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A specific nonlinear regime of electron cyclotron instability is discussed aimed at explanation of complex tempo-
ral patterns of stimulated electromagnetic radiation from a mirror trap with non-equilibrium plasma typical of ECR
discharge. This regime is characterized by self-modulation of a plasma cyclotron maser due to coherent interference
of two counter-propagating unstable waves with degenerate frequencies. The proposed simple theoretical model
allows reproducing multi-scale behavior of quasi-periodic pulses of electromagnetic radiation and precipitation of
energetic electrons detected at a laboratory setup based on a mirror trap with plasma sustained by mm-wave gyro-

tron radiation.
PACS: 52.35.Hr, 52.72.+v

INTRODUCTION

Laboratory setups based on mirror traps are actively
used to simulate nonlinear wave-particle interactions in
space plasmas. In particular, we reported previously that
a new regime of electron cyclotron (EC) instability has
been revealed in a compact mirror trap during the plas-
ma decay [1]. In these experiments plasma discharge with
duration of ~1 ms was sustained by 37.5 GHz/ 80 kW
gyrotron under the EC resonance conditions. The ECR
heating results in an electron distribution function that
consists of two fractions, one of them being a small en-
ergetic addition to the other component which is much
cooler and denser. In the reported experiments the bulk
plasma density is about 10" cm™, an electron tempera-
ture is 300 eV, a hot-electron density is 5%10'°cm™, and
an effective hot-electron temperature (primarily the
transverse energy) is 10 keV. Detailed description on
this experiment is given in the accompanying paper [2]
in this issue. Here we only mention that intense short-
pulse (5 ps) emissions of fast (10...100 keV) electrons
and synchronous bursts of electromagnetic radiation at
the fundamental cyclotron harmonic have been observed
with about 1 ms delay after the end of the microwave
pulse supporting the initial non-equilibrium plasma.
Observed bursts form rather complex temporal patterns
— the interval between single spikes in a time series may
become irregular, spikes may join in double-bursts, and
a kind of stochastic generation regime is sometimes
detected. Typical examples of such activity are shown
in Fig. 1 (top). The important feature of this data is that
different patterns were observed quite randomly for the
same experimental conditions. In the present communi-
cation we discuss a possible simple mechanism respon-
sible for such complex and random temporal behavior
of the observed burst activity.

1. TWO-LEVEL MASER MODEL

Main features of the instability were reproduced by
the model of simple two-level maser proposed in our
previous paper [3]. The joint evolution of the hot-
electron density N and the density of the electromag-
netic energy W can be qualitatively described by the
following equations
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{dN/dl=—K‘WN, k~h/T, )

dw /dt=(y -v)W, y =~ hN

The first equation describes the rf-field-induced losses
of hot electrons with effective temperature 7),, while the
second equation describes the change of the wave en-
ergy in terms of the relation between the linear instabil-
ity growth-rate y and dissipation v. The coefficients x
and 4 determine the losses of hot particles and the aver-
aged growth-rate, respectively. The derivation of
Egs. (1) from the quasi-linear plasma theory and com-
prehensive discussion of its application limits can be
found, e.g., in Ref. [4].

Quasi-linear interaction of hot resonant electrons
with the electromagnetic wave exponentially increasing
at the linear stage of instability reduces its transverse
energy. As a result, some fast electrons fall within a loss
cone and leave a trap. These losses reduce the instability
growth rate and, finally, restrict the increase in the elec-
tromagnetic energy density in the system. Here the dis-
sipation is governed by electron collisions with the
background plasma thus v(¢)is assumed to be known

function monotonically decreasing during the plasma
decay after the gyrotron power switch-off. Decrease in
the wave energy losses provides repeated recovery of
the instability conditions and thus serves as an effective
source of free energy. This particular feature is respon-
sible for the operation of the cyclotron maser in absence
of a direct pump at the plasma decay stage.

The above model describes relatively well some es-
sential features of the measured data, but it does not
reproduce the essential features of the latest data in
which quite different patterns of the burst activity were
observed randomly for the same experimental condi-
tions [2]. This random switching between different non-
linear regimes of instability may be explained as a result
of self-modulation of a plasma cyclotron maser due to
coherent interference of two (or more) unstable waves
with degenerate frequencies resulting in spatial modula-
tion of amplification. Let us consider a simplest case of
two counter-propagating modes with complex ampli-
tudes a. and a_ such that the wave field may be repre-
sented as follows

OE oc a, (t)exp(iké —iwt) +a_(t)exp(—iké —imt).
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Fig. 1. Top: oscillograms of the signals from the pin diode measured precipitations of hot electrons from the trap after
the gyrotron power is switched-off. Bottom: precipitation of hot electrons (dn/dt) calculated from equations (2) for dif-
ferent ratios da between the initial amplitudes of two competing modes. One can see quasi-periodic (left), chaotic (cen-
ter) and double-burst (right) regimes similar to those observed experimentally. Time is normalized over initial growth-
rate (yy). Initial conditions: a,=107 v, /yy, a.=107 da v; / yy, n=1I, n_=0. Plasma decay is modeled by exponent with
V()/y(): ]05, A% /y0:00003

normalized time normalized time normalized time

Note that in an axisymmetric trap spatial coordinate ¢
stands most likely for the azimuthal direction. A stand-
ing wave formed by two coherent counter-propagating
modes result in modulation 7. of the hot electron den-
sity at the second spatial harmonic, such that

N ={n(t) + Re[n_(t) exp(2ik&E)] } N, .

