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Abstract—The reflectometer method is used to comparatively study plasma fluctuations in the edge plasma of
the TUMAN-3M tokamak during L—H transitions initiated by different methods. It is shown that the width of
the spectrum of backscattered microwave radiation is the most representative parameter when comparing the
results obtained in different confinement regimes. The following methods for affecting the edge plasma were
applied: gas puffing, afast current ramp-up, arapid increase in the toroidal magnetic field, and ion cyclotron
heating. The studies were performed at different positions of the cutoff of O- and X-mode probing waves. A
similar behavior of the spectral width was observed during transitionstriggered by the fast current ramp-up and
the rapid increase in the toroidal field. This provides evidence that the mechanism for transition to the H-mode
is the same in both cases in spite of the different character of the evolution of the current density profiles. The
fastest and strongest narrowing of the spectra was observed during the transition triggered by ion cyclotron
heating. Possible reasons for similarities and differences in the behavior of the spectra during the transitions to

the improved confinement regime are discussed. © 2002 MAIK “ Nauka/Interperiodica” .

1. INTRODUCTION

Among the processes associated with atransition to
the improved confinement mode in a tokamak plasma,
the occurrence of an edge transport barrier in the
H-mode is the most extensively studied phenomenon,
both in divertor and limiter discharges. It is commonly
accepted that the improved confinement in the H-mode
is ensured by the drift in the radial electric field, which
results in the sheared poloidal rotation. The sheared
rotation causes the decorrelation of fluctuations and
decreases the rate of turbulent transport processes [1].
Although the nature of the occurrence and maintenance
of a plasma state with improved confinement is basi-
cally thesamefor different typesof L—H transitions, the
mechanisms for generating the radial electric field can
differ widely. They are determined by specific methods
for triggering the H-mode. In recent experimentsin the
TUMAN-3M tokamak, atransition to the H-mode was
achieved by different methods[2]; thismadeit possible
to carry out a comparative study of L—H transitions.
The study included an analysis of the behavior of
plasma fluctuations. According to theoretical models,
the suppression of plasma turbulence is related to the
sheared rotation; hence, the study of fluctuations can
provide indirect evidence of the generation of theradial
electricfield, which isnecessary for the L—H transition.
The rate and degree of the suppression of fluctuations
were estimated from the scattering of probing micro-
wave radiation under conditions of strong refraction;
i.e., the measurements were carried out in the reflecto-
meter version of the experiment. In this paper, we

present phenomenological data demonstrating that the
change in the spectral width of the reflected signal is
related to the change in transport processes in the edge
plasma and is the most representative parameter in
comparative studies using different scenarios of the
L—-H transition. In Sections 3 and 4, we present the
results from a comparison of the time evolution of the
spectral width of the reflected signal obtained in differ-
ent scenarios of the L—H transition for different cutoff
positions of the incident microwaves. In Section 5,
based on the results obtained, we discuss possible pri-
mary mechanismsgiving riseto theeectric field, which
is a key factor for the suppression of turbulence and
transition to the H-mode in the TUMAN-3M tokamak.

2. METHOD FOR ESTIMATING THE SPECTRAL
WIDTH OF THE BACKSCATTERED
MICROWAVE SIGNAL

The TUMAN-3M backscattering microwave diag-
nostics is based on a single-antenna reflectometer
scheme, which alows probing by O- and X-mode
microwaves [3]. The frequency of the probing micro-
waves could vary intherange F = 17-25 GHz from shot
to shot. At such frequencies, the cutoff is at the plasma
edge, where the transport barrier arises during the tran-
sition to the H-mode. The probing radiation was
launched from the low-field side with the help of acon-
ical antenna 4 cm in diameter and 8 cm in length. The
scheme is designed to observe backscattered radiation
for various angles of incidence of the probing micro-
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wave beam (see [3]). However, in the described experi-
ments, most of the measurements were performed with
an antenna placed in the equatorial plane of the torus,
when the probing radiation was normally incident onto
the flux surface. Thereflected radiation was detected by
the microwave two-homodyne receiver technique
(quadrature detection), which is described in detail in
[4]. This method allowed us to obtain the spectrain the
blue and red frequency ranges by means of the Fourier

transform of the complex signa U (t) = U, (1) +
iU, (1) (where U, (t) and U, (t) are the signals from
two homodyne channels in which the phases of refer-
ence radiation are shifted by 192 with respect to each
other). In the course of experiments, we obtained statis-
tically averaged estimatesfor the power spectrum of the

complex signal U (t). These spectral estimates were
then used to determine how the width of the spectrum

and the root mean square (RMS) values of U (t) in dif-
ferent frequency ranges varied during the discharge.
The spectra were analyzed in the frequency band £0.5
or £1 MHz.

3. COMPARISON OF THE TIME EVOLUTION
OF THE BACKSCATTERED SPECTRA
DURING DIFFERENT TYPES OF TRANSITIONS
TO THE H-MODE

Experimental studies of turbulence were carried out
in the TUMAN-3M tokamak (a=0.22 m, R=0.53 m,
and B; < 1.2 T) after the boronization of the vessel at
relatively high discharge currents (I, > 140 kA) in a
deuterium plasma. A traditional method for triggering
the H-modein the TUMAN-3M tokamak is gas puffing
[5]. In recent years, new methods for triggering the
transition to improved confinement have been sought
with the purpose of investigating the generation mech-
anisms for the radia electric field. As a result, transi-
tions to the H-mode triggered by perturbing the current
profile during a rapid increase in the toroida field
(magnetic compression) or afast current ramp-up have
been found and investigated. In addition, a specific L—
H transition triggered by an RF pulse in the ion cyclo-
tron resonance (ICR) frequency range was obtained.
The occurrence of atransport barrier at the plasmaedge
was usually identified by an increase in the average
plasma density accompanied by a decrease in the D,
emission, which was detected in several sections of the
torus. It was natural to suggest that the transitions
observed in the TUMAN-3M tokamak were accompa:
nied by an increase in the energy confinement time.
This fact was confirmed for the case when a transition
to the H-mode of an ohmically heated plasmawas trig-
gered by gas puffing [5].

With the above methods for triggering the H-mode,
transitions to improved confinement were aways
accompanied by a decrease in the level of the reflecto-
meter signal in the high-frequency (>100 kHz) range.
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Such adecrease in the oscillation level was observed in
many reflectometer experiments in tokamaks during
transitions to the H-mode and is now interpreted as the
suppression of plasma fluctuations (see review [1]).
However, the TUMAN-3M experiments showed that
the change in the level of the fluctuation signal of the
reflectometer did not necessarily correlate with the
achievement of improved confinement or its degrada-
tion. As an example, Fig. 1 shows how the RMS value
of the output signal in the band 0.5-1 MHz varies dur-
ing thefast plasma current ramp-up or ramp-down. The
fast current ramp-up triggers a transition to the
H-mode, which isseen, e.g., in theincrease in the aver-
age plasma density (Fig. 1c). In contrast, the decrease
in the current is not accompanied by an L—H transition
(Fig. 1a). Nevertheless, a decrease in the level of the
output Ugys Signal was observed in both cases. This
experimental result can be explained by the fact that
variations in the level of the reflectometer signal at a
fixed probing frequency can be attributed to both the
variations in the level of plasma fluctuations and the
change in the conditions for detecting backscattered
radiation, e.g., the shift of the cutoff and/or the change
of the fluctuation scale.

In our opinion, the change in the level of scattering
plasma fluctuations is more adequately represented by
the spectral width of the output signal &f. This spectral

characteristic was determined as &f = [S(f)df/S0),
where S f) isthe averaged power spectrum of the com-

plex signa U (t). Asis seen in Fig. 1b, the spectra
width &f in a discharge with a current ramp-down only
fluctuates about a certain mean level. In contrast, when
atransition to the H-mode is triggered by afast current
ramp-up, the spectral width drops and remains at alow
level throughout the entire phase of improved confine-
ment (Fig. 1d). It should be noted that, in many experi-
ments carried out in the TUMAN-3M tokamak, the nar-
rowing of the spectrum of the output signal always cor-
relates with the increase in the plasma density and the
decrease in the intensity of the D, ling, i.e., with the
suppression of the charged particle transport at the
plasma edge. In contrast, the degradation of confine-
ment was always accompanied by a broadening of the
spectrum.  Another example of such correlation
between the spectral width and plasma confinement is
illustrated in Fig. 2, which showsthe discharge phasein
which radiation at the ICR frequency was launched in
the plasma. It is seen that the RF pulseresultsin ashort
period of improved confinement, which manifestsitsel f
by an increase in the density and a decrease in the D,
emission. This phase (from 35 to 38 ms) is character-
ized by a sharp narrowing of the spectrum. However,
the density then stops growing and the D, emission
increases. This change in the confinement correlates
with an increase in the spectral width. A spontaneous
transition to the H-mode in the ohmicaly heated
plasma occurs at 47 ms. This appears in the narrowing
PLASMA PHYSICS REPORTS  Vol. 28
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Fig. 1. Comparison of the RM S values Ugyg and the spectral width df of the output complex reflectometer signal in dischargeswith
afast plasmacurrent (a, b) ramp-down and (c, d) ramp-up: (1) plasmacurrent I ,, (2) line-averaged electron density L] (3) &f, and
(4) Urps- The vertical line marks the instant of transition to the H-mode during a fast current ramp-up. The probing O-mode fre-

quency isF = (b) 20 and (d) 18 GHz.

of the spectrum and also in the characteristicincreasein
the plasma density and decrease in the D, emission.

The possible mechanisms for the broadening of the
spectrum under the experimental conditions of the
TUMAN-3M tokamak were discussed in detail in [3].
It was shown that the observed spectral width could not
be attributed to the Doppler broadening due to afinite
width of the antennadirectivity diagram in the presence
of the poloidal rotation. The broadening of the spec-
trum by the Doppler mechanism because of the pres-
ence of the rotation shear (i.e., because of the spread in
the poloidal velocities in the scattering volume) is also
of lessimportance. It iswell known that the shear of the
poloidal rotation should increase during the transition
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to the H-mode [1] and should also result in an increase
in the spectral width. However, in our experiments, the
spectral width decreased. The observed correlation
between the change in the spectral width of the back-
scattered signal and the change in the rates of anoma-
lous transport allows us to assume that the spectral
width is determined primarily by a chaotic displace-
ment of scattering fluctuationsin the strongly nonlinear
stage of instability. In this case, we may expect acorre-
|ation between the anomal ous transport and the spectral
width. Thiscorrelation isqualitatively confirmed by the
theory of small-angle scattering of laser radiation [6].
According to [6], if the characteristic size of scattering
fluctuations is larger than the correlation length of the
velocity of chaotic plasma density perturbations, then
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Fig. 2. Time dependence of the spectral width &f in the dis-
charge with ashort RF pulse at the ICR frequency: (1) (gL

(2) Dy emission, and (3) of. Two vertical lines mark the

front of the RF pulse and the instant of spontaneous transi-
tion to the H-mode. The probing O-mode frequency isF =
19 GHz.

the spectral width is proportional to the turbulent diffu-
sion coefficient. Under conditions of strong refraction
of the incident and scattered waves (i.e., under condi-
tions of reflectometry measurements), such correlation
has not yet been verified theoretically. Neverthel ess, the
above phenomenological facts allow us to consider the
spectral width to be the most representative parameter
when comparing the results obtained using different
methods for triggering the H-mode.

Figure 3 shows a comparison of such results in the
case when the L—H-transition was triggered by the per-
turbation of the current profile caused by the magnetic
compression (Figs. 3a, 3b) or the plasma current ramp-
up (Figs. 3c, 3d). The current |, increased by 15-20%
of itsinitial value[7]. Therapid increasein the toroidal
magnetic field B; corresponded to a low compression
ratio of 1.15 [8]. The transition times are marked in
Fig. 3 by vertical lines. In Fig. 3, we can see the fast
phases of the transitions, i.e., the short time intervals
(shorter than 1 ms) in which the growth rate of the aver-
age plasma density increases and the slope of the time
dependences of the D, emission and the spectral width
of vary. The subsequent growth of the average density
and the drop of the spectral width apparently indicate
that a transport barrier increases and extends in space.
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Asisseenin Fig. 3, the relative variations in the spec-
tral width during the transitions (8f;/0f; = 2), the char-
acteristic time of spectrum narrowing T (T =
[(1/8fgy)ddf/dt]! = 4-5 ms), and the behavior of the
line-averaged density and the D, emission are close for
both scenarios of the transition to the H-mode. Here,
of o and of; are the spectral widths before and after the
transition, respectively. All of this apparently indicates
that the mechanism for the occurrence and further evo-
lution of the transport barrier isthe samein both cases.
It is particularly remarkable that similar dependences
were observed when the variations in the current-den-
sity profile j(r) at the plasma edge (and, correspond-
ingly, in the g profile) were opposite in character. When
the magnetic field increases, the current profile should
sharpen; in contrast, when the current increases, the
profile j(r) should flatten [7].

The variations in the spectral width and the average
plasma parameters for the other two scenarios of the
transition to the H-mode are compared in Fig. 4. In
these discharges, the H-mode was triggered by gas
puffing or by launching RF radiation at the cyclotron
resonance frequency for hydrogen minority. The trig-
gering of the H-mode in an ohmically heated plasmain
TUMAN-3M by means of an additional gas puffing is
described in many papers (see, eg., [5]). A specific
transition to improved confinement triggered by an RF
pulse was revealed in experiments on ICR heating. The
RF power with a power of 100 kW and a frequency of
12 MHz was launched from the low-field side with the
use of a single-loop antenna coated with boron nitride.
It is well known from divertor experiments in large
tokamaks that the L—H transition occurs spontaneously
during ICR heating (see, e.g., [9]). Unlike this type of
transition, the drop in the D, emission and the increase
in the average plasma density (i.e., the processes asso-
ciated with the L—H transition in TUMAN-3M) were
observed immediately after the RF generator was
switched on (Fig. 4c). Over this period, we observed a
sharp narrowing of the spectrum of the reflectometer
output signal. We should note that, with this method for
triggering the H-mode, the relative change of the spec-
tral width ofyy/df,; = 3.2 and the time during which the
spectral width &f decreased (T = 2 ms) were maximum
as compared to the other scenarios for achieving
improved confinement. In contrast, with gas puffing,
we observed a slow variation in the measured values
(Fig. 44), which clearly indicates that the mechanisms
for the generation of an edge transport barrier are dif-
ferent in these two cases.

4. MEASUREMENTS OF THE SPECTRAL WIDTH
AT DIFFERENT POSITIONS
OF THE MICROWAVE CUTOFF

Sincethe experimental factsindicate that the change
in the spectral width &f isrelated to the rates of anoma-
lous transport processes, it isinteresting to estimate the
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Fig. 3. Comparison of the time dependences of the spectral widths &f for the triggering of the H-mode by (a, b) arapid increasein
the magnetic field By and (c, d) afast plasma current ramp-up: (1) L) (2) Dy emission, (3) &f, (4) By, and (5) I,. The instants of
transition to the H-mode are marked by vertical lines. The probing O-mode frequency isF = (b) 17.5 and (d) 18 GHz.

spatia region in which, for different transitions, the
suppression of fluctuations, resulting in the narrowing
of the observed spectra, occurs. For this purpose, mea-
surements were performed at different positions of the
cutoff of the O-mode probing wave, i.e., at different
microwave frequenciesfrom 17.5 to 25 GHz. The prob-
ing radiation frequency F was varied from shot to shot.
We could select arelatively small number of shotswith
identical signals of monitor diagnostics for different
frequencies F. It is these measurements that were used
for acomparative analysis. In Fig. 5, the measurements
of the spectral width for transitionstriggered by the cur-
rent ramp-up (Figs. 5a, 5b) are compared with those
triggered by an RF pulse at the ICR frequency (Figs. 5c,
5d). The results are presented for two probing frequen-
cies 17.5 (curve 1) and 25 GHz (curve 2), correspond-
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ing to the cutoff electron densities of 3.5 x 102 and 7.5 x
10"2 cm3, respectively. Figure 5 shows the positionsr,,
of the probing wave cutoffs estimated from the data of
multichord interferometer measurements. In spite of
the relatively low accuracy of the determination of r.,
the estimates clearly demonstrate the different penetra-
tion depth of incident radiation in the plasma at the
given frequencies F.

Itisseenin Figs. Saand 5b that, during a transition
triggered by a fast current ramp-up, the narrowing of
the spectrum is first observed only when the cutoff is
located at the edge, near the last closed flux surface
(re=22-23 cm). It isinteresting to note that the values
of the spectral width at theinstants of transition are dif-
ferent for different probing frequencies. Thisdifference
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Fig. 4. Comparison of the time dependences of the spectral width of for the triggering of the H-mode by (a, b) gas puffing and
(c,d) an ICR pulse: (1) ML) (2) D, emission, (3) 6f, and (4) charge-exchange (CX) flux of neutral hydrogen with an energy of
1.01 keV. Theinstants of transition to the H-mode are marked by vertical lines. The probing O-mode frequency isF = (b) 18.5 and

(d) 19 GHz.

apparently pointsto thelocal character of the method of
microwave backscattering, i.e., to the fact that the scat-
tered signal comes dominantly from the cutoff region.
On the other hand, assuming that the spectral width is
related to the transport coefficient, we can conclude
that, during this transition, the transport suppression
first occurs at the edge of the plasma and then expands
gradually into deeper plasma regions. It follows from
the presented dependences that, in this case, the nar-
rowing of the spectrum during the discharge is more
pronounced at the edge.

A radically different behavior of the spectral width
was observed during transitions triggered by an RF
pulse. After RF radiation wasinput into the plasma, the
narrowing of the spectrum was observed simulta

neously for every cutoff position (see the time interval
35-38 msinFigs. 5¢, 5d). After the end of the RF pulse,
the spectral width measured for deeper cutoff positions
was restored rapidly to its value measured before the
transition. In contrast, when the cutoff was located at
the edge, the narrowed spectrum was observed up to the
end of the discharge, which probably indicates that the
transport barrier is formed near the plasma edge.

5. DISCUSSION OF RESULTS

The similar behavior of the width of the signal spec-
trum during both a fast current ramp-up and magnetic
compression (Fig. 3) is evidence that the mechanism
for the suppression of plasma turbulence and anoma-
No. 2
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lous transport is the same in both cases. According to
the recently proposed concept of an L—H transition trig-
gered by a perturbation of the current profile (see [7,
8]), the primary cause of the transition in both casesis
the generation of an inhomogeneous toroidal electric
field E, at the periphery of the discharge. TheWare drift
in the field E, turns out to be uncompensated for elec-
trons and ions under the TUMAN-3M conditions. This
eventually results in the generation of a negative radia
electric field E,. As was previoudly established [7], the
negative electric field is favorable for the L-H transi-
tion. In contrast, according to the same mechanism, the
current ramp-down is accompanied by the formation of
apositivefield E, at the edge. In this case, the transport
barrier does not form and the narrowing of the spectrum
is not observed in the experiment (Figs. 1a, 1b). It is
2002
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obvious that a finite time is required for the expansion
of the positiveradial field and the transport barrier. This
time should be on the order of the diffusion time. This
circumstance can probably explain the character of the
behavior of the spectral width df measured at different
positions of the incident radiation cutoff. As was
expected, of first decreases at the plasmaedge (Figs. 5a,
5b). The delay times observed for the spectrum narrow-
ing at cutoff positions spaced by nearly 3 cm amounts
to 8-10 ms, which coincides with the delay time of the
expansion of the negative field E, that was obtained in
numerical simulations[10].

A different mechanism for the generation of anega-
tive electric field takes place when the H-mode is initi-
ated by gas puffing. Thisisevidenced by aslow narrow-
ing of the spectrum and, accordingly, aslow increasein
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the plasma density and a slow decreasein the D, emis-
sion (Figs. 3a, 3b). The most probable cause of an
increasein theradia electricfieldinthiscaseisthefor-
mation of a pedestal in the plasma pressure during an
additional pulsed injection of the neutral gas. Model
calculations[11] confirm this mechanism for the gener-
ation of the radial electric field. The energy source for
such an evolution of the plasma pressure in TUMAN-
3M isohmic heating. In this context, it is interesting to
note that the time interval in which the narrowed spec-
trum was observed increased just after the boronization
of the chamber, when the ohmic heating power was
reduced [12].

The strong narrowing of the spectrum of the back-
scattered signal when the H-mode is triggered by an
ICR heating pulse allows us to conclude that there is
another mechanism for the formation of the transport
barrier, different from those governing the transition to
the H-mode in the previous scenarios. We note that the
transition to the H-mode is not related to heating of the
main ion component, because the transition occurs
immediately after the RF pulse is switched on and its
occurrence depends weakly on the concentration of the
resonant hydrogen minority. The primary mechanism
for the H-mode initiation in this case may be the rapid
generation of high-energy ions in the RF wave field;
leaving the plasma, theseions can giveriseto anegative
electric field. This mechanism for the generation of the
radial electric field related to the loss of ions moving
along banana orbits was studied theoretically for toka-
maks with divertors[13]. The generation of fast ionsin
the TUMAN-3M tokamak is indirectly confirmed by
the data on charge-exchange neutral fluxes. For exam-
ple, Fig. 4d demonstrates the flux of neutral hydrogen
with an energy of 1.01 keV (the temperature of the
main ion component is =0.2 keV). As is seen, the
growth time of this flux is close to the characteristic
time of spectrum narrowing. Note that, during the RF
pulse, the region in which the spectrum narrowing was
detected spans to r = (2/3)a. However, after the RF
pulse, the narrowed spectrum was observed only when
the cutoff waslocated at the edge (Fig. 5d). This means
that, during the suppression of turbulent transport, an
appreciable pressure gradient responsible for sustain-
ing the radial electric field after the RF pulse occurs
only at the plasma edge. Obviously, a certain time is
needed for this pressure gradient to form. Actualy,
when the RF pulse duration was decreased to 3-4 ms,
the narrowed spectrum and all characteristic signs of
transport suppression were observed only for a short
time (Fig. 2); then, the discharge was restored to the
regime with alow energy confinement time.

Hence, a comparative study of plasma turbulence
confirms that, in the cases when the H-mode is trig-
gered by magnetic compression or by the plasma cur-
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rent ramp-up, the mechanism for the formation of a
negative radia field at the plasma edge is basically the
same. A fast transition to the H-modeisrevealed during
an RF pulse at the ICR frequency. In this case, the pri-
mary process starting the sequence of phenomena
resulting in improved confinement may be the loss of
fast ions. A remarkable fact is that the transition to the
H-mode in the TUMAN-3M tokamak occurs immedi-
ately after the RF pulse is switched on.
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Abstract—It is proposed to apply the statistical analysis of the increments of fluctuating particle fluxes to
examine the probability characteristics of turbulent transport processes in plasma. Such an approach makes it
possible to pass over to the analysis of the dynamical probability characteristics of the process under study. It
is shown that, in the plasmas of the L-2M stellarator and the TAU-1 linear device, the increments of local fluc-
tuating particle fluxes are stochastic in character and their distributions are scale mixtures of Gaussians. In par-
ticular, in TAU-1, the increments obey a Laplacian distribution (which is a scale mixture of Gaussians with an
exponential mixing distribution). A mathematical model is proposed to explain such distributions. Possible
physical mechanisms responsible for the random character of the increments of fluctuating particle fluxes are

discussed.© 2002 MAIK “ Nauka/Interperiodica” .

1. INTRODUCTION

It is clear that heat transport in the edge plasma of
toroidal magnetic confinement systems is largely gov-
erned by turbulent fluctuations in the charged particle
density and the electric and magnetic fields[1, 2]. The
correlation between transport processes and turbulent
fluctuations manifests itself most clearly during transi-
tions to the improved confinement mode (H-mode) and
the generation of transport barriers both at the plasma
edge and in the plasmacore[3, 4]. A general feature of
such transitions is the change in the gradients of the
plasma parameters and the shear of the poloidal rota-
tion velocity, as well as variations in the local charac-
teristics of turbulent fluctuations. A transition from one
plasma confinement mode to another can be induced in
different ways, in particular, by varying the plasma
heating power or the particle flux from the toroidal
chamber wall [5-7]. However, both of the mechanisms
by which local turbulent fluctuations affect the plasma
asawhole and theinfluence of these fluctuations on the
features of the processes occurring in plasma still
remain unclear.

In some respects, the development of the experi-
mental research on plasma turbulence resembles the
evolution of the experimental research on hydrody-
namic turbulence. Let us quote here an excerpt from the
book by Belotserkovskii and Oparin [8]: “During the
first years, these phenomena were interpreted to be
compl etely stochastic processes (determined by thedis-
tributions of fluctuating quantities). However, to date, a
radical revolution has occurred in the understanding of
these phenomena. It was found that turbulence also
includes the ordered motion of almost coherent struc-

tures, and the interrelation between determinate and
chaotic sourcesis being actively studied now.” Indeed,
a similar revolution in the study of plasma turbulence
has occurred over the last few years: a mixed determi-
nate—chaotic state was observed in plasma turbulence.
Moreover, structural plasma turbulence seems to be
peculiar to al plasmas. In such turbulence, the forma-
tion of structuresisrandom in character and the role of
rare events increases (in [9], such a state was called
rigid turbulence). That iswhy the probabilistic—statisti-
cal approach to the analysis of turbulent plasma fluctu-
ations has been developed in recent years [10, 11].
Strong structural plasma turbulence was observed in
severa plasma experiments in which random ensem-
bles of stochastic plasma structures were revealed. For
example, it was shown that strong structural turbulence
is characteristic of the plasma of the L-2M stellarator:
at the edge, it is produced by ensembles of MHD struc-
tures, whereas, in the plasma core, it is produced by
ensembles of vortex drift structures [12, 13]. Ensem-
bles of nonlinear ion-acoustic solitonswere observed in
ion-acoustic structural turbulence in alow-temperature
plasma [14]. At present, al of the methods of spectral
analysis of the experimental data can be applied to
examining the turbulence characteristics. However, we
believethat the use of the above probabilistic—statistical
analysisis more adequate for studying such turbulence,
because this method makes it possible to obtain addi-
tional information on the turbulent process. The
method implies the calculation and analysis of the cor-
relation coefficients between the amplitudes of plasma
fluctuations, the means and variances of the ensembles
of plasma processes, and the probability distribution
functions (PDFs). To date, agreat deal of experimental
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data from PDF measurements has been accumulated in
experiments performed in different devices. The quan-
tities measured in experiments on structural plasmatur-
bulence usually have non-Gaussian PDFs. In this con-
text, the problem of the deviation of the PDF from
Gaussian arises, because, until now, all theories of
plasma turbul ence operated with Gaussian distributions
of the fluctuation amplitudes. The conclusion that the
PDF differsfrom Gaussian is usually deduced from the
shape of a histogram constructed from the amplitudes
of fluctuating quantities at equidistant times. The con-
struction of the PDF in this way is not quite adequate.
In fact, it can be easily shown that, even for a discrete
time sequence constructed for classical Brownian
motion, this approach gives an excess value of M, = 4,
whereas, for a Gaussian distribution, we have M, = 3l
The problem is that the amplitude values taken at equi-
distant times do not constitute ahomogeneousindepen-
dent sample; as aresult, it is difficult to make decisive
conclusions about the probabilistic properties of the
process under study.

In this paper, we will consider the problem of cor-
rect (from the standpoint of mathematical statistics)
processing of the experimental data on turbulent
plasma fluctuations using as an example the measured
local turbulent fluxes in the L-2M stellarator and the
TAU-1 linear device and will discussin more detail the
resultant statistical characteristics of the turbulent pro-
cesses under studly.

We will mainly consider the PDF of amplitudes of
the radial local turbulent particle flux (which will be
referred to below as a local flux).2 The PDF measure-
ments of local fluxes have been carried out in many
devices (linear devices, tokamaks, and stellarators [15,
16]). Themeasured PDFs usually differ from Gaussians
by a higher peakedness and more slowly decreasing
tails. Such features of the amplitude distribution of the
local flux indicate the important role of rare eventsin
transport processes. However, until recently, the mech-
anisms responsible for the difference of the local flux
PDF from Gaussian were not discussed. Only recently
[17, 18] have attempts been madeto relate the statistical
probability characteristics to nonlinear wave processes
in plasma.

The paper is organized as follows. Section 2 givesa
brief mathematical description of PDFs with tails
decreasing more slowly than in Gaussian distributions.
Section 3 is devoted to the processing of the measured
local fluxes. In Section 4, the results obtained are dis-
cussed, and Section 5 presents a brief summary.

L Proof of this assertion is given in the Appendix.
2 Below, we consider the so-called one-point radial fluctuating par-

ticleflux defined as I = §n~E~.
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2. HEAVY-TAILED DISTRIBUTIONS
IN PHYSICS

During the last few decades, non-Gaussian proba-
bility models have attracted considerable interest in
various fields of science. Now, it is generally accepted
that normal distributions (which are applied to the mod-
eling of many physical phenomena) fail to adequately
describe experimental data. The observed empirical
distributions possess considerably larger excesses,
higher peakedness, and heavier tails (i.e., tails decreas-
ing more slowly as compared to normal distributions).
This means that, for such processes, the number of
observations of very small and very large values (i.e.,
values substantially different from the standard devia-
tion) exceeds the number of similar observations for a
normal process. This phenomenon is amost universal
and is observed, e.g., in turbulent plasma and stock
price fluctuations.

There have been many attempts to explain the
observed departure from the normal distribution. His-
toricaly, the first models were stabl e distribution mod-
elsthat appeared as limit laws in the limit theorems for
the sums of independent random variables (see, e.g.,
[19, 20]). These models possess two drawbacks. The
first is that only a few stable distributions can be
expressed via elementary or specia functions; for this
reason, the statistical analysis of stable modelsis not a
simple matter because it is often impossible to deal
directly with the probability functions. The second
drawback isthe assumption that el ementary summands
have infinite variances is very far from being realistic.

Recently, alternative models have been proposed to
describe heavy-tailed distributions. These models have
the form of scale mixtures of normal laws. Such distri-
butions appear as limit distributions in the limit theo-
rems for the sums of arandom number of random vari-
ables with finite variances (see, e.g., [21, 22]). In these
models, the observed high peakedness of sample distri-
butions can be explained as follows. Each observation
in the sample has the normal distribution (there are
many reasonsfor thisassumption; the entropy approach
and the approach based on the central limit theorem of
probability theory both lead to this conclusion). How-
ever, being influenced by some global factor (or several
factors), each observation has its own values of the
location and scale parameters of the normal distribu-
tion. In other words, the sampl e can be regarded as non-
homogeneous. As a result, we naturaly arrive at the
representation of the sample as an ensemble of many
homogeneous subsamples. This actually meansthat the
total sample distribution is a mixture of normal distri-
butions of homogeneous subsamples. In this case, the
problem of determining the mixing distribution is of
great importance. This distribution corresponds to the
distribution of global factors.

In other words, if the system under consideration is
closed, then the observed distribution is normal. How-
ever, in open systems influenced by some external fac-
PLASMA PHYSICS REPORTS  Vol. 28
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tors, thisis not the case, and, instead of anormal distri-
bution, we have a mixture of normals with mixing dis-
tributions determined by externa factors.

Formally, if the standard normal distribution ®(x) is
defined as

%2

d(x) = e du, xOR,

X
1
then, in the general case, the total sample distribution
can be written in the form

00 00

F(x) = de)g%%dQ(u, v), x0OR,

—0 0

ey

where Q(u, v) isthe two-dimensional distribution func-
tion. Therefore, the problem of fitting the sample by a
model distribution reduces to the problem of finding
Q(u, v). Unfortunately, in the general case, the latter
problem appears to be ill-posed. Its solution is not
unique. There are two ways of regularizing this prob-
lem.

(i) A simplification of the model by replacing distri-
bution (1) by simpler representations. One of them is

F(x) = J’CDS(%\EdQl(V), xOR )

with an unknown parameter u and unknown one-
dimensional distribution function Q,(v). Formula (2)
represents F(x) as a location mixture of normals. The
second simpler representation of F(X) is

F(x) = Img%vngz(u), xOR 3)
0

with an unknown parameter v and unknown one-
dimensional distribution function Q,(u). Expression (3)
represents F(x) as a scale mixture of normal distribu-
tions.

(i) Replacing Q(u, v) with its discrete approxima-
tion Q,(u, v). In this case, instead of the integral repre-
sentation (1), we obtain

xOR

oo o

n
F) = S pod—4
2
with 3n — 1 parametersp,, ..., Pp, Uy, ..
P+ ...+ py=1).

All of the reduced problems are well posed and can
be solved by either parametrical techniques (i.e., using
aspecial parametric representation for Q,(v) and Q,(u);
for example, Q,(u) may be regarded as a gammadistri-
bution or a universal Gaussian distribution with
unknown parameters whose estimates should be found

VI VR VS
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statistically) or nonparametric techniques (the so-called
“separation of mixtures’).

3. EXPERIMENTAL RESULTS

In this paper, we study the probability characteris-
tics of fluctuating particle fluxes measured in the plas-
mas of the L-2M stellarator and the TAU-1 model
device. The parameters of the devices and the plasma
are presented in [13, 14]. The L-2M stellarator has two
helical windings of different polarity (I = 2). The major
radius of the torusis R = 100 cm, and the mean minor
plasma radius is [#[]= 11.5 cm. The plasma was pro-
duced and heated by ECR heating at the second har-
monic of the electron gyrofrequency. The magnetic
field at the axis of the plasmacolumnwasB =1.3-1.4T,
the gyrotron power was P, = 150-200 kW, and the
microwave pulse duration was 10-12 ms. Measure-
ments were performed at the mean plasmadensity =
(1.3-1.8) x 10'3 cm. The central €lectron temperature
was in the range T.(0) = 0.6-1.0 keV. The working gas
was hydrogen. In the edge plasma at the radius r/r, =
0.9 (where r, is the separatrix radius), the density was
a alevel of n(r) = (1-2) x 102 cm3 and the electron
temperature was T,(r) = 3040 eV. Therelative level of
density fluctuations was (dn/n),,; = 0.2-0.25 in the
outer plasma region and (dn/n);, = 0.1 in the inner
plasmaregion. Inthe TAU-1 device, acylindrical argon
plasma column 4 cm in diameter and 100 cm in length
was produced in a uniform magnetic field with an
induction of <800 G by a steady low-energy electron
beam with an energy of E, = 60-150 eV at an argon
pressure of p = (2-4) x 10~ torr. The plasma density
was maintained at alevel of n=(0.9-1.2) x 10'° cm3.
The electron temperature was 57 eV, and the ion tem-
perature was T; = 0.1T,. The main differences between
these devices are the magnetic field topol ogy (the L-2M
field istoroidal and the TAU-1 field isuniform) and the
plasma temperature (T.(0) = 0.6-1.0 keV in L-2M and
T, = 5-7 eV in TAU-1). On the other hand, as was
observed in previous experiments [23], the spectral and
statistical characteristics of plasma turbulence in both
devices are very similar (broadband continuous fre-
guency spectra, autocorrelation functions with nonvan-
ishing oscillating tails, etc.).

