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The procedure of investigating a turbulent plasma with the aid of the spectral lines of hydrogen is further
developed. It is used to analyze the profiles of the lines D, , D, and D, emitted in a cylindrical Z-pinch. The
observed singularities of the profiles are identified as nonadiabatic Langmuir-noise effects. This has made it
possible to determine the plasma concentration by a new method. Lower-frequency electrostatic noise is also
observed and its amplitude determined. Polarization measurements give some grounds for assuming that the
low-frequency noise comprises Bernstein modes. It is shown that, owing to the anomalous resistance
produced by them, the conduction electric field can exceed the induction field and accelerate the ions to
observable energies. The theoretically expected peaks in the energy spectrum of the accelerated ions and the
time of formation of the accelerated particles also agree with the experimental data.

PACS numbers: 52.35.Ra

1. INTRODUCTION

It is known that in cylindrical Z pinches (CP) with
currents I~ (2-4) x 105 A, accelerated deuterons are
produced with energies #= (0.5-3) % 10° eV,! and even
higher,? while in noncylindrical pinches, particularly
in a plasma focus (PF) with current /~10° A, deuterons
with energies ¢ = (0.5-4) X 10® eV are produced (see,
e.g., Ref, 3). It appears that such particles are pro-
duced as a result of acceleration in high-power elec-
tric fields. There are several hypotheses concerning
the nature of such fields and the acceleration mecha-
nism (see, e.g., the references in Luk’yanov’a book! as
well as some papers by others?-%), These hypotheses,
however, have not been unequivocally confirmed by ex-
periment, and the question still remains open.

The present paper contains an elaboration of the
theory of spectroscopic measurements of the param-
eters of a turbulent plasma: 1) A unified description is
presented of the resonant nonadiabatic effects for weak
and strong fields, 2) The limits of existence of these
effects are determined. 3) A new method of measuring
the concentration of a plasma with Langmuir turbu-
lence is described. 4) A method is developed for ap-
plying the procedure of Ref. 11 under conditions of in-
sufficient spectral resolution. Results of a spectros-
copic investigation of a deuterium plasma in a CP are
presented. A detailed analysis of the profiles of the
Balmer lines D,, D;, and D, has made it possible, for
the first time ever, to reveal the presence of electro-
static noise (both Langmuir and of lower frequency) and
to determine its amplitude. The polarization measure-
ments indicate that the low-frequency noise constitutes
apparently Bernstein modes. On this basis it is pos-
sible to present a new explanation of the ion-accelera-
tion mechanism, including the experimentally observed
limiting energy, the structure of the energy spectrum,
and the time of production of the accelerated particles.

2. THEORETICAL BASIS OF PROCEDURE

1. The theory developed in the cited papers’™!? is
based on separate allowance for the low-frequency (LF)
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and high-frequency (HF) electrostatic noise of the plas-
ma, The principal results of these papers consist in
the following.

Ion-sound, cyclotron, and other LF noise of the plas-
ma act on the hydrogen atom quasistatically: the pro-
file of the Stark sideband component produced in the
transition between the initial () and final (8) states is

Sap (AN) = (Lap/Cas) W (AN Cy)

where W(F) is the distribution function of the LF com-
ponent F of the electric field of the plasma; the intensi-
ties I,z and the Stark constants C,; were calculated in
Ref, 13, For noise with isotropic spectrum, the func-
tion W(F) on the integrally significant part agrees (with
accuracy not worse than 15%) with the Rayleigh function

- (6 )’/1 3F* ( 3F2)
=\T ) FP\ T 2Ry

under the condition Fy 210eN?/3) where F, is the mean
squared field of the LF noise and N is the plasma con-
centration,

Under the influence of the HF Langmuir noise, the
half-width!? of a line with an intensive central com-
ponent increases by an amount

Y™ 4yp(ea’tes) Apoy?, (1)

where

ev=/3)"n.gv(me)—hE,, g=[ns—(ny—n;)}—m—1]"; @)

here w, is the plasma frequency, 2y, is the half-width of
the frequency spectrum of the noise, E, is the mean
squared noise amplitude; A, =w,22, /27c, A, is the un-
perturbed wavelength; n,,, n,,, m, are the parabolic quan-
tum numbers of the initial (v= @) or final (v= B) states,
n, is the principal quantum number, 7 is the electron
mass, and e is its charge. However, the principal ef-
fect (of lower order in the parameter €,/w,<< 1) of the
action of the Langmuir noise is two groups of dips,
which can appear at the following distances from the
line center:
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Aa=ng"'Xaphp, Me=np~'Xaphs, (3)

where? X, .= n, () = ny), = n5(n; - n,)5. This leads to the
characteristic chopped-up profiles of the hydrogen
lines. Such profiles of the lines H,, Hy, H,, and H, are
observed in many experiments for various methods of
production, containment, and turbulization of the plas-
ma, and are analyzed in Ref, 11, In all cases, good
agreement with formula (3) was established. In the
present investigation of the Z pinch, we registered like-
wise jagged profiles of the deuterium lines D,, D;, and
D, (see Figs. 4-1).

