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NUMERICAL INVESTIGATION OF DEUTERIUM IMPLOSION IN
A CONICAL TARGET

A. A. Charakhch’yan UDC 537.84

The idea of using conical targets for controlled fusion was published quite a while ago [1]. A conical target can
concentrate all the energy from a laser in a small solid angle, while traditional spherically symmetric targets require the laser
radiation to be distributed as uniformly as possible over the whole spherical surface. A disadvantage of conical targets is that
the cone always deforms during the final compression stage, so the ability to obtain ultradense material is limited. Currently
spherical targets produce the highest fusion reaction rate (see [2] for example). Nonetheless experiments with conical targets
(see reviews [3, 4]) have produced deuterium plasmas with a fusion reaction rate high enough to be of interest.

Here we model a most unexpected experimental result [5], which still has not been satisfactorily explained. An
aluminum flyer at ~5.4 km/sec impacted a lead target with a thin aluminum cover; the target was filled with deuterium at
~1 atm (Fig. 1). In this experiment the deuterium plasma was heated mostly by the primary shock front; the intensity behind
the front was proportional to the square of the flyer velocity. The experimental result [5] — a stable recording of
~ 108 neutrons per shot — stood out because the flyer velocity was so low. In analogous experiments (gold target,
polyethylene flyer, and a neutron yield of ~3-107) [6], the flyer velocity was much higher: 40-50 km/sec. Even more
impressive is the comparison with a laser compression experiment [7], where the measured particle velocity in the target
container was ~ 100 km/sec and the neutron yield was only (1-4)-10%,

Unfortunately the experiment [S] was not continued after 1980, and evidently never repeated. At the same time, its
authors were convinced the result was reliable and included it in recently published reviews [4, 8].

The material flow described below, like that in a spherical target, has a focal point where the temperature is unbounded
at the moment of focus according to the Euler equations.* Accurate computations near such points are complex, even if the
temperature is limited by dissipative processes and not by instabilities in the converging shock waves, because a calculation
that does not use a self-similar solution requires the grid to become denser near the focal point (see [9] for example). In many
calculations, the accuracy problem is ignored near the focal point (see [10} and [11] for example). This approach is valid,
because after the primary shock wave passes the focal point and is reflected, the deuterium continues to be heated, first by
secondary shock reflections, and then quasi-adiabatically. Therefore inaccuracy in flow calculations, especially for the
temperature, near the focal point can hardly have a significant effect on the accuracy of the overall calculation, in particular
for the neutron yield. The calculations below also do not pretend to give an accurate plasma temperature in the immediate
vicinity of the shock focal point.

The literature contains several examples of calculations of gas compression in conical targets, where the material flow
is considered in the target and the compressing piston as well as in the gas. Problems have been examined, in which the
focusing at the lateral boundary of the cone has no significant effect on the shape of the inner boundary of the piston {12-14].
The possibility a focusing circumferential aluminum jet could have appeared in the experiment [5] evidently was first shown
in [15]. The initial formation stage of such a flow has been modeled numerically with reasonable accuracy [16]. The first two-
dimensional numerical modeling [17] of the experiment [5] considered the problem of a hollow cavity. Direct flow through

*The calculation is not unbounded if the detailed wave structure is taken into account. See R. G. Peterson, P. S. Spangler,
and G. D. Guthrie, "Shock Focusing Model and Experimental Verification, SBIR Phase II - Shock Focusing Validation,"
Report BMO-TR-93-36, DET 10, Space and Missile Systems Center, 111 E. Mill Street, San Bernadino, CA 92408-1621 (30
September 1993) — Translator.
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Fig. 1

the material boundaries [18] was used with a grid of ~10° nodes, which were apparently fixed. The initial results of a
deuterium-filled cavity [19] were obtained with a first-order method. Explicit lines on the finite-difference grid defined the
material boundaries, except for the upper boundary between the aluminum and the lead, which had no significant effect on the
deuterium compression dynamics. This approach is much more accurate than using direct flow through the material boundaries.
When parameter values close to the experimental ones were used, a circumferential jet of aluminum focusing on the axis of
symmetry separated the deuterium into two parts and created a high-velocity jet in it.

Use of a first-order method [19] made it impossible to hope for a correct numerical flow description in grids with
1000—2000 nodes. The use of monotonic high-order methods [20] in the deuterium and aluminum in combination with explicit
material boundaries makes it possible to hope for a correct quantitative flow description. Control calculations were done on
various grids within the limits of the computer capability.

Here we not only examine the formation and propagation of the high-velocity deuterium jets as was done in [20]; we
continue until the jet is completely attenuated and a shock wave forms in the deuterium. The flow is described by Euler’s
equations. The equation of state for a completely ionized perfect gas is used for deuterium, and a wide-range equation of state
[21] is used for the metals. The initial flyer velocity is 5.4 km/sec, the initial deuterium pressure is 1 atm, the flyer thickness
is 2 mm, the thickness of the target cover is 0.3 mm, the radius of the hole in the target surface is 1 mm, and the cone angle
is 60°.

