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Fiber Ablation in the Solid-Deuterium Z Pinch
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We have performed one-dimensional magnetohydrodynamic computer calculations of the formation
and evolution of the solid-deuterium-fiber Z pinch. With use of a tabulated atomic data base and
“cold-start” initial conditions, our computations show that current is carried by hot plasma which has
been ablated from the solid fiber. The computations suggest that the experimentally observed instability
growth may coincide with the complete ablation of the central fiber.

PACS numbers: 52.55.Ez, 52.25.Jm, 52.30.Jb, 52.65.+z

The linear Z pinch, in which a hot plasma is magneti-
cally confined by the magnetic field from current passing
through the plasma column, has been of interest in con-
trolled fusion research for three decades or more. How-
ever, magnetohydrodynamic instabilities led to the aban-
donment of the Z pinch as a fusion system in favor of
more complicated field topologies. Prompted by the ad-
vent of high-voltage pulsed power technology and stimu-
lated by studies'? that suggested that a high-density Z
pinch could form a very compact, high-Q fusion system,
a series of laser-initiated, gas-embedded, Z-pinch experi-
ments were performed at Los Alamos and elsewhere in
the late 1970’s and early 1980’s. At Los Alamos, plasma
temperatures as high as 1 keV were observed® and sus-
tained temperatures of 200 eV with n,7>2x10"3
sec/cm> were obtained.® Concurrent with the experi-
mental effort was the development of complex computer
codes capable of modeling the observed experimental
phenomena, and the experimental observations were
reproduced computationally to a very satisfactory de-
gree.>® Experimental and computational investigations
led to the conclusion that mass accretion from the cold,
embedding gas into the hot plasma channel increased the
line density of the pinch and limited the temperature
which could be achieved.’

The gas-embedded Z-pinch work prompted the sug-
gestion that frozen fibers, which by definition would be
free from any accretion processes, could possibly be
driven to fusion conditions by modern high-voltage,
pulsed power generators.>® Experiments at Los Ala-
mos®!'® and the Naval Research Laboratory (NRL)!'
have now demonstrated that interesting plasmas can be
created from frozen deuterium fibers, and existing facili-
ties are being upgraded to provide higher current and
dI/dt. Sethian et al.!' have reported the remarkable ob-
servation that a fiber-formed column remains stable until
the driving electrical current reaches a peak, at which
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time a sudden, rapid expansion and onset of neutron pro-
duction is observed; it is suggested that the decreasing
dI/dt leads to m =0 unstable behavior.

In this paper, we report the first application of our
computational capability,>® which was developed in con-
junction with the laser-initiated Z-pinch effort, to a
study of the solid-deuterium-fiber Z pinch. In our com-
puter calculations, we solve, using implicit numerical
methods, the one-dimensional equations of magnetohy-
drodynamics which include thermal conduction and
resistive diffusion. The magnetohydrodynamic model
used requires for completeness the specific internal ener-
gy, the pressure, the thermal conductivity, the average
ionization level, and the electrical resistivity as functions
of the density and temperature. To obtain the equation
of state (specific energy and pressure), the ionization
level, and the resistivity, we use the Los Alamos
SESAME!? tabulated atomic data base computer li-
brary. The thermal conductivity uses essentially the Bra-
ginskii ' formalism. In the course of a typical computa-
tion, all quantities will vary by several orders of magni-
tude.

The “cold-start™ initial conditions for the computa-
tions reported here are a solid, cryogenic fiber [ps
=(0.5-1)p, =88-176 kg/m?>; T;=0.001 eV] surrounded
by a low density, “warm” halo (p, =0.176 kg/m 3 Th=1
eV). The warm halo is required to provide an initial
current conduction path, since the high-density, central
fiber is an insulator at low temperature; whereas we have
successfully modeled>® the electrical breakdown process
in the gas-embedded Z pinch, we have yet to formulate a
model of the breakdown of the solid fiber. Typically, the
radius, 7y, of the halo region is 20-30 um larger than the
fiber radius, r;. Parameter studies have shown that our
computed results are insensitive to the value of the halo
radius, even if the halo radius is as large as 7.5 times the
initial fiber radius, except for a short-lived (10 ns) tran-
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FIG. 1. Radial profiles at 35 ns for py=p,, ry =15 um:
curve a, mass density; b, radial velocity; ¢, temperature; d,
magnetic field.

sient, because of the small mass involved.

