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Ionization of trace gases by electron impact followed by ion extraction is an important pumping

approach in ultrahigh vacuum (UHV) systems, which operate at nTorr pressure levels. However,

pumping efficiency can only be achieved if the lifetime of electrons is sufficiently long to allow

ionizing collisions with neutral species. In miniaturized systems, the electron lifetime is limited due

to wall collisions. A traditional approach for an extended electron lifetime via trapping uses

crossed electric and magnetic fields. These magnetic fields are undesirable in certain miniaturized

systems such as atomic clocks. In this paper, the authors report a method and miniaturized structure

for electron trapping in UHV conditions, which does not rely on magnetic fields. Electrons from an

electron-beam source are transferred through a grid electrode into a central region of the device

where they are trapped in lengthened trajectories using applied radio frequency (RF) electric fields.

This paper describes analytical and numerical modeling to identify critical operating constraints

between the trap geometry and driving RF voltage and frequency. An analytical relation is derived

between RF voltage and frequency that should result in electron trapping for a given trap geometry.

A plasma transport model is used to numerically investigate the trapping efficiency of the method

with a two-dimensional geometry representative of experimental prototypes. A parametric study of

RF voltage and frequency, electron beam current and initial energy, and background gas pressure

demonstrates the efficacy of this approach in a miniaturized trap (�1 cm3 trap volume). The authors

find an increase of 3–4 orders of magnitude in electron density in the trap (2 � 107 cm�3) compared

to the density of the electron beam (1 � 103 cm�3) with a proper choice of the applied voltage

amplitude and RF frequency (typically 150 V and 150 MHz). These results indicate that miniature

magnet-less electron traps can be effective. VC 2017 American Vacuum Society.

[http://dx.doi.org/10.1116/1.4984751]

I. INTRODUCTION

On-board vacuum generation and maintenance are essen-

tial in microsystems that require very precise control over

package pressure over long periods of deployment.1 For

example, some miniaturized atomic clocks and inertial sen-

sors require low operating pressure to minimize spurious col-

lisions between atomic vapor species and contaminating gas

molecules.2–10 However, the pressure of even a hermetically

sealed package can significantly increase over time due to

leakage into the cavity from the ambient and by outgassing

from interior surfaces of the vacuum cavity. Conventional

passive methods to mitigate this problem include the use of

getters and low leakage packaging techniques.11–16 However,

in applications that require ultrahigh vacuum (UHV, nTorr

levels), these methods typically cannot meet requirements

over a reasonable length of deployment. In particular, getter-

ing of atomic helium is a challenge, as helium easily perme-

ates into the package from the ambient, and is not adsorbed

onto typical getters.17,18

In contrast to conventional passive vacuum maintenance

methods, a miniaturized active pump can potentially provide

a stable vacuum environment at the chip scale. However,

ultrahigh vacuum levels are not practically realized by chip-

scale mechanical roughing pumps,19,20 as the compressibility

of the gas is too high for such pumps to operate efficiently in

this pressure regime. Such vacuum levels are also not easily

met by chip-scale thermal transpiration (Knudsen) pumps,21

as the required dimensional scaling of molecular flow chan-

nels at low pressures works against the technique. However,

a miniaturized ion pump holds significant promise for meet-

ing UHV requirements.

Miniaturized ion pumps typically utilize a Penning cell

structure similar to that used in commercial macroscale ion

pumps.16,22,23 The Penning cell structure consists of three

electrodes (an anode and two cathodes) and magnets. The tita-

nium cathodes are planar and are placed perpendicular to the

long axis of the cylindrical-shaped anode, as shown in Fig.
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1(a). The magnetic field is perpendicular to the cathode plates

and oriented along the axis of the anode cylinder. Applying a

large electrical field between the anode and the cathodes gen-

erates high energy electrons following electron emission from

the cathodes. These electrons are confined to move in long

spiral trajectories inside the cylindrical anode under crossed

electrical and magnetic fields. The helical motion of the elec-

trons produces a long path as the electron traverses from the

cathode to the anode, which increases the probability of an

electron colliding with gas molecules, which are then ionized.

