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Aluminium wire arrays have been imploded on the 6-TW, 4-MA Double-EAGLE generator. An ini-
tial diameter of 12.5 mm and mass loading of 164 ug/cm have been identified as the optimum parame-
ters to maximize the aluminum kilovolt K-shell yield. The implosion time of 90 ns and the initial radius
of 0.625 cm correspond to an implosion kinetic energy of 19.2+3.6 keV/ion. Larger-diameter arrays
have higher kinetic energies per ion but lower masses, and they produce lower kilovolt K-shell x-ray
yields. Smaller-diameter arrays have kinetic energies per ion less than the minimum 12 keV required to
ionize aluminum to its K shell; so these arrays produce lower K-shell yields. Time-resolved x-ray pinhole
photography and time-resolved spectroscopy are utilized to determine the K-shell emitting plasmas’
sizes, temperatures, and densities as functions of time during the pinched phase. It is found that both
the percentage of the mass radiating K-shell x rays and the electron temperature increase during the first
20 ns of emission. For the optimum implosion parameters, it is found that only a small percentage of the
mass is radiating in the K shell and, furthermore, that the conversion of kinetic energy to kilovolt emis-
sions alone does not account for the measured x-ray yields. The data analysis suggests that the problem
of maximizing aluminum K-shell emission breaks down into two parts. On the one hand, K-shell emis-
sion is enhanced when, during the implosion phase, sufficient kinetic energy is generated to drive the
aluminum plasma into the K shell on thermalization. This is in agreement with pure-kinetic-energy cal-
culations. On the other hand, there appears to be an additional anomalous heating mechanism that
scales with mass and adds to the K-shell emission during the current confinement on axis. As a result,
the optimum x-ray production occurs in these experiments by maximizing the mass on axis while both
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achieving enough kinetic energy per ion and imploding at peak current.

PACS number(s): 52.25.Nr, 52.65.+z, 52.50.—b, 52.25.—b

I. INTRODUCTION

In this paper we describe experiments that examine
some of the basic principles of radiation production in
imploding wire-array Z pinches, especially the role of the
implosion kinetic energy in determining the kilovolt x-ray
yield. The experiments involve systematically varying
the wire-array parameters, while at the same time
measuring the final plasma sizes, densities, and tempera-
tures, as well as the radiated yields. Furthermore, we
compare these results with some detailed numerical cal-
culations based on the same initial conditions. This work
extends further and in more detail previous experiments
and theories on Z-pinch radiation physics, which we now
review.

In 1976, Stallings, Nielsen, and Schneider [1] reported
that a wire array was better coupled to a 1-Q) waterline
pulsed power generator than a single on-axis wire. These
experiments found that due to the high initial inductance
(40-60 nH) of single wires, only 40% of the generator
current flowed in them at the time of peak current. On
the other hand, all the current was found to flow through
wire arrays which had lower inductances. Kilovolt x-ray
measurements of wire arrays [3,4] (and gas puffs [5]) have
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shown these Z pinches to be very efficient radiators and
this was and still is the main motivation for their study.

There are also differences in the way the wire arrays
are heated. An array is accelerated to the axis by the in-
teraction of the electrical current and the self-generated
magnetic field. During this radial collapse, the moving
plasma gains kinetic energy, which is then thermalized by
the assembly on axis. In contrast, the single wire is heat-
ed by the current from the start of the pulse and it does
not benefit from an implosion stage.

One of the assumptions often used to describe the radi-
al dynamics of an array implosion is that all of the
current flows through and acts on all the wire mass. The
resulting JXB force accelerates this mass, increasing its
kinetic energy as it implodes to the axis. Optimum
kinetic-energy generation occurs when the array reaches
the axis near the time that the short-circuit current
peaks. Under the above force assumption, it is sufficient
to describe the implosion by the following dimensionless,
nonhydrodymamic, equation of motion, as first discussed
by Katzenstein [2]

d*x i?
1 = A; , (1)
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where A is a dimensionless parameter that can be defined
in terms of the plasma implosion time ¢, the initial array
mass per unit length m, the peak current I, the initial ar-
ray radius r,, and the number of wires N. The parame-
ters 7, i, and x are the normalized time, current, and radi-
al position, as in Ref. [2]. Specifically, 4 is defined as

N_ ko T
N—1 4n m(ro/l‘o)2 )

A= (2)

Equation (1) can be incorporated with a circuit model
for the generator and then solved numerically to predict
the plasma radius as a function of time. Comparisons
with optical streak camera images [6] show such predic-
tions to be accurate. Equation (1) can also be solved
analytically if a current wave form and implosion radius
are assumed. The analytical solutions are typically as-
sumed to be valid up to the point where the shell mass is
collapsed to 10% of its initial radius [2]. These solutions
have been used (a) to predict the implosion time for a
given initial radius and mass [3,4] (b) to estimate the
shell’s mass from the implosion time and initial radius
[7], for an uncharacterized source; (c) to derive a phe-
nomenological explanation of the observed I* current
scaling of K-shell x-ray yields [8]; (d) to determine the
optimum coupling of an imploding load to a pulsed
power generator [2,9]; and (e) to help theoretically deter-
mine the scaling of Z-pinch x-ray emission with atomic
number [10]. In this last work, in an attempt to obtain a
better theoretical understanding of aluminum kilovolt
yield behavior, Whitney et al. [10] reported results from
one-dimensional hydrodynamic calculations, incorporat-
ing full radiation transport. In these calculations, alumi-
num arrays were driven by a linearly rising current from
a fixed radius of 1 cm. To remain consistent with earlier
modeling and, more importantly, to focus on the kinetic-
energy contribution to the radiated yield, the current was
switched off when the plasma reached 14% of its initial
radius. The thin shell was then allowed to collapse onto
the axis where it was confined by inertia only. The kilo-
volt x-ray yields from the aluminum wire arrays were
determined for varying masses, currents, implosion times,
shell kinetic energies and dimensionless kinetic energies
per ion (7). The quantity 7, is defined by

K;=nEpn » (3)

where K; is the maximum implosion kinetic energy per
ion and E_;  is the sum of the ionization energies and the
ion and electron thermal energies required to reach the
heliumlike stage of aluminum (or the relevant element of
atomic number Z). The temperature used to calculate
the thermal energies is chosen to give high K-shell occu-
pation as discussed in Ref. [10]. A scaling law for E_; is

E,;,=1.012Z%*%2 ¢V /ion . 4)

For aluminum E_;, is 12 keV/ion, while for nickel E_;,
is 200 keV/ion. Whitney et al. [10] in their calculations
showed that the parameter 7 is important in determining
how efficiently the energy in excess of E_;, is radiated,
once the K shell of aluminum is reached by the thermali-
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zation of the implosion kinetic energy. For high-mass
cases, the conversion of kinetic energy to radiation ap-
proached 35%, where it tended to saturate. This satura-
tion resulted in the transition from I* to I? current scal-
ing. For low-mass cases, however, higher 7 values, at a
given mass, reduced the conversion efficiency due to the
plasma being superheated and the density being reduced.
For implosions with 7 <1, no significant kilovolt radia-
tion production was expected. Some of these trends have
not previously been observed in experiments and it is one
of the purposes of our experiments to make detailed com-
parisons of the trends in the theoretical calculations with
actual experiments.