Our computations completed to date have been pri-
marily aimed at modeling the Los Alamos prototype ex-
periment®!0 (=600 kV, =250 kA, dI/dt=2x10"?
A/s, Trise =200 ns, ry=10-20 pm). Shown in Fig. 1 are
typical radial profiles prior to the time of complete fiber
ablation. As the density profile (Fig. 1, curve a) and the
magnetic field profile (Fig. 1, curve d) indicate, the
current is carried by essentially fully ionized plasma at a
relatively low density (p <1 kg/m?; n, <3%10%/cm?).
A temperature gradient (Fig. 1, curve ¢) exists across
the channel, and heat is conducted radially inward to the
cold fiber. The heating of the high-density fiber creates
a large pressure at the fiber boundary. The large pres-
sure causes the heated fiber material to expand radially,
i.e., to ablate, at a velocity of 1.1 cm/us (Fig. 1, curve
b). In addition, the large pressure generates shock waves
which propagate radially inward through the fiber and
which are eventually reflected from the axis. The waves
which reverberate through the fiber heat the fiber some-
what, but they are insufficient to raise the electrical con-
ductivity of the fiber to the point where it conducts elec-
trical current, and so the interior of the fiber is free of
magnetic field (Fig. 1, curve d).

The computations shown in Fig. 1 are summarized in
Fig. 2, which gives the temporal history of the density
and temperature at various radial positions. As shown in
Fig. 2, curve a, the density on-axis is constant at its ini-
tial value until the first shock reaches the axis within
about 10 ns after current initiation. Subsequently, after
a series of reverberations, the material on-axis is com-
pressed by a factor of 4 until, at about 93 ns, the density
on-axis drops abruptly. The abrupt drop by a factor of
400 corresponds, of course, to complete ablation of the
fiber, after which all the material is fully ionized, as indi-

103 I I A B

L

> =
L ]
=
2 |

- —— E
é BN . — e B
w whe -
2l ]
~ 10’ —
N : 3
S B -
g o _//":-— a,b,c -
> b_-Z=7" |
E 100 o7 | —
‘£ E ’/// ] =
g b a :

= 4/ | .

; |
10-1 /A BT BTSN R B A
0 50 100 150 200
TIME (ns)

FIG. 2. Temporal history of mass density (curves a,b,c)
and temperature (curves d,e,f): a,d, on-axis; b,e, at r=25
pm; ¢, f, at r =50 um.

cated in Fig. 2, curves d-f. Once the fiber has been ab-
lated, the radial profiles change abruptly from those
shown in Fig. 1 to profiles similar to those given by a
similarity solution'#: The temperature is uniform (Fig.
2, curves d-f), and the density drops off approximately
parabolically (beyond the 50-um radius shown in Fig. 2,
curves ¢ and f). Perhaps most significantly, the radial
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FIG. 3. Temporal history of fiber radius for, curve a, Prf=PpPs,
rp=20 pm; b, py=p;, ry =15 um; c, py =0.5p;, re=15 uym; d,
pr=0.5p5, ry =10 um.
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FIG. 4. Temporal history of channel radius for, curve a,
pr=ps, rr=20 um; b, py=ps, ry =15 um; ¢, pr =0.5ps, ry =15
um; d, pr=0.5ps, ry =10 um.

velocity of all material drops essentially to zero, and the
outward flow indicated by Fig. 1, curve b, ceases.

