flow
rate, the derivative of St with respect to d; decreases as the
downstream pressure increases (i.e., the growth rate of St,
decreases). When the downstream pressure is sufficiently
high, St, decreases with increasing d;, as shown by the curve
corresponding to 1500 Pa in Fig. 4a. If the two curves inter-
sect, lenses with different downstream pressures have the
same St, value at the intersection point. Equation 17 indi-
cates that for lenses with the same geometry and flow rate,
different particles can be focused by adjusting the pressure.
This explains that particles of different sizes can be focused
by adjusting the pressure and flow rate while maintaining a
fixed geometry for the Uppsala injector [57].

As depicted in Figs. 3 and 4, Sz, typically deviates
significantly from 1 due to the influence of various
parameters. Each point in the figures represents a simulation
conducted under specific conditions. Multiple simulations
under the same 7z and P, values but different d; values form
a curve that represents the relationship between St, and d;
under specific 7z and P, values. The maximum value of d;
must be less than D/5, and the minimum value of d; must
maintain a subsonic flow. Thus, the maximum focusing
range of the particle size under specific conditions can be
obtained. In addition, St, is different for different gases,
even if d;, P,, and i are identical. However, a functional
relationship always exists between Sz, and d; under specific
r and P, values. We use the power function (not the only
choice) to fit the relationships as follows:

St (d;) = ad’ + c. 22)

For example, by fitting the data shown in Fig. 4a (0.01 SLM,
300 Pa), we can obtain the functional relationship of Sz, with
respect to dg:

Sty (dp) = —37.8847001183 + 41.8, (23)

where the sum of squares due to the error is 0.0002, and the
coefficient of determination is 0.9992.

3.2 Design results of the aerodynamic lens

In the SPI experiments, the size of the particles of inter-
est transitioned from larger viruses to smaller proteins. To
achieve the high-resolution imaging of small particles, the
particle-beam width must be further reduced and the back-
ground scattering noise must be minimized [13]. Based on
the requirements of SPI, we designed a new ADL to focus

@ Springer

Table 1 Designed particle diameter and optimal Stokes number of
each lens, as well as the pressure before and after each lens

Lens number 1st 2nd 3rd 4th 5th
d, (nm) 500 200 100 50 30
P,/P, 483 477 463 436 383
P,/P, 477 463 436 383 300
St, 0.92 0.80 0.72 0.64 0.61

o

20 > 15 >+ 15 > 18 > 20 >+ 20 >+ 5.0

H T ¥ ¥
100 161 1.25 1.05 0.90 :0,85 3.0 v 08

Fig.5 Schematic of the aerodynamic lens (not to scale). The orifice
plates of the lenses are 0.2 mm thick. The dimensions are in mm

30-500 nm particles. The optimized design method was
used in this process, and Eq. 23 was employed as the func-
tional relationship for St,. PS spheres with a mass density
of 1050 kg/m? were used in the design, as it is comparable
to the density of biological materials. Nitrogen was used
as the carrier gas to ensure compatibility with both GDVN
and commercial electrospray (TSI-3482). The designed mass
flowrate of the carrier gas was 0.01 SLM to minimize back-
ground scattering. The designed pressure before the acceler-
ating nozzle was 300 Pa and the tube diameter was 10 mm.
Table 1 lists the designed particle diameter and optimal
Stokes number of each lens, as well as the pressure before
and after each lens. The pressure before the first lens was
483 Pa (i.e., the inlet pressure of the ADL).

With the inlet pressure and diameter of each orifice
already obtained, the redevelopment and approach lengths
can be calculated through an overall simulation of ADL,
where a sufficiently long length is preset for each spacer.
The final spacer lengths for the ADL were then determined
based on the simulation results. As shown in Fig. S1 in the
Supplementary Material, each L value was preset to 25 mm.
For the spacer between the third and fourth lenses, the rede-
velopment length was 9 mm, and the approach length was
3.8 mm. Therefore, L (18 mm, red line) was determined to
be greater than the total length (12.8 mm). Figure 5 shows
the final geometric parameters of the ADL. D was approxi-
mately six times the diameter of the largest lens orifice.

