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A theory is given for the spectral profile of the first hydrogen Balmer line when the radiating
neutral atom is under influence of both (quasi-) static and harmonically oscillating electric fields.
Profiles, measured in a turbulent heating experiment, show a series of intensity maxima on the
wings of the Balmer lines. If we assume a model for the spatial distribution of turbulent wave
vectors, we can derive the fieldstrength and the direction of low-frequency (ion-acoustic) oscillations
and the strength and frequency of high-frequency (Langmuir) oscillations.

I. Introduction

In plasmas with a strong current various electro-
static fluctuations and/or coherent waves are ex-
cited. The radiation profiles of hydrogen neutral
lines can yield valuable information on the strength,
frequency and direction of the accompanying electric
fields. If the drift velocity of the electrons exceeds
the ion-acoustic speed, ¢, = {k(T+ T;) /mi}?, oscil-
lations with frequency near the ion plasma frequency
foi and near the electron plasma frequency f,. are
found to be simultaneously present, both in the ex-
periments ! as well as in computer simulations by

Chodura 2.

In order to calculate the effect of high and low
frequency micro-fields from the plasma waves on the
spectral line shape of hydrogen lines, a model for
the intensity of the fluctuations at each frequency f,
and wave vector k, must be adopted. Sholin? cal-
culated the Stark broadening in a turbulent plasma
if the low frequency field distribution is described
by a Rayleigh function. He found that lines without
a central Stark component (Ly;, Hy, etc.) split up
due to quasi-static ion-acoustic oscillations, while the
splitting is a direct measure for the average intensity
of the low frequency fields. The shape of the lines
with a strong central component (Ly,, H,, H,, etc.)
is determined by the level of electron Langmuir
oscillations, which broaden that line. Other calcula-
tions of the hydrogen line shape under influence of
oscillating fields have been performed by Yakovlev 4.
In his paper the average value of the electric field-
strength }/(E?) is deduced from the moments of the
electric field distribution, with the assumption that
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both regimes of oscillations may be treated separa-
tely. Cohn et al.’, showed for Ly, that resonant
effects between high and low frequency fields can
influence the intensity profile dramatically. This
effect was found experimentally by Gallagher and
Levine® and by Rutgers and DeXKluiver ? for the
Balmer lines.

In Section II, the theory is given for the calcula-
tion of a hydrogen line if the radiating neutral is
exposed to a (quasi-)static and an oscillating field.
In Section III, we present numerical results of line
shapes for different statistical distributions of wave
vectors K, of the quasi-static field. In Section IV, we
describe the turbulent heating experiment, the opti-
cal measurements and the identification of the inten-
sity maxima in the wings of the hydrogen spectral
lines. In addition, the plasma state during different
stages of the turbulent heating process, is briefly
outlined.

The profiles are further analyzed in Section V.
The validity and applicability of our model for the
derivation of turbulent micro-fields from the dy-
namic Stark effect are discussed.

I1. Theory

We assume each radiating atom to be exposed to
an electric field as proposed in Ref. 7, being the sum
of a quasi-static and a harmonically oscillating

field:
E=EScos(Qgt) +EPcos(2pt+ D), 2 Qp.
(1)

Henceforth, the time dependence of the low {re-
quency field is neglected: 25=0 (see Section V for
justification). The field is thought to be homogene-
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ous during the radiation process and axial sym-
metry is accepted. The z-axis is chosen as the axis
of symmetry and we write E=E|| + E |

E|(t) =E} §+E[],)cos(.QDt+ D))z, (2)
E (1) =E% (+y) +ES cos(Qpt+P1) (x+7);

T,=7,%, 2 is a unity vector in direction o. This field
gives rise to an extra term H, in the Hamiltonian of
the hydrogen atom: Hy= —er-E(?). If Eq. (2) is
substituted for the electric field

Hi(t) = —eEj z—eES (x+y)
for t<0 and
Hi(t) = —e{E} —LE cos(Qpt+ D))} z
—e{ES +EY cos (2p+P1)} (x+y) (3)

for ¢t = 0. The reason for putting E? =0 for t<0
will be discussed later. The total Hamiltonian for the
atomic system is now given by:

2
2 1 ¥ (),

H=Ho+H,+H with Hy= - —

for the unperturbed atom; H,= — (e¢/m)A-p de-
scribes the interaction with the radiation field; H, is
given by Equation (3).

