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Convective cells in nonuniform dusty plasmas

P. K. Shukla
Institut fir Theoretische Physik IV
Ruhr-Universitat Bochum
D-4630 Bochum 1
Germany

R. K. Varma

Physical Research Laboratory

Ahmedabad 380009
India

Abstract

It is shown that purely damped convective cell modes aquire a real frequency
in the presence of static charged dust grains in a nonuniform magnetized dusty
plasma. The frequency of the two-dimensional mode is induced by the plasma
density gradient and corresponds to charge density waves arising out of the plasma
non-neutrality. The dynamics of weakly interacting finite frequency convetive cell
modes is governed by the generalized Navier-Stokes equation. The presence of the
new term arising from the dust inhomogeneity in the latter provides the possibility

of two-dimensional dipolar vortex solution in dusty plasmas.

PACS numbers: 52.25.Vy 52.35.Lv 52.35.Mw
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Ode te a "small parameter”

Bail thee O sly spirit

the parameter of "smallness”
They ealleth thee small

But great and mightly

art thou indeed:

Thy smallness {e thy might
As knoweth all

Great or small.

The mightisast of equations
proned of their

complexity and dimension
erumble

into a rubble

and get reduced to

the puniest of relations
by your sly maechinations

And the great physiciats
theoreticians and mathematiefans
seek thee

with antieipation and expectation
to use thee

to enhance their reputation

with your application

to mathematieal equations

So great art thou

not small

0 "parvameter of smaliness™
You should be ealled

the "parameter of greatmesas”

S0, I bow to thee

0 sly sapirit

the “parameter of emalilness”
Or rather

the "parameter of greatness”
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ELECTRCN AND PLASMA PHYSICS
AND
PLASMA PHYSICS AND FUSION RESEARCH

~ ROYAL INSTITUTE OF TECHNOLOGY
S -100 44 STOCKHOLM SWEDEN

Recent TRITA-EPP and TRITA—-PFU reports available by request

November 1982 List Ne . 1l.

TRITA-EPP-82-02 ROCKET AND GROUND-BASED STUDY OF AN AURORAI BREAKUP
EVENT
G. Marklund, W. Baumjohann and I. Sandahl

TRITA-EPP-82-04 PARADIGM TRANSITION IN COSMIC PLASMA PHYSICS
H. Alfvén

TRITA-FEPR-82-05 ON THE PHYSICS OF RELATIVISTIC DOUBLE LAYERS
P. Carlgvist

TRE R AR 8076 NUMERICAL DOUBLE LAYER SOLUTIONS WITH IONIZATION

D. Andersson and J. S@grensen

TRITA-EPP-82-07 DOUBLE LAYERS IN SPACE
P. Carlgvist

FRITA-PEJ-—82-09 TOROIDAL EXTRAP-T1 DEVICE
B. Bonnevier, M. Bures, J.R. Brake, M. Faghihi,
D. Haslbrunner, T. Hellsten, P. Karlsson, B. Lehnert,
J= Scheffel, M. Tendler,; E. Pennfors and B. Wilner

TRITA=PEH=82~10 EXTERNAL MAGNETIC FIELD CONFIGURATIONS FOR EXTRAP

B. Bonnevier
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k;(X; — X;), with their shapes determined by the weights of [, and [; respectively.
S o P~ By k(X — X3)] F [Ri(X: — X5)) / (29)
lyl; =

Since k; < k, (as w, > wj), the slower variation of the function F; with (X; — X5) or with

v for a fixed (X; — X;) will amplitude modulate the rapid variation of F, with (X; — X3),

with the maxima of the modulation separated on the X-scale by a distance L;

while the maximaof the rapid variation will be separated by the distance L,

is what one would expect to observe experimentally. __ I J/ j &S Crime

==_ C. Rydberg states of an atom ~——
One may also consider the Rydberg states of an atom for a similar discussion, which

sresents a rather interesting case. The energy levels for this case are given by
(S O S

me?
= = egaas
2hEn®
Using the expressions P = [2M (E — E,L)]l/Q and P' = QM (E — E,,l/)]l/z. we find P — P' ~
% where v = [2(E — E,,) /M) 12 g again the magnitude of the centre of mass velocity i
the highls exetted-state—nr with the total energy being E, and where [ =| n' —n |« nis

