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Spectroscopic investigation of fiuctuating anisotropic electric fields in a high-power-diode plasma
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Fluctuating anisotropic electric fields in the anode plasma of a high-power ion diode are investigated
as a function of time throughout the 100-ns-long voltage pulse by polarization spectroscopy of hydrogen
lines. The H and H& spectral profiles observed for different polarizations and lines of sight are com-

pared to calculations, based on the quasistatic approximation, of the emission pattern resulting from the
combined influence of the ionic and the turbulent electric fields. Assuming one-dimensional Rayleigh
distributions for the turbulent field amplitudes, the difference between the linewidths observed for or-
thogonal polarizations yields mean amplitudes ~5 kV/cm for the turbulent fields. Furthermore, ac-
counting for the effect of the anisotropic fields on the spectral line profiles allows for a downward correc-
tion of the electron density obtained from the width of the Stark-broadened H& line by a factor of =2.
This in turn leads to a higher estimate of the electron temperature obtained from observed line intensity
ratios and use of time-dependent collisional-radiative calculations.

PACS number(s): 52.70.Kz, 52.25.Gj, 52.25.Rv

I. INTRODUCTION

Turbulence occurs commonly in plasmas, both in space
and in laboratory devices. In general, its source is lack of
thermodynamic equilibrium in the plasma; it can be
driven by the non-Maxwellian character of the plasma
constituent distribution or by spatial inhomogeneities
[1—3]. The turbulence gives rise to electric and magnetic
fluctuations which can affect stability as well as transport
and heating processes. Determining its source and mech-
anism can be thus crucial for understanding the observed
plasma behavior and for placing limits on the perfor-
mance of plasma devices [4,5]. In intense ion-beam diodes
that are considered in this paper the turbulence has been
previously conjectured [6—8] to be the source of anoma-
lous resistivity that causes the observed rapid plasma ex-
pansion and a fast magnetic-field penetration as well as
produces the Hat temperature profile. It has been shown
that the experimental observations can be explained by
an anomalous resistivity about ten times larger than the
classical value. A possible source of the resistivity anom-
aly is turbulent electric fields that enhances the effective
collision rate of plasma electrons.

In addition to the above-mentioned phenomena, tur-
bulent electric fields can, as pointed out by Nee and
Griem [9], significantly influence the spectral emission
line profiles in the plasma. Consequently, the determina-
tion of plasma density from Stark-broadening data is
affected. Furthermore, since in non-LTE (LTE denotes
local thermal equilibrium) plasmas determination of the
electron temperature from line-intensity ratios is depen-
dent on the electron density assumed, better determina-
tion of the electron density improves the determination of
the electron temperature.

Turbulence in plasma can be investigated by studying
the fluctuations of plasma parameters such as the elec-
tron density or temperature, or by measuring the Auctua-
tions in the electric or magnetic fields [10]. In this study,

we utilize polarization measurements of the Stark
broadening of hydrogen lines [11] to determine, in the
100-ns time scale, the amplitude and direction of tur-
bulent electric fields in the anode plasmas in a magneti-
cally insulated intense ion diode.

The diagnostic method is based on the different Stark-
splitting and polarization properties of the o (b,m =+1)
and the vr (b,m =0) components of the hydrogen lines.
Under the influence of a static (or quasistatic) electric
field, the ~ components have larger Stark shifts than the
o. components. Thus, if the electric fields in the plasma
have a preferred direction in space, the widths of the hy-
drogen emission lines observed for a polarization parallel
to the fields (for which the vr components are predom-
inant) are larger that those observed for a polarization
normal to the fields (for which the o. components are
predominant).

Polarization spectroscopy has been used for the obser-
vation of fluctuating anisotropic electric fields in various
plasma devices on time scales longer than that of the
present experiment. It was first used by Zavoiskii et al'

[12] to measure fields in a direct-discharge plasma in a
mirror machine. Anisotropic fields of about 30 kV/cm
were found and were associated with ion-acoustic oscilla-
tions in the direction of the discharge current. The
method has been applied also to the rf discharge plasma
[13], to a mirror machine with opposite-sign magnetic
fields [14], to the 0 pinch [15], to the Z pinch [16], and
more recently also to the edge plasma of the T-10
tokamak [17]. Use of this method was suggested for the
investigation of turbulence in solar flares [18]. Spectro-
scopic investigations of electric fields due to plasma insta-
bilities using observations of various aspects of the Stark
effect have been discussed by Griem [19],and by Bekefi,
Deutsch and Yaakobi [20].

Inferring the anisotropic field properties from aniso-
tropic Stark-broadening data requires the calculation of
the spectral line broadening under the combined
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inAuence of turbulent fields and plasma particle fields. In
previous experiments [12—17], the plasma particle fields
were much lower than the observed anisotropic fields and
were neglected. Oks and Sholin [21] analyzed the spec-
tral profiles under the inhuence of both the particle and
turbulent fields but assumed an isotropic turbulent spec-
trum. In the present study, we assume a one-dimensional
(1D) Gaussian turbulent field distribution and obtain the
total electric-field distribution by convolution with the
isotropic Holtzmark field in the plasma. The emission
pattern is then calculated for the line of sight perpendicu-
lar to the turbulent field direction. The calculated pat-
tern for each of the orthogonal polarizations was com-
pared to the spectral profiles observed for the two polar-
izations and for the two orthogonal lines of sight to ob-
tain the amplitude and direction of the turbulent fields.

The turbulent fields observed in our planar anode plas-
ma were found to point mainly perpendicular to the
anode surface. Their amplitude was found to be a few
kV/cm comparable to or larger than the amplitude of the
plasma particle fields (the Holtzmark field) and to de-
crease in time during the pulse. The anisotropy of the
fields is presumably related to the direction of the particle
Aows in the anode plasma which serve as the source of
the free energy. Litwin, Sarid, and Maron [22] have re-
cently suggested that a modified two-stream instability,
resulting from the ion drift [6] through the magnetized
electron background in the plasma, is the most likely to
be responsible for the turbulent electric fields observed
here. Comparison of the model predictions of the ampli-
tude, direction, and frequency range of the saturated elec-
tric fields with the experimental results will be given sepa-
rately.

