4.3 TARGET HEATING DURING INJECTION

The targets contain cryogenic fuel, which must not liquify or vaporize prior to implosion.
The targets also have very precise dimensions in their non-fuel shells, which must be maintained
prior to irradiation by the driver beams. The required vapor pressure inside the central void of
the target is not known, but that pressure is a strong function of the fuel temperature. The
purpose of this section is to assess the effects of heating due to radiation from the target chamber
walls and due to convective heat transfer from the target chamber gas.

4.3.1 Target Conditions

Target designs and heat loads determine the temperatures in the target prior to irradiation
by the driver beams. The target designs considered here are representative of future reactor scale
targets. Other designs (e.g., different materials or shell thicknesses) may lead to different
conclusions. Because there is some uncertainty in the heating rates on the target surfaces, we
performed calculations over a range of heat loads.

4.3.1.1 Target Designs

There are two target designs considered in this study: one for direct drive with laser
beams (i.e., SOMBRERO) and one for the heavy ion beam driver (i.e., Osiris). Both designs
include a low conductivity plastic shell around the cryogenic deuterium-tritium (DT). This shell
slows the diffusion of heat from the outside surface of the targets to the cryogenic fuel.

The SOMBRERO target was taken from work performed at the University of
Rochester.419 The DT fuel is frozen onto the inside surface of the hollow spherical plastic shell.
This frozen DT layer must remain highly uniform until it implodes. The cavity that remains in
the center of the DT shell is filled with a very low density DT vapor. The temperature of the fuel
must remain low enough that the DT does not melt and distort or that the too much DT
evaporates and fills the inner cavity. The fuel temperature must certainly remain below the triple
point of DT, which is 21 K. With no better information available, we assume 21 K is the
temperature limit for the fuel.

We have used the heavy ion target design of Bangerter and others,4-20 even though this is
probably not correct for an indirect-drive target. One difference between the target design used
here and that used in other sections of this report is the choice of material for the outer shell. For
the target heating calculations we used a lead outer shell. Later in the study, it was determined
that tantalum would be a better material for use with Osiris since it is soluble in Flibe. The
thermal diffusivities of the two materials at room temperature are very close (0.218 s for
tantalum and 0.235 s for lead), so heat transfer will be similar. We assumed that the same
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constraints hold for the maximum temperature reached in the DT fuel in the Osiris as in the
SOMBRERO target.

4.3.1.2 Heat Loads

We have considered two types of heat loads on the surfaces of both target types;
convective heat transfer from the chamber gas to the target and radiative heat transfer from the
target chamber walls. |

As the target moves through the target chamber gas, heat is absorbed by the surface of the
target at a rate that is a function of the target velocity, V, the mass d'ensity of the cavity gas, p,
the target diameter, D, the viscosity of the chamber gas, [, the thermal conductivity of the gas,
kf, and the temperature difference between the gas and the surface of the target, AT. The surface

conductance for a spherical target with a subsonic velocity is

he = 0.37 RQ® k¢
D

where Re is the Reynolds number of the cavity gas,

_VDp
Re= 0

The surface heating rate in power per unit area is
q = HC AT

The radiation heat load is assumed to be the black body radiation power produced by a
body at the wall temperature Ty,
Gr = o5 TH

where oy is the Stefan-Boltzmann constant.

The gas conditions are very different in the two reactor designs. The target velocity for
both reactor concepts are in the range of 100 to 200 m/s. The approximate heat loads for the two
target are given in Table 4.11. The viscosity and thermal conductivity of the xenon gas are
extrapolated from lower temperature data. The viscosity and thermal conductivity for Flibe
vapor are calculated directly from the kinetic theory of gases and are not based on experimental
measurements. The gas densities are only approximate. For SOMBRERO, the density may be a
factor of two lower. In any case, the heat fluxes to both targets are dominated by radiation. The
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SOMBRERO conditions are worse by an order of magnitude because of the higher temperature

of the first wall.
Table 4.11. Target Heat Loads

SOMBRERO Osiris
Wall Temperature (K) 1758 923
Gas Temperature (K) 1758 923
Gas Density (cm-3) 3.55 x 1016 3.55 % 1012
Gas Species Xenon Flibe
Gas Mass Density (ug/cm3) 7.79 8.38 x 10-5
Target Speed (m/s) 200 150
Target Diameter (cm) 0.6 0.6
Gas Viscosity (uPoise) 900 0.022
Reynolds Number 107 29.2
Gas Conductivity (W/cm-K) 2.45x 104 0.13 x 107
Surface Conductance (W/cm2-K) 2.42 %103 5.85 % 10-8
Conductive Heat Load (W/cm?2) 4.2 6% 105
Radiative Heat Load (W/cm?2) 54.2 4.12
Total Heat Load (W/cm2) 58.4 4.12

4.3.2 PELLET Computer Code _

The PELLET computer code was developed at the University of Wisconsin to simulate
the heating of ICF targets by the target chamber environment. PELLET uses information on the
target geometry and the surface heat load to calculate the temperature at every position in the
target as a function of time. In this section we will describe the numerical method used and the
thermal properties used in these calculations.

