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Table ES-1 Tists the main design and performance parameters for SIRIUS-M,
The capital and operating costs are given in Table ES-2., Figure ES-1 identi-
fies the major items contributing to the capital cost of SIRIUS-M; the Tlaser
equipment and target factory represent nearly half the total cost. The cost
of tritium is nearly 50% of the annual operating costs ($74 M/y).

Figure ES-2 is a cross section of the 2 m radius SIRIUS-M cavity. It is
designed to achieve a neutron wall loading of 2 MW/mz. In order to achieve
such a wall loading at a reasonable repetition rate (10 Hz) and target yield
(13.4 MJ), it is necessary to protect the first wall by placing 1 torr of
xenon in the cavity. Gas protection is based on the principle that the soft
x-rays and ionic debris produced by the explosions will be stopped in the gas
which reradiates that energy to the wall over a relatively "long" period of
time (~ 104 s) and thus 1limit the wall surface temperature rise and evapor-
ation. Actively-cooled, graphite-faced tiles are used to cover the SIRIUS-M
cavity as shown in Fig. ES-3.

Detailed analyses of the thermal response of the SIRIUS-M cavity indicate
that the minimum cavity radius, i.e. the maximum neutron wall loading, will be
1imited by the amount of reflected laser light from the target. For 10% re-
flected light (100 kJ) with 50% tile surface reflectivity, the maximum com-
pressive stress at the tile surface will be about 88% of 1its compressive
strength. If the amount of reflected light can be reduced to the point where
cavity size would be limited by the reradiated x-ray and ionic debris energy,
the corresponding neutron wall loading could be increased by nearly 80% (3.6
MW/mZ). The economic impact of such a change in target performance was

2)

quantified and found to be significant.( Compared to the reference design,

the total lifetime cost can be reduced by ~ 21% if the fusion power and cumu-
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Table ES-1, Design and Performance Parameters for SIRIUS-M

Fusion power

Tritium consumption rate
Target yield

Target gain
Repetition rate

Laser energy (KrF)
Number of laser beams
Neutron wall loading
Chamber inner radius
Cavity gas

Gas pressure

Xenon inventory
Number of tiles

Tile area

Face material

Tile thickness

Back material

Coolant

Module diameter
Module depth

Capsule diameter
Capsule length
Capsule volume

Number of capsules
Active test volume
Maximum dpa/FPY (Fe)
Maximum appm He/FPY (Fe)
Total dpa-¢ per FPY

Value

134
3.4
13.4
13.4
10

1

32

2

2
xenon
1

800
20
2.5
. graphite
1.0
PCA
water
1.14
0.20
5

20
0.39
434
171
24
145
2840

ES-3

Unit

MW
kg/CY
MJ

torr
liters (STP)

m2/t11e

cm
cm

liters
liters
dpa/FPY
appm/FPY
dpa-2/FPY



Table ES-2, Capital and Operating Costs for SIRIUS-M

Capital Costs:
Bare direct cost
Total direct cost (incl. contingency)
Total overnight cost (incl. indirect costs)
Total capital cost (1986 $) (incl. time-related costs)

Total capital cost (current $)

Operating Costs:
0&M
Tritium fuel
Electricity

Total annual costs (1986 §$)

ES-4

$452 M
$519 M
$855 M
$1016 M
$1281 M

$25 M/y
$36 M/y
$13 M/y
$74 M/y
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lative performance are to be kept the same. The cost per dpa-2 can be reduced
by nearly 44% without significant change in the total Tlifetime cost if the
fusion power and operational time are to be kept the same.

Two circular test modules are used in SIRIUS-M. Each module has a front

surface area of 1 m2

and fits between three beam ports. No significant radial
and azimuthal damage variation in the module results from these penetrations.
The peak dpa rate is 24 dpa/FPY yielding a peak accumulated damage of 120 dpa
at the end of life of the SIRIUS-M facility. A total volume integrated damage
figure of merit of 2,840 dpa-% per full power year can be achieved in SIRIUS-M
which is considerably higher than that for other test faci]ities.(l) A de-
tailed materials test matrix has been deve]oped.(3) It identifies the types
of alloys and number of specimens to be tested at various temperatures,
stresses, chemical environments and neutron fluences (Chapter 3).

A scoping study has been conducted to identify the unique ICF blanket
testing requirements. Most of these problems can be tested within the materi-
als test module. Two unique problems requiring separate testing arrangements
have been identified. The first deals with pulsed heating of liquid coolants/
breeders and the resulting impulse pressures within the blanket structure. A
model has been developed to estimate the magnitude of such stresses. Appro-
priate instruments to be placed within the lead shield zone of SIRIUS-M have
been identified in order to be able to validate the model. The second unique
problem deals with the effect of pulsed heating on the corrosion rates of
structural materials. A blanket test module and test matrix have been de-
signed to obtain the necessary data (Chapter 4).

Considerable effort has been devoted to the design of the shield and

building for SIRIUS-M, The design criteria include: dose rate less than
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2.5 mR/hr outside the building during operation; minimum neutron streaming to
the laser building through the optical window during operation; acceptable
damage levels to optical windows and final mirrors; and near-surface burial
waste disposal rating. Various design options have been examined. Figure ES-
4 shows a schematic of the selected design for the SIRIUS-M reactor
building. This design meets the above criteria; its success, however, depends
on the viability of the beam crossover shielding concept.

Single-shell target design calculations have been performed by LLE.(4)
Using the higher flux 1imit for heat transport presently supported by theory
and experiment, it was found that the SIRIUS-M target can have a gain of about
7 times higher than previously estimated. The amount of reflected laser light
from these targets has also been reduced by about 30%.

The work performed so far has shown that an ICF materials test facility,
such as SIRIUS-M, which uses symmetrically-illuminated targets can provide the
necessary critical data and technology base for an ICF demonstration facility.
However, several critical issues remain to be solved before a viable, com-
plete, self-consistent design can be done. These include: the effect of
tritium breeding and self-sufficiency on the design and economics of SIRIUS-M;
impact of enhanced target performance on cavity design; and analysis of the

beam crossover shielding concept. Resolution of the Tlatter issue is funda-

mental to the proper design and operation of such a facility.
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Fig. ES-4

Fig. ES-4, SIRIUS-M reactor building.
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1. INTRODUCTION

The need to test structural materials under realistic fusion reactor
conditions has been discussed in both the magnetic confinement fusion (MCF)
and inertial confinement fusion (ICF) communities for over a decade. Irradi-
ating small size materials samples in a neutron flux can be accomplished in
fission reactors or small DT neutron source facilities. However, the re-
stricted temperature range and small individual test volumes, along with seri-
ous neutron energy spectral differences, make complete testing of materials in
these facilities impossible. The MCF program has taken the lead in attempting
to solve this problem by sponsoring several test reactor studies such as
Ferr, (1) TETR, (2) 1nTOR, (3) Taska, (®) Taska-M,(3) 10F(6) and FEF.(7) Most of
these studies have concentrated on providing a nuclear and thermal environment
which would closely simulate that to be expected in the first demonstration
reactor or the first commercial magnetic fusion reactor.

In contrast to the MCF technology program, the efforts of the ICF tech-
nology program have been on conceptual design of commercial power plants and
there has been a curious lack of near term test facility designs. The singu-
lar exception is a brief scoping study of a device called LA FERF(8) in 1975
at LLNL. It is commonly assumed by the ICF community that the MCF materials
program will provide the data needed for designing inertial confinement re-
actors. However, the large differences between the damage conditions in ICF
and MCF environments arising from geometrical, spectral, and temporal effects
make it necessary to develop a dedicated ICF materials test facility. To this
end, beginning in 1985, the Fusion Technology Institute of the University of
Wisconsin (FTI) and the University of Rochester's Laboratory for Laser

Energetics (LLE), in cooperation with the Naval Research Laboratory (NRL),
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initiated a study of the critical issues related to the design of an ICF ma-
terials test facility, SIRIUS-M., The facility uses symmetrically-illuminated
targets and 1is designed to duplicate the time-dependent radiation damage
structure unique to ICF systems, in order to provide the technology base
necessary for an ICF demonstration facility. The results obtained during the
first year of the study (1985) are given in Ref, 9. This report summarizes
the results obtained by the FTI and LLE team related to the SIRIUS-M design
effort during 1986,

In order to simplify the design of this first-of-a-kind facility and re-
duce its capital cost, its "mission" has been limited to materials testing;
tritium breeding and high-temperature recovery of thermonuclear energy have
not been included. During the first year of the study (1985), attention was
focused on several areas unique to an ICF materials test facility including:
test module design and damage rates estimation; cavity design and first wall
protection; target design; placement and damage to the final mirrors.(g)

The work performed during the second year (1986) builds on the knowledge
gained in these areas. Efforts have been devoted to resolving the critical
jssues identified in the first year so that a complete, self-consistent design
could be initiated. These included: a cost estimate, cavity design optimiza-
tion, stress analysis, materials testing schedule, identification and testing
of unique ICF blanket problems, shield design and radioactivity.

The remainder of this report is organized as follows. Chapter 2 deals
with cavity design optimization. An overall description of the cavity and
first wall 1is given in Section 2.1. The reference cavity design which is
limited by the amount of reflected light from the target is described in

Section 2.2. Analyses performed to determine the optimum cavity design based
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on thermal response to the target debris are described in Section 2.3. The
economic impact of reduced cavity size is discussed in Section 2.4,

Chapter 3 describes the detailed materials test matrix developed for the
ten-year operational period for SIRIUS-M, It identifies the types of alloys,
and number of specimens to be tested at various temperatures, stresses, chemi-
cal environments and neutron fluences.

Unique testing problems associated with ICF blankets are discussed in
Chapter 4. Stress analysis problems associated with isochoric heating of
liquid coolants/breeders are presented in Section 4.2. A blanket test module
aimed at determining the effect of pulsed heating on the corrosion rates of
structural materials is described in Section 4.3.

Shield and building design for SIRIUS-M are described in Chapter 5. The
design goals and methods used in the neutronic analyses are given in Section
5.1. Results comparing various design options are given in Section 5.2; the
final buiiding and shield design selected is also described. Analysis of the
radioactivity produced and waste disposal rating of activated components are
given in Section 5.6.

The costing model developed for SIRIUS-M is described in Chapter 6.
Estimates of the initial costs of various systems and subsystems as well as
the operational costs of the facility are given., Various sensitivity studies
are also included.

Target design optimizations performed by LLE are presented in Chapter 7.
These indicate that the SIRIUS-M target can have a gain of about 7 times
higher than previously estimated while the amount of reflected Tight is re-
duced by about 30%.

Conclusions and recommendations are given in Chapter 8.
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2., CAVITY DESIGN OPTIMIZATION

There are several variations in the target chamber design that can affect
the economic operation of the plant. It 1is our current belief that Tlaser
driver 1light reflected from the target sets the minimum first surface radius
at 2 m. However, this is based on the poorly understood reflection fractions
of intense laser light from ablating and imploding targets and reflection
coefficients for neutron irradiated graphite. If nature is kind, reflected
laser light might be less important than energy coming from the target burn
and the target chamber radius may be as small as 1.5 m. This can increase the
neutron wall loading and make the plant more economically attractive.

In this chapter we describe investigations into the two situations
mentioned above: the reflected light 1imit and the target debris 1imit. How-
ever, we begin with a general description of the target chamber and first wall
design. We then discuss the limits on the wall radius for the two situations.
The target debris Tlimit is found to be sensitive to the target design, so we
have studied this 1imit for three target designs. We conclude with an eco-
nomic comparison of the options.

2.1 Cavity Design Optimization

2.1.1 Cavity and First Wall Description

The cavity in the SIRIUS-M materials test reactor is spherical, having an
inner radius of 2 m and an outer radius of 2.7 m. The radial build in the
cavity consists of a first wall made of actively cooled graphite tiles, fol-
lowed by a 40 cm thick lead reflector and finally by a 30 cm thick steel re-
flector.

The target within the cavity is illuminated with 32 laser beams, equi-

distantly distributed around the sphere. Beam distribution is based on a
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twenty-sided icosahedron, where the sides are equilateral triangles super-
imposed on a spherical surface. The thirty-two equidistant points come from
the centers of each triangle (20) plus the points at which the vertices of the
triangles converge (12). Figure 2-1 is a cross section through the center of
the cavity intersecting one of the beam ports. The figure shows the first
wall consisting of triangular graphite tiles, followed by the lead and steel
reflector zones. A 1.8 m man is shown to provide a perspective on size. The
cavity is contained within an evacuated building and the laser light from the
final mirror to the cavity travels through vacuum without the benefit of beam
tubes.

The cavity will have two material test modules, one at the top and the
other on the bottom as shown in Fig. 2-1. A blanket test module {not shown in
Fig. 2-1) will also be incorporated into the cavity. These modules are de-
scribed in Chapters 3 and 4.

The first wall is protected with twenty water cooled graphite faced tiles
shaped as equilateral triangles conforming to a spherical surface. FEach tile
has a 20 cm diameter beam tube in its center and consists of a 316 stainless
steel base structure of 2 cm nominal thickness which has cooling channels
machined into it as shown in Fig. 2-2. The base structure has a collar in the
center which 1is the primary support for the tile and which has cooling line
fittings built into it. A 1 cm thick graphite surface is brazed onto the
front surface of the base structure and extends into the support collar to
form the protective surface for the beam tube.

Each tile is supported only by the central collar and is therefore un-
restrained at any other point. This is done to prevent the buildup of thermal

stresses. The outer side of the collar will have a reverse conical configu-
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ration from the beam tube to which it is attached, thus making insertion from
inside the cavity possible. A Tocking mechanism is provided on the collar to
anchor the tile to the beam port along with guide slots for proper orientation
of the tile within the cavity. Clearly, some of the tiles will have to be
modified to accommodate the materials and the blanket test modules.

The Pb reflector zone is 40 cm thick and follows immediately behind the
protective tiles. It consists of two concentric spherical shells made of 316
stainless steel, with the outer and inner shells connected by the beam tubes.
The function of this zone is to absorb most of the nuclear heating and it can
either be self-cooled or actively cooled. In a self-cooled design, the molten
lead is pumped out to a heat exchanger and then returned to the cavity. In an
actively cooled design, the lead remains static and is cooled with water or
helium gas. Since the nuclear heating in SIRIUS-M 1is nominal, the design of
the Pb reflector is not critical.