We do not pretend that our results explain the experiment [5]. Also, the calculated number of neutrons is almost zero,
based on the standard formula for the D-D reaction rate as a function of temperature and density [22]. Nonetheless it is clear
that the experiment [5]. cannot be explained theoretically without understanding the details of shock propagation.

The instability of the aluminum-deuterium boundary can have a large effect on the flow formation (see [23] and [24]
for example). This problem is not examined here. Solving it requires calculations with an initially perturbed boundary, along
with a purely theoretical analysis. This calculation should be done in the future with a more powerful computer and should
include two-dimensional perturbations.

In the figures t is time, and z and r are the axial and radial coordinates. The base of the cone is at z = 0 at time
t=0.

Flow Description. Figure 2 shows part of the velocity field during the initial compression stage. The solid lines are
the material boundaries. An imploding circumferential aluminum jet has already formed. The structure of the shock waves
in the deuterium can be seen. One shock wave, from the acceleration of the aluminum inner boundary, has a plane front
parallel to the initial position of the aluminum boundary. Two other shock waves come from the imploding jet of aluminum.
One moves through the unperturbed deuterium along the base of the cone, while the other moves along the axis of symmetry
through the deuterium compressed by the shock wave. This last wave eventually will focus and reflect from the axis of
symrrietry. Qualitatively the shock waves behave the same as if a shock wave struck the base of a conical target (see [25]).

Figure 3 shows a fragment of the finite-difference grid (the thicker lines are the material boundaries) and the velocity
field near the deuterium region immediately before the aluminum converges on the axis of symmetry. The deuterium divides
into two parts which hereafter will be called the upper and lower parts. It can be seen that high-velocity jets arise along the
axis of symmetry in both parts.

We shall assume that the solution of the Euler equations describes the focusing as follows. Initially the
aluminum-deuterium boundary is tangent to the axis of symmetry at one point. Then the point transforms into an expanding
segment with ends at the points where the material boundary intersects the axis. The intersection angle « (which is different
for each end of the segment) differs from zero at all times except possibly for a short time after the moment of tangency. Then
the velocity u, of the end of the segment is an obvious geometric function of the angle « and the velocity component u, normal
to the material boundary:
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This behavior of the Euler solution is modeled numerically as follows: As soon as any node of the aluminum-deuterium
boundary gets close enough to the axis of symmetry it is moved to the axis and thereafter can move only along it. If the
neighboring node is already on the axis, the corresponding series of deuterium cells are discarded, and a symmetry condition
is imposed on the boundary of the aluminum cell. Nodes are distributed uniformly along the boundary, until a specified
number converge on the axis of symmetry. Afterwards the velocity of the boundary nodes along the axis is calculated from
Eq. (1) and the uniform node spacing becomes different for the aluminum strip and for the two parts of the deuterium. As
a result the angle « increases and the boundary nodes leave the axis of symmetry. The time step for the explicit method was
effectively increased by using this method several times in cells where the specified time step exceeded the time step for
stability for that cell. °

Dynamics of the aluminum convergence and the formation and propagation of the deuterium jets are shown in Fig.
4. The pressure and velocity distributions along the axis are shown for four sequential times. The lower part shows the
corresponding profiles of the deuterium boundary. The dashed line is the axis, and the arrow shows the positive direction along
the axis. Just before convergence, the pressure in the narrowest part of the throat is =30-10% atm (Fig. 4a). Then the
deuterium pressure drops, a jet breaks away from the aluminum, and, along with the shock waves it generates, moves through
the relatively unperturbed deuterium. The maximum deuterium velocity is =200 km/sec in the upper part and = 180 km/sec
in the lower part (Fig. 4b). The jet in the upper part hits the aluminum and moves in the opposite direction (Fig. 4c). The
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other part hits the base of the cone and greatly increases the pressure there (Fig. 4d). This increases the Pb deformation rate,
which then limits the pressure growth.

The positive velocity in the upper part of the deuterium in Figs. 4c and 4d reflects the appearance of a reverse jet,
whose formation is illustrated in Figs. 5 and 6. Figure 5 shows the velocity and density fields in the upper part of the
deuterium after the initial jet has broken away from the aluminum (a is the velocity and b are the isochores
10-[ig{o,g/cm?} + 4]). It can be seen that a zone of relatively rarefied deuterium forms behind the front of the jet. The
surrounding deuterium encroaches into this zone and generates a reverse jet, as shown in Fig. 6, which also shows the
temperature field (a is the velocity field and b are the isotherms [eV] in deuterium). The maximum temperature, which is also
the maximum for all previous times, is near 60 eV. The main mass of the deuterium is heated much less.

Later, both deutérium masses are compressed by secondary imploding jets of aluminum (Fig. 7).

Figures 8a and 8b show the velocity and pressure (10° atm) fields in the upper part of the deuterium just before the
secondary imploding jet meets the main mass of aluminum, which is moving in the opposite direction. The maximum
deuterium temperature is =30 eV. The deuterium pressure has almost equilibrated and differs little from the pressure in the
surrounding aluminum. Therefore further significant compression and heating in the deuterium is not likely. On the other
hand, continuing the calculation would require a different structure in the finite-difference grid in the upper part of the
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deuterium, which would greatly complicate the computer program. For these two reasons the calculation of the upper part of
the deuterium was terminated.

