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Space-charge effects in Penning ion traps

Introduction

In recent years, Penning ion traps have become established as versatile tools for trapping charged particles in plasma physics, atomic physics, as well as nuclear and particle physics. Specific applications include beam preparation [1], mass spectrometry [2], nuclear decay studies [3],

antimatter studies [4], strongly coupled plasmas [5] and low energy precision measurements of fundamental interactions [6].

The Weak Interaction Trap for CHarged particles (WITCH) [7,8], the focus of this work, is a double Penning trap system situated at ISOLDE/CERN and aiming at determining the β-ν angular correlation coefficient a in the mirror β-decay of 35 Ar to a precision better than 0.5%.

In the Standard model, nuclear β-decay is modelled as a purely V (vector) -A (axial-vector) interaction. However, Lorentz invariance also allows scalar, tensor and pseudo scalar interaction components. At present, the existence of scalar and tensor currents is experimentally ruled out to a precision of only about 10% [9]. The β-ν angular correlation coefficient's sensitivity to the exotic scalar current in the case of 35 Ar in principle allows providing stringent as efficient cooling of large (10 8 ) ion clouds. PIPERADE

ω z = qU 0 md 2 , ( 3 
)
88
where q and m are the charge and mass of the ion. The sum 89 of the two radial frequencies is the true cyclotron frequency 90 (ω c ), given by 91

ω c = ω + + ω -= q m B. ( 4 
)
92

The three eigenfrequencies satisfy the following inequality:

93 ω - ω z ω + . After entering the trap, ions start losing 94 their kinetic energy via collisions with the buffer gas. This 95 interaction can be modelled phenomenologically by a con-96 tinuous drag force acting in the direction opposite to the 97 ions' motion:

98 F = -δmv, ( 5 
)
99
where δ is the damping constant, given by:

100 δ = q K mob p/p N T /T N , (6) 
101 with K mob the reduced ion mobility, and p/p N and T /T N 102 the gas pressure and temperature relative to normal pres-103 sure and temperature, respectively. In this model, the ax-104 ial harmonic oscillation and reduced cyclotron radial mo-105 tion amplitude (R + ) are damped, while the magnetron 106 motion is unstable, and its amplitude (R -) increases as:

107 R(t) = R ± (0)e (∓δ(ω±/(ω-+ω+))t) . (

) 7 
108

This effect can be mitigated by coupling the magnetron ing and cooling of the trapped ions. This method, known 119 as buffer gas (or sideband) cooling [20], is used by many 120

Penning trap systems for ion cooling and centering, e.g.

121

REXTRAP, ISOLTRAP [21] and SHIPTRAP [22]. Be-122 cause of its mass selectivity, it is also used for ion species ω cool . This shift amounts to 2ω r in the ideal case [1], but if 164 the density of the cloud is not constant, making its poten-165 tial no longer quadratic, the problem becomes approach-166 able only via numerical simulation. Through modifying 167 the effective potential in the trap, the space-charge also 168 changes the motional eigenfrequencies [24]:

ω ± = ω c 2 ± ω c 2 2 - 1 2 ω 2 z - ω 2 p 3 , (10) 
where ω 2 p = ρq/m 0 is the plasma frequency. This results The WITCH ion trapping system [7,30] consists of two 

Measurement procedure

The number of ions entering the trap was controlled via beam line electrodes with a switch (beam gate) before the ions were pulsed down to low kinetic energies. As the pulsed-down ions approached the CT, its lower end cap electrode (CEE8 on Fig. 2) was set below 0 V, while the upper end cap (CEE1) was at a potential sufficient to block the ions (50 -200 V, depending on the tuning, Fig. 3a). When the bunch was fully within the trap, CEE8

was raised to the same potential as CEE1 (Fig. 3b). This loading procedure was repeated several times if large ion clouds were needed.

When the ions had lost enough kinetic energy through buffer gas collisions, the end cap potentials were lowered and the ions were fully confined by the quadrupolar potential of the inner electrodes (Fig. 3c). Typically, this process takes up to 200 ms, depending on the buffer gas pressure. If needed, at this point a quadrupolar RF field could be applied to center and compress the ion cloud.

For that purpose, the RF was applied at ω cool and 3 V amplitude, for 20 -120 ms.