For the solution of the time dependent Schrodin-
ger equation, however, we may neglect H, because
the influence of the radiation field E, (E, <100 V/m)
is_negligible with respect to turbulent micro-fields
(E =~ 107 V/m). For the studied plasmas we also
neglect the Holtzmark field (Eyx =~ 10* V/m) which
arises from electrostatic ion fluctuations. The turbu-
lent micro-fields are in turn much smaller than the
interior atomic fields (E =~ 10! V/m) so H; does
not induce transitions between main quantum states
n and n’. Each main quantum state n however, splits
up into n? sub-states. We consider transitions be-
tween these sub-states with slightly different energy
and calculate the population density as a function of
time for ¢> 0, starting from a correct population at
t=0. The time dependent Schrodinger wave function
for state n, satisfies the equation:

w2 moIne . @
We write
ya(t) = Z Z Cim (2) [ n,l,m) EEle(”(t)ln,i),

(5)
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thus choosing the eigenfunctions |n,l,m) of H, as
a base for the n* dimensional sub-space of the Hil-
bert space for the hydrogen atom. n, I and m, are
the usual quantum numbers for energy (n), linear
momentum (I) and angular momentum (m). Sub-
stitution of Eq. (5) into Eq. (4) yields for the
coefficients C;™ (z) :

(n)
aC]at (t) _ lih [8(") Cj(") (2)

+k21<n’j[ H™ (1) |n k) C:™ ()]  (6)
where ¢™ denotes the energy associated with the
eigenfunction | n, j) with Hy|n, j) =&® |n, j). Intro-
ducing a;™ (t) by

C;™ (t) = exp {— ?1;{ &) t} a;™ (). (7)

Equation (6) can be written as
30 _ 1 7

ot —ih k=1

(n,j| Hi®™ (2) | n, k) ax® (2)
(8)

This is a set of n? coupled linear differential equa-
tions with time dependent coefficients for the
a;™ (). The formal solution of this set yields

n® o 2 t,
a;™ (t) = Z [0k +l_21 {dhofdto

S A%,
- 1"
where AP (1) =1/ih (n, j|H/™ (¢) | n, k), because
the time dependence of the matrices A%‘)(t) is con-
tinuous and there are no infinities in each of the
integration paths.

ti1 nt

fdtzZ Z

0=10y=1

(8) 482, (22) ... AR oe ()] 0™ (0)

The desired probability of occupation of a sub-
state j, at time ¢, C;™*(¢) C;™ (), follows from the
substitution of solutions of Eq. (8) in Equation (7).
To solve the set of Eqs. (8) one must choose a
proper population of the substates at ¢t < 0. In our
model we take the eigenstates of the Hamiltonian
H,+ H, to be uniformly populated at ¢=0. The cor-
responding values of the coefficients a;™ (¢) are
such as to give the Schrodinger spectrum for the
static Stark effect 8. Physically this means that the
atom is exposed to a static electric field

E-E} Z2+E] (£+9)

.—;— oo and approadles
)2 at t=05)24+2(E

which starts at a value O at ¢

adiabatically its value V/(E]
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At the same time, the dynamic field is switched on.
The radiated power for an atomic dipole transition
from state |n) to state |n’) is according to Bethe

and Salpeter 9,

4
o WDypn’

! =

BPmn, [unn]* unm where (9)

1 ;
Wu'n = 5 (¢™ — &™) is the Bohr frequency,
Mam = (wnl €T | wy) = pins (10)

is the dipole matrix element of the emitted light with
polarization direction ¢ (e, =2, 7,Z). Substitution of
Eq. (5) into Eq. (10) yields

n': n2

Mam (&) = 2. 2 [a:™ (8)1* ¢;™ (v). ..
k=1 j=1

e (0 k|| n,j) exp{ —iwynt}, where (11)
r’=x,y,z.

