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Abstract: A new aerodynamic lens-injection system has been designed for wide particle size

range, whichcombining a new pre-focus structure, a smaller buffer chamber, a five-stage lens.

Compared with previous injection systems, the new design adds virtual #mpaetimpactors and pre-

focus structure-on-the-basis-of-traditional-PM2.5-lenses—The-system-has-a-smaHstructures, while
reducing the overall volume and-suceesstully-mproves-by 90 %. The newly developed pre-focus
structure effectively addresses the challenges associated with the focusing abitity-of-traditional

ofaffecting-the-and transmission and-feeusing-of large particles, effectively-significantly reducing
the beam width and dispersion angle of particles enteringexiting the critical hole, thus preventing

the virtual-Hmpactor—significanthy—improvingbuffer chamber from becoming excessively large.
Furthermore, the focusing effect-of-large-particles,-and-enhancing-the-capability and transmission
efficiency offor large particles—it—can—also—effectively focus—particles—without have been
significantly aceelerating—particles,—aveidingenhanced, with the structural-size—of -the—buffer
chamber-being-too-largetransmission range expanded to encompass particles from 100 nm to 10

wum. Numerical simulation—shewssimulations demonstrate that the new-—injection system can

transmit particles wi
transmission-of-within the 1- to 9 um particlesrange with an efficiency higherthanexceeding 90 %.
FheAdditionally, the standard microsphere experiment verified the good consistency between the

performance of the injection system and the simulation results. In the testing of standard Arizena
dust, the wide-range particle size distribution obtained by the new injection system is highly
consistent with Aerodynamic Particle Sizer (APS-3321—TFhe). In summary, this new injection
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designs—At-the-same-timeitdesign has ultra-high transmission efficiency while reducing volume,

demonstrating the petential—for—miniaturization_potential of single particle aerosol mass

spectrometer in detecting particles with a wide particle size range.

Keywords: Aerosol particles; Aerodynamic lens; Beam width; Transmission efficiency;

Numerical simulation

1 Introduction

As a key component of aerosol mass spectrometry, the particle beam generator is used to
focus the injected particles, and the focusing ability of the particle beam determines the detection
sensitivity of the aerosol mass spectrometer. AsAerodynamic lenses, which are recognized as a

commenwidely utilized particle beam focusing device—aeredynamic-lensestechnology (Liu et al.,
1995; Murphy et al., 2006; Zelenyuk et al., 2015; Clemen et al., 2020)-utilize, leverage the inertia

differencedifferential between particles and surrounding fluids to effectively focus particles-and
are—widely—used—in—different, finding extensive application across various aerosol mass

spectrometry_systems (Peck et al., 2016). In addition to its application in aerosol mass

spectrometry, aerodynamic lens systems have also been—appliedfound applications in many
analytical eguipmentinstruments. Researchers use aerodynamic lenses to introduce aerosol
particles into pulsed X-ray beams and determine the particle composition using diffraction
patterns and ion fragments generated when the X-ray pulse meets the particle (Loh et al., 2012).
Aerodynamic lenses can also be used in the mass spectrometry of nano-mechanical resonators.

Fhey—can-achieveThe lenses enable efficient focusing and transmission and—feecusing—of large
analytes without the-need-fer-ionization, thus significantly impreving-theenhancing overall system

performance-of-nano-mechanical-mass-spectrometers (Dominguez-Medina et al., 2018).

AlthoughWhile aerodynamic lenses havedemonstrate a significant transmission effect on

particles, the-most current designs primarily focus on a particle size range desighed-by—mest

current-aerodynamictens-is—mainhythat falls within anthe same order of magnitude, and-the-size
range-that-can-be-foecused-is—mainhy-below 3pmwith effective focusing predominantly limited to

particles smaller than 3 pm. (Fergenson et al., 2004; Srivastava et al., 2005; Tobias et al., 2006).

SuchWe typically assess the particle transmission capacity of injection systems by considering the

range where the transmission efficiency exceeds 50 %, such as the 25-250 nm of Liu et al. (Liu et
al., 1995), the 100-900 nm and the 340-4000 nm of Schreiner et al. (Schreiner et al., 1998;
Schreiner et al., 1999), the 60-600 nm of Zhang et al. (Zhang et al., 2004), and the 125-600 nm of

Zelenyuk et al. (Zelenyuk et al., 2015). The particle-size of atmospheric aerosols in-the-atmeosphere

rangesspans from sub-nanometer to millimeter level—and-scales. Conseguently, broadening the
2124
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particle focusing sample-injection-ofparticles-with-a-wide-particle-size-range is erucialessential for

imprevingenhancing the analytical abiitycapabilities of aerosol mass spectrometry, sueh
asparticularly in the analysisexamination of biological aerosols, dust, and single cells.

