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On" nl' 'he 'i'i'.f dKfict/ 1* '"chnolnqv pmhlems in an inertia'ty confined 
fu'. :on roactor ;s the survival of HIP si rijrtur-p from the rpnoaterl stresses 
'.::j'.pd hy t.he Tiirroovpins ion products. To mitigate the damaqe f-om the micro-
• '/D'-is inn products, a thick lithium fall can lie circulated in front, of the 
'•,t.-„r i IJI-P. Th-'s fall vill ihsorh thp ihort-ranqed products and moderate and 
altiviuato the neutrons. This paper discusses the response of the fall t.o the 
mirrnPKDlns '"on products, ant estimates thp ••esultinq loadinq and stresses in 
the first structural wa 1!. 

IN_TR_qrJUCTION 
One of the most difficult technoloqy orohlems in an inertially-confined 

fusion reactor is the survival of flip first wall from the repeated stresses 
caused hy thp microexplosion products. The short, ranqed products such as soft 
x->-ays rtnrt r.harqed particle debris arp deposited in short times such that 
pressure pulsus ^rp produceH in t.h» first wall causing it. to have a much 
shortpr lifetime than the remainder of the power plant.K? In addition, 
damaqe from the high energy neutrons can result in a shortened structure 
lifetime.^ To mitigate the damage From the microexp 1osion products, a 

*Work performed under the auspices of the U.S. Department of Energy by 
Lawrence Livermore Laboratory under contract No. 740S-Eng-48. 
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lh ;r> lithium foil can bo circulated in front 'if the strur t ure.' This fall 
w i 11 absorb the short ranged products and moderate .ind attenuate the 
neutrons. Thus, in principle, the structure can have a lifetime approachinq 
that of the power plant. 

A conceptual lithium f,. 11 protected reactor is hoinq designed by a team 
including I.I I., LMFC and At. "' This paper describes the output from a 
?700 M.I mic.rnoxplos inn, the interaction of the m'r.roeyplosJon products with 
the fall, the response of I he fall, and the resulting loading and stresses in 
I he rear lor structure. The calculations are based on a one mete.- thick fall 
in a four-meter radius chamber in spherical geometry for initio1 fall inner 
radii between 0.r> in and 9. r) m. 

TIIT MICROrXPLOSIONPROnUCTS 
The D-T fusion reartions in the compressed tarqet f R , ?• 1 releasp 

' fuel 
about H0% or their energy as 11.1 MeV neutrons and ?0% as 1.'-> M»V alpha par­
ticles. However, the alpha particles and some of the neutrons ^rp attenuated 
and absorbed in the compressed target. Of the P700 M.1 produced by D-T roac-
tions, 15 M.I is lost due In ondnorqic neutron reactions in the target, 1300 MJ 
escapes the target as neutrons, and the rpnain ;nq fifiS H.) escapes as x-rays 
plus energetic target debris. The x-rays include a hard component generated 
from the hot hurninq pellet and cold components rad'afed from the cooling 
debris as it expands. 
INTERACTION OF MICR0EXPL0SI0N PRODUCTS WITH 
THE FALL 

Thp geometry used in our 1-D Monte Carlo neutronics calculations using the 
TARTNP code" is shown in Figure 1. The x-ray deposition profile was cal­
culated using the BUCKLE code, 1 , and the dehris deposition was determined 
analytically using previous^ described methods.-' 

The energy flow in the reactor is shown in Figure ?. The soft x-rays and 
debris '.re absorbed in a thin region at the inner surface of the fall. The 
neutron plus gamma ray energy is increased by 27% in the reactor primarily due 
to the exoergic 5Li-neut.ron capture reaction. The fall absorbs 92% of the 
neutron plus gamma energy. Of the total 3156 MJ t, 94i£ is absorbed by the 
fall, 6% is absorbed in the walls and reflector, and only about 0.01% leaks 
from the reactor vessel. 
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QUALITATIVE RESPONSE OK THE FALL 
The x-i-ay and neutron enerqy deposition times are much shorter than the 

time for an acoustic wave tn traverse their deposition regions.^ Con­
sequently, a pressure >-iso occurs which violently disassembles tue fa!1 since 
the liquid lithium is assumed to have nn lensil™ strenqth. The debris enerqy 
arrives ov°r a much lonqer period of time; therefore, the pressure rise 'n the 
faM due to debris energy deposition is stiaM -elative to that of the x-"ays 
and neutrons. 