2, The appearance of the resonant nonadiabatic ef-
fects that manifest themselves as v-dips (v=¢, B is
due to the group of atoms that experiences the action of
the static field

F,=(3fn,)"2mew, (v=a, B). 4)

In the field F,, the frequency distance w’ = 3n#F/
2me between 27, - 1 equidistant Stark sublevels of the
v-multiplet becomes equal to w,. The mechanisms of
dip formation are substantially different in the cases of
small (g, < y,) and large (¢,> y,) HF noise fields,

In the case of weak fields, ¢,< y,, the principal role
is played by the resonant dependence of the width of the
Stark sublevels

To~eyy/ 10+ (05 —w,)?],

which is governed by the HF noise, on the detuning

(@’ - w,). At resonance we have

" ~e s,

and off resonance (e.g., at v’ <w,)
Ty~ e,/ 052 % (1p/0,) Ty <V,
Therefore the resonant atom emit a broader Lorentz
profile, and hence less intense at its center, than the
nonresonant atoms, This lowering of the intensity (dips)
on the profile of each sideband component will be en-
countered twice, corresponding to the fields F, and Fg
of Eq. (4). Each dip is flanked by two intensity rises
(hills), The distance from the dip to the hill is equal to
the half-width of the dip and amounts to

dip

(861.7) o~ 1p (Xapen/n) ™.

However, the relative depth of these dips is small
(AS/S) v~ (no/ Xap) (84/5) *<1
(see Fig, 1).

In the case of strong fields, ¢, <¢,, the HF width of
the Stark sublevels saturates and reveals no resonant
absorption: I, =y, at all detunings wg”’ - w, smaller
than £,. At e,>v,, however, the stochastic character
of the HF noise does not appear within the characteris-
tic times of variation of the probability P, that the atom
is at the sublevel v. This has made it possible to em-
ploy in Ref, 11 a method similar to the Rabi “rotating
wave” approximation known from quantum optics,'* and
to obtain an analytic solution that is not restricted by
perturbation theory (in contrast to the preceding study?).
It turned out that the probability P, oscillates at the

Rabi frequency, which, in particular at wy - w,=0, is

51 Sov. Phys. JETP 52(1), July 1980

(a5/s),

equal to g,

This result likewise admits a simple interpretation in
terms of the quasienergy states (QES). In fact, the
(2n,— 1) Stark sublevels are so arranged that the ma-
trix elements of the dipole moment differ from zero
only for transitions between neighboring sublevels that
differ in frequency by w{’. In the case w,=wy’, de-
generacy of the QES is produced in the noninteracting
atom +field system. When account is taken of the di-
pole interaction, the degenerate QES are repelled from
one another in frequency by 2¢,. The radiation intensity
at the frequencies w,=X,w, /n, decreases abruptly,
and at the frequencies X 4(w, % ¢€,)/n, it increases; dips
flanked by hills appear and have a larger relative depth
(AS/S),=n, /X4~ 1 and a half-width (Aw, ), =X e,/
n, (see Fig. 1),

We note that prior to the publication of our papers®!!
it was assumed that the plasma oscillations can lead to
a single spectroscopic effect, namely to the appearance
of satellite hills due to adiabatic effects,'!® The dips
predicted by us®!! are a fundamentally new effect in
plasma spectroscopy.®

Deep dips (and high hills) on the deuterium line of the
investigated Z pinch (see Figs. 4-7), just as those on
the hydrogen lines and analyzed by us earlier,!! corre-
spond to the case of strong fields ¢,>¢,. In the wave-
length scale, the half-widths of the dips are then

(A}U/‘:")v= (ev®,™*) Av,y (5)

where the positions of the dips A, are determined by Eq.
@).

3. The solution in our paper,!! just as the Rabi solu-
tion,! has an upper bound on the value of the HF field.
Dips exist under the condition E,/V2 «<F,, i.e., at

E,<E.(n)==(3nh)~'2 mew,. (6)

The critical value of the ratio of the densities of the
HF noise energy and the thermal energy is

¢.=E.>2(n)/8aNT.=81/9n°T.,

where I is the hydrogen ionization potential and T, is
the electron temperature, Consequently, if the critical
energy of the plasma electrons exceeds the binding en-
ergy of the atomic electron, the conditions for the
existence of dips (6) is more stringent than the “usual”
restriction E,s (87NT,)'/2