assumed. Using the foregoing expression for P’ — P in the expression corresponding to (18)

gives

Goin — Ay AL A, exp l:é

21E, ‘
(e Xl)} . (30)

nvh
where A,, is the scattering (transition) amplitude for a perturbation H between the Ryd-
berg states n' and n. The expression (30), of course, involves i unlike the expressions (18)
and (19) for the vibrational degree of freedom, which are independent of /. However, i ap-
pears in the denominator of the exponent in Eq.(30) in the combination nf. Thus when n is

large enough, J,, = nh may be regarded as a classical object, namely the angular momentum

of the n'® Rydberg state in the correspondence limit. We therefore write

2y 2B, by

v(nh) B v’
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where we introduce w,, = 2F,, /J,, as a frequency associated with the n" Rydberg state. For
n this frequency may be considered as almost a constant for small variations of n. Eq.(30)
is then

Opl n = 441;4/16(1/']) [l;zfn(_\\r — )(1 )] i (32)

where k, = w,/v. We notice that k, ~ n~3, and thus decreases rapidly with n, and
would correspond to mesoscopic matter waves if n is sufficiently large. For n = 100, w, ~
6.6%10% rad s 1, and ky ~ 660 em-tforv =10 ecm s !. Thisgives A, = 2n/k, = 1072 em,

which is of macroscopic, or if one prefers, of mesoscopic dimensions.

<__:—__— 4. Suggested experimental arrangement

‘ A 1:\ . . . . . .
There are /‘\foﬂwmg four main elements which constitute the basic reqirements of the

experiment to check the existence of 11‘1ekl,soscopic matter waves proposed here. One could
choose either a diatomic molecule or a Rydberg atom depending on the overall coyenience.
V2 )
There Woulj/ of course arise a number of technical problems during the course of carrying
% .
out the experiment which will need to be addressed. We shall discuss here only broadly the
various essential requirements and a possible experimental arrangement.

1. First, it will be necesary to prepare the molecules/atoms in the appropriate highly
excited states. As has been already discussed, because of the special features of the harmonic
potential, even low lying vibrational states can be selected for state preparation for the
diatomic molecule. For the rotational states, on the other hand it would be desirable to
have a highly excited state, fOI‘/\lI that case w; which equals 2K jh would be nearly constant
for small variations of j when j is large. Such states can be prepared with appropriate laser
techniques and some ingenuity. A Rydberg atom can also be similary prepared in a highly
excited state so that its frequency w, = 2E, /nh is nearly constant for small variations of n
when n is large.

2. It will be necessary next to prepare a beam of such mME% molecules/atoms with a
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well deﬁno?\&elocity. A velocity of 10% cm s~! corresponds roughly to an energy, £ ~ ocol/®7V
. SR
which should be possible without much difficulty using an ion source.

3.Another requirement is the fabrication of grids for the scattering of molecules/atoms
as envisaged above. The distance (X; — X3) = D between the grids would be required to

; HAS

be of the order of a few wave lengths (of the pa‘rtimﬂa?/\rnatter wave). Hoever, to obtain a
A
higher resolution it would be desirable to have an array of 5-10 grids. While a larger number
of grids would yield higher resolution, it will also lead to a decreasing transparency for the
transmitted signal. So, the number of grids in the array will have to be optimised. This will
be similar to crystal lattice planes in electron diffraction. Here the grid array will have to
be properly fabrica‘ted."/hese will be required to be rigid and rigidly fixed to the apparatus
so as to ensure the elastic nature of the scattering with respect to the total energy of the
molecules/atoms.

4. Finally one has to ensure the quasi-one-dimensionality of the scattering process, which
is the most crucial requirement for the manifestation of the mesoscopic matter waves. One
way to ensure is to use a beam of particles with a broad wave front parallel to the plane
of the grids. This is similar to the Bragg diffraction with the electron beam normal to the
plane of the crystal. However, a more definitive way to ensure it in the present case is to
use charged molecules/atoms in a given charge state injected along an ambient magnetic
field. This will cofitrain the molecules to move along the one-dimension of its direction.
The field may be taken to be at any angle 6 to the plane of the grid array, and defines the
direction of the one-dimensional scattering. This arrangement has the added advantage that
the intergrid spacing along the direction of the magnetic ﬁeld}which is the direction of the

one-dimensional scattering can be varied by varying the angle #. Thus the effective intergrid
distance D.sf = D/sin 8 H
eff / T}mf L 7; (17

u/)) n)\ Nano Mme Mnyts arc Sk
size or 1ebs I u(‘h larger than the dimension of the molecules, th