Experiments on a particular pulsed power generator,
however, are constrained by a fixed rise time and current
magnitude; therefore it is not possible to duplicate all of
the theoretical conditions of Ref. [10]. For instance, in
order to implode at the time of peak current it is neces-
sary to make mr3 a constant according to Eq. (2). Thus
the radius of the array must be changed as the mass is
varied to maintain optimum kinetic-energy generation.
In this case, the kinetic energy per ion cannot be fixed. It
decreases as the mass increases. Consequently, the elec-
tron temperatures and densities of the imploded plasmas
can be expected to vary more than in calculations where
either the mass or the kinetic energy per ion are held
fixed.

The importance of these parameters in determining the
kilovolt x-ray yield, where mr% was a constant, has al-
ready been demonstrated in part on the Blackjack 5 gen-
erator at Maxwell Laboratories (MLI). In the reported
experiment [3], Gersten et al. measured the variation of
the kilovolt x-ray yield with aluminum wire arrays. The
initial load masses and radii of the arrays were varied, but
the quantity mr3 was kept constant, thereby fixing the
implosion time and the machine coupling efficiency. It
was observed that the aluminum K-shell yield fell from 20
to 0.45 kJ as the initial wire array diameter was increased
from 15 to 30 mm, even though the kinetic energy of the
imploding shell was approximately the same, in all cases.
The time-integrated K-shell spectra were analyzed to give
the plasma electron temperatures, while the K-shell yields
and the associated pinhole images allowed the plasma
electron densities to be estimated. These data indicated
that as the initial radius was increased, the electron tem-
perature also increased but the electron density de-
creased. A similar trend has been observed by
Stephanakis et al. [11] in neon-gas puff experiments on
the Gamble II generator at the Naval Research Labora-
tory (NRL). The decreasing densities and masses were
responsible, in part, for the decrease in the K-shell yields
in both experiments. However, since the 15-mm array
only reached a minimum 7 of 4.2, the MLI aluminum ex-
periments neither determined the radius to produce the
maximum K-shell yield nor did they observe the yield be-
havior near the transition n=1.

A third radius scaling experiment has been performed
with nickel wire arrays [4] on the Double-EAGLE gen-
erator at Physics International. These experiments
showed that there was an optimum initial diameter which
maximized the kilovolt nickel L-shell emission. Arrays
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of larger diameter than the optimum 15 mm produce less
yield for the same reasons as in the MLI and NRL exper-
iments. Smaller array diameters resulted in bulk plasmas
which were too cold to radiate 1-keV radiation, although
hot spots were formed which did radiate 1-keV radiation
but at lower yield levels.

In this paper, we describe a set of imploding
aluminum-wire-array experiments performed on the
DNA /Double-EAGLE generator at Physics Internation-
al. The first experiment is designed to vary the 7 value
below 1 and to determine the optimum radius and corre-
sponding 7 value that maximizes the aluminum K-shell
yield. In a second experiment, the array masses are
varied, at the optimum radius condition, to determine the
effect of changing the masses, implosion times, and 7
values for a fixed initial diameter. The third and final ex-
periment employs an exploding single wire of a compara-
ble mass per unit length as the optimum array to com-
pare the total and K-shell x-ray yields with and without
an implosion phase. By comparing all these yields with
each other and with those calculated yields from Ref.
[10], it is also possible to evaluate whether all of the radi-
ated yield can be attributed to the thermalization and
conversion of the kinetic energy alone or whether other
heating mechanisms are contributing to the radiated
yield. This is one of the main themes of this paper. Such
comparisons are instructive, but a number of important
differences between the calculations and the experiments
are found by diagnosing the plasma thoroughly.

In these aluminum-wire-array experiments, a
comprehensive suite [12] of time-resolved pinhole cam-
eras, time-resolved crystal and grazing incidence spec-
trometers, and yield diagnostics are applied to study the
time dependence of the pinch parameters. As a result, we
infer time-resolved densities, temperatures, and K-shell
emission masses for a set of different initial radius and 7
implosions. The temperature and density temporal his-
tories are based on the time-resolved data, which are ana-
lyzed following the self-consistent approach developed by
Coulter, Whitney, and Thornill [13]. These measured
plasma conditions also give pointers to additional radia-
tion production mechanisms in imploding Z pinches
when they are compared to kinetic-energy-based calcula-
tions of the temperatures, densities, and K-shell radiation
emitting masses. These time-resolved measurements and
their comparison with calculations are a second theme of
the paper.

The paper is structured as follows. In Sec. II, we de-
scribe the Double-EAGLE generator and the x-ray diag-
nostics. The results from the radius scaling experiment
are analyzed and compared against other experiments in
Sec. III. Calculation-experiment comparisons are made
in Sec. IV. In Sec. V, the array results are compared with
the single wire results, and an interpretation of the exper-
imental findings will be given. We draw our conclusions
in Sec. VL.

II. EXPERIMENTAL ARRANGEMENT

The Double-EAGLE [14] generator is composed of
two triplate waterline modules feeding a common vacu-
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um diode. When wire arrays are placed between the
anode and the cathode a 3 to 4-MA, 110-ns rise time
current pulse is delivered to the load. Figure 1 shows a
load current trace and the associated aluminum K-shell
x-ray pulse for a 15-mm-diam array. The wire arrays
used are preloaded into fixtures which hold them at the
selected wire array diameter. All the arrays are com-
posed of twelve 2-cm-long wires. Aluminum is the ele-
ment of choice since extensive modeling has been per-
formed for aluminum implosions and it is also expected
to radiate in the I? regime.

