Non-destructive, Absolute Mass Determination of
Sub-micrometer Sized Particles in a Paul-type Trap

Stephan Schlemmer, Jens lllemann, Stefan Wellert, and Dieter Gerlich

Institut fir Physik, Gasentladungs- und lonenphysik,
Technical University of Chemnitz, 09107 Chemnitz, Germany

Abstract. A method for non-destructive determination of the mass of a single submicron particle under ultra high vacuum conditions
is presented. In an electrodynamic quadrupole trap the eigenfrequeneias]],, of the particle motion and thus its g/m is measured

by recording the scattered light from a laser beam. This allows for online weighing and determination of the particletateharge s
Electron bombardment changes the particle charge state in integral steps of elementary charges due to secondary etectiimeemissi
emission yield has been determined event by event at two primary electron energies. In addition the absolute numbehas teanges
inferred from these measurements and, therefore, the particles absolute mass as well. A relative reproducibifity of &-férioaver

of several hours is achieved. Possible applications for this new technique such as the determination of sticking coefficeatitnad.

Introduction

Localization, long term containment and isolation from disturbing surrounding influences are the prominent features of ion
trapping [1]. This confinement technique is the foundation for a number of precision measurements carried out in the last four
decades. Mass spectrometry and optical spectroscopy are two important examples Besides atonasigeaod molecular ions,
guadrupole ion traps have also been used for storage of single micrometer size dust particles [2] or droplets [3] gnce the lat
1950's. Whereas in the beginning of these studies the size of the stgletiwiasdetermined via direct observation through

a microscope, application of Mie-scattering [4] allowed much more accurate determination of particle radii. In addition,
electrostatic balancing of the charged particle was used as a method to measutielésegbarge to mass ratio [4]. On the one

hand, this technique became known as the electrodynamic balance (EDB) or picobalance, because the balance voltage is a dire
measure for relative mass changes, e.g., due to evaporation, as long as the charge state remains the same throughout t
experiment. On the other hand, single electron removal by UV-radiation was employed to infer the particle’s absolute charge
and thus its absolute mass [5]. The accuracy of this method is limited to a few percent due to imperfect determination of the
localization by optical means.

Already in the early development of the quadrupole trap, detection of ions was intended to be achieved by resonant excitation
at the “eigenfrequencyf] ., of the particular ion in the trap. Since this secular frequency is proportional to the ions charge to
mass ratio, resonant detection also serves as an accurate mass analyzer [6]. Unfortunately, this method has not been used for t
mass determination of macroscopic particles until vecemtly[7]. The authors observe a star shape pattern of the particle
trajectory in a hyperbolic quadrupole trap using a CCD camera. They determine the secular frEquentthus also g/m of

the particle by adjusting the drivingefiuency/], to an overtone af, since in this case the pattern stabilizes analogous to a
Lissajous trajectory.

In this contribution we describe a different laser based non-destructive method of accurate masstieteaisnib-micrometer
particles in a quadrupole trap. As a first result of this powerful method we present the detection of individual eventtao§ seco

electron emission from a single 500 nm imali¢er SiQ sphere. The inherent precision of the mass detgionitby a frequency
measurement opens up a variety of applications which will be mentioned in the conclusions.

EXPERIMENTAL SECTION

Storage in a Quadrupole Trap

The inhomogeneous electric field

Eqo(r,t) = E4(r) cos(t) (1)
in an electrodynamic trap gives rise ttrae-aveaged psudo-ptential
V*(r) = FEy(r)?/ 4 ml? )

where q is the particles charge and m its mass. For a quadrupold fildarmonic in all directions. Therefore the particle



motion along independent coordinates is separable and V* can tessegbfor any directioe,g., for the z-direction as
Vr =12ml 272 3)

