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Experiments on plasma wake fields are presented. Properties of wake fields in a two-component plas-
ma are briefly reviewed and compared with the experiments of Nishida et al. [Phys. Rev. Lett. 66, 2328
11991)]. Characteristics of wake fields in a three-component plasma that consists of positive ions, nega-
tive ions, and electrons are then described. These wake fields are created following the injection of either
positive or negative ions into a plasma. The relationship between ion-acoustic fast modes and the wake
field are investigated and the excitation mechanism is discussed. Critical negative-ion concentrations
and modulation eft'ects are examined. The excitation of the wake fields is interpreted using a Auid model.

PACS number(s): 52.35.Mw, 52.75.Di

I. INTRODUCTION

A topic of current research in plasma physics is that of
plasma wake-field phenomena. The impetus for this in-
vestigation is to establish techniques that will assist in the
development of high-energy particle accelerators [I—3).
Plasma wake-field accelerators usually employ a carefully
tailored burst of relativistic electrons that are injected
into a plasma. A characterizing feature of the wake-field
mechanism is that there is often a lengthy trail of rela-
tively large amplitude nondispersive oscillations whose
frequency is of the order of the electron plasma frequency
that follow behind, or in the "wake" of, the initial set of
density perturbations traveling through the plasma.

Recently, Nishida, Okazaki, Yugami, and Nagasawa
have shown that many of the features that are unique to a
wake field with relativistic electrons can also be observed
with low-energy ion bunches injected into a plasma in a
double plasma machine [4]. In these experiments, large
amplitude nondispersive trailing oscillations were report-
ed that had a frequency that was of the order of the ion
plasma frequency. Since the time scales in these experi-
ments were determined by the ions rather than the elec-
trons, properties of an ion wake field could be easily elu-
cidated. Appropriate scaling would make these results
germane to the higher-frequency electron wake field. The
tailoring of the injected ion beam demonstrated that rise
and fall times and the amplitude of the applied voltage
signals were critical factors in exciting large amplitude
wake fields. The nondispersive oscillations that appear in
wake fields that were observed in this experiment, and in
the experiment that will be described below, diff'er from
the small amplitude dispersive oscillations that are found
in either linear ion-acoustic wave or ion-acoustic wave
shock experiments [5].

In the present paper, we describe a series of experi-
ments designed to unearth additional properties of the
ion wake field. Our initial results complement the experi-
ments of Nishida et al. [4] that were obtained in a two-
component positive-ion —electron plasma. Experiments
that were obtained in a three-component positive-
ion —negative-ion —electron plasma are then described.
The experimental results are summarized briefly as fol-
lows. In the two-component plasma, the optimal excita-
tion of the wake field is related to an initial perturbation
that depends on the amplitude and the rise and fall times
of the excitation signal, as well as the density of the plas-
ma. In the three-component plasma, we find that the
wake-field excitation depends, in addition to these param-
eters, on additional parameters that represent the
negative-ion concentration and the sign of the excitation
voltage signal.

The experimental setup is described in Sec. II. Section
III contains the experimental results and observations. A
linearized wake-field model characterizing a three-
component plasma is developed in Sec. IV. Concluding
remarks are presented in Sec. V.

II. KXPKRIMKNTAL SETUP

The experiments were conducted in a large vacuum
chamber that has been described elsewhere [6]. Two cu-
bic multidipole magnetic cages i40X40X40 cm ) were
used to confine the plasma. The cages consisted of
several rows of hollow rectangular tubes filled with small
permanent magnets. The magnet pole faces in each row
pointed in the same direction. The rows alternated in
magnetic pole orientation, creating the magnetic barrier
necessary to contain the plasmas. A fine mesh screen at a
negative fIoating potential separated the cages. The
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n+o —(n+o —n —o) I„E= =1—, (1)
n+p n+0 Ies(p)

where I„and I„~p] are the Langmuir probe saturation
currents with and without SF6, respectively [8]. The
negative-ion density is expressed as n

The plasma signals of interest in this experiment were
excited by controlling the Aow of particles from the
driver to the target. The driver anode excitation signals
varied in shape and polarity and will be described on a

screen prevented electron Bow between the cages.
The experimental plasmas were produced as follows.

