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Study of ablation and implosion stages in wire arrays using coupled
ultraviolet and X-ray probing diagnostics
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"University of Nevada Reno, Reno, Nevada 89557, USA
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(Received 20 May 2015; accepted 20 October 2015; published online 6 November 2015)

Star and cylindrical wire arrays were studied using laser probing and X-ray radiography at the
1-MA Zebra pulse power generator at the University of Nevada, Reno. The Leopard laser provided
backlighting, producing a laser plasma from a Si target which emitted an X-ray probing pulse at
the wavelength of 6.65 A A spherically bent quartz crystal imaged the backlit wires onto X-ray
film. Laser probing diagnostics at the wavelength of 266 nm included a 3-channel polarimeter for
Faraday rotation diagnostic and two-frame laser interferometry with two shearing interferometers
to study the evolution of the plasma electron density at the ablation and implosion stages.
Dynamics of the plasma density profile in Al wire arrays at the ablation stage were directly studied
with interferometry, and expansion of wire cores was measured with X-ray radiography. The mag-
netic field in the imploding plasma was measured with the Faraday rotation diagnostic, and current
was reconstructed. © 2015 AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4934980]

I. INTRODUCTION

Wire array Z pinches are the most powerful laboratory
source of soft X-rays.'™ This makes them a powerful platform
for inertial confinement fusion research and other high energy
plasma applications. Instabilities form early in Z-pinch plasma,
and these instabilities are thought to be the primary factor in
determining the power of this X-ray production. Reducing the
growth of instabilities has been shown to increase the intensity
of X-ray radiation.'™ Instabilities arise at the ablation stage,®
develop during implosion,” and are transferred to the structure
of the Z pinch. Kink and sausage instabilities strongly impact
the pinch at the stagnation stage.®” Therefore, the structure
and dynamics of the early plasma stages are of importance for
the formation of the Z pinch.

In the ablation stage of the Z pinch, fine metal wires are
subjected to the rising current created from pulse power gen-
erators. This current pulse causes surface breakdown of
wires. Plasma arises on the surface of the wire and undergoes
ohmic heating. A complicated “core-corona” structure of
plasma is formed in wires at the ablation stage.®'® The cur-
rent creates a global magnetic field, and the resulting J x B
force pulls the corona plasma towards the center of the wire
array. The ablated plasma produces a precursor plasma col-
umn in the center of the array. The wire cores are still cold
and stay in a dense non-plasma condition.''™'* Plasma is
continually ablated off the wire core until breaks arise. The
implosion stage begins when the bulk of the mass of the wire
is imploded towards the center of the Z pinch. Instabilities
imprinted to the imploding plasma impact the Z pinch.

Side-on and end-on laser diagnostics at the wavelengths
of 532 nm and 355 nm were used for the investigation of the
ablating plasma jets, formation of the precursor, and general
implosion dynamics.'*'® However, both the core and the co-
rona plasma at the ablation stage are opaque for laser prob-
ing in the optical range. Optical diagnostics cannot reveal
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the structure of ablating wires or dense imploding plasma.
Laser diagnostics at the wavelength of 266 nm have better
penetration ability. Previous studies with ultraviolet (UV)
diagnostics focused on the stagnated Z pinch®’ but have
never been used for detailed investigation of plasma of ablat-
ing wires.

X-ray backlighting can be used to study dense plasma.
Wire cores with a high mass density have been studied using
x-ray imaging backlighting by X-pinches.''™'*!” X-pinch
point-projection radiography allowed observation of the fine
structure of the wire core with high spatial resolution. A mul-
tiphase foam-like structure of the expanded core was seen in
X-pinch wires.'! Disc-like structures in the wire cores of cy-
lindrical wire arrays were reported in Ref. 12. Knowing the
core and corona fine structure helps to understand the devel-
opment of plasma instabilities which impacts the imploding
plasma and imprints later to the Z pinch. However, the coro-
nal plasma of light elements like Al is transparent to the
x-ray backlighting in the keV range. The coronal plasma was
studied only in tungsten wires due to the higher absorption
of x-rays in the plasma of high-atomic-number elements.'®'°
The electron temperature of coronal plasma in the ablating
wire was measured, T, =5—25¢V using absorption lines in
Al star wire arrays>° and 2-wire loads.?!

