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Abstract    Trapped ion systems are pivotal for quantum information processing, 

simulation, and precision measurement. The manipulation of multi-species ion 

mixtures is not only crucial for advancing quantum technologies but also for 

fundamental research in plasma physics. However, existing theoretical models, often 

based on single-species or weakly coupled approximations, cannot accurately describe 

the complex collective dynamics of strongly coupled multi-species systems. This 

work aims to investigate these collective effects experimentally, specifically exploring 

cooperative confinement in multi-species rubidium ion clusters and developing a 

highly selective ion manipulation method via parametric resonance. 

An advanced ion-atom hybrid trap system was employed, integrating a rubidium 

magneto-optical trap (MOT) and a linear Paul trap. Laser-cooled 
87

   atoms were 

continuously photoionized to generate multi-species ion clusters 
87

   
  (N = 1, 

2, ···), whose mass-to-charge ratios form an arithmetic sequence. The ion 

dynamics were characterized by scanning the frequency (   ) and amplitude (   ) of 

the confining radio-frequency field and monitoring the corresponding time-of-flight 

mass spectra. The radial Mathieu stability parameter    serves as the key analysis 

quantity. 

The principal findings are as follows. First, we observed that 
87

Rb
+
 ions remain stably 

trapped at         , significantly surpassing the theoretical stability boundary 

(        ) for a single species. A lifetime analysis yielded a lower bound of ≥1.3 s 

for these atomic ions under such conditions, far exceeding the characteristic decay 
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time of molecular ions (~0.34 s). This extended stability is attributed to a cooperative 

confinement effect arising from the collective Coulomb interactions among ions 

whose secular frequencies form a subharmonic sequence (            ). Second, 

within this extended stable region, the total ion signal exhibited two sharp minima 

near    
         . Mass-resolved analysis confirmed the selective loss of 

87
Rb

+
 

atomic ions at these points. This phenomenon is identified as a parametric resonance 

directly excited by the trapping RF field (       ), with the dual-minimum structure 

presumably induced by trap nonlinearities and coupling to higher-order motional 

modes (e.g.,       ). Finally, the measured resonance linewidths (2.2–4.1 kHz in 

frequency, 2.5 V in amplitude) demonstrate the high selectivity of this resonant 

ejection method. 

In conclusion, this work experimentally clarifies the dominant role of collective 

interactions in the dynamics of strongly coupled multi-species ion systems. The 

discovery of the cooperative confinement effect expands the effective operational 

parameter space of ion traps, while the direct excitation of parametric resonance by 

the trapping field provides a novel, high-selectivity pathway for targeted ion removal. 

These results advance the understanding of multi-component Coulomb systems and 

open new avenues for applications in quantum technology and laboratory plasma 

physics. Future work will involve molecular dynamics simulations to quantitatively 

model the cooperative confinement mechanism.   
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1 Introduction 

Trapped ion systems in ion traps serve as ideal platforms for quantum information 

processing, quantum simulation, and precision measurement. In recent years, 

multi-component ion systems have developed rapidly. By introducing cooperative 

manipulation and interactions between heterogeneous ions, these systems have 

significantly expanded the physical scope and technical capabilities of the platform, 

giving rise to a series of cutting-edge interdisciplinary applications. In quantum 

information science, such systems have enabled quantum logic spectroscopy and 

sympathetic cooling, making precise studies of ions that cannot be directly laser-cooled 

or detected possible. In astrophysics and laboratory plasma research, these systems 

provide a unique experimental window for simulating complex Coulomb crystals 

inside compact celestial bodies and the transport properties of multi-component 



plasmas
 [1-3]

. 

Quantum logic spectroscopy is a key measurement technique in such systems. Its core 

principle involves co-trapping an atomic ion (serving as the "logic ion" or "sensor ion") 

and the target object of study (the "spectroscopy ion") within the same potential well. 

This technique features two typical application modes. First, the logic ion acts as a 

quantum sensor to indirectly achieve precise readout and manipulation of the internal 

quantum states of the spectroscopy ion. Second, the sensor ion serves as a precisely 

calibrated field strength probe. By monitoring the frequency shift of its internal state, 

one can infer the strength of perturbation fields in the trap. Comparing and 

compensating for these perturbations using the response of the spectroscopy ion 

provides in situ diagnosis and correction schemes for systems such as optical clocks, 

without requiring external calibration
 [4-6]

. These capabilities make quantum logic 

spectroscopy an important tool in quantum science, molecular physics, ion-neutral 

chemical reaction dynamics, and precision measurement
 [7-11]

. 

