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RESPONSE OF A LITHINM FALL TO AN
INFRTIALLY CONFINED FOSION MICROEXPLOSION*

J. Havingh, J. Blink and 1. Blenn
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niyercity nf falifarnia
Livermorr, Filifarnia aq560

One at the anst Aifficul*r tochnalngy nenhlems in an inert ially confined
fusion reactor is Fhe qurvival of the stracture from the ropeated stresses
caned hy the micraosxplosian products,  To mitigate the damage f-om the micro-
arpanion prodacte, a thick lithium fall can he circulated in front of the
steacturo, This fall 4111 3bsorh the shart-ranqed producis and moderate and
attonyate the nogtrons.  This paper discysses the respanse of tha fall to the
nicrnexplingion products, ant estimates the vesgulting loading and stresces in

the first structural wall,

INTRODUCTION

One of the most Aifficult technolngy nrohlems in an inertially-confined
fusion reartor is the survival of the first wall from the repeated stresses
cansed by the microexplasion products. The short ranged products such as soft
x-vays and charqed particle debris are deposited in shart times such that
pressure pulses are produced in the firgt wall causing it to have a much
shorter Tifetime than the remainder of the power plant.1s? [n addition,
damage from the high anergy neutrons can resuylt in a shortened structure
lifetime.3 To mitigate the damage from the microexp'nsion products, a

*Work performed under the auspices of the U.S. Department of Energyv by
Lawrence Livermore Laboratory under contract No. 7%0%-Eng-48.
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thick Titawium fall can be cirvculatod in front of the ﬁtrurtur“.4 This fall
will absorh the qhart ranqged products and moderate and attonyate the
neatrons.  Thus, in principla, the steycture can have a lifetime approaching
Lhat nf tha powsr plant.

A concoptual lithium fo 1l protected reactar (5 hoing degiqned hy a team
including L1, LMEC and AI.S']O This paper desrcribes the ontpot from a
2700 MJ micrnoxplanion, the inkeraction of the micronyplnsinn products with
the fall, the regponse of tha £a11, and the reqylting Tnading and stresses in
thie rear boe slrunture,  The caloulatinng ace hasned an 3 nne motes thick fall
in A fonr-meter rading chanher in sphorical gqonmetry for initia) fall inner

radii betusen 0.5 m and 2.5 m,

THE MICROEXPLOSTON PRODUCTS

The D-T fusinn reactinny in the cnmpressed target ('Rfuel 3) release
aboatl 80% of their epergy as 14,7 MeV neutrons and 20% as 3.5 MeV alpha par-
ticles,  However, the alpha particles and somp of the noytrons are attenuated
and absorhed in the compressed targat, 0Of the 2700 MJ produced hy DT roar-
tinna, 35 M i Inst due tn endaergic nedatron reactinng in the tarqget, 1300 MJ
ascapes the barqet as neutrons, and the remaining 365 MJ nccapes as x-ravs
plus energetic target dehris, The x-rays include 1 hard camponent generated
fram the hot burning pellat and cold companents radiated feom the conling

dehris ac it expands,

INTERACTION OF MICROEXPLOSION PRODUCTS WITH
THE FALL

The geometry used in our 1-D Monte Carln neutronics caleulatinns using the
TARTNP code!! is shown in Figure 1. The x-ray depnsition prafile was cal-
zulated using the BUCKLE code,1? and the rdehris depositinn was determined
analytically using previously described methods.13

The energy flow in the reactor is shown in Figure 2. The <oft x-rays and
dehris -re absorbed in a thin region at the inner surface nf the fall, The
neutron plus gamma ray enarqy is increasad by 27% in the reactor primarily due
to the exaerqic 8Li-neutran capture reaction. The fall ahsorbs 92% of the
neutron plus ¢amma energy. Of the total 3156 MJt, 94% is ahsorbed by the
fall, 6% is absorbed in the walls and reflector, and anly about 0.01% leaks
from the reactor vessel.
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ENERGY FLOW THROUGH THE REACTOR CHAMBER
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QUALITATIVE RESPONSE OF THE FALL