The primary support structure for the cavity is the 30 cm thick stainless
steel reflector zone. The function of this zone is to ahsorb or reflect
neutrons and y's which leak through the lead zone. Since water cog1ing is
used for the first wall tiles, it would make sense to use water cooling for
the steel reflector also. The scope of the study does not provide for a de-
tailed design of the cavity and for this reason we have not determined a pro-
cedure for fabricating the various structures. In principle, it would be
possible to combine the Ph and the steel reflectors into a single structure,
thus simplifying the overall design.

The reactor cavity is contained within an evacuated spherical building
which has no beam tubes between the final mirror and the cavity. Thus the

cavity is supported within the center of the building on elevated columns.
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One major advantage of this scheme is that the cavity support can be decoupled
from the final mirror support, eliminating the possibility of transmitting vi-
bration. Additionally, the accurate location of the cavity is not necessary
as long as the Tocation of the target within the cavity is consistent with the
point at which the laser beams converge.

2.1.2 Cavity Maintenance

Most of the components of the reactor cavity will be designed to last the
1ifetime of the reactor. The components which will most 1likely require
maintenance are the first wall tiles. Maintenance and replacement of the
graphite faced tiles will require access to the inside of the reactor cavity.
The 1.14 m diameter penetrations for the material test modules can serve as
the access ports for insertion of a remote control special purpose machine
which can service the tiles. Some modification of one of the materials test
module penetrations will be needed to accommodate the insertion of first wall
tiles which are ~ 2 m at their widest dimension.

Provision must also be made for servicing coolant lines at the back of
the cavity. A special purpose remote maintenance machine designed to maneuver
around the cavity will be needed for this purpose.

2.2 Reference Design - Reflected Light Limit

The major design goal of SIRIUS-M 1is to achieve the highest neutron wall
loading. This is required for SIRIUS-M as a material test facility to accom-
plish the facility mission in the shortest possible time. For fixed target
yield, the highest neutron wall loading is determined by the minimum cavity
radius that would preserve the integrity of the first wall under the operating

conditions.
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It was shown(l’z)

that the viability of the SIRIUS-M graphite first wall
design depends critically on the laser light reflected from the target and the
graphite reflectivity. For these reasons the laser absorption in the target
should be maximized (see Chapter 7). In the base line design of SIRIUS-M, we
assumed that 10% of the 1laser 1light (0.1 MJ) would be reflected from the
target to the first wall, and the reflectivity of the graphite was assumed to
be 50%.

The targets used in SIRIUS-M have a yield of 13.4 MJ, of which 0.8 MJ are
carried by the x-rays, 2.6 MJ are carried by 10 ns, and the remainder by the
neutrons. The x-ray, ion and neutron spectra for these targets are shown in
Fig. 2-3. The 1 torr xenon gas used in the cavity absorbs most of the x-ray
and ion energies and reradiates these energies as heat filux. The reradiated
heat flux is spread over a long enough time to reduce the surface temperature
rise considerably. The reflected laser light is, however, deposited over an
extremely short time and is, therefore, more limiting.

It was found, based on the results of the parametric study conducted(l)
to determine the minimum cavity radius (base-case), that for 2 m cavity radi-
us, the maximum surface temperature is 1666 K, and the maximum thermal stress
is only 12% lower than the compressive strength of the graphite at the peak
surface temperature. The surface evaporation rate for this case is negligi-
ble. Figure 2-4 shows the incident power on the first wall (a) and the re-
sulting temperature rise (b). The first three peaks in Fig. 2-4b are due to
the leaked x-rays and the multiple reflections of the laser in the cavity; the
next peak is due to the leaked carbon ions, and the last one is due to the re-
radiated heat flux from the Xe gas. Note that the multiple laser reflections

are not shown in Fig. 2-4a, only the original laser pulse is shown.
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2.3 Optimal Design - Target Debris Limit

In the event that the laser light reflected from the target is less than
expected, the minimum target chamber radius is set by the range of target
debris ions in the target chamber gas. We have based the design on the re-
quirement that the all target debris ions be stopped within the target chamber
gas. Small changes in the design of the target can lead to significant dif-
ferences in the energies and therefore ranges, of the debris ions. Therefore,
we have designed target chambers and analyzed the behavior of chamber gases
for three possible debris ion spectra. We have done ion stopping, fireball
simulations, and wall heat transfer and vaporization calculations for these
three designs.

The three targets considered are all based on the target design done by
the University of Rochester.(l) A1l three designs yield 13.4 MJ for an input
energy of 1 MJ. The three targets vary only in the different thicknesses of
the plastic ablator. The product of the number of debris ions and their ener-
gies remains equal to the amount of energy deposited in the ablator by the
target explosion. Therefore, an increase in the ablator mass leads to a de-
crease in energy per ion. The three target designs are the base case de-
scribed in previous work,(l) a case with a 40% more massive ablator, and one
with 2.1 times the ablator mass. The ion energies and numbers are shown 1in
Table 2-1 for the three targets.

Ion stopping calculations have been done for the three targets, where the
stopping medium is xenon gas at density that sustains a 1 torr pressure at
300 K. The details of these calculations are given e]sewhere(l) and are not
discussed here. The results are given in Fig. 2-5, where the energy density

is shown plotted against distance into the gas for the three targets. Some-
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Table 2-1,

Energies and Number of Particles of Ion Debris

for Different Cases

Case 1* Case 2 Case 3

A Number of Number of Number of
Ion | Energy Particles | Energy Particles | Energy | Particles
H 137.5 | 1.31 +198 | 103.35 | 1.87 +19 68.9 2.8 +19
D 92.5 1.21 +19 93.9 1.3 +19 93.9 1.3 +19
T 139,0 1.21 +19 140.8 1.3 +19 140.8 1.3 +19
He 185.0 4,67 +18 187.7 5.0 +18 187.7 5.0 +18
C 1649.0 6.54 +18 1237.5 9.33 +18 825.0 1.4 +19

*
Base Case.

A. The unit is keV.
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Total Energy Deposition Calculation in SIRIUS
for Xe Gas at 1 torr, 273K (summation of ions)
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Fig. 2-5. Energy deposition profiles for three target debris spectra in
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what arbitrarily, 10-2 J/cm2 was chosen as the acceptable energy density at
which the target chamber wall may be placed. Therefore, the first wall may be
at 2.0 my 1.75 m, or 1.5 m, depending on the target.

Wherever the first wall is positioned, the thermal and mechanical forces
on it must not be excessive. CONRAD,(3) a radiation-hydrodynamics computer
code, has been used to simulate the formation of a blast wave from the energy
density profiles shown in Fig. 2-5. In addition to the heating of the gas by
jons, x-ray deposition is considered. The blast wave applies a pressure pulse
and a heat flux onto the wall of the target chamber. The pressure pulse is
low in amplitude and is of Tlittle importance. The heat flux is significant
and is shown for the three cases in Fig. 2-6. These heat fluxes Tead to
temperature rises and thermal stresses that have been calculated in the first
surface, which we assume is made of graphite. The heat fluxes on the surface
and temperature rises are shown for cases 2 and 3 in Figs. 2-7 and 2-8. |In
addition to the reradiated heat of Fig. 2-6, the laser and ion contributions
are included. The heat flux from the carbon ions, which occurs at about 10'6
s, decreases for these two cases from the base case. The calculated thermal
stresses are shown in Fig. 2-9, plotted against the wall radius. The compres-
sive strength of a graphite sphere is also shown to be above the calculated
stresses, which are compressive, so that all three target-wall radius combina-
tions lead to viable target chamber designs.

2,4 Economic Impact of Cavity Size

Several scenarios have been analyzed in order to quantify the economic
impact of the cavity size and its operating parameters. The reflected light
Timited design of the 2 m cavity is the base case. Cases I-IV deal with vari-

ous operating scenarios for the 1.5 m cavity (target debris limited design).
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Heat Flux (W cmZ)

HEAT FLUX ON SIRIUS WALL
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Fig. 2-6. Heat fluxes on SIRIUS first walls for three target-wall radius
combinations.




Fig. 2-7.
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INCIDENT POWER ( R=1.50 M, FMASS=2.1 )

POWER (W/cm®)
— - [~ = [
(=N (=% (~% <L Qo_
porepuonk ) vkl daciend d v seet ool vl s oasuud g sael

[y
S,

:

.
| .
;
! .
; :
;
.
! |
! .
i

o ‘ >
1 I!TIHT T T V!lYH[ T T \IIHII T T I\IYH] T T ||I(||| T ] IVIIIT] T T rrrm

31107 10° 107 10° MEY 10;‘ 10 10°
TIME(sec

10

TEMPERATURE RISE ( R=1.50 M, FMASS=2.1 )

2260
2000 -

1750 +

—
(4.3
[=4
E=3
1

— —
[~4

g 3
1 i

2
(=3
1

~

0 IVllI|l T TTI!IU|_ T T !lll”]- T T |l]llf[ T T lllllll T T IIIIIII T T 11171
0™ 10° 107 10° 10° 10 10"
TIME(sec)

Temperature Rise (degree)

Fig. 2-8. Heat flux and surface temperature rise for SIRIUS first wall for
case 3 target design.

2-16



SIRIUS-M Thermal Stress
In H-451 Graphite
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Fig. 2-9. Thermal stresses in SIRIUS first walls versus first wall radius.
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Case I conserves the fusion power of the device and its cumulative performance
(defined as the amount of damage, in dpa-%, in the engineering test modules).
This is accomplished by decreasing the total operating time from 10 years to
5.6 years. Case II keeps the wall loading and the cumulative performance
constant (compared to the base case). Therefore the rep-rate is decreased to
5.6 Hz (from 10 Hz) in order to meet this criterion. Case III is for constant
fusion power and total operating time of the device. This means that the
cumulative performance significantly exceeds that of the base case. Case IV
preserves the fusion power, cumulative performance and operating time. This
is accomplished via Tower availability of the facility (28% vs. 50% for the
base case).

A1l the cases assume a target yield of 13.4 MJ. Cases I, III and IV have
a significantly higher wall loading (3.6 MW/mZ) than the 2.0 MW/m2 assumed in
the base case and case II.

The economic impact of various options is based on the cost per dpa-2%.
This figure is arrived at by dividing the total lifetime cost of the facility
option by its cumulative performance in dpa-&. The total lifetime cost is de-
fined to be the sum of the total operating cost and the total overnight cost.
The total operating cost is simply the product of the annual operating cost
(involving the cost of fuel, electricity and operations and maintenance) and
the total postulated number of years of operation. The total overnight cost
is the sum of the total direct cost and total indirect cost of the facility,
but doesn't include the interest and escalation during construction, if money
is borrowed and invested over time.

Table 2-2 presents the pertinent operating parameters and the resulting

cost figures for the various alternatives discussed above. Figure 2-10 shows
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Table 2-2,

Comparison in Design and Economic Parameters of the

Wall Toading (MW/m?)
Target yield (MJ)
Rep rate (Hz)
Operation time (y)

Cumulative performance

(dpa-2)

Availability (%)
Total direct cost ($M)
Total overnight cost ($M)

Annual operating cost

($M/y)

Total lifetime cost ($M)

Performance cost ($k/dpa-2)

Reflected Light Limited and Target Debris Limited Options

Base Case Case I Case 11 Case III Case IV
2.0 3.6 2.0 3.6 3.6
13.4 13.4 13.4 13.4 13.4
10 10 5.6 10 10

10 5.6 10 10 10
14,200 14,200 14,200 25,245 14,200
50 50 50 50 28

519 510 490 510 510
855 841 807 841 841

74 74 52 74 52
1595 1255 1323 1581 1357
112 88 93 63 96
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the comparison in cumulative performance and certain economic parameters for

these options. It is obvious that case III has, by far, the lowest economic

impact (in $k/dpa-¢) due to the high cumulative performance, but its lifetime

cost

is the highest of all the target debris limited design options con-

sidered, and the wall loading is higher than that allowed by the present de-

sign,
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3-

MATERIALS TEST PLAN

3.1

Introduction

A test matrix has been devised that will provide data for an ICF Demon-

stration reactor on a timely basis. The data needs can be divided into three

areas.

A.

Scoping Studies for Structural Alloys

This is applied to the top four structural candidates which will be
selected by the materials community and which are most likely to be the
primary structural alloy. The selection of the four alloys will be made
on the basis of data from:

a. fission reactor irradiations,

b. wunirradiated properties,

c. any high energy neutron data which would be available from solid,
liquid or plasma targets (including a magnetic fusion test facility).

Scoping studies will be conducted to narrow down to a primary and backup

alloy which can be subjected to even more rigorous testing during the

qualification stage.

Qualification Studies for Structural Alloys

These tests will concentrate on the two alloys (a primary and a back-
up) which appear to be the leaders at the beginning of the studies out-
lined in Section 3.1.1 above. However, after the data from irradiation to
25% of the goal fluence has been analyzed, a reranking of the alloys could

be made and the choice of the top two alloys selected for qualification

would be verified or one would start qualification studies on the "new

leaders. These subsequent tests would concentrate on a finer temperature
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mesh and include larger test specimens. They would also investigate
further minor impurity or metallurgical influences.

Nonstructural Materials Tests

In this category we include accelerated testing (to a few dpa) of
Taser mirror coatings, mirror structural and shielding components. Medium
to Tong term tests (60 to 120 peak dpa) would also be conducted on neutron
multipliers such as Be. Finally, longer term (up to the peak 120 dpa)
tests of tiles and solid breeder materials could be conducted at temper-
atures much higher than expected in the structural components.

It will be shown below that it is possible to perform all the tests
that are needed for the ICF Demo in the two SIRIUS-M test modules, each of

which contains 217 capsules.

3.2 Scoping Studies for Structural Alloys

3.2.1 Explanation of Number of Specimens Required

The information needed to make the final capsule allocations is listed

below.

Number of Alloys Considered

At the present time we feel that there are three leading candidates
for the ICF Demo structure and that one should leave room for at least one,
high performance, refractory alloy. Current data from the materials commu-
nity would center on the following for the prime candidates:

HT-9 Ferritic Steel
2-1/4 Cr-1 Mo Ferritic Steel
316 Steel with Ti Modifications

The high performance alloy could be a V-Ti alloy or a Mo-Re alloy.
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« Number of Materials Variations

This category covers three areas: weldments, heat to heat impurity
variations, and deliberate thermal mechanical treatments (e.g. cold working
followed by specific tempering treatments). It is obvious that the welds
are critical to the containment of the vacuum or coolants and designers
have learned about the importance of such manufacturing influences from the
LMFBR program.