Sympathetic cooling is another fundamental technique. It refers to the process where 

ions that cannot be directly laser-cooled or detected achieve cooling through interaction 

with a species of ions that can be laser-cooled
 [12-15]

. Together with quantum logic 

spectroscopy, this technique constitutes the core capability of multi-component ion 

systems. The effective implementation of both relies on the precise cooperative 

manipulation of different ion species as a key prerequisite. Currently, related research is 

mainly based on two-component ion systems, while exploration of broader 

multi-component systems remains to be deepened. Extending to multi-component 

scenarios is expected to break through the capability boundaries of existing 

technologies and open new paradigms for the precise detection of complex ion systems. 

In the fields of plasma physics and astrophysics, Coulomb crystals widely exist in 

systems ranging from laboratory dusty plasmas to the crusts of neutron stars and the 

cores of white dwarfs. Current research is gradually shifting from ideal 

single-component or binary models to multi-component plasma systems that better 

reflect realistic complexity, such as the multi-component ion systems with broad charge 

distributions found in X-ray burst ashes. Research on such systems is not only a frontier 

direction in strongly coupled plasma physics but also constitutes a key bridge 

connecting microscopic physics with macroscopic astronomical phenomena. By 

trapping and cooling different types of ions in ion traps, highly controllable 

multi-component ion Coulomb crystals can be constructed at the microscopic scale to 

simulate physical conditions in astrophysical environments. This clean model provides 

a critical experimental platform for directly verifying theoretical frameworks and 

numerical simulations of multi-component Coulomb plasmas. The related results are of 

significant value for modeling the evolution of compact stars and diagnosing laboratory 

plasmas
[16-18]

. 



Although multi-component ion systems demonstrate unique advantages in quantum 

information and precision measurement, they also bring challenges in certain 

high-precision experiments. For instance, in experiments such as ion optical clocks, the 

presence of trace impurity ions can significantly affect the performance of target ions
[19]

. 

Therefore, how to achieve selective manipulation and precise removal of specific ions 

while maintaining the advantages of multi-component systems has become a key 

scientific issue in ion trap research. In this context, selective ion removal technology 

plays an irreplaceable role in maintaining the purity of quantum systems and improving 

the precision of spectral detection
 [20-22]

. 

When multiple ions coexist in an ion trap, their Coulomb coupling induces complex 

collective dynamical behaviors. However, existing theoretical models are mostly based 

on single-component or weak-coupling approximations, making it difficult to 

accurately describe the actual physical picture in multi-component scenarios. In recent 

years, experimental studies have observed the phenomenon of radial macro-motion 

frequencies moving closer to each other due to coupling in 
40

Ca
+
-
9
Be

+
 two-component 

Coulomb crystals
[23]

, indicating that coupling effects cannot be ignored. Nevertheless, 

systematic experimental research on the collective dynamical behaviors of 

multi-component ion systems composed of more ion species is still lacking. 

This study is based on an ion-atom hybrid trap experimental platform. We prepared 

rubidium ion clusters  
  

   
  (       )) with mass-to-charge ratios distributed in an 

arithmetic progression by continuously photoionizing cold 
87

   atoms in a 

magneto-optical trap. By scanning the frequency and amplitude of the trapping 

radio-frequency field separately and measuring using time-of-flight mass spectrometry, 

we investigated the sympathetic trapping characteristics of multi-component ion 

systems. Furthermore, we explored experimental methods for achieving highly 

selective ion removal based on parametric resonance. 

