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Abstract

The ion accelerator NDCX-II is undergoing commissioning at Lawrence Berkeley
National Laboratory (LBNL). Its principal mission is to explore ion-driven High Energy
Density Physics (HEDP) relevant to Inertial Fusion Energy (IFE) especially in the Warm
Dense Matter (WDM) regime. We have carried out hydrodynamic simulations of beam-
heated targets for parameters expected for the initial configuration of NDCX-II. For
metal foils of order one micron thick (thin targets), the beam is predicted to heat the
target in a timescale comparable to the hydrodynamic expansion time for experiments
that infer material properties from measurements of the resulting rarefaction wave. We
have also carried out hydrodynamic simulations of beam heating of metallic foam targets
several tens of microns thick (thick targets) in which the ion range is shorter than the
areal density of the material. In this case shock waves will form and we derive simple
scaling laws for the efficiency of conversion of ion energy into kinetic energy of fluid
flow. Geometries with a tamping layer may also be used to study the merging of a tamper
shock with the end-of-range shock. This process can occur in tamped, direct drive IFE
targets.

Introduction

The NDCX-II ion induction accelerator construction project [Waldron et al 2012] at
LBNL was completed, and the machine is currently undergoing commissioning, which is
planned for completion by June 2013 [Lidia et al 2012]. The purpose of NDCX-II is to
explore ion-driven High Energy Density Physics (HEDP) relevant to Inertial Fusion
Energy. NDCX-II is a low energy, high current, short pulse accelerator [Friedman et al
2010], that in many ways complements the high energy ion accelerators used for HEDP
studies [Hoffmann et al 2000, Tahir et al 2005, 2007, Zhao et al 2009]. Using ions as
drivers to create HEDP conditions has several attractive features, including spatially
uniform and volumetric energy deposition over diagnosable large material volumes (~
one mm in radius by a few to tens of microns in depth) for any material or surface;
precise control over energy deposition with an intrinsic energy spread of a few per cent; a
small shot-to-shot variation in energy and intensity; the ability to do energy accounting
by measuring the remaining beam after passage through thin foils; a benign environment
for diagnostics (low debris and radiation background); high shot rates (~ two per minute);
and energy deposition that can leave the target close to local thermodynamic equilibrium.
At first NDCX-II will produce Li" ions at 1.2 MeV; a modest future extension is
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envisioned that would raise the energy to 3 MeV. The beam is predicted to heat metal
foils several microns thick in a timescale comparable to the hydrodynamic expansion
time of the target for experiments that infer material properties from measurements of the
rarefaction wave. Experiments using metallic foam targets several tens of microns thick
wherein the beam creates shock waves will enable the inference of ion energy coupling
into kinetic energy of fluid flow. Geometries with a tamping layer may be used to study
the merging of a tamper shock with the end-of-range shock, a process that can occur in
tamped direct drive IFE targets. We have carried out detailed hydrodynamic simulations
of targets for several configurations, exploring how optical intensity measurements (from
infrared to ultraviolet), laser doppler measurements (VISAR), and X-ray density
measurements can be used to distinguish equations of state, and measure beam energy
coupling in ion driven shock experiments.

NDCX-II will enable several types of measurements of heated matter and will be able to
diagnose the target in several ways (see Bieniosek et al 2009, Ni et al 2009). Proposed
experiments include: 1. Time dependent measurement of rarefaction waves and
hydrodynamic expansion of the heated material. The measurements would include: a.
temperature at the critical surface by photometry of the emission as a function of
wavelength, emission angle, and polarization (polarization pyrometry) and time; b.
velocity at the critical surface using Visar; and c. density as a function of position, by
measurement of absorbed X-rays (created by an X-pinch or laser produced X-ray source).
2. Measurement of shock wave velocities, by imaging and timing of the breakout of the
shockwave, and by measuring fluid velocities at the breakout time using VISAR, for
those configurations in which shock waves are generated. 3. Electrical and thermal
conductivity measurements, by measuring thermal breakout times of thin foils of various
thicknesses, and B-field penetration times through heated matter. 4. Measurement of the
final charge state and energy of the ions after passing through the target. One can
measure both total energy in the beam pulse to determine the deposition and also the
energy of the ions to ensure that the deposition mechanisms are understood. 5.
Measurement of emission and absorption spectral lines of the heated target for
investigation of atomic physics in the Warm Dense Matter regime. 6. Aerogel witness
media to capture droplets and fragments from the exploding media. 7. Laser probe
measurements to optically measure target light transmission, reflection and absorption by
the ion heated target.