Since radial compression via excitations can expand the cloud axially, a short cooling period without excitation to reduce axial amplitudes followed if needed. Finally, the ions were ejected through the pumping diaphragm and DT, both at 0 V (Fig 3d), and were detected with the diagnostic MCP in the spectrometer. Cooling and centering efficiency for the particular measurement are given by the number of ions passing through the diaphragm and being detected on the MCP.

Experimental results

MCP Calibration

For estimating the absolute number of ions in the Penning trap, a calibrated, chevron-stacked, 4 cm diameter MCP detector manufactured by Photonis was used. It was operated in integral mode, adding all the charge impinging on its surface into a single pulse. It was shown previously that the area of such a pulse can accurately represent the amount of charge impinging on the detector plates [28],
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provided special care is taken to avoid saturation effects. In this section, systematic effects of space-charge and buffer gas pressure on the sideband cooling frequency ω cool were studied. Ion clouds were prepared as described in Sec.

3.2 and ejected through the 2 mm diaphragm, with optimal cooling and centering resulting in greater intensities recorded on the diagnostic MCP.

Figure 5 shows a 2D scan where the number of ions in the cloud (space-charge represented by the beam gate length) and the excitation frequency ω rf were varied, keeping all other parameters constant. It can be seen that for increasing space-charge conditions, i.e. longer beam gate, the ω cool peak is shifted to higher frequencies. The full-width at half-maximum (FWHM) of the peak also increases, limiting the potential for mass-selective operation.

Figure 6 shows two series of measurements at different buffer gas pressures. The cyclotron resonance peak position and FWHM were measured for each, in dependence with the ion number. The preparation scheme consisted of 200 ms buffer gas cooling without excitations followed by 80 ms of quadrupolar RF cooling with 3 V amplitude. The buffer gas pressure, as measured with the gauge outside the traps, differed by a factor of four between the different measurements (p gauge,low = 0.8 × 10 -2 mbar, p gauge,high = 3.2 × 10 -2 mbar). In comparison with the estimation from Section 5.3, the pressures used here were lower and higher, respectively, than the calibration point. However, the exact pressure in the cooler trap p CT is difficult to estimate accurately, since its dependence on p gauge is not known. With other experimental conditions unchanged, increased buffer gas pressure causes the resonance peak position to shift and FWHM to increase by a few hundred Hz in the high buffer gas case. Thus, while 2). However, in high space-charge conditions, the 395 additional radial electric field will shift this frequency to 396 higher values, given by Eq. (10).

397

The effect of the eccentric motion of the ion cloud is 398 found to be more pronounced for lower trapping potentials radii. An average ρ value was therefore calculated using where N is the number of particles, but approximative 451 methods such as the Barnes-Hut tree [37] and fast mul-452 tipole method [38] reduce this to O(N logN ) and O(N ),

453

respectively. Recently, a novel ab initio method for N-454 body gravitational interaction simulations using GPUs was 455 developed [39] and implemented in Simbuca [13], a soft-456 ware package for simulation of trapped ion cloud dynamics.

457

Simbuca implements the K 0 realistic buffer gas collision clouds with N larger than a few thousand is still impractical with modern GPUs, and a scaled Coulomb method is therefore employed here. This approximation was verified to give accurate results up to a scaling factor of about 100.

The simulations were set up so as to cross-check increasing scaling factors (SF) ranging from 1 to 1024, for pairs of ion clouds scaled to the same total charge. For example, a cloud of 1000 ions scaled by a factor of 1 and a cloud of 500 ions scaled by a factor of 2 were compared (see Table 1). They were subjected to cooling and centering schemes matching the ones used in other simulations presented here, i.e. consisting of 200 ms cooling from a high (10 -50 eV) kinetic energy, 80 ms of centering with quadrupolar excitations and 10 ms of relaxation.

The time evolution of macroscopic parameters sensitive to space-charge effects, such as the average ion radius R, the average axial displacement Z, and the per-ion energy E, was compared for complementary pairs of ion clouds. As shown in Table 1 and Fig. 10, the average radial position of the ions in the cloud is typically different by a few percent only (i.e. well within error bars) for ion cloud pairs up to scaling factors (64,128), but diverging significantly for (128,256) and higher SFs. It is notable that the final R of all ion clouds of 10 3 -1.28 × 10 5 ions is approximately equal, indicating that the centering efficiency is still not significantly hampered by the space-charge in this range.

However, the axial displacement Z increases significantly for higher factors, due to more ions being "pushed out" axially when the cloud is "squeezed" radially by the excitation field forces. The average per-ion energy E at t=290 ms also agrees well for ion clouds scaled below factor 128.