It ought 0 entioned however Lé,m > the thickness of thOfud w 119b Woul of 1111(1011

55«4l Z( n W]

forward scattenng off tho
grid wires envisaged above would have to be tangential. An efficient scattering would then

require that there be larger number of wires of as small a thickness as possible. If x be the

16
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ve”
grazing angle which the incident molecule makes with the tangent to the grid wire thejit

4

can be easily shown that even if the grid wire of mass \[ were free, then the enmg\ of recoil

acquired by it in such a collision with the molecule of mass 7 would be ~ )ﬁ’z/\[ Zsin? y,

59714"'& f'u’:

which is negligi )1<7 in the ratio ( r“z/‘] Thus the elasticity of collisions with the the grid

wires with respect to the total energy of the molecule is wel)satisfied. However, if the grid
L

wires are rigid and rigidly fixed to the apparatus then elasticity is satisfied a fortior: .

a2 ). :
Ddstuss-}ern*ﬂnd’smmarv \\ 7y ] ot IS ECEPimss - - E
/ Ke S i S t

The concept of macroscopic and mesoscopic matter waves as f,mm the deBrogli

matter waves that has been presented above, first arose in relation to the dynamics of charged
particles in a magnetic field as described by a probability amplitude theory [represented by
a set of Schrodinger- like equations] given by the author[1] in 1985. This was obtained as
a Hilbert space representation of the classical Liouville equation for the system, and by
virtue of its amplitude character, it predicted the existence of matter wave phenomena with

a macroscopic wave length, namely the one-dimensional interference effects. The role of &
- <l :
€ (\,:‘Z«” 4"’) 9 U //‘v}

in these equations is enacted by a macroscopic action p = vh, (v > 1). !

Recently the author has been able to derive [2] the same set of Schrodinger-like equations

starting from the quantum mechanic Schrodinger equation. It is the macroscopic magnitude

of p ( which replaces h) that is responsible for the macroscopic matter waves in charged

particle dynamics along a magnetic field. Indeed the one-dimensional interference effects

with macroscopic matter waves with wave length typically in the range ~ 5cm have been
reported by the author and his collaborators [3,4,6]

A close examination of the derivation of Ref.[2] gave the author the clue that such

(g Dpw‘/'/ )

——“nacroscopic and mesoscopic matter waves should be possible with, in fact, any composite

)

system, such as atoms and molecules in their highly excited internal states. The discussion

presented in this paper is an exposition these concepts as applied to diatomic molecules and
Rydberg atoms as illustrative examples.
As already mentioned, the interesting point about these matter waves is that their wave

length is not related to the mass of the particle as with the deBroglie waves, but rather to

/KJVI/ ()4 m /L 74{1 [\t/\\ 17 (}Zi) I/f/f 53 7:3’%7;;,&.{4
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VII. Conclusions

We have shown here how starting from the quantum wave function des-
cription of a charged particle in a magnetic field we can obtain the wave
function description of Ref. 1 as contained in Eqns. (34) - (36). We recall
that these equations were obtained in Ref. 1 from rather general probability
considerations restricted only by the use of an anstaz for the transition
probability. It may be noted that the use of this ansatz, which yielded the
Schrodinger-like description of non-adiabatic processes, was made inde-
pendently and without appeal to the quantum mechanical description. An
alternate derivation of the same equations carried out in this paper therefore

can be considered to justify this ansatz to the extent of the approximation

—

~
used in replacing Y by { . It is possible that one could use similar ansatz

in other analogous situations
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ration. The excellent agreement shown in Fig.4 B, on
the other hand, constitutes the most definitive valida-
tion of the premised mechanism for the generation of the
TAW, namely through the scattering by the grid wires
in the present case, which is in fact crucial for the one-
dimensionality of the effect, and thereby of the physical
reality of the TAW itself.

