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Abstract

An Ion Conveyor driven solely by travelling waves is investigated for possible

applications in low energy beam transport at various accelerator-based facilities

dealing with thermalization and extraction of fast isotopes. In this paper, the

simulation results for the transport of various isotopes through an optimized

Ion Conveyor operable in the presence of moderate buffer gas pressure and

homogeneous magnetic field have been presented. A short device is produced

and experimentally tested for the transport of Rb+ ions in the presence of gas

pressure.

Keywords: Ion conveyor, Ion guide, Low energy ion transport,

Traveling wave ion transport

1. Introduction1

The Ion Conveyor is an ion guide device composed of multiple stacked rings.2

This kind of ion guides has previously been used in different configurations.3

A stacked ring RF device was first introduced by Bahr, Gerlich and Teloy in4

1969, and later proposed by Guan and Marshall to be operated along with5

electrostatic potentials [1, 2]. Smith et al. used an ion funnel with a focussing6

effect to operate in the pressure regime of 0.1 − 40 hPa, for experiments in7

2000 [3, 4, 5]. Later in 2004, Colburn et al simulated the device operated with8

travelling waveform and also named it, “Ion Conveyor” [6].9

∗N. Joshi
Email address: email@ninadjoshi.de (N. Joshi )

Preprint submitted to Nuclear Instruments and Methods: Section A December 19, 2025



An ion conveyor driven solely by a travelling wave, conceptualize by G.10

Bollen [7], is investigated for possible applications in low energy transport for11

radioactive ion beams. As shown in Fig. 1, the ion conveyor is comprised of12

a set of ring electrodes, connected to a signal generator with multiple output13

signals, shifted by equal phases, applied to the periodic set of electrodes. This14

arrangement induces a travelling wave along the structure. An ion “riding”15

on the wave is then pushed forward, the movement is known as “ion surfing”,16

similar to the one used in RF-carpets techniques [8, 9, 10, 11].17

(a) (b)

Figure 1: Ion Conveyor: a) Ring electrodes are stacked; when connected to a signal generator,

a travelling electric field is induced. b) The consecutive rings are connected to a signal

generator with phase difference and the number of electrodes with a different phase defining

a period.

Fig. 2 shows sample trajectories for three different cases. The first and sec-18

ond pictures compare the trajectories of Rb+ ions at low amplitude wave and19

high amplitude wave. The trajectories in the top picture show the “Conveyor20

mode” in which the ions are carried along with the wave relatively slow. When21

higher wave amplitude is applied, the ions can be driven at faster speeds and a22

lower Time of Flight (TOF) can be achieved. This mode is called “Ion Squeez-23

ing” mode, which also exhibits a stronger radial focussing from the structure.24

The bottom figure shows Ar+ ions with mass m = 40 transported through a25

conveyor in the presence of a magnetic field induction of 1.0 T in longitudinal26
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z-axis.27

Figure 2: Sample trajectories of ions transported through Conveyor. a) Conveyor mode:

Rb+ ions in 10 hPa with a low amplitude sine wave (40 V), b) Squeezing mode: Rb+ ions

in 10 hPa with a high wave amplitude of 200 V, and c) Conveyor mode: Ar+ ions in 10 hPa

with a magnetic field induction of 1.0 T defined in longitudinal z-axis.

2. Simulations: Tools and Setup28

The particle dynamics was simulated using two packages, namely SIMION29

and IonCool [12, 13]. SIMION was used to calculate electric fields from the given30

geometry of the conveyor. Then the electric fields were loaded into the IonCool31

package. The IonCool package calculates the motion of ions in the presence of32

arbitrary electric and/or magnetic fields modelling the effect of the buffer gas by33

realistically simulating collisions between ions and buffer gas molecules. Fig. 334

shows a typical geometry for the simulation of ion dynamics in the stacked ring35

structure in a two-dimensional projection. To isolate the problem of transport36

ions only through the structure and avoid any effects arising due to fringing37

fields, the thermalized ions are initialised a few mm inside the structure. This38

scenario is well suited to investigate the properties of ion conveyor alone. In39

the section 5 the optimized structure is simulated with the experimental setup.40
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The efficiency is measured by counting the number of ions reaching the collector41

plate downstream.42

Figure 3: SIMION geometry model of ion conveyor. The initial injection point is located

inside the ring structure approximately at the position of the second ring electrode. Efficiency

is calculated by taking the ratio of number ions reaching the collector plate to the number of

ions injected. The outer boundary indicates the simulation model limits.