In turn this results in the same modulation of the
growth-rate and in the Bragg scattering that couples the
counter-propagating modes. Taking all these effects into
account, one obtains the following modification of the
basic maser equations (1):

dn/dt=—(a}|+|a’|)n—a,a

‘n.—a.an.
dn_ldt=—(a’|+|d’)n_—a,a

da,/dt=%(n-v)a, ++an

" [®)

da_/dt=%(n-v)a +%a n
Here all densities are normalized over the initial density of
hot electrons N, , time 7 = y,¢ and dissipation rate v/ y, are
normalized over the initial growth-rate y, = AN, , the wave
amplitudes are chosen such that the wave energy is scaled in
terms of initial hot-electron energy, W/ N,T, =|a’ | +|a’ |,
and the superscript star denotes a complex conjugate.
Particular regimes that are of interest in context of
the present paper are related to the initial conditions
n(0)=1, n_(0)=0, a,(0)=a”, a (0)=a".
Here initial wave amplitudes are defined by thermal
fluctuations in a hot plasma; their level in our experi-
ments may be estimated as [5]
la 2= <|SE | /87 > B wzzAw
h N,T, e’ N,
where @ ~27-30 GHz and Aw < ® are, correspond-
ingly, the frequency and the spectral width of the ex-

<1078,

cited mode, and N, ~2-10" cm™. Zero initial condi-

tion for the density modulation n. reflects the fact that
in our case the initial density fluctuations (before the
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excitation of the maser) may be ignored since the modu-
lation of inversion is over-pumped by the exciting
waves during the burst formation. In this case solutions
of equations (2) conserve the phase of wave amplitudes.
Therefore, without loss of generality one can consider only
real valued initial conditions for the wave amplitudes.
Some interesting qualitative properties of maser dynamics
in this regime have been identified in our early paper [6].

2. TOWARDS EXPLANATION
OF THE EXPERIMENTAL DATA

The dynamics of the background plasma component
is very essential for the proposed model since decreas-
ing wave losses in the background plasma actually
pump the maser instability. Unfortunately, measure-
ments of the background plasma parameters have been
possible only for the steady state ECR discharge and no
reliable data are available describing the decay phase.
So we reconstruct the electron density and temperature
during the plasma decay basing on the particle and en-
ergy balance equations solved with initial conditions
corresponded to the measured parameters of the ECR
discharge. As applied to the discussed experiment, this
technique was implemented earlier in [1, 6]. In our ex-
periment the wave losses were mainly defined by the
electron-ion collisions in the background plasma, so the
loss rate is approximately equal to the effective colli-

sional rate v ~v,, o« N,T,°% [7].

Example of evolution of the loss rate is shown in
Fig. 2. Maser generation typically starts at ¢, =~ 0.6 ms,
what corresponds to the characteristic growth rate of

Yo =v(t)~4.4-10"s7". 3)

While the instability was observed, the collisional

loss rate can be approximated as exponential decay

v(t)=v,exp[v,(t—t)],v, #5.5-10" s, v, ~3.8:10° s7".
At time ¢ the electron temperature 7, is about 0.1 eV
and the typical background density is N,~ 10" cm?, the
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density and pressure ratios between hot and bulk plasma
fractions are N,/ N,~0.1 and N,T}, / N,T,~ 10*...10°.
This data agrees to the previously published results [1].
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Fig. 2. Evolution of the collisional loss rate during the
plasma decay and its analytical approximation at the
instability stage. The time interval where the instability
was observed is shown in gray

Peculiar feature of the proposed model is its sensitiv-
ity to small variations of initial conditions in the pa-
rameter range typical of described experiments. In par-
ticular, essentially different temporal patterns may be
obtained for slightly different initial amplitudes of the
counter-propagating waves while all other parameters of
the system remain the same, see Fig. 1 (lower plots).
Note that a random spread in the initial wave amplitudes
is very natural due to its thermal origin. Once excited,
both modes described above compete for the same re-
sources, namely a free energy stored in hot electrons, so
one mode typically dominates over another. The re-
sulted maser dynamics show rather complex behavior
similar to what was observed in the experiment. Note
that in the theoretical plots time is normalized over the
initial growth-rate y, which is a free parameter here. In
order to match the experimental data one should assume

v,/ 7, =3-10™* what corresponds to y, ~1.3-107 s™.
This fits well to the estimate (3) obtained from the plasma

decay modeling. Note thaty, ~10" is in a good agree-

ment with the kinetic cyclotron instability of the extraor
dinary wave propagating quasi-perpendicular to the mag-
netic field near the fundamental cyclotron harmonic that
may be attributed to explain our experiment [1].