Hydrogen line profiles have often been used to deter-
mine the plasma density, in particular in ion diodes
[23,6,24]. However, possible effects of turbulent fields on
the determination of the density have generally been ig-
nored. If the turbulent electric fields are comparable to
the particle fields in the plasma they significantly increase
the line Stark broadening. Thus, neglecting the effect of
the turbulent fields leads to an overestimate of the plasma
density. In our previous experiment [6], using the width
of the Stark-broadened H& line, the plasma density was
determined to be =2.2 X 10' cm . In the present
study, accounting for the turbulent field effect on the
emission profile suggests that the plasma density is lower
by a factor ~2. Furthermore, since our electron density
is used to determine the electron temperature in this
nonequilibrium anode plasma, this smaller electron densi-
ty enables us to correct our previously determined elec-
tron temperature [8] from 5 —8 eV to 10+3 eV.
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to the anode surface in order to inhibit the electron Aow
across the diode gap. The dielectric anode sheet over
which the plasma is formed, called here the active anode,
was made of epoxy that filled grooves in the z direction in
an aluminum plate, see Fig. 1(b). The height in the y
direction of the active anode was 6 cm and the length in
the z direction was either 2 or 8 cm. Using both the 2-
cm- and the 8-cm-long anodes enabled us to examine pos-
sible effects of self-absorption and edge effects on the data
(see below). The anode-cathode gap was 0.8 cm. Typical
wave forms of the diode voltage and current are shown in
Figs. 2(a) and 2(b).

The diagnostic system is shown in Fig. 3. Light was
collected from the anode plasma and directed onto the
spectrometer input slit using the demagnifying lens L.
The distance of the observed plasma region from the
anode surface was varied by moving the mirror M normal
to the anode. The spatial resolution normal to the anode
was determined by the width of the spectrograph input
slit by the demagnification of the imaging lens L and by
the length of the active anode.

In order to observe the spectral line profile in a single

II. EXPERIMENTAL ARRANGEMENT

The anode plasma investigated in these experiments is
produced via a surface Aashover of a dielectric sheet that
serves as the anode in the planar magnetically insulated
diode described in Ref. [6]. In brief, the diode, shown in

Fig. 1(a), is powered by a 270-kV, 90-ns pulse delivered
by an LC generator coupled to a 1-Q water line. The in-
sulating magnetic field 8, is 6 kCx, and is applied parallel

Epoxy-filled
gr ooves

Rluminium Plate

FIG. 1. (a) Schematic illustration of the planar magnetically
insulated diode. The arrows that show directions of light ernis-
sion denote the two lines of sight used in the present experi-
ments. (b) A view of the anode showing the active anode
geometry. The active anode length and height are l, and l~, re-
spectively. l~ used was 6 cm and l, was either 2 or 8 cm.



1366 E. SARID, Y. MARON, AND L. TROYANSKY 48

300—

200—
CD
CJ'
IO

O

0

30—

20—

10—

discharge the light at the spectrograph output window
was further dispersed using the cylindrical lens CL (see
Fig. 3) and projected onto a rectangular array of 11 fiber
bundles. Each bundle was 0.3-mm wide and 20-mm high.
Using the lens CL the spectral dispersion was varied in
the experiments between 0.23 to 1.05 A per bundle.
These values also determined the spectral resolution.
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FIG. 2. (a} Diode voltage for B,=6 kG; (b} diode total
current.

Each fiber bundle transmitted the light signal to a pho-
tomultiplier tube, the signal of which was recorded by a
digital oscilloscope. Thus, 11 points of the spectral
profile were obtained in a single discharge. The spectral
channels were calibrated with respect to each other over
the entire usable spectrum.

Measurements were performed for lines of sight in the
z and y directions, denoted here as the z measurements
and y measurements, respectively. For the z measure-
ments we observed the line emission polarized either in
the x or y directions and for the y measurements polariza-
tions in the x and z directions were selected. The polar-
ization of the line emission collected by the spectrograph
was set by the linear polarizer P, see Fig. 3.

Because of the dependence of the spectrograph grating
efficiency on the light polarization, the diffraction
efficiency for the H line (6563 A) for the polarization
parallel to the grating grooves is =10X lower than for
the orthogonal polarization. In order to obtain higher
efficiency for the polarization parallel to the grooves (cor-
responding to the y or the z polarizations in the z and the
y measurements, respectively), a A, /2 plate (see Fig. 3)
was used to rotate this polarization to the direction per-
pendicular to the grooves. The A, /2 plate was always
used, even in the experiments in which it was not used to
rotate the polarization, in order to avoid differences be-
tween the optical systems used for the various measure-
ments. It was verified that the intensity of measured lines
was identical for the two combinations of the polarizer
and the A, /2 plate polarization perpendicular to the
grooves and no rotation by the plate, or polarization
parallel to the grooves and a 90 rotation by the plate.

Using a calibration lamp mounted in the diode and an
additional polarizer it was also verified that none of the
optical components apart from the polarizer P and the
A. /2 plate affected the polarization of the light emitted
from the diode region. Furthermore, the change in the
distance from the anode surface of the plasma region
viewed by the spectroscopic system, caused by the rota-
tions of polarizer and the A, /2 plate as a result of unparal-
lel faces of one of the components, was found to be less
than 0.1 mm. It was corrected by moving the 45 mirror
(mirrors M, or M2 in Fig. 3, depending on the line of
sight used).

