
Observations of pulsed regimes of electron cyclotron 
instabilities in a mirror confined plasma produced by 

ECR discharge 
 

D. A. Mansfeld1, A. V. Vodopyanov1, S. V. Golubev1, A. G. Demekhov1,  A. G. Shalashov1  
 

1Institute of Applied Physics, Nizhny Novgorod, Russia, 603950 mda1981@appl.sci-nnov.ru,  
avod@appl.sci-nnov.ru, gol@appl.sci-nnov.ru, Andrei@appl.sci-nnov.ru, ags@appl.sci-nnov.ru  

 
Abstract 

 
We demonstrate the use of a laboratory setup based on a magnetic mirror trap with plasma sustained by a 

gyrotron radiation under the electron cyclotron resonance (ECR) conditions for investigation of the cyclotron 
instabilities similar to the ones which take place in space plasmas. Two regimes of the cyclotron instability are 
studied. In the first place, quasi-periodic pulsed precipitation of energetic electrons from the trap, accompanied 
by microwave bursts at frequencies below the electron gyrofrequency in the center of the trap, is detected. The 
study of the microwave plasma emission and the energetic electrons precipitated from the trap shows that the 
precipitation is related to the excitation of whistlers propagating nearly parallel to the trap axis. The observed 
instability has much in common with phenomena in space magnetic traps, such as radiation belts of magnetized 
planets and solar coronal loops. In the second place, we have detected and investigated quasi-periodic series of 
pulsed energetic electron precipitations in the decaying plasma of a pulsed ECR discharge in a mirror 
axisymmetric magnetic trap. The observed particle ejections from the trap are interpreted as the result of 
resonant interaction between energetic electrons and a slow extraordinary wave propagating in the rarefied 
plasma across the external magnetic field. We have been able to explain the generation mechanism of the 
sequences of pulsed precipitations at the nonlinear instability growth phase in terms of a cyclotron maser model 
in which the instability threshold is exceeded through a reduction in electromagnetic energy losses characteristic 
of the plasma decay. 
  

1. Introduction 
 

Despite their more than half a century history, the studies of the interaction between electromagnetic 
waves and particles in a magnetoactive plasma under ECR conditions still remain topical. One of the most 
interesting ECR manifestations is the generation of bursts of electromagnetic radiation that are related to the 
explosive growth of cyclotron instabilities of the magnetoactive plasma confined in magnetic traps of various 
kinds and that are accompanied by particle precipitations from the trap. Such phenomena are observed in a wide 
range of plasma parameters under various conditions: in the magnetospheres of the Earth and planets, in solar 
coronal loops , and in laboratory magnetic traps. Laboratory experiments to study such phenomena in plasma 
magnetic traps have been carried out for a long time [1-3]. The burst generation processes of electromagnetic 
radiation observed in experiments have much in common with the operation of natural sources of bursts of 
cyclotron radiation—the so-called space cyclotron masers that are responsible for the generation of ELF-VLF 
electromagnetic radiation in the Earth's magnetosphere [4] and that may play a key role in producing certain 
types of solar flares. In recent years, the works on laboratory modeling of processes in a space plasma have been 
intensified in connection with the passage to modern ECR plasma sources based on mirror traps. Using 
gyrotrons to maintain a discharge under electron cyclotron resonance conditions in such systems allows the 
"energetics" of the no equilibrium particles stored in a trap to be increased significantly. In this work we present 
the investigation of two different regimes of cyclotron instability, which occur in dense and rarefied plasma of 
ECR discharge. 

 
2. Experimental Setup 

 
We performed our studies using a gas discharge in a mirror trap sustained by the electromagnetic 

radiation of a gyrotron under electron cyclotron resonance conditions. The detailed description of the 
experimental setup SMIS 37 can be found in [5]. Linearly polarized microwave radiation from gyrotron with a 
frequency of 37.5 GHz, a power of 80 kW, and pulse duration of 1 ms was focused by dielectric lens into the 
center of discharge chamber. The plasma was resonantly heated at the fundamental gyrofrequency harmonic. 
The ECR absorption region occupied an intermediate position between the magnetic mirror and the central cross 
section of the trap and corresponded to a magnetic field strength of 1.34 T. The discharge chamber 7 cm in 
diameter was located in an axisymmetric magnetic mirror configuration produced by two solenoids. The 



Figure 1. Upper curve - microwaves f > 5.4 GHz, lower 
curve - pin-diode current. Temporal scale is 0.4 µs/div 

magnetic field pulse duration was ~13 ms, the maximum magnetic field strength in the mirror was 3.4 T, and the 
mirror ratio was 5. The separation between the magnetic field maxima in the mirrors (trap length) was 25 cm. 
The working gas (nitrogen or argon) was puffed into the discharge chamber through pulsed valve from flask 
with a controlled gas pressure. The flux of energetic electrons precipitated from the magnetic trap was measured 
with the help of movable SPPD-11-04 p-i-n diode located at a distance of 60 cm from the center of the trap. The 
p-i-n diode used in our experiments is capable of detecting electrons with energies in the range from 7 to 500 
keV. The measurements of plasma energy density were performed using the diamagnetic loop, placed normally 
to the magnetic field lines in the central cross-section of the trap. To record and roughly analyze the spectrum of 
the plasma microwave emission, we used coaxial--waveguide junctions (CWJ) with different dimensions of the 
waveguide sections. The CWJs were mounted outside the vacuum chamber, near the system axis and 
perpendicularly to the axis above the quartz window.  

