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A novel plasma trap using an electrostatic method to trap positively charged ions within 
a cloud of negatively charged microparticles in the plasma of a positive column of a 
glow discharge (complex plasma) is considered. Such a trap may be of interest for 
plasma technologies at low and cryogenic temperatures, as it is characterised by a high 
concentration of trapped ions and generates less heat than plasma without 
microparticles. Calculation of the parameters of the complex plasma was carried out on 
the basis of experimental data by means of the liquid model. The efficiency of ion 
accumulation in the plasma trap within the microparticle cloud was evaluated. It is 
found that the intensity of the accumulation of ions in the cloud of microparticles can 
be higher or lower than the intensity of their birth in the plasma of a discharge free of 
microparticles. In the first case, the complex plasma is in the efficient ion retention 
regime, where the trap is an ion concentrator, and, in the inefficient retention regime in 
the second case. Based on the determination of the values of the relative overheating 
coefficient, it is shown that complex plasma is a more effective tool for producing the 
required concentration of cold ions than the plasma without microparticles. 
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Introduction 
 
Penning [1] and Paul [2] electrodynamic 

traps are used to address various physical 
problems related to maintaining the desired 
concentration of ions in a specific region of 
space. Charged particles trapped in 
electrodynamic systems create strongly 
coupled Coulomb systems [3]. To decrease 

the kinetic energy of ions, they are cooled to 
extremely low temperatures [4], allowing for 
study their interaction potentials, transfer 
processes, thermalization, and collective 
phenomena. In this context, Paul and Penning 
traps enable the confinement and 
investigation of individual frozen ion atoms 
[5] and ion clouds, which manifest as atomic-
ion Coulomb clusters and crystals [6, 7].  
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In plasma chemistry, scientists aim to 
regulate chemical reactions by cooling the 
area where these reactions occur [8]. 
Moreover, reactions occurring at low and 
ultra-low temperatures [9] enable the 
production of new phase states via plasma-
chemical synthesis that cannot be achieved 
under different conditions [10]. This drives 
researchers' interest in exploring applications 
related to the generation of plasma chemically 
active medium at cryogenic temperatures 
[11]. The electrodynamic traps applied in the 
scope of plasma chemistry are considered not 
effective due to the limited number of 
Ni  104  retained ions and the concentration 
restrictions of  ni < 108 cm-3 [3, 12]. 
Moreover, the complexity of manufacturing 
and the high cost of these traps further 
complicate their use. In the applied plasma 
chemistry, achieving a high concentration of 
ions within a large reaction volume is crucial. 
To increase the concentration of positive ions, 
a neutralizing background of electrons is 
required, which may be achieved in low-
temperature gas discharge plasma. Thus, a 
direct current glow discharge in neon, where 
ni  can reach  1011 cm-3 in the positive 
column of the discharge [13], may be used as 
a basic source, due to its possibility to provide 
a high concentration of ions in a large plasma 
volume (1000 cm3). However, this method 
of ion production is poorly suitable for 
application under cryogenic cooling 
conditions due to the significant heat 
generation [14]. The most promising 
technique for capturing and generating ions, 
which overcomes most of the disadvantages, 
is implemented in dusty (complex) plasma 
[15]. Dusty plasma of electrical discharges in 
gases allows to form traps composed of 
clouds of charged microparticles which 
properties are based on strong electrostatic 
interactions, allowing for the accumulation 
and localization of ions  
[16, 17]. Such clouds may create Coulomb 
crystals and clusters [15], resembling the 
behavior of ions in cold Paul traps [6, 7]. 

Dusty plasma in an electric discharge may be 
obtained in large volumes. This type of dusty 
plasma was generated in a glow discharge in 
a tube with a radius of 40 cm and a length of 
80 cm in argon [18]. Currently, researchers 
also study gas discharge of dusty plasma 
under cryogenic temperature conditions, as it 
may accumulate and sustain cold ions with a 
specified concentration [10, 19, 20].  

In this study, the accumulation of 
positive ions in an electrostatic trap created 
by a cloud of charged microparticles, along 
with a plasma from a direct current electric 
discharge in neon, was studied using 
numerical methods, and the trap's 
effectiveness was evaluated. 

 
 

Model for calculating complex plasma 
parameters 

 
The parameters of the dusty plasma 

were calculated using the diffusion-drift 
model for the positive column of a glow 
discharge in neon containing microparticles 
[14, 16, 17]. The model met the experimental 
conditions, as the mean free paths of ions and 
electrons were significantly smaller than the 
discharge radius. The experiments were 
conducted in a vertically oriented glass tube 
with a length of L = 40 cm and an internal 
radius of R = 0.825 cm, within an extended 
DC discharge (where R << L). The 
calculations were performed using typical 
average parameters for clouds composed of 
microparticles with a diameter of 2.55 μm, 
with neon current and pressure values that 
correspond to the experimental conditions. 

