meee————  Princeton Plasma Physics Laboratory s

PPPL- 4906 PPPL- 4906

Tendency of a Rotating Electron Plasma to Approach the Brillouin Limit

Renaud Gueroult, Amnon Fruchtman and Nathaniel J. Fisch

June, 2013

PRINCETON
PLASMA PHYSICS
i LABORATORY

=Lt — B

T ———
- =

- S

e

- K- S
5 s

s A e k

S Pk o o i e

Prepared for the U.S. Department of Energy under Contract DE-AC02-09CH11466.


Pamela Hampton
Text Box
PPPL-

gczechow
Typewritten Text


Princeton Plasma Physics Laboratory
Report Disclaimers

Full Legal Disclaimer

This report was prepared as an account of work sponsored by an agency of the United
States Government. Neither the United States Government nor any agency thereof, nor any of
their employees, nor any of their contractors, subcontractors or their employees, makes any
warranty, express or implied, or assumes any legal liability or responsibility for the accuracy,
completeness, or any third party’s use or the results of such use of any information, apparatus,
product, or process disclosed, or represents that its use would not infringe privately owned
rights. Reference herein to any specific commercial product, process, or service by trade name,
trademark, manufacturer, or otherwise, does not necessarily constitute or imply its endorsement,
recommendation, or favoring by the United States Government or any agency thereof or its
contractors or subcontractors. The views and opinions of authors expressed herein do not
necessarily state or reflect those of the United States Government or any agency thereof.

Trademark Disclaimer

Reference herein to any specific commercial product, process, or service by trade name,
trademark, manufacturer, or otherwise, does not necessarily constitute or imply its endorsement,
recommendation, or favoring by the United States Government or any agency thereof or its
contractors or subcontractors.

PPPL Report Availability

Princeton Plasma Physics Laboratory:

http://www.pppl.gov/techreports.cfm

Office of Scientific and Technical Information (OSTI):

http://www.osti.gov/bridge

Related Links:

U.S. Department of Energy

Office of Scientific and Technical Information

Fusion Links




Tendency of a rotating electron plasma to approach the Brillouin limit
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A neutral plasma is considered to be immersed in an axial magnetic field together
with a radial electric field. If the electrons are magnetized, but the ions are not
magnetized, then the electrons will rotate but the ions will not rotate, leading to
current generation. The currents, in turn, weaken the axial magnetic field, leading
to an increase of the rotation frequency of the slow Brillouin mode. This produces a
positive feedback effect, further weakening the magnetic field. The operating point
thus tends to drift towards the Brillouin limit, possibly finding stability only in
proximity to the limit itself. An example of this effect might be the cylindrical Hall

thruster configuration.



I. INTRODUCTION

Many magnetic devices feature rapidly rotating clouds of electrons, including centrifu-
gal fusion devices ', plasma centrifuge’ ", helicon source’, and various Hall-type thruster
geometries ' '. In these configurations, the rotation is driven by crossed electric and mag-

netic fields.

In such configurations, the electron rotation frequency w is in first approximation de-
scribed by the azimuthal cross field drift velocity, in which case w is assumed to be equal
to E(Br)~!, with E the electric field intensity, B the magnetic field intensity and r the
radial coordinate. A more complete description indicates that, when the the magnetic field
is inclined with respect to the radial direction, the radial centrifugal force exerted on the
azimuthally rotating electron cloud has components both parallel to the magnetic field line
(and compensated therefore by a parallel electric field) and perpendicular to the magnetic
field ©. The perpendicular component of the centrifugal force results in an additional az-
imuthal drift, which modifies the rotation frequency'. The rotation frequency w is therefore
no longer equal to F(Br)™!, but some particular kind of Brillouin solution (see, e. g., Ref."”)
generalized to non-purely axial magnetic fields. This deviation is shown' to be negligible for
E(Br)™' << w,, where w, is the electron gyro-frequency, but becomes non negligible when

these two frequencies are comparable.

