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In this work we present experimental results of electron plasma waves excited in a beam plasma system. Based
on our experimental results we determine the transition from the quasi-linear to non-linear regime. We present
the space evolution of the electron beam distribution function for both regimes. The spectrum of the electron
plasma wave in the non-linear regime shows a component with frequency larger than the plasma frequency
besides the plasma frequency itself. We show that the higher frequency component is strongly affected by
Landau damping, indicating a dissipation region. The measured experimental power spectrum of this wave
shows a dependence on wave numbeiven byW,, oc k~7/2 as theoretically predicted.

1 Introduction plasma instability, and found good agreement with QL the-
ory for the final spectrum and velocity distribution. A few

A system formed by a weak non-relativistic electron beam Y&ars later, the nonlinear evolution of the electron beam-
with a unmagnetized collisionless plasma constitutes onePlasma instability started to be investigated [7-10]. The
of the most interesting configurations for studying plasma MOSt recent experimental results on strong Langmuir turbu-
wave-particle interactions. The relaxation of the beam pro- /€nce in the beam plasma interaction have been presented b
vides the free energy source for a rich variety of non- Wong and collaborators [11-13]. They explore the time evo-
linear processes. According to quasi-linear (QL) theory lution of thg electrostatic wave spectra, during several ion
the beam relaxation occurs through “plateau” formation by Plasma periods.
flattening the beam velocity distributiorf;,(v), when the In this paper we determine experimental conditions for
beam flows across the plasma[l]. The most unstable elec-observing strong Langmuir turbulence in our device. We es-
trostatic wave has frequency near the plasma frequencytablish the threshold for the transition between quasi-linear
wr, =~ wpe = (noe?/(eome))*/?, and wave number given by  and nonlinear regime as a function of beam to plasma den-
ko =~ wpe /vy, Wherev, is the beam velocity. Depending on sity ratio (,/n0) and beam energy normalized to thermal
the beam energy, the amplitude of excited waves can be higrenergy (v, /noT.). We measure the beam relaxation length
enough to become a pump wave for wave-wave interactionsand amplitude waves as a function1d,/noT., for differ-
such as modulational instability (MI)[2]. The main nonlin- ent values ofn;,/ng. We obtain the time growth rates for
ear effect related to Ml is the trapping of waves by density the excited waves and compare them with existing theory.
cavities that occurs spontaneously in the plasma as the insta¥e show that the excitation of Ml leads the system to SLT
bility develops. In turn, the trapped waves steep the densityregime. In this regime, we detect the presence of electron
even more and the process continues as the waves collapssave with frequency larger than the beam resonant wave.
to smaller and smaller spatial lengths while their amplitude We show that for this higher frequency wave Landau damp-
increases. At the collapse burn out stage, when the cavity ising acts effectively. The measured experimental power spec-
small enough for the absorption of Langmuir wave to start, trum of this wave shows a dependence on wave nurhber
the high-frequency pressure drops quickly and the excessgiven by, oc k~7/2 as theoretically predicted [14].
density variations are released as ion-sound waves emitted  The paper is organized as follows. In Section 2 we de-
from the cavity. The evolution of the Ml leads the system to scribe the experimental apparatus and the diagnostics. In
the strong Langmuir turbulence (SLT) regime [3-5]. Section 3 we present the experimental conditions for the ex-
More than twenty years ago a detailed experimental citement of non-linear phenomena. We report and examine
test of quasi-linear theory was performed by Roberson andthe excited electron wave in Section 4. Section V presents
collaborators[6]. They measured the final state of the beam-our conclusions.
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2 Experimental apparatus and diag- (; = 0.90 m) electrically insulated. A quiescent plasma
nostics is generated independently in both chambers by accelerat-
ing primary electrons produced by tungsten hot cathode fila-
ments. An electron beam is created biasing the source cham-
Experiments were carried out in a double QUIescent Plasmaber negatively with respect to the grounded target chamber.
(PQUI) device with multipole surface magnetic confine- The DC electron beam is: 0.5 m in diameter with the
ment, 0.60 m of inner diameter and 1.20 m of total length ratio of beam to electron thermal velocity in the range of
[15]. The vacuum background attained using a diffusion v,/vy, < 20. The experiments were carried out in Argon
pump is of the order of x 10~° Pa. The device is divided gas in the filling pressure range th—2 < p < 10! Pa.
by two grids into a sourcd{ = 0.30 m) and a target plasma  Fig. 1 shows a schematic diagram of this apparatus.

