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X-ray production by imploding wire-array Z pinches is studied using radiation magnetohydrodynamics
simulation. It is found that the density distribution created by ablating wire material influences both x-ray
power production, and how the peak power scales with applied current. For a given array there is an
optimum ablation rate that maximizes the peak x-ray power, and produces the strongest scaling of peak
power with peak current. This work is consistent with trends in wire-array Z pinch x-ray power scaling

experiments on the Z accelerator.
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Z pinch implosions using cylindrical wire arrays com-
posed of hundreds of tungsten wires are an effective means
of producing intense bursts (~100-220 TW) of soft x-rays
[1-4] (0.1-10 keV). On the Z accelerator, Joule heating
turns the ~10 um diameter wires into plasma in the first
few ns (nanoseconds) of the applied current (peak
~20 MA). The magnetic force (J X B) on the current
carrying plasma implodes it to the z axis on a time scale
of ~100 ns where some of its energy is thermalized and
radiated in a burst of x-ray power several ns in duration.
The wire-array Z pinch is a promising x-ray source for
indirect drive, inertial confinement fusion (ICF) concepts.
In one approach, x-rays from two Z pinches irradiate a
hohlraum containing a nuclear fuel capsule. Compu-
tational studies of this target design require a three-stage
x-ray drive pulse with a peak power ~1000 TW to achieve
a fusion yield of ~500 MJ [5]. Experiments on Z have
shown that wire-array Z pinches can produce the required
x-ray pulse shape [6], but the required current drive
(~100 ns rise time, ~60 MA peak current) is beyond
present capabilities. Consequently, it is of great interest
to understand how the x-ray power (Pp) produced by a
wire-array Z pinch scales with applied current (/,,,4). It has
been argued that Pp should scale like /2 ; because the
pinch kinetic energy scales similarly. However, initial ex-
periments by Stygar et al. [2] on Z using 300 wire, 1 cm
length (L) and radius (R), tungsten arrays produced Py «
[24=018 " for 2.7 and 5.9 mg arrays that imploded in
~95 ns (7iyp). Later experiments by Mazarakis et al. [7]
with 1.1 and 2.5 mg arrays yielded Py o I};71910 for load
currents of 11.2 and 17.0 MA, and 7, = 80 ns. It is
important to understand the cause of subquadratic scaling
in these experiments in order to assess the feasibility of
wire-array Z pinches for high current ICF.

In this Letter we present results of a computational study
of x-ray power production by tungsten wire arrays that
reveal an explanation for the trends observed in these
current scaling experiments, and that provide insight on
the physics that influence how Pjx varies with [y,q.
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Experiments performed on Z using single arrays [2—4,7]
with masses in the range 1.15 = M = 30.0 mg are mod-
eled using 2D (two-dimensional) RMHD (radiation mag-
netohydrodynamic) simulations. We find that the density
distribution created by ablating wire material significantly
affects the scaling of Py with [,,, and for a given array
mass there is an optimum ablation rate that maximizes Pg.

This numerical study was performed using the 3D,
RMHD code ALEGRA [8]. The computational domain is a
3D wedge in cylindrical polar coordinates (rfz), 0 = z =
L=1cm 0=r=15-16cm R=1cm, 0=0=1°,
with cell sizes Az = Ar =50 um, and Af = 1°. With
only one cell in # the geometry is azimuthally symmetric
(i.e., 2D). Physics models include resistive MHD coupled
to an equivalent circuit representation of the Z accelerator
[9], Ohm’s law J = o(E + © X B), single group radiation
diffusion for M = 6 mg, implicit Monte Carlo radiation
otherwise, thermal conduction, separate electron and ion
temperatures, equations of state, electrical and thermal
conductivities, tabular opacities, and artificial viscosity
(Q). Shock heating of material occurs through Q, and is
consistent with the jump conditions for shocks. In these
Eulerian simulations, a Lagrangian step is followed by a
remap to the original mesh.

