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ABSTRACT toward the granular blanket. The vapor arrives at the
_, inside surface of the blanket after -0.3 ms.

The use of a l-kg solid-lithium x-ray and debris shield
around each fusion fuel pellet prevents vaporization of, If the Inside surface of the blanket were

and destructive shock waves in, the Cascade blanket impermeable, the vapor would stagnate. In this case,
granules thereby increasing their lifetime. The shield LASNEX z calculations show that 30 MJ of energy would
wporizes as it absorbs energy and the vapor flows into be deposited at the inside surface over ~60_.s before the
the blanket several centimeters. The shield also vapor rebounded back toward the center. This energy-
increases tritium breeding and enhances vacuum deposition time is nearly 4 orders of magnitude longer
pumping of high Z materials that are vaporized in the than the 10-ns deposition time without a shield, and it
fuel pellet. Using heavy ion beams allows illumination allows the energy deposited at the surface of the
of the fuel pellets with the restricted geometry present in granules to be conducted into the granules without their
Cascade. We used a 5 MJ driver with 18 beams (one 3 x3 reaching the vaporization tempelature of 3640 K.
array from each end). Blanket vaporization that would occur without a shield

is eliminated. Destructive shock waves that would

INTRODUCTION result if granule vaporization occurred do not develop.
Granule lifetime is increased.

The Cascade inertial-confinement-fusioh (ICF)

reactor, 1 shown in Figure 1, rotates at 50 rpm and is The speed of the vapor that rebounds from the
made of low-activation ceramic materials. A 1-m.-thtck surface of the blanket decreases with time, and the vapor
renewable blanket, made of 1-mm-diameter carbon and becomes more uniformly distributed throughout the
LiAIO 2 granules, flows through the reactor and is held void space in the reactor. Subsequent energy pulses
against the wall by the rotation. The blanket absorbs resulting from further rebounds of the vapor on the
energy from fusion reactions that occur in the center of blanket inside surface do occur, but their magnitude is
the reactor at 5 Hz, transfers this energy to 5-MPa small and their energy can also be conducted into the
helium gas in heat exchangers external to the reactor for granules without their reaching the vaporization point.
eventual conversion to electric power, protects the wall
from damaging fusion neutrons, and breeds tritium to In fact, the granular blanket is permeable. Most of
replace that burned in the fusion reactions. Cryogenic the vapor penetrates a few centimeters into the blanket

"fuel pellets, each surrounded by a 1-kg solid-lithium x- (see Figure 2) while the remaining vapor is stagnated at
ray and debris shield, are injected at -50 m/s. The the blanket surface. The surface area available for heat
shields contain two holes so that the fuel pellets can be transfer is at least an order of magnitude larger than for

'illuminated by heavy-ion beams passing through the an impermeable blanket. Heat conduction into the
ends of the reactor. Each fuel pellet yields 375 MJ of granules is rapid, and the temperature of the vapor
energy, reaches that of the granules within a millisecond or so.

During the remainder of the 200-ms interpulse time, the

All of the short-range x-ray and ion-debris energy, pressure of the vapor in the pores of the blanket is
and some of the neutron energy (a total of about one- higher than that in the central cavity. The vapor now
third of the yield), is deposited in the shield. Both the flows back out of the blanket, through the holes at the
fuel pellet and the shield vaporize, and the resulting ends of the reactor, and is condensed on cooled plates
high pressure accelerates the vapor radially outward outside the reactor, The energy in the vapor leaving the

reactor is about 6% of the yield energy. The economics
"Work performed under the auspices of the U.S. Department of Energy by
Lawrence Livermore National Laboratory under Contract W-7405-Eng-48, of converting the energy leaving with the vapor into
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Figure 1. The Cascaderotating ceramic-granule-blanketreactor
concept.