The particular feature that we uncover here is the rather fascinating tendency, through
a feedback mechanism, of the rotating electron cloud flow to grow closer to the so-called
Brillouin limit"". In this limit, the frequency of rotation of the electron cloud becomes one
half of the electron gyro-frequency. This tendency is shown to occur for a particular set of
plasma parameters, such as observed for example downstream of the miniaturized cylindrical

Hall thruster

The paper is organized as follows: In Sec. I1, the role played by the non negligible induced
magnetic field on the electron cloud azimuthal rotation frequency is introduced. In Sec. III,
a simplified geometrical configuration is used to derive analytical solutions for the rotation
frequency under the assumption of a solid body rotation. In Sec. IV, different electron
cross-field transport regimes are discussed. In Sec. V, these considerations are applied, as
an example, to data obtained in the cylindrical Hall thruster. In Sec. VI, the main findings

are summarized.



II. FEEDBACK LOOP CAUSED BY THE INDUCED MAGNETIC FIELD

Under the assumption of a purely homogeneous axial magnetic field B = ByZ and a
radial electric field E = —Ey# (Ey > 0), and neglecting initially the induced magnetic
field, the electron azimuthal rotation frequency w(r) can be shown to be the slow Brillouin

rotation mode
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In principle, another solution for the rotation frequency would be the fast Brillouin rotation

mode
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However, since the rotation of an electron in the fast mode w(r) = w™ requires a significantly
larger electron initial kinetic energy, only a negligible fraction of electrons will actually orbit
in this mode, so that the contribution of these electrons can be reasonably neglected. The
slow rotation mode w(r) = w™ will therefore be the only one considered in the rest of the
paper.

Consider a homogeneous electron density n. rotating at the frequency w(r) = w™ as

obtained in Eq. 1. The induced magnetic field B; = —B;2 can then be estimated as

0
Bi:/ epgnew (r')r'dr’, (3)

with ro the external radius of the device and p the free space permeability. A lower estimate
of B; can be obtained by noting that, as shown in Eq. 1, w is always larger than E(Byr)™",
which yields

B; > e,uone%z(ro —r). (4)

Introducing the plasma frequency w? = e’n.(meg)™" , the speed of light ¢ = (eopo) "2,

and the parameter py = mFEy/(eB2r) representative of the proximity of the vacuum fields

conditions to the Brillouin limit, Eq. 4 can be rewritten as
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where d; = c¢/w, is the electron skin depth. The condition for a non negligible induced
magnetic field can then be seen as the combination of two factors. The first factor is the

ratio of the plasma column radius over the electron skin depth. The second one is the
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parameter pg, with pg = 1/4 at the Brillouin limit for wich w/w, = 1/2. Eq 5 indicates that
the induced magnetic field is to be expected to play a non negligible role when the product
of these factors is O(1). Let us consider in the remaining of this paper the situation for
which such a condition is met.

The non-negligibility of the induced magnetic field B; demands considering the effective
magnetic field B in place of the externally applied magnetic field By in Eq. 1. Since the
induced magnetic field depends itself on the rotation frequency w, a feedback loop exists.
The magnetic field weakening modifies the rotation frequency, which itself modifies the

magnetic field strength through the induced magnetic field. The system to be solved is then

eB mE
e Y S
YT om eB%r (62)
T0
B =B, — / eponew (r')r'dr’. (6b)

The derivation of solutions for Eq. 6 requires additional assumptions as for the the electric
field £ and the magnetic field B (or the rotation frequency w), as well as for the electron

number density n..

III. RIGID ROTOR

In order to quantify the effect of the magnetic field weakening on the electron cloud
rotation speed, an analytical solution for Eq. 6 can be obtained in the idealized case cor-
responding to the rigid rotor rotation (w independent of r) of a uniform electron cloud (n.

constant). Eq. 6 then becomes

eB mE
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Introducing the dimensionless variables
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Eq. 7 reads
SR P PR 9

g T o
5%:1—§u—f%g (9b)

The variables a and €2, are the dimensionless electric and magnetic fields, s is the dimen-
sionless electron number density responsible for the diamagnetic effect, and €2 is the resulting
dimensionless uniform rotation angular frequency.