The base vacuum pressure was maintained beneath 10
Torr by continuous pumping. Argon was bled through a
valve into the chamber and maintained at a neutral pres-
sure of approximately 2.0X10 Torr. Ionizing elec-
trons from the target and driver filaments were accelerat-
ed by bias voltages applied between the filaments and the
respective anodes. Each cage was independently biased
and supported a series of filaments that were indepen-
dently heated. Nominal target and driver bias voltages
were 80 and 60 V, respectively, and nominal target and
driver filament currents were 24 and 20 A, respectively.
In one experimental case described later, the driver bias
voltage and filament current were switched off, resulting
in a low-density plasma in the driver that had "leaked"
from the target.

The difference of the plasma potentials between the
two chambers could be controlled with a dc bias voltage.
A periodic excitation voltage signal, typically of the order
of 10 V and 1 —2 kHz, was applied to one of the
confinement cages resulting in a flow of ions from one
cage to the other through the separation screen. The
cage with the applied signal voltage is referred to as the
driver, and the other cage where the measurements were
made is referred to as the target.

To create the three-component positive-ion —negative-
ion —electron plasma, sulfur hexafiuoride (SF6) was bled
into the vacuum chamber through a separate valve until
the electron saturation current indicated the desired
negative-ion concentration. Several types of negative
ions could be present in the plasma. SF6 has a high
am. nity for electron capture at low energies. The forma-
tion of SF6 would predominate with the plasma electrons
where T, =1 eV. At higher energies, bombardment of
SF6 by the 80 eV primary electrons and lower energy
scattered secondaries yields F from dissociative ioniza-
tion. When this is the case the lighter and therefore fas-
ter F ions will determine the plasma response to small
perturbations. We see evidence of the heavier SF5 and
SF6 ions in bursts. No measurement was made of the
relative abundances of the negative ions.

Typical two-component plasma numbers monitored
with Langmuir probes in each chamber were a positive-
ion density n+o of (2—5) X 10 cm and an electron tem-
perature T, of 1 —3 eV. The ion temperature T; was
T, (T, /10. The negative-ion concentration e was es-
timated by measuring the reduction in the electron satu-
ration current [7]. We assume the introduction of SF6
doesn't alter the positive-ion density and define the pa-
rameter e to be

case by case basis with regard to the particular experi-
ment in question. Excitation signal repetition rate was
maintained at less than 2 kHz in order to allow for plas-
ma dynamic processes to fully develop and the plasma to
equilibrate between excitation pulses.

All signals were detected with a 3-mm-diam spherical
Langmuir probe that could be moved axially and azimu-
thally within the target volume. The separation grid was
defined as z =0 with z increasing into the target chamber.
The probe was biased positive with respect to the plasma
potential in order to detect perturbations in the electron
saturation current. The perturbations in the current were
passed through a resistor to ground and the resulting
voltage perturbations were displayed on a LeCroy digital
oscilloscope that was triggered from the signal generator.
An interactive data-acquisition routine was used to send
and store the experimental data from the oscilloscope to
a Macintosh computer via the general purpose interface
bus. To avoid spurious results, all oscilloscope signals
were a summed average of 100 wave form samples.

III. EXPERIMENTAI. RESULTS

The experimental results contained in this paper will be
presented in two parts. The first part consists exclusively
of wake-field effects in a two-component plasma which
confirm and expand on that which was reported by Nishi-
da et al. [4]. In the second part, results of wake-field ex-
periments in a three-component plasma are presented.

A. Wake-6eld eft'ects in a two-component plasma

A series of four experiments were conducted under
various plasma parameters, each with regard to a specific
excitation signal or wave attributes. The four separate
characteristics are as follows: (i) excitation voltage fall
time, (ii) excitation voltage rise time, (iii) initial perturba-
tion velocity, and (iv) amplitude decay of the wake field.

Figure 1 exhibits data for various values of excitation
signal fall time when the detecting probe is fixed at 3 cm
from the separation grid. Signal amplitude is measured
with respect to the steady-state background electron
density, no=n+o. Figures 1(b)—1(f) show the plasma
response to the corresponding excitation voltage shown
in Fig. 1(a). In this experiment only, the driver filaments
and bias voltage were switched off. An electrostatically
coupled voltage perturbation follows the change of slope
of the applied signal for 0 ~ t & 30 ps. The oscillation sig-
nal that appears after t =30 ps will be called the "wake
field" in the remainder of this paper. The amplitude de-
cayed gradually in an undulatory manner as the fa11 time
increased. Figure 2 is a summary of this dependence on
fall time. These results are in substantial agreement with
those reported by Nishida et al. [4].