Herell, is the secular frequency of the particles motion in z-direction. For the geometry used in our trap (Paul-type trap) the
motion along the x- and y-direction results in a degenerate solution and is therefore characterized by the samél friequency
both coordinates. Using egs. 2 and 3 one can detefijnehich can be solved for

a/m =v:020,0 /1 I(E, 21Z%). 4
For a Paul-trap) E, 2/Z* = V,/z} is a constant, where,V is the amplitude of the applied voltage and 2 z is the axial distance
of the two cap electrodes. Thus for fiXédthe secular frequen€l, is measured experimentally and g/m is determined. For a
realistic Paul-type trap] E, 2/z* 411, E, [Jis a constant only in the vicinity of the electrical center of the trap and depends on
the geometry of the actual electrodes as well as the applied voltage. Numerical vallieg forandll] E, [l have been
calculated for the actual trap geometry using an ion optics simulation program, SIMION [8].
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FIGURE 1: Schematic view of the experimental setup. A high voltage at audio frequéensyMJtos(1)) is supplied to the cone electrodes.
DC voltages (x{ ) for compensation of the weight of the stored particle are supplied to the rod electrodes. A reservaibwétierserves
as particle source (S) and a collimated laser diode (LD) for illumination. Scattered light is focused onto a multimaut dibrected by
an avalanche photo diode (APD) outside the vacuum chamber or alternatively, observed through the view port (VP). Eldmbransn(e )
electron gun are used for changing the charge state of the particle.

Trap-Design and Experimental Setup

Fig. 1 shows a schematic view of the actual trap design and additional features of the experimental setup. The trap consists of
two cones, opposing each other at a distance pf 2 z = 6.6 mm with axial bored holes. Their axis of cylinder symmetry defines
the z-axis used in the theoretical descritption of the system. They are surrounded by eight rods which form a cagerkke structu
resembling the ring electrode of a Paul-trap. This open design has been chosen inatridén #olarge solid angle for light
detection and also to access the trap volume through several ports with additional tools such as the particle sourbeatine laser

and the electron gun. The potentia}, & V, cos(lt)) for the driving field of the quadrupole trap is applied to the cones only.

Pairs of the rods are electrically connected and used to control the position in x- and y-direction by applying symmetrical low
DC voltages to opposing pairs. In this way the particle can be sitg@eréite center of the trap where the secular frequency shall

be measured.

A small UHV compatible loudspeaker is filled with monodisperse 500 nm diametgr SiO spheres and serves as a particle source.
For injection, the membrane vibrates and ejects particles into the trap. In order to overcome the problem of the particle being
able to settle in the trap when injectingtjoles from an external source which has beescribed already in the early paper by

E. Fischer [9], the background pressure is increased to sevéral 10 mbar. Friction due to the buffer gas is sufficieateto dissip
kinetic energy of the particle while entering the effective potential given by Eq. 2. Light from a collimated laser [diode (I

2.5 mW/mni ) is directed near the center of the trap. Upon storage of a particle scattered light is observed through a view port
(VP) using a CCD camera. If several particles are stored at the same time the effective trapping potential is weakened by
increasind] until only a single particle is left. The residual secular motion of the particle leads to katioadof the scattered

light at the eigenfrequencigs andl,. This light is collected by a lens, transferred outside the vacuum iftinate fibre and
transmitted to an alanche photo diodeAPD). With the laser intensity giverbave and a detection angle 0003 sr a

maximum power of about 4 pW is scattered from a 500 nm SiO sphere. The corresponding APD-signal énfplified and



filtered electronially, recorded by an AD-converter and Fourier transformed by a computer. The relevant frequency peak for
the motion in z-direction] /21, is found manually and thus the temporal evolution of g/m (Eg. 4) can be followed over a period
of hours or even days. Without interfering with thetipbe we bund that the measured g/m remains constant over such long
periods of time.