Researchers have been actively working to expandextend the particle transmission range of

particles—by optimizing aerodynamic lenses. Research has shewnfound that the focusing
performance of aerodynamic lenses for small particles below 50am50 nm is limited by Brownian
motion, while focusing enof large particles is mainly affected by the larger inertia of particles
(Wang et al., 2005; Wang and Mcmurry, 2006).

At present, most ofthe-reported aeredynamic-lenses havelow-efficiency-in-transmitting
farge-transported large particles inefficiently(Cahill et al., 2014; Deng et al., 2008; Williams et al.,

2013; Wu et al., 2009). The significant expansion of particle size-{Cahil-et-al2014;Deng-et-al;

i i i izetransport range is-te-tmprove-thefoeusingrelies on the improvement of
the transport performance of large particles—The, and the most direct methedway to achieve

this goal Is to increase the stage-number of lenseslens stages. For example, Lee et al.(Lee et al.,
2013) designed a seven-stage lens for particle detection in the range of 30 nm to 10 um, but this
study does not consider the impact of critical heleshole on the transmission loss of large particles
and it is not applied in practice. Cahill et al. (Cabhill et al., 2014) designed a high-pressure lens, and
used a very long buffer chamber combined with a seven-stage lens to transmittransport 4-10 um
particles. However, experiments-shew-that-the transmission efficiency of 4 um and 9 um particles

isin the experiment was only 20 %, and the overall size of the lens system-iswas relatively large.

Increasing the stage-number of lens stages is obviously beneficial for expanding the transmission
ofwide-range particle—sizeof particles, but it ean-also lead—to-brings disadvantages such as

excessive volume—of-the—injection system volume and increased assembly difficulty;—as—. As

mentioned by Liu et al. (Liu et al., 2007) mentioned-in thetheir report-that, the beam focusing
effect wiltl-decrease-withdecreased as the decrease-ir-assembly accuracy of the aerodynamic-lens
system decreased.

Hari et al. (Hari et al., 2007) added a virtual impactor behind the critical hole;-and-theirstudy
shews-that-using-the-virtual-Hmpacter-structurecan to reduce the-cross trajectory phenomenon of

large particles, which iswas beneficial for improvingenhancing the transmission performance of
large-particles-iawithin the injection system. Chen et al. (Chen et al., 2007) investigatedstudied the
effect of the frentstructural configurations before and rear—structure—ofafter the critical hole on
particle loss through numerical simulation and experimental verification.—and—optimized—the
structure-to-enhanee. They improved the transmissiontransport efficiency of particles with-50nm
and-belew—butthat are 50 nm or smaller by optimizing the transmissienstructure. However, the

transport range isdid not significantly extendedexpand. Liu et al. (Liu et al., 2007) unifiedreduced

the wall impact loss of particles by unifying the inner diameter of the downstream pipeline of the

critical hole-te-reduce-the-wal-impingement-loss-of particles.. Additionally, Hwang et al. (Hwang
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et al., 2015) proposed a new-type—efnovel convergent-divergent critical hole—which—ean_that

effectively redueereduces the incident angle of large particle beams—threugh—a—converging-

diverging-strueture-design-and achieve-particle-transmissiontransports particles in the range of 30
nm to 10 pm_efficiently. However, thedue to technological limitations, this new type of critical

hole is difficult to fabricate-due-to-the limitation-of processing-technologymanufacture and has not
yet been applied in practice. Fhe-In conclusion, the above studies-indicateresearch indicated that

the large particles transmission in the-aerodynamic lens system-lesssystems experience significant

losses on the surface of the critical heleholes. Du et al. (Du et al., 2023) first proposed a pre-focus

design
surface-of the-eritical-hole—A-that includes a two-stage lens is-addedpositioned at the front of the
critical hole;-so-thatlarge. With the aid of this pre-focus structure, particles could-be-focused-onare
effectively aligned along the axis to-a-greaterextent-before entering the critical hole. This design
greatlysignificantly reduces the beam-incidentincidence angle of large particles—n—front-of-the
en%leal—hele,—,_thereby Fedaemgmlnlmlzmg the |mpact loss ef—lawtgeup&melesron the surface of the
critical hole. Com