Ions are accelerated toward the titanium cathodes with suffi-

cient energy to sputter titanium atoms. The reactive back-

ground gas molecules (oxygen and nitrogen, for example) are

chemically adsorbed by the gettering action of exposed tita-

nium on the cathode, while inert gas molecules (such as

helium and argon) are ionized and implanted into the catho-

des. Miniaturized chip-scale Penning cells for sputter-ion

pumping have been reported to operate at pressures as low as

1.5 lTorr in a 2.5 cm3 package.24 This previously reported

pump reduced pressure to <10 mTorr from a starting pressure

of 115 mTorr in �4 h of operation with 450–600 V applied

across the device and with a 100–250 mW power

consumption. A similar approach demonstrated pumping at

pressures as low as 4 lTorr.25

In order to effectively employ miniaturized ion pumps for

active pumping of atomic microsystems, such as chip-scale

atomic clocks, several challenges still need to be addressed.

The sub-lTorr pressures require long-lived electrons for effi-

cient ionization, as the mean free path for ionizing collisions

at these pressures far exceeds the dimensions of the cell.

These long-lived electrons can be achieved with structures

such as a Penning cell array. However, atomic systems

which rely on specific spacing of energy levels are sensitive

to magnetic fields, as these alter the quantum states of the

atoms.26,27 As a result, in atomic inertial microsystems, the

final atomic state that is measured is altered by conditions

unrelated to the size of the inertial field. This sensitivity to

magnetic fields makes the Penning cell configuration less

desirable for atomic microsystems because of the typically

large magnitude of the magnetic fields required for electron

trapping and the challenges associated with shielding such

fields and minimizing field gradients.24 As alternatives to

miniaturized pumping systems that rely on magnetic fields,

there are efforts in developing miniaturized magnet-less vac-

uum ion pumps. Fomani et al. proposed a high vacuum

pump that was intended to increase the ion production by

producing very large electron currents from field emitter

arrays.28 Another effort utilized a set of electrodes that were

biased at certain DC voltages to modestly lengthen the elec-

tron trajectories inside the pumping volume, which is similar

in concept to the Orbitron pump.29 Both efforts depend on

high density electron streams, which can cause the pressure

to rise due to electron-induced gas desorption. This paper

describes a miniature, magnet-less RF electron trap that

requires substantially fewer electrons. This trap uses only RF

electric fields to confine electrons and lengthen their inte-

grated trajectories to enhance ionization efficiency at high

vacuum levels, as schematically shown in Fig. 1(b). The trap

is intended to be incorporated into a miniaturized ion

pump—replacing the Penning cell and permanent magnets—

to realize magnet-less ionization and pumping of gases at

low pressures, enabling active pressure control of atomic

microsystems.

This paper presents modeling results of RF electron trap-

ping in ultrahigh vacuum conditions, while experimental stud-

ies are presented in an accompanying paper.30 The operation

of the RF electron trap is first described by an analytical model

presented in Sec. II and the Appendix. The computational

model used in this study is also described in Sec. II. The results

from the computational study are discussed in Sec. III, includ-

ing the implications for ion pump performance utilizing this

trapping approach. Conclusions are given in Sec. IV.

II. DESCRIPTION OF THE TRAPPING CONCEPT
AND MODEL

The RF electron trap concept is shown in Fig. 1(b).

Electrons can be generated by a commercially available

electron gun system or an integrated field emitter array. The

relatively low energy electrons drift through the first grid

FIG. 1. (Color online) Schematics of electron trapping geometries: (a) the

Penning cell electron trap, which requires crossed electrical and magnetic

fields to trap electrons. (b) The RF electron trap, which does not require

magnets to trap electrons.
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electrode and become subsequently trapped between the first

and second grid electrodes by the application of an RF volt-

age across the electrodes. The electrons oscillate in this

intraelectrode region, and the extended trajectory and added

kinetic energy become sufficient to ionize the target gas.