The calculation of the lower part of the deuterium was continued until its volume started to expand. The corresponding
temperature field is shown in Fig. 9. The maximum temperature =40 eV and the average temperature =30 eV both decrease
with time. The average density is =0.2 g/cm?.

Neutron Yield. After the jets and the resultant shock waves are attenuated, the deuterium temperature is very low
(30—40 eV)and differs little from the first-order calculation (=20 eV [19]). The maximum temperature caused by the jet is
also small (60—70eV). One-dimensional spherical calculations in [5] were limited by several conditions related to the
deformation rate of the lead. The temperatures presented (300 —5002V) clearly correspond to the initial velocity of the flyer,
which is much greater than 5.4 km/sec; the appearance of these temperatures in [5] is some sort of misunderstanding. At the
same time, as noted previously, the authors of the experiment [5] are convinced of the result (~ 10® neutrons per shot for a
flyer velocity of ~5.4 km/sec) and included it in their reviews [4, 8].

The number of neutrons produced were calculated from the standard formula (see [22] for example)

N = [ fw o (T)n*/4dvdt, )
Woo(T) = 2.6-107HT~*%exp(—18.76/T") cm*sec !

where wpp(T) is the D-D reaction rate; T is the temperature, keV; and n is the number of deuterium atoms per unit volume.

The integration is carried out over the whole deuterium volume and over time. The number of neutrons N = 0, due to the
relatively low temperatures.
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We now give a rough lower estimate of the plasma temperature in the experiment {5]. To do this we replace Eq. (2)
by an approximation:

N = Mtpwy(T)/4m}. 3)

Here M is the mass of the deuterium; 7 is the lifetime of the high-temperature plasma; 5 and T are the characteristic density
and temperature of the plasma; and mp, is the nuclear weight of deuterium. Keeping in mind that the deuterium compression
calculation was terminated after ~0.2 usec, we set 7 = 0.1 usec. We use 5 = 1 g/cm3, which is roughly five times larger
than in the calculation. The initial deuterium pressure was ~ 1 atm in the experiment, which gives an initial deuterium density
of ~2-1074 g/cm?. The experimental target parameters (see [4]) — a 53°cone angle and a 1 mm target surface orifice — give
M = 4.2:10~7 g. With this result and N = 106 in Eq. (3), we obtain T = 0.2 keV. If the plasma is heated nonuniformly,
its maximum temperature should be even higher. This clear disagreement with the above temperature indicates that an effective
heating mechanism operates in the plasma that is not included in the Euler equations and therefore is not related solely to
plasma compression. At the same time, that an intensive D-D reaction occurred in the experiment in the absence of a high-
temperature plasma cannot be excluded. The deuterium jet moving with a velocity of ~180-200 km/sec into relatively
quiescent deuterium is analogous to a bundle of heavy water clusters bombarding a deuterated target with a velocity of
~ 100 kam/sec in a published experiment [26], which produced an anomalously large number of protons from the D-D reaction.
(There are two D-D reactions which have roughly equal probability: one generates neuirons and the other generates protons
{22].) It has been shown [27] that the reaction rate in the experiment {24] cannot depend only on the plasma thermodynamics,
because no protons were produced when hydrogen replaced deuterium in either the clusters or the target.

In conclusion we now briefly examine calculated results [20] which go beyond the Euler equations. Two-dimensional
Navier-Stokes equations were used to follow how a deuterium plasma in a boundary layer with the aluminum was heated by
a high-velocity jet. In this calculation also, the temperature distribution of ions in the boundary layer could not explain the
experimental neutron yield. At the same time the solution of the Navier-Stokes equations leaves open the question of local
zones with a very high ion temperature, because answering this question requires a viscous heating calculation along the whole
jet boundary, not only where it coincides with the boundary of the deuterium. Doing such a numerical investigation is now
impossible without a powerful enough computer or a satisfactory adaptive zoning procedure.

How a spontaneous electromagnetic field caused by a high-velocity jet of deuterium plasma affects the flow was
investigated numerically using two-dimensional magnetohydrodynamic equations. It was shown that the electromagnetic field
did not affect the flow significantly. At the same time, the absolute value of the magnetic field (~10* G) in the deuterium

512



can be sufficient to induce experimentally observable currents in the target. If so, then a correlation of the appearance of the
currents with the neutron yield would be convincing proof that the yield was related with the implosion of the aluminum. We
note that such currents can be measured when laser radiation interacts with matter [28], while the corresponding calculation
[29] gives a maximum magnetic field of only 25 G.

The overall conclusion from the results here and in [20] is as follows. The author’s multi-year effort to explain the

experiment [S] is currently unsuccessful: the experimental neutron yield should have been negligible for the calculated
deuterium plasma temperature.

The author thanks Yu. D. Shmyglevskii for a discussion of the results.
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