In lieu of modeling individual wires in the array, a mass
injection scheme is used to emulate material ablating from
the wires [10—14]. There is ample experimental evidence in
support of a long-lived ablation phase that determines the
dynamics of the final implosion to the axis [3,10,15]. The
mass ablation rate per zone, per unit length, at the array
radius (R), as a function of the time dependent magnetic
field [B(z)] is
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where B, =300 T; M, (kg/ms) depends on the array
mass through the wire diameter; the exponent 1.4 is ob-
tained in a steady state theory of ablation [12]. Mass is
injected with radial velocity vy = —2 X 10* m/s, and a
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prescribed density perturbation [ p(z)], until the total ar-
ray mass (M) is injected. The injected mass forms a con-
ducting ablation plasma that is swept at high velocity
(~100-150 km/s) by the magnetic field toward the axis
[Fig. 1(a)]. The function &p(z), plotted in Fig. 1(b), is an
axially nonuniform perturbation with a normal distribution
of wavelengths about 300 pm. It produces the short wave-
length, nonuniform, axial ablation [Fig. 1(c)] observed in
experiments [10], which evolves into a longer wavelength
magnetic Rayleigh Taylor (MRT) instability [4,6,10,15] as
the pinch implodes [Fig. 1(d)].

This 2D simulation model produces some features of 3D
simulations [13,14] that influence the x-ray pulse, includ-
ing trailing mass and current. A consequence of 2D azimu-
thal symmetry is that current does not flow in 6, so a
greater fraction of the current flows in a smaller fraction
of the mass than in 3D, which results in a narrower x-ray
pulse. We mitigate this effect for a given mass by averaging
x-ray powers (and related quantities) from 3-5 simulations
with different phases of &p(z).

The perturbation amplitude [& in Eq. (1)] and My(M)
were determined by simulating a series of experiments [4]
on Z in which M was varied by changing the wire diameter
(D,,), keeping the wire number (N) fixed at 300. Array
masses of 1.15, 2.5, and 6.0 mg were used. For each mass
M, and & were varied [for fixed p(z)] until the timing,
amplitude, and shapes of the measured and simulated x-ray
power Pg(#) and load current I;,,4(¢) were in good agree-
ment; P(?) is calculated by integrating the radiation flux
over the radial boundary. Simulated and measured Pg(?)
are compared in Fig. 2(a). The resulting mass ablation
scaling, M o= M%> o« D% is used to adjust Eq. (1)
when M is changed. The determined value of € = 1.0 is
fixed in all simulations.

The mechanisms that contribute to the simulated x-ray
power are elucidated by the equation Py = P + Ppgy +
P; — P;, which calculates the time dependent x-ray power
in terms of sources and sinks of internal energy integrated
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FIG. 1 (color). (a) Density plot of ablated plasma early in time
(arrow indicates flow direction). (b) Density perturbation (for
e = 0.5) vs z. (¢) Z pinch density at beginning of implosion, and
(d) just before stagnation. Dark blue indicates high density.

over the simulation volume; P§, Ppgy, and P, denote x-ray
power produced via shock heating, PdV work, and Joule
heating, respectively, and P; is the power lost to internal
energy. An asterisk indicates that energy corrections due to
remap losses are included. In shocked regions a numerical
loss of kinetic energy can occur during the mesh remap due
to the discrete nature of the algorithm, thereby significantly
affecting the x-ray power. To mitigate this effect and to
conserve energy, the ion internal energy is corrected with
an amount equal to that lost. Figure 2(b) plots P§, Ppgy, Pk,
and Py for the 6 mg case shown in Fig. 2(a); the x-ray pulse
is dominated by the contribution from shock heating.
Internal energy is conserved exactly when Py = Pg. For
array masses up to 30 mg Py is dominated by P and Ppyy;
P, and P; can be significant, but typically not until after
peak power. Hence, through peak power J X B work ac-
counts for all energy coupled to the Z pinch plasma which,
for the 1.15 mg bare-axis pinch, disagrees with a semi-
empirical estimate based on radially resolved emission
measurements [4].