CONCLUSIONS

The self-modulation of the cyclotron maser may ex-
plain qualitatively the variety and randomness of the
observed data. The proposed model is very simple so it
does not require knowledge of the details such as par-
ticular type and characteristics of the unstable modes.
Matching of the model to the experimental data results
in a realistic estimation for the growth rate typical of the
extraordinary wave instability at the fundamental cyclo-
tron resonance. However, quantitative modeling re-
quires more elaborate study which accounts for the
wave traveling outside the generation region as well as
plasma inhomogeneity in the radial direction across the
magnetic trap.
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I'EHEPAIIUS HIMPOKOITIOJIOCHOI'O 3JIEKTPOMATHUTHOI'O U3JIYYEHUSA ITPU PACITAIE

IIJIABMBbI D11P-PA3PSJIA B IPSIMOM MATHUTHOM JIOBYLIKE
A.I. lllanawos, C.B. I'onyoes, E.J]. 'ocnoouukos, /I.A. Mancgpenvo, M.E. Buxmopos, A.B. Bodonvanos

OO6cyxaaeTcss HOBBI HETTMHEHHBIN PEXKUM 3JIEKTPOHHO-ITUKIOTPOHHOW HEYCTONYUBOCTH, OOBSCHSIIOMINI CI0XK-
HYI0 BPEMEHHYIO JIMHAMUKY HMITYyJIbCOB 3JIEKTPOMATrHUTHOTO HW3IY4YEHHS] CUIIbHOHEpPaBHOBECHOW miasmbl OIIP-
paspsiga B IPSMOM MarHUTHOM JIOBYIIKE. PexuM peannzyercst pu caMOMOAYJISIUHN TUKIOTPOHHOTO Masepa MoJieM
OueHuil TBYX BCTPEYHBIX HEYCTOMYUBBIX BOJIH C BBIPOXKICHHBIMH YacTOTaMHu. [IpeioxKeHHas mpocTas TeopeTHYe-
CKasi MOJICNIb TO3BOJIIET BOCIPOU3BECTH MHOTOMACIITAOHYIO CTPYKTYPY UMITYJIBCOB 3JIEKTPOMATHUTHOTO H3ITyde-
HUS Y BBICHITIAHUS SHEPTHYHBIX AJICKTPOHOB, 3apETUCTPUPOBAHHBIX B JIA0OPATOPHOM IKCIIEPUMEHTE C MCIIOJIb30Ba-
HUEM NPsSMOM JIOBYIIIKH C TUTa3MOMH, TOJAEePKABAEMOH H3ITydeHHEM THPOTPOHA MIJDTIMETPOBOTO HATIa30Ha.

TEHEPALISI LINPOKOCMYT'OBOI'O EJIEKTPOMATHITHOIO BUITPOMIHIOBAHHSI
IIPY PO3MAJI IIJIA3MMU EL[P-PO3PSIIY B IPSIMI MATHITHIN ACTII

A.I. Hlanawos, C.B. I'onyoes, €./1. 'ocnoduukos, /I.A. Manucgenvo, M.€. Bikmopos, A.B. Booon’anoe

OOTOBOPIOETHCS HOBUI HENIHIHHIN PEKUM €IEKTPOHHO-ITUKIOTPOHHOI HECTIHKOCTI, IO MOSICHIOE CKIIAHY YaCOBY
JMHAMIKY IMITyJIbCIB €JIEKTPOMArHiTHOIO BUITPOMIHIOBAaHHS CHJIbHOHEpaBHOMIpHOT 11a3mMu ELIP-po3psiay B nipsimiii
MarHiTHii nacrui. Pexxum peatizyeTbcs Ipy caMOMO/YJIsLii HUKJIOTPOHHOTO Masepa 1oJjieM OUTTS ABOX 3yCTPIYHUX
HECTIMKHUX XBHJIb 3 BUPOJDKEHUMH YacTOTaMH. 3alpoliOHOBaHA IIPOCTa TEOPETUYHA MOJIEIb JIO3BOJISIE BIATBOPUTH
OararoMacuITabHy CTPYKTYpPY IMITYJIbCIB €JIEKTPOMArHiTHOrO BUIIPOMIHIOBaHHS Ta BUCUIIAaHHS €HEPriitHUX
€JIEKTPOHIB, 3aPEECTPOBAHUX Y JJAOOPATOPHOMY EKCIIEPUMEHTI 3 BUKOPHCTaHHIM MPSAMOI ITACTKH 3 IJ1a3MOI0, 110
HiATPUMYETHCSI BUIPOMIHIOBaHHSM TipOTPOHA MUJUIMMETPOBOTO Jliara3ony.
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