In the proposed model of the dusty 
plasma, the material balance equations 
account for the processes of generation and 
death of electrons, ions, and metastable neon 
atoms with an energy of 16.6 eV, within the 
plasma volume and on the surfaces of the 
microparticles. The list of collision processes 
considered in the model is given in [14].  
The drift and diffusion of electrons, ions, and 
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metastable atoms were analyzed in the Ez 
axial (longitudinal) electric field, as well as in 
the Er self-consistent radial electric field. The 
average electron energy, transport 
coefficients, and rate constants for excitation 
and ionization reactions involving electrons 
were calculated using the BOLSIG+ software 
package [21] in conjunction with the SIGLO 
database [22]. The microparticles' charge is 
determined while considering ion-atom 
interactions within the weak-collision plasma 
approximation [23]. The flux of excited atoms 
onto the microparticles is calculated using the 
gas-kinetic approximation, while quenching is 
assessed under the assumption of complete 
energy accommodation. It was assumed that 
there is no emission of electrons or 
photoelectrons from the surfaces of the dust 
particles, the distribution of microparticles 
within the cloud is uniform, and it decreases 
exponentially at the cloud's boundary. It was 
assumed that the  I total current passing 
through the discharge cross section remained 
constant during variations in the 
concentration of microparticles np, as the 
experimental studies were conducted under 
conditions of a constant current value. 

 
 

Results and discussion 
 
Figure 1 shows a schematic 

representation of the plasma region for which 
the calculations were conducted. The left side 
of the figure shows the plasma composition 
along with the voltage drop measurement 
circuit employed in the experiment, while the 
right side shows the radial distributions of the 
electric field, as well as the concentrations of 
ions and electrons. The upper fragment 
corresponds to plasma without microparticles, 
and the lower one to plasma with a cloud of 
microparticles with np = 4105 cm-3. In a 
plasma free of microparticles (free discharge), 
the primary plasma losses are attributed to the 
loss of electrons (indicated by the blue 
background on the left side of the figure) and 

ions (the red dots), which occur due to their 
radial diffusion and drift towards the walls of 
the discharge device. The drift of charged 
particles occurs in the Er radial electric field. 
Without microparticles, the profiles of 
electrons  ne (r, 0)  and ions ni (r, 0)  are 
similar to the Bessel distribution J0(2,4r/R). 
The maximum ionization occurs along the 
discharge axis. The ionization balance 
facilitates the compensation of radial losses 
and the conservation of I in the Ez(0) 
longitudinal electric field. A voltmeter in a 
discharge without particles shows the 
V0 = Ez(0)l potential value. As microparticles 
enter the plasma along the discharge axis, 
they self-organize into a cloud that is 
confined within a rc radius (as shown in the 
lower section of Fig. 1). A distinct pattern of 
losses and ionization processes is observed 
compared to that of a pure discharge.  
In addition to the losses of charged plasma 
particles on the walls of the discharge tube, 
there are also microparticle losses.  
The greater mobility of electrons compared to 
ions results in the generation of more intense 
electron flows on the microparticles, which 
defines their negative charge q. 
Microparticles may acquire a significant 
charge q  104 e-. The electroneutrality 
equation for the dusty plasma can be 
expressed as ni = npq/e- + ne. ni (r, 0).  
The concentration of positive ions ni (r, np) 
within the microparticle cloud region 
increases, counteracting the high charge q, 
and can significantly surpass the ion 
concentration in the discharge that lacks  
ni (r, 0) microparticles. Compensation for the 
additional plasma losses associated with 
microparticles and maintenance of the current 
I is achieved by elevating the ionization 
frequency. This increase is driven by a rise in 
electron temperature resulting from a stronger 
longitudinal electric field Ez. The experiment 
revealed the development of a microparticle 
cloud within the discharge plasma, 
accompanied by a rise in potential V in the 
plasma region where the microparticle cloud 
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with rc radius was formed. An increase in 
electron temperature was observed while 
studying the effect of dust particles on the 
intensity of plasma spectral lines [24]. The Ez  
field in a cloud plasma depends on np, since 
microparticles can represent a significant 
source of plasma losses [25]. A voltmeter in a 
discharge with a cloud with microparticles 
concentration np demonstrates an increase in 
the V = Ez(np)l potential value. The shift in the 
maximum electron concentration position 
shown in Fig. 1 indicates that the ionization 