Figure 3 shows traces for various values of the excita-
tion signal rise time when the detecting probe is fixed at
z = 15 cm. Figures 3(b) —3(f) display the plasma response
to the corresponding excitation voltages shown in Fig.
3(a). The rise times ranged from 5 to 100 ps for an exci-
tation pulse that is significantly wider than that shown in
Fig. 1. The detected signals indicate the presence of an
initial burst of ions followed by an oscillation signa1 of
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FIG. 1. Fall-time effects on positive-ion wake fields. (a) Exci-
tation signals with fall times of 20, 16, 12, 8, and 4 ps. (b) —(f)
Associated wake fields. The probe was at z =3 cm.

FIG. 3. Rise-time effects on positive-ion wake fields. (a) Ex-
citation signals with rise times of 5, 15, 40, 65, and 100 ps.
(b) —(f) Associated wake fields. The probe was at z = 15 cm.
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FIG. 2. Plot of amplitude vs excitation signal fall time.

varying strengths. Associated with the wake field is a
leading perturbation which is indicated in Fig. 3.

The period of the oscillating signal is approximately
constant over the course of at least ten cycles. This indi-
cates that it is nondispersive and allows us to differentiate
it from the dispersing Airy function signal that trails an
ion-acoustic shock, soliton, or linear wave [5]. The rise
time, like fall time, seems to have no overall effect on the
wake-field frequency. As the rise time increases, Fig. 3
reveals that the initial burst amplitude increases while the
wake-field amplitude diminishes and eventually dissipates
along with the amplitude of the leading perturbation.
This leads us to hypothesize that the wake field is excited

by the leading perturbation and not by the initial burst of
ions as has been conjectured previously [4]. Subsequent
results will show that this initial perturbation is ion
acoustic in nature.

The wake field in Fig. 3 appears to follow the rising
edge of the excitation signal in contrast to the data shown
in Fig. 1 and in the earlier experiment where it followed
the trailing edge [4]. In fact, the oscillations are observed
before the falling edge of the excitation pulse has oc-
curred. This suggests that the critical parameter in-
volved in the excitation of the ion wake field is the shape
of the ion perturbation that is launched into the target by
the excitation voltage. We have found in the past that
this is the crucial property for soliton excitation in the
laboratory using grids, solid metal plates, and double
plasma machines [9]. This conjecture will be examined in
detail below, in particular, when the details of the experi-
ment using the three-component plasma are described.

The spatial evolution of the wake field in a two-
component plasma is depicted in Fig. 4. Two features of
the trailing oscillations are readily apparent. First, the
oscillations appear to "propagate" away from the separa-
tion grid. Second, there appears to be an initial growth in
amplitude, a maximum value, and a subsequent decay.
The propagation of the density depression indicated by
the arrow in Fig. 4 (z =6 cm) is plotted in Fig. 5(a) yield-
ing a velocity of 1.1 X 10 cm/s. We interpret this
depression as preceding the leading perturbation that ex-
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ion concentration causes a decrease in wake-field ampli-
tude and a time shift of the field itself. The shift forward
in time suggests that the wake-field excitation is related
to the ion-acoustic fast mode in a three-component plas-
ma [10]. The implication of this suggestion is that the
perturbation exciting the wake field is a wave, specifically
the leading perturbation per Fig. 3(b).

In order to observe in greater detail this possible fast
mode excitation for a three-component ion wake field, the
probe was set at z =10 cm and a negative excitation volt-
age was applied to the driver chamber. The resulting os-
cilloscope traces, corresponding to increasing values of e,
are shown in Fig. 7. At approximately t =110ps in the
first trace (e=O), a slight depression occurs which devel-
ops into the perturbation that leads the wake field. In
subsequent traces taken with increasing values of e, the
velocity of this perturbation increases as indicated by its
earlier occurrence in time. This is the first evidence of
fast mode excitation. For 0. 18 (e(0.39, we identify the
train of oscillations trailing the leading perturbation as its
dispersive components [5] since higher-frequency oscilla-
tions appear later in time. A further increase of e yields a
fully developed wake field that masks these oscillations.
This is observed at approximately 60 ps for @=0.49. As
with the wake field previously encountered, Fig. 7 shows
that the field is not fully established until the leading per-

burst
U burst &z~ey~rM

'

where z is the probe position of 10 cm, M is the particle
mass (Ar or SF6, respectively), and P is the applied signal
voltage of —8 V. Figure 8(b) shows that, as e increases,
the amplitude of the earlier Ar+ burst shrinks while that
of the later SF6 burst increases. At @=0.3, the growth
and decay rates of these bursts change anomalously. This
corresponds with the appearance of the wake field. The

turbation develops into a signal of relatively large ampli-
tude.