The observable quantity, the spectral intensity
profile for transitions between a group of upper
levels (n, k) to a group of lower levels (n, j) is the
Fourier transform of Eq. (9) :

w?

(] — 3 L
FlO) = 3 anaEant 2o T (12)

T T
Trace {of de et [unm (1) 1* Po of de’ et pgm ()}

P o is the statistical density matrix for the initial
state 1, ; it gives the population density at time t=0
of the substates |n,j), j=1,2,...,n2. With the
previous assumptions the final expression for the
intensity profile is

w?

HO) = Sass@m e T

T n't n®
fdt exp{i(w_‘wn'n)t} Z 2 (13)
0 k=1 j=1
[ax™ (2)1* ;™ (2) (n',k|r°|n,j)2.
This expression has been used to calculate the transi-
tion n=3 to n’=2. The coefficients a;™ () are
numerically solved from Equation (8). The per-
turbation matrices H,® and H|® are given in

Table 1 and Table 2, the dipole matrices,
(n/,k|r°|n,j), are taken from Reference °.

Table 1. Hamiltonian Matrix H,®.

nim 211 210 21-1 200
211 0 0 0 $4Y2(1-9)
210 0 0 0 3B
21-1 ] 2 A4V2(149)

0 0
200 34V2(0+i) 3B 34V2(1—i) 0

Table 2. Hamiltonian matrix H,®.

300

31-1

310

311

32-2

32-1

320

321

322

nlm

$4(1—0)
4B

322
321

0
—§4VY6(1—i)

$B

$4v20-9)

—$4V6Q+i) 3V3B

320

TA4V2(1+i)

32-1

§4(1+9)

32-2

31Y340—i)

0
$4Y2(0-9)

—$4Y6(1—i)
—34V6(0+i) §B

$B

§401+9)

311

316 B

0
§40-9)

3 V3B

$4 VZ(1+i)

310
31-1

3Y34(1+i)

0

31V34(0—1i)

316 B

313 A(1+i)

0

300

ea)E} —eayElcos(Qpt+P)) and B = —eay E} —e ay Efcos (2p+ D)) ].

A= —
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III. Numerical Results

In this section we will present some of the results
of the calculational procedure developed in the
previous section. Spectra will be exhibited for vari-
ous combinations of the static and dynamic fields
ES and EP cos Qpt. In Fig. 1 the geometrical rela-

symmetry axis =

Fig. 1." Coordinate frame for the calculation of parallel (x)
and perpendicular (o) intensity profiles. 6 is the angle be-
tween electric field vector E and the axis of symmetry.

tion between fields and direction of observation is
shown schematically. The I_-spectrum is observed
through a polarizer which only transmits light with a
polarization vector parallel to the axis of symmetry
(z-axis). I, denotes the spectrum when the polarizer
is turned 90°. The direction of observation is always
perpendicular to the axis of symmetry, as in the
actual experiment. The I, -spectrum is calculated
from Eq. (13) taking r° = z, whereas the I -spec-
trum is an observational average of J*(w) and J¥ (w)
when rotating the 2-y-frame around the z-axis.

In the following we will use dimensionless field-
strengths:

Ef, =E,Si1 and E}, =E,-Dy,1

where E,, follows from $ ayeE,=h Qp, Qp is the
angular frequency of the dynamic field.

In Fig.2 a series of basic spectra are shown.
When there is only a parallel static field (S| =D =
D|=0) the Schrodinger spectrum?® is recovered
(see Figure 2 a).

Figure 2b shows the case when there is a per-
pendicular static field in the z and y direction. The
o-spectrum is the sum of parallel components of
E,=E} and o-components of E,+E,=V2ES .

In Fig. 2¢, when there is only an oscillating
field, a Blochinzew spectrum 1° is retrieved. A series
of satellites is found at position Tn@p, n=
0,1,2,..., with decreasing intensities.

