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An optical Thomson scattering diagnostic has been used to investigate collisions between
supersonic, magnetized plasma flows, in particular the transition from collisionless to collisional
interaction dynamics. These flows were produced using tungsten wire array z-pinches, driven by
the 1.4 MA 240 ns Magpie generator at Imperial College London. Measurements of the collective-
mode Thomson scattering ion-feature clearly indicate that the ablation flows are interpenetrating at
100 ns (after current start), and this interpenetration continues until at least 140 ns. The Thomson
spectrum at 150 ns shows a clear change in the dynamics of the stream interactions, transitioning
towards a collisional, shock-like interaction of the streams near the axis. The Thomson scattering
data also provide indirect evidence of the presence of a significant toroidal magnetic field embed-
ded in the “precursor” plasma near the axis of the array over the period 100-140 ns; these observa-
tions are in agreement with previous measurements [Swadling ez al., Phys. Rev. Lett. 113, 035003
(2014)]. The Thomson scattering measurements at 150 ns suggest that this magnetic field must col-

lapse at around the time the dense precursor column begins to form. © 2015 AIP Publishing LLC.

[http://dx.doi.org/10.1063/1.4926579]

I. INTRODUCTION

The interaction dynamics of colliding supersonic plasma
flows is of interest to researchers working in a wide range of
fields. Such collisions are ubiquitous in astrophysics and
play an important role in many high energy density physics
and inertial confinement fusion (ICF) experiments. Various
research groups have carried out investigations of these
interactions over a wide range of plasma parameters, using a
variety of different acceleration mechanisms and diagnostic
techniques.

Collisions between streams of plasma produced from
laser-ablated targets have been studied extensively at facili-
ties, such as LULI at Ecole Polytechnique,' GXII at the
Institute of Laser Engineering, Osaka,” the OMEGA Laser
Facility at Rochester University,”® and most recently on
the National Ignition Facility at Lawrence Livermore
National Laboratory.” These experiments were designed to
investigate the interpenetration and interactions of pairs of
colliding flows; the aims were to gain a better understand-
ing of the structures formed in ICF hohlraums, to study
the formation of collisionless shocks and to study the
self-organized and enhanced magnetic and electric field
structures which can be formed due to the various plasma
instabilities (e.g., Weibel®).

Current address: Lawrence Livermore National Laboratory, P.O. Box 808,
Livermore, California 94551, USA.
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Taking a different approach, recent experiments con-
ducted on the Plasma Liner Experiment at Los Alamos
National Laboratory (LANL) have studied meter-length-
scale interactions between plasma flows accelerated using
pulsed-power driven railguns.” These experiments have
investigated both oblique shock formation'®'" between radi-
ally converging streams and flow interpenetration and stag-
nation in the transitional phase between collisionless and
fully collisional behavior.'?

In this paper, we discuss the results of recent experi-
ments studying the interactions of supersonic, magnetized
plasma flows produced using the Magpie'® pulsed power
generator (1.4 MA, 240ns) at Imperial College. Previously,
this machine has been used to drive experiments investigat-
ing the interactions of dense, supersonic plasma jets pro-
duced from conical wire arrays, both with static plasma
clouds and with cross-winds,l4’15 and the collisions and
interactions of jets launched from radial foils with ambient
media.'®'” More recently, experiments have been designed
to study the formation of oblique shocks'® and to investigate
the interpenetration of the radially convergent plasma abla-
tion flows produced by wire array z-pinches.'”?° These
experiments have been diagnosed using a combination of
laser interferometric imaging and Thomson scattering
(TS).*!

The plasma parameters of the flows (velocity, density
and temperature) produced in Magpie experiments tend to
fall between those produced in laser driven experiments and

© 2015 AIP Publishing LLC
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those produced in the railgun driven experiments. What is
unique about the Magpie experiments is that the magnetic
(Lorentz force) mechanism which accelerates the flows also
embeds a frozen magnetic field into them. This field, which
is advected with the ablation flows, can go on to have
dynamically significant effects on the interactions of the col-
liding streams. The interactions of magnetized flows are of
great interest to the community,”**® however introducing
external magnetization to laser driven flows is difficult** and
the parameters of railgun driven outflows mean that the mag-
netic diffusion time is substantially smaller than the experi-
mental timescale, such that the magnetic field induced in the
plasma during acceleration is not advected with the flow."”
The process of magnetic flux advection in wire array ablation
flows has been measured directly using B-dot magnetic field
probes®> in imploding wire arrays, and using Faraday rota-
tion imaging in exploding wire array experiments.*'

Furthermore, recent Thomson scattering measurements have
provided indirect evidence that the ablation streams in wire
arrays are deflected by a toroidal magnetic field which is
advected to and accumulated around the array axis.?’ Results
from experiments investigating the interactions of outflows
from exploding wire arrays with conducting obstacles sug-
gest that the magnetization of these flows may make it possi-
ble to study phenomena, such as magnetized shocks and
magnetic reconnection.

The work presented in this paper is an extension of pre-
vious investigations of the collision of ablation streams on
the axes of tungsten wire arrays.'”?" Tungsten wire arrays
are of particular interest because it has long been thought
that the ablation streams should interpenetrate across the
array axis at early times.”*>' An improved Thomson scatter-
ing diagnostic, with increased spatial and spectral resolution,
has been used to make measurements over a broad range of
experimental times (100 ns—160 ns from current start). These
measurements allow us to observe the transition from almost
fully collisionless interactions to the point at which colli-
sional dynamics begin to dominate.

Il. EXPERIMENTAL SETUP

The experiments presented in this paper were carried
out using 20 mm long, 16 mm @ cylindrical wire arrays con-
sisting of eight evenly distributed 18 um @ tungsten wires.
The arrays were mounted in the generator using a specially
designed electrode hardware configuration which places the
wire array on its side so that its axis lies perpendicular to the
axis of the coaxial pulsed-power drive electrodes.*” This
arrangement does introduce some small current drive asym-
metries; this disadvantage is however easily overcome by the
advantage of the diagnostic access that this layout allows.
Mounting the array in this manner provides an unobscured
end-on view through the wire array interior, easing interfer-
ometry access, and allowing us to use a much improved
Thomson scattering geometry. Fig. 1(a) shows a schematic
diagram of this arrangement.

A two-color, two-time, end-on laser interferometric
imaging diagnostic was used to measure spatial variations in
the axially-integrated electron density (fngdz) of the plasma,
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FIG. 1. Experimental setup. (a) Side on view of experimental hardware,
showing rotated array configuration.’? (b) Diagram of end-on view. Left,
example n, map extracted from interferogram, right schematic of flow vec-
tors. (c) Top-down view of the Thomson scattering alignment. (d) Vector
scattering geometry diagram.

and an optical TS diagnostic was used to measure the ion-
component of the TS spectrum in order to infer bulk ion
velocities and temperatures.”’ These diagnostics were com-
plimented by a 12-frame, time resolved (5 ns) optical emis-
sion imaging diagnostic, which was fielded in order to
produce a single-shot overview of the array dynamics.

The interferometer used a Mach-Zehnder layout, pow-
ered by 2nd (532nm) and 3rd (355nm) harmonic beams
from a commercial Nd:YAG pulsed laser system (EKSPLA
SL312P). The overall setup was similar to the layout shown
in Ref. 18, except that the rotated array configuration used in
these experiments removed the need for the cathode mounted
mirror, allowing laser probing to be carried out at signifi-
cantly later times.*> These probe beams had pulse durations
of ~500 ps, diameters of ~2 cm, and a total energy per pulse
of ~10 mlJ. Interferograms were captured using Canon
DSLR cameras. The shutters of these cameras were held
open for the entire duration of the experiment; a combination
of spatial and laser-line spectral filtering was used to ensure
that the optical energy delivered to the CCD by the probe
beam was significantly greater than that delivered by the
time-integrated self-emission from the experiment. The time
resolution of the recorded image was set simply by the
pulse-duration of the laser. The end-on orientation of the
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interferometer produced the view shown in Fig. 1(b); the ori-
entation of the probe beam is also indicated in the schematic
in Fig. 1(c). The interferograms were analyzed using the
fringe interpolation techniques described in our previous
publications,'®'*?! resulting in maps of the variation of
[nedz across the radial-azimuthal (r, ¢)) plane of the array.