CATHODES CURRENT POWER

N SUPFLY
/ \

] ] ‘ [
ﬁ L : 0
ELETROSTATIC D:I TRGET FLASHA i i [I:I
I . am L
il | il
PROBES D:I . [I:I
i I I
HAERETE < RO o
L & =
WACUUM SYSTEM
Figure 1. Schematic diagram of the PQUI apparatus.
Table 1 - Typical plasma experimental parameters
Plasma density (m?) 10™ < ng < 6.0 x 1015
Electron temperature (eV) 0.7<T. <5
Electron to ion temperature ratio T./T; <15
Debye length (m) 21x107% < Ap. < 6.2x 1074
Plasma frequency (MHz) 90 wpe/2m < 690
lon plasma frequency (MHz) 0.33 wy; /21 <2.5
Beam energy (eV) Wy <400
Beam to plasma density ratio 5x 1075 < ny/ng < 1072
Thermal spread of the beam ¢at~ 0 m) 0.1 < (Av)/vp < 0.2

The electron density and temperature measurementghe target plasma is positive and of the order of 5-10 V. For
were performed using a single cylindrical Langmuir probe. Langmuir (electron) wave detection a thin wire working as
The temperature was determined by the traditional method.a dipole probe, insulated by a capacitor, is connected to the
The density was obtained by detecting the cut-off frequency spectrum analyzer. The evolution of the electron energy dis-
of an electromagnetic wave launched into the plasma. Thetribution function was measured by an electrostatic multi-
same probe, operating in the ion saturation current regimegrid energy analyzer using the retarding potential method
(probe potentialV,, = —50 V), was used for ion-sound [16]. Table 1 shows typical plasma parameters for our ex-
oscillation measurements. The typical plasma potential in periment.
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At the range of working pressure the collisional damp- here(W, /T.):x, the best fit of the experimental points gives
ing rate due to electron-ion and electron-neutral collisions is W7 o (W,,/T.)*%*%3, independent of the value of
smaller than the generation rate of waves, the beam-plasma;, /ng. For W, /T, > (W, /T, ):p, the wave amplitude re-
instability growth ratesy;,. This leads to the condition[17] mains approximately constant. Fig. 3 also shows irigt**

increases wit;, /ng.

Ny , Vp (9o Ven
o (Av) - Wpe (1)
wherev,,, is the electron neutral collision rate. Once this 100
condition is satisfied, the excitation of Langmuir wave by
the beam-plasma instability is allowed. Using the parame-
ters shown in Table 1 we see that Equation 1 is satisfied. —
The beam tends to disturb the plasma, so we consider g '3
measurements for distance3 larger than 0.2 m away from 2 -
the grid, in the target plasma. At this distance the plasma is %
uniform in density and temperature, as shown in Fig. 2. The & N
waves are still far from saturation when they enter the uni-
form region, and all important physics occurs in that region.
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Figure 2. Density and temperature across the PQUI device. The
distancez is measured from the injecton grid. Relevant parameters

areW,/(noT.) = 125, andny, /no = 4.1 x 10, T olEol> 1 (W, 2
L 2noT,  18ng \ T. )

)

3 Transition from QL to SLT regime Therefore, for, /T, < (Wy/T¢)w, OUr experimental re-

sults show the same dependencediif/T. andn;/ng as

In order to explain the observed waves in our eXpe”ment'éaredicted by QL theory.

we need a comprehensive theory. Such theory requires th
specification of a free-energy source, a mechanism forwave  Stabilization of maximum wave amplitude suggests the
growth driven by this free-energy source, and a wave energyappearance of a nonlinear phenomenon that interferes with
saturation mechanism. Free energy for the Langmuir wavethe beam-plasma instability evolution. Together with the
growth is provided by the beam relaxation. For the range saturation of wave energy we see the appearance of ion-
of parameters used in the experiment the Langmuir wavesound waves[19].

growth is driven primarily by the kinetic version of the beam From Fig. 3, for a given value of,,/ng, we obtain the
in§tability. T_he saturation mechanism is quasi-linear relax- 5|y of(W, /T ):s. These points are shown in Fig. 4, iden-
ation or nonlinear processes, depending on the beam plasmggieq by circles, together with the points where ion sound
parametersV, /T, andny/no[18]. waves are observed, identified by triangles. The line shown

~ From our experimental results it is possible to estab- in Fig. 4 is the theoretical threshold for MI excitement in an
lish a threshold line for the transition between QL and SLT g|ectron beam plasma system [20]

regimes. We measure the maximum of Langmuir wave am-
plitude, W7**  as a function oV, /T, for different val-
ues ofny/ng. Fig. 3 shows the results. Two different be- ny (T ’
haviours appear: up to a certain value1d%/7., called ()m - <Wb)

®3)

o th
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length”). For a system with parameters in the region above

W : g:ssrg::fxz;:‘:::;"nem the MI excitement threshold, the nonlinear instability trans-
b e theory ports the plasma waves to shorter wavelength scales (higher

frequencies) where the resonant interaction between beam

and waves does not occur. As a consequence the beam prop-
agates for larger distances than the ones predicted by QL

theory.