Volume insidethe blanketfilled with vapor at a The shield has two additional advantages besides

r \contant pressurep,and a constantllemperatureT eliminating vaporization and destructive _hock waves
--"_ -g"_.__o 0 o o 0 o in the blankeL First, the solid lithium placed around

/-.Reactor o o o o o o o o the fuel pellet enhances tritium breeding. 3 A tritium/-Reactor breeding ratio slightly greater than unity can be reached
/center _"_._Ooo o o° o° o° o° o° /wall(a using LiA102 as a breeding material without including a

sealed BeO neutron multiplier. Second, the shield enhances
Vapor------ ___,_o o o o o o end) vacuum pumping of high atomic number (high-Z)0 0 0 0 G 0 0 0 •

_"'o_ o o o o o o material, such as lead, that must have a 30 times 1.ower

J_ _._,./ o.._o o o o o o o pressure than lithium for heavy ion beam propagationin the high-vacuum ballistic-propagation mode, The t

-- / !_ ' L _ mass of the lithium in the shield is 2500 times greater

/Granule blanketof thicknessL havinga than that of the high-Z materials. The high-Z material
porosltycandlnltlalporepressurep ° is entrained with the lithium during the vacuum

pumping. The total pressure that can be reached inside
Figure2. Schematicof the vapor flow into and back out of the the reactor durtng the 200-ms interpulse tim,:, Is roughly

. granul_'blar|ket, the same with or without a shield, but the partial
pressure of the htgh-Z material reached with a sMeld is
over 600 times less than without a shield. Hence,

electric power has not been examined, and in fact it may acceptable pressures for ballistic heavy-ion propagation
be better to use thts energy as process heat in a can be reached with both the 1.!thium and high-Z
cogeneration mode than to produce electricity with it. material.
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We also switched from laser to heavy-ion beams mm-diameter granules, this surface area is 200 to 260
for a driver because better coupling of driver energy to times that of a sphere at the inner radius of the blanket,
presently designed fuel pellets can be achieved with the which we used in LASNEX for radiation and electron-
restricted illumination geometry in Cascade. conduction heat transfer from the vapor to the granules.

We therefore conclude that most of the heat transfer

VAPOR PENETRATION INTO THE GRANULAR occurs at the surface of the granules inside the blanket as
BLANKET the vapor flows into and back out of the interstices.

Furthermore, the temperature of the vapor leaving the
We calculated the vapor penetration into tlie blanket and exiting the reactor will be at a temperature

granular blanket using Morrison's model, 4 with the of the blanket, or on an average about 1500 K.
vapor assumed to be a constant-temperature
(isothermal) perfect gas that does not condense. (In our VACUUM PUMPING
case, the lithium remains a vapor at the temperatures of
the blanket granules, so that the no-condensation Several pressure regimes for the propagation of

•assumption is valid.) Although the driving pressure heavy-iota-beam energy to the fuel pellets have been
calculated with LASNEX rises and falls in a bell-shaped studied.7, t_ The most probable regime is the s0-called
fashion, we approximated this pressure as a constant high-vacuum ballistic-propagation mode. 7 This regime

"5 MPa for a time t = 10t.ts. is the most restrictive as far as vacuum pumping is
concerned and requires pressures (at 1500 K) of less than

Morrison developed a sirr tlarity variable, 0, given 60 mPa for light elements such as lithium and less than
2 mPa for heavy elements such as lead. The equivalentby
number densities are 3x 1012 and lx 101/ cm "3,

til/2_ respectively, It may be possible 7 to propagate heavy ions
x F. E:p.

0= _-[. .k(pl , p0) (1) in a self-pinched mode at a much less restrictivepressure of -7 kPa, but this regime is less likely to exist
and remains to be examined experimentally.

