
Dear Reviewers!

Thanks a lot for your notes, comments and questions. We hope that they improve our understanding of
the problems associated with processes in the laser single particle mass spectrometer. Please, find our
answers/comments on your notes below:
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This paper quantifies the improvement in SPMS hit rate resulting from particle beam deflection inside
the electric field. It proposes that using delayed extraction helps to solve this problem and the results
look convincing. I recommend the publication of this paper in AMT after the following major and minor
comments are addressed.

Major comments: I would be really interested in seeing a comparison is mass spectra collected in DC and
DE mode. In the DC mode, the ions produced by the laser are accelerated into the ToF immediately, but
under the DE mode, they hang around the extraction region for an extra 100 ns, during which ion-ion
and ion-neutral reactions can take place. It is possible that that would produce somewhat different
fragmentation patterns. I would appreciate if the authors gave some discussion of those possible effects.

Actually, we don’t observe a significant difference between mass spectral peaks in DE mode and DC
mode, except their intensity and resolution. In our article we address other issues. i.e. the hit rate
and the intensity of peaks in mass spectra. We have prepared the mass spectra acquired in DC and
DE modes for comparison, for those who are interested in this matter, and we will put them in the
supplementary material.
Actually, the plasma cloud after laser ionization is composed of ions, electrons and neutrals, and it is
generally neutral. The plasma expands and disintegrates over time, and, at the same time, ion-
neutral reactions and recombination processes between ions and electrons take place. If the effect
of a strong electric field on the expansion of ions and electrons beyond 100 ns was significant, the
signal in the case of DE would be weaker. On the contrary, we observe some increase in positive and
negative ions signal in case of DE in comparison to the DC extraction mode. It can be assumed that
the interaction of ions and neutrals makes a larger contribution than the recombination of ions with
electrons. Presumably negative ions are formed by the capture of electrons by neutrals, while
positive ions can be transformed into some cluster ions via interaction with neutrals.
Thus, we can assume that the 100 ns delay can increase the interaction of charged particles with
neutrals. It can also be assumed that the degree of ionization in the cloud is low. Below are three
figures illustrating the comparison of



Fig. 1. Comparison of positive ions mass spectra obtained from PSL particles using SPAMS
instrument with DC and DE extraction modes, in the mass range 0<m/z<120.

Fig. 2. Comparison of positive ions mass spectra obtained from PSL particles using SPAMS
instrument with DC and DE extraction modes, in the mass range 120<m/z<220.



Fig. 3. Comparison of negative ions mass spectra obtained from PSL particles using SPAMS
instrument with DC and DE extraction modes, in the mass range 0<m/z<120.

Numerous English usage errors, especially with respect to article placement, inconsistent
pluralization and subject-verb agreement. These usually don’t inhibit understanding, but please
have someone proofread it. I did not list them all.

Thanks for the note about the language. We have corrected a number of errors by proof-reading.

Minor comments: p.2 lines 57-58: while high cost is a problem, I am not sure I agree that neutralizers
are very inconvenient, especially compared to other aerosol instrumentation used routinely.

Actually, the commercial X-ray neutralizer has two disadvantages, one is the price, it is more than
20,000 dollars if you want to buy a new one. The other is the X-ray lamp life time, which is only 8000
hours typically, and you need to change it frequently

p.2 lines 59-60: I would also dispute that "most" instruments use Nd:YAG as the ionization source. There
are quite a few prominent examples of the SPMS technology that use the excimer. In fact, there is a
citation to Zelenyuk et al., (2006) paper in the same paragraph, which is describes an excimer-based
instrument. It seems like your solution is primarily useful for instruments in which the distance between
the sizing and ionization regions is large (i.e. ATOFMS or SPLAT), but not PALMS (sizing and ionization in
the same physical instrument region). Differences in instrument design should be clarified here.

About Nd:YAG – we agree, and we’ll change the sentence in the article (many instruments instead of
Most instruments)



p. 3, line 69: you used "impact rate" instead of "hit rate" here, please be consistent.

Corrected to “hit rate”

Section 3.1 reads as though it belongs in the "Instruments and methods", since no actual data is
presented yet.

We agree, the section 3.1 is transformed to 2.1. “Key factors affecting the efficiency” in the Instruments
and Methods section.

Figure 4: why is there so much scatter in the DC measurements?

The scatter can be related to the stochastic change in the surface charge of the particles. By the way,
we have found a mistake in the Figure 4. Actually, it shows the hit rate per 1 second. In the
manuscript, we described the whole time scale for this Figure as 30 minutes but actually it is 30
seconds. Because the hit rate was counted in every second, the particle detection rate is less than

10/second, so the result shows scattering according to the N Poisson low. So we have change the
minute into second in the Figure 4.

p.6: for completeness, it would help to show the same glass slide experiment in the DE mode. The
divergence in the case of DC potential is dramatic. If the extraction pulse is applied instead, is the width
of the beam at the slide significantly closer to the "voltages off" condition?