is—achieved—However, due to the aceeleration-large divergence angle of particles after passing
i irgthey exit the critical
hole—is—large—TFherefore, it is necessaryessential to matehincorporate a buffer chamber with a
diameter of 250 mm-te-achieve-efficienttransmission-ofparticlesmillimeters, along with a wide

particle-size-range-mentioned-abeve—Thisseven-stage lens system, to efficiently transport particles
ranging from 62 nm to 13 um. Nevertheless, this design results-ir-a-very-targe-markedly increases

the overall size of the injection system, which is—not—cenducive—toposes challenges for the

miniaturization of the mass spectrometer.

This paperintroducesstudy designs a newly-designed-and-manufacturednew small-_volume
pre-focus wide- range aerodynamic lens injection system (PFW-ALens) for transperting-particles

with diameters ranging from 100 nm to 10 um. The—key—cempoenents—of-the injection system
includeconsists of a novel lew-pressure-tess-pre-focus hele-structure, a small buffer chamber, and
a five-stage aerodynamic lens—group—Cemputational. This study uses computational fluid
dynamics software is-used-to medelsimulate the transmission performance from the samphng-inlet
to the nezzlevacuum chamber, and verifies it is—verified-bythrough experiments. NumericalThe
numerical simulation shewsresults demonstrate that the particle transmission efficiency of
particles-in-the-range-of 100-nm-9-pm-is-higheris greater than 90%.-—In-experimental-verification;
the—transmission % for sizes ranging from 100 nm to 9 um. The results obtained from the

experiments demonstrate significant consistency with the simulation outcomes, particularly

revealing that efficiency

transmission-efficiency—of particles—in-therange-ofexceeds 50 % for particles up to 9 um—and
below—is—meore—than-50-%.. This lensinjection system has great potential for application in

bioaerosol  analysis, sand—and—dust analysis, and miniaturization of mass
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150

151

152 Fig. 1 Structural design of the injection system. Locally displayed are the pre-focus helestructure
153 (a), buffer chamber (b), and aeredynamicfive-stage lens system (c).

154 2 Numerical simulation and experimental design

155 2.1 Physical models

156 Fig. 1 shows the structure and key dimensions of the injection system, which consists of four
157 modules;—ramehy-the: pre-focus helestructure, the separation cone, the buffer chamber, and thea

158  five-stage aerodynamic five-stage—lens—group—Fig—1{a—~—c)respectivelyrepresent—lens. The

159 distance from the inlet of the buffer chamber to the outlet of the acceleration nozzle in this study is

160 370 mm, compared to 570 mm in the injection system designed by Du et al. The particles are first

161 focused near the axis with the aid of the pre-focus structure before passing through the critical
162
163  andhole, which has a diameter of 0.26 mm, at a flow rate of 640 mL/min. A separation cone-with

164  diameterof Imm-and-angle-of 15°isset, located 1.6 mm downstream of the critical hole-, features

5/24



165
166
167
168
169
170
171
172
173
174
175
176
77
178
179
180
181

182

183
184
185
186
187
188
189
190
191
192
193
194
195
196
197
198
199

200

a diameter of 1 mm and an angle of 30 < The excess air between the critical hole and the
separation cone is extracted by a sidevacuum pump to achievecondense the eencentration-effect-of
aerosol particles—which-then—enter_entering the buffer chamber. FheAs the high-speed particles

aceeleratedpass through the critical hole, they gradually decelerate iawithin the buffer chamber;
and-then-are-driven-by-the. The airflow then drives them into the aerodynamic lens system—Fhe
ae#edyn&mlelens—systemﬁeensm&ef—tw&apeﬁums which composed of holes with diameters-6f5

a—%nmﬂt&aemdyﬁamw—lenssystemeensmﬂngﬂ#dlﬁerent diameters of-apertures-canthat

effectively focus aeresol-particles—within—a—certain—range—onto-the-axis—of -the lens—Finally,

aeroselparticles onto the central axis within a specific range. In addition, this study utilized a

smooth nozzle at the end of the aerodynamic lens. As mentioned by Zhang et al. (Zhang et al.,

2004)_in their study, this nozzle provides better collimation for small particles areand improves the

transport efficiency of large particles compared to stepped nozzles. The particles focused by the
lens group will be further accelerated into the vacuum chamber by the action-of-the-accelerating

nozzle-and-enter the subsequent diameter measurement system.