In our measurements, the local fluctuating particle

flux was defined as ' = (dngdv, ) [10, 11], where dn, is
the plasma density fluctuation, dv, = cdEy/B is the
radial velocity fluctuation, dEg = (8¢, — 0¢,)/AGr isthe
fluctuation of the poloidal electric field, d¢ is the fluc-
tuation of the plasma floating potential, @ is the poloi-
dal angular coordinate, and r is the mean radius of the
magnetic surface. Obvioudly, the local flux is governed
by turbulence resulting from a variety of instabilities
existing in the plasmas of these devices. The descrip-
tion of thelocal flux issimplified if itsorigin is associ-
ated with alimited set of plasmainstabilities. In exper-
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Fig. 1. Time behavior of (a) thelocal particleflux I and (b)

its increments AT and (c) the ACFs of I and AT inthe
L-2M stellarator. The signal sampling rateis 1 MHz.

iments carried out in the TAU-1 device, thelocal flux is
governed by the drift-dissipative instability [24]. In the
L-2M stellarator, the interchange resistive ballooning
instability isdominant in the edge plasma[11], whereas
the drift-dissipative instability prevails in the plasma
core [13]. For TAU-1, the frequencies of turbulent fluc-
tuation spectraarein therange from several kilohertz to
one-hundred kilohertz (Af/f|au, = 0.3). The fre-
guency spectrum of turbulence resulting from theresis-
tive ballooning instability in the stellarator is broader
and extends over several hundreds of kilohertz
(Af/fliLomy = 1). In this paper, we analyze the local
fluxes measured in the edge plasmaof the L-2M stellar-
ator and in the low-temperature plasma of TAU-1. In
these relatively simple cases, we can introduce the
effective growth rate, y*"=f(y, X) (Wherey=y;, ..., y,and
X = Xi» ---» X)), iN order to describe variations in the
local flux. Evenif only onetype of instability develops,
the effective growth rate includes not only the linear
growth rate of the instability but also the characteristic
nonlinear growth rates related to the limitation of the

BATANOV et al.

amplitudes of unsteady motions, the appearance of
plasma structures in the nonlinear stage of the instabil-
ity, and the interaction between plasma structures: y =
Vis --.» Yo Where kisthe number of linear and nonlinear
mechanisms responsible for the growth of fluctuations.
It is reasonable that all of the linear and nonlinear
damping rates X = X;, ..., X; (where| is the number of
linear and nonlinear mechanisms responsible for the
damping of fluctuations) also must be included in the
effective growth rate of the local flux. The variation in
thelocal flux is determined by variationsin dn, and dv,
with respect to the thermal noise level. In our experi-
ments, variations in the local fluxes were measured
with probe arrays, each consisting of three individual
cylindrical probes. The probes measured the plasma
density fluctuations on (in the regime in which the ion
saturation current | is measured, ol ~ 6n) and floating
potential fluctuations d¢. These measurements were
then used to calculate the radia fluctuating particle
flux. The sampling rate (i.e., the reciprocal of the time
interval between successive points) was up to 5 MHz,
and the realization length was up to 128 kB. The sam-
pling rates are given in the figure captions.

Figure 1a shows typical signals of the local flux r

(Fig. 18) and itsincrement Al = I'j(t) — [j-1(t_))
(Fig. 1b) for edge plasma of the L-2M stellarator. It is
seen that both signals are intermittent and bursty. Fig-
ure 1c shows the autocorrelation functions (ACF) of the
flux and its increment for the same signals. It is seen

that, within the given time window, the ACF of [ does

not approach the noise level, whereas the ACF of Al

approachesthislevel in several microseconds. The slow
variation of the ACF of thelocal flux inthe edge plasma
demonstrates that the flux amplitudes does not repre-
sent a homogeneous independent sample, whereas the

rapid drop in the ACF of Al' indicates the random and
independent character of theincrements. Figure 2 illus-
trates the time dependence of the local flux (Fig. 2a)
and its increments (Fig. 2b) in the TAU-1 plasma and
their autocorrelation functions (Fig. 2¢). The autocorre-

lation function of the local flux ' associated with drift
instability in the low-temperature plasma approaches
the noise level more rapidly than the local flux in the

stellarator, but the ACF of itsincrement A" approaches
the noise level even more rapidly. Hence, the ampli-
tudes of the local flux in TAU-1 do not represent a
homogeneous independent sample; in contrast, the
increments of the local flux constitute a homogeneous
independent sample. Hence, when applying the con-
ventional methods of probability analysis, it is more
correct to use the increments of the fluctuating flux
instead of the flux amplitudes themselves.

We describe the local particle flux determined by
plasma fluctuationsin the following form: I =" (t;) =

PLASMA PHYSICS REPORTS Vol. 28 No. 2 2002
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The signal sampling rateis 1 MHz.

f?(tj)ey t;, where I is a quantity sowly varying in
time. Then, we can consider a mathematical model of
the dynamic characteristics of the process I' (namely,

v = vy (t;) dependent on the random time t; and con-

stituting the set of random values yf” ). Such arepre-

sentation corresponds to the shape of the ACF of the
local flux increments shown in Figs. 1c and 2c. Aswas
mentioned above, for unstable plasma fluctuations, the
parameter y°f depends on all of thelinear and nonlinear
growth and damping rates that can occur under our

PLASMA PHYSICS REPORTS  Vol. 28
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experimental conditions. We can suggest that the phys-
ica mechanisms responsible for the random character
of the parameter y* will determine the characteristic
features of local fluctuation transport.

Figure 3 showsthe PDFsfor the processes of alocal
fluctuating flux and its increments in L-2M (Figs. 3a,
3c¢) and TAU-1 (Figs. 3b, 3d). The asymmetry coeffi-
cient M, and the excess M, of the corresponding PDFs
are aso shown. The PDF of thetime sample of thelocal

flux T (Figs. 3a, 3c) differs substantially from Gauss-
ian. Note that the measured PDFs of the density fluctu-
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ations on, and the poloida electric field dEg in L-2M
and TAU-1 are usually Gaussian. Even if the datafrom

the time sample of I were independent and homoge-

neous, the PDF of the local flux [ obtained by multi-
plying two Gaussian fluctuating variables (dn, and 0E)
would differ from Gaussian by having aheavier tail and
sharper vertex (the proof of thisassertionisgiveninthe
Appendix). In our case, when there are no homoge-

neous and independent data in the time sample of the

local flux I , such anon-Gaussian PDF of thelocal flux
is difficult to analyze. Hence, it is more interesting to
consider the deviation of the increments of the local

flux AT from the Gaussian PDF, becauise, aswas noted
above, the time sample for the flux increments consists
of statistically homogeneous and independent values.

Characteristically, the PDF of the process AT is sym-

PLASMA PHYSICS REPORTS Vol. 28 No. 2 2002
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metric, which indicates adynamic symmetry of the flux
increments. The asymmetry coefficient and excess of

the PDF of the process Al in L-2M are M, = 0.9 and
M, = 9.3; for TAU-1, they are M; = 0.08 and M, = 7.3.
The values of the moments of the discrete process of
increments of the local flux in TAU-1 are very closeto
the moments of the continuous process of a random
variable with the Laplacian PDF: M; = 0and M, = 6
(the difference between the excess values may be attrib-
uted to the procedure of the signal discretization). Fig-
ure 4ashows ahistogram of the amplitudes of theincre-
ments of the local flux in TAU-1 (see Fig. 3d) and its
approximation by a Laplacian distribution (the Gauss-
ian distribution is also shown in the figure). In Fig. 4b,
we can see that the Gaussian distribution is inappropri-
ate for describing the heavy tail in the histogram of the
amplitudes of the local flux increments. Note that the
time sample of thelocal flux increments contains 64 kB
points. The two curves differ by only several percent,
and the peakedness of the PDF is described better by
the Laplacian process than by the Gaussian distribu-
tion. This example is more interesting because the cor-
responding histogram agrees well with the Laplacian
PDF. The Laplacian PDF (accurate to the scale param-
eter) can be represented asascale mixture of Gaussians
with an exponentlal mixing distribution. Thus, if L(X)
isaLaplacian PDF,

] 0
—f2\X\
II dx = E[l 2 —ﬁx, chE’

and d(x) is the standard normal distribution function,

X

L(x) =

d(x) = ﬁIe g, (6)
then we have
L(x) = CD%XD xOR 7
Ay

(see, e.g., [25]). From here, we can conclude that each
increment A" = T'; — Mj_1 is a result of classica
(Brownian) diffusion from the point I'j_1 to the point

[ occurring with its own diffusion coefficient g;. This
means that the random process of the local flux incre-
ments can be described by the diffusion law in which
the coefficient o; varies randomly on successive sam-
pling intervals (when varying j). Hence, in this diffu-
sion law for the process of thelocal flux increments, the
diffusion coefficients gj (j = 1) are random values that

3 In the case of drift oscillations in TAU-1, the PDFs of the incre-
ments of fluctuations of the floating potential and the saturation
ion current are described by normal distributions.
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Fig. 4. (a) Approximation of the histogram of the incre-

ments AT of the local flux in TAU-1 by a Laplacian distri-

bution, and (b) the comparison of a Gaussian distribution
with the tail of the histogram of the increments. The signal
sampling rateis 1 MHz.

obey the exponential distribution [see Egs. (1)—(3)]. In
this connection, we note that the Gaussian distribution
has the highest entropy among all the laws with afinite
second moment and corresponds to steady states in
closed systems. The exponential distribution has the
highest entropy among the laws with a finite first
moment that are concentrated on the positive semiaxis,
this distribution corresponds to stable states in open
systems. Naturally, both plasma devices are open sys-
tems for which the duration of dynamic equilibrium
with respect to macroscopic plasma parameters sub-
stantially exceedsthe characteristic fluctuation times. It
turns out that the measured distribution of the local flux
increments in the TAU-1 device corresponds to the
most stable steady-state process for an open plasma
system. The PDF for the local flux increments is the
Laplacian distribution (the distribution with the highest
entropy) only if the sampling interval is as short as 1—
5 us; as the time interval increases, the PDF of the
increments departs from Laplacian (the shape of the
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PDF in this case will be examined below). This time
interval (1-5 us) is characteristic of alocal flux associ-
ated with the drift-dissipative instability. Previously, we
measured the oscillation periods, the linear growth
rates, the saturation times, the autocorrelation times of
turbulent fluctuations, etc., for drift motions driven by
the drift-dissipative instability under the TAU-1 exper-
imental conditions. It turns out that the variationsin the
local particle flux determined by drift motions occur on
atime scale (we have already mentioned that this time
is characteristic of the local flux) more than one order
of magnitude shorter than those drift-motion times.

We can aso assume that, in the general case, the

fluctuating particle flux I is adoubly stochastic diffu-
sion process (or, in other terms, the diffusion process
with random time). Mathematically, such a process
results from the passage to the limit in the generalized
Cox process” [21]. In this case, the incremental distri-
butions of individual processes can be represented as
scale mixtures of Gaussians, which is confirmed in our

case by the statistical analysis of Al . The Laplacian
distribution abtained for the drift flux incrementsisone
of the important cases of such distributions. The proba-
bility for large (larger than three standard deviati ons5)
variationsin thelocal flux increments distributed by the
Laplacian law is many times higher than that for the
Gaussian law. In other words, the probability of the
experimental observations of ultrafast® increments of
thelocal flux increases (Fig. 4b). Figure 5 shows a his-
togram of the increments of the drift particle flux in the
TAU-1 device for the case when the time interval
between observations is 100 times longer than for the
initial distribution presented in Fig. 2d (the longer the
sampling time, the lower the contribution to the PDF
from the processes determined by the influencing func-

tions). The PDF for AT approaches the normal (Gaus-
sian) distribution, which corresponds to the asymptotic
of the generalized Cox processes [22].

The spectral characteristics of the local flux incre-
ments apparently differ from the spectral characteris-
tics of the fluxesthemselves. Thisisillustratedin Fig. 6
by the Fourier spectra of the local fluxes (Fig. 6a) and
their increments (Fig. 6b) in the edge plasma of the
L-2M stellarator. The broadband (Aw > w) spectra of
thelocal flux increments have atypical noise shape, and

the frequency values for AT are higher than those

4 This is a doubly stochastic Poisson process N®(t) = N;(At)),
where N; is a homogeneous Poisson process with unit intensity
and A\ are random processes independent of N;. In [21], argu-
ments are also presented in favor of using generalized Cox pro-
cesses as mathematical models for inhomogeneous chaotic physi-
cal processes.

5In probability theory, this estimate is known as the three-sigma
rule.

8 In principle, the probability of the observation of slow (ultrasiow)
events also increases, however, the contribution from these events
to the transport processesis insignificant (Fig. 4a).
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Fig. 7. Time behavior of the wavelet spectra of (a) the local flux and (b) itsincrementsin the TAU-1 device.

for I' . Similar to the local flux incrementsin the TAU-1
device, the characteristic times of the local flux incre-
ments in the edge plasma of the L-2M stellarator turn
out to be much shorter than the previously known peri-
ods and autocorrelation times for the edge turbulence
driven by the resistive ballooning instability.

We have already pointed to the intermittent charac-

ter of thesignals ' and AI' (see the time dependences
shown in Figs. 1la and 2a). We believe that the random
character of the local flux and its increments is more
clearly demonstrated in the time dependence of the
wavelet spectra of these quantities, when the signa is
represented not as a superposition of harmonic func-
tions (asin the conventional Fourier analysis), but as a
superposition of another base functions, the so-called
wavelets [14]. Wavelet analysis allowed us to trace the
time evolution of the flux events and their emergence
and disappearance in the spectrum. The frequency
spectrum was constructed in successive time intervals
using the formula

Wi(a, 1) = J'x(t)‘Pa(t—T)dt. (8)

We used wavelets of the same form W,t) =
a 2expli2nt/a— (t/a)%/2] asin [14]. Figure 7 shows the
time evolution of the wavelet spectra of both the flux
driven by the drift instability and the flux increments.
These time-dependent spectra are compiled from 100
spectra computed for successive 200-ps time intervals.
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The amplitude of spectral components is shown by
shades of gray. The frequency corresponding to the
wavelet duration is plotted on the abscissa, and thetime

is plotted on the ordinate. The spectra of ' and Al

vary substantially with time, whereas the macroscopic
plasma parameters do not change. It is seen that the
local flux in TAU-1 and the increments of this flux are
intermittent and exist as extending events with pauses
between them. In Fig. 7, these events correspond to
intense random dark zones that represent the wavelet
harmonics. The characteristic duration of the local flux
events is ~1 ms, and the pauses between them are
shorter. Theindividual flux eventsdo not resemble each
other; their spectra and amplitudes are also different
(e.g., the flux events at times 12 and 14.5 ms are quite
different). The characteristic flux frequency related to
the wavelet duration as w = 217a indicates a longer
duration of the local flux events (the low-frequency
regionin Fig. 7a) as compared to the characteristic time
of thelocal flux increments (the high-frequency region
in the spectra of flux incrementsin Fig. 7b). The local
flux in the L-2M stellarator also occurs in the form of
individual events; the duration of individual events
exceeds the incremental times for these events. The
time behavior of the wavelet spectra of the local flux
and thelocal flux incrementsin the stellarator isidenti-
cal to that in the TAU-1 device. Hence, the measured
steady-state local flux in the plasma can be represented
as an ensemble of individual flux events. Figures 1 and
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2 show that, asthe delay time increases, the value of the
correlation coefficient for the events of the local flux
increments decreases more rapidly than that for the
events of the local flux. We can attribute this indepen-
dence of the events to the random nature of the correla-
tion coefficients between the fluctuations of the density
and poloidal field in each individual flux event. For very
long arrays of flux eventsin the TAU-1 device, it is pos-
sible to estimate how these events are related in time or
whether the next flux event remembers the preceding
one.

To answer this question, we can determine the Herst
parameter [26] for the local flux. In the present paper,
wefound this parameter only for the steady-state flux in
TAU-1, because this parameter can only be determined
from long arrays of steady-state experimental data. The
method for evaluating the Herst parameter is based on
the so-called R/Sanalysis [27]. The Herst parameter H
characterizes the relation between events on long time
intervals and is convenient to use when analyzing
experimental data. We can use the following criteria:
H = 1 for regular processes, H = 0.5 for random Gaus-
sian processes, H > 0.5 for self-similar processes with a
positive correlation, and H < 0.5 for self-similar pro-
cesses with a negative correlation. In Fig. 8, the value
of log(R/S) (where R/S is the range of accumulation
divided by the standard deviation for a certain time
interval [27]) calculated for the local flux in TAU-1 is
shown as afunction of the logarithm of time (the length
of adatafileis 128 kB). Two lines obtained from the
R/Sanalysisfor aregular (H = 1) and a Gaussian (H =
0.5) process are also presented in the figure. The shape
of the function log(R/S) for the local flux in TAU-1 is
very close to that for arandom process. Strikingly, the
self-similarity Herst parameter (H = 0.58) turned out to

BATANOV et al.

be equal (accurate to the second digit) to the Herst
parameter for the loca flux in the edge plasma of the
W7-AS stellarator [18]. Note that the W7-AS stellara-
tor and the TAU-1 device belong to different classes of
plasma devices and the plasma characteristics in these
devices are very different, whereas the memory charac-
teristics between the flux events coincide. Such a small
departure of the local flux from arandom process may
be attributed to the existence of a certain weak influ-
ence function, which we plan to analyze in our future
studies.”

4. DISCUSSION OF RESULTS
AND CONCLUSIONS

Now, we attempt to clarify the physical mechanisms
responsible for the random character of the dynamical
characteristics of the local flux (such as the growth and
damping rates) and, correspondingly, the values of the
local flux increments. We will try to identify some
physical mechanismswhose influence on the formation
of the process of random increments is confirmed by
the experimental data. It is clear that the measured
incremental times for local fluxes are shorter than the
reciprocals of the growth rates of the above-mentioned
instabilities, which are related to the poloidal field and
plasmadensity fluctuations. Werecall that thelocal flux
is determined not only by the amplitudes of the density
and poloidal field fluctuations, but also the cross-corre-
lation coefficient between these amplitudes at a certain
time. The characteristic times of the local flux varia
tions can be related to the characteristic times of varia-
tions in the cross-correlation coefficient between the
fluctuation events. The variations in the cross-correla
tion coefficient may be very sensitive to the collisional
damping of oscillations, the nonlinear mechanisms
governing the growth of oscillations, the limitation of
their amplitude, and the suppression of unstable oscil-
lations; other mechanisms are aso possible. For exam-
ple, for the beam—plasma and parametric instabilities,
the process determining variations in the value of the
cross-correlation coefficient between the density and
poloidal field fluctuations may be Langmuir collapse.
For the drift-dissipative instability responsible for the
local flux in TAU-1, the growth of fluctuations can be
limited by stochastic ion heating, which increases
plasma diffusion [24]. The additional ion heating not
only changes the conditions for the onset of the drift-
dissipative instability, but also causesits aperiodic sup-
pression. It is obvious that, when the instability is sup-
pressed, the associated flux must decay, in which case
the cross-correlation coefficient between the density
and field fluctuations changes rapidly. Note that the
mechanisms for the instability suppression due to sto-
chastic ion heating and convection are nonlinear,
because they depend on the amplitude of the growing

7 We believe that the R/Sanalysis can be widely used to analyze the
processes with memory that are determined by strong structural
turbulence.
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Fig. 9. Autocorrelation functions of drift-dissipative fluctuations of the floating potential V in the TAU-1 device and the increments

AV represented on (g) the linear and (b) logarithmic time scales.

oscillations. Such a mechanism may be one of the pos-
sible mechanismsresponsible for the random change of
the cross-correlation coefficient between the density
and poloidal field fluctuations, which determine an
individua fluctuation of the local flux.

Another mechanism responsible for the random

character of the flux increments AT and, accord ngly,

the parameter v may be the generation of nonlinear
structuresin the turbulent plasma. Previously, turbulent
plasma states were described as states of strong struc-
tural turbulence, when a random ensemble of plasma
structures is superimposed on strong plasma turbu-
lence. In low-frequency turbulence in the edge plasma
of the L-2M stellarator, we observed extended poloidal
structures; it was aso found that vortex drift structures
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can form in the plasma core [12, 13]. In the TAU-1
device, we observed ion-acoustic solitons in the low-
frequency structural ion-acoustic turbulence [14, 27];
the solitons moved with velocities exceeding the ion-
acoustic velocity. The plasma turbulent structures arise
and decay randomly in time; the characteristic times of
their appearance/disappearance at a given point can be
much shorter than the plasma oscillation period. They
can significantly contribute to the local flux.2 Hence,
the growth and decay of plasma structures is an addi-

8 For example, up to 10-15% of the energy of turbulent fluctua-
tions in the edge plasma of the L-2M stellarator is contained in
MHD structures; in the structural ion-acoustic turbulence in the
TAU-1 device, up to 30% of the fluctuation energy is contained in
ion-acoustic nonlinear solitons.



122

tional factor provoking the random change in the char-
acteristic times of the growth and damping of individ-

ual eventsin thelocal flux and the change in AT .

The incremental method is useful for analyzing the
origina fluctuations in structural plasma turbulence,
because it provides an opportunity to determine the
characteristic time scales on which nonlinear structures
evolve. From this standpoint, it isimportant to note that
the characteristic time of the turbulent process can be
deduced from the ACF of the increments of fluctuating
guantities (such as the ion saturation current, the float-
ing potential, and the local flux). Asis seenin Fig. 1,

this time is ~1 us for the flux increments Al in the
edge plasmaof the L-2M stellarator. An analysis of the
ACF of the increments of fluctuations in the floating
potential and the ion saturation current of original sig-
nalsin the edge plasma of the stellarator gives atime of
2 us. The same value was also obtained for the charac-
teristic time of the increments of microwave gyrotron
radiation scattered by plasmadensity fluctuationsin the
plasmacore[28]. Since, inthe latter case, we measured
the scattered signal averaged over arather large volume
near the plasma column axis, we can assume that the
dynamic time of the local flux is the characteristic
dynamic time of certain plasma processes occurring in
the stellarator. For instance, this time may be the char-
acteristic time of the growth and decay of nonlinear
structuresin the stellarator plasma. Similar resultswere
obtained for the characteristic time of the increments of
thelocal flux (Fig. 2), floating potential, and ion satura-
tion current in the case of the drift-dissipative instabil-
ity in the TAU-1 plasma. To illustrate the importance of
determining theincrements of various fluctuating quan-
tities (not only fluxes), Fig. 9 shows the ACFs of the
floating potential and the increments of the floating
potential in the case of drift-dissipative oscillations in
TAU-1. Here again, the characteristic time of incre-
ments deduced from the ACF amounts to several micro-
seconds. Such a short characteristic time of the incre-
ments of the floating potential may be attributed to the
short time of the appearance and disappearance of drift
wavelets, which, in aggregate, determine a steady state
in the drift frequency range [29].

We draw attention to the fact that, in both the edge
plasma and the plasma core, the characteristic
(dynamic) time is nearly one order of magnitude
shorter than the correlation time defined as a character-
istic time of fluctuating quantities. Hence, the growth
and decay of a nonlinear structure occur nonadiabati-
cally (they may be characterized as the abrupt misphas-
ing of particle motion). To estimate the diffusion coef-
ficient, one must know the characteristic decorrelation
time T ...y and the characteristic spatial length Al of the
process.

aICU

T decorr

)
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The problem is to estimate the quantities involved.
We assume that the decorrelation timeisatime scaleon
which the cross-correlation coefficient between fluctu-
ations in the plasma density and the poloidal field and,
consequently, the flux evolve. The characteristic spatia
scalelength can be chosen as the maximum scale length
of the process (the scale length of nonlinear structures).
Thus, we can conclude that the dynamic time and the
gpatial scale length of nonlinear structures determine
the characteristic velocity of plasma transport across
the magnetic field. Let us estimate this velocity for the
L-2M stellarator. For the characteristic scale length of
fluctuations Al ~ 0.2-1 cm [6] and the dynamic time
Taecor ~ 1-2 MS, We obtain a characteristic transport
velocity of (1-5) x 10° cm/s, which agrees with the
results of probe measurements in the edge plasma[3].

5. CONCLUSIONS

The results obtained can be summarized as follows:

(i) Itisshown that a correct statistical anaysis of the
characteristics of fluctuating particle fluxes in plasma
should be carried out with an equidistant sample of the
process, namely, the sample of incremental amplitudes
of this process.

(i) Itisshown that the increments of thelocal fluxes
in the L-2M and TAU-1 devices are stochastic in char-
acter and the PDFs of increments are scale mixtures of
Gaussians. The PDF of increments corresponds to a
Laplacian distribution in the case of the drift turbulence
and a more complicated distribution in the case of edge
plasma turbulence.

(iii) A correct statistical analysis of the local flux
fluctuations carried out with an equidistant sample of
the local flux increments provides an opportunity to
determine the characteristic (dynamic) time of a pro-
cess of the local flux in the L-2M and TAU-1 plasmas.
In both cases, thistime turns out to be one order of mag-
nitude shorter than the characteristic correlation time.

(iv) The measured steady-statelocal flux in aplasma
can be represented as an ensemble of random individ-
ual flux eventsthat arise spontaneously in time.

(v) Possible physical mechanisms responsible for
the random character of the time-dependent parameters
of the local flux in a plasma are as follows: nonlinear
processes suppressing the growth of unstable oscilla-
tions, Langmuir collapse, stochastic particle heating,
and the formation of nonlinear structures.

Taking into account the above said, we can formu-
late several questions to be answered in future investi-
gations. Do the PDF and the corresponding characteris-
tic correlation time of the increments vary when one
plasma state transforms into another? What are the
characteristics of the local turbulence in transport bar-
riersin toroidal confinement systems? Do the turbulent
plasma states under study belong to systems with
dynamic chaos? Can the transitions in such systems be
controlled with the help of weak regular waves? Note
PLASMA PHYSICS REPORTS  Vol. 28
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that, in [30], a weak signal was successfully used to
affect the transition from a state with abroad drift spec-
trum to a single-mode state with a suppressed noise
spectrum. In this case, it turns out that the controlling
signal should be appropriately phased. Finally, we note
that, although we have considered the processes of par-
ticle diffusion, the approach proposed may be used to
analyze heat transport processes in toroidal confine-
ment systems.
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APPENDIX

For a random variable Y with EY < o, the excess
coefficient 9(Y) (which is referred to as M, in the text)

. , Y -EY 1
isdefined as 3(Y) = E A PX < X) = D(X),
Y) N DY [ ( ) (X)
then we have 3(Y) = 3. Here, E is the mathematical
expectation of arandom variable and P is the PDF. For
PDFs with higher peakedness (and, accordingly,
heavier tails), we have 8(Y) > 3. For flatter PDFs, we
have 3(Y) < 3. The PDF of the random flux amplitude

" is equal to the product of the two fluctuating vari-
ables, dn, and 0Eg, whose PDFs are Gaussian.

Lemma 1. Let X and U be independent random vari-
ables with finite fourth moments. We also assume that
EX=0and P(U =0)=1. Then, 3(XU) = 3(X). Further-
more, 3(XU) = 9(X) if and only if P(U = const) = 1.

Proof. The independence of X and U implies that

(XU —EXUf _ _E(XU-EXU)"

9(XU) = E

Hoxu U (E(xu-Exu)?)’
. E(U-EXEV)' | EXEUT
(E(XU—-EXEU))? (EX})’(EU?)® '
EU*
= 9(X) .
(EU?)’

According to Jensen’'s inequality, we obtain EU* >
(EU?)2. Hence, the right-hand side of formula (A.1)
alwaysis greater than or equal to §(X). Furthermore, it
is equal to 9(X) if and only if EU* = (EU?)?, which is
obviously possible only if P(U = const) = 1. Thus, the
lemmais proved.
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Using Jensen’s inequality, we can easily obtain
another inequality directly related to thetails of the nor-
mal distribution.

Lemma 2. We assume that the random variable U
satisfiesthe normalization condition EU' = 1. Then, 1 —
EP(x/U) =2 1 — d(X) (x > 0). The proof is elementary
and, therefore, is omitted.

Thus, scae mixtures of normal distributions are
always more leptokurtic and have heavier tails than the
normal distribution.

Let us consider an effect observed when analyzing
inhomogeneous samples. As is known, Brownian
motion is well modeled by the Wiener processes. Let
W(t), wheret 0 [0, 1], be aWiener process; i.e., W(t) is
a homogeneous Gaussian stochastic process with inde-
pendent increments such that W(0) =0, EW(t) = at, and
DW(t) = o’ for somea O R and a2 > 0. For simplicity,
weassumethat a=0and o> =1. Let n> 1 beaninteger.
We assume that W(t) is observed at equidistant times
ti=i/n,wherei =1, ..., and n, so that we have the sam-
pleW,, W,, ..., and W, with W, = W(t;). Note that all W,
are independent and have different distributions.
Namely,

P(W, <x) = ®(x/nfi), xOR.

If the sample W,, W,, ..., and W, is independent, then
each W, is assumed to be the observation of a random
variable W with the probability

P(W<x) = %Z P(W; <x) = %Zq’(xﬁ_/i)’

so that, for large n, we have

1

P(W<X)= J'qa(xljs)ds.
0

However, the latter expression is the distribution func-
tion of the product of the random variable X with the
standard normal distribution and the random variable

/S, where Sis distributed uniformly over [0,1] and is
independent of X; i.e.,

P(W < x) = P(X./S<X).

From Lemma 1, it follows that

E
9(XJ9) = 9(X) 522.
(ES)
It iseasy to see that
: 1 . 1
= = 2 = = = = =
9(X) =3, ES = J's ds =3 ES J'sds 5
0 0
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Finally, we obtain

10.

11.

12.

13.

14.

15.

(W) =9(X.J/S) = 423.
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IN PLASMA

Charged Particle Acceleration by an Intense Ultrashort
Electromagnetic Pulse Excited in a Plasma by Laser Radiation
or by Relativistic Electron Bunches
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Abstract—A review is given of theoretical and experimental investigations and numerical simulations of the
generation of intense electromagnetic fields in accelerators based on collective methods of charged particle
acceleration at rates two or three orders of magnitude higher than thosein classical resonance accelerators. The
conditions are studied under which the excitation of accelerating fields by relativistic electron bunches or
intense laser radiation in aplasmais most efficient. Such factors as parametric and modulational processes, the
generation of a quasistatic magnetic field, and the accel eration of plasma electrons and ions are investigated in
order to determine the optimum conditions for the most efficient acceleration of the driven charged-particle

bunches. © 2002 MAIK “ Nauka/Interperiodica’ .

1. INTRODUCTION

One of the most promising methods for collective
acceleration [1-9] is a plasma-based scheme for parti-
cle acceleration by space-charge waves [3]. There are
many papers devoted to the development of such
schemes [10—77]. The most important of these are the
following: paper [3], in which thismethod wasfirst pro-
posed by Fainberg; paper [4], in which Tgjima and
Dawson suggested new efficient methods for exciting
plasmawaves by laser light [ plasma beat-wave accel er-
ator (PBWA) and laser wake-field accelerator (LWFA)
schemes] and analyzed some important relevant prob-
lems of particle acceleration; and paper [10] by Chen
et al., who proposed to excite plasma waves by a short
electron bunch or a periodic train of electron bunches
[plasmawake-field accelerator (PWFA)]. An important
point hereisthat it was suggested to accel erate particles
by wake plasma waves. Note that the question of the
excitation of an electromagnetic field by an electron
bunch in a plasma has aready been discussed in the lit-
erature [69-74]. The self-consistent dynamics of rect-
angular electron bunchesin aplasmahas been examined
in many papers (see, e.g., [14, 36, 78] and the literature
cited therein). Theoretica investigations [15-18] and
experimental works [19-22] (see also [48]) have also
substantially contributed to the development of acceler-
ation schemes based on laser-driven plasmawaves, and
papers [12, 13, 79-82] made significant contributions
to research on the excitation of wake plasma waves by
electron bunches in PWFA schemes. In recent years,
the wake-field acceleration method has been substan-
tially modified: a new version—Self-Modul ated Wake-
Field Acceleration (SMWEFA), which is based on the

self-modulation of alaser pulse—was proposed in [15—
20, 83-85] (see also [52]). The most impressive results
on plasma acceleration of charged particles were
obtained in experimental studies on LWFA [19-22], in
which the accelerating fields at short distances were as
strong as 1.5-20 x 10® V/cm and particles were accel-
erated to energies of 100-300 MeV over distances of
about 1 cm. Thus, the method of laser acceleration in a
plasma is now being actively developed. The results
achieved in the acceleration method based on relativis-
tic electron bunch—driven wake plasmawaves are not as
significant: the accelerating fields are about 50 kV/cm,
the bunch charge being about 4 nC. Recent progressin
producing short dense electron bunches raises the hope
that very strong accel erati nglfi eldswill also be achieved
in PWFA research [13, 80].

2. NEW POSSIBILITIES OF INCREASING
THE ACCELERATING FIELD STRENGTH
IN A PLASMA

In this section, we discuss hew possibilities of fur-
ther increasing the accelerating field. Recall that the
maximum electric field of~a relativistic space-charge

n ~
waveinaplasmaiskE,,, = ﬁ—’%/4nn0mc2y , where n, is
0
the maximum density in the space-charge wave [24].
n
Theratio n—” isgoverned by theway in which the space-

0
charge waveisinitiated. In experiments on laser excita-
tion, thisratio isless than 15% (LWFA), and, in exper-

1 The reviews and descriptions of the theoretical and experimental
results on this subject can be found in, e.g., [55, 56].
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iments on the generation of plasma waves by electron

bunches, it is about 3% (PWFA). According to [15-19,
~ 2

n
48], for LWFA, we have =2 = —2

Ny 11+a2

E is the dectric field, and A = %” is the laser

, Where a =

eEA

2rimc
wavelength. For the excitation of wake plasma waves
by electron bunches (PWFA), thisratio is known to be

27

approximately equal to %’3 ~ 29 [13], where n, is the
0 0

beam density. Consequently, the maximum electric

field in a plasma wave can be increased by increasing

the laser field and/or laser wavelength as well as the

density of the electron bunch exciting the plasma wave

(or by searching for new ways of generating plasma

waves). Comparing the ratios %’ for LWFA and PWFA
0
gives[9]

] eEA Mo
Damc o’

thereby determining the electron density in the bunch
n, that is required to excite a plasma wave with the
same maximum electric field as that of a laser-driven
plasmawave. This relationship impliesthat, in order to
generate such a plasma wave in PWFA, it is necessary
tomaketheratio n,/n, aslarge as possible. Notethat the
case ny/n, ~ 1 is not considered here, because it goes
beyond the applicability range of the above expression
for E,. in LWFA, which was derived under the
assumptiona < 1.

