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Radio-frequency (RF) carpets with ultra-fine pitches are examined for ion transport in gases at atmospheric
pressures and above. We develop new analytic and computational methods for modeling RF ion transport
at densities where dynamics are strongly influenced by buffer gas collisions. An analytic description of
levitating and sweeping forces from phased arrays is obtained, then thermodynamic and kinetic principles
are used to calculate ion loss rates in the presence of collisions. This methodology is validated against
detailed microscopic SIMION simulations. We then explore a parameter space of special interest for
neutrinoless double beta decay experiments: transport of barium ions in xenon at pressures from 1 to
10 bar. Our computations account for molecular ion formation and pressure dependent mobility as well
as finite temperature effects. We discuss the challenges associated with achieving suitable operating
conditions, which lie beyond the capabilities of existing devices, using presently available or near-future
manufacturing techniques.

1. Introduction60

Radio-frequency (RF) carpets and funnels are structures used in mass spectrometry [1, 2] and gas-61

phase stopper cells for nuclear physics [3, 4] that apply a rapidly switching voltage to generate ion62

levitation and transport in gaseous media. The dynamics of RF levitation are similar to those of a Paul63

ion trap [5]. In such devices, the applied voltage generates a micro-motion of the trapped ion at the64

RF frequency. Since the field is non-uniform, at different points in the micro-motion the ion experiences65

a different strength of electric field. At sufficiently low buffer gas densities the correlation between the66

electric field strength and position in the micro-cycle generates a time-integrated effective force, even67

though the time-integrated electric field is zero at every point in space. This force can be associated68

with a pseudo-potential, as first described by Dehmelt (and is reviewed briefly in the Appendix). A DC69

“push field” superposed onto the repulsive RF pseudo-potential can then be used to generate a narrow70

ion trapping region above the carpet surface, along which ions can be transported laterally. The Dehmelt71

treatment can be applied directly to predict the pseudo-potential for a two-phase RF carpet (shown in72

Fig. 1, A) since the electric field is sinusoidal in time at every position in space. This calculation has been73

presented by Schwarz [7], alongside predictions of the corresponding regions of stability for two-phase RF74

carpets.75

Building upon this underlying principle, RF carpets with more complex dynamics have been proposed.76

Particularly notable is the introduction by Bollen of the ion-surfing scheme [8]. Here, two superposed77

AC signals are applied across a phased electrode structure. First, a fast RF voltage is applied between78

adjacent electrode pairs to generate a levitating force via Dehmelt potential; second, a sweeping phased79

wave at a different frequency is applied over the two-phase RF voltage. This system has ion dynamics80

that are intractable analytically, and can involve both phase-locked and tumbling ion motions, depending81

on the surfing frequency. An example of a circuit to realize this system is shown in Fig. 1, B. Simulations82

of this geometry were performed to explore the regions of stability and dynamics in Ref. [8], which have83

a nontrivial structure. Demonstrations [9, 10, 11, 12, 13] of ion dynamics on various RF carpet devices84

based on these modalities have been presented for pressures of up 300 millibar, usually in helium buffer85

gas.86

In this paper we present computational studies of an RF carpet operating mode based on a purely N -87

phased RF voltage. This device has superficial similarity to the surfing wave system of Bollen, but with a88

single high frequency phased RF wave responsible for both the levitation and translational dynamics. This89

operating mode is shown in Fig. 1, C. In this mode the ion trajectories are analytically calculable, and90

we will show that analytic formulae match well the results detailed microscopic simulations in the widely91

used SIMION simulation package [14]. Once augmented with stochastic effects, these calculations provide92

an excellent description of the microscopically simulated RF carpet performance. In this operating mode93

the same RF wave is responsible for both levitation and transport, simplifying the theoretical treatment94

and allowing for an analytical solution to the ion motion.95

The application that motivates this work is the search for neutrinoless double beta decay in gas-phase96
136Xe detectors. In such experiments, efficient capture and identification of single barium ions or “barium97

tagging” [15], is widely understood to be a technology that could offer major advances in experimental98
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A. Two-phase array with DC sweep field B. Surfing-wave array with two RF frequencies

C.  N=4  Phased Array

Figure 1: Diagrams showing the drive circuits of three RF carpet configurations: A) two-phase array with DC sweep field, as
considered in Ref. [7]; B) superposed two-phase levitation with N -phase surfing wave, as discussed in Ref. [8]; C) N -phased
RF array, the subject of the present work.

sensitivity though dramatic reduction of backgrounds from radiogenic and cosmogenic activity. Barium99

tagging is an area of intense R&D within the neutrinoless double beta decay community [16, 17, 18, 19,100

20, 21, 22, 23, 24, 25, 26, 27, 28], and several techniques have now been demonstrated for single barium101

ion imaging in xenon [29, 20, 22]. Ion collection and extraction from a ton to multi-ton scale volume of102

liquid or high pressure gas remains major unsolved problem, however [28, 30]. RF-based methods for103

this purpose have been explored in other contexts. Notably, Ref. [28] proposes to employ gas flow to104

drive ions through an RF-only funnel for extraction from 10 bar pressure to a vacuum ion trap for atomic105

fluorescence imaging. Here we explore an alternate approach, the application of ultra-fine pitch RF106

carpets to the problem of ion transport in dense xenon gas for barium tagging. The required carpets are107

of similar form to those proposed for ion catching in atmospheric pressure air in Ref [31]. In this scenario,108

RF transport is implemented without gas flow to sweep barium ions arriving at a detector cathode to a109

few small single molecule fluorescence sensors [26]. A key goal of this work is to evaluate what operating110

parameters would need to be achieved to allow for RF transport in high pressure xenon gas experiments,111

and assess the viability of achieving these beyond-state-of-the-art parameters with available or near-term112

manufacturing techniques.113

The first part of this paper is general in scope, and serves to develop our formalism. Sec. 2 presents114

analytic calculations of the micro- and macro-trajectories of ion motion on N -phased carpets. We115

demonstrate that the macro-motion can be considered as driven by a Dehmelt-esque pseudo-potential in116

the perpendicular direction with a steady sweep force in the transverse. We provide analytic expressions117

for the levitating force, equilibrium ion height, transverse velocity and micro-motion radius. Sec. 3118

compares this calculation, which has idealized point-like electrodes, to a finite element simulation of119

the electric field and microscopic simulation of smooth ion motion in that geometry. This serves both120

as a validation of the analytic treatment in the far-field region and a calculation of the distance scales121

where near-field finite electrode width effects become relevant to ion transport. We find that the analytic122

calculation is accurate for our purposes at distances above around 0.25 times the RF carpet pitch p,123

whereas near-field distortions to the electric field due to surface geometry will cause ion losses below124

0.25×p. Sec. 4 introduces stochastic effects from collisions. We develop a new thermodynamic approach125

to predicting ion distributions above RF carpets, and show that the random motion of ions due to126

collisions can be understood as a thermalization to the buffer gas temperature within the pseudo-potential127

well. We then provide a kinetic theory derivation of the expected ion loss rates from the tails of this128

potential into the RF carpet surface. Both predictions are validated against computationally intensive129

collision-by-collision simulations in SIMION [14]. Sec. 5 explores the transport efficiency of different RF130

carpet phasings constrained by either fixed peak-to-peak voltage or fixed maximum electrode-to-electrode131

voltage. In the latter practically important scenario, carpets with 4-6 phases are found to be the most132

effective.133
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Figure 2: Smooth potential approximation along carpet surface for a four-phase array (left) and eight-phase array (right)

Having developed the appropriate suite of analytic techniques we proceed to delineate the required134

operating parameters of RF carpets for barium collection in high pressure xenon gas. Section 6 discusses135

the problem in general terms, and briefly outlines application specifications in terms of geometry, coverage,136

power and pressure. In Sec. 7 we establish the key RF carpet operating parameters for high pressure xenon137

gas environments, paying careful attention to the details of ion transport microphysics in this environment.138

Sec. 8 presents our main result, an assessment of the required carpet parameters for transport barium ions139

in high pressure xenon gas neutrinoless double beta decay experiments. Sec. 9 presents our conclusions,140

which are that existing carpet structures based on precision printed circuit boards (PCBs) [9] appear141

viable at pressures up to one bar, whereas 10 bar operation for the neutrinoless double beta decay142

application exceeds the capabilities of such structures. The required operating parameters for use at143

10 bar may potentially be accessible with devices based on micro-fabrication techniques used for micro-144

electromechanical systems and trapped ion quantum information science applications [32, 33, 34] and145

large wafer CMOS processes. We briefly discuss the near-term R&D needed to realize such devices.146

2. Dynamics of ion levitation and transport on phased RF carpets: analytic treatment147

A purely N -phased RF carpet powered by a peak-to-peak RF voltage of Vpp is one with voltage Vj148

on the jth electrode at time t of:149

Vj(t) =
Vpp
2

sin

(
Ωt+

2πj

N

)
. (1)