Rewriting Eq. 9a, one obtains that the dimensionless electric field must satisfy
a= Q0. — Q). (10)

Plugging in the expression for the dimensionless magnetic field 2. obtained from Eq. 9b,

the explicit dependence of the electric field on the radial coordinate reads
a:Q§1—§u—f%Q—9] (11)

It is clear that the electric field does not depend linearly on the radial coordinate & as

obtained when neglecting the induced magnetic field. The corresponding dimensionless

e € s (g ¢ &
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with ¢ the potential at distance r relative to the axis. The dimensionless voltage across the

potential v is

electron cloud is then

wi [Cae = o =F[1-0(1+2)] (13
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The uniform rotation frequency €2 can consequently be interpreted as a function of the

two dimensionless parameters vy and s. Solving Eq. 13, one gets

:1ivﬂ—8wﬂ+sﬂ)

th 2(1+4s/4)

(14)

From energetic considerations, the naturally arising mode is 2 = Q7. We verify that, in the
limit case of a negligible electron density s — 0, Eq. 14 is equivalent to the classical slow
Brillouin rotation mode driven by an applied voltage ¢ = ¢o&2. The classical Brillouin flow
limit vy < 1/8 is here modified by the diamagnetic effect through the dimensionless electron

density s, with

sw(1+i)g1, (15)
or in dimensional form
8mapy poe*ners
1+4——) <1. 16
eB2r2 ( i 4m - (16)

Figure 1(a) shows the evolution of €2 as a function of the dimensionless variables s and vy.
The deviation from the neglected induced magnetic field case is, as expected, materialized
by an increase of € for large values of s, or in other words for large electron number densities
(see Fig 1(b)). This result is however insufficient to quantify the proximity of the operating
conditions to the Brillouin flow limit since the gyro-frequency is itself decreasing as the
induced magnetic field increases.

Once the rotation frequency 2 is determined, the dimensionless magnetic field 2. can be

derived as a function of the same dimensionless variables s and vy,

1—+/1—8uvy(1+ s/4)
4(1+ s/4)

Q=1--(1-H0=1- (1 —£?)s. (17)

The magnetic field radial profiles obtained for various dimensionless electron number den-
sities and a dimensionless electric potential vy = 0.043 are plotted in Fig 2(a). The field
weakening is seen to be significant close to the axis, with a 30% decrease at £ = 0.5 (r = 1(/2)
for s > 5.7. Insight of the operating conditions’ proximity to the Brillouin flow limit can be
obtained by analyzing the radial dependence of the ratio 2/€)., the Brillouin parameter, as
plotted in Fig. 2(b). As a matter of fact, from Eq. 9a, the Brillouin flow limit is equivalent
to Q/Q. = w(&) /w.(€) = 1/2. If neglecting the induced magnetic field, Q = (1 —+/1 — 8uvg) /2
and Q. = 1. Figure 2(b) together Fig. 2(a) with clearly demonstrates the role of diamag-

netism on the evolution towards to the Brillouin flow. The magnetic field weakening within
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FIG. 1. Map of the uniform dimensionless rotation frequency 2 = w/w., as a function of the
dimensionless electron number density s and electric potential vy (a). The dependence of s over

ne is indicated in (b), with s ~ 6 107 ¥n.[m=3] for rp = 13 mm.

the core of the plasma indeed corresponds to a large increase of the Brillouin parameter, with
2/Q, increasing rapidly towards the 1/2 limit in response to an electron number density
increase past a given value.

We note that even larger electron number densities (larger s values) would yield a decon-
finement (p = mE/(eB?r) > 1/4) of the electrons. More specifically, looking at Eq. 14, one

can show that the dimensionless rotation frequency at the Brillouin limit is

1
N=—— 1
2(1+4s/4) (18)
so that on axis
Q 1 (19)
Q(6=0) 2
while at the edge of the plasma, Q.(( =1) =1, and
Q 1 1
= < - 20
Q(E=1) 2(1+s/4) ~ 2 (20)

A dense plasma could therefore become unstable close to the axis while the outer regions

remain stable, leading in turn to the formation of a hollow cylindrical plasma.

7



1 T T T T T T T T T T T T T T 0.4 T T T T T T T T T T T T I T T T
i o
0.9 0.351- - 18 ]
L —-— 37 4
0.8 . 03F N gz -
= S ’
S 3 . 73 -
T 07 ' 0.25
o s |
S
0.6 . 18- 0.2
- 37 1
- 57
051 . 55 0.15
. 73
0.4 1 1 1 I 1 1 1 I 1 1 1 I 1 1 1 I 1 1 1 0.1 1 1 1 I 1 1 1 I 1 1 1 1 1
0 02 04 06 08 1 0 02 04 06 08 1
E=r/ry E=r/ry
(a) Qc(6) (b) ©/Q.(¢)

FIG. 2. Magnetic field (a) and Brillouin parameter (b) radial profiles for various value of the
dimensionless electron number density s and a dimensionless electric potential vy = 4.3 1072

(Eo(ro) ~ 2 10* V.m™1).