A comprehensive suite of x-ray diagnostics [12] is em-
ployed to measure the aluminum K- and L-shell x-ray
emissions. The total x-ray emission around 1.5-2 keV is
determined using 2.5-um-Kimfol plus 1.8-um-aluminum
filtered, tantalum foil calorimeters. In addition, alumi-
num cathode, x-ray diodes [15] (XRD’s) with identical
filters are used to measure the radiation power in the
same energy range, following Young, Stephanakis, and
Scherrer [16]. The XRD emission power signals were
also numerically integrated in time to give the kilovolt
K-shell yield. An unfiltered calorimeter measures the to-
tal radiated yield.

The spatial and temporal behavior of different photon
energy emitting regions are studied using filtered pinhole
cameras. The filters were chosen to transmit photons
with energies greater than 100 and 1000 eV. Time resolu-
tion was incorporated into the pinhole cameras by using
gated microchannel plates (MCP). The gating strips have
a factor-of-4 demagnified images of the plasma produced
on them by 50-um-diam pinholes. Seven or twelve strips
are used per camera and each strip is gated with a 5-ns-
long, 1-kV pulse. Moreover, each strip is pulsed 5 ns
after the preceding strip; thus 35-60 ns of uninterrupted
plasma emission could be studied. The strips derived
their gating pulse from a common Krytron pulser, which
allows for accurate time correlation. .

A space-resolved 5-cm-curved mica (2d =19.6 A) crys-
tal spectrometer gives spectral information on the alumi-
num K-shell radiation with a spatial resolution of 800
pm. Additionally, a second mica crystal spectrometer,
fitted with a five strip gated MCP, is used to time resolve
the AlXII resonance and intercombination lines as well as
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FIG. 1. Load current and the K-shell x-ray pulse for a 0.75-
cm initial radius array. The mass loading for this shot is 164
pg/cm and the corresponding implosion time is 85 ns.
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the AlX1I 1s-2p 'P line, between 7 and 8 A. The gating
pulses for this spectrometer are 10 ns long: twice the
length of the pinhole camera pulses.

III. ALUMINUM-WIRE-ARRAY RESULTS

A. Radius scaling

The first part of this experiment involves following the
previous prescription for radius scaling experiments. A
value of mr3 was chosen to produce implosions at 90 ns.
The corresponding mr3 value for the Double-EAGLE
generator is 100 ugcm. Due to wire availability in only
discrete thicknesses, the actual array mr3 values run from
60 to 120 ug cm and the implosion times vary from 80 to
95 ns. These implosion times are defined as the time from
the extrapolated zero of the current rise to the onset of
the x-ray emission. Table I lists the actual array parame-
ters tested and the MLI array parameters are also listed
in parentheses for comparison. The smaller diameter ar-
rays were chosen to give 7 less than 1 and hence to ob-
serve whether a transition in yield actually occurs at this
point.

Figure 2 illustrates the measured kilovolt K-shell yields
versus initial radius. At a radius of 0.625 cm, the alumi-
num K-shell emission is maximized at 35 kJ. The
0.75-1.25-cm radius arrays produce lower yields, with
the yield decreasing as the radius increases. The mea-
sured yields and the observed behavior agree fairly well
with the MLI results, which are also plotted in Fig. 2.
Arrays of initial diameter smaller than 0.625 cm are ob-
served to produce hot spots and the emitted K-shell
yields decrease markedly. This is identical to previous
observations with nickel wire arrays [4]. K-shell-filtered
time-resolved images of the pinched plasmas show that
the 0.75-cm and large radii array implosions produce
plasmas with comparatively uniform K-shell emissions,
whereas the 0.3- and 0.45-cm arrays are initially dominat-
ed by localized hot spots. However, by some 30 ns after
the onset of K-shell x-ray emissions, plasmas appear dom-
inated by instabilities, irrespective of their initial array
radius.

A possible interpretation for the transition from hot
spot dominated emission to bulk plasma emission that
was proposed in Ref. [4] is that the kinetic-energy

TABLE I. Aluminum radius scaling array parameters. The
numbers in parenthesis are those from the Blackjack 5 experi-
ment.

Array radius Mass mr Implosion time

(cm) (ug/cm) (ugcm) (ns)

0.3 650 59 80

0.45 474 95 90

0.625 277 108 95

0.75 164(130) 93(73) 95(69)

1.0 105(82) 105(82) 95(65)
1.25 80(52) 125(81) 85(64)

1.5 (30) (67) (65)

6765
40
= 30 1
x
s
[
= 20 - A
>
> ]
Ol
PV,
10 -
]
0 I T . T A “
0 0.5 1.0 15

Wire Array Radius (cm)

FIG. 2. Measured aluminum K-shell yields (solid circles) vs
the initial wire array radius. For comparison, data taken by
Gersten et al. (Ref. [3]) are shown as solid triangles.

thermalization of the smaller diameter arrays produce
plasmas which are too cold to achieve the desired ioniza-
tion stages (either L-shell or K-shell depending on the ele-
ment) of the bulk of the plasma. The decrease in temper-
ature is due to the increased mass and decreased implo-
sion velocity. The hot spots are then locally heated either
due to instabilities or electron beams. As discussed in
Sec. I, this transition is best quantified using the 7 param-
eter, which is the ratio of the collapse kinetic energy per
ion to the minimum energy required to reach the K-shell
(i.e., 12 keV/ion for aluminum). In order to calculate 7
for these implosions, we estimate the shell kinetic energy
by equating it to the work done by the magnetic field on
the collapsing shell. The work done is equal to

0.5ALI?, (5)

where AL is the change in inductance in going from the
array’s initial inductance to the final inductance of the
pinch and I is the pinch current. The pinch inductance is
based on the pinch radius as measured by the softest
filtered x-ray pinhole camera. Using this, we calculated
the 71 values tabulated in Table II. Indeed, it is apparent
from these calculations that the 0.45-cm implosions had
7 values less than 1, whereas the 0.625-cm implosion had
n of 1.610.3. This transition at =1 can also be investi-
gated by fixing the initial radius and then varying the ar-

TABLE II. Aluminum radius scaling 7 values.

Array radius n

(cm)

0.3 0.2
0.45 0.5
0.625 1.6
0.75 1.7
1.0 3
1.25 5
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ray mass. In the future, we plan to measure the collapse
velocities directly which will give a measure of the 7
value and then compare the measured 7 value to those
calculated using the technique described above.