For the purposes of our calculations we make the approximation that this generates a smooth potential150

along the carpet surface of the form:151

Φ(x, y, t)|y=0 =
Vpp
2

sin

(
Ωt+

2π

Np
x

)
. (2)

We choose a coordinate system such that the RF electrodes are strips running along the z direction. The152

direction x runs radially along the carpet in the direction ions will be transported, with y perpendicular to153

the carpet with y = 0 defining the carpet surface. This geometry also well approximates a local region of154

a circular carpet, in the case where the electrode ring radii are significantly larger than the strip-to-strip155

spacing. This approximation neglects the finite width of the electrodes and the flat potential across them,156

as shown in Fig. 2. The approximation becomes increasingly precise for larger the values of N , and we157

will explore its limitations quantitatively in Sec. 3. Using the potential Eq. 2 as a boundary condition158

for Laplace’s equation the electric potential over all space can be obtained:159

Φ0(x, y, t) =
Vpp
2

sin

(
Ωt+

2π

Np
x

)
exp

(
− 2π

Np
y

)
, (3)

from which the driving electric field can be found. It is of a fixed magnitude at every position, rotating160

at constant angular velocity:161

~E(~r, t) =
Vpp
2

2π

Np
exp

(
− 2π

Np
y

)
~u

[
Ωt+

2π

Np
x

]
, ~u (θ) =

 cos (θ)
− sin (θ)

0

 . (4)
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Notably this is not of Dehmelt form typical in a Paul trap, which would require an electric field like162

E(x, t) = E(x)eiΩt; nevertheless, we will see similar trapping dynamics in the vertical direction emerge.163

We seek solutions to the following driven equation of motion, where the ion moves in response to both164

the applied RF voltages and a superimposed DC push field Epush toward the carpet, with mobility µ:165

m~̈r +
q

µ
~̇r = q

[
~E(~r, t)− Epushŷ

]
. (5)

As is conventional with treatment of radio-frequency trap systems we make an assumption that the166

trajectory ~r(t) can be factorized into a micro-motion ~ξ(t) and macro-motion ~z(t):167

~r(t) = ~z(t) + ~ξ(t), (6)

where the dynamics of ~ξ are determined by the RF frequency and the dynamics of ~z are slower and168

emergent. Unlike the simple Dehmelt-like trap, in this system the relevant frequency of the micro-motion169

is not exactly Ω, because the ion is moving laterally while passing through the RF field. It is convenient170

to introduce ion co-moving coordinates as ~x = ~r − 〈~v(y)〉t where 〈~v(y)〉 is the mean ion velocity at fixed171

height y; in these coordinates we find that172

~E(x, t) =
Vpp
2

2π

Np
exp

(
− 2π

Np
y

)
~u
[
Ω̃(y)t

]
, Ω̃(y) =

(
Ω +

2π

Np
〈~v(y)〉

)
. (7)

For transverse trajectories at fixed 〈~v〉, the ion will experience an electric field which is rotating spatially at173

frequency Ω̃, and this is thus the frequency of the micro-motion. We will need to solve for 〈~v〉 generated by174

this micro-motion, which is also required to predict Ω̃ and thus the trajectory mean height, in an iterative175

manner. Substitution of the electric field into the equation of motion and neglecting the slow-varying176

derivatives of macro-coordinates yields an equation of motion for the micro-motion:177

m~̈ξ +
q

µ
~̇ξ = q

Vpp
2

2π

Np
exp

(
− 2π

Np
y

) cos Ω̃t

− sin Ω̃t
0

 , (8)

with y being the y-component of the macro-coordinate ~z. Eq. 8 can be solved for ~ξ(t) :178

~ξ(t) = −χ~u[Ω̃t− η], χ =
q

mΩ̃
√
D2 + Ω̃2

Vpp
2

2π

Np
exp

(
− 2π

Np
y

)
. (9)

The micro-motion executes circles of radius χ around the smoothly moving ~z(t) macro-trajectory. We179

have introduced the constant D associated with damping of the ballistic ion motion by gas collisions and180

the phase factor η which dictates by how much the micro-motion phase trails the E-field direction:181

D =
q

µm
, and η = arctan

[
−D/Ω̃

]
. (10)

The relationship between the directions of ~ξ(t) and ~E(t) are illustrated in Fig 3, left. To solve for the182

macro-motion, we insert Eq. 6 into Eq. 5, the equation of motion, and average over one full micro-cycle.183

We find the governing equation for the macro-motion ~z(t):184

m〈~̈z〉Ω̃ +
q

µ
〈~̇z〉Ω̃ = q〈

(
~ξ.~∇
)
~E[~z]〉Ω̃ − qEpushŷ, (11)

into which we can substitute ~ξ from Eq. 8 and extract the effective force driving ~z(t) emerging from the185

micro-motion:186

Fi = − q2

mΩ̃
√
D2 + Ω̃2

〈∇jEi[~z]Rjk[−η]Ek〉Ω̃, (12)

following methods analogous to those outlined in the Appendix. Here Rjk[θ] is a rotation matrix in the187

xy plane by angle θ. Evaluating this effective force explicitly:188

~F =
q2

mΩ̃

√(
D2 + Ω̃2

) ( 2π

Np

)3(
Vpp
2

)2

exp

(
− 4π

Np
y

)(
sin (η)
cos (η)

)
. (13)
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Figure 3: Left: Polar plot showing relationship between E-field direction and micro-motion vector in terms of damping
constant D and effective local frequency Ω̃. Right: Comparison of predicted micro-radius for N=2 (solid) and N=4 (dashed)
lines for Epush = 20 V cm−1 and m=952 amu (a representative cluster mass of a barium dication in xenon gas at 10 bar)
vs. frequency. For the operating parameter point considered later in this work (Ω=13.56 MHz) the micro-radius is always
much smaller than the carpet pitch (shown as square markers).

Note that η = 0 is the fully ballistic case; in this scenario we find a force which acts only in y to repel189

the ion from the carpet. On the other hand as η becomes larger a force pushing the ion along the carpet190

also appears. Once the motion becomes completely viscous, the force levitating the ion above the carpet191

disappears entirely. Dependence of the phase η upon the relative contributions of ballistic vs. damped192

dynamics thus dictates the extent to which the micro-motion conspires with the electric field to provide193

a levitating force.194

The ion transverse velocity 〈vx〉 at height y can be found by considering the transverse component195

of the 2D equation of motion, averaged over a micro-cycle. In terms of the x-component of the effective196

force Fx:197

〈vx〉 =
µ

q
Fx =

µq

mΩ̃

√(
D2 + Ω̃2

) ( 2π

Np

)3(
Vpp
2

)2

exp

(
− 4π

Np
y

)
sin (η) (14)

198

=
Dqµ

mΩ̃
(
D2 + Ω̃2

) ( 2π

Np

)3(
Vpp
2

)2

exp

(
− 4π

Np
y

)
. (15)

The final equality requires application of trigonometric identity to obtain sin [η] = − D√
D2+Ω2

. If we199

assume that δ = 2π〈~v〉
NpΩ is a small parameter so that it is appropriate to use Ω rather than Ω̃ in the200

expression for v, we find the leading order approximation:201

v ∼ v0 =
Dqµ

mΩ (D2 + Ω2)

(
2π

Np

)3(
Vpp
2

)2

exp

(
− 4π

Np
y

)
. (16)

In any situation where this approximation is insufficient, it is possible to proceed iteratively to calculate202

higher order corrections to ~v if necessary. For example, the first order correction to 〈~v〉 can be found by203

substituting 〈~v〉0 into Ω̃ in Eq. 15 and expanding to first order in δ:204

v = v0

[
1− 2π

NpΩ

D2 + 3Ω2

D2 + Ω2
+ ...