The TS diagnostic used a scattering geometry which
produces simultaneous, independent measurements of the
axial (z) and radial (r) components of the ion velocity distri-
bution of the plasma. This geometry has been used success-
fully in previous experiments to diagnose ablation stream
interpenetration and deflection in tungsten wire arrays>® and
is discussed in detail in Ref. 21. Making simultaneous, inde-
pendent measurements of the axial and radial components of
the plasma velocity distribution significantly simplifies the
analysis and interpretation of the TS data.

Diagrams of the scattering geometry used in these
experiments are shown in Figs. 1(c) and 1(d). The wave-
vector of the incoming TS probe beam (l;,-) is aligned through
the center of the wire array at an angle 22.5° from the axis.
Light scattered by the plasma is collected from a pair of
counter-facing collection-vectors (lgo,. and /;(,Z) which lie in
the same plane, on the line 22.5° the other side of the axis
from k;. The scattered spectrum recorded from any given
collection-vector is sensitive only to the components of the
velocity d1str1but10n Wthh he parallel to the specific scatter-
ing wave- -vector, k = k — k From Fig. 1(d), we can see
that the pair of ky that result from the geometry used in this
experiment lie parallel to the radial (/FS,., red) and axial (l;sz,
blue) coordinate axes of the array. The magnitudes of lgs,. and
lgsz are different; this has an effect on the measured spectra,
as the Doppler shift associated with any given scattering
event is given dwp = Es -V, where V' is the velocity of the
scattering charge. In these experiments, |ky|/|ky | = 2.4, and
thus, for an isotropic ion velocity distribution, the TS spec-
trum recorded by the axially sensitive channel will be x2.4
broader than that recorded by the radially sensitive channel.
The total optical power scattered along k(,, and ku- should be
approximately equal, however for km, this power is spread
over a broader spectral range, so the recorded spectrum will
also be less intense.

In our previous experiments, the scattered spectrum was
collected using a pair of linear fiber arrays, each consisting
of 7 x 200 um @ fibers.>***3* For the experiments presented
in this paper, these have been replaced with a pair of
14 x 100 um @ fiber arrays. There are two advantages to
using these higher density fiber arrays, firstly the number of
spatial positions from which the spectra may be collected is
doubled and secondly, the decreased fiber diameter means
the effective source size at the spectrometer input slit is nar-
rower, resulting in better spectral resolution. The best resolu-
tion achieved on the TS diagnostic using the 200 um @ fibers
was 0.5 A; with the new fibers, we have achieved 0.35 A.
The main disadvantage of using the new, finer fibers is that
the cross-sectional area over which scattered light is col-
lected is reduced. In some cases, when measurements were
made at early times and the electron density of the plasma
was relatively low, the scattered power was substantially
reduced, leading to a reduction in the signal-to-noise ratio of
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the measured spectra. Further specific details of the TS diag-
nostic setup, including details of the optics, spectrometer,
and camera system used may be found in Ref. 21.

lll. OVERVIEW OF ABLATION DYNAMICS IN
TUNGSTEN WIRE ARRAYS

The data presented in this paper originates from a series
of five nominally identical experiments; measurements of
the Magpie drive-current waveforms are presented in Fig. 2
in order to illustrate the high degree of shot-to-shot reprodu-
cibility achieved. The plot includes the current wave form
measured in the experiment reported in Ref. 20. The close
similarity of the current drives in all these experiments
means that straightforward comparisons may be made
between measurements taken over a wide range of experi-
mental times across all five of these shots.

The timings of the main measurements made during
the experimental campaign are marked in Fig. 2 by a series
of vertical lines; all timings are given with respect to t =0
at current start. The 532nm interferometry timings are
marked by green lines, 355 nm interferometry by blue lines,
and TS measurement times by red lines. The interfero-
grams, captured at the times indicated in Fig. 2, have been
analyzed in order to produce a time-series of end-on maps
of L"fnedz, the areal electron density averaged over the
length of the array (L =20 mm). The series of images, pre-
sented in Fig. 4, provides an overview of the evolution of
the ablation stream interaction dynamics up until approxi-
mately the time at which the dense precursor column is
formed.”’ A time series of side-on optical self-emission
images, presented in Fig. 3, provide a further overview of
the dynamics and confirm that dense precursor formation
starts at approximately 155-160ns, indicated by a slight
darkening on the axis of the array at around this time.

Starting with the earliest data presented in Fig. 4, at 77
ns, the electron density distribution around the axis appears
broad and smooth. Sharp, well-focused ablation streams are
seen extending from each of the wire cores, however these

1.6
1.4}
1.2

1l
0.8
0.6 |
0.4
0.2

0

current [MA]

0 50 100 150 200 250
time [ns]

FIG. 2. Plots of current vs. time for the five shots for which the data pre-
sented in this paper were collected. Current curves are plotted as black lines,
diagnostic timings are plotted as green and blue vertical lines for 532 and
355nm interferometry, respectively, and red vertical lines for TS measure-
ments. The plot demonstrates the high degree of shot-to-shot current drive
reproducibility achieved in this series of experiments.
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FIG. 3. Side-on time gated optical self-emission images of wire array.
Temporal resolution ~5ns. The 155ns frame shows evidence for the early
stages of dense precursor column collapse.

do not extend very far towards the axis, perhaps only
~2-3 mm; closer to the axis, there is little azimuthal modula-
tion of L’lfnedz. Later in time, at 97 ns, the radius of the
broad, smooth distribution of L’lfnedz about the axis
appears to have perhaps slightly expanded. As time goes on,
more and more plasma arrives from the wire cores and the
peak electron density on axis therefore gradually increases.
The radius of the smooth distribution of plasma about the
axis begins to contract at around 105-120ns and from 125 to
160 ns, the rate of this radial contraction appears to increase.
Focused ablation streams are seen to extend further and fur-
ther towards the array axis, and in the final two images, as
the time approaches 160ns, precursor column collapse is
observed;?® the timing of this collapse correlates well with
the expected peak in emission associated with precursor for-
mation in tungsten arrays, at around 160 ns (Ref. 31) (radia-
tive flux was not measured in these experiments), and also
with the appearance of a narrow column of strongly emitting
plasma in the optical self-emission images in Fig. 3.

These qualitative assessments are backed up by a more
quantitative analysis. Examples of three different normalized
profiles of electron density measured along the diameter of
the array are also presented in Fig. 4. These profiles were
taken through the array axis along the lines indicated by the
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green triangles in the corresponding L"fnedz plots. The
profiles illustrate the changing “width” of the distribution of
plasma about the axis; the widths of these distributions are
clearly decreasing with time. In Fig. 5, the full-width half-
maxima (FWHM) measured from all the L‘lfnedz maps in
Fig. 4 are plotted against time, alongside the electron density
measured at the array axis. The width of the distribution ini-
tially remains reasonably constant, at ~4—-4.5mm, until
around 120-130ns when it undergoes a rapid collapse
towards a radius x4 smaller at 160 ns. It should be noted that
no peak electron density on axis could be measured at
160 ns, as the probe laser was obscured by the dense plasma.
The value of the FWHM for this time was therefore calcu-
lated using the peak electron density from the previous mea-
surement as the normalization factor. As a result, the FWHM
should be treated as a highly conservative upper bound. It is
very likely, considering the rate of increase in density on
axis seen between the previous two measurements and con-
tinuing increase in drive current, that the radius of the distri-
bution of plasma is substantially smaller at this time; a
simple linear extrapolation of the n, on axis using the data
points at 132 and 149ns in Fig. 5 suggests that the true
FWHM is <0.7mm, lying within the central, obscured
region of the 160ns L™ [n.dz map.