Another quantity of interest is the ratio of rotational to electrostatic energy (relative to

the axis)
_muw?r? (21)
X =9 eg
Using the expression for the potential,
2 2 4 2
%:Q[é_f(i_i)g_gé}’ (22)
Wz, mry 2 2\ 2 4 2
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The ratio x increases monotonically with €. Therefore, its maximal value is
Q
(24)

T QU4 s/4)
Substituting the slow mode dimensionless rotation frequency 2 as specified by Eq. 14, it
yields,

1—+/1—8uy(1+s/4)

<1. (25)
(1+s/4) [1 +/T— 8o (1 + /)

Xmax =
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The stronger the diamagnetic effect, the larger the rotational to electrostatic energy ratio.
At the limit of zero density, s = 0, the rotational energy becomes equal to the electrostatic
energy if 8uyg = 1, that is to say at the Brillouin limit. For a vanishing s, it occurs at

2 = 1/2, in which case the ratio is then identically unity across all the cylinder:

X =—>¢5- (26)

The assumption of a solid body rotation is mainly motivated by the interest for the
possibility of an analytical solution. The physical realizability of these solutions is therefore
not immediate. But this this idealized case highlights a trend, which could be checked

computationally for more realistic models.

IV. CROSS-FIELD TRANSPORT

Recalling the modeling of the purely axial magnetic field configuration, the assumption
of a particular transport regime can be rewritten as a given relation between the electric and
magnetic fields £ and B. More specifically, the assumption of a constant discharge current
across the field lines, that is to say of a constant radial current in our idealized case, leads
to the invariance of the product oF, where o is the plasma conductivity. Since the two
different transport regimes considered above can be rewritten as 0 oc B~! (Bohm scaling) or
o o< B72 (classical diffusion), a constant conductivity yields respectively F oc B or E o< B2.

Eq. 6 is consequently numerically solved for various dependences of the electric field £
on the magnetic field B. The system is solved iteratively, starting from the initial magnetic
field and electric potential

B® =p, 2 (27a)

7,2
¢:%%, (27b)

until the relative error with respect to the magnetic field B converges within one percent.
The corresponding initial electric field can be expressed as a function of the variable vy
defined in Eq. 13, with

2eB?

EO© = _ —vor (28)

Let us first consider Bohm scaling for the electron cross-field transport, for which E is

assumed proportional to B, E = E®B/B©® . Fig. 3 shows that the dimensionless rotation
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FIG. 3. Map of the dimensionless rotation frequency €2 = w/we, as a function of the dimensionless
electron number density s and electric potential vy in case of a Bohm scaling (E = E(©B/B©)

for various normalized radial positions {. £ =1/3 (a), { =2/3 (b) and £ =1 (¢).

frequency €2 evolution is qualitatively similar to the rigid rotor solution presented in Sec. III.
The main difference lies in the radial dependence of the rotation frequency, with {2 compara-
ble to the rigid rotor values close to the axis, and globally smaller at larger radial positions.
The regime for which the operating conditions are close to the Brillouin flow is in this case

shifted to larger electron number density (larger s values), as illustrated in Fig 4.

Consider now the limiting case of a negligible dependence of the conductivity on the
magnetic field, 7 e. a regime for which the electric field E is supposed independent of B.
In this limit, the numerical solutions plotted in Fig. 4 confirm the general trend previously
identified. The main difference consists in a shift towards lower values of the electron
number density for which the operating conditions reach a given proximity to the Brillouin
flow (e. g. a given Q/Q.(£)), the sudden increase of £2/Q.(£) occurring for approximately

half the electron number density observed in case of a Bohm scaling (n, ~ 9 107 m™3).

Consider also the classical electron cross-field regime, for which the electric field is as-
sumed proportional to the square of the magnetic field, £ o< B2 Eq. 6 then indicates a

stabilizing feedback loop, since an increase of the magnetic field B would yield an increase of
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FIG. 4. Proximity to the Brillouin flow for various s values and electron-cross field regimes. The
Brillouin flow regime corresponds to ©/.(£) = 1/2. The weaker the electron cross field diffusion,
the larger the electron number density required to yield a deviation from the neglected induced

magnetic field case.

the angular frequency, which itself would weaken the magnetic field. The rotation frequency
w is therefore expected to remain close to its free space value under the assumption of a

classical electron cross-field transport.

