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Three-Dimensional Self-Collapse of Langmuir Waves
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Experimental observation of Langmuir-wave collapse in three dimensions is presented
with regard to collapse rate and threshold. Collapse proceeds under its own trapped field
even after the decoupling from the external driver.
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Since the fundamental work by Zakharov!' on
Langmuir-wave collapse and strong turbulence, and
the independent experimental discovery of cavi-
tons,? there has been intense interest in this sub-
ject. Numerical calculations®* and computer simu-
lations>® have demonstrated repeatedly the oc-
currence of self-collapse of Langmuir waves in two
and three dimensions. By self-collapse, we mean
the contraction of the Langmuir wave trapped in-
side the density cavity into small spatial dimensions
under the influence of ponderomotive force. Once
collapse is initiated, the process will continue even
if the driver is terminated or decoupled. This is
possible in three dimensions because the pondero-
motive force resulting from the trapped field in-
creases as L3, whereas the convective loss only in-
creases as L ™2, where L is the size of the contract-
ing wave field. Through the process of collapse, the
plasma can reach a granular state’ in physical and
phase spaces composed of density cavities and local-
ized fields. Experimental observation of collapse is
important to the understanding of strong Langmuir
turbulence in plasmas and to the confirmation of
the self-collapse process in the presence of kinetic
effects and electron nonlinearities which are not
fully explored in analytical models.! Previous ex-
perimental measurements were obtained either in
only one spatial dimension or in an inhomogeneous
plasma.2-8-10

In this paper, we would like to present both spa-
tial and temporal measurements in an unmagnet-
ized, homogeneous plasma which quantitatively
verify the theoretical description of the collapse
process. This instability is excited in a beam-plasma
system whose previous results® have demonstrated
the existence of spiky turbulence and the simul-
taneous emission of harmonic radiation. A fast
electron beam with parameters of kgay=6,
vb/vez 30, AU”/‘U[, = 20/0, and nb/l’lo'-\—" (04—2)0/0
(kg is the initial wave number, a is the initial spa-
tial half-width of the beam, v,/v, is the ratio of
beam velocity to electron thermal velocity, Av ), is

the parallel beam spread, and n,/ng is the ratio of
beam density to plasma density) is injected into a
large, unmagnetized argon plasma with typical
characteristics of ng=(2-3)x10° cm™3, 7T,=1
eV, and T,/7;>>1. A significant improvement
over the previous experimental setup is a new, spe-
cially designed probe system which can make in situ
measurements of various macroscopic quantities
such as electric fields and density perturbations in
two spatial dimensions (i.e., both along and
transverse to the beam axis). As a result, the com-
plete two-dimensional (2D) spatial and temporal
evolutions of the electric field and density cavity
during the collapse process are obtained. Since
there is no observed asymmetry in the transverse
plane, the 2D measurements are an actual represen-
tation of the 3D field and density patterns. Direc-
tional energy analyzers!! with an angular resolution
of =tan~ (v /vy )=3° (v, and v, are the paral-
lel and perpendicular beam velocities, respectively)
are used to measure the beam distribution and
beam spatial profile. One of the analyzers can be
rotated with respect to the beam axis to ensure that
proper values of v} and v, are obtained, and the
complete distribution function of the beam,
So(vy, v ,0), can be constructed. This is crucial in
understanding the decoupling of the beam from the
wave packet during the collapse process. The elec-
tric field and density cavity are sampled and time
averaged at various times with use of a boxcar in-
tegrator to construct the temporal evolution of their
spatial profiles. Single-shot data are also obtained
with a fast storage oscilloscope.

The linear cold-beam instability quickly saturates
because of beam-particle trapping.!>!3 The ob-
served saturated electric field scales as a function of
beam density, as predicted by the cold-beam rela-
tion E§/ Wy (ny/ng)¥3, where E§ is the wave in-
tensity and W) is the beam energy density. Using
the experimental measured beam density of
ny/ ng==0.5%, we estimate the normalized saturated
wave intensity to be Wy=E{/8mwnyT,=0.3
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>> (kohp)? >> m,/m;, where \p is the electron
Debye length and m,/m; is the electron-to-ion mass
ratio. The electric field is measured by wire probes
which are calibrated by a diagnostic electron-beam
probe in a smaller plasma device.!® These measure-
ments are compared with those obtained by
measuring the amount of side scattering that the
electric field imposes on the main electron beam
during the experiment. Knowledge of the initial
beam profile and the radial extent of the field
makes this a relatively simple and reliable measure-
ment, and the two sets of values are in good agree-
ment with each other. The intensity of the beam-
driven unstable wave exceeds the threshold of col-
lapse [W,> (kohp)?] and initiates the collapse
process. The nonlinear development of this insta-
bility leads to a rapid localization of high-frequency
plasma waves trapped inside collapsing density cavi-
ties.