]
. (17)

We will not generally need these higher order terms in this work, the leading order expression being205

accurate with only percent-level corrections. This completes the treatment of the macro-dynamics in206

the horizontal direction. In the vertical direction, the ion will be acted on by two competing forces, the207

6



repulsive force generated by the micro-motion and the attractive force generated by the push field. These208

two forces balance when209

qEpush −
q2

mΩ̃

√(
D2 + Ω̃2

) ( 2π

Np

)3(
Vpp
2

)2

exp

(
− 4π

Np
y

)
cos (η) = 0. (18)

We can thus consider the ion as being trapped within a Dehmelt-like pseudo-potential of the form210

V =
q

m
(
D2 + Ω̃2

) 1

2

(
2π

Np

)2(
Vpp
2

)2

exp

(
− 4π

Np
y

)
+ Epushy. (19)

Where once again we have employed a useful trigonometric identity yielding cos [η] = Ω√
D2+Ω2

. The211

pseudo-potential has a minimum at height 〈y〉 given by212

〈y〉 =
Np

4π
ln

 2qV 2
pp

m
(
D2 + Ω̃2

)
Epush

(
π

Np

)3
 , (20)

which is the height at which the ion levitates above the carpet for stable transverse motion. The radius of213

the micro-motion at this height has an especially simple form, which is independent of both ion mobility214

and RF driving voltage,215

χ(〈y〉) =

√
Np

2π

qEpush

mΩ̃2
, (21)

For a stable trajectory to exist, we must enforce χ� 〈y〉, otherwise the micro-trajectory will intercept the216

carpet surface during its motion. Fig. 3, right shows the calculated micro-radii for the parameter points217

considered later in this work, and shows that the micro-radii at the driving frequency of interest will218

always be small relative to the carpet pitch, and much smaller than the hence stable trajectory height.219

The micro-radius need not be considered further in what follows.220

The transverse velocity of the ion at this height also has an especially simple form, and is to leading221

order:222

〈vx〉 = µEpush
D

Ω
. (22)

The effective vertical trap depth in electronvolts can be found by simply evaluating V (〈y〉)− V (0). The223

trap depth has dependencies on all of N, p, µ,m, q, Vpp and Epush via Eq. 19, and further exploration224

follows in later sections.225

3. Finite electrode width effects beyond the leading order geometrical approximation226

In the calculations of the two-phase RF carpet performed by Schwarz [7], the Dehmelt potential is227

calculated accounting for the effects of finite electrode width and assuming linear voltage drop across228

the intermediate insulator. The calculations for the phased arrays presented above neglect these effects229

and assume a sinusoidal profile over the carpet surface. This approximation is expected to become230

increasingly good as N becomes large. We can gain an estimate of the magnitude of these effects for the231

worst case N = 2 by comparing the effective Dehmelt potential from Schwarz with that for an equivalent232

N = 2 phased array treated under our approximation scheme. In both cases, the expression for the233

pseudo-potential in the y direction reduces to the form:234

VN=2(y) = Epushy +X
1

Ω̃2 +D2

q

m

(
Vpp
p

)2

exp(−2πy/p). (23)

The pre-factor X depends on which calculation is used. For the Schwartz-like calculation with gap-to-235

pitch ratio of 0.5, we find X = 8
π2 , and for gap-to-pitch ratio of 0 it is X = 1. For our N -phase calculation236

with N = 2 which assumes a sinusoidal surface potential (realized approximately but not exactly for all237

gap-to-pitch ratios), we obtain X = π2

8 . Since the effective levitating force is proportional to V 2
pp, taking238

these three results as an ensemble we can conclude that the detailed structure of the electrodes for a239

given pitch maps to an uncertainty on the required RF voltage of around ±8.5%, loosely estimated as240

the standard deviation of the three approximation schemes.241
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Height = 0.5p

Height = 0.25p

Height = 0.125p

Figure 4: Finite electrode width effects on RF carpet transport. Left: comparison of idealized calculation of electric fields
to full numerical simulation of RF carpet geometry, evaluating both X and Y field components at various heights from the
carpet surface. Effects due to finite electrode widths only become manifest below around 0.25 pitches from the surface,
above which they quickly decay away. Right: Comparison of stable trajectory heights in the idealized analytic calculation
and full numerical simulation of ions through the calculated E fields. At surface-to-ion distances below around 0.25 pitches
the higher order field terms cause ions to crash into the carpet surface. This calculation is evaluated as m = 136 amu,
µ0 = 39.9 cm2V−1s−1, Epush = 20 V cm−1, Vpp = 300 V, N = 4, corresponding approximately to the conditions of barium
ion transport in helium.

Inclusion of higher Fourier mode terms associated with the potential surface, which may be associated242

with either finite-width electrodes or at sub-leading level with surface imperfections, leads to another243

important effect: the appearance of near-field effects at short distances from the carpet, which can244

destabilize the micro-motion from circular orbits. These higher order terms will be determined by the245

precise voltage structure on the carpet boundary, and take the form in 3D space dictated by Laplace’s246

equation:247

Φ(x, y, t) =
∑
a

Φa(x, y, t), Φa(x, y, t) =

[
Aa(t) sin

(
a

2π

Np
x

)
+Ba(t) cos

(
a

2π

Np
x

)]
exp

(
− 2π

Np
ay

)
.

(24)
We see from this expression how terms with a > 1 decay away from the surface more quickly than the248

leading a = 1 sinusoidal term, which is why the first order approximation is effective for describing249

dynamics of the field at relatively large y. We can obtain an estimate of the magnitude of the effects of250

these higher order terms by comparing the idealized calculation of ion motion with a numerical simulation251

in the full geometry, absent stochastic effects. An RF carpet geometry with 160µm pitch was implemented252

within the SIMION software package and simulated in four-phase mode. Comparison of the leading-253

order field configuration against the full finite-element simulated field map from SIMION is shown at254

various surface-to-ion heights in Fig. 4 left. We observe that already by around 0.25 electrode pitches255

p above the surface, the effects of the higher-order terms become vanishingly small within the precision256

of the calculation. Simulating ion trajectories through this numerically derived field configuration with257

stochastic fluctuations disabled shows an excellent agreement with the analytic expression at all surface-258

to-ion distances above 0.25×p; below this distance, ions begin to crash into the carpet due to higher order259

perturbations to their micro-motion. Fig. 4, right, shows this comparison for a toy system with ion mass260

136 amu moving with mobility µ = 39.9 cm2 V−1 s−1, Epush=20 V cm−1 and Vpp = 300 V RF voltage261

(the approximate conditions for barium ion drift in helium buffer gas at 1 bar) as a function of pressure262

over an N = 4 carpet.4 The blue band in Fig. 4 represents the ±8.5% RF voltage uncertainty described263

4We note that to obtain this precision, SIMION had to be operated with increased E field refine convergence of 0.0005 and
8



above, and has a small effect. For any stable trajectory localized more the 0.25×p from the surface,264

we conclude that finite electrode width effects are negligible in determining the dynamics of phased RF265

carpets, whereas below yloss = 0.25 × p they generate near-field effects that cause ions to crash into266

the surface. The surface at yloss = 0.25 × p can thus be considered as being an effective surface-of-no-267

return for transverse ion transport due to near-field effects. The continued relevance of this surface in268

the presence of stochastic effects will be an assumption of the thermodynamic model developed in later269

sections.270

4. Stochastic effects from Brownian motion and the equivalence of the thermodynamic271

model272

The calculations of Sec. 2 do not capture the important effects of stochastic perturbations to the273

trajectory caused by Brownian collisions with gas atoms or molecules. These effects are especially critical274

for understanding the dynamics of systems where the ion mass is large and the motion relatively viscous,275

as in our systems of interest. These perturbations are the dominant cause of ion losses from the trapping276

region in high pressure gases.277

There are multiple approaches to the problem of simulating buffer gas interactions with varying278

degrees of reliability. Within SIMION, two simulation methods are widely used. An approximate279

“statistical diffusion simulation” (SDS) [14, 35] method applies random impulses to the numerically280

evaluated trajectory to simulate the integrated effect of many random interactions with the buffer gas.281

The SDS model is expected to be valid in scenarios where ions travel in straight lines between collisions.282

Since inter-collision curvature is the hallmark of RF carpet operation that allows for ion levitation,283

validity of the SDS model for our purposes appears questionable. Similar conclusions have been reached284

by other authors, regarding use of the SDS model at radio frequencies and high pressures [31, 36, 37].285

A second approach involves micro-physically simulating the trajectory collision-by-collision with hard-286

sphere interactions [38]. This is more accurate but is far more computationally expensive. Here we287

undertake simulations using the hard sphere model and show that the effects of micro-physically simulated288

stochastic perturbations can be well described using a novel thermodynamic and kinetic formalism using289

the concept of thermalization into the pseudo-potential, allowing for much more rapid evaluation of the290

viable parameter space.291

Figure 5, left shows a microphysical simulation within the hard sphere model, using ion mass m = 952292

amu (for reasons to be explained in Sec 7), push field Epush=80 V cm−1, buffer gasM = 136 amu, collision293

cross section σ = 6 × 10−19 m2, pressure = 1 bar, RF frequency Ω = 13.56 MHz, RF voltage Vpp = 700294

V, carpet pitch p = 40µm. This somewhat artificial simulation parameter point was picked to show a295

regime where both the stochastic deviations of the trajectory and the micro-motion are visible within a296

single simulated trajectory. In cases where one distance scale dwarfs the other, illustrating the dynamics297

of the motion in a single image is more challenging. The ion is placed high above the carpet and initially298

travels directly downward with the push field. It then experiences a transition to an RF carpet transport299

trajectory once the ion is near enough the carpet to be significantly influenced by the RF forces. We300

observe the characteristic spiral motion of the micro-trajectory which causes levitation superposed on a301

random walk motion and a tendency to move from left to right, in the direction of the traveling RF wave302

phase. Eventually in this geometry the ion reaches the end of powered part of the carpet and is driven303

down to the surface by the push field near R = 0.304

To compare calculations with stochastic effects from the hard sphere model to analytic models, we305

must have a full suite of parameters for calculation of the pseudo-potential and the quantities that derive306

from it. In most cases this is straightforward, though under hard sphere dynamics the mobility of the307

ion is an emergent property rather than an input parameter. Kinetic theory can be used to obtain a308

prediction for this quantity in terms of the hard sphere model parameters,309

µ =
3q

16n

√
2π

MkT

1

ΩM
. (25)

