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In relativistic electron beam diodes, the self-generated magnetic field causes electron-beam focus-
ing at the center of the anode. Generally, plasma is formed all over the anode surface during and
after the process of the beam focusing. In this work, we use visible-light Zeeman-effect spectros-
copy for the determination of the magnetic field in the anode plasma in the Sandia 10 MV, 200 kA
(RITS-6) electron beam diode. The magnetic field is determined from the Zeeman-dominated
shapes of the Al III 4s—4p and C IV 3s-3p doublet emissions from various radial positions. Near
the anode surface, due to the high plasma density, the spectral line-shapes are Stark-dominated,
and only an upper limit of the magnetic field can be determined. The line-shape analysis also yields
the plasma density. The data yield quantitatively the magnetic-field shielding in the plasma. The
magnetic-field distribution in the plasma is compared to the field-diffusion prediction and found to
be consistent with the Spitzer resistivity, estimated using the electron temperature and charge-state

distribution determined from line intensity ratios. Published by AIP Publishing.

https://doi.org/10.1063/1.5046945

I. INTRODUCTION

The Self-Magnetic-Pinch (SMP) diode is being investi-
gated for use as a high-brightness, flash x-ray radiographic
source.'™ The SMP diode is capable of producing >350 Rads
at 1 m with a 1.7mm FWHM x-ray spot size during a 50 ns
pulse duration. The diode operates at an endpoint energy of
~7.5MeV and draws a total current of ~120kA. The diode
consists of a small, hollowed, cylindrical metal cathode and a
solid, flat-plate anode. An electron beam is generated at the tip
of the cathode by explosive emission and accelerates across an
~1cm vacuum A-K gap onto the anode surface, where it inter-
acts with a high atomic number material (tantalum or tungsten),
producing bremsstrahlung x-rays and forming a dense surface
plasma.’ As the electron beam rapidly heats the surface of the
anode, space-charged ion emission from the anode surface
charge neutralizes the electron beam, resulting in increased cur-
rent and pinching of the electron-beam due to self-magnetic
effects.® Determination of this magnetic field distribution is
essential for the understanding of the pinch dynamics and, in
particular, for controlling the size of the x-ray source.

Spectroscopic measurements based on the Zeeman split-
ting have been previously applied to determine the magnetic
field and its penetration into the anode plasma in a magneti-
cally insulated ion-beam diode.” In that study, the plasma
was found to be penetrated by the fast-rising diamagnetic-
field component in the diode; no magnetic-field shielding by
the plasma was observed. This fast field penetration corre-
sponded to a resistivity that is <10x of the Spitzer resistiv-
ity, which was later explained® by the lower-hybrid-drift
instability. Recently, we demonstrated the use of the Zeeman
effect to determine the azimuthal magnetic field near the
anode surface in the SMP diode addressed here.’
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In the present work, we report on the use of the Zeeman
effect to determine the radial distribution of the azimuthal
magnetic field in the diode as a function of the distance from
the anode surface. This measurement yielded the shielding
of the magnetic field by the anode plasma during the focus-
ing of the electron beam. The measurements utilize the line-
spectra of Al III and C IV collected from the anode plasma
along multiple chords and at two different axial positions
across a 1-mm distance from the anode surface. In fact, it is
shown that these data provide information on three axial
positions, based on the different axial propagations of the Al
IIT and C IV ions.