The liquid strikes the slrurtural wa 1! 'ausing both ernsw° and inertia! 
l.iadiiq. Our initial calculations used spherical cjonmetry with a point source 
and cylindrical geometry wi'h a line source. These geometries produce the 
worst loading on the structural wall. Several alternate geometries that could 
mitigate the loads w described in a lat"r section ane in another paper.5 

Figure 1 shows a snapshot of the reactor at. SO ns. rhe x->-av pulse arrived 
at "! ns and fh^ soft portion was absorbed near the inner edge of the fall. 
The resulting high energy density in the thin region vapn, • »er! a portion of 
the liquid. Th's very hot gas is moving inward toward the chamber center, 
while a pressure wave is moving outward through th° liquid with a velocity of 
at)out 0.5 cm/,.s. 

figure 1 shows a snapshot of the reactor at SO -s. The hot gas has filled 
the chamber center and is beginning to nxert outward pressure on the fall. 
The soft x-ray induced pressure wave is now about 9!i cm into the Fall. The 
target deb-is was absorbed by the hot gas. The neutron ene-gy was deposited 
throughout the fall 'primarily in the 55 n:, - 1 ;.s time frane) resulting in a 
sudden temperature rise in the fall. The thermal expansion waves are already 
moyinq both surfaces of the faM. 

Figure S shows the velocity distribution of the fall at. '30 us when both 
the x-ray induced and neutron induced pressure waves have traversed the fall 
thickness. The narrow x-ray pulse spalleri the outer few cm of the fall, and 
the thermal expansion due to neutron deposition produced a velocity profile ;n 
the fall. Although the thermal stress has been relieved, the fall will con­
tinue to expand because of its inertia. Finally, the hot vapor in the reactor 
center is pushing outwards on the fall. 
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As time progresses, the leading edge of the fall (x-ray spall region) 
breaks into drops because of its velocity profile and the diverging geometry. 
Meanwhile, the majority of the fall is being compacted into an accelerating 
liquid slug. Figure 6 shows the two possible fall profiles at the time when 
the leading edge of the fall strikes the wall. If the spall velocity is high 
and if the fall is initially much closer to the wall than the microexplosion, 
the fall will impact as shown on the left. If the spall velocity is low and 
if the fall is initially far from the wall, the slug will overtake the drops 
before impact on the wall as shown on the right. 
RESPONSE OF FALL TO ENERGY DEPOSITION 

For energy deposited in a period of time so short that the pressure cannot 
relieve itself during the deposition time,!'' the pressure rise at any 
position x is 

LP{x) = ;.![q,,'(x)/p] (1) 

where :v and i are the density and the Gruneisen constant of the material, 
and [q'''(x)/(j] is the energy deposition per unit mass at. position x. A 
relief wave moves into the material, and spalls the surface if the tensile 
strength is exceeded. 

For a liquid with essentially no tensile strength, the velocity of the 
spalled material at any position x is given by 

«,im / z ( x + « ) \ 
v W = 6.0 [ m J A P ( y ) d y J <2> 

2x 
where c is the acoustic velocity of the material, and AP(X) is given above. 

Consider the following cases for the energy deposition profile in a 
material: For 

[q'"U)/p] = [q^'Vp] (1 - --) (3) 



-•*•«? 

LITHIUM FALL RESPONSE TO THE FUSION MICROEXPLOSION - IV 

Fall at impact on wall (5 -50 ms) 
u 

X-ray 
spall 

Slug 1 
accelerated by hot t £• 

spall 
Slug 1 

accelerated by hot t 

V
el

oc
i gas pressure J 

• / 

' » 

D
en

si
ty

 ' » 

\ 
> 

or ' 

Inner Outer 
edge edge 

hDepends on geometry and pellet yield 

c 
Q 

95-01-0478-1478 

F i g . 0 



- 11 -

where [q ' "/c] is the energy deposition at the surface 

AP(X) = rr[q 0"/p] (1 - j) W 

For 

q'--(x)/,. = [ qf-'-]e-° x (6) 
AP(x) = f.r[q;'7i.] e' o x (7) 

z > T o I -2ox ,„i 
v ( x ) = c - [ - r j e (8) 