Ions build up in the intraelectrode region while the RF volt-

age is applied, as the high frequency RF electric fields do not

tend to appreciably accelerate the relatively massive ions.

After a sufficient ionization time, the RF voltage is switched

off, and a DC voltage is applied to the grid cathode, causing

the ions to accelerate toward it. The sequence is then

repeated. In this way, the RF electron trap enables a magnet-

less ion pump.

A. Analytical model

A one-dimensional analytical model for demonstrating

the RF electron trapping concept is schematically shown in

Fig. 2. Two parallel electrodes, denoted RFA and RFB, are

separated by a gap, d. In order to trap and oscillate the elec-

trons between the RFA and RFB electrodes, an RF voltage

jVRFj is applied at RFA at a frequency fRF, while RFB is

grounded to limit the electron excursion within d/2, half of

the gap between the parallel electrodes. Based on the

Lorentz force on an electron,31 for a given fRF and d, the RF

electron trapping will only occur if

jVRFj �
2me pfRFð Þ2

q
dð Þ2; (1)

where me is the mass of an electron and q is the fundamen-

tal charge of an electron. This expression is derived in the

Appendix. The equal sign in Eq. (1) denotes the optimum

RF trapping voltage jV�RFj: The optimum value enables the

electrons to traverse the entire electrode gap during an RF

cycle. For values of jVRFj larger than jV�RFj, electrons are

accelerated into the electrodes before being turned back,

and no RF trapping occurs. For jVRFj smaller than jV�RFj,
trapping still occurs; however, the electrons oscillate within

a length shorter than the interelectrode gap. The confine-

ment of the electrons between the two RF electrodes is

greater. Therefore, an electron trapping confinement factor

ktrap is defined based on Eq. (1) to describe a one-

dimensional established RF electron trap

ktrap ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffi
2me

jVRFjq

s
pfRFd: (2)

For a chosen jVRFj, fRF, and d, no RF electron trapping

occurs when the confinement factor ktrap< 1. Trapping

occurs for ktrap¼ 1, and the excursion of the electron equals

the entirety of the electrode gap. As ktrap exceeds 1, the elec-

tron confinement is increased, with the electron excursion

reduced within the electrode gap. For example, for a d value

of 5 mm and a fRF value of 240 MHz, the optimum RF trap-

ping voltage amplitude jV�RFj is 200 V, resulting in all elec-

trons in the trap limited to an excursion amplitude of exactly

d/2 and a ktrap value of 1. A ktrap value of greater than 1, for

example as a result of a lower jVRFj, would result in more

tightly confined electrons between the RFA and RFB elec-

trodes. Alternatively, the ktrap value can be used as an indica-

tor of the stability of the electron trajectories in the face of

positional or velocity perturbations. A ktrap value of greater

than 1 allows electrons that are initially “out of phase” with

the RF voltage from a positional or energy standpoint to still

remain within the electrode gap while cycling. Although this

can be a possible advantage, operating under conditions with

a very high ktrap value will generally result in reduced time-

averaged electron energy for a given RF power level.

B. Computational model

The hybrid plasma equipment model (HPEM) modeling

framework was used to simulate the scaling of electron trap-

ping. The HPEM is a two-dimensional fluid-hybrid plasma

simulation platform which consists of separate modules—

each of which addresses different physical phenomena—and

exchanges information between the modules in a hierarchi-

cal manner.32 The modules are executed sequentially on

time scales short enough to resolve the pulse durations of the

applied voltages. A single execution cycle through all mod-

ules used in a simulation, with each module accepting data

from the previous module and providing data for the next in

a sequential manner, is called an iteration. The modules are

cycled through until a convergence is reached or a specified

number of iterations have occurred. In this study, the mod-

ules of HPEM utilized are the fluid kinetics-Poisson module

(FKPM) and the electron Monte Carlo simulation (eMCS).