2.2 Numerical model

Ansys-Meshing is used to generate the mesh, and Fluent software is used to calculate the

flow of gas and particle coupling between the sampling-inlet and the-aceelerating-nozzle-vacuum
chamber. The pressure—atboundary conditions for the sampling-inlet is-set-to-101325-Pa;—of the

injection system, the eutlet-pressurepumping port of the virtual impactor-is, and the outlet of the

lens are set to 101325 Pa, 600 Pa, and 0.1 Pa, respectively. Under these conditions, the buffer
chamber and the aerodynamic lens greup-used-are-beth-set-to-operate in-an-environment-below
300 Parand-thepressure-at-the-outlet-of the-accelerating-nozzle-is-0-1-Pa. The parameter settings
are consistent with the study of Zhang et al. (Zhang et al., 2002). In addition, the-Viscous-medel
used-in-the-simulation-is-a_laminar flow model—Fhe-discreteformat-of-the-flow-equation-is—_is
employed for simulation, and the second-order upwind—Fhe-metion-of-aerosel-particles-will-use
the-User-Define-Function-{UBF) flow equation is selected as the discretization scheme. During the

simulation, user-defined functions (UDFs) are utilized to lead-themodify and implement particle
resistance—meodeldrag and the—Brownian force medel—By—settingmodels, allowing for more

accurate particle motion trajectories. Finally, the discrete phase model (DPM) is employed to

define the number, diameter, and release position of the particles. Upon completion of the

simulation, the trajectories and velocities of the particles in-the-DPM-medel—the-trajectory-and
velocity-of particles-can-beare obtained through eleud-imagescontours.

2.3 Experimental exploration
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Fig. 2 Gas path-connectionPath Connections and Flow Rates to Each Detector in

experimentExperiment
Standard polystyrene latex spheres (PSL, Thermo Fisher Scientific) ranging from 100 nm to

10 um are used to characterize the focusing ability of aerodynamic lens system. The operation for
generating and counting aerosols larger than 1 um is as follows. Firstinitially, the PSL solution is
diluted with pure water, and-thenafter which nitrogen is-usedserves as_the carrier gas to atomize
the PSL solution using an ICPMS atomizer befere-passing-it(Ge, C21-1-UFT02). The atomized
mixture is subsequently directed into the mixing chamber, where the injection rates of the PSL

solution and nitrogen are_meticulously set to 10 pL/min and 0.2 L/min, respectively. The excess

moisture in the atomized aerosol particles is removed by heating the mixing chamber and
introducing a drying tube, and then the aerosol particles are introduced into the optical particle
counter (OPC, TSI, Model 9306) and Bio-SPAMS respectively through a three-way tube for

7/24



P15
216
P17
218
219
220
221

246

P47

P48
P49
250
251

counting. For particles belowsmaller than 1 um, an aerosol generator (TSI, Model 9302) is used to

generateproduce aerosols. The generated aerosols are first sorted by a differential mobility
analyzer (DMA, TSI, Model 3082) and eondensedthen directed to a condensation particle counter
(CPC, TSI, Model 3775) is—usedand biological aerosol single particle mass spectrometer (Bio-
SPAMS) for counting—Fhe-specific respectively. The detailed experimental gas path connection is
shown in Fig. 2, where the blue solid line is the test pipeline connection scheme for the

transmission efficiency of particles below 1 pum, and the green dotted line represents the test
pipeline connection scheme for the transmission efficiency of particles above 1 um._It is important

to note that during the experiment, we utilized additional airflow. For experiments involving

particles smaller than 1 um, this additional airflow was implemented to address flow mismatches

between the aerosol generator and the detection instruments. In experiments with particles larger

than 1 um, the additional airflow helped resolve the issue of unequal flow rates between the OPC

and Bio-SPAMS, ensuring that the flow rates entering both instruments remained consistent

during measurement.

