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Abstract 

The principle of measuring electron density by hairpin probe is based on the relative shift of 

its resonance frequency in vacuum and in plasma. For a given hairpin dimensions, the 

resonance frequency fr only depends on plasma permittivity via fr = fo/ε
0.5

; where fo = c/4l is 

vacuum resonance frequency of probe. The probe is applied in strongly magnetized plasma 

sustained between two opposing pole pieces of permanent bar magnets having maximum pole 

strength of 0.45T. For a given magnetic field strength (B > 0.1T) and fo, we find that the 

probe’s resonance condition (l = λ/4) can be simultaneously satisfied at two discrete 

frequencies, fr1 and fr2, such that fr1 > fo and fr2 < fo in the plasma. The electron density 

obtained using two resonances are found to be different in magnitude due to the anisotropic 

nature of strongly magnetized plasma. It was observed that the broadening of resonance signal 

is enhanced when the probe is oriented normal to the field lines.  

1. Introduction 

The hairpin probe measures the electron density based on the resonance of a U-shaped wire 

[1-3]. The physical length l of each arm of the hairpin is equivalent to the quarter wave length 

(l = λ/4) of the resonant frequency fr, where fr = (c/4l)εr
-0.5

. Here c is speed of light and εr is 

plasma permittivity surrounding the hairpin. The permittivity is a function of electron plasma 

frequency fpe and is therefore related to the electron number density ne via fpe (Hz) = 

9000√(nex10
12

 cm
-3

). The major advantage of hairpin probe is that the electron density can be 

obtained independently without relying on electron energy distribution function as done in 

case of the Langmuir probe.  The errors associated in electron density measurement by 

Langmuir probe are large because it is sensitive to surface condition of the probe tip whereas 

in presence of magnetic field, Langmuir probe can severely perturb the plasma. The hairpin 

probe on the other hand is electrically floating therefore it is ideally suitable for magnetized 
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plasmas. In this paper we studied the influence of very strong magnetic field (B > 0.1 Tesla) 

on the probe resonances in the plasma. The effect of probe orientation with respect to the 

applied B-field on the resonance signal width is addressed.  

2. Probe theory in magnetized plasma 

The plasma permittivity perpendicular to the applied B-field p  can be obtained using; 
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Where, fce = eB/me is gyro-frequency of electrons. From eq. (1) we find that p  can be < or > 

1.0 depending on the relative magnitude of fce and fr. The resonance frequency of the probe is 

given by,   
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By substituting eq. (1) for p  in eq. (2) we obtain a quadratic expression for fr in terms of fpe, 

fce, and fo as follows;
 

222222222 )(25.0)(5.0 ceoceopeceoper fffffffff                  (3) 

In the above equation fr can be independently varied by the parameters fo, fce and fpe. Where fo 

depends on the length of the hairpin. In eq. (3), two solutions of fr can be possible which 

satisfy the same electron density distribution around the resonator. One solution gives fr > fo, 

while for the other fr < fo. This was experimentally verified in our recent paper [4]. Eq. (3) can 

be solved explicitly to obtain ne (or fpe) as follows; 
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Therefore, for a given magnetic field strength and probe vacuum resonance it is straight 

forward to obtain the electron density using eq.(4).  For the weakly magnetized plasma fce << 

fr, the equation reduces to formula given in reference [1].  
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3. Results and Discussion 

In the previous work [4] only one resonance peak was observed at a given operating condition 

however at strong B-field about 0.1T, we simultaneously observe dual resonances peaks fr1 

and fr2, where one below and other is above the fo as shown in fig-1. The positive peaks are 

the resonance in plasma while the negative (inverted) peak is in vacuum. When the 

background electron density is increased by raising the operating power or pressure, the 

resonance peak fr1 shifts towards right while fr2 shift towards the extreme left and at certain 

background density it falls outside the lower range (1-8 GHz) of the microwave source. Fig-2 

shows the plots of electron density calculated using the respective resonance frequency fr1 and 

fr2 using eq. (4) for different discharge powers from 100 W to 500 W.  

 

Fig-1: Dual resonances obtained at B = 0.1T, fce = 2.8 

GHz, fo = 2.64 GHz in Argon plasma - 200W and 6.4 

x 10
-3

 mbar. 

 

Fig-2: The electron density calculated using resonance 

frequency fr1 (right axis) and fr2 (left axis). at fo = 2.64 

GHz, B = 0.1T and fce = 2.8GHz. 

As expected the electron density increases linearly with power, however the ne calculated 

using fr2 is lower than fr1 by over one order in magnitude. In fig-3, the expected theoretical 

trend of fr2 is plotted using eq. (3) considering the electron density distribution was same 

around the resonator. The ne on the horizontal axis is obtained considering the resonance peak 

fr1. Since large discrepancy in the experimentally measured values of fr2 is observed with 

respect to the theoretical estimate of fr2 which considered a uniform ne, it rather suggests that 

such a condition may not be true for strongly magnetized plasma. The theoretical estimate of 

fr2 always remained outside the lower range of the microwave source to be detected.  If the ne 

population is largely anisotropic then the resonator can be excited at two discrete frequencies 

simultaneously in which one of the condition satisfy fce > fr as observed in experimental fr2. In 
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the presence of strong magnetic field plasma electrons respond distinctly to the spatially non-

uniform electric field of the resonator resulting in observed two resonance peaks fr1 and fr2.  

 

Figure 3: Plot of resonance frequency versus electron 

plasma frequency. The theoretical values are 

calculated using eq. (4) by varying fpe (or ne) for a 

given magnetic field (fce = 2.8 GHz) and vacuum 

resonance (fo = 2.64 GHz). 

 

Figure 4: Signal width (FWHM) versus grid bias for 

different orientation of hairpin plane to the B-field at 

7.5 kW and 0.3 Pa. The electron density varies from 

1.7 - 0.5x10
10

cm
-3

 with increasing grid bias.  

In fig-4, the effect of probe orientation on the full width at half maximum of the resonance 

peak is plotted under the different experimental conditions in which the grid bias of the 

plasma chamber (Kamaboko-III ion source) [5] was varied. As observed in the case when the 

plane of the probe is normal to the external magnetic field, strong interaction between the 

oscillating E
~

-field of the resonator with the external magnetic field result in electron motion 

governed by the time averaged BE
~

. The electrons then dissipate the energy by electron-

electron and electron neutral collisions leading to enhanced dissipation of the peak energy as 

compared when the BE
~

 = 0 as in the E||B case.  
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