+ Duplicates

In any testing program, one has to expect equipment failures or human
mistakes. Therefore, it is important to have duplicates of every specimen
to insure that the continuity of the data is maintained. Many programs in
the past have opted for more than one duplicate but we will use a single
duplicate here until a more detailed analysis is made.

» Temperature Variations

It is important to not only test the materials over the anticipated
operating temperature range, but also at off-normal conditions above and
below the design temperatures. The choice of the actual test temperatures
is usually a compromise between the need for a finer temperature mesh and
the constraint of limited test space.

For SIRIUS-M we choose four test temperatures for the scoping studies
and then designate another four temperatures, more closely spaced, for the
qualification tests. For the steels, we choose 300, 400, 500 and 600°C for
the scoping tests and 375, 425, 475 and 525°C for the qualification tests.
The refractory metals will generally have a higher scoping temperature test

range, e.g., 500, 600, 700, 800°C.
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Fluence Variation

The main idea in SIRIUS-M is to get data quickly, spaced at reasonable
damage levels, and up to no less than 1/3 of the anticipated commercial
operating fluence. Past experience indicates that extrapolations of more
than a factor of three are very risky and some scientists would prefer to
cut this to less than a factor of two. Since we anticipate a commercial
reactor to require a first wall lifetime of > 200 dpa, this suggests that
one should have scoping and qualification data in hand up to 70 dpa or more
at the end of SIRIUS-M operation.

A possible operating scenario for the scoping studies would utilize
four distinct capsule groupings for each temperature, labeled A, B, C and D
for illustration here, and these capsules will be replaced on the following
schedule.

Group A Remove first capsule at 2% of goal fluence and reinsert an identi-
cal capsule which will itself be removed at the 77% level to yield
data corresponding to 75%.

Group B Remove first capsule after 5% of the goal fluence level and re-
insert another capsule to be removed at the 30% level to yield
data at 25% of the SIRIUS-M lifetime fluence.

Group C Remove first capsule after 15% of the SIRIUS-M 1life is achieved
and reinsert another capsule to be removed after the 65% level is
reached. This latter capsule will yield data at the 50% level.

Group D Leave the original capsule in for the full lifetime (100% damage

level).
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+ Post Irradiation Tests

Very often a sample irradiated at a given temperature and stress level
will be tested at different conditions after it has been removed from the
reactor. For example, different tensile specimens, all irradiated at
600°C, may be tested at 600, 700 and 800°C to ascertain helium embrittl]e-
ment possibilities. Likewise, post-irradiation tests may be conducted at a
variety of strain rates to simulate off-normal transients. Fatigue samples
may be tested at different strain levels or stress levels to fully measure
fatigue Tife. To accommodate the above, and other experimental contribu-
tions, one may have to include samples for several post irradiation condi-
tions.

3.2,2 Size of Test Specimens Required

There have been nine types of test specimens identified for SIRIUS-M
testing. These specimens are similar in some cases to those used in TASKA-M,
a tandem mirror, magnetic confinement fusion device designed for materials
testing.(l) The dimensions of the specimens are given in Table 3-1 and they
are graphically depicted in Fig. 3-1, The volume of each specimen is quoted
as the "smooth" volume, i.e. as if an envelope was stretched over the maximum
dimensions. The individual specimen volume varies by a factor of 1000 ranging

3 for crack growth speci-

from 0,014 cm3 for microscopy specimens to 13.5 cm
mens.

3.2.3 Number of Specimens Required

Table 3-2 summarizes the number of specimens required for a complete

understanding of the irradiation response for each of the four alloys. The
total number of specimens for each alloy is 5600 and these specimens occupy

8229 cm3 of volume. However, the test capsules must also contain coolants,
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Table 3-1. Dimensions of Structural Alloy Test Specimens for SIRIUS-M

Max.
Diameter  Thickness Width Length Vo&.
Description cm cm cm cm cmo (@)
Tensile - Surveillance 1.25 - - 4.8 5.89
Tensile - Flat - 0.075 0.5 4.5 0.17
Tensile - Round 0.64 - - 4.8 1.54
Fatigue - High Cycle 0.6 - - 3.0 1.07
Fatigue - Low Cycle 0.6 - - 2.7 0.86
Fatigue - Crack growth - 0.6 2.5 9.0 13,5
Fracture Toughness
- Charpy - 0.5 1.0 5.5 2.75
- Compact Tension - 1.27 3.04 3.18 12.3
(Surveillance)
- Compact Tension - 0.5 2.1 2.2 2.31
Swelling/Microstructure 0.3 0.02 - - 0.014
Creep Rupture 0.5 - - 2.5 0.49

a) "Smooth" volume, outside envelope.
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temperature control modifications, instrumentation, and diagnostics. Typical-
ly, the test specimens only occupy 1/3 to 1/2 of the space available. For
this study we will assume 40% which means each 5 cm diameter by 20 cm long
capsule (393 cm3) contains ~ 157 cmd of specimens. One can see that roughly 32
capsules are initially needed for each alloy and there are 56 capsules needed
for each alloy for all the fluences and temperatures.

Table 3-3 summarizes the total initial loading of capsules for the
scoping studies and Table 3-4 1lists the number of specimens available at each
dpa/temperature test matrix position. It is expected that each set of test
specimens will be immersed in a coolant contained in a can of the same materi-
al, i.e. HT-9 samples in a HT-9 can filled with NaK or other suitable heat
transfer medium, Ferritic, austenitic and refractory alloys will not be

mixed.

3.3 Material Qualification Tests

It is anticipated that after the data from the 25% of goal fluence speci-
mens are analyzed, a reevaluation of the rank ordering will be made establish-
ing the most likely primary and backup alloy for the ICF Demo. At that point
larger surveillance samples and a finer temperature mesh will be used to pro-
vide a stronger case for the designers. Table 3-5 gives the modified test
matrix for the materials qualification studies while Tables 3-6 and 3-7 sum-
marize the number of capsules and specimens discharged at each temperature and
fluence mesh point. An initial load of 112 capsules is required and eventual-
ly another 84 replacement capsules are required.

3.4 Special Materials Tests

These test capsules contain non-first wall and blanket structural
samples, some of which do not require high fluences and others which would

require lifetime fluence values. The short term tests include coatings for
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Damage Level
% of Goal dpa

Table 3-3,

Summary of Capsules Needed for

Each Alloy in the Scoping Studies

2(3)

300°¢ (d)
2 2
2 2
2 2
2 2
2 2
2 2
2 2

Total - 56 Capsules

a00°¢ (d)

500°c (d)

2
2

600°c (d)
2 )
2
2
2 _J
2 )
2
2

32
Initial
Capsules

24
Replacement
Capsules

(a) After 2% capsule is discharged it is replaced with a 75% capsule.
(b) After 5% capsule is discharged it is replaced with a 25% capsule.
(c) After 15% capsule is discharged it is replaced with a 50% capsule.
(d) These temperatures become 500, 600, 700 and 800°C for the refractory

alloy.
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Table 3-4, Summary of Samples Available from Each Materials
Scoping Studies dpa/Temperature Test Matrix Position in SIRIUS-M

# of Samples at each Volume of Sample
Damage Level and at each Damage Level
Temperature(2) and Temp. - cms
Tensile - Round 16 25
Fatigue
High Cycle 16 17
Low Cycle 16 14
Crack growth 8 108
Fracture Toughness
Charpy 24 66
Compact Tension 24 55
Swelling 80 1.1
Creep/Rupture 16 7.8
TOTAL 200 294(b)

(a) % of goal dpa = 2, 5, 15, 25, 50, 75, and 100
temperature = 300, 400, 500, 600°C for steels
temperature = 500, 600, 700 800°C for refractory metal

(b) total volume 294 cm3, requires 2 capsules using approximately 40% of its
volume for test specimens and 60% for coolant, structure, gas gaps, etc.
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Table 3-6.

Summary of Capsules Needed for Each Alloy in the

% of Goal

Materials Qualification Studies

Fluence 3750°¢(a)
2(b) 7
5(c) 7

15(d) 7

100 7

25(c) 7

50(d) 7

75(b) 7

(a) These

alloy.
(b) After
(c) After
(d) After

a250°c(a)

7
7
7

Total - 196 Capsules

a750°¢ (@)

7
7
7

temperatures become 550, 650, 750 and 850°C for

Eéﬁilz(a)
7 7\ Initially
7 112
7 Capsules
7
7 0 84
7 - Replacement
7 Capsules

the refractory

2% capsule is discharged, it is replaced with a 75% capsule.
5% capsule is discharged, it is replaced with a 25% capsule.
15% capsule is discharged, it is replaced with a 50% capsule.

3-13



Table 3-7. Summary of Samples Available from Each Materials Qualification
Studies Temperature and Fluence Mesh Point in SIRIUS-M

# of Samples at each Volume of Samples
Damage Level and at each Damage Level
Temperature () and Temp. - cm3 (b)
Tensile - Surveillance 16 94
Fatigue
High Cycle 64 68
Low Cycle 64 55
Crack growth 16 216
Fracture Toughness
Charpy 96 264
Compact Tension 24 295
Swelling 128 2
Creep/Rupture 32 16
TOTAL 440 1010

(a) % of goal damage = 2, 5, 15, 25, 50, 75, and 100
temperature = 300, 400, 500, 600°C for steels
temperature = 500, 600, 700 800°C for refractory metal

(b) total volume 1010 cm3, requires 7 capsules at approximately 40% test
specimens and 60% coolant, structure, gas gaps, etc.
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laser optics, mirror support alloys, and shield materials such as B4C, W, etc.
Long Tlevel tests would include Be or other neutron multipliers as well as
tiles/coatings to face the target and ceramic breeder materials.
The volume of each specimen is given below in cm3.
Tiles - 0.5
Laser Coatings - 0.1
Solid Breeders - 1
Be - 1
Shield Materials -1

Mirror Support

Tensile - 1,54

Fatigue - 1,07

Crack growth - 13.5

Microstructure - 0,014

Table 3-8 gives the test matrix for the special materials along with the
number and volume of test specimens while Table 3-9 summarizes the total num-
ber of capsules needed. It can be seen that 8 capsules are needed for short
term tests and 12 capsules are needed for reincapsulation studies. The re-
incapsulation probably can be included in the quick turnaround, central parts
of the test modules, each of which contains 24 capsules.

3.5 Total Number of Test Capsules Required

Table 3-10 summarizes the total test matrix requirements. It can be seen
that the initial load requires 372 capsules out of 434 available positions
leaving 62 "open" capsules. These capsules could be used to map the neutron
flux or be fitted with neutron multipliers such as Pb, Be or even U. This
space can also be utilized for advanced material development. The materials

test schedule in SIRIUS-M is shown in Fig. 3-2.
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Table 3-8.

Materials Test Matrix for Nonstructural

Materials in SIRIUS-M

Mat. Post-Irr. Total
Test Types Var. Dupl. Temp. Fluence Test Total # Vol. cm3
Tiles 6(a) o 3(b)  g(c) 6(d) 1080 540
Laser Coatings 6(e) 2 2(f)  ,(g) 2 9% 10
Solid Breeder 6(h) 2 3 7 2(3) 504 504
Be 2 2 3 7 2 (k) 168 168
Shield Material () 2 2(9) 2 64 64
Mirror Support
Tensile 2(m) o o(f) ,(g) 2 32 49
Fatigue 2(m) o H(f) ,(9) 2 32 37
Crack growth 2(m) o p(f) 5(g) 2 32 432
Microstructure 2(m) o o(f)  ,(g) 2 32 1
(a) C, SiC, and a ceramic to be specified x 2 fabrication procedures
(b) 1000, 1200, 1400°C
(c) 10, 25, 50, 75, 100 % of goal fluence
(d) Thermoconductivity, tensile (2 strain rates), fatigue (3 conditions)
(e) 3 different coatings x 2 process variables
(f) RT, 100°C
(g) 1 and 2% of goal fluence
(h) Li,0, LiA103, LiSi03 x 2 process variables
(3) Therma1 conguct1v1ty, content
(k) Dimensions, thermal conguctivity
(1) W and B,C x 2 process variables
(m) 2 alloys
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Table 3-9., Summary of Test Capsules for Nonstructural Materials

Capsules at Initial
Test Types # of Temp. Each Temp. Total Capsules

Long term
Tiles '3 2 6(a)
Solid Breeder 3 1 3(d)
Be 3 1 3(d)
Short term 8(C)
Shield Material 2 (b) (b)
Laser Coating 2 (b) (b)
Mirror Support

Tensile 2 (b) (b)

Fatigue 2 (b) (b)

Microstructure 2 (b) (b)

Crack growth 2 (b) (b)

18

(a) Samples will be removed at 10, 25, 50, 75 and 100% of goal fluence and
the capsule reinserted.

(b) Included in 8 test capsules for shield, coating, and support materials.
(c) First 4 capsules removed at 1 dpa and second 4 capsules removed at 2 dpa.
(d) Samples removed at 2, 5, 15, 25, 50, 75 and 100% of goal fluence and

capsule reinserted.
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Table 3-10,

Total Test Capsule Requirements for SIRIUS-M

Test Type

Scoping
HT-9
2 1/4 Cr-1 Mo
316 + Ti
Refractory Alloy

Qualification

Primary
Backup

Special Materials
Short Term
Reincapsulation

Total Capsule Positions Available 2 x 217 = 434

Load Initially Replacement Capsules Total Capsules
32 24 56
32 24 56
32 24 56
32 24 56
112 84 196
112 84 196
8 0 8
12 0 12
372 364 636

2 x 24 = 48 quick change capsules, 2 x 193 = 386 long term capsules
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Number of Capsules in Test Modules

7.

long term special

Testing Space
Available for
Advanced Material
Development

R3] material capsules

Bl short term

~ special material
capsules

4 removal and
reincapsulation
of samples

@ =% of goal fluence
to structural

materials at
discharge

initial load of 370
capsules required
434 capsule

positions available

-
%

ST \NRTQ?\RQNZFN\\QQ\\ZR\;\\\\“\i\\\\\\\\s — Operation time (FPY)
2[O 410 610 BIO l(')O lIZO = Peak dpa level
210 4lo GIO 8[OI83* Average dpa level
|é) 2LO 310 410 510 6|0 = Minimum dpa level

Fig. 3-2.