Figure 8(a) shows the ratio of the velocity of the lead-
ing perturbation in Fig. 7 to the ion-acoustic speed (its
speed when E=O). The excitation signal ends at to=40
ps in Fig. 7. The velocity is then just U, = 10 cm/(t to).—
The greater speed of this perturbation with increasing e
follows the increase in fast mode velocity in a three-
component plasma. This again indicates that the excita-
tion mechanism is a wave. We note an anomalous jump
in the perturbation speed at @=0.3.

The pulses that appear in Fig. 7 at t =52 ps and at
t =60 ps remain stationary in time. We identify them as
particle bursts with tb«st =12 ps and tb«„=20 ps. Their
velocities approximately satisfy the relation
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FICi. 7. Excitation of ion-acoustic perturbations and subse-
quent wake fields in a negative-ion plasma. The excitation sig-
nal was a negative 8-V step function with a fall time of 30 ps.
The probe was at z=10 cm. The excitation signal ends at
to =40 ps.

FIG. 8. Characteristics of the wake fields in Fig. 7. (a) Veloc-
ity of the leading perturbation vs e. (b) Amplitude profile for
the two particle bursts identified in Fig. 7. Both figures exhibit
anomalous behavior at @=0.3.
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measured amplitude of the Ar+ burst is considerably
smaller than that for the SF6 burst at greater negative-
ion concentrations.

For the experimental results presented thus far in this
section, it was observed that a negative excitation voltage
applied to a three-component plasma results in plasma
wake fields at sufficient concentrations of SF6. At higher
negative-ion concentration (i.e., increasing e), the genera-
tion of a large amplitude wake field in three-component
plasmas with positive excitation voltage was also ob-
served. The wake fields excited in this manner possessed
slightly different properties than for the previous case of
negative excitation, namely with regard to pronounced
amplitude modulation effects for the positively excited
wake field.

Figures 9(a) and 9(b) show a series of oscilloscope
traces resulting from a +16 V ramp potential with a rise
time of 50 ps applied to the driver anode. The time scales
are different for each figure but the probe position in both
cases was fixed at z =10 cm. The traces show the depen-
dence of the wake-field amplitude on negative-ion con-
centration. Initially, a compressive ion burst appears as
expected and then begins to decay with increasing e. At
@=0.4, small dispersive oscillations appear. At @=0.6 a
fully developed nondispersive wake field is established.
The figures indicate an amplitude modulation or phase
mixing that was not apparent in the experiments employ-
ing a negative excitation.

A maximum amplitude An/no of approximately 14%
was observed for the wake field in Fig. 9(a). The plasma
potential in Fig. 9(b) was slightly smaller than that for
Fig. 9(a) and resulted in a maximum wake-field amplitude
An/no of approximately 20%. Ion wake fields are a
low-density phenomenon that we observed when
n+o (5X 10 /cm . The largest wake-field amplitudes
were found for low values of n+o. In a negative-ion plas-
ma the wake-field amplitude can also increase due to the
replacement of electrons with negative ions. A plasma
with n+o positive ions and en+o negative ions has
no=(1 —e)n+0 electrons. Then

An/no=An�/(I

e)n+0-
and the amplitude of a perturbation where An is a con-
stant will scale as 1/(1 —e). It thus follows that a
negative-ion plasma provides an easy method to achieve
large wake-field amplitudes. The relationship between
maximum amplitude and densities —n+o and no-
appears to be an inverse one.

The spatial evolution of the wake field in a three-
component plasma excited by a —10 V step of duration
200 ps with a fall time of 100 ps is shown in Fig. 10. The
negative-ion concentration is approximately 25%. The
field has the largest amplitude at z =13 cm. The ampli-
tude has decayed to a negligible value at z =22 cm.