The results in Fig. 2(a) are the basis for the simulated
current scaling experiments. The implosion times (7iy,,) for
the 1.15, 2.5, and 6.0 mg arrays are 59.0, 81.1, and 102.3 ns,
respectively. Like the experiments [2,7], we determine the
scaling of maximum Py with peak /,,,q for tungsten arrays
with the same radius, Timps and different M, but similar
implosion dynamics. These conditions are satisfied if
Loaa ® M®, and the functional dependence of the current
on time is the same [16]. To produce this behavior in
simulations, the applied circuit voltage must scale approxi-
mately as M%3. Then the normalized waveforms for cur-
rent and radiated power are nearly identical for arrays with
different M and the same 7jy,,. Similar to the short [7] and
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FIG. 2 (color). (a) Measured (dashed) and simulated (solid) x-
ray power vs time for arrays with masses 1.15 (black), 2.5 (red),
and 6.0 (green) mg (error bars indicate shot-to-shot variation).
(b) X-ray power vs time (6 mg array) from shock heating (P%),
PdV work (Ppgy), all internal energy sources (dashed red), and
integrated flux (Pg).
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long [2] implosion time experiments, we include 1.15 and
2.5 mg arrays with implosion times of 81.1 and 102.3 ns,
respectively. Also included are results for 6.0 and 14.4 mg
arrays with implosion times of 81.1 and 102.3 ns, respec-
tively, which were not part of the experiments. The result-
ing peak x-ray powers (Pp) are plotted versus peak load
current (/},,q) in Fig. 3(a). The best fit to each set of
simulation points corresponds to Pp = 0.4812%3 (I,5q in
MA, Py in TW) for 7;,,, = 81.1 ns, and Px = 1.851;2% for
Timp — 102.3 ns. Similar to the experiments, the scaling of
Pr with I),,q is stronger for arrays with 7;,,, = 81.1 ns.
Results plotted in Figs. 3(b) and 3(c) provide an expla-
nation for the trend revealed in Fig. 3(a). For a given array
mass, the density and velocity of ablated plasma streaming
toward the axis depend on the ablation rate [12]. A slow
ablation rate produces ablated material with lower density
and higher velocity than a fast ablation rate. For long
enough ablation time 7., (the time at which all wire ma-
terial is ablated), a shock heated precursor plasma forms on
the axis [3,10,14] before the main pinch arrives [Figs. 1(c)
and 1(d)]. Figure 3(b) plots the mass in the precursor
plasma (M) versus Ij,,q just before the main pinch inter-
acts with it for each case in Fig. 3(a). Increasing 7y, from
81.1 to 102.3 ns significantly increases the fractional mass
in the precursor (M, /M). Also, for the same implosion
time M, increases with increasing /o, (Or M, since Ij,,q
M"3). Figure 3(c) plots the ratio P§/Ppgy versus Ij,,q. The
reduction in P§/Ppyy at the longer implosion time is well
correlated with the jump in M. We conclude that the
presence of the precursor plasma on axis weakens the
shock interaction that produces x rays during final stagna-
tion, thereby reducing the maximum temperature attain-
able by the Z pinch plasma via shock heating. Shock

400fg "o i =8lins (a)
A—A 1p,=10230s
300
200
«
100 f
(1]
_ 08l e Teitns (b)
2 B g =102308 A
= 06
[}
7]
©
= 04
5 &
5
g 0.2 T o
2
0.0 b hd
14 - - ® 7, =8l1ns
12k (c) S— ,"": =1023ns
10F e
s o T e
£ 8l
o 6F A
ab A
of A
0
10 15 20 25 30

Peak Current (MA)

FIG. 3. Peak x-ray power Py (a), precursor mass M. (b), and
P§/Ppay (€) VS Ijaa-

interactions weaken further as M, increases with increas-
ing I,,,4, Which causes the scaling of Pp with [,,4 to
become weaker than quadratic for arrays with 7y, =
102.3 ns. This is an effect of ablation.

Figure 4(a) shows that for a given array there is an
ablation rate that maximizes the peak Pg. Figure 4(b) plots
the axially averaged, radial density profiles of the pinch
plasma for the lowest and highest values of M, in Fig. 4(a),
and for the case of maximum Pg, at a time when the main
pinch is located at r ~ 0.85 cm. The main pinch accretes
ablated material as it implodes resulting in different de-
grees of MRT stabilization [17], similar to gas-puff Z
pinches [18]. The lowest (highest) ablation rate provides
the most (least) stabilization of the MRT, but results in the
largest (smallest) precursor mass. The optimum ablation
rate balances these competing effects, producing a radial
density profile that provides some snowplow stabilization
of the main pinch plasma to MRT while mitigating the
deleterious effect of the precursor on x-ray production at
stagnation. The possibility that the ablated plasma stabil-
izes the pinch was first conjectured by Lebedev [10]. Now,
because the ablation rate depends on wire number [10,12],
an optimum ablation rate implies that there is a corre-
sponding optimum wire number that maximizes Pg. The
existence of an optimum wire number has been shown
experimentally [19].