peak shifts from the discharge axis beyond 
the cloud boundary. Experiments and 
numerical calculations have revealed changes 
in the Ez(np) field in a DC glow discharge 
resulting from varying concentrations of  np 
for different gases, including air [26–28], 
neon [25, 29], argon [30], and helium [31]. 
The distributions of ni shown in Fig. 1 
indicate that the cloud of charged 
microparticles within the plasma acts as a trap 
for positive ions, concentrating the ions 
around the microparticles within the cloud. 
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Fig. 1. Diagram shows the axial cross-section of the discharge tube containing plasma at the voltage V 

measurement point. The left side of the section shows the plasma composition: red dots represent positively 
charged ions, the blue area represent electrons, and blue circles represent negatively charged dust particles. 
The right side of the section displays the ions concentration profiles ni (red lines), electrons ne (blue lines), 

and the radial electric field Er (light blue lines) for I = 0.5 mA and p = 0.6 Torr. The upper segment shows a 
discharge without microparticles, while the lower segment shows a discharge containing microparticles with 

np = 4105 cm-3 in a cloud of rc radius 
 
A picture of the ion capture process by a 

negatively charged sphere, along with their 
distribution, was derived from PIC modeling 
[32]. The results demonstrated that the 
captured ions form dense clusters around the 
sphere, providing additional shielding while 
substantially compensating for the positive 
charge deficit of the plasma in the presence of 
a strong electric field near the sphere.  

The effectiveness of an ion trap may be 
characterized by several metrics that assess 
the efficiency of ion accumulation for both a 
cloud and individual microparticles, as well 
as indicators that reflect the effectiveness of 
energy expenditures [16]. There are discharge 
modes with equivalent parameters in which 
the ion concentrations in the plasma region 
confined by the cloud radius in a discharge 
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containing microparticles ni(rc, np)  may 
exceed or fall below the concentrations  
ni(rc, 0) observed in a discharge without 
microparticles. If ni(rc, np) > ni(rc, 0), it 
indicates that the plasma cloud functions as 
an ion trap. The efficiency of ion 
accumulation by the trap is determined by the 
 = ni(rc, np)/ni(rc, 0) [16, 17] ratio. When data 
on the number of ions in the plasma's reaction 
volume is available, the effectiveness of ion 
accumulation by the cloud can be assessed 
using the linear ion density 
* = Ni(rc, np)/Ni(rc, 0). Where Ni(rc, np) = 

= 
0

2 ( , )d
cr

i prn r n r  and Ni(rc, 0) =  

= 
0

2 ( , 0)d
cr

irn r r  represents the linear ion 

density in the cloud and linear ion density in 
the discharge without microparticles within 
the area defined by the cloud's radius, 
respectively [16, 33].  

Fig. 2 shows the efficiency of ion 
accumulation by the cloud * as a function of 
microparticle concentration and discharge 
current under different neon pressures. If the 
complex system is in a state where * > 1, 
then the trap acts as an ion concentrator and 
operates in a state of effective ion 
accumulation (area I in Figure 2).  
The maximum values of ion accumulation 
efficiency by the cloud ( *

max  = 4.73 at  

p  = 0.6 Torr, *
max  = 4.71 at *

max  = 0.3 Torr, 

and *
max  = 4.2 at p  = 0.9 Torr) are associated 

with the lowest values of I and the highest 
values of  np. The inefficient state of the 
system corresponds to area II with *  1. The 
transition boundary between areas (* = 1) is 
indicated with a white line. From Figure 2, 
we can conclude that the range of values for  
*  1 increases as p rises, while I shifts to 
larger and smaller values with a np increase. 
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Fig. 2. The efficiency of ion cloud accumulation  * depending on the concentration  
of microparticles np and the discharge current I under different neon pressures p 

 
 

It can be postulated that the dusty 
plasma is a more effective method for 
generating the desired ion concentration 
compared to free discharge plasma. In a free 
discharge operating in normal mode,  ni  I, 
Ez exhibit minimal variation with changes in 
current or show no dependence on the current 
at all. The energy required to generate a 
single ion is directly proportional to the linear 
electric power of the discharge, given by 
Pi  IEz [16]. The generation of additional 

ions as ionization frequency increases results 
in a corresponding rise in losses due to 
ambipolar diffusion toward the discharge 
boundary. In dusty plasma, a rise in ion 
concentration is attained under conditions of 
decreased ambipolar plasma losses, where 
further increases in ion concentration occur 
due to the redistribution of ions from the 
periphery of the discharge to the center of the 
microparticle cloud. In addition, free 
discharge has several disadvantages when 
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compared to discharge with microparticles, 
and an increase in current I results in: 

 increased heat generation at the 
electrodes and additional electrodes erosion;  

 an increase in near-electrode potential 
drops and heat generation in the near-
electrode plasma; 

 increased heating of the discharge 
plasma and the onset of thermal instability, 
which causes the discharge to its contraction; 

 the necessity to expand the cathode 
surface to achieve the required electron 
emission while keeping the current density at 
a normal level. 