B. Mass and implosion time scaling

Logically, therefore, increasing the array mass for a
0.625-cm-diam array should cause both a later implosion
and a decreased collapse velocity (kinetic energy per ion)
so that 7 should fall below 1. This would produce a simi-
lar effect as the small radii implosions. The results for a
0.625-cm-radius array mass scan are shown in Fig. 3.
This shows a plot of the K-shell yield versus the mea-
sured implosion time (the mass loadings are listed in
Table III). As expected, the more massive array resulted
in increased implosion times and 7 <1 (see Table IV).
The emission was again dominated by hot spots for n < 1.
Decreasing the array mass to give a 70-ns implosion re-
sults in a slightly lower yield from the bulk plasma com-
pared to the 95-ns implosion time. From these data and
the radius scaling results, we observe that as 7 is in-
creased above 1, the K-shell yield decreases. Indeed, the
MLI data show similar trends for high 7 values. This ob-
servation is at variance with the modeling in Ref. [10]
and it is discussed further in Sec. IV.

Summarizing the experimental data, we observe that
7> 1 for aluminum is achieved by array implosions of ini-
tial radius to implosion time ratio greater than
6.25X1073 cm/ns. For 7 just bigger than 1, the K-shell
yield is maximized. Increasing 7 further by increasing
array radius or by decreasing the implosion time results
in decreased K-shell yield. If 7 is less than 1, the K-shell
yields are small and the emissions originate from hot
spots.

C. Time-integrated spectral data

Although the combination of the radius scan and the
mass scan experiments validate the concept of threshold
kinetic energy per ion (7> 1), it is necessary to scrutinize
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FIG. 3. Measured aluminum K-shell yields vs implosion time

for an initial wire array radius of 0.625 cm.
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TABLE III. Aluminum mass scaling array parameters.

Array radius Mass mr} Implosion time
(cm) (ug/cm) (ugcm) (ns)
0.625 133 51 70
0.625 277 108 95
0.625 420 164 110

this concept more carefully by analyzing the spectra in
these experiments to determine the plasma parameters.
This provides further insight into any differences between
experiments and the numerical modeling. Time-
integrated aluminum K-shell spectra are available for
most of the shots taken; an example is shown in Fig. 4.
These time-integrated spectra allow analyses similar to
those performed by Gersten et al.[3] and Burkhalter
et al. [17] to be carried out. A more complete analysis
technique has been proposed by Coulter, Whitney, and
Thornhill [13]. This employs a CRE model, with full ra-
diation transport, for the self-consistent-analysis tech-
nique. The procedure requires the K-shell emitting ra-
dius, the K-shell emitted power (or yield and pulsewidth)
per unit length, and the ratio of the Alxi Ly, and
Alx1 He, lines to be known. By comparing these line
ratios as functions of ion density, plasma size, and elec-
tron temperature with the power per unit length (or yield
per unit length) as functions of the ion density, plasma
size, and electron temperature, the plasma opacity is ac-
counted for and the electron temperature and density are
determined, self-consistently. Specifically, using the CRE
model, isocontours of radiated power per unit lengths
and line ratios are plotted versus ion density and electron
temperature for a given size of plasma, as determined by
the pinhole photographs. For an example of these plots,
see Ref. [13]. The intersection of the measured AlXIII
Ly, and AlxI1 He, line ratio and the measured power
per unit length contours defines the ion density and elec-
tron temperature.

Four shots are analyzed: 0.45-, 0.625-, 0.75-, and 1.0-
cm-diam arrays. The calculated electron temperatures
and ion densities for these four shots are shown in Fig. 5.
The ion density is observed to monotonically decrease as
the initial array diameter increases (and initial mass load-
ing decreases). On the other hand, the electron tempera-
ture is almost constant around 950 eV, for the
0.625-1.0-cm cases and is lower, 600 eV, for the 0.45-
cm-radius array. The measured parameters in this exper-
iment appear to agree within a factor of 2 with those re-
ported by Gersten et al. We do not observe a clear trend

TABLE IV. Aluminum mass scaling 7 values.

Array radius Mass
(cm) (ug/cm) n
0.625 133 2.2
0.625 277 1.3
0.625 420 0.9
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FIG. 4. Time-integrated aluminum spectrum for a 1.0-cm-
radius array. The mass loading for this shot is 105 ug/cm and
the implosion time is 95 ns.

in the behavior of the electron temperature versus the ini-
tial array radius, between 0.625 and 1.0 cm. The density
variations, however, appear to follow similar trends as
the MLI data. Absolute differences between our data and
the MLI data may be due to the different generators, ini-
tial mass loadings, and the analysis techniques. Although
the ion density for the 0.45-cm-radius array shot is high
and the electron temperature is 600 eV, these are the pa-
rameters of the hot spots. The actual bulk plasma did
not radiate K-shell x-rays as noted from the time-resolved
pinhole images. In fact, the mass of plasma radiating K-
shell x rays for the 0.45-cm array is 95 pg/cm compared
to the initial mass loading of 474 ug/cm, as shown in Fig.
6. The trend in the measured time-integrated K-shell ra-
diating masses (see Fig. 6) does not show any strong vari-
ation with initial radius, although the maximum mass is
measured for the 0.625-cm shot. Summarizing the time-
integrated data, the 0.625-cm shot produces the highest
K-shell yield (30 kJ) and it has the highest radiating mass,
ion density, and electron temperature. The 0.75 and 1.0-
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FIG. 5. Average ion densities and electron temperatures vs
array radius. As the array radius increases, the ion densities de-
crease and the electron temperature increases.

ROLE OF THE IMPLOSION KINETIC ENERGY IN . ..

6767
500
A
K-shell Mass
Initial Mass
400
E, 300
o A
2
123
3
= 200
A
o
100 ®
®
0 T T T T T T
0.4 0.5 0.6 0.7 0.8 0.9 1.0 1.1

Array Radius (cm)

FIG. 6. Comparison of the estimated average K-shell emit-
ting mass with the initial mass loadings of the arrays. In all but
the 1.0-cm-radius array, the K-shell mass is significantly less
than the initial mass loading.

cm shots produce lower yields (28 and 18 kJ, respectively)
and they have lower ion densities and K-shell radiating
masses. The 0.45-cm shot produces only 12 kJ. Al-
though it has a higher ion density, its electron tempera-
ture, K-shell pulse width, and radiating mass are lower
than those of the optimum array. Finally, only the 1.0-
cm-diam shot has the situation where the K-shell radiat-
ing mass equals the initial mass loading.