FIG. 3. Experimental system used for the polarization spec-
troscopy. The lines of sight were parallel to the anode surface.
In the z measurements light is collected in the z direction and is
directed onto the spectrograph by the mirrors m

&
and M& and

the lens L. In the y measurements light is collected in the y
direction with the aid of the mirrors m2, m3, m4, m&, and M2
and the lens L. The polarizer P selects the axis of the observed
polarization, and the k/2 plate rotates the axis to the higher-
sensitivity direction of the spectrograph. A cylindrical lens CL
is used to disperse the light at the spectrograph output and to
project it onto a rectangular fiber-bundle array composed of 11
bundles, each of which transmits the light to a fast photomulti-
plier tube. The spectral line profile is thus measured as a func-
tion of time in a single discharge. The direction perpendicular
to the anode is denoted by x, and the applied magnetic field B,
is in the z direction. The hatched region indicates the active-
anode region.

III. EXPERIMENTAL RESULTS

Several series of experiments were performed to obtain
the profiles of the hydrogen lines for the orthogonal po-
larization directions x, y, and z. In all experiments the
widths of H and H& polarized in the x direction were
found to be larger than of those polarized in the y or z
directions. In this section we present the measured width
differences. The inferred magnitude of the anisotropic
electric fields in the plasma is discussed in Sec. IV.

A. H line

The H profile is dominated by the presence of an un-
shifted central component as can be seen in the Stark-
splitting pattern shown in Fig. 4. In the presence of one-



4S SPECTROSCOPIC INVESTIGATION OF FLUCTUATING. . . 1367

H Stark pattern I I

(
I I I I

)
I I I I

)
I I I I

)
I I I I

)
I

s= —4

s= —1 s=1

s=4

co 4

D

JQ

lO
c 3

z polarlzatlon
I (

I

I

I

I

I

s=0

H Stark pattern
s= —8

s= —10
s=8 s=10

I—

~ 2
LIJI—

1

s= —12 I t

S=2
s=12

l/, I,+,
~~ 6560 6564 6566 6568

Wavelength (A)

I I ! I I I I I I I I I I I I I I

s= —4 s=4

dimensional electric fields, this component is absent if the
line of sight is perpendicular and the polarization is
parallel to the field. Therefore, the observed profile is
much wider for the line polarized in the direction of the
field than for that polarized perpendicular to it. In the
presence of anisotropic fields that are not one dimension-
al, the line is expected to be wider for a polarization
parallel to the stronger component of the field.

The spectral dispersion used for the observations of the
H spectral profiles was 0.76 A per channel, which al-
lowed for recording the entire line profile in a single
discharge. Examples of profiles for orthogonal polariza-
tions in the y measurements showing a wider profile for
the x polarization are shown in Fig. 5.

The widths obtained for various polarizations in the z
and the y measurements are given as a function of time in
Fig. 6. The experiments were performed with a 2-crn-
long anode. The spatial resolution in the x direction was
0.5 mm for the z measurements and 0.8 mm for the y
measurements. The distance of the region viewed from
the anode surface was varied in the experiments and the
data presented in Fig. 6 are averaged over the different
locations in the range x =0—1.5 mm. For each x a pair
of discharges was performed using orthogonal polariza-
tions.

For both lines of sight H was found to be wider for
the polarization in the x direction than for the orthogo-
nal (y or z) polarizations. Significant differences in the
widths for the two polarizations are seen for t =40—90

FIG. 4. Stark-splitting patterns of H and the Hp under a
static electric field. The splitting parameter s is
s =n(k& —k2) —n'(k& —k2), where n and n' are the principle

quantum numbers of the upper and lower level of the transi-
tions, respectively. k& and k& (k& and k2) are the parabolic
quantum numbers of the upper (lower) levels. For each line the
m (Am =0) and the o. components (hm =+1)are shown as pos-
itive and negative components, respectively. The amplitudes of
the components represent their relative intensities.

FIG. 5. Measured profiles of the H line observed using a
line of sight in the y direction (a y measurement). The spectral
resolution is 0.76 A per channel. The solid line is the profile ob-
tained for polarization in the x direction, and the dashed line
for polarization in the z direction. The data points are connect-
ed by straight lines.
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FKx. 6. H FWHM as a function of time observed with a 2-
cm-long anode. t =0 is the time of the start of the diode voltage
pulse. The data are averaged over the different locations in the
range x =0—1.5 mm. The error bars indicated were obtained
by dividing the standard deviation of the measured width
differences (obtained for each x) by &N —1, where N is the
number of discharges for each polarization. Thus, they
represent error bars on the difference between the two curves.
(a) The line of sight is in the z direction and widths for polariza-
tions in the x and y directions are given by the solid and dashed
curves, respectively. Each curve is an average over seven
discharges. (b) The line of sight is in the y direction and widths
for polarizations in the x and z directions are given by the solid
and dashed curves, respectively. Each curve is an an average
over nine discharges.
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ns, followed by a decrease in the differences until they
vanish at t =120 ns. At t =50—70 ns, the measured
widths were very similar for the two liens of sight. In the
z measurement, the spatially averaged widths were found
to be 2.66 and 2.17 A for the x polarization and y polar-
ization, respectively, and in the y measurements 2.67 and

0
2.10 A for the x polarization and z polarization, respec-
tively.

The only significant difference between the results for
the two lines of sight was the increase in the width
difference at t =80—90 ns in the y measurements, mainly
caused by the large width difference observed at
x =0.5 —1 mm. These large differences in the widths at
x =0.5 —1 mm and t =80—90 ns found for the 2-cm-long
anode were also observed for the 8-cm-long anode as can
be seen in Table I, where the results are given for
t =80—130 ns. The data presented are averages over
groups of five to seven discharges for which plasma re-
gions between x =0.5 to 1 mm were observed. For both
anodes, differences of about 1 A between the widths for
the x and z polarizations are observed at t =80—90 ns,
decreasing significantly in the following 20 ns. For
t = 110—130 ns the differences between the two orthogo-
nal polarizations are small.

The similarity of the results of the y measurements for
the two lengths of the active anode indicate that edge
effects due to the finite anode length do not affect the H
width significantly. Also, since different epoxy admix-
tures were used for these two anodes (in the 8-cm-long
anode experiments pure epoxy was used, while in the 2-
cm-long anode experiments the epoxy was mixed with
MgF2, CaF2, and A1NaSi03, each constituting 20% by
weight of the entire mixture, similar to the earlier experi-
ments described in Refs. [6—8,25], it appears that the H
width was unaffected by the epoxy admixture used.