In addition, since the data are chordally integrated, they
required an Abel inversion of the observed line shapes
(“onion-peeling” technique'®) in order to obtain the line
shapes from which the radially resolved magnetic field can
be expected. For the conditions of the SMP diode, Zeeman
splitting cannot always be resolved due to the large Stark
broadening in the high-density plasma formed over the
anode surface. For these cases, detailed line-shape analy-
sis,'' '3 considering the Stark and Doppler broadenings, the
instrumental response, and the Zeeman-effect contribution,
is made for obtaining the information on the magnetic field
and plasma density. Due to this rather complex line-shape
processing, the data from the inner radii mainly allowed for
determining an upper limit for the magnetic fields. The spec-
tra from the outer radii, however, yielded the magnetic field
amplitude as a function of the distance from the anode sur-
face, demonstrating the shielding of the magnetic field by
the anode plasma as a function of the axial distance (<1 mm)
from the anode surface. These data allowed for comparisons
with solutions of the magnetic-field diffusion equation to be

Published by AIP Publishing.
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made. The plasma resistivity inferred from these compari-
sons was found to be comparable to the Spitzer resistivity
where the latter was obtained from the electron temperature
(T,) determined from the line-intensity ratios in the plasma
and the average ionic charge-state. The line shape modeling
that also yielded the electron density radial distribution in
the plasma will be discussed in a subsequent report.

To the best of our knowledge, these studies represent the
first time measurements of the magnetic field and the deter-
mination of the magnetic-field shielding in a particle-beam
diode.

Il. SCHEMATIC OF THE MEASUREMENTS

The experiment was performed in the SMP diode of the
RITS-6 accelerator facility at Sandia National Laboratories.”
Light emission from the anode plasma was used for obtain-
ing information on the plasma properties and the spatial dis-
tribution of the azimuthal magnetic field (By) of the diode.
The spectroscopy data were collected with a fast-gated
(<7ns) ICCD camera, using a multi-fiber array, with a lens
coupled to a 0.32-m aberration-corrected spectrometer with
a spectral resolution of 0.5 A. Light was collected from the
SMP diode using a 50-mm, 150-mm focal length, glass ach-
romat. The fiber array was positioned so that each fiber
imaged light from a 0.5-mm focal region close to the anode
surface. There was a demagnification of 5x from the imaged
plasma light to the collection fiber outside the chamber,
resulting in a collection area of 0.5-mm in diameter through-
out the plasma volume. The fiber array consisted of 100 um-
diameter silica fibers about 10 m long, transmitting the light
to a shielded screen room, where it was reimaged using an f/
# matching double achromatic pair onto the slit of the
spectrometer.

A schematic description of the measurement is shown in
Fig. 1. Two sets of fiber arrays were used for collecting light
from different radial and axial positions. As shown in Fig. 1,
one set of fibers collected light from a 0.5-mm-diameter
region near the anode surface (0 <z <0.5mm) and the sec-
ond set from the region 0.5 mm < z < 1.0mm, where z=0 is
the anode surface.

' Catlj'lode '

z

L.

Fiber no. 10-5——
Fiber no. 23-18

Anode © 3mm :
r=0 8 mm

FIG. 1. Schematic of the measurement.
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lll. MEASUREMENTS

Figure 2 shows the spectra recorded from different
radial and axial positions in shot 2028. The left panel
presents the spectra recorded from the region at
0<z<0.5mm, and the right panel presents the spectra
recorded from the region further away from the anode, at
0.5<z<I1mm. The spectra far from the anode surface
[Figs. 2(g)-2(D)] clearly show the Al III doublet transition
4528, 2 —4p ’p, 2372 (5996 and 5722 A) and C IV doublet
transition 3525/, — 3p 2P 23> (5801 and 5812 A), whereas
in the spectra from near the anode surface, only the Al III
4528, 2 —4p ’p, /23/2 doublet is clearly observed and the C
1V 3s 281/2 —3p 2P1/2,3/2 doublet is very weak.