Where M is the reduced mass, n is the gas number density and ΩM is the momentum transfer cross310

section, which for m � M is equivalent to the geometrical cross section for hard-sphere collisions. In311

enhanced tracking quality T.Qual>20, above which precision the solution converged. Running with previously recommended
settings E field refine conference 0.005 and tracking quality T.Qual=0 lead to artificially strong performance levitation of
ions at short distances.
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SIMION 
trajectories:

Ion crash sites

Figure 5: Left: Phased RF carpet simulation showing dynamics of micro-and macro-motion for a successfully transported
ion trajectory. Right: examples of SIMION-simulated trajectories experiencing losses into the RF carpet surface; Right:
travel distance for ensembles of 10 ions at various RF driving voltages which begin at z = 0. The full SIMION trajectories
for the 320 V data points are shown to the right for illustration. In this sub-figure, x runs vertically and y horizontally,
with ion crash sites mapped to the middle scatter plot.

terms of our input parameters:312

M =
mM

m+M
, n = n0

P

P0
, ΩM = π(2RXe)

2. (26)

For the purposes of this demonstration we take RXe to be the Van Der Waals radius of xenon, RXe =313

216 pm yielding ΩM = 6 × 10−19 m2. We will take this prediction for the mobility to complete the314

information needed to compare the microphysical simulation with the analytic prediction. Agreement315

between the mobility emerging from SIMION with hard-sphere collisions and kinetic theory was validated316

using drift simulations in DC fields to be better than 5%, with precision limited only by fluctuations in317

the simulated trajectories.318

When stochastic effects are incorporated, the distribution of ion heights above the carpet is no longer319

tightly bunched around the stable macro-trajectory, but distributed around it by thermal motion. Since320

ions in dense gases remain to a good approximation in thermal equilibrium, we can consider the following321

conjecture: the ions undergoing collisions with the Maxwellian distributed buffer gas should distribute322

with a Boltzmann spectrum within the pseudo-potential, in the local rest frame of the gas. This conjecture323

is non-trivial, since the pseudo-potential treatment technically only applies to ions following equilibrium324

trajectories, and only in one dimension of 3D space in this system. If the thermalization conjecture is325

indeed satisfied, we would expect the vertical height distribution of ions undergoing stochastic collisions326

with buffer gas above the carpet to take the form:327

ρTherm(y) =
exp [−qV (y)/kBT ]´∞

0
dy′ exp [−qV (y′)/kBT ]

. (27)

Figure 6 shows the comparison of the height distribution projected from the thermalization conjecture328

with the distribution predicted by detailed microphysical simulations for two carpet configurations, one329

with three-phase RF driven at Vpp = 400 V and one with four-phase RF driven at Vpp = 700 V. These330

two simulations have parameters informed by the application of interest (m = 952 amu, M = 136 amu,331

p = 160µm, P = 1 bar, T = 273 K) but are shown for illustrative purposes only; precise calculations332

that properly include the pressure-dependent mobility and ion mass will be given in later sections. The333

thermalization conjecture is satisfied to a good degree of approximation in both cases, despite different334

operational parameters. In simulation scans over many conditions undertaken during this work we have335

observed strong agreement with the thermalization conjecture in all cases. The small deviations from336

the precise form of the distribution function observed in Fig. 6 are expected due to the finite transport337

distances simulated.338
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Figure 6: Demonstration of the validity of the thermalization conjecture for (left) N = 4,Vpp = 700V and (right) N =
3,Vpp = 400V . The other operating parameters are m = 952 amu, M = 136 amu, p = 160µm, P = 1 bar, T = 273 K.

The full simulation of ion trajectories, accounting for every collision in dense gases, is an expensive339

and inefficient computational prospect. The validity of the thermalization conjecture, however, allows us340

to explore more rapidly the space of possibilities for stable RF carpet operation at a given pressure and341

electric field configuration. What we ideally wish to know is not only the ion height distribution, but342

whether ions can travel for large distances along the carpet surface without losses.343

First, we note that it is obvious that when there is no stable trajectory, or 〈y〉 < 0, all ions will be344

quickly lost onto the carpet surface. Rearranging this condition we can find a minimal value of Vpp for345

transport to be plausible,346

Vpp ≥

√√√√m
(
D2 + Ω̃2

)
Epush

2q

(
Np

π

)3

. (28)

Above this driving RF voltage, stable transport is possible because the pseudo-potential well is deepest at347

some position above the carpet rather than below it. However, there will still be losses due to stochastic348

effects at finite buffer gas densities: no matter how strong the effective repulsive force, the equilibrium349

distribution will have some small tail that runs below the surface height. These losses are manifest as350

ion crashes after random distances, with the mean distance depending on the applied RF voltage. Fig. 5,351

right shows an example set of simulations at various RF voltages using the conditions described above352

with the random crashes at various distances illustrated.353

Ion losses are substantial when the equilibrium probability distribution of ion heights has a substantial354

contribution at or below the surface beyond which ions are lost, established in Sec. 3 to be around355

yLoss = 0.25× p. Thus the condition for long-lived ion levitation can be expressed as356

φ =

´ yLoss

−∞ dy ρTherm(y)´∞
−∞ dy′ ρTherm(y′)

� 1. (29)

While qualitatively interesting for understanding the conditions for stability, this argument is not very357

useful in practice, since it is unclear how we should interpret � quantitatively. The ion loss rate depends358

not only on the thermal distribution, but also on how fast ions explore that distribution. To obtain359

an estimate for the theoretical ion loss rate for the potential we must consider ion kinetics as well as360

thermodynamics.361

For simplicity of exposition in the following we assume ions to be lost at the surface y = 0, though in362

practice we will set this value equal to yLoss for predicting ion loss rates in the calculations that follow. At363

sufficiently high pressures we can consider that the trapped ions are undergoing constant collisions with364

the buffer gas, maintaining thermal equilibrium. To a good approximation each scattering interaction365

causes the ion to obtain a random velocity in a random direction, sampled from the Maxwell-Boltzmann366

distribution. Consider now the motion of an ion between two collisions separated by mean collision time367

T . To hit the wall following such a collision an ion at position y must have a velocity of at least vy = y/T368

in the y direction. Thus between these two collisions the probability for ion loss is369
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Figure 7: Comparison of simulated and theoretical ion survival distances for N=3 and N=4 phased arrays at 160 µm pitch,
m = 952 amu, M = 136 amu, p = 160µm, P = 1 bar, T = 273 K. The grey shaded area represents the region where 〈y〉 <
0 so no stable trajectories exist. The green curve shows the integral of the negative tail of the thermal distribution below
yLoss = 0.25× p, to be read using the right logarithmic axis. The blue line shows the predicted mean ion survival distance,
assuming validity of the thermodynamic arguments of this paper. The blue data points show the results of a detailed,
collision-by-collision simulation in the SIMION software package. The error bars show mean and standard deviation over a
sample of an ensemble of simulated ions. Strong qualitative agreement between the theoretical model and the microscopic
simulation is observed, in particular in specifying the location of the sharp transition from lossy to relatively lossless
transport.

P(T ) =

ˆ 0

−∞
dvyf(v)

ˆ vyT

0

dy ρ(y). (30)

If the collision time is short, as will always be the case in high density buffer gases, we can approximate370

that ρ(y) = ρ(0) everywhere the above integral has support. Thus the probability for an ion loss between371

these two collisions can be evaluated as372

P(T ) = 〈v−y 〉Tρ(0). (31)

In this expression, 〈v−y 〉 is the mean negative velocity in the y direction, which can be evaluated from373

Maxwell-Boltzmann statistics,374

〈v−〉 =

ˆ 0

−∞
dv v

√
m

2πkT
exp

(
−mv

2

2kT

)
=

√
kT

2πm
. (32)

Finally we can calculate the expected loss rate per unit time Γt and per unit distance along the carpet375

Γd respectively:376

Γt =
1

T
P(T ) =

√
kT

2πm
ρ(0), Γd =

1

〈vx〉
Γt. (33)

Thus we obtain statistical predictions of ion loss rates in distance and time, based on the previously377

demonstrated thermalization conjecture augmented with kinetic arguments. Figure 7 shows the comparison378

of simulated ion loss rates from a complete collision-by-collision SIMION simulation to the thermodynamic379

prediction, for similar operating parameters to atmospheric pressure xenon gas operation. Quantitative380

agreement is observed. In particular, while the ion survival distances in the transition region are highly381

variable, the sharp transition from stable to unstable transport around a certain well-predicted critical382

voltage is reproduced in both the analytic model and simulation.383

5. Comparative analysis of N−phased array performance characteristics384

In the previous sections we have proven that the important properties of phased RF carpet ion385

transport, including stochastic effects from ion-gas interactions leading to ion losses into the carpet, can386

be modeled analytically and without computationally expensive simulation ensembles.387
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Figure 8: Dependence of RF carpet stability parameters on phasing N for a 160 µm carpet. The left plot shows trap
depth in eV, center shows equilibrium ion transport height (the minimum of the pseudo-potential) and the right plot shows
the mean survival distance and lifetime, calculated according to the thermodynamic protocol outlined in this paper. The
operating parameters are m = 952 amu, M = 136 amu, p = 160µm, P = 1 bar, T = 273 K.