However, there is a trend of decreasing E with increasing total space-charge (see Fig. 10). The largest component of E stems from the residual energy of the quadrupolar excitations, indicating that ion clouds with lower total spacecharge absorb more energy from the exciting field. This is most probably due to stronger shielding of the field by outer ions in cases of higher Coulomb scaling.

Buffer gas pressure estimation

The effect of buffer gas atoms on trapped ions with significantly higher energy than the buffer gas itself can be adequately modelled by viscous damping (Eq. ( 5)).

This force will cause an exponential time-dependence of the ion velocity:

v(t) = v(0)e -δt/m , ( 11 
)
where δ is given by Eq. ( 6). The time dependence of the total ion energy can then be written as:

E T OT = E P ot + E kin (0)e -2δt cool /m + E kin (t cool -→ ∞), (12) 
where E kin (0) represents the initial kinetic energy of the ions, E kin (t cool -→ ∞) the lower energy limit of the buffer of the initial conditions of the ion cloud. and experimental FWHM that can be seen in Fig. 16.

The simulation is seen to significantly underestimate the FWHM for the experimentally estimated p CT = 2.5×10 -5 mbar. For the higher simulated pressure of 1 × 10 -4 mbar the FWHM behavior is similar to the case of lower space charge values, although sharply rising at about 2×10 5 ions.

Since the simulation of ∼ 10 5 ions without Coulomb scaling with current GPU technology is not feasible because of computation time limitations, these effects will require improvements in simulation speed for accurate predictions under the given experimental conditions. It was found to be of significant importance as a system-663 atic effect in the WITCH on-line experimental data. Its 664 eigenfrequency was studied under different space-charge 665 conditions. It was found that it rises proportionally with 666 the number of ions, as is expected from theory. This result 667 provides an essential correction to the on-line retardation 668 spectrum data of WITCH [START_REF] Porobić | [END_REF].

669

The influence of space-charge on the ν -eigenfrequency 670 and ν cool has been investigated. 39 K + ions were subjected 671 to the buffer gas cooling technique and its effectiveness in 672 different space-charge and buffer gas conditions was mea- 
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  motion to either the axial or the reduced cyclotron mo-110 tions via radio-frequency (RF) excitations at the sum of 111 frequencies of both motions. The latter coupling is usu-112 ally used with ions, with the RF frequency ω rf = ω c = 113 ω + + ω -= ω cool in the case of a single ion, where ω cool 114 represents the optimal centering and cooling frequency of 115 the RF excitation, i.e. the frequency for which the highest 116 number of ions is centered. In this way, the radius of the 117 magnetron motion can be decreased, resulting in center-118

123 purification when magnetic beam separator resolution is 124 not sufficient. 125 134 2 . 2 .Figure 1 :

 125221 Figure 1: Schematic overview of the WITCH Penning traps with the retardation spectrometer, spectrometer MCP, re-acceleration section and position-sensitive MCP.

171 in a decrease

  of the modified cyclotron frequency ω + and 172 an increase of the magnetron frequency ω -with increasing 173 space-charge. Equation 10 is valid for spherical ion clouds 174 with constant density. The denominator of the plasma 175 frequency term stems from the cloud shape, and for prolate

Figure 2 :

 2 Figure 2: Schematic overview of the WITCH Penning traps with their electrodes marked (C stands for Cooler trap, and D for Decay trap). The pumping diaphragm between the traps is not shown. High voltage is applied on the end cap electrodes while ions still have high energy. A quadrupolar trapping potential around the trap center (CRE and DRE electrodes) is achieved with correction (CCE and DCE) and central ring electrodes. Ions are excited by a time dependent potential on the eight-fold segmented central ring electrodes. Figure taken from [31].