Baiy),
2

4

1y /A

FIG. 1. Dependence of the half-width (4w$3 ), of the dips (curve 1), of their relative
depths (4S/S), (curve 2), and of the width of the Stark sublevels I' [*=T", (0 = @, )s
due to the HF noise (curve 3) on the reduced HF noise field intensity £, (see the
explanation in the text, item 2 of Sec. 2).
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4, The dips can be used not only for the measurement
of the HF field [by means of Eq. (5)], but primarily as
a new independent method of measuring the concentra-
tion of a plasma with Langmuir turbulence. The gist of
the method consists’in the fact that the relative dis-
tances of the dips from the center of the considered
hydrogen line (e.g., in units of A,) make up a definite
set of rational numbers (Xos/74,Xqs/7s), Which is
unique for this line only, Comparing the relative dis-
tances of the decreases of the intensity, observed in the
spectral lines, with this set of numbers it is possible to
draw conclusions concerning the nature of these de-
creases, If they agree well, they are due to Langmuir
noise and then, by measuring the absolute distances be-
tween the dips and the line center, it is possible to de-
termine 2,, and then the plasma concentration, using
the formula

=amcie*ha Ayl (7)

If the spectral resolution is insufficient, some part of
the dips cannot be registered and the experimentally ob-
tained set of numbers X, /A, will be less numerous than
the theoretical set, making the identification difficult.

It is convenient in this case to distinguish beforehand in
the theoretical set reference dips having the largest
equivalent width w,, which can be determined from the
formula

Ay+BAy
wo= [ ABNIS.BN-SBN], B=(8ri").,
A,—0,
where S;(AX) is the line profile unperturbed by the HF
noise, Calculation shows that

_ Iau l« M’ Iul!
ot W (G ) 3 T ®

The quantities f, which are independent of the plasma
parameters determine the ratios of the equivalent widths
within each of the two groups (a or B) of dips: wa:/w,

=f.,'/fa, ws'/w5=fs'/fao

Figure 2 indicates the theoretically expected positions
of the reference dips on the profiles of H,, Hg, and H,
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FIG. 2. Theoretically expected positions of the reference dips on the profiles of the
lines D, D, and D, . The dips produced on account of the resonance between w,
and the splitting of the upper multiplet with n,, > 2 (a-group) are indicated by verti-
cal lines above the abscissa axis. The dips produced on account of the resonance
between w, and the splitting of the lower multiplet with n = 2 ( B-group) are indi-
cated by vertical lines under the abscissa axis. Alongside the lines is shown the
equivalent dip width w, in relative units [see Eq. (8)}. Solid lines indicate dips for
which w, >W, max/2 and We >Wp ma, /2. The dashed lines in the @ and B groups
indicate the broadest of the remaining dips.
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and gives the calculated values of f,, multiplied for con-
venience by 100,

The ratios w, /wg of the equivalent widths of the dips
from different groups depend on the plasma concentra-
tion and on the form of the function W(f):

wo/wy=FuW (Fa)/fsW (Fs).

3. APPARATUS AND MEASUREMENT METHODS

In this experiment, the plasma source was a cylindri-
cal Z pinch for the following reasons, First, the plas-
ma column had cylindrical symmetry, and the variation
of the parameters relative to ¢ can be neglected in the
macroscopic treatment. Second, the electrodes are far
from the observation zone and have therefore no effect
on the plasma parameters, Third, this type of installa-
tion reproduces well the discharges if the initial condi-
tions are the same. Furthermore, the geometry of the
CP is such that spectral information can be relatively
easily obtained from the discharge,

The chamber of the apparatus was made of alundum
to decrease the influence of the impurities, and had an
inside diameter D=2 cm and a length L =70 cm, Flat
copper electrodes were placed 60 cm apart and
covered the entire cross section of the chamber, Four
diagnostic openings of diameter d =30 mm were made in
the equatorial plane, The pulsed discharge was fed from
a low-inductance bank with a total capacitance 60 uF,
on which the working voltage was 30 kV., The maximum
discharge current reached I, =350-400 kA, with I(t)
=200 kA and I(;) =300 kA at the instants of the first and
second singularities, respectively. The current rise
time to the maximum was 4,5 usec. The maximum
value of the time derivative of the current was in this
case Imx =4 X101 A/sec.

The placement of the measurement apparatus is shown
in Fig. 3. A “Yupiter-3” lens 7 was placed on the win-
dow 6. The lens was covered with light filters 13 that
separated the investigated line and with an organic
polarization light filter 12, The geometry of the setup
made it possible to project with the aid of this lens a
volume ~0.7 cm? at the center of the chamber onto the

FIG. 3. Experimental setup: 1—window, 2—integral neutron counter, 3—coaxial
return lead, 4—plasma, 5—alundum chamber, 6—window, 7—*Yupiter-3" lens
(F = 5 cm, relative aperture 1:1.5), —MDR-2 monochromator, 9—FEU-52A pho-
tomultiplier, 10—broadband preamplifier UPSh-130, 11—DSO-1 oscilloscope,
12—polarization light filter, 13—light filter for the investigated line, 14—coaxial
discharge gap with igniter, 15—capacitor bank C = 60 uF, U = 30kYV.
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plane of the entrance slit of the monochromator. The
radiation separated by the monochromator 8 was inci-
dent on the photocathode of an FEU-52A photomultiplier,
whose signal was applied through preamplifier UPSh-
130 to a DSO-1 oscilloscope., This measurement system
produced a minimum induced noise, an important fac-
tor in the measurements of fast processes.

