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Oblique Langmuir solitons and their self-compression in 
the "free-flight" regime 

S. V. Antipov, M. V. Nezlin, and A. S. Trubnikov 
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For the first time we have observed experimentally in a magnetized collisionless plasma, of the "beam 
afterglow", slow (approximately fixed relative to the plasma) oblique Langmuir solitons with an HF carrier on 
the branch of waves with the linear dispersion o = o,cose, which occur as a consequence of the 
modulational instability of the nonlinear waves. The lon&tudinal size of the solitons is less than the initial 
(beam) wavelength and it is impossible to call them envelope solitons. We show that after a time equal to their 
"free-flight" (along with the plasma) along the magnetic field-after the "pump beam" was switched off-the 
solitons experience appreciable self-compression. The solitons observed differ in priniciple from the well 
known, fast, soliton [H. Ikezi, P. J. Barrett, R. B. White, and A. Y. Wong, Phys. Fluids 14, 1997 (1971); S. M. 
Krivoruchko, Ya. B. Fainberg, V. D. Shapiro, and V. I. Shevchenko, Sov. Phys. JETP 40, 1039 (1975); V. D. 
Fedorchenko, Yu. P. Mazalov, A. S. Bakai, A. V. Pashchenko, and B. N. Rutkevich, JETP Lett. 18, 281 
(1973)], which exists on the same branch of waves: the fast soliton moves several orders of magnitude faster, 
constitutes a potential hump without an HF carrier and arises as the result of another mechanism, such as a 
Korteweg-de Vries ion-sound or shallow-water soliton [H. Ikezi, R. P. H. Chang, and R. A. Stem, Phys. Rev. 
Lett. 36, 1047 (1976); B. B. Kadomtsev, Collective Phenomena in a Plasma, Nauka, Moscow, 1976, Ch. 3, $3; 
Ch. 5, 55 (English translation published by Pergamon Press)]. The observed solitons with oscillation 
frequencies w = (1/3 to 1/2)0, are as yet not described in the theory. 

PACS numbers: 52.35.M~ 

1. STATEMENT OF THE PROBLEM evolut ion of t h e  so l i tons  after the  "pump beam"  w a s  
swi tched off ,  i. e., in  t h e  a f t e rg low of t h e  beam p l a s m a .  

T h e  p r e s e n t  p a p e r  is a n  ex tens ion  of Ref s .  1 and 2 ,  in Such a s tudy  (if w e  neg lec t  i so l a t ed  obse rva t ions  in  o u r  

which we o b s e r v e d  and  s tud ied  Langmui r  so l i tons  in  a f i r s t  p a p e f )  h a s  not  been  m a d e  be fo re .  T o  c a r r y  it 
magnet ized co l l i s ion le s s  p l a s m a  which w a s  exc i t ed  by out  it is n e c e s s a r y  tha t  t h e  p l a s m a  be co l l i son le s s ,  

a n  e l e c t r o n  b e a m .  In  c o n t r a s t  to the  p reced ing  work1 i. e., tha t  t h e r e  be suff ic ient ly  low d e n s i t i e s  of both  

the  a i m  of t h e  p r e s e n t  p a p e r  cons i s t ed  i n  s tudying the  c h a r g e d  and  n e u t r a l  p a r t i c l e s .  It w a s  ju s t  t h e  high den-  
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sity of neutral particles (an argon pressure  p 2 1 to 
2 x mm Hg) which made it impossible for  American 
investigators3p4 to observe Langmuir solitons after  the 
pump beam was switched off: due to electron-atom 
collisions the Langmuir oscillations were damped after  
a fraction of a microsecond, i.e., on the scale of the 
characteristic t imes of the problem they turned in 
reality to be unobservable. 

In order  to minimize the neutral-gas (hydrogen) pres-  
su re  we again used, after the experiments performed in 
our previous work: a linear delay of the gas with nar- 
rower diaphragms-the same a s  in our original experi- 
ments. For this reason also the diameter  of the plas- 
ma filament 2a was in the present experiments approx- 
imately one half that of Ref. 1 ,  namely 2a = 3 cm. 