1)

2.1. Excitation of Wake Fields by Laser Pulses
in a Solid-Sate Plasma

Another way of increasing E,,, iSto initiate waves
in higher density plasmas, in particular, in a solid-state
plasma. This possibility can berealized, in particular, in
semiconductor plasmas. However, the plasma density
in semiconductors (n, ~ 10'-10'® cm) is lower than
the gas plasma density that has already been achieved
in experiments on LWFA (~10" cm). Consequently,
in developing plasma-based charged particle accelera
tors, it seems natural to turn to the plasma of metals, in
which the density of free electrons is as high as 10*>-
10?* cm. Chen et al. [59, 60] proposed a very daring
but somewhat exotic? idea of implementing LWFA,

2 Note that our views regarding exotic things may soon undergo a
radical revision. The methods of collective acceleration (in partic-
ular, the scheme for accelerating charged particles by charge-den-
sity waves in a plasma), which were proposed in 1956, also
seemed to be very exotic at that time.
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which, however, involves solving the following chal-
lenging prablems [9]:

(i) launching laser light into ametal,

(i) exciting space-charge waves in a metal plasma
by laser light,

(iii) weakening the effect of multiple scattering of a
beam of accelerated particles by the plasma electrons
that occur between the channeling planes, and

(iv) solving a very important problem of preventing
the destruction of crystals affected by extremely power-

ful laser radiation via utilizing very short (~m;i) laser
pulses.

According to the Chen and Nable's estimates [59],
the energy density required to generate accelerating
fields of about 100 GeV/cm should be as high as 3 x
107 Jem?.

Recall that the electric field of a space-charge wave
is governed to alarge extent by the way in which it is
generated. The authors of [59, 60] proposed to excite a
plasma wave by laser light via either the method used
in LWFA or the method suggested by Katsouleas et al.
[56], which involves the interaction between laser radi-
ation and a plasma whose density is made periodically
nonuniform in space by an acoustic wave or with the
help of adiffraction grating. The latter method is based
on the three-wave interaction involving alaser wave, an
ion acoustic wave, and a Langmuir plasma wave. The
wave interaction can giveriseto aplasmawave with the
frequency wy,. and wavenumber k, only under the fol-
lowing conditions: w = (e, W < Gy, the wavenumber
of alaser wave in a plasma is close to zero, and the
wavenumber of anion acoustic waveisequal tok,. The
phase velocity v, = wye/K, of the excited plasmawave
isclosetoc.

Another method suggested by the authors of [60] is
the generation of wake plasma waves by short laser
pulses (asis donein the LWFA scheme), in which case
the condition w > wy, should be satisfied. Since wy,e =

10'® s7! in both methods, it is necessary to develop and
create extrapowerful UV lasers. It is suggested that a
plasma density of about ~10% cm3 will be achieved by
ionizing the atoms of a solid body by the same UV
laser. In this way, however, the fact that laser light will
be strongly damped because of the strong absorption
should also be taken into account. To answer the ques-
tion of whether or not the very daring and interesting
ideas expounded in [59, 60] can be implemented in
practice, it is necessary to investigate the issue of how
deep intense UV laser light can penetrate into a metal
with allowance for the losses from ionization and pho-
toeffect. Kegping in mind the fact that even very short
laser pulses of enormous power will destroy a solid
body, the authors of those two papers proposed to
accelerate charged particles in optical fibers or thin
metal films, in which case laser radiation may become
easier to launchinto acrystal. They are justified in sug-
PLASMA PHYSICS REPORTS  Vol. 28
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gesting that preliminary experiments in this direction
can be performed with semiconductors in which the
electron density isashigh as~10'® cm=3. In this connec-
tion, we must point out the very interesting work by
Kitson et al. [64], in which the phenomenon of anoma-
lous penetration of visible laser pulses into a semicon-
ductor was predicted theoretically and discovered
experimentally. In the opinion of the authors of [66,
67], this anomaly can be attributed to the excitation of
surface plasma waves.

Note that the maximum possible eectric field
strength in a steady-state space-charge wave in aplasma
is limited by the condition that the velocity v, acquired
by the plasmaelectronsin thefield of thiswaveisequal
to the wave phase velocity vy, so that we have

Enax = J4nnomc2(2y— 1). 2)

Another idea (of no lessimportance) presented in [59, 60]
isthat of utilizing not only solid-state crystal bodiesin
order to raise the electric fields of laser-driven plasma
waves but also of using the crystaline properties of
solid bodiesin order to generate high-brightness beams
of accelerated particles through the channeling effect.
In fact, under the channeling conditions, strong acceler-
ating fields and the very high rates at which accelerated
particles acquire energy can substantialy lower the
emittance of a beam of accelerated particles; however,
it is necessary to take into account the fact that the
channeling angle is approximately equal to ¢ =

JeUy/e,, where eUy, is the depth of the potential well

(or the height of the potential barrier that forms
between the | attice planes of the crystal). For very high
energies €, this angle is very smal. That is why the
possibility of substantially reducing the emittance of a
beam of charged particles accel erated to extremely high
energies in crystals requires more detailed theoretical
and experimental investigations. It may be that the
ideas developed by the authors of [59, 60] will not be
implemented in full measure in the near future. How-
ever, some aspects of the acceleration methods pro-
posed in those papers can be used to create very-high-
energy (about 10'3-10'8 eV) particle accelerators.

A different schemefor charged-particle acceleration
in crystals was proposed by Tgjima et al. [62, 63] and
was further developed in subsequent works. This
scheme is based on the analogy with particle accelera-
tion in microwave waveguides with periodically spaced
metal or dielectric disks and implies acceleration via
hard X radiation, for which a periodic crystalline struc-
ture plays the same role that periodically spaced disks
play for microwave radiation in waveguides. The use of
crystalsfor particle acceleration viahard X radiation on
the basis of the Borman effect [62] €liminates the prob-
lems of launching laser radiation into a crystal and of
guiding laser pulses over relatively large distancesin a
crystal. Tgjimaand Covenago [62] proposed to channel
accelerated charged particles in a crystal in order to
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reduce their scattering. They aso noted that Hof stadter
had already originated analogous ideas in his unpub-
lished paper. At this point, we should say a few words
about the history of research on charged-particle accel-
eration in solids. Grishaev and Nasonov [61] suggested
to accelerate charged particles by longitudinal polariza-
tion waves of an optically active matter that are driven
by the beating of two electromagnetic waves and noted
that the channeling effect can serve to reduce the diver-
gence of a beam of accelerated particles due to their
multiple scattering. Tajima and Covenago [62] pro-
posed to accel erate charged particlesin crystals by hard
X radiation and to lower the divergence of a beam of
accelerated particles by channeling them. They also
studied some other aspects of this acceleration method.
Examining the prospects for the new concept of accel-
erating charged particles by laser radiation in a solid
body, Tajima and Covenago determined the electric
field of a plasma wave in a metal from the relationship
that was obtained for the maximum field of a nonlinear
wave propagating in a plasma by solving the problem
of natural waves. However, it is clear that the electric
field should be estimated by solving the problem of
induced oscillations and waves. Since the electric field
of the plasmawaveisvery sensitiveto theway in which
the wave is excited, we think that deriving the final
expression for the electric field requires solving the
problem of the excitation of the plasmawave in the case
at hand. In the wake-field acceleration scheme pro-
posed in the rather interesting paper by Rosenzweig
et al. [14], ahigh-energy electron beamisused to excite
extremely nonlinear plasmaoscillationsin which accel-
eration occurs preferentially in the transverse direction.

Balakirev et al. [42] proposed amethod for substan-
tially increasing relativistic electron bunch—driven
wake fields owing to the self-modulation of a long
pulsed electron bunch in aplasma. The field excited by
the bunch front affects the motion of the bunch elec-
tronsin such away asto modulate the bunch density, or,
in other words, to break the bunch into microbunches.
Since the bunch is modulated at the plasma frequency,
the wake fields generated by microbunches are coher-
ent, so that the amplitude of the excited wake fields
can increase substantialy. However, the results of
2.5-dimensional simulations carried out by Batishchev
et al. [34] show that, because of the unsteady dynamics
of the self-consistent fields of a relativistic electron
bunch with dimensions comparable to the skin depth,
the wake field amplitude aong the train of
microbunchesincreases more gradually than in the case
of a“rigid” bunch.

2.2. PWFA Experiments

Experimental investigations on PWFA were begun
at theArgonne National Laboratory (ANL) [13, 14, 79—
82, 86] and then were continued at the University of
Tokyo [87]. The first experiments at ANL were carried
out with 24.1-MeV beams (the electric charge of the



128

driving bunch was 4 nC, the bunch dimensions being
about 1 mm) and 16.6-MeV beams (the accel erated and
diagnosed bunches had the same dimensions). The
bunches were injected into a plasmawhose density was
varied from 10" to 10" cm=. The amplitude of the
excited wake fields was measured to be about
6 MeV/m, which could only be explained by invoking
the plasma and bunch nonlinearities. The correspond-
ing simulations performed at this time were all one-
dimensional (see, e.g., [13, 14]), and only some esti-
mates were obtained with allowance for two- and three-
dimensional effects. It was pointed out that three-
dimensional effects should be systematically taken into
account in investigating therole of the nonlinear behav-
ior of the plasma and bunch particles. At the University
of Tokyo, PWFA experiments were carried out with
trains of six 500-MeV bunches. The plasma density
was varied approximately within the same range asin
the experiments at ANL. It was found that the ampli-
tude of the excited wake field depends linearly on the
plasmadensity in the range from 10'! to 10'2 cm™ [87].
The insufficiently high excitation rates of the wake
fields and large radia displacements of the succeeding
bunches in the train were not adequately explained at
the theoretical level (these questions were mostly
answered in our investigations). Further PWFA
research isaimed at devel oping wake-field acceleration
schemes for future linear colliders. At present, the
PWFA scheme is being investigated most actively at
ANL, the University of California at Los Angeles
(UCLA), and the University of Southern California
(USC) in collaboration with the Stanford Linear Accel-
erator Center (SLAC) on the 30-GeV linear accelerator
at Stanford. Preliminary results from these very impor-
tant experimentswere reported at the annual meeting of
the American Physical Society in October 2000. How-
ever, since these promising results were presented as
abstracts of papers and have not yet been published in
scientific journals, we cannot discuss them here. The
photocathode in an accelerator created at ANL [79-82]
is capable of ensuring the following bunch parameters:
an electron energy of 200 MeV, a bunch charge of
100 nC, and a bunch duration of 20 ps. The photocath-
ode is struck by light from alaser with awavelength of
248 nm, a pulse duration of 2 ns, and an input energy of
8 mJ. This project is aimed at achieving acceleration
rates of about 100 MeV/m.

2.3. Excitation of Wake Fields by Laser Pulses

Another promising method for exciting wake fields
in a plasma makes use of short (picosecond and femto-
second) laser pulses with intensities of 10'° to
10" W/cm?. The results of recent PBWA experiments
at UCLA arepresented in [88—90] (recall that the accel-
eration scheme based on the beating between electro-
magnetic beam pulses was first proposed by Litvak
[91]). In those experiments, relativistic plasma waves
were resonantly excited in a plasma by the beating
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between two collinear beamsfrom CO, |asers operating
simultaneously at two different wavelengths. The
acceleration of test electrons in a plasma was investi-
gated using electron beams with a peak current of
200 mA, an electron energy of 2 MeV, and apulse dura-
tion of 1 nsin order to measure the longitudinal wake
fields, which themselves had a large relativistic factor
equal to 34 (the relativistic factor of the excited wake
field is large because of the large ratio of the laser fre-
quency to the electron plasma frequency, y = w/y,).
The energy spectrum of the accelerated electrons was
recorded using a specia-purpose multisector magnet
and a surface-barrier detector. The electrons were
accelerated to an energy of 20 MeV over a distance of
1 cm, the acceleration rate being higher than
1.8 GeV/m. Clayton et al. [90] experimentally demon-
strated the acceleration of electrons by relativistic
plasma waves generated by stimulated Raman forward
scattering of a short single-frequency laser pulse with a
wavelength of 1.053 um, aduration of 6 x 1073 s, and
a peak power of 8 x 10'7 W/cm?. The density of the
plasma created by an auxiliary laser was varied in the
range (1-2.5) x 10" cm, and the plasma itself was
homogeneous over alength of 0.8 mm. Electron accel-
eration was observed to correl ate with the generation of
the first anti-Stokes satellite in the radiation spectrum.
The calculations carried out in [90] showed that, by
increasing the interaction length to 1.3 mm, it is possi-
ble to achieve acceleration rates as high as 1 GeV/cm.
Beginning with the pioneering paper [4] by Tajimaand
Dawson, the PBWA method has been actively investi-
gated not only theoretically and experimentally but also
numerically [21, 88]. These investigations showed that
the PBWA method works most efficiently with the the-
oretically predicted lengths of the laser pulses [92]
because of the detuning of the plasma frequency from
the difference between the laser frequencies. Numerical
simulations showed that short accel eration lengths stem
not from the plasmainhomogeneity but rather from the
effect of the diffractive spreading of laser pulses on the
Rayleigh length, in which case only about 2% of the
injected particles are accelerated. The progress
achieved in theoretical and numerical studies on
plasma-based laser accelerators was reported in [57,
88], where the possibility of guiding laser pulses in
plasma channels was also discussed in the context of
preventing their radial spreading. The question of
whether or not it is expedient to use plasma channels
has already been discussed by Tgjima and Dawson [4].
At present, it is proposed to use channels preformed in
a special manner rather than rectangular channels.
Since the most serious obstacle to acceleration is the
diffractive spreading of the pulse, it is by the appropri-
ate choice of the channel parameters that the accelera-
tion length was significantly increased to

2
W 0C [
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where V. = _r%%) isthe electron oscillatory velocity in

thelaser field. Inthiscase, the growth rate of the Raman
instability is equal to

2
Voo = 232 YoxWpe 1 CFPA g
RS cC 0o O

nZALng
O\ H
characteristic channel radius.

Theguiding of intenselaser pulsesby plasmachannds
preformed in aspecial way wasinvestigated in [57, 93].
It was shown that, in an empty channel, the growth rate
of the Raman forward scattering instability decreasesif
TRy < 0.13A .

)

where p?> + b? = p = htanha,, and a, is the

2.4. SMWFA Method

This method for charged particle acceleration has
already been discussed above. Here, we analyze recent
results on this subject. The SMWFA scheme is of con-
siderable physical interest because the self-modulation
of alaser pulse and the self-maodulation of arelativistic
electron bunch have much in common. As will be seen
below, the salf-modulation of a relativistic electron
bunch is one of the most promising methods for excit-
ing intense accelerating fieldsin aplasma. Moore et al.
[94] carried out adetailed experimental investigation of
the self-modulation of intense laser pulseswith a power
of 2 TW, aduration of 400 fs, an energy of 1 J, awave-
length of 1.054 nm, and an intensity of 5 x 10'® W/cm?,
the radius of the initial focal spot being 6 um. In a
plasma with a density of 1.4 x 10" cm, they suc-
ceeded in accelerating 10 plasma €electrons to an
energy of 30 MeV. The plasma wave was generated
over a distance of 20 Rayleigh lengths. It was estab-
lished that electron acceleration correlates with the
generation of harmonics in the radiation spectrum.
When the laser power was decreased by one-half or the
plasma density was lowered, no high-energy electrons
were observed. In the experiments of [95, 96], intense
(10" W/cm?) laser pulses in the plasma were found to
undergo self-channeling over adistance of 20 Rayleigh
lengths. Papers[97, 98] were devoted to an experimen-
tal and theoretical study of the acceleration of the
injected 3-MeV electrons by an intense wake wave,
such that the accelerating electric field strength was
1.5-15 GV/m. The wake wave was excited by a 5-J
laser pulse with a duration of 0.4—7 ps, which was
guided in a preformed plasma channel with a density of
10" cm3. It was shown that, in such plasma channels,
long laser pulses (such that the laser power islow in
comparison with the critical power for self-focusing)
propagated a distance of three Rayleigh lengths. The
self-modulation of alaser pulse led to the excitation of
aplasmawave with adensity variation of 6%. Sincethe
amplitude of this plasmawave was far bel ow the wave-
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breaking amplitude, the electrons could not be acceler-
ated to megaelectronvolt energies. High-power laser
pulses were observed to interact with a plasma in a
strongly nonlinear fashion, giving rise to the filamenta-
tion instability. The pulses underwent self-focusing and
self-modulation without generating high-energy reso-
nant plasma el ectrons. The acceleration of alarge num-
ber of plasma electrons to megaelectronvolt energies
was observed with laser pulses whose power was
28times higher than the reativistic sdf-focusing
threshold. The radial structure of a wake wave excited
during the self-modulation of alaser pulse in a homo-
geneous subcritical plasma was studied in detail by
Andreev et al. [99]. The generation of an electron beam
in the SMWFA scheme was thoroughly investigated by
Chen et al. [100] both experimentally and by three-
dimensional numerical simulations. They showed that
the emittance of the generated 2-MeV electron beamsis
extremely small (0.061t mm mrad), in which case the
main roleisplayed not by the space-chargeforcesinthe
beam but by the nonlinearity of the plasma wave and
the magnetic field of the wave (rather than the quasis-
tatic magnetic field, as was asserted in many papers,
see, eg., [101, 102]). The interaction of short laser
pulses with atransversely inhomogeneous plasma, rel-
ativistic filamentation, and field ionization were studied
in[103-107]. The self-focusing of an intense ultrashort
laser pulse and the accompanying processes (such as
the generation and acceleration of ions, electron cavita-
tion, the formation of channels, and the magnetic field
generation) were investigated in detail in [101, 102,
108, 109].

2.5. PWFA Scheme with a Plasma Channel
of Depressed Density

The PWFA research program proposed by Barov
and Rosenzweig [81] relies on the use of plasma chan-
nels with a depressed electron density. The authors of
[81] presented previous results obtained on the interac-
tion of intense relativistic electron beams with plasmas
in weak magnetic fields and suggestions for future
work. This PWFA method deal s with el ectron beams of
density n, > n,.. In such asituation, the plasmaelectrons
escape from the propagating beam, thereby giving rise
to anion channel (the so-called ion focus regime). The
PWFA experimental research program is being imple-
mented in the accelerator at ANL. In recent papers[81,
110], it was proposed to use the so-caled blow-out
regime, which ensures that an electron beam propa
gates through a plasma with minimum distortions and
losses. The model developed in those papers describes
anearly equilibrium electron beam propagating in such
a manner through an underdense plasma, in particular,
in the presence of an external magnetic field. The
numerical results were obtained by solving theVlasov—
Maxwell equations for beam electrons and the hydro-
dynamic equations for plasma particles. A comparison
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between the results obtained from the equilibrium
model and from the related simulations based on the
macroparticle method showed that, under the condi-
tions of collisional damping, the beam keepsitsequilib-
rium. In addition, the possibility of using arelativistic
electron bunch as an adiabatic lens was discussed. The
blow-out regime, which has been recently proposed for
the PWFA scheme [81, 110] and in which the plasma
electrons are completely blown out from the beam
region, has a number of advantages. When an intense
electron beam with a sufficiently long duration propa-
gates through alow-density (n, < n,) plasma, the blow-
out of all plasma electrons from the beam region gives
rise to an ion channel. This regime was called the ion
focus regime. The magnetic self-focusing forces cause
the beam to propagatein theion channel. Theradius Ry,
of the equilibrium beam propagating in a fully formed
ion channel is equal to

_ &
./2nren0yb’

where €, isthe normalized beam emittance and r, isthe
classical radius of an electron. It is possible to single
out three qualitatively different regions of the beam.
The leading part of the beam (the beam head) is not
focused by the plasmaand therefore expands. The body
of a beam propagating in the ion channel experiences
the strongest focusing force. The transition region
between the head of the beam and its body cannot be
described in the linear-opti cs approximation because of
the presence of plasma electrons. For a laser pulse of
sufficiently short length L, (21, < A), the evolution
of both the beam head and the transition region has a
substantial impact on the efficiency with which the
beam is transported over long distances. The head of an
ultrarelativistic beam expands freely in accordance
with the value of the emittance, in which case the blow-
out rate of the plasma electrons becomes slower. As a
result, the succeeding parts of the beam experience a
weaker focusing force, so that the beam is distorted to
a significant extent. A simple one-dimensional model
shows that, after a certain period of initial expansion,
the beam is distorted at a very slow rate. It was also
shown that the beam continues to expand until the
plasma electrons are completely blown out from the
beam region; in other words, the beam slowly evolves
to a pinching regime and acquires an equilibrium struc-
ture. Barov et al. [110] proposed to use the blow-out
regime in order to generate accelerating fields of 80—
150 MeV/m by electron bunches with a charge of
90 nC. Below, we will describe the results from inves-
tigations of the formation of an ion channel due to the
ion motion in self-consistent electromagnetic fields
excited by arelativistic el ectron bunch.

Req = 5)
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3. 2.5-DIMENSIONAL NUMERICAL
SIMULATION OF THE EXCITATION OF WAKE
FIELDS BY A TRAIN OF RELATIVISTIC
ELECTRON BUNCHES IN LOW-

AND HIGH-DENSITY PLASMAS

The excitation of a steady-state nonlinear wake
wave by aperiodic train of relativistic electron bunches
in a plasma was studied by Amatuni et al. [12], who
showed that, when the plasma and bunch densities are
comparable, the wave electric field increases with the
relativistic factor of the train. Investigations of the non-
linear regime in PWFA experiments made clear the
importance of three-dimensional effects[13, 14]. There
are two different mechanisms that can produce strong
wake fields and thus can be exploited in the physics of
plasma-based accelerators. On the one hand, a short
widefirst bunch can excite large-amplitude wake waves
capable of accel erating the succeeding bunches. On the
other hand, a long narrow electron bunch can be well
focused by its own magnetic field, provided that its
space charge is completely neutralized by the plasma.
The wake-field excitation is studied with COMPASS, a
modified two-coordinate three-velocity axisymmetric,
truly relativistic electromagnetic code [30-32]. Previ-
ously, this code was used to model inductive plasma
accelerators [32], to simulate the interaction of relativ-
istic beams with plasmas [33], and to investigate the
propagation of asolitary relativistic electron bunch or a
train of such bunches through both high-density and
low-density plasmas[34]. Note that, in the experiments
of [13, 14], the density of relativistic electron bunches
was n, < n,/2, in which case the transverse and longitu-
dinal dimensions of the bunch, R, and L, were small in
comparison with the skin depth ¢/wy,.. Computer simu-
lations [34, 35] showed that the transverse dimension of
the bunch may change substantially as it propagates
through the plasma. This results in significant changes
in both the bunch density (by more than one order of
magnitude) and the excited wake fields. It was shown
that the amplitudes of the transverse and longitudinal
fieldsincrease as each next relativistic electron bunchis
injected, but, unlike in the case of rigid bunches, their
increase is not proportional to the number of injected
bunches. A new electron accelerator created at the
Kharkov Institute of Physics and Technology [69] is
expected to be used in future experimental research on
the acceleration of charged particles in intense wake
fields. The operating parameters of the accelerator are
as follows: the electron energy is W = 18-20 MeV, the
number of electronsin abunchisN = 10'°, the number
of bunchesisup to 20, and the modulation frequency of
the bunches is 2797.16 MHz. It is proposed that, in
experiments, relativistic electron bunches with dimen-
sions comparabl e to the skin depth will be injected into
aplasmawhose density will be varied over avery wide
range (by more than four orders of magnitude). The
plasmaisto be homogeneous to within several percent,
PLASMA PHYSICS REPORTS  Vol. 28
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so that the homogeneous plasmaapproximation is quite
adequate for describing the experiment.

Sinceit isanticipated that no instabilities giving rise
to the azimuthal plasma inhomogeneity would occur
under the planned experimental conditions, a theoreti-
cal description can be based on the azimuthally sym-
metric mathematical model involving the injection of
particles into the computation region and their escape
from it. Under the conditions that are expected to pre-
vail in experimentswith the new accel erator, relativistic
electron bunches will be injected into a plasma column
with the length L = 100 cm, the radius R = 10 cm, the
density in the range n, = 10!°-10'* cm™3, and a mini-
mum longitudinal density gradient. The numerical
results presented below were obtained precisely for this
experimental situation.

3.1. Mathematical Model

We describe the dynamics of arelativistic electron
bunch by the relativistic Vlasov equations (the
Belyaev—Budker equations) for the distribution func-
tions of each of the plasma components and by the set
of Maxwell’s equations for the self-consistent electric
(E) and magnetic (B) fields. The plasma—bunch system
to be modeled is shown schematically in Fig. 1. At the
initial instant, a two-component (m/m, = 1840, where
m, and m, are the ion and electron masses) cold plasma
fills the entire computation region [0, L] x [0, R]. In
simulations, we usually set L and R equal to 100 and
10 cm, respectively. A finite number of relativistic elec-
tron bunches with the electron density

n(r,z) = NB(Ry—r)0B(vypt—z+(n-1)A,)
x0(z—vpt+Ly+(n=1)A)

areinjected into aplasmathrough the z= 0 plane. Here,
8(2) isthe Heaviside step function; n is the order num-

ber of theinjected bunch; V,= ¢c,/1 - 1/y§ isthe bunch
velocity; the initia bunch dimensions L, and R, are
equal to 0.4 and 0.5 cm, respectively; A, = 2T1C/w,e; and
n, is the mean bunch density. The bunch electrons and
plasma particles can escape from the computation
region through the boundary surfacesz=0and z= L.
The plasma particles can also enter the computation
region. The boundary conditions at the inner surface of
the computation region assume a metal surfacer = R

Parameters of the plasma and the bunches
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Fig. 1. Schematic of the model plasma—bunch system.
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and afree escape of electromagnetic waves through the
front and back surfaces. In our calculations, we use an
explicit difference scheme. The excitation of wake
fieldsby atrain of bunchesin aplasmawasinvestigated
in four series of simulations aimed at analyzing the
dependences of the excited field on the number N, of
bunches injected into the plasma, on the bunch-to-
plasma density ratio, on the repetition rate of the
bunches, and on the ratio of the bunch radius R, to the
skin depth c/w,.. The parameters of these four series
are presented in the table.

The mass of the modd particle is a function of its
radial positions. In a lesser perturbed region (which is
farther from the symmetry axis), the plasmais modeled
by arelatively small number of particles. The total num-
ber of macroparticles is about 10°. Note that all smula
tions were carried out with an advanced particle-in-cell
(PIC) method implemented on a Pentium-133 PC.

3.2. Numerical Results and Discussion

Computer modeling showed that, as a relativistic
electron bunch with R, < ¢/w,. and L, < ¢/uy, propagates
in aplasma, its radius changes substantially. In contrast
to the frequently used conditions L, > c/uy,. >R, or
Ry > c/wye > L, we simulated bunches with the initial
dimensions L, = R, < ¢/t O Ly = R) = ¢/, Which
correspond to those in the experiments of [13, 14]. In
this case, the plasma and bunches are essentially non-
linear. The numerical results obtained in [36] showed

Calculation Bunch density Plasma Plasma ; Number of electrons
version Ny, CM™3 density ny, cm® | frequency wpe, s Skin depth c/epe, CM| 5 72 ineh N
1 2 x10%0 4 x 1010 1.13 x 10 2.66 6.28 x 10°
2 2 x 1010 4 x 101 3.57 x 1010 0.84 6.28 x 10°
3 4.86 x 10'° 9.72 x 10%° 1.76 x 1010 171 1.53 x 1010
4 4.86 x 100 8.75 x 1011 5.27 x 1010 0.57 1.53 x 101°
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Fig. 2. Longitudina profiles of the ion density obtained in
calculation version 1 at the radius r = 0.5 cm at the times
todpe = (1) 70, (2) 120, (3) 150, and (4) 180.
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Fig. 3. Radial profiles of theion density obtained (a) in cal-
culation version 1 at the times twye = (1) 70, (2) 120, and
(3) 150; (b) in calculation version 4 at the times tuwype = (1)
100, (2) 200, (3) 260, and (4) 330; and (c) in calculation ver-
sion 3 at the times to,e = (1) 100 and (2) 300.

that the propagation of arelativistic electron bunchina
plasmais greatly affected by the ion motion. The time
evolution of thelongitudinal profile of theion density n,
isillustrated in Fig. 2, which was abtained in calculation
version 1 (see table). The time evolutions of the depen-
dence of the ion density on the radial coordinate r are
illustrated in Figs. 3a, 3b, and 3c, which were obtained
in calculation versions 1, 4, and 3, respectively. From
Figs. 2 and 3, we can see that the formation of an ion
channel stemsfrom the radial ion motion in self-consis-
tent fields. At the axis of the system, the ion density is
elevated and increases in the direction opposite to the
propagation direction of the bunches. The elevated cen-
tral density is higher than the unperturbed ion density by
more than 15%. The characteristic time scales on which
the ion channel forms are about a hundred inverse elec-
tron Langmuir frequencies; in other words, as may be
expected from illustrative physical considerations, these
scales are governed by the inverse ion Langmuir fre-
guencies. The channel parameters are determined by the
plasma-to-bunch density ratio and theratio of theinitial
bunch radius R, to the skin depth ¢/,

The amplitude of the ion density oscillationsis seen
to be substantially smaller than the averaged density.
For comparison with the longitudinal profile of theion
density, Fig. 4 shows the longitudinal profile of the
electron density. The electron density is seen to
undergo only strong oscillations driven by the excited
wake wave, and its averaged value remains essentially
unchanged. In wake fields, the electrons oscillate with-
out any significant change in their equilibrium posi-
tions. As aresult, the electric field of the unneutralized
positive ion charge accumulating at the system axis sta-
bilizes the propagating el ectron bunches.

Figures 5 and 6 show longitudinal profiles of the
longitudinal (E,) and radial (E,) electric fields at two
times. One can see that the amplitudes E, and E,
increase as each next bunch is injected, but, unlike in
the case of rigid bunches, their increase is not propor-
tiona to the number of injected bunches. This depen-
dence stems from the fact that, because of the charge
and current neutralization processes, the bunch elec-
trons undergo transverse oscillations in self-consistent
fields. We can see that, owing to neutralization of the
bunch space charge by a dense plasma, the azimuthal
magnetic field is not fully canceled and thus drives the
bunch electronsinto radial motion, leading to a signifi-
cant distortion of the bunch shape and a charge density
redistribution within the bunches. As aresult, the wake
fields are excited in an unsteady fashion, whichisunfa-
vorable for charged particle acceleration. The shape of
the envel ope of the bunches is seen to deviate substan-
tially from the Bennett equilibrium shape. The electro-
magnetic fields generated by the bunches propagating
in aplasmaredistribute the ion plasma density and give
rise to the averaged electric field, which promotes the
focusing of the bunch electrons. Hence, the radia
expansion of the bunches is prevented to a large extent
PLASMA PHYSICS REPORTS  Vol. 28
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Fig. 4. Longitudinal profile of the electron density obtained
in calculation version 1 at the radiusr = 0.5 cm at the time
tope = 180.

by the formation of the plasmachannel dueto the radial
motion of the plasmaions. A train of bunches propagat-
ing in astable and steady-statefashionin thefully devel-
oped ion channel excites steady-state wake fields suit-
able for accelerating the injected electrons. We can thus
conclude that the nonlinear processes analyzed in this
section have a beneficial effect on the bunch propaga-
tion and, accordingly, on the excitation of the accelerat-
ing fields by the bunches. The investigation of the three-
dimensional nonlinear behavior of the beam-plasma
system was undertaken in order to provide a better
insight into the fundamental physics governing the
acceleration and focusing of charged particles by the
wake waves. Numerical experiments show that the ion
motion in the self-consistent fields excited by atrain of
relativistic electron bunches givesrise to an ion channel
at the symmetry axisof the system; inturn, theion chan-
nel makes the bunch propagation more stable, so that the
accelerating fields excited by the bunches are stronger.

-0.04

-0.08 ; :
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4. 2.5-DIMENSIONAL NUMERICAL
SIMULATION OF THE EXCITATION OF WAKE
FIELDS DURING THE SELF-MODULATION
OF A LONG RELATIVISTIC ELECTRON BUNCH

In this section, we describe the results of numerical
modeling of the wake-field excitation by a relativistic
electron bunch in adense plasma. The results presented
were obtained using a two-coordinate three-velocity
model in which the complete set of equations for the
bunch—plasma interaction consists of the relativistic
Vlasov equationsfor the bunch electrons, the nonlinear
Vlasov equations for each of the plasma components,
and nonlinear Maxwell’s equations for the self-consis-
tent electromagnetic fields. Our computer modeling
showed that the nonlinear dynamics of the plasma and
bunch particles|eadsto a significant self-modulation of
the density of along bunch, in which casethe amplitude
of the excited wake fields substantially increases.

4.1. 2.5-Dimensional Numerical Modeling
of the Wake-Field Excitation by a Long Relativistic
Electron Bunch

The physics of plasma accelerators usually deals
with two regimes of the bunch—plasma interaction
accompanied by the generation of large-amplitude
wake plasma waves. In the first regime, alarge-ampli-
tude wake field excited by a short wide first bunch can
accelerate the succeeding bunches in the train. In the
second regime, a long narrow relativistic electron
bunch can be strongly focused by its own magnetic
field, provided that its space charge is completely neu-
tralized by the plasma. In a wake electric field, the
bunch electrons experience not only transverse forces
but also strong longitudinal forces. Longitudinal wake
fields give rise to a longitudinal modulation (with the

period A, = 21/, = 3.36 % 109/, /ny cm) of the origi-

4/\'&/:\, N
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Fig. 5. Profiles of the longitudinal electric field E, along the z-axis obtained in calculation version 4 at the radiusr = Ry = 0.5 cm at
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thetimes (1) t = 100 Wpe and (2) t =200 Wpe -
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Fig. 6. Profiles of the radial electric field E; along the z-axis obtained in calculation version 4 at the radiusr = R, = 0.5 cm at the

times (1) t = 100@rg and (2) t=260 g -

nally uniform electron bunch, thereby breaking it into
microbunches. In particular, in a plasmawith a particle
density of 10'® cm=3, the modulation period is 0.3 mm.
The effect of the longitudinal modulation of relativistic
electron bunches by the wake fields can be used to
develop plasma modulators of high-density electron
beams. Now, we should say afew words about another
aspect of the modulation phenomenon. Since the mod-
ulation frequency coincides with the plasma frequency,
the wake fields of the microbunches are coherent. Con-
sequently, the modulation of an electron bunch leads to
an increase in the wake-field amplitude behind the
bunch. This effect makes it possible to use long relativ-
istic electron bunchesto generate intense wakefieldsin
aplasma. It is important to note that long laser pulses
can a so undergo longitudinal modulation at the plasma
frequency [28]. The modulation of long electron
bunches by longitudinal wake fields in a plasma was
investigated theoretically by Balakirev et al. [42]. The
results of one-dimensional numerical modeling of the
nonlinear dynamics of the bunch modulation showed
that the modulation of along electron bunch propagat-
ing in a plasma increases the amplitude of the excited
wake wave. This effect is explained as being due to the
coherence of the wake fields generated by
microbunches resulting from the modulation of along
bunch at the plasma frequency. The one-dimensional
approximation applies only to relativistic electron
bunches with a sufficiently large radius (21R,/A, > 1).

