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(Presented by Academician E. K. Zavoiskii, 20 11T 1970)

One of the principal tasks of plasma physics is the measurement of the energy
density contained in electrostatic oscillations that arise as a result of the turbu-
lent character of dissipative processes (). Stark broadening of the Balmer lines
of hydrogen in a plasma may serve this purpose. Such a possibility was first con-
sidered by Woolf (?) even before the development of a consistent theory (3,%) of
Stark broadening of hydrogen lines in an equilibrium plasma. Subsequently, the
Stark effect in high-frequency stochastic fields was discussed within the frame-
work of the adiabatic approximation in (°). However, the adiabatic approxima-
tion is unsuitable for describing high-frequency fields (®). In the present work a
theory of Stark broadening of hydrogen spectral lines in a turbulent plasma is
developed, taking into account the nonadiabatic effect of Langmuir oscillations
on the atom, as well as the contribution of one-particle broadening mechanisms.

1. The profiles of hydrogen spectral lines are formed in a plasma under the
action of the electric microfields of ions and electrons. The low-frequency
(w; S vpNY3) component E,_, of the electric microfield, caused by ions,
determines the Stark splitting of the levels

eay
Aw 7
of the dipole moment d of the atom about the direc-

E,,,, and the precession frequency

3
a = 5”(”1 —ny)

Wg = 3/2”%Eion
tion of the field E, , (here o denotes the entire set of quantum numbers
n,nq, Ny, m, which determine the state of the atom in the parabolic coor-
dinate system (%), and a is the Bohr radius). Changes in the field E,
occur adiabatically (w;, < wg), and the projection d on the direction E;
is conserved. Changes in its projection dy occur under the influence of
the high-frequency (w, > w,,, > wg) component of the electric microfield
E.;, caused by plasma electrons. In an equilibrium plasma, nonadiabatic
effects of electron fields are usually taken into account within the frame-
work of impact theory (3,%). They determine the lifetime 7imP = 1/41™P of
the atom on a given Stark sublevel. The mechanism of Stark broadening
of hydrogen lines in a plasma admits an especially simple interpretation
when 7imP is found to be considerably shorter than the period of varia-
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tion of the ionic field (°,7). In this case the ion field may be regarded as
quasistatic, and the profile of each Stark component as Lorentzian with a
half-width equal to 4™P. The resulting profile is obtained by averaging
over all possible values of the field strength E; .

Depending on the pattern of Stark splitting, the broadening of hydrogen spec-
tral lines has a different character. The half-widths of lines with a strong cen-
tral component, such as Ly, H,, P,, are practically entirely determined by
electron impact broadening of the unshifted components: Aw;/; ~ 7,. Con-
versely, the half-widths of lines without a central (unshifted) component, such
as Lyg, Lys, Hg, Hs, are determined ---

are determined by the linear Stark effect in the mean quasistatic field of the
ions

Awyjy ~ 12,5 (0% — /)N (1),

2. In the range of parameters (N, = 5-101% cm™3, T, < 50 eV), the elec-
tric fields of ion-acoustic and still lower-frequency plasma oscillations are
quasistatic for excited hydrogen atoms (v, > w,;). The profiles of hydro-
gen lines that do not have a central Stark component (Lygz, Hpg, etc.)
then turn out, over most of their extent, to be proportional to the distri-
bution functions of the low-frequency electric field arising as the sum of
statistically independent contributions from individual ions located near
the emitter and from collective electrostatic oscillations with frequencies
WS Wyt

W(E,B):/ Wy(E')Wr(E")§(E — E' — E")dE’ dE”. (1)

The distribution of electric fields from individual ions Wi (F) is described by
the Holtsmark function (8), while the distribution of fields of oscillations with
statistically independent phases Wy (E) is described by the Rayleigh function
(19). In formula (1) the parameter 3 = Ey/FEy is the ratio of the field scales in
the Holtsmark and Rayleigh distributions.