Two features of the wake-field oscillations are readily
apparent as they also were in Figs. 4 and 5. First, the os-
cillations appear to "propagate" away from the separa-
tion grid. Second, there appears to be an initial growth in
amplitude, a maximum value, and a subsequent decay of
the oscillations. The "trajectories" of the first three cy-
cles of the wake-field osciHations in Fig. 10 are plotted in
Fig. 11(a). From this figure their "velocities" are deter-
mined to be =2.8X10 cm/s. This is a greater value
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FICx. 9. Wake-field excitation at z=10 cm from a positive
16-V step for varying negative-ion concentrations. The plasma
potential in (b) is slightly smaller than that of (a).

than that obtained for the wake fields in pure argon of
Fig. 5(a), and again supports the hypothesis that the exci-
tation occurs at the fast mode velocity for a three-
component plasma.

Figure ll(b) is a plot of the spatial dependence of the
amplitudes of the modulating envelopes observed in Fig.
10. The amplitude of the initial envelope (g 1) decays at
a faster rate than that of the succeeding envelope (g2).
The existence of these envelopes is evidence that ampli-
tude modulation effects are present for negative-going ex-
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citation as well as for positive excitation, an effect that
was not initially observed in the earlier experimental ob-
servations involving negative excitation in the three-
component plasma.

IV. INTERPRETATION

cm

cm

100 200 300 400 500
Time jets)

FIG. 10. Spatial evolution of a wake field in a negative-ion
plasma. The excitation signal was a negatIUe 10 V step function
of 200-ps duration with a 100-ps fall time. The negative-ion
concentration e was =25%%uo.

30-

Wake fields in a pure electron plasma have been
theoretically investigated using a simple linearized model
developed by Ruth et al. [2]. The analysis of wake-field
phenomena in positive- and negative-ion plasmas is more
complicated due to the coupling between various parti-
cles and to the nonlinear effects that govern the dynamics
of the field amplitude in space and time. For a multicom-
ponent plasma, however, a nonlinear analysis in closed
form becomes unwieldy. It is possible, nonetheless, to as-
sess various wake-field effects in a two- and three-
component plasma using a strictly linear model. The
model we have chosen successfully predicts the sinusoidal
behavior of the wake fields, the frequency of oscillation,
and provides a criterion for wake-field excitation. We ex-
tend the low amplitude one-dimensional model proposed
by Ruth et al. [2j to wake fields to a three-component
cold ion plasma with n+p positive ions, n p =E'n+p nega-
tive ions, and n, =o(1 —e)n+o Boltzmann electrons. This
is a good approximation for a discharge device where

T; &( Te.
The density perturbation of Boltzmann electrons n, is

expressed as

e
ep P

B e

20-
E
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~ Cycle¹1
o Cycle¹2
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where e is the electron charge, P is the potential, ks is
Boltzmann's constant, and T, is the electron tempera-
ture. Expanding the exponential and retaining the first-
order term results in the first-order electron perturbation
ne1&

0
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15.0-
n, pe n, peVn„= VP= — E,
B e B e

(4)

h, n
(%}

7.5-

Envelope¹1
Envelope¹2

where E is the first-order electric field.
The starting point for the ions is the unmagnetized
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FIG. 11. Characteristics of the wake field in Fig. 10. (a)
"Time-of-flight" plot for the leading three cycles. The velocities
are approximately 2. 8X10 cm/s. (b) Amplitude profile of the
modulating envelopes.

Expanding these in a perturbation series and linearizing
leads to the following set of ion equations for the positive
ions (+ ) and the negative ions (

—):
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~n+1 +n+pV v+ =0
at

dn, 1

+0 2"eoe
0

kB T, ep
(14)

and

Bn
+n pV v =0

Bt
The first-order perturbations n, 1, n+1, and n, are
nonexistent for y &0, the region of quiescent plasma [2].
We assume the perturbation has the form

Bv+
m+ =eE

fjt

Bv

Bt

where m is the ion mass and v is the ion velocity.
Differentiating (7) with respect to time and substituting
(4) and (8) into it yield

n„=g, sin=y

for y )0. The coefficient g, and the term = are found
from (14) to satisfy the condition

2n, oe
cr

kB T, ep

The solution for the electron perturbation is

n+12 Bv+

dt
+n+pV.

at n, 1=—neoe 02

sin[:-(U, t —z)] .
B e~0

(17)

02n k T n+1 + B e +0V =0
Bt2 m+ nep

n,

(9)

8 n+12

Bt

n+oe =o.
sin[:-(v,„t—z)] =0 .

m+ 60

Substitution of (17) into (9) gives

BvBn
+n 0V.

