
PHYSICAL REVIEW A VOLUME 39, NUMBER 11 JUNE 1, 1989

Time-dependent spectroscopic observation of the magnetic field
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The magnetic field in the anode plasma of a magnetically insulated ion-beam diode has been mea-

sured as a function of time by the observation of Zeeman splitting of line emission. With use of this

technique, the plasma was found to be penetrated by the magnetic field applied in the diode early in

the pulse. The diamagnetic effect of the electron flow in the diode acceleration gap was found to be

much larger than that calculated from one-dimensional solutions for the magnetically insulated gap.
However, it agrees with the measured ion current density and the observed electric field distribu-

tions across the diode gap that showed significant electron flow beyond the calculated electron-

sheath region. The penetration of the diamagnetic signal into the plasma indicates an anomalous

plasma conductivity that is at least ten times lower than the classical conductivity.

I. INTRODUCTION

In pulsed electrically stressed devices plasmas are ei-
ther generated over surfaces in the devices due to the
strong electric fields and the large currents or are sup-
plied there by external means. Also in such devices, mag-
netic fields may be externally applied or can be produced
by the currents fiowing in the device. The presence (or
absence) of magnetic fields in the plasmas significantly
affects the current flow, the resultant plasma heating, the
plasma motion, and the thermal convection and thus
plays an important role in the overall operation of the de-
vices.

Examples of such devices are electron-beam diodes, '

ion diodes, ' high-power magnetrons, magnetically insu-
lated transmission lines, and high-power plasma
switches. ' For plasmas that serve as ion sources, the
presence of the magnetic field in the plasma is expected to
inhuence the Aow of various ionic species and thus to
affect the composition of the extracted ion beams. Final-
ly, knowledge of the time-dependent diamagnetic effects
in the plasma of a pulsed device provides information
about the time-dependent current flow in the device.

A common way to measure magnetic fields in these de-
vices is to use magnetic loops. The insertion of such
loops in plasmas usually produces a disturbance and in
high-voltage devices may cause wiring problems. In
high-power diodes the use of magnetic loops is especially
difficult, and often impossible, due to the large currents,
the strong electric fields, and the smallness of the diode
gap. In addition, measurements by magnetic loops usual-

ly suffer from pickup noise.
Here, we report on time-dependent measurements of

the magnetic field in the anode plasma of a magnetically
insulated ion-beam diode by the observation of Zeeman
splitting of spontaneous line emission from Ba II ions in
the plasma. The magnetic field applied in the diode was
found to be present in the plasma a few nanoseconds after
the plasma appeared and throughout the entire pulse.

The time-dependent diamagnetic effect due to the elec-
tron flow in the diode gap was also seen. The rise in the
magnetic field on the anode side was found to be much
larger than that obtained from a one-dimensional
Brillouin-flow model calculation. However, it is con-
sistent with estimates based on the measured ion current
density and on the electric field distribution across the
diode acceleration gap observed' for a similar diode
configuration. Those observations showed significant
electron flow close to the anode plasma, beyond the calcu-
lated electron-sheath region, which should enhance the
diamagnetic effect on the anode side. The penetration
into the anode plasma of the diamagnetic signal due to
the electron flow in the gap was found to be in disagree-
ment with calculations based on a classical plasma con-
ductivity. It was rather consistent with an anomalous
plasma conductivity that is at least ten times lower than
the classical conductivity. This anomalous conductivity
also explains the relatively fast plasma expansion against
the magnetic field" and the uniformity of the electron
temperature in the plasma. ' Furthermore, together with
the pressure-driven current in the plasma, it also yields a
reasonable Ohmic heating rate for the plasma electrons. '

II. EXPERIMENTAL ARRANGEMENT

For the present experiments we used a planar magneti-
cally insulated diode, as described in Ref. 11. The insu-
lating magnetic field B, which inhibits the electron flow

across the 8-mm-wide diode gap was varied in the experi-
ments between 4 and 8 kG.