Inefficient x-ray power production due to excessive
precursor mass is mitigated by reducing 7,,. Integrating
Eq. (1) over the entire array assuming B(1) = uolyt/(27R)
yields 7, = 1.44(M/My)**(1,/1,)°8, where I, =
15 MA. For fixed M, it is evident that increasing I, or
M, (by changing N or using different wire material) re-
duces 7,,. Alternatively, 7, is reduced by decreasing M,
or by shaping the current waveform.
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FIG. 4. (a) Peak Py and M. vs ablation rate (6 mg array).
(b) Axially averaged pinch density at maximum Py, and at lower
and upper bounds in (a).
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FIG. 5. Fraction of peak x-ray power (Py) due to shock heating
(P%) and PdV work (Ppyy), and trapped in internal energy (P;) vs
array mass.

When M is much greater than 6 mg the x-ray power is
further affected by the opacity of the Z pinch plasma.
Figure 5 plots the ratio of Pg, Ppgy, and P; to peak x-ray
power Py versus M for all arrays simulated (1.15 = M =
30.0 mg, 81.1 = 7y, = 221.3 ns). The 19.5 and 30 mg
cases are simulations of experiments on Z. For M =
14.4 mg the precursor is optically thick (optical depth =
15) due to its large mass (M,. = 10.0 mg for M =
30.0 mg). Hence, not all of the x-ray energy produced in
the stagnating plasma volume is radiated on the time scale
of the x-ray pulse, which increases the ratio of internal
energy to radiated energy. For M = 30 mg an amount of
power equal to ~34% of that radiated goes into internal
energy at peak x-ray power. It is evident that P, decreases
with increasing M, which is well correlated with increasing
M. Consequently, for M = 19.5 mg the x-ray power is
dominated by heating from PdV work.

A numerical fit to the data for Py in Fig. 5 yields P =
Lo/ Therms for 1.15 = M = 30.0 mg, where 7yem =
0.02257;,,(M/2.8)*13 is an effective energy therm-
alization time that accounts for effects of a shock heated
precursor, the ablation plasma density profile, and opacity.
To compare with experimental scaling we note that [16]
M (IloadTimp)z’ then Ttherm & I](Z)% Tllng and PR *
Lli/mh]. The experimental scaling [20] is Pp =
gy ™10/ 7= 01, for 1.0 =M <59 mg and 60 =
Timp = 97 ns, which has the same dependence on 7, as
the simulated scaling. The stronger scaling of the simulated
Pr with I, may be due in part to the absence of 3D
effects. Nevertheless, the monotonic decrease in Py with
increasing 7y, (and M) agrees with experiment. Since the
experimental scaling of P with [,,4 is much weaker than
quadratic, we conclude that the ablation rate for some (or
all) of the arrays used was not optimal for the combination
of M and I;,,4(2).

It has been shown that wire-array Z pinch implosion
dynamics are 3D [13,14]. Preliminary results indicate that
conclusions based on this 2D model are valid in 3D. Fully
3D simulations of the 2.5 and 6 mg arrays in the mass scan
[Fig. 2(a)] produce peak x-ray powers similar to 2D that
are dominated by Py (albeit in broader pulses), the depen-

dence of M, on M is similar, and the ratio P/ Ppgy is
reduced for the larger mass (as in 2D).

The main conclusion of this work is that the rate at
which material ablates from wires in an array affects
both x-ray power production, and how the peak power
scales with applied current. For a given array there is an
optimum ablation rate that maximizes the peak x-ray
power, and produces the strongest scaling of peak power
with peak current. To produce the maximum peak x-ray
power for a given current drive it is necessary to optimize
both the array mass for maximum kinetic energy genera-
tion, and the mass ablation rate of the wires to produce the
optimum density profile interior to the main Z pinch
plasma. Wire arrays are a feasible x-ray source for ICF if
the optimum ablation rate for the required mass [5] is
achievable, and if the implosion time can be produced by
a current drive that is not precluded by limitations of pulsed
power technology.
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