Simulations of the new ADL were performed to predict
the behavior of particles. As shown in Fig. 6a, the inlet is
defined as the starting plane of the ADL, and the outlet is
defined as the boundary of a rectangular area (45 mm X
45 mm) added downstream of the ADL exit. A mass-flow
conservation of 2.08 x 1077 kg/s (0.01 SLM) is used as
the inlet condition, and a pressure of 1 Pa is used as the
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Fig.6 (Color online) (a) Simulated flow streamlines of the ADL. The
red line represents the inlet, and the green line represents the outlet.
The color scale corresponds to the flow speed. (b) Simulated static
pressure and flow velocities along the axis of the ADL

outlet condition. As shown in Fig. S2 in the Supplementary
Material, after 16,000 iterations, the continuity residual is 6
x 10711, The absolute error of the inlet and outlet mass-flow
rates is 1 X 10713 kg/s (i.e., the relative error is 0.005%).
The static pressure at the monitoring point upstream of the
accelerator nozzle remains almost constant. Therefore, the
simulation of the new ADL is considered to be convergent.

Figure 6a shows the simulated flow streamlines in the
ADL. The gas contracts rapidly before the lens and expands
slowly beyond the lens. The distance between the lenses
enables the full development of the flow field, exhibiting
a laminar-flow state. Figure 6b shows the simulated static
pressure and velocity profiles along the axis. The pressure
decreases after the gas passes through the lens. After passing

Fig.7 (Color online) Simulated
trajectories of PS particles

through the five lenses, the pressure decreases by approxi-
mately 183 Pa, which is consistent with the designed pres-
sure decrease in Table 1. As the lens diameter decreases,
the gas velocity increases. Owing to the significant pressure
decrease, supersonic expansion occurs downstream of the
acceleration nozzle.

The trajectories of the particles were obtained by injecting
1000 particles with the same diameter at a cross section
located 10 mm downstream of the inlet. They are uniformly
distributed in this cross section. The initial particle velocity
is zero. The particle time-step is limited to a fifth of the
particle-relaxation time. The particle beam width (D) in
the simulation is defined as the beam diameter containing
90% of the total particles. They are subjected to both drag
and Brownian forces.

Figure 7 shows the simulated trajectories of PS spheres
passing through the ADL. For clarity, only the trajectories
of 10 particles are displayed. Owing to the periodic
asymmetrical contraction and expansion of the flow field,
the particles gradually gathered toward the axis. Larger
particles are focused by the front lens, whereas smaller
particles are focused by the back lens. The maximum value
of the color scale represents the maximum velocity that the
particles can reach. As the particle diameter increases, the
maximum velocity decreases. This can be explained by the
fact that drag forces are less capable of accelerating larger
particles with greater inertia under the same flow field.

Furthermore, the particle-transmission rate is an impor-
tant parameter for evaluating the performance of aerosol
injectors. Based on the 1000 particles injected into the new
ADL shown in Fig. 7, 30-nm PS spheres had a transmission
rate of 90% through the ADL, whereas the transmission rate
of the PS spheres larger than 100 nm was close to 100%. The
main cause of particle loss is Brownian diffusion, which
results in the loss of small particles on the wall. However,
studies have shown that for an entire aerosol injector, the
main particle loss occurs at the nozzle/skimmer stage rather
than at the ADL [58]. Efforts should be made to improve
the particle-transmission rate in the nozzle/skimmer stage.
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Table 2 Stokes number of each lens obtained from the overall ADL
simulation. The asterisk (*) denotes the optimum Stokes number for
each lens

Lens number 1st 2nd 3rd 4th 5th
St-500 nm 0.93* 2.01 3.60 6.40 9.97
St-200 nm 0.37 0.80* 1.44 2.56 3.99
St-100 nm 0.19 0.40 0.72* 1.28 1.99
St-50 nm 0.09 0.20 0.36 0.64* 1.00
St-30 nm 0.06 0.12 0.22 0.38 0.60*