In the previously described experiments with the same
setup!®!? it was shown, in particular, that if the cham-
ber was well preconditioned (to a residual pressure
<5%10~7 Torr) and if the initial conditions were identi-
cal, then the scatter of the signal amplitude (and hence
of the plasma parameters N and T,) was ~10%. This
was evidence of the possibility of recording the pro-
files of the spectral lines point by point with accumula-
tion of statistics from discharge to discharge, At the
initial stage of the present experiments, 20-25 dis-
charges were produced at each position of the mono-
chromator drum, to determine the scatter, It turned
out that it has the same value, ~10%. Subsequently the
results of the measurements at each value of A\ were
averaged over 3-5 discharges,

The width of the entrance and exit slits of the mono-
chromator in measurements with the D, line were 30
wm, corresponding to a spectral resolution ~1,2 A.
To register the lines D; and D, a different diffraction
grating was used, and the slits were 20 um wide, so
that the spectral resolution was ~0.4 A.

The measurement apparatus was carefully screened
against electromagnetic induction, Its temporal resolu-
tion (~20 nsec) made it possible to relate the recorded
radiation with the various phases of the discharge,

4. ANALYSIS OF MEASUREMENT RESULTS

1. Typical profiles of the Balmer lines Dy, Dg, and
D, registered during different phases of the discharge
are shown in Figs, 4-7. The principal characteristic
feature of all the profiles is their jaggedness: in each
wing there are observed several intensity dips, and
sometimes almost down to zero value, Let us see what

7, rel. un.
18~ 2.248A a
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FIG. 4. Registered profiles of the D, line at a pressure P, = 0.15 Torr: a—at the
instant of the first singularity; b—after the instant of the second singularity. The
vertical line segments indicate the theoretically expected positions of the dips. The
segtneflts are marked by the distances of the dips from the center of the line in units of
A, [see formula (3)].
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FIG. 5. Registered profiles of the lines D, at a pressure P, = 0.15 Torr: a—prior to
the instant of the first singularity; b—at the instant of the first singularity; c—
between the instants of the first and second singularities. The vertical lines and the
numbers above them denote same as in Fig. 4.

effects can account for the observed singularities,

The magnetic field of the discharge current is H =21/
cr < 10° Oe, since the observed radius of the pinch is 7
=1 cm, In such fields, the quadratic Zeeman effect on
the lines D,, D, and D, is small compared with the
linear one, so that only triplet magnetic splitting is
possible, Consequently, the observed number of peaks
(on the order of ten on the profiles D; and D,) cannot be
attributed to the Zeeman effect.

To explain the observed number of peaks we can pro-
pose that low-frequency electric fields are excited in
the plasma, and the distribution W(F) of their ampli-
tudes is for some reason much narrower than a Ray-
leigh distribution, and the field F can be regarded as
quasi-homogeneous. But in this case the half-width of
the Stark component

(AMy) as=CapAFY

[aF{¥} is the half-width of the W(F) distribution] is pro-
portional to its distance from the center of the line,
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FIG. 6. Registered profiles of the line D, at a pressure P, = 0.085 Torr: a—at the
instant of the first singularity; b—between the instants of the first and second singu-
larities. The vertical lines and the numbers above them denote the same as in Fig. 4.
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FIG. 7. Registered profiles of the line D at a pressure P, = 0.15 Torr: a—at the
instant of the first singularity; b—before the instant of the second singularity; c—
after the instant of the second singularity (both wings are shown, since the profile is
greatly asymmetrical). The vertical lines and the numbers above them denote the
same as in Fig. 4.

Therefore on going farther into the wing the resolution
of the individual components should become worse, in
contradiction to the observed profiles.?

Finally, assume that HF Langmuir (quasimono-
chromatic) oscillations of frequency w, are excited in
the plasma, If for some reason the principal (nonadia-
batic) effect of the action of the HF noise, described in
Sec. 2, could not appear, then their role would reduce
to adiabatic satellites at distances A,, +k2,, where &
=x1,22,.,. .'”!® This, however, contradicts the ob-
served peak distribution, which is not equidistant
(especially on the D, line).»