In this section we demonstrate why phase orders N ≥ 3 may be considered compelling relative to388

the simpler N = 2 system, already discussed by Schwarz [7]. As shown in the left two panels of Fig. 8389

(blue lines), for the same fixed RF driving voltage Vpp, trap depth and equilibrium ion height both will390

generally fall with N . This naturally implies a reduced mean ion survival distance, as shown in Fig. 8,391

right (blue lines), which would seem to imply N = 2 as an optimum operating phase structure. Since the392

mean transport velocity Eq. 22 does not depend on N or Vpp we label this figure with both mean survival393

time and survival distance axes, though with the caveat that the N = 2 data point should technically394

only be interpreted according to the mean survival time metric, since in this case Eq. 22 is inapplicable395

given no tendency to drive the ion in one direction or the other.396

The highest voltage that can be applied to an RF carpet is limited by breakdown, either through397

the buffer gas or through the carpet insulating material. In an N -phased system, the maximal voltage398

between any adjacent pair of electrodes scales as:399

Vmax = Vpp sin
( π
N

)
. (34)

which is less than Vpp for a N ≥ 2 phased system (see Fig. 11). This relationship can be inverted to400

provide a maximal allowed drive voltage for an N -phase carpet limited by material dielectric strengths.401

The higher driving voltages that can be applied to N ≥ 2 phased arrays then compensate for some of the402

performance degradation introduced by reducing the levitating field gradients. This is shown in Fig. 8403

(red lines). While the trap depth continues to drop with increasing N for fixed Vmax, the equilibrium404

ion height above the carpet increases; this countervailing effect leads to a non-trivial dependence of mean405

survival distance on N , as shown in Fig. 8, right. For an operating voltage of 300 V and a pitch of 160406

µm, the optimal array phasing appears closer to N = 6. Practical issues such as arranging for supply407

of N distinct RF phases to one small-pitch carpet structure or power dissipation considerations may408

favor smaller N than this optimal choice, but from the point of view of ion transport dynamics alone,409

intermediate values for the carpet phasing are preferable, contrasting to some degree our conventional410

intuition.411
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6. Application of phased RF carpets for neutrinoless double beta decay412

For a ton-scale high pressure xenon gas detector operating at 10 bar, similar to the system5 described413

in Ref. [39], barium ions will naturally drift in the applied electric field to the cathode plane, which is414

likely to be of order 2 m in diameter. RF carpets have been demonstrated to efficiently transport ions415

over similar distance scales [40]. However, the highest operating pressure investigated to date has been416

300 mbar. RF carpets for use at higher gas pressures would require much smaller pitches and higher417

applied RF voltages than have been previously demonstrated. Nevertheless, several arguments suggest418

that such an application is not entirely unfeasible:419

1. High pressure xenon gas has a breakdown voltage dramatically in excess of helium, so larger RF420

operating voltages can be employed. This enhancement was tested experimentally in Ref. [41],421

which ultimately proved that dielectric materials such as kapton will likely break down before the422

gas in the detector at spacings relevant for RF carpet operation.423

2. Molecular ion formation around dications in xenon gas is expected to enhance their mass for the424

purposes of transport at high pressure. This physics was elaborated and a detailed theoretical425

presented in Ref. [17]. This effect is especially strong for doubly charged ions, leading to an426

important stabilization effect in RF transport.427

3. Technologies to produce large RF carpets at somewhat smaller pitches than the present state of the428

art appear viable, employing nano-fabrication methods. Scaling to large radii is a manufacturing429

challenge, but not an obviously insurmountable one.430

The choice to study an N-phased carpet (Fig. 1, c) in this work is motivated by practicality for the TPC431

application. A more traditional two-phase + transverse DC field approach (Fig. 1, a) appears unviable,432

since it would either imply non-axial electric fields within the detector, or else a strongly varying push433

field across the RF carpet if placed behind a gating grid. An RF wall+surfing approach (Fig. 1, b)434

may be viable, but theoretical evaluation is prohibitive given the trajectories in such a system are not435

analytically calculable. It may nevertheless be possible to prove such systems fit for purpose in this436

regime empirically.437

While detailed design of a barium tagging phase of of xenon gas double beta decay program remains438

both speculative and outside the scope of the present work, it is possible to consider a set of plausible439

requirements for an RF carpet array used as part of a barium tagging sub-system. A sketch of one440

possible implementation is shown in Fig. 9.441

A single RF carpet of 2 m radius is not required for a barium tagging cathode, as long as ions arriving442

anywhere on the cathode surface are captured and transported to a sensor. Several practical requirements443

on the RF carpet system are eased both by modularizing the barium sensing system into sub-units and444

employing electrostatic focussing to the extent possible. In the scheme of Fig. 9, ions first drift to the445

cathode where they are guided by static fields to an array of RF several carpets, each concentrating ions446

to one single molecule fluorescent imaging ion sensor. A full coverage of the ∼2 m diameter cathode447

with seven RF carpet sub-units, with electrostatic focussing by a factor of four in field strength implies448

the need for seven 30 cm diameter RF carpets, which would demand efficient ion transport for at least449

15 cm of distance. Stronger electrostatic focussing may in principle be viable before the TPC operation450

becomes unstable, though with some active gas volume sacrificed for the focussing volume.451

The required drift field of a time projection chamber is larger than the small Epush ∼ 20 V cm−1
452

required for RF carpet operation to be efficient, even without electrostatic focussing. Thus the ions must453

necessarily travel from a high-field region of the TPC into a low-field region of the RF carpet volume. In454

an electrostatic system this would imply losses of ions on whatever gate structure separates these regions.455

In an electrodynamic mode, however, ion losses through this transition can be averted by timed gating.456

In an electroluminescent time projection chamber the projected arrival time of an ion at the carpet plane457

can be straightforwardly established online by comparing the time difference between primary (S1) and458

secondary (S2) scintillation signals generated by the much faster drifting electrons. These signals are both459

acquired by the energy detection system, which is a mandatory component of any neutrinoless double460

beta decay time projection chamber experiment. Upon arrival of the ion within the RF carpet sweep461

region, the local electric field can be switched from the high value required for efficient drift to the lower462

value required for a stable push-field. This switch can be applied at trigger level, without detailed online463

event reconstructions, for all events within a broad energy energy region of interest based on uncalibrated464

5Ref. [39] proposes 15 bar operation. The same detector system could, however, be operated at 10 bar, which we have
chosen as the benchmark pressure for this work to match the operating pressure of existing NEXT detector phases.
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Figure 9: Sketch of a possible RF carpet implementation for a xenon gas double beta decay search. Thin black lines show
a cartoon of the electric field lines (though concentration and expansion factors of the fields will likely be much larger than
indicated here). The top left figure shows an outline of the cathode and its relation to other parts of the detector. Electrons
drift rapidly to the anode where they produce electroluminescence light in O(1) ms after the event, whereas ions drift to
the cathode in O(1) second where they are captured in the RF carpet sweep region by a switching gate grid.
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S2 pulses. Neither the voltage difference (± a few hundred volts) nor the required speed (∼ 1 ms) or465

timing precision (∼ 0.1 ms) of this switch appear to be prohibitive, and it does not interfere with the466

electric field in the detector drift region, which remains stable, although temporarily insensitive to barium467

ions.468

There are many conceivable arrangements of the RF carpet system geometry, with varying details of469

coverage, shape, and segmentation. One factor that is likely to strongly influence the choice of geometry470

is power consumption, which must be managed with care. For carpets with the fine pitches that will be471

considered for our application of interest, resistive losses are the dominant source of power consumption472

over dielectric ones. The power lost to resistive heating depends on the radius as well as the pitch473

and connectivity of RF electrodes. The power dissipated in a single, fully connected 2 m diameter,474

10 µm pitch carpet operated at 1000 V and 1 MHz is likely to be unviably large (potentially at the475