In a second series (Fig.3) we observe the in-
fluence of a dynamic field with frequency Qp, on
the static-Stark spectrum. In the case of S| =D =0
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Fig. 2. I, (dotted) and I, (full line) spectrum of Hj.

w=0 is the unperturbed position. (a) Static field along the

symmetry axis; (b) Static field perpendicular to the axis

of symmetry; (c) Oscillatian field with angular frequency
Qp.

(Fig. 3 a) to each static-Stark component a series of
harmonic satellites at position *n Qp appears with
the same polarization as the Stark component. When
the static and the dynamic field are at right angles
(Fig. 3b), (S1=D;=0), the Stark components
and the satellites are polarized in an opposite direc-
tion. When the angle between static and harmonic
field is arbitrary (Fig. 3 c¢), a mixture of the two
previous patterns is found. Note that the positions
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Fig. 3. Combinations of static and dynamic fields. (a)

Satellites and * n. £. from the Stark components 0, 1, 2, . ..

etc. with same polarization (S| D); (b) Satellites with

opposite polarization (S _| D); (c) Combination of (a)
and (b).

of the intensity maxima are not affected by this
angle, only the mutual height ratios are changed.

In Fig. 4 the effect of changing the ratio S1/S)
is shown, keeping S=VSﬁ+2 S?% constant. When
the total static electric fieldstrength vector is at an
angle 0 of approximately 30° to the z-axis, the
observed 7 and ¢ spectra show very little difference,
(Fig. 4b). At greater angles, the role of & and o
reverses (Fig. 4c; 6~80°). In Fig.5 effects of
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Fig. 4. Combinations of parallel and perpendicular static
fields. (a) 6~~8° (b) 6~28° (c) 6~82° 1g0 =
VZ5./8)-

resonance between static and oscillating fields are
shown. Resonance occurs when the frequency dif-
ference between the static components
A=3aye|E3|/2h,
matches the frequency f=02p/2 7 of the oscillating
field. The two mean effects of resonance are:
1. The Stark components are broadened (Fig. 5b)
and, at sufficiently strong fieldstrengths, splitted
into an intricate fine structure pattern (Fig. 5c¢).
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Fig. 5. Resonance between static and dynamic fields: the

Stark splitting constant 4 equals the frequency Op of the

oscillating field. (a) |E§ |/|ES |=10V2, (b) \ES |/1ED|
~10/3)2, (o) |ES[/|ED|=10)

2. Forbidden components (e.g. at f=7 4 and 9 4)
appear.

These features occur regardless of the direction of
the dynamic field with respect to the static field and
cannot result from any perturbation theory.

In the next two figures we present and interpret
spectra for more sophisticated spatial statistical
distributions of static and time-dependent electric
fields. From theories and measurements of fluctua-
tion spectra in turbulent plasmas it is reasonable to

assume the following distribution of static field vec-
tors ES and dynamic field vectors EP:

Static field vectors

are parallel to propagation vectors kK, of ion-acous-
tic waves. These waves are unstable when k,, lies
within the Cerenkov cone (vertex angle 0, =
arccos c;/u, where u is the drift velocity, and ¢, is
the ion-acoustic speed). Spectra are calculated for
angles Oy of the vertex of a cone (tg0s=12S1/S))
keeping cylindrical symmetry and a constant magm-
tude for the static fieldstrength | ES | =E,, }/S7+2 5% .

=E,S.

Dynamic field vectors

ki, of the Langmuir oscillations are taken to be
isotropic in space. The distribution is chosen such
that the endings of the tips of the field vectors cover
homogeneously the surface of a sphere with radius
|E°|=E, VD7+2D" . The combined effect of the
static and the dynamic fields is approximated by a
spectrum, composed of the weighted sum of spectra
for nine values of Oy, = arctg V2 D1 /D), and values
of Og between 05=0 and Oy =0, . In general, the
spectral shape depends on the angle of the Cerenkov
cone, on the ratio between the Stark splitting con-
stant 4 and the frequency f=Qp/2 7 of the oscil-
lating field, and on the strength of the dynamic
field.