In addition to the general equation of state and shock physics experiments mentioned
above there are other specific areas where NDCX-II will enable exploration. These areas
include: 1. Liquid-vapor phase transition and the complete boundary between the regions
and critical points. (The critical point is poorly known for many of the refractory metals).
Solid-liquid phase transitions are also of interest for some material; 2. Phase transitions
from metal to insulator and insulator to metal; 3.Transitions in opacity (for example, the
transition between transparent and opaque, as in transient darkening that occurs in some
materials in the Warm Dense Matter regime; 4. Fragmentation and fracture mechanics of
materials under extreme conditions (e.g. carbon, silicon); 5. Droplet formation and the
role of surface tension in rapidly expanding metals; 6. lon beam stopping, scattering, and
charge state evolution in heated material; 7. Unusual plasma configurations, such as



93

94

95

96

97

98

99
100
101
102
103
104
105
106
107
108
109
110
111
112
113
114
115
116
117
118
119
120
121
122
123
124
125
126
127
128
129
130
131
132
133
134
135
136
137
138

positive/negative ion plasmas (with very few free electrons) predicted to occur in
halogens and some metals such as gold and platinum at temperatures near 0.4 eV.

Hydrodynamics driven by ion energy deposition for Heavy Ion Fusion

Heavy ion fusion is one of the principal options for inertial fusion energy (see e.g. Logan
et al (2007), Hoffmann et al (2007), Horioka et al (2009), Sharkov et al (2007), and
http://hif12.1bl.gov website). However, most inertial fusion target experiments to date
have been carried out using laser beams. Lasers deposit their energy near the critical
surface, roughly where the plasma frequency equals the laser frequency. In laser direct
drive, as the ablator material and the critical surface expand outward and as the
shockwave propagates inward, over the course of the pulse the shock front separates from
the location of the energy deposition. In spherical heavy ion targets (see e.g. Meeker and
Bangerter (1981), Tahir and Long (1986), Basko and Meyer-ter-Vehn (1993), Allshouse
et al (1999), Someya et al (2006), Kawata et al (2007), Logan et al (2008), and Terry
(2012)), and other heavy ion direct drive targets (such as fast ignition targets [Henestroza
et al 2011, 2012]), ions deposit their energy volumetrically, and the ion mass and energy
are chosen so that the ion range is a significant fraction of the ablator thickness.
Moreover, accelerators offer a possibility of varying the ion energy over the course of the
pulse. To maximize the shock strength it is possible to adjust the ion energy so that the
ion range increases to keep up with the shock wave that was created during the initial
stages of the pulse. Another option is to increase the intensity of the ion beam so that
energy that arrives late in the pulse may overtake a shock launched at early times. How to
maximize the shock intensity and optimize the conversion of ion energy into fuel fluid
kinetic energy by varying the intensity and energy of the ion beam can be explored
experimentally with the NDCX-II facility as well as theoretically as described below.

Shock strength maximization with ion beams involves determining optimum velocity tilt
and focusing angle. The velocity tilt is the difference in velocity between the head and
tail of the beam. . The velocity tilt is determined by adjusting the "triangular" induction
voltage waveforms in the accelerator. The focusing angle is adjusted by varying the field
strength of the final focusing solenoid and/or varying the radius at which the beam enters
the solenoid. A large velocity tilt gives larger instantaneous range variation (larger
variation in penetration depth), shorter pulse duration, larger chromatic variations (i.e.
larger spot radii at the ends of the beam where the velocity difference relative to the
midpulse is greatest.) A large focusing angle results in a smaller radius at the midpulse
of beam, but larger chromatic variations (i.e. larger spot radii at the high velocity ends
relative to the center of the beam.) For experiments involving rarefaction waves, the
requirements of short pulse and maximum energy density lead to large velocity tilt at an
optimum focusing angle. For experiments in which a shock is created, placing energy
behind a shock implies the optimum may shift to longer pulses and smaller focusing
angles. When a shock is created at the "end of range," there is a natural time scale for the
shock to form, which is on the order of the distance from peak energy deposition to zero
deposition divided by the sound speed. Shortening the duration below this time scale (but
with the same fluence) does not enhance the shock strength or coupling efficiency.
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Simulations of hydrodynamic experiments on NDCX-II.