Materials testing schedule in SIRIUS-M,
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4. BLANKET TESTING REQUIREMENTS

4.1 Unique ICF Blanket Problems

A scoping study has been conducted to identify the unique ICF blanket
testing requirements. With the exception of two, most of the problems can be
tested within the materials test module. The two unique problems have to do
with isochoric heating in reactor coolant/breeder materials, particularly
liquid metals. The first problem is discussed in Section 4.2 and has to do
with the stresses and their effect on blanket structures, resulting from im-
pulse pressures due to isochoric heating. The second problem deals with the
effect of pulsed heating on the corrosion rates of structural materials. A
test module design for determining this effect is described in Section 4.3.

Table 4-1 summarizes the unique blanket testing requirements for ICF re-
actors. We have broken the problem into four distinct areas, self-cooled and
He-cooled 1iquid breeders, He-cooled solid breeders, water cooled solid
breeders and hybrid blankets. The table classifies the test duration as short
or long, and indicates the Tocation where the test will be carried out. The
only short term tests have to do with determining the magnitude of isochoric
heating in Tliquid metals and water and model validation as well as verifica-
tion of the solution for these cases. These tests will be performed in
instrumented zones of the Pb reflector and water cooled elements. Corrosion
rate dependence on the state of stress due to isochoric heating is a long term
test which will be performed in a special blanket test module.

A1l the other tests have to do with breeder/multiplier material integri-
ty, Tp removal issues, transient effects on T, diffusion and effectiveness of
T, diffusion barriers. These are all long term tests and will be carried out

in the materials test modules.
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Table 4-1, Unique Blanket Testing Requirements

LOCATION

Instrumented Materials Blanket
Test Zone of Test Test
Unique ICF Blanket Problem Duration Pb Reflector Module Module

1 Self-Cooled & He-Cooled Liquid Breeders

« Pulsed Heating
- Model Validation Short
- Efficacy of Solution Short

> >

» Corrosion Rate Dependence
on State of Stress
- Pulsed Heating Effect Long X

2 He-Cooled Solid Breeders

« Breeder/Multiplier
Integrity
- Effect on T, Removal
Capability Long X
- Impact of Transient
Effects on T,
Diffusion Long X

3 Water Cooled Solid Breeders

» Breeder/Multiplier
Integrity Long X

 Effect of Pulsed Heating
- D Diffusion into
Coolant Long X
- Effectiveness of
Diffusion Barriers Long X

+ Pulsed Heating of H,0 Short X
4 Hybrids
+ Integrity of T, Breeder,

Fissile Material and
Multiplier Long X
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4.2 Mechanical Response from Isochoric Heating

Energy deposition in the liquid metal blanket of SIRIUS-M will produce
temperature and pressure gradients. Pressure waves may develop and travel
through the blanket, dynamically loading structural walls and components.
Load magnitudes and blanket mechanical response have been determined in order
to assess structural integrity.

The model consists of liquid metal contained between two thin concentric
spherical shells representing the structural walls. The initial pressure

distribution from the practically instantaneous temperature change is approxi-

mated as
2
p(r) = [BbY/cppAn(ro + ri) ] exp [-(r - ri)/x]
where B = adiabatic bulk modulus
b = volumetric thermal expansion coefficient
Y = neutron yield
Cp = heat capacity
p = liquid density
A = e-folding distance
Fo» Mqs I = outer, inner and generic radii

Pressure and fluid velocity histories can be obtained from Tinear wave
theory. Generally the amplitude of the pressure wave increases directly with
blanket thickness, but at a diminishing rate. Increases in blanket thickness
will also result in a lower mean pressure rise since there is more material to

absorb energy.
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For structural loading purposes, the impulsive pressure is required and
obtained by integrating the pressure exerted on the inner shell during the
compressive phase of the pulse. Results are shown in Fig. 4-1 for a 2 m
radius shell, as a function of blanket thickness, with comparisons made be-
tween lithium, lead and L117Pb83. For SIRIUS-M, a 40 cm thick lead blanket is
used.

The mechanical response of the inner shell of the blanket is assumed to
be a completely symmetric elastic displacement mode. A thin spherical shell
has a single natural frequency for symmetric motion. A thick shell has multi-
ple frequencies but for a moderate thickness, the fundamental frequency is
much lower than any others and the contribution to stress and strain from the
higher modes 1is negligible. The spherical shell frequency depends upon the
elastic modulus, density, Poisson's ratio and radius but is independent of
thickness. Under uniform impulsive pressure, the maximum dynamic circumfer-
ential normal stress is independent of chamber radius. Peak values are repre-
sented in Fig. 4-2 for various wall thicknesses; damping and inertia effects
of the liquid metal were not included but would result in Tower stresses. It
is also assumed that such damping would preclude the necessity of considering
sequential impulse effects. Generally, maximum dynamic stresses in the
blanket shell appear quite low. For example, the undamped maximum for a 1 cm
thick shell is less than 30 MPa, a value below endurance limits for structural
steels.

Since tubular components are also proposed for the blanket test module,
maximum dynamic stress from impulsive pressure was also determined and is
shown parametrically in Fig. 4-2. Again, these stresses are radius-

independent. As a first approximation, if it is assumed that the impulsive
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pressure on tubular members is no greater than that on the blanket shell, it
can be seen that corresponding maximum stresses will also be low for practical
tube wall thicknesses.

4.3 Blanket Test Module Design and Testing Schedule

Although the problem of liquid metal corrosion of structural materials
has been investigated extensively for magnetic confinement fusion, there has
never been-a test which also incorporates pulsed heating inherent in ICF re-
actors. The instantaneous release of neutrons in an ICF reactor causes rapid
expansion of 1liquids, which if confined within structures such as pipes, pro-
duce shock Tloading and resulting cyclic stresses. Although it is not immedi-
ately obvious, such a state of cyclic stress can have deleterious effects on
the corrosion rate of structural materials. The intent of this experiment
will be to investigate these effects and compare them with test results ob-
tained under identical conditions of temperature and flow, but without shock
loading.

In any corrosion experiment the parameters which are carefully controlled
are the material composition, temperature, velocity and duration of test.
Ideally, the test zone can be disassembled periodically, the corrosion rate
determined as a function of distance down the pipe, and then reassembled in
the exact configuration for further testing over predetermined periods of
time. In this way the corrosion rate is determined as a function of tempera-
ture, velocity, location in the loop and time. To conduct such an experiment
in SIRIUS-M would have been difficult because of geometric considerations. A
compromise test arrangement has been scoped out which will yield the needed

information in a simpler and more expeditious way.
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The blanket test module consists of seven coiled tubes grouped in a
circular array as shown in Fig. 4-3. The coiled tubes will be immersed in
lead, and in this respect will be a part of the Pb reflector zone. Each tube
will have liquid metal (LiPb or Li) flowing through it at the same condition
of temperature, pressure and velocity. Nuclear heating in each coil turn will
vary as a function of the radial distance from the first wall. Thus the
pulsed loading and consequent stresses will vary in the same way. The tubes
will be instrumented to provide the condition of stress in each turn.

The idea of the experiment is to remove tubes from the array at predeter-
mined times and replace them with identical tubes in order not to disturb the
experimental conditions. Once a tube is removed, it will be cut up, the seg-
ments weighed, probed for surface characterization and finally tested for
mechanical properties. Typically, initial corrosion rates are high, tending
to saturate as the surface conditions and materials become modified by dis-
solution. It 1is therefore important to determine early corrosion rates and
the onset of saturation. The frequency of tube replacement will have to be
consistent with these considerations.

For this experiment to be meaningful, it will be necessary to conduct a
control experiment under the same conditions of temperature, pressure and
velocity but without isochoric heating. This means an identical set of tubes
will be tested outside the reactor with the nuclear heating simulated by
electric heaters. Comparing the corrosion rates from the two experiments will
determine the effect of shock loading due to isochoric heating.

Figure 4-4 gives a typical schedule of tube replacement for determining
corrosion as a function of time. The first four tubes will be taken out at

two week intervals, and the last three, at one month intervals. The replace-
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Fig. 4-4, Typical tube replacement schedule for testing a combination of ma-

terials in the blanket test module.

4-10



ment tubes la-7a will represent corrosion testing from 6-9 months. One calen-
dar year of operation will be needed for each material comhination at a typi-

cal operating temperature.
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5, SHIELD AND BUILDING DESIGN

5.1 Design Goals

A major goal of the shield and building design is to reduce the biologi-
cal dose rate outside the building to values below 2.5 mrem/hr during oper-
ation. This ensures that reactor personnel will not receive more than
1.25 rem per quarter in the restricted zone outside the reactor. The shield
“design is aimed also at minimizing nuclear heating and radiation damage to the
final mirrors which impacts the replacement frequency during the reactor life-
time of 5 FPY., It is felt that a limit of no more than 2-3 x 1019 rads to the
laser mirror coating is desirable based on experimental studies of ion irradi-
ated coatings (D. Pertzborn, University of Wisconsin, unpublished results).

Radiation streaming through the Taser beam ducts to the laser building
could damage vital components and may lead to uncontrollable serious oper-
ational and safety problems. The neutron leakage after two beam reflections
in SOLASE resulted in a large flux of the order of 1010 n/cmzs.(l) A major
requirement for the shield and building design of SIRIUS-M is to minimize
radiation streaming into the laser building. This will consequently result in
minimizing the damage to the optical windows.

For hands-on maintenance of the reactor chamber to be possible, the dose
rate should not exceed 2.5 mrem/hr one day after shutdown at the back of the
chamber. Earlier work in the magnetic fusion reactor studies(z) indicates
that activation of the shield and outlying components will be Tow enough to
yield a dose rate of 2.5 mrem/hr one day after shutdown if the neutron flux at
the back of the shield is kept at a level of ~ 2 x 106 n/cmzs during oper-
ation. The flux distribution will be calculated in the different shield de-

sign options to assess the feasibility of hands-on maintenance. Activation of
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the reactor chamber components and last mirrors will result also in high level
waste. The waste disposal rating for the activated components will be deter-
mined and the feasibility of near-surface burial will be assessed.

5.2 Design Options

Three-dimensional neutronics calculations have been performed for eight
shield and building design options. The geometrical configurations used in
options I-IV are shown in Fig, 5-1. In these four designs, a 3 m thick con-
crete biological shield surrounds the reactor chamber. This shield acts as
the building wall in option I with concrete shield surrounding the laser beam
ducts and last mirrors. Due to the reflection of direct source neutrons inci-
dent on the final mirror, a relatively thick penetration shield (> 3 m) is
needed to reduce the dose rate outside the building to an acceptable level.
The smallest distance between beam centerlines at the back of the bulk shield
(at radius of 5.7 m) is only 3.7 m implying that the penetration shields for
the adjacent beam ducts will overlap and a large amount of concrete will be
needed for the 32 laser beam penetrations. This motivated considering options
ITI, III and IV, where a single 1 m thick concrete wall is used at a radius of
15 m and acts as the building wall. In this case, there is no need for
shielding the 10 m long beam ducts. In option II, vacuum is maintained in all
the space between the chamber bulk shield and the outer reactor building. In
option III, a 1 cm thick A16061 pipe surrounds the laser beam. In option IV,
the space between the chamber bulk shield and building wall is filled with
borated water to absorb the neutrons reflected from the final mirror and sur-
rounding shield.

Radiation streaming from the reactor cavity into the final mirrors com-

partment necessitates surrounding these mirrors by a relatively thick concrete
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shield (~ 3 m) to reduce the dose rate to acceptable levels. The final
mirrors enclosures for the 32 beams will, therefore, overlap leading to an
effective 10 m thick building wall with beam ducts and last mirrors embedded
in it.

Since a concrete shield with a thickness of at least 3 m is required
behind the final mirror to attenuate the neutrons streaming directly from the
target, locating the building wall behind the final mirrors is considered in
options V-VIII as shown in Fig. 5-2. In this case no concrete bulk shield
surrounds the reactor chamber. In option V no shield is used to enclose the
final mirrors. In option VI, only the turning mirror is surrounded by con-
crete shield with a Targe opening allowing beam transport between the two last
mirrors. In option VII, both Tlast mirrors are surrounded by concrete shield
with an opening that allows the transport of the beam from the final focusing
mirror to the target. In option VIII, the turning mirror is surrounded by
concrete shield with a 10 cm diameter opening midway between the two Tast
mirrors. In this design the beam point crossover proposed hy Ragheb et a].(l)
for reducing streaming to the laser building is adopted. This approach was
found to reduce the streaming by ~ 3 orders of magnitude 1in SENRI-I.(3)
Possible filling gas breakdown due to high light intensity at the crossover
region is a concern in this design.

The impact of these geometrical variations on streaming into the laser
building will be assessed. In all eight options considered here, the beam
ducts are lined with 1 cm thick layers of boral. Boral lining was found to

(1)

reduce the streaming in SOLASE by an order of magnitude.
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5.3 Neutronics Calculational Method

Three-dimensional neutronics calculations have been performed for the
different shield and building design options using the continuous energy
coupled neutron-gamma Monte Carlo code MCNP(4) with ENDF/B-V(S) cross section
data. Each calculation used 20,000 histories and took ~ 2 hours of the CRAY
XMP CPU time. Several variance reduction techniques were utilized to improve
the accuracy of the calculation. These included angular source biasing and
geometry splitting with Russian Roulette.

Only one of the 32 beam penetrations was modeled with the associated
final mirrors and shield. A reflecting conical boundary with a conical half
angle of 31.,7° was used. A point neutron source was used at the origin emit-
ting neutrons isotropically within the solid angle subtended by the conical
section of the geometry modeled here. For a target yield of 13.4 MJ and a
repetition rate of 10 Hz the target emits 5 x 1019 neutrons per second,
Hence, a neutron source strength of 3.73 x 1018 n/s was used in the calcula-
tions. The energy spectrum of neutrons emitted from the SIRIUS-M target was
used to represent the energy spectrum of the source. There are 78% of these
neutrons at 14.1 MeV, 21% in the range 3.5-14.1 MeV and 1% in the range 1.,5-
3.5 MeV,

The laser beam radius is constrained by damage thresholds to at Tleast
1 m. For f/10 final optics, this implies that the final mirrors should be lo-
cated at a distance of 20 m from the target. The beam focusing on the target
has a conical half angle of 2.86°, The inner surface of the beam duct in this
region was considered to have a conical shape with a conical half angle of
3.14° that allows for 10% clearance between the beam and duct wall. The two

last mirrors were taken to be 5 m apart and are surrounded by intersecting
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cylindrical shield segments with inner radii of 1.8 m. A mirror design simi-
lar to that used in SOLASE(l) is adopted in this work. The mirror consists of
two front and rear plates cooled by water circulating through square grooves
and connected by a honeycomb structure. The front and rear plates were con-
sidered to be 2 cm thick with 25% water cooling. The total mirror thickness
is 44 cm and the radius is 150 cm. The aluminum alloy A16061 was used as
mirror structural material. The mass density used for the aluminum honeycomb
structure is 0,0833 g/cm3.