The results of the z measurements for x )0.5 mm were
also found to be similar for the 2-cm-long and the 8-cm-
long active anodes. However, for x =0—0.5 mm, the H
widths observed for both polarizations were found to be
larger for the longer anode than those of the shorter one.
Since the hydrogen density is larger near the anode sur-
face [25], it is possible that the increase in the H width
seen near the long anode is caused by self-absorption
along the long light path in the plasma. This suggestion
is supported by measurements of resonant laser absorp-
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tion by hydrogen atoms in the anode plasma [26]. The
similarity of the results for x )0.5 mm for all experi-
ments, as well as for x &0.5 mm for all z and y measure-
ments except of the z measurements with the 8-cm-long
anode, strongly indicates that the effect of self-absorption
on these results is small.

The differences in the linewidths for the orthogonal po-
larizations obtained with the 8-cm-long anode are shown
in Fig. 7. Figure 7(a) shows the time dependence of the
ditference between the width for the x polarization ( W„)
and that for the y polarization ( W~ ) observed in z mea-
surements. Here, only the results for x )0.5 mm were

FIG. 7. Differences between the H widths observed for the
two orthogonal polarizations. The anode length was 8 cm. (a)
The line of sight is in the z direction. W and Wy are the widths
for the polarizations in the x and y directions, respectively. The
data points are an average over ten discharges (five for each po-
larization) performed with x =0.5—1.5 mm. (b) The line of
sight is in the y direction. W and W, are the widths for the x
and z polarizations, respectively. Here, each data point is an
average over 38 discharges (19 for each polarization) performed
with x =0—1.5 mm.

TABLE I. FWHM of the H line observed in the y direction for polarizations in the x and z direc-
tions. For the 2-cm-long anode and for the 8-cm-long anode each width is an average of five discharges
and seven discharges, respectively. For all discharges x was between 0.5 to 1 mm.

H FWHM (A)

Time 2-cm-long active anode 8-cm-long active anode

(ns)

80
90

100
110
120
130

x polarization

3.07+0.33
2.45+0.27
1.96+0.25
1.77+0.26
1.67+0. 17
1.82+0.08

z polarization

1.49+0.09
1.54+0.04
1.64+0.09
1.62+0. 13
1.66+0.09
1.81+0.17

x polarization

2.90+0.24
2.72+0. 17
1.98+0.12
1.75+0. 12
1.70+0. 14
1.76+0.10

z polarization

2.24+0.25
1.75+0. 15
1.63+0.06
1.69+0.10
1.57+0.06
1.67+0. 14
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used in order to avoid possible effects of self-absorption
(including the results for x (0.5 mm, however, does not
change the spatially averaged widths significantly). Simi-
larly, the difference in the widths W„—W, ( 8; being the
width for the z polarization) observed in the y measure-
ments is given in Fig. 7(b). Here the widths are averaged
over x =0—1.5 mm from the anode surface. For both
measurements the differences in the width are seen to de-
crease in time during the voltage pulse and are very small
at t ) 100 ns. Figure 7 also shows the differences later in
time after the main voltage pulse. The width differences
at later times are much smaller than those seen during
the main voltage pulse.

B. H&line
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Due the larger Stark shifts of the ~ components rela-
tive to the cr components, the H& width is expected to ex-
hibit a dependence on the polarization similar to that of
the H line even though it lacks an unshifted central
component (see Fig. 4). The spectral profile of the H&
line was observed with a spectral dispersion of 1.05 A per
channel in order to obtain the entire profile in a single
discharge. The relative errors in the data points for the
H& spectral profiles were larger than those for H . This
resulted from the lower intensity of H& and from the
shot-to-shot irreproducibility. The irreproducibility
probably affected H& more than H because of the domi-
nance of the H& profiles by the Stark broadening (for all
polarizations), which makes these profiles more suscepti-
ble to irreproducibility in the electron density. The re-
sults for the H& were therefore averaged over time inter-
vals of 20—50 ns in order to obtain statistically significant
results.

H& widths were observed for the region x =0 to 0.5
mm from the anode surface in three measurement series:
10 measurements in the z direction using a 2-cm-long
anode, 14 measurements in the z direction using an 8-
cm-long anode, and 8 measurements in the y direction us-
ing an 8-cm-long anode. Results are discussed here only
for x =0—0.5 mm since statistically significant data were
obtained in all series of measurements only for this re-
gion. The differences between the widths obtained in
each series for the different polarizations are summarized
in Fig. 8.

The H& widths observed in the z measurements with a
2-cm-long anode averaged over the time interval 50—70
ns were 4.20 and 3.59 A for the x and y polarizations, re-
spectively, the difference being 0.61+0.17 A as shown in
Fig. 8 (for the same region, the corresponding H widths
were 2.6 and 2.3 A, with a difference of 0.30+0. 10 A).
Similar to H, the widths for the two polarizations be-
came about equal for t )90 ms. The width difference
averaged over t = 100—150 ns was 0.02+0.27 A.

Qualitatively, similar findings were seen using the 8-
cm-long active anode. Unlike H, the width of H& and the
differences in the widths for the orthogonal polarizations
were smaller for the 8-cm-long anode than those obtained
using the 2-cm-long anode. Averaging over t =30—80 ns
gave widths 8' =3. 14 and 8'„=2.84 A, the width
difference being 0.30+0.08 A. A similar averaging for

FIG. 8. Results of three series of H& width measurements.
The z measurements are marked by 2z and 8z for the 2-cm- and
8-crn-long anodes, respectively. For these measurements the
width differences between the x and y polarizations 8' —8'~
are shown. The points marked by 8y show the width differences
between the x and the z polarizations 8' —8' obtained in the y
measurements with the 8-cm-long anode. Averages over 10, 14,
and 8 discharges were performed to obtain the 2z, 8z, and 8y
points, respectively. x is 0—0.5 mm for all measurements. The
horizontal error bars indicate the time intervals over which the
results were averaged.

the y measurements with the same anode gave 8'„=2.88
A and 8"„=2.64 A, the width difference being 0.24+.07
0
A. For both measurements the differences were small for
t )90 ns. Averaging over the time interval 90—130 ns
yielded 8' —8' = —0.01+.07 A for the z measurements
and 8' —8' =0.04+0. 15 A for the y measurements, see
Fig. 8.