When stopping in a single material in which the range is longer than the thickness of the
material, ion beam deposition results in controlled, shock-free increases in temperature.
However, when range of the ion beam is shorter than the target thickness, at the end of
the ion range, at sufficient intensities, the strong pressure gradient will induce an "end-of-
range" shock. For targets in which the ion beam crosses a material boundary, differential
heating rates in the two materials will cause a pressure imbalance which can also drive a
shock (the "tamper shock"). The tamper shock must be taken into account when
designing IFE targets where the fuel is hydrodynamically coupled to the ion beam
deposition region [Terry et al 2012]. The ion beams produced by NDCX-II will have
sufficient range and intensity to experimentally study these phenomena. Simple layered
targets should enable us to characterize the dynamics and spatial uniformity of these
shocks. Various density profiles can be examined to study the tradeoff between tamping,
and the increase of shock strength and the energy losses associated with heating the
tamper.

In a homogeneous material, controlled volumetric energy deposition afforded by ion
beams will allow us to investigate how to optimize the conversion of ion beam energy
into kinetic energy of the target material. As discussed above, there are tradeoffs between
pulse duration, velocity tilt and focusing angle. Because the ion energy deposition profile
has a finite length (for example, for 10% Al foams the energy deposition has a scale
length of order of 10 w) the time to form a shock will be on the order of this distance
divided by the sound speed (of order 10 ns for the 10% Al foam example). Figure 1
shows a simulation of a 1.2 MeV ion beam impinging upon 10% aluminum foam. The
figure shows only the evolution of the fluid parameters along the central line. Since the
thickness of the target is only 50 microns and the radial spot is of order 500 microns, to a
good approximation the motion is one dimensional along the z direction at least for
propagation distances of order 50 microns or less.
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Figure 1. HYDRA simulation of the density p (red), temperature k7" (green), and velocity
v (blue), of the evolution of an ion beam heated target composed of Al at 10% solid
density along the axis (»=0), at times /=0 (left), =1 ns (center) and = 26 ns, as a function
of longitudinal position z. The 1.2 MeV ion beam (impinging upon the target from the
left) had a pulse duration of 1 ns (initiated at +=0) and had a central fluence F' (deposited
energy per unit area, integrated over the pulse duration) of 12 J/cm®.

As can be seen from Fig. 1, the ion deposition first raises the temperature, causing a
leftward propagating rarefaction wave and a rightward propagating pressure wave that
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steepens into a shock wave. Here the beam arrives from the left. The shock wave
accelerates the unshocked mass ahead of the wave, and compresses it to liquid density
(about 2.3 g/cm®). The simulation was repeated for various total beam fluences (shown
in fig. 2) and the trends plotted.
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Figure 2. Left: Dependence on fluence F of maximum sound speed c;; Center:
accelerated mass (leftward moving mass M. (red, upper line) and rightward moving mass
M. (blue, lower line), and Right: fraction of integrated fluence converted into kinetic

energy of the slab.

It is apparent from Fig. 2 that the mass per unit area that is ablated M. (i.e. the mass that
propagates in the simulation with negative velocity) is nearly independent of fluence. M.
is instead a fixed fraction f of the ion range. The ablation point where v=0 occurs at this
fraction f of the ion range. In these simulations f'is found to be of order 0.65. It is also
apparent that the average velocity of the ablated material is very close to maximum sound
speed created in the material from the beam heating. (The maximum speed occurs at the
most negative point of the rarefaction wave and is typically a factor of 3 to 4 higher than
the maximum sound speed. Figure 3 (left) shows the ratio a of the mass weighted
average speed v. (defined as the total momentum per unit area of the negative propagating
fluid divided by M.) to the maximum sound speed ¢,. (v. = a ¢ where a~1).
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Figure 3. Left: a, ratio of average ablation speed v. to maximum sound speed as a
function of fluence for a 10% Al foam, using the LEOS equation of state. Center: ¢, / (10
F /9 pR,-On))l/ ? as a function of fluence. Right: Efficiency 7 of conversion of beam energy
into fluid flow energy, M.v.”(2F).