Thus, it remains to check the possibility of attribu-
ting the observed structure of the profiles to the princi-
pal resonant effect of the action of the HF noise, as
will in fact be done below,

2. Comparison of the relative distances of the ob-
served dips from the line center with the theoretically
expectected relative positions of the reference dips (see
Fig. 2) shows good agreement for all the profiles of the
lines D,, D,, and D, at our disposal. In particular, for
the typical profiles of D,, Dg, and D, presented above
this can be verified from an examination of Figs., 47,
which show the theoretical positions of the dips (now
already in absolute scale)., This agreement for a large
number of profiles of different Balmer lines can hardly
be accidental, the more so, e.g., since on the D, pro-
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file the dips are not equidistant (their distances from
the center are 3 ),,3 A, 22, £),).

From the absolute positions of the observed dips we
obtain for each line the value of A,, and then the plasma
concentration N by means of formula (7). It turns out
that for profiles pertaining to one and the same dis-
charge phase (e.g., at the instant of the first singu-
larity), the experimentally measured A, decreases on
going from D, to Dg and D,, with A, g, so that all
three Balmer lines give the same value of N, This is
additional evidence of the reliable identification of the
measured dips with the predicted ones.

Most experiments were formed at a molecular deu-
terium pressure P;=0.15 Torr., At the instant of the
first singularity, the measurement of the plasma con-
centration by the indicated method in accord with D,,
Dy and D, yields N=4x10'5 cm™5, As a control, ex-
periments were performed also at a lower pressure
P;=0,085 Torr (See Fig. 6). The relative positions of
the dips on the profile of D, remained the same, and the
absolute distances of the dips from the line center de-
creased, so that measurements relative to these lines
yielded N’ = 2 x 10'5 ¢m™3, The ratio N/N’=2 is in ac-
cord (within the limits of the error of the method) with
the ratio P, /. Pj=~1.8, and this again indicates that the
experimental data have been correctly interpreted theo-
retically,®

3. Itis of interest to compare the obtained value of
the plasma concentration (on the periphery of the pinch)
at the instant of the first singularity, 4 x 10!® cm™3, with
the value obtained from an analysis of the half-widths of
the profiles.

It was shown in a preceding paper?® that from the theo-
reticaly point of view, in the absence of noise, the dom-
inant broadening mechanism under the conditions of the
present experiment is the impact action of the ions. In
this case, the measured half-width of the line
Dg[an /5(Dg) %10 A at the instant #] corresponds to
N>N_;, #1.0 x 10% cm™=3,%

The substantially higher concentration obtained from
Al /,(Dg) indicates that intense low-frequency noise
develops in the plasma; since the D; line does not have
a central Stark component, the quasistatic action of the

FIG. 8. Registered polarization profile of the Dy, line at a pressure P, = 0.15 Torr at
the instnat of the first singularity. The polaroid transmission axis is oriented perpen-
dicular to the axis of the installation.
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low-frequency noise with a mean-squared field F; in-
creases AXPR (D) to a value (Ref, 9)7

AT(Dy) = 0.2F,. 9)
Substituting AX;(Dg) = 10 A, we get Fy= 50 kV/cm,

The fact that the Stark broadening of the line is due
to collective low-frequency fields and not to random
thermal motion of the ions is confirmed also by polar-
ization experiments, In these experiments the polaroid
transmission axis was perpendicular to the axis of the
apparatus, An elementary analysis of the polarization
of the light within the Stark profile shows that the ratio
of the half widths AX}%, and AX}"%" of the polarized and
unpolarized profiles of the line D; should amount in this
experiment to

I Ja i
T ARpepol T FOFH2F

1 (10)

(the z axis of the cylindrical coordinate system is di-
rected along the current, and the ¢ axis along the mag-
netic field of the current).® In particular, one should
expect n=37'/? in the case Ft < Fl=F?and n=3"!/%in
the case F2» max(F2,F}?),

A typical form of the polarization profile of the D,
line is shown in Fig. 8. The measured value AX}Y,
=6 A (i.e., n=0,6) is evidence of anisotropy of the low-
frequency fields and corresponds best to the case Ff,
< Fl=F},

4, In the time interval between the first (¢,) and
second (f;;) singularities, owing to the considerable line
broadening, an exact measurement of A);,,(D;) is im-~
possible, It can only be estimated by the inequality
A);/q(Dy) >10 A, from which it follows [see Eq. (9)]
that F,> 50 kV/cm. The line profiles undergo simul-
taneously the following changes: The hills that flank
each dip in accordance with the theory, begin to grow
in intensity, and when the instant ¢;; is approached the
most intensive hill becomes noticeably closer to the
line center (Fig. 7b). This indicates that the distribu-
tion function W(F) becomes narrower, since the in-
tensity of the hill near the dip on the wavelength is pro-
portional to W(\,/C,s).