The anode plasma was formed as a result of a surface
flashover of the epoxy-filled grooved aluminum anode.
The height in the y direction of the active anode was 6
cm and its length in the z direction was 14 cm. The diode
was powered by a 270-kV, 90-ns pulse delivered by an LC
generator coupled to a 1 0 water line. The use of a low-
impedance line was advantageous for our experiments
since it allowed the voltage pulse height on the relatively
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high-impedance (usually ) 10 0) diode to be almost in-
dependent of the applied magnetic field.

Light was collected from the anode plasma parallel to
the magnetic-field lines. The measurements integrated
along the active anode length and along the 3.5-cm-high
central part of the anode. The spatial resolution in the
gap direction (the x direction) was (0.1 mm (see Sec.
III).

In order to observe Zeeman splitting of a fraction of an
angstrom (corresponding to our 4—8-kG magnetic fields)
a spectral resolution of 0.1 A is required. This was ob-
tained by using optical magnification at the spectrograph
output and a fiber-photomultiplier tube system. This sys-
tem yielded 11 points of the spectral line profile as a func-
tion of time, with a temporal resolution of 5 ns, in a sin-
gle discharge. Other details of the diode arrangement
and the diagnostic system are given in Ref. 11.

III. MEASUREMENTS AND RESULTS
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As discussed in Ref. 11, line emission from the anode
plasma first appears at t =to =20 ns after the start of the
diode voltage pulse. At t =50 ns the plasma is seen to oc-
cupy an about 1.5-mm-wide region near the anode sur-
face. Later on in the pulse, the plasma expands into the
diode gap with a velocity of about 1 cm/ps. The average
plasma electron density and temperature were observed
to be approximately 2.2X10' cm (Ref. 11) and 5 —8
eV. ' The magnetic field is measured only for t ~ 25 ns,
when sufficient line emission occurs.

Since the line emission is collected parallel to the mag-
netic field lines, only the AM=+1 line components are
observed. These components are divided into two groups
shifted in opposite directions with respect to the line
center. The spectral shift of each component relative to
the line center is given by

b,co = [g„M —g&(M+ I )],p

where go =eA/2mc, m is the electron mass, 8 is the mag-
netic field, and g„and g& are the g factors of the upper
and lower levels, respectively.

In order to obtain the magnetic field from the spectral
line profile, the Zeeman splitting must dominate over oth-
er contributions to the line profile. The main broadening
mechanism of the line emission from our anode plasma is
the Doppler broadening, due to the ion kinetic energies
observed to be ~ 20 eV,"which amounts to a fraction of
an angstrom in the visible range. Since the ion velocities
in the plasma were found to be smaller for heavier ions
the Doppler-broadening effect can be reduced by using
line emission from heavy ions. In addition, the use of
longer wavelengths is preferable due to the relative in-
crease of the Zeeman splitting (over the Doppler
broadening) with the wavelength.

For our measurements we used lines of Baal ions that
were added to the anode plasma by mixing the epoxy
used for the anode with 60% by weight of BaFz powder.
An upper limit on the Baal ion velocities was obtained
from the spectral profile of the Baal 2634-A line shown
in Fig. 1(b), which is similar to the system spectral resolu-

FIG. 1. (a) Measurement of the system spectral resolution us-
0

ing the 2536-A line of a low-pressure Hg lamp. (b) Spectral line
0

profile of the Ba rI 2634-A line. The curves are Gaussian fits to
the data.

tion curve given in Fig. 1(a). Since with the present spec-
tral resolution line Doppler broadening of about 0.1 A
would have been noticeable, we conclude that an upper
limit for the Baal kinetic energy is 30 eV. This is con-
sistent with the velocity distributions observed for the
singly charged ions in the plasma (Crt, Mg tt, Si n, and
Catt). These distributions were found to be Gaussian-
like, corresponding to mean kinetic energies between 20
and 40 eV."