Unfortunately, it is hard to reproduce the experiment with the glass slide, as the instrument which was
used for it is under construction now. But we don’t suppose it will show any critical results, as the
extraction pulse width is short (5 S), and the path of the particle moving with the velocity 100 m/s will
be 0.5 mm. Hence, the effect of deflection will be ~ two orders of magnitude lower than in case of the
DE. Hence, the spot size on the glass slide is supposed to be the same as that obtained without the
electrical field (Fig.5), and we’ll not get any extra information.

Note please, that in case of DE operation, this HV pulse does not affect on the trajectory of the
particular sized particle, as it is applied after it is ionized. On the other hand, the HV pulse is unlikely to
affect other particles, since the average particle counting frequency is less than 100 Hz. Actually, the
266nm laser has a max repetition of 100 Hz, that is why the maximal counting frequency is 100 Hz.

p. 7-8, lines 223-225: I am not sure I follow what experiment the authors have in mind by pre-selecting
particles based on charge. I suggest this be fleshed out a bit more or removed.

We have added some more details about a possible realization to pre-select particles by their
mass/charge ratio in front of the ion source. It is just an idea which would need a significant additional
work for it realization

Anonymous Referee #3
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Chen et al. described a modified SPAMS to increase particle hit rate using a pulse delayed extraction
technology. Indeed, the increase in hit rate is an improvement of instrumental performance. The
attempt is exciting and novel. However, there are still concerns about the manuscript. Therefore, I
recommend a major revision of the manuscript.



1. The delaying of ions, with an extra of 100 ns, can lead to secondary ion-ion and ion-neutral reactions.
The artifact could cause inevitably shift of mass spectra, and the results could not be compared directed
with current literature. Therefore, I would like to see some comparisons in both lab and field results
between this new model and the commercialized instruments. Related discussion is also necessary.

The objective of this work is to demonstrate an increase in hit rate when applying Delayed Extraction
(DE). In our opinion, this is demonstrated very convincingly, and a physical explanation of the observed
effect is given in the work. This effect depends only on the particle charge and the presence of a static
electrical field. Particle charge is an absolutely common property for both laboratory and natural
particles. The ion formation processes during laser desorption/ionization of a particle is not considered
in detail in this paper, and therefore, comparison with other devices by the type of spectra obtained is
hardly appropriate here. By the way, we presented such a comparison of mass spectra of PSL particles in
the supplement. As we noted in the first answer, there is a noticeable effect of DE on the shape of the
spectrum, which is due to the features of the operation of time-of-flight mass spectrometers, and,
possibly, reactions in a cloud of desorbed molecules. The mechanisms of ion formation as part of a
complex of processes during laser exposure to a particle are of great interest, and are the subject of our
further research. But in this publication we did not go deep into these issues, since they are not directly
related to the observed effect, and their detailed exposition requires a much larger volume.
There are two other considerations:

1) we have the initial ion velocity spread after laser desorption / ionization of a particle. Due to the delay,
we transform the velocity spread into the coordinate ion spread (time-lag focusing), which is correlated
with the velocity spread. If ions significantly undergo ion-molecular reactions within a 100 ns delay, the
resulting coordinate spread after the delay will be not correlated with the velocity spread any more. And
we would not receive a gain in resolution. But we get it.
2) the particle composition after the laser shot is electrically neutral. That is, recombination reactions
between positive and negative ions can occur. The rate constant of this process is in any case no less
than that of the reactions between ions and neutrals. Then, if such reactions had a significant effect,
then we would see a decrease in the signal in the case of DE due to recombination/neutralization of a
part of the ions. We do not see it, but rather, on the contrary, we observe a slight increase in the signal;
hence, by our mind, the reactions of the formed ions do not particularly change in the case of DE.

2. Increase of hit rate is undoubtedly an improvement of instrumental performance. However, single
particle methodology is a partially sampling, meaning that the representation of full particle population
is a major concern. The limited increase of hitrate and the unknown artifact, the balance should be
considered cautiously. Again, the reviewer would like to see a discussion on this issue.