The reactor cavity with a radius of 2 m is surrounded by a 0.4 m thick
lead reflector zone consisting of 90% molten lead and 10% PCA structure that
is required to enhance the testing capability of the materials test module.
The Tead reflector is followed by a 0.3 m thick steel reflector consisting of
90% PCA and 10% water coolant. The concrete shield was considered to consist
of 87% concrete (2.321 g/cm3 density),(6) 8% carbon steel (C-1020) reinforce-
ment and 5% water coolant. 1 cm thick bora1(7) sheets were used as beam duct
liners. The boral density was taken to be 2.53 g/cm3 with 20 wt.% B4C and 80
wt.% Al. The borated water used in design option IV was considered to contain
5 wt.% boric acid.

The results of the three-dimensional Monte Carlo calculations included
the neutron and gamma flux in the different zones. The zones were divided
into several segments with the volume averaged flux calculated at each seg-
ment., The energy spectrum of the neutrons was used to perform activation
calculations for the reactor chamber and the last mirrors. Nuclear heating
resulting from both neutrons and gamma photons was calculated in the different
zones using the appropriate kerma factors for the constituent elements. The

atomic displacement damage in the aluminum structure of the last mirrors was
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determined using the appropriate dpa cross sections. Radiation streaming to
the Taser building was quantified by locating a trapping surface at the laser
inlet to the final mirrors compartment. Particles crossing this surface were
counted according to energy bins and used to determine the absorbed dose rate
in the Si0, laser window.

The neutron and gamma energy spectra calculated in the different zones
were coupled with the flux-to-dose conversion factors(8) to determine the bio-
logical dose rate during reactor operation. A 10 cm thick void zone was used
at the outer surface of the shield to determine the dose outside the reactor
building. In options I-IV a 1 m thick concrete shield was used around the
beam duct and the calculated dose rate was coupled with the results from one-
dimensional calculations to estimate the required shield thickness. The vari-
ation of dose rate with shield thickness was determined using the determinis-
tic discrete ordinates code ONEDANT.(Q) In options V-VIII, the 3.2 m thick
building wall was divided into four zones and extensive particle splitting was
utilized to improve the accuracy of the calculated dose at the outer surface.

5.4 Discussion of Neutronics Results

5.4,1 Biological Dose Rate

The one-dimensional chamber calculations were used to determine the dose
rate variation with shield thickness. The calculations were performed with
the graphite tile, lead reflector, and steel reflector surrounded by the bio-
logical shield. The results are shown in Fig. 5-3 for the concrete shield and
normalized to 5 x 1019 neutrons emitted per second from the target. The re-
sults indicate that a shield thickness of 2.9 m will be adequate to reduce the
dose rate to 2.5 mrem/hr if no penetrations exist. The beam penetrations re-

sult in much higher dose levels in regions adjacent to them. However, the
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one-dimensional results are useful in determining the dose attenuation in the
shield. The results indicate that the dose is attenuated by an order of mag-
nitude in 32 cm of the concrete shield. Similar calculations were performed
for the borated water shield which was found to attenuate the dose by an order
of magnitude in a thickness of 84 cm.

Table 5-1 gives the biological dose rate calculated in the different
zones around the beam duct for options I-IV, The fractional standard devi-
ation varied from ~ 0,03 at the boral liner to ~ 0.5 at the back of the
shield. It 1is clear that design option I results in higher doses than the
other options. This 1is due to the fact that the neutrons reflected from the
final mirrors compartment towards the chamber will have a larger chance of
being reflected back into the mirror region by the concrete wall of the beam
duct. In options II, III and IV, the neutrons reflected towards the chamber
have a smaller chance of reentering the final mirrors compartment due to dis-
persion in the large space between the chamber and building wall or absorption
in the borated water. No significant difference is observed between doses
calculated in options II, IIIl and IV,

The dose attenuation parameters for concrete shield were used with the
results of Table 5-1 to estimate the shield thickness required to get
2.5 mrem/hr dose rate at the back of the shield in options II, III and IV,
Shield thicknesses of 3, 3.2 and 2.8 m are required for the duct zones between
final focusing mirror and chamber, between two mirrors, and between 1laser
window and turning mirror, respectively. About 0.1 m thicker shield is needed
in option I. These large shielding thicknesses required around the last
mirrors imply that each set of the last mirrors has to be enclosed in a cylin-

drical shield with height of ~ 15 m and outer radius of ~ 5 m. These concrete
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Table 5-1. Biological Dose Rate {mrem/hr) Distribution in

Design Options I, II, III and IV

Region Option I Option IT  Option III  Option IV

Beam Duct Between Final

Focusing Mirror and

Chamber

Boral Tiner 2.15 +10(a) 9.12 +9 9,22 +9 8.95 +9
Concrete shield 2,04 +9 8.67 +8 8.76 +8 8.52 +8
OQuter surface of shield 7.42 +5 3.58 +5 3.34 +5 2.34 +5

Duct Between Turning and

Final Focusing Mirrors

Boral liner 3.14 +10 1,57 +10 1.77 +10 1.82 +10
Concrete shield 4,12 +9 2,62 +9 2.73 49 2.72 +9
OQuter surface of shield 3.34 +7 1.82 +7 2.71  +7 1.92 +7

Duct Between Turning

Mirror and Laser Window

Boral liner 1.21 +9 6.35 +8 6.43 +8 7.13 +8
Concrete shield 1.25 +8 7.42 +7 7.65 +7 6.57 +7
OQuter surface of shield 1.64 +6 7.63 +5 6.96 +5 7.44 +5

(a) Reads 2.15 x 1010
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shields for the 32 beam penetrations cover ~ 95% of the spherical surface area
at 20 m radius Tleading to an effective 10 m thick building wall with heam
ducts and last mirrors embedded in it. This lead to considering the option of
moving the building wall behind the final mirrors. In this case only a 3.2 m
thick concrete wall 1is needed. Different options for enclosing the 1last
mirrors lead to design options V-VIII,

Table 5-2 gives the biological dose rate in the four 0.8 m thick segments
of the building wall for options V-VIII., The innermost segment of the shield
is designated segment 1. The dose values represent an average over the whole
segment volume including parts close to the laser beam penetration. The large
dose rate in the beam penetration can, therefore, significantly impact the
average dose values in the shield. The dose rates in the beam penetration and
laser window are also given in Table 5-2. The fractional standard deviation
varies from ~ 0.03 at the inner segment of shield to ~ 0.8 at the laser
window. The dose rates in the beam duct and laser window are the smallest in
option VIII due to the reduced streaming through the 10 cm diameter orifice at
the beam crossover point. These doses are the highest in option V due to the
lack of shielding by the mirror concrete enclosure. The Targe dose rate in
shield regions adjacent to the beam penetration influences the average dose
rate in the shield segments yielding large values in the back segments of the
shield. The dose rate drops rapidly as one moves away from the beam penetra-
tion. This effect is less pronounced for option VIII with minimal streaming
and for the innermost segment of the shield where the dose rate in the pene-
tration 1is comparable to the average in the shield. Using the average dose
rate in the innermost segment of the shield together with the dose attenuation

parameters for the shield we estimated the dose rate at the back of the build-
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Table 5-2, Biological Dose Rate (mrem/hr) Distribution in

Design Options V, VI, VII and VIII

Region Option V Option VI Option VII  Option VIII
Concrete Building Wall
Segment 1 1.76 x 10 1,1 x 109 8.7 x 108 1.23 x 109
Segment 2 7.11 x 10° 2.8 x10° 1.0 x 10®  6.12 x 10°
Segment 3 8.87 x 10° 1.49 x 10° 1.8 x 10°  3.32 x 103
Segment 4 4,52 x 10°  1.03 x 10* 5 x 10% ---(a)
Beam Duct 9.4 x 109 3.05 x 109 2.4 x 107 1.0 x 108
Laser Window 1.36 x 107 2.72 x 108 9.2 x 107 3.8 x 104(b)

(@) No tracks entered this segment

(b) Scaled from value for option VII,
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ing wall to be 1.19, 0,74, 0.59, and 0.83 mrem/hr, for options V, VI, VII, and
VIII, respectively, at Tocations not in the vicinity of the laser window. The
beam duct going from the laser window to the laser building should be sur-
rounded by concrete shield to reduce the dose rate below 2.5 mrem/hr. We
estimated the duct shield thickness needed at the laser window to be 2.8, 2.6,
2,4, and 1.3 m, for Options V, VI, VII, and VIII, respectively. A smaller
thickness can be used as one moves away from the reactor building. It is
clear that design option VIII yields an acceptable dose level outside the re-
actor building with the least amount of shield.

The neutron flux in the different zones was used to estimate the dose
after shutdown by observing that a neutron flux of ~ 2 x 100 n/cmzs at the

2) yields a dose of

back of the shield in magnetic fusion reactors(
~ 2,5 mrem/hr one day after shutdown from activation of the shield and out-
lying components. The neutron flux in different reactor zones is given in
Table 5-3., The statistical uncertainty is in the range 1-5%. These flux
levels are excessive and do not allow hands-on maintenance inside the build-
ing. The dose rate one day after shutdown inside the building is estimated to
vary from ~ 108 mrem/hr at the outer surface of the chamber to ~ 10° mrem/hr
at the inner surface of the building wall 1in options V-VIII. A1l remote
maintenance is, therefore, required. Although an average flux in the chamber
shield of ~ 6 x 101! n/cmzs in option I implies a flux of ~ 104 n/cm2 at the
back of the shield with possible hands-on maintenance, this is not feasible
due to the overlapping duct shields (~ 3 m thick) leaving no space for mainte-
nance. Chamber hands-on maintenance will be difficult in options II, III and

IV since the average neutron flux in the zone between the chamber and building
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wall s ~ 107 n/cmzs. Hands-on maintenance for the final mirrors is not
possible in all cases.

5.4.2 Radiation Damage to Last Mirrors

The peak radiation damage to the mirror structural material is given in
Table 5-4 for the final focusing and turning mirrors in the eight design op-
tions considered. The damage is given in terms of the dpa rate in aluminum.
The peak nuclear heating is also given in terms of the absorbed dose rate.
The results in Table 5-4 represent average values over the 2 cm thick front
plate of the mirror. The statistical uncertainty in the results ranges from
2% in the final focusing mirror to 18% in the turning mirror. The results for
design options I-IV are nearly identical with the damage in the turning mirror
being about two orders of magnitude less than in the final focusing mirror.
The difference in radiation damage levels in the last four design options is
related to the way these mirrors are enclosed. The final focusing and turning
mirrors suffer the largest damage in option V where no shield encloses the
last mirrors and neutrons streaming from all 32 beam penetrations in the cham-
ber can contribute to mirror damage. The damage in the turning mirror is ex-
tremely low in option VIII since it is almost fully enclosed by the shield.

Based on the information in Table 5-4, our initial prediction is that the
final focusing mirror will have to be replaced once or twice during a calendar
year operation. On the other hand, the final turning mirror should last the
entire SIRIUS-M Tifetime.

5.4.3 Radiation Streaming to the Laser Building

For each neutron emitted from the target, 7.5 x 10'4 neutrons stream di-
rectly through each beam penetration in the chamber towards the final focusing

mirror. Some of these neutrons will end up streaming to the laser building
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Table 5-4. Peak Radiation Effects in Last Mirrors

Option Final Focusing Mirror Turning Mirror
Al dpa/FPY Rad/FPY Al dpa/FPY Rad/FPY
I 0.0762 6.12 x 1010 0.0011 9.72 x 108
11 0.0741 6.03 x 1010 0.0010 9.85 x 108
111 0.0725 5.90 x 1010 0.0009 7.88 x 108
IV 0.0729 5.93 x 1010 0.0011 7.58 x 108
v 0.0980 8.52 x 1010 0.0035 4.80 x 10°
VI 0.0967 8.17 x 1010 0.0008 1.33 x 109
VII 0.0777 6.32 x 1010 0.0011 9.11 x 108
VIII 0.0779 6.55 x 1010 2.5 x 1072 1.17 x 107
Table 5-5, Neutron Streaming to Laser Building and
Absorbed Dose in Laser Window
Option Neutrons Streaming per cm2 of Dose Rate in Si0, Laser
Laser Window for One Source Neutron Window (rad/FPY)
I 3.65 x 10731 7.22 x 107
I 4.01 x 10711 7.93 x 10’
111 3,98 x 1011 7.87 x 107
IV 3.55 x 10711 7.02 x 107
v 7.37 x 10710 1.33 x 109
VI 4.56-x 10~11 8.13 x 107
VII 5.53 x 10711 1.02 x 108
VITI 2.50 x 10~14 4.61 x 104
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and producing damage in the laser window and some will be reflected back to-
wards the chamber, While the beam ducts are nearly decoupled as far as
streaming is concerned 1in options I and IV, neutrons reflected back to the
chamber from the different beam ducts can contribute to streaming from other
beam penetrations in the other design options. The number of neutrons stream-
ing to the laser building per unit area of the laser window is shown in Table
5-5 for each source neutron. The estimated values for the dose rate in the
Si0, laser window are also included. The dose was calculated from the neutron
fluence assuming a conversion factor of 1 rad per 109 n/cmz. The fractional
standard deviation ranges from 0.15 to 0.35. In option VIII no tracks crossed
the laser window and the streaming value was estimated by scaling the value
for option VII down by the ratio of the number of neutrons entering the mirror
compartment. For each source neutron, 7.7 X 10~4 neutrons entered the mirror
compartment through the beam penetration and 2.9 x 1076 neutrons entered
through the compartment wall 1in option VII. In option VIII, 3.5 x 10-7

0710 neutrons entered through

neutrons entered through the orifice and 5 x 1
the wall., The negligible amount entering through the wall implies that this
contribution can still be negligible while reducing the thickness of the con-
crete wall enclosing the turning mirror in option VIII to ~ 1.5 m,

It‘is clear that design option V results in the largest streaming and
damage to laser window due to lack of shielding by the mirror concrete enclo-
sure. About three orders of magnitude reduction in streaming is obtained by
adopting design option VIII. In this case the flux at the laser window is

6 n/cmzs. At that neutron flux the total number of neutrons per cm2

1.5 x 10
for the 5 FPY's is 2.4 x 1014 (0.24 Mrad). This exposure level is so low that

the density decrease will be negligible (<< 0.01%) and very 1little optical
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degradation is expected. Therefore, we expect the final optical window to
last for the full reactor lifetime. Our results indicated a factor of 20 re-
duction in streaming due to the beam duct bend at the turning mirror. There-
fore, if the beam point crossover option is not optically feasible, at least
two additional bends will be required before the laser window in order to
maintain the same Tlevel of damage. While this is feasible, the economic im-
pact remains to be calculated.