1 MW level, though with significant dependencies on choice of both insulator and conductor materials).476

Dividing the carpet into smaller sub-units and reducing their surface coverage can reduce this power477

consumption considerably. Resistive heating of a fully connected RF carpet scales with approximately478

the forth power of the radius, with both the total capacitance and total length of conductor factoring479

into the heat load. The modularized scheme as described therefore implies a significantly reduced power480

consumption relative to a single fully carpeted cathode surface, estimated to be of order 4 kW for the set481

of seven fully connected, 30 cm diameter RF carpets. Azimuthally segmenting the ring electrodes into482

six segments per carpet could further reduce the resistive heating for the same coverage to around 100 W483

by reducing the lengths of each conductor that must be charged and discharged. While it is beyond484

the scope of this work to attempt a detailed optimization of system geometry, or to present detailed485

power-draw calculations, it is recognized that power consumption is likely to be a relevant consideration486

for a final design in addition to those presented here, likely managed primarily through system geometry487

optimization. System considerations may also limit the deployable number of RF phases.488

Finally we note that, since establishing coincidence between a detected double beta decay event and489

the collected barium ion is mandatory for barium tagging, transport speed along the carpet surface is490

also a relevant performance parameter. Given the low rate of events expected with energy near Qbb, a491

time delay from landing to arriving at a sensor of 10 seconds can be easily accommodated. All efficient492

transport scenarios we explore will meet this requirement comfortably, so ion delivery speed is not a493

considerable design driver.494

7. System parameters for RF carpets in high pressure xenon gas495

Following the previous sections of general discussion we now turn attention to the RF carpet operating496

parameters that may be appropriate for barium ion transport in high pressure xenon gas. These inputs497

to this calculation can be divided into two categories. First, the input parameters associated with the498

medium or ion, which are fixed by nature and we cannot change; second, the input parameters we may499

adjust by choice of technology or operating conditions.500

7.1. Gas and ion parameters501

The following parameters are considered intrinsic properties of the system, and will not be adjusted502

during this study.503

Gas composition / atomic mass M : The gas in a high pressure xenon gas neutrinoless double504

beta decay experiment can be assumed to be predominantly 136Xe with an atomic mass of 136. Possible505

addition of minority components to reduce diffusion or absorb neutrons, such as 4He [42, 43, 44, 45] or506
3He [46] respectively may also be present. Unlike electrons, ions are always thermalized at the drift fields507

of interest, and so a minority component of a light noble gas will not impact either the instantaneous508

energy spectrum or bulk mobility of drifting ions, and we can assume m =136 amu for the mass of the509

buffer gas with a reasonable expectation of accuracy for all these cases. Incorporation of a molecular510

gas such as CH4 [47] or TMA [48, 49, 50, 51] and others such as CO2 [52] and CH4 [53] have also been511

proposed, though this requires more involved filtering schemes to purify the working gas mixture to the512

part-per-billion levels of purity in oxygen and water required for TPC operation. Incorporation of such513

a molecular species would lead to non-trivial chemistry forming molecular ions with the drifting barium514

cluster, and so we do not consider it here.515

Ion charge q: Barium ions produced in any double beta decay event are created in a very highly516

charged state as emerging electrons disrupt the decaying atom. Within picoseconds these highly charged517

initial ions have captured electrons from surrounding neutral xenon atoms until this capture process518
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Figure 10: Left: mean cluster mass vs. pressure using methods of Ref [17]. Right: mobility vs. pressure from Ref [17]. The
pressure dependencies of these parameters have important implications for the pressure dependence of RF carpet operation
in the pressure range 1-10 bar.

becomes energetically disfavored, a process which terminates at Ba2+. In high density environments519

such as in liquid or solid xenon, recombination of thermalized charge near the ion leads to further520

neutralization, leading to a distribution of barium charge states. In xenon gas at densities up to at least521

50 bar, recombination is expected to be minimal, as illustrated in Refs. [54] and [55], and so the ions can522

be assumed to be in the pure 2+ charge state.523

Ion mass m : The mass of the bare daughter ion 136Ba is 136 amu. This ion has a high charge density524

and xenon atoms are easily polarizable, and thus the ion quickly becomes dressed with a shell of neutral525

xenon atoms. Calculations of molecular ion formation in the Ba+/Xe system using density functional526

theory [17] agree very well with experimental data which show a strongly pressure dependent reduced527

mobility, the hallmark of molecular ion formation [18]. In the Ba2+/Xe system, similar calculations528

predict formation of significantly larger clusters, with a mean Xenon binding number of 6–9 depending529

on gas pressure. The binding energies are 3–4 eV, far above thermal energies, suggesting these clusters530

should be thermally stable as they are driven by the RF carpet. The lightest cluster predicted has m=952531

amu, and this was used as a reference parameter point in the earlier sections in this paper for this reason.532

In this calculations that follow we use the predicted pressure-dependent mean cluster mass extracted from533

the simulation results of Ref. [17], shown in Fig. 10, left. In general, both the trap depths and mean ion534

travel heights improve for larger values of m so the expected molecular ion formation can be considered535

as a beneficial effect for RF carpet operation in high pressure xenon.536

Ion mobility µ: In Ref. [17], potential energy surfaces evaluated with density functional theory were537

used to calculate the momentum transfer cross section between neutral xenon atoms and the expected538

ion clusters in high pressure xenon gas. These cross sections were then used to obtain the ion mobility.539

In the case of the Ba+/Xe system, the relative mass of the average cluster changes dramatically with540

pressure in the 0.1–10 bar range, since the mass of bare barium and [BaXe]+ are very different, and541

this substantially influences the reduced mobility as a function of pressure. However, for the Ba2+/Xe542

system the relative mass of the cluster is less dependent on pressure and hence the reduced mobility543

varies less drastically. Fig. 10, right shows the predicted mobility, either assuming a fixed cluster size of 6544

(dashed grey line) or accounting for the predicted pressure-dependent scaling of cluster size (green line).545

The difference between these predictions is small, with absolute mobility scaling with a fairly constant546

reduced mobility µ0 as µ = µ0
p0
p . This pressure dependence of absolute mobility leads to increased547

damping at high pressures, however, and can be understood as one of the fundamental reasons why RF548

carpets become more challenging to use at high operating pressures.549
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Figure 11: Dependence of maximal electrode-to-electrode voltage Vmax with carpet phasing N for a fixed peak-to-peak
voltage Vpp

7.2. RF carpet parameters and their constraints550

The following parameters are adjustable based on design choices, and our goal in this work is to551

establish the values that would allow for stable transport in barium tagging applications:552

Pitch p: The RF carpet pitch defines the distance between two electrode centers. The smaller553

the pitch, the stronger the levitating effect of the RF carpet. Present large RF carpet manufacturing554

techniques aiming for fine pitches have used a single layer PCB etch on Kapton substrate with pitches555

of around 160 µm [9]. State-of-the-art PCB manufacture is capable of still smaller pitches, down to556

25 µm trace and gap width [56], yielding 50 µm pitch. Manufacturing methods for RF structures used557

in ion traps for quantum information processing have, however, achieved far finer feature sizes than 50558

µm [32, 57, 58, 33, 59] and manufacture by photo-etch on sapphire or by CMOS production both appear559

possible for achieving feature sizes as small as 5µm [34]. RF carpets of this scale have been proposed,560

but not yet demonstrated, by others [31]. Ongoing R&D within the NEXT collaboration aims to produce561

an RF carpet by single-layer photo-etch on sapphire of pitch of 15µm for experimental studies of ion562

transport in xenon gas.563

Carpet phasing N : In principle any phasing is possible, though the complexity of supplying the564

various RF voltages to independently biased groups of traces becomes more difficult as the phasing gets565

larger. N = 2 phasing is the simplest option, though this does not allow for transverse motion without566

also applying either a DC sweep field or a surfing wave. A DC sweep field is not ideal for use in a NEXT567

detector since it would require one carpet edge to be highly biased relative to the ion collection point,568

under which conditions it would be challenging to maintain a sufficiently small push field across the array569

without a rather complex gating geometry. The study of Sec. 5 showed N = 3 gave particularly poor570

performance. We thus pick N = 4 as our benchmark. Calculations for N = 5 and N = 6 show minimal571

improvement in the transport efficiency for small pitches, certainly insufficient to justify the additional572

complexity associated with a 5 or 6 phase RF structure.573

RF peak-to-peak voltage Vpp: The RF peak-to-peak voltage is limited by the breakdown voltage574

for discharges over the carpet surface or through the insulating material(s), at some threshold voltage575

Vmax, as described in Sec. 5 and shown in Fig. 11. For the N = 4 carpets that will be used as example576

cases in the following sections, the ratio of Vmax to Vpp is around 1.4. Generally speaking, breakdown577

through the buffer gas has limited operating voltage of all previous RF carpets. Typically in helium gas578

it is possible to reach applied voltages around Vpp=150 V. Xenon gas has a far higher breakdown strength579

than helium gas, and elevated pressures increase this breakdown voltage still further. Past measurements580

of the breakdown of thin Kapton layers at RF frequencies in xenon gas suggest that in high pressure581

xenon gas experiments, breakdown of insulator substrate will be limiting before breakdown through the582

gas for kapton PCBs operated at gas pressures above 1 bar. Data from Ref. [41] showed breakdown583
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occurring through kapton films at approximately Vmax = 500 V for 130 µm insulator distance, though584

it is likely that in a practical RF carpet this value may be somewhat higher due to the higher quality585

of the electrode surfaces. Several commercially available kapton films advertise a dielectric strength as586

high as 8 kV for a 25 µm film thickness, suggesting that with suitably well-prepared electrodes, much587

larger voltages may be supportable on kapton substrates [60]. Additionally, experience in the ion trapping588

community with micro-fabricated traps has shown that insulating structures with feature sizes on the589

scale of 10 µm can satisfactorily withstand Vmax = 1000 V, for example, Ref. [32]. We thus speculate590

that kapton-based PCB carpets probably cannot safely hold voltages much above 500 V RF at O(50µm)591

pitch sizes, whereas nano-fabrication methods have been demonstrated which allow up to 1000 V over 10592