This change in the geometry of the experiment turned 
out to be completely sufficient to produce a collisionless 
plasma regime. Moreover, this change was very im-  
portant to affect the possibilities for  observing various 
waves. Indeed, we shall s e e  below that the decreased 
plasma filament diameter turned out to be smal ler  than 
the wavelength of the electron oscillations excited in the 
plasma by the beam. It is  well known that in such a s i -  
tuation the frequency of the excited waves i s  l e s s  than 
the Langmuir frequency and the waves a r e  called 
"oblique Langmuir" waves, ra ther  than Langmuir 
waves. The linear dispersion of such waves i s  given by 
the Triveipiece-Gould formula5 

where kt, = 2n/X and k,  = l / a  a r e  the longitudinal and 
transverse wave numbers, X is  the wavelength of the 
oscillations, f, = wp/2n i s  the electron Langmuir f re -  
quency, while f, < f,, where f, is the electron Larmor  
frequency. 

The other experimental conditions and i t s  methodology 
remained a s  before. '9 The plasma density n = 3 to 4 
x lo9 ~ m - ~ ,  the longitudinal magnetic field H = 2 X lo3 Oe, 
the electron temperature T, = 10 to 20 eV, the pressure  
of the residual gas (hydrogen) p, r 5 X 1p6 mm Hg, the 
length of the plasma filament -200 cm,  and the speed of 
the plasma motion v = 2 to 6 X lo6 cm/s . Typical beam 
parameters a r e :  electron energy Wl = 2 to 2 .5  keV, 
current  density 1- 2 to 2.5 A, beam density a l e  (0.1 to 
0.2)n, and beam pulse length around 20 s. Under those 
conditions the plasma frequency f p =  500 to 600 MHz, 
the speed of the electron beam u, = 2.5 to 3 X lo9 cm/s , 
the wavelength of the Cherenkov Langmuir wave, exci- 
ted in the plasma by the beam, X, = uo/fp = 5 cm > 2a, 
and the waves a r e  oblique Langmuir waves. 

The plasma speed was measured through the time- 
shift of the ion saturation currents  on mesh probes 
placed in different positions in the plasma filament. 
The propagation speed of the waves was measured by 
means of the same probes which were  connected to two 
independent selective tunable P 5  -19 wave rece ivers ,  
tuned to the same frequency. This method of measure-  
ment enabled us  to observe the evolution of the waves 
in a single shot of the beam. To measure the plasma 
density wells and bunches (and also the time-dependence 

of the density itself) we applied a s  before112 a quarter-  
wave resonator;  we used i t  also to make independent 
measurements of the plasma speed. 

In the analysis of the results  obtained in this paper i t  
i s  important to take into account the following fact. As 
in Ref. 1 we used a s  electr ic  field indicators hf mesh 
probes with their plane oriented a t  right angles to the 
magnetic field. The probes therefore selected from all  
waves which exist in the plasma filament only those in 
which the electric field vector has a significant compon- 
ent parallel to the magnetic field. Correspondingly one 
could register  from a l l  hf waves propagating along the 
magnetic field ei ther  the purely longitudinal (Langmuir) 
waves, o r  the oblique Langmuir waves. 

2. EXPERIMENTAL DATA 

The basic results  of the experiments consist of the 
following . 

1. In the afterglow plasma, i.e.,  after the electron 
pump beam was switched off, we observed during a very 
long time (up to 100 to 200 ps )  oblique Langmuir waves 
with frequencies f = 150 to 350 MHz <f, corresponding 
to the branch (1) of Trivelpiece and Gould. The above- 
mentioned time of the existence of the waves must be 
considered to be ra ther  long, a s  the period of the oscil- 
lations i s  only a few nanoseconds. Figures 1 to 3 il- 
lustrate the waves in the afterglow of the beam dis- 
charge; shown in those a r e  both the time-dependence of 
the plasma density and the oscillagrams of the observed 
envelope of the hf wave amplitude. 

2. It is already c lear  from Figs. 1 to 3 that the ob- 
served waves a r e  grouped in bunches in which the char-  
acterist ic  time for  the change in the envelope of the am- 
plitudes of the oscillations is a few microseconds, i. e ., 
of the order of thousands of oscillation periods. The 
wave bunches considered a r e  thus soli tary waves with 
an  hf filling. 