Indeed, particles observed by single-particle MS are a partial statistical sampling from an aerosol array.
This sampling is carried out in several steps during analysis in the MS. These are the transmission of the
aerodynamic system, the hit rate in the ion source, the work of which is devoted to the increase, and
the processes of formation and registration of ions. In our opinion, an increase in hit rate brings the
sampling closer to the total aerosol array in terms of the number and size distribution of the detected
particles

3. A serious proof-reading is necessary.

OK, we’ll do it once again, and we’ll correct the manuscript

4. In Introduction, the reviewer recommends introducing a brief history of SPMS development.



We added the reference [Pratt, K.A., Prather, K.A., 2012. Mass spectrometry of atmospheric aerosols.
Recent developments and applications. Part II: On-line mass spectrometry techniques. Mass Spectrom.
Rev. 31, 17-48] in the introduction section.

5. The organization of the Method part should be improved. Please pay more attention to how your
delaying system is designed.

We have reported the detail of the time-delay system on the article “Improvement in the Mass
Resolution of Single Particle Mass Spectrometry Using Delayed Ion Extraction”.
(https://link.springer.com/article/10.1007/s13361-018-2037-4)

6. Figure 2, it is not necessary to show the Y-axis in a logarithmic way, a linear one is enough.

In our opinion, a plot with Y range of 3 orders of magnitude is hardly shown in a linear way.

7. Section 3.3, I would like to see some mass spectra of field (envrionment) particles.

We presented some mass spectra in the supplementary material for comparison. . We plan to make a
detailed comparison in future work in relation with the study of ionization mechanisms.

8. Conclusion needs to be re-written. Please focus on what you did, the result, the benefit, and scientific
implications.

We’ll try to revise the conclusion.

9. Miner revisions 1. Line 16, the full spell of DC is not provided.

OK, we updated the sentence

2. “Delay extraction” is not proper because delay is used as a noun or a verb; “Delayed extraction”
could be more appropriate.

Thanks, we corrected the sentence

3. Line 32, some high cited literature (Pratt and Prather, 2012) is not cited.

The reference added in the Introduction section

4. The space between paragraphs was not apparent; please add space into them.

https://link.springer.com/article/10.1007/s13361-018-2037-4


The formatting is updated

Ref. Pratt, K.A., Prather, K.A., 2012. Mass spectrometry of atmospheric aerosolsâ˘ AˇTRecent
developments and applications. Part II: On-line mass spectrometry techniques. Mass Spectrom. Rev. 31,
17-48.

Please also note the supplement to this comment: https://www.atmos-meas-tech-discuss.net/amt-
2019-163/amt-2019-163-RC2supplement.pdf
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Abstract. Single particle mass spectrometer (SPMS)is the instrument providing a plenty ofcan provide a wealth of valuable

information on chemical and physical parameters of individual particles in real time. One of the main performance criteria of15
the instrument is the efficiency of particles detection (hit rate). Most of SPMS instruments use constant electrical field (DC)

extraction, whenwhere the stationary high voltage is applied to the extraction electrodes. As the aerosol particles initially

carry a certain charge, those with high amount to chargeey can be deflected by this electric field and lost, thus decreasing the

hit rate. It was We realized in this work, that the delay extraction technique can eliminate the stochastic dispersion of the

particles beam caused by their deflection in the stationary electric field. As the result, the hit rate of the instrument can be20
significantly improved. Also, as the effect of the deflection in the electric field is mass dependent, it can cause the distortion

of the measured size distribution of the particles. Hence, the delay extraction technique can bring the measured recorded

distribution closer to the actualreal one. Thus, We found that the delay extraction technique provides not only mass

resolution improvementas well as, but also increases the hit rate. The gain in the hit rate depends on the type of the particles.

It can be two orders of magnitude for model particles, and up to 2-4 times for real particles. In the present work we report25
experiments and results showing the effect of the delay extraction on the particles beam divergence caused by particles

charge, the hit rate improvement and the effect of the delay extraction on the measured particles size distribution.

1 Introduction

Aerosol particles have a strong impact on the climate, environment and human health. These effects are closely related to

physical and chemical properties of the particles. An in-depth understanding of the physical and chemical properties of30
individual particle is important for studying of various effects of aerosols. Single Particle Mass Spectrometer (SPMS) is an

analytical tool that can provide the particle size and chemical composition of individual particles in real time. There are
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many publications whichthathave reviewed the principle, structure and applications of SPMS in detail (Murphy, 2007; Nash

et al., 2006; Noble and Prather, 2000;Pratt and Prather, 2012)(Prather and Pratt, 2012). SPMS usually use an aerodynamic

lens to focus and form an aerosol beam and to transfer the aerosol beam from the atmosphere into the vacuum system and to35
focus particle beams. As a common arrangement,Usuallythe two-beams of light laser caliperis used to measures the particle

speed and size rightbefore the “sized” particle passesthrough into a high-powerenergy pulsed laser beam. When the particles