The results presented in this section were obtained
from 2.5-dimensional numerical modeling of the wake-
field excitation by long relativistic electron bunches
[38—41] with the COMPASS code [30-32].

4.2. Mathematical Model and Parameter Choice

The dynamics of a relativistic electron bunch is
described by the relativistic Vlasov equations (the
Belyaev—Budker equations)

of f 1 f
u+Vq%+eZGBE+EVGxBE[%_p“ =0

ot

for the distribution functions f,(r, p) of each plasma
component and by Maxwell’s equations for the self-
consistent electric and magnetic fields. At the initial
instant, a two-component (m; /m, = 1840) cold plasma
fills the entire computation region [0, L] x [0, R] with
thelength L = 100 cm and radius R =10 cm. A cold rel-
ativistic electron bunch is injected into the plasma
through the z = 0 plane. The bunch velocity is V, =

cy/1—1/y; , and theinitial bunch radiusis R, = 4¢/y.
The plasma and bunch particles can escape freely from
the computation region through the two boundary sur-
facesz=0and z= L and are elastically reflected from
the r = R surface. Cold plasma electrons and ions can
also return to the computation region from the buffer
zones z< 0 and z> L. The boundary conditions for the
electromagnetic fields imply the existence of a meta
wall at the cylindrical surface r = R and free emission
of electromagnetic wavesfrom the right and left bound-
aries. In calculations, we used an explicit scheme. The
mass of the model particle is a function of the radial
coordinate, and the total particle number is about 10°.
Likethe calculations described in Section 3, al simula:
tions were carried out with a Pentium-133 PC using an
advanced PIC algorithm. Our simulations showed that,
for y, = 5, the bunch-to-plasma density ratio n,/n,
increases from the initial value 0.018 to 0.04 already at
2002
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t= 600, - At thetimet = 100wy , the maximum elec-

tron density in the bunch becomes comparable to the
plasma density, thereby indicating a very strong bunch
modulation. In this case, the electron plasmadensity n,
also becomes modulated very strongly. The spatial dis-
tributions of n, at thetimest = 6000; andt= 1000);
are shown in Figs. 7a and 7b, respectively. We can see

that, at thetimet =100 w;i , the maximum amplitude of

n. islarger than theinitial amplitude by afactor of 4.5.
The spatia distributions of the longitudina (E,) and
radial (E;) electric fields computed for the same times
asinFig. 7 are shown in Figs. 8 and 9, respectively.

n,/ng
1.20
1.15
1.10
1.05
1.00 |42
0.95
0.90
0.85
0.80

Fig. 7. Spatial distributions of the electron plasmadensity at
the times (a) t = 60 w;i and (b) t = 100 w;i . The coordi-
nates are normalized to the skin depth ¢/wpe.
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4.3. Discussions and Conclusions

The numerical experiments described above show
that the nonlinear dynamics of both the bunch electrons
and the electron and ion plasma components |ead to the
following effects. The radii of the bunches vary over a
very wide range. The self-modulation of along bunch
givesrise to avery strong modulation of the bunch and
plasma densities, thereby substantially increasing the
amplitude of the excited wake electric fields. However,
it is necessary that the bunch length be optimum,
because the self-modulation of longer bunches does not
increase the amplitude of the excited electric fields. The
results of numerical modeling show that even a very
low-density relativistic electron bunch can perturb the
plasma so strongly that the density perturbation ampli-

4
, 40 20

Fig. 8. Spatial distributions of the longitudinal electric field
E, (in units of mgwy,.C/€) at the times (a) t = 600’;(1; and

(b)t=100 w;i . The coordinates are normalized to the skin
depth c/wye.
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Fig. 9. Spatial distributions of the radial electricfield E, (in
units of Mg0ypeC/e) at the times (a) t = 6000; and (b) t =

100 w; . The coordinates are normalized to the skin depth
C/Wpe-

tude will become comparable with the initial particle
density of the plasma. Thisconclusionindicatesthat the
plasma electrons cannot be described in the linear
approximation. The results obtained show that both the
effect of the self-modulation of long relativistic elec-
tron bunches and the use of a train of bunches hold
promise for the generation of accelerating fields that
would be far stronger than those achievable in conven-
tional accelerators. Further investigationsin this direc-
tion will provide the physical basisfor the devel opment
and creation of anew generation of devices capable of
accelerating charged particles at higher rates.

5. EXCITATION OF WAKE FIELDS
BY A RELATIVISTIC ELECTRON BUNCH
IN A MAGNETIZED PLASMA

Another promising way of accelerating charged par-
ticles is to excite wake fields by a relativistic electron
bunch in a magnetized plasma [25-27]. Here, we
present the main results obtained on the excitation of
wake fields by an individual bunch in a magnetized
plasma. In our opinion, this scheme is the most advan-
tageous: because of the nonresonant character of the
wake field excitation, it isonly slightly sensitiveto lon-
gitudina density variations peculiar to a real plasma.

BALAKIREV et al.

Additionaly, in order to prevent the development of
electromagnetic filamentation or the onset of slipping
instabilities, as well as other kinds of instahilities (see,
e.g., [28]), itisworthwhile to apply a stabilizing exter-
nal longitudinal magnetic field. As will be seen below,
the stabilizing field not only servesto suppressinstabil-
ities but also gives rise to alarge number of new wave
branches, thereby substantially expanding the possibil-
ities of the wake field acceleration scheme. In this sec-
tion, we determine the wake field generated by an axi-
symmetric relativistic electron bunch propagating
along the z-axis in amagnetized plasma, assuming that
the ions are immobile and neglecting the electron ther-
mal mation. The expression for the longitudinal com-
ponent of the electric field excited by an annular rela-
tivistic electron bunch in an unbounded magnetized
plasma was obtained in [25]:

_ 2QuWpe T
VA GEaTS

X (A/p2 + tzsinﬁ2 + uz + cosA/r2 + pz),

20, - WpeRo

VI ViYp
muir frequency of the plasmaelectrons; and V,,, R,, and
Q, are the velocity, radius, and electric charge of the
bunch, respectively.

Far behind the bunch, thewakefield fallsoff ast2,
because the group velocity of plasma oscillationsin a
sufficiently strong magnetic field is finite. Because of
the emission of plasmawavesfrom the axial region, the
wake field decreasesin the longitudinal direction.

E,

3/2

where T = wy,e Wye is the Lang-

We consider a waveguide partially filled with a
plasma, i.e., a waveguide with a vacuum gap between
the plasma surface r = a and the perfectly conducting
wall r = b, and assume that the waveguide is placed in
an external magnetic field.

The field distribution over the waveguide cross sec-
tion is governed by the transverse wavenumbers. The

ranges A; , >0and A7, <0 correspond to the spatial
and surface modes, respectively. The complex values of

)\iz refer to a hybrid mode. The boundaries of the

region where )\iz are complex are determined by the
inequalities w, > w> w,, where

2 2 4 2 2 2 2 2,12
2("-)pe T Whe (wpe + WeWpe _(-‘-)Hek C )

W, , = ke

oof.e +4K°c”
Wy 1Sthe gyrofrequency of the plasma electrons, and k
isthe longitudinal wavenumber.
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In order for arelativistic e ectron bunch to excite a
hybrid mode, the relativistic factor of the bunch should

Wye
2Wpe
The electromagnetic field distribution and the fre-

guency of a hybrid mode that synchronously accompa-
nies the bunch were obtained numerically for the fol-

satisfy the condition v, >

W
lowing parameters of the plasma waveguide: -(;)H—e =

pe

Wped : .
6.3, % =23.3, g =24, andy, = 4.6, in which case

the frequency of the wake hybrid mode is equal to
0.350. It was found that, at the radius g = 0.8, the

absolute value of the longitudinal component of the
electric field has a pronounced maximum, which corre-
sponds to an energy conversion factor equal to Rg =

Ezmax
E,(r =0)

Recall that the energy conversion factor is defined as
the ratio of the amplitude of the electric field accel erat-
ing adriven bunch to the amplitude of the electric field
decelerating a driving bunch (the bunch exciting the
wake field). Such alarge value of R indicates that the
maximum energy the driven bunch can gain during
acceleration is significantly higher (by a factor of R)
than theinitial energy of the driving bunch.

Hence, it is shown that, for a certain relation among
the parameters of the plasma—bunch—-magnetic field
system, the hybrid nature of the wake waves, which are
excited by areativistic electron bunch in a magnetized
plasma and are a superposition of the surface and spa-
tial modes, makes it possible to accelerate the driven
bunch to the maximum energy

2
Emax = MC (REyb_l)i

which is many times higher than the initial energy of
the driving bunch (even when the bunch is initialy
unmodulated in the longitudinal direction).

6. CONCLUSION

We have reviewed the results from theoretical and
experimental investigations as well as from mathemat-
ica modeling of the wake-field generation by both
charged-particle bunches and laser radiation in a
plasma and have analyzed the wake-field acceleration
of charged particles. A new, substantially modified ver-
sion of the PBWA scheme has recently been pro-
posed—a version based on the self-modulation of a
laser pulse. The most impressive results on plasma
methods of charged particle accel eration were obtained
in the LWFA experiments [19-22], in which the accel-
erating fields at short distances were as strong as (1.5
20) x 10® V/cm and the particles were accelerated to
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energies of 100-300 MeV over distances of about 1 cm.
An interesting fact has been established: for a certain
relation among the parameters of the plasma—bunch—
magnetic field system, the hybrid nature of the wake
waves (which are excited by a relativistic electron
bunch in a magnetized plasma and are a superposition
of the surface and spatial modes) makes it possible to
accelerate the driven bunch to an energy €., that is
many times higher than the initial energy of the driving
bunch (even when the bunch isinitially unmodulated in
the longitudinal direction). We have discussed the for-
mation of an ion channel as a result of the radial ion
motion in self-consistent electromagnetic fields excited
by atrain of relativistic electron bunches. The parame-
ters of the fully developed channel are determined by
the plasma-to-bunch density ratio and the ratio of the
bunch radius to the skin depth. The effective dimen-
sions of the channel and its “depth” (i.e., the elevated
ion density at the channel axis) increase monotonically
both in time and in the direction opposite to the propa-
gation direction of the bunches. The formed ion chan-
nel stabilizes the propagation of relativistic electron
bunches, which thus generate stronger accelerating
fields. Theresults of 2.5-dimensional numerical model-
ing of the wake-field excitation during the self-modul a-
tion of along relativistic electron bunch showed that the
maximum electron density in the bunch becomes com-
parable to the plasma density and the amplitude of the
plasma density perturbations becomes larger than the
initial plasma density by a factor of 4.5. Thisindicates
avery strong modulation of both the bunch density and
the plasma density. That is why, even in the above case
of alow-density bunch (in which the unperturbed elec-
tron density is about two orders of magnitude lower
than the plasma density), it is incorrect to describe the
plasma in the linear approximation. The amplitude of
the longitudinal field isabout 0.8 of the maximum elec-
tric field that can be generated in the plasma, and the
amplitude of the radial field is about 0.4 of the maxi-
mum possible field. An important point is that the field
amplitude increases only over a short distance along a
relativistic electron bunch; hence, it would be of no use
to operate with bunches whose length exceeds the dis-
tance over which the longitudinal field amplitude is
maximum, because doing so would provide no addi-
tional increase in the excited wake field. The results
obtained with allowance for all possible nonlinearities
give a better insight into the three-dimensional behav-
ior of relativistic electron bunchesin a plasmaand may
help to ensure the optimum conditions for the wake-
field generation during the dynamic self-modulation of
the bunches. The results of investigations of the excita-
tion of accelerating fields by an individual relativistic
electron bunch or by atrain of such bunchesin aplasma
(in particular, in the presence of an external magnetic
field) make it possible to evaluate the potentialities of
the wake-field acceleration method and to analyze
whether it can serve as a basis for creating a new gen-
eration of devices capable of accelerating charged par-
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ticles at substantially higher (by two to three orders of
magnitude) rates in comparison with those achievable
in classical linear resonance accel erators.
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Abstract—The linear stability analysis of the | = 1 diocotron perturbations in a low density single charged
plasma confined in a cylindrical Penning trap is critically revisited. Particular attention is devoted to the insta-
bility due to the presence of one or more stationary points in the radial profile of the azimuthal rotation fre-
guency. The asymptotic analysis of Smith and Rosenbluth for the case of a single-bounded plasma column
(algebraic instability proportional to t'/?) is generalized in afew respects. In particular, the existence of unper-
turbed density profiles that give rise to | = 1 algebraic instabilities growing with time proportionally to t' ~ /™,
m = 3 being the order of a stationary point in the rotation frequency profile, and even proportionally to t, is
pointed out. It is also shown that smoothing the density jumps of a multistep density profile can convert alge-
braically growing perturbations into exponentially decaying modes. The relevant damping rates are computed.
The asymptotic analysis (t —= ) of the fundamental diocotron perturbations is then generalized to the case
of acylindrical Penning trap with an additional coaxial inner conductor. It is shown that the algebraic instability
found in the case of a single-bounded plasma column becomes exponential at longer times. The relevant linear
growth rate is computed by a suitable inverse Laplace transform (contour integral in the complex plane). Inthe
particular case of an uncharged inner conductor of radius a, the growth rate is shown to scale asa*> fora — 0.
Thetheoretical results are compared with the numerical solution of the linearized two-dimensional drift Poisson

equations. © 2002 MAIK “ Nauka/Interperiodica” .

1. INTRODUCTION

It is known that nonneutral plasmas consisting of an
ensemble of single species charged particles have some
unique properties. In particular, a single charged
plasma can approach a state of global (though localized
in space) state of thermodynamic equilibrium, where
the plasmais contained in acylindrical Penning trap by
means of static electric and magnetic fields for up to a
few hours, without visible degradation of confinement
[1]. The existence of a state of global thermodynamic
equilibrium in a cylindrical Penning trap (see Fig. 1a)
has been known for more than 20 years[2-6]. Recently,
it was observed that a thermodynamic equilibrium is
also possible for a hollow plasma cloud confined in a
cylindrical trap with a coaxia inner conductor [7] (see
Fig. 1b).

A cloud of single charged particleswith an arbitrary
radial density profile (i.e., in general, not consistent
with a thermodynamic equilibrium) can be unstable
against small azimuthal and axial perturbations. The
linear stability of a single charged plasma column was
studied in detail intheliterature[8, 9]. In this paper, we

L This article was submitted by the authorsin English.

areinterested in the case of purely azimuthal diocotron
perturbations (i.e., k, = 0, k, being the axial wavenum-
ber of the perturbation). In thiscase, usingamodel with
aradial step density profile (Fig. 2a), Levy [10] showed
that an infinitely long plasma column radially bounded
by two cylindrical conductors held at fixed potential is
neutrally stable when it isin contact with one or both
conductorsor if the charge on theinner conductor hasa
large enough (positive or negative) value. If the central
conductor is absent, the | = 1 diocotron mode is neu-
trally stable, while lower | > 2 modes can be unstable.
The effect of the central conductor on the stability of a
hollow plasma column has also been studied experi-
mentally [11].

In general, the number of eigenmodes in a plasma
with a multistep density profile for a given azimuthal
number | is equal to the number of density jumps [10,
12]. A smooth density profile yields a continuum spec-
trum, while neutrally stable modes become exponen-
tially decaying modes [13-16], except for the case
| = 1, for which neutrally stable modes exist for an arbi-
trary density profile [13, 17]. The continuum spectrum
decays as some power of time [13-16, 18-20], so that
neutrally stable eigenmodes can be hidden in the time
evolution.

1063-780X/02/2802-0141$22.00 © 2002 MAIK “Nauka/ Interperiodica’
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Fig. 1. Scheme of acylindrical Penning trap (a) without a central conductor and (b) with a central conductor.
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Fig. 2. Plasma density and electric drift frequency vs. radius: (a) a plasma column with a step density profile and (b) more realistic
profile. When the density jump at r = 0.6 is smoothed, astationary point of the electric drift frequency r( = 0.6 appears, where wg =0,

which gives rise to an algebraic SR instability. When an inner conductor is included, the algebraic instability is converted into an
exponential one at |ate times, with the real part of frequency close to wg(rg).

Earlier theories were recently critically reviewed,
because the results of experiments showed an exponen-
tial growth of the | = 1 diocotron mode [21]. The
explicit solution to the initial value problem obtained
by Smith and Rosenbluth [22] for the special casel = 1,
but for an arbitrary density profile, reveals an algebraic
instability of a hollow electron column with the pertur-

bation growing as ./t . In the following, this instability
will be referred to as the Smith—Rosenbluth (SR) insta-
bility. In [23, 24], it was shown that finite-Larmor-
radius (FLR) effects can lead to an exponentially grow-
ing instability, but with agrowth rate much smaller than
that experimentally observed. Smith [25] showed that
shifts in the azimuthal rotation frequency due to the
finite plasma length can lead to exponential growth
rates comparable to those of the experiments, but the
shiftswere adjusted ad hoc, making aquantitative com-
parison with the experiments difficult. More recently,
Finn et al. [26] included the effect of a finite plasma
length in a quasi-two-dimensional model, alowing a
direct test of the theory. The instability mechanism
involves compression of the plasmaparallel to the mag-
netic field, with conservation of its line-integrated den-
sity. This mechanism has recently been tested experi-
mentally by Kabantsev and Driscoll [27]. A more gen-

eral treatment of this case was presented very recently
in [28]. An analysis of finite-length diocotron modes,
which includes kinetic effects, was also reported in
[29]. For completeness, we also note that the nonlinear
theory of the | = 1 diocotron modes was developed in
[30, 31]. The nonlinear stage was investigated experi-
mentally in [32]. It was found that a steplike electron
cloud persists in a stationary state for a long time. In
this case, the center of rotation of the cloud is displaced
away from the axis of the trap and drifts around it.

In the present paper, the linear stability analysis of
the | = 1 diocotron perturbations is critically revisited.
Finite-length and FLR effects are neglected here. Par-
ticular attention is devoted to the instability due to the
presence of one or more stationary points in the radial
profile of the azimuthal rotation frequency. The asymp-
totic analysis of Smith and Rosenbluth [22] for the case
of asingle-bounded plasma column (algebraic instabil-
ity proportional to t'?) is generalized to include density
profiles that give rise to algebraic instabilities growing
ast!- M mz= 3 being the order of a stationary point in
the rotation frequency profile, and even proportionally
tot.

Moreover, the asymptotic analysis is generalized to
the case of a Penning trap with a coaxial inner conduc-
PLASMA PHYSICS REPORTS  Vol. 28
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tor. Itisshown that the algebraic instability found in the
case of a single-bounded plasma column becomes
exponential at longer times. The relevant linear growth
rate is computed using a suitable inverse Laplace trans-
formation. The theoretical results are compared with
the numerical solution of the linearized two-dimen-
sional drift Poisson equations.

The paper is organized as follows. In Section 2, the
SR solution of the initial-value problem is extended to
the case of a Penning trap with a central conductor. In
Section 3, the stability of a single charged plasmawith
ageneral density profileisanalyzed. It is shown that an
inflection point in the density profileyieldsan algebraic
instability that grows proportionally to t*3. An example
is also given of a density profile that exhibits an insta-
bility growing proportional to t. It is also shown how
the asymptotic behavior of an initial density perturba-
tion changes as the sharp edges of a multistep density
profile are smoothed. The relevant computations are
presented in Appendix A, in which an aternative deri-
vation of the algebraic growth rate for the SR instability
isalso presented. Section 4 is devoted to an analysis of
the plasma stability in acylindrical Penning trap with a
central conductor. The discussion is based on the calcu-
lations performed in Appendix B, which extend the der-
ivation of the SR instability reported in Appendix A.
The conclusions are drawn in Section 5.

2. BASIC EQUATIONS

In the model considered here, the evolution of the
two-dimensional plasma density n(r, 6, t) and the elec-
trostatic potential ¢(r, 6, t) are governed by the equa-
tions[8, 9]

on

—+§(Ep ] n) [z = 0,

P (1a)

Ad = —4Ten. (1b)

Egs. (1) are known as drift Poisson equations (or 2D
MHD equations) and are written here for the guiding
center of particleswith charge e. The charged plasmais
assumed to be contained in an infinitely long grounded
cylindrical conductor of radius R. The system is
immersed in astatic and uniform magnetic field B = Bz,
directed along the axis of the cylinder.

The unperturbed equilibrium situation is described
by aplasma density ny(r), depending only on the radial
coordinate. The density ny(r) and the corresponding
potential ¢,(r), where (1/r)(d/dr)r(d/dr)¢, = —4TEN,),
obvioudy satisfy Egs. (1). In the unperturbed state, the
plasma is convected azimuthally with the local E x B
velocity. The corresponding angular frequency is given
by

2 r
411

c1dd 2Qe

welr) = g1 = S my(nrer + 235 2)
rar mQr-) mQr
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where Q denotes the charge per unit length on the inner
conductor; aisitsradius; and Q = —eB/mc isthe cyclo-
tron frequency, assumed conventionally to be positive
for negatively charged particles. The other notation is
standard. The frequency w is sometimes referred to as
the electric drift frequency; we will follow this termi-
nology. The drift Poisson Egs. (1) are valid as long as

the plasma frequency wy, = Jatne®/m is small com-
pared to the cyclotron frequency |Q|. Note that, due to
the inequality w, < |Q| the drift frequency is also
small, |ux| < Wy

In the following, dimensionless quantities are used.
The density isnormalized to an arbitrary reference den-
sity A (usualy the maximum value of the density i =
max[Nn(r)] will be chosen unless the opposite is indi-
cated). The lengths are normalized to the radius of the
outer cylindrical conductor ¥ = R, while the normaliza-
tion factors for the other relevant quantities are as fol-

lows: ¢ = 4meni? for the potentia, & = 4Te’A/MQ

for frequencies, and Q = neA?? for the electric charge
per unit length on the central conductor. Note that the
normalization factors of ¢ and Q explicitly contain the
particle charge e and, therefore, itssign. The normaliza-
tion factor for the frequency also depends on the sign of
e becauseit contains Q.

The same notation is used in the following for
dimensionless quantities, so that, e.g., Eq. (2) takesthe
form

we(r) = r—lzja’no(r)rdr+§—2. 3)

Note, in particular, the useful relations

1d
no(r) = T lrwe(n], Q = 2a’we(a).
Linearizing the set of equations (1) for the perturba-
tions 8¢ = @ (r, t)€'®, dn = n,(r, t)e'® with a given azi-
muthal number | yields the following second-order dif-
ferential equation for the potential amplitude ¢ (see,

e.g. [8]):

2 :
[a%+ile(r)][%(%r(%—:—z}(g—gné(r)(ﬂ =0, (4

where the prime stands for the derivative over r.

Equation (4) should be supplemented with the
boundary conditions@ =0 at r =aand r = R (though
R=1 in dimensionless units, we will maintain an
explicit notation for R).

In the following, we restrict our analysis to the case
| = 1. A neutrally stable linear | = 1 mode is known to
survive for an arbitrary density profile ny(r) of asingle-
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bounded plasma column [13, 17]. In addition, for astep
density profile, the | = 1 mode can become exponen-
tially unstable in the presence of an inner conductor
[17]. Theseresultswill be generalized in afew respects.
At the end, we will be able to track the transitions
between neutrally stable, algebraically unstable, and
exponentially unstable regimes for a general plasma
density profile, with or without a central conductor.

Applying the Laplace transformation to Eq. (4), we
obtain an ordinary differential equation:

10 0 1
[0 [757 57 =5 |01 T (), -

= —ny(r, 0).
Aswas noted in [22], the left-hand side of Eg. (5) can
be written in the form

1 a 3 (pp

it 1P+ 060 e

Itis possi bletointegrate Eq. (5) for an arbitrary density
profile. Introducing the dimensionless functions

r

h(r) = Ixznl(x, 0)dx,

(6)

(6a)

" hpgdx [ dx
h — )
(p) .!x?’[ 1] 2/{)(3[ o @

which depend on the initial perturbed plasma density
n,(r, 0), we obtain the Laplace transforms for the per-
turbed potential and density,

(n00=AB)

@p(r) = rip+ice (f)]I Lo+ o] (Ta)

_ny(r,0)

h(x) —h(p)
rionn) ~dx.(7b)

ny(r) = ing(r

-[X “[p+iwe(x)]”
Note that the solution for the | = —1 mode can be
obtained from Eq. (7) by reversing the sign of the drift
frequency, wz — —we. The inversion of the Laplace
transform,

@) = [sEane” (82
— dp pt
n.(r,t) = 5rr ny(r)e", (8b)

Br

involves an integration in the complex plane along a
Bromwich contour Br, which liesto the right of al the
transform’s singular points and branch cuts.
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3. STABILITY IN THE CASE
WITHOUT A CENTRAL CONDUCTOR

The inverse Laplace transformation (8) can be per-
formed in aclosed form if a=0and Q = 0. Taking into
account that h(p) = 0 in this case, it is possible to
recover the result of [22] (corrected from missprints):

(pl(rvt)
- o (92)
rJ’[h(x)/x][1+|wE(r)t—|wE(x)t] dx,
n,(r, t)
= ny(r,0)e =" )t—ltno(r)J'[h(x)/ 1e ax O

The first term on the right-hand side of Eq. (9b)
describes the unperturbed azimuthal rotation of the ini-
tial perturbation. The differential rotation produces a
phase mixing (similar to the case of Landau damping),
which transforms the first term to a fast oscillating
function of r ast —= 0. Growing disturbances are
latent in the second term only, which contains the
explicit factor t. It is readily seen that an unstable per-
turbation cannot grow faster than the first power of t,
becausetheintegralsin Eq. (9) are decreasing functions
of time. Similar terms appear in Eg. (9a). An asymptot-
ically nondecaying solution can originate from the two
ends of the integration interval in Eq. (9) or from sta-
tionary points inside the same interval.

3.1. End Points

As long as we(r) is a monotonically decreasing
function of r, the main contribution to Eq. (9) comes
from the upper limit of integration, r = R. Thlsyleldsan
oscillatory solution with the frequency w = o (R):2

0= —R o0 (1)~ (R ™ + 05 10)
wE(R)R

Thisisthe neutrally stable Levy’smodefor | = 1, which
isfoundin[17].

3.2. Contribution of Nondegenerate Sationary Points

If the plasma density is a honmonotonic function of
r, then the electric drift frequency we(r) can also be
nonmonotonic with the extremum points of the func-
tion we(r) being the points of the stationary phase for
the integrand functionsin Egs. (9). Suppose that r =r,,
is a nondegenerate stationary point for wg, i.e,

2In the corresponding Eq. (5) in [22], afactor — —-wg (R) ismissing
in the denominator of the right-hand side.

PLASMA PHYSICS REPORTS Vol. 28 No. 2 2002
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we (o) =0, while wg (ry) # 0. Then, the main contribu-
tion to the asymptotic behavior of the integral in

Eg. (9a) comes from the neighborhood of the point r,
_iJ2mrh(ro)

O
/\/|°0E(ro)|r§

 exp|—iwe(ro)t - Fison(e?) |

[00e(r) = 0e(ro)] H(ro 1)/t
(11)

where H(X) is the Heaviside step function. The pertur-

bation grows in this case proportionally to ./t [22]. In
particular, if r, = R, then an additional factor 1/2
appears in Eqg. (11), which was not taken into account
in[22]. To distinguish thiskind of instability from other
cases where the perturbation always grows algebra-
icaly but with a different power of t, we refer to
Eq. (11) as the SR instability. An example of the den-
sity profile that gives rise to the SR instability and the
corresponding time behavior of the complex amplitude
of the potential perturbation are shown in Figs. 3and 4,
respectively.

3.3. Density Jumps

Suppose that a density jump occurs at r = r.. This
givesriseto ajump in the derivative of the electric drift

frequency g (r) at the sameradius. If the density jump

carriesasurface charge o aswell, then the function h(r)
is also discontinuous at r = rg, with the jJump given by
h(rg+ 0) — h(r,— 0) = o/r. The asymptotic contribution
of the density jump to @,,

@ = r[g(r) —e(rol H(rs—r)

_in(rs)tEh/rsﬂrerO (12)
xe o O]

D00, o
describes a neutrally stable eigenmode with the eigen-
frequency equal to we(rg). This eigenmode was first
discussed by Levy [10]. Note in particular that the per-
turbation fades outside the density jump; i.e., ¢, =0 for
r>re.

3.4. Fast Algebraic Instability

A charged plasma column with a multistep density
profile, where layers of constant density are aternated
with empty gaps, is known to have eigenmodes for an
arbitrary azimuthal number |, with eigenfrequencies
being either real or complex conjugated by pairs [13].
Intheformer case, the modes are neutrally stable; inthe
latter case, one of the two conjugated modes is expo-
nentially damping, while the other is exponentialy
growing. The exact solution described by Eq. (9)
revealsthat an| = 1 exponentially growing mode cannot
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no(r), 26g(r)

Fig. 3. Example of the density (solid line) and correspond-
ing electric drift frequency wg(r) (dashed line) profiles,
which determine an SR algebraic instability asis shownin
Fig. 4. The density profile is borrowed from [22] and is
given by n = [1+ (r/r)/AI[1 - (r/rp)*1* for r <rpandny =0
forr>rowithA=025andr,=0.6.
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Fig. 4. Amplitude of the perturbed potentia |@| vs. r and t
for the density profile shown in Fig. 3. Here, and in subse-
quent figures, the initial density perturbation is assumed to
be given by dn(r, 6, t = 0) = eny(r)cosB. Since e can be
included in the normalization factors of the perturbed quan-
tities, weset e = 1.

exist,? since in this case, the perturbation cannot grow
faster than the first power of t.

A linear growth of the amplitude of aninitial pertur-
bation is found if there is some interval where we(r) is
constant and if this interval does not comprise the

3 To avoid possible misunderstandings, recall that both the present
and previous statements are valid in the framework of the 2D
electron magnetohydrodynamics [see Egs. (1)] and for a single-
bounded plasma only.
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Fig. 5. Density (solid line) and electric drift frequency
Wg(r) (dashed line) profilesthat give rise to alinear growth

of initial perturbations, asis shown in Fig. 6. The densities
of the internal (r < by) and external (a; < r < b;) columns

arerelated by ng(bg) b(z) = no(al)af .
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Fig. 6. Amplitude of the perturbed potentia || vs. r and t
for the density profile shownin Fig. 5.

whole plasma column. In Fig. 5, this is the interval
between a, and b,. The frequency w is constant inside
that interval, if the plasma density is also constant and
equal to the average density inside the inner boundary
of the same interval. The perturbed potential @, turns
out to be nonzero only within the inner boundary
(r<a)ast— oo,

@, (r) =itr{we(r) —we(a,)]H(a, —r)
by

J’[h(x)/xs] dXx.

a

(13)

e—i we(ay)t
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This behavior is confirmed by the numerical evaluation
of Eq. (4), asisshownin Fig. 6.

The oscillations that grow algebraically in time are
not eigenmodes. We will show in the next section that
smoothing the density jumps leads to an exponential
decay of these oscillations at late times. Note also that
the instability of a plasmawith aradial density profile
similar to that shown in Fig. 5 is not in contradiction
with the stability in a state of global thermodynamic
equilibrium [7]. Namely, although each of the two
coaxial columnsin Fig. 5 fits an equilibrium profile (in
thelimit A —= 0), they do not form together athermo-
dynamic equilibrium, because they have different azi-
muthal drift frequencies.

3.5. Merging Extremum Points

A real density profile can only be very roughly
approximated with a set of steps that have sharp edges.
It is useful to track how the asymptotic behavior of ¢,
changes as the idealized multistep density profile
shown in Fig. 2ais transformed into the smoother pro-
file shown in Fig. 2b. The density profilein Fig. 2a has
two neutrally stable eigenmodes. The first mode,
described by Eg. (10), has the eigenfrequency we(R).
Thisisindependent of thelength over which the density
decays to zero. The second mode, described by
Eq. (12), hasthefrequency we(b,). Asthe sharp edge at
r = b, becomes smoother, the extremum point r = r,
appears near the endpoint r = by, and thismodeistrans-
formed into an algebraically unstable mode that grows

as ./t. The amplitude of the unstable mode is roughly
proportional to the decay length of the density, because
the right-hand side of Eg. (11) contains the factor
o
|°°E|
Smoothing the density profile further, it is possible
to produce algebraic instabilities that grow faster than

Jt, asone can deduce from the example of Section 3.4.
This increase of the instability occurs through a merg-
ing of the extremum points considered in Section 3.2.
Let us consider the two close extremum pointsr, and r_
shown in Fig. 7a. Turning to a progressively smoothing
density profile, the extremum points merge at the

inflection point r where the equality wg = 0 holds

(Fig. 7b). As smoothing progresses, the extremum
points r, and r_ disappear, while the inflection point
r = rexists both before and after merging. The neigh-

borhood of the point roverwhelmingly contributes to
the integral on the right-hand side of Eqg. (9a), thus
determining the asymptotic behavior of the initial per-
turbation. Inside this neighborhood, we can expand the
electric drift frequency as

We(r) = We(ry) + W(re)x+ g (re)X6,  (14)

PLASMA PHYSICS REPORTS Vol. 28 No. 2 2002
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Fig. 7. Density profiles (solid lines) and corresponding electric drift frequency profiles (dashed lines) for different evolution scenar-

ios of initial linear perturbations: (&) growth proportional to ./t (see Fig. 8), (b) growth proportional to 23 (see Fig. 10), and
(c) exponential damping (see Fig. 11). In al cases, the density profiles are described by the fourth-order polynomial ny(r) = (1 —

N(1+1 +ar? + brd), where a = [36a + 3(3 — 20a)r [ 2012 V[r{9 — 20r g+ 12r2 )] and b= [3(12ar - 50+ 32 /{12 (9 — 20rp+

lzrf )] are expressed through the coordinate rof the inflection point, wg (rp = 0, and the corresponding value of wg (a =

Wg (rp). The parameter r;= 0.8 isthe same for all cases, whilea = () 0.3, (b) 0, and (c) -0.1. In case (a), two extremaare located
at r_=0.626539 and r,. = 0.942552 and the corresponding values of wg are 0.108805 and 0.171385, respectively. In case (b), the
two extrema coalesce in the inflection point at rp=08 (we(rp = 0.198824). The parameter I, which characterizes the separation

of the two extrema, is equal to (a) i0.0308593, (b) 0, and (c) 0.00923489, respectively.

where x = r — rmand we (r) playsthe role of asmall-
ness parameter.