TFhe-single-particle—mass-spectrometer The Bio-SPAMS used in this study is similar to HP-
SPAMS (Du et al., 2024), but its optical system has been improved. The first diameter measuring

laser is designed aswith a beam--splitting optical structure similar to ARS3321,—andthat of the

dualAPS 3321. The method involves using a beam ean—measuresplitter to divide the diameter

measuring laser (Sony SLD3234VF) into two nearly parallel beams and calculating the
aerodynamic diameter of the particles—Photomultiphier by the time they pass through these beams.
The photomultiplier tube PMIis-used-to-detectdetects the number of particles passing through the

laser- by collecting light signals, and PMT 1-1 is used to count the number of particles passing

through the first laser of the split beam. In the experiment, we regarddefined the total number of
particles detected by PMT detections—obtainedl-1 per unit time as the total number of particles

entering Bio-SPAMS. For particles larger than-1wmthe-particle-count-of the-corresponding-size

particle-size-is-the-thanl um, the ratio of the total number of particles entering OPC-and-SPAMS;
respectivelyboth Bio-SPAMS and OPC is used to determine the transmission efficiency. For
particles belew-2smaller thanl um, the transmission efficiency is calculated as the ratio of the
particle concentration recorded by PMTBio-SPAMS to the-particle-concentrationthat recorded by
CPC.

3 Results and discussions

3.1 Aeredynamielens-Injection system with virtual impaetimpactor

TFhe-basic-model-of aerodynamic-lenses-is-consistent-with-that-ofCurrently, the lens designed
by Zhang et al. (Zhang-et-al-2004);-as-shown-in-Fig—3-Shmulation-results-of Zhang-et-alshow




large-particles-the-state-of entering-the-lens-is-not-the-same-Many-schelars, has been applied by

numerous researchers (Canagaratna et al., 2007; Docherty et al., 2013; Drewnick et al., 2009;

Meinen et al., 2010) have-used-this-lens-system-to-carry-out-different-studies;-and-added

various fields. However, the simulation results presented by Zhang et al. indicate that the focusing

range of such lenses primarily lies between 50 nm and 3 um, with a transmission efficiency of 50 %

at 1.5 um, as illustrated in Fig. 3(a). Furthermore, Zhang et al. assumed in their simulations that

particles were uniformly distributed from the buffer chamber to the area in front of the lens. In

reality, however, the entry conditions for larger particles are not uniform. To gain further insights

into the impact of this lens on particles within mass spectrometry instruments, this study enhances

Zhang et al.'s model by incorporating a buffer chamber and a virtual impactor structure, as

depicted in Fig. 1(b), and conducts relevant simulations for exploration.

Our team discovered that the virtual impactor used in this study is capable of transporting

100 nm particles downstream with an efficiency of over 90 %, with only a small fraction of

particles being pumped away. This indicates that nearly all of the particles examined in this

research can pass through the virtual impactor and be effectively transported downstream. In order

to further compare the effects of the virtual impactor and pre-focus structure with the five-stage

lens employed in this study, this study first removed the virtual impactor and pre-focus structure

from Fig. 1 and simulated the transmission efficiency of the model (represented by the blue left

triangle line). Subsequently, the virtual impactor (orange diamond line, original design) and the

pre-focus structure (black square line, present design) were sequentially reintroduced to observe

the enhancements in transmission efficiency. By comparing the transmission effects of three

design above, the advantages of the design in Fig. 1 are highlighted.

The transmission efficiency presented in this study is the ratio of the number of particles at a

distance of 110 mm from the lens outlet to the number of particles at the inlet of the injection

system. The beam width of the particles is determined by selecting the radial distribution of 90 %

of the particles at this same distance. The reason for choosing the 110 mm position is that it is

downstream of all lasers, allowing for a clearer evaluation of the particle transport and focus effect.

By comparing the particle transmission efficiency curves before and after adding a virtual
impactor, it can be found that after the addition of the virtual impactor (orange diamond symbol
line), the focusing ability of the injection system for particles larger than 1 um has increased to
varying degrees, and the transmission efficiency of 7 um particles has increased from the original
5 % to 30 %. Although the aerodynamic lens system with virtual impact-structureimpactor has
increased its ability to focus on large particles, this particle size range is still insufficient for the

detection of large particle aeresels-such as dust and organisms.
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Fig. 3 CurvesPerformance of particle-focusing-abitity-for-different injection systems in simulation.

Fig. 3 (a) shows the particle focusing range of different injection systems, and Fig.3 (b) shows the

transmission efficiency and particle beam width of the injection system_in this study (PFW-ALens)

in terms of simulation.