2 Experimental Methods 

The research in this paper is based on an ion-atom hybrid trap platform. The apparatus 

used was constructed based on the scheme in Reference [24] and is described in detail 

in Reference [25]. Briefly, the apparatus consists of a standard rubidium atom 

magneto-optical trap and a linear Paul trap. The geometric centers of the atomic cloud 

and the ion cloud coincide. The science chamber is a polyhedral, flat, non-magnetic 

stainless steel chamber with an internal radius of approximately 90 mm and a height 

of approximately 74 mm. The performance parameters of the magneto-optical trap are 

as follows: the total number of cold rubidium atoms    is approximately      , the 

density of cold atoms is               , the 1/e radius of the cold atomic cloud is 

approximately 0.5 mm, and the temperature T is approximately 200 μK. The linear Paul 



trap structure in this study includes four parallel radio-frequency electrode rods, two 

end electrodes, and several fixtures
 [25]

. The diameter of the radio-frequency electrode 

rods is approximately 3 mm, the length is 10 cm, and the rod spacing is 15 mm. The end 

electrodes are ring-shaped with an inner diameter of 10 mm. An axial gap of 

approximately 1° is provided to break the ring, which avoids the generation of eddy 

current electric fields. The axial center-to-center distance between the two end 

electrodes is 10 cm. During operation, one pair of rods in the quadrupole is connected to 

the radio-frequency voltage     , while the other pair is connected to the anti-phase 

radio-frequency voltage     . The two end electrodes are loaded with the same 

positive voltage to achieve ion trapping and extraction. The depth of the linear Paul trap 

is approximately 0.7 eV, the maximum number of ions that can be trapped is 

approximately    , and the ion temperature ranges between     and     K. Ions are 

prepared via two-step photoionization of cold rubidium atoms using cooling light and 

continuous semiconductor ionization light (wavelength      is 478.8 nm). The initial 

temperature is determined by energy and momentum conservation and is close to the 

atomic temperature. 

The spatial orientation of an ion trap is typically defined by its axis of symmetry (axial 

direction, denoted as z, which is the direction of the quadrupole rods) and the plane 

perpendicular to it (radial direction, the plane perpendicular to the quadrupole rods). 

The radial position is characterized by the planar vector        , whose components 

x and y point to two mutually perpendicular radial directions. The expression for the 

electric potential near the center of the trap is given by
[26,27]

 

                              
     

  
 

 
     

  
     

     

 
  

   (1) 

Here,     denotes the amplitude of the DC bias for the RF signal,      represents the 

DC potential applied to the end electrodes,     indicates the peak voltage of the 

confining RF field (i.e., its amplitude), and     is the angular frequency of the 

confining RF field. In all experiments presented in this study,     and      are fixed 

at 0 V and 90.0 V, respectively. The peak voltage and angular frequency of the 

confining RF field are specified in the captions of the corresponding result figures. The 

parameter    = 9.1 mm represents the minimum distance from the quadrupole rods to 

the central axis of the ion trap, while    = 50 mm denotes the minimum distance from 

the end electrodes to the trap center. The geometric factor         depends on the 

trap geometry and was determined through simulations using COMSOL Multiphysics 

software. 

The radial and axial trap depths of the linear Paul trap in this study are given by
[28]
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Here, e denotes the ionic charge, and m represents the ion mass. 

In such a potential field, the dynamic behavior of single-component ions or weakly 

coupled multi-component ions is described by the Mathieu equation, characterized by 

parameters    and   
[29,30]

, as shown in Eq. (3). The parameter    is directly related to 

the frequency     and amplitude     of the applied radiofrequency field. 
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        . Here,    and    denote the Mathieu parameters. 
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When the direct current bias of the ion trap radio frequency signal is      , the first 

stability region begins at      and ends at         . The radial macromotion 

frequency of the ions is
[9,23]

 

   
   

 
   

     

   
    

      
       

   
    

 

 
      

   
    

 

   (6) 

In the expression for the radial macro-motion frequency of this ion, the second term 

under the square root is negligible. Thus, the approximation    
      

   
    

 applies. The 

axial macro-motion frequency of the ion is given by
[9,23]

 

    
       

   
     (7) 

In the experimental setup described in this paper, the axial secular frequency of the ions, 

  , is approximately 10 kHz. The radial secular frequency,   , depends on the trapping 

radiofrequency (RF) field parameters         and is approximately inversely 

proportional to the ion mass, as shown in Eq. (6). 