After the instant ¢, the two most intense hills (one in
each line wing) exceed the remaining ones so much that
the quantity A, ,,(Ds) can be approximately estimated
from the distance between them (Fig. 7c).? It amounts
to =5.5 &, and A, =~ (7-8)A, so that F;~ 40 kV/cm,

We emphasize that the values F,~50 kV/cm and N
~4x10%° ¢cm~3 measured at the instant #; pertain to the
periphery of the pinch (it follows from laser-scattering
experiments!® that N at the center of the pinch can be
larger by one and one-half or two orders of magnitude).
Assuming that at the instant 4 we have in accordance
with Ref, 18 T; 2 30 eV and T, = T;, we find that the
turbulence level is £ <1072,

The obtained values F;~50 kV/cm make it possible to
obtain the upper bound of the characteristic frequency
of the low frequency noise from the condition that they
be quasistatic:
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Q< 3nhF
2

~ 10* sec~'<w,(N=4-10" cm-*) ~ 3.6-10** sec-!.
me

5. In accordance with formulas (2), (3), and (5), we
can determine from the measured half-widths of the
dips (Ax“i‘}’z) the mean squared amplitude E, of the HF
noise:

Eo=B(g.Xos) " (AN, 11)

where B(D,) =~ 176 and B(D;)=~322. It is best to measure
the values of (A)\ld}"z), for the reference dips that are
farthest from the line center, since they are broader
than the dips closer to the center. Substituting the mea-
sured (Ar{',), of these dips on the lines D, and Dg in
(11), we find that E;(Z;) ~ 50—~ 80 kV/cm. The large mea-
surement error is due to the insufficient spectral reso-
lution,

6. At the instant £;; the value of A) /o(D,) reaches
15.7 A (Fig. 4, curve a), and decreases in succeeding
instants of time (Fig. 4, curve b). We show first that
the “laminar” (unconnected with the turbulence) broad-
ening mechanisms in a plasma with parameters T,(f,)
=T;(t;)= 30 eV and N~4x 10!5 cm~2 cannot explain the
measured value of A, ,(D,).

For the D, line, the ion impact half-width is
(1) 0, <4 A. The Doppler half-width D, can reach
15.7 A only at T,= 2 keV, in contradiction to the upper
bound T, < 10% eV obtained in the preceding experi-
ments.!® The contribution of the remaining broadening
mechanisms in a “laminar” plasma having the indicated
parameters can be neglected,

It was shown earlier? that the “anomalous” value of
A)q/2(D,) cannot be attributed also to self-absorption.
Thus, to explain the value of A),/y(D,) we must resort
to “turbulent” broadening mechanisms, among which the
principal role for the D, line should be played by the
broadening by HF noise [see formulas (1) and (2)]. For
the D, line formula (1) takes the form A}, < 5y/w,
<5 A, so that at the values of N and E, indicated above
we have Axf‘,‘, < 5y/w, <5 A, Formula (1), however, was
obtained under the assumption F> E. =E,/V2. In the
considered case, most atoms radiate under conditions
F<E, . The half-width of the line can then reach the
value

(AMET) max™ 2hp. (12)

Substituting in (12) the measured A); ,,(D,)=15.7 A, we
get 2, and the plasma concentration in accord with form-
ula (7). The value N =4 x 105 ¢cm~3 obtained in this
manner agrees with the value obtained above by mea-
suring the positions of the dips on the D,, D; and D,
profiles. This attests one more to the adequacy of the
theoretical interpretation of the experimental data.

The decrease of &) ,,(D,) after the instant £, can be
attributed to the increase of the ratio Fy/E,, as a re-
sult of which the fraction of the atoms that radiate
under conditions F < E  is decreased.

5. CURRENT INSTABILITIES AND THE PARTICLE
ACCELERATION MECHANISM

The paper of Vikhrev and Korzhavin® contains a table
of the principal types of current instabilities that can
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be responsible for the appearance of the anomalous re-
sistance in Z pinches. Judging from this table, the di-
rectivity pattern of the low-frequency noise, observed
in the presented experiment (F? < Fi» F}), gives some
grounds for assuming that the LF noise constitutes
Bernstein modes.!® The Stark broadening of the -
Balmer line D, by Bernstein modes is quasistatic if the
oscillation frequency in the laboratory frame is

0= (lonc—ku) ~0xUr./2me<3nhF,/2me

(here u is the current velocity; w,, =¢H/mc). Under
the conditions of the present experiment the last in-
equality is numerically equivalent to the inequality nu/
vy > 1, i.e., it is already satisfied at u 2 vy,

In the saturation state, the density of the electro-
static energy of the Bernstein modes should amount ac-
cording to theoretical estimates to ~ (wye /w,)%(/
v5)NT,,? corresponding to a field Fj™ ~10~4T!//7,
Under the conditions of the present experiment we have
FPe~kV/cm, which agrees with the measured values
F“°°‘~ 50 kV/cm.