Here, k is the permeability s of the granular material,

equal to 6.5 x 10,4d 2, where d is the diameter of the We determined the pressures that could be reached
granules (1 mm). This gives k = 6.5 x 10-1° m2, The be_ ,veen fusion pulses inside the Cascade reactor with
pressure difference Pl " Po is the driving pressure less the arid without the use of a 1-kg lithium shield. Table 1
initial pore pressure, which for our case is 5 MPa. ¢ is compares the various parameters. We assumed that
the porosity, equal to -0.4, and _. is the vapor viscosity, 6 0.4 g of lead would be representative 9 of the high-Z
equal to 1.37x 10.5 Pa s for lithium vapor at the average material present in each fuel pellet. This htgh-Z
1500 K temperature of the carbon in the blanket. 0 = 0.43 material dominates the vapor species if no shield is
at the distance x into the blanket at which PL " Po !s half present. If a 1-kg shield is present, the lithium is the
the value at the blanket surface. Pl "Po is zero at 0 = 0.81, dominant vapor species.
which is the value at the maximum extent of the vapor

into the blanket. Equation (1) is valid until the vapor In order to determine the flow regime, we
completely penetrates the blanket, calculated the mean free path _, using 1°

The result is that the pressure is half the driving 1 = 21/2 c_N (2)vapor in the blanket (O = 0.81) is at x = 12.4 cm, which is
only 12.4% of the blanket thickness. Hence the solution

is valid for our blanket thickness. With our assumption where o ts the collisional cross section, 11 equal to
qf isothermal flow of the vapor tn the blanket, all the ' 1.5 x 10-19 and 3.8 x 10-19 m 2 for lithium and lead,
heat transfer occurs at the surface of the blanket, and the respectively, and N is the number density (m3). We
vapor flows Inside at the temperature of the granules took the lower pressure limit for viscous flow as that at
without further temperature change. If we had assumed which the diameter of the openings in the ends of the
that the flow was adiabatic, so that the vapor retained its reactor (1.5,; m) was 100 times the m_an free path of the
energy, the corresponding values of x would have been vapor atoms. 12 Molecular flow exists i:f the mean free
5.1 and 9.7 cre. The assumptions of isothermal and path is less than the diameter of the openings; a mixture
adiabatic flow bound the problem as far as heat transfer of viscous and molecular flow exists otherwise.

is concerned, so we conclude that the actual penetration Vacuum pumping is mostly in the viscous regime with
of the vapor into the blanket is between the values of x a shield and mostly in the molecular regime without a
calculated, shield.

The surface area available for heat transfer from With viscous flow, the pressure, p, that can be
the vapor to the granules would be about that of the reached in a volume V within the interpul_ t!_e t is12
granules to a depth of between 5.1 and 6.6 cm (where Pl -

•" Po is half the driving pressure) unless the vapor reached 2V (3}
the temperature of the granules beforehand. For our 1- P='_"



Table1. Compai'isonof vacuumpumping parameters.

Parameter Fuel pellet only With a 1-kg lithium s_
Helium and hydr0gen% g/s 0,032 0,032
Lead vapor, g/s 2 _ 2
Lithium vapol:, g/s I 0 5000

Initial total pressure b, Pa 0.15 1.1x 104

Mean free path% m 0,25 8.8 x 10-6
Flow regime molecular viscous
Final total pressure d, pa 0,057 0.038

Final partial pressure of lead d, Pa 0.057 8.4 x 10-5
Ftrial partial pressure of ltthtum d, Pa 0 0.038
Maximum allowed partial pressure of leado, Pa 0.002

Maximum allowed partial...pressure_ of lithium% Pa 0.06
'For highvacuumballisticheavy-ionpropagationrequire.

, dAt1500Kinsidethe reactorat theendof the0.2-s l.nt(_rpulsetime.
CAttheinitialpressureand 1500K'. •
bAveragedthroughoutthe reactorvoidspace insidetheblanketat 1500K.
'Includedeuterium and tritium,

i
f

; limit of viscous flow is about 1800 times lower than thei where '
i initial pressure, so the partial pressure of the entrained

,I 2red 4 gases would be reduced by a factor of-1800 as the
=_ (4) lithium vapor flows out of the reactor. The total

E 128_tL' ' pressure of vapor in the reactor is similar with or
without a shield, but the partial pressure of lead at the