The actual Stokes numbers obtained from the overall
ADL simulation are listed in Table 2, where the number fol-
lowing St denotes the particle diameter. The Stokes numbers
marked with asterisks correspond to the Sz, value derived
from the relationship in Table 1. These data are in good
agreement, indicating that the design process is effective.
St decreases with decreasing particle size, which is consist-
ent with the analysis shown in Fig. 3. As the lens number
increases, the Stokes numbers of all the particles increases.
The Stokes numbers with asterisks form a dividing line
that separates Table 2 into two regions. In the region below
the dividing line, St is less than Sz, when the particles pass
through the lenses, indicating that the particles either follow
the streamline or experience slight focusing. By contrast,
in the region above the dividing line, St is greater than St
when the particles pass through the lenses. These particles
have already been focused by previous lenses and are close
to the axis where the radial flow velocity is low; therefore,
they are not significantly defocused. These analyses align
with the particle trajectories shown in Fig. 7.

Figure 8 shows the simulated evolution of the beam width
with the downstream distance from the ADL exit. The mini-
mum beam width of the particles decreases with increas-
ing particle diameter. Because of the influence of Brownian
motion, the ADL has poor focusing effects on smaller parti-
cles. For example, the minimum beam width is 28.0 pm for
30-nm particles, and 8.4 pm for 500-nm particles. In addi-
tion, as the particle size increases, the focal point gradually
moves away from the nozzle exit with a small divergence
angle. The particle-beam focus position ranges from 0.8 to
2 mm in the simulation.

3.3 Experimental results

The new ADL was commissioned using the PS spheres.
During the commissioning, the inlet pressure of the ADL
was set to 483 Pa. Figure 9a—c shows that PS spheres formed
long and straight beams in a vacuum after passing through
the ADL. The particle beams were illuminated by a laser.
The beams became dim at both ends owing to a decrease
in laser-spot intensity. The irregular bright spots on the left
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Fig.8 Simulated particle-beam evolution curves for PS spheres with
different diameters. All the lines are the result of fitting. As the par-
ticle diameter increases, the particle-beam focus moves further away
from the ADL exit

side were a part of the ADL accelerator nozzle. Figure 9d—f
shows the comparison between the experimental-beam width
measured at 483 Pa (red circles) and the corresponding
simulated-beam width (black dots). The experimental-beam
width curves were fitted with standard errors using repeated
measurements. Based on the experimental data, the beam
width initially decreased and then increased, forming a focus
approximately 1.5-2 mm from the ADL exit. For all tests,
the particle-beam width at the focus was less than 20 pm.
Among them, the 50-nm particles had the smallest beam
width (14.3 pm) and the largest divergence angle (0.99°).
Compared with the Uppsala injector, which can focus 70-nm
PS spheres to 18 pm with a divergence angle of 1.9° and gas-
flow rate of approximately 0.03 SLM [57], the new ADL
generated a smaller beam width on smaller particles with
a lower flow rate (0.01 SLM). A smaller beam width can
increase the sample density, which helps improve the hit
rate. For particles larger than 100 nm, we could not directly
compare our ADL with the Uppsala injector owing to the
different flow rates and particle sizes [57], although our
ADL generally demonstrated a comparable performance.
Moreover, we tested a beam width of 50-nm particles
at a lower inlet pressure of 367 Pa (blue circles in Fig. 9d).
The beam width at the focus was 15.9 pm, which was 11
% larger than the beam width under the designed pressure
(483 Pa). However, according to the simulation estimates,
using a lower inlet pressure resulted in an approximately
30 % reduction in the flow rate compared to the designed
pressure. Adjusting the inlet pressure may further reduce the
flow rate without significantly increasing the beam width or
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Fig.9 PS-sphere beams formed
in a vacuum with diameters of
(a) 50 nm, (b) 100 nm, and (c)
300 nm. The inlet pressure is
483 Pa. The scale bar is 300 pm.
Experimental and simulated
particle-beam evolution curves
for PS spheres with diameters
of (d) 50 nm, (e) 100 nm, and
(f) 300 nm. The error bars rep-
resent the standard error. All the
lines are the result of fitting
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expanding the particle-diameter range that can be focused
by the ADL.