D. Time-resolved spectral data

The time-resolve x-ray data also permit a time-resolved
analysis of the plasma electron temperatures and densi-
ties. Figure 7 illustrates the measured K-shell emitting
radius and kilovolt K-shell power for a 0.75-cm-radius ar-
ray shot. The K-shell powers are measured by the filtered
XRD’s. The powers displayed in Fig. 7 are determined
by calculating the energy emitted in the 10-ns intervals of
the crystal spectrometer gates and dividing it by the 10-
ns frame time. The K-shell plasma sizes are taken from
consecutive time frames of the filtered x-ray pinhole cam-
eras. Figure 8 contains four densitometer scans through
the Ly, and He, lines for various times during the same
shot as in Fig. 7. The spectra are corrected for the film
response, crystal reflectivity, and filter transmissions.

An interesting feature in Fig. 7 is that the K-shell emit-
ting power is increasing as the plasma radius is increas-
ing. If one assumes that all the radiated energy is provid-
ed by the thermalization of the shell’s kinetic energy,
then the peak radiated power occurs at the time of the
maximum compression of the plasma, i.e., when the plas-
ma is at its minimum radius. There are a few possible ex-
planations for this effect: (i) the imploding shell is actual-
ly thick (many mm) as opposed to a thin shell (0.1-1
mm), so that the radiating mass is increasing in time; (ii)
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FIG. 7. Temporal evolution of the K-shell radiating power
and K-shell plasma radius. The K-shell power increases as the
plasma expands. This is for a 0.75-cm-radius, 164-ug/cm shot.

all the mass is assembled initially, but the electron tem-
perature in the K-shell radiating mass increases as the
plasma expands, and (iii) all the mass assembles initially,
then a heating wave propagates slowly into the cool plas-
ma, thus increasing the K-shell radiating mass. Clearly,
in Fig. 8, the ratio of the Ly, to the He, line increases
from less than 1 to greater than 1 in the sequence of time
frames. This would indeed indicate that the plasma may
be heating while the plasma expands and the radiation
power increases.

To quantify this behavior, we have performed a time-
resolved-analysis procedure for the same four shots that
are analyzed in a time-integrated averaged fashion. All
the results are tabulated in Table V. Focusing on the
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FIG. 8. Densitometer line outs of the K-shell spectra (Ly,
and He, lines) for three time frames. These spectra are from the
same shot as Fig. 7.

0.625-, 0.75- and 1.0-cm-radius shots, all three indicate
that as the K-shell emitted plasma radius increases, the
ion density decreases (or stays constant), and the electron
temperature increases (see Fig. 9). The time of peak K-
shell x-ray power in all three shots is 120 ns. Another
common trend in these shots is that the K-shell radiating
masses increases over the first 20—-30 ns and then stay
constant or fall slightly, as shown in Fig. 10. These
confirm that even the peak K-shell emitting masses are
significantly less than the initial mass loadings, except for
the 1.0-cm-radius arrays.

The mass differences are consistent with the time-
resolved pinhole images which show that the plasma radii
are larger in the softer filtered (L-shell) pinhole images
than in the K-shell filtered images. The differences be-
tween the K-shell plasma radii and the sizes of the L-shell
filtered images are seen in Fig. 11. The 0.3- and 0.45-cm
array shots exhibit the largest difference in plasma radii.
The differences are less for the 0.625-1.0-cm-radius ar-
rays. In addition, in all cases, the measured plasma radii

TABLE V. Results of the analysis of the time-resolved spectroscopic data.

Radius Yield Time Radius K-shell power T, N; my

Shot (cm) k) (ns) (cm) He,/Ly, (GW/cm) eV) (10 cm™?) (ug/cm)
2044 0.45 12 110 0.04 0.5 321 640 26.0 59
120 0.04 0.5 469 660 40.0 90
130 0.16 0.97 170 720 1.3 47
2029 0.625 30 100 0.02 0.64 44 620 10.0 6
110 0.06 0.43 250 840 8.5 43
120 0.10 0.45 469 820 6.4 90
130 0.28 0.39 375 1300 1.0 110
2045 0.75 28 100 0.05 1.12 156 410 16.0 56
110 0.10 0.72 344 570 6.9 97
120 0.12 0.21 500 4.0 81
130 0.24 0.34 437 1300 1.0 81
2039 1.0 18 110 0.27 0.83 175 980 0.6 64
120 0.31 0.87 232 960 0.6 84
130 0.31 0.55 218 1250 0.6 79
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are larger than the 10% of the initial array radius often
assumed in most calculations to be the minimum radius.

IV. COMPARISON OF ONE-DIMENSIONAL LAMINAR
MAGNETOHYDRODYNAMICS
CALCULATIONS AND RADIUS SCALING
EXPERIMENTAL RESULTS

A. Current-off laminar calculations

In Ref. [10], a yield formula is derived for aluminum
array implosions as a function of 17 and m under the as-
sumption that the kinetic energy generated during the ra-
dial collapse is effectively the only energy source for the
plasma. This situation, as mentioned earlier, is achieved
by terminating the current prior to stagnation. While the
current continues to flow in real experiments, it is con-
venient to turn off a linearly rising current abruptly in the
theoretical calculations just before the plasma assembly
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FIG. 9. Measured temporal behavior of the ion densities and
electron temperatures for (a) a 0.625-cm array, (b) a 0.75-cm ar-
ray, and (c) a 1.0-cm array.
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on axis and the commencement of the kilovolt x-ray
emission. When the current is prescribed theoretically in
this way, it is possible to accelerate any array mass (m) to
any given kinetic energy per ion (77) conveniently in order
to calculate unambiguously how this kinetic energy alone
is thermalized and converted into x rays. Moreover, a
linearly rising current reasonably approximates the rising
portion of the experimental current wave forms (see Fig.
1). By carrying out these calculations, one attempts to
isolate the yield coming from kinetic-energy conversion
from the yield coming from other energy-generating
mechanisms that are current driven.