The x-ray and neutran enerqy depositian Limes are much shorter than the

time far an acoustic wave tn traver<e their depositian rpqinnq.] Con-
sequently, a pressure wise accurs which vintently disassembies tne fall since
the liquid lithium is assumad to have na tensile strength, The dehris energy
arrives nyer a much langer perind of time; therafore, the pressure rise in the
fall due tn dehris energy Adepasitinon i small =elative tn that af the x-rays
and reutrons,

The Giquid streikes the steprtyral wadl ~ausing hath eprosise and inertial
1raditg. Our initial salenlations nused spharical geametry with a point source
nd eylindrical geametsy with a line saurce,  These goometrias produce the
wnrst 1nading an the structural wall, Several alternate geometries that conld
mitiqgate tha laads are descvibed in a later section ane in annther paper.5

Figurr 3 shaws 4 snapshot of the rractor at 50 ns. The x-rav pulse arrived
at 3 ns and ths saft portinn was ahsorbed npar the inner edge nf the fall,

The «esulting high enerqy deasity in the thin reqion vapa: “7ed a portion of
tho Tigquid, Thic very hot qas is mnving inward toward tha chamber center,
whila a pressure wave is maving outward bheaugh the Tiquid with a velocitv of
ahayt 0.5 cm/ 5.

Figura 1 shaws 3 snapshnt nf the reactor at 50 ;s. The hol gas has filled
the cnamher canter and is heqinning ta exert autward pressure on the fall.

The anft x-ray induced pre<aure wave is naw ahnut 25 c¢m intn the fall., The
Largel deb-is was absorhed hy the haot gas. 1he neutron ene~gy was deposited
thronghaut the £all fprimarily in the 55 ns - 1 i3 time frame) resylting in a
sudden temparaturve rise in the fall. The thermal expansion waves are already
mnving both surfaces of the fall.

Figure 5 shows the velpcity distributinn of the fall at 230 1:s when both
the x-ray induced and neutron induced pressure waves have traversed the fall
thickpess. The narraw x-ray pulse spalled the outer few cm of the fall, and
the thermal axpansion due ta neutron dapnsition produced a velocity profile in
the fall. Although the thermal stress has heen relieved, the fall will con-
tinue tn expand hecause of its inectia. 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 “he diverging geometry.
Meanwhile, the majority of the fall is heing compacted into an accelerating

Figure 6 shows the two possible fall profiles at the time when

liquid slug.
If the spall velocity is high

the leading edge of the fall strikes the wall.
and if the fall is initially much closer to the wall than the micrcexplosion,

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
hefore impact on the wall as shown an the right.

RESPONSE OF FALL TO ENERGY DEPQSITION
For energy deposited in a period of time so short that the pressure canngt

relieve itself during the deposition time,14 the pressure rise at any

position x is

LP(x) = »ilq" "' (x)/p] M
where & and [ are the density and the Gruneisen constant of the material,
and f[gq'''(x)/] is the energy deposition per unit mass at position x. A

relief wave moves intn 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

9im 1 2(x+8)
vix) = g (;;CE / AP(y)dy) (2)
2x

where ¢ 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

X

f9" " (x)/pd = La2 /0] (1 - D
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wherg mo"'/cJ i5 the energy deposition at the surface

aP(x) = ¢Tlay /o] (1 - %) (4)
. qll‘
o - L[] (-2 (5)
For
q(‘)” =0X
q'(x)/p = [7{‘ ] (6)
wP(x) = orlgy /] e (7)
vix) = E [q_g__‘] e-?nx (8)

The use of these models is described helow.
RESPONSE OF THE FALL TO NEUTRONS

The neutron energy is deposited throughout the thickness of the fall since
the 14 MeV neutron mean free path in Tithium is long. Therefore the pressure

rise in the lithium is small because the specifir energy is small. The fall
disassembles into the cavity from tne front surface with a relief wave moving
into the Tall at ahout the acoustic velocity of the material.l® The velon-
city of the spalled material into the chamber is essentially as given above
for the appropriate energy depositinn profile. The momentum from the spalled
Tithium 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 7). The Tithium striking the structure will be a mixture of
vapor and droplets hecause nf the velocity prof:.le and the geometrical diver-
gence.