For the larger divergence angles for small particles,
the experiments and simulations are consistent; however,
some deviations are observed for the smallest beam width.
As shown in Fig. 9d—f, the experimental and simulated
results for small particles are in good agreement; however,
the simulation underestimates the beam width for large
particles. For example, the minimum beam width measured
in the experiment for 300 nm particles was twice that of
the simulation prediction. Several possible reasons exist for
the deviations between the simulation and experiment. Our
design may amplify the simulation error of large particles. In
our design, when large particles pass through the front lens,
they are focused near the axis. Even if the actual value of St
is large at the rear lens, the particles will not be significantly
defocused when passing through the lens. For example,
although the Stokes number of the 500-nm PS particles in
the fifth lens is large (see Table 2), the particles are not
significantly defocused (see Fig. 7d). However, simulation
errors are inevitable. If the true radial position of the particle
is farther from the axis than numerically predicted, this
deviation is amplified by the multiple lenses behind it. In
contrast, small particles are slightly focused by the front
lens owing to their small St value (e.g., 30-nm particles
in Fig. 7a). They are then effectively focused by the rear
lens, and the deviation is not amplified. Consequently, the
simulation underestimates the beam width of large particles

15 20 25 30 35 40

0 T T T T T r
00 05 10 15 20 25 3.0 35 40
Downstream distance (mm)

rather than that of small particles, which agrees with the
observed phenomenon. However, we considered not only
the drag force, but also the Brownian force in the overall
simulation of the ADL. However, using the Brownian-
motion model under low-pressure conditions (a few hundred
Pascals) may result in an increased error. The combination
of these two factors can lead to deviations between the
simulations and experiments. In addition, the electrostatic
forces between the particles can lead to mismatches between
the current numerical and experimental results. The charging
of PS particles in an aerosol beam atomized by a GDVN was
observed [59]. If the particles are very close to each other,
the repulsion between particles with the same charge may
widen the particle beam.

4 Conclusion

A functional relationship between the most important
parameter (St,) and the three variables (d;, P,, riz) in an ADL
was established. These three variables are easy to measure
and control, which helps estimate the geometric parameters,
gas-flow rate, and gas background noise before designing the
ADL. Based on this, an efficient and simple design method
for the ADL was proposed, enabling the accurate design
of each lens according to specific needs. Time-consuming
iterations were avoided during the design process.
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Using the optimized design method, a new ADL was
designed to focus 30-500-nm PS spheres to meet the require-
ments of SPI. The particle-beam width at the focus was
approximately 15 pm for all tested particles (50, 100, and
300 nm). The flow rate was only 0.01 SLM, which helped
to reduce gas background scattering, especially for weakly
scattering bio-samples. In addition, compared with the cur-
rent injector used in SPI [23, 57], the new ADL can focus
50-nm particles into a narrower beam with a lower flow rate.
Simultaneously, the new ADL could focus on a relatively
wide range of particles without requiring adjustments to
the inlet pressure. The experimental results demonstrated
the effectiveness of the proposed design method. Further
experiments and optimization will unlock the potential of the
optimized design method and provide important support for
high-resolution 3D imaging and structural dynamics studies
of nanoparticles with XFELs in future.

To further improve the ADL performance, some
optimizations must be considered. First, Brownian motion
contributes significantly to the diffusion of nanoparticles,
resulting in particle loss and the broadening of the ADL.
Decreasing the temperature [60] of the carrier gas or
increasing the pressure within the ADL will reduce the
particle-diffusion coefficient, which can suppress Brownian
diffusion and help obtain a tight particle beam. In addition,
when increasing the pressure in the ADL, the size of the lens
orifices and nozzles must be reduced to maintain a low gas
flow. The high pressure and small orifices increase the flow
velocity in the ADL, thereby reducing the time required for
particles to pass through it, which helps reduce Brownian
broadening. Moreover, in addition to the drag force, other
forces, such as the Saffman lift and photophoretic forces,
can be applied to drive the particles toward the axis, thereby
enhancing the focusing effect. Finally, using helium with a
smaller molecular weight than that of the carrier gas instead
of nitrogen will further reduce background scattering.
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