A series of computations for the Los Alamos prototype
is summarized in Figs. 3 and 4. The fiber radius (Fig. 3)
is the location where the density is 10% of the density
on-axis. The channel radius (Fig. 4) is the location
where the enclosed current is 90% of the total. The vari-
ation in the fiber radius, ry, in Figs. 3 and 4 covers the
range used in the Los Alamos experiments, and the vari-
ation in the initial density p, reflects the fact that the
average density of the fiber may be as low as half the
solid density because of voids and other nonuniformi-
ties.!> The time to complete fiber ablation ranges from
40 ns (Fig. 3, curve d) to 130 ns (Fig. 3, curve a), and
the time to fiber ablation is given approximately by the
expression

tr=6.4r/(ps/ps)°,

where 77 is in ns, ry is in um, and p; is the solid deuteri-
um density (176 kg/m?). In all cases, the channel radius
(Fig. 4) is significantly larger than the initial fiber ra-
dius. The degree to which the channel recompresses
after the fiber has ablated depends upon the fiber param-
eters (Fig. 4, curves ¢ and d; the late-time constancy of
Fig. 4, curves a and b, indicates proximity to the bound-
ary of the computational domain).

Although the NRL experiments'' have a higher cur-
rent rise time and higher current (dI/dt=4x%10'2 A/s,
1=500 kA) than the Los Alamos prototype, the initial
fiber radius is also larger (r,=40-62.5 ym). Summa-
rized in Fig. 5 is a computation using the NRL driving
current and a solid density fiber which has an initial ra-
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FIG. 5. Temporal history for parameters of the NRL exper-
iment: curve a, computed fiber radius; b, computed channel
radius; ¢, experimental streak-photograph radius (see Ref. 11).

dius of 62.5 um. Perhaps surprisingly, the fiber, al-
though reduced to less than 50% of its initial radius, per-
sists for the duration of the experiment (Fig. 5, curve a).
After an initial transient, the computed current-channel
radius (Fig. 5, curve b) is comparable to the experimen-
tally obtained streak-photograph radius (Fig. 5, curve c),
except for an approximately 20-ns time delay, although
the rapid expansion which occurs beyond peak current is
not as abrupt in the computation.

The agreement between the computed current channel
(Fig. 5, curve b) and the experimentally measured radius
(Fig. 5, curve ¢) would appear to confirm our computa-
tional prediction that the solid fiber persists significantly
longer in existing experiments®™'' than previously ex-
pected. However, experimental techniques to definitively
detect the presence or absence of the fiber have not yet
been developed.

Our one-dimensional computations do not provide an
explanation of the onset of neutron production observed
in the NRL experiments. McCall'® has formulated a
simple model of m =0 unstable behavior which predicts
the observed scaling of the neutron output with current;
a priori it appears that McCall’s mechanism would not
apply until the fiber has totally ablated. Preliminary
cold-start, two-dimensional computations!’ indicate that
the low-density plasma outside the fiber undergoes m =0
behavior as early as 10 ns and that the m =0 behavior
can somewhat increase the fiber ablation rate. Hence,
Fig. 5, McCall’s model,'¢ and our preliminary two-
dimensional computations'” prompt the speculation that
the fiber ablation process may play an important role in
the stability of the pinch and that neutron production
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may occur at the time of complete fiber ablation. This
conjecture is consistent with Los Alamos observations '°
of m=0 modes at a time comparable to the fiber abla-
tion time of Fig. 3, curves b and c.

Although the computations reported here do not in-
clude radiative effects, “two-temperature’” computations
using SESAME !? opacities to couple radiation to the
plasma show no significant differences from the compu-
tations of this paper. We are now assessing the validity
of the entire atomic data base which is required in the
computations. We are also applying a variety of compu-
tational tools to address the role of thermal conduction,
resistive diffusion, viscous dissipation, and driving-cur-
rent wave form on the stability and evolution of the
pinch.
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