 
3. Experimental results  

 
The X-ray spectra of plasma radiation [6] and numerical simulations [7] show that the electron 

distribution function formed in ECR discharge comprises two fractions, one of them being a small energetic 
addition to the other component which is much cooler and denser. The cold dense component with an electron 
density Ne ~ 1013-1014 cm-3 and an electron temperature Te ~ 300 eV has an isotropic velocity distribution 
function. The hot and more rarefied component with a density Nh ~ 1010-1011 cm-3 has an anisotropic electron 
velocity distribution function - the transverse electron energy relative to the magnetic field exceeds the 
longitudinal energy. According to X-ray measurements, the effective temperature of the hot component is Th ~ 
10 keV and characterizes mainly the transverse energy of the hot electrons. 

 
During the gyrotron operation we 

observed the onset of instability characterized by 
a pulsed precipitation of energetic electrons from 
the trap, accompanied with bursts of the 
electromagnetic radiation at frequencies below 
the electron gyrofrequency in the trap center. 
The instability usually occurs as a quasi-periodic 
sequence of radiation pulses (the “self-
oscillatory” mode). Sometimes, a non-periodic 
time modulation and single pulses with 
significantly larger amplitudes (“giant” pulses) 
were observed. Figure 1 shows a typical 
oscillogram of the plasma microwave emission 
and the current of the p-i-n diode, detecting the 
precipitation of energetic electrons. It can be 
seen that instability in this case manifests itself 
as quasi-periodic (with a period of up to 200 ns) 
synchronous microwave bursts and p-i-n diode 
current pulses with a characteristic duration of 30 
ns. Diamagnetic measurements of plasma energy losses during the instability show that about 40% of energy of 
hot electron population is lost due to the instability. Measurements of the plasma microwave emission in several 
frequency ranges let us conclude that: (1) the emission is concentrated in the frequency range 2 < f < 11 GHz 
(the electron gyrofrequency at the center of the trap was fHL = 15 GHz) and (2) the spectrum shifts toward higher 
frequencies with increasing magnetic field. When the microwave receivers were oriented at a certain angle to 
the system axis, the amplitude of the microwave signals decreased, and no microwave emission was detected 
when the receivers were oriented across the trap. Hence, the observed microwave emission was generated nearly 
along the magnetic field. 

 
By means of the adjustable p-i-n diode, the measurements of the spatial distribution of precipitated 

energetic electrons were taken. It was determined that spatial structure of electron’s precipitations essentially 
depends on the value of magnetic field in the trap center, and under some values can take non – uniform 
character. Thus, when the magnetic field corresponds to the maximum of microwave generation upon 
instability, the peak of precipitations can be found at the periphery of the chamber, whereas the hole is being 
observed in the center. Simultaneously with the magnetic field increasing, the maximum of precipitations 
approaches to the center, and after all the distribution is seemed to be uniform. Measurements show that radial 
distribution of bulk plasma’s concentration, unlike energetic electrons precipitation, has uniform structure under 
all plasma regimes.  



Figure 2. Upper curve – microwave 
gyrotron pulse, lower curve - pin-diode 
current. Temporal scale is 500 µs/div. 

Another interesting example of such “bursty” 
phenomena was observed in a decaying plasma, when the 
gyrotron was switched off. Figure 2 shows an oscillogram 
of the signals from the envelope of a microwave gyrotron 
pulse (upper ray) and the signal from the pin diode (lower 
ray) in an ECR discharge with nitrogen used as the working 
gas. Recall that we associate the signal from the pin diode 
with the precipitation of energetic electrons from the trap. 
We clearly see from fig. 2 that apart from the intense 
electron precipitation during the microwave pulse in the 
decaying plasma, short-pulse (with a duration of ~5 µs) 
quasi-periodic (with a period of 150-200 µs) ejections of 
energetic electrons were also observed after its termination. 
The precipitation intensity was comparable to the electron 
burst intensity during the microwave pulse. Such electron burst ejections emerged at a certain molecular 
nitrogen puffing rate, -1-316 сcmparticles 10)51( ⋅⋅⋅− , with a delay (1-2 ms) after the microwave pulse 
termination. Synchronously with precipitations of energetic electrons we detected short pulses of plasma 
microwave emission with quasi-perpendicular propagation to the magnetic field direction. No microwave 
emission was detected in the direction of the magnetic field of the trap. 