A coupled radiation-hydrodynamir code, CHART D16 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 ¥-RAYS

The hard x-rays have little ~ffect on the motion of the fall due to their
Tow specific energy. The range of the soft x-rays in the Tithium fall is
short refative to the neutrons, resulting in high specific energies and asso-
ciated high pressures at the inner surfice of the fall. The analytic mode)
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used for neutron deposition produced spall does not apply here because the
material praperties vary over the large pressure gradiant in the thin depo-
sition reqinn. The large pressure gradients cause the pressure wave tn form a
shock wave moving through the fall. However, the relief wave fram the front
surface travels faster than tha shock wave so that the pressure wave moving
through the fall is highly attenuated hy the time it reaches the hack surface
of the fall.

Because af the large pressure dradients, the response of the fall to x-ravs
is caleculated using codes such as CHART-D16 or AFTON.17,18 The fine
znning required ta adequately represent the x-ray energy deposition in the
fall requires excessively long computatinnal times using CHART-D. The zoning
problem has been solved using the varijable zoning option of AFTON. In this
nption, the problem initially has fine zones in the depositinon region and
cnarse 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 ultimate target dasign is still unknown, a wide range of x-ray
yield fractions and spectra must be considered. We are unable to consider
actual target parameters here. lowaever, for a pR3 target, about 32% of the
output is in x-rays and debris. From a worst rase view, if all of this energy
is in snft x-rays, the spall velncity may he several hundred times the neutron
spall velocity, On the other hand, if all the energy is in hard x-rays, the
spall velocity may he of the same order as the neutron spall velocity. Of
cnurse, hoth nf thaose views iare unrealistic, but they do bound the parameter
space. Berause 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 velacity profile in the spall, the leading edge of
the fall strikes the wall as a series of drops. Although the pressure under
sach of these drops 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 haop stress
between impacts. Therefore, the inertial loading of the wall by the x-ray
spall is not significant. Because of the insensitivity 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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FALL RESPONSE TD CAVITY PRESSURE

The fall response tn the cavitv pressure is detormined by snlving the equa-
tion of mation of & sphorica? chall with internal pre<sure and na strens 19
The cavity aas is treated as an iseatropic axpansion af a manatamic gas. Tha

velacity of the fall at radins r is
L/Pnrn S -2 !
AR " [} “ir ] (9)

where P, A, s and m are the initial cavity pressure, inner surface area,
radius, and mass of the fall respectively., The time of arrival of the fall at

a radius r is

mr 2
t(r) :VFA'O‘ [:) ) 1‘] (o
0



WELY PESPONSE TR LINYID IMPACT

The pracsgree nf ligagit ralliding with the wa'l i< P~ v, where v, ~, and
rre the veloe ity bha acaustic ye'notty, and the dangity nf the randenced
Yivndagm, The progogea pytes width iq o = e whare o ig tha thickness of
the capdenced 1ithigm epginp impacting on the wall, The <teags in the wall

e *9 the eandensed phase Yithiom dmpact iq appravimately

. (S
Y P v (0 oy
a0 R LG are the acoystic valarity, rating, thickneqs, and
i
Dovnt cqrin af the wall, ragpoctively,

The hanp stregs fram the impact of the cnondenand phass is minimized if

(5} s,

r«(:”)(w)kp’) W) (12)

For a qiven yelacity of 1 thick slug of condensed phase lithium, the stress is
ninimized by using a lar,., thick structura,

for droplets af a reasanahle velacity, the honp stresc in even a relatively
thin wall is small, Hawever, thn Inralizerd pressures under the drops are
still prapartional tn frcv),  These pressures, while not producing a high hoop
stress in the structyre, will cause localized spall on the surface of the

skructure, gradually eroding it.

