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Abstract
Graphite has been considered as a candidate material for the first wall
in ICF reactors. This paper shows the thermal performance of the graphite
first wall (GFW) in the 0.25 um laser driven materials test reactor SIRIUS-
M. The first wall temperature response due to the x-rays, reflected laser
light, and ions that emanate from the 13.4 MJ yield target was calculated for
dry GFWs which were either unprotected or gas protected (1 torr xenon).
Evaporation rates and thermal stresses were calculated and minimum radii were
chosen for both cases. It was found that the reflected laser light from the
target produces the highest temperature rise in the gas protected GFW. If 10%
of the laser 1light is reflected from the target and the reflectivity of
graphite is 50%, the maximum thermal stress in the GFW is about 90% of the
compressive strength for a 2 m radius cavity. Therefore, the viability of the
first wall design depends critically on the laser light reflected from the

target, the graphite reflectivity and the strength of the graphi te.



1. Introduction

In ICF reactors utilizing dry first walls, the thermonuclear explosion
energy is deposited in the first wall in a very short time. As a result, the
temperature rise in the first wall is rather high. This makes it necessary to
either use a large cavity with an unprotected wall, or utilize some form of
wall protection. Use of an unprotected wall results in a low neutron wall
loading which may be economically unattractive for power reactors. It is also
unsuitable for materials test facilities which require a high wall loading in
order to accomplish the facility mission in the shortest possible time. Use
of "protected" high temperature materials for the first wall makes it possible
to reach high neutron wall loadings at reasonably achievable repetition rates.

Graphite has been investigated and proposed [1,2] as a first wall mate-
rial in ICF reactor designs. It has also been selected for use in the first
dedicated ICF materials test facility SIRIUS-M [3]. 1In this paper we present
the thermal and stress analyses for the GFW in SIRIUS-M with and without the
use of xenon gas in the cavity. A more general review of SIRIUS-M can be
found in these proceedings [4].

2. SIRIUS-M Radiation Spectra

SIRIUS-M uses single-shell targets that are illuminated uniformly by 1 MJ
of KrF (0.248 um) laser energy for about 11 ns. The target yield is 13.4 MJ
partitioned as: 0.8 MJ x-rays, 2.6 MJ ion debris and 10 MJ neutrons. Figure 1
shows the energy spectra of the x-rays, ions and neutrons. The x-ray energy
is assumed to be emitted in 20 ps, and its spectrum has a high frequency com-
ponent which is the resuit of the Bremsstrahlung emission at electron temper-
atures around 40 keV during the burn. These hard x~rays will escape the xenon

gas (for the base case) and penetrate deeply in the GFW. The 1.65 MeV carbon



ions carry about 66% of the 2.6 MJ ionic debris energy and can penetrate up to
3 um in the graphite and up to 2 m in 1 torr of xenon gas.

The target is assumed to absorb 90% of the laser energy [5] and the rest
(100 kJ) will be reflected and refracted from the target and is ultimately
absorbed by the GFW. In the spherical geometry of SIRIUS-M, and with the
assumption of uniform and normal incidence of the light on the wall, the
reflected portion from one location on the wall will strike the opposite
side. In effect, a train of laser pulses with rapidly attenuated amplitudes
will strike the GFW.

The reflectivity of any material depends on the angle of incidence, the
incident wavelength, light intensity and temperature. The optical properties
of graphite as a function of all these variables are not available. A mono-
chromatic hemispherical reflectivity of 50% has been assumed for the graphite.
This value is based on data for the total hemispherical absorptivity of graph-
ite which varies between 40% and 60% at the expected operating temperatures
[6].

Figure 2 shows the incident power density on the GFW from the different
sources of radiation mentioned above as a function of time and for the case of
a 5 m cavity radius. The time reference point (t = 0) corresponds to the
instant when the laser pulse hits the target.

3. Graphite Thermal Properties and Calculation Methods

The volumetric energy deposition rates of ions and x-rays were calculated
as a function of time and distance and used together with the refliected laser
light, which is assumed to be a surface heat flux due to its short wavelength.
The computer code used in these calculation is ATEN [7], which is a modified

and enhanced version of the two computer codes T*DAMEN [8] and A*THERMAL [9].



ATEN uses the Crank-Nicholson [10] finite difference scheme to solve the heat
conduction equation. The time and space intervals in this code are varied
depending on the incident radiations which differ considerably in their
duration and the extent to which their energies are deposited. This allows
accurate sampling of all the energy deposited in the material. Temperature-
dependent properties obtained from Ref. [11] are used (Fig. 3).

The effect of the pulsed neutron irradiation on the graphite properties
has not been verified and is not considered in these calculations. Although
the effect of continuous neutron irradiation on these properties has been
established [1], it is doubted that this effect will be the same under ICF
irradiation conditions. In ICF reactors, the neutron pulse is preceded by a
large temperature rise due to reflected laser 1ight and x-rays, and followed
by another temperature rise due to ions and heat flux (in the case of gas pro-
tection as will be seen later). This temperature history could have important
effects on the populations of vacancies and interstitials in the materials
which are the source of any change in the properties of the materials. For
this reason and others [12], it is necessary to build a dedicated ICF mate-
rials test facility such as SIRIUS-M, to qualify materials for ICF reactor
operations.