3.2 Pre-focus 3.2 Injection system with pre-focus structure

Du et al. Inresponse-to-the-shorteomingsproposed a pre-focus technique that incorporates a

set of two-stage lenses in front of the critical hole to address the low efficiency of transporting

larger particles mentioned in section 3.1-regarding-the-transmission-range-of particles-and-the-low
#&nsmmenefﬁaeneyef—laﬁgeppameles- From Fig. 3(a), it can be observed%pmn&edreu{

of particles—This—structure-system designed by Du et al. can reduce the loss of 10 um particles
from the-original-about 40 % to 0—The-curve-in-Fig—3-shows-that the-seven-stage-aerodynamic
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lens—system—with-pre-foeus—strueture—designed—by-DBu-—et-al—can-—achieve_%, achieving efficient
transmission-n-a-wide-particle-size-transport within the range of 0.18-10 um. Although thelens-of
Du et al.'s injection system can achievecover a wide range-—the- of particle sizes, there are still
some drawbacks to the overall lens-system-stil-has-sherteomings. The main problem is that the
particle beam diverges greathysignificantly after passing through the critical hole and the hole of
virtual #mpact-hele;seimpactor. Therefore, a large-buffer with a diameter of 250 mmmillimeters
and a height of 250 mmmillimeters is needed to releaseaccommodate all particles in the study.

Fig. full4 compares the radial width of the particle sizerange—Cembinedbeams for 0.5 um, 1

um, 3 um, and 5 um particles at different positions in the original design, Du et al.'s design, and

the design proposed in this study. Compared to the original design, the pre-focus structures

designed by Du et al. and the one proposed in this study both reduce the radial width of the

particle beams at the critical hole, the inlet of the virtual impactor, and the outlet of the nozzle. It

is worth noting that the pre-focus structure designed by Du et al. significantly increases the radial

distribution of the particle beam in the buffer cavity when transmitting large particles such as 3 um

(fig. 4(@ii)) and 5 um (fig. 4(iv)). This poses higher requirements for the focusing of the

aerodynamic lenses located behind the buffer chamber, and a common approach to achieve this is

to use additional stages of lenses for improved focusing. When combined with thea seven-stage

aerodynamic lens, the overall sizedimensions and volume of the lensinjection system can reach a

diameter of 278 mmmillimeters and a height of 875 mm-—This-is-mainly-because-the-design-of the

the-strong-buffer—As-shown-inmillimeters. Hg—4.-it-can-be found-that the pre-focus-structure

erateg ompared\wWn-ofhe v am an-pefoungin

before-entering-the-lens-system-to-complete-focusing: A large-sizesized injection system is not
only detrimental to the miniaturization of mass spectrometerspectrometers, but alse-athe seven-
stage lens system-can also lead to the—inerease—ofincreased assembly aceuracy,—andcomplexity,
making it difficult to ensure the consistency of the lens-is-difficult-to-ensurelenses.
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337 Fig. 4 Comparison of the radial width of the particle beam in the key components of the original
338 design, Du et al.'s design, and the pre-focus injection system proposed herein. The particles
339 characterized are 0.5 um, 1 um, 3 um, and 5 wm, as represented by (i) to (iv), respectively.
340 Specifically, (a) denotes the front end of the critical hole, (b) refers to the inlet of the virtual

341 impactor, (c) designates the buffer chamber, (d) indicates the outlet of the acceleration nozzle, and

342 (e) represents the outlet of the vacuum chamber.
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Fig.5 The trajectories of large particles in various injection systems are as follows: (a) shows the

trajectory of 5 um particles in the current design; (b) depicts the trajectory of 5 um particles in the

original design; (c) illustrates the trajectory of 8 wm particles in the current design: (d) presents the

trajectory of 10 um particles in the current design; (e) and (f) display the trajectory distributions of

8 um and 10 um particles within the overall injection system, respectively.

3.3 New design

ISection 3.2 examines the implications of the pre-focus structure proposed by Du et al. on

increase in radial width, which directly pertain to the dimensions of the buffer chamber and the

focusing efficiency of the particles. To mitigate these challenges, this study;_introduces a new

single-stage

lens:
structure-ef-Bu-wilHead-te-, with specific dimensions detailed in Fig. 1.
As illustrated in Fig. 4, the sample injection system equipped with the PFW-ALens

demonstrates a significantly reduced radial width of the particle acceleration-and-large-dispersion
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angle—which-wit-directhyaffect-the-size-of the-buffer chamber-beam at various positions when
transmitting particles of different diameters, compared to both the original design and the focusing
ability-of-the-lens-group—Thereforethe-pressure-drop-ef-the-pre-focus structure and-the-dispersien
angle-of particles—arerequired-in-the-proposed by Du et al. Notably, at the buffer chamber, the
beam width in this design process—As-shown-in-decreases by 70 % to 95 % compared to Du et al.'s

configuration. Furthermore, the radlall;rg—4—the—veleeny distribution of Qé—u—m—l—u—m%—pbm—aﬂd—fi

of-particles in the buffer chamber exhibits an inverse correlation with particle size, a phenomenon
not observed in previous pre-focus structure-of Du-is-obvious—while-the-acceleration-effectof the

finding provides a

goedsolid foundation for optimizing the lens system's length ef-the-lens-system-and reducing the
number of lenses required.