To summarize the results for H&, the width for the x
polarization in the period 30 to 90 s, for the two lines of
sight and for two anodes, was observed to be larger than
for the other two orthogonal polarizations. For t ) 100
ns the width differences for the various polarizations were
very small.

The dependence of the H& profile on the polarization
direction was also observed and found to be qualitatively
similar to those of H and H&. However, the low H in-
tensity and the nearby presence of impurity lines prevent-
ed quantitative analysis. Similar reasons made it impossi-
ble to study the H& and the H, profiles.

C. I.i I 6708-A line

Polarization measurements similar to those performed
for the hydrogen lines were also made for the Li I 6708-A
line. The purpose of these measurements was to demon-
strate that spectral profiles that are expected to be
unaffected by electric fields in the plasma do not depend
on the polarization observed.

The effect of electric fields here considered on the Li I
6708-A line profile is negligible since both the upper and
lower levels of the 2p~2s transition are isolated. The
full width at half maximum (FWHM) Stark broadening
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at a plasma density of 10' cm is 0.02 —0.04 A [27]. In
our experiments, the Li I 6708-A line profile is dominated
by Doppler broadening. Based on the kinetic energies of
=8 eV observed for other neutral atoms in our plasma
[6], the line FWHM due to the Doppler broadening is ex-
pected to be =0.5 A. Additional contributions to the line
profile are the Zeernan splitting under the applied 6-kG
magnetic field (=0.3 A) and the fine splitting (=0.15
A).

Since the relative effect of the Zeeman splitting on the
line profile is larger for this LiI line than for the hydro-
gen lines, polarization measurements for the Li I line can
be more affected by the Zeeman-splitting emission prop-
erties. However, for the line of sight in the direction of
the magnetic field (z axis) as used in our measurements
for LiI, the o. components are circularly polarized and
the Zeeman splitting seen is independent of the linear po-
larization used for the observation. Note also that the
Li I line was a convenient line for such a comparison ex-
perirnent. Having a similar wavelength to H, the perfor-
mance of the optical components, in particular the sensi-
tivity of the spectrograph for the two polarization direc-
tions, is very similar to those for H .

As for H, the Li I width for each polarization was ob-
tained by averaging over a few measurements. No depen-
dence of the Li I width on the polarization direction was
found. For example, for t =40—50 ns the average mea-
sured linewidths for the two orthogonal polarizations
were 0.65+0.01 A and 0.66+0.01 A, respectively (at this
time, the difference between the H widths for the two or-

0
thogonal polarizations was more than 0.5 A, see above).

The width of 0.65 A observed for the Lil line is es-
timated to result from Doppler broadening correspond-
ing to a temperature of 6.5+1.5 eV for the lithium atoms
(consistent with previous measurements [6]), and the
smaller contributions of the Zeeman and the fine split-
tings. As noted above, the broadening mechanisms of the
LiI 6708-A line could not contribute to a dependence of
the profiles on the polarization. The observed absence of
such a dependence does, therefore, support the claim that
the polarization dependence observed for the hydrogen
spectral profiles results from the effect of anisotropic elec-
tric fields in the plasma.

IV. ANALYSIS OF THE RESULTS

A. Method

In this section we use the dependence of the hydrogen
linewidths on the emission polarization to obtain an esti-
mate of the anisotropic electric fields in the plasma. The

data given above are analyzed assuming the quasistatic
approximation for the anisotropic electric fields in the
plasma. This approximation is valid when the field
changes on a time scale long compared to that required
to affect the optical coherence of the radiation transition.
For the hydrogen lines in our plasma it is estimated that
field frequencies up to —10" rad/s can be treated under
this approximation [28]. In our analysis we calculate the
effect of both the anisotropic fields and the quasistatic
ionic fields in the plasma on the hydrogen-line emission
pattern. The previous analyses known to us either
neglected the ionic fields [11—17] or treated only the case
of isotropic turbulent fields [21].

The similarity of the width observed in the z and the y
measurements discussed above indicates similar electric
fields in these directions. The wider lines observed for
the x polarization indicate that the anisotropic electric
fields mainly point in the x direction. From the excess
width for the x polarization the amplitude of the aniso-
tropic fields can be estimated. A Stark width of a few A
of H& correspond to quasistatic electric fields of a few
kV/cm. Anisotropic electric fields that cause a change of
the width of H& from 3.6 to 4.2 A, see Sec. III, are ex-
pected to be of the same order of magnitude.

Motivated by these observations we consider a one-
dimensional distribution in the x direction for the aniso-
tropic electric fields in addition to the isotropic particle
electric fields in the plasma. Therefore, an axially sym-
metric distribution function for the convoluted electric
fields is constructed, with the x direction as the symmetry
axis. Sholin and Oks [11]analyzed a similar situation of
an axially symmetric distribution of quasistatic turbulent
electric fields, but neglected the isotropic fields. However,
the mathematical analysis that follows is similar to theirs.

The Doppler broadening is included in the calculation
of the line profiles while the contributions of the Zeeman
splitting and the impact broadening, estimated to be
&0.3 A for H, are neglected. The contribution of ion
dynainic effects [29] can be more significant in the case of
H (up to 0.8 A for a plasma density of 2X10' cm ),
although it is smaller than the Doppler contribution.
Since the ion dynamic effects are neglected in the present
discussion, the Doppler broadenings here obtained yield
an upper limit for the hydrogen velocities.