The parameters which were varied for optimizing the structure were:43

• Spacing between electrodes44

• Wave Amplitude (defined as peak amplitude )45

• Frequency46

• Diameter of rings47

3. 4-phase vs 8-phase and Square wave-based travelling wave48

The initial assessment showed that a travelling wave generated with a higher49

number of phases benefits the ion transport not only in terms of the operating50

pressure range but also in terms of Time of Flight through the structure. The51

travelling wave is induced along the structure by superposition of the sinusoidal52

signal with a phase difference in the consecutive electrodes connected in a pe-53

riodic set. Densely packed ring electrodes would produce a smoother wave as54

compared to the stepwise approximated travelling wave.55

Fig. 4(a) distinctly shows that 8-phase driven conveyor can support a wider56

gas pressure range, whereas the Time of Flight (TOF) is also shorter for 8-phase57

structure as seen in Fig. 4(b). A higher number of phases like 16 or 32 would be58
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(a) (b)

Figure 4: A comparison between conveyor with 4−phases and 8−phases. An example of Rb+

ions in 10 hPa with a wave amplitude of 40 V (a) compares the pressure range supported by

the structure in terms of efficiency, whereas (b) compares the TOF as a function of pressure.

more effective, but also more challenging to handle from a manufacturing and59

operation point of view.60

It was further shown that a travelling wave induced by square-wave can be61

used with better performance and a larger pressure range. The generation of a62

square wave is fairly inexpensive and reliable when compared to the operation63

of a sine wave generator with high power dissipation. A sine-wave based HF64

waves usually imply narrow bandwidth whereas square wave generators can65

easily cover a wide frequency range and large frequency bandwidth.66

Fig. 5 shows simulated colour coded efficiency plots as a function of wave67

amplitude and frequency for the transport of Rb+ ions. Fig. 5 depicts a larger68

area of operation for maximum efficiency in Amplitude-Frequency space in the69

case of the square wave driver.70

4. Optimization and a prototype Ion conveyor71

In the view of the multiple parameters, which can be varied and tested, some72

parameters were simply assumed from the technical and manufacturing point of73

view. Preliminary simulations showed that larger ring electrodes require wave74
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(a) (b)

Figure 5: Efficiency plots as a function of wave amplitude and frequency for a conveyor driven

by (a) a sinusoidal wave and (b) a square wave. (colour on-line)

amplitudes, that would lead to discharge-limit in Helium. An inner diameter of75

10 mm is a reasonable choice to start with. Considering possible parameters and76

to avoid long computation time, a conveyor length was restricted to the length of77

240 mm for the simulation, with a collector at the end. This number also allows78

for design of structure with even multiplicity in terms of number of rings or inter-79

electrode distances. The injected ions have a homogeneous spatial distribution80

in the transverse (x-y) plane without any initial momentum. A gas pressure81

of 10 hPa was taken as a reference point. The simulations were performed82

for different structures generated by varying the inter-electrode distance (λ)83

between ring electrodes while keeping the total length of the structure constant.84

8-phases are assumed in all following calculations.85

Fig. 6 shows efficiency plots colour coded in the parameter space of wave86

amplitude and frequency for 4 different structures.87

The conveyer shows the highest area representing the maximum transport88

efficiency of 100% for a distance of λ = 15 mm. Fig. 7 shows a similar behaviour89

of the efficiency plots for the Nitrogen−ions. In the case of Ar+ ions, the upper90

boundary slants down reducing the operational area with high efficiency while91
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Figure 6: Efficiency plot as a function of wave amplitude and frequency simulated for four

different values of distance (λ). Transport of 40Ar+ ions was simulated through a conveyor

with a constant length. (colour on-line)

for the lower mass N+ ions this area is shrinking from both sides. The transport92

of lighter ions is more sensitive to varying period of the structure.93

Finally, after fixing the periodic distance at λ = 15 mm and an inner di-94

ameter of 10 mm, one can analyze the performance of the conveyor in terms of95

pressure range supported.96

Fig. 8 shows efficiency plotted for a range of He−gas pressure values and97

frequencies for heavy ions (Rb+, m = 85) and lighter ions (N+, m = 14) driven98

at a fixed wave amplitude of 55 V. These graphs show that the structure is99

well optimized to reach more than 95% efficiency within the pressure range of100

7−15 hPa for both heavy and lighter ions. It also indicates, in general, a drastic101
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Figure 7: Efficiency plot as a function of wave amplitude and frequency simulated for the

transport of N+ ions. It shows more sensitivity to changing inter-electrode distance. (colour

on-line)