An additional advantage of using Batt ions (except for
the small Doppler broadening) was that these ions remain
close to the anode surface throughout the entire pulse.
This results from the low velocity and the fast ionization
of Ba II. Using collisional-radiative calculations, ' based
on the observed plasma electron density and temperature,
the Baal ions are estimated to ionize in less than 10 ns.
Therefore, the Ba II ions can move less than 0.1 mm from
the anode surface before they ionize. This was verified by
measuring the axial intensity distribution of the Bart

0
4554-A line. In these measurements the spatial resolu-
tion in the x direction of the spectroscopic system was
=0.11 mm. This was obtained by using an f number of
34, a demagnification factor of 5.3 for the lens L, and a
relatively short anode (2 cm long) in the z direction to
reduce the effect of defocusing along the line of sight.
The measured intensity distribution at the end of the
pulse is shown in Fig. 2. Also shown is the actual distri-
bution derived from the measured distribution by decon-
volution using the known spatial resolution. The actual
BaII line-intensity drops considerably within 0.1 mm
from the anode surface. This enabled us to measure the
magnetic field very close to the anode surface with a spa-
tial resolution less than 0.1 mm independent of the light
collection optics, thus allowing for efficient light collec-
tion.

O

An example of a Zeeman-split Ba II line, the 6142-A
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FIG. 2. Measured intensity of the Ba II 4554-A line as a func-
tion of distance x from the anode surface for t =95 ns after the
start of the diode voltage pulse. The data points are connected
by a smooth curve (curve A). The error bars shown result from
the shot-to-shot irreproducibility. Also shown is the intensity
distribution (curve B) deconvolved from the measured distribu-
tion using the system spatial resolution in the x direction deter-
mined by scanning a narrow light source.

line, is shown in Fig. 3(a). The errors in the data points
result from the uncertainty in the synchronization of the
photomultiplier-tube traces (overestimated to be +5 ns)
and the uncertainty in the relative photomultiplier-tube
calibration. The spectral profile given in Fig. 3(a) shows
the line splitting into two main groups, as anticipated. In
order to determine the magnetic field from the measured
spectral line profile we use the calculated line splitting
[given in Eq. (I)] and relative component intensities
parallel to the magnetic field. In the case of the BaII
6142-A line, each side group consists of four components,

FIG. 4. Spectral profile of the Barr 4554-A line observed
with an applied magnetic field B,»=6.0 kG. The curve is a
best fit of convoluted Gaussian profiles for the emission com-
ponents.

as shown in Fig. 3(b). In the present measurements these
components are unresolved due to the Doppler broaden-
ing. A Gaussian spectral profile (that accounts for the
Doppler broadening and the instrumental spectral resolu-
tion) is assumed for each component. The magnetic field
is then obtained from a best fit of the computed emission
pattern to the data points, optimized over the Doppler
broadening and the magnetic field. Such a best At is
shown in Fig. 3(a). The best fits were always obtained for
Doppler broadening well within the uncertainty range of
the kinetic energy (up to 30 eV), and the inferred magnet-
ic field was not sensitive to the uncertainty in the
Doppler broadening. The best fit to the data in Fig. 3(a)
gives 8 =8.3+0.3 kG. Besides this uncertainty, there is
an uncertainty of +6% in the absolute value of B, corn-
mon to all results reported here, caused by the uncertain-
ty in the spectral widths of the fiber channels.

The Zeeman splitting of another Ba II line, the 4554-A
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FIG. 3. (a) Spectral profile of the Ba ii 6142-A line observed
with an applied magnetic field B,» =7.6 kG. The uncertainty
in the data points is less than +15%%uo. The curve is a best fit of
convolution of Gaussian profiles assumed for each of the emis-
sion components shown in (b). (b) the Zeeman-split emission
pattern of the Bali 5d D5~2 —6p P3/p transition (the 6142-A
line).
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FICx. 5. Magnetic field as a function of time, observed using
the Ba ii 6142-A line, for B pp 7 6 kG The absolute uncertain-
ty in B,pp and in the observed magnetic field is +10% and
+6%, respectively.
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line, was also observed. However, these measurements
are less accurate because of the smaller splitting as shown
by the spectral profile given in Fig. 4. The uncertainty in
B in these measurements was +10% and the magnetic
field inferred agreed with that obtained from the 6142-A
line to within this uncertainty.