209 cylindrical Penning traps (electrode layout shown in Fig 210 2 )

 2 . the first (CT) is used for preparation of the ion cloud 211 using buffer gas and excitations, while the second (DT) 212 serves as storage for the ion cloud and acts as a scattering-213 free radioactive source. To achieve sufficient vacuum con-214 ditions for the radioactive source and spectrometer, the 215 DT is separated from the CT, which contains He buffer gas 216 at 10 -5 -10 -4 mbar, by a differential pumping diaphragm 217 of 2 mm diameter. They are both situated within a super-218 conducting magnet with field homogeneity of δB 10 -5 . 219 The trap electrodes have a 4 cm diameter and are made 220 of oxygen-free copper double-coated with Ni and Au. The 221 CT is 25 cm, while the DT is 20 cm long. Each trap has 222 an eightfold segmented central electrode for creating the 223 RF excitation potential. Their maximum ion capacity is estimated to ∼ 10 7 ions, while the instantaneous capacity depends on the potential well depth, with typical operating values being in the range 0.5 -15 V. The voltages on the electrodes between the end cap and the central electrode are scaled so as to produce a quadrupolar potential well in the region of a few centimeters around the trap center. The detection system used for these measurements consisted of two MCP detectors (the first in front of the CT and the second one behind the DT, in the spectrometer), a Faraday cup (FC) situated in front of the traps on the same feedthrough as the first MCP, and a full range pressure gauge close to the buffer gas valve. Since this gauge is located outside the trap, it was used only for indirect estimation of the buffer gas pressure in the CT.

Figure 3 :

 3 Figure 3: Operation of the cooler Penning trap. a) Ions entering the trap. b) High (∼ 100 eV) energy ions trapped by the end caps. c) Ions cooled into a quadrupolar potential in the trap center, end caps potential lowered, excitations applied. d) Cloud ejected from the CT towards the diagnostic MCP behind the traps.
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  WITCH and REXTRAP's offline ion sources provided39 K 279 cooled ion bunches used for this calibration. The ion num-280 ber per bunch was varied using an electrode synchronized 281 with the measurement cycle as a beam gate. The MCP 282 plates were biased to -2 kV and the signal height and area 283 were read out by an oscilloscope connected to a PC running 284 a Labview based control and data acquisition system [32]. 285 Calibration was performed using a Keithley 6514 electrom-286 eter connected to a movable Faraday cup situated at the 287 same axial position in the beam line as the MCP. Care was 288 taken that both measuring devices capture the entire beam 289 profile. Faraday cup current readings for each beam gate 290 setting were averaged and recorded, together with MCP 291 pulse heights and areas. The pulse heights were found to 292 follow a linear dependence with the pulse areas and the 293 charge measured by the Faraday cup, as shown in Fig. 4. 294 This allowed using both the pulse areas and heights of the 295 calibrated MCP to estimate the true number of ions in the 296 Penning trap.

297 4 . 2 .

 42 Effects of space-charge on cooling and centering 298 Like some other existing or planned Penning traps [1, 299 17], WITCH operates under high space-charge conditions, 300 leading to unwanted phenomena such as a shift and peak 301 broadening of the cyclotron cooling resonance. Earlier in-302 vestigations have already identified the relevance of these 303 limiting factors for effective Penning trap operation [18, 1, 304 12, 15]. In the case of a single ion species, it was found 305that both increased space-charge and increased buffer gas 306 pressure lead to higher optimal cyclotron cooling and cen-307 tering frequencies ω cool , i.e. the frequencies corresponding 308 to the peak of the RF excitation resonance. n a l a r e a C u r r e n t S i g n a l h e i g h t / m V S i g n a l a r e a / m V s r e n t / p A

Figure 4 :

 4 Figure 4: (right axis) Averaged ion beam current, measured with an electrometer connected to a Faraday cup, showing a linear dependence with the height of the signal on the MCP, validating the MCP calibration for ion bunches resulting in averaged currents below 0.6 pA. (left axis) Area of the MCP signal, showing a linear dependence with the height of the signal on the MCP.

Figure 5 :

 5 Figure5: Dependence of the centered ions intensity in arbitrary units on the frequency of the excitation ν rf = ω rf /2π and beam gate duration. The trap contains up to about 2 × 10 5 ions, depending on the beam gate. The resonance peak visibly shifts to higher frequencies for increased number of ions i.e. longer beam gate. The preparation sequence consisted of 200 ms buffer gas cooling without excitations, 80 ms cooling and centering with quadrupolar excitation at 3 V amplitude, and ejection. The buffer gas pressure was kept constant.

364 4 . 3 .νFigure 6 :

 436 Figure6: Cyclotron frequency ν cool = ω cool /2π and FWHM dependence on the number of ions and buffer gas conditions. Results are shown for two buffer gas pressures, i.e. p gauge,low = 0.8×10 -2 mbar and p gauge,high = 3.2×10 -2 mbar, measured outside the traps. The measurement sequence consisted of 200 ms cooling w/o excitations, 80 ms cooling and centering with quadrupolar excitation at 3 V, and ejection. The buffer gas pressure (pgauge) was kept constant for each of the two measurements.