are evaporated and ionized by the laser radiation, a bunch of positive and negative ions areis formed. Produced These ions

are accelerated by the strong electrical field in the time-of-flight mass spectrometer (TOF MS) and finally then detected and

registered recorded by a data acquisition system based on a fast ADC. Compared to the traditional off-line particle methods,40
the SPMS can exclude the stage used for themeasurements can be conducted withoutpreliminary collection and preparation

of the particles,and provides providinghighrapid real time analysisresolution. At present, SPMS is mainly used for

characterization of physical and chemical properties of the particles, atmospheric chemical process analysis, atmospheric

aerosol analysis and other environmental and material science applications(Bi et al., 2011; Kim et al., 2012; Li et al., 2014;

Middlebrook et al., 2003; Roth et al., 2016). SPMS is fast, and the detection time for a single particle is typically oin the45
order of a few milliseconds. However, it is generally necessarycommon to accumulate single particle data over a period of

time to obtain statistically significant data information about particle diversity. The application of the SPMS to atmospheric

aerosol analysis and investigation of chemical processes with atmospheric aerosols requiresa high performance instrument.

Hit rate is an important parameter of SPMS related to its performance. It is generally defined as the ratio of the number of

spectra generated by laser ionization to the number of particles detected by the caliper lasers. There are many aspects that50
affect the hit rate of SPMS, including the particle size, physical and chemical properties (Dall'Osto et al., 2006; Zelenyuk et

al., 2009) of the particle and the instrument design (Gemayel et al., 2016; Zhao et al., 2005).

It is well known by(Dodd, 1953; Gunn and Woessner, 1956; Woessner and Gunn, 1956) that aerosol particles usually have

carry a certain amount of surface charge. Hence, in the caseIf such particles enterwhereofthea the stationary electrical field

existsis presentin the extraction region of SPMS, the particlesthey can be deflected when as they move through the ion55
source regionspace. If Once the particle trajectoryhais shifted from the center of the laser beam, the ionization efficiency can

drops down significantly (Su et al., 2004). Hence the particle deflection in the ion source results in a decrease of the hit rate.

In order to reduce the influence of the electrical field on the particle beam trajectory, an electrostatic neutralizer can be

installed on the way of the particlesbetween the particle introduction and particle ionization regions. The electrostatic

neutralizer generally uses a radioactive source based on 210Po, 241Am, 85Kr, or X-ray source (Demokritou et al., 2004;60
Kousaka et al., 1981; Nicosia et al., 2018; Pratt et al., 2009; Tsai et al., 2005). However, the management of radioactive

sources is a difficult task, the equipment is relatively expensive, and it is very inconvenient to use it in the field

measurements.

Another problem in SPMS is a particle beam divergence. There are manyMost of instruments that use Nd: YAG laser with

4th harmonic generation (266 nm wavelength) as the ionization source. Since the Nd:YAG laser with lamp pumping requires65
more than 100 us delay between the lamp ignition and the laser pulse, it is necessary to place the laser ionization source at a
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considerable distance (about 10 cm) below downstream of the second caliper laser. The particle beam is dispersed on the

way from the caliper laser to the ionizing laser, and the increase of the beam width leads to a decrease in the hit rate. This

problem can be solved using a laser with shorter delay time, such as excimer or nitrogen pulsed gas lasers (Alaime et al.,

1983; Trimborn et al., 2002). The effect can be bigger especially for irregular non-spherical particles (Zelenyuk et al., 2006).70
Shortening the distance between the caliper laser and the ionizing laser can compensate for the influence of the particle

shape to some extent (Cziczo et al., 2006; Thomson et al., 1997).

(Zelenyuk et al., 2009) also studied the shift of the trigger signals generated by particles with different sizes at the caliper

laser, which resulted in the impact hit rate being affected by the particle size. As a result, the dynamic laser trigger system

was developed to realizeimplement the trigger compensation of forthe particles with different particle sizes thereby75
achieving an improvement of the hit rate. However, this method is directed to solve the positional problem spreadof the

aerosol particlesin the flight directionalong the axis, and it does not contribute to the problem of lowering the hit rate caused

by deflection of the aerosol in the direction perpendicular to the particle beam axis. This deflection is caused by static

electrical field and depends on the ion source dimensions and on the electrical field strength. Unfortunately, the ion source

cannot be built verytoo smallshort enough to neglect particle deflection. But, it is possible to switch off the electrical field by80
using a delay extraction technique (DE)( Li et al., 2018; Chudinov et al., 2019) for ion sampling..