A typical measurement of the magnetic field as a func-
tion of time near the anode surface, obtained for an ap-
plied magnetic field B,pp

7.6 kG using the Ba Ij: 6142-A
line, is shown in Fig. 5. The uncertainty of about +5%
depends, for each instant of time, on the line intensity,
the rate of the intensity change, and the line splitting. It
is seen that the magnetic field is present in the plasma al-
ready at t =2S ns and then remains in the plasma
throughout the pulse. Repeated measurements gave simi-
lar results. The temporal variation of the magnetic field
during and after the pulse (r & 100 ns) will be discussed
below.

8.0—

7 5 il

C

O

I I I i I 1 I I I I

(b)

5.5—

As stated in Sec. I, measurements of the time-
dependent magnetic field in the anode plasma can give
the diamagnetic effects on the anode side of the electron
E XB drift parallel to the anode in the diode acceleration
gap. This electron drift tends to increase the magnetic
field on the anode side and to reduce it on the cathode
side. However, for our low current diode ( ~20 kA) the
diamagnetic effects are too small to be clearly seen
beyond the uncertainty in a single discharge. In order to
f'eliably determine the diamagnetic effect, we averaged
the results of X identical measurements, thus reducing
the uncertainty by the factor &X—1 (due to the random-
ness of the relative uncertainty in the magnetic-field
determination).

We observed the time-dependent magnetic field in the
plasma for B, =7.6 and 4.3 kG using N =11 and 13
discharges, respectively, as shown in Figs. 6(a) and 6(b).
The waveforms of the total diode current, given in Fig.
6(c), were similar for the two magnetic fields with the
current peaking at 13 and 21 kA, respectively. To within
the uncertainties the magnetic field in the anode plasma
at early times equals the applied magnetic field as men-
tioned above. The Geld then rises and drops during the
current pulse. This demonstrates the diamagnetic effects
due to the current Aow in the diode acceleration gap. For
B,„~=7.6 kG [Fig. 6(a)] the magnetic field rises by about
0.8 kG during the pulse, then drops to about the applied
field when the diode current I is zero (t =150 ns), fol-
lowed by a decrease below B,pp

when I &0. The magnet-
ic field rises again above B,~ when I rises (t ~ 250 ns).
For B, =4.3 kG [Fig. 6(b)], the peak diamagnetic signal
during the pulse is about 1.2 kG. Also in this case the
observed magnetic field drops to about B,pp

when I de-
creases to about zero.
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FIG. 6. (a) Magnetic field as a function of time, observed us-

ing the Ba ii 6142-A line, for 8,» =7.6 kG. The data points are
averaged over N = 11 identical discharges. The error bars
shown for each time are the standard deviations divided by
&N —1. Besides these error bars shown there is an uncertainty
of +6% in the absolute value of the observed magnetic field.
The uncertainty in 8,» is +10%. (b) The same as (a) for
B pp 4 3 kG and N = 13 discharges. (c) Total diode current
wave forms for the two fields.

IV. DISCUSSION

The formation and the expansion of the anode plasma
during the first 20 ns of the pulse have not as yet been in-
vestigated experimentally. Recently, Litwin and Maron'
suggested a mechanism for the early plasma production
within this region, based on the formation of an expand-
ing neutral layer and the subsequent ionization of this
layer by electron avalanche. This model led to plasma
density and thickness consistent with those observed ear-
ly in the pulse (=2X10' cm and =1.5 mm, respec-
tively). "The formation of the plasma due to ionization of
a neutral layer formed early in the pulse is consistent
with the observed presence of the magnetic field in the
plasma at this time (r =25 ns, see Figs. 5 and 6).

The continued presence of the magnetic field in the
plasma later on in the pulse can be expected from the
plasma conductivity and observed expansion rate ( =1
cm/ps). " The magnetic Reynolds number, even for a
classical conductivity' that corresponds to the observed
electron temperature of =7 eV, ' is about 0.2.