The radial distribution of the relative intensities of the
AL 5722 A and C TV 5812 A emissions is shown in Fig. 3.
Presented are both the chordally integrated data and their
inverse-Abel transform. For performing the inverse-Abel
transform, we assumed that the intensity falls linearly to O at
=9 mm. This assumption is based on the results of a similar
experiment, not presented here, showing a rapid intensity
decrease in the region of » = 8-9 mm. The intensities of each
transition are normalized by their maximum values. The fig-
ure illustrates that near the anode surface, at 0 <z <0.5mm,
the intensities of both Al III and C IV lines have a peak at
r=4mm. For 0.5mm < z<1.0mm, the intensity of the Al
IITI line is nearly constant throughout r; the intensity of the C
IV line is maximum at the edge (r =8 mm) and falls towards
the center. It can also be seen that near the edge of the
plasma in the radial direction, the Al III is mainly emitted
from a region close to the anode surface (small z-values),
whereas the C IV is from larger z. This is probably due to
the fact that carbon is absorbed on the aluminum anode sur-
face. Therefore, when the electron beam hits the anode sur-
face, carbon comes out first and becomes ionized forming C
IV. In addition, the C IV is expected to expand faster due to
its higher charge-to-mass ratio.

IV. DATA ANALYSIS

The spectral line-shapes are used to determine the mag-
netic field and electron density. Since the experimental spec-
tra are chordally integrated, in order to obtain the line-shape
as a function of r, the inverse-Abel transform has been per-
formed. Here, we employ an “onion-peeling” approach,'®
assuming that the plasma boundary is at =8 mm. The
chordal spectrum obtained for each distance y from the
anode center is the summation of spectra along that chord.
The analysis begins by analyzing the line shape observed at
y=_8mm, assuming no plasma emission at > 8 mm. Then,
the line shape at y=7mm is assumed to be the sum of the
line shapes from =7 mm and from » =8 mm, as seen along
the chord y=7mm. Thus, the line shape for r=7mm is
obtained by subtracting from the spectrum at y=7mm
[Figs. 2(e) and 2(k)] the contribution of the line shape for
r=8mm. The intensity and line-shape of this contribution
are known from the measurement at y=8mm, modified
according to the change in the angle between By at r =8 mm
and the observation direction (for y =8 mm, By is parallel to
the line of sight, and for y=7mm, By of r =8 mm is at an
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angle 0 > 0° relative to the line of sight). The procedure is
then repeated for each y < 7 mm.

In the “onion peeling” process, we assume that the
plasma radial boundary is at » =8 mm since this is the maxi-
mum radius for which the signals are large enough to allow
for line shape measurements. It is proven rigorously that
neglecting the minuscule emission at »=9mm causes no
significant error in this analysis.

To determine By, first calculated are Zeeman profiles for
different fields. Subsequently, each Zeeman profile is con-
volved with a Lorentzian (Stark broadening) and a Gaussian
which is the known instrumental resolution of FWHM
~0.5 A. The simulated spectra are compared with the Abel-
inverted spectrum, and the value of By and the Stark width
are then varied to obtain the best fit (minimum of XZ) to the
spectrum, using the same procedure as in Refs. 11-13. We
note that the Doppler broadening is negligible here. It can be
estimated either by assuming T; = T, = 5eV (T, is measured
from the C III and C IV line-intensity ratios in another

0 et ' Shpe
5660 5680 5700 5720 5740 5760 5780 5800 5820

Wavelength (A)

experiment™'®) or from visible imaging,” where the ion

velocities parallel to the anode surface were found to be
~1.4cm/us.

In the analysis, we only fit the (1/2-1/2) component
of the doublet, owing to its higher sensitivity to the magnetic
field. The experimental intensity ratio (1/2-3/2)/
(1/2-1/2), expected to be 2, is found to be between 2 and
2.2. The deviation from a value of 2 can be either due to
errors in the measurement or impurities contributing to
the (1/2-3/2) component. For the case of the Al III, a C III
impurity at 5695.9 A can affect the (1/2-3/2) component.
Therefore, simulating the (1/2-3/2) shape does not help to
further constrain By.