µm spacings, in principle.593

RF frequency Ω: In our calculations we have considered fixed RF frequencies of 13.56 MHz due to594

easy availability of RF generators at this frequency for industrial application in plasma production [61],595

though in principle, carpet operation at any RF driving frequency is conceivable. In the heavily damped596

regime all quantitative results concerning stability are nearly independent of RF frequency in realistic597

ranges, so we do not scan over this parameter. Since RF carpet power consumption is minimized by598

choosing the lowest frequency possible, it is likely that such a system would be operated at the lowest599

driving frequency where stable operation can be achieved. For the small pitches considered here this600

is around 1 MHz, below which the micro-radius will become comparable to the equilibrium ion height,601

leading to trajectories which are no longer well represented by macro-motion within the pseudo-potential602

well.603

Push field Epush: The push field is what drives ions toward the carpet and, counteracting the RF604

levitating force, creates the trapping effect. Normal operation of a time projection chamber using high605

pressure xenon gas would naturally create a perpendicular field into the cathode of order Epush = 300606

V cm−1. This is too large for stable RF carpet transport under reasonable operating conditions, since607

typical push fields in RF carpet systems are often of the order 10–30 V cm−1. As discussed in Sec. 6,608

this mis-match invokes the need for a gating grid which switches when ions arrive. Using the scheme609

described earlier, a push field of 20 V cm−1 can be applied to allow for efficient ion transport.610

Temperature T : All the NEXT detectors to date have operated at room temperature, T ∼ 293 K.611

Reduced temperature operation of future phases has been considered in order to reduce the dark noise612

present in silicon photo-multipliers to levels that may allow them to be used for energy measurement613

in addition to tracking, and to relieve mechanical constraints on the system by offering higher densities614

at lower pressures. Reducing the operating temperature of the detector will cause ions in the pseudo-615

potential to thermalize at a lower temperature, narrowing their distribution around the stable trajectory616

and leading to enhanced stability. This is expected to offer a modest enhancement to RF carpet efficiency,617

since the mean cluster sizes and ion mobilities are also temperature dependent. Xenon freezes at around618

219K at 10 bar, and so certainly the system cannot be operated below this temperature. In what follows619

we will evaluate transport distances at both room temperature and at T = 220 K to illustrate the620

(relatively modest) effects of temperature changes.621

8. Operating conditions for RF carpets in high pressure xenon gas622

We now apply the methods of the previous sections to the question of ion transport efficiency in xenon623

gas at atmospheric pressure and above. We begin by considering operation of RF carpets in xenon at624

1 bar, which appears likely to be achievable with existing technical solutions using kapton-based PCBs.625

Fig. 12 shows the calculated pseudo-potential for various pitches and RF voltages given a push field of626

Epush=20 V cm−1 and RF frequency of 13.56 MHz in one bar of xenon gas. Potentials for both singly627

and doubly charged barium ions are shown, and all calculations include the effects of clustering on both628

mobility and molecular ion mass. At 80 µm pitch and 1 bar pressure, stable transport requires a voltage629

near to but not in excess of the edge of viability for kapton substrates. As expected, reducing the carpet630

pitch leads to dramatic improvement in the depth and vertical position of the pseudo-potential well.631

As the pressure is raised, stable transport becomes increasingly challenging. Fig. 13 shows pseudo-632

potential curves as well as calculated thermal probability distributions at room temperature for several633

RF carpet pitches and RF voltages at 10 bar. Consideration of the probability distributions shown in634

the lower panel of this figure illustrates that stable transport cannot be expected at 10 bar for carpet635

pitches above a few tens of microns, or electrode-to-electrode voltages below 700–800V. At operating636

points with lower voltages or larger pitches, the ion height probability distributions clearly have large637

tails penetrating the carpet surface, implying rapid ion losses.638
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Figure 12: Pseudo-potential wells calculated for one bar xenon gas for singly and doubly charged barium ions at room
temperature. Stable trapping is clearly possible for Ba2+ in all but the least favorable scenarios.

Figure 13: Examples of potential curves and ion height thermal probability distributions in 10 bar xenon gas for Ba2+
within its xenon cluster with N=4 RF carpets. The three colored curves show three different pitches achievable with nano-
fabrication methods; the two figures show two different RF driving voltages. In the upper panel we show the pseudo-potential
in units of kB T and in the lower, the equilibrium ion height distribution.
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Figure 14: RF carpet stability regimes with fixed pitch and variable pressure. In the red region, the minimum of the
psuedo-potential is not above the carpet surface. In the yellow regions, ions travel less than 30 cm on average at the two
tested temperatures. The green region covers the parameter values where ions travel more than 30 cm on average at 293 K.
Due to the rapid threshold-like form of the transport efficiency, the regions for 50 cm average travel are only different by a
few percent in RF voltage.

The figure of merit that is the ultimate determinant of viability for RF carpets for ion transport in639

xenon gas detectors is the mean transverse ion survival distance. We define as our requirement here as at640

least 15 cm predicted transport distance, though it is clear from the curves of, for example, Fig. 7 that641

once the threshold for stable transport is crossed, mean travel distances climb extremely rapidly with642

voltage. The difference in operating voltage required for a mean distance of 15 cm or 50 cm is thus only643

at the few percent level. To establish the possible parameter space of RF carpet operation we first fix the644

operating pitch, pressure, push field, frequency, ion charge, mobility and temperature. We then calculate645

the curve of mean survival distance vs. RF voltage using the methods of Sec. 4. Finally we interpolate646

this curve to evaluate the voltage threshold where 15 cm mean transport distance is achieved. This will647

be considered as the threshold voltage for efficient transport at this operating parameter point.648

Results of scans in pressure at fixed pitch are shown in Fig. 14, and complementary scans in pitch649

at fixed pressure are reported in Fig. 15. These figures are the main quantitative results of this work,650

encoding the operating requirements for RF carpets for high pressure xenon gas. Also shown on the figure651

is the region where even absent thermal fluctuations, no stable ion trajectories exist. The large disparity652

between this region and the stable long-distance transport regime highlights how vital the incorporation653

of finite temperature / stochastic effects is to predicting the stability of RF carpet operation, in contrast654

to much less strongly damped vacuum-based trap systems.655

9. Discussion and Conclusions656

In this paper we have explored the theoretical operating conditions for N−phased radio-frequency657

carpets in high pressure gases. The micro and macro-motion of ions on phased RF arrays has been658

derived via generalization of the Dehmelt potential formalism, with analytic expressions obtained for all659

important transport parameters. In high pressure environments, the analytic solution for the macro-660

motion is modified by stochastic fluctuations due to buffer gas interaction. Diffusion of the particle661

trajectory from the minimum of the pseudo-potential into the carpet surface due to Brownian motion662

is the dominant mechanism of ion loss in high buffer gas densities, and thus a proper understanding of663

this deviation is required for understanding transport efficiency of RF carpets in dense gases. Detailed664

collision-by-collision simulations in SIMION were used to validate a new model for RF carpet performance665

based on thermodynamics and kinetic theory, which are used to accurately describe both the equilibrium666

ion height distribution and the mean ion loss rate, respectively. The validity of this model alleviates the667

need for computationally expensive simulations, which become untenable for high operating pressures668

and long transport distances.669
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Figure 15: RF carpet stability regimes with fixed pressure and variable pitch. See text for more details. In the red region,
the minimum of the pseudo-potential is not above the carpet surface. In the yellow regions, ions travel less than 15 cm on
average at the two tested temperatures. The green region covers the parameter values where ions travel more than 15 cm
on average at 293 K. Due to the rapid threshold-like form of the transport efficiency, the regions for 50 cm average travel
are only different by a few percent in RF voltage.