5.5 Building Description

The containment building for the SIRIUS-M test reactor is spherical with
a minor radius of 21.6 m and a wall thickness of 3.2 m. This configuration
was adopted over more conventional structures after considerable investigation
and debate.

In an attempt to select the most suitable configuration for the contain-
ment building we considered conventional building structures such as square,
rectangular, and cylindrical with a dome roof as well as unconventional such
as spherical and icosahedron shaped. In the final analysis the decision was
based on four aspects:

1 - Support of the final and turning mirrors.

2 - Integration with 32 incoming laser beams.
3 - Vacuum and pressure containment.
4 - Construction difficulty.

0f these four, the first is by far the most important. Support and
alignment of the final optics is crucial in ICF reactors and especially so
with symmetric illumination. Only in the case of a spherical building are the
final and turning mirrors supported at a uniformly short distance from the

wall, insuring a solid base as an anchor. A spherical building is also the

5-19



most conducive from the standpoint of integrating the large number of beams
needed for symmetric illumination. Since all the beams intersect the building
wall at right angles, the shield housing of the turning mirror and the support
alignment system for both turning and final mirrors will be standard. This
results in considerable design simplification as well as a saving in cost.
Although a spherical building is best capable of supporting a vacuum or an
overpressure, this issue is not crucial, since other building configurations
can be designed to do the same. Finally, it is the construction difficulty
which made the selection of a spherical building somewhat uncertain. We feel,
however, that with modern techniques for making reinforced concrete struc-
tures, this is not an insurmountable job.

Figure 5-4 shows a cross section of the reactor building in a plane which
intersects eight of the 32 beams. The cavity is shown supported on columns in
the center of the building. Note that there are no beam tubes between the
cavity and the final mirror. Instead the building is evacuated and has the
same xenon atmosphere at the inside of the cavity. At a pressure of one torr,
the steady state vacuum system needed to maintain the desired gas turnover in
the cavity is quite nominal. A question still remains whether gas hreakdown
at the focal point between the final and turning mirrors will render this
scheme of neutron shielding impractical. Differential pumping within the beam
line to reduce the pressure in the aperture is possible but will require
further investigation.

Finally, in order to give a perspective on the size of the SIRIUS-M
building, we have included Fig. 5-5. This figure compares the SIRIUS-M build-
ing with that of the French Super Phenix breeder reactor which is presently 1in

operation. Although the Super Phenix building is of a conventional cylindri-
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cal configuration it dwarfs the SIRIUS-M building. This leads us to believe
that the selected parameters for the location of the final optics and the
building configuration is reasonable.

5.6 Activation Analysis

We have investigated the activation and the waste disposal rating of
SIRIUS-M, Radioactivity calculations have been performed to estimate the
radioactivity of the lead reflector, the stainless steel reflector, the final
mirror, and the turning mirror after operation time of 5 full power years.
The waste disposal ratings of these four components were calculated after one
year cooling period.

The layout of the cavity and the mirrors is shown in Fig. 5-2. The
compositions of the different zones are listed in Table 5-6. The composition
of PCA used in the reflectors is given in Table 5-7, and the composition of
A16061 is given in Table 5-8. Note that the composition of the lead reflector
includes also the contributions from the tiles which are assumed to be homog-
enized in the lead reflector.

We have used the neutron flux calculated by the MCNP code (see Section
5.3), along with radioactivity computer code RACC.(IO) RACC uses the Gear's
stiffly stable method to solve the system of first order differential
equations describing the nuclear decay chain reactions involved in the
problem. During this work efforts have been initiated to simplify the input
preparation of RACC and to couple it with the neutronic codes ONEDANT and

TWODANT.,
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Table 5-6.

Material Composition

Zone

Pb Reflector

Steel Reflector

r Front
Final Mirror Center
L Back

~ Back
Turning Mirror Center

_ Front

Volume (m

3

Composition

23.9

24,1

0.141
2.83
0.141

0.141
2.83
0.141

85% 1iquid Ph, 11% PCA
2% Ho0, 2% graphite

10% H,0, 90% PCA

75% A16061, 25% H20
100% Al honeycomb (p
75% A16061, 25% H20

75% A16061, 25% HZO
100% Al honeycomb (p =
75% A16061, 25% H20
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Element

B
C
N
Al
Si

Ti

Cr
Mn
Fe
Co
Ni
Cu

Element

Mg
Al
Si
Ti
Cr

Table 5-7. PCA Composition (Density = 8 g/cm3)

Wt.%

0.005
0.005
0.01
0.03
0.5
0.01
0.005
0.0003
0.3
0.1
14,
2.
balance
0.03
16,
0.02

Table 5-8. A16061 Composition (Density = 2.7 g/cm’)

Element

As
Ir
Nb
Mo
Ag
Cd
Sn
Sb
Ba
Tb
Ta
W
Ir
Pb
Bi

Wt.%

1.
balance
0.6
0.15
0.3

Element
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Mn
Fe
Cu
In

Wt.%

0.02
0.005
0.03

0.0001
0.0002
0.005
0.001
0.001
0.001
0.01
0.05
0.001
0.001
0.001

Wt.%

0.5
0.7
0.3
0.25



5.6.1 Activation

The buildup of radioactivity in the different zones during operation is
shown in Table 5-9 and the decay of this radioactivity (after shutdown) is
shown in Table 5-10. The total activity of the turning mirror, after 5 FPY's
operation is less than 3 Ci and deéays after one hour to 0.1 Ci. The fact
that the turning mirror is surrounded by concrete shield reduces the neutron
flux considerably. However, this very fact makes the uncertainty 1in the
neutron flux, calculated by MCNP, very large. The neutron group energy
fluxes, calculated by MCNP in the three parts of the turning mirror, are all
zero except for one low energy group that contains a very small number of
neutrons.

With respect to the front mirror, the total activity after 5 FPY's oper-
ation (for the three parts of the mirror front/center/back) is 9.1 «x 104 Ci.
The activity of this mirror has saturated to almost this value after only one
full power month of operation. The major contributions to the activity in
this mirror come from Na? (t1/2 ~ 15 hr) and 128 (t1/2 ~ 2.3 min), both of

Na24 24

which are beta emitters. is produced by (n,p) reaction with Mg~" and

127, p128

through (n,a) reaction with A is produced primarily by (n,y) re-

action with A127.

The largest activation in SIRIUS-M comes from the steel reflector and the
lead reflectors, with end-of-1ife activities of 275 x 106 Ci and 174 x 106 Ci,
respectively. The primary source of activation in both zones 1is the PCA

alloy. The elements contributing to this activity and their impacts on the

waste disposal rating are discussed in the following section.
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5.6.2 Waste Disposal Rating (WDR)

One of the indices of the radiological hazard for radioactive materials
is the waste disposal rating. In this index, the hazard is assumed to be
exposure to members of the public after proper emplacement of the waste at a
disposal site; occupational exposures and accidents are not considered. The
waste disposal rating is calculated based on the dose that could be received
by an intruder to the waste site after hundreds of years. The dose to this
intruder should not exceed the maximum permissible dose (MPD) if he comes in
direct or indirect contact with the radioactive waste.(ll’lz)

The WDR is wusually calculated for structural materials only. For this
reason activation calculations were done with the exclusion of all the liquid
materials (Pb, Ho0) in Table 5-6. We have used the WDR indices provided by
Fetter.(13) A summary of the WDRs is given in Table 5-11. From this table
the WDR of both reflectors are classified as deep geological burial waste.
The numerical value of Index C could be interpreted as a dilution factor that
is required for the waste to meet the specifications of the near surface
burial Class C waste. If both reflectors are considered as one unit, the
dilution factor would be 5.2. If, however, the activity is averaged over the
total chamber volume including the inner target cavity (33.5 m3) a dilution
factor of 3 is required.

Only long lived isotopes contribute to the WDR. The contributing iso-
topes to the rating of hoth reflectors are given in Table 5;12. It appears

Np 94

from this table that NbI4 s the major driver to WDR. is produced

through the (n,y) reaction of the intrinsic NbI3 in PCA (~ 0.03%, Table 5-7),

and through (n,p), (n,d), (n,T) reactions with M094, Mo?° and M09

b94 593

respective-

ly. The main part of N comes from the (n,y) reaction of N Thus re-
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Table 5-11. Summary of WDR

Class Index A Index C
Pb Reflector deep 132 4.4
SS Reflector deep 160 6.0
Front Mirror C 1.21 0.11
Turning Mirror A 0.0 0.0

Table 5-12. Major Isotopic Contributions to WDR (%)

Zone Lead Reflector (10% PCA) SS Reflector (90% PCA) '
A-Index C-Index A-Index C-Index
Value 132.23 4,4039 160.25 5.99
Be-10 0.00" 0.00 0.00 0.00
Cc-14 0.02 0.00 0.07 0.01
A1-26 0.01 0.04 0.00 0.00
C1-36 0.00 0.00 0.00 0.00
C1-36 0.00 0.00 0.00 0.00
K-40 0.00 0.00 0.00 0.00
K-40 0.00 0.00 0.00 0.00
Mn-53 0.00 0.00 0.00 0.00
Co-60 2.08 0.00 0.20 0.00
Ni-59 0.00 0.01 0.01 0.03
Ni-63 1.21 0.01 0.01 0.03
Sr-90 0.00 0.00 0.00 0.00
Zr-93 0.00 0.00 0.00 0.00
Nb-92 0.00 0.00 0.00 0.00
Nb-93M 0.00 0.00 0.00 0.00
Nb-94 18.88 56.69 28,21 75.43
Mo-93 1.74 4,63 0.93 2.21
Mo-93 9.87 26,26 5.30 12.55
Tc-99 66,17 12.35 58.59 9.74
Pb-205 0.00 0.00 0.00 0.00

*Sma11 contribution
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ducing the percentage of this element will considerably improve the WDR of
PCA.

Finally the WDR of the final mirrors is classified as Class C, and is
mainly due to A]26 (t1/2 ~ 8 x 105 y). However, if these mirrors are used for
only 4.13 FPY the WDR would be Class A. BRecause of the very low fluxes the
turning mirrors are subjected to, the activation of these mirrors is very

small and are considered Class A.
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6. COST ESTIMATE

A detailed description of the cost estimate for SIRIUS-M can be found
elsewhere.(l) Only the most important features of this analysis will be high-
Tighted here. After a brief description of the assumptions, we will deal with
the capital costs and the annual operating costs.

6.1 Assumptions

6.1.1 Design Assumptions

We have assumed that the facility is built on federal land, therefore no
cost for buying of land is incurred. Also, it is assumed that some infra-
structure already exists on the site, therefore the cost of site improvements
is only half that for a commercial power plant site. When design details were
unavailable (e.g., some buildings, laser power supply, liquid lead cooling
circuit), data were taken from other fusion reactor designs (SOLASE, TASKA-M,
MINIMARS) with necessary modifications. Care was taken to err on the con-
servative side in that case. The laser is assumed to be 10% efficient, with
10 ns pulse, with the direct cost of $100 M, although other cases were run (3%
efficiency, $250 M direct cost). The target factory also exists on the site
and is included in the total cost estimate. Its direct cost is assumed to be
$100 M. The target factory and the laser are the biggest "bulk" cost items
(the reactor and its equipment were not treated as bulk items but were costed
in some detail). There is considerable uncertainty in the literature as to
the cost of these two items, and the cost varies in relationship to the as-
sumed maturity of technology (i.e., mature power laser technology for ICF
applications will produce cheaper lasers than the ones required for "the next
step" experiments). Also assumed is that the only fuel cost would be that of

tritium (cost of deuterium and other target materials is neglected). The cost
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of tritium in the base case is assumed to be that currently charged by the DOE
(Canadian tritium was also assumed in another case). It is possible that DOE
will not charge another government facility for the tritium sold. Another
assumption in our analysis is that SIRIUS-M would be built at a site that
incurs an electricity cost of only 3 ¢/kWh in 1986 currency (a case of elec-
tricity cost of 6 ¢/kWh is analyzed as an off-base case). Finally, the cost
of replacement engineering test modules is neglected as insignificant.

6.1.2 Economic Assumptions

It 1is assumed that the federal government will own, build and operate
this facility. Therefore, there will be no return on investment charge in the
annual facility cost. The analysis of capital costs will also be simplified
(e.g., no taxes). It is assumed that debt is incurred to raise money through
the sale of treasury bonds, with the rate of return of 9%. The inflation and
escalation rates are equal to 6% each for projecting future costs. However,
for adjusting non-1986 scaling laws to the level of the 1986 dollar, the con-
sumer price index (CPI) for past years is used,(z) which should combine the
effects of inflation and escalation for average consumer items. It is recog-
nized that the prices of plant equipment will behave differently from the CPI
and will in fact have different inflation/escalation rates among different
types of equipment. However, the CPI 1is the best we have to go on in many
cases. It can also be noted that the scaling laws are now probably more accu-
rate than they were in 1979. Even now, there are some discrepancies among
various current scaling 1aws.(1) The procedure for economic analysis has been

(3-7) The values of economic parameters for eco-

adopted from several sources.
nomic analysis of ICF p]ants(6) have also been adopted here, for the most

part. It should be noted, however, that SIRIUS-M is not a power plant, but a
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one-of-a-kind test facility, but we nevertheless feel that the projected num-
bers should be close to reality. Table 6-1 1ists the values of economic para-
meters used in the base case analysis.

6.2 Capital Costs

This subsection will present the itemized direct cost df the facility and
its overnight and capital costs. The direct cost includes the cost of hard-
ware and the cost of installation of that hardware, assuming the installation
were to happen instantaneously and everything's paid off immediately and on a
cash basis. In other words, the direct cost doesn't include the cost of bor-
rowing the money or the cost of escalation and interest during construction.
Neither are indirect costs included (administrative, design and field engi-
neering, cost of ownership and project contingency allowance). The "bare"
direct cost (BDC) doesn't include the design and spare allowances. These two
allowances are included in the total direct cost (TDC) of the facility. The
total overnight cost (TOC) is the sum of the total direct and indirect costs,
but still assumes instantaneous (or overnight) construction of (and reimburse-
ment for) the facility. The total capital cost (TCC) is the true bottom line
cost, including not only the direct and indirect costs, but also the effects
of borrowing money and the effect of non-zero construction time.