Figure 4 presents the experimental data of the Al III
4s — 4p3S, 2 -3p, s2 component at different radii for
0.5mm < z<1.0mm after the inverse-Abel transform,
together with their best fits. Figure 5 gives the same for the
C IV 35s—3p 3S1/2 —3P1/2 component. Evidently, the
inverse-Abel procedure introduces additional uncertainties in
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be given in a subsequent report. The n, obtained was also
used to estimate the opacity effect. The values of the optical
depth (1) were found to be much less than 1 by considering
the ion density n; = n,/Z, with Z the ionic charge and a
plasma extent of 1 cm. This gives an upper limit of 7 since
the actual ion density for C and Al is less, ~20%of total ions
(obtained from the estimate of the plasma composition from
another similar experiment'’). Therefore, the opacity effect
is negligible in the present conditions.

Close to the anode surface (0<z<0.5mm) and for
r < 8mm, the line shapes are Stark dominated (due to the
higher density), prohibiting the B-field determination with a
reasonable error bar. In the radially outer region (r =8 mm),
n, is relatively lower and an upper limit of the magnetic field
can be determined from the analysis of the detailed shape of
the A1 TIT 5722 A line. A blow up of the Al TIT 5722 A line at
z=0.25mm and » =8 mm along with different fits, obtained
by varying the Lorentzian component and assuming By = 0,
0.8 T, and 1.2'T, is shown in Fig. 6. As demonstrated in the
figure, the fits do not change much up to By = 1.2 T; assum-
ing By > 1.2'T, a reasonable fit cannot be obtained for any
Lorentzian. Therefore, for this point, only an upper limit of
the field (By < 1.2T) can be determined.

Figure 7 shows the values of By obtained for the various
radial positions. It is seen that the By-values obtained from

T T
5722 5724

Wavelength (A)

FIG. 6. Al III 45— 4p3S;, — 3P, 5722 A line, along with different fits,
recorded from the region of 0 <z <0.5 mm at r =8 mm.

the C IV line are higher than those obtained from the Al III
lines even though the spectrum of the two ions is collected
by the same fiber focused at z=0.75mm. Indeed, it was
shown in Sec. III that the intensity ratio of the C IV-to-Al III
lines increases with the distance from the anode. Thus, the
Zeeman effect of the C IV line tends to reflect the B-field far-
ther from the anode than the Al III line. For simplicity, we
assume here that the Al III line gives the By value over half
of the fiber field of view in the z-direction that is closer to
the anode surface, namely, z=0.625 = 0.125 mm, whereas
the C IV line gives By at z=0.875 = 0.125 mm.

We now discuss the errors in the measurements. The
errors indicated in the figure represents the uncertainties in
determining the Zeeman splitting (for r=8mm and
z=0.75mm) or in the fit of the line shapes. By correspond-
ing to the best fit (minimum of %) of the line-shape is repre-
sented by the symbols in the figure. The lower and upper
values of By correspond to an increase of 20% in y>. For
r <8 mm, we find that a reasonable fit can be obtained even
when By = 0 is assumed. This can be understood by the fact
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FIG. 7. Radial distribution of By obtained from the fit of the line-shape of C
IV 3s — 3p 351/2 - 3P1/2 (black square) and Al III 4s — 4[73S1/2 — 3P1/2
(red circle) transitions. The data points at 7 =4.5mm and r = 6.5 mm for C
IV are averages over the signals at r=4 and 5mm and r=6 and 7 mm,
respectively. Open symbols denote the average value of By in the radial
region at 4 <r <7mm and 0.5 <z <1 mm.

that when no Zeeman-split pattern is observed, the broaden-
ing of the spectral line due to the Zeeman effect can be rea-
sonably reproduced by Stark broadening. On the other hand,
the absence of an observed splitting provides a clear upper
limit on the assumed By. We note that if we sum up the emis-
sions from r=4mm to »=7mm after the “onion peeling”
procedure, flat-top line shapes are obtained with significantly
improved S/N ratios. The analysis of these line-shapes yields
the average By values in the region 4mm < r <7 mm with
much smaller uncertainty, as shown in Fig. 7.