FIG. 1. Oscillograms of signals from the plasma density in- 
dicators (lower trace, deflection of the ray upwards) and of 
the envelope of the amplitudes of the hf electric field of the 
waves (upper trace, deflection of the ray downwards) time 
base 25 ps per division. The indicators are  positioned at  the 
end of the plasma filament at a distance L = 140 cm from the 
discharge chamber plasma source. As in all  other oscillo- 
grams of the present paper the density wells a re  indicated by 
a deflection of the ray in the lower oscillogram downwards; 
the arrow indicates the moment when the electric pump beam 
is switched off. 
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FIG. 2. Oscillograms, similar to Fig. 1 ,  L =I60  cm. The 
speed of motion of the plasma v m 2.5 x lo6  cm/s. The ob- 
served frequency of the oscillations f = 275 MHz, the plasma 
density n = 4  X l o9  cmmS, time base is  10 ~s per division. 

3 .  One can easily use the oscillograms given here to 
estimate the speed with which the wave bunches and the 
plasma move a s  the rat io of the separation distance ( L )  
of the hf field and plasma density indicators from the 
discharge chamber source of the plasma to the f r ee  
flight'time, which i s  approximately equal to the time 
passed from the moment that the electron pump beam 
was switched off to the moment that the bunches and the 
plasma (of a given density) were registered. It i s  clear  
from the oscillograms that the wave bunches move to- 
gether with the plasma with a velocity v equal to a few 
times lo6  cm/s. By multiplying this velocity which was 
different under different conditions) by the length of the 
wave pulses and the intervals between them we deter-  
mine (as in Refs. 1 ,2)  the characteristic s ize  of the 
wave bunches and the distances between them. 

the bunches of the electr ic  field of the waves- Figs.  1 
and 3.  On the whole the picture of the field of the waves 
and of the modulation of the plasma density looks, a s  in 
the ea r l i e r  experiments,'.' a s  in the development of 
Langmuir turbulence. 6t Therefore, starting from what 
we said under 2 and basing ourselves upon the experi- 
ments of ear l ie r  we assume that the observed 
wave formation can be assumed to be oblique Langmuir 
solitons with hf ca r r i e r .  

6. The wave bunches propagate along the apparatus 
without spreading. This i s  c lear ,  in particular, from 
Figs. 4 and 5 where we give the oscillograms of the 
signals from two probes which a r e  positioned a t  differ- 
ent distances from the plasma source;  the distance be- 
tween the probes is 94 cm.  The data of Figs. 4 and 5 
were  obtained in a single shot of the beam by means of 
two independent oscillation receivers tuned to the s ame  
frequency. It is c lear  that under the conditions of Figs. 
4 and 5 the observed wave bunches t raverse  a distance 
of -100 cm, moving along the magnetic field during ap- 

4. The observed waves a r e  characterized by a sharp  
modulation of their amplitude ( ~ i g s .  1 to 6) with clearly 
separated spatial periods: AK = 5 to 6 cm = A0/2 and A, 
= 10 to 12 cm = b, where A, = q/f i s  the initial wave- 
length of the wave excited by the beam in the plasma 
(whenu0=2.5x1O9 cm/s  and f=2 .5x108  s-', Ao=10 cm). 
The characteristic longitudinal s ize  of the wave bunches 
i s  -4 cm,  i.e.,  of the order  of the diameter of the plas- 
ma filament. 

5 .  We observe in the afterglow of the beam plasma 
a modulation of i t s  density which has the form of wells 
and bunches which a r e  approximately correlated with 

FIG. 4. a, b) Oscillograms of the signals from two identical 
indicators of the electric field of the waves, separated from 
one another by 94 cm (a) and 80 cm (b) and tuned to the same 
frequency f = 250 MHz; c)  time-dependence of the plasma den- 
sity in two sections of the plasma filament separated from one 
another by 94 cm. Time base 10 ps per division. The time 
shifts of the oscillograms of the signals from the field and 

FIG. 3. Oscillograms, similar to Figs. 1.2 ,  but L = l l O  cm, density detectors, connected with a separation between the 
v = 2 x l o6  cm/s. Time base 10 ps per division. The distance two probes of 94 cm are approximately the same. The hori- 
between the field bunches is 5 to 10 cm, the characteristic zontal arrows indicate the longitudinal dimensions of the 
size of the bunches is -4 cm. wavepackets. 
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proximately 15 p s  without spreading: the width of sep- 
arate pulses which constitute the wavepacket, the dis-  
tance between them, and the total width of the wave- 
packet do not change while the packet propagates along 
the apparatus. Hence, the observed wavepackets a r e  
essentially non-linear as a linear wavepacket spreads 
rapidly-already over a distance of the order of its 
width. 