In our previous works we have used the double exponential pulse delay extraction technique to improve the mass resolution

of SPMS (Chudinov et al., 2019; Li et al., 2018).This solution provides mass resolution enhancement about 2-3 times over

the broad mass range in comparison to the usual DC extraction. It is important, that in the delay extraction ion source

particles pass to the middlehalf of the ion source with no DC electrical field. Therefore, the influence of the particle charge85
toon its trajectory will be neglected in comparison towith the usual ion source with stationary electrical field. In this paper

we present our investigation of on the effect of stationary and pulse extraction on the particle trajectory and on the hit rate of

SPMS instrument.

2Instruments and methods

The SPMS used in this study is a commercial instrument from Hexin Analytical Instrument Ltd. (Guangzhou), which is90
normally called Single Particle Aerosol Mass Spectrometer (SPAMS). The detailed principle and design of the SPAMS has

been described elsewhere in detail(Li et al., 2011). The commercial SPAMS was modified in two ways. First, the delay

extraction technique is used instead of the original DC field extraction technology. The superposition of the rectangular and

the exponentially shaped extraction pulses simultaneously improves the resolution over the wide mass range for positive and

negative ions (Li et al., 2018) . After the improvement, the positive ions mass resolution > 1000 FWHM and the negative95
ions mass resolution > 2000 FWHM were achieved. Second improvement is the use of multi-channel superimposed signal

acquisition technology. The native signal from MCP detector is equally split in two channels with different amplification

ratio and acquired by two equal 8 bit ADC. Thus, the high dynamic range data acquisition system is capable of acquiring
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signals ranging from 5 to 20000 mvmV, and the dynamic range is nearly 40 times higher than that of the original SPAMS.

This solution enables one, for instance, to detect high intensive alkali metal ions peaks together with a very weak ion signals100
from another elements or molecules at the same time(Shen et al., 2018).

The test particles used in the experiment were standard polystyrene latex microspheres (PSL) with particle sizes of 320 nm,

510, 720, 960, and 1400 nm purchased from Duke Scientific. The commercial aerosol generator TSI 9302 was used to

atomize the aqueous solution of the PSL and to produce a controlled particles beam of particles. The air flow with PSL

particles was dried by a diffusion drying tube and then passed to the SPAMS for analysis.105
For an independent particlessize distribution measurements the glass plate was installed under the ion source as it shown in

the Fig.1. The distance between the centercentre of the ion source and the plate surface was 31.5 mm. After the glass plate

was exposed under the particles flows, the photo of the particles collected on the glass plate surface was acquired by

Olympus CX31RTSF microscope. The density profile of the collected particles was extracted by the free Image J software.

32.1 Key factors affecting the efficiency110
Figure 1 shows a schematic representation of the SPAMS ion source. The Nd: YAG laser beam is focused oin the center of

the ion source where particles are ionized by laser radiation. The 266 nm laser operates in TEM00 mode with Gaussian

distribution. The e-1width of the focused gaussian laser beam cross-over is about 300 μm. Factors that actually affect the

ionization efficiency are the total laser pulse energy and the location of the particle in the focused laser spot. The 266 nm

laser operates in TEM00 mode with Gaussian distribution. As the particles size is more than 300 times smallerless than that of115
the focused laser beam width each particle is ionized by a virtually uniform laser power density., therefore theBut, when the

beam of the particles is wider than the diameter of the laser beam in the ionization region the particles in the beam can be

exposed tocan be exposed under very different laser energy fluences resulting in a great difference in ionization efficiency.

Therefore, when the particles travel nearare at the edge of the laser spot, it becomesis impossible to generate enough ions to

be detect such particlesed.120
In our experiments, the pulse energy of the laser was set to 0.6 mJ and the pulse duration is 7.2 ns, which corresponds to the

laser power density in the focal point of about 2×108Wcm-2.

When the delay extraction technique is not used, the two DC high voltage potentials are constantly applied to the extraction

electrodes of the original bi-polar SPAMS ion source. When the charged particles enter the space of the ion source, they start

to be deflected under the action of the DC electrical field. The amount of deflection is related to the speed and the mass of125
the particles, the amount of the surface charge and the electric field strength. Thus, during the flight through the ion source,

the particles gradually deviate from the laser centre point, resulting in the decrease of the ionization efficiency and thea

significant drop in the hit rate.

When the delay extraction technique is used, the particles enter the extraction region while the electrical field is kept at zero.

Then the laser ionizes the particle, and the HV extraction pulse is applied with 100 ns delay after the laser pulse. So, there is130
no electric field between the ion source plates before the particles are ionized by the laser. Thus, the charged aerosol particles

are not deflected by the electric field force during their flight, thereby achieving a higher hit rate.
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3 Results and discussions

3.1 Key factors affecting the efficiency

Figure 1 shows a schematic representation of the SPAMS ion source. The Nd: YAG laser beam is focused toon the center of135
the ion source where particles are ionized by laser radiation. The e-1 of the focused laser beam cross-over is about 300 μm.