The axially symmetric distribution function for the
electric fields in the plasma can be characterized by
W(b, cos8), a normalized probability for an electric field
of magnitude 6' pointing at an angle 8 with respect to the
symmetry axis (x direction). The emission profiles calcu-
lated for the lines of sight in the z and y directions are

S, (A, —Ao)= g I, f M(u)du J d6 J d( cos8) W(8, cos8)f; ( cos8)5(A, —Ao
—8h, —uD),

S, V

where A,
—A,o is the wavelength displacement from the line

center. The index i =1,2 corresponds to the direction of
the observed polarization. The index v=m, o. refers to
the line m or the o. components, while the sum over s is

the sum over the Stark components with the splitting pa-
rameter s. The integral is a convolution of the Stark pat-
tern of components with amplitudes I, and Stark shifts

due to electric fields with the distribution function
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fi ( cos8)=3cos 8,
fz ( cos8) =f, ( cos8) =

—,'(1 —cos 8),
f2 ( cos8)= —,'(1+ cos 8) .

(3)

With this formalism the problem is reduced to the con-
struction of the distribution function for the quasistatic
electric fields W(A', cos8) from the distribution functions
for the isotropic and the anisotropic electric fields in the
plasma.

Turbulent electric fields in plasmas have often been as-
sumed to follow Rayleigh (Gaussian-like) distribution
functions [11,14,30,31]. Such distributions are obtained
if the turbulence can be viewed as a superposition of a
very large number of statistically independent Auctua-
tions [31]. In a situation of a fully developed turbulence
in the plasma a three-dimensional Gaussian function is
then appropriate. However, as Bekefi and Deutch [30]
have pointed out, such a distribution represents a very
advanced stage of the turbulence, and a one-dimensional
Gaussian distribution may be more appropriate for a tur-
bulence that results from growing waves along a pre-
ferred direction. A distribution function similar to a one-
dimensional Gaussian distribution has also been attained
in numerical simulations [32]. Since our data support a
one-dimensional assumption for the anisotropic fields we
use such a distribution, i.e.,

W( 6 r )d 6 z
= (m'( 6' ) )

i ~2 exp

As for the particle fields, the Holtzmark distribution
function is a reasonable approximation for our plasma
since the number of particles in a Debye sphere is large

W( 8,cos8), with the Doppler broadening that results
from the velocity distribution M(v) of the hydrogen
atoms.

The velocity distribution function M(U) is taken to be a
normalized Gaussian distribution in accordance with
measurements of velocity distributions for other species
in the plasma [6]. This assumption is also consistent with
the H profiles observed for the polarizations in the y or
the z directions (presumably dominated by the Doppler
effect, see below). The term vD appearing in the argument
of the 6 function is the Doppler shift resulting from a ve-
locity U along the line of sight, i.e., UD =ko(U/c). The
Stark shift 5, 6' of the s component is given by

3eaok, o s6. (2)
2hc

The functions f, ,(cos8) describe the angular depen-
dence of the intensity of the observed Stark components.
The projections of the ~ and o. components on the two
possible directions of the polarizer are expressed by four
functions. These functions can be derived [11]by consid-
ering the angular dependence of a radiating dipole: the ~
components are equivalent to a dipole oscillating along
the electric field, while the o. components are equivalent
to a dipole rotating in the perpendicular plane. The re-
sulting functions are

(& 1000).
Although the distribution function of the particle fields

is isotropic, it cannot be assumed to result from statisti-
cally independent one-dimensional distribution functions
for each of the components of these fields (see below). The
total distribution function was constructed by numerical-
ly integrating over the directions and magnitudes of the
isotropic field, weighted by the Holtzmark distribution,
convoluted with the one-dimensional Gaussian distribu-
tion assumed for the turbulent fields.

B. Gaussian approximation

and the isotropy of the total function

W(C)=f(C +6' +6 ) (6)

Since the true distribution of electric fields in the plas-
ma is not a Gaussian it follows that the probability distri-
bution functions of the components of the isotropic parti-
cle electric fields in the plasma are not statistically in-
dependent. This fact makes the construction explained
above of the total distribution function W(@,cos8) quite
cumbersome and time consuming. However, the Holtz-
mark probability function can be approximated by a
three-dimensional Rayleigh function for fields smaller
than about twice the Holtzmark field. Approximating
both the particle fields and the turbulent fields by Ray-
leigh distribution functions allows the axially symmetric
distribution function W(h, cos8) to be readily obtained,
thus simplifying the calculations considerably, although
failing to give the correct asymptotic behavior. With this
approximation, the distribution function of the electric
fields perpendicular to the symmetry axis is determined
only by the particle fields and is given by

W, (6'i)dpi=2(( 6'i) ) 'exp
@2

Xbidbi .

In the direction of the symmetry axis, the probability dis-
tribution function is determined by the convolution of the
two Gaussian functions that describe the particle and the
turbulent electric fields. The resulting function is

g2
W2( @i)d@~~ =(~(

@~~ ) ) «xp

where (6~~) =(6r)+(6'z), (6z-), and (6z) are the
widths of the distribution functions of the turbulent and
the particle fields, respectively, and (8~) =

—,'(A'i). The
distribution function for the total field is

If the probability distribution functions of the com-
ponents of the electric field [ W(6„), W(6~ ), and
W(@, )] are statistically independent and if, furthermore,
the total distribution function is isotropic, then these dis-
tribution functions must necessarily be Gaussian func-
tions. This can be seen from the combination of two
mathematical conditions expressing the statistical in-
dependence of the difFerent components:

W(C=(6„,@y, h, ))= W(t, )W(6 )W(6, )
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W(6, cos8)d 6 d ( cos8) = 4
1/2 g2

d 6 d( cos0) .

With this axially symmetric distribution function the cal-
culation of the resulting profiles is straightforward and
relatively fast. Comparing the linewidths and width
differences obtained using the Gaussian approximation to
those obtained using the full calculation of the distribu-
tion showed the former are satisfactorily correct over a
wide range of parameters if (8~)'~ is chosen to be
=1.3FO, where Fo is the Holtzmark field. This method
proved to be useful in the repeated calculations per-
formed to study the effects of the various parameters on
the line profiles, although the final results were compared
to the results of the full calculation.