RESULTS

Precision of the g/m Determination

Fig. 2a shows the result of a series of 997 consecutive determinafibrsvef a period of more than 30 houts.and therefore

g/m remain constant over approx. the first 20 hours. Between two neighboring timél siepseases by a factor of
1.132924(50) and neains again constant for the rest of the measurement. We attribute this step like inddgaseain
spontaneous increase in charge of the particle. The measured ratio of the secular frequencies is consistent with aincrease fr
+15eto +17efor a single 500 nm in dia. SJO sphere, wherésthe positive elementary charge. Figillstrates the precision

of the experiment. Here the probability of a deviation from the mean value binmetéménts of @01 Hz is shown for the

first 567 data pointd)( 20 h). The envelope of this histogram is fitted to a Gaussian peak shape with a FWHM of 8.7 mHz which
corresponds to a precision of 270 ppm for a single g/m determination. Over the period of 20 hours the g/m determination is
precise to 4/40° which results in the five significant figures given above for the frequatioyat the step. Thexpected ratio
(1.13333) dedates significantly (3[d.0*) from the measured. This is due to imperfections of the quadrupolafeicear

the center of the trap where the particle is located [10]. It becomes measurable when the particle is lifted to a dightly diff
location (r-direction, see Fig. 1) upon charging. Its effect is smalléy fihan inlJ,. During this long time measurement we
observe also a small drift of about -1 ppm/minute which might be duenir reriations of the distance of the cap electrodes
(nm/minute). This drift has been corrected in Fig 2b. Measuring a singlélstep+ g, of the charge state is not sufficient

to unambiguously determine the absolute particle charge state, since an initial charge larger by a factor of 2 andanstep with
assumed change in charges twice as big will lead to the same final result.
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FIGURE 2 a): Repeated determination of the secular frequEnof a single stored particle over a period of more than 8@sho

After approx. 20 h a step in the secular frequéhdg observed. The measured ratio of frequencies is consistent with the expected one
for one particle carrying +1&and +17e before and after the change of charge, respectively. Change of charge of the patrticle is
attributed to the emigm of electronsb): Precision of the experiment. The scatter of the individual measurements before the step
(13.2 sec integration time, S/N = 25) is shown in a histogram as a probability of deviation from a medihgatnelope is fited to

a Gaussian with a FWHM of 810° Hz. This corresponds to a precision of 270 ppm for a single g/m determination.

Absolute Mass Determination

In order to overcome the problem of determining the absolute particle charge and mass usually the ejection of single
photoelectrons is used [5], but in the case of, SiO the work function is too large to use a conventional UV-lamp. Therefore we
employed an electron gun to charge the particle. Due to the fact that the driving voltage is supplied to the cones oetig, the ki
energy of the electrons hitting the particle is modulated by the driving potenial, Yt)cas€ use a repelling grid to allow



injection of electrons only during a time window of several 10 ps. Varying the phase shift of the gate pulse with respect to th
driving potential the electron energy can be selected from 0 V up to abouf 0.8 V . Fig. 8lshewsfunction of time with an
electron energy of about 190 eV. Here, thirteen charge steps are observed within 3 hours. It isefettt she stefme at

integer multiple of about 0.45 Hz. Since this is the smallest step and since we observed all step sizes between +1 and +E&
elementary frequency units we relate this smallest unit to ejection of a single electron. From this we infer that atrtifdethe pa
carried +31le. Using Eq. 4 we determine g/m = 30.8 mC/kg for this particle and therefore the absolute mass is
m = (1.6+0.3)10% kg. A single 500 nm SiO spheté< 2 g/cnt [11]) has a mass of fL.32¢ kg. Taking into account an
uncertainty of 10 % in the radius of the prefabricated, SiO spheres [11], the mass determined by thdeswthed here
matches well with the manufacturers specificationsder, while the precision of the experiment is vgiyod, the fairly poor
absolute accuracy is related to the determination of the valués il and(l], E, [ which derive from a numerical simulation