In multi-component ion systems, achieving precise identification and manipulation of 

specific ion species represents a core challenge for applications such as mass 

spectrometry and reaction process control. Various ion manipulation techniques exist, 

among which methods based on resonant excitation have attracted significant attention 

due to their excellent mass selectivity. These methods primarily operate through two 

distinct physical mechanisms: displacement driving and parametric resonance
 [31]

. 

Displacement driving applies an independent oscillating electric field to translate the 

entire potential well, thereby driving forced ion vibration. In contrast, parametric 

resonance periodically modulates the parameters of the trapping potential well itself 

(such as the RF amplitude, which corresponds to the well “stiffness”)
 [32]

. When the 

modulation frequency matches an integer multiple of the ion secular frequency, the 

ion’s motion amplitude grows exponentially until the ion escapes the trap; this effect 

enables mass-selective ion ejection. Studies in Ref. [31] indicate that the linewidth of 

parametric resonance is significantly narrower than that of displacement driving. 

The frequency of the trapping RF field is typically much higher than the ion secular 

frequency. Its primary role is to provide a dynamic confining potential without directly 

exciting ion resonances. However, when the RF field frequency is exactly an integer 

multiple (with a minimum of two times) of the ion secular frequency, it directly excites 

parametric resonance, causing ion heating and ejection. In this case, the corresponding 

Mathieu parameter    equals   , as demonstrated below: 

   
   

 
 

 

 
  

  
   

 
          (8) 

As previously mentioned, when         , ions cannot be stably trapped. Accordingly, 

no experimental work has yet reported direct excitation of parametric resonance by the 

trapping radio-frequency field. Existing experiments achieve this by 

frequency-modulating the trapping radiofrequency field, with the modulation 

frequency equal to the parametric resonance frequency of the ions
 [31,33]

. 

Each experimental cycle is illustrated in Figure 1. First, the magneto-optical trap is 

activated to load cold atoms until stability is achieved. Subsequently, while maintaining 

the magneto-optical trap, the ionization laser and ion trap are simultaneously turned on 

to generate and trap charged particles. After continuous photoionization of the cold 

atoms for a duration      , the magneto-optical trap, ionization laser, and the end cap 

electrode near the microchannel plate (Endcap2 in Figure 1) are simultaneously 

switched off. The trapping radiofrequency field and the end cap electrode distant from 

the microchannel plate (Endcap1 in Figure 1) remain active. Under these conditions, 

ions experience an electric field directed toward the microchannel plate and are guided 

axially toward it. Upon impacting the microchannel plate, the signal is amplified via 



electron multiplication, thereby yielding the time-of-flight mass spectrometry signal. 

 

Fig. 1  Time sequence. Load the magneto-optical trap for 35 s until the cold atoms are 

saturated; then turn on the 478.8 nm ionization light (PI) and the ion trap. Keep the 

magneto-optical trap, ionization light, and ion trap on together for a duration of      ; then 

turn off the magneto-optical trap, ionization light, and the endcap electrode near the 

microchannel plate (Endcap2), and export the ion time-of-flight mass spectrum. In all 

experiments,           ms. 

In a typical time-of-flight mass spectrum, two asymmetric peaks are observable. The 

peak with a shorter flight time (Peak 1) exhibits higher intensity and a narrower profile, 

whereas the peak with a longer flight time (Peak 2) shows lower intensity and a broader 

profile. Our previous work
 [34]

 indicates that Peak 1 and Peak 2 correspond to atomic 

ions 87    and rubidium molecular ions 
87

   
          , respectively. 

The formation of rubidium molecular ions 
87

   
           is attributed to the 

following mechanism
 [34]

: In the ion-atom hybrid trap, the magneto-optical trap 

continuously generates cold atoms. The photoionization of these cold atoms produces a 

high ion density that spatially overlaps with the atomic cloud. Consequently, the large 

ion-atom collision cross-section ensures that reactive collisions occur over sufficiently 

short distances. More importantly, the ion trap effectively stores the charged reaction 

products, enabling subsequent cascade reactions (such as 
87

              
  and 

87   
            

 ) to generate polyatomic clusters
 [34]

. To extract intensity and width 

information from the peaks, we fitted the time-of-flight mass spectra using a 

Gumbel-type extreme value distribution function, based on the work of Liang Weichen 

et al.
[35]

. 