4. Thermal Response of Unprotected Graphite First Wall

In order to determine the minimum cavity radius corresponding to the
maximum neutron wall loading for the unprotected GFW, the temperature in the
first wall was calculated for different cavity radii and for different steady
state temperatures. The steady state temperature is the back surface temper-
ature (Tb) reached just before the next laser shot (rep. rate = 10 Hz). The

value of this temperature depends on the method used to cool the GFW. For the



actively cooled tiles used in SIRIUS-M, T, is approximately 500°K. Figure 4
shows the temperature rise at the front surface of the GFW for 3.5, 4.5, and
5.5 m cavity radii, and for a steady state temperature of 500°K. These re-
sults show that the surface temperature reaches its steady state value (i.e.,
temperature rise = zero) in approximately 1 ms, well before the next shot
occurs 100 ms later. The maximum temperatures are due to the 1.65 MeV carbon
ions.

The maximum temperature at the GFW front surface and the graphite evapor-
ation rate for various steady state surface temperatures and cavity radii are
shown in Figs. 5 and 6, respectively. For an evaporation limit of 1 mm per
full power year (FPY), the minimum cavity radius would be 3.25 m for Tb =
500°K. This radius corresponds to 0.76 Mw/m2 neutron wall loading which is
considerably less than the required goal of 2 MW/m2 for SIRIUS-M. In addi-
tion, calculations of the GFW thermal stresses in these unprotected cases have
shown that all of them are stress limited and the minimum radius is about
5.1 m. Thus, it is evident that the use of a protective scheme, such as the
chamber gas in SIRIUS-M, is necessary to have high neutron wall loading and a
compact design with reasonable temperatures and stresses.

5. Gas Protection

A target chamber gas can protect the first wall from the damaging effects
of energetic target generated ions. The ion in the SIRIUS target with the
longest range, 1.65 MeV carbon, determines the amount of gas required. For a
2 m radius target chamber, 1 torr (3.5 x 1016 cm3) of xenon is found to stop
this ion before it reaches the wall. It is assumed that the driver laser will
be able to effectively transmit its energy to the target through this gas.

Once the energy of the target generated x-rays and ions has been absorbed in



the xenon gas, it heats the gas to the point where it radiates this energy to
the first wall. The radiated energy is absorbed on the surface of the first
wall, but is spread over a much longer time than the pulse that would reach
the surface if the gas were not present. The question that must be addressed
is whether or not the width of the re-radiated pulse is long enough to avoid
damage to the first wall.

The details of the radiation from the gas that reaches the first wall may
be influenced by the design of the target. The energy of the target generated
ions is roughly proportional to the target yield divided by the mass of the
target. Therefore, an increase in target mass without a corresponding in-
crease in yield leads to lower ion energies, shorter stopping lengths and
higher temperatures in the gas immediately after ion deposition. Higher
temperatures lead to more rapid radiation rates and possibly more damage to
the surface of the wall.

A series of computer calculations has been performed to study the sensi-
tivity of GFW damage to changes in target design. The BRICE code [13] is used
to determine the stopping of ions in the gas, where the energies of the ions
are scaled with the yield to mass ratio. With the equation of state data
provided by the MIXERG computer code [14], temperature profiles in the gas
have been calculated and are shown in Fig. 7. Results are shown for three
cases: a base case, one with 42% more target mass, and one with 2.1 times the
mass with the target yield held constant at 13.4 MJ. The MF-FIRE computer
code [15] is then used to simulate the hydrodynamic motion and radiation
transport caused by this deposition of ions and target generated x-rays. MF-
FIRE has shown that most of the target generated x-rays are stopped in the
gas. The time-dependent heat flux reaching the first wall as calculated by

MF-FIRE is shown in Fig. 8 for the three target designs.
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6. Thermal Response of Gas Protected Graphite First Wall

With a cavity radius of 2 m and 1 torr xenon, most of the ion debris and
all the soft x-rays (<3 keV) could be stopped in the gas. The re-radiated
heat flux from the gas together with the reflected laser light, leaked x-rays
and leaked C ions at the GFW is shown in Fig. 9. The temperature rise at the
front surface is shown in Fig. 10. The maximum surface temperature is 1666 K
and is due to the reflected laser light from the target. The evaporation rate
of the GFW is insignificant. With the elimination of most of the direct
energy deposition from the ions by use of the xenon cavity gas, the reflected
laser light from the target becomes the decisive element in determining the
cavity size.

7. Stress Analysis of First Wall

The chamber gas will transmit a shock pressure to the first wall after
each microexplosion. The resulting dynamic stresses have been determined for
the case in which the structure is represented by a thin spherical shell. The
pressure histories of the three target designs are shown in Fig. 11. The base
case corresponds to an impulse of 4.80 Pa-s. The impulse values for the other
two cases are essentially the same because the higher pressures are accom-
panied by shorter effective pulse widths. Results of the mechanical analysis
indicate that the peak tensile stress in the graphite is 1.52 MPa, which is
only 10.6% of the tensile strength, 14.38 MPa, at 500°K [1].

Energy deposition in the first wall will develop an intense compressive
thermal stress distribution at the inner surface. Since the heated layer is
comparatively very thin it will be almost totally constrained by the unaf-
fected graphite. The first surface thermal stress history is shown in Fig.
12. The maximum value is 61.37 MPa occurring at 17.7 ns, and is 87.6% of the

compressive strength (70.06 MPa).



8. Conclusions

Thermal and stress analyses of the graphite first wall in SIRIUS-M have
been presented; all the cases considered are stress-limited. The use of gas
protection is necessary to avoid the direct energy deposition of x-rays and
ions which produce the highest temperature rise in the first wall. The ab-
sorbed energy in the gas is re-radiated in a longer time which results in a
much smaller heat flux to the first wall. In this case (i.e., gas protected),
the reflected laser light produces the largest temperature rise.
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Temperature Distribution Calculation in SIRIUS
for Xe Gas at 1torr, 273K (including 0.1 eV of Xe)
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