D is the diameter of the end openings, _ is the vapor end of the 0.2-s lnterpulse time is over 600 times lower
viscosity 6 mentioned earlier, and L is the duct length, with a shield (see Table 1). Hence, the use of the shield
which we took eqtlal to 1 m. Equation (3) assumes that reduces the amount of lead vapor below the maximum
the pumping speed of the vacuum pumps is high. In allowed in the high-vacuum ballistic,propagation mode.
our case, all of the vapor except the hydrogens and Because the amount of L',thium that can be tolerated is

helium is condensed immediately outside of the reactor 30 times higher than the amount of lead, we can also
and does not enter the vacuum system. The reach an acceptable lithium pressure in the reactor.
condensation plates can be made as large as required so

that the effective pumphlg speed is high. A schematic of the vacuum system is shown in
Figure 3. Only hydrogen and helium vapors reach the

In the molecular regime, thepressure that can be vacuum system because condensable vapors, i.e., lead
1 reached is12 and lithium, are removed by the condensation plates.

The vacuum system 9 consists of an axial-flow
P= Pi e_/v , (5)

I

where Pi is the initial total pressure inside the reactor, /--- Fuel.pellet Injection

Vacuum = / Impurities
I T._ 1/2D3 chamber_Crae:Cascade/ _ He,He(N2,CO2,CH4,etc.)

V/ H i_,/flu _c=38.1 ,, wt,, L ' (6) __ctor _; V-" Molecular
// ,d_ _X A-I _" T <_ ¢=:_/2dlII \ sieves for

T is the vapor temperature (1500 K), and M is the vapor .,,--- / D,

molecular weight. The use of condensation plates again _ ( _4ryogenic_%_i_eP aratlon
results in a high pumping speed, so that the duct _ _ "_Fuel. fu01"rec°vew_._,_.._Heavy-ion

conductance calculated with Equation (6) is essentially beams_ pellet syste__P"the same as the effective pumping speed that includes / manuf ,.(_.P'_

la t ' Four-stage -the vacuum pumps, If no shield is used, we can reach a " '._T'9_J'/r_ia_' __/_ FeU_:_gc,apartial pressure of lead of 0.057 Pa, which is above the i

maximum allowed for heavy-ion-beam propagation in ( _ boosterpumps
the high-vacuum ballistic-propagation mode. k,..,....__ _ Axial.flowcompressor

if a shield is present, ali vapors would mix together "-Condensation plates
as long as viscous flow existed. The dominant vapor, Figure 3. A mechanical vao.mm system for pumping the
lithium, entrains the other vapors, and ali vapors flow hydrogens, helium and leno vapors are condensed before they
_ut of the reactor together. The total pressure at the enter the vacuum system.
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compressor followed by mechanical booster pumps in CONCLUSIONS _
series having a combined total of four Stages, A fuel
recovery system separates deuterium and tritium from The.use of a l-kg solid-ltthtuln x-ray and debris
hydrogen and helium. The former are recycled for use shield around each fuel pellet eliminates vaporization
in manufacturing fuel pellets, and destructive shock waves in the blanket granules,

The shield also increases tritium breeding and enhances
HEAVY,ION DRIVER ' yacuum pumping ,by entraining high-Z materials such

as lead from the fuel pellet as tt flows out of the reactor.
We prefer heavy-ton drivers over laser drivers Lithium and lead vapor pressures that allow

because energy coupling to presently designed fuel propagation of heavy ions in the high-vacuum ballistic-
pellets can be achieved with the restricted tllulntnatlon propagation mode can be reached,
geometries present in Cascade. We chosel3 rnass,210
ions with charge state +1, accelerated to 10 Gev in an A heavy-ion driver with 18 beams (one 3 x 3 array
induction linear accelerator. We used 18 beams (one3x from each end)can illuminate fuel pellets with the
3 array from each end) with a total peak power of restricted geometry present in the Cascade reactor
450 TW. The peak current is 2.5 kA per ibeam,'and the concept.
focal spot radius is 0.24 cre, Total energy irt the driw._r
pulse ts 5 MJ, Fuel pellet gain is 75, and the driver REFERENCES
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