The densities of all charged and neutral species and the

electric potential are calculated in the FKPM. For all species

in the system (electrons, ions, and neutrals), continuity,

energy, and momentum equations are integrated in time. The

electric potential is obtained from the solution of Poisson’s

equation using an incomplete lower-upper BiConjugate

Gradient sparse matrix solver.32 Charge densities on surfaces

are computed as being due to the fluxes of electrons and ions

from the bulk plasma and secondary electrons from other

locations collected by those surfaces. A finite volume tech-

nique was used to discretize all spatial derivatives.32

FIG. 2. Schematic of the analytical model of RF electron trapping. VRF is the

RF voltage at frequency fRF applied between two electrodes, separated by

gap d. E(t) indicates the associated electric field. The electron will travel in

an oscillating horizontal trajectory between the plates (the vertical electron

motion depicted here is only for clarity).
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The basic model as described above is basically a contin-

uum model, whereas the conditions in the trap are at best

noncollisional. To address the experimental conditions,

described in the companion paper,30 the model was adapted

by modifying the conventional fluid equations to address

low pressure. These modifications include using slip bound-

ary conditions, which allow for velocities to be parallel to

the surface at the boundary. In the absence of collisions

which redirect velocities parallel to a boundary into the sur-

face, velocities parallel to a surface need not decrease when

approaching the boundary. A second modification is limiting

transport speeds of neutral species to be no greater than the

thermal speed. This limitation recognizes that the increase in

diffusion coefficients and mobilities at low pressure can pro-

duce unphysically large transport speeds due to the mean

free paths exceeding cell dimensions. The end result of these

modifications is that the gradients in the densities of all spe-

cies are less severe than at pressures for which continuum

transport dominates and in the absence of local sources

(such as in the trap itself) would produce nearly uniform

densities.

The eMCS is used to derive electron energy distributions

(EEDs) for both low energy electrons resulting from ioniza-

tion processes, referred to as bulk electrons, and for the

transport of electrons from the electron beam source,

referred to as beam electrons. The algorithms used in the

eMCS are discussed in detail in Ref. 32. Briefly, electric

fields from the FKPM are recorded as a function of the posi-

tion and phase during the RF cycle, and RF-cycle-averaged

densities of collision partners are transferred to the eMCS.

These electric fields are used to advance trajectories of pseu-

doparticles representing electrons in the eMCS. When com-

puting EEDs for bulk electrons, source functions from the

FKPM are used for the production of electrons. These source

functions include spatially dependent rates of ionization due

to the electron impact and heavy particle processes such as

Penning ionization. The source of beam electrons is specified

by the current density of the electron emitter and secondary

electrons produced by fluxes of ions and excited states,

which are obtained from the FKPM. Statistics are collected

on the position and energy of electrons on each advance of

their trajectories to produce EEDs, which are then used to

produce rate coefficients for electron impact events. The end

results are separate sets of rate coefficients for electron

impact events resulting from the EEDs for bulk and beam

electrons. When combined with densities of species from

the FKPM, these rate coefficients are used in the continu-

ity equations in the FKPM for sources of species.

Electrons in the eMCS that fall below 4 eV are removed

from the eMCS for the beam electrons and are used as

source functions in the bulk electron continuity equation.

The electric field is updated when the FKPM and eMCS

are sequentially and iteratively called during the execution

of the model.

The model developed in this study is computationally

intensive. In order to benefit from multicore computer archi-

tectures, algorithms in the HPEM are parallelized using

OpenMP directives. Since the HPEM consists of many

different modules each having separate algorithms which are

executed sequentially for relatively short times, it is difficult

to amortize the computational overhead in launching parallel

threads. For this particular implementation of the HPEM, the

overall improvement factor in execution time with respect to

serial execution is 2.6 on eight cores using the Intel Fortran

Compiler and 2.8 GHz Intel Xeon processors.