If W (rp/we (rp < 0, the function we(r) has two
extremaat r, =rp* J—2we/we (seeFig. 7a). At large

times, t > [T, with T = /8w /9wy , these extrema
contribute separately. Therefore, the perturbed poten-
tial is the sum of two asymptotic contributions [see
Eq. (11)] coming fromr, and r_, so that the initial per-

turbation grows as ./t. Figure 8 clearly exhibits two
modeslocalizedintheregionsr <r,=0.94 andr <r_=
0.59. A spectral analysis supports the prediction of the
analytic theory, which gives the following values for
the mode frequencies: wg(r_) = 0.0500865 and we(r,) =
0.120887. These modes produce a beating effect in the
inner radial region, r < r_, with the period T =
217 ux(r,) — we(r,)| = 88.74. However, this period is
too short to be resolved on the time scale of Fig. 8. The
actual wave beating is evidenced in Fig. 9. Note in par-
ticular that the beating period increases as wg(rp)

becomes smaller and the extremum points r. become
closer to each other.

At smaller times, t < |!, we can set w () = 0.

If we (rp = 0 and the stationary points merge at
r =r which, in this particular case, appears to be the

extremum of the density profile ny(r), then the perturba-
tion grows proportionally to t*3 (see Figs. 7b, 10):
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_i2"r (u3)rh(r,,)
17 13
31’6|wg'| re

[e(r) — we(ry)]
(15)

—i et

X H(r, —r)t2/3e

Finally, if wg(rp/wg (rp > 0 (see Fig. 7¢), the
extremum points move into the complex plane x, while
@, grows algebraically according to Eg. (15) in theini-
tial time evolution, t < |I'[! (see Fig. 11) and then
decays exponentialy at late times,

i/2rrh(ry)

¢, = — 3[wE(r)_wE(r*)]

(20ewe) Ty (16)

X H(r, —r)/texp[—iowgt —Tt].

Figure 11 shows asort of saturation. A spectral analysis
shows that the “saturated” mode has the frequency
we(R) and, hence, is nothing but the neutrally stable
Levy’'s mode [see Eq. (10)].

Using Eq. (14), it is possible to derive a more gen-
eral formula which combines al the cases discussed
above:

i 3 h *
o= B 1) ()]
M We T (17)
x H(r —r)e_in(r*)tT K 3(1).
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Fig. 8. Amplitude of the perturbed potential |@| vs. r and t
for the density profile shown in Fig. 7a.
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Fig. 10. Amplitude of the perturbed potential |¢@| vs. r and t
for the density profile shown in Fig. 7b.
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Fig. 9. Time evolution of the amplitude of the perturbed
potential |@| for r = 0.4 (solid line, the beating effect is evi-

dent) and r = 0.7 (dashed line, oscillations without beating)
for the density profile shown in Fig. 7a.
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Fig. 11. Amplitude of the perturbed potential |¢,| vs.r and t
for the density profile shown in Fig. 7c. The initial stage
exhibits agrowth proportional to ./t . A sort of “saturation”

isreached in arelatively short time, which is nothing but the
Levy's mode.
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Here, 1 =Tt, and K, 5(1) isthe McDonal d's function of
order 1/3.

3.6. Higher Order Sationary Points
If the wy profile has, for the sake of smplicity, only

one stationary point rHof order m(i.e., oo(” (rp=0for

all derivativeswithj <mand oo\ (rp #0), thenwecan

repeat the computation of the asymptotic behavior of
the perturbed potential to obtain

@ =it we(r) — we(re )T H(re =)
—imE(r,,)th(l’*)z om Um_
X e ML=
o meEes T g
XEcosEQnﬂﬂ[( D }sgn(w (r*))sn@r%

whichisvalid for al integersm> 1. For m= 2, thisfor-
mulagives Eq. (11), and, for m= 3, it gives Eq. (15).

4. TRAP WITH A CENTRAL CONDUCTOR

We now turn to the analysis of the stability of | =1
diocotron perturbations in a cylindrical Penning trap
with a coaxia inner conductor. It is shown how the
presence of the central conductor transforms the alge-
braic SR instability into a weakly exponential one at
longer times, while the algebraic growth survivesin the
initial stage of the evolution.

Contrary to the previous case with no central con-
ductor, the inversion of the Laplace transform [see
Eqg. (8)] cannot be performed in a closed form. In any
case, an asymptotic analysis is till possible. To this
aim, Appendix A contains an alternative derivation of
Eqg. (11) by an explicit contour integration in the com-
plex plane of Eq. (8d). This derivation is extended here
and in Appendix B to the case where an additional inner
conductor is present in the trap configuration. In this
section, we present the results obtained by the method
described in Appendix B.

As was shown in Section 3.2, the SR instability
comes from the neighborhood of a nondegenerate sta-
tionary point r, where wg = 0. Appendix A interprets
this instability as the contribution of the branching
point p = —iwe(r,) in the complex p-plane. The major
difference from the case considered in Appendix A is of
course the presence of anonzero function h(p).

Near the branching point p = —iwg(r,), theintegrals

over r that enter the definition of h (p) [see Eq. (6b)] are
mainly determined by the neighborhoods of the points
r=r,andr = a. Near the central conductor, r — a, the
frequency we can be expanded as we(r) = we(a) +
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Awe[l — a/r?], where Awg= ny(@)/2 and we(a) =
Q/2&2. Near the stationary point, r —» r,,, we can write
We(r) = we(ry) + we (r — ry)%/2, where we stands for
we (ry). Using these expansions, we obtain

$(p+ioe(re))/ry

h(p) = h(r,), (19
P(p+ 'Q)E(ro))/ro +B(p)
where
—imsgn[ ui] /4
$(0) = B,
B(p) = L

2a’[p+iAwd [p+iwe(a)]

come from points r, and a, respectively. The function
$(0) is two-valued, because it contains the rational
power 3/2 of 0 =p+iwe(ry). Asisexplained in Appen-
dix A, one should choose the “physical” sheet (argo [
(=Tt ™) of the Riemann surface, which corresponds to
the complex o-plane with the branch cut ¢ O (-, 0)
along the negative part of the Re o axis.

For arough estimate of the integral in Eq. (8a), we
can evaluate o ast~'. This shows that the effect of the

central conductor is negligible (h < h(ry)) at small

s 43 2 E

times,t<T=|ooE| We JAtlarger times, t > T,

the value of h(p) tends to h(ro) at the branching point

p = —iwe(ry), so that two terms, h(x) and h(p), in the
integrand of expressions (7) cancel each other and the
algebraic SR instability disappears. This conclusion
might seem to be a paradox. If the inner conductor is
very thin and is not charged, the spatial structure of the
perturbed potential is changed only inthe small vicinity
of the central conductor itself. It is therefore puzzling
how such a small modification is able to change the
time evolution of the perturbation so strongly. Note,
however, that the thinner the internal conductor, the
longer istheinitia staget < T of the algebraic growth.

A careful analysis reveals that h (p) has poles close

to the branching point. They can be found from the
equation

F(p+iwe(ro)/ry = B,
where 3 = B(—iwg(r)) isred,

(20)

1

we(ro)] [we(@) —we(ro)]

B(p) =

2a2[AooE -



150

o}
0.5

0.4

0.3

0.2

0.1

il
& 0\‘\\‘
) i W

‘uf “““\\\\\\\\\\\\\\

\\\\\\\‘

mm

AREFIEV et al.

Fig. 12. Amplitude of the perturbed potential |@| vs.r and t
for the density profile shown in Fig. 3, truncated at the
radius a = 0.05 of the central conductor. The value of Q on
the central conductor corresponds to the total charge of the
particleswithinr = 0.05 in the case of Fig. 3.
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Fig. 13. Generalized parabolic density profile (solid line)
and electric drift frequency (dotted lines). The density pro-

fileisgiven by ng=[1 - (r — rc)z/ri 1 for |r — rg] < rp and
05andr,=0.1.
Frequency profiles are calculated for a = 0.1 and different

ne = 0, otherwise, with the parametersr. =

values of Q, indicated directly on the plot.

Squaring both sides of Eqg. (20), we obtain three differ-
ent roots,

Pn = —iwg(ry) +ij

2
Tt
n 6
E'O0

rB2

—21n/3

’

21

where nisan integer. However, it isworth emphasizing
that not al of them belong to the physical sheet.
Depending on the sign of 3, only one or two of theroots
satisfy the condition arg[p,, + iwg(ry)] O (-t ). The
other roots belong to adjacent sheets.

Theinverse Laplace transform can be performed, at
least asymptotically for t — oo, by means of asuitable
deformation of the inversion (Bromwich) contour
inside the physical sheet. The deformed contour wraps
around the poles of the Laplace transform (7) and its
branch cuts. The contribution of the poles can be com-
puted with the theory of residues. Poles on adjacent
sheets are not wrapped around and, hence, do not con-
tribute to the asymptotic behavior of the perturbed
guantities. Such poles are sometimes associated with
the so called quasi-modes [15, 16, 33], but the fact that
they do not contribute to the asymptotic behavior of the
perturbation is not well elucidated in the existing liter-
ature. Appendix B provides more details about this
issue.

For the sake of clarity, we assume that the cubic root
in Eq. (21) hasareal positive valueif wg >0 and areal

negativevalueif wg < 0. The condition arg[p + iwg(ry)] O
(-, ) then selectsn = 0, +1, +2 for wg >0andn=0,
—1, -2 for wg <O0.

Thefirst root, p,, ispurely real. The second root, p.,

(i.e, p,, for wg >0andp_, for wg <0), hasapositive
real part, Rep,, > 0. The third root has a negative real
part, Rep,, 1 < 0. In terms of the frequency w=ip, the
second and third roots form acomplex conjugate pair of
eigenfreguencies.

Thefunction $(p + iwe(r,)) hasareal negative value
a p=p,andp=p,,, whileitispositiveat p=p,,. This
simply means that the number of roots on the “physi-
cal” sheet depends on the sign of (3. If B > 0, Eqg. (20)
has two roots: p, and p,,. If B < 0, only the roots p,,
belong to the “physical” sheet. Observing that only p.,
has a positive imaginary part, we conclude that an
exponential instability existsif 3 <0, or

[we(ro) —Awg] [we(rg) —we(a)] > 0. (22)
The growth rate is given by

1/2_2/3 _4/3
37 a

y = [ we(ro) —we(a)]
923 2|wE|JJ3 EVTO E 23)

x [we(ro) —Awe]

If inequality (22) breaks, the algebraic SR instability
saturatesat t > T.

The destabilizing effect of the central conductor is
confirmed by the simulations relevant to the density
profile shown in Fig. 3. If the central conductor is
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Fig. 14. Frequency spectrum for the density profile shown
in Fig. 13, Q = 0, and different values of a: 0.2, 0.1, 0.05,
0.025, and 0.001 (the closest to the Re w axis). The solutions
are indicated by dots. The continuum spectrum lies on the
Rewaxisfrom 0to we(ry). For agiven a, there aretwo com-

plex conjugate discrete frequencies. Asa — 0, they con-
vergeto we(ry) at the upper end of the continuum spectrum.

Stable solutions (Imw < 0) do not belong to the “physical”
sheet of the Riemann surface.

absent, this case exhibits an algebraic SR instability, as
isshown in Fig. 4. We have repeated the simulation for
the same density profile with an inner conductor of
radius a = 0.05 and electric charge per unit length Q =

2 5Mo (X)xdx, which exactly compensates the charge of
the removed particles, so that the radial profile of wg is

(peig
0.010

(a)

0.005

—0.005

~0.010 : : : : !
0 02 04 06
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not changed outside the inner conductor. Figure 12
clearly shows that the perturbed potential evolvesin a
qualitatively different fashion than that in Fig. 4.

For afurther comparison, we have used the general-
ized parabolic profile shown in Fig. 13. This profile
provides a more realistic approximation of the experi-
mental conditions, because the plasmadensity vanishes
close to the central conductor. The growth rates were
estimated numerically by solving the eigenvalue equa-
tion by the finite difference method. The agreement
between the theoretical and numerical y valuesis typi-
cally within 10% for sufficiently low values of theinner
conductor radius (a < 0.05) and a spatial grid of
800 points in the interval r O [a, R]. The agreement
improves by increasing the number of grid points.

The frequency spectrum computed numerically is
drawn in Fig. 14 for a set of a values. The number of
solutions with Imw = 0 increases with the number of
radial grid points, indicating that these solutions corre-
spond to the continuous spectrum. The range of Rew
corresponds (asit must for the case| = 1) to theinterval
of values of we(r).

Theseresults, in particular the existence of an unsta-
ble solution, are also confirmed by the numerical solu-
tion of the linearized drift Poisson system. In the
numerical code, we(r) and ny(r) are assigned asinputs.
The solution is then found on agrid that isradially uni-
form between a and R. At every time step, the radial
Helmholtz equation for the | = 1 harmonic of the per-
turbed potential is solved with the boundary conditions
@, =0forr=aandr =R

The eigenfunction relevant to the unstable mode for
the | = 1 perturbation of the density profile shown in
Fig. 13 is plotted in Fig. 15. Note in particular that this
extends over the whole interval r O [a, R]. On the con-
trary, neutrally stable eigenmodes (which exig, e.g., inthe
case of amultistep dengity profile treated in Section 3.3)

(b)

0.20

0.15

0.10

0.05

—0.05 ! ! ! ! |
0

Fig. 15. Eigenfunction q.;,(r) (in arbitrary units) for the discrete unstable mode for the generalized parabolic density profile shown
inFig. 13, Q=0, and a=0.1: (a) real part and (b) imaginary part. The stable mode with the complex conjugate eigenfrequency w*
has the complex conjugate eigenfunction ¢ g(r) . The stable mode does not belong to the physical sheet of the Riemann surface.
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are localized inside the resonant radius, as is deduced
from Eqg. (12). An eigenfunction of the continuum spec-
trum is discontinuous at its resonant radius, where w =
we(r) [33]. It is interesting to compare these results
with those obtained for a step density profile. In this
case, we can compute the discrete spectrum analyti-
cally (see, e.g., [8-10]). In particular, for a step density
profile located betweenr = 0.4 and 0.6 (n, = 1) and the
inner conductor at a = 0.1, the discrete spectrum for
Q = 0 has two neutrally stable modes, w, = 0.10 and
w, = 0.26. The first exponentially unstable solution
appears for Q = 0.0176, and this becomes more and
more unstable (i.e, its growth rate increases) as Q
increases.

5. CONCLUSIONS

We have shown that for an infinitely long charged
plasma column with radial density gaps, agebraic
instabilities growing with time proportionally to t! - 1/m,
m = 3 being the order of a stationary point in the rota-
tion frequency profile, and even proportionally to t can
be found. All these instabilities grow faster than what is
called the SR instability, already known in the litera-
ture.

We have then observed that smoothing the density
jumps in a single-bounded plasma converts algebra-
ically growing perturbations into exponentially decay-
ing modes at late times, and we have computed the
damping rate of these modes.

We have also shown that the presence of an addi-
tiona inner conductor (even very thin and uncharged)
can transform the algebraic SR instability into an expo-
nential one at late times (while the algebraic character
of the instability persistsin the initial time evolution).
In particular, we have obtained a criterion for the expo-
nential instability to occur and we have computed the
growth rate analytically in alimiting case. These results
have been confirmed by the numerical solution of the
linearized drift Poisson equations (1).

Finally, we note that the analytic theory developed
here successfully handles the problem of the presence
of an inflection point in a stratified flow. This allowed
us to trace the above-mentioned mode transformations.
Explicit results related to this particular problem are
very rare, if any, in the literature. Qualitative predic-
tions of a dlow instability near the inflection point can
be found in the review paper by Timofeev [14]. Our
results confirm the predictions of that work.

APPENDIX A
SMITH-ROSENBLUTH INSTABILITY

Here, we explicitly perform the integration in
Eq. (8a) toinvert the Laplacetransform (7a). The result
will be the same as that described by Eq. (11), derived
by another method in Section 3.2. The method pre-
sented here will be used, with small amendments, in
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Appendix B to study the asymptotic time evolution of
linear perturbations in a cylindrical Penning trap with
an inner conductor. The notion of the physical sheet of
the Riemann surface used in Section 4 to derive the sta-
bility criterion is also introduced here.

Our goal isto calculate integral (8a)

+io+ 0

_ dp
(pl(r1 t) - - 2.,."
—lco+0
where o is apositive real number and @,(r) isthe usual
Laplace transform defined by

[

@p(r) = J’ @ (r, t)e .

@(r)e”, (A.1)

(A2)

We will refer to the integration path in Eq. (A.1) asthe
Bromwich, or the inversion, contour. The solution for

@,(r) can be obtained from Eq. (7a) with h(p) =0:
h(x)dx

p+iwg(x)]”

The integration contour in Eq. (A.3) will be referred to
asther-contour to distinguish it from theinversion con-
tour in the complex p-plane. Theinitial, or undeformed,
r-contour belongs to the Re x axis, x O [r, R] (see
Fig. 16).

To be definite, we consider an we(r) profile such that
we () isnegative in astationary point r, where wg = 0.
The final result will be written in aform valid for any
sign of wg (r,). Reversing the sign of wx can be accom-

plished by reflecting al the figures in this appendix
around the horizontal (real) axis.

The Laplace transform (A.3) isan analytic function
of pintheright half of the p-plane. This statement fol-
lows from the discussion of Eq. (9) in the beginning of
Section 3.2, whereit is emphasized that any initial per-
turbation cannot grow faster than t. Namely, recall that
a singularity in the p-plane in a point with Rep > 0
would mean an exponential instability.

It is worth emphasizing that the Laplace transform
(A.3) is a multivalued function of p. To prove this, we
consider a path in the p-plane for which p passes
through the imaginary axis Imp (see Fig. 17a). The
dashed linein Fig. 17a denctes the branch cut, whichis
the projection p(x) = —iwe(X) of the r-contour of inte-
gration, x O [r, R], in Eq. (A.3) onto the p-plane. The
integrand function in Eq. (A.3) becomes singular as p
tends to the branch cut. Consider now a path in the
p-plane starting somewherein the right half-plane. The
starting point can be thought of as belonging to the
inversion contour. If the path meets the branch cut, as
path 1 in Fig. 17a does, the branch cut should wrap
around the final point of the path in order to avoid any
singularity in the integrand. Consequently, the r-con-

@p(r) = rlp+ iwE(f)]{Xg,[ (A3)
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Fig. 16. A sketch of the drift frequency profile wg(X) with an
inflection point and the r-contours of integration in the com-
plex x-plane in Eq. (A.3). If the inflection point r, occurs
inside the interval of integration, then wg(X) is a nonmono-
tonic function of x on the interval [plot (a)]. The origina
r-contour goes along the Rex axis [plots (b)-(d), dashed
lines]. The contour encompasses the image x;, of the Laplace
variable p defined by p = —iwg(X,) as X, approaches the r-
contour [plat (b)]. Two images exist if We(r) < We(Xy) <
we(rg) close to the Rex axis, because wg(X) assumes two
times any value between we(r) and we(rg) aong the r-con-
tour on the Rex axis [plot (c)]. The transformed r-contour
suitable to uncover the asymptotic behavior of the inverse
Laplace transform crosses the Rex axisin the inflection point
roaanangleof +45°inthecase wg <0[plot (d)]. Reversing
the sign of the frequency, wg — —w, reflects the trans-
formed contour vertically around the Rex axis (not shown).

tour should wrap around the pole x = X, in the x-plane,
where p = —iwg(X,), asisshown in Fig. 16b. We denote
the value assumed by the Laplace transform in the final

point of the pathin theleft half of the p-plane as (pél) .

If one arrives at the same final point, encompassing the
branch cut along, e.g., path O, then the Laplace trans-

form assumes a different value (pé,o) (r). Thetwo values
differ by the residue at the pole x = X, the residue is

namely just integral (A3) along a small contour that
detours the pole.

Moving along path 2 in the p-plane, which meetsthe
branch cut between the points p = —iwe(r) and p =
—iwe(ry), we obtain, generally speaking, a third value

(péz) (r), because the r-contour wraps around two pro-
jections x, of the point p onto the complex x-plane,
because we(X) assumes two times any value between
we(r) and we(r,) along the unperturbed r-contour (see
Fig. 16¢).

It is readily seen that the function described by
Eq. (A.3) isamultivalued function in the right half of
the p-planeaswell. Thisfollowsfrom thefact that paths
0 and 1 (or 2) combine in a close contour any point of
which can be treated as starting/final point in the above
treatment. It is clear that the points —iwe(R), —iwg(r),
and —iwe(r,) inthe complex p-plane play aspecial role.
We will refer to them as branching points.

Any additional turn around any branching point
adds one or more residue values. Hence, the branches

@, (r) of the Laplace transform are related to the funda-

mental branch cp§°) (r) by the equation

eu(r) = 0(r)
h(x) }

+ r[ p+ I(A)E(r)] z nsr%p,s[m—z
- E

(a) (b)
@ @
I ®) —iWE(R)
i) J : C) i)
o3 2 O
Al (D—in(ro)

—i0E(ro) T

Fig. 17. Contour of integration in the complex p-plane: (a) initial contour and (b) transformed contour. The branch cut (dotted line)
goes along the projection p(x) = —iwg(X) of the integration contour in the x-plane shown in Fig. 16.
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where n, is an integer and the summation goes over all
poles. The number of branchesis generally infinite. An
important exception of the last statement is represented
by a multistep density profile. In that case, al the resi-
dues in the above equation are equal to zero and the
Laplacetransformisasingle-valued function of p. Note
that any numerical ssimulations are, in fact, performed
for amultistep density profile.

To proceed further, we need to fix the branch of the
Laplace transform (A.3) to be substituted into the
inverse Laplace transform (A.1). The desired branch is
fixed by the condition that the integration contour in
Eq. (A.3) goes exactly along the Rex axis for any p
suchthat Rep> 0. Thisisin fact ageneral feature of the
solution to an initial-value problem with the use of the
Laplace transform. Indeed, the integra in Eqg. (A.2)
must, at least, converge, which requires the real part of
p to be positive and sufficiently large. Thisalso explains
why the inversion contour must go to theright of al the
integrand’s singular and branch pointsin Eq. (A.1).

The inversion contour in the p-plane is shown in
Fig. 17aasasolid line parald to theImp axis. Shifting it
to the left asfar as possible, it is a standard matter to find
out the asymptotic behavior of Eq. (A.1) at t — co.
Namely, the parts of the inversion contour that remain
the farthest right yield the most significant contribution
totheintegral in Eq. (A.1), because the integrand func-
tion contains the factor e™. Being shifted, the inversion
contour wraps around the branch cuts and, possibly,
around other singularities of the Laplace transform in
the left half of p-plane.

To characterize the asymptotic behavior, the branch
cut should also be shifted to the left as far as possible.
Shifting the branch cut requires the r-contour in the
x-plane to be deformed asis shownin Fig. 16. The end
points of the branch cut, p = —iwg(r) and p = —iwe(R),
cannot be moved away from the Im p axis because they
correspond to the actual point r and the boundary con-
ditions imposed on the outer conducting cylinder,
respectively. An additional point, p = —iwe(r,), which
also cannot be moved, corresponds to the stationary
point r, inthe x-plane, where wg = 0. Shifting the point
from the Rex axisin any direction would even increase
Rep(x). Thus, the farthest left parts of the inversion
contour in the p-plane wrap around these branch points.
Other points that have to be wrapped around are the
poles of the Laplace transform @,(r). However, as is
explained above, no such poles exist to the left of the
Imp axis.

In thefollowing, we restrict ourselvesto the contribu-
tion of the stationary point r,. Expanding wg(X) in the
denominator of Eq. (A.3) over asmall distances=x—r,,
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we obtain from Eq. (A.1)

@y(r,t) = r[h(ro)/r

(A4)

0

n 2

J’ ds[p +iwg(rg) +iwes /2]

r=rog

where, again, Br denotes the inversion contour and wg
standsfor wg (r,). Sincewe areinterested in the asymp-

totic behavior at long times (so that |cg [(r —ry)’t > 1),
it is possible to substitute the lower limit r — r,, of the

inner integral in Eqg. (A.4) with +c or —co, depending
onthesignof r —r,. Thisyields
u(r,1) = r[h(ro)/rel H(ro—r)
d (A.5)
e [p+iec(n] F(p+iwc(ro)),
Br
where
- d
$(0) = j —= (A.6)
[0 +iwes/2]

The function $(o) has two branches corresponding to

two poles s, = *,2io/wg of the integrand in
Eg. (A.6) in the complex s-plane. To be definite, we
assumethat s, isinitially placed above and s, below the
r-contour in the x-plane (see Fig. 16). The standard the-
ory of residues establishesthat integral (A.6) isequal to
the residue at s; with the positive sign or to the residue
at s, with the negative sign, which, in fact, yields the
same result:

21 21
= + =
7@ [w]’s)  [wi]’s

The first form of the $ corresponds to shifting the
r-contour upwards. This then wraps around the s, pole,
making a small contour that detours the pole counter-
clockwise. The second form corresponds to shifting the
r-contour downwards; it yields a small contour that
detours the s, pole clockwise and, hence, gives the
minus sign in the second line of Eq. (A.7).

Let us imagine that 0 makes one turn around the
o = 0 point in the complex o-plane; i.e., arg o increases
by 21 Then, the s, pole (with the small contour
attached) moves to the lower half of the s-plane and
takesthe place of the s, pole, whilethe s, pole takesthe
place of s, in the upper half-plane. Note that this oper-

(A.7)
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ation makes the detour direction opposite to the previ-
ous case: the wrapped contour now detours the upper
pole clockwise and the lower pole counterclockwise.
Consequently, the value of $(0) reversesits sign. The
function $(0) is single-valued on the Riemann surface
produced from two o-planes, which are linked together
in such away that argo spans over an interval of 41t

An aternative treatment requires a branch cut to be
drawn from ¢ = 0 to complex infinity and introduces
two branches of $(o) corresponding to two leaves of
the Riemann surface. The second branch of $(o) differs
from Eq. (A.7) by the sign. The branch cut prohibits
arg 0 to be changed by 21t or more. The argument of
experiences a jump of 21t when o crosses the branch
cut. As the jump reverses the sign of $(0), the two
branches + % (o) must be linked on the opposite parts of
the branch cut to emulate a continuous behavior of
$(0o) on the Riemann surface.

The explicit choice of the branch cut geometry is a
matter of convenience. Usually, it is convenient that the
branch cut goesto theleft in the shortest way, i.e., along
the Rex axis. Figures 18 and 19 show the s-plane
(which is in fact a small neighborhood of the x = r,
point in the x-plane) and the o-plane (i.e., a smal
neighborhood of the p = —iwg(r,) point in the p-plane)
with a branch cut and integration contour for the case

we <0.The position of thepoless, , for areal and pos-
itiveo isasoindicated in Fig. 16d.

Asisshownin Fig. 19, the branch cut initially goes
up along the Imo axis. A transformation of the r-con-
tour brings the branch cut to the desired position along
theleft half of the Rex axis. Such a choice of the branch
cut meansthat argo O (Tt 1. This condition selectsthe
“physical” sheet of the Riemann surface.

The transformed inversion contour goes along the
two parts of the branch cut without crossing it. There-
fore, one does not need to worry about how to link the
two branches of the Laplace transform. The target
branch (A.7) isfixed by the condition that the poles, is
placed above the transformed r-contour provided that o
belongs to the physical sheet; i.e.,

12
S =i 20 exp%—igsgn[oog] +i}argOH (A.8)
n D 4 2 D
E
Hence,
Tiexp{ —itsgn /
$(0) = = o S,j[;jﬁ“} (A.9)
Inserting Eq. (A.9) into Eq. (A.5) yields
ou(r, 1) = S0 g TG 5 1)

A/|2wE|r0
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Fig. 18. Contour of integration in the complex s-plane (s=
X —Tp). The original contour goes aong the Res axis. The
transformed contour (dashed line) is shown for the case
wg < 0 and moves at 45°. The contour wraps around the

pole s, or s, if it shifts upward or downward, respectively.

The arrows indicate the detour direction of the wrapped
contours. Making one turn in the o-plane exchanges s; with

S, which reverses the detour direction and, hence, the sign
of the Laplace transform (A.5).
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Fig. 19. Original (dotted line) and transformed (dashed line)
branch cut in the o-plane (0 =p + iwg(rg)) for the case

wg <0.Theinversion contour (solid line) wraps around the

transformed branch cut and poles of the Laplace transform
in Eq. (B.2). The poles o, and o_, exist if 3 > 0 and the
poleo_; existsif B <O0.

where

dp ptD p+iwg(r) O

A.l1
2”' Op+ioe(ro)]” (A0

Rearranging the integrand function in Eq. (A.11) and
integrating by partsyields

dp pd[w(n) - wE(ron
2”' Ol p +iwe(ro)]

O
[p+ qu(ro)l H

dp ptD '[wE(r) (*)E(ro)] 1 D.
Br2m O [p+iw(ro]™ [p"'i(*)E(ro)]ﬂ
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It is possible to neglect the second term in the brackets
because we are interested in the behavior at t —» co.
Writing explicit limits for the inversion contour, we
readily recognize that the remaining integral can be
expressed through the Euler’s ™ function as

—iwg(ro)t

® = —[wE(r) we(ro)]te

0 —o0
O, dpe™ dpe”™ O
X[ +
S I s

i 0g(ro)t

= —[coE(r) we(ro)lte = 2ir(U2)t™3 .

Inserting thisresult into Eq. (A.10) yields Eq. (11).

APPENDIX B

EXPONENTIAL SMITH-ROSENBLUTH
INSTABILITY

Here, we invert the Laplace transform (8a) for the
case treated in Section 4. Inserting Eg. (19) into
Eqg. (7a) and following the method of Appendix A,
Eqg. (8a) can be cast into the form

Tirh(r —iTtsgn| ] /4
Qy(r,t) = ———(—‘iH( ro-ne e By
A/|2wE|ro
where
dp pt p+in(r)
8,2”' [p+iwe(ro)] ™ +
. (B.2)
) e TN
q= 2
|2(oE| Bro

and the inversion contour Br wraps around the branch
cut p + iwe(ry) O (o0, O] and the poles of the integrand
function. Making the substitution p = o + iwe(r,) and
neglecting o in the numerator of the integrand function
in Eq. (B.2), we obtain

ot

it o e
= i[we(r) —we(ro)l e J’Z_ﬂioe’/z
Br

. (B.3)
+q

To find the poles of Eq. (B.3), we introduce the notation
o, = iY,€2™"3, where nis an integer, and

2
Tt

2.6 n

Yo = 3= %
ZBrooE

Asisshown in Section 4, there aretwo poles o, and 0.,
if B> 0and asingle pole g, if B <0. Here, thesignin
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the subscript correspondsto the sign of wg . The contri-
bution of any of the poles g, is given by

2i
®, = 3ly 0|ﬂ2[wE(r) we(ro)]

x exp{ —iwg(ro)t + ot +itmn/3 —imsgn[ w:]/4 .

An exponentially growing term &, appearsif 3 <O0.

The contribution ®_, of the inversion contour
wrapped around the branch cut ¢ O (—, 0] can be eval-
uated asfollows. For small times, t < T, one can neglect
g inthe denominator of Egs. (B.2) and (B.3). Thisleads
to Eq. (A.11), treated in Appendix A; as a result, we
obtain

|coE(r0)t

Py = 2L [w0e(r) ~welr] ™ (B.4)

T
For larger times, t > T, we can expand the integrand
function in Eq. (B.3) in the small ratio 0*?/q:

—iwg(ro)t

Dy = i[we(r) —we(ro)e

do €° o¥? (B.5)
I 21 q [ }
Integrating the first term in brackets over a closed

inversion contour yields zero. The remaining term
decays ast—7?,

—5/2 —iwg(ro)t

= 3 () —wu(ry)lt . (B.6)

q:’Cut 4/\/_’—_[ 2

In conclusion, we note that ., ~ ®,att~T.

cut
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Abstract—A study is made of the interaction of the electron component of alow-density plasma with a mac-
roscopically inhomogeneous, mirror-refl ecting surface in mutually orthogonal electric and magnetic fields. The
collisionless kinetic equation is solved anaytically in the (2R + 3V)-dimensional space. A nontrivial structure
of the nascent near-wall currentsisrevealed, and their two-dimensional distribution isanalyzed in detail. From
the standpoint of practical applications, attention isfocused on the near-wall conductivity in astationary plasma
thruster. The results obtained agree with the available experimental data. Moreover, the investigations described
here provide a basis for the study of the possibility of tailoring the insulator in the channel for the purpose of
suppressing anomalous erosion and ensuring the required operating period of plasma thrusters. © 2002 MAIK

“Nauka/Interperiodica” .

1. INTRODUCTION

This paper is aimed at investigating the interaction
of the electron component of alow-density plasmawith
amacroscopically inhomogeneous surface in mutually
orthogonal electric and magnetic fields (Fig. 1). The
Debye sheath at the surface—an intrinsic property of
most plasma devices—is assumed to be sufficiently
thin in comparison with the dimensions of macroinho-
mogeneities. On the other hand, the potential jump
across the Debye sheath ensures a mirror reflection of
the plasma electrons under consideration. Such a for-
mulation of the problem is fairly general. Below, the
problem will be reduced to that of investigating the
near-wall conductivity (NWC) at a macroscopically
inhomogeneous (rippled) insulator surface in a station-
ary plasmathruster (SPT).

The concept of NWC wasfirst introduced by Moro-
zov [1] in the context of developing the theory of phys-
ical processesin an SPT [2, 3]. Later, the NWC effect
was revealed and thoroughly analyzed in the experi-
ments of [4, 5]. The theory of the processes occurring
inan SPT was generalized by Morozov and Savel’ev in
their review [6].