Using this newly validated method for analytic modeling of RF carpet transport, the operating670

conditions required for transport of barium ions in xenon gas at pressures of 1–10 bar have been evaluated.671

If RF carpets can be operated with high transport efficiency in this regime it would enable ion collection672

from large volumes of xenon gas, which may prove to be a key ingredient in addressing the presently673

unsolved problem of ion concentration to sensors for barium tagging.674

Our calculations show that stable ion motion over conventionally available RF carpets based on675

single layer PCBs on kapton appears viable up to 1 atmosphere of pressure. At this operating pressure,676

commercially available PCB manufacturing technologies [56] can be used to produce RF carpet structures677

with pitches of order 50 µm on 30 cm diameter scales which would likely be able to support the required678

maximum driving voltage of Vmax ∼350 V. Construction of devices to operate at 10 bar of pressure,679

on the other hand, appears far more challenging. A structure with at most 15 µm pitch supporting at680

least Vmax=800 V would likely be required. Such parameters have been demonstrably achieved in past681

devices for quantum information science applications using nano-fabrication at single-chip scales [32,682

33, 34]. To our knowledge, however, no device with such a fine feature size has been produced on the683

tens-of-centimeter scale required for this application. Since 300 mm is a standard wafer size in CMOS684

processing [62], with 450 mm under development [62], there is reason to be hopeful that such a device may685

be realizable with existing manufacturing techniques, though its demonstration will require considerable686

R&D. RF carpet devices operable in high pressures that may be realized in this way would likely find687

other important applications beyond double beta decay searches.688

Experimental work on RF carpets for neutrinoless double beta decay detectors is currently underway689

within the NEXT collaboration. A near-term goal is to fabricate a 15 µm pitch etched metal-on-sapphire690

RF carpet at 5 cm scale and demonstrate its performance for ion transport in xenon gas. Success in691

this endeavor may illuminate a path toward RF carpets operable in new pressure regimes, potentially692

providing a new method of ion concentration for barium daughter ion tagging following neutrinoless693

double beta decay.694
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Appendix: The Dehmelt potential718

The levitating force in RF carpets operated with a purely periodic field strength can be understood in719

terms of a Dehmelt potential, the same basic principle operational in Paul traps. The Dehmelt potential720

is an interesting and not totally intuitive effect, where an RF field which averages to zero over a cycle721

everywhere at each point in space can still exert an overall force on a particle when averaged over time,722

if it is spatially inhomogeneous. Consider an electric field with position ~r dependence of the form:723

~E [~r, t] = ~E0 [~r] cos Ωt (35)

This field has a position dependence and fast time dependence at the RF frequency Ω. We consider724

three cases of particle motion. First, a ballistic (vacuum-like) motion, and then a fully viscous (high725

pressure gas-like) motion, and finally, something in between (which it turns out is the most relevant case726

for operation RF carpets).727

Fully Ballistic Case: A particle moving in this field in a ballistic, non-viscous setting obeys equation728

of motion:729

mr̈ = q ~E [~r(t), t] .~r = q ~E0 [~r(t)] cos (Ωt) . (36)

We seek solutions defined by having a periodic “micro-motion” ~ξ on the RF timescale, superposed on730

a “macro-motion” ~z on slower timescales:731

~r(t) = ~z(t) + ~ξ(t). (37)

Substituting this expression into Eq. 36 we find:732

m~̈z +m~̈ξ = q ~E0

[
~z + ~ξ

]
cos (Ωt) . (38)

Two approximations allow us to proceed to solve for the micro-motion. First, we approximate that733

the cycles defined by the micro-motion take place over regions where the electric field does not vary734

sustantially, so that ~E0

[
~z + ~ξ

]
∼ ~E[~z]. Second, we approximate that the timescales associated with the735

micro-motion, τ ∼ 1/Ω are much faster than the timescales associated with the macro-motion so z̈i � ξ̈i736

for all i. Then we obtain an equation for the micro-motion alone:737

m~̈ξ = q ~E0 [~z] cos (Ωt) (39)

This has the periodic solution:738

~ξ =
q

mΩ2
~E0 [~z] cos (Ωt) (40)

To solve for the macro-motion, we return to the equation of motion and expand ~E[~r] to first order in739

~ξ:740
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m~̈z + q ~E0 [~z] cos (Ωt) = q
(

1 + ~ξ(t) · ∇
)
~E0 [~z] cos (Ωt) (41)

Substituting the solution for the micro-motion:741

m~̈z =
q2

mΩ2

(
~E0 · ∇

)
~E0 cos2 (Ωt) (42)

Averaging over a period in Ωt to find the slow-timescale behavior:742

〈~̈z〉 =
q2

mΩ2

〈(
~E0 · ∇

)
~E0 cos2 (Ωt)

〉
=

1

2

q2

m2Ω2

(
~E0 · ∇

)
~E0 (43)

If the E field is homogenous then ∇ ~E = 0 and there is no macro-motion. However, an interesting743

situation is apparent when ∇ ~E 6= 0. Now there is a non-zero force, after time averaging, even though the744

RF field at each point in space averages to zero.745

〈~̈z〉 =
q2

4m2Ω2
∇
(
E2

0 [~z]
)

(44)

This can be compactly written:746

〈~̈z〉 = q∇V (45)

With V the effective potential:747

V =
qE2

0 [~z]

4m2Ω2
(46)

It is this repulsive potential that acts to levitate ions over any RF structures that have non-uniform748

and time varying electric fields near their surfaces.749

Fully Viscous Case: We can also consider a scenario with a viscous motion, as we would expect in750

very high pressure environments. We now take as starting point the viscous equation of motion:751

~̇r = qµ ~E0 [~r(t)] cos (Ωt) (47)

Here µ is the mobility and the dynamical term on the left involves only one time derivative. Again752

we seek solutions defined by a micro-motion ~ξ on the RF timescale superposed on a macro-motion ~z on753

slower timescales. Solving for the micro-motion using the same approximations as before yields:754

~ξ(t) =
µq

Ω
~E0 [~z] sin (Ωt) (48)

And so:755

~̇z =
µ2q2

Ω

(
~E0 · ∇

)
~E0

1

2
sin (2Ωt) (49)

In this case, however, when time averaging over an oscillation we find there is no longer a levitating756

force:757

〈~̇z〉 = 0 (50)

Thus is a scenario where the ion motion is trully viscous over the RF timescale, ion levitation using758

RF fields is not possible.759

Intermediate case: It would be an over-simplification to state that ions exhibit viscous motion in760

high pressure gases but ballistic motion in low pressure ones. When we consider ion swarms propelled by761

DC drift fields, it is understood that the particles are subject to viscous motion on the long timescales762

required to cross a particle detector. However, they still accelerate ballistically between collisions with763

gas atoms. The ion motion on a microscopic scale thus exhibits both ballistic and viscous elements.764

The full equation of motion in the presence of both ballistic and viscous terms can be written as:765

m~̈r +
q

µ
~̇r = q ~E0 [~r(t)] cos (Ωt) (51)

Following the same approach as before we can solve for the fast micro-motion:766
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mΩ2 ~̈ξ +
q

µ
Ω~̇ξ = q ~E0 [~r(t)] cos (Ωt) (52)

The solution to this second order differential equation is a damped, periodic motion with a phase767

shift:768

~ξ =
q

mΩ

~E0√
Ω2 +D2

cos(Ωt+ β) tanβ =
D2

Ω2
(53)

Above we have introduced the “Damping factor”:769

D =
e

mµ
(54)

The ballistic limit corresponds to tanβ → 0 so β → 0 and the micro-motion totally in phase with the770

RF; whereas the viscous limit corresponds to tanβ → ∞ so β → π and the micro-motion totally out of771

phase with the RF. This principle can be used to understand where the effective force from the Dehmelt772

potential comes from, by considering the reinforcing action (or lack of) of the non-uniform electric field773

at different points in the micro-cycle. Fig. 16 illustrates this principle.774

Proceeding with a derivation of the macro-motion:775

m〈~̈z〉+
q

µ
〈~̇z〉 =

q

4mΩ

1√
Ω2 +D2

(
~E0 · ∇

)
~E0 〈cos(Ωt+ β) cos (Ωt)〉 (55)

A trigonometric identity helps us with the time average on the right, and only the first term survives776

being time-averaged:777

〈cos(Ωt+ β) cos (Ωt)〉 = 〈(cos(Ωt) cos(β)− sin(Ωt) sin(β)) cos (Ωt)〉 (56)

=
1

2
cosβ. (57)

We can also write this as:778

cosβ =
1√

1 + tan2 θ
=

Ω√
Ω2 +D2

(58)

Thus our equation of motion has become:779

m〈~̈z〉+
q

µ
〈~̇z〉 =

q

4m

E0

Ω2 +D2
∇
(
E2

0 [~z]
)

(59)

The statement that on timescales associated with macro-motion the dynamics are viscous corresponds780

to the condition q
µ 〈ż〉 � m 〈z̈〉. In this scenario we find:781

q

µ
〈~̇z〉 = ∇V (60)

V =
q

4m

1

Ω2 +D2
E2

0 [~z] (61)

As required. We see then that interestingly, even in the extremely viscous limit where D � Ω, a782

Dehmelt potential remains active, though suppressed by the damping factor.783
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Figure 16: Illustration of the reinforcing effect of the non-uniform, time-dependent field that gives rise to the Dehmelt
potential in ballistic and semi-ballistic but not in viscous motion.
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