We must make the following methodological remark  in 
connection with the form of the oscillograms of Figs. 
4a, b and Fig. 5. The impression may be created that 
the lower t race  on those oscillograms has an appre- 
ciable deadtime. However, this  is not the case: the 
upper and lower oscillograms of Figs. 4a, b and Fig. 5 
turn out to be totally synchronous, if they refer  to the 
same signal (from the hf probe in a fixed position), sup- 
plied parallel to the inputs of the two receivers.  

7. The wave bunches a r e  localized in the plasma: 
they a r e  approximately fixed with respect  to the plasma 
and move relative to the apparatus together with the 
plasma. The speed of the wave bunches and the plasma 
i s  close to the ion-sound speed in atomic hydrogen: C, 
= 2 to 5 X lo6 cm/s (the upper limit corresponds to T, 
= 20 eV). The conclusion about the localization of the 
observed non-linear waves in the plasma was reached 
from a comparison of their  propagation speed relative 
to the apparatus with the speed of the plasma and is 
illustrated by Figs. 4 and 5. In those figures we com- 
pare  the oscillograms of the t ime shifts of the signals 
from two hf probes, positioned a t  a distance of 94 c m  
from one another and the t ime shifts of the oscillo- 
grams of the signals from two plasma density indica- 
tors  positioned with the same separation between one 
another. It is  c lear  that the t ime needed to t raverse  
a distance of 94 c m  i s  -15 p s  both fo r  the wave bunches 
and for  the plasma itself; the speed of the waves with 
the plasma (on average) i s  v = 6 x lo6 cm/s . 

The results  s imilar  to those formulated under 6 and 7 
and obtained for  a smal ler  speed of plasma flow (v = 2 
x106 cm/s) a r e  shown on Fig. 6. The oscillograms of 
Fig. 6 were taken with the help of one and the same 
wave-field indicator shifted from i ts  original position to 
various distances along the plasma flow. In contrast to 

FIG. 5. Oscillograms of the signals from two wave field in- 
dicators separated from one another by 94 cm. Time base 
10 pa per division. During the flight time the total length of 
the wavepacket (indicated by horizontal arrows) is  not in- 
creased and its separate components become sharper and 
narrower (self-compression). 

Figs. 4 and 5 they were obtained in different shots of 
the beam. Under the conditions of Fig. 6 the wave bun- 
ches also propagate without changing their form and i t  
turns out that the t ime they move along the apparatus 
is approximately the same a s  the time the plasma 
moves along it: a s  under the conditions of Figs. 4 and 
5 the wave bunches a r e  frozen into the plasma. 

The observed wave bunches a r e  thus either fixed with 
respect  to the plasma o r  move relative to it with a 
speed which does not exceed the ion-sound speed C,. 
But that speed i s ,  under the conditions of our experi- 
ments, three orders  of magnitude smal ler  than the 
characteristic speed of the propagation of the linear 
waves with the dispersion law (1). This fact once again 
indicates the essential non-linearity of the oblique 
Langmuir waves studied here.  

8. The observed non-spreading wave bunches reveal 
a time-dependence which i s  clearly noticeable in Figs. 
4 and 5. For  example, whereas on the upper oscillo- 
gram of Fig. 5 in a number of places one can see  only 
incipient electr ic  field peaks, on the lower oscillogram 
of that figure a t  the s ame  spots (shifted along the mag- 
netic field over 94 cm) distinct field bunches with a no- 
ticeably increasing amplitude s t a r t  to form after  18  to 
20 ps .  As we indicated already the total length of the 
s e t  of wave bunches (indicated by horizontal arrows) i s  
the same on the two oscillograms of Fig. 5 (as,  by the 
way, also in Figs. 4 and 6). Thus, Fig. 5 is  one ex- 
ample of self-compression (modulational instability) of 
waves; under the conditions of this figure the growth 
ra te  of the instability is 

m 
r2105s -I= --fP, 

M 
(2) 

where m and M a r e  the electron and proton masses .  
Another example of the self-compression of waves i s  
demonstrated in Fig. 4b where the wavepacket consists 
altogether of two field bunches. It is c lear  that after 

FIG. 6. Oscillograms of the signals from the same wave field 
indicator shifted from its original position over different dis- 
tances ''along the flow" of the plasma: a) 30 cm, b) 20 cm. 
Time base, respectively, 25 and 10 /.is per division. 
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moving a distance of the o r d e r  of 100 c m  the  wave bun- 
ches are somewhat compressed which is described by 
the oscillograph trace no longer  with a continuous l ine 
but ra ther  with separa te  points. 