Factors that actually affect the ionization efficiency are the total laser pulse energy and the location of the particle in the

focused laser spot. The 266 nm laser operates in TEM00 mode with Gaussian distribution. As the particles size is more than

300 times less than that of the focused laser beam width, therefore the particle can be exposed under very different laser

energy fluence resulting in a great difference in ionization efficiency. Therefore, when the particles are at the edge of the140
laser spot, it is impossible to generate enough ions to be detected.

In our experiments, the pulse energy of the laser was set to 0.6 mJ, which corresponds to the laser power density in the focal

point of about 2×108Wcm-2.

When the delay extraction technique is not used, the two DC high voltage potentials are constantly applied to the extraction

electrodes of the original bi-polar SPAMS ion source. When the charged particles enter the space of the ion source, they start145
to be deflected under the action of the DC electrical field. The amount of deflection is related to the speed and the mass of

the particles, the amount of the surface charge and the electric field strength. Thus, during the flight through the ion source,

the particles gradually deviate from the laser centre point, resulting in the decrease of the ionization efficiency and sharpthe

significant drop in the hit rate.

When the delay extraction technique is used, the particles enter the extraction region while the electrical field is kept at zero150
electrical field. Then the ionizing laser ionizes the particle, and the HV extraction pulse is applied with 100 ns delay after the

laser pulse. So, there is no electric field between the ion source plates before the particles are ionized by the laser. Thus, the

charged aerosol particles are not deflected by the electric field force during their flight, thereby achieving a higher hit rate.

3.2 1 The experiment with PSL particles.

The influence of the electric field on the hit rate was studied by using PSL beads of five different particle sizes. In the Fig.2155
the dependencies of the hit rate from the electrical field strength for DC and DE mode are shown. It can be seen that under

the same DC electric field strength (Fig.2 (A)), the hit rate of the particles from 320 nm to 1400 nm increases, indicating that

the effect of the electric field on the small particles is more obviouspronounced. As the DC electric field strength increases,

the hit rate of the particles of each size gradually decreases, indicating that the particles are deflected by the electric field

force.160
Under the DE mode, the hit rate for allthe particles ofall sizes is obviously increased in comparison towith the DC case

(Fig.2 (b)). When the pulsed electric field strength exceeds 60 KV kV m-1, the hit rate of the particles above 520 nm is close

to 100%, indicating that the flight path without electric field is essential for the increase of the hit rate of the particles. The

hit rate of the 320 nm PSL particles is 40%, which is much lower than 100% of other particles. This is mainly due to the
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focusing effect of the aerodynamic lens. The divergence of the particle beam itself is higher than that for the particles above165
500 nm, which resultsing in thea decrease of the hit rate. In addition, when the electric field strength increases from 0 to 60

KV kV m-1, the hit rate gradually increases from 5% to 100%. We suppose speculatethat the increase of the hit rate with the

electrical field strength in this range may be caused by the increase of the resolving power of TOF MS. The lower is the

extraction electrical field strength, the bigger is the turnaround time in TOF MS, which in turn decreases the resolving power

of the instrument. In the case of a big turnaround time, the peak width increases and the peak height decreases. So, such a170
small peaks This, in turn, can result in a loss of measured ion current because of ADC threshold adjusted to reject the low

intensityve peaks accounted as a noise. The loss of the recorded ion current can in turn result in a miscount of some particles

thus decreasing the hit rate. Also, at the low extraction electrical field, an ion divergence can be enhanced, resulting in a loss

of ion current during the ion flight to the detector.

In the Fig.3 dependencies of the hit rate increment achieved for DE mode compared to DC mode case are shown. It can be175
seen that for different particle sizes, the hit rate gain increases sharply with the increase of the electric field strength,

especially for small particle size. For 320 nm particles, the hit rate can be increased by more than 100 times at an electric

field strength over 180 kV m-1. This result shows that the DE technique can effectively eliminate the influence of the electric

field intensity on the flight path of the particles, avoid the use of additional peripheral devices such as electrostatic

neutralizers, and result in an improvement of the hit rate.180
It is worth noting that the mass spectra obtained with DE have a higher resolution, but it is approximately the same set of

peaks as those obtained with the injection of ions in a constant field (CF). Peaks in the mass spectrum obtained with DE are

narrower and, on average, have larger amplitude. The influence of ~100 ns delay is not reflected in the composition of peaks

in acquired mass spectra. Mass spectra of PSL particles acquired in DE and DC modes are presented in the supplementary

material for comparison. The mechanisms of ion formation as the part of a complex of processes during laser exposure to a185
particle are of great interest, and are the subject of our further research. But iIn this work we did not go deepfocus oninto

these issues, since they are not directly related to the observed increase of the hit rate.