In Fig. 6 and Fig. 7 the effect of perpendicular
static and of oscillating fields on the static Stark
spectrum is illustrated, where a linear intensity scale
is used in contrast with previous spectra. A simul-
taneous presence of all static components in both
polarizations can be observed if 0., essentially dif-
fers from zero (Fig. 6a, D =0; 0., ~ 45°; A/f=
0.8). Adding a small dynamic field results in satel-
lites separated at frequencies n- Q2 (integer n) from
each static component (Fig. 6 b, D = 0.4; 0., ~ 45°;
A/f=1.5). When the fieldstrength of the dynamic
field is increased, the static components, denoted as
1,2,3,..., etc. are broadened whereas the intensity
difference amongst the components decreases (Fig.
6¢c, D=0.8; 0., ~ 45°; A/f=1.5). An additional
effect if | EP|> % | ES | is the appearance of satellites
at n-Qp from the unperturbed position denoted as
L II, ... in Fig. 7Ta (D=0.5; 0., ~ 25°; 4/f=
0.8). The spectrum is complicated and less useful
for easy deduction of fieldstrength parameters. The
origin of the intensity maxima is not simply re-
covered unless the satellites at n Q2p and the static
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Fig. 6. Calculations for static fluctuations filling the Ceren-
kov cone. (a) Static fields only, (b) Small dynamic field,
(c) Strong dynamic field.
components coincide. This can be seen in Fig. 7b
(D=0.8; 0., ~ 65°; A/f=1), where a case of

resonance is shown.

When the dynamic fieldstrength exceeds the static
fieldstrength, the line shape gradually passes into a
pure Blochinzew spectrum (see Figure 2). In Fig. 7 ¢
(D=0.8; Og =~ 25°; A/f=0.8) a spectrum is
shown for equal static and dynamic fieldstrengths.
Pronounced maxima at n p from the unperturbed
position can be observed and obviously it is no lon-
ger possible to deduce | ES| from the spectral pro-
file.
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Qp
Fig. 7. (a) As Fig. 6 ¢ but now for 4/f=0.8, (b) Strong
resonant field, (c) Dominating dynamic field.

IV. The Experiment

The experiments on turbulent heating have been
carried out with a hollow-cathode arc discharge,
length 0.8 m, diameter 0.03 m. The arc is running
on the axis of a magnetic mirror field with magnetic
induction up to 2 Tesla and mirror ratio 1.6. The
electron plasma density can be varied between
210" and 2 X 102 m~3 and the electron tempera-
ture in the arc is between 5 eV and 15 €V initially.

By discharging a high voltage capacitor (1.8 uF,
40kV) across the plasma column, current-driven
micro-instabilities are excited in the plasma resulting
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in rapid electron and ion heating. A description of
the apparatus and results (Turhe II) on ion and
electron temperatures, heating efficiencies and energy
densities are given by Piekaar 1. The resistivity of
the plasma during the turbulent phase, when a high
level of electrostatic fluctuations is present, was mea-
sured by Schrijver ! under widely different condi-
tions of electric field along the column, plasma
density and ion mass. Recent results, obtained in the
Turhe III device equipped with a higher magnetic
field, are reported by Schrijver 13. Temperatures up
to Te=10keV and T; = 3 keV have been measured.
The profiles of the Balmer lines H,, H; and H,
have been measured (see Figs. 8, 9, and 10) photo-
electrically with a 1 m monochromator in side-on
observations. The profiles were scanned from shot to
shot in wavelength steps of 1/3 A and averaged over
two to four successive discharges. The measured
profiles (see also Ref. 7) show a series of satellites
on the wings of lines with (H,, H,) and without
(Hg) a central component. The intensity of these
maxima is rather insensitive to the direction of a
polarizer between plasma and monochromator. Be-
sides, mutual intensity ratios of the various maxima
do not correlate with those calculated by Schrodin-
ger for the static Stark effect. On the other hand, the
position of the maxima is in accordance with a

static Stark spectrum.
T T T T T T T

100 — =

intensity (rel. units)
T
1
intensity ( rel. units )

50 - —

s ANCAY

Fig. 8. H, line profile for n=10*m=3, E;=19 kV/m.

intensity (rel. units)

100

50

100 —

n

. ANTAY

Fig. 9. Hjp line profile.