The laser-based x-ray radiography has been used widely
in laser plasma interaction studies. The laser-based radiogra-
phy was applied to the Z pinch at the 20-MA Z machine®
where it was fielded as a diagnostic to measure the mass dis-
tribution of imploding material during the implosion stages
in multi-wire arrays.

In this paper, we study plasma dynamics and parameters
during the ablation stage using coupled UV laser diagnostics
which include a three-channel polarimeter and two-frame in-
terferometer and x-ray radiography. Wire arrays used in the
experiments were Al cylindrical, linear, and three-ray star

© 2015 AIP Publishing LLC
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configurations, 2cm tall with wires 15-25 ym in diameter,
and total arrays masses of 27-140 pg/cm. The laser probing
at the wavelength of 266 nm allows for the direct measure-
ment of electron plasma density in the wire plasma column
and imploding plasma in cylindrical and linear arrays.
Dynamics of the corona plasma density distribution in Al
cylindrical wire arrays at the ablation stage were studied
with two-frame interferometry. Dynamics of the core size in
cylindrical and star arrays was studied with the laser-based
imaging radiography using the Leopard laser in the Nevada
Terawatt Facility (NTF) at the University of Nevada, Reno
(UNR). Current in the imploding plasma of the Al star wire
array was reconstructed with the Faraday rotation diagnos-
tics. Coupled laser and X-ray probing diagnostics provide
data for a wide range of density from plasma to solid in one
shot of the 1 MA Zebra generator.

Il. EXPERIMENTAL SETUP AND PLASMA
DIAGNOSTICS

Experiments were performed at the 1-MA Zebra pulse
power generator, at the NTF. The Zebra generator produces
a pulse with a rise time of 90ns from 10% to 90% of peak
current at an impedance of 1.9 Q. A current pulse profile is
measured by three B-dots installed on the anode plate.
“Core” X-ray diagnostics include calibrated, filtered X-ray
diodes (XRD) and photo-conducting detectors (PCD) for
measuring the temporal profile of the X-ray emission from
the Z-pinch, a bare Ni bolometer for measuring total radiat-
ing energy in the spectral region from 10eV to 4-5keV, a
six-frame pinhole camera for imaging in the keV range, and
time integrating spectrometer in the range of 4-15A for
measuring the electron plasma temperature and density in
the stagnated Z pinch.*?

Laser diagnostics include probing of the Z-pinch with
wavelengths of 532nm and 266 nm along three azimuthal
directions. UV laser probing uses the 4th harmonic of a
Nd:YAG laser and is used for shadowgraphy, interferometry,
and the Faraday rotation diagnostic. For laser probing of
dense Z-pinch plasmas, the limiting factor for effectiveness
of the probing beam is often the inverse bremsstrahlung or
free-free absorption. The inverse bremsstrahlung absorption
coefficient is given by the formula®?

27A
y=873x 107302 ML )

T§<1 —'%)2
ne

where A is the wavelength of the probing beam, n, is the
electron density, 7, is the critical density of the plasma, T, is
the electron temperature, Z is the ion charge, and A is the
Coulomb logarithm. By decreasing the wavelength of the
probing laser, we can significantly decrease the absorption,
allowing us to probe denser plasmas. This has motivated the
development of UV laser probing at the wavelength of
266 nm at the NTF.®%*

The electron density of the plasma is typically measured
with interferometry.”> A regular Mach-Zehnder interferome-
ter is too sensitive to measure the plasma densities in our
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experiments due to the high phase shift in the dense plasmas.
A differential air-wedge interferometer® with lower sensi-
tivity can measure the higher plasma density.?® Processing of
the differential interferogram needs an undisturbed fringe in
the interferogram to give the reference point for the analysis.
The absolute phase shift is then reconstructed from the dif-
ferential phase shift. Once the phase shift is determined,
electron density profiles can be reconstructed with Abel
inversion.?®

To study the plasma dynamics during the ablation stage,
2-frame interferometry is used. The laser is split into two
polarizations, one which branches off into an optical delay
line before rejoining the original optical path. The two pulses
with different delays are separated at two CCD cameras by
polarizers. This allows us to probe the same experimental
shot and measure the electron density at two time frames.