The energy advantage of a discharge 
with microparticles compared to a free 
discharge is linked to the additional Joule 
heating of the plasma. In dusty plasma, when 
producing the same ion concentration, less 
heat can be generated within a specific range 
of I values compared to plasma without 
microparticles, while maintaining the same  p. 
Such modes were detected at I < 2.7 mA [14]. 
The energy advantage in these modes is 
assessed by calculating the relative 
overheating coefficient Q. In reference [14], 
this coefficient was calculated as the ratio of 
the additional linear power consumed in the 
plasma of a free discharge while achieving 
the same ion concentration, to the 
corresponding value in a discharge with 
microparticles Q = Q(np = 0)/Q(np). In a free 
discharge, an increase in ion concentration 
can be attained by raising the current by a 
value I while keeping Ez  const. In contrast, 
in a discharge with microparticles, this 
increase is linked to a rise in the electric field  
Ez while maintaining a I = const, resulting 
in Q  IEz/EzI. Understanding the Q 
coefficient is particularly valuable for plasma 
technologies and processes that take place at 
low and cryogenic temperatures, where heat 
generation is not desirable [10, 11, 19, 20,  
33, 34]. 

Fig. 3 shows the change in Q with 
pressure for different discharge currents. 
Higher currents lead to lower Q values 
across the entire pressure range. The thermal 

gain in the complex plasma diminishes faster 
with increasing pressure. The thermal  
gain vanishes at point (8) (I = 2.7 mA,  
p = 0.3 Torr), as shown in Fig. 4. At this 
point, the heat released in the complex plasma 
equals the heat released in the free discharge. 
For a current of 0.5 mA, the  Q  distribution 
peaks at approximately  p  0.5 Torr (1).  
At this pressure, the complex plasma 
exhibited a significant thermal gain, with 
Q  13. With increasing current, this peak 
shifts towards lower pressures, reaching  
p = 0.3 Torr at I = 0.75 mA (3). 

Complex plasma offers an advantage 
over free-discharge plasma through its ability 
to control the microparticle cloud [17, 35]. 
This control enables manipulation of the 
cloud's spatial arrangement in the discharge, 
leading to optimized conditions for achieving 
desired ion concentrations within the reaction 
zone. 
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Fig. 3. The relationship between relative overheating 
coefficient Q and neon pressure p, shown for 

various discharge currents I: 1 – 0.5 mA, 2 – 0.6 mA, 
3 – 0.75 mA, 4 – 1 mA, 5 – 1.5 mA, 6 – 2 mA,  

7 – 2.5 mA, 8 – 2.7 mA 
 
 

Conclusion 
 
Within a specific range of discharge 

parameters, a low-pressure direct current 
discharge creating a complex plasma with 
microparticles functions as an electrostatic 
plasma trap. This trap accumulates and 
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localizes ions within the charged 
microparticle cloud. In some dusty plasma 
modes, ion concentrations within the cloud 
are lower than those achieved under identical 
conditions in a free discharge in the same 
plasma area. We propose using the linear ion 
density within the microparticle * cloud as a 
measure of the effectiveness of ion 
accumulation. We measured * values across 
a range of microparticle concentrations 
(np = 0–4105 cm-3) and discharge currents  
(I = 0.5–3.5 mA), specifically at neon 
pressures of 0.3, 0.6, and 0.9 Torr. Results 
indicate that * is maximized when the 
discharge current is minimized and the 
microparticle concentration is maximized. 
The parameter regions for which * > 1 
correspond to an ion trap that concentrates 
ions and operates in a state of effective 
accumulation. We identified inefficient states 
of the plasma system with *  1. We found 
that the range of values *  1 on np – I 
diagrams expands with increasing pressure, 
expanding to both higher and lower currents, 
and with increasing microparticle 
concentration. We observed that the thermal 
gain of the complex plasma, as measured by 
the relative overheating coefficient Q, 
increases with pressure at lower discharge 
currents. Q  13 reaches its maximum value 
at p  0.5 Torr and I = 0.5 mA. It has been 
shown that the dusty plasma is a more 
effective method for generating the desired 
ion concentration compared to free discharge 
plasma. 
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