-6 -4 -2

—_— A)\(;\)
Fig. 10. H, line profile.
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The turbulent heating experiment lasting a few
microseconds can be considered as a succession of
three phases. During all stages, the electrical field is
far above the runaway threshold. In the first phase,
T./T; > 1, and the drift velocity u, exceeds the elec-
tron thermal velocity vy,. A strong two-stream
instability develops and e.m. radiation near the
characteristic frequency for this instability f*=
0.5 fpe (me/m;)"® is observed. Due to a rapid in-
crease of T, the drift velocity drops below v, and
a gradual transition into a second phase starts.

During this stage u remains larger than the ion-
acoustic speed ¢ = {k(To+T;) /mi}?, (cs<u <ine),
and the ion-acoustic drift instability prevails. The
plasma emits e.m. radiation near fy; and fp, due to
a high level of acoustic and Langmuir oscillations in
the plasma *. The hydrogen profiles have been mea-
sured during this stage, in which ions are heated up
to keV temperatures.

The third stage may be characterized by a decrease
in T,/T; to an ultimate value of T/T; ~ 3. The
macroscopic value of u/cs drops to about 1 to 2 and
the growth rate of the ion-acoustic instability is
small. Under certain conditions the quenching of the
instability is preceded by a current dip, strong e.m.
radiation at wp, and harmonics, and bursts of X-ray
radiation.

V. Applications of the Numerical Calculations

Instead of the d-function distribution used for the
electric fields it is also possible to calculate the line
shape for a distribution of oscillating fields which is
described by e.g. a Rayleigh function used by Sho-
lin3 and Babykin!4, or a Gauss-function used by
Raether 15. These distributions are not likely to occur
in our experiment because they cannot account for
the peaks on the wings of the measured line profiles.
The radiating atoms in the turbulent heating experi-
ment are not exposed to a static and harmonic field
but rather to a combination of two harmonic fields:
one with frequency near the ion plasma frequency,
foi » due to fields of ion-acoustic mode and the other
near the electron plasma frequency, fpe, (== 45 fpi)
due to Langmuir waves. The Holtzmark fields and
radiation fields are also present but are orders of
magnitude smaller than the above-mentioned har-
monic fields.

* The existence of these oscillations is also evident from
measurements of He line profiles where “forbidden
lines”, due to low frequency fluctuations, have been
measured together with satellites at T fpe, caused by
high frequency oscillations 3. These measurements will
be discussed in a separate publication.

We will now investigate in more detail the effect
of a harmonic field Ecos2aft of arbitrary fre-
quency f in relation to the Stark splitting constant 4
caused by the amplitude E. With Yakovlev we know
that in the limit 4/f > 1, the shape of the k’th Stark
component consists of a series of spikes, separated
by f. The envelope of the spikes is sharply peaked
at k 4; accurately the position of the component k
for a completely static field. The spectrum for
A/f < 1 consists of a series of spikes with decreasing
intensity (Blochinzew spectrum).

From the value of the anomalous resistance and
from the intensity of forbidden lines in the helium
spectrum we know that the energy in the oscillations
is of the order of 1%o to 1%/0 of the thermal energy
in the plasma. This means that we are dealing with
values of the ratio Ag/fs typically betweerr 50 and
200 for the low frequency fields so that we can use
the quasistatic approach for the ion-acoustic mode.
On the other hand, the ratio Ap/fp for the high fre-
quency fields is of the order of 1 or even smaller.
With the statistical model for the fields and for the
parameters considered, a comparison between cal-
culated profiles and measured profiles is justified.