The experimental setup for the Faraday rotation diag-
nostic, shown in Fig. 1, uses a three-channel UV polarime-
ter.”® The polarimeter takes shadowgram, interferogram, and
Faraday images at one moment in time. Before the vacuum
chamber of the Zebra generator, a high-contrast Glan prism
polarizes the incident laser beam at 266 nm. A thin crystal
wedge is set-up after the vacuum chamber and rotated a
small angle o with respect to the polarization angle for the
Glan prism. This rotation allows one to determine the direc-
tion of the magnetic field, based on the direction of the
Faraday rotation. The crystal wedge splits the orthogonal
polarizations into two angularly separated beams. One beam
goes to the shadowgraphy channel, and the second goes to
the Faraday rotation channel. The shadowgraphy channel is
split off to an interferometry channel using an air-wedge
shearing interferometer. A three-lens beampath relays an
image of plasma to three CCD cameras with the same mag-
nification. Spatial resolution of UV diagnostic is 15 um in
this configuration.

X-ray radiography is obtained by backlighting the wire
array with X-ray emissions produced by the Leopard laser
striking a target material within the vacuum chamber of the
Zebra generator.”” The Leopard laser at NTF is a 1057 nm
Ti:Sa and Nd:glass laser capable of operating in two modes,
one a “short pulse” mode with 0.35 ps pulse duration and
12J of energy or the “long pulse” mode featuring a 0.6 ns
laser pulse with up to 40T of energy.”® X-ray imaging with
bent spherical crystals allows for high resolution, time-

UV CCD cameras

Polarizer

Z pinch Interferometer

Wedge

FIG. 1. Schematic of 3-channel polarimeter used in Faraday rotation diag-
nostic. Three images are captured on CCD cameras for interferometry (I),
shadowgraphy (S), and Faraday images (F).



Anderson et al.

112702-3

UV laser

’_

‘e
Si-Target e’
)
UV Laser [~ 2-Pinch |
UV laser
. aSE
Bent Leopard . .
Crystal Laser /
\‘\ f-l
X-Rays ~-e--~

FIG. 2. (a) Experimental schematic for simultaneous 266 nm laser probing
and x-ray backlighting using the 6.65 Asi He, spectral line produced by hit-
ting a Si Target with the Leopard laser. Experiments were performed by star
wire array (b) and cylindrical wire array (c) with 18 mm diameters.

resolved measurements of the core structure of wires seen
during the ablation stage.”’ In our experimental set-up, a
spherically bent quartz crystal, cut 1011 is tuned on the
6.65A He-o spectral line of the Si plasma. This gives a
Bragg angle of 83.9° or 6.1° from the axis perpendicular of
the center of the crystal. At this angle, sin(6) is 0.994, and so
the optical aberration caused by the astigmatism is small. A
low spectral selection bandwidth of 10™* to 10~ allows one
to the backlighting radiation from the background emissions
of the Z pinch.

The experimental set-up for X-ray imaging coupled
with UV laser probing is shown in Figure 2(a). There is a
lead shield blocking the film cassette from directed and
stray X-rays emitting from the Z pinch. Two collimators
geometrically block additional background radiation and
plasma debris from the spherically bent crystal and film cas-
sette. In addition, a Be filter is placed in front of the spheri-
cally bent crystal, which allows keV X-rays to pass through
unhindered but acts as a screen for soft X-rays and debris
that is not blocked by the collimator. With the small angle
of incidence for the X-rays on the crystal, the incoming and
outgoing X-rays pass through the same filter. The object
and image distances are at 20 cm and 33 cm, respectively.
Directions of X-ray imaging and UV laser probing are
shown for two loads, a 3-ray star wire array in Fig. 1(b) and
a cylindrical wire array in Fig. 1(c).

Experiments were performed with 2 cm tall Al cylindri-
cal, linear, and star wire arrays. Star wire arrays consist of
wires aligned along linear “rays” extending radially from
the axis. In linear arrays, wires are placed along a line.
Cylindrical arrays have all wires located at a single diameter.