The NWC is one of the most important factors in
ensuring the normal operation of an SPT. In studying
the situation under discussion, attention has been
focused on the origin and structure of the near-wall cur-
rents stemming from the surface macro-inhomogene-
ities [7]. A general approach to investigating the rele-
vant phenomenais described in [3, 6]. Note that, under
certain circumstances, the NWC is particularly affected
by such effects as multiple reflections of the electrons

from the surface and their trapping in the surface
macro-inhomogeneities. However, the results obtained
in the present paper show that even a single reflection
from a mirror-reflecting rippled surface can produce
near-wall currents with a pronounced nontrivial struc-
ture and that this process is dominated by singly
reflected electronsfor awide range of parameters of the
problem.

It should be noted that, in this study, the effects of
the possible screening of the rippled surface from acer-
tain electron group and, accordingly, the appearance of

Fig. 1. Geometry of the problem.
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a shadow region are neglected. These effects require
separate consideration.

The NWC, like neoclassical transport across a mag-
netic field, is associated with a reduction in electron
drifts in crossed E and H fields due to collisions with
heavy particles. The only difference is that, in the case
of NWC, in which electron scatterings in the region
near the wall are unimportant, the reduction in electron
drifts is due to collisions of electrons with the wall,
which thus plays the role of superheavy particles.
Depending on the roughness of the surface, its geome-
try, and the Debye sheath thickness, electron drifts can
be reduced either by diffusive scattering or by mirror
reflections from particular surface sites. Of course, the
NWC differs in origin and magnitude from both the
plasma conductivity acrossthe magnetic field, a®~ 1/H
(which wasintroduced by David Bohm when analyzing
experimental data), and from the classical electron con-
ductivity, o5 ~ 1/H2.

The investigations described here are based on the
analytic solution of the collisionless kinetic equation
for plasma electrons in (2R + 3V)-dimensiona space.
The solution obtained describes, in particular, theNWC
associated with amirror reflection of the electronsfrom
surface macroinhomogeneities and applies to the case
in which the Debye sheath thickness is much smaller
than both the characteristic inhomogeneity scale length
and the thickness of the layer in which the near-wall
current flows.

Macroinhomogeneities in insulator surfaces may
result from anomal ous erosion during long-term opera-
tion of the existing SPTs. However, the insulator can
also betailored artificially in order to ensure the desired
level of the NWC in next-generation plasma thrusters
and to provide the required operating period. Regard-
less of the properties of theinsulator material, such arti-
ficia tailoring will make it possible to radically lower
the rate of anomaous wall erosion, which limits the
operating period of the thruster. The results obtained
raise the hope of overcoming the problem. At present,
SPTs are being successfully developed and are more
advanced in comparison with, eg., coaxial plasma
accelerators [8-10]. Over the past few decades, SPTs
have been used to correct for satellite orbits, and, in the
near future, they are planned to be used as the mid-
flight engines for possible long-duration space flights.

2. FORMULATION OF THE PROBLEM

We specify a mirror-reflecting rippled surface in
such away that its projection onto, e.g., the (y, 2) plane
is a sinusoid Y;(2) = Asin(k,2), where the quantity k;
determines the ripple period of the surface, A, = 217k,
and A istheripple amplitude. Figure 1 showsthe geom-
etry of the problem in the (X, y, 2) coordinates. The
model to be constructed possesses plane symmetry
rather than axial symmetry, asis the case with existing
SPTs. However, this circumstance is not of fundamen-
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tal importance for the effects under investigation. Let
the plasma occupy the region in the form of a strip
Y,(2) <y < h, and let the mutually orthogonal electric
and magnetic fields be directed in such away that E =
(E,0,0) and H = (0, H, 0), where E and H are assumed
to be constants.

A specific electromagnetic field strength can be cho-
sen to fit the available experimental data, according to
which the magnetic field strength is about H = 100-
300 Oe and the length of the discharge gap isabout L =
2-3 cm. In this case, the electron and ion gyroradii, R,
and R, satisfy theinequalitiesR, < L < R. The poten-
tial difference across the discharge gap is about U, =
250 V. Since the plasma configuration in the channel of
an SPT is on the whole stable, the distribution of the
electric field, which is directed along the system axis
(the x-axis in Fig. 1), is also stable. According to the
general pattern of the processes occurring in an SPT,
the magnetized electrons in crossed (E, H) fields move
in spiralsaround the magnetic field lines. On thewhole,
the electron cloud drifts in the azimuthal direction
(along the z-axis in Fig. 1) with the velocity V4 =
cE x H/H?. The electron plasma component is trans-
parent to theions, whose gyroradii are much larger than
the length L of the discharge gap. For the plasmato be
quasineutral, the characteristic particle density should
be equal in order of magnitudeton=10'' cm™.

In the kinetic model developed here, the most
important point is that, according to the experimental
data, the self-consistent field is negligible.

The plasma density is assumed to be sufficiently
low, so that the electron dynamics is described by the
following collisionless kinetic equation for the electron
distribution function (EDF) f(t, R, V):

of of of

oV E—+ == =0

F
a VR M : @

where

_ 1 0o _ Vz Vx ]
= —eBE+EV><HD = —e%——C—H,O,—C—HD.

The characteristics of the linear equation (1) satisfy
the equations

dx _ dVv, _ eF

g - Ve G T Tm Ve

dy _ dv, _ _ eH

-V @ % 9T e @
dz _ de -
a = VZ, at = —(A)VX.

Integration of Egs. (2) yields the following relation-
ships describing the electron trgjectories:

V, = V,qcoswt + (V,,—Vy)sinwt,
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Vo . V,,—V
= Xo+ 2sinwt + —2—2(1 - coswt),
w w

X =
V, =V,
oy 3)
Y = Yot Ve,
V, = V coswt -V, sinwt + V4(1 — coswt),

Vy . V, Vy .

z=z7,+ —2snwt — =2(1 - coswt) + V4t — —2sinwt,
W W W

where V, = cE/H isthe electron drift velocity in crossed

electric and magnetic fields.

In the case at hand, the trgjectories of both the inci-
dent and reflected electrons are trochoids. Along the
trajectories, which are characteristics of Eq. (1), the
EDF is constant. Now, we take into account the above
formulas in order to determine the EDF and generated
electron current.

3. SOLUTION OF THE KINETIC EQUATION

The solution of the general kinetic equation (1) is
based on the method of characteristics and the corre-
sponding boundary condition for the EDF at the mirror-
reflecting surface.

In order to determine the EDF over the entire region
under consideration, it is necessary, first of all, to spec-
ify the distribution function of the electrons entering
thisregion at the boundary y = h. It is natural to assume
that the distribution function of the incident electrons,
f-=f(y=h, V, <0), is known. One of the integrals of
Eqg. (1) isaMaxwellian distribution function shifted by
the magnitude of the drift velocity V, dong the V,-axis
in velocity space (Fig. 1). This Maxwellian function
can be taken as the distribution function f - required for
our problem:

= Cexp{-B[Vs+Vs+(V,=Vo)l}, @

m

3/2
_admn
>T and C=n

LomTd

where (3 = is a hormalizing

constant.

Sincefunction (4) isanintegral of Eq. (1), itisinde-
pendent of the spatial coordinates everywhere, in par-
ticular, at the mirror-reflecting surfacey = Y, (2). Conse-
quently, electrons with the velocities V, < 0, which are
incident on the surface, do not contribute to the sought-

for near-wall current density j,=—eff[V,.fdV (e>0)

because the distribution function is even in V,.. We can
thus concludethat, in asense, the current j, and, accord-
ingly, the NWC stem exclusively from the effect of the
mirror-reflecting surface. The possible deviation of the
EDF at y= h from a Maxwellian function has essen-
tially no impact on the method devel oped here and may
be the subject of ongoing investigations.

KOZLOV

Taking into account the fact that the distribution
function (4) is time-independent, we restrict ourselves
to considering a steady-state problem, in which casethe
time dependence can be eliminated with the help of one
of the relationships (3).

The boundary condition at the mirror-reflecting sur-
face y = Y,(2) can be imposed in accordance with the
standard assumption familiar in the theory of kinetic
equations [11-14]: the distribution functions of the
incident and reflected electrons with opposite signs of
the normal velocity component V,, are the same.

As aresult, the boundary condition that relates the
distribution functions of the incident (f-) and reflected
(f*) electrons at the surface y = Y,(2) can be written as

f_(Vx1 an Vr) = f+(Vx’ _an Vr)- (5)

The electrons moving along complicated trajecto-
ries can undergo multiple reflections from a macro-
scopically inhomogeneous (in the case at hand, rippled)
mirror-reflecting surface. However, in our analysis, we
use the single-reflection approximation [15] (its appli-
cability range will be discussed in the next section).

In velocity space, we switch from the components
(Vy Vy, V,) to the components (Vy, V,, V;) using the fol -
lowing relationships, which are valid at the mirror-
reflecting surfacey =Y, (2):

Vo = 2V, -Yi@Va), Vo = 2V, 4 Vi(2)V,),6)

wherea= 1+ (Y,(2))" and Y, (2) = dY,/dz.

Recall that, according to the geometry of the prob-
lem, the drift velocity isequal to V4 = Vyi, whereiisa
unit vector along the z-axis. In this case, using thetrans-
formations inverse to transformations (6), we can rep-
resent the distribution function (4) of the incident elec-
tronsin the form

_ 0 '
f = Cexp[f—%[azvf+(aVn+VdY1(z))2
0a

O
+(aV, -Vl 0

From the mirror reflection condition (5) and trans-
formations (6) in velocity space (Vy, Vy, V,), we obtain
the distribution function near the mirror-reflecting sur-
face after asingle reflection:

f1= Cexp{-BV; +V; + (V,—V,)’]} exp(:B By), -

where

) AV e
V,= VS, 5= 51 B = —;E(Yl(Z)) :

PLASMA PHYSICS REPORTS Vol. 28 No. 2 2002



MODEL OF THE NEAR-WALL CONDUCTIVITY IN THE VICINITY

We can see that the distribution function of the
reflected electrons depends on V, rather than on the
drift velocity V,. Since the distribution function (7) is
no longer an integral of Eq. (1), its shape and values
will change with increasing distance from the mirror-
reflecting surface, thereby determining the structure of
the generated electron current.

Egorov et al. [5] suggested that the interaction of
electrons with an inhomogeneous surface may change
the electron drift velocity. Thisis clearly illustrated by
formula (7).

Thetime dependence can be eliminated using one of
the relationships (3), namely, y =y, + Viot, where y, =
Y,(2) at t = 0. Thisrelationship gives

_y=Yi(2)

t = .
Vy

®)

We assume that, in relationships (3), V,, Vi, and
V, are the components of the velocities of the electrons
that start ssimultaneously from any point in the mirror-
reflecting surface at the timet = 0. Aty =Y,(2); we
replace V,, V,, and V, in formula (7) by V,y, Vi, and
V,, respectively. According to relationships (3), the
inversetransformation of theform V, O V,, leadsto the
relationships

V.o = V,coswt —(V,—Vy)sinwt,
Vyo =V, 9)
V,, = V,coswt + V, sinwt + V4(1 — coswt).

In expression (7), we replace V,, V,, and V, by Vi,
Vyo, and V,,, respectively, and substitute relationships
(8) and (9) into the resulting expression. Asaresult, we
arrive at the distribution function of the reflected elec-
trons for arbitrary values of y and z

fi = CexpEB{[V, + (V4—V,)sin6]’
V2 +[V,+ (Vg—V;)cos8 -Vl * + B,

y—-Yi.(2)
v,

(10)

where 0 =
y

L et us solvefor the x-component of the electron cur-
0
—e v,fdv -
N

eJ’ I J’VXfIdV . For V, <0, the function f~ does not
V,=0

rent  density,

jx =

contribute to the current density j,, becauseitisevenin
V,. Thus, weonly need to substitutethefunction f; (10).
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Then, we perform integration to obtain

149.2) = env G221 -8)exp(-B,), (1)

_ 1 _£2)ginX _ VY
where G(X) = A/1__[‘[:exp( E)smEdE, R, = o and

2T
VT: E .

4. APPLICABILITY RANGE
OF THE SINGLE-REFLECTION
APPROXIMATION

We introduce the mirror-reflection operator F in
such away that it transforms the distribution function
of the incident electrons to the distribution function of
the reflected electrons in accordance with the above-
described procedure. The single-reflection approxima-

tion (Ff-= f,) implies that al of the reflected elec-
trons (whose density is n;) pass through the boundary
y=hand move off toinfinity. Using expression (10), we
can easily find that the density of these electrons is

+ 1
equal to n, :-Uﬁyzo fodv = énexp(—BB]). However,

inreality, only part of the electrons moves off to infinity
after one reflection, while another (smaller) part returns
to the rippled surface. Denoting the distribution func-

from

tions of these two electron groups by f, ., and f; 7,

respectively, we can write Ff-=1f, ,, + 1%
According to relationship (8), the operation of

changing the sign of V, transforms the distribution

from

function f; o1 of singly reflected electrons that move
away from the mirror-reflecting surface to the distribu-

tion function of singly reflected electrons that reverse
the direction of their motion and return to the surface:

fY% O fi'er. Applying the mirror-reflection opera-
tion again, we can see that part of the doubly reflected
electrons moves off to infinity. Denoting the distribu-
tion function of these electrons by f, .,, we can write

from

IA:ff,nm =f, o + 5 cr. INn the next approximation, it is
natural to assume that f;“’cmT =0, in which case we have
f, o = F(Ff-—f, ), where Ff, , = f, ,,, and, accord-
ingly, f, o+, o = F 2f-. Applying the mirror-reflection
operation again, we obtain F2f~ = Cexp{-B[V> +
Vy +(V,— V52— BBy(1 + 8 }, where V, = Vy&. Then,
we can readily estimate the density of the doubly
reflected electrons that move off to infinity: n; =

[[fe,-o(Fre + oV = %nexp(—BBl(l + &). At
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the points on the rippled surface at which Y; =0, the

densities of the reflected electrons are nearly the same
regardless of the approximation used, n; = ny = n/2, by

virtue of the relationship B, ~ (Y;)2. Accordingly, the
density of the doubly reflected electrons that move off
to infinity, n,, is negligible. At other points on the rip-

pled surface, specificaly, those at which Y; # 0, the

density of such electrons in the approximation at hand
should also be much lower than the density of the singly

reflected electrons that move off to infinity, n, = n;.
Since N, /N, = |n;—ng|/n = 1 —exp(-PB,d?), inequality
n,/n; < 1impliesthat

BB,& <1 or 4(V/V)’Q(Yi(2) <1, (12)

where Q&) = &(1 - &)Y + &)* and Y;(2) =

ZAL[Acos(kpz) for the rippled surface under consider-

p
ation. Elementary calculations show that Q(&) < 0.06
for arbitrary values of &. Consequently, inequality (12)
holds for a broad range of A and A, values under the
condition

M (13)

Hence, the single-reflection approximation is appli-
cable to mirror-reflecting surfaces that are rippled in a
fairly arbitrary manner, provided that the plasma elec-
tron temperatureis sufficiently high (V1= V). Thiscon-
clusion agrees with the available experimental data,
according to which the electron temperature is about
several tens of electronvolts.

5. MAIN RESULTS

One of the main results obtained in this paper is that
the onset of the near-wall current (in the case at hand,
this is the current j,) stems precisely from the surface
macro-inhomogeneities. From formula(11), which was
derived in the single-reflection approximation, we can
seethat, over the entire region adjacent to the unrippled
(A = 0) surface, the electron current is identically zero
(jx = 0). The second important result is that the near-
wall current possesses a nhontrivial structure. We
should, first of all, note that the analytic solution of the
above kinetic problem in two-dimensional configura-
tion spaceimpliesthat theintegral in G(X) in expression
(12) should be calculated at each point in this space. A
possible structure of the distribution of the current den-
sity j, normalized to enV, is depicted in Fig. 2. Shown
here areisolines of the current density, whose direction
is perpendicular to the plane of the figure and which
was calculated for A/A,=0.3, R /A, =0.3,h/A,=3, and
Vy/V = 0.5. In this case, the gyroradius R, of an elec-

KOZLOV

tron moving in crossed electric and magnetic fields is
equal to the amplitude A of the sinusoidal ripplesin the
mirror-reflecting surface. The upper boundary y = h
corresponds to the condition h > A. Recall that, at this
boundary, the incident electrons are assumed to obey
the initial Maxwellian distribution function (4) with an
argument shifted along the V,-axisin velacity space.

From Fig. 2 and formula (11), we can see that the
obvious requirements for the solution and, accordingly,
for the current density j, are satisfied. The structure of
the current density distribution is symmetric about the
z-axis. At the mirror-reflecting surface y = Y,(2), the
current density is identically zero, j, = 0, and, a suffi-
ciently long distancesfrom the surface, we havej, — 0.

According to Fig. 2, the near-wall current is prima-
rily localized in layers with a thickness on the order of
R., which are separated by layers in which Y; (2 = 0
and the current vanishes. One can also see that, in the
direction of the transverse y-coordinate, the current
density distribution is oscillatory in nature, as is the
case in the experiments of [4]. In the ilands in the
region y = (0.2-0.4)h, the current j, flows in the direc-
tion opposite to that of the current near the mirror-
reflecting surface but is much less in magnitude. This
result also agrees with the available experimental data,
according to which the current density experiences
damped oscillations. The fact that some of the isolines
in Fig. 2 are not smooth is associated with the inaccu-
racies of the numerical algorithm used to calculate the
integral in G(X) in expression (11) at each point in the
(Y, 2) plane.

Varying the parameters of the problem made it pos-
sible to revea a number of regular features in the
behavior of the electron current in the approximation of
single reflection of electrons from a macroscopically
inhomogeneous, mirror-reflecting surface. In particu-
lar, when the amplitude A of the sinusoidal ripplesin
the surfaceissufficiently small (Ak, <1, Vy/Vr< 1), for-
mula (11) gives the following dependence of the maxi-
mum near-wall current on the parameters of the prob-
lem:

- max
Ix  AOATF ol qar2lVd T AT

v, O] el e R B |
Otherwise, for alarge amplitude such that Ak, > 1 and
Vy/Vr < 1, we obtain

(14)

- max
Jx

2 2
LoV } (15)

enV, - eXp[‘nz V.0 OAD

In fact, a comprehensive calculation of the two-
dimensional current density distribution showed that, in
accordance with the above relationships, the current
near the mirror-reflecting surface increases with
increasing the ripple amplitude A of the surface. In this
case, the overall pattern of the two-dimensional current
PLASMA PHYSICS REPORTS  Vol. 28
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Fig. 2. Distribution of the electron current density j,(y, 2) for Vy/V1+ = 0.5.

density distribution does not change qualitatively. As
the electron thermal velocity V; increases, the current
also increases, in which case the current structure
remains essentially the same, provided that V, < V5.

The spatial distribution of the near-wall current
changes markedly at a sufficiently large value of the
ratio Vy/Vy, in particular, at temperatures lower than
those prevailing in experiments. The current structure
shown in Fig. 3 was caculated for Vy/V; = 2, the
remaining parameters being the same as those adopted
above. In accordance with the indicated dependence of
the current on the velocity ratio, the current magnitude
in Fig. 3 is much lower than that in Fig. 2. In addition,
the current in Fig. 3 isdistributed in such away that it
tends to form its own wavelength A¢ in the direction of
the electron drift (along the z-axis). InFig. 2, thiswave-
length is approximately equal to 2 Ac = A,/2, while, in
Fig. 3, itis about Ac = A,/6. A further increase in the
velocity ratio Vy/V; causes the current to decrease and
2002

PLASMA PHYSICS REPORTS Vol. 28 No. 2

belocalized in layerswhere Y; = 0. Such abehavior of
the near-wall current at V; < V, agrees with the avail-
able experimental data. In the experiments of [5], the
NWC was observed to decrease with temperature. For
V; < Vg, the single-reflection approximation can be
used to treat each particular set of parameter values of
the problem (including the set in Fig. 3) only under the
more general applicability condition (12), which can be
satisfied even when inequality (13) failsto hold. If this
more genera condition is violated, the only way to
refine the results obtained in the single-reflection
approximation isto devel op the theory of NWC at mac-
roscopically inhomogeneous surfaces with alowance
for multiple reflections.

In addition to what was said above, notethat varying
the parameters that determine the two-dimensional cur-
rent density distribution made it possible to revea one
more regular feature: the smaller the electron gyrorad-
ius R, the smaller the thickness hyc of the layer of
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Fig. 3. Distribution of the electron current density for Vy/V = 2.

nonzero NWC. This conclusion can be written as
hawe = Re, which agrees with the experimental results
of [4].

Let us estimate the near-wall electron current |
under the operating conditionstypical of existing SPTs,
e.g., for the current density distribution showninFig. 2.
L et the characteristic strengths of the electric and mag-
netic fields be E = 100 V/cm and H = 100 Oe. In such
fields, the electron drift velocity is equal to V4 =
108 cm/sand the electron thermal velocity isV; =2V, =
2 x 108 cm/s, which corresponds to an electron temper-
ature of about T = 10 eV and an electron gyroradius
R. = Vi/w =4 x 1072 cm. For the current density distri-
bution in Fig. 2, the ripple period of the mirror-reflect-
ing surfaceisequal to A, = (10/3)R, = 0.133 cm. For the
characteristic radius R = 3 cm of the insulator surface,
it is easy to find that the number of ripplesis equal to
N = 21R/A, = 140. The electron current per ripple is

calculated from the formula i, = eanTl, where the

dimensionlessintegral i = ix (v, 2dS of the electron
current density (11) over the surface shownin Fig. 2is

approximately equal to i1 = 0.3AM,/2) =8 x 10 In
this case, the total near-wall electron current can be
estimated as | = N i; =0.18 A, which is in reasonable
agreement with the available experimental data[6].

6. CONCLUSIONS

The collisionless kinetic equation for the electron
plasma component near a macroscopically inhomoge-
neous, mirror-reflecting surface in mutually orthogonal
electric and magnetic fields has been solved analyti-
caly in (2R + 3V)-dimensional space. The near-wall
currents associated with the corresponding change in
the drift velocity of the reflected electrons are found to
possess a nontrivia structure, which stems precisely
from the macroinhomogeneities of the mirror-reflect-
ing surface. An analytic model for investigating the
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structure of the generated currents has been developed
on the basis of the single-reflection approximation. A
detailed analysis made it possible to reveal the main
features of the near-wall current density distribution.
The characteristic magnitudes of the near-wall currents
under different conditions are described by formulas
(12), (14), and (15).

Theresults obtained provide a better insight into the
causes of the onset and behavior of near-wall currents,
even though the model developed here (like any other
analytic model) makesit possibleto investigate the sub-
ject primarily at aqualitative level and does not allow a
detailed comparison with the experiment. Neverthel ess,
the above analysis of the NWC near macroscopically
inhomogeneous (rippled) insulator surfaces in SPTs
shows that the results obtained may find practical appli-
cations, primarily because the normal operating condi-
tions of plasma thrusters are ensured precisely by the
near-wall currents.

Another purpose of thiswork isto stimulate further
theoretical and experiment investigations of such an
important phenomenon as NWC, which has been stud-
ied very little up to now.
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Abstract—In empirical tokamak scalings, not all of the standard engineering parameters are independent.
Thus, the larger the tokamak, the higher the required plasma current and input power. Also, by using higher
magnetic fields, it is possible to raise the plasma density. Instead of the plasma density, plasma current, and
input power, it isproposed to use such combinations of engineering parameters whose values are essentialy the
same for different tokamaks. With this approach, the number of free scaling parameters can be reduced from
six to three, thereby improving the reliability of the scaling. © 2002 MAIK “ Nauka/Interperiodica” .

1. There is a certain amount of disagreement
between the global ITER scalings for the energy con-
finement time tg, which were constructed from a com-
mon database created by summarizing experimental
datafrom various machines, and particular experiments
in some tokamaks. The most familiar of these are T-10
experiments on determining the dependence of Tz on
the plasma density n and also JET and DIII-D experi-
ments on determining the dependence of 1z on the
dimensionless parameter 3.

In my opinion, the reason for the disagreement with
these and other experiments lies in the disparity
between the engineering plasma parameters

n,P,B,a,l,A, ey

which are used to construct the dimensional energy
confinement time scaling

e = fn*P*B”a"I“A". 2)
The function f = f(k, 9, ...), which depends on dimen-
sionless parameters, will not be considered here. In
scaling (2), not all of the engineering parameters (1) are
independent. The quantities

J,=nR/B, J,=PlaR), Js=1/a (3)

are essentially the same in different devices and thus
can be regarded as being quasi-invariant with respect to
them. However, quantities (3) may vary widely in apar-
ticular tokamak. More precisely, shots with the same
guasi-invariants can be realized in different tokamaks,
whereasthe parameters B, a, and A are essentially fixed
for agiven machine. Note that quantities (3), aswell as
engineering parameters (1), are dimensional.
Thedisparity of parameters (1) and the possibility of
constructing quasi-invariants (3) suggest that the most
adequate form of global scaling can be the following:

dy d,

e = f,3,°05°B 2" I A%, &)

Not al of the quasi-invariants (3) should enter scaling
(4); their number may be reduced. Thus, it might be
convenient to omit the quasi-invariant J;, which con-
tainsthe plasma density. In this case, the scaling can be
written as
T = flngngngsag“JgsAge. 5)
For brevity, wewill call scalings(4) and (5) subscal-
ings. Different tokamak discharges can bereferred to as
similar discharges with respect to subscaling (4) or (5)
if they have the same quasi-invariants included in this
scaling. Similar discharges conform to subscalings
with a smaller number of unknown parameters (power
indexes). Thus, subscaling (4) contains three unknown
power indexes (d;, d,, dg) and, in subscaling (5), there
are four unknown indexes.

The problem of constructing subscalings with the
help of alarge database, such that it includesthe param-
eters of many shots from various tokamaks, can be for-
mulated in two different ways. First, one may try to
determine all six of the power indexes in subscalings
(4) and (5). However, it should be kept in mind that this
approach somewhat decreases the reliability of deter-
mining the power indexes of the quasi-invariants,
because quasi-invariants differ only dlightly between
usual discharge modes peculiar to tokamaks. Conse-
guently, in order to determine the desired power
indexes reliably, it is necessary to use a database that
contains enough information on “unusual” discharges,
for which the values of quasi-invariants differ mark-
edly.

The second approach is to select a class of similar
shots from the general database and to construct a sub-
scaling based on this class. Although this approach
reduces the number of unknown parameters, it never-
theless yields subscalings that are valid only for aclass
of similar shots with the chosen values of quasi-invari-
ants. In principle, the discrepancy between subscalings
constructed from different classes should not be too
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large, but it depends on how many unusual shotsarein
the selected classes.

With subscalings of the form of (4) or (5), the prob-
lem of modeling future tokamaks (e.g., the ITER
device) by using the datafrom existing machines can be
reformulated as follows. It is necessary to choose the
parameters of the reference shot for a projected device
and to determine the relevant values of quasi-invariants
(3). Then, the problem of modeling reducesto carrying
out experiments with discharges similar to the refer-
ence shot on existing tokamaks with different values of
the parameters B, a, and A (or n, B, a, and A) and con-
structing subscalings of the form of (4) or (5) on the
basis of the experimental data obtained.

2. Asexamples, let us consider subscalings that fol-
low from the known ITER scalings constructed from
the most complete database. First, we express the quan-
titiesn, P, I, and Rin terms of quasi-invariants (3),

n=JB/R P=JaR, |=Ja’, R=aA(®)
and insert theminto scaling (2). Asaresult, we arrive at
subscaling (4) with

d, =¢, d,=¢c, d;=c; +c,,
d, = —c,+2¢c,+c,+ 2¢s, @)
ds = ¢c5, dg =—cC,+C,+Cs.

Analogously, substituting expressions (6) for P, I, and
Rinto scaling (2) yields subscaling (5) with

0. =C, 0, =0C 03 =Cg,
0, = 2C,+C,+ 2Cs, (8)
Os = C5, et Co*Cs.

Let us derive subscalings for the L- and ELMy
H-modes.

(i) In scaling (2) for the energy confinement time
TE # inthe L-mode[1], the power indexes are equal to

¢, =04, ¢,=-0.73, ¢;=0.03,

c,=1.83, c5=096, c,=1.89.
Using relationships (7), we obtain the values

d, =04, d,=-0.73, d,=043,

d,=1.89, dsy=0.96, d;=0.76,
whichyield

-0.73 50.43_1.89 10.96 5 0.76

Tew = 1130797 7B a0 %A ©)

Using relationships (8), we arrive at a subscaling with
two quasi-invariants:

0.4 ,-0.7350.03__2.29 10.96 5 1.16

Tew = £,n°0007B%a**30%A (10)
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(i) Inthe IPB98(y, 2) scaling (2) for the energy con-
finement time Te; in the ELMy H-mode [1], the
power indexes are equal to

c, =041, ¢,=-0.69, c;=0.15,

¢, =197, ¢=0.93, cz=1.39.
Using these power indexes, we can readily obtain sub-
scalings analogous to (9) and (10):

ELMy 0.41 ,-0.69 5056 _2.04 ;0.93 , 0.29

Teq = f1d7 J; B a Jg5 AT, (11)
_[FIEE’LtI\r:Iy — fln0.4lJ;O.69 BO.15a2.45Jg.93A0.7. (12)
Since the quasi-invariants differ insignificantly

between these modes, the dependence of the energy
confinement time on the geometric dimensions of the
device is of primary importance. This dependence is
especialy pronounced in subscalings (9) and (11),
which contain three quasi-invariants. It is well known
that ¢ ~ a? for purely diffusive losses and 1 ~ a for
purely convective ones. In subscaling (9) for the
L-mode, we have d, = 1.89 < 2. Thisindicates that con-
vective losses play a significant role in the L-mode. In
subscaling (11) for the H-mode, we have d, = 2.04 > 2,
in which case the transport barrier that improves
H-mode confinement completely prevents convective
losses.

3. Now, we consider how the ITER-FEAT dis
charges can be modeled in existing tokamaks.

As areference shot, we choose a planned ITER dis-
charge with the parameters

Ra=6.2m/2m,B=5.3T,| =15 MA,
P =87 MW, n= 102 m3,

where P is the difference between the input power
(including the a-particle power) and the radiation
power. The quasi-invariants for this shot are equal to

\]1 = 117, Jz = 7, JS = 375

Let us analyze the possibility of modeling the refer-
ence shot inthe JET tokamak with the parameters R/a =
3m/l.l1mand B =25T. The parameters of a similar
dischargein JET can befound from expressions(6): n=
9.7 x 10 m3, P=25 MW, and | = 4.4 MA. In pellet
injection experiments in JET [2], the plasma density
amounted to 9 x 10" m. The required power P =
25 MW and the required current | = 4.4 MA are also
achievable in this tokamak. Hence, JET is a possible
candidate for modeling discharges that are similar to
the reference shot in terms of the above three quasi-
invariants.

As for the possibility of modeling the reference
ITER shot on the projected T-15M tokamak with the
parameters R/a = 1.55 m/0.5 m and B = 2.0 T, the situ-
ation is different. The parameters of T-15M discharges
similar to the reference shot should be as follows: n =
15 %10 m3,P=53MW, and | =0.94 MA. We can
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see that the required plasma density is unlikely to be
achievable in T-15M, because, a a current of about
| ~1 MA, Greenwald's formulafor the maximum den-
sity givesng, = 13 x 10! m3.

4. If asubscaling of the form of (4) or (5) has been
constructed, it might be expedient to expressit in terms
of the dimensionless parameters

p*, B, v, d*, q, A, (13)
which were described in my earlier paper [3]. In order
to analyze the difficulties arising in this way, we write
out the following expressions for the quasi-invariants
using the corresponding formulas of [3] and omitting
the asterisk from parameters (13):

J, = nR/B = B*°A/d,

J; = PI(aR) = dBVv/(ap°A”1e),
J = /a2 = B2'5d9V2/(p6q3A6).
Note that, in place of Js, one can use the quasi-invariant
g, which is better suited for an approach based on the
dimensionless variables.
With allowance for the quasineutrality condition
[4], the dimensionless scaling can be written as
O3 0y 05

Bt = fp v “p¥q" A", (15)

i.e, there are five independent parameters. However,
since the parameter g isaquasi-invariant in the spirit of
thisarticle, scaling (15), in fact, contains four indepen-
dent parameters. However, it is highly unlikely that the
number of independent parameters can be further
reduced with the help of quasi-invariants (14). Therea-
son for this is the complicated dependence of these

(14)

DNESTROVSKIJ

guasi-invariantson d, g, and 1. Of course, one may try
to find quasi-invariants that depend on the dimension-
less parameters in a simpler way than those used here.
However, it is not a priori obvious that such quasi-
invariants exist.

5. In conclusion, let us summarize the main results
obtained in this paper. The disparity in the six main
parameters entering the dimensional scalings for the
energy confinement time of atokamak plasmamakesit
possible to construct parameter combinations (quasi-
invariants) that differ only dlightly between different
tokamaks. With these quasi-invariants, the number of
independent parameters in the dimensional scaling can
be reduced to three. As for the dimensionless scalings,
they contain five main independent parameters by vir-
tue of the quasineutrality condition. However, since one
of the independent parameters, namely, g, is a quasi-
invariant, the dimensionless scalings actually contain
four independent parameters. It would hardly be possi-
bleto further reduce the number of independent param-
etersin dimensionless scalings.
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OBITUARY

In Memory of Vladimir Vladimirovich Alikaev
(October 23, 1932-September 12, 2001)

Vladimir Vladimirovich Alikaev, an eminent Rus-
sian scientist and head of the Department of RF and
Microwave PlasmaHeating at the Nuclear Fusion Insti-
tute of the Russian Research Centre Kurchatov Insti-
tute, passed away on September 12, 2001 after an
extended illnessin his 69th year.

Alikaev was born October 23, 1932. After graduat-
ing from the Physics Department of M oscow State Uni-
versity in 1956, he began to work at the Kurchatov
Institute in the laboratory headed by V.M. Glagolev.
From the very beginning, his interests were related to
both problems of the interaction of high-frequency
fields with plasmas and plasma diagnostics. His first
experimental works were aimed at studying the propa-
gation of electromagnetic waves in a magnetized
plasmaand the related plasmainstabilities. He was one
of the first scientists in the Soviet Union to create a
microwave interferometer for measuring the plasma
density and successfully apply it to experimental inves-
tigations.