The fluid motion that is calculated when the current is
terminated prior to stagnation is shown in Fig. 12, which
contains the trajectory of each plasma cell in a typical
calculation. The implosion begins at ¢t =0 with the array
at a radius of 1.25 cm. The linearly rising current is
turned off at 85 ns when the outer cell reaches a radius of
0.17 cm. The plasma continues to move inward inertial-
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FIG. 10. Measured temporal behavior of the K-shell radiat-
ing mass and the K-shell radius for (a) a 0.625-cm array, (b) a
0.75-cm array, and (c) a 1.0-cm array.
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FIG. 11. Comparison of the L-shell (<1 keV) plasma radii
and the K-shell (> 1 keV) plasma radii as the array initial radius
varies. The L-shell radius increase dramatically for the 1.25-
cm-radius arrays and for all arrays, the L-shell radii are bigger
than the K-shell radii. This is consistent with the K-shell mass
being a small fraction of the initial mass (see Fig. 6).

ly. It then stagnates and recoils outward. The total ki-
netic energy per ion generated by the implosion deter-
mines the temperature reached by the plasma (at 88 ns in
the example shown), while the mass imploded controls
the amount of x radiation emitted during the collision
process. Plasma expansion and cooling alone terminate
the x-ray emission.

The three basic assumptions of these calculations, are
(1) that the flow is nonturbulent, (2) that, during implo-
sion, the j X B force acts on all of the initial load mass,

0.1

Radius (cm)

0.01

Time (ns)

FIG. 12. Example of the trajectories for different zones in the
numerical simulations. Notice the tight pinch (<0.03-cm ra-
dius) and the short duration of the compression (a few ns).
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and (3) that enough kinetic energy per ion is generated
during the implosion to drive the plasma well into the K
shell, i.e., there is plenty of excess energy available to be
radiated. From Ref. [10], the predicted aluminum K-
shell yields yg, as a function of ) and m, are

a(mm? m<mpgp

(kI /cm) = [b(n)m, "= mg (6)

where, for aluminum (Z =13),

3374395 _70.7

n n?

a(n)=1.43x10"°

b(1n)=1.47X10"29, (7b)

and 7> 1. Also

1
3
(33.79*+5957—70.7)

(8)

mpp (,ug/cm)=§=1.03>< 103y

B. Comparison of experimental and calculated yields

Thus for the four experimental cases where 17> 1, one
can construct a table of predicted yields (see Table VI). If
the experimental plasma were to behave as the theoretical
predictions, one would conclude that in all cases, the
pinches would be radiating in the I? (or m) regime; i.e.,
they would radiate with a 30—35 % conversion efficiency
of the kinetic energy into kilovolt x rays, producing the
yields shown in the last column of Table VI and plotted
as the solid line in Fig. 13. However, the two plasmas are
only qualitatively similar. In the current-off calculations,
the magnetic forces compressed the plasma during its ac-
celeration, and further compression down to 0.03 cm
occurs on axis, in part, because of radiative collapse.
During the radiative collapse phase, however, no addi-
tional energy is imparted to the pinched plasma since at
that time, the current is terminated in the calculation.
Consequently, the ideal theoretical plasmas reached high
densities on axis and the K-shell radiation pulses are
short (< 1 ns). Figure 14 shows a typical power pulse
from the calculations. Clearly, these pulses are much
shorter than those observed in the experiment (see Fig.
1.

Equally important as the differences in the power
pulses, the experimental yields are significantly larger
than the theoretical yields calculated in the I 2 regime, on
the basis of kinetic-energy conversion alone. This finding
provides strong, direct evidence of the existence of a
“burn” phase to the x-ray production that is caused by
additional heating, especially since the experimental
yields peaked near the value of 77=>1 where the kinetic-
energy conversion must be less than 30-40 %. In the ex-
periment, the conversion efficiency is approaching 100%.
Possible heating mechanisms will be discussed in Sec. V.
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TABLE VI. Aluminum radius scaling parameters based on the scaling law developed in Ref. [12].

Array radius m mpgp Exg Yy Yot
(cm) (ug/cm) 7 (ug/cm) (kJ/cm) (kJ/cm) k)
0.625 277 1.6 4.4 19.6 6.5 13
0.75 164 1.7 49 12.3 4.1 8.2
1.00 105 3 14 14.0 4.6 9.2
1.25 80 5 34 17.7 5.9 11.8

C. Comparison of electron temperatures
and ion densities

When four current-off calculations are carried out to
accord with the implosion behavior of the four experi-
mental cases in Table VI, the plasmas reached average
peak densities that ranged monotonically from 3X10%
for the 277-ug/cm, high-mass case to 4X10?! for the
80-ug/cm, low-mass case. The corresponding average
peak temperatures ranged monotonically from 380 to 970
eV. This decrease in density and increase in temperature
with decreasing mass and increasing 7 agrees qualitative-
ly with the trends in the observed temperatures and den-
sities seen in Fig. 5. However, the experimentally in-
ferred densities of the K-shell emission region are a factor
of 100 smaller than the calculated densities.

These observations raise a number of intriguing ques-
tions, especially when the results in Figs. 7, 8, 10, and 11
are considered. One-dimensional (1D) magnetohydro-
dynamics (MHD) calculations appear to agree with ex-
perimental findings during the acceleration phase of the
implosion, i.e., the implosion times agree. When the ex-
perimental array masses are accelerated.in the laminar
1D MHD calculations to implode at the observed implo-
sion times, they achieve roughly the kinetic energies that
are observed. This finding appears to be confirmed by the
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FIG. 13. Measured K-shell yields and the calculated K-shell
yields (solid line) vs initial array radius. The simulations predict
no radiated K-shell yield below the 0.625-cm arrays. Clearly for
the 0.625-cm through 1.0 cm-radii arrays, the measured yields
are greater than the predicted yields. Moreover, the trend in
the yield behavior is different also.

fact that the experimental yields dropped markedly and
hot spots formed when the kinetic energy per ion fell
below the theoretically predicted E_;, value of 12
keV/ion. At stagnation, on the other hand, the story
changes dramatically.