The three types of loads implode in different manners.
In cylindrical arrays, all wires implode to the center of the
array in a similar manner and time frame. In star arrays, im-
plosion begins on the edge wires, cascades from wire to
wire, and sweeps all material to the center. During the abla-
tion and implosion stages, wires are at different stages of de-
velopment depending on their location. In linear arrays,
implosion bubbles pass through all the wires and start the
generation of the X-ray pulse when most material is still
at the initial position. The secondary implosion of the
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non-imploded material plays an important role in the genera-
tion of the long X-ray pulse.

lll. EXPERIMENTS

A. Study at the ablation and implosion stages in wire
arrays with UV interferometry

Wire arrays used in the experiments were Al cylindrical,
linear, and three-ray star configurations,® 2cm tall with
wires 15-25 um in diameter, and total arrays masses of
27-140 pg/cm. Figure 3 shows a shadowgram and interfero-
grams of ablating wires from an 8-wire cylindrical wire-
array Z-pinch, 16 mm in diameter. Images (a) and (b) are
taken in laser frame 1 at 45ns before the maximum of the
X-ray pulse. Image (c) is recorded 7ns later in the second
laser frame. Figure 3(a) is the shadowgram of the plasma
columns of two ablating wires, and Figures 3(b) and 3(c) are
the accompanying interferometric images. Note that the left
wire in shadowgram (a) still has a dense wire core, visible in
both wires, but for the wire on the right in the shadowgram
the dense wire core is blurred and disrupted. The diameter of
the plasma columns is 0.2—-0.25 mm in shadowgram (a). The
core is seen in the left wire and absent in the right one in
both interferograms. The wire core of the left wire is dis-
torted in the second-frame interferogram (c) with disruption
shown by the arrow. The wire core is presumably converted
to plasma in the right wire in Fig. 3.

In Figure 4, the right wire from Fig. 3 is selected for the
interferometric measurements. Figure 4(a) shows a shadow-
gram of the wire taken simultaneously with the interferomet-
ric image (b) in laser frame 1. Figure 4(c) shows the
interferometric image of the same wire in laser frame 2, 7 ns
later in time from laser frame 1. For both Figs. 4(b) and 4(c),
pre-shot reference images show the location of the wire to be
at the center of the fringe structure. Some azimuthal symme-
try can be seen even in the irregular surface structure of the
wire. A non-disturbed fringe is necessary for processing the
differential interferogram. We used the outer half of the
outer-most wire which is always measurable in the interfero-
gram. The electron density on another side of the wire is not
acceptable for processing due to the ablation plasma jets
streaming to the center of the wire array. The technique used
in our analysis involved assuming cylindrical symmetry, and

FIG. 3. The ablation stage in a cylindrical array with eight 12.7 um Al wires,
shot 2883. (a) and (b) The shadowgram and interferogram taken in laser
frame 1, respectively. (c) The interferogram taken 7 ns later in laser frame 2.
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FIG. 4. (a) Shadowgram and (b) interferogram in laser frame 1 taken simul-
taneously in the cylindrical 8-wire array in shot 2883. (c) Interferogram in
laser frame 2 taken 7 ns later after image (b). (d) Calculated electron density
for frame 1 (red line) and frame 2 (blue line). Dashed lines show approxi-
mated n,(r). (¢) Timing diagram, showing laser timing of images (a) and (b)
(blue arrow) to the current pulse (red line) and x-ray pulse (black line).

using Abel inversion to derive the electron density n,(r) as a
function of radius for the plasma column?®®

dr, (@)

2m,c* (fod d
) - 2[00y

62)» y dy y2 _ r2

where 4 is the wavelength of the beam, y is the distance
between the ray and the pinch axis, and R, is the pinch ra-
dius. Abel transform requires that the phase profile as a func-
tion of distance y and its first derivative are continuous and
smooth.

In Figure 4(d), the electron density calculated with
Abel-inversion is shown for the 2 frames of interferometry in
images (b) and (c). The radius of the plasma column is deter-
mined from interferograms. The shift of the interferometer is
calculated from the reference interferogram. The peak elec-
tron density measured for two frames is 1.2 x 10 and
1.6 x 10°°cm™> near the center, and the electron density
quickly drops off further from the wire core. This represents
the direct measurement of the electron density of the wire
plasma column in a Z pinches using interferometry.