399Figure 7 :Figure 8 :

 78 Figure 7: Ion intensity measured after ejection of the ion cloud through the diaphragm. Because of the eccentricity of the magnetron motion, only certain phases result in full transmission through the diaphragm. A Gaussian function is fitted to each peak.
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  the volume containing 95% of the ions. Its dependence on 440 ion number was found to be approximately linear with a 441 very small quadratic component, in the 10 4 -10 5 range 442 (Fig.9). Although the simulation confirms ρ is not uni-443 form as is assumed in the theoretical calculation of the ω - 444 shift, the observed ω -shift is still linear with ion number, 445 suggesting that the exact shape of ρ(r) does not have a 446 large influence on the ω -space-charge shift. number of numerical operations needed 449 for a Coulomb interaction simulation scales with O(N 2 ), 450

458 model [ 40 ]FWHM will be presented and compared with experimental 465 data. 466 5 . 1 .

 4051 and dipolar, quadrupolar, octupolar and rotat-459 ing wall excitations, together with customized electro-and 460 magnetostatic field maps. The fifth-order Dormand-Prince 461 [41] method with adaptive time step was used as integra-462 tor. In the following, Simbuca simulations of the effect 463 of space-charge on the cyclotron resonance frequency and 464 Setup of the simulations 467 The effect of space-charge on the cyclotron resonance 468 frequency, i.e. the frequency ω cool = 2πν cool at which the 469

Figure 9 :

 9 Figure 9: Simulated average density of the ion cloud for different space-charge conditions. The density dependence is almost linear for ion numbers in the selected 10 4 -10 5 range. The volume of the cloud is defined as the volume containing 95% of all ions.

496 5 . 2 .

 52 Consistency of the Coulomb scaling 497 Implementation on a GPU allows for a large degree 498 of parallelization in N -body interaction calculations and 499 results in simulation times reduced by orders of magni-500 tude compared to a modern CPU. While this provides a 501 large improvement in computational speed, simulating ion 502

Figure 10 :Figure 11 :

 1011 Figure 10: Dependence of the average radius R, average axial displacement Z (left axis) and average energy per ion E (right axis) on the scaling factor for clouds of 10 3 ions.

574 5 . 4 .Figure 12 :Figure 13 Figure 13 :

 54121313 Figure 12: Experimental scan of the cooling frequency ν cool shift (bottom) and a simulated scan with matching parameters (top). Zero of the horizontal axis corresponds to νc. The empirical fitted function is an asymmetric double sigmoid.

Figure 14 6 .

 146 Figure 14 shows a simulation of the difference in frequency shifts ∆ν cool between p CT = 2.5 × 10 -5 mbar and p CT = 1.0 × 10 -4 mbar, with all other simulation parameters kept constant. The ν cool resonance frequency of the ion cloud increases for higher values of p CT , being in qualitative agreement with experimental data shown on Fig. 6. It should be noted though that quantitative comparison of data on Fig. 6 and Fig 14 is not possible, since the estimation (see Sec. 5.3) for p CT is not available in these cases. Figures 15 and 16 show the simulated dependence of the ν cool peak FWHM on p CT and on space-charge, i.e.the number of ions, respectively. The FWHM is increasing with p CT , in qualitative agreement with experimental data. However, an accurate quantitative comparison of the effect of the space-charge and p CT on the FWHM is limited by the precision and availability of the experimental value for p CT . Furthermore, while Coulomb scaling can consistently reproduce the space-charge conditions of a large ion cloud (∼ 2 × 10 5 ions), the cumulative interaction with the Helium buffer gas in the case presented here amounts only to a cloud of 2 × 10 3 ions. This mismatch of simulated and experimental conditions is identified as a possible reason for the discrepancy between the simulated

Figure 14 :

 14 Figure 14: Comparison of simulated ν cool shifts for different buffer gas pressures in the CT.

Figure 15 :

 15 Figure 15: Dependence of the FWHM of the simulated ν cool on p CT for a cloud of 10 5 ions.
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Figure 16 : 6 .

 166 Figure 16: Comparison of simulated ν cool FWHM dependence on the amount of ions for different buffer gas pressures with experimental data.
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673sured.

  The properties of the ν cool peaks i.e. their center 674 frequency and FWHM in specific experimental conditions 675 are of special interest for improving the understanding of