Experimental errors primarily arise from the following factors: an uncertainty of 

1%—5% in the measurement of ionization light intensity, and an uncertainty of 1 MHz 

in the measurement of laser frequency/wavelength for the cooling/trapping, repumping, 

and detection/imaging lasers. This uncertainty increases to 600 MHz when      = 

478.8 nm. In this study, experimental errors are dominated by statistical errors. Each 

data point represents the average of three repeated measurements, with the error 

defined by the standard deviation of the dataset. 



3 Results and Discussion 

By independently adjusting the frequency and amplitude of the radiofrequency field in 

the linear Paul trap, we measured the time-of-flight mass spectra obtained under a 

combined action time of 750 ms for the magneto-optical trap, ionization light, and 

linear Paul trap. We also determined the corresponding total ion counts, as shown in 

Figure 2. The experiment reveals that the two curves describing the total ion count as a 

function of    （
  

   ) largely overlap. This observation aligns with the expected 

behavior described by the Mathieu equation in Eq. (3): the motion of ions in the trap is 

jointly determined by the Mathieu parameters    and    (       ). Although both 

   and    change when adjusting the radiofrequency field frequency or amplitude, the 

condition       typically holds. Thus, the actual impact of changes in    is 

negligible, and the stability of ion motion depends primarily on the values of    (and 

  ). Therefore, when    remains constant, the ion motion state should remain 

essentially consistent. 

 

Fig. 2  Total ion number as a function of the Mathieu parameter    for atomic ions 87   . 

The total ion signal was obtained from time-of-flight mass spectra. Each data point represents 

the average of three measurements. Solid dots: the    
     ) parameter was varied by 

scanning the frequency of the trapping RF field while its peak RF voltage was fixed at 140.0 V. 

Hollow dots: the    
     ) parameter was varied by scanning the peak RF voltage of the 

trapping RF field while its frequency was fixed at 350.0 kHz. 

Figure 2 illustrates the variation in total ion count as a function of    
     ). Two 

extremely narrow minima appear near    
     ) =   . In other    

     ) intervals, 

the total ion count remains at a saturated level. Notably, the total ion count does not 

decrease significantly even in the theoretically unstable region where    
     ) 

      . However, in the interval where    
     )     , the total ion count obtained 

by scanning the RF field amplitude is significantly lower than that obtained by scanning 

the frequency under the same    
     ) conditions. 

The following analysis addresses three aspects. First, we examine the difference in total 



ion count between the two scanning methods when    
     )    . Second, we 

confirm the experimental observation that rubidium ions 
87

    remain stable when 

   
     ) > 0.908. Finally, we reveal the physical mechanism behind the extremely 

narrow minima in total ion count at specific    
     ) values. 

3.1 Influence of Ion Trap Depth on Trapped Ion Count 

As shown in Figure 2, the ion count decreases significantly when    
           

during RF field amplitude scanning. In contrast, the ion count remains largely 

unchanged in this region during RF field frequency scanning. This phenomenon is 

closely related to the trap depth of the ion trap. Specifically, the radial trap depth    of 

a linear Paul trap depends on the frequency and amplitude of the RF field. As shown in 

Equation (2),       
     

 . The axial trap depth   , however, is independent of the RF 

field frequency and amplitude. Figure 3 presents the curve of relative radial trap depth 

   
     

  as a function of    
      . In the region where    

          , the radial trap 

depth corresponding to RF field amplitude scanning is significantly lower than that for 

frequency scanning. This difference in trap depth results in a significantly lower total 

number of trapped ions during amplitude scanning compared to frequency scanning 

within this parameter range. 

 

Fig. 3  The radial relative trap depth of our linear Paul Trap as a function of the Mathieu 

parameter    for atomic ions 87   . Solid line: the   (87   ) parameter was varied by 

scanning the RF frequency with the peak RF voltage fixed at 140.0 V. Dotted line: the   (87   ) 

parameter was varied by scanning the peak RF voltage with the frequency fixed at 350.0 kHz. 

3.2 Extended Stability Region:    
  

   )       

As shown in Figure 2, the total ion count does not exhibit a significant decline in the 

theoretically unstable region where    
     )      . To verify this phenomenon, we 

analyzed the relationship between ion intensity and storage time. Here, storage time 

refers to the duration       during which the ion trap remains active after the ionization 

light and magneto-optical trap are switched off, following a joint interaction period 



     . We then measured the time-of-flight mass spectrum to obtain ion count data. 