 
4. Discussions 

 
The observed precipitation of energetic electrons from the trap and the generation of microwave bursts 

can naturally be related to the excitation of electromagnetic waves due to cyclotron instabilities. As has already 
been noted above, two electron fractions are produced in a magnetic trap under our experimental conditions in 
an ECR discharge plasma: a dense cold component with an isotropic velocity distribution function and an 
initially less dense hot component with an anisotropic velocity distribution function, in which the transverse 
electron energy is considerably higher than the longitudinal energy. The dense plasma component determines 
dispersion relation and damping of propagating waves, which can resonantly interact with energetic electrons. 
The anisotropy of the hot component ensures the growth of electron cyclotron plasma instabilities. The 
interaction of high-frequency waves with resonant electrons leads to the diffusion of energetic electrons in 
velocity space and eventually to their falling into the loss cone and precipitation from the trap. During the 
microwave pulse of gyrotron, plasma density is sufficiently high, with the electron plasma frequency ωpe 
exceeding the electron gyrofrequency ωBe . Under these conditions, the instabilities related to the resonant 
excitation of electromagnetic waves at frequencies below the gyrofrequency that propagate at small angles to the 
magnetic field are realized most easily [5]. The quasi-longitudinal waves effectively interact with hot electrons 
through multiple wave reflections from the cold plasma boundaries near the magnetic trap mirrors. In the case of 
dense plasma these waves correspond to whistler modes. Calculations of the growth rate and gain factor of 
whistler cyclotron instability for the plasma parameters confirmed many features observed in the experiments 
[5]. Analysis of several nonlinear mechanisms of self-oscillating instability growth led us to conclude that the 
growth rate modulation due to the evolution of the fast particle distribution function due to interaction with the 
growing electromagnetic waves is most suitable among them. Such regimes are invoked to account for the 
quasi-periodic VLF radiation in the Earth's magnetosphere [4]. We can suppose that non-uniform spatial 
structure of energetic electrons is the result of the respective electromagnetic field distribution formed inside the 
plasma cavity in the waves, excited upon the whistler cyclotron instability. In this point, the observed 
phenomena have much in common with the spatial structure formation of pulsating aurora. 

 
After the microwave pulse termination in a decaying plasma, the density of the cold fraction decreases 

rapidly, while the hot electrons with an anisotropic velocity distribution function are confined in the magnetic 
trap much longer. Therefore, starting from a certain time, the density of the hot component can become equal to 
or even higher than the density of the cold component. In a rarefied plasma with ωpe<<ωBe, the kinetic gyrotron-
type instabilities related to the excitation of electromagnetic waves at frequencies near the electron 
gyrofrequency that propagate perpendicularly to the magnetic field grow more efficiently. In this case, the 
vacuum chamber walls most likely play the role of a resonator. Analysis shows that the burst activity observed 
in the experiment is easiest to explain by the excitation of a cyclotron instability of slow extraordinary waves 
propagating across the magnetic field in a rarefied plasma [8,9]. The essential feature of this scenario is that the 
threshold of cyclotron instability leading to the ejection of particles from the trap is determined not only by the 
absorption of potentially unstable waves in the background plasma, but also by the transparency of the plasma 
sheet. In a steady discharge and at the initial plasma decay phase, these instabilities are also suppressed by the 



depression of cyclotron radiation in overdense plasma; the growth of instabilities becomes possible in fairly 
rarefied plasma. We were able to explain the generation mechanism of the sequences of pulsed particle 
precipitations at the nonlinear instability growth phase by considering a new mode of cyclotron maser operation 
in which the population inversion is effectively pumped through a rapid reduction in electromagnetic energy 
losses characteristic of the plasma decay. As a result, we suggested a qualitative model that allowed the 
experimentally observed bursts of electron precipitations to be reproduced by taking into account a realistic time 
dependence of the background plasma temperature and density [9]. 

 
5. Conclusion  

 
It was shown that ECR heated mirror-confined plasma with nonequilibrium electron distribution function 

provides the opportunity to investigate a number of processes of non-linear wave-particle interactions. The 
results of the experiments at the advanced phase of the ECR discharge were explained in terms of a cyclotron 
maser model by relating them to the excitation of quasi-longitudinal whistler waves propagating along the trap 
axis. Such regimes have much in common with the quasi-periodic VLF radiation in the Earth’s inner 
magnetosphere (with periods of  T ~ 100 s) and can also be met in solar flaring loops and at other space objects. 
The conditions in the decaying plasma resemble those in auroral plasma cavities and similar systems, and in this 
case electromagnetic waves with quasi-perpendicular propagation direction are excited. Our experimental 
results and their comparison to theory allow us to expect that future experiments will provide a more detailed 
study of such phenomena that play an important role in the dynamics of laboratory, geospace, planetary, and 
solar plasmas. 
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