In the existing calculations ef the dynamics of the Z
pinch, the anomalous resistance was either not taken
into account (e.g., in Ref, 21), or was assumed to be
due to ion-sound?**¥® or electron-sound® instabilities,
This has raied difficulties in the explanation of the par-
ticle acceleration mechanism, Thus, according to an
MHD calculation,® the electric induction field E™
=-v,H/c~v H/c can produce in the neck region,
even if account is taken of the plasma leakage, only a
potential difference &, <250 kV for CP and ¢, <900 kV
for a PF., However, fu'st in the experlments of Refs,
2 and 3 the particles observed have much higher ener-
gies and and, second, the acceleration of the ions over
the length of the neck in a field E"‘d <« H is possible only
under the condition 7 <v+ /wy; = pT, , when the MHD cal-
culation cannot be used. 1) A Kkinetic calculation for the
PF conditions® have shown that compressions down to
7 <py; does not take place, and the superthermal ions
have velocities v,~ (3-5) v, corresponding to energies
#<10° eV, insufficient to explain the experimental re-
sults of Ref. 3.

The Bernstein modes increase the collision frequency
to v, ~ @/vre )3ay,,? so that the conduction field

EfoM—_mmuv,,,le~Hu*[cvz?

can exceed Ei" at u 2 vy, (m/M)'/8=u,, 1t is important
that in this case the displacement of the deuteron across
the magnetic field is not limited to the value py;: the
deuterons can be displaced by a distance 2E, Mc?/eH?
=L>p,,, and acquire an energy 2Mc*(E, /H)*= &, (see,
e.g., Ref. 32), To go over into the acceleration regime
it suffices to decrease the radius of the neck to values

7 <L (and not to values 7 <py; as was required in the
previously proposed theoretical models).

When the equality H=21I/c7 is taken into account, the
condition 7 < L takes the form

(E:/) cr. (13)

After several cyclotron half-cycles, the deuterons ac-
quire an energy

E./[H>el[Mc*=
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Thus, the minimal energy €~5x 10~"I? amounts to ~5
x 10% eV for a CP and ~5% 10° eV for a PF, which
agrees with the experiments,!~3 Moreover, the values
1=1,2,... in (14) apparently correspond to the deu-
teron energy-spectrum peaks registered in Ref. 3.1

1=1,2,3... . (14)

The time of formation of the accelerated deuteron
should be

7 theor ~Tmaz/ Oni~3+ 10~ et 1. (1 5)

Substituting the upper bound of the measured energies
of the deuterons in (14), we get [ ,, ~10. From (15) we
then get Ty, ~10~7 sec, for typical CP parameters and
Toeo, ~ 1078 s€C for PF, which agrees with the experi-
mental results,!

6. CONCLUSION

1. It is shown in the present paper that a spectros-
copic investigation reveals the development, in a Z
pinch, of low-frequency noise with field.intensity F,
250 kV/cm, A polarization analysis had established
that the low-frequency noise constitutes apparently
Bernstein modes. This suggests a new possible ex-
planation of the mechanism of ion acceleration under
conditions when the current velocity

u (elvel’Mc*) "=u.
is reached [this is equivalent to the inequality (13)].

We note that u, 2 u;, with u, /v, ~5x10~211/47~1/8
=0.5. A kinetic calculation® has shown that in a rare-
fied corona (in the periphery of the pinch) with concen-
tration N(r) <10~2N(0) the velocities reached can be even
u>vg . Of course, certain definitely that values u~u,
are reached it is necessary to carry out kinetic calcula-
tions of a Z pinch with allowance for anomalous trans-
port phenomena due to the Bernstein modes, as well as
to perform new experiments,

From the theoretical point of view, observation of
Bernstein modes is not surprising, inasmuch as at v,
>u 2 vg (m/M)!/4, out of all the instabilities possible in
Z pinches, according to Ref. 26, the Bernstein modes
are characterized by the largest growth rate!®
< wye (m/ M)/ 4,28

2, It is of interest to compare the critical value of the
conduction field E, .. of (13) with the theoretical esti-
mate of the low-frequency noise F; yer from Sec. 5. It
turns out that E, .. /Fy ... ~ @;/v1.)%/* <1. Therefore
the profiles of the Balmer lines are determined princi-
pally by the low-frequency noise fields,

We emphasize that both the measured and theoretical-
ly estimated low-frequency noise field does not exceed
at the instant of the first singularity F(¢,) the field of
the low-frequency noise at the instant of the second
singularity Fy(¢;). At first glance this contradicts the
data on the time scan of the Z-pinch emission, which
show that at the instant £, the wings of the Balmer lines
can be traced farther (in terms of A)) than at the in-
stant 7}, ). Actually, the scan data are explained by the
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fact that the absolute intensity of the Balmer lines at
the instant ¢, is relatively less than at the instant ¢ ,
for at least two reasons, First is the increase of the
temperature: T,(t) << T,(t;)~10% eV (for the CP). The
second is the difference between the dynamics of the
neck of the pinch near the instants ¢; and ¢;;,. Near the
instant ¢; there is no substantial leakage of plasma out
of the neck region, inasmuch as with increasing voltage
breakdown through the gas near the wall takes place ap-
parently even during the initial stage of its develop-
ment, This breakdown shunts the neck and stops tem-
porarily the contraction of the pinch,!* Near the in-
stant £, the outflow of the plasma from the neck is
quite substantial: according to the MHD calculations®
the running number of particles can decrease by two
orders of magnitude,

3. In the present investigation of the Z pinch we have
observed also Langmuir noise with amplitude E; ~ 50— 80
kKV/cm, This exceeds by one order of magnitude the
thermodynamic equilibrium value Efje'~3x 107N s/ap=is
~2 -3 kV/cm.