Another important quantity is the ratio of the sound speed to the deposited energy density
per unit mass. In general, the square of the sound speed ¢’ is defined as the partial
derivative of the pressure P with respect to density p at constant entropy S, o = JoP/dp | s,
which can be written in terms of the ratio of specific heats y as ¢,” = yP/p. Similarly, the
energy density per unit mass & may be written & = P/(p(y-1)) so that alternatively the
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square of the sound speed may be given by ¢;° = y(y—1)e = y(y-1)Ae. Here, Ae is the
change in internal energy density resulting from the ion beam heating. The approximate
inequality above assumes that the temperature after beam heating is much greater than
the initial temperature. Here the factor y(y—1) includes all of the physical details arising
from a particular equation of state, including the latent heat of fusion (melting) and the
heat of vaporization of the foam or solid. For a monatomic perfect gas y=5/3, so in that
case y(y-1) =10/9 =1.1. We expect at lower intensities (smaller F), the melting and
vaporization energies will be significant so the effective y will be closer to 1, and thus
y(y-1) will be < 1. As F increases, y(y-1) approaches 10/9 (as long as F' is low enough
that ionization is not important). We may approximate A¢e = F'/ pR;,,. Here pR;,y, 1s the
range of the ion beam (in units of mass/unit area) and is approximately 5.4 g/cm? for the
1.2 MeV Li" ion beam stopping in Al, based on the stopping model used in HYDRA. In
figure 3 (center), we plot the ratio of ¢ /(10 F' /(9 pR,-M))l/ ? found from the simulations
and, as expected, this ratio tends toward unity as F' increases.

We may estimate the efficiency 1 of the conversion of beam energy into kinetic energy
of the accelerated mass by noting that total mass and momentum is conserved. Mass
conservation implies:

pRrot = Ep[Azi + EpiAZi = M— + M+ = prion + M+ = M+ = pRtot _prion

iv<0 iv>0 (1)
where PR 1s the total mass per unit area of the target. Momentum conservation implies:
1/2
O = EpiviAZi + EpiviAZi = M—V— + M+v+ = _G(W prion + (pRmt - prinn)v+
iv<0 iiv>0 pRio" (2)
1/2
., G =DpRu,F)
(pRrot - prion)
The coupling efficiency 7 is defined as 1 = M,v.?/(2 F). Using eq. (2) this implies,
aZ 2 ( _ 1)
7= frly (3)

z(pRtot /pRi(m - f)
In eq. (3) the fluence F does not explicitly appear, but n will depend on F through y. Eq.
(3) will become inaccurate as PRt/ PRion approaches 1 (if pRw pRion < 1, part of the
beam energy passes through the target). This formula suggests that for fluences of order
10 J/em? coupling efficiencies around 6% are expected (for pRw/ PRion = 2.5, a=1, f=
0.65, and ¢, / (10 F /(9 pRion))"*= 0.7 (i.e. y(y-1) =0.7%(10/9)=0.54). For PRt/ PRion> 2.5
the scaling indicates the efficiency will decrease with increasing pR.: and with
decreasing PR there will be some increase in the efficiency until the pRi: either does
not stop the entire ion beam or the swept mass does not persist at liquid density. The
estimate pertains to the time when the shock reaches the end of the foil. In subsequent
time, further evolution of the accelerated mass can occur (arising from processes such as
evaporation, or further acceleration from the asymmetric temperature profile, or break up
into droplets). With NDCX-II we may validate this estimate and in addition determine
how pulse duration, foam density, velocity tilt and other factors will affect the coupling
efficiency.
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Tamped targets

Tamping to confine energy and raise pressure is a common technique in the design of
munitions driven by chemical explosives. Tampers have also been proposed for spherical
heavy ion fusion targets (Terry et al 2012). Tampers are regions of dense material that
surround the ablator and increase the pressure in the ablator by inhibiting the expansion
of the ablator material and thus enhancing the ion energy coupling into fuel kinetic
energy. (In some cases, the dense material can act as a hohlraum, reflecting and
homogenizing the radiation that impinges upon the ablator, allowing hybrids that
combine aspects of both direct and indirect drive.) The ion beam must have a long
enough range to pass through the tamper. Energy deposition in the tamper reduces the
energy arriving at the ablator. At the interface between tamper and the lower density
ablator, a pressure discontinuity creates a shock wave that propagates into the ablator.
The shock wave that forms at the end of the ion range (in the ablator) propagates at a
lower velocity than the tamper shock, and so the tamper shock can catch the end-of-range
shock. The thickness and densities of the tamper and ablator should be designed to
optimize the coupling efficiency. We have begun to explore these effects computationally
as shown in fig. 4, in anticipation of doing future experiments on NDCX-II.