Alikaev's first works already showed him to be a
competent experimentalist who was able to formulate
an idea of the experiment and obtain reliable scientific
results. He combined the talents of an eminently quali-
fied physicist and an excellent engineer in the fields of
electronics and plasma diagnostics. His exceptiona
abilities were recognized by Academician L.A. Artsi-
movich, who assigned Alikaev to the Research Institute
of Radiophysics at Gorki (now, Nizhni Novgorod) in
1970. Hismission there was to become acquainted with
new high-power millimeter-wavelength microwave
oscillators (gyrotrons), developed under the supervi-
sion of Academician Gaponov-Grekhov. Since then, a
fruitful collaboration between Moscow and Nizhni
Novgorod scientists on the devel opment of the methods
of electron cyclotron resonance (ECR) plasma heating
and the improvement of gyrotrons has taken place.

In order to understand Alikaev’'s contribution to this
field of research, werecall that, at the beginning of con-
trolled fusion research, attention was primarily focused
on direct RF heating of the plasmaion component. Ali-
kaev was one of thefirst to recognize the importance of
auxiliary heating (independent of ohmic heating) of the
plasma electron component in tokamaks with the aim
of investigating how the plasma thermal insulation
depends on the experimental conditions. He put much
effort into the implementation of thisidea.

The pioneering attempts of using gyrotrons encoun-
tered many difficulties, which were overcome, first of
all, owing toAlikaev. Experiments carried out under his
leadership in the TM-3 and T-10 tokamaks demon-
strated that it was in fact possible to use gyrotrons in
controlled fusion experiments. At present, these high-
power millimeter-wavelength oscillators are widely
used in controlled fusion research. However, gyrotrons
have another important application: they can be used to
generate electric current in plasmas in order to both
maintain plasma equilibrium and modify the current
density profile with the aim of stabilizing dangerous
helical perturbations in tokamaks. The ECR current
drive became the main problem with which Alikaev
was occupied for the last decade. A gyrotron complex
for plasma heating and long-duration current drive is
one of the main components in the ITER project. Ali-
kaev contributed greatly to the development of contin-
uously operating 170-GHz 1-MW gyrotrons, which are
necessary for ITER.

1063-780X/02/2802-0169$22.00 © 2002 MAIK “Nauka/ Interperiodica’



170

The great contributions of Alikaev to the develop-
ment of methods for plasma heating did not go unre-
warded. In 1983, he and his colleagues were awarded
the State Prize.

Works by Alikaev have received world-wide recog-
nition. It isfair to say that he isthe founder of the prac-
tical implementation of ECR plasma heating and non-
inductive current drive in tokamaks.

Vladimir Vladimirovich Alikaev was a purposeful
scientist; an excellent organizer; and an extremely reli-
able, modest, friendly, and attentive man. His memory
will aways remain in the hearts of all those who were
lucky enough to know him and work with him and

IN MEMORY OF VLADIMIR VLADIMIROVICH ALIKAEV

those with whom he generously shared his experience
and knowledge.
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TOKAMAKS

Transport Barrier asa Bifurcation of the Equilibrium
of a Tokamak Plasma

V. I.llgisonisand Yu. |. Pozdnyakov
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Abstract—The phenomenon of theinternal transport barrier in atokamak plasmaisinterpreted asabifurcation
of the plasmaequilibrium. An expression describing the change in the plasma pressure due to the buildup of the
barrier isderived asafunctional dependent on the parameters of the original plasma equilibrium and the plasma
rotation velocity within the barrier. This expression is applied to a circular cross section tokamak, specifically,
the T-10 device. © 2002 MAIK “ Nauka/Interperiodica” .

1. INTRODUCTION

The progress achieved during the last 15 years in
magnetic fusion research is mainly associated with the
so-called improved confinement regimes of tokamak
operation, among which we should, first of all, mention
the H-mode and its modifications and regimes with
internal transport barriers (ITBs). Beginning with a
paper by Wagner [1], improved confinement regimes
have been actively studied in experiments, so that, at
present, they are attainableinvirtually all existing toka-
maks. The characteristic feature of these regimesisthe
appearance of a fairly narrow (localized in the minor
radius) layer within which the main plasma parameters
(the temperature T and/or density n) change sharply.
This layer, which is referred to asa “barrier zone,” can
occur either at the edge of the plasma column [an exter-
nal transport barrier (ETB), typical of the H-mode] or
inside the hot plasmaregion (an ITB; seg, eg., Fig. 1
[2]). Although the physical mechanisms for the buildup
of internal and externa barriers are likely to be very
similar, wewill restrict ourselvesto analyzing ITBsand
will not consider the possible role of atomic processes,
which should be taken into account in the analysis of
periphera effects.

An intrinsic property of transport barriers that has
been definitely established is the generation of afairly
strong radial electric field in the barrier zone, resulting
in observable macroscopic plasma rotation (see Fig. 2,
borrowed from the paper by Synakowski [3]).

The term “transport barrier” may be illustrated by
the following simple considerations. It is usualy
assumed that transport fluxes are linearly related to the
temperature and/or density gradients. Consequently, if
these gradients become large in a certain zone, then the
conservation of transport fluxesindicates asharp reduc-
tion in the corresponding transport coefficients in this
zone. Thisis what is meant by the term transport bar-
rier. Among the various theoretical speculations, the
following concept [4] is now considered to be the dom-

inant one: tokamak transport is anomalous, and the
sheared plasma rotation under the action of the electric
field in the barrier zone leads to the decoupling of the
perturbation modes, thereby lowering the level of
plasma turbulence and, accordingly, reducing the trans-
port coefficients. In this paper, we will not discuss the
transport mechanism in the barrier zone. Note only that
the basic assumption regarding the linear dependence
of transport fluxes on the gradients of the main physical
parameters is not self-evident. On the other hand, the
appearance of an ITB as aharrow layer with large gra-
dients of the plasma parameters has clearly been estab-
lished in experiments; moreover, the ITBs exist for a
long period of time. The latter indicates that a plasma
configuration with an ITB should be in an MHD equi-
librium; otherwise, fast MHD processes would destroy
the configuration on a time scale of about severa
Alfvén times. Here, the term “MHD equilibrium” is
used in a generalized senseg, i.e., with allowance for
possi ble macroscopic plasma rotation.

An important property of the equilibrium of a
plasma with an ITB can be revealed by analyzing the
buildup of the barrier, because the scenarios for the
development of transport barriersin different tokamaks
are very similar. After a tokamak discharge has been
initiated, the plasma evolvesinto asteady (equilibrium)
state. Then, the plasma is exposed to an external local
action (e.g., externa heating) and, under certain condi-
tions, makes a fairly rapid transition to a new equilib-
rium state with an ITB. The plasma can be affected in
different ways, specifically, by neutral beam injection,
pellet injection, RF heating, and even ECR heating. To
a certain extent, the parameters of the new equilibrium
state depend on the way in which the plasmais affected
(the physical meaning of this dependence will be clari-
fied below). However, amoreimportant point isthat the
above transition is not possible for any arbitrary initial
state. It is, in particular, for this reason that, despite the
50-year history of magnetic fusion research, improved
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confinement regimes have been discovered only
recently. Theintensity of the external action that causes
the plasmato undergo atransition to anew state with an
ITB should, as arule, exceed a certain threshold level,
which is determined by the initial plasma state and by
the external action itself. This situation is very similar
to the classical example of the bifurcation of the equi-
librium of aweight on an resilient rod with fixed ends
(Fig. 3), inwhich case there are only two possible equi-
librium states (while the intermediate equilibrium
states are absent) and the transition from one equilib-
rium state to another can only be triggered by an exter-
nal action that is strong enough to deform (bend) the
rod.

It should be noted that, although the idea of inter-
preting the formation of transport barriers as a bifurca-
tion of plasma equilibrium is generally not accepted,
this assumption is rather straightforward and has
already been discussed in the literature. However, the
guestion of which of the many physical quantities char-
acterizing the plasma equilibrium undergo the bifurca-
tion remains open. Undoubtedly, sharp variations of the
electric potential in the barrier zones have adirect rela-
tionship to the phenomenon of transport barriers. That
is why, beginning with papers [5, 6], attempts were
made to describe L—H transitions in the context of the
bifurcation of theradial electric field (and, accordingly,
the plasma rotation velocity). In turn, Hinton [7]
explained the L—H transition in terms of the energy life-
time, taking into account the specific dependence of the
turbulent thermal diffusivity on the shear of the poloi-
dal rotation vel ocity, which was assumed to be neoclas-
sical. It seems, however, that the logical approaches of
these three papers are not quite adequate for explaining
the ITB phenomenon. First, itiswell known that, inthe
hot plasma core, the poloidal plasmarotation should be
fairly rapidly damped by neoclassical viscous effects.
Second, recent T-10 experiments on the formation of

H-mode  (b)
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=
>
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o
O
~
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Fig. 2. Radial profiles of the radial electric field E; and carbon pressure within (&) an ITB in TFTR and (b) an ETB in DIII-D.
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ITBsby ECR heating [ 8] showed that, after the | TB has
been formed and, accordingly, a characteristic bend has
appeared in the temperature profile in the barrier zone
(Fig. 49), theradial electric field (and, accordingly, the
plasma rotation velocity) again decreases (Fig. 4b,
curve 3). However, under these conditions, the shape of
the temperature profile shows that the barrier continues
to exist.

The foregoing allows us to draw the following con-
clusion: it is the thermodynamic functions (in the cited
T-10 experiments, it isthe plasmatemperature, because
the plasma density remains unchanged during ECR
heating) that bifurcate during the transition to an
improved confinement regime, while the plasma rota-
tion generally acts as a trigger for this transition (an
analogue of the bending deformation in the example
shown in Fig. 3). In order for the plasma to undergo a
transition to anew equilibrium state, the plasma should
start to rotate; in MHD theory, the plasma rotation
reflects an imbalance in the forces within the barrier
zone under the external action. However, the specific
functional dependence of the rotation velocity on the
main plasma parameters seems to be of little signifi-
cance. To pursue the analogy with the above mechani-
cal system, we must specify the reference parameters
that are conserved during the transition (these parame-
ters are analogues of the fixed ends of the rod and its
constant length in the example shown in Fig. 3). Here,
we assume that the role of the reference parametersis
played by the magnetic configuration or, more pre-
cisely, by the structure of the magnetic surfaces. At
present, there is no experimental evidence that the
buildup of the transport barrier leads to a more or less
distinct restructuring of the magnetic configuration, so,
inour analysis, it is assumed to be unchanged. (Aswill
be shown in Section 3, we require only the invariance
of some integral characteristics of the magnetic sur-
faces, while the surfaces themselves can be localy
deformed.)

Our paper is organized as follows. Section 2 pre-
sents an abbreviated derivation of the equilibrium
MHD equations for a steadily moving plasma. In Sec-
tion 3, agenera expression for the changein the plasma
pressure at the inner boundary of the barrier zone is
obtained under the assumption that the structure of the
magnetic surfaces remains unchanged during the tran-
sition to a state with an ITB. In Section 4, a particular
version of the general expression isdeduced for acircu-
lar cross section tokamak and is tested against the data
from T-10 experiments. In the conclusion, we summa-
rize the main results obtained in this study.

2. EQUILIBRIUM EQUATIONS

Here, we outline the derivation of MHD equilibrium
equations for a rotating plasma. In a steady state, the
ideal one-fluid MHD equations have the following
2002
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Fig. 3. Classical example of the bifurcation of the equilib-
rium of aweight on an elastic nonstretchable rod with fixed
ends.
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Fig. 4. Radia profiles of (a) the electron temperature and
(b) plasma potential within an ITB in T-10: (1) before the
barrier formation, (2) during the buildup of the barrier, and
(3) after the formation of the barrier.

form (for simplicity, we normalize the magnetic field
by multiplying it by the factor 1/(2./m)):

p(viV)v+Vp+Bx[OxB] =0, €))

ooB =0, (2)
Op v) =0, (€)
Ox[vxB] = 0. “)

Equations (1)—(4) should be supplemented with the
equation for the plasma pressure; this will be done
below.
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It is natural to describe an axisymmetric tokamak
configuration in cylindrical coordinates {r, z, {} such
that (0/0) — 0, where C is the toroidal angle. As
usual, we consider a tokamak magnetic configuration
with nested magnetic surfaces Y(r, z) = const defined
by B - V@ = 0, in which case the tokamak magnetic
field satisfying Eg. (2) has the form

B=B,+B, = VUxV{+F(r,2Vl. (5

Accordingly, the current density and the square of the
magnetic field are equal to

OxB = —A*QV{+VF xV(,

2 _ |V 2 f?
g? = VUL . E
r r
Here and below, the subscripts p andt refer to the poloi-
dal and toroidal components of the quantities and

A*(..) = 1’0 [Bv(rz)%

where () isthe poloidal magnetic field flux and F isthe
poloidal current through the central hole of the toroidal
magnetic surface with a given value of . Below, we
will seethat, unlikein the case of static equilibrium, the
poloida current F is not necessarily a function of the
magnetic surface.

The general expression for the plasma rotation
velocity can be obtained from Eg. (3) in an analogous
way [asin Eq. (5) for the magnetic field, we can discard
in Eq. (3) possible &-shaped solutions localized in the
vicinity of the rational magnetic surfaces, which isjus-
tified by the assumption that the velocity field is suffi-
ciently smooth]:

vV =

g[vw x V] +vr’ve, ©6)

where K = k() and v is the angular frequency of the
toroidal plasmarotation. The poloidal rotation velocity
is determined by the quantity K:

Kg =

2
K
pr J%C“’

where c,, is the absolute value of the Alfven speed in
terms of the poloidal magnetic field; in other words, the

quantity Kk determines the Mach number M, = k/./p =
Vp/Cap- Under the usual assumption v < c,, the dimen-

sionless parameter k?/p is smaller than unity. Integrat-
ing Eq. (4) givesthe relationship

Vp=

vxB = cVg, (7

where the quantity ¢ has the meaning of the electric
field potential (in which case we can readily seethat @=
@) and c isthe speed of light. We introduce the quan-
tity w = —c@ (here and below, the prime denotes the
derivative with respect to () and take into account rela-

tionship (7) in order to rewrite the plasma rotation
velocity (6) in the form

vV =

EB+wﬂvc 8)

A comparison between expressions (6) and (8) yields
v = Ro(y) + _K;lrl;)nﬂg.

Expression (8) implies that, in the absence of the
electric field (w = 0), the plasma can only undergo a
force-free rotation along the magnetic field lines; this
rotation is described by the term proportional to ~k in
expression (8). From expression (9), we can see that,
for k =0, the electric field determines only the toroidal
rotation (v}, -, = w). Hence, in contrast to the widely
held opinion based on the standard neoclassical theory,
in ideal magnetohydrodynamics, the angular frequen-
cies of the plasmarotation in both the poloidal and the
toroidal directions cannot be uniquely determined by
the electric field in a conventional MHD description of
the plasma rotation in terms of the two flux-surface
functions w and K.

C))

The force balance equation in vector form (1) is
equivalent to three scalar equations. The projection of
Eg. (1) onto the direction of [V{] gives the first equa
tion, which characterizes the poloidal current,

F—xvr® = (),

so that, with allowance for expression (9), we obtain

(10)

where | () is a flux-surface function. For a purely tor-
oidal (k = 0) or apurely poloidal (v = 0) rotation, the
poloidal current F is also a flux-surface function, F =
[ (), asin the case of static equilibrium. In particular,
for a purely poloidal (v = 0) rotation, expression (9)
gives the following functional dependence of the
plasma density:

()
r

Simplekinetic considerations show that, in static (rota-
tion-free) equilibrium, the plasma density is a flux-sur-
face function. The same conclusion can aso be drawn
from the multifluid hydrodynamic model, which pos-
sesses alimiting transition to the one-fluid MHD model
(see, eg., [9]). That is why, in ideal MHD, a purely
poloidal (without singularities and discontinuities)
plasma rotation in a narrow plasma layer localized in
the minor radiusis physically impossible.
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The projection of Eq. (1) onto the radial direction
gives the second equation, which relates the plasma
pressure to the plasma rotation parameters:

a[KB ZD

R rpd
arDZp 2 D

EBrD

(1)

The third equation is an analogue of the Grad-Shafra-
nov eguation for the function y:

2
%L‘KEEA*‘“ 200P0 |, PR

Coy, ™ " Ty
(12)
K, 0 K I _
—kVy DVp+pan[b SV Dr =0.

In the absence of poloidal rotation, k = 0, Eq. (12) is
similar in structure to the conventional Grad—-Shafranov
equation; the only differenceisthat, in Eq. (12), therole
of the derivative of the plasma pressure with respect to
Y is played by the partial derivative (0/0),.

Equations similar to Egs. (10)—«(12) have aready
been used in the literature. In particular, Hameiri [10]
considered the adiabatic case mentioned below, and
very similar equations were obtained by Tasso and
Throumoulopolus [11]. Here, we again emphasi ze that
Eq. (11) can be easily integrated in the following three
Cases.

(i) The plasmadensity isaflux-surfacefunction, p =
p(W). This case describes a steady incompressible
plasma flow with velocity (6). Introducing the plasma
temperature through the relationship T = p/p, we abtain
from Eq. (11) the following expression:

) - 7y - K4 OF

p 2p 2

T = (13)

where the quantity T, is a flux-surface function, which
has the meaning of the temperature of a rotation-free
plasma.

(if) The plasma temperature is a flux-surface func-
tion, T = T(WY). This case corresponds to a practicaly
important situation of high thermal conductivity along
the magnetic field. In this case, Eq. (11) yields the fol-
lowing implicit expression for the plasma density:

_ K BZD
2.|.|]’

where p, is a flux-surface function, which has the
meaning of the density of arotation-free plasma.

[er
Po2T ~

p(Y, 1) = po(P)ex

(i) The plasma entropy is a flux-surface function,
S= S) ~ p/pY, wherey is the adiabatic index. Intro-
PLASMA PHYSICS REPORTS  Vol. 28
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ducing the specific enthalpy h, we arrive at the follow-
ing relationships for the thermodynamic quantities:

From Eq. (11), we obtain

2 2.2

h = H() - 258"+
29

where H isafunction of only g and has the meaning of
the enthalpy of arotation-free plasma.

We can see that the equilibrium configuration is
determined by five flux-surface functions. one of them,
I (y), characterizes the effective poloidal current;
another two, w(y) and K({)), determine the steady-state
velocity field; and the remaining two—p(P) and Ty(W)
in case (i), or py(Y) and T(Y) in case (ii), or P) and
H(W) in case (iii)—describe the thermodynamic plasma
state. In case (i), the plasma pressure p is explicitly
determined by expression (13); in cases (ii) and (iii),
the functional dependence of p is described by tran-
scendental equations.

In the Introduction, we pointed out that, when the
ITB isformed by RF or even microwave (ECR) heating
(asisthe casein, e.g., the cited T-10 experiments), the
plasma density does not change during the transition to
anew equilibrium state. Hence, the plasmathat startsto
evolve from the static state with p = p(J)) undergoes a
transition to a new state corresponding to case (i). It is
this case that will be the subject of further analysis.

3. PRESSURE JUMP ACROSS THE ITB ZONE

The concept under discussion impliesthe buildup of
an I TB in acomparatively narrow layer localized in the
U coordinate: Y, < U < W,, where ), and ), are the
outer and inner boundaries of the barrier (see Fig. 5,
which schematically illustrates the formulation of the
problem). Asaresult of bifurcation, the pressure profile
in the barrier zone changes substantialy: in Fig. 5, the
dashed curve, which refers to the initial equilibrium
state (below, the quantities corresponding to this state
will be marked by the subscript i), evolvesinto the solid
curve. In theinitial and final states, the pressure gradi-
ents are different only inside the barrier zone, in which
the plasmarotatesin the poloidal direction (see the dot-
ted curvein Fig. 5).

Let us calculate the pressure jump Ap at the inner
boundary ) = ), of the barrier after the bifurcation. It
turns out that this can be done by using only theintegral
conseguences of the equilibrium equations rather than
by solving these equations exactly.
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ITB zone

Fig. 5. Schematic representation of the barrier zone. The
solid curveillustratesthe changein the pressure profile after
the development of the barrier, and the dashed curve refers
to the initial pressure profile. The poloidal plasma rotation
islocalized in the barrier zone (the dotted curve).

We multiply theinitial (beforethe bifurcation) static
equilibrium equation

A*@+rp +FF =0 (14)

by r—? and integrate the resulting equation over the vol-

ume V = V() of the toroidal region enclosed by the

instantaneous flux surface Y = const with the cross-sec-
tiona area S= (). Asaresult, we abtain
f vy S + I Epl

. BFZE< >%de =0, (15
S(p)

where the angular brackets denote averaging over the
toroidal flux surface Y = const:

_ 1 . f(y,rds
Twnn= 5 § 1
S(w)

The minus sign in formula (16) reflects the way in
which the coordinate ) is measured from the z-axis. at
the magnetic axis, the quantity  is maximum and is
equal to Y, (this correspondsto V' < 0). With the pol oi-
dal magnetic field flux thus defined, we have [T ()=
f(y) and

(16)

U}
fav = [ CFOV'd(.
4

On the other hand, by definition, we can write

IVLDI
(Bi0 = —\7, f

_ 1 Vilg
|vw| v-f oS a7
S(y) S(y)

Substituting this relationship into Eq. (15) yields the
following expression for the derivative of the pressure:

. 1 ne 1 /1

0= 5 = \7(EB§D/)—§(F?)<—2>. (18)
r

Now, we apply the same procedure to calculate the

derivative [p1in the new equilibrium state (after the
bifurcation). In the case p = p(P), the Mach number

Ma = V,/Cap = K//p isalso aflux-surface function, and

the new equilibrium state is described by Eq. (12),
which now becomes

M2VAR 2[PP PF0
(1-=Mu)A* Y +r Ty +FQ3LU]
(19)
200 [Vl _
+MA —E——Z——Dr = 0.

Note that expression (13) makesit possibleto relate the
Y-derivative of the averaged pressure, [p[] to the aver-
aged partia derivative of the pressure, namely,

ap pw Ma 2
<aw> [P0 -5~ 00 + =7 B,

2 2 '
M,/ FA\E 0F
G2 50 —{ =)
D2<r2D <5lIJr:>

Mp/ 0 2
LEERR

We integrate Eq. (19) over the volume of the barrier
zone. Taking into account the fact that, at the bound-
aries of the barrier, the plasma poloidal rotation veloc-

ity vanishes (Fig. 5) and, accordingly, M =0,
we obtain

Allll:%‘z

AVys, o 1Vyos
VT2 VT2

S(W1) S(W,)

Y,
VA 2 2 2 21
+ J’dljJ%V(l— M3y) [(B,U—M, B0

RER
=

<a'~ll oy 2?0

Our conceptual assumption that the structure of the

magnetic surface remains unchanged during the bifur-
cation isformalized as the conservation of the flux-sur-

face functionsV =V, and EBﬁD = EB;D.

21

We insert Eqg. (20) into Eg. (21) and combine the
resulting equation with expressions (10), (17), and (18)
No. 2
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to obtain the following formulafor the pressure jump at
the inner boundary of the barrier:

w,

Ap(Y,) = j%(tpm— Py
U}

w D MA, 1/FF—F2\'
J'%)T ; W [2< /2 > (22)

LM <1> m | P
2\ _pmA
Here, following [12], we introduced the notation W =

2p; + Bi2 Oand made use of the fact that, since thereis
no plasma rotation on the outside of the barrier zone,
the pressuresin the initial and final states are there the
same, Ap(Y < ,) = 0. The bifurcation gives rise to an
ITB when Ap(y),) > 0. Consequently, formula (22)

implies that the presence of a magnetic well (W,, <0)

intheinitial state should favorably affect the buildup of
the barrier. In the next section, we will analyze expres-
sion (22) in more detail for atokamak with arelatively
large aspect ratio and nearly circular cross sections of
the magnetic surfaces.

0
~FH |y = o.
D}D‘“

4. CIRCULAR CROSS SECTION TOKAMAK

Let us apply expression (22) to a tokamak with a
sufficiently large aspect ratio, R/a, > 1 (whereRand &,
are the major and minor radii of the tokamak). Mag-
netic surfaces with circular cross sections can be speci-
fied as[13]

Y = Y(a):r=R+A(a)—acosB, z=asind, (23)

where the toroidal flux surface label a has the meaning
of the characteristic minor radius of the flux surface, 6
is the poloidal angle, and A is the shift of the center of
the flux surface with respect to the magnetic axis. Inthe
approximation at hand, we as usual assume that A(a) ~
a*/R. Having specified the geometric parameters, we
can calculate the averaged quantities I*?0in formula
(22):

20 | a;
+E+Rq]

<l>:l%l__'A 2A+1EED2D

0= R %I.+§[ED
(24)

?) " 20 R pin=alny

r
where asuperior dot denotes the derivative with respect
to a. In expressions (24), we neglect the terms on the
order of ~(a,/R)? and higher but keep the second-order
termin a,/R (because these expressions contain no lin-
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ear terms). Hence, in order of magnitude, we have

i 0a, 0002,
R
The signs of these quantities depend on the particular

equilibrium conditions and, therefore, are not fully
deterministic. Note that, as will be shown below,

(121 <0, and 21 > O for “conventional” equilibrium
states with customary parameter distributions. In the
expression for the magnetic well, it is sufficient to
retain only the lowest order terms in the expansion in
powers of the inverse aspect ratio. Introducing the tor-
oidal current J and the safety factor g through the rela-
tionships

- _8
J= R"I":
_Fa
73R

we can readily obtain the following expression for the
magnetic well:

o2 1V R_;
W=F, %r2> By— 2, (25)

where B, = —a’ pJ* is the so-called poloidal beta and
s= aq/q is the shear. In deriving expression (25), we
used the static equilibrium equation (14), which deter-

mines the derivatives J and A through two highest
ordersin the expansion in powers of a,/R, namely,

2a[)_ 2F a% 1
o'rRY

2
3= -LFF-ap,
R (26)
AR:—1—23p+9aB(2s—3).

In order to estimate the terms in the square brackets of
expression (22), we turn to the viria theorem [14],
which will beformulated and proved for an equilibrium
state with a steady plasma flow in the Appendix. We
start by noting that, according to our concept, the
plasma pressure gradient outside the barrier zone does
not change:

p(azay) = p;,
p(asa,) = p,+Ap.

Consequently, under the assumption that the magnetic
surfaces remain unchanged, the quantity FF' also does
not change:

(27)

?| I’(a<a,) = F'(asa,)-C,

asa,
(28)

F ’(aza,) = F'(aza,) +c,.

|

aza;
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The ITB builds up when ¢, , > 0. The viria theorem
relates the increment in pressure to the constants c; ».
To see this, we use the formula

J’%‘Bp+§;+ pv%dv
(29)

_ B &
= $0p + S S+ p(v )y [US— (B [1)B (),
0

where r is the position vector drawn from the origin of
the coordinates. The volume integral on the left-hand
sideistaken over the entire plasmavolume V,, first, for
theinitial equilibrium state and, then, for a state with a
fully developed plasmarotation in the barrier zone. We
take into account the relationships v - dS = 0 and
B - dS = 0, which hold on the magnetic surfaces, and
neglect the contribution of the barrier zone to the vol-
ume integral (this contribution is proportional to
~Aa/a,, where Aa= a, — &,). Asaresult, we obtain

c,+¢, = 6APR. (30)
The relationship between the constants ¢, and ¢, can be
found under the assumption that, during the bifurca-
tion, the integra toroidal magnetic flux remains
unchanged,

F-F,

ds =0, 31)

S(ap)

because this flux is determined primarily by the cur-
rents flowing in the toroidal magnetic field coils rather
than by the plasma currents, which merely redistribute
the flux over the cross section (of area S) of the plasma
column. Strictly speaking, the desired relationship
between the constants ¢, and ¢, should befound by sub-
stituting into formula (31) expressions (28) and the spe-
cific dependence F;(a) characterizing the initial equi-
librium state under consideration. This method requires
numerical calculations. However, aswill be seen below,
thereisno need to know the exact rel ationship when the
magnetic flux changes relatively insignificantly,

lc, »/F7| < 1. To be specific, we estimate this relation-

ship only roughly, assuming that the averaged toroidal
field depends weakly on a, (B,J= [F,/r0= congt, in
which case smple manipulations yield

c U a
= =6Ap0L-
R O a
(32)
2
C, a
R a,

Here and below, we neglect the corrections propor-
tional to ~Aa/a, , in comparison with the quantities of
order unity (because the barrier zoneis narrow). To cal-
culate the pressure jump given by expression (22), we
use the following linear interpolation formulafor 12(a)
interms of aZ

2 2 2 2
2 2 a. _a2 a. _a.l
I (aD[aQ’al]):Fi(a)-'-cl 2 2+C2 2 27
al_az al_az

which satisfies the boundary conditions (28) at a=a, .
Then, we find

| D2 Ff:Mi(z_Mi)Ff

(1-M2)’
6ApR2 Elaz—al

2
a
+ .
2
a

(1-M3)Tas —a;

In expression (22), we switch to integration over a to
obtain

0
Ap[2-3R I %da]
O 1-M: Dal - a2 a (33)

2

a
- fofpg - (3
a

-My4

Ma(2- MA)D
1-Mj ol

The specific details of both the relationship between the
constants ¢, , and the approximate formula for |*(a O
[a,, a,]) are associated with theintegral term on the | eft-
hand side of formula (33). Thisterm is on the order of
~a - Aa/R? and, therefore, can be omitted. In order to
estimate the integral on the right-hand side, note that,
by virtue of expression (9), the quantities M, and w are
related by

® = (1-M2) @D—<Ez>5.
r</ P

In the absence of toroidal plasma rotation, we have
NO= 0, so that

2
=~ Xp (=), poozzMiFiz% .
P \r? r

It is these conditions that are realized in the cited T-10
experiments with ECR plasma heating, which intro-
duces no toroidal momentum in the plasma. Note that
the difference of F; from | in conditions (34) also yields

(34)
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acorrection on the order of ~ApR?/12 < 1. Thisalows
formula (33) to be reduced to

a; 2

1 .M, O
Ap= 5[ dag—
% (35)

FP goa/1\2 /1) >0

+ O =) =(=) (2-Mpa)=0

T {3 o
In order to obtain aquantitative estimate for the pressure
jump ApinT-10, we substitute expressions (24) and (25)
into formula (35) and replace the integrands by their
characteristic values in the barrier zone, f(a) — f for

Of. Asaresult, expression (35) simplifiesto

— g2 _

Ap= %Mi—p(l +299). (36)
a, 2

The characteristic feature of expression (36) is that it

does not in fact contain the details of the particular

equilibrium state that are associated with the parame-

ters s, B, and A. This indicates that, if the auxiliary
heating power is high enough for the plasmapressure to
acquire pressure jump (36), the bifurcation actually

occurs, otherwise, the new equilibrium state is not
achieved.

Let us apply formula (36) to estimate the electron
temperature jump observed in T-10 (assuming, as
above, that the plasma density is unchanged). The

guantity M_i can be calculated from expression (34), in
which the quantity w is determined by the measurable
change in the electric potential, A®, in the barrier zone:
W~ (RClART 1
0 0 g2p2°

Aa B,R

Under the conditions prevailing in the T-10 tokamak
(B;=2.14T,Aa=2cm,a, =17 cm,and = 2), theelec-
tron temperature jump AT, = Ap/n, = MAp/p is approx-
imately equal to

_o1+20” AT
ATe= 2 Mo g0 =200V

(37)

This order-of-magnitude estimate agrees reasonably
well with the experiment (Fig. 4a). Note that the
approximate formula (37) is unlikely to fit the experi-
mental measurements exactly because of thefairly arbi-
trary estimates for the electric and poloidal magnetic
fields within the barrier zone, so that the agreement to
within a factor of 1 to 2 seems to be quite satisfactory.
However, agreement between our estimates and the
experiment is actually much better. The reason is that
the upper temperature profile in Fig. 4awas calculated
for acertain time after the formation of the barrier, i.e.,
when the électric field in the barrier zone has already
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dissipated (Fig. 4b), while formula (37) refers to the
transient equilibrium state in which the electric field is
at its maximum. As the electric field dissipates, the
energy of the plasma rotation is converted into heat.
Although this energy is lower than the plasma temper-
ature, it is quite comparable to the temperature incre-
ment AT. The corresponding correction to the approxi-
mate formula (37) provides better agreement (to within
10%) with the cited T-10 experiments. It isimportant to
note that, although the plasma stops rotating, it does not
evolve back to the initial equilibrium state: after the
bifurcation, the new equilibrium state is maintained,
e.g., by continued ECR heating (asisthe case in T-10).

5. CONCLUSION

The proposed concept of a transport barrier in a
tokamak plasma as a bifurcation of an equilibrium
plasma state makes it possible to obtain an expression
for the plasma pressure jump resulting from the barrier
formation. This expression can be tested against the
experimental data, because, in expressions (22) and
(33), dl of the quantities characterizing both the initial
equilibrium state and the final state with afully devel-
oped barrier can be either measured directly or calcu-
lated relatively easily from the measurable parameters.
It should be noted that, in light of the proposed concept,
the nature of the physical processes that may affect the
transport properties of a plasma with an ITB is unim-
portant, because all of the results were obtained only
from the equilibrium conditions and their integral con-
sequences.

One of the important statements of our work is the
conclusion about the bifurcations of the thermodynamic
functions describing the equilibrium gas-kinetic plasma
pressure (e.g., the temperature and enthalpy) and the
poloidal plasma current (the toroidal magnetic field).
According to theanalysis carried out in Section 4, anec-
essary condition for the buildup of the barrier is the
change in the toroidal magnetic field over the entire
plasma column (including the plasma edge). This
change may be detected by magnetic measurements.

The theory developed here makes it possible to
reveal an interesting feature of a circular cross section
tokamak with auxiliary heating that does not perturb
the plasma density (e.g., ECR heating). It was found
[see expression (36)] that the details of a particular
equilibrium state (e.g., the values of the shear and 3, in
the barrier zone) are unimportant for determining a pos-
siblejump in the plasma pressure (or temperature). This
feature explains why regimes with ITB are experimen-
tally achievable both in discharges with positive shears
and in those with negative shears. Note that situations
with other heating methods for which NO# 0 (eg.,
injection of the beams of fast atoms) are more compli-
cated: the shear profile can have a significant impact on
the value (and even the sign!) of the expected jump in
the plasma pressure [see the term proportiona to
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~[20 informula (33)] and, moreover, the assumption
that the plasma density profile is unchanged fails to
hold. Such situations require amore detailed theoretical
analysis.