V. SHIELDING OF THE MAGNETIC FIELD

The lower value of B, towards the anode surface, seen
in Fig. 7, demonstrates the shielding of the magnetic field by
the internal currents in the anode plasma. The low By value
obtained from the Al III line recorded from the region
z=0.25*0.25mm (i.e., fibres viewing the region closer to
the anode surface) is consistent with the expected stronger
shielding effect deeper in the anode plasma.

We now attempt to explain the shielding effect of B in
the anode plasma by considering the measurements for
r=8 mm since at this radial position, By is determined with
the highest accuracy. Here, at z=0.875 mm, the observed B
is 2.5T, giving a current of 100kA within this radius (out of
the total 120kA measured by a B-dot probe at this time).
The true total current within » =8 mm can be 100kA, if no
shielding effect occurs for the data point at r =8 mm and
z=0.875mm, or it can be between 100 and 120kA, if
shielding occurs to some extent. In either case, if the total
current within 7 =8 mm is <120kA, then part of the current
in the diode flows to the anode surface outside the r =8 mm
region (note that the cathode radius is 5 mm).

For simplicity, we assume here that the total current
flows within =8 mm, namely, the unshielded-B value at
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this radius and at the plasma edge in the z-direction is 3 T.
Also, for simplicity, we assume that the anode-plasma thick-
ness in the z-direction at ¥ = 8 mm is ~1 mm, and it is constant
in time. Thus, the By field at =8 mm and z= 1 mm rises in
time to a value of 3 T (corresponding to the value of 120kA at
the time of the measurement), where the rise in time can be
obtained from the measured current waveform. With these
assumptions, we can consider the diffusion equation
2
%:fj—an(WxB), (1)
where # is the plasma resistivity and c is the speed of light in
free space. Here, we have neglected the convective and Hall
terms, which is justified for our plasma conditions. Equation
(1) can be written as
OB PB4 VX (V< B 2
E——E—VI + 1’]><( X )] ()
For a uniform plasma resistivity, the second term in the
right hand side (rhs) of Eq. (2) vanishes, and the equation for
B = Bgé becomes

OBy ™ 18(@&) 0’By By
at—zmlrar “or) te2 e ©

where ¢ = z—z, the distance from the plasma boundary at z
= zo. Assuming realistic possibilities for current density J(r)
near 7 =8 mm, it can be shown that Eq. (3) can be approxi-
mated to within very few percent by

83 0 C27] 823 0
=", 4)
ot 4n 9§

and this is the one dimensional diffusion equation; the
boundary conditions for By for our experimental condition
are

By(&,0) =0, (5)

A simple solution of Eq. (4) can be made for an infinite
plasma thickness (i.e., plasma thickness, / > skin depth, o).
However, in the present case, [ ~ . Therefore, By is not zero
at the conductive anode surface, which affects the B, distri-
bution in the plasma. Thus, in our solution, # = 5(z) is com-
posed of the resistivity (1) of the plasma and a step change
in the resistivity (#,) of the conductive anode at the anode
surface. 777 is estimated from the electron temperature in the
plasma, which is determined to be 5-6 eV from line intensity
ratios that were measured in a similar experiment.”'* This
analysis also yielded that Z in the plasma is 2.5 = 0.5, giving
a Spitzer resistivity of 4.8 = 1.4 x 10~'> s. For the conduc-
tive anode, we use 1, = 10" s. Using 5 = 5(z) in Eq. (2), it
becomes

ot 4 ©

639 - C2 8239 Nl
o Tacae |

n 839]
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Bo (T)