(a) (b)

Figure 8: Pressure range supported by an ion conveyor with a distance of λ = 15 mm and

an inner diameter of 10 mm for the transport of a) heavy ions (Rb+, m = 85) and b) light

ions (N+, m = 14). (colour on-line)

drop in efficiency on either side of the pressure axis.102

The effect of the magnetic field can be included by either importing field103

distribution from software like TOSCA, EM-STUDIO or it can be taken as an104

analytical approximation. Fig. 9 shows the simple case of varied magnetic field105

on the transport of ions through the structure for heavier and lighter ion types.106

The difference in the transport efficiency is very small within an error limit in107

both the case when the magnetic field is applied.108
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(a) (b)

Figure 9: Effect of magnetic field on the efficiency of ion transport through the structure for

two different cases of a) Rb+, m = 85 ions and b) N+, m = 14 ions. (colour on-line)

(a) (b)

Figure 10: The tested prototype Ion Conveyor a) a photograph and b) CAD drawing with a

quarter removed to show the inside.

A test ion conveyor has been built based on these values for demonstration109

experiments. The device is constructed with 80 electrodes, with a consecutive110

electrode spacing of 1.875 mm or a spacer length 15 mm supporting 8−phases111

as shown in Fig. 10. The total length of the conveyor is 180 mm. Double-112

spoke electrodes are mounted in staircase pattern into 16 rods held in place by113
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Macor rings. The whole assembly was then inserted into a cylindrical vessel114

with electrical isolation from electrodes. An additional collimator plate in the115

front and a collector plate downstream were attached for experiments. The116

construction of the mounting assembly is matched in order to use existing the117

experimental facility.118

5. Experiments119

Fig. 11 shows a SIMION depiction of the experimental setup. A surface ion120

source was mounted in front of the ion conveyor. For the transport of heavier121

isotopes, an 85Rb+ emitting ion source was used. A high-quality pellet surface122

ion source provides 85Rb+ ions up to 92% measured using RGA scanner. The123

collimator plate provides better control of ion injection into the ring structure.124

The collector at the end was connected to a picoampere meter. Helium was125

used as buffer gas for all the experiments.126

Figure 11: Experimental setup showing ion source, collimator, ion conveyor and collector.

This is a typical SIMION depiction with equipotential lines. A scale of 15 mm corresponding

to spacer length is shown.

Fig. 12 shows efficiency as a function of the buffer gas pressure. Fig. 12(a)127

show efficiency measured at frequency 250 kHz with a wave amplitude of 40 V.128

The simulation predicts a constant efficiency of 100% above 5 hPa whereas the129

measured efficiency drops down slowly above 8 hPa. In the second graph, seen130

in Fig. 12(b), the measured values agree better with the simulated values when131

the structure is driven at 300 kHz and a wave amplitude of 45 V. However,132

both the graphs indicate a sharp efficiency drop below 3 hPa as predicted by133

simulations.134
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(a) (b)

Figure 12: Measured and simulated efficiency as a function of gas pressure for the transport

of 85Rb+ ions at a) f = 250 kHz, and at (b) f = 300 kHz.

Fig. 13 gives a more comprehensive view of this comparison. The efficiency135

is plotted in the amplitude-frequency space for the transport of Rb+ ions in136

the presence of a gas pressure of 10 hPa. At lower amplitudes, the simulated137

values do not match with measurements exactly. The measurements show a138

slower rise in efficiency than simulations with increasing wave amplitudes. Both139

graphs show little change in efficiency as a function of the amplitude. The140

overall behaviour of the measured efficiency function is qualitatively similar to141

the simulated one.142

The performance of the ion conveyor was also tested for lower mass ions,143

e.g. a 23Na+. As the 23Na+ source was not able to deliver a stable ion beam144

for the time needed to cover the desired full Amplitude-Frequency range, only145

a subset of measurements was taken.146

Fig. 14 shows a graph of efficiency as a function of frequency for the transport147

of Na+ ions with a wave amplitude of 50 V in the presence of the gas pressure148

of 10 hPa. The measured efficiency curve rises slowly, reaching a maximum of149

about 98% before slowly decreasing again, whereas the simulated values stay150

constant at 100% for frequencies values over 600 kHz.151
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(a) (b)

Figure 13: Simulated and measured efficiency as a function of wave amplitude and frequency

for the transport of Rb+ ion at 10 hPa. (colour on-line)

Figure 14: Efficiency as a function of frequency showing the comparison between simulations

and measurements.