The us° of these models is described below. 
RESPONSE OF THE FALL TO NEUTRONS 

The neutron energy is deposited throughout the thickness of the fall since 
the 1" MeV neutron mean free path in lithium is long. Therefore the pressure 
rise in the lithium is small because the specific energy is small. The fall 
disassembles into the cavity from the front, surface with a relief wave moving 
into the fall at about the acoustic velocity of the material.15 The velo­
city of the spalled material into the chamber is essentially as given above 
for the appropriate energy deposition profile. The momentum from the spalled 
lithium causes the back surface of the fall to move toward the structure with 
a velocity profile that is the mirror image of the lithium moving into the 
cavity (Figure 71. The lithium striking the structure will be a mixture of 
vapor and droplets because of the velocity profile and the geometrical diver­
gence. 

A coupled radiation-hydrodynamic code, CHART D 1 6 was used to evaluate the 
analytic results (Figure 7). The analytic model describes the response of the 
fall to the neutrons very well. 
RESPONSE OF THE FALL TO y-RAYS 

The hard x-rays have little "*fect on the motion of the fall due to their 
low specific energy. The range of the soft x-rays in the lithium fall is 
short relative to the neutrons, resulting in high specific energies and asso­
ciated high pressures at the inner surface of the fall. The analytic model 
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used for neutron deposition produced spall does not apply here because the 
material properties vary over the large pressure qradienf in the thin depo­
sition reqion. The large pressure qradients cause the pressure wave to form a 
shock wavp moving through the fall. However, the relief wave from the front 
surface travels faster than the shock wave so that the pressure wave moving 
through the fall is highly attenuated by the time it reaches the back surface 
of the fall. 

Because of the large pressure gradients, the response of the fall to x-rays 
is calculated using codes such as CHART-D1f> or AFTON. 1 7. 1 8 The fine 
zoning required to adequately represent the x-ray energy deposition in the 
fall requires excessively long computational times using CHART-D. The zoning 
problem has been solved using the variable zoning option of AFTON. In this 
option, the problem initially has fine zones in the deposition region and 
coarse zones elsewhere. As time progresses, the zones are resized such that 
fine zoning is always present in the region of the moving pressure pulse. 

Since the uHimate target design is still unknown, a wide range of x-ray 
yield fractions and spectra must he considered. We are unable to consider 
actual target parameters here. I'owever, for a oR3 target, about 32% of the 
output is in x-rays and dehris. From a worst, case view, if all of this energy 
is in soft x-rays, the spall velocity may be several hundred times the neutron 
spall velocity. On the other hand, if all the energy is in hard x-rays, the 
spall velocity may be of the same order as the neutron spall velocity. Of 
course, both of those views are unrealistic, but. they do bound the parameter 
space. Because the equation of state used for these calculations needs 
improvement, the results have large error bars. 

At first glance, the above results are discouraging; however, due to the 
diverging geometry and the velocity profile in the spall, the leading edge of 
the fall strikes the wall as a series of drops. Although the pressure under 
each of these arops is very large, the pressure duration is small, resulting 
in low hoop stress (cf. equation (11) in a later section). Further, the rela­
tively long time between pressure pulses permits relief of the hoop stress 
between impacts. Therefore, the inertial loading of the wall by the x-ray 
spall is not significant. Because of the insensitivit.y of the hoop stress to 
the x-ray spall velocity, we have used a value of ten times the neutron spall 
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For droplets of a reasonable velocity, the hoop stress in even a relatively 
tn :n wall is small. However, the localized pressures under the drops are 
st-ill proportional to 'rev). These pressures, while not producing a high hoop 
stress in the structure, will cause localised spall on the surface of the 
structure, gradually eroding it. 
QUANTITATIVE RESULTS 