If the experimental implosions had taken place accord-
ing to the calculations, then by inertia alone, one might
expect each implosion to proceed radially inward, as
shown in Fig. 12, and to produce a sharp onset to the x-
ray pulse (see Fig. 14). Instead, Fig. 1 shows that the ki-
lovolt emission rose slowly from the time of stagnation
and peaked roughly 20 ns later. Figures 15 and 16 show
the calculated ion density and electron temperature tem-
poral histories. Some zones show rapid increases in elec-
tron temperature at thermalization followed by slower
falls. In contrast, the other zones have temperatures and
densities that fall and rise at approximately the same rate,
hence the symmetric radiation pulse (see Fig. 14). Al-
though the calculations exhibit shorter duration events
than the experiments, some zones appear to have the
same qualitative behavior as the actual experimental den-
sity and temperature plots, i.e., we observe a fast increase
in electron temperature to around 500 eV or so followed
by a slow increase to above 1 keV. The measured ion

102 T T T T T

101 1 ns FWHM

10°

Radiated Power (TW cm1)
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1072 ] 1 1 | |
85 86 87 88 89 90
Time (ns)

91

FIG. 14. Typical example of the K-shell radiation pulse cal-
culated by the simulations.
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FIG. 15. Ion density trajectories for different zones in the nu-
merical calculations.

density profiles all exhibit a rapid increase followed by a
gradual reduction in density. Barring the presence of a
hidden mass caused by gradients within the K-shell emis-
sion region, which would be unseen in the pinhole picture
because of the optical depth of the plasma, the emission
of the plasma is seen to grow because the number of emit-
ters grows (Fig. 12) even as their average density falls
(Fig. 9). Nevertheless, only a small fraction of the origi-
nal wire mass (~30%) participates in the K-shell emis-
sion in the high yield 277-ug/cm shot (see Fig. 6). The
amount of aluminum that radiate in the X shell in all of
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FIG. 16. Electron temperature trajectories for different zones
in the numerical calculations.
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these experiments seems surprisingly fixed around 100
ug/cm regardless of the mass imploded, equaling the im-
ploded mass only for the 105-ug/cm shot.

To summarize, in the aluminum experiments, the plas-
mas were much less compressed and they emitted over a
much longer time than in the current-off calculations;
that is, the experimentally produced plasmas are current
confined rather than inertially confined. Nevertheless,
the experimental yield drops precipitously and hot spots
become the source of the radiation when 7 became less
than 1. This finding provides strong evidence for a Z-
pinch “ignition” concept, i.e., for the idea that the
thermalization of kinetic energy is an important initiating
process that is needed to drive the plasma into the correct
ionization stages for subsequent efficient x-ray produc-
tion.

One is still left with explaining the obvious differences
between the experiments and the theoretical predictions.
First, in the calculations, the 30-409% conversion
efficiencies are achieved with essentially 100% of the ini-
tial mass radiating in the KX shell, for the 0.625- through
1.25-cm-diam arrays. Although the experiments and cal-
culations agreed in the 7 values, the experimental K-shell
radiating masses are generally less than the initial mass
loadings. One could possibly argue that some mass is be-
ing left behind during the wire explosion process, as is ob-
served by Riordan et al. [8] when very thick wires were
utilized on a 1-MA generator. In that case, one would
expect the implosion to move earlier in time, if all the
current flowed through the smaller imploded mass. A
possible explanation, if the implosion time is not
different, is that not all the current flows through the re-
duced mass, i.e., the combination of reduced mass and re-
duced current gives the same implosion time as if all the
current had flowed through all the initial mass. An indi-
cation that the initial conditions for an actual wire array
may be significantly different from the uniformly filled
cylinder assumed by the 1D laminar calculations comes
from comparing the nickel results presented in Ref. [4]
with the aluminum-wire-array data. Data analysis of the
nickel-wire-array implosions indicated that just less than
100% of the initial mass was observed to radiate in the L
shell for 0.75-cm-radii wire arrays. The estimated cold
skin depth of the nickel for a 100-ns rise-time current
pulse is approximately 100 um. This skin depth is larger
than the wire thickness (20 um). In the aluminum wire
arrays, the skin depth is 25 um, but the wire thicknesses
are 20-30 pum. It is not surprising that the initial wire
array conditions may effect the quality of the pinch.
Indeed, on the SATURN generator increasing the num-
ber of wires in array while decreasing the wire
thicknesses improved the quality (tightness) of the pinch.
Barring this effect, the thermalization of the imploding
shell may be different than predicted by the laminar cal-
culations. Future experiments and calculations should
aim to resolve this issue. Effects such as 2D flows in the
r-z and r-0 planes should be investigated. Morever,
anomalous resistivity, anomalous viscosity, and a treat-
ment of turbulence may be needed to bring the 1D lami-
nar calculations into better agreement with the experi-
ments.



IR

V. COMPARISON
WITH SINGLE WIRE EXPERIMENTS
AND INTERPRETATION OF THE DATA

We have determined, in Sec. IV, that the radiated K-
shell x-ray yield from 0.625- to 1.0-cm-radius implosions
are generally higher than the estimated yields based pure-
ly on ideal kinetic-energy thermalization. This has been
interpreted as the result of additional heating mecha-
nisms. Enhanced Ohmic heating has previously been
proposed [22]. The experiments, however, did indicate
that the thermalization of the kinetic energy appeared to
promote K-shell ionization. Specifically, when 7 is less
than 1, only hot spots produced K-shell x rays.

In the radius and mass scaling experiments, the initial
mass is increased so that 7 is correspondingly decreased
below 1. Hence, if, additional heating occurs it is shared
by more mass, thus the plasma will still be cold. To com-
plete the experimental picture therefore, we perform a
single-wire experiment. Obviously, as discussed in the In-
troduction, there is no significant radial collapse phase
and hence no significant kinetic-energy input to the plas-
ma; rather, the plasma is primarily Ohmically heated.
Before proceeding, there is one caveat to this assumption;
it is possible that initially some fraction of the initial mass
is blown off and then expands out to a large radius. This
low-density blowoff plasma may then implode back onto
the wire as the current increases. We have no direct evi-
dence to prove or disprove this hypothesis, so based on
the fact that the final plasma radius (hence inductance) is
less than that of the initial wire, we will assume that there
is no compressional work done on the plasma. If the final
plasma state is basically in a Bennett equilibrium (we will
discuss the validity of this assumption later in the text),
then the plasma electron temperature 7, in eV is deter-
mined via the relation

IZ

T.,=3.12X10°——— ;
€ (Z+1)N,; ’

9)

hence the electron temperature, for a given current (I in
amperes), is set by the ion line density (N;) in units of
cm™ !, We, therefore, select the mass per unit length of
the wire to be 218 ug/cm, which lies between the masses
of the 0.625- and 0.75-cm arrays. Both of these arrays
achieved significant K-shell ionization, hence, from a
Bennett equilibrium argument, so should the single wire.
However, i would be effectively zero.