To summarize, with the exception of the case corresponding to Bohm scaling for the
electron cross-field transport, the various regimes studied highlight a tendency of the electron
rotating cloud to grow toward the Brillouin limit much similar to the one identified in the case
of the analytical rigid-rotor model presented in Sec III. In addition, despite small variations,
the conditions for which this growth is observed remain globally identical (within roughly a
factor 2.5). These descriptions do rely on the simplifying assumption of constant electron
number density. The dependence of the electron number density on the rotation frequency,

as well as the implications with respect to the results obtained, are discussed in Appendix A.
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V. EXAMPLE: CYLINDRICAL HALL THRUSTER

The cylindrical Hall thruster (CHT) is a promising alternative to the conventional annular
Hall Thruster (HT) particularly in scaling to low power '”. A number of variations of Hall
thrusters with large axial field components have now been explored as well """, In this open
or magnetic-nozzle configuration, the outer part of the central portion of a conventional HT
annular channel is eliminated, giving a larger volume to surface ratio for a given thruster
radial dimension. The electron losses to the walls are therefore smaller, and it stands to

reason that so might be the erosion.

However, because of the partial elimination of the central annular channel, the magnetic
field lines have a significantly larger component in the axial direction as compared to the
magnetic field lines in the conventional HT. Thus, while there are many magnetic field effects
such as magnetic mirroring or focusing exhibited by the conventional annular thruster = ',
that may be expected to be found also in cylindrical Hall thrusters, cylindrical thrusters may
exhibit new features or exaggerated features compared to conventional annual thrusters. One

such example is the role of the diamagnetic effect described in this paper.

We apply the analysis described above to the miniaturized thruster described in ref' >
Table 1 presents values of parameters downstream that CHT. For n, = 10'® m~3, the electron
skin depth d, is about 5 mm, that is to say about a third of the channel width. In addition,
the vacuum electric Fy and magnetic field By values give py ~ 0.08 at r = r/2, so that
according to Eq. 5, one gets B;/By > 0.15. Consequently, the derivation of the electron
cloud rotation frequency downstream of this CHT indeed requires computing the effect of
the induced magnetic field. Taking the voltage ¢g = 130 Volts, the dimensionless voltage
is v9 = 0.043 while the dimensionless electron number density is s = 6. The dimensionless
rotation frequency is then €2 = 0.125, considerably smaller than unity. However, as a result
of the large diamagnetic current, we obtain for the rigid-rotor flow a much larger ratio within
the plasma core, with Q/€. > 0.2 for £ < 0.5. The fact that the results obtained for the
classical diffusion model (c. f. Sec. IV) and typical CHTs’ parameters are consistent with
these values is taken as a strong indicator that the diamagnetism effects previously discussed

are likely to be observed downstream of a cylindrical Hall thruster.

Closer to the anode of the CHT, the diamagnetic effect is weaker. However, each elec-

tron is expected to bounce back and force between the anode region and the downstream
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Parameter Value

distance from axis [mm]| 13
potential relative to axis [V] | 130
Magnetic field [T] 0.01

Electron number density [m~3]| 10'8

TABLE I. Dimensions and typical operating conditions downstream of a miniaturized cylindrical

Hall thruster, from Ref."*

region, and therefore it experiences being closer to the Brillouin limit along its trajectory
downstream from the anode. It is true that downstream from the anode the magnetic field
lines diverge and the the validity of the approximation of an axial magnetic field is therefore
only limited. However, some of the flow behavior, such as the existence of two solid rotation

frequencies exist also when the magnetic field is divergent

V1. SUMMARY

In this paper, the effects of diamagnetism on the rotation of an electron cloud within
a neutral plasma in which electrons are magnetized, but ions are not magnetized, are ad-
dressed. In such configurations, typically obtained by cross electric and magnetic fields, the
rotation of the sole electron component can yield large currents, which in turn weaken the
axial magnetic field. For some particular conditions, this magnetic field weakening is shown
to be non negligible. In this case, the rotation frequency of the slow Brillouin mode increases
as a result of the magnetic field decrease, producing a positive feedback effect.