III. PARAMETRIC MODELING RESULTS AND
DISCUSSION

A schematic of the geometry used in modeling of the

electron trap is shown in Fig. 3. Two gridded electrodes are

separated by a stack of ceramic-grounded metal-ceramic

spacers forming the walls of the electron trap with dimen-

sions of 0.7 cm tall� 1 cm wide. The ceramic spacer has a

thickness of 1 mm and a relative permittivity of 6.8. The top

electrode is RF powered, while the bottom electrode is

grounded. The grid is 0.5 mm thick and has openings of

1.75 mm. The electrons are injected into the intragrid (trap-

ping) region from an electron beam source (0.8 cm diameter

emitting area) located at the bottom of the domain, 1 cm

below the grounded electrode. The computational domain,

3.4 cm tall� 1.8 cm wide, is discretized in a Cartesian coor-

dinate system on a grid of 140 � 75 cells with symmetry

about the central y-axis.

The first-principles model described in the Appendix is

applicable to an idealized geometry, which provides insight

into the efficiency of the trap. Nonidealities—such as fring-

ing electric fields near the grid electrodes and from charged

dielectric surfaces and the ionization cross-section depen-

dency on electron energy—are not considered in this model

and are more appropriately explored with the computational

model. Based on the first-principles model and the power

budget for the experimental device, a parameter range was

generated in which electron trapping is likely to occur with

an RF modulated electric field. This parameter range was

investigated using the two-dimensional computational

model. In the base case, the computational domain is ini-

tially filled with 80 nTorr of helium at room temperature.

FIG. 3. (Color online) Geometry of the electron trap used in our model and

patterned after the experiments described in the companion paper, Ref. 30.
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The top electrode is powered by a 150 V amplitude potential

oscillating at 150 MHz, which is the operating signal for the

experimental device. The electron beam is assumed to pro-

vide a uniform electron flux of 40 lA (current density

of�1 lA/mm2) with an initial electron energy of 15 eV.

The cycle-averaged electron and helium ion densities are

shown in Fig. 4 for the base case. Both the densities are con-

centrated in the intragrid region (trapping region or trap).

Electrons injected from the electron beam, having an initial

energy of 15 eV, travel to the grounded grid electrode and,

depending on the phase of the RF voltage, are repelled or are

able to pass through the grid to the trapping region. Those

electrons physically striking the grid are collected. Again,

depending on the phase of the RF voltage at the time the

beam electron passes into the trapping region, the electron

may be trapped, may pass through the top grid, or may be

accelerated into one of the grids and be collected. Those elec-

trons that are trapped oscillate between the electrodes, during

which time they will collide with and ionize helium atoms.

At some point, the electrons strike the walls, thereby charging

dielectric surfaces or contributing to electrode current.

Based on the analytical model, the electron excursion

time (i.e., the number of RF cycles that an electron will sur-

vive before hitting a wall or exiting the trap) depends on the

electron energy when entering the trap at the grounded elec-

trode and the phase of RF at the instant the electron enters

the trap. The longer the excursion time, the higher the proba-

bility of an electron colliding with a helium atom. In order

for the collision to be an ionization event, the electron

energy should be at least as high as the ionization threshold

in helium, which is 24.6 eV. The electron density in the trap

is increased on a cycle to cycle basis until it reaches the

steady state (after 10–20 cycles, with each cycle being a few

nanoseconds in period).

The densities of the ionization rate due to the impact of

gas molecules with the bulk electrons (Sbulk) and due to the

impact of gas molecules with the beam electrons (Sebeam) are

shown in Fig. 5. The spatial distribution of Sbulk mirrors the

profile of the electron density and peaks at 6.1� 106 cm�3 s�1.