FIG. 8. Solution of the magnetic field diffusion in the plasma taking into
account the effect of the metal-anode by considering a plasma resistivity #;
constant over time and space and a resistivity 7, = 10~ s for the metallic
anode. z=0 is the interface of the anode surface and the plasma. Symbols
with the error-bars are the measured values, and “*” (blue-color) denotes the
estimated upper limit of By (see Sec. IV). Curves 1 and 2 represent the solu-
tions for a plasma resistivity 1; = 4.8 x 107'% s (that corresponds to the
Spitzer resistivity for T, = 5eV) and a 3 x lower resistivity that gives the
best fit for the data, respectively. For these two curves, assumed is a para-
bolic waveform for By, i.e., Bo(r) = —[Bo(t = tmax) /) (t = tmas)® + Bo
(t = tmay) and a constant plasma thickness /=1 mm. In all solutions, the dif-
fusion time #,,,, is assumed to be 40ns, and By(t,,.,), the value of B at the
plasma edge at the time of measurement, is assumed to be 3 T. Curves 3 and
4 show the sensitivities of the solution to the shape of the waveform of B
and the value of /, respectively. The solution for a linear (instead of a para-
bolic) waveform of By, i.e., By(f) = [Bo(f = tymax)/tmaxlt, and for I =1mm is
shown by curve 3, and the solution for /= 1.2 mm (instead of /=1 mm) and
for a parabolic waveform of B(#) is shown by curve 4. Both parabolic and
linear waveforms of B are shown in the upper left corner of the figure.

Equation (6) is solved numerically with the boundary
conditions described in Eq. (5) for various assumptions rele-
vant to the experimental conditions, as shown in Fig. 8. B(7)
is taken to be either parabolic or linear in time since the
diode-current waveform is between these two shapes.
The value of the field at the plasma outermost point (i.e., at &
= 0) is assumed to rise to 3 T; the experimental data indicate
a value between 2.5 T and 3 T, as discussed above. The thick-
ness of the plasma / is taken to be constant in time; solutions
are given for 1 mm and 1.2 mm to indicate the sensitivity.

Curves 1 and 2 in Fig. 8 give the solutions for the same
assumptions but for the Spitzer resistivity value and a value
that is 3 lower, respectively; the lower resistivity value seems
to provide a better fit for the data. However, the solutions for
different assumptions, still consistent with the data (curves 3
and 4), indicate that a plasma resistivity closer to the Spitzer
value can also fit the data. Also, assuming a maximum B(?)
between 2.5 T and 3 T (rather than 3 T) tends to make the resis-
tivity value that fits the data higher (namely, closer to the
Spitzer value). Thus, as seen from these solutions, within the
uncertainties due to the assumptions for the solution, and the
uncertainty in the Spitzer-resistivity value mentioned above, a
plasma resistivity that is close to the Spitzer value appears to
be consistent with the magnetic field diffusion observed.

The distribution of the maximum (unshielded) B-field
value cannot be determined for each radius from these data
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since the shielding may be occurring at different extents
for the different positions viewed in the anode plasma.
Knowledge of the total current within the central, 3-mm-
radius, x-ray spot size could help assess the shielding
extent. However, this quantity is not known well as out-
lined in Ref. 3. As an instructive note, if, for example, the
current in the x-ray spot is 60kA, then all the data points due
to the Al III line demonstrate the shielding of By in the
plasma (since all these data points give magnetic fields lower
than the expected from the current within the spot). If the
current is 90kA, then also the points due to the C IV line at
r=4.5mm and » = 6.5 mm demonstrate the shielding of B,.

VI. CONCLUSIONS

Simultaneous measurements of the azimuthal magnetic
field By and the electron density 7, near the anode surface of
a relativistic SMP diode are performed using detailed line
shape calculations of the observed Al III 4s—4p and C IV
3s—3p doublet emissions. The measurement of By as a func-
tion of r, and for different distances from the anode surface,
yielded information on the shielding of the B-field by the
anode plasma and on the plasma resistivity. The unknown
extent of the field shielding at each radius does not allow for
determining uniquely the radial distribution of the current-
density over the anode surface.
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