For solid body rotation of a homogeneous electron cloud, analytical solutions for the
rotation frequency are derived for an idealized magnetic field topology. These solutions
demonstrate a significant diamagnetism effect for larger electron number densities, which
tends to bring the operating point closer to the Brillouin limit. This trend is confirmed by
substituting for solid body rotation different assumptions representative of different electron
cross-field transport regimes, and numerically solving for the rotation frequency. The prox-
imity to the Brillouin flow limit is seen to be greater for large cross-field transport regimes,

such as Bohm scaling, while classical diffusion maintains the system further away from this
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limit.

Consideration of the typical operating parameters reported downstream of a cylindrical
Hall thruster reveals that such diamagnetic effects are likely to be locally observed in these
thrusters. The resulting magnetic field in the core of the plasma is expected to be signif-
icantly weaker than its vacuum field value, exhibiting locally an electron flow close to the
Brillouin limit. Experimental measurements of the electron rotation speed, or alternatively
a mapping of the in-operation magnetic field, should corroborate this analysis. Since the
magnetic field topology is expected to deviate from its vacuum shape, a significant mod-
ification of the electric potential distribution in the thruster is anticipated. This electric
potential remapping is likely to affect significantly the ion beam focusing in a miniaturized

cylindrical Hall thruster.
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Appendix A: Feedback through ionization

The solid body rotation model presented in Sec. III, as well as the simulations presented
in Sec. IV, indicates a relatively sudden appearance of the diamagnetism effects above a
threshold electron number density. Because of this electron number density sensitivity, it
seems suitable to depict how the relaxation of the constant electron density hypothesis
would alter these results. A solution consists in modeling the electron impact ionization
cross-section o dependence on the rotation frequency. Since the electron cloud rotation is
expected to be supersonic, the ionization rate will be determined by the electron rotation
velocity. More specifically, an increase of the rotation frequency yields an electron kinetic
energy . = mw?r?/2 increase, modifying in turn the ionization rate on,v, where v = wr
is the electron velocity and n, is the background neutral number density. In addition,
assuming solid body rotation, the kinetic energy of an electron close to the outer wall will

be much larger than the one of an electron in the central region, leading to an inhomogeneous
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lonization rate.

Above some threshold kinetic energy, an electron becomes less efficient at ionizing back-
ground neutrals. Consequently, two cases can be set apart depending on the scaling of the
rotational energy with respect to the electron kinetic energy ¢; for which the electron impact
ionization rate peaks. On the one hand, if €. > ¢;, an increase of the rotation frequency w
with respect to its free space value wy = eBy[1 — /T — 4po]/(2m) will result in an increase
of electron number density n.. This feedback loop would consequently bring the system
even closer to the Brillouin limit. On the other hand, if m(wr)?/2 < &;, an increase of the
rotation frequency would yield a decrease of the electron number density, stabilizing in turn

the system.

A hint of the behavior likely to appear in the cylindrical Hall thruster configuration
discussed in Sec. V can be obtained as follows. The rotation frequency corresponding to
the Brillouin flow limit is w,/2, which is equivalent to an electron energy ez = e¢*B?*r?/(8m)
for solid body rotation of the electron cloud. An upper limit for this electron energy e,
can be calculated at the outermost radial position ry by neglecting the induced magnetic
field. Considering the typical miniaturized CHT parameters summarized in Tab. I, one gets
ep < 370 eV. Using as an example the cross section in Xenon', the kinetic energy above
which an electron becomes less efficient at ionizing background neutrals is ; ~ 320 eV. These
two energies e and g; being comparable, an increase of the rotation frequency w will result
in an increase of electron number density n. in most of the domain. Such an n. increase
will globally strengthen the induced magnetic field, amplifying in turn the feedback loop
exhibited by Eq. 7. A possible exception consists of the limited regions where the conditions
are already sufficiently close to the Brillouin flow for the electron energy to be larger than ;.
In such regions, an increase of the rotation frequency will yield an electron density decrease,
giving a stabilizing effect. Note however that additional effects, in particular collisions,

should generally lower the electron energy, so that it remains much lower than ;.

Thus, with the exception of particularly large rotation frequencies, the consideration of
the rotation frequency’s influence on the electron number density is expected to lead to
predicting an even stronger feedback loop, bringing the system even more quickly towards
the Brillouin limit. It is worth noting that this process is expected to take place irrespectively

of the transport regime.
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