The evolution of the precursor plasma column seen in
the end-on interferometry data in Fig. 4 agrees qualitatively
with previous descriptions of the behavior of the early time,
broad, pre-collapse precursor,'”?*3! but adds new, detailed,
quantitative information about the evolution of the electron
density during this period. The key observation is the pres-
ence of a broad, smooth distribution of plasma near the axis
of the array, fed by distinct, sharply focused ablation streams
that originate from each individual wire core. This broad dis-
tribution lacks the azimuthal modulation which might be
expected to be imprinted into it due to the discrete nature of
the ablation streams that feed into it. The radius of this
smoothed “interaction” region appears to remain roughly
constant, before undergoing a rapid collapse to high density,
starting at around 120 ns.

IV. THOMSON SCATTERING MEASUREMENTS

Thomson scattering measurements were taken at 100 ns,
140ns, and 150 ns using the new 14-fiber array described in
Section II; these timing are marked by red vertical lines on
the diagram in Fig. 2 and the corresponding raw TS spectro-
grams are presented in Figs. 6(a)-6(c), respectively. In these
images, the vertical axis corresponds to the direction along
the spectrometer input slit, whilst the horizontal axis corre-
sponds to the direction of spectral dispersion. The horizontal
bands across the images each correspond to the spectrum
recorded from one individual fiber. The top 14 bands corre-
spond to the fibers recording scattering along the radially
sensitive collection vector (k,,), while the bottom 13 corre-
spond to fibers collecting from the axially sensitive collec-
tion vector (k,.) (there is insufficient space to fit all 14 axial
fiber signals onto the iCCD). In order to aid reference, the
radial and azimuthal positions of the 14 volumes from
which scattered light was collected are indicated on the
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FIG. 4. A series of electron density plots showing the evolution of the electron density in the interior of an eight wire tungsten array over the period
77 ns—160ns. Initial wire positions are indicated by red spots. Thomson scattering volumes are indicated by blue circles. Bottom left corner shows a selection
of three normalized electron density profiles taken through the array axis. Profile positions are indicated by green arrows on relevant plots. FWHM (taken along
red dotted line) and density on axis extracted from these plots are presented in Fig. 5.

electron density plots in Figs. 4 and 6 by small blue circles.
A cursory inspection of the three TS spectrograms reveals a
wide variation in structure; however, the individual spectral
features were shown to be reproducible between measure-
ments carried out at similar times. The variation in structure
is indicative of the changing dynamics of the collisions
between plasma streams over the timescale of the three
measurements.

In Sections IV A-IV C, we present analysis and interpre-
tation of the TS spectra and discuss the types of interaction
dynamics with which they are consistent. As a starting point,
we take the measurement at 140 ns, which is most similar to
the spectral structure seen in previous experiments.”® We

will then look at the differences seen in the spectrum at
100ns and 150 ns. These discussions are quite general, and
errors have not been specified for each individual measure-
ment. Errors in the determination of the radial (v,) and axial
(v;) velocities are approximately =1 X 10*ms™! and
+5x 10°ms™", respectively. Errors in ion-temperature are
typically larger, on the order of 20% of the quoted value.
This uncertainty stems from the low sensitivity of the spec-
tral width to the ion temperature, and also uncertainties in
the exact form of the spectrometer function. The tempera-
tures have all been assessed using the same method, so these
errors should be systematic, and should therefore not impact
any observed trends.
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Fig. 4.

A. 140 ns—Interpenetration, thermalization, and
deflection

The structure of the TS spectrum measured at 140ns is
consistent with long-range collisional interactions between
the radially converging ablation streams. Previously, the
authors have analyzed TS data captured in a similar experi-
ment at 120 ns;? the structure for the TS spectrum measured
at 140ns is qualitatively very similar to the structure seen in
that experiment.
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The upper half of the 140ns spectrogram (Fig. 6(b)) con-
tains the spectra recorded from fibers along the radially-sensitive
scattering vector. Qualitatively, at large radius, the spectra appear
to consist of a narrow, red-shifted spectral peak superposed over
a broader, un-shifted spectral distribution. Approaching the axis,
this peak gradually broadens and its red-shift decreases. The nar-
row, red-shifted peak corresponds to the incoming ablation
streams. These data indicate that the incoming streams lose radial
velocity and their ion temperatures increase as they approach the
array axis.

The lower half of the spectrogram contains the spectra
recorded along the axially-sensitive scattering vector. As in
the case of the radially-sensitive spectra, the spectra recorded
from the scattering volumes closer to the axis appear
broader, consistent with an increasing ion temperature. The
axial spectra close to the axis are characterized by a signifi-
cant blue-shift, indicating that the plasma has acquired a sig-
nificant axial velocity component as it has approached the
array axis. As observed in previous experiments,*” this axial
velocity component is directed towards the anode-end of the
array, and the ion trajectory is therefore consistent with the
deflection of the flows due to the presence of a magnetic field
accumulated about the axis of the array (see Ref. 20 for fur-
ther discussion).

It appears that the collisional scale length for the abla-
tion stream interactions is long enough to allow significant
interpenetration of the flows whilst also mediating the ther-
malization of the directed kinetic energy of the streams
over the scale length of the region over which the measure-
ments were made (~3—<4mm). At the same time, the

FIG. 6. Raw Thomson scattering spec-
tra, as recorded by the spectrometer.
(a)—(c) Spectra recorded at 100, 140,
and 150ns, respectively. Vertical axis
corresponds to direction along spec-
trometer input slit, horizontal to direc-
tion of spectral dispersion. Each
horizontal band corresponds to the
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y
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spectrum from a single fiber. The
upper 14 fibers correspond to radially
sensitive scattering vector, the lower
(4 | 13 to axially sensitive scattering vec-
tor. Fibers collect from scattering vol-

't umes indicated in diagram (d).
- Volumes in diagram and spectrograms
run vertically in the same direction.
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interpenetrating streams appear to be being deflected by a
static, toroidal magnetic field which has built up around the
array axis. This field is most likely formed through the
accretion of magnetic field advected towards the axis by
the incoming ablation streams and stagnated with the mag-
netized, electron component of the plasma20 (this will be
discussed in greater detail later).

A quantitative analysis of the 140ns TS spectra is pre-
sented in Fig. 7. This analysis was carried out using the simul-
taneous fit method described in our previous publications.”**!
The fits to the experimental data were calculated using the
multiple-ion-species, non-relativistic, Maxwellian spectral

density function®® (S(w, k))
()

feO< )+Z "
¢y

Ne = Z }’ljZ j

J
In this equation, f,, and f}, are the Maxwellian velocity dis-
tributions, y, and y; are the electric susceptibilities, and 7; is
the density of the jth ion population (subscript j) and elec-
trons (subscript e). Parameters w and k are the frequency and
wavenumber shifts required to produce the observed scatter-
ing. The equations used to calculate the susceptibilities are
written: >
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where Z'(({) is the plasma dispersion function and vr,; is the
characteristic thermal velocity of the electrons/jth ion
population.