Figure 4 illustrates the intensity trends for atomic and molecular ions within a storage 

time of 0—250 ms, a range where time-of-flight mass spectrometry clearly resolves 

atomic and molecular ion peaks. These measurements were conducted with a trapping 

RF field frequency of 346.0 kHz and an amplitude of 140.0 V (   
  

   )   ). The 

atomic ion intensity remains essentially constant during this storage period, whereas 

the molecular ion intensity decays significantly over time. The decrease in molecular 

ion intensity primarily results from losses due to the limited confinement capacity of 

the ion trap and dissociation processes. In contrast, the approximately constant atomic 

ion intensity reflects a dynamic equilibrium between two competing processes: ion loss 

from the trap and the generation of atomic ions via molecular ion dissociation. This 

result indicates that atomic ions possess high stability within the trap. If the intrinsic 

loss rate of atomic ions were high, their signal intensity would decrease with increasing 

storage time, even with continuous contributions from molecular ion dissociation. The 

observed steady-state behavior in the experiment thus supports the conclusion that 

atomic ions can remain stable under extended    conditions. 

 

Fig. 4  Signal intensities of atomic and molecular ions as a function of storage time. The dotted 

line is an exponential fit to the molecular ion data. Experimental conditions: trapping RF 

frequency 346.0 kHz, peak RF voltage 140.0 V (   
               

                kHz). 

Each data point is the average of three measurements. 

To further quantitatively assess the stability of atomic ions, this paper presents an 

upper-bound analysis of the ion loss rate. We modeled the experiment and derived the 

rate equations for atomic ions, molecular ions, and the total ion count as follows
[34]

: 

   

  
            

   

  
           

        

  
            

   (9) 

Here,       denote the numbers of rubidium molecular ions and rubidium atomic ions, 



respectively;    represents the rate at which molecular ions dissociate into atomic ions; 

and       indicate the loss rates of rubidium molecular ions and rubidium atomic ions 

in the trap, respectively. 

The total ion number decay observed in the experiment reflects the loss rate of all ions 

in the trap (excluding dissociation). As shown in Figure 5, this decay approximates an 

exponential function with a corresponding loss rate of 0.76(0.03)/s and a lifetime of 

approximately 1.3 s. To estimate the upper bound of the atomic ion loss rate, we adopt a 

conservative assumption that all observed total ion loss originates from atomic ions, 

ignoring the loss rate of molecular ions in the trap. Under this worst-case scenario, the 

lower bound for the trapping lifetime of atomic ions is derived to be approximately 1.3 

s. This lifetime is significantly longer than the characteristic decay time of molecular 

ions (approximately 0.34 s, see Figure 4). Thus, we can confidently assert that atomic 

ions exhibit high stability under the extended q-value conditions. This conservative 

estimate provides robust quantitative support to our qualitative observations. 

 

Fig. 5  Signal intensities of total ions as a function of storage time. The dotted line is an 

exponential fit to the molecular ion data. Experimental conditions: trapping RF frequency 346.0 

kHz, peak RF voltage 140.0 V (   
               

                kHz). Each data point 

is the average of three measurements. 

The results shown in Figure 2 reveal that the total ion count exhibits a non-monotonic 

structure with two minima near    
         . This complex phenomenon cannot be 

predicted or explained by single-particle theories or weakly coupled multi-component 

molecular theories based on independent Mathieu equations. The results clearly 

indicate that collective interactions dominate the dynamic behavior in strongly coupled, 

multi-component systems near the parameter instability boundary, exceeding the 

descriptive scope of existing simplified models. 

We initially attribute the stable existence of atomic ions at    
          to the 

synergistic confinement effect of component ions. When the system consists of 

rubidium ion clusters 
87

   
           with mass-to-charge ratios forming an 

arithmetic progression, the radial macromotion frequencies of the components in the 



linear Paul trap approximately form a harmonic sequence (           ), as shown in 

Equation (6). Under strong Coulomb coupling, these multi-component ions, whose 

macromotion frequencies constitute a subharmonic sequence, collectively expand the 

stability region of atomic ions through collective interactions. 