From the position of the identified Stark compo-
nents of the H,, H; and H, line profiles (see Figs.
8, 9 and 10) the fieldstrengths of low frequency
microfields | ES | can be calculated. Results are pre-
sented in Fig. 11 for various values of E, the field
applied to the plasma column to excite the micro-
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- r OH .
£ o HB
S 6 b i -
2
w r é 7
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°l_.
- x
2k .
o) 1 1 1 1 1
o 20 40 60
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Fig. 11. Fieldstrength E of the low frequency microfields, de-
duced from the separation of Stark components, versus ap-
plied electric field E .

instabilities. The fieldstrength Eg lies between 2 and
5% 10% V/m. Therefore with a density of 102 m™3
the ratio 4s/fp, denoted as A/f, varies from # to 1
(foe~90 GHz corresponding to 1.3 A for the H,
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T T T T T i v —r— 1 Fig. 12.
2 @ 3 @ (a) Measured H, profile for applied field
£ | ggea7kvim € IS| =1 Is| =1 ISl =1 Ey,=47 kV/m and electron density
s L. ] s E_O IDI=05 _ | Il =0 | Iol-05 n=10% m~3,
& [E=47MV/m S | Ocer-65 Ocer-65° 0cer=0° | (b) Calculated profile for Ocer =~ 65°,
> >F |D|=12|S| and4/f=1; fair agree-
i a f ment with measured profile.
st ] g 3 4t N | (c) Static fields only: large difference in
£ = ik o and o spectra.
(d) Ocer = 0°:0 and 1 components domi-
nate in o spectrum; 2, 3 and 4 in @
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1 :
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line). In Figs. 12 and 13 a comparison is made
between measured and various calculated profiles
for resonant (4/f ~ 1) and non-resonant (4/f ~ 0.8)
conditions. The calculated profile can optimally be
accounted for by the measured one especially in view
of the intensities of the Stark components in the two
polarizations, when the dynamic fieldstrength is
chosen approximately half the quasi-static value and
the vertex angle of the Cerenkov cone between 25
and 65 degrees.

VI. Final Conclusions

We have described a method for the calculation
of hydrogen line profiles under the influence of

combined static and harmonically oscillating electric
fields. Experimental profiles from turbulent heating
experiments can be compared with calculated ones
because the fields from ion-acoustic waves may be
taken as quasi-static and the fields of Langmuir
waves as harmonically oscillating. We find field-
strengths of 2—-5x10%V/m for the ion-acoustic
fields and 1 —2x10%V/m for the high frequency
oscillations. The energy in the oscillations varies
from 1%o to 1°/0 of the thermal energy, depending
on the plasma density and on the applied electric
field. These fluctuation levels, W, are in fair agree-
ment with data obtained from the effective collision
frequency vest=.3 (W/nkT)w,, as can be indepen-
dently derived from the measurement of the anomal-

T T T T T T | T T T T T
Ha Haq @ :-'E
o spectrum T spectrum 5 Is|-=0.8
L |l s Dl -0.3
b2} Ocer ~45°
3
a
()
L 1 2 F i
1 3 Fig. 13. Measured H, profile for E,=
- ;A 3 4  28kV/m, n=10*"m—3,
(a) o spectrum,
32 2 (b) o spectrum,
e 4 (c) calculated profile for A/f=0.8; Ocer
-l | 1 1 1 1 z4‘50.
=8 =6 =4 =2 o 2 2

—— AX(A)

6  Note that the calculated component 3 is
sharp. The integrated intensity is nearly
the same as the intensity of component 2.
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ous resistance 2. Furthermore, the angle of the

Cerenkov cone, in which the ion-acoustic waves can
grow unstable, can be derived from the intensity of
Stark components in different polarizations. We find
a value between 25 degrees and 65 degrees yielding
a ratio for the drift velocity u to the sound speed
¢s of ufe;=1.1 —2.4. This value agrees with an ex-
perimental value of u/c;=1.4 as found in Refer-
ence 1,
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