of a model of the actual trap with a spatial resmiof only 1/25 g . More work increasing the resolution as well as taking into
account possible misalignments of the electrodes is in progress to improve the accuracy of absolute mass determination.
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FIGURE 3: Thirteen charging steps of a single particle are induced by use of (190+20) eV electrons. The height of the steps \eries betwe
+1 and +5 elementary frequency units of 0.45 Hz which corresponds to charging.ByheInet charge is increasing frometb 64e during

this three hour measurement. At the beginning of the measurement g/m was 30.8 mC/kg. From this the absolute masseohtsehzsaticl
determined to m = 1060° kg.
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FIGURE 4: Secondary electron emission yields at two different primary electron enajdié$. eV.b) 570 eV[lq = 0 events are
not detectable.

Secondary Electron Emission Yields

Charging the particle using electron bombardment leads to an increase in positive charge as can be seen in Fig. 3. @ his chargin
process can be attributed to secondary electron emission from the surface of,the SiO particle. As shown in Fig. 3 thisis a
statistical process where up to 6 electrons are ejected in a single event. The energetic primary electron penetratesdhe surfac



a depth up to aboutl5[12] and loses energy continuously due to inelastic collisions. Eventually it transfers enough energy to
another electron which then might escape from the solid if #@aer thedistance to the surfacewithout losing its energy (mean

free path also in tHe regime [12]). For the thirteen steps measured in the experiment shown in Fig. 3 we display the probability
of secondary emission yield in Fig. 4a. Although the statistical error is still quite large due to the small total nurnbesieaf re

events this histogram shows that the prdibapeaks at gield of about 2 secondary electrons per primary electtors= 0

events, which signify one primary electron yielding one secondary electron, are undetectable. We repeated the experiment with
the same particle at an elevated primary electron energy (570 eV, see Fig. 4b). Here the average yield appears to be slightl
increased as well as it is spread over a wider range. This is in agreéthehe fact that higer energyelectrons produce more
secondary electrons. Besides the generally occurring positive charging two evengdioe rebgirging (-€) have been detected.

They are attributed to trapping of the primary electron in the solid with no secondary electron emission. This findirggastconsi

with the fact that 570 e®lectrons penetrate about twicedaep into the solid &90 eV ones. Therefotbe chance of escape

for the secondary electron is reduced.

CONCLUSIONS

With the experiments presented here we demonstrate the capability of accurate, non-destructive mass determination of a single
very well localized and isolated particle in a mass regime 8f 10 k@"(amull 10° SiQ ). At the present stage and for a

500 nm SiQ particle the mass resolution is sufficient to resolve molecular adsorption {e.g., H O) at a sub-monolayer level.
Therefore one of the future applications of this method will be the determination of sticking coefficients at various €ondition
(e.g., temperatures). Since the mass determination is based on a frequency measurement there is room for further improvemer
of the resolution[{10°). Especially for much smaller particlés[{ 50 nm) single molecule mass resolution is feasible. In that

case the secular frequencies are increasing from the Hz- towards the kHz-regime. On the one hemeimy fhoise which

is hard to be rejected will no longer play a role and gravitational compensation is no émegsamny. On the other hand the time

to determine g/m by FFT methods will be reduced and the accuracy will be increased at tireesdmaimmary it might

become feasible to form a macroscopic structure which mass is determined to a single atom accuracy leading to a new referenc
of absolute mass unit.

The first physical process studied in our new apparatus was the secondary electron emissiateshieyld befollowed

online event by event, revealing its statistical nature, andrttalgity of yields has been measured for two primary electron
energies. Due to the small mean free path of primary and secondary electrons this prdatess ie tke outermost shell of the

particle. The investigation of further interesting phenomena such as charge transfer from adsorbed molecules can be undertaker
Since the detection scheme is laser based combination of thitveensthod ofmass angkis with optical inbrmation (e.g.,
absorption and emission spectra) opens up a variety of additional applications in the fields of aerosol-chemistry (gas/liquid
interface), dust-chemistry (gas/grain interface), physics and chemistry of colloidal systems as well as applications in biology
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