The calculated electron density #n,.(r) allows for the cal-
culation of total mass of plasma in the ablating wire. For
these calculations, curves n,(r) were approximated to the
axis by dashed lines as it is shown in Fig. 4(d). Previous
measurements with absorption spectroscopy showed that the
electron temperature of Al wire-array plasma at the ablation
stage is distributed in the range of 5-25eV.?° We assume an
electron temperature of 2025 eV near the end of the ablation
stage and the ionic charge of Z =5—6. The mass of material
in the plasma column was integrated using the radial distri-
bution of the electron density from the diagram in Fig. 4 and
an appropriate ionic charge. Calculations show that the inter-
ferometry in frame 2 measures ~72% of the total mass of
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FIG. 5. (a) Shadowgram and (b) interferogram taken simultaneously in shot
2816 with a 10-wire Al linear load. (c) Calculated electron density for line-
outs shown in (a). (d) Timing diagram, showing laser timing (blue arrow) to
the current pulse (red line) and x-ray pulse (black line).

the wire if Z = 6. This estimation does not take into account
a distribution of the real temperature and ionization stage.
The wire core can include small non-plasma portions, not
seen by interferometry, and plasma ablated to the center of
the pinch is not taken into account in this estimation.
Integration of plasma density in interferogram (b) shows that
36% of the total mass of the wire is contained in the plasma
column in frame 1 if Z =25. In this case, the rest of the mass
is mostly contained in the non-plasma core.

The implosion stage in wire arrays was studied with
interferometry and shadowgraphy. Figure 5(a) shows a shad-
owgram of an Al linear 10-wire load with 12 um wires at the
beginning of implosion. The outermost wire on the right side
of the image had formed plasma bubbles which imploded
towards the next inner wires. Imaged on the right side of the
shadowgram is the trailing mass left behind by these implod-
ing plasma bubbles. These fingers of trailing mass were stud-
ied along with the gaps in order to determine the electron
density distribution in the trailing plasma, which implode
later. Four locations were studied, two directly on the fingers
of trailing mass, and two in the gaps in between. Figure 5(c)
shows the calculated electron density profile for these 4
regions using Abel inversion. The fingers of plasma have a
peak electron density of 10°°cm ™. The two gaps between
fingers have the electron density 10" and 10" cm 3 , reveal-
ing that the gaps contain some plasma. This plasma between
the fingers of trailing mass provides a continuous current
path after the initial implosion. This would then provide the
mechanism for the implosion of the remaining trailing mass
during stagnation. Z pinch X-ray emission can have more
energy than is accounted for using kinetic energy and Spitzer
resistive heating.’'** Re-implosion of this trailing mass may
account for some of the enhanced plasma heating.*

B. Study of magnetic fields in the imploding plasma

A UV Faraday rotation diagnostic at the wavelength of
266 nm was used to study the magnetic field and determine
the current distribution in the imploding plasma of wire
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arrays. Faraday diagnostics can be used to measure the local
magnetic field strength when coupled with interferometric
data. The 3-ray star load consisted of 12 Al wires, 10 um in
diameter, placed on diameters of 16/12/8/5 mm. Figure 6
shows an image of the (a) shadowgram and (b) complemen-
tary Faraday image during the implosion stage of a star wire
array. Current in the plasma can be identified by lightening
in the left side and darkening in the right side of plasma col-
umns in the Faraday image due to the magnetic field being
in opposite directions in these areas. A line in Fig. 3 shows
the direction of reconstruction of the magnetic field. The
Faraday rotation angle is calculated from the Faraday image,
shadowgram, and reference images. All images were spa-
tially co-aligned. Using reference images helps to avoid
measuring the transmission of filters in three channels of the
polarimeter. The rotation angle f§ in plasma was calculated
by the formula

Ir Ises .
Sin(B + o) = \/i'%(SIHZ(ﬂO) +K)—K, ()

where Iy, Is, I and Ig,.p are intensities in the Faraday
CCD image, shadowgram, reference Faraday image, and ref-
erence shadowgram along the directions of data processing,
Bo is the mismatched angle of polarizers, and K=10""is a
contrast of the polarimeter.

The electron density up to 0.6 x 10?° cm > was meas-
ured in interferogram (c). After extracting the Faraday rota-
tion angle from the Faraday image and calculating the
electron density profile from an accompanying interfero-
gram, the magnetic field strength can be reconstructed. The
magnetic field is given as

B(r) ro2m-mic? JR” dB(y) dy @
r) = RO a—
ne(r) e ). dy y \Jy2—r?

P (arb.un.)