From expressions (22) and (33), we can see that the
toroidal plasma rotation (MO# 0) may play an impor-
tant role in the buildup of “large” transport barriers (in
which the temperature changes by an amount of about
severa initial plasma temperatures; see Fig. 1). How-
ever, even when the toroidal rotation velocity v, is
about the sound speed, this effect seems to be possible

only for Mi ~ 1 because of the corresponding denom-
inator.

The above analysis still keeps the question of
whether or not the barrier islocalized in the vicinity of
a rational magnetic surface to be open. In our opinion,
the reason why ITBs are most likely to build up in the
vicinity of the rational surfacesis the following: in the
area of the magnetic islands or regions of stochastic
magnetic field lines near these surfaces, it is easy to
involve the plasma in macroscopic rotation by a slight
force balance perturbation resulting from auxiliary
heating and/or current drive; this rotation, in turn, can
trigger the bifurcation of the equilibrium.
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APPENDIX
Virial Theoremfor a Steady Plasma Flow

Following [14], note that, with alowance for
Eq. (3), the equilibrium equation (1) can be written in
divergent form:

OOr = 0, (A.1)
where the tensor is given by its elements,
.T.:Tik:%) %Ik BBD

(A.2)

+%’ BT BB+pVV_

Let r bethe position vector drawn from the origin of the
coordinates to the observation point in space. We inte-
grate the identity

OQrr) = T:E + (A.3)

o1t

O01),
70
spf =0

over the plasmavolume under consideration and, using
Gauss's theorem, obtain

SpTadVv = §(r OT) S, (A.4)
fFre=g

where E is an identity tensor composed of the Kro-
necker indices &; and the trace of the tensor is equal, by
definition, to

SpT =T’y =

Substituting (A.2) into (A.4) immediately yields the
desired relationship (29).

The same result can be obtai ned without recourse to

tensor analysis. We consider the integral of (p + B*/2)r
over the surface dV enclosing a plasma volume V:

(B3
J’EBEP+ED+r DVHMB;%W.

The equilibrium equation gives

2
B3~

= (B V)B —p(v V)V,

r s = ID E%ﬂBZEEdV
(A.S)

Vp+(BIV)B+BxOxB

so that we have

rwgo+§2fg
= (BV)(B [t)—(pv V)(v ) —B*+ pv°
= pv’—B*+ 0 O(B )B—(pv F)v).

Taking into account relationships (A.5), we abtain
2

- J'gngr 57 +pvZ+ O O(B B~ (pv V)V,

rEdS
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Abstract—The active particle diagnostic technique is used to study the ion temperature at five spatial points
along the path of a hydrogen diagnostic beam. The temperature of the main ion plasma component (deuterium
ions) measured by this diagnostic technique along the beam path is compared with the temperature of carbon
ions (C*). A study is made of the following characteristic features of the behavior of the ion temperature pro-
files T; in various TORE SUPRA operating modes: the formation of flat and even hollow T; profilesin ohmic
discharges with g ~ 3 at the plasma edge, the change in T; profilesin ergodic divertor discharges, and the dif-
ference between the temperature of the bulk ions measured by the active particle diagnostic technique and the
temperature of C* ionsin the plasmaregion r/a > 0.5. The features reveal ed are explained at a qualitative level.

© 2002 MAIK “ Nauka/lnterperiodica” .

1. INTRODUCTION

Themain (and virtually only) method for investigat-
ing the energy distribution function f(E) of hydrogen
isotopes in tokamak plasmas is a particle diagnostic
technique based on measurements of the energy spectra
of charge-exchange neutrals [1]. The most informative
version of this method is the so-called active particle
diagnostic (APD) technique, which is based on the
diagnostic beams (DBs) of atoms (usually, the beams of
hydrogen isotopes) [2]. In the APD technique, the DB
parameters are such that the beam has an insignificant
impact on the distribution function f(E) of the majority
ions but makes it possible to localize charge-exchange
neutral fluxes along the line of sight of a particle ana-
lyzer (PA), in which case the analyzer preferentially
measures the fluxes from the region where the DB
intersects its line of sight. Unfortunately, a diagnostic
complex that includes a device capable of generating
DBs adapted to particular experimental conditions as
well as PAsisrelatively difficult to create. That iswhy,
in recent years, amost no experiments aimed at study-
ing the main ion plasma component by the APD tech-
nique have been carried out in tokamaks. Because of
this, of particular interest isaseries of experimentswith
DBs (about 85 shots) that were conducted in the TORE
SUPRA tokamak (a tokamak with superconducting
windings and with a major radius of R ~ 2.34 m, a
minor radius a of up to 0.8 m, atoroidal magnetic field
B, of upto 4T, aplasmacurrent |, of upto 2 MA, and a
mean plasma density Cbf up to 5 x 10 m3) before it
was shut down for upgrading. Moreover, these TORE
SUPRA experiments with the APD technique are

unique in that, in each shot, the distribution function of
charge-exchange neutrals (and, accordingly, the ion
temperature) was measured simultaneously at five spa-
tial points along the DB path and, in most of the shots,
DBs also served to measure the temperature of carbon
ions (C*°) at eight spatial points along the beam path by
charge-exchange spectroscopy.

In this paper, the experimental data are described as
follows.

In Section 2, we briefly describe the diagnostic com-
plex used in experiments.

In Section 3, we investigate the main characteristic
feature observed in experiments with an ohmicaly
heated plasma, specifically, the flattening of the ion
temperature profiles and even their deepening in the
central plasmaregions, in which case the profiles of the
electron density n, and electron temperature T, in these
regions behave in aconventional manner. We present an
additional indirect confirmation that hollow ion tem-
perature profiles T, are associated with the toroidal ion
rotation in the central region of the TORE SUPRA
plasma. We also explain the formation of hollow pro-
filesat aqualitative level.

In Section 4, we present for thefirst time experimen-
tal findings providing evidence that an ergodic divertor
(ED) [3] in TORE SUPRA affects the ion temperature
in the central plasmaregions.

In Section 5, we analyzethe T, profilesin the plasma
regionsr/a> 0.5 and arrive at the conclusion that, under

the conditions prevailing in TORE SUPRA, the signif-
icant deviation of the profile of the temperature of car-
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Fig. 1. DB path with respect to the magnetic surfaces (dotted circles) and the viewing chords of five PAs after thetimet = 6.01 s
from the beginning of shot no. 28099. The major and minor radii of the TORE SUPRA tokamak, R and a, are given in millimeters.
As an example, two regions free of locally trapped ions, calculated for g(a) ~ 3 and 4, are shown in the upper part of the plasma
column (in the lower part of the column, the corresponding regions, symmetric about the z= 0 plane, are not plotted).

bon ions from the deuterium temperature profile mea-
sured by the APD technique cannot be explained in a
simple way.

In the conclusion, we summarize the observed char-
acteristic features of the behavior of the energy distri-
bution function f(E) of the bulk ionsinaTORE SUPRA
plasma.

2. TORE SUPRA ION TEMPERATURE
DIAGNOSTIC COMPLEX

In TORE SUPRA, the ion temperature is deter-
mined primarily from the energy spectra of charge-
exchange H or D neutrals (the data presented here were
obtained in experiments with deuterium beams)
detected by six PAsof theE ||B type[4]. Fiveanayzers
are placed in the same toroidal cross section in which
the DBs are injected (the coordinates along the beam
path being 2 cm for PA1, —16 cm for PA2, =31 cm for
PA3, 48 cmfor PA4, and—61 cmfor PA5). In order not
to observe the region of locally trapped ions, the ana-
lyzers are oriented at an angle of about ~97° with
respect to the direction of the toroidal magnetic field B,
at the center of the plasma column (R=2.5m). Figure 1
shows the lines of sight of the PAs with respect to the
DB and the TORE SUPRA plasma. The sixth PA (the
so-called tangential analyzer) is oriented at an angle of
38° to the direction of B, in the equatorial plane, and its
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line of sight does not intersect the beam path. Each ana-
lyzer has 2 x 46 energy channels (in our experiments,
the range of measured energies was 1-30 keV), which
allows the simultaneous measurement of the distribu-
tion functions of H and D isotopes. The diameter of the
observation region in the central plasmais about 7 cm.
Along the lines of sight of PA1-PA5, the length of the
region from which the charge-exchange neutrals are
detected most efficiently is about 12-18 cm; thisisthe
characteristic region of the DB neutrals (the beam plus
the halo). Each energy spectrum of the beam neutralsis
recorded during atime interval of about 150 ms.

A diagnostic neutral injector islocated at the bottom
vertical port (see, eg., [5]). The injector produces
hydrogen beams with an energy of about 45 keV (the
beams consist of ~60% H, ~30% H,, and ~10% H,), a
duration of up to 200 ms (in the experiments reported
here), and a current of about 10 A. Thus, during the
operation of the injector, the APD technique makes it
possible to obtain the energy spectra of charge-
exchange neutral s detected by PA1-PA5 at one point or
even apair of neighboring points of time. Figure 2 illus-
trates the representative energy spectra of charge-
exchange neutralsrecorded by PA1 and PA5 before (the
lower spectrum) and during the beam injection (the two
upper spectra). In the chosen discharge with ion cyclo-
tron auxiliary heating (shot no. 27823), the mean ion
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Fig. 2. Energy spectraof charge-exchange neutral s detected
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after thetimet ~ 6.5 sfrom the beginning of shot no. 27823
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Fig. 3. Time evolution of the mean plasma density in shot
no. 27823. Thetime at which the DB startsto beinjected is
indicated.

density was the highest (I~ 3 x 10! m~3) among the
remaining discharges in the above experimental series
with DBs. Thetime evolution of the central chord mean
ion density during the discharge and the time at which
the injector is switched on are illustrated in Fig. 3.
Unfortunately, in this and some other discharges, the
energy spectrarecorded by PA3 were distorted because
of technical problems. That iswhy thefigures presented
below contain no points obtained from PA3 during cer-
tain discharges. The spectrain Fig. 2 show that, even
against the background of high ion density, the active

signal associated with a DB is pronounced and is
almost Maxwellian in shape in the energy range above
3T;. In al experiments with the neutral beam—based
APD technique, the statistical deviation of the energy
spectrafrom the straight line from which the deuterium
ion temperature T, was calcul ated (using up to 20 points
in the energy range between 3T, and 8T,) was, asarule,
smaller than 5%. The energy resolution in the channels
of the analyzers provided measurements of theion tem-
perature with a relative accuracy of 10-15% [4]. The
ion temperatures were calculated from the experimen-
tally measured profiles of the electron temperature and
Z with allowance for the actual distortions of the
energy spectra of the neutrals that originated in the DB
region and propagated against the background of the
plasma ions before reaching a PA. This procedure of
determining the ion temperatures was applied to all of
the discharges analyzed below.

The TORE SUPRA spectral diagnostic complex
makes it possible to record the emission spectra pro-
duced by light impurities from eight viewing chords
[5]. The spectral diagnostic complex isinstalled at the
same port as a system of PAs, thereby providing the
possibility of applying the methods of charge-exchange
recombination spectroscopy (CXRS) to DBs. The eight
viewing chords intersect the DB path at nearly equidis-
tant points in the interval between z=-12 cmand z =
=58 cm. In half of the TORE SUPRA experiments with
DBs, the CXRS method was used to measure the Dop-
pler broadening of the C* line(n=8 — 7 a A =
5290.7 nm). Our estimates show that, to a good accu-
racy, the carbon ion temperature calculated from the
Doppler broadening of the C* lines in the TORE
SUPRA steady-state operating modes coincides with
the temperature of the thermal ions of the main ion
plasma component. The spatial resolution of the CXRS
method is determined by the DB dimension along the
viewing chord (~15 cm). The temporal resolution (the
time required to record one emission spectrum) is about
100 ms, which is long enough to obtain the energy
spectrum at two points of time during the injection of a
DB. All the results on the C* ion temperature that will
be analyzed bel ow were measured with arelative accu-
racy no worse than 10%. The comparative measure-
ments of the ion temperature in the centra plasma
regions (r/a < 0.25) by the APD technique and CXRS
method yielded essentialy the same results (when cor-
rected for a measurement error), except for the mea-
surementsin several dischargeswith lower hybrid heat-
ing.

Together with these two diagnostic methods, the
central ion temperature and the toroidal rotation veloc-
ity of heavy impurity ions (Cr*?2, Fe*?*) were measured
by a Bragg spectrometer recording X-ray helium-like
lines of impurities [6]. The Bragg spectrometer is
mounted at the tangential port, operates independently
of the DBs, and makes it possible to measure the ion
temperature throughout the discharge in aregion with a
PLASMA PHYSICS REPORTS  Vol. 28
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diameter of about 10 cm where the electron tempera-
ture is maximum. In experiments with DBs, the spec-
trometer operated for about 15 discharges. It was found
that the temperature of Cr*2? ions was close to the tem-
perature of D ions (the difference being smaller than
10%) measured with PA1 by the APD technique (the
temperatures were measured at the same instant in
neighboring spatial regions).

The electron temperature profiles used in our work
were measured by Thomson scattering. The electron
density profiles were measured by five vertically ori-
ented microwave interferometers and also from Thom-
son scattering (as implied by the standard TORE
SUPRA diagnostics). The results of measurements dur-
ing each discharge were corrected for the position of
the plasma column with respect to the DB. In essen-
tidly all of the discharges, the position of the plasma
column corresponded to that shown in Fig. 1.

The parameters of the discharges to be analyzed
below arelisted in thetable, in which the shotsare num-
bered in order of their appearance in the paper. The
duration of each of the discharges was about 12 s. The
tableillustrates ohmic discharges, discharges with ion-
cyclotron auxiliary heating, and ohmic discharges with
an ED.

3. CHARACTERISTIC FEATURES
OF THE T,(2) PROFILES IN DIFFERENT OHMIC-
HEATING REGIMES

About 40% of the experimentswere carried out with
ohmic discharges in a wide range of plasma currents
(from 0.5t0 1.5 MA), edge safety factors q(a) (from 3
to 11), and mean electron densities (from 0.7 x 10" to
3.8 x 10% m~3). The maximum ion temperatures along
the beam path varied from about 1 keV at low plasma
currents to about 1.5 keV at high plasma currents. The
experiments showed that, along with the expected pro-
files T;(2), which are peaked about the z = 0 plane
(Fig. 4b), a fairly large number of discharges were
characterized by flat and even hollow profiles T, (2) both
for D and C* ions (Fig. 4a), in which case the radial
profiles T(r) and ng(r) in the central plasma regions
were found to have a conventional shape. Figures 5a
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Fig. 4. (@) T,(2) profiles for deuterium (circles) and C*
(asterisks) ionsat (M= ~1.2 and 1, = 0.75in shot no. 28318.
(b) Ti(2) profiles along the DB path for deuterium ions at
2 and 1, =0.5 in shot nos. 27793 and 28107. Themean
ion density [MCand plasma current 1, are given in units of

10" m and MA, respectively.

and 5b show theratio T, (PA1, +2 cm)/T,(PA2, —16 cm)
versus mCand q(a), respectively. We can see that there
are not only discharges with T;(PA1, +2 cm)/T,(PA2,

Table

Shot number mOx 1071°, cm3 lp, MA B, T Regimes
27823 3.2 16 3.8 ICRH
28318 1.2 0.75 16 Ohmic heating + ED
27793 2.6 14 3.8 Ohmic heating
28107 2.0 0.5 3.8 Ohmic heating
27905 2.0 15 3.2 Ohmic heating + ED
25737 20 1.0 39 Ohmic heating
28315 12 0.75 16 Ohmic heating + ED
28320 1.2 0.75 16 Ohmic heating + ED
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Fig. 5. Ratio of the deuterium temperature at the point +2 cm (measurements by PA1) to that at the point —16 cm (measurements by
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asterisksrefer to deuterium discharges with an ED, the circles illustrate ohmic deuterium discharges, and the crosses correspond to
ohmic helium discharges, in which the detected deuterium is an impurity species.

—-16 cm) > 1 (centrally peaked ion temperature profiles)
but also discharges for which thisratio is smaller than
unity (hollow profiles).

Indirect evidence for the formation of hollow ion
temperature profiles in such discharges is provided
from measurements of the toroidal plasma rotation
velocity V., (the positive direction of the toroidal rota-
tion coincides with the direction of the plasma current)
by the passive particle diagnostic technique with the
help of atangential PA [7]. A method analogous to that
described in [7] was used to measure the toroidal rota-
tion velocity in the steady-state phase (which lasts
approximately from the fourth to the eighth second) of
shot nos. 27905 and 25737; the mean toroidal rotation
velocity was measured in the region ~(0.1-0.35)r/a at
the given moderate plasmadensities. In dischargeswith
hollow ion temperature profiles, the velocity V,,, was
found to be close to zero (shot nho. 27905 with ED) and
even to be dightly positive (about +10 km/s), in con-
trast to shot no. 25737 (from the series of experiments
carried out in [7]), in which V,,, was about —40 km/s.
The velocity was measured with an accuracy of
+20 km/s. According to [7], the role of the governing
mechanism for the generation of theradial electricfield
in TORE SUPRA is played by significant ripplesin the
toroidal magnetic field B;, in which case the velocity
V,, is described by the expression (see formula (9)

in[7])

ok 4T
eB,dr’

where B, is the poloidal magnetic field and the coeffi-

cient kisabout 3.5. Obviously, for dischargeswith hol-
low T, profiles, the toroidal rotation velocity might be

Vig = (D

expected to be positive in regions where the derivative
of T; isincreasing, asis the case in experiments. How-
ever, such a behavior of V,,, was also observed in dis-
charges with q(a) ~ 3 but without an ED. Moreover, in
experiments in which the ED was switched on (or off)
nearly in the middle of the discharge, measurements by
the particle diagnostic technique and by a Bragg spec-
trometer (in TORE SUPRA, this spectrometer is capa-
ble of measuring only the variationsin the toroidal rota-
tion velocity) revealed no significant changein V,,, (to
within experimental error).

Since the ion temperature profiles were observed to
become flat or hollow in al discharges with an ED [3],
we made an attempt to explain the formation of such
profiles as being due to the effect of the divertor opera-
tion. However, the data from experiments with an ED
and the results of numerical calculations show that, at
the same electron densities, the divertor does not
change the radial profile of the electron temperature in
the central plasmaregions. Theinfluence of the divertor
on the magnetic configuration in the plasmacoreisalso
insignificant: near the plasmaaxis, the divertor-induced
perturbation in the relative ripple amplitude of B,
(~0.003) is about 0.0001, the impact of the divertor on
the poloidal magnetic field being negligible. That is
why the divertor cannot be responsible for the forma-
tion of hollow radial profiles of T; in the plasma.

Additional indirect evidence that the shape of the
radial ion temperature profilesis not influenced by the
ED operation is provided by Fig. 6. The shape of the
deuterium temperature profile in the central region is
insensitive to the decrease in the current flowing in the
divertor from the nominal value 2.2 kA to 0.5 kA
PLASMA PHYSICS REPORTS  Vol. 28
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(in which case the effect of the divertor on the plasma
diminishes in the same proportion).

We believe that the most likely cause of the flatten-
ing or even deepening of the ion temperature profilesis
associated with the dependence shown in Fig. 5b (the
number of experimental pointsin Fig. 5b differs from
that in Fig. 5a because some points coincide). The
change in g(a) results in a substantial change in the
plasma magnetic configuration, thereby changing the
behavior of the locally trapped ions. For the TORE
SUPRA dischargesillustrated in Fig. 5b, we calculated
the regions of the locally unrippled magnetic field for
different g(a) values (in which case the relative ripple
amplitude of the magnetic field at the plasma boundary
is about 7% and, in the region where the beam inter-
sects the z = 0 plane, it is about 0.3-0.4%). The calcu-
lations were carried out using the method described in
[8]. The q(r) profile was approximated by a parabola
chosen so asto fit the q values measured experimental ly
a the plasma edge and plasma center. The unrippled
magnetic field regions calculated for two different q(a)
values are shown schematically in Fig. 1 (in which the
corresponding symmetric regions in the lower part of
the plasma column are not plotted). In TORE SUPRA,
the gradient drift of the ionsis directed from bottom to
top. From Fig. 1, we can see that, for g(a) ~ 3, suffi-
ciently energeticionstrapped inlocal magnetic wellsin
the inner region enclosed by the magnetic surface with
aradius of about r ~ 15 cm will drift upward, thereby
inevitably leaving thisinner region and accumulating in
the region of the unrippled magnetic field. The only
way that the ions can return to the inner region is to be
trapped in magnetic wells in the lower part of the
plasma column. However, in the lower part, ions will
also appear in the unrippled magnetic field region. Asa
result, the core region will act as a heat sink, while the
magnetic surface with aradius of r ~ 15 cm will play
the role of a heat source, thereby leading to the forma-
tion of hollow ion temperature profiles in the steady-
state phase of the discharge. In TORE SUPRA, the gov-
erning factor for the formation of such profiles is a
marked relative ripple amplitude (about 0.003) of the
toroidal magnetic field at the plasma center. In momen-
tum space, the fraction of the locally trapped ions that
areentrained in the upward drift in such atoroidal mag-
netic field is about 0.1. Among these ions, all D ions
with an energy of about 7 keV and higher (for the char-
acteristic parameter values B, = 3 T and n(0) = 5 x
10" m=) [9] will enter the unrippled magnetic field
region and reach the magnetic surface with a radius of
r ~ 15 cm. For sufficiently large q(a) values, the unrip-
pled magnetic field regions no longer overlap with the
central plasma region. In this case, the only possible
effectisadlight distortion of thetails of the distribution
function f(E) [9] at different magnetic surfaces without
appreciable heating of any particular magnetic surface.
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Fig. 6. Tj(2) profilesfor deuterium (points connected by line
segments) and C* (unconnected points) ionsin two identi-
cal discharges but with different currents in the ED: Iy =
0.55 in shot no. 28315 (circles) and lgq = 2.2 in shot
no. 28320 (asterisks) (the current | in the divertor is mea-
sured in kA). The toroidal magnetic field isB; = 1.6 T, the
plasmacurrentisl, = 0.75 MA, and the meanion density is

M= 1.2 x 1019 m3,

4. EFFECT OF ED ON THE ION TEMPERATURE
IN THE CENTRAL PLASMA REGIONS

Following [3], let us briefly discuss how the ED
affects the TORE SUPRA plasma. The divertor gives
rise to aregion of ergodized magnetic field around the
magnetic surface with q(r) ~ 3. When the edge q value
is about 3 at the nominal current in the divertor, the
plasma boundary is observed as if it were displaced at
the magnetic surface with r/a ~ 0.8. However, for the
electron plasma component, this effect cannot be
treated merely as a decrease in the minor radius of the
plasma. The divertor acts as a kind of barrier that cuts
off the plasma edge but does not diminish the electron
temperature and density in the plasmacore. Prior to the
experiments presented here, the effect of an ED on the
core ions was experimentally investigated only by pas-
sive particle diagnostics [10]. These investigations
revealed no significant impact of an ED ontheion tem-
perature T;.

Our experiments show that an ED may influence the
ion plasma component. We found that the divertor does
not substantially change the shape of the T;(2) profile
along the DB path but decreases the central ion temper-
ature by about 15%. This decrease was observed not
only inthe temperature of D ions measured by the APD
technique but also in the temperature of C* ions mea-
sured by the CXRS method. Figure 6 illustrates two
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Fig. 7. Electron temperature measured by Thomson scatter-
ing in shot nos. 28315 (circles) and 28320 (crosses) vs.
dimensionless minor radius.
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Fig. 8. Banana orhit of a 5-keV deuterium ion at the mag-
netic surface with aradius of r ~ 60 cm in aTORE SUPRA
discharge with atoroidal magnetic field of 3T and aplasma
current of 0.65 MA. Indicated in the banana orbit is the
observation point from which a charge-exchange neutral
can reach the PAS analyzer.

discharges with the same electron density, toroidal
magnetic field B, and plasma current |,,, the profiles of
the electron temperaturein the central region also being
practically the same (Fig. 7). The discharges differed
only in the current flowing in an ED. Recall that, at the
nomina current in the divertor, the effective minor
radius of the plasma column decreased to 0.8r/a [3].
Since the effective minor radius increases aimost lin-
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early with the current in the divertor (provided the cur-
rent isbelow the nominal value), we can expect that, for
shot no. 28315, this radius is about ~0.95r/a. Let us
estimate how the change in the central ion temperature
T:(0) depends on the change in the minor radius,
neglecting all the remaining factors that may affect this
dependence. Under the assumption that the plasma
electrons act as a heat source for the ions, the desired
estimate can be obtained from the heat balance relation
for the ion plasma component:

X(Tin) Tia (R’ _Te—Ti
X(T)Tlad  To—T,

where X(T;) isthe ion thermal diffusivity. Ascribing to

2

thediffusivity x(T;) thesi mpledependence~1/Ti”2 and
using Figs. 6 and 7 and formula(2), we can estimate the
expected central temperature value T, for the effective
minor radius ~0.95a/r from the known central temper-
ature T, ~ 0.92 keV for the effective minor radius
~0.8a/r (in both cases, the electron temperature T, is
the same and is approximately equal to 1.5 keV). Asa
result, we obtain T;; ~ 1.08 keV, which is close to the
experimentally measured temperature (Fig. 6). We can
thus conclude that the effect of the ED operation on the
plasmaions consists merely in areduction of the effec-
tive minor radius for the radial ion temperature profile.

5. PLASMA ION TEMPERATURE
IN THE REGIONS r/fa > 0.5

From Figs. 3b and 6, one can see that, in these
regions, the temperature of the D ions measured with
PA4 and PAS5 by the APD technique is higher than the
temperature of C* ions by about 20%. An analogous
situation was observed in all experimentswith DBs. We
failed to revea how this temperature difference
changes depending on the plasma parameters. Note
only that this difference was found to be minimum
(about 10%) in discharges with ion cyclotron auxiliary
heating, in which the mean electron density and central
ion temperature were about ~3 x 10" m~ and about
3keV, respectively (these values are approximately
closetothoseinthedischargeillustrated in Fig. 2). The
effect of the broadening of the radial profile of the ion
temperature measured by a particle diagnostic tech-
nigue is often observed in experiments (seeg, e.g., [11]).
In al particle diagnostic methods, the ion temperature
iscalculated from thetails of theion energy distribution
function. Consequently, it may be expected that, if the
function f(E) deviates from a Maxwellian distribution
function (MDF), then the temperature of C** ions (in
the CXRS method, the measured spectral line width is
associated primarily with the thermal ions of the main
ion plasma component) will differ from the calculated
temperature of D ions. In the TORE SUPRA tokamak,
there may be two possible causes for the deviation of
the ion energy spectrum measured by the APD tech-
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nique from being Maxwellian (these causes were
already studied in the literature, see, e.g., [9, 12]). The
first cause is associated with the position of the obser-
vation point in the banana orbit of an ion in the actual
experimental geometry: it is this point from which a
charge-exchange D neutral can reach the PA. Figure 8
shows the observation point for a5-keV D ion detected
by PA5 (the ion energy is chosen from the central spec-
tral region, from which the ion temperature is calcu-
lated). We can see that, unlike in [12], the observation
point liesin the inner circuit of the banana orbit. In the
case at hand, this indicates that, in the energy range of
about 5 keV, measurements of the ion temperature by
detecting theionsthat come from this observation point
give the ion temperature at a magnetic surface whose
minor radiusis larger than the distance from the obser-
vation point to the plasma axis by about 5 cm [12]. In
reality, the characteristic features of the method used to
calculate T, from the energy spectraof charge-exchange
neutrals[10] are such that the resulting ion temperature
is even lower. Consequently, the expected distortion of
the MDF should lead to a lower temperature of D ions
in comparison with C* ions. However, in actual exper-
iments, the opposite situation occurs. Carrying out cal-
culations with allowance for a marked toroidal plasma
rotation [ 7] reduces the above difference from ~5cmto
~4.5 cm, which is, nevertheless, too large to resolve the
problem in question. Moreover, in earlier TORE
SUPRA experiments with passive particle diagnostics,
the temperature of D ions measured by PA4 in dis-
charges with a reversed plasma current (the remaining
parameters being fixed) wasfound to be the same (it has
been established experimentaly that, in discharges
with a moderate electron density, passive and active
particle diagnostics yielded practically equal ion tem-
peratures). This contradicts the predictions of our anal-
ysis, according to which the temperature of D ions cal-
culated from their energy spectrais expected to be sub-
stantialy higher.

The second possible cause for the above tempera-
ture difference may be associated with the large ripple
amplitude of the toroidal magnetic field in TORE
SUPRA. The exact calculation of the maximum possi-
ble number of fast ions that can occur at different mag-
netic surfaces and can be detected by PA4 and PAS after
they have undergone charge exchangeisavery compli-
cated task and isto be the subject of our further studies.
However, we believe that the experimenta results
under discussion can hardly be interpreted as manifes-
tations of thelocally trapped ions. The main reasonsfor
this are twofold. First, the analyzers were oriented in
such away that their viewing chords do not intersect the
corresponding regions of local magnetic wells. The
experimental data obtainedin [8] show that, for theions
to betrapped in alocal magnetic well along the viewing
chord of PA4, theratio of their longitudinal velocity to
their transverse velocity should be smaller than 0.03; in
turn, PA4 can detect ions for which this ratio is about
0.11. In energy space, the corresponding zones are well

PLASMA PHYSICS REPORTS  Vol. 28

No. 2 2002

101

separated. For PADS, these zones are closer to one
another but still do not overlap. Hence, the detectable
ions move along banana orbits and can be described
using the above approach, which is based on Fig. 8.
Second, in accordance with [9], we can expect that the
maximum possible number of ions at a given magnetic
surface will be achieved, in particul ar, at the expense of
retrapping ions that were trapped at neighboring sur-
faces(inthiscase, theretrappedionsall have physically
reasonable longitudinal and transverse momenta and
thusfill the entire momentum space). For arelative rip-
ple amplitude of about 1% near PA4 and PA5, the num-
ber of such retrapped ions can be fairly large. However,
unlike in [9], the ripple amplitude in TORE SUPRA
varies strongly in the vertical direction. To be specific,
let us illustrate how the relative ripple amplitude
changes along the DB path in adischargewith g(a) ~ 4.
It decreases from ~7% at z=-75cmto ~1.5% at z =
—60 cm (PA5). Further, it continuesto decreaseto 0.9%
at z=-50cm (PA4) and to 0.1% at z= —15 cm (PA2).
Then, it startsincreasingto 0.4%at z=0cm (PA1). The
variation in the relative ripple amplitude in the upper
part of the plasma column isa mirror image of that just
described.

Let us consider a magnetic surface associated with
AHA4. In our experiments, this analyzer measured ions
with mean energies of about 6-7 keV. For the character-
istic experimental plasma parameters, the result is that,
for the ions trapped in local magnetic wells at inner
magnetic surfaces to become untrapped in the upper
half-plane, they should travel adistance of about 15 cm
(with allowance for the variation in the ripple ampli-
tude) and, analogously, for the ions trapped at outer
magnetic surfaces to become untrapped in the lower
half-plane, they should travel adistance of about 25 cm.
That is why, in regions far from the local magnetic
wells, the distortion of the MDF at a chosen magnetic
surface is more likely to reflect the losses of ions with
energies of about 6-7 keV in the energy spectrum (with
allowance for the ion escape from the chosen surface
outward in the upper half-plane and inward in the lower
half-plane). As aresult, the temperature of D ions mea-
sured by the APD technique should be lower than the
temperature of the thermal ions of the main ion plasma
component. Hence, we believe that neither the method-
ical consideration nor the above qualitative physical
analysis can explain the difference in the ion tempera-
tures measured by two diagnostic techniques in the
region r/a > 0.5 (the temperature of deuterium ionsis
always measured to be higher than the temperature of
carbon ions).

6. CONCLUSIONS

Our experimental investigations of the T;(2) profiles
along the DB path in various TORE SUPRA operating
modes allow us to draw the following conclusions.

(i) Measurements of the ion temperature in the cen-
tral plasma regions by three different diagnostic tech-
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niques (the APD, CXRS, and Bragg methods) yield the
same results (to within the experimental error).

(i) The TORE SUPRA tokamak can operate in
ohmic modes with hollow ion temperature profiles and
conventional electron temperature profiles. A possible
cause of these operating modes, which occurs when
g(a) ~ 3, is associated with locally trapped ions and
regions of locally unrippled magnetic field in the cross
section of the plasma column. Thetoroidal ion rotation
velocity in the plasma core was measured to be close to
zero and even positive, in agreement with the theoreti-
cal model proposed in [7] (in TORE SUPRA, the for-
mation of the radial electric field and the onset of the
toroidal ion velocity V,,, is associated with the ripples
in the toroidal magnetic field B,). Since, in some toka
maks, theripple amplitudein the central plasmaregions
isaways significant, the radial ion temperature profiles
T, (r) may become hollow during discharges with small
g values. The study of such operating modes can also be
of interest from the standpoint of the possible evolution
of adischarge to a state in which the toroidal ion rota-
tion velocity V,,, (and, accordingly, the radial electric
field [7]) may have opposite directions at neighboring
magnetic surfaces in the plasma core [formula (2)].

(iii) In our experiments, the effect of the ED on the
ion temperature T, in the central regions has been mea-
sured for the first time. As the current in the divertor
increases, the central ion temperature T; decreases, the
shape of the T, (2) profile being unchanged. This behav-
ior of theion temperature can be explained as being due
to the divertor-induced reduction of the effective minor
radius for the radial ion temperature profile.

(iv) In the plasmaregion r/a > 0.5, the ion tempera-
tures measured by two diagnostic techniques differ by
about 20%. The temperature of the thermal ions mea-
sured from the Doppler broadening of the C* line by
the CXRS method is lower than the temperature of D
ions measured by the APD technique. Asaresult, in the
energy range from 3T, to 8T;, the MDF is observed to be
distorted in such a way that it reflects a significant
increase in the fraction of these ions above the Max-
wellian background level. A gqualitative analysis carried
out with allowance for such factors as the influence of
locally trapped ions and the position of the observation
region in the banana orbit fails to explain the results
obtained. Moreover, the analysis shows that these fac-
tors should produce the opposite result.

It is well known that a similar strong distortion of
the MDF in the thermal energy range plays agoverning
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role in the transport processes of the mgjority ions in
tokamak plasmas. The results from the above supple-
mentary methods for measuring the ion temperature T,
provide a clearer insight into the problems associated
with ion confinement. In recent years, particle diagnos-
tic methods for ion measurementsin thethermal energy
range have been largely abandoned in favor of the spec-
tral methods for measuring the emission from impurity
ions. However, this preference leadsto asignificant loss
of information about the ion component of the tokamak
plasma.
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