The beam-divergence angle of the beam after particles after-passingpass through the critical hole
directly affectsinfluences the design of the buffer chamber and the transmission efficiency of the
particles {Lee-et-al—2013)—TFhe(Lee et al.,2013). A greater thedegree of divergence degree—the
easier-itis—for-increases the likelihood of particles te-colidecolliding with the pipeline-waland

cause-walls, leading to losses, which has been a limitation in previous injection system designs.

efficiency-of particles—especiallyfor-large-particles—Fig--5-showsb illustrates the advantages of the
new-pre-foeus-structure-for-the-transmission-of-largeproposed PFW-ALens in transmitting larger

particles. Fig. 5a5(a) and Fig—5b—represent5(b) depict the transmission trajectories of 5 um

particles in the PFW-ALens and the injectionoriginal design system—witheut—pre-focus—holes,
respectively. It can be observed that in the original design, the divergence efsignificantly increases

after the particles a#er—pasaﬂg@ through the critical hole—is—much—greater—in—the—structure

. resulting in
collisions with the virtual impactor and subsequent losses. Conversely, Fig. 5(c) and 5(d) show the

trajectories of —Fig=5c-and-Fig—5d-show-that-evenfor-larger particles ef-6-pm-and(such as 8 pum;
and 10 pum) in the PFW-ALens-can-maintain-a-very-small-, revealing that the divergence angle—

fact—the-structural-size-of the-buffer chamber-we-used after leaving the critical hole is 45*135

aredmarkedly
small, leading to the-previeus-ene:- a narrow beam widththroughout the entire system. This is in

stark contrast to the results obtained using the pre-focus structures designed by Du et al.

Furthermore, the dimensions of the buffer chamber used in this study are 45x135 mm, which
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represents over a 90 % reduction in volume compared to the buffer chamber designed by Du et al.
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Fig. whele-3(b) demonstrates a significant enhancement in the particle size—transmission

range—t—fact_of the PFW-ALens. Within the particle size range of 100 nm to 9 pm, the

transmission efficiency efremains above 90 %, with a notable decline in efficiency only observed

for 10 pm particles. Furthermore, simulation results indicate that the beam width can be further

increased-by-mproving-the-structure-Simulation-results-shew-that-maintained at less than 0.6 mm

across the entire range of particle sizes. Additionally, the laser employed in this study differs from

that utilized by Du et al.; the former has a laser beam diameter of 3 mm, suggesting that the

diameter of the particle beam is considerably smaller than that of the laser beam. However,

simulations also reveal that design improvements, such as increasing the length of the buffer

chamber, can greathy-improvefurther enhance the-above-efficiency,-so-the-efficient transmission of

9pm-is-efficiency for 10 um particles, indicating that the effective transmission of 9 pum particles

does not represent the-upper limit of this system. ta-generalOverall, the particle focusing abitity
exhibited-by-capability of the PFW-ALens for particles in the 10 pm range ef10-m-is akmest
consistent-withnearly comparable to the focusing performance efobserved by Du et al. inwithin
the same detectiontransmission range. His-worth-netinglt's noteworthy that the-lens-model-used-in
this study isemploys a-PM2.5 five-stage lens, while-in contrast to the seven-stage lens commonly
16/24
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used in most of the-wide-range lenses-generally-use-the-structure-of seven-stage-lenses-injection
systems. This shewssuggests that the pre-focus-device-usedinjection system utilized in this study

can net-onlyfocustarge—particles—more—effectively—but-alse—accomplish-fecusing_focus larger
particles with fewer lenses, thereby significantly reducing the overall volume of the injection

system. This advancement is of great-significaneesignificant importance for the miniaturization of
high-performance-single--particle mass spectrometer.spectrometers.