Fits for the radial and axial scattering vectors were cal-
culated simultaneously for each scattering volume. The
plasma in each volume was modeled as consisting of two
counter-propagating, interpenetrating ion populations (la-
beled j=1, 2) and a single electron population. Each ion
population was described by its own set of independent pa-
rameters, ion density (n;), ion temperature (7}), average ioni-
zation (Z)), axial (v;), and radial velocities (v,;). The
electron thermal velocity was assumed to be much larger
than the directed flow velocity of the plasma, and the
electron-electron equilibration time was assumed to be much
faster than the dynamic time of the experiment, such that the
electrons in each scattering volume could be modeled as a
single local population with a single density (n, = zi nzZ;)),
temperature (T,), and bulk velocity (v, = (1/n.) >, vinjZ;).
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FIG. 7. Thomson scattering measurements at 140 ns. (a) Spectral profiles corresponding to each fiber. In black, spectral profiles extracted from spectrogram
Fig. 6(b). In red, two-population spectral fits to data. In blue, pre-shot calibration of the un-shifted probe beam spectrum. (b) Plots of radial variation of various
fitting parameters. Triangles indicate the radial direction of propagation of each ion-population.
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The differences in the forms of the spectral profiles of the
axial and radial fits come down to the differences in the scat-
tering geometry (this modifies the magnitude of the scatter-

ing vector, lg; , and therefore the Thomson scattering o
parameter>") and to the differences in the magnitudes of the
two velocity components v,; and v;. All other plasma param-
eters (Z;, T}, T,, n.) are constrained to be shared between
each pair of fits.

Spectral profiles corresponding to each fiber were
extracted from the raw spectrogram (Fig. 6(b)) by summing
over the spatial width of each signal. These profiles are plot-
ted as black lines in Fig. 7(a). Normalized spectral fits are
plotted as red lines and show excellent agreement with the
data. The un-shifted laser-line is plotted in blue; this is used
to calibrate both the central wavelength of the probe and the
spectral response of the spectrometer. The variation with ra-
dius of the various plasma parameters used to produce these
fits is plotted in Fig. 7(b).

The trends in the fitting parameters are similar to those
seen in previous experiments;’’ the plasma flows are
observed to initially approach the axis with a radial velocity
of ~1.2 x 10°ms ™", a temperature of ~2keV, and negligible
axial velocity. As the flows approach the array axis, their ra-
dial velocities decrease and their axial velocities and temper-
atures increase. The axial velocities of the two flows peak on
axis at ~1.1 x 10°ms~"; at this position, the ion temperature
is ~20keV, and radial velocity is only ~7 x 10*ms™'. On
the far side of the axis, the temperature of ions continues to
increase as both the axial and radial components of the ion
velocity decrease. These observations are consistent with the
long-scale-length thermalization of the directed kinetic
energy of the flows as they interpenetrate through one
another. The flows eventually lose all directed kinetic
energy, reaching a peak ion temperature on the far side of
the axis of ~40keV.

The distribution of the fitting parameters in Fig. 7(b) is
not symmetric about r =0. The “dynamic axis” of the array
instead appears to be shifted to one side by ~0.5—1 mm.
There are a number of potential explanations for this. The
fiber which collects light from the r = 0 scattering volume is
aligned to light scattered from a pin which is placed at the
axis of the array. There is likely to be an error associated
with the exact placement of this pin, leading to a small
(~0.5 mm) offset in the radial positions of the scattering vol-
umes. This does not affect the quoted inter-volume separa-
tions, as these are constrained by the probe laser and
collection fiber geometry. Another possibility is that this dis-
placement was caused by a small current drive asymmetry,
which led the experiment to be driven slightly more on one
side than the other. This asymmetry should have minimal
impact on the interpretation of the results, as the analysis
presented here is independent of spatial position.

The radial distribution of the fitting parameters is
slightly modified from that seen in our previous experiment;
in the region near the axis of the array, the spatial variation
of the ion temperature distribution appears flattened; previ-
ously,m in a measurement at 120 ns, the ion temperature was
observed to vary linearly across this region. Whilst the
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previous measurement had a lower spatial resolution, it
seems unlikely that this effect was missed in the analysis;
instead it seems plausible that the increasing density of the
plasma on axis is driving a change in the plasma dynamics.
Increased conduction of the ion’s thermal energy might
explain the observed spatial equilibration of the temperature
profile. Ion-electron thermal equilibration is expected to
become a significant effect at around this time, as evidenced
by the observation of precursor column collapse at ~160ns
in previous Magpie experiments®~'*® and in the optical
self-emission images in Fig. 3. Although there is no inter-
ferogram at the exact time of this TS measurement, the pro-
gression of the electron density maps in Fig. 4, combined
with the evidence from the images in Fig. 3, suggests that
this measurement was made just prior to the start of the pre-
cursor collapse process. Further, more detailed measure-
ments may be required to understand the details of this
dynamic shift, in particular, it would be useful to have simul-
taneous measurements of both the electron temperature
(through measurements of the Thomson scattering electron-
feature) and of the radiative power (using, for example, a di-
amond photo-conducting detector array).

At this time, the axial velocity of the ions at the array
axis actually exceeds the radial velocity by a significant fac-
tor. This suggests that the magnetic field has become more
dynamically significant at this time, compare to our previous
measurement at 120 ns.”’ This effect is discussed in greater
detail in Section V B.

B. Thomson spectrum at 100 ns

The TS spectrogram measured at 100ns (Fig. 6(a)) im-
mediately appears quite different from the spectrum seen at
140 ns. Qualitatively, the flows appear to be interacting in a
much weaker manner, which is consistent with the reduced
collisionality that would be expected given the lower density
of the plasma at this time. As with the spectra at 140ns, at
large radius, the radially-sensitive spectra are dominated by
a narrow, red-shifted spectral peak. This peak corresponds to
the inwardly moving ablation stream. Nearer the axis, the
spectral distribution becomes much broader, however the
shapes of the spectral profiles suggest it is unlikely that this
broadening is due to significant collisional thermalization of
the ablation streams. The spectra have a broad, flattened,
steep sided shape which appears to be formed by the super-
position of scattering from many relatively cooler, interpene-
trating streams passing through one another. This
interpretation is further supported by the axially sensitive
spectra, which are consistently significantly narrower than
the corresponding radial spectra (even taking into account
the ratio |ky.|/|ks| = 2.4, as discussed in Section II).

A quantitative analysis of these spectra is presented in
Fig. 8. The approach used to analyze these data is slightly
different to the method used to model the spectra recorded at
140 ns. This is because the spectral profiles seen in the data
at 100 ns are more complicated and cannot all be properly fit-
ted using just two ion populations. Fig. 8(a) shows plots of
the spectral profiles extracted from the spectrogram
(Fig. 6(a)) for each of the 14 scattering volumes. The spectral
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FIG. 8. Thomson scattering data analysis for measurement at 100 ns. (a) Individual spectra extracted from the spectrogram recorded at 100 ns (see Fig. 6). The
black lines are the recorded Thomson scattering spectra, the blue line shows the un-scattered laser line used for calibration. (b)—(d) Three example fitting of
this data. The arrows indicate the pairs of spectra which have been fitted. In black, measured spectrum; in red, spectral fit; in blue, individual ion population

components of the each fit.

profiles are plotted using solid, black lines, while the spec-
trum of the un-shifted laser-line is again plotted in blue. The
spectra from the radially sensitive fibers are shown in the left
column, and the corresponding axially sensitive spectra are
shown in the right column. Figs. 8(b)-8(d) show fitted spec-
tra for three representative radial positions (positions indi-
cated by arrows from Fig. 8(a)). In these plots, the raw data
are plotted using dotted black lines, while the fits are shown
by solid red lines. Spectra corresponding to the individual
components of each fit are also shown, plotted with blue
lines.

The first fit, Fig. 8(b), comes from the scattering volume
which lies at the greatest radius (r =~3.5mm). Comparing
with Fig. 4, we see that at ~100ns, this volume corresponds
to a region just outside of the azimuthally smoothed
“interaction-region.” This volume is modeled with two ion
populations. The radial spectrum has a narrow, tall spectral
feature which corresponds to the incoming streams. This fea-
ture was fitted using a population with a velocity of
1.8 x 10°ms ™" and an ion temperature of 3 keV to match the
observed red-shift and broadening. The remaining spectrum
appears to consist of a higher-temperature background
plasma, modeled in the fit with a population with radial ve-
locity of —0.3 x 10°ms ! (i.e., away from the axis) and a
temperature of 30keV. This population likely corresponds to
plasma that has already passed through the axis. The lack of
any shift in the axial fit at this position indicates negligible
axial velocity. The width of the fitted spectrum does not

match the axial data as well as it does the radial data—this
may be due to enhanced perpendicular diffusion of the
stream’s velocity distribution, but may also be influenced
simply by the noise in the measurement—the axial spectra
suffered from a significantly reduced signal to noise ratio at
this early time. This was due to a combination of the low
electron density of the plasma, which led to a reduced inten-
sity of scattered light, and the difference in magnitude
between the two scattering wave vectors, which meant the
scattered power was spread over a larger spectral range for
the axial measurements.