Bt2 Bt

8 n +V.
Bt

kBT, n 0
Vn, 1

=0 .
m n, p

n +1

2n+oe o
sin

m+ @0=vex

The positive-ion perturbation is then given by

(19)

Equations (4) and (9) constitute the dynamic representa-
tion of the three species of particles: electrons, positive
ions, and negative ions.

The electron-density perturbation couples to the ion
perturbations through Poisson's equation,

V E= (n n —n+—n )—e

Ep
(10)

0 n, 1

z

n, pe
2

(n+, n, —n„—+n, ) .
k8 Te&0

When the electric field is expressed by the electron-
density perturbation in (4) we have in one dimension,

Analogously the negative-ion perturbation is found to be

n peo2
n 1

= sin
m ep=v

(20)

kB TeEp d n
n+1 n 1=ne1 2 2n, pe dy

Substitution of the appropriate densities gives

(21)

This is out of phase with n„and n+, which oscillate in
phase. Equations (17), (19), and (20) determine the densi-
ty perturbations of the plasma components.

The constant = is determined from Poisson's equation
(13) for the region of excited plasma, i.e., y )0 where
5(y) =0,

In this expression, we have assumed charge neutrality to
lowest order. An additional charge perturbation nex
represents a source in the next order. This source is a 5-
function excitation perturbation,

with

Q + +1—(1—e)%+@(m+ /m ),
Vex

n,„=—o5(z —v, t), (12)

ne1 n, pe
2 n, pe

2

(n+, n, n„)— — o6(y—) .
kB Telo

'
kB Te E'0

(13)

An integration about this signal ( —0 &y & +0) yields

where cr is a surface charge density, z is the spatial vari-
able, and v, is the velocity of the perturbation. Trans-
forming (11) into the frame of the excitation signal via
the substitution y=v, „t—z leads to the following ordi-
nary differential equation:

2m+ v,„
k. T,

2
vex 0 +=
~so

1/2
n+pe

m+ eo
(23)

and c,p, the ion-acoustic velocity in a two-component
plasma. A frequency cu can be defined so that
s111-y = slnco( r z /U ),

co=A ++1—(1—e)A+a(m+/m ) . (24)

In a multicomponent plasma with several negative-ion
species, we have found that the lightest negative ions
dominate the propagation characteristics of waves since
they respond with a greater velocity to an applied pertur-
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bation. For the purpose of analyzing the wake field, the
plasma can be considered to consist of electrons, Ar+
ions, and F ions with m+ /I =2. 1. From measured
values for the wake field in Fig. 10 (c,o=2X10 cm/s,
v,„=2.8X10 cm/s, %=1.96, @=0.25, and n +o=2X10
cm ), we calculate an oscillation period T=2w/re=9. 0
ps. This agrees closely with the measured T of 8.7 ps.
The same values for c,o and n+0 were found when observ-
ing the wake field of the two-component plasma ( @=0) of
Fig. 5. With v,„=l. 1 X10 cm/s, T is calculated to be
2.5 ps. This is of the same order as the measured T=6.5
ps. Our interpretation seems to be an adequate descrip-
tion of a three-component wake field but needs further
refinement to explain the two-component plasma wake
field.

V. CONCLUSIONS

A series of experiments describing plasma wake-field
effects in both a positive-ion —electron plasma, and a
positive-ion —negative-ion —electron plasma are presented.

In the first case, results in agreement with Nishida et al.
[4] are obtained and extended. A nondispersive wake
field excited by an ion-acoustic perturbation was ob-
served. In the second case, these excitation perturbations
occurred at the fast mode velocity. These results are in
substantial agreement with a theoretical linearized fIuid
model that is developed and described in this investiga-
tion. When the positive-ion density was decreased and
the negative-ion concentration increased, large amplitude
wake fields were attained. Amplitude modulation of
wake fields excited by both positive-going and negative-
going potentials were seen. These nonlinear effects await
further theoretical interpretation.
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