The presence of the magnetic field in the plasma causes
currents in the —y direction due to the pressure gradients
in the plasma. This current density j =cd„P/B (where e
is the speed of light and 8 P is the x derivative of the
plasma pressure) was estimated using the observed ion
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temperature, electron temperature, and plasma density to
be = —1600 A/cm ." This current may have an impor-
tant effect on the plasma behavior since the associated
electron drift may make the plasma unstable. " It is also
probably responsible for the electron heating in the plas-
ma. "

Knowledge of the magnetic field in the plasma also en-
ables us to estimate the magnetization and the thermal
convection of the electrons. The electrons are magnet-
ized since co„/v„=40 (where co„and v„are the electron
cyclotron frequency and electron proton collision fre-
quency for T, =7 eV, respectively) and the thermal con-
vection time for a classical plasma conductivity' is es-
timated to be about 700 ns, much longer than the pulse
length. Together with the Ohmic electron heating es-
timated using the diamagnetic currents and the pressure-
driven currents in the plasma, this convection time allows
us to obtain an estimate for the variation of the electron
temperature with the distance from the anode surface. '

It is interesting to compare the peak diamagnetic effect
observed in the anode plasma to that calculated from a
one-dimensional Brillouin flow model. The actual diode
gap (the distance between the fleld-excluding anode and
cathode plasmas) is not known for the present experi-
ments. However, since the diode was reasonably well
magnetically insulated for B, „down to 4.3 kG (which
corresponds to a critical diode gap' of 4.5 mm), and
since in a similar experiment' the actual diode gap was
seen not to change with the magnetic field, we infer that
for the present experiments with B,pp

7.6 kG the actual
diode gap was about 4.5 mm. The one-dimensional
Brillouin-flow model then gives a diamagnetic rise ~0.2
kG for the magnetic field on the anode side, much less
than that observed [see Fig. 6(a)]. The observed large rise
in the magnetic field was predicted in Ref. 10 on the basis
of measurements of the electric-field distribution across
the diode acceleration gap. From those measurements it
was inferred that the electrons in the gap flow close to the
anode plasma, beyond the theoretical electron-sheath re-
gion, and that the total electron current in the diode gap
is larger than the calculated value. This should lead to a
magnetic field rise on the anode side larger than the cal-
culated value.

In order to estimate the actual diamagnetic effect in
our diode we use the pressure balance formula that re-
lates the magnetic field pressure B,(t)/8' on the anode
side to that on the cathode side, B,(t)/8', by

B.'(t)
8m

B,'(t) =j, (t)(2m, V/ze )'
8m

(2)

where J, (t), V, m, , and ze are the ion current density, the
diode voltage, the ion mass, and the ion charge. Here,
the electron momentum in the diode acceleration gap was
neglected, as shown by simulation calculations, ' and we
used the vanishing of the electric field on the anode and
the cathode sides as observed. '

For evaluating the right-hand side in Eq. (2), we use
our ion current density J, ( t) measured using negatively-
biased magnetically insulated charge collectors placed 2
or 5 cm from the anode at five locations in the ion beam.

During the diode voltage pulse the ion current density
averaged over the various measurements could be ap-
proximately fitted for the two applied fields (7.6 and 4.3
kG) by J;(t) =80{(t—to)/35 —[(t —to)/70] ], where
J;(t) is in A/cm and t —to, in nanoseconds, is the time
after the plasma is first seen; see Sec. III. The current
density rises to 80 A/cm at the end of the pulse, i.e. , at
t =to+70=90 ns. To determine m; and ze we obtained
the fraction of ions heavier than protons in the ion beam
by placing a 2-pm-thick polyethylene foil in front of the
cups to eliminate the ions other than protons. From such
measurements and ion time-of-flight considerations we
concluded that on the average, about half of the ion diode
current is carried by nonprotonic ions as also discussed in
Ref. 13. The nonprotonic ions in the beam can be as-
sumed to be mainly doubly charged carbon ions. ' Thus,
in evaluating the right-hand side of Eq. (2), we assumed
that the beam current contains equal fractions of protons
and C III ions.

The exact rise in the magnetic field on the anode side
B,(t) B, „ca—n be determined if the electron current dis-
tribution or the electric-field distribution in the gap are
known. Using the electric-field distribution observed for
a similar diode configuration' we estimate that to a good
approximation the rise of the magnetic field on the anode
side, B,(t) B, , is s—imilar in magnitude to the field de-
crease on the cathode side, i.e.,

B,(t) B, = —,'[B—, (t) —B,(t)] . (3)

as, a'a,
=D

Bx
(4)

where D =c /4~o. is the magnetic diffusion coefticient, c

Using Eqs. (2) and (3) the estimated increase in the mag-
netic field on the anode side during the pulse is about 0.8
and 1.4 kG for 8, =7.6 and 4.3 kG, respectively.