Plot Fig. 8(d) corresponds to the spectrum recorded
from the scattering volume at the array axis. In this case, it
was not possible to fit the spectra using a simple pair of ion
populations; instead a more complicated model was found to
be necessary. A diagram of the geometry for this scattering
volume is shown in Fig. 9; it is assumed due to the cylindri-
cal symmetry that the streams of plasma launched from each
wire core have undergone the same collisional interactions
and field deflections as they approached the axis. This
implies that at the axis, each population should share the
same temperatures (7;, T,), density (n;), average ionization
(Z:), and velocity magnitude |v|. From the point of view of
the TS diagnostic, the only difference between these flows
should be the components of their velocities which lie paral-
lel to the radial scattering vector (v -IAcs,). Due to the align-
ment of the wires and the kg, vector in this experiment, these
components naturally form identical pairs. These pairs of
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FIG. 9. Diagram of the Thomson scattering geometry at the array axis,
showing the relative orientation of the stream velocity vectors and radial
scattering vector (ks-). The eight streams may be divided into four pairs
(marked in orange) with equal components parallel to the radial scattering
vector (I;",).

streams are indicated by matching dash patterns of the red
stream arrows in Fig. 9. For eight wires, the correct fit should
require four geometrically constrained ion populations, the
radial velocities of which will be scaled by the cosine of their
angle from the scattering vector (orange vectors in Fig. 9).

The fit to the axial data is simpler; due to the cylindrical
symmetry of the experiment, each flow should have the same
axial velocity component (v - ky;). This model is quite suc-
cessful in reproducing the form of the spectra measured on
axis. For this fit, the streams were modeled using an absolute
radial velocity of 1.9x10°ms™', an axial velocity of
0.8x10°ms ™! (again, directed towards the anode), and an
ion temperature of 13 keV.

The fits presented in Fig. 8(c) correspond to a position
roughly half way between the two described above. We have
again fitted these spectra with four separate populations.
This was necessary in order to match the spectral shape of
the radial profile. These fits are however slightly more arbi-
trary due to the relaxed symmetry at this position. This spec-
trum is however illustrative of the general trend of the
populations as they propagate towards the axis. Some evi-
dence of the incoming stream is still discernable; unlike the
spectrum seen on axis, the radial spectrum at this position is
not symmetric. The “incoming” stream which makes up the
right edge of this spectrum has a lower temperature than the
“outgoing” stream feature on the far side. The sub-
populations used to produce this fit are plotted as blue lines.
The most important of these are the outer profiles—the inner
profiles are more arbitrary. For the incoming flow, we have
modeled a radial velocity of ~1.9 x 10°ms ™" and a tempera-
ture of ~5keV. For the flow which has already passed
through the axis, we have a residual radial recession velocity
of ~—1.4 x 10°ms ™" and a temperature of ~15keV. As was
seen in the other fits, the axial spectrum is much narrower
than the radial. We have therefore modeled all four spectra
with approximately the same axial velocity, in this case
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~0.5 x 10°ms ™", again directed towards the anode. This fit
appears to match the observed width of the axial spectrum
reasonably well, providing further evidence in support of our
estimate of the ion temperature.

It is interesting to note that the radial velocity on axis
is actually slightly faster than the radial velocity of the
incoming streams. The plasma on axis also has significant
axial velocity, which further adds to its total kinetic energy.
It seems likely this disparity in the kinetic energy of the
incoming and on-axis plasma is due to an early variation in
the ablation velocity; the plasma on axis was launched
~20ns earlier (based on a time of flight argument) than
plasma at r =4 mm. Fig. 11(b) shows a plot of the variation
of measured approach velocity with time; previous TS
measurements at 120 ns (Ref. 20) indicated an ablation ve-
locity of ~1.6 x 105ms71, and the data recorded 140ns,
presented in Section IV A of this paper, indicate the abla-
tion velocity has by that time reduced to ~1.2 x 10°ms ™",
so there is strong evidence in support of a time-varying
ablation velocity.

The presence of the axial deflection of the ablation
streams means that the toroidal magnetic field is already
present, even at this early time. The ratio of the axial to ra-
dial velocity on axis is substantially smaller at this time, indi-
cating that this field is less dynamically significant at earlier
times. This effect is discussed further in Section V B.

C. Thomson spectrum at 150 ns

The Thomson scattering spectrogram shown in Fig. 6(c)
was captured at ~150 ns, around the time at which the dense
precursor column starts to form.?' Spectral profiles extracted
from this spectrogram are presented in Fig. 10(a). Looking
first at the spectra from the radially sensitive fibers, we see
that the outer ~5 fibers have very simple spectral structures.
These are made up of narrow, single, red-shifted peaks,
which correspond directly to the incoming ablation streams.
These peaks are almost entirely dominant; there is very little
evidence of the high temperature background populations
seen at 100ns and 140 ns, suggesting that the plasma is no
longer interpenetrating out to these radii. Fitting these peaks
yields an ion temperature of ~500eV and an incoming radial
flow velocity of ~1.1 x 10° msfl, continuing the trend of the
incoming ablation streams to become cooler and slower with
time (see Fig. 11(b)). Turning to the axially sensitive spectra,
for these outer scattering volumes, the form of the spectral
profiles is again very simple. The temperatures needed to fit
these spectra are the same as for the radial spectra, and the
centers of these spectra are un-shifted, indicating that the
bulk axial velocity of the incoming ablation streams is
negligible.

In the following discussion, we refer to the numbering
of the scattering volumes as given in Fig. 10(a) between the
two columns of plots. The incoming ablation stream is seen
to extend through volumes #1-5, with approximately con-
stant velocity and temperature, up to a radius of ~2mm
from the array axis. Interaction of the flows appears to begin
around volumes #6 and 7, where we see evidence of a second
ion-population in the radial spectrum. Over the range from
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FIG. 10. Thomson scattering measurement at 150 ns. (a) Individual spectra extracted from the Thomson scattering spectrogram recorded at 150ns (Fig. 6(c)).
Black lines are experimental spectra, blue lines show spectrum of un-scattered laser line used for calibration. Red lines are fits to the Thomson scattering data.
It should be noted that the horizontal scales used on these plots are half as wide as those used in Figs. 7 and 8. (b) Plot of relative contribution of 500 eV and
3500 eV populations to fits seen in (a). (c) Average velocity of populations used to fit TS data in (a).