The results presented here on the vector potential ob-
servation are obviously quite unexpected and unusual.
Being on the macro-scale and in one dimension they run
counter to the well known Aharonov-Bohm effect on both
counts. However, they do by no means negate the latter.
On the contrary, they help establish the physical reality
of a new kind of matter wave (on the macro-scale) which
is associated with a new quantum object—the ” transition
amplitude wave”— generated as a ” quantum modulation”
of the plane wave state of the guiding center motion in
consequence of transition across Landau states. This is
the importance of the investigation reported here and

the related ones reported earlier [1, 2, 4, 5]which would
open up new possibilities. Interestingly, the experiment
is extremely simple, easily repreatable, and the results
obtained are robust.
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FIG. 3: Detector plate current against the toroidal
solenoidal current for different plate-gun distances
but same electron energy These plots are those chosen
as the best well defined of the sets obtained with a range of
external magnetic field values, and corrected for core satura-
tion. The plots (a), (b), (c) - - - (f) of the figure denote detector
plate current in nA against the solenoidal current in amperes
(A) for various plate-grid distances L, — Ly = D(cm) = 15,
15.5, 17, 18, 19, 20. for the same electron energy 830 eV.

and the gauge invariance follows.

The geometrical factor G carries within it the crucial
information regarding the mechanism and the point of
generation of the TAW. To explore this dependence, a
particular electron energy £ = 830 eV is chosen and the
experimental procedure carried out, as described earlier,
for the various grid positions x4, with the plate remaining
fixed at z;, for all the cases. Define L, = |z, — z,| and
Ly = |zp — x,|. The increasing values of D(cm) = (L, —
L,) =11, 14, 15, 15.5, 16.5, 17, 18, 19 and 20 , are chosen
which correspond to the grid being moved towards the
gun. All other parameters in the relation (6) remaining
fixed, the detector plate current response will reflect only
the dependence on G.

The observed plate current profile as a function of the
toroidal current for the various D values is depicted in
Fig.3 (choosing only D(cm) = 15, 15.5, 17, 18, 19 and
20 to save space) The various plots in the figure show a
clear dilation of the inter-peak separation as the grid gets
closer to the electron source.

The detector response is obviously a reflection of the
shrinking value G®, as z, gets closer to z,, which corre-
sponds to decreasing value of G. To give a quantitative
check with respect to the expression for G, the quantity
G1, evaluated over a range of distances D (as given in

A5 | I |
a=(43+0.0)x10"° ampl(ev)'?

»
£l

1 x

[E (eV)] '

....... r,=56

—r,=58

mmer, 260
* Exp

|IG
D (cm)

Figure 4

FIG. 4: A. Inter-peak solenoidal current interval Al
against the different electron energies The inter peak
separations AI depicted here, expected to be equally spaced
with respect to the toroidal current, are actually corrected
for core saturation of the original plots which had dilating
inter-peak separation. The error bars in the plot are obtained
using several different runs for a given electron energy with
different external magnetic field values differing by 0.1 G on
either side of the best value The figure gives the plot of AI
against the square root of electron energy £/2, confirming
the theoretically expected linear dependence.

B. The AIp for the various distances D (cm)for the same
energy £ =830 eV

Ref. (3] and normalized with respect to its value ( G(_&))
for D=11 cm is plotted as a function of D. Since every-
thing else has been kept fixed in Eq.(6) as D is varied,
R = (AI)p/(AI)11) = G11)/Gp. The ratio R is then
plotted in Fig. 4 B against D with the parameters of the
toroid £, =5.8 cm and three values of the mean radius
ro(cm) = 5.6, 5.8, and 6.0. as shown in the figure.

The experimentally determined values of R®™P =
(AI}%“’/(AI)‘(";‘{’) from the plots of Fig.3) are then in-
serted in Fig. 4 B for the respective distances indicated
as "dots”. They are seen to fall very closely around the
theoretically expected curve for r,= 5.8 cm. The agree-

ment with the predicted curve is remarkable!!

The results contained in Fig. 4A and Fig.4 B thus
demonstrate different features of the rather unfamiliar
curl-free vector potential observation on the macro-scale
which had been predicted by the formalism of [1]. Thus
apart from exhibiting a non-flat undulatory response
which itself signals the detection of the vector potential,
Fig. 4 A also provides a quantitative confirmation of
the predicted £(1/2) dependence of the inter-peak sepa-
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