Using the time-dependent magnetic field B,(t) on the
anode side estimated above, we now calculate the
penetration of the time-dependent component of the
magnetic field into the plasma. We will show that the
magnetic field near the anode surface, calculated assum-
ing classical plasma conductivity, is in disagreement with
the value observed there.

In order to estimate the magnetic field on the anode
surface we assume that at the end of the pulse the plasma
is 2 mm thick (this assumption has no effect on our con-
clusions as will be discussed below). To obtain the
magnetic-field distribution across the plasma we assume a
uniform semi-infinite plasma at x ~ 2 mm, where x ) 2
mm is the diode acceleration gap. The magnetic field
B,( t) is imposed at x =2 mm. For the solution of the
magnetic-field profile in the plasma the assumption that
the plasma is semi-infinite is justified since there is a con-
ductor (an aluminum plate) behind the anode-dielectric
sheet. Neglecting the displacement current in Ampere's
law and assuming a constant plasma conductivity, the
equation for the magnetic field B,(x, t) for a one-
dimensional plasma bounded in the x direction (thus al-
lowing no currents in the x direction due to the magnetic
field penetration) is
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is the speed of light, and o. is the plasma conductivity.
We solve this equation with the initial and boundary con-
ditions B,(x, t =to)=B,

&z
and B,(x =2, t)=B,(t), re-

spectively. We will return later to the neglect of the con-
vective term in Eq. (4).

We first calculate the magnetic-field distribution as-
suming a classical plasma conductivity. Assuming, for
simplicity, a proton electron plasma, this is given by
cr =g. 7 X 1O' T, /ink, s ', where ink is the Coulomb
logarithm and T, is in eV. ' We use a constant electron
temperature T, =7 eV. The rise of the magnetic field
b B (x, t ) =B,( x, t ) B, —across the plasma, calculated
for a classical plasma conductivity, is shown in Fig. 7 for
x =0 (i.e., 2 mm into the anode plasma) for B, =7.6
and 4.3 kG. The uncertainty in hB ( t ) results from two

factors: (1) The uncertainties in J, and in the C ttt frac-
tion in the ion beam, and (2) the uncertainty in the elec-
tron temperature ( 5 —8 eV) which affects the classical
plasma conductivity. In Figs. 7(a) and 7(b) we also give
the rise of the magnetic field observed for B,pp

7.6 and
4.3 kG, within 0. 1 mm from the anode surface (x $0. 1

mm), taken from Fig. 6. Because of the uncertainty in
B

pp
the magnetic field rise is taken with respect to the

average of B,pp
and the magnetic field measured when I

is zero, i.e., at t = 1 50 ns. The difference between the
latter and B,pp

was included in the uncertainties in the
data points shown in Fig. 7. It is seen that for both ap-
plied fields, the assumption of classical conductivity pre-
dicts a rise of the magnetic field at the anode surface that
is significantly less than that observed.

We now assume an anomalous plasma conductivity
that is 10 X lower than the classical conductivity, as sug-
gested in Ref. 1 1 . The magnetic-field rise AB,'" at the
anode surface calculated using this conductivity is shown
in Fig. 7 for the two applied fields. The calculated
magnetic-field rise AB,'" is much closer to the observed
rise than AB,". The difference between the rise of the
magnetic field calculated for a classical and an anomalous
conductivities and the observed rise is insensitive to the
plasma thickness assumed. It is also insensitive to the
form of the ion current density J, ( t). Furthermore, if the
convective term due to the observed plasma expansion at
the rate of = 1 cm/ps is included in Eq. (4), the difference
between 6B," and the observation would be even larger,
while the difference for hB,'" would change i nsig-
nificantly. Thus we may conclude that the observed rise
in the magnetic field on the surface is much more con-
sistent with an anomalous plasma conductivity that is ten
times lower than the classical conductivity than with a
classical conductivity. Plasma conductivities lower than
the anomalous conductivity used here are also consistent
with the data (see Fig. 7), but for such low values of the
conductivity the present measurement is insensitive to
the conductivity.