100 o

The axial evolution of the electron beam distribution
function shows clearly the different behaviour for the quasi-
linear and for the nonlinear regime, as we can observe in
Fig. 5. Figs. 5(a) and (b) show the quasi-linear case,
s e q0e o with W, /T. = 42, and Figs. 5(c) and (d) show the non-
linear case, witi1}, /T, = 125. For both cases,/ng =

) N N o 4.1 x10~*. Figs. 5(a) and (c) show the electron beam distri-
Figure 4. Threshold conditions for transition from quasi-linear

; ; .~ bution function for two different axial positions. Figs. 5(b)
electron beam-plasma interaction to strong turbulence regime in . .
a plane of parametei’, /T, andns /no. and (d) show the wave amplitude normalized by the max-

imum wave amplitude and the spread of the beanyv,
For a system with parameters in the region below the against position. These figures show that the maximum of
MI excitation threshold, the Langmuir wave energy satu- the wave amplitude coincides with the complete beam re-
rates due to the complete relaxation of the beam. The po-laxation Av/v, = 1) for the quasi-linear case. For the non-
sition of saturation of the wave energy corresponds to thelinear case, even for = 0.5 m it is possible to identify a
position of plateau formation in the distribution function, as beam. The values akv/v, were obtained using a Gaussian
predicted by quasi-linear theory (known as “beam relaxation fit to the data as shown in Figs. 5(a) and (c).
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Figure 5. Electron beam distribution function at two different positions: (a) for the quasi-linealZgs€, = 42 and (c) for the nonlinear
caseW,/T. = 125. For both cases; /no = 4.1 x 10~*. Axial variation of the normalized wave amplitude and the velocity beam spread:
(b) for the quasi-linear case and (d) for the nonlinear case.

Figure 6 shows the normalized beam relaxation length, measured beam relaxation lengths are larger than the ones
L, = lwye /v, as a function oV}, /T, for three different predicted by QL theory.
values ofn,/ng. The lengthl is the distance between the
grid and the axial position where the plateau is formed in
the distribution function. The QL theory gives the beam re-
laxation length ad.,, = (ny/n0) =t (W3/T.) LA, whereA
is of order of the Coulomb logarithm[20]. The lines shown
in Fig. 6 are obtained using = 8 and the corresponding
ny/no. Experimental results show that f&¥, /7, > 100,

To illustrate the evolution of the excited Langmuir waves
across the system we show the spectra of the electron waves
in Fig. 7. The relevant parameters dné,/7. = 125,
np/no = 4.2 x 1074, andng = 1.8 x 10 m~3, above
the threshold line in Fig. 4. Plots of the spectrum were ob-
tained in three different axial positions. The first spectrum
(A) was obtained at = 0.30 m, and presents a single peak
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at fr = 380 MHz, close to the plasma frequency (beam 500
resonant wave). The second spectrum (B) was obtained at

z = 0.40 m and presents the main peagl, = 380 MHz,

followed by the second harmoni¢,~ 740 MHz. Harmon- 400
ics of the main frequency have already been observed[21].
The third plot was obtained at = 0.50 m and shows a
broader peak af;, = 380 MHz, indicating the presence of
waves with frequency larger than the frequency of the beam
resonant wave. The second harmonic is still present with
smaller amplitude than in case B. The wave amplitude in- "
creases with the distance from the grid and reaches a maxi-

mum value at: ~ 0.4 m and then decreases for larger dis-

tances. The space evolution of the Langmuir wave ampli-

tude determines the behaviour of the system.

A nn =24x10°
O njn,=4.8x10"
O n/n,=6.1x10°
theoretical curve for O

theoretical curve for [

- - - -theoretical curve for A

—

4  Analysis of the electron waves in the 0 50 10 150 20 20 0 380 400

. ) W/T,
nonlinear regime
Figure 6. Measured (symbols) and theoretical (QL) relaxation

) i length (lines) againgt’, /T, for =4.8x107%,2.4x1073,
In this section we concentrate on the electron waves ob-(,ﬂnc?m(X 10)73_9 o/ mo /Mo

served in the nonlinear regime. The results obtained from
the experimental date are compared with the existing theory.