6. Conclusions152

The demonstration experiments show that the ion conveyor with a scaled153

version (L = 180 mm) can transport heavy ions (Rb+) and lighter ions (Na+)154

with very good efficiency. In the case of Rb+ ions, about 100± 3.2% efficiency155

was achieved, whereas Na+ ions were measured with 97.8±8.1% efficiency. The156

measurements and simulations are shown in good agreement with a tolerable157
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error margin for Rb+ ions at higher frequency and amplitude. Although in158

many cases e.g. at lower amplitudes, the measurements do not match with159

the simulations, the qualitative behaviour of the efficiency dependence on the160

parameters is similar. The prototype constructed for demonstration experiments161

was only 180 mm in length.162

To investigate scalability of the structure , the distribution of lost ions along163

the conveyor was simulated for the transport of Ar+ driven at 400 kHz. Fig. 15164

shows the simulated histogram of lost ions as a function of distance along the165

longitudinal axis of the conveyor.166

Fig. 15(a) shows the distribution of lost ions for different wave amplitude167

over the distances, whereas Fig. 15(b) shows a similar distribution at different168

pressure values.169

(a) (b)

Figure 15: Distribution of lost ions along the conveyor for transport of Ar+ ions. a) Distribu-

tion as a function of distance for different wave amplitudes at 10 hPa. b) Distribution of lost

ions as a function of distance for different pressure values with a wave amplitude of 55 V.

These graphs show that there are significant losses at low amplitude, and the170

lower pressure end. With sufficiently high wave amplitudes > 30 V and pressure171

above 7 hPa, the losses are constant and very low along the structure. Thus172

a longer ion conveyor is expected to support efficient ion transport even with173

some expected pressure gradient in the range of 7− 12 hPa along the channel.174
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Figure 16: Efficiency diagram showing the operational frequency space for different ion masses

at a fixed amplitude of 55 V (colour on-line) and efficiencies shown in a bar chart for few chosen

isotopes in the presence of buffer gas pressure of 10 hPa.

Fig. 16 shows an efficiency plot for different masses and frequency range175

at a fixed wave amplitude of 55 V and a gas pressure of 10 hPa. As displayed176

in the representative bar graph, the heavier ions can be extracted within a177

lower frequency range of about 300 − 450 kHz and lighter ions require higher178

frequencies around 2 − 4 MHz. This plot can be used as a reference for a179

wide range of radioactive beam which will be produced at the facility. Table 1180

summarizes a few parameters for selected range of ions.181

Table 1: Typical values for different ions for more than 80% transport efficiency.

Ion Minimum Voltage at Frequency Amplitude Pressure

Optimum Frequency Range Range Range

133Cs+ 35 V @250 kHz 200− 400 kHz 50− 70 V 5− 20 hPa

85Rb+ 35 V @250 kHz 200− 400 kHz 50− 70 V 7− 20 hPa

40Ar+ 35 V @400 kHz 400− 700 kHz 50− 60 V 7− 20 hPa

23Na+ 35 V @600 kHz 600− 1000 kHz 50− 70 V 7− 20 hPa

14N+ 50 V @1.5 MHz 2− 3.5 MHz 55− 70 V 6− 12 hPa
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Appendix A. Square Wave Generator185

A travelling wave can be generated by producing multiple periodic signals,186

shifted by equal phases. In the case of a sinusoidal wave, it can be achieved by187

a combination of OpAmps connected in Adder and Subtractor circuit with an188

additional phase difference. A square wave generator was shown to be a better189

solution and also a more economical one than a sinusoidal wave generator. A190

single channel square signal is generated using MOSFET in push-pull configu-191

ration. Fig. A.17 shows a basic circuit of a square wave generator using two192

MOSFETs, one with p-channel and other with n-channel.193

The circuit is mounted on a good conducting metal plate with additional194

capacitors to reduce the ringing effect.195

Figure A.17: Two MOSFETs in push-pull configuration generates a square wave.