However, this qualitative mechanism is insufficient to quantitatively characterize the 

fine double-peak structure in the loss curve. Revealing the underlying microscopic 

physics requires full-scale numerical simulations based on multi-ion trapping dynamic 

equations. This presents significant challenges because nonlinearities, many-body 

correlations, and couplings of multi-component collective modes are highly 

pronounced in the strongly unstable region where      . Therefore, developing 

specialized numerical methods capable of accurately handling such strongly coupled 

many-body instabilities is not only key to explaining the experimental results but also 

represents an independent and important future theoretical endeavor to deepen the 

understanding of collective dynamics in multi-component ion traps. 

3.3 Parametric Resonance of Rubidium Atomic Ions Excited by Trapping 

RF Fields 

We now discuss the causes of the minima in the total ion count shown in Figure 2. First, 

no atomic ions are present at the minima. We compared the time-of-flight mass spectra 

at the two minima (336.0 kHz and 371.0 kHz) and at the intermediate frequency point 

(346.0 kHz) from the frequency sweep experiment, as shown in Figure 6. The 

time-of-flight mass spectrum at an RF field frequency of 346.0 kHz (   
  

   )    ) 

displays two ion signal peaks. In contrast, at an RF field frequency of 336.0 kHz 

(   
  

        ), the first peak disappears while the position of the second peak 

remains unchanged compared to the spectrum at 346.0 kHz. Similarly, comparing the 

time-of-flight mass spectrum at an ion trap RF frequency of 371.0 kHz (   
  

        ) 

with that at 346.0 kHz reveals the same phenomenon: the first peak disappears, and the 

position of the second peak remains essentially unchanged. We also compared the 

time-of-flight mass spectra from the amplitude sweep experiment near the two minima 

(126.0 V and 152.0 V) and at an amplitude of 142.0 V (   
  

   )    ), as shown in 

Figure 7. Similarly, the time-of-flight mass spectra at the minima exhibit only the 

second peak, whereas the spectrum at an ion trap RF amplitude of 142.0 V displays two 

ion signal peaks. This confirms the absence of atomic ions at the minima. 



 

Fig. 6  Time-of-flight mass spectra measured at different trapping RF frequencies with a fixed 

peak RF voltage of 140.0 V: (a) 336.0 kHz (   
               

             kHz); (b) 

346.0 kHz (   
               

             kHz); (c) 371.0 kHz (   
       

        
             kHz). Each spectrum is the average of three measurements. 

 

Fig. 7  Time-of-flight mass spectra measured at a fixed trapping RF frequency of 350.0 kHz 

with different peak RF voltages: (a) 152.0 V (   
               

                kHz); 

(b) 142.0 V (   
               

             kHz); (c) 126.0 V 

(   
               

                kHz). Each spectrum is the average of three 

measurements. 

The phenomenon of two minima in the total ion count near    
  

   ) =    arises from 

parametric resonance of atomic ions excited by the trapping radiofrequency (RF) field 

of the linear Paul trap, which causes the atomic ions to escape. Specifically, first, as 

previously stated, our experiments demonstrate that multi-component ions can remain 

stable in the region where         . Second, as shown in Eq. (8), when      , the 

RF field frequency is twice the radial macromotion frequency of the ions. This 

condition excites parametric resonance in these ions, causing them to escape the ion 

trap, while molecular ions remain effectively confined. Consequently, the total ion 

count decreases, and the structure of the time-of-flight mass spectrometry peaks 

changes. 

We note that the appearance of two minima is closely related to the nonlinearity of the 

trap potential caused by the co-trapping of different ion species. This nonlinear effect 



leads to combination frequency coupling in the transverse motion direction, thereby 

inducing two separate resonance dips near this q value. Taking the frequency scan 

experiment as an example, when the trapping RF field frequency Ω is 346.0 kHz, it is 

exactly twice the radial macromotion frequency    of the rubidium atomic ions, while 

the axial macromotion frequency    of the rubidium atomic ions is 10 kHz. In this case, 

parametric resonance occurs within the trapping frequency range near 346.0 kHz. Due 

to trap imperfections or space charge effects, oscillation modes in different directions 

couple, generating higher-order combination frequencies       . These correspond 

roughly to the centers of the two observed dips at 336.0 kHz and 371.0 kHz. 