volumes #6—#9, which corresponds to a radial range of
~1 mm, the incoming flow appears to undergo a transition to
higher temperature and lower velocity. At fiber 9, at
r ~0.7mm, the flow can be approximately fitted with a sin-
gle ion population of temperature of ~3500eV and a radial
velocity of ~0.4 x 10°ms™'. In Fig. 10, the radial spectra
from positions #6 to 9 have been fitted by mixing together
varying proportions of the pre and post-transition popula-
tions. Fig. 10(b) shows plots of the relative density of these
two component populations with radius. The jump over this
“shock” represents an abrupt jump in temperature of ~x7
and fall in velocity of ~x2.5; the axial velocity of the flow
after the shock remains almost negligible. The absence of
ion-acoustic peaks in the TS spectra on both side of the
“shock” indicates that 7; > ZT,, and therefore we may esti-
mate the pre and post “shock” Mach numbers (M) based on a
T; dominated ion-sound-speed. This method produces an
estimated incoming M ~ 7 and post shock M ~ 1.
Approaching the axis of the array, at fiber 11/12, the
flow velocity continues to decrease (the mean population
weighted velocity is plotted in Fig. 10(c)), reaching ~0 at
position #12, which is approximately on axis. On the far side
of the axis, the flow velocity starts to increase in the opposite
direction. This ramped change in velocity across the radius
of the central region indicates that the plasma here is under-
going compression. The ion-temperature of the plasma in
this region remains fairly constant across its width, at around
3-3.5keV, indicating that thermal conduction in the region

is likely to be faster than the rate of kinetic-energy thermal-
ization. Within the central region, we see some evidence of
axial flow, however this flow appears to be directed towards
the cathode of the array, and the magnitude of the peak axial
velocity is in this case substantially lower. Fits of fiber 12
axial data give a maximum axial velocity of ~0.3 x 10°ms ™.
The absence of substantial axial flow implies that any toroidal
magnetic field that might have been present earlier in time, as
evidenced by measurements of axial deflection in the earlier
TS data, has collapsed towards the array axis, due to some
combination of radial compression and resistive annihilation.

The temperature of the post shock plasma quoted above
was found by fitting to the widths of the axial spectra meas-
ured from volumes #10-13. It should be noted that these
widths do not fit the radially-sensitive spectra that well. It is
possible that this inconsistency may reflect some anisotropy
in the ion velocity distribution, however this seems
unlikely. Instead it seems possible that a combination of the
rapid spatial variation of the bulk radial velocity of the ion
flows in this region and the finite size of the scattering vol-
umes has led to the fibers sampling plasma with a range of
bulk velocities. This, in effect, will smear out the width of
the measured spectrum, giving the appearance of greater
ion-temperature. This “sampling width” effect could also
have contributed to the slightly strange forms of the radial
scattering peaks for volumes # 6-8, as these spectra may
have both post and pre-shock components contributing to
each signal.
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FIG. 11. Plots of data from Table 1. (a) Variation with time of the mean ra-
dial (green + and axial (blue *) velocities and ion temperatures (red x) of
interpenetrating ion populations on axis. (b) Plots of variation of measured
incoming velocity (green +) and temperature (red x) of ablation streams
approaching the interaction region. Measured from TS data presented in
Sec. IV and in Ref. 20.

V. DISCUSSION

A summary of the key experimental measurements pre-
sented in Sections III and IV is provided in Table I to ease
reference during the following discussions.

A. Collisional dynamics

The analysis of the data collected in these experiments
clearly indicates that the collisional dynamics of the tung-
sten ablation streams changes significantly over the time-
scale of the measurements. Up to at least 140ns into the
current drive, the TS measurements show that the ablation
streams are interpenetrating across the array axis, and the
dynamics of that interpenetration can be leveraged to gain
further insights into the likely plasma parameters. In the
interpretation of similar interferometry measurements pre-
sented in Ref. 19, it was asserted that ion-ion collisions dom-
inate the interaction dynamics. That statement was based on
the conclusion that at the expected T, ~20eV (this parame-
ter was not directly measured), the ion-electron collision
rate would be much smaller than the corresponding ion-ion
rate. That conclusion was based on calculations using an
incorrect estimate for the ion-ion coulomb logarithm (/;)
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TABLE I. Summary of key experimental measurements. Results for 120 ns
are taken from Ref. 20. Selected data from this table are plotted in Figs. 5
and 11.

Velocities and temperatures of incoming streams

Time [ns] [v,| (ms™] T; [keV]
100 1.8 x 10° 3
120 1.6 x 10° 2.5
140 1.2x10° 2
150 1.1x10° 0.5
Plasma parameters on axis

Time [ns] ne [em ] [ve| [ms™"] v, [ms™'] T; [keV]
100 4% 107 1.9 x 10° 0.8 x 10° 13
120 6 x 10" 1.2x10° 1x10° 20
140 1x10" 0.7 x 10° 1.1 x10° 20
150 4x10'® 0 0 3.5

(an incorrect engineering formula was taken from Ref. 37,
see Appendix of Ref. 11 for notes on the correction).
Although this error has no impact on the validity of the ex-
perimental data presented in Ref. 19, calculations using the
corrected equation for /; suggest that a higher electron tem-
perature is required than was previously estimated in order
for the expected dynamics of the plasma to be consistent
with those observed.

The experimental evidence presented in this paper, com-
bined with data presented previously,'*® strongly supports
the view that the collisional interactions near the array axis
at early times (t < 140 ns) must be dominated by ion-ion col-
lisions. The interferograms presented in Fig. 4 clearly and
consistently show well defined, focused ablation streams
extending right up to the edge of the “interaction region”
(see Fig. 1(b)). Upon crossing the boundary of the
“interaction region,” these streams rapidly diverge to form
an azimuthally isotropic, smooth distribution of electron den-
sity. The ions carry the momentum of the ablation streams
and it is therefore their motion which determines the mass
and, via quasi-neutrality, the electron density distribution of
the plasma. In order to explain the smooth structure and lack
of ablation stream imprint seen in the interferometry data,
the ions must undergo rapid scattering upon entering the
“interaction region.” The TS data provide further evidence
of strong scattering. For Thomson scattering observed along
observation vector 1;0_7 (see Fig. 1(d)) for diagram), the form
of the TS ion feature is sensitive only to the transverse diffu-
sion of the ion velocity distribution and the ion bulk axial ve-
locity, whilst for scattering observed along lgor, it is sensitive
only to the parallel diffusion and radial velocity of the ion
population. The rapidly rising, matched values of 7; used to
fit spectra measured simultaneously along both these direc-
tions (see Sections IVA and IV B) indicate that the ion
streams are undergoing significant, simultaneous parallel and
transverse diffusions. The data further indicate that the
observed slowing-down mean free path (MFP) for the ion
stream, li,\ﬁ must be of the same order as the parallel and
transverse diffusion MFPs, li‘\ﬁ and ll\ﬁ , as these processes
are observed to occur over similar spatial scales (superscript
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i\f indicates collisions of stream ions, 7, with scattering pop-
ulations f§ =1 for ions or e for electrons).

Taking the ratio of the expected theoretical values
for lg\’g and ll\ﬁ gives the following expression:*’

m; R
) 14+ (x\P)
1Y ( mrf) '

W 2 [(1 - 2x1’\ﬁ> Y (x\B) + lﬁ’(xi\ﬁ)}
AB

2 mpyv?
(a\ﬁ):_J,—zd, B _ Yy
Vi Nz B T
0

3)

In this equation, y(x*\f) is the velocity potential for the
interaction.”® Given the lack of obvious ion-acoustic peaks
in the TS data, we place an extremely generous upper limit
on the possible electron temperature of 7, <400eV. From
this, we can deduce that for all possible values of T, [\ I
> 1 (e.g, T,=10eV [\°/1\ =500, T, =400eV, [,°/I\¢
= 12). This implies that transverse scattering of the ions due
to ion-electron interactions should be negligible (i.e., these
interactions may be treated as a simple drag force). If ion-
electron collisions are dominant, then the ablation streams
should remain well-defined and focused all the way to the
array axis, and their ion temperatures should not increase
significantly as they slow down. This is not observed;
instead, as the streams decelerate, they appear to undergo
strong directional scattering and rapid ion heating. For ion-
ion collisions, IT / lé\" ~ 1, and therefore ion heating and scat-
tering processes should occur on the same spatial scale as the
slowing down of the streams. The observed interaction dy-
namics is therefore consistent only with plasma parameters
under which the effects of ion-ion interactions dominate over
the ion-electron interactions.