(0]
N

y T 0
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FIG. 6. (a) Shadowgram, (b) Faraday image, and (c) interferogram taken
simultaneously during the implosion stage in the 3-ray 12-wire Al star array
in shot 2947. The arrow highlights area of lightening from the Faraday
effect. (d) Calculated magnetic field (solid line) and the magnetic field of a
0.6 MA cylindrically uniform current with radius 0.9 mm (dashed line). (e)
Timing diagram with a laser pulse (arrow) current pulse (1) and keV x-ray
pulse (2).
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where B(r) is the magnetic field, and f is the Faraday rota-
tion angle. The magnetic field can then be used to create a
simple model of the local electric current. The rotation angle
p(r) and plasma electron density N,(r) are approximated by
smooth lines to improve the accuracy of the reconstruction
procedure. The Faraday rotation diagnostic is not applicable,
due to strong refraction and absorption in the region at the
small radius. The error of reconstruction grows strongly at
low electron density and rotation angle on the region at the
larger radius due to the poor small/signal ratio. The total
error of reconstruction of the current is estimated =20%.

Figure 6(d) shows the reconstructed magnetic field
strength profile that has been created using this method
(black line). A simple model of a 0.6 MA cylindrically uni-
form current with a constant density, with radius of 0.9 mm
(dashed line) is also shown. The plasma column on the right
in images (a)—(c) represents two overlapping plasma col-
umns from the 3-ray star wire array configuration. Assuming
0.94 MA of current at this moment is evenly distributed
between the three plasma columns, roughly 0.6 MA would
located in the double column on the right in Fig. 3(b). The
magnetic field strength and current in the imploding plasma
columns are consistent with expected results. We note
Figure 6(c) shows the direct measurement of the magnetic
field and current in plasma of the 1 MA wire array Z pinch at
the implosion stage.

C. Laser-based X-ray imaging of wire cores in the
arrays

A laser-based X-ray imaging diagnostic is applied for
investigation of the dense core of wires at the ablation stage.
The dense cores are backlit by the 6.65A X-ray pulse from
the Si laser-produced plasma and imaged using the spherically
bent quartz crystal, cut 1011. Experiments were performed
using X-ray imaging coupled with laser shadowgraphy
and interferometry at the wavelength of 266 nm. Figures 7(a)
and 7(b) show ranges in the wire plasma available for
the interferometry and X-ray backlighting in one shot. In
Figure 7(a), the diameter of the dense wire core is measured
with X-ray imaging, and the electron density is measured with
interferometry, using the methods listed in Section IITA

above. The interferometry measures the electron plasma
1
10 a b
- T
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FIG. 7. (a) The electron plasma density calculated from the interferogram in
shot #3357 with an Al 8-wire cylindrical array, 18 mm in diameter. (b) The
timing diagram with a current pulse and the UV and x-ray frames in this
shot.
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FIG. 8. Wire core diameters as a function of current for a number of shots.
Shown are data point for an eight 15-um Al wires in cylindrical loads 8 mm
in diameter (squares), and the outer wires (triangles) and inner wires (dia-
monds) of a 3-ray 12-wire Al star load, 20 and 15 um in diameter.

density up to 80 um from the wire center, measuring a peak
plasma density of 9.6 x 10" cm>. The X-ray imaging meas-
ures the radius of the dense wire core at ~40 um. A spatial re-
solution was measured by the method presented in Ref. 34.
The spread of the image of the wire edge is measured at
18 um. This resolution does not allow investigation of the fine
structure of the wire core but the expansion of the core during
the ablation stage can be measured in a wide range of current.
Figure 7 demonstrates that two diagnostics, laser probing and
X-ray imaging provide complementary measurements of the
plasma density and core size in the Al wire array at the abla-
tion stage.

Figure 8 shows the expansion velocity of outermost wires
in the Al star and cylindrical wire arrays at the ablation stage.
It was revealed that wire core diameter expanded to 3—5 times
initial wire diameter in the ablation stage. The diagram shows
the average wire core radius at different current levels during
the ablation stage up to the beginning of implosion. The
experiments were performed with Al wires in two types of
loads: cylindrical, 18 mm in diameter, and star loads with
3-rays, 12 or 15 wires 15-20 um in diameter placed on diame-
ters 20/18.5/17/14/6 mm. The outer wires in the star arrays
and wires in cylindrical loads experienced similar wire core
diameter and growth rates, measured at ~1.5 yum/ns. The vari-
ation of the initial wire size variation in the range of
15-25 um showed little change in the wire core diameter or
expansion rates, suggesting that the wire core size has low
sensitivity to the initial wire diameter. However, inner wires
in the star wire array experienced little to no growth as the
current increased. This is not an unexpected result, due to
the “cascading” implosion seen in star wire arrays, where the
inner wires remain with a small level of ablation until the
outer wires implode and collide with them. This is a result of
inductance splitting of the current, which causes a majority of
the current on the outer wires in the wire array. After the colli-
sion, the next wire from the edge is subjected to higher cur-
rent, ablates fast, and begins the implosion to the next wire.