For low beam densities, 0.1% < n,/ny=< 0.6%,
such as in this experiment (n,/ny=0.5%), a single
localized peak is found at a well defined location
away from the point of beam injection where the
beam-driven wave reaches its maximum amplitude
initially. The fact that the collapse process occurs at
this location in a reproducible manner from shot to
shot allows the use of repetitive sampling tech-
niques to investigate the spatial and temporal
behavior of the collapse process. Single-shot data,
including magnetic-loop data on enhanced radiation
emitted at the harmonic of plasma frequency, 2w,
are also used to monitor the collapse process. Fig-
ure 1 shows the time-averaged temporal evolution
of the electric field at selected times during the col-
lapse process. At wpt==135.7, the initial field struc-
ture has an axial width (full width at half max-
imum) of Az/Ap=500 and a radial width of

Ar/xp=150. For w,t=< 12, the spatial contraction '

is mainly along the beam direction. This is reason-
able as the pumping beam sets a preferred direction
for the initial development of the instability, which
is essentially 1D. At wp,t==32.9, the field structure
appears to be breaking up, and the spatial widths
have contracted to Az/Ap==160 and Ar/Ap==93.
As the electric field collapses, the point of max-
imum field intensity moves towards the beam
source. At wpt==155.8, the field has contracted
both axially and transversely to Az/Ap=42 and
Ar/Ap=39. Soon after this time, Ar stops con-
tracting and remains approximately constant at
Ar/Ap==43. Both the increase of the field intensity
and the contraction of the axial width proceed at a
much slower rate. When w,¢ =78, the axial width
is Az/Ap=20 and the field structure has an
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FIG. 1. Two-dimensional contours and three-
dimensional views of wave intensity, E2(rz), at

wut=15.7,32.9, 55.8, and 78, respectively. The contours
are in equal increments, with the value of the outermost
contour at 0.35 of the peak wave intensity at each time.

At wp,t=178, the peak intensity is approximately
EY8mngT,=1.
elongated, pancake shape with the ratio of

transverse to axial width approximately equal to 2.
Theoretically, the time dependence of the col-
lapse rate can be estimated with use of the Zak-
harov equations.! since our initial wave intensity
is estimated to be Eg/8mnyT,=0.3>> (ko\p)?
>> m,/m;, the wave packet is expected to collapse
supersonically, and the Zakharov equations can be
combined to give a contraction rate!* of
Lo (19— t)¥4, where L is the width of the caviton
field, d is the number of spatial dimensions, and ¢,
is defined as the time it takes the field to collapse to
a singular point. For 3D Langmuir collapse, d =3,
and the rate of contraction becomes L« (fy— 1)¥3
The contraction rates of the spatial widths are
plotted in Fig. 2. The vertical scales are in units of
Az/Ap and (Ar/Ap)¥?, respectively. The radial
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FIG. 2. Contraction rates of spatial widths of caviton.
Axial widths (triangles) are in units of Az/\p and the ra-
dial widths (circles) are in units of (Ar/Ap)¥? Extrapo-
lation of the contraction rates (dashed lines) determines
to. Deviation from theory starts just before ¢,.

contraction is observed to scale approximately as
Ar/xp= 13 or (Ar/\p)¥?«t, as shown in Fig. 2.
The axial-width data points are more scattered and
the contraction is roughly linear in time. By ex-
trapolating the contraction rates before w,t < 58, #,
is found to be at wj,t=62.5. After wyt > 58, the
contraction in both directions is significantly slower
and deviates from theory. At such small scale
lengths, transit-time damping!® and electron non-
linearities become important and must be taken
into account. At higher beam densities, n,/ng
> 0.6%, multiple collapsing wave packets are creat-
ed along the beam path as was reported previously.’

Figures 3(a)-3(c) show the beam velocity distri-
bution functions before and after the wave packet
has collapsed. The beam is strongly scattered and
its distribution function broadens before collapse
occurs [Fig. 3(b)]. As the wave packet collapes, the
beam-wave resonance is detuned as the effective
wave number increases, and the beam begins to
decouple from the wave. As a result, the beam
propagates through the interaction region relatively
unperturbed [Fig. 3(c)] and can excite new waves
further downstream. This is in good qualitative
agreement with theoretical predictions of beam
decoupling!® and nonlinear beam stabilization® dur-
ing collapse.

A further proof of beam decoupling and self-
collapse is demonstrated by shutting off the beam
and monitoring the behavior of the electrostatic
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FIG. 3. Contours of electron beam distribution func-
tions f,(vy,v,): (a) initially with Av,/v,=1.6% and
Av,/v,=8.3%; (b) before collapse at wj==3.2 with
Avy/vy=26% and Av /v, ==22%; and (c) after collapse
at wyt =70 with Avy/v,=4.4% and Av, /vy=10.2%.
The contours are in equal increments with the value of
the outermost contour at 0.3 of f,(vy,v ).

field of the collapsing caviton and its electromag-
netic emission. Figure 4 shows single-shot data of
this emission at twice the plasma frequency, 2w,.
This harmonic emission is found to correlate with
the collapsing caviton® and continues even after the
beam is shut off. Although the wave packet contin-
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FIG. 4. Single-shot data of electromagnetic emission
emitted at twice the plasma frequency, 2w,. The top
trace is the noise background without the beam, the mid-
dle trace is the beam pulse, and the bottom trace is the
2w, emission received with a 3-MHz bandwidth detection
system.
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ues to collapse, it begins to move randomly after
the beam is shut off. Its amplitude and location
fluctuate from shot to shot and become extremely
irreproducible. As a result, the temporal evolution
of the spatial profile of the collapsing wave packet
cannot be reconstructed by time averaging over
many shots as is done when the beam is on.

In conclusion, we have observed experimentally
the three-dimensional collapse process. The
transverse contraction rate of the wave packet is ob-
served to follow theoretical predictions until other
nonlinear effects become important at small scale
lengths. The relatively weak beam is observed to
decouple from the wave packet and propagates rela-
tively unperturbed through the interaction region.
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FIG. 4. Single-shot data of electromagnetic emission
emitted at twice the plasma frequency, 2w,. The top
trace is the noise background without the beam, the mid-
dle trace is the beam pulse, and the bottom trace is the
2w, emission received with a 3-MHz bandwidth detection
system.