4.3.2.1 Numerical Method

PELLET is a one-dimensional finite-difference computer code. A one dimensional mesh

is defined in slab geometry. Therefore, this code is accurate only for targets where the material

is thin compared to its radius, which is true for all reasonable targets. Heat transfer inside the

central cavity void is not considered. Heat is deposited at the outer surface only and diffuses into
the target as predicted by the standard temperature diffusion equation,

aT _ 1

—aT=fI;[ VAT + Q]
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Here, Cp, is the specific heat of the target material, and 7 is the conductivity. Both are functions
of temperature. Q is an energy source which is a function of position and time. T is the material
temperature. ' |

We have used an implicit differencing scheme#-2! to solve the temperature diffusion
equation. We have used the Crank-Nicholson method,#22 which is always numerically stable, to
advance the time step. To achieve reasonable accuracy, we use time steps, At, that obey the
condition,

(Ax)*

<
At< 20

Here, o = y/Cp is the thermal diffusivity, and Ax is the width of a spatial zone. This is required
because x and Cp are strong functions of temperature in the cryogenic regime. A zero heat flux
boundary condition is applied at the inside edge of the innermost zone and a time-dependent heat
flux equal to Q(t) is imposed at the outer edge of the outermost zone.

4.3.2.2 Thermal Properties
Temperature dependent thermal properties are used in these target heating calculations.
We have used reported values for thermal properties.4-23:4-24  For example, the thermal
conductivity and specific heat for polystyrene from the first reference are shown in Figs. 4.18
and 4.19, respectively. One can clearly see the strong temperature dependence in these
properties. The plastic parts of the targets present the greatest barrier to heat diffusion. We have
chosen the properties of polystyrene as representative for the plastic in actual targets. Thermal
conductivities for solid hydrogen are shown in Fig. 4.20. Several curves are shown, reflecting
different concentrations of molecular spin state J = 1 in the diatomic hydrogen molecules. The
=1 state hydrogen molecules are very effective in reducing heat flow because they have a
larger phonon cross-section. Souers has recommended using the Hp curve with a J =1
concentration of 0.70 for DT.423 The specific heat of DT is shown in Fig. 4.21. Temperature
dependent thermal properties of lead (not shown here) were also used in the calculations.
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4.3.3 Target Heating Results

We have used the PELLET code to calculate the temperatures in the targets
parametrically for a number of different heat loads. Estimates of the heat loads for both reactor
designs are discussed in an earlier section. In all cases, we assumed that the whole target was
initially at 4 K and have, therefore, assumed that B decay heating of the fuel during storage has

been accommodated by appropriate cooling.

4.3.3.1 Heavy Ion Target

The results of PELLET calculations for the Osiris target design are shown in Figs. 4.22
through 4.24. Figure 4.22 shows temperature profiles in the target material at various times for
the case of a heat load of 2 W/cm2- While this is lower than the 4 W/cm?2 calculated in
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Table 4.11, one sees that the steepest temperature drop occurs in the plastic shell, indicating that
the plastic is the most important impediment to heating of the fuel. The lead and the DT have
flat témperature profiles because they both have high thermal diffusivity. If the target must
travel ~ 5 m through the chamber and is injected at a velocity of 150 m/s, ~ 33 ms will be
required for the target to reach the ignition point. From Fig 4.22, one sees that for this heat load,
the fuel would only reach about 7 K by this time. Figures 4.23 and 4.24 show the temperature
versus time at the outer and inner edges of the fuel, respectively, for a variety of heat loads.
These show that even at a heat load of 500 W/cm?2, the fuel temperatures would be well below
the triple point at 33 ms.

4.3.3.2 Laser Target

The results of PELLET calculations for the SOMBRERO target design are shown in
Figs. 4.25 through 4.27. Temperature profiles in the SOMBRERO target at various times are
shown in Fig. 4.25 for a constant heat flux of 50 W/cm?2 (slightly less than the estimated
58 W/cm2). Note the substantial temperature drop across the plastic shell. Once again, the
thermal diffusivity of the plastic provides thermal protection for the fuel. The temperatures at the
outer and inner edges of the DT fuel are plotted as a function of time in Figs. 4.26 and 4.27,
respectively, for a variety of heat loads. If the targets must travel 6.5 m through the chamber
before it is imploded and if the targets travel at 200 m/s, the target surface is heated for 33 ms.
From these two figures, one can see that for a heat load of 58 W/cm? the temperature at the outer
and inner edges of the fuel at 33 ms is 13 K and 10 K, respectively. This is still well below the
DT triple point. The 200 m/s target velocity was assumed before the final target injector design
point of 151 m/s was chosen (see Section 4.2). If the targets are only accelerated to 151 m/s, the
heat load, which is dominated by radiation, will not be reduced much, but the time that the target
experiences the heat load would increase to 43 ms. Extrapolating the curves to this time, we
estimate the outer and inner fuel temperatures to be ~ 17 K and 11 K, respectively. This is still
below the triple-point, but there is only a 4 K margin for error.

While the fuel remains below the triple point, the outer surface temperature of the
polystyrene capsule is ~ 700 K (see Fig. 4.25). Since this is well above the melting point of
polystyrene, it will be necessary to protect the capsule during transit through the chamber. One
possibility is to keep the capsule in the sabot for most of the transit time. Another option is to
freeze a thin layer of inert gas (e.g., Xenon) on the outer surface of the capsule. The frozen gas
would act as a sacrificial heat sink and evaporate as the capsule transits the chamber. This could
reduce the time that the bare capsule is exposed to the hot chamber to a few ms. Clearly, this is
an area that requires further investigation.
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Fig. 4.22. Target material temperatures versus distance from outer edge of target at
several times for the Osiris target. The surface heat flux is 2 W/cm?2.
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