Having established that the observed nature of the inter-
actions strongly indicates the dominance of ion-ion colli-
sions, we will now investigate the plausibility of the plasma
parameters required to produce the condition where the ion-
electron mean free path exceeds the ion-ion mean free path
(I\¢ /N > 1). The characteristic length scale for classical col-
lisional deceleration of a directed stream of ions is given by

the following well know expression:>"**

1 m[zvf»1

(1+ m,-/m,;)lﬁiw 47IZ_§Z_? e*lipng 7

A 4)

where m, v, and Z are, respectively, the mass, velocity, and
ionization state, ;g is the coulomb logarithm and lﬁi\ﬁ is the
velocity potential. The ion-ion coulomb logarithm used in
these calculations was calculated using the following equa-
tion® (this is a correction with respect to the approximated
expression given in Ref. 37, which was used previously for
interpretation in Ref. 19):

mivi2 kT,

;»,‘,' =1In 22263

)

4nn,
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The coulomb logarithm for the ion-electron collisions was
calculated as previously using the formulae provided in Ref.
37. Over the parameter range of interest, 4; ~3-7 and
Aii ~8-11. Taking the ratio of the MFPs for slowing through
collisions with ions and electron gives the following
expression:

li\e B 2 l//(Xi\i) /l,',' Z—
A (U2 gaive) die

(6)

The ranges quoted for the coulomb logarithms above imply
that the ratio 4;;/Z, remains of order unity; the ratio of
MFPs is therefore controlled largely by the ratio
Y (x'\) /(x"\¢), which must compensate for the large ion-
electron mass discrepancy factor (m;/m,~ 3.4 x 10°). The
ratio  (x'\') /y(x\) is in turn largely controlled by T, and it
is therefore possible to estimate a lower bound for 7, based
on the condition that consistency with the experimental data
requires /1\¢ /1N > 1.

Starting with the earliest Thomson scattering measure-
ment, at 100ns, the incoming ablation stream velocity v;
is~1.8x10° msfl, the 7; on axis is ~13keV, and
ne ~4 % 10”7 cm ™. The width of the “interaction region” at
this time is estimated from the Thomson scattering spectra in
Fig. 8 to be ~8 mm. Making the assumption that ion-ion
collisions do indeed dominate, Z is adjusted to achieve
I\ ~ 8 mm; for the above parameters, this requires Z ~ 15 .
The electron temperature is then adjusted so that //\¢ /I > 1.
This is the point at which the ion collisions become equally
important to the electron collisions. The condition is reached
at T, >30eV. These values for Z and T, seem reasonably
consistent. Retrieving Z =15 as the equilibrium ionization
state solution to the Saha equations for tungsten requires set-
ting T, =22 eV. This should be treated as a lower bound for
the required temperature, as the Saha model assumes the
plasma has reached local thermodynamic equilibrium (LTE),
which seems unlikely for this plasma. It is in fact possible
that 7, may be significantly higher. For T,=30eV,
ZT,=450eV, which is consistent with the absence of ion-
acoustic peaks in the TS data (this constrains the plasma
such that T; > ZT,); the T; used to fit the incoming ablation
stream for this measurement was ~3 keV.

At 140ns, the plasma parameters have somewhat
evolved. On axis, T; ~20keV, the incoming ablation stream
velocity has fallen to 1.2 x 10°ms ™' and n, has increased to
2x 10" cm™ on axis. The observed slowing down scale
length, inferred from the TS data in Fig. 7, has reduced a lit-
tle to ~4 mm. Under these conditions, Z >8 is required to
reproduce /' <4mm, and to reach [\¢/I\N'>1 we again
require a minimum 7, > 30 eV.

It can be argued that reaching the point where ion-ion
collisions dominate is somewhat inevitable. The electrons
are highly mobile within the plasma, and thermalize rapidly,
such that they may be treated as a single population. If we
start from a cold electron population, the incoming streams
will friction heat the electron population to the point where
[\¢ > [\ and ion-ion collisions start to become dominant.
The increasing electron temperature will also drive up the Z
of the plasma, further increasing the strength of the ion-ion
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collisions with respect to the electron collisions. At this
point, the electron population will have become effectively
“transparent” to the incoming flows and the heating rate will
drop. If the plasma cools, lf;\e will decrease until a new equi-
librium is reached between the various losses and frictional
heating. The radiative cooling rate for the tungsten plasma is
likely to be rapid. Estimates taken from Ref. 39 for a
T,=100eV tungsten plasma (this is the lowest temperature
for which the cooling rate is available in Ref. 39) suggest a
cooling time-scale on the order of ~1ns. In order for our
steady-state model to be viable, we need to show that the
frictional heating rate is potentially fast enough to compete
with this cooling rate. Equating the rate of change of internal
energy to the classical electron-ion frictional heating power
gives the following expression:**4°

3 dT,

EnekBE =F v = Mneveiv? :
1 3 (m, %(Tek3)3/2 M
Tei = Vo =5 \77] ——= -
“ 4 \2n /le,-e“Zznl-

Rearrangement of this expression produces an estimate
for the characteristic heating rate

al. 8\ 2nm,e* }Le,-Z_nev,-2

dr 9k153/2 T,3/? ®
dT, WA,
L= 1ix107 AT# [CGS /eV].

Inserting parameters for the plasma on axis at 100ns,
vi=18x 107 cmsfl, n,=4x 1017cm73, and taking the
approximations A,; =10 and Z =10 and setting T, =30eV,
we retrieve a heating rate of dT,/dt~90eV ns™'. This is
rapid, and suggests that frictional heating should be able to
keep up with radiative cooling at this temperature and
density.

The arguments presented here allow us to construct a
model where the classical collisional interactions of the
streams are consistent with the dynamics observed in experi-
ments. Direct measurements of the electron temperature of
the plasma are required in order to properly verify these
arguments, perhaps via measurements of the electron compo-
nent of the TS spectrum, or via spectroscopic techniques.
The calculations presented here suggest that the required
plasma conditions, particularly a sufficiently high electron
temperature, are certainly not impossible. An assessment of
whether more complex processes are at work, e.g., kinetic
effects, particularly during the early stages of the stream
interactions, goes beyond the scope of the current paper but
merits future attention.

B. Magnetic field in the interaction region

In previous experiments, we saw indirect evidence of
the presence of a static toroidal magnetic field in the
“interaction region” around the array axis.” As the ion popu-
lations approached the axis, they were observed to acquire
an axial velocity directed towards the array anode. After
passing through the axis, this axial velocity was observed to
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reduce again back towards zero. This “S” shaped trajectory
(see Fig. 12 for diagram) is consistent with the J x B force
structure one would expect a static toroidal field to impart on
the ion stream as it travels through the array axis. The
strength of the field was estimated in Ref. 20 based on argu-
ments related to the ion-gyroradius required to produce the
observed deflection angle at the axis. For this estimate, it
was assumed the radial width of the magnetized region was
r=1.65mm, which gave an estimated Z|B|~ 130T. The
magnetic field of |B| ~ 20T was estimated based on Z = 6.

The data presented in this paper further support the con-
clusion that a static magnetic field is present around the axis
at early times in these experiments. Analysis of the new
Thomson scattering data presented in Sections IV A and
IV B revealed similar axial deflections of the ion-populations
at both 100 and 140 ns. Further experiments have also been
conducted, including one where the anode and cathode were
reversed with respect to the TS scattering geometry. In every
experiment, the deflection of the ion-populations was
towards the anode, and always with the S-type trajectory
depicted in Fig. 12. Furthermore, as Fig. 1(c) shows, the scat-
tering volumes from which the TS spectra are collected are
actually distributed in the axial direction (over ~ 11 mm), as
well as in the radial direction. In each experiment, all of
these axially distributed scattering volumes show the same
anode wise deflection. This is strong evidence against the
measured deflections being associated with small scale varia-
tions in the axial velocity of the precursor plasma. Finally, as
we have already discussed, magnetic field advection has
been measured directly in wire array ablation plasma flows
previously.?"?>2¢ If this measured field were to be accrued
about the axis, then its measured direction would be consist-
ent with the required force structure. Given the low degree
of collisionality at early times, it is difficult to explain this
phenomenon in any other way.