The assumption that Langmuir noise exists in a PF
was advanced already by Gribkov et al,* to explain the
anomalous scattering of light in the skin layer., Investi-
gation of the radiation of a PF at the frequency 2w, also
offered evidence of the presence of Langmuir noise at
above-thermal level.3® Nonetheless, the origin of the
Langmuir noise and their role in the dynamics of the
Z pinch can serve as the subject of further theoretical
and experimental research,

The authors are deeply grateful to academician M, A,
Leontovich for interest in the work, and also to S. Yu.
Luk’yanov and V, S. Lisitsa for helpful discussions,

"By half-width is meant here and elsewhere the full width at half maximum of
intensity.

ZDips at distances A, will be called for brevity v dips (v = a or f).

¥Dips due to the resonant dependence of I', on the detuning were “rediscovered”
by Lee!” four years after the publication of our paper.® We indicate also that in his
paper Lee took into account neither the multilevel structure of the atom nor the
microfields of the ions, although these factors play an important role for hydrogen
lines and were included in consideration in our earlier papers.®'!

“For this reason, the observed profiles could likewise not be attributed to combined
Stark-Zeeman effect. In addition, this splitting depends substantially on the angle
between H and F.?° It is doubtful therefore that after averaging over the direction
and magnitude of the vector F there remains such a rough structure as observed in
the present experiment.

$'We emphasize also that the adiabatic satellites cannot lead to such abrupt drops of
the intensity as the nonadiabatic mechanism of the action of the HF noise:
AS,,,/AS, ~ [mine,,y, Vo, <.

SRecently Piel and Richter?' have shown that numerous weak peaks observed by
them on the Hj line can likewise not be traditionally interpreted as adiabatic
satellites and are apparently molecular H, lines. Inasmuch as in the present experi-
ment it turned out that the distance from the center of the D, line to the observed
singularity depends on the pressure of the molecular deuterium (< P{"?), these
singularities are not molecular D, lines. This conclusion is confirmed also by a
check with the aid of the tables of Ref. 22, which has shown that there is no one-to-
one correlation between the positions of the D, lines and the observed singularities
on the profiles of D, , D,, and D, . We note incidentally that the experiment of Piel
and Richter®' was initiated by an idea of Drawin and Ramette® that the singulari-
ties on the profiles of Hel can be attributed to the molecular lines of He,. This idea,
however, was not confirmed.?*

"Here and below, in all the practical formulas the wavelength is measured in A, the
electric field intensity in kV/cm, the temperature in eV, the current in A, the
plasma concentration in cm™>, and the pinch radius in cm.
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¥1In the derivation of (10) we took into account the fact that the linear dimension of
the volume that is imagedf on the monochromator slit exceeds the minimum radi-
us of the pinch, and averaging was carried out over the angle in the (#, @) plane.

“We have shown?® that the “blue” asymmetry noted in Fig. 7c denotes a character-
istic radial velocity v, ~2 X 107 cm/sec or an effective temperature T, ~300 eV
(ate . & )-

'9The assumed development of Bernstein modes can also explain the results of an
experiment? in which the profiles of the Balmer lines from &, to H,, in observa-
tions along the axis of the Z pinch, turned out to be much broader than in observa-
tions across the axis.

"These shortcomings were noted by the authors of Ref. 31 themselves.

'2The nomonotonic character of the deuteron energy distribution curve in the re-
gion of high energies was noted already in an area experiment.’

'Filippov’s recently reported experiments®? offer additional (albeit indirect) evi-
dence favoring the presence of Bernstein modes in a Z pinch. They have estab-
lished thatin a PF a reconnection of magmretic force lines takes place, with forma-
tion of a neutral current sheath. According to an idea of Syrovatskii,> in the
course of decay of the current sheath plasma turbulence is developed and fast
particles are generated. Babykin ef al.,®® who investigated experimentally the
annihilation of opposing magnetic fields, succeeded identifying a low-frequency
plasma turbulence with Bernstein modes.

''We refer here to cases when the initial electric field intensity in the discharge tube
is E,(0)£0.2-0.3 kV/cm. When E, (0) is increased to 1.5-2.5 kV/cm, the neutron
pulse, as is well known, begins to appear already at the instant #,.>® This indicates
tht in the latter case the concentration of the neutrals near the wall is substantially
decreased and this hinder the breakdown.
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