QUANTITATIVE RESULTS

The methodolngy described above was used to analyze the response of the
fall and estimate the stress in the wall from the fall impact. The 2700 MJ
microexplosion was contained in a2 4 m radjus wall protected by a one meter
thick fall placed in various initial positions. The cavitv prassure from the
two thermodynamic models used for estimating the vaporization from the inner
fall surface is shown in Figure 8. The velacities of the slug, neutron spall
and x-ray spall are shown in Figure 9. 1 e x-ray spall velocity was assumed
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IMPACT VELOQCITIES OF LITHIUM ON THE STRUCTURE
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ta he ten times the neutron <p3all velarity. Arcival times at the struycture
for the yoray spall, the neatron pall, and the liquid <luq are shown in
Figuee 10, Nnte that althnugh the <lug has a higher berminal vnlacity than
the neutron spall, it arrives at the tlructural wall at the same time as the
noutron spall and at a later btime than the r-ray spall. The pressure on the
wall due tn the lug impact and x-ray spall impart are chown in Figure 3.

The product of tha wall thickness and the hnop stress in the wall due to
the <lug impact is shown in Figure 11, This stress intreases with the initial
inner Fa11 radins in spite of the decreasing slug velntity and prassuyre. The
reanscn for this apparent anomaly is that for a qiven fall thickness, the slug
thickness at the wall is much smaller for 5 small ini¥ial inner £all radius.
Therefare, the nressure duration is less, resylting in a lower stress. The

rrosive progsiures from the x-vay spall are alsn shown in Figure 11.

DISFUSSION OF RESULTS

The results for the 2700 MJ micronxplosion are promising far a one meter
thirk fall with an innpr radius less than 1.5 m and a wall radius of four
meters,  The structural wall thickness can bo Irss than D1 m !Rw/r‘w LAl
with honp stressns nf 100 MPa (1 kbar}. For reasonahle temperatures of about
700K the wall should have a lifetime of ahout ) ymars if the erasion rate is
small and if the effects of lithium corrnsion and neutran damage on the
strength of the wall material are nat excessive. The small inner fall radius
i alsa desirable from liquid lithium pumping power and tritium inventory con-
siderations.

The effect of the x-ray <pall ernsive pressures on the wall lifetime have
nat heen analyzed. The hogp stress from this pressure is very low, but the
rate of removal nf structural material is currently unknown, 1In addition.
this erosive pressure from x-ray spall is only an estimate based on ten times
the pressure of the neutron spall. To get hetter quantitative results, addi-
tional work needs to be done to determine the equation of state of expanded
Iithium and the opacitias of lithium for low energy photons.

Other fall arrangements c-uld reduce the 1-ads on the wali. If 1iquid-
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 2 and 6 directions, (i.e., increased entropy) as
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STRUCTURAL HOOP STRESS FROM SLUG IMPACT AND EROSIVE
PRESSURE FROM X-RAY SPALL
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well as distributing it in time. The series of small circular jets also vent
much of the pressure in the reac* r center which greatly reduces "slug-type"
loading on the wall. Alternatively, a thin inner fall near the microexplosion
conld absorb the x-rays and rdebris while a thick guter fall near the wall
ahsorbs the neutrons. The inner fall could be initially cunfiqured to opti-
mize its venting via the Rayleigh-Taylor instability.

Tn reduce the effect of droplet erosion on the structure, the microex-
plnsion side of the stvucture could be covered with a thin layer of liquid
1ithium. Unfortunately, there may be a sufficient amount of hard x-ray energy
that passes through the Tithium 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 1ithium
te spall off the surface of the structure hefare the draplets arrive. How-
ryar, 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 1iihium 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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