After leaving the surface of the electron beam emitter, the

trajectories of electrons are vertical and perpendicular to the

surface of the electron beam emitter. With an energy of

15 eV, these electrons cannot ionize helium atoms, which

have an ionization potential of 24.6 eV. Ionization thus can

only occur by the beam electrons that have been accelerated

by the RF field. In principle, no ionization is expected to

occur in the region between the electron beam emitter and

the bottom grid because the beam electrons are in a nearly

field-free region—both the emitter surface and the bottom

grid electrode are grounded. However, ionization in this

region clearly occurs. The ionization tracts resulting from

the beam electrons in this region are caused by electrons

being reflected by the RF electric fields inside the trap and

passing back through the bottom grid. It is for this reason the

ionization tracts are shadowed by the bottom grid. The ioni-

zation tracts above the intragrid region result from beam

electrons accelerated inside, but then escaping from, the

trap. As a result of the fringing electric fields that penetrate

through the holes in the grid, off-axis components to the

electron velocity are generated and these produce the ioniza-

tion tracts that are at an angle to the axis. In the full pump

configuration, a grounded sorption layer will be integrated

above the grid cathode, thus blocking these electrons from

escaping and forming the external ions. The value of Sebeam

peaks at a location within the trap with a value of 90

� 106 cm�3 s�1. The synergistic effect of the electron beam

source and the RF modulated field results in the efficient

trapping of electrons in the intragrid region.

In the simulations, the base pressure was varied from 40

and 120 nTorr with other parameters remaining the same. The

resulting electron density and Sbulk on the centerline (radi-

us¼ 0) are shown in Fig. 6. The electron density is relatively

FIG. 4. (Color online) Plasma properties for the base case conditions (He,

80 nTorr, 150 MHz, 150 V, 15 eV, 40 lA). (a) Electron density, and (b) Heþ

density. Densities are plotted on a 2-decade log scale with the maximum

values indicated.

FIG. 5. (Color online) Plasma properties for the base case conditions (He,

80 nTorr, 150 MHz, 150 V, 15 eV, 40 lA). Electron impact ionization rate

densities by (a) bulk and (b) beam electrons. Densities are plotted on a 2-

decade log scale with the maximum values indicated.
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insensitive to the pressure changes from 40 to 120 nTorr.

These pressure changes are not sufficient to significantly

affect the electron excursion time for a given set of fixed

external conditions such as the gap distance, frequency, and

voltage. Since the simulated pressure has been linearly

increased, the helium density linearly increases, and so, Sbulk

also increases. However, the ionization rate is determined pri-

marily by the concentration of injected beam electrons, and

so, the trapped electron density does not significantly change.

In additional simulations, the initial energy of electrons

injected from the electron beam source was varied between 5,

15, 30, and 60 eV, and the resulting ionization rate densities

by beam electrons, Sebeam, are shown in Fig. 7 for the RF volt-

age amplitude of 100 V. For initial energies<24.6 eV,

ionization does not generally occur below the lower grounded

grid in the absence of back-reflections from the trap. As the

energy of the electron beam increases above 24.6 eV, ioniza-

tion occurs below the trap and there is higher likelihood that

the beam electrons may pass through the trap. At the same

time, the ionization rate increases within the trap as well. The

horizontal tracts of ionization for initial beam energies of 30

and 60 eV result from electrons that are emitted from the sides

of the source.

The density of trapped electrons is sensitive to the elec-

tron beam current. The electron density on the centerline

(R¼ 0 cm) for e-beam currents of 20–2000 lA and peak

electron density along this line as a function of current are

shown in Fig. 8. The peak electron density varies with elec-

tron beam current fairly linearly over this range of current,

which indicates that the trap is not likely to saturate over the

range of conditions studied here.

The peak electron densities in the trap as a function of RF

voltage for a fixed frequency of 150 MHz are shown in Fig.

9. The peak electron densities have their maximum value for

FIG. 6. (Color online) Electron trapping for gas pressures of 40, 80, and

120 nTorr (He, 150 MHz, 150 V, 15 eV, 40 lA). (a) Electron densities and

(b) electron impact ionization rate densities by bulk electrons on the center

line as a function of height.