We fitted the four total ion count dips from the frequency scan and amplitude scan 

experiments to obtain the widths of the minima. Figures 8(a) and 8(b) show the 

variation of the total ion signal with frequency when the trapping RF field amplitude 

is fixed at 140.0 V. Two distinct minima are observed, with corresponding frequencies 

of 371.2(0.2) kHz and 336.3(0.4) kHz, and full widths at half maximum (FWHM) of 

2.2(0.4) kHz and 4.1(1.8) kHz, respectively. Comparing these bandwidths with those 

obtained by implementing parametric resonance through frequency modulation of the 

trapping RF field, Reference [31] reported a bandwidth of 1 kHz, while Reference [33] 

achieved a bandwidth of 240 Hz by combining pre-excitation and parametric 

resonance. The bandwidth in this study is comparable in magnitude to the results in 

Reference [31], demonstrating the selective manipulation and precise removal of 

specific ions via parametric resonance. Similarly, Figures 8(c) and 8(d) illustrate the 

relationship between the total ion signal and amplitude when the trapping RF field 

frequency is fixed at 350.0 kHz. Under these conditions, two minima are also 

observed. The minimum near 152.0 V is shallow and exhibits an asymmetric line 

shape, making it impossible to obtain a reliable FWHM via Lorentzian fitting. In 

contrast, for the minimum near 127.3(0.2) V, the FWHM obtained through Lorentzian 

fitting is 2.5(0.8) V. Notably, the measurement error of the total ion signal is large at 

the minimum near 336.3 kHz, which may indicate that this resonance point itself is 

unstable. 



 

Fig. 8  Widths of the four ion number binima in the sweep frequency and sweep peak RF 

voltage experiments: (a) The minimum of ion number near 371.0 kHz in the sweep frequency 

experiment; (b) the minimum of ion number near 336.0 kHz in the sweep frequency 

experiment; (c) the minimum of ion number near 127.0 V in the sweep peak RF voltage 

experiment; (d) the minimum of ion number near 152.0 V in the sweep peak RF voltage 

experiment. Each data point is the average of three measurements. 

4 Conclusion 

This study experimentally investigated the confinement characteristics of a 

multi-component system composed of rubidium ion clusters 
87

   
           with 

mass-to-charge ratios forming an arithmetic progression in a linear Paul trap. Based on 

an ion-atom hybrid trap, we prepared rubidium ion clusters with mass-to-charge ratios 

in an arithmetic progression via continuous photoionization. We altered the Mathieu 

parameters by scanning the frequency or amplitude of the confining radiofrequency 

(RF) field and measured the corresponding time-of-flight mass spectra to obtain ion 

count information. Experimental observations indicate that 
87

    atomic ions can 

maintain stable confinement within the theoretically unstable region for 

single-component ions where the Mathieu parameter         . Furthermore, their 

lifetime exceeds that of cluster molecular ions (see Figures 2, 4, and 5). 

Single-component ion theory cannot explain this phenomenon. We attribute it to the 

sympathetic confinement effect, whereby multi-component ions with subharmonic 

frequency relationships collectively expand the actual stable region of the trap through 

collective interactions. 



The expansion of the stable region enables exploration within zones traditionally 

considered forbidden by theory. Based on this, we observed two sharp minima in the 

total ion signal near    
          (see Figure 2). Analysis suggests that this 

phenomenon stems from parametric resonance excited by the confining RF field on the 

atomic ions. Under the nonlinear coupling of multi-component ions, the frequencies of 

ionic motional modes along different directions become coupled. This correlation 

generates two parametric resonance frequencies, resulting in double sharp minima in 

the total ion count near    
         . 

This work deepens the understanding of multi-component ion dynamics in ion traps. It 

opens new avenues for achieving selective ion manipulation in quantum systems and 

studying multi-component plasma physics. Future research may focus on the following 

directions: conducting molecular dynamics simulations that include ion-ion 

interactions to quantitatively reveal the microscopic mechanisms of the aforementioned 

collective effects. Additionally, the sympathetic confinement effect revealed in this 

study provides new technical insights for the efficient confinement and manipulation of 

ions with high mass-to-charge ratios. 
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