— Foam ( ~10 — 75% solid)
Beam . ~5t020 u

"Tamper" shock at density interface

Pressure "End of range shock"

Distance

Figure 4. Schematic of tamped target experimental setup.
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Figure 5. HYDRA simulation of a beam heated tamped aluminum target with 1 micron
solid tamper followed by 4 microns of 50% metallic foam Al. The initial density (red) at
beam center as a function of longitudinal position z is shown at left, and the resulting
acceleration of a slab at near liquid density is shown at right after 10 ns. The temperature
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profile is shown in yellow and velocity profile in blue. (The initial velocity and
temperature overlay in the figure, appearing green). The final velocity was about 0.1
cm/us in the example.

Rarefaction waves

When the range of the ion beam exceeds the thickness of the material being heated (thin
targets), the material can be heated quite uniformly. If the timescale is sufficiently short,
and the ion energy is slightly above the peak energy in dE/dX (the Bragg peak) when it
enters the foil and slightly below the Bragg peak when it exits the foil the resulting
temperature will be quite uniform, as the local temperature will be proportional to dE/dX.
Over time a rarefaction wave propagates towards the longitudinal center of the foil, and
the heated material propagates rapidly outward at speeds characteristic of the sound
speed. For beam parameters expected for NDCX-II, it will be possible to measure the
characteristics of these rarefaction waves in ion heated metallic foils and foams (for EOS
and hydrodynamic studies relevant to initial stages of IFE targets) via pyrometry,
imaging, VISAR, and/or X-ray imaging diagnostics [c¢f Barnard et al 2007, 2009, 2010,
Yuen et al, 2012]. By comparing the temperature, velocity, and density information
obtained from these diagnostics against those of hydrodynamic simulations with different
candidate equations of state we may confirm the validity of candidate equations of state.
Although the initial energy of NDCX-II will be below the Bragg peak for most materials
and the hydrodynamic timescale will be somewhat shorter than the pulse duration,
simulations show that approximately uniform conditions will still be created (see fig. 6).
Fig. 7 shows an ALE-AMR simulation of the expanding foil for NDCX-II parameters.
ALE-AMR is a multi-dimensional hydrodynamics code that includes some physics not
available in HYDRA such as mesh refinement. Models for surface tension effects are
currently being developed for inclusion into ALE-AMR [Liu et al 2012].
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Figure 6. HYDRA simulation of a 1.2 MeV Lit+ ion beam impinging on a 1 micron
aluminum foil. The fluence was 8.4 J/cm? delivered in 0.85 ns. Upper left: Density r at
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the center of the foil as a function of longitudinal position z, for ten different snapshots in
time t. Upper right: Temperature k7T vs z and . Lower left: pressure vs z and ¢. Lower
right: temperature vs density for each of the snapshots. (The two points are the critical
points for QEOS (More et al 1985) and LEOS, two commonly used Equations of State.)

=% — Sz —

—

Figure 7. ALE-AMR 2D simulation of thin foil heating experiment after the completion
of the heating pulse (left) at 0.85 ns and (right) after at 1.70 ns. Density contours are
shown in color. The longitudinal scale is exaggerated relative to the transverse. The
radius of the simulated target is 1 mm, while the thickness of the original target is 1.0
mm.

Conclusion and discussion

NDCX-II is a new ion induction accelerator undergoing commissioning at Lawrence
Berkeley National Laboratory. It will have capabilities that will allow experiments in the
Warm Dense Matter regime that are relevant to inertial fusion energy and basic science of
ion stopping, conductivity, and hydrodynamics in heated material. We have simulated
thin target experiments in which heated matter of relatively high initial uniformity
evolves via rarefaction waves that can be used to infer material properties such as the
liquid-vapor critical point and discriminate between equations of state. We have also
simulated "thick" target experiments that exemplify how shocks generated on NDCX-II
will enable experiments that optimize ion coupling, an area of interest for heavy ion
fusion. For simple homogeneous targets, we have estimated the coupling efficiency
(conversion of ion beam energy into kinetic energy of the accelerated liquid density
material) and plan to extend the study to evaluate the effect on efficiency of pulse
duration, energy tilt and mass distribution, including the case of tamped targets.
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