The methodology described above was used to analyze the response of the 
fall and estimate the stress in the wall from the fall impact. The 2700 HJ 
microexplosion was contained in a I n radius wall protected by a one meter 
thick fall placed in various initial positions. The cavity pressure from the 
two thermodynamic models used for estimating the vaporization from the inner 
fall surface is shown in Figure 8. The velocities of the slug, neutron spall 
and x-ray spall are shown in Figure 9. i e x-ray spall velocity was assumed 
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tn >,<-• ten limes the neutron sp^ll velocity. Arrival tim»S at thp structure 
'or the x-ray spall, the neutron spall, and the ligu'd slug are shown in 
1'i'iure 10. Note that although the slug has a higher terminal velocity than 
the neutron spa) J, it arrives at. the structural wall at. thp same time as the 
neutron spall and at a later time than the /-ray spall. The pressure on the 
wall due to the slug impact and x-ray spal1 impact are shown in Fiqure 3. 

The product, of the wall thickness and the hoop stress in the wall due to 
the slug impact is shown in Figure 11. This stress increases with the initial 
inner fall radius in spi^e of the decreasing slug velocity and pressure. The 
reason for this apparent, anomaly is that for a given fall thickness, the slug 
thickness at. the wall is much smaller for a small initial 'oner fall radius. 
Therefore, the pressure duration is less, resulting in a lower stress. The 
erosive pressures from the x-ray spall are also shown in Figure 11. 

DISCUSSION OF RESULTS 
The results for the ?700 M,l .iiirrnoxplosion f)r" promising fnr a one meter 

1h irk fall with an inner radius less than 1.5 m and a wall radius of four 
meters. The structural wall thickness can he less than 0.1 m (R /'• • 401 

w w 
with hoop stresses nf 100 MPa O kbar). For reasonahle temperatures of about 
700K the wall should have a lifetime of ahout TO years if the erosion rate is 
small and if the effects of lithium corrosion and neutron damage on the 
strength of the wall material d;-p_ not excessive. The small inner fall radius 
is also desirable from liquid lithium pumping power and tritium inventory con­
siderations. 

The effect of the x-ray spall erosive pressures on the wall lifetime have 
not been analyzed. The hoop stress from this pressure is very low, but the 
rate of removal of structural material is currently unknown. In addition, 
this erosive pressure from x-ray spall is only an estimate based on ten times 
the pressure of the neutron spall. To get better quantitative results, addi­
tional work needs to be done to determine the equation of state nf expanded 
lithium and the opacities of lithium for low energy photons. 

Other fall arrangements cr.uld reduce the Vjds on the wall. If liquid-
liquid collisions are not perfectly elastic, multiple cylindrical falls or a 
series of small circular jets will reduce the wall loading [due to thermal 
dissipation and motion in the z and 6 directions, (i.e., increased ent'-opy) as 
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well as distributing it in time. The series of small circular ,iet.s also vent 
much of the pressure in the reac'ir center which greatly reduces "slug-type" 
loading on the wall. Alternatively, a thin inner fall near the microexplosion 
could absorb the x-rays and debris while a thick outer fall near the wall 
absorbs the neutrons. The inner fall could be initially configured to opti­
mize its venting via the Rayleigh-Taylor instability. 

To reduce the effect of droplet erosion on the structure, the microex­
plosion side of the structure could be covered with a thin layer of liquid 
lithium. Unfortunately, there may be a sufficient amount of hard x-ray energy 
that passes through the lithium fall and is deposited in the structure to pro­
duce a small pressure rise in the structure. The particle velocity of the 
structural material could couple to the thin lithium layer causing the lithium 
to spall off the surface of the structure before the droplets arrive. How­
ever, a screen could be placed over the inner surface of the wall such that 
surface tension could insure the wall and screen are always covered with 
liquid lithium. 

CONCLUSIONS 
A structural wall with a radius of 4 m and a thickness of 0.1 m can with­

stand the repeated impacts of a 1 m thick lithium fall located less than 1.5 m 
from 1.1 Hz-2700 MJ microexplosions for a lifetime of 30 years. The largest 
uncertainty in the calculations are the erosive pressure on the wall from 
droplets produced by x-ray spall of the fall back surface. To reduce this 
uncertainty, better equation of state properties of expanded lil.hium including 
opacity data for low energy photons are required. The erosion rate from the 
high velocity droplets must b; experimentally determined. 
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