FIG. 7. (Color online) Electron impact ionization rate densities by electron

beam electrons for the initial e-beam electron energies of (a) 5 eV, (b)

15 eV, (c) 30 eV, and (d) 60 eV (He, 80 nTorr, 150 MHz, 100 V, 40 lA).
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RF voltage amplitudes between 100 and 200 V. Higher vol-

tages either reflect the beam electrons or accelerate the beam

electrons out the top of the trap. The results in Fig. 9(a), as

well as those for frequencies of 50–250 MHz, are recast as a

function of ktrap in Fig. 9(b). Interpretation of these numeri-

cal results is given in Fig. 10, which shows ktrap as a function

of the RF voltage amplitude for different frequencies for the

model geometry as calculated by the analytical model, Eq.

(2). As shown in Fig. 9(a), the peak trapped electron density

for 150 MHz occurs for values of ktrap between 1 and 1.6,

which corresponds to voltages of 200 and 100 V, respec-

tively. These values are in a good agreement with the predic-

tions of the analysis discussed in the Appendix. These trends

are also in good agreement with experimental observations

(presented in our accompanying paper30).

For the other values of the frequencies, the trends do not

fully obey the predictions from the first-principles analysis.

The maximum trapped electron densities occur for voltage

amplitudes of 100 to 250 V, corresponding to ktrap values

between 0.3 and 1.7. The deviation of the analytical theory

from the results from the model is likely due to a number of

effects not captured in the simplified analysis, including non-

uniformities in the electric field that produce losses from the

trap even at optimum frequencies, electron repulsion from

charged surfaces, and electrons produced by ionization

events.

The modeling results can allow some quantification of

how this RF electron trap could be used in an ion pump. As

shown in Figs. 5 and 7, ionization rates in this trap can reach

�10� 106 ions/cm3/s during the application of RF power.

As such, if all ions produced are physisorbed in a sorption

layer via the application of pulsed DC (with a required dura-

tion of only a millisecond), then a RF duty cycle of only

FIG. 8. (Color online) Plasma properties as a function of e-beam current: (a)

Electron densities as a function of height on the axis for different electron

beam currents. (b) Peak electron density as a function of electron beam cur-

rent (He, 80 nTorr, 150 MHz, 150 V).

FIG. 9. (Color online) Maximum electron densities for an e-beam initial

energy of 15 eV as a function of (a) applied RF voltage at 150 MHz and (b)

trap confinement factor ktrap for RF frequencies of 50, 100, 150, 200, and

250 MHz (He, 80 nTorr, 40 lA).
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10% could theoretically result in 0.1 nTorr/cm3/s pumping

rates. These are only order-of-magnitude calculations but

illustrate the potential utility of this trapping scheme. The

reduced duty cycle could be used to reduce the required

average RF power while still maintaining useful pumping

rates.

IV. CONCLUSIONS

The electron trapping concept investigated here uses RF

electric fields to lengthen the electron trajectory in the trap,

without the use of magnetic fields. Analytical and parametric

numerical models were applied to examine the operating

conditions of the trap. The analytical model predicts a trap

confinement factor, ktrap, which indicates the combination of

voltage, frequency, and trap size that should result in trap-

ping. The parametric numerical study has shown that the

peak electron density within the trap is proportional to the

electron beam current (2 � 107 cm�3 density for a 40 lA

current) and exhibits a peak for a range of RF voltage ampli-

tudes (100–250 V for frequencies from 50 to 250 MHz) that

is reasonably well represented by the analytical model. The

results from the model presented here on a proof-of-concept

geometry demonstrate that electrons can be trapped with this

approach. The electron density in the trapping region can be

increased by three or more orders of magnitude compared to

the electron beam density. These results indicate the poten-

tial of this electron trapping approach in miniaturized,

magnet-less ion pumps, which would be particularly useful

in atomic microsystems. These results are in good qualitative

agreement with the experimental results presented in the

accompanying paper.30
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APPENDIX

The rationale of the RF electron trap results from a first-

principles analysis of a one-dimensional idealized geometry

consisting of two electrodes (grounded and RF powered)

separated by a gap of dimension d, as shown in Fig. 2.