It is important to point out that we have a continuous -10 T
beam injection. This fact leads us to a situation where close taBm i A
to the grid, at the point of beam injection, we expect that i
the excited wave amplitude grows as predicted by QL the- i
ory. For larger distances, the behaviour of the system de- A
pends on the wave energy densiy, = eo|Fo|2/2. After - Rk
reaching a certain threshold, the excited wave can became B :
a pump wave for wave-wave interactions. Starting from the
space profile along of the wave amplitude we obtain the
spatial growth rateg, for the instability and from that we -0
obtain the temporal growth rate, To obtain the results we
present in this section we have used= 2.1 x 10 m=3, (B B
ny/no = 4.1 x 10~* andW, /T, = 125 (v, ~ 16vy,). No-
tice that with these parameters we are above the threshold [ l
Ml line shown in Fig. 4, i.e., the system operates in the SLT f ! l
regime. 50 \ &

The axial profiles of the electron wave amplitude at fre- . e
guencies,f;, = 410 MHz, close to the plasma frequency,
and atf* = 490 MHz, are shown in Fig. 8 (curves (a) and
(b), respectively). Observe that the higher frequency wave 90
only appears after the Langmuir wave has reached region
labeled by 2. 10

(dBm; ] C
Notice that from our experimental results we can only ]
obtain the spatial growth rate. In general, beam-plasma in- ,.Jn
stabilities exhibit both temporal and spatial growth. A sim- ]
ple relationship between them is given when the beam can 50 / ]
be considered cold:) or hot (1), as regards both temporal . / w’f\d side
and spatial growth[22]. ]

The experimental values of the spatial growth rate can
be obtained from Fig. 8 as follows. The spatial growth rate 50 ]
is kex = 1/¢, where( is the distance over which the wave . a8 Eamhine
amplitude grows by a factor af ~ 2.7. Within region la- Figure 7. Frequency spectra of Langmuir waves obtained in differ-

beled by 1 in Fig. 8 we obtair;.,/ko = 0.11 and within ent positions in the target chamber: A foe= 0.3 m, Bforz = 0.4
region labeled by 2 we obtaky., /ko = 0.04. m, and C forz = 0.5 m.

-141 359 458 MHz

-141 359 858 MHz
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The theoretical spatial growth rates are given by[22]
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Figure 8. Axial profiles of the high frequency electric field (Lang-
muir waves) at two different frequencies, fos/no = 4.1 x 107*
andW,/T. = 125: (a) Langmuir wave frequency, 410 MHz and
(b) high frequency, 490 MHz.

As regards temporal growth the beam can be con-
sidered marginally hot, sincéu,/6no)"* (vy/vm)*’® <
Auwy /v, < 1. For the experimental parameters we obtain
Yie/wpe = 5 x 1072andy1p, /wpe = 1.5 x 1072, Since

)

1
2e

803

Within region 1 we haven,/ng 41 x 1074,
Awvy /vy, = 0.1 andv, = 160y, which givesAuvg /v, <
(ny/6n0)""2 (vp/vin)?/® < 1. The beam can be considered
cold as regards spatial growth rate and Equation (4) gives
ke1/ko = 0.22, the same order of magnitudeas.../ko.

The theoretical temporal growth rates are given by[22]:
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Avy (7)

Within the region labeled by 2 the time growth ratef
the main frequency; = 410 MHz decreases due to exci-
tation of modulational instability (MI). MI creates an effec-
tive dissipation mechanism of electron waves. This process
results in a corresponding decreasing of QL growth rate ac-
cording to expression, = Yup — Vers, Wherev, ¢ is the
effective collisional frequency of turbulence, characterizing
the rate of transference of energy wave into the short wave-
length region of the spectrum. Frof., = van — vers We
obtainv, s f/wpe ~ 2.1 x 1073.

Curve (b) of Fig. 8 gives:;,, /ko = 0.06. Assum-
ing that the excited wave;*, follows the Bohm-Gross dis-
persion relation and using = kv, we obtainy}, /wye =
1.7 x 1073, Assuming that the appearance of the high fre-
quency wave aff* = 490 MHz in region 2 is due to the
MI, we could say thaty”, /wpe = Yarr/wpe ~ 1.7 x 1073,
which is very close to the value obtained fQl; ; /wp..