Further  examples of the  self-compression of the 
waves studied h e r e  are contained in the m o r e  detailed 
variant  of the exposition of the work given here  (see 
Ref. 8). 

9.  The lifetime of the observed packets of oblique 
Langmuir waves (solitons) in  the i r  "free flight" reg ime 
(i.e ., when t h e r e  is no pump) is clear ly longer  than 20 
to 30 p s ,  i. e ., a quantity of lo4 periods of the osci l la-  
tions. During that t ime  the solitons cer tainly succeed 
in passing through the major  p a r t  of the length of the 
apparatus  without spreading. 

10 .  As regards  the mechanism f o r  the self-compres-  
s ion of the non-linear oblique Langmuir waves, as a 
resul t  of which the observed solitons are formed,  the 
experimental da ta  allow us to express  the following as- 
sumptions. Since, as we showed above, the  charac te r -  
istic length f o r  the wave modulation A, is less than o r  
of the o r d e r  of the original wavelength (i. e ., in the 
modulation process  the  hf carrier is abruptly "interrup- 
ted") the self-compression mechanism of the waves is, 
apparently, of the s a m e  nature as in the experiments  of 
Refs. 1 and 3, where it  i s  caused by a variant  of the 
modulational instability -the so-called OTSI. This  
mechanism is, apparently, not connected with the well 
known Lighthill criterion9p2 which r e f e r s  to the occur-  
rence of an envelope soliton (A,>> A,), i.e., to such a si- 
tuation when the hf c a r r i e r  of the wavepacket changes 
adiabatically. 

11. The frequency spec t rum of the oscillations (syn- 
chronous with the lower frequency1) of the observed 
solitons has a band of -40 MHz, although the full  width 
of the spec t rum exceeds 200 MHz. We observe among 
the occurrence of bunches of oscillations on different 
sect ions of the frequency spec t rum a c l e a r  t ime shift: 
the oscillations with lower frequencies appear  on the  
distant hf probe appreciably l a t e r .  For instance, on 
the probe at a distance of -100 c m  f r o m  the  p lasma 
source ,  waves with a frequency of 150 MHz occur  about 
1 0  to 12 p s  later than the waves with a frequency of 200 
MHz and about 20 p s  l a t e r  than the waves with a f r e -  
quency of 250 MHz, and s o  on. This  fact  suggests  a 
cascade build-up of the  waves in the plasma-as a re- 
su l t  of collective processes  in the i r  scat ter ing and de-  
cay. 

In the p resen t  paper  we  have thus observed f o r  the 
f i r s t  t ime  slow (approximately fixed relat ive to the 
plasma) oblique Langmuir solitons which appear  as a 
consequence of the modulational instability of the waves 
of the Trivelpiece-Gould branch.  The energy charac-  
t e r i s t i cs  of these  solitons, the i r  t ransverse  s t ruc ture ,  

frequency spec t rum,  and the i r  formation mechanism 
need yet  a m o r e  detailed study. 

To  avoid confusion we note that the slow oblique Lang- 
m u i r  solitons with hf carrier observed in the p resen t  
paper  mus t  not be  confused with the completely differ- 
ent-fast-solitons of the  volume charge which exis t  on 
the s a m e  branch (1) of the Trivelpiece-Gould waves 
and which have been observed in a number of experi- 
ments .  l0-l2 A f a s t  s o l i t ~ n ' ~ - ~ ~  is a so l i t a ry  potential 
hump without hf filling and its extension is of the o r d e r  
of the d iameter  of the p lasma filament. It  moves with 
a velocity of the o r d e r  of the velocity of the l inear  Tri- 
velpiece-Gould waves,  approximately equal to the speed 
of the beam electrons,  i. e., at leas t  t h r e e  o r d e r s  of 
magnitude f a s t e r  than the solitons observed in the p re -  
sen t  paper .  Finally, this  soliton arises not as a resu l t  
of the evolution of the modulational instability, but as a 
consequence of Korteweg-de V r i e s  mechanism-similar 
to  the solitons on shallow water9 o r  ion-sound soli- 
tons.  91 

 he nomenclature OTSI (oscillating two stream instability) 
is the name of the aperiodic (stronger) variant of the modu- 
lational instability. Another equivalent nomenclature is 
modified decay (concerning the nomenclature see, for in- 
stance, Ref. 2). 
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