At a sufficiently high level of turbulence

¢ = / E?dk/87NT, = (E?)/87NT, > N3 /T,,

the maximum of the distribution function W (E, ) is shifted toward stronger
fields (E.x ~ Er > Ey). The half-widths of lines without a central component
will then be substantially larger than their values in an equilibrium plasma of
the same concentration, and the characteristic dips in the central regions of the
lines will be expressed much more clearly, since the nonadiabatic broadening of

individual Stark components remains the same. In this case the mean strength
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of the nonequilibrium electric fields of low-frequency plasma oscillations can be
determined from the Stark splitting (AM\),,, of spectral lines,

exp

5o drhe (AN gxp @)
P 3n(ny —ny) —n'(n] = nj)le, aghy’

where (A)),,, is the measured half-width, ), is the wavelength of the line, and
3 / / ’
ieao[n(nl —ny) —n'(n] — nz)kp

is the component-averaged value of the difference of the projections of the dipole
moment in the upper and lower states.

When only one ion-acoustic branch of electrostatic oscillations is pumped, the
half-widths of the H, and H, lines should practically not increase in comparison
with their values in an equilibrium plasma. The half-width of H, will still be
determined entirely by electron impact broadening of the unshifted component,
while the half-width of H. may even decrease because of the more substantial
“smearing” of the side components. However, the wings of the lines will be more
intense than in an equilibrium plasma, and the side components may “split off.”

3. The frequency of electron Langmuir oscillations is y/M;/m, times higher
than the ion-sound frequency and satisfies the nonadiabaticity criterion
Wpe > w,. Therefore the lifetime of the atom at a given Stark sublevel 7,
must depend on the level of turbulence at high frequencies. In order to
calculate the corresponding transition frequency

noise __ noise
’70, - 1/Ta ’

it is necessary, as usual, to find the mean effect of these oscillations on the ampli-
tude of the atomic state (3,4). The averaging is carried out over a time interval
sufficiently large in comparison with the period of the plasma oscillations, but
sufficiently small in comparison with the time of growth—

*According to calculations (?), the ratio of the half-widths of the Balmer lines H,,, Hg, H., and Hsis 1:20:

and 1:100 : 5 : 400 when the calculated data (°) are extrapolated to the region N, < 10'* cm™2 and T, ~ 50

where usually the Doppler broadening of the H, and H., lines exceeds the Stark
broadening.

vibrations and over the lifetime of the atom in the given state. In addition,
one must average over the chaotic phases of the plasma oscillations. The cor-
responding calculations lead to the following expression, which is valid under
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the condition that the Stark splitting between neighboring sublevels is small in
comparison with the electron plasma frequency:

) anU:
,ygolse — GWNUTE .2 [’I’L2 _ (”1 _ n2)2 —m2 + 1] Z} T, {/E% dk‘/Sﬂ'NTe} .
pe
3)

In a thermodynamically equilibrium plasma the noise level §, = & =

-1
E2 dk vT,
= ~ [ NZe ) = (N3 )t
/ STNT, ( w;’;e) (NThe)™

and the contribution of Langmuir oscillations to the total transition frequency
proves to be small compared with the contribution of individual electron colli-
sions:

(751 /52015) 2 3/, In(T, flin,,) ~ 10.

However, in a turbulent plasma, where {, > {5 = (N r%)~!, the transition
frequency 72°¢ caused by Langmuir oscillations may significantly exceed the
electron collision frequency. This will primarily affect the shapes of the Ly,,
H_, P, lines, whose profiles are determined essentially only by the broadening
of the central Stark component, which carries the main fraction of the total line

intensity.

The turbulence level £, of Langmuir oscillations can be measured from the broad-
ening of these lines,

ge ~ (AAl/Q)expwpemec/g)‘%n4a0NTe (4)

provided, of course, that other broadening mechanisms are unimportant here,
and that N and T, are known.