Using the detailed calculations we checked the depen-
dence of the width difference on the amplitude of the an-
isotropic 1D electric fields. The width difference Ace was
found to be b,boa(( 8T ) + A )'~ —A, where A is approx-
imately the Holtzmark field Fo. This functional form is
similar to that obtained for the width of a convolution of
two Gaussian profiles, and it is consistent with the validi-
ty of the Gaussian approximation discussed above. If the
anisotropic electric fields dominate, the broadening Aco is
linear with the field amplitude, as expected from the
linearity of the Stark effect for the hydrogen lines. When
the isotropic fields dominate, the broadening Aco varies
nearly quadratically with ( 6'T ) '~ .

In summary, the Gaussian approximation was found to
be useful in the analysis of the FWHM of the hydrogen
line profiles, although it should not be used for the
analysis of the line wings. To the best of our knowledge,
this approximation has never been used before for the
particle fields in the plasma, although a Gaussian distri-
bution has been often assumed for the description of the
turbulent fields.

C. Results

The data analysis described above was used to deter-
mine three parameters: the velocities of the hydrogen
atoms, the amplitude of the turbulent electric fields in the
x direction (( 6T ) '~ ), and the plasma density. Each of
these three parameters affects to a different extent various
aspects of the H and H& profiles observed for the
different lines of sight and polarizations, and they were
used to reconstruct the profiles self-consistently.

Our analysis of the H profiles observed for polariza-
tions perpendicular to the anisotropic fields showed that
these profiles are dominated by Doppler broadening, and
are relatively insensitive to the electric fields or to the
plasma density. The insensitivity of the H profiles to
these parameters results from the dominance of the
Doppler-broadened unshifted component for these polar-
izations. As an example, we use the width (FWHM) of
2.3 A obtained for the y polarization in the z measure-
ments at the regions x =0—0.5 mm for the time
t =50—70 ns. Assuming that this width results only from
Doppler broadening gives a temperature of 21 eV. Add-

ing broadenings by electric fields with an amplitude of 15
kV/cm and a plasma density of 2X 10' cm (which are
maximum values for our plasma, see below) reduces the
hydrogen temperature inferred to =14 eV, correspond-

0

ing to Doppler broadening of 1.9 A. The narrower
profiles of 1.54—1.81 A given in Table I for the z polariza-
tion (x =0.5 —1 mm) correspond to a temperature of
9—13 eV if the entire width is attributed to Doppler
broadening, or 6—8 eV if electric fields and a plasma den-
sity with the maximum values are assumed.

The anisotropic electric fields are mainly obtained from
the differences between the widths for the various polar-
izations observed for both H and H&. Let us address
again the results obtained in the z measurements using
the 2-cm-long anode, averaged over t =50—70 ns for
x =0—0.5 mm. The measured H& widths for the x and y
polarizations, respectively, were 4.2 and 3.6 A with a
difference of 0.61+0.17 A, and the H widths were 2.6
and 2.3 A (a difference of 0.30+0. 10). A difference of 0.6
A for H& is obtained for ( A'

T
)'~ =7.5 —11 kV/cm for

any plasma density in the range of 5X10' —2X10'
cm . Similarly, for the same density range, a width
difference of 0.3 A between the H widths is obtained for
( 6 T ) ' =6—8.5 kV/cm.

The plasma density is now determined mainly by the
observed H& linewidths. The observed H& widths are
similar to those previously used to obtain the plasma den-
sity, giving n, =2.3X10' . Accounting for the effect of
turbulent fields on the line broadening gives a plasma
density that is about twice lower than that obtained by
considering only the effect of the particle fields. The
determined density for the above results is
( 1.3+0.3 ) X 10' cm

Both H and H& widths for this time and plasma region
were thus found to be consistent with an electric-field dis-
tribution resulting from plasma ions at a density of
1.3 X 10' cm and a one-dimensional Gaussian
fiuctuating-field distribution with ( 8T ) '~ of = 8 kV/cm.
A Doppler broadening corresponding to a hydrogen tem-
perature of 15 eV was found to best fit the data for both
H and H& profiles. The uncertainty in the determination
of each of these parameters is about +25%%uo.

The correction for the turbulent field effect in the elec-
tron density determination was larger for certain times
and distances from the anode surface. For example,
width differences for the x and z polarizations that are
especially large, 0.9-1.0 A, were found for H for
t =80—90 ns and x =0.5 —1.0 mm, see Table I. For such
a large width difference to occur the Gaussian one-
dimensional distribution must have (6T)'~ larger than
10 kV/cm for a reasonable plasma density. Using such
values for ( 6'T )'~, a plasma density as low as 5 X 10'
cm is required for an agreement between the calculated
H and H& profiles and the observed ones. Using a
higher plasma density of 10' cm, although it allows us
to obtain an agreement for the H profile (by assuming
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( 6 r ) ' = 15 kV/cm), yields an H& width for the x polar-
ization larger than observed. This conclusion is insensi-
tive to the Doppler broadening assumed.

The drop in time of the differences between the widths
for the orthogonal polarizations, as shown in Figs. 6 and
7, was observed in all measurements for both H and H&.
As noted in the previous section, the width differences
are expected to vary linearly with the field in the weak-
field limit and quadratically in the strong-field limit.
Thus the time dependence of the fields inferred in our
analysis resembles that of the width differences as shown
in Fig. 9 for the data given in Fig. 6(a). In this calcula-
tion a density = 1 X 10' cm and a Doppler broadening
corresponding to a hydrogen temperature of 7—14 eV
were found to be consistent with measured widths for
each time instant. The uncertainty in the amplitude of
the electric fields shown in Fig. 9, +3 kV/cm, is dominat-
ed by the measurement errors shown in Fig. 6(a) and the
uncertainty in the determination of the plasma density.
The field amplitude appears to have a maximum value of
about 10 kV/cm at t =50—60 ns, followed by a decay.
For t =120 ns the H line was slightly wider in the direc-
tion perpendicular to the x direction, so that our assump-
tion of a one-dimensional fluctuating-field distribution in
the x direction cannot explain the data. For this point
the data was analyzed assuming a one-dimensional distri-
bution in they direction, giving (@» )' shown in Fig. 9.