0.6—

Q4— g Bcl

0.2—

0
0 20

I

40 60 80 F00
Time(ns)

FIG. 7. Calculated magnetic field rise at the anode surface
for a classical plasma conductivity that corresponds to T, =7
eV ( AB, '

) and for an anomalous conductivity that is ten times
lower than the classical conductivity ( AB, "

) assuming the plas-
ma is 2 mm thick. The uncertainties shown by the dashed error
bars include the uncertainties in the ion current density and in
the C III fraction in the ion beam. For AB, ', the uncertainty in
the electron temperature ( 5 —8 eV) is also included. Also given
is the observed magnetic-field rise within 0.1 mm from the sur-
face taken from Fig. 6. (a) 8,~~

=7.6 kG, see Fig. 6(a) . (b)
B pp 4 3 kCT see Fig. 6(b) .

V. SUMMARY

We determined the time-dependent magnetic field in
the anode plasma of an intense planar ion beam diode by
the observation of line-emission Zeeman splitting. The
applied magnetic field was found to be present in the
plasma early in the pulse, consistent with a previously
suggested mechanism of the plasma formatior&, based on
the ionization of an expanding neutral layer. ' The mag-
netic field in the plasma is used to estimate the current
density j in the plasma resulting from the plasma axial
pressure gradient, the electron thermal convection in the
plasma, and the Larmor radii of the various plasma
1ons.

The rise of the magnetic field in the anode plasma due
to the electron Aow in the diode acceleration gap was also
observed. It was found to be much larger than predicted
in one-dimensional calculations. However, it is con-
sistent with estimates based on the presently measured
ion current density and previous measurements of the
electric-field distribution across the diode acceleration
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gap in a similar experiment. '

The observed penetration of the time-dependent com-
ponent of the magnetic field into the inner region of the
plasma agreed reasonably well with a penetration calcu-
lated assuming an anomalous plasma conductivity about
10X lower than the classical conductivity. This anoma-
lous plasma conductivity significantly reduces the
currents induced in the plasma by the penetrating mag-
netic field that tend to push the plasma back to the anode
surface. This effect and the increased electron collisional-
ity serves to explain the relatively fast plasma expansion
against the magnetic field" and the uniformity of the
electron temperature across the plasma. ' Furthermore,
together with the currents due to the plasma pressure
gradient, it yields an electron Ohmic heating rate that is
about balanced by the electron cooling rate in the plasma,
which is consistent with the approximate constancy of
the electron temperature during the pulse. ' '

We believe that the presently developed technique for
measuring the magnetic field in the anode plasma of a
magnetically insulated ion diode can be employed for
plasmas produced in various high-power high-voltage de-
vices. Knowledge of the diamagnetic effects in high-
power diodes is important since these effects strongly
inhuence the current How in the diode gap, as discussed
by Miller' and Slutz et al. ' They also affect the anode
plasma heating and instability. ' ' Also, in higher-power
diodes the stronger magnetic fields induced in the plasma
will probably result in a better measurement accuracy

due to the larger Zeeman splitting. This will make possi-
ble better estimates of the plasma conductivity. Local
measurements can be made by "seeding" the anode plas-
ma with the desirable species in limited regions of the
plasma, as is done in Ref. 11. Measurements of the di-
amagnetic effects in the cathode plasma of a device can
be made in a similar manner. These can provide addi-
tional information about the current flow in the device.
Measurements of the magnetic-field time history in plas-
ma opening switches ' are expected to be of great impor-
tance for the understanding of the switch operation.
Also, in various plasma sources in which the ions are
colder than in our plasma smaller magnetic fields can be
measured due to the smaller line Doppler broadening.
Finally, the use of laser-induced two-photon processes
with a geometry previously suggested is expected to al-
low for measurements of smaller magnetic fields with an
improved spatial resolution in all directions.
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