The base case driver is a $100 M, 10% efficient laser. Other cases were
also considered: $250 M, 10% efficient laser and $100 M, 3% efficient laser.
The capital cost was parameterized with respect to construction time and
inflation rate. All costs are given in 1986 dollars except for the current
dollar estimates (given in the dollars of the first year of operation, i.e.

1990 in the base case of a 4-year construction period).
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Table 6-1. Base Case Economic Parameters

Parameter

Facility availability

Operations and maintenance fraction
Salvage fraction

General inflation rate

Average cost escalation rate
Construction time in years

Plant life in years

Construction factor, fg1

Home office factor, fgo

Field office factor, fgj

Owner's cost factor, fgy

Project contingency factor, s
Interest rate on debt

Fraction of capital from debt

A11 tax/tax credit rates

Levelized interim replacement cost fraction
Reference year of cost

Fraction construction complete, year 1-4

6-4

Value

50%

0.03
0.00
0.06
0.06

10

0.15
0.15
0.15
0.05
0.10
0.09
1.00
0.00
0.01
1986

0.25



Tables 6-2 and 6-3 present the base case itemized direct costs of SIRIUS-
M. Figure 6-1 shows pictorially the major cost drivers within each account.
The case of the 3% efficient laser is shown next in Table 6-4.

Table 6-5 presents the total costs of the facility (BDC, TDC, TOC and
TCC) for the three driver cases: 10% efficient, $100 M laser; 3% efficient,
$100 M laser; 10% efficient, $250 M laser. The first case is the base case.
The results are expressed both in the constant dollar mode (1986 dollars), and
in the current dollar mode (1990 dollars for the 4-year base case construction
time).

Results of parametric studies (TCC vs. construction time and TCC vs.
inflation rate) are shown in Figs. 6-2 and 6-3. Also shown in Fig. 6-2 is the
effect of accelerated construction. This effect is more pronounced the longer
the construction time and represents the savings realized by committing more
funds to the early phases of construction and less to the later phases than
under the level spending assumption. For instance, the case in Fig. 6-2 as-
sumes, for the 12 year construction period, that 25% of the construction
budget will be committed in years 1 and 2 each, while 5% will be committed in
each of the remaining 10 years of construction.

A comparison can be made between the total costs of SIRIUS-M and TASKA-M,
since these two facilities have a similar purpose (materials testing), but
employ two different fusion confinement concepts. If one Tlooks at the TASKA-
M direct costs,(8) one notices that the major cost drivers are the magnets
($59 M), neutral beam heating ($57 M), RF heating ($91 M), cryogenic system
($14 M) .and the vacuum system ($16 M), besides some of the systems (e.g.,
buildings, instrumentation and control, etc.) that might be similar to the

ones of SIRIUS-M. A1l costs for TASKA-M given above are in 1983 dollars.
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Table 6-2. Itemized Direct Costs of SIRIUS-M Equipment

Eguigment

Land
Land and land rights

Buildings and Site

Site improvements
Reactor building
Tritium treatment building
Control building
Maintenance building
Radwaste building
Administration building
Diesel generator building
Cooling system structures
Hot cell building
Laser hall, in "Laser Equipment"
Rest of buildings

Heat Rejection Plant

Heat rejection equipment
Electrical Plant
Ground and cathodic protection

Rest, excluding laser power supply
Laser power supply
Miscellaneous Plant

Miscellaneous plant equipment
Laser Equipment

KrF laser, including laser hall
Target Factory

Target factory equipment

6-6

Bare Direct Cost, $M

0.0
0.0
82.9
10.0
49.0
1.7
2.3
1.4
1.4
1.5
0.5
4.6




Table 6-3. Itemized Direct Costs, Continued

Equipment Bare Direct Cost, $M
Reactor Equipment 102.0
First wall ——ZTE-
Lead reflector 1.9
PCA reflector 11.8
Pellet injector 1,5
Last mirror shield 2.1
Reactor vacuum 1.5
Vacuum exhaust duct 0.4
Exhaust circulation 0.3
Fuel cleanup 2.0
Hydrogen isotope separation 0.3
Uranium storage beds 0.1
Xe recycle 3.1
Xe inventory : 0.6
Radwaste system 0.4
Fuel storage cryogenics 2.7
Fuel storage tank 0.1
Pb cooling, pumps and motor drives 2.7
Pb cooling, SS piping and insulation ‘ 13.8
Pb cooling, heat exchangers 4.2
Pb cooling, cleanup system 3.3
Pb cooling, tanks 0.6
Water cooling, pumps and motor drives 3.6
Water cooling, SS piping and insulation 0.5
Water cooling, heat exchangers 3.3
Water cooling, tanks 0.1
Auxiliary cooling 0.9
Laser power supply cooling 0.4
Instrumentation and control 13.6
Maintenance equipment 22.1
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Table 6-4. TImpact of Laser Efficiency on Selected Direct Costs, $M

Equipment Affected AC, 3% Laser
Cooling system structures +1.,2
Laser power supply cooling +1,1
Instrumentation and control +2.5
Reactor maintenance equipment +4,1
Heat rejection equipment +4.9
Laser power supply +73.8
Miscellaneous plant equipment +7.1

TOTAL +94.7

Table 6-5. Total Cost of Facility for Various Laser Scenarios, $M

Cost Type 10%, $100 M 3%, $100 M 10%, $250 M
BDC 452, 547, 602.
TDC 519, 629, 692.
TOC 855, 1040, 1144,
TCC, $ constant 1016, 1235, 1361,
TCC, $ current 1281, 1559, 1716.

6-8



LAND

BUILDINGS & SITE —

(excl. laser hall)

Reactor Building i

Site Improvements

Hot Cell Building E

HEAT REJECTION

ELECTRICAL PLANT
Laser Power Supply

MISCELLANEOUS PLANT

LASER EQUIPMENT

REACTOR EQUIPMENT

PCA Reflector E

Pb Cooling, Piping, Insl. B

Instrumen. & Control

Maintenance Equipment

TARGET FACTORY

10 20 30 40 50 60 70 80 90 100 110 120 130

MS$

Fig. 6-1. Major accounts and cost drivers within accounts for SIRIUS-M.
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Figures 6-4 and 6-5 compare the cost impact of major cost drivers between the
SIRIUS-M and the TASKA-M facilities. The total direct costs are compared in
Fig. 6-6 which is taken from the TASKA-M report,(S) with the SIRIUS-M and
TIBER figures added in, after adjustment to the 1983 dollar levels. It can be
seen that the direct cost of SIRIUS-M is only slightly greater than that of
TASKA-M, but the fusion power is substantially greater.

It should be noted that it is possible to reduce all the costs by proper
siting of the facility. Some areas of the country will have construction
costs that are substantially lower than the average. For instance, for
nuclear power plant construction, the Chicago area is close to the U.S. aver-
age, while in the Atlanta area construction costs are 9.1% 1ower.(9) The con-
struction costs can be further minimized by siting in a low earthquake zone.
Low electricity costs are important because of the huge power requirements of
the driver.

6.3 Annual Operating Costs

The annual cost of the facility will have several components. Since the
government would build and own the facility, the annual cost of paying off the
investment would not be charged. The remaining annual costs will include the
cost of fuel, electricity and regular operation and maintenance (0&M) costs.
The cost of replacement test modules has been neglected, as argued before.

6.3.1 Fuel Cost

The annual fuel cost will consist only of the cost of tritium (the 0&M
cost of the target factory is included in the 0&M cost of the whole facility).
The cost of deuterium and of other target materials 1is assumed to be negli-

gible in comparison.
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Fig. 6-4, SIRIUS-M major cost drivers as fractions of total direct cost.

6-13




TASKA — M COST DRIVERS

RF Heating
”

Magnets

Electrical Wiring
& Distribution

H

ey L J
- »/BOP Electrical Req'ts

Rest"’i : Magnet & Vacuum
~ "sys. Cooling

= -1 & C

X 1
1~-.J AHE> —— Fuel Handling

Reactor Hall

Rx Vacu m/Mainlenance Eq't
Heat Transport mpmg ¥ Valves

Fig. 6-5. TASKA-M major cost drivers as fractions of total direct cost.

6-14



(g) "SPLILLIORY 3S33 WJB] JeAU JO uoSiJedwo) “g-g By

f>>§
O0L 009 00S 00t 00€ 002 00 0]
L L L A e e e 0
3TINAIHIS W-VHISVL (€8) ~
'A02 HLIM LN3ILSISNOD Ol . (€8)  (gg) FIW-VXSVILY
31NQ3IHIDS —M_O O“_ =S$-XJ041 W-SNIMISe (2zg) 006
HOLNI HLIM INFLSISNOD L X E-n:: -
(18) (98) U
T.o_:oum 9]y3gil . i
8) |
(18) [ ;w/A-mw 8] - sy 1ooo_m8_:_5
w/A-mWE | -YOLNI 4 SUOL|]I
£ ) 1 -s1509
- 123414
— 006Gl
..*
o002
siejjoQ £g6T 031 paisnipy

salpoey 3s3) wid) 1ed| jo uosuedwor)

6-15



Estimates for the price of tritium vary, depending on the source of
information and the source of tritium. The most widely quoted price for the
tritium from DOE production facilities is $1.1/Ci (our target will have
0.85 Ci of tritium, of which about 25% will be consumed). That is about
$10,600/g. For the tritium extracted from the heavy water of the Canadian
CANDU reactors, the preliminary price quotation is CAN $1.0/Ci, or about US
$7,100/g. A full scale tritium extraction plant is ready to go on line at
about this time in Canada. The tritium production rate of all the Canadian
CANDUs (operating and under construction) is about 2.9 kg/y, which is a little
short of our requirement of 3.4 kg/y. A more detailed description of sources
of tritium and data can be found e]sewhere.(l)

Tahle 6-6 shows the tritium cost per target for the two sources of
tritium described above, while Table 6-7 gives the total annual fuel cost of
SIRIUS-M (assuming the baseline availability of 50%). In this scenario, we
assume that only the burnt tritium is charged (unburnt tritium receives credit
equal to its purchasing price, and there is no wastage).

6.3.2 Cost of Electricity

In this study, a cost of electricity of 3 ¢/kWh is assumed.(lo) This Tow
cost might exist in the Pacific Northwest and perhaps some other areas. In
Madison, WL, the rate is about 6 ¢/kWh. Tables 6-8 and 6-9 show the annual
cost of purchased electricity for the cases of 3 ¢/kWh and 6 ¢/kWh electrici-
ty, and for the cases of a 10% efficient and 3% efficient laser. The elec-
tricity consumption takes into account only the laser power requirements,
excluding auxiliaries such as pumps, instrumentation, etc. (power requirements

negligible compared to those of the laser) and excluding the power require-
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Table 6-6. Tritium Cost Per Target for DOE and CANDU Tritium

DOE Tritium CANDU Tritium
Cost per target, ¢ constant 23. 16,
Cost per target, ¢ current 37. 26,

Table 6-7. Total Annual Fuel Cost of SIRIUS-M

Source of Tritium

U.S. DOE CANDU
Fuel cost, $M constant 36.3 25.2
Fuel cost, $M current 58.4 41.0

Table 6-8. Annual Cost of Electricity at 3 ¢/kWh

Cost Type 10% Laser 3% Laser
Electricity cost, $M constant 13.2 43.9
Electricity cost, $M current 22.2 74.1

Table 6-9. Annual Cost of Electricity at 6 ¢/kWh

Cost Type 10% Laser 3% lLaser
Electricity cost, $M constant 26.3 87.7
Electricity cost, $M current 44.5 148.2
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ments of the target factory which are unknown and assumed comparatively negli-
gible.
6.3.3 08&M Costs

The 0&M costs include the traditional costs of running a plant, including
the cost of personnel on site. The usual procedure is to compute the annual
0&8M costs as a fraction of TOC (see Table 6-1 for the default value). The
fraction that we used is representative of a power plant, and therefore might
not be entirely applicable in this case. Table 6-10 shows the annual 0&M
costs for the three laser scenarios used in Tahle 6-5,

6.3.4 Total Facility Annual Costs

This subsection will present the total annual cost of operating SIRIUS-M,
by assuming a few scenarios. The worst case assumes a 3% efficient, $100 M
laser driver for our facility. The targets will be made with DOE tritium.
The cost of electricity is 6 ¢/kWh., The base case is for a 10% efficient,
$100 M Tlaser driver, burning DOE tritium and the electricity is bought at
3 ¢/kWh. The best case has the same parameters as the base case, except that
CANDU tritium is used. One can also imagine the case ("base case without
fuel") in which no charge is imposed for the DOE tritium (a plausible argu-

ment). Table 6-11 gives the total annual costs for these four cases.
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Table 6-10. Annual 0&M Cost of SIRIUS-M for Various Driver Cases, $M

Cost Type 10%, $100 M 3%, $100 M 10%, $250 M
Constant $ 25.5 31.2 34.3
Current $ 43,1 52.8 58.0

Table 6-11, Total Yearly Cost of Running SIRIUS-M

Base Case
Type Cost Best Case Worst Case Base Case w/o Fuel
0&M + fuel + electricity, 63.9 155.,2 75, 38,7
$M constant
0&M + fuel + electricity, 106.3 259.4 123.7 65.3

$M current
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/. TARGET DESIGN CONSIDERATIONS

The materials test facility SIRIUS-M(l) was designed around wall-loading
estimates from target implosion simulations that used the currently accepted
model for heat transport in laser fusion plasmas. More recent experiments(z)

and theoretical mode]ing(3)

suggest that the heat transport is more efficient
than previously thought. The significance for direct-drive targets is two-
fold: higher implosion efficiency and higher laser absorption. In particu-
lar, for the SIRIUS-M design the gain is found to increase from 13.5 to 110,
and the reflected laser light to decrease from 100 kJ to 70 kJ. Reflected
laser 1ight had been found to be the predominant source of damage to the first
wall of the reactor. In Section 7.1, the improved modeling of heat transport
is used to obtain the new scaling of target performance with laser energy.
These results were obtained using the University of Rochester, one-dimensional
hydrodynamics code LILAC. Calculations were also begun to examine two-shell
target designs in search of improved performance; however, this was abandoned
when it came to be concentrated on variations of the original one-shell SIRIUS
target.

