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Introduction 
 

The non-destructive detection of image 

charge induced by oscillating charged particles 

has wide spread applications ranging from 

Schottky-type electronic pick-ups used in storage 

rings to electronic detection in particle traps such 

as Penning traps, with the detection sensitivity 

reaching to the single-ion level. For the Penning 

Trap applications, the image charge induced by 

the trapped particles is picked up by a high Q 

resonant circuit and the signal so obtained 

contains all the information about the confined 

particles like its temperature, the number of 

trapped particles etc. This high Q resonant circuit 

is a parallel LCR circuit characterized by its 

resonance frequency and the presence of stored 

charged particles in the Penning trap can produce 

a dip symmetrically splitting the resonance peak 

under appropriate conditions. Using this noise 

dip technique, the presence of single and a few 

electrons in the trap was observed earlier at 4K 

[1]. However, no shift of the resonance 

frequency of the tank circuit was observed for a 

few trapped electrons. On the other hand, the 

resonance frequency of the tank circuit is 

expected to shift, when the trap would be filled 

with a large number of charged particles and this 

shift of resonance frequency is a measure of the 

number of trapped charged particles in the 

Penning trap. In this work, we have measured the 

shift of the resonance frequency of the tank 

circuit when the trap was filled with a cloud of 

electrons (10
7
 electrons) at room temperature 

and determined the number of trapped electrons 

from the shift and compared the number with 

that obtained by an earlier method [2]. 
 

Theory  
 

The oscillating cloud of electrons trapped in a 

Penning trap induces image charge on the trap 

electrodes. This image charge is picked up by 

connecting an inductor (L~ 0.45 μH) that forms a 

parallel LCR resonance circuit. In our work, the 

resonance frequency of the LCR circuit was 

νR=63.71 MHz. The overall capacitance of the 

trap electrodes, connecting wire and the self 

capacitance of the inductor as viewed by the 

trapped particles was (C~13.8 pF). At resonance, 

the inductor tuned out the effective capacitance 

and the tiny image current produced a potential 

difference across the parallel resistance 

(R~25kΩ). This induced voltage was amplified 

by a low noise amplifier and detected. The noise 

spectrum of our tank circuit with no trapped 

electrons is shown in Fig. 1. The noise spectrum 

has the expected Lorentzian shape with peak at 

resonance frequency νR=63.71 MHz. 
 

 

 
 

Fig. 1: Noise spectrum in the absence of any 

trapped electrons. 
 

The axial frequency (νz) of the trapped electron 

cloud could be adjusted by changing the 

potential difference between the ring and end-

cap electrodes and for Z= resonance frequency 

of the tank circuit, the trapped electron cloud 

could be modeled as a series resonance circuit 

with inductance 𝑙1 given by [2] 
 

𝑙1 = 𝑚[2𝑧0/𝛼𝑒]2                       (1) 
 

where, m is the mass of the electron, 𝑧0 = 4.6 

mm is the characteristic trap dimension and 
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𝛼 =
1

2
. However, the presence of a trapped 

electron cloud shifts the resonance frequency of 

the tank circuit from R to νR
′ . For Z=νR

′ , the 

trapped particles shunts the noise from the center 

of the spectrum and the effective impedance 

becomes ~ j4 𝜋(ν-νZ)𝑙1. In this condition, a dip is 

produced splitting the resonance peak at νR
′  as 

shown in Fig. 2. The number of stored electrons 

𝑛 can be determined from the position of two 

symmetric lobes (marked as ν1 and ν2) on the two 

sides of the dip at ν'R as shown in Fig. 2. The 

relationship between the number of stored 

electrons (n) and ∆𝜈 = (ν2 − ν1) is given by 

𝑛 ≈ [2𝜋∆𝜈]2𝑙1𝐶                   (2) 

where, C is the effective capacitance as seen by 

the trapped particles and n can be determined 

from eq. (2) [2]. Moreover, significant shift of 

the resonance frequency of the tank circuit 

(∆νR =  νR − νR
′ ) was seen for the number of 

trapped electrons n >10
6
.  

 

 
 

Fig. 2: Noise spectrum of ~ 10
7
 electrons tuned 

to tank circuit resonance frequency (νz = νR
′ ). 

 

The relationship between the number of trapped 

electrons (n) and ∆νR  is given by  
 

∆νR

νR
=

1

2

∆C

C
=

1

2

n

N
                     (3) 

 

where, ∆C is the change in the effective 

capacitance due to the presence of trapped 

electron cloud and N is the number of electrons 

corresponding to the amount of charge stored by 

the capacitor C under the application of trapping 

voltage 𝑉0. 

Experiment 

The noise dip responses were observed for 

different trapping voltages 𝑉0. When the axial 

frequency of the trapped electron cloud (νz) did 

not match with the modified tank circuit 

resonance frequency (νR
′ ), the electron signal 

appeared as a peak in the noise spectrum of the 

detection circuit. For νz→ νR
′ , the dip signal 

appeared and we initially obtained two 

asymmetric peaks around νR
′ . At 𝑉0= 19.87 V, 

we obtained two symmetric peaks at ν1 =62.17 

MHz and ν2 =64.17 MHz on the two sides of the 

dip for modified resonance frequency νR
′ =63.24 

MHz as shown in Fig. 2. This modified 

resonance frequency (νR
′ ) is significantly 

different from the tank circuit resonance 

frequency in the absence of any stored electrons 

(νR=63.71 MHz). The number of electrons 

corresponding to the amount of charge stored by 

the capacitor C at 𝑉0= 19.87 V is given by N = 

(C𝑉0)/𝑒 ~ 1.7x10
9
, where e is the electronic 

charge. Using eq. (3), we obtain from the 

measured shift of the resonance frequency that 

the number of trapped electrons n=2.5×10
7
. 

Taking =2 MHz, C=13.8 pF and 𝑙1=12000 H, 

we obtain n=2.6×10
7
 from eq. (2). So, the 

number of trapped electrons (n) estimated by 

using the new method agrees well with that 

obtained by using earlier method [2].  
Thus, it is possible to measure the number of 

stored particles by measuring the shift in the 

resonance frequency of the tank circuit. 
 

Conclusions 

In this work, we present a new technique to 

count the number of stored particles by 

observing the shift in the resonance frequency of 

the tank circuit at room temperature and the 

result obtained by this method agrees well with 

that obtained by a standard earlier method [2]. 

However, the new  method is useful for counting 

a large number (n>10
6
) of trapped particles, 

because, otherwise, the shift in νR  would be 

negligible.  
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