The measured K-shell x-ray yield from the single wire
is 4 kJ, which indeed is comparable with the massive,
small-diameter arrays. Hot spots were again responsible
for these emissions. The kilovolt x-ray emission starts
some 80 ns into the current pulse at a current of 2 MA.
A peak value of 2.5 MA is reached at 110 ns. The x-ray
signature (see Fig. 17) is again consistent with the pres-
ence of hot spots. Such hot spots have been observed in
previous single-wire experiments [19-21]. The reduction
in the peak current is due to the fact that the single wire
is much more inductive than the wire arrays. Conse-
quently, a direct comparison based on the Bennett rela-
tionship between the single wire and the array must be
tempered with the fact that the Bennett temperature for a
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FIG. 17. Load current and K-shell x-ray power for a 100-
pm-diam single aluminum wire. The emission powers are low
and the spiked structure is indicative of hot spots.

single-wire plasma is 325 eV, whereas it is between 500
and 750 eV for the two arrays. In addition, the Ohmic
heating may be reduced; however, the total radiated yield
(including K-shell component) is comparable with those
of the wire arrays as shown in Fig. 18. These observa-
tions indicate that a similar amount of energy was depos-
ited into the plasma, in all cases. With these caveats in
mind, it is clearly the case that the single wire did not
achieve significant bulk K-shell ionization. This is prob-
ably due to the fact that the Ohmic heating cannot over-
come the large radiation rates when the plasma is in the
L shell. This is illustrated by Fig. 19, which shows a plot
of the radiation power from a 3-mm-diam, 200-ug/cm
aluminum plasma as a function of temperature. Also
shown are the estimated Ohmic heating powers based on
Spitzer resistivity as functions of temperature, in the
range 200-2000 eV. Curves are drawn using ten times
classical transverse Spitzer resistivity and 100 times
Spitzer resistivity. The multiplication factors are arbi-
trary and are not based on any self-consistent physics.
Since in the L-shell phase at a temperature around 200
eV, the Ohmic heating is outweighed by the radiation
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FIG. 18. Measured total radiated yield vs initial array radius,
including the single wire. The total radiated yield for the single
wire is comparable to those of the arrays.
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FIG. 19. Radiated power and Ohmic heating for a 3-mm-
diam aluminum plasma vs the electron temperature. The Ohm-
ic heating assumes the classical Spitzer formulation, but it is in-
creased arbitrarily by 10 and 100.

losses, the plasma electron temperature is probably
clamped. Even at ten times classical Spitzer resistivity,
these radiation rates dominate. If the electron tempera-
ture cannot rise because L-shell radiation losses equal (or
exceed) the Ohmic heating, the overall plasma can never
achieve K-shell ionization. Why the plasma does not un-
dergo a radiative collapse is unclear and should be the
subject of future research; however, we can conclude that
a single wire, when driven by a 100-ns current pulse, can-
not be heated Ohmically or otherwise, fast enough to
achieve K-shell ionization. The localized heating mecha-
nisms, which form the hot spots and produce the local
K-shell ionization, are still speculative.

Based on the experimental data, it would appear that
an implosion phase with > 1 is required to achieve more
uniform K-shell ionization. The instantaneous power
deposition due to the thermalization of the kinetic energy
is high; assuming the collapse kinetic energy is 15 kJ/cm
(see Table VI) and this energy takes between a maximum
of 15 ns and a minimum of 5 ns to thermalize, then the
power deposition is in the range 1-3 TW/cm. These
numbers are, of course, significantly less than the 10-
TW/cm instantaneous power levels which are predicted
by the calculations in Ref. [10]. Referring back to Fig.
19, the 1-3-TW/cm power levels certainly exceed the ra-
diation rates for temperatures around 200 eV. Under
these circumstances, at thermalization, the plasma would
be rapidly ionized through the L-shell to the K-shell.
Thus the single-wire data and the power estimates seem
to support the “ignition” concept.

VI. SUMMARY AND CONCLUSIONS

The purpose of this paper is to evaluate the role of the
implosion kinetic energy in prescribing the K-shell x-ray
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yield from aluminum-wire-array Z-pinch implosions. We
make this evaluation both by varying the initial array ra-
dius (while keeping m,r? approximately constant) and by
comparing experiments with 1D laminar MHD calcula-
tions. We find that the kinetic energy is necessary to
guarantee that the imploding plasma is ionized into the K
shell. Quantitatively, this can be expressed by saying that
the dimensionless kinetic energy per ion 77 must be made
to exceed 1. On the other hand, in the face of the experi-
mental data, we have reappraised the assumption that
this kinetic energy is the sole energy source for the K-
shell (and total) radiations. Conservative nonturbulent
MHD calculations dictate that the maximum conversion
efficiency of kinetic energy to K-shell radiation is
30-40 % near 7 equal to 1. Moreover, the calculations
predict an almost constant K-shell yield for the 0.625- to
the 1.0-cm-radius implosions because they are in the I2
regime. This is not born out by the experiment; we actu-
ally observe an optimum x-ray yield for the 0.625-cm im-
plosion, which is more than twice the predicted value.

Additional heating mechanisms have to be invoked to
explain the differences between the measured and predict-
ed yields. Straightforward classical Spitzer resistivity
cannot account for enough Ohmic heating to be the miss-
ing energy source. However, if the plasma exhibits
anomalous resistivity, possibly due to turbulence, then
Ohmic heating may be the answer. It is likely, however,
that the additional heating will depend on the magnitude
of the current flowing through the pinch at thermaliza-
tion and on the plasma parameters such as diameter, tem-
perature, density, and mass assembled.

The implication of these observations on optimizing
the x-ray yield on imploding Z pinches is apparent. On a
given generator, the implosion time may be made equal
to the time to peak current because this ensures the max-
imum current flow through the pinch and the maximum
kinetic-energy generation. The initial radius should ap-
parently then be chosen to give 7 as close to 1 as possible,
thus maximizing the mass. Following this algorithm,
should ensure that the x-ray yield is maximized, if addi-
tional heating is strong. Future experiments should in-
vestigate the initial expansion of the wire arrays or anoth-
er approach may be to compare gas puff implosions with
1D laminar calculations because gas puffs resemble better
the initial assumptions of 1D calculations, as regards
mass distribution. The influence of 2D effects, tur-
bulence, anomalous transport coefficients may also modi-
fy the 1D calculations to better approximate the experi-
mental plasma behavior and this should give further in-
sight into the additional heating mechanisms that appear
to supplement the thermalization of the kinetic energy.
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