In order to further confirm that the particles are deflected by the action of the electric field, we conducted several further

experiments. Taking the 720 nm PSL microsphere as an example, we compared the hit rate of a 720 nm PSL beads under the

constant DC electric field only, under the DC electric field with electrostatic neutralizer and delay extraction combined with190
or without neutralizer. The Fig.4 shows the hit rate value for the measurement period of ~30 minutes. It can be seen that the

particle hit rate after the use of the electrostatic neutralizer has increased from the average level of 20% to the level

exceeding 85%, indicating that the surface charge of the particles has a great influence on the hit rate. However, the average

hit rate of the particles obtained by the DE technique is close to 96%, which is slightly higher than that of the hit rate

measured in the case when the electrostatic neutralizer was used. This difference can be caused by a residual charge195
remaining on the particles even after the usage of X-ray neutralizer (Model TSI 3088). The higher hit rate achieved by delay

extraction is caused by the absence of electric field influence on the particles motion.
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Further, two experiments were performed to measure particle beam divergence under the influence of electrical field formed

between two electrodes of extraction region of SPMS. The particles was were collected on the surface of the glass plate, as it

is shown in the Fig.1. In the first experiment (Fig.5 A,B) no voltage was applied to the electrodes, and the resulting spot just200
represents 720 nm particles beam profile as the result of aerodynamic dynamic lens action. The profile was fitted by Gauss

envelope, and the average beam width extracted from the Gaussian curve is a little more than 0.1 mm. The second

experiment (Fig.6 A, B) was performed when DC potentials (+/-1000 V) were applied to the extraction region electrodes

according to the usual working conditions in case of DC extraction mode. The trace of the same 720 nm PSL beads on the

glass plate is shown in Fig.6 (A).205
The particle divergence is significantly increased in this case. Using Image J program, the trace profile was extracted, and

then the Gaussian fitting was uploaded on the data. The space distribution of the particles can be easily transformed into the

particle charge distribution as we deal with the calibrated PSL beads. The ion beam displacement at the exit of the extraction

region (Fig.6 (A,B)) was analyzed by (Liu et al., 1995), and it can be described by simple equation:

��� �
�
�
��� � �

�
�
�

��
���

��
��

�
(1)210

Here � and �� are particle charge and mass, � and �� are the distance and voltage difference between two flat extraction

electrodes, �� is the electrodes height, �� is the particle longitudinal velocity, � is the acceleration of the particle caused by

the extraction electrical field and t is the particle dwell time in the extraction region. The equation was derived by simplified

assumption that the particle moving between the plates is accelerated by the constant horizontal electrostatic force. Then the

particle with the horizontal speed moves until it hits the gathering glass plate. The resulting particle displacement in the215
position of the gathering glass plate is:

�� � ��� � ��� �
�
�
���
���

�� ������
��
� (2)

Here �� is the distance from the lower edge of the extraction electrode andto the gathering glass plate surface. The resulting

particle displacement is proportional to the particle charge, so, from the trace in Fig.6 (A) we can extract the particle charge

distribution shown in Fig.6 (B). The average particle charge extracted from the Gaussian envelope is 60 elementary charges.220
There are multiple publications where this electrification charge was measured for different types of particles(Dodd, 1953).

The results reported in the literature results are in a good agreement with our estimation made for 720 nm PSL beads.

Using known particle mass, velocity, extraction voltage and electrodes dimensions, we have extracted the particle

displacement per unit charge in the middle point where ionizing laser is shooting to. For the parameters of our instrument

this displacement is 12.5 μmm z-1, where z is the number of elementary charges on the particle. Hence, the particle with the225
average 20 elementary charges will be deflected ~250 μm from the ionizing laser spot centercentre. Taking into account the

Gaussian profile of the focused laser beam of 300 μm, the hit efficiency will be greatly affected by such displacement.
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3.3 Comparison of environmental testing

The comparison of the detection efficiency for the instrument with DC extraction and with DE used for the actual

atmospheric particulate matter detection is shown in Fig.7 (A,B).Aerosol particles from laboratory room air were analyzed230
by SPMS used in this work. In order to ensure that aerosol composition is stable during the experiment, the DC and DE

modes of operation were switched alternately after 10 minutes. Four sets of both DC and DE extraction data were acquired

forin80 minutes. The hit rate was calculated as the ratio of the ionized particles number to the number ofsized particles. The

hit rate data were extracted for the groups of particlesselected by size; bin value was 20 nm while the whole range was 200-

1000 nm.The data of four sets by 10 minutes each, both for DC and DE extraction modes, were summed. In the DC mode, in235
40 minutes, a total of 12174 particles wereasregisteredrecorded, of which 4569 were ionized, while in the DE mode, 12030

particles were registeredrecorded, and 8228 were ionized for the same time.