The relevant growth rate of modulational instability can
be estimated by[20]

()

whereWp, is the pump Langmuir wave amplitude.

me WL
Iminede

YMI

(8)

Wpe

the beam is only marginally hot let us assume that we can  We have not measured directly the valueléf. How-
consider the beam cold as regards both temporal and spatiadver, the value of¥;, can be estimated in different ways.
growth and use Equation (6) to obtain the temporal growth Using Equation 2 we obtaif’, = Wy /neT, = 0.36.
rate related t@:; ... In that casey.ic. /wpe = 2.3 x 1072, a On the other hand, considering energy balance condition,
value in between the values obtained previously, and we cany,, ~ vy, we obtainW;, ~ 0.32. The maximum of en-
say that in region 1 the beam-plasma is the dominant insta-ergy of Langmuir wave, resonant with the electron beam,
bility, and the system behaves as predicted by QL theory. can also be attained from the normalized relaxation length
Within region 2,Auv, /v, ~ 0.25 (see Fig. 5), and the of the beam[24]
beam can be considered hot as regards both temporal and
spatial growth rates. In that case the temporal growth rate
72¢¢ Can be estimated through the relatipr= ~v,, where
k is the spatial growth rate ang, = 3v2, /v, is the group
velocity of Langmuir waves[22]. These considerations give
Yoex /Wpe = 4.7 x 1074,

9)

For the experimental conditions described before we
haveL,, ~ 250 (see Fig. 6), which giveB/;, ~ 0.5.

Another estimative fold;, is provided by numerical
simulation of the system. Simulations were performed using
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the electrostatic code XPD1[23], incorporating three speciesbulk electrons, as experimentally observed[19]. The theoret-
of charged patrticles: background electrons and ions withical results on power spectra for this absorption is given by
maxwellian distribution functions and beam electrons with W (k) oc k~7/2[14]. Fig. 10 shows the experimental results
a drifting maxwellian distribution function. We choose as for the power spectra presenting a good agreement with the
initial conditions the following parameters, typical for our theory.

experimental system in the nonlinear regimg:= 2 x 103

m=3,T, =2eV,T./T; = 10, v, = 9.6 x 10° m/s~ 16v,,
Av/vy = 0.1, me/m; = 1/(40 x 1836), np/ng = 5x 1074, W(k)= o k>%, a constant
andW,/T. = 125. Fig. 9 shows the electric field across the
system obtained from simulations for a time: 18%;.1. For 3
z ~ 0.4 mwe obtainE, ~ 5 kV/m, which givesi¥;, ~ 0.2. s 01t *
<
8 =
0'011000 , 2000 3000
Elkv/im] k(m’)
Figure 10. Power spectra of the higher frequency electron plasma
wave.
9 5 Conclusions
0 x [m] 0.6

We present experimental measurements of electron waves
excited in a system operating in a Langmuir turbulence
regime. The interaction of a non-relativistic warm elec-

tron beam with a unmagnetized plasma drives the turbu-

Figure 9. Axial profile of the electric field obtaind from simula-
tions for a timet ~ 18w_".

In summary, either way we reckon the valuelof,, we

obtain0.2 < Wy ~ 0.5, and the MI growth rate given by
Equation 8 stays in the randex 102 up to 1.5 x 1073,
in good agreement with both. ; s /wpe and~}, /wpe. Also
W, >> (kAp)?, a condition to strong Langmuir turbu-
lence.

lence. We establish experimental threshold conditions for
transition from the QL into the SLT regime as a function
of beam and plasma parameteVk;, /7. andn,/ng. The
operating regime determines the appearance and characte
istics of Langmuir waves. At regions close to the grid, point

The values of wave number involved in these processesof the injection of the beam, the Langmuir wave grows ac-
can be obtained as follows. Using the Bohm-Gross disper-cording to QL theory. As the wave amplitude reaches a cer-

sion relation for small values @&\ .

fo_ .3
( fpe) ~ 1+ §(kADe)2 (10)

we obtainkAp. ~ 0.36 for the wave withf* = 490 MHz,
and f,. ~ 412 MHz. The absorption of the highest fre-

tain threshold it becomes a pump wave for exciting other
waves. A wave with frequency larger than the frequency of
the beam resonant wave appears. Analysis of the growth
rates indicate that this wave is a consequence of the devel-
opment of the modulational instability. It was shown that
this component is strongly affected by Landau damping and
the measured power spectra is in good agreement with the

quency component is an important characteristic at the finaltheory. Analysis of the effects of the ion waves on the dy-
Stage of the SLT regime_ The p|asma bulk electrons are acﬂam|cs on the LangmL”r turbulence will be addressed Ina
celerated by Landau damping. Theoretical expression fornear future.

Landau damping is
Do om 1 arad,)
T S oy SRR —3/2). ()

ForkAp. ~ 0.36 , Equation 11 give§';, /wpe = 4.0x 1072,
We see then that for the region of the speétkay. ~ 0.36,
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