The development of turbulence at Langmuir frequencies will not, however, af-
fect the half-widths of the Lyg, Lys;, Hg, and H; lines as long as Ayholse pe.
mains smaller than the mean Stark splitting between neighboring levels Aw ~
3nh/em, 50, i.e. as long as

& < 2me' N?/3 /hndw,, T, (5)

The proportionality between the broadening of an individual Stark component
and the energy density of Langmuir oscillations will hold as long as 7, > 27rw;€1.
For 7, < 27rw;61 (€. = €?/2n%a, T, ), the conditions for applicability of the usual
(49) method of calculating the nonadiabatic transition frequency are violated.

The calculations can be performed in the case £, = €?/2n%a,T,, when the electric
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fields E,, of the Langmuir oscillations prove so large that, during a significant
part of the period 7, = 27/ Wpe, the atomic dipole moment adiabatically follows
the vector E,,., but in each period the adiabaticity of the precession is violated
with probability equal to unity when, in the course of the oscillation, the field £,
reaches minimal values |E,,.| < Ej. Therefore, for all lines for which the energy
of the upper level satisfies the condition ¢, = e?/2n%a, < n?¢ e, the half-
widths will be identical and equal to Aw, /5 ~ w,,.. They will no longer increase
with an increase in the noise level of high-frequency electrostatic oscillations.
Now the minimum value n,;, for which such proportionality still holds can
serve as an indicator of the turbulence level:

& ~e?/2n2; aoT,

min e

4. With simultaneous excitation in the plasma of high-frequency (w Z w,.)
electrostatic oscillations with level (N7%)7! <« ¢, < €?/2n%ayT, and low-
frequency oscillations with level e2N'/3/T, < ¢, < €2/2n%a,T,, the half-
widths of lines with a strong central Stark component (Ly,,, H,, [, etc.)
are determined by the energy density of Langmuir oscillations, whereas
the half-widths of lines without a central component (Lyg, Lys, Hg, etc.)

are determined by the mean field strength of low-

low-frequency oscillations. For §; = &7 ~ e?/2n?a,T,, the precession frequency
of the atomic dipole moment around the vector of the low-frequency electric
field proves to be greater than w,,., and the Langmuir oscillations prove to be
adiabatic. In this case, for lines beginning from the level n > n,;, the quantity
T, is determined only by electron collisions, and instead of the “smeared” pro-
files characteristic of nonadiabatic broadening by plasma oscillations, a rather
distinct splitting should be observed, analogous to the case of excitation by
low-frequency oscillations alone. For £, > e%/2nZa,T., the half-widths Aw, /2
of lines beginning from levels n > n, must be identical and equal to w,,.. The
presence of low-frequency turbulence will not affect those lines for which the
high-frequency broadening exceeds the splitting in quasistatic fields,

eay

2_ /2
(2 — )

E.y,

>3
w,, = -
¢~ 4

p

i.e., lines whose upper level satisfies the inequality n., < €?/ayT.&;. The level
of low-frequency turbulence &; can therefore be determined from the maximum
value n,, = ng at which the equality Aw;,, = w,. is still satisfied, and
above which Aw, 5 > w,,., and the profiles of hydrogen lines without a central

component exhibit the characteristic splitting.

In an experimental study of plasma turbulence it is extremely important to
separate the broadening caused by collective oscillations from the broadening
associated with an increase in the concentration of charged particles. This
imposes rather stringent requirements on the rate of recording the spectral-line
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profiles and on the degree of ionization of the preliminary plasma, since in turbu-
lent stochastic fields of electrostatic oscillations an avalanche ionization process
of the high-frequency-breakdown type is possible. These requirements are best
satisfied by using the method of high-speed electro-optical spectrochronography
(1), and the first experimental results obtained by this method (12'13) are in
good agreement with the theoretical concepts developed above.

In conclusion, the author considers it a pleasant duty to express sincere gratitude
to E. K. Zavoisky for his constant interest in the work and assistance, and also
to G. E. Smolkin, with whose direct participation the principal results of this
work were obtained.
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