It is seen from Fig.7A, that the centre of the distribution obtained with DC extraction (Blue, circles) is shifted to the higher

particles size. This behaviour corresponds to our results obtained for the model PSL particles. Fig.7B shows the hit rate gain

for the DE technique to the DC extraction, obtained from the data plotted in Fig.7A. It should be noted, that usage of delay240
extraction eliminates the distortion of particle distribution, which results from the dispersion of particle deflection by their

size in case of DC extraction. The integral hit rate for the experiment with the real particles is ~ 25% higher in case of delay

extraction (Fig.7A), while the gain in hit rate achieved for small particles is ~ 4 times bigger than that measured for DC

extraction (Fig.7B).

The hit rate for the real atmospheric aerosol is lower than that for the standard PSL beads mainly due to the shape of the245
particles. In the actual atmosphere, the shape of the particles is much more complicated than the PSL sphere. For example,

the aged carbon particles tend to be spherical, and the hit rate is relatively high, while the fresh black carbon particles exhibit

a chain structure, so the divergence during their flight is probably bigger, resulting in lower hit rates(Ghan et al., 2012). In

general, using the delay extraction technique, the hit rate of environmental particles with size < 500 nm can be significantly

improved, and the obtained particle size distribution becomes closer to the real one.250

4 Conclusion

Aerosols often carry surface charges. When charged particles fly through the SPMS ion source, they can be deflected by the

action of constant electric field, resulting in a substantial drop in the hit rate. When delay extraction is used in SPMS, the

instrument efficiency is improved because the particles are not deflected by the action of the stationary electric field. The

absence of the DC electrical field in this method allows one to avoid the use of the auxiliary external devices such as255
electrostatic neutralizers, maximize the hit rate of the aerosol particles, and decrease the distortion of the measured size

distribution of particles. Experiments have shown that for PSL microspheres, the smaller is the particle size, the greater is the

gain in the hit rate. There is no dependence of the hit rate fromon the measured particle size for particles with diameter more
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than 500 nm when delay extractionDEwasis used. For the real application it means that this method minimizes losses in the

hit rate, which in turn eaffects on the measured size distribution of the particles.260
The experiments with environmental aerosol have also shown that SPAMS with delay extraction technology can improve the

average detection efficiency of the actual atmospheric aerosol by more than 25%, and improve the hit rate for small (<500

nm) particles more than four times. It should be noted that the charge of the particles is connected with particletheir

parameters. It means that a pre-selection of particles based on their charge can be used to extract extra information from the

data acquired by SPMS. It could be done, for example, by using two pairs of deflecting plates before the ion source.By265
choosing the deflection voltage, only particles with a specific mass/charge ratio will pass this double deflector and can be

ionized in the ion source.
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Figure 1: Experimental setup. The glass plate position and extraction region dimensions are shown for two cases: (a) stationary

electrical field extraction; (b) delay extraction.370

Figure 2: Comparison of hit rate dependencies for different sizes of PSL particles in two cases: (A) constant electric field (DC
extraction); (B) pulsed electric field (delay extraction, (DE)).

Слава
Substitute “Electric Field Intensity “ to the “Electric field strength”, and change (a) and (b) to (A) and (B)
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Figure 3: The gain in the hit rate achieved for different sizes of PSL particles plotted over the extraction electric field strength.
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Figure 4: Hit rate count for four cases: DC extraction& no neutralizer, DC extraction& neutralizer ON, Delay extraction & no380
neutralizer, and Delay extraction & neutralizer ON.
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Figure 5: The distribution of 720 nm particles collected on the glass plate without electrical field. A – photo of the spot from385
particles collected on the glass plate. B – the density profile extracted from (A) by Image J software, and the Gaussian

approximation of the profile.
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390
Figure 6: The distribution of 720 nm particles moved through the electrical field formed with 2000 V potential difference between

the electrodes in extraction region collected on the glass plate. (A) – photo of the trace from particles on the glass plate. (B) – the

extracted particles charge distribution from the density profile (A) by Image J software, and the Gaussian approximation of the

profile.
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Figure 7: A – Particles size distribution of real aerosol particles. Blue, circles - DC extraction, Red, asterisks - delay extraction; B –

the hit rate gain achieved by delay extraction (DE) plotted over the particles size.
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