3.4 Validation and application

Fig. 76 compares the transmission efficiency of particles with different particle sizes in
numerical simulation and experimental validation of PFW-Alens—t-can-be-found-that-the-ALens.
The results indicate a strong correlation between the experimental verificationresults-are-basically
in-good-agreement-with-the-findings and the numerical simulation-a-predictions. Within the whele
particle size range—Fhe-actuak-test of 200 nm to 6 um, the measured transmission efficiency ef200

Am-—6-um-particles-can-be-maintained-at-more-than-remains above 90%.-and-the-actual-test-of 100

measurementloss %. However, for 100 nm particles, the experimental results reveal substantial

losses. This discrepancy is primarily due to the use of a dual-peak signal by the Bio-SPAMS for

particle counting; to accommodate the requirements of biological fluorescence detection, the

intensity of the second beam must be reduced, resulting in lower light scattering intensity-— for 100

nm particles, which in turn hinders accurate counting.

For particles with-a—particle-size-greaterlarger than 6 um, the testing effect-showsresults show
a significantmarked decrease in transmission efficiency;-but. Nevertheless, 9 pm particles can still
remain-abeve-maintain an efficiency of over 65 %. The trend efin transmission efficiency for 10

um particles is consistent with the simulation results, with-a-transmission-efficiency-of-registering

only 25 %. The decrease-in-efficiency-of large pa es—ay—he—attHbutea—to—tHconsisten
% efficiency.
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Fig. 76 Experimental verification of particle transmission
In-erder—toTo characterize the analytical abilitycapabilities of the PFW-ALens for large

particles, the-standard ULEFRAFINE-TEST-DUSTfrom-Arizona-isultrafine dust (ISO 12103, PTI)
was selected as the test sample. Firsthylnitially, APS is-usedwas employed as the standard to detect
the dust-as-a-standard;. Subsequently, tests were conducted and theacompared using the PFW-

ALens with-pre-focus-heles{(the red deotteddashed line) and injection-systems-witheut-pre-focus

heles-{the original system (the black solid line}-are-used-for-testing-ane-comparison:). The specific
particle size distribution is shewnillustrated in Fig. 8—and7, where the Y-axis represents the

normalized dN/dlogD. It is evident that the particle size distribution measured-byobtained using
the PFW-ALens iscleser-toclosely aligns with that measured by the APS. The above experiments

not only prove that PFW-ALens can more accurately detect the particle size distribution of dust

compared to injection systems without pre-focus helesstructure, but also prove that PFW-ALens
can achieve efficient transmission of large particles, demonstrating the potential of new lens

structure in detecting large particle analysis.
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Fig. 87 3-Minutes Average Particle size-distributionSize Distribution of standard-dust-in-different
injection-systemsStandard Dust Across Different Injection Systems

5 Conclusions

In order to improveenhance the transmission efficiency of large particles #awithin the Bio-

SPAMS injection system and-reduce-the-volume-of the-injection-system;-while reducing its overall
size, this study has developed ana novel injection system, the PFW-ALens—with-the—ability—,

designed to focus large particles. This injection system adeptsincorporates a new pre-focus

structure, which ean-effectively redueeminimizes the sizedimensions of the buffer chamber and
the number of lenses compared to the-injection-system—with-traditional pre-focus heles,—while
matAtaintAginjection systems, such as the work by Du et al. Furthermore, it maintains a low-loss
transmission effectperformance for particles-with-a largerwide range of particle size—rangesizes.
By adding-a-integrating the pre-focus structure, the focusing abititycapability of the 2.5pmfive-

stage lens system ishas been significantly improved to accommodate particles up to 10 pm.

The numerical simulation results shewindicate that the newly-designed-injection-system-can
achieve-the-PFW-ALens is capable of focusing and transmission—ef-transmitting particles with

particlewithin the size ranging—fromrange of 100 nm te-10t010 um. Ameng-themNotably, the
beam width of largelarger particles significantly decreases after leavingexiting the separation cone

transmission—efficieney:, a phenomenon not previously observed in earlier studies. The results

shewfindings reveal that when particle sizes are less than 9 pum, the transmission efficiency can be

higherthanexceed 90 %-when-the-particle-size-istess-than-9—pm-%. Particles with-awithin the

range of 200 nm-_to 4 um havedemonstrate a transmission efficiency of 100 %. The injection

system designed in this paperis-currenthy-the-one-thatstudy achieves the widestbroadest particle
size range and the highest transmission efficiency in—the—sameamong systems with similar

structural sizedimensions. This innovative design is beneficial-forconducive to further reducing

the structural size of the injection system and the number of aerodynamic lenses, which-prevides
ideas—and—inspirationproviding a foundation for the
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