IV. CONCLUSION

Plasma in the ablating wire is opaque for regular laser
diagnostics in the optical range. UV diagnostics combined
with X-ray radiography provides information for a wide
range of densities of the plasma corona and non-plasma core
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in wire arrays at the ablating stage. The interferometry at the
wavelength of 266 nm is capable of directly measuring elec-
tron densities as high as 2 x 10*°cm ™ in the ablating wires
and “fingers” in the imploding plasma. The evolution of the
plasma density profile of the Al wire corona is measured
with 2-frame interferometry, and a total mass of the plasma
column of the wire can be estimated from interferograms.
Two-frames of interferometry in one shot with a 7ns delay
between frames shows an example when 36% and 72% of
the initial mass of the 12.7 um Al wire are contained in the
plasma column at the later ablation stage. By this way, the
interferometry can be used for estimation of the effective ion
ionization in the wire plasma column if the ablated mass is
calculated by the rocket model.*®> UV diagnostics allow the
investigation of the ablating plasma column in low-atomic-
number elements which are too transparent for X-ray
backlighting.

During the implosion stage, the interferometry is appro-
priate for studying the electron plasma density in the trailing
mass left behind by the implosion front. The interferometry
at 266 nm is capable of measuring both the plasma of dense
“fingers” and the gaps located between them. The gaps are
filled with a lower density plasma, which provides a current
path in the non-imploded plasma. This allows for the J x B
force to accelerate the rest of plasma to the Z pinch.

UV Faraday rotation diagnostics at 266 nm reveal local
magnetic fields and can be used to determine the local cur-
rent distribution of the Z pinch.” The Faraday effect was
used to measure the magnetic field and estimate current in
the imploding plasma of the Al star wire array. The plasma
electron density and rotation angle were measured from the
shadowgram, interferogram, and their reference images.
Abel inversion was applied to reconstruct the electron den-
sity and magnetic field radial profile in the imploding
plasma. In the 3-ray star array, the imploding plasma is accu-
mulated in three plasma columns at positions of three inner
wires before the final implosion.”’ The maximum magnetic
field of 1.3 MG was measured in the plasma column at this
stage. The magnetic field in plasma was compared with a
simple model of uniform current flowing in a plasma col-
umn. The model fits experimental data if a radius of the
plasma column is 0.9 mm and / = 0.3 MA in a single column.
This current is in agreement with a total current of 0.94 MA
in the Z pinch measured by B-dots at this time.

The dense non-plasma wire core seen during the abla-
tion stage of the Z pinch is opaque to UV laser probing,
motivating the development of a complementary X-ray
imaging diagnostic. The surrounding Al plasma is transpar-
ent to the X-ray imaging in the keV range, revealing the
underlying dense non-plasma core. Coupled with UV laser
diagnostics, X-ray imaging radiography was used to deliver
experimental data for both the core and corona in one shot.
The laser-based radiography allows measuring the core size
in a wide range of delays up to the beginning of implosion.
The expansion velocity of the core in the star arrays and
wires in cylindrical loads was measured at ~1.5 um/ns.
Different dynamics of wire cores in star and cylindrical loads
are in agreement with data from laser diagnostics. Inner
wires in the star load showed little or no growth up to the
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moment when the core of the external wire disappeared. This
dynamic is consistent with the cascading implosion dynam-
ics in star wire arrays.

UV laser diagnostics at the wavelength of 266 nm allow
investigation of many features in wire-array plasma at the
1 MA Zebra generator. Development of laser diagnostics
to the deep UV range®® will help to penetrate deeper in the
Z pinch plasma using well established optical methods for
measurement of the electron density, gradients, and magnetic
fields in dense plasma.
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