An interesting observation is that for our range of plas-
ma densities a Doppler broadening corresponding to a
hydrogen temperature of a few eV is essential for
significant differences in the H widths for the orthogonal
polarizations. For a Doppler broadening corresponding
to & 1 eV the effect of the anisotropic fields is
significantly only at the wings of the H profile, and the
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FICr. 9. Mean amplitude of the electric field ( 6'„)' inferred
as a function of time using the data shown in Fig. 6(a). Here, the
plasma density was assumed to be 10" cm and the Doppler
broadening was chosen to make the calculated widths and the
measured ones agree for each time instant. For the data point
at 120 ns, the width for the x polarization was smaller than for
the y polarization, which is inconsistent with the assumption of
a one-dimensional field in the x direction. For this point, the
same analysis is used to obtain a field in the y direction with an
amplitude ( e» ) ', as shown in the figure.

FWHM of the line is determined by the broadening of
the unshifted central component that is not affected by
quasistatic electric fields. Consider, for example, a plas-
ma density of 10' cm and a hydrogen temperature of 3
eV, corresponding to a Doppler FWHM of 0.9 A. For
these parameters an additional 1D field distribution of
(6T)' =10 kV/cm would result in widths of 1.1 and
1.4 A for the two orthogonal polarizations, i.e., a width
difference of 0.3 A. On the other hand, if a hydrogen
temperature of only 1 eV is assumed (FWHM =0.5 A),
the respective widths for these parameters would be 0.68
and 0.74 A, giving a width difference of only 0.06 A. We
note, however, that for densities much lower than the
densities presently considered the central component of
the H profile might almost disappear for the polariza-
tion parallel to the fluctuating fields and significant
differences between the widths for various polarizations
occur even in the absence of a Doppler broadening.

V. DISCUSSION

Polarization spectroscopy was used to determine the
amplitude of the anisotropic electric fields in the plasma,
the time dependence of the amplitude, and the main
direction of the fields throughout the 100-ns pulse. The
present measurements do not yield information on the
frequencies of these anisotropic fields. However, we ex-
pect that these fields oscillate in time and/or in space in
the x direction. Otherwise, they would have accelerated
the plasma ions to kinetic energies much higher than
those observed, =25 eV for the Cia ions [6]. Static elec-
tric fields of a few kV/cm would have doubled this energy
over a distance of a few tens of micrometers in about 1

ns. Therefore, the observed anisotropic fields must oscil-
late with spatial and/or temporal periods smaller than
these values.

Note, that in principle, the motion of the hydrogen
atoms across the magnetic field could cause the hydrogen
lines to be Stark split even in the absence of electric fields
in the laboratory frame. However, for our hydrogen ve-
locities the field E = VB/c is at least 10X smaller than
the electric fields considered.

In a separate presentation, Litwin, Sarid, and Maron
[22] suggested that the ion Qow observed in the plasma in
the x direction leads to an instability that can grow dur-
ing the pulse. The predictions of this model are con-
sistent with the direction, the size, and the time depen-
dence of the observed fields. Thus, this model suggests
that the field amplitude should decrease with the ion drift
velocity. Indeed, the electric fields observed were found
to decrease in time during the pulse (see Fig. 8), similar to
the ion fiow velocity that is shown in Ref. [6].

Investigating the fluctuating electric fields in a plasma
is important not only for studying the plasma stability,
but also for the determination of the plasma parameters.
In our plasma, the fluctuating fields were found to be
larger or comparable in amplitude to the Holtzmark field
(=4 kV/cm) that is a measure of the particle isotropic
fields in the plasma. In our previous determination of the
electron density from the hydrogen line Stark broadening
[6] we ignored the effect of the collective electric fields on
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the line broadening and therefore overestimated the elec-
tron density. The effect of the collective fields in the
present study led us to lower the electron density inferred
for our plasma from 2.2X10' cm to 1.3X10' cm
For plasmas in which the collective fields are larger com-
pared with the particle fields, neglecting the effect of col-
lective fields on the line broadening may lead to even
larger errors in the determination of the electron density.

In most pulsed-power plasmas the atomic level popula-
tions do not reach a steady state and, therefore, the deter-
mination of the electron temperature for observed line in-
tensities requires knowledge of the electron density. In
our previous study [8], we used time-dependent observa-
tions and detailed time-dependent collisional-radiative
calculations to determine the electron temperature in our
nonequilibrium anode plasma, based on our electron den-
sity determined from line broadening. A value of 5 —8 eV
was obtained. The use of lower electron density for our
plasma, as borne out by the present study, suggests the
inference of higher electron temperature from the line in-
tensities observed in Ref. [8]. Our calculations show that
for an electron density =1.3X10' cm the electron
temperature should be corrected to 10+3 eV.

A few observations, such as the magnetic-field penetra-
tion into the plasma and the plasma expansion against

the magnetic field suggested that the plasma conductivity
is anomalous, significantly lower than the classical con-
ductivity [6,7]. The higher electron temperature here
suggested means that the classical conductivity is higher
than previously assumed, i.e., the discrepancy between
the anomalous conductivity inferred and the classical one
is even larger. In the previous studies [6,8] the plasma
pressure gradient was used to estimate the plasma expan-
sion rate and the electron joule heating. However, since
the plasma pressure is dominated by the more energetic
ions, the use of a higher temperature for the electrons
does not affect those estimates. Finally, the association of
the fluctuating electric fields presently observed with the
anomalous plasma conductivity inferred requires further
investigation. We beheve that such measurements can be
useful in studying turbulence in various ns duration plas-
mas.
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