At 100ns (see Section IV A), the radial velocity on axis
is 1.9x10°ms™" and the axial velocity is 0.8 x 10°ms™".
This gives a flow angle (atan(v./v,)) on axis of 22.5°. In our
previous experiment,”® the flow angle on axis at 120 ns was

measured as 45°. At 140ns (see Section IV B), the axial ve-
1

locity is 1.1 x10°ms™' and the radial velocity is just

10N
flow vectors

cathode end

FIG. 12. S-shaped trajectory of ions is consistent with a toroidal magnetic
field about the array axis. Small arrows indicate direction of Lorentz force.



072706-15 Swadling et al.

0.7 x 10°ms ™', giving a deflection angle of 60°. The angle
of deflection () and spatial scale of the deflection (d) are
used to estimate the magnetic field about the axis using the
following equation:

% sin 0 [CGS]. )

BZ =

This equation is based on the same ion-gyroradius argu-
ment used in Ref. 20. The estimate in Ref. 20 was based on
an estimate of Z = 6. Corrected calculations of the collisional
scale length (Section V A) suggest that this value for Z may
be too low. This calculation also more than likely underesti-
mated the range over which the deflection takes place; the
deflection process had already begun by the point of the first
measurement. Based on the new information presented in
this paper, we make the following estimates. At 100 ns, using
y=1.8 x 10°ms ™! and d =2 mm, we estimate BZ ~ 70 T; at
120ns, using v=1.6 x 10°ms™" and d =2mm we estimate
BZ~110T. At 140ns, using v=1.2x10°ms ' and d=2mm,
we estimate BZ ~ 110T. Assuming Z ~ 10, the magnetic field
in this region is B~7-11T.

In order for a magnetic field to produce a force on a
stream of ions, the field must be “static” with respect to the
ion flow velocity (i.e., static in the laboratory reference
frame). The toroidal geometry of the magnetic field implied
by the measurements at 100 and 140ns (and in previous
experiments at 120 ns (Ref. 20)) will naturally try to induce
a collapse towards the array axis. In order for the field to be
static, it must be frozen into the electron component of the
plasma, and the column of plasma on axis must provide
some force in order to resist the magnetic pinching. This
force will be provided by a combination of the thermal pres-
sure of the ion populations and by the residual, out-going
ram pressure of the ion streams after they have penetrated
through the array axis. The ion populations are tied spatially
to the electron population via the electrostatic forces that
enforce quasi-neutrality, and can therefore act to prevent the
collapse of the magnetic field. As time goes on and the ion-
ion collision scale length decreases, the ram pressure of the
streams will gradually be redistributed; the outwardly
directed component will gradually disappear and an inwardly
directed, compression force will come to dominate. As the
ion-electron equilibration time decreases, the ions will be
able to cool more effectively, leading to a reduction in their
temperature and thus a fall in thermal pressure. At 150ns,
the ion temperature of both the ablation streams and plasma
on axis is substantially reduced, and it appears that the abla-
tion streams are no longer able to penetrate through the axis.
The combination of these effects will gradually reduce the
thermal and ram pressure available to support the central
magnetized column. The magnetic pressure acting on the
column will then contribute towards its collapse. Estimates
of the plasma f§ support this narrative. The thermal pressure
of the plasma should be dominated by the ion component
(ZT, < T)), so the plasma f3 can be estimated as follows:

- 8nn[kBT[ o SﬁznekBT,'
B (zB)

B [CGS]. (10)
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Using the parameters discussed in Section V A for the
plasma at 140ns (7; ~20 keV , n, ~ 1 x 10"¥ecm (density
in the magnetized region) Z ~ 8 ), we retrieve §~ 5, which
indicates that at this time, the thermal pressure is very much
dominant. At 150ns, although the electron density on axis
has increased by ~Xx2, the width of the density distribution
has decreased substantially, leading to only a small increase
in density in the region around the axis where the magnetic
field resides and the ion temperature of the plasma has fallen
significantly, to around ~3.5keV. These two effects lead to
an estimate (assuming the previous magnetic field was still
present) of ff~ 1, which suggests the magnetic field should
be dynamically significant at this time.

This interpretation is supported by the absence of ma-
terial in the inter-stream segments in the interferometry
data at 150 ns and 160 ns. The ablation streams at this late
time are highly focused, so that it seems unlikely that the
collapse of the plasma column could be completely
explained by the increasing ram pressure of the ablation
stream; were this the case we would expect to see some
“trailing” high temperature plasma in the inter-stream
regions.

C. Evolution of ablation streams properties

The plasma parameters of the ablation streams are seen
to vary significantly with time. These variations are shown
graphically in Fig. 11(b). At 100ns, the incoming ablation
streams were measured as having a T;~5000eV and an
incoming radial velocity of ~1.9x 10°ms™~". In a similar
experiments conducted previously,” the temperature and
velocity of the incoming streams at 120ns were measured
to be ~1.6 x 10°ms ™" and 2000-3000 eV, respectively. At
140ns, T; was measured at 3000eV and the velocity at
~1.2x 10°ms~". Finally at 150 ns, the temperature and ve-
locity of the ablation streams has fallen further to ~500eV
and ~1.1 x 10°ms ™", respectively.

The variation of ablation velocity with time has been
suspected for some time,*° and has been noted in previous
TS measurements.>>** The observation of a strong tempo-
ral variation in the ion temperature of the incoming streams
is more novel. These measurements suggest that some
mechanism is heating the plasma ablated by the wire cores,
either as it is launched, or as it travels from the wire cores
to the array axis. The decrease in observed temperature
with time may be explained by increased radiative cooling
of the streams as their densities increase with time. The
cooling rate for the ions in the ablation streams will be
linked to the ion-electron equilibration time, which will
decrease with increasing stream density. We would there-
fore expect the ablation streams reaching the axis at later
times to have a lower temperature. While this explanation
is consistent with the data, further calculations of the
stream cooling rates would be required in order to properly
assess this model. It is very much less clear as to what
mechanism is heating the ablation streams to such a high
initial ion temperature. Further work will be required to
understand this phenomenon.
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VI. CONCLUSION

The data set presented in this paper provides a detailed
view of the changes in the interaction dynamics of the radi-
ally convergent ablation streams during the early phase of
tungsten wire array evolution.

The measurements made at 100ns clearly demonstrate
flow interpenetration through the array axis at early time,
while the combination of new measurements at 140ns with
previous measurements at 120 ns (Ref. 20) illustrates the
gradual evolution of the inter-stream collisionality as the
density of the plasma on axis increases.

The observed evolution of the plasma density and ion
temperature is consistent with collisions dominated by ion-
ion interactions. For this to be the case, we require a Z~15
and electron temperature 7, >30eV. This electron tempera-
ture is likely to be supported by friction heating of the elec-
tron population by the incoming ablation streams. This
heating will be limited to the electron temperature at which
the electron population becomes ‘“transparent” to these
incoming streams, which will occur as the electron thermal
velocity begins to exceed the incoming stream velocity. It
seems likely that the actual electron temperature is con-
trolled by a balance between incoming stream velocity and
the radiative cooling rate. Further work is required to better
understand this process, in particular, direct measurements
of T, would be extremely useful in order to better constrain
our models.

Further evidence of the magnetization of the broad pre-
cursor plasma column is provided by measurements of abla-
tion stream deflections at 100 and 140ns. The magnetized
column is observed to have disappeared by 150 ns, and this
is interpreted as being the result of the collapse of an ion
mediated pressure, which acts to support the inward pressure
of the magnetized electron population through electrostatic
forces at earlier times.

Finally, we see evidence that the ablation streams are
heated to high temperatures at launch. This is somewhat sur-
prising and an understanding of the mechanism driving this
will require further experimental investigation.
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