The MOSFETs, IRF630 and IRF9630, exhibits a typical output capacitance196

of 89 pF and 200 pF respectively. This combination can be used to achieve a197

rise time and fall time of about 240 ns with a load of 20 pF, whereas it increases198

up to 500 ns with an increased load of 800 pF. These values were almost stable199

over the frequency range of 200 kHz− 1.2 MHz. Fig. A.18 shows a square wave200
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with an amplitude of 50 V at 200 kHz. The ringing effect shows an overshoot201

and undershoots in the voltage of about 8 V. This voltage fluctuation does not202

affect the ion transport within the tolerance.203

Figure A.18: Measured single-channel squarewave at 200 kHz.

Eight such channels have been designed and manufactured. The travelling204

wave can be produced by introducing a phase shift in consecutive output chan-205

nels. For this purpose, we employ a combination of octal counter and the flip-206

flops to drive the TTL-logic of each channel at different phases. Fig. A.19 shows207

the oscilloscope output of the driving clock signal and the first four channels,208

indicating the phase shift.209

References210

[1] R. Bahr, D. Gerlich, and E. Teloy (1969), Verhandl. DPG ( V I ) 4, 343.211

[2] Shenheng Guan, Alan G.Marshall, “Stacked-ring electrostatic ion guide”,212

Journal of the American Society for Mass Spectrometry, (1996) Volume 7,213

Issue 1, 101-106.214

16



Figure A.19: Oscilloscope output of the driving clock signals and phase-shifted signals provided

to TTL-logic of the MOSFET.

[3] Richard D. Smith et al., “An Ion Funnel Interface for Improved Ion Fo-215

cusing and Sensitivity Using Electrospray Ionization Mass Spectrometry ”,216

Anal. Chem. (1998), 70, 4111-4119.217

[4] Richard D. Smith et al., “Design and Implementation of a New Electrody-218

namic Ion Funnel”, Anal. Chem. (2000), 72, 2247-2255.219

[5] Richard D. Smith et al., “The Ion Funnel: Theory, Implementations, and220

Applications”, Mass Spectrom. Rev. (2010) 29(2).221

[6] Alex W. Colburn, A.E. Giannakopulos and Peter J. Derrick, “The Ion222

Conveyor. An ion focusing and conveying device”, Eur. J. Mass Spectrom.223

(2004), 10, 149-154.224

[7] M. Brodeur, N. Joshi, A.E. Gehring, G. Bollen, D.J. Morrissey, S. Schwarz,225

“Traveling wave ion transport for the cyclotron gas stopper”, Nuclear In-226

17



struments and Methods in Physics Research B, Volume 317, Part B, 15227

December 2013, Pages 468-472.228

[8] Michiharu Wada et al, “Slow RI-beams from projectile fragment separa-229

tors”, Nuclear Instruments and Methods in Physics Research B 204 (2003)230

570-581.231

[9] G. Bollen, “ “Ion surfing” with radiofrequency carpets ”, International232

Journal of Mass Spectrometry Volume 299, Issues 2?3, 15 January 2011,233

Pages 131-138.234

[10] M. Brodeur, A.E. Gehring, G. Bollen, S. Schwarz, D.J. Morrissey, “Exper-235

imental investigation of the ion surfing transport method”, International236

Journal of Mass Spectrometry, Volume 336, 15 February 2013, Pages 53-60.237

[11] A.E. Gehring, M. Brodeur, G. Bollen, D.J. Morrissey, S. Schwarz, “Re-238

search and development of ion surfing RF carpets for the cyclotron gas239

stopper at the NSCL”, Nuclear Instruments and Methods in Physics Re-240

search B 376 (2016) 221-224.241

[12] D. Manura, D. Dahl. SIMION (R) 8.0 User Manual, Scientific Instrument242

Services, Inc. Ringoes, NJ 0855, http://simion.com , January 2008.243

[13] S. Schwarz, ”IonCool-A versatile code to characterize gas-filled ion bunch-244

ers and coolers (not only) for nuclear physics applications”, Nuclear Instru-245

ments and Methods in Physics Research A, 566 (2006), 233-243.246

18


	Introduction
	Simulations: Tools and Setup
	 4-phase vs 8-phase and Square wave-based travelling wave 
	Optimization and a prototype Ion conveyor
	Experiments
	Conclusions
	Acknowledgement
	Square Wave Generator