Electrons in this electric field experience a Lorentz force

F ¼ �qE ¼ q

d
VRF sin 2pfRFtþ /ð Þ; (A1)

where q is the fundamental charge, E is the electric field,

VRF and fRF are the amplitude and frequency of the RF volt-

age, and / is the RF phase. The electron path is not affected

by the presence of other electrons, ions, or neutrals—which

is a fair assumption in the low particle density, low pressure

conditions studied here. In an ideal trap, the electron travels

the entire gap between the electrodes periodically and

indefinitely. This is considered an “ideally trapped” elec-

tron. The position of such an ideally trapped electron at

time t is

x� tð Þ ¼ d

2
� d

2
sin 2pfRFtþ /ð Þ; (A2)

where superscript “�” denotes the ideal condition. Combining

the Lorentz force and Newton’s Law and comparing with Eq.

(A2), one can derive that the ideal RF voltage V�RF, the ideal

initial position x�0, and ideal initial velocity v�0 of the ideally

trapped electron are

V�RF ¼
2me pfRFð Þ2

q
dð Þ2; (A3)

x�0 ¼
d

2
� d

2
sin /ð Þ; (A4)

v�0 ¼ �fRFpd cosð/Þ; (A5)

where me is the electron mass. Equations (A3)–(A5) show

that once an RF frequency and gap have been chosen, then

the optimum voltage is determined. The choice of frequency

(and initial RF phase) will determine which “slice” of the

trap (x0 position) will be ideally trapped if the electrons at

that slice have the ideal initial velocity v�0. In other words,

only the slice of electrons with the initial position x�0 and ini-

tial velocity v�0 will be ideally trapped.

A compromise can be made to decrease the path length

for electrons in the trap but allow the electron excursion to

be periodical and indefinite (provided that appropriate initial

conditions are present). This can be achieved by increasing

the frequency by a confinement factor of ktrap � 1,

Vi ¼
2me

q

pfRF

ktrap

� �2

dð Þ2; (A6)

FIG. 10. (Color online) Trap confinement factor ktrap as given by the analyti-

cal theory as a function of RF voltage for fixed frequencies of 50, 100, 150,

200, and 250 MHz.
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where subscript “i” denotes the “nonoptimum” condition.

Using Eq. (A6) along with the Lorentz force and Newton’s

law, it can be found that the electrons will oscillate around

the center of the trap with the position described as

x tð Þ ¼ d

2
� d

2k2
trap

sin 2pfRFktraptþ /
� �

; (A7)

when the initial conditions are

x0;i ¼
d

2
� d

2k2
trap

sin /ð Þ; (A8)

v0;i ¼ �fRFpd
cos /ð Þ

ktrap

: (A9)

The benefit of the reduced excursion described using Eq.

(A7) is that a “band” of electrons with initial velocity v0;i

and initial position x0 ¼ x0;i þ d=2Dx also remains within

the trap. In this case, the electron position will be

x tð Þ ¼ d

2
1þ Dxð Þ � d

2k2
trap

sin 2pfRFtþ /ð Þ: (A10)

To remain in the trap, one should ensure that 0 � xðtÞ � d
for all values of t. Thus, the electrons with

1

k2
trap

� 1 � Dx � 1� 1

k2
trap

; (A11)

will remain in the trap for all time. As an example, if

ktrap ¼ 1:1, then a band with �0.18 � Dx � 0.18 will be

trapped (i.e., up to 18% of d). The value of ktrap as a function

of RF voltage for various fixed values of frequencies and a

fixed gap size of d¼ 0.7 cm is shown in Fig. 10.
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