The results in Section 7.1 assume uniform laser irradiation. Of course
some nonuniformities will always be present. Previously, we have calculated
and characterized the amount of nonuniformity that should be produced from
different sources, e.g., energy imbalance among the beams, beam mispointing,

and beam intensity 1mperfections.(1’4’5)

The responses of the target to some
of these nonuniformities are discussed in Section 7.2 using simulations from
the University of Rochester, two-dimensional hydrodynamics code ORCHID, The
results begin to establish tolerances for the quality of irradiation required

in a direct-drive facility.
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7.1 Target Performance

Improved target performance, compared to the previous SIRIUS design, has
been obtained using the higher flux limiter presently supported by both theory
and experiment. Heat transport in laser-produced plasmas is typically modeled
by flux-Timited diffusion. In order to model experiments, it has heen neces-
sary to limit the classical Spitzer-Hd&rm heat flux dg to some fraction f of
the electron free-streaming limit T(T/m)l/z. The resulting heat flux is of

the form:
q = min (qs,fneT YT/m) .

Previously, flux limiters f on the order of ~ 0.04 were required to model
experiments with infrared (1 um) laser irradiation, on planar targets. The
small flux limiter could have resulted from a large number of factors, among
them: magnetic fields from nonspherical irradiation and nonlocal effects from
long mean-free-path electrons in the "tail" of the distribution function.(3)

2)

Recent experiments( at the University of Rochester, with the 24-beam spheri-

cal irradiation system OMEGA operating at short wavelength (0.35 um), have

6) with a much higher flux limiter, f = 0.1. Also,

been successfully mode]ed(
numerical simulation with a Fokker-Planck electron transport code(3) has shown
that the nonlocal effects are negligible for short wavelength irradiation (due
to the high collisionality at the relatively high critical density), and that
a flux-Timited diffusion model with f = 0,1-0.2 adequately characterizes the
heat flow. With this support for a higher flux limiter for short wavelength

spherical irradiation, the SIRIUS target designs were reexamined using f = 0.1

instead of 0.04 previously used.
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Figure 7-1 shows how the target gain (fusion energy/incident laser ener-
gy) changes as the laser energy is varied for f = 0.1 and 0.04., The effect of
the higher flux limiter is to provide ~ 20% more target gain with ~ 10% less
laser energy. This gain is now about 7 times higher than is required to pro-
duce an adequate neutron wall loading, Wall damage from target debris and x-
rays might be too large. Of course the target gain can be degraded by modify-
ing the target or laser parameters. The ideal situation would be to reduce
the laser energy and to use correspondingly smaller targets. However, smaller
targets have smaller plasma scale lengths, resulting in less laser absorption.
As targets become smaller, it is increasingly difficult to drive them without
reaching very high intensities (that can initiate detrimental plasma pro-
cesses) and without exceeding an upper limit of ~ 70 on the in-flight aspect
ratio (shell radius divided by shell thickness) required to prevent severe
performance degradation due to hydrodynamic instabilities. Figure 7-1 shows
the sharp decline in target gain as the laser energy decreases. The decline
is due mainly to the constraint on aspect ratio and the increase in laser re-
fraction. One possibility for obtaining high gain at lower laser energies
would be to develop a "zoom-focus" capability. The present calculations as-
sume current technology whereby each beam is initially focused to completely
illuminate a target hemisphere (for optimal uniformity), and the beam size in
the target plane does not change during the implosion. As the target de-
creases in size the outer parts of the beam will miss the target. If the
technology can be developed to change the focus during the implosion to mini-
mize refractive losses, a much more efficient laser drive would be possible.

An important point identified in last year's study<1) was that the re-

flected laser light is the dominant source of damage to the first wall of the
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SIRIUS-M design. At that time it was estimated that there would be 100 kJ of
reflected light for a 1 MJ laser system. The tolerance of the first wall to
the reflected 100 kJ was only marginal. The new target calculations with the
higher flux Timiter show a higher laser abhsorption, resulting in a 30% reduc-
tion in reflected light. The amount of reflected-light-energy vs. incident-
laser-energy is shown in Fig. 7-2. For 1 MJ incident, only 70 kJ are re-
flected. An additional margin of safety can be added by moving the chamber
walls further out to reduce the intensity of reflected 1ight on the walls; the
neutron flux would still be more than adequate because of the high target
gain. However, for a larger chamber, it will be necessary to burn more
tritium than previously considered for the same neutron wall loading, and it
might require the breeding of some tritium in the facility.

7.2 Tolerance to Irradiation Nonuniformity

The response of targets to irradiation nonuniformity depends on the
spatial wavelength of the nonuniformity in addition to its magnitude. Short
wavelength nonuniformities will grow the most rapidly by the Rayleigh-Taylor
instability; but they also are most easily smoothed by thermal conduction be-
fore they can reach the ablation surface where growth occurs. The spatial
wavelength A of a nonuniformity has been characterized by spherical harmonic

modes; the mode 2 is related to A by:

2 = 27 R/A

where R is the target radius. Typically, the relation between irradiation

conditions and the mode structure is the fo]]owing:(1’4’5)
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1. Low-order modes & = 1-3 are produced by energy imbalance among the beams
and beam mispointing.

2, 0dd-order modes are produced when opposing beams are not identical.

3. For perfect beams, the dominant mode of nonuniformity is roughly £ ~ 2/N
where N is the number of beams (2 = 10 is characteristic of the 32 beam
geometry used for SIRIUS),

4, Beam imperfections create modes across the entire spectrum.

In the previous SIRIUS-M report(l) the response of the target to the low-
order modes & = 2 and 4 was discussed using the two-dimensional hydrocode
ORCHID. It was found that the target was able to tolerate these modes to the
levels anticipated in a direct-drive facility. The 2-D calculations of the

7,8) to examine higher modes: & = 8 and

target response have been extended(
16, The target was much less tolerant of these modes. There was evidence of
substantial exponential growth of the modes by the Rayleigh-Taylor instabili-
ty. These nonuniformities would imprint themselves on the target surface
early in time before a Tlarge enough plasma atmosphere was established to
smooth the variations in energy deposition; the initial shell distortions
continued to grow during the implosion.

The calculations indicate that the level of nonuniformity in the modes
2 = 8 and 16 should not exceed about 2% peak to valley. This is at the Timit
presently considered achievable with a 32 beam system, and it suggests that
illumination with a larger number of beams may be required. Figure 7-3 shows
the improvement in the o, nonuniformity as the number of beams increases.

The x-axis is a measure of the beam size relative to the instantaneous size of

the target during the implosion: a focus parameter of 1 corresponds to tan-
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gential 1illumination for which each beam irradiates a complete target hemi-
sphere.

These irradiation uniformity calculations were also performed for smaller
targets to determine if their response to nonuniformity was any different.
The case considered was for 30 kJ incident irradiation, using a scaled-down
version of the SIRIUS target. This target had a gain of 0.55 for uniform ir-
radiation. The in-flight aspect ratio was ~ 70 and the convergence ratio
(initial radius/compressed core radius) was 24; both are characteristic of the
SIRIUS target implosion. An 2 = 10 irradiation nonuniformity was applied with
an 1initial peak-to-valley variation of 1.2%, characteristic of a 32-beam
system. The nonuniformity was allowed to increase as the target imploded; the
nonuniformity reached ~ 4% when the shell had imploded to half its initial
radius (Fig. 7-4). Substantial degradation of the target performance was ob-
served. The target gain dropped from 0.55 to 0.15. The resultant deviation
from sphericity is shown in Fig. 7-5 for the density and temperature contours.
This degradation in target performance is characteristic of the degradation in
the much larger SIRIUS target with the same imposed nonuniformity. It sug-
gests that to a large extent the response of a target to irradiation nonuni-
formities is relatively independent of target size for similar drive condi-
tions, and the amount of distortion is determined by the convergence ratio.

7.3 Summary

Using the higher flux Timit for heat transport presently supported by
theory and experiment, it was found that the SIRIUS-M target can have a gain
of about 7 times higher than previously estimated; and the amount of reflected
laser light, which previously had been only marginally acceptable, has been

reduced by 30% which is now acceptable. The tolerance of this target to ir-

7-9



500— —5
400 |— shell radius a4 3;
- Q
5 S
@ 300 13 o
5 =
< 8
o
200 —2 2
1

100 perturbation 4

0 l | | | l 0

0 1 2 3 4 5 6
Time (ns)

Fig. 7-4. Time-dependent & = 10 irradiation nonuniformity for the 30 kJ
target.

7-10



radiation nonuniformities corresponding to spherical harmonic modes 2 = 8 and

16 was found to be marginal for 32-beam irradiation; a larger number of beams

may be required.
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CONCLUSIONS AND RECOMMENDATIONS

Based on the results presented in this report, the following conclusions

can be drawn:

1.

An ICF materials test facility, such as SIRIUS-M, which uses symmetrical-
ly-illuminated targets can provide the necessary critical data and tech-
nology base for an ICF demonstration facility for modest capital and
operating costs. The estimated total direct cost for SIRIUS-M is $519 M
(1986 dollars); the total capital cost is $1016 M while the annual oper-
ating cost is $75 M/yr.

The major items contributing to the direct cost of SIRIUS-M are the laser
and associated power supply ($132 M), the target factory ($100 M) and the
reactor building (%$49 M). Hence, in order to minimize the total capital
cost and pinpoint it with reasonable accuracy, one should strive to mini-
mize the costs of these "drivers" and learn more about their true costs.
The most important parameters affecting the annual operating costs are
the laser efficiency, the cost of electricity at the site and the cost of
purchased tritium (which might conceivably be zero in case of DOE-
supplied tritium). Since the conventional operations and maintenance
cost depends on the overnight cost, limiting the facility's direct cost
will also help in reducing the annual operating cost. Site selection can
also help in lowering both the annual operating cost (via the cost of
electricity) and the total capital cost (via lower equipment installation
cost, site preparation cost, and lower probability and magnitude of
earthquakes and other hazards).

Cavity design optimization for SIRIUS-M indicates that the maximum

neutron loading (2 Mw/mz) will likely be limited hy the amount of re-
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flected laser light from the target. If the amount of reflected 1ight
can be reduced to the point where cavity size would be Timited by the re-
radiated x-ray and ionic debris energy, the neutron wall loading could be
increased by nearly 80% (3.6 MW/mZ). The economic impact of such a
change in target performance is significant. Compared to the reference
design, the total Tifetime cost can be reduced by ~ 21% if the fusion
power and cumulative performance are to be kept the same. The cost per
dpa-£ can be reduced by nearly 44% without significant change in the
total lifetime cost if the fusion power and operational time are to be
kept the same.

A detailed materials test matrix has been developed for two SIRIUS-M test
modules each with 217 capsules. The data to be obtained during the five
full-power years of operation should meet the development needs of an ICF
demonstration reactor in a timely fashion. Structural material testing
is divided into two categories: scoping and qualification studies. The
scoping studies are applied to the top four structural candidates se-
lected by the materials community. The qualification tests will concen-
trate on the two alloys (a primary and a backup) which appear to be the
leaders at the beginning of the scoping studies. These tests would con-
centrate on a finer temperature mesh and include larger test specimens.
Nonstructural materials testing can also be performed in SIRIUS-M. This
includes accelerated testing (to a few dpa) of laser mirror coatings,
mirror support alloys and shielding materials. Long term tests (up to
120 dpa) would include neutron multipliers, solid breeder materials and

tiles.
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6.

A scoping study conducted to identify the unique ICF blanket testing re-
quirements has shown that, with the exception of two, these requirements
can be met within the materials test modules. The two unique problems
are stress and corrosion effects due to isochoric heating of 1liquid
metals. In the first problem, analysis has shown that under uniform im-
pulsive pressure due to isochoric heating, the maximum dynamic circumfer-
ential normal stress is independent of the chamber radius. For a shell
thickness of 1 cm, the maximum dynamic stress will be less than 30 MPa, a
value well below the endurance limit for structural steels. Experimental
verification of these results will be performed in an instrument zone of
the Pb reflector in SIRIUS-M,

The effect of isochoric heating on corrosion will be tested in a blanket
test module to be placed in SIRIUS-M. Such a module has been designed
and a testing schedule for qualifying a combination of materials has been
developed. It is estimated that one calendar year of operation at 50%
availability will be needed to qualify a liquid metal/structural material
combination.

Eight different shield and building design options were considered for
SIRIUS-M. The geometrical configurations differed in these options de-
pending on the location of the building wall and the way the last mirrors
are enclosed. We found that the design goal of a biological dose < 2.5
mrem/hr outside the building wall during operating can be achieved with
the Tleast amount of shield if a 3.2 m thick concrete building wall is
used behind the final mirrors.

The base design option for SIRIUS-M requires beam point crossover optics

that allow surrounding the turning mirror by a 1.5 m thick concrete
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10.

11.

12.

shield with a 0.1 m diameter orifice. This was found to reduce the
streaming to the Taser building and damage to the final optical windows
by about three orders of magnitude. Negligible density changes and very
Tittle optical degradation are expected in the optical windows. Prelimi-
nary data for ion irradiated coatings indicate that the final focusing
mirror will have to be replaced once or twice during a calendar year
while the turning mirror should last the entire SIRIUS-M lifetime.
Hands-on maintenance for the reactor chamber and final mirrors is not
feasible due to the high dose levels resulting from activation of the re-
actor components. Dose rates greater than 100 rem/hr one day after shut-
down will exist inside the reactor building.

Activation analysis for the reactor chamber and last mirrors indicated
that the chamber components need to be diluted by a factor of ~ 5 to
qualify as a class C waste for near surface burial. On the other hand,
the final focusing mirror will be a class C waste while the turning
mirror is rated as class A segregated waste that needs Tess stringent
packaging and burial requirements. If the final focusing mirror has to
be replaced during the reactor life, it will be a class A waste.
Single-shell target design calculations using the higher flux limit for
heat transport (presently supported by theory and experiment) indicate
that the SIRIUS-M targets can have a gain of about 7 times higher than
previously estimated. The amount of reflected light from these targets
has also been reduced by about 30%. The tolerance of the target to ir-
radiation nonuniformities corresponding to spherical harmonic modes % = 8

and 16 was found to be marginal for 32-beam irradiation; a larger number
